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Abstract

The present work involves the study of Se(lV) agson onto rice husk ash
(RHA). The adsorbents were coated with the fertitoiide solution for the
effective removal of selenium. The physico-chemicahracterization of the
adsorbents was carried out using standard metleods, proximate analysis,
scanning electron microscopy (SEM), fourier transfanfrared spectroscopy
(FTIR), thermo-gravimetric (TGA) and differentifldrmal analysis (DTA), etc.
Batch experiments were carried out to determineeffect of various factors
such as adsorbent dose (w), initial pH, contacet{th and temperature (T) on
adsorption process. Se(IV) adsorption is high at it1 values, and decreased
with the rise in initial pH. Temperature study stsavat the uptake of Se(IV) is
more at 293 K within the temperature range studiée parameters of Pseudo-
First order, Pseudo-Second order kinetics, WeberrBlintra particle kinetics
have been determined. Equilibrium isotherms havenbanalyzed using
Langmuir isotherm, Freundlich isotherm and Temlgathherm. Error analysis
has also been done using hybrid fractional errorction (HYBRID) and
Marquardt’s percent standard deviation (MPSD).

Keywords: Adsorption, Selenium, Rice Husk Ash (RHR)uilibrium, Kinetics,
Batch study, Thermal degradation

1. Introduction

In India several incidents of chronic selenium ¢ayiin animals have been reported.
Selenium poisoning in domestic buffaloes in thentdharea of the North West plain
of India has been reported. High selenium levaladan the animals are attributed to
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Nomenclatures

Br Temkin Isotherm constant, related to the heat ebgation

B Temkin Isotherm constant

Ce Equilibrium liquid phase concentratiomg/|

(0% Initial concentration of adsorbate in solutiogy|

C Equilibrium liquid phase concentration after timeg/I

h Initial sorption ratenrg/g.min

I Constant that gives idea about the thickness afdemy layerng/g

Ke Freundlich constant,nig

Kig Intra-particle diffusion rate constamig/g mint'?

KL Langmuir adsorption constantydf

k Rate constant, mih

ks Pseudo 1 order rate constant, min

ke Pseudo-second-order rate constamtggnhin

1/n Mono-component (non-competitive), Freundlich hegeneity factor of]
the single component, dimensionless

Qe Equilibrium adsorption capacityg/g

O Equilibrium adsorption capacity after timerg/g

R Universal gas constant, 8.314 J/mol K for air

R Correlation coefficients

Tha DTG peak temperature, K

Ty DTA first initial temperature, K

Ty DTA second final temperature, K

t Time, min.

\% Volume of the solution, |

w Mass of the adsorbent, g/l

Abbreviations

CPCB Central pollution control board

DTA Differential thermal analysis

DTG Differential thermal gravimetery

EDAX Energy dispersive X-ray analysis

FTIR Fourier transform infrared spectroscopy
HYBRID Hybrid fractional error function

ICPMS Inductively coupled plasmaass spectroscopy
MPSD Marquardt's percent standard deviation
RHA Rice husk ash

SEM Scanning electron microscopy

TG Thermal gravimetery

TGA Thermo-gravimetric analysis

UNICEF  United nations international children's emergenoydf
US EPA United States Environmental Protection Agency

the readily available selenium in the alkaline saif the regions. Selenium is
leached from the soil by irrigation water in thedgg fields and is taken up by
rice plants, which accumulates it to toxic levelisthe straw. This is the main
fodder of the animals after harvest and is immedizduse of the toxicity. A

similar pattern of mobilization of naturally occing selenium caused by paddy
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field irrigation that also resulted in poisoning @admestic animals was reported
from southern India [1].

The typical concentration of selenium in wastewadesilways more than the
0.05 mg/l and generally around 0.1 mg/l. Becausisdfigh toxicity, the US EPA
has proposed a standard of 0.05 mg/| for drinkilagew For inland surface water,
public sewers and marine/coastal areas, the CeRw#ution Control Board
(CPCB), Delhi, India has set a standard of 0.059 [agy/

A lot of work on the adsorption of heavy metals anbder toxic compounds
are available [3-31]. There are several methoddadla for removal of selenium
from water in large conventional treatment plafiisese include adsorption by
ferrihydrite, catalyzed cementation, biologicaluwetion, enzymatic reduction etc.
For high strength and low volumes of wastewatemvilemetal removal by
adsorption technique is good proposition. A vari@tsdies of adsorption of
selenium from water and wastewaters using variodsorpents have been
summarized in Table 1.

In view of environmental aspects, it is essentiarémove the selenium to
desired concentration from wastewater. In presapep investigation has been
carried out to study the removal of selenium frogueous phase by adsorption
using rice husk ash (RHA). Characterizations of RHatch study, equilibrium,
kinetics, thermodynamic, and thermal degradatiorevearried out. Also the error
analysis was reported to select the best isotherm.

2. Materials and Methods
2.1. Materials

Adsorbents

Adsorption of Se(IV) was studied using rice husk €8HA). RHA were obtained
from Bhawani Paper Mills, Raebareli, U.P. India.sAtbents was washed with
0.1M FeC} solution for effective removal of any Se(lV). Aftevashing, they
were dried in an oven at 196 for 72 h. This time was sufficient to drive offiet
moisture. After drying, adsorbents were storeceimled glass bottles until use.

Adsorbates

All the chemicals used in the study were of labmmagrade reagent (LR) grade,
Sodium selenite (N&eQ) has been taken as source of Se(lV) and this was
supplied by Hi-Media Research Laboratory, Mumbaidia. The required
quantity of the adsorbate was accurately weighelddissolved in a small amount

of distilled water and subsequently made up totreé lin a measuring flask by
adding distilled water.

Other Chemicals
All other chemicals used in the study viz., acialkalies, FeG|, KBr, etc were
supplied by S.D. Fine Chemicals, Mumbai, India.
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Table 1. Batch Studies on Removal of Selenium by Ylaus Adsorbents.

Adzorbents | Adsorbates

Conclusions

Ref.

Sulphuric
acud-treated peanut shell

Se(IV)

Iron oxides

Se(IV]), Se(VD)

Modified rice husk
Ca{I) . Se(TV)

Hydrous aluminum oxide (HAQ)
and comndum (a-A1203)

Se(IV]), Se(VI)

Cs-covered 5101000 2 x 1 surfaces

Se(TV), Se(VD)

Mgz-Al and Zn-Al layered double
hydroxides

Se(IV), Se(VI)
Fembrydrite

Se(VT)

Gafs(111)A—(2x)curface

Se(VI)

Acidic and alkaline soils
3e(IV), (V)
Alnmmum-Cride-Coated sand
(ADCS)

Se(IV), Se(VI)

Iron exyhvdroxde and

manganese dioxide

Se(IV), Se(VT)

S5e(IV) removal rate was found slower for the dry sorbent than
for the wet sorbent with removal data fitting well a pseudo-
first-order model. Sorption of Se(IV) follows the Langmuir
equation with an ipcrease i uptake as temperafure rises due to
an expected increaze in the swelling of the sorbent allowing
more zcfive sites to become available for metal 1ons.

The sorphon follows a pseudo-second order kinetics. Vanahon
of the sorption onte goethite with the selemimm concentration in
selution has been modelled considermz a Langomir 1sotherm.
The main trend of the vanaton of the selemmm sorphion with
pH iz an mnerease at acidic pH.

Einetics data for both metals were found to follow pseudo-
second order model. Cd(II) scrphon was low at low pH values
and mereased with pH inecreaze, however, Se(TV) sorption was
lugh at low pH values, and decreased with the nise in mmtal pH
until pH 7.

The results t highhght the fact that adserption mechanizms of
oxyamons on muineral swfaces are strongly influenced by
sorbent surface properties. The results are also generally
consistent with a structure-bazed reactivity for metal oxndes.

Adsorphion of Se on Cs/51(100) swface system results m Se
being imitially adsorbed on sites different than that occupied by
Cs up to 0.5 ml of Se deposition and forms 5i5e compound.
Higher Se deposition leads to a strong Cs—5e and 5i-Cs-Se
imteraction, which leads to a disorder of the surface. The CzS5e
and 51-5e—C: compounds are removed from the swface at
about 1050 K.

Expenments examumng the removal of 5e(032- and Se(42-
from aqueocus soluhons by LDHs mdicated that the 52032- and
5e042- could be adsorbed om Mg-Al and Zn-Al LDHs.
Adsorption 1sotherms could be fitted according to the Langmur
equation.

5e(VI) 1s removed from the water at pH below 4

The Se-mduced B30 reconstuction 15 formed in the wvery
narrow ranges of temperature and Se coverage. For the GaAs
(111) A-F300 Se surface structure model consisting of two Se
tnmer and three Ga vacancies per umit cell are proposed. and
have determined the atomme coordinates: the timer has a Se-Se
bond length of 2.68 A and i= adsorbed at the H zite of the GafAs
(1113A 3 surface.

Adsmrphonrdesorpion behavior of Se was ioveshgated 1n
laboratory studies for surface soil samples varying in physico-
chemical charactenstics and muneralogical composiion In
general, greater amount of Se was sorbed by acidic soils than
alkaline soils; the only exception was the alkaline selemiferous
so1l from Barwa in northwestern India. Adsorphon data for Se
fitted well to Freundlich isotherm

The results reveal that the adsorption rate of Se(IV) imcreases
more rapidly than that of 52(VI) in the mitial period and both of
them reach meta stable eqmlibmum with m 60 mins. The
adsorption of Se(IV) onto AQCS surface is lagher than that for
5e(VI} under the same system pH (3-12)

The resalts show that the amorphous ron oxyvhydroxide
adsorbs more selenate and selenite than manganese dioxide at a
given pH and site concentration. Selenite adsorbs more strongly
than selenate on both oxides and selenate does not adserb on
manganese dioxide. Selemum adscrphion decreases with
mereasing pH and decreasing particle concentration.

[31

[41

[51

[61
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[5]

%
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[11]

[12]

[131
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2.2. Methods
Adsorbent Characterization

The characteristics of the adsorbents were caotgdy using standard procedure
of proximate analysis, particle size analysis, s@an electron microscopic
(SEM) analysis, energy dispersive X-ray (EDAX) amséd, Fourier transform
infra red (FTIR) spectral analysis. The detail mdare is same as used by
Wasewar et al. [14].

Batch Study

A water-bath temperature controlled shaker (Rerstriiments, Mumbai, India)
was used for the batch adsorption study. The testye range of 293 K to 323
K was used for Se(IV) adsorption. The batch expenits were performed at the
constant shaking speed. For each experimentabfuml aqueous solution of the
known concentration of Se(lIV) was taken in a 150comical flask containing a
known mass of the adsorbent. These flasks werataditat a constant shaking
rate of 150 rpm in a temperature controlled ortstelker maintained at a constant
temperature. Batch adsorption experiments were wiad for the removal of
Selenium from water by Fe{toated adsorbent. The effect of various parameters
adsorbent dosey, initial pH (pH,), contact timet, initial concentrationC,, and
temperature on the adsorption of Se(lV) onto kFe@ited RHA were presented.

Kinetic Study

To determine the necessary time for adsorptionmb®f the aqueous solution
containing 100vg/L of the specific Se(IV) was taken in a seriesarical flasks.

Known amount of the adsorbent was added to difteflasks. The flasks were
kept in shaker and the aqueous solution-adsorbéxtures were stirred at
constant speed. At the end of the predeterminect,tim the flasks were
withdrawn, their contents were centrifuged, and supernatant analyzed for
adsorbate concentration. Adsorption kinetics wdkvied for 3 h and it was
observed that after 1 h, there was gradual but sk removal of the Se(IV)
from the solution. In order to investigate the kice of adsorption of the Se(IV)
on RHA, various kinetic models, like pseudo-firster [15], pseudo-second-
order [16] and intra-particle diffusion [17] modélave been used.

The pseudo-second-order model can be representid following form

k
log(g. - ¢)=logq. - ——t (1)
9(d. - g,) =logq, 2305

This equation is, however, valid only for the iaitperiod of adsorption. Various
investigators have erroneously fitted this equat@the adsorbate uptake data for
later periods, ignoring the data of the initialipdrfor the model fitting.

The pseudo-second-order model can be representie fallowing form:

_ ht 2
=15 k.q.t

where
h= ks,QLf (3)
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The adsorbate transport from the solution phaskegsurface of the adsorbent
particles occurs in several steps, The overall gudiem process may be controlled
either by one or more steps, e.g., film or extediffiision, pore diffusion, surface
diffusion and adsorption on the pore surface, oo@bination of more than one
step. In a rapidly stirred batch adsorption, th#udive mass transfer can be
related by an apparent diffusion coefficient, whiefil fit the experimental
sorption-rate data. The possibility of intra-pddidiffusion was explored by
using the intra-particle diffusion model:

0 = K Vi+l (4)
whereky is the intra-particle diffusion rate constamtyy mir andl (ny/g) is

a constant that gives idea about the thicknesseoboundary layer, i.e., larger the
value ofl, the greater is the boundary layer effect

If the Weber-Morris plot ofy, versus+/t satisfies the linear relationship with
the experimental data, then the sorption procefmiisd to be controlled by intra-
particle diffusion only. However, if the data extitmulti-linear plots, then two or
more steps influence the sorption process.

The mathematical dependence of fractional uptakexdsforbate or\/f is
obtained if the sorption process is consideredetinuenced by diffusion in the
cylindrical (or spherical) and convective diffusionthe adsorbate solution. It is
assumed that the external resistance to mass érasisfrounding the particles is
significant only in the early stages of adsorptidhis is represented by the first
sharper portion. The second linear portion is thedgal adsorption stage with
intra-particle diffusion dominating.

Equilibrium Study

For adsorption isotherms, experiments were caraed at natural pH of the
samples by contacting a fixed amount of adsorb@2t g) with 50 mL of Se(IV)
solutions havingC, in the range of 100-508g/L. The mixture was centrifuged
until equilibrium was attained and Se(IV) concetitra in the supernatant
solution and in the adsorbent was estimated.

Three two-parameter models; Langmuir, Freundlictd @emkin have been
used to correlate the experimental equilibrium gaison data. The experimental
equilibrium adsorption data of Se(IV) adsorptiontmfeCk coated RHA have
been tested by using the two-parameter Freundidj, [Langmuir [19], and
Tempkin [20] isotherm equations.

Freundlich [18]

g, =K:C" ®)
Langmuir [19]
q, =m0 e (©)
1+K,C,
Tempkin [20]
0. =B;InK; +B, InC, (7)

The Freundlich isotherm is valid for a heterogerseadsorbent surface with a
non-uniform distribution of heat of adsorption owee surface. The Langmuir
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isotherm, however, assumes that the sorption alees at specific homogeneous
sites within the adsorbent.

Error Analysis

Two error functions of non-linear regression bagise employed in this study to
find out the most suitable kinetic and isotherm mledto represent the
experimental data respectively. The hybrid fraaioerror function (HYBRID)
and the Marquardt’'s percent standard deviation (DP&tror function [21, 22].
These error functions are given as

HYBRID = 100 * (qe,exp - qe,calc) (8)
n-pPiag qeyexp i
n ( ) 2
MPSD=100 1 qe,exp qe,calc (9)
nN-pig Qe,exp |

HYBRID was developed to improve the fit of the sguaf errors function at
low concentration values. The MPSD is similar irmgorespects to a geometric
mean error distribution modified according to themier of degrees of freedom
of the system.

Thermal Analysis of Spent Adsorbents

The spent adsorbents obtained as a result of adsorpf Se(lV) were
characterized by FTIR, SEM, TGA, and DTA analyseshhiques. The thermal
degradation (gasification) characteristics of thenk and spent adsorbents were
studied using the thermo-gravimetric and differ@ntinalysis techniques. The
thermal degradation of the adsorbents was carrigdnon-isothermally at the
Institute Instrumentation Centre, |IT, Roorkee gsithe TGA analyzer from
Perkin Elmer, Pyris Diamond.

In the present study, the operating pressure was H@htly positive. The
samples were prepared carefully after crushing sieding so as to obtain
homogeneous material properties. The sample waermly spread over the
crucible base in all the experiments and the gtyaofisample taken was 5-10 mg
in all the runs. The oxidation runs were takemhedting rate of 25 K/min under
an oxidizing atmosphere (flowing moisture-free doj gasification. The tests
were conducted over a range of temperature fromathbient temperature to
1000°C. Flow rate of nitrogen/air was maintained at 2@0nin.

The weight loss, during thermal heating was comtirsly recorded and
downloaded using the software, Muse, Pyris Diamofle instrument also
provided the continuous recording of the differahthermal gravimetry (DTG)
and differential thermal analysis (DTA) as a fuantiof sample temperature and
time. The TG, DTG and DTA curves obtained in eaakecwere analyzed to
understand the behavior of thermal degradation.

Few experiments were repeated to find the congigténthe results and it was
found within £2%.
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3. Results and Discussion
3.1. Characterization of Adsorbents

RHA were treated with 0.1M Fegl solution. The physico-chemical
characteristics of the adsorbents such as proxiraa#dysis carried out. The
energy dispersive X-ray (EDAX) analysis, scannifec&on microscopy (SEM)
analyses and Fourier transform infra red (FTIR)ctiaé analysis were used to
study the structural and morphological charactessif adsorbents.

Physico-chemical Characterization of Adsorbents

Proximate analysis and particle size of the RHA @resented in Table 2. The
SEM micrographs of Fegkoated adsorbents and Se(lV) loaded adsorbents are
shown in Fig. 1. It shows surface texture and poras the blank and loaded
adsorbents. It can be inferred from these figuhed the surface texture of the
blank adsorbents changes drastically after theihgeaf the adsorbates.

Table 2. Proximate Analysis of RHA.

Characteristics Value

Moisture (%) 10.07
Volatile matter (%) 15.03
Ash (%) 69.61
Fixed Carbon (%) 5.36
Average particle size (n) 412

(a) (b)
Fig. 1. SEM Micrographs of (a) Blank and (b) Se(IV).oaded RHA at 500X.

Energy dispersive X-ray analysis (EDAX) analysistoé adsorbent before
and after adsorption was performed to estimate atmmposition of various
elements present in the adsorbents. EDAX speadtiadtes presence of elemental
selenium after adsorption onto adsorbent as showfig. 2. It indicates that at
the adsorbent surface Se(lV) was reduced to elehseienium.
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Fig. 2. EDAX Analysis of (a) Blank and (b) Se(lV) lbaded RHA.

The chemical structure of the adsorbents is of | vitaportance in
understanding the sorption process. The adsorptapacity of adsorbents is
strongly influenced by the chemical structure ditisurface. The carbon-oxygen
functional groups are by far the most importanudures that influence the
surface characteristics and surface behavior afraésts. The functional groups
suggested most often are (l) carboxyl groups,pti@nolic hydroxyl groups, (IIl)
carbonyl groups (e.g., quinone-type), and (IV) daet groups (e.g., fluorescein-
type) The FTIR technique is an important tool teritify the characteristic
functional groups, which are instrumental in adsorp of Se(IV). The FTIR
spectra of the Fegtoated and Se(lV)-loaded RHA is shown in Fig. 3.

A broad band between 3100 and 3700'dmall the adsorbents is indicative
of the presence of both free and hydrogen bondedgf@idps on the adsorbent
surface. This stretching is due to both the silagrolups (Si-OH) and adsorbed
water (peak at 3400 c¢thon the surface. C-O group stretching from aldelsyd
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and ketones can also be inferred from peaks irreg®mn of 1600 cm. These
FTIR spectra also show transmittance around ~1180 mgion due to the

vibration of the CO group in lactones and due t®S$i and —C-OH stretching
and —OH deformation.

Figure 3 shows bands appearing at 3451 and 3457ierspectra of RHA
indicate presence of O-H bonding. C=C stretchirdjciates presence of bands at
1633 cnt. Although some inference can be drawn about thfase functional
groups participating in the adsorption process fil6hiR spectra, the weak and

broad bands do not provide any authentic infornmabout the nature of the
surface oxides.

a0:
%+
26+
241

224

% Transmittance
566.38

584.52

000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Fig. 3. FTIR Spectra of RHA and Se(lV)-Loaded RHA.

3.2. Batch Study

Batch adsorption experiments were conducted forehgoval of Selenium from
water by FeGlcoated RHA. Evaluation of various parameters, duotgt dosew,
initial pH (pH,), contact timet, initial concentrationC,, and temperature is of
vital importance in the design of any adsorptiosteg for the removal of Se(1V).
The effect of these parameters on the adsorptioBeffV) onto FeGlcoated
RHA are presented.

Effect of Adsorbent Dosagew)

The effect of W on the uptake of Se(lV) onto Fe@loated RHA was studied for
C, = 100ny/l and is shown in Fig. 4. The optimum adsorberstadjen was found
to be 6 g/l. It was found that the removal of S¢(by any of the adsorbents
increases with an increase in the adsorbent dogatielly and, thereafter,
becomes constant after some valuewofThis value is taken as the optimum
dosagew.

The increase in adsorption with the adsorbent dosag be attributed to the
availability of greater surface area and larger Ipeimof adsorption sites. At
W < Wopimumu the adsorbent surface becomes saturated with')Sagt the residual
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Se(lV) concentration in the solution is large. WV#n increase iwv, the Se(lV)
removal increases due to increased Se(IV) uptakehbyincreased amount of
adsorbent. FOw < Wygimumu the incremental removal of Se(1V) becomes verglsm
as the surface Se(lV) concentration and the solu$ie(lV) concentration come to
near equilibrium with each other. At about< Wypimumy the removal efficiency
becomes almost constant for the removal of Se() &eC}coated RHA.

Fig. 4. Effect of Adsorbent Dose on the Removal &e by RHA.
T=303 K,t=3 h,C,=100my/l.

Effect of Contact Time

The effect of contact time on the removal of Se(brito Fe coated RHA is
shown in Fig. 5. The rate of removal of Se(IV) frovater is very fast with all the
adsorbents. This is obvious from the fact thargelaumber of vacant surface sites
are available for the adsorption during the inisi@ge and with the passage of time,
the remaining vacant surface sites are difficultbo occupied due to repulsive
forces between the solute molecules on the sobd¢hnd in the bulk liquid phase.

The adsorption of Se(IV) remains almost constadttae difference between
the adsorptive uptake at 2 h and 3 h and is less 1B6 of that at 5 h. Therefore, a
steady-state approximation was assumed and a ggasibrium situation was
considered at= 2 h. pH was not adjusted during the experimeéBased on these
results kinetic studies, viz. pseudo first ordesegn second order, weber moris
are perfomed on all Se(IV) adsorbent systems.

Fig. 5. Effect of Contact Time on % Removal of S&() by RHA.
T=303 K, C,=100nyg!/I.
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Effect of pH

The pH, of the aqueous solution with, = 100ng/l of Se(lV) is found to be 6.46.
With the addition of the adsorbents, the solutibhghanges. The initial pH of all
the adsorbent systems is varied from 2 to 10 aeadéhremoval at equilibrium is
obtained as shown in Fig. 6. With all the adsorbehis found that the sorption of
Se(IV) of decreases at alkaline pH and maximum xetnis obtained at pH 2 to 3.

Fig. 6. Effect of initial pH on % Removal of Se(IV)by RHA.
T=303K, C,=100ny/I.

Se(IV) species in agueous solution include selenanid (HSeQ), biselenite
(HSeQ ) and selenite(Sed). Between pH 3.5 and 9.0, biselenite ion is the
predominant ion in water. AboveH 9.0 selenite species dominates and as pH
decreases below pH 3.5, selenious acid dominatgf$V)Ssorption decreases at
alkaline pH due to the decrease of the fractiothefaqueous species of HSeO
For all systems, the final pH changes from itsahitalue of 6.46 to around 2.5.

Effect of Temperature

The effect of temperature on adsorption capacitgelV) by Fe(d coated RHA
is studied by carrying out from 293 to 323 K usidiferent initial Se(lV)
concentration at naturgH of the solutions. The equilibrium uptake of Se(b)
different adsorbents were affected by temperatitrevas indicated that the
removal increased with increase in temperature. ilibeease in adsorption with
the rise of temperature may be due to increasewilling of the adsorbent
allowing more active sites to become available $efenium. The optimum
temperature for Se(IV) adsorption on RHA was fotmdbe the 323 K within the
temperature range studied.

3.3. Kinetic Study

The values of the pseudo-first-order adsorptior rednstantk (Table 3) are
determined using Eq. (1) by plotting logé ;) againstt for Se(IV) adsorption
onto all the adsorbents wit,=100ng/l at 303 K for the first 30 minutes only.

Experimental results did not follow first-order kiics given by as there was
difference in two important aspects:

Journal of Engineering Science and Technology October 2011, Vol. 6(5)
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(i) k(9e- a) do not represent the number of available sited, a
(ii) log g. was not equal to the intercept of the plot of tpg(;) against.

Equation (2) has been fitted to the experimentah dasing a non-linear
regression method to get the kinetic parametergsetido-second-order model.
This has been accomplished by minimizing the respeccoefficient of
determination between experimental data and predicalues.

The best-fit values df, g., andks along with the correlation coefficients
for all the adsorbate—adsorbent systems and thenompt values of kinetic
parameters are given in Table 3 for all the systeiitts C,=100 g/l used in the

present study. The plot of the experimental adsmmptapacityg, with t is shown
in Fig. 7.

Table 3. Kinetic Parameters for the Removal of SeYf)
by RHA for C,=100nyg/l.
Pseudo f' order equation ¢ = qu[L- exp|- k;t)|

ke (min™) 0.0507
Qe.cal (MQ/Q) 11.9788
Oe.exr (ng/g) 14.6415
R 0.9516
Pseudo 2° order tion _ thedl
seuao oraer equatio g, 1+tk3qe
ks (g/rig min) 0.0094
h (rrg/g min) 2.1924
Oe.cal (MQ/Q) 15.2674
R 0.9984
Weber Morris 0 = kgt +1
Kig, (M0/g min) 2.0970
11 (ng/g) 0.7781
R? 0.9427
Ky, (My/g min) 0.2086
> (ng/g) 12.0424
R? 0.9616

The Qeexp @and thegecq values for the pseudo-first-order model and pseudo
second-order models are also shown in Table 3.dthg and theqec, values
from the pseudo-second-order kinetic model are woge to each other. The
calculated correlation coefficients are also cldsarnity for pseudo-second-order
kinetics than that for the pseudo first-order kinetodel. Therefore, the sorption
can be approximated more appropriately by the pseedond-order kinetic

model than the pseudo-first-order kinetic modeltfar adsorption of Se(lV) onto
FeCk coated RHA.
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Fig. 7. Pseudo-Second-Order Kinetic Model for the Bmoval
of Se(lV) by RHA at natural pH. T=303K, C,=100mg/I.

Figure 8 represent plots of versus+/t (equation 4) for the adsorption of
Se(IV) onto FeGl coated RHA to get Weber-Morris kinetic parameté&ist all
the systems withC,=100 ng/l the data points represent bi-linear plots foe t
experimental data. The diffusion in the meso- ancrerpores is represented by
the bi-linear plots for all systems shown in Fig.T8e values of (Table 3) give
an idea about the thickness of the boundary layer,the larger the intercept, the
greater is the boundary layer effect. The deviatibstraight lines from the origin
(Fig. 8) may be because of the difference betwherrdte of mass transfer in the
initial and final stages of adsorption. Furthergtsdeviation of straight line from
the origin indicates that the pore diffusion is tia sole rate-controlling step. The
values ofky for C,=100 ng/l as obtained from the slopes of the straighddiare
listed in Table 3.

Fig. 8. Intra-Particle (Weber-Morris) Kinetic Model for the Adsorption
of Se(lV) at Natural pH, Optimum Dosage andT = 303 K.

3.4. Equilibrium Study

The experimental equilibrium adsorption data ofl8g@dsorption onto FegGl
coated RHA have been tested by using Freundlicmgireuir, and Tempkin
isotherm equations.
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The Freundlich isotherm is valid for a heterogerseadsorbent surface with a
non-uniform distribution of heat of adsorption owbe surface. The Langmuir
isotherm, however, assumes that the sorption talkes at specific homogeneous
sites within the adsorbent.

The parameters of the isotherm, and the correlatiefficient, R for the fitting
of the experimental data are listed in Table 4cBmparing the results of the values
for the error functions and correlation coefficgrit was found that the Freundlich
isotherm generally represent the equilibrium sorptf Se(1V) onto RHA.

Table 4. Isotherm Parameters and Error Functions
for Se(IV) Adsorption onto RHA.

3.5. Thermal Degradation of Spent Adsorbents

The spent adsorbents pose problems to their dispndamanagement. The recent
trend emphasizes on utilizing them for some berafipurpose and rendering
them innocuous and benign to the environment bdfag are being disposed off.
The use of low-cost adsorbents for the treatmenbabus wastewaters generates
large volumes of solid waste. These solid waste® lyreat potential for energy
recovery. However, the separation of the adsorbémm the solvents by
sedimentation, filtration, centrifugation, dewateriand drying is very important.
Se(lV) loaded adsorbents and blank adsorbents tadied for their thermal
degradation characteristics by thermogravimetri@)instrument.

Thermal stability of RHA is directly dependent ohet decomposition
temperature of its various oxides and functionadugis. The surface groups
present on carbons and those formed as a resuitterfaction with oxidizing
gases or solutions are generally quite stable eweler vacuum at temperatures
below 150C, irrespective of the temperature at which theyrewéormed.
However, when the carbons are heated at higherdexyes, the surface groups
decompose, producing CO (150-600, CG, (350-1000C), water vapour and
free hydrogen (500-100Q). The principal experimental variables which cbul
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affect the thermal degradation characteristicsiinaad nitrogen flow in a TG
experiment are the pressure, the air (purge gas) rfite, the heating rate and the
weight of sample. In the present study, the opegagiressure was kept slightly
positive; the purge gas (air) and (nitrogen) floater was maintained at 2@D.
The thermogravimetric analysis (TGA), differenttabrmal analysis (DTA) and
differential thermo gravimetery (DTG) curves of theCk coated and Se(lV)
adsorbed RHA is shown in Figs. 9 and 10. Threeedsfit zones can be seen for
the oxidizing atmosphere for all the blank and kxdhddsorbent.
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Fig. 9. TGA Analysis of
(a) Virgin and (b) Se(lV) Loaded RHA in Air Atmosphere.

To investigate the mechanism of Se(lV) adsorptisnwell as the role of
porosity, the nature of interaction between Se(@id PAC was explored by
thermo-gravimetric (TG) analysis under nitrogen airdatmospheres at a heating
rate of 25 K/min. A peak in derivative thermograeimc (DTG) curve at
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temperature lower than 180 (130-133C) under both nitrogen and air
atmospheres shows the removal of physisorbed walthrder nitrogen
atmosphere, a somewhat steady weight loss witheeatyre is seen in TG curve.
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Fig. 10. TGA Analysis of
(a) Virgin and (b) Se(lV) Loaded RHA in Nitrogen Atmosphere.

The TG traces for the blank and Se(lV) loaded dolwais show that the loss
of moisture and the evolution of some lightweightlecules including water take
place (6.62-16.1% weight loss in air atmosphere 5B@ -17.83 weight loss in
nitrogen atmosphere) from ambient temperature to269 C, for all the
adsorbents. Higher temperature drying (> I@0occurs due to loss of the surface
tension bound water of the particles. TG trace akB® obtained for all the
adsorbents, in which moisture and light volatilempmnents loss (~31.03to
99.93% weight loss in air atmosphere and ~16.454@1% in the nitrogen
atmosphere) takes place upto ~AO0for air and ~100CC for nitrogen
atmosphere. The distribution of volatiles releadedng thermal degradation and
their characteristics along with DTA for blank dodded adsorbents in an air and
nitrogen atmosphere at a flow rate of 200 ml/mim @resented in Tables 5to 7.

Adsorbents (blank and loaded) show endothermicsitian between room
temperature and 200 in the air and nitrogen atmosphere, indicatingsghchange
during the heating process. The strong exothermék gentered between 400-700
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°C is due to the oxidative degradation of the samplds broad peak as that
observed from the first derivative loss curve (DT&S)shown in Figs. 9 and 10 may
be due to the combustion of carbon species. Ataniggmperatures (third zone), the
samples present a gradual weight loss up to ®@50his weight loss has been
reported to be associated in part with the evauibCO, and CO.

The maximum rate of weight loss in air atmospheras vobtained as
1.79 mg/min and in the nitrogen atmosphere 0.34Rf$dA. The nature of the TG
curve gives a clear indication that the two-stegrddation is observed for RHA.

Table 5. Distribution of Volatiles Released duringrhermal
Degradation of Blank and Loaded Adsorbents in an Aiand
Nitrogen Atmosphere at a Flow Rate of 200 ml/min.

Table 6. Thermal Degradation Characteristics of Blak and Loaded
Adsorbents in Air and Nitrogen Atmosphere at a FlowRate of 200 ml/min.

Table 7. DTA for the Blank and Loaded Adsorbents
in the Air and Nitrogen Atmosphere at Flow Rate 200ml/min.

4. Conclusions

On the basis of the studies and the results amtisifon presented, the following
conclusions were drawn:

- The FTIR spectra of the RHA indicated the presewfcearious types of
functional groups, e.g., free and hydrogen bondét gboup, the silanol
groups (Si-OH), alkenes, CO group stretching frddelaydes and ketones
on the surface of adsorbents.

- Optimum RHA dosage is found to be 6 g/l @100 mg/l of Se(IV) removal.
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- Percent removal of Se(lV) increases with the inseean adsorbent

concentration, while removal per unit weight of adent increases with
the decrease in adsorbent concentration.

- Se(lV) adsorption onto RHA is high at low pH valuaesd decreased with

the rise in initial pH.

- The sorption kinetics of Se(IV) onto RHA could bepresented by the

pseudo-second-order kinetic model.

- The adsorption processes could be well describedabywo-stage

diffusion model.

- Freundlich isotherms generally well represent tqailérium adsorption

of Se(lV) onto RHA.

References

1.

2.

10.

11.

12.

Reill, C. (1996).Selenium in Food and HealtiBlackie Academic and
Professionals, London.

Ministry of Environment and Forests (2004). Statfswater treatment
plants in India.Central Pollution Control Board Repottttp://www.scribd.
com/doc/13999104/WTPsStatusCPCB.

El-Shafey, E.l. (2007). Removal of Se(IV) from aque solution using
sulphuric acid-treated peanut shdtburnal of Environmental Management
84(4), 620—627.

Rovira, M.; Giménez, J.; Martinez, M.; Martinez-ifa X.; Joan de Pablo;
Marti, V.; and Duro, L. (2008). Sorption of selemi{lV) and selenium(VI)
onto natural iron oxides: Goethite and hematitdournal of Hazardous
Materials 150(2), 279-284.

El-Shafey, E.I. (2007). Sorption of Cd(Il) and S&(from aqueous solution
using modified rice husklournal of Hazardous Material§47(1-2), 546-555.
Peak, D. (2006). Adsorption mechanisms of selenmxganions at the
aluminum oxide/water interfacdournal of Colloid and Interface Science
303 (2), 337-345.

Sotiropoulos, A.K.; and Kamaratos, M. (2004) Selemiadsorption on Cs-
covered Si(100) 2x1 surfacéolid State Communicatignk29(10), 637-641.
Youwen, Y.; Vance, G.F.; Zhao, H. (2001) Seleniutsaption on Mg-Al
and Zn—Al layered double hydroxidéspplied Clay Scien¢0(1-2), 13-25.
U.S. Environmental Protection Agency (200Belenium Treatment and
Removal Alternatives: Demonstration Projedfline Waste Technology
Program Activitiy Ill, Project 20. EPA/600/R-01/077

Ohtake, A.; Komura, T.; Hanada, T.; Miwa, S.; Yasud.; and Yao, T.
(2000). Adsorption processes of Se on the GaAs)f11(2x2) surface.
Applied Surface Scienc#62-163, 419-424.

Dhillon, S.K.; and Dhillon, K.S. (1999) Adsorption-desorption reactions of
selenium in some soils of Indi@eoderma93(1-2), 19-31.

Kuan,W-H.; Shang, L.L.; Ming, K.W.; and Cheng, F(L998). Removal of
selenite (Se(IV)) and selenate (Se(VI)) by usingiminum-Oxide-Coated
sand.Pregamon32, 915-923.

Journal of Engineering Science and Technology October 2011, Vol. 6(5)



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Batch Study, Equilibrium and Kinetics of Adsorption of Selenium 605

Balistrieri, L.S.; and Chao, T.T. (1990). Adsorptiocof selenium by
amorphous iron oxyhydroxide and manganese dioxideochimica et
Cosmochimica Acteéb4(3) 739-751.

Wasewar, K.L.; Prasad, B.; and Gulipalli, S.; (208@sorption of selenium
using bagasse fly ash (BFAJLEAN: Soil, Water, Air37(7), 534-543.
Lagergren, S. (1898). About the theory of so cabel$orption of solute
substanceKsver Veterskapsakad Han@4, 1-6.

Ho, Y.S.; and McKay, G. (1999). Pseudo-second-ordedel for sorption
processe?rocess BiochemistrB4(5), 451-465.

Weber, W.J.; Asce, Jr J.M.; and Morris, J.C. (19&Bjetics of adsorption
on carbon from solutionsJournal of Sanitary Engineering Division of
American Society of Civil Engineering9, 31-60.

Freundlich, H.M.F. (1906). Over the adsorption wluson. Journal of
Physics and Chemistr7, 385-470.

Langmuir, I. (1918). The adsorption of gases om@lsurfaces of glass, mica
and platinumJournal of American. Chemical Socie#(9), 1361-1403.
Temkin, M.J.; and Pyzhev, V. (1940) Kinetics of aoma synthesis on
promoted iron catalyst#écta Physiochimica U.R.S,82,217-222.

Kapoor, A.; and Yang, R.T. (1989). Correlation gugibrium. Adsorption
data of condensible vapours on porous. Adsorbébds Separation and
Purification, 3(4), 187-192.

Marquardt, D.W. (1963). An algorithm for least-scpgm estimation of
nonlinear parameterslournal of Society for Industrial Applications of
Mathematics11(2), 431-441.

Wasewar, K.L.; Kumar, S.; and Prasad, B. (2009)sofyation of tin using
granular activated carbodournal of Environmental Protection Sciengg41-52.
Wasewar, K.L.; Atif, M.; Prasad, B.; and MishraMI. (2009). Batch
adsorption of Zn using tea factory waste as an raésd. Desalination
244(1-3), 66-71.

Wasewar, K.L.; Atif, M.; Prasad, B.; and Mishrayl.(2008). Adsorption
of Zn using factory tea waste: kinetics, equililbniiand thermodynamics.
CLEAN: Soll, Water, Air36(3), 320-329.

Dahlan, I.; Mei, G.M.; Kamaruddin, A.H.; Mohamed,; Aee, K.T. (2008).
Removal of S@and no over rice husk ash (rha)/cao-supported|rogides.
Journal of Engineering Science & TechnolddgZSTEQ, 3(2), 109-116.
Tumin, N.D.; Chuah, A.L.; Zawani, Z.; Abdul Rash#l, (2008). Adsorption of
copper from aqueous solution ais guineensikernel activated carbon.
Journal of Engineering Science & TechnolddSTEG, 3(2), 180-189.

Kumar, P.S.; and Gayathri, R. (2009). AdsorptiorPtf" ions from aqueous
solutions onto Bael tree leaf powder: isothermsetics and thermodynamics.
Journal of Engineering Science & Technoldd¥STEG, 4(4), 381-399.
Rajoriya, R.K.; Prasad, B.; Mishra, I.M.; and WaaewK.L. (2007). Adsorption
of benzaldehyde on granular activated carbon: ikgetequilibrium, and
thermodynamicChemical and Biochemical Engineerji&g(3),219-226.
Wasewar, K.L.; Atif, M.; and Prasad, B. (2008). Giwerization of factory
tea waste as an adsorbent for removal of heavylsndtzurnal on Future
Engineering and Technolog$(3), 47-53.

Wasewar K.L.; Ravichandra, Y.; Kumar, M.A.; and Godbole, {2007).
Adsorption mechanism for the adsorption of heavyatsausing tea waste as
an adsorbentlournal on Future Engineering and Technolpgyl), 41-46.

Journal of Engineering Science and Technology October 2011, Vol. 6(5)



