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KINETIC AND ISOTHERM ANALYSIS OF Cu(ll) ADSORPTION
ONTO ALMOND SHELL ( Prunusdulcis)

ANALIZA KINETYKI I IZOTERM ADSORPCJI Cu(ll)
NA SKORUPACH MIGDALOW (' Prunusdulcis)

Abstract: In the work, adsorption of Gluions onto almond shell were investigated undeferifit operational
conditions. Almond shell was used without any ma&tment prior to the tests. The optimum conditifors
adsorption of Ct ions through almond shell were determined to B¢;50, temperature 20°C, shaking rate
125 rpm, sorbent dose 0.3 g and initiaPTon concentration 50 mg/driThe equilibrium duration of the system
was 60 minutes. The sorption capacities of theesasbwere predicted with the aid of equilibrium adadetic
models. The interactions of peanut shell with mietas were constituted by SEM, EDX, FT-IR, XRD ahEM.
The pseudo-first-order, pseudo-second-order, Whtmeris, Elovich model and Bangham kinetic modelsave
applied to test the experimental data. Thé?Gons adsorption onto almond shell was better @efiby the
pseudo-second-order kinetic model, for initial pFhe equilibrium data were evaluated using Langmuir,
Freundlich, Temkin, D-R and Harkins Jura isotherfiise highes® value in isotherm studies was obtained from
Langmiur isothermRZ= 0.98) for the inlet concentration.
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Introduction

Contamination of water environment with heavy nmeetibdde Cif*, coming from casting
and mining industries, textile, batteries, leatherduction and electro coatings, may pose
serious threats for human health and aquatic osgani1]. Even in low concentrations,
heavy metal ions exhibit very high toxicity andytee non-biodegradable [2]. It has been
reported in numerous studies that such heavy miedais high potential for inducing severe
damage on human health and natural aquatic envenhrdue to their predisposition
to bio-accumulate and permanence [3].

Chemical precipitation, membrane filtering and reeeosmosis methods are widely
applied for removal of heavy metals [4]. Howevéiede methods are known to be costly
and they do not have high removal effectivenessrferal concentrations especially within
0.01-0.1 g/dri[5].

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

Recent studies on adsorption have drawn the aitetmi waste materials produced by
large-scale industrial processes. Such materialgher by-products of industrial materials
produced from natural resources such as peat, wiaotky, brown rice, hay, peanut shell,
almond shell, nutshell, biomass, soybean, cottahseeal, bark, sugar beet pulp, leaves,
green algae, coconut wastes, wood chips, fertjlieem silk, and dried aquatic plants, as
well as plant wastes and other industrial prod{it§-9]. All of these materials have been
the subject of numerous studies due to their gliditemove trace metals from water. Most
of the researches that used adsorbents for orgamipounds are based on batch kinetic
and batch equilibrium studies [10, 11].

Almond shell is commonly known as a waste prodatthond shell is an abundant,
cheap and lignocellulosic material. Cell walls ¢thand shell consist of cellulose, silica,
lignin and carbonhydrates that have hydroxyl grangbeir structure [12].

In the present study, almond shell was used withaytpretreatment prior to the tests.
The use of sorbent without any activation treatnmesitan attempt to reduce the cost of
adsorption process constitutes one of the imporapects of the present research. The
main objective of the study was to investigatefaesibility of using natural almond shells
as adsorbent in removal of C(ll) ions; to evalua&gious experimental parameters that
affect the adsorption process, including the ihjiid of the agqueous solution, contact time,
initial concentration and temperature; to assessdfficacy of various kinetic models
(pseudo-first-order, pseudo-second-order, Elovieth mtra-particle diffusion models); to
determine the applicability of isotherm models (gamwir, Freundlich, Temkin and
Dubinin-Radushkevich); and to specify the thermadyit feasibility of the adsorption
process in accordance with thermodynamic param@@bbs energyAG), enthalpy AH)
and entropyAS)).

Materials and method

Preparation of adsorbent and solution

Almond shell was procured from local market in Teykand it was used without any
pretreatment except washing and sieving for ohtginthe desired particle size. Almond
shell was washed for a few times with deionizedewdbr removal of impurities on the
shell surface, and afterwards it was dried in ofegra period of 24 hours at 105°C. Dried
almond shell specimens were then ground and sieithd0.30 mm mesh size prior to the
experiments. In addition to the use of deionizedewaall used chemicals were chosen
among analytical grade reagents of highest qudlite. 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%

@) 45.937%
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Extractive content 5.074%
Surface area 10.95%my
Apparent density 1.07 g cin
Porosity 22.11%
Pore diameter (mean) 0.075 um
Functional groups
O-H 3440 crit
C-H (aromatic and aliphatic) 2904 ¢m
C=0 1740, 1650 crh
C=C (aromatic) 1600, 1507 ¢chn
C-H 1466, 1377 cm
C-0 1161 crt

Cu*? solution was prepared in 1 dwith 1000 mg/driiconcentration, with addition of
the required amount of copper sulphate (CySIO). Metal ion concentrations with
different concentrations were prepared by dilutirgiuired amounts from the stock
solution.

Test and analysis method

Adsorption of CG" from aqueous solution onto almond shells was iya®d using
batch equilibrium techniques. The tests were coradliby inclusion of 100 cincopper
solution and biosorbent in 250 EErlenmeyer flasks. 0.3 g almond shell was incluited
the 100 cm solution with the required Gliconcentration. The batch units were agitated in
an orbital incubator shaker (Gerhardt) for a cantamwe varied in the range 0-60 min at
a speed of 125 rpm at 25°C. The time at which sdrhdded to nickel solution is assumed
to bet = 0 and analyses were performed at certain inker¥ee Ni* ions were read in
samples to find out analyzed in a Merck NOVAG60 spmahotometer. The effect of
experimental parameters such as initial *Cion concentration (5-100 mg/dn
pH (2.0-7.0), adsorbent dosage (0.1-1.0 gjdamd temperature (25-55°C) was examined.
The initial pH of solutions were adjusted usingsk, and NaOH solutions.

Wise Shake (SHO-2D) and shaking incubator, capableperating with constant
shaking speed and temperature, were used duringefearch. All pH readings were
performed using a Thermo Orion - STARA2145 brandnpéter.

The biosorption capacity. (Eq. (1)), used in biosorption studies, and percemoval
efficiency E)% (Eq. (2)) were calculated using the followingiations:
ge = 2 (1)
()% =2 100 )

wherex is the adsorbent amount [g}: is the solution’s volume [cf C, is the initial
concentration [mg/dfly andC, is the final concentration of the solution [mgfim

Each sorption experiment was performed three tianglsaverage values obtained from
the samples were presented. Additionally, a blankie was used to compare the results
throughout all batch procedures. The presentedtsesre the mean values obtained from
the experiments, standard deviatis@) 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 detegrttie frequency deviation of the
functional groups before and after the copper gud&nr. As shown in Figure 1, the spectra
were measured within 400-4000 ¢mange.
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Fig. 1. FTIR spectra: a) before and b) after adsmmp




Kinetic and isotherm analysis of Cu(ll) adsorpt@ro almond shellRrunus dulciy 91

Fig. 2. SEM image of almond shell: a) before andftgr adsorption

Fig. 3. AFM image of almond: a) before and b) aftésorption



92 Sayiter Yildiz

The peak points, representing the wide adsorptenmds, were observed at 3296.15,
2892.5, 1633.44, 1482.10, 1018.13, and 556.89.cfine band at 3296.15 Chresults
from stretching vibration (O-H). The band at 289&%", may be an indication of aromatic
and aliphatic stretching vibration. The band at3.838 cm" results from carbonyl group
stretching, and the one at 1482.10 tnesults from C-H deformation vibration. The band
at 1018.13 cnt represents C-O stretching vibration and the ban856.89 cm' may
correspond to SiO-H vibration [14].

SEM analysis is widely applied to examine the moipgical properties of adsorbent
substances. SEM images of almond shell specimdoseb@nd after absorption are given in
Figure 2. Presence of suitable conditions for gutgmm of Cu ion into the pores is evident
in the images. This situation is also clearly imadézl in the AFM images in Figure 3.
Roughness of the sorbent surface is higher befiserption (Fig. 3a) whereas the porous
structure is filled after adsorption resulting israoother structure (Fig. 3b).

Sharp asperities of almond shell are shown in tR&®>pectrum in Figure 4. Similar
peaks were available at 15° and 21° on the almbedl. sThis indicates that no structural
deterioration occurred during adsorption.

o b)

Lin (Counts) [-]
Lin (Counts) [-]

Theta scale [-]

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

Adsorption experiments

The contact time of adsorption of copper into althashell under the specified
conditions T = 25°C, C, = 50 mg/dmi, x = 0.3 g, pH = 5) was investigated for
0-150 minutes time interval. Removal efficiency [#]d theg. are given in Figure 5. As
seen in the figure, a period of 60 minutes was dotmnbe sufficient for removal of Cu(ll)
with almond shell. Some of the previous researdimflarly reported 60 minutes contact
time for heavy metal removal with almond shell [1%] 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 importzotrol parameter in the
adsorption process. The experiments were carriegvibhin 2-7 pH interval (Fig. 6). Over
pH 6, Cu started to precipitate as Cu(@HRhis is verified by the speciation diagram given
in Figure 7 [19]. Similar observations were repdrta previous studies [20-22]. Under
pH = 6, the dominant copper specie was Cu(ll) whizds normally included in the
adsorption process. The adsorbed amount of coppefuglly increased from 1.57 to
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6.07 mg/gas the pH value increased from 2 to 6. Copper atisor was found to be
significantly low at very low pH values due to thempetition between D" and Cu(ll)
ions. H ions react with anionic functional groups on almhahell surface, thus leading to
limitation of the number of binding locations awdile for adsorption of Cu(ll).
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Fig. 7. Distribution of Cu(ll) species as a funatiaf pH

Effect of sorbent amount

Analyses were performed within 0.1-1 g/100%dnterval to investigate the effect of
sorbent amount on biosorption (0.1, 0.2, 0.3, 05, 0.7, 1 g). The effect of sorbent
amount on adsorption is shown in Figure 8. The dstfp value was obtained as 4.70 mg/g
during the 0.5 g sorbent usage, whereas the highpsival efficiency was found as 64%
during 1 g sorbent usage.
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Fig. 8. The effect of sorbent amount on adsorption

As seen in Figure 8. started to increase with increasing sorbent amdunwever
after a certain pointle value decreased despite the increase in sorbeatiramSuch
decrease in the adsorbed amount in spite of theease in adsorbent dosage can be
attributed to the electrostatic interactions, higdsite interactions, and reduced mixing at
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higher adsorbent densities. Also, the decreaseoiptien capacity is attributed to the
increase in interface area with dilution of theparssion [23].

Effect of initial metal concentration

The effects of initial copper concentration on agsion efficiency and capacity are
shown in Figure 9. During the research metal coma#gon varied within 5-100 mg/din
interval. The highes, value was found as 5.60 mg/g for 100 mg/@n(ll) concentration
and the highest removal efficiency was found as 6d#% mg/dni Cu(ll) concentration.
As seen in Figure 9, copper retention of almondl slepends on the initial concentration
and it increases with the increase in availabibify metal ions in the test solutions.
When the sorbent amount is constant, an increagkeimmount of metal ions requires
a higher driving force for removal of the ions froequeous phase to sorbent surface,
resulting in an increased probability of interantisetween metal ions and active binding
areas [24].
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Fig. 9. The effect of initial metal concentration

Effect of temperature

The experiments were carried out at 20-55°C intdorainvestigation of the effect of
temperature on adsorption. Some researchers rdpanténcrease [25, 26] some reported
a decrease [27-29] in adsorption capacity dependmghe temperature and some [11]
reported that the adsorption capacity did not ckamigh changing temperature. As seen in
Figure 10, temperature did not have a significdféce 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 equafian (3)) and it is stated with the

following expression [30, 31]:

log(de—0) = log g — 7222 ¢ 3)
here,q is the amount of substance adsorbed at any ginet {mg/g], andkags: [Min™] is
the adsorption rate constant. When lag £ ¢) values, corresponding tbvalues, are
graphed, adsorption rate constant is obtained fteslope of the resultant curve, and the
amount of substance adsorbed at the time of equifibis obtained from the interception
value.

Equilibrium adsorption capacity must be known fgoplicability of Lagergren
equation on experimental data. In some cases wiei® not known (or specified), the
adsorption phenomenon is likely too slow to be mead Also,qg. must be higher thag,
which represents the amount of substance adsotlzy given time [30].

Pseudo-second-order kinetic equation

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

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

t 1 1

L= +-t (4)

q - Kads,2 qe? de
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here, ka2 IS the adsorption rate constant [g/mg- min]. Whigrvalues, corresponding
values, are graphed, equilibrium adsorption capasibbtained from the resultant curve,
and adsorption rate constant is obtained from tireff values.

Intra-particle diffusion equation

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

q=kyt*>+C (5)
here; k, denotes the intra-particle diffusion constant [manin®%/g]. When aq versus
t °° graph is plotted, linearity of the curve indicatkat intra-particle diffusion takes place
within the bio-sorption system. In addition, if tiearve in the graph coincides with the
origin, this indicates that diffusion is the ratetekmining step. If the curve is not
coincident with the origin, this indicates thatfdgfion occurs gradually in a laminated form
and that it does not alone correspond to a ratexahéting stepC values give an opinion
about the thickness of the boundary layer (foransg, the thickness of the boundary layer
is as high as th€ value) [35].

Elovich Equation

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

q: = %ln(aﬂ) + %lnt (6)
herea is the initial adsorption rate [mg/g - min] afits desorption rate constant [g/mg].

Bangham Equation

By application of Bangham equation (Eq. (7)) on-&dmption kinetics data, it is
possible to check whether pore diffusion is theyaate-determining step [37]

log [log( S )] = log (22007;/) + olog(t) (7

Co—qem

here:k, - equilibrium binding constant [dify], o - Bangham’s constantn - adsorbent
amount [g],V - sample volume [dih

Evaluation of kinetics results

Kinetic experiments were performed at pH 2-3-4-5d&¢ 1-60 min periods.
Pseudo-first-order (Fig. 11a), pseudo-second-okieetic models (Fig. 11b), Elovich
model (Fig. 11c), Bangham kinetic models (Fig. 1adyl inter-particle diffusion model
(Fig. 11e) were applied on the obtained kinetids.daagergren rate constamtgs; [min~],
Kags2 [0/mg-dK] rate constants in Ho-McKay equation, anparticle diffusion constants
Ko [mg/g-mif7], desorption rate constant§ [g/mg] and initial adsorption rates
o [mg/g - min] in Elovich equation, as well as desion o constants and equilibrium
binding constant&, [dm®g] in Bangham equation were calculated using ttaplgs of the
kinetic models (Table 2).
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Table 2
Kinetic constant

pH ge(exp)| Pseudo-first-order | Pseudo-second-order T Weber-Morris -
My T e R k]| & [R| ki [ C [R|ka| C [ R
2 1.57 0.014 1.30 0.90 0.05 1.87 0/96 0.292 0.0994100.04 | 1.193| 0.97
3 1.80 0.008| 1.00 0.9 0.09 1.86 098 0.184 0.503200.14 | 0.724| 0.99
4 3.17 0.014 1.74 0.99 0.08 3.0( 099 0.378 0.f8P8|00.09 | 2.136| 0.95
5 4.67 0.015| 3.1% 0.96 0.04 5.04 0/99 0.626 1.0501|00.13 | 3.669| 0.99
6 6.07 0.025| 3.02 0.9f 0.11 6.23 099 0.642 3.063800.02 | 5.854| 0.8
Elovich Bangham
] a R | ¢ | Ke10® | R?

2 1.57 2.686| 0.49 0.90 049 1.2 0.93

3 1.80 4.060| 3.84 09 0.1 3.4 0.98

4 3.17 2.263| 5.02 095 0.23 5.5 0.7

5 4.67 1.238| 5.06 0.8 0.26 8.0 0.91

6 6.07 1.523 174 0.94 0.13 17.4 0.94

As seen in Table 2, higR® values were obtained for all models. The higti&stalue,
0.99, was obtained for pseudo-second-order kinmtdel. Also, when compared with
pseudo-first-order model, in pseudo-second-ordegtic model, theoreticaly values were
found to be closer to the experimentglvalues. As a result, adsorption of copper with
almond shell was found to conform to pseudo seaoddr kinetic model. Similar kinetic
behaviors for biosorption of heavy metal ions wexgorted in previous studies [38-40].

Kinetic models such as intra-particle diffusion rmabdand Elovich equation
demonstrate an important role of the pore diffugioocess in the adsorption mechanism.
As seen in Figure 11e the copper adsorption onradinshell coincides with the origin for
all pH values and it occurs in two steps. The catestants for two resultant steps were in
the orderk;>ky,, and theC values at each step increased with increasingTpii& is an
indication of increased boundary layer thicknesthwicreasing pH, which in turn results
in a decrease in the diffusion rate. The first @ahd second linear sections can be
respectively attributed to the external mass temafd intra particle diffusion mechanisms
[41, 42].

As seen in Table 2, Bangham equation yielded a ffimesar & > 0.92) value for
removal of copper with almond shell, which indicatbat there is no single rate control
step for diffusion of the heavy metal into the sarbpores [43].

Adsorption isotherms

The graph that associates the amount of substadwm@ted at constant temperature
with the unabsorbed substance concentraitiothe solution, is called as the adsorption
isotherm [44]. Isotherm graph shows the equilibriconditions under constant temperature
[45]. An adsorption process can be best undersyodse of isotherms [46]. Information
on the affinity between the adsorbent-adsorbatspradion capacity of the adsorbent,
surface area, porosity and adsorption heat cartaéned from adsorption isotherms.

Langmuir adsorption isotherm

According to Langmuir adsorption isotherm; adsotlsesurface is homogeneous in
terms of adsorption capacity. In other words, adsor surface has a number of active
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adsorption regions. Maximum one molecule is adsbribé each adsorption region.

Accordingly, Langmuir isotherm is only valid fomgjle layer adsorption [44]. In addition,

no interaction occurs among the adsorbed moleandsadsorption occurs with the same
mechanism on all adsorption regions of the surfabat is, the absorbed units have
identical activation energies [47]. Langmuir isathesquation is the following:

Celae= 1lgnb+1/gm-Ce (8)

here,q, is a constant related with the single layer adsampcapacity of adsorbent aibds

a constant for adsorption energy [48]. Highvalues is an indication of higher adsorption
capacities and accordingly the adsorbent has aurfgce area. Constants dependent on
temperature and it is proportional to adsorptioathe

Freundlich adsorption isotherm

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

qe = k- Cel/n 9)
here,k andn denote Freundlich constants respectively relatiéd adsorption capacity and

adsorption intensityk is proportional to the adsorption capability of tdsorbent, anadlis
proportional to the adsorption tendency of the duksth substance [50].

Dubinin-Radushkevich (D-R) adsorption isotherm

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

Ing, =Inq,, — B - €2 (10)

here,t [mol?F] is the constant related with average free engryyl mole of substance
ande is Polanyi potential [kd/mol], which is calculatedth the following equation:

g=R-T-1n(1+Ci) (11)

whereR is the ideal gas constant [8.314 J/idbland T is the absolute temperature [K].
In a plot ofe? versus I values, a line with the slope of-and with interception value of
Ingm is obtained gives information on the average free energy efatisorption per one
molecule of the adsorbed substance. The relatidweasm them is given in following
equation [52]:
1
E= 75 (12)

This parameter also gives information as to whetherhemical ion exchange or
a physical adsorption mechanism is effective. B thagnitude oft value is between
8-16 kJ/moal, it is a chemical ion variation, andtifs lower than 8 kJ/mol it is a physical
adsorption mechanism [53].
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Temkin adsorption isotherm

Temkin adsorption isotherm gives information abth# adsorption heat and the
interactions between adsorbent-adsorbed substasagressed in [54]:

Q= B, In K+ B; In Ce (13)
where:B; is a constantRT/b for the adsorption heat ang; is the equilibrium binding
constant [drifg]. In Temkin Model it is assumed that, the adsiorpheat (as a function of
temperature) of all molecules in the layer, willhibit a linear behavior rather than
logarithmic within the covered region [55]. An iease in Temkin isotherm constants
shows that the adsorption he8)(increases with increasing temperature, thus #iitig
that the adsorption is endothermic [56].

Harkins-Jura adsorption isotherm

Harkins-Jura isotherm defines a multi-layer adsorpin connection with the presence
of a heterogeneous pore distribution and as exgadasg57]:
2= (3) - (ogc (14
In a plot of logC, values versus @£ values, Harkins-Jura constamsand B are
respectively obtained from slope and interceptiafues. HigheB values indicate higher
contribution of physical adsorption.

Evaluation of the isotherm results

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

Table 3
Adsorption isotherm parameters
Langmuir Izoterm | Freundlich lzoterm DUb'n'nl_ZF;?g#ﬁhkeV'Ch Temkin Izoterm
b Omax R n Ks R s Om E. B br[g-J/ Kt R
[dm*mg]|[mg/g] [-] [-] [mol¥F | [mol/g] |[KJI/mol]|[mg/g] mg-mol]|[dm*g]
0.08 | 6.64] 0.9 2.23 | 0.91] 0.99 40° [ 3.1710° [ 11.18 | 3.02] 820.77] 1.01 0.95

Harkins-Jura lzoterm
A[] |BH| R
2.15 1.68| 0.76

As seen in Table 3, higR® values were obtained from all isotherms, whereas th
highest value belongs to Langmuir isotherm with 80.9his indicates occurrence
of a homogeneous and single layered adsorptiohe@ngded sorbent.

1/n value, calculated in accordance with Freundlichiagign, indicates whether the
biosorption process is spontaneous. Spontaneoumrpdid® conditions apply in cases
wheren values are greater than 1 [58]. In the presentystugalue was found to be greater
than 1. Accordingly, it can be inferred that almcaiell is applicable for removal of copper
from aqueous solutions.

Also, the activation energyef), resulting from Dubinin-Radushkevich equation,swa
found as 11.18, which indicates that the adsorpticcurred with ion exchange since this
value falls within 8-16 kJ/mol interval.
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R? was found as 0.95 for Temkin isotherm, indicatihgt adsorption also conforms
with Temkin model.b value was found as 820.77Jgngmol. This highb value is an
indication of endothermic adsorption [56]. In Hariura isothermiz? was found as 0.76,
which is lower than all other isotherms.

Adsorption thermodynamics

Thermodynamic parameters reflect applicability anspontaneousness of
a phenomenon. Thermodynamic parameters such@sAH, AS are calculated using
equilibrium constants that vary with varying tergere [59].

Thermodynamic tests; according to the study of riwglynamics, the energy
in an isolated system cannot be gained or lost wherntropy change is the driving force
[60]. Thermodynamic parameters are given in equoat{@5) and (16):

AG® = AH® — TAS® (15)
where:AG' is Gibbs free energy [kJ/molpH? is the enthalpy exchange [kJ/maNS’ is
the entropy exchange [kJ/mol K].

0 0
InK, = =+~ (16)

Gibbs free energy value of adsorption process obéthunder a certain temperature
was calculated withk. using the equatioAG® = -RT In K. Afterwards, InK. versus 1T
graph was plotted (Fig. 12AH° and AS’ were calculated using the slope and interception
point. The thermodynamic parameters found in theogiiion of Cu(ll) ions are presented
in Table 4.

-1.80

-1.85 1
¥ =-345.96x - 0.2161
-1.90 - R*=0.8628

]

-1.95

Inb|

-2.00 -
-2.05

-2.10 . .
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035

1T [K]

Fig. 12. Van t'Hoff graph for copper adsorptionrfr@aqueous solution with almond shell

Positive AH® value indicates that the reaction is endothermissitte AG® value
indicates that the adsorption process is non-spentzs. For the adsorption of Cu(ll) ion,
the increase i\G values with increasing temperature indicates Hiatsorption is more
favorable at higher temperatures [61].
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Table 4
Thermodynamic parameters
T b AG’ AH° AS
[K] [dm%gr] [kJ/K-mol] [kJ/K-mol] [kJ/K-mol]
293 0.127 5.025
298 0.130 5.062
303 0.132 5.097
308 0.136 5.106
313 0.139 5.139 4539 —0.002
318 0.143 5.145
323 0.143 5.226
328 0.161 4.977

NegativeAS value is an indication of reduced randomness kd/solution interface
system during adsorption. Also, lov®’ indicates that the changes in entropy are nedgigib
[62].

Conclusions

In the present study, almond shell was used withaytpretreatment prior to the tests.
The use of sorbent without any activation treatmehtan attempt to reduce the cost of
adsorption process constitutes one of the importsuects of the present research.
Adsorption capacity o) increased with increasing Niconcentrations. The greategt
value for Ni? was observed as 5.87 mg/g in 75 mgidithe Ni? ions adsorption onto
almond shell was better defined by the pseudo-skoother kinetic model, for initial pH.
The highes® value in isotherm studies was obtained from Larigisotherm & = 0.98)
for the inlet concentration. Gibbs energyG) values for Ni(ll) ions were identified as
positive (+), thus it was identified that biosogstiwas nonspontaneous. Positive values for
biosorption enthalpyAH®) indicate that the system absorbed energy fromosndings
(endothermic) and negative values A8’ indicate more regular state of metal ion over the
biosorbent surface. The studies in the literaturéio-sorption related with Gliions were
examined and compared with the values obtaineldeiptesent study (Table 5).

Table 5
Comparison of biosorption studies performed usiagous 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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