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Natural bentonite clay from Saudi Arabia was used to remove cobalt from aqueous solution. The
clay samples were first characterized for their chemical composition and structure. Batch sorption studies
were then conducted to assess their capacity to remove cobalt. The effect of contact time, initial analyte
concentration, bentonite dose and temperature on the adsorption was investigated. The results showed that
equilibrium was attained in 60 minutes. The metal adsorption was fitted to a Langmuir isotherm model
and the maximum monolayer adsorption capacity was found to be 19.85 mg g * at 333 K. The pseudo-
second-order kinetic model provided the best correlation to the experimental data. The application of an
intra-particle diffusion model revealed that the adsorption mechanism of the cobalt ions is a rather com-
plex process and that diffusion is involved in the overall rate of the adsorption process, but it is not the
only rate-controlling step. The activation energy, E,, ranged between 4.33 and 9.14 k] mol ™, indicating a
physical adsorption process.
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OTCTPAHYBAIE HA KOBAJIT(11) O4 BOOAHU PACTBOPU CO JIOKAJIEH
CAYJIUCKU BEHTOHUT: KHHETUYKHU U PAMHOTEXHUN NCTPAKYBAIbA

IMpupoaHara 6enronutHa rimHa oa Caymucka Apabuja Oeie ynotpeOeHa 3a OTCTpaHyBambe Ha
KOOQJIT Ol BOJAHHU pacTBpOpH. [JIMHEHHWTE MPUMEPOILM NPBO Oea KapaKTepH3MPaHU IMPEKYy XEMHCKa
aHanu3a u CTpykTypa. [loroa 6Gea CripoBeIeHH COPIIIMCKU UCTPAXKYBama CO 11eJ1 J1a C€ MPOLIEHH HUBHUOT
KamaiuTeT 3a OTCTpaHyBame Ha KkobOanT. 3a arcopmmujara O6ea MCIUTYyBaHW €(EKTOT HAa BPEMETO Ha
JIejCTBOTO, MMOYETHATA KOHIICHTPAIlMja HA aHAJIMNTOT, OCHTOHUTHATA J103a U TeMIiepaTypara. Pesynrature
MOKaXkaa Jeka paMHOTEXaTa ce MOCTUTHyBa 32 60 MUHYTH. ATCOpIIMjaTa Ha METAJIOT Oellle ycorjiaceHa
co u3oTepMeH Mojen Ha Langmuir u Oeire omnpejeneHo jJeKka MaKCHMaTHUOT MOHOCIIOCH KalalUuTeT
m3HecyBa 19,85 mg gf1 Ha 333 K. HajmoOpa kopenanuja Oemre TMOCTHTHATa CO KHHETHYKH MOJET OJI
nceBao-BTop pea. IlpuMeHara Ha JAUPY3UCKH MOJET HAa MHTPA-YECTHYKH OTKPHU JI€Ka aTCOPIIIMCKUOT
MeXaHHM3aM Ha jOHHTE Ha KOOaNT € JocTa CIOXEH IpOoIec M JeKa BKIy4dyBa Ju(y3Hja BO CEBKYyIHATa
Op3vHa Ha ATCOPIIIUCKUOT MPOIEC, HO HE € YEKOPOT IITO ja KOHTPOJMpa Op3uHaTa. AKTHBAIMCKaTa
enepruja, E,, ce xpmkn o1 4,33 10 9,14 ki mol™ o ykaxyBa Ha GU3HUKH aTCOPIILIHOHEH MPOLIEC.

Kayunu 300poBu: 6eHTOHUT; KOOAIT; KHHETHKA; paMHOTEXa

1. INTRODUCTION biota. Thus, elimination of heavy metals is of vital
importance to environmental and health organiza-
Existence of heavy metals in aquatic envi- tions. Various processes have been employed for

ronments poses a great risk to human health and heavy metal removal from effluents and waste-
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water including: chemical coagulation and precipi-
tation [1], reverse osmosis [2], ion exchange [3],
adsorption [4], ultrafiltration [5] and others. Of
these processes, adsorption is the most effective
technique for removing heavy metals [6]. Materials
such as activated charcoal [7], clays, natural and
synthetic zeolites, kaolinite [8], and rice husks [9]
have been used for this purpose. Clays play a sig-
nificant role in environmental pollution control as
natural scavengers of pollutants by eliminating
hazardous cations and anions either through ad-
sorption and/or ion exchange.

Clays possess excellent properties such as
high cation exchange capacity, availability, low
cost, and recycling capability that allow them to be
reused for a number of cycles. In particular, ben-
tonite clays are highly efficient in adsorption of
heavy metals [11]. Bentonite is a mesoporous,
aluminosicicate clay, mainly composed of mont-
morillonite. Its structure is described as 2:1; an
inner octahedral sheet is sandwiched between two
tetrahedral sheets. Approximately 90-95 % of the
total charge in bentonite is negative, thus it ac-
quires a permanent negative charge [10]. Also the
zeta potential for bentonite, like many clays, is
negative [11]; this is attributed to the high degree
of isomorphic substitution of Al(IIl) by Fe(ll) or
Mg(ll) in the octahedral and some Si(IV) by
AI(I1) in the tetrahedral layers. The negative zeta
potential also explains the strong tendency of
montmorillonite particles to adsorb cations in order
to balance the high negative charge [12, 13]. A
number of researchers have used Saudi bentonite
clay for heavy metal removal: Attia et al. [14] suc-
ceeded in 100 % removal of Ni*? from aqueous
solutions, while Al-Shahrani [15] reported cobalt
removal using bentonite clay.

The adsorption of Co(ll) to bentonite clay dis-
plays a strong pH dependence [15]. At highly acidic
pH, the H" or H;O" ions compete with Co(11) ions for
active binding sites on the surface of bentonite and
hence reduce Co(ll) adsorption. At pH 3-7, the ad-
sorption surface becomes less positively charged;
hence, electrostatic attraction between Co(ll) ions
and the surface of the clay increases resulting in
greater removal efficiency. When the pH is further
increased, the formation of a colloidal precipitate of
Co(OH), commences [16]. Therefore, a pH value of
around 5.5 has been chosen in previous studies to
carry out adsorption studies [17].

In this study, the removal of Co(ll) was car-
ried out using natural bentonite clay from Saudi
Arabia. The experiments were conducted using
solutions at different initial concentrations of
Co(Il) and clay doses while the pH was fixed at

5.5. The equilibrium parameters describing the
adsorption process and kinetics, contact time, ion
initial concentration and clay dose were obtained.

2. EXPERIMENTAL

2.1. Materials

The bentonite used in this study was from
Kholeis Provenience, Jeddah, KSA. The clay was
oven-dried at 105 °C overnight then screened
through a sieve to remove any large solids. The
radius of the bentonite adsorbent was determined
using an Electronic Microscope JEOL JSM 6510L
(Japan) and was found to be 8.15 x10™* mm. The
XRD analysis was carried out using an X-ray dif-
fractometer (Shimadzu XD-3A) in the diffraction
angle range 10° <26 < 80°, with a monochromatic
CuK radiation (A = 1.5406 A) source. For chemical
analysis, approximately 0.5 g of bentonite was
weighted in a platinum crucible. Then LiB,O; was
added and the sample was digested at 1000 °C for
one hour. The crucible contents were dissolved in a
mixture of HF and HCI and heated to 90 °C while
stirring until all the precipitate dissolved. The sam-
ples were analyzed for Na*, K*, Mg™, and Ca*
using a flame photometer (JENWAY PFP7) and
for other elements by Inductively Coupled Plasma-
Atomic Emission Spectrometry (ICP-ES) (SPEC-
TRO-GENESIS EOP, Germany). The oxides were
calculated from the elemental ratios. Phosphorus
pentoxide was determined as soluble phosphorus
after direct extraction with (EDTA) using ICP-ES
[18]. All the chemicals used were of analytical
grade and purchased from E. Merck Germany.
Characterization of the adsorbent surface was es-
sentially determined from the data of adsorption-
desorption of N, at 77 K, obtained by using an
apparatus ASAP 2020 (Micromeritics). The ben-
tonite sample was introduced in the ASAP 2020
after being outgassed for 2 hours. The mean sur-
face area was classically evaluated from the
Brunauer-Emmett-Teller (BET) equation while
the volume of micro-pores and the surface area of
mesopores were calculated from the t-plot method
of Lippens and De Boer [19].

2.2. Preparation of Co(ll) solution

A stock of cobalt(ll) solution (1000 mg I™")
was prepared by dissolving CoCl,*6H,0 in dis-
tilled water. Solutions of the desired concentration
were then obtained by appropriate dilutions. Nitric
acid and sodium hydroxide were used to adjust the
pH of solutions accordingly.
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2.3. Batch experiments

Adsorption tests were carried out in batch
mode by adding different masses of bentonite
varying from 0.1-0.8 g to 250 ml of a Co(ll) solu-
tion at a specific concentration and pH 5.5 in an
Erlenmeyer flask. A number of flasks were sealed
and placed in a thermostated bath and stirred at
500 rpm. After a certain contact time, 10 ml of
suspension were sampled from each flask and fil-
tered and the residual Co(ll) concentration in the
filtrate was measured using ICP-ES. The Co(ll)
initial concentration ranged between 40 and 240
mg !, while the temperature was set at 25, 50 and
60 °C. All experiments were performed in dupli-
cate; however, only the mean values are reported
in this paper. The maximum deviation observed
was less than 5%.

The amount of adsorbed metal ions was cal-
culated according to Equation 1:

:V(CO _Ct)
m

0 1)
where g, is amount adsorbed (mg metal per g adsor-
bent), V is the solution volume (l), C, is the initial
concentration of metal ions (mg 1) in solution, C,
(mg I'Y) is the concentration of metal ion in solution
at time t (minutes) and m the mass of bentonite ad-
sorbent (g). The amount adsorbed at equilibrium, g,
was calculated using a similar equation (Equation 2)
where C, is the liquid-phase concentrations of
Co(ll) after equilibrium is reached:

g =G =Ce). ()

m

The adsorption efficiency (%S) of metal ions
on bentonite was calculated by Equation 3:

(CO — Ce)

0

%S = x100. (3)

In order to characterize the bentonite adsor-
bent for its adsorption efficiency, the adsorption
capacity was also calculated from the adsorption
isotherms. The cobalt sorption data were fitted
with the theoretical models of the Langmuir iso-
therm in its linear form:

C_lo, 1 @
A Q ° Qpb

where Q, is the adsorbent concentration corre-
sponding to the complete coverage of adsorption
sites, and b is a constant related to the free energy
of adsorption.
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2.4. Kinetic study

Pseudo-first-order, pseudo-second-order and
intraparticle diffusion equations were considered
for interpreting the experimental kinetics data. The
pseudo-first-order rate expression [20] and the
pseudo-second-order rate expression [21] are given
in Equation 5 and Equation 6, respectively:

(%)
1_k1, 1
9, 4.t q.
1 1 ©)
= 2+_[
qt kéqe qe

where g, and g; are the amounts (mol g~') of metal
ion adsorbed on adsorbent at equilibrium and at
various times t, respectively; k; is the rate constant
of the first-order model for the adsorption process
(min™"); and k; is the rate constant of the pseudo-
second-order model of the adsorption process (g
mol™" min™"). The half-adsorption time, t,,,, charac-
terizes the adsorption rate well and is the time re-
quired to uptake half of the maximal amount of
metal ion adsorbed at equilibrium; in the case of a
pseudo-second-order process, its value is given by
Equation 7 [22]:

1
kzqe

The intraparticle diffusion model is charac-
terized by a linear relationship between the amount
adsorbed at time t (g, and the square root of the
time, and is expressed by Equation 8 [23]:

(7)

t, =

g, =kt +C, (8)

where g is the amount of metal ion adsorbed at time
t (min) expressed in mg g, ki is the initial rate
constant (mg g* min %) of intraparticle diffusion, t
is the time of sorption duration (min), and C gives
information about the boundary layer thickness.

The mass diffusivity that depends mainly on
the surface properties of the adsorbent can be cal-
culated according to Equation 9, as suggested by
Yadava et al. [24]:

0.03r}

L, = D -, C))
where D is the mass diffusivity (cm? s™) and ro is
the spherical-equivalent radius of the adsorbent
particle (cm).




90 0. K. Alduaij, M. I. Attia, L.

Khezami, K. K. Taha

The activation energy is usually calculated
from the linear form of the Arrhenius equation
(Equation 10):

Ink:Inko—IS_T_ , (10)

where kg is the pre-exponential factor and E, the
activation energy of sorption (kJ mol™). After plot-
ting In(k) as a function of T, the values of activa-
tion energy are determined from the slope of the
regression line.

3. RESULTS AND DISCUSSION
3.1. XRD

The diffractograms of bentonite (Fig. 1)
shows the presence of the characteristic peaks of
montmorillonite (20 = 22° and 62°) and quartz
(26 = 27°) [25] as the main components of Saudi
bentonite [26].
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200 |
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Fig. 1. XRD spectrum of Saudi bentonite

3.2. Elemental content

The composition of the bentonite determined
with ICP-ES was: SiO, (57.27 %), CaO (3.54 %),
MgO (1.54 %), Na,0O (1.02 %), K,O (0.42 %),
AlL,O; (18.39 %), SO%, (7.65 %), CI" (0.15 %),
P,Os (0.25 %), Fe (1.98 %), Cu (0.02 ppm), Cr
(0.01 ppm), Zn (10.01 ppm) and Mn (7.30 ppm).
The values reported here are similar to a previous
data of Saudi bentonite [26].

3.3. N, adsorption/desorption isotherms

Figure 2 depicts the nitrogen adsorption-
desorption isotherm of the bentonite. The isotherm
can be assigned as Type Il, indicating non-porous
or macroporous particles [8]. The hysteresis loops
occurring at p/p, > 0.5 (not inside the typical

Brunauer—Emmett-Teller (BET) range) is of Type
H3 in the IUPAC classification [8]. A hysteresis
loop of this type indicates either slit-shaped pores
or assemblages of platy particles of montmorillo-
nite [19]. The pore size distribution (Fig. 3) shows
a pore diameter in the 20 —-50 nm range, thus sup-
porting the mesoporous nature of the bentonite.

— Adsorption

+====++ Desorption

Quantity adsorbed (cm*/g STP)

relative pressure (P/Pg)
Fig. 2. Adsorption-desorption isotherms of N,
on Saudi Arabia bentonite powder at 77 K
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Fig. 3. Pore size distribution of Saudi Arabia bentonite powder

The bentonite adsorbent has a surface area
of ~ 27 m* g* and a pore diameter and volume of
90.83 A and 0.043 cm® g%, respectively. A surface
area of 34.1 m? g was reported for natural Brazil-
ian bentonite [25], 20 m? g™ for bentonite from
China [27] and 31.67 m® g~ for Turkish bentonite
[28]. A pore volume and pore diameter of 0.06075
cm® g and 76.72 A, respectively, have been pre-
viously reported for bentonite clays [25]. Specific
surface areas of 23.9 and 18.6 m* g * for untreated
montmorillonite were reported by Bourg et al. [29]
and Goldberg [30], respectively. Such small values
of surface area were attributed to the limited pene-
tration of N, gas molecules through the interlayer
regions between the layer sheets [31].

3.4. Effect of contact time

Figure 4 shows the effect of contact time on
the adsorption of Co(ll) onto Saudi bentonite for
different initial Co(Il) concentrations.

Maced. J. Chem. Chem. Eng. 35 (1), 87-96 (2016)
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Fig. 4. Variation of Co(ll) removal with time and
concentration at different temperatures

The contact time was varied from 0 to 250
minutes to investigate the optimum contact time
between the adsorbate and adsorbent. The initial
concentration of cobalt ranged from 40 to 240 mg
It with a fixed 0.20 g per 50 ml dose of bentonite.
The pH of the solution was kept constant at 5.5 and
measurements were made at 25, 50 and 60 °C.
Equilibrium for the adsorption of cobalt ions onto
the bentonite was attained after 60 minutes with
initial concentrations of 240 mg I™* at 60 °C. Thus
an equilibrium was attained is shorter time interval
in comparison to the equilibrium time of 150 [32]
and 120 minutes [33] reported for cadmium re-
moval.
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3.5. Effect of initial concentration

The effect of the initial Co(ll) concentra-
tions on the Co(ll) removal was investigated as
shown in Figure 4. At 40 mg I, the removal effi-
ciency was about 70 %, whereas it dropped to
about 30 % when the Co(ll) concentration was
increased to 240 mg I™*. This may be attributed to
the saturation of bentonite adsorption sites with the
metal ions. A similar trend was reported by Al-
Shahrani [15], where 90 % cobalt removal was
observed when the initial concentration was 25 mg
I and a prominent decrease to 37 % was observed
when the concentration was increased to 200 mg 1™

3.6. Co(ll) adsorption isotherm

The values of Langmuir constants b and Qo
tabulated in Table 1, were calculated from the
slope and intercept, respectively, of the linear plot
of C.qe * vs. C, displayed in Figure 5.
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Fig. 5. Langmuir equilibrium adsorption linear isotherms for
Co(ll) onto different doses of bentonite at different
temperatures and pH = 5.5
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The coefficient b is related to the binding
energy and Q, is the maximum adsorption capacity
determined by the number of reactive surface sites
in an ideal monolayer system.

The maximum value obtained for Qg is
19.85 mg g ', which is higher than the 7.30 mg g
obtained by Al-Shahrani [15] for cobalt adsorption
onto Saudi bentonite. This difference may have
resulted from the short equilibrium time (30
minutes) compared to the longer time (60 minutes)
reported here.

The essential features of the Langmuir iso-
therm may be expressed in terms of the equilibri-
um parameter (i.e. separation factor), R., which is
a dimensionless constant described by Equation 11
[34, 35]:

11
L (11)

1+5C,
The R, value indicates if the adsorption is ir-

reversible (R, = 0), favorable if 0 < R_ < 1, linear if
R, =1 and unfavourable if R, > 1.

L

Table 1

Effect of temperature and bentonite dose on the
values of Langmuir isotherm constants for Co(ll)
adsorption at pH =5.5

Bentonite T Qo b
dose(@ (K) (mggh) (Imgh)
298 1529 0.0878 09811 0.0448
02 323 1825 0.0379 0.9978
333  19.85 0.0288 0.9852

298 9.12 0.0864 0.9911 0.0455
0.4 323 14.16  0.0237 0.9883
333 1538 0.0187 0.9957

298 8.28 0.0463 0.9853 0.0817
0.6 323 9.02 0.0337  0.9954
333 9.32 0.0288 0.9995

298 6.87 0.0458 0.9857 0.0825
0.8 323 6.86 0.0399  0.9980
333 7.03 0.0367  0.9842

r? RL

From the Langmuir isotherms fitting param-
eters (Table 2), the maximum monolayer coverage
capacity (Q,) was found to be 19.85 mg g*, b
(Langmuir isotherm constant) was 0.0487 1/mg, R_
(the separation factor) is 0.0825 indicating that the
equilibrium sorption was favourable and the R?
value was = 0.99 proving that the adsorption data
fitted well to Langmuir isotherm model.

Angove et al. [36] studied the influence of
temperature (283 to 343 K) on adsorption of Co(ll)
on kaolinite and reported that the experimental

data fit the Langmuir model at all temperatures.
Many other authors reported results supporting the
assumption that a Langmuir monolayer adsorption
isotherm describes heavy metal adsorption on clay
[37, 38].

3.7. Effect of bentonite dosage

Adsorption of Co(ll) ions on bentonite was
studied at different adsorbent doses [0.2, 0.4, 0.6
and 0.8 g per 50 ml] at initial an cobalt concentra-
tion of 240 mg I*, with temperatures of 298, 323
and 333 K and a contact time of 4.0 hours. The
data in Figure 5 and Table 1 show that with the
increase of adsorbent dose, the adsorption (ad-
sorbed amount,) decreased; the maximum Co(ll)
removal was observed with adsorbent dose of 0.2 g
per 50 ml. This trend may result from the aggrega-
tion of adsorbent particles [39] at higher doses.
Also when bentonite interacts with water it forms a
gel-like, sticky material that makes the use of large
concentrations not preferable for adsorption [40].
Increasing the temperature for all the bentonite
doses leads to an observable improvement in ad-
sorption capacity, suggesting an endothermic na-
ture of the adsorption process [22].

3.8. Kinetic study

Pseudo-first-order and pseudo-second-order
kinetics models at 25, 50 and 60 °C are displayed
in Figures 6a—b and the interpreted data is tabulat-
ed in Table 2. From the table it can be seen that the
corresponding correlation coefficients (r’) are
close to unity, indicating that the experimental data
fits the pseudo-second-order model equation [41].
This finding suggests that the adsorption process
includes two steps, i.e. an initial rapid adsorption
followed by a much slower step. The rapid adsorp-
tion process may be attributed to the existence of
large numbers of adsorption sites on the external
surface of bentonite sample [42]. The subsequent
slow adsorption procedure is assigned to the ex-
change with ions on the outer surface of bentonite
material or the longer diffusion path of the metal
ion into the inner pores of bentonite. Such a longer
diffusion path could obviously cause slow adsorp-
tion at the later stages. The agreement between the
experimental and calculated g, (Equation 6) values
further supports the pseudo-second-order kinetics
model [43]. The experimental values of g, for the
pseudo-first-order model do not agree with the theo-
retical values calculated from Equation 5; hence, the
pseudo-first-order model is not suitable for model-
ing the adsorption of Co(ll) onto bentonite.
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Fig. 6. (a) First order and (b) second-order kinetic equation for adsorption of Co(ll)
on bentonite at different temperatures and pH = 5.5
Table 2
Rate adsorption constants for the pseudo-first-order and pseudo-second-order kinetic models
at different temperatures
T Initial con- q a First-order Second-order
(K) Centra{'lon : (?pr)l Kl’f 17?3 Qe(cal)7b L P2 ks i<1 10_3 . rle(cal)ibl ti, D leqlf 2
(mg-17) (min") (mg-g-) (@mg _min’) (mgg’) (min) (cm™s")
40 3.05 9.7 2.38 0.9949 9.38 3.43 31.08 1.07 0.9894
298 110 9.25 5.1 8.81 0.98 0.93 9.85 109.16 0.304 0.9886
240 20.06 4.3 1824  0.9749 0.36 19.76  140.58 0.236 0.9803
40 3.10 12 8.7 0.9768 10.7 3.42 27.33 1.22 0.9818
323 110 9.87 2.6 14.78 0.9162 3.06 9.44 34.62 0.959 0.9951
240 14.32 4.4 11.68 0.8809 2.35 13.7 31.06 1.07 0.9961
40 3.16 12 8.81 0.9826 10.6 3.54 26.65 1.25 0.9818
333 110 6.91 1.6 13.6 0.6701 8.02 7.29 17.1 1.94 0.9939
240 12.63 3.6 8.03 0.5679 9.89 12.97 7.8 4.26 0.9971

& experimental data, °: calculated data from models
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A similar result was reported by Liu and
Zhou [44] who found that the kinetic adsorption on
bentonite could be fitted with pseudo-second order
kinetics. Bhattacharyya and Gupta [45] investigat-
ed Lagergren first order Kkinetics, second order
kinetics using the Elovich equation, intra-particle
diffusion mechanism, and liquid film diffusion
model for Co(ll)-clay interactions and concluded
that the second order kinetics best fit their experi-
mental data. The half-adsorption time (t,) values
decrease as the temperature increases for each
initial concentration. For instance, the t;, values
for an initial Co(l1) concentration of 40 mg I™* were
31.08, 27.33 and 26.65 minutes for 298, 323 and
333 K, respectively (Table 2).

1.5

) ===40 mg/L
=~ 35 =110 mg/L
E 3 —=—240 mg/L
)
= 25
a
& 2
= 1.5
£ 1
& | P
-

0.5

0

205 300 305 310 315 320 325 330 335
Temperature (K)

Fig.7. Variation of mass diffusivity with temperature
for different initial concentrations of Co(ll) determined
using an intraparticle diffusion model

Figure 7 shows the change of mass diffusivi-
ty with temperature for different concentrations of
Co(ll). The ry value was 8.15 x 10™* mm as ob-
tained from the Electronic Microscope measure-
ment. The mass diffusivity has increased from
10™ to 10 * cm® s* as the temperature was raised
from 298 to 333 K. A similar trend and a value of
10° cm? s was reported for Cr(VI) on activated
carbon [22].

In Figure 8, the plot of g, vs. t“ is linear
with r’=0.99 as seen in Table 3, indicating that the
intraparticle diffusion is involved in the adsorption
process. The nonzero intercept is a clear indication
that some other mechanism along with intraparticle
diffusion is also involved with the intraparticle
diffusion. In other words the intraparticle diffusion
is not the only rate-controlling step in the Co(ll)
ion diffusion [46, 47]. Milosavljevi¢ et al. [48]
reported that if the data represent multi-linearity,
then two or more steps influence the adsorption
process. The C values are very small, making the

12

lines pass very close to the origin, indicating a
narrow boundary layer thickness, i.e. less re-
sistance to external mass transfer [22]. The values
of C increased as the temperature was increased,
indicating a larger effect of intraparticle diffusion
at higher temperatures.

35
A25C
301 es0cC
060 C
25 |
&
g 20|
&
15 |
A
10 |
0.5
0 3 6 9 12 15

t2, (min)"?

Fig. 8. Intraparticle diffusion plots for adsorption of Co(ll) on
natural clay at different temperatures and pH 5.5; Co =40 mg I %,

Table 3

Intra-particular diffusion model parameters

T(K)  Kig(mgg' min*?) C(mgg™) r
298 0.1818 0.6665 0.9862
323 0.1614 0.9327 0.996
333 0.1549 1.0853 0.9927

Arrhenius equation (Equation 10) was used
to construct the graph (Figure 9) to calculate the
energy of activation of Co(ll) adsorption onto ben-
tonite, taking the k, from the pseudo-second-order
kinetics. The E, values were 4.433, 6.756 and
9.142 kJ mol™, indicating a physisorption process
(Table 4).

0.0029 0.003 0.0031 0.0032 0.0033 0.0034

-3

1T (KY)

Lnk,

-6 040 mg/L
0240 mg/L
7 A110mg/L

9

Fig. 9. Arrhenius plot for adsorption of Co(ll) onto natural
clay for different initial concentrations at pH 5.5
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Table 4

Activation energy for Co (1) adsorption

Co(ll) initial concentration Ea 2

(mg 1Y) Gmoy Mo T
40 44330 3178 09795
110 67560 15647 09857
240 91417 22.698 09899

4. CONCLUSIONS

A Saudi indigenous bentonite has been iden-
tified as an effective adsorbent to remove Co(ll)
ions from aqueous solutions. The bentonite was
characterized via XRD and N, adsorption before
its chemical composition was analyzed. Batch
adsorption of the ions under study was carried out.
The second-order kinetic model was typically
found to mimic the kinetic data. Moreover, the
equilibrium data of adsorption was in agreement
with Langmuir’s model under all operating param-
eters: temperature, initial Co(ll) concentrations and
adsorbent dose. The adsorption capacities of the
bentonite for Co(ll) reported here, was higher than
previous data for bentonite samples from Saudi
Arabia [15]. Increasing the temperature not only
enhanced the rate of adsorption, but also its extent;
this finding was supported by the positive value for
the enthalpy change of the adsorption reaction.
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