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Abstract

The mechanism of adsorption behavior of thermally activated carbon prepared from Acacia (AAC) for copper
ions from aqueous solutions has been investigated at optimum conditions of removal in a batch system. The
experimental data were analyzed by the Langmuir, Freundlich, Timken, and Dubinin- Zaverina-Radushkevich
adsorption isotherm models of adsorption. The characteristic parameters for each isotherm and related
coefficients of determination have been determined. Thermodynamic parameters such as AG®, AH® and AS°
have also been evaluated. The kinetics of the sorption were analyzed using the Simple First Order, pseudo-first-
order, pseudo-second-order, and Intra-Particle Diffusion kinetic models. Kinetic parameters, rate constants,
equilibrium sorption capacities, and related coefficient of determination for each kinetic model were calculated
and discussed. It was shown that the adsorption of copper could be described by the pseudo-second-order model,
and it has been found that the adsorption process was feasible, spontaneous, and endothermic, suggesting that the
adsorption process is presumably chemisorption. The AAC investigated in this study showed good potential for
the removal of copper from aqueous solutions. So, the present study shows the feasibility of the practical use of
AAC as a low-cost, and natural material adsorbent for the effective removal of Cu(ll) ions from aqueous
solutions as an alternative to existing commercial adsorbents.
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1. Introduction

Industrial waste water effluents mostly contain high quantities of toxic and polluting heavy
metals. Small-scale factories produce a large amount of emissions and, in many situations,
waste water is dumped directly into the environment without adequate treatment. Cu(ll) is one
of the harmful metal ions from several sectors found in wastewater discharge and effluent.
Cu(ll) imbalance can cause headaches, fatigue, insomnia, depression, skin rashes,
detachment, learning disabilities, or premenstrual syndrome in the body, and it can even lead
to accumulation in the kidneys, brain, skin, pancreas, and heart (Eun-Young et al., 2011). The
toxicity of Cu(ll) to living organisms is essentially exerted on enzymes, especially enzymes
whose activity depends on sulphydryl and amino group because Cu(ll) like other heavy
metals has a high affinity for ligands containing nitrogen and sulfur donors (Vedhavalli and
Srinivasan, 2005). Some separation techniques, such as ion flotation, precipitate flotation, and
sorptive flotation, are used for copper removal from an agueous solution. Precipitation,
coagulation, adsorption, ion exchange, and membrane filtration are another widely used
treatment involved in reducing the metal load (Onundi et al., 2010). In addition, several new
methods have been developed using natural materials, biosorbents, and waste materials to
remove metals such as copper from waste water. Studies on wastewater treatment for the
removal of heavy metals show that the adsorption is most widely and commonly used (Nasim
et al., 2004). Adsorption can remove metals from inorganic effluents using activated carbon.
Although it is a costly, granular nature, due to its wide surface area, high adsorption power,
and surface reactivity, it is the most common adsorbent and has been used with great success.
The other adsorbents include agricultural and industrial waste materials that are found to
retain toxic metal from the aqueous solution and potentially cheaper adsorbents like wood
charcoal, limestone, corn cobs, barley waste, coconut fiber (Nami et al., 2008).

Among the numerous treatment technologies developed for the removal of copper
from the aqueous environment, adsorption is receiving increasing attention in becoming an
attractive and promising technology because of its simplicity, cheaper pollution control
method, ease of operation and handling, sludge free operation, and regeneration capacity.
Detailed information on equilibrium, kinetic and thermodynamic properties are required for
the design of adsorbers. The adsorption equilibrium provides fundamental physicochemical
data for evaluating the applicability of sorption processes as a unit operation. An isotherm
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equation, whose parameters express the surface properties and affinity of the sorbent, at a
fixed temperature and pH, usually describes the sorption equilibrium. Thus, an accurate
mathematical description of the equilibrium isotherm is essential for the effective design of
adsorption contact processes. Also, the design of a sorption system demands the rate of
sorption, So this paper focuses on the isotherms, kinetics, and thermodynamic of its sorptive
responses for process applications .

The adsorbent used in the present study, Acacia activated carbon (AAC),
demonstrated its sorption capacity for removing copper from aqueous systems (Alshuiref et
al., 2017). So, the objectives of this paper are mainly broken down to elucidate (i) the rate-
limiting process of sorption and (ii) the mechanisms of copper removal. These objectives will
be reached by studying the isotherm, Kkinetic and thermodynamic adsorption of copper onto
Acacia activated carbon (AAC) as adsorbent, at different initial concentrations and
temperatures.

2. Materials and Methods

2.1. Chemicals

The solutions of Cu*? were prepared by dissolving accurately weighed amounts of
CuS0,.5H,0 in distilled water. Acacia carbon was collected then dried in an air oven at
120°C for 24 hrs then grounded and sieved to obtain desired size fraction using a conventional
sieve-shaker (WiseVen) oven as mentioned by Alsuiref et al. (2017).

2.2. Adsorption Experiments (Batch system)

A stock solution of 1000 mg/L of Cu (Il) was prepared by dissolving 3.9319 g of
(CuS0,4.5H,0) in 1000 mL of deionized water in a volumetric flask. It was dissolved by
shaking and the volume was made up to the mark. adsorption experiments were carried out by
adding AAC to the conical flask in various amounts containing a known concentration of
Cu(ll) solutions. These solutions are filtered by using (FILTER-LAB) paper Cod. PN1248110
then adding 5 mL of ammonia to measuring the concentrations of residual Cu(ll) using
spectrophotometer equipment (JENWAY 7305 Spectrophotometer) at selected wavelength
Amax= 615 nm. The optimum parameters of the adsorption process were studied previously
and mentioned by Alshuiref et al. (2017) as follows: (adsorbent dose 0.5 g/100 mL, agitation
speed 300 rpm, pH 6, particle size 0.375 mm, and contact time 120 min.) at room
temperature. The isotherms, Kkinetics, and thermodynamic studies in this study will be done at
298, 308, 318, and 338 K with initial concentrations (100, 300, 500, 700, and 800 mg/L).

2.3. Adsorption Isotherms

The equilibrium relationship between the adsorbate concentration in the solution (Cu*?) and
that on the adsorbent surface (AAC) at a given condition is described by an adsorption
isotherm. A variety of isotherms have been developed to characterize relationships with
equilibrium. Langmuir, Freundlich, Temkin, and Dubinin-Zaverina-Radushkevich (D-Z-R)
models were used to define the equilibrium details in the present study.
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2.3.1. The Langmuir Isotherm Model

The Langmuir isotherm model (Langmuir, 1918) was used to describe observed sorption
phenomena and suggests that uptake occurs on a homogeneous surface by monolayer sorption
without interaction between adsorbed molecules. The widely used Langmuir isotherm,
(Langmuir, 1918) has found a successful application in many real sorption processes, (Onar et
al., 1996; Ho & McKay, 1999; and Ozacar, 2003) and is expressed as;

qmKq Ce

de = m ...... (D
An alternative linear form of this model is:

Ce 1 1

Z=—C,+—— 2

de dm € + Kaam ( )

where Ce is the equilibrium concentration of Cu(ll) in (mg/L), ge is the amount of metal
adsorbed per specific amount of adsorbent (mg/g), gm is the maximum adsorption capacity
(mg/g), and Ka is an equilibrium constant (L/mg) related to energy of adsorption which
quantitatively reflects the affinity between the adsorbent and adsorbate. The constants values
of gm and Ka can be determined from the linear plot of Ce/ge versus Ce. The shape of the
Langmuir isotherm can be used to predict whether a sorption system is favorable or
unfavorable in a batch adsorption process. The essential features of the isotherm can be
expressed in terms of a dimensionless constant separation factor (R.) that can be defined by

the following relationship (Anirudhan & Radhakrishnan, 2008; and Das et al., 2014);
1

1+K4Co
where C, is the initial concentration (mg/L) and K is the Langmuir equilibrium constant
(L/mg). The value of separation parameter R, provides important information about the nature
of adsorption. The value of R. indicated the type of Langmuir isotherm to be irreversible
(R.=0), favorable (0<R.<1), linear (R.=1) or unfavorable (R.>1). It can be explained
apparently that when K. > 0, sorption system is favorable (Chen et al., 2008).

2.3.2. The Freundlich Isotherm Model
The Freundlich isotherm is applicable to non-ideal adsorption on heterogeneous surfaces
(Cooney, 1999). The Freundlich model is given by Freundlich, (1906) as:

R,

q. = kKeC,V™ )
An alternative linear form of this model is:
Ing, = InKg +%lnCe ...... (5)

where Kk is the Freundlich constant related to sorption capacity in (mg/g).(L/g)*" and n is
related to the adsorption intensity of the adsorbent. Where, Kr and 1/n can be determined
from the linear plot of In(ge) versus In(Ce).

2.3.3. The Temkin Isotherm Model

Unlike the Langmuir and Freundlich models, the Temkin isotherm takes into account the
interactions between adsorbents and metal ions to be adsorbed and is based on the assumption
that the free energy of sorption is a function of the surface coverage (Chen et al., 2008).
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de = R;Tln(ACe) ...... (6)
A linear form of the Temkin model can be expressed as:
q¢e=BmnhA+BInCc, . @)

where C. is concentration of the adsorbate at equilibrium (mg/L), ge is the amount of
adsorbate adsorbed at equilibrium (mg/g), RT/b=B where T is the temperature (K), and R is
the ideal gas constant (8.314 J/mol.K) and A and b are constants. A plot of ge versus In(Ce)
enables the determination of constants A and B. The constant B is related to the heat of
adsorption and A is the equilibrium binding constant (L/min.) corresponding to the maximum
binding energy.

2.3.4. The Dubinin-Zaverina-Radushkevich Isotherm Model

The Dubinin— Zaverina-Radushkevich model was chosen to estimate the heterogeneity of the
surface energies. The Dubinin—Zaverina-Radushkevich equation first present by Dubinin et
al. (1947) has as the following form:

Qe =qme P L (8)
A linear form of Dubinin— Zaverina-Radushkevich model is:
Ing, =lInq, —p* 9)

where g, is the Dubinin— Zaverina-Radushkevich monolayer capacity (mg/g), S is a constant
related to sorption energy, and & is the Polanyi potential which is related to the equilibrium
concentration as follows:

RT 1
&= Hln(l + C_e) ...... (10)

where gm is the theoretical saturation capacity (mol/g), b is a constant related to the mean free
energy of adsorption per mole of the adsorbate (mol?/J?), and ¢ is the Polanyi potential, Ce is
the equilibrium concentration of adsorbate in solution (mol/L), R (8.314 J/mol.K) is the gas
constant, and T (K) is the absolute temperature. The D-Z-R constants gm and b were
calculated from the linear plots of In(qe) versus £2 and are given in Table (1). The constant b
gives an idea about the mean free energy Ep-zr (kJ/mol) of adsorption per molecule of the
adsorbate (apparent adsorption energy) when it is transferred to the surface of the solid from

infinity in the solution and can be calculated from the relationship (Kundu and Gupta, 2006);
1

ED—Z—R = \/T_ﬁ ......
The apparent adsorption energy is useful for estimating the type of adsorption, if this value is
below 8 kJ/mol the adsorption type can be explained by physical adsorption, between 8 and
16 kJ/mol the adsorption type can be explained by ion exchange, and over 16 kJ/mol the
adsorption type can be explained by a stronger chemical adsorption than ion exchange
(Krishna et al., 2000; Lin and Juang, 2002; Wang et al., 2004; and Mobasherpour et al.,
2011).

2.4. Adsorption Kinetics Modeling
To analyze the rate of adsorption and possible adsorption mechanism of copper onto AAS, the
simple first order, Lagergren first-order (Lagergren,1898), pseudo second-order (Ho and
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Mckay 2000), intra-particle diffusion (Weber and Morris, 1963), and surface mass transfer
models (Mckay et al.,1981) were applied to adsorption data.

2.4.1. The Simple-First-Order Kinetic Model

The sorption kinetic may be described by a simple order model (Hossain et al., 2005; and
Eligwe & Okolue, 1994). The following simple first order equation describes the change in
bulk concentration;

Co=Cefat (11)
That can be rearrangement to obtain a linear form:
ln Ct = _klt + ln Ci ...... (12)

where C; is the concentration of Cu(ll) at time t (mg/L), and k, and C; is the first order rate
constant, (1/min), and constant (mg/L) respectively. Value of ki at 100 mg/L as initial
concentration was calculated from the slope and intercept of the plots of In(C:) versus t.
Furthermore, Sparks (1989) and Hossain et al. (2005) proposed that the simple kinetic models
such as simple first- or second-order rate models are not applicable to the adsorption system
with solid surfaces.

2.4.2. The Pseudo First-Order Kinetic Model
The Lagergren first-order rate equation is represented as Eqn. (13);

= klge—q) (13)
Integration of Eqgn. (13) and using the initial conditions g; = 0att = 0and q; = q; att = ¢,
yields:

de _
In (H) = klt ...... (14)
That can be rearrangement to obtain a linear form:
In(q. —q) =lnq, —ket L (15)

where ge and gt are the amounts of copper adsorbed (mg/g) at equilibrium and at time t,
respectively, and ki is the Lagergren rate constant of first-order adsorption (1/min). Values of
ge and ki at 100 ppm initial concentration were calculated from the slope and intercept of the
plots of In(qe-qt) versus t.

2.4.3. The Pseudo-Second-Order Kinetic Model
The pseudo second-order kinetic model, which is based on the assumption that chemisorption
is the rate-determining step can be expressed as:

d
=k —-q)* (16)
Integrating Eqn.(16) and applying the boundary conditions, yields:
1 1
iy k,t (17)
That can be rearranged to obtain a linear form:
2 (18)

E N k2qe? de
where k> is the rate constant of second-order adsorption (g/mg.min). Values of k. and ge were
calculated from the plots of t/q: versus t. Furthermore, the plot of t/q: versus t at different
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temperatures and constants were presented. The initial adsorption rate, h (mg/g.min) at
different temperatures was calculated using Eqn. (19) (Sari et al., 2010).
h=kyq2 (19)

2.4.4. The Intraparticle Diffusion Model
The kinetic results were analyzed by the Weber and Morris intra-particle diffusion model to
elucidate the diffusion mechanism. The model is expressed as;

qe = kqt®>+c (20)
where ¢ is the intercept (mg/g) and kg is the intra-particle diffusion rate constant
(mg/g.min®®). The intercept of the plot reflects the boundary layer effect. Larger the intercept,
greater is the contribution of the surface sorption in the rate-controlling step. Generally, the kq
value was higher at the higher concentrations. Intra-particle diffusion is the sole rate limiting
step if the regression of q: versus t®° is linear and passes through the origin. In fact, the linear
plots at each concentration did not pass through the origin. This deviation from the origin is
due to the difference in the rate of mass transfer in the initial and final stages of the sorption.
This indicated the existence of some boundary layer effect, and further showed that intra-
particle diffusion was not the only rate-limiting step (Das et al., 2014).

2.5. Error Analysis

Due to the inherent bias resulting from linearization, error function of non-linear regression
basin [coefficient of determination (R?), relative error (RE), and average relative error (ARE)]
were employed in this study to find out the best-fit model to the experimental data, formulas
are given as following (Paluri et al., 2020);

Coefficient of Determination (R?);

_\2
RZ — z:?’=1(qtexp_q cal.)

...... 21
Zliil(Qexp_m)z‘FZ?,:l(Qexp_q cal.)2 ( )
Relative Error (RE);
RE = |teedeally 900 (22)
q exp
Average Relative Error (AER);
_ 100N [9exp~cal
ARE = —3I, o (23)

here, qca. and Qexp. are the calculated and the experimental values of the adsorbate solid
concentration in the solid phase (mg/g) respectively, g.,; is the mean of the calculated (qcal)
values, and N is the number of the data points.

2.6. Thermodynamics of Adsorption

To study the feasibility of the adsorption process, the thermodynamic parameters such as free
energy, enthalpy and entropy changes can be estimated from the following equations
(Senthilkumar et al., 2011; Das et al., 2014; and Yu et al., 2019);
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AG® = —RTInK, (24)
Cae
Ke=2¢ (25)
—AH° AS°©
lTlKC = rr + TR e (26)

where Ce is the thermodynamic equilibrium concentration in solution in (mg/L) and Cae is the
equilibrium concentration on the sorbent in (mg/L), and Kc is the equilibrium constant.
Thermodynamic parameters of adsorption from solutions provide a great deal of information
concerning the type and mechanism of the adsorption process. The free Gibbs energy change
(AG?), enthalpy change (AH?) and entropy change (AS°) thermodynamic parameters have
been estimated to evaluate the feasibility of the adsorption process. The Gibbs energy change
((AG®) indicates the degree of spontaneity of an adsorption process, and a higher negative
value reflects a more energetically favorable adsorption (Din et al., 2014). Generally, type of
adsorption can be explained as physical adsorption occurs with low heat of adsorption (20—40
kJ/mol). In contrast, in chemical adsorption, the heat of adsorption is high i.e. about 40-400
kJ/mol (Sahmoune, 2018). Moreover, adsorption can be divided into chemical adsorption and
physical adsorption, both of which can occur simultaneously in one adsorption process. The
adsorption heat for van Edward force, hydrogen bond, ligand exchange, dipole interaction,
and chemical bond is 4-10, 240, =40, 2-29, and >60 kJ/mol, respectively (Xu et al., 2017).

3. Results and Discussion

3.1. Adsorption Isotherms

The equilibrium relationship between the adsorbate concentration in the solution (Cu*?) and
that on the adsorbent surface (AAC) at a given condition is described by an adsorption
isotherm. A variety of isotherms have been developed to characterize relationships with
equilibrium. Langmuir, Freundlich, Temkin, and Dubinin—Zaverina-Radushkevich (D-Z-R)
models were used to define the equilibrium details in the present study. The results are
presented in Figure (1) and Table (1) shows the modeled isotherms.

The results presented in Table (1) show that, the Freundlich isotherm gave good fit to
the experimental equilibrium adsorption data than the Langmuir, Dubinin-Zaverina-
Radushkevich, and Temkin isotherm models for Cu(ll) sorption according to the values of R?
and ARE. It was also seen from Table (1) that the Langmuir maximum adsorption capacities
(gm) are ranged between 55.556 and 79.365 mg/g, and the equilibrium constants Ka are ranged
between 0.0251 and 0.0632 L/mg.

The average separation factor (R.) values are 0.1156, 0.0631, 0.0703, and 0.0518
while temperatures are 298, 308, 318, and 338 K, respectively for initial Cu(ll) concentrations
100, 300, 500, 700 and 800 mg/L, respectively. All the R. values were found to be less than
one and greater than zero indicating the favorable sorption of Cu(ll) onto AAC.
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Figure 1. Comparison between the measured and modeled isotherm profiles for the adsorption of
Cu(lIl) ions by AAC. Experimental conditions: (adsorbent dose 0.5 g/100 mL, agitation speed 300 rpm,
pH 6, and contact time 120 min.); (a) 298 K, (b) 308 K, (c¢) 318 K; and (d) 338 K.

The Freundlich constant Kr indicates the sorption capacity of the sorbent, and the
values of Kr are ranged between 15.959 and 26.658 mg/g. Furthermore, the values of "n" at
equilibrium were ranged between 4.579 and 5.58. The value of "n" between 1 and 10
represents a favorable adsorption (Slejko 1985; and Das et al., 2014). From D-Z-R isotherm,
the values of the adsorption energy were found to be ranged between 15.8 and 15.9 kJ/mol.
The estimated values of Ep.z.r for the present study were found in the range expected for ion
exchange adsorption (Table 1) at temperature ranged from 298-318 K followed by chemical
adsorption at 338 K. So, the mechanism for the adsorption of Cu(ll) ions by AAC was based
on ion exchange followed by complexation with chemical adsorption in nature at high
temperature.
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Table 1. Adsorption isotherm constants for adsorption of Cu(ll) onto AAC

Temperature (K)

Isotherm Parameters
298 308 318 338
Langmuir gm (Ma/g) 55.556 62.5 74.623 79.365
Ka (L/mg) 0.0251 0.0508 0.0449 0.0632
R? (-) 0.8201 0.9259 0.9433 0.9514
ARE (%) 24.325 19.305 21.528 23.626
RL (-) 0.1156 0.0631 0.0703 0.0518
Freundlich Kr (mg/g).(L/mg)¥n 15.959 17.921 19.434 26.656
n () 5.362 4.95 4579 5.58
R? (-) 0.9984 0.978 0.9967 0.9961
ARE (%) 8.199 3.076 1.192 1.499
Temkin B (mg/g) 6.107 7.288 8.675 7.444
A () 7.278 8.061 7.292 56.811
R2 () 0.8566 0.9702 0.977 0.9717
ARE (%) 10.901 4.946 5.671 6.527
D-Z-R gm (Mg/g) 65.3 82.2 9.84 9%
A (mol?/kJ?) 0.002 0.002 0.002 0.00198
Eb-r (kJ/mol) 15.8 15.8 15.8 22.4
R? (-) 0.864 0.977 0.9891 0.973
ARE (%) 10.766 4.321 4.0912 13.712

The effectiveness of AAC as adsorbent for copper adsorption was also compared with
other reported activated carbons obtained from various plants, agricultural and wood based
materials. The maximum adsorption capacity obtained in this study is comparable with other
adsorbents as shown in Table (2). It is clear that AAC has a good adsorption capacity
compared to other adsorbents.
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Table 2. Results for adsorption of Cu(ll) by activated carbons obtained
from various plants, agricultural and wood based materials.

Source of AC pH Uptake (mg/g) References
Apricote stone 6.5 22.85 Kobya et al. (2005)
Cassava peel 6 52 Moreno-Pirajan et al. (2010)
Ceiba pentandra hulls 6 20.78 Madhava Raoa et al. (2006)
Date stones 6 31.25 Bouhamed et al. (2012)
Grapeseed 5 48.78 Ozgimen D. and Ersoy-Merighoyu (2009)
Olive Waste Cakes 5 106.38 Ibrahim et al. (2016)
Palm shell 5 22 Issabayeva & Aroua (2011)
Pecan shells 4.8 31.7 Bansode et al. (2003)
Phaseolus aureus hulls 7 20 Rao et al. (2009)
Rubber wood sawdust 6 52 Moreno-Pirajan & Giraldo (2010)
Soybean hulls 5 39.37 Johns et al. (1998)
Acacia 6 55.556-79.365 This study

3.3. Adsorption Kinetics Modeling

Based on kinetic data, various models have been suggested which throw light on the
mechanisms of sorption and potential rate controlling steps. The models applied to examine
the dynamics of the sorption process include simple-first-order, Lagergren’s pseudo-first-
order, Ho’s pseudo-second-order, and the intra-particle surface diffusion model by Weber and
Morris were shown in Figure (2) and the calculated parameters of each one are presented in
Table (3).

A comparison of the results with the coefficient of determination is shown in Table
(4). The pseudo-second-order Kinetic model obtained for Cu?* sorption showed better
correlation of result than the simple-first order, pseudo-first-order, and Intra-particle diffusion
models. The coefficient of determination for the second-order kinetic model obtained at 100
ppm concentrations at different temperatures were high.
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Figure 2. Linear fit Kinetic plots for adsoprtion of Cu(ll) onto AAC with experimental data.
(Expermintal conditions: initial concentration 100 mg/L, adsorbent dose 0.5 g/100 mL, agitation speed
300 rpm, pH 6, and temperature 298 K).

a) Simple 1%t order model, b) Pseudo 1% order model, ¢) Pseudo 2" order, and d) Inraparticle diffusion
model

Table 3. Kinetic parameters for adsoprtion of Cu(ll) onto AAC

Kinetic model Parameters Value
Simple first order (Model 1) k1 (1/min) -0.0367
Ci (mg/L) 238.197
R? (-) 0.874
Pseudo-first order (Model 2) k1 (1/min) 0.016
ge (Mg/g) 21.622
R? (-) 0.952
Pseudo-second order (Model 3) ka2 (9/mg.min.) 0.000122
ge (Mmg/g) 45.249
R? (- 0.863
Intra-particle diffusion (Model 4) kg (Mg/g.min®?®) 0.5304
c(-) 1.5736
R? () 0.959
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It is clear from Figure (3) that the pseudo second-order kinetic model showed
excellent confirmation with experimental data in comparison to the other kinetic models, due
to the calculated g: values agree with the experimental data in the case of pseudo second-order
kinetic model with low ARE (=7.047%) and high coefficient of determination (R?>= 0.992) as
shown in Table (4).

50
45 -
40 - == Exper.
== Model No. 1
35 1 Model No. 2
g 30 1 =>¢=Nodel No. 3
£ 25 == Model No. 4

= 20
15
10
5
0
0 50 100 150 200
t (min.)

Figure 3. A comparison of experimental Cu(ll) adsorption data with the applied
kinetic models (C, = 100 mg/L; adsorbent dose 0.5 g/100 mL; agitation speed 300 rpm; pH= 6; and
temperature 298 K).

Table 4. A comparison of experimental Cu(ll) adsorption data with the applied kinetic models (C, =
100 mg/L; adsorbent dose 0.5 g/100 mL; agitation speed 300 rpm; pH= 6; and temperature 298 K).

Experimental Simple-first-order Pseudo-first Pseudo-second Inra-particle
data (Model 1) order (Model 2)  order (Model 3) Diffusion (Model4)
Time Qtexp. Qtexp. RE (texp. RE Qtexp. RE Ctexp. RE
(min)  (mg/g) (mg/g) (%) (mg/g) (%) (mg/g) (%)  (mg/g) (%)
0 0 0 0 0 0

10 2.870 14634  409.941 3197 11.398 2360 17761 3251  13.278
20 4.410 24773 461764 5921 34269 4486 1731  3.946  10.528
30 5.803 31798  447.978 8243 42047 6411 10492 4479  22.817
50 8903 40036 349.674 11.906 33732 9.764  9.663 5324  40.200
60  10.842 42371 290.804 13.343 23.066 11.232 3.592 5682  47.503
90 15773 45888 190.929 16.499 4.604 14.987 4.980  6.605  58.121
120 19.051  47.057 147.003 18452 3.146 17.996 5538  7.384  61.242
150  19.938  47.446 137.962 19.660 1395 20461 2.620 8070  59.527
ARE (%) 304.507 19.207 7.047 39.163
% 0.802 0.946 0.992 0.664
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It is also observed from Table (5) that the values of the rate constant kz increase with
increasing initial Cu(ll) concentrations. This is due to the lower competition for the surface
active sites at lower concentration, but at higher concentration the competition for the surface
active sites will be high and consequently, higher sorption rates are obtained.

Table 5. Pseudo second order parameters calculated at different initial concentrations

Parameters Co (mo/L) 100 300 500
ge (Mg/gQ) 45.249 43.668 34.483
K2 (g/mg.min.) 0.000121613 0.000467389 0.000848
R? (-) 0.863 0.994 0.987

It is also evident from Table (6) that rate constant, k> increased as the temperature
increased indicating the endothermic nature of adsorption of copper ion onto AAC. Again as
evident from Table (6), the initial adsorption rate (h), increased with increase in temperature
suggesting that adsorption of copper ion onto AAC was favorable at higher temperatures.

Table 6. Pseudo second order parameters calculated at different temperatures

T ko Qe H

(K) (9/mg.min) (mg/g) (mg/g.min)
298 0.000122 45.24887 0.2489
308 0.000547 46.439 1.1797
318 0.000867 47.674 1.9712
338 0.001673 48.295 3.9021

On comparing the fitting of the applied kinetic models it can be concluded that, the
kinetic profile can be best modeled by pseudo-second-order model indicative of a chemical
effect is involved in the adsorption (Ayoob et al., 2008). Therefore, it could be concluded that
the rate-limiting step of Cu(ll) adsorption onto AAC may be ion exchange followed by
chemisorption at high temperature. Some authors consider ion exchange process as a
chemisorption mechanism (Sahmoune, 2018).

It was suggested that the value of energy of activation value (Ea), obtained from
Arrhenius equation [Eqn. (27)] could also be a useful kinetic parameter in assessing rate-
limiting steps (Ayoob et al., 2008). Some of the assigned values of Ea (kJ/mol) include 8-25
to physical adsorption, less than 21 to aqueous diffusion, 20-40 to pore diffusion and greater
than 84 to ion exchange (Sahmoune, 2018):

Ea

Ink, = InA — -SSP (27)

where ko is the rate constant, A is the Arrhenius constant, E, is the activation energy (kJ/mol),
R is the gas constant (8.314 J/(mol.K)), and T is the temperature (K). By plotting In(k2) versus
1/T, Ea was obtained from the slope of the linear plot (Figure 4). The value was found to be
51.286 kJ/mol. The positive value of Ea suggest that increase in temperature favors the
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adsorption. In this study, the calculated value of Ea is in high value, suggesting that the intra-
particle and pore diffusion is part of the adsorption step, but not the only speed control. Other
mecahnisms such as complex or ion exchange can also control the rate of adsorption as
mentioned by Labidi et al. (2016).

0 1/T
0.0029 0.003 0.0031 0.0032 0.0033 0.0p34
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y = -6168.6x + 12.102
- 4 R? = 0.8747
x
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~ _6 i
Y \\
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Figure 4. Arrhenius plot for adsoprtion of Cu(ll) onto AAC

3.4. Thermodynamics of Adsorption

The Gibbs free energy (AG?°) for the adsorption of Cu(ll) onto AAC at all temperatures was
obtained from Eqn. (24) and presented in Table (7). The values of (AH?) and (AS°) were
calculated from the slope and intercept of the plot In(Kc) against 1/T as shown in Figure (5)
according to Egns. (25 and 26) and are listed in Table (7).

y =-6426.3x + 25.036
R?=0.9506

In(K,)
D

1 A

O T T T T
0.0029 0.003 0.0031 0.0032 0.0033 0.0034

1/T

Figure 5. Plot of In(Kc) vs. L/T for estimation of thermodynamic parameters for the adsorption of
Cu(ll) onto AAC.
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Table 7. Thermodynamic parameters for the adsorption of Cu?* onto AAC

Thermodynamic Properties

T
(K) AG° AH® AS°

(kJ/mol) (kJ/mol) (kJ/mol.K)
298 -9.077
308 -10.548

53.428 0.2081

318 -11.894
338 -17.458

The negative values of AG° show the thermodynamic feasibility and spontaneity od
adsorption and also the AG° value decreased when the temperature increased from 298 to 338
K, (Table 7) suggesting more efficient adsorption at higher temperatures. At higher
temperature, ions are readily desolvated and therefore their adsorption becomes more
favorable.

The positive values of AH suggest the possibility of a strong binding between Cu(ll)
and AAC and confirm endothermic process. The positive value of AS? reflect good affinity of
the adsorbent for the metal ions, indicating an increase in sorbate concentration in the solid-
liquid interface (Mustapha et al., 2019). That indicates that an increasing randomness occurs
at the solid-solution interface during the adsorption of Cu(ll) ions onto AAC, since adsorbed
ions led to decreasing number of water molecules surrounding adorbate cations and thus the
degree of freedom of the water molecules increases (Anirudhan & Suchithra, 2010; and Yu et
al., 2019). Moreover it was found that AH? < T. AS°, indicating that the influence of entropy
is more remarkable than enthalpy of the activation in this work.

The magnitude of AH® is a useful mean for evaluating the type of adsorption process.
In this study, the AH value was 53.428 kJ/mol, indicating the adsorption by indicating the
adsorption ligand exchange and chemical bond. Therefore, the adsorption of Cu?* onto AAC
is chemical adsorption.

4. Conclusion

It would be concluded on the surface coverage that the activated carbon prepared from Acacia
(AAC) has considerable potential for removal of Cu?* ions from aqueous solution over a wide
range of concentrations. The value of the maximum adsorption capacity was ranged between
55.556 and 79.365 mg/g for initial concentrations in the range 100-800 mg/L, these values are
comparable with the values for activated carbon reported in earlier studies. Adsorption
isotherms of these Cu(ll) ions on the AAC were studied and modeled using four isotherm
models. The classification of the models according to the simulation of the adsorption
isotherms is; Freundlich > Temkin > D-Z-R > Langmuir. An excellent prediction in the
studied concentration can be obtained by the Freundlich isotherm with small values of ARE%
and high values of R?. Kinetics adsorption of Cu(ll) ions on the AAC were studied and
modeled using four kinetic models. The classification of the kinetic models according to the
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simulation of the adsorption is; Pseudo-second-order > Pseudo-first-order > Intra-particle
diffusion > Simple-first-order. The rate of adsorption was found to obey pseudo-second-order
kinetics with small values of ARE% and high values of R?. The second-order kinetic model
was successfully applied to the experimental data, confirming that the adsorption mechanism
was controlled by chemical adsorption. Also, this mechanism is inferred from the D-Z-R
isotherm model. The calculated thermodynamic parameters showed the endothermic,
spontaneous nature, and predominantly chemical adsorption of Cu(ll) onto AAC. The present
findings suggest that AAC may be used as an inexpensive and effective adsorbent for the
removal of copper ions from aqueous solutions without any treatment or any other
modification.

References

Alshuiref A.A., lbrahim H.G., Ben Mahmoud M. M., and Maraie A.A. (2017). Treatment of
wastewater contaminated with Cu(ll) by adsorption onto acacia activated carbon. Journal of
Marine Sciences and Environmental Technologies (JMSET), 3(2): 25-36.

Anirudhan T.S. and Suchithra P.S. (2010). Equilibrium, kinetic and thermodynamic modeling for the
adsorption of heavy metals onto chemically modified hydrotalcite. Indian Journal of
Chemical Technology, 17: 247-259.

Anirudhan T.S., and Radhakrishnan P.G. (2008). Thermodynamics and kinetics of adsorption of
Cu(Il) from aqueous solutions onto a new cation exchanger derived from tamarind fruit
shell. The Journal of Chemical Thermodynamics, 40(4): 702-709.

Ayoob S., Gupta A.K., Bhakat P.B., and Bhatet VV.T. (2008). Investigations on the kinetics and
mechanisms of sorptive removal of fluoride from water using alumina cement granules.
Chem. Eng. J., 140: 6-14.

Bansode R.R., Losso J.N., Marshall W.E., Rao R.M., and Portier R.J. (2003). Adsorption of metal ions
by pecan shell-based granular activated carbons. Bioresource Technology, 89(2): 115-119.

Bouhamed F., Elouear Z., and Bouzid J. (2012). Adsorptive removal of copper (Il) from agqueous
solutions on activated carbon prepared from Tunisian date stones: Equilibrium, kinetics and
thermodynamics. Journal of the Taiwan Institute of Chemical Engineers, 43(5): 741-749.

Chen Z., Ma W., and Han M. (2008). Biosorption of nickel and copper onto treated alga
(Undariapinnarlifida): application of isotherm and kinetic models. J. Hazard. Mater., 155(1—
2): 327-333.

Cooney D.O. (1999). Adsorption Design for Wastewater Treatment. CRC Press Inc., Boca Raton,
Florida, USA.

Das B., Mondal N.K., Bhaumik R., and Roy P. (2014). Insight into adsorption equilibrium, kinetics
and thermodynamics of lead onto alluvial soil. International Journal of Environmental
Science and Technology, 11(4): 1101-1114.

Faculty of Marine Resources, Alasmarya Islamic University, Libya. E-45



JOURNAL OF MARINE SCIENCES & ENVIRONMENTAL TECHNOLOGIES
VYol. 6, Issue No. 2 (December-2020)

SR
!?i?g,ﬁ)/
ISSIN (Print): 2413-5267

Alshuiref et al, 2020 ISSIN (Onfine): 2706-0966

Din M.L., Hussain Z., Mirza M.L., Shah A.T., and Athar M.M. (2014). Adsorption optimization of
lead(Il) using Saccharum bengalense as non-conventional low cost biosorbent: isotherm and
thermodynamic modeling. Int. J. Phytoremediation, 16: 889-908.

Dubinin Mi.M.., Zaverina E.D., and Radushkevich L.V. (1947). Sorption and structure of active
carbons. I. Adsorption of organic vapors. Zhurnal Fizicheskoi Khimii, 21(3): 151-162.

Eligwe C.A. and Okolue N.B. (1994). Adsorption of Iron(ll) by a Nigerian brown coal. Fuel, 73(4):
569-572.

Eun-Young J., Mohd B.A., Yong-Hwan M., and Sang-Eon P. (2011). Removal of Cu(ll) from water
by tetrakis (4-carboxyphenyl) porphyrinfunctionalized mesoporous silica. J. Hazard. Mater.,
185: 1311-1317.

Freundlich H.M.F. (1906). Over the adsorption in solution. J. Phys. Chem., 57: 1100-1107.

Ho Y.S. and Mckay G. (2000). The kinetics of sorption of divalent metal ions onto sphagnum moss
peat. Wat. Res., 34(3): 735-742.

Ho Y.S., and McKay G. (1999). Competitive sorption of copper and nickel ions from aqueous solution
using peat. Adsorption, 5(4): 409-417.

Hossain M.A., Kumita M., Michigami Y., and Mori S. (2005). Kinetics of Cr (V1) adsorption on used
black tea leaves. Journal of Chemical Engineering of Japan, 38(6): 402-408.

Ibrahim H.G., Maraie A.A., and Elhebshi A.M. (2016). Removal of Cu(ll) lons from aqueous
solutions by adsorption onto activated carbon derived from olive waste cakes. Int. J. of Eng.
Res. & Applica., 6(4): 31-37.

Issabayeva G. and Kheireddine Aroua M. (2011). Removal of copper and zinc ions onto biomodified
palm shell activated carbon. World Acad. Sci. Eng. Technol., 76: 259-262.

Johns M.M., Marshall W.E., and Toles C.A. (1998). Agricultural by-products as granular activated
carbons for adsorbing dissolved metals and organics. J. Chem. Technol. Biotechnol., 71(2):
131-140.

Kobya M., Demirbas E., Senturk E., and Ince M. (2005). Adsorption of heavy metal ions from
aqueous solutions by activated carbon prepared from apricot stone. Bioresour. Technol.,
96(13): 1518-1521.

Krishna B.S., Murty D.S.R., and Prakash, B.S.J. (2000). Thermodynamics of chromium(V1) anionic
species sorption onto surfactant-modified montmorillonite clay. J. Colloid Interf. Sci., 229:
230-236.

Kundu S. and Gupta A.K. (2006). Arsenic adsorption onto iron oxide-coated cement (IOCC):
Regression analysis of equilibrium data with several isotherm models and their optimization.
Chemical Engineering Journal, 122: 93-106.

Labidi A., Salaberria A.M., Fernandes S.C., Labidi J., & Abderrabba M. (2016). Adsorption of copper
on chitin-based materials: Kinetic and thermodynamic studies. Journal of the Taiwan
Institute of Chemical Engineers, 65: 140-148.

Lagergren S.K. (1898). About the theory of so-called adsorption of soluble substances. Sven.
Vetenskapsakad. Handingarl, 24: 1-39.

Faculty of Marine Resources, Alasmarya Islamic University, Libya. E-46



JOURNAL OF MARINE SCIENCES & ENVIRONMENTAL TECHNOLOGIES
VYol. 6, Issue No. 2 (December-2020)

ISSN (Print): 2413-5267

Fquilibrium, Kinetic, and Thermodynamic Studies of The Adsorption .........
1 Y f 7 ISSN (Online): 2706-9966

Langmuir 1. (1918). The adsorption of gases on plane surfaces of glass, mica and platinum. J. of the
American Chemical society, 40(9): 1361-1403.

Lin S.H. and Juang R.S. (2002). Heavy metal removal from water by sorption using surfactant-
modified montmorillonite. J. Hazard. Mater. B, 92: 315-326.

Madhava Raoa M., Rameshb A., Purna Chandra Raoa G., Seshaiah K. (2006). Removal of copper and
cadmium from the aqueous solutions by activated carbon derived from Ceiba pentandra
hulls. J. Hazard. Mater., 129(1-3): 123-129.

Mckay G., Otterburn M.S., and Sweeney A.G. (1981). Surface mass transfer process during colour
removal from effluent using silica. Wat. Res., 15(3): 327-331.

Mobasherpour 1., Salahi E., and Ebrahimi M. (2014). Thermodynamics and kinetics of adsorption of
Cu(Il) from aqueous solutions onto multi-walled carbon nanotubes. J. of Saudi Chemical
Society, 18(6): 792-801.

Moreno-Pirajan J.C. and Giraldo L. (2010). Adsorption of copper from aqueous solution by activated
carbons obtained by pyrolysis of cassava peel. J. Anal. Appl. Pyrolysis, 87(2): 188-193.

Mustapha S., Shuaib D.T., Ndamitso M.M., Etsuyankpa M.B., Sumaila A., Mohammed U.M., and
Nasirudeen M.B. (2019). Adsorption isotherm, kinetic and thermodynamic studies for the
removal of Pb(ll), Cd(ll), Zn(ll) and Cu(ll) ions from aqueous solutions using Albizia
lebbeck pods. Applied Water Science, 9(6): 1-11.

Nami S.K., Coskun K., Tarakanadha B., and Yuji I. (2008). Adsorption of Copper, Chromium, and
Arsenic from Chromated Copper Arsenate (CCA) Treated Wood onto Various Adsorbents.
Open Waste Manag. J., 1: 11-17.

Nasim A.K., Shaliza I., and Piarapakaran S. (2004). Elimination of Heavy Metals from Wastewater
Using Agricultural Wastes as Adsorbents. Malays. J. Sci., 23: 43-51.

Onar A.N., Balkaya N., and Akylz T. (1996). Phosphate removal by adsorption. Environmental
Technology, 17(2): 207-213.

Onundi Y.B., Mamun A.A., Al Khatib M.F., and Ahmed Y.M. (2010). Adsorption of copper, nickel
and lead ions from synthetic semiconductor industrial wastewater by palm shell activated
carbon. Int. J. Environ. Sci. Tech., 7(4): 751-758.

Ozacar M. (2003). Equilibrium and kinetic modelling of adsorption of phosphorus on calcined alunite.
Adsorption, 9(2): 125-132.

Ozgimen D. and Ersoy-Mericboyu A. (2009). Removal of copper from aqueous solutions by
adsorption onto chestnut shell and grapeseed activated carbons. Journal of Hazardous
Materials, 168(2-3): 1118-1125.

Paluri P., Anmad K.A., and Durbha K.S. (2020). Importance of estimation of optimum isotherm model
parameters for adsorption of methylene blue onto biomass derived activated carbons:
Comparison between linear and non-linear methods. Biomass Conversion and Biorefinery,
16: 1-18.

Faculty of Marine Resources, Alasmarya Islamic University, Libya. E-47



JOURNAL OF MARINE SCIENCES & ENVIRONMENTAL TECHNOLOGIES
VYol. 6, Issue No. 2 (December-2020)

SR
!?i?g,ﬁ)/
ISSIN (Print): 2413-5267

Alshuiref et al, 2020 ISSIN (Onfine): 2706-0966

Rao M.M., Ramana D.K., Seshaiah K., Wang M.C., and Chien S.C. (2009). Removal of some metal
ions by activated carbon prepared from Phaseolus aureus hulls. Journal of Hazardous
Materials, 166(2-3): 1006-1013.

Sahmoune M.N. (2018). Thermodynamic Properties of Heavy Metals lons Adsorption by Green
Adsorbents. Green adsorbents for pollutant removal: fundamentals and design, Vol. 18,
Crini G., & Lichtfouse E. (Eds.). Springer International Publishing AG, part of Springer
Nature.

Sari A., Citak D., Tuzen M. (2010) Equilibrium, thermodynamic and kinetic studies on adsorption of
Sb(l11) from aqueous solution using low-cost natural diatomite. Chem. Eng. J., 162(2): 521
527.

Senthilkumar P., Ramalingam S., Sathyaselvabala V., Dinesh Kirupha S., and Sivanesan S. (2011).
Removal of copper(ll) ions from aqueous solution by adsorption using cashew nut shell.
Desalination, 266(1-3): 63-71.

Sparks D.L. (1989). Kinetics of Soil Chemical Processes, 1% ed., Academic Press; NY; USA, 1989.

Vedhavalli S. and Srinivasan K. (2005). Removal of copper (II) from aqueous solution by cottonseed
carbon. Asian J. Chem., 17(4): 2644-2652.

Wang C.C., Juang L.C., Lee C.K., Hsua T.C., Leeb J.F., and Chaob H.P. (2004). Effects of exchanged
surfactant cations on the pore structure and adsorption characteristics of montmorillonite. J.
Colloid Interf. Sci., 280: 27-35.

Weber W.J. and Morris J.C. (1963). Kinetics of adsorption on carbon from solution. Journal of The
Sanitary Engineering Division, 89(2): 31-60.

Xu L., Zheng X., Cui H., Zhu Z., Liang J., and Zhou J. (2017). Equilibrium, kinetic, and
thermodynamic studies on the adsorption of cadmium from aqueous solution by modified
biomass ash. Bioinorganic Chemistry and Applications, ID 3695604: 1-9

Yu Y., Qiao N., Wang D., Zzhu Q., Fu F., Cao R., Wang R., Liu W., and Xu B. (2019). Fluffy
honeycomb-like activated carbon from popcorn with high surface area and well-developed
porosity for ultra-high efficiency adsorption of organic dyes. Bioresource Technology, 285:
121340.

Faculty of Marine Resources, Alasmarya Islamic University, Libya. E-48



