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Abstract The batch removal of hexavalent chromium
from aqueous solutions using almond shell, activated saw-
dust, and activated carbon, which are low-cost biological
wastes under different experimental conditions, was inves-
tigated in this study. The influences of initial concentration,
adsorbent dose, adsorbent particle size, agitation speed,
temperature, contact time, and pH of solution were inves-
tigated. The adsorption was solution pH dependent and the
maximum adsorption was observed at a solution pH of 2.0.
The capacity of chromium adsorption under equilibrium
conditions increased with the decrease in particle sizes. The
equilibrium was achieved for chromium ion after 30 min.
Experimental results showed that low-cost biosorbents
are effective for the removal of pollutants from aqueous
solution. The pseudo-second-order kinetic model gave a
better fit of the experimental data as compared to the
pseudo-first-order kinetic model. Experimental data showed
a good fit with the Freundlich isotherm model. Changes in
the thermodynamic parameters, including Gibbs free energy
(AG,), enthalpy (AH,), and entropy (AS,), indicated that
the biosorption of hexavalent chromium onto almond
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shell, activated sawdust, and activated carbon was feasible,
spontaneous, and endothermic in the temperature range
28-50 °C.
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Introduction

Hexavalent chromium (Cr(VI)) is a high priority pollutant
and has been identified as a carcinogen (Hasany and
Chaudhary 1998). Heavy metals are widely used by mod-
ern industries, including textile, leather, tanning, electro-
plating, and metal finishing. Cr(VI) is typically found in
wastewaters (such as electroplating or leather tanning
wastewaters) in the concentration range 50-100 mg/L (Xi
et al. 1996). As with other heavy metals, trace amounts of
chromium are necessary for life processes.

However, higher concentration of this element in the
environment is toxic and can result in a variety of animal
diseases such as dermatitis, congestion of respiratory tracts,
and perforation of the nasal septum. Because of its high
toxicity, it is imperative to significantly reduce its dis-
charge levels (Bianchi and Levis 1984). Many methods
have been used for removal of heavy metals in wastewaters
such as reverse osmosis (Ozaki et al. 2002), ion exchange
(Zhang et al. 2010), membrane separation (Kozlowski and
Walkowiak 2002; Shaalan et al. 2001), chemical precipi-
tation, and electrolysis (Tunali Akar et al. 2009). Among
these, the adsorption method is superior because of its
higher efficiency and simple operation (Bailey et al. 1999).

Different types of biosorbents have been investigated for
the removal of heavy metals from aqueous solutions
(Abdel-Ghani and El-Chaghaby 2007; Okoye et al. 2010;
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Wuana et al. 2010; Zavvar Mousavi and Seyedi 2011;
Gueu et al. 2007). Among many biosorbents naturally
available, plant biomass can be used as an inexpensive
biosorbent for removal of metal ions from synthetic solu-
tions and industrial effluents (Manal 2007).

In this study, almond shell, activated sawdust, and
activated carbon were used for removal of Cr(VI) from
aqueous solution; the influences of operating conditions
such as contact time, initial concentration, pH, temperature,
agitation speed, adsorbent dose, and particle size were
investigated. The experiments were conducted in the
Department of Chemical Engineering, Birjand Branch,
Islamic Azad University, during 2009-2010.

Materials and methods

The almond shell was taken from local natural resources.
Before use, it was washed with deionised water to remove
surface impurities and dried at 100 °C. The material was
ground to a fine powder in a still mill. The resulting
material was sieved in the size range >20, <30, and >30
mesh ASTM, and stored in plastic bottle for further use.
The sawdust of the aspen tree was prepared from local
agricultural solid wastes in Birjand, Iran. Sawdust was
soaked with 1 M HCL solutions for 30 min, rinsed several
times with deionised water, oven dried at 100 °C and used
as activated sawdust. Samples were ground in a blender to
use for adsorption experiments.

Potassium dichromate and other chemicals were pur-
chased from Merck Co. Ltd. (Darmstadt, Germany). Acti-
vated carbon was purchased from Carbokarn Co. Ltd.
(Bangkok, Thailand). The physical properties of activated
carbon are listed in Table 1.

Adsorbent preparation

A known weight of adsorbent (2.0 g) was equilibrated with
100 mL of the chromium solution of known concentration
(5 mg/L) in a 250 mL glass flask at 25 + 2 °C. Chromium
solution was prepared by dissolving potassium dichromate
(K5Cr,05) in distilled water. Fresh dilutions were used for

Table 1 Physical properties of activated carbon (type PHO 8/35
LBD)

Property Value
Particle size (mm) 0.50-2.36
Surface area (m” g_l) 900-1,100
Solid density (g cm™>) 0.48
Packing density (g cm™?) 0.53

Pore volume (mL gfl) 0.73
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each experiment. The pH of the solution was adjusted with
0.1 N NaOH or 0.1 N HCL

The mixtures were agitated at a speed of 400 rpm on a
mechanical shaker for 30 min to reach equilibrium. After
equilibrium, all sample solutions were filtered through a
0.45 pum membrane filter and their concentrations were
analyzed by a spectrophotometer (JENWAY 6305 UV/Vis
model) using 1,5-diphenylcarbazide as the complexing
agent at the wavelength of 540 nm (Arthur and Vogel
1978).

The Cr(VI) loadings on adsorbent were computed from
the difference in Cr(VI) concentrations in aqueous solution
before and after the addition of adsorbent. The effects of
several parameters, such as contact time, initial concen-
tration, pH, temperature, agitation speed, adsorbent dose,
and particle size on extent of adsorption of Cr(VI) were
investigated. The adsorption capacity and intensity were
modeled by the Langmuir, Freundlich, and Temkin
isotherms.

The amount of Cr(VI) adsorbed and the percentage
removal of Cr(VI) were calculated using Egs. 1 and 2,
respectively.

(Co — C)V

- (1)

de =

% Removal of Cr(VI) = G ; Co

— x 100 (2)
where ¢, is the adsorption capacity in mg/g, C;, C, and C,
are the initial, outlet and equilibrium concentration of
Cr(VI) in mg/L, V is the volume of Cr(VI) solution in L,
and M is the weight of the adsorbent in g (Feng and Aldrich
2004).

Results and discussion
Effect of contact time

Figure 1 shows the percentage of removal of Cr(VI) by
almond shell, activated sawdust, and activated carbon, as a
function of time. The experiments were carried out at
25 £ 2 °C, with 2 g of adsorbent with particle size of
<30 mesh, in 100 mL of chromium solution and initial
Cr(VI) concentration of 5 mg/L. It can be seen from Fig. 1
that the percentage of removal of Cr(VI) initially rises
rapidly with time (up to 15 min) but then the rate of rise
drops and approaches a constant rate.

This may be explained by the fact that the biosorption
sites are open at the beginning of the biosorption process,
so Cr(V]) interacts easily with these sites. As time goes on,
the biosorption sites became saturated with Cr(VI) and the
concentration of Cr(VI) in liquid phase remains almost
constant.
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Fig. 1 Effect of contact time on the removal of Cr(VI) (initial Cr(VI)
concentration = 5 mg/L, adsorbent dose = 2 g 100~' mL, tempera-
ture = 26 °C, agitation speed = 400 rpm)

In order to make sure whether sufficient contact time
was obtained, further biosorption experiments were carried
out for 30 min.

Effect of initial Cr(VI) concentration

The percentage of adsorption of Cr(VI) with different
adsorbents was studied by varying Cr(VI) concentration in
the range 0.5-5 mg/L. As shown in Fig. 2, the percentage
of removal decreased with increase in Cr(VI) concentra-
tion. At low Cr(VI) concentrations, the ratio of available
adsorbent surface to the initial Cr(VI) concentration is
larger, and therefore, the removal is independent of initial
concentrations. However, at higher Cr(VI) concentrations,
this ratio is low and the percentage of removal then
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Fig. 2 Effect of initial Cr(VI) concentration on the removal of Cr(VI)
(adsorbent dose =2 g 100~" mL, temperature = 26 °C, agitation
speed = 400 rpm, contact time = 30 min)

Table 2 Effect of adsorbent dose on the removal of Cr(VI) (initial
Cr(VI) concentration = 5 mg/L, temperature = 26 °C, agitation
speed = 400 rpm, contact time = 30 min)

Adsorbent Almond shell ~ Activated sawdust  Activated carbon
dose (gr) (% adsorption) (% adsorption) (% adsorption)

1 29.7 63.2 80.2

2 53.1 90.8 84.6

3 61.1 97.6 85.2

4 66.5 97.9 85.3

6 75.9 98.1 86.1

depends upon the initial concentration. The results show
that within a certain range of initial metal concentration,
the percentage of metal adsorption on adsorbent is deter-
mined by the adsorption capacity of the adsorbent.

Effect of adsorbent dose

The effect of adsorbent dose on Cr(VI) uptake was inves-
tigated by varying the adsorbent dose (Table 2). Experi-
mental results showed that the percentage of removal of
Cr(VI) increases with the increasing amount of adsorbent.
This can be explained by the fact that with increase in the
mass of adsorbent, the available surface for adsorption of
Cr(V]) also increases.

Effect of pH

The pH of the aqueous solution is an important controlling
parameter in the adsorption process. As the results show,
adsorption of Cr(VI) was higher at lower pH and decreased
with increasing pH (Fig. 3). Maximum adsorption was
obtained at initial pH of 2.0.
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Fig. 3 Effect of pH on the removal of Cr(VI) (initial Cr(VI)

concentration = 5 mg/L, temperature = 26 °C, adsorbent dose = 2 g
100~" mL, agitation speed = 400 rpm, contact time = 30 min)
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The chromium compounds at pH =2 are HCrOj
(CrO;z) and also Cr,O; 2, with the former being the
dominant form.

At pH = 2, due to the excess amount of H' ions within
the medium, the active sites on the adsorbent become
positively charged. This causes a strong attraction between
these sites and negatively charged HCrO, ions:

= OH;j + HCrO, < OHj (HCrO;) (3)

As a result, adsorption of negative metals increases
significantly. When pH value increases, surface of the
adsorbent becomes neutral and chromium adsorption
reduces. When the adsorbent surface is negatively char-
ged, adsorption decreases significantly. This behavior is
specific to the chromium ions and it is different for the
divalent metals. Chromium ions release hydroxide ions to
the solution instead of proton (Muradiye and Irfan 2007).

Effect of temperature

The adsorption of Cr(VI) increases when the temperature is
increased (Fig. 4). This shows that the adsorption reaction
is endothermic in nature. The enhancement in the adsorp-
tion capacity may be due to the chemical interaction
between adsorbates and adsorbent, creation of some new
adsorption sites or the increased rate of intraparticle dif-
fusion of Cr(VI) ions into the pores of the adsorbent at
higher temperatures.

Kinetic energy of the chromium ions is low at low
temperatures and therefore, under these conditions, it is
very difficult and time-consuming process for ions to reach
the active sites on the adsorbent. Increase in temperature
causes increase in the mobility of the ions. If temperature is
further increased, the kinetic energy of chromium ions
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Fig. 4 Effect of temperature on the removal of Cr(VI) (initial Cr(VI)

concentration = 5 mg/L, adsorbent dose = 2 g 100~" mL, agitation
speed = 400 rpm, contact time = 30 min)
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Table 3 Effect of particle size on the removal of Cr(VI) (initial
Cr(VI) concentration = 5 mg L_l, temperature = 26 °C, adsorbent
dose = 2 g 100" mL, agitation speed = 400 rpm, contact time =
30 min)

Almond shell
(% adsorption)

Activated
carbon
(% adsorption)

Activated
sawdust
(% adsorption)

Particle size
(mesh number)

>20 53.1 90.8 84
<30 539 93.2 85.4
>30 68.2 97.9 86.7

becomes more than the potential attractive forces between
active sites and ions.

Effect of particle size

The effect of particle size on Cr(VI) adsorption capacity of
almond shell, activated sawdust, and activated carbon is
shown in Table 3. The removal of Cr(VI) ions at different
particle sizes indicated that the capacity of chromium
adsorption at the equilibrium increased with the decrease in
particle sizes. The relatively higher adsorption with smaller
adsorbent particle may be attributed to the fact that smaller
particles yield large surface areas and shows that chromium
ion adsorption occurs through a surface mechanism. It can
also be observed that smaller particles reach equilibration
faster.

Effect of agitation speed
The rate of mass transfer of chromium ions from the solution

to the solid surface depends to some extent on the degree of
mixing. The chromium removal curve presented in Fig. 5

100171 — = 0

80 -/
§ q
c 4
5 o0 (‘—_’_—_‘__(/.
=
o
3 [
S 40
<
<

20

0 . . .
50 250 450 650 850

Agitation Speed (rpm)
—#— Activated sawdust ——#— Almond shell —®— Activated carbon

Fig. 5 Effect of agitation speed on the removal of Cr(VI) (initial
Cr(VI) concentration = 5 mg/L, temperature = 26 °C, adsorbent
dose =2¢g 100~ mL, contact time = 30 min)
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indicates that at lower degree of agitation, the effect of mass
transfer is pronounced, but the effect becomes insignificant
at higher degrees of agitation. At higher degree of agitation,
the effect of mass transfer is present at the beginning of the
process while its effect diminishes with time.

Adsorption isotherm

Adsorption equilibrium data were fitted to the Langmuir,
Freundlich, and Temkin isotherms.

Langmuir isotherm model

The Langmuir isotherm is based on the monolayer
adsorption of chromium ions on the surface of adsorbent
sites and is expressed in the linear form in Eq. 4 (Aliabadi
et al. 20006).

C. 1 C.

Lo - 4 Ce 4
x/m KVerVm )

where C, is the equilibrium solution concentration, x/m the
amount adsorbed per unit mass of adsorbent, m the mass
of the adsorbent, Vi, the monolayer capacity, and K is
equilibrium constant related to the heat of adsorption by
Eq. 5:

K =Ky % exp(Rq—T> (5)
where ¢ is the heat of adsorption.

Freundlich isotherm model

The Freundlich isotherm describes the heterogeneous sur-
face energies by multilayer adsorption and is expressed in
linear form in Eq. 6 (Aliabadi et al. 2006):

1
logf = logK; + —logC. (6)
m n

where K; and 1/n are Freundlich constants related to
adsorption capacity and intensity of adsorption, and other
parameters are the same as in the Langmuir isotherm. The
term log(x/m) can be plotted against logC. with slope
1/n and intercept logKy.

Temkin isotherm model
The Temkin isotherm is based on the heat of adsorption of

ions and is presented in linear form, in Eq. 7 (Karthikeyan
et al. 2005):

X RT RT
% = <7) IIIA + (7) lnCe
R

where b is the Temkin constant related to heat of sorption
(J/mol), A the Temkin isotherm constant (L gfl), R the
gas constant (8.314 J (mol K)™"), and T is the absolute
temperature (K).

The data obtained from the adsorption experiments
conducted at 25 + 2 °C were fitted to Egs. 4, 6, and 7 and
linear plots (not shown) were obtained for C./(x/m) versus
C., log(x/m) versus log (C.) and x/m versus InC,, respec-
tively. The theoretical parameters of isotherms along with
regression coefficient are shown in Table 4.

The three isotherms are compared with each other in
Figs. 6, 7, and 8.

According to Table 4 and Figs. 6, 7, and 8, the Fre-
undlich equation fits the experimental data better than the
Langmuir and Timken equations do.

Table 4 Isotherm constants for various adsorption isotherms

Adsorbent name Langmuir constants

Vi (mg/g) K (mg/L) R
Almond shell 0.210 0.846 0.924
Activated carbon 0.310 2.470 0.886
Activated sawdust 0.261 7.616 0.789

Adsorbent name Freundlich constants

1/n K¢ (mg/g) R?
Almond shell 0.680 0.089 0.969
Activated carbon 0.611 0.240 0.987
Activated sawdust 0.574 0.324 0.989

Adsorbent name Temkin constants

B ALg™h R?
Almond shell 0.042 11.129 0.927
Activated carbon 0.051 48.594 0.885
Activated sawdust 0.051 98.970 0.871

ge(mg/g)
o

0.05 H
0
q 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-0.05 Ce(mg/L)
experimental Langmuir — — Freundlich - - - - Temkin

Fig. 6 Equilibrium isotherms of Cr(VI) on to activated carbon
(temperature = 26 °C, adsorbent dose = 2 g 100™' mL, agitation
speed = 400 rpm, contact time = 30 min)
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Fig. 7 Equilibrium isotherms of Cr(VI) on to almond shell (temper-
ature = 26 °C, adsorbent dose = 2 g 100" mL, agitation speed =
400 rpm, contact time = 30 min)
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Fig. 8 Equilibrium isotherms of Cr(VI) on to activated sawdust
(temperature = 26 °C, adsorbent dose =2 g 100~" mL, agitation
speed = 400 rpm, contact time = 30 min)

Adsorption kinetics modeling

To find the potential rate-controlling steps involved in the
process of biosorption of Cr(VI) onto almond shell, acti-
vated sawdust and activated carbon, both pseudo-first-order
and pseudo-second-order kinetic models were used to fit
the experimental data.

Pseudo-first-order model

The pseudo-first-order kinetic model was described by
Lagergren 1898:
dg

4= ki(ge — q1) (8)

where g, (mg/g) and ¢, (mg/g) are the amounts of the
Cr(VI) adsorbed on the adsorbent at equilibrium and at
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time ¢, respectively; and k; (min~") is the rate constant of
the first-order model. After integration and applying
boundary conditions: g =0 atf=0and g =g att =1,
the integrated form of Eq. 8 becomes:

In(ge — q;) = Inge — kit 9)

A straight line of In(g, — g,) versus ¢ suggests the
applicability of this kinetic model; ¢, and k; can be
determined from the intercept and slope of the plot,
respectively.

It is important to note that the experimental g. must be
known for the application of this model. Table 5 shows the
pseudo-first-order constants, g, and k;, along with the
corresponding correlation coefficients for initial Cr(VI)
concentration of 5 mg/L. The calculated ¢, ., value was
not in good agreement with the experimental value of
de exp- These observations suggested that the pseudo-first-
order model is not suitable for modeling the adsorption of
Cr(VI) onto almond shell, activated sawdust, and activated
carbon.

Pseudo-second-order model

The pseudo-second-order model is based on the assumption
that the rate-limiting step is chemical sorption or chemi-
sorption involving valence forces through sharing or
exchange of electrons between sorbent and sorbate as
covalent forces (Ofomaja 2008; Aharoni and Sparks 1991).
The model has the following form (Chen et al. 2010):

dg

dar ka(ge — %)2 (10)

where k, (g mg/min) is the rate constant of the second-
order equation; ¢, (mg/g) is the maximum adsorption
capacity; g, (mg/g) is the amount of adsorbed at time
t (min).

After definite integration by applying the boundary
conditions: g, = 0 att = 0 and g, = g, at t = ¢, the Eq. 10
takes the form presented in Eq. 11:

t 1 t
o ka4 (D
If second-order kinetics is applicable, the plot of #/q,
against ¢ showed a straight line; g, and k, can then be
obtained from the slope and intercept of the plot,
respectively. For initial Cr(VI) concentration of 5 mg/L,
ks and g, ., values along with the corresponding correlation
coefficients are presented in Table 5. The correlation
coefficient was nearly equal to unity and calculated g, .,
value was very close to the experimental value of g, cxp. The
results indicated that the pseudo-second-order adsorption
mechanism is predominant for the adsorption of Cr(VI)
onto almond shell, activated sawdust, and activated carbon,
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Table 5 Calculated kinetic parameters for pseudo-first-order and second-order kinetic models for the adsorption of Cr(VI)

(mg/L) Co ge exp (Mg/g) Pseudo-first-order

Pseudo-second-order Adsorbent name

ge cal (mg/g) k| (minfl) R2

e cal (mg/g) k2 (g/mg/mm) R2

0.133 0.122 0.176
0.212 0.042 0.264
0.227 0.130 0.125

0.933
0.930
0.983

0.149 1.826 0.997 Almond shell
0.226 4.691 0.998 Activated carbon
0.256 1.131 0.999 Activated sawdust

and it is considered that the rate of the Cr(VI) adsorption
process is controlled by the chemisorption process.

Thermodynamic studies

The standard Gibb’s energy was calculated using Eq. 12
(Akmar Zakaria et al. 2009):

AG° = —RT In K¢ (12)
The equilibrium constant K. was evaluated at each

temperature using the following relationship:

o CAe

=

Kc

(13)

where Cj. is the amount adsorbed on solid at equilibrium
and C, is the equilibrium concentration (Han et al. 2006).

4 A A
z
3
X
3
c A
a 2 -— .
.
1
o— B
. -
0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335
1T(1/K)

A activared sawdust ® almond shell e activated carbon
Fig. 9 Van’t Hoff’s plot at ambient temperature (initial Cr(VI)
concentration = 5 mg/L, adsorbent dose = 2 g 100" mL, agitation

speed = 400 rpm, contact time = 30 min)

The other thermodynamic parameters such as change in
standard enthalpy (AH®) and standard entropy (AS°) were
determined using the following equation:

AS®  AH°
InKc = = " RT (14)

AH° and AS° were obtained from the slope and intercept
of the Van’t Hoff’s plot of InK, versus 1/T as shown in
Fig. 9.

Positive value of AH° indicates that the adsorption
process is endothermic. The negative values of AG® sug-
gest the feasibility of the process. It was observed that the
values become more negative with increase in temperature.
Standard entropy determines the disorderliness of the
adsorption at solid—liquid interface.

The values of AG®, AH®, and AS° for the adsorption of
Cr(V]) onto almond shell, activated sawdust, and activated
carbon at different temperatures are given in Table 6.

The negative values of AG® in the temperature range
28-50 °C were because of the adsorption process that was
spontaneous and feasible, thermodynamically.

The values of AG® decreased from —1.19 to —1.63 kJ
mol ™" for almond shell, from —5.84 to —10.46 kJ mol '
for activated sawdust, and from —4.00 to —4.73 kJ mol ™
for activated carbon with an increase in temperature from
28 to 50 °C, which indicates that the spontaneous nature of
adsorption of Cr(VI) is inversely proportional to the
temperature.

The positive values of AH® suggested that the adsorption
is endothermic, while the positive value of AS° indicates
the randomness at the solid/solution interface during the

Table 6 Thermodynamic

o 0 —1 0 —1 -1 —1
parameters of the Cr(VI) T (°C) AG” (KJ mol™) AS” (J mol”" K™) AH® (KJ mol ™) Absorbent name
adsorption onto almond shell, 28 149 20 4.83 Almond shell
activates sawdust and activated ’ ’
carbon at different temperatures 40 —-143

50 —1.63

28 —4.00 34 6.26 Activated carbon
40 —4.39

50 —4.73

28 —5.84 210 57.40 Activated sawdust
40 —8.36

50 —10.46
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adsorption of Cr(VI) onto almond shell, activated sawdust,
and activated carbon.

Conclusions

Almond shell and activated sawdust were found to be
promising adsorbents for the uptake of Cr(VI) due to their
low cost, easy availability, and high metal uptake capacity.
The Cr(VI) removal efficiency of the almond shell, acti-
vated sawdust, and activated carbon was tested in the light
of equilibrium, kinetics, and thermodynamics parameters.
The kinetics of Cr(VI) adsorption onto almond shell,
activated sawdust, and activated carbon followed the
pseudo-second-order model. The results indicated that
the data fit better to the Freundlich equation than to the
Langmuir and Temkin equations. The thermodynamic
parameters indicated that the adsorption of Cr(VI) onto
almond shell, activated sawdust, and activated carbon was
feasible, spontaneous, and endothermic.

The experimental results indicated that almond shell,
activated sawdust, and activated carbon can be successfully
used for the removal of Cr(VI) from aqueous solutions.
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