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bstract

A carbonaceous sorbent was prepared from rice husk via sulfuric acid treatment. Removal of Cd(II) and Se(IV) from aqueous solution was
tudied varying time, pH, metal concentration, temperature and sorbent status (wet and dry). Cd(II) sorption was found fast reaching equilibrium
ithin ∼2 h while Se(IV) sorption was slow reaching equilibrium within ∼200 h with better performance for the wet sorbent than for the dry.
inetics data for both metals were found to follow pseudo-second order model. Cd(II) sorption was low at low pH values and increased with pH

ncrease, however, Se(IV) sorption was high at low pH values, and decreased with the rise in initial pH until pH 7. A fall in the final pH was noticed
ith Cd(II) sorption due to the release of protons indicating an ion exchange mechanism. However, for Se(IV) sorption, a rise in the final pH was
bserved due to protons consumption in the process. For both metals, sorption fit well the Langmuir equation with higher uptake by rising the
emperature.

Analysis by scanning electron microscope and X-ray powder diffraction for the sorbent after the reaction with acidified Se(IV) confirmed the

vailability of elemental selenium, Se(0), as particles on the sorbent surface. The reduction process of acidified Se(IV) to Se(0) is accompanied by
urface oxidation. Physicochemical tests showed an increase in sorbent acidity, cation exchange capacity and surface functionality after the reaction
ith acidified Se(IV) indicating that oxidation processes took place on the sorbent surface. On the other hand, no changes in physicochemical tests
ere found after Cd(II) sorption indicating the absence of redox processes between Cd(II) and the sorbent.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The presence of heavy metals in waste and surface waters
s becoming a severe environmental and public health prob-
em. Various methods such as hydrometallurgical technologies,
on exchange, electrodialysis, reverse osmosis, precipitation and
dsorption have been used for heavy metal removal from envi-
onmental aqueous solution [1].

The removal of cadmium and selenium from water has
n increasing concern because of their involvement in many
ndustries. Effluents from metallurgical and chemical industries,
eramics, electrogalvanization and textile industries are poten-

ial sources of water pollution by Cd(II) ions [2]. Selenium is
ound in the effluents in the form of selenate (SeO4

2−) and
elenite (SeO3

2−) from thermal power stations, oil refineries

∗ Tel.: +20 10 5355774; fax: +20 50 2246254.
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nd smelting plants in addition to the industries of glass produc-
ion, pigments, solar batteries and semiconductors [3,4]. Cd(II)
ons cause serious cases of acute toxicity and diseases such as
ung cancer and kidney failure. Selenium is an essential nutrient
or animals and for human health in the range of 0.8–1.7 �mol/l,
ut toxic above this value [5].

Rice which is cultivated in more than 75 countries in the world
s the essential food for over half the world’s population. The
orldwide annual rice husk output is about 80 million tonnes

nd over 97% of the husk is generated in the developing
ountries [6]. Rice husk has been used, either plain (untreated)
r modified, for the removal of cadmium and other heavy metals
rom water [7–11]. In addition, it has been used as a precursor
aterial for activated carbon production that is used for pollu-

ion control [12,13]. Cd(II) was also removed from water using

ifferent sorbents including activated carbon [14], carbonaceous
orbents from flax shive [15], sugar beet pulp [14], peat and lig-
ite [16], corncobs [14], Pine Park [14] and green coco-nut shell
owder [17]. Se(IV) was removed via different sorbents includ-

mailto:dr_el_shafey2004@yahoo.co.uk
dx.doi.org/10.1016/j.jhazmat.2007.01.051
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ng goethite [18], hematite [19], alluvial soil [20] and bacteria
21].

In this paper, rice husk was treated with sulfuric acid to pro-
uce a carbonaceous sorbent. The capability of the produced
orbent to remove Cd(II) and Se(IV) from aqueous solution was
ested and removal mechanism was investigated.

. Experimental

.1. Sorbent preparation

Rice husk was received from a local rice mill and washed
ith a stream of distilled water through a sieve of 16 mesh (Tyler
tandard Screen Scale) to remove dirt, dust and any superficial

mpurities. The husk was put in trays and left to dry in open
ir at room temperature to constant weight. The sorbent was
repared as follows [22]: clean air-dried rice husk (20 g) was
eighed in a clean dry beaker of capacity 500 ml. One hundred
illiliters of 13 M sulfuric acid were added to the rice husk and

he mixture was heated to 175–180 ◦C in 20 min with occasional
tirring. The temperature was kept in this range (175–180 ◦C)
or 20 min. The resulting black mixture was allowed to cool, and
hen filtered using a Buchner funnel under vacuum. The black
pent sulfuric acid (black liquor) was filtered off and the car-
onized material was washed several times with distilled water
nd was stored under dilute acidic conditions (dilute sulfuric
cid, pH 1.5–2) to avoid any bacterial growth. Before use for
etal sorption, a sample of the carbonized product was washed

n Gooch crucible until the wash water did not show a change of
ethyl orange color and did not show a precipitate with barium

hloride solution. The sample was washed again with a stream
f distilled water between two sieves of 16 and 60 mesh (Tyler
tandard Screen Scale) to remove fine particulates and to select
suitable size range for the experiments. The sample was trans-

erred to a Gooch crucible and left under suction for 30 min.
uitable samples of the carbonaceous sorbent were then used

n sorption experiments and a sample of 1 g was separated to
easure the moisture content by oven drying at 120 ◦C to con-

tant weight. For work under dry conditions, the carbonized wet
roduct (acid free) was dried in an oven at 120 ◦C to constant
eight, transferred to a desiccator to cool and finally stored in
dry, clean and well-closed polyethylene jar. The sorbent was
round and the size range between two sieves of 16 and 60 mesh
Tyler Standard Screen Scale) were selected for the sorption
xperiments.

Rice husk, as a precursor material, possesses cellulose, hemi-
elluloses and lignin as main components in addition to ash [6].
oncentrated sulfuric acid behaves as an extremely strong dehy-
rating agent [23]. In addition, it acts as a strong oxidizing agent
ecause of its tendency to lose an atom of oxygen to form sul-
urous acid, H2SO3, which readily decomposes to sulfur dioxide
nd water [24]. Under the preparation conditions of the sorbent,
arbonization with partial oxidation took place to the cellulose

nd hemicelluloses in addition to partial fragmentation to the
ignin components [25] resulting in a carbonaceous material
oaded with function groups on the surface. The effect of hot
ulfuric acid on an agricultural material (flax shive) producing
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t
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carbonaceous sorbent was studied and published earlier [25].
he moisture content of the prepared wet sorbent, in the current
tudy, is 85%.

.2. Physicochemical characterization of the carbonaceous
orbent

Physico-chemical tests were measured for the dry sorbent
efore and after the reaction with metal ions. ASTM standard
ethods were used to measure the cation exchange capacity

CEC) [26], ash content [27] and sorbent acidity (sorbent pH)
22].

Base neutralization capacity was measured by Boehm titra-
ions [28]. Neutralization of 0.1 M sodium bicarbonate and
odium hydroxide, and 0.05 M sodium carbonate, by the dry sor-
ent was studied by mixing 0.25 g sorbent portions with 50 ml of
he respective solution in 100 ml Quickfit polyethylene bottles.
he suspensions were flushed with nitrogen gas to remove oxy-
en present [29]. This step was essential to avoid the possibility
f base-catalyzed auto-oxidation of the carbonaceous sorbents
n the presence of oxygen [30]. The suspensions were shaken

echanically for 72 h covering the equilibrium time. The fall in
oncentration of each solution was determined by titration of an
liquot of the supernatant liquid against 0.1 M HCl.

.3. Sorption procedure

All the chemicals used were of analytical grade. Stock solu-
ions (1000 mg/l) of Cd(II) and Se(IV) were prepared in distilled
ater using cadmium sulfate (3CdSO4·8H2O) and selenium
ioxide (SeO2), respectively. All the working solutions were
repared by diluting the stock solution in distilled water.

In the kinetic experiments, 0.1 g of the dry sorbent (or the
quivalent weight of the wet sorbent) were mixed with 50 mg/l
100 ml) of either Cd(II) at pH 6 or Se(IV) at pH 1.5. pH 6 and
.5 were found optimal for the sorption of Cd(II) and Se(IV),
espectively, as shown later. At different periods of time, aliquot
f supernatant was withdrawn for metal analysis. Batch exper-
ments were carried out by mixing 50 ml of metal solution of
esired concentration, pH and temperature with 0.1 g of the dry
orbent (or the equivalent weight of the wet sorbent) in a shak-
ng water bath (100 rpm) until equilibrium was reached. The
ffect of pH on metal sorption was studied for metal concentra-
ion (100 mg/l) at different pH values (pH 1.5–7). The pH was
djusted by adding few drops of 0.1 M sulfuric acid or 0.1 M
odium hydroxide before the addition of the pre-weighed sor-
ent. The isotherm studies were carried out using wet and dry
orbents in metal concentration range of 25–250 mg/l at pH 6 for
d(II) and pH 1.5 for Se(IV) at different temperature (25–45 ◦C).
fter the equilibrium time was reached, aliquot of supernatant
as withdrawn and metal concentration was measured.

.4. Metal analysis
Cd(II) was determined via Perkin-Elmer 2380 atomic
bsorption spectrophotometer. Se(IV) was analyzed spec-
rophotometrically using 3,3′-diaminobenzidine reagent (DAB)



5 rdous Materials 147 (2007) 546–555

[
l
S
n
7
a
5
a

2
d

o
E
i
X
1
K

3

3

w
B
n
d
s
c
b
o
v
s
s
p
p

F
(
1

F
(

b
i

(
p
A
b
S
s
s
t
i
s
f
a

3

48 E.I. El-Shafey / Journal of Haza

31,32]. This technique is based on the measurement of the yel-
ow colored compound formed when DAB reagent reacts with
e(IV) in 2 M hydrochloric acid. The selenium complex, after
eutralization with concentrated ammonium hydroxide to pH
–8, was extracted in toluene and its absorbance was measured
t 420 nm [32] using Unicam UV/VIS spectrophotometer UV2
000. Experiments and analysis have been carried out three times
nd the relative standard deviation was ±4.1%.

.5. Scanning electron microscope and X-ray powder
iffraction

Scanning electron microscope (SEM) analysis was carried
ut using a Leo Stereoscan 440 Scanning Electron Microscope.
lectron probe microanalysis was carried out using SEM facil-

ties for different precipitated particles on the sorbent surface.
-ray powder diffraction was carried out using a Philips PW
830 generator with a Philips PW 1050 powder goniometer. Cu
� was used as the incident radiation.

. Results and discussion

.1. Effect of pH

In the pH range 1.5–2, Cd(II) sorption was extremely low, and
ith the rise in the initial pH, Cd(II) uptake increased (Fig. 1).
etween pH 4 and 7, the sorption of Cd(II) almost showed
o significant change. Cd(II) sorption was accompanied by a
ecrease in the final pH (Fig. 2) indicating protons release into
olution and suggesting ion exchange mechanism. Rice husk
ould exhibits a hydration shell at lower pH positively charged
y the hydronium ion in the solution. This restricted the uptake
f Cd(II) ions. Adsorption capacity increases with increasing pH
alues as shown by Roy et al. [9]. In another study [15], Cd(II)

orption on a carbonaceous sorbent, prepared from flax shive via
ulfuric acid treatment, was very low at pH 2 and increased with
H increase showing almost no change in Cd(II) uptake in the
H range 3–7. In that study, Cd(II) sorption was accompanied

ig. 1. Sorption of Cd(II) and Se(IV) at different initial pH values at 25 ◦C
initial concentration 100 mg/l, volume of metal solution 50 ml, shaking speed
00 rpm).
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ig. 2. A plot of initial and final pH for Cd(II) and Se(IV) sorption at 25 ◦C
initial metal concentration 100 mg/l).

y a decrease in the final pH due to proton release in the solution
ndicating ion exchange process [15].

Se(IV) species in aqueous solution include seleniuos acid
H2SeO3), biselenite (HSeO3

−) and selenite (SeO3
2−). Between

H 3.5 and 9.0 biselenite ion is the predominant ion in water.
bove pH 9.0 selenite species dominate and as pH decreases
elow pH 3.5, selenious acid dominates [33]. In the present work,
e(IV) sorption was high at pH 1.5, the lowest pH applied, and
orption decreased with the initial pH increase (Fig. 1). Se(IV)
orption was accompanied by a slight rise in the final pH due
o protons consumption in the Se(IV) sorption process (Fig. 2)
ndicating a reduction process of Se(IV). Wet sorbents behave
imilarly to the dry ones with an increase in metal uptake for the
ormer. The wet sorbent has wider pores and, probably, more
ccess for metal ions for sorption sites than the dry sorbent [34].

.2. Kinetics of metal sorption

Based on the pH experiments, shown above, Cd(II) was
orbed best in the pH range 4–7 and Se(IV) at pH 1.5, the low-
st pH applied. Accordingly, pH 6 and 1.5 were chosen for the
tudies of sorption kinetics and temperature effect for Cd(II) and
e(IV), respectively. Kinetics of Cd(II) sorption was investigated
t pH 6.0 and equilibrium was reached within ∼2 h (Fig. 3A),
owever, for Se(IV) sorption, at pH 1.5, approximate equilib-
ium was reached within ∼200 h (Fig. 3B). Obviously, Cd(II)
orption shows a much faster kinetics than Se(IV) sorption.

Sorption kinetics of Cd(II) and Se(IV) were tested using non-
inear and linear pseudo-second order equations [35,36], Eqs. (1)
nd (2).

t = kq2
e t

1 + kqet
(1)

t

qt

= 1

kq2
e

+ t

qe
(2)
here k is the rate constant of the pseudo-second order model.
e and qt are the amount of metal sorbed at equilibrium and at
ime t per unit weight of the sorbent (mg/g), respectively. The
nitial sorption rate h = kq2

e . The linear plots of t/qt versus t for
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Fig. 3. Pseudo-second order kinetics by non-linear method and experimental
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inetics for the sorption of: (A) Cd(II) at pH 6 and (B) Se(IV) at pH 1.5 on the
arbonaceous sorbent at 25 ◦C (initial concentration 50 mg/l, volume of metal
olution 100 ml, shaking speed 100 rpm).

he pseudo-second order model of Eq. (2) (Fig. 4A and B) show a
ood fitting with high values of the coefficient of determination,
2 (Table 1). This showed that the sorption process followed the
seudo-second order kinetic, which agreed with chemisorption
s the rate-limiting mechanism through sharing or exchange of

lectron between sorbent and sorbate [36,37]. Both of the rate
onstant, k, and the initial adsorption rate, h, are slightly higher
or the wet sorbent than for the dry (Table 1), and this could be
elated to the shrinkage and compaction of the sorbent as a result

f
s
i
w

able 1
seudo-second order rate constants of the sorption kinetics of Cd(II) at pH 6 and Se(

egression
ethod

Sorbent
status

Cd(II) sorption

k (g/mg/
min)

k (g/mg/h) q, predicted
(mg/g)

h (mg/g/
min)

inear Wet sorbent 0.00239 0.1434 28.249 1.9110
Dry sorbent 0.00139 0.0834 26.171 0.9554

on-linear Wet sorbent 0.00270 0.1619 28.102 2.1311
Drysorbent 0.00133 0.0801 26.461 0.9345
ig. 4. Pseudo-second order kinetics by linear method for the sorption of: (A)
d(II) at pH 6 and (B) Se(IV) at pH 1.5 at 25 ◦C (initial concentration 50 mg/l,
olume of metal solution 100 ml, shaking speed 100 rpm).

f drying giving narrower pores for the diffusion of metal ions
22,34].

Rate constant, k, and initial adsorption rate, h, for Cd(II) sorp-
ion were much higher than that for Se(IV) sorption in the units
f (g/mg/h) and (mg/g/h), respectively (Table 1). The decrease
n the values of k and h for Se(IV) sorption, due to its slow
orption kinetics, reflects a different mechanism from that for
d(II) sorption. In a previous study [38], Cd(II) was sorbed much
aster than Hg(II) on a carbonaceous sorbent prepared from flax
hive via sulfuric acid treatment and Cd(II) uptake was related to
on exchange mechanism, however, sorption reduction processes
ere involved in Hg(II) uptake by the sorbent [38].

IV) at pH 1.5, at 25 ◦C, by linear and non-linear regression methods

Se(IV) sorption

h (mg/g/h) r2 k (g/mg/h) q, predicted
(mg/g)

h (mg/g/h) r2

114.66 0.99883 0.00366 12.594 0.5809 0.99995
57.324 0.99759 0.00271 11.637 0.3666 0.99922

127.87 0.98379 0.00358 12.600 0.5682 0.99533
56.070 0.99150 0.00274 11.640 0.3710 0.99698
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For the non-linear method, a trial and error procedure, which
s applicable to computer operation, was used to determine the
inetic parameters by minimizing the respective coefficient of
etermination (r2) between experimental data and kinetics using
he solver add-in with Microsoft’s spreadsheet, Microsoft Excel
s detailed by Vasanth Kumar and Sivanesan [39]. Fig. 3A and

shows the experimental kinetic data and the predicted kinet-
cs of pseudo-second order using non-linear method [35]. The
ifference in r2 values obtained by linear and non-linear method
or the same kinetic expression are due to the error alterations
hile transforming the data that represents a non-linear kinetics

o a linearized form [39].
The good fit of experimental data in both the linearized and

on-linear forms of the pseudo-second order expression sug-
ests that non-linear and the linearized forms proposed by Ho
nd Mckay [35] can be used to predict the kinetic parameters
nvolved in the kinetic expression [39].

.3. Sorption capacity and temperature effect

Sorption of Cd(II) and Se(IV) on the wet and dry sorbents fol-
ows an “L-type” adsorption isotherm, with increased uptake as
emperature rises. Fig. 5A and B represents the sorption of Cd(II)
nd Se(IV) at different temperature on the wet sorbent. The
xperimental isotherm data fit well the Langmuir equation [40],
q. (3), for both metals on the wet and dry sorbents (Table 2).
reundlich equation [11], Eq. (4), was also tested for the sorp-

ion equilibrium data, Table 2. The Langmuir and Freundlich
sotherms for Cd(II) and Se(IV) sorption, on the wet sorbent,
re shown in Figs. 6A and B and 7A and B, respectively.

Ce

qe
= 1

bq
+ Ce

q
(3)
here Ce is the equilibrium metal concentration, q the amount
f metal sorbed per unit weight of the sorbent (on dry basis)
or monolayer coverage of the surface (monolayer capacity)
nd b is the sorption equilibrium constant which is temperature

w
r

able 2
angmuir and Freundlich parameters for the sorption Cd(II) at pH 6 and Se(IV) at pH

etal Sorbent Sorption temperature (◦C) Langmuir consta

q (mg/g)

d(II) Wet 25 32.05
35 36.23
45 41.15

Dry 25 31.15
35 34.13
45 38.76

e(IV) Wet 25 26.46
35 33.88
45 40.92

Dry 25 25.51
35 29.41
45 34.13
ig. 5. Sorption of: (A) Cd(II) at pH 6 and (B) Se(IV) at pH 1.5 on the wet
orbent at different temperatures (volume of metal solution 50 ml, shaking speed
00 rpm).

ependent and related to the heat of sorption [40].

1

log qe =

n
log Ce + log K (4)

here K and 1/n are the constants, which are considered to be the
elative indicators of adsorption capacity and adsorption inten-

1.5 at different temperatures

nts r2 Freundlich constants r2

b (l/mg) 1/n K

0.0551 0.999 0.248 8.777 0.940
0.0710 0.998 0.234 10.650 0.923
0.0931 0.999 0.238 12.297 0.889

0.0632 0.999 0.214 9.736 0.943
0.0705 0.999 0.217 10.775 0.937
0.0869 0.998 0.233 11.725 0.916

0.0253 0.996 0.454 2.191 0.940
0.0272 0.997 0.425 3.278 0.974
0.0287 0.998 0.442 3.754 0.962

0.019 0.999 0.483 1.688 0.979
0.0203 0.997 0.4679 2.183 0.974
0.0232 0.997 0.4638 2.653 0.985
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ig. 6. Langmuir isotherms for the sorption of: (A) Cd(II) at pH 6 and (B) Se(IV)
t pH 1.5 on the wet sorbent at different temperatures.

ity. The values of 1/n that vary between 0.1 and 1.0 indicate the
avorable adsorption of heavy metals [41].

The monolayer capacity, q (mg/g), calculated from the Lang-
uir equation, was slightly higher for the wet sorbent than

or the dry (Table 2). The drying process causes the pores to
ecome narrower and some sorption sites to be hidden or inac-
essible to metal ions. Rising the temperature has increased
he sorption of both metals (Fig. 5A and B and Table 2). This
ould be due to some swelling of the carbon and a conse-
uent increase in ion exchange sites as found earlier for Cd(II)
nd Hg(II) sorption on a carbon sorbent prepared from flax
hive via sulfuric acid treatment [15,34,38]. Sorption capac-
ties from the present study (Table 2) were compared with
ice husk, modified rice husk and other adsorbents from other
tudies in Table 3. It is evident that the produced sorbent, in
he present study, has high sorption capacity for Cd(II) and
e(IV).

Comparatively the obtained r2 values are more satisfactory
or Langmuir isotherm than for Freundlich isotherm (Table 2).
he basic assumption of Langmuir adsorption isotherm is based

n monolayer coverage of the adsorbate on the surface of adsor-
ent [46,47] which is an indication of the fact that the sorption
f Cd(II) or Se(IV) on to the investigated sorbents generates
onolayer formation.

3

p

ig. 7. Freundlich isotherms for the sorption of: (A) Cd(II) at pH 6 and (B)
e(IV) at pH 1.5 on the wet sorbent at different temperatures.

.4. SEM and X-ray powder diffraction

Wet sorbent samples, after the equilibrium contact with
50 mg/l of Cd(II) at pH 6.0 or Se(IV) at pH 1.5 at 45 ◦C, were
eparated, dried at 120 ◦C and then used for SEM and X-ray anal-
sis. Particles of elemental selenium on the sorbent surface are
learly identified on SEM photograph (Fig. 8). Elemental sele-
ium was also identified by examining the surface by electron
robe microanalysis, using the scanning electron microscope
acilities. X-ray powder diffraction pattern confirmed the identi-
cation of elemental selenium on the sorbent with the interplanar
pacing (d) and relative line intensities (I) agreeing with those
ecorded (Table 4). This indicates that a reduction process of
e(IV) to Se(0) took place on thre sorbent surface. The sorbent
nder investigation showed a reduction capability of Cr(VI) to
r(III) in a previous study [22]. In other studies [34,38], Hg(II)
as reduced to Hg(I) and Hg(0) on the surface of a carbonaceous

orbent prepared from flax shive via sulfuric acid treatment. On
he other hand, SEM analysis and X-ray powder diffraction did
ot show any change on the sorbent surface after Cd(II) sorption.
.5. Physicochemical tests

Wet sorbents, after the contact with 250 mg/l of Cd(II) at
H 6.0 or Se(IV) at pH 1.5, at 45 ◦C until the equilibrium was
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Table 3
Maximum sorption capacities of Cd(II) and Se(IV) on different sorbents

Metal ion Material Maximum sorption (mg/g) Reference

Cd(II) Rice husk 8.58 [7]
Rice husk 4.00 [8]

Rice husk 21.36 [9]
Rice husk 0.16 [10]

Epichlorohydrin treated rice husk 11.12 [7]
Sodium hydroxide treated rice husk 20.24 [7]
Sodium hydroxide treated rice husk 7.00 [8]
Sodium carbonate treated rice husk 16.18 [7]
Sugar beet pulp 17.2 [14]
Powdered activated carbon 3.7 [14]
Granular activated carbon 3.7 [14]
Corncobs 8.89 [14]
Pine Park 14.16 [14]
Amberlite 200 224.8 [14]
Duolite GT-73 105.66 [14]
Sulfuric acid treated rice husk (wet sorbent) 41.15 (pH 6, 45 ◦C) Present study
Sulfuric acid treated rice husk (dry sorbent) 38.76 (pH 6, 45 ◦C) Present study

Se(IV) Zn–Al-layered double hydroxides 125 [42]

Mg–Al-layered double hydroxides 152 [42]
Mercapto-silica 7.5 [43]

Aluminum oxide coated sand 1.08 (pH 4.8) [44]
Iron oxide coated sand 1.34 [45]
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Sulfuric acid treated rice husk (wet sorbent)
Sulfuric acid treated rice husk (dry sorbent)

eached, were separated and washed with 0.1 M H2SO4, to strip
etal ions from the sorbent. The sorbent samples were then
ashed by distilled water to become acid-free, dried at 120 ◦C

nd then used to carry out the physicochemical tests [26]. These
ests before and after the reaction with Cd(II) and Se(IV) are
hown in Table 5. Sorbent acidity (the pH of the aqueous slurry
f the carbonaceous sorbent) that provides a convenient indica-

or of the surface groups on the carbon sorbent has increased, or
orbent pH decreased, after the reaction with acidified Se(IV).
he pH of the sorbent is mainly related to the concentration
f carboxylic groups [48]. CEC which is a measurement of

ig. 8. SEM photograph for elemental selenium precipitated on the sorbent
urface.
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3
3
2
2
1
1
1

3

40.92 (pH 1.5, 45 ◦C) Present study
34.13 (pH 1.5, 45 ◦C) Present study

he total amount of exchangeable cations that can be held by a
orbent, was found to increase after the reaction with acidified
e(IV) indicating the presence of more acidic groups on the
orbent surface, such as –COOH, Table 5. The differences in
urface functionalities developed by the preparation method and
urther surface oxidation after the reaction with acidified Se(IV)
ere determined by Boehm titrations [28,29]. The three bases
sed in titration are considered as approximate probes for acidic
unctionalities: NaHCO3 (carboxylic), Na2CO3 (carboxylic
nd lactonic), NaOH (carboxylic, lactonic and phenolic).
s shown in Table 5, an increase in the concentration of
arboxylic, lactonic and phenolic groups on the sorbent surface
as found after the reaction with acidified Se(IV). In general,

he increase in sorbent acidity, cation exchange capacity and

able 4
-ray powder diffraction after Se(IV) loading confirms the presence of elemental

elenium

bserved Literature

(Å) Intensity (I) d (Å)a Intensity (I)a

.783 61 3.78 55

.007 100 3.005 100

.183 20 2.184 16

.072 36 2.072 35

.999 27 1.998 20

.765 28 1.766 20

.638 26 1.637 12

a Data from JCPDS-ICDD copyright © 1994 PDF-2 Sets 1-44 database (26-
12).
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Table 5
Physico-chemical properties of the sorbent before and after the interaction with metals

Dry sorbenta Sorbent pH CEC (meq/g) Surface acidic functionalities based on weight (meq/g)

Carboxylb Lactoneb Phenolb

Before reaction 2.65 1.34 2.18 0.42 2.02
After interaction with Cd(II), pH 6 2.64 1.34 2.18 0.43 2.02
After reaction with Se(IV), pH 1.5 2.51 1.49 2.33 0.86 2.15
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a Surface area of the dry sorbent measured by nitrogen adsorption 66 m2/g, as
b NaHCO3 (carboxyl), Na2CO3 (carboxyl and lactone), NaOH (carboxyl, lac

ase neutralization capacities, for the sorbent, after the reaction
ith acidified Se(IV) indicates the oxidation processes taking
lace on the surface of the carbon sorbent. However, no change
as noticed for the physicochemical tests after Cd(II) sorption

Table 5).

.6. Mechanism of sorption

Natural adsorbents such as rice husk have the ability to adsorb
etal ions due to different functional groups present on their
acromolecules, which include polysaccharides, lignin and oth-

rs via complexation or ion-exchange [8,49].
Due to the increased Cd(II) sorption at high pH values until

H 7 with the release of protons, it can be concluded that Cd(II)
as sorbed via ion exchange. The carbon possesses acidic func-

ional groups on surface such as –COOH and –OH that are
esponsible for the cation exchange property as expressed in
qs. (5) and (6).

-COOH + Cd2+ = –(COO)2Cd + 2H+ (5)

-COH + Cd2+ = –(CO)2Cd + 2H+ (6)

The main species of Cd(II) is Cd2+ up to pH 8 and above
H 8 Cd(II) forms Cd(OH)+ [50]. In the present work, since
H 6 was applied for Cd(II) sorption at different temperature
nd the final pH was <6, it can be concluded that Cd(II) was
orbed in the present work as Cd2+ ions as in Eqs. (5) and (6).
ue to the high silica content in rice husks, Cd(II) ions can also
e sorbed via an ion-exchange reaction through the substitu-
ion of protons from silanol groups on the surface by the metal
ons [8].

SeO2 forms H2SeO3, HSeO3
− and SeO3

2− on contact with
ater [33]. Sorption of Se(IV) on the carbon sorbent involves

edox processes that include Se(IV) reduction to elemental
elenium, Eqs. (7)–(9) [51,52] and carbon oxidation, Eqs.
10)–(12).

2SeO3 + 4H+ + 4e− = Se0 + 3H2O (E0 = 0.74 V) (7)

SeO3
− + 5H+ + 4e− = Se0 + 3H2O (E0 = 0.78 V) (8)

eO3
2− + 6H+ + 4e− = Se0 + 3H2O (E0 = 0.903 V) (9)
C–H + Se(oxidized) + H+ = ∼ C–OH + Se(reduced)

+ H2O (10)

e
a

f

tent 17.7%.
nd phenolic).

C–H/ ∼ C–OH + Se(oxidized) + H+

= ∼ C O + Se(reduced) + H2O (11)

C–H/ ∼ C–OH + Se(oxidized) + H+ = ∼ COOH

+ Se(reduced) + H2O (12)

In the present work, since pH 1.5 was applied for Se(IV)
orption at different temperatures and the final pH was <3, it
an be concluded that Se(IV) as seleniuous acid, that domi-
ates at such low pH [33], was reduced to elemental selenium
Eq. (7)).

Surface oxidation, as shown in Eqs. (10)–(12), by the reaction
ith acidified Se(IV), has increased the surface functionality

s shown in Table 5. Because of the insolubility of elemental
elenium in aquatic systems, reduction of Se(VI) to Se(0) is
onsidered to be a useful technique for removing selenium from
e-contaminated water [21].

The increased Se(IV) sorption at low pH values (Fig. 1), with
he view of the redox processes can be explained. Se(IV) reduc-
ion to elemental selenium requires protons to take place (Eqs.
7)–(9)). The extent of reduction increases with protons suffi-
iency at low pH values and decreases with protons insufficiency
t high pH values.

. Conclusion

The carbonaceous sorbent produced via sulfuric acid treat-
ent is loaded by surface functionality such as –COOH and

OH as a result of the preparation conditions. It possesses ion
xchange and reduction properties. Cd(II) showed a faster sorp-
ion kinetics than Se(IV) following pseudo-second order model.
d(II) sorption was extremely low at low pH values (pH 1.5–2)
nd increased with pH rising with a decrease in the final pH due
o protons release indicating ion exchange mechanism. On the
ther hand, Se(IV) sorption was high at low pH and as the pH
ncreased Se(IV) uptake decreased with a rise in the final pH due
o protons consumption indicating reduction process of Se(IV).
orption of Cd(II) and Se(IV) follows the Langmuir equation
ith an increase in metal uptake as temperature rises due to an
xpected increase in the swelling of the sorbent allowing more
ctive sites to become available for metal ions.

Reduction of Se(IV) to elemental selenium on the sorbent sur-
ace is confirmed by SEM analysis and X-ray powder diffraction.



5 rdous

P
s
c
i
o

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

54 E.I. El-Shafey / Journal of Haza

hysicochemical tests after the reaction with acidified Se(IV)
howed a rise in sorbent acidity, CEC and base neutralization
apacities indicating surface oxidation. However, no changes
n the SEM, X-ray analysis or the physicochemical tests were
bserved on the sorbent after Cd(II) sorption.
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