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 Abstract: Synthesis and certification of lanthanum oxide extracted from monazite sand 

have been carried out. This research aimed to increase the added value of monazite sand 

and obtain the lanthanum oxide in-house certified reference material (CRM). Synthesis 

of lanthanum oxide consists of several stages, namely: monazite sand digestion, rare-

earth elements hydroxide [REE(OH)3] precipitation, Ce separation, Nd separation, 

lanthanum oxalate precipitation, and calcination. Certification of lanthanum oxide was 

carried out by determining the average concentration of the oxides and its uncertainty 

from the seven accredited laboratories by the ISO 35-2006 statistical method. Two other 

minerals in the lanthanum oxide analyzed by the XRD method were cerium hydroxide 

[Ce(OH)3] and neodymium yttrium oxide fluoride (Nd2Y2O3F16). Lanthanum oxide 

certified contains ten oxides, with the two highest concentrations of La2O3 (91.662 ± 

0.007)% and Nd2O3 (3.949 ± 0.002)%. Lanthanum oxide has met the qualification in-

house CRM since it contained water less than 1%, homogeneous, stable, and certified. 

La2O3 concentration in the lanthanum oxide in-house CRM from CSAT-BATAN, 

Indonesia was not significantly different in comparison to that from the Department of 

Chemical Engineering, Srinakharinwirot University, Thailand. Lanthanum oxide 

extracted from monazite sand can be used as reference material in determining the 

lanthanum oxide quality from the pilot plant process. 

Keywords: synthesis; certification; lanthanum oxide; monazite sand 

 

■ INTRODUCTION 

The synthesis and certification of lanthanum oxide 

extracted from the natural resources were not found, and 

the lanthanum oxide certified reference material also does 

not yet exist. Certified reference material (CRM) is a 

reference material characterized by a metrologically valid 

procedure for one or more specified properties. It is 

accompanied by a certificate, its associated uncertainty, 

and a statement of metrological traceability [1-3]. CRM is 

essential used for calibration, testing, and method 

validation [1-3]. 

The added value of monazite as a natural resource 

can be improved by processing monazite sand into 

lanthanum oxide in-house CRM [1,4]. Lanthanum oxide 

(La2O3) is a potentially useful material for various optical 

and electronic applications, such as high gate dielectric 

material, capacitors, non-volatile memories, optical 

filters, and waveguides [5]. Lanthanum oxide has a 

bandgap of 4.3 eV and the lowest lattice energy with a 

high dielectric constant [6]. Lanthanum oxide is a solid, 

odorless, white, and insoluble in water, but it is soluble 

in the dilute acids [7]. Nano-lanthanum oxide can be 

used for the preparation of organic chemical products 

catalysts and in automobile exhaust catalyst [8]. Trace 

analysis techniques applications based on the lanthanide 

spectroscopy have been found to detect many 

compounds up to parts per trillion (ppt) levels [9]. 

Lanthanum oxide is used widely in the film industry for 

studio lighting and projection [10]. The lanthanum oxide 

nanoscale can be used as a superconductor, exhaust gas 

converter, and hydrogen storage material [11]. 
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Since lanthanum oxide has a high economic value, 

the research has emerged on how to get lanthanum oxide 

from minerals. Monazite is a mineral that has the form of 

phosphate bonds with Th and rare earth metals. In general, 

the chemical formula of monazite is (REE, Th)PO4 [12]. 

The processing of monazite sand to obtain lanthanum 

oxide was carried out through several stages. Monazite 

sand was fused with sulfuric acid, to obtain REE-sulfate, 

thorium-sulfate, and phosphoric acid. The REE-sulfate 

was melted with NaOH, then REE-OH will be collected. 

REE-OH was dissolved with nitric acid and oxidized with 

oxidizing agents, so all rare earth metals will be oxidized 

and change oxidation state from II to III, except Ce, from 

oxidation state II to IV. The rare-earth was precipitated 

by using NH4OH at a specific pH, so the rare earth metal 

was obtained individually. Lanthanum was precipitated as 

lanthanum oxalate, then calcined to obtain lanthanum 

oxide [13-14]. The steps for synthesis of the lanthanum 

oxide CRM are the preparation of lanthanum oxide, 

homogeneity study, stability study, characterization, and 

evaluation of uncertainty [1,15]. Certification of lanthanum 

oxide determines the average oxide concentration and the 

uncertainty by using the ISO 35-2006 statistical method 

[2,16,18]. It is expected that lanthanum oxide in-house 

CRM can be used as reference material to determine the 

quality of lanthanum oxide from the pilot plant process. 

■ EXPERIMENTAL SECTION 

Materials 

Indonesian monazite sand sample was obtained 

from Bangka Island. Chemicals including ammonia, 

sodium hydroxide, oxalic acid, hydrochloric acid, and 

nitric acid in the technical grade were purchased from 

Sodawaru Sidoarjo Indonesia without prior treatment 

and concentrated sulfuric acid, KBrO3, and lanthanum 

oxide standard were obtained from E-Merck, Germany. 

Instrumentation 

Instruments used included XRF Spectrometer Ortex 

7010 (USA), XRD PANalytical X’Pert PRO PW3040/X0 

(Netherlands), XRF Spectrometer Thermo Scientific ARL 

9900 (Netherlands), and ball mill type Fritsch 05.4021522 

(Germany). 

Procedure 

Synthesis of lanthanum oxide from monazite sand 

Precipitation of rare-earth elements hydroxide 

[REE(OH)3] from monazite sand. Monazite sand was 

crushed until the particle size escapes 325 mesh. 

Monazite sand 50 kg was digested in the pilot plant using 

NaOH 96.43 kg at 140 °C for 4 h to dissolve the 

phosphate. Phosphate containing filtrate was stored for 

further processing, while the residue was washed using 

hot water then fed to a partial dissolution reactor. The 

residue was dissolved with 51.22 L HCl 32% at pH 3.7 

and 80 °C for 2 h. Ammonia 15% (450.4 kg) was added 

into the filtrate to precipitate U and Th. The filtrate was 

fed to the sedimentation reactor, and then NH4OH was 

added up to pH of 9.8 at room temperature for 1 h, to 

form REE (OH)3 precipitate. The REE(OH)3 precipitate 

was filtered and dried in the oven at 110 °C for 24 h. 

Synthesis of lanthanum oxide from REE(OH)3. 

REE(OH)3 (5 kg) was dissolved with 18.02 L of 63% 

technical HNO3 solution, 0.25 kg KBrO3, and heated at 

135 °C for 1 h, then 40 L water was added to the solution, 

so the REE-nitrate solution was obtained. NH4OH 

solution was added into the REE-nitrate solution to 

obtain a pH of 4, then Ce was precipitated as Ce-

hydroxide. Further addition of NH4OH solution into the 

filtrate of the REE-nitrate solution until pH 8, then Nd 

was precipitated as Nd-hydroxide. 

A 3 kg of technical H2C2O4 was added into the 

filtrate of La(NO3)3 solution to obtain the La-oxalate 

precipitate. The La2(C2O4)3 precipitate was filtered and 

dried in the oven at 110 °C for 10 h, Then the product 

was calcined at 1000 °C for 4 h, to produce lanthanum 

oxide powder. 

Preparation of lanthanum oxide in-house CRM. 
Lanthanum oxide (350 g) was dried at 110 °C for 6 h, 

crushed with a ball mill until the particle size escaped 

200 mesh, and sieved for 2 × 6 h. Lanthanum oxide was 

homogenized for 6 h to obtain 300 g of the lanthanum 

oxide powder. Lanthanum oxide was tested for water 

content, homogeneity, stability, and then certification. 

The water content of lanthanum oxide was determined 

by the gravimetric method. The homogeneity test and 

the stability test of lanthanum oxide were carried out 
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with the ISO 13528 statistical method. Certification of 

lanthanum oxide was carried out by the ISO 35-2006 

statistical method [16,18]. 

Lanthanum oxide powder was already qualified as 

the in-house CRM if the water content was less than 1%, 

homogeneous, stable, and certification [1,16,18]. 

The water content test in lanthanum oxide 

The container was heated in an oven at 110 °C for  

1 h, cooled in a desiccator for 1 h, and weighed at room 

temperature. The weighing was carried out repeatedly 

until a constant weight was obtained. Lanthanum oxide 

sample 2.8 g was put into the container, heated in an oven 

at 110 °C for 1 h, cooled in a desiccator for 1 h and weighed 

at room temperature. The weighing was carried out 

repeatedly until a constant weight was obtained. Water 

content in lanthanum oxide was calculated from the wet 

weight minus the dry weight. 

The homogeneity test of lanthanum oxide 

Ten subsamples of lanthanum oxide were selected 

randomly. The weight of each subsample was 0.5 g. Ten 

subsamples were analyzed for macroelement (La) and 

microelements (Sm, Y) in duplicate by the XRF method. 

All subsamples were analyzed by the same analyst with the 

same instrument on the same day and the same 

laboratory. Standard deviations between samples (Ss) of 

the ten subsamples duplo analysis data were processed 

with the ISO 13528 statistical method by the formula, as 

reported previously [16,18]. 

Lanthanum oxide was homogeneous if Ss ≤ 0.3 σ, 

where σ was the standard deviation for proficiency 

assessment (SDPA), σ can be established through CV 

Horwitz [16,18]. 

Stability test of lanthanum oxide 

The stability tests can be carried out if lanthanum 

oxide has been stored for 3–6 months. The stability test 

was carried out in the same laboratory and the same 

analysis method as the homogeneity test. Lanthanum 

oxide was selected g (g ≥ 3) subsamples randomly. The 

weight of each subsample was 0.5 g. Three subsamples 

were analyzed for macroelement (La) and microelements 

(Sm, Y) in duplicate by the XRF method. The average 

concentration of each element in the stability test (YT) was 

calculated from the first test (YA) and the second test 

(YB). The average stability test value (Yr) was calculated 

from the YT value of three subsamples. The absolute 

value of the difference between the average homogeneity 

test value (Xr) and the average stability test value (Yr), 

|Xr – Yr| was calculated. Lanthanum oxide must be 

stable if | Xr – Yr | ≤ 0.3 σ [16,18]. 

Characterization of lanthanum oxide 

The characterization of lanthanum oxide was 

carried out by the XRD method. Lanthanum oxide was 

characterized by the XRD PANalytical X’Pert PRO with 

the serial number of PW3040/X0. The scanning process 

of the lanthanum oxide sample was done at the angle of 

2θ = 0–4000°. 

Certification of lanthanum oxide 

The lanthanum oxide subsamples were distributed 

to the seven accredited laboratories, namely: Laboratory 

of Geological Survey Center Bandung, Laboratory of 

tekMIRA Center Bandung, Laboratory of PSTNT 

BATAN Bandung, Laboratory of PTBGN BATAN 

Jakarta, Laboratory of PSTBM BATAN Serpong, 

Laboratory of NAA PSTA BATAN Yogyakarta, and 

Laboratory of XRF PSTA BATAN Yogyakarta for testing 

the concentration and its uncertainty of the oxides. 

The average oxide concentration and its 

uncertainty in lanthanum oxide from the seven 

laboratories were processed by the ISO 35-2006 

statistical method as following [16,18]: 

The calculation of the average oxide concentration 

( X ) was used the equation: 

X WiXi
−
=∑  (1) 

p

i 1

Wi '

W'
Wi

=

=
∑

 (2) 

2

1
W'

µ
=  (3) 

The calculation of the oxide concentration measurement 

uncertainty (μ) was performed with the equation: 

2 2
i xi(x) Wµ = µ∑  (4) 

X : the average oxide concentration, Xi: the oxide 

concentration of  each laboratory,  W: the  weight  of the  
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Table 1. The composition of Indonesian monazite sand from Bangka [16], the number of replication (n) = 4–7 

laboratories 

No Oxide Concentration (%) No Oxide Concentration (%) 

1 CeO2 31.506 ± 0.075 11 Dy2O3 1.029 ± 0.011 

2 La2O3 13.165 ± 0.038 12 SiO2 1.295 ± 0.021 

3 Nd2O3 11.025 ± 0.062 13 U3O8 0.298 ± 0.005 

4 ThO2 6.283 ± 0.022 14 Fe2O3 0.770 ± 0.012 

5 Y2O3 3.931 ± 0.024 15 TiO2 0.043 ± 0.001 

6 Pr6O11 2.984 ± 0.022 16 Yb2O3 0.310 ± 0.004 

7 P2O5 19.109 ± 0.102 17 Er2O3 0.412 ± 0.005 

8 SnO2 1.034 ± 0.004 18 Al2O3 0.826 ± 0.021 

9 Sm2O3 1.956 ± 0.005 19 CaO 0.219 ± 0.006 

10 Gd2O3 1.981 ± 0.003 20 ZrO2 0.177 ± 0.005 

 

oxide and µ: the oxide concentration measurement 

uncertainty. 

■ RESULTS AND DISCUSSION 

It was necessary to know the composition of 

monazite sand as raw material for the synthesis of 

lanthanum oxide in the pilot plant. The composition of 

Indonesian monazite sand from Bangka was presented in 

Table 1. It was observed that the major components of 

monazite sand were CeO2, La2O3, Nd2O3, and P2O5. 

Monazite sand contains CeO2: 31.506%, La2O3: 13.165%, 

Nd2O3: 11.025% and P2O5: 19.109%. So monazite sand can 

be processed into REE(OH)3 and then lanthanum oxide. 

Synthesis of Lanthanum Oxide from Monazite Sand 

Precipitation of REE(OH)3 from monazite sand 

The composition of REE(OH)3 resulting from 

monazite sand was presented in Table 2. From the data in  

Table 2. The composition of REE(OH)3 processed from 

monazite sand, the number of replication (n) = 3 

No Element Concentration (%) 

1 Ce 28.711 ± 0.073 

2 La 16.274 ± 0.013 

3 Nd 4.633 ± 0.016 

4 Pr 1.847 ± 0.009 

5 Y 1.449 ± 0.008 

6 Gd 1.391 ± 0.009 

7 Sm 0.664 ±0.038 

8 Dy 0.293 ± 0.006 

9 Er 0.171 ± 0.001 

Table 2, REE(OH)3 contains major components of Ce: 

28.711%, La: 16.274%, and Nd: 4.633%, while P and Th 

were not detected. The Ce element was the most 

dominant, so firstly Ce must be separated from 

REE(OH)3, then followed by separation of Nd so that a 

higher La concentration was obtained. 

Separation of Ce from REE(OH)3 

For the separation of Ce, REE (OH)3 was dissolved 

with nitric acid, in the REE(NO3)3 solution was added 

with NH4OH solution to obtain a pH of 4. Ce was 

precipitated as Ce-hydroxide. 

The reaction of rare earth elements hydroxide with 

nitric acid is shown below [13,19,21]: 

3 3 3 3 2(REE)(OH) 3HNO (REE)(NO ) 3H O+ → +  (5) 

Separation of Nd from the REE-nitrate solution 

The next step was the separation of Nd. The filtrate 

of the REE-nitrate solution was added with NH4OH 

solution to obtain a pH of 8, then Nd was precipitated as 

neodymium hydroxide. The precipitation reaction of 

neodymium hydroxide [13,21]: 

3 3 4 3 4 3Nd(NO ) 3 NH OH Nd(OH) 3 NH NO+ → ↓ +  (6) 

Precipitation of lanthanum oxalate from the 

lanthanum nitrate solution 

After Ce and Nd were separated, oxalic acid was 

added to the lanthanum nitrate solution, and the white 

precipitate formed was lanthanum oxalate. 

Synthesis of lanthanum oxide 

Lanthanum oxalate processed from monazite sand  
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was calcined at 1000 °C for 4 h, then lanthanum oxide 

powder was obtained. 

The Water Content Test in Lanthanum Oxide 

Based on the data in Table 3, the water content in 

lanthanum oxide was 0.181% to obtain water content less 

than 1%. The powder of lanthanum oxide has been 

qualified for certification. So the homogeneity test and the 

stability test could be done. 

Homogeneity Test of Lanthanum Oxide 

The homogeneity test of lanthanum oxide can be 

seen in Supplement 1 (S-1), Supplement 2 (S-2), and 

Supplement 3 (S-3). Lanthanum oxide was homogeneous 

if Ss ≤ 0.3 σ, both for the macroelement (La) and the 

microelements (Sm, Y). The concentration of La, Sm, and 

Y has been homogeneous as shown in supplement 1, 2, 

and 3, respectively.. Based on the homogeneity test of the 

macroelement (La), and the microelements (Sm, Y), 

lanthanum oxide has been homogenous. 

Stability Test of Lanthanum Oxide 

The stability test of lanthanum oxide can be seen in 

Supplement 4 (S-4), Supplement 5 (S-5), and 

Supplement 6 (S-6). Lanthanum oxide is stable if |Xr - 

Yr| ≤ 0.3 σ, both for macroelement (La) and 

microelements (Sm, Y). In Supplement 4, the 

concentration of La, Sm, and Y was found to be stable as 

given in supplement 4, 5, and 6, respectively. Based on 

the stability test of macroelement (La) and microelements 

(Sm, Y), lanthanum oxide has been stable. 

Characterization of Lanthanum Oxide 

The characterization results of lanthanum oxide 

made in CSAT BATAN and lanthanum oxide made in E-

Merck Germany by using the XRD method were 

presented in Fig. 1. Lanthanum oxide produced in CSAT 

BATAN (a) contains the minerals of cerium hydroxide 

[Ce(OH)3], lanthanum oxide (La2O3), neodymium 

yttrium oxide fluoride (Nd2Y2O3F16), yttrium oxide 

(Y2O3), and potassium  barium niobium  uranium oxide  

Table 3. Water content test in lanthanum oxide by gravimetric method 

La2O3 

sub-sample 

Wet weight 

(g) 

Dry weight 

(g) 

Water content 

(%) 

Average water 

content (%) 

1 2.879 2.882 0.104  

 

 

0.181 ± 0.046 

2 2.799 2.803 0.143 

3 2.838 2.844 0.211 

4 2.891 2.897 0.208 

5 2.856 2.862 0.210 

6 2.886 2.892 0.208 

 
Fig 1. The XRD patterns of (a) lanthanum oxide made in CSAT BATAN and (b) lanthanum oxide made in E-Merck 

Germany 
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Table 4. The determination of the average La2O3 concentration and its uncertainty in the lanthanum oxide from the 

seven laboratories, the number of replication (n) = 3 

Laboratory Xi (%) µi (%) Wi' Wi Wi Xi Wi²µi² 

A 92.573 0.227 19.4065 0.1350 12.5005 9.4 × 10–4 

B 91.705 0.118 71.8184 0.4997 45.8271 3.5 × 10–3 

C 91.957 2.394 0.1745 0.0012 0.1117 8.5 × 10–6 

D 94.167 0.903 1.2265 0.0085 0.8037 5.9 × 10–5 

E 91.190 0.140 51.0204 0.3550 32.3731 2.5 × 10–3 

F 95.112 8.327 0.0144 0.0001 0.0096 7.0 × 10–7 

G 93.352 4.233 0.0558 0.0004 0.0363 3.0 × 10–6 

Total   143.7165   

Xaverage   
  91.6620  

µx   
   7.0 × 10–3 

 

(Nb7.6U2.4Ba5.2K8O30). Lanthanum oxide made in E-Merck 

Germany (b) contains the minerals of lanthanum 

deuteriohydroxide [La(OD)3], cerium (Ce), scandium 

strontium fluoride (ScSr1.56F6.1) and zirconium iron 

antimonide (ZrFe0.68Sb). 

Certification of Lanthanum Oxide 

The certification of lanthanum oxide such as the 

determination of the average oxide concentration and its 

uncertainty from the seven laboratories accredited was 

processed by the ISO 35-2006 statistical method [1,16,18]. 

The average oxide concentration (Xaverage) was determined 

using Eq. 1, 2, and 3, while the determination of the 

uncertainty (μ) was using Eq. 4. The determination of the 

average La2O3 concentration and uncertainty from the 

seven laboratories that were processed by the ISO 35-2006 

statistical method were presented in Table 4. 

From the data in Table 4, La2O3 concentrations in 

the lanthanum oxide from the seven laboratories were 

varied from 91.190% to 95.112%. With the ISO 35-2006 

statistical method, the average La2O3 concentration was 

obtained 91.662% with an uncertainty of 0.007%. 

The average concentration and other oxide 

uncertainties from the seven laboratories were 

determined in the same method. Certificate of the average 

oxide concentration and its uncertainty in the lanthanum 

oxide was presented in Table 5. 

Based on the data in Table 5, certificate of the 

lanthanum oxide consists of ten oxides i.e., La2O3, Nd2O3, 

CeO2, Pr6O11, Y2O3, Sm2O3, Tb4O7, CaO, SiO2, and Al2O3. 

The concentration of La2O3 was obtained (91.662 ± 

0.007)%, while ThO2 and U3O8 were not detected. 

The evaluation of data was obtained that 

lanthanum oxide has been homogeneous, stable, water 

content less than 1%, and certificated. So the lanthanum 

oxide powder was already qualified as the in-house 

CRM. From the data in Table 6, the major oxides in 

lanthanum oxide in-house CRM products from CSAT-

BATAN, Indonesia were La2O3: 91.662%, Nd2O3: 

3.949%, CeO2: 2.426%, and Pr6O11: 1.217%. The major 

oxide in the lanthanum oxide product from the 

Department of Chemical Engineering, Srinakharinwirot 

University (DCE, SU), Thailand was La2O3: 95.360% only,  

Table 5. Certificate of the average oxide concentration 

and its uncertainty in the lanthanum oxide 

No Oxide 
Average 

Concentration (%) 
Uncertainty (%) 

1 La2O3 91.662 0.007 

2 Nd2O3 3.949 0.002 

3 CeO2 2.426 0.040 

4 Pr6O11 1.217 0.003 

5 Y2O3 0.114 0.002 

6 Sm2O3 0.144 0.007 

7 Tb4O7 0.106 0.005 

8 CaO 0.199 0.004 

9 SiO2 0.074 0.003 

10 Al2O3 0.061 0.002 

 Total 99.952  
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Table 6. The comparison of the lanthanum oxide in-house CRM (La-oxide CRM) from CSAT-BATAN Indonesia, the 

lanthanum oxide (La-oxide) from DCE-SU Thailand, and REE-oxide from DRI-ME Myanmar by precipitation methods 

No Composition 
Concentration (%) 

La-oxide CRM from 
CSAT-BATAN, Indonesia  

La-oxide from 
DCE-SU, Thailand [22] 

REE-oxide from 
DRI-ME, Myanmar [17] 

1 La2O3 91.662 ± 0.007 95.360 25.173 
2 Nd2O3 3.949 ± 0.002 0.250 14.215 
3 CeO2 2.426 ± 0.040 0.940 51.530 
4 Pr6O11 1.217 ± 0.003 n.d 3.204 
5 Y2O3 0.114 ± 0.002 n.d 0.547 
6 Sm2O3 0.144 ± 0.007 n.d 0.737 
7 Tb4O7 0.106 ± 0.005 n.d n.d 
8 Gd2O3 n.d n.d 0.381 
9 ThO2 n.d n.d n.d 

10 U3O8 n.d n.d n.d 
11 CaO 0.199 ± 0.004 2.290 n.d 
12 SiO2 0.074 ± 0.003 < 0.010 n.d 
13 Al2O3 0.061 ± 0.002 0.334 n.d 

 

and the major oxides in REE-oxide products from the 

Department of Research and Innovation, Ministry of 

Education (DRI-ME), Myanmar were La2O3: 25.173%, 

Nd2O3: 14.125%, CeO2: 51.530%, and Pr6O11: 3.204%. 

Based on the lanthanum oxide composition test data 

from the seven laboratories, it was found that the 

uncertainty of each component varied from 0.002–

0.040%, so the lanthanum oxide can be used as reference 

material in determining the lanthanum oxide quality 

from the pilot plant process. 

■ CONCLUSION 

Lanthanum oxide certified contained ten oxides, 

and four oxides with the highest concentration included 

La2O3 (91.662 ± 0.007)%, Nd2O3 (3.949 ± 0.002)%, CeO2 

(2.426 ± 0.040)%, Pr6O11 (1.217 ± 0.003)%. Two other 

minerals in the lanthanum oxide by the XRD method 

were cerium hydroxide [Ce(OH)3] and neodymium 

yttrium oxide fluoride (Nd2Y2O3F16). Lanthanum oxide 

was already qualified as the in-house CRM since it 

contained water less than 1%, homogeneous, stable, and 

certified. La2O3 concentration in the lanthanum oxide in-

house CRM from CSAT-BATAN, Indonesia was not 

significantly different compared to that from the 

Department of Chemical Engineering, Srinakharinwirot 

University, Thailand (the difference level was 3.70%). The 

lanthanum oxide extracted from monazite sand can be 

used as reference material in determining the lanthanum 

oxide quality from the pilot plant process. 
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 Abstract: The aims of the study are to identify the effectiveness of wastewater treatment 

from the Batik industry using a simultaneous of electrocoagulation (EC) and electro-

assisted phytoremediation (EAPR). Rough horsetail (Equisetum hyemale) was used as an 

accumulator plant in the EAPR system. Electrocoagulation was conducted for 1 h at a 

constant voltage of 20 V in 10 L solution, while EAPR was processed for 7 day at a 

constant voltage of 5 V in 17 L solution. The chemical oxygen demand (COD) of water 

was determined by closed reflux of colorimetric methods and heavy metal concentration 

was determined by flame-atomic absorption spectrophotometer. The results showed that 

the COD decreased by 69.6% after 1 h of electrocoagulation process and up to 80.9% after 

the EAPR process. The concentration of Cr and Pb decreased as much as 25% and 8.52%, 

respectively in the similar process. The simultaneous process could extend the heavy metal 

removal up to 0.28 mg/L for Cr and 0.09 mg/L for Pb in liquid wastewater from the initial 

concentration. These results showed that the levels of COD and heavy metal 

concentration in Batik wastewater have reduced in accordance with the Ministry of 

Environment Decree No. 5/2014 Republic of Indonesia regarding various industries 

wastewater standard with the threshold limit of 150 mg/L for COD and 1.0 mg/L for Cr 

on textile industry and 0.1 mg/L for Pb on Class I for another wastewater standard. The 

estimated cost of operation was US$ 1.509 m–3 indicating the viability of Batik industry 

wastewater treatment. 

Keywords: electrocoagulation; EAPR; Equisetum hyemale; phytoremediation; batik 

wastewater 

 

■ INTRODUCTION 

Batik industry (i.e. an ingenious traditional textile in 

Indonesia) has potentially contributed hazardous 

pollutants to the environment. Direct discharge or 

unproper treatment of wastewater produced from these 

industries can be detected easily by a physical form in the 

environment, such as smell, and turbid color of water [1]. 

The largest pollutant from the Batik industry is from the 

dyeing process. Dye substances are usually non-

biodegradable organic compounds, which are source of 

environmental pollution. Naturally, dyes compound in 

aquatic environments can be decomposed by photo-

degradation. However, these processes occurred in a 

slow chemical reaction which impacted on the 

accumulation of dye compounds in the aquatic 

environment faster than the ability of photo-

degradation process [2]. 

Today, there are many methods to process the 

Batik or other textiles wastewater such as coagulation, 

adsorption using activated carbon, and 

electrocoagulation [2]. However, those techniques are 

less effective and relatively complex process, so that it is 

needed a new method that is more effective and 

environmentally friendly. When compared with 
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activated carbon, the electrocoagulation has several 

advantages including environmental-friendly, non-toxic 

process, and less residue. Many studies showed that 

electrocoagulation was an efficient technique for 

discharging the pollutants at surface water in the lowlands 

[3], urban wastewater [4], restaurant’s waste [5], chromium 

metal waste [6], and industrial wastewater [7]. Those studies 

have consistently shown that the electrocoagulation is one 

of the most promising techniques for wastewater 

treatment with the efficiencies between 70 and 95% in 

terms of COD and BOD respectively and less sludge 

products than other alternative procedures [8]. 

Presently, phytoremediation is an effective and 

affordable technological that use plant process to extract, 

remove, degrade, or render harmless hazardous materials 

including metals and metal pollutants present in the soils, 

sediments, and groundwater [9-10]. This technology is 

environmentally friendly and potentially cost-effective 

toward conventional water clean-up techniques. 

However, its application has limitations since the clean-

up depth is strictly determined by the length of the plant 

roots. The transport of contaminants is minimal to the 

aboveground harvestable, and the movement of 

contaminants is induced exclusively by slow plant root 

suction. Therefore the efficiency of contaminant removal 

is depending on the extension of the plant roots in the soil 

and water surface [11]. 

Electro-assisted phytoremediation (EAPR) is an 

enhancement method to phytoremediation, requiring 

electrically assistance to overcome the weaknesses of 

phytoremediation itself [12]. The methods had been 

extensively reported on the improvement of soil [13-15] 

and aquatic phytoremediation [16-19] for the removal of 

heavy metals using various aquatic accumulator plants 

such as Lemna minor, Lactuta sativa, water hyacinth 

(Eichornia crassipes) and water lettuce (Pistia stratiotes). 

The main objective of this study was to determine 

the optimal operation conditions and operating cost of 

effluent treatment from the Batik industry using a 

simultaneous electrocoagulation and EAPR system. 

Therefore, in this study, two major issues were 

addressed. First, the development and evaluation of a 

simultaneous process of electrocoagulation and EAPR 

was investigated. In addition, the assessment of rough 

horsetail (Equisetum hyemale) that is used in the 

electrical enhancement of aquatic phytoremediation 

treatment of the Batik wastewater was performed. 

Second, the survival strategy of growing plants in 

wastewater was assessed by (i) evaluation of the survival 

indicator to determine the COD level and heavy metal 

tolerance; (ii) determination of stressing indicator using 

total chlorophyll content and chlorophyll a/b ratio. In 

addition, the feasibility of operating cost on the effluent 

treatment of Batik wastewater was calculated. 

■ EXPERIMENTAL SECTION 

Batik Wastewater Sampling 

Batik wastewater was collected before the rainy 

season from the Batik workshop in Mantrijeron, 

Yogyakarta, Indonesia, at the discharged point (GPS 

7°49'06.7"S 110°22'00.3"E). The collected wastewater was 

directly used without preserved. The characteristics of 

wastewater such as COD, pH, and heavy metals (Pb and 

Cr) were shown in Table 1. The high COD concentration 

in the Batik wastewater occurred due to the presence of 

chemical substances used in these industries such as 

sodium silicate, sodium salt and sodium alginate [20-

21]. In this study, the Batik  wastewater  has initial COD 

Table 1. Profiles of Batik wastewater compared with the Ministry of Environment decree No. 5/2014 Republic of 

Indonesia regarding various industries wastewater standard 

Characteristics 
Batik 

Wastewater 

Water Quality Standards 

Unit Textile 

Industry 

Other Quality 

Class I Class II 

COD 214.8 150 100 300 mg/L 

Pb 0.47 N/A 0.1 1.0 mg/L 

Cr (VI) 0.16 1.0 0.5 1.0 mg/L 

pH 8.60 6-9 6-9 6-9 N/A 
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concentration of 214.8 mg/L. Usually the Batik or textile 

industry effluent contains high COD concentration than 

BOD [20,22-23]. 

Plant Collection 

Rough horsetail (Equisetum hyemale) was collected 

based on a similar phytomorphology characteristic, which 

has the same number of stem segments and root density. 

Before being used in the EAPR system, the plants were 

undergoing the acclimation process to adapt the laboratory 

environment. Acclimation was proceeded in two steps. 

Initially, the plant was acclimated in a fresh water for 3 days 

and then the solution was changed to a Hoagland solution 

for the next 3 days. Hoagland solution contains the essential 

elements required by the plant for growth. 1 L of Hoagland 

solution was prepared by mixing of 0.00676 g KH2PO4, 

0.252 g KNO3, 0.59 g Ca(NO3)2·4H2O, and 0.20 g 

MgCl2·6H2O according to elsewhere publication [12]. 

Electrocoagulation Process 

The wastewater was flown into the electrocoagulation 

reactor with the dimension of 35 (L) cm × 20 (W) cm × 

20 (H) cm and filled with a volume of 10 L. The process 

was carried out for 1 h at constant voltage of 20 V (DC 

power supply, 60 V/10 A, SANFIX, Taiwan). The electrode 

used in the experiment was aluminum as anode and 

stainless-steel sheets as cathode for each consisted of 3 

sheets with a dimension of 30 (L) cm × 20 (W) cm and  

3 mm thickness. This process was intended to decrease 

the COD concentration in the wastewater. The solution 

was then continued to the EAPR reactor for the removal 

of the remaining heavy metal concentration. Fig. 1 shows 

the schematic diagram of the simultaneous processes. At 

first, wastewater from the equalization tank was treated by 

electrocoagulation process and then continued by EAPR 

treatment to decrease high COD and heavy metal 

concentration. The performance of electrocoagulation and 

EAPR process were evaluated by removal efficiency (%) of 

COD and heavy metal concentration as shown in Eq. (1). 

( ) o f

o

C C
Removal efficiency   %     100

C

−
= ×  (1) 

where, Co was the initial concentration before treatment, 

and Cf was the final concentration after treatment. 

 
Fig 1. Simultaneous electrocoagulation process and 

EAPR treatment by which electrodes cathode of colony 

system. Rough horsetail (Equisetum hyemale) was used 

as an accumulator plant in the EAPR system 

EAPR Process 

After the electrocoagulation process, the 

wastewater then continued to flow into the EAPR 

reactor (40 (L) cm × 30 (W) cm × 30 (H) cm) for 17 L 

volume, equipped with Ti as anode (Ø 6 mm × 25 (L) 

cm, Nilaco, Japan) and stainless steel U316 (net wire: 10 

mesh, 30 (L) × 20 (W) cm; and bar: 3 mm thick, 30 (L) × 

1 (W) cm) as cathode electrode. The process was carried 

out for 7 days at a constant voltage of 5 V (DC power 

supply, 30 V/5 A, SANFIX, Taiwan) using rough 

horsetail (Equisetum hyemale) as the accumulator plant. 

The light source was provided by fluorescent tubes (40 

W, Philips, Indonesia) and incandescent lamps (20 W, 

Osram Duluxstar PAR 38, China) which was controlled 

by an intra–matrix timer to provide 16/8 h light/dark 

cycle. In this process, a designed cathode-pot was used 

as electrode according to elsewhere publications [18-19]. 

Water and Plant Tissues Analysis 

Six bundles of rough horsetail (Equisetum 

hyemale) were used in the EAPR system and for every 

two bundles was harvested consecutively at the 3rd, 5th 
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and 7th day of plantation. Those plants were weighed, 

washed thoroughly with running tap water and then 

separated into shoot and root. The shoot and root were 

cut into small pieces, dried for 5 days at 60 °C in an oven. 

Approximately 1.0 g of samples was digested in 10 mL 

concentrated HNO3 overnight and then evaporated for 15 

mins on a hot plate until half of the initial volume. All 

solutions were adjusted to the final volume of 10 mL with 

deionized water. Heavy metal (Pb and Cr) concentration 

was then measured by a flame atomic absorption 

spectrophotometer (Buck Scientific 202, USA). The 

concentrations of the element in this study were reported 

on a dry matter basis. The COD concentration in the 

water sample was determined by closed reflux of 

colorimetric methods according to SNI 6989.2:2009 with 

the reference method of 5220 D [24]. 

Chlorophyll Analysis 

The changes of the plants morphology were 

observed and monitored every day. The chlorophyll 

content of the plants was measured according to Moran 

and Porath [25]. A sample of 200 mg plant shoots was cut 

into 0.5 cm segments and incubated in acetone for 24 h at 

4 °C in a dark room. The absorbance of the supernatant 

was measured by a spectrophotometer (Hitachi 2000, 

Japan) at wavelengths (λ) of 645 and 663 nm. Chlorophyll 

concentrations (mg.mL–1) were calculated by using the 

following Eq. (2) to Eq. (4). 

Chl a 12.7    663 2.69    645= ×λ − ×λ            (2) 

Chl b 22.9    645 4.68    663= ×λ − ×λ            (3) 

Total Chl 8.02    663 20.2   645= ×λ − ×λ            (4) 

Operating Cost 

Under the experimental studied, there are two main 

operating costs to be considered. The first process was the 

electrocoagulation and the second was the EAPR process. 

The operating cost for the electrocoagulation process was 

mainly from the electrodes wear and electric energy costs 

[26], while the EAPR process was only from the electric 

energy consumption [27]. In addition, there were some 

factors in both processes that should be considered such 

as labor, maintenance, sludge dewatering and disposal as 

well as fixed costs. The calculations of electrode wear [28], 

electric energy consumption, and operating cost were 

calculated by using the following Eq. (5) to Eq. (7). 

el
i.t.M

m
F.z

=  (5) 

en
U.i.t

C
V

=  (6) 

op en elC a. C  b. C= +  (7) 

where mel = electrode wear, Cen = energy consumption, 

Cop = operating cost, i = Current (Ampere), t = Time (sec 

or h), M = molar mass (g), F = Faraday constant, z = 

Number of electrons, U = Electric tension (Voltage), V 

= Volume (m3), a = Energy cost, Cen = Energy 

consumption, b = cost of the plate, Cel = Electrode 

consumption. 

■ RESULTS AND DISCUSSION 

Electrocoagulation Process 

Table 2 shows the concentrations of COD and 

heavy metal (Pb and Cr) in the wastewater after 1 h of 

electrocoagulation process. The result showed that the 

electrocoagulation has decreased the COD concentration 

by 69.8%, and the removal efficiencies of heavy metal 

was 8.5% and 25.0% for Pb and Cr respectively from the 

initial concentration. It is known that the removal of 

organic matter (i.e. COD) using electrocoagulation may 

involve electrochemical oxidation, adsorption by 

electrostatic attraction and physical entrapment [23]. In 

this step, the wastewater was treated only by 

electrochemical oxidation without further treatment, so 

that the resulted-effluent solution from this step still 

contained high organic matter. Therefore, the process was 

continued by the EAPR system to increase the removal 

of COD from wastewater. In this study, the aluminum 

electrode was used as an anode and stainless steel as a 

cathode. If the electric current passes through to the Al 

electrode, the Al3+ ions were generated electrochemically  

Table 2. Profiles of COD and heavy metal (Pb and Cr) 

concentration after 1 h of electrocoagulation process 
Condition COD 

(mg/L) 

Heavy metal (mg/L) 

Pb Cr 

Initial 214.8 0.47 0.16 

After 1 h process 65.3 0.43 0.12 
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at the anode, and coagulant agents Al(OH)3 were formed 

as shown in the following Eq. (8) to Eq. (10). The 

formation of coagulant agent could decrease the heavy 

metal concentration together with organic substances in 

the wastewater. In this process, metal hydroxide has 

occurred because of hydroxyl ion production at the 

cathode during the electrocoagulation treatment. The 

solubility of a certain metal reaches a minimum at a 

specific alkaline condition, which has a characteristic 

value for each metal [23]. The pH of wastewater changed 

from 8.60 to 8.86 during the electrocoagulation treatment 

indicating more alkaline pH developed in the wastewater 

since hydroxyl (OH-) ions were continuously produced in 

the solution as shown in Eq. (9) to Eq. (10). 
3

(s) (aq)Anode : Al AL 3e+ −→ +  (8) 

2 (aq) 2(g) (aq)Cathode : 3H O 3e 3 2H 3OH− −+ → +  (9) 

3
(aq) 3(aq)Hydrolysis : Al 3OH Al(OH)+ −+ →  (10) 

EAPR Process 

Fig. 2 shows the decreasing of COD concentration 

on the EAPR system for the 7 days process. The feed water 

for the EAPR treatment process (i.e. EA 1st to 7th) resulted 

in the effluent from 1 h after electrocoagulation treatment 

(i.e. EC1) by which the COD concentration has been 

decreased by 69.8% from the initial concentration of 

wastewater. In the EAPR treatment process, the COD 

concentration continued to decrease until 80.4% (i.e. EA1 

to EA7). In general, the simultaneous process of 

electrocoagulation (i.e. EC) and EAPR (i.e. EA) have been 

successfully performed to decrease the COD 

concentration in the wastewater from 214.8 mg/L to  

42.2 mg/L. The decreasing of COD in the 

phytoremediation process of Batik wastewater was a time 

consuming and the removal efficiency was depending on 

the plant used in the study. For example, degradation of 

COD using Egeria densa and Salvinia molesta achieved 

95% and 99% respectively for the 17 days process [29]. 

Therefore, the electro-assisted system aimed to extend the 

phytoremediation process on the removal of organic 

matter could simultaneously decrease the heavy metal 

concentration in the Batik wastewater [30]. A significant 

decreased of heavy metal concentration in the wastewater 

 
Fig 2. Profiles of decreasing COD concentration after 

electrocoagulation and continuing with the EAPR 

process on the treatment of Batik wastewater.  EC1 

indicates 1 h of electrocoagulation process and EA 1 to 

EA 7 indicates from 1st to 7th day of EAPR process 

occurred from 3rd to 7th day of the EAPR process (Fig. are 

not shown). The removal of Pb and Cr concentration in 

the EAPR process decreased by 0.09 mg/L and 0.28 mg/L, 

respectively. The decrease of lead and chromium 

concentration in the wastewater indicates the absorption 

of heavy metal by rough horsetail through an electro-

assisted process to the plants that occurred intensively. 

An acidified solution occurred around the anode when 

water hydrolyzed to form hydrogen ions (H+). This acidic 

environment extended the lead ions (Pb2+) migration 

toward the cathode and precipitated as metal-hydroxide 

around the cathode-pot electrode in the EAPR system as 

shown in Eq. (11) and Eq. (12). Moreover, those 

reactions have produced oxygen and hydrogen gas in the 

solution. 

2 (aq) 2(q) (aq)Anode : H O O O2(q) 2H 2e+ −→ → + +  (11) 

2 (aq) 2(g) (aq)Cathode : 2H O 2e H OH− −+ → +  (12) 

Heavy Metal Concentration in the Plant 

Phytoremediation takes advantage of the unique 

and selective uptake capabilities of plant root systems, 

together with the translocation, bioaccumulation, and 

contaminant degradation abilities of the entire plant 
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body [31]. In the EAPR system, the heavy metal absorption 

by plants was assisted by electrical migration of metal ions 

from the anode to cathode pot around the plant root which 

accelerated the plant to uptake ions from aquatic media 

[18-19]. Table 3 shows the accumulation profiles of Pb 

and Cr in shoot and root of rough horsetail plant. For 

hyper-accumulator plants, high translocation of the heavy 

metal from the root system would occur to the aerial part 

of plants, such as shoots and leaves [9]. In this study, 

despite the high level of lead and chromium concentration 

in the root, the ability of rough horsetail to translocate 

heavy metal from roots to shoots has low concentration 

for each treatment. Besides, heavy metal concentration in 

the plant tissues increased with the elevated EAPR process. 

The removal ability of heavy metal from the solution by 

the EAPR system was different (see Table 3). For example, 

a high uptake of lead was observed than that of chromium 

by rough horsetail (Equisetum hyemale). Regardless of 

chromium source in the environment, the potential of the 

plant species tested in phytoremediation was limited 

because high chromium concentration in the shoots was 

toxic to plants. Therefore, the most tolerant plant species 

accumulated the least amount of chromium. For example, 

metal-tolerant species like coastal Bermudagrass did not 

accumulate Cr more than 2 mg/Kg plant mass with  

500 mg/Kg of soil [32-33]. In this study, chromium was 

still being measured after the treatment process even 

though the metal concentration was very low in the 

wastewater (see Table 1) because chromium has been 

recognized as a toxic, mutagenic and carcinogenic metal. 

Plant Stress Tolerance 

Plant appearance was observed, and chlorophyll 

content was measured to assess the tolerance of plants to 

heavy metal during the EAPR process. Total chlorophyll 

content and chlorophyll a/b ratio are parameters for 

photosynthetic activity and often used as indicators of 

stress in plants. These parameters have been used for 

detecting and assessing the exposure of plants to 

environmental contaminants [34-35]. Fig. 3 shows the 

total chlorophyll and chlorophyll a/b ratio in the plant 

after the EAPR process. 

In general, for plant treatments with the EAPR 

process at all harvesting time, the total chlorophyll 

contents significantly decreased except the plant 

harvested at 5th day after cultivation. Similar results also 

showed that the chlorophyll a/b ratio of the treated plant 

decreased compared to the control plant. Those results 

concluded that the plants exposed by the EAPR process 

were not under toxic chemical stressing which was 

confirmed by negative visual characteristics of phytotoxic 

symptoms (e.g. discoloration, pigmentation, yellowing, 

and withering). Regarding the pigment content, heavy 

metal˗exposed plants showed a remarkable decrease of 

chlorophyll. Therefore, the rate of photosynthesis 

decreased significantly in response to the elevated heavy 

metal concentration. In other words, any changes in 

chlorophyll synthesis and activity used as the index of 

direct toxic effects of heavy metals [36]. 

Calculation of the Operating Cost 

The calculation of electrode wear that was 

consumed during the electrocoagulation process was 

shown in Eq. (5) with the molar mass of aluminum is 

26.982 g mol–1 and the oxidation number of the element 

is 3. 

el
5  3600  26.982

m 1.6779 g Al
96485  3

× ×
= =

×
 (13) 

Table 3. Heavy metal concentration in the rough horsetail plant after EAPR process 

Cultivation periods 
Shoot Root 

Pb (mg/Kg) Cr (mg/Kg) Pb (mg/Kg) Cr (mg/Kg) 

EA 3 53.3 12.3 274.2 111.5 

EA 5 68.9 21.1 287.0 116.2 

EA 7 83.3 23.5 312.9 109.7 

Control 52.5 27.2 226.0 117.4 
EA 3, EA 5 and EA 7 indicate the cultivation period after 3rd, 5th and 7th day of cultivation.  At 7th day was the 

last experimental time in the EAPR system before the plant was harvested. The control plant was 

phytoremediation without wastewater. All data were the average value from two replication. 
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Fig 3. Total chlorophyll content (a) and chlorophyll a/b ratio (b) in the plants after EAPR process for lead (Pb) 

remediation (n = 3). Chlorophyll in the control plant defined as the plant that grew in phytoremediation. EA 3, EA 5 

and EA 7 indicate the cultivation period after the 3rd, 5th and 7th day of cultivation 

 

The energy consumption during the 

electrocoagulation (EC) and the EAPR process were 

calculated according to Eq. (6). 

( ) 3 3
en

20  5  1
C EC 10000 Whm 10 kWhm

0.01
− −× ×

= = =  (14) 

( ) 3 3
en

5  5  1
C EAPR 1470.59 Whm 1.47 kWhm

0.017
− −× ×

= = =  (15) 

The operating cost of the batch reactor in the 

simultaneous of EC and EAPR system can be calculated 

using Eq. (7). The estimated value of 1.0 kg of aluminum 

plate is US$ 2.30, but the mass estimated cost of a small 

plate (200 g) used in the experiment is US$ 0.46. While, 

the value of industrial electrical energy in Indonesia (> 

30000 kVA/October 2019) is US$ 0.0643 kWh (1 US$ = 

IDR 15,500). 

( ) ( ) 3
opC 0.0643  10 1.47 0.46  1.6779 US $1  .509 m−= + + × =  (16) 

The daily generation of effluent at the Batik industry 

was approximately 40 m3 per day [37]. Therefore, the 

monthly value was estimated by US$ 1,811. 

■ CONCLUSION 

The results have demonstrated that the simultaneous 

process of electrocoagulation and EAPR process has been 

used to reduce significantly the concentration of COD 

and heavy metal (Pb and Cr) in the Batik wastewater. In 

addition, rough horsetail (Equisetum hyemale) was able to 

grow well in the EAPR system while treating the Batik 

wastewater. According to the total chlorophyll and 

chlorophyll a/b ratio, the plants were able to grow in 

Batik wastewater without showing a toxic chemical 

stressing. The results showed that the levels of COD and 

heavy metal (i.e. Pb and Cr) concentration in Batik 

wastewater has reduced in accordance to the Ministry of 

Environment Decree No. 5/2014 Republic of Indonesia 

regarding of various industries wastewater standard 

with the threshold limit of 150 mg/L COD and 1.0 mg/L 

Cr for textile industry and 0.1 mg/L Pb for another 

wastewater standard (Class I). The operating cost of 

mainly energy and electrode consumption was 

calculated as US$ 1.509/m3 treated wastewater. 
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 Abstract: Core cleaning could be complicated for samples that contain a high amount 

of clays. Some clays are delicate and exposure to solvent and heat would damage or alter 

its properties. In this study, we investigated the effect of direct exposure of solvent and 

heat to clay mineral properties based on petrographical data from X-Ray Diffraction 

(XRD), Fourier Transform Infrared Spectroscopy (FTIR), Field Emission Scanning 

Electron Microscope (FESEM) and Energy Dispersive X-Ray (EDX). Experiments were 

performed on sidewall core samples taken in a shaly sand zone. The FTIR data did not 

show any changes at the molecular level to the clay mineral after direct contact with the 

selected solvent. The FESEM images showed some illite floccules collapse in the samples 

exposed to oven-drying at 60 °C. 

Keywords: clay minerals; core cleaning; petrography; solvent; heat exposure 

 

■ INTRODUCTION 

Core analysis data is an important source of 
information for understanding formation characteristics 
as well as for calibrating with down hole well log data. 
Therefore, the information should be obtained from core 
samples that are representative of their native states and 
free from contaminants. Drilling mud and its additives 
are well-known sources of contamination that occur 
during drilling. It may alter rock surface chemistry and 
consequently affected important rock properties. These 
contaminants must be removed prior to any other 
measurement. However, the removal of these 
contaminants could be complicated especially from tight 
and delicate samples. Unsuitable techniques and solvent 
used in the cleaning process might lead to undesirable 
measurements as a result of the alteration of native rock 
properties. It has been reported that properties such as 
porosity, permeability and wettability are highly affected 
by the technique and solvent used in cleaning [1-4]. For 
samples with high clay content, the usage of solvent and 
exposure to heat might alter the electrochemical 
properties of the minerals. 

Clay minerals are phyllosilicates with the 
tetrahedral layer and octahedral layer as the basic 
building block. The tetrahedral layer consists of either Si 
or Al bonding with the basal oxygen in tetrahedral 
coordination while the octahedral layer consists of 
cations (Si, Al or Mg) bonding with the basal oxygen in 
octahedral coordination. The structure of the clay 
determines its physical, electrochemical, rheological and 
thermal properties [5-6]. The alumino-silicates minerals 
appear as layering either in 2:1 or 1:1 ratio. In 1:1 clay 
minerals, the repetition of tetrahedron-octahedron (T–
O) sheets in one layer disallows for alkali metal cations 
or water molecules to exist between them. In 2:1 
structure the repetition of tetrahedron-octahedron-
tetrahedron (T–O–T) sheets in one layer provides space 
for cations occupancy [7]. Smectite and illite are 
examples of 2:1 phyllosilicate (2 tetrahedral and 1 
octahedral layer) and kaolinite is a 1:1 phyllosilicate. The 
2:1 clay minerals only contain siloxane surfaces while the 
1:1 clay minerals contain both the siloxane and hydroxyl 
surfaces [8]. The siloxane surface allows isomorphous 
substitutions by cations of lower valance at octahedral 
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sites, leaving the surface with positive charge deficiency. 
The charge deficiency is balanced by hydrated interlayer 
cations, which are easily released in water and exchanged 
with other cations, which contributes to electrical 
conductivity. Water can be bonded to the exchangeable 
cations or directly to the clay mineral surface. 

Soxhlet extraction is one of the normal procedures 
used in core cleaning. In the Soxhlet procedure heat is 
introduced to vaporize the solvent, which also exposed the 
samples to heat. The samples were exposed to another 
heat by oven drying to remove pore water after cleaning. 
Nevertheless, earlier studies have been reported that 
exposure to heat during cleaning and drying would have 
impacted the rock properties. Bush and Jenkins [9] 
reported increasing errors in dry porosity and 
permeability for decreasing the values of the parameters. 
This was due to the removal of adsorbed water on the clay 
surface when exposed to heat in a Soxhlet procedure. 
From the study, it was suggested that at least one to two 
layers of adsorbed water on the clay surfaces should be 
retained when measuring the permeability and porosity of 
cores. Soeder et al. [4] claimed that unhumidified drying 
could cause a significant increase in permeability as a 
result of hydration water removal and the collapse of clay 
minerals. 

A study by Pallatt et al. [10] exhibited that dehydration 
and shrinkage of clay minerals due to oven-dried had 
produced much higher permeability as compared to the 
wet and preserved state. Since clay minerals is a material 
that originally has a hydrophilic character due to the 
presence of the surface hydroxyl (–OH) groups that link 
easily to water molecules, hydration due to heat might 
affect the bonding to water molecules. This will 
consequently affect its electrical properties, which is 
related to the electrical current flow through hydrated clay 
surfaces. As an alternative, solvent flush cleaning without 
vapor is recommended for samples with delicate clays but 
this method incurs high cost and Soxhlet is preferable. 

The use of solvent and heat in core cleaning is 
common to effectively remove mud contamination and 
pore fluid prior to the measurement of other rock 
properties. The possible effect of solvent to rock 
properties is balanced with the need to remove the 

contaminants in order to bring back the rock sample to 
its native state. Other than the effect of heat discussed 
earlier on, other studies also reported the effect of some 
organic solvent of varying polarities and dielectric to 
clay structure at a molecular level [11]. In this study, we 
analyzed any changes that might occur to the clay 
mineral structure as a result of the cleaning process. The 
mineral was analyzed X-Ray Diffraction (XRD), Fourier 
Transform Infra-Red (FTIR), Field Emission Scanning 
Electron Microscope (FESEM) and Energy Dispersive 
X-Ray (EDX). 

■ EXPERIMENTAL SECTION 

Materials 

Laboratory analysis was performed on fresh 
samples taken in the Malay Basin where high 
compaction was expected. The sample was cored in the 
shaly sand zone on top of a gas reservoir and was 
preserved at low temperatures from the well site to 
protect from heat and keep the moisture. Gamma Ray 
from good log shows high reading indicating high shale 
content. As synthetic oil based mud was used during 
drilling, high resistivity reading at the near borehole wall 
as shown by induction log data indicates high mud 
contamination. The sample was carefully handled and 
preserved from the well site. Therefore, it was expected 
that any changes that would be observed after cleaning 
is due to response to the solvent and heat; and not from 
the surrounding effects. 

Procedure 

XRD 

Relative mineral content was analyzed using the 
Empyrean XRD equipment. The mineralogical analysis 
using XRD was performed in a few steps involving bulk 
clays, glycolation, and heating at 350 and 550 °C. For 
first evaluation of the relative amount of bulk clays, a 
powdered sample was scanned over a 2θ range of 2–70° 
with CuKα radiation (1.5406) at a scan step time 148.92 
and step width of 0.0260°. The generator was set at 40 
mA and 45 kV. The proportion of clay minerals in the 
sample was further analyzed at clay size < 2 µm. 1.5g of 
the powdered sample was mixed with 3 drops of calgon 
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in a small tube to further break down the sample particles. 
Thirty milliliter distilled water was added and the mixture 
was well shaken before entering the ultrasonic bath for  
10 min. Sample slurry was left for 24 h before air-dried on 
glass slides. The sample was then scanned using the same 
configuration as for bulk measurement. Ethylene glycol 
was used to detect the swelling components and estimate 
the illite-smectite composition. Sample on the glass slide 
was put side by side with ethylene glycol in a container 
and put in the oven at 80 °C for 30 min before scanned 
again. The sample was heated to 350 and 550 °C for 30 min 
before scanned again to distinguish kaolinite from 
chlorite. 

FTIR, FESEM, and EDX 

Two types of FTIR equipment were used to analyze 
the mineral content and structural change. The 
quantitative analysis was performed using bench top 
FTIR while Perkin Elmer FTIR Spectrometer was used to 
generate the spectrum in the range between 400 to 4000 
cm–1. Both types of equipment used the attenuated total 
reflection (ATR) method. The mid-range of infrared 
frequency was chosen as many minerals exhibit vibration 
modes within this range. For sample preparation, four 
offcuts from the sample were cleaned with four different 
types of solvent; methanol, toluene, chloroform and 
azeotrope (70% chloroform and 30% methanol). The 
effluent was checked every day until no further changes in 

the color were observed. The effluent was analyzed using 
Gas chromatography–mass spectrometry (GCMS) to 
study the component of contaminants being removed. 
Three types of drying were used for the samples cleaned 
with toluene; ambient, 60 °C with 40% humidity and  
60 °C oven dry. Samples were ground to fine powder 
form prior to FTIR analysis. The powdered samples were 
also analyzed using Quanta FEG 450 FESEM and EDX. 

■ RESULTS AND DISCUSSION 

XRD Analysis 

XRD data indicates the mineral constituents of the 
sample are consist of illite, kaolinite, chlorite, and quartz 
(Fig. 1). Characteristic reflection related to 10 Å periodicity 
that remains unchanged after ethylene glycol treatment 
indicates the presence of illite. Further confirmation is 
achieved with unchanged reflection after 350 and 550 °C 
treatment. Kaolinite and chlorite were identified from 
the reflection related to 7 Å that remains unchanged 
following ethylene glycol treatment. There are no 
changes in the reflection after 550 °C ignition indicates 
the presence of kaolinite rather than chlorite. Residual 
reflection identified at 7 Å is corresponding to kaolinite 
whereas chlorite would be destroyed at 450 °C heat [7]. 
However, the unchanged reflection after 550 °C heating 
could also indicate the existence of antigorite together 
with kaolinite. The presence of chlorite is indicated by the 

 
Fig 1. X-Ray Diffractogram of the sample 
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reflection at 14 Å periodicity that is unaltered following 
glycolation. The reflection slightly collapsed after 550 °C 
heating shows the presence of vermiculite alongside with 
the other minerals. Quartz was identified based on 
reflection related to 3 Å periodicity in the data. 

EDX 

The quantitative EDX analysis (Table 1) suggested O 
and Si as dominant elements in the sample. These elements 
are common in both quartz and clay minerals. Al and K, 
which are common in illite and kaolinite are found in 
smaller quantities. Fe also found in small quantities, 
which confirms the presence of illite as indicated by XRD 
and FTIR data. Minor concentrations of Na and Mg were 
also found in the sample. Mg is common is illite but Na is 
usually found in smectite. Since the XRD data did not 
indicate the presence of smectite, Na found in the EDX 
data could be attributed to residual impurities. 

FTIR 

Using the benchtop FTIR the mineral spectrum of 
the samples was automatically compared to a spectral 
library stored in the equipment. The mineral content in 
the samples was produced as a percentage as in Fig. 2. 
Consistent with the XRD result, FTIR data also recorded 
the presence of quartz, illite, kaolinite and chlorite. For 
the purpose of analysis, 10% tolerance is accepted for 
comparison of mineral content in each sample. Samples 
from toluene and chloroform recorded the same amount 
of quartz, illite, kaolinite and chlorite (within the 
acceptable tolerance). Samples from methanol and 
azeotrope recorded more quartz and less illite. Kaolinite 

and chlorite also presence in a smaller amount. The 
difference could be due to inefficient cleaning by 
methanol as inferred by the effluent’s color. It had been 
observed that the effluent from samples in methanol was 
clear while effluent from toluene and chloroform were 
blackish. Effluent from azeotrope showed lighter color 
as compared to toluene and chloroform. This indicates 
that toluene and chloroform provide efficient cleaning 
while methanol is not suitable for this type of mud. This 
is supported by a study by Gupta et al. [2], who reported 
that toluene and chloroform have similar cleaning 
efficiencies. On the other hand, methanol is more 
suitable for removing polar components and dissipated 
salt [1]. The presence of mud contamination could have 
concealed the actual spectrum. The GCMS result 
indicates an abundance of alkane hydrocarbon 
(tridecane, undecane, ethyl, cyclopentane) and acid 
(oxalic and  sulfuric) and  no traces of  components from  

Table1. EDX result 
No Element Weight % Atomic % 

1 O 56.53 ± 1.54 70.52 
2 Na 0.24 ± 0.12 0.21 
3 Mg 0.29 ± 0.12 0.24 
4 Al 5.44 ± 0.25 4.02 
5 Si 32.52 ± 0.95 23.11 
6 K 1.39 ± 0.17 0.71 
7 Ca 0.36 ± 0.14 0.18 
8 Ti 0.27 ± 0.16 0.11 
9 Fe 2.37 ± 0.38 0.85 

10 U 0.58 ± 0.5 0.05 

 Total 100 100 

 
Fig 2. FTIR analysis result on percentage of clay minerals 
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Fig 3. From top to bottom; FTIR spectrum for samples cleaned with chloroform, azeotrope, toluene, and methanol for 
3600 to 3500 cm–1 

 
quartz minerals (O, Si). This excluded the possibility that 
quartz has been removed by toluene and chloroform. 

The FTIR spectrum of the samples was further 
analyzed to study any changes to the mineral structure. 
FTIR spectrum for all samples shows absorbance in the 
1200-400 cm–1 region and vibration at near 3620 cm–1 (Fig. 
3 and 4). The 3620 cm–1 bands are corresponding to the 
stretching vibration of an inner hydroxyl group, lying 
between the tetrahedral and octahedral sheets [12]. The 
band is found in pure kaolinite and also in smectite that has 
a high amount of Al in the octahedral [12-13]. We believed 
that this energy bend represents kaolinite since smectite 
was unidentified by XRD analysis. The hydroxyl groups 
in kaolinite are bonded to octahedral cations, but residing 
largely within the plane of apical oxygen atoms that link 
the tetrahedral and octahedral sheets. The stretching region 
of samples cleaned with toluene, chloroform and azeotrope 
had shifted to higher energy band by 1 cm while the samples 
cleaned with methanol had shifted to higher energy band 
by 2 cm from the common band of pure kaolinite. Methanol 
is an intermediate polarity organic solvent, which has the 
ability to interact with clay surface oxygen and structural 
hydroxyl groups while toluene and chloroform are non-
polar molecules that have a low influence on clay 
structure. Some other solvent with a very high polarity 
such as formamide had shown very strong nonbonding 

interaction with Na-montmorillonite structure that 
consequently affect its hydraulic conductivity [11]. 
However, very low energy shifting indicated that the 
hydroxyl stretching is able to return to its original energy 
band. The shifting to 3622 cm–1 in methanol exhibits an 
energy band as in dickite. Dickite is a 1:1 phyllosilicate 
that has identical chemical composition and structure of 
the individual layer to kaolinite but differs in the layer 
stacking arrangement. Kaolinite has a single-layer 
structure instead of double-layer polytype. 

The energy band between 1200–400 cm–1 in the 
samples are corresponding to stretching and bending of 
Si-O and bending of OH from several minerals. The 
vibrations at 1116, 1029, 996, 935 and 908 cm–1 are 
closed to kaolinite with shifting to lower energy within 3 
to 15 cm. These vibrations are attributes to Si-O stretching. 
The 908 cm–1 energy band is closed to the inner surface 
OH groups bending region of kaolinite at 913 cm–1. All 
samples exhibited the same vibrations pattern that 
shows all solvent had a similar influence on the clay 
structure of the sample. 1029 cm–1 energy band is close 
to Si-O stretching vibrations in illite at 1030 cm–1 and 
muscovite at 1028 cm–1. The lower energy bands at 522, 
463 and 422 cm–1 carry almost similar patterns to those 
found in illite. No shifting in energy has been observed 
from all the samples. 
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Fig 4. From top to bottom; FTIR for samples cleaned with toluene, chloroform, azeotrope and methanol for 1200 to 
400 cm–1 

 
Fig 5. From top to bottom; the FTIR spectrum for samples dried at ambient, 60 °C humidity and 60 °C oven-dried for 
3600 to 3500 cm–1 

 
The FTIR data for samples dried at ambient, 60 °C 

humidity and 60 °C oven-dried also shows a slight effect on 
the clay structure based on energy shifting in Fig. 5 and 6. 
All samples exhibited the same pattern with insignificant 
shifting in the energy band between 1200 to 400 cm–1. 

FESEM 

FESEM images indicate that the clay minerals in the 
sample are dominated by kaolinite and illite (Fig. 7). The 
ragged appearance of the flat platelets exhibited that the 

illite is detrital in origin [14]. These two types of clay 
minerals are common in the Malay Basin. Illite 
flocculation of typical edge-face cardhouse orientation 
has been observed in the sample after toluene cleaning 
and dried at ambient temperature (Fig. 8). Flocculation 
happens when clumps of electrostatically charged clay 
flakes sink in ion-enriched salty water and form a 
“cardhouse” structure of individual edge-face or edge-
edge–oriented flakes and/or domains of face-face–
oriented  flakes.  This may  generate  pores,  which  when  
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Fig 6. From top to bottom; the FTIR spectrum for samples dried at ambient, 60 °C humidity and 60 °C oven-dried for 
1200 to 400 cm–1 

 

 
Fig 7. Kaolinite surrounded by illite 

 
Fig 8. FESEM image of illite flocculation for sample dried 
at ambient temperature 

 
Fig 9. FESEM image of the sample after oven-dried at  
60 °C 

interconnected will form permeability pathways. The 
edge-face and face-face flocculation is common in clay 
aggregates and happens in the presence of either fresh or 
salt water [15]. The illite floccules and kaolinite 
structures show that the mineral survived and less 
affected by toluene cleaning. 

Floccules collapsed (Fig. 9) has been observed in 
the sample after 60 °C oven-dried. The collapse of the 
floccules structure might be due to dehydration upon 
oven-heating. A similar effect in a different type of illite 
clays had been observed in an earlier study by Pallatt et 
al. [10]. The SEM photograph of filamentous diagenetic 
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illite clays in the report showed that the open mesh was 
compacted against pore walls due to oven-drying. This 
had created a larger path for fluid to flow and increased 
permeability. 

GCMS 

The Gas chromatography–mass spectrometry  
 

(GCMS) result of effluent from methanol, toluene or 
chloroform cleaning shows no traces of clay mineral 
components being removed or dissolved in the solvents 
(Fig. 10(a) to (b)). The effluent from toluene shows a 
high amount of hydrocarbon component and acid, 
which is expected from the drilling mud contamination. 
This shows that toluene interacts well with hydrocarbon 

 
Fig 10. (a) chromatogram for effluent from toluene cleaning and (b) chromatogram for effluent from methanol 
cleaning 
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in drilling mud but does not give any effect to the clay 
mineral. A lesser amount of hydrocarbon component was 
recorded in the effluent from methanol cleaning showing 
that methanol alone is less efficient to remove the 
contaminants but better interaction with water and salt. 
We did not manage to get the result for effluent from 
chloroform cleaning due to evaporation prior to the test. 

■ CONCLUSION 

The FTIR result showed that direct contact with the 
selected solvent does not give any impact at the molecular 
level to the clay minerals in the sample. Toluene and 
chloroform are very-low polarity solvents that do not 
have a strong ability to interact with water or negatively 
charged clay sheets but only with the hydrocarbon 
component from the synthetic based mud. Methanol is an 
intermediate polarity solvent that can interact with water 
and oxygen on the clay surface but the kaolinite, illite and 
chlorite constituted in the sample are a type of non-
expandable clay minerals, which have a tight crystal 
structure and low bonding with water. Kaolinite and illite 
have been reported to release the physically bound water 
at temperatures 55 and 72 °C respectively [16] but the 
effect had not been observed from FTIR data in this study. 

The illite floccules collapse from the FESEM images 
could possibly due to the heat exposure during oven-
drying. This could lead to enlargement of the fluid flow 
path and consequently increase porosity and 
permeability. The impact of these two parameters was not 
investigated here but should be further studied alongside 
with the impact of other parameters such as wettability 
and electrical properties. 
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 Abstract: Polylactic acid (PLA) is a biodegradable polymer that had been used as a 

substitute for conventional petroleum based plastics. Plasticizers were added into the 

solution of PLA and starch (PLA/S) to increase the flexibility and degradability of the 

produced film. PLA/S films need plasticizers that able to improve the degradation process. 

Red palm oil (RPO) were incorporated into PLA/S blends. The films were casted into petri 

dish via casting method. The films were characterized based on the color, thickness and 

chemical composition (Fourier-transform infrared spectroscopy). The performance of the 

films was analyzed based on tensile strength and biodegradation percentage. The films 

were yellowish in color with the addition of RPO. The FTIR shows that the increment of 

RPO concentration modified the intermolecular interaction between the PLA/S molecules. 

The tensile strength of PLA decreased with the addition of starch. The biodegradability 

test was done by using soil burial method where the samples were buried in peaty soil for 

12 days. The films produced from these combinations resulted in a good biodegradable 

activity. The films with high concentration of RPO and presence of starch degraded 100% 

within 12 days. RPO can be used as the plasticizer with further improvement. 

Keywords: film packaging; polylactic acid; red palm oil; starch 

 

■ INTRODUCTION 

Active film packaging had been developed in food 

industry to increase the shelf life of the food. The main 

goal in this area is to ensure that the food quality is in its 

best condition and can be maintained for the long term. 

Traditionally, petroleum-based food packaging is used as 

the food packaging. However, due to its low degradability 

and harmful features, biodegradable and edible film 

packaging using natural ingredients had been developed 

[1]. Polylactic acid (PLA) is a type of polymers used to 

produce food packaging. PLA had caught people 

attention as it can be chemically synthesized from 

agricultural resources [2]. PLA is a biodegradable 

thermoplastic that can be derived from the natural 

resources or through fermentation or chemical synthesis 

of lactic acid monomer [3]. Starch is a natural polymer 

that consists of linear polysaccharides and branched 

molecules that can promote the elastic properties that 

needed in the development of the thermoplastic. Starch 

based films had been one of the materials used in the film 

packaging production. This is due to its physical 

characteristics that similar to synthetic polymers which 

are odorless, tasteless, transparent and resistant to the O2 

passage [4-5]. Combination of PLA and starch (PLA/S) 

blends produced brittle film. Moreover, PLA/S films 

causes deterioration in terms of mechanical strength. 

According to Wang et al. [6], large and rigid particles 

cannot toughen the polymer matrix. From previous 

studies, it had been shown that a very poor interfacial 

adhesion between the hydrophobic PLA and hydrophilic 

starch [6]. Therefore, additives were added to 

toughening the blends. Researchers had found some 

methods that can toughen the combination matrix 

including addition of plasticizers. Plasticizers are 

commonly used as an ingredient to increase the 

flexibility of the polymers and improving their process 

ability [7] by improving the mechanical properties of the 

starch film. Sufficient amount of plasticizer will increase 
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the molecular mobility and increase the elongation at 

break point of the film [8-9]. PLA requires plasticizer to 

increase its ability to plastic deformation. Palm oil 

consists of triglycerides and unsaturated fatty acid which 

favors to be used as the plasticizer. In this study, red palm 

oil (RPO) were added as a plasticizer to improve the PLA 

and starch-based food packaging. By the addition of these 

materials, the quality of the produced film increased and 

can be commercialized. The objectives of this study was 

to develop and characterized a film food packaging from 

PLA/S/RPO blends and analyze the mechanical 

properties and biodegradability of the films. 

■ EXPERIMENTAL SECTION 

Materials 

Polylactic Acid (PLA) resin was used 

(NatureWorks®). Red Palm Oil (RPO) used from IKO 

natural product with purely refined of 100% natural crude 

palm oil. The potato starch used from Bendosen with pH 

value at 6.7. The starch has white and crystal luster 

appearance. Chloroform with molecular weight of 

119.380 g/mol and density of 1.490 g/cm3 was used as a 

solvent to dissolve the PLA resins. Chloroform was gained 

from R&M chemicals. 

Procedure 

Preparation of the film 

As for the PLA/starch/RPO films, PLA solution was 

mixed with the starch powder and stirred for 4 h or until 

the starch was completely dissolved. Then, different 

volume of RPO was added into the solution. The 

optimum volume of plasticizer into the PLA film was 5% 

of the PLA volume [10]. The solution was stirred for 

another 4 h before being casted in the glass petri dish with 

a radius of 70 mm. The samples were left to dry at room 

temperature for 24 h before being peeled and stored in a 

sealable plastic bags to avoid contamination. Eight samples 

were prepared consisting of PLA pure, PLA/RPO (0.25 mL, 

0.5 mL and 1 mL), PLA/S and PLA/S/RPO (0.25 mL,  

0.5 mL and 1 mL). 

The thickness and color of the film 

The thickness was measured using digimatic 

micrometer by Mitutoyo at room temperature. The 

thickness was measured for five different areas before 

calculating the average thickness. The color of each 

produced films were tested using the chromameter. 

Three readings were taken for each sample at different 

areas. The average value was used to determine the final 

color placement in the color chart. 

Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectra of control and blend films were 

recorded at 8 cm–1 resolution and in the range between 

400 to 4000 cm–1 at room temperature. FTIR analysis 

used to determine the stretching vibrations of the bonds 

and the components of each sample. 

Tensile properties (tensile strength and elongation 

at break) 

The samples were cut lengthwise and cross 

direction 60 mm × 15 mm. For tensile strength, the load 

range and appropriate grip of testing machine. The 

extensometer measured the load versus extension was 

recorded. The testing speed was at 500 mm/min with 

using load cell of 2.5 kN. The distances between the two 

anchorages was 40 mm. The maximum load, width and 

thickness were recorded. Tensile strength represents the 

film resistance to elongation. The following formula was 

used to calculate the tensile strength and percentage of 

elongation. 

( ) ( )
maximum load 

Tensile strength  
width  cm  thickness cm

=
×

 (1) 

break dis tance
% elongation   1  00%

gauge length
= ×  (2) 

Biodegradability test 

The soil was prepared with soil samples from peaty 

soil from a palm tree plantation in Kuala Selangor. Films 

of 4 cm2 were scaled and the initial weight of the samples 

were measured. Four sets of samples were prepared for 

this test. The samples then being put into soil at a depth 

of 8 cm from the soil surface. Sixty mL of water was 

added to the samples daily. The biodegradation tests 

were performed at the ambient temperature. The 

samples were retrieved after 12 days. The samples were 

cleaned with a brush and cleaned using distilled water to 

remove the soil debris. Then, it was dried in an oven at 

80 °C for 24 h. after drying, the weights of the samples 
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were measured and recorded to assess the average weight 

loss (%WL) [11]. 

■ RESULTS AND DISCUSSION 

Films Thickness and Color 

Fig. 1 shows the average thickness of the films. The 

thickness of the film increased when the RPO 

concentration increased. However, there is a slight 

reduction of thickness at 0.5 mL RPO. Film with starch 

shows higher thickness compared to film without starch. 

The addition of starch into the film blends will increase 

the thickness of the films due to the domain structure of 

immiscible polymer blend [12]. The result obtained at  

0.5 mL RPO for both films with and without starch 

showed the lowest thickness perhaps due to less 

plasticization effect occur at lowest concentration. 

Fig. 2 shows the color produced by the films. 

Addition of RPO into the PLA/S solution had affected the 

color of the film. The film appears to be yellowish-

colored. This is due to the nature of RPO which is red-

orange color and the presence of beta-carotene in the oil. 

PLA/RPO 0.5 mL yielded more luminous which resulted 

higher DeltaE* value. The data gained from the 

chromameter being analyzed by using the color chart. 

Pure PLA film performed clear and transparent color 

while film of PLA/S blends in group of white color. 

Starch reduces the transparency of the film. Plasticizer 

affected the opacity and physical appearance of the film 

[8]. Higher concentration of RPO may had increased the 

PLA film luminosity [13]. Thus, performing more 

luminous film packaging. 

Fourier Transform Infrared Spectroscopy (FTIR) 

Fig. 3 shows the FTIR for PLA/RPO films and Fig. 

4 shows the result for PLA/S/RPO film. Peaks 1080 cm–1 

indicate the C-O stretching as according to Sanyang et al., 

 

 
Fig 1. Thickness of the films 

 
Fig 2. The color of the films 

 

 
Fig 3. FTIR spectrum for PLA/RPO films 

 
Fig 4. FTIR spectrum for PLA/S/RPO films 
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the peaks attributed to this bonds are range from 1100–

950 cm–1 [14]. This also had been reported by Ref [15-16]. 

PLA/S blends showed the absorption spectra at 1082 cm–1 

due to the saccharide structure. The peak corresponded to 

the –C-H deformation is at 1380 cm–1. RPO are mainly 

consists of 50% saturated and 50% of unsaturated fatty 

acids. A significant increment for –C-H deformation in the 

PLA blends film. The absorbance peak at 1290–1180 cm–1 

shows the esters stretching vibrations. The peak decreases 

as the concentration of RPO increases. The value of 

percentage of transmittance decreases from 1287 cm–1 to 

1272 cm–1. This shows that the ester molecular bonds, 

O=C-OR being interrupted and loosen its intermolecular 

bond [17]. Small alteration of peak from 1078 cm–1 (pure 

PLA film) to 1085 cm–1 (PLA/RPO 1 mL). This alteration 

in the absorption peak indicates that the miscibility and 

interaction of PLA and RPO. The peaks at 1500 to  

1000 cm–1 indicates the region of oil. This has also 

reported by previous researchers [18-19]. 

The absorption band at 1745 cm–1 shows –C=O 

bonds stretching vibrations of carbonyl. Based on the 

obtained result, all of the samples shows the absorbance 

peak at 1738–1745 cm–1 which represented the C=O 

bonds stretching. This represents the stretching 

vibrations of carbonyl on ester group in PLA. The 

absorbance decreases as the concentration of RPO 

increases. The FTIR spectra shows at 1746 cm–1 that 

indicates the triglyceride ester linkage. This shows that 

PLA, starch and RPO link to each other in the film. There 

is a change in the FTIR spectra was observed at 1747 to 

1740 cm–1 when RPO was added representing C=O 

stretching contributed by triglyceride ester presence in 

RPO. The intermolecular interactions of PLA and PLA/S 

were affected by the increment of RPO concentration. 

PLA is hydrophobic in nature; it is sensitive to moisture. 

This will affect the result in self-hydrolysis of carboxylic 

acid end groups present in PLA. 

Tensile Properties (Tensile Strength and 

Elongation Break) 

Fig. 5 shows the tensile strength of the films while 

Fig. 6 represent the elongation at break point of each 

produced film. Pure PLA possessed 40.4 MPa for its tensile 

strength and exhibited 4.96% at the elongation at break 

point. Addition of starch into PLA reduces the tensile 

strength from 40.4 MPa to 20.6 MPa. The tensile strength 

decreases with the increases concentration of RPO. 

Theoretically, increase of tensile strength will 

decrease the elongation at break point. This is greatly 

opposite with the result by previous researchers [20-21]. 

According to Chieng et al. pure PLA typically rigid and 

brittle. Pure PLA had a high tensile strength but very 

limited elongation at break point. Adding plasticizers 

weakens the intermolecular forces in the film and reduce 

the brittleness and rigidity of the film [8] at once weaken 

the tensile strength. Low elongation at break point of 

PLA/RPO films may due to the insufficient amount of 

plasticizer to increase the molecular mobility and obtain 

more elongable film [8,22]. From the result, it can be 

seen that the ratio of PLA: RPO was not at optimum. 

 

 
Fig 5. Tensile strength of the films 

 
Fig 6. Elongation at break point of the films 
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Biodegradability Test 

Fig. 7 shows biodegradability percentage of 

PLA/RPO and PLA/S/RPO films. Pure PLA did not 

degrade throughout the process. The percentage 

degradation of PLA/RPO films increased when the 

concentration of RPO increased. After 12 days, 100% 

degradation occurred for PLA/S/RPO 1 mL. As for 

PLA/RPO films, only PLA with 0.25 mL of RPO degrade 

100% while the other films degrade 31%, 50% and 46%, 

respectively. This shows that good biodegradable activity 

occurred during the degradation process. Film consisting 

of starch and higher concentration of RPO blends degrade 

greatly. The degradation process and mechanism in soil 

are complex and unclear as it depends on the 

environmental conditions. Pure PLA film requires more 

time than the other samples [23]. The degradation of PLA 

begins with hydrolysis induced by the diffusion of water 

into the materials, followed by the microorganisms attack 

and the break-down of polymer chain [11]. PLA/S/RPO 

films exhibited aggressive changes on degradation. The 

collected samples were in pieces and no complete films 

were collected except for the PLA/S film. The most 

degraded films were PLA/S/RPO 1 mL. This proved that 

with the presence of starch and RPO accelerated the 

degradation process. Comparing to the fracture surface 

done by pure PLA, the structure remained unchanged 

even after day-12. This had been discussed by Tokiwa 

[23], PLA is susceptible to microbial attack in natural 

environment than other aliphatic polyesters [23]. This is 

due to the sparsely distributed PLA-degrading 

microorganisms in natural environment which leads to 

slow degradation process. 

 
Fig 7. Biodegradation percentage of the films 

■ CONCLUSION 

This study was conducted to produce a film 

packaging by combining PLA, starch and RPO. The 

characteristics and biodegradability properties of film 

were analyzed. PLA film with high concentration of 

RPO resulting a glossy and shiny film while addition of 

starch reducing the opacity of the film. The thickness of 

the films increases as the concentration of RPO increases 

and presence of starch. The FTIR results show that the 

structure of the PLA being altered with the presence of 

RPO. The addition of RPO did not positively impact the 

tensile strength and the elongation at break point of the 

films. The blends of PLA/RPO ratio did not achieve the 

optimum value. PLA/S with 1 mL of RPO degrade 100% 

in 12 days. These findings show that the films are a 

biodegradable film which fulfilled the objectives. The 

methods used in the film formation need to be 

improved. A longer mixing time are needed in order to 

perform a thin and clear layer of PLA/RPO film. 
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 Abstract: Trichomes of Cannabis sativa are the main tissue for synthesizing and storing 

cannabinoids, the most interesting compounds in this plant. In this report, metabolic 

changes in the trichomes of C. sativa var. bedrobinol were investigated by 1H-NMR-based 

metabolomics over the flowering session. Three cannabinoids, including Δ9-

tetrahydrocannabinolic acid (THCA), cannabichromenic acid (CBCA), and Δ9-

tetrahydrocannabinol (THC), were successfully identified in the chloroform extracts of 

the Cannabis trichomes. Meanwhile, 20 non-cannabinoid compounds, including sugars, 

amino acids, and other acidic constituents, were detected in the water extracts. Metabolic 

changes of the Cannabis trichomes during the monitoring time were successfully revealed 

using the models of partial least squares discriminant analysis (PLSDA) and 1H-NMR 

quantitative analysis. Score plots of the PLSDA models classified metabolomes based on 

the harvest time. Discriminant metabolites for the differentiation were detected in the 

loading plots of the models. THCA was found as an important discriminant compound 

in the chloroform extracts, while all quantified water-soluble compounds were detected, 

contributing to the metabolic changes of the water extracts. The obtained results shed 

more light on the biosynthesis of metabolites in the Cannabis trichomes over the flowering 

season. 

Keywords: Cannabis; cannabinoids; 1H-NMR-based metabolomics; trichomes 

 

■ INTRODUCTION 

Cannabis sativa L. (Cannabaceae) is an annual 

flowering plant that has been cultivated for thousands of 

years ago. The Cannabis cultivation method was written 

in ancient Chinese literature, and this method had been 

used for a thousand years [1]. The plant has been used by 

humankind for medicine, food, clothing, and purposes of 

recreation and spiritual [2-3]. This plant originally comes 

from Central and Eastern Asia region [4] and then spread 

around the world, including Indonesia. Since Cannabis is 

often misused as a recreational drug, this plant is 

categorized as a dangerous narcotic in most countries, 

including Indonesia. However, some drugs derive from 

Cannabis are available for medication, including Marinol® 

and Sativex®. Marinol® is used for the treatments of 

HIV/AIDS-induced anorexia and chemotherapy-induced 

nausea and vomiting [5]. Meanwhile, Sativex® can be 

used for the treatment of neurologic disorders, including 

multiple sclerosis [6]. 

The responsible compounds for bioactivities of 

Cannabis are cannabinoids. More than 100 

cannabinoids had been successfully detected in 

Cannabis [7]. Δ9-tetrahydrocannabinol (THC) is the 

most interesting cannabinoid since it is mainly 

responsible for the psychoactive properties of Cannabis. 

This cannabinoid presents in the plant on its acidic form 

(Δ9-tetrahydrocannabinolic acid, THCA). Based on the 

concentrations of THC and cannabidiol (CBD), 

Cannabis can be categorized in 3 types, namely THC 

type (THC >> CBD), CBD type (THC << CBD) and 

intermediate type (THC ≈ CBD). Cannabinoids are 

predominantly synthesized and deposited in the 
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trichomes of Cannabis. At least there are 3 types of 

trichomes in Cannabis, including capitate-stalked, 

capitate-sessile, and bulbous trichomes. Based on our 

previous works, capitate-stalked trichomes contain more 

cannabinoids compare to the others [8]. 

Metabolomics as one of the emerging omics tools 

has been applied for studying Cannabis. Gas 

chromatography-based metabolomics had been applied 

to classify Cannabis cultivars based on their varieties [9]. 

This method had been also used to discriminate Cannabis 

sativa from Cannabis indica [10]. HPLC-based 

metabolomics had successfully been employed to study 

the impact of domestication on Cannabis metabolomes 

[11]. The same method had been applied to study the 

terpene profiles in different Cannabis cultivars [12]. 

HPLC-ESIHRMS/MS based-metabolomics was used to 

evaluate the chemical composition of Cannabis medicinal 

extracts [13]. 1H-NMR based-metabolomics as one of the 

advance metabolomic methods was employed in 

Cannabis study as well. This method had been 

successfully used to differentiate Cannabis cultivars [14]. 

Moreover, 1H-NMR based-metabolomics had been 

applied to study the impact of elicitation in cell 

suspension cultures of Cannabis [15-16]. Our previous 

work also applied 1H-NMR-based metabolomics that 

combined with real time PCR (RT-PCR) technique for 

studying cannabinoid biosynthesis of Cannabis cultivars 

over flowering season [17]. This combined method was 

used to differentiate Cannabis metabolome based on their 

organs [18]. Recently, we used the same approach for 

monitoring cannabinoid biosynthesis in the trichomes of 

Cannabis during the flowering period [19]. 

The sample used in our previous work [19] was C. 

sativa var. bediol, intermediate type Cannabis containing 

almost equal concentrations of THC and CBD. It 

elucidated cannabinoid biosynthesis in the trichomes of 

intermediate type Cannabis. However, to the best of our 

knowledge, the changes in metabolite profiles in THC-

type Cannabis during the flowering period is still unclear. 

Therefore, in continuation of our studies on this plant, 

here we report 1H-NMR-based metabolomics in the 

trichomes of C. sativa var. bedrobinol. This variety is THC 

type Cannabis containing high THC and almost zero 

CBD. The purpose of this report is to study metabolic 

change and to differentiate metabolomes of trichomes of 

C. sativa var. bedrobinol over the last flowering weeks. 

■ EXPERIMENTAL SECTION 

Materials 

The standardized C. sativa var. bedrobinol was 

obtained from Bedrocan BV (Veendam, Netherlands). 

Chloroform and methanol used in the extraction were 

obtained from Carl Roth GmbH (Karlsruhe, Germany). 

Tetramethylsilane (TMS), trimethylsilane propionic 

acid sodium salt (TSP), sodium deuteroxide, deuterated 

chloroform, and deuterated water that required for the 

NMR measurement were bought from Carl Roth GmbH 

(Karlsruhe, Germany). Anthracene, as the quantitative 

standard compound, was purchased from Sigma-

Aldrich GmbH (Darmstadt, Germany). Reference 

THCA and THC were obtained from THC Pharm 

GmbH (Frankfurt, Germany). 

Instrumentation 

An Eppendorf 5415D centrifuge (Eppendorf AG, 

Hamburg, Germany) was used to centrifuge the samples. 

A Buchi rotary evaporator (BÜCHI Labortechnik AG, 

Flawil, Switzerland) was applied to remove the solvents 

on the sample extracts. A Bruker Avance DRX 500 

spectrometer (Bruker BioSpin GmbH, Rheinstetten, 

Germany) was used to record 1H-NMR spectra of the 

Cannabis trichomes. 

Procedure 

Trichomes isolation 

All plant handling and experiment procedures in 

this research were performed based on license No. 

4584989 issued by the Federal Institute for Drugs and 

Medical Devices (BfArM), Germany. All experiments 

were carried out in the Laboratory of Technical 

Biochemistry, Technical University of Dortmund, 

Germany. The trichomes of C. sativa var. bedrobinol 

were isolated based on previous reports [19-20]. The 

floral leaves and the stigma of the fresh Cannabis flowers 

were removed using forceps. A 5–10 g of the flower was 

moved into a 50 mL centrifuge tube and placed for a 

while in a tank containing liquid nitrogen. A finely 
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powdered dry ice was added into the tube. Immediately, 

the tube was loosely capped and vortexed for 1 min. 

During the vortex process, the trichomes were released 

from the Cannabis flower. Afterward, the flower was 

removed from the tube. The trichomes were collected by 

filtering other materials from the tube with a 140 μm 

nylon net filter (Merck Millipore). In this work, the 

Cannabis trichomes were isolated at 4 different weeks 

over the flowering season, including weeks 5, 6, 7 and 8. 

Extraction 

The fresh trichomes of C. sativa var. bedrobinol in a 

centrifuge tube (200 mg) was extracted by 2 mL of water-

methanol solvent (1:1) and 2 mL of chloroform. The tube 

was vortexed for 1 min and sonicated for 1 min. 

Afterward, the sample was incubated at a shaker machine 

(200 rpm) for 1 h at 30 °C. The water phase was separated 

from the chloroform phase by pipetting. The chloroform 

fraction was separated from the trichomes by filtering. 

The chloroform fraction was dried by a rotary evaporator 

at 30 °C and 31 mbar. Meanwhile, the water fraction was 

dried in a freeze-drying machine. 

NMR measurements 

Dry chloroform extracts of Cannabis trichomes 

were dissolved in deuterated chloroform. 

Tetramethylsilane (TMS) was used as an internal 

standard, while anthracene (1 mg/sample) was used as a 

quantitative standard compound. 128 scans of 64 K data 

points are recorded with a spectral width of 12531.32 Hz, 

the acquisition time of 5.23 sec and a relaxation delay of  

5 sec. Dried water extracts of Cannabis trichomes were 

dissolved in deuterated water containing phosphate 

buffer (pH 6) and trimethylsilane propionic acid sodium 

salt (TSP, 0.01%, w/v) as an internal standard. 1H-NMR 

spectra of the water extracts were recorded using a 

presaturation method. 128 scans of 32 K data points are 

recorded with a spectral width of 12019.23 Hz, the 

acquisition time of 2.72 sec and a relaxation delay of 2 sec. 

The free-induction decay (FID) NMR data were 

processed with ACD/Labs 12.0 software (Advanced 

Chemistry Development, Inc., Toronto, Canada). This 

software was also used for referencing, phasing, baseline 

correction of the 1H-NMR spectra. 

Quantitative analysis 
1H-NMR quantitative analysis was applied to 

determine concentrations of some identified metabolites 

semi-quantitatively. The identified cannabinoid was 

quantified based on a previous report [21]. The 

concentration of cannabinoids was determined by 

comparing the signal of the targeted cannabinoids with 

the singlet signal of anthracene (δ 8.45 ppm). 

Meanwhile, the quantification of the identified 

metabolites in the water extracts was carried out by 

comparing the corresponding signal area to the TSP 

signal. 

Multivariate data analysis 

Alignment and bucketing of the 1H-NMR spectra 

were performed using ACD/Labs 12.0 software 

(Advanced Chemistry Development, Inc., Toronto, 

Canada). 1H-NMR spectra of the chloroform extracts 

were scaled to TMS. Bucketing was carried out by 

integrating regions of equal width (0.02 ppm) within δ 

0.50–13.00 ppm and performed with an intelligent 

bucketing option. The region δ 7.24–7.27 ppm was 

removed from the analysis because of the chloroform 

signal. The region of anthracene signals (δ 7.44–7.48, 

7.96–8.06, and 8.42–8.48 ppm) were excluded from the 

analysis. 1H-NMR spectra of the aqueous extracts were 

scaled to TSP. Bucketing of these spectra was performed 

by integrating regions of equal width (0.02 ppm) from  

δ 0.50–10.00 ppm. The residual water signal at δ 4.73–

5.22 ppm was excluded from the data analysis. The 

processed data sets extracted from the 1H-NMR spectra 

were imported into SIMCA-P version 13.0 (Umetrics, 

Umeå, Sweden) for the multivariate statistical analysis. 

Partial Least Squares Discriminant Analysis (PLSDA) 

was applied as the primary method for extracting 

maximum separation among samples. 

■ RESULTS AND DISCUSSION 

Metabolite Identification 

For identifying metabolites present in the trichomes 

of C. sativa var. bedrobinol, the 1H-NMR spectra of both 

extracts were investigated. Δ9-tetrahydrocannabinolic acid 

(THCA) and its neutral form, Δ9-tetrahydrocannabinol  
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(THC), were successfully identified in the 1H-NMR 

spectra of the chloroform extracts. Other identified 

cannabinoid in the spectra was cannabichromenic acid 

(CBCA). The proton signals belong to THCA were clearly 

distinguishable in the 1H-NMR spectra, indicating this 

compound was a major metabolite in the Cannabis 

trichomes. Four methyl groups of THCA were detected in 

the spectra at δ 0.90 (H-5’, m), 1.12 (H-13, s), 1.45 (H-12, 

s), and 1.69 ppm (H-11, s). Other aliphatic proton signals 

belong to THCA were identified at δ 1.33 (H-3’, m), 1.33 

(H-4’, m), 1.55 (H-2’, m), 2.79 (H-1a’, m), 2.92 (H-1b’, m) 

and 3.23 ppm (H-10a, brd, J = 10.9). Two aromatic 

protons of THCA were recorded at δ 6.25 (H-4, s) and δ 

6.39 ppm (H-10, s). Meanwhile, one chelating proton 

signal belongs to the carboxyl group of THCA was 

detected at δ 12.20 ppm (COOH, s). THC and CBCA were 

identified by identifying their characteristic signals in the 
1H-NMR spectra of the chloroform extracts. However, the 

signals of THC and CBCA in the spectra were low, 

indicating both are minor compounds in the trichomes. 

The characteristic proton signals of THC were identified 

at δ 6.13 (H-2, brs), 6.28 (H-4, s) and 6.30 ppm (H-10, 

brs). Meanwhile, the signals of CBCA were recorded at δ 

5.49 (H-7, d, J = 10.1), 6.23 (H-4, s) and 6.74 ppm (H-8, d, 

J = 10.1). The signals of CBCA were further verified by 

comparison with published data [22]. Proton signals of 

THCA and THC in the 1H-NMR spectra were further 

verified by comparing the data with their reference spectra. 

Structures of identified cannabinoids are depicted in Fig. 1. 

Investigation of 1H-NMR spectra of the water extracts 

successfully identified amino acids, sugar compounds, and 

other organic compounds. The fingerprint signals of 

alanine (δ 1.48 ppm, H-3, d, J = 7.2), asparagine (δ 2.87, 

H-3b, dd, J = 16.9, 7.6; δ 2.96, H-3a, dd, J = 16.9, 4.3; δ 

4.01 ppm, H-2, dd, J = 16.9, 4.3), glutamine (δ 2.07, H-4, m; 
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Fig 1. Chemical structures of identified cannabinoids 

δ 2.38 ppm H-3, m), glutamic acid (δ 2.14 H-4, m; δ  

2.46 ppm, H-3, m), glycine (δ 3.58 ppm, H-2, s), leucine 

(δ 0.95, H-5, d, J = 6.6; δ 0.97 ppm, H-6, d, J = 6.6), 

proline (δ 2.35, H-3, m; δ 4.06 ppm, H-2, m), threonine 

(δ 1.33 ppm, H-5, d, J = 6.6) and valine (δ 1.00, H-3, d, J 

= 6.8; δ 1.05 ppm, H-4, d, J = 6.8) were successfully 

recorded in the spectra within the δ 0.8–4.0 ppm region. 

Meanwhile, in the δ 4.0–6.0 ppm region, the proton 

signals of α-glucose (δ 5.23 ppm, H-1, d, J = 3.8), β-

glucose (δ 4.64 ppm, H-1, d, J = 7.9), β-mannose (δ 4.99 

(H-1, d, J = 7.9), fructose (δ 4.06 ppm, H-1, d, J = 3.5), 

inositol (δ 3.25, H-5, t, J = 9.3; δ 3.49, H-1, dd, J = 9.9, 

2.9; δ 3.61; H-4 , t, J = 9.3) and sucrose (δ 4.22, H-1’, d, J 

= 8.6 ), δ 5.42 ppm, H-1, d, J = 3.8) were detected as well. 

Further investigation of the obtained 1H-NMR spectra 

revealed other organic acids, including acetic acid (δ 

1.91 ppm, s), formic acid (δ 8.46 ppm, s), fumaric acid (δ 

6.59 ppm, s), succinic acid (δ 2.45 ppm, s) and choline (δ 

3.21 ppm, s). All the fingerprint signals of the identified 

compounds were further verified with the data from 

reported works [14,23-25]. 

1H-NMR Quantitative Analysis 

The concentrations of some identified metabolites 

were determined semi-quantitatively by 1H-NMR 

technique. According to the analysis of chloroform 

extracts of the trichomes of C. sativa var. bedrobinol, 

concentrations of THCA in weeks 5 and 6 did not vary 

too much as described in Table 1. Nevertheless, the 

concentrations of these compounds increased 

significantly in week 7 and enhanced slightly in the 

following week. Meanwhile, concentrations of CBCA 

and THC increased over the monitoring time. 

Besides, as the main site for synthesizing secondary 

metabolites, trichomes are well known as the main place 

for storing secondary metabolites, including cannabinoids 

[26]. Although THCA and CBCA could be decarboxylated 

by heat into their neutral forms (THC and CBC) [27], 

however, both are the end products of cannabinoid 

biosynthesis [28-29]. Therefore, concentrations of 

cannabinoids that quantified in the 1H-NMR analysis, 

were the accumulated concentrations of THCA, CBCA, 

and THC, which produced from the initial cannabinoid 
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biosynthesis till the harvesting. It was confirmed by the 

results of the quantitative analysis that showed the 

concentration enhancement of the cannabinoids over the 

flowering period as depicted in Table 1. 

The amounts of alanine, asparagine, choline, 

fructose, glucose, glutamine, glutamic acid, inositol, 

sucrose, threonine, and valine in the water extracts of the 

trichomes of C. sativa var. bedrobinol were successfully 

determined. Their concentrations were diverse during the 

monitoring period. These quantified metabolites are 

primary metabolites that directly involved in the normal 

growth, development, and maintenance of the cellular 

functions of the plant. Besides that, these metabolites are 

also precursors or intake compounds in the biosynthesis 

of secondary metabolites. The diverse concentrations of 

the quantified compounds over monitoring time were 

probably correlated to their functions as primary 

metabolites. The recorded production patterns of the 

quantified metabolites over monitoring time are 

described in Table 1. 

Multivariate Data Analysis 

In this research, the extracted data of the 1H-NMR 

spectra were further analyzed with multivariate data 

analysis for investigating metabolite profiles of the 

trichomes of C. sativa var. bedrobinol over the last flowering 

weeks. In the first step, the extracted data were treated 

with principal component analysis (PCA) method, an 

unsupervised pattern-recognition approach. However, 

this method could not give enough separations (data not 

shown); thus, the analysis was continued further with 

partial least square discriminant analysis (PLSDA) 

method, supervised pattern-recognition approach. This 

method applies a discrete class matrix and is based on 

the partial least squares (PLS) model [30]. 

PLSDA modeling of the chloroform extract data 

set resulted in the good separation of the trichomes of C. 

sativa var. bedrobinol based on their harvesting time. 

This PLSDA model had 6 components, 74.8% of cross 

validation coefficient (Q2), and explained 83.0% and 

91.2% of total variations (R2X and R2Y, respectively). 

This model was further validated by the permutation test 

(300 permutations). The test produced the regressions of 

Q2 line that intersects the y-axis at points below zero [Q2 

= (0.00, -0.0741); R2 = (0.00, 0.392)]. This result validated 

the PLSDA model statistically. The best separation 

model of the chloroform extracts was obtained when 

combining the first (34.7%) and the second (18.8%) 

PLSDA components. This score plot successfully 

illustrated metabolic discrimination of the trichomes of 

C. sativa var. bedrobinol based on their harvesting time,  

Table 1. Concentrations of quantified compounds in the trichomes of C. sativa var. bedrobinol, over the last flowering 

weeks 

Compound 
Concentration (mg/g of fresh trichomes weight ± SD) 

Week 5 Week 6 Week 7 Week 8 

CBCA (δ 6.74) 0.60 ± 0.10 0.77 ±0.12 0.92 ± 0.30 1.12 ± 0.40 

THCA (δ 6.39) 45.27 ± 2.29 45.90 ± 3.04 64.39 ± 6.39 67.65 ± 7.19 

THC (δ 6.13) 0.09 ± 0.01 0.19 ± 0.08 0.38 ± 0.09 0.99 ± 0.06 

Alanine (δ 1.48) 1.39 ± 0.19 1.42 ± 0.26 1.54 ± 0.38 1.66 ± 0.68 

Asparagine (δ 2.87) 11.80 ± 1.74  13.66 ± 2.16 16.38 ± 2.16 15.30 ± 3.80 

Choline (δ 3.21) 2.11 ± 0.15 2.22 ± 0.18 2.34 ± 0.41 1.65 ± 0.20 

Fructose (δ 4.06) 10.33 ± 1.49  11.84 ± 0.63 11.97 ± 0.63 9.43 ± 0.35 

Glucose (δ 5.23) 1.36 ± 0.22 1.57 ± 0.48 2.28 ± 0.84 1.28 ± 0.32 

Glutamic acid (δ 2.46) 1.94 ± 0.25 2.08 ± 0.21 2.66 ±0.43  2.22 ± 0.58 

Glutamine (δ 2.07) 1.49 ± 0.22 1.54 ± 0.31 1.33 ± 0.29 1.25 ± 0.19  

Inositol (δ 3.61) 4.52 ± 0.49 5.45 ± 1.10 5.13 ± 0.64 5.44 ± 2. 47 

Sucrose (δ 4.22) 8.75 ± 1.82 10.31 ± 1.65 10.72 ± 1.63 10.90 ± 2.88 

Threonine (δ 1.33) 7.31 ± 1.29 4.56 ± 0.59 2.84 ± 0.59 3.84 ± 0.89 

Valine (δ 1.05) 0.36 ± 0.07 0.52 ± 0.10 0.47 ± 0.14 0.43 ± 0.07 
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as depicted in Fig. 2(a). For investigating the responsible 

compounds in the classification, the loading plot of the 

first PLSDA component was analyzed. As described in 

Fig. 2(b), THCA was identified as the most discriminant 

compound in the classification of the metabolic trichomes 

based on their harvesting time. 

In our previous work, we found that THCA and 

cannabidiolic acid (CBDA) were detected as important 

discriminant compounds in the classification of trichome 

metabolomes of C. sativa var. bediol during the flowering 

period [19]. C. sativa var. bediol is intermediate-type 

Cannabis containing almost equal concentrations of THC 

(a neutral form of THCA) and CBD (a neutral form of 

CBDA). Meanwhile, in this report, we detected THCA as 

the most discriminant compound in the classification. It 

was possibly due to the sample used in this report is 

categorized as THC-type Cannabis containing high THC 

and almost zero CBD. However, this result confirmed 

THCA as the crucial cannabinoid that synthesized in 

high amounts in the trichomes of Cannabis over 

flowering weeks and had an important role in the 

metabolome differentiation. 

PLSDA model of the water extracts successfully 

classified the trichomes of C. sativa var. bedrobinol 

according to the collecting times. This model possessed 

9 PLS with R2X = 62.0%, R2Y = 99.6%, and Q2 = 67.7%. 

The model validation was carried out by the permutation 

test (300) resulting the regressions of Q2 lines intersected 

the y-axis at points below zero [Q2 = (0.00, -0.399); R2 = 

(0.00, 0.301)]. The score plot consisting of the first 

component (13.1%) and the third component (5.1%) 

revealed four well-separated groups, as seen in Fig. 3(a). 

Based on the loading plot investigation of the first 

component   (Fig.  3(b)),   all   quantified   water-soluble  

 
Fig 2. PLSDA score (a) and loading (b) plots from the 1H-NMR spectra of chloroform extracts of bedrobinol trichomes 

1: THCA 

 
Fig 3. PLSDA score (a) and loading (b) plots from 1H-NMR spectra of water extracts of bedrobinol trichomes 
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metabolites, were found contributing to the 

discrimination of the metabolic trichomes. Beside those, 

formic acid, an unquantified metabolite, was also detected 

giving a contribution in the loading plot. These results 

indicated that concentrations of these compounds were 

diverse over the flowering weeks and confirmed the 

results of the quantitative analysis as explained before. 

The results of multivariate data analysis revealed 

that the trichome metabolomes of C. sativa var. 

bedrobinol, which is the THC-type, were varied during the 

last 4 weeks of the flowering period. These results were 

similar to the trichome metabolomes of C. sativa var. 

bediol which is the intermediate-type [19]. Thus, it 

indicated that during the flowering period, the metabolite 

production either in the trichomes of the THC-type 

Cannabis or the intermediate-type depends on the time. 

C. sativa possesses 2 growth periods, vegetative and 

generative or flowering. The plant grows rapidly in the 

first period and then synthesizes cannabinoids in a large 

amount in the flowering period. The previous report 

showed that cannabinoid production in the flower of C. 

sativa var. bediol and bedrobinol grew under the 

standardized condition and genetic homogeneity, 

increased with the time of flowering and achieved the 

highest level over the last 4 flowering weeks [17]. The 

responsible tissue in the Cannabis flower for producing 

cannabinoids is the trichome [26]. The pattern of 

cannabinoid biosynthesis in the trichomes of C. sativa 

var. bediol over the second period had been analyzed 

previously using the 1H-NMR-based metabolomics 

combined with the real-time PCR analysis [19]. Meanwhile, 

the pattern of cannabinoid production in the trichomes of 

THC-type Cannabis, var. bedrobinol, during the flowering 

stage was explained in this work using 1H-NMR based 

metabolomics approach. Therefore, this report may lead 

to a better understanding of the cannabinome. 

■ CONCLUSION 

In this report, metabolite profiles of the trichomes of 

C. sativa var. bedrobinol over the last 4 weeks of the 

flowering season were successfully monitored by 1H 

NMR-based metabolomics. The trichomes of C. sativa 

var. bedrobinol during the flowering period 

biosynthesized metabolites in different amounts 

depending on the time. Moreover, THCA was found as 

the most crucial discriminant compound in the 

classification. This report sheds more light on metabolite 

profiles of the trichomes of THC-type Cannabis during 

the flowering period. 
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 Abstract: Granulation of racemic ibuprofen (±IBP) and α-lactose monohydrate (ALM) 

at a slightly lower (±IBP) melting point is an efficient method of binding the active 

pharmaceutical ingredients (API) and excipient in a binderless condition. However, the 

co-crystals may be formed from recrystallization of ±IBP on ALM. The objective of this 

study is to evaluate the tendency of co-crystal formation of granules (3:7 w/w ratio of 

±IBP:ALM) by melt granulation process. Second, investigate the recovery of crystals from 

polyethylene glycol (PEG) 300 solutions containing ±IBP-ALM mixtures. 

Characterizations of the samples were performed using Fourier Transform Infrared 

(FTIR) spectroscopy, Differential Scanning Calorimetry (DSC) and Powder X-Ray 

Diffraction (PXRD) system of the ±IBP-ALM granules produced from melt crystallization 

and harvested crystals from PEG 300 solution which is produced using slow evaporation 

crystallization. Crystal analysis of solution containing ±IBP-ALM mixtures revealed that 

the crystals formed were not co-crystals. Molecular interactions assessment through 

binding prediction between ±IBP and ALM terminating surfaces was conducted using 

molecular modelling technique. The result showed that the favorable binding sites of ±IBP 

molecules were on the surfaces of (0-20), (1-10), (001) and (011) ALM crystals. Successful 

binding prediction by the attachment energy method has proven that the co-crystal 

formation between these molecules is theoretically possible. 

Keywords: surface chemistry; hydrogen bond; lattice energy; melt crystallization; 

binding prediction 

 

■ INTRODUCTION 

In recent years, there has been increasing interest in 
melt granulation [1-4], apart from dry granulation and 
wet granulation. Melt granulation employs molten binder 
such as PEG and Gelucire [2-6]. The process skips the 
drying stage which is a part of routine stages in wet 
granulation. Drying stage in wet granulation consumes a 
lot of time and energy to dry the solvent (such as water) 
and volatile solvents, such as ethanol and isopropanol 
[3,5,7]. This becomes compelling when melt granulation 
involves racemic ibuprofen (±IBP) and a widely used 
excipient, α-lactose monohydrate (ALM). Ibuprofen is a 
highly potential active pharmaceutical ingredients (API) 
of non-steroidal anti-inflammatory drugs (NSAIDs) [8] 
and cannot afford to have residual solvents in the 

formulations [9]. However, there are limited reports 
focusing on racemic ibuprofen in melt granulation 
[5,10]. 

Melt spherical granules of α-lactose monohydrate 
and racemic ibuprofen can be prepared using a pressure 
swing granulation (PSG) technique in a fluidized bed 
[4,10]. Three types of granule products can be produced 
namely core, coated and heated granules. It has been 
proven that racemic ibuprofen can be acted as an API 
and binder simultaneously. The granule products have 
enough strength to handle processes before tableting. 
Enhanced strength was recorded for both coated and 
heated granules due to solidification of melting 
ibuprofen, which binds α-lactose monohydrate particles 
in the granules and results in no requirement for any 
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other type of binders [10]. Application of this technique 
also solved the tendency of high sublimation of racemic 
ibuprofen [10-11] by blocking the diffusion of racemic 
ibuprofen out of the granules through the coating with  
2 wt.% α-lactose monohydrate layer. Coating naked tablets 
of ibuprofen mixture with cooling crystallization sucrose 
produces uniform and crystalline coating, but analysis of 
sublimation of ibuprofen was not carried out yet [12]. 
However, Abu Bakar and co-workers [10] characterized 
only physical properties of the granules. Walker et al. 
investigate racemic ibuprofen-α-lactose monohydrate-
PVP-PEG 600 granules determined the nature of the 
crystals formed during the process [5-6]. The granules 
were produced by fluidized hot melt granulation method. 
A mixture of 300 g of granulated racemic ibuprofen, α-
lactose monohydrate, PVP and PEG 600 was heated at  
100 °C for predetermined period, before cooling to 
ambient air for 30 sec [5]. However, the properties of 
solidified ibuprofen in the granules form remain unclear 
[10]. It is postulated that the ±IBP recrystallizes on α-
lactose monohydrate particles, especially when the melt 
granulation approximately has the same principle with 
melt crystallization [13], which can form co-crystal [14]. 
Thus, formation co-crystal of racemic ibuprofen-α-
lactose monohydrate is possible. Co-crystal is a molecular 
complex which contains two or more different molecules 
in the same crystal lattice [15]. Ibuprofen co-crystal is 
desired because it has shown significant improvement in 
dissolution, compactability and compressibility of the co-
crystals [16] compared to pure ibuprofen crystals. The 
pure racemic ibuprofen crystals are undesired because it 
has high cohesivity, adhesivity and hydrophobicity in 
nature [17]. Various attempts were made to produce co-
crystals, such as racemic ibuprofen-2-aminopyrimidine 
by solvent-free grinding and slow evaporation of 
acetonitrile solution [18]. Meanwhile, racemic ibuprofen-
nicotinamide co-crystal was produced by Kofler mixed 
fusion and slow evaporation of methanol or ethanol 
solution [19]. An alternative proposed technique to 
produce the racemic ibuprofen-nicotinamide co-crystal is 
by simultaneous agglomeration via hot melt extrusion 
[16]. Only fusion method forms amorphous granule of 
racemic ibuprofen-gelucire [20]. Measurement using 

Fourier Transform Infrared Spectroscopy (FT-IR) 
showed that the racemic ibuprofen has the tendency to 
produce co-crystal with PEG via hydrogen bonding 
interactions [21]. The attempts showed that different 
racemic ibuprofen recrystallized methods from racemic 
ibuprofen mixtures will differ in final product of 
recrystallization. Therefore, the investigation of 
properties of racemic ibuprofen crystals in granules 
subjected to the granulation conditions is imperative. 

The interactions between crystal surfaces and 
molecules in the bulk solution have been predicted using 
molecular modelling technique in previously reports 
[22-25]. Some of computational techniques such as 
docking/grid search are commonly used to assess the 
wettability of the crystal surface. These methods rely on 
the finding a suitable attachment site between a free 
molecule in the solution to the surface. Another 
application of grid search is to calculate solvent-
dependent morphologies of organic material. For 
example; the grid-based search for crystal surface of 
racemic ibuprofen terminating surfaces of (100), (001) 
and (011) and the solvents (ethanol, ethyl acetate, 
acetonitrile and toluene) showed that the solute racemic 
ibuprofen molecules has the strongest interaction with 
the capping (011) morphology, followed by the side (0 0 
1) and the weakest with the top (1 0 0) crystal surface 
[26]. The molecular modelling study on the effect of 
additives on the crystal growth of methyl paraben has 
shown that acetaminophen, p-methyl acetanilide and 
acetanilide selectively adsorbed on the growth surfaces 
of methyl paraben and induced the change in methyl 
paraben crystal habit [27]. The work on assessment of 
additives on the p-toluamide crystal surface also has 
showed that additive molecule was capable to promote 
the growth of specific crystal faces by repelling the 
solvent molecules and eliminating the negative influence 
of the solvent on the surface diffusion of p-toluamide 
[28]. 

In this article, the tendency of co-crystal formation 
of racemic ibuprofen-ALM in granules produced 
through melt crystallization; and in crystals produced 
from PEG 300 solutions through slow evaporation 
crystallization are studied. 
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Assessment of co-crystal formation was carried out 
using an X-Ray Powder Diffraction (XRPD), Differential 
Scanning Calorimetry (DSC) and Fourier Transform 
Infrared (FTIR) spectroscopy. A molecular modelling 
work was conducted to predict first the binding 
preference of racemic ibuprofen on the α-lactose 
monohydrate surfaces and second to predict the 
possibility on the co-crystal formation. 

■ EXPERIMENTAL SECTION 

Materials 

Form I polymorphic form of racemic ibuprofen, 
(±)-IBP, (±)-2-(4-isobutylphenyl) propanoic acid, 
C13H18O2 (PhEur) of 99.9% purity CAS 15687-27-1 were 
obtained from Shasun Pharmaceutical Limited, India. 
(±)-IBP is a white, crystalline powder and has a 
characteristic odor. The compound is insoluble in water, 
but soluble in most organic solvents. Its molecular weight 
is 206.29 g/mol and conforms to Ph.Eur. The α-lactose 
monohydrate (ALM) (C12H22O11) powder (Pharmatose 
450M, DMV) with 99.99% of purity, was purchased from 
Sigma Aldrich. The white or almost white α-lactose 
monohydrate crystalline powder is soluble in water, but 
insoluble in ethanol and non-polar solvents. Its molecular 
weight is 342.30 g/mol. Polyethylene glycol 300 
(C2nH4n+2On+1) (PEG 300) of CAS 25322-68-3, Ph.Eur was 
obtained from Sigma-Aldrich, Germany. The viscous, 
clear solvent is soluble in water with an average molecular 
weight of 300 g/mol. 

Crystal Structure 

The molecular structures of racemic ibuprofen and 
α-lactose monohydrate were shown in Fig. 1(a) and (b), 

respectively. Ibuprofen has an aromatic ring, a methyl, 
and a carboxyl functional group in its structure, whilst 
α-lactose monohydrate has two pyranose rings and a 
water molecule, forming a dimer in its structure. An α-
lactose monohydrate is built from a moiety of β-D-
galactose and α-D-galactose, joined by a 1,4 glycosidic 
bond between C1 of galactose and C4’ of the glucose unit 
[29,31-33]. Fig. 2(ai–aiii) showed the α-lactose 
monohydrate structure in its crystal lattice, viewed from 
x-, y- and z-axis direction. The structure was packed in 
monoclinic lattice with space group P21, in which 
consisted of two α-lactose monohydrate molecules of the 
same conformation and two water molecules in a unit 
cell. One asymmetric unit of α-lactose monohydrate 
consisted of a pair of α-lactose monohydrate and water 
molecule. The cell parameters were a = 4.7830, b = 
21.540, c = 7.7599 Å, and α = γ = 90°, β = 105.911°. The 
packing involved a complex 3D hydrogen bond 
network, in which each α-lactose was intermolecularly 
bonded with its neighboring atoms with 14 hydrogen 
bonds. Meanwhile, each water molecule was hydrogen-
bonded to four different α-lactose molecules [29,34]. 
Fig. 2(b) showed the α-lactose monohydrate crystals 
grown in PEG 300 solution and Fig. 2(c) showed the 
predicted morphology of α-lactose monohydrate 
crystals in vacuum using PCFF force field and Hirshfield 
atomic charges. The calculated lattice energy was  
-41.9 kcal/mol [30]. Most of the terminating surfaces of 
α-lactose monohydrate were monopolized by the 
hydroxyl functional groups, which can act as binding 
sites for attachment of other molecules in solution, due 
to the presence of H-bond acceptors and H-bond donors 
on the surfaces. 

 
Fig 1. (a) A racemic ibuprofen molecule, and (b) An α-lactose monohydrate molecule 
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Fig 2. (a) The α-lactose monohydrate crystal lattice, showing the hydrogen bond network, in the order of: (i) view from 
x-direction, (ii) view from y-direction and (iii) view from z-direction [29], (b) α-lactose monohydrate crystal grown in 
PEG 300 solution (top view); and (c) morphology prediction of α-lactose monohydrate in vacuum, showing an 
elongated hexagonal crystal shape and selected surfaces of the crystal. Images were adopted from [30] 
 
Procedure 

Granules produced from pressure swing granulation 

(PSG) technique 

Detail description of the employed pressure swing 
granulation (PSG) technique were detailed out by Ab 
Ghani et al. [4]. Granules of (±)-IBP-ALM was produced 
according to methods and conditions underlined by Abu 
Bakar et al. [10]. A 70 wt.% milled lactose and 30 wt.% 
milled ibuprofen were fed to the PSG at the ambient 
temperature for the production of core granules. A batch 
size of 120 g of well mixed (±)-IBP-ALM sample was fed 
into the PSG fluidized bed through a rotating sieve with 
aperture size of 840 μm. The gas velocity used to produce 
the granules was 0.364 m/s. The duration of fluidization 

was 15 sec and the duration for compaction was 1 sec. 
The compaction pressure used was 0.03 MPa and with 
the vibration frequency of 40 Hz. The total granulation 
time was 240 min. The granules then further coated with 
2 wt.% of fine lactose particles in the fluidized bed at 70 °C 
for 1 h. 

Crystals produced from slow evaporation 

crystallization 

Crystallization experiments involved three 
separate systems, namely α-lactose monohydrate, 
ibuprofen and (±)-IBP-ALM mixtures, crystallized in 
PEG 300 solution. Crystallization experiment was 
conducted by trial and error method in which substrates 
and water were added successively into PEG 300 
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solutions to produce supersaturated solution in a 100 mL 
beaker. The methods used to prepare the supersaturated 
solution were as follow: (1) for α-lactose monohydrate 
supersaturation: A 0.2 g of α-lactose monohydrate and a 
2 mL of water were added successively to a 5 mL PEG 300, 
(2) for Ibuprofen supersaturation: 6.48 g of ibuprofen 
were added to a 5 mL of PEG 300 solution, and (3) for (±)-
IBP-ALM supersaturation: A mixture of 0.123 g 
ibuprofen and 0.2 g α-lactose monohydrate (1:1 molar 
ratio, 1:1.62 w/w ratio of (±)-IBP-ALM) were added 
successively to a 5 mL of PEG 300 solution. The solutions 
were heated at 70 °C and mixed at 1100 rpm using a 
magnetic stirrer on a hot plate. The solutions were cooled 
to the ambient temperature, with the top of the beakers 
capped with an aluminium foil with punctured holes, so 
that water vapor could escape from the solution. The 
crystals were harvested from the solution when the 
crystals have grown in the solution (after being left to 
stand for 3 days). The crystals were filtered from the 
solution using a filter paper. Then, the crystals were dried 
in a dryer at 40 °C for 4 days. 

Solid state characterization of granules and crystals 

of (±)-IBP-ALM 

The granules and crystals produced in this work 
were characterized using a Fourier Transform Infrared 
(FTIR) spectroscopy, X-Ray Powder Diffraction (XRPD) 
system and Differential Scanning Calorimetry (DSC). 
Transmission from the FTIR spectroscopy was recorded 
on a Perkin-Elmer Spectrum One spectrometer (Perkin-
Elmer Instruments, USA). The Attenuated Total 
Reflection (ATR) samples disk was scanned four times 
from 400 to 4000 cm–1 with a resolution 4 cm–1. The XRPD 
diffractograms at 25 °C were collected by Rigaku D/Max-
2000 (Rigaku, Japan) to provide information for the 
identification and crystallinity of materials. The source of 
XRPD was Cu Kα (λ = 1.542 Å). The diffractometer was 
operated at 40 kV, 40 mA with scan speed 0.6°/min, 
sampling step 0.02° and the range at 2θ between 3 and 40°. 
The DSC was used to analyze solid transformation and to 
identify melting temperatures in the materials. Indium 
standard of high purity was used to calibrate the DSC 
temperature and enthalpy scale. Thermal analytical data 
of the samples (between 2–4 mg) in a 40 μL perforated 

aluminium crucible were collected by a Mettler Toledo 
DSC 1 (Mettler-Toledo, Germany). The heating rate 
used was 10 °C/min, heated from 25 to 300 °C, under a 
constant flow rate of 50 mL/min nitrogen gas purge. 

Molecular computational technique details 

In this work, molecular modelling software, 
Material Studio 4.4 from Accelrys was used for the 
prediction of the α-lactose monohydrate morphology. 
Crystal structures of α-lactose monohydrate molecules 
(CCDC ID: LACTOS10) and racemic ibuprofen (CCDC 
ID: IBPRAC03) were obtained from Cambridge 
Crystallographic Data Centre. The simulation was 
carried out in a vacuum environment. The lattice energy 
and the attachment energy of each facets of α-lactose 
monohydrate were obtained from Lukman et al. [30]. In 
their work, the predicted lattice energies (obtained from 
the morphology prediction) were compared to the 
experimental data which was calculated by using Eq. (1). 

latt subE H 2RT= ∆ −  (1) 

Where ΔHsub is the sublimation energy of α-lactose 
monohydrate and the 2RT represents a correction 
factor, for the difference between the gas enthalpy and 
the vibrational contribution to the crystal enthalpy [35-
37]. The attachment energy, Eatt used as a reference in 
this work, was obtained as the difference between the 
lattice energy and the slice energies, Eslice of each habit 
facet, and as shown by the Eq. (2); 

att latt sliceE E E= −  (2) 

The values of Eatt for the terminating surfaces tested 
in this work were also obtained from Lukman et al. [30]. 

Binding prediction 

All visible surfaces of the facetted morphology of 
α-lactose monohydrate were cleaved to a depth of 323 Å 
and a periodic superstructure was constructed from a 
unit cell. A 60-Å thick vacuum slab was built above the 
crystal slice. Attachment method was used between a 
guest molecule (either (±)-IBP or ALM) and a host 
surface (ALM) for the binding prediction work. Binding 
prediction between ibuprofen and α-lactose 
monohydrate was first conducted as it gave a 
preliminary indication on the facet suitability for (±)-
IBP binding. Only then the appropriate facets were 
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selected for self-binding simulation between an α-lactose 
monohydrate molecule and an α-lactose monohydrate 
surface (as a host facet). The selected ALM surface 
molecules were locked to its Cartesian coordinates while 
a relaxed guest molecule was given a reasonable initial 
position, so that the molecule possibly formed hydrogen 
bond with the layers of α-lactose monohydrate. 

The guest molecule was relaxed, which allows 
flexibility of molecular structure to interact with the rigid 
hkl surface. The molecular dynamics calculation allows 
the simulation of a relaxed guest molecule to move under 
the influence of computed forces. Hence, the calculation 
determines the best orientation of guest molecule on the 
rigid host slice. Both molecule and the rigid layers were 
then relaxed to achieve the minimum energies in 
optimization stage. Ewald summation method was used 
to compute electrostatics and van der Waals forces. 

Modified attachment energy, mod
attE   was calculated by 

using Eq. (3) [36]; 

mod att  .  b
att att host

b

E
E  E  

E

∆= −  (3) 

Attachment energy, Eatt for each facet of α-lactose 
monohydrate was obtained from Lukman et al. [30]. 
Binding energy difference, Δb was calculated for both 
host and guest molecule. In cases where Δb < 0 

(preferred interaction with guest molecule), mod
attE   will 

be smaller and growth rate becomes slower, contributing 
to morphological important face, and vice versa [36]. 

■ RESULTS AND DISCUSSION 

Characterization of Solid Granules from Melt 

Crystallization 

Both α-lactose monohydrate and ibuprofen 
(polymorph I) were used as received from the 
manufacturer and used to compare the characteristic of 
feed materials with the granules produced using the 
PSG. The FTIR spectra of ibuprofen, the (±)-IBP-ALM 
granules and α-lactose monohydrate are shown in Fig. 3.  

 
Fig 3. FTIR spectra of (a) pure ibuprofen, (b) granules of (±)-IBP-ALM produced from melt crystallization, and (c) 
pure α-lactose monohydrate 
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Based on the FTIR analysis, due to H-bridge and crystal 
water band are observed, it can be concluded that the 
pressure swing fluidization procedure did not produce 
anhydrous α-lactose monohydrate granules to become 
anhydrous, proven by the H-bridge and crystal water 
band present in the FTIR spectra. 

The FTIR spectrum of the (±)-IBP-ALM granules is 
dominated by α-lactose monohydrate, except for the 
carboxylic group and aromatic system bands which are 
the identifying bands for ibuprofen. The carbonyl 
absorptions were observed at 1714 cm–1 for granules, 
whilst at 1705 cm–1 for ibuprofen (Fig. 3(a) and (b)). From 
the work of Chan and Kazarian [21], the shift of carbonyl 
stretching at 22 °C from 1705 (ibuprofen) to 1732 cm–1 
(pure ibuprofen dispersed in PEG 1500) is due to H-
bonding of PEG 1500 (hydroxyl group) and pure (±)-IBP 
(carbonyl and hydroxyl groups). In this work, the shift of 
band (1714 cm–1) for the granules from the ibuprofen of 

1705 cm–1 probably indicates that the interaction 
between the carbonyl of ibuprofen and the hydroxyl 
groups of the α-lactose monohydrate. This band could 
be an indicator of the presence of a new phase, i.e. the 
co-crystals formed in the granules. 

Differential scanning calorimetry (DSC) analysis 
shows that the melting points at notation 1 (78 °C, (±)-
IBP) and notation 2 (76 °C, granules) indicate the 
presence of (±)-IBP in granules (Fig. 4). Both melting 
points of ibuprofen sample and granules are within the 
range as reported by previous researchers, from 71 to  
78 °C [10-11,38-41]. The wide range of the melting 
points reported for ibuprofen could be due to the degree 
of crystallinity and nature of employed solvents in 
crystallization process [42]. The endotherm at notation 
(3) (131 °C, granules) and notation (4) (144 and 148 °C, 
ALM) are believed due to the dehydration of crystalline 
water. These values are within and over the range of 120  

 
Fig 4. Comparison of DSC patterns between: (a) racemic ibuprofen (b) the granules, and (c) milled ALM. The 
notations are as follows: (1) 78 °C – melting temperature of racemic ibuprofen. (2) 76 °C – melting temperature of 
racemic ibuprofen. (3) 131 °C – loss of water. (4) 144 and 148 °C – loss of water, (5) 170 °C. (6) 216 °C – melting 
temperature of α-lactose monohydrate, and (7) 213 °C – melting temperature of α-lactose monohydrate 
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and 140 °C which were reported by previous researchers 
[43-48]. The lower value of 131 °C (notation 3, granules) 
relative to 144 and 148 °C (notation 4, ALM) might be due 
to partial water evaporation during heat treatment at 70 °C 
during granulation process by PSG [49]. The α-lactose 
monohydrate sample (Fig. 4(c)) and α-lactose monohydrate 
in granules sample (Fig. 4(b) become anhydrous due to 
the dehydration of α-lactose monohydrate. This is 
supported by Garnier et al. [34], who reported that α-
lactose monohydrate could become anhydrous α-lactose 
by losing its water molecule after 100 °C. The small 
exotherm at notation 5 (170 °C, ALM) is similarly found 
in α-lactose monohydrate by Gombás et al. [44] and 
Garnier et al. [34]. However, the close-up (the small 
insertion of notation 5) shows that it is not preceded by a 
small endotherm [50]. This exotherm might be the 
recrystallization of anhydrous α-lactose to β-lactose. This 
recrystallization is proved by temperature-resolved XRPD 
which revealed that, at 170 °C, α-lactose monohydrate 
composed of both anhydrous α-lactose and β-lactose [50]. 
In fact, the presence of β-lactose in α-lactose monohydrate 

was also detected at 100 °C [50]. However, the granules 
do not show the same exotherm (notation 5), even 
though the granules are composed of mixtures of both 
α-lactose monohydrate and ibuprofen. The endotherms 
at notation (6) (216 °C, granules) and notation (7) (213 °C, 
ALM) correspond to the melting point of α-lactose 
monohydrate. These values are slightly lower than those 
reported by the researchers [39,46] which were in between 
217 and 218 °C. The presence of an endothermic peak at 
213 °C (notation (7)) indicates that the samples (Fig. 
4(b)) contains α-lactose monohydrate only [47] which 
contradicts the finding by Garnier et al. [50]. α-Lactose 
monohydrate starts to degenerate at a temperature 
higher than 220 °C [45,47,51]. The presence of a co-
crystal normally can be detected from the presence of a 
new melting peak in the DSC endotherm [52-53]. In this 
work, no new peak was detected, which could indicate 
that the granulation of (±)-IBP-ALM mixture in PSG 
does not produce a co-crystal. 

The XRPD patterns shown in Fig. 5 are for 
ibuprofen, granule, and α-lactose monohydrate. The result 

 
Fig 5. Comparison of XRPD patterns between (a) racemic ibuprofen (b) granules, and (c) α-lactose monohydrate, 
showing the important diffraction angle peaks which indicate that the granules produced using the PSG method 
contains mixtures of ibuprofen and α-lactose monohydrate only, and no co-crystal was produced 
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shows that the granule contains a mixture of peaks from 
both ibuprofen (polymorph I) and α-lactose 
monohydrate. However, there was no new peak observed 
for the granules, which indicates that no co-crystal was 
formed in the granules produced from the PSG process. 
The absence of new crystalline phase in granule might be 
due to structural difference between the ibuprofen and α-
lactose monohydrate molecules. Nevertheless, high 
structural similarity between the host molecule and 
additive does not guarantee co-crystal formation. These 
are consistent with the finding that there was no 
incorporation of structurally related additives (SRAs) in 
ALM layers based on HPLC analyses although strong 
morphological changes were observed [34]. 

Characterization of Racemic Ibuprofen-Alpha 

Lactose Monohydrate Crystals Grown in PEG 300 

Solutions 

In this work, all the crystals (ibuprofen, α-lactose 
monohydrate, and crystals from (±)-IBP-ALM mixtures) 
were grown in PEG 300 solution. Both the ibuprofen and 
α-lactose monohydrate produced from PEG 300 were 
compared with the pure form of these components (feed 
materials) using the XRPD. The results show that both 

ibuprofen and α-lactose monohydrate crystallized from 
PEG 300 are of the same polymorphs as the feed 
materials. Comparison of FTIR spectra of the crystals 
grown in the PEG 300 solution using slow evaporation 
method are shown in Fig. 6. The spectrum of (±)-IBP-
ALM (Fig. 6(b)) is composed of moieties of (±)-IBP 
(carboxyl) and ALM (hydroxyl). This indicates that both 
compounds are present in (±)-IBP-ALM crystal sample. 
The carbonyl band at 1651 cm–1 was recorded by both α-
lactose monohydrate (Fig. 6(c)) and (±)-IBP-ALM (Fig. 
6(b)). Nevertheless, ibuprofen recovered from PEG 300 
solution in Fig. 6(a) recorded higher carbonyl stretching, 
1713–1651 cm–1 which is similarly to the band recorded 
for granule in Fig. 3(b). This shift of carbonyl stretching 
from 1705–1651 cm–1 of pure ibuprofen (Fig. 3(a)) to 
1713–1651 cm–1 (Fig. 6(a)) might indicate that the 
ibuprofen is in a monomer state and could interact with 
carboxyl moiety of PEG 300 [21,53]. However, the shift 
of peak could also indicate that a new crystalline phase 
(such as a co-crystal) has formed [52-53]. 

The showed ibuprofen crystal in Fig. 7(a) was 
grown in PEG 300 solution, and the melting temperature 
recorded by the DSC has shown that the ibuprofen has a  

 
Fig 6. FTIR spectra of crystals grown in PEG 300 solution: (a) ibuprofen, (b) crystals from (±)-IBP-ALM mixtures, and 
(c) α-lactose monohydrate 
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Fig 7. Comparison of DSC patterns of product crystals recovered from PEG 300 solutions between (a) ibuprofen (b) 
crystals from (±)-IBP-ALM mixtures (c) α-lactose monohydrate. The notations are as follow: (1) 73 °C – melting of 
(±)-IBP. (2) 117 °C – loss of water. (3) 141 °C – loss of water. (4) 148 °C – loss of water. (5) 156 °C – loss of water. (6) 
214 °C – melting of α-lactose monohydrate. (7) 229 °C and (8) 218 °C – melting of α-lactose monohydrate 
 
lower melting point, at 73 °C (notation 1) than that of 
ibuprofen (78 °C) in Fig. 4(a), but within the range of 
values recorded by other researchers from 71 to 78 °C [10-
11,38-41]. Both patterns of the crystals recovered from the 
solution containing (±)-IBP-ALM (Fig. 7(b)) and α-
lactose monohydrate (Fig. 7(c)) are similar, with no 
endotherm of ibuprofen detected in the crystal. This 
result shows that crystallization of (±)-IBP-ALM mixture 
in PEG 300 solution yields only α-lactose monohydrate. 
The endotherms at notation (2) 117 °C, (3) 141 °C and 
notation (4) 148 °C, (5) 156 °C are believed due to the 
dehydration of crystalline water. These values are within 
and over the range of 120–140 °C, as previously reported 
by researchers [43-48]. The endotherms at notation (6) 
214 °C, (7) 229 °C and (8) 218 °C are believed correspond 
to the melting point of α-lactose monohydrate, which are 
somewhat higher than reported by the previous 
researchers [46-47], i.e., between ~217 °C and 218 °C. α-
Lactose monohydrate starts to degenerate after 220 °C 
[45,47,51], nevertheless, in this work, the (±)-IBP-ALM 
crystals (Fig. 7(b)) start to degenerate at a temperature 
higher than 229 °C. As there is no new endotherm in (±)-
IBP–ALM, and the peaks are identical to the peaks of pure 

ALM and (±)-IBP, this might indicate no co-crystal is 
formed. 

Fig. 8 depicts the XRPD diffractogram of the 
crystal of (±)-IBP-ALM mixtures grown in PEG 300 
solution and the result shows that the 2-theta peaks (Fig. 
8(b)) resembles that of α-lactose monohydrate (Fig. 
8(c)). This phenomenon indicates that only α-lactose 
monohydrate crystallized from (±)-IBP-ALM mixtures, 
and this result confirms that no co-crystal has been 
successfully formed from the slow evaporation method 
adopted in this work. 

In other similar work, Mohammad et al. [54] found 
that a mixture of sucrose-indomethacin analyzed using 
a DSC to have two distinct endotherms, which belong to 
melting endotherms of sucrose and indomethacin; 
respectively, due to a lack of miscibility and no co-crystal 
formation. The same phenomena were also observed in 
this work (Fig. 7 and 4), which have separate melting 
endotherms for both ibuprofen and α-lactose 
monohydrate. Sucrose and maltose were found to not 
co-crystallize with ibuprofen through co-evaporation of 
ethanol solutions at 65 °C ((±)-IBP:sugar 4:1 w/w [55]). 
Through XRPD analysis, the co-evaporated crystals have  
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Fig 8. Comparison of powder XRD diffractogram between product crystals recovered from PEG 300 solution: (a) 
ibuprofen (b) (±)-IBP - ALM and (c) α-lactose monohydrate 
 
patterns which are almost identical to that of ibuprofen. 
This trend was also observed in Fig. 5 and 8, in which 
XRPD pattern of crystals produced from the (±)-IBP-
ALM mixtures resembles that of α-lactose monohydrate. 
This might be due to the separate crystallization of (±)-
IBP and sugar [55], or (±)-IBP, and in this case the α-
lactose monohydrate molecules. 

Binding Process Analysis 

In this work, cleaved surfaces, and corresponding 
attachment energy, Eatt of the predicted facetted 
morphology of α-lactose monohydrate from Lukman et 
al. [30] was calculated using PCFF potential function and 
Hirshfeld charge set. Table 1 shows the changes in the 
differential binding energy, Δb between guest molecules 
of α-lactose monohydrate and ibuprofen attached to 
different habit facet of α-lactose monohydrate and the 

corresponding modified attachment energy, mod
attE  

calculated using Eq. (3). Table 1 also shows the 
distribution of Eatt due to the van der Waals interaction 
and Eatt due to the Coulombic interaction, which indicate 
that the Coulombic interaction comprise only about 5% 

to 18% of the total attachment energy for the respective 
crystal facets, and the interactions were dominated by 
the van der Waals interactions. According to Dressler et 
al. [36] favorable binding (forming co-crystal) with the 
additive (i.e., racemic ibuprofen) for a given facet occurs 
when Δb < 0, in which the binding predicted between 
ibuprofen molecule and the α-lactose monohydrate 
surface is more negative compared to the binding energy 
between the α-lactose monohydrate molecule with its 
self-crystal surface. In other words, the presence of 
ibuprofen on the α-lactose monohydrate surface prevents 
the binding of the α-lactose monohydrate molecule as a 
growth unit to the surface and suppresses the growth of 

that facet. This results in mod
attE  becomes less negative to 

that of attachment energy, Eatt of pure habit facet (i.e., α-
lactose monohydrate). From Table 1, there are four habit 
facets ((0 -2 0), (1 -1 0), (0 0 1), and (0 1 1)) which were 
predicted to have favorable binding with ibuprofen as it 
fulfilled the condition set by Dressler et al. [36]. These 
results are agreeing well with the prediction on the 
possibility of binding sites based on the premise of low 
electrostatic energy, Estat carried out by Lukman et al. [30].  
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Table 1. Binding energy difference, Δb and modified attachment energy, mod
attE   between α-lactose monohydrate and 

ibuprofen with the corresponding attachment energy, Eatt of pure α-lactose monohydrate surfaces. The recorded lattice 
energy for α-lactose monohydrate was -41.9 kcal/mol [30]. All energies are in kcal/mol 

ALM facets Eatt Eatt (vdW) Eatt(Est) ∆btotal  
∆bnon-bonded 

∆b (vdW) ∆b (Estat) 

(0 2 0) -12.09 -11.49 -0.60 - - - - 
(0 -2 0) -12.09 -11.49 -0.60 -2590.41 -4.36 3.59 -2608.78 
(1 0 0) -17.38 -13.68 -3.71 460.90 -18.76 - - 
(1 1 0) -18.25 -15.00 -3.24 106.81 -18.67 - - 
(1 -1 0) -18.25 -15.00 -3.24 -884.32 -12.82 -1.70 -882.06 
(1 0 -1) -27.9 -26.30 -1.60 254.46 -29.73 - - 
(0 0 1) -29.4 -26.90 -2.50 -236.83 -28.09 5.02 -241.70 
(1 1 -1) -29.2 -27.40 -1.80 296.75 -29.22 - - 
(1 -1 -1) -29.2 -27.40 -1.80 -1876.25 -29.22 - - 
(0 1 1) -30.5 -28.00 -2.50 -185.66 -29.43 9.58 3169.19 
(0 -1 1) -30.5 -28.00 -2.50 566.89 -35.18 - - 

 
This work helps to pinpoint the specific habit facet 
favoring binding with ibuprofen, which possibly is an 
indication that the co-crystal formation could form. 
Prediction of successful binding is illustrated in Fig. 9 
which shows that ibuprofen becomes either both H-bond 
donor and acceptor or just H-acceptor. In this work, 
ibuprofen is represented by carboxyl (COOH) and 

carbonyl (CO) moieties which make up the carboxylic 
acid dimer (COOH∙COOH) while hydroxyl (OH) is 
represented by α-lactose monohydrate. The working 
binding prediction as illustrated in Fig. 9 clearly shows 
that either carboxyl or carbonyl moieties must be 
complemented by hydroxyl via H-bond, forming a 
hetero-synthon. The  attachment preserves  the complex  

 
Fig 9. The most favorable position of the ibuprofen molecule on the host slice of α-lactose monohydrate for the 
respective crystal surfaces from the molecular dynamics simulation; illustrating possible interaction of ibuprofen 
molecule with the crystal surface that can suppress the growth of α-lactose monohydrate surface. These also can be 
taken as a possible interaction between the two compounds for the formation of the cocrystal 
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3D hydrogen bond network of α-lactose monohydrate by 
comparing with corresponding surfaces in Lukman et al. 
[30]. It was observed from facets in Fig. 9(a–c) that 
ibuprofen molecule is positioned with its phenyl group 
facing downward towards the α-lactose monohydrate 
surface while its isobutyl and methyl group projected 
upwards. This is probably due to high repulsive van der 
Waals forces compared to other facets in Fig. 9(d) to 
ensure that the position of the concerned groups can fully 
minimize van der Waals repulsive effects. Furthermore, 
the hydrocarbon part of ibuprofen cannot be fitted into 
the gap between the α-lactose monohydrate molecules 
because of the presence of carbon and hydrogen atoms of 
α-lactose monohydrate on both sides which interact via 
van der Waals forces and steric effects. Interestingly, the 
phenyl, isobutyl and methyl groups recede downward to 
the (0 1 1) facets (Fig. 9(d)). This might be the case due to 
the van der Waals forces dominating the facets. For (0 -2 
0), (1 -1 0) and (0 0 1) surfaces, (Fig. 9(a–c)), the phenyl 
ring is oriented parallel with the α-lactose monohydrate 
surfaces, probably so that it can maximize van der Waals 
attractive forces. This favorable binding prediction is 
consistent with prediction using superimposition 
method, reported by Garnier et al. [34]. Four (α-
glucosamine hydrochloride, maltitol, α-galactose and β-
cellobiose) out of six structurally related additives (SRAs) 
(including sucrose and β-glucuronamide) are predicted to 
be incorporated successfully into α-lactose monohydrate 
layers, either disrupting or preserving H-bonds formation. 

This successful binding could also be contributed by 
the geometrically optimized ibuprofen and α-lactose 
monohydrate individual structures, in which minimum 
energies were achieved for stabilization. Furthermore, it 
also depends on exact orientations of (±)-IBP positioned 
centrally on the exact surface sites of the α-lactose 
monohydrate facets during the stage of molecular dynamics 
and geometrical optimization of (±)-IBP-ALM [13]. 

■ CONCLUSION 

The evaluation of cocrystal tendency in this work 
has shown that ALM-(±)-IBP cocrystals has not been 
successfully formed in both solid granules from melt 
granulation and in crystals formed from through slow 

evaporation technique. Analysis of the crystals has 
revealed that the crystals formed in the granules were a 
mixture of pure components of ibuprofen and α-lactose 
monohydrate, even though the mixtures have been 
granulated and heated in the pressure wing granulator. 
In the case of the mixture of ibuprofen and α-lactose 
monohydrate crystallized in PEG 300 solution, the 
crystals harvested was of α-lactose monohydrate only, 
with ibuprofen remained dissolved in the solution. 
Molecular modelling work undertaken in this study 
reflected the phenomenon in melt crystallization of the 
(±)-IBP-ALM, and has shown that ibuprofen is capable 
to form favorable interactions with the (0 -2 0), (1 -1 0), 
(0 0 1), and (0 1 1) terminating surfaces of α-lactose 
monohydrate crystals, reflecting that the co-crystal 
formation between these molecules is theoretically 
possible. 
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 Abstract: The use of TiO2 in the slurry system for the photocatalytic process has 

disadvantages. It causes the resistance of UV transmission because it is cloudy and the 

difficulty for obtaining the catalyst at the end of the process. Therefore, an attempt to 

overcome this was conducted by compositing TiO2 on SiO2. Furthermore, carbon 

material can be used as a support material for TiO2-SiO2, so that the mixed materials 

can be used as a photocatalyst. The method of synthesis of the material was a sol-gel 

method by varying the composition of TiO2-SiO2/graphite, which was 1:1; 1:2; and 2:1. 

The material obtained was characterized by FTIR, DRUV, XRD, and SEM. 

Photocatalytic activity of the synthesized material was tested in methylene blue solution, 

whereas the quantitative data derived from UV-Vis spectrometry measurement. 

Photocatalyst activity was carried out by varying the degradation time of 30–180 min. 

The FTIR spectrum showed that O-H (∼3400 cm–1) and C-O (∼1100 cm–1) are the major 

groups in the synthesized materials. The value of bandgap energy (Eg) were 4.15, 4.20, 

5.22, and 5.19 eV for TiO2-SiO2, TiO2-SiO2/G (1:1; 1:2; and 2:1) composites, respectively. 

The XRD pattern of TiO2-SiO2 showed that the highest peaks of 2θ were observed at 

25.32, 37.71, and 47.91°. Graphite identity appeared at 2θ = 59.87°. The micrograph 

of SEM showed a homogenous dispersion of spherical particles in the materials. 

Photocatalytic test results showed that TiO2-SiO2/G with a composition of 2:1 has the 

highest percentage of methylene blue degradation, which reached 94% at 180 min. 

Keywords: titanium dioxide; silica; graphite; photocatalytic; methylene blue 

 

■ INTRODUCTION 

Methylene blue is a chemical used in the textile and 
painting industry. Industrial dye and textile dye are one of 
the largest groups of toxic organic compounds [1]. 
Methylene blue becomes the primary source of 
environmental contamination. The degradation and 
conversion of them into harmless substances is an 
important issue [2]. Physical and chemical methods are 
used to solve this problem. However, the complexity of 
the organic compound becomes a severe problem. The 
conventional method only transfers the pollution from a 
phase to another phase and concentrate them, and also are 
non-destructive processes. In recent years, the Advanced 
Oxidation Process (AOPs) techniques become more 
popular than conventional methods. An example of AOPs 

is photocatalytic using titanium dioxide (TiO2) as a 
catalyst. 

Titanium dioxide is widely known as a 
photocatalyst in the photocatalytic method. This 
method has the advantage of being able to degrade 
organic matter with complex structures. However, the 
use of TiO2 in the photocatalytic process has a 
disadvantage. The turbidity generated in aqueous 
solution by TiO2 dispersion will inhibit UV light 
transmission as an activator of TiO2 catalysts. Also, TiO2 
in the form of slurry will make difficulties in separating 
TiO2 at the end of the photocatalytic process [3-5]. 

A photocatalytic reaction occurs when TiO2 
photocatalyst is irradiated with energy equal or greater 
than the bandgap energy, the electron moves to the 
conduction band to generate positive holes in the 
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valence band. The positive holes can react with adsorbed 
H2O to form hydroxyl radicals while the electrons react 
with O2 to form superoxide radicals. The OH and O2 
radicals can oxidize the pollutants in solution with 
adsorbed contaminants. Otherwise, these electron and 
hole pairs can recombine and restrict the efficiency of 
TiO2 photocatalyst [6]. Thus, much effort has been made 
to overcome this problem. One of them is to combine 
TiO2 into other materials. 

Titania-carbon nanotubes composite was used to 
degrade organic pollutants in aqueous solutions. This 
composite can increase UV radiation adsorption 
compared to pure TiO2. Doping TiO2 with nonmetal 
elements has received much attention, especially for 
carbon element, whereas the C element did not enter the 
TiO2 lattice but deposited on the surface of TiO2 grains 
[7]. Another example of photocatalyst material is 
graphite/PbTiO3 composite that can be used for 
photocatalysis and photoelectrocatalysis of organic 
matter [8]. The combination of TiO2 with carbonaceous 
nanomaterials can increase photocatalytic activity [9]. 
Carbon nanotubes are used as TiO2 supports, and it can 
increase electron-hole recombination time as electron 
catchers [10]. Besides that, rGO-ZnO-Fe3O4 
nanocomposite was made using the solvothermal method 
and tested its photocatalytic activity on rhodamine B 
samples [11]. The results of this study indicate that the dye 
could be degraded to 90%, and the nanocomposite was 
quickly recovered with magnetic fields. This recovery 
method can occur because of the presence of Fe3O4 in the 
synthesis material. Magnetic photocatalysts containing 
TiO2 nanocrystals have been synthesized, and the result is 
that the catalyst can be separated easily from the wastes. 
Photocatalytic activity of Fe3O4/TiO2-Co has been tested 
to degrade methylene blue, and the catalyst can be 
separated magnetically [5]. 

Titanium dioxide can also be applied to carbon-based 
materials. Photocatalysis using TiO2-biochar (biomass 
charcoal) can be used to degrade sulfamethoxazole [12]. 
Biochar is used as a cheap and efficient TiO2 support to 
reduce the electron-hole recombination rate during the 
photocatalysis process, efficient insertion of TiO2, to 
increase adsorption capacity, and to make the separation 

of photocatalysts from samples after use can be 
conducted efficiently. Granule activated carbon plays a 
useful role in the process of photocatalysis of carbofuran 
[13]. The results of this study indicate that 100% of 
carbofuran can be degraded. 

The structure and chemical composition of TiO2-
SiO2 nanopowder composites changed the photocatalyst 
activity [14]. The silica doped in the titania matrix can 
increase the photocatalytic activity because the silica 
doping decreases particle size and also increase the 
specific area. The catalytic activity of TiO2-SiO2 is better 
than TiO2 and SiO2 [3,15]. The structure of the synthesis 
material can change with the calcination process. Also, 
the composition of SiO2 in TiO2-SiO2 composites 
determines its photocatalyst activity. The TiO2/SiO2-
functionalized carbon nanotubes are among the most 
promising photocatalytic candidates for the degradation 
of emerging pollutants [16]. 

In this study, the synthesis of TiO2, TiO2-SiO2, and 
TiO2-SiO2/G composites will be carried out using the 
sol-gel method. The composite materials obtained were 
analyzed using FTIR, DRUV, SEM, and XRD. The 
materials were then tested on the industrial waste model, 
methylene blue dye, to determine the photocatalytic 
activity (time variation). The profile of methylene blue 
reduction is done by observing the UV-Vis spectrum 
profile. 

■ EXPERIMENTAL SECTION 

Materials 

Titanium tetraisopropoxide (TTIP) and 
tetraethylorthosilicate (TEOS) were obtained from 
Aldrich. Sodium hydroxide (NaOH), nitric acid (HNO3), 
ammonium hydroxide (NH4OH), ethanol (C2H6O), and 
methylene blue were acquired from Merck. Hydrochloric 
acid (HCl) was derived from Mallinckrodt. Used dry 
battery cells was taken for graphite source, and DI water 
was used to make all solution. 

Instrumentation 

In this research, the instrumentations used were a 
photocatalytic reactor and UV-Vis Spectrophotometer 
(Shimadzu 1280). Instrumentations used for 
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characterization of composites were FTIR Prestige 21 
(Shimadzu), X-Ray Diffraction (XRD X'PERT POWDER 
PW 30/40), and Diffuse Reflectance Ultra Violet 
Spectrophotometer (Shimadzu DR UV 2450), Scanning 
Electron Microscope-SEM Hitachi SU3500, using Au 
coating. 

Procedure 

Preparation of graphite 

Carbon powder was taken from used dry battery 
cells. The powder was ground and soaked in 250 mL of  
0.1 M nitric acid solution for 24 h. The suspension was 
separated into filtrate and residue. The residue was 
washed with distilled water and dried at 80 °C for 3 h. 
Carbon powder was sifted; the carbon used was the 
particle with size ≤ 100 mesh. 

Preparation of TiO2-SiO2 

Five milliliters of TEOS was mixed to ethanol by 1:6 
comparison. TEOS was added to ethanol dropwise. Then, 
HCl 0.05 M was added drop-by-drops to the solution until 
the pH of the mixture solution was 2, continued by 
stirring for 2 h. The product from this step was called SiO2 
solution. 

Titanium tetraisopropoxide was dissolved in DI 
water by comparison (1:14). The solution was stirred until 
homogeneous for 2 h, and SiO2 solution was poured to  
75 mL TTIP solution. It was stirred for 24 h. An amount 
of 0.05 M NH4OH was added to adjust the pH solution. 
The solution of Ti-Si was stirred until homogeneous and 
heated at 65 °C for ± 1 h to obtain sol-gel. For the aging 
process, the sol-gel was heated at 100 °C for 2 h. 

Preparation of TiO2-SiO2/G composite 

The method is a modification of Purnawan et al. [8]. 
First step: 5 mL of TEOS was added dropwise into 30 mL 
ethanol while the solution was stirred continuously. It was 
added by 2 mL of 0.05 M HCl slowly to the system until 
the pH of the solution was two and stirred for 2 h. Second 
step: 5 mL TTIP was dissolved in 70 mL of DI water. It 
was continued by mixing process until homogeneous, and 
then added by the solution derived from the first step, and 
stirred for 24 h. An amount of 0.05 M NH4OH was added 
to adjust the pH then stirred until homogeneous. The 
graphite powder was combined with variations of 1:2, 1:1, 

and 2:1 %w/w (TiO2-SiO2/G). The suspension was 
heated at 65 °C for 1 h. The sol form was heated at  
150 °C for 2 h to have an aging process. The sol-gel of 
TiO2-SiO2/G was calcinated at 400 °C for 2 h, to produce 
TiO2-SiO2/G composite. 

Photocatalytic of methylene blue 

The photocatalytic activity of the TiO2-SiO2, TiO2-
SiO2/G = 1:1, TiO2-SiO2/G = 1:2, TiO2-SiO2/G = 2:1, and 
graphite was evaluated by observing the degradation 
process of methylene blue (MB) solution, as a model of 
industrial waste. The initial concentration of MB was  
14 mg/L, and the sample solution volume was 200 mL. 
The mass of the loading catalyst was 1 g/L. The reactor 
was irradiated with a 6 × 10 W UV black light lamp. The 
starting point (t = 0) of the reaction was defined as the 
point where the concentration of the sample solution 
was recorded as Co. Afterward, 3 mL of each mixture was 
taken at regular intervals of 30, 60, 90, 120, 120, and  
105 min. The powders were separated using a 0.45 
membrane filter. The dye concentration in the solution 
(filtrate) was measured as a function of the irradiation 
time. The measurement was conducted using a UV-Vis 
spectrophotometer. The spectral range was investigated 
at λ = 665 nm. The degradation capacity (η%) was 
calculated as η(%) = (1–C/Co) × 100% [5,8,17]. 

■ RESULTS AND DISCUSSION 

The sol-gel and hydrothermal method have been 
considered as an alternative for Si-Ti preparation due to 
no requirement of high temperature. The precursor of 
Ti and Si were derived from TTIP and TEOS, 
respectively. The hydrolysis starts when the precursor 
reacts with water and follows by the condensation 
process that changes the solution to become the sol. 
After solvent vaporization, the gel will be formed, and 
after the drying process, the silica-titania mixture is 
obtained. 

The criteria of adsorbents in integrated 
photocatalyst system are high adsorption capacity yet 
moderate affinity to the target compound and 
reasonable transparency to UV-Vis light. Other 
requirements of the materials are high surface area with 
acceptable pore size, acting as support material which 
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inhibits leaching of photocatalyst, and good stability with 
solvent and reusability [18]. Graphite is chosen in this 
research as the adsorbent. 

FTIR Analysis 

FTIR spectroscopy was used to characterize the 
interaction between graphite, titania, and silica. Fig. 1 
shows the FTIR spectra of the graphite and titanium 
dioxide. The dominant peaks that are commonly present 
in graphitic material such as 1008, 1579, and 2922 cm–1 
correspond to the stretching of C-O, asymmetric 
stretching vibration of C=C, and stretching of C-H. This 
data is supported by Basheer [6]. The broad peak related 
to the vibration of the hydroxyl (–OH) group also can be 
seen at a wavenumber of 3425 cm–1. The IR spectra of TiO2 
show a broad and strong band at 3408 and 1631 cm–1 that 
can be identified as –OH groups from the adsorbed water 
on the surface of titania indicating stretching and bending 
vibration, respectively. 

Fig. 2 shows the comparison of the IR spectrum 
between TiO2-SiO2/G in various compositions. The 
pattern of TiO2-SiO2/G and TiO2-SiO2 is quite similar. 
The peak observed at ∼1100 cm–1 corresponds to Si-O-Si 
asymmetric stretching vibration. The Si-O-Ti vibrates at 

∼960 cm–1. The more the graphite added into the 
mixture of titania-silica, the lower the intensity of the 
OH band became. The data was supported by Riazian, 
[14], and Yaseen et al. [15]. Further characterization is 
needed to determine the effect of graphite addition to 
the TiO2-SiO2 composites. 

DRUV Analysis 

Fig. 3 shows the DRUV spectra of synthesized 
materials. This characterization was conducted to 
measure the band gap energy of materials. The value of 
band gap energy (Eg) was determined using the Tauc 
plot of the Kubelka Munk equation. The Eg of materials 
were 4.15, 4.20, 5.22, and 5.19 for TiO2-SiO2, TiO2-
SiO2/G = 1:1, TiO2-SiO2/G = 1:2, and TiO2-SiO2/G = 2:1, 
respectively. Based on this data, the lowest band gap 
energy is TiO2-SiO2. The addition of graphite to TiO2-
SiO2 can increase the number of band gap energy. The 
more the number of graphite added to the Ti-Si makes 
the Eg becomes higher than the others. 

XRD Characterization 

There are three crystalline forms of TiO2 which are 
anatase, brookite, and rutile. The anatase phase is reported 

 
Fig 1. FTIR spectrum of graphite (a) and titanium dioxide (b) 
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Fig 2. FTIR spectrum of synthesized materials 

 
Fig 3. DR-UV Visible spectra of TiO2-SiO2 (a), TiO2-SiO2/G=1:1 (b), TiO2-SiO2/G=1:2 (c), and TiO2-SiO2/G=2:1 (d) 

 
to give the best combination of photoactivity and 
photostability. The TiO2-SiO2 has the highest peak at 2θ = 
25.32; 37.71 and 47.91°. The data reported was compared 
to the TiO2 standard (JCPDS No. 01-075-2546) and SiO2 

standard (JCPDS No. 01-070-2535). It can be seen that 
the TiO2-SiO2 diffraction pattern follows the dominant 
characteristics of TiO2, while the amorphous SiO2 
influences the intensity of the composite diffraction 
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pattern. The composite characteristics of TiO2-SiO2 also 
show a similar pattern with TiO2 crystals, which can be 
seen in Table 1. The identity of SiO2 appeals at 2θ of 53.70 
and 62.54°, which corresponds to (022) and (113) planes, 
respectively. 

Fig. 4 shows the XRD pattern of TiO2-SiO2 and three 
formula of TiO2-SiO2/G. The diffractogram shows the 

presence of graphite, TiO2, and SiO2 in the sample. A 
characteristic angle shift occurs for TiO2-SiO2 after 
interaction with graphite. However, the diffraction 
pattern of TiO2 appears at 2θ of 25.32 and 37.71°, which 
corresponds to (101) and (004) planes. The SiO2-G 
characteristic was confirmed at 2θ =59.87°, which was 
concluded  by  comparison  with  the  standard  graphite  

Table 1. d Spacing of TiO2 and TiO2-SiO2 lattices 

Samples h k L 2θ (deg) dhkl (Å) Assigned Peak of 

TiO2 1 0 1 25.47 3.49 NA 

 0 0 4 37.75 2.38 NA 

 2 0 0 47.96  1.89 NA 

TiO2-SiO2 1 0 1 25.32 3.51 TiO2 

 0 0 4 37.71 2.38 TiO2 

 2 0 0 47.91 1.89 TiO2 

 0 2 2 53.70 1.71 SiO2 

 1 1 3 62.54 1.48 SiO2 

 
Fig 4. Diffractogram of TiO2-SiO2 (a), TiO2-SiO2/G=1:1 (b), TiO2-SiO2/G=1:2 (c), and TiO2-SiO2/G=2:1 (d) 
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Table 2. Comparison of 2θ and dhkl of synthesized materials 

Samples h K L 2θ (deg) dhkl (Å) Assigned Peak of 

TiO2-SiO2 1 0 1 25.32 3.51 TiO2 (A) 

0 0 4 37.71 2.38 TiO2 (A) 

2 0 0 47.91 1.89 TiO2 

0 2 2 53.70 1.71 SiO2 

1 1 3 62.54 1.48 SiO2 

TiO2-SiO2/G = 1:1 1 1 0 28.85 3.09 TiO2 (R) 

1 1 0 32.33 2.77 SiO2 

0 0 4 36.04 2.49 TiO2 (A) 

1 2 1 58.54 1.58 SiO2 

1 0 3 59.87 1.54 G 

TiO2-SiO2/G = 1:2 1 1 0 28.84 3.09 TiO2 (R) 

1 1 0 32.34 2.77 SiO2 

0 0 4 36.03 2.49 TiO2 (A) 

1 0 3 59.90 1.54 G 

TiO2-SiO2/G = 2:1 1 1 0 28.87 3.09 TiO2 (R) 

1 1 0 32.33 2.77 SiO2 

0 0 4 36.02 2.49 TiO2 (A) 

1 2 1 58.47 1.58 SiO2 

1 0 3 59.80 1.54 G 

 
diffractogram (JCPDS No 03-065-6212). Interestingly, 
when graphite was added to TiO2-SiO2, the characteristic 
of the two diffraction angles for TiO2 shifted from 2θ = 
25.32° to ∼28.85° and 2θ = 37.71° to ∼36.04° after the 
composite was formed. This phenomenon reveals that 
there was a change of TiO2 form; anatase becomes rutile. 
Some publications stated that dopant could be a reason 
for anatase to rutile transition, size, and strain of materials 
as the factors [19-20]. This result is supported by 
Rahmawati et al., the character of 2 theta of SiO2-
TiO2/Graphite is labeled as rutile rises in 37.53° [21]. The 
transformation in its publication is due to the use of high 
temperature in the calcination process. Anatase and rutile 
phases are easier to differentiate since the first two 
reflection peaks are well separated. The 2 theta of anatase 
is 25.28° for d101 while the rutile gives 27.44° for d110 [22]. 
This research indicates that graphite tends to change the 
phase of TiO2 in TiO2-SiO2 but not entirely, so the TiO2 
becomes a mixture of rutile-anatase. 

The identity of graphite shows that the d103 peak 
presents at 59.8° with a value of 1.54 Å. To look deep that 
the character of Si in TiO2-SiO2 is 53.7, and 62.54° become 

32.33 and 58.54° in TiO2-SiO2/G. The peak at value d121 
of 58.80° disappears when the formula with more 
graphite than the TiO2-SiO2 (TiO2-SiO2/G = 1:2). This 
phenomenon proves that the composite has a different 
phase composition when the formula is changed. 

SEM Analysis 

The SEM images of TiO2-SiO2, TiO2-SiO2/G = 1:1, 
TiO2-SiO2/G = 1:2, and TiO2-SiO2 = 2:1 are shown in Fig. 
5(a–d). As can be seen in Fig. 5, there is an increasing 
roughness throughout the surface of the TiO2-SiO2/G 
with the increase of loaded TiO2-SiO2. The aggregates on 
the images indicate the existence of interaction of the 
titanium dioxide layers on the particle surface 
(graphite). The uniform of a homogenous dispersion of 
spherical particles is the outcome of synthesis that takes 
place during the condensation stage [23]. This data 
supports the XRD analysis that Ti-O-Si was formed. 
This structure can provide significant surface area 
contact between TiO2-SiO2 and graphite particles, and 
also have a good potential for carrier transport, related 
to the photocatalytic activity. 
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Fig 5. Micrograph SEM of TiO2-SiO2 (a), TiO2-SiO2/G= 1:1 (b), TiO2-SiO2/G = 1:2 (c), and TiO2-SiO2/G= 2:1 (d) 

 
Photocatalytic Activity 

The TiO2 itself as the photocatalyst faces several 
problems, (1) the difficulty in separating the powder from 
the solution after the reaction is complete, (2) aggregation 
of particles in suspensions, and (3) difficulty in an 
application for continues flows system [9]. The graphite 
can provide a high-surface-area structure over which 
TiO2 particles may be distributed and immobilized. The 
role of SiO2 is as electron trapper for the excited electron 
from the valence band of TiO2, and this mechanism can 
reduce the possibility of electron-hole recombination [21]. 

The combination of TiO2-SiO2 material already 
proved to give an increase in photocatalytic activity. The 
combination of TiO2-SiO2 as a catalyst in the 
photocatalytic process showed an excellent activity to 
degrade organic compound, phenol, and linear alkyl 
benzenesulfonate [3]. Also, graphite silica was used by 
Ikeda et al. to the photocatalytic process to produce 
hydrogen [24]. The GS successfully combined with TiO2, 
and as the results, the photocatalytic activity increases 
significantly. 

The photocatalytic activities of graphite and TiO2-
SiO2/G composites were evaluated by degradation of a 
hazardous textile dye (methylene blue, MB). Absorbance 
spectra of MB aqueous solution were measured using a 
UV-Vis spectrophotometer at 500–750 nm are shown in 
Fig. 6. The spectra were taken after irradiation of MB 
solution for specific irradiation time (0, 30, 60, 90, 120, 
150, and 180 min). Generally, it can be seen clearly that 
absorbance peaks at 665 nm decreased with increasing 
of irradiation time (Fig. 6(a–e). 

The photocatalytic activities of all materials on the 
degradation process of MB were shown via the plot of 
degradation efficiency as a function of time (Fig. 6(f)). 
The data demonstrated that photocatalytic activity by 
applying the graphite itself has an efficiency value of 
14%, the lowest value than other composites. After using 
the TiO2-SiO2/G as the photocatalyst, the efficiency can 
increase sharply where the range of the value is 65–94%. 
The photocatalytic ability by applying TiO2-SiO2 gave an 
efficiency value of 83%, higher than TiO2-SiO2/G = 1:1 
(76%)  and  TiO2-SiO2/G = 1:2 (65%).   By  having  more  
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Fig 6. The degradation profile of MB using synthesized materials (a-e) and the efficiency of degradation versus 
irradiation time using all synthesized materials (f) 



Indones. J. Chem., 2020, 20 (6), 1271 - 1282    

 

Lia Destiarti and Risya Sasri   
 

1280 

graphite in TiO2-SiO2, the efficiency become lower. On 
the contrary, while TiO2-SiO2 had been added with G in a 
ratio formula of 2:1, the data give 11% increase from the 
activity of TiO2-SiO2, to be 94%. It can be concluded that 
the role of graphite can increase the activity of TiO2-SiO2 

in a particular formula. The result of this research has an 
agreement with Lang and Matejka [25] and 
Andriantsiferana et al. [26]. 

The existence of graphite in the TiO2-SiO2 
composite may increase the rate of MB photodegradation. 
Guidetti et al. reported that graphite can decrease the 
charge recombination rate, and increases the efficiency of 
the reactive species photo-production, so that the 
photocatalytic activity can increase [27]. The 
photocatalytic of anatase is higher than rutile. This 
performance is attributed to a higher density of localized 
states and consequent surface-adsorbed hydroxyl radicals 
and slower charge recombination in anatase relative to 
rutile [20]. Even though, based on this data, the 
composition of G in TiO2-SiO2 composite role significant 
effect on photocatalytic power. The bandgap of TiO2-
SiO2/G has a broad band gap, which is 4.1–5.2 eV allows 
the adsorption of the photon to excite an electron from 
the conductance band to the valence band. When the 
excitation happens, electron-hole is generated. The 
electron reacts with an O2 molecule creating an 
unstable⋅O2

– molecule. At the same time, the 
photogenerated holes (h+) with strong oxidation ability 
could react with H2O to produce radical hydroxyl (•OH). 
The generated species can degrade the MB and other 
organic complex dyes [28]. 

■ CONCLUSION 

The titanium-silica-graphite composites were 
successfully synthesized by the sol-gel method. The 
precursors are TTIP, TEOS, and graphite from the used 
battery. The character of the FTIR spectrum showed that 
O-H (∼3400 cm–1) and C-O (∼1100 cm–1) are the major 
groups in the synthesized materials. The value of band gap 
energy is increasing by the addition of graphite. The 
Diffractogram of XRD shows the identity of Ti, Si, and 
graphite. The micrograph of SEM showed the uniform of 
a homogenous dispersion of spherical particles in the 

materials. Photocatalytic test results with these synthesis 
materials as a catalyst to degrade methylene blue showed 
that TiO2-SiO2/G with a composition of 2:1 has the 
highest percentage of degradation, which reached 94% 
at 180 min. 
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 Abstract: Understanding the mechanism of antimicrobial activity of cyclopeptides helps 

to design new drugs based on these compounds. A common aspect of the mechanisms 

provided for the creation of antimicrobial activity of cyclopeptides is their interaction with 

cell membranes. On the other hand, the octanol/water system is a good mimic of the 

water/membrane interface. Here, the conformational structure of the very short sequences 

cationic hexapeptide cyclo (Lys-Lys-Trp-Trp-Lys-Phe) has been studied in different 

concentrations of octanol by molecular dynamics simulation. The concentration of 

alcohol in the range of experimental concentrations of octanol was considered. The results 

obtained from calculating the radial distribution function show that the interaction of the 

peptide with octanol is a mixed of interactions between charged residues with octanol and 

the interaction of aromatic residues with octanol. These results are in agreement with 

experimental observations. Also, Lys5 plays a greater role than Lys1 and Lys2 in the 

interactions with octanol. 

Keywords: cyclopeptide; lipophilic solvents; octanol; membrane 

 

■ INTRODUCTION 

Antimicrobial peptides are among the new 

therapeutic compounds [1]. These compounds are the 

main components of the immune system against invading 

pathogens [2]. Structurally, antimicrobial peptides have 

low molecular masses, usually less than 10 kDa. Also, they 

have amphipathic, cationic nature and different 

sequences and lengths [3]. For two main reasons, the 

tendency of research on antimicrobial peptides has 

increased: First, bacteria are resistant to existing drugs. 

Second, the development of new antibiotics has been 

restricted [4].  The range of activity of these peptides is 

extensive and includes Gram-positive bacteria, Gram-

negative bacteria, yeast, viruses, and fungi [5]. Although 

the activity of antimicrobial peptides is low, however, the 

resistance of the bacteria against them is less observed [6]. 

A better understanding of the molecular basis of the 

mechanism of action of antimicrobial peptides helps to 

design new drugs based on these peptides. The proposed 

mechanisms for the antimicrobial function of 

antimicrobial peptides are divided into two major 

categories such as membrane degradation and 

elimination of the intracellular cytoplasmic targets [7]. 

The common aspect of these mechanisms is the 

interaction of the antimicrobial peptides with the 

membrane, whether to degrade the membrane or to pass 

through it and enter the cell. The interactions of the 

antimicrobial peptides with the membrane occur 

through regular adhering and the formation of a cavity 

in the membrane. Another pathway is irregularly 

adhering to the membrane and unstable membrane, or a 

mixture of two methods [7-8]. It has also been noted that 

antimicrobial peptides bind to the membrane through 

the interactions of positive charges of arginine or lysine 

residues with negative charges of the membrane surface. 

During this interactions, the side chain of aromatic 

residues orientates and enters the membrane [9]. 

Maintaining the peptide backbone, the orientation of the 

side chain of aromatic sequences and the electrostatic 

interactions of charged residues with membranes are 

important aspects of these mechanisms. In spite of many 

studies on the activity of antimicrobial peptides, their 

mechanism of action is not well understood [10]. For 

example, by replacing L-amino acid with D-amino acid 
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in antimicrobial peptides, in most cases, the activity is not 

completely eliminated. The fact that it is unlikely about a 

particular receptor [11]. On the other hand, despite the 

fact that the membrane surface of most mammals is not 

charged, positive charged antimicrobial peptides interact 

with it [12]. The experimental study of the interactions of 

antimicrobial peptides with membranes has some 

limitations, for example the complex structure of the 

membrane, the irregularity of the membrane surface and 

the alteration of the structure of the membrane when 

labeled in fluorescence methods [13-14]. Hence, in many 

cases, molecular dynamics simulations have been used to 

study the mechanisms of action of antimicrobial peptides 

[15-17]. 

Here, the structure of the very short sequences 

cationic hexapeptide cyclo (Lys-Lys-Trp-Trp-Lys-Phe) 

(c-AMP) has been studied by molecular dynamics 

simulation. To investigate the effect of hydrophobic 

forces on this peptide, molecular dynamics simulation 

was performed at different concentrations of octanol. 

■ COMPUTATIONAL DETAILS 

The initial structure of c-AMP was taken from the 

protein database with the code 1skk [18]. 9 simulation 

boxes were designed. The peptide was placed in the center 

of the box. In 8 boxes, the number of octanol molecules 

were added, thus different concentrations of 5, 10, 15, 20, 

25, 30, 35 and 40% of alcohol were prepared. Each box was 

assigned as OCTx, (x = 0, 5, 10, 15, 20, 25, 30, 35 and 40%). 

The detail information of simulation systems were 

reported in Table 1. 

The octanol molecules were randomly placed in the  

 

box. Each simulation box was neutralized with chlorine 

ions. Gromacs software version 5.1.2 ]19[  and the 

Gromos 43a1 force field [20] were used for the 

calculations. To eliminate bad contacts between atoms, 

steepest descent algorithm was used to minimize 

simulation systems. Then extensive equilibrations in 

NVT and NPT were run for 5 ns. Finally, the 

configuration of simulated systems were sampled for 

500 ns. The V-rescale and Berendsen algorithms were 

used to control the temperature and pressure of the 

system components, respectively. For these weak-

coupling algorithms, a coupling time of 1.0 ps was 

considered. The PME algorithm with 1.4 nm cutoff was 

used to calculate the electrostatic charge. The chemical 

bonding of non-solvent components was fixed with the 

LINCS algorithm [21] and chemical bonding of solvent 

molecules with SETTLE algorithm [22]. Therefore, the 

simulation time step was set to 2 fs. To avoid any 

dependency on the initial conditions all simulations 

were repeated. 

■ RESULTS AND DISCUSSION 

The key aspects of mechanism of antimicrobial 

activity of cyclopeptides are the interaction strength of 

residues and membrane [9]. Therefore, these criteria 

were studied in this works. To study the interaction of c-

AMP residues with solvent in simulated systems, the 

radial distribution function (RDF) was used. The RDF 

between particles of type A and B is defined as follow: 

( )
A B

ijN NB
AB i A j B 2

B B Alocal local

r r1 1
g

)

N 4

r
(r)

r

(
∈ ∈

δ −ρ
= =

ρ ρ π
∑ ∑  (1) 

Table 1. The dimensions of the designed simulation boxes with the number of solvent molecules 
System Box dimensions (nm3) Number of water molecules 

OCT0 3.05*4.06*3.07 1214 

OCT5 3.04*4.04*3.06 952 

OCT10 3.04*4.04*3.06 701 

OCT15 3.04*4.05*3.07 489 

OCT20 3.11*4.05*3.07 319 

OCT25 3.47*4.49*3.50 546 

OCT30 3.67*4.71*3.71 606 

OCT35 3.85*4.85*3.87 638 

OCT40 4.07*5.09*4.09 819 
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which 〈ρB(r)〉 is the particle density of type B at a distance 

r around A, and 〈ρB〉local is the particle density of type B 

averaged over all spheres around particles A. The c-AMP 

peptide has six residues which are lysine, lysine, 

tryptophan, tryptophan, lysine and phenylalanine, 

respectively. The c-AMP residues are divided into two 

groups of charged residues and aromatic residues. The 

graphs of the RDF of the water’s oxygen atoms 

surrounding the Nζ atom of the lysine’s side chain are 

shown in the Fig. 1. 

In this figure, the black, red and green colors are 

denoted for Lys1, Lys2 and Lys5, respectively. According 

to the Fig. 1, in the absence of alcohol, the height of the 

first peak in RDF is similar for the three lysine residues. 

In system OCT0, the height of the first peak of the RDF 

is slightly increased relative to the height of the first peak 

of the Lys1’s RDF However, the overall shape of the RDF 

is not changed. In system OCT10, the height of the first 

peak of the RDF is increased relative to the height of the 

first peak of  the RDF in  systems OCT0 and  OCT5. The 

 
Fig 1. The plots of radial distribution function for Nζ–Lys….O (water). Black: Lys1, Red: Lys2 and Green: Lys5 
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height of the first peak of the RDF for Lys1 and Lys2 

increases in system OCT20 and reaches its maximum 

value in this system. But in the case of Lys5, all of systems 

with increasing concentration of octanol (OCT25 and 

OCT40) the height of first peak decreases. Therefore, the 

interaction of Lys5 with water is decreased. According to 

the c-AMP sequence, Lys5 is located between two 

aromatic residues, while Lys1 and Lys2 are bounded by 

the aromatic residue and charged residue. In Fig. 2, the 

obtained c-AMP structure from the last simulation step in 

systems OCT0 and OCT40 is shown. 

As can be seen from Fig. 2, the side chain of Lys5 in 

the system OCT40 is oriented upward, approximately 

perpendicular to the peptide ring axis and surrounded by 

the side chain of Trp4 and Phe6. However, in OCT0 

system, the side chain of Lys5 is oriented toward the 

bottom and is somewhat distant from the side chain of 

Trp4 and Phe6. The graph of the RDF of the water’s 

oxygen atoms surrounding the Cζ atom of the 

phenylalanine’s side chain and the Cη atom of the 

tryptophan’s side chain is shown in the Fig. 3. 

Atoms Cζ and Cη are the outermost atoms in the side 

chain of phenylalanine and tryptophan, respectively. 

Compared to Fig. 1, it is observed that the height of the 

peak in the RDF is considerably lower. This means that 

the intensity of the interaction of the aromatic residues 

with water is greater than the intensity of interactions of 

the charged residues with water. It is also observed that 

changes in the interaction of aromatic residues with water 

molecules due to an increase in the concentration of 

octanol. The changes in the interaction of charged 

residues with water molecules due to the increase in 

concentration of octanol is much lower. This finding 

agrees with experimental data that indicates that the 

interaction of charged residues with membranes is 

greater [8,23-24]. With respect to Fig. 3, it is observed 

that the Phe6 behavior has changed in 25% 

concentration of octanol and its interaction with water 

molecules is more than that of Trp3 and Trp4. 

Therefore, according to Fig. 1 and 3, the orientations of 

the aromatic residues change the behavior of the charged 

residues and affects their interactions with the octanol. 

It is also observed that the effect of alcohol on aromatic 

residues varies in different concentrations. At higher 

concentrations of octanol, Trp4 is more affected. This is 

consistent with the experimental data reported by Dathe 

et al. [25]. 

In order to elaborate more detail on other 

structural aspects, the coordination numbers on c-AMP 

residues were calculated by integrating the radial 

distribution function according to the relation 

(r)=4πρ∫r
0g(r)r2dr. In this relation, g (r) is a radial 

distribution function. The respective coordination 

number for Nζ–Lys, Cζ–Phe and Cη–Trp are presented in 

Table 2. 

Based on Table 2, it is seen that the coordination 

number around the carbon atom of aromatic residues 

decreases with increasing concentration in most cases. A 

peculiar behavior is observed for of the nitrogen atom of 

lysine. These results are in agreement with the results 

obtained in similar simulations [26]. 

In Fig. 4, the calculated RMSF values for c-AMP 

residues in simulated systems have been reported. RMSF 

is a measure of the flexibility of the peptide residues [27-

28]. In Fig. 4, for a better comparison of the effect of 

alcohol, the difference between the amounts of RMSF in  

 
Fig 2. The c-AMP structure obtained from the last simulation step in systems OCT0 and OCT40. Water and octanol 

molecules eliminate for clarity 
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Fig 3. The plots of radial distribution function for Cζ–Phe….O (water) and Cη–Trp….O (water). Black: Trp3, Red: 

Trp4 and Green: Phe6 

Table 2. The number of water molecules around atoms Nζ–Lys, Cζ–Phe and Cη–Trp 
 OCT0 OCT5 OCT10 OCT15 OCT20 OCT25 OCT30 OCT35 OCT40 

Lys1 3.041 3.035 4.034 3.052 5.038 3.048 4.062 3.039 5.046 

Lys2 2.055 3.061 4.053 2.049 3.062 4.052 3.066 3.048 5.039 

Trp3 2.035 3.037 4.039 5.004 5.146 5.547 5.749 5.850 6.002 

Trp4 2.037 3.038 3.541 3.944 4.046 4.748 5.149 5.552 5.957 

Lys5 3.146 3.642 3.951 4.355 3.762 3.448 4.049 4.050 5.156 

Phe6 3.036 3.441 3.946 4.449 4.555 4.959 5.166 5.367 5.770 

 

the presence and/or absence of octanol. Regarding Fig. 4, 

it is observed that the flexibility of the residues is not 

much affected by octanol. 

According to Fig. 4, the range of RMSF changes is 

about 0.15 nm. In fact, this change value for a peptide 

with 6 residues is not high. In other words, the backbone  
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Fig 4. The values of the RMSF difference curve of the c-AMP residues in the systems with the octanol and in the 

absence of the octanol 

 
Fig 5. The probability distribution of the radius of gyration in different simulation systems 

 

of c-AMP is maintained when interacting with octanol. 

This is consistent with experimental evidence that the 

peptide backbone should be maintained in the interaction 

of the cyclopeptide with the membrane to preserve the 

antimicrobial activity [9,29]. A remarkable point in Fig. 4 

is at 25% octanol, the RMSF shows the smallest values. 

This is consistent with the findings of the radial 

distribution function in Fig. 1 and 3. To examine the 

overall shape of the c-AMP, the distribution of the peptide 

radius of gyration was calculated in various simulated 

systems. The results are shown in Fig. 5. 

Based on Fig. 5, the amplitude of the change in the 

radius of gyration is about 0.1 nm, thus the presence of 

alcohol does not affect the overall shape of the peptide. 

Finally, to investigate the effect of alcohol on peptide 

dynamics, the respective diffusion coefficients in different 

systems was calculated. The diffusion coefficient is a 

criterion of motion of a molecule in a solvent. As the 

diffusion coefficient value increases, the mobility of the 

molecule  increases  [30].   Einstein  relation  was  used  to 

Table 3. Calculated values of Amyloid β-peptide (1-42) 

diffusion coefficient 
System Diffusion coefficient (D*10–5 cm2/s) 
OCT0 0.1473 (± 0.0830) 
OCT5 0.1180 (± 0.1779) 
OCT10 0.0466 (± 0.0749) 
OCT15 0.0515 (± 0.0467) 
OCT20 0.0255 (± 0.0142) 
OCT25 0.0168 (± 0.0321) 
OCT30 0.0013 (± 0.0147) 
OCT35 0.0007 (± 0.0004) 
OCT40 0.0003 (± 0.0001) 

calculate the diffusion coefficient of c-AMP in all 

simulated systems: 

( ) ( ) 2
iit

1 d
D lim r t r 0

6 dt→∞
= 〈 − 〉  (2) 

where ri is the atom coordinate vector and the term 

inside the angle brackets is the mean square 

displacement (MSD). In this approach, the self-diffusion 

coefficient (D) is proportional to the slope of the MSD 

as a function of time in the  diffusional regime [31]. The  
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diffusion coefficient values of c-AMP listed in Table 3. 

Based on Table 3, it can be concluded that increasing 

alcohol concentration will reduce the mobility of the 

peptide. 

■ CONCLUSION 

The structure of cationic hexapeptide cyclo (Lys-

Lys-Trp-Trp-Lys-Phe) (c-AMP) was investigated in the 

presence of different concentrations of octanol. The c-

AMP shows conformational stability in the presence of 

octanol. Also, the obtained results show that the 

interaction of c-AMP with octanol from the beginning 

occurs through charged residues and then through 

aromatic residues. These findings results are in good 

agreement with experimental results. The results obtained 

from the radial distribution function indicate that the 

water molecules around the lysine residues are more 

structurally than in the aromatic residues. 
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 Abstract: The kinetics study of NCA leaching in the HCl system was proposed. Various 

kinetic models such as shrinking core, logarithmic rate law, and Avrami equation were 

used to find out the most appropriate kinetic models for this process. The effect of HCl 

concentrations, leaching temperatures, solid to liquid (S/L) ratio, and leaching duration 

were observed. The optimum conditions of NCA leaching were at HCl concentration of 4 

M, temperature of 80 °C, S/L ratio of 100 g/L, and leaching time of 1 h. The result shows 

that shrinking core model with diffusion control process of residue layer describes well the 

leaching mechanism in this research, which is indicated by the good fitting of coefficient 

values of correlation (R2) and confirmed by the activation energy values of Ni, Co, Al that 

were less than 40 kJ/mol. 

Keywords: NCA cathode waste; kinetics study; recycle; hydrometallurgical; Li-ion 

batteries 

 

■ INTRODUCTION 

Nowadays, the popularity of Lithium-ion batteries 

(Libs) increases as a result of the high demands of Libs in 

portable electronics like phones, power banks, laptops, 

and electric vehicles. One of the most popular cathode 

material used for Libs is Li0.8Co0.15Al0.05O2 (NCA) [1]. 

NCA batteries have some features of high capacity and 

high energy density of cathode material, which is beneficial 

for Libs, especially for electric vehicle applications [2-3]. 

Due to its high demand, the usage of NCA material is 

predicted to increase from 2015 to 2025 [4]. As a 

consequence, waste such as cathode scrap or spent libs can 

be generated in which the recycling process is indispensable. 

Hydrometallurgical is one of recycling method via 

leaching step using acids or base to leach out the valuable 

metal contained in material [5-8] which provide more 

advantages such as simple, low energy consumption, and 

high purity of product [9-10]. From our previous study, 

we focused on the investigation of re-synthesis NCA 

material via hydrometallurgical with various strong 

acids (HCl, HNO3, H2SO4) in the leaching system [11]. 

The result showed that the re-synthesis of NCA material 

from cathode waste has been succeeded and showed that 

the HCl leaching system is the most efficient process to 

recover the valuable metals in cathode waste. The 

recycled-NCA material had a comparable performance 

with commercial NCA, and it is promising to be adapted 

for large-scale production [11]. However, there are no 

reports about the study of leaching kinetics of ternary 

metals (nickel, cobalt, aluminum) using HCl from NCA 

waste, which is important for scaling up the production 

of recycled NCA. 

Hence, the present novel aspect is the study of 

leaching kinetic from NCA scrap using HCl. The various 

modeling equation is applied to predict the most 

appropriate modeling for kinetic study of NCA leaching. 

The effects of various HCl concentrations, temperatures, 

solid to liquid ratio (S/L), and leaching time were 
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investigated to obtain the optimized conditions of 

leaching. The study of NCA waste leaching kinetics in the 

HCl system is needed considering scale up production of 

the recycling process. 

■ EXPERIMENTAL SECTION 

Materials 

NCA scrap used in this research was obtained from 

a Battery Manufacturing Facility (Sebelas Maret 

University, Indonesia). NaOH was purchased from Asahi, 

Cilegon, Indonesia. Analytical grade of HCl (Merck, 

Darmstadt, Germany) was used in this research. 

Instrumentation 

The concentration of metals was measured using 

Atomic Absorption Spectroscopy (AAS/PinAAcle 900T 

Perkin Elmer, Waltham, MA, USA). The structure and 

morphology of NCA before and after leaching were 

analyzed using X-ray Diffraction (XRD) with a 2θ range 

of 10–70° (D2 Phaser Bruker, Germany) and Scanning 

Electron Microscopy (Jeol JSM-6510LA, Tokyo, Japan), 

respectively. 

Procedure 

Pre-treatment 

NCA scrap still consists of Aluminum foil (Al foil), 

binder (Polyvinylidene Difluoride/PVDF), conducting 

agent (Acetylene Black/AB), and active material 

contained valuable metals. NaOH dissolution was 

employed to separate the powder from Al foil. First, the 

collected 50 g of NCA scrap was cut into smaller size and 

then immersed with agitation in 200 mL of 5 M NaOH 

solution for 2 h. The Al foil reacted spontaneously with 

NaOH solution to form sodium aluminate then the 

powder can be detached from Al foil. The slurry was 

filtered to obtain the powder, which will be washed using 

demineralized water to eliminate the remaining NaOH 

during the dissolution process. The collected powder was 

heated in an oven at a temperature of 80 °C. Then, the 

PVDF and AB were burned via heat treatment at a 

temperature of 800 °C for 4 h. The powder was then 

minimized by grounding into smaller sizes to enhance the 

surface area of powder, which can be beneficial during the 

leaching process. 

Leaching process 

Determination of the optimum conditions. The 

leaching process was conducted in a 500 mL three-

necked batch reactor of Pyrex involving a water bath to 

maintain the specified temperature. The leaching 

conditions were performed at HCl. The leachate was 

then filtered to separate the filtrate from the residue. In 

order to find out the total concentrations of valuable 

metals (Ni, Co, Al), the powder was completely leached 

out in concentrated HCl. The filtrate was analyzed using 

Atomic Absorption Spectroscopy (AAS) to determine 

the concentrations of metals. The effect of acid 

concentrations, various temperatures, solid to liquid 

ratio (S/L ratio), and time of leaching were observed to 

find out the optimized conditions in this leaching process. 

The leaching efficiency was calculated using Eq. (1): 

Ct C
X 100%

Ct

−
= ×  (1) 

where X is leaching efficiency of Ni, Co, Al (%), Ct is the 

total concentration of Ni, Co, Al (g/L), and C is the 

concentration of Ni, Co, Al at certain conditions (g/L). 

Kinetics. The shrinking core model, logarithmic rate 

law, and Avrami equation were studied to elucidate the 

suitable leaching kinetics during the process. 

Characterization of NCA waste before and after 

leaching 

The NCA powder before leaching and the residue 

of the leaching were analyzed using X-ray Diffraction 

(XRD) to investigate the structure of NCA before and 

after the leaching process. Scanning Electron 

Microscopy (SEM) was also employed to observe the 

morphology of NCA waste. 

■ RESULTS AND DISCUSSION 

Leaching Process 

HCl was used as a leaching agent during the 

leaching process. In order to evaluate the optimum 

conditions of the leaching process using HCl for 

recycling of NCA scrap, the various conditions of HCl 

concentrations, leaching time, S/L ratio, and 

temperatures during leaching were shown in Fig. 1. As 

shown in Fig. 1(a), the leaching efficiency of Ni, Co, Al 

increased up to  concentrations of 3 M  and tended to be  



Indones. J. Chem., 2020, 20 (6), 1291 - 1300    

 

Soraya Ulfa Muzayanha et al.   

 

1293 

 
Fig 1. Effect of (a) HCl concentrations, (b) leaching duration, (c) S/L ratio, and (d) temperatures on NCA waste leaching 

 

constant from 4 M to 6 M. The increasing concentrations 

of HCl from 5 M to 6 M did not present a significant effect 

on leaching efficiencies after 60 min. It means that a 

continued increase in acid concentrations can impede the 

diffusion of metal ion and inhibit the reaction during the 

leaching process [12]. Therefore, the acid concentration 

of 4 M was selected. 

Fig. 1(b) presents the effect of reaction time (15– 

75 min) on the leaching efficiencies of Ni, Co, and Al at 

100 g/L S/L ratio, 80 °C. At high temperatures, the 

reaction between metals and HCl was rapid. As a result, 

the leaching efficiencies enhanced slightly with time. 

However, the leaching efficiencies of Ni, Co, and Al 

increased with the increasing duration of the reaction. Fig. 

1(c) shows the effect of S/L ratio (g/L) towards the 

leaching efficiencies of Ni, Co, Al. There was an 

insignificant difference in leaching efficiencies from 50 g/L 

to 100 g/L. Still, the increasing of S/L ratio after 100 g/L 

lead to the leaching efficiencies of metal ions decreases. It 

can be caused by the higher S/L ratio lead to a more 

viscous solution that can slow the reaction during 

leaching and resulted in low efficiency [12]. Next, the 

effects of leaching temperature are shown in Fig. 1(d). It 

can be seen that leaching temperature from 50–70 °C has 

a significant impact on the leaching efficiencies of Ni, 

Co, and Al, but tends to constant after 80 °C. This high 

temperature (80 °C) increases the reactivity of metal 

ions, which promote reaction acceleration during 

leaching [12]. However, a further increase in 

temperature (90 °C) resulted in the leaching efficiency 

near to the temperature of 80 °C. Also, it was difficult to 

control the leaching system at a temperature of 90 °C. 

Consequently, the temperature of 80 °C was selected. 

Therefore, the optimum leaching conditions in this 

study were chosen at the concentration of 4 M HCl, 

temperature of 80 °C, S/L ratio of 100 g/L, and leaching 

time of 60 min. 

Fig. 2 presents the leaching behavior at the 

optimum conditions of leaching. The result shows that 

the rapid reaction during the leaching process occurred 

at the beginning (0–15 min), then the reaction became 

slow, which is indicated from the curve that tends to be 

constant. The reactivity of HCl towards metals is very 

high, as reported in the previous study [11]. The metal 

oxides are converted from trivalent to divalent states of 

Ni and Co during reaction  on the leaching process [11].  
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Fig 2. Leaching behavior of Ni, Co, Al at optimum 

condition 

The reaction occurred during the leaching process 

between HCl and NCA scrap is explained in Eq. 2 [11]. 

( ) ( ) ( )

( ) ( ) ( )

( ) ( )

aq 0.80 0.15 0.05 2 s aq

2 aq 2 aq 3 aq

2 liq 2 g

3HCl LiNi Co Al O LiCl

0.8NiCl 0.15CoCl 0.05AlCl

1.5H O 0.5O

+

+ + +

+ +


 (2) 

The Kinetics Study of Leaching 

In this study, the leaching process involves the 

reaction between NCA and HCl as a solid phase and 

liquid phase, respectively. The leaching kinetic models 

possible occurred are shrinking core, logarithmic rate law, 

and Avrami equation. The equations of leaching kinetic 

were presented below [12-13]: 

Shrinking core model 

X k.t=  (3) 

( )1 3
1 1 X k. t− − =  (4) 

( )2 32
1   X 1 X k.t

3
− − − =  (5) 

Logarithmic rate law 
2( ln(1 X)) k.t− − =  (6) 

Avrami equation 

ln( ln(1 X)) lnk nlnt− − = +  (7) 

In Eq. (3–7), X is the efficiency of leaching, k is the 

constant in the reaction rate (1/min for Eq. (3–4) and 

1/(minn) for Eq. (7)) that is the slope of the plotted line, t 

is the time required for the leaching process (min). The 

activation energy of leaching using HCl can be calculated 

by the Arrhenius equation that presents the 

relationships between temperature and k value. The 

Arrhenius equation is shown in Eq. (8). 
Ea/RTk Ae−=  (8) 

where, k: Kinetic constant rate, 1/min; A: Frequency 

factor, 1/min; Ea: Activation energy, J/mol; R: Gas 

constant, (8.3145 J/mol K). 

Shrinking core 

The first prediction of leaching kinetic models in 

this study was the shrinking core model. The kinetic 

models for a shrinking core feature several forms of 

control: mass transfer process control of the liquid layer 

(Eq. 3), chemical reaction process control of the surface 

(Eq. 4), and diffusion process control of the residue layer 

(Eq. 5) [14]. 

Shrinking core Eq. (3): X k.t= . In this kinetic 

equation of the shrinking core model, the leaching 

process is controlled by the mass transfer process of the 

liquid layer. The plotted of X vs. t and Ea for Ni, Co, Al, 

respectively, is shown in Fig. 3(a-c). Some of the 

coefficient values of correlation (R2) for each metal are 

below 0.95, which indicated poor fitting of this equation. 

In this study, due to the high temperature and HCl 

concentration of leaching conditions, the high solubility 

of the metal ions that lead to rapid release into the bulk 

solution occurred. Also, the high speed of stirring  

(800 rpm) was used. Thus, the mass transfer process 

runs fast and can be ignored, according to the results of 

R2 values in the curves [12]. 

Shrinking core Eq. (4): ( )1 31 1 X k. t− − = . Previously, 

this kinetic model was successfully applied in the 

recycling of mixed spent Libs [15]. In this equation, the 

leaching process is controlled by the chemical reaction 

process of the surface. The kinetic and Ea curves of Ni, 

Co, and Al in this study are presented in Fig. 4. However, 

the R2 values of each curve have a low fitting degree (< 

0.95). This may be caused by the high reactivity of HCl 

towards metal oxide during leaching, resulting in fast 

reaction kinetics. As a consequence, the chemical reaction 

process of the surface can be negligible in this study. 
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Fig 3. The kinetic curve of (a) Ni, (b) Co, and (c) Al using shrinking core (Eq. 3). (d) the Arrhenius plot of Ni, Co, Al 

using shrinking core (Eq. 3) 

 
Fig 4. The kinetic curve of (a) Ni, (b) Co, and (c) Al using shrinking core (Eq. 4). (d) the Arrhenius plot of Ni, Co, Al 

using shrinking core (Eq. 4) 
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Shrinking core Eq. (5): ( )2 321   X 1 X k.t
3

− − − = . The 

last shrinking core model is controlled by the diffusion 

process of the residue layer and has been applied 

successfully in the previous study [14,16]. Fig. 5 

represents the curves of the kinetic equation and Ea of Ni, 

Al, and Al. All curves have high values of R2 (> 0.95), 

suggesting a high fitting degree of this kinetic model. 

Logarithmic rate law 

Another kinetic model for the leaching process is the 

logarithmic rate law model. Based on our previous study, 

the logarithmic rate law was successfully applied for the 

leaching process of valuable metals [17-20]. In this study, 

the plots of the logarithmic rate law model (Eq. (6)) are 

shown in Fig. 6. The curves exhibit a poor fitting of R2 

values (< 0.95). Chen et al. have selected this kinetic model 

due to the difference in leaching behaviors of valuable 

metals (Li and Co) [17]. In this case, the leaching 

behaviors of Ni, Co, and Al are similar (see Fig. 2); 

therefore, this kinetic equation is irrelevant to this study. 

Avrami model 

Kinetic equation related to leaching phenomena is 

the Avrami model. During the HCl leaching process, the 

NCA waste was nearly dissolved in HCl without the 

formation of a solid phase, which is the opposite of the 

crystallization process. Zhuang et al. have used this 

equation for the recycling process of LiNi0.5Co0.2Mn0.3O2 

using mixed acids of phosphoric and citric acids [21]. 

Other researchers reported that the Avrami equation 

had been succeeded in explaining the leaching kinetics 

of multi-metals [22-24]. Thus, the implementation of 

the Avrami model is appropriate to be used in this study. 

The curves of using the Avrami equation (Eq. 7) for 

Ni, Co, and Al are shown in Fig. 7. The R2 values are less 

than 0.95, which indicates the invalid fitting by this 

equation. The result showed that the value of n, which 

suggests the leaching behavior of metals, is obtained to 

be around 0.3-0.46. In our previous study [21], we have 

found that the leaching reaction initially occurred 

rapidly after several minutes, and then the reaction starts  

 
Fig 6. The kinetic curve of (a) Ni, (b) Co, and (c) Al using logarithmic rate law (Eq. 6). (d) the Arrhenius plot of Ni, 

Co, and Al using logarithmic rate law (Eq. 6) 



Indones. J. Chem., 2020, 20 (6), 1291 - 1300    

 

Soraya Ulfa Muzayanha et al.   

 

1297 

 
Fig 7. The kinetic curve of (a) Ni, (b) Co, and (c) Al using the Avrami model (Eq. 7). (d) the Arrhenius plot of Ni, Co, 

and Al using the Avrami model (Eq. 7) 

 

to slow down. Based on previous studies, the value of n is 

in the range of 0.5–1 [21]. Therefore, it is predicted that 

the leaching mechanism in this study does not behave like 

the reverse crystallization mechanism proposed by the 

Avrami model. 

The summary of the activation energy calculation 

proposed by shrinking core, logarithmic rate law, and 

Avrami equation was presented in Table 1. The result 

exhibits that the most appropriate kinetics model of the 

HCl leaching process for NCA waste was the shrinking 

core, where the diffusion process is controlled by the 

residue layer (Eq. 3). From Table 1, it is marked that all 

curves of shrinking core Eq. (5) show good fitting lines 

higher than 0.95. Also, the results of activation energy (Ea) 

for Ni, Co, and Al were 21.75, 38.09, and 26.07 kJ/mol, 

respectively. The Ea values of all metals were lower than 

40 kJ/mol, confirmed that the leaching step was 

controlled by the diffusion process of the residue layer 

[25-26]. In this study, the Ea of Ni had the lowest value 

than Co and Al, indicating that the extraction process of 

Ni is easier than other metal, which is consistent with the 

leaching behavior in Fig. (2-5) [14]. 

Table 1. Summary of activation energy from various kinetic equations 

Metals 

Ea (kJ/mol) 

Shrinking Core  

Eq. (3) 

Shrinking Core  

Eq. (4) 

Shrinking Core  

Eq. (5) 

Logarithmic Rate 

Law 
Avrami Equation 

value R2 value R2 value R2 value R2 value R2 

Ni 11.0915 0.9495 10.7640 0.9288 21.7549 0.9569 65.7386 0.8064 18.1406 0.9363 

Co 6.1195 0.9121 7.2413 0.9344 38.0962 0.9751 72.1931 0.9423 28.2402 0.9274 

Al 9.1792 0.8745 9.5450 0.9334 26.0726 0.9642 78.7092 0.9609 22.9780 0.8636 
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Fig 8. XRD patterns of NCA waste before and after 

leaching for 15 min 

 
Fig 10. The mechanism of the leaching process using a 

shrinking core model 

 
Fig 9. SEM images of NCA waste (a) before and (b) after leaching for 15 min 

 

Material Characterization Before and After 

Leaching 

The comparison of XRD patterns between powder 

before and after leaching of 15 min is shown in Fig. 8. The 

XRD patterns of samples exhibit the structure of 

hexagonal α-NaFeO2 with space group R3m. There is no 

other crystalline chemical detected, indicating that only 

the dissolution of metals has occurred and no precipitates 

form during the leaching process [21]. However, the 

LiCoO2 phase found on the peaks of (104) and (018)/(110) 

suggests that the reduction of Co occurs during leaching 

[20]. 

The morphology of NCA waste before and after 

leaching (15 min) is shown in Fig. 9. It can be seen that 

the morphology of leaching residue is more amorphous 

due to the dissolution of the metal. Moreover, the loose 

particles originate from dense spherical particles which 

confirm the shrinking core phenomena due to acid 

leaching. The mechanism of the leaching process using 

a shrinking core model in Fig. 10 is following these steps: 

1st step: The diffusion process of leachant molecules 

from the bulk solution to the liquid-liquid interface. 

2nd step: The diffusion process whereby molecules are 

leached from the liquid-liquid interface via the diffusion 

layer to the unreacted core surface. 

3rd step: The reaction between leachant molecules and 

the solid core at the solid-liquid interface. The metal ions 

are dissolved and released into the bulk solution. 

4th step: The process of diffusing metal ions via the 

diffusion layer into the liquid-liquid interface. 

5th step: The process of the diffusion of metal ions into 

the bulk solution. 

■ CONCLUSION 

This study focused on the optimization and kinetic 

study of the NCA leaching process using HCl. The 
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optimum condition of leaching was at 4 M HCl 

concentration, 80 °C, S/L ratio of 100 g/L for 1 h. Various 

kinetic equation models were plotted to determine the 

suitable kinetic model in this study. The shrinking core 

model with diffusion process control of the residue layer 

could describe well the leaching mechanism and exhibited 

a good fitting line on the curve with R2 higher than 0.95. 

The activation energy of this process was higher than  

40 kJ/mol, which reveals that the leaching process was 

controlled by the residue layer. 
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 Abstract: Imprinted zeolite modified carbon paste (carbon paste-IZ) electrode had been 

developed as a sensor to analyze blood glucose content by potentiometry. The used zeolite 

was Lynde Type A (LTA) that synthesized with a mole ratio of Na2O, Al2O3, SiO2 and 

H2O of 4:1:1.8:270, respectively while non-imprinted zeolite was prepared with a mole 

ratio of glucose/Si of 0.0306. Glucose was then extracted from the zeolite framework using 

hot water (80 °C) to produce imprinted zeolite (IZ). The carbon paste-IZ electrode 

prepared from activated carbon, paraffin pastilles, and IZ with a mass ratio of 5:4:1 

showed the best performance. The modified electrode demonstrated the measurement 

range of 10–4-10–2 M, the Nernst factor of 29.55 mV/decade, the response time less than 

120 s, and the detection limit of 5.62 × 10–5 M. Ascorbic acid, uric acid, urea and 

creatinine did not interfere on the glucose analysis by potentiometry. Comparison test 

with spectrophotometry showed an accuracy of (90.7 ± 1.4)% (n = 5), while the 

application of the electrode to analyze five spiked serum samples showed recovery of (92.2 

± 1.3)% (n = 5). The electrode was stable for up to 9 weeks (168 times usage). Based on 

its performance, the developed electrode can be applied to analyze glucose in human 

serum sample and recommended for used in the medical field. 

Keywords: blood glucose; carbon paste electrode; imprinted zeolite; potentiometric sensor 

 

■ INTRODUCTION 

Diabetes mellitus has become a serious threat to 

human health because it can cause kidney failure, heart 

disease, and stroke. An increase in high blood glucose 

levels (> 200 mg/dL) is a major cause of diabetes mellitus 

[1]. In the body, normal blood glucose values are 60– 

100 mg/dL (3.3 × 10–3–5.5 × 10–3 M), while serum glucose 

is 70–110 mg/dL (3.88 × 10–3–6.1 × 10–3 M) [2]. Based on 

the effects that can be caused by high blood glucose levels, 

controlling the glucose level in the blood is necessary. The 

general method for determining glucose levels is 

spectrophotometry using chemical or enzymatic, such as 

hexokinase or glucose 6-phosphate dehydrogenase [3]. A 

few studies have reported about the use of some methods 

for glucose determination including GOx (glucose oxidase) 

based colorimetric methods [4-5], high performance liquid 

chromatography (HLPC) [6], liquid chromatography-

mass spectrometry (LC-MS) [7], and potentiometry using 

modified carbon-based electrodes [8]. Modified carbon-

based electrodes have previously been developed 

including zeolite-modified electrodes for the analysis of 

uric acid [9], Cr3+ ions [10], creatinine [11], creatine [12]; 

and polymer-based electrodes for phenol analysis [13]. 

Nanoparticle material has also been shown to increase the 

selectivity and sensitivity of electrodes to analytes [14]. 

In this study, an imprinted zeolite modified carbon 

paste electrode has been developed for potentiometric 

glucose detection. The zeolite used was LTA zeolite that 

synthesized from the basic materials of SiO2, NaAlO2, 

and water with a mole ratio of Na2O, Al2O3, SiO2, H2O of 

4:1:1.8:270 [15]. Glucose solution was added to the 

mixture of these materials to produce non imprinted 

zeolites (NIZ). Next, the glucose molecule was extracted, 

so that it leaves a mold on the zeolite framework called 
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imprinted zeolite (IZ). The imprinted is expected only 

match the size and shape to glucose molecules so that they 

can selectively detect glucose molecules when it is used for 

sample analysis. 

Electrode performance was studied from the 

measurement range value, Nernst factor, detection limit, 

response time and the life time of the electrode. The use 

of electrodes was studied through the accuracy value 

compared with the spectrophotometry method as a 

standard method for determining blood glucose levels in 

the medical field. Electrode selectivity was investigated 

through the effect of another component in serum 

samples including ascorbic acid, uric acid, creatinine, and 

urea on the glucose analysis using the electrode. 

■ EXPERIMENTAL SECTION 

Materials 

Chemicals used in this study were glucose (Sigma 

Aldrich, 99.5%), SiO2 (Sigma Aldrich, Ludox 40%), 

sodium aluminate (Sigma Aldrich, 50%), sodium 

dihydrogen phosphate (Merck, 99%), disodium hydrogen 

phosphate (Merck, 99.5%), uric acid (Fluka, 98%), urea, 

creatinine, H3PO4, AgNO3, Ag wire, n-hexane, paraffin 

pastilles and activated carbon with pore size of 3.835 nm. 

The sample used was blood serum from a clinical 

laboratory in Surabaya. 

Instrumentation 

The equipment used in this study was a Cyberscan 

510 potentiometers with Ag/AgCl as a reference 

electrode, Fourier transform infrared (FTIR) 

spectrophotometer (Shimadzu IR Prestige 21), X-ray 

diffraction (PANalytical E’xpert Pro), Spectrophotometer 

(UV 1800 Pharmaspec), hotplate (Termolyne S46410-2), 

pH meter (Cyberscan Eutech pH 510), centrifuge 

(HITTECH EBA) 20, vacuum oven (NAPCO Model 

5851), magnetic stirrer, polypropylene bottle, agate 

mortar, 1000 µL micropipette tip and glassware. 

Procedure 

Synthesis of zeolite, non-imprinted zeolite (NIZ), and 

imprinted zeolite (IZ) 

The LTA zeolite was synthesized by mixing Na2O, 

Al2O3, SiO2, and H2O with a mole ratio of 4:1:1.8:270 [15]. 

The mixture was stirred for 3 h. A one third part was 

heated in an oven at 100 °C for 45 h. Next, it is washed 

using distilled water with the help of a centrifuge. The 

remaining 2/3 parts of the mixture were added with 

glucose to produce a glucose/Si mole ratio of 0.0306. The 

obtained mixture was allowed to stand for 3 h so that 

glucose can be binded and trapped in the zeolite 

framework. A half part of the mixture was dried at 80 °C 

and the other part was added with hot water to extract 

glucose and form imprinted zeolite. 

Fabrication of carbon paste-imprinted zeolite and 

pH optimization 

The carbon paste electrodes were prepared by 

inserting Ag wires in a 1 mL micropipette tube. Three 

quarter part of the micropipette tip was filled with 

melted paraffin. Then a paste made from a mixture of 

activated carbon, solid paraffin, and IZ with various 

compositions (Table 1) was filled into the ¼ part 

remaining of the micropipette tube. The surface of the 

electrodes was rubbed on the HVS paper and immersed 

in a 10–2 M glucose solution overnight for conditioning. 

Furthermore, each electrode was used to measure 

the glucose standard solution 10–8–10–1 M pH 6 (without 

pH adjustment). Then a graph between the concentration 

and electrode potential was created and determined the 

value of the Nernst factor and linear measurement 

range. The composition of carbon paste-IZ electrodes 

that produce optimum performance is used as the basis 

for preparing zeolite-modified carbon paste electrodes 

(EZ) and NIZ-modified carbon paste electrodes (ENIZ). 

The performance of EZ and ENIZ were compared with 

carbon paste-IZ to observe the effect of glucose mold on 

the electrode performance. The effect of pH solution was  

Table1. Composition of activated carbon, paraffin, and 

IZ on electrode fabrication 

Electrode 
% weight 

Activated carbon paraffin IZ 

E1 60 40 0 

E2 55 40 5 

E3 50 40 10 

E4 45 40 15 

E5 40 40 20 
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studied through the Nernst factor value and linear 

measurement range resulting from the measurement of 

glucose solution with varies pH. 

Performance of the electrode and method validity 

Parameters for expressing electrode performance 

and method validity in this study include linear 

measurement range, Nernst factor, detection limit, 

precision, accuracy, response time, life time and 

selectivity. The selectivity of the electrode was stated by 

the selectivity coefficient (Kij) value determined by the 

matched potential method (MPM) [16]. The accuracy was 

determined through a comparison test with the results of 

blood glucose analysis using the spectrophotometric 

method as a commonly used method in the medical field. 

■ RESULTS AND DISCUSSION 

Synthesis and Characterization of Zeolite, NIZ, and 

IZ 

The LTA zeolite is prepared through a sol-gel 

method using silica sol as the silica source and sodium 

aluminate as the aluminium source. The precursor 

solution is combined under vigorous stirring. The 

mixture is then sealed in polypropylene bottles for the 

hydrothermal process. The reactions that occur in zeolite 

synthesis are as shown in Eq. (1) and (2). 

2(s) 2 (I) 4 (aq) (aq)

3 (aq)

NaAlO 4H O Al(OH) NaOH

                                          H O

−

+

+ → +

+
 (1) 

4(aq) 4 (aq) 3

3(aq) 2 (I)

Si(OH) Al(OH) (HO) Si O Al

                                                     (OH) H O e

−

−

+ → − − −

− + +
 (2) 

SiO2 was added to NaAl(OH)4 solution dropwise 

and stirred for 1 h until it became a white gel. This 

process is an aging step which is the process of forming 

a zeolite crystal core [18]. The aging process aims the 

breaking of silica monomers into a stronger silica gel 

with the expected pore [19]. 

Furthermore, the mixture was heated 

hydrothermally at 100 °C for 45 h in a polypropylene 

bottle to accelerate the growth of zeolite crystals [20]. 

From this process, a white suspension is produced. A 

total of 1/3 parts of the suspension are centrifuged at 

4000 rpm for 5 min. Then the precipitate was separated 

and washed with distilled water to remove the remaining 

NaOH and dried it in an oven at 80 °C for 24 h. 

Non imprinted zeolite (NIZ) is zeolite which 

contains templates/mold in the pores. Non imprinted 

zeolite was prepared by taking as much as 2/3 parts of a 

mixture of SiO2, NaAlO2, and H2O (after the hydrothermal 

process). Then the mixture was added with glucose 

solution dropwise and stirred with a magnetic stirrer for  
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Fig 1. An illustration of trapping glucose molecules into a zeolite framework 
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30 min. An illustration of trapping glucose molecules into 

a zeolite framework can be seen in Fig. 1. The imprinted 

zeolite (IZ) was obtained by extracting glucose molecules 

from the NIZ framework using hot water. Benedict tests 

were performed to ensure that all glucose has been 

extracted from the NIZ framework (Fig. 2). 

Characterization of zeolites by XRD was carried out 

to determine the formation of synthesized LTA zeolites. 

Fig. 3 is an X-ray diffraction pattern of LTA zeolites. 

Based on the XRD pattern of Fig. 3, there is a peak 

with high intensity at position 2θ i.e. 7.23; 10.16; 12.46; 

16.09; 21.67; 23.97; 27.11; 29.93; and 34.17°. At position 

2θ 12.46°, it shows the orientation of the cubic structure 

of the LTA zeolite [22]. Furthermore, these peaks were 

compared with the LTA zeolite diffraction pattern in the 

Collection of Simulated XRD Powder Patterns for 

Zeolites International Zeolite Association (IZA) data base 

[21] and American Society for Testing and Materials 

(ASTM) standard no. 39-222 [23]. There is a similarity 

between the peaks of the synthesized zeolite with the 

zeolite diffractogram in the data base. (Table 2) It can be 

concluded that synthesized LTA zeolite has formed. The 

peak at 2θ 13.79° which is a typical peak of silicon dioxide 

(SiO2), indicates that there is remaining unreacted SiO2 to 

form zeolites. 

Characterization with FTIR spectrophotometers 

produced the spectrum in Fig. 4. The wave number  

1640 cm–1 shows the peak of bending vibrations –OH 

from Si-OH, Al–OH, and H2O and the peak at wave 

number 990 cm–1 is the asymmetry stretching vibrations of 

Al-O and Si–O [24]. The peak at wave number 561 cm–1  

 
Fig 2. Benedict test on (a) glucose standard solution, (b) 

leached filtrate of NIZ, a (c) leached filtrate of IZ 

Table 2. The data peak position of synthesized LTA 

zeolite and data base from IZA and ASTM 
2θ (°) 

ASTM Synthesized zeolite IZA 

7.18 7.23 7.18 

10.16 10.16 10.17 

12.45 12.46 12.46 

- 13.79 - 

16.09 16.09 16.11 

21.65 21.67 21.67 

23.97 23.97 23.99 

27.09 27.11 27.11 

29.92 29.93 29.94 

34.16 34.17 34.18 

 
Fig 3. XRD-pattern of synthesized LTA zeolite and LTA zeolite on IZA [21] 
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indicates the crystallization of zeolites with a double ring 

[25] and the peak at wave number 440 cm–1 is a tetrahedral 

internal vibration of Si-O and Al–O [24]. The 

wavenumber at 3460 cm–1 in non imprinted zeolite 

spectrum is broader than the peak at zeolite or imprinted 

zeolite. This is due to the presence of stretching –OH from 

C–OH in glucose [26]. 

Optimization of Electrode Composition and pH 

Solution 

The carbon paste-IZ electrodes are prepared from a 

mixture of activated carbon, paraffin and IZ. The 

presence of imprinted zeolite is expected to increase the 

electrode selectivity to glucose because IZ has a selective 

mold for glucose. The composition of activated carbon 

and IZ in the manufacture of electrodes may affect the 

performance of the electrodes, therefore the preparation 

of electrodes with variations in the composition of carbon 

and IZ were conducted. The resulted measurement range 

and Nernst factor from the measuring data of glucose 

solution using the carbon paste-IZ electrode with varies 

composition are shown in Table 3. 

The electrode that exhibits a Nernstian graph on the 

electrode potential versus log [glucose] plot is the E3 

(Table 3). The E3 electrodes also show good linearity in 

the measurement range of 10–4–10–2 M. The carbon paste 

modified zeolite (EZ) and NIZ (ENIZ) were prepared by 

composition of activated carbon, paraffin and zeolite or 

NIZ similar to the composition of the E3 electrode to 

determine the effect of glucose mold on the electrode 

performance. NIZ-modified electrodes produce curves 

close to Nernstian, while zeolite-modified electrodes 

show the shape of sub-Nernstian curves. It is suspected 

that the presence of glucose molecules in NIZ enhances 

the electrodes to recognize free glucose molecules in 

solution. Thus, ENIZ functions like an ion selective 

electrode in recognizing glucose molecule. 

The IZ modified electrode with the best 

performance was then used to measure the glucose 

solutions 10–8–10–1 M at pH 4, 5, 6, 7, and 8. Measurement 

data  was  used  to  create  a graph  of log [glucose]  versus  

 
Fig 4. FTIR spectra of glucose, zeolite LTA, NIZ, and IZ 

Table 3. Value of the electrode measurement range, Nernst factor and linearity of calibration graph in the glucose 

measurement (without pH adjustment) 

Electrode 
Nernst factor 

(mV/decade) 

Linear measurement 

range (M) 
Linearity (R2) 

E1 27.79 10–4–10–2 0.9549 

E2 27.71 10–4–10–2 0.9512 

E3 29.55 10–4–10–2 0.9924 

E4 24.55 10–4–10–2 0.9434 

E5 16.16 10–4–10–2 0.9604 

EZ* 13.50 10–4–10–2 0.9720 

ENIZ* 27.35 10–4–10–2 0.9147 
*) similar composition with E3 
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electrode potential (Fig. 5) and determined the 

measurement range, linearity and the Nernst factor 

(Table 4). 

Fig. 5 explained that the best performance of E3 is 

shown in the measurement of glucose solution without 

adjusting pH (pH 6). From these measurements obtained 

linear and Nernstian curve with the equation of y = 29.55x 

+ 175.52 in the concentration range of 10–4–10–2 M and 

non-linear curve with the equation of y = –0.1x2–3.18 + 

38.43. Based on the intersection of both lines, the 

detection limit value obtained was 5.62 × 10–5 M. The 

value is lower than the detection limit of the conductive 

polymer-based sensors developed previously [8]. Table 5 

displayed the comparison data of the limit of detection 

(LOD) of our work with the previously reports. 

With this low detection limit, carbon paste-IZ 

electrodes can be used for glucose analysis with 

concentrations up to 100 times lower than normal 

concentrations in the blood [2]. The linear curve describes 

the linear measurement range of the potentiometric 

method using the developed electrodes, which is 10–4–

10–2 M with a Nernst factor of 29.55 mV/decade. It 

shows that glucose has two valency molecules. This 

result is in agreement with the research report of [31] 

which fabricated the potentiometric glucose sensor 

based on glucose oxidase immobilized iron ferrite 

magnetic particle/chitosan composite modified gold 

coated glass electrode. They resulted in the Nernst factor 

of glucose about 27.3 mV/decade. A similar result also 

reported by [32] which stated glucose is a divalent 

molecule in the analysis of glucose using the 

voltammetry method. The valency of the molecule is 

constant in both analyses using potentiometry and 

voltammetry. The comparison of potentiometry and 

voltammetry method in the Ca2+ sensor is used as an 

analogue approach, whereas both of the methods found 

a similar Nernst factor value [33-34]. 

Table 4. Data of electrode measurement range, Nernst factor, and linearity on varies pH of glucose solution 

pH 
Measurement range 

(M) 

Nernst factor 

(mV/decade) 
Linearity (R2) 

4 10–3–10–1 1.40 0.8547 

5 10–7–10–4 2.49 0.9208 

6 10–6–10–4 1.25 0.9868 

6* 10–4–10–2 29.55 0.9924 

7 10–4–10–1 3.02 0.8341 

8 10–6–10–4 3.35 0.9964 
*) pH of glucose solution without pH adjustment 

 
Fig 5. The plot of log [glucose] and electrode potential on varies pH 
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Table 5. The comparison data of the LOD of our work with the previously reports 
Method The material of the electrode Linear range LOD Reference 

Amperometry Carbon paste/GOx silica 5 × 10–4–9 × 10–3 M 1.5 × 10–4 M [27] 

Amperometry Carbon paste/selenium nanoparticle-

mesoporous silica composite (MCM-41) 

1 × 10−5–2 × 10−3 M 1 × 10–4 M [28] 

Potentiometry Poly (3-aminophenyl boronic acid-co-3-

octylthiophene) 

5 × 10–3–5 × 10–2 M 5 × 10–4 M [8] 

Potentiometry Poly (terthiophene benzoic acid) 

(pTBA) layered-AuZn alloy oxide 

(AuZnOx) 

1.6 × 10–3–2.7 × 10–2 M 9.6 × 10–4 M [29] 

Potentiometry Carbon nanotube on gold printed 10–3–10–1 M 1 × 10–4 M [30] 

Potentiometry Carbon paste/IZ 10–4–10–2 M 5.6 × 10–5 M This work 

 

The coefficient of variation (CV) in the linear range 

is 0.42–2.20%. This value is within the limit of the CV 

value required by the Association of Analytical Chemist 

(AOAC) which is 5.3% for concentrations less than 10–2 

M [35]. 

The Selectivity of the Electrode 

Electrode selectivity to glucose molecules is 

expressed by the value of the selectivity coefficient (Kij). 

This value is calculated using the matched potential 

method (MPM) [16]. Determination of Kij is begun by 

measuring separately the glucose, ascorbic acid, uric acid, 

creatinine and urea solution with a concentration range 

of 10–4–10–2 M using bare carbon paste and carbon paste-

IZ electrode, then the selectivity coefficient value of each 

electrode is determined. The Kij values of bare carbon 

paste and carbon paste-IZ electrode are shown in Table 6. 

Data on Table 6 illustrates that the presence of 

ascorbic acid, uric acid, creatinine or urea did not 

interfere with glucose potentiometric analysis using 

imprinted zeolite modified carbon paste electrodes, 

while the bare carbon paste electrodes are disturbed by 

these components. It explains that the modification of 

electrodes using imprinted zeolite can increase electrode 

selectivity, due to the presence of specific molds for 

glucose molecules in the zeolite. The selectivity of 

carbon paste-IZ electrode is as good as the zeolite-based 

electrodes developed previously [11-12,36]. 

Method Comparison Test and Recovery 

The stability of electrode was studied using a 

comparison test of the results of the analysis with the 

potentiometric method using a carbon paste-IZ 

electrode  with  a  spectrophotometric  method  which  is  

Table 6. Data of Kij value of bare carbon paste electrode and carbon paste-IZ electrode 

Solution 
Concentration 

(M) 
Selectivity coefficient (Kij) 

Bare carbon paste Carbon paste-IZ 

Ascorbic acid 
10–4 1.66 3.24 × 10–3 
10–3 2.59 3.48 × 10–3 
0–2 3.67 3.79 × 10–3 

Uric acid 
10–4 1.98 2.27 × 10–3 
10–3 2.70 2.64 × 10–3 
10–2 4.98 3.71 × 10–3 

Creatinine 
10–4 2.21 1.62 × 10–2 
10–3 3.01 1.77 × 10–2 
10–2 4.76 1.94 × 10–2 

Urea 
10–4 2.21 5.21 × 10–3 
10–3 3.19 6.25 × 10–3 
10–2 4.68 9.37 × 10–3 
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Table 7. Data of accuracy and recovery value on the determination of blood serum glucose 

Solution 
Glucose concentration (M) Accuracy 

(%) 
Recovery 

(%) Potentiometry Spectrophotometry*) 
Glucose 10–3 M 8.38 × 10–4 - - - 
Serum sample 1 4.19 × 10–3 4.55 × 10–3 92.02 - 
Serum sample 1 + Glucose 10–3 M 4.97 × 10–3 - - 93.4 
Serum sample 2 4.18 × 10–3 4.72 × 10–3 88.60 - 
Serum sample2 + Glucose 10–3 M 4.94 × 10–3 - - 90.3 
Serum sample 3 5.85 × 10–3 6.38 × 10–3 91.70 - 
Serum sample 3 + Glucose 10–3 M 6.66 × 10–3 - - 92.5 
Serum sample 4 8.11 × 10–3 8.89 × 10–3 91.20 - 
Serum sample 4 + Glucose 10–3 M 8.89 × 10–3 - - 93.10 
Serum sample 5 11.09 × 10–3 12.22 × 10–3 90.72 - 
Serum sample 5 + Glucose 10–3 M 11.86 × 10–3 - - 92.18 

*) data from clinical laboratory 

 

standard method for determining blood glucose levels in 

the medical field. Sampling and handling of blood 

samples were carried out by a clinical laboratory in 

Surabaya. The recovery test is carried out to determine the 

influence of the matrix in the serum sample through 

standard addition techniques. Data on the accuracy and 

recovery resulted in blood glucose analysis are shown in 

Table 7. 

Based on Table 7, the accuracy value obtained from 

the analysis of blood serum samples in this study is the 

range of accuracy received for a chemical analysis method 

according to AOAC, which is 80–110% [35]. This shows 

that the potentiometric method to analyze glucose in 

serum using the developed electrodes give in good 

agreement results from spectrophotometric method. 

Recovery value in this study illustrates that there are other 

components contained in serum samples that interfere 

with glucose analysis such as fructose, sucrose, maltose 

[37] and ions such as Na+, Cl–, K+, PO4
3–, SO4

2–, NH4
+ [38]. 

However, based on the obtained recovery value, the 

developed potentiometric method fulfill the requirements 

as a chemical analysis method. Thus, the developed 

method can be used as an alternative method for 

determining blood glucose levels in the medical field. 

■ CONCLUSION 

The carbon paste-IZ electrodes for potentiometric 

glucose analysis showed a measurement range of 10–4–10–2 

M, Nernst factor 29.55 mV/decade, and able to detect 

concentrations up to 100 times lower than normal 

concentrations of glucose in the blood serum. The 

electrode exhibited fast response and high selectivity 

against glucose molecules in solutions containing 

ascorbic acid, uric acid, creatinine, or urea. 

Potentiometry using developed electrodes shows high 

accuracy toward spectrophotometry as a standard 

method for blood glucose analysis in the medical field. 

Based on its performance, the potentiometric method 

using carbon paste-IZ electrodes is recommended as an 

alternative method for the analysis of blood glucose 

levels in the medical field. 
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 Abstract: The reaction of methyldopa with o-vanillin in refluxing ethanol afforded 

Schiff base and characterized through physical analysis with a number of spectra also 

the study of biological activity. The geometry of the Schiff base was identified through 

using (C.H.N) analysis, Mass, 1H-NMR, FT-IR, UV-Vis spectroscopy. Metal complexes 

of Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+ and Hg2+ with Schiff base have been prepared 

in the molar ratio 2:1 (Metal:L), (L = Schiff base ligand) except Hg2+ at molar ratio 1:1 

(Hg:L). The prepared complexes were characterized by using Mass, FT-IR and UV-Vis 

spectral studies, on other than magnetic properties and flame atomic absorption, 

conductivity measurements. According to the results a dinuclear octahedral geometry 

has been suggested for Cr3+, Mn2+, Co2+, Ni2+, Cu2+ and Zn2+ complexes, dinuclear 

tetrahedral for Cd2+ and mononuclear tetrahedral for Hg2+ complex. This work highlights 

the relevance of metal complexation strategy to stabilize the ligands and improve their 

bioactivity. Schiff base complexes have been screen for their antibacterial activity against 

Gram negative and positive bacteria and antifungal activity showing promising 

antibacterial and biological activity. 

Keywords: methyldopa; o-vanillin; Schiff base complexes; spectral studies; biological 

efficacy 

 

■ INTRODUCTION 

Schiff bases a special class of organic ligands with a 

variety of donor atoms revealing interesting coordination 

modes towards numerous metals [1-2]. These are the 

condensation product of an active carbonyl group acting 

as an electrophile and an amino group as a nucleophile. 

Due to their structural varieties and unique 

characteristics, these are the most versatile studied ligands 

in coordination chemistry. Among the Schiff base 

derivatives, those having phenol moiety have attracted 

considerable attention due to their wide range of 

biological activities Metal complexes such as Zn, Cd, Co, 

Ni, Pd, Ag, and Hg have different biological activities such 

as antimicrobial [3-4], antifungal [5-7], antioxidant [5,8] 

and anticancer [9-12]. These type complexes have also 

many different properties such as catalytic activity, 

porosity, magnetism, and conductivity [13-14]. C–C and 

C–N cross-coupling reactions are very important for 

natural products, drug design and industrial starting 

materials. For this reason, it is an important reaction 

group for organic chemistry. Among the Schiff base 

derivatives, those having carbonyl and phenol groups’ 

moiety have attracted considerable attention due to their 

wide range of biological activities [15-16]. Methyldopa 

(M-dopa), the L-isomer of alpha-methyldopa, is levo-3-

(3,4-dihydroxyphenyl)-2-methylalanine. Its empirical 

methyldopa is used in the clinical treatment of the 

following disorders: hypertension (or high blood 

pressure) gestational hypertension (or pregnancy-

induced hypertension). Aldomet (L-methyldopa) is an 

antihypertensive drug and is an aromatic amino-acid de 

carboxyl’s inhibitor in animals and man. A literature 

survey revealed that a little work has been reported on 
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metal complexes of Schiff bases derived from methyldopa 

derivative [17], Schiff bases derived from o-vanillin are 

well known for their interesting ligational properties and 

exclusive applications in different fields. The interaction 

of these donor ligands and metal ions gives complexes of 

different geometries, and a literature survey reveals that 

these complexes are potentially more biologically active. 

Thus, in recent years Schiff bases and their metal 

complexes have attained much attraction because of their 

extensive biological activities [18-19]. The authors 

reported the catalytic effects of the Schiff base. The 

present paper aims to prepare, characterize the chemical 

structure and to study the antibacterial activity and 

antifungal from Schiff base ligand prepared which is 

derived from methyldopa as well as o-vanillin and its 

metal complexes with Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, 

Cd2+ and Hg2+ are being reported. 

■ EXPERIMENTAL SECTION 

Materials 

All the reagents used for the synthesis of methyldopa 

(Sigma-Aldrich), o-vanillin (Fluka), solvents such as 

aceton, chloroform as well benzene (Merck), but dimethyl 

sulfoxide also dimethylformamide (BDH), and inorganic 

salts such as CrCl3·6H2O, MnCl2·4H2O, NiCl2·6H2O, 

CuCl2·H2O also HgCl2 (Merck), CoCl2·6H2O (Riedial-

Dehaen), ZnCl2 (Aldrih) as well as CdCl2·H2O (Fluka) and 

were used as supplied. 

Instrumentation 

Melting points of the Schiff base ligand and all its 

metal complexes were determined by using Stuart Melting 

Point Apparatus. Metal contents to all compounds have 

been determined by using atomic absorption technicality 

by AA–680 Shimadzu. The conductometric measurements 

of the Schiff base ligand and metal complexes were carried 

out in DMSO solution using CON 510 Conductivity at 

room temperature. Vibrational spectra were recorded to 

the Schiff base ligand and all complexes using KBr pellets 

on FT-IR-600 FT-IR Spectrophotometer, in the region 

4000–400 cm–1 range. 1H-NMR for Schiff base ligand was 

registered on by NMR Bruker 400 MHz at DMSO-d6 for 

TMS as the inner standard. Mass spectra to Schiff base 

ligand as well all its compounds have been registered by 

MS Model 5973 Network Mass Selection Technology 

(HP) with Triple–Axis Detector by the analyzer 

Quadrupole at 230 °C. Electronic spectral studies were 

performed on using Shimadzu-U.V-160 to the Schiff 

base ligand and its metal complexes as well as metal(II) 

complexes at DMSO (10–3 M) in the range (200– 

1100) nm. Magnetic susceptibility for prepared metal(II) 

complexes was measured on Auto Magnetic Susceptibility 

Balance Sherwood Scientific. In the chloride test with each 

complex (5 × 10–2 g) has been washed using concentrated 

nitric acid and diluted with water. To the resultant 

solution from the complexes, an aqueous solution of 

silver nitrate was added, a white precipitate of silver 

chloride was formed in the case of metals complexes has 

chloride content where as in the case of metals complexes 

[20], no precipitate was observed with all metal complexes. 

Procedure 

Prepare for Schiff base ligand [3-(3,4-dihydroxy-

phenyl)-2-[(2-hydroxy-3-methylperoxy-benzylidene)-

amino]-2-methyl propionic acid] 

Schiff base ligand (L) has been prepared through 

adding 1mmol of (0.2112 g) of methyldopa (2-amino-3-

(3,4-dihydroxy-phenyl)-2-methyl-propionic acid) with 

25 mL) of ethanol with (1 mmol of 0.0040 g) of sodium 

hydroxide to the solution and was added (1 mmol, 

0.1522 g) of o-vanillin (2-hydroxy-3-methoxy-

benzaldehyde) dissolved of (25 mL) ethanol. The mixture 

was refluxed with stirring for (7 h). The resulting solution 

was evaporated to half volume and the precipitated 

produced was collected by filtration, washed twice with 

distilled water, and dried over anhydrous calcium 

chloride. The deep orange solid mass formed. Yield: 

70%. %Calculated: C: 62.599%, H: 5.545%, N: 4.056%. 

Found: C: 61.511%, H: 4.056%, N: 3.609%. The 

condensation of methyldopa and o-vanillin in ethanol 

gives according to the following reaction in Scheme 1. 

Preparation of the metal complexes 

A general method has been used for prepare of all 

chelate complexes except the Hg2+ complex. A solution 

(0.3454 g, 1 mmol) of Schiff base ligand dissolved in  

(20 mL)  of  ethanol  with  (0.0040 g,  1 mmol)  of  sodium 
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Scheme 1. Synthesis of Schiff base ligand (L) 

 

hydroxide was added with stirring a stoichiometric 

amount (1:2) (ligand:metal) ratio for CrCl3·6H2O (0.4529 g, 

2 mmol), MnCl2·4H2O (0.394 g, 2 mmol), CoCl2·6H2O 

(0.476 g, 2 mmol), NiCl2·6H2O (0.476 g, 2 mmol), 

CuCl2·2H2O (0.3410 g, 2 mmol), ZnCl2 (0.372 g, 2 mmol) 

and CdCl2·H2O (0.402 g, 2 mmol). But the Hg2+ complex 

with a stoichiometric amount (1:1) (ligand:metal) ratio 

for HgCl2 (0.2715 g, 1 mmol), dissolved with distilled 

water. Each mixture was refluxed for 3 h for each of the 

eight complexes. At room temperature on cooling, 

colored compounds deposited out in every case. They 

have been filtrated, washed for acetone as well as dried 

over anhydrous calcium chloride. 

Biological activities 

The biological activities of Schiff base ligand and its 

metal complexes have been studied for their antibacterial 

against four species of bacteria two strain from a gram 

positive as well two strain of a gram negative and 

antifungal against Candida albicans by diffusion method 

[21]. The screened compounds were dissolved 

individually in DMSO in order to make up a solution of 

10–3 M concentration for each from these complexes. 

Discs have been placed at the exterior from agar solid 

nutrients dishes seeded through the examined bacteria 

and fungi. Diameters of inhibition zones (mm) have 

been measured on the end from a nursery period that 

was 24 h at 37 °C with bacteria and fungi. 

■ RESULTS AND DISCUSSION 

Elemental Analysis and Conductance 

Measurements 

The reaction of the Schiff base ligand with the 

metal chloride (Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+ as 

well Hg2+) gave colored complexes at good yields. The 

analytical data along with some physical properties of 

the ligand and its metal complexes are summarized in 

Table 1. The Schiff base ligand, on interaction with Cr3+, 

Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, and Hg2+, yields 

compounds corresponding to the general formula 

[M2(L)(H2O)n]X2·H2O. [M = Cr3+, n = 7, X = 2)], [M = 

(Mn2+, Co2+, Ni2+, Cu2+, Zn2+), n = 7, X = 0], [M = Cd2+, n 

= 3, X = 0] and [M = Hg2+, n = 1, X = 0] Fig. 1. The 

analytical data show that the metal to ligand ratio of the  
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Fig 1. (a) Binuclear octahedral for Cr3+, Mn2+, Co2+, Ni2+, Cu2+ and Zn2+ complexes, (b) Binuclear tetrahedral for 

Cd2+complex and (c) Mononuclear tetrahedral for Hg2+ complex 

Table 1. Analytical and physical data for Schiff base ligand as well as its compounds 

Compounds MWt./g mol–1 Empirical 
Formula 

Color MP °C  M% Calculate 
(Found) 

Λm(ohm–1 cm2 mol–1) 
in DMSO, 10–3 M. 

Schiff base ligand (L) 345.37 C18H19NO6 Deep orange 120 - - 
[Cr2(L)(H2O)7]·Cl2H2O 660.27 C18H31NO14Cl2Cr2 Deep green > 350 

dec. 
15.75 
(14.17) 

52.30 

[Mn2(L)(H2O)7]·H2O 
Valine(Val) 

595.33 C18H31NO14Mn2 Deep green > 350 
dec. 

18.46 
(17.67) 

25.64 

[Co2(L)(H2O)7]·H2O 
[Co(Ala)(Val)(H2O)2]H2 

603.23 C18H31NO14Co2 Deep brown > 350 
dec. 

19.54 
(18.92) 

27.14 

[Ni2(L)(H2O)7]·H2O 602.75 C18H31NO14Ni2 Deep brown > 350 
dec. 

19.48 
(18.19) 

28.94 

[Cu2(L)(H2O)7]·H2O 612.46 C18H31NO14Cu2 Deep brown > 350 
dec. 

20.75 
(19.01) 

27.14 

[Zn2(L)(H2O)7]·H2O 616.13 C18H31NO14Zn2 Pale green > 350 
dec. 

21.22 
(21.06) 

23.44 

[Cd2(L)(H2O)3]·H2O 638.19 C18H25NO10Cd2 Pale green > 350 
dec. 

35.23 
(34.48) 

24.04 

[Hg(L)(H2O)]·H2O 579.96 C18H21NO8Hg Pale brown > 350 
dec. 

34.59 
(33.73) 

25.94 

dec. = Decompose 

 
Fig 2. 1H-NMR spectrum for Schiff base ligand 
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complexes is (2:1) except the Hg2+ complex is (1:1). The 

low molar conductance values of the complexes except the 

Cr3+ complex reveal their non-electrolytic nature [22]. All 

the complexes are no hygroscopic, stable, solid, stable in 

water except Cr3+ complex and at common organic 

solvents like acetone, chloroform, and benzene, but 

soluble at ethanol, methanol, DMSO and DMF. 

1H-NMR Spectra of the Schiff Base Ligand 

1H-NMR spectra for Schiff base ligand (L) at 

DMSO-d6 solvent in Fig. 2, appears chemical shift at δ = 

9.74 and 8.42 ppm due to –OH proton of the carboxyl and 

azomethane groups respectively. The spectrum displays 

various signals in δ = 6.00–7.58 ppm assigned into 

aromatic protons, the signals at δ = 5.21, 5.25 and  

5.45 ppm lead to (–OH) of phenol. Resonance in δ = 

2.73, 1.18, and 3.82 ppm due to protons of CH2, CH3 and 

methoxy groups sequences, the signals at δ = 2.50 ppm 

and δ = 3.50 indicated into DMSO-d6 and water (H2O) 

respectively [23-25]. 

UV-Visible Spectra and Magnetic Susceptibility 

Measurements 

UV-Vis spectra for Schiff base ligand as well as its 

metal compounds dissolved at DMSO (10–3 M) have been 

obtained and listed in  Table  2. The  Schiff  base  ligand  

Table 2. Electronic spectral of the Schiff base ligand and its metal complexes 

Compounds (λ nm) 
 

ABS w.n cm–1 Єmax 

(L mol1 cm–1) 
Assignments µeff(B.M.) Suggested 

Structure 

Ligand 279 
342 

1.019 
0.486 

35842 
29239 

1019 
486 

π-π* 

n-π* 
- - 

[Cr2(L)(H2O)7]·Cl2.H2O 276 
364 
449 
552 
670 

2.202 
0.947 
0.634 
0.036 
0.028 

36231 
27472 
22271 
18115 
14925 

2202 
947 
634 
36 
28 

L.F. 
C.T. 
4A2g → 4T1g(p) 
4A2g→ 4T1g(F) 
4A2g→ 4T2g(F) 

3.66 Octahedral 

[Mn2(L)(H2O)7]·H2O 277 
347 
380 
520 
809 

1.509 
0.777 
0.566 
0.203 
0.027 

36101 
28818 
26315 
19230 
12360 

1509 
777 
566 
203 
27 

L.F. 
C.T. 
C.T. 
6A1g →4A1g,4Eg(G) 
6A1g → 4T2g(G) 
6A1g → 4T1g(G) 

6.05 Octahedral 

[Co2(L)(H2O)7]·H2O 276 
347 
374 
502 
730 
988 

2.347 
1.315 
0.855 
0.207 
0.074 
0.052 

36231 
28818 
26737 
19920 
13698 
101121 

2347 
1315 
855 
207 
74 
52 

L-F 
C.T. 
C.T. 
4T1g(F) → 4T1g(P) 
4T1g(F) → 4A2g 
4T1g(F) → 4T2g(F) 

5.25 Octahedral 

[Ni2(L)(H2O)7]·H2O 275 
375 
575 
750 
870 

1.761 
0.546 
0.112 
0.063 
0.033 

36363 
26666 
17482 
13333 
11494 

1761 
546 
112 
63 
33 

L-F. 
C.T. 
3A2g→ 3T1g(P) 
3A2g → 3T1g(F) 
3A2g → 3T2g(F) 

2.89 Octahedral 

[Cu2(L)(H2O)7]·H2O 279 
370 
827 

1.770 
0.553 
0.025 

34842 
27027 
12091 

1770 
553 
25 

L-F. 
C.T. 
2Eg → 2T2g 

1.73 Octahedral 

[Zn2(L)(H2O)7]·H2O 277 
372 

1.430 
0.355 

36101 
26881 

1430 
355 

L.F. 
C.T. 

Dia Octahedral 

[Cd2(L)(H2O)3]·H2O 277 
372 

1.430 
0.355 

36101 
26881 

1430 
355 

L-F. 
C.T. 

Dia Tetrahedral 

[Hg(L)(H2O)]·H2O 271 
380 

1.635 
0.488 

36900 
26315 

1635 
488 

L-F. 
C.T. 

Dia Tetrahedral 
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the spectrum shows peaks at 279 and 342 nm lead to (π–

π*) and (n–π*) electronic transition [26]. The spectrum of 

Cr3+ complex display two peaks at 276 and 364 nm 

described to ligand felid and charge transfer respectively, 

other three peaks at 449, 552 and 670 nm which were 

assigned to electronic transition type 4A2g → 4T1g(p), 4A2g 

→ 4T1g(F) and 4A2g → 4T2g(F) respectively, also the value of 

the magnetic moment at 3.66 B.M may be taken as 

additional evidence for octahedral geometry [27]. The 

spectrum of Mn2+ complex displays three peaks at 277, 

347 and 380 nm due to the ligand field and charge 

transfer. Peaks at 520 and 809 nm assigned to electronic 

transition type 6A1g → 4A1g, 4Eg(G), 6A1g→ 4T2g(G) and 
6A1g → 4T1g(G) respectively, the magnetic moment of this 

complex was found at 6.05 B.M which was so close for the 

octahedral environment [28-29]. The spectrum of Co2+ 

complex appears three peaks at 276, 347 and 374 nm 

which were described to ligand field and charge transfer, 

peaks at 502, 730 and 988 nm due to electronic transition 

type 4T1g(F) → 4T1g(P), 4T1g(F) → 4A2g and 4T1g(F) → 
4T2g(F) respectively, also the value of the magnetic 

moment at 5.25 B.M may be taken as additional evidence 

for octahedral geometry [30]. The Ni2+ complex exhibited 

two absorption peaks at 275 and 375 nm due to the ligand 

field and charge transfer. The other three peaks at 572, 750 

and 870 nm have been appointed in to electronic 

transition type 3A2g → 3T1g(P), 3A2g → 3T1g(F) and 3A2g → 
3T2g(F) respectively. The magnetic moment for this 

compound was found in 2.89 B.M which was very close 

for octahedral geometry [31]. The Cu2+ complex appears 

two peaks at 279 and 370 nm due to the ligand field as 

well charge transfer, whilst the third peak at 827 nm 

described to electronic transition type 2Eg → 2T2g, the 

magnetic moment for this compound was found at 1.73 

B.M which was octahedral geometry [32]. Electronic 

spectra for Zn2+, Cd2+ and Hg2+ compounds do display 

the charge transfer, as well the magnetic susceptibility 

offers that three compounds have diamagnetic moments 

because the d-d transition is not possible subsequently 

electronic spectra did not give any productive 

information, at Zn2+ complex this result agrees with the 

previous work of octahedral geometry but the Cd2+ as 

well Hg2+ complexes for geometry are tetrahedral [33-

34]. 

Infrared Spectra and Mode of Bonding 

FT-IR spectra of Schiff base (L) and the prepared 

its metal complexes have been compared, and the data 

was recorded in Table 3 and Fig. 3, 4 for the ligand and 

its metal complexes, respectively. The FT-IR spectrum of 

Schiff base exhibited broad bands at (3230–3350) cm–1, 

which have been appointed to the stretching vibration of  

 
Fig 3. IR spectrum of ligand 
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Fig 4. IR spectrum of all metal complexes 

Table 3: Selected FT.IR Data (4000–400) cm–1 for Schiff base ligand as well its metal compounds 

Compounds υ (H2O)hydrate 

and Coord. 

υ (OH), υ(C=N) υasy,sy(COO–) δ(H2O) υ(M-N) υ(M-O) 

Schiff base (L) - 3230-3350 br., 1674 s. 1520 sh., 1387 m. - - - 

[Cr2(L)(H2O)7]·Cl2H2O 3410 br.,  

3330 br. 

-, 1596 s. 1518 sh., 1361 sh. 719 w. 602 w. 534 w. 

[Mn2(L)(H2O)7]·H2O 3352 br.,  

3372 br. 

-, 1601 s. 1508 sh., 1358 m. 816 w. 609 w. 496 w. 

[Co2(L)(H2O)7]·H2O 3550 br.,  

3334 br. 

-, 1589 s. 1504 sh., 1354 m. 727 w. 494 w. 436 w. 

[Ni2(L)(H2O)7]·H2O 3386 br.,  

3356 br. 

-, 1593 s. 1510 sho, 1381 sh. 723 w. 544 w. 490 w. 

[Cu2(L)(H2O)7]·H2O 3442 br.,  

3346 br. 

-, 1593 s. 1516 s., 1381 m. 731 w. 503 w. 465 w. 

[Zn2(L)(H2O)7]·H2O 3504 br.,  

3400 br. 

-,1597 s. 1508 sh., 1358 m. 727 w. 523 w. 496 w. 

[Cd2(L)(H2O)3]·H2O 3545 br.,  

3360 br. 

-, 1595 sh. 1516 sh., 1358 m. 708 w. 521 w. 485 w. 

[Hg(L)(H2O)]·H2O 3384 br.,  

3350 br. 

3266 br., 1601 sh. 1518 sh., 1385 m. 733 w. 552 w. 486 w. 

br.=broad, sh.-sharp, s.-strong, sho.=shoulder, w.=weak 

 

υ(OH) carboxylic and phenol groups, these bands 

disappear in the all spectra of complexes described to 

coordinated these groups in coordination [35], except the 

Hg2+ complex the coordinated through the (OH) for 

carboxyl and phenol of o-vanillin. Band in (1674) cm–1 

whom has been assigned into ν(C=N) group of Schiff 
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base ligand, suffered a great change to lower frequency 

was observed on complexation with a metal ion, lead to 

coordinated of this group at coordination [36]. 

The bands at 1520 and 1387 cm–1 have been 

appointed into stretching vibration for Schiff base ligand 

of ν(COO–) asymmetric as well symmetric respectively, 

these bands were shifted into lower frequencies, may 

result to coordination with metal ions [37]. The presence 

of water hydrate at the scope (3352–3550) cm–1 and 

coordinated in the spectra of all complexes were suggested 

by the very broad absorption bands around (3330–3400) 

cm–1 and show peaks at (708–816) cm–1 due to stretching, 

rocking and wagging modes of coordination water 

molecules [38]. Some new bands' weak intensity 

observed in the regions around (436–609) cm–1 may be 

ascribed to ν(M-N) and ν(M-O) vibration respectively 

[39]. According to the result data the geometry has been 

suggested at. 

Mass Spectra for Schiff Base Ligand as Well Its 

Metal Compounds 

The mass spectra fragmentation patterns for free 

Schiff base (L) were in good agreement with the suggested 

structure in Fig. 5. The mass spectrum was characterized 

by an intense peak at (m/z = 345.37), which corresponding 

[M+].  The mass spectra of Fig. 6  is for Co complex each  

 
Fig 5. Mass spectral of the Schiff base 

 
Fig 6. Mass spectral of the Co complex 
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spectrum of Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+ and 

Hg2+ complexes, respectively. Displayed peaks referred in 

the molecular ions m/z at 660.27, 595.33, 603.23, 602.73, 

612.46, 620.13, 638.19 and 579.96 M+ into Cr3+, Mn2+, 

Co2+, Ni2+, Cu2+, Zn2+, Cd2+ and Hg2+ complexes, 

consecutively. That datum is at a good convention for the 

suggestion of molecular formulation into the complexes. 

Antimicrobial Bioassay 

Antibacterial and Antifungal activity of Schiff base 

ligand and its metal complexes were tested in vitro against 

bacteria such as Steptococcus epidermidis, Staphylococcus 

aureus, Klebsiella sp. and Escherichia coli and fungal 

Candida albicans (yeast) through paper disc plate method 

[40]. The compounds have been examined at 

condensation 10–3 in DMSO Shown in Table 4, Fig. 7 and 

Fig. 8. From Table 4, it is clear which the inhibition 

through metal chelates is higher than that with Cd2+ 

complex to the against bacteria Steptococcus 

epidermidis), Staphylococcus aureus, Klebsiella sp., and 

Escherichia. Coli compared to Schiff base and other 

complexes and with Hg2+ complex to the versus fungal 

Candida albicans (yeast). 

■ CONCLUSION 

On the start of results got after portrayal and 

antibacterial, antifungal examinations clearly all the 

blended Schiff base metal complexes  showed octahedral  

Table 4. Antibacterial and antifungal activities for Schiff base ligand as well its metal compounds in the form of 

inhibition zone diameter (mm) 

Compounds Steptococcus 

epidermidis (G+ev) 

Staphylococcus 

aureus (G+ev) 

Klebsiella sp. 

(G-ev) 

Escherichia. 

ColiB(G-ev) 

Candida albicans 

(Yeast) 

L 12 10 10 12 11 

Cr-complex - 11 - 12 - 

Mn-complex - 15 9 9 - 

Co-complex - 15 - 13 - 

Ni-complex - - - 11 - 

Cu-complex - - - - 18 

Zn-complex 12 25 14 13 22 

Cd-complex 20 33 19 19 25 

Hg-complex 22 30 15 21 29 

 
Fig 7. Results of antibacterial and antifungal screening for the Schiff base ligand and its metal compounds 



Indones. J. Chem., 2020, 20 (6), 1311 - 1322    

 

Shatha Mohammed Hassan Obaid et al.   

 

1320 

 
Fig 8. Antibacterial activity of investigated compounds against Steptococcus epidermidis, Staphylococcus aureus, 

Klebsiella sp. and Escherichia coli and antifungal activity evaluation against Candida albicans (Yeast) for Schiff base 

and its metal compounds 

 

geometry and upgraded antibacterial, antifungal 

properties against chose microorganisms. These 

perceptions, as per diverse examinations, suggest that 

metal based drugs have potential as therapeutics. These 

preliminary outcomes, got from in vitro tries, might be 

enhanced by other more comprehensive studies in vivo, 

both in controlled conditions and in an open field for all 

intents and purposes assess the utilization of these 

complexes on the edge of biological applications. 
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 Abstract: In this research, Polyeugenoxy Acetyl Tiophen Methanolate (PEATM)-Au 

ionic imprinted membrane (IIM) was synthesized. IIM is a PEATM based membrane 

that has Au(III) ion molds. The PEATM synthesis was analyzed using FTIR spectroscopy, 

and its relative molecular weight was determined by the viscometry method. To find out 

the presence of Au(III) templates on IIM, FTIR spectroscopy and SEM-EDX were used. 

The results of FTIR spectroscopy & SEM-EDX analysis prove the existence of Au(III) 

metal ion templates at IIM. Through FTIR spectra, it could be seen that the absorption 

area of the -OH group was widening. In the IIM, the CS group wave number (702.9 cm–1) 

also shifted to a larger wavenumber (848.68 cm–1), this is likely due to the presence of 

PEGDE as a crosslinker agent and PVA as a plasticizer on the membrane that interacts 

with PEATM-Au, which influences the shift of vibrational wavenumber of CS bonds. It 

was also found that the most effective pH of the feed phase for the transport was at pH 3, 

and the most optimum transport time was 24 h for IIM and 48 h for NIM. The transport 

of Au in binary mixture of Au/Cd, Au/Fe, and Au/Pb also proves that the presence of 

Au(III) ions in IIM makes IIM more selective to Au(III) metal ions than NIM when used 

for the transport process as it transports Au more than the other metals. These results 

were as expected by using the HSAB theory as its groundwork. 

Keywords: ionic imprinted membrane; gold metal ion; transport; selectivity; binary 

metal ions 

 

■ INTRODUCTION 

Gold is a precious metal that is widely applied in 

various fields. In the electronics field, gold is used as a 

coating material for electronic components because of its 

corrosion-resistant properties, and its conductivity is 

almost 100%. During this time, gold can be obtained from 

ore contained in nature with relatively small amounts, 

namely in 1 ton of gold ore, containing only about 5–30 g 

of gold metal [1]. Given the high demand for the gold 

metal, various attempts were made to find new sources of 

gold apart from panning for gold ore in nature. One 

promising source of gold is from electronic equipment 

waste. When compared with the concentration of gold in 

the ore, the concentration of gold in electronic waste is 

relatively higher at 200 g in each ton of electronic waste 

[2]. The process of recovering (recovering) gold from 

electronic waste is often done using hazardous materials, 

such as washing using cyanide salt of nitric acid and the 

amalgamation process using mercury (Hg) [3-4]. 

Besides requiring relatively high costs (for the 

management of secondary waste generated from the 

recovery process), this process is certainly dangerous. In 

acidic water, mercury can be converted to methyl 

mercury and can harm the fetus and can cause damage 

to the brain. Therefore, various attempts were made to 

find an environmentally friendly alternative method for 

the recovery of gold metal from electronic waste. 

Supported Liquid Membrane (SLM) is one of the 

environmentally friendly methods that can be used for 

gold metal recovery from electronic waste. The 
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advantages of this SLM method are that it has high 

selectivity, a broad spectrum of separation, and is easy to 

do. The SLM method still has weaknesses, namely low 

stability against leakage of carrier compounds during the 

transport process, causing the source and receiver phases 

to mix; besides, SLM also has a short lifetime. One effort 

to overcome SLM weaknesses is by mixing a carrier 

compound with plasticizer and supporting polymer to be 

made into a solid membrane in the form of thin, stable, 

and flexible films. The separation mechanism of target 

compounds on this solid membrane is almost the same as 

the SLM method [5]. 

Ionic imprinted membrane (IIM) is a membrane-

based on a functional polymer that has an ionic mold. The 

printed ion is used as a template that acts as a group to 

recognize the target ion. The existence of ion templates aims 

to make the membrane selective to the target ion when 

used for the transport process through a simple static 

adsorption mechanism of permeation [6-7]. Selectivity in 

transport can be achieved because during the process of 

removing template ions from the polymer matrix will 

cause the arrangement of ions printed polymer [8]. 

The ester derivative of the eugenol compound has 

been proven to be used as a liquid membrane carrier with 

selectivity, which can be adjusted depending on the 

functional group included [9]. In previous studies, esters 

of sulfur (E) functional group eugenol, namely thiophene-

2-methyl-2-eugenoxy acetate as carrier compounds in 

liquid membranes for the recovery of soft metal Ag+ 

(silver ions) [10]. The research is based on the theory of 

HSAB (Hard Soft Acid Base), so that sulfur functional 

groups in soft carrier compounds will bind soft metals 

(such as Cd2+, Ag+, and Au3+) [11-10]. 

In this research, PEATM ionic imprinted membrane 

(IIM) synthesis was used using eugenol derivative 

polymer base, in the form of polyeugenoxy acetyl 

thiophene methanolate (PEATM). The PEATM IIM was 

applied as an Au(III) ion-selective transport membrane 

whose selectivity would be compared to NIM (as a 

control). PEATM was chosen as the base for IIM and NIM 

in this study due to its sulfur-containing functional group, 

2-thiophenmethanol. The carrier used in this membrane 

was chosen according to the HSAB theory (grouping of 

acid-base based on hardness and softness), in which 

gold(III) as the targeted ion could be categorized into a 

soft acid metal ion that forms a stronger complex with 

soft base donor atoms (such as sulfur from 2-

thiophenmethanol). The presence of the Au template on 

IIM synthesized in-situ is expected to increase 

membrane selectivity for the recovery of Au ions in 

solution. This research is the first research to use 

PEATM as an ionic imprinted membrane for selective 

transport of Au(III) known. Previous research about 

PEATM synthesis has been done as a new selective 

carrier using the bulk liquid membrane method. The 

PEATM was then used as a BLM carrier to separate a 

mixture of Cd2+, Cr3+, and Cu2+ [12]. Through this 

research, it is proven that PEATM-Au ionic imprinted 

membrane could be used to selectively remove Au(III) 

from its binary metal ions. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this research were Eugenol p.a. 

(Mv 169 g/mol), polyvinyl alcohol p.a. (Mv 130,000 g/mol), 

Na2SO4 p.a., Thionil chloride p.a., polyethylene glycol 

diglycidyl ether p.a. (Mv 500 g/mol), NMP p.a. from Sigma 

Aldrich, HCl p.a., Methanol p.a., NaOH p.a., BF3O(C2H5)2 

p.a., 2-thiophenmethanol p.a., NaHCO3 p.a., KCl p.a., 

HAuCl4 p.a., Fe(NO3)3 p.a., Pb(NO3)2 p.a., Cd(NO3)2 p.a. 

from Merck and double-distilled water from Bratachem. 

Instrumentation 

The equipment used in this research were Standard 

research glass equipment, petri dish, analytical balance 

(Mettler-200), furnace, stirrer, desiccator, thickness 

meter, pH meter (HACH E C20), reflux apparatus, and 

pH indicator. AAS (Perkin Elmer Analyst 400), SEM-

EDX (Phenom Pro X Desktop with EDX), and FTIR 

(Shimadzu Prestige 21) were used to analyze the PEATM 

ionic imprinted membrane. 

Procedure 

PEATM synthesis 

PEATM was synthesized from polyeugenoxy acetic 

acid (POA) with 2-thiophenemethanol through an 

esterification reaction. A total of 3 g POA was refluxed 
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with 3 mL of thionyl chloride for 240 min at a temperature 

of 40 °C. 2 mL of 2-thiophenemethanol was then added to 

the mixture and reflux was continued at 40 °C for 6 h. 

After chilled, washing was done with chloroform and 

double-distilled water. The synthesized product was dried 

at room temperature. 

Synthesis of PEATM-Au 

PEATM-Au was synthesized by contacting 1 g of 

PEATM with 20 mL of 1000 ppm HAuCl4. The contacting 

procedure was done by mixing the mixture for 24 h. 

Afterward, filtering was performed, and it was then 

analyzed with AAS. The sediment (PEATM-Au) was later 

dried and then analyzed using FTIR. 

Synthesis of IIM and NIM 

IIM and NIM were synthesized by in-situ method, 

by mixing 0.25 g PEATM-Au (for IIM synthesis) and  

0.25 g PEATM (for NIM synthesis), 0.5 g PVA, 0.25 mL 

NaOH 0, 1 M, 0.3 mL PEGDE, and 2.5 mL NMP. The 

mixture was refluxed for 30 min at 90–110 °C until a 

hydrogel was formed. Once cooled, the gel was weighed 

and taken 3 g, mixed with 3 mL of NMP, then was refluxed 

for 30 min at a temperature of 110–130 °C. After it was 

homogeneous, the mixture was then poured into a mold 

and then heated at 80 °C until dry in the furnace. 2 M KCl 

was poured into the membrane mold until it was 

submerged and then allowed to stand for 15 min until the 

membrane could be removed from the mold. The 

membrane was washed using distilled water to remove 

excess KCl and was dried at room temperature afterward. 

PEATM characterization 

Synthesized PEATM-Au was characterized by FTIR 

to identify the functional group and using AAS to detect 

the remaining levels of Au3+ in the filtrate (after 

contacting). 

Characterization of PEATM. The synthesized PEATM 

was FTIR to identify the functional group characterized 

by and molecular weight (Mv) measurement was done 

using the viscometry method. 

Characterization of PEATM-Au. Synthesized PEATM-

Au was characterized by an FTIR spectrophotometer to 

identify the functional group and using AAS to detect the 

remaining levels of Au3+ in the filtrate (after contacting). 

Feed phase pH optimization 

To determine the optimum pH of the feed phase, 

the transport was carried with variations of pH 

conditions in the feed phases, which are pH 1, 3, 5, 7, and 

9. Transport was carried out for 24 h. 0.8 M thiourea was 

used as the transport receiving phase. The feed phase 

and the receiving phase after the transport were analyzed 

using AAS to determine the levels of Au3+ metals. 

Transport time optimization 

To determine the optimum time of the feed phase, 

the transport was carried out with variations in transport 

time of 0, 4, 8, 12, 16, 20, 24, and 48 h. Transport is 

carried out at the optimum pH that has been obtained. 

0.8 M thiourea was used as the transport receiving phase. 

The feed phase and the receiving phase after transport 

were analyzed using AAS to determine the levels of Au3+ 

metals. 

Selectivity test 

Membrane selectivity (IIM and NIM) was tested 

through a binary metal ion transport (Au/Fe, Au/Cd, 

and Au/Pb). Transport is carried out at optimum time 

and pH conditions. 0.8 M Thiourea was used as the 

transport receiving phase. The feed phase and the 

receiving phase after transport were analyzed using AAS 

to determine the levels of Au3+ metals to prove the 

membrane selectivity. 

■ RESULTS AND DISCUSSION 

The synthesized IIM and NIM have a physical 

shape of a round flat sheet with a diameter of ± 4.5 cm, 

brownish-yellow color, an average thickness of 0.037 mm, 

not easily torn, and in a dry state are rigid. IIM is 

synthesized by an in-situ method. In-situ is a membrane 

synthesis method that begins with the manufacture of 

hydrogel polymers from a functional polymer mixture 

that has a metal ion template as a membrane base with 

cross-linker agents and solvents refluxed together until 

it thickens (formed sol), followed by cooling at room 

temperature until it forms gel solids [13]. 

In this study, PEATM-Au is used as a functional 

polymer of the Au3+ ion template. PVA was chosen as a 

polymer base membrane support and as a plasticizer 

because PVA is a polymer that is chemically stable, 
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hydrophilic, elastic, non-toxic, biodegradable, and not 

carcinogenic [14]. PEGDE is applied as a crosslinking 

agent as well as a plasticizer, which will increase the 

mechanical strength of the membrane. Based on previous 

studies, PEGDE crosslinked PVA based membranes have 

been shown to have good mechanical strength as 

indicated by the results of tensile strength tests [15-16]. 

Characterization of IIM FTIR 

The success of the IIM synthesis was analyzed from 

the FTIR spectra in Fig. 1. The IIR FTIR spectra showed 

that the absorption area of the -OH group was widening; 

this indicates the increasing number of hydrogen 

interactions that made the vibration of the -OH group 

weaker [17]. In the IIM the CS group wave number  

(702.9 cm–1) also shifted to a larger wavenumber  

(848.68 cm–1), this is likely due to the presence of PEGDE 

as a crosslinker agent and PVA as a plasticizer on the 

membrane that experience interaction with PEATM-Au 

which influences the shift of vibrational wavenumber of 

CS bonds [17-18]. Based on the plank equation theory, 

which is the basis in the FTIR analysis, explains that 

energy is directly proportional to the wavenumber (E = 

h ѵ), the greater the vibrational energy, the greater the 

peak of the wavenumber [19]. 

From the FTIR analysis data, the approximate 

chemical reactions that occur in IIM synthesis can be 

described, as shown in Fig. 2. To reassure whether the 

PEATM has been formed or not, 1H-NMR spectroscopy 

could be done and is determined by the appearance of a 

new peak at δ 6.83–7.40 ppm (A) which indicates the 

presence  of   thiophene   compounds   and  also  at  peak  

 
Fig 1. Comparison of IIM, NIM, PEATM-Au, and PEATM FTIR spectra 

 
Fig 2. The estimated reaction of IIM synthesis 
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δ 4.46 ppm (D) and δ 4.89 ppm, which indicates the 

presence of a methylene (-CH2-) group [12]. PEATM 

molecular weight determination was also performed, and 

the results showed that PEATM synthesized has a 

molecular weight of 7333,791 g/mol with a polymerization 

degree of 23. 

The crosslink reaction in the IIM manufacturing 

process here, in addition to adding polymer chains and 

increasing the mechanical strength of the membrane, also 

plays a role in locking the Au3+ metal ion template on the 

PEATM polymer, so that an appropriate imprint will be 

formed [16]. 

Analysis of SEM-EDX IIM and NIM 

SEM-EDX results in Fig. 3 shows the porous 

membrane morphology, with an average NIM pore size of 

1.80 µm and IIM of 1.29 µm. The pore size at IIM is more 

uniform and smaller, and this is presumably due to the 

influence of the printed Au metal ions on the membrane. 

In the state of the hydrated Au3+ ion species has a radius of 

275 nm [20]. The presence of these Au metal ion molds is 

expected to increase the membrane affinity for Au3+ ions. 

The EDX result for NIM and IIM before and after 

Au release could be seen in Table 1. From the EDX results 

obtained, the composition of elements in the membrane 

and its mass percent. Based on these results, since the Au 

on IIM before the release is 75.45% and after the release 

is 67.75%, it proves that the gold content (Au) on the 

membrane is reduced by 7.7% after removing the 

template. 

Feed pH Optimation 

The feed phase pH optimization can be determined 

from the transport percentage curve, as seen in Fig. 4. 

The graph shows the optimum pH of transport 

with both IIM and NIM is pH 3. Optimization of this pH 

in terms of the feed phase. At pH 3, the remaining 

percent concentration of metal ions in the feed phase is 

the least when compared to pH 1, 5, 7, and 9. This proves 

that at pH 3, more Au3+ metal ions are being transported. 

When viewed from the receiving phase, the greater the 

pH, the ability to transport Au3+ metal ions will decrease. 

In a previous study, it was explained that transport to the 

membrane could occur if the phenolic component is in 

a dissociated state (the feed phase) and as a phenolate 

ion (the receiving phase). The acidity conditions in the 

feed phase affect the phenol transport process. The same 

thing happens with Au3+ ion transport. In the feed phase, 

 
Fig 3. SEM morphology and pore size: (a) NIM, (b) IIM 

Table 1. EDX results of NIM, IIM before Au release, and IIM after Au release 

Elements NIM IIM before Au release IIM after Au release 

C 44.025% 16.75% 1.74% 

O 28.875% 2.275% 2.725% 

N 24.47% 2.6% 6.9125% 

S 2.3% 1.575% 17.5125% 

Au - 75.45% 67.75% 

K < 1% < 1% - 

Cl < 1% < 1% - 
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the Au3+ ion species that will be transported to the 

receiving phase, in the receiving phase in the form of a 

thiourea solution in acidic pH of the Au3+ ion species are 

unstable but will be reduced by becoming Au1+ ions. 

Thiourea solution under acidic pH conditions was chosen 

as the catching phase because based on previous research 

showed that thiourea in acidic pH is effective for gold 

extraction and has several advantages, such as low 

environmental impact, easier reagent treatment, greater 

selectivity to gold and faster gold dissolution kinetics [21]. 

The thiourea solution will then react with Au1+ to produce 

cationic complexes or aurous ions. 
2

2 2 2 2Au SC(NH ) Au[SC(NH ) ]+ ++ →  

The reduction reaction of Au3+ ions to Au+ in the 

receiving phase (thiourea) occurs because the Au+ 

complex with thiourea is more stable. The stability of the 

Au[SC(NH2)2]2+ complex decreases as the pH of the 

solution increased, so that the pH conditions of the feed 

phases 1 and 3 will make the driving force of the transport 

of Au3+ metal ions become greater and will decrease with 

increasing pH (pH = 5, 7, and 9). Complex species changes 

if the pH of the solution is more than 3 also affects the 

transport of Au3+ metal ions. As described by Paclawski 

and Fitzner [22] in the distribution of Au3+ species under 

various pH conditions, at pH more than 3 the presence of 

hydroxyl ligands begins to replace Cl ligands so that at pH 

above 3 species will exist [AuCl3OH]–, [AuCl2(OH)2]–, 

[AuCl(OH)3]–, and [Au(OH)4]–. The difference in Au3+ 

metal ion species influences the stability of the complex 

and causes the transport percentage to decrease as the 

pH of the feed phase increased. 

Transport Time Optimization 

The results of the optimization of transport time 

can be described from the transport percentage graph in 

Fig. 5. Based on the graph in Fig. 5, it showed that the 

longer the transport time, the transported percentage of  

 
Fig 4. Curve of transport versus pH 

 
Fig 5. Curve of transport versus time 



Indones. J. Chem., 2020, 20 (6), 1323 - 1331    

 

Muhammad Cholid Djunaidi et al   

 

1329 

 
Fig 6. Comparison graph of IIM and NIM selectivity values: (a) Feed phase, (b) Receiving phase 

 

Au3+ metal ions increased when viewed from the receiving 

phase and decrease when viewed from the feed phase. 

This means that the longer the transport time, the 

greater the concentration of Au3+ metal ions transported. 

The optimum IIM transport time is achieved at 24 h and 

NIM at 48 h, which is indicated by the percent of the 

transport phase of the receiver, and the remaining percent 

of the transport phase of the feed is in one point 

(overlapping). At 24 h, the concentration of Au metal ions 

in the feed phase is almost the same as the concentration 

of Au metal ions in the receiving phase, so there is no 

driving force due to the effect of different concentrations 

of the feed phase and the receiving phase. After more than 

24 h to 48 h, there was no change in transport percentages; 

this indicated that there was no longer a driving force for 

transport due to differences in the concentration of the 

feed phase and the receiving phase. 

IIM Selectivity to Au3+ Ions 

IIM transport selectivity to Au3+ metal ions is 

obtained through the transport of binary metal ions. The 

selectivity value is obtained from the ratio of the 

transported percentage of the target metal ion to the 

transported percentage of the competing metal ion. The 

membrane is said to be more selective about the target 

metal ion if the percentage of the transport of the target 

metal ion is greater than that of the competing metal ion, 

so the membrane selectivity value is more than 1 

(selectivity > 1). According to the HSAB theory, Fe3+ is a 

hard acid, Pb2+ is a borderline while Cd2+ and Au3+ is a soft 

acid. Since the IIM was made to recognize Au3+ (a soft 

acid), so the IIM during transport will tend to draw a soft 

acid rather than those which are not. The results were as 

expected and can be seen in the graph in Fig. 6 that 

compares IIM and NIM selectivity values. 

The graph in Fig. 6 showed that the selectivity of 

IIM transport for Au3+ metal ions in all competing metal 

ion mixture solutions is greater than NIM PEATM. In a 

solution of a mixture of Au3+/Cd2+, the selectivity IIM 

was 1.10, and NIM was 1.03. In a solution of a mixture 

of Au3+/ Fe3+, the selectivity of IIM was 1.39, and NIM 

was 1.26. In a solution of the Au3+/Pb2+ mixture, the 

selectivity of IIM was 1.17, and NIM was 1.02. Supported 

by the selectivity data from the receiver phase in Fig. 

6(b), the same thing is also shown. In a solution of a 

mixture of Au3+/Cd 2+, the selectivity of IIM was 1.18, 

and NIM selectivity was 1.02. In a solution of a mixture 

of Au3+/Fe3+, the selectivity of IIM was 1.37, and NIM 

was 1.26. In a solution of the Au3+/Pb2+ mixture, the 

selectivity of IIM was 1.07, and NIM was 1.03. Previous 

research on ionic imprinted membrane based on 

polyeugenol derivates also showed similar results, such 

as the same optimum pH condition of 3 and higher 

adsorption capacity towards Fe3+ when compared to its 

competitive metal [16]. Through this study, it is proven 

that IIM is more able to transport Au from its binary 

mixture selectively. 

■ CONCLUSION 

This research proves that the presence of S groups 

in PEATM makes NIM and IIM selective to Au3+ metal 

ions in accordance with the HSAB theory. The presence 

of ion templates on the membrane makes IIM have a 

higher selectivity to Au3+ metal ions compared to NIM. 
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The most effective condition for Au3+ metal transport was 

in pH 3, and the most optimum transport time for IIM is 

24 h, while for NIM, it was 48 h. The results showed that 

IIM has better selectivity towards Au3+ in all mixtures of 

metal ions compared to NIM. Future studies will probably 

discuss the membrane applicability for extraction of Au3+ 

from real wastewater that contains Au3+ and also for the 

development of gold metal sensing devices. 
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Fig S2. 13C-NMR of Catechin 
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 Abstract: Carbon nanodots (CNDs) have widely received great attention as a result of 

favorable optical, electrical, optoelectrical, biocompatible, and non-toxic properties that 

these nanoparticles possess. However, the exploration of nanoparticles from natural raw 

material is still limited. In the present work, carbon dots were produced from catechin 

isolated from Uncaria gambir through a simple and facile process. Carbon nanodots were 

produced by the pyrolysis process of catechin, which allowed it for carbonization. Owing 

to its unique properties, such as photoluminescence with an emission peak at 500 nm (ex = 

380 nm), average size diameter of about 5 nm and non-toxic properties, Cat-CNDs were 

incredibly potential for staining targeted tumor cells. The staining ability shown by 

confocal microscopy observations showed their green fluorescence images which meant 

that the CNDs easily penetrated HeLa cells via endocytosis. The resulting CNDs which 

were analyzed using several significant techniques proved that the prepared Cat-CNDs 

were tremendously dispersible and water-soluble, had good colloidal stability, excellent 

biocompatibility, favorable hydrophilicity, high photostability, and were non-toxic. 

Keywords: Uncaria gambir; catechin; carbon nanodots; staining tumor cells 

 

■ INTRODUCTION 

Gambir is one of the most important economical 
natural products in which Indonesia is the world’s largest 
exporter, currently supplying 80% of the global market 
[1]. Moreover, it is a well-known and cost-effective plant, 
and considered as a promising medicinal plant that is 
found in Southeast Asian regions such as in West 
Sumatera of Indonesia and in the Peninsula of Malaysia. 
The family of the genus Uncaria is Rubiaceae, containing 
approximately 34 species, which abundantly grow in 
tropical regions of Southeast Asia, Africa, and South 
America [2-5]. The hooks of Uncaria gambir are 
conventionally prepared for the treatment of wounds, 
ulcers, fever, asthma, rheumatism, hyperpyrexia, 
hypertension, headaches, gastrointestinal illness, and 
bacterial or fungal infections [6-9]. Catechin, a 
polyphenolic compound, can be isolated from Uncaria 

gambir as a particular compound [10-11]. There have 
been reports on the pharmacological uses of catechin to 

enhance mental and behavioral symptoms of dementia 
that includes dementia with Lewy bodies, aggressiveness 
in patients with Alzheimers, agitation, hallucinations, 
and other forms of senile dementia [12-13]. 

In 2004, carbon dots (CDs) were accidentally 
discovered during the separation and purification of the 
single-walled carbon nanotubes and became a 
potentially new component of fluorescent carbon 
material with a diameter in the range of below 10 nm. 
Subsequently, many studies regarding the nature of CDs 
have been developing at a great rate [14]. Consequently, 
there are currently many exploratory methods for the 
potent fabrication of fluorescent CNDs, such as 
electrochemical oxidation, chemical oxidation, arc-
discharge, pyrolysis method, laser ablation, 
hydrothermal method, and solvothermal method, which 
can simply be classified into top-down and bottom-up 
approaches [15]. However, in contrast with heavy-
metal-based quantum dots, carbon nanoparticles are 
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considered more reliable, exhibiting great advantages 
such as low toxicity, good water dispersibility, favorable 
biocompatibility, and excellent photostability especially 
for several clinical applications [16-17]. Furthermore, 
carbon nanodots derived from natural products have 
received great reputation due to particular merits such as 
photostability, excellent biocompatibility, optoelectrical 
properties, additional luminescence, and non-toxic 
nature. In addition, specific hydrophobic sites on CDs 
allow the improvement of diagnostics and therapy in 
clinical applications [18-19]. 

Recently, a great deal of attention have been 
particularly given to the production of carbon dots 
(CDs/CNDs) derived from natural products since they 
have a large number of advantages such as being 
renewable and sustainable and also other advantages that 
have already been mentioned above, [20]. Furthermore, 
heteroatoms from natural products promote heteroatom-
doped nanocarbon dots without the addition of any 
external heteroatom sources. There are many ways to 
synthesize carbon nanodots from natural products that 
are incredibly green and simple compared to 
conventional preparation methods of carbon quantum 
dots from artificial carbon sources [21]. There are many 
literature and reports of green carbon nanodots 
synthesized from organic products such as from plant 
extracts, fruits, leaves, fruit shells and peels, algae, and 
fruit juice for many applications. In contrast with past 
applications, carbon nanodots are currently considered to 
be applied in photothermal treatment, drug delivery 
systems, photoacoustic imaging, fluorescence imaging, 
sensing, and magnetic resonance imaging, and is 
recognized to be a beneficial eco-friendly alternative to 
semiconductor quantum dots [22]. Yallapa et al. reported 
that carbon nanodots with porous particles can be 
synthesized from OPL (Oil Palm Leaves) which contained 
several important organic products such as cellulose, 
lignin, and hemicelluloses. Those CNDs were conjugated 
with fluorescent dye for cellular imaging and targeted 
drug delivery to cancer cells [23]. Carbon nanodots 
synthesized from molecules or compounds with rigid and 
graphene-like structures showed strong fluorescence 
likely due to the presence of aromatic rings and hydroxyl 

groups, in which the aromatic rings were able to form 
co-planar structures and causing the hydroxyl group to 
become dehydrated and introduce oxygen defects [24]. 
As a promising cost-effective alternative, CNDs have 
recently been considered as a new quantum dot 
candidate. In addition, carbon nanodots synthesized 
from aromatic rings and abundant hydroxyl groups also 
have benefits of better surface grafting, stable 
photoluminescence, good solubility, and low toxicity, 
and thus making them promising materials [25-27]. 

There are several commonly used treatment 
methods for cancer such as chemotherapy, radiation, 
surgery, targeted treatments, and immunotherapy that 
are applied separately or in combination [28]. However, 
these treatment methods might bring about various side 
effects [29]. On the other hand, drug nanocarriers were 
reported to have improved cancer treatment efficacy and 
diminish side effects of the conventional methods [30-
31]. Several studies have reported the application of 
CNDs on cancer treatment [32-34]. In the present study, 
we synthesized potential carbon nanodots (CNDs) from 
catechin as a natural product isolated from Uncaria 

gambir. The as-prepared nanoparticles (Cat-CNDs) 
from the organic product catechin has great 
biofunctions and can potentially be applied for staining 
specific tumor cells. The optimization of the synthesized 
Cat-CNDs was performed by characterizations of 
optical properties, spectroscopic properties, and 
bioassay tests using different analytical techniques. 
According to its unique properties discovered from the 
performed analysis, Cat-CNDs are highly expected to 
contribute to improving the method of cancer 
theranostics to a great extent. Furthermore, the 
synthesized Cat-CNDs are considered to be more 
biocompatible, have high cell uptake when diagnosing 
cancer cells, and great cell viability for staining specific 
tumor cells. 

■ EXPERIMENTAL SECTION 

Materials 

The dried blocks of Uncaria gambir were collected 
from a commercial market in Surabaya, Indonesia. Some 
of the chemicals such as hydrochloric acid (97%, HCl), 
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sodium chloride (55.5%, NaCl), ethanol (99.9%), sodium 
hydroxide (98.5%, NaOH), and ethyl acetate (99.8%, EA) 
were purchased from Sigma-Aldrich, USA. The WST-8 
reagent of [monosodium (2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2, 4-disulfophenyl) 2H-tetrazolium)] 
was bought from TCl, Japan. Phosphate-buffered saline 
(PBS) was from UniRegion, Biotech, Taiwan. All reagents 
were of analytical grade and used as received without any 
further purification. 

Procedure 

Isolation of catechin 

The dried blocks of Uncaria gambir (350 g) were 
ground into fine powders using a mortar and pestle. To 
attain the uniform-sized raw powders, sieving was 
performed at 62 μm using a laboratory sieve. The fine 
powders were then collected for further work. The fine 
powders (300 g) were extracted with methanol for 24 h 
and then it was further extracted three more times. The 
methanol extract was then evaporated in order to obtain 
methanol crude extract. The methanol crude extract was 
then partitioned three times with n-hexane. After that, the 
methanol liquid extract was partitioned again three times 
with ethyl acetate in order to get the ethyl acetate crude 
extract. The ethyl acetate extract (12 g) was taken and 
separated by silica gel column chromatography with a 
gradient of n-hexane in EA (50:50, 40:60, 30:70, 20:80, 
10:90, 0:100). The purified catechin (7 g) was isolated 
from solvent ratios of n-hexane: EA (2:8) and the structure 
was further confirmed by spectroscopic techniques. 

Synthesis of carbon nanodots (CNDs) 

The Cat-CNDs were derived from the isolated pure 
catechin through a single-step method of pyrolysis 
following a previous report [35]. Experimentally, 50 mg of 
the purified catechin was powdered and placed on the 
isolated reactor to avoid air flow, then pyrolyzed at 250 °C 
for 4 h in a furnace for the carbonization process. The 
resulting Cat-CNDs were dissolved in 1 M NaOH at 60 °C, 
subjected to dialysis process (MWCO 10.000 kDa) and 
collected by centrifugation (12.000 rpm, 2 h) for further use. 

Cell culture 

To culture human cervical (HeLa) tumor cells, 
Eagle's minimum essential medium (EMEM, containing 

1.5 g L−1 sodium bicarbonate) was used, which was 
added for cell medium with the respective content of 1% 
of antibiotic-antimycotic formulation, 1% of non-
essential amino acid, 1% of l-glutamine, 1% of sodium 
pyruvate, and 10% of fetal bovine serum. The cells 
treated were then put safely in a humidified incubator 
with 5% of CO2 which was maintained at 37 °C. 

Confocal imaging observation 

For the exploration of the potential bioimaging 
and cellular distribution of Cat–CNDs, HeLa cells were 
implanted at a density of 5 × 104 cell mL–1 in 1 mL 
EMEM medium in 24-well plates. Hence, a newly 
medium containing varied and different concentrations 
of Cat–CNDs was attached to the corresponding dishes 
and was incubated for 1 h. Afterwards, the medium was 
washed twice with PBS and fixed with ethanol. Then, the 
samples were captured by using a laser scanning confocal 
microscopy (CLSM). CLSM images were obtained by 
irradiating the samples with inline Ar (488 nm) and He–
Ne (503–680 nm and 588 nm) lasers. 

Cytotoxicity assessment 

The assessment of cell viability was evaluated using 
a WST-8 assay in HeLa tumor cells. HeLa cells, which 
were cultured in EMEM, were cultured in 24-well plates 
(15.000 cells per well) for 24 h. After rinsing with PBS to 
wash the proliferated cells and the cells were incubated 
with an adjusted concentration of Cat-CNDs for 24 h. 
After rinsing the plate twice with PBS, WST-8 reagent  
(1 mL, 500 mg mL−1) was supplemented and incubated 
for 4 h. Afterwards, dimethyl sulfoxide (1 mL) was added 
to each well to dissolve formazan crystals, and the 
crystals’ absorbance was determined at 570 nm using an 
Elisa reader (Biotech Powerwave XS). The greater the 
absorbance intensity, the more the number of live cells 
because more formazan was being absorbed. 

A570 in treated cell
Cell  viability   100%

A570 in control sample
   

Characterization 

The Nuclear Magnetic Resonance spectroscopy 
(NMR), Brucker Ultra shield Advance II 600 MHz was 
used to characterize the isolated catechin compound. 
Related spectroscopy methods of nuclear magnetic 
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resonance (NMR) such as heteronuclear single quantum 
coherence spectroscopy (HSQC) and heteronuclear 
multiple-bond coherence spectroscopy (HMBC) was also 
applied. Atomic force microscopic photographs were 
achieved using a scanning probe AFM5500M instrument 
(Hitachi Co., Japan) at ambient temperature. UV-Vis 
absorption spectra were determined using a JASCO V-670 
spectrometer. By using a Rigaku 18 kW rotating anode 
source X-ray diffractometer with Cu Kα1 line radiation (λ 
= 1.54 Å), Powder X-ray diffraction (XRD) diagrams were 
analyzed. By using a PerkinElmer LS 55 
spectrofluorometer equipped with a 20 kW xenon lamp, 
PL spectra were measured. Fourier transforms infrared 
(FTIR) spectra were observed with a Nicolet AVATAR 
360 FTIR instrument. Raman analysis was performed 
using an MRS-320 Raman Instrument system (Horiba 
Ltd., Japan). Colloidal stability tests were performed in 
different pH (3–12), different temperatures (30–100 °C), 
and different concentrations of NaCl salts (0–0.5 M). All 
analyses were conducted at room temperature. 

Statistical analysis 

The statistical study, performed by determining the 
cytotoxic concentration that causes a 50% decrease in cell 
viability (IC50), was conducted using dose-response mode 
on the nonlinear fitting curve in Origin software (version 
8.0724, Origin Lab Inc., Northampton, MA). Means were 
calculated using a paired-sample t-test, and all presented 
data were achieved in triplicates. 

■ RESULTS AND DISCUSSION 

Extraction, Isolation, and Elucidation of Catechin 

By the extraction process, the white crystals of 
catechin (7 g) were obtained. High purity of this 
compound was determined by performing a single spot 
analysis at Rf = 0.39 (eluent; Ethyl acetate:n-hexane = 8:2) 
and also determining its melting point at 125–126 °C. 
NMR analysis was conducted to confirm the catechin 
chemical structure (Fig. S1, supporting information). The 
analysis of the 1H-NMR indicated the presence of nine 
protons (Fig. S1) with aromatic protons that indicated 
chemical shifts at 5.88–6.90 ppm. Besides that, non-
aromatic cyclic protons exhibited chemical shifts at 4.06–
4.56 ppm. The signal that appeared at 2.53–2.98 ppm 

corresponded to the secondary protons of methylene  
(-CH2-). The aromatic protons appeared at H 6.02 ppm 
(H6, d, J = 2.3 Hz), H 5.88 ppm (H8, dd, J = 2.3 Hz), H 
6.90 ppm (H2’, d, J = 2.1Hz), H 6.8 ppm (H5’, d, J = 6 Hz), 
and H 6.76 ppm (H6’, dd, J = 6 Hz, and J = 2.1 Hz). 
According to the three coupling constant values, the H6’, 
H5’, and H2’ protons formed an ABX system on ring B, 
whereas H6 was at meta position to H8 on ring A. The 
non-aromatic cyclic protons appeared as a doublet at H 
4.56 ppm (H2, d) and multiplet at H 4.06 ppm (H3, m). 
The last proton chemical shifts at H 2.53 ppm (H4a, dd) 
and H 2.98 (H4b, dd) were given by the secondary 
protons of methylene (-CH2-). 

The 13C-NMR showed 15 signals which showed the 
number of carbons in the structure of the isolated pure 
catechin compound as demonstrated in Fig. S2. Through 
the DEPT 135 spectrum, it could be seen that the isolated 
compound included seven- tertiary carbons (C, 68.30; 
82.68; 95.38; 96.10; 115.19; 115.64 and 119.99 ppm), 
seven-quaternary carbons (C, 100.60; 132.13; 145.60; 
145.70;156.85; 157.70 and 157.17 ppm), and one-
secondary carbon (C 28.80). 

The information about the correlation between 
directly-bonded 1H on 13C was obtained by the HMQC 
spectrum. Table 1 is the result of HMQC spectrum 
analysis. Moreover, the 1H–1H correlated spectroscopy 
(COSY) was used to analyze the correlation between 
proton and another proton in adjacent carbon. The 
correlation spectrum of 1H–1H COSY of isolated 
catechin compound was indicated in Fig. 1(a) and 1(b) 
as supplementary materials. 

Moreover, the HMBC spectrum showed the 
presence of long-range correlations between protons 
and carbons that could be seen in Fig. 2(a) and 2(b) as 
supplementary material. 

The spectrum data was made in contrast with the 
similar catechin compound which was isolated and 
identified from Acacia catechu Willdenow, reported by 
Acharya [36]. 

Synthesis and Characterization of Cat-CNDs 

Pure catechin was used as raw materials to produce 
Cat-CNDs. The cyclohexane and benzene structure 
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owned by catechin was a basic reason for choosing this 
organic compound. By giving a thermal treatment at  
250 °C, catechin will go through both dehydration and 
carbonization resulting in graphene like the structure of 
carbon dots as shown on Scheme 1. Thus, the preparation 
of Cat-CNDs was highlighted through a one-pot step 
method of pyrolysis. 

To obtain solution form, the fabricated Cat-CNDs 
can be dissolved in polar solvents. The morphology of 
synthesized Cat-CNDs was firstly identified by the atomic 
force microscopy. The Cat-CNDs exhibited uniformly 
dispersible materials without any apparent aggregation. The 
diameter of Cat-CNDs supported its sizes between 2 and 
5 nm (Fig. 3). The analysis of Cat-CNDs by AFM (Atomic 
Force Microscopy) is to assess the morphology, 
topography, and size distribution of the as-prepared CNDs. 
Fig. 3 also shows the characteristic AFM photographs of the 

Table 1. 1H, 13C and HMBC NMR data of catechin in 
CDCL3 ( in ppm) 

No. of Atom H (mult, J Hz) c 

2 
3 
4 
10 
5 
6 
7 
8 
9 
1’ 
2’ 
3’ 
4’ 
5’ 
6’ 

4.56, d 
4.06, m 
2.53, dd; 2.98, dd 
- 
- 
6.02 (d, J = 2.3 Hz) 
- 
5.88 (dd, J = 2.3 Hz) 
- 
- 
6.90 (d, J = 2.1 Hz) 
- 
- 
6.8 (d, J = 6 Hz) 
6.76 (dd 6.76 (dd, J = 6, & 2.1 Hz) 

82.68 
68.30 
28.80 
100.60 
157.17 
96.10 
157.70 
95.38 
156.65 
132.13 
115.19 
145.60 
147.70 
115.64 
119.99 

 
Fig 1. (a) The 1H-1H correlation spectrum of catechin, (b) The correlation of 1H–1H COSY of isolated compound 
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Fig 2. (a) The long-range correlation spectrum of 1H-13C HMBC of isolated catechin compound, (b) The correlation 
of HMBC in the isolated catechin compound 

 
Scheme 1. Schematic illustration synthesis of Cat-CNDs from catechin 
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Fig 3. AFM photographs of Cat-CNDs on diagonal (a); vertical (b); top views (c); and its histogram (d) 

 
as-synthesized CNDs solution. The height profile 
indicated that even though some particles had a size 
diameter of about 100 nm, the average size of these 
nanoparticles were about 5 nm supported by the 
histogram of the Cat-CNDs interpreted by the Image J 
software (Fig. 3(c)). Furthermore, it was revealed that the 
Cat-CNDs were well dispersed in the appropriate solvent 
and appeared in the spherical shape. The diameter of the 
CNDs was included in its size range which has been 
widely developed, which measures less than 10 nm in size 
[37]. 

Crystal characterization of the synthesized Cat-
CNDs was investigated by XRD (Fig. 4). Its crystallinity 
was confirmed by a definite peak observed in the range of 
the shoulder diffractogram between 5 and 30°, confirming 
the peak of graphite carbon structure (based on crystal 
database JCPDS 74-2328). The XRD data also 
demonstrated interlayer spacing of Cat-CNDs on (003) 
plane at 11.15Å. The pyrolyzed CNDs performed weak 
XRD intensity, indicating nano-sized materials that 
matched with the supporting literature on nanostructure 
graphitic nature [38-39]. The average size of the 

crystalline CNDs with a 2θ position of 15.88 (FWHM = 
7.2804°) was calculated to be 0.2 nm according to the 
Scherrer’s equation. 

Further observation focused on photo-physical 
properties of the CNDs that was acquired by using UV-
Vis spectroscopy (Fig. 5(a)). The spectrum of pure 
catechin solution showed two absorption peaks that were 

 
Fig 4. XRD pattern of Cat-CNDs 
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found at wavelengths of 267 and 318 nm corresponding 
to –* transitions of the aromatic ring. After the 
pyrolysis process, the synthesized Cat-CNDs possessed a 
nearly similar absorption spectrum to catechin. 
Furthermore, it was noticeable that two absorption peaks 
of Cat-CNDs appeared at around 267 nm, which was 
assigned to –*, and 500 nm (blue shift emission) 
influencing electrostatic interactions between the 
aromatic rings within the catechin compound. The 
optical analysis of the as-prepared CNDs compared with 
bare catechin was further investigated (Fig. 5(b)). The 
data showed a strong fluorescent intensity presented as a 
broad peak (PL) at 500 nm, whereas pure catechin 
solution relatively exhibited a very weak fluorescent 
intensity centered at around 480 nm when both of the 
samples were exposed with excited wavelength at 380 nm 
(supported by the photograph in Fig. 5(b)). The 
photograph figures also show that Cat-CNDs had good 

solubility in water and hence having stronger 
fluorescence. For this reason, it was favorable for this 
material to be used as a staining agent for targeting 
tumor cells. Furthermore, it was noticed that the Cat-
CNDs held excitation-dependent fluorescence on the 
complexity of the excited states of the CNDs, affecting 
the bandgap on the surface state of the carbon nanodots 
material [40]. 

Fig. 5(c) shows the Raman peak detected at  
1590 cm–1 referring to a typical G band to the graphene 
(sp2), due to the action of a double degenerated photo 
mode integrated with the symmetric E2g in graphitic 
nature and the vibrations of the sp2 were determined by 
the bonded carbon atoms in the two-dimension system 
of a hexagonal lattice [23]. The Raman data in Fig. 5(c) 
also show a peak at 1335 cm–1 described as the D band 
due to the disorder-induced nature in graphite of the sp3 
hybridization  among carbon  atoms which  was inferred 

 
Fig 5. UV-Vis spectra of catechin (green solid line) and Cat-CNDs (red solid line) (a). PL spectra of catechin (blue 
solid line) and Cat-CNDs (red solid line). Inset: photographs of catechin and Cat-CNDs solutions under visible light 
and UV light (b). Raman spectra of Cat-CNDs (c). FTIR spectra of Cat-CNDs (red solid line) compared with bare 
Catechin (green solid line) (d) 
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to the A1g mode [23]. These two bands are common bands 
of graphene or graphene oxide structure thus confirming 
the formation of a graphene oxide-like structure on the 
prepared Cat-CNDs. The calculation of the different 
intensity ratio of the D to G bands (ID/IG) resulted the 
value of 0.84, indicating the purity of graphitic formation. 
The CNDs sample with amorphous nature had a high 
ID/IG ratio whereas the CNDs sample with a high degree 
of graphitization was indicated by a relatively lower ID/IG 
ratio [41]. This means that the lower the intensity ratio of 
ID/IG, the more purified graphitic crystals were 
dominated. Therefore, the Raman spectrum confirmed a 
high purity of crystalline graphite in the carbon nanodots 
obtained from catechin. 

As shown in Fig. 5(d), the functional groups of the 
Cat-CNDs were systemically analyzed with infra-red 
spectroscopy and compared with bare catechin. 

For the catechin compound, a strong peak showed 
the stretching frequency of O–H bands at 3319 cm–1, while 
C–H stretching of sp2 hybridization was found at  
2930 cm–1, and C–H asymmetric and symmetric 
stretching vibrations of methane (–CH2–) at 2871 and 
2835 cm–1, respectively. Furthermore, the bands between 
1624 and 1525 cm–1 corresponded to the C=C stretching 
of the aromatic ring, while C–O/C–O–C stretching 
vibrations were found at 1285 cm–1 (symmetric band) and 
1139 cm–1 (symmetric band), and C–H bending of CH2 
(out of plane) was found at 813 cm–1 [41]. In contrast the 
spectra for Cat-CNDs showed a broad peak at 3280 cm–1 
that was attributed to the stretching vibration of a small 
number of residual hydroxyl groups that remained even 
after dehydrogenation, while the peak at 2926 cm–1 
corresponded to C–H stretching vibration and aromatic 
ring stretching of the C=C vibration appeared at 1602, 
1503, and 1450 cm–1. The C–O–C stretching vibration was 
observed at 1280 cm–1, and the broad peak at 810 cm–1 was 
attributed to the C=C–H out-of-plane bending. The 
synthesized carbon dots showed favorable hydrophilicity 
and good dispersion in water due to the polar functional 
groups on the surface site. 

Stability Evaluation of Cat-CNDs 

The  colloidal  stability  analysis  was  carried  out  to  

assure the stability of Cat-CNDs. The stability of 
nanoparticles in aqueous solutions is vital for both 
biomedical and clinical uses. The first observation to 
study the pH effect on the CNDs, as shown in Fig. 6. The 
result showed that Cat-CNDs solution at pH 5 to 11 
showed good stability up to 24 h after pH adjustment. 
However, Cat-CNDs at pH 3 and 4 showed precipitated 
particulates for the first 6 h. The change in appearance 
of the Cat-CNDs was observed at pH 12, where its color 
became bright brown. These conditions were likely due 
to the destruction of Cat-CNDs in extreme conditions. 
At low pH, the hydroxyl-abundant environment most 
likely caused the increase of hydrogen bonding of the 
CNDs [43], whereas structural destruction occurred 
when the CNDs were treated in high pH resulting in the 
color change. These findings were supported by UV-Vis 
spectra analysis (Fig. 6(b)), where π*–π excitation of 
CNDs at wavelength below 300 nm was disrupted by its 
electrostatic effect. 

 
Fig 6. Photograph images of Cat-CNDs from pH 3 to pH 
12 at (a) 0 h, (b) 6 h, (c) 12 h, and (d) 24 h. (e) The UV-
Vis Spectra of Cat-CNDs from pH 3 to pH 12 
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The stability of CNDs was then observed against 
varied thermal treatment (30–100 °C). As a result, in Fig. 
7(a), there were no coagulation and color change, while 
UV-Vis spectroscopy analysis revealed that all of the 
varied CNDs resulted similar absorption spectra. The 
synthesis of Cat-CNDs that reached up to 270 °C produced 
good thermal stability of this material and fulfilled the 
thermal stability requirement for materials that can be 
applied for the human body. 

Further assessment was focused on Cat-CNDs 
stability on varied ionic strength by NaCl addition. This 
part was considered necessary due to the blood circulation 
in the human body that is affected by salt concentration. 
Thus, the effect of ionic strength on prepared Cat-CNDs 
was a crucial factor for further clinical applications. As 
shown in Fig. 8(a), the CNDs mixed with varying 
concentrations of NaCl salts (from 0.1 to 0.5 M) show 
similar conditions with the untreated Cat-CNDs, showing 
no coagulated solids even until 24 h. 

 
Fig 7. Photograph of Cat-CNDs on varied temperature 
assessment at 30, 40, 50, 60, 70, 80, 90, and 100 °C (a), The 
UV-Vis spectra of Cat-CNDs at varied temperatures 
treatment after 24 h (b) 

This data is supported by the UV-Vis spectra (Fig. 
8(e)), where the maximum wavelengths of the treated 
CNDs were similar to the untreated Cat-CNDs. 
Therefore, all these stability investigations prove the 
potential of this material for bio-applications and other 
fields of commercial purpose. 

Confocal Observation 

The fluorescence properties possessed by Cat-
CNDs were the main factor to consider applying this 
material for tumor cell staining. Laser confocal scanning 
microscopy (LCSM) was used to improve the fluorescent 
properties as well as the cellular uptake and 
internalization of Cat-CNDs on the HeLa tumor cell. 
After 4 h of addition and incubation of Cat-CNDs onto 
HeLa (Fig. 9), its green emission was detected and 
localized in the cytoplasm of Hela tumor cells. This finding  

 
Fig 8. Photograph images of Cat-CNDs on varied NaCl 
concentration at 0 h (a), 6 h (b), 12 h (c), and 24 h (d). 
The UV-Vis spectra of Cat-CNDs at varied concentrations 
of NaCl after 24 h (e) 
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indicates that CNDs were successfully taken up by the cells. 
The facile internalization of CNDs on the tumor cell 

was considered based on the basic properties of the 
catechin compound that possess high affinities to a variety 
of proteins expressed on the cell membrane by massive 
hydrogen bonding [44-45]. Further reports also stated that 
the insertion of catechin was founded by an association of 
membrane plasma by lipid rafts [46]. We speculate to that 
those reasons made the Cat-CNDs significantly appear on 
the cytoplasm. To ensure the position of Cat-CNDs on the 
cytoplasm, the Z stacking mode of CLSM was used (Fig. 
10), where higher emission of the cell was found in the 

middle position. Therefore, these findings proved the 
potential and biocompatibility of Cat-CNDs while 
staining on a specific tumor cell and showed similar 
results with a previous report [46]. 

Cytotoxicity Test with CCK-8 Assay 

Several studies have reported the anticancer 
potential of catechin derivatives, including the 
cytotoxicity of catechin when it is modified to 
nanoparticle form, which is an important aspect to verify 
its biocompatibility in biomedical and pharmaceutical 
applications. The cytotoxicity  evaluation is conducted by 

 
Fig 9. CLSM images of HeLa tumor cell after 4 h incubation with Cat-CNDs 

 
Fig 10. CLSM images of HeLa cells through z-stacking mode after 4 h treated with Cat-CNDs (a-i) Hela cells images 
captured by excitation at 488 nm 
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Fig 11. Cell viability assessed byWST-8 assay of Hela Cells 
after 24 h of treatment with Cat-CNDs. WST-8 data is 
shown as means  SD with n = 3 

incubating the adjusted concentration of Cat-CNDs on 
HeLa cells via WST-8 assay (Fig. 11). After being 
incubated for 24 h, the cell viability results showed that 
the cell had a high viability percentage of over 80% in 
concentrations of up to 400 μg mL–1 and IC50 of about 
1815 μg mL–1. This strongly indicated that Cat-CNDs 
have very low toxicity. Previous reports show that 
synthesized carbon nanodots are classified into non-toxic 
and low toxic categories if the percentage of cell viability 
is between 50.0–80.0% [47-48]. 

■ CONCLUSION 

Catechin was successfully isolated from Uncaria 

gambir as raw material for the synthesis of Cat-CNDs 
through a single-step pyrolysis method and was later used 
for staining specific tumor cells. The resulting Cat-CNDs 
possess excellent optical properties. The average size of 
the Cat-CNDs was found to be below 5 nm with near-
spherical shape and was crystalline in nature, which was 
confirmed by the analysis of the physicochemical 
properties. Moreover, the Cat-CNDs could be easily 
internalized into the tested Hela cancer cells and 
demonstrated excellent biocompatibility without any 
obvious toxicity. Due to their good biocompatibility, non-
toxicity, strong photoluminescence, and eco-friendliness; 
this work strongly suggested that the as-synthesized Cat-
CNDs have much potential to be applied for various 

biomedical applications specifically in targeted staining 
of specific tumor cells. 
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 Abstract: The presence of several hot springs in Sembalun – Rinjani, East Lombok, West 

Nusa Tenggara is an indicator of geothermal potential in the area. This study aims to 

determine the characteristics of hot springs and cold springs and also the geothermal 

potential in Sembalun – Rinjani area using isotopes and geochemistry methods. The 

result of δ18O and δ2H stable isotopes analysis shows that most of the hot springs are 

meteoric water. Except for Kalak hot spring, other hot springs are a mixing product of 

meteoric water and andesitic water, with meteoric water composition between 64 to 87%. 

While 14C radioisotope suggests that the age of hot springs in the Sembalun area is about 

10,000–12,000 years BP, the surrounding cold springs are mostly Modern except Jorong 

cold spring. The results of gas analysis (He, Ar, and Ne) also suggest the same origin of 

geothermal fluid, i.e., meteoric water origin. Based on chemical composition, Kalak hot 

spring is plotted as sulfate type water, while Sebau hot spring is plotted near mature water 

composition but not representing reservoir fluid due to its relatively low temperature and 

high Mg content. Na/K geothermometer calculation from Sembalun area shows that 

subsurface temperature is varied between 111−161 °C, while from Rinjani hot springs 

indicates higher subsurface temperature, i.e., 250−260 °C. It is estimated that reservoir 

fluid has high TDS with chloride content up to 4000 mg/L. 

Keywords: geothermal; Sembalun – Rinjani; hot spring; cold spring; isotope; geochemistry; 

geothermometer 

 

■ INTRODUCTION 

Sembalun is located on the east flank of Mount 
Rinjani, East Lombok Regency, Lombok Island – 

Indonesia. Geographically, Sembalun is surrounded by 

mountainous hills with elevation about 800–1100 m above 
sea level, around 60 km from Mataram, the capital city of 

West Nusa Tenggara Province. There are several cold 

springs in the valley of Sembalun that being uses by 
surrounded villagers for daily use and agricultural use, 

while some hot springs also emerge from this area, namely 

Kalak, Orok, and Sebau. Some hot springs with higher 
temperatures also emerge at a higher elevation, near Segara 

Anak Lake, a crater lake of Rinjani Mountain. The 

presence of several hot springs in the area is an indicator 
of geothermal energy potential, thus might be utilized to 

meet electricity demand in Lombok Island. Based on 
previous work, the Ministry of Energy and Mineral 

Resources has identified the prospective of the Sembalun 

area to be developed for its geothermal energy [1]. The aim 
of this current study is to determine the characteristics 

of hot springs and cold springs and asses its geothermal 

potential using isotopes and geochemistry data in the 
hydrogeological framework. The study utilized stable 

isotopes of water, i.e., 2H and 18O, to investigate the origin 

of fluids and its interaction with surrounding rocks [2-
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3], while 14C radioisotope is used to determine groundwater 
age [4-5]. In addition, a fluid geochemistry approach is 

used to determine the characteristics and temperature of 

the reservoir [6]. The result of this study will bring benefits 
as support for the development of Sembalun – Rinjani 

geothermal prospect, especially as electricity generation. 

■ EXPERIMENTAL SECTION 

Study Area 

The study area is located at Suela, Aikmal and 

Sembalun Districts, East Lombok Regency, West Nusa 
Tenggara with geographical coordinate between 

116°30'00" E to 116°35'00" E and 8°20'30" S to 8°30'00" S, 

covering 10 × 19 km2 [7]. The location of sampling sites 
in the study area can be seen in Fig. 1. 

Samples were taken in some thermal manifestations 
such as hot springs and gas bubbles, as well as 

groundwater and surface water as a comparison. During 

the sampling, field measurements were also conducted, 
i.e., temperature, pH, and electric conductivity. 

Procedure 

Water sampling 

Water samples were taken at the discharge point of 

the spring. Samples for cation analysis were acidified with 

HNO3, while samples for anion analysis were not 
acidified [8]. Samples for isotopes analysis (18O and 2H) 

were collected in 30 mL air-tight bottle with no air bubbles 

to minimize isotope fractionation [9]. Meanwhile, 
samples for groundwater dating (14C analysis) were 

collected as much as 60 L, followed by in situ 

precipitation of carbonates using barium chloride and 
coagulation agent. The barium carbonate precipitation 

was then collected and brought to the laboratory [10]. 

Gas sampling 

Gas sampling was done using the Giggenbach flask 

(Fig. 2), an evacuated glass-bottle filled with 4 N NaOH 
[11]. Steam from fumaroles is condensed inside the bottle, 

while acidic gases, i.e., CO2 and H2S, will be dissolved in 

NaOH solution as carbonate and sulfide. Other minor 
gases, i.e., H2, He, Ar, O2, N2, CH4, will occupy the 

headspace above NaOH solution. During the sampling, 

the glass bottle is connected with fumarole using silicone 
hose and titanium funnel or titanium tube. Clay was placed 

around the vent to minimize air contamination [12]. 

Analysis of stable isotopes of 2H and 18O 

Analysis of stable isotopes was done by laser 

spectroscopic method, i.e., using LGR (Los Gatos 
Research) DLT-100 Liquid Water Isotope Analyzer. The 

 
Fig 1. Sampling location at mount Rinjani and Sembalun area 
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Fig 2. Sampling scheme 

 

value of isotope composition (δ) is expressed in ‰ unit, 

i.e., relative deviation of isotope ratio of a sample against 

isotope ratio Standard Mean Oceanic Water (SMOW) as 

defined by the following equation [13-14]: 
−

δ = ×Sample SMOW

SMOW

R R
1000 ‰

R
  

where, RSample = the isotope ratio (δ2H or δ18O) of the 

sample; RSMOW = the isotope ratio (δ2H or δ18O) of the 
SMOW 

Analysis of radiocarbon (14C) 

Radiocarbon dating was prepared by reacting 
BaCO3 precipitation from a sample with 10% HCl in 

preparation line, producing CO2 gas. 
+ → + +3 2 2 2BaCO 2HCl BaCl H O CO  

The produced CO2 is then absorbed using 30 mL of 1:1 
Carbosorb-E and Permafluor-E [15] and counted using 

Liquid Scintillation Analyzer (LSA) Perkin Elmer Tri-

Carb 2910TR. 

Analysis of water chemistry 

Analysis of water chemistry was done using several 
methods, i.e., acid-base titration for HCO3

– using HCl as 

the titrant, while ion chromatography was used to analyze 

Cl–, SO4
2-, F– and Na+, K+, Ca2+, Mg2+, Li+. Silica was 

analyzed using a spectrophotometric method with 

ammonium molybdate reagent. 

Analysis of non-condensable gases (NCG) 

Analysis of some NCG, i.e., He, H2, N2, Ar, and CH4, 

was done using Agilent 7890A gas chromatography 
equipped with porapak column and thermal conductivity 

detector, with N2 and He as a carrier gas. Meanwhile, the 

analysis of CO2 and H2S were conducted by using a 
titration method [16]. 

■ RESULTS AND DISCUSSION 

Physicochemical Characteristics 

The summary of the physical properties during the 

dry season and rainy season are given in Table 1 and 2. 

Sebau hot spring 

Sebau hot spring is located in Sapit village, Sula 

regency, at an elevation of 1345 m. The temperature of 

the spring is 35.4 °C and neutral pH about 7.3 with 
blackish color and sulfuric odor. There is no significant 

change in temperature and pH between the rainy season 

and dry season. The river water was also taken as a 
comparison, i.e., as surface water end-member. 

Kalak hot spring 

Kalak hot spring is located in Sambelia area at an 

elevation of 1050 m. The pH of the hot spring is neutral, 

i.e., 7.2, while the temperature is 43.6 °C with an ambient 
temperature of 23.9 °C. There is also no significant 

change in temperature and pH between the rainy season 

and dry season in this area. 

Orok warm spring and well bore 

Orok is located in Sembalun Bumbung village, 
Sembalun regency, at an elevation of 1219 m. The 

temperature of the warm spring is 23.5 °C, and the well 

bore water is 23.8 °C (at a depth of 125 m) while the 
ambient air is 21.3 °C. The pH of the spring and well are 

neutral, i.e., 7.30 and 7.0, respectively. During the dry 

season, the well is dry. 

Rinjani hot spring 

There are some hot springs located on the slope of 
Mount Rinjani, i.e., Goa Susu, Rinjani-1, and Rinjani-2. 

Goa Susu hot spring is located at an elevation of 1891 m, 
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Table 1. Location and physical properties of springs during rainy season 
No. Location Coordinate Elevation 

(m) 
T ambient 

(°C) 
T sample 

(°C) 
pH EC 

(mS/cm) 
1 Kalak hot spring S: 9073907.93 

E: 454634.22 
1050 23.9 

 
43.6 7.20 2.61 

2 Kalak river S: 9073907.93 
E: 454634.22 

1050 23.9 
 

22.9 7.26 0.16 

3 Sebau hot spring S: 9068128.66 
E: 449466.36 

1345 28.0 
 

35.4 7.30 2.02 

4 Sebau-1 river S: 9068190.01 
E: 449402.07 

1331 28.0 
 

20.2 7.83 0.13 

5 Orok wellbore S: 9071472.94 
E: 449395.16 

1308 22.4 
 

23.8 7.00 0.74 

6 Orok river S: 9071509.79 
E: 449395.12 

1291 22.4 
 

20.3 7.00 0.19 

Table 2. Location and physical properties of springs during dry season 
No. Location  Coordinate Elevation 

(m) 
T ambient 

(°C) 
T sample 

(°C) 
pH EC 

(mS/cm) 
1 Kalak hot spring S: 9073907.93 

E: 454634.22 
1050 23.9 43.8 7.06 2.26 

2 Sebau hot spring S: 9068128.66 
E: 449466.36 

1345 26.5 
 

35.3 7.35 2.02 

3 Orok warm spring S: 9071509.79 
E: 449395.12 

1291 21.3 23.5 7.33 0.80 

4 Rinjani-1 hot spring S: 9072534.25 
E: 436143.50 

2003 18.0 45.0 6.34 4.03 

5 Goa Susu hot spring S: 9072712.26 
E: 436695.87 

1891 18.0 42.0 7.00 3.65 

6 Rinjani-2 hot spring S: 9072575.80 
E: 436207.36 

1984 18.0 44.0 6.22 5.07 

7 Segara Anak lake S: 9073708.56 
E: 450105.73 

2020 18.0 20.8 7.94 3.18 

8 Lemor cold spring S: 9059290.29 
E: 452216.09 

450 24.1 22.2 6.20 0.16 

9 Reban cold spring S: 9075893.71 
E: 448111.56 

1297 22.5 21.2 8.01 0.20 

10 Makem cold spring S: 9075992.30 
E: 448380.59 

1152 22.5 22.2 6.65 0.26 

11 Jorong cold spring S: 9065445.52 
E: 448653.11 

1282 21.4 20.4 7.70 0.12 

12 Rante Mas cold spring S: 9073708.56 
E: 450105.73 

1205 22.5 20.9 7.01 0.13 

13 Timba Gading cold spring S: 9075638.18 
E: 449926.74 

1162 21.0 20.5 6.20 0.33 

14 Sebau-1 river S: 9068190.01 
E: 449402.07 

1331 26.5 
 

18.3 7.90 0.13 

15 Sebau-2 river S: 9068117.96 
E: 449509.18 

1350 26.0 18.3 7.44 0.11 

16 Orok wellbore S: 9071472.94 
E: 449395.16 

1308 21.3 
 

- - - 

17 Orok river S: 9071509.79 
E: 449395.12 

1291 21.3 
 

20.1 7.76 0.18 
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while Rinjani-1 and Rinjani-2 are located at an elevation 
of 2003 m and 1984 m, respectively. The temperatures of 

these hot springs are 42 °C, 45 °C and 44 °C, respectively, 

while the ambient temperature is 18 °C. In addition, water 
from Segara Anak Lake (2020 m) was also taken as an end-

member of meteoric water. 

Cold spring and river 

In addition, several cold springs and river samples 

were also taken as meteoric end-member. The 
temperature of these springs and rivers are varied at 20.2–

22.2 °C, with a neutral pH between 6.20–8.01. 

Isotopes Characteristics 

The result of stable isotope analysis (δ18O, δ2H) 
during the rainy season and dry season and groundwater 

dating (14C) can be seen in Table 3, 4, and 5, while a 

graphic of δ18O versus δ2H is provided in Fig. 3. Since the 
Local Meteoric Water Line of Lombok is not available, the 

Indonesian Meteoric Water Line (IMWL) is used to help 

isotope data interpretation [17]. All isotope (δ18O and δ2H) 

data samples are plotted into the graph with reference to 
the Indonesian Meteoric Line. As a comparison, the 

Global Meteoric Water Line (GMWL) is also included in 

the graph. The isotopes (δ18O and δ2H) data of water 

samples are a representation of meteoric water, so it 

should be referred to the Meteoric Water Line [18]. 
The isotopic ratio can represent some physical-

chemical processes in the geothermal system, such as 

water-rock interaction, mixing process, and steam 

separation [19]. The isotope of δ18O and δ2H are also can 
be used as a tracer to infer the mechanism of geothermal 

fluid evolution [20]. 

Fig. 3 shows that all cold spring and river water 
plotted near the Indonesia Meteoric Water Line. 

Meanwhile, some hot springs, i.e., Sebau, Rinjani, and 

Segara Anak, are plotted along the mixing line between 
meteoric and andesitic water. Kalak hot spring is not 

showing a sign of significant evaporation or oxygen shift. 

Orok hot spring exhibits the influence of season on 
isotopic composition where during the dry season shows 

oxygen shift and mixing with andesitic water; on the 

contrary, during the rainy season shows the meteoric 
component. In general, all hot springs in Rinjani and 

Sembalun are meteoric origin with different evolution, 
which can be explained later by chemistry data. 

Another isotope, which is used to determine the 

characteristics of springs in the Sembalun – Rinjani area, 
i.e., its age is 14C radioisotope. The result of 14C analysis 

is expressed in units  of percent Modern  Carbon (pMC)  

Table 3. Result of stable isotope analysis (δ18O and δ2H) 

during the rainy season 
No. Location δ18O (‰) δ2H (‰) 

1 Kalak hot spring −6.87 −49.76 

2 Sebau hot spring −5.41 −42.72 

3 Orok well bore −7.63 −48.38 

4 Kalak river −6.45 −45.84 

5 Sebau river −7.64 −45.90 

6 Orok river −6.36 −46.99 

Table 4. Result of stable isotope analysis (δ18O and δ2H) 

during the dry season 
No. Location δ18O (‰) δ2H (‰) 

1 Kalak hot spring −6.62 −49.30 

2 Sebau hot spring −5.50 −41.40 

3 Orok warm spring −5.59 −46.30 

4 Rinjani-1 hot spring −2.09 −34.10 

5 Goa Susu hot spring −3.65 −38.00 

6 Rinjani-2 hot spring −3.58 −38.10 

7 Segara Anak lake −1.96 −34.80 

8 Lemor spring −5.50 −35.50 

9 Reban spring −7.09 −47.30 

10 Makom spring −7.04 −46.90 

11 Jorong spring −6.73 −45.10 

12 Rante Mas spring −6.95 −48.80 

13 Timba Gading spring  −6.58 −42.50 

14 Sebau-1 river −6.75 −43.70 

15 Sebau-2 river  −6.58 −44.30 

16 Orok river −6.77 −47.00 

Table 5. Analysis result of 14C dating in Sembalun area 
Location pMC Age (years BP) 

Kalak hot spring 26.95 10,425 

Sebau hot spring 22.18 12,030 

Orok warm spring 24.41 11,240 

Jorong cold spring 42.20 6,715 

Timba Gading cold spring 93.50 140 

Lemor cold spring 93.52 135 
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Fig 3. Graphic of δ2H vs. δ18O of the hot and cold spring in Sembalun – Rinjani area 

 

and then converted into age (years BP) with the following 
equation [21]: 

SN

100
t 8267 ln

A

 
=  

   
where, ASN = the radioisotope 14C activity of the sample 
(pMC);  t = year BP (before present = before 1950) 

The result of a radioisotope of 14C (groundwater 

dating) shows that Sebau, Kalak, and Orok hot springs 
have relatively the same age between 10,000–12,000 year 

BP, where Kalak hot spring is younger than two other hot 
springs. This probably due to mixing with local shallow 

groundwater. Jorong cold spring is 6,751 years BP, which 

probably comes from the upper hillside, while Timba 
Gading and Lemor cold springs are young groundwater 

below 200 years BP. The information on groundwater age 

is important because the sustainability of geothermal 
exploitation depends on fluid presence. 

Geothermal fluid fraction 

The fraction of geothermal fluid can be calculated 
using the following equation [22-23]: 

( )18 18 18
m aw rwO   O . x   O .  1 xδ =δ −δ −  

where x = fraction of andesitic water; δmO18 = 18O 

composition of mixed groundwater and andesitic water 
(‰);  δawO18 = 18O  composition  of  andesitic  water  (‰);  

Table 6. Fraction of fluid from hot springs at Sembalun 

– Rinjani area 
No. Location Andesitic 

Water 
Meteoric 

Water 
Rainy season 

1 Sebau hot spring 0.14 0.86 
2 Orok wellbore 0.00 1.00 

Dry season 
1 Sebau hot spring 0.13 0.87 
2 Rinjani-1 hot spring 0.35 0.65 
3 Goa Susu hot spring 0.25 0.75 
4 Rinjani-2 hot spring 0.26 0.74 
5 Segara Anak lake 0.36 0.64 

δrwO18 = 18O composition of groundwater (‰) 
Table 6 shows the calculated geothermal fluid 

fraction from several hot springs in the Rinjani – 

Sembalun area. Generally, the geothermal fluid of 
Sembalun – Rinjani is dominated by meteoric water, 

where at Sebau meteoric water fraction is consistent 

during the rainy and dry season, i.e., 86–87%. Meanwhile, 
hot springs at Rinjani hillside and Segara Anak, the 

fraction of meteoric water is lesser, i.e., 64–75%. 

Chemical Characteristics 

The results of the chemical analysis of hot springs, 

cold springs, and river water samples in the Sembalun – 
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Rinjani area, West Nusa Tenggara, which were taken in 
two seasons, rain and dry, can be seen in Table 7 and 8. 

Fluid characteristics 

Table 7 and 8 show that hot springs are distinguished 

from cold springs (MAD) from its TDS, i.e., hot springs 

have higher TDS than cold springs. However, there are 
differences between the hot springs, i.e., its chloride and 

sulfate content. Kalak has lower chloride content than 

Sebau hot spring, i.e., 173 mg/L and 526 mg/L, 
respectively. On the contrary, sulfate content of Kalak is 

much higher than Sebau, i.e., 1114 mg/L and 78.1 mg/L, 

respectively, which also consistent with the previous study 
by Sundhoro et al. [24]. This difference can be seen clearly 

by a ternary diagram of Cl-SO4-HCO3 (Fig. 4), which also 

depicts the hydrochemistry classification of the hot 
springs. 

From the diagram, it can be seen that Sebau hot 

spring is plotted closer to mature water or reservoir 
composition due to its dominant chloride; however, this is 

not the case. Sebau hot spring is high in Mg content, which 

infer more dominant groundwater end-member [25]. 
Meanwhile, Kalak hot spring is plotted at the sulfate 

corner, but it is not steam-heated water due to its neutral 

pH. Moreover, there is no steam vent or fumarole 
around Kalak hot spring. Thus, the high sulfate content 

in Kalak is not originated from geothermal H2S 

oxidation but likely caused by leaching from a sulfur-
bearing rock formation. Orok warm spring is plotted on  

Table 7. Chemical composition (mg/L) during rainy season 

No. Location 
Cation Anion 

K Na Ca Mg SiO2 Cl SO4 F HCO3 B 

1 Kalak hot spring 4.87 255.25 425.37 3.78 45.71 173.42 1114.52 0.47 147.46 2.13 

2 Sebau hot spring 5.90 178.25 174.01 1.31 32.96 526.22 78.09 0.36 90.55 3.39 

3 Orok well bore 11.50 88.10 93.25 48.17 54.09 34.44 81.37 0.28 550.66 1.10 

4 Kalak river 3.86 8.54 32.25 8.76 38.05 3.02 11.64 0.14 128.66 n.d. 

5 Sebau river 1.41 5.16 16.97 7.59 27.37 3.49 5.57 0.15 115.29 n.d. 

6 Orok river 4.33 10.61 24.44 12.83 38.88 2.00 16.72 0.19 175.33 n.d. 
n.d.: not detected 

Table 8. Chemical composition (mg/L) during dry season 

No. Location 
Cation Anion 

K Na Ca Mg SiO2 Cl SO4 F HCO3 B 

1 Kalak hot spring 3.45 164.42 216.02 13.67 60.05 109.06 811.92 0.34 141.38 1.85 

2 Sebau hot spring 6.48 170.91 291.88 11.21 40.69 627.10 14.29 0.21 136.5 3.59 

3 Orok hot spring 3.24 72.27 45.16 43.29 66.73 89.23 101.05 0.33 338.7 2.16 

4 Rinjani-1 hot spring 49.67 357.95 388.66 362.91 120.08 470.89 2254.19 0.53 316.88 5.67 

5 Goa Susu hot spring 47.77 346.11 215.72 31.63 144.34 477.02 313.62 0.50 782.34 6.12 

6 Rinjani-2 hot spring 49.46 384.39 189.46 348.70 131.48 530.54 1028.21 0.69 1145.65 5.52 

7 Segara Anak lake (DSA) 45.36 282.80 121.68 337.94 89.98 470.89 1033.63 1.53 582.58 3.43 

8 Lemor cold spring 3.5 5.02 16.43 13.28 57.61 3.22 6.98 0.41 117.47 n.d. 

9 Reban cold spring 3.83 6.27 12.38 15.19 53.20 5.28 9.36 0.48 130.38 0.11 

10 Makom cold spring 8.19 10.98 14.83 14.76 53.87 3.34 17.75 0.6 152.82 n.d. 

11 Jorong cold spring 3.26 4.39 10.96 9.95 49.80 2.07 n.d. 0.57 110.88 0.18 

12 Rante Mas cold spring 2.31 3.24 10.74 5.73 44.90 1.99 3.98 0.14 74.82 n.d. 

13 Timba Gading spring 7.90 17.36 25.05 27.63 59.39 8.59 23.7 0.61 202.26 0.1 

14 Sebau-1 river 1.49 10.62 27.54 10.01 37.42 15.78 33.23 0.13 124.32 0.18 

15 Sebau-2 river 2.61 3.27 15.87 8.23 34.66 1.11 15.8 0.12 99.44 n.d 

16 Orok river 2.93 4.12 27.13 13.39 62.17 1.54 32.1 0.2 122.82 n.d 
n.d.: not detected 
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bicarbonate corner clearly shows mixing with 
groundwater, as also indicated by its near ambient 

temperature. Rinjani hot springs are plotted spreading 

between sulfate and bicarbonate, while cold springs are 
plotted at bicarbonate corner. 

The different characteristics between hot springs 

can be assessed by correlation graphs between Na vs. Cl 
and Na vs. SO4 (Fig. 5). 

Fig. 5 shows that there is no common linear 

relationship between Na and Cl of all hot springs but 
rather divided into three groups: Sebau-Orok, Rinjani, 

and Kalak groups. Meanwhile, the graph of Na vs. SO4 

shows a more random plot that indicates different genesis 
of fluids since SO4 is not a conservative element. Thus, the 

SO4 concentration is more likely influenced by rock 
mineral composition. On the other hand, Segara Anak 

shows unique chemical composition, i.e., high Cl and SO4 

concentration but with neutral pH, which is different 
from the typical volcanic lake that has high Cl and SO4 

concentration but with low pH as Kawah Ijen volcanic 

lake [26]. There are two possibilities of Segara Anak fluid 
genesis: (1) the fluid is the hydrothermal origin with high 

Cl content, leaching out sulfate from rocks, and later 

mixing with meteoric water, (2) Input of magmatic gas, 
neutralized during fluid-rock interaction and later mixing 

with meteoric water. 

Origin of fluids 

The fluid origin also can be inferred from Li-Cl-B 

ternary diagram (Fig. 6). The diagram shows that none of 

the hot springs is plotted near the Li corner, indicates 
dominant deep rock dissolution [27], while springs 

plotted near Cl corner are originated from absorption of 

low B/Cl steam. 

Geothermometer 

Estimation of reservoir temperature is based on 
temperature-dependent of specific equilibration reaction, 

i.e., isotopes, cation solubility, and gases, applied to the 

composition of discharge geothermal fluids, i.e., hot 
springs, production wells, fumaroles [28]. In this study, 

Na/K and SiO2 geothermometer are applied to estimate 

reservoir temperature (Table 9) [29]. 
Based on Na/K geothermometer, subsurface 

temperature from Kalak hot spring is estimated at about 

111–126 °C,  while  Sebau  hot  spring  is  higher  around  

 
Fig 4. Ternary diagram of Cl-SO4-HCO3 

 
Fig 5. Correlation plot between: (a) Na vs. Cl and (b) Na vs. SO4 
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Fig 6. Ternary diagram of Li-Cl-B 

148–161 °C. Rinjani hot spring indicates the highest 

reservoir temperature, i.e., 250–260 °C. Giggenbach 
ternary diagram (Fig. 7) shows that Kalak and Sebau hot 

springs are plotted at immature water composition where 

reservoir fluid is mixed with shallow water [30]. 
Calculation of silica quartz geothermometer indicates 

lower temperature, i.e., 98 °C, and 83 °C for Kalak, and 

Sebau hot springs, respectively. This low temperature is 
due to the fact that silica has a faster equilibrium rate 

compare to Na/K equilibrium; thus, this silica 

geothermometer indicates equilibrium temperature at 
shallower aquifer or mixing with aquifer with low silica 

content [31]. 

Gas composition 

Relative composition of He, Ar, and N2 can be 

utilized to distinguish the origin of volcanic and 
geothermal gases [32], i.e., meteoric, andesitic, or crustal 

origin [33]. Table 10 shows gas composition taken from 

bubbling pool at mount Rinjani slope. NCG (non-
condensable gases) content is relatively high, i.e., 66% mol. 

Meanwhile, CO2 and H2S are dominant gases, reaching 

90% mol and 8.6% mol from total NCG, respectively. This 
composition is slightly different from typical geothermal 

gas composition, where H2S content is up to 15% [34]. 

This is possibly due to the conversion of H2S into SO4 by  

 
Fig 7. Giggenbach ternary diagram 

Table 9. Calculation of Na/K and SiO2 geothermometer 

Location 

Geothermometer (oC) 

Na/K Fournier Na/K GGB SiO2 Quartz 

Kalak hot spring (rainy season) 112 127 98 

Kalak hot spring (dry season) 109 124 111 

Average  111 126 105 

Sebau hot spring (rainy season) 144 157 83 

Sebau hot spring (dry season) 152 165 92 

Average 148 161 88 

Orok hot spring 164 175 116 

Rinjani-1 hot spring 257 260 148 

Goa Susu hot spring 256 259 159 

Rinjani-2 hot spring 250 253 153 
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Table 10. Gas composition of Rinjani-2 

mmol 

CO2 H2S He H2 N2 O2 Ar CH4 steam 

95.667 1.011 0.0013 Ttd 9.2036 Ttd 0.1941 0.0682 54.43 

% mol 

CO2 H2S He H2 N2 O2 Ar CH4 total NCG 

90.13 0.95 0.00 Ttd 8.67 Ttd 0.18 0.06 66.10 

 
oxidation, as can be seen in SO4 content of Rinjani hot 

spring [35]. 

The ratio of N2/Ar is 47, which indicates that the 
fluid origin is meteoric, as also can be seen in the He-N2-

Ar ternary diagram (Fig. 8). 

Reservoir fluid composition (mixing model) 

Discharged fluid at hot springs is already altered 

from its reservoir composition due to physical-chemical 

interaction during ascending to surface. The actual 
reservoir composition, i.e., chloride and silica, can be 

estimated and traceback using silica-enthalpy and 

chloride-enthalpy mixing models [36], as can be seen in 
Fig. 9, which shows the curve of the quartz-

geothermometer. It also shows that the mixing line is only 

passing through Orok and Rinjani samples and then 
intercept the curve at 450 mg/L silica and enthalpy of  

850 kJ/kg, which is equivalent to 218 °C. Sebau and Kalak 
are not connected through the mixing line because the 

relation between silica and chloride in both samples is not 

positively correlated (Fig. 10), i.e., loss of silica from the 

fluid due to forming of secondary mineral [37-38]. Based 

on enthalpy of the reservoir, the composition of the 

reservoir’s chloride can be estimated using the chloride-
enthalpy  diagram (Fig. 11).  It is shown  that the mixing  

 
Fig 8. Ternary diagram of He-N2-Ar 

 

 
Fig 9. Mixing model of silica vs. enthalpy 

 
Fig 10. Correlation diagram of silica vs. chloride 



Indones. J. Chem., 2020, 20 (6), 1347 - 1359    

 

Satrio et al.   

 

1357 

 
Fig 11. Mixing model of Cl vs. enthalpy 

 

line with groundwater intercepts at enthalpy of 850 kJ/kg 
and chloride concentration at 40000 ppm, i.e., chloride 

concentration in the reservoir. 

■ CONCLUSION 

Based on stable isotopes content (δ18O, δ2H), it is 

found that all hot springs except Kalak, are the product of 
mixing between meteoric water and andesitic water with 

meteoric fraction about 0.64–0.87, while other 

surrounding springs are clearly meteoric water. Gas 
content, i.e., He, Ar, N2, also indicates that fluid origin is 

meteoric water. The 14C dating of Kalak hot spring shows 

10,425 years BP of age. Sebau and Orok hot springs have 
an older groundwater age than Kalak hot spring, i.e. 

12,030 years BP and 11,240 years BP, respectively, while 

surrounding cold springs are mostly modern except 
Jorong cold spring. Although Kalak hot spring is plotted 

on the sulfate corner, it does not have acidic properties; 

thus, it is not steam-heated waters. The high sulfate 
content in Kalak is not coming from H2S oxidation but 

probably caused by leaching of sulfur-bearing minerals. 

Although Sebau hot spring is plotted at mature water 
composition with dominant chloride content, the hot 

spring does not represent reservoir fluid considering its 

low temperature and high Mg content. 
Based on Na/K geothermometer, subsurface 

temperature for Kalak is estimated between 111–126 °C, 

while for Sebau is higher, i.e., between 148–161 °C. The 
highest temperature estimation is found in Rinjani, i.e. 

250–260 °C. The geothermal fluid of the Sembalun area 

is calculated having brine composition with chloride 
content about 4000 mg/L, thus scaling can be a potential 

problem in the future. 
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 Abstract: The chemical characteristics of the Ciliwung River were analyzed to 

understand hydrochemical evolution. A fraction of sea water mixture and kinds of 

mineral controlling for chemicals were also determined. During three year investigations 

in 2015, 2016, and 2018, electrical conductivity increased with decreasing elevations. Two 

hydrochemical facies had been identified for the Ciliwung river water; those were Ca-Mg-

HCO3 and Ca-Na-HCO3.  The river water mixing with seawater was recognized in the 

Mangga Dua site in which its water type had shifted to Na-Ca-HCO3-Cl. Based on Na-Cl 

contents, the fraction of sea water into the Ciliwung River reached 2% in the Mangga Dua 

site during the dry season and decreased to 0.7% during the rainy season in 2015. The 

much higher monthly rainfall during the dry season in 2016 and 2018 had washed out 

invading seawater from the Mangga Dua site; its fraction of sea water was less than 0.4%. 

Saturation indexes with respect to calcite, dolomite, and gypsum minerals showed an 

increasing trend related to the decreasing elevations. All water samples were 

undersaturated with respect to gypsum. Meanwhile, saturation indexes with respect to 

calcite and dolomite mostly indicated undersaturated, except in the Mangga Dua site that 

was saturated (during the rainy season in 2015 and dry season in 2018) and 

supersaturated during the dry season in 2015. 

Keywords: Ciliwung River; hydrochemical; sea water mixture; saturation index 

 

■ INTRODUCTION 

The catchment area of the Ciliwung River is 
originated from the slope of the Gede Pangrango Mountain 
(3000 m above sea level) – West Java. This river flows from 
mountainous areas to the low land through Bogor, Depok, 
and empties in Jakarta Bay. The Ciliwung River is the 
largest, and the most important of thirteen rivers flowing 
through the coastal region of Jakarta with length from 
upstream to the estuary is approximately 117 km and 
covers an area 387 km2 [1]. Geographically, the Ciliwung 
catchment area is located at latitude ranges from 6°06’12” 
to 6o34’56” and longitude ranges from 106°47'43” to 
107°0’15’. Flat slope (8%) dominates in downstream, 
whereas the middle area has slope range between 8%–
15%, and steep slope only occurs in upstream. The 

catchment area of Ciliwung is bordered by the Cisadane 
catchment area in the northern part and Citarum 
catchment area in the eastern part [2-3]. In the Ciliwung 
catchment area, there is a forested mountainous part in 
the headwater, urbanized Bogor city area in the middle 
part and heavily urbanized Jakarta metropolitan area at 
the lower most part of the catchment [4]. 

Hydrologically, the flow rate of the Ciliwung River 
varies depending on the average annual precipitation in 
a watershed. There are two seasons influencing the 
amount of precipitation coming from two wind regimes. 
The northwest monsoon season is the dry season 
occurring from May to October; the flow rate is low. 
Meanwhile, the southeast monsoon season is from 
November to April that is the rainy season; the flow rate 
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is very high such that flooding often occurs. The 
geological condition of the Ciliwung catchment area is 
formed by volcanic rocks from two volcanic mountains. 
They are Pangrango Mountain that contains tuff breccia 
rocks, and Salak Mountain that contains alluvial deposits 
and alluvial fan. The surface is mostly covered by alluvial 
deposits comprising soil, sand, and gravel. Those main 
geological compositions produce the kind of fertile soil. 
Upstream of Ciliwung is dominated by tertiary sediment 
and intrusive rock fraction, whereas the type of rock in the 
middle is precipitated quarter [2,5]. 

The great importance of the Ciliwung River for 
Jakarta District had paid some researcher’s attention to 
study for various aspects such as its water quality [3,4], 
hydrology, and hydrogeology [1,5,6]. However, fewer 
studies about chemicals contained in the Ciliwung River 
had been reported in the public domain. Irawan et al. [7] 
concluded that there were closed connections between the 
river water and groundwater. 

Major dissolved chemicals such as Na+, K+, Ca2+, 
Mg2+, Cl–, SO4

2– and HCO3
– are an important parameter 

in the investigation of river water formation and 
geochemical evolution along with the flow. The well 
understanding of the geochemical evolution of river water 
is needed for achieving proper management of the 
important resources and for the protection of river water 
quality and its river ecology. The most common pathway 
of geochemical evolution or the introduction of salinity 
into the freshwater system is an enrichment of salts such 
as NaCl and CaSO4 by evaporation, rock weathering, or 
dissolution of minerals, wash out or flushing of salts by 
precipitation, cation exchange, mixing of different water 
and input from anthropogenic sources. However, in a 
different section of the river, the main processes could be 
different [8]. The river water formations had become an 
interesting topic and intensively studied around the world 
[8-13]. Rothwell et al. [13] studied the spatial and seasonal 
pattern of river water chemistry in Northwest England 
and found that there was a clear distinction between 
uplands and lowlands in water quality. 

In this Ciliwung River study, major dissolved ions of 
Na+, K+, Ca2+, Mg2+, Cl–, SO4

2– and HCO3
– as well as some 

physical parameters such as pH, Electrical conductivity 

(EC) and temperatures were intensively observed for the 
periods of 2015, 2016 and 2018. The aims of this study 
were to understand the signatures of the Ciliwung River 
system responding to a natural process such as mineral 
dissolution and sea water mixture. 

■ EXPERIMENTAL SECTION 

Location and Sampling 

Collecting water samples was conducted in three 
years of 2015, 2016, and 2018 in which each year was 
scheduled in two sampling periods, the rainy and dry 
seasons. Ciliwung River samples were taken at surface 
water, starting from the upper stream at Telaga Warna 
Lake in National Park of Gede Pangrango Mountain -
Bogor – West Java with an elevation around 1485 m a.s.l 
to the mouth of Jakarta Bay in Mangga Dua with an 
elevation around 5 m a.s.l. Those sites were defined with 
red points, while the region of the Ciliwung catchment 
area was defined with the yellow area, as mapped in Fig. 
1. Sampling site with its ID codes and its elevations were 
performed in Table 1. For analysis of cations, as much as 
0.5 L water samples were put in a plastic bottle and 
added a few drops of HNO3 solution to preserve water 
samples from precipitation. While for anion analysis, the 
same amount of water was put in a separate plastic bottle  

 
Fig 1. Observation locations of Ciliwung River 
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Table 1. Observation locations for Ciliwung River and its 
elevations 

No Observation location ID Elevation (m asl) 

1 Telaga Warna  CTG 1485 
2 Evergreen CEG 945 
3 Leuwi Malang CLM 637 
4 Gadog  CGd 457 
5 Katulampa CKL 351 
6 Warung Jambu CWJ 183 
7 Bojong Gede CBG 116 
8 Siliwangi CSl 72 
9 Univ. Indonesia CUI 50 

10 Simatupang CSt 33 
11 Kalibata CKB 19 
12 Jatinegara CJn 15 
13 Manggarai CM 11 
14 Istiqlal  Ciq 7 
15 Mangga Dua  CMD 5 

without any special treatments. Some physical parameters 
such as pH, temperature, electrical conductivity (EC) 
were measured directly in the fields. 

Materials 

IC Multi element standard VII for cations from 
Merck (Certipur®; HC 84849022; Na, K, Ca, M: 95– 
105 mg/L; accuracy: 5%) and multi anion standard 1 for 
IC from Sigma Aldrich (TraceCERT®; Lot: BCBSO420V; 
CRM: Cl 10 mg/L, SO4 20 mg/L) were used in this 
investigation. Eluent solution for cation analysis was a 
mixture of 0.7 mmol/L of Pyridine-2,6-dicarboxylic acid 
(for synthesis, Merck) and 1.7 mmol/L of nitric acid 
(HNO3 65%, Merck) whereas that for anion analysis was 
a mixture of 3.2 mmol/L of sodium carbonate (Na2CO3, 
M = 84.01 g/mol, Merck), 1 mmol/L of sodium hydrogen 
carbonate (NaHCO3, M = 105.99 g/mol, Merck) and 20 mL 
acetone (CH3COCH3, Merck). A suppressor solution of 
50 mmol/L of sulfuric acid (H2SO4 95–97%, Merck) was 
needed for Cl– and SO4

2– analysis. Other materials were 
hydrochloric acid (HCl 37%, Merck), Natrium tetra-
borate (Na2B4O7·10H2O, Reidel-De Haen AG Seelze-
Hannover), pH buffer solutions of 4.01; 7.01; 10.01 
(Hanna® Instruments) and 0.45 µm pore size filter paper. 

Instrumentation 

The equipment used in this investigation were Ion 
Chromatography (IC), with its specification is 833 Basic 
IC plus Metrohm and Compact autosampler Metrohom 
863. For anion chromatography, IC is equipped by 
Metrosep A supp 5 (150/4) column, whereas cation 
chromatography is equipped by Metrosep C4 (250/4.0) 
column. Other equipment was Automatic Potentiometric 
Titrator AT-710 KEM, data logger for pH, EC/TDS, 
Global Positioning System (GPS), and a set of vacuum 
water filtration. 

Procedure 

Analysis of cations and anions were conducted in 
the Laboratory of Hydrology – Center for Application of 
Isotopes and Radiation – National Nuclear Energy 
Agency (BATAN), which routinely participated in the 
proficiency test [14]. As much as 20 µL of each filtered 
water sample was injected separately to Ion 
Chromatography for analysis of major cations in water 
samples such as Na+, K+, Ca2+, and Mg2+ as well as for 
analysis of anions of Cl– and SO4

2–. Column for anions 
could clearly separate Cl– and SO4

2– from water samples 
in different retention time, those were approximately 6 
and 15 min, respectively. While column for cations 
could separate Na+, K+, Ca2+, and Mg2+ in the retention 
time of around 6, 8, 16, and 20 min, respectively. To 
make standard calibration curve, a series of standard 
solutions consisting of different concentrations were 
also injected. The curve was used to calculate back the 
concentration of each element in water samples. For 
analysis of HCO3

– concentration in water samples, the 
titration method was applied using a solution of 0.02 N 
HCl that was previously standardized by the borax 
solution. 

■ RESULTS AND DISCUSSION 

Physical characteristics of Ciliwung River 

The pH measured in the Ciliwung River was found 
to be in the range of 6.63–7.71 for the dry season and 
6.56–7.86 for the rainy season. The pH trendline during  
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the dry season, compared to the rainy season, showed 
more increase from the acidic pH at the highest upland of 
the Ciliwung River to the basic pH at the lowest land of 
Mangga Dua (CMD) as seen at Fig. 2. Rothwell et al. [13] 
explained that acidic pH in upland is due to vegetation 
covers, while in lowlands, both past and present human 
activities have a major impact on river water chemistry. 
The pH level at the Istiqlal Mosque site increased 
sporadically to 7.5 during the rainy season in 2015 that 
could be caused by detergent waste effluents from Cipto 
Mangunkusumo and Cikini Hospital at sampling time. 
The rising pH at Katulampa Dam (CKL) during periods 
of abundant rainfalls occurred, which could be mainly 
caused by the more rapid flushing or weathering 
carbonate minerals like calcite and dolomite consisted of 
limestone as materials in dam construction. Mostly, the 
pH level for Mangga Dua located nearest from the Java 

Sea indicated the highest value that was probably caused 
by mixing between freshwater of Ciliwung River and sea 
water, which has pH value around 8.2 as measured in 
Ancol Beach. 

Temperatures measured in the Ciliwung River 
were performed in Fig. 3. The temperature increased 
from the upstream to the downstream with the range 
from 21.7 °C to 30.5 °C during the rainy season and  
21.3 °C to 32.5 °C during the dry season. The highest 
temperature was recorded in Mangga Dua, which is 
measured during the dry season in 2015. 

Electrical Conductivity (EC) measured in the 
Ciliwung River had increased from its upstream to the 
downstream, as seen in Fig. 4. Irawan et al. [7] found 
more increasing Total Dissolved Solid–TDS towards 
downstream, which indicated increasing enrichment 
and contamination. Kozaki et al. [15] investigated that EC 

 
Fig 2. pH level measured in Ciliwung River in (a) the dry season and (b) the rainy season 

 
Fig 3. Temperature measured in Ciliwung River in (a) dry season and (b) the rainy season 
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values increased from 150 µS/cm in upstream of Ciliwung 
River to 666 µS/cm in downstream. The other large 
variations of EC values were supposed to be mainly due to 
water-rock interaction along the flow paths and proximity 
sampling locations to the coast [16]. The EC values in 
Mangga Dua were more variable depending on the 
seasons. When water samples were measured in the dry 
season, EC values increased greatly more than two order 
magnitude compared to those measured in the rainy 
season as occurred in 2015 and 2018. As seen in Fig. 5, 
rainfall in the dry seasons, starting from May to October, 
in 2015 (average rainfall = 89 mm) and 2018 (average 
rainfall = 155 mm) was less than those that occurred in 
2016 (average rainfall = 302 mm) [17-19]. Duvert et al. 
[12] investigated that EC values steadily increased from 
Cisarua-Bogor to Jakarta during the dry season (from 450 
to 890 µS/cm) but was lower and less variable during the 
wet season (from 90 to 140 µS/cm). Increasing EC values 
at Mangga Dua site compared to those at other sites 
indicated the effect of tides that enter the river, high EC 

values show a high salinity [20]. High evaporation in the 
river body in the dry season had taken a role part in the 
increasing EC values in most sites. Moreover, the 
decreasing flow rate of river water as a result of lower 
intensity of rainfall in the dry season could increase EC 
values due to the concentration of water chemistry in 
rivers resulted from intensive evaporation [21]. 

During the dry seasons, the most EC values from 
upper lands remained basically unchanged from CTG to 
CKL, except those were measured in 2016, having more 
constant EC values to CUI. From CWJ to CUI site, the 
EC values slightly increased, then elevated drastically at 
CSt to Ciq site for both seasons. In the later zone, the 
growth of population, markets, industries, and offices, as 
well as business centers, were fast increasing, and they 
produced a large volume of effluents that found their 
way into the Ciliwung River. For example, the wastewater 
effluents derived from surfactants in detergents 
contained the major element of Na+, SO4

2, SO3, and 
NH4OH, whereas those from textile processing consumed  

 
Fig 4. Electrical conductivity measured in Ciliwung River in (a) the dry season and (b) the rainy season 

 
Fig 5. (a) Amount of monthly rainfalls and (b) average rainfalls in the dry and rainy season as recorded by 
Meteorological and Geophysical Agency in Bogor Regency [17-19] 
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amount of NaCl and KCl. Those dissolved salts could 
increase the salinity of the receiving water like a river. 
Degradation of organic nitrogen materials from 
municipal solid waste, leakage of the septic tank, and 
sewage sludge also produced ammonium. Under aerobic 
conditions, NH4

+ is oxidized by the nitrification process 
to nitrate. The high nitrate concentration dissolved in 
water was also responsible for the increasing EC value. 
Organic carbon materials from domestic and dead 
vegetation accumulated within the soil would decay by 
aerobic bacteria and converted it back to CO2. When 
waters infiltrated to the subsurface, the equilibration 
between water and soil CO2 occurred and produced 
carbonic acid as well as bicarbonate, which increased the 
EC value. The highest EC value in Ciliwung River was 
reached at the Istiqlal site in the rainy season in 2015 with 
its value of about 450 µS/cm, following Mangga Dua. The 
rise of EC in this site could be from the accumulation of 
the waste effluents as additional of weathering minerals 
contained in the rocks. 

The sporadically elevated EC value was found at 
CMD in both seasons, which reached 1600 µS/cm in the 
dry season in 2015 and reduced to 600 µS/cm in the rainy 
season. The decreasing EC during the dry season in 2016 
and 2018 were probably caused by a higher intensity of 
rainfall in Bogor (as seen in Fig. 5) such that wash out and 
flushing of salts contained in rocks/soils were more 
diluted. The salinity depends on tidal height in the mouth 
of rivers and the discharge of freshwater in the upstream 

that vary on a seasonal basis. The changes in seasonal 
salinity patterns are also induced by mean sea level rise 
and freshwater flow reduction [22-23]. 

Hydrochemical Facies of Ciliwung River 

River water evolution could be described through 
the piper diagram, which was plotting of concentration 
of major cations (Na+, K+, Ca2+, and Mg2+) and anions 
(Cl–, SO4

2– and HCO3
–) [10]. Fig. 6, 7, and 8 showed piper 

diagrams for all water samples collected from the 
Ciliwung River during the rainy and dry seasons in 2015, 
2016, and 2018, respectively. Based on the dominancy of 
those cation and anion species, the most hydrochemical 
facies in the Ciliwung River were identified as (1) Ca-
Mg-HCO3; and (2) Mixed Ca-Na-HCO3

–. Both facies 
predominated, reflecting the main rock types in the 
Ciliwung River, where limestone [consists of calcite 
mineral (CaCO3)] and dolomites [CaMg(CO3)2] were 
the most dominant formation. 

In 2015, most samples were characterized as a 
mixed Ca-Na-HCO3 water type, except the samples from 
the Mangga Dua site (CMD), which had been 
introduced by Cl–. During the rainy season (Fig. 6(b)) 
the water samples tended to be more scattered as shown 
by Telaga Warna (CTG) and Evergreen (CEG) located 
in the highest upland, which belonged to Ca-SO4-HCO3 
water type. During the dry season in the year of 2015, 
CTG belonged to Ca-HCO3 water type while CEG, CGd, 
and CLM sites  had shifted to  Ca-Mg-Na-HCO3.  In the  

 
Fig 6. Water type of the Ciliwung River collected in (a) the dry season and (b) the rainy season 2015 
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next sites, Ca-Na-HCO3 water type predominated 
Ciliwung River water until CIq, which belonged to Ca-
Na-HCO3-Cl and finally predominated by Na-Cl-HCO3 
in CMD as seen at Fig. 6(a). The point of Mangga Dua 
(CMD) that rather lied in the right side of the diamond 
shape in the piper diagram showed a tendency to Na-Cl 
water type as a characteristic of sea water due to the 
proximity of Mangga Dua site to Jakarta Bay. The 
salinization path due to sea water admixture toward CMD 
site also occurred in the rainy season 2015, which was 
predominated by Na-Ca-HCO3-Cl. 

In the case of water samples collected in the year 
2016 and 2018, as described in Fig. 7 and Fig. 8, 

respectively, seemly Ca-Na-HCO3 facies still 
predominated for all water samples in both seasons, 
including the Mangga Dua site. However, during the dry 
season, this site (CMD) slightly moved to Ca-Na-HCO3-
Cl facies, reflecting a few encroachments of chloride 
from sea water than that occurred in 2015. A higher 
amount of monthly rainfall (average = 302 mm) during 
the dry season in 2016 might have influenced to more 
rapid flushing of freshwater instead of sea water flush. 

To have a more clear understanding of water 
chemistry evolutions, a Schoeller diagram for cation and 
anion concentrations for each water sample in the 
logarithmic  scale  was  made.  Those  were  described  in  

 
Fig 7. Water type of the Ciliwung River collected in (a) the dry season and (b) the rainy season 2016 

 
Fig 8. Water type of the Ciliwung River collected in (a) the dry season and (b) the rainy season 2018 



Indones. J. Chem., 2020, 20 (6), 1360 - 1373    

 

Evarista Ristin Pujiindiyati et al.   
 

1367 

Fig. 9, 10, and 11 for collecting samples in 2015, 2016, and 
2018, respectively. During the dry season in 2015, all 
anion and cation concentrations tended to be higher than 
those in the rainy season. The presence of a high 
concentration of Mg2+, Ca2+, Na+, Cl–, SO4

2–, in a coastal 
area, as shown in the Mangga Dua site, could be due to 
flushing of sea water which apparently increased during 
dry season 2015. However, that sporadic increasing trend 
of chemical concentration in the Mangga Dua site was not 
found during collecting samples in 2016 and 2018 in which 
the chemical concentrations were more constant in both 
seasons. The more rapid flushing of river water resulted 
from higher monthly rainfall during both seasons in 2016 
and 2018 (as seen in Fig. 5) could be the reason for more 
constant chemical concentration at Mangga Dua site. 

With the exception of CMD sites, generally, the 
major cations in Ciliwung river observed in 2015, 2016 

and 2018 could be ranked in term of proportion (unit of 
meq/L) as follows: Ca2+ > Na+ > Mg2+ > K+ and the major 
anions as HCO3

– > Cl– > SO4
2. On the other hand, the 

CMD site observed during both seasons in 2015 showed 
the following rank: Na > Ca > Mg > K for cations and  
Cl > HCO3 > SO4 for anions. Those concentrations 
decreased significantly in flood season because of the 
increasing dilution effect. 

In the highest elevation (1485 m) of Ciliwung River, 
most anion and cation compositions were distributed at 
the lowest concentration. Seemly, the higher monthly 
rainfall occurred during dry seasons in 2016 and 2018, as 
seen in Fig. 5(b) did not significantly influence 
hydrochemical compositions at the Telaga Warna site. A 
similar case also occurred during the dry season in 2015, 
even though its monthly rainfall was categorized as below 
normal condition [17]. In that season, Ca2+ (6 ppm) and 

 
Fig 9. Chemical compositions for Ciliwung River in (a) the dry season and (b) the rainy season 2015 

 
Fig 10. Chemical compositions for Ciliwung River in (a) the dry season and (b) the rainy season 2016 
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Fig 11. Chemical compositions for Ciliwung River in (a) the dry season and (b) the rainy season 2018 

 
HCO3

– (43 ppm) were the dominant constituents in 
Telaga Warna Lake, followed by Na+ (4 ppm) and Mg2+ (2 
ppm) for cations, as well as SO4

2– (5 ppm) and Cl– (4 ppm) 
for anions. Those concentrations increased along the flow 
path until to the mouth of Jakarta Bay, indicating that the 
dissolution of minerals had been still in progress. 

The mineral dissolution process, together with river 
water evaporation during the dry season, could result in 
the extent of increasing anion and cation concentrations. 
Those constituents reached maximum concentration in 
the endpoint of the Ciliwung River flow at Mangga Dua. 
However, those orders clearly changed in which Na+ as 
the dominant constituent (213 ppm) in coastal site 
replaced calcium (51 ppm) as the main constituent of the 
Ciliwung River in the highest upland. Besides mineral 
dissolution and evaporation, the common pathways of 
salinization into the freshwater system are mixing with 
sea water and cation exchange process in most coastal 
regions. However, chemical reactions like the cation 
exchange process effect little to the concentration of water 
chemistry compared to sea water mixing [8,16]. 

Mixing of Freshwater with Sea Water 

Based on a mass balance model, mixing lines 
between two different water samples for a range of 
hydrochemical indicators can be calculated using a simple 
mixing equation through AQUACHEM program as 
follow: Cmix = C1n + C2(1-n), where Cmix is the ion 
concentration of mixture sample, C1 is ion concentration 
of sea water, and C2 is ion concentration of rainwater. 

Notation n represents a mixing fraction of sea water in 
river water, whereas 1-n is the fraction of rainwater 
[8,24]. Hence, increasing of Cl– and Na+ concentration 
for each step of mixing fraction could be calculated by 
the equation, and then the calculated admixtures were 
plotted in Na+ versus Cl– graph. 

Fig. 12 showed that during the rainy season in 
2015, the river water in Mangga Dua might be estimated 
as much as 0.7% of sea water composition. The less 
mixing fraction of sea water, about 0.3%, was signified at 
the Istiqlal site. When the river water was taken during 
the dry season, the mixing fraction of sea water in the 
Mangga Dua site increased to approximately 2%. The 
other sites starting from CWJ to Ciq showed a shifting 
of Na+ and Cl– concentrations to the higher mixing 
fraction of saline water. The increasing of Na+ and Cl– in 
this zone was compared well with the elevating of the EC 
values (see Fig. 4) that could be derived from past or 
present domestic or industrial waste. However, it was 
also considered that huge evaporation during water flow 
due to the hot landscape in the dry season became a 
dominant effect on the samples, which located far away 
from the shoreline. 

During the dry season 2016 (Fig. 13), the mixing 
fraction of sea water into CMD site decreased to less 
than 0.2% that was still higher than that was taken in the 
rainy season. Rather similar evidence also occurred in 
dry season 2018 (Fig. 14) that had a mixing fraction of 
sea water as much as 0.4%. Their Na-Cl compositions 
were in  the same  clusters as  other  sites.  For three  year  
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Fig 12. Mixing fraction of sea water into the river in (a) the dry season and (b) the rainy season 2015 

 
Fig 13. Mixing fraction of sea water into the river in (a) the dry season and (b) the rainy season 2016 

 
Fig 14. Mixing fraction of sea water into the river in (a) the dry season and (b) the rainy season 2018 
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investigations, the mixing fraction of sea water to the river 
located nearest to shoreline increased during the dry 
season. The important mechanisms forcing for flow and 
salt transport in the nearshore region are driven by tides, 
waves, their interaction with beach morphology and 
seasonal changes in the inland water table elevations [25]. 

Saturation Index (SI) 

As mentioned above, most samples from the 
Ciliwung River were dominated by bicarbonate for anion 
showing interaction with carbonate rocks. Dissolving 
calcite (CaCO3) and dolomite [CaMg(CO3)2] contained in 
carbonate rocks follows to these reactions [16]: 

2
3 2 2 3CaCO CO H O Ca HCO+ −+ + +  

2 2
3 2 2 2 3CaMg(CO ) 2CO 2H O Ca Mg 4HCO+ + −+ + + +  

Whereas for evaporating rocks of gypsum minerals 
(CaSO4 2H2O) follows the reaction [8]: 

2 2
4 2 4 2CaSO 2H O Ca SO 2H O+ −+ + +  

To evaluate the degree of equilibrium between water 
and minerals, the used parameter is the saturation index 

(SI), which was calculated using PHREEQC software. 
Changes in saturation state are useful to distinguish 
different stages of hydrochemical evolution and to 
identify which geochemical reaction is important in 
controlling water chemistry. The saturation index of 
minerals is obtained from the equation of SI = log 
(IAP/Kt). The term of IAP is the Ion Activity Product of 
the dissociated chemical species in solution. Kt is the 
equilibrium solubility product for the chemical involved 
at the sample temperature [16,26-27]. 

Fig. 15, 16, and 17 showed the SI for calcite, 
dolomite, and gypsum against the order of sampling 
locations of the Ciliwung River for sampling periods of 
2015, 2016, and 2018, respectively. Along with river 
flow, SI with respect to calcite mineral was the highest 
value, among other minerals. All water samples had 
negative SI values in 2016 (Fig. 16) and during the rainy 
season 2018 (Fig. 17(b)). It suggested that all water 
samples were undersaturated with respect to calcite, 
dolomite, and gypsum minerals. Such an undersaturated  

 
Fig 15. Saturation indexes for some minerals in (a) the dry season and (b) the rainy season 2015 

 
Fig 16. Saturation indexes for some minerals in (a) the dry season and (b) the rainy season 2016 
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Fig 17. Saturation indexes for some minerals in (a) the dry season and (b) the rainy season 2018 

 
term reflects the character of water with insufficient 
amount of calcite, dolomite, and gypsum mineral for 
solution. 

Bicarbonate as a dominant anion might have been 
influenced by the dissolution of calcite and dolomite 
mineral phases. However, the higher SI for calcite than SI 
for dolomite showed that more amount of HCO3

– 
concentration in the system was dominantly influenced 
by calcite dissolution. The higher dissolution for calcite 
was shown from saturated condition (SI = 0) in the Istiqlal 
site while SI with respect to dolomite still remained at 
undersaturated (SI < 0) as taken place in 2015. The 
saturated condition means that the water samples are in 
equilibrium with respect to the particular minerals 
[16,27]. Besides dissolved HCO3

–, calcite also could 
dissolve in the system by adding Ca2+, whereas dolomite 
dissolved its Mg2+ concentration to the solution. All water 
samples were undersaturated with respect to gypsum 
indicated that gypsum also could dissolve in the system by 
adding Ca2+ and SO4

2– to the solution. The much less 
gypsum SI compared to calcite SI in all water samples 
implied that Ca2+ in the solution might be highly 
contributed from the dissolution of calcite rather than the 
dissolution of gypsum minerals. 

In 2015, the SI of calcite, dolomite, and gypsum 
steadily increased related to the decreasing elevation of 
sampling sites. It meant that the water samples contained 
more amounts of ion concentrations with more sufficient 
residence time of water in which was controlled by 
volume and mechanism of mineral dissolution. In the 
Mangga Dua site, SI of calcite reached to supersaturated 

(SI > 1) in both seasons, while SI of dolomite reached to 
supersaturated in the dry season. A supersaturated 
condition means that the water sample is incapable of 
dissolving more of the mineral [16,27]. It implied that 
both minerals had a great dissolution and strong 
mineralization that potentially lead to precipitation. The 
strong mineralization in Mangga Dua could be due to 
the large influence of minerals from sea water, in 
addition to the mineral dissolution along with the river 
flow. The SI for CMD site during the dry season in 2018 
reflected a saturated condition with respect to calcite and 
closed to saturated (SI = -0.22) with respect to dolomite. 

■ CONCLUSION 

Electrical conductivity (EC), temperature, and pH, 
which were measured along the Ciliwung River, 
generally increased with the decreasing elevation lands. 
The much more amount of rainfall as occurred in 2016 
and 2018 than that in 2015 could result in a decrease of 
EC values in a site near the coast. With the exception of 
Mangga Dua site, cation concentrations could be ranked 
as Ca2+ > Na+ > Mg2+ > K+ and for anion concentration 
as HCO3

– > Cl– > SO4
2–. In general, the hydrochemical 

facies that could be identified for the Ciliwung River 
were Ca-Mg-HCO3 and Ca-Na-HCO3. In 2015, the 
introduction of salinity into the river had reached to 
Mangga Dua shifting its water type to Na-Ca-HCO3-Cl. 
The fraction of sea water into Ciliwung River was 
optimized as much as 2% in the Mangga Dua site during 
the dry season and decreased to approximately 0.7% 
during the rainy season. Calculated saturation indexes 
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with respect to calcite, dolomite, and gypsum minerals 
showed an increasing trend related to the decreasing 
elevation land. Mostly, the Ciliwung River water was 
undersaturated with respect to these minerals, indicating 
the insufficient amount of these minerals for dissolution. 
However, the calcite and dolomite saturation indexes in 
the Mangga Dua site had nearly reached saturated 
conditions (during the rainy season in 2015 and dry 
season 2018) and to supersaturated (during the dry season 
in 2015) representing for a great dissolution and strong 
mineralization. 
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 Abstract: The preparation and characterization of zirconia-supported titania with a 

zinc dopant had been studied. Zinc-doped titania was grown on the surface of zirconia 

by the sol-gel method. Various zinc contents and calcination temperatures were applied 

to investigate the zinc doping effect and crystal structure of the zirconia-titania composite. 

X-ray diffraction method, Fourier-transform infrared spectroscopy, and UV-Vis 

reflectance spectroscopy were performed to characterize the composite. The morphology 

of the composite was observed by using a scanning electron microscope, and its 

composition was analyzed by using energy dispersive spectroscopy. Among various zinc 

dopant contents and calcination temperatures investigated, doping with 5% zinc (Zn 

wt./Ti wt.) at 900 °C calcination shows the best result in response to visible light with a 

bandgap of 2.87 eV and absorption edge wavelength of 432.61 nm. 

Keywords: titania; zinc; zirconia; sol-gel; doping 

 

■ INTRODUCTION 

TiO2 has a high photoactivity under ultraviolet light 
irradiation because of its large bandgap (3.25 eV for 
anatase). However, solar light consists of 5% UV light 
(300–400 nm) and 43% visible light (400–700 nm). That 
is, the UV light only occupies a small portion of the sunlight, 
and a large part of solar energy cannot be utilized. TiO2 
also shows a higher recombination rate of photogenerated 
electrons and holes [1]. The photocatalytic performance 
of TiO2 can be effectively improved through transition 
metal doping. Among other metals, Zn has drawn 
considerable attention because of its superior doping 
effect on the improvement of TiO2 photocatalytic 
performance under visible irradiation [2-3]. Seabra et al. 
reported that the inhibition of anatase-to-rutile 
transformation and the increment of specific surface area 
are responsible for the improvement of TiO2 photocatalytic 
performance under visible irradiation by zinc doping [2]. 

Titania has also been combined with other 
semiconductors such as zirconium dioxide (ZrO2). ZrO2 
is a versatile material due to its properties, such as high 
chemical inertness, photochemical stability, good wear 

resistance, and a wide bandgap [4]. ZrO2 has been used 
in several studies to increase the photocatalytic activity 
of TiO2 because the coupling of the two semiconductors 
can achieve a more efficient charge separation, prolong 
the lifetime of charge carriers, and significantly 
minimize the recombination probability between the 
hole and electron [5-6]. The reported value of ZrO2 
bandgap energy (Eg) is in the range of 3.25 to 5.1 eV, 
limiting the spectrum of photons that can create 
electron-hole pairs to participate in oxidation or 
reduction reactions under the UV light [7-8]. 

A hybrid of TiO2 and ZrO2 has advantageous 
properties, such as high mechanical strength, high 
surface area, non-toxicity, corrosion resistance, and 
photocatalytic activity under sunlight [9]. The 
combination of TiO2 and ZrO2 inhibits the electron-hole 
recombination process, which enhances the lifetime of 
charged carriers, thus improving the photocatalytic 
activity [10]. Fan et al. conducted a photocatalytic 
degradation of rhodamine B using the TiO2-ZrO2 binary 
system under visible light irradiation. Results showed a 
promising photocatalytic activity under the visible-light 
region [11]. The bandgap of titania-zirconia composite 
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was found to be increasing with a decrease in crystallite 
and particle size [12-13]. The presence of ZrO2 in TiO2 
inhibits the anatase-to-rutile phase transformation [14]. 

Herein, a series of zinc-doped titania was embedded 
on the zirconia surface by the sol-gel method. Titania was 
grown on the surface of zirconia to form a composite with 
higher thermal stability compared to pristine TiO2. Zinc 
dopant was incorporated into the TiO2 structure in order 
to shift the absorption ability of the composite to the 
visible range. Sol-gel route was preferred due to its low 
cost, easy compositional control, and low processing 
temperature [15]. Various zinc contents (from 1 to 9%) 
and calcination temperatures (from 500 to 900 °C) were 
applied to zirconia supported titania to evaluate the 
absorption shift and crystal structures. 

■ EXPERIMENTAL SECTION 

Materials 

Titanium(IV) tetraisopropoxide (TTIP) (97%, Sigma 
Aldrich), and zirconia powder (ZrO2) (Jiaozuo Huasu) 
were chosen as titania (TiO2) precursor and supporting 
material, respectively. Zinc chloride (ZnCl2) (Merck) was 
used as a dopant source. Absolute ethanol (PA, Merck) 
and demineralized water (Jaya Sentosa) were used as 
solvents. 

Instrumentation 

X-ray powder diffractometer (XRD) PANalytical 
X’Pert PRO MRD (Cu Kα radiation λ = 1.54 Å, 40 kV,  
30 mA) was used to analyze the crystalline structure of 
composites. Vibrational spectra were measured on a 
Fourier transform infrared spectrophotometer (FT-IR, 
Thermo Nicolet Is10). Specular reflectance UV-Vis 
spectrometer UV 1700 Pharmaspec (SR-UV) was used to 
analyze the absorption of composites. Scanning Electron 
Microscope-Energy Dispersive X-Ray Spectrometer 
(SEM-EDX) FLEXSEM1000 with an accelerating voltage 
of 10 kV was used to analyze the morphology and 
elemental composition of synthesized composites. 

Procedure 

First, 2.5 mL of TTIP was diluted into 25 mL of 
absolute ethanol under mild stirring. Various amounts of 
ZnCl2 and 1 g of ZrO2 were mixed in 25 mL of 

demineralized water. The percentage of zinc dopant was 
fixed at 1, 3, 5, 7, and 9% to the weight ratio of titanium. 
The aqueous suspension was then added dropwise into 
the TTIP solution while being stirred. The mixture was 
stirred for another 30 min to maximize the reaction. 
Subsequently, the suspended solid was separated by 
centrifugation at 2000 rpm for 1 h. The obtained solid 
was aged in the open air for 24 h followed by the drying 
process in the oven at 80 °C for another 24 h. Ultimately, 
the dried solid was calcined under the atmospheric 
condition at 500 °C for 4 h with a ramp temp of  
5 °C/min. Additionally, the composite with 5% zinc 
content was calcined further at 700 and 900 °C. 

■ RESULTS AND DISCUSSION 

The UV-Vis absorption spectra of Zn-doped TiO2 
embedded on the surface of ZrO2 together with pure 
TiO2 as a reference are shown in Fig. 1, and the 
corresponding calculated bandgaps are summarized in 
Table 1. The UV-Vis absorption of the composite was 
measured to demonstrate the doping effect of Zn in the 
TiO2 structure. The bandgap energy (Eg) value for TiO2 
is 3.12 eV, while Zn-doped TiO2 on ZrO2 composites 
range from 3.08 to 2.87 eV. The increment of Zn content 
shifted the bandgap energy toward a longer wavelength. 
The bandgap decreased with the increasing of Zn 
content until the optimum condition of 5%, which 
exhibits the lowest bandgap of 2.87 eV. Zinc metal doping 

 
Fig 1. UV-Vis absorption spectra of various Zn-doped 
TiO2 on ZrO2 composites 
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Table 1. Bandgap data of pure TiO2 and composites of 
Zn-doped TiO2 on ZrO2 

Sample Eg (eV) 

TiO2 500 °C 3.12 
Zn-doped TiO2-ZrO2 1% 500 °C 3.07 
Zn-doped TiO2-ZrO2 3% 500 °C 2.99 
Zn-doped TiO2-ZrO2 5% 500 °C 2.90 
Zn-doped TiO2-ZrO2 5% 700 °C 2.89 
Zn-doped TiO2-ZrO2 5% 900 °C 2.87 
Zn-doped TiO2-ZrO2 7% 500 °C 2.98 
Zn-doped TiO2-ZrO2 9% 500 °C 3.08 

in TiO2 structure introduces new energy levels into the 
bandgap of TiO2. When zinc is doped into TiO2 lattice, 
some of the newly occupied molecular orbitals located 
below the conduction band (CB) of TiO2 are formed. 
Therefore, this redshift and enhanced light absorption are 
attributed to the charge transfer from the dopant energy 
level of Zn to the CB of TiO2 or O 2p to Zn 3d instead of 
Ti 3d [16]. The absorption of TiO2-ZrO2 composite with 
7% and 9% of zinc contents returned to the lower 

wavelength due to the aggregation of ZnO formed 
during calcination. The increasing calcination 
temperature from 500 to 900 °C decreased the bandgap 
energy. It was caused by the phase transformation of 
TiO2 from anatase to rutile. The Eg of rutile phase (3.0 eV) 
is lower than that of the anatase crystal phase (3.2 eV). 
Thus, the bandgap energy of the sample calcined at 900 °C 
was lower than samples calcined at 500 and 700 °C. 

Fig. 2 shows the surface morphology and 
corresponding EDX spectra of pure TiO2 and 5% Zn-
doped TiO2 on the ZrO2 composite calcined at 500 °C. 
The elemental composition of the samples obtained 
from EDX measurements is given in Table 2. The EDX 
images of elementals distribution of Zn-doped TiO2 on 
the ZrO2 composite calcined at 500 °C are shown in Fig. 
3. It can be seen that the undoped TiO2 particle 
morphology is spherical in general, and Zn-doped TiO2 
on the ZrO2 composite looks rougher feature than TiO2. 
It is clear from the elemental analysis that 0.95% of the 
Zn element was present in the doped samples. In addition,  

 
Fig 2. SEM images and EDX spectra of (a) TiO2 and (b) 5% Zn-doped TiO2 on ZrO2 composite calcined at 500 °C 

Table 2. Elemental surface composition of TiO2 and 5% Zn-doped TiO2 on ZrO2 composite both calcined at 500 ºC 

Material 
% Mass 

Zr O Ti Zn Total 

TiO2 - 36.82 63.18 - 100 
5% Zn-doped TiO2-ZrO2 31.16 41.51 26.39 0.95 100 



Indones. J. Chem., 2020, 20 (6), 1374 - 1381    

 

Azizia Alifi et al.   
 

1377 

 
Fig 3. Elemental mapping images of 5% Zn-doped TiO2 on ZrO2 composite calcined at 500 °C 

 
it can be revealed from the analysis that Zn had been 
successfully incorporated on the surface of the TiO2-ZrO2 
composite. EDX spectra and data confirm that there was 
no impurity in the samples. 

XRD patterns of undoped and Zn-doped TiO2 on 
ZrO2 composites together with pure TiO2 calcined at  
500 °C are shown in Fig. 4. Zn-doped composite calcined 
at 500 °C exists in two main crystalline forms, anatase and 
monoclinic, and no peak related to the rutile or any other 
phase is observed. Two main peaks of anatase TiO2 are at 
2θ of 25° (101) and 48° (200), which is closely matching 
with ICDD PDF number: 00-002-0387. On the other 
hand, XRD peaks of ZrO2 at 2θ of 28° (-111), 31° (111), 
and 34° (020) are often taken as the characteristic peaks of 
monoclinic, which is closely matching with ICDD PDF 
number: 01-074-1200. The presence of the dopant was not 
found in the XRD patterns, which might be due to either 
the uniform distribution of dopant in TiO2 lattice or the 
low amount of dopant used [17]. The presence of the Zn 
dopant in the composite was confirmed by EDX analysis, 
as discussed before. All composites exhibited lower-
intensity peaks of anatase at 25° compared to pure TiO2. 

The XRD  patterns  of  5%  Zn-doped  TiO2 on  ZrO2  

composites calcined at different temperatures are 
presented in Fig. 5. XRD pattern of undoped TiO2 
calcined at 500 °C shows only anatase phase at 2θ of 25° 
(101) and 48° (200), while the XRD pattern of Zn-doped 
TiO2-ZrO2 composite displays a weak anatase peak at 2θ 
of 25° (101) and strong monoclinic peaks at 2θ of 28°  
(-111) and 31° (111). XRD pattern of Zn-doped TiO2-
ZrO2 calcined at 700 °C had an emerging rutile peak at 
2θ of 27° (110) and a diminished anatase peak at 25° 
(101). This suggests that there was a phase 
transformation from anatase to rutile at about 700 °C, 
which agrees with the previous experiment [18]. The 
diffraction peaks at 2θ = 27° (110), 36° (101), 41° (111), 
and 54° (211) correspond to the rutile phase (ICDD PDF 
number: 00-004-0551). After calcination at 900 °C, the 
anatase peak disappeared while the rutile peak became 
stronger than that at 700 °C. The presence of ZrO2 and 
Zn dopant are presumably responsible for inhibiting the 
transformation of anatase to rutile [14,19-20]. 

FT-IR spectra of various Zn-doped composites 
together with pure TiO2 are presented in Fig. 6. 
Absorption peaks around 500 and 545 cm–1 can be 
devoted to  stretching  vibration  of the  Ti–O  bond  and  
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Fig 4. XRD patterns of (a) TiO2, (b) undoped and Zn-doped TiO2 on ZrO2 composites with Zn content of (c) 1, (d) 3, 
(e) 5, (f) 7, (g) 9% (w/w) calcined at 500 °C 

 
Fig 5. XRD patterns of (a) TiO2 calcined at 500 °C, 5% Zn-doped TiO2 on ZrO2 composites calcined at (b) 500, (c) 700, 
and (d) 900 °C 
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Fig 6. FTIR spectra of (a) TiO2 and Zn-doped TiO2 on 
ZrO2 composites with Zn content of (b) 1, (c) 3, (d) 5, (e) 
7, (f) 9% (w/w) calcined at 500 °C 

Zr–O bond, respectively [21-22]. Peaks around 3100–
3600 and 1632 cm–1 are assigned to stretching and 
bending vibrations of hydroxyl groups, respectively [23]. 
The absorption peaks of Ti–O and Zr–O tended to 
decrease as the Zn dopant content increased. It indicates 
that zinc metal was successfully doped into the TiO2 
structure. There was a new peak that appeared around 
1200 cm–1, which may belong to Zn–O–Ti vibration at the 
substitutional position. 

Fig. 7 shows the FTIR spectra of 5% Zn-doped TiO2 
on ZrO2 composites calcined at different temperatures, 
together with TiO2 calcined at 500 °C as a reference. After 
calcination at 700 °C, the O–H vibration bands became 
much weaker than those at 500 °C, indicating the removal 
of a certain amount of O–H groups during calcination. 
After heat treatment at a temperature of 900 °C, the 
spectra show further disappearance of O–H group peaks, 
indicating a complete elimination of hydroxy groups. The 
vibration band of Zn–O–Ti around 1200 cm–1 decreased 
when the calcination temperatures were increased. It was 
caused by dopant that sinters at high temperature [24]. 

 
Fig 7. FTIR spectra of (a) TiO2 calcined at 500 °C, 5% 
Zn-doped TiO2 on ZrO2 composites calcined at (b) 500, 
(c) 700, and (d) 900 °C 

The visible-light-response of the synthesized 
composite based on UV-Vis spectral data gives an 
insight that the composite has potential as a 
photocatalyst. The zinc dopant shifts the absorption 
edge of TiO2 to a higher wavelength, thus increasing the 
photocatalytic activity of TiO2 hypothetically. 
Embedding TiO2 on the surface of ZrO2 was proven to 
inhibit the anatase-to-rutile transformation, thus 
establishing a relatively thermally stable composite 
compared to TiO2. 

■ CONCLUSION 

A series of Zn-doped TiO2 embedded on the 
surface of ZrO2 with various zinc contents were 
successfully synthesized through the sol-gel method and 
calcined at different temperatures. Zn doping results in 
the improvement of photo-response under visible light 
irradiation. TiO2-ZrO2 composite with 5% of zinc content 
calcined at 900 °C exhibits the lowest bandgap of 2.87 eV 
with an absorption edge wavelength of 432.61 nm. The 
presence of ZrO2 and Zn inhibits the anatase-to-rutile 
transformation at 700 and 900 °C of calcination 
temperatures. The experimental results demonstrate 
that doped TiO2 embedded on the ZrO2 surface with 
optimal Zn content can be considered as a promising 
photocatalyst under visible light irradiation. 
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 Abstract: Polymer flooding could enhance the oil recovery by increasing the viscosity of 

water, thus, improving the mobility control and sweep efficiency. It is essential to explore 

natural sources of polymer, which is biologically degradable and negligible to 

environmental risks. This research aims to produce a biodegradable polymer from 

terrestrial mushroom, analyze the properties of the polymer and investigate the oil 

recovery from polymer flooding. Polysaccharide biopolymer was extracted from 

mushroom and characterized using Fourier Transform Infrared Spectrometer (FTIR), 

while the polymer viscosity was investigated using an automated microviscometer. The 

oil recovery tests were conducted at room temperature using a sand pack model. It was 

found that polymer viscosity increases with increasing polymer concentration and 

decreases when increase in temperature, salinity, and concentration of divalent ions. The 

oil recovery tests showed that a higher polymer concentration of 3000 ppm had recovered 

more oil with an incremental recovery of 25.8% after waterflooding, while a polymer 

concentration of 1500 pm obtained incremental 22.2% recovery of original oil in place 

(OOIP). The oil recovery from waterflooding was approximately 25.4 and 24.2% of the 

OOIP, respectively. Therefore, an environmentally friendly biopolymer was successfully 

extracted, which is potential for enhanced oil recovery (EOR) application, but it will lose 

its viscosity performance at certain reservoir conditions. 

Keywords: biopolymer; mushroom; polymer flooding; viscosity; enhanced oil recovery 

 

■ INTRODUCTION 

Enhanced oil recovery (EOR) includes the mobility-

control processes that favor the mobility ratio to improve 

sweep efficiency [1]. The thickening of water with a 

biopolymer and reducing gas mobility with foams are 

such examples. In most cases, biopolymer flooding is used 

in the EOR process as the thickening agent, which can 

improve the mobility of oil by increasing the viscosity of 

water. When the mobility ratio is larger than 1, it results 

in instability of the flow due to less viscous solvent (water) 

displacing a more viscous solvent (oil), which will lead to 

viscous fingering. In contrast, when the mobility is less 

than 1, improvement can be made by increasing the 

viscosity of displacing fluid and lowering the viscosity of 

displaced fluid [2-3]. Therefore, polymers have benefits 

in enhancing the viscosity of water solution, which in 

turn reducing the mobility ratio between water and oil, 

resulting in improvement of sweep efficiency [4]. 

Besides that, gelled polymer technology could be applied 

to seal high permeability zones and fractures, resulting 

in improving sweep efficiency and oil recovery [5]. 

Another chemical EOR process, which could provide 

mobility control, is foam flooding, involving the 

investigation of mobility [6], as well as the improvement 

of foam stability with the addition of nanoparticles [7-

11]. These EOR processes could be monitored using a 

real-time approach of streaming potential measurement 

using electrodes permanently installed downhole, which 
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is the potential to monitor alkaline-surfactant-polymer 

(ASP) flooding [12-13]. 

Polymers can be divided into two types, naturally 

occurred and synthetic. Synthetic polymers such as 

polyacrylamides are produced from the polymerization of 

acrylamide monomer, while naturally occurred polymers 

such as polysaccharides biopolymer are produced by 

microbial action of organisms. A biopolymer is gaining 

interest in the EOR process since it possesses stable 

characteristics at the reservoir condition and only 

degrades under certain conditions [3]. A biopolymer is an 

excellent thickening agent at high salinity water. The 

biopolymer degradation may occur by loss of solution 

viscosity with time. As a thickening agent, the pivotal 

feature of the biopolymer is water-soluble. The 

concentration of the biopolymer solution is dependent on 

the salinity and the temperature of the reservoir itself. 

Mohd et al. demonstrated that the properties of several 

synthetic and natural polymers such as partial-hydrolyzed 

polyacrylamide (HPAM), polyvinylpyrrolidone, xanthan 

gum, guar gum, and Arabic gum change significantly with 

shear rate, polymer concentration, temperature, salinity 

and divalent ions [14]. Shear thickening and thinning 

occur at high and low fluid velocities in porous media, 

respectively. Further increase in velocity could result in 

polymer degradation due to the rupture of the polymer 

chain [15]. Hence, optimal polymer rheological 

properties are important for the polymer flooding process 

to obtain high oil recovery [16]. 

Polymer stability is important for polymer flooding. 

However, some polymers are thermally degraded at high 

temperature reservoir. Thermal degradation can be 

accelerated by the presence of dissolved oxygen and iron 

in the brine. Interestingly, thermal degradation can be 

reduced by using additives, especially oxygen scavenger 

[17]. It helps the polymer to remain stable in the reservoir 

from degradation. From the previous study on polymer 

concentration, a high salinity reservoir needs a high 

concentration of polymer for the great efficiency of 

displacing fluid in the reservoir. Polymers from natural 

sources have been selected because the raw materials are 

in abundance, readily available, easy to handle, 

environmentally friendly, and biodegradable. Their rigid 

structure and long polysaccharides chains make them 

suitable to withstand the harsh reservoir conditions. The 

natural polymers that have been investigated for EOR 

application at laboratory scale are mushroom and 

cabbage [18]; Saccharomyces cerevisiae [19]; okra [20]; 

cassava starch [21]; Detarium microcarpum [22]; gum 

Arabic [23]; Irvingia gabonensis [21,24]; Brachystegia 

eurycoma [24]; exudate gum [25]; aqueous beans [26] 

and schizophyllan [27]. 

However, many synthetic polymers are not 

biologically degradable, which become threats to some 

countries. It is essential to explore the natural source of 

a biopolymer, which is stable at reservoir environment 

and potential in the EOR application. Terrestrial 

mushroom has a great potential for a source of 

biopolymer, which was investigated in this study for 

potential applications in polymer flooding. Thus, this 

paper emphasizes the extraction process of biopolymer 

from the mushroom, analysis of its properties at various 

reservoir conditions, and determination of oil recovery 

from polymer flooding. 

■ EXPERIMENTAL SECTION 

Materials 

The material used to produce a polysaccharide 

biopolymer is the local terrestrial mushrooms. For 

extraction of polysaccharides, the chemicals used were 

methanol and ethanol purchased from Merck, sodium 

hydroxide (NaOH) obtained from Sigma-Aldrich, and 

distilled water. Other chemicals were sodium chloride 

(NaCl), calcium chloride (CaCl2), and magnesium 

chloride (MgCl2) from Vchem used as brine and divalent 

salts, respectively, for polymer properties measurement, 

while paraffin oil obtained from Sigma-Aldrich was used 

for polymer flooding in porous media using sand pack 

model. Silica sand was obtained from the sea sand at the 

Pantai Port Dickson, sieved at desired sizes ranging from 

150 to 250 µm and purified. 

Procedure 

Extraction of mushroom polysaccharide 

Freeze-dried mushrooms (1 g) were initially 

extracted with methanol at 65 °C for 8 h to remove soluble 
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molecules, such as lipids, soluble sugars, or phenolic 

compounds. Subsequently, polysaccharide extraction was 

carried out in 30 mL water at room temperature for 24 h 

prior to separation. The solid was separated by 

centrifugation at 4 °C for 4000 rpm. The residue was re-

extracted with 30 mL of water at 80 °C for 24 h. The 

extract was centrifuged as a similar previous condition to 

obtain the solid residue. The remaining solid was added 

with 30 mL of 1 M NaOH and placed in an oven at 80 °C 

for 24 h and re-centrifuged. The liquids from each 

extraction process were precipitated separately by adding 

ethanol in 2:1 ratio (v/v), and the resulting polysaccharide 

extracts were re-dissolved in distilled water. 

Fourier transform infrared spectroscopy (FTIR) 

analysis 

The FTIR spectra of the extracted polysaccharides 

were collected by using a Nicolet 6700 FTIR 

spectrophotometer (Thermo Fisher Scientific, USA). 

Each sample was scanned in FTIR spectra from 4000 to 

400 cm–1 with a detector at 2 cm–1 resolution. 

Properties of mushroom polysaccharide 

The polymer was tested using AMVn Automated 

Micro Viscometer (Anton Paar). The polymer was filled 

in the capillary tube and inserted into the capillaries of the 

capillary block. By using the AMVn system, the viscosity 

reading was recorded four times, and then the average 

reading was taken. Polymer viscosity was investigated 

with respect to polymer concentration, temperature, 

salinity, and concentration of divalent salts. For analysis 

of polymer concentration, the polymer was investigated 

in the range of 500 to 5000 ppm, while the temperature 

effect was analyzed from 15 to 85 °C. The effect of salinity 

was investigated using sodium chloride (NaCl), ranging 

from 1000 to 10000 ppm. The same concentration ranges 

were applied for divalent ion concentration analysis using 

calcium chloride (CaCl2) and magnesium chloride 

(MgCl2). The viscosity readings recorded were analyzed 

and plotted against the respective parameter. 

Displacement tests for enhanced oil recovery 

The recovery tests were conducted at room 

temperature of 25 °C. The sand pack model was prepared 

and packed with local sand homogeneously of sizes ranging 

 
Fig 1. Displacement test set-up 

from 150 to 250 µm. The porosity and permeability of 

the sand pack model obtained were 0.394 and 4.7 darcy, 

respectively, with a pore volume (PV) of 29.7 cm3. The 

flooding tests were conducted in a horizontal orientation 

as the experimental set-up shown in Fig. 1. The sand 

pack was saturated with 1.0 wt.% brine solution, and 

then paraffin oil was injected continuously, displacing 

the brine to initiate the initial reservoir condition. After 

that, brine was injected at approximately 1 cc/min as a 

secondary recovery waterflooding process. The brine 

injection was stopped when the water breakthrough 

started to occur, and no more oil could be recovered in 

the process. The volume of oil recovered in the collector 

was recorded. After that, the co-injection of the polymer 

was conducted into the sand pack. The injection rate for 

polymer solution was fixed at 0.5 cc/min, and the 

volume of oil displaced was recorded at each 0.2 PV of 

polymer solution injected into the sand pack. The sand 

pack was cleaned by using methyl alcohol before 

proceeding with another run of flooding tests. 

■ RESULTS AND DISCUSSION 

Extraction of Mushroom Polysaccharide 

A terrestrial edible mushroom was used to produce 

a polymer solution for this study. Three methods were 

carried out for the extraction of polysaccharides. The 

first extraction, which was conducted with water at room 

temperature, yielded a very low purity of polysaccharide 

while, the extraction from water and NaOH at 80 °C, 

yielded more pure polysaccharides [28]. The purity of 

the obtained polysaccharides can be clearly seen from its 

color beside FTIR analysis to check the functional group 

of polysaccharides. Fig. 2 shows the polymer produced 

from the three extractions, a) water at room temperature, 

b) water at 80 °C, and c) 1 M NaOH at 80 °C, respectively. 
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FTIR Analysis 

FTIR analysis was conducted to determine the 

functional group of polysaccharides from the samples, as 

given in Fig. 3. From all three conditions tested, it was 

clearly observed that the same functional group has 

demonstrated a similar pattern with several peaks [29-30]. 

The presence of functional groups such as O–H 

stretch (wavelength between 3300–3400 cm–1), C=O 

stretch (wavelength between 1544–1652 cm–1), and C–O 

stretch (wavelength of 1048 cm–1) were observed from 

FTIR as given in Fig. 3, which are belongs to polymer 

compounds. Hence, it demonstrated that the extraction of 

polysaccharide in this study has been successful. 

Properties of Mushroom Polysaccharide 

Viscosity measurement was conducted to analyze 

the properties of the polymer at various conditions. In this 

study, the viscosity was investigated at various polymer 

concentrations, temperature, brine concentration, and 

divalent ions concentration, as shown in Fig. 4. 

Polymer concentration 

Fig. 4(a) clearly showed that by raising the polymer 

concentration has increased the viscosity. The polymer 

was unstable at lower concentrations due to low viscosity. 

At 1000 ppm, the polymer started to show stability where 

the viscosity reading is high at approximately 12.3 cP and 

 
Fig 2. Polysaccharides biopolymer extracted from the 

mushroom 

 
Fig 3. FTIR analysis of sample extracted with (a) water at room temperature, (b) water at 80 °C, (c) 1 M NaOH at 80 °C 
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Fig 4. The polymer viscosity at various (a) polymer concentration (ppm), (b) temperature (°C), (c) brine concentration 

(ppm), (d) divalent ion concentration (ppm) 

 

kept increasing with increase in the polymer 

concentration. Like other polysaccharides, the viscosity of 

this extracted biopolymer increases with increasing 

polymer concentration [31]. The highest polymer 

viscosity of about 26 cP was obtained at the highest 

polymer concentration investigated at 5000 ppm. As a 

polysaccharide, this biopolymer can behave as a non-

Newtonian and pseudoplastic fluid, exhibiting shear-

thinning behavior like other polysaccharide biopolymers 

such as Brachystigia eurycoma and Irvingia gabonensis 

[24,32] and aqueous beans [26]. From the previous study, 

a higher concentration of polymer, which could provide 

higher viscosity is required to recover more oil from the 

reservoir, as the mobility ratio between the displacing 

fluid to the displaced fluid is more favorable, resulting in 

improvement of sweep efficiency [33]. Moreover, a high 

concentration of polymer can withstand high 

temperatures and salinity reservoir environments [3,34]. 

Temperature 

Fig. 4(b) shows the results of the temperature effect 

on the viscosity of extracted biopolymer at 1500 and  

3000 ppm. Polymer at 1500 ppm concentration degraded 

earlier than that at 3000 ppm concentration. In addition, 

the 3000 ppm polymer can withstand higher temperature 

up to 80 °C before it was fully degraded, compared to 

1500 ppm polymer, which was completely degraded at 

60 °C. Viscosity reduction is due to the stronger thermal 

vibration of water molecules that retard the association 

effect at high temperatures [4]. Thus, this extracted 

biopolymer is most applicable at low temperature like 

xanthan biopolymers, which are mostly limited to 

applications where the temperature is lower than 60 °C 

[3]. However, the polymer is likely unstable and immature 

to react at low temperature, while at high reservoir 

temperature, the polymer loses its viscosity and degrades 

[35]. This situation shows that very high polymer 

concentration is required at high-temperature reservoir 

conditions to minimize the loss of its viscosity efficiency. 

Salinity 

Generally, the addition of salt affects the viscosity 

of the polymer solution. When the salinity is high, the 

polymer performance decreases as it losses its viscosity. 

Most of the reservoir is in high salinity condition. Hence, 

a suitable polymer concentration is important to prevent 
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viscosity reduction [3]. Based on the test conducted, the 

result is shown in Fig. 4(c) by using monovalent salt, 

NaCl. Two concentrations of polymer were tested at 1500 

and 3000 ppm. It can be seen that by increasing the 

concentration of NaCl, the viscosity lost its efficiency. 

However, the viscosity of the biopolymer is much less 

affected by the change in salinity compared with a 

synthetic polymer such as HPAM [3,14], as the viscosity 

of this biopolymer steadily decreases with increasing 

NaCl concentration. Small viscosity reductions of 0.8 and 

0.5 cP were observed for both 1500 and 3000 ppm 

polymer concentrations, respectively, when the NaCl 

concentration increases from 1000 to 10000 ppm. A 

drastic viscosity reduction could occur to HPAM because 

when an electrolyte such as NaCl is added to a polymer 

solution, the repulsive forces are screened by a double 

layer of electrolytes, and the extension is reduced. As the 

electrolyte concentration increases, the extension of the 

polymer chain decreases, resulting in a reduction of the 

solution viscosity [3]. Therefore, the concentration of 

polymer was increased to withstand high salinity 

conditions much longer [34]. 

Divalent ion 

The divalent ions are known to tightly bind the 

anions along the polyelectrolyte chain because they have 

higher charge and polarizability, causing the polymer chain 

to contract to its minimum size and reduce its viscosity. 

In this study, the extracted biopolymer was kept constant 

at 1500 ppm to observe the effect at varying divalent ions 

(Ca2+ or Mg2+). Fig. 4(d) shows the result obtained where 

CaCl2 results in more viscosity reduction than MgCl2 [36]. 

This situation is slightly similar to the salinity test using 

NaCl as a monovalent ion effect on viscosity. It was found 

that the divalent ion contents do not have much effect on 

the viscosity of biopolymer compared with HPAM [3]. 

Still, the viscosity reduction is larger than the monovalent 

ion effect. Therefore, this can be overcome by adding a 

high concentration of polymer since, in reality, the 

reservoir is in high salinity condition [33]. 

Displacement Test for Enhanced Oil Recovery 

The test on oil recovery was conducted to determine 

the percentage of oil recovered from waterflooding, and 

the incremental oil recovery yielded from polymer 

flooding. The experiments were performed at room 

temperature using a sand pack model, as shown in Fig. 1 

with different polymer concentrations. Polymer 

solutions at 1500 and 3000 ppm were prepared to 

represent low and high polymer concentrations, which 

were injected into the porous sand pack model to 

recover the oil. Basically, the higher polymer 

concentration could provide higher viscosity, resulting 

in the improvement of sweep efficiency [17]. Fig. 5 and 

6 illustrate the results of oil recovery from the 

displacement test of waterflooding and polymer 

injection. It was found that polymer could further 

recover the residual oil, which could not be produced 

from waterflooding. From Fig. 5, oil recovery from the 

waterflooding process was approximately 25.4 and 

24.2% of the original oil in place (OOIP) for the cases of 

3000 and 1500 ppm polymer concentrations, 

respectively. Water was injected about 2 PVs to ensure 

that the oil has been fully recovered, and no more oil was 

produced in the collector. This could minimize the 

capillary end effects that might exist [37]. After that, the 

co-injection of the polymer was conducted, resulting in 

significant incremental oil recovery obtained after the 

waterflooding process. The percentage of oil recovered 

also increased with higher polymer concentration. 

Polymer  injection  at  3000 ppm  has  yielded  the  higher 

 
Fig 5. Oil recovery from waterflooding and co-injection 

of polymer 
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Fig 6. Oil recovery from waterflooding and polymer 

flooding at different polymer concentrations 

incremental oil recovery of 25.8%, while 1500 ppm 

polymer has produced approximately 22.2% of OOIP, 

obtained after 2 PVs of polymer injection. These resulted 

in total recoveries of 51.2 and 46.4% of OOIP, respectively, 

as shown in Fig. 6. These findings are comparable and 

supported by biopolymer flooding conducted by 

Ihebuzor and Onyenkonwu using okra, gum Arabic, and 

Irvingia gabonensis with maximum recoveries of 63.16, 

53.01, and 47.37% of OOIP, respectively [32]. Also, 

Gbonhinbor and Onyekonwu obtained an oil recovery of 

44.6% using aqueous beans [26], while Goa found an oil 

recovery of 55% from schizophyllan biopolymer [27]. 

When waterflooding is no more effective to recover the 

trapped oil, subsequent polymer flooding could favor the 

mobility ratio between the displaced fluid and the 

displacing fluid compared to the waterflooding, thus 

improving the sweep efficiency and the cumulative oil 

recovery. Polymer flooding can improve the macroscopic 

and microscopic displacement efficiency to enhance oil 

recovery [38]. Besides reducing the relative permeability 

within the porous media, the polymer acts in thickening 

the water, therefore reducing the mobility and minimizes 

the viscous fingering effect [39]. Reducing the relative 

permeability of water could also achieve lower mobility 

through the formation of a layer on the pore walls by the 

adsorbed polymer, flow pathway segregation of oil and 

water, wettability alteration, and swelling/shrinkage of the 

polymer depending on the phase flow. Based on the 

results, the higher polymer concentration results in a 

higher viscosity of water, which improves the mobility  

 

ratio between the displaced fluid and the displacing 

fluid, thus minimizing the viscous fingering, improving 

the sweep efficiency, and enhancing the oil recovery. The 

introduction of polymer flooding after waterflooding 

could further recover the residual oil leading to 

incremental oil recovery [39-40]. 

■ CONCLUSION 

From this research, it can be concluded that 

polysaccharides biopolymer have been successfully 

extracted from terrestrial mushroom, where higher 

purity polysaccharides were yielded from water and 

sodium hydroxide extraction at 80 °C. In the EOR 

application, high viscosity polymer is required for a 

more favorable mobility ratio and improved sweep 

efficiency. It was found that the viscosity of extracted 

polymer increased with increasing polymer 

concentration and decreased with an increase in 

temperature. The viscosity of the biopolymer was not 

much affected by the change in salinity and divalent ions 

compared with a synthetic polymer. However, the 

presence of divalent ions (Ca2+ and Mg2+) have further 

reduced the polymer viscosity compared to monovalent 

ion (Na+), while Ca2+ provided a more significant 

reduction effect on polymer viscosity than the Mg2+. The 

oil recovery tests showed that polymers at a higher 

concentration of 3000 ppm have recovered more oil with 

the incremental recovery of 25.8% after waterflooding, 

while 1500 ppm polymer yielded lower oil recovery with 

incremental 22.2% of OOIP. The oil recovery from 

waterflooding was approximately 25.4 and 24.2% of the 

OOIP, respectively. Therefore, an environmentally 

friendly biopolymer was successfully extracted, which is 

potential for enhanced oil recovery (EOR) application, 

but it will lose its viscosity performance at certain 

reservoir conditions. 
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 Abstract: In this work, the crystalline carbon nitride photocatalysts were synthesized by 

an ionothermal technique with varied synthesis temperature of 500, 550, and 600 °C, and 

varied synthesis time of 2, 4, and 6 h. Fourier transform infrared spectra showed the 

successful formation of the prepared carbon nitrides from their characteristic vibration 

peaks. X-ray diffraction patterns suggested that the same phase of poly(triazine imide) 

and heptazine could be observed, but with different crystallinity. The optical properties 

showed that different temperatures and synthesis time resulted in the different band gap 

energy (2.72–3.02 eV) as well as the specific surface area (24–73 m2 g–1). The transmission 

electron microscopy image revealed that the crystalline carbon nitride has a near-

hexagonal prismatic crystallite size of about 50 nm. Analysis by high-performance liquid 

chromatography showed that the best photocatalytic activity for phenol degradation 

under solar light simulator was obtained on the crystalline carbon nitride prepared at 

550 °C for 4 h, which would be due to the high crystallinity, suitable low band gap energy 

(2.82 eV), and large specific surface area (73 m2 g–1). Controlling both the temperature 

and synthesis time is shown to be important to obtain the best physicochemical properties 

leading to high activity. 

Keywords: carbon nitride; crystallinity; phenol degradation; synthesis temperature; 

synthesis time 

 

■ INTRODUCTION 

Phenol is one of the major organic pollutants that 
exist in the industry effluents [1]. Even though at low 
concentration, phenol has high toxicity. An alternative 
method that offers green and clean technology to treat 
phenol is the photocatalytic degradation process. Many 
studies have been focused on the development of titanium 
dioxide (TiO2)-based photocatalysts for various 
photocatalytic degradation reactions [2-4], which are 
mostly due to the high activity of TiO2 under ultraviolet 

(UV) irradiation. However, owing to the large portion of 
visible light in the sunray, the development of visible 
light active photocatalysts has been an important task in 
the photocatalysis field. Since TiO2 does not absorb 
visible light, some modifications are required, such as by 
doping or making a composite with another visible light-
active semiconductor [5-7]. In addition to these efforts, 
studies on the potential materials that are visible light 
active are still highly required. One of the fascinating 
choices for the visible light active photocatalysts is 
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carbon nitride (CN). Even though CN has been 
investigated for years, many reported literatures showed 
that the synthesized CN was in the amorphous form [8-
14]. While the CN showed photocatalytic activity under 
visible light, the CN with the amorphous phase has been 
reported to show lower photocatalytic performance in the 
catalytic process as compared to the crystalline one. A 
drastic enhancement in the photocatalytic activity of the 
CN has been reported to occur over the crystalline CN 
either for photocatalytic degradation of organic 
compounds or for hydrogen production [15-19]. 

In photocatalysis, the directional flow of electrons 
depends on the organization of the molecules in the 
structure concerning their crystalline [20-22]. Moreover, 
the crystalline structure would demonstrate faster 
electron movement as the direction is confined. The fast 
rate of electron diffusion would reduce the trapping and 
de-trapping effect; thus, the rate of electron-hole 
recombination would be decreased [23]. In the case of 
crystalline CN, the enhanced photocatalytic activity could 
also be additionally caused by the improved light 
absorption due to the extended π-conjugated system and 
the increased rigidity of the polymer backbones [24]. 
Since the photocatalytic properties are sensibly affected by 
the crystallinity of the photocatalyst, constructing a 
crystalline photocatalyst that is active under natural 
sunlight is a promising work and highly recommended 
but can be a challenging task to be achieved. 

Several methods to produce the crystalline CN have 
been examined. Recently, it was reported that the 
crystalline CN could be synthesized via an ionic melt 
polycondensation of urea precursor in the presence of 
potassium chloride-lithium chloride (KCl-LiCl) salt melt 
[15]. Bhunia et al. produced the crystalline carbon nitride 
by combining the supramolecular aggregation and 
polycondensation of an ionic melt using melamine, 2,4,6-
triaminopyrimidine, and LiCl/KCl mixture [16]. These 
two methods produced crystalline CN having not only the 
structure of graphitic CN but also the poly(triazine 
imide)-like structure [15-16]. The better-ordered 
structure of the graphitic CN was observed by using a 
thermal condensation of melem but must be put under a 
pure oxygen atmosphere [17]. Another method was also 

reported involving an additional acidic washing process 
using hydrogen chloride (HCl) after the 
polycondensation of melamine in the presence of KCl 
and LiCl [18]. Another synthesis method, a rapid 
polymerization of melamine without the early heating 
process, was proposed to produce the crystalline CN 
[19]. However, these last-mentioned three methods only 
produced CN having the structure of graphitic CN with 
a better order in the interlayer stacking and in-plane 
repeated units. These semi-crystalline CN materials are 
usually obtained when the precursor is thermally 
polymerized [24]. 

Since we aim to get the crystalline CN, the 
synthesis method that has been proven to give the 
structure of crystalline CN shall be employed. Among 
the techniques mentioned above, the one using 
ionothermal technique with the help of KCl-LiCl salt 
melt has been shown to require fewer chemicals to 
obtain the crystalline CN having the poly(triazine 
imide)-like structure [15]. Moreover, the resulted 
crystalline CN was confirmed to give higher 
photocatalytic activity for phenol degradation under 
visible light than the amorphous CN. However, a 
detailed study of the optimized synthesis temperature 
and time for this method has not been addressed yet. In 
order to optimize the photocatalytic efficiency of the 
crystalline CN, in this work, the effects of synthesis 
temperature and time on the properties and 
photocatalytic activity of the crystalline CN were 
investigated. This work demonstrated that the 
optimized synthesis temperature and time were 
important parameters to obtain the optimized 
photocatalytic activity of the crystalline CN. As high as 
3.4 times higher photocatalytic activity was observed on 
the sample synthesized under the optimized conditions 
than those prepared under the non-optimized one. 

■ EXPERIMENTAL SECTION 

Materials 

For the preparation of CN materials, urea 
(CH4N2O, QRëC, 99%) was used as carbon and 
nitrogen-rich precursors. Ethanol (C2H5OH, HmBG 
Chemicals, 99.98%) was used as a solvent in the 
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preparation of CN. For the preparation of crystalline CN, 
the ionic solvents used were lithium chloride (LiCl, 
Sigma-Aldrich, 99%) and potassium chloride (KCl, Fisher 
Chemicals, 99.5%). The model of organic pollutant used 
for this study was phenol (C6H6O, Scharlau Chemie, 
99.5%). 

Procedure 

Synthesis of crystalline carbon nitride 

The crystalline carbon nitride was prepared in a 
similar way to the reported literature [15]. In order to 
investigate the effect of synthesis temperature (500, 550, 
and 600 °C), other synthesis parameters including the 
amount of precursor (2 g), synthesis time (4 h), and 
amount of salts melt (2.74 g KCl, 2.26 g LiCl) were fixed. 
The final products were labeled as CN-T, which were CN-
500, CN-550, and CN-600. The synthesis time was varied 
to 2, 4, and 6 h to obtain the optimum time. In this part, 
the amount of precursor (2 g), reaction temperature  
(550 °C), and amount of salts melt (2.74 g KCl and 2.26 g 
LiCl) were fixed. The final samples were labeled as CN-t 
in which t refers to 2, 4, and 6 h. 

Characterizations of crystalline carbon nitride 

The prepared CN materials were characterized 
using several instruments. The structural properties were 
identified using a powder X-ray diffractometer (XRD). 
The XRD patterns were recorded using Bruker D8 
Advance with CuKa irradiation (λ = 1.5406 Å). The optical 
properties were determined by a diffuse reflectance 
ultraviolet-visible (DR UV-vis) spectroscopy using a 
Shimadzu UV-2600 DR UV-vis spectrophotometer with 
wavelength recorded in the range of 220 to 800 nm. The 
chemical bonds and functional groups were determined 
by using a Fourier transform infrared spectroscopy 
(FTIR, Nicolet-iS50). The technique used in the 
characterization was the KBr pellet technique. The 
nitrogen (N2) adsorption-desorption isotherm analysis at 
–196.15 °C (77K) using a Quantachrome NOVAtouch 
LX4 instrument was deployed in order to investigate the 
specific surface area (SA). All the samples were dried at 
100 °C in the oven before the measurement. For the 
degassing part, the samples were heated at 180 °C for 3 h 
at the ramp of 10 °C/min. The best CN material was also 

characterized by a transmission electron microscope 
(TEM, JEOL JEM-2100). 

Photocatalytic degradation of phenol 

The photocatalyst (0.05 g) was dispersed in 100 mL 
of a beaker containing 50 mL of 50 ppm phenol. Prior to 
the photocatalytic reaction, the solution was stirred 
continuously in the dark condition for 30 min to reach 
the equilibrium of adsorption-desorption. The 
photocatalytic reaction was carried out under solar light 
simulator irradiation (150 W, λ > 230 nm, and I = 
110,000 Lux) for 6 h. The final remaining concentration 
of the solution was determined by using high-
performance liquid chromatography (HPLC, Shimadzu, 
LC-20AT) equipped with a UV detector. The final 
concentration of phenol was determined using the ratio 
of degraded phenol to its initial concentration. 

■ RESULTS AND DISCUSSION 

Effect of Synthesis Temperature 

The XRD patterns of the prepared CN‒T samples 
are presented in Fig. 1. Based on the spectra, all samples 
showed crystalline properties with at least one crystalline 
peak of (210) plane was observed. Two most intense and 
broad peaks at 2θ of ca. 27 and 12° corresponded to an 
interlayer distance of graphite-like CN and distance of 
the in-plane arrangement of nitrogen-linked heptazine 
or poly(triazine imide) units, respectively [8-19,24-31]. 
Both peaks were observed in all samples. The CN‒500 
showed at least one crystalline peak, which was observed 
at 2θ of ca. 31.9 (210), indicating the crystallization 
could be initiated at a temperature of 500 °C. 

When the synthesis temperature was increased to 
550 °C, more crystalline peaks were visualized, mainly at 
2θ of 20.7 (110), 24.5 (200), 29.3 (102) and 32.4° (210), 
owing to the poly(triazine imide) units [15-16,25-26]. 
Similar crystalline peaks were also observed when the 
synthesis temperature was increased to 600 °C, but the 
resulted CN‒600 was composed of the hybrid of 
heptazine-based and poly(triazine imide) units. The 
amorphous phase (heptazine-based units) was likely to 
be induced at a higher temperature as can be seen at 2θ 
of 27.8°. 
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Fig 1. XRD patterns of (a) CN-500, (b) CN-550, and (c) CN-600 

 
It was demonstrated that increasing the synthesis 

temperature from 500 to 550 °C resulted in the changes in 
phase structure from heptazine-based units (amorphous 
CN) to poly(triazine imide) (crystalline CN) with high 
crystalline phase, owing to its high thermal stability 
compared to amorphous CN at high temperature in the 
presence of molten salts. Similar results on the changes of 
the crystallinity phase were also reported on crystalline 
CN prepared by urea-based precursor when temperature 
variation was carried out [27]. The presence of the 
amorphous phase at a high temperature (600 °C) might be 
related to the binary phase properties of KCl-LiCl. In 
ionothermal synthesis, the molten salts were required as 
the ionic solvent for the growth of crystallization. As the 
temperature increased, the KCl-LiCl would consist of a 
mixture of both solid salts and molten salts. Since more 
solid salts in the eutectic mixture are formed at high 
temperature, it is believed that the crystallization could 
not occur, and thus leading to the formation of heptazine-
based units. All these XRD results demonstrated that the 
crystallinity phase could be tuned via controlling the 
temperature during the ionothermal synthesis. 

The optical properties of the prepared CN‒T 
photocatalysts were investigated by the DR UV-vis 

spectrophotometer. Fig. 2 shows the absorption spectra 
of the CN‒500, the CN‒550, and the CN‒600. Three 
major peaks were observed in all of the samples. The 
peak at low region (ca. 260 nm) was attributed to C‒N 
indicating the π → π* transition, while the peak at region 
ca. 320 nm corresponded to the C=O functional group 
indicating the π → π* and n → π* transitions. The 
presence of the C=O functional group indicated the less 
condensation of urea precursor during the 
polymerization process [28]. Meanwhile, the peak at 366 
nm corresponded to the C‒N functional group [1,29-
31]. 

The decreased intensity of the C=N and C‒N peaks 
on the CN‒500 was due to the incomplete polymerization 
of CN. It was worthy to note that the CN‒550 showed a 
decreased intensity of the C=O peak, suggesting that the 
temperature of 550 °C could eliminate the C=O groups 
and induced the crystallization, forming a highly 
condensed CN network. When the synthesis 
temperature was raised to 600 °C, the CN‒600 showed 
the presence of the C=O peak, and the absorption edge 
was slightly increased to a longer wavelength. As shown 
in Fig. 2, the CN‒600 showed absorption up to 450 nm, 
while sample CN‒550 showed absorption up to 430 nm.  
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Fig 2. DR UV-vis spectra of (a) CN‒500, (b) CN‒550, and (c) CN‒600 

 
On the other hand, sample CN‒500 showed a minimum 
absorption at region ca. 410 nm. This result demonstrated 
that increasing the synthesis temperature increased the 
visible light absorption. The altered optical properties 
might be related to the color changes of the prepared CN 
samples as the CN‒500 showed a pale yellow, while the 
CN‒550 and the CN‒600 samples showed a yellowish and 
brownish yellow color, respectively. 

It was revealed that the hybrid of heptazine and 
poly(triazine imide) CN enhanced the visible light 
absorption to longer wavelength, indicating a decrease in 
the band gap energy with increasing the synthesis 
temperature. Fig. 3 shows the band gap energy of CN‒T 
samples estimated from the Tauc plot. The estimated 
band gap values for CN‒500, CN‒550, and CN‒600 were 
3.05, 2.82, and 2.72 eV, respectively. It has been reported 
that the band gap energy of the material is one of the 
important properties that can affect the photocatalytic 
performance [9-10]. Based on Fig. 3, it was shown that the 
synthesis temperature has a strong impact on the band 
gap energy values, which could be associated with the 
photocatalytic activity. As the synthesis temperature 
increased, the band gap energy of CN‒T samples was 

narrowed down, and the visible light absorption was 
enhanced. These results suggested that the band gap 
energy of CN can be tuned by controlling the synthesis 
temperature. 

The characteristics of the chemical bonding and 
functional groups of the CN‒T samples were studied by 
FTIR spectrometer. Fig. 4 shows the FTIR spectra of 
(CN‒500, CN‒550, and CN‒600. From the spectra, it 
could be noted that increasing synthesis temperature did 
not result in significant changes in the functional 
groups. The peaks observed at the regions of 810 and 
1200–700 cm–1 indicated the successful formation of CN 
heterocycles, thus, suggesting that the CN material could 
be synthesized at temperatures ranging from 500 to  
600 °C. The peak at ca. 810 cm–1 corresponded to the 
bending mode of out-of-plane triazine units, while the 
multiple bands at ca. 1200–1700 cm–1 corresponded to 
the stretching mode of heptazine and/or poly(triazine 
imide) units [8,11,15,17-21,24-26,28]. 

On the other hand, the formation of both C≡N and 
N=C=N at 2170 cm–1 was due to the broke of the CN 
continuity network [8,15,28], owing to the intercalation 
of lithium and chloride ions that resulted in the formation 
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Fig 3. Tauc plots of (a) CN‒500, (b) CN‒550, and (c) CN‒600 

 
Fig 4. FTIR spectra of (a) CN‒500, (b) CN‒550, and (c) CN‒600 

 
of void channels along with the ABA stacking of 
poly(triazine imide). Meanwhile, broad bands at around 
3000–3700 cm–1 were originated from the overlapping of 
primary amine and secondary amine, N‒H and 
hydroxide, O‒H groups, respectively. However, it was 

observed that the intensity of the broad peak that 
attributed to the stretching modes of the primary and 
secondary amines and their intermolecular hydrogen-
bonding interactions (3000–3700 cm–1) reduced as the 
temperature increased, which especially could be 
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observed on the CN-600 (Fig. 4(c)). This result suggested 
that the final condensation product obtained in high 
temperature was lacking in terminal unreacted -NH2 
groups and was cohesive owing to the effect of covalent 
interactions. 

The textural properties and specific surface area 
were investigated via nitrogen adsorption-desorption 
analysis. The isotherms and Barrett-Joyner-Halenda 
(BJH) pore size distribution (inset) of prepared CN‒T 
samples are presented in Fig. 5. All samples showed the 
type IV isotherm with type H3 hysteresis loop according 
to IUPAC classification, suggesting the formation of the 
porous structure. The Brunauer-Emmett-Teller (BET) 
specific surface areas of the CN‒500, the CN‒550, and the 
CN‒600 were 24, 73, and 65 m2 g–1, respectively. From the 
BET specific surface area values obtained, it could be 
suggested that increasing the synthesis temperature from 
500 to 550 °C increased the specific surface area. However, 
the further increase to 600 °C caused a slight decrease in 
the value of the specific surface area. 

The slight decrease in the surface area of the CN‒
600 might be due to the hybrid composition of heptazine-
based CN and poly(triazine imide). On the other hand, 
the CN‒500 and the CN‒600 showed a non-uniform 
pore size distribution (inset), while the CN‒550 showed 
a uniform pore size distribution as only one sharp and 
intense peak was observed. Taking account of the most 
intense and sharp peak, the average pore size diameters 
for the CN‒500, the CN‒550, and the CN‒600 were 
determined to be 3.62, 3.63, and 3.62 nm, respectively. 

On the contrary, the average pore volume of the 
CN‒500, the CN‒550, and the CN‒600 were 0.06, 0.23, 
and 0.19 cm3 g–1, respectively. It could be seen that the 
low specific surface area of CN‒500 was due to low pore 
volume. The CN‒600 showed a slight decrease in its 
surface area, which could be associated with its decreased 
pore volume. Besides, the slight decrease in the specific 
surface area of the CN‒600 might be related to the 
structural changes of the poly(triazine imide) to the 
hybrid composition of poly(triazine imide) and heptazine 

 
Fig 5. Nitrogen adsorption-desorption isotherms and their respective BJH pore size distribution curves (inset) of (a) 
CN‒500, (b) CN‒550, and (c) CN‒600 
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units, considering that the amorphous phase tends to 
reduce the surface area of the material. 

Table 1 shows the percentage of phenol degradation 
on the prepared CN‒T samples after 6 h of irradiation 
under solar light. The CN‒500, the CN‒550, and the CN‒
600 showed the photocatalytic activity of 7, 24, and 20%, 
respectively. The low photocatalytic activity (7%) 
obtained on the CN‒500 sample was clearly due to its 
large band gap energy, very low crystallinity, and low 
specific surface area. These properties were mainly due to 
incomplete polymerization and less condensed structure 
of CN when synthesized at 500 °C. Meanwhile, the high 
photocatalytic activity achieved on the CN‒550 (24%) was 
due to its crystallinity and high surface area and might 
also be associated with the band gap energy value. It could 
be proposed here that material with a high crystalline 
phase could lead to an efficient electron charge transfer 
and provide more active sites for the reaction of 
photocatalytic oxidation-reduction to occur. On the other 
hand, the photocatalytic performance of the CN‒600 was 
slightly dropped (20%). As compared to the CN‒500 °C, 
the CN‒600 exhibited high photocatalytic activity due to 
its crystallinity, surface area, and mainly due to its low 
band gap energy. However, when compared to CN‒550 °C, 
the slightly decreased photocatalytic activity would be due 
to the decrease in the crystallinity and specific surface 
area. The decreased band gap energy value of the CN‒600 
than the CN‒550 could not help improving the activity 
due to such a decrease in crystallinity and surface area. 
These results demonstrated that the respective chemical 
and physical properties (crystallinity, band gap energy, 
and surface area) were significantly dependent on each 
other. Controlling the synthesis temperature to maintain 
the chemical and physical properties is needed so that the 
high photocatalytic performance could be obtained. 

Effect of Synthesis Time 

The X-ray diffractometer was used to study the 
structural properties of the prepared CN‒t samples. The 
XRD patterns of the prepared CN‒2H, CN‒4H, and CN‒
6H were presented in Fig. 6. The two major peaks at a 
diffraction angle of 2θ of ca. 26.9 (002) and 11.9° (100) 
were referred to an interlayer distance of graphite-like 
CN and in-plane arrangement of nitrogen-linked 
heptazine and/or poly(triazine imide) units [8-19,24-
31]. It was clear that all samples showed crystalline 
properties as the planes of (110), (200), (102), and (210) 
were observed [15-16,25-26]. 

As shown in Fig. 6(a) and (b), increasing synthesis 
time from 2 to 4 h increased the crystallinity of the CN. 
However, a further increase in the synthesis temperature 
to 6 h resulted in the reduced peak intensity (Fig. 6(c)). 
The low crystallinity on sample CN‒2H might indicate 
the polymerization or condensation process of CN was 
not sufficient at a short synthesis time. However, when the 
synthesis time was prolonged to 4 h, the supersaturation 
of the salt melt was high and thus, induced the 
crystallization process as well as forming a more 
condensed product. The decrease in the peak intensity 
on the CN‒6H sample could be due to the competition 
between the crystal growth and the dissolution. It was 
also believed that prolong the synthesis temperature 
might cause the CN to be partially decomposed. From 
the XRD patterns, it can be concluded that 4 h was the 
optimum reaction time required to synthesize crystalline 
CN with the high crystalline phase. 

The optical properties of the prepared CN‒t 
photocatalysts were investigated by the DR UV-vis 
spectrophotometer. The DR UV-vis spectra of the CN‒
2H, the CN‒4H, and the CN‒6H are presented in Fig. 7. 
For all samples, three absorption peaks corresponded to  

Table 1. Properties and percentage of phenol degradation after 6 h under solar light irradiation for CN‒T samples 
Sample Crystallinity Eg

1 (eV) S.A2 (m2 g–1) Degradation (%) 

CN‒500 × 3.02 24 7 
CN‒550 √ 2.82 73 24 
CN‒600 √ 2.72 65 20 

1Band gap energy values were determined via the Tauc plot 

2Specific surface area was determined via the BET technique 
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Fig 6. XRD patterns of (a) CN‒2H, (b) CN‒4H, and (c) CN‒6H 

 
Fig 7. DR UV-vis spectra of (a) CN‒2H, (b) CN‒4H, and (c) CN‒6H 

 
the functional groups of C=N, C=O, and C‒O were 
observed at ca. 263, 305, and 360 nm, respectively. Each 
peak corresponded to π → π*, π → π* and n → π*, and π 
→ π* transitions [8,29-31]. It was observed that the peak 
of C‒N was slightly shifted to a shorter wavelength for the 

CN‒2H. Due to its less condensed and incomplete 
polymerization, the CN‒2H showed a reduced peak 
intensity, which belonged to the functional group of C=N. 
The less condensed product of CN might be caused by 
the short reaction time. While the CN‒2H and the CN‒
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4H have a similar visible light absorption up to 430 nm, 
the CN‒6H showed a slightly shifted absorption toward 
longer wavelength in the region up to 460 nm. The slight 
increase in the visible light absorption on sample CN‒6H 
might be due to better crystallinity or CN framework 
arrangement, as depicted in Fig. 7(c). The enhanced 
visible light absorption was also due to the increment in 
the crystallite size owing to the additional formation of 
heptazine-based units within the CN‒6H sample. 

Fig. 8 shows the Tauc plots of the CN‒2H, the CN‒
4H, and the CN‒6H samples. The estimated band gap 
energy values for each respective sample were 2.90, 2.87, 
and 2.76 eV. These band gap values were in good 
agreement with crystalline CN as reported elsewhere 
using similar precursor except for the synthesis procedure 
[27]. While the CN‒2H and CN‒4H gave a close value to 
each other, the CN‒6H showed a lower band gap energy. 
The decrease in its band gap energy could be associated 
with the increase in its crystallite size or quantum size 
effect. The increased crystallite size was occurred due to 
phase changes from poly(triazine imide) to the hybrid 
composition of heptazine-based and poly(triazine imide). 
These results suggested the need for optimum synthesis 
time in preparing crystalline CN as shortening the  
 

synthesis time would result in less condensed CN while 
lengthening the reaction time might cause structural and 
phase changes of the CN. 

The characteristics of chemical bonds and 
functional groups of the prepared CN‒t photocatalysts 
were analyzed by FTIR spectrophotometer. Fig. 9 shows 
the FTIR spectra of the CN‒2H, the CN‒4H, and the 
CN‒6H samples. The formation of CN heterocycles 
(heptazine and/or poly(triazine imide)) can be observed 
in both region at ca. 810 and 1200–1700 cm–1 
[8,11,15,17-20,24-26,28]. The wide and broad peaks at 
ca. 3000–3700 cm–1 were originated from the overlapping 
functional groups of N‒H and O‒H. The presence of the 
O‒H functional group was due to absorbed water 
molecules at the ambient pressure. The band at ca. 810 
cm–1 corresponded to the bending mode of out-of-plane 
heptazine-based and/or poly(triazine imide) units. The 
bands at 1200–1700 cm–1 were attributed to the stretching 
mode of heptazine and/or poly(triazine imide) units. 

The small and intense peak appeared at ca.  
2170 cm–1 on all samples indicated the formation of C≡N 
and N=C=N that were typical for crystalline CN. The 
formation of both functional groups was due to the 
broken of the CN continuity networks [8,15,28], owing to 

 
Fig 8. Tauc plots of (a) CN‒2H, (b) CN‒4H, and (c) CN‒6H 
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Fig 9. FTIR spectra of (a) CN‒4H, (b) CN‒6H, and (c) CN‒6H 

 
the intercalation of lithium and chloride ions. From the 
spectra, it can be observed that the less intense peaks of 
CN heterocycles in the region of 1200–1700 cm–1 for the 
CN‒2H sample (Fig. 9(a)) suggested the incomplete 
formation or less condensed of CN networks due to a 
short synthesis time. Moreover, increasing synthesis time 
from 4 to 6 h showed that the CN network structure was 
decomposed as the peak intensity attributed to CN 
heterocycles was decreased (Fig. 9(c)). These results 
demonstrated that short reaction time caused the 
incomplete formation of CN, while long synthesis time 
may cause the decomposition of the CN. 

The textural properties of the prepared CN‒t 
samples were studied via nitrogen adsorption-desorption 
analysis. The isotherms of each prepared photocatalyst 
are shown in Fig. 10, while the BJH pore size distribution 
was shown in the inset of each figure. All samples showed 
the type IV isotherm with the H3 hysteresis loop, 
suggesting the presence of the porous structure. From the 
values of BET specific surface area, increasing synthesis 
time from 2 to 4 h resulted in the noteworthy increase of 
the specific surface area from 30 to 73 m2 g–1, while further 

increment of synthesis time to 6 h caused the specific 
surface area was slightly dropped to 55 m2 g–1. 

The low surface area on the CN‒2H sample was 
due to less condensed or incomplete polymerization of 
CN. This suggested that 4 h of synthesis time was the 
optimum time to form a highly condensed CN product. 
In addition, the slightly reduced surface area when 
prolonging the synthesis time was due to the formation 
of the hybrid heptazine-based and poly(triazine imide) 
unit. A similar result was also reported when structural 
and composition changes were observed [27]. From the 
insets of the figure, the BJH pore size distribution 
analysis showed that all samples were uniformly porous 
with the average sizes of 3.83, 3.62, and 3.62 nm for the 
CN‒2H, the CN‒4H, and the CN‒6H, respectively. 
Meanwhile, the average pore volumes calculated via the 
BJH equation were 0.06, 0.23, and 0.1 cm3 g–1, 
respectively. The difference in the pore size between the 
CN‒2H and both the CN‒4H and the CN‒6H might be 
due to the limited growth of crystalline CN that was 
associated with less condensed and incomplete 
polymerization process. 
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Fig 10. Nitrogen adsorption-desorption isotherms and their respective BJH pore size distribution curves (inset) of (a) 
CN‒2H, (b) CN‒4H, and (c) CN‒6H 

Table 2. Properties and percentage of phenol degradation after 6 hours under solar simulator irradiation for CN‒t 
samples 

Sample Crystallinity1 (%) Eg
2 (eV) S.A3 (m2 g–1) Degradation (%) 

CN‒2H 86 2.90 30 17 
CN‒4H 100 2.82 73 24 
CN‒6H 90 2.76 55 20 

1Percentage of crystallinity was calculated via the following formula: Crystallinity (%) = (total area of crystalline 
peaks)/(total area of all peaks). The percentage of crystallinity of sample CN‒4H was taken into account as 100% 
2Band gap energy values were determined via the Tauc plot 

3Specific surface areas were determined via the BET technique 

 
Table 2 lists the chemical and physical properties 

and photocatalytic activity of the CN‒t samples after 6 h 
irradiation under solar light. As shown in the table, the 
high photocatalytic activity was achieved on the CN‒4H 
sample with 24% of phenol degradation within 6 h of 
irradiation, while the CN‒2H and the CN‒6H samples 
showed phenol degradation of 17 and 20%, respectively. 
Increasing the synthesis time from 2 to 4 h resulted in the 
lower band gap energy. However, the photocatalytic activity 
of the CH‒6H did not further increase since the surface 

area decreased from 73 to 55%. The high photocatalytic 
activity obtained by CN‒4H sample compared to CN–
2H and CN–6H was coming from the crystallinity of the 
materials, suitable band gap energy, and high surface 
area. These results suggested that the synthesis time 
affected the properties of crystallinity, band gap energy, 
and surface area. Synthesis time of 4 h was important to 
obtain a CN sample with improved crystallinity, suitable 
low band gap energy while maintaining the high surface 
area to achieve a photocatalyst with high activity. 
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Optimized Synthesis Temperature and Time 

As shown in Table 1 and 2, the optimized synthesis 
temperature and time that gave optimized photocatalytic 
activity were 550 °C and 4 h, respectively. Both 
optimization studies showed that the best photocatalytic 
activity was obtained when the CN has good crystallinity, 
enough low band gap energy, and high specific surface 
area. In order to study the morphology of the crystalline 
CN obtained under these optimized synthesis conditions, 
the TEM image was recorded and shown in Fig. 11. It was 
obvious that the prepared crystalline CN gave a near-
hexagonal prismatic crystallite with a size of about 50 nm. 
This morphology was certainly different from the 
reported spherical shape or worm structures of the 
amorphous bulk or mesoporous CN [8]. 

As we compare the photocatalytic activity of the 
crystalline CN to the TiO2 P25 as the benchmark 
photocatalyst so far [2], the performance of the crystalline 
CN to degrade phenol could be considered low. However, 
the activity of the TiO2 P25 is mainly generated under UV 
light irradiation, which would be one of the limitations to 
fully utilize the solar light spectrum. On the other hand, 
while the crystalline CN could be activated by visible light, 
its efficiency still needs to be improved. In this work, a 
clear enhancement in the photocatalytic activity could be 
achieved, where up to 3.4 times higher degradation 
percentage was obtained on the crystalline CN 
synthesized  under  optimized  temperature  and  time  as 

 
Fig 11. TEM image of crystalline CN prepared at 550 °C 
and 4 h 

compared to the ones synthesized under non-optimized 
conditions. Such improvement was comparable to the 
reported approach to increase the photocatalytic activity 
of the amorphous CN, for example, by modifying the 
interfacial charge transfer of the amorphous CN by 
reduced graphene oxide, which gave about 2.8 times 
better performance for photocatalytic degradation of 
phenol [31]. This study clearly showed that optimizing 
the synthesis method is an important strategy to 
optimize the performance of the photocatalyst. 

■ CONCLUSION 

Crystalline CN materials were successfully 
synthesized at various temperatures (500–600 °C) and 
various synthesis time (4–6 h). Judging from the 
photocatalytic performance, the best parameters for 
synthesis temperature and time were 550 °C and 4 h, 
respectively. The characterizations by XRD, DR UV-vis, 
and surface area analyzer revealed that these parameters 
led to the high crystallinity, enough low band gap energy 
(2.82 eV), and high specific surface area (73 m2 g–1), 
which resulted in up to 3.4 times higher percentage of 
phenol degradation than the ones synthesized under the 
non-optimized synthesis conditions. 
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 Abstract: The main object of this study is to determine the exact values of the topological 

indices which play a vital role in studying chemical information, structure properties like 

QSAR and QSPR. The first Zagreb index and second Zagreb index are among the most 

studied topological indices. We now consider analogous graph invariants, based on the 

second degrees of vertices, called leap Zagreb indices. We compute these indices for 

Tickysim SpiNNaker model, cyclic octahedral structure, Aztec diamond and extended 

Aztec diamond. 

Keywords: Zagreb connection indices; Tickysim SpiNNaker model; cyclic octahedral; 

Aztec and extended Aztec diamond 

 

■ INTRODUCTION 

Chemical graph theory is an interdisciplinary field 

of science which relates chemistry with a branch of 

mathematical modeling of graphs. In this area of math, 

one deals with topology of physical structure of a 

molecule to understand chemical properties of the 

compounds. A small but significant part of this field is the 

topic known as topological index where a molecular 

structure of a chemical formula is scientifically 

constructed to predict physical and chemical properties of 

certain molecule. First kind topological index was 

introduced in 1947 by Wiener. The topological graph is 

built on atoms as vertices (except for hydrogen atoms and 

bonds that are always ignored and not considered) and 

bonds connecting two atoms as edges. There are many 

different types of topological indices that have been 

known to exist with vast literature based on them, see for 

example [5-6,12-14,18-21]. 

The first Zagreb Index, occurred in an approximate 

formula for the total π -electron energy [1] and the second 

Zagreb Index appeared within the study of molecular 

branching [9]. The first Zagreb connection index and 

second Zagreb connection index, ZC1 and ZC2 

respectively, have been put forward in [10] and [11] 

independently. It has been proved in [10] that the 

topological index ZC1 can be written in the form given in 

Eq. (1). Then Basavanagoud and Praveen Jakkannavar has 

checked the chemical applicability of ZC1 and have 

found that the index has a very good correlation with 

physical properties of chemical compounds like boiling 

point, entropy, enthalpy of evaporation, standard 

enthalpy of vaporization and acentric factor [15] The 

authors in Ref [10] checked the chemical applicability of 

ZC1 and they found that this topological index correlates 

well with the entropy and acentric factor of octane 

isomers. Recently, extremal chemical trees with fixed 

segment length or vertices of degree 2 with respect to 

modified first Zagreb connection index has been given 

in Ref. [16] and further extended to general n- vertex tree 

in [17]. The authors in Ref [2-3] determined some 

degree base topological indices for diamond like 

networks and Tickysim SpiNNaker model sheet. 

The first connection and second connection index 

were introduced in 1972 and 1975, respectively. Third 

connection index is relatively new. These indices are 

defined as follows for any graph G of order n: 

( ) ( ) 2
1 i

0 i n 2

ZC G c G * i
≤ ≤ −

= ∑  (1) 

( ) ( ) 2
1 i

0 i n 2

ZC G c G *i
≤ ≤ −

= ∑  (2) 

( ) ( ) ( )*
1 i,j

0 i j n 2

ZC   G y G * i j
≤ ≤ ≤ −

= +∑  (3) 

Here V(G) is the vertex set of graph G, E(G) is edge 

set of graph G. The ci denotes the vertex with connection 

number i and yi,j denotes the number of edges with 
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connection number i and j. We do not deal with degree of 

the vertices here so connection number is not to be 

mistaken with degree of the vertex. 

Tickysim SpiNNaker Model 

A hexagonal torus that has m vertices in row and n 

vertices in columns with vertices with total of mn vertices 

and number of edges equal to 3mn – 2n – 2m + 1. The 

second of the network topology consists of a set of a 

hexagonal segments of a hexagonal mesh of nodes. Each 

node in the simulation represents a SpiNNaker chip that 

contains a router, packet generator, packet consumer, and 

a tree of two-input round-robin arbiters which arbitrates 

between the inputs to the router. The router always 

consists of a four-stage pipeline. If a packet cannot be 

forwarded to its requested output after 50 cycles at the 

head of the router, it is dropped. The packet generator 

generates packets for each node of the system. If the 

output buffer is full, the packet generator waits until a 

space becomes available. The packet consumer receives 

incoming packets immediately, but the packet consumer 

will wait 10 cycles before accepting another packet. The 

arbiter tree is based on SpiNNaker’s NoC aspects. In each 

cycle, the arbiter selects a waiting packet on one of its 

inputs and forwards it to its output if there is space in the 

output buffer. For more details, see [4]. The graph TSM 

sheet is shown in Fig. 1. 

Cyclic Octahedral Structure 

The Platonic solid known as octahedron with six 

vertices and 12 edges. An octahedron graph, is a 

polyhedral graph corresponding to the skeleton of the 

octahedron, one of the five Platonic solids. The analogy of 

this structure play vital roles in the field of reticular 

chemistry, which deals with the synthesis and properties 

of metal-organic frameworks [7-8]. The different types of 

octahedral structures arise from the ways that these 

octahedral can be connected. The cyclic octahedral 

structure of dimension n is denoted by CYO(n), and it is 

obtained by arranging n octahedra in cyclic order, as 

shown in Fig. 2. The cyclic octahedral structure CYO(n) 

consists of 5n vertices and 12n edges for n > 2. 

Aztec Diamond 

A diamond shaped graph(see Fig. 3) with insides 

resembling a domino like structure, is built on square 

lattices with a vertex in the center of the graph 

considered as the origin on the x, y plane with half 

integers taken for x and y. 

Extended Aztec Diamond 

Extended Aztec diamond (see Fig. 4) is the exact 

shape and structure as the Aztec diamond but the outer 

vertices are conjoined by extra edges. 

■ RESULTS AND DISCUSSION 

The In this section we will present our main results 

of this paper. In particularly, we compute the leap Zagreb  

 
Fig 1. Graph of the TSM sheet for m = 10 and n = 8 

 
Fig 2. Cyclic octahedral structure (CYO8) 

 
Fig 3. Aztec diamond AZD(n) 
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Fig 4. Extended Aztec diamond EAZD(n) 

indices of TSM sheet, cyclic octahedral structure, Aztec 

diamond and extended Aztec diamond and findings 

presented in this section. 

Theorem 1 

Let TSM be the graph of Tickysim SpiNNaker 

model, for n, m ≥ 5. Then the Zagreb connection indices 

for the TSM are given as: 

(1) ( )1ZC TSM 670 144mn 316 n m= + − +    

(2) ( )2ZC TSM 2600 432mn 1072 n m= + − +   

(3) ( )*
1ZC TSM 198 72mn 124 n m= + − +    

Proof 

We know the general connection index is 

ZC1(G)=∑0≤i≤n-2ci(G)*i2. Taking into account the 

restriction that n ≥ 5 and m ≥ 5, we have the following 

connection numbers for the TSM sheet. On two diagonal 

corner ends the connection number c3 is fixed as the 

number of vertices from it with distance two are 3. Also, 

the opposite end corners c5 is fixed. Where c3 is always 

flanked by c4s on its two on outer surface, c5 is flanked by 

c6 on both outer surface. As m and n increase so do the c7 

on the border between c4 and c6. 

Therefore c3, c4, c5, c6 are fixed and c7 on outer border 

is given as; 

c7 = 2 (n – 4) + 2 (m – 4), c3 = 2, c4 = 4, c5 = 2, c6 = 6. 

Moving into the inner parallelogram c9 that increase 

with the vertices n, m. Hence; c9 = 2 (n – 4) + 2 (m – 4). 

Finally the innermost graph has vertices all the same 

connection number 12. To have a c12 vertex should have 

at least 2 vertices above it, below it, to its left and to its 

right. Therefore; c12 = (n – 4)(m – 4). 

We know the general connection index is given by 

ZC1(TSM) = ∑0≤i≤n–2ci(G)*i2, and from vertex partition 

given in Table 1, we have 

( ) ( )

( ) ( )
( )

( )

2 2 2 2 2
1 i

0 i n 2

2 2

2

            

1

          

                

ZC TSM c G *i 2.3 4.4 2.5 6.6

2n 2m 14 7 2n 2m 16 9

mn 4n 4m 16 12

                   18   64   50   216   49 2n   2m 14

                      

   

8

   

≤ ≤ −
= = + + +

+ + − + + −

+ − − +

= + + + + + −

+

∑

( ) ( )2n   2m 1  6   1  44 nm  1  6  4n  4m+ − + + − −

 

After simplification of terms, we get put required 

formula for the connection number for TSM sheet. 

( )1ZC TSM 670 144mn 316 n m= + − +    

For the indices ZC2(TSM) and ZC1
*(TSM), we need 

to partition the edges of the TSN sheet according to the 

connection numbers of the end points of an edge. It is 

easy to see that all the edges labelled with their 

connection number are given in Table 2. 

Table 1. Partition of vertex set of TSM sheet 

Vertices of type ci Number of vertices  

c3 2 

c4 4 

c5 2 

c6 6 

c7 2n + 2m – 14 

c9 2n + 2m – 16 

c12 mn – 4n – 4m + 16 

Table 2. Partition of edge set of TSM sheet 

Edges of type yi,j(TSM) Number of edges 

y3,4 4 

y4,4 2 

y4,6 4 

y4,7 4 

y5,6 4 

y5,7 2 

y6,7 12 

y6,9 8 

y7,7 2m + 2n – 10 

y7,9 4m + 4n – 32 

y7,12 2 

y9,9 2m + 2n – 18 

y9,12 4m + 4n – 36 

y12,12 3mn – 14m – 14n + 65 
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From Eq. (2) and Table 2, we have the followings: 

( ) ( )2 i,j
0 i n 2

ZC TSM y TSM *ij
≤ ≤ −

= ∑  

( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

2 3,4 4,4 4,6

4,7 5,6 5,7

6,7 6,9 7,7

7,9 7,12 9,9

ZC TSM y 3)(4 y 4)(4 y 4)(6

                      y 4)(7 y 5)(6 y 5)(7

                      y 6)(7 y 6)(9 y 7)(7

                      y 7)(9 y 7)(12 y 9)(9

                  

= + +

+ + +

+ + +

+ + +

( ) ( )
( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) (

) ( ) ( ) (
)

9,12 12,12    y 9)(12 y 12)(12  

                   12 4 16 2 24 4 28 4 30 4 35 2

                      42 12 54 8 49 2m 2n 10 63 4m

                      4n 32 84 2 81 2m 2n 18 108 4m

                      4n 36 144

+ +

= + + + + +

+ + + + − +

+ − + + + − +

+ − + ( )3mn 14m 14n 65− − +

 

After simplification of terms, we get the required formula 

for TSM as: 

( )2ZC TSM 2600 432mn 1072 n m= + − +   

From Eq. (3) and Table 2 we have 

( ) ( ) ( )*
1 i,j

0 i n 2

ZC TSM y TSM * i j
≤ ≤ −

= +∑  

( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

*
1 3,4 4,4 4,6

4,7 5,6 5,7

6,7 6,9 7,7

7,9 7,12 9,9

9,12

 ZC TSM y 3 4 y 4 4 y 4 6

                      y 4 7 y 5 6 y 5 7

                      y 6 7 y 6 9 y 7 7

                      y 7 9 y 7 12 y 9 9

                      y

= + + + + +

+ + + + + +

+ + + + + +

+ + + + + +

+ ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) (

) ( ) ( ) (
) ( )

12,129 12 y 12 12

                    7 4 8 2 10 4 11 4 11 4 12 2

                      13 12 15 8 14 2m 2n 10 16 4m

                      4n 32 17 2 18 2m 2n 18 19 4m

                      4n 36 24 3mn 14m 14n 65

+ + +

= + + + + +

+ + + + − +

+ − + + + − +

+ − + − − +

 

After simplification of terms, we get the required result 

for TSM sheet 

( )*
1ZC TSM 198 72mn 124 n m= + − +    

Remark: We have the following results for fixed 

value of m or n 

a) If m = 4 and n ≥ 4, then 

1. ( )1ZC TSM 594 260n= − +  

2. ( )2ZC TSM 1733 674n= − +  

3. ( )*
1ZC TSM 298 164n= − +  

b) If n = 4 and m ≥ 4 then 

1. ( )1ZC TSM 594 260m= − +  

2. ( )2ZC TSM 1733 674m= − +  

3. ( )*
1ZC TSM 298 164m= − +  

Theorem 2 

For n ≥ 3, the Zagreb connection indices for the 

cyclic octahedron CYO(n) are given as: 

(1) ( )1ZC G 256n=  

(2) ( )2ZC G 645n=  

(3) ( )*
1ZC G 176n=  

Proof 

Total edges are 12n for n cycles and total vertices 

for n ≥ 3 cycles is 5n. Here there are all three different 

connection numbers c5, c9 and c10 when the octahedrons 

are connected in a cycle. The results follows from Table 

3 and Table 4 and from Eq. (1-3). 

Theorem 3 

Let AZD(n) be the Aztec diamond. Then, 

(1) ( ) 2
1ZC G 128n 184n 76= − −  

(2) ( ) 2
2ZC G 256n 504n 52= − +  

(3) ( )* 2
1ZC G 64n 72n 36= − −  

Proof 

We know the general connection index is given by 

ZC1(AZD(n))=∑0≤i≤n–2ci(AZD(n))*, and from vertex 

partition given in Table 5, we have 

( )( )
( )

( )

2 2 2 2 2
1 3 4 5 7 8

2 2 2 2

2 2

ZC AZD n c 3 c 4 c 5 c 7 c 8

4.3 8.4 8n 20 5 4.                         

                      

7

 2n 6n 1 8   

= + + + +

= + + − +

+ − +

 

After simplification of terms, we get: 

( )( ) 2
1ZC AZD n 128n 184n 76= − −  

Table 3. Partition of the vertex set of CYO(n) 

Vertices of type ci Number of vertices 

c5 3n 

c9 N 

c10 N 

Table 4. Partition of the edge set of CYO(n) 

Edges of type yi,j(CYO(n)) No. of edges 

y5,5 3n 

y5,9 2n 

y5,10 4n 

y9,10 2n 

y10,10 n 



Indones. J. Chem., 2020, 20 (6), 1407 - 1413    

 

Zahid Raza   

 

1411 

All the vertices with their respective connection 

numbers are given in Table 5. 

For the indices ZC2(AZD(n)) and ZC1
*(AZD(n)), we 

need to partition the edges of the AZD(n) according to the 

connection numbers of the end points of an edge. It is easy 

to see that all the edges labelled with their connection 

number are given in Table 6. 

Table 5. Partition of vertex set of Aztec diamond 

Vertices of type ci Number of vertices 

c3 4 

c4 8 

c5 8n – 20 

c7 4 

c8 2n2 – 6n + 1 

Table 6. Partition of edge set of Aztec diamond AZD(n) 

Edges of type yi,j(AZD(n)) No. of edges 

y3,4 8 

y3,7 4 

y4,5 8 

y5,5 8n – 24 

y5,7 8 

y5,8 8n – 24 

y7,8 4 

y8,8 4n2 – 16n + 12 

From the last column of the table we can verify by 

adding up all the edges to get the total number of edges 

for all the AZD(n) = 4n2 – 4. Also, the restriction is n ≥ 4 

to compute the Zagreb connection index ZC2(AZD(n)) 

and ZC1
*(AZD(n)). Here using the formula in Eq. (2) and 

on the last column for all edges in Table 6, we have 

( )( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( )

( ) ( ) ( ) ( ) ( ) ( )
( ) ( )

2 3,4 3,7 4,5

5,5 5,7 5,8

7,8 8,8

2

ZC AZD n y 3)(4 y 3)(7 y 4)(5

                            y 5)(5 y 5)(7 y 5)(8

                            y 7)(8 y 8)(8

12 8 21 4 20 8 25 8n 24 35 8 40 8n 24

  56 8 64 4n 16n 12

= + +

+ + +

+ +

= + + + − + + −

+ + − +

 

After simplification of terms, we get the required formula 

( ) 2
2ZC G 256n 504n 52= − +  

From Eq. (3) and Table 6 we have the followings: 

( )( ) ( )( ) ( )

( ) ( ) ( )

*
1 i,j

0 i n 2

3,4 3,7 4,5

ZC AZD n y AZD n * i j

                         y 3 4 y 3 7 y 4 5

≤ ≤ −
= +

= + + + + +

∑
 

( ) ( ) ( )
( ) ( )

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

5,7 5,5 5,8

7,8 8,8

2

                            y 5 7 y 5 5 y 5 8

                            y 7 8 y 8 8

                         7 8 10 4 9 8 10 8n 24 12 8

                            13 8n 24 15 8 16 4n 16n 12

    

+ + + + + +

+ + + +

= + + + − +

+ − + + − +

2                     64n 72n 36= − −

 

Similarly, we can obtained the Zagreb connection 

indices for Aztec diamond EAZD(n) in the following 

theorem. 

Theorem 4 

The Zagreb connection indices for extended Aztec 

diamond EAZD(n) are follows; 

(1) ( )( ) 2
1ZC EAZD n 128n 264n 492= + −  

(2) ( )( ) 2
2ZC EAZD n 256n 524n 1168= + −  

(3) ( )( )* 2
1ZC EAZD n 64n 160n 204= + −  

■ CONCLUSION 

In this paper, we computed some topological 

indices of Tickysim SpiNNaker model TSM, cyclic 

octahedral structure, Aztec diamond AZD(n) and 

extended Aztec diamond EAZD(n). The obtained results 

can be used to predict the certain physio- chemical 

properties of a molecule as these indices are functions of 

chemical graphs and can encode many chemical 

properties such as entropy, boiling point, acentric factor 

and enthalpy of vaporization. As cited earlier ZC1 has a 

very good correlation with physical properties, mainly 

with the standard enthalpy of vaporization and having a 

better correlation than the Wiener Index [12]. The Fig. 

5, we can take note that all indices raise sharply with n 

(since all indices are quadratic in terms of order). But the 

ZC2 is greater than all other leap indices. Similarly, ZC1
* 

correlates well with the acentric factor and entropy and 

from Fig. 6, we see a similar observation having is 

predicted to have comparatively much higher values for 

their eccentric factor with again the former having much 

larger values than the latter. 

It is notable that the obtained results for closed 

formulas for these networks are all quadratic in terms of 

order which show that one can build efficient graph 

algorithms to compute the indices within polynomial 

time. 
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Fig 5. Leap indices for Aztec diamond AZD(n) 

 
Fig 6. Leap indices for TSM 
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 Abstract: A new encapsulation of NPK fertilizer hydrogel granules made from 

glutaraldehyde crosslinked chitosan has been successfully fabricated. This designed 

fertilizer was aimed to maximize the fertilizing process in the soil, as the environmental 

pollution affected by the excess release of the nutrients can be prevented. The granule was 

prepared from biodegradable chitosan crosslinked with glutaraldehyde by applying a 

method of air and freeze-drying. The release test proved that this designed fertilizer 

showed a good performance as a Controlled Release Fertilizer (CRF) in which the hydrogel 

granules could absorb and deposit large amounts of NPK. Later on, they could also release 

large amounts of NPK as well, unlike several types of CRFs. The release percentage of NPK 

out of the granules tended to decrease with an increase of pH at a range close to the 

average pH of the soil, which is neutral to base. Comparing two methods, the freeze-drying 

technique, which yields a bigger pore size, showed a higher release percentage than air-

drying. The release kinetics of the granules followed the Korsmeyer-Peppas model. 

Keywords: hydrogel; controlled release fertilizer; freeze-drying; chitosan; glutaraldehyde 

 

■ INTRODUCTION 

Fertilizers are very important in agriculture, where 

it is needed by soil to afford essential nutrients required 

by the plants [1]. However, the fertilizer losses in the soil 

are still one of the main concerns in the use of fertilizers 

[2]. Around 40–70% of nitrogen, 80–90% phosphorus, 

and 50–70% potassium from fertilizers are wasted to the 

environment without any absorption of the root plant. 

This problem causes not only economic and resource loss 

but also causes environmental pollution [3]. Therefore, 

efficient nutrient absorption from fertilizers to the plants 

should be increased to avoid nutrient loss during the 

process in the soil media by controlling the processes in 

fertilizers, soil media, and plant absorption. In this study, 

the fertilizer released to the soil media will be observed by 

controlling the amount of substances such as N, P, K, 

where adjustment of the release rate of the controlled 

release fertilizer (CRF) method is used. The granules that 

are composed of fertilizer and crosslinked chitosan are 

modified to adjust certain release mechanisms and to 

regulate the release rate based on the physical 

characterization of the granules, such as diffusion, 

swelling, polymer matrix degradation that affects the 

release pattern of the fertilizer [4-6]. A hydrogel is a type 

of matrix that is known and used to control the release 

of fertilizers into the soil [7]. A hydrogel is a 3D-

networking hydrophilic polymer that is capable of 

keeping water in their structure and is dissoluble in 

water [8-11], therefore it is a good material to be used as 

a fertilizer media. In addition, the use of hydrogels for 

fertilizer release can increase efficiency, reduce soil 

toxicity, and minimalize the potential loss of nutrition, 

and improve the soil quality [12]. 

Chitosan, which is a natural polysaccharides 

obtained from the deacetylation of chitin and formed 

from β-(1-4)-2-amino-deoxy-β-D-glucose [13], does not 

dissolve in water, organic solvents, alkaline solutions, 

and mineral acids at pH above 6.5 [14], and is classified 

as biodegradable and non-toxic [15], a cationic polymer, 

and it can form a complex structure with anionic polymers 

or cross-linking agents [16], such as glutaraldehyde [17]. 

The solubility of chitosan is affected by the protonation 
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of the amino groups in the polymer chains [18], and by 

the crosslinkage with glutaraldehyde that increases the 

structure stability in acidic solution [19]. Chitosan, a 

natural and inexpensive source of material found in shrimp 

and crab, was used in this study as a porous-structure media 

to keep the NPK fertilizer. Freeze-drying used for the 

hydrogel formation is based on a dry process in which the 

solvent media (water) will crystallize at low temperatures 

and sublimate to the vapor phase [20] in the vacuum [21] 

and sublimation condition [22]. The shape of pores, pore 

size distribution, and pore connectivity of the matrix will 

be formed by ice sublimation during the processes [23]. 

The benefits of using freeze-drying are long-term-storage 

use, damage reduction from heat, prevent microorganism 

activity and excessive stress, and also avoid change of the 

sample appearance [21,24]. The preparation of porous 

hydrogels from chitosan using the freeze-drying 

technique for controlled release fertilizers has not been 

reported until now. The crosslinking process in chitosan 

is to afford adequate pores of hydrogel to store and release 

the NPK fertilizer at different conditions of pH in the soil. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were chitosan, 

glacial acetic acid, potassium dihydrogen phosphate, 

potassium solution 1000 mg/L, ammonium molybdate, 

ammonium vanadate, glutaraldehyde, potassium 

hydroxide, citric acid 65%, hydrochloric acid 37% from E. 

Merck, Germany. NPK fertilizer and deionized water 

were obtained from a local market. 

Instrumentation 

Instruments used in this study were Fourier 

Transform Infrared (FTIR) Spectrometer from Shimadzu 

Prestige 21, Scanning Electron Microscopy (SEM) from 

Hitachi SU 3500, UV-Vis spectrophotometer from 

Thermo Spectronic 20D+, and Atomic Absorption 

Spectrophotometer (AAS) from Perkin Elmer 3110, and 

Freeze-dryer from LyoQuest Telstar. 

Procedure 

Preparation of chitosan hydrogel 

The hydrogel was prepared by dissolving chitosan in  

10 mL acetic acid solution 0.1 M (2% v/v). One and a half 

grams of NPK fertilizer was then added into the solution 

under constant stirring for about 30 min, followed with 

the addition of 0.16 mL glutaraldehyde solution 25% 

(0.4% v/v). The hydrogel was dried using the air-drying 

and freeze-drying method. Hydrogel yielded from 

freeze-drying was characterized using FTIR and SEM. 

The release mechanism of N, P, K 

The hydrogel of chitosan crosslinked with 

glutaraldehyde (1.8 g) was immersed into 20 mL of 

deionized water for 8 days. The aliquot solution of 

hydrogel was then filtered. The released amount of 

nitrogen out of hydrogel was determined with the 

Kjeldahl method [25]. The released amount of phosphor 

was determined by UV-Vis Spectrophotometer (at 

wavelength 426 nm). Aliquot solution of about 0.125 mL 

was diluted 20 times in water, and about 2.5 mL was 

taken, added by 5 mL of a complexing solution of 

vanadomolybdate acid and water until the volume 

reaches 100 mL. The calibration curve standard was 

made by absorbance measurement of phosphor 

standard solution with a concentration of 0.5–2.5 mg/L 

(interval 0.5 mg/L). Potassium release was determined 

by diluting aliquot solution up to 8000 times, followed 

by measurement with Atomic Absorption Spectroscopy 

(AAS). The calibration curve standard was made by 

absorbance measurements of potassium standard 

solution from 1–5 mg/L (interval 0.5 mg/L). 

The release mechanism of nitrogen, phosphor, and 

potassium was determined using zeroth order, the first 

order, Higuchi and Korsmeyer-Peppas kinetics models 

(Table 1), where Ct is NPK concentration at the time of 

t, C0 is the initial NPK concentration in the hydrogel, Q 

is the  release  percentage,  Mt  and  M∞ are  amounts  of  

Table 1. Kinetics model equations for determination of 

release mechanism of N, P, and K 

Kinetics Model Equation 

Zeroth order t 0C C kt− = −  

First order 0
ln C ln C kt= +        

Higuchi Q k t= √  

Korsmeyer-Peppas nMt
kt

M
=

∞
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nutrient released at a time (t) and at equilibrium, k is a 

constant of the fertilizer-polymer system, and n is the 

diffusion exponent characteristic of the release 

mechanism in which for Quasi-Fickian diffusion is n = 

0.5; non-Fickian or anomalous transport n = 0.5–1.0 and 

case II transport n = 1.0 [26-27]. The calculation result 

was used to determine the release of N, P, and K with NPK 

concentration variation. 

Swelling ratio of hydrogel at pH variation 

The hydrogel was immersed into 20 mL of solution 

at pH 1; 3; 5; 7; 9 for 120 min. The hydrogel was lifted and 

weighed every 10 min of immersion. The swelling 

percentage was calculated using the equation: 

Wx Wd
SR 100%

Wd

−
= ×  

where Wx and Wd refer to the weight of the swollen 

hydrogel and dried hydrogel, respectively. 

NPK release at pH variation 

The hydrogel was immersed into 20 mL of solution 

at pH 1 for 8 days. The aliquot solution was filtered, and 

NPK content was determined by the Kjeldahl method and 

measured by UV-Vis spectrophotometer, and AAS. The 

same procedure was also done at pH 3; 5; and 9. 

Air-drying method 

Hydrogel made by air-drying was obtained by 

heating at 70 °C for 24 h in the oven. The hydrogel 

product was immersed into 20 mL of deionized water for 

8 days. The aliquot solution of the immersion was then 

filtered. The determination of NPK was done with the 

Kjeldahl method, UV-Vis spectrophotometer, and AAS. 

The performance of the resulting hydrogel using this 

method was compared with the freeze-drying method. 

■ RESULTS AND DISCUSSION 

Physical Characterization of the Glutaraldehyde 

Crosslinked Chitosan Hydrogel 

Hydrogel made by the freeze-drying method is 

expected to have high stability structures. FTIR data of 

the hydrogel was used to find material groups to comply 

with the hydrogel. The spectra is shown in Fig. 1. 

FTIR data showed that -OH stretching of the 

hydrogel product was seen at about 3390 to 3500 cm–1 

overlapping with N–H stretching (3132 cm–1). The peak 

at wavenumber of around 1080 and at 1635 cm–1 were 

attributed to the vibrations of –C-O-C glycosidic linkage 

and N–H bending, respectively. Interaction of the 

chitosan backbone with glutaraldehyde was indicated by 

the shifting of N–H bending of uncrosslinked chitosan 

hydrogel to a lower wavenumber, at 1651 to 1635 cm–1. 

This wavenumber shifting of a similar crosslinking 

process was also reported by Akakuru and Isiuku [28]. 

The SEM images of hydrogel prepared by air-

drying and freeze-drying are shown in Fig. 2. It is shown 

that both hydrogels have clear differences on their 

surface. The massive  surface was seen  on the air-drying  

 
Fig 1. Spectra of (a) chitosan and (b) chitosan crosslinked glutaraldehyde hydrogel 
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Fig 2. The surface morphology of chitosan hydrogel made with (a) air-drying, and (b) freeze-drying 

 

hydrogel (Fig. 2(a)). The surface with pores was clearly 

seen on the surface of the hydrogel made by freeze-drying 

(Fig. 2(b)). The pores on the hydrogel structure was 

advantageous for the solvent absorption and swelling 

structure change of the hydrogel. 

The Release Kinetics Model of Nitrogen, Phosphor, 

and Potassium 

The release of N, P, and K was studied using 

fertilizer concentration of 1.5 g that was immersed in 

deionized water for 8 days. The results are shown in Fig. 3. 

From Fig. 3, we can see that the release of N, P, and 

K from the hydrogel significantly increased until the 5th 

day and became constant in the following days. The release 

mechanism of N, P, and K was investigated using zeroth 

order, first order, Higuchi, and Korsmeyer-Peppas kinetics 

model. The correlation coefficient (R2) is shown in Table 2. 

Table 2 shows that the release of N, P, and K from 

the glutaraldehyde crosslinked chitosan hydrogel 

followed the Korsmeyer-Peppas model, indicated by the 

regression value, which is close to 1 (0.99). The 

Korsmeyer-Peppas model explains that the release of N, 

P,  and  K  is  due  to  the  swelling  of  the  hydrogel.  The  

 
Fig 3. The release of N, P, and K in water until 8 days 

Table 2. Correlation coefficient (R2) of the release kinetics of N, P, and K 

Nutrient Zeroth order First order Higuchi Korsmeyer-Peppas 

N 0.94 0.96 0.46 0.99 

P 0.98 0.98 0.97 0.99 

K 0.97 0.97 0.98 0.99 
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calculation of the NPK release exponent (n), correlation 

coefficient (R2), and release factor (k) of the hydrogel are 

shown in Table 3. 

From Table 3, we can see that the value of n from N, 

P, and K was smaller than 0.5, indicating that the NPK 

release followed the Quasi-Fickian diffusion mechanism. 

It means that the release of NPK from the hydrogel was 

determined by partial diffusion of swelling and water-

filled pores of the hydrogel. The formation of the 

crosslinked chitosan with glutaraldehyde increased the 

swellability of the hydrogel because of the increase of 

density of the hydrogel when compared to the 

uncrosslinked hydrogel [28]. 

Effect of Fertilizer Concentration on the Hydrogel 

The release of N, P, and K from the freeze-dried 

hydrogels were performed with fertilizer weight variation 

of 1; 1.5; and 2 g. This variation is aimed to investigate the 

effect of NPK fertilizer concentration on the kinetics of N, 

P, and K releases. The data on the release of N, P, and K 

are shown in Fig. 4. 

Fig. 4 shows that the increase of N, P, and K 

concentrations in the hydrogel caused the increase of N, 

P, and K releases. The release mechanism of N, P, and K 

was investigated using the kinetics model of Korsmeyer-

Peppas. The data of the release exponent (n), correlation 

coefficient (R2), and release factor (k) with the variation 

of N, P, and K concentrations are shown in Table 4. 

Table 4 shows that the release constants for 

nitrogen were 34.1; 49.2; 54.5 ppm/day, for fertilizer 

concentrations of 1, 1.5, and 2 g, respectively. For the 

same fertilizer concentrations, the release constants for 

phosphorus were 50.2; 54.7; and 58.2 ppm/day, while the 

release constants for potassium were 42.1; 42.2; and  

50.8 ppm/day. 

The data indicates that the reaction rate constant 

of nitrogen, phosphorus, and potassium increased with 

the increase of the NPK amount in the hydrogel. This 

shows that the concentration of the NPK fertilizer in the 

hydrogel affects the release of nitrogen, phosphorus, and 

potassium. Meanwhile, the n value of nitrogen, 

phosphorus, and potassium were smaller than 0.5, 

indicating that the release of phosphorus and potassium 

followed the Quasi-Fickian diffusion mechanism [5]. 

Swelling Ratio of the Hydrogel 

The swelling ratio of the hydrogel was studied by 

immersing the hydrogel in water at pH of 1; 3; 5; 7; and 

9 for 120 min (with 10 min interval). Fig. 5 shows the 

result for the investigation of the swelling of the hydrogel  

Table 3. NPK release exponent (n), correlation coefficient (R2), and release factor (k) of hydrogel 

Nutrient Correlation coefficient (R2) 
Korsmeyer-Peppas 

n k (ppm/day) 

N 0.99 0.13 49.3 

P 0.99 0.27 60.9 

K 0.99 0.37 42.2 

 
Fig 4. The release of (a) nitrogen, (b) phosphorus, and (c) potassium with fertilizer concentration variation 
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Table 4. N, P, and K release exponent (n), correlation coefficient (R2), and release factor (k) with the variation of 

fertilizer concentration 

Nutrient 
Concentration 

of fertilizer 

Correlation 

coefficient (R2) 

Korsmeyer-Peppas 

n k (ppm/day) 

N 

1.0 g 0.97 0.28 34.1 

1.5 g 0.99 0.23 49.2 

2.0 g 0.99 0.18 54.5 

P 

1.0 g 0.99 0.37 50.2 

1.5 g 0.98 0.32 54.7 

2.0 g 0.99 0.22 58.2 

K 

1.0 g 0.97 0.31 42.1 

1.5 g 0.98 0.31 42.2 

2.0 g 0.99 0.23 50.8 

 

due to water absorption into the pores of the hydrogel at 

pH variation. In general, the swellability of the hydrogel is 

influenced by the presence of hydroxyl groups (–OH) that 

enhance the hydrophilicity and the presence of amino 

groups (–NH2) that are protonated in water, mostly in 

acidic solution. Fig. 5 shows that the lowest swelling of the 

hydrogel occurred at pH 9. This was due to the –NH2 

group of chitosan that was protonated to –NH3
+. This 

protonation causes chain repulsion and diffusion in the 

base solution, -NH2 was not protonated. 

The NPK Release at Variation of pH Solution 

The NPK release of the hydrogel at pH 1; 3; 5; and 9 

for 5 days are shown in Fig. 6. 

From Fig. 6, it is shown that the lowest NPK release 

occurred at pH 9, NPK release in the acidic solutions were 

higher because the acidic pH causes the unreacted -NH2 

group to be protonated. The protonation increase the 

swelling of the hydrogel, causing the solvent to easily enter  

 

the pores of the hydrogel resulting in higher NPK 

release. 

The Effect of Drying Method 

The effect of the freeze-drying and air-drying 

methods are shown in Fig. 7. 

Fig. 7 shows that the release of N, P, and K from 

the freeze-dried hydrogels was relatively higher than the  

 
Fig 5. The swelling ratio of hydrogel at pH variation 

 
Fig 6. The release of (a) nitrogen, (b) phosphor, (c) potassium at pH 1; 3; 5; 9 
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Fig 7. The release (a) nitrogen, (b) phosphor, (c) potassium by freeze, and air-drying method 

 

air-dried hydrogels. It was clear that the pore formation 

in the freeze-drying method caused the absorption of the 

solvent leading to higher swelling ratio and caused the 

diffusion process to be more efficient. 

■ CONCLUSION 

The NPK release rate increased with the increase of 

NPK fertilizer concentration that were deposited in the 

hydrogel structure. The release of NPK from the hydrogel 

followed the Korsmeyer-Peppas model. The swelling ratio 

of the hydrogel at acidic pH was higher than at pH 9 due 

to the protonation of the –NH2 group. The NPK release of 

the freeze-dried hydrogels showed higher release 

percentage as more pores in the structure of the hydrogel 

were formed compared to the air-drying method. 

■ REFERENCES 

[1] Khan, M.N., Mobin, M., Abbas, Z.K., and Alamri, 

S.A., 2018, “Fertilizers and their contaminants in 

soils, surface, and groundwater” in Encyclopedia of 

the Anthropocene, vol. 5, Eds. Dellasala, D.A., and 

Goldstein, M.I., Elsevier, Oxford, 225–240. 

[2] Chen, J., Lü, S., Zhang, Z., Zhao, X., Li, X., Ning, P., 

and Liu, M., 2018, Environmetally friendly fertilizers: 

A review of materials used and their effects on the 

environment, Sci. Total Environ., 613-614, 829–839. 

[3] Wu, L., and Liu, M., 2008, Preparation and properties 

of chitosan-coated NPK compound fertilizer with 

controlled-release and water-retention, Carbohydr. 

Polym., 72 (2), 240–247. 

[4] Shaviv, A., and Mikkelsen, R.L., 1993, Controlled 

release fertilizers to increase efficiency of nutrient 

use and minimize environmental degradation: A 

review, Nutr. Cycling Agroecosyst., 35, 1–12. 

[5] Zhong, K., Lin, Z.T., Zheng, X.L., Jiang, G.B., Fang, 

Y.S., Mao, X.Y., and Liao, Z.W., 2013, Starch 

derivative-based superabsorbent with integration 

of water-retaining and controlled-release fertilizers, 

Carbohydr. Polym., 92 (2), 1367–1376. 

[6] Rashidzadeh, A., Olad, A., Salari, D., and 

Reyhanitabar, A., 2014, On the preparation and 

swelling properties of hydrogel nanocomposite 

based on sodium-alginate-g-poly(acrylic acid-co-

acrylamide)/clinoptilolite and its application as 

slow release fertilizer, J. Polym. Res., 21, 344. 

[7] Dehkordi, K.D., and Seyyedboveir, S., 2013, 

Evaluation of super AB A 200 superabsorbent on 

water use efficiency and yield response factor of 

SCKaroun701 corn under deficit irrigation, Adv. 

Environ. Biol., 7 (14), 4615–4622. 

[8] Ahmed, E.M., 2015, Hydrogel: Preparation, 

characterization, and applications: A review, J. Adv. 

Res., 6 (2), 105–121. 

[9] Sun, Y., Kaplan, J.A., Shieh, A., Sun, H.L., Croce, 

C.M., Grinstaff, M.W., and Parquette, J.R., 2016, 

Self-assembly of a 5-fluorouracil-dipeptide 

hydrogel, Chem. Commun., 52 (30), 5254–5257. 

[10] Kim, S.H., Sun, Y., Kaplan, J.A., Grinstaff, M.W., 

and Parquette, J.R., 2015, Photo-crosslinking of a 

self-assembled coumarin-dipeptide hydrogel, New  

 



Indones. J. Chem., 2020, 20 (6), 1414 - 1421    

 

Adhitasari Suratman et al.   

 

1421 

J. Chem., 39 (5), 3225–3228. 

[11] Verhulsel, M., Vignes, M., Descroix, S., Malaquin, L., 

Vignjevic, D.M., and Viovy, J.L., 2014, A review of 

microfabrication and hydrogel engineering for micro- 

organs on chips, Biomaterials, 35 (6), 1816–1832. 

[12] Rajakumar, R., and Sankar, J., 2016, Hydrogel: Novel 

soil conditioner and safer delivery vehicle for 

fertilizers and agrochemicals – A review, Int. J. Appl. 

Pure Sci. Agric., 2 (9), 163–172. 

[13] Ray, S.S., 2013, Environmentally Friendly Polymer 

Nanocomposites, Series in Composites Science and 

Engineering, Woodhead Publishing, Cambridge, 

United Kingdom. 

[14] Nguyen, T.T.T., Hosh, C., Hwang, S.G., Tran L.D., 

and Park, J.S., 2013, Characteristics of curcumin-

loaded poly (lactic acid) nanofibers for wound healing, 

J. Mater. Sci., 48, 7125–7133. 

[15] Kean, T., and Thanou, M., 2010, Biodegradation, 

biodistribution, and toxicity of chitosan, Adv. Drug 

Delivery Rev., 62 (1), 3–11. 

[16] Ahmadi, F., Oveisi, Z., Samani, S.M., and Amoozgar, 

Z., 2015, Chitosan based hydrogels: Characteristic 

and pharmaceutical applications, Res. Pharm. Sci., 10 

(1), 1–16. 

[17] Jose, S., Fangueiro, J.F., Smitha, J., Cinu, T.A., 

Chacko, A.J., Premaletha K., and Souto, E.B., 2012, 

Cross-linked chitosan microspheres for oral delivery 

of insulin: Taguchi design and in vivo testing, 

Colloids Surf., B, 92, 175–179. 

[18] Shelma, R., and Sharma, C.P., 2010, Acyl modified 

chitosan derivatives for oral delivery of insulin and 

curcumin, J. Mater. Sci. - Mater. Med., 21, 2133–2140. 

[19] Jamelaa, S.R., and Jayakrishnan, A., 1995, 

Glutaraldehyde cross-linked chitosan microspheres 

as a long acting biodegradable drug delivery vechicle: 

Studies on the in vitro release of mitoxantrone and in 

vivo degradation of microspheres in rat muscle,  

 

Biomaterials, 16 (10), 769–775. 

[20] Ratti, C., 2012, “Freeze drying process design” in 

Handbook of Process Design, Eds. Ahmed, J., and 

Rahman, M.S., John Willey & Sons, Hoboken, New 

Jersey, USA, 621–647. 

[21] Adams, G.D., Cook, I., and Ward, K.R., 2015, The 

principles of freeze-drying, Methods Mol. Biol., 

1257, 121–143. 

[22] Shukla, S., 2011, Freeze drying process: A review, 

Int. J. Pharm. Sci. Res., 2 (12), 3061–3068. 

[23] Wang, W., Chen, M., and Chen, G., 2012, Issues in 

freeze drying of aqueous solutions, Chin. J. Chem. 

Eng., 20 (3), 551–559. 

[24] Day, J.G., and Stacey, G., 2007, Cryopreservation 

and Freeze-Drying Protocols, Springer Science and 

Business Media, Berlin. 

[25] Anonymous, 2005, Water and waste water – Part 

52: Test methods of nitrogen organic content by 

macro Kjedahl and titration, National 

Standardization Agency, Indonesian National 

Standard (SNI) 06-6989.52-2005. 

[26] Jamnongkan, T., and Kaewpirom, S., 2010, 

Controlled release fertilizer based on chitosan 

hydrogel: Phosphorus release kinetics, Sci. J. UBU, 

1, 43–50. 

[27] Rasool, A., Ata, S., Islam, A., Rizwan, M., Azeem, 

M.K., Mehmood, A., Khan, R.U., Qureshi, A.R., and 

Mahmood, H.A., 2020, Kinetics and controlled 

release of lidocaine from novel carrageenan and 

alginate-based blend hydrogels, Int. J. Biol. 

Macromol., 145, 1–30. 

[28] Akakuru, O.U., and Isiuku, B.O., 2017, Chitosan 

hydrogels and their glutaraldehyde-crosslinked 

counterparts as potential drug release and tissue 

engineering systems – Synthesis, characterization, 

swelling kinetics and mechanism, J. Phys. Chem. 

Biophys., 7 (3), 1–7. 

 

 



Indones. J. Chem., 2020, 20 (6), 1422 - 1429    

 

Kristian Handoyo Sugiyarto et al.   
 

1422 

Preparation, Electronic Properties, and Powder-XRD Structure Analysis of 3,5-

Bis(pyridin-2-yl)-H-1,2,4-triazoledichloridocopper(II) 

Kristian Handoyo Sugiyarto1,*, Isti Yunita1, and Harold Andrew Goodwin2 

1Department of Chemistry Education, Universitas Negeri Yogyakarta, Jl. Colombo No. 1, Yogyakarta 55281, Indonesia 

2School of Chemistry, UNSW, Sydney, NSW 2052, Australia 

* Corresponding author: 

tel: +62-8157935534 

email: sugiyarto@uny.ac.id 

Received: April 22, 2020 

Accepted: May 30, 2020 

DOI: 10.22146/ijc.55600 

 Abstract: Salt of [Cu(bptrzH)Cl2], (bptrzH = 3,5-bis(pyridin-2-yl)-H-1,2,4-triazole) 

has been prepared and characterized its electronic spectral and magnetic properties. This 

salt is paramagnetic with magnetic moment, μs, being 1.77–1.78 BM at 293 K, but 

decreased significantly with decreasing temperature to be 0.60–0.63 BM at 90 K, 

indicating antiferromagnetic nature. This is associated with Cu–Cu magnetic interactions 

at low temperatures, and suggests that the salt adopt an octahedrally polymeric structure. 

The electronic spectrum of this salt reveals a strong ligand field band centered at about 

13,000 cm–1 and a very strong charge transfer absorption at about 23,000–24,000 cm–1. 

The spectrum is better resolved at lower temperature and this is parallel to the slight 

change in color from yellowish-green at room temperature to bright green at low 

temperature (90 K). The powder XRD of this complex was refined by Le Bail method of 

Rietica program and found to be fit as triclinic symmetry of space group PĪ with the figure 

of merit: Rp = 5.02; Rwp = 7.95; Rexp = 5.40; Bragg R-Factor = 0.05; and GOF = 2.166. 

Keywords: magnetic moment; copper(II); bptrzH; antiferromagnetic; spectrum; Rietica 

 
■ INTRODUCTION 

The coordination chemistry of Cu(II) is of interest 
for many researchers, particularly due to the various 4-6 
coordination numbers, its magnetism associated with 
ferro-/antiferro-magnetic property, the ability to form bi-
poly nuclear compound, and strong Jahn-Teller distortion. 
In four coordination as in [(C2H5)2NH2]2[CuCl4], the 
tetrachloridocuprate(II) was reported an interesting 
thermochromism from bright green at room- to low- 
temperatures to yellow on heating above 43 °C [1-2]. This 
is associated with the geometrical phase transition, 
square-planar (green)  tetrahedral (yellow) in anionic 
tetrachloridocuprate(II). The phase transition is confirmed 
primarily due to organic counter-part change arrangement 
[3]. The driving force for this geometric transition is 
believed because of the cationic counterpart movements 
of particular organic species [2], while the thermochromic 
nature according to Bhattacharya et al., is evident due to 
the Jahn-Teller effects of Cu(II) and NH····Cl hydrogen 
bonds [4]. Since then, other studies also reported the 

thermochromic properties in other copper(II) 
compounds. Fabbrizzi et al. [5] observed continuous and 
discontinuous thermochromism of copper(II). The role 
of the organic counterpart cation to the 
tetrachloridocuprate(II) is then confirmed in other 
numerous compounds [6-11]. 

Another characteristic of copper(II) species is its 
ability to form numerous di-/poly-nuclear compounds 
which usually lead to typical magnetic interaction effect, 
that is ferro-/anti-ferromagnetic properties [12-15]. The 
d9 system of Cu(II) is also well known to show 
structurally Jahn-Teller distortion as it has been observed 
in octahedral, trigonal bipyramidal, square-planar, and 
tetrahedral geometries, accompanying the phase 
transition and thus the importance in functional 
molecular and inorganic materials is of interest [16]. It 
should also be noted that the Cu(II) complexes discussed 
might involve bridging system Cu(II)-ligand-Cu(II) as 
well as interligand hydrogen bonds which might be 
considered to account of magnetic interactions. The 
organic  compound,  3,5-bis(pyridine-2-yl)-1,2,4-triazole,  
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Fig 1. Possible asymmetrically flanking bptrzH (a) and 
dinuclear double bridging framework with CuCl2 (b) 

bptrzH (Fig. 1(a)) has been known as a ligand that can 
provide bridging-coordination to transition metal 
compounds due to conformation of the ligand [17]. Thus 
bptrzH might coordinate through N2 and N4 donor atoms 
leading to dinuclear single bridging (N2, Npy, N4, Npy’) 
complex. It might also be possible to coordinate through N1 
and N2 donor atoms leading to dinuclear double bridging 
(Npy, N1-N2, Npy’)2 when both pyridine rings are 
symmetrically flanking to the triazole ring (Fig. 1(b)). 
However, mononuclear meridional tris-bidentate, Npy, 
N2, is also possible to occure [18-19]. 

Therefore, preparation of a complex containing this 
organic ligand with copper(II) chloride which has not 
been studied, is very promising characteristics at least 
associated with ferro and antiferro magnetic properties 
for the bridging complex. Moreover, the chloride ion may 
also act as a bridging anionic ligand. Hence, the 
combination of the two species, bptrzH and chloride ion 
is expected to produce Cu(II) complex with interesting 
properties. 

■ EXPERIMENTAL SECTION 

Materials 

The main chemicals of picolinic acid hydrazide, 2-
cyanopyridine, methanol, and CuCl2·2H2O, were 
purchased from Sigma-Aldrich. All the reagents were 
used without initial purification. 

Procedure for Preparation of the Complex 

Preparation of ligand 

The compound (bptrzH) was synthesized according 
to method of Kubota et al. [20]. A mixture of picolinic 

acid hydrazide, 6.857 g (0.05 mol), and 2-cyanopyridine, 
52.055 g (0.5 mol, in excess), were heated together at 220–
225 °C for about 10 h. After cooling, the solid was 
filtered, washed with cold ethanol, and dried in a 
vacuum desiccator. Recrystallization from ethanol 
resulted in white solid (mp. 196 °C uncorrected, lit. 209–
211 °C). 

Preparation of complex [Cu(bptrzH)Cl2] 

Into a well stirred methanolic solution of 
CuCl2·2H2O, 0.341 g (2 mmol), was added dropwise of a 
methanolic solution of bptrzH, 0.233 g (1 mmol), 
whereupon the finely greenish-yellow powders came out 
readily. It was carefully filtered, washed with cold 
methanol, and then dried in aeration. (Sample 1 and 2 
were separately prepared). 

Instruments and Procedure of Physical 

Measurements 

Physical characterization 

Magnetic measurements. The magnetic data for 
solid samples were obtained using a Newport variable 
temperature Gouy balance equipped with cryostat 
containing liquid nitrogen for low-temperature 
measurements and calibrated with CoHg(NCS)4. All 
data have been corrected for diamagnetism calculated 
using Pascal's constants. Molar susceptibilities (χM) were 
quoted in cm3 mol–1 and the magnetic moments were 
calculated according to the relationship μef = 2.828 
√(χM.T) BM. 
Electronic spectral measurements. Electronic 
spectra were recorded on a Zeiss PMQII 
spectrophotometer equipped with a diffuse reflectance 
accessory. Solid (powder) samples were spread on white 
filter paper and their spectra were calibrated against 
magnesium oxide. For low-temperature measurement a 
special brass attachment with silica glass windows was 
used. The fitting was sealed and a stream of cold nitrogen 
gas was passed over the assembly to prevent 
condensation. The fitting was then placed in contact 
with the base of an insulated brass dewar filled with 
liquid nitrogen and low-temperature measurement was 
made. In the measurement of spectra of the sample at 
room- and low-temperatures, the sample mounting was 
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not changed and hence any measured changes in 
intensities at different temperatures are significant even 
though the actual values for intensities are not. 
Powder X-ray diffraction. The diffractogram of the 
complex was recorded by using a Rigaku Miniflex 600  
40 kW 15 mA Benchtop Diffractometer, with CuKα, λ = 
1.5406 Å. The powdered sample was spread on the glass 
plate and then was placed on the cell holder. The 
reflection data were recorded in a scan mode at 2–80 
(degree of 2θ) with interval of 0.04 steps per 4 sec for 2 h. 
The recorded diffractogram was then analyzed with the 
Rietica program of Le Bail method (5–80 degree of 2θ) 
which was run within 30 cycles. 

■ RESULTS AND DISCUSSION 

Elemental Analysis of bptrzH and the Complex 

BptrzH was isolated as white solid having melting 
point (196 °C) close to the literature (209–211 °C). The 
elemental analysis was found to be C = 64.79 (64.56), H = 
3.84 (4.06), and N = 31.05 (31.37)%, with calculated 
figures in the bracket for C12H9N5. 1H-NMR spectrum of 
this compound confirms the corresponding formula, 
showing four strong resonances at 7.3, 7.8, 8.4, and 8.8 ppm 
by integration ratio of 1:1:0.9:1 respectively. Thus, this 
corresponds to the four different positions of hydrogen 
atoms in pyridine rings. The weak and broad resonance at 
13.6 ppm is believed to be due to the only one H(N) in the 
triazole ring [20]. 

Direct interaction of copper(II) chloride with 
bptrzH (C12H9N5) in methanol resulted in greenish-yellow 
finely powder. The C–H–N elemental analysis, C = 38.90 
(39.19), H = 1.97 (2.46), N = 18.71 (19.28)%, with 
calculated figures in the bracket for [Cu(C12H9N5)Cl2], 
signify this complex formula. 

Magnetic Moment 

The effective magnetic moment for the complex at 
room temperature, μ293K, is 1.77–1.78 BM. This is 
remarkably close to the spin-only value for one unpaired 
electron (μs = 1.73 BM) in d9-octahedral configuration. 
The effective magnetic moment, however, is significantly 
temperature dependent, being gradually decreased with 
decreasing temperature to about 0.61–0.63 BM at 89–99 K, 

and increased with increasing temperature to about 
1.85–1.92 BM at 353–373 K. The change in moment was 
found to be reversible as shown by the magnetic data 
listed in Table 1 which were recorded according to the 
order of measurements. The trend of decrease in the 
moment as displayed in Fig. 2 suggests the possibility of 
further decreases at very low temperatures. 

The decreasing magnetic moment within the 
experimental temperatures in this compound is 
associated with the antiferromagnetic behavior due to 
the interaction of metal atoms, Cu-Cu. No effect of 
externally magnetic field is observed as shown by the 
moment values recorded with 15 A at 176–90 K (sample 
1) and at 156–89 K (sample 2). As temperature is gradually 
lowered the Cu(II)-Cu(II) distance in the molecule 
becomes gradually shorter, and the interaction of the 
one unpaired electron in Cu(II)-Cu(II) becomes stronger. 
The magnetic interaction should be then an anti-parallel 
couple spin of electron, and as a result the magnetic 
moment is lowered. The reproducibility of this behavior 
in this complex is confirmed by magnetic data from the 
two samples (sample 1-2) which were separately prepared 
in different batch. This antiferromagnetic behavior is 
much the same as the plot of magnetic susceptibility with 
temperature in another octahedral dimer, 
[Cu(bptrzH)(CF3SO3)H2O]2 [18].  Such  typical  behavior  

 
Fig 2. Magnetic moment of [Cu(bptrzH)Cl2] 
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Table 1. Magnetic moment of [Cu(bptrzH)Cl2] at various temperatures 
Sample 1 Sample 2 

T/K χM/10–6 μef/BM T/K χM/10–6 χM/BM 

293.2 1336 1.77 293.2 1359 1.78 
176.3 
176.3 (15A)* 

1115 
1175 

1.25 
1.28 

237.2 
156.5 

1346 
1072 

1.60 
1.16 

90 
90 (15A)* 

500 
518 

0.60 
0.61 

156.5 (15A)* 
89 

1081 
551 

1.16 
0.63 

99 531 0.65 89 (15A)* 550 0.63 
118.1 689 0.81 99 632 0.71 
137.2 878 0.98 118.1 785 0.86 
156.5 1052 1.15 137.2 952 1.02 
195.8 1194 1.37 176.3 1219 1.31 
237.2 1273 1.55 195.8 1272 1.41 
275 1304 1.69 275 1352 1.72 
313.2 1304 1.81 313.2 1326 1.82 
333.2 1288 1.85 353.2 1286 1.90 
353.2 1209 1.85 373.2 1245 1.92 

* The moment was measured in different (electro)magnetic fields, by applying electric current 15 A vs 10 A, 
and it turned out to give relatively the same results, indicating that the magnetic properties do not depend on 
external magnetic field strength 

 
in magnetism is very common for poly- or di-nuclear 
copper(II) with ligand other than bptrzH due to Cu-Cu 
interaction and the role of counterion [12-14,21], 
ferromagnetic-antiferromagnetic coupling [15-16] and 
ferromagnetic domain [22]. Thus, this complex is 
proposed to be dimer [Cu(btrzH)Cl2]2 (as in Fig. 1(b)) 
following Prins et al. [18]. 

Electronic Spectrum 

The electronic spectrum of this complex, 
[Cu(bptrzH)Cl2], as shown in Fig. 3, reveals two well 
resolved of absorption bands. The peak at lower energy 
which is relatively asymmetrical band centered at around 
13,000 cm–1 should be the octahedral ligand-field band 
attributed as 2Eg → 2T2g while the one centered at much 
higher energy, around 23,000–24,000 cm–1 might be 
associated with the "charge-transfer" band of metal-
ligand, π-π*, and this is what dominates the greenish 
yellow color of this species. A very clear shoulder band at 
around 16000 cm–1 might be associated with Jahn-Teller 
distortion [16,23-24] due to primarily asymmetrical 
electronic configuration in eg

3 orbitals. 

 
Fig 3. Electronic spectra of [Cu(bptrzH)Cl2] 

Structural Analysis 

The complex compound resulted from interaction 
of copper(II) chloride and bptrzH apparently does not 
dissolve in a various commonly known solvents, water,  
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Fig 4. Diffractogram of [Cu(bptrzH)Cl2]. The black signs (+) represent the observed-experimental data, the red full 
line is the calculated refinement at 5–80° of 2θ for the expected model of triclinic symmetry of space group PĪ which 
are the blue bar-lines, and the green curve-line indicates the differences between the observed diffractogram and the 
refinement 
 
nitromethane, ethanol, methanol, acetone, acetonitrile, 
and so far attempt to grow a single crystal was 
unsuccessful. Structural analysis was then performed 
from its powder XRD. This is quite common for the 
oxides compounds following Rietveld method [e.g. 25-
27]. However, it has been applied to that of iron(II) 
complex [28] quite recently and found to be a significant 
result. Since then, referring to the suggestion by Toby as 
well [29], application of this method has been extensively 
performed to some powdered complexes [30-38] and the 
results were found to be reasonably acceptable. 

For these reasons, the powder X-ray diffraction of 
this complex was then recorded and the diffractogram 
together with its refinement following Le Bail method of 
Rietica program is shown in Fig. 4. It is obvious that the 
calculated red full line does almost pass through the black 
experimentally observed data, and this is confirmed by 
the almost linear green-curve line which reflects the tiny 
difference between both data. This suggests that the 
refinement is considerably fit for triclinic symmetry of 
space group PĪ with Goodness of Fitting (GOF) 2.166, 
derived Bragg R-Factor 0.05, and low figures of merit: Rp 
= 5.02, Rwp = 7.95, and Rexp = 5.40. The detailed cell 
parameters are: a = 10.83314 Ǻ; b = 13.5746 Ǻ; c = 14.5156  

Table 2. Detailed cell parameters of (a), 
[Cu(bptrzH)2Cl2], and (b) 

Compound (a) (b) [18] 
Symmetry Triclinic Triclinic 

Space Group PĪ PĪ 
a (Å) 10.8331 8.841(3) 
b (Å) 13.5746 14.132(6) 
c (Å) 14.5156 14.382(6) 

V (Å3) 1965.1938 1606(1) α (°) 112.3884 112.58(3) 
β (°) 86.0523 92.23(3) γ (°) 94.8069 102.45(3) 
Rp 5.02  
Rwp 7.95  
Rexp 5.40  
Z 2 2 (dimer) 

GOF: χ2 2.166  
RBragg 0.05  

(b) [Cu(bptrzH)(CF3SO3)(H2O)]2 

Ǻ; α = 112.3884°; β = 86.0523°; γ = 94.8069°; V = 
1965.1938 Ǻ3; and Z = 2 (Table 2). 

The antiferromagnetic interaction of Cu(II) at 
lower temperatures suggests that this complex is likely to 
adopt a dimer of [Cu(bptrzH)Cl2]2 (Fig. 1(b)) following 
the structure of [Cu(bptrzH)(CF3SO3)(H2O)]2 [18] 
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which is known as dinuclear double bridging as also 
observed in spin crossover system of [Fe2(bptrz)2Cl4] [19]. 

■ CONCLUSION 

The complex of [Cu (bptrzH)Cl2] has been 
successfully isolated as greenish-yellow finely powder 
from the reaction of copper(II) chloride with the bptrzH 
ligand which is insoluble in some common solvents. The 
complex shows antiferromagnetic Cu-Cu interactions 
with magnetic moment of 1.78 BM at 293 K and gradually 
down with temperatures to 0.63 BM at 90 K. It is believed 
to have a geometrical structure of dinuclear double 
bridging octahedral coordination. 
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Table S1. Hydrogen bond occupancy of between ligand and receptor 

Remdesivir (RDM) 

Acceptor Donor 
Percentage 

(%) 
Distance 

(Å) 
Angle 

TYR_560@O LIG_1079@H34: @O33 97.5 2.6466 158.6022 
ASP_559@OD2 LIG_1079@H42: @O41 87.73 2.6095 164.6033 
ASP_701@OD1 LIG_1079@H36: @O35 65.33 2.572 167.4986 
ASP_559@OD1 LIG_1079@H40: @O39 61.66 2.5706 168.1091 
ASP_701@OD2 LIG_1079@H36: @O35 33.79 2.5828 167.1641 
LIG_1079@O37 ARG_496@HH22: @NH2 18.55 2.8256 156.0252 
LIG_1079@O33 CYS_563@H: @N 14.74 2.922 159.5935 
LIG_1079@O37 ARG_496@HH12: @NH1 12.22 2.8363 154.439 
ASP_559@OD1 LIG_1079@H42: @O41 10.71 2.5992 166.0198 

ZINC1529045114 

Acceptor Donor 
Percentage 

(%) 
Distance 

(Å) 
Angle 

LIG_1079@O11 ARG_496@HH11: @NH1 45.55 2.8161 160.3069 
LIG_1079@N7 ARG_565@HH21: @NH2 30.18 2.8914 151.6928 
ASP_701@OD1 LIG_1079@H23: @O15 29.6 2.6544 162.9622 
ASP_393@OD2 LIG_1079@H26: @N9 29.58 2.8336 154.8585 
ASP_564@OD2 LIG_1079@H15: @N4 28.95 2.7219 159.6432 
ASP_559@OD1 LIG_1079@H7: @O7 23.96 2.6534 165.5095 
ASP_701@OD2 LIG_1079@H21: @O14 22.52 2.7076 159.0275 
ASP_701@OD1 LIG_1079@H21: @O14 19 2.7394 158.8832 
LIG_1079@O15 SER_700@HG: @OG 17.66 2.783 158.7613 
LIG_1079@O17 ARG_565@HH11: @NH1 13.74 2.914 159.1019 
ASP_393@OD1 LIG_1079@H26: @N9 13.26 2.8326 157.1251 
TYR_560@O LIG_1079@H5: @O6 12.98 2.712 158.0925 
ASP_564@OD1 LIG_1079@H16: @N4 12.92 2.7262 161.7094 
ASP_559@OD2 LIG_1079@H16: @N4 12.63 2.7354 162.14 
ASP_564@OD1 LIG_1079@H15: @N4 12.57 2.7371 159.6196 
ASP_564@OD1 LIG_1079@H23: @O15 12.47 2.6626 161.8866 
ASP_559@OD2 LIG_1079@H15: @N4 12 2.742 163.0233 
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ZINC169730811 

Acceptor Donor 
Percentage 

(%) 
Distance 

(Å) 
Angle 

ASP_702@OD2 LIG_1079@H7: @O7 80.78 2.6585 163.4954 
ASP_702@OD2 LIG_1079@H5: @O6 45.58 2.6486 162.1343 
LYS_492@O LIG_1079@H25: @N4 32.53 2.8454 160.469 
LIG_1079@N5 SER_490@HG: @OG 25.2 2.839 158.8034 
ARG_494@O LIG_1079@H24: @N4 22.69 2.8325 151.8958 
LIG_1079@N3 SER_490@HG: @OG 22 2.7854 158.4971 
ARG_494@O LIG_1079@H21: @O11 18.99 2.6927 162.3982 
ASP_701@O LIG_1079@H5: @O6 18.38 2.7158 161.0261 
LIG_1079@O1 ARG_777@HH21: @NH2 17.89 2.817 153.8028 
LIG_1079@O1 ARG_777@HH11: @NH1 17.45 2.8169 153.3582 
LIG_1079@O7 SER_755@H: @N 17.21 2.9072 150.621 

9-Ribosyl-trans-zeatin 

Acceptor Donor 
Percentage 

(%) 
Distance 

(Å) 
Angle 

GLU_752@O LIG_1079@H3*: @O3* 37.66 2.7351 162.4237 
GLU_752@O LIG_1079@H2*: @O2* 29.31 2.7178 160.6939 
ASP_702@OD2 LIG_1079@H3*: @O3* 23.14 2.6916 164.9356 
TRP_558@O LIG_1079@H5*: @O5* 15.34 2.7385 158.6033 
ASP_702@OD2 LIG_1079@H2*: @O2* 15.24 2.6704 159.5671 

Table S2. The results of cluster analysis 
Remdesivir (RDM) 

#Cluster Frames Frac AvgDist Stdev Centroid AvgCDist 

0 20000 1 1.696 0.337 10516 0 

ZINC1529045114 
#Cluster Frames Frac AvgDist Stdev Centroid AvgCDist 

0 20000 1 1.788 0.32 8765 0 

ZINC169730811 
#Cluster Frames Frac AvgDist Stdev Centroid AvgCDist 

0 20000 1 1.834 0.385 13887 0 

9-Ribosyl-trans-zeatin 
#Cluster Frames Frac AvgDist Stdev Centroid AvgCDist 

0 20000 1 1.821 0.472 14033 0 
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Fig S1. Plot of MM-PBSA binding energy (kcal/mol) versus time in which RDM, ZINC1529045114, ZINC169730811, 
and 9-Ribosyl-trans-zeatin assigned as red, green, blue, and purple, respectively 
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 Abstract: The novel coronavirus disease 19 (Covid-19) which is caused by severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) has been a pandemic across the world, 

which necessitate the need for the antiviral drug discovery. One of the potential protein 

targets for coronavirus treatment is RNA-dependent RNA polymerase. It is the key 

enzyme in the viral replication machinery, and it does not exist in human beings, 

therefore its targeting has been considered as a strategic approach. Here we describe the 

identification of potential hits from Indonesian Herbal and ZINC databases. The 

pharmacophore modeling was employed followed by molecular docking and dynamics 

simulation for 40 ns. 151 and 14480 hit molecules were retrieved from Indonesian herbal 

and ZINC databases, respectively. Three hits that were selected based on the structural 

analysis were stable during 40 ns, while binding energy prediction further implied that 

ZINC1529045114, ZINC169730811, and 9-Ribosyl-trans-zeatin had tighter binding 

affinities compared to Remdesivir. The ZINC169730811 had the strongest affinity toward 

RdRp compared to the other two hits including Remdesivir and its binding was 

corroborated by electrostatic, van der Waals, and nonpolar contribution for solvation 

energies. The present study offers three hits showing tighter binding to RdRp based on 

MM-PBSA binding energy prediction for further experimental verification. 

Keywords: Covid-19; herbal; ZINC; RdRp, in silico; coronavirus 

 

■ INTRODUCTION 

The novel coronavirus disease in 2019 (Covid-19) 
which is caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has been declared as a 
pandemic across the world as it impacts all countries 
worldwide with more than two million people infected and 
hundred thousand fatalities [1]. The current situation still 
has the potential to elevate considering its rapid contagious 
nature and no drug or vaccine for this particular 

coronavirus has been found until recently. This 
necessitates the urgent effort to find small molecules with 
the potential to inhibit specific proteins of the coronavirus. 

Antiviral drug discovery including the 2019 novel 
coronavirus is subjected to the specific proteins 
responsible for the viral life cycle continuation. One of 
the druggable proteins with the potential to target is 
RNA-dependent RNA polymerase (RdRp) which belongs 
to the nucleic acid polymerase. The crucial function of 
RdRp is its role in catalyzing the synthesis of the viral 
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RNA which is required for viral replication [2-3]. The 
protein exists in the virus and fortunately not in the host 
(human body). Therefore, targeting RdRp is considered to 
have a high potential to inhibit the coronavirus life cycle. 

Several small molecules that target RdRp have been 
reported such as Remdesivir and Sofosbuvir. Remdesivir 
is a nucleoside analog prodrug and it is reportedly to 
inhibit SARS-CoV and MERS-CoV [4-5]. Sofosbuvir, on 
the other side, is a nucleotide analog prodrug, which 
targets the hepatitis C virus (HCV) infection through 
HCV NS5B RdRp [6-7]. As it is known that the 2019 
nCov-2 coronavirus is a single-strand RNA virus that 
shares structural similarity with RdRp of Hepatitis-C-
Virus (HCV), Ebola, dengue virus, and rhinoviruses, 
those drugs were also projected for the treatment of the 
2019 nCoV-2. However, since the coronavirus is well 
known for its highly adaptive capability for modified 
nucleotide analog, the need for novel prompt SARS-CoV-
2 antiviral drug discovery was inevitable. Here we 
performed in silico screening based on the 
pharmacophore features of Remdesivir to find potential 
compounds for inhibiting RdRp protein. The obtained 
hits were subjected to molecular docking and molecular 
dynamics simulation confirmation. We identified several 
hits molecules with better affinities than Remdesivir 
according to Molecular Mechanics-Poisson Boltzmann 
Surface Area (MM-PBSA) protocol. 

■ COMPUTATIONAL METHODS 

Pharmacophore modeling was performed with the 
aid of LigandScout 4.3 [8] and the Pharmit web server [9]. 
In both applications, the structure of Remdesivir (RDM) 
was used to model pharmacophore. Several 
pharmacophore features were selected based on the RDM 
structure and its interaction with the RdRp 2019 nCov2. 
The ‘Max hits per conf’ was set to 1 in case of using the 
Pharmit web server. The selected features were used for 
screening against the Indonesian Herbal Database 
(http://herbaldb.farmasi.ui.ac.id/) [10-11] and ZINC [12] 
databases and the retrieved molecules were submitted for 
molecular docking. The iDock [13] software was 
employed for the docking study. The iDock essentially 
uses the AutoDock Vina machine while adding some 

features which enable automatic docking of a large 
compound library. The PDB structure of the RdRp of 
2019 novel coronavirus was retrieved from the RCSB 
protein database using PDB ID 6M71 [14]. Protein 
structure preparation including adding polar hydrogen 
atoms and assigning Kollman charges was carried out by 
using the AutoDock tool (ADT) and the structure was 
saved in PDBQT format. The grid box for the docking 
study was defined by following the study of Gao et al. 
(2020) [14] who indicated the interaction of RDM with 
the 2019 coronavirus RdRP structure with a grid box size 
of (x = 40, y = 40, z = 40) and center of (x = 116.02, y = 
118.37, z = 127.80) was set which encompass the 
Remdesivir (RDM) binding site. All ligands were 
converted to PDBQT format using Open Babel version 
2.4.1. Docking analysis was conducted with the 
Discovery Studio Visualizer 2016. 

Prediction of ADME (Absorption, Distribution, 
Metabolism, Excretion) properties for the two best 
compounds from ZINC and one compound from 
HerbalDB databases was performed by using the 
SwissADME web server (http://www.swissadme.ch) 
which is developed by the Swiss Institute of 
Bioinformatics [15]. Each SMILE file of the compound 
was submitted to the webserver to generate the ADME 
properties. 

The top docked molecules in complex with RdRp 
and native RdRp were subjected to molecular dynamics 
(MD) simulation for 40 ns using Amber16 with a time 
step of 2 fs, periodic boundary conditions, Lennard-Jones 
(LJ) cutoff of 0.9 nm, and the particle mesh Ewald by 
following our previous procedure [16]. The ff14SB [17] 
and GAFF2 [18] were used to assign protein and ligand, 
respectively. Neutralization was done by introducing 
sodium ions, while solvation was conducted using the 
TIP3P water model. Energy minimization was carried 
out in three steps. The first minimization was carried out 
using 6000 steps consisting of 500 steepest descent and 
5500 steps of the conjugate gradient with protein 
restrained. Second and third minimization was done 
using the same steps as the first minimization with the 
main atoms of protein restrained and without restraint, 
respectively. After minimization, the system was heated 
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to 300 K in 150 ps, which was followed by 200 ps 
equilibration. The final production step was done for 40 
ns in the NPT ensemble using pmemd.cuda module of 
Amber16. Root Mean Square Deviation (RMSD), Root 
Mean Square Fluctuation (RMSF), hydrogen bond analysis 
was done using the cpptraj module [19] of Amber16. Also, 
we performed cluster analysis based on the DBScan 
algorithm to evaluate the consistency of the initial 
conformation during the 40 ns MD simulation using the 
cpptraj module. We used 15 minpoints as a threshold to 
form a cluster with epsilon 2.5 Å as distance cutoff for 
forming a cluster. The PDB structure with the highest 
chance of occurrence was extracted and employed it as the 
conformation during 40 ns MD simulation. Finally, the 
MD trajectory was employed for binding free energy 
calculation during 40 ns using Molecular Mechanics-
Poisson Boltzmann solvent accessible surface area (MM-
PBSA) method [19-21] as implemented in MMPBSA.py 
module of Amber16 software. Considering the highly 
charged binding interface of ligand-RdRp complex, we 
employed the solute dielectric constant 4 in the MM-
PBSA binding energy calculation. 

■ RESULTS AND DISCUSSION 

The study was initiated with the analysis of the 
structure of Remdesivir (RDM). It is known that RDM 
is a prodrug and when binding to RdRp, it is converted 
to its tri-phosphate form. Therefore, the active form of 
RDM was used for further analysis. Fig. 1 displays the 
structure of RDM and its active form. 

The pharmacophore features of RDM consisted of 
one aromatic ring, five hydrogen bond donor, sixteen 
hydrogen bond acceptor, three negative ions (phosphate 
atoms), and one hydrophobic feature. However, only 
five features were selected in LigandScout 4.3 to increase 
the potential hit molecules gain, which includes one 
aromatic, one hydrogen bond donor, and three hydrogen 
bond acceptors. Screening against the Indonesian 
Herbal database resulted in 151 hit molecules gain. The 
same features were employed when screening using the 
Pharmit web server, in which screening against the 
ZINC database retrieved 14480 hit molecules. Fig. 2 
displays the selected features of pharmacophore in the 
LigandScout 4.3 and Pharmit web server. 
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Fig 1. The 2D structures of Remdesivir (left) and its active form (right) 

 
Fig 2. The pharmacophore features selected for screening with one aromatic (blue and purple circles), one hydrogen 
bond donor (green and white circles), and three hydrogen bond acceptors (red and yellow circles) features employed 
for screening in LigandScout and Pharmit web server, respectively 
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Molecular docking of 14480 hits molecules and 151 
molecules retrieved from ZINC and Indonesian Herbal 
databases, respectively, was performed in the putative of 
the binding site of RDM. It is known that the structure of 
RNA-dependent RNA polymerase of SARS-CoV-2 form 
“right hand” conformation and contains three domains, 
which is similar to the structure of SARS coronavirus 
(SARS-CoV) [14,20-21]. A finger subdomain spans from 
Ser397 to Ala581 and Lys621 to Gly679, a palm 
subdomain is located at Thr582 to Pro620 and Thr680 to 
Gln815, while the thumb subdomain was positioned at 
His816 to Glu920. The active site of the 2019 SARS-CoV-
2 is located in the palm domain which consisted of motif 
A, B, C, D, E, F, and G. The binding model of RDM to the 
RdRp is supposedly surrounded by Asp618, Asp623 
(motif A), Thr680, Ser682, Asn691 (motif B), Ser759, 
Asp760, and Asp761 (motif C) [14]. The binding site of 
RDM is depicted in Fig. 3. This site was also identified as 
the top 1 site by the SiteMap module of the Schrodinger 
Package (Release 2019-4). 

The docking of RDM at the supposed binding site 
gave the binding energy of −6.96 kcal/mol, while docking 
of 14480 hit molecules yielded binding energies from 
−4.42 kcal/mol to −12.36 kcal/mol. On the other hand, 
docking 151 molecules gave binding energies between 
−5.2 and −10.65 kcal/mol. All docking results were 
analyzed for their ligand structures and interactions with 
RdRp and based on the structural comparison between hit 
molecules and Remdesivir for mimicking nucleotide 
structure, we selected one compound from the 

Indonesian Herbal Database and two compounds from 
the ZINC database for subjecting to 40 ns MD 
simulation. Fig. 4 displays the two-dimensional best 
docked hit molecules. 

The best docked hit molecules show a similar 
interaction with Remdesivir (RDM). Table 1 tabulates 
the binding energy and interactions with RdRp. 

 
Fig 3. The putative ligand-binding site of RDM to RdRp, 
in which carbon and oxygen atoms of active RDM were 
colored blue and red, respectively 
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Table 1. The binding affinities and interactions between hit molecules and RdRp 

Ligand 
Binding affinities 

(kcal/mol) 
H-bond  

(distance, Å) 
Electrostatic 
interactions 

Hydrophobic 

RDM −6.96 

Tyr619 (3.22) 
Ser814 (3.12) 
Asp760 (2.32) 
Asp761 (2.21) 
Glu811 (3.36) 
Lys798 (2.72) 

Asp618 
Asp760 
Asp761 
Glu811 

 

ZINC1529045114 −8.07 

Lys621 (2.87) 
Arg624 (3.06) 
Thr687 (2.69) 
Asn691 (3.26) 
Asp452 (3.37) 
Asp623 (3.04) 

Asp623 
Asp760 

 
Arg555 

 

ZINC169730811 −8.04 
Tyr619 (3.32) 
Cys622 (3.10) 
Glu811 (3.26) 

Arg624 
Asp623 

Lys798 

9-Ribosyl-trans-zeatin −10.65 

Asp761 (2.34) 
Glu811 (2.43) 
Tyr619 (2.64) 
Asp760 (2.84) 

 Cys622 

 
Interaction of ZINC1529045114 was supported by 

hydrogen bonds between the oxygen atom of the 
phosphate group with Lys621, as well as the nucleoside 
group with Thr687, Asn691, Asp452, Asp623, and 
Arg624. The purine group also contributed to the 
electrostatic interactions through pi-anion interactions 
with Asp623 and Asp760. In the meantime, the 
interaction of ZINC169730811 was based on the 
hydrogen bond interactions with Tyr619 through the 
oxygen atom of the phosphate group, as well as with 
Cys622 through the oxygen of the oxolane group. The 
hydrogen bond interaction was also observed with 
Glu811, while electrostatic interactions between pi-
electron of purine group and Arg624 and Asp623 were 
observed. Also, hydrophobic interaction with Lys798 was 
noted. While hydrogen bonding interactions for 9-
Ribosyl-trans-zeatin occurred with Asp761, Glu811, 
Tyr619, and Asp760. In the meanwhile, Remdesivir 
(RDM) showed hydrogen bonding interactions with 
Tyr619, Ser814, Asp760, Asp761, Glu811, and Lys798. 
Electrostatic interactions with Asp618, Asp760, Asp761, 
and Glu811 were observed between RDM and RdRp. Fig. 

5 displays the interaction of each hit molecule with the 
RdRp. 

Prediction of ADME Properties 

Table 2 shows the predicted ADME properties for 
the three compounds. The ZINC1529045114, 
ZINC169730811, and 9-Ribosyl-trans-zeatin show low 
intestinal absorption properties with no chance for 
distribution into the brain. The three compounds also 
could not be inhibitors for the subtypes of cytochrome 
P450 enzymes (CYPs) including CYP1A2, CYP2C19, 
CYP2C9, CYP2D6, and CYP3A4, which indicated that 
the two compounds could not probably be metabolized. 
Compound 9-Ribosyl-trans-zeatin fulfill the conditions 
of drug-likeness properties without any violation of 
Lipinski rule of five including MV < 500, calculated 
octanol-water partition coefficient (LogP) ≤ 5, some 
hydrogen bonding acceptors ≤ 10, as well as several 
hydrogen bonding donors ≤ 5. All the three compounds 
have a minor in silico ADME properties for oral 
administration, which indicated their favorable use in 
prodrug form. 
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Fig 5. The interaction of each hit molecules with RdRp. The green, orange, and purple dashed lines represent hydrogen 
bond, electrostatics, and hydrophobic interactions, respectively 

Table 2. The predicted ADME properties 

Compound 
GI 

absorption 
BBB 

permeant 
CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 Lipinksi rule 

RDM Low No No No No No No 
3 violations (MW>500, N 
or O>10, NH or OH>5) 

ZINC1529045114 Low No No No No No No 
3 violations (MW>500, N 
or O>10, NH or OH>5) 

ZINC169730811 Low No No No No No No 
2 violations (MW>500, N 
or O>10) 

9-Ribosyl-trans-zeatin Low No No No No No No 0 violation 

 
Molecular dynamics simulation was performed to 

analyze the impact of ligand binding to the RdRp stability, 
which was estimated using the RMSD values of the 
receptor backbone atoms. Fig. 6 displays the RMSD values 
for receptor backbone atoms of each complex and native 
apo RdRp (without ligand) as a function of 40 ns 
simulation time. It is noted that the native apo RdRp and 
protein-ligand complexes reached equilibrium during the 
40 simulations. The RMSD values of 9-Ribosyl-trans-
zeatin were higher than those of other compounds. 

ZINC1529045114, ZINC169730811, and RDM display 
fluctuation in the early 20 ns especially for RDM and 
ZINC169730811. However, those three complexes 
become stable after around 25 ns and the curve 
fluctuation of ZINC169730811 was lower than those two 
ligands, which implied that ZINC169730811 could form 
a more stable complex with RdRp. 

On the other hand, residue fluctuation during 
ligand binding was recorded as RMSF values of the 
native apo RdRp and four complexes as shown in Fig. 7. 
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Fig 6. The RMSD values for the receptor backbone atoms of each complex of RDM (red), ZINC1529045114 (green), 
ZINC169730811 (blue), 9-Ribosyl-trans-zeatin (purple), and native apo RdRp (pink) 

 
Fig 7. A plot of residue fluctuation during ligand binding was recorded as RMSF values as RDM (red), 
ZINC1529045114 (green), ZINC169730811 (blue), 9-Ribosyl-trans-zeatin (purple), and receptor only (pink) 
 
The RMSF values indicated that the higher RMSF values, 
the more fluctuation amino acid residues during MD 
simulation. As shown in Fig. 7, the highest peak was 
located at residue 1078 which was corresponded to the 
amino-terminal region of the protein, which is typical in 
all protein fluctuation. Peaks around 810 and 980, 300, 
380, and 20 have more fluctuated around 4 Å than other 
regions, which is attributable to residues in tails. The 
amino acids involved in the ligand-binding including 
Tyr560 (Tyr619), Lys562 (Lys621), Cys563 (Cys622), 
Asp564 (Asp623), Arg565 (Arg624), Thr628 (Thr687), 
Asn632 (Asn691), Asp701 (Asp760), Asp702 (Asp761), 
Glu752 (Glu811) as well as the rest of residues was stable 
enough under 3 Å and each ligand-induced the similar 
pattern of RMSF fluctuation. 

Trajectory  clustering was  employed to  identify the  

most populated structure for each complex. It is found 
out that the percentage of clusters was 100% in each 
complex (Table S2). Fig. 8 displays the single-populated 
structure of each ligand and their superimposition, while 
Fig. 9 depicts their detailed interactions. The single 
populated structure of RDM resulted in tight 
interactions with key residues of RdRp such as Asp701 
(Asp760) and Asp559 (Asp618). The most abundant 
structure of ZINC1529045114 was also involving key 
residues of RdRp such as Asp564 (Asp623), Asp701 
(Asp760), and Thr621 (Thr680). Similar interactions 
were also observed in the most abundant structure of 
ZINC169730811 which include Arg496 (Arg555), 
Asp564 (Asp623), and Asp702 (Asp761). While the most 
abundant of the 9-Ribosyl-trans-zeatin structure 
includes interactions with Asp564 (Asp623), Asp559 
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(Asp618), and Arg496 (Arg555). As Zhao et al. (2020) [14] 
reported the key residues of Asp618, Asp623, Asp760, 
Asp761, Thr680, Arg555, and Asn691, was supposed to 
interact with Remdesivir (RDM). 

Additionally, the hydrogen bond occupancies were 
also monitored during the trajectory period of the MD 
run. Table S1 shows the hydrogen bonding profile for 
each complex. The complex of ZINC169730811 showed 
hydrogen bonding higher occupancies than that of 
ZINC1529045114 and 9-Ribosyl-trans-zeatin. The 
highest occupancy was observed between 
ZINC169730811 and Asp702 (Asp761) with 80.78%, 
followed by moderate occupancies with Lys492 (Lys551) 
(32.53%). While the highest hydrogen bonding 
occupancy occurring in ZINC1529045114 was detected 
with Arg496 (Arg555) (45.55%), followed by hydrogen 
bonding moderate occupancy with Arg565 (Arg624) 
(30.18%) and Asp701 (Asp760) (29.6%) and Asp564 
(Asp623) (28.95%). While those observed in 9-Ribosyl-
trans-zeatin occurred with low occupancies, for example, 
occupancies of hydrogen bonding with Glu752 (Glu811) 
and Asp702 (Asp761) were 37.66% and 23.14%, 
respectively. From the data shown, it can be concluded 
that ZINC169730811 has better binding stability than 
ZINC1529045114 and 9-Ribosyl-trans-zeatin. 

Binding Free Energy Calculation 

The enthalpy terms of binding affinities of hit 
molecules were calculated using MM-PBSA methods as 
reflected in Table 3, while due to complexity, the entropy 
part was not calculated. The MM-PBSA binding energy 
offers a good compromise between accuracy and 
computational cost [22-25]. 

The ZINC169730811 displays the lowest total 
interaction energies (ΔEPBTOT = −57.73±4.49 kcal/mol), 
followed by ZINC1529045114 (−30.29±4.38 kcal/mol),  
9-Ribosyl-trans-zeatin (−20.79±4.19 kcal/mol) and RDM 

(−17.87±4.19 kcal/mol). The electrostatic energy value 
(ΔEELE = −45.31±7.30 kcal/mol) was favorable for the 
binding of ZINC169730811 as in the case of 
ZINC1529045114 (ΔEELE = −46.46±7.84 kcal/mol), RDM 
(−39.29±4.78 kcal/mol), and 9-Ribosyl-trans-zeatin 
(−14.06±4.60 kcal/mol). The favorable energy terms 
were also contributed by the lower van der Waals energy 
(ΔEVDW = −58.77±4.29 kcal/mol), ZINC1529045114 
(ΔEVDW = −37.05±4.49 kcal/mol), 9-Ribosyl-trans-zeatin 
(ΔEVDW = −21.75±5.57 kcal/mol) and RDM (ΔEVDW = 
−15.72±5.29 kcal/mol). The binding of ligands was also 
corroborated by lower nonpolar contribution for 
solvation energy (ΔEPBSUR = −6.22±0.26 kcal/mol), 
−4.56±0.20 kcal/mol, −3.56±0.32 kcal/mol, and 
−3.34±0.31 kcal/mol for ZINC169730811, 
ZINC1529045114, RDM, and 9-Ribosyl-trans-zeatin, 
respectively. The superiority of the binding energy of 
ZINC169730811 to other ligands was also reflected in 
Fig. S1 which shows the plot of MM-PBSA binding energy  

 
Fig 8. The superimposition of single populated 
structures in which RDM, ZINC1529045114, 
ZINC169730811, and 9-Ribosyl-trans-zeatin are colored 
as red, green, blue, and purple, respectively 

Table 3. The binding energy for the last 10 ns predicted by MM-PBSA protocol. 
Ligand ΔEELE (kcal/mol) ΔEVDW (kcal/mol) ΔEPB (kcal/mol) ΔEPBSUR (kcal/mol) ΔEPBTOT (kcal/mol) 

ZINC1529045114 −46.46±7.84 −37.05±4.49 57.78±6.42 −4.56±0.20 −30.29±4.38 
ZINC169730811 −45.31±7.30 −58.77±4.29 52.58±5.36 −6.22±0.26 −57.73±4.49 
9-Ribosyl-trans-zeatin −14.06±4.60 −21.75±5.57 18.36±3.19 −3.34±0.31 −20.79±4.19 
RDM −39.29±4.78 −15.72±5.29 40.71±4.02 −3.56±0.32 −17.87±4.19 



Indones. J. Chem., 2020, 20 (6), 1430 - 1440    

 

Muhammad Arba et al.   
 

1438 

 
Fig 9. The single populated pose of each ligand. (a) RDM (b) ZINC1529045114 (c) ZINC169730811 (d) 9-Ribosyl-
trans-zeatin 
 
throughout simulation time, in which ZINC169730811 
has the lowest binding energy in the whole simulation 
time. It is worth to note that the three-hit molecules display 
lower binding energies than that of RDM, which is 
indicated their tighter affinities toward the RdRp protein. 

■ CONCLUSION 

In brief, the present study employed 
pharmacophore modeling for identifying hit molecules 
from both Indonesian herbal and ZINC databases 
potential for binding to RNA-dependent RNA 
polymerase (RdRp) of SARS-CoV-2. One hit from herbal 

and two hits from ZINC databases was selected for MD 
simulation, and the three hits showing tighter binding to 
RdRp based on MM-PBSA binding energy prediction. 
The present study suggests the three hits as potential 
inhibitors of RdRp, however, further experimental 
verification is required. 
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Supplementary Data 
This supplementary data is a part of the paper entitled “Synthesis and Certification of Lanthanum Oxide 

Extracted from Monazite Sand”. 

Supplement 1 (S-1). Homogeneity test of macroelement (La concentration) in the ten lanthanum oxide subsamples 

La-Oxide 
Sub-sample 

Test Results of La (%) 
Xt Xt-Xr (Xt-Xr)2 Wt Wt2 

A B 
1 77.016 77.116 77.0660 -0.9867 0.9736 0.1000 0.0100 
2 78.706 78.082 78.3940 0.3413 0.1165 0.6240 0.3894 
3 76.636 75.622 76.1290 -1.9237 3.7006 1.0140 1.0282 
4 76.890 75.958 76.4240 -1.6287 2.6527 -0.9320 0.8686 
5 81.372 78.846 80.1090 2.0563 4.2284 2.5260 6.3807 
6 79.810 78.232 79.0210 0.9683 0.9376 1.5780 2.4901 
7 80.316 79.118 79.7170 1.6643 2.7699 -1.1980 1.4352 
8 79.676 77.718 78.6970 0.6443 0.4151 1.9580 3.8338 
9 76.220 77.738 76.9790 -1.0737 1.1528 1.5180 2.3043 

10 79.070 76.912 77.9910 -0.0617 0.0038 2.1580 4.6569   
Xr 78.0527 

    

   
Total 

 
16.9510 

 
23.3972     

Sx 0.9417 Sw 0.5849     
Sx2 0.8868 Sw2 0.3421       

Sw2/2 0.1711       
Sx2 – (Sw2/2) 0.7158       

Ss 0.3579 

In Supplement 1, La concentration measured of 78.0527% or 0.780527. Log 0.780527 = -0.106, then 1 - 0.5 log 

0.780527 = -1.0538. The value of σ = 2.0760, so the value of 0.3 σ = 0.6228. The value of Ss = 0.3579. The concentration 

of La has been homogeneous, because of Ss < 0.3 σ. 

Supplement 2 (S-2). Homogeneity test of microelement (Sm concentration) in the ten lanthanum oxide subsamples 

La-Oxide 
Sub-sample 

Test Results of Sm (%) 
Xt Xt-Xr (Xt-Xr)2 Wt Wt2 

A B 
1 0.116 0.110 0.1130 -0.01015 0.0001 -0.0060 3.60 × 10–5 
2 0.104 0.116 0.1100 -0.01315 0.0002 -0.0120 1.44 × 10–4 
3 0.128 0.126 0.1270 0.00385 1.5 × 10–5 0.0020 4.00 × 10–6 
4 0.125 0.119 0.1220 -0.00115 1.3 × 10–6 -0.0060 3.60 × 10–5 
5 0.113 0.125 0.1190 -0.00415 1.7 × 10–5 -0.0120 1.44 × 10–4 
6 0.137 0.136 0.1365 0.01335 0.0002 0.0010 1.00 × 10–6 
7 0.132 0.129 0.1305 0.00735 5.4 × 10–5 -0.0030 9.00 × 10–6 
8 0.145 0.132 0.1385 0.01535 0.0002 0.0130 1.69 × 10–4 
9 0.119 0.118 0.1185 -0.00465 2.2 × 10–5 -0.0010 1.00 × 10–6 

10 0.117 0.116 0.1165 -0.00665 4.4 × 10–5 0.0010 1.00 × 10–6   
Xr 0.12315     

   
Total  0.0008  5.45 × 10–4    

 Sx 4.7 × 10–5 Sw 1.36 × 10–5    
 Sx2 2.2 × 10–9 Sw2 1.86 × 10–10       

Sw2/2 9.28 × 10–11       
Sx2 – (Sw2/2) 2.10 × 10–9       

Ss 1.05 × 10–9 
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In Supplement 2, the Sm concentration measured of 0.123% or 0.00123. Log 0.00123 = -2.9096. The value of σ = 

5.4823, so the value of 0.3 σ = 1.6447. The value of Ss = 1.05 × 10–9. The concentration of Sm has been homogenous, 

because of Ss < 0.3 σ. 

Supplement 3 (S-3). Homogeneity test of microelement (Y concentration) in the ten lanthanum oxide subsamples 

La-Oxide 
Sub-sample 

Test results of Y (%) 
Xt Xt-Xr (Xt-Xr)2 Wt Wt2 

A B 
1. 0.101 0.099 0.1000 -0.00165 2.7 × 10–6 -0.002 4.0 × 10–6 
2. 0.096 0.101 0.0985 -0.00315 9.9 × 10–6 -0.005 2.5 × 10–4 
3. 0.106 0.103 0.1045 0.00285 8.1 × 10–6 0.003 9.0 × 10–6 
4. 0.100 0.103 0.1015 -0.00015 2.2 × 10–8 0.003 9.0 × 10–6 
5. 0.105 0.125 0.1150 0.01335 1.8 × 10–4 -0.020 4.0 × 10–4 
6. 0.095 0.100 0.0975 -0.00415 1.7 × 10–5 -0.005 2.5 × 10–5 
7. 0.099 0.097 0.0980 -0.00365 1.3 × 10–5 -0.002 4.0 × 10–6 
8. 0.094 0.099 0.0965 -0.00515 2.6 × 10–5 -0.005 2.5 × 10–5 
9. 0.104 0.103 0.1035 0.00185 3.4 × 10–6 -0.001 1.0 × 10–6 

10. 0.102 0.101 0.1015 -0.00015 2.2 × 10–8 0.001 1.0 × 10–6  

 Xr 0.10165 
    

   
Total 

 
2.6 × 10–4 

 
5.0 × 10–4     

Sx 1.4 × 10–5 Sw 1.2 × 10–5     
Sx2 2.1 × 10–10 Sw2 1.6 × 10–10       

Sw2/2 7.9 × 10–11       
Sx2 – (Sw2/2) 1.3 × 10–10       

Ss 6.4 × 10–11 

In Supplement 3, the Y concentration measured of 0.10165% or 0.0010165. The value of σ = 5.6429, so the value 

of 0.3 σ =1.6929. The value of Ss = 6.4 × 10–11. The concentration of Y has been homogenous, because of Ss < 0.3 σ. 

Supplement 4 (S-4). Stability test of macroelement (La concentration) in the three lanthanum oxide subsamples 

La-Oxide 
Sub-sample 

The concentration of La  
after 6 months (%) YT (%) 

YA YB 
1 77.066 79.980 78.957 
4 76.424 79.160 77.792 
9 76.979 78.330 77.655 
  Yr (%) 78.135 

In Supplement 1 (S-1) the concentration of La was obtained Xr = 78.0527% and in supplement 4 (S-4) the stability 

test data of La was obtained Yr = 78.1350%, the value of |Xr – Yr| = 0.0828, the value of 0.3 σ = 0.6228, so the 

concentration of La in lanthanum oxide is stable, because of |Xr – Yr| ≤ 0.3 σ namely 0.0828 < 0.6228. 

Supplement 5 (S-5). Stability test of microelement (Sm concentration) in the three lanthanum oxide subsamples 

La-oxide 
Sub-sample 

The concentration of Sm  
after 6 months (%) YT (%) 

YA YB 
1 0.113 0.127 0.120 
2 0.110 0.119 0.115 
7 0.131 0.126 0.129 
 Yr (%) 0.121 
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In Supplement 2 (S-2) the Sm concentration was obtained, Xr = 0.123% and on the stability test data in 

Supplement 5 (S-5) the Sm concentration was obtained Yr = 0.121%, the value of |Xr - Yr| = 0.002, and the value of 0.3 

σ = 1.6447, so the concentration of Sm in lanthanum oxide was stable because of |Xr - Yr| ≤ 0.3 σ namely 0.002 < 

1.6447. 

Supplement 6 (S-6). Stability test of microelement (Y concentration) in the three lanthanum oxide subsamples 

La-oxide 
Sub-samples  

The concentration of Y 
after 6 months (%) YT (%) 

YA YB 
3 0.105 0.101 0.103 
7 0.098 0.100 0.099 
4 0.101 0.099 0.100 
 Yr (%) 0.1007 

In the Supplement 3 (S-3) the Y concentration was obtained, Xr = 0.10165% and on the stability test data, in 

Supplement 6 (S-6) the Y concentration was obtained Yr = 0.1007%, the value of |Xr – Yr| = 0.0095, and the value of 

0.3 σ = 1.6919, so the concentration of Y in lanthanum oxide was stable because of |Xr - Yr| ≤ 0.3 σ namely 0.0095 < 

1.6919. 


