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A B S T R A C T   

Hybrid porous gel has successfully been prepared in situ by interaction of silica nanoparticles with chitosan 
oligosaccharide lactate. The concentration of silica nanoparticle is crucial for the formation of the gel. Water 
remediation using this material was explored where the hybrid gel was used as adsorbent for mercury ions from 
aqueous media and the metal ion removal was investigated under different conditions. Moreover, the detection 
of mercury ions was performed using emission fluorescence spectroscopy in the presence of a specific fluo
rophore molecule, such as curcumin. Adding mercury ions was followed by the penetration of curcumin into the 
hydrophobic pocket of chitosan oligosaccharide lactate, boosting thereby the emission intensity. In addition, the 
selectivity towards mercury was studied. The elaborated technique was found to be selective, simple and fast 
with low limit of detection value.   

1. Introduction 

Nowadays, many conventional materials such as metals [1], ce
ramics [2], and plastics cannot satisfy all technological needs [3], thus 
the novel materials having tunable properties are in urgent need. Some 
hybrid materials revealed superior behavior in specific applications 
while compared with their respective pure materials. These mixtures can 
be obtained by incorporating a structural material into a second sub
stance. Interestingly, developing new properties by the hybridization of 
inorganic components induces the formation of multifunctional mate
rials [3]. 

Among these materials are the hybrid silica/polymer nano
composites that have been widely developed. Smart polymers have had 
major interest for different applications due to their numerous proper
ties such as being biocompatible, strength, high flexibility, and resil
ience [4]. Such properties are behind the interest in using these 
polymers along with inorganic solids to conceive new sensors [5,6] and 
for the removal of some contaminants and toxic metals, such as mercury 
[7]. The complexation of polymers with some nanomaterials improves 
the chemical and physical properties of the polymers and thereby en
hances their efficiency for the removal of toxic chemicals. 

In general, natural biopolymers have been used since they are non- 

toxic and biologically compatible [8]. Chitosan, a linear poly
saccharide, is one of the widely used biopolymers to form polymer/silica 
nanocomposites. Chitosan can easily self-assemble as a response to pH 
changes [9] and it has a distinctive combination of properties [10,11]. In 
addition, chitosan presents high adhesion to the surface; it has shown 
high stability in a wide range of pH and the ability of biodegradation 
[12,13]. It is considered as an effective bio-adsorbent for dyes, toxic 
ions, and organic contaminants [14–17]. 

Moreover, Chitosan oligosaccharide lactate (COL) enhances the 
water solubility of chitosan and subsequently its potential usage in 
different applications due to the presence of lactate as counter ion. At a 
pH lower than its pKa, COL exists as a polyelectrolyte due to the posi
tively charged amine groups. This distinct property favors the attraction 
between COL and any anionic or neutral groups through electrostatic 
and/or hydrophobic interactions. Furthermore, the surface of COL can 
be modified by complexation with inorganic matrices and/or nano
particles. In fact, the complexation of silicon dioxide or silica nano
particles with polymers such as COL, enhances remarkably their 
physical properties, thus leading to the formation of highly developed 
surface area, high surface stability in acidic media, high thermal sta
bility, low cost, and high resistance to microbial attacks [18]. These 
distinguish properties, leave the silicon dioxide nanoparticles useful in 
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many fields especially in the environment. 
In 2018, the worldwide mercury (Hg) consumption was estimated to 

be about 2220 metric tons [19]. Mercury is one of the most toxic ele
ments and enters the body through inhalation, ingestion, or skin ab
sorption. The exposure to mercury leads to several consequences, such 
as birth defects, brain damage and huge effects on the nervous system 
[20]. Besides, World Health Organization has been strongly claiming the 
importance of reducing the amount of mercury used in the domestic and 
industrial fields. The US Environmental Protection Agency (USEPA) has 
set the limit of mercury to 2 ppb in drinking water and lower limits were 
regulated for the discharge of mercury into aquatic system to protect the 
ecosystems [21]. Besides, high concentrations of mercury are found in 
fish, agricultural crops and in animals living in non-marine habitats [22, 
23]. In consequence, the development of green approaches for effective 
capture and removal of mercury ions has attracted a great deal of in
terest [24]. 

Although several methods were used for water treatment, the 
adsorption technique remains one of the most flexible, fast, and simple 
ones. Different materials have been investigated in this field such as 
activated carbon [25], zeolites [26], clays [27], metal-organic frame
works [28], hybrid aerogels [29], etc. Some of these adsorbents have 
shown low capacity, weak binding affinity for mercury, and low stability 
in water and aqueous solutions. On the other hand, thiol-based adsor
bents are considered very efficient sorbents for mercury ions; they are 
essentially resins, mesoporous silica, and robust porous organic poly
mers [30]. For this purpose, we investigated in this study the synthesis of 
a new hybrid porous organic-inorganic gel obtained from the combi
nation of chitosan oligosaccharide lactate and silica and its potential use 
as low-cost and easily prepared adsorbent for mercury ions from 
aqueous media. We also studied the mercury ion detection using cur
cumin as entrapped chromophore within this hybrid gel. 

2. Materials and methods 

2.1. Materials 

Chitosan oligosaccharide lactate (COL, Average Mn = 5000), Silica 
LUDOX® HS-40 Colloidal, mercury(II) nitrate monohydrate (Hg 
(NO3)2⋅H2O), curcumin (C21H20O6), cadmium nitrate tetrahydrate (Cd 
(NO3)2⋅4H2O), and arsenic nitrate (As3+,NO3

− ) were obtained from 
Sigma-Aldrich. Acetic acid, nickel(II) nitrate hexahydrate (Ni 
(NO3)2⋅6H2O) and cupper(II) nitrate trihydrate (Cu(NO3)2⋅3H2O) were 
purchased from Acros. Lead(II) nitrate (Pb(NO3)2) was received from 
Fisher Chemical. All chemicals were of analytical grade and used 
without further purification. 

2.2. Preparation of the hybrid COL-Silica gel 

The preparation of the hybrid gel has been performed by mixing over 
15 h 0.5 mL of the Silica Ludox® HS-40 solution with 1 mL of a 1 mg mL- 

1 COL solution (prepared in 1% acetic acid) at room temperature. In 
order to prevent any evaporation of the chemicals, the preparation has 
been performed in a closed vial. A gel was obtained, which was then 
washed with 10 mL of distilled water in order to eliminate any residual 
organic and inorganic monomers, in addition to neutralizing the me
dium. The one-time washing was adopted after we found that its com
parison with two and three washings did not reveal any difference. The 
gel was then freeze-dried at − 20 oC over 24 h for final use. 

2.3. Sample preparation for adsorption study 

A 10 ppm mercury ion (Hg2+) stock solution was prepared for the 
adsorption study. 3 mg of COL-Silica gel dissolved in 10 mL of double- 
distilled water (DDW) was added to the mercury solution and kept 
under shaking at 200 rpm for different time intervals at 30 ℃ for 1 h. 
The adsorption study was performed at different pHs between 1 and 9. 

For a preliminary qualitative assessment, the selectivity of the COL-Si 
hybrid gel towards the adsorption of mercury ions was established by 
using different metal ions with a concentration equal to 50 ppm for 1 h. 
In addition, the detection of Hg2+ by fluorescence spectroscopy was 
carried out by measuring the emission fluorescence intensity in the 
presence of 3 mg of COL-silica gel in a 5 mL aqueous solution containing 
curcumin as a fluorophore molecule (1 µM) and Hg2+ ions with con
centrations ranging between 0 and 600 ppm. 

The adsorption capacity (qe in mg g-1) was calculated using the 
following equation [29]: 

qe =
C0 − Ce

m
V  

where C0 and Ce are the initial concentrations of the mercury ion (mg L- 

1) and at equilibrium respectively, V is the volume of solution (L) and m 
is the amount of adsorbent (g). qt has been also calculated at a certain 
time t using Ct. 

2.4. Gel characterization and mercury quantification 

The surface morphology of the adsorbent was investigated by 
Scanning Electron Microscopy (SEM) using a Tescan Vega 3 LMU elec
tron microscope with Oxford EDX detector (Inca XmaW20) after coating 
the sample holder with carbon conductive adhesive tape. Thermogra
vimetric Analysis (TGA) was conducted using a Netzsch TGA 209 in the 
temperature range 30–1000 ◦C with an increment of 10 ◦C min-1 under 
N2 atmosphere. The X-Ray diffraction (XRD) data was collected for 2θ 
between 5 and 80o with 0.02o per step using a Bruker d8 discover X-Ray 
diffractometer equipped with Cu-Kα radiation (λ = 1.5405 Å). The 
specific surface area and pore volume were calculated according to the 
BET theory [31] and the BJH method [32], respectively, from the ni
trogen adsorption-desorption isotherms collected on a NOVA 2200e 
high-speed surface area and pore size analyzer from Quantachrome In
struments. The sample was degassed for 3 h at 120 ◦C prior to the 
analysis. FT-IR spectra were recorded on a Thermo Nicolet 4700 Fourier 
Transform Infrared spectrometer equipped with a Class 1 laser. The KBr 
pellet technique was applied to perform the transmission experiments in 
the range between 4000 and 500 cm− 1. Atomic absorption spectrometry 
was performed using a Thermo Elemental Solaar M6 Atomic Absorption 
Spectrometer using a hollow cathode lamp at 253.7 nm and equipped 
with a CETAC ASX-510 autosampler. The emission fluorescence mea
surements were documented with resolution increment of 1 nm and slit 
of 5 nm using Jobin-Yvon-Horiba Fluorolog III fluorometer equipped 
with the FluorEssence software. The excitation source was a 100 W 
Xenon lamp, and the detection is done on a R-928 detector operating at 
950 V. 

3. Results and discussion 

The COL-Si hybrid gels were prepared following the sol-gel process 
where the hydrolysis of silica and the polycondensation reaction of the 
silanol groups lead to oxo-bridging moieties responsible for the forma
tion of the three-dimensional silica network [33]. The presence of COL 
dissolved in acetic acid along with the silicon precursors during this 
process induce some physical (intermolecular forces) and chemical 
(reactions) interactions between the hydroxyl groups of the COL and the 
silanol groups. In addition, the amino groups present in COL molecules 
facilitate the hydrolysis of siloxane and favor the interaction of the 
silanol groups with the polymer [34]. 

The SEM reveals the morphology of the hybrid COL-Si gels exhibiting 
the porous nature of the material. This latter appears to be made of 
quasi-uniform aggregates extending to a homogenous solid network 
(Fig. 1a). 

The thermogravimetric analysis (Fig. 1b) shows a weight loss below 
100 ℃ attributed to the loss of water molecule. The weight loss observed 
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at higher temperatures corresponds to the loss of the chitosan moiety 
and the acetic acid, both present within the gel. These two organic en
tities account theoretically for 4.1% of the total weight of the hybrid gel. 
The weight loss observed above 100 oC is quantified to almost 3%. These 
values are in agreement with each other and confirm the hybrid nature 

of the COL-Si gel and the incorporation of the chitosan within the 
inorganic network. The X-ray diffractogram of the hybrid gel shown in 
Fig. 1c reveals a broad band at 2θ equal to 22.9◦ corresponding to the 
amorphous state of the silica network overlapping with the chitosan in 
its anhydrous crystalline form [35]. The sharp shoulder appearing at 

Fig. 1. (a) SEM micrograph; (b) TGA curve; (c) Powder X-Ray diffractogram; (d) Nitrogen adsorption-desorption isotherms with pore size distribution (inset); (e) 
FTIR spectrum for COL-Si hybrid gels. 
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15.5o is due to the sample holder used during the measurement. 
The nitrogen adsorption over the hybrid COL-Si gel revealed an 

isotherm of type IV with a H3 hysteresis loop indicating the mesoporous 
nature of the material with a very wide distribution of pore size 
(Fig. 1d). This isotherm behavior is associated with the metastability of 
the adsorbed multilayer. The specific surface area is calculated to be 
180 m2 g-1 and the pore volume was found to be 1.59 cm3 g-1. It is worth 
noting that more than 99% of the pore volume come from the mesopores 
and the pore size distribution confirmed the dominant mesoporous na
ture of the gel with a maximum pore size at 32 nm. 

The FTIR spectrum of the COL-Si hybrid gel (Fig. 1e) exhibits a peak 
at 3447 cm-1 attributed to the overlapping of Si–OH stretching and the 
amine band. The band at 2332 cm-1 is due to Si-H stretching with the 
overlap of C––O vibration of the atmospheric CO2. At 1634 cm-1 appears 
the C O bond. The band seen at 1097 cm-1 is assigned to Si-O-Si 
stretch, while the band at 800 cm-1 is relative to the overlapping of Si- 
C stretch and NH2 wag. However, the high intensity of the peak at 
1097 cm-1 is mainly the reason of the overlapping of the Si-O-Si and the 
–C–O–C– of glycosidic linkage. At the end, the peak at 467 cm-1 is 
related to the O–Si–O bending [33]. 

Consquently, the COL-Si hybrid gel were used to remove mercury 
ions from aqueous media using the adsorption method. The pH of the 
Hg2+ solution was modified between 1 and 9 since the pH is known to be 
a very important factor that affects the adsorption capacity by inducing 
the variation of the ionization degree, leading simultaneously to the 
change in the properties of the adsorbent’s surface [36]. In addition, the 
availability and the binding sites of the hydrogen ions in aqueous so
lution, present on the surface of the adsorbent have a significant effect 
on the pH [37]. Fig. 2a shows that the adsorption observed for pH values 
equal or smaller than 4.0 does not exceed 2%, whereas the adsorption 
capacity of the hybrid gel increased remarkably for the studied pH 
values higher than 4.0. Interestingly, 100% removal of Hg2+ from the 
aqueous media at pH 8 and 9 has been achieved after 20 min of contact 
between the COL-Si hybrid gel and the metal ions solution. For instance, 
qe was found to be equal to 33.3 mg g-1 at pH 8. 

The large discrepancy in the mercury ions adsorption at different pHs 
is attributed to the abundance at low pH of hydrogen ions that compete 
with Hg2+ ions for the adsorbent binding sites. This induces the negli
gence of the adsorption of Hg2+ on the surface of the COL-Si hybrid gel. 
When the pH increases, the concentration of the hydrogen ions de
creases thus causing the deprotonation of the adsorbent’s surface and 
the enhancement in the adsorption of Hg2+ on the surface of the hybrid 
gel [37]. The transition in the gel’s behavior observed between pH 4 and 
5 confirms this conclusion which affects the surface charge of the 
adsorbent and accordingly affects its interaction with the adsorbate. 
Since the Point of Zero Charge (PZC) of silica is around 2.5 and that of 
COL is around 6.3 [29,38], the electrostatic repulsion between the sur
face of the hybrid gel and the mercury cations makes the adsorption 
unfavored for pH values lower than 2.5. For pHs greater than 2.5, the 
surface charge of the adsorbent becomes less positive due to the 
deprotonation of the silanol groups present on the surface of the hybrid. 
At pH values higher than the PZC of COL, the surface becomes 
completely deprotonated thus favoring a strong electrostatic interaction 
between the surface groups and the mercury cations. 

The kinetic study of adsorption was investigated by fitting the 
experimental data with various kinetic models. The adsorption of mer
cury ions onto COL-Si gels was found to obey the pseudo-second order 
kinetics (Fig. 2b) expressed by the following equation: 

t
qt

=
t

qe
+

1
k2q2

e  

where qt is the amount of mercury ion adsorbed at a time t (mg g-1) and 
k2 is the pseudo-second order rate constant (g mg-1 min-1). k2 has been 
graphically calculated from the linear plot of t/qt vs. time. k2 is equal to 
0.318 g mg-1 min-1 at pH 8. 

A precise feature standard of a detection method is its ability to give 
indications that are free from interferences. The capability to differen
tiate between the analyte and interfering constituents has, for many 
years, been stated as the “selectivity” of a method and measurement 
system [39]. To test the selectivity of the COL-Si gel in the removal of 
Hg2+ ions from aqueous media (pH = 7), the adsorption experiments 
were carried out by testing the adsorption of different metal ions sepa
rately such as cadmium, nickel, arsenic, copper, and lead for a concen
tration equal to 50 ppm under identical reaction conditions as for 
mercury. After one hour of contact time, it was noticed that the 
adsorption of these cations on the surface of the COL-Si hybrid gel did 
not exceed 20% whereas it was around 70% for the mercury ions 
(Fig. 3). The qe value calculated under this condition for the mercury ion 
adsorption is 116.7 mg g-1. This shows a high selectivity of the COL-Si 
hybrid gel towards the adsorption of mercury ions from aqueous media. 

The detection of mercury ions was also investigated using fluores
cence emission technique in the range of 0–600 ppm. The measurements 
were carried out by adding a mercury solution to 3 mg of COL-Si gel, 
mixed with 1 μM of curcumin used as a chromophore molecule. As 
shown in Fig. 4A, the presence of mercury ions in the aqueous medium 
along with curcumin enhances the fluorescence emission of the curcu
min. This enhancement has been found to be proportional to the con
centration of mercury ions. In fact, curcumin molecules are being 

Fig. 2. (a) Mercury ion (Hg2+) removal as a function of pH onto COL-Si hybrid 
gel. [Hg2+]= 10 ppm; (b) Linear pseudo-second order kinetics plots for the 
adsorption of Hg2+ onto COL-Si gel at pH 8. 
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attached to the surface of COL-Si hybrid gel due to the presence of 
positively charged COL. Thus, the addition of mercury boosts the 
interaction between curcumin and COL leading to the penetration of 
curcumin into the hydrophobic pocket of COL. The interaction between 
curcumin and COL was earlier developed by Chebl et al. where they 
found that one COL chain could make about five independent hydro
phobic pockets that might have a specific role in the COL curcumin 
contact [40]. The enhancement in the emission intensity is linked to a 
shift in the wavelength from 414 nm to 444 nm. The linear increase was 
very well fitted with R2 = 0.987 and with a limit of detection (LOD) 
equal to 10 ppm (Fig. 4B). LOD was calculated based on the 3σ/m cri
terion, where σ is the standard deviation and m is the slope of the 
calibration curve. 

4. Conclusion 

COL-Si hybrid gel was synthesized using a simple one-pot sol-gel 
method followed by a freeze-drying step. The hybrid nature of the ma
terial was confirmed by FTIR spectroscopy where characteristic bands of 
chitosan oligosaccharide lactate were co-observed in the spectra of the 
hybrid material along with the Si-O-Si stretching vibrations. The ther
mogravimetric analysis of the hybrid material showed a high thermal 
stability, and the nitrogen adsorption-desorption technique and X-ray 
diffraction revealed its mesoporous nature and lack of crystallinity, 
respectively. The COL-Si hybrid gel exhibited a high adsorption selec
tivity towards mercury ions (Hg2+) with maxima observed at pH 8 and 9. 
Furthermore, the detection of mercury ions was tested by measuring the 
emission intensity, where this latter increases when the mercury con
centration increases, due to the penetration of curcumin molecule in the 
hydrophobic core of COL. This detection method gave a very low LOD 
equal to 10 ppm. Consequently, COL-Si gels can be used as efficient 
adsorbents of mercury ions for wastewater treatment. Furthermore, the 
combination of this hybrid material with curcumin leads to a potential 
detector of mercury ions in aqueous environments. 
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vs. log of mercury ion concentration. 
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