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Abstract: This paper presents results related to the development of a carbon composite intended
for water purification. The aim was to develop an adsorbent that could be regenerated using light
leading to complete degradation of pollutants and avoiding the secondary pollution caused by
regeneration. The composites were prepared by hydrothermal carbonization of palm kernel shells,
TiO2, and W followed by activation at 400 ◦C under N2 flow. To evaluate the regeneration using light,
photocatalytic experiments were carried out under UV-A, UV-B, and visible lights. The materials were
thoroughly characterized, and their performance was evaluated for diclofenac removal. A maximum
of 74% removal was observed with the composite containing TiO2, carbon, and W (HCP25W) under
UV-B irradiation and non-adjusted pH (~5). Almost similar results were observed for the material
that did not contain tungsten. The best results using visible light were achieved with HCP25W
providing 24% removal of diclofenac, demonstrating the effect of W in the composite. Both the
composites had significant amounts of oxygen-containing functional groups. The specific surface
area of HCP25W was about 3 m2g−1, while for HCP25, it was 160 m2g−1. Increasing the specific
surface area using a higher activation temperature (600 ◦C) adversely affected diclofenac removal
due to the loss of the surface functional groups. Regeneration of the composite under UV-B light led
to a complete recovery of the adsorption capacity. These results show that TiO2- and W-containing
carbon composites are interesting materials for water treatment and they could be regenerated
using photocatalysis.

Keywords: carbon composites; characterization; regeneration; hydrothermal carbonization; photo-
catalysis; emerging pollutants

1. Introduction

The appearance of emerging contaminants in the environment, such as pharmaceuti-
cals and hormones, has become a point of focus of research since the mid-1990s. The active
pharmaceutical ingredients of over-the-counter drugs have a greater tendency of being
found in the environment. Due to their use, they end up in water bodies and finally, even
in drinking water [1]. A large number of pharmaceuticals are used to cure and care for
human and animal health. Worldwide average per capita consumption of pharmaceuticals
is 15 g, and it goes as high as 50 to 150 g in industrialized countries [2].

Diclofenac, a non-steroidal anti-inflammatory drug, is among the most frequently
detected pharmaceuticals (detection probability greater than 50%) in the effluents of mu-
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nicipal wastewater treatment plants. Diclofenac is stable and hydrophilic and tends to
persist in water bodies [3,4]. Eco-toxicological reports have shown that diclofenac can cause
adverse effects in mammals and other aquatic organisms. Neurological and oxidative stress
induced by diclofenac in many aquatic animals have been found to be the source of several
diseases. Global warming leads to drought and coastal flooding, thus contributing to the
progressive increase in the occurrence of diclofenac and its transformation products in
water bodies [5]. In the greater part of Europe, a maximum of about 0.15 µgL−1 is detected
in the effluents of wastewater plants, while diclofenac concentrations range between 1.4
and 5.5 µgL−1 in influents. A maximum of about 0.64 µgL−1 has been detected in the
influents of sewage treatment plants in Finland and about 0.62 µgL−1 in the effluents [3,6].
Studies carried out in a watershed in Cameroon indicated diclofenac concentration of about
0.42 µgL−1 [7]. An amount of 0.36 µgL−1 was observed in the Jundiai River in Brazil [8].
These values show that current wastewater treatment is not efficient enough for diclofenac
removal. Diclofenac is classified as one of the emerging pollutants.

Over the years, carbon materials have been used as adsorbents for the removal of
contaminants in water due to their high adsorption capacity that comes mainly from their
large surface area and high porosity [9]. Different biomass resources, such as wood biomass,
agricultural crops and their waste by-products, municipal solid wastes, animal wastes,
wastes from food processing, aquatic plants and algae, commercial wastes, and industrial
and silvicultural residues [10,11], have been used to produce carbon adsorbents. Previous
studies have also been carried out on the use of palm kernel shells as a biomass source to
produce carbon adsorbents in several applications. They have been used, for example, as
gas separation adsorbents [12–14], adsorbents for dyes [15,16], and adsorbents for heavy
metals [17]. In the current work, we will concentrate for the first time on the removal of
diclofenac sodium using photocatalytically active carbon-based composites prepared from
palm kernel shells.

Adsorbents lose their capacity with time since their adsorption sites become gradually
saturated, and thus they need to be regenerated. Typical adsorbent regeneration methods
are oxidation [18], biological [19], microwave, and thermal treatments [20,21]. During
some of these regeneration processes, the pollutants are desorbed from the adsorbent
surface, which leads to a secondary pollution problem. In our approach, we propose a
novel alternative method for regeneration that does not lead to secondary pollution. Our
idea is to prepare photocatalytically active carbon composites from palm kernel shells
and TiO2-P25 that could be regenerated with light irradiation, leading to degradation of
the pollutants during the regeneration procedure. A photocatalytic process employing
a semiconductor catalyst has proven its intrinsic potential of being an environmentally
friendly process for the treatment of contaminants in water [22], and P25 is the most widely
used photocatalyst [23]. However, P25 has a rather high band gap of 3.2 eV, leading to
a requirement of using UV-light as the energy source for activation of the photocatalytic
reactions [24]. To be able to regenerate the carbon composites under visible light, doping
the material further becomes necessary. It has been found that tungsten (W) can be used to
reduce the band gap of P25 [25]. Thus, we decided to also add W in the composite.

The novel carbon composites were prepared by hydrothermal carbonization (HTC).
HTC is a thermochemical process that uses subcritical water as a reaction medium for
converting feedstocks into value-added products. HTC treatment produces a carbonaceous
solid named hydrochar with attractive characteristics in a variety of applications such as
water treatment [26]. The morphology of the composites produced can be easily controlled.
This method also entails the use of mild reaction conditions and leads to a high purity
level of products [27]. During the HTC process, the material retains most of its oxygen
and surface functional groups. In addition to significant surface area, surface functional
groups have a vital role in the adsorption of organic and inorganic contaminants from
water [28,29]. One pot synthesis of materials is possible with the HTC process [30,31]. After
the HTC, depending on the use of the product, it might be necessary to increase the specific
surface area of the material further. This can be performed by activating the material
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at higher temperatures. The drawback of high temperature treatment is the removal of
oxygen-containing functional groups [32]. In optimized conditions, part of the oxygen
functional groups can be retained [33]. In summary, the aim of the work was to prepare a
novel carbon composite efficient in diclofenac removal and that could be regenerated via
photocatalytic treatment. This type of material should have both the characteristics of good
adsorption capacity and photocatalytic activity. The prepared composite was thoroughly
characterized to explain its performance.

2. Results and Discussion
2.1. Characterization

The specific surface areas were 160 m2g−1 for HCP25 and only ~3 m2g−1 for HCP25W.
The total pore volumes and median pore widths of HCP25 were 0.05 cm3g−1 and 0.91 nm
and for HCP25W, they were 0.004 cm3g−1 and 1.42 nm. A higher specific surface area
typically leads to a higher adsorption capacity and a higher number of active sites for
photocatalytic reactions to take place [34].

As a comparison, the specific surface area of the activated hydrochar (without W
or P25) was determined to be 131 m2g−1. The specific surface area of P25 was about
53 m2g−1 [35]. A 22% higher specific surface area compared to the one of hydrochar in the
case of HCP25 and about 98% lower in the case of HCP25W was observed. The effect of
specific surface area on the performance of the composite was evaluated with HCP25600
that was carbonized at a higher temperature. The higher carbonization temperature led to
a specific surface area of 330 m2g−1 in accordance with a previous work [32].

The structure of the prepared materials is visualized in the FESEM-EDS images
(Figure 1a,b). In the case of HCP25, the elements are quite evenly distributed. The surface
of HCP25 is rough, and TiO2 seems to be spread across the material. The rough surface ties
with the higher surface area observed by nitrogen physisorption. In HCP25W (Figure 1b),
the elements are less evenly distributed, as spots of Ti and W can be observed. The surface
of the material is smoother than in the case of HCP25, which is consistent with the lower
specific surface area. Addition of W in the preparation seems to lead to larger particle
size and somewhat less homogenous distribution of the elements. W is located in similar
positions with TiO2, while carbon is observed in separate areas. In both composites, oxygen
is located closer to Ti and W, indicating the presence of oxide forms. Based on XRF analysis,
the amount of Ti is about 25% and 24% in HCP25 and HCP25W, respectively, and the
amount of W is about 4.6%. The carbon contents of the HCP25 and HCP25W are 57%
and 53%.

Raman spectroscopy was used to provide chemical information on the composite
materials. In Figure 2a,b, the Raman spectra of the composites and the spectrum of P25
and hydrochar are shown. TiO2 anatase-related Raman peaks were observed in both cases
at 150 cm−1 (Eg), 400 cm−1 (B1g), and 638 cm−1 (Eg). In HCP25W, anatase peaks were also
observed at 202 cm−1 (Eg) and 522 cm−1 (B1g). These peaks are red-shifted compared to the
peak positions of pure anatase [36–38]. Raman vibration was also observed at 248 cm−1,
which could indicate the presence of a rutile phase of TiO2; however, two more intense
peaks of rutile at around 440 cm−1 (Eg) and around 610 cm−1 (Ag) seem to be covered by
the more intense anatase peaks [38–40]. This result gives an indication that the P25 retains
both the phases during HTC processing. A small peak was also observed at 719 cm−1 in
the Raman spectrum of HCP25W, which could be indicative of the presence of tungsten
oxide [41,42]. However, this peak could appear as a shoulder in the HCP25 648 cm−1 peak.
When the spectrum of HCP25W is zoomed, very small vibration at 811 cm−1 is observed
that could also be indicative of the presence of tungsten oxide. While the spectrum of
HCP25 is clearly modified after the addition of W, the tungsten species cannot be reliably
identified from the measured Raman spectra.
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Figure 1. Field emission scanning electron microscopy and EDS images for (a) HCP25 (5000×) and (b) HCP25W (5000×).
The first microscopic image is in the same scale with the EDS images.
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Figure 2. (a) Raman spectra HCP25 and HCP25W and (b) Raman spectrum for P25 and hydrochar.
The spectra of P25 and hydrochar are given with different y-axis scale.

Raman spectra of both composites also show the vibrations present at the positions
of D and G bands of carbon. The G band is related to the graphite or graphene structure
observed typically for both at 1582 cm−1. The D band indicates the disorder present in the
graphene structure. Amorphous carbon gives rise to the background around 500 cm−1.



Catalysts 2021, 11, 173 6 of 22

This could be visible especially in the case of HCP25 [43]. The ratio of the D band intensity
to the G band intensity (ID/IG) is associated with the structural defects within the sp2

carbon network that arise upon the reduction of graphene oxide. The higher the ratio, the
higher the number of defects and the better its performance in surface reactions [44,45].
The Raman spectral data were normalized, and Gaussian fit of the G and D bands was
performed for HCP25 and HCP25W. The integrated areas of the modeled peaks were used
in calculation of the ID/IG ratio. More details on the procedure can be found from the
“Supplementary Information”. The higher ID/IG ratio of HCP25 (about 9.60) indicates that
it has more defects in the structure than HCP25W, which has the ratio of about 2.44. This
would mean that HCP25 is potentially better in surface reactions. The Raman spectrum of
the hydrochar (Figure 2b) shows an indication of graphitic structures; however, the peaks
at the G and D band positions are not very well-resolved. Due to the low signal-to-noise
ratio of the spectrum, Gaussian fit was not performed for the hydrochar.

The XPS spectra of C1S, O1S, and Ti2p for HCP25 and HCP25W are similar. In the C1S
XPS spectra (Figure 3a), three peaks were identified: one at 284.6 eV corresponding to the
aromatic/aliphatic C-group (C=C, CHx, and C–C), 285.5 eV related to the sp3 hybridized
carbon atoms C–C, and 288.9 eV indicating the carbon in the COO– group. The XPS spectra
(Figure 3b) for O1S exhibited major peaks at 531.09 and 533.4 eV corresponding to the
C–OH, C–O–C, or COO– and C=O functional groups, respectively. The peak at 529.97 eV is
attributed to oxygen in TiO2 [46]. In the Ti2p spectrum, two forms of Ti were present. Their
binding energies were 458.8 and 464.5 eV, corresponding to the Ti2p3/2 and Ti2p1/2 core
levels in TiO2, respectively [47–51].

In HCP25W, W4f can be deconvoluted into two peaks at binding energies of 35.79 and
37.75 eV. These correspond to the W4f7/2 and W4f5/2 core levels, which belong to tungsten
with an oxidation state of six (W6+) related to the oxide form of WO3 [52]. This is consistent
with the 719 cm−1 Raman peak indicating the WO3 in HCP25W.

The FTIR-ATR spectra of the prepared composites are presented in Figure 4. For
HCP25, a wide spectral feature is observed at around 641 cm−1 related to Ti–O stretching.
A similar feature is not observed in the spectrum of HCP25W. A small peak is observed in
HCP25W around 790 cm−1 corresponding to the C–H bending for aromatic out of plane
deformation. In HCP25, possible C–H bending is covered by Ti–O stretching [33,44,53]. A
feature around 1450 cm−1 can be attributed to the C–O carboxyl group, which is especially
visible for HCP25 [54]. The peak at 1620 cm−1 for both the materials is related to the skeletal
vibration of the unoxidized graphitic domains. The peaks obtained at 2341 and 2360 cm−1

are attributed to the vibration band positions of gaseous carbon dioxide from air [55]. The
two peaks at 2909 and 2940 cm−1 correspond to the C–H alkane groups and aliphatic
chain –CH2 and –CH3 stretching vibrations [56,57]. The peaks at around 3700 cm−1 are the
O–H stretching vibrations of both hydroxyl and carbonyl groups [33]. The FTIR analysis
shows that the composite materials produced contain oxygen-containing functional groups.
It seems that the addition of tungsten decreases the amount of surface titania visible by
absence of the 641 cm−1 Ti–O stretching bond. The vibrations indicating the presence of
a carboxyl group (1450 cm−1) are almost absent for HCP25W, while graphitic domains
remain. Somewhat less oxygenated groups are visible on HCP25W than on HCP25. The
results of ATR-FTIR are consistent with Raman analysis, where TiO2, WO3 and G and D
bands of carbon were observed.

Figure 5a,b show the TGA-DSC analysis results of the materials within the temperature
range from 20 to 900 ◦C. The TGA-DSC analysis was carried out under N2 flow for the
materials after HTC processing to find out information on the changes occurring during
the activation step.
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Figure 4. FTIR-ATR spectra of HCP25 and HCP25W.

We observed two thermal degradation stages in the TGA thermogram of the composite
materials. The evaporation of residual water is visible also as a small endothermic peak at
around 100 ◦C. When temperature is increased, the phenomena related to mass loss are
exothermic in their nature. About 22% and 17% of mass are lost between 320 and 380 ◦C in
HCP25 and HCP25W, respectively. This could be attributed to the loss of cellulose fractions
and possible residual moisture in the materials at a lower temperature region. The loss of
58% and 61% of mass is observed between 380 and 730 ◦C for HCP25 and HCP25W. These
could correspond to the loss of more stable compounds such as lignin and some skeletal
carbon [28,44,56–58]. The activation of the composites was decided to be performed at
400 ◦C under nitrogen flow to increase the specific surface area, but still keeping some
of the characteristics appearing during the HTC processing. HTC processing modifies
the original material in such a way that the number of functional groups important in
adsorption is high. In the high temperature activation phase, it is possible to lose these
functional groups while increasing the specific surface area. Therefore, careful selection of
activation conditions is important [32].

Figure 6 shows the XRD diffraction peaks visible at 2θ = 25.4◦, 48.02◦, and 55.1◦ for
both materials corresponding to (101), (200), and (105) reflections of the anatase phase of
TiO2. Peaks at 27.8◦, 38.2◦, and 54.8◦ were also observed that correspond to (001), (021),
and (211) reflections of the rutile phase [59,60]. The diffraction peak (101) of TiO2 and that
of graphene (002) occur at a similar value of 2θ. Hence, it is challenging to distinguish a
graphene peak from an intense TiO2 peak [61]. Based on the results, HCP25 and HCP25W
contain about 65% anatase and 35% rutile. This shows that both the phases are retained
during the processing; however, the phase composition seems to be different than in the
commercial P25 (TiO2) used in the preparation of the composites. The commercial P25
contains about 80% anatase and 20% rutile [62]. A possible amorphous part was not visible
in the XRD diffractograms.
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To obtain better insight into the change in phase composition, an in situ XRD was
performed for the HTC-processed samples. The in situ experiments were run under N2
flow simulating the conditions of activation (Figure 7). The in situ XRD measurements were
started at 200 ◦C, which was the HTC temperature, and the first results showed that the
anatase/rutile ratio of P25 was not changing markedly during the HTC process. Further
changes in the phase composition of titanium dioxide occurred during activation under
nitrogen atmosphere starting from a temperature of 250 ◦C (see also the Supplementary
Information and values reported in Table 1).
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As shown in Table 1, a decrease in the percentage of the anatase phase of P25 was
observed. This is in accordance with previous works where this change occurs between
400 and 1200 ◦C [63]. The exact phase change temperature is affected by the other elements
present in the material. For example, carbon is expected to enhance the transformation
to rutile. [63]. In our case, the change is significant already at 300 ◦C, leading to a 65/35
anatase-rutile ratio at 400 ◦C.

2.2. Photocatalytic Experiments

Since the aim of this work was to prepare a carbon adsorbent with the ability to be
regenerated using a photocatalytic process, the photocatalytic degradation experiments
were carried out under UV-A, UV-B, and visible light irradiations. Diclofenac sodium was
used as the target pollutant. In the beginning, photolysis experiments without the presence
of a composite were carried out. These experiments showed that under UV-A and UV-B
irradiation, the removal of diclofenac sodium is about 23% and 18%. No photodegradation
of diclofenac was observed under visible light irradiation during the first 60 min, and thus
the experiment was stopped at that moment of time.

In the beginning of the photocatalytic experiments in non-adjusted pH (~5) with the
composites, the suspension was first kept in the dark for 30 min to realize the adsorption of
diclofenac on the composites. During the adsorption period, about 15% of diclofenac was
removed by HCP25 and about 10% by HCP25W, which had a smaller specific surface area.
The activation of HCP25 at 600 ◦C resulted in a specific surface area of 320 m2g−1. However,
the adsorption achieved in 30 min was only 16%. Even though the specific surface area
was significantly higher for the high temperature activated composite, it suffered from
a loss of surface functional groups leading to a low amount of diclofenac adsorbed. The
FTIR-ATR spectrum of HCP25600 (Figure 8b) shows the decrease in the intensity of the
Ti–O peak at 641 cm−1. A decrease in the intensity of –OH vibrations around 3700 cm−1 is
also observed. A loss of the carbonyl groups is evident by the disappearance of the peaks
at around 1450 cm−1. The C–H alkane group and –CH2 stretching vibrations around 2909
and 2940 cm−1 that were equally observed in HCP25 are not detected in HCP25600. These
results indicate, in general, a significant loss in the functional groups of the material.

In the Raman spectrum of HCP25600 (Figure 8a), the anatase and rutile peaks of
titanium dioxide are shown, confirming its biphasic nature in this composite as in the
case of HCP25 and HCP25W. We observe anatase and rutile peaks at 512 and 442 cm−1,
which were not seen in the Raman spectrum of HCP25 [36–40,64]. The signals of the D
(1352 cm−1) and G bands are more intense in HCP25600 compared to HCP25 and HCP25W
with a shift in the G band to a higher wave number of 1607 cm−1. This high intensity of the
D band could be attributed to defects caused by the removal of surface functional groups in
accordance with the FTIR results described earlier [65]. This is also supported by the ID/IG
ratio of about 4.06. Increases in band intensities are related to the longer carbonization of
the material and higher amount of graphitic structures.

The absorption spectrum of diclofenac is shown in Figure 9a together with light
emission ranges. The photolysis results (without a composite) are shown in Figure 9b for
UV-A and UV-B light irradiation. Degradation of diclofenac was 0% under visible light
irradiation and therefore, the results are not shown; 0% removal was expected during the
visible light photolysis since diclofenac does not absorb light in that range. Photolysis
results using UV-A reached 23% and UV-B 18% in 360 min. The lower degradation
of diclofenac under the UV-B light than when using UV-A light can be explained by a
significant difference in the irradiance of the used lamps. The irradiance of the UV-A lamp
was about a double the irradiance of the UV-B lamp. The emission spectra of the two lamps
are presented in the Supplementary Material.
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The diclofenac removal results shown in Figure 9b for the composites under light
irradiation are calculated based on the analysis of the samples taken after the 30 min
adsorption period. After 6 h of irradiation with UV-A, diclofenac removal rates of 52%
and 43% with HCP25 and HCP25W were observed, respectively. The degradation was
highest under UV-B irradiation, where removal of 73% and 74% with HCP25 and HCP25W
were reached. The better removal under UV-B irradiation was expected based on the band
gap of P25, which is 3.2 eV [25]. HCP25W was equally effective with HCP25, despite its
low specific surface area. The HCP25600 showed 69% removal under UV-B irradiation.
Thus, the specific surface area seems not to have a very significant role in diclofenac
photocatalytic removal in the case of these materials.

Under visible light irradiation, 16% (HCP25) and 24% (HCP25W) diclofenac removal
were achieved. This was significantly higher than the 0% removal observed for visible light
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photolysis. It seems that W increases diclofenac removal under visible light irradiation
(see Figure 9b at 360 min). Previous studies show the increased visible light absorbance of
material co-doped with W and carbon; however, this does not necessarily directly reflect
on the photocatalytic activity [66].

The UV–vis analysis of the treated water (see the Supplementary Information) gave an
indication that reaction intermediates appear after 5 min of irradiation during photolysis
and when both composites were used. Thus, LC-MS analysis was performed to identify the
reaction intermediates. The main intermediate formed was found to be colored carbazole
dimer. This compound has been found to be the primary photolysis intermediate product
of diclofenac under UV light irradiation during the first few minutes. It is stable and not
very easily degraded as reports exist where almost no degradation is observed [67,68].

In our case, up to about 58% removal of carbazole dimer with HCP25 under UV-B
irradiation was observed at the end of the experiment (see the Supplementary Information).
The removal was higher than observed by Iovino et al. [67] and Poirier-Larabie et al. [68].

Based on the photocatalytic experiments, we decided to carry out repeated adsorption
experiments using HCP25 (in dark) with regeneration in clean water under UV-B irradiation
between the adsorption experiments. The results are shown in Figure 10a,b.
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The results showed that the removal of diclofenac via adsorption for 180 min remained
at a rather low level. Less than 10% of the diclofenac was removed from the water.
Adsorption of diclofenac can be later improved by optimizing the adsorption pH. Figure 11
shows the FTIR spectrum of the composite after adsorption where we observe peaks of
diclofenac appearing around 1597, 1454, and 1199 cm−1 [69]. This result evidences the
adsorption of diclofenac on the composite.
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Figure 11. FTIR of HCP25 after adsorption.

During the photocatalytic regeneration phase, the adsorbent was suspended in dis-
tilled water. In distilled water, the adsorption–desorption phenomenon finds a new equi-
librium, releasing part of the diclofenac in the liquid phase. When switching on the UV-B
light, an 86% removal of diclofenac was observed. During the repeated adsorption after
the regeneration step, it was observed that the adsorption capacity of the composite was
completely recovered. This means that photocatalysis could be used as the regeneration
method of carbon composites in the case of diclofenac removal from water. These are the
first results showing the possibility of using composite materials that can be regenerated
using light irradiation in diclofenac adsorption. However, further research efforts are
needed to optimize the treatment conditions and improve the adsorption.

3. Materials and Methods

Palm kernel shells were collected from the South West (Idenau, Tombel) and North
West (Donga-Mantung) regions of Cameroon. The raw material used was a mixture of
the shells from these areas. Before HTC processing, the shells were washed to remove the
fibers on them and sun-dried in the open air at temperatures of about 30–32 ◦C. For the
preparation of the HCP25 sample, 6 g of palm kernel shells and 0.79 g of TiO2 (Evonik
industries, Essen, Germany) were mixed. For the HCP25W sample, 100 mg of tungsten
metal (Alpha resources LLC, Stevensville, MI, USA) was dissolved in 5 mL of 35% hydrogen
peroxide (Alphatec industries, Rio de Janeiro, Brazil). Then, the solution was heated at
80 ◦C in a beaker for 4 h. After heating, the solution was poured into a 50 mL round bottom
flask and filled up to the mark with distilled water. A volume of 7.9 mL of this solution was
then added to the reactor together with palm shells and P25. Molar ratios of Ti/C = 0.3 [70]
and W/TiO2 = 0.1 [71] were used. Being a one pot method, the reagents were all mixed in
the reactor, and ultrapure water was used to fill up the reactor container, leaving a 30% air
space. All the reagents used were of analytical grade. The HTC reactor set up is shown
in Figure 12a. The HTC reactor contains a resistant glass container for the raw materials
and measurements for temperature and pressure. The reactor was placed on an induction
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heating plate. After heating the batch with the rate of 10 ◦C min−1, the temperature was
maintained at 200 ◦C for 4 h with pressure ranging between 15 and 18 bars. After the HTC
process, the liquid phase was filtered out while the hydrochars were oven-dried at 105 ◦C
for 6 h.
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After the HTC preparation, an activation of the hydrochar composites was performed
under nitrogen flow (60 mL min−1). A schematic of the activation reactor is shown
in Figure 12b. A heating rate of 10 ◦C min−1 was applied to reach the carbonization
temperature of 400 ◦C, which was kept for 4 h. Part of HCP25 was carbonized at 600 ◦C
(HCP25600) to study the effect of higher activation temperature. Then, the materials were
cooled down to room temperature and stored.

The crystallinity patterns and phase composition of the prepared composite materials
were obtained using a Lab X 6000 Shimadzu (Kyoto, Japan) X-ray diffractometer using
copper K α X-ray radiation and operating at 40 kV voltage and 30 mA. The scanning was
performed at 2θ range of 10–90◦. To obtain more information on the phase changes during
the heat treatment of P25, in situ XRD was performed by a Bruker D8 (Ettlingen, Germany)
using copper K α anode operating at 40 kV and 40 mA. Temperature chamber was operated
under nitrogen atmosphere with a heating rate of 5 ◦C min−1 from 200 to 450 ◦C and the
measurement was performed at 2θ range of 4–90◦. A Zeiss ultra plus FESEM (Ettlingen,
Germany) equipped with an EDS analyzer was used to obtain high resolution images and
elemental information on the materials. Prior to analysis, the samples were coated with Pt.
A Bruker AXS S4 pioneer XRF (Ettlingen, Germany) with a pressed pellets method was used
for more exact elemental analysis. The Micrometrics ASAP 2020 surface analyzer (Norcross,
GA, USA) was used to obtain the specific surface areas, average pore sizes, and volumes of
the prepared materials via N2-adsorption at −195 ◦C using the BET–BJH method. In the
determination of microporosity, the cold free space and warm free space were determined
in separate analyses. Before analysis, the samples were evacuated at 200 ◦C for 30 min. The
FTIR analyses were obtained using the Bruker Hyperion 3000 FTIR microscope (Ettlingen,
Germany) equipped with a 20× ATR-objective and compact tabletop Bruker Alpha-P
FTIR (Ettlingen, Germany). TGA/DSC analysis was carried out using a Netzsch STA
409 PC Luxx device (Selb, Germany). A heating rate of 10 ◦C min−1 and nitrogen flow
of 60 mL min−1 were used in the analyses. XPS analysis was carried out in a Thermo
Fisher Scientific ESCALAB 250Xi X-ray photoelectron spectroscopy system (Waltham, MA,
USA) to study the oxidation states of the elements present on the surface of the prepared
materials. The time-gated Pico Raman spectrometer from Timegate instruments Ltd. (Oulu,
Finland) was used to obtain the Raman spectra of the materials. The Pico Raman uses
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a 532 nm pulsed laser with a pulse duration of 150 ps and frequency of 40 to 100 kHz.
The Raman spectra were measured between a wave number range of 100–2100 cm−1 with
~5 cm−1 spectral resolution. The wet samples were rotated during the measurements. The
emission spectra of the lamps used in the photocatalytic experiments were measured using
an Ocean Optics Jaz ULM spectrophotometer (Orlando, FL, USA).

The photocatalytic experiments to evaluate the planned regeneration ability were
carried out under UV-A (Philips, PL-L, 36W, Cleo Pink), UV-B (Philips, UVB, 36W, Med-
ical), and visible light (Osram, Dulux L, 36W, Cool daylight) irradiation with diclofenac
sodium as the target pollutant (Henan Dongtai industries Ltd. (Anyang, China)). The
emission spectra of the lamps are presented in the Supplementary Material. The pollutant
concentration used was 15 mgL−1 and the amount of composite material was 100 mgL−1.
The duration of the experiment was 6 h. During the experiment, air was bubbled through
the photocatalytic reactor and the composite-diclofenac solution suspension was stirred
continuously using a magnetic stirrer. A schematic representation of the photocatalytic
reactor is explained in our previous work in [62]. All the experiments were performed at
room temperature (~25 ◦C). The pH was not adjusted, and it was measured to be about 5.
During the test procedure, the suspension was first kept in the dark for 30 min to realize
adsorption of the pollutant. Then, the light was switched on and samples were taken at
intervals of 10–15 min during the first two hours and then every 30 min until the end of the
experiment. These experiments were used to evaluate the photocatalytic activity of the pre-
pared composites. With the selected composite, repeated adsorption cycles were realized
with a photocatalytic regeneration step between adsorptions using the same experimental
set-up than in the photocatalytic experiments, and the same experimental conditions. The
experimental conditions were the same as previously used, except the adsorption was
first carried out for 180 min (Adsorption 1). Then, the composite material was recovered
from the liquid via centrifugation. The regeneration step was carried out in distilled water
under UV-B irradiation for 180 min (Regeneration). After regeneration, the catalyst was
again separated from the liquid, and a sample was taken for analysis. Then, the composite
was suspended into a new batch of pollutant water (15 mgL−1 of diclofenac-Na), and
adsorption was repeated (Adsorption 2). Finally, the composite was separated from the
liquid and saved for analysis. The photocatalytic experiments were carried out twice to
find out the accuracy of the experiments. The mean of the deviation between the reported
experiments was about 1% at maximum (absolute error).

Analysis of most of the samples was performed using a Shimadzu UV-2600 UV VIS
spectrophotometer (Kyoto, Japan). A volume of 2 mL sample was measured without
dilution using a 3 mL quartz cuvette with a 10 mm light path. The relative error of the
analysis based on 10 repeated analyses was about 0.2% and the standard error of calibration
for the UV VIS device was about 0.9%. In addition, a Waters Synapt G2 HDMS Q-Tof LC-MS
operated in negative ESI mode and mass scanned from m/z 50 to 600 was used to analyze
the intermediate products. The LC was equipped with a Waters BEH (2.1 × 100 mm,
1.7 µm) UPLC column and the mobile phase eluents used were (A) 10 mM ammonium
acetate and (B) methanol. Flow rate was 0.3 mL min−1 with a hold period of 7 min.

4. Conclusions

Carbon composites containing TiO2 (P25) and W with photocatalytic regeneration
ability were produced via hydrothermal carbonization and activation at 400 ◦C (under
N2 flow). We observed that the used preparation conditions led to composites containing
oxygen functional groups. The addition of W in the structure led to a drastic loss of surface
area. Even high surface area was achieved at 600 ◦C, a high amount of functional groups
were lost. The role of oxygen-containing functional groups was more important than the
specific surface area in terms of the performance of the composites. The possibility to re-
generate the composites using light irradiation was initially investigated by photocatalytic
diclofenac removal experiments. We observed a maximum of 74% removal of diclofenac
for the HCP25W composite and 73% removal for HCP25 under UV-B irradiation. Visible
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light irradiation resulted in 24% diclofenac removal with HCP25W, while removal with
HCP25 remained at 16%. The regeneration experiments were performed using HCP25 and
UV-B light. The results were successful, and the adsorption capacity was recovered com-
pletely. This shows the potential of this method to curb the effects of secondary pollution
from end of life carbon adsorbents. Hence, more work is being conducted to increase the
performance of the material and efficiency of the process towards solar light regeneration.
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