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Abstract: Uncaria gambir extract was chemically modified for the purpose of developing 
a novel green adsorbent. The modified gambir adsorbent was characterised by FTIR, 
SEM-EDX and pHzpc, and its potential for the removal of Direct Red 23 from aqueous 
solution was investigated. The results showed that the equilibrium data were well 
described by the Langmuir isotherm model, with a maximum adsorption capacity of 26.67 
mg/g. The kinetics of adsorption of Direct Red 23 followed a pseudo-second-order kinetic 
model. Thermodynamic parameters such as enthalpy change (∆Hº), free energy change 
(∆Gº) and entropy change (∆Sº) were studied, and the adsorption process of Direct Red 
23 was found to be endothermic and spontaneous.  
 
Keywords: Uncaria gambir, Direct Red 23, Langmuir, pseudo-second-order, 
thermodynamic 
 
 
1. INTRODUCTION 
 

It is estimated that approximately 40,000 tonnes of dyes out of roughly 
450,000 tonnes in total production are not used but discharged into wastewaters. 
A large variety of dyestuffs is available under the categories of acid, basic, 
reactive, direct, disperse, sulphur and metallic dyes.1 Dyes are synthetic aromatic 
compounds, which have various functional groups.2 Some dyes and their 
degradation products may be carcinogens and toxic, and consequently their 
treatment cannot depend on biodegradation alone.3,4 Therefore, extensive 
research has been conducted to find an effective and efficient alternative for the 
removal of dyes.  
 

Adsorption is one of the most common methods used in wastewater 
treatment because it is economical, effective and simple in design. However, the 
adsorption process is influenced by the nature of the adsorbate and its substituent 
groups. The presence and concentration of surface functional groups play an 
important role in the adsorption capacity and the removal mechanism of the 
adsorbate.5,6 
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The most commonly used adsorbent in the adsorption process is activated 
carbon. Activated carbon has the advantage of exhibiting a high adsorption 
capacity for colour pollutants due to their high surface area and porous structure.7 
Although activated carbon is an effective and efficient adsorbent, its application 
is limited due to high cost and minimal decomposition, which may cause more 
environmental problems.8,9 Therefore, alternative low-cost adsorbents such as 
chitin,10 coffee,11 tea waste,12 orange peel,13 rice husk,14 bark15 and coir pith16 
have been studied. 
  

Uncaria gambir (gambir), a native Southeast Asian herbal plant, can be 
mostly found in countries such as Indonesia and Malaysia. It has been widely 
used as an astringent medicine and for tanning, calico printing and dyeing 
purposes. Uncaria gambir consists mostly of flavanol monomers such as (+)-
catechin, (+)-epicatechin and alkaloids.17  

  
The aim of this research was to produce a novel adsorbent from Uncaria 

gambir. The gambir adsorbent was characterised by Fourier Transform Infrared 
(FTIR) spectroscopy, Scanning Electron Microscopy (SEM) with Energy 
Dispersive X-ray (EDX) analysis and pH zero of point charge (pHzpc) method. 
The equilibrium data were analysed using Langmuir, Freundlich and Temkin 
adsorption isotherm models. Kinetics was also evaluated using pseudo-first-
order, pseudo-second-order and intraparticle diffusion models. Thermodynamic 
parameters were studied to determine the adsorption process of Direct Red 23 
onto the modified gambir adsorbent. 
 
 
2. EXPERIMENTAL 
 
2.1 Preparation of the Adsorbate 
     

Direct Red 23 (C.I. 29160, ALDRICH, SIGMA-ALDRICH, Selangor, 
Malaysia. 30% dye content, chemical formula = C35H25N7Na2O10S2, FW = 813.74 
and λmax = 510 nm) was used without further purification. The stock solution of 
Direct Red 23 (500 mg/l) was prepared by dissolving 0.25 g of direct red 23 with 
distilled water in a 500 ml volumetric flask. Experimental solutions of the desired 
concentration were prepared by diluting the stock solution with distilled water. 
 
2.2  Preparation of the Modified Gambir Adsorbent (MGA) 
       

Uncaria gambir cubes were ground and sifted through a 250 µm sieve. 
Initially, the gambir powder was defatted with n-hexane and then extracted with 
ethyl acetate (3 × 50 ml). The collected solvent was evaporated and dried in an 
oven to obtain the powder form of the gambir extract. In a 50 ml round bottom 
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flask, 0.1 g of gambir extract was added to 10 ml of distilled water, 2 ml of 37% 
formaldehyde and 1 ml of 10 M HCl. The round bottom flask was attached to a 
condenser and refluxed at 90ºC for 1 hour. After reflux, the modified gambir 
extract was filtered out and washed with hot distilled water until the pH of the 
filtrate was approximately 4. The MGA was dried in an oven at 50oC for further 
adsorption analyses.                                                
 
2.3  Characterisation of the MGA 
        

The FTIR spectra of the unloaded MGA and the MGA loaded with 
Direct Red 23 were recorded by a Perkin Elmer FTIR System 2000 Model 
spectrometer. The spectra were analysed in the range of 400–4000 cm–1. SEM 
with EDX analysis of the MGA was performed to study the surface texture of the 
MGA. The pHzpc of the MGA was determined by using the batch equilibrium 
method with some modification. In conical flasks, 0.15 g of the MGA was added 
to a 0.1 M KNO3 solution in each flask, and the solutions were adjusted from pH 
2 to 10 by adding 0.5 M HCl or 0.5 M NaOH. The mixtures were stirred at 100 
rpm for 24 hours at room temperature. The final pH of the mixtures was 
measured after 24 hours. 
 
2.4   Batch Adsorption Studies 
       

For isotherm studies, the effect of the initial Direct Red 23 concentration 
(25 and 300 mg/l) was investigated by adding 0.2 g of the MGA into 50 ml of 
each Direct Red 23 solution, and the solutions were adjusted to pH 2.0 with 0.1 
M HCl. The mixtures were agitated at 100 rpm for 2 hours. For the kinetics 
study, the experiments were conducted by adding 0.2 g of the MGA into 50 ml of 
the Direct Red 23 solutions (50 mg/l and 100 mg/l) and agitated for varying 
contact times (5 min to 120 min) at room temperature. The thermodynamic study 
was conducted at different temperatures (303 to 333 K). The final concentrations 
of the Direct Red 23 solutions were analysed using a UV–VIS spectrophotometer 
(JASCO V-530, JASCO, USA). The percentage of Direct Red 23 removed by the 
MGA was calculated by the following equation:  

 
0 e

0

C C Removal= 100
C
−

% ×  (1) 

 
The amount of Direct Red 23 adsorbed at equilibrium, qe (mg/g), was calculated 
using the following equation:  
 

0 e(C C )q =e
V

M
−  (2) 
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where C0 and Ce (mg/l) are the initial and equilibrium concentrations of Direct 
Red 23, respectively, V (l) is the volume of the Direct Red 23 solution and M (g) 
is the adsorbent mass. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1  Characterisation of Gambir Adsorbent 
       

The FTIR spectrum of the MGA is shown in Figure 1. The broad band 
that falls in the range of 3500–3200 cm–1 is associated with the –OH group. The 
peaks at 1614 cm−1 and 1521 cm–1 correspond to the C=C stretching vibration. 
The peak observed at 1457 cm−1 can be attributed to the formation of methylene 
bridges from the reaction of the phenolic groups with formaldehyde.18 The peaks 
at the regions 1290 cm–1, 1239 cm–1 and 1115 cm–1 correspond to the C-O 
stretching. Generally, the FTIR spectrum for the modified gambir adsorbent 
indicated the presence of the hydroxyl functional group, –OH, which might be 
responsible for the adsorption of Direct Red 23. Figure 2 shows the suggested 
adsorption mechanism between the hydroxyl (–OH) group of the MGA and the 
sulphonate (–SO3

–) group of Direct Red 23. The –OH group of the MGA was 
protonated due to the low pH of the solution. The presence of the –SO3

– group in 
Direct Red 23 will preferentially favour the protonated –OH group of the MGA 
to form a hydrogen bond during the adsorption process. 
 

Figure 3 shows the SEM micrograph of the MGA, which has 
considerable porous, granular and almost uniform in size where Direct Red 23 
could be adsorbed with a high probability. The EDX spectra of the MGA consist 
of C and O elements. The presence of Au in both spectra is due to the gold 
coating used to increase the electric conduction and improve the image quality.19 
The pHzpc of the MGA was measured to be 3.50. The pHzpc of an adsorbent is a 
very important characteristic that indicates the pH at which the adsorbent is 
neutral, whereas beyond this pH, the adsorbent becomes either positively or 
negatively charged. The result shows that the MGA was positively charged on its 
surface below pH 3.50, and it favoured the adsorption of Direct Red 23. 
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Figure 1:  Fourier Transform Infrared (FTIR) spectra of modified gambir adsorbent 
(MGA). 

 
3.2 Adsorption Isotherm 
       

The Langmuir and Freundlich equations were used to study the 
interaction between Direct Red 23 and the modified gambir adsorbent. The 
Langmuir equation can be written in the following linear form:20 
 

Ce/qe = 1/ (qmKL) + Ce/qm                (3)                                                                                                                                                                                               
 
where Ce (mg/l) is the concentration of Direct Red 23 at equilibrium, KL (l/mg) is 
the Langmuir constant related to the adsorption energy and qm (mg/g) is the 
adsorption capacity. The adsorption capacity can be correlated with the variation 
of the surface area and porosity of the adsorbent. Higher surface area and pore 
volume will result in higher adsorption capacity.16 The essential characteristics of 
the Langmuir isotherm can be expressed by a dimensionless constant called the 
equilibrium parameter, RL:21 
 

RL = 1/ (1+ KLC0)                                     (4)                                                                                                   
 
where KL (mg/l) is the Langmuir constant and C0 (mg/l) is the initial Direct Red 
23 concentration, with RL values indicating the type of isotherm. The RL value 
indicates the adsorption to be unfavourable (RL > 1), linear (RL = 1), favourable 
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(0 < RL < 1) or irreversible (RL = 0). The RL value obtained from the 
experimental data is between zero and one, indicating favourable adsorption.       
 
The Freundlich equation can be written in the following linear form:22    
 

log qe = log KF   +   1/n log Ce                       (5)                                                                                                                                                                                                        
 
where KF (L/g) is the Freundlich constant related to the adsorption capacity and n 
is the constant for intensity. The value of 1/n ranging between 0 and 1 is a 
measure of adsorption intensity or surface heterogeneity and becomes more 
heterogeneous as its value gets closer to zero.12  
 
The Temkin isotherm has generally been applied in the following form:23 
 

qe = BT ln AT + BT ln Ce                                      (6) 
 
where BT= RT/bT, T (K) is the absolute temperature, R (8.314 J/mol) is the 
universal gas constant, AT (l/mg) is the equilibrium binding constant and bT 
(J/mol) is related to the heat of adsorption. The isotherm constants AT and bT are 
calculated from the slope and intercept of the qe versus ln Ce  plot.          
 

The Langmuir, Freundlich and Temkin isotherm constants are presented 
in Table 1. From Table 1, it can be seen that the regression correlation coefficient 
(R2) of the Langmuir equation (R2 = 0.9926) is more linear when compared with 
that of the Freundlich equation (R2 = 0.9582) and the Temkin equation (R2 = 
0.9700), implying that the adsorption isotherm data are well fitted by the 
Langmuir isotherm. The monolayer adsorption capacity, according to the 
Langmuir isotherm, was found to be 26.67 mg/g at 30oC. The fact that the 
Langmuir isotherm fits the experimental data very well may be due to the 
homogeneous distribution of active sites on the MGA surface because application 
of the Langmuir equation involves the assumption that the surface is 
homogeneous.  
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Figure 2: The suggested mechanism for the adsorption of Direct Red 23 onto MGA. 
 
 
Table 1:  Adsorption isotherm constants for adsorption of Direct Red 23 onto gambir 

adsorbent. 
 

Langmuir isotherm Freundlich isotherm Temkin isotherm 

qm      
(mg/g) 

KL 

(l/mg) 
R2 KF    

(mg/g) 
1/n R2 bT  

(kJ/mol) 
AT 

(dm3/mol) 
R2 

26.67 0.11 0.9926 8.18 0.23 0.9582 767.38 11.28 0.9700 
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Figure 3: Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray (EDX) 

spectra of MGA. 
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3.3  Adsorption Kinetics 
     

The adsorption mechanism of Direct Red 23 onto the MGA was studied 
using pseudo-first-order and pseudo-second-order kinetic equations. The pseudo-
first-order kinetic equation is given as: 
 

1log( ) log
2.303e t e

kq q q t− = −  (7) 

 
where qe and qt (mg/g) are the amount of Direct Red 23 adsorbed on the MGA at 
equilibrium and at time t (min), respectively. k1 (1/min) is the pseudo-first-order 
rate constant. 
 
The pseudo-second-order kinetic equation is described as: 
 

2
2

1 1

t ee

t t
q qk q

=  (8) 

 
where  k2 (g/mg min) is the rate constant and  qe and qt (mg/g) are the amount of 
Direct Red 23 adsorbed on the MGA at equilibrium and at time t (min), 
respectively. 
 
To study the diffusion mechanism of adsorption, the kinetic results were 
evaluated using the intraparticle diffusion model.24 During the intraparticle 
diffusion process, the adsorbate species are most probably transferred from the 
bulk of the solution into the solid phase.25 
 
The intraparticle diffusion equation is given as:26 
 

qt = Kp t0.5 + C                                                  (9) 
 
where Kp (mg/g min0.5) is the intraparticle diffusion rate constant and C is the 
intercept. The boundary layer thickness is described by the values of the 
intercept. The larger the intercept, the greater is the boundary layer effect.27 As 
seen in Table 2, the correlation coefficient R2 for the pseudo-second-order kinetic 
model is greater than 0.999, and its calculated qe values agree with the 
experimental qe values. This confirms that the adsorption data are well 
represented by the pseudo-second-order kinetic model. From Table 2, it was 
observed that the intraparticle diffusion rate constant increased with an increase 
in initial Direct Red 23 concentrations. 
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Table 2:  Pseudo-first-order, pseudo-second-order, and intraparticle diffusion models rate 
constants and calculated equilibrium from experimental data. 

 

Kinetic models 
Ce (mg/l) 

50 100 
qe exp 12.08 20.51 
   
Pseudo-first-order   
qe cal 1.08 3.87 
k1 (1/min) 4.49 × 10–2 2.42 × 10–2 
R2 0.9748 0.9924 
   
Pseudo-second-order   
qe cal 12.14 20.75 
k2 (g/mg min) 1.35 × 10–1 1.9 × 10–2 
R2 1 0.9993 
   
Intraparticle diffusion   
Kp (mg/g min0.5) 0.0931 0.4135 
C 11.23 16.25 
R2 0.8228 0.9725 
 
3.4  Thermodynamic Parameters 
       

Spontaneity of a process can be determined by thermodynamic 
parameters such as enthalpy change (∆H°), free energy change (∆G°) and entropy 
change (∆S°). A spontaneous process will show a decrease in ∆G° and                    
∆H° values with increasing temperature.19 The temperatures used in the 
thermodynamic study were 303, 318 and 333 K. The thermodynamic parameters 
were calculated based on the following equations:  
 

G H T S∆ ° = ∆ ° − ∆ °  (10) 
 

ln S Hb
R RT
∆ ° ∆ °

= −  (11) 

 
where b is the equilibrium constant, R is the universal gas constant (8.314 J/mol 
K), and T is the temperature (K). Table 3 lists down the values for the 
thermodynamic parameters. The positive value for the enthalpy change, ΔH° 
(13.10 kJ/mol), indicates the endothermic nature of the adsorption, which 
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explains the increase of Direct Red 23 adsorption efficiency as the temperature 
increased. The positive value for the entropy change, ΔS° (136.91 J/mol K), 
indicates that there is an increased disorder at the solid/liquid interface during 
Direct Red 23 adsorption onto the MGA. The negative value for the free energy 
change, ΔG°, implies the spontaneity of the adsorption process, which does not 
require an external energy source for the system. 
 

Table 3: Thermodynamic parameters. 
 

Temperature (K) 
Thermodynamic parameters 

∆G°  
(kJ/mol) 

∆H°  
(kJ/mol) 

∆S°  
(J/mol K) 

303 –28.67   

318 –30.51 7.291 118.75 

333 –32.23     
 
 
4. CONCLUSION 
       

The MGA functional groups and surface texture were successfully 
characterised using FTIR, SEM-EDX and pHzpc modification. The experimental 
data for the adsorption of Direct Red 23 onto the MGA were well described by 
the Langmuir isotherm model, with a maximum adsorption capacity of 26.67 
mg/g. The adsorption of Direct Red 23 was found to follow pseudo-second-order 
kinetics. Thermodynamic parameters such as enthalpy change (∆H°), free energy 
change (∆G°) and entropy change (∆S°) showed that the adsorption process of 
Direct Red 23 was endothermic and spontaneous. The results show that Uncaria 
gambir has the potential to be developed into an effective adsorbent for the 
removal of Direct Red 23 from aqueous solution. 
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