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Abstract: Novel gelatin-siloxane hybrid monoliths for heavy metal removal were prepared in the
chemical reaction of gelatin with organomodified silicone containing epoxy group. Obtained porous
hybrid materials were applied for adsorption of Cu(II), Cd(I) and Pb(II) from aqueous solutions.
In this paper, the influence of siloxane amount used for the modification of gelatin on adsorbent
stability and heavy metal removal was examined. The effect of pH values of the immersion liquid,
as well as the contact time, was studied. Morphology, compressive strength and water absorption
of hybrid monoliths were investigated. Desorption tests were also performed. The results showed
that the higher the amount of the siloxane, the better stability of the hybrid monoliths in aqueous
solutions. The highest values of adsorption capacity were observed for Pb(Il) ions. The experimental
maximum adsorption capacity determined for hybrid monoliths was 3.75 mg/g for Pb(Il), 1.76 mg/g
for Cu(Il) and 1.5 mg/g for Cd(II). The desorption of metal ions for hybrid monoliths stable in
aqueous solutions reached 70%.
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1. Introduction

Heavy metal pollution has become a globally recognized environmental issue due to
the extensive anthropogenic activities connected with rapid industrialization [1-3]. The
main sources of heavy metal release into environment are wastewaters from chemical
industries such as metal plating facilities, mining operations, battery manufacturing, fer-
tilizer, paper or metallurgical industries, pesticides and tanneries [4]. Heavy metal ions
such as lead, chromium, cadmium, arsenic, mercury, nickel, zinc and copper are hazardous
above certain ppm concentration and toxic for human health. These contaminants do not
biodegrade, show high solubility in the aquatic environments and tend to accumulate into
body of living organisms. They have already been found in the food chains of aquatic
species [1,4,5]. Long-term exposure to heavy metals causes defects to organs (e.g., kidney,
lungs, liver, eyes) and biological entities such as the nervous system, immune system,
reproductive system and respiratory system. It may contribute to several degenerative
diseases of central nervous system, as well as damage of cardiovascular and gastrointestinal
systems. Heavy metals increase the risk of anaemia, cancer, nausea, organ failure, loss
in bone mineral, and tumour induction [1,2,6,7]. Research has shown that copper, nickel,
lead, and arsenic have been observed to be toxic even at low concentrations [4], therefore
effective methods of their removal from ecosystem are of importance. In the light of the
above, the World Health Organization (WHO) established guidelines for drinking-water
quality and recommended maximum permissible limits for selected heavy metals. Similar
standards for drinking water have been developed also by the United States Environmental
Protection Agency (USEPA) and the European Union (EU) [4].
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Recently, different attempts have been made to solve the problem of effective heavy
metal ions removal from wastewater. These methods include chemical precipitation,
ion-exchange, adsorption, membrane filtration, coagulation—flocculation, bioremediation,
flotation and electrochemical methods [1,2,5]. Among them adsorption has gained in im-
portance as an effective way to treat industrial waste effluents, offering several advantages
like low-cost, availability, profitability, and ease of operation. It serves as an alternative to
conventional methods such as precipitation or coagulation. [2,3]. Moreover, while adsorp-
tion is sometimes reversible, once employed adsorbent can be regenerated by a suitable
desorption process [2,4]. In principle, adsorption is a mass transfer process by which a
substance is transferred from the liquid phase to the surface of a solid, and becomes bound
by physical and/or chemical interactions [5]. A number of materials have been reported as
adsorbents such as activated carbon, carbon nanotubes, chitosan, gelatin, zeolites, clay, or
waste products from industrial operations i.e., fly ash, coal, and oxides. The use of natural
materials for heavy metal removal offers some advantages as they are inexpensive and
locally available [1,8].

To a large extent, the adsorption ability of various materials can be attributed to their
morphology. The effectiveness of the removal of heavy metals is dependent on the surface
area and adsorption capacity [5]. Thus, fabrication of highly porous structures, also using
natural biopolymers is an interesting approach for the preparation of novel adsorbents. An
interesting and wide group of heavy metal porous adsorbents that can be applied for water
purification are aerogels. Depending on the chemical composition (organic, inorganic or
both), and the synthetic route applied for the preparation, such materials exhibit tuneable
morphology and efficiency [9]. Other examples of effective adsorbents are described by Li
et al. [10] who developed highly porous inorganic materials derived from metal-organic
frameworks suitable for Hg(Il) elimination from aqueous solutions. Among new possible
routes for preparation of new materials exhibiting high removal efficiency and adsorption
capacity, synthesis of organic-inorganic hybrids can be taken into consideration.

Organic—inorganic hybrids represent a group of materials that combine the advantages
of organic polymer (such as elasticity, formability, toughness) and inorganic compound (like
hardness, strength, high chemical resistance and thermal stability) [11,12]. According to the
definition provided by IUPAC (International Union of Pure and Applied Chemistry): “A
hybrid material is composed of an intimate mixture of inorganic components, organic components, or
both types of components. The components usually interpenetrate on a scale of less than 1 ym” [13].
It is worth noting that hybrid materials represent a synergetic combination of inorganic and
organic components and they are not just simple physical mixtures of their constituents.
Thus, properties they reveal are not the sum of the individual contributions of both phases
but are dependent on the inner interfaces between them. Depending on the nature of the
interface, hybrid materials are divided into two classes: class I and class 1I. In the first class,
the chemical interactions between organic and inorganic compounds are weak (hydrogen,
van der Waals or electrostatic interactions), while in a class II, the two phases are linked
together through strong chemical covalent or coordinative bonds resulting in blends or
interpenetrating networks [14,15]. Organic-inorganic hybrids can be prepared using varied
synthetic strategies (e.g., sol gel route) that opens the possibility for the design of materials
exhibiting tailored properties. This approach makes them suitable for several applications
in: textile; packaging; construction; automobile industries; micro-optics; microelectronics;
as well as in the synthesis of functional coatings; and as biosensors; biocatalysts or novel
materials for cosmetics or biomedical purposes. Among them, adsorbents are one of the
promising options [14,16-18].

Recently, there is a growing interest in the application of inexpensive adsorbents
prepared from usable agricultural waste (e.g., egg shells, banana peels, rice husk) or
common biopolymers such as alginate, gelatin, chitosan, lignocellulosic materials [6,19]. In
the scientific literature there are several examples of gelatin application for the preparation
of adsorbents [20-22]. Gelatin is a biodegradable, biocompatible and non-toxic natural
polymer, widely used as a gelling agent in the manufacturing processes of food, cosmetic
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components, and pharmaceuticals. Due to its good film-forming ability it can also be
applied to the preparation of coatings or packaging materials [22,23]. However, due to its
hydrophilic nature and high moisture sensitivity it requires modification (e.g., with cross-
linking agents such as glutaraldehyde, phenolic acids, flavonoids, or genipin) in order to
enhance mechanical and thermal stability. Physiochemical properties of gelatin can also be
altered by the chemical reaction of a biopolymer with organosilicon compounds [24,25] or
other biopolymers such as chitosan, alginate or polyvinyl alcohol [26-28]. Bajpai et al. [27]
described adsorbers composed of gelatin, which reveals amphoteric nature due to the
presence of both positive and negative charged centers (depending on its isoelectric point
and pH of the environment) and anionic polymer alginate. They reported the pH of the
effluent’s dependent adsorption efficiency. In this work, we describe novel porous hybrid
materials based on gelatin and organomodified silicone containing epoxy-group, which
can be applied for adsorption of Cu(Il), Cd(Il) and Pb(Il) from aqueous solution. To the
best of our knowledge, this is the first report concerning gelatin-siloxane porous monoliths
suitable for heavy metal removal. Gelatin was chemically modified in the reaction of its
functional groups with the oxirane ring of a siloxane in order to enhance the stability in
aqueous solutions of obtained absorbers. As a result, porous gelatin—siloxane monoliths,
containing amino groups (-NH>) and carboxyl groups (-COOH), which can chelate with
metal ions were obtained [29].

The aim of this work was to investigate the influence of organomodified siloxane
amount used for the modification of gelatin on the adsorption properties of the gelatin—
siloxane hybrid monoliths. Morphology, compressive strength and water absorption of
hybrid monoliths were investigated. The effect of pH of aqueous solutions on metal ions
adsorption was studied. Desorption tests were also performed.

2. Materials and Methods
2.1. Materials

Gelatin from porcine skin, type A (Bloom number 300, powder type) was purchased
from Sigma-Aldrich and used as received. THF (tetrahydrofurane) was purchased from
Avantor Performance Materials Poland S.A. and used as received. Poly(dimethyl-co-
(methyl{3-(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyl})-co-(methyl,{3-glycidoxypropyl})
siloxane was synthesized according to methodology given by the authors elsewhere [30-32].

2.2. Gelatin—Siloxane Porous Hybrids Preparation

Gelatin-siloxane hybrids were prepared according to procedure, as described in detail
elsewhere [24]. In a typical reaction, 2 g of gelatin were dissolved in water and heated under
stirring. After complete dissolution of gelatin, a chosen amount of a siloxane, dissolved
beforehand in THF, was added dropwise and the mixture was vigorously stirred for 5 h at
the temperature in the range of 50-60 °C. Next, the temperature was raised to evaporate
THF. When the solvent was completely removed, the reaction mixture was centrifuged to
separate the synthesized hybrid. Next, the samples were frozen and freeze dried in order to
completely remove the water. As a result, gelatin—siloxane porous hybrid monoliths with
varied gelatin:siloxane mass ratios were obtained.

2.3. FT-IR Analysis

Fourier transform infrared spectroscopy analysis was performed using Spectrum
100 FT-IR Spectrometer (PerkinElmer) with an attenuated total reflection (ATR) accessory
equipped with a diamond crystal, over a range of 4.000-400 cm 1.

2.4. SEM Analysis

Morphology of the samples was investigated using scanning electron microscopy
(SEM). The analysis was carried out on a Zeiss Evo 40 instrument (Oberkochen, Germany).
Prior to the examination all the samples were gold coated. SEM images were taken at the
magnification of 250 x.
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2.5. Compressive Strength of Gelatin and Gelatin—Siloxane Monoliths

The compressive strength was determined in order to assess the influence of siloxane
incorporation on mechanical strength of gelatin. The test was performed using a 5.0 kN
load cell of a universal tensile machine (Instron 5565) at a crosshead speed of 50 mm/min at
room temperature. Investigated monoliths, with an average diameter of 25.5-26.0 mm and
a height in the range of 8.5-9.0 mm, were examined at a compressing rate of 25 mm /min.
Prior to the test, the diameter of each sample was measured in order to calculate the
compressive strength (kPa) by dividing maximum load (N) by the surface area of each
sample (mm?).

2.6. The Water Absorption
The water absorption (Wabs) was evaluated using the following equation:

Wy — Wy
Wabs(%) = —————-100
abs(%) W ,
where Wy (g) is the mass of the monoliths before immersion into water and W; (g) is the
mass of gelatin monoliths after immersion. The monoliths were immersed in water for 10 h.
Each experiment was performed three times.

2.7. Adsorption of Metal Ions

The adsorption performance of gelatin monoliths in relation to Pb(II), Cu(Il) and Cd(II)
was studied in batch mode. The experiments were carried out in 100 mL glass conical
flask at ambient temperature. The gelatin monoliths were added to the sorbate solutions
(20 mL) and shaken at 90 rpm. The concentration of metal was changing in the range
10 ppm to 100 ppm. The samples of aqueous solution (0.5 mL) were taken after the desired
time (the contact time was varied from 3 to 60 h), diluted 10 times and centrifuged. The
concentrations of metals ions were determined by atomic absorption spectroscopy (Varian
AAS800). The measurements were carried out at 228.8 nm, 324.7 nm and 217.0 nm for
cadmium(Il), copper(II) and lead(Il) ions, respectively. The initial pH of the sorbate solution
was adjusted using 0.1 N HNOj solution. The pH of the solution was measured at the
beginning and the end of each experiment using a pH meter (Thermo Scientific Orion
Versa Star Pro 10, USA). The model solutions of copper(Il), lead(II) and cadmium(II) were
prepared from reagent grade salts received from POCh (Poland). Distilled water was
used in all cases. The adsorption experiments were performed at a constant temperature
(23.0£1.0°Q).

The amount of adsorbed metal ions (g), expressed in milligrams per gram (mg/g), was
calculated according to the formula:

Co—C;
q m

where:
Co-initial metal concentration, mg/L;
Ci-metal concentration after time t, mg/L;
m-mass of adsorbent, g;
V-volume, dm3.

2.8. Investigation of pH Changes during Water Absorption

The experiment was carried out in 100 mL conical flasks containing 20 mL of distilled
water. The gelatin monolith was introduced into the flask and mixed at agitation speed
90 rpm. The pH was measured after an appropriate time using a Thermo Scientific pH meter.
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2.9. Desorption

Metal desorption experiments were performed for the selected gelatin monoliths in
order to examine the reusability potential of these type of adsorbents. Hybrids (silox-
ane:gelatin mass ratio = 2:1), on which metal was previously adsorbed, were chosen for
the investigation. Desorption process was carried out with distilled water for 10 h. Next,
the concentration of metal in the obtained solution was measured using atomic absorption
method. The monoliths, after desorption, were washed with distilled water and mineral-
ized in a microwave oven (CEM MDS 2000) with a nitric acid. The solution obtained after
mineralization was diluted and the concentration of the metal was measured. In the next
step a mass balance of metal was calculated.

3. Results and Discussion

Gelatin was chemically modified in the reaction of its functional groups (-NH, and
—COOH) with the oxirane ring of the organomodified siloxane (Figure 1): poly(dimethyl-co-
(methyl{3-(2,2,3,3,4,4,5,5-octafluoropentyloxy)propyl})-co-(methyl,{3-glycidoxypropyl})
siloxane. All gelatin-siloxane hybrids were obtained in a form of porous, stiff mono-
liths (disc shaped). A representative hybrid denoted as GS 1:1 (gelatin:siloxane mass ratio
1:1) is presented in Figure 2.

[ g [ )
HJ}—% O-Si O-Si O—?i—CH3
/x\ /y CH,

|
CH CH,

3

x=25
y=50

)

Figure 1. Chemical structure of the siloxane.

Figure 2. Photograph of the gelatin—siloxane hybrid GS 1:1 (gelatin:siloxane mass ratio 1:1).

3.1. FT-IR Analysis of Gelatin and Gelatin—Siloxane Monoliths

FT-IR spectra of unmodified gelatin and representative gelatin—-siloxane hybrid are
presented in Figure 3. In the case of gelatin, the results confirmed the presence of charac-
teristic peaks at 3290 and 1533 cm ! representing NH stretching and bending vibrations
(amid TI), respectively, at 1635 cm ™! bands associated with stretching vibration of the C=O
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(amide I), and at 1245 cm ™! for the stretching vibration of the C-N band (amide III) corre-
sponding to the triple helix structure of gelatin [33]. The FI-IR spectra of gelatin-siloxane
hybrid showed the presence of the bands characteristic for siloxane at 2965 cm~! (C-H)
as well as at 1270 cm ! attributed to the vibrations of Si-CHj, which were introduced to
the biopolymer in a chemical reaction of gelatin functional groups (-NH; and -COOH)
with the oxirane ring of the organomodified siloxane. Moreover, characteristic bands at
1160 cm ™!, revealing the presence of Si-O-Si bonds, were observed.

100 _ —— geIa‘Fin
S:/-CHS —— hybrid
3: 95 -
8 Si-CH,
®
<
8 90
[ 8]
2 t
7} N-H
1'd 85 -
Y sicH,
Si-0-Si
Amide Il
80
Amidel — Amide Il
75

' I ' I ' 1 ' I ' I ' I
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 3. FTIR spectra of unmodified gelatin and gelatin-siloxane hybrid (GS 1:1).

3.2. SEM Analysis of Gelatin and Gelatin-Siloxane Monoliths

SEM images of cross-section surfaces of analyzed samples obtained with magnification
of 250 x are presented in Figure 4. In case of the unmodified gelatin and the gelatin—siloxane
hybrid, a typical foam like structure with interconnected pores were observed. The sizes of
the pores for neat biopolymer were in the range of 60-200 pm, while for hybrid material
the range was 80—400 pm.

Figure 4. SEM images of the lyophilized samples: (a) unmodified gelatin, (b) gelatin—siloxane hybrid
GS 1:1, (¢) GS 2:1, (d) G:S 3:1, (e) GS 4:1.
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3.3. Compressive Strength Results

Compressive strength results are presented in Table 1.

Table 1. Compressive strength of gelatin (G) and gelatin—siloxane monoliths (GS).

Sample Compressive Strength (kPa)
G 206.3 - 18.6

GS1:1 1571 +£3.2

GS2:1 184.6 £ 13.5

GS3:1 1902 +£2.4

GS4:1 1975+£52

The data presented in the Table 1 shows that the addition of siloxane has an influence
on the mechanical properties of porous monoliths. It was observed that the introduction
of siloxane into biopolymer matrix enhanced the flexibility of the porous monoliths. The
higher the amount of the siloxane, the more pronounced the reduction in their compression
strength when compared to the unmodified gelatin. In the case of the hybrid GS 1:1 the
examined parameter was lower by about 25%. The results of the compressive strength test
correspond to the morphology investigation since SEM images revealed wider pores in
the case of the gelatin—siloxane hybrids and more dense structure with smaller pores for
unmodified gelatin.

3.4. The Water Absorption

A water absorption study was performed for unmodified gelatin as well as for hybrid
monoliths, however samples prepared from unmodified biopolymer disintegrated in water
into small parts at the beginning of the test and a precise calculation was impossible in
this case. On the contrary, it was observed that hybrids obtained with gelatin:siloxane
mass ratios 1:1 and 2:1 did not fall into pieces during the performed procedure. Therefore,
the results showed that the chemical modification of biopolymer with an appropriate
amount of the siloxane resulted in an enhanced stability in aqueous solutions of the hybrid
adsorbents. The water absorption of gelatin—siloxane monoliths was about 1800% for GS
1:1 and 1900% for GS 2:1. The obtained values are similar to the results described by Zhang
at al. [34]. They observed 1700% of water absorption in case of porous chitosan—gelatin
monoliths, as well as 2700% and 3100% when 1% and 4% of grafene oxide was incorporated
into the monoliths, respectively. They assume that the increase in water absorption is due
to the presence of hydroxyl and carboxyl groups on grafene oxide, which increase the
hydrophilicity and water permeability of porous monoliths and participate in electrostatic
interactions with chemical groups of chitosan. In case of the hybrid monoliths described
in this study, the varied content of siloxane did not essentially affect water absorption
values. This is probably due to the fact that functional groups of the siloxane have reacted
with gelatin as well as the hydrophobic nature organomodified silicone. Interestingly, we
also observed changes in the shape and size of the gelatin monoliths, which significantly
increased their volume. Notably, the hybrid monoliths GS 1:1 started to disintegrate after
two days of soaking in solution during shaking and after six days without shaking, which
is similar to chitosan-gelatin monoliths’ stability (five days) described by Zhang at al. [34].
It means that gelatin-siloxane monoliths show similar wet-strength and wet-state stability
to chitosan—gelatin monoliths. Therefore, in order to investigate the resistance of hybrid
adsorbents, further experiments were performed with various types of immersion liquid as
well as various amount of the siloxane incorporated into gelatin matrix.

3.5. Resistance of Gelatin Beads to Shaking in Water Solutions

Gelatin—-siloxane monoliths modified with different amounts of the siloxane were
tested in order to determine the disintegration time in immersion liquid. The results of the
resistance test are shown in Table 2. The monoliths used for the experiment were synthe-
sized using the following mass ratios of gelatin to siloxane: 1:1, 2:1, 3:1, 4:1, 6:1, and 8:1.
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The gelatin-siloxane monoliths were immersed and shaken in: 100 mg/L copper aqueous
solution and in distilled water. All samples were shaken under identical conditions.

Table 2. The disintegration time of gelatin—siloxane monoliths.

. Composition of Hybrid pH . . .
Type of Solution Monolifhs (Gelatin: S)illoxane) Initial After1h After2h Disintegration Time [hours]
Cu(Il) 1:1 2.26 - - >48
Cu(Il) 2:1 2.26 - - >24
Cu(Il) 31 2.26 458 6.01 8
Cu(Il) 4:1 2.26 4.47 5.82 6
Cu(Il) 6:1 2.26 6.15 6.98 2
Cu(Il) 8:1 2.26 4.42 5.78 3
water 4:1 5.05 9.64 9.57 5
water 6:1 5.05 9.77 9.69 2
water 8:1 5.05 9.73 9.70 2

The obtained results showed that regardless what type of initial immersion liquid
used (water or metal ion solution with pH adjusted by HCI) the resistance time, after
which gelatin monoliths started to decompose into smaller pieces, depends on the siloxane
content. The lower the content, the faster disintegration takes place. Graphical illustration
showing the effect of the siloxane addition on the stability of gelatin monoliths, measured
with agitation speed of 90 rpm, is shown in Figure 5.

60

50

0 L ]
0 2 4 6 8 10

Mass ratio - siloxane/gelatin

Figure 5. Stability of the monolith depending on the mass ratio of gelatin to siloxane, (®—copper,
M-distilled water), measured with agitation speed of 90 rpm.

3.6. The Adsorption of Heavy Metals (Cu®*, Pb**, Cd**) on the Gelatin Monoliths
3.6.1. Effect of Contact Time

Information on the kinetics of metal uptake is crucial for the selection of appropriate
conditions for batch metal removal process. The adsorption rate of copper, lead and
cadmium ions was investigated. The adsorption rates of these metal ions on studied
hybrids were rather slow and within 3 h about 50% of the metal ions in solution was
removed (Figure 6). In the case of the gelatin—siloxane monolith GS 1:1, the rate of metal
adsorption is much lower (Figure 7). It was observed that the rate of Cd(II), Cu(Il) and
Pb(II) adsorption depends on the agitation speed, however too vigorous agitation may lead
to the destruction of hybrid monoliths. Therefore, the stirring speed was limited to 90 rpm
to avoid rapid disintegration of the monoliths. Figure 7 shows the concentrations of metals
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in aqueous solutions measured after adsorption on gelatin—siloxane hybrid GS 1:1. The
study was carried out to determine the time when the process would reach equilibrium.
Measurements were made after 3, 5, 9, 12, 15 and 18 h of shaking the samples. The obtained
results clearly showed that the adsorption occurs quickly in the initial period and then
the process slows down. It was also observed that the adsorption of metals ions in the
studied period of time is higher for GS 2:1 in comparison to GS 1:1. The experiments were
completed after 18 h to avoid the breakdown of hybrid monoliths. A slight decrease in
adsorption observed for GS 2:1 in case of lead and cadmium after 18 h of shaking may
indicate the beginning of the monoliths” disintegration, although there were no visible
changes in their structure. A decrease in adsorption was not observed for the GS 1:1 hybrid,
probably due to its higher stability in aqueous solutions (see Table 2).

100 =
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Figure 6. Effect of contact time on the adsorption of Cu(II)(®), Pb(II) (M) and Cd(II) (A) on gelatin-
siloxane monoliths GS 2:1 (initial concentration of metals-10 mg/L; initial pH = 2.6; agitation
speed-90 rpm; mass of adsorbent monoliths 0.32 £ 0.02 g; temperature 23 £ 1.0 °C).

100
90
80
§ 70
s 60
2
< 50
-
S 40
<
< 30
20 y S
. |
10 *
O ! 'I ’ T ‘ 1 ‘ I ‘ T
0 200 400 600 800 1000 1200
Time, min.

Figure 7. Effect of contact time on the adsorption of Cu(II) (®), Pb(II) (M) and Cd(II) (A) on gelatin—
siloxane monoliths GS 1:1 (initial concentration of metals-10 mg/L; initial pH = 2.6; agitation
speed-90 rpm; mass of adsorbent monoliths 0.32 £ 0.02 g; temperature 23 & 1.0 °C).
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Figure 8 shows the photos of hybrid monoliths after the adsorption process (18 h) for
each studied metal ion. The color of the monolith after copper adsorption was intense blue
and no changes were observed in the case of adsorption of other metals.

a) b) C)

Figure 8. Photographs of the GS 2:1 hybrids after adsorption of metal ions: (a) copper(I), (b) lead(II),
(c) cadmium(Il).

3.6.2. pH Changes during Metal Adsorption

pH is an important factor affecting the performance of the metal ion sorption process,
which can affect both the form of the metal ion in the solution and the surface properties of
the sorbent. The latter is dependent on the competition between metal ions and protons
in available binding sites or results from ion exchange. We examined the influence of
contact time on the pH of solutions during adsorption. The results are presented in Figure 9.
Typically, during the adsorption process of metal ions the concentration of hydrogen ions
increases however, in our studies, we observed that the solution became more basic. Such
behavior is due the sodium carbonate used for the synthesis of hybrid monoliths. During
the experiment sodium carbonate was leached from the hybrids and changed pH. Therefore,
the initial pH value was controlled and adjusted during the metal adsorption process. In
order to avoid the precipitation of metal hydroxides, which can occur when the pH of the
solution is too high, 0.1 M of HNO3 was added to the metal solutions before adsorption
experiment. Lowering the initial pH to 2.6 resulted in a reduction in the final pH to about
5-6. This value was sufficient to avoid the precipitation of metal hydroxides. On the other
hand, if the initial pH was too low, rapid destruction of the monoliths was observed.

10
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8
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A @ S
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*
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Figure 9. Effect of contact time on the pH of solutions during adsorption of Cu(II) (®), Pb(II) (M)
and Cd(II) (A) by hybrid monoliths GS 2:1: initial Cu(II) concentration 10 ppm, mass of adsorbent
monoliths 0.32 £ 0.02 g, initial pH 4 and temperature 23 £ 1 °C.
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3.6.3. Adsorption Kinetics of Metal Ions on Gelatin-Siloxane Monoliths

The adsorption kinetics of studied metal ions was analyzed by the use of pseudo-first-
order kinetic models and pseudo-second-order kinetic models [19,29,35]. The pseudo-first-
order adsorption model can be expressed as:

log(qe — q) = logqe — k-t

where g, (mg/L) denotes the amount of metal ions adsorbed at equilibrium, g4 (mg/L) the
amount of metal ions adsorbed (mg/L) at time ¢ (min) and k; denotes the rate constant
(1/min). The pseudo second-order adsorption model can be expressed as:

t 1 1

= — + J—
q ko qe

where g, and g; are the amount of metal ions adsorbed per unit mass of the adsorbent
(mg/g) at equilibrium time and time ¢, respectively, and k; is the rate constant for the
second-order kinetics. After the linearization of above equations rate constants (k1, k7),
maximum adsorption capacity (q) and correlation coefficients (R?) for pseudo-first order
and the pseudo-second order equations values were calculated (Table 3).

Table 3. The adsorption rate constants (k1, kp), maximum adsorption capacity (g.) and correlation
coefficients (R2) for pseudo-first order and pseudo-second order equations.

Pseudo-First Order Pseudo-Second Order
Metal Ions k1 qe R? k> qe R?
min-—1 mg/g g/(mg min) mg/g
GS2:1
Cu 0.00568 0.893 0.915 4.389 1.045 0.993
Pb 0.00564 1.92 0.974 1.340 1.892 0.978
Cd 0.00231 1.33 0.968 1.910 1.584 0.915
GS1:1
Cu 0.00104 0.449 0.989 12.040 0.631 0.902
Pb 0.00216 0.726 0.968 9.398 0.902 0.856
Cd 0.00122 0.516 0.951 8.294 0.760 0.714

The values in Table 3 show that both the first- and the second-order pseudo kinetic
models can fit the concentration profiles, however correlation coefficients are lower for
second-order model (R? > 0.92).

3.6.4. The Effect of Metal Ions Concentration

The effect of metal ions concentration on adsorption is shown in Figure 10. The effect
of the initial concentration of metal ions on the adsorption efficiency was tested at the
adsorbent dose of 0.4 &+ 0.02 g. Due to the less effective adsorption of metal ions on the
hybrid GS 1:1 further experiments and calculations were made only for the GS 2:1 hybrid
monolith. The results confirmed that the increase in the initial concentration of metal
ions had a positive effect on their adsorption and resulted in the increased amount of the
adsorbed metal. This phenomenon can be explained by the fact that the adsorption capacity
increased as there were still enough active sites on hybrid monoliths to fill.
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Figure 10. Adsorption isotherms of Cu(II) (®), Pb(I) (W) and Cd(II) (A) ions onto hybrid monolith
GS 2:1; dose 0.4 + 0.02 g/20 mL, temperature 23 & 1 °C, initial pH 2.3 and equilibrium time 10 h.

Langmuir and Freundlich adsorption isotherm models were used to describe the
adsorption of studied metals ions on gelatin—siloxane monoliths. The Langmuir isotherm
is given by the following equation [35]:

_ Qmux‘KL‘Ce
1= 77K

where g, (mg/g) is the equilibrium adsorption capacity; g (mg/g) -the maximum ad-
sorption capacity; K -the Langmuir constant; C. [mg/L]-the equilibrium concentration
after the adsorption process. The Freundlich isotherm is given by equation:

1
Je = KFCen

where g, (mg/g) and C, (mg/L), Kp— the Freundlich constant and 1/#n-the intensity of
adsorption.

The Langmuir and Freundlich isotherm constants with the correlation coefficients are
shown in Table 4.

Table 4. Isotherm model constants and correlation coefficients for metal ions adsorption.

pH Langmuir Isotherm Freundlich Isotherm
Metal Tons Gmax Kp R2 Kr n R?
mg/g L/mg mg/g (L/mg) W/
Cu 2.688 0.0193 0.938 0.4720 5.5889 0.971
Pb 3.500 0.2507 0.849 0.7111 2.0151 0.909
Cd 3.088 7.9000 0.877 0.1816 6.5908 0.817

The Langmuir model describes the maximum adsorption of metal ions on completely
homogeneous surface with negligible interaction between adsorbed molecules. The values
of gmax and K were calculated to be 2.69 and 0.0193 (Cu), and 3.5 and 0.2507 (Pb) and 3.09
and 7.9 (Cd), respectively. The adjustment of the isotherm to the experimental data is not
very good as indicated by the correlation coefficient values (R?), which range from 0. 0.849
to 0.938.
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The Freundlich K¢ and n constants were estimated from 0.1816 to 0.7111 and from
2.015 to 6.591. Based on the obtained results, data are assumed to be more in line with the
Freundlich model.

It is particularly important to compare adsorption capacity of obtained hybrid mono-
liths with the values denoted for other adsorbents, also based on the biopolymers. Ex-
perimental maximum adsorption capacity for hybrid monoliths was 3.75 mg/g for Pb(II),
1.76 mg/g for Cu(Il) and 1.5 mg/g for Cd(II). The comparison of the maximum adsorption
capacity of studied metals onto various adsorbents described in the literature is presented
in Table 5. It indicates that the samples examined in this work show lower values in
comparison to many other adsorbents, including some gelatin-based ones [32—47]. In case
of chitosan-gelatin monoliths reinforced with graphite oxide nanosheets (GO), reported by
Zhang et al. [34], the adsorption capacity measured for Pb(Il) and Cu(Il) was 100 mg/g and
130 mg/g, respectively. In both cases, the addition of GO nanosheets improved the strength
of chitosan—gelatin adsorbents and provided a great number of functional groups that allow
for the binding with metal ions. Comparable values of adsorption capacity were reported
for olive stone, pomegranate peel, bael tree leaf powder and monolithic xerogel [41-43,45].
However, despite the fact that adsorption capacity values for hybrid adsorbents tested in
this study are not very high, it should be underlined that their preparation is easy and
cost-effective.

Table 5. The comparison of adsorption capacity of studied metal ions onto various adsorbents.

Adsorbent qm, mg/g Metal Reference
CGGO (chitosan-gelatin/graphene oxide) monoliths about 100 Pb(In [34]
about 130 Cu(Il)
Granular activated carbon 26.546 Pb(II) [35]
Fly ash 51.98 Pb(II) [36]
Green algae Spirogyra 9091 Pb(I) [37]
38.61 Cu(Il)
130.72 Cu(II)
Chitosan crosslinked with epichlorohydrin triphosphate 83.72 cd(m) [38]
166.94 Pb(II)
PVA /gelatin hydrogel beads 211.86 Pb(II) [29]
PVA/CS/GO hydrogel beads 162 Cu(Il) [39]
Fly-ash-based SBA-15 131.00 Pb(II) [40]
Olive stone >88 Pb(ll) [41]
7.33 Cd(In)
Bael tree leaf powder 4.065 Pb(II) [42]
Pomegranate peel 1.32 Cu(ID) [43]
Pink bark 11.94 Cu(Il) [44]
Monolithic xerogel 0.585 Cu(ID) [45]
Silica gel with SGA 0.22 mmol/g Cu(ID) [46]
Magnetic nanocomposites 4.11 Cd() [47]
Silica-Coated Magnetic Nanocomposites 14.9 Pb(II) [48]
3.75 Pb(II)
Gelatin-siloxane monoliths 1.76 Cu(Il) own research
1.5 Cd(In)
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3.7. Desorption of Metals lons

An effective adsorbent for removing metal ions should not only show a good adsorp-
tion capacity but also allow for desorption of metal ions, which is desirable from economic
and ecological point of view. For this reason, we investigated the desorption of Cu(Il),
Pb(IT) and Cd(II) ions from loaded monoliths. Several studies have shown that HCl, HNO3
and HpSO; are effective in desorbing of heavy metals from loaded adsorbents [49]. In our
study 0.1 M HCl was initially used for desorption but such a stripping agent caused a
rapid destruction of the hybrid monoliths. Therefore, distilled water was used for further
experiments. The desorption process was carried out for 10 h. Unfortunately, also under
these conditions, only few of the monoliths were not disintegrated into small pieces. After
this time, the observed level of desorption was in the range of 26-69%. To verify the
correctness of the experiment, after the desorption process, the remaining monolith was
separated from the solution and washed with distilled water. Next, the microwave oven
digestion was employed for the determination of metal ions remained in monoliths. The
sample after mineralization was diluted with distilled water to a specific volume and the
concentration of metals was measured. Then, the amounts of copper and cadmium in the
adsorption and desorption process were compared. The results are shown in Table 6. Mass
balance was calculated using data denoted in columns three and six (Table 6), according to
the equation provided in column seven.

Table 6. Mass balance of adsorption and desorption processes (GS 2:1, [Cu]p = 9.61 mg/L,
[Cd]g =9.91 mg/L, [Pb]p = 10.01 mg/L, initial pH = 2.6).

Adsorption Process Desorption Process Mass Balance
Metal
1 2 3 4 5 6 7
Initial Amount of Amount of Metal Amount of Amount of Sum of Column
Amount of Metal ions after Adsorbed(Difference Metal Ions After Metal Ions in 4and 5 (3-6)/3 x 100%
Metal Ions Adsorption between Column 1 and 2) Desorption Monolith
ng ng ug ng ug ug %o
Cdr) 192.6 30.2 162.4 38.6 110.5 149.1 8.2
Cu(II) 198.2 87.2 111.0 65.8 30.2 95.8 13.7
Pb(II) 200.2 18.2 182.0 107.4 58.3 165.7 9.0

A satisfactory agreement between mass of metal adsorbed and desorbed was observed
for each considered metal. The mass balance of Cd(II) and Cu(Il) determined as the differ-
ence between the initial amount of metal in the aqueous phases and after adsorption agreed
with the contents of these species in the aqueous phase after desorption and adsorbed in
gelatin hybrid with an error of 8.2-13.7%. In light of the above, it can be stated that hybrid
monoliths are promising biopolymer-based novel adsorbents. The results showed that in
the case of hybrid monoliths that are stable in aqueous solutions prepared with a desired
amount of the siloxane, the desorption of metal ions can reach 70%.

4. Conclusions

Novel, gelatin—siloxane porous monoliths were successfully prepared in the chemical
reaction of gelatin with organomodified silicone and applied for the purpose of heavy
metals removal. The results showed that the incorporation of the siloxane into the gelatin
matrix resulted in an enhanced stability of the hybrid monoliths, in comparison with the un-
modified gelatin, which disintegrated in aqueous solutions. It was confirmed that obtained
hybrid monoliths can be applied for adsorption of Cu(ll), Cd(Il) and Pb(Il) from aqueous
solutions. Parameters for the most effective heavy metal removal such as gelatin:siloxane
composition, contact time and pH values of the immersion liquid were determined. The
desorption of metal ions for hybrid monoliths stable in aqueous solutions reached 70%. The
future scope of the work is to conduct further experiments with gelatin—-siloxane porous
monoliths obtained with a unidirectional freeze-drying procedure in order to investigate the
influence of the resulted morphology of the porous samples on the heavy metal adsorption
properties. Also, other types of siloxanes are intended to be applied for the modification
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of gelatin in order to examine their potential for preparation of gelatin-siloxane hybrids
suitable for heavy metal removal.
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