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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
isotherms were studied, together with the variation of pH during the sorption
reaction. These results indicate that the grafting histidine on porous silica
presents synergy in the ability to complex Pb (II) ions, so the grafted
histidine �silica can be employed as potential agent for lead remediation.

2013 Trade Science Inc. - INDIA

INTRODUCTION

A significant current trend in new materials devel-
opments is the surface modification of usual supports
to produce new and low-cost sorbents with well-de-
fined surface characteristics, chemical and thermal sta-
bility[1-4]. Among of them, silica gels and their deriva-
tives are well-known for their chromatographic appli-
cations[1]. In order to increase silica affinity for metal
cations, a wide variety of organic molecules having ba-
sic centers such as sulfur, nitrogen and oxygen atoms,
were grafted on the surface of porous silica[5-7]. How-
ever, the grafting procedure can be tedious, often in-
volving the preparation of a functional silane or a two-
step reaction based on the pre-functionalization of the
silica surface[8-9]. As an alternative, the physical immo-
bilization of organic molecules within silica gels via the
sol-gel process can envisioned[10-11]. However, the pore

size of silica gels often overpass the dimensions of small
organics, resulting in rapid leaching of the encapsulated
molecule, except if significant interactions exist with the
silica surface[12]. Then, the porous modified silica mate-
rials with various chelating agents are increasingly uti-
lized as adsorbents because of the high selectivity of
the agents for metal ions adsorption[13-18]. Histidine is
one of the strongest chelating ligands among the amino
and carboxylic acids and plays an important role in the
binding of metal ions in polluted water[19-21]. In this work,
based on the reported ability of basic amino acids to
interact strongly with silica, we have studied the possi-
bility to obtain silica-histidine hybrid materials by simple
incorporation of the organic precursor in the silica pre-
cursor solution. The influence of histidine content on
the materials formation, composition and structure was
studied. The performance of the hybrid materials for
heavy metal immobilization was evaluated by studying
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the sorption kinetics and isotherms of lead (II) ions. A
mechanism for lead sorption was proposed based on
data modeling together with the monitoring of pH varia-
tion during the sorption reaction.

EXPERIMENTAL SECTION

Sorbent synthesis

All chemical reagents were purchased from Aldrich.
The pure silica materials were prepared by mixing 10.4
g of TEOS with 2.5 mL of water and 20 mL of ethanol
under stirring and adjusting the pH to 2 using HCl. Af-
ter 3 h of hydrolysis, the stirring was stopped and the
condensation was left to proceed at room temperature
for 24 h. The histidine-modified silica powders were
obtained by adding 0.25 mol (SiH025) and 0.5 moles
(SiH05) of histidine per mole of TEOS, previously dis-
solved in water, to the TEOS-water-ethanol solution.
It was found necessary to heat the pre-hydrolyzed mix-
ture at 40°C for 12 h and to keep it aging for 24 h at

room temperature before gel formation. Attempts to
use higher histidine content led to inhomogeneous gels.
Silica and hybrid powders were obtained by placing
the gels at 100°C overnight.

Lead sorption experiments and modeling

A set of adsorption experiments were performed
by dispersing 200 mg of powder materials in 100 mL
of Pb (NO

3
)

2
 solution (concentration varying from

0.05 to 2.5 mmol.L�1) at 25°C using a mechanical stir-

rer (EUROSTAR digital IKA) to provide reproduc-
ible and homogeneous mixing. The initial pH was ad-
justed to pH 5 and the variation of the pH of the lead
solutions during metal adsorption was monitored. Ex-
perimental variations were in a 2% range. Lead sorp-
tion kinetics were measured by the same procedure
but using 200 mL of lead solution (1.5 mmol.L-1) with
400 mg of sorbent. Aliquots of the supernatant solu-
tion were taken with a 2 mL propylene syringe
equipped with a 0.45 m filter. All measurements were
performed in triplicate and experimental errors were
found below 5%. The residuel Pb2+ into solution was
chemically analyzed by inductively coupled plasma
(ICP) emission spectroscopy (ICPS-7500, Shimadzu,
Japan) and its concentration was calculated by using
Eq.(1):

        
(t)C - C

  )( e0 V
m
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where q (t) is the amount (mmol.g-1) of adsorbed lead
(II), C

0
 and C

e
 are the initial and equilibrium concentra-

tions (mmol.L-1) in solution, V is the volume (L) of con-
taminated solution and m is the weight (g) of the adsor-
bent.

Kenetics and isotherms

In order to determine the sorption rate constant,
the Lagergren pseudo-first order model was applied to
the experimental data[22]. The corresponding equation
can be expressed as (eq. 2):

t
k
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where q
e
 is the amount of adsorbed lead per gram of

adsorbent (in mmol.g�1) at equilibrium, and k is the
pseudo-first order rate constant (in min-1).
The pseudo-second order model can be expressed as
a differential equation[22]:
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The plot of t/q
t
 against time t of Eq. (3) should give

a linear relationship from which the constants q
e,2

 and
k

2
 can be determined from the intercept and slope of

the plot.
Langmuir and Freundlich models are commonly used

to study sorption processes [23]. The Langmuir adsorp-
tion model is based on the assumption that a maximum
uptake exists, corresponding to a saturated monolayer
of sorbed molecules on the adsorbent surface. The
Langmuir equation can be written as:

maxmax.

1

q
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qbq
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e
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where q
e
 and C

e
 are the equilibrium Pb (II) ions con-

centration on the adsorbent (mmol.g-1) and in solution
respectively (mmol.L-1). The q

max
 is the maximum up-

take per unit mass of adsorbent (mmol.g-1), and b is the
Langmuir constant related to the adsorption energy
(L.mmol-1)

The Freundlich adsorption model is more adapted
to heterogeneous surface through a multilayer adsorp-
tion mechanism according to (eq. 5):
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efe C log 
n
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  K log  q log  (5)

where C
e
 and q

e
 have the same meaning as in the

Langmuir isotherm, K
F
 is the equilibrium constant of

the adsorption reaction and 1/n is the empirical param-
eter related to the intensity of adsorption, which varies
with the heterogeneity of the material. When  values are
from 0.1 to 1, the adsorption conditions are favorable.
The fitting procedure of kinetics and isotherm data was
performed using the Kaleidagraph software that pro-
vide coefficient of determination R2.

Techniques

Powders were identified using a FTIR Nicolet
Magna-IR 550 spectrophotometer from 4000 to 400
cm 1. Thermogravimetry analysis (TGA) was carried
out in airflow using a TA 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
2
 adsorption-desorption isotherms

for dried powders were obtained by multi-point N
2
 gas

sorption experiments at 77 K using a Micromeritics
ASAP 2010 instrument. The specific surface area was
calculated according to the Brunauer�Emmett�Teller

(BET) method using adsorption data in the relative pres-
sure range from 0.05 to 0.25.

RESULTS AND DISCUSSION

Material characterization

The incorporation of histidine molecules within the
silica network was first checked using thermogravimetric
analyses (Figure 1). Taking the pure silica material as a
reference, the weight loss in the 150°C-700°C range

could be attributed to the decomposition of histidine
moieties (TABLE 1) and the decomposed organic con-
tent increases with loss the histidine content. Charac-
teristic bands of the histidine ring could be observed on
FTIR spectra of SiH05, at 1560, 1505, and 1390 cm-

1, corresponding to N�C, C=C, and C�N=C stretch-

ing frequencies, respectively (Figure 2). Other main sig-
nals were attributed to the silica network: 1090 cm-1

(triplet corresponding to Si-O stretching), 950 cm-1 (Si-
OH vibration mode), 800 cm-1 (Si-O-Si bending) and
470 cm-1 (Si-O bending). However, the presence of

grafted histidine in silica matrix by forming the hydro-
gen or nitrogen bonding can explain the displacement
the Si-O bands to the lower frequencies. The N

2
-ad-

Figure 1 : Thermogravimetric analysis of silica and silica-
histidine hybrids.

Figure 2 : IR spectra of pure silica and histidine and SiH05
hybrid.

Figure 3 : N
2
-sorption isotherms of silica and silica-histidine

hybrids
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Adsorption studies: kinetics and isotherms

In the first part, kinetic experiments were performed
using 1.5 mmol L-1 as initial concentration. The kinetics
of lead depletion from aqueous solution by silica and
hybrid materials showed that sorption equilibrium was
reached after 60 min for all materials (Figure 4). As
shown in Figure 4, the presence of histidine in silica
speed up the sorption process, but no significant effect
of the equilibrium. When the two systems SiH025 and
SiH05 are compared to the unmodified silica, the histi-
dine-modification appears more efficient in enhancing
the sorption rate. Attempts to plot log (q

e
-q

t
) against t

for the pseudo-first-order equation were unsatisfactory
especially for hybrid materials (SiH025 and SiH05)
(Figure 4 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 a result,
correlation coefficients are poor (TABLE 2) so that
calculated equilibrium sorption capacities, q

e,1
 were not

in accordance with the experimental results. However,
the pseudo second order model (t/q

t
 against t) reveals

suitable to reproduce the experimental data (R2
kin

>0.998). Extracted parameters from the both kinetic
models are also gathered in TABLE 2. They show that,
in these conditions, the lead sorption capacity at equi-
librium q

e
 depends of chemical surface modification,

but that the sorption rate k varied in the presence of
histidine. The calculated equilibrium sorption capacities

are 0.067 mmol g-1, 0.429 mmol.g-1 and 0.667 mmol.g-

1 for pure silica, SiH025 and SiH05, respectively. In
parallel, the values of the rate constant, k

2
, were found

to be 1.484 mmol.min-1, 0.339 mmol.min-1 and 0.336
mmol.min-1 for pure silica, SiH025 and SiH05, respec-
tively, suggesting that the increase of the histidine con-
tent in silica network activates the Pb2+ retention by
complexation reactions. Consequently, the surface char-
acteristics (S

BET
, V

p
, and D

p
) were not main criteria in

this adsorption process. Therefore, the second order
model is in good agreement with experimental data.
Sorption isotherms were determined on this basis of
kinetic results especially on the equilibrium sorption time
(Figure 5). Experimental maximum sorption capacity,
q

e
,
max

 increased with histidine content (TABLE 2). The
experimental data on the effect of an initial concentra-
tion of Pb2+ ions on the affinity of histidine-modified
silicas were fitted to the isotherm models using Langmuir
and Freundlich models to simulate the sorption iso-
therms. The Langmuir model was found well adapted
to model the sorption data, with R2 values close to unity
(TABLE 2), and good agreement between the calcu-
lated curve and the experimental data (Figure 5).
Langmuir constant K

L
 was not significantly modified by

histidine incorporation. The evolution of the pH of pow-
der suspension in contact with acidified water contain-
ing no lead ions was first monitored (Figure 6). In these
conditions, the pH dropped rapidly within 30 min and
then more slowly, reaching equilibrium after ca. 2 hrs.
Noticeably the equilibrium pH decreased with increas-
ing histidine content. When Pb2+ ions were present, a
similar trend was observed, with final equilibrium pH
being systematically lower than in the absence of metal.
The data indicate that the incorporation of histidine sig-
nificantly increases the affinity of the silica network for
lead ions. Noticeably, such an increase cannot be at-
tributed to an increase in accessible surface as S

BET

decreases from SiO
2
 to SiH05. Therefore, it suggests

that histidine provides additional binding sites for Pb2+

on the silica surface. Interestingly, the successful fitting
of isotherms using the Langmuir model indicates that
lead ions consider the hybrid materials as a homoge-
neous surface, containing carboxylate and amine func-
tions as chelating agents. Given the typical chemical
surface of hybrid materials, it may be difficult to differ-
entiate the both process adsorption/complexation and

sorption/desorption isotherms indicate that the micro-
and mesoporous network of the pure silica material
undergoes a marked decrease in specific surface area
and porous volume of the silica network with increas-
ing histidine content (Figure 3, TABLE 1). Altogether,
these analyses indicate the successful incorporation of
histidine in the porosity of the silica network.

 SiO2 SiH025 SiH05 

Organic content (wt%) 0 32 45 

Specific surface area SBET (m2.g-1) 700 160 26 

Porous volume Vp (cm3.g-1) 0.51 0.12 0.02 

Diameter pore Dp (nm) 1.5 2.1 3.2 
Experimental 
adsorption capacity 

qexp(mmol.g-1) 0.07 0.44 0.65 

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

BET
), diameter pore (D

p
), porous volume (V

p
), experimental

maximum capacity (q
max

).
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this was observed on the same K
L
 values for hybrid

materials. Hydrated silica having an isoelectric point
of ca. 3, it tends to release proton at pH 5, as ob-
served here. Histidine has three acidic groups of pK

a

2.4 (carboxylic acid) 6.0 (pyrole NH) and 9.2 (am-
monium NH)[24-25]. Hence, deprotonation of the car-
boxylic acid function may occur at the same pH. The
interaction of lead ions with the silica surface should
further favor deprotonation of silanol to silanolate.
These results implied that lead adsorption seemed to
progress by ion-exchange with carboxylic groups.
Accordingly, in addition to favorable electrostatic in-
teractions with carboxylate functions, Pb2+ may also
interact with the pyrrole amine groups, favoring their
deprotonation. Finally, it is important to note that sorp-
tion capacity of SiH05 towards Pb2+ is among the high-
est reported so far for silica-modified materials ob-
tained by surface grafting[26-28].

Figure 4 : Effect of incubation time on Pb2+ adsorption q
t 
onto

histidin grafted silica with varying histidin content. (C
0 
= 1.5

mmol/L, pH=5, dose=2g.L-1).

Figure 5 : Variation of sorbed Pb2+ (q
e
) with metal concentration

C
e 

at equilibrium onto silica and silica-

Figure 6. pH evolution of acidified water (pH 5, open symbols)
and added 1.5 mmol L-1 Pb2+ (plain symbols) in  presence of
silica and histidine-silica materials.

 SiO2 SiH025 SiH05 

Experimental qe (mmol.g-1) 0.064 0.412 0.658 

qe,1 (mmol.g-1) 0.053 0.230 0.480 

k1 (min-1) 0,033 0,026 0,051 First order 

R2 0.9411 0.9232 0.9527 

qe,2 (mmol.g-1) 0.067 0.429 0.667 

k2 (mmol.min-1) 1.484 0.339 0.336 

Kinetic 

models 

Second order 

R2 0.9985 0.9993 0.9998 

Experimental qe (mmol.g-1) 0.07 0.44 0.65 

qe,max (mmol.g-1) 0.06 0.48 0.70 

KL
 (g.mmol-1) 23 18 17 Langmuir 

R² 0.999 0.997 0.999 

1/n 0.406 0.552 0.609 

KF 0.123 0.765 1.357 

Isotherms 

Freundlich 

R² 0.9702 0.9852 0.9702 

TABLE 2 : Kinetic and Isotherm fit parameters for the
adsorption of Pb2+ onto histidine modified silica sorbents.

CONCLUSION

The one-step incorporation of histidine within silica
gels allowed the formation of homogeneous hybrid ma-
terials. Although our approach is much simpler than re-
ported grafting approaches, these materials exhibit some
of the highest sorption capacity reported so far. This
can be attributed to the high amount of organic ligand
that can be immobilized by this method. Indeed, its main
drawback relies in the possible loss of binding capacity
upon recycling due to weaker interactions between his-
tidine and silica compared to covalently grafted ligands.
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This point will be investigated in a near future.
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