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This paper reports the feasibility of using agricultural waste and timber industry waste carbons to remove
Cr(VI) from synthetic wastewater under different experimental conditions. For this, rice husk and saw
dust have been used as adsorbent after sulphuric acid treatment. Effect of various process parameters,
namely, pH, adsorbent dose, initial chromium concentration and contact time has been studied in batch
systems. Maximum metal removal was observed at pH 2.0. The efficiencies of rice husk carbon (RHC)
and saw dust carbon (SDC) for Cr(VI) removal were 91.75% and 94.33%, respectively for aqueous solutions
(250 mgL-')at20 gL' adsorbent dose. The experimental data was analyzed using Freundlich, Langmuir,
Dubinin-Redushkevich (D-R) and Temkin isotherm models. It was found that Langmuir, D-R and Temkin
Saw dust carbon models fitted well. The results revealed that the hexavalent chromium is considerably adsorbed on RHC
Adsorption and SDC and it could be an economical method for the removal of hexavalent chromium from aqueous
FTIR systems. FTIR and SEM of the adsorbents were recorded in native and Cr(VI)-loaded state to explore the
number and position of various functional groups available for Cr(VI) binding onto studied adsorbents
and changes in adsorbent surface morphology. The surface area of RHC and SDC was 1.12 and 1.16 m? g1,

Keywords:
Chromium (VI)
Rice husk carbon

respectively.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Growing attention is being given to health hazards caused by
the existence of heavy metals in the aqueous environment and
their accumulation in living tissues poses a serious health prob-
lem. Hexavalent chromium has been considered as one of the
top 16th toxic pollutants and because of its carcinogenic and ter-
atogenic characteristics on the public, it has become a serious
health concern [1]. Chromium can be released to the environment
through a large number of industrial operations, including metal
finishing industry, iron and steel industries, inorganic chemicals
production, etc. [2]. Chromium is one of the contaminants which
exist in hexavalent and trivalent forms. Hexavalent form is more
toxic than trivalent and requires more concern. Strong exposure
to Cr(VI) may cause epigastric pain, nausea, vomiting, severe diar-
rhoea, haemorrhage and cancer in the digestive tract and lungs
[3]. The tolerance limit for Cr(VI) for discharge into inland surface
waters is 0.1 mgL-! and in potable water is 0.05mgL~! [4,5]. It is
therefore essential to remove Cr(VI) from wastewater before dis-
posal. In wastewater treatment, various methods applied to remove
chromium include chemical precipitation [6], ion exchange [7],
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electrochemical precipitation [8], reduction [9], adsorption [10],
solvent extraction [11], membrane separation [12], concentration
[13], evaporation, reverse osmosis and biosorption [14-16]. How-
ever, most of these processes have considerable disadvantages,
such as, incomplete metal removal, expensive equipment, regular
monitoring system, reagent or energy requirements or producing
toxic sludge or other disposal waste products [17-19]. Adsorption
onto activated carbon (granular or powdered) has been reported
to be an important technology for the removal of toxic pollutants
from wastewaters, but it is too expensive. So there is a need to
develop low cost and easily available adsorbents for the removal
of heavy metal ions from the aqueous environment. Several types
of biomasses have been investigated for their use in wastewater
treatment for chromium removal. The various biomasses tested
in past include raw rice bran [20], ethylenediamine-modified rice
hull [21], coconut husk fibers [22], hazelnut shell [23], saw dust,
sugar beet pulp, maize cob, sugarcane baggase [24], coniferous
leaves [25], pine needles, olive cake, wool, almond, soya cake [26],
maple saw dust [27], saw dust activated carbon [28] and sugarcane
bagasse [29], etc. The biosorption efficiency of these adsorbents
is given in Table 1. The authors have found that in most of the
reported studies, biosorbents have not been characterised, whereas
it is essential to characterise the adsorbent to have the repeata-
bility of the results. So, further studies on biosorption are still
needed.
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Table 2
FTIR spectra of untreated and Cr(VI) treated adsorbents.

Table 1

Adsorption capacity of different biomasses for Cr(VI) removal from aqueous systems.

Biomass Adsorption pH Reference
capacity (mgg')

Raw rice bran 0.07 5.0 [20]

Ethylenediamine-modified rice hull 23.40 2.0 [21]

Coconut husk fibers 29.0 2.0 [22]

Hazelnut shell 170 1.0 [23]

Saw dust 39.7 2.0 [24]

Sugar beet pulp 17.2 2.0

Maize cob 13.8 1.5

Sugarcane baggase 134 2.0

Coniferous leaves 6.3 3.0 [25]

Pine needles 215 2.0 [26]

Olive cake 334

Wool 41.2

Almond 10.6

Soya cake 0.00028

Maple saw dust 5.1 6.0 [27]

Saw dust activated carbon 65.8 2.0 [28]

Sugarcane bagasse 103 3.0 [29]

Present work was planned to develop new activated carbons
from rice husk and saw dust and evaluate their capacity to remove
Cr(VI) from different aqueous solutions. Batch adsorption process
has been used to evaluate the maximum adsorption capacity of
two carbons produced from rice husk and saw dust. The main pro-
cess parameters considered were pH, initial Cr(VI) concentration,
adsorbent dose and contact time.

2. Materials and methods
2.1. Preparation of adsorbents

Rice husk and saw dust used in the study were procured from
local rice mill and saw mill, respectively located at Kurukshetra
(Haryana). The collected rice husk/saw dust was dried under sun
and impurities were separated manually. Dried rice husk and saw
dust were washed with deionized water until all leachable impu-
rities were removed. The samples were then treated with H,SO4
(50%) in a ratio of 2:1 (acid volume:weight of rice husk/saw dust)
and allowed to get carbonized at 150°C in hot air oven for 24h
and soaked with deionized water until solution pH was stable.
Afterwards, the carbon so obtained was soaked in 2% NaHCOs3
(w/v) till any residual acid left was removed. Finally, the sam-
ples were dried in hot air oven at 110°C, cooled, ground and
sieved in the size of 300 wm and stored in airtight containers
for further use [30]. FTIR spectra of native and chromium-loaded
adsorbents were recorded on Fourier transform infrared spectrum
(FTIR, FTIR-8400S, Shimadzu, Japan). The surface morphology of the
adsorbents was visualized via scanning electron microscope (SEM)
[model Quanta 200 FEG, FEI, Netherlands]. Surface area of the adsor-
bents was determined using surface area analyzer (Micro Meritics,
Chemisorb-2720). The particle size was in the range of 1-300 pm.

2.2. Preparation and testing of synthetic wastewater

Aqueous solution of chromium (1000mgL-') was prepared
by dissolving potassium dichromate (AR grade) in double dis-
tilled water. The aqueous solution was diluted with distilled water
to obtain the Cr(VI) synthetic wastewater of desired concentra-
tions. pH of the solutions was adjusted using 0.01 M NaOH/HCl
using pH meter (Model pHep, Hanna Instruments, calibrated with
buffers of pH 4.0, 7.0 and 9.2). The Cr(VI) concentration was deter-
mined by Atomic Absorption spectrophotometer (Shimadzu 6300,
Japan).

Adsorbents O-H C-H =0 —CH3 Bending vibrations
RHC (native)  3629.78  3039.6 1664.45 1330.79  649.97,798.47
RHC-Cr(VI) 3643.28  3047.32 1658.67 - 742.54,792.69
SDC (native)  3460.06  2941.24 1587.31 1350.08  669.25, 763.76
SDC-Cr(VI) 3639.43 - 1658.75 - 721.33,800.4

2.3. Adsorption experiments

Batch experiments were carried out at various pH (2-7), adsor-
bent dose (4-20gL-1) and stirring speed (180 rpm) for a contact
time of 180 min. For each batch experiment, 100 ml Cr(VI) solu-
tion of 250 mg L~ concentration was used. After adding adsorbent
pH was adjusted to desired value and the mixture was agitated
on orbital shaker for 180 min at predetermined temperature. After
that the mixture was filtered to separate the adsorbent from super-
natant. The residual concentration of chromium in supernatant was
determined as stated in Section 2.2. All experiments were replicated
thrice and results were averaged.

The removal percentage (R%) of chromium was calculated for
each run by using Eq. (1):

C—Ce
G

R(%) = [ } « 100 1)
where C; and C. were the initial and final concentration of
chromium in the solution. The adsorption capacity (ge) of an adsor-
bent, which is obtained from the mass balance on the sorbate in a
system with solution volume V, is often used to acquire the exper-
imental adsorption isotherms. Under the experimental conditions,
the adsorption capacities of all the adsorbents for each concentra-
tion of Cr(VI) ions at equilibrium were calculated using Eq. (2):
G —C

ae(mgg )= [ xv (2)
where C; and Ce were the initial and final concentration of
chromium (mgL-1)in the test solution, respectively. Vis the volume
of solution (L) and M is the mass of adsorbent (g) used.

3. Results and discussion
3.1. Fourier transform infrared analysis of adsorbents

Fourier transform infrared (FTIR) was used to determine the
changes in vibration frequency in the functional groups of the adsor-
bents due to metal sorption. The spectra of the dry adsorbents
were measured within a range of 500-4000 cm~. The FTIR spectra
of native and metal loaded rice husk carbon (RHC) and saw dust
carbon (SDC) adsorbents are given in Fig. 1a-d). The FTIR spec-
tra reveal complex nature of the adsorbents as evidenced by the
presence of a large number of peaks. Table 2 presents the funda-
mental peaks of all the adsorbents before and after use. In native
RHC an absorption peak around 3629.78 cm~! indicates the exis-
tence of free and intermolecular bonded hydroxyl groups. The peaks
observed at 3039.6cm~! can be assigned to stretching vibration
of the C-H group. The peaks around 1664.45cm~! corresponds to
the C=0 stretching that may be attributed to the lignin aromatic
groups (Fig. 1a). The additional peak at 649.97, and 798.47 cm™!
can be assigned to bending modes of aromatic compounds. The
C=0 absorption peak shifted to 1658.67 cm~! when RHC is loaded
with Cr(VI) (Fig. 1b). Similarly there are shifts in other peaks also
which indicate the participation of these groups in metal binding.
In native SDC (Fig. 1c), a broad adsorption band has been observed
around 3460.06 cm~! which can be attributed to the bonded -OH
groups present in the structure. The other prominent peaks are due
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to C-H, C=0 and -CH3 (2941.24, 1587.31 and 1350.08 cm~!, respec-
tively) groups. The additional peak at 669.25, and 763.76cm~! can
be assigned to bending modes of aromatic compounds. However in
case of Cr(VI)-loaded SDC (Fig. 1d), there is remarkable shift in posi-
tions of —-OH and C=0 group peaks indicating Cr(VI) binding mostly
with —-OH and C=0 groups. It has been reported by Basha et al.
[31] that during biosorption of hexavalent chromium by Cystoseira
indica, -OH and C=0 groups bind with hexavalent chromium. Sim-
ilarly the bending modes of aromatics have also shifted, indicative

85

of association with the aromatic ring. The changes in FTIR spectra
confirm the complexation of Cr(VI) with functional groups present
in the adsorbents.

3.2. Scanning electron microscopy

The SEM enables the direct observation of the surface
microstructures of different adsorbents. Studies are available which
have reported the utilization of the scanning electron microscopy
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Fig. 1. (a) FTIR spectra of native RHC, (b) FTIR spectra of Cr(VI)-loaded RHC, (c) FTIR spectra of native SDC, and (d) FTIR spectra of Cr(VI)-loaded SDC.
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Fig. 1. (Continued ).

analysis for showing morphology of different adsorbent. SEM
micrographs obtained before and after Cr(VI) adsorption onto RHC
(Fig. 2a and b) and SDC (Fig. 3a and b) are given. The sulphuric
acid treated biosorbents (RHC and SDC) have porous structure with
greater homogeneity, which can be clearly seen in the magnified
view of the scanning electron micrograph (Figs. 2a and 3a). The
SEMs illustrated in Figs. 2b and 3b clearly indicate the presence of

hexavalent chromium ions in the form of new shiny bulky particles
and layer over the surface of metal loaded biosorbents which are
not seen in the native biosorbents. Further, the porousness is also
lesser in the metal loaded biosorbents.

The surface area of a porous material is one of the most useful
microstructural parameters for defining its properties. The specific
surface area of the RHC was 1.12m?2 g~! and SDC was 1.16 m2 g~1.
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(b)

Fig. 2. (a) SEM of native RHC and (b) SEM of Cr(VI)-loaded RHC.

Other authors have also reported the surface areas of different
biomasses in this range.

3.3. Effect of pH on Cr(VI) removal

Hexavalent chromium removal by the RHC and SDC adsorbents
was found to be pH-dependent as shown in Fig. 4. Equilibrium
chromium sorption was favoured by acidic pH range of 2-3 and
maximum adsorption was observed at pH 2.0. Increase in pH
resulted in the decrease of chromium adsorption by both adsor-
bents. Cr(VI) exists as HCrO4~, Cr,0,2~ in solution at optimum
sorption pH [32-34]. The dominant form of hexavalent chromium
at acidic pH is HCrO4~ which arises from the hydrolysis reaction of
the dichromate ion (Cr,072~) and with increasing pH will shift the
concentration of HCrO4~ to Cr,072~ and other forms as CrO4~. At
initial pH of 2.0, the adsorbent surfaces might be highly protonated
which favour the uptake Cr(VI) in the predominant anionic form
(HCrO4 ™). Maximum biosorption at pH 2.0 indicates that chromium
in solution is present in HCrO4~ form. Maximum Cr(VI) removal at
pH 2.0 (76.63% by RHC and 84.95% by SDC) and hence it was taken
as the optimal value for further adsorption studies.

3.4. Effect of adsorbent dose with contact time

The removal of Cr(VI) by RHC and SDC was studied by varying
the adsorbent doses (0.4, 0.8, 1.2, 1.6, 2.0g100ml~1) in aqueous
system, while keeping initial Cr(VI) concentration (250 mgL-1),
temperature (26 °C) and pH (2) constant at predetermined contact
times varying from 10 to 180 min. Measurement of Cr(VI) removal
percentage as a function of time at different doses indicates that
removal of Cr(VI) increased with increasing adsorbent doses for

Fig. 3. (a) SEM of native SDC and (b) SEM of Cr(VI)-loaded SDC.

both RHC and SDC (Fig. 5a and b). The adsorption increased from
76.63% to 91.75% in case of RHC while in SDC, it increased from
84.95% to 94.33% as dose increased from 0.4 to 2.0 g 100 ml~1. Max-
imum Cr(VI) removal was achieved within 120 min after which
Cr(VI) concentration in the test solution became constant. This can
be explained due to the fact that higher the dose of adsorbent in
the solution, greater the availability of exchangeable sites for metal
ions and greater the surface area. However, uptake capacity showed
areverse trend, as it is a measure of the amount of Cr(VI) ions bound
by unit weight of adsorbent and therefore, its magnitude decreased
with increment in adsorbent dose 4-20gL-!. Adsorption capac-
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Fig. 4. Effect of pH on Cr(VI) removal by RHC and SDC [Cr(VI) conc.=250mgL"';
adsorbent dose=4gL-!; contact time=180min; stirring speed=180rpm;
temp.=25°C].
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Fig. 5. (a) Effect of adsorbent dose with contact time on Cr(VI) removal by RHC and
(b) effect of adsorbent dose with contact time on Cr(VI) removal by SDC.

ity was decreased from 47.89 to 11.47 mgg~! for RHC and 53.09 to
11.79 mg g~ ! for SDC, respectively (Table 3). This may be due to over-
lapping of adsorption sites as a result of overcrowding of adsorbent
particles [35].

3.5. Effect of initial metal ion concentration with contact time

The effect of initial Cr(VI) concentration and contact time
on chromium removal, while keeping the adsorbent dose
(0.4g100ml-1), pH (2.0) and stirring speed (180 rpm) constant at
25+1°C has been encapsulated in Fig. 6a and b. The removal of
Cr(VI) by RHC and SDC has increased with time and attains a max-
imum value at about 120 min and thereafter, it remains almost
constant. On changing the initial concentration of Cr(VI) solution
from 100 to 250mgL-!, for RHC and SDC, the percent adsorp-
tion decreased with increase in initial metal ion concentration but
adsorption capacity increased from 24.4 to 47.89mgg-! for RHC
while for SDC, the adsorption capacity increased from 24.96 to
53.09mgg-! (Table 4). Thus, the removal of Cr(VI) was depen-
dent on the initial concentration. At low concentration, the ratio

Table 3
Adsorption capacity of RHC and SDC at different adsorbent doses.

Adsorbent dose (gL 1) RHC (ge, mgg™1) SDC (ge, mgg™1)

4 47.89 53.09
8 25.43 27.07
12 17.54 18.76
16 13.74 14.42
20 11.47 11.79
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Fig. 6. (a)Effect of initial metal concentration and contact time on Cr(VI) removal by
RHC and (b) effect of initial metal concentration and contact time on Cr(VI) removal
by SDC.

of available surface to the initial Cr(VI) concentration is larger, so
the removalis higher. However, in case of higher concentrations this
ratio is low; hence the percentage removal is also lesser. Increas-
ing metal ion concentration increased adsorption capacity for each
adsorbent, could be attributed to increased rate of mass transfer due
to increased concentration of driving force [36]. On the other hand,
changing adsorbent from RHC to SDC, adsorption capacity increase
could be due to increased diffusivity of the adsorbate (metal ion)
across the liquid film formed on the adsorbent at increasing initial
metal ion concentrations. Also, the results showed that although
the equilibrium adsorption increased with increasing metal ion
concentration, the extent of this increase was not proportional to
the initial metal ion concentration, i.e., a two-fold increase in the
metal ion concentration of metal ions did not lead to a doubling
of the equilibrium adsorption capacity. This can be explained in
terms of the surface area of the adsorbent on which the competitive
adsorption of metal ions occurred [37,38].

Table 4
Adsorption capacity of RHC and SDC at different initial concentrations of Cr(VI).

Initial Cr(VI) conc. (mgL-!) RHC (g, mgg™") SDC (e, mgg~")

100 24.4 24.96
150 35.18 36.22
200 39.95 44.6

250 47.89 53.09
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Table 5
Freundlich and Langmuir models regression constants for RHC and SDC.

Adsorbents Freundlich isotherms Langmuir isotherms

Q (mgg™') b(Lmg') R?

0.9387 48.31 0.27 0.9850
0.9680 53.48 0.56 0.9871

K (mgg™') n(Lmg') R

RHC 21.61 5.36
SDC 0.96 7.75

3.6. Adsorption isotherms

The Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and
Temkin models have been employed as adsorption isotherm mod-
els. These isotherms relate the amount of solute adsorbed at
equilibrium per unit weight of adsorbent, x/m (mgg-!), to the
adsorbate concentration at equilibrium, Ce (mg L~1). The Freundlich
isotherm is the most widely nonlinear sorption model. This model
proposes a multilayer sorption with a heterogeneous energetic
distribution of active sites, accompanied by interaction between
adsorbed molecules. The general form of this model is presented
as:

ge = KC" 3)

where K stands for adsorption capacity (mg g~1) and n stands for
adsorption intensity. The Freundlich equation is expressed linearly
as:

1
log ge = logro(ks) + ;) 1ogo(Ce) (4)

where ¢e is the amount of chromium adsorbed at equilibrium
(mgg~1) and Ce is the residual concentration of Cr(VI) in solution
(mgL-1). The values of Ky and n were obtained from the slope and
intercept of a plot of log ge versus log Ce. Both the parameters Kyand
n affect the adsorption isotherm. The larger the Ky and n values, the
higher the adsorption capacity.

The Langmuir isotherm was applied to estimate the adsorption

capacity of adsorbents used and suggests that uptake occurs on
a homogeneous surface by monolayer sorption without interac-
tion between adsorbed molecules. In addition, the model assumes
uniform energies of adsorption onto the surface and no transmigra-
tion of the adsorbate. The linear form of the Langmuir adsorption
isotherm is represented as:
Ce 1 1
% ~ Qob + % Ce (5)
where Ce is the equilibrium concentration of adsorbate (mgL-1),
and ge is the amount of Cr(VI) adsorbed per gram at equilibrium
(mgg1).Qo(mgg')and b(Lmg~')are Langmuir constants related
to adsorption capacity and rate of adsorption, respectively. The val-
ues of Qg and b were calculated from the slope and intercept of
the Langmuir plot of Ce versus Ce/qe. Results of the modelling of the
isotherms of Cr(VI) sorption by RHC and SDC, according to Langmuir
and Freundlich models, are summarized in Table 5. According to the
coefficient of correlation obtained, we deducted that the model of
Langmuir correlated the experimental data well and better than
the Freundlich model for both the adsorbents (Figs. 7 and 8). The
adsorption capacities of the RHC and SDC indicates potential for
the removal of the Cr(VI) from dilute wastewaters, with the order
SDC>RHC. Value of slope found to be lesser than unity implied
that significant adsorption took place at low metal ion concentra-
tion [39]. The essential characteristics of Langmuir isotherm can be
expressed in terms of dimensionless constant separation factor for
equilibrium parameter, R; [40] which is defined as given below:

1

R = 1+bCo

(6)

1.4+
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124 y = 0.0207x + 0.0756 .
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R?=0.9871
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Fig. 7. Langmuir plot for Cr(VI) adsorption on RHC and SDC.
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Fig. 8. Freundlich plot of Cr(VI) adsorption on RHC and SDC.

where b is the Langmuir constant (Lmg~1) and Cy (mgL-1) is the
initial concentration of Cr(VI). Thus, R; is a positive number whose
magnitude determines the feasibility of the adsorption process. The
R; value between 0 and 1 indicates favourable adsorption of Cr(VI)
onto studied adsorbents. The values of R; for the studied system at
different initial concentrations were found to be in between 0 and 1
which indicate favourable adsorption of Cr(VI) onto the adsorbents
(Table 6). Langmuir model represents the monolayer adsorption
onto a homogeneous surface with a finite number of active sites
whereas D-R model does not assume homogeneous surface. The
D-R adsorption isotherm is represented as:

10810 e = 10g10 dp — 2BpR*T? logyo (1 + c%) (7)
where qp is theoretical saturation capacity (mgg~')and Bp is a con-
stant related to adsorption energy (mol? k]=2), R is the gas constant
(kymol~1K-1) and T is the temperature (K). The slope of the plot
log1o ge versus logip(1+1/Ce) gives the qp and Bp values. The con-
stant Bp gives an idea about the mean free energy Ep (kj mol~1) of
adsorption per molecule of the adsorbate when it is transferred to
the surface of the solid from infinity in the solution and can be calcu-

Table 6

Separation factor (R.) of RHC and SDC at different initial concentrations of Cr(VI).
Initial Cr(VI) conc. (mgL-1) RHC SDC
100 0.036 0.024
150 0.024 0.016
200 0.018 0.012
250 0.015 0.0097
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Fig. 9. D-R sorption model for adsorption of Cr(VI) onto RHC and SDC.

lated from the D-R isotherm constant Bp using following equation
[41]:
1
Ep= ——— (8)
2Bp

The results so obtained are given in Fig. 9 and Table 7. The
calculated Ep values were found to be 1.86kJ mol~! for RHC and
4.39k]mol~! for SDC. Ep value less than 8 Kfmol~! as indicated
by our results shows that the adsorption process of Cr(VI) on
RHC and SDC follows physical adsorption [42]. Tempkin isotherm
equation contains a factor that explicitly takes into account adsorb-
ing species—adsorbate interactions. It assumes that: the heat of
adsorption of all the molecules in the layer decreases linearly with
coverage due to adsorbate-adsorbate repulsions and the adsorp-
tion is uniform distribution of maximum binding energy [43]. In
addition, it assumes that the fall in the heat of sorption is linear
rather than logarithmic, as implied in the Freundlich equation. It
has commonly been written in Eq. (9) [44]:

de = T log(ArCe) (©)
T
where Br=(RT)/br, T is the absolute temperature in Kelvin and R
is the universal gas constant, 8.314] mol~! K-1. The constant by is
related to the heat of adsorption; At is the equilibrium binding con-
stant (Lg~1) corresponding to the maximum binding energy [45].
The adsorption data can be analyzed according to Eq. (9). A plot of ge
versus log Ce enables the determination of the isotherm constants
At and bt and represented in Fig. 10 and the value of constants
and correlation coefficients are reported in Table 7. The correlation
coefficients obtained are R? > 0.94 (RHC) and R? > 0.92 (SDC), which
indicates that the Tempkin isotherm fit well the equilibrium data
obtained for the adsorption of Cr®* onto both adsorbents. However,
based on the R? value, the Tempkin isotherm appears to be more
applicable. Alist showing the adsorption capacity of different adsor-
bents for the adsorption of hexavalent chromium from aqueous
solutions is givenin Table 8, where it is observed that the adsorption

Table 7
Dubinin-Radushkevich and Temkin models’ constants for RHC and SDC.

80 - For RHC
y = 14.998x + 19.158
R? = 0.9398 ]
50 4
40 -
..g ; . R;C
E = SDC
& 201 For SDC
y = 10.956x + 31.911
10 4 R?=0.9243
; . o . . . )
-1 05 0 05 1 15 2
Log Ce

Fig. 10. Temkin sorption model for adsorption of Cr(VI) onto RHC and SDC.

Table 8
Comparison of adsorption capacities of different adsorbents for Cr(VI).
Adsorbent Adsorption pH Model used to Reference
capacity (mgg!) calculate

adsorption capacity
Sugarcane bagasse 13.4 2.0 Langmuir [46]
Larch bark 313 3.0 Langmuir [47]
Almond shell 2.40 4.0 Langmuir [48]
Fly ash 1.4 2.0 Langmuir [49]
Saw dust 1.50 - Freundlich [50]
Cactus 7.08 2.0 Langmuir [51]
Rice husks 0.6 - Freundlich [50]
Wool 41.2 2.0 Langmuir [52]
Distillery sludge 5.7 3.0 Langmuir [53]
Pine needles 21.5 2.0 Langmuir [52]
Almond 10.6 2.0 Langmuir [52]
Saw dust 2.2 2.0 Langmuir [54]
RHC 48.31 2.0 Langmuir This work
SDC 53.48 2.0 Langmuir This work

capacity of RHC and SDC for hexavalent chromium is compara-
ble with other low-cost adsorbents The differences noted in the
adsorption capacities towards chromium ions may be ascribed to
the difference in various properties such as structure, functional
groups and surface areas of the adsorbents.

3.7. Adsorption kinetic study

In the present study, two kinetic models have been tested in
order to predict the adsorption data of Cr(VI) as a function of
time using a pseudo-first-order and pseudo-second-order kinetic
models at different concentrations. The first-order-model can be
expressed as follows:

log(ge — qt) =10g ge — t (10)

k]
2.303
where ge (mgg~1) is the mass of Cr(VI) adsorbed at equilibrium, g;
(mgg~1) the mass of Cr(VI) at any time and k; (1/min) is the equi-
librium rate constant of pseudo-first-order adsorption. The values
of ki and g are determined from the slope and intercept of the
plot of log(qe — q¢) versus t, respectively (Fig. 11a) and are given

Adsorbent D-R isotherms Temkin isotherm

gp (mgg1) Bp (mol? k]2) Ep (kjmol-1) R? a(lLg™) b (k] mol~1) R?
RHC 44.6 0.14 1.86 0.9283 18.97 0.165 0.9398
SDC 45.75 0.026 4.39 0.815 21.22 0.226 0.9243
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Fig. 11. (a) Pseudo-first-order kinetic plot for Cr(VI) adsorption on RHC and SDC and
(b) pseudo-second-order kinetic plot for Cr(VI) adsorption by RHC and SDC.

in Table 9. The pseudo-second-order model, which leads to the
following equation:

t 1 1

— = —— 4 —t 11
qe kzqg Je (an

where k5 is the pseudo-second-order rate constant (g/mg/min The
value of ge is determined from the slope of the plot of t/q; versus
t (Fig. 11b). The correlation coefficients for the linear plot are very
high (>0.96). The calculated ge value from the pseudo-second-order
model is in good agreement with experimental ge value. This sug-
gests that the sorption system followed the pseudo-second-order
model. The values of kinetic constants and ge values of Cr(VI) sorp-
tion onto RHC and SDC are given in Table 8.

3.8. Desorption studies

Desorption studies are helpful to explore the possibility of recy-
cling the adsorbents and recovery of the metal resource. Desorption
experiments were done at contact time of 60 min. Different concen-
trations of KI and HCl ranging from 0.0125 to 0.150 M were tested
to remove Cr(VI) from both adsorbents. Desorption of Cr(VI) by KI
and HCl is shown in Fig. 12a and b. The results showed that Cr(VI)
desorption from RHC and SDC was 55.48% and 53.03% by Kl solution
and 65.04% and 68.84% by HCl solution at 0.15 M concentration.

Table 9

Kinetic parameters for the removal of Cr(VI) by RHC and SDC.

Pseudo-order Parameter RHC SDC

Pseudo-first-order e, exp. (mgg1) 47.89 53.09
kq (1/min) 0.028 0.032
e, cal. (mgg1) 55.55 63.29
R? 0.6217 0.5619

Pseudo-second-order e, €xp. (mgg1) 47.89 53.09
k> (g/mg/min) 0.00062 0.00047
e, cal. (mgg") 42.53 52.94
R? 0.9847 0.9681
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Fig. 12. (a) Desorption plot of the Cr(VI) bound on the RHC and SDC by KI and (b)
desorption plot of the Cr(VI) bound on the RHC and SDC by HCl.

4. Conclusion

RHC and SDC could be suitable adsorbents for the removal of
Cr(VI) from wastewaters. The adsorption was found to be strongly
dependent on pH, adsorbent dose, contact time and initial Cr(VI)
concentration. Maximum metal removal was observed at pH 2.0.
The efficiencies of RHC and SDC for Cr(VI) removal were 91.75%
and 94.33%, respectively for dilute solutions at 20gL~! adsorbent
dose. The experimental data was analyzed using Freundlich, Lang-
muir, Dubinin-Redushkevich (D-R) and Temkin isotherm models.
It was found that Langmuir, D-R models and Temkin isotherm fitted
well. FTIR and SEM characterisation of the adsorbents has shown
a clear difference in the native and Cr(VI)-loaded adsorbents. It is
also evident from the results that there is no much difference in the
adsorption capacity of RHC and SDC at equilibrium time. So both
adsorbents could be attractive options for the small scale industries
located in countryside. Rice husk and saw dust are readily avail-
able in developing nations, so this data can be used by small scale
industries having low concentrations of Cr(VI) in wastewater using
batch or stirred-tank flow reactors where standard material, such
as activated carbon, is not available.
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