ISSN : 0974 - 7451 Volume 8 Issue 5

Snviconmental Science

A Tndéian Journal

—==  Qurrent Research Peaper

ESAIJ, 8(5), 2013 [186-191]

Development and application of histidine-modified silica materials
for Pb (I1) removal from agqueous solutions

Sanaa Saoiabi, Sanae El Asri, Abdelaziz. Laghzizil*, Ahmed Saoiabi
L abor atoirede Chimie Physique Générale, Faculté des Sciences, Université Mohamed V-Agdal, BP.1014,
Rabat, (M OROCCO)
E-mail : laghzizi@fsr.ac.ma

ABSTRACT

Incorporation of histidine within silica was performed using the sol-gel
process. The porosity of the materials decreases with organic content
whereas its affinity for lead ions increases. The sorption kinetics and
isothermswere studied, together with the variation of pH during the sorption
reaction. These resultsindicate that the grafting histidine on porous silica
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presents synergy in the ability to complex Pb (I1) ions, so the grafted
histidine —silica can be employed as potential agent for lead remediation.
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INTRODUCTION

A sgnificant current trend in new materialsdevel -
opmentsisthe surface modification of usual supports
to produce new and |ow-cost sorbentswith well-de-
fined surface characteritics, chemicd and thermd sta-
bility!*4. Among of them, silicagelsand their deriva
tivesarewell-knownfor their chromatographic appli-
cationgy. Inorder to increase silicaaffinity for metal
cations, awidevariety of organic moleculeshaving ba-
sic centerssuch assulfur, nitrogen and oxygen atoms,
were grafted on the surface of poroussilica®>”. How-
ever, thegrafting procedure can betedious, oftenin-
volving the preparation of afunctional silaneor atwo-
step reaction based on the pre-functionalization of the
silicasurface®d. Asandternative, thephysica immo-
bilization of organic moleculeswithinslicagelsviathe
sol-gel processcan envisioned >, However, the pore

szeof slicagesoften overpassthedimensonsof smdl
organics, resultinginrapid leaching of theencapsulated
molecule, except if Sgnificant interactionsexist withthe
silicasurfacd*?. Then, theporousmodified sllicamate-
riaswith variouscheating agentsareincreasingly uti-
lized as adsorbents because of the high selectivity of
the agentsfor metal ionsadsorption**8, Higtidineis
oneof thestrongest chelating ligandsamong theamino
and carboxylic acidsand playsan important roleinthe
binding of meta ionsin polluted water!'*24. Inthiswork,
based on thereported ability of basic amino acidsto
interact strongly with silica, we have studied the possi-
bility to obtainslica-histidine hybrid materid sby smple
incorporation of theorganic precursor inthesilicapre-
cursor solution. Theinfluence of histidine content on
thematerid sformation, composition and structurewas
studied. The performance of the hybrid materialsfor
heavy metal immobilizationwas eva uated by studying
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the sorption kineticsand isothermsof lead (I1) ions. A
mechanism for |ead sorption was proposed based on
datamodeling together with the monitoring of pH varia-
tion during the sorption reaction.

EXPERIMENTAL SECTION

Sor bent synthesis

All chemical reagentswere purchased fromAldrich.
Thepuredlicamaterialswere prepared by mixing 10.4
gof TEOSwith 2.5 mL of water and 20 mL of ethanol
under stirring and adjustingthepH to 2 using HCI. Af-
ter 3hof hydrolysis, the stirring was stopped and the
condensation wasl| eft to proceed at room temperature
for 24 h. Thehistidine-modified silicapowderswere
obtained by adding 0.25 mol (SIH025) and 0.5 moles
(SIHO5) of higtidine per moleof TECS, previoudy dis-
solved inwater, to the TEOS-water-ethanol solution.
It wasfound necessary to heet the pre-hydrolyzed mix-
tureat 40°C for 12 h and to keep it aging for 24 h at
room temperature before gel formation. Attemptsto
usehigher histidine content led toinhomogeneousgels.
Silicaand hybrid powderswere obtained by placing
thegelsat 100°C overnight.

L ead sor ption experimentsand modeling

A set of adsorption experimentswere performed
by dispersing 200 mg of powder materialsin 100 mL
of Pb (NO,), solution (concentration varying from
0.05t0 2.5 mmol.L™) at 25°C using a mechanical stir-
rer (EUROSTAR digital IKA) to provide reproduc-
ibleand homogeneous mixing. Theinitial pH wasad-
justed to pH 5 and the variation of the pH of thelead
solutions during metal adsorption wasmonitored. Ex-
perimental variationswerein a2% range. Lead sorp-
tion kinetics were measured by the same procedure
but using 200 mL of lead solution (1.5 mmol.L %) with
400 mg of sorbent. Aligquots of the supernatant solu-
tion were taken with a 2 mL propylene syringe
equipped witha0.45 umfilter. All measurementswere
performed intriplicate and experimental errorswere
found below 5%. Theresiduel Pb?* into solution was
chemically analyzed by inductively coupled plasma
(ICP) emission spectroscopy (ICPS-7500, Shimadzu,
Japan) and its concentration was cal cul ated by using

Eq.(2):
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whereq (t) istheamount (mmol.g?) of adsorbed lead
(I1), C,and C_ aretheinitia and equilibrium concentra-
tions(mmol.L ) insolution, V isthevolume(L) of con-
taminated solution and mistheweight (g) of the adsor-
bent.

Keneticsand isotherms

In order to determine the sorption rate constant,
the Lagergren pseudo-first order model wasappliedto
theexperimental datd??. The corresponding equation
can beexpressed as(eqg. 2):

k
lo -q,)=logg, ————t
9(9. — ) =logq, 51303 @

where g, istheamount of adsorbed lead per gram of
adsorbent (in mmol.g™) at equilibrium, and kisthe
pseudo-first order rate constant (in min't).

The pseudo-second order model can be expressed as
adifferentid equation:

t 1 1

—= +——t
G ka4, G, ®)

Theplot of t/g, against timet of Eq. (3) should give
alinear relationship from which the constants g, , and
k, can be determined from theintercept and slope of
theplot.

Langmuir and Freundlichmodd sarecommonly used
to study sorption processes[23]. The Langmuir adsorp-
tion modd isbased on the assumption that amaximum
uptake exigts, corresponding to asaturated monol ayer
of sorbed molecules on the adsorbent surface. The
Langmuir equation can bewritten as:

C 1 C

e e

G DO O @
whereq, and C_arethe equilibrium Pb (I1) ions con-
centration onthe adsorbent (mmol.gt) andin solution
respectively (mmol.L?). Theq,_, isthemaximum up-
take per unit mass of adsorbent (mmol.g?), andbisthe
Langmuir constant related to the adsorption energy
(L.mmol?)

The Freundlich adsorption model ismore adapted
to heterogeneous surfacethrough amultilayer adsorp-
tion mechanism accordingto (eg. 5):
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logqg, =logK; jL%IogC:e (5)

where C_ and g, have the same meaning as in the
Langmuir isotherm, K_ istheequilibrium constant of
theadsorption reaction and 1/nistheempirical param-
eter related to theintensity of adsorption, which varies
withtheheterogeneity of thematerid. When vaduesare
from0.1to 1, the adsorption conditionsarefavorable.
Thefitting procedure of kineticsand isotherm datawas
performed using the Kal el dagraph software that pro-
vide coefficient of determination Fe.

Techniques

Powders were identified using a FTIR Nicolet
Magna-IR 550 spectrophotometer from 4000 to 400
cm?. Thermogravimetry analysis(TGA) wascarried
out inairflow using aTA Instruments Netzsch STA-
409EP apparatus. The thermal measurements were
conducted from 30°C to 1000°C with 10°C/min as
heating rate. The N, adsorption-desorptionisotherms
for dried powderswere obtained by multi-point N, gas
sorption experimentsat 77 K using aMicromeritics
ASAP 2010instrument. The specific surfaceareawas
cal culated according to the Brunauer—Emmett—Teller
(BET) method using adsorption dataintherdaive pres-
surerangefrom 0.05t0 0.25.

RESULTSAND DISCUSSION

Material characterization

Theincorporation of histidinemoleculeswithinthe
dlicanetwork wasfirst checked us ngthermogravimetric
anayses(Figure1). Takingthepuresilicamaterid asa
reference, theweight lossin the 150°C-700°C range
could beattributed to the decomposition of histidine
moieties(TABLE 1) and the decomposed organic con-
tent increaseswith lossthe histidine content. Charac-
teristic bandsof the histidinering could be observed on
FTIR spectraof SIHO5, at 1560, 1505, and 1390 cm
1 corresponding to N-C, C=C, and C-N=C stretch-
ingfrequencies, respectively (Figure2). Other mainsg-
nalswereattributed to the silicanetwork: 1090 cm'*
(triplet corresponding to Si-O stretching), 950 cnt (Si-
OH vibration mode), 800 cm* (Si-O-Si bending) and
470 cm* (Si-O bending). However, the presence of
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grafted histidinein silicamatrix by forming the hydro-
gen or nitrogen bonding can explain the displacement
the Si-O bandsto the lower frequencies. The N,-ad-
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sorption/desorption isothermsindicate that themicro-
and mesoporous network of the pure silicamaterial
undergoes amarked decreasein specific surfacearea
and porousvolume of thesilicanetwork withincreas-
ing histidine content (Figure 3, TABLE 1). Altogether,
these anaysesindi catethe successful incorporation of
histidineinthe porosity of theslicanetwork.

TABLE 1: Organic content (wt%), specific surface area

(S;z,), diameter pore (D), porousvolume(Vp), experimental
maximum capacity (d, . )-

SO, SiH025 SIHO05
Organic content (wWt%) 0 32 45
Specificsurfacearea Seer (MA.gY) 700 160 26
Porous volume V,(emlgh) 051 012 0.02
Diameter pore Dy (nm) 15 21 32
z&errpl){rc?:t;paci ty Qep(mmol.g™) 007 044 0.65

Adsor ption studies: kineticsand isotherms

Inthefirst part, kinetic experimentswere performed
using 1.5mmol L asinitid concentration. Thekinetics
of lead depletion from agqueous solution by silicaand
hybrid materia s showed that sorption equilibriumwas
reached after 60 min for all materials (Figure4). As
showninFigure4, the presenceof histidineinsilica
speed up the sorption process, but no significant effect
of theequilibrium. Whenthetwo systems SHO25 and
SIHO5 are compared to theunmodified silica, the histi-
dine-modification appearsmoreefficient inenhancing
the sorption rate. Attemptsto plot log (q.-q,) against t
for the pseudo-first-order equation were unsatisfactory
especialy for hybrid materials (SIH025 and SiIHO5)
(Figure4 and TABLE 2). It was noticed that non-lin-
ear plots were observed at the beginning of the ad-
sorption process for hybrid adsorbents. As aresult,
correlation coefficientsare poor (TABLE 2) so that
cal culated equilibrium sorption capacities, g, , werenot
inaccordance with the experimentd results. However,
the pseudo second order model (t/q, againstt) reveals
suitable to reproduce the experimental data (R?,
>(0.998). Extracted parametersfrom the both kinetic
moddsaredso gatheredin TABLE 2. They show that,
inthese conditions, thelead sorption capacity at equi-
librium q_ depends of chemical surface modification,
but that the sorption rate k varied in the presence of
higtidine. Theca culated equilibrium sorption capacities
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are0.067 mmol g?, 0.429 mmol.g* and 0.667 mmol.g
for puresilica, SIHO25 and SiHO5, respectively. In
paralél, thevauesof therate constant, k,, werefound
to be 1.484 mmol.min', 0.339 mmol.min* and 0.336
mmol.min for puresilica, SIH025 and SIHO5, respec-
tively, suggesting that theincrease of the histidine con-
tent in silicanetwork activates the Pb? retention by
complexation reactions. Consequently, the surfacechar-
acteristics (S, v, and D ) werenot main criteriain
thisadsorption process. Therefore, the second order
model isin good agreement with experimental data.
Sorption isothermswere determined on thisbasi s of
kineticresultsespecidly ontheequilibrium sorptiontime
(Figure5). Experimental maximum sorption capacity,
Oy, INCreased with histidine content (TABLE 2). The
experimental dataon theeffect of aninitial concentra-
tion of Pb?* ionson the affinity of histidine-modified
dlicaswerefitted totheisothermmodd susing Langmuir
and Freundlich modelsto simul ate the sorption iso-
therms. The Langmuir model wasfound well adapted
tomodel the sorption data, with R2 va uescloseto unity
(TABLE 2), and good agreement between the cal cu-
lated curve and the experimental data (Figure 5).
Langmuir congtant K, wasnot significantly modified by
histidineincorporation. Theevol ution of thepH of pow-
der suspensionin contact with acidified water contain-
ingnoleadionswasfirst monitored (Figure6). Inthese
conditions, the pH dropped rapidly within 30 minand
then moredowly, reaching equilibrium after ca. 2 hrs.
Noticeably the equilibrium pH decreased with increas-
ing histidine content. When Pb?* ionswere present, a
similar trend was observed, with final equilibrium pH
being systematicaly lower thanin theabsence of metd.
Thedataindicatethat theincorporation of histidinesg-
nificantly increasestheaffinity of thesilicanetwork for
lead ions. Noticeably, such anincrease cannot be at-
tributed to an increase in accessible surface as S,
decreasesfrom SiO, to SIHOS. Therefore, it suggests
that histidineprovidesadditiona binding sitesfor Pb?*
onthesilicasurface. Interestingly, the successful fitting
of isothermsusing the Langmuir model indicatesthat
lead ions consider the hybrid materialsasahomoge-
neous surface, containing carboxylate and aminefunc-
tions as chel ating agents. Given thetypical chemical
surface of hybrid materials, it may bedifficult to differ-
entiate the both process adsorpti on/compl exation and
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thiswas observed onthe sameK  valuesfor hybrid
materials. Hydrated silicahaving an isoel ectric point
of ca. 3, it tends to release proton at pH 5, as ob-
served here. Histidine hasthree acidic groupsof pK
2.4 (carboxylic acid) 6.0 (pyrole NH) and 9.2 (am-
monium NH)?+25, Hence, deprotonation of the car-
boxylic acid function may occur at thesamepH. The
interaction of lead ionswith thesilicasurface should
further favor deprotonation of silanol to silanolate.
Theseresultsimplied that |ead adsorption seemed to
progress by ion-exchange with carboxylic groups.
Accordingly, in additionto favorable el ectrostaticin-
teractionswith carboxylate functions, Pb* may also
interact with the pyrrole amine groups, favoring their
deprotonation. Findly, itisimportant to notethat sorp-
tion capacity of SIHO5 towards Pb?* isamong the high-
est reported so far for silica-modified material s ob-
tained by surface grafting®2.
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Figure4: Effect of incubation timeon Pb* adsor ption g.onto
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Figure6. pH evolution of acidified water (pH 5, open symbols)
and added 1.5mmol L-1 Pb2+ (plain symboals) in presence of
silicaand histidine-silicamaterials.

TABLE 2 : Kinetic and Isotherm fit parametersfor the
adsor ption of Pb?" onto histidinemodified silica sor bents.

SiO, SiH025 SiHO05

Experimental e (mmol.g) 0.064 0.412 0.658
Ge1(mmol.g®) 0.053 0.230 0.480
ki (minY) 0,033 0,026 0,051

R? 0.9411 0.9232 0.9527

ez (MMol.gh) 0.067 0.429 0.667
Second order k, (mmol.min?) 1.484 0.339 0.336

R? 0.9985 0.9993 0.9998

007 044 065
Oemax (MMol.g®) 0.06 048 0.70
K. (gmmol™ 23 18 17
Isotherms R 0.999 0.997 0.999
Un 0.406 0552 0.609

Freundlich Ke 0.123 0.765 1.357

R 0.9702 0.9852 0.9702

o First order
Kinetic

models

Experimental g (mmol.g™)

Langmuir

CONCLUSION

Theone-stepincorporation of higidinewithinglica
gelsalowed theformation of homogeneoushybrid ma
terids. Although our gpproachismuch smpler thanre-
ported grafting gpproaches, thesemateria sexhibit some
of the highest sorption capacity reported so far. This
can be attributed to the high amount of organicligand
that can beimmohilized by thismethod. Indeed, itsmain
drawback reliesin the possiblelossof binding capacity
upon recycling dueto weaker interactionsbetween his-
tidineand silicacompared to covaently grafted ligands.
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Thispoint will beinvestigated inanear future.
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