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KINETIC AND ISOTHERM ANALYSIS OF Cu(II) ADSORPTION 
ONTO ALMOND SHELL ( Prunus dulcis) 

ANALIZA KINETYKI I IZOTERM ADSORPCJI Cu(II)  
NA SKORUPACH MIGDAŁÓW ( Prunus dulcis) 

Abstract:  In the work, adsorption of Cu2+ ions onto almond shell were investigated under different operational 
conditions. Almond shell was used without any pretreatment prior to the tests. The optimum conditions for 
adsorption of Cu2+ ions through almond shell were determined to be; pH 5.0, temperature 20ºC, shaking rate  
125 rpm, sorbent dose 0.3 g and initial Cu2+ ion concentration 50 mg/dm3. The equilibrium duration of the system 
was 60 minutes. The sorption capacities of the sorbents were predicted with the aid of equilibrium and kinetic 
models. The interactions of peanut shell with metal ions were constituted by SEM, EDX, FT-IR, XRD and AFM. 
The pseudo-first-order, pseudo-second-order, Weber-Morris, Elovich model and Bangham kinetic models were 
applied to test the experimental data. The Cu+2 ions adsorption onto almond shell was better defined by the 
pseudo-second-order kinetic model, for initial pH. The equilibrium data were evaluated using Langmuir, 
Freundlich, Temkin, D-R and Harkins Jura isotherms. The highest R2 value in isotherm studies was obtained from 
Langmiur isotherm (R2 = 0.98) for the inlet concentration. 
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Introduction 

Contamination of water environment with heavy metals like Cu2+, coming from casting 
and mining industries, textile, batteries, leather production and electro coatings, may pose 
serious threats for human health and aquatic organisms [1]. Even in low concentrations, 
heavy metal ions exhibit very high toxicity and they are non-biodegradable [2]. It has been 
reported in numerous studies that such heavy metals have high potential for inducing severe 
damage on human health and natural aquatic environment due to their predisposition  
to bio-accumulate and permanence [3]. 

Chemical precipitation, membrane filtering and reverse osmosis methods are widely 
applied for removal of heavy metals [4]. However, these methods are known to be costly 
and they do not have high removal effectiveness for metal concentrations especially within 
0.01-0.1 g/dm3 [5]. 

Adsorption is known to be an effective method for reducing the concentration of 
pollutants such as organic compounds, metal ions and dissolved dye in wastewater [6]. 
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Adsorption is the most widely applied process for removal of heavy metals due to its 
simplicity, practicability and cost efficiency among other removal methods.  

Recent studies on adsorption have drawn the attention to waste materials produced by 
large-scale industrial processes. Such materials are the by-products of industrial materials 
produced from natural resources such as peat, wood, barley, brown rice, hay, peanut shell, 
almond shell, nutshell, biomass, soybean, cottonseed meal, bark, sugar beet pulp, leaves, 
green algae, coconut wastes, wood chips, fertilizer, corn silk, and dried aquatic plants, as 
well as plant wastes and other industrial products [1, 7-9]. All of these materials have been 
the subject of numerous studies due to their ability to remove trace metals from water. Most 
of the researches that used adsorbents for organic compounds are based on batch kinetic 
and batch equilibrium studies [10, 11]. 

 Almond shell is commonly known as a waste product. Almond shell is an abundant, 
cheap and lignocellulosic material. Cell walls of almond shell consist of cellulose, silica, 
lignin and carbonhydrates that have hydroxyl groups in their structure [12]. 

In the present study, almond shell was used without any pretreatment prior to the tests. 
The use of sorbent without any activation treatment as an attempt to reduce the cost of 
adsorption process constitutes one of the important aspects of the present research. The 
main objective of the study was to investigate the feasibility of using natural almond shells 
as adsorbent in removal of C(II) ions; to evaluate various experimental parameters that 
affect the adsorption process, including the initial pH of the aqueous solution, contact time, 
initial concentration and temperature; to assess the efficacy of various kinetic models 
(pseudo-first-order, pseudo-second-order, Elovich and intra-particle diffusion models); to 
determine the applicability of isotherm models (Langmuir, Freundlich, Temkin and 
Dubinin-Radushkevich); and to specify the thermodynamic feasibility of the adsorption 
process in accordance with thermodynamic parameters (Gibbs energy (∆G), enthalpy (∆H) 
and entropy (∆S)). 

Materials and method 

Preparation of adsorbent and solution 

Almond shell was procured from local market in Turkey and it was used without any 
pretreatment except washing and sieving for obtaining the desired particle size. Almond 
shell was washed for a few times with deionized water for removal of impurities on the 
shell surface, and afterwards it was dried in oven for a period of 24 hours at 105ºC. Dried 
almond shell specimens were then ground and sieved with 0.30 mm mesh size prior to the 
experiments. In addition to the use of deionized water, all used chemicals were chosen 
among analytical grade reagents of highest quality. The physical and chemical properties of 
almond shell are given in Table 1 [13]. 

 
Table 1 

Physical and chemical properties of almond shell 

Hemicellulose 35.160% 
Cellulose 29.991% 
Lignin 30.015% 
Ash 0.760% 
C 48.170% 
H 5.893% 
O 45.937% 
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Extractive content 5.074% 
Surface area 10.95 m2 g–1 

Apparent density 1.07 g cm–3 
Porosity 22.11% 

Pore diameter (mean) 0.075 µm 
Functional groups  

O-H 3440 cm–1 
C-H (aromatic and aliphatic) 2904 cm–1 

C=O 1740, 1650 cm–1 
C=C (aromatic) 1600, 1507 cm–1 

C-H 1466, 1377 cm–1 
C-O 1161 cm–1 

 
Cu+2 solution was prepared in 1 dm3 with 1000 mg/dm3 concentration, with addition of 

the required amount of copper sulphate (CuSO4·5H2O). Metal ion concentrations with 
different concentrations were prepared by diluting required amounts from the stock 
solution. 

Test and analysis method 

Adsorption of Cu2+ from aqueous solution onto almond shells was investigated using 
batch equilibrium techniques. The tests were conducted by inclusion of 100 cm3 copper 
solution and biosorbent in 250 cm3 Erlenmeyer flasks. 0.3 g almond shell was included in 
the 100 cm3 solution with the required Cu2+ concentration. The batch units were agitated in 
an orbital incubator shaker (Gerhardt) for a contact time varied in the range 0-60 min at  
a speed of 125 rpm at 25°C. The time at which sorbent added to nickel solution is assumed 
to be t = 0 and analyses were performed at certain intervals. Free Ni2+ ions were read in 
samples to find out analyzed in a Merck NOVA60 spectrophotometer. The effect of 
experimental parameters such as initial Cu2+ ion concentration (5-100 mg/dm3),  
pH (2.0-7.0), adsorbent dosage (0.1-1.0 g/dm3) and temperature (25-55ºC) was examined. 
The initial pH of solutions were adjusted using H2SO4 and NaOH solutions.  

Wise Shake (SHO-2D) and shaking incubator, capable of operating with constant 
shaking speed and temperature, were used during the research. All pH readings were 
performed using a Thermo Orion - STARA2145 brand pH meter.  

The biosorption capacity qe (Eq. (1)), used in biosorption studies, and percent removal 
efficiency (E)% (Eq. (2)) were calculated using the following equations:  

 �� = �	·	(�	
��)
  (1) 

 (�)%	 = (�	
��)
�� ∙ 100 (2) 

where x is the adsorbent amount [g]; V is the solution’s volume [cm3]; Co is the initial 
concentration [mg/dm3]; and Ce is the final concentration of the solution [mg/dm3]. 

Each sorption experiment was performed three times and average values obtained from 
the samples were presented. Additionally, a blank sample was used to compare the results 
throughout all batch procedures. The presented results are the mean values obtained from 
the experiments, standard deviation (≤ 4%) and error bars are shown in the figures. 
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Results and discussion 

Characterization 

FT-IR spectrum of almond shells was used to determine the frequency deviation of the 
functional groups before and after the copper adsorption. As shown in Figure 1, the spectra 
were measured within 400-4000 cm–1 range. 

 

 

 
Fig. 1. FTIR spectra: a) before and b) after adsorption  
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Fig. 2. SEM image of almond shell: a) before and b) after adsorption  

 

 
Fig. 3. AFM image of almond: a) before and b) after adsorption  
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The peak points, representing the wide adsorption bands, were observed at 3296.15, 
2892.5, 1633.44, 1482.10, 1018.13, and 556.89 cm–1. The band at 3296.15 cm–1 results 
from stretching vibration (O-H). The band at 2892.5 cm–1, may be an indication of aromatic 
and aliphatic stretching vibration. The band at 1633.44 cm–1 results from carbonyl group 
stretching, and the one at 1482.10 cm–1 results from C-H deformation vibration. The band 
at 1018.13 cm–1 represents C-O stretching vibration and the band at 556.89 cm–1 may 
correspond to SiO-H vibration [14]. 

SEM analysis is widely applied to examine the morphological properties of adsorbent 
substances. SEM images of almond shell specimens before and after absorption are given in 
Figure 2. Presence of suitable conditions for adsorption of Cu ion into the pores is evident 
in the images. This situation is also clearly indicated in the AFM images in Figure 3. 
Roughness of the sorbent surface is higher before adsorption (Fig. 3a) whereas the porous 
structure is filled after adsorption resulting in a smoother structure (Fig. 3b). 

Sharp asperities of almond shell are shown in the XRD spectrum in Figure 4. Similar 
peaks were available at 15° and 21° on the almond shell. This indicates that no structural 
deterioration occurred during adsorption.  

 

 
Fig. 4. XRD: a) before and b) after adsorption  

Adsorption experiments 

The contact time of adsorption of copper into almond shell under the specified 
conditions (T = 25°C, Co = 50 mg/dm3, x = 0.3 g, pH = 5) was investigated for  
0-150 minutes time interval. Removal efficiency [%] and the qe are given in Figure 5. As 
seen in the figure, a period of 60 minutes was found to be sufficient for removal of Cu(II) 
with almond shell. Some of the previous researches similarly reported 60 minutes contact 
time for heavy metal removal with almond shell [15]; in other studies lower [16, 17] and 
higher [14, 18] contact times were also reported. 

Effect of varying pH 

The pH value of an aqueous solution is an important control parameter in the 
adsorption process. The experiments were carried out within 2-7 pH interval (Fig. 6). Over 
pH 6, Cu started to precipitate as Cu(OH)2. This is verified by the speciation diagram given 
in Figure 7 [19]. Similar observations were reported in previous studies [20-22]. Under  
pH = 6, the dominant copper specie was Cu(II) which was normally included in the 
adsorption process. The adsorbed amount of copper gradually increased from 1.57 to  
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6.07 mg/g as the pH value increased from 2 to 6. Copper adsorption was found to be 
significantly low at very low pH values due to the competition between H3O

+ and Cu(II) 
ions. H+ ions react with anionic functional groups on almond shell surface, thus leading to 
limitation of the number of binding locations available for adsorption of Cu(II). 

 

 
Fig. 5. Change of adsorption capacity with varying contact time  

 
Fig. 6. Efficiencies for different pH values 
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Fig. 7. Distribution of Cu(II) species as a function of pH 

Effect of sorbent amount  

Analyses were performed within 0.1-1 g/100 cm3 interval to investigate the effect of 
sorbent amount on biosorption (0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1 g). The effect of sorbent 
amount on adsorption is shown in Figure 8. The highest qe value was obtained as 4.70 mg/g 
during the 0.5 g sorbent usage, whereas the highest removal efficiency was found as 64% 
during 1 g sorbent usage.  

 

 
Fig. 8. The effect of sorbent amount on adsorption 

As seen in Figure 8 qe started to increase with increasing sorbent amount, however 
after a certain point qe value decreased despite the increase in sorbent amount. Such 
decrease in the adsorbed amount in spite of the increase in adsorbent dosage can be 
attributed to the electrostatic interactions, binding site interactions, and reduced mixing at 
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higher adsorbent densities. Also, the decrease in sorption capacity is attributed to the 
increase in interface area with dilution of the suspension [23]. 

Effect of initial metal concentration 

The effects of initial copper concentration on adsorption efficiency and capacity are 
shown in Figure 9. During the research metal concentration varied within 5-100 mg/dm3 
interval. The highest qe value was found as 5.60 mg/g for 100 mg/dm3 Cu(II) concentration 
and the highest removal efficiency was found as 64% for 5 mg/dm3 Cu(II) concentration. 
As seen in Figure 9, copper retention of almond shell depends on the initial concentration 
and it increases with the increase in availability of metal ions in the test solutions.  
When the sorbent amount is constant, an increase in the amount of metal ions requires  
a higher driving force for removal of the ions from aqueous phase to sorbent surface, 
resulting in an increased probability of interaction between metal ions and active binding 
areas [24]. 

 

 
Fig. 9. The effect of initial metal concentration 

Effect of temperature 

The experiments were carried out at 20-55ºC interval for investigation of the effect of 
temperature on adsorption. Some researchers reported an increase [25, 26] some reported  
a decrease [27-29] in adsorption capacity depending on the temperature and some [11] 
reported that the adsorption capacity did not change with changing temperature. As seen in 
Figure 10, temperature did not have a significant effect on the adsorption capacity in the 
present study. 
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Fig. 10. Effect of temperature on adsorption 

Kinetic studies 

Pseudo-first-order kinetic equation 

This equation is also known as Lagergren equation (Eq. (3)) and it is stated with the 
following expression [30, 31]: 

 log(qe – q) = log qe − ����.�
�.��� 	.	t  (3) 

here, q is the amount of substance adsorbed at any given time t [mg/g], and kads,1 [min–1] is 
the adsorption rate constant. When log (qe – q) values, corresponding to t values, are 
graphed, adsorption rate constant is obtained from the slope of the resultant curve, and the 
amount of substance adsorbed at the time of equilibrium is obtained from the interception 
value.  

Equilibrium adsorption capacity must be known for applicability of Lagergren 
equation on experimental data. In some cases where qe is not known (or specified), the 
adsorption phenomenon is likely too slow to be measured. Also, qe must be higher than q, 
which represents the amount of substance adsorbed at any given time [30]. 

Pseudo-second-order kinetic equation  

In many adsorption phenomena, Lagergren first order rate equation is not applied for 
all time intervals until the state of equilibrium is achieved and it generally fits well with the 
first 20-30 minutes of the equilibrium time. However, pseudo-second-order rate equation 
(Ho-McKay equation) can be applied for the whole state of equilibrium.  

According to pseudo-second-order rate equation, adsorption capacity is in direct 
proportional to the number of active regions on the adsorbent, and kinetic rate law is 
expressed with equation [32]: 

 
�
� =

 
����,"	��"

+  
��
	$ (4) 
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here, kads,2 is the adsorption rate constant [g/mg·min]. When t/q values, corresponding to T 
values, are graphed, equilibrium adsorption capacity is obtained from the resultant curve, 
and adsorption rate constant is obtained from the cut-off values. 

Intra-particle diffusion equation 

In bio-sorption method, intra-particle diffusion kinetic model was first introduced by 
Weber and Morris [33, 34]. 

 � = %&	$�.' + C (5) 

here; kp denotes the intra-particle diffusion constant [mg · min0.5/g]. When a q versus  
t 0.5 graph is plotted, linearity of the curve indicates that intra-particle diffusion takes place 
within the bio-sorption system. In addition, if the curve in the graph coincides with the 
origin, this indicates that diffusion is the rate-determining step. If the curve is not 
coincident with the origin, this indicates that diffusion occurs gradually in a laminated form 
and that it does not alone correspond to a rate-determining step. C values give an opinion 
about the thickness of the boundary layer (for instance, the thickness of the boundary layer 
is as high as the C value) [35]. 

Elovich Equation 

Elovich equation (Eq. (6)) is a useful model for describing chemical sorption and it is 
compatible with heterogeneous systems [36]. 

 �� =  
( ln(+,) +

 
( ln$ (6) 

here α is the initial adsorption rate [mg/g · min] and β is desorption rate constant [g/mg].  

Bangham Equation 

By application of Bangham equation (Eq. (7)) on bio-sorption kinetics data, it is 
possible to check whether pore diffusion is the only rate-determining step [37] 

 log /log 0 �1
�1
�23

45 = log 0 �13
�.����4 + 6log	($) (7) 

here: k0 - equilibrium binding constant [dm3/g], 6 - Bangham’s constant, m - adsorbent 
amount [g], V - sample volume [dm3]. 

Evaluation of kinetics results 

Kinetic experiments were performed at pH 2-3-4-5-6 for 1-60 min periods. 
Pseudo-fırst-order (Fig. 11a), pseudo-second-order kinetic models (Fig. 11b), Elovich 
model (Fig. 11c), Bangham kinetic models (Fig. 11d) and inter-particle diffusion model 
(Fig. 11e) were applied on the obtained kinetics data. Lagergren rate constants kads,1 [min–1], 
kads,2 [g/mg·dk] rate constants in Ho-McKay equation, intra-particle diffusion constants  
kp [mg/g·min0.5], desorption rate constants β [g/mg] and initial adsorption rates  
α [mg/g · min] in Elovich equation, as well as desorption 6	constants and equilibrium 
binding constants k0 [dm3/g] in Bangham equation were calculated using the graphs of the 
kinetic models (Table 2).  
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Fig. 11. a) Lagergren graph, b) Ho-McKay graph, c) Elovich graph, d) Bangham graph, e) Weber and 

Morris graph 
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Table 2 
Kinetic constant 

pH qe (exp) 
[mg/g] 

Pseudo-first-order Pseudo-second-order 
Weber-Morris 

-I- -II- 
k1 qe R2 k2 qe R2 kid C R2 kid C R2 

2 1.57 0.014 1.30 0.90 0.05 1.87 0.96 0.292 0.099 0.94 0.04 1.193 0.97 
3 1.80 0.008 1.00 0.97 0.09 1.86 0.98 0.184 0.602 0.92 0.14 0.724 0.99 
4 3.17 0.014 1.74 0.99 0.08 3.00 0.99 0.378 0.787 0.98 0.09 2.136 0.95 
5 4.67 0.015 3.15 0.96 0.04 5.05 0,99 0.626 1.050 0.91 0.13 3.669 0.98 
6 6.07 0.025 3.02 0.97 0.11 6.23 0.99 0.642 3.062 0.98 0.02 5.854 0.85 
  Elovich Bangham       
  β α R2 7 Ko·10–4 R2       
2 1.57 2.686 0.49 0.90 0.49 1.2 0.93       
3 1.80 4.060 3.84 0.95 0.21 3.4 0.98       
4 3.17 2.263 5.02 0.95 0.23 5.5 0.97       
5 4.67 1.238 5.06 0.89 0.26 8.0 0.91       
6 6.07 1.523 176 0.94 0.13 17.4 0.94       

 
As seen in Table 2, high R2 values were obtained for all models. The highest R2 value, 

0.99, was obtained for pseudo-second-order kinetic model. Also, when compared with 
pseudo-first-order model, in pseudo-second-order kinetic model, theoretical qd values were 
found to be closer to the experimental qd values. As a result, adsorption of copper with 
almond shell was found to conform to pseudo second order kinetic model. Similar kinetic 
behaviors for biosorption of heavy metal ions were reported in previous studies [38-40]. 

Kinetic models such as intra-particle diffusion model and Elovich equation 
demonstrate an important role of the pore diffusion process in the adsorption mechanism. 
As seen in Figure 11e the copper adsorption on almond shell coincides with the origin for 
all pH values and it occurs in two steps. The rate constants for two resultant steps were in 
the order kp1>kp2, and the C values at each step increased with increasing pH. This is an 
indication of increased boundary layer thickness with increasing pH, which in turn results 
in a decrease in the diffusion rate. The first and the second linear sections can be 
respectively attributed to the external mass transfer and intra particle diffusion mechanisms 
[41, 42]. 

As seen in Table 2, Bangham equation yielded a fine linear (R2 > 0.92) value for 
removal of copper with almond shell, which indicates that there is no single rate control 
step for diffusion of the heavy metal into the sorbent pores [43]. 

Adsorption isotherms 

The graph that associates the amount of substance adsorbed at constant temperature 
with the unabsorbed substance concentration in the solution, is called as the adsorption 
isotherm [44]. Isotherm graph shows the equilibrium conditions under constant temperature 
[45]. An adsorption process can be best understood by use of isotherms [46]. Information 
on the affinity between the adsorbent-adsorbate, adsorption capacity of the adsorbent, 
surface area, porosity and adsorption heat can be obtained from adsorption isotherms. 

Langmuir adsorption isotherm 

According to Langmuir adsorption isotherm; adsorbent’s surface is homogeneous in 
terms of adsorption capacity. In other words, adsorbent surface has a number of active 
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adsorption regions. Maximum one molecule is adsorbed at each adsorption region. 
Accordingly, Langmuir isotherm is only valid for single layer adsorption [44]. In addition, 
no interaction occurs among the adsorbed molecules and adsorption occurs with the same 
mechanism on all adsorption regions of the surface, that is, the absorbed units have 
identical activation energies [47]. Langmuir isotherm equation is the following: 

 Ce /qe= 1/qmb+1/qm·Ce (8) 

here, qm is a constant related with the single layer adsorption capacity of adsorbent and b is 
a constant for adsorption energy [48]. High qm values is an indication of higher adsorption 
capacities and accordingly the adsorbent has a big surface area. Constant b is dependent on 
temperature and it is proportional to adsorption heat.  

Freundlich adsorption isotherm 

Adsorbent surface is heterogeneous in terms of adsorption regions and energy. That is, 
the adsorbed amount of substance increases with increasing concentration of the adsorbed 
substance. In Freundlich isotherm, there is an exponential relation between the adsorbed 
amount and the equilibrium concentration [49]: 

 �� = % ∙ 8� /: (9) 

here, k and n denote Freundlich constants respectively related with adsorption capacity and 
adsorption intensity. k is proportional to the adsorption capability of the adsorbent, and n is 
proportional to the adsorption tendency of the adsorbed substance [50]. 

Dubinin-Radushkevich (D-R) adsorption isotherm 

This isotherm was developed by Dubinin-Radushkevich and it is widely applied in 
defining the adsorption of gases and steam onto micro-porous solids. In cases where liquid 
phase adsorption occurs, adsorption energy is calculated in accordance with D-R equation. 
D-R isotherm model provides information as to whether the adsorption is chemical or 
physical. The linear form of D-R isotherm model is expressed with equation [51]: 

 ln�� = ln�3 − , · ;� (10) 

here, β [mol2/J2] is the constant related with average free energy per 1 mole of substance 
and ε is Polanyi potential [kJ/mol], which is calculated with the following equation: 

 ; = < · = · ln	(1 +  
��
) (11) 

where R is the ideal gas constant [8.314 J/mol·K] and T is the absolute temperature [K].  
In a plot of ɛ2 versus ln qe values, a line with the slope of - β and with interception value of 
lnqm is obtained. β gives information on the average free energy of the adsorption per one 
molecule of the adsorbed substance. The relation between them is given in following 
equation [52]: 

 � =  
>�( (12) 

This parameter also gives information as to whether a chemical ion exchange or  
a physical adsorption mechanism is effective. If the magnitude of E value is between  
8-16 kJ/mol, it is a chemical ion variation, and if it is lower than 8 kJ/mol it is a physical 
adsorption mechanism [53]. 
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Temkin adsorption isotherm 

Temkin adsorption isotherm gives information about the adsorption heat and the 
interactions between adsorbent-adsorbed substances as expressed in [54]: 

 qe = B1 ln KT + B1 ln Ce (13) 

where: Bi is a constant (RT/b) for the adsorption heat and KT is the equilibrium binding 
constant [dm3/g]. In Temkin Model it is assumed that, the adsorption heat (as a function of 
temperature) of all molecules in the layer, will exhibit a linear behavior rather than 
logarithmic within the covered region [55]. An increase in Temkin isotherm constants 
shows that the adsorption heat (B1) increases with increasing temperature, thus indicating 
that the adsorption is endothermic [56].  

Harkins-Jura adsorption isotherm 

Harkins-Jura isotherm defines a multi-layer adsorption in connection with the presence 
of a heterogeneous pore distribution and as expressed in [57]: 

 
 
��"

= 0?@4 − 0 @4logCe  (14) 

In a plot of log Ce values versus 1/qe
2 values, Harkins-Jura constants A and B are 

respectively obtained from slope and interception values. Higher B values indicate higher 
contribution of physical adsorption.  

Evaluation of the isotherm results  

The data obtained from varying Cu(II) concentrations were applied to Langmuir, 
Freundlich, Temkin and D-R (Dubinin-Radushkevich) models. The constants related with 
these models are shown in Table 3. 

 
Table 3 

Adsorption isotherm parameters 

Langmuir Izoterm Freundlich Izoterm Dubinin-Radushkevich 
Izoterm 

Temkin Izoterm 

b 
[dm3/mg] 

qmax 

[mg/g] 
R2 

n 
[-]  

kf 

[-]  
R2 

β 
[mol2/J2] 

qm 
[mol/g] 

Ea 
[KJ/mol] 

B1 
[mg/g] 

bT [g·J/ 
mg·mol] 

KT 
[dm3/g] 

R2 

0.08 6.64 0.98 2.23 0.91 0.97 4·10–9 3.17·10–4 11.18 3.02 820.77 1.01 0.95 
Harkins-Jura Izoterm            

A [-]  B [-]  R2           
2.15 1.68 0.76           

 
As seen in Table 3, high R2 values were obtained from all isotherms, whereas the 

highest value belongs to Langmuir isotherm with 0.98. This indicates occurrence  
of a homogeneous and single layered adsorption on the used sorbent.  

1/n value, calculated in accordance with Freundlich equation, indicates whether the 
biosorption process is spontaneous. Spontaneous adsorption conditions apply in cases 
where n values are greater than 1 [58]. In the present study n value was found to be greater 
than 1. Accordingly, it can be inferred that almond shell is applicable for removal of copper 
from aqueous solutions.  

Also, the activation energy (Ea), resulting from Dubinin-Radushkevich equation, was 
found as 11.18, which indicates that the adsorption occurred with ion exchange since this 
value falls within 8-16 kJ/mol interval.  
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R2 was found as 0.95 for Temkin isotherm, indicating that adsorption also conforms 
with Temkin model. b value was found as 820.77 g·J/mg·mol. This high b value is an 
indication of endothermic adsorption [56]. In Harkin-Jura isotherm, R2 was found as 0.76, 
which is lower than all other isotherms.  

Adsorption thermodynamics 

Thermodynamic parameters reflect applicability and spontaneousness of  
a phenomenon. Thermodynamic parameters such as ∆G, ∆H, ∆S are calculated using 
equilibrium constants that vary with varying temperature [59]. 

Thermodynamic tests; according to the study of thermodynamics, the energy  
in an isolated system cannot be gained or lost when the entropy change is the driving force 
[60]. Thermodynamic parameters are given in equations (15) and (16): 

  ΔB� = CD� − =ΔE� (15) 

where: ∆G0 is Gibbs free energy [kJ/mol], ∆H0 is the enthalpy exchange [kJ/mol], ∆S0 is 
the entropy exchange [kJ/mol K]. 

 lnFG = HI1
J + HK1

JL   (16) 

Gibbs free energy value of adsorption process obtained under a certain temperature 
was calculated with Kc using the equation ∆G0 = –RT ln Kc. Afterwards, ln Kc versus 1/T 
graph was plotted (Fig. 12), ∆H0 and ∆S0 were calculated using the slope and interception 
point. The thermodynamic parameters found in the absorption of Cu(II) ions are presented 
in Table 4. 

 

 
Fig. 12. Van t’Hoff graph for copper adsorption from aqueous solution with almond shell 

Positive ∆H0 value indicates that the reaction is endothermic. Positive ∆G0 value 
indicates that the adsorption process is non-spontaneous. For the adsorption of Cu(II) ion, 
the increase in ∆G values with increasing temperature indicates that bio-sorption is more 
favorable at higher temperatures [61]. 
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Table 4 
Thermodynamic parameters  

T 
[K] 

b 

[dm3/gr] 
∆G0 

[kJ/K·mol] 
∆H0 

[kJ/K·mol] 
∆S0 

[kJ/K·mol] 
293 0.127 5.025 

4.539 –0.002 

298 0.130 5.062 
303 0.132 5.097 
308 0.136 5.106 
313 0.139 5.139 
318 0.143 5.145 
323 0.143 5.226 
328 0.161 4.977 

 
Negative ∆S value is an indication of reduced randomness at solid/solution interface 

system during adsorption. Also, low ∆S0 indicates that the changes in entropy are negligible 
[62]. 

Conclusions 

In the present study, almond shell was used without any pretreatment prior to the tests. 
The use of sorbent without any activation treatment as an attempt to reduce the cost of 
adsorption process constitutes one of the important aspects of the present research. 
Adsorption capacity (qe) increased with increasing Ni2+ concentrations. The greatest qe 
value for Ni+2 was observed as 5.87 mg/g in 75 mg/dm3. The Ni+2 ions adsorption onto 
almond shell was better defined by the pseudo-second-order kinetic model, for initial pH. 
The highest R2 value in isotherm studies was obtained from Langmuir isotherm (R2 = 0.98) 
for the inlet concentration. Gibbs energy (∆G0) values for Ni(II) ions were identified as 
positive (+), thus it was identified that biosorption was nonspontaneous. Positive values for 
biosorption enthalpy (∆H0) indicate that the system absorbed energy from surroundings 
(endothermic) and negative values for ∆S0 indicate more regular state of metal ion over the 
biosorbent surface. The studies in the literature on bio-sorption related with Cu2+ ions were 
examined and compared with the values obtained in the present study (Table 5). 

 
Table 5  

Comparison of biosorption studies performed using various biosorbent/adsorbent 

Adsorbent Adsorption capacity [mg/g] Reference 
Bamboo powder 54.35 [63] 

Sawdust 3.60 [64] 
Corn silk 96.15 [7] 
Sawdust 3.89 [65] 

Tobacco leaf 14.36 [11] 
Grass 58.34 [66] 

Rice hull 59.52 [67] 
Wheat scab 11 [68] 
Rice shell 3.6 [68] 

Coconut shell 7.25 [69] 
Eichhornia crassipes 27.7 [70] 

Almond shell 4.67 This study 
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