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Abstract: In the present study, a novel Fe-ZnO/citric acid-modified cellulose composite (x%Fe-ZnO-
y%CAC) was synthesized using an environmentally friendly hydrothermal method. The obtained
samples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
UV-vis diffuse reflectance spectroscopy (DRS), Fourier transform infrared spectroscopy (FTIR), ni-
trogen physisorption, and electrochemical and photocurrent density analyses. The influence of the
additives from the series of x%Fe-ZnO-y%CAC photocatalysts with Fe content from 0 to 5% and
CAC content from 0 to 80% on photocatalytic degradation of ibuprofen (IBU) under simulated solar
light was investigated. The photocatalyst 0.5%Fe-ZnO-40%CAC showed high photocatalytic activ-
ity of 0.0632 min™! first-order kinetic rate constant and 46% TOC reduction of IBU under simulated
solar light irradiation. Additionally, H20:-assisted photocatalytic process was investigated for facil-
itating the IBU degradation in the presence of 0.5%Fe-ZnO-40%CAGC; the first-order kinetic rate
constant was 2.7 times higher compared to the process without addition of H202. Moreover, the
effect of radical scavengers was examined to explain the degradation mechanism of IBU by synthe-
sized photocatalysts supported with H2Oz. The demonstrated system provides a low-cost and green
approach to improve the photocatalytic activity of x%Fe-ZnO-y%CAC photocatalysts.

Keywords: photocatalysis; ZnO; cellulose; advanced oxidation processes; composites

1. Introduction

The dynamic development of industry and urbanization causes the presence of xe-
nobiotics from the group of active pharmaceutical ingredients (API) in the aquatic envi-
ronment, which are not susceptible to biological decomposition [1-4]. Some of the com-
monly used non-steroidal pain relievers and anti-inflammatory drugs (NSAIDs) are de-
tected in various water bodies, especially in municipal wastewater, surface water,
groundwater, freshwater, and sediments. NSAIDs bioaccumulate in living organisms,
causing a toxic effect, which is a serious risk to all trophic levels in the food chain [5,6].
Particularly, ibuprofen (IBU) is the third most popular analgesic and anti-inflammatory
drug in the world, and its toxic effects have been confirmed against many aquatic organ-
isms, such as Chlorella Vulgaris and Daphnia Magna [6]. Therefore, work on the effective
removal method facing organic micropollutants such as IBU is currently a worldwide
challenge [7-9]. In this regard, the aim of this study was to investigate the possibility of
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effective removal of IBU with the use of heterogeneous photocatalysis as a promising
method for the improvement of wastewater treatment technology.

The photocatalysis process belongs to the group of advanced oxidation technologies
(AOPs) that enable the decomposition and the mineralization of a broad group of mi-
cropollutants into nontoxic constituents [10,11]. AOPs include various techniques, for ex-
ample, Fenton oxidation [12-14], catalytic ozonation [15,16] photocatalysis [17,18] and
photo-Fenton oxidation [19]. In photocatalysis, among a variety of inorganic semiconduc-
tors applied as the photocatalyst, zinc oxide (ZnO) demonstrates good photocatalytic ac-
tivity, high oxidation potential, and chemical and thermal stability. Despite a large band
gap of ~3.37 eV, ZnO is several times cheaper than titanium(IV) oxide [20,21]. Its limita-
tions, resulting from the absorption of UV radiation, are that it is prone to photocorrosion,
and fast photorecombination of charge carriers, which can be overcome by introducing
defects into the crystal structure of the semiconductor [22]. One of the simplest possible
approaches to introduce defects into the crystal structure of the ZnO is doping with a
transition metal, e.g., iron (Fe), which leads to an increase in visible light absorption [23].
Moreover, the Fe-doped photocatalyst can accelerate micropollutants removal in the pres-
ence of hydrogen peroxide (H202). According to this, the coupling of the photocatalytic
process with the oxidation in the presence of external oxidants, such as H20z, has also
gained attention in the more efficient and rapid treatment of wastewater [24].

Following the assumptions of green chemistry, renewable materials could be applied
to photocatalytic processes as biohybrids. In particular, cellulose-based materials, e.g., mi-
crocrystalline cellulose (CMC), nanocrystalline cellulose (CNC) and CAC are used to pro-
duce composites with a well-developed surface area to adsorb pollutants and improve the
efficiency of photocatalytic degradation of pollutants [25,26]. According to Muhamed et
al., the investigations for modification of photocatalysts as well as cellulose-based materi-
als surfaces is required to tune the effectiveness of the photocatalysis. Moreover, cellulosic
fibers can be easily functionalized in order to better integrate them with the photocatalyst
[25,27]. For example, Nasiri Khalil Abad et al. [28] concluded that the incorporation of Au-
ZnO into the cellulose—acetate matrix increased the porosity and water contact angle of
the nanocomposite, which had a beneficial effect on the photocatalytic activity during Eo-
sin Y dye removal. Similarly, Tamaddon et al. [29] prepared a nanocomposite based on
magnetic zinc ferrite and methylcellulose, which showed over 77% mineralization of met-
ronidazole after 100 min of treatment under UV irradiation.

In this regard, new hybrid photocatalytic materials consisting of Fe-ZnO with citric
acid-modified cellulose were obtained and used for IBU photodecomposition. Moreover,
the effect of Fe modification and CAC presence on photocatalytic degradation of Fe-ZnO-
CAC ternary composites under simulated solar light was investigated. The obtained ma-
terials were characterized by FTIR, SEM, XRD, UV-vis spectroscopy, XPS and nitrogen
physisorption. Furthermore, electrochemical impedance spectroscopy and transient pho-
tocurrent response were analyzed to explain the mechanism of IBU photocatalytic degra-
dation. This study presents the application of the green chemistry approach for photo-
catalytic wastewater purification technology.

2. Results and Discussion
2.1. Characterization

The optical behavior of the synthesized materials was investigated by UV—visible dif-
fuse reflectance (UV-vis) spectroscopy, and the results are shown in Figure 1. A slight red
shift in the range above 300 nm of absorption is observed for CAC compared with pristine
CMC (Figure 1a). The CAC content in the 0.5%Fe-ZnO-y%CAC composite slightly in-
creased the adsorption intensity in the range above 400 nm compared with 0.5%Fe-ZnO.
The energy bandgaps of all the samples were calculated from the plot drawn between the
absorption energy hv (eV) and (ahv)?5 using Tauc’s method [30]. The estimated band gap
values of ZnO and ZnO modified by Fe and CAC or CMC are presented in Table 1, and
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Tauc plots of selected samples are shown in Figure S1 in the Supplementary Materials.
Comparing the series of new synthesized x%Fe-ZnO-y%CAC composites, the sample
0.5%Fe-Zn0-40%CAC is characterized by the highest absorption intensity of light in the
range above 400 nm, which indicates that the introduction of CAC and modification by
Fe resulted in an enhanced light utilization efficiency. That was further evidenced by the
photocatalytic degradation of IBU using x%Fe-ZnO-y%CAC composites.
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Figure 1. UV-vis diffuse reflectance spectra of the (a) purchased microcrystalline cellulose (CMC)
and their citric acid modification (CAC); (b) composites with different CAC content; (c) composites
with different Fe content; (d) composites with 0.5% Fe and/or 40% CAC.

The specific surface area of synthesized materials was measured by the physical ad-
sorption/desorption of N2. The values of BET surface area are presented in Table 1. The
specific surface area was found to be 5.2, 5.2, 12.2 and 18.2 m? g~ for ZnO, ZnO-40%CAC,
0.5%Fe-ZnO and 0.5%Fe-ZnO-40% CAC, respectively. The highest specific surface area of
20.6 m? g-' was observed for the 1%Fe-ZnO-40%CAC composite. A high surface area
would result in a greater surface able to withstand the photocatalytic reactions, thereby it
may increase the photocatalytic activity of the composite material.
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Table 1. Average crystallite size, lattice parameters (a = b (A), ¢ (A), c/a ratio) and energy bandgap
for hybrids from the series x%Fe-ZnO-y%CAC.

BET Surface Lattice Parameters

Sample Name Fe Content CAC Content Area - - - Eg
(%) (%) _ a(A) b (A) c(d) (eV)

(m? g)
ZnO 0 0 52 3.252570 3.252570 5.210181 3.09
0.5%Fe-ZnO 0.5 0 12.2 3.251402 3.251402 5.205718 3.10
0.5%Fe-ZnO-20%CAC 0.5 20 14.6 3.252511 3.252511 5.210237 3.08
0.5%Fe-Zn0O-40%CAC 0.5 40 18.2 3.254641 3.254641 5.210209 3.09
0.5%Fe-Zn0O-80%CAC 0.5 80 18.5 3.253089 3.253089 5.209497 3.07
Zn0O-40%CAC 0 40 5.0 3.247681 3.247681 5.201235 3.06
0.25%Fe-Zn0O-40%CAC 0.25 40 16.5 3.244845 3.244845 5.194360 3.11
1%Fe-Zn0O-40%CAC 1 40 20.6 3.240100 3.240100 5.186868 2.98
0.5%Fe-Zn0O-40%CMC 0.5 40 (CMC) 10.0 3.250382 3.250382 5.205359 3.09

The chemical structure of obtained materials was analyzed by FTIR spectroscopy. In
Figure 2, FTIR spectra of microcrystalline cellulose (CMC), citric acid-modified cellulose
(CAC), 0.5%Fe-ZnO-40%CAC and ZnO-40%CAC are presented. The vibrations between
400 cm™ and 590 cm™ were attributed to the absorption band of zinc oxide (stretching of
Zn-0) [31]. The characteristic peaks for cellulose are registered for both samples. A wide,
large peak at 3347 cm™ corresponds to the O-H stretching vibrations of hydroxyl groups.
C-H symmetric stretching vibrations are recorded at 2901 cm™ wavenumber. The peaks
at 1431 cm™ and 1371 cm™ are assigned to C-H planar bending vibrations and C-H defor-
mation vibrations, respectively. Other characteristic signals are found at 1318 cm™! for CHz
rocking deformations, 1164 cm™ for C-O stretching vibrations or C-OH deformation and
1058 cm™ for C-O—-C pyranose ring vibrations. The signal at 897 cm™ can be attributed to
the C-H bending vibrations of 3-glycosidic linkages of the glucose ring in the cellulose
chain [32,33]. For CAC, an additional peak at 1729 cm™ was recorded and is assigned to
C=0 stretching of ester or carboxylic functional groups. The presence of this signal is evi-
dence of the functionalization of CMC with ester groups. Also, a new peak at wave-
number equaling to 1598 cm™ is present, which can be ascribed to sodium citrate, which
is built in cellulose chemical structure [34]. The CMC treatment with citric acid results in
the esterification of hydroxyl groups in cellulose. All previously described peaks for citric
acid-modified cellulose are registered for 0.5%Fe-ZnO-40%CAC and ZnO-40%CAC. The
x%Fe-ZnO-y%CAC synthesis does not change the chemical structure of the citric acid-
modified cellulosic material.

0.5%Fe-Zn0-40%CAC

IZnO-40%CAC

Transmittance (a.u)

3347

) T 4 T T ¥ T S T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. FTIR spectra of CMC, CAC, ZnO-40%CAC and 0.5%Fe-ZnO-40%CAC.
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The results of morphological analysis of ZnO, CAC, CMC and ZnO modified by Fe
and/or CAC are shown in Figure 3. Firstly, the modification of cellulose by citric acid did
not cause significant changes in the morphology of this material. ZnO prepared by the
hydrothermal method were rod-like particles, characterized by the non-uniform size, with
two groups of dimensions, with smaller length of particles in the range from 200 to 500
nm and with the larger length in the range from 2 to 5 ym. During the hydrothermal syn-
thesis in the presence of iron ions, rod-like particles of ZnO were also produced, with one
group of dimensions in the range from 300 nm to 1 pum. Also, in this sample small particles
were observed on ZnO with a diameter up to 50 nm. The synthesis of the composite ZnO-
CAC resulted in the order of ZnO rod-like particles onto the shape of the flowers. Rod-
like particles were characterized by different widths, with the narrow bars with a width
of about 50 nm and wider rods becoming plates with the width up to 500 nm. The length
of the narrow and wide particles was similar and equal from 1 to 3 um. The most diverse
structure was observed for the sample 0.5%Fe-ZnO-40%CAC, which consisted of rods
with length from 500 nm up to 1.2 ym and smaller particles with the diameter of about 10
nm. It is also worth mentioning that the ZnO particles were directly coated onto the cel-
lulose surface and therefore cellulose was not visible on the SEM images.

Figure 3. SEM images of selected materials.

The EDX analysis of the prepared x%Fe-ZnO-40%CAC were performed to identify
their elemental composition. In Table 2, there are presented EDX analysis results on ele-
ment composition in photocatalysts consisting of O, Zn and Fe elemental peaks. Any other
signals from other elements were not noticed, indicating the high purity of the synthesized
material. Carbon tape was used for holding the analyzed sample during EDX measure-
ment, and for this reason, signals of presented C element were removed. Composites also
contained carbon due to the fact that 40% of the content of catalysts was CAC, which con-
sisted of about 44 weight % C. According to the correction for the carbon presence in the
composites, the percentage of Fe was assumed as 0.42, 0.64 and 1.35 mol % for 0.25%Fe-
Zn0-40%CAC, 0.5%Fe-Zn0O-40%CAC and 1%Fe-ZnO-40%CAC, respectively. It is worth
mentioning that the content of Fe was in good relation between the samples along with
increasing content of Fe.
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Table 2. EDX data for x%Fe-ZnO-40%CAC photocatalysts.

Element Element Element

Sample Name O Fe Zn
mol% mol% mol%

A

0.25%Fe-Zn0O-40%CAC 51.4 0.6 48.0 i
PE Iy FeiR ‘
00 20 40 60 80 100 120 140 160 180

0.5%Fe-ZnO-40%CAC 53.2 0.9 45.8 i
%o B 5 1 160 s

1%Fe-ZnO-40%CAC 514 1.9 46.7 i

19K M : = i

0%, 20 40 60 80 100 120 140 160 180

In Figure 4a, the diffraction pattern of CAC remained unchanged after the process of
citric acid-catalyzed acetylation compared to the substrate CMC, suggesting that micro-
crystals maintained their original crystalline structure. It can be observed the broad dif-
fraction peak at 20 = 15.6°, sharp intense peak at 20 =21.8° and small peak at 20 =34.8°
corresponding to the crystal planes (110 and 110), (200) and (004) of the cellulose, respec-
tively. The crystallinity index of microcrystalline cellulose and citric acid-modified cellu-
lose were 0.59 and 0.64, respectively. The XRD diffraction patterns of the ZnO and hybrids
of ZnO modified by Fe and CAC or CMC are presented in Figure 4b. According to the
standard JCPDS card no. 36-1454, all XRD peaks can be indexed to the wurtzite structure
with S.G. P63mc (186) of ZnO based on the diffraction peaks and locations [35]. The peaks
at 20 of 31.9°, 34.6°, 36.4°, 47.7°, 56.8°, 63.0°, 66.4°, 67.9°, 69.1°, 72.5° and 76.9° correspond
to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes of ZnO
with wurtzite structure. No other diffraction peaks arising from the Fe, CAC and/or CMC
were detected in the XRD patterns of synthesized materials.
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Figure 4. XRD patterns of the (a) purchased microcrystalline cellulose (CMC) and their citric acid
modification (CAC); (b) ZnO-based composites with 0.5% Fe and/or 40% cellulose.

X-ray photoelectron spectroscopy (XPS) is an effective analytical method for study-
ing elemental composition, types of functional groups and chemical bonds present on the
surface of solids. The XPS analysis of 0.5%Fe-ZnO-40%CMC sample was performed and
the results are presented in Figure 5. Based on the XPS spectra presented in Figure 5a, it
was shown that the analyzed sample consisted of Zn, C and O atoms in 21.6, 28.8 and
49.6%, respectively. Signals for Fe were not registered during XPS analysis, which indi-
cates that Fe was below the detection limit or introduced into the structure of ZnO. In
Figure 5b, a peak at a binding energy of 1021.7 eV corresponds to Zn? of ZnO [36]. In
Figure 5c, the XPS spectrum of the C 1s region presents an asymmetric peak. This indi-
cated the presence of carbon in different oxidation states. The curve was fitted to four
distinct carbon components: (i) C 1s A at 284.7 eV is attributed to C-C bonds in 67.83 at.
%; (ii) C 1s B at 286.2 eV is a signal for C-O bonds and at. % concentration equals 17.43%;
(iii) C 1s C at 287.6 eV is for C=O bonds and the concentration is 3.4 at. %; (iv) C1s D at a
binding energy of 288.7 eV corresponds to carbon in O=C-O bonds; at. % of this signal is
11.34% [37]. Also, an asymmetric peak for O 1s was registered (see Figure 5d) and three
different signals were distinguished at: 530.28 eV, 531.68 eV and 532.77 eV, which can be
assigned to oxygen in Zn-O, C=0 and C-O bonds, respectively [36,37].

a) [ Survey b) Zn2p
&
<
N
3 El
& =
© @
o o
S o
T T T T T T T T T T T
1200 1000 800 800 400 200 1026 1024 1022 1020 1018
Binding energy (eV) Binding energy (eV)
c) cis d) 01s

CPS (a.u.)
CPS (a.u.}

2&4 262 250 2&8 2%5 254 2!;2 2&0 SZ‘CS 5:'54 5&2 5&0 5é8 556 524
Binding energy (eV) Binding energy (eV)

Figure 5. X-ray photoelectron spectroscopy spectra of 0.5%Fe-ZnO-40%CAC: (a) survey spectra, (b)
Zn 2p spectra, (c) C 1s spectra, (d) O 1s spectra.


http://mostwiedzy.pl

A\ MOST

Catalysts 2022, 12, 1370

8 of 19

The electrochemical impedance spectroscopy (EIS) was performed in an aqueous
electrolyte solution of 1 M Na2SOs at ambient temperature (25 °C). Results of this analysis
for ZnO, 0.5%Fe-ZnO, ZnO-40%CAC, 0.5%Fe-ZnO-40%CAC and 0.5%Fe-ZnO-40%CMC
are presented in Figure 6. The arcs on the spectrogram of EIS electrochemical impedance
indicate the resistance of the charge transfer layer at the interface between the electrode
and electrolyte. Higher efficiency of charge transfer is revealed by a smaller arc, which
indicates a lower resistance [38]. In our study, the smallest arc radius was observed for
the 0.5%Fe-ZnO-40%CAC composite, which implies that the charge transfer layer re-
sistance of this material was smaller than for other measured photocatalysts: ZnO, 0.5%Fe-
ZnO and ZnO-40%CAC. It was observed that the presence of CAC caused a higher effi-
ciency of charge transfer compared to the composite with non-modified microcrystalline
cellulose. Additionally, every applied modification of ZnO accelerated the photocatalytic
activity due to better separation of the photo-induced electron-hole pairs indicated by ex-
hibiting better transfer efficiency.

®7/n0O
0.5%Fe-Zn0 ®
ZnO-40%CAC
W 0.5%Fe-ZnO-CAC °
0, - _ b 4
g | ®0.5%Fezno-cmc o
£
x
L2 o [
N o * m
x
® | ]
x
. & » & [ |
)"- .
0 1000 2000 3000 4000
Z'/ohm

Figure 6. Electrochemical impedance spectroscopy measurement of the 0.5%Fe-ZnO-40%CAC and
0.5%Fe-ZnO-40%CMC ([Na2504] =1 M).

Furthermore, the photocurrent responses of ZnO modified with Fe and/or CAC were
performed to study the separation and transfer efficiency of photogenerated charge carri-
ers in the photocatalysts. This measurement was performed in five on—off cycles of LED
light irradiation in the range from 380 to 390 nm. As shown in Figure 7, when the light is
turned on, immediate photocurrent responses can be observed. The 0.5%Fe-ZnO photo-
catalyst exhibited the highest photocurrent density in comparison with other materials,
which indicated the reduced interface resistance and the improved separation and migra-
tion efficiency of the photogenerated e/h* pairs. After several successive switch on—off cy-
cles, the photocurrent results of ZnO and 0.5%Fe-ZnO decreased by about 16% and 18%,
respectively. The modification of 0.5%Fe-ZnO by CAC decreased the photocurrent re-
sponse but increased the stability of the following switching cycles and was lower in the
last cycle only by 4%. Comparing the influence of cellulose modification by citric acid in
the composite, the photocurrent was higher at about 50% for the sample 0.5%Fe-ZnO-
40%CAC than for the sample 0.5%Fe-ZnO-40%CMC. Considering the trends of green ma-
terials, modification by CAC caused a significant increase in photocurrent response and
affected positively on the stability of the 0.5%Fe-Zn0O-40%CAC composite compared with
the hybrid with CMC, so the operation of CMC modification by citric acid is reasonable.
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Figure 7. Transient photocurrent response of photocatalysts from 0.5%Fe-ZnO-40%CAC series (A =
380-390 nm, [Na2504] =1 M).

2.2. Photocatalytic Degradation of Ibuprofen

Firstly, the adsorption test was performed in the dark to determine the time necessary
to achieve an equilibrium state before the initiation of the photocatalytic reaction. The
process of IBU adsorption was negligible, with only less than 5% adsorbed on each syn-
thesized photocatalyst within half an hour. Further dark adsorption process did not cause
reducing the IBU concentration; therefore, adsorption-desorption equilibrium was
achieved. Additionally, the photolysis process of IBU was investigated, occurring in the
irradiation experiment parameters. The low oxidation rate by the direct photolysis system
was observed, and the pseudo-first order kinetic rate constant (k) was low (k = 0.0011
min'), which is in accordance with other studies [39,40].

The photocatalytic activity of obtained samples was assessed by IBU degradation un-
der simulated solar irradiation. The effect of the Fe and CAC content in the composites for
IBU removal was investigated, and the results are summarized in Figure 8. According to
Figure 8a, the increase of Fe content in the range of 0-0.5% in the x%Fe-ZnO-40%CAC
composites resulted in an increase of the pseudo-first order reaction rate constant and
TOC reduction efficiency. A further increase in the content of Fe caused a slight decrease
in the rate constant; however, the mineralization of the pharmaceutical decreased but was
still higher than for the composite without Fe. The highest removal efficiency was ob-
tained for the composite ZnO-40%CAC with 0.5% of Fe, which is considered optimal Fe
loading and selected for the detailed studies.

Figure 8b presents a dependence of CAC content on photocatalytic activity for sam-
ples with the constant amount of Fe in the composites equaling 0.5%. There is no signifi-
cant difference in the IBU mineralization and the reaction rate constant for photocatalysts
without CAC and with 20% of CAC. The content of CAC equal to 40% in the composite
caused the improvement of photocatalytic properties. The degradation rate constant and
mineralization increased by almost 20% and 8%, respectively, compared to the 0.5%Fe-
Zn0O-20%CAC sample. The further increase of CAC content up to 80% CAC was affected
by lower photocatalytic activity observed by the reduction of the rate constant as well as
by the lower TOC reduction. These results indicate that 40% of CAC is an optimal amount
in the ternary 0.5%Fe-ZnO-y%CAC nanocomposites.

The effect of individual variable parameters, including 0.5%Fe and/or 40% CAC, as
well as non-modified CMC on photocatalytic activity, is presented in the Figure 8c. Com-
parison includes the following samples: ZnO, ZnO-40%CAC, 0.5%Fe-ZnO, 0.5%Fe-ZnO-
40%CAC and 0.5%Fe-ZnO-40%CMC. Among all mentioned materials, 0.5%Fe-ZnO-
40%CAC possesses the highest rate constant and TOC reduction. It is worth emphasizing
that the ternary composite with CAC is characterized by an improved rate constant and
IBU mineralization measured as a TOC reduction compared to the sample with micro-
crystalline cellulose. The results demonstrate that cellulose modification by citric acid
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treatment was reasonable and had a positive impact on IBU removal from aqueous solu-
tion under simulated solar light irradiation.

a) 0.07 - k X TOCreduction (%) - 50 bl k XTOC reduction (%)
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Figure 8. Comparison of degradation rate and mineralization of ibuprofen in the presence of differ-
ent types of photocatalyst depending on (a) the Fe content in ZnO-40%CAC, (b) CAC content in
0.5%Fe-Zn0, (c) modification by 0.5%Fe and/or 40%CAC or 40%CMC of ZnO. Experimental condi-
tions: IBU initial conc.: 20 mg dm=, V =15 cm?, photocatalyst: 0.5 g dm=, irradiation time = 120 min.

The photocatalytic efficiency of ibuprofen degradation in the presence of x%Fe-ZnO-
y%CAC composites was compared to other types of photocatalysts already presented in
the literature for IBU photocatalytic degradation (see in Table S2). For the commercial P25
TiO:2 photocatalyst irradiated using UV LED light source, Jallouli et al. [41] reported 100%
degradation of IBU (60 mg-dm=) within 90 min. Another commercial TiO: from the Vetec
company allowed for 100% degradation of IBU (10-* mol-dm=) after 10 min of UV irradi-
ation using a mercury lamp [42]. Also, ZnO-based photocatalysts were applied for IBU
degradation, but the complete degradation of IBU was not achieved [40,43]. Relatively
high photocatalytic activity of commercial BiOCIl was reported by Arthur et al. [44] with
the use of UV light, where 100% of IBU (20 mg-dm~?) degradation was noticed after 20
min. Shibu et al. [45] synthesized a-Fe203/rGO nanocomposite and demonstrated 100% of
IBU degradation when exposed to white LED light within 140 min but with the dose of
photocatalysts 10 times higher than in our study. FesOs/B2WOs nanohybrid was also used
for IBU (10 mg-dm) degradation under solar light, and these conditions allowed for 80%
degradation within 120 min. Rosman et al. [46] fabricated PVDF membranes incorporated
with ZnO/Ag:COs/Ag20 and used for IBU removal by membrane filtration and photoca-
talysis, which allowed for maximum 35.27% efficiency of this process.
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2.2.1. Effect of H20:

The process of photo-assisted peroxidation of IBU was evaluated for selected photo-
catalysts. The addition of H20: aims to increase the effectiveness of degradation of the
target contaminants through accelerating oxidation by *OH radicals generated during
photolytic cleavage of the H202 molecule (Equation (1)) [47]. Additionally, H2O:2 can un-
dergo reactions with generated species during the photocatalytic process, such as Oz*
(Equation (2)) and e (Equation (3)), facilitating the degradation of pollutants.

H202 +hv — 2 *OH 1)
H202 + Oz~ — *OH + OH- + Oz (2)
H20z2 + e — *OH + OH- 3)

The degradation of IBU under the H2O»z-assisted photocatalytic processes in the pres-
ence of selected photocatalysts was investigated, and the results are presented in Figure
9. The degradation rate constant for pure ZnO was similar both with and without H20..
The differences in photocatalytic activity depending on H20: were observed for Fe-con-
taining photocatalysts. In the case of 0.5%Fe-ZnO, the rate constant increased from 0.060
min~ without H20;, to 0.089 min in the presence of H20O2. Also, for this sample IBU min-
eralization increased from 37% to 54% without and with H2O, respectively. Moreover,
the greatest enhancement of IBU removal was observed for the 0.5%Fe-ZnO-40%CAC
photocatalyst, which was characterized by three times higher rate constant with H20:ad-
dition in comparison to the process without a supporting oxidant.

Additionally, the electric energy per order values were calculated to determine the
energy efficiency of UV-based AOPs. The electrical energy per order was calculated ac-
cording to the Equation (4):

Bro = ool 4)

where P, is the rated power per reactor (in W), t is the irradiation time (in hours), V is
the volume of effluent taken (in dm?), and €, and C are the concentrations (in mg-dm=)
at initial and after t time [48]. Calculated electric energy per order values are presented in
Table S1. They clearly proved that in the presence of Fe-ZnO/citric acid-modified cellulose
composite, the energy consumption is reduced by 30% during the photocatalytic process
compared with ZnO material. Moreover, H2O»-assisted processes in the presence of mod-
ified samples significantly reduced electric energy per order up to 2.6 times for the 0.5%Fe-
Zn0O-40%CAC sample. The effect of iron presence in the sample during H20»-assisted pro-
cesses was the most influencing. This shows the significance that the H2Oz-assisted pro-
cess in the presence of newly synthesized 0.5%Fe-Zn0O-40%CAC composite is reasonable
for future photocatalytic water treatment due to the improved efficiency when compared
to the process in the presence of ZnO.
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Figure 9. Comparison of degradation rate and mineralization of ibuprofen in the presence of differ-
ent types of photocatalyst in the absence and presence of hydrogen peroxide. Experimental condi-
tions: IBU initial conc.: 20 mg-dm=, H202 (5 mmol-dm=), V=15 cm?, photocatalyst: 0.5 g-dm™3, irradi-
ation time=120 min.

2.2.2. Analyses of Reactive Oxygen Species

Generally, hydroxyl radicals, superoxide anion radicals and holes are the reactive
oxygen species that cause micropollutants degradation in photocatalytic processes. To
study the role of reactive species isopropyl alcohol (IPA), ammonium oxalate (AO) and
para-benzoquinone (BQ) were used in this experiment to trap *OH, &+, and O2*-, respec-
tively [49].

The first-order kinetic rate constant changes when the individual scavengers are ap-
plied (Figure 10). The degradation of IBU using 0.5%Fe-ZnO-40%CAC decreased in the
presence of every applied scavenger during the photocatalytic process and also during
photocatalytic process assisted with H20z. The IBU degradation was mainly influenced
by Oz*- species [50]. The h* (holes) plays a secondary role, whereas the contribution of
hydroxyl radicals in the degradation is not remarkable. It is worth emphasizing that the
degradation of IBU in the presence of ZnO and ZnO-40%CAC assisted by H202 was not
inhibited and even accelerated in the case of ZnO with IPA and AQO, as well as ZnO-
40%CAC with IPA. This phenomenon can be explained by the decomposition of H20: on
photocatalysts either by reduction (Reaction 5) or oxidation (Reaction 6):

H202+2 ¢ +2 H*— 2 H.O (5)
H02+2 h*— O2+2 H* 6)

The generation of e- and h* species can cause the decomposition of H20O: into water
and oxygen molecules [51]. In the case of the experiments performed in the present study,
the reason for accelerating reactions was the trapping of holes and, consequently, the in-
hibition of the five and six reactions. The non-consumed H20: by holes could then posi-
tively influence the reaction rate constant, causing the possibilities of reactions with the
action of H202 as well as resulting in the inhibition of charge carriers’ recombination [52]:

H202 + e~ — *OH + OH- 7)
H202 + O2*- — *OH + OH- + Oz (8)

Photocatalysts containing Fe produced all studied species, which was positively re-
flected by their photocatalytic activity. The degradation in the presence of composites
with Fe can be enhanced due to the synergistic effect between the photocatalyst and
photo-Fenton process [53], as shown in the following equations:
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Fe¥* + ¢+ hv — Fe? 9)
FeZ+ O2 — Fe3* + O2°- (10)
Fe3* + H20 + hv — Fe? + H* +*OH 1n

According to the obtained results, *OH and O:*- are the major ROS responsible for
efficient photodegradation in the presence of 0.5%Fe-ZnO assisted by H20.. However,
during the photodegradation in the presence of 0.5%Fe-ZnO-40%CAC/H20z, Oz*~ became
the major ROS.

0.2 -
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Figure 10. Effect of scavengers on photocatalytic degradation using ZnO, 0.5%Fe-ZnO, ZnO-
40%CAC and 0.5%Fe-Zn0O-40%CAC on the first-order kinetic rate constant in the presence of iso-
propanol (IPA) and ammonium oxalate (AO) and benzoquinone (BQ).

2.2.3. Stability of the Photocatalysts

Furthermore, the stability of ZnO and 0.5%Fe-ZnO-40%CAC was confirmed in the
subsequent photocatalytic cycles of degradation with and without H20: addition, as
shown in Figure 11. Sample ZnO and 0.5%Fe-Zn0O-40%CAC, after three cycles of photo-
degradation, maintained photocatalytic stability, but a slight reduction of TOC reduction
was observed after the third cycle in the presence of 0.5%Fe-ZnO-40%CAC. On the other
hand, after three subsequent photocatalytic processes coupled with H20O2, the degradation
rate slightly decreased. Nevertheless, the photocatalytic degradation efficiency of 0.5%Fe-
Zn0-40%CAC/H20: was still remarkably improved compared to the degradation pro-
cesses of ZnO and ZnO/H20:2 samples.
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Figure 11. Ibuprofen photocatalytic decomposition (a) and mineralization measured as TOC reduc-
tion (b) over ZnO, 0.5%Fe-ZnO-40%CAC and H20: during subsequent photodegradation cycles.

3. Materials and Methods
3.1. Experiment Materials

Zinc acetate dihydrate (CH3COO)2Znx2H20 analytical reagent grade was purchased
from AppliChem (Germany), iron(Ill) nitrate nonahydrate (Fe(NO3)sx9H20, 98%) and
NiO (99.998%) were purchased from Alfa Aesar (USA), microcrystalline cellulose
((CeH1005)n) was purchased from Chempur (Poland). Sodium hydroxide (NaOH, 99.9%),
citric acid monohydrate (CsHsO7xH20, 99.9%), ammonia solution 25%, hydrochloric acid
(HCI 34-37%), hydrogen peroxide (H202, 30%) and 2-propanol ((CHsz):2CHOH, 99.9%)
were all obtained from POCh (Poland). P-benzoquinone (98%) and ammonium oxalate
monohydrate ((NH4)2C204, 99.5%) were provided by Sigma Aldrich. Acetonitrile (ACN,
CHsCN, LCMS grade) was obtained from Supelco, and orthophosphoric acid (HsPOs, with
HPLC electrochemical grade) was obtained from Fisher Chemical (USA).

3.2. Synthesis of CAC

Cellulose was modified by one-pot synthesis route according to procedure proposed
by Yu et al. [54]. Firstly, 8 g of microcrystalline cellulose was placed in a two-neck round-
bottom flask with a volume of 500 cm?. Then 400 cm? of mixed citric acid and hydrochloric
acid (360 cm? of 3 M citric acid; 40 cm?of 6 M HCl) was added to the flask. A reaction of
cellulose modification was performed at 80 °C for 8 h with a continuous magnetic stirring.
Next, the mixture was cooled to room temperature and 25% ammonia solution was added
to neutralize obtained citric acid-modified cellulose (CAC). The total volume of the final
CAC solution was 900 cm?.

3.3. Synthesis of Fe-ZnO/CAC Composites

The x% Fe-ZnO-y%CAC composites were prepared through the hydrothermal reac-
tion proposed by Abdalkarim et al. [27] with minor modifications. In a typical procedure,
20 mmol of (CH3COOQO)2Znx2H20 was dissolved in 50 cm3 of deionized water under mag-
netic stirring. Then, the designated amounts (0; 0.05; 0.1; and 0.2 mmol linked to 0; 0.25;
0.5 and 1 mole percent) of Fe(NOs)sx9H20 was added to this solution and dissolved. Sec-
ondly, the amount of previously prepared CAC solution (0; 2.5; 5 and 10 cm?, which linked
to 0; 20; 40 and 80 wt%) was added. One sample was prepared with CMC (40 wt.%) in-
stead of CAC to determine the influence of modification by citric acid. Next, NaOH (60
mmol; 2.4 g) dissolved in 50 cm? of deionized water was added to the solution and ho-
mogenized at room temperature under strong stirring. Afterwards, the suspension was
transferred to a Teflon-lined stainless-steel autoclave and heated at a temperature of 80 °C
for 16 h in an oven. Under these conditions, the series of x%Fe-ZnO-y%CAC hybrids were
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obtained and washed several times with deionized water to neutral pH. Finally, photo-
catalysts were dried at 60 °C for 12 h.

3.4. Characterization

The morphology and X-ray energy dispersive spectroscopy (EDX) of the x%Fe-ZnO-
y%CAC hybrids were characterized by FEI Quanta 250 FEG scanning electron microscope
(Thermo Fisher Scientific Inc., USA). X-ray diffraction (Rigaku Intelligent X-ray diffraction
system SmartLab, Japan) was used to analyze the crystal phase of the photocatalysts. Par-

where K is the Scher-

ticle size was calculated using Debye-Scherrer equation: D = :
BcosO

rer constant, A is wavelength of the X-ray beam used, {3 is the full width at half maximum
of the peak and 0 is the Bragg angle. Scherrer constant denotes the shape of the particle
and its value for spherical crystals equaling to 0.94. The lattice parameters were calculated
using PDXL2 software. The crystallinity index was determined based on the XRD meas-
urement using an internal standard method with NiO, and Rietveld refinement was used
[55]. Fourier transform infrared spectroscopy (FTIR) measurements (Nicolet iS10 FT-IR
Spectrometer, Thermo Fisher Scientific Inc., MA, USA) were performed in the transmit-
tance mode in the spectral range of 400-4000 cm~-1. UV-visible light absorption spectra
were collected using the UV—vis spectrophotometer (ThemoScientific Evolution 220) with
the BaSO4 as a standard. Brunauer-Emmett-Teller (BET) surface area and pore size were
measured using an ASAP 2020 physisorption analyzer (Micromeritics Instrument Co.,
Norcross, CA, USA). The electrochemical impedance spectroscopy (EIS) and transient
photocurrent density for selected photocatalysts were measured using an Autolab
PGSTAT204 potentiostat/galvanostat equipped with FRA32M module. Screen-printed
carbon electrodes (DRP-110 type) were used during the electrochemical measurements.
The photocatalyst layer was prepared by mixing 10 mg of sample, 1 cm?of deionized wa-
ter and sonication of the suspension for 30 min in an ultrasound bath; next 10 pL of as-
prepared suspension was pipetted onto a working electrode and dried at 30 °C . The meas-
urements were performed in 1 M aqueous solution of sodium sulfate at ambient condi-
tions. The X-ray photoelectron spectroscopic (XPS) measurements were performed using
the UHV Prevac spectrometer with monochromatic Al Ka radiation (hn =1486.6 eV) from
an X-ray source operating at 10 kV. The Casa XPS software was used to evaluate the XPS
data.

3.5. Photocatalytic Performance Measurements

The photocatalytic activities of hybrids from the series x%Fe-ZnO-y%CAC were eval-
uated in the photocatalytic degradations of ibuprofen (IBU) in an aqueous solution. In
each experiment, 7.5 mg of a prepared photocatalyst was dispersed in 15 cm? of an aque-
ous solution of IBU (20 mg-dm-?). Prior to UV-vis light illumination, the suspension was
magnetically stirred in the dark for 30 min to reach adsorption—desorption equilibrium.
The light intensity was about 15 mW-cm, as measured with a UV radiometer (UV-B), and
the temperature was maintained at 20 °C. Additionally, some processes were intensified
by adding 5 mmol-dm= of H20: to the suspension at the beginning of irradiation. At a
given time interval, the suspension solution was collected and filtered through syringe
filters (¢ = 0.2 um) to measure IBU concentration and TOC was measured after every pro-
cess. The concentrations of IBU were analyzed by high-performance liquid chromatog-
raphy (HPLC; Shimadzu LC-20AD, Kyoto, Japan) equipped with a Phenomenex Kinetex
C-18 column. An isocratic method set at a flow rate of 0.5 cm3min™ was used with the
eluents consisting of an ACN/H20/HsPOs phase with a ratio of 70/29.5/0.5 (v/v). Injection
volume was 10 uL and the detection wavelength was 219 nm. Mineralization of the IBU
was measured as a total organic carbon (TOC) reduction efficiency quantified using a car-
bon analyzer (Shimadzu TOC-L, Kyoto, Japan).

Additionally, the tests of stability were performed by using the most active compo-
site material and the contribution of selected oxidants generated in photocatalysis was
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examined. The contribution of *OH, h* and O2*- was determined by conducting degrada-
tion processes of IBU in the presence of isopropanol -IPA (5 mmol dm=3), ammonium ox-
alate-AO (5 mmol dm=?) and benzoquinone -BQ (1 mmol dm=), respectively.

4. Conclusions

Novel Fe-ZnO-CAC ternary composites were successfully fabricated through an en-
vironmentally friendly and facile hydrothermal process. The effect of Fe content and CAC
presence in the composite structure on photocatalytic degradation of IBU under simulated
solar light was investigated. The optimal amount of Fe was 0.5 mol% Fe and CAC of 40
mol%. Based on FTIR and XRD analyses, the modification of cellulose by citric acid was
confirmed, which resulted in the improvement of photocatalytic activity towards IBU
degradation compared to the composite with microcrystalline cellulose.

The presence of CAC caused a higher efficiency of charge transfer compared to the
composite with non-modified microcrystalline cellulose. Additionally, the modification
of ZnO improved the photocatalytic activity due to better separation of the photo-induced
electron-hole pairs. Sample 0.5%Fe-ZnO exhibited the highest photocurrent density. De-
tailed investigation of the reactive oxygen species confirmed the crucial role of Oz*- during
IBU photodegradation.

Additionally, the H20O»z-assisted photocatalysis processes were performed, and the
higher kinetic rate constant and mineralization measured as a TOC reduction was noticed
for ternary composite compared with pure ZnO. The effect of Fe presence was indicated
as the main reason for the higher efficiency of IBU degradation during the H2O»-assisted
process. After subsequent cycles of degradation, the photocatalytic degradation efficiency
of ibuprofen for 0.5%Fe-ZnO-40%CAC/H>02 was markedly higher compared to ZnO and
ZnO/H20: samples, confirming the positive effect of iron and cellulose modification by
citric acid treatment in IBU removal from aqueous solution under simulated solar light.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal12111370/s1, Table S1: Examples of a current study of
the photocatalytic IBU in degradation in the presence of different materials; Figure S1: Tauc plot of
a) ZnO, b) 0.5%Fe-ZnO and c) 0.5%Fe-ZnO-40%CAC; Table S2: Electrical energy per order for IBU
degradation in the presence of selected photocatalysts during photocatalytic process and supported
with H2O2; Figure S2: Trend of first-order linearized equation used for the calculation of kinetic
parameters of selected photocatalytic processes. References [40-46] are cited in the supplementary
materials.
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