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ABSTRACT: Supercritically dried, mesoporous silica−gelatin
hybrid aerogels of 4−24 wt % gelatin content show high
selectivity for the adsorption of aqueous Hg(II) in the
simultaneous presence of Cu(II), Cd(II), Co(II), Pb(II),
Ni(II), Ag(I), and Zn(II), as demonstrated by batch
adsorption experiments with multiple competing ions. The
aerogels are characterized by SEM and N2 porosimetry, and
their aqueous particle size distributions and zeta potentials are
reported. The adsorption properties of the hybrid aerogels are
studied as a function of their composition, initial aqueous
Hg(II) concentration, contact time, and pH. The optimum
pH for adsorption is 6.0, where the surface of the aerogel is
already negatively charged, but Hg(II) does not completely
hydrolyze. The Hg(II) uptake of the hybrid aerogels increases with increasing gelatin content and levels off at 24 wt % gelatin.
The adsorption capacity of the 24 wt % gelatin hybrid is estimated to be S = 209 mg g−1 by fitting the isotherm with the
Langmuir model (KL = 0.032 L mg−1). This translates to 91% Hg(II) removal at c0(Hg) = 1.0 mg L−1 and c0(aerogel) = 0.32 g
L−1. Gelatin provides the active sites for Hg(II) binding; thus, higher gelatin content results in higher adsorption capacity.
However, high gelatin content also induces the extensive swelling of backbone and the partial collapse of the open porous
structure, which decreases the specific surface area. Time-resolved experiments show that the adsorption equilibrium is
established within 15 min contact time with aqueous Hg(II). Washing the equilibrated aerogels with a 2.5 mM solution of
EDTA complexing agent quantitatively liberates bound Hg(II). The regenerated aerogels demonstrate practically intact
adsorption capacities in five cycles of reuse. Coordination chemistry based considerations reveal that Hg(II) is selectively
complexed by the soft Lewis-base side chains of collagen.
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1. INTRODUCTION

The detection and removal of aqueous heavy metal ions is of
outmost importance in chemical research and development.1−3

Several technologies are implemented for the immobilization
of heavy metal compounds, such as ion exchange, flocculation,
membrane filtration, adsorption, and chemical precipitation.4−6

From these methods, adsorption technologies are the most
commonly used ones because of their cost-effectiveness and
ease of operation.7,8

Aqueous mercury(II) [Hg(II)] is especially interesting from
both the environmental and analytical points of view due to its
high toxicity, diverse redox, coordination and organometallic
chemistry, and its ability to form volatile compounds. A large
variety of high performance and selective adsorbents have been
developed in the past decade for the immobilization of
aqueous Hg(II). The most promising advanced materials are
solid, highly porous, functionalized adsorbents. One strategy
for the preparation of these advanced materials is to fabricate
selective, high affinity (e.g., sulfur containing) active sites for

binding Hg(II) onto porous, inert supports (e.g., silica).9−16

Another strategy is to synthesize superior composite or hybrid
materials from natural Hg(II) adsorbents to enhance their
performance and/or technical applicability. A frequently
utilized, versatile component is chitosan.17−22 Other versatile
platforms are graphene and graphene oxide.23−30 Porous
synthetic polymers form the basis of exceptionally high
durability adsorbents.31−35 Magnetic particles are also
frequently used platforms for advanced adsorbents because
these particles can easily and selectively be separated from the
liquid phase.36−39 Composite preparations are also synthesized
from gelatin, an archetypical biomaterial that has a well-known
affinity toward Hg(II).40−42 Most recently, the best overall
adsorption performance has been reported for functionalized
and hybrid porous graphene adsorbents, (e.g., cysteine and

Received: October 2, 2019
Accepted: December 24, 2019
Published: December 24, 2019

Article

www.acsanm.orgCite This: ACS Appl. Nano Mater. 2020, 3, 195−206

© 2019 American Chemical Society 195 DOI: 10.1021/acsanm.9b01903
ACS Appl. Nano Mater. 2020, 3, 195−206

This article is made available for a limited time sponsored by ACS under the ACS Free to
Read License, which permits copying and redistribution of the article for non-commercial
scholarly purposes.

D
ow

nl
oa

de
d 

vi
a 

Jo
zs

ef
 K

al
m

ar
 o

n 
Ja

nu
ar

y 
26

, 2
02

0 
at

 2
1:

27
:0

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

www.acsanm.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.9b01903
http://dx.doi.org/10.1021/acsanm.9b01903
http://pubs.acs.org/page/policy/freetoread/index.html
http://pubs.acs.org/page/policy/freetoread/index.html
http://pubs.acs.org/page/policy/freetoread/index.html


αFeOOH decorated graphene and graphene oxide) and
quantum dot or graphene decorated porous silica. Typically,
these materials exhibit adsorption capacities between 100 and
800 mg g−1 at initial Hg(II) concentrations [c0(Hg)] between
1.0 and 500 mg L−1 at adsorbent concentrations between 10
and 500 mg L−1. In these systems, the adsorption equilibrium
optimally completes in 60 min.27,28,43,44

Supercritically dried aerogels can be prepared from various
starting materials. Hybrid and composite inorganic, organic,
and biopolymer based aerogels are common for the past
decade.45 Silica, resorcinol−formaldehyde, and carbon aerogels
functionalized by S, N, O, and P containing chelating groups
are high performance adsorbents for aqueous heavy metal ions;
thus, a large variety of adsorbents have recently been
developed on aerogel platforms.16,42,46−50 Supercritically
dried aerogel adsorbents usually show superior adsorption
characteristics due to their open mesoporous structures when
benchmarked against freeze-dried cryogel adsorbents of the
same base material and functionalization. This has been
pointed out by recent critical reviews.2,47,49,51

In this study, we aimed to prepare gelatin containing
aerogels with open mesoporous structures for the adsorption of
aqueous Hg(II). For this reason, silica−gelatin hybrid gels of
4−24 wt % gelatin content were synthesized by the sol−gel
method and dried by using supercritical CO2 to obtain
aerogels. These aerogels were designed by considering that the
silica constituent provides high porosity, while the gelatin
constituent ensures the affinity of the hybrids toward Hg(II).
The as-prepared aerogels were characterized by scanning
electron microscopy (SEM) and N2 gas adsorption−
desorption porosimetry. Adsorption experiments were con-
ducted with aqueous Hg(II), Cu(II), Cd(II), Co(II), Pb(II),
Ni(II), Ag(I), and Zn(II) at different pH values. To find the
most important factors affecting the adsorption features of
silica−gelatin aerogels, the thermodynamic and kinetic proper-
ties were correlated to the structural characteristics of the
hybrids of different compositions. The size distribution and the

zeta potential of the aerogels were taken into account for
mechanistic considerations.52,53

2. EXPERIMENTAL SECTION
2.1. Materials and Solutions. All common solid ((NH4)2CO3,

HgCl2, K2Cr2O7, Cu(NO3)2·3H2O, CdN2O6·4H2O, Co(NO3)2·
6H2O, Pb(NO3)2, AgNO3, Ni(NO3)2·6H2O, Zn(CH3COO)2·2H2O,
FeCl3·6H2O, NaCl, EDTA, NaOH) and liquid (HNO3, H2O2, HF,
NH3, CH3OH, C3H6O) chemicals were ACS reagent grade (Sigma-
Aldrich) and used without further purification. All aqueous solutions
were prepared with ultrafiltered water (ρ = 18.2 MΩ cm by Milli-Q
from Millipore). Tetramethyl orthosilicate (TMOS) was purchased
from Fluka. Household gelatin (type A, 150 kDa, food grade) was
obtained from Dr. Oetker because of the high and constantly
guaranteed quality of the product. Supercritical CO2 was produced
from 99.5+% pure gas (Linde).

A Metrohm 888 Titrando automatic titrator unit equipped with a
double-junction 6.0255.100 pH electrode was used to measure the pH
values of the solutions. The desired pH was set by adding appropriate
amounts of HNO3 or NaOH solutions. Because heavy metal ions may
form Cl− precipitates and complexes, common single junction
electrodes containing KCl electrolyte could not be used for this
study. To avoid reactions between the electrode filling solution and
the aqueous heavy metal ions, the above-mentioned double junction
electrode, which has an additional salt bridge and an outer electrolyte
of KNO3, was applied.

2.2. Preparation of Silica−Gelatin Hybrid Aerogels. Silica−
gelatin hybrid aerogels of varying gelatin content were synthesized by
the sol−gel technique using the recipe reported previously.53,54 The
hybrid backbone was produced by a cogelation method. First, a
solution was prepared by dissolving a given amount (from 0.10 to
0.60 g) of gelatin and 70.0 mg of (NH4)2CO3 in 20.0 g of hot water. A
second solution containing 3.30 g of tetramethyl orthosilicate
(TMOS) and 5.55 g of MeOH was prepared. After cooling the
gelatin solution near room temperature, the two solutions were mixed
by vigorous stirring. The mixture was poured into a cylindrical plastic
mold for gelation and was kept there for 24 h. The alcogel was
removed from the mold and transferred into a perforated aluminum
container for performing multistep solvent exchange. First, the sample
was soaked in methanol for 24 h to remove water. Next, methanol was
gradually replaced with acetone in four steps, each taking 24 h.
Acetone was replaced two more times for fresh acetone every 24 h.

Scheme 1. Illustration of the Preparation and the General Structure of the Silica−Gelatin Hybrid Aerogelsa

aThe side chains of the serine and the threonine amino acids of gelatin are proposed to form covalent bonds linking the protein to the SiO2
network.56,57 The hybrid backbone forms primary globules (dglobule = 50−100 nm) that are the main structural elements of the aerogel monoliths
(cf. section 3.1.1).
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Finally, acetone was extracted with liquid CO2 at 5.4 MPa at room
temperature. The extensive solvent exchange ensures the excellent
batch-by-batch reproducibility of both the microscopic and the
macroscopic structures of the final aerogels. This is complemented by
aging before supercritical drying to establish the completion of all
secondary chemical processes.
The gel was dried with supercritical CO2 at 14 MPa and 80 °C by

using the medium-pressure technique, as reported previously.55 Four
types of hybrid aerogels were produced by this recipe that contain 4,
11, 18, or 24 wt % gelatin by dry weight. According to our experience,
there is an elevated risk for the formation of local inhomogeneities in
the aerogel backbone during synthesis above 24 wt % gelatin content;
thus, hybrids of higher gelatin content were not prepared. The gelatin-
free parent silica aerogel was prepared by the same recipe, but without
the addition of gelatin to the aqueous (NH4)2CO3 solution.
The preparation and the general structure of the silica−gelatin

hybrid aerogels are illustrated in Scheme 1. It has recently been
verified by solid-state NMR that during the cogelation (hydrolysis and
polycondensation) of a tetraalkyl orthosilicate (e.g., TEOS and
TMOS) and a protein, the −OH side chains of the threonine and
serine amino acids of the protein react with the SiO2 precursor
orthosilicate and form −Si−O−C− covalent bonds. These primary
bonds are the main reason for the high stability of the hybrid SiO2−
protein backbones.56,57

The gelatin contents of the dry, hybrid aerogels were measured by
thermogravimetry, as reported previously.54 The measured gelatin
contents of the aerogels are practically the same as the values
calculated based on the recipes. Gelatin does not leech into water
during a week long soaking of the aerogels, indicating the stable
incorporation of the protein into the backbone. Preliminary small-
angle neutron scattering (SANS) experiments prove that the
hybridization of the backbone is homogeneous at the molecular
level. (The extensive discussion of the SANS characterization results
of the silica−gelatin aerogels is out of the scope of the present article
and will be published in the future.)
2.3. Aerogel Characterization. Scanning electron microscopic

(SEM) images were recorded on a Hitachi S-4300 instrument
(Hitachi Ltd., Tokyo, Japan). Aerogel shards, freshly split from the
monoliths, were immobilized on carbon tapes, or embedded in
Wood’s metal, and covered by 5−6 atomic layer thick sputtered gold
conductive layers. Typically, a 5−15 kV accelerating voltage was used.
Electron microscopic images were evaluated by using NI Vision
Assistant software (National Instruments, USA).
Specific surface areas, pore size distributions, and total pore

volumes of aerogel samples were measured by N2 adsorption−
desorption porosimetry (Quantachrome Nova 2200e) after degassing
at 60 °C for 24 h. The specific surface area was calculated by using the
multipoint BET method (five points on the adsorption curve,
maximum p/p0 = 0.30). The pore size distribution was calculated
from the desorption curves by using the BJH method.
The particle size distribution of hydrated aerogel particles was

measured by using a hemocytometer and image analysis after wet
grinding the samples by a Potter-Elvehjem tissue grinder (10 min)
and sonication (15 min). Images were taken from c = 0.5 mg mL−1

suspensions with a 1.3 MP USB microscope camera. The ImageJ
software was used for calculating the size distribution of the particles.
Additionally, the size distribution of aerogel particles was measured by
laser diffraction light scattering (LDLS, MALVERN Mastersizer
2000) using conventional instrument setup and operation. Angular
scattering intensity data were evaluated by the instrument controlling
software. A representative refraction index of 1.006 was used in the
calculations.
The zeta potential of wet ground aerogels (see the protocol above)

was measured at a final aerogel concentration of c = 0.1 mg mL−1 on a
MALVERN Zetasizer Nano ZS instrument using a conventional
instrument setup and operation.
2.4. Batch Adsorption Experiments. Conventional batch

adsorption experiments were performed at constant pH. A dilute
HNO3 solution of a predefined pH between 4.0 and 6.0 was prepared
by using ultrafiltered water and a standardized 0.010 M HNO3 stock

solution. This dilute HNO3 solution was used to prepare and dilute all
suspensions, solutions, and other aqueous mixtures.

All solutions, suspensions, and other mixtures were prepared and
stored in acid-treated (cc HNO3) glass or Teflon vessels suitable for
trace metal analysis.

Aerogel adsorbents were prepared in c = 0.40 mg mL−1 aqueous
suspension. The dry aerogel was wet ground in dilute HNO3 solution
by using a Potter-Elvehjem tissue grinder for 10 min. The suspension
was sonicated (ARGO LAB DU-32) for 15 min and then stirred for
20 min at 300 rpm on a magnetic stirrer using a 1.0 cm Teflon-coated
rod. This protocol ensures the highly reproducible production of
aerogel suspensions that do not settle or aggregate in the time scale of
the adsorption experiments.

Metal ion stock solutions (50−250 mg L−1 for the metal ions) were
prepared by dissolving solid metal nitrates in dilute HNO3 solution.
The pH of the stock solutions was checked and set by using the
calibrated double-junction pH electrode. Metal ion containing
samples were prepared for the adsorption experiments by the dilution
of the metal ion stock solutions. The pH and the initial metal ion
concentrations of these samples were measured prior to adding the
adsorbent.

Batch adsorption experiments were performed by mixing the
aerogel suspension with a metal ion solution by following a
standardized protocol. The concentration of the aerogel was kept
constant, and the initial concentrations of metal ions were varied in
the final mixtures. Adsorption samples were always prepared by
mixing 2.00 mL of metal ion solution of different concentration and
8.00 mL of aerogel suspension. The initial concentrations of metal
ions in the resulting 10.0 mL samples were between 1.0 and 50 mg
L−1. The heterogeneous samples were agitated with a magnetic stirrer
typically for 2 h to reach equilibrium. Then the samples were
quantitatively transferred into plastic tubes (PP) and centrifuged for
20 min at 3500 rpm (VWR MEGASTAR 1.6 R). The supernatant was
separated from the pellet, and the metal ion contents of both phases
were measured by elemental analysis. All experiments were performed
at least in three replicates.

Another series of independent batch adsorption measurements
were conducted using the above-described protocol at initial metal ion
concentrations between 30 and 950 μg L−1. The rationale is that toxic
heavy metal ions can realistically be present at this concentration
range in natural water bodies.

Independent batch adsorption measurements were conducted by
using water samples collected from a natural pond with a rich flora
and fauna. The natural water was not pretreated, and its pH is 6.9.
These water samples were spiked with solid Hg(NO3)2 to obtain
c0(Hg) from 0.50 to 50 mg L−1. The spiked samples were stable; no
precipitation of Hg(II) was detected in 4 h (vide inf ra in section 2.6).
Batch adsorption measurements were conducted by using the same
experimental protocol as for the above-described laboratory water
(distilled water) samples.

Metal ion concentrations were determined by elemental analysis
using ICP-OES. The initial concentrations of metal ions prior to
adsorption (c0) were measured directly from the sample solutions.
The concentrations of the aqueous metal ions after the establishment
of the adsorption equilibria were measured from the centrifugation
supernatants. The absorbed amounts of metal ions were measured in
the centrifugation pellets after digesting the aerogels. The applied
analytical protocols are given later.

It was proved by independent experiments that the pH of a
heterogeneous sample is constant during the establishment of the
adsorption equilibrium in a batch adsorption experiment. The pH of
the centrifugation supernatant was measured for multiple samples of
various initial metal ion concentrations, and the maximum difference
between the initial pH and the pH measured after centrifugation was
maximum 0.21 units. Therefore, the online pH correction was not
applied in any of the adsorption experiments.

The above detailed experimental layout was applied to test the
performance of silica−gelatin aerogels for the adsorption of Hg(II),
Cu(II), Cd(II), Co(II), Pb(II), Ni(II), Ag(I), and Zn(II) ions. A
series of silica−gelatin hybrid aerogels of 4, 11, 18, and 24 wt %
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gelatin content were tested. The parent, gelatin-free silica aerogel, was
used as a control.
2.5. Selectivity of Adsorbent. The adsorption of Hg(II), Cu(II),

Cd(II), Co(II), Pb(II), Ni(II), Ag(I), and Zn(II) ions was studied on
silica−gelatin aerogels in batch experiments, both individually and in
the simultaneous presence of multiple metal ions. A series of
experiments were conducted in the presence of two competing ions in
the following pairs: Hg(II) + Ag(I), Hg(II) + Cd(II), Hg(II) +
Cu(II), and Hg(II) + Ni(II). An additional selectivity test was
performed in the simultaneous presence of six competing ions: Hg(II)
+ Cd(II) + Cu(II) + Zn(II) + Co(II) + Pb(II). All of these batch
adsorption experiments were conducted at several different initial
concentrations of metal ions in the range from 5 to 50 mg L−1. All
experiments were performed at least in three replicates.
2.6. Hydrolysis of Metal Ions. To ensure the reliability of the

results of the adsorption experiments, it is important to study the
possibility of the spontaneous hydrolysis or precipitation of the metal
ions. Metal ion solutions (1−50 mg L−1) were prepared in an
identical way, at the same final pH, as for the adsorption experiments,
but in the absence of an adsorbent. The aerogel suspension was
replaced with dilute HNO3 solution. These metal ion solutions were
agitated for 2 h and centrifuged to remove any possible colloidal
precipitates. Under these conditions, no concentration change was
detected in any of the metal ion solutions; i.e., the recovery was 98%−
102% from the centrifugation supernatants.
However, it was observed that the reproducibility of the adsorption

experiments decreases in the case of Hg(II) above the initial metal ion
concentration of 50 mg L−1 at pH = 6.0. Thus, adsorption data are
reported up to c0 = 50 mg L−1 for Hg(II).
2.7. Time-Resolved Adsorption Experiments. To study the

rate at which the adsorption equilibrium is reached on the aerogel
adsorbents, time-resolved experiments were performed at c0 = 43 mg
L−1 metal ion concentrations. The same protocol was used as in the
case of the batch experiments (section 2.4), but the length of the
contact time (i.e., agitation by magnetic stirrer) was varied.
Centrifugation was 10 min. The time dependency of the adsorption
process was studied by using minimum 5 min and maximum 120 min
agitation. After reaching the preset contact time, the samples were
removed from the magnetic stirrer and centrifuged.
2.8. Elemental Analysis of Equilibrated Aerogels. To

determine the amount of metal ions adsorbed on aerogels, the
adsorbent was recovered by centrifugation after the establishment of
the adsorption equilibrium, chemically digested, and analyzed by ICP-

OES. Two wet digestion methods were applied by using microwave-
assisted sample preparation (Milestone, Ethos Up).

In the first digestion method, aerogel pellets were quantitatively
rinsed into sealable PTFE vessels with the mixture of acids used for
digestion. The applied reagents were 4.00 mL of 65 wt % HNO3 and
1.00 mL of 30 wt % H2O2 for ca. 3.2 mg of aerogel (cf. section 2.4).
The samples were microwave heated to 200 °C and digested for 20
min. The vessels were allowed to cool, and the samples were brought
to a 25.0 mL final volume with Milli-Q water. This method does not
dissolve silica. Residual silica was separated by centrifugation and
discarded. The supernatant was analyzed.

In the second digestion method 200 μL of 38 wt % HF was also
added to the aerogel pellet (additionally to the 4.00 mL of 65 wt %
HNO3 and 1.00 mL of 30 wt % H2O2). The primary microwave
heating program was the same as in the first case. After the vessels
cooled, 1.00 mL of 4.5% H3BO3 was added. The H3BO3 containing
samples were resealed and microwaved again at 160 °C for 10 min.
This step is important for the neutralization of excess HF. Finally, the
samples were brought to a 25.0 mL final volume with Milli-Q water.

The difference between the two digestion protocols is that in the
first case only the organic part of the aerogel is digested, while in the
second case the total solubilization of the aerogel, including the silica
part, takes place. The metal ion concentrations of the digested
samples were measured by ICP-OES using the same analytical
protocols as for the supernatants of the adsorption experiments.

2.9. Desorption Experiments. The reversibility of the
adsorption of metal ions was tested by washing previously equilibrated
aerogel pellets with different solutions. The experimental protocol of
the batch adsorption experiments was applied without modification
for equilibrating aerogels with metal ions (section 2.4). The
supernatant of the centrifuged sample was quantitatively decanted
(and analyzed for metal ion content), and 10.0 mL of washing liquid
was measured onto the aerogel pellets at preset pH. The aerogel
pellets were resuspended in the washing liquid and agitated for 10−60
min, which was followed by centrifugation. The supernatants were
analyzed. In separate experiments, distilled water, NaCl solution (0.50
M), and EDTA solutions (0.25 and 2.5 mM) were tested as washing
liquids.

2.10. Regeneration and Recycling of Adsorbent. The metal
ion equilibrated aerogel pellets were regenerated by washing with 2.5
mM EDTA solution, as detailed in section 2.9. After agitating the
aerogel for 30 min in EDTA solution, the system was centrifuged. The
aerogel pellet was resuspended in 10.0 mL of dilute HNO3 solution
(pH = 6.0) and centrifuged again. This step was necessary to remove

Figure 1. Scanning electron micrographs at 20K magnification of silica−gelatin hybrid aerogels of 4 wt % (A) and 24 wt % (B) gelatin content. The
scale bars represent 2 μm. (C) Size distribution of the primary blocks (globules) of the silica−gelatin aerogels.
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the traces of leftover EDTA from the system. The supernatant was
discarded, and the regenerated aerogel was resuspended in 8.00 mL of
dilute HNO3 solution (pH = 6.0). This aerogel suspension was tested
as an adsorbent for Hg(II) in batch experiments by following the
standardized protocol given in section 2.4. After equilibration with
Hg(II), the aerogel was regenerated again by following the above
steps and reintroduced into a new cycle of batch adsorption.
Altogether, five adsorption−regeneration cycles were performed with
an individual sample of aerogel.
2.11. Elemental Analysis by ICP-OES. The metal contents of

solutions (supernatants, washing liquids) and digested aerogel pellets
were measured by inductively coupled plasma optical emission
spectrometry (Agilent Technologies, ICP-OES SVDV 5100) using
always the same protocol. Solution samples were acidified with one
drop of cc HNO3 immediately after preparation and were measured
no longer than 2 h in storage. Five-point calibration was applied (0−
50 mg L−1), diluted from monoelement standard solutions of 1000
mg L−1 (Scharlau). Intensity values were collected at three different
wavelengths of each metal. Metal concentrations were calculated by
using the optical lines that gave the best signal-to-background ratio for
each metal.
The concentrations of at least three independent parallel samples

were averaged. The relative standard deviation (RSD) was calculated.
The ICP-OES experimental parameters are given in Table S1 of the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Aerogel Characterization. 3.1.1. Scanning Electron
Microscopy (SEM). Representative SEM images (20K magni-
fication) of silica−gelatin hybrid aerogels of 4 and 24 wt %
gelatin content are shown in Figure 1. The hybrid aerogel
backbones are built from spherical blocks (globules), which is a
general characteristic of silica-based aerogels. The size of these
blocks is in the range of dglobule = 40−100 nm, and it is

independent from the gelatin content of the hybrids: d4wt% =
66 ± 36 nm and d24wt% = 68 ± 40 nm (cf. Figure 1C).
Although the fundamental morphology of the silica−gelatin
aerogels is similar to that of pure silica aerogels, both the
number and size of macropores increase systematically with
the increasing gelatin content of the hybrids.

3.1.2. N2 Adsorption−Desorption Porosimetry. The nitro-
gen adsorption−desorption isotherms of the dry silica and
silica−gelatin aerogels are type IV (H3) hysteresis curves
according to the IUPAC classification (Figure 2A). This is
characteristic for mesoporous materials with some macropores.
Pore size distribution curves are calculated by the BJH method
from the desorption isotherms. This evaluation also shows the
dual mesoporous and macroporous characteristics of the
hybrids (Figure 2B). Further structural parameters of the
aerogels are listed in Table 1. The BET specific surface area
(SBET), the total mesopore volume (Vpore), and the mean pore
diameter (dpore) decrease systematically with the increasing
gelatin content of the hybrids.
The SEM pictures in Figure 1 evidently show that the

apparent decrease of the SBET and Vpore structural parameters in
Table 1 at high gelatin content is not due to the loss of
porosity but due to the formation of macropores. As a
consequence of the working principle of N2 porosimetry,
macropores are excluded from the analysis. Notably, the total
porosity of the aerogel is still high even at 24 wt % gelatin
content.

3.1.3. Particle Size of Hydrated Aerogels. The particle size
distribution of silica and silica−gelatin aerogels was measured
by following the wet grinding of the samples using a
standardized protocol (cf. section 2.3). Both the position of
the maximum and the width of the particle size distribution

Figure 2. Nitrogen adsorption−desorption isotherms (A) and BJH pore size distribution curves (B) of silica−gelatin hybrid aerogels of 4 and 24 wt
% gelatin content.

Table 1. Structural Characteristics of Silica and Silica−Gelatin Hybrid Aerogels Derived from N2 Adsorption−Desorption
Porosimetry and Light Scattering Data (cf. Figures 2 and 3 and Figure S1)

gelatin

silica 4 wt % 11 wt % 18 wt % 24 wt %

SBET (m2/g)a 910 ± 60 800 ± 70 630 ± 60 420 ± 50 290 ± 30
Vpore (cm

3/g)b 6.2 4.9 4.5 2.3 1.7
dpore (nm)c 32 25 32 17 20
EZeta (mV)d (pH = 4.0) −20 −22 −21 −19 −14
EZeta (mV)e (pH = 6.0) −30 −27 −27 −26 −23
dparticle (μm)f 40 20 21 18 12

aBET specific surface area. bTotal mesopore volume (BJH). cMean pore diameter estimated at the maximum of the distribution curve (BJH).
dZeta potential measured at pH = 4.0. eZeta potential measured at pH = 6.0. fMean particle size estimated at the maximum of the LDLS
distribution curve.
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curve decrease systematically with the increasing gelatin
content of the hybrid aerogels (Figure 3 and Table 1).

3.1.4. Zeta Potential of Aerogel Particles. The zeta
potential (EZ) of hybrid aerogel particles was studied in the
pH range from 3.0 to 7.4. Data are summarized in Table 1 and
Figure S1. The zeta potential of the hybrid aerogels
systematically increases with increasing gelatin content,
regardless of the pH. The isoelectric point of silica is at ca.
pH = 3.5, and that of aqueous type A gelatin is at ca. pH = 5.5,
which gives a natural explanation for the increase of EZ with
gelatin content.58

3.2. Adsorption Experiments. 3.2.1. Selectivity of
Silica−Gelatin Aerogels. Silica−gelatin aerogels of 4−24 wt
% gelatin content were tested to adsorb aqueous Hg(II)
Cu(II), Cd(II), Co(II), Pb(II), Ni(II), Ag(I), and Zn(II) in
batch adsorption experiments. The adsorption of metal ions
was studied individually and also in the simultaneous presence
of multiple metal ions. The operating pH was either pH = 4.0
or pH = 6.0. All of the batch adsorption experiments (as
detailed in sections 2.4 and 2.5) consistently show that silica−
gelatin hybrid aerogels have unprecedentedly high selectivity
for binding Hg(II). The amounts of metal ions adsorbed by
the 24 wt % hybrid aerogel at pH = 6.0 at c0 = 10 mg L−1 initial
metal ion concentration are shown in Figure 4A. This figure
was constructed by using the compiled results of the
experiments where multiple competing metal ions were present
in the same solution (cf. section 2.5). The only ion which

binds to the hybrid aerogels besides Hg(II) is Ag(I), but
competitive adsorption tests confirmed the superior selectivity
of the adsorbents toward Hg(II) (Figure 4B). With the
exception of these two ions, none of the metal ions showed
significant affinity to bind to the hybrid aerogels in the studied
pH range.

3.2.2. Optimal Conditions for Adsorption of Hg(II). To
evaluate the adsorption characteristics of the hybrid aerogels
toward Hg(II), the effects of pH, the gelatin content of the
adsorbent, and the initial aqueous Hg(II) concentration were
tested.
In general, high pH facilitates the adsorption of metal

cations on negatively charged adsorbents, but high pH can also
cause the hydrolysis of the metal cations. Thus, the optimum
pH for adsorption is where the surface of the adsorbent is
already negatively charged, and the metal ions still do not
hydrolyze. The isoelectric point of the hybrid aerogels is
around pH = 4.0, and Hg(II) hydrolyses above pH = 6.0, even
at low concentrations. (These considerations are discussed
further in section 3.5.) As expected, the best adsorption
capacity was measured at the highest applicable pH value, at
pH = 6.0. A significantly lower adsorption capacity was
obtained at pH = 4.0, as seen in Figure S2.
Isotherms measured at pH = 6.0 for the adsorption of

aqueous Hg(II) on aerogels of different gelatin contents are
shown in Figure 5. These isotherms are far from saturation at
c0 = 43 mg L−1 initial Hg(II) concentration, but higher
concentrations were not applied to avoid the complications
arising from the hydrolysis of Hg(II). Evidently, the 24 wt %
hybrid aerogel binds the largest amount of Hg(II), that is, qE =
78.3 ± 3.8 mg g−1 at c0 = 43 mg L−1. The adsorption capacity
of the hybrid aerogels markedly increases with increasing
gelatin content, indicating that the biopolymer constituent is
the main binder of Hg(II). However, the adsorption
characteristics of the hybrid aerogels show a complex
dependence on their gelatin content, which is further discussed
in section 3.5.
The data points of the batch adsorption experiments in

Figure 5 can be adequately fitted with both the Langmuir (eq
1) and the Freundlich (eq 2) sorption isotherm models:59
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Figure 3. Particle size distribution of hybrid aerogel particles of 4 and
24 wt % gelatin measured by laser diffraction light scattering.

Figure 4. (A) Amounts of metal ions adsorbed at equilibrium by the 24 wt % hybrid aerogel at pH = 6.0, c0 = 10 mg L−1 metal ion, and 0.32 mg
mL−1 aerogel (measured in the simultaneous presence of competing metal ions). The diagram shows the compiled results of all the metal ion
competition experiments described in section 2.5. (B) Symbols: experimental isotherms describing the simultaneous adsorption of Hg(II) and
Ag(I) on the 24 wt % hybrid aerogel at pH = 6.0, 0.32 mg mL−1 aerogel. Lines: nonlinear fits using different isotherm models.
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Here, qE is the amount of metal ions adsorbed in equilibrium
per unit weight of adsorbent (mg g−1), [Hg(II)]ads is the
solution-equivalent concentration of adsorbed Hg(II) at
equilibrium (mg L−1), caerogel is the concentration of the
aerogel (g L−1), [Hg(II)]sol is the equilibrium concentration of
aqueous Hg(II) (mg L−1), S is the adsorptive capacity of the
adsorbent (mg g−1), KL is the Langmuir equilibrium constant
(L mg−1), KF is the Freundlich equilibrium constant (mg g−1),
and n is the empirical adsorption intensity of the Freundlich
model.
Isotherm fitting was performed nonlinearly by using the

Levenberg−Marquardt least-squares algorithm. Representative
results are shown in Figure 5 and Figure S3, and the estimated
parameters are given in Table S2. The goodness-of-fit levels are
excellent in the cases of both the Langmuir and the Freundlich
isotherm models, which is clearly expressed by the low ±SD
values associated with the nonliner regression processes (cf.
Table S2). Because of the low curvature of the experimental
isotherms, the goodness-of-fit was practically equivalent for the
Langmuir and the Freundlich models. Fortunately, the two
models are in consensus regarding the increasing adsorption
capacity of the aerogels with increasing gelatin content because
both parameter S (Langmuir) and parameter KF (Freundlich)
increase systematically with increasing gelatin content (Figures
S3C,D).
A maximum adsorption capacity of 209 ± 60 mg g−1 can be

extrapolated for the 24 wt % gelatin hybrid by using the
Langmuir model, complemented with an equilibrium constant
of KL = 0.032 ± 0.013 L mg−1 (cf. Table S2). However, the
maximum adsorption capacity could not be reached in the
applied experimental setup because the equilibrium constant
KL is too low for the saturation of the active sites at c0 = 43 mg
L−1 aqueous Hg(II) concentration.
3.2.3. Time-Resolved Adsorption Experiments. Time-

resolved adsorption experiments were performed under the
same conditions as the batch adsorption tests. As seen in
Figure 6, the adsorption equilibrium is already established after
5 min of agitation (and 10 min of centrifugation) even at the
highest c0 = 43 mg L−1 initial Hg(II) concentration. The rate of
the binding of Hg(II) is practically independent of the initial
Hg(II) concentration and the gelatin content of the aerogel
(Figure 6). The extremely fast establishment of the adsorption

equilibrium is a major advantage regarding the functionality of
the silica−gelatin aerogel adsorbents.

3.2.4. Analysis of Hg(II) Equilibrated Aerogels. The
aerogels equilibrated with aqueous Hg(II) in batch experi-
ments were recovered by centrifugation. The wet pellets were
digested under different conditions to investigate the local-
ization of the adsorbed Hg(II) in the silica and the gelatin
constituents of the hybrid aerogel backbone.
First, the gelatin part was selectively digested by using

HNO3 and H2O2 (section 2.8). The undissolved silica
component was discarded, and the remaining solution was
analyzed. The main portion (85−90%) of adsorbed Hg(II) was
recovered by this method (Table 2). Another digestion
experiment was performed by using HNO3, H2O2, and HF

Figure 5. (A) Adsorption isotherms of Hg(II) on silica and silica−gelatin hybrid aerogels at pH = 6.0 and 0.32 mg mL−1 aerogel concentration.
Symbols: experimental points. Lines: nonlinear fits using the Langmuir isotherm model. (B) Change of the adsorption capacity of the aerogels with
their gelatin content estimated by fitting with the Langmuir model.

Figure 6. Rate of adsorption of Hg(II) on silica−gelatin hybrid
aerogels of 4 and 24 wt % gelatin content. The x-axis of the figure
shows the total contact time, which is the sum of the agitation time
and the centrifugation time. pH = 6.0; c0 = 43 mg L−1 Hg(II), 0.32 mg
mL−1 aerogel concentration.

Table 2. Partitioning of Hg(II) in Equilibrium between the
Aqueous Phase and the Silica−Gelatin Hybrid Aerogel
Adsorbent of 24 wt % Gelatina

c0(Hg(II))
(mg L−1)

Hg(II) in
supernatant

(%)

Hg(II) bound to the
gelatin component of
the aerogel (recovered
by HNO3, H2O2) (%)

Hg(II) bound to the
silica component of

the aerogel (recovered
by additional HF) (%)

10 40.3 54.8 4.9
43 40.5 49.9 9.6

aBased on the result of digestion experiments, the overall recovery of
the initial amount of Hg(II) is 96−104%. pH = 6.0, 0.32 mg mL−1

aerogel concentration.
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(section 2.8). This protocol ensured the complete solubiliza-
tion of the aerogel pellets, and the results confirmed the
complete (96−104%) recovery of adsorbed Hg(II) (Table 2).
The partitioning of Hg(II) in an equilibrium system at

different initial concentrations is given in Table 2. The results
in Table 2 can be interpreted by assuming that the portion of
Hg(II) that can be recovered exclusively by the total
solubilization of the adsorbent with HF is strongly bound to
the silica constituent of the hybrid aerogel and the part of
Hg(II) that can be recovered by partial solubilization is bound
primarily to gelatin. This analysis highlights that Hg(II) has a
high preference toward the gelatin part of the hybrid silica−
gelatin aerogels. The lower affinity of Hg(II) toward pure silica
is also confirmed by the batch adsorption experiments
performed with the parent silica aerogel (cf. Figure 5).
3.2.5. Adsorption of Hg(II) at Realistic Conditions. The

concentration of dissolved Hg(II) in natural water bodies is
most often below 1.0 mg L−1. Therefore, independent batch
adsorption experiments were conducted by using initial Hg(II)
concentrations between 0.030 and 1.0 mg L−1 at pH = 6.0. The
removal efficiency of aqueous Hg(II) is between 93% and 91%
in this concentration range by using 0.32 g L−1 of the 24 wt %
gelatin aerogel. The corresponding adsorption isotherm is
given in Figure 7.

Several organic and inorganic compounds are present in
natural waters that fundamentally effect the chemical
speciation of aqueous mercury ions. These are mainly redox-
active compounds (e.g., sulfites and nitrites) or complex
forming compounds (e.g., chelating ligands). Because of
altering the speciation of aqueous mercury ions, the presence
of these compounds can radically change the removal
efficiency of Hg(II) by adsorption (vide inf ra section 3.5.2).
The performance of the hybrid aerogel of 24 wt % gelatin
content was tested in such a natural environment. Water was
collected from a natural pond with a rich flora and fauna and
spiked with solid Hg(NO3)2. Batch adsorption measurements
were conducted by using the same experimental protocol as in
the case of the tests with distilled water. As seen in Figure 8,
the Hg(II) removal efficiency of the hybrid aerogel is not
compromised in the tested natural water sample.
3.3. Desorption of Hg(II). Aerogel pellets equilibrated

with Hg(II) in batch adsorption experiments were washed with
different solutions to examine the reversibility of the binding of
Hg(II) (section 2.9). The desorption of Hg(II) is negligible

(maximum 10%) when the pellet is washed with water.
Approximately 62% of the adsorbed Hg(II) is recovered by
using 0.50 M NaCl solution, and recovery is increased to ca.
91% by using 0.25 mM EDTA solution. Complete recovery
(95−102%) was achieved by washing the pellet with 2.5 mM
EDTA solution. These results also demonstrate that the
binding of Hg(II) is reversible. Because common complexing
agents can induce the nearly quantitative desorption of Hg(II),
it means that the metal ions are not reduced to elementary Hg
on the aerogel surface.
It was proved in independent time-resolved experiments that

the rate of the desorption process is similarly rapid as the
adsorption process. The desorption equilibrium is established
in 10 min contact time. This finding is in line with the high
kinetic lability of Hg(II) in complex formation reactions.60

3.4. Regeneration and Recycling of Aerogel Adsorb-
ent. After equilibrating the aerogel adsorbents with aqueous
Hg(II), the adsorbent can be effectively recovered by
centrifugation and regenerated by washing with 2.5 mM
EDTA solution (cf. section 2.10). The regenerated silica−
gelatin aerogel of 24 wt % gelatin content shows only a minor
decrease (maximum 9% compared to the first cycle) in
adsorption capacity even after five cycles of adsorption and
regeneration, as shown in Figure 9. This highlights that
practical utilization of the presented hybrid aerogel adsorbents
is feasible.

3.5. Mechanism of Adsorption of Hg(II) on Silica−
Gelatin Aerogel. 3.5.1. Effect of Aerogel Composition and
Structure. Several factors have an effect on the kinetic and
thermodynamic properties of the adsorption of Hg(II) on
silica−gelatin aerogels. The most important factors that control
these properties are the number of active sites on the hybrid
adsorbent, its particle size, porosity, and zeta potential at the
pH of the aqueous phase.
Gelatin provides the active sites for Hg(II) binding; thus

naturally, a higher gelatin content results in higher adsorption
capacity for the aerogels (cf. Figure 5 and Table S2). The
adsorption capacity also depends on the size distribution of the
adsorbent dispersed in the aqueous media, as smaller particles
lead to higher overall surface area. As a positive effect, aerogels
of high gelatin content yield smaller particles when hydrated
(cf. Figure 3 and Table 1). This is explained by taking into
account that the collagen molecules of the backbone are held
together by secondary chemical forces that are easily disrupted

Figure 7. Adsorption isotherm of Hg(II) on 24 wt % silica−gelatin
hybrid aerogel at pH = 6.0 and 0.32 mg mL−1 aerogel concentration.
The initial concentration of Hg(II) is below 1.0 mg L−1 in each
experiment, and Hg(II) removal is between 91% and 93%.

Figure 8. Adsorption isotherms of Hg(II) on 24 wt % silica−gelatin
hybrid aerogel recorded in pure water (distilled water) and in a water
sample obtained from a natural pond with rich flora and fauna (0.32
mg mL−1 aerogel concentration).
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by hydration, whereas the hydrolysis of the covalent silica
network is limited.
The zeta potential of the hybrid aerogels increases with their

increasing gelatin content. Under pH = 3.5, the surfaces of the
hybrid aerogels lose their negative charges, which reduces their
ability to bind cations. In the case of the highest gelatin
content (24 wt %), the surface of the hybrid aerogel is still
negatively charged in the experimentally useful pH range.
Unfortunately, a detrimental side effect arises when the

gelatin content of the hybrid aerogel is high. That is gelatin
induces the swelling of the hydrated particles and the
distortion of the pore structure. The extensive swelling of
the high-gelatin hybrid backbone results in the partial collapse
of the open porous structure and the decrease of the specific
surface area. Thus, the increase of the number of the active
sites with increasing gelatin content can be counterbalanced by
the collapse of the aerogel pores. Owing to this effect, the
adsorption capacity of the hybrid aerogels cannot be elevated
above a threshold value by increasing the gelatin content of the
adsorbent, and adsorption capacity is not proportional
anymore with gelatin content at high (18−24 wt %) gelatin
contents (cf. Figure 5, Figure S3, and Table S2). (According to
our experience, there is an elevated risk for the formation of
local inhomogeneities in the aerogel backbone during the
synthetic procedure above 24 wt % gelatin content; thus,
hybrids of higher gelatin content were not prepared.)
An important addition to this mechanistic explanation is that

the silica constituent of the hybrid aerogels effectively
preserves the porosity of the adsorbent to a certain extent
and prevents the total collapse of the pore network in water.
This enables the fast transport of aqueous ions throughout the
particles, which in turn ensures the fast establishing of the
adsorption equilibrium and the conservation of the adsorption
capacity.
3.5.2. Speciation of Aqueous Hg(II) and Selectivity of

Silica−Gelatin. Hydrated mercury(II) ions form a variety of
coordination compounds with ligands commonly found in
aqueous solutions and natural waters. The two simplest and
most abundant ligands that form high-stability complexes with
Hg(II) are the inorganic anions OH− and Cl−.61 The
formation of hydroxo−Hg(II) complexes, i.e., the hydrolysis
of aqueous Hg(II), starts at around pH = 2.0 and becomes
complete at around pH = 7.0 with the formation of the charge-

neutral Hg(OH)2. Below pH = 7.0 aqueous Hg(II) is mostly
found in cationic forms (Hg2+ and HgOH+), in the absence of
other ligands. In the presence of Cl−, the mixed-ligand complex
HgClOH forms, starting at around pH = 4.0. Therefore, high
pH and high Cl− concentration significantly decrease the
relative concentration of positively charged aqueous Hg(II)
species.61,62 Evidently, other natural ligands, e.g., humic acids,
also give more or less stable complexes with aqueous Hg(II).40

When aqueous Hg(II) species react with a solid adsorbent, a
stable interaction can form between the adsorbent and Hg(II)
only in such cases when the coordination of the functional
groups of the adsorbent to Hg(II) is stronger than the
coordination of OH− and Cl− (and other natural ligands) to
Hg(II) in the original solution. In other words, efficient Hg(II)
removal, i.e., high performance adsorption, can be achieved
only in such cases when there is a strong and preferably specific
chemical interaction between Hg(II) and the functional groups
of the adsorbent. The adsorbent is in competition with the
original ligands (e.g., OH− and Cl−) of Hg(II) for complexing
and binding the metal ion.
In this study we proved that even in a natural water sample,

the 24 wt % gelatin containing silica−gelatin aerogel efficiently
adsorbs aqueous Hg(II) (cf. section 3.2.5 and Figure 8). This
implies that there are strong coordination bonds between the
side chains of the protein constituents of the hybrid aerogel
and Hg(II) that can repulse other ligands (e.g., OH−, Cl−, and
natural compounds) from the coordination sphere of Hg(II).
The coordination bonds between gelatin in the aerogel and
Hg(II) can be disrupted only by the addition of an even
stronger ligand, the chelate forming EDTA (cf. sections 3.3
and 3.4). This fact also proves that no redox reaction takes
place between the aerogel and Hg(II), as the formation of
zerovalent Hg would render the adsorption irreversible.
Furthermore, the generally high kinetic lability of the Hg(II)
complexes accounts for the fast adsorption and desorption
steps.
The high affinity of gelatin and collagen proteins toward

Ag(I) and Hg(II) are well-known since the dawn of
photography.63,64 This effect can be attributed to the high
number of −NH2 and, more importantly, −SH and −S−S−
functional groups in the protein side chains. These functional
groups are soft Lewis bases that are ideal ligands for soft metal
ions, such as Hg(II) and Ag(I) (Lewis acids). To form stable
complexes with metal ions of harder character (e.g., Pb2+, Cd2+,
Cu2+, and Zn2+), the presence of −NH2, −OH, and −COOH
functional groups would be needed on the adsorbent. Thus,
the abundance of soft functional groups together with the near
absence of hard functional groups in gelatin side chains
accounts for the selectivity of silica−gelatin aerogels toward
binding Hg(II).

4. CONCLUSIONS
Supercritically dried, mesoporous silica−gelatin hybrid aero-
gels of 4−24 wt % gelatin content are excellent adsorbents for
aqueous Hg(II). These hybrids show exceptionally high
selectivity toward Hg(II) even in the simultaneous presence
of multiple types of competing aqueous metal ions. The best
adsorption capacity was measured at pH = 6.0 by using the
aerogel of 24 wt % gelatin content. The experimental isotherms
can be fitted with both the Langmuir and the Freundlich
models with practically the same goodness-of-fit results.
Extrapolating the Langmuir isotherm shows a maximum
adsorption capacity for the 24 wt % gelatin hybrid aerogel of

Figure 9. Recycling the silica−gelatin aerogel adsorbent of 24 wt %
gelatin content. After equilibrating with aqueous Hg(II), the aerogel
was recovered, regenerated by washing with 2.5 mM EDTA solution,
and reintroduced into a new batch adsorption cycle. The adsorbed
amount of Hg(II) in each cycle is given in the plot. pH = 6.0; c0 = 30
mg L−1 Hg(II), 0.32 mg mL−1 aerogel concentration.
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S = 209 mg g−1 for Hg(II) with an equilibrium constant of KL
= 0.032 L mg−1. Time-resolved experiments demonstrate that
the adsorption equilibrium is established extremely fast, in 15
min of contact time. The quantitative desorption of Hg(II) can
be achieved by washing the equilibrated aerogel with 2.5 mM
EDTA solution for 10 min. This fact also indicates that Hg(II)
is reversibly bound to the aerogel surface, most probably by
selective coordination bonds to protein side chains.
The gelatin content of the hybrid−silica gelatin aerogels has

a complex effect on their structural characteristics and
consequently on their adsorption properties. Increasing the
gelatin content of the aerogel increases the number of active
sites and decreases the particle size of the degraded aerogel in
water. These effects are advantageous for adsorption processes.
In contrast, high gelatin content results in the swelling of the
aerogel particles and the partial collapse of the open porous
structure. Because of these counteracting effects, the
adsorption capacity of the hybrid aerogels does not increase
proportionally with the gelatin content at large gelatin
contents.
Based on the previously discussed results, the silica−gelatin

hybrid aerogel of 24 wt % gelatin can be regarded as a high
performance and highly selective Hg(II) adsorbent. The
maximum adsorption capacity of this hybrid is ca. 200 mg
g−1, which translates to 91% Hg(II) removal at 1.0 mg L−1

initial Hg(II) concentration at an adsorbent concentration of
0.32 g L−1. Thus, the adsorption capacity of the 24 wt %
silica−gelatin aerogel is approximately the same as that of
functionalized graphene adsorbents (e.g., cysteamine-function-
alized graphene oxide, graphene diatom silica aerogel,
graphene decorated with αFeOOH, etc.) reported re-
cently.9,16,27,28,40,44,65 (A comprehensive table is given in ref
27.) The main drawback of the hybrid aerogel is that a higher
concentration is needed from this adsorbent to achieve
practically complete Hg(II) removal at c0(Hg) > 1.0 mg L−1.
This is rationalized by the lower Langmuir equilibrium
constant (KL = 0.032 L mg−1). However, the 24 wt % hybrid
aerogel establishes the adsorption equilibrium in 15 min, which
is faster than for the above-described adsorbents, and
practically no adsorption capacity is lost in five cycles of
adsorption and regeneration. Thus, its selectivity, the fast rate
of equilibration, and the option of adding further function-
alities to the silica−gelatin backbone make this simple hybrid
aerogel a versatile functional material.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.9b01903.

Additional experimental details, Figures S1−S3, and
Tables S1 and S2 (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: kalmar.jozsef@science.unideb.hu.

ORCID
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Metal Pollution from Anthropogenic Activities and Remediation
Strategies: A Review. J. Environ. Manage. 2019, 246, 101−118.
(3) Joseph, L.; Jun, B.-M.; Flora, J. R. V.; Park, C. M.; Yoon, Y.
Removal of Heavy Metals from Water Sources in the Developing
World Using Low-Cost Materials: A Review. Chemosphere 2019, 229,
142−159.
(4) Huang, Y.; Wu, D.; Wang, X.; Huang, W.; Lawless, D.; Feng, X.
Removal of Heavy Metals from Water Using Polyvinylamine by
Polymer-Enhanced Ultrafiltration and Flocculation. Sep. Purif.
Technol. 2016, 158, 124−136.
(5) Efome, J. E.; Rana, D.; Matsuura, T.; Lan, C. Q. Effects of
Operating Parameters and Coexisting Ions on the Efficiency of Heavy
Metal Ions Removal by Nano-Fibrous Metal-Organic Framework
Membrane Filtration Process. Sci. Total Environ. 2019, 674, 355−362.
(6) Hosseini, S. M.; Alibakhshi, H.; Jashni, E.; Parvizian, F.; Shen, J.
N.; Taheri, M.; Ebrahimi, M.; Rafiei, N. A Novel Layer-by-Layer
Heterogeneous Cation Exchange Membrane for Heavy Metal Ions
Removal from Water. J. Hazard. Mater. 2020, 381, 120884.
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(52) Kalmaŕ, J.; Keŕi, M.; Erdei, Z.; Bańyai, I.; Laźaŕ, I.; Lente, G.;
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C. Hybrid Aerogel Preparations as Drug Delivery Matrices for Low
Water-Solubility Drugs. Int. J. Pharm. 2015, 496 (2), 360−370.
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