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Abstract: Pollution of the aquatic environment by halogen derivatives widely used as antiseptic
compounds, as well as chemicals for various industrial purposes, is significant. Existing systems of
bioremediation poorly solve the problem of eliminating pollution. This paper discusses the prepara-
tion of novel macroporous chitosan-based cryogels with in situ-immobilized Pd or Pt nanoparticles
as a catalyst for dichlorination reactions. The formation mechanism of metal coordinated chitosan
gels using Medusa software modelling and rheology (G’ and G”) is discussed. Metal coordinated
chitosan gels were subsequently converted into covalently cross-linked macroporous cryogels with
in situ-immobilized Pd or Pt nanoparticles using the redox potentials difference of the reaction
mixture. Noble metal nanoparticles of average size, 2.4 nm, were evenly distributed in the cryogel
structure. The effectiveness of these gels as a catalyst for the decomposition of chloro-compounds
o-chlorophenol, p-chlorophenol and 2,4-dichlorophenol was tested. The catalytic hydrogenation
reaction was carried out using the “green reducing agent” formic acid. Increasing the excess of formic
acid with heating increases the degree of conversion up to 80–90%. The CHI-GA-PdNPs cryogel at
pH 6 showed better efficiency in the hydrogenation process compared to the CHI-GA-PtNPs cryogel;
however, no significant difference in the degree of conversion at pH 3 was observed. The termination
of a catalytic reaction in a batch mode have been studied. Several control tests were carried out to
elucidate the mechanism of catalyst poisoning. The presented catalytic system may be of interest for
studying reactions in a flow through mode, including the reactions for obtaining valuable chemicals.

Keywords: PdNPs; PtNPs; catalysis; metal coordination; chlorophenols; chitosan

1. Introduction

Drinking water and water for agriculture are an important resource for life and
the environment. Today, the agricultural sector continues to use reliable, persistent
chloroderivatives in herbicides, fungicides, coolants and insulating fluids (transformer
oil) for transformers and capacitors [1–3]. WHO pays special attention to the limits of
these compounds in drinking water. Guideline values (GV) established for 17 territories
and 60 countries are 70 µg/L and 60 µg/L for tetrachloroethene, 1,2-dichloroethane,
sodium dichloroisocyanurate, and dibromoacetonitrile; 20 µg/L for dichloroacetonitrile,
0.3 µg/L and 0.5 µg/L for vinyl chloride [4]. The European Union has set target limits
of 0.1µg/L for maximum concentrations of pesticides and their degradation products
and 0.5µg/L for total concentrations of pesticides in the environment [4,5]. Contami-
nation of groundwater with chlorophenols ranges from 0.15–100 mg/L [5,6]. Exposure
to chlorophenols has been associated with industries producing textiles, leather prod-
ucts, household preservatives, and the petrochemical industry [7–9]. The International
Agency for Research on Cancers has divided chlorophenols into the following five groups:
pentachlorophenol (PCP), 2,3,4,6-tetrachlorophenol (2,3,4,6-TeCP); 2,4,6-trichlorophenol
(2,4,6-TCP), 2,4,5-trichlorophenol (2,4,5-TCP) and 2,4-dichlorophenol (2,4-DCP), belong-
ing to 2B group of potential human carcinogens [3]. Thrichlorophenol was found in
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the blood serum and urine of sawmill workers at concentrations ranging from 206 to
1186µg/L and 196 to 2320µg/L, respectively [3]. o-Chlorophenol (2CP) is used as a pre-
cursor in the production of higher chlorophenols and dyes, and as a preservative [10].
Chlorophenols typically have very low organoleptic thresholds, for example taste and
odour thresholds levels in water for 2CP are 0.1 µg/L and 10 µg/L, respectively. Monitor-
ing of Canadian wastewater treatment plants identified 40 plants with elevated levels of
chlorophenol in drinking water during chlorination process with concentrations of 2CP
(maximum 65 ng/L), 2,4-DCP (72 ng/L), and 2,4,6-TCP (719 ng/L), respectively [11]. Water
collected from the Huang-Bo Sea in Dalian, China showed that concentrations of halo-
genated phenols, polybrominated diphenyl ethers and polybrominated diphenyl ethers
were 77.2–168.5 ng/L, 5.30 ng/L and 0.08–0.88 ng/L, respectively [10]. All these exam-
ples clearly demonstrate the severity of the problem of water pollution by chlorophenol
compounds and the need to develop methods for removing these compounds from wa-
ter. There are several to hydrodechlorination approaches that use an expensive catalyst
based on palladium and rhodium supported on carbon (Pd/C and Pd/Rh/C). For exam-
ple, the decomposition of 2,3,5-trichlorophenol in the presence of (Pd/C and Pd/Rh/C)
was accelerated by increasing the percentage of methanol in the water/methanol mix-
ture to 50% (v/v) and higher. The hydrodechlorination activity of catalysts was in the
order Pd/C > Pd/Rh/C > Rh/C [10]. Chloroderivatives at a concentration of 100 ppm
can be completely degraded within 2 h using a 3% Pd/graphene oxide catalyst [12]. A
palladium nanocatalyst supported on a fibrous nano-silica showed good catalytic activity
in the reduction in 4-nitrophenol and hydrodechlorination of 4-chlorophenol (4CP) in an
aqueous solution under mild conditions [13]. Porous carbon catalyst (SMK-3) was ob-
tained by pyrolisis of SBA-15 silica impregnated with a commercial resol resin, followed
by impregnation with PdNPs. The undoped and nitogen-doped SMK-3 carbon were used
for catalysis. It showed rapid hydrodechlorination of 4CP by hydrogen with exceptional
selectivity for phenol conversion. Optimum activity was noted at 30 ◦C for a catalyst
with a nitrogen-doped support (76–81 mmol·g Pd–1·min–1) [14]. Significant achievement
in the de-chlorination of chlorophenols to safer compounds has been made using catalysts
together with hydrogen gas. However, the use of hydrogen gas can be dangerous due
to leakage due to its small size and high penetration ability and ability to form explosive
mixtures with air. Kopinke’s research group illustrated possibility of use of formic acid,
isopropanol and hydrazine as reducing agents for the Pd-catalyzed hydrodechlorination of
chlorobenzene in water at ambient temperature [15]. PdNPs immobilised on multi-walled
carbon nanotubes (Pd/MWCNTs) were also successfully utilised for hydrodechalogination
of 4CP. The efficiency of the process is significantly affected by the size of the loaded Pd
nanoparticles: an increase in the size of the nanoparticles reduces the percentage of 4CP
removal, so for Pd particles of 6.4, 9.5, and 13.1 nm, the percentage of removal was 100,
60, and 29%, respectively [16]. In situ, 6.5 nm PdNPs prepared by ascorbic acid reduc-
tion and stabilised with carboxymethylcellulose showed comparable catalytic activity in
trichloroethen de-chlorination (with Kobs up to 692 L g−1 min−1) with PdNPs synthesized
using the conventional borohydride reduction method [17].

However, there are also inexpensive options, such as using a catalyst and sunlight.
Complete degradation of 0.1 L 25 ppm 2CP was achieved in the presence of g-C3N4,
TiO2 and TiO2/g-C3N4 hybrid nanocatalysts after 125, 110 and 65 min of sun exposure,
respectively [7]. Double perovskite La2FeTiO6 showed better photocatalytic activity than
that of single perovskite LaFeO3, having a 4CP degradation of 62.1% after 5 h of sun light
irradiation [17]. A study of TCP photodegradation using various copper particles on a multi-
copper hybrid catalyst showed that the highest concentration of Cu between layers had the
highest TCP photodegradation conversion of 95% [18]. Spills of 2CP into the environment
and wastewater from various plants can be cleaned up cheaply with metallurgy waste such
as iron dust or iron sand particles combined with aeration [19]. The use of hydrogen gas
is one of the most conventional, cheap and scalable catalytic processes. Nevertheless, an
alternative way to avoid the use of hydrogen gas is the catalytic decomposition of formic
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acid (FA), which has been used to dehalogenate organic compounds [2,20]. However,
this approach has only been tested with catalyst suspension, which requires subsequent
separation, which can be problematic when fine catalyst particles are used. Bioremediation
of phenols and chlorophenols using columns with cross-linked viable bacterial cells is
applicable, but the kinetic rate is low at concentrations above 25 ppm [21,22]. Cryogels—
macroporous polymers with a well-developed system of channels—were used to purify
water from various harmful metal ions and some dyes. A device for microextraction based
on chitosan(CHI) cryogel has recently been proposed for the isolation and enrichment of
heavy metal ions (Cu2+, Cd2+ and Pb2+) in situ [23]. Removal of arsenic from water has
been shown using a recyclable cross-linked chitosan cryogel doped with metal oxide [24].
Another study investigated chitosan/glycidyl methacrylate cryogels for efficient removal
of cationic and anionic dyes [25]. Chitosan cryogels decorated with silver nanoparticles
were tested for water disinfection [26]. Previously, we illustrated the synthesis of chitosan-
based cryogels with in situ synthesized impregnated PdNP and AuNP, which show a high
efficiency of nitrophenol reduction by borohydride and also the oxidation of benzaldehyde
derivatives in aerated water [27–29]. Some researchers have shown the possibility of
using immobilized peroxidase enzymes on cryogel to decompose phenol derivatives, but
this approach is expensive [30]. In this study, an advanced PdNPs catalyst supported
on macroporous hydrogel was developed for a hydrogen-free catalytic de-chlorination
process. The degradation of chlorophenol was carried out in a catalytic column containing
immobilized PdNPs using a formic acid salt as a “green reducing agent”, which converted
to hydrogen in situ.

2. Materials and Methods
2.1. Materials

Sodium tetrachloropalladate (II) (98%), palladium chloride(II)(PdCl2) and potassium
tetrachloroplatinate K2[PtCl4] (98%) were obtained from Aldrich Chem. Co. (Milwaukee,
WI, USA). Na2[PdCl4] solutions were synthesized by known methods involving dissolution
from palladium (II) chloride PdCl2 in sodium chloride. Medium viscosity chitosan with
a degree of acetylation of 85%, 2CP, 4CP and 2,4-dichlorophenol (2,4DiClPh, 99%) were
obtained from Aldrich (Steinheim, Germany). Formic acid (FA) (99%) and sodium borohy-
dride (98%) were obtained from Fluka (Steinheim, Germany). Sodium acetate trihydrate
was provided by Merck (Darmstadt, Germany).

2.2. Catalyst Cryogel Preparation

The catalyst based on PdNPs was prepared as previously described [28]. Briefly,
chitosan (CHI) was dissolved in 0.2 M aqueous acetic acid. A certain amount of 0.0145 M
Na2[PdCl4] solution (0.07–0.28 mL) was added to 1.1 (% w/v) CHI to obtain final concentra-
tion of Pd 0.05, 0.2, 0.4 and 0.6 mM, stirred vigorously, and frozen at −12 ◦C in a cryobath.
After freezing for 18–24 h, the samples were thawed at room temperature and transferred
to a 2.5% GA solution in 0.1 M phosphate buffer (pH 7.4). The cryogels were incubated at
room temperature for 3 h and then extensively washed with water to remove unreacted
GA and the obtained chemically cross-linked cryogels containing PdNPs were named as
CHI-GA-PdNPs.

2.3. Mechanical Properties of the Scaffold

The elastic modulus of the cryogel were studied using a Texture analyser TA-XT2
instrument (Stable Micro Systems, Godalming, Surrey, UK). The compression test was per-
formed at room temperature. The trigger force was set at 1g and the loading (compression)
50 g at a speed of 0.05 mm/s. The elastic modulus was calculated at a deformation of 5%
using the equation:

E = (F/S)/(∆h/h)

where E is the elastic modulus (Pa), F is the force applied (N), S is the cross-sectional area
of the sample (m2), ∆h is the height (m) at compression, and h is the original height (m).
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2.4. Fourier-Transforminfraredspectroscopy (FTIR)

Freeze dried cryogels CHI-GA-PdNPs and CHI-GA were studied using Universal ATI
FTIR spectroscopy (Perkin Elmer, Spectrum 650, Waltham, MA, USA). FTIR spectra were
obtained in the range of 4000–650 cm−1 during 128 scans, with 2 cm−1 resolution, using
diffuse reflectance mode.

2.5. Transmission Electron Microscopy (TEM)

TEM was used to analyse PdNPs incorporated in the cryogels wall. Transmission
electron microscopy (JEOL JEM1400-Plus Transmission Electron Microscope operated at
120 kV equipped with a Gatan OneView camera (4 k × 4 k) (Jeol, Tokyo, Japan) was used.
Freeze dried cryogel was submerged in TAAB 812 resin. The embedding was carried out
gradually, using two 5 min rinses in epoxy propane, and then every hour the amounts
of TAAB 812 in epoxy propane was increased as follows: 33%, 50%, 100%. Blocks were
polymerized in an oven at 60 ◦C for 24 h. Then, a thin slice of the cryogel with a width in the
range of 0.12–0.2 µm was cut by the Reichert Ultracut E microtome (Reichert-Jung, Vienna,
Austria). The slice was placed on a Quantifoil holey carbon copper grids (Quantifoil Micro
Tools GmbH, Cu 200 R2/1, (Agar Scientific, Stansted, Essex, UK) and the samples were
incubated at room temperature overnight [29]. TEM microphotographs image analysis was
performed using Image J software. The area of the various shapes of PdNPs was used to
calculate the dependence of the number of particles vs. PdNPs size. The area of the circle
was converted into diameter applying a well-known equation D = 2 x(S/pi)1/2.

2.6. Scanning Electron Microscopy (SEM)

To preserve the original structure of the cryogel for scanning electron microscopy,
the samples were freeze-dried and thin discs 1–2 mm thick were manually cut out. Pt
layer was sputtered using a Quorum (Q150TES) coater. Samples were scanned using a
Zeiss Sigma field emission gun SEM (Zeiss NTS). SEM images were obtained with a Carl
Zeiss Leo 1450VP SEM with an Oxford Instruments Energy Dispersive Spectrometer using
following settings: accelerating voltage 10.00 kV; magnification:15,503×; working distance:
8.5 mm; specimen tilt (degrees) 0.0; elevation (degrees) 35.0; azimuth (degrees) 0.0; number
of channels: 1024; energy range 20 keV; energy per channel 20.0 eV; detector type Id:12;
detector type: X-Max; window type: SATW.

2.7. Thermogravimetric Analysis (TGA)

Composite cryogels containing PdNPs were characterized using TGA (Q500 analyser
from TA Instruments). The composite cryogel and control samples (cryogel without
particles) were analysed in an atmosphere of air and nitrogen during heating from 40
to 500 ◦C at heat flow 10 ◦C/min. For all samples, the TGA method Ramp was applied.

2.8. Catalytic Activity of Containing PdNPs

The catalytic activity of PdNPs supported on chitosan-glutaraldehyde cryogel con-
taining various amounts of PdNPs (0.05, 0.2 and 0.4 mM) was studied in batch mode at
room temperature (22 ◦C). The catalytic reaction was adopted from an earlier report and
carried out in a 20 mM FA solution at pH 3 [31]. CHI-GA-PdNPs 0.2 mM cryogel (0.231 g
wet weight) was added to 15–20 mL of 0.4 mM 2CP dissolved in FA (20–40 mM). The
solution was degassed and properly closed with a septum. The catalytic degradation of
chlorophenol was carried out in glass vessels under a nitrogen atmosphere. At each time
point, 0.5 mL of 2CP solution was withdrawn from the reaction vessel for UV analysis and
stored at 4 ◦C for HPLC. The calibration curve equation for estimating 2CP concentration
using UV spectroscopy at 280 nm was y = 0.5074x + 0.0176 (Figure S7). In the control
experiment with CHI-GA cryogel, no adsorption of 2CP was detected.
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2.9. HPLC analysis of Chlorophenols

Final concentrations of chlorophenol and derivatives in water after the catalytic degra-
dation were estimated using an Agilent 1100 HPLC using a UV detector at 280 nm. Samples
were filtered through 0.22 µm filter membranes prior to HPLC analysis. A C18 reverse
phase column was used, and the mobile flow rate phase was 1 mL/min.

The HPLC method was as follows. Acetic acid 1% v/v in water (C) and methanol (D)
was used as the mobile phase. The column and sample temperatures were 45 ◦C and 25 ◦C,
respectively; (C) gradients start at 75.0, end at 44.0%; (D) gradient starts at 25.0, end at
56.0% over 9.5 min, and at composition 44–56% C-D over 5 min; (C) gradient start at 44.0,
end at 0% with a duration of 1.0 min and (D) gradient starts at 56.0%, end at 100.0%, over
1.0 min. It was kept for 5 min at 100% of CH3OH and 1% HAc. (C) gradient starts at 0,
ends at 75.0% over 1.0 min; (D) gradient starts at 100.0%, ends at 25.0% with a duration of
1.0 min [21].

2.10. Gas Chromatography-Mass Spectrometry (GC-MS)

The products of the dehalogenation reaction were analysed using electron impact gas
chromatography-mass spectrometry and a quadrupole analyzer (GC-EI-MS, Agilent model
7890, Agilent Technologies, Santa Clara, CA, USA) [32]. A BPX5 fused-silica capillary
column of 30 m × 0.25 mm I.D. with a film thickness of 0.25 µm and a stationary phase of
5% phenyl polysilphenylene-siloxane (SGE Analytical Science, Milton Keynes, UK) was
used for separation, which was carried out with helium at a flow rate of 1 mL min−1. The
injection temperature was 250 ◦C. The oven temperature program included 2 min at 50 ◦C
with an increase to 250 ◦C at a rate of 20 ◦C min−1. The injection volume was 1 µL with a
split ratio of 1:2.

3. Results and Discussion
3.1. Cryogel Characterization

Cryogel is a macroporous polymer material with a unique structure of interconnected
pores, which provide high permeability and a large surface area for the adsorption and
breakdown of contaminants [25,26,29]. A 1.1% CHI solution potentially contains 58 mM of
primary amino groups that can participate in ligand exchange with noble metal complexes
according to Equation 1 (Figure 1). It is assumed that the reactivity of primary amino group
is comparable to ammonia cation.

x CHI-NH2 + [PdCl4]2− <=> [PdCl4-x(CHI-NH2)x] 2− + x Cl− (1)

CHI-NH2 + CHI-NH+
3 + [PdCl4]2− <=> (CHI-NH+

3)2[PdCl4-x(CHI-NH2)x]2− + x Cl− (2)

CHI-NH+
3 + [PdCl4]2− <=> (CHI-NH+

3)2[PdCl4]2− (3)

According to the simulation data in the Medusa software, the Pd ion speciation at
pH above 5.5 the highest concentration of Na2[Pd(NH3)4] complex is observed, these data
correlate well with the rheology data and the observed rapid gel formation at pH 5.6. At
the same time, a liquid solution of CHI and Na2[PdCl4] at 0.2–0.6 mM at pH 4.5 did not
lead to hydrogel formation over time. Therefore, the cryogel formation is associated with
cross-linking of CHI chains through formation of a multidentant chelate. There is also an
instant electrostatic interaction between the protonated amino groups and the palladium
complex (Equations (2) and (3)).

The CHI-[PtCl4] cryogel is stable in the pH range from 5 to 12 and dissolves slowly
in acidic pH due to a reversible ligand exchange reaction. It is interesting to note that
no ligand exchange occurred when potassium tetrachloroplatinate K2[PtCl4] was used.
The modeling complex correlates well with the literature data and experimental results
(Figure 2A). For instance, there is no formation of cis-platin in direct interaction of K2[PtCl4]
with ammonium [33]. Therefore, the formation of CHI cryogel was induced by electrostatic
interactions only between tetrachloroplatinate and positively charged amino groups of
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CHI. This explains the 10-fold difference in cross-linker concentration for gel formation
compared to the palladium complex. Even if there will be a different ligand such as glycine,
the ligand exchange process will not occur (Figure 2B).
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52 mM ammonia, 87.5 mM of acetic acid and 3.5mM chloride anion vs pH; (B) 4.8 mM Pd(II) ions
312 mM ammonia, 525 mM of acetic acid and 20 mM chloride anion modeling the higher concentration
in of cross-linking agent in frozen state (Diagram created by Medusa software).

The reaction mixture of 0.4 mM Na2[PdCl4] and CHI at pH 5.6 resulted in the for-
mation of hydrogel in about 4 min (Figure 3A). Whereas 0.6 mM Na2[PdCl4] and CHI at
pH 5.6 resulted in instantaneous hydrogel formation within about 30–40 s and no sol/gel
conversion could be detected (Figure 3A). The metal coordinated complex formation reac-
tion reaches equilibrium within 10 min for 0.4 and 0.6 mM Na2[PdCl4], respectively. At
concentrations of 0.05, 0.1 and 0.2 mM hydrogel formation at standard temperature and
5 ◦C did not occur (Figure 3B), but there was significant increase in viscosity and elasticity
modulus within 10 min. Freezing 0.05 mM palladium complex, with 1.5% CHI that reached
the equilibrium within 1 h at −12 ◦C, did not result in sol gel transformation at these
conditions (Figure 3). This correlates well with experimental data, when at least 24 h are
required to prepare for CHI-Na2[PdCl4] 0.05 mM cryogel. Moreover, it is possible that the
kinetics of the formation of this complex is slower, and therefore a long time is needed.
Obtained hydrogels and cryogels are pH responsive and can easily dissolve under mild
acidic conditions below pH 5.
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Cryogels obtained with and without GA crosslinking were analyzed. The structural
integrity of non-crosslinked GA cryogels was maintained by the formation of chelates
between chitosan and [PdCl4]2− ions. Cryogels cross-linked by chelation (CHI-[PdCl4]2−,
containing 0.4 mM of the palladium complex) have elastic modulus of 5.04 ± 1.2 kPa and
5.8± 1.5 kPa, before and after swelling, respectively. After swelling, in water, ionic cryogels
become more fragile and break easily compared to freshly prepared ones: therefore, the
properties of the swollen CHI-[PdCl4]2− sample were characterized as a cryogel with small
pores and wide pore walls (Figure S5). Increasing the cross-linker concentration to 0.8 mM
resulted in an efficient cross-linking of the gel, which had good viscoelastic properties and
the sample did not break under compression up to at least 30% compression (Figure S5).
The elasticity modulus of swollen in water CHI-[PdCl4]2− cryogels with 0.2 mM and
0.6 mM of palladium was 1.2 ± 1.3 kPa and 4.7 ± 2 kPa, respectively. CHI-[PdCl4]2− ionic
cryogels with 0.4 mM palladium swollen in water break down at a compression stress of
3 kPa (Figure S5B). A freshly synthesized CHI-[PdCl4]2− 0.2 mM pH 4.7 can withstand
compression stress up to 3–3.5 kPa (Figure S6C). Whereas freshly synthesized CHI-[PdCl4] 2−

0.4 mM and 0.6 mM were elastic and showed no sign of breaking down up to 5.5 and
7 kPa, respectively (Figure S5A,C). The change in the mechanical properties after the
swelling of the ionic cryogel in water or acidic buffered solution was observed, it becomes
more fragile due to significant swelling of cryogel walls associated with a slow ligand
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exchange in the non-covalent chelate, which ultimately resulted in a weaker gel. Moreover,
after using [PdCl4]2− ions to form PdNP, the cryogel cross-linking will weaken, as well
as gel strength. It can be concluded that the subsequent cross-linking with GA and the
simultaneous reduction of Pd complexes to zero valent state should be carried out straight
after the synthesis of the CHI-[PdCl4]2− cryogel in order to obtain a macroporous structure.
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A recent study illustrates that Pd and Pt complexes of organic amine and phosphine lig-
ands resulted in systematically lower the reduction potential of the complex [34]. Thus, the
redox potential E for [PtBr4]2−/Pt0 is +0.7 V, while the redox potential for [Pt(NH3)4]2−/Pt
is −0.14 V. It is known that E0 Pd2+/Pd0 is +0.951 V [35]. It was assumed that the ob-
tained [Pd(NH2-CHI)xCly]2− complexes have significantly smaller values, otherwise gel
formation would not occur. The formation of gels in this case was confirmed by the
rheology study(Figure 3). The kinetic of elastic modulus explains the stability of the CHI-
[Pt(NH3)4]2− complex under standard conditions, which did not get reduced easily, as it
was observed in the case of CHI with gold complex. The gold complex was converted to
AuNPs suspension under visible light exposure and mild heating [27]. The redox potential
of the oxidation of an aldehyde to a carboxyl group is −0.58 V [36]. Thus, the covalent
cross-linking of an ionic gel with GA can lead to a parallel reduction reaction resulting in
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the formation of zerovalent metal and nanoparticles. Catalysis uses formic acid, which has
a redox potential E0 CO2/HCOOH −0.61 V, which ensures complete conversion of ionic
noble metals into nanoparticles [37]. A similar, in situ approach of reduction Pd ions to
carboxymethylcellulose stabilized PdNPs has previously been carried out using ascorbic
acid and heating to 95 ◦C [35].

In this work, a cryogel based on a biopolymer was used as a carrier for Pd and Pt
catalysts. The CHI-GA-PdNPs cryogel has a macroporous structure of interconnected
pores, which made it possible to pass a solution through it (Figure 4), thus the catalytic
purification of water could be down in flow mode by passing solution through the cryogel
made column. According to the analysis of TEM images using Image J software, the average
size of PdNPs in the cryogel was 2.4 nm (Figure 4).
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cryogel walls: (C) CHI-GA-PdNPs 0.8 mM, (D) CHI-GA-PtNPs 4 mM; (E) PdNPs size distribution in
CHI-GA-PdNPs 0.8 mM cryogel; (F) PtNPs size distribution in CHI-GA-PtNPs 4 mM cryogel.
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Energy-dispersive X-ray spectroscopy analysis of CHI-GA-PdNPs confirmed the ab-
sence of PdNPs aggregates and good distribution of nanoparticles in the bulk of the
cryogels walls, which is in good agreement with SEM images at high magnification
(Figures 5 and S1). As expected, the chloride ions released during the formation of PdNPs
act as counter ions to the protonated amino groups of chitosan. The higher PdNPs content,
the higher the concentration of chloride ions was found, due to decomposition of [PdCl4]2−

(Figure 5E,F).
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0.8 mM PdNPs (A,C,E) and 1 mM PdNPs (B,D,F). Dots represent PdNPs (A,B).

The thermal stability of the catalyst is one of the important parameters. Decomposition
of pure CHI occurred at 234 ◦C, and pure CHI completely decomposed at 450 ◦C with
a weight loss of about 78%, which correlates with previous report [38]. The thermal
stability of a dry hydrogel composed of CHI-GA and PdNPs correlates with the degradation
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profile of pure CHI-GA cryogel in a nitrogen atmosphere. More detailed information
regarding the GA cross-linked CHI was discussed previously [39]. The difference in
the amount of solid residue after CHI-GA-PdNPs cryogel decomposition in air was 38%
and 1.33%, for gels, containing 0.05 and 0.2 mM of Pd, respectively (Figures S2 and S3).
PdNPs in the presence of air catalyze the oxidation of the polymer to CO2, whereas the
cryogel with a low content of PdNPs seems to be more prone to carbonization. The
0.05 mM CHI-GA-PdNPs cryogel showed relative stability up to 235 ◦C compared to that
containing 0.2 mM of Pd (Figures S2 and S3). Such a high temperature stability is explained
by the significant crosslinking of chitosan with GA. The mass loss of CHI-GA-PdNPs
cryogels in the temperature range from 100 ◦C to 235 ◦C in a nitrogen atmosphere can be
associated with condensation and decarboxylation reactions (Figure S4). The weight loss
of about 6–7% up to 100 ◦C was due to evaporation of chemically bonded water solvated
by the polar groups of chitosan. Decomposition of 0.2 mM CHI-GA-PdNPs cryogel in
air occurred at about 234 ◦C (Figure S3), and the sample degradation was completed at
325 ◦C with a weight loss of 96%. TGA thermograms of CHI-GA-PdNPs cryogels in air
(Figure S5) showed that the degradation of CHI-GA-PdNPs 4 mM cryogels in air occurred
at significantly lower temperatures, 212 ◦C, compared to the test carried out in an inert
atmosphere (Figure S4). The cryogel completely decomposed at 290–300 ◦C with a weight
loss of 98%. It appears that carbonization of CHI-GA-PdNPs 4 mM cryogels took place
under heat treatment in nitrogen.

FTIR spectra of CHI-GA-PdNPs 0.2 mM and CHI-GA cryogels did not differ signifi-
cantly, that may be attributed to the relatively low concentration of the noble metal. The
only difference was the shift of the Schiff’s base bond frequency, that overplayed with
Amide II bond frequency at 1592 cm−1 to 1589 cm−1, which can be related to coordination
of these groups with Pd (Figure 6). As expected, the amino group bond at 1633 cm−1

disappeared in CHI, when an excess of GA was used and full conversion to Schiff’s base
occurred (Figure 6). A frequency appeared at 1456 cm−1 in CHI-GA-PdNPs and CHI-GA
cryogel FTIR spectra related to –CH2 – back bone of cross-linking agent [29,39].

3.2. Catalytic Activity of PdNPs Incorporated into Cryogels

The catalytic activity of CHI-GA-PdNPs cryogels was studied depending on the NP
content, temperature, pH, and formic acid concentration in order to determine the most
optimal conditions. Previously, it was shown, that a higher content of PdNPs led to a higher
rate of contaminant degradation. It is known that for efficient degradation of chlorinated
aromatic compounds catalyzed by PdNPs, it is necessary to use a 50-fold excess of formic
acid [2]. The mechanism of degradation of chlorocompounds, when using formic acid
involves first the decomposition of formic acid, which was discussed in detail earlier [15].
The literature data suggests pH-controlled reaction mechanisms (possibly H-atom and
hydride transfer). Thus, formic acid acts as an H-donor for the de-chlorination reaction
in aqueous solutions. H-consumers, such as chlorinated compounds, strongly stimulate
the decomposition of formic acid. The half-life of 5 mg L−1 chlorobenzene in the presence
of 1 mg L−1 PdNPs is about 120 s under optimal reaction conditions [15]. For PdNPs
supported on Ni the optimal pH values for degradation of chlorinated aromatic compounds
was about 3 and 4 [2]. In this work, similar conditions were used, such as concentration of
formic acid and the ratio of formic acid to substrate. UV-visible spectroscopy was used to
measure concentration of 2CP. Samples of the reaction mixture were taken after incubation
of cryogels in a 2CP solution for a certain time and the absorbance was monitored at
280 nm. The control experiment of the de-chlorination process was carried out similarly
to the experiment described above without PdNPs in the cryogel. As expected, there was
no adsorption of chlorophenol on the cryogel matrix due to the hydrophilic nature of the
cryogel. The degradation of chlorophenol reached 50% within one hour, after which a slight
decrease in catalyst activity was observed, regardless of the catalyst content (Figure 7).
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A recent report found a significant correlation between the PdNPs size (2.1–4.5 nm)
on activated carbon (Pd/AC) and the kinetic rate of formic acid decomposition [40]. The
formic acid is disproportionate in a catalytic dehydrogenation reaction to form hydrogen
and carbon dioxide, however, this reaction can proceed according to a different mechanism
with the formation of carbon monoxide and water. It is well known that CO deactivates the
catalysts [41,42], this could be a reason of the slowing degradation in this case as well. The
use of low reaction temperatures in the range of 25 to 60 ◦C improves the stability of the
Pd/AC catalyst and therefore the reaction temperature of the formic acid decomposition
should be T < 60 ◦C [41,42]. It also was found that deactivated Pd/AC can be regenerated
to its original activity by drying overnight at 60 ◦C [42].
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Figure 7. Kinetic curves of chlorophenols (50 ppm) decomposition catalyzed by CHI-GA-PdNPs
without degassing of the reaction mixture, UV-vis monitoring PdNPs-CHI-GA 0.2 mM (4.9 µg PdNPs)
and 0.8 mM (45 µg PdNPs) and PdNPs-CHI-GA 0.2 mM after additional degassing applying vacuum
of reaction mixture at time point 16 h.

GC-MS and HPLC analysis was used to monitor the kinetics of the catalytic decom-
position process. According to the literature data, chlorophenols are reduced to benzene,
phenol, and cyclohexanone [31]. The reference solution acquired in Single Ion Monitoring
and the 2 most abundant ions of 2CP were monitored (m/z 128 and 130) (Figures S7 and S8).
2CP degradation catalyzed by CHI-GA-PdNPs 0.8 mM showed only 50% conversion within
two hours (Figure 8A). In another experiment with CHI-GA-PdNPs 0.4 mM (21 µg PdNPs)
the UV reading indicated the presence of the substrate, while the GC-MS data confirmed
the formation of phenol, and therefore the UV absorbance did not change significantly due
to overlap of substrate and product absorption (Figure S9). Most likely, other products
with adsorption at 280 nm could be formed during de-chlorination process, but due to
limited access to standards only concentration of chlorophenols, benzene and phenol was
monitored. Incomplete CP conversion and reduced phenol formation were noted, which
may be related to subsequent reduction in compounds, but no products were identified
(Figure S9).

4CP degradation was tested using CHI-GA-PdNPs 0.2 mM cryogels (4 µg PdNPs),
showing a similar trend towards incomplete conversion, and only 40% contaminants
were removed within 100 min (Figure S11). It was assumed that this observation may be
due to chloride ions accumulation, which could poison catalysts, but this has not been
previously reported. The possibility to recycle the catalyst was also checked, but the reaction
of hydrodehalogenation was not sufficient and comparable to 1st cycle (Figure S11A).
Further optimization of the catalyst regeneration conditions (shock heat treatment, chemical
treatment, etc.) is necessary after evaluation of the mechanism of poisoning.

To test the hypothesis of poisoning by released chloride ions, the reaction was carried
out in the presence of silver ions, which should lead to the precipitation of silver chloride
and eliminating chloride ions from the system. The kinetic rate of the reaction in presence
of silver was similar to that of reduction with sodium borohydride (Figure 9). The control
experiment of mixing 2CP with silver nitrate did not result in a shift or absorbance intensity
of 2CP over a few hours. Thus, this reaction setup did not lead to a significant improvement
in the conversion rate and may be costly for real life application (Figures 9 and S12).
This may be due to the fact that AgCl crystals were precipitated on PdNPs blocking
the active catalytic site. Increasing the reaction temperature to 80 ◦C led to a significant
acceleration, showing that the conversion efficiency of 2,4-dichlorophenol reached 85% and
73% within 42.5 h, respectively (Figures 9 and S13). Nevertheless, after several hours of
reaction, the hydrodechlorination reaction self-terminated, resulting in a 40% decrease in
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the concentration of 2,4-dichlorophenol at pH 3 at ambient temperature. Most likely, this is
due to the accumulation of carbon monoxide, which blocks active sites of the catalyst. As
recently reported, at 85 ◦C, a side reaction of the decomposition of formic acid proceeds in
the form of the formation of carbon monoxide, which poisons the catalyst [42]. Increasing
the pH of reaction mixture to 6.2 did not improve the conversion degree. Increasing the
temperature to 80 ◦C accelerated the 2CP decomposition reaction with an efficiency of 67%
in 24 h and 85% for 42.5 h compared to 25% conversion at room temperature (Figure 9).
The control experiment for the hydrogenation of 2CP using borohydride confirms that the
catalyst is active at standard conditions of the hydrogenation process without significant
catalyst poisoning. However, the use of borohydride had some drawbacks, such as the
formation of gas bubbles in the cryogel structure, which can change the diffusion of
the substrate and affect the kinetics during long-term use. Increasing the formic acid
concentration to a ratio of 1:100 to the substrate (40 mM) accelerated the reaction at 80 ◦C
(Figure 9).
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It can be assumed that self-termination after several hours occurred due to the accumu-
lation of carbon monoxide onto PdNPs, or due to the formation of cyclohexanone, which
immediately interacts with primary amino groups of CHI and therefore change the microen-
vironment, blocking the subsequent diffusion of the contaminant to the PdNPs surface.
The complete catalytic conversion of the selected chlorophenols was not achieved, which
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can be due to poisoning on the mechanism similar to previously reported, but the study of
the mechanism was beyond the scope of this work and was not further investigated.
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Figure 9. Kinetic curves of catalytic 2CP decomposition in the presence of CHI-GA-PdNPs 0.4 mM
(21 µg PdNPs) cryogels in a batch mode at various parameters: added Ag, formic acid concentration,
temperature and pH. The reaction mixture: 2CP (51.2 ppm), formic acid (20 mM), and pH 3. The
concentration of contaminant was measured using HPLC.

It was observed that at pH 3 the chlorophenol conversion was comparable between cat-
alysts CHI-GA-PdNPs 0.4 mM (21 µg) and CHI-GA-PtNPs 1 mM (97.5 µg PtNPs) reaching
80 and 90%, respectively (Figure 10A), assuming that the average particles distribution was
comparable. pH is an important factor that can affect the efficiency of substrate diffusion to
the nanoparticle and adsorption/desorption from the catalyst surface. Cryogel based on
CHI-GA at pH 3 is positively charged, which is associated with the protonation of primary
amino groups [43]. While chlorophenols have a pKa value of about 9.5–10 and therefore are
not charged at pH 3 and 6 [44]. The CHI-GA cryogel at pH 6.2 has an almost neutral charge
due to existence of most amino groups in unprotonated state, therefore, the probability
of stronger adsorption of chlorophenols on the CHI-GA scaffold due to hydrogen bonds
is high.

The lover the metal concentration was used, the smaller average particle size was and
the higher efficiency of the catalyst. A similar trend was illustrated for 0.5 mM AuNPs
catalyst during the nitrophenol reduction [29]. PdNPs (31.9 µg) within CHI-GA-PdNPs
0.4 mM cryogel showed an approximately 100-fold higher rate of catalytic hydrogena-
tion process at pH 6 compared to 390 µg of PtNPs in the CHI-GA-PtNPs 4 mM cryogel
(Figure 10B), which is consistent with other studies. Thus, the hydrodechlorination of 4CP
in stirred tank reactor using Pd, Pt, and Rh immobilized on γ-alumina (0.5% w/w) under
mild reaction conditions (20–40 ◦C) showed that Pd and Rh were more catalytically active
than Pt [45]. Recently, a Pd/carbon nanotube (CNT)-Ni foam microreactor system was
successfully tested for the rapid and efficient (99%) hydrogenation process using formic
acid [46]. Another study states that catalytic hydrodechlorination of 4CP occurs in an
aqueous solution of formic acid with an efficiency of 92% within 2 h using 3 g/L of Pd/Ni
catalyst [2]. Most probably the support plays a significant role in the activity of PdNPs,
moreover, the shape of the particles can affect the activity. In case of 2,4DiClPh, the ter-
mination of the reaction was faster compared to monochlorophenols (Figures 7 and S15).
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HPLC chromatograms confirmed numerous products of 2,4DiClPh hydrogenation with
retention time in the range of 2.5–12 min (Figures 10B, S12–S14). The mechanism of this
reaction has been described previously. Adsorption of 2,4DiClPh or phenol equilibrium
was reached within 5 min for 2,4DiClPh. Phenol has a low adsorption capacity on PdNPs
deposited on hollow fiber membranes and a high transfer rate. The order of rates was
k3 >> k1 >> k2, indicating that the predominant route was sequential de-chlorination with-
out desorption of monochlorophenols. Approximately 70% of 2,4DiClPh was dechlorinated
to phenol followed by stepwise de-chlorination with 2-CP at 26% and 4-CP at 4%. Due
to the dominant reaction, there is no desorption of 2-CP or 4-CP, their accumulation of
monochlorophenols in the reaction mixture was small after 5 min [47]. The de-chlorination
of 2,4DiClPh occurred in two steps: (a) 2.4DiClPh adsorption to PdNP, with activation of
the C-Cl bond; and (b) C-Cl bond breaking coupled electron-transfer from activated H that
also was adsorbed to the PdNPs. They found that adsorption configuration with two Cl
atoms bonded to Pd(0) is favorable based on its largest ∆Eads, compared with single para or
ortho Cl bonds with Pd atoms [47].
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The combination of factors to proceed the reaction with silver nitrate at 80 ◦C in
formic acid was not tested because it can form AgNPs which can influence the reaction
and also use chlorophenols as a reducing agent. The complex formation between 2,4Di-
ClPh and silver ions or unexpected new products were not observed (Figure S15C). The
HPLC chromatogram of the reaction mixture with silver nitrate contained significantly
less side products detectable at 280 nm compared to the reaction mixture without silver
ions (Figures S15 and S12). This may indicate the participation of silver redox reactions
with these compounds. The control experiment demonstrated no leakage of other com-
pounds from the CHI-GA-PdNP scaffold (Figure S13). Chlorophenols adsorption were not
observed for CHI-GA and CHI-GA-PdNPs cryogel. A recent report shows that the rate
of Pd-catalyzed electrochemical hydrodechlorination of chlorinated compounds is signifi-
cantly lower (25 times) than the rate of hydrodechlorination carried out using hydrogen
gas. In aqueous solution of pH 7, a substantial part of 4-CP (pKa = 8.6) exists in its anionic
form on the surface of cathode. Therefore, the negative surface potential of the Pd/Ni foam
will decrease the concentration of adsorbed 4-CP, which can significantly reduce the rate of
the hydrodechlorination reaction [48]. Specific catalyst activities for Pd/Ai2O3 was up to
APd = 200 L g−1 min−1 in clean water. Hydrodechlorination kinetics of 3-chlorobiphenyl
(3-CBP) by Pd/Al2O3 in water (pH = 8.3, c0,3-CBP = 2.5 mg L−1, ccatalyst = 125 mg L−1) a
specific catalyst activity was determined of about 190 L g−1 min−1 [49]. Hydrophobic coat-
ing of PdNPs by silicone polymers was successful in protecting the Pd sites against ionic
catalyst poisons. Thus, catalyst activities measured with hydrophobically modified cata-
lysts was equaled to APd ≈ 80 to 2.3 L g−1 min−1 in comparison to unprotected Pd/Al2O3
catalysts in long-term usage under field conditions results in APd ≈ 0.05 L g−1 min−1 [49].
All this could be further considered for the improvement catalyst performance.

4. Conclusions

A macroporous catalyst based on chitosan with entrapped PdNPs and PtNPs was
prepared by primary crosslinking via formation of metal chelates, followed by simultaneous
covalent crosslinking and metal reduction with glutaraldehyde. This makes it possible to
form a stabile macroporous polymer matrix with in situ-formed PdNPs with a size 2–3 nm,
which are preferable for catalytic reaction. The catalytic activity of noble metal nanoparticles
remains after inclusion into the polymer structure. The catalyst proved to be effective
for the hydrodehalogenation of 4-chlorophenol, 2-chlorophenol and 2,4-dichlorophenol
using environmentally friendly and safe reducing agents, formic acid. Formic acid has
advantages over sodium borohydride because no gas is generated during the reaction,
which can inhibit the reaction in the porous material in long-term use. The study of various
conditions showed that the reaction was more efficient at 40 mM formic acid, pH 3 and a
temperature of 80 ◦C. CHI-GA-PtNP cryogels showed lower catalytic activity compared to
CHI-GA-PdNP cryogels under comparable conditions at pH 6. The observed termination
of the hydrodechlorination of chlorophenols by in situ synthesized supported PdNPs
associated with poisoning of the catalyst with CO and chlorine ions is discussed. Overall,
the study opened several fundamental questions in understanding the mechanism of the
catalytic reaction and the stability of the catalysts.
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