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ABSTRACT: In this study, calcium oxide activated Phoenix dactylifera (commonly known as Date palm) stone carbon (ADS) was
prepared, characterized, and used as a unconventional adsorbent for the removal of Cu(II) and Ni(II) ions from aqueous solutions in
a batch process. The obtained activated carbon was characterized for pore size distribution and total surface area using BET
isotherm, surface morphology using scanning electron microscopy, and surface functional groups using Fourier transform infrared
spectroscopy, and the amorphous nature of the ADS was confirmed by X-ray diffraction studies. The kinetic data obtained at
different temperatures were analyzed by applying pseudofirst-order, pseudosecond-order, and Weber-Morris diffusion models, as
well as the Elovich equation. The applicability of Langmuir, Freundlich, and Dubinin—Radushkevich (D-R) adsorption isotherms
was evaluated to better understand the adsorption process. The results of this study revealed that ADS has a honeycomb like surface
morphology with large mesoporous surface area (645.5 m”+g ") for adsorption and removal of copper and nickel was followed the
pseudosecond-order kinetics and Langmuir model of isotherms. Thermodynamic studies revealed that the heat of adsorption of
Cu(1I) and Ni(1I) ions was —4.99 kJ-mol ' and —10.78 kJ-mol ', respectively, which suggested that the adsorption was

exothermic in nature.

B INTRODUCTION

Pristine sources of water are now becoming polluted due to an
increase in unsafe industrial practices around the world. The
discharge of toxic heavy metal ions into water is a serious
problem that may affect the quality of groundwater. In particular,
pollution by metal ions has become a paramount issue in many
countries because the concentration of metal ions in potable
water and wastewater often exceeds admissible standards. The
discharge of wastewater from industrial processes is a prime
source of heavy metal pollution. If these eftfluents are discharged
without treatment, they can have an adverse effect on the
environment and human health. Owing to their toxic effects on
wildlife and human beings, heavy metal ions such as copper,
chromium, cadmium, lead, zinc, nickel, etc. must be removed
from industrial wastewater.

Copper is introduced into groundwater and surface water
through the production of pulp and paper board, and the
preservation of wood and leather, as well as petroleum refining
and copper smelting industries. For instance, in the wastewater
of a typical copper wire mill, the average concentration of Cu
ions is approximately 800 mg- L~ ', however, water containing
more than 1.0 mg-L™" of Cu(II) is toxic to humans and
animals." Large doses of copper lead to severe mucosal irrita-
tion and corrosion, widespread capillary damage, hepatic and
renal damage, and central nervous system irritation, which can
lead to depression, severe gastrointestinal irritation, and
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possible necrotic changes in the liver and kidneys.” The World
Health Organization (WHO) and the United States Public
Health Services (USPHS) limit the concentration of copper in
all water sources to 1.5 and 1.0 ppm, respectively; however, the
maximum recommended concentration of Cu(II) in drinking
water is 1.0 ppm

Nickel is an essential trace element that is used in the
electroplating industry and the production of several types of
alloys. The toxic action associated with nickel includes vomiting,
chest pain, and rapid respiration. Dermatitis is common among
workers involved in the production of nickel jewelry, nickel
plated watches, and nickel based detergents. Nickel is highly
carcinogenic, and high levels of nickel induce the reduction of
nitrogen and impair growth.* Thus, the WHO hmlts the con-
centration of nickel in drinking water to 0.02 mg L3

Currently, many techniques such as chemical precipitation,
evaporation, electroplating, phytoextraction, reverse osmosis,
adsorption, and ion exchange are used for the treatment of
heavy-metal-contaminated wastewater streams.’”® Thus, preci-
pitation by lime, carbonates, sulphides or organosulphides has
been applied to treat industrial wastewater. In addition, activated
carbon has become a popular adsorbent for the removal of
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pollutants from wastewater.”'® However, the high cost of
activated carbon limits its potential applications.'" Therefore, a
low cost and readily available adsorbent that can be used on a
large scale must be developed.'” Cheap and effective alternatives
for the removal of heavy metals reduce operating costs and the
prices of products, improve competitiveness, and benefit the
environment. In previous studies, the adsorption capacities of a
number of biomass based unconventional activated carbon (e.g,
hazelnut husk, rubber wood sawdust, rice hulls, hazelnut shell,
chestnut shell, grape seed, lotus stalk, palm shell, and date beads)
have been determined.'*”*°

The aim of this study was to assess the ability of ADS to adsorb
Cu(1l) and Ni(II) ions from aqueous solutions. The effect of
contact time, initial metal concentration, temperature, and
adsorbent concentration on the removal of Cu(II) and Ni(II)
ions from aqueous solution were evaluated. Moreover, the
adsorption isotherms and probable mechanisms of adsorption
were investigated. The kinetics and the order of the reaction at
the surface of ADS, the thermodynamic parameters for the
adsorption of Cu(1I) and Ni(II), were also determined.

B MATERIALS AND METHODS

Adsorbent Material: CaO Activated Date Stone. Dates
(Phoenix dactylifera) were imported from Saudi Arabia. After
removing the edible pulp, the stones were washed with water to
remove the thin membrane adherent on the surface, as well as the
remaining pulp material. After proper washing, the date stones
were kept for drying in an oven at 378 K for 12 h. For chemical
activation, the dried stones were impregnated in 200 mL of CaO
solution (impregnation ratio, 2:1) for 24 h at room temperature
(around 298.15 K). Upon completion, the date stone was
separated from the solution and placed in a muffle furnace at
773 K for 2 h. The introduction of alkali or alkaline earth metals
on the surface of the adsorbent provides basic sites that have a
high affinity for adsorption. The basicity of a metal oxide
decreases as the ratio of the electric charge to the radius of the
metal ion increases. CaO has a low charge to radius ratio and can
provide strong basic sites to the surface of the adsorbent.”” Upon
cooling, the material was ground with an electrical mixer, and
ASTM (American Society for Testing Materials) sieves were
used to limit the particle sizes of the material to approximately
less than 250 um (ASTM sieve no. 60) and bigger than 180 um
(ASTM sieve no. 80). The weights of the adsorbents were
recorded to estimate weight loss during drying and carbonization
(burning). The prepared adsorbent was carefully labeled and
packed in airtight glass bottles.

Adsorbate Solution. A stock of 1000 mg-L ™" of Cu(II) and
Ni(II) solutions were prepared by dissolving the corresponding
chlorides (CuCl,+2H,0 and NiCl,:6H,0) in doubly distilled
water. Prior to the adsorption experiments, the solutions were
further diluted to the required concentrations. All the chemicals
used in this study were of analytical grade and were obtained
from Sigma-Aldrich and Fluka.

Characterization of ADS. The characterizations of the
samples were carried out at their optimal working conditions.
The activated carbon obtained after activation can be evaluated
for burnoff percentage. Burn-off is defined as the weight
difference between the precursor biomass and the activated
carbon, divided by the weight of the precursor biomass, with
both weights on a dry basis.”' The following relationship was
used for calculating the activation burnoff of date stone derived
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Figure 1. SEM micrograph of ADS (magnification, 1000): (a) before
activation and (b) after activation and (c) EDX spectra of ADS.

activated carbon, ADS

activation burn-off % = 100 — [{mass after activation(g)

/precursor mass(g) } x 100] (1)

BET Surface Area Studies. Nitrogen adsorption isotherms
were obtained at 77 K using a NOVA 2200e surface area and pore
size analyzer. The specific surface area was determined by the
BET isotherm equation, and the pore size distribution was
calculated with the adsorption data based on original density
functional theory. The samples were degassed for 12 h under
vacuum at a temperature of 523 K prior to analysis to remove any
impurities.

SEM and EDX Studies. A morphological and elemental
composition study of the ADS was done with a Leo Supra 50
VP field emission scanning electron microscope (Carl-Ziess
SMT, Oberkochen, Germany) equipped with an Oxford INCA
400 energy dispersive X-ray microanalysis system (Oxford
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Instruments Analytical, Bucks, U.K.) that can give SEM and EDX
with the same sample. The scanning electron micrograph (SEM)
of the activated carbons at bar length equivalent to 10 pm,
working voltage 15 kV with 1000 magnification are shown in
Figure 1, panels a and b.

CHN Analysis. The ADS samples were analyzed for carbon,
nitrogen, and hydrogen percentage content using CHN analyzer
(model: Perkin-Elmer, Series 2, 2400). Purified helium was used
as a carrier gas keeping flow rate 20 mL-min . The combustion
temperature of the furnace was kept at 1198 K; at this tempera-
ture, most of the ADS constituents were burned (if any substance
that was not burned at this temperature cannot be detected by
this instrument). The percentage error in the results is within
£ 02 %.

FTIR Studies. The FTIR spectra of samples were recorded
with an FTIR spectrophotometer Nicolet AVATAR 380 FT-IR
model, using the potassium bromide (KBr) pellet method. Oven-
dried solid samples of pure ADS and metal ions (nickel and
copper) adsorbed ADS were thoroughly mixed with KBr in the
ratio of 1:100 (weight ratio of sample to KBr). The solid mixture
of activated carbon and KBr was ground to a very fine powder
and then compressed at 15 000 psi (pound force per square inch)
pressure to make a thin film disk for the spectra analysis. The
spectra were recorded by 64 scan with 4 cm ™' resolution in the
fingerprint spectral region of (4000 to 400) cm ™'

Powder XRD Analysis of ADS. The X-ray powder diffraction
(XRD) measurements were performed by using Cu Kot radiation
(40kV, 30 mA, A = 1.54 A) with a step size of 0.05° glancing angle
0 and with the holding time of 1 s at fixed 6. The 1 mm thick
powder sample was placed on a plastic holder and the diffraction
spectra were recorded at 298 K and treated by the Bruker
DiffracPlus computer software. The XRD analysis was carried
out on powder ADS samples to investigate the structural changes
that occur during activation.

Batch Adsorption Studies. Adsorption studies were con-
ducted at temperatures between (293 and 313) K and reaction
time up to 180 min. In each experiment, 40 mg of ADS was added
to 50 mL of a solution containing the desired concentration of
metal ions in a stoppered conical flask, and the vials were agitated
in a temperature-controlled shaker. After the predetermined time
had elapsed, the reaction mixture was filtered, and the final
concentration of metal ions in the filtrate was analyzed. The
concentrations of Cu(II) and Ni(II) ions in aqueous solution
were determined with an atomic absorption spectrometer
(AAS; Analyst 100 Perkin-Elmer) equipped with an air—
acetylene flame. The characteristic concentration of the AAS
was found 0.088 ppm for Cu and 0.154 ppm for Ni. The
adsorption experiments were also conducted to determine the
optimal equilibrium time [ (S to 180) min], initial concentration
of the adsorbate [(50 to 200) mg-L~ '], and temperatures
[(293, 303, and 313) K]. All of the investigations were
conducted in triplicate to avoid discrepancies in the experi-
mental results. Moreover, control solutions were evaluated
throughout the experiment to maintain quality control. The
percentage of metal adsorption was computed according to the
following equation:

adsorption% = {(C; — C.)/C;}100 (2)
where C; and C, are the initial and equilibrium concentration of

metal ions (mg-L ") in solution. The adsorption capacity was
determined by calculating the mass balance equation for the

Table 1. Physical Characteristics and Elemental Composi-
tion of ADS

parameters units value
BET surface area m”.g ! 962.4899
total volume eam®.g ! 0.477795
micropore surface area m>.g! 316.9676
mesopore surface area m?.g! 645.5223
mean pore diameter A 19.8566
burn-off % 73.33
ash % 1.3
carbon % 89.45
nitrogen % 0.14
hydrogen % 2.13

adsorbent
4= (G- Cv/W ()

where g is the adsorption capacity (mg-g~ '), Vis the volume of the
metal ion solution (L), and W is the weight of the adsorbent (g).

B RESULTS AND DISCUSSION

Characterization of ADS. The characteristics of ADS such as
the burn off percentage, surface area, surface morphology,
elemental constituents, crystalinity, surface functional groups
bulk density, and ash content were analyzed and the results are
indicated in Table 1. ADS had percentage burnoff 73.30 +
0.20 %, which indicates that during pyrolysis most of the weight
constituents of the date stones were unstable at a temperature
around 773 K. The remaining part of the material contain 0.902
(in mass fraction) of carbon (calculated by EDX analysis), which
are expected to have graphitic structure.

Figure 1, panels a and b, shows the SEM micrographs of ADS
before and after activation. It can be vividly seen from the
micrographs that after activation with CaO the surface changes
from sheet type layered structure to honeycomb like morphol-
ogy. This microhole morphology contains mostly carbon atoms
in the network chain. This hypothesis, supported by EDX and
CHN study of ADS and the EDX plot as shown in Figure lc,
revealed that the elemental composition of the activated carbon-
(ADS) possessed a high percentage of carbon (w = 0.9021) and
second prominent atom in the network is oxygen (w = 0.949).
Around 0.0030 mass fraction of calcium atom was also reported
in the plot, and the amount is negligible and may remain as an
impurity with the carbon surface. Based on the morphology and
elemental constituents of the material, ADS appeared to be a
suitable adsorbent.

Physisorption technique was used for the textural character-
ization of the prepared activated carbon, ADS. The surface area
and the pore size distribution of the ADS were determined and
are reported in table 1. The textural characterization however has
been reported in Table 2. The surface area and pore size
distribution were determined by the volumetric adsorption of
N, by the ADS at 77 K and have been reported in Figure 2, panels
aandb. The BET experiments provide data for the determination
of the monolayer adsorbed amount, apparent specific surface
area, pore volume, and pore size distribution by using density
functional theory (DFT). The micropore and mesopore can be
defined by the hysteresis during adsorption at relatively high
relative pressure (P/P,). The mesopore surface area was
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Table 2. BJH Adsorption Pore Distribution Report of ADS

pore diameter range average diameter incremental pore vol.

cumulative pore vol. incremental pore area cumulative pore area

(A) <y (em®-g™") (em®-g") (m?-g™") (m®-g™")
1710.0—1381.3 15104 0.000345 0.000345 0.009 0.009
1381.3—1069.7 1185.6 0.000492 0.000837 0.017 0.026
1069.7—838.8 926 0.000438 0.001275 0.019 0.045

838.8—675.1 738.9 0.000454 0.001728 0.025 0.069
675.1—542.7 594.1 0.000323 0.002052 0.022 0.091
542.7—422.9 467.5 0.000523 0.002575 0.045 0.136
422.9-333.6 367.3 0.000423 0.002998 0.046 0.182
333.6—268.3 293.5 0.000634 0.003632 0.086 0.268
268.3—213.7 234.5 0.000669 0.004301 0.114 0.382
213.7—164.2 182 0.00076 0.005061 0.167 0.549
164.2—129.4 142.3 0.001079 0.00614 0.303 0.852
129.4—103.8 113.5 0.001268 0.007407 0.447 1.299
103.8—80.3 88.7 0.00212 0.009528 0.956 2255
80.3—59.6 66.4 0.003957 0.013485 2.383 4.639
59.6—45.8 50.6 0.006873 0.020357 5.435 10.074
45.8—36.7 40 0.010552 0.030909 10.542 20.616
36.7—-30.5 32.9 0.017012 0.047921 20.71 41.326
30.5—24.7 26.8 0.042747 0.090668 63.813 105.139
24.7-19.3 21.1 0.110998 0201666 210016 315.154
calculated 645.523 m*- g~ " which indicates that the ADS can be 320
used as potential adsorbent. (o] —
A quantitative analysis of carbon, nitrogen, and hydrogen T a0l _;.';": = i
through CHN analysis report enable us to verify the EDX results. o "
It was observed that carbon percentage (w = 0.894S in mass c
fraction) was in close agreement with EDX, whereas hydrogen Z ®or T
(w = 0.0213 in mass fraction) cannot be detected by EDX. 8
A small percentage of nitrogen (w = 0.0014 in mass fraction) was 2 ol 4
also reported in CHN results that was absent in the EDX. - ./'
FTIR spectra were recorded before and after the adsorption of E& J
Cu(II) and Ni(II) separately as presented in Figure 3. The FTIR 5 Mor / 7
spectrum of the ADS pre- and postadsorption condition provide £ _/'
information of the chemical structure and surface functional § 220 | .
groups changes on adsorption of nickel and copper. The spectra ! , ) . ! !
of pure ADS has distinguished peaks at 2923.29 cm ™" (due to 00 0.2 04 06 08 10
asymmetric C—H stretching of methylene groups in aliphatic Relative Pressure (P/P,)
compounds or fragments) and 2855.79 cm ™' (symmetric C—H
vibration of methylene groups in aliphatic compounds or 0.42 [P i
fragments), but after adsorption of Ni(II) and Cu(II), these . ]
peaks were almost extinct. ADS has no peak at 2359.50 cm ™ 040 4
(characteristic to multiple bonding between the atoms), but after L ]
Ni(II) and Cu(Il) adsorption, a new peak generated at this Boosl 1
frequency. These changes in the functional group frequency are 5 t ]
probably due to the metal ion interaction with the electron rich 2 006 -
sites in the ADS, which causes the shift of peak from 2 . .
2923.04 cm™ ' and 2855.22 cm ™' t0 2358.74 cm ™ (it is expected S 004t ® -
that methylene groups generate a multiple bond between the S
carbon atoms).>” These two are the significant changes in the 0.02 - . .
backbone chemical structure and functional groups of the ADS .
. . ; - . .
after metal ions (copper and nickel) adsorption, and the rest of 0.00 - =n "
the functional groups are unchanged during the adsorption. T a0 o aw P,

Powder XRD patterns for the ADS were recorded and
represented in Figure 4. The sample was found to be amorphous,
although broad diffused peaks were observed at low angles. The

diffraction peak of crystalline carbon was not observed. The

Average Pore Diameter (10'1°m)

Figure 2. (a) Nitrogen adsorption isotherm of ADS at 77 K and
(b) pore size distribution of ADS.
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Figure 4. Characteristics powder XRD diffractogram of ADS carbon.

X-ray diffraction peak confirmed that ADS possesses a hetero-
geneous surface.

Effect of Contact Time and Initial Metal Concentration. In
batch adsorption processes, the initial concentration of the
adsorbate can act as a driving force to overcome mass transfer
resistance between the solution and the solid phase. Therefore,
the amount of metal ions adsorbed from solution was expected to
increase as the initial concentration of metal ions increased. As
shown in the plot of the equilibrium concentration of adsorbed
Cu(II) and Ni(II) versus time at 293 K (Figure S, panels aand b),
the sorption capacity of ADS increased with an increase in the
initial metal ion concentration. The amount of Cu(II) and Ni(II)
adsorbed at equilibrium appeared to follow the same trend, and

both ions increased as the initial metal ion concentration
increased. The electronegativity of Cu(II) and Ni(II) ions are
1.90 and 1.80 (Pauling scale), respectively; thus, the greater
electronegativity of Cu(1l) may enhance the binding capacity of
copper toward the negatively charged adsorbent surface, result-
ing in a slightly higher adsorption capacity for Cu(II) than Ni(II).
The fact that the adsorbed equilibrium concentration increased
with an increase in metal concentration indicates that ADS has
immense potential as an adsorbent for the treatment of waste-
water with high concentrations of metal ions. Moreover, the
results shown in Figure S, panels a and b, indicate that the rate of
Cu(Il) and Ni(II) adsorption is initially rapid and gradually
decreases over time until equilibrium is attained because a large

3611 dx.doi.org/10.1021/je200460n |J. Chem. Eng. Data 2011, 56, 3607-3619



Journal of Chemical & Engineering Data

50
-(a)
45 | a A
- / B
40 / 4
o 35 / ./. ® 7]
2 P
E 30 ]
ko] L
@
2 25 - u T
I —
2 L I |
B 20 .
g
2 15 -
1
< 10 4
5 .
0 n 1 L 1 L I L 1 L 1 L ] L 1 L 1 L 1 L
0 20 40 60 80 100 120 140 160 180 200
Time (min.)
A A ]
Ea S——— L ] 7]
i) o—*
(o] -
£
°
@ i
£ L] =
S
[77]
2 i
&
k=
5 i
<]
€
< 10 _
5 -
0 1 1 L 1 L L L 1 L 1 " 1 L 1 " 1 " 1

0 20 40 60 80 100 120 140 160 180 200
Time (min.)

Figure S. Effect of contact time and initial concentration on the
adsorptlon of metal i ions onto ADS: (a) Cu(H) and (b) Ni(II) [M, SO
mg-L~"; ® 100 mg-L~'; A, 200 mg-L"'; agitation speed = 150 rpm;
temperature =293 K; pH 6.0 for Cu(1) and pH $.5 for Ni(II)].

number of surface sites are available for adsorption during the
initial stages of the process. However, adsorption to the remain-
ing vacant surface sites becomes difficult over time due to the
repulsive forces between solute molecules on the solid phase.
After shaking the solutions for 180 min, equilibrium was attained
and the adsorption capacity of Cu (II) and Ni (II) ions did not
change over time.

Effect of Temperature. Adsorption experiments were con-
ducted to study the effect of temperature [ (293 to 313) K] on the
adsorption of Cu(II) and Ni(II) ions at an optimum pH of 6.0
and 5.5, respectively. The results suggested that the adsorption
capacity of Cu(II) and Ni(Il) increased from (19.39 to 44.79)
mg-g " and (15.77 to 40.73) mg-g ', respectively, at tempera-
ture 293 K. As shown in Figure 6, panels a and b, the initial rate of
adsorption of Cu(II) and Ni(II) ions was relatively high at
greater temperatures. Moreover, in almost all of the experiments,
total adsorption reached a constant value within 30 min. How-
ever, at equilibrium, the total adsorption was greater at lower
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Figure 6. Effect of temperature on the adsorption of metal ions onto
ADS: (a) Cu(II) and (b) Ni(II) [H, 293 K; ®, 303 K; A, 313 K; initial
concentration = 100 mg - LY agitation speed = 150 rpm; contact time =
180 min,; pH 6.0 for Cu(II) and pH 5.5 for Ni(II)].

temperatures, and the following trend for maximum adsorption
was observed: 293 K > 303 K > 313 K. The observed trend in the
total adsorption at equilibrium may be associated with the
increase in kinetic energy of the ions at higher temperatures,'*
which causes a decrease in adsorption. The results revealed the
exothermic nature of the adsorption process, which was verified
by the determination of the change in the standard Gibbs free
energy (AG®), standard heat of adsorption (AH®), and standard
entropy (AS®) of adsorption.

Adsorption Kinetics Studies. In this study, the kinetics of the
adsorption of Cu(Il) and Ni(II) ions were also evaluated. The
kinetics of an adsorption process describes the rate of solute
uptake and diffusion to the surface of the adsorbent, which
controls the residence time of the adsorbate at the solid—liquid
interface. The mechanism of adsorption depends on the physical
and chemical characteristics of the adsorbents.”> The results
obtained from adsorption experiments were used to study the
kinetics of Cu(Il) and Ni(II) adsorption. The rate of the
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Table 3. Pseudofirst-Order and Pseudosecond-Order Kinetic Models for the Adsorption of Cu(II) and Ni(II) onto ADS at

Different Temperatures®

pseudofirst order

pseudosecond order

metal ions temp. (K) eexp (mg- g ) Geycal ky
Cu(11) 293 2.84 1.208 2.99.10°
303 2.79 1.153 4.84.10°
313 2.76 1.393 5.30-1072
Ni(I1) 293 2.59 1172 2.99-1072
303 2.53 1.560 3.22-1077
313 2.49 2.061 322-107

SSE R Gereal ks h SSE R
0.293 0.885 2.882 11.98-10> 0.995 0.329 0.999
0.498 0.854 2.825 246210 > 1.965 0.131 1.000
0.536 0.888 2.786 36.93-10* 2.865 0.0583 1.000
0.591 0.794 2.611 19.77-102 1.348 0.193 0.999
0.536 0.740 2.545 30.77-10"2 1.992 0.111 1.000
0.483 0.680 2.500 43.01-1072 2.688 0.128 1.000

“Geycal = (mg-gfl), k, = (minfl), ky, = (gm-gfl-minfl), and h = (mg-gfl-minfl).

adsorption of Cu(1I) and Ni(II) ions onto ADS was applied to
the La%ergren pseudofirst-order model,** pseudosecond-order
model,*> Elovich equation,26 and Weber—Morris diffusion
model.”” The conformity between experimental data and the
predicted values of the model was expressed by the correlation
coefficient (R?). In addition, the fit of each model to the
experimental data were evaluated by determining the corre-
sponding sum of the squares of error (SSE), according to the
following equation:

H\/2
SSE — (M) 4)

N

where N is the number of data points, gey, is experimen-
tally calculated quantity, and g is predicted quantity through
model.

Pseudofirst-Order Kinetic Model. The Lagergren pseudo-
first-order rate model is based on the capacity of the adsorbent
and is generally expressed as follows:

2 kg 9) (s

where g, is the amount of solute adsorbed at equilibrium per unit
weight of adsorbent (mg- gfl) , q is the amount of solute
adsorbed at a given time (mg-g ), and k; is the adsorption
constant. Equation S was integrated under the boundary condi-
tionst=0to t >0 (q=0toq>0) and rearranged to obtain the
following time dependent function:

log(qe — q) = log(ge) — (k1/2.303)t (6)

Equation 6 is the most popular form of the pseudofirst-order
kinetic model. Values of k; at different temperatures were
calculated from the plots of log(q. — q) versus t for Cu(II)
and Ni(II) ions. The value of k, in the pseudofirst-order kinetic
model and the corresponding correlation coefficients (R*) were
calculated and are summarized in Table 3. The highest sums of
square errors (SSE) were obtained for this set of data compared
to pseudosecond-order kinetic set of data. The lowest correlation
coefficient was 0.854 (SSE 0.498) for Cu(II) ions and 0.680 (SSE
0.483) for Ni(Il) ions; thus, the model did not fit the experi-
mental data.

Pseudosecond-Order Kinetic Model. The kinetic data were
analyzed by applying the pseudosecond-order model to the
experimental data. The pseudosecond-order kinetic model can

3613

be expressed as

% = k(g —q)° (7)

After integrating eq 7 under the boundary conditions t=0to t> 0
and g = 0 to q > 0 and rearranging the equation, the following
linearized form of the pseudosecond-order model was obtained

t 1 1
. (kzqs) : @t ®

h = kzqez (9)

where h is the initial sorption rate (mg-g~"-min~'). A plot of t/q
versus ¢ should produce a straight line, and the values of g, and k,
can be determined from the slope and intercept of the plot
(Figure 7, panels a and b). The values of k,, q., and h are
presented in Table 3, along with the corresponding correlation
coefficients (R?). It can be seen from the table that the initial
sorption rate, h, increases at higher temperature in the case of
both metal ions. The minimum correlation coefficients (R*) for
this model were 0.999 (SSE 0.193); however, most of the values
reached 1.000 (SSE 0.053), and the sum of square error (SSE)
values reached a minimum level which indicates that the model
provided a perfect fit of the experimental data. Thus, the
adsorption of Cu(Il) and Ni(Il) ions onto ADS follows the
pseudosecond-order kinetic model.

Elovich Equation. The Elovich equation provides a kinetic
model of the adsorption process and is expressed as

th 7[3
— = e 10
=% (10)

where ¢; is the adsorption capacity at time , & is the initial
adsorption rate (mg-g~'+min~ '), and B is the desorption
constant (gm- gfl). Equation 10 was integrated under the
boundary conditions q; = 0, to g, = q;and t = 0 to t = ¢t and
rearranged to obtain the following linear time dependent func-
tion:

1

@ = (o) + %lnt (11)

A plot of g, versus In(t) should provide a straight line with a slope
of 1/ and an intercept of 1/3 In(0,3); thus, the value of a and 3
was obtained from the plot and is reported in Table 4. The
correlation coefficients for this model were lower than those
obtained with the pseudosecond-order kinetic model.
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Weber—Morris Diffusion Model. The possibility of intrapar-
ticle diffusion was examined by applying the Weber—Morris
diffusion model to the experimental data. According to the

t/q (min.gmg™)

[7)) - EE R U [ EU EI R R S
0 20 40 60 80 100 120 140 160 180 200

Time (min.)

t/q (min.gmg™)

o™ oy ey e e
0 20 40 60 80 100 120 140 160 180 200

Time (min.)

Figure 7. Pseudosecond-order kinetic plot of the adsorption of metal
ions onto ADS at different temperatures: (a) Cu(II) and (b)Ni (II) [H,
293 K; @, 303 K; A, 313 K; initial concentration = 100 mg-L_l;
agitation speed = 150 rpm; contact time = 180 min; pH 6.0 for Cu(II)
and pH S.5 for Ni(II)].

Weber—Morris diffusion model, the amount of adsorbed ma-
terial is proportional to the square root of the contact time

q = kat'’* + C (12)

where kq (mg-g71 ~min~ "/ %) is the intraparticle diffusion con-
stant and Cis the intercept of the plot of eq 12 in units of mg-g ™.
Equation 12 was applied to the adsorption data obtained at
various contact times ranging from (S to 180) min. McKay and
Al-Duri®® suggest that the shape of the first section of the
Weber—Morris diffusion curve is attributable to boundary layer
diffusion effects and the linear portion of the curve is a result of
intra particle diffusion. The correlation coefficients of the
Weber—Morris diffusion model were poor; thus, diffusion is
not involved in the rate determining step of the adsorption
process. The rate constant for intraparticle diffusion, k4, and the
correlation coefficient, R?, were calculated from the respective
plots and are provided in Table 4. The values of the correlation
coefficients were not uniform or large enough to suggest that
intraparticle diffusion was the rate determining step of the
adsorption process.”

The rates of most chemical reactions increase markedly as the
temperature of the reaction is increased, and the temperature
dependence of the reaction appears in the rate constant of the
rate law. Remarkably, the temperature dependence of almost all

-0.8 - -

-14 [] -

Ink,

16 | -

2.0 - -

22| .
1 s 1 N 1 . 1 N 1 2
0.00320 0.00325 0.00330 0.00335 0.00340

UT (K"

0.00345

Figure 8. Arrhenius plots for the adsorption of Cu(1I) (M) and Ni(II)
(®) onto ADS.

Table 4. Thermodynamic Parameters and Arrhenius Constants for the Adsorption of Cu(II) and Ni(II) onto ADS”

thermodynamic parameters

Arrhenius parameters Elovich model ‘Weber—Morris model

metal ions temp. (K)  AG° AH° AS° SSE  R? E,

Cu (I1) 293 —4.965
303 —5.029 —0499 —0012 0021 0952 43.07
313 —4962

Ni (II) 293 —4.897
303 —4624 —1078 —20.17 0.024 0986 29.68
313 —4497

59-10° 0.113 0980 3.472 62.41 0.302

A SSE R B a kg C R

3.185 24.57 0.276 1.164 0.901
1.245 0.880
3.132 32.90 0.258 1.490 0.720
3.676 42.97 0.270 1.136 0.760

3.9:-10* 0033 099 4.310 17.04 0.239 1.308 0.670

5.076 90.87 0.210 1.462 0.557

*AG® =kJ-mol ™, AH® = J-mol !, AS® = kJ-mol " -K !, E, =kJ-mol "}, B = gm~g71, a= mg-g71~min71, kq= mg~g71-min71/2, C= mg-gfl.
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Figure 9. Plot of In K versus 1/T for the adsorption of Cu(1I) (M) and
Ni(II) (®) onto ADS.

reactions fit the Arrhenius equation.*
E
Ink, = In(A) — — 13
nk = In(4) 2 (13

where k; is the rate constant of the pseudosecond-order kinetic
model, E, is the activation energy, and A is the Arrhenius
frequency factor. To obtain the values of E, and A from the
kinetic data, a series of rate constants were measured at different
temperatures and a plot of In k, versus 1/T was generated, as
shown in Figure 8. The slope of the plot of In k, versus 1/T is the
activation energy, E,, and the intercept is the Arrhenius frequency
factor, A. As shown in Table 4, activation energies of 43.07
kJ-mol " and 29.68 kJ-mol " were obtained for Cu(II) and
Ni(1I), respectively. Ho et al.>' suggests that the activation
energy of diffusion-controlled adsorption processes is less than
30 kJ - mol ™~ ". The activation energy of the adsorption of Cu(II)
suggested that copper adsorption is not controlled by diffusion.
Alternatively, the results indicated that the adsorption of nickel is
affected by diffusion processes.

Thermodynamic Study of Adsorption. Thermodynamic
parameters can provide information on the nature of the
adsorption process; thus, the standard change in Gibbs free
energy (AG®), entropy (AS°), and enthalpy (AH®) were

determined from the following equations:
AG® = —RTInK (14)

where R is the universal gas constant (8.314 J-mol 'K '), T'is
the absolute temperature (K), and the equilibrium constant K is
the ratio of equilibrium concentration of adsorbate in liquid and
in solid phase.

The standard enthalpy change (AH®) from 293 to 313 K was
obtained from the following equation:

AS°  AH°
R RT

(15)

InK =

As shown in Figure 9, a plot of In K versus 1/T should provide a
straight line, and the values of AH® and AS® were obtained from
the slope and intercept of the plot, respectively. The standard free
energy change (AG°), enthalpy change (AH®), and entropy

0.0 L 1 " 1 " 1 " 1

C(mgL")

Figure 10. Langmuir isotherm plots of the adsorption of Cu(II) (M)
and Ni(Il) (@) onto ADS at 293 K.

change (AS®) were obtained from eqs 14 and 15 and are shown
in Table 4. The negative values of AH® and AG® indicates that
the adsorption process was exothermic and spontaneous. The
AH® values obtained for the adsorption of Cu(II) and Ni(II) ions
were —4.99 kJ-mol ' and —10.78 kJ-mol ', respectively,
indicating that the adsorption process was based on chemical
interactions. Moreover, the values of the activation energy of
adsorption support these results. The negative values of AS® for
the adsorption of Cu(Il) and Ni(II) ions suggested that the
randomness at the solid/liquid interface decreased during the
adsorption process due to the complexation of negatively
charged active sites and positively charged metal ions.

Adsorption Isotherm Models. The adsorption isotherms
revealed the relationship between the concentration of the
adsorbate and the extent of adsorption onto the surface of the
adsorbent at a constant temperature. To quantify the adsorption
capacity of ADS for the removal of Cu(II) and Ni(II) ions from
aqueous solution, three isotherm models were applied to the
experimental data, including the Langmuir, Freundlich, and
Dubinin—Radushkevich (D-R) isotherm equations.

Langmuir Isotherm Model. The Langmuir model assumes
that adsorption occurs at specific homogeneous sites on the
adsorbent and can be successfully applied to monolayer adsorp-
tion processes. The data obtained from the equilibrium studies of
the adsorption of Cu(II) and Ni(II) ions onto ADS may follow
the Langmuir model, which can be expressed by the following
equation:32

S (2)6) - 0

where C, is the equilibrium concentration (mg-L "), g, is the
amount of adsorbed species per gram of adsorbent (mg- g~ '), K.
is the Langmuir equilibrium constant, and b is the amount of
adsorbate required to form a monolayer. Thus, a plot of C./q.
versus C, should provide a straight line with a slope of 1/b and an
intercept of 1/Ky b, as shown in Figure 10. The values of K, and b
were calculated and are reported in Table 5.

A dimensionless equilibrium parameter or constant separation
factor, R, was used to determine the applicability of the
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Table 5. Related Isotherm Parameters for the Adsorption of
Cu(II) and Ni(II) onto ADS at 293 K

metal ions

adsorption isotherms and its constants Cu(II) Ni(IT)

Langmuir adsorption isotherm constants

b (mg-g ") 373 29.9
Ky (L-mg™ ") 0.549 0.815
R* 0.967 0.987
R, 0.0894 0.0676
SSE 0.099 0.069

Freundlich adsorption isotherm constants

Kg (mg-g~ ") (L-mg™")'/" 2957 2.540
N 5.959 6211
R? 0.979 0.979
SSE 0.444 0.339

Dubinin—Radushkevich isotherm constants

Y-10% (mol®>-J %) —0.331 —0.375
Cn (mg-g™") 4.879 3.651
E-10* (J-mol ") 1229 1.553
R 0.930 0.932
SSE 0.743 0.590

0.1 N EER EETR R R R S
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

InC,

Figure 11. Freundlich isotherm plots of the adsorption on Cu(II) (M)
and Ni(Il) (@) onto ADS at 293 K.

Langmuir isotherms. The Ry, of the adsorption of Cu(II) and
Ni(1I) ions was obtained from the following equation:****

1
B= RG] )

where K is the Langmuir constant (L-g~ ") and [C,] is the
highest initial metal ion concentration (mg* L™'). AR between
0 and 1 is indicative of a favorable adsorption process; however, a
Ry, > 1 represents an unfavorable process. Alternatively, if Ry, = 1,
adsorption is linear. Lastly, if Ry, = 0, the adsorption process is
irreversible.

40

L(b)

35

15

10 -

C,(mgL")

Figure 12. Validation of adsorption isotherms onto ADS (the solid line
represents Langmuir and the broken line represents Freundlich iso-
therm) of Cu(II) (M) and Ni(Il) (@) at 293 K.

PR SRR RAPUN SR SR ST R N N
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

e x 10° (J'mol?)

Figure 13. D-R isotherm plots of the adsorption on Cu(I1I) (M) and
Ni(II) (®) onto ADS at 293 K.

As shown in Figure 10, the application of the Langmuir
isotherm resulted in linearized data, and the correlation
coefficient of the adsorption of Cu(Il) and Ni(II) ions was
0.967 and 0.987, respectively. Moreover, the sum of the
squares of error of Cu(Il) and Ni(II) adsorption was 0.099
and 0.069, respectively, indicating that Cu(II) and Ni(II) ions
adsorbed as a monolayer onto the surface of ADS. The
Langmuir constant, b, which is a measure of the adsorption
capacity of the monolayer, was 37.3 mg-g~ ' for Cu(II) and
29.9 mg-g71 for Ni(II) at 293 K. The dimensionless para-
meter, Ry, was 0.0894 and 0.0676 for Cu(II) and Ni(II) ions,
respectively; thus, the Ry values are (0 < Ry < 1) consistent
with a favorable adsorption process. Table S displays the
calculated parameters of the Langmuir model.

Freundlich Isotherm Model. The Freundlich model® is ap-
plicable for nonideal sorption on heterogeneous surfaces and
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Table 6. Comparison of Adsorption Capacities of Different Activated Carbon Adsorbents for Cu(II) and Ni(II) Removal

adsorption condition

i (mg-g ")

activated carbons Cu(II) Ni(1I)
hazelnut husk carbon 6.64
rubber wood sawdust carbon 5.72
rice hulls carbon 3.92
hazelnut shell carbon 58.27
chestnut shell carbon 100
grapeseed carbon 48.78
palm shell carbon 18.6
palm shell carbon 30.8
apricot stones carbon 24.21 27.21
cassava peel carbon S2
P. aureus hulls carbon 19.5
hazelnut shell carbon 11.64
lotus stalks carbon 31.45
peanut hull carbon 65.6 53.65
commercial activated carbon 3.6 1.49
R. communis Pericarp carbon 31.15
coir pith carbon 39.7 62.5
P. dactylifera stone carbon 37.3 29.9

temp. (K) pH refs

5.7 13
6 14

293 5.3 15

323 6 16

308 S 17

308 S 17
3 19
S 19
4.9(Cu), 6.2(Ni) 40
6 41
6.9 42

323 43

328 18
5.0(Cu), 6.5(Ni) 45 and 46
5.0(Cu), 6.5(Ni) 45 and 46
S 47

303 42(Cu), 5.0(Ni) 48 and 49

293 6.0(Cu), 5.5(Ni) this study

multilayer adsorption processes. According to the Freundlich model:
2. = Ke(Co)"” (18)

1
Ing.=lmKg + -InC, (19)
n

where K, is Freundlich equilibrium constant and # is an empirical
constant. Thus, a plot of In g, vs In C, should provide a straight line
with a slope of (1/n) and an intercept of In(Kg), as shown in
Figure 11. The correlation coefficients for the adsorption of Cu(II)
and Ni(II) ions were 0.979 and 0.979, and the SSE values were 0.444
and 0.339, respectively. The parameters of the Freundlich model are
reported in Table S.

Figure 12 represents the adsorption isotherm of ADS along
with its validation with the Langmuir and Freundlich isotherms.

Dubinin—Radushkevich (D-R) Isotherm Model. To deter-
mine whether the adsorption is physical or chemical in nature,
the equilibrium data were applied to the D-R model.** The
linearized form of the D-R model is provided below:

In Cpgs = In C, — Y&? (20)

where C,4, is the concentration of adsorbed metal ions on the
surface of the adsorbent (mg- L"), Cy, is the maximum adsorp-
tion capacity (mg-g "), Yis the activity coefficient related to the
mean adsorption energy (mol*-J *), and & is the Polanyi
potential (kJ*+mol®). The Polanyi potential®’ can be calculated
from the following equation:

¢ = RT ln(l + Ci) (21)

e

The mean adsorption energy, E (kJ-mol '), is calculated from
the following equation:

1
-2Y

E= (22)

As shown in Figure 13, the plot of In C,4, versus & (eq 20) is a
straight line, and the values of Y and C,, for Cu(1I) and Ni(II)
ions were obtained. The adsorption potential is independent of
the temperature; however, the nature of the adsorbent and the
adsorbate has an effect on the adsorption potential. The mean
free energy of adsorption, E, which is the free energy associated
with the transfer of one mole of metal ions from the solution to
the surface of the adsorbent, indicates whether the adsorption
process occurs via ion exchange or physical adsorption. If the
value of E lies between 8 and 16 kJ-mol ™', the adsorption
process occurs due to ion-exchange; however, if E < 8 k] + mol ™,
the adsorption process is based on physical interactions.*®*® The
mean adsorption energy of Cu(II) and Ni(II) ion adsorption was
1229 kJ-mol ' and 15.53 kJ-mol ™" (Table S), respectively,
which suggests that chemisorption was the dominant process.
Alternatively, the observed values of E may suggest that adsorp-
tion is accompanied by ion exchange at the surface of the
adsorbent.

Compared to the Freundlich and D-R adsorption isotherm
models, the Langmuir adsorption isotherm model provided the
highest R*values and lowest SSE values for both metal ions; thus,
the Langmuir model best fits the experimental data.

Table 6 presents a clear picture of the comparison of adsorp-
tion capacities for the removal of Cu(II) and Ni(II) by different
biomass-based activated carbons. On perusal of this table, it can
be inferred that ADS have comparable adsorption capacity to that
of hazelnut and chestnut shell based activated carbons in case of
Cu(II) removal and lotus stalk and Ricinus communis Pericarp
based activated carbon in case of Ni(Il) adsorption.

B CONCLUSIONS

In this study, characterization of activated carbon obtained
from Phoenix dactylifera stone has been done. Further, batch
adsorption experiments for the removal of Cu(Il) and Ni(II)
ions from aqueous solutions were conducted with ADS, which is
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a readily available agricultural byproduct in Middle-Eastern
countries. The percent adsorption of Cu(1I) and Ni(II) ions
increased with an increase in contact time and initial metal ion
concentration. The rate of adsorption conformed to pseudose-
cond-order kinetics, and an excellent correlation was obtained for
this model. Equilibrium data fit the Langmuir adsorption iso-
therm model, confirming monolayer adsorption on the surface of
ADS for Cu(II) and Ni(II) ions at 293 K. The thermodynamic
calculations suggested that the adsorption process is sponta-
neous and exothermic in nature. Based on the above results, it can
be concluded that ADS is a suitable adsorbent for the removal of
Cu(1) and Ni(II) ions from aqueous solution. Moreover, ADS is
a natural, low cost, and abundant material. Further studies on the
adsorption of other metals and the corresponding kinetics in a
fixed bed of date stone under continuous and recirculating modes
should provide pertinent rate data necessary for the design of
large scale, continuous adsorption processes. In addition, to
optimize the treatment of industrial wastewaters that contain a
variety of different metal ions, the mechanism of adsorption by
activated date stone and the effect of coadsorption of multiple
metals on the sorption capacity should be investigated.
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