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In the need for a sustainable environment and clean water for assisting sustainable 
development goals (SDGs) in developing countries, this study demonstrates the way 
how to produce biochar carbon microparticles from tamarind seed waste and 
investigates the proposal mechanism during the adsorption by comparing results with 
ten adsorption isotherm models. In short, carbon microparticles (sizes of 500, 1000, and 
2000 �m) were prepared by carbonizing saw-milled tamarind seeds at 250˚C. The 
adsorption was evaluated in the batch reactor for adsorbing curcumin (as a model of 
dye). The models confirmed the formation of a layer with physisorption characteristics 
and binding energy due to the existence of the Van der Waals force. The adsorption 
profile was also done by varying adsorbent sizes and initial adsorbate loadings. Small-
sized adsorbents gave impacts the improvement of adsorption capacity due to the 
presence of a larger surface area, a larger number of adsorption sites, and additional 
adsorbate-adsorbate interaction. Fewer loadings of the adsorbate results in less 
adsorption efficacy due to the less adsorbate-adsorbent contact and interaction. 
Understanding the processes happening is beneficial for future advances and 
applications, such as catalysts and adsorbents, particularly concerning the utilization of 
carbon materials from organic waste.  
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1. Introduction 
 

Clean water availability is becoming a popular artist recently [1]. The need for a sustainable 
environment and clean water for supporting sustainable development goals (SDGs) in developing 
countries is important. In many nations, the SDGs are increasingly being taught in schools as a goal 
for education [2, 3]. Water is a necessary resource for the survival of various life, including humans, 
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animals, and cattle, as well as the growth of plants, making water scarcity and water pollution to be 
two major issues recently [4].  

To treat wastewater, several techniques have been reported, such as coagulation, nano-filtration, 
ozonolysis, membrane filtration, oxidation process, and adsorption [4-12]. Because of its simplicity, 
efficiency, and visibility, adsorption is the most useful technique. The adsorption technique has been 
investigated as an ideal alternative to other expensive wastewater treatment methods [13]. To 
support the SDGs, the quest for the use of cheap, readily available, efficient, and environmentally 
friendly adsorbents is crucial. Biochar or carbon materials are one of the effective materials, making 
them to be well-research [14-29]. Several adsorbents have been proposed using agricultural waste, 
from leaves, seeds, roots, and bark [30]. Here based on our previous studies using pineapple peel 
[31], pumpkin seed [7], rice straw and rice husk [32,33], soursop peel [34], and red dragon fruit peel 
[35]), this study reported the use of carbon microparticle adsorbent from tamarind 
(Tamarindusindica L) seeds as the main resource. Tamarind has been widely used as a spice mixture 
in many foods, while its seeds (containing high cellulose) are disposed of directly. Tamarind seed 
contains 67 g/Kg of crude fiber and a high percentage of carbohydrates, indicating its prospectiveness 
as a carbon source [36]. Tamarind seeds that are considered solid waste were treated and converted 
into carbon with no chemical modification. 

Although some researchers have reported the use of biosorbent, the use of tamarind seeds has 
not been reported yet, especially when it is completed with adsorption isotherm analysis. Particle 
size parameters and adsorbate loadings were investigated to support the precise analysis of the 
adsorption mechanism. Carbon microparticles (sizes of 500, 1000, and 2000 µm) were contacted with 
curcumin (as a model of dye) in the batch reactor, and the results were compared to ten adsorption 
isotherm models to understand the mechanism during the adsorption. Curcumin was used as a model 
since its size can represent the sizes of commercially available dyes.  

 
2. Biochar Production 
 

To create biochar, biomass is being used. Many papers discussed about the biochar formation 
[37]. The conversion of biomass into biochar has been growing interest since its uses in various 
applications. One of the best method is thermochemical conversion. This method used pyrolysis, 
hydrothermal carbonization, gasification, and torrefaction. Using this method, the process must be 
appropriate, depending on the type of biomass used, and the process conditions (such as heating 
rate, temperature, residence time). Table 1 shows the condition for making biochar.  

 
Table 1 
Process condition usig thermochemical conversion. Table was adopted from Yaashikaa et al., [37] 

Technique Temperature 
(˚C) 

Residence time Yield of biochar 
(%) 

Yield of bio oil 
(%) 

Syngas Production 
(%) 

Pyrolysis 300-700 (slow) < 2 s 35 30 (slow) 35 (slow) 
500-1000 (fast) Hour-day(fast) 12 (fast) 75 (fast) 13 (fast) 

Hydrothermal 180-300 1-16 h 50-80 5-20 2-5 
Carbonization 
Gasification 750-900 10-20s 10 5 85 
Torrefaction 290 10-60 min 80 0 20 
Flash 
carbonization 

300-600 < 30 min 37 -- -- 
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The process condition must be ideal for getting a maximum yield of biochar. In short, when making 
biochar from the weight loss of the biomass, it depends on the heating condition. Water loss happens 
around 100oC, initially causing weight loss. Then, when reaching more than 220oC, it is followed by 
cellulose, hemicellulose, and lignin degradation. Simple information for the conversion of biomass 
using heat treatment (forming biochar) is shown in Figure 1. 

 

 
Fig. 1.  The decomposition of biomass. The figure was adopted from literature by Nandiyanto and  Asep Bayu 
Dani [26] 
 
3. Adsorption isotherm Model 

 
Ten adsorption isotherm models were examined to analyze the adsorption mechanism, and the 

calculation for gaining the curves from data fitting results are presented in Table 2. Detailed 
calculation on adsorption isotherm is explained in previous literature [38]. 

 
(1) Langmuir. The model assumes monolayer adsorption, where adsorbates are adsorbed to a finite 

number of identical and equivalent definite localized sites with no lateral interaction, supported 
using Equation (1): 

 
!
"#
= !

"$%&!"
!
'#
+ !

"$%&
          (1)	

 
where KL is the Langmuir constant, qe is the number of molecules adsorbed at equilibrium (mg/g), 
and qm is the adsorption capacity (mg/g). The adsorption factor (RL) is expressed by Equation (2). 

 
𝑅( =	

!
!)	+$'#

            (2) 
 
where RL describes: unfavorable adsorption (RL > 1); linear adsorption (affected by the amount and 
concentration of adsorbed molecules) (RL = 1); too strong adsorption or irreversible adsorption (RL = 
0); and favorable adsorption or no desorption (0 < RL < 1). 
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(2) Freundlich. The model describes multilayer adsorption on heterogeneous surfaces caused by 
differences in adsorption heat, represented by Equation (3). 

 
𝑙𝑜𝑔	𝑄# = 𝑙𝑜𝑔𝑘, +

!
-
𝑙𝑜𝑔 	𝐶# 		         (3) 

 
where kf is the Freundlich constant that estimates the adsorption capacity and Ce is the adsorbate 
concentration at equilibrium (mg/L). n is the degree of nonlinearity and the adsorption strength, 
following chemisorption (n < 1) or physisorption (n > 1); linear adsorption (a concentration-
independent partition between two phases) (n = 1); normal adsorption (1/n < 1); cooperative 
adsorption (1/n > 1); favorable adsorption or no desorption (1 < 1/n < 0); and adsorption on a 
heterogeneous surface (0 < 1/n < 1; the closer to zero indicates increasing heterogeneous adsorbent 
surface). 

 
(3) Temkin. This model concerns interactions between adsorbent and adsorbate, assuming that the 

heat of adsorption of molecules decreases linearly in each adsorbed layer and excludes high and 
low concentration values, represented by Equation (4). 
 
𝑞# = 𝐵.𝑙𝑛𝐴. + 𝐵.𝑙𝑛𝐶#                     (4) 

 
where AT is the equilibrium constant of the Temkin model. βT is the Temkin constant, informing 
physical (βT < 8 kJ) or chemical (βT > 8 kJ) adsorption. 
 

(4) Dubinin-Radushkevich. This model is based on the adsorption of gases by porous adsorbents and 
the pore-filling mechanism, represented by Equation (5).  
 
𝑙𝑛𝑞# = 𝑙𝑛𝑞/ − (𝛽𝜀0)                    (5) 

 
where qs is the saturation capacity (mg/g) and β is the Dubinin-Radushkevich constant correlating to 
the average free adsorption energy. ε is the Polanyi potential associated with equilibrium conditions, 
in which the value correlates to adsorption energy (E) (see Equation (6) and (7): 
 
𝜀 = 𝑅𝑇𝑙𝑛 51 + !

'#
7                     (6) 

 
𝐸 = !

102
             (7) 

 
E relates to the physical (E < 8 kJ) or chemical (E > 8 kJ) adsorption 
 

(5) Flory-Huggins. This model represents multilayer adsorption on the pore surface of the adsorbent, 
described in Equation (8). 

 
𝑙𝑜𝑔	 3

'#
=𝑙𝑜𝑔 𝐾45 + 𝑛 𝑙𝑜𝑔 (1 − 𝜃)			        (8) 

 
where 𝜃 = ;1 − '#

'%
< is the degree of monolayer coverage. nFH and KFH are the equilibrium constant for 

the Flory-Huggins model, in which it correlates to the Gibbs free energy (∆𝐺°), as presented in 
Equation (9): 
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∆𝐺° = 	−𝑅𝑇	𝑙𝑛	𝐾45                       (9)  
 
The ∆𝐺° can describe the spontaneous and temperature-dependent nature of the adsorption when 
it is negative.  
 
(6) Fowler- Guggenheim. This model considers the lateral interaction of adsorbed molecules during 

the adsorption, explicitly explained by Equation (10). 
 
𝐾46𝐶# =

3
!73

𝑒𝑥𝑝	(0.3.9
:.

)                    (10) 
 
where KFG is the Fowler-Guggenheim constant (L/mg). W is the interaction energy between the 
adsorbed molecules (kJ/mol), informing processes under exothermic (W > 0), endothermic (W < 0 
kJ/mol), or no interaction between adsorbed molecules (W = 0 kJ/mol). 

 
(7) Hill Deboer. This model represents mobile adsorption and lateral interactions between the 

molecules that have been adsorbed based on the values of the model's parameters, in expressed 
Equation (11). 
 
𝐾!. 𝐶# =

3
!73

𝑒𝑥𝑝	( 3
!73

− +&3
:.
)                   (11) 

 
where K1 (L/mg) and K2 (kJ/mol) are the contact energy constants for the adsorbed molecules, 
informing exothermic with intermolecular adsorption (K2 > 0); endothermic with repulsion (K2 < 0), 
or no interaction between adsorbates (K2 = 0). 

 
(8) Jovanovic. The model is based on the phenomena observed in the Langmuir model, but it does 

not allow mechanical contact between the adsorbate and adsorbent (presented in Equation (12): 
 
𝑙𝑛𝑄# = 𝑙𝑛𝑄$%& − 𝐾;𝐶#                    (12) 

 
where Qe is the amount of adsorbate in the adsorbent at equilibrium (mg/g), Qmax is the maximum 
absorption of the adsorbate, and KJ is the Jovanovic constant. 

 
(9) Harkin Jura. The model evaluates adsorption on a heterogeneous surface where a multilayer form 

during the adsorption, represented in Equation (13): 
 
!
"!"
= ##$

$#$
− &!

$
' 𝑙𝑜𝑔𝐶%                    (13) 

where BHJ is related to the specific surface area of the adsorbent and AHJ is the Harkin-Jura constant. 
 
(10) Halsey. This model evaluates the multilayer adsorption system at a relatively large distance from 
the surface. Similarly, to the Freundlich model, the Halsey model applies to both multilayer 
adsorption and heterogeneous surfaces with non-uniformly distributed adsorption heat, represented 
in Equation (14): 
 
𝑄# =

!
-'
𝑙𝑛𝐾5 − ;

!
-'
< 𝑙𝑛𝐶#                    (14) 

 
where KH and n are the Halsey's constants.   
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Table 2 
Parameters, calculations, and data fitting for adsorption isotherms 

Isotherm 
Model 

Linear Equation Plotting Parameters 

x-Axis y-Axis 

Langmuir %
&'
= %

&()*+!

%
,'
+	 %

&()*
  1

𝐶'
 

1
𝑄'

 ● %
&"#$

= 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

● 𝐾- =
%

&"#$×/012'
 

Freundlich 𝑄' 	= 	 𝑙𝑛	𝑘3	 +		
1
𝑛 𝐶'	 

𝑙𝑛𝐶' 𝑙𝑛𝑄' ● 𝑙𝑛𝐾5 = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 
● %

6
= 𝑠𝑙𝑜𝑝𝑒 

Temkin 𝑞' =	𝐵7𝐴7 + 𝐵7𝐶𝑒			  𝑙𝑛𝐶' 𝑄' ● 𝐵 = 𝑠𝑙𝑜𝑝𝑒 
● 𝐵7𝑙𝑛𝐴7 = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 
● 𝐵7 =

87
9

 
Dubinin-

Radushkevich 
𝑞' = 𝑞/ − (𝛽Ɛ:)		                          ɛ: 𝑙𝑛𝑄' ● 𝛽 = 𝐾;8 = 𝑠𝑙𝑜𝑝𝑒 

● 𝐸 = %
<:×+%&

 

Flory Huggins 𝑙𝑜𝑔 =
,'
= 𝑙𝑜𝑔𝐾5> +

𝑛𝑙𝑜𝑔	(1 − 𝜃)  
𝑙𝑜𝑔 𝑙𝑜𝑔	 ?

𝜃
𝐶?
@	 𝑙𝑜𝑔(1 − 𝜃) ● 𝑛5> = 𝑠𝑙𝑜𝑝𝑒 

● 𝑘5> = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 
● 𝛥𝐺º = 𝑅𝑇𝑙𝑛(𝑘5>) 

𝜃 = 1 − (
𝐶'
𝐶?
) 

Fowler-
Guggenheim 𝑙𝑛 ?

𝐶'(1 − 𝜃)
𝜃 @ −

𝜃
1 − 𝜃

= −𝑙𝑛𝐾5@ +
2𝑊𝜃
𝑅𝑇  

𝜃 𝑙𝑛 H
𝐶'(1 − 𝜃)

𝜃 I 

 

● 𝑊 = 𝑠𝑙𝑜𝑝𝑒 
● −𝑙𝑛𝐾5@ = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 
● 𝛼	(𝑠𝑙𝑜𝑝𝑒) = :A=

87
 

𝜃 = 1 − (
𝐶'
𝐶?
) 

Hill-Deboer 𝑙𝑛 H
𝐶'(1 − 𝜃)

𝜃 I −
𝜃

1 − 𝜃
= −𝑙𝑛𝐾%
−
𝐾:𝜃
𝑅𝑇  

𝜃 
𝑙𝑛 K

𝐶'(1 − 𝜃)
𝜃 L

−
𝜃

1 − 𝜃 

● −𝑙𝑛𝑘% = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 
● 𝛼	(𝑠𝑙𝑜𝑝𝑒) = B(=

87
 

● 𝜃 = 1 − (,'
,)
) 
 

Jovanovic 𝑙𝑛𝑞' = 𝑙𝑛𝑞()* −𝐾C𝐶' 𝐶' 𝑙𝑛𝑄' ● 𝐾C = 𝑠𝑙𝑜𝑝𝑒 
● 𝑙𝑛𝑞()* = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

Harkin-Jura %
D'(
= 9

E
− M%

E
N 𝑙𝑜𝑔𝐶'  𝑙𝑜𝑔𝐶' 1

𝑞':
 ● 𝐴> =

%
F012'

 

● 9*
E*
= 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

Halsey 𝑙𝑛𝑄' =
1
𝑛>
𝑙𝑛𝐾> −

1
𝑛 𝑙𝑛𝐶' 𝑙𝑛𝐶' 𝑙𝑛𝑄' ● %

6
= 𝑠𝑙𝑜𝑝𝑒 

● %
6
𝑙𝑛𝐾> = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

 
3. Methodology  
3.1 Fabrication of Carbon-based Adsorbents 
 

Carbon microparticles were prepared by carbonizing 250 g of tamarind seed waste using an 
electric furnace at 250°C for 5 hours. Before the carbonization, the seed was washed (using ultrapure 
water to remove dust and impurities), dried naturally using sunlight for 2 days, saw milled using the 
apparatus used in our previous study [20], and sieving test (Yayasan Bumi Publikasi Nusantara, 
Indonesia, hole variations of 2000, 1000, 500, 250, 125, 99, 74 μm; to classify and determine the size 
of particles).  
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3.2 Characterization of Carbon-based Adsorbents 
 

The surface morphology of the particles was examined using a Digital Microscope (BXAW-AX-BC, 
China). Analysis of the functional group of the prepared carbon was performed using Fourier 
Transform Infrared (FTIR-4600, Jasco Corp., Japan). 

 
3.3 Adsorption Experimental  

 
In the adsorption experiment (a glass batch reactor with a total volume of 1 L), curcumin in 

aqueous solutions (concentrations of 20, 40, 60, 80, and 100 ppm) was mixed with 0.5 g of the 
prepared carbon particles (specific sizes of 2000, 1000, and 500 μm) for 24 hours (in the dark 
condition). Blank solutions (curcumin solution without additional carbon) at various concentrations 
were also tested using the same process condition and used as a standard comparison. During the 
adsorption, an aliquot sample (3 mL) was taken at specific hours and tested using a visible 
spectrophotometer (Model 7205 JENWAY; Cole-Parmer; US), and the measurement curve results 
were normalized and put in the Lambert-Beer formula to obtain actual concentration at the specific 
hour. Detailed information for the measurement analysis using visible measurement is reported 
elsewhere [39, 40]. 

 
4. Results  
4.1 Characterization of Carbon-based Adsorbents 
 

The surface morphology of carbon particles from tamarind seeds is presented in Figure 2 (a), and 
the Ferret size analysis is shown in Figure 2(b). Carbon particles with irregular shapes have sizes of 
between 500 and 1000 μm with an average size of 1129.93 μm. To get the precise size, the particles 
were then put into a sieving process, in which the particles with sizes of 500, 1000, and 2000 μm can 
be obtained and used for further analysis. Figure 2(c) is the result of the FTIR characterization of the 
prepared carbon microparticles from tamarind seeds. Carbon particles of different sizes have 
identical peaks, and the main focused peaks are determined in the red dashed area in Figure 2(c), 
confirming that the saw-milling process did not alter the chemical structure of the material. Several 
peaks were obtained, informing the carbon material, including the -OH group at a wavelength of 
3650-3250 cm-1, the C=O group in the stretching vibration at a wavelength of 1612-1651 cm-1, the C-
O group in the stretching vibration at a wavelength of 1041-1200 cm-1, and the C-H group with 
bending vibrations at wavelength 1315-1455 cm-1. The crystallinity of the material was not focused 
on in this study, and all subsequent processes involving adsorption are assumed to be dependent 
only on the size of the carbon adsorbent [41-44]. 
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Fig. 2. Microscope images of carbon particles (a) with their size distribution (b). Figure (c) is the 
FTIR analysis results of carbon with different sizes 

 
4.2 Adsorption of Carbon-based Adsorbents 
 

Figure 3(a) shows the Visible spectra of curcumin solution during adsorption. Due to the 
deterioration of curcumin concentration during adsorption, the absorbance at all wavelengths 
decreased over time. The visualization of the decreasing concentration of curcumin is shown in Figure 
3(b), where the yellow color of the solution becomes transparent gradually. Analysis based on Beer’s 
Law the absorbance can be re-expressed as a unit of concentration (see Figure 3(c) and (d)). 
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Degradation was measured for 24 hours of the adsorption, which was an ample amount of time to 
observe the differences in the adsorption performances under various carbon adsorbent parameters. 
As a comparison, we also evaluated the sample without any additional carbon adsorbent (see black-
dashed lines in each figure). To confirm the influence of parameters on the adsorption performance 
empirically, the Langmuir–Hinshelwood kinetic model for solid–solute interaction was employed, 
expressed by involving Ce and several constants (i.e. the apparent rate constant (kT), and the apparent 
equilibrium constant for adsorption of the molecule on the adsorbent surface (Kc)), as presented in 
Equation (15) [45]: 

 
− &'!

&(
= )G.+H.'!

!,	+H.'!
        		 	 												(15) 

 
Since KC relates to the number of adsorbate species such as water (H2O), hydroxide (OH−), and 

oxygen (O2) as well as the process uses a very low amount of curcumin (100 ppm) and the amount of 
adsorbate is assumed to constant during the adsorption, Equation (15) can be rewritten to a first-
order reaction correlation by assuming 1 + KC · C ≈ 1. From this correlation, the kinetics of adsorption 
can be described, and all calculation results are paneled in each curve in Figure 3(c) and (d). 

Curcumin decreasing rates relied on the size of the carbon adsorbent utilized (see Figure 2(c)). 
The amount of curcumin without additional adsorbent displayed insignificant discoloration with the 
final concentration of 98%, which can be ignored. A slight change in the concentration was found 
when using adsorbents with different sizes. The use of carbon adsorbent with sizes of 2000, 1000, 
and 500 µm gave results in the final amount of curcumin of about 87, 75, and 60, respectively, 
promoting the adsorption rates of 0.83 × 10-3; 0.91 ×  10-3; and 1.11 × 10-3 min-1. In short, the fastest 
discoloration of curcumin was achieved when utilizing adsorbent with smaller sizes, confirming the 
important roles of the size on the surface-active area for adsorption. 

The normalized curcumin amounts concerning the effect of initial curcumin loadings on the 
adsorption performance over time are presented in Figure 3(d). Constant adsorbent particle size (i.e. 
500 µm) was used to verify that the adsorption rate is from the effect of the size. Different curcumin 
loadings seemed to have an impact on the adsorption. Curcumin loadings of 100, 80, 60, 40, and 20 
ppm resulted in the process with the final concentration/adsorption efficacy of 61 ppm/61%; 54 
ppm/68%; 42 ppm/69%; 27 ppm/69%; and 15 ppm/77%, respectively. The adsorption rates for 
curcumin loading of 100, 80, 60, 40, and 20 ppm were 1.11 × 10-3; 0.96 × 10-3; 0.97 × 10-3; 0.98 ×	10-

3; and 0.86 ×	10-3 min-1, respectively. The results showed that the additional adsorbent correlated to 
the adsorption rate, which can be discussed:  
(i) Increasing curcumin loading has a positive correlation with the adsorption rate. The more 

curcumin amount involved results in more contact with the adsorbent. Adsorbate-adsorbent 
interaction makes more possibilities for adsorption.  

(ii) Too high amount of curcumin added has limitations in the existence of a high concentration of 
un-adsorbed curcumin solution. Indeed, to increase total adsorption efficacy, additional multi-
step adsorption should be done. 

(iii) Too less amount of curcumin has an impact on the limitations of the adsorbent-adsorbate 
interaction. Thus, less amount of curcumin can be adsorbed. To increase the efficacy in the 
adsorption, an additional mixing process can be implemented, but it should be considered 
regarding the desorption of curcumin and the breakup of the adsorbent physical structure. 
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Fig. 3. (a) Visible spectrophotometer results; (b) photograph images of samples during the adsorption; (c) 
Kinetic analysis as a function of adsorbent size; and (c) Kinetic analysis as a function of curcumin loading 

 
The relationship between the initial adsorbate loading and the adsorption capacity of carbon is 

illustrated in Figure 4. As confirmed in the above results in Figure 3(d), the adsorption capacity 
increases when the initial adsorbate loading increases. At a high initial concentration, the adsorbent 
active site will be surrounded by more adsorbate molecules. Thus, the adsorption capacity increases 
with the increasing initial loading of adsorbate molecules. At a low initial adsorbate concentration, 
the amount of adsorbate adsorbed to the accessible adsorbent active sites is low. These results 
indicate that the initial adsorbate concentration is an important factor affecting the adsorption 
capacity of carbon. Indeed, with an increase in the initial adsorbate loading, the adsorption sites on 
the carbon surface are quickly surrounded by more adsorbate molecules, increasing the mass 
transfer of the adsorbate to the surface of the adsorbent, thereby increasing the adsorption capacity 
[45-47]. 
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Fig. 4. Effect of initial adsorbate concentration on the adsorption capacity 
 
To understand further analysis of the phenomena happening during the adsorption, adsorption 

isotherm is evaluated and achieved by comparing the adsorption results and the adsorption isotherm 
models (see Table 3). Based on the analysis of the R2 fitting results, the adsorption of curcumin by 
various particle sizes of carbon showed compatibility with the Halsey > Jovanovic > Harkin Jura > 
Temkin > Langmuir models. Detailed proposed adsorption mechanism based on the adsorption 
isotherm model is illustrated in Figure 5(a) and (b).  

The adsorption mechanism when using a small adsorbent (i.e. size of 500 µm) is depicted in Figure 
4(a), revealing the existence of the monolayer adsorption on the adsorbent surface (confirmed by 
Halsey, Jovanovic, Harkin Jura, Temkin, and Langmuir models) with pore-filling characteristics 
(confirmed by the Dubinin-Radushkevich model), cooperative interaction (confirmed by Freundlich 
model), and physisorption characteristics (confirmed by Freundlich, Temkin, Dubinin-Radushkevich 
model). The interaction between the adsorbent surface and the adsorbate occurs physically, 
involving weak interactions originating from Van der Waals forces.  

Meanwhile, a different phenomenon happened for the adsorption mechanism when using large 
adsorbents (i.e. 1000 and 2000 µm), illustrated in Figure 5(b). During the adsorption, a monolayer 
surface was formed (confirmed by the Halsey, Jovanovic, Harkin Jura, Temkin, Hill Deboer, and 
Langmuir models). Furthermore, further phenomena were found for the existence of the 
combination of physisorption and chemisorption interactions (cooperative interactions) between the 
adsorbates. At the same time, the adsorption also occurred on the multilayer surface (confirmed by 
Flory Huggins). The adsorption mechanism also follows the pore-filling characteristics (confirmed by 
Dubinin Radushkevich's model) and physisorption characteristics (confirmed by Freundlich, Temkin, 
and Dubinin Radushkevich models) (see Figure 5(b)). An additional consideration is the presence of 
non-spontaneous adsorption due to the positive value of the Gibbs free energy. Thus, to enhance 
adsorption, additional external forces such as temperature and pressure are required. This 
hypothesis is also strengthened by the Flower Huggins Guggenheim isotherm parameter which 
shows a value of W < 0. 
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Table 3 
Detailed data of adsorption isotherm parameters 

Model Parameter 
Particle size (μm) Note 

2000 1000 500 

Freundlich R2 0.5791 0.6895 0.6974 Monolayer formation (R2 < 
0.70) on the adsorbent 
surface. 

𝐾3 2.923 2.946 5.675 Freundlich constant of 
adsorption isotherm 

n 1.428 1.121 1.01 Physisorption process (n > 
1) 

1/ n 1.072 1.081 1.739 Favorable cooperative 
adsorption 

Langmuir  R2 0.9701 0.8118 0.9362 The presence of monolayer 
adsorbent surface  

Qmax 76.335 588.235 78.125 Maximum capacity of 
adsorbent (mg/g) 

RL 0.391 0.786 0.393 Favorable adsorption (0 < 
1/n < 1) 

KL 0.017 2.070 10 -3 1.000 Constants Langmuir model 

Temkin  R2 0.9974 0.9790 0.9506 Monolayer (R2 > 0.70) on 
the adsorbent surface. 

AT (L/g)           76.335 588.235 588.235 Binding constant for the 
Temkin equilibrium 

βT (J/mol)            59.274 54.967 32.353 Physical process 
adsorption (βT > 8 kJ/mol) 

Dubinin-
Radushkevich 

R2 0.9494 0.7608 0.8659 The adsorbent surface has 
micropores (R2 > 0.70). 

Qs (mg/g) 1.545 1.254 1.350 Adsorbent's capacity for 
adsorption 

β (mol2/kJ2) 0.0022 0.0025 0.003 The Dubinin-Radushkevich 
constant 

E (kJ/mol) 0.321 0.282 0.278 Physical interaction 
between adsorbate 
molecules 

Flory Huggins R2 0.920823382 0.772970058 0.657014847 ● Multilayer adsorption 
(R2 > 0.7) 

● Monolayer 
adsorption (R2 < 0.7) 
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nFH 1.345 0.6222 -0.2408 ● Adsorbate is present 
in more than one 
active adsorbent zone 
(nFH < 1) 

● multilayer of 
adsorbate molecules 
formation (nFH > 1) 

KFH (L/mg) 22.130 1.944 0.385 Flory Huggins constant 

∆G° (kJ/mol) 7.029 1.498 -2.166 ● Spontaneous 
adsorption (∆G° < 0) 

● Non-spontaneous 
adsorption (∆G° > 0) 

Fowler-
Guggenheim 

R2 0.997183007 0.883144203 
 

0.487206207 ● Monolayer 
adsorption (R2 < 0.7) 

● Multilayer adsorption 
(R2 > 0.7) 

KFG (L/mg) 4.486 0.270 0.027 Constants for the Fowler-
Guggenheim model 

W (kJ/mol) -28.642 -10.271 -55.676 W < 0 kJ/mol, the 
interaction between 
adsorbed molecules will be 
repulsive 

Hill Deboer R2 0.98706509 0.854600071 0.93275497 Monolayer adsorption (R2 
> 0.7) 

K1 (L/mg) 0.040 0.201 0.026 Constant for the Hill-
Deboer model 

K2 (L/ mg) 278.642 637.000 294.875 Attraction between 
adsorbed species 

Jovanovic R2 0.997416244 0.979085848 0.950685754 Monolayer adsorption (R2 
> 0.7) 

KJ (L/mg) 0.9678 0.881 0.5035 Constants for the 
Jovanovic model 

Qmax (mg/g) 6.675 7.174 3.706 Maximum capacity of 
adsorbent (mg/g) 

Harkin Jura R2 0.990433932 0.968627831 0.870784776 Monolayer adsorption (R2 
> 0.7) 

AHJ 0.035 0.027 0.086 Constants for the Harkin-
Jura model 
 

ΒHJ 0.234 0.329 0.489 Relates to the surface area 
of the adsorbent 

Halsey R2 0.998 0.998 0.998 Monolayer adsorption (R2 
> 0.7) 
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n 1.0 1.0 1.0 Constants for the Halsey 
model 

KH 0.399 0.399 0.399 Constants for the Halsey 
model 

 

 

Fig. 5. Adsorption mechanism for small (a) and large (b) adsorbent 
 
5. Conclusions 
 

Carbon materials derived from tamarind seeds are developed and used as adsorbents for the 
adsorption of dyes from aqueous solutions at low sorbate concentrations, which can support the 
need for a sustainable environment and clean water for assisting sustainable development goals 
(SDGs) in developing countries The adsorption equilibrium data were matched, which was confirmed 
to 10 isotherm models, namely Langmuir, Freundlich, Temkin, Dubinin-Radushkevich, Flory Huggins, 
Fowler–Guggenheim, Hill Deboer, Jovanovic, Harkin Jura, and Halsey by analyzing the value of the 
correlation coefficient. Adsorption occurs via the formation of a monolayer with a physisorption 
characteristic binding energy caused by the presence of a Van der Waals force, in which the main 
causes of the formation of monolayers are geometric irregularities and energy inhomogeneity of the 
surface profile. Based on the results, carbon-based products' good adsorption mechanism and low 
cost indicate that they can be used as effective adsorbents for water purification while also protecting 
the environment. 
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