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ABSTRACT

The present investigation attempts to recover the cerium(lll) ions from aqueous environment using a novel
biohydrogel maodified by sporopollenin (SP) and xylan (XY). Optimization of various parametersviz., pH (2.0-10.0),
contact time (20-160 min), biohydrogel dosage (1.0-5.0 g/L) and initial Ce(Il1) concentration (50-450 mg/L) was
done. Maximum Ce(I11) uptake was noted to be 278.2 mg/g in case of SP- biohydrogel and 180.4 mg/g in case of
XY- biohydrogel under optimized conditions. The process was found to follow homogeneous chemical mode of
adsorption in case of SP- biohydrogel, whereas heterogeneity and chemical mode of adsorption was noted in case of
XY- biohydrogel. This was further confirmed by SEM analysis. Intra-particle diffusion and Boyd plot suggested two
phase diffusion in case of both the biohydrogels. Thermodynamic studies showed that the process was endothermic
and spontaneous in nature. FT-IR analysis showed the involvement of functional groups viz., aldehydes, esters and
hydroxyl groups in case of SP- biohydrogel and amides, alkenes and xylan spectrum for XY- biohydrogel during
Ce(l11) biosorption. The effects of co- ions in binary and ternary system was studied during Ce(l11) biosorption.
Maximum adsorption efficiency and recovery of Ce(ll1) from electronic industrial effluent using SP- biohydrogel
were noted as 88.4% and 86.8% which were obtained in column mode at a flow rate of 1 ml/min, bed height of 12
cm and 0% dilution. Regeneration studies suggested that SP- biohydrogel could be reused upto 5 cycles and could
serve as a cost effective alternative for the recovery of cerium from waste water.
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INTRODUCTION

Global demand for rare earth metals (REMS) is iasireg dramatically in recent years and prices of earth
metals are also increasing rapidly [The increasing prices of REMs and the increaseddwade demand for
REMs have necessitated the need to search foetmwery technology with sufficient economic potehthRmong
the REMs, Cerium is the most abundant and reaetement which has drawn special attention. Ceriasithany
potential uses in different areas such as chemitgineering, luminescence, agriculture, catalysislear energy,
therapeutic applications and magnetism [2, 3]. Badiopes of cerium (lll) are marked products oflaar fission
and common constituent of liquid radioactive wastesing from nuclear power productidd$.

Conventional technologies viz. precipitation, &lion, liquid-liquid extraction, solid-liquid exction, ion

exchange, super critical extraction, electrowinnietgctrorefining, electro slag refining etc. whitlave been
developed for the recovery of REMs are not attvactiue to the problems involving cost and energysuamption.

In recent years, research attention has been fdausdiosorption which is a proven technology amel tesearch
over the past few years provided a better undetdstgnof the recovery of rare earth metals througisdrption

using certain potential biosorbents [5]. The grofipheap biomaterials constitutes the basis fagwa cost effective
technology that can find its application in theaeery of REMSs. In spite of published research warkdiosorption
of cerium (III) [3], no report is available on thecovery of cerium using biomaterials in an indastontext under
real wastewater conditions.
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Hydrogels have received increasing attention nayays due to their significance in applications amious fields

such as personal health products, civil constractindustrial, agricultural production, medical edls, baby

diapers, soil for agriculture and horticulture, @ient pads etc. They are also being used in anvieotal

applications for the removal of undesired heavyahieins and dyes. The properties of hydrogel destrmhgly on

the degree of polymer crosslinking, chemical contjmys of the polymer chains, and interactions of tietwork.

Hydrogels, particularly those based on natural pelys, can absorb and retain large amounts of waddine

solutions or physiological solutions as high as drads to thousands of times of their own weight doe
considerable hydrophilic groups with three-dimenalmetwork structures [6The hydrophilicity of hydrogels can
be enhanced by the presence of hydrophilic graayed) as hydroxide radical, carboxyl, and amid&].7,The main

advantages of hydrogel-based adsorbents are eadindp capturing of cations with simple chemicalsnost cases,
reusability and the possibility of semi-continuaymeration [9]

The aim of the present work was to develop a nbiahydrogel and examine its adsorption potentidiity the

recovery of cerium from industrial effluent. Biohggdiel was prepared using corn style, a biowastenahtalong

with chitosan and cross linking agent gluteraldehy@orn style (CS) has already been reported anpatisorbent
for Ce(lll) biosorption in our previous study [3&poropollenin, a complex biopolymer, occurs natyrak a

component of spore / pollen walls of land plant8][and having a good physical strength and chensizdility

[11]. The ability of sporopollenin to serve as atb&mt has been reported in case of heavy metald B2 4]. Xylan

is the main hemicelluloses component of secondatly walls constituting about 20-30 % of the biomaxs
hardwoods and herbaceous plants. Over the pastyéass, efforts have been given to obtain adsorbeudt
hydrogels from xylan rich hemicelluloses due toldger cost and easy availability. Recently, thghhsorption
capacity of chitosan- xylan hybrid on heavy meteals been reported [15].

To improve the performance of biohydrogel and iaseethe surface area for cerium adsorption, biagalrwas
modified by sporopollenin (SP) and xylan (XY) inettpresent study. The sorption kinetics and biogmmpt
equilibrium employing different isotherm models ahérmodynamic parameters in batch mode was stiad@d)
with recovery of cerium from wastewater in columoda. This is the first report on the applicatiorbafhydrogel
modified by sporopollenin and xylan for the effgetrecovery of Ce(lll) from wastewater.

MATERIALS AND METHODS

Chemicals and reagents
All the chemicals including chitosan, Cerium chifej glacial acetic acid, gluteraldehyde, sporopall€SP) and
xylan (XY) were of analytical grade and purchasearf Sigma Aldrich, India.

Metal solution preparation
Cerium stock solution (1000 mg/L) was prepared seply from Ce . 7H,O in deionized water. The working
solutions were prepared by diluting the stock sohs to appropriate volumes.

Preparation and characterization of biohydrogel

For preparation of biohydrogel, Corn style (CS)oviste materials of plant origin was collected, veas
thoroughly with deionised water and dried in anrow 60°C for 24 h. The dried samples were puleerin a
grinder and sieved to obtain particles in the siaege of 425-600 pm. An amount of 0.04 g CS wapatised in 50
ml of 2% (v/v) glacial acetic acid and stirred foh at room temperature. The suspension was dividedwo parts

A and B. Sporopollenin (6.0 g) was added in soluth and xylan (6.0 g) was added in solution B.t&$an (1.5 g)
was added to the above solutions and stirred flor Bo the slurry, 1 ml of gluteraldehyde was adtiedbtain a
thick gel with a smooth consistency. The gel wafsigerated at 4°C and thawed at 60°C. The procdss o
refrigerating and thawing was continued for threefdur times. Finally, the hydrogel was dried, penet and
stored for future use.

The BET surface area of biohydrogel was calculdtdbwing the standard proceduf®!. Thermogravimetric
analysis of biohydrogel was carried out under highty helium supplied at a purge gas flow rat®-df000 ml/min
(Diamond TG/DTA, Perkin Elmer, USA). All samples nesubjected to a 10°C/min heating rate and cheniaet
between 25°C -800°C.

The swelling ratios of SP- biohydrogel and XY-bidhygel were calculated by immersing the biohydregelde-
ionized water for 1 hour and comparing the wet Wetg the dry weight following the equation:
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W, ~W,

Swelling ratio = ————— %100
d 1)
where W, is the wet weight (g) of the biohydrogel 4\ the dry weight (g) of the biohydrogel

Batch biosorption studies

The experiments were conducted in 250 ml Erlenméigeks at 28+9C on a rotary shaker at 120 rpm varying pH
ranging from 2.0 to 10.0, initial cerium concetimn ranging from 50 mg/L to 450 mg/L and biohygkbdosage
1.0 to 5.0 g/L, contact time 20 to 160 min. The gke® were filtered using Whatman No. 1 filter papfter 2 h of
mixing. The concentration of Cerium present infilieate was estimated using UV spectrophotomet@52.4 nm.
The cerium uptake capacities were calculated usiagnass balance equation as shown below:

q:CO_Cf x\/ )
M

Whereq is the sorption capacity i.e. the amount of C¢@dsorbed onto a unit amount of biomass (mgCgynd
C: are the concentrations (mg/ L) of Cerium in thiéal solution and after adsorption respectivalyis the volume
of the aqueous phase (L); alMdis the amount of the biomass (g/L).

Equilibrium and Kinetic studies

The equilibrium data were analyzed using two patamésotherms- Langmuir, Freundlich and Dubinin-
Radushkevich (D-R). Kinetic experiments were coteldicinder optimized conditions and samples werkdngtwn

at regular intervals for analysis. The pH of theugon was monitored using 0.1 N HCI or 0.1 N Na®#lutions.
Pseudo-first order, pseudo-second order and irdréefe diffusion model have been used for modetimg kinetic
data for adsorption of Ce(lll) on biohydrogels.

Thermodynamic parameters
The Gibbs free energy, enthalpy and entrop,(AH, AS) for the adsorption process were obtained froen th
experiments carried out at different temperatusgsguthe following equations:

log Q. _ as _ aH -
C. 2303R 2303RT
AG = AH -TAS (4)

where @/C. is called the adsorption affinity, which is theioaof amount of cerium adsorbed per unit masthéo
solute concentration in unit volume of the solutadrequilibrium. The values @fH andAS were determined from
the slope and the intercept of the linear plotogf (0/Ce) vs 1/T. These values were used to calculd@ewhich is
the fundamental criterion of spontaneity. Reactieours spontaneously at given temperature if theevaf AG is
negative.

Instrumental analysis

The surface morphology of the biohydrogels befond after cerium adsorption was analyzed using sognn
electron microscopy (SEM) (Stereo Scan LEO, Mod@$)4EDX analysis were conducted using Noran Syséem
model Energy Dispersive X-ray Microanalysis Syst€fhermo Electron Corporation, Japan) attached tM.SE
Accelerating voltage was kept constant at 15 k\fatilitate the emission of secondary X-rays.

Fourier transformed infrared spectra were recoriecan Avatar 330 model (Thermo Nicolet Co., USA)IRT
spectrophotometer. For FT-IR studies, 5 mg of bilshgel before and after adsorption was encapsulatéd0 mg
of KBr translucent discs which were obtained byspieg the ground material with the aid of a benasg Each
experiment was repeated at least twice, both pindwgood results

Column studies

Industrial effluent was collected from electromdustry located in the outskirts of Chennai, Tagadu, India. The
concentration of cerium in the effluent was anatlymsing UV-Visible spectrophotometer and pH wasusigid to
6.0. Recovery experiments were conducted in a glalssnn (15 cm in length) having an internal diagnetf 3 cm.
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The column was packed with SP- biohydrogel. Tostihe column efficiency, the experiments were cabeld at
various bed depths (4, 8 and 12 cm), flow rate8 (5, ml/min) and at various dilutions (0%, 25% &ifd%6).

The total quantity of cerium biosorbed in the cofufM,y) was calculated from the area above the breakgfirou
curve (outlet cerium concentration versus time)tipligd by the flow rate. Dividing the metal masd () by the
adsorbent mass (M) leads to the uptake capacityo{@)e biomass. The total amount of cerium ionst $e the
column was calculated from the following equation:

_C.Ft.

= 5
M total 100( ( )

where G is the inlet metal concentration (mg /L), F théwnoetric flow rate (mL/h) and.is the exhaustion time (h).
Total metal recovery (%) was calculated from thioraf metal mass adsorbed {}§to the total amount of metal
ions sent to the column (M) as follows:

Totalmetal recovery(%) = M x100 (6)

total

Modeling of Column data

To analyze the adsorption data of Ce(lll) in columade, breakthrough curves (G vs. time) were drawn and
the data were evaluated with the help of models BRST model [17] and Thomas model [18] followiriget
equations :

NoZ 1 Co
BDST model : t = + In| — -
Co KaCo Co

@)

Where N is the column capacity (mg/L),.Ks the rate constant (mth Z is the bed height (cm),c@nd G are the
initial and breakthrough concentrations respectivel

—=1+exp ?(QOM —CoVeif)

(o}

Thomas model :C (kTH j
8

Where C and gare the final and initial concentratiots, is the Thomas rate constant, F is the flow raténm),

Vi is the volume of effluent treated (ml), @ the maximum biosorption capacity (mg/g), M he tmass of the

biohydrogel (g).

Column desorption and recovery

Regeneration experiments were performed using 0HQWas a desorbing agent for the recovery of Qeighs.

After every cycle of adsorption/desorption, theuroh was washed with de-ionized water till a pH d Was
reached. The experiments were performed till tfieieficy of the column showed a drastic decrease.

RESULTS AND DISCUSSION

Characterization of biohydrogel

The biohydrogel was characterized for its adsorpgiotential. The BET surface area was found to.486 @nd 0.28
m?/g in case of SP- biohydrogel and XY- biohydrogeiermogravimetric analysis suggested a lower weliogs
percentage in case of SP- bhiohydrogel (34.5%) aspeced to XY- biohydrogel (56.9%) which suggested a
enhanced crosslinking in case of SP- biohydroget Y - biohydrogel.

169
Scholar Research Library



Nilanjana Daset al Der Pharmacia Lettre, 2015, 7 (6):166-179

The swelling ratios were calculated to be 87.0 % @6.2 % in case of SP- biohydrogel and XY- biologu
respectively which accounted the enhanced hydrgptdgiture of the SP-biohydrogel owing to more hythiticity
property. The enhanced hydrophilic nature is amirtgmt criterion in pollutant remediation via adstown [19].

Effect of parameters
It is well known that pH plays an important role biosorption process. It affects the activity oé tunctional

groups present in the biosorbent that are resplenéilv metal adsorption and also affects the coritipos of
metallic ions to get adsorbed to the active si2®3.[The effect of pH on biosorption of Ce(lll) onBP- biohydrogel
and XY- biohydrogel were noted. Figure 1 (a) shdweat maximum Ce(lll) uptake occurred at pH 6.@ase of
both forms of biohydrogels . At low pH 2.0, minimuaptake of Ce(lll) was noted which may be due te th
increased mobility of Hions, and thus the hydrogen ions were adsorbeerprdially rather than the metal ions
[21]. At higher pH values, number of bns is lower and greater number of ligands withatie charges resulted

in greater cerium biosorption [22].

The contact time is one of the important parantfeterapid sorption process [23, 24]. The uptakearium by the
biohydrogels increased with the increase in cortiem# and reached the equilibrium state at ther@D min for
SP- biohydrogel and 80 min for XY- biohydrogel &swn in Figure 1 (b). The metal uptake was foundddigher
in the initial stage followed by the equilibriumagt. This is because the biohydrogels containglaehinumber of
binding sites for the binding of cerium in the gastage [5, 20, 25]. As the time increased, thealibip sites
available on the biohydrogel surfaces are filledamd thus the cerium uptake capacity decreasedhwduald be
possibly due to the equilibrium established in ateksorbent interactions [26].

Biomass dosage is one of the parameter that affeetsorption capacity [22]. The effects of biomdssage on
cerium uptake using biohydrogels were studied hying the dosage range from 1.0 to 5.0 g/L. Theakptof
Ce(lll) increased with an increase in biosorbergad® due to the availability of more number of bigdsites for
the Ce(lll) ions to the binding sites [20,27]. Maxim sorption was found at 3 g/L for SP- biohydromyad 4 g/L for
XY- biohydrogel shown in Figure 1(c). Further iaase in the biohydrogel dosage did not show apydwement
in the biosorption capacity due to the binding thast all the ions to the sorbent and the estaflesit of
equilibrium between the ions bound to the biosorlaed those remaining unsorbed in the solution.

120
c 100 - 250
‘b=l ?l'
Z 80 “ep 200
£ £
£ 60 % 150
= o= e =
s s +5.P.- bl-liil} drogel g -+ SP-biohydrogel
= 40 - XY- biohydrogel = 100 W——
= ] = “XY- biohydrogel
- 0
© 20 E 50
o
0 0
0 5 10 15 0 50 100 150 200
(a) pH (b) Contact time (min)

(%)
(=]
(=]

300

|3
o
(=}

(5]
[=4
(=

200

b,

150

+SP-bichydrogel +SP- biohydrogel

Ce(III) uptake (mg/g)
Ce(Il) uptake (mg/g)

100 “*XY- biohydrogel 100 - X Y- biohvdrogel
50 50 |
0 0
2
( ;, 2 4 6 0 200 400 600
&) Riniv A1 dos: . .
Biohydrogel dosage (g/L) (d) Initial metal concentration (mg/L)

Figure 1: (a) Effect of pH (b) Effect of contact time (c) Effect of biohydrogel dosage (d) Effect ohitial metal concentration on cerium
(111) biosorption using SP- biohydrogel and XY- biohydrogel

The effect of initial Ce(lll) concentration onto SBiohydrogel and XY- biohydrogel was studied byyiag the
cerium concentration ranging from 50 mg/L to 450/lmdhe amount of metal uptake by biohydrogels ¢ased
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with an increase in cerium ion concentration andaieed constant after equilibrium time. Maximum I@e(ptake
was noted at 280 mg/L by SP- biohydrogel and 1%fLnfior XY- biohydrogel as shown in Figure 1(d). &h
sorption process was rapid at the earlier stagdsgamdually decreased with the adsorption procEks. initial
concentration provides an important driving fore@vercome all mass transfer resistance of metal bietween the
aqueous and solid phases, hence a higher initiaderdration of metal ion may increase the adsamptimpacity
[28].

Equilibrium studies

Equilibrium studies were conducted to get a de@peght on the equilibrium obtained between theahkiosorbed
and the residual metal content. Among the various parameter isotherms, Langmuir isotherm was fotmd
exhibit the best fit for SP- biohydrogel owing teetlow error values (11.4%) high Rvalue (0.991) suggesting
homogenous monolayer mode of adsorption (Figurg).2&hereas Freundlich isotherm fitted well for XY-
biohydrogel having high correlation coefficient was (0.968) as shown in Tablel which suggestedeadgenous
mode of adsorption in the present case ( Figur®.2¢oreover, D-R isotherm exhibited a poor fit ogito the high
error values and low correlation coefficient valfsboth the biohydrogels.

0.012 v =0.059x + 0.003 6 v=0.126x + 4.855
0.01 R*=10.991 . e R:=(0.788
. : ¥ =0.079x + 0.005 ; — ¥y =0.300x + 3.675
w0008 2 R:=0.927 4 2= (.968
Yl

0.006 é 3
-+ SP- biohydrogel £’ --SP- biohydrogel
0.004 +XY- biohydrogel > evilve

- <+ XY- biohydrogel

1/q, (m;

0.002
1
. 0
0 002 004 006 0.08
1/C, (mg/L)" @ & 2 ®
me
A InC,
(a) (b)

Figure 2: (a) Langmuir isotherm and (b) Freundlichisotherm for the sorption of cerium (Ill) on SP- biohydrogel and XY- biohydrogel

Table 1 Equilibrium isotherm model and kinetic mode parameters for Ce(lll) adsorption on SP- biohydragel and XY- biohydrogel

Isotherm models Model parameters SP- XY-
biohydrogel biohydrogel
Langmuir ¢ (ma/g) 333.3 200
K(L/mg) 0.05 0.06
APE (%) 11.42 26.45
R 0.991 0.927
Freundlich Kk (mg/g) 128.3 39.4
n 7.93 3.33
APE (%) 56.27 7.23
R 0.788 0.968
D-R isotherm & (ma/g) 260.0 176.4
B 8*10° 9*10°
E (KJ/mol) 0.079 0.074
APE (%) 70.48 21.56
R 0.926 0.908
Kinetic models
Pseudo first order K1 (g/mg/min) 0.059 0.029
¢ (Mg/g) 246.0 199.9
APE (%) 19.43 35.21
R 1.000 0.946
Pseudo second order 2 §/mg/min) 2.3*10-4 1.2*10-4
¢ (mg/g) 333.3 250.0
APE (%) 10.68 13.47
R 1.000 0.986
Intra-particle diffusion \Y 225 17.5
C 107.6 6.164
APE (%) 11.54 10.56
R 0.975 0.973
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Kinetic studies

Information on the kinetics of pollutant uptakerégjuired for selecting optimum operating conditiémsfull scale
batch process. Table 1 represents the kinetic antssfor pseudo-first order, pseudo-second orderirstra-particle
diffusion. Results suggested that Pseudo secoret @rattional power exhibited the best fit amonigtiadé models
owing to the low error values (10.6 % and 13.4%j) high correlation coefficient values (1.0 and @p&r SP-
biohydrogel and XY- biohydrogel. The suitability pbeudo second order model suggested the involveafen
chemical mode of adsorption via valence forcesuthosharing or exchange of electrons (Figure 3a).

In the present study, both intra-particle diffusimmd film diffusion played a significant role. Ae@wvn in Figure
3(b) and Figure 3(c), both intra-particle diffusiand Boyd plot showed a good linearity. Moreovercase of intra-
particle diffusion, the adsorption process was btmoccur in 2 phases for SP- biohydrogel and Kiéhydrogel
both. The Boyd curves were found to be quite linmatrthey did not pass through the origin whichgasied the
involvement of both film diffusion and intra-pafécdiffusion (Figure 3c). Moreover, a higher lingamas noted in
case of SP- biohydrogel as compared to XY- biohgdr@wing to the faster interaction of the ceriumns with

sporopollenin (SP) which could be due to the ineatent of more number of functional groups compaoexylan

(XY).

0.6

¥ = 0.003x + 0.038 300 v=122.50x + 107.6
0.5 R*=1 o e R = 0.975
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Figure 3: (a) Pseudo- second order kinetic model Jiintra-particle diffusion model (c) Boyd plot for the sorption of cerium(lll) on SP-
biohydrogel and XY- biohydrogel
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Figure 4: Thermodynamic parameters of SP- biohydrogl and XY-biohydrogel
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Thermodynamic studies

As shown in Table 2, the process was found to mmtsmeous for SP- biohydrogel and XY- biohydroged.
indicated by a negativdG values and maximum spontaneity was noted at 4@r@®e biohydrogels. The values of
AH andAS were calculated from the slope and intercephefilot of log (¢Ce) vs 1/T as shown in Figure (4). The
results indicated that the process was endothesnieat absorbing in nature as indicated by thé&ipewalues of
AH (17.48 KJ/mol for SP-biohydrogel and 18.72 KJ/rfarl XY- biohydrogel. An increase in randomnessted
solid/solution interface was suggested by the pesitalue ofAS.

Table 2: Thermodynamic parameters

Biosorbents Temperature AG AH AS
(K) (kJ/mol) (kd/mol) (kJ/(mol.K))
SP- biohydrogel 293 -0.1 +17.48 +0.060
303 -0.7
313 -1.3
XY- biohydrogel 293 -0.931 +18.72 +0.067
303 -1.581
313 -2.251

Spectroscopic studies

In the present study, the mechanism of biosorpiiaa elucidated using various spectroscopic tedesigyiz., FT-
IR (Figure 5), SEM (Figure 6) and EDX analysis (kg 7). Infrared spectra can yield valuable infarora
regarding the chemical groups involved in the bipgon process. As shown in Figure (5), major psi&tches at
3346.50 crit, 2918.30 cnt, 1654.26 crit and 1000.82 cthconfirmed the involvement of primary amines, ak&n
amides and xylan spectrum in case of XY- biohydr¢t®]. Moreover, a higher number of functional gps were
found to be involved in case SP- biohydrogel. Majtietches were noted at 3400, 3342.64"c#924.56 cr,
1726.29 crif, 1425.40 cr, 1327.03 ci, 1157.29 cif, 1105.21 ¢, 1029.99 which confirmed the involvement
of hydroxyl groups, primary amines, alkanes, ajdiegls, alcohols and esters [29]. Higher changeainsmittance
was noted in case of SP- biohydrogel which sugdesthigher involvement of functional groups (C=@etth in
aldehyde, C-OH bend in alcohol, C-ClI stretch) reesliln a higher uptake of Cerium than in XY- biotggkl in the
biosorption process.
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Figure 5: FTIR spectrum of (a) SP- biohydrogel befte and (c) after Ce(lll) biosorption (b) XY- biohydrogel before and (d) after Ce(lll)
biosorption
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Scanning electron microscopy analysis revealedstiéace topology of SP- biohydrogel and XY- biotogkl
before and after biosorption of Ce(lll) ions. Asogm in Figure 6(a) and Figure 6(b), a homogenousace
roughness was noted in case of SP- biohydrogel hwhias attributed to the homogenous distribution of
sporopollenein. The overall particle size of SBRydrogel was smaller than XY- biohydrogel due toick the
overall surface area of SP-biohydrogel was higseraanpared to that of XY- biohydrogel. The surfaoeerage of
cerium was found to be homogenous in case of Sehybdrogel whereas a heterogenous distribution afaime
solution was noted in case of XY- biohydrogel (Feéc and d). The elemental compositions of biobgels
surface were analyzed using EDX (Figure 7a, b).(lIgepeak of higher intensity was noted in case S#-
biohydrogel after Ce(lll) adsorption ( Figure 7onpared to XY- biohydrogel (Figure 7d) .

Figure 6: SEM analysis of SP- biohydrogel (a) beferand (c) after Ce(lll) biosorption
SEM analysis of XY- biohydrogel (b) before and (dafter Ce(lll) biosorption
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Figure 7: EDX analysis of SP- biohydrogel (a) bef@ and (c) after Ce(lll) biosorption
EDX analysis of XY- biohydrogel (b) before and (dpfter Ce(lll) biosorption
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Effect of co-ions

A simulated condition was developed where Ce(lipfalke was monitored in presence of other co-metas. i
Among the three co- metal ions viz., Cd(ll), Pb@hd La(lll), Cd(Il) was found to show a predomihaffect on
Ce(lll) biosorption thereby reducing its uptakedketo a considerable extent (135.9 mg/g; 100.5 jnfglgpwed by

Pb(Il) (176.2 mg/g; 117.3 mg/g) and La(lll) (200ng/g; 166.9 mg/g) as shown in Figure (8). The difieg factor

(B) was calculated in the case of both SP- biohydragd XY- biohydrogel. The order of the selectiviictor is
given as: Ce-Cd (1.22)> Ce-Pb (1.3) > Ce-La (Uh)ll the cases, the selectivity factor was mdwant1 which
signified that the preference of cerium(lll) wagliest among the other co-ions. In order to studyntletal- metal
interactions with the sorbent, an interaction fa¢t) was specifically noted for binary and ternaryteyss.

As shown in Table 3, based on the extended Langeauiation, the interaction factap,) was found to be highest
in the case of both SP- biohydrogel (2.9) and X¥hydrogel (3.4) which signified that cadmium hheé most
predominant effect on cerium (lll) biosorption. dase of SP- biohydrogel, the interaction of cerias found to
increase in the case of ternary system (0.39) agpared to that of binary system whereas a constwraction was
noted in the case of XY- biohydrogel (0.31) fortbbinary and ternary systems. The interactioncefé Pb in the
case of ternary system was found to be higher ib&Pydrogel (1.5) with respect to XY- biohydrod2l9).

In order to improve the fithess, SRS equation wapleyed to describe the binary and ternary datae miodel
comprised of a competitive coefficiend)(which assumes an exponential distribution of gusun energies
available for each metal ion. The model was foundxhibit a good fit in the case of both SP- bialwgeel and XY-
biohydrogel in binary and ternary system owinghi® high correlation coefficient values and low ARHues.

(3]
n
o

0 . 180 ‘
800 ¥ Binary systems SL160 .
: ! ‘ w 140 | ® Binary systems
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2 50 =R (Ce-Cd-Pb;, Ce-
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Figure 8: Effect of co-ions on biosorption of cerim (l11) on (a) SP- biohydrogel and (b) XY- biohydrogel

Table 3: Extended Langmuir and SRS equation paramets for binary and ternary systems

Extended Langmuir SRS
SP- bichydrogel
Ce-Cd Ce-Cd-Pb Ce-Cd Ce-Cd-Pb
m 0.21 m 0.39 Kei 36.54 K 36.54
N2 2.9 N2 2.9 n 3.1 n 3.1
b1 0.06 n3 1.5 0 ij 2.6 6”- 3.9
b, 0.34 h 0.06 5 0.967 R 0.984
R? 0.874 b 0.34 APE(%) 5.23 APE(%) 2.85
APE(%) 21.55 b 0.19

R 0.778

APE(%) 65.14
XY- biohydrogel

Ce-Cd Ce-Cd-Pb Ce-Cd Ce-Cd-Pb
m 0.29 m 0.31 Kei 40.89 K 40.89
M2 3.4 M2 3.4 n 4.2 n 4.2
by 0.04 N 2.9 0 15 0; 2.8
b, 0.41 h 0.04 R 0.959 R 0.993
R? 0.829 b 0.41 APE(%) 9.12 APE(%) 10.84
APE(%) 50.14 b 0.21

R 0.790

APE(%) 20.45

Packed bed column studies
As the adsorption efficiency was found to be higlmecase of SP- biohydrogel compared to XY- biologg,
column studies were conducted using SP- biohydrogehe recovery of cerium.
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Effect of column parameters

The recovery of cerium (lll) using SP- biohydrogels studied as a function of various parameters e height
(4 cm- 12 cm), flow rate (1 ml/min -5 ml/min) anéfleent dilutions (0%, 25% and 50%) Figure (9). stsown in
Table 4, bed height of 12 cm resulted in the maxmadgsorption efficiency of 88.4% at a flow ratelail/min and
0% dilution. The results were supported by the maxn value of treated volume (240 ml), breakthrotigte (240
min) and exhaustion time (280 min) which was atti@ldl to the maximum interaction between Ce(lll)si@and
functional groups present on the biohydrogel. Tifiece of flow rate on the recovery of Ce (lll) iom&s studied at
the maximum bed height (12 cm) and 0% dilution.cbmtrast to the results obtained above, the adsarpt
efficiency was found to be inversely related to tloev rate. The maximum adsorption efficiency waded at the
minimum flow rate of 1 ml/min which could be podsildue to the maximum time allotted for the sorkstebent
interaction. Various dilutions were performed atximaum bed height (12 cm) and minimum flow rate (Inam) in
order to study the cerium (Ill) biosorption. Theeakthrough time and adsorbed metal values weredftaimcrease
till a dilution of 50% after which stabilization wanoted (Table 4).The increase in the adsorptiatddoe possibly
attributed to the decrease in amount of the totthhpassed through the column thereby resultirey diecrease in
the residual metal content.

350
300 =

~ 250 250 f‘
-~ 25
S0 200 E '
B -4 cm B 200
= 150 2 E 150 =1 ml/min
~ 100 cm S 100 =3 ml/min
50 12 cm & .
5 50 S ml/min
0 e o eae.
0 100 200 300 400 0 100 200 300 400
Time (min) Time (min)
a
(a) (b)
350
300
~ 250
B1 200
£ 150 =-0% diultion
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S e e T
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50% dilution

0 200
Time (min)
()
Figure 9: Breakthrough curves for biosorption of ceium (l1l) onto SP- biohydrogel (a) at different bed heights (flow rate — 1 ml/min,
dilution 0%) (b) at different flow rates (bed height- 12 cm, 0%) and (c) at different dilutions (bed keight 12 cm, flow rate 1 ml/min)

400

Column data modeling

Several mathematical models have been developddidoscale column data analysis. One of the mastnmaonly
used adsorption model is the bed depth servicetimgel (BDST), which states the relation betweenttdd height
(cm) and service time (min). Figure 10 (a) shovesptot of service time vs bed height at varioustths. The flow
rate was maintained at 1 ml/min. The model exhibae excellent fit owing to an®Rvalue of 1.0. As shown in
Table 5, an increase in dilution resulted in a dase in sorption capacity owing to the reductionthe
concentration of metal sent through the column. rEtte constant values showed a decrease in treadest being
in the case of 50% dilution) which suggested tharagressively longer bed was required to avoicktieough
[30].

In the present study the Thomas model was usedadoae the column breakthrough data as showngaorgil0

(b). Based on the plot of IngC)-1) vs volume of effluent treated £, the Thomas model parameters were
calculated and tabulated (Table 5). The model étduiba good fit based on the correlation coeffitiealue (R:
0.986). The rate constant{ which characterizes the rate of solute transf@mfliquid to solid phase was found
to increase with an increase in dilution which #igd a higher sorption rate at a low metal concatiin due to the
availability of more number of surface functiomgoups. The results were supported by an increasthd
maximum uptake (§) values. Electronic wastewater analysis was pewor using packed bed column under
optimum conditions (flow rate: 1ml/min, bed heigh®2 cm and dilution: 0%). Apart from cerium(lll) aevery
(86.8%), a decrease in the overall COD, BOD, TDSSTand heavy metals was noted which justified the
biosorption potential of SP- biohydrogel (Table 6).
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Table 4: Column data and parameters obtained at dferent bed heights, flow rates and dilutions for C@ll) biosorption using SP-

biohydrogel
4 cm 8cm 12 cm
Bed height (flow rate- 1 ml/min; dilution-0%)
to(min) 180 220 240
te(min) 240 260 280
Mtolal 72 78 84
Mag 60.3 68.4 74.2
Efficiency (%) 83.8 87.7 88.4
Volume treated (ml) 180 220 240
1 ml/min 3 mi/min 5 ml/min
Flow rate (bed height- 12 cm; dilution-0%)
to(min) 240 160 120
t{(min) 280 220 180
Miota 84 66 54
Mag 74.2 54.0 42.4
Efficiency (%) 88.4 81.8 78.6
Volume treated (ml) 240 160 120
0% 25% 50%
Dilutions (flow rate- 1 mil/min; bed height-12 cm)
ty(min) 240 260 280
te(min) 280 280 300
Miota 84.0 67.2 54.1
Mad 74.2 57.3 43.1
Efficiency (%) 88.4 85.2 79.5
Volume treated (ml) 240 260 280
300
|-
-2 a
g 2l //{7‘ +0% dilution 51
3200 s i g 5
i +25% dilution g 4
£150 | A4
50 % dilution v
P ot
g J4
T =45
0 5 01 te
] 200
Bed height (cm)

Figure 10: (a) BDST model and (b) Thomas model

y=-0.012x + 8093
R*=0.986

Table 5: Bed depth service time model and Thomas rdel parameters for biosorption of cerium(lll) on SR biohydrogel at different

effluent dilutions

Model 0% 25% 50%
BDST model

Slope 7.5 5.0 5.0
Intercept 150 200 220
No(mg/L) 0 17.62 35.25
Ka(L/min) - 4.9*10* 2.0*10*
R? 1 1 1
Thomas model

Vert (M) 240 260 280
Co 300.0 245.2 180.6
Krn(min?) 2.0%¥10° 2.4*10° 3.3*10°
Qy(mg/g) 640.2 533.5 388.0
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Table 6 Analysis of electronic waste industrial effient

Parameters Before SP- biohydrogel After SP- hiobyel
treatment (mg/L) treatment (mg/L)
pH 6.8 6.4
Dissolved Oxygen 7.1+0.02 5.8+0.09
Chemical Oxygen Demand 3200.7+0.04 45.6+0.07
Biological Oxygen Demand 615.2+0.08 22.740.04
Total Dissolved Solids 1683.8+0.21 120.5+0.02
Total Suspended Solids 116.4+0.09 20.8+0.06
Zinc 83.7+0.01 5.4+0.02
Lead 98.1+0.03 6.3+0.09
Cerium 390.2+0.04 6.8+0.02
Cadmium 101.1+0.06 16.2+0.04
Lanthanum 190.7+0.30 20.9+0.01

Regeneration and recovery studies

The regeneration of a biohydrogel is crucial fquracess from the point of view of cost effectivesieEherefore,
attempts were made to regenerate the SP- biohyldiargemultaneous recovery of cerium (Ill) ionsggre 11). As
shown in Table 7, the maximum recovery was notelet®6.8%. The biohydrogel was found to recoveo Uii. 1
% cerium (I11) at the end of fifth cycle. After tHdth cycle, a drastic fall in the recovery waste which could be
attributed to the damages on the surface of thieybimgel due to the continuous contact with theodsag agent
(0.1 M HCI).

350
300 -
250
% 200 -1 st cycle
£ =#-2 nd cycle
5 150 il -3 rd cycle
-4 th cycle
100 - -+-5 th cycle
50 - -+-6 th cycle
0 T T T 1
0 100 200 300 400
Time (min)
Figure 11: Reuse of SP- biohydrogel during six regeration cycles
Table 7: Regeneration parameters for recovery of eaim(lll)
Cycles M Miotal Recovery (%)
1 78.1 90 86.8
2 75.9 90 84.4
3 71.8 90 79.7
4 69.6 90 77.4
5 67.6 90 75.1
6 52.5 90 58.4
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CONCLUSION

The present study is the first report on applicatidd SP- biohydrogel for the recovery of ceriumnfraqueous
environment. Maximum cerium (lll) biosorption of 2 mg/g for SP- biohydrogel and 180.4 mg/g for XY-
biohydrogel was noted under optimized conditionuilHorium studies suggested a homogeneous modé&Hkor
biohydrogel and heterogeneous mode for XY- biohgdt@f biosorption to be the underlying phenoméSiaetic
and thermodynamic studies defined the chemicalesmabthermic mode of adsorption process. Maximurovesy
of 86.8 % cerium from electronic wastewater wagdainder optimum column conditions (flow rate: Imifi, bed
height: 12 cm and dilution: 0%). Though the recgwafr cerium is reported using a solvent extractiogthod, it is
not preferred due to some disadvantages suchghschinsumption of reagent and energy, low seldgfiiigh
operational cost and generation of secondary métedoln addition, solvent extraction procedures asually
time-consuming and labor-intensive. Therefore, dpplication of SP- biohydrogel may be considereda ast
effective adsorbnet which could be successfullyseduupto 5 cycles and could serve as potentialtegerthe
recovery of cerium from electronic industrial eéfht.
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