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1. Introduction

In recent decades, much attention has been paid to various methods
of water remediation, including sorption (Abdel Maksoud et al., 2020;
Ahsan et al., 2020; Bartczak et al., 2018; El-Sayed, 2020; Fang et al.,
2020; Zéttowska-Aksamitowska et al., 2018), ozonation (Schmitt et al,,
2020), photocatalytic and catalytic approaches (Acharya and Parida,
2020; Fang et al., 2020; Kubiak et al., 2020; Kumari et al., 2020; X. Liu
et al., 2020b; Lu and Astruc, 2020; Siwinska-Ciesielczyk et al., 2020),
membrane separation and sedimentation (Chen et al., 2020). However,
each method has drawbacks and may lead to the production of prob-
lematic wastes requiring safe and efficient disposal. Although there is
no universal solution to these problems, catalysis currently seems to
have a crucial role in the development of effective processes and
methods that can maximize effectiveness and minimize waste genera-
tion and energy demand (De et al., 2016).

Particular interest is focused on metal-based catalysts, which have
been extensively utilized in a wide range of applications (Finiels et al.,
2014; Lee and Lee, 2020; H. Liu et al., 2020a; Ma et al., 2019; Yan et al,,
2016; Yang et al., 2019; Zhang et al., 2007; Zheng et al., 2017; Zuo
et al., 2016), including biotechnological treatment processes (El-Sayed,
2020; Jankowska et al., 2019; Zdarta et al., 2019). Such materials have
been investigated in particular with regard to their use in oxidation-
reduction reactions of organic compounds (Ambursa et al., 2021;
Parmeggiani and Cardona, 2012). For comparison, Table 1 presents a
set of studies on the catalytic oxidation of phenol and its derivatives
and the reduction of 4-nitrophenol using various metal-based catalysts.

As shown above, heterogeneous catalysis offers endless possibilities
in the degradation of organic compounds via either oxidation or reduc-
tion reactions. Recent results have proved the usefulness of a wide range
of materials in the removal of phenolic compounds from water and
wastewater. It is notable that composites based on transition metals
are most commonly used in the degradation of organic compounds
(Verdine, 2019).

Among the metals commonly applied in catalysis, nickel is one of the
best known (Finiels et al., 2014; Lipshutz et al., 2003; Plumejeau et al.,
2015). It is one of the most abundant elements in the Earth's crust and
is approximately 5000 times cheaper than gold (De et al., 2016). Due
to the long history of the use of nickel in catalysis, the literature on
nickel catalysts is vast and covers an enormous number of reactions, in-
cluding oxidation, reduction, hydrogenation and reforming reactions
(Lipshutz, 2001; Lipshutz et al., 2003). Despite the significant success
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of applications of this element in industry, purely nickel-based catalysts
still cannot be used for environmental applications, due to problems
with selectivity, stability and activity (Kour et al., 2020; Qin et al.,
2020). To overcome these obstacles, nickel-carbon composites have
been developed. The use of carbon as a support enables the good disper-
sion of the metal-containing phase on the support surface. Moreover,
the properties of carbonized materials, including high chemical and
thermal stability, high porosity, low density and weight, may help to ful-
fil the strict requirements for environmental applications (De et al.,
2016).

The main aim of this study was to prepare novel, 3D fibrous-like
nickel-based bio-carbons and test their potential use as catalysts in
model reactions. As a source of carbonaceous material, spongin-based
scaffolds derived from the marine demosponge Hippospongia communis
were used. This biopolymer creates unique systems of channels built by
interwoven fibres. Spongin chemistry is considered complex. Despite
some similarities to collagen and keratin, spongin is distinguished by
the presence of halogens (such as I and Br) and xylose. The physico-
chemical properties of spongin-based scaffolds, including thermal sta-
bility, persistence in acidic media and the presence of various
heteroatoms, suggest that they can be used as an innovative precursor
of bio-carbons, including metallized 3D carbon materials (Petrenko
et al, 2019; Szatkowski et al, 2018). In this study, the low-
temperature carbonization of spongin-based scaffolds was used to gen-
erate hierarchical 3D carbonaceous structures preserving the original
morphology of the spongin-based skeleton. The scaffolds underwent
modification with nickel compounds via the simple and fast sorption re-
duction method, to obtain novel catalysts. The resulting nickel-carbon
composites were effective catalysts in the reduction and oxidation reac-
tions of various phenolic compounds. The reaction kinetics and the re-
usability of the prepared catalysts were also investigated, and possible
mechanisms of reduction and oxidation were proposed.

2. Materials and methods
2.1. Carbonization

Spongin-based skeletons of the marine sponge Hippospongia
communis (Porifera: Demospongiae), purchased from INTIB GmbH
(Germany), were used as a precursor material. The samples were
cleaned in distilled water for 1 h, then moved to an ultrasonic bath for
40 min. The sponge skeletons were then immersed in 3 M HCl in a

Table 1
Comparison of catalytic activity in the reduction of 4-nitrophenol and the oxidation of phenol, using various types of catalysts.
Catalyst Reaction type Conditions Rate constant or ~ Source
oxidation
efficiency
NiO 4-nitrophenol reduction Aqueous solution of 4-NP; T: 25 °C; 0.5 mg/mLof ~ 0.12 min~' (Khan et al., 2021)
Ni,-Co-0 catalyst 0.42 min~!
Ni-Co,-0 0.60 min~!
C0504 0.182 min~"'

Nickel nanoparticle/carbon catalysts 4-nitrophenol reduction
Bimetallic Ag-Au

Ni-Y zeolite

NiO/carbon nanocomposite

4-nitrophenol reduction
4-nitrophenol reduction
4-nitrophenol reduction

Biomass-metakaolin (PSD/MK_Fe)
granular composite
Cu/activated carbon

Bisphenol A oxidation

pPhenol, o-cresol and 2,5-
dimethylphenol oxidation from
wastewater

Zn-CNTs-Cu 4-chlorophenol oxidation

Aqueous solution of 4-NP; T: 25 °C; 1 g/L of catalyst 0.002 min~"
Aqueous solution of 4-NP; T: 25 °C; 1 g/L of catalyst 1.200 min !
Aqueous solution of 4-NP; T: 27 °C; 0.25-0.5 g/Lof 2.700 min~'
catalyst

Oxygen pressure: 20 bar, T: 160 °C, initial pH: 5-6; >98%

1.0 g/L of catalyst

Oxygen pressure 0.61 MPa; T: 148 °C; 3.4 g/L of
catalyst, pH = 7.4

Oxygen pressure 0.5 MPa; T: 150 °C pH 2-7; 0.5 g/L  20-99%

Aqueous solution of 4-NP; T: 25 °C; 1 g/L of catalyst 0.172-0.046 min~! (Martin-Jimeno

et al., 2021)
(Emam et al, 2017)
(MeKkki et al., 2021)
(Somasundaram
et al,, 2018)
(Juhola et al., 2021)
88-90% (Mohite and
Garg, 2020)

(Fuet al., 2021)

of catalyst

Carbon coated ceramic monolith Oxalic acid oxidation
Paper-like sintered stainless steel fiber Phenol oxidation
with monolayer graphene fil

Oxygen pressure 8 bar; T: 140 °C; 60 mg of catalyst Up to 55%
Fixed-bed reactor, 4.8 g of catalyst, bed height: 4
cm; temperature 80 °C; V = 2 mL/ min

(Santos et al., 2021)

Up to 100% (Liu et al., 2020c)



http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

S. Zéttowska, Z. Bielan, J. Zembrzuska et al.

purification process. This process was carried out in three stages; after
each stage the solution of HCl was exchanged for a fresh one with a con-
centration of 3 M. The first and second stages of purification were con-
ducted for 6 h, and the third for 3 h. After the acid purification
process, samples were cleaned with distilled water to neutral pH,
dried, and cut into smaller pieces. The prepared material was subjected
to a carbonization process. Carbonization of spongin-based samples was
conducted in an R 50/250/13 tube furnace (Nabertherm, Germany) in a
nitrogen atmosphere. The process was carried out in a temperature
range from 400 to 600 °C, with a 1 h plateau and a heating rate of 10
°C/min, and cooling by thermal inertia to 50 °C. Before the carbonization
process, samples were conditioned for 2 h in a nitrogen atmosphere at a
temperature of 20 °C.

2.2. Modification procedure

The method was based on the treatment of carbon materials with a
solution of nickel nitrate in a concentration of 5 mg/L. Each sample was
placed in a three-neck round-bottom flask filled with 50 mL of nickel ni-
trate salt solution. The first stage, including sorption, was carried out for
1 h with continuous stirring (800 rpm). Next, the reduction was carried
out by dropping into the former solution 50 mL of 0.5 mol/L sodium bo-
rohydride at a rate of 5 mL/min. After dosing, the reduction process was
continued for an additional 30 min, again with continuous stirring (800
rpm). The sorption and reduction procedures were repeated three
times. Finally, the metallized materials were dried at 60 °C.

2.3. Morphological and physicochemical analysis

The crystalline structure of the prepared materials was evaluated by
the X-ray diffraction method, using a Rigaku Miniflex 600 analyser
(Rigaku, Japan) operating with Cu Ko radiation (o = 1.5418 A). Pat-
terns were obtained over an angular range of 10-80°. Parameters of
the crystalline structure of the samples were calculated using PDXL: In-
tegrated X-Ray Powder Diffraction Software (Rigaku, Japan). The analy-
sis was based on the International Centre for Diffraction Data (ICDD)
database.

SEM analysis was performed using an EVO-40 scanning electron mi-
croscope (Zeiss, Germany). Transmission electron microscopy (TEM)
investigations were carried out using a Hitachi HT7700 microscope
(Hitachi, Tokyo, Japan) operating at an accelerating voltage of 120 kV.
Materials were prepared in epoxide resin and cut into thin layers
using a microtome to prepare specimens. EDS X-ray microanalysis
was prepared using a Tescan apparatus (Czech Republic) with
Gamma-Tec instrumentation from Princeton Inc. (USA). Energy-
dispersive X-ray fluorescence spectrometry (XRF) was carried out
using an Epsilon 4 spectrometer equipped with a high-resolution silicon
drift detector (SDD), typically 135 eV@ Mn-Ko (Malvern Panalytical,
UK).

XPS analysis was performed using a Prevac spectrometer (Prevac
Ltd.) with a hemispherical Scienta R4000 electron analyser with a
Scienta SAX-100 X-ray source (Al K, 1486.6 eV, 0.8 eV band) and an
XM 650 X-ray monochromator (0.2 eV band). The pass energy of the
analyser was set to 50 eV for the regions (high-resolution spectra) Ni
2p,0 1sand C 1s (with a 50 meV step). The base pressure in the analysis
chamber was 5-10~° mbar, and the pressure during the collection of
spectra was not higher than 3-10~8 mbar. The porosity characteristics
of the obtained materials were determined by the multipoint BET
(Brunauer-Emmett-Teller) method using data for adsorption under
relative pressure (p/p,) obtained with an ASAP 2020 instrument
(Micromeritics Instrument Co., USA). FTIR analysis was performed
with a Vertex 70 apparatus (Bruker, Germany) using the attenuated
total reflection (ATR) method. Electrophoretic mobility was measured
using a Zetasizer Nano ZS instrument equipped with an autotitrator
(Malvern Instruments Ltd., UK) by analysing 0.01 g of catalyst in 25
mL of 0.001 mol/L sodium chloride solution at 25 °C. Changes in the
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conductivity and pH values of the suspension were observed during
the measurement. The pH of the suspensions was adjusted by an auto-
matic titrator using hydrochloric acid (0.2 mol/L) or sodium hydroxide
(0.2 mol/L). The zeta potential was obtained from the electrophoretic
mobility by the Smoluchowski equation (Sze et al., 2003).

24. Catalytic tests

2.4.1. Reduction of 4-nitrophenol

To evaluate the possible application of the prepared metallized ma-
terials, they were used as catalysts in the reduction reaction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP). This reaction was carried
out in a quartz cuvette containing 2.5 mL of 4-nitrophenol solution in
water (concentration 10 mmol/L). After adding a water solution of so-
dium borohydride (0.5 mL with concentration 100 mmol/L) and 5 mg
of catalyst, the reaction was started. The reduction progress was mea-
sured using a UV-Vis spectrophotometer (Jasco V700, Japan) based on
spectra obtained after every 60 s of the reaction. In addition, the kinetics
of the reaction were calculated based on the pseudo-first-order kinetic
model. The choice of this model is a consequence of the excess quantity
of sodium borohydride used during the reaction, which means that its
concentration can be assumed constant. The proposed model can be de-
scribed with Eq. (1):

In(Ce/Co) = In(Co) -kt (1)

where Cy and C; denote the initial concentration of 4-NP and the con-
centration at time t (min), and k (min~—') denotes the rate constant.

2.4.2. Oxidation of phenol and its derivatives

The oxidation reaction was carried out in a three-neck round-bottom
flask placed in a water bath. First, the catalyst (50 mg), phenol (50 mL of
water solution at concentration 0.5 mmol) and 1 mL of 31 wt% hydrogen
peroxide (H,0,) were loaded into the reactor. This mixture was stirred
(800 rpm) at 60 °C for 4 h under a reflux condenser and then immedi-
ately cooled in an ice bath to stop the reaction. Then methanol was
added to the mixture to quench the reaction and remove excess hydro-
gen peroxide. The HPLC-MS system was used to analyse the efficiency of
oxidation. The same starting conditions were used for the oxidation of 4-
chlorophenoxyacetic acid and methylchlorophenoxypropionic acid. Due
to the exothermic nature of this reaction, the concentration of reagents
was kept low. Moreover, the agitation speed, reaction volume and
amount of catalyst were chosen to avoid external diffusion problems.

LC analysis was performed using the UltiMate 3000 RSLC chromato-
graphic system from Dionex (Sunnyvale, CA, USA). 5 UL samples were
injected into a Hypersil Gold C18 RP analytical column (100 x 2.1 mm
x 1.9 um) (Thermo Scientific, USA). In the typical procedure, the column
was kept at 35 °C, and the mobile phase was 5 mM ammonium acetate
in water (A) and methanol (B), at a flow rate of 0.2 mL/min. The follow-
ing gradients were used: 0 min 80% B, 5 min 100% B for phenol, and
0 min 50% B, 5 min 100% B for 4-CPA and MCPP. The LC system was con-
nected to an API 4000 QTRAP triple quadrupole mass spectrometer (AB
Sciex, Foster City, CA, USA). Compounds were determined by
electrospray ionization mass spectrometry (ESI-MS) in negative ion
mode. The analyte was detected using the following settings for the
ion source and mass spectrometer: curtain gas 10 psi, nebulizer gas 40
psi, auxiliary gas 40 psi, temperature 200 °C, ion spray voltage —4500
V, collision gas set to medium. For more details, see Supplementary
Note 1.

3. Results and discussion
3.1. Physicochemical and morphological analysis

The evaluation of physicochemical properties is an important step in
describing a new catalytically active material. The XRD patterns of the
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functionalized catalysts and of the carbonized spongin-based supports
before functionalization are shown in Fig. 1.

As shown in Fig. 1, the XRD patterns exhibit diffractions characteris-
tic for different phases of nickel, carbon, and silicon dioxide. The XRD
patterns of the catalysts (Fig. 1A) do not show significant differences.
The nickel phase is represented by the three broad diffraction peaks at
12°, 34° and 60°, which can be indexed respectively to Ni(OH), (001),
Ni(OH); (110) and Ni(OH), (003) (JCPDS no. 1011134). The formation
of a nickel oxide phase is confirmed by the presence of diffraction peaks
derived from the NiO (220) phase at 46° (JCPDS no. 1010095). A small
but well visible peak, characteristic for the Ni (111) phase, appeared
at 43°, and a peak for Ni (220) at 72° (JCPDS no. 9008509). The
diffractogram of the catalyst also contains a broad peak characteristic
for C(002) (JCPDS no. 9011577). However, the intensity of this peak is
significantly lower than for the corresponding phase in the XRD spectra
of the pure supports (Fig. 1B). Also, features derived from various forms
of silica (Fig. 1B) are not visible in the XRD pattern of the catalysts. This
seems to be a result of the modification process, where the carbonized
fibres are covered with a metal-containing phase. The strong effect of
nickel atoms and the low content of silica compounds results in a lack
of silica features in the XRD diffractogram of the catalysts.

The chemical reduction of nickel ions adsorbed onto the surface of
carbonaceous scaffolds is an efficient method of functionalization and
is well described in the literature (Chen et al., 2017; Kuang et al.,
2001; Sahiner et al., 2010). The SEM + EDS analysis provides informa-
tion about the surface morphology and chemistry of the examined sam-
ples (results are shown in Fig. 2).

From the Ni mapping presented in Fig. 3, it is apparent that the
metal-containing phase evenly covers all of the prepared catalysts.
The highest efficiency of nickel functionalization was achieved for the
NiO/Ni(OH),/Ni_600 catalyst (26.01% mass of Ni), and the lowest for
the sample carbonized at 500 °C (15.19% mass of Ni). The variation in
the amount of nickel on the surface of the carbonized materials may
be explained by the different ability of the carbonized scaffolds to bind
nickel ions during the modification process. As has been described else-
where (Petrenko et al.,, 2019; Zéttowska et al., 2021), the increase in car-
bonization temperature results in the formation of bio-carbons with
higher carbon content and decreasing content of other heteroatoms, in-
cluding sulphur and nitrogen, among others. Consequently, the use as
supports of bio-carbons obtained at different carbonization tempera-
tures leads to the formation of composites with different nickel loading.
Owing to this fact, and referring to the results obtained in previous stud-
ies (Petrenko et al., 2019; Zéttowska et al., 2021), a broad statement can
be made that the affinity of nickel ions towards the surface of
bio-carbons increases with the content of carbon and the level of graph-
itization of the carbonized material.
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Moreover, XRF analysis was performed to evaluate the elemental
composition. The results provide evidence of traces of bromine and
iron within the structure of the prepared materials; however, the con-
tent of these elements is low. Thus, it is assumed that their presence
has no significant effect on the catalytic ability; rather, these elements
participate in increasing the diversity of surface functional groups. A de-
tailed discussion is given in Supplementary Note 2, and information re-
garding the surface functional groups is presented in Supplementary
Note 5.

It should be noted that the presence of iron (Fe) and aluminium (Al)
is linked to the natural origin of the spongin-based scaffolds
(Szatkowski et al., 2017; Jesionowski et al., 2018), while the silicon
and calcium, according to previous research (Petrenko et al., 2019),
are internal elements of the spongin skeleton. As is shown, the applied
purification treatment with HCl acid results in the complete removal
of calcium; however, it does not lead to the total removal of silicon spe-
cies. Thus, carbonized spongin-based scaffolds appear to consist of a
naturally occurring composite containing carbon, oxygen, nitrogen, sul-
phur and silicon traces, aluminium, and iron. For catalytic purposes, the
existence of small amounts of silicon dioxide or alumina (less than 1 wt
%) does not exclude the use of the bio-carbons as supports. Moreover,
the presence of heteroatoms such as sulphur, nitrogen, and iron in the
catalyst structure may enhance its catalytic properties (Moosapour
Siahkalroudi et al., 2021; Wang et al., 2021).

The results of higher-resolution microscopy analysis (SEM and TEM)
of the obtained composites are shown in Fig. 3. SEM images of the
spongin-based scaffolds before carbonization and functionalization are
compared in Supplementary Note 3.

The results of scanning electron microscopy analysis provide evi-
dence that the functionalization of the carbonaceous supports through
reduction of adsorbed nickel particles is an effective method. Conse-
quently, the naturally prefabricated, three-dimensional scaffolds are
tightly covered with the metal-containing phase, which forms particu-
lar structures. Interestingly, the morphology of the metal-containing
phase varies with the support used. For the NiO/Ni(OH),/Ni_400 mate-
rial, the metal-containing phase creates needle-like structures with a
length of around 3-5 pm (Fig. 3A). For NiO/Ni(OH),/Ni_500, spherical
agglomerates of the metal-containing phase are visible (Fig. 3C), while
the surface of NiO/Ni(OH),/Ni_600 is again characterized by the pres-
ence of needle-like structures (Fig. 3E), although these structures are
thicker and longer than those observed on the fibres of NiO/Ni(OH ),/
Ni_400. These interesting differences in the morphological structure of
the catalysts cannot be related to the method of synthesis, because all
supports were treated in the same way. A possible explanation of
these variations may be differences in the loading of the nickel-
containing phase; as was mentioned previously, the material prepared
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e, B T |
uad TSR
| \'\%N N
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Fig. 1. XRD patterns of the prepared catalysts (A) compared with XRD diffractograms of supports before functionalization (B).
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Fig. 2. SEM + EDS mapping of NiO/Ni(OH),/Ni_400 (A), NiO/Ni(OH),/Ni_500 (B) and NiO/Ni(OH),/Ni_600 (C) catalysts with the elementary surface composition of the prepared
materials.

Fig. 3. SEM investigation of prepared materials: NiO/Ni(OH)2/Ni_400 (A), NiO/Ni(OH)2/Ni_500 (C) and NiO/Ni(OH)2/Ni_600 (E) with corresponding TEM images (B, D, F). Images were
taken at different magnifications.
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using the carbonized support obtained at the highest carbonization
temperature seems to have a superior ability to bind the nickel species,
and thus the agglomerates formed are larger than in the case of the
other materials. Consequently, differences in surface chemistry, such
as graphitization level and carbon content, may affect the efficiency of
the functionalization process and indirectly the final structure of the
metal-containing phase (Petrenko et al., 2019). The influence of surface
properties on the loading of the metal-containing phase, as observed in
this study, is a well-known phenomenon sufficiently described in other
works (Alijani et al., 2021; Peng et al., 2021).

The most promising aspect of the application of carbonized spongin-
based scaffolds as a support for the metal-containing phase is their
three-dimensional fibrous architecture. The SEM images show a unique
structure of interlaced fibres, which usually form channels with diverse
shapes: triangle-like, rectangular-like, pentagonal-like and hexagonal-
like, with sizes ranging from 1 to 300 um. These structures are well vis-
ible on the SEM images (for comparison, see Fig. 2 and Supplementary
Note 3). Therefore, it should be emphasized that the approach proposed
in this paper, where the spongin-based scaffold was used as a bio-
template together with a simple method of functionalization, led to
the obtaining of desirable 3D structures.

The TEM images in Fig. 3B, D, F show the metal-containing phase de-
posited on the bio-carbon fibres. It can be assumed that in nanoscale, the
structure of the metal-containing phase is similar and consists of thin
sheets. Moreover, it seems that the modification process results in
thick aggregates with irregular structure, forming the metal-
containing layer on the surface of the carbonized bio-carbon (Huang
et al., 2013). Additionally, in Fig. 3D, some contaminants - derived
from silicon dioxide - are marked with arrows.

XPS analysis was carried out to evaluate in detail the surface compo-
sition of the prepared catalysts. The spectra obtained are shown in Fig. 4.

The Gaussian fitting method was used for a comprehensive analysis
of the oxidation state of the nickel as well as the contributions of oxygen
and carbon. In the case of all catalysts, the Ni 2p core-level spectra show
two intense peaks at around 855.5 and 871 eV, attributed to Ni 2p5/, and
Ni 2p, » respectively, with corresponding satellites at around 861.3 and
879.7 eV, characteristic for Ni2* (An et al,, 2014; Cheng et al., 2017;
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Zhou et al., 2017). The core-shell peaks are attributed to Ni—O bonds,
in this case associated with the hydroxide, as was confirmed in XRD
analysis. The XPS spectra do not show any features corresponding to
the NiO phase because its characteristic peaks appear at lower binding
energies. These results might be related to additional atmospheric mois-
ture adsorption. The O 1s spectra exhibit three oxygen contributions, la-
belled 01, 02 and O3. The O1 peak, derived from O-O-C bonds, is
located at 534.1 eV (peak area 27.74%) for the NiO/Ni(OH),/Ni_400 cat-
alyst, 534.0 eV (peak area 10.35%) for NiO/Ni(OH),/Ni_500 and 534.2 eV
(peak area 8.36%) for NiO/Ni(OH),/Ni_600. Its existence indicates that
CO, molecules were adsorbed on the surface of each catalyst. The 02
peak is commonly ascribed to physi-/chemisorbed water within the
material's interface. The O3 feature, at 531.9 eV (peak area 35.04%) for
NiO/Ni(OH),/Ni_400, 531.3 eV (peak area 44.87%) for NiO/Ni(OH),/
Ni_500 and 534.5 eV (peak area 51.48%) for NiO/Ni(OH),/Ni_600, is
characteristic for metal-oxygen bonds (Payne et al., 2012; Weidler
etal., 2017). A comparison of the C 1s spectra is given in Supplementary
Note 4.

The presented spectra do not differ significantly in terms of the sur-
face composition, but show differences in the contents of various ele-
ments. Such results are not surprising considering the catalyst
preparation method. Nevertheless, the XPS results show that NiO/Ni
(OH),/Ni_400 has the highest amount of CO, adsorbed on the surface
and produces more intense satellite peaks than the NiO/Ni(OH),/
Ni_500 and NiO/Ni(OH),/Ni_600 catalysts.

Further determination of surface functional groups was performed
using FTIR spectroscopy. It was proven that the prepared materials con-
tain various functional groups, including hydroxyl, amino and sulfoxide
groups, among others. Besides, the formation of Ni—O groups is indi-
cated (for detailed investigation, see Supplementary Note 5). The effect
of pH on the zeta potential was also evaluated to investigate the electro-
kinetic behaviour of the prepared composites. The results indicate that
the contents of nickel species and the electron releasing groups impact
the value of the isoelectric point. Consequently, the NiO/Ni(OH),/
Ni_600 material, which has the highest content of nickel moieties, also
has the highest IEP. A detailed discussion of the electrokinetic behaviour
of the prepared materials is given in Supplementary Note 6.
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Fig. 4. XPS spectra of Ni 2p and O 1s components of NiO/Ni(OH),/Ni_400 (A), NiO/Ni(OH),/Ni_500 (B) and NiO/Ni(OH),/Ni_600 (C) catalysts.
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Fig. 5 presents the porous structure parameters, examined using the
low-temperature nitrogen sorption technique.

The nitrogen sorption capacity is highest for the NiO/Ni(OH),/
Ni_500 catalyst. It is slightly lower for NiO/Ni(OH),/Ni_400 and approx-
imately three times lower for NiO/Ni(OH),/Ni_600. These results corre-
spond to the decrease in the calculated BET surface area. The sorption
isotherms of NiO/Ni(OH),/Ni_400 and NiO/Ni(OH),/Ni_500 can be clas-
sified as type IV isotherms. The well-visible hysteresis loop suggests that
these materials have a mesoporous structure, with pore condensation at
high pressure. The NiO/Ni(OH),/Ni_400 catalyst has the largest pore
size among the prepared materials, and NiO/Ni(OH),/Ni_500 has the
highest BET surface area. The isotherms of the NiO/Ni(OH),/Ni_600 cat-
alyst can be classified as type II, typical for low-porous materials con-
taining both macropores and mesopores but no micropores. This
result agrees with the finding that this sample has the lowest surface
area.

However, it must be recalled that the method of catalyst preparation
results in coverage of the fibres of the carbonized spongin-based scaf-
folds with the metal-containing phase. For this reason, the surface
area of the prepared materials does not exceed 10 m?/g. As a result,
the three-dimensional fibrous support structure with channels of di-
verse shape may provide good accessibility to the catalyst surface.

3.2. Catalytic evaluation

3.2.1. Reduction of 4-nitrophenol

The catalytic properties of the prepared materials were first tested in
the reduction reaction of 4-nitrophenol. This reaction is widely used as a
determinant of the catalytic activity of heterogeneous materials,
whether or not involving a support (Emam et al., 2017; Grzeschik
et al,, 2020; Hu et al,, 2015; Strachan et al.,, 2020). Moreover, 4-
nitrophenol is an important but toxic substrate used in the production
of various drugs, dyes, and pesticides. Therefore, the evaluation of a
fast and straightforward method of converting this compound to a func-
tional product is potentially of great benefit from the engineering and
environmental point of view (Blaser, 2006).

The UV-Vis spectra (Fig. 6) measured during the reaction in the
presence of the prepared catalysts show that all of the tested materials
exhibit catalytic ability in the reduction of 4-nitrophenol. The reaction
time varies between 4 and 6 min, whereas without the catalyst this re-
action does not occur, as explained in Supplementary Note 7. The addi-
tion of sodium borohydride led to an increase in the reaction mixture
pH from 7 to 10; in such conditions, the functional groups on the surface
of the catalysts are deprotonated (see zeta potential measurements in
Supplementary Note 4) and are thus negatively charged. Despite the
negatively charged surface of the catalyst, only for the NiO/Ni(OH),/
Ni_400 material was an induction period observed; this is apparently
related to charging transformation of the surface of the catalyst before
reaction (Khalavka et al., 2009; Mahmoud and El-Sayed, 2011; Sarkar
et al, 2011; Wu et al., 2011). In the case of the NiO/Ni(OH),/Ni_500
and NiO/Ni(OH),/Ni_600 catalysts, different behaviour was observed
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in the reduction of 4-nitrophenol. For the first-mentioned material, a
slow reduction of the peak intensity assigned to the 4-nitrophenolane
anion is visible, while for NiO/Ni(OH),/Ni_600, the peak intensity de-
creases rapidly after 60 s of the reaction, and the reaction is completed
after 4 min. This behaviour may be related to a different path of reduc-
tion. For these materials, surface-mediated hydrogen transfer seems to
play a leading role during the reduction of 4-nitrophenol.

Because the reducer, sodium borohydride, was applied in significant
excess, the kinetics of the reaction were calculated based on the pseudo-
first-order kinetic model (Table 2) (Jiang et al., 2012; Sahiner et al.,
2010; Yang et al., 2019; Zhu et al,, 2011).

The highest reaction rate constant was calculated for the NiO/Ni
(OH),/Ni_400 catalyst. However, the time of reaction is similar for
each catalyst used, although the value of the rate constant varies signif-
icantly. Even though the highest reaction rate was obtained for the NiO/
Ni(OH),/Ni_400 catalyst, the correlation coefficient took the lowest
value. The variations in catalytic activity seem to be related to the struc-
ture of the prepared catalyst. The NiO/Ni(OH),/Ni_400 material has a
lower content of nickel phases than NiO/Ni(OH),/Ni_600, although
the needle-like structures observed on the surface of both catalysts are
thinner and shorter in the case of NiO/Ni(OH),/Ni_400 (see Fig. 4A).
This may increase the contact area between the reagents and lead to
an increase in the diffusion of substrates (Pushkarev et al.,, 2012;
Wang et al,, 2014).

Additionally, the NiO/Ni(OH),/Ni_400 material is characterized by
the presence of iron and aluminium, among others, which may create
additional active centres of the catalyst. The fact that NiO/Ni(OH),/
Ni_500 has the lowest catalytic activity may therefore be explained by
the different morphological structure of the metal-containing phase, to-
gether with the lowest content of nickel phases. Since it had the highest
rate constant (k), only NiO/Ni(OH),/Ni_400 was considered for further
evaluation of reusability. This material was repeatedly used five times
in the catalytic reduction reaction to assess its stability. After each
cycle, the catalyst was recovered by filtration, washed several times
with deionized water, and dried in a dryer at temperature 60 °C. The cal-
culated rate constants (from the pseudo-first-order model) are com-
pared in Table 2.

Comparison of these data shows a decrease in the rate constant
and an increase in the reaction time with each catalytic run, probably
because of loss of activity due to the blocking of active sites of the
catalyst. On the other hand, it should be noted that after the fifth
cycle, the rate constant is still high - comparable to the rate constant
obtained for the NiO/Ni(OH),/Ni_500 catalyst in its first cycle. Such
results prove that the formation of a metal-containing phase on the
carbonaceous fibrous support provides better stability for the
catalytically active phase (Dhokale et al., 2014; Gu et al., 2014;
Kongarapu et al., 2017).

The mechanism of 4-nitrophenol reduction is exhaustively de-
scribed in the literature (Khalavka et al., 2009; Mahmoud and EI-
Sayed, 2011; Sahiner et al., 2010; Sarkar et al., 2011; Wu et al., 2011).
In the description of new catalysts, it is essential to note which
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Fig. 5. Nitrogen adsorption isotherms of NiO/Ni(OH)2/Ni_400 (A), NiO/Ni(OH)2/Ni_500 (B) and NiO/Ni(OH)2/Ni_600 (C).
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Fig. 6. UV-Vis spectra of reduction of 4-nitrophenol using NiO/Ni(OH)2/Ni_400 (A), NiO/Ni(OH)2/Ni_500 (B), and NiO/Ni(OH)2/Ni_600 (C).

component can be assumed as the active site of the catalyst. Based on
the available literature (Wunder et al., 2010, 2011) and the present re-
sults, it can be assumed that the reduction occurs by way of sodium bo-
rohydride decomposition on the crystallites of nickel moieties. In the
next stage, electron transfer occurs from BH; molecules towards 4-
nitrophenoloane anions via Ni(OH),/NiO/Ni grains, which play the
role of electron carriers. In view of the previously described activity of
carbonized spongin-based scaffolds in the reduction of 4-nitrophenol,
this study provides evidence that modification with nickel hydroxide,
nickel oxide and nickel leads to enhanced catalytic activity, while the
carbonized spongin-based scaffolds and the metal-containing phase
act synergistically during the reduction reaction. Besides, the three-
dimensional, fibrous-like morphology with open channels enhances
the diffusion of substrates towards the surface of the catalyst. The prom-
ising results concerning the catalytic activity of the prepared materials
further encouraged us to evaluate their effectiveness as catalysts in ox-
idation reactions.

3.2.2. Oxidation of phenol and its derivatives

Phenol, methylchlorophenoxypropionic acid (MCPP) and 4-
chlorophenoxyacetic acid (4-CPA) were used as substrates for the cata-
lytic oxidation reaction. These compounds are commonly used in the
production of drugs (phenol) and pesticides (MCPP and 4-CPA). Their
presence in water streams has been proved in several studies (Abdel
Rahman and Hung, 2020; Somasundaram et al., 2018; Wang et al,,
2020; Wang et al.,, 2016a), as have their toxic and bioaccumulation ef-
fects on the environment (Benny and Chakraborty, 2020; Piotrowska
et al.,, 2017). The oxidation was carried out in a water solution at tem-
perature 60 °C in the presence of hydrogen peroxide as an oxidizing
agent, for a time of 4 h. The oxidation efficiency was calculated based
on measurement of the concentration of the substrate after the reaction,
using the calibration curve method. The obtained oxidation efficiencies
are shown in Fig. 7.

The above results show the good catalytic ability of NiO/Ni(OH),/
Ni_400. Application of this catalyst at acidic pH leads to full oxidation

Table 2
Kinetic parameters of reduction of 4-nitrophenol using the prepared catalysts.
Catalyst No.ofcycle  k(min™") R? Time of reaction
(min)
NiO/Ni(OH)/Ni_400 1 1.022 £0.137 0949 5
2 0936 £0.135 0959 5
3 0.732 +£0.068 0975 6
4 0.635 4+ 0.068 0989 7
5 0513 £0.020 0994 9
NiO/Ni(OH)/Ni_500 0.648 +£0.065 0952 6

of MCPP and 4-CPA (oxidation yield more than 99%) and sufficient oxi-
dation of phenol (oxidation yield 80%) (Fig. 7A). Without a catalyst, the
yield of oxidation is not higher than 10%. This proves that the presence
of a catalyst is essential for the oxidation of phenolic compounds. Inter-
estingly, the NiO/Ni(OH),/Ni_500 and NiO/Ni(OH),/Ni_600 catalysts
presented significantly weaker catalytic properties. The yield of oxida-
tion of any substrate was not higher than 33%. In contrast to the results
for the reduction of 4-nitrophenol, where the difference in catalytic ac-
tivity was relatively small, the same materials used in oxidation reac-
tions differed significantly in catalytic activity. The favourable catalytic
activity of NiO/Ni(OH),/Ni_400 may be a consequence of the morphol-
ogy of the metal-containing phase forming the well-dispersed needle-
like structure, the fact that it has the largest pore size among the pre-
pared materials, as well as the chemical composition of the bio-carbon.
The material obtained at the lowest carbonization temperature exhibits
the presence of various heteroatoms, as described in other studies
(Petrenko et al., 2019; Z6ttowska et al., 2021). Owing to the chemical
composition of the prepared composites, the NiO/Ni(OH),/Ni_400 ma-
terial has the most diverse elemental composition, with the highest per-
centage of oxygen, iron, bromine, and iodine. Thus, it can be concluded
that this material, thanks to the diversification of its surface functional
groups, can create various active centres, enhancing its catalytic activity.
However, the nickel-containing phase seems to be the major player in
the tailoring of the catalytic properties. Thus, it can be assumed that
the morphology of the prepared materials and the nickel content may
be the crucial factors impacting the activity of the catalyst. Consequently,
as can be seen in Fig. 3, an excessive amount of nickel leads to the forma-
tion of larger nickel-containing clusters, but with lower surface area. Re-
lated to this assumption, BET data showed a higher surface area for the
NiO/Ni(OH),/Ni_500 material. For this reason, the NiO/Ni(OH),/Ni_400
surface morphology seems to be the best suited for catalytic purposes.

In the next step, the phenolic compounds were oxidized at alkaline
pH (Fig. 7B). The results show that increasing the pH negatively affects
the efficiency of oxidation of phenol, MCPP, and 4-CPA. (NiO/Ni(OH),/
Ni_500 was excluded from testing because it had the lowest catalytic ac-
tivity.) These results may be explained by the fact that in a water solu-
tion with pH in the range 2-3, decomposition of hydrogen peroxide
produces hydrogen radicals (OHe), which play the leading role in the
oxidation of organic compounds (Xing et al.,, 2018; Zhang et al., 2019).
At higher pH, the main product of hydrogen peroxide decomposition
is hydroxyl ions. Therefore the concentration of radicals is significantly
lower, which results in lower reaction efficiency. The significantly
higher catalytic ability of NiO/Ni(OH),/Ni_400 catalysts may be a result
of their having the largest pore size among the materials, and the
highest content of surface oxygen and the Ni2* phase together with
the presence of other heteroatoms (Fe, Al, S, among others). In conse-
quence, the synergistic action of several factors impacts the final cata-
lytic activity in oxidation reactions.
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Fig. 7. The efficiency of oxidation of phenol, MCPP, and 4-CPA using various carbonized spongin-based catalysts at pH 3 (A) and pH 8 (B) (concentration of substrate 0.0005 mol/L, catalyst

concentration 1 g/L, time of reaction 4 h, 60 °C).

The results of zeta potential measurements can provide further im-
portant information on the influence of pH. The pKa value was 9.94
for phenol and 3.56 and 3.75 for 4-CPA and MCPP respectively. It can
be concluded that when the pH of the reaction is 3 the compounds are
in a protonated state, with the surface groups of each catalyst positively
charged. For reactions carried out at pH 8 the 4-CPA and MCPP mole-
cules are deprotonated, while phenol is still in the protonated form,
and the catalysts have negatively charged surface functional groups. It
appears, therefore, that at acidic pH, the repulsive electrostatic interac-
tion between the catalyst surface and the substrate molecules does not
hamper the oxidation process significantly. Moreover, the prepared cat-
alysts are involved in the formation of hydroxyl radicals (at pH 3) or hy-
droxyl ions (at pH 8), which attract molecules of the phenolic
compounds. An increase in the pH of the reaction mixture, therefore,
has a significant negative effect on the oxidation efficiency.
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As regards possible interactions between the substrates and cata-
lysts, -1 interactions may be considered the most important. However,
in the oxidation reactions, the catalyst acts via electron transfer. A more
detailed examination of interactions between the substrates and cata-
lysts will not be made here.

To obtain a useful catalyst, not only high catalytic activity is essential.
Such a material should also be stable over catalytic cycles. Thus, reus-
ability experiments were carried out to evaluate the possibility of mul-
tiple application of the NiO/Ni(OH),/Ni_400 material in repeated
oxidation of phenol, MCPP, and 4-CPA.

As the results (Fig. 8) show, an apparent decrease in oxidation effi-
ciency is visible in the case of each compound. In the oxidation of
MCPP and 4-CPA, the reduction of catalytic ability after the fifth run
reaches 80%. The lowest decrease in catalytic activity is observed for
the oxidation of phenol, where the catalyst retains 40% of its activity

100+

=
o
1

Oxidation efficiency, % o)
(2]
o

40
20 I
o .
0\ Q'L Q:b (] (]
O % 5 S S

=[=
o’ e’ e o>
S & S S

) o o

Fig. 8. Changes in oxidation efficiency during catalytic cycles using NiO/Ni(OH)2/Ni_400 catalyst in the oxidation of phenol (A), MCPP (B) and 4-CPA (C) (concentration of substrate 0.0005

mol/L, catalyst concentration 1 g/L, time of reaction 4 h, pH 3, 60 °C).
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after the fifth catalytic run. Interestingly, the reaction with this com-
pound gives the lowest yield in the first catalytic cycle. However, after
the second, third, fourth, and fifth reaction runs, the calculated activity
of NiO/Ni(OH),/Ni_400 in the oxidation of phenol is higher than for
both 4-CPA and MCPP after the same number of runs. The observed re-
duction in catalytic activity may be related to loss of catalyst mass dur-
ing the recovery and washing process. However, deactivation of active
sites by poisoning could not be excluded. This is the case especially for
4-CPA and MCPP, as the intermediate products of their oxidation con-
tain chlorine, which can act as a poison on the catalyst surface. This as-
sumption may explain the significant decrease in oxidation efficiency
on repeated reuse (Mork and Norgard, 1976; Paquin et al., 2015).
Because the mechanism of phenol oxidation is extensively discussed
in the literature, it will not be evaluated in detail here. However, to in-
vestigate the mechanisms of 4-CPA and MCPP oxidation, MS spectra be-
fore and after oxidation were recorded (see Supplementary Note 8).

4. Future perspectives

Evolution in materials science and catalysis has led to work that
merges two different topics: metals and biopolymers. There is an in-
creasing number of reports on carbon materials derived from biomass.
Most biopolymers (lignin, collagen, silk, cellulose, starch, chitin, chito-
san, dextran, pectin, alginate, carrageenan) can be successfully used as
precursors of carbon materials (Boury and Plumejeau, 2014; Lee et al.,
2011,2012; Quetal., 2016; Q. Wang et al., 2016b; Zhao et al,, 2016). Bio-
polymers of biological origin are of particular importance for obtaining
carbon materials (Zhang et al., 2010). This is related to their chemical
structure, which is rich in heteroatoms such as nitrogen or sulphur;
the presence of these increases the diversity of surface functional
groups. Therefore, these carbon materials are well suited as scaffolds
for metal-carbon composites (Lee et al., 2011, 2012; Zhang et al., 2010).

Among the many biopolymers commonly applied in the preparation
of bio-carbons, spongin-based scaffolds seem to be the most promising
choice. Spongin belongs to the “collagen suprafamily” (Petrenko et al.,
2019), and it is the main skeletal protein building the skeletons of
sponges in the class Demospongiae, which can grow up to 70 cm.
These spongin-based skeletons have been known since ancient times
as natural (bath) or commercial sponges, and have been used for cos-
metic or medical purposes. Their use for the preparation of bio-carbons
is economically feasible, because they are cultivated under marine farm-
ing conditions on a large scale worldwide, creating a sponge market
worth more than US$20 million (Z6éttowska et al., 2021). Moreover, in
contrast to other biomass materials used to prepare bio-carbons,
which are fragile and can be applied only in the form of powder, these
ready-to-use scaffolds preserve the unique structure of Demospongiae
sponge skeletons even after carbonization at temperatures as high as
1200 °C. Carbonized spongin-based scaffolds are mechanically robust
and can be used to prepare bio-carbons with a strictly designed shape.

Nevertheless, this study and other recently published work
(Petrenko et al., 2019; Z6ttowska et al., 2021) are just the beginning of
efforts to discover the full potential of bio-carbons derived from
spongin-based scaffolds. Further research may focus on the atomistic
simulation of bio-carbons to provide an additional overview regarding
the optimization of properties. Therefore, significant effort should be
put into understanding the mechanism of transformation from organic
precursor to inorganic carbon and the effect of additives on the struc-
tural and chemical properties of the resulting bio-carbon. Moreover,
knowledge of the mechanism of functionalization and effect of the
bio-carbon structure on the properties of the resulting composite may
provide additional insight and represent a milestone in the develop-
ment of efficient bioinspired materials. Besides, the detailed characteri-
zation of spent catalysts may be considered as a subject of future
evaluation, encompassing changes in composite morphology, elemental
content, BET surface area, leaching of the metal-containing phase, and
deeper catalytic study, including the mechanistic aspects. Likewise,
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the heat conduction of modified bio-carbon-based composites in cata-
lytic applications is another potential area of research.

Spongin-based scaffolds are indisputably promising materials for
use for catalytic purposes. Their carbonization has been shown to lead
to bio-carbons with exceptional stability, robustness and physicochem-
ical properties. The relatively simple functionalization method demon-
strated in this study, which does not require the use of extreme
synthesis conditions or toxic and expensive reagents, opens up new
possibilities for the preparation of bio-inspired materials, which is in
line with the philosophy of sustainable development.

5. Conclusion

A spongin-based fibrous scaffold isolated from the marine
demosponge Hippospongia communis was utilized as a precursor of a
carbon support and subjected to carbonization (at various tempera-
tures) followed by modification with nickel and nickel oxide. For the
first time, a relatively simple method of functionalization of carbonized
scaffolds was applied to obtain nickel-based bio-carbon composites.
Morphological and physicochemical analysis revealed moderate differ-
ences in the chemical nature of the prepared materials. It was shown
that the temperature of carbonization influences the effectiveness of
the modification process. However, this study mainly focused on the
characterization of the prepared materials and their evaluation as po-
tential catalysts for oxidation or reduction reactions of various phenolic
compounds. The results confirm the promising activity of all of the ma-
terials in the reduction of 4-nitrophenol; the slight differences in the
calculated rate constants were ascribed to the different nickel oxide
contents in the tested catalysts. The mechanism of reduction was also
predicted. In oxidation tests, the NiO/Ni(OH),/Ni_400 catalyst showed
excellent catalytic ability in the oxidation of MCPP and 4-CPA (99% oxi-
dation efficiency at pH 3) and good activity in the oxidation of phenol
(80% yield at pH 3). The use of hydrogen peroxide as an oxidizing
agent eliminates the formation of additional toxic products of oxidant
decomposition.

This remarkable catalytic activity may be ascribed to (i) the di-
verse chemical composition of the nickel phase, consisting of nickel
hydroxide Ni(OH),, nickel oxide NiO and nickel(0), which creates
various active centres of the catalysts; (ii) the even dispersion of
the metal-containing phase on the fibres of the carbonized supports;
and (iii) the unique needle-like morphology, which acts synergisti-
cally with the 3D structure of the supports to provide good diffusion
and high contact area between the catalysts and reagents. This study
provides evidence that spongin-based scaffolds can be utilized to
produce a structured carbonaceous material that can be successfully
functionalized with nickel moieties using a simple sorption-
reduction approach. As a result, it becomes possible to produce
unique composites based on bio-carbon functionalized with nickel
species, with impressive catalytic performance in the removal of
emerging contaminants.
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