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A B S T R A C T   

Hydrothermal carbonization was used to develop novel carbon-based hybrids for the removal of diclofenac and 
amoxicillin from water. These non-crystalline and partly graphitic materials can be regenerated by photo-
catalysis. The synthesized materials have beneficial oxygen containing surface functional groups, of which C––O 
were observed only for tungsten-containing hybrid. An interaction between W, C and TiO2 was observed, which 
could influence the photocatalytic performance. The best performance was observed for W-containing hybrid 
(HC butox W) at pH 3 (diclofenac photocatalytic degradation of 80% and removal of 93% after 60 min). Sig-
nificant part of the removal appeared due to precipitation of diclofenac on the hybrid material surface. Removal 
efficiency was fully recovered after regeneration at pH 7 under uv-B irradiation. With the same hybrid, 10% 
removal of amoxicillin after 30 min with 42% photocatalytic degradation at non-adjusted pH was reached. In 
general, tungsten improved the photocatalytic activity of material, while specific surface area played only a 
minor role.   

1. Introduction 

Diclofenac (DCF) has been the most detected pharmaceutical in the 
environment since the 2000's [1]. It is observed in variety of aquatic 
bodies at concentrations that can be detrimental to the environment [2]. 
Several studies have pointed out the adverse effects of DCF such as renal 
failure and death of Asian vulture species [3] as well as pulmonary and 
renal lesions in African vultures [4]. DCF also alters osmoregulation of 
crabs and bio-accumulates in fish leading to damage of eggs and em-
bryos [5]. 

An increase in the occurrence of antibiotics in nature is due to the 
increase of their use for both humans and animals [6]. The consumption 
of antibiotics was 63,151 tons in 2010 and a 67% increase was projected 
by the year 2030 [7]. Several studies have reported the presence of 
antibiotics at μgL− 1 levels in wastewater treatment plant (WWTP) ef-
fluents. Amoxicillin (AMX) is one such antibiotic and has been detected 
in WWTPs in ngL− 1 to mgL− 1 range. Over 80% of AMX taken orally by 
humans is excreted. Since it is not easily treated by WWTPs, it ends up to 
surface and ground waters causing high toxicity to algae bacteria, and 

development of antibiotic resistant bacteria [8–10]. Table 1 shows the 
physicochemical properties of DCF sodium and AMX [8,11]. 

Over the years, hydrothermal carbonization (HTC) has been used as 
an alternative low-cost method for processing biomass [12]. While 
hydrochars have diverse surface functionalities, they do have low sur-
face area and pore volumes if additional chemicals are not used in the 
processing [13–15]. To develop a higher specific surface area and better 
pore structure, an activation treatment can be realized. In the activation, 
the hydrochar is subjected to high temperatures (≥600 ◦C) in presence 
of steam, CO2 or both (physical activation) or chemical agents such as 
KOH (chemical activation) [16]. 

Several biomass types and sources have been used in the HTC pro-
cess, and in our case, palm kernel shells were used. According to 
Iskander et al. [96], the annual palm oil production was about 67 million 
metric tons with Indonesia topping the production scale at 36 million 
metric tons. Malaysia produces about two million tons dry weight of oil 
palm shells annually [17] while in Cameroon, approximately 230,000 
tons is produced annually spreading across about 190,000 ha. It was 
estimated that in 2020, the annual production of palm oil in Cameroon 
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will increase up to about 450,000 tons [18]. Hence converting the 
remaining palm shells to value added products, such as adsorbents or 
different hybrid materials for degradation of emerging contaminants, 
would be very interesting. Palm kernel shells have been used previously 
for the development of adsorbents and they are known to have high 
carbon content. Activated palm kernel shells have high porosity and 
surface areas, which are beneficial for adsorption and surface reactions 
[19–21]. 

Since the primary goal of this work was to prepare a hydrochar 
derived hybrid material that could be potentially regenerated using light 
irradiation (by means of photocatalysis), titanium butoxide and tung-
sten was incorporated in the palm kernel shell hydrochar. Regeneration 
using the light irradiation leads potentially to complete degradation of 
adsorbed pollutants. In traditional chemical regeneration the pollutant 
is desorbed to the regeneration liquid that must be treated further or 
secondary pollution problem is generated [22]. Traditional thermal or 
steam regeneration affects the material lifetime by inducing char for-
mation on adsorption sites [23]. Photocatalytic regeneration could 
potentially overcome some of these problems. 

The most widely used semiconductor material for photocatalytic 
purposes is titanium dioxide. Titanium butoxide was selected as TiO2 
precursor due to its dual function as a source of titanium and carbon 
[24,25]. TiO2 has a rather high band gap of 3.2 eV, which means, that it 
can be activated most efficiently by uv-light. It has been found that 
tungsten can reduce this band gap and improve the activation of the 
material in visible light range [26]. We have earlier studied similar types 
of materials (composite structures) that were prepared from palm kernel 
shells, P25 photocatalyst and tungsten. In the composite materials, TiO2 
was distributed quite evenly in the material together with carbon while 
tungsten was observed in small isolated areas. The result showed that 
about 74% of DCF was photocatalytically degraded in non-adjusted pH 
(~5) in the case of composites. The adsorption in this case remained at 
rather low level – only 10%–15% of DCF was adsorbed during 120 min. 
However, the adsorption capacity was fully recovered with the help of 
uv-B light. During regeneration, 86% removal of desorbed DCF was 
obtained. In the current work, we aim at discovering the importance of 
the interaction between the components of the materials by preparing 
hybrid materials and studying their properties. Further, adsorption 
conditions will be better exploited to improve the pollutant removal. 
The general aim of the work is to come up with an efficient material 
prepared using HTC and thermal activation under N2 flow that has high 
efficiency in pollutant removal from water and that could be simply 
regenerated using light irradiation. 

2. Materials and methods 

2.1. Material synthesis 

Palm shells were collected from Cameroon, washed and sun dried at 
temperatures of about 30 ◦C. For the preparation of the hybrids, 11.9 ml 
of 97% titanium butoxide (Sigma Aldrich Ltd) dissolved in 3.5 ml of 
ethanol (Química Contemporânea Ltda), 6 g of palm kernel shells and 
Milli-Q water were put in the HTC reactor leaving about 30% air space. 
Further, 100 mg of tungsten metal (Alpha resource LLC) was dissolved in 
5 ml of 35% hydrogen peroxide (Alphatec industries). The solution was 
heated at 80 ◦C in a beaker for 4 h to ensure the dissolution of tungsten 
after which the solution was transferred to a 50 ml round bottom flask 

and distilled water was filled up to the mark. 7.9 ml of this solution was 
added to the reactor together with titanium butoxide-ethanol solution 
and palm shells to prepare the tungsten containing hybrids. The 
amounts of the raw materials were selected based on Maletic et al. [27] 
and Ferjani et al. [28]. All the reagents were of analytical grade. The 
heating rate of the HTC reactor was 10 ◦C min− 1 and the temperature 
was maintained at 200 ◦C for 4–8 h with pressure ranging between 20 
and 22 bars. After the HTC treatment, the liquid phase was filtered out 
while the hydrochars were oven dried at 70 ◦C for 24 h. Activation was 
carried out after the HTC process under nitrogen flow of 60 ml min− 1 

with a heating rate of 10 ◦C min− 1 up to 400 ◦C. This temperature was 
maintained for 4 h. Then, the materials were cooled to room tempera-
ture and stored. In total, four hybrids were synthesized using different 
HTC processing times and amounts of tungsten (Table 2). 

2.2. Material characterization 

The specific surface areas, average pore sizes and volumes of the 
synthesized materials were measured with N2-adsorption at − 195 ◦C 
using a micrometrics ASAP 2020 surface analyser and the BET-BJH 
method. Before the analyses, the samples were evacuated for 30 min 
at 200 ◦C. High-resolution images of the materials were taken with a 
Zeiss ultra plus FESEM equipped with an EDS analyser while elemental 
analyses of the materials were done with a Bruker AXS S4 pioneer XRF 
using the loose powder method. The Raman spectra of the materials 
were obtained with the time-gated Pico Raman spectrometer from 
Timegate instruments Ltd. The measurements were done between a 
wave number range of 100 cm− 1–2100 cm− 1 with ~5 cm− 1 spectral 
resolution and the samples were rotated during the measurements. The 
Pico Raman uses a 532 nm pulsed laser with a shot length of 150 ps and 
frequency of 40 to 100 kHz. The data were collected between 100 and 
2100 cm− 1 Raman shift range and the results were treated with tai-
lormade Matlab-based SHSQUI-program. To study the oxidation states 
of the elements, present on the surface of the prepared materials, XPS 
analysis was carried out in a Thermo Fisher Scientific ESCALAB 250Xi x- 
ray photoelectron spectroscopy device using Al Kα radiation source and 
pass energy of 20 eV. The data was analyzed using ThermoAvantage- 
software and the signals were fitted with the Gaussian-Lorenzian func-
tion. Binding energy scale was referenced to C1s line at 284.5 eV. The 
Bruker Hyperion 3000 FTIR microscope equipped with 20× ATR- 
objective was used for the FTIR analyses. The TGA/DSC analysis was 
carried out using a Netzsch STA 409 PC Luxx device. A Lab X 6000 
Shimadzu x-ray diffractometer using copper K α x-ray radiation and 
operating at 40 kV voltage and 30 mA was used to obtain the phase 
composition of the materials at a 2θ range of 10◦–90◦. 

2.3. Photocatalytic, adsorption and regeneration experiments 

The photocatalytic experiments were done under uv-A (Philips, PL-L, 
36 W, Cleo Pink), uv-B (Philips, UVB, 36 W, Medical), and visible light 
(Osram, Dulux L, 36 W, Cool daylight) irradiations to evaluate the ac-
tivity of the materials during regeneration. Diclofenac sodium (DCF) 
(Henan Dong-tai industries Ltd) and amoxicillin (AMX) (ACROS Or-
ganics) were used as the target pollutants. The experiments were carried 

Table 1 
Physicochemical properties of DCF and AMX.  

Properties DCF sodium AMX 

Molecular weight (gmol− 1) 318.13 365.404 
Molecular formula C14H10Cl2NNaO2 C16H19N3O5S 
Solubility in H2O (gL− 1) at 25 ◦C 2.37 1–3 
pKa 4.3 2.68, 7.49, 8.49  

Table 2 
Preparation and nomenclature of prepared carbon hybrids.  

Hybrid material preparation procedure and the application of the 
material (HTC realized at 200 ◦C) 

Abbreviation 

Titanium butoxide and palm shells; HTC for 4 h (DCF removal) HC butox 
Titanium butoxide, palm shells and tungsten; HTC for 4 h (DCF and 

AMX removal) 
HC butox W 

Titanium butoxide with palm shells and double the amount of 
tungsten; HTC for 4 h (DCF removal) 

HC butox 2 W 

Titanium butoxide with double the amount of tungsten; HTC for 8 
h (DCF removal) 

8HC butox 2 
W  
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out during a duration of 6 h with pollutant concentration of 15 mgL− 1 

and amount of hybrid material 100 mgL− 1. Air was bubbled in the 
reactor during the experiment and the suspension was stirred using a 
magnetic stirrer. During the first 30 min of the experiment, the sus-
pension was kept in dark to realize adsorption of the pollutant after 
which light was switched on and samples were taken at 10 min intervals 
for an hour, 30 min intervals for the next 3 h, and finally one hour 

intervals until the end of the experiment. All the experiments were 
carried out twice to ensure the repeatability of the experiments. The 
absolute error of the experiment was found to be about 1%. The samples 
were analyzed at wavelengths of 230 nm for AMX and 276 nm for DCF 
using a Shimadzu UV-2600 UV VIS spectrophotometer. The relative 
error of analysis was 0.2% and the standard error of calibration of the 
device was about 0.9%. 

Fig. 1. Field Emission scanning electron microscopy and EDS images for (a) HC butox (1000×) and (b) HC butox W (1000×).  

V.B. Kimbi Yaah et al.                                                                                                                                                                                                                         



Journal of Water Process Engineering 43 (2021) 102279

4

Adsorption-regeneration experiments were carried out with 100 mg 
L− 1 of material (HC butox W) in 15 mg L− 1 DCF solution at pH 3 for 2 h. 
In our previous work [16], low pH was found to improve the removal of 
DCF. After 2 h, the material was separated from the solution using a 
centrifuge. The regeneration was then realized in distilled water under 
uv-B irradiation for 3 h, after which the material was separated and re- 
used. The experimental conditions are summarized in a table presented 
in the Supplementary material. 

3. Results and discussion 

The specific surface areas of the HC butox and HC butox W were 105 
m2g− 1 and 10 m2g− 1, respectively. The total pore volume and average 
pore width for HC butox were 0.07 cm3g− 1 and 2.58 nm and for HC 
butox W, 0.02 cm3g− 1 and 1.37 nm. The specific surface area of the 
activated hydrochar without titanium butoxide or tungsten was 131 
m2g− 1 indicating that about 90% of the specific surface area was lost in 
the case of HC butox W and 20% in the case of HC butox. The FESEM- 
EDS images (Fig. 1) show the morphology, structure, and composition 
of the prepared materials. 

The EDS images of HC butox (1.a) show rather even distribution of 
carbon, titanium and oxygen in the material. The distribution of ele-
ments in HC butox W is less even, tungsten and titanium seem to appear 
in patches on the surface around the same locations (Fig. 1.b). HC butox 
appears to be more porous with a rougher surface than HC butox W. This 
difference is in accordance with the significantly higher specific surface 
area of HC butox. The XRF analysis shows that HC butox contains about 
28% Ti, 51% C and HC butox W about 49% C, 27% of Ti and 2% W. The 
materials also contain oxygen as shown by EDS. 

The Raman spectra (Fig. 2) give more information on the composi-
tion and chemical structure of the prepared hybrid materials. The 
spectra show anatase phase peaks of titanium dioxide at 147 
cm− 1(strongest Eg mode band) and 401 cm− 1 corresponding to the B1g 
O–Ti–O bending mode [29–31]. We also observe a peak around 202 
cm− 1 in HC butox that corresponds to the Ti–O bond [32,33]. A rutile 
peak A1g is observed at 612 cm− 1 in both hybrids while we see a less 
intense Eg rutile peak around 248 cm− 1 in HC butox [34,35]. The 
characteristic peak of the δ(0–W–0) deformation vibration of WO3 is 
typically observed at around 250 cm− 1 [36]. In the HC butox W, the 
widening of the spectral feature in that region may be caused by the 
presence of W. Similarly, O–W–O stretching appears at around 720 
and 810 cm− 1 that could cause shoulders of the rutile peak appearing at 
612 cm− 1 [37]. 

Very broad G bands (related to graphite structures) are observed in 
both spectra at around 1560 cm− 1 which correspond to the sp2 

hybridized C–C bonds in a planar hexagonal lattice. Only slightly 
visible broad D bands at around 1360 cm− 1 are related to structural 
defects of graphite [38–42]. The ratio of the D band intensity to G band 
intensity (ID/IG ratio) that indicate the defect and disorder in the 
graphite structure is about 0.9 for HC butox W and 1.1 for HC butox. The 
spectra were fitted with the Gaussian fit of the normalized data (see 
Supplementary information) and the D band area was divided by the G 
band area to determine the ratios instead of intensities. The intensities of 
the bands are very low, which adds in some uncertainty in the deter-
mination. The low ID/IG values (~1) indicate that the graphite structure 
of the material contains only small amount of defects [43]. 

The XRD diffractograms of HC butox and HC butox W are presented 
in Fig. 3. Analysis was performed using PDXL2 software suite with in-
tegrated access to ICDD PDF-4+ 2021 database. The peaks of TiO2 are 
observed at 25.4◦, 37.8◦, 48.1◦ and 54.19◦ corresponding to the Miller 
indices (101), (004), (200) and (105) of anatase [44]. Thermal synthesis 
of material from titanium butoxide and carbon usually produces mate-
rials containing the anatase phase of TiO2 [45]. In addition, the presence 
of W should prevent the transition of anatase to rutile [46,47]. Despite of 
these observations, the Raman results showed earlier that the material 
may contain both anatase and rutile phases of TiO2. 

Though no XRD peaks were observed corresponding to tungsten 
species, we observe a very slight shift of the anatase peaks to a lower 2θ 
value in HC butox W diffractogram that could be related to the insertion 
of W in TiO2 lattice. Also, there is an increase in the intensity of the 
anatase peak at 25.4◦. This can be attributed to the W atom in the 
structure sharing the oxygen with the Ti atoms [48,49]. The diffraction 
peak for plane (101) of TiO2 occurs at about same position as the carbon 
(002) peak, and thus the (101) peak of TiO2 can shield the possible 
carbon peak. Although the XRD does not show an evident amorphous 
hump, based on the XRD and Raman, we can say that the hybrid material 
is not well-structured material. 

X-ray photoelectron spectroscopy was used to study the elemental 
valence and surface structure of the prepared materials (Figs. 4–7). From 
the C1s core level spectra of HC butox and HC butox W, we observed a 
peak at about 284.5 eV corresponding to sp2 hybridized C––C and sp3 

hybridized C–C bonds [50,51]. The material might contain both types 
of carbons, and it was not possible to separate the two peaks in this case. 
The peaks observed at 285.5 eV for HC butox and at 286.0 eV for HC 
butox W may be related to both C–OH and C–O [50,51]. Again, the 
separation of the two features did not give successful fit. In case of HC 
Butox W, a third peak appears at 288.3 eV, which is most probably 
originating from C––O bonds [50,52,53]. Normally C––O bond would 
appear at around 3 eV higher binding energy than C–C bond, and in this 
case the value 288.3 eV is somewhat higher than expected [54]. Both the 
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materials have also a small additional peak at rather high eV value, at 
298.5 eV for HC Butox, and at 291.2 eV for HC Butox W that is most 
probably related to the carbonates [52,55]. It can be noticed that there is 
a slight shift towards higher binding energies of the chemical bonding 
groups of C1s in the case of HC butox W. This shift could be due to the 
change of the surrounding elements, which in this case are W atoms 
indicating the possible formation of W–C bonds [56]. 

In Fig. 5.a, the O1s spectra of HC butox was deconvoluted into four 
peaks at binding energies of 530.2 eV, 532.0 eV, 533.3 eV and 536.7 eV. 

The first peak is related to metal oxygen bonds, in this case Ti–O [57]. 
The second peak falls in the region of C–O or C––O bonds 
[[51,55,58,59]). Since we did not observe C––O bonds in C1s spectrum 
in case of HC Butox, it is more likely that the 532.0 eV peak is related to 
C–O. The third peak is related to C-OH, and the 536.7 eV corresponds to 
region where adsorbed oxygen or water exist [55,58,59]. The O1s 
spectrum of HC Butox W was deconvoluted into three peaks. The first 
one at 530.4 eV corresponds to both Ti–O and W–O [[57,60]). The 
second peak appearing at 531.8 eV is related to C––O bond [51,59]. The 

Fig. 4. XPS spectra for C1s a) HC butox b) HC butox W.  

Fig. 5. XPS spectra for O1s a) HC butox b) HC butox W.  
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third peak appears at the region of C–O and C–OH at 533.3 eV 
[51,55,59], and based on C1s spectrum we do not want to rule out the 
presence of either of the two. 

The Ti2p spectra of HC butox was deconvoluted into four peaks 
(Fig. 6a). Peaks at binding energies 458.8 eV and 464.3 eV related to the 
Ti2p3/2 and Ti2p1/2 core levels of TiO2, at 458.6 eV ascribed to the 
Ti2p3/2 core from the spin orbit splitting consistent of Ti4+ in TiO2 lat-
tice. The last peak at 471.8 eV is a shake up peak between Ti2p3/2 and 
Ti2p1/2 core levels characteristic of TiO2 [61,62]. 

For HC butox W, peaks at 458.9 eV (Ti2p3/2), 464.6 eV (Ti2p1/2) core 
levels of TiO2 and a shake-up at 472.2 eV binding energies were 
observed [63–68]. In presence of W the peaks of Ti 2p3/2 and Ti 2p1/2 
shift slightly to higher binding energies. This may be caused by the 
interference of W in the TiO2 structure [69] as seen already in the XRD 
measurements. 

In Fig. 7, peaks assigned to W 4f7/2 at binding energy of 35.79 eV and 
W 4f5/2 at binding energy of 37.6 eV ascribed to W6+ in WO3 were 
observed in the W4f spectra of HC butox W [70]. This agrees with the 
Raman results discussed earlier. 

The FTIR spectra (Fig. 8) of the materials enable us to identify the 
functional groups of the prepared materials. The peaks (broad structure) 
around 700 cm− 1 depict the Ti–O and Ti–O–Ti bonds of titania. The 
broad peak between 1100 cm− 1–1300 cm− 1 is ascribed to the C–O 
stretching vibration while the peak around 1580 cm− 1 corresponds to 
the C––C double bonds. The double peak at about 2360 cm− 1 is attrib-
uted to the C––O bond from carbon dioxide coming from air while the 
stretching vibrations of the –OH bond is observed above 3700 cm− 1 

[71,72]. The probable presence of both C–OH and C–O bonds was 
observed in XPS analysis, and based on FTIR results it was confirmed. 

The W–O bond of WO3 should occur at 700 cm− 1, but the more 
intense Ti–O band in the spectrum of HC butox W could have shielded 
this [73,74]. In HC butox W also a small C––O stretching vibration is 
observed at 1705 cm− 1 [52]. The FTIR results are in agreement with the 
XPS, where C––O bonds were observed only for HC Butox W. Based on 
these analyses, it is safe to say that the surface of the hybrid materials 
possess significant amount of oxygen functional groups. The oxygen 
functional groups may be observed to some extent higher amount in HC 
butox W based on the results. The number of active sorption sites is 
increased when there is an abundance of functional groups on the sur-
face. These functional groups may also provide additional pathways for 
photo-induced electron migration thus aiding charge carrier separation 
during photocatalytic reaction [75]. 

Fig. 9 represents the results of thermogravimetric analysis of HC 
butox and HC butox W hydrochars (materials after HTC and before 
activation in N2). 

The TGA-DSC analysis was done under nitrogen atmosphere to 
simulate the phenomena occurring during activation phase of the 
preparation. We observed a first mass decrease of about 8% in both 
hydrochars below 310 ◦C. This is related to the loss of adsorbed moisture 
and other volatile compounds [76] followed by 16% and 11% decrease 
in HC butox and HC butox W between 315 ◦C and 360 ◦C. These are 
related to the loss of some cellulose fractions, more volatile oxygen 
containing groups and residual moisture. After this, the decrease is more 
linear - one main step of decomposition 54% between 360 ◦C and 660 ◦C 
in both materials is observed. Exothermic peaks were also observed in 
this temperature range indicating the decomposition of cellulose and 
lignin fractions of the materials [77–79]. No more mass loss was 
observed after 660 ◦C. In the current work, the activation was decided to 
be realized at 400 ◦C to retain some of the oxygen functional groups. 

4. Photocatalytic experiments 

Figs. 10 and 11 show the results of the photocatalytic experiments. 
Photocatalytic experiments were carried out to have a view on the 
possibility to regenerate the materials using light irradiation, and the 
experiments were firstly realized without adjusting the pH. In the 
beginning of the experiments, the DCF solution was exposed to light 
irradiation without presence of the developed materials to study the 
degree of photolysis. 

It was observed that about 23% of DCF was photodegraded under uv- 
A irradiation and 15% under uv-B light irradiation after 360 min. The 
DCF photodegradation does not appear in presence of visible light lamp 
used in these experiments. The photolysis of DCF using the same device 
is discussed in more detail in our earlier publication [80]. With HC 
butox, we achieved 35% and 43% photocatalytic degradation of DCF 
under uv-A and uv-B light irradiations. A 31% and 74% DCF was pho-
tocatalytically degraded by HC butox W under uv-A and uv-B light. The 
degradation of DCF under uv-B was observed to be at similar level than 
in the case of corresponding composite materials. About 13% of DCF was 
adsorbed on both hybrids during the 30 min dark period in the begin-
ning of the photocatalytic experiment. The better performance of HC 
butox W despite its lower specific surface area of 10 m2g− 1 could be 
linked to the coupling effect of the TiO2 and WO3 particles, which play 
an important role in separating photogenerated electron-hole pairs. 
When light is irradiated on the material, photo-generated electrons are 
transferred from the conduction band of the TiO2 to the conduction band 
of the WO3, and the holes in the valence band of the WO3 are transferred 
to that of the TiO2. W traps the photogenerated electrons that are 
responsible on the photocatalytic events, preventing recombination and 
thus increasing the lifetime of the charge carriers. As a result, more 
charge carriers are available for photocatalytic activity. The holes in the 
oxides of W and Ti, can then react with water to form OH• radicals. 
During this reaction, adsorbed oxygen is reduced to superoxide radicals 
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Fig. 7. XPS spectra for W4f a) HC butox b) HC butox W.  

Fig. 8. FTIR spectra of HC butox and HC butox W.  
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which react with the electrons and protons to form HO2• thus enhancing 
the photocatalytic performance of HC butox W [49,81]. 

Due to the higher photocatalytic removal percentage of DCF, when 
using HC butox W compared with HC butox, we developed two more 
hybrids with double amount of tungsten in their structures. One was 
treated with HTC for 4 h (HC butox 2 W, specific surface area 96 m2g− 1) 
and the other for 8 h (8HC butox 2 W, specific surface area 96 m2g− 1). 
The results of photocatalytic degradation of DCF showed no improve-
ment compared to the HC butox W. Under uv-B light irradiation, 4% DCF 
photodegradation with HC butox 2 W and 65% with 8HC butox 2 W 
were observed. Doubling the amount of W leads to a lower photo-
catalytic efficiency, even the specific surface areas were increased by 
longer HTC processing times. The lower photocatalytic activity can be 
explained by excess of W. At high amounts W can grow and attain an 
independent identity, adsorbing most of the light and hindering the 
transfer of electrons and holes thus decreasing photocatalytic activity 
drastically [49,82]. In 8HC butox 2 W, we do not observe this drastic 
decrease in photocatalytic activity as in the case of HC butox 2 W. Pan 
et al. [83] reported that with longer HTC processing, the existence of W 
as an independent entity is minimized. This probably explains the 
contrast in the performance of 8HC butox 2 W and HC butox 2 W. In the 
Raman spectra of these materials (shown in the Supplementary mate-
rial) more intense peak around 250 cm− 1, 270 cm− 1, characteristic to 
the δ(0–W–0) deformation vibration of WO3 and 719 cm− 1, 811 cm− 1 
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Fig. 9. TGA/DSC results for a) HC butox and b) HC butox W hydrochars.  

Fig. 10. Degradation of DCF at non-adjusted pH. The curves marked with uv-A 
and uv-B show the photolysis results under indicated light irradiation. HC butox 
and HC butox W are related to photocatalytic degradation results. (C = Final 
concentration and Co = Initial concentration (mg L− 1)). The absolute error of 
the experiment was ~1%. 

Fig. 11. a) Absorption spectrum of amoxicillin with a wavelength range of uv-B light indicated and b) Photolysis and photocatalytic degradation of AMX under uv-B 
light irradiation at different pH using HC butox W (100 mgL− 1). The pH was not adjusted during uv-B photolysis and 200 mgL− 1 HC butox W experiments. 
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corresponding to the O–W–O stretching were observed [36,37]. This is 
consistent with a higher amount of tungsten used in preparation. We 
also observed better defined D and G band peaks compared to HC butox 
and HC butox W. This is caused by longer processing times leading to 
higher amount of graphitic structures in the material. However, despite 
of these changes, the photocatalytic efficiency did not reach the level of 
HC butox W. 

The pH of the solution is an important parameter affecting the 
removal of a pollutant from water. To study this with HC butox W, we 
adjusted the pH during photocatalytic experiments to 3 using hydro-
chloric acid and to 9 using sodium hydroxide. We observed about 80% 
removal after 60 min (74% after 6 h) at pH 3 and 7% removal at pH 9. 
The pHpzc of TiO2 is about 6.1 [84] while that of carbonized palm shells 
is 5.7. We can reason that the pHpzc of the hybrid is between 5.7 and 
6.1. The lower performance at basic pH could be explained that at high 
pH, the surface of the hybrid has a negative charge equally to the DCF 
(pKa of DCF 4.2) molecule leading to repulsion between the two. In 
addition, the excess of OH− could prevent the formation of OH•, the 
radical that attacks the DCF aromatic structure causing the decompo-
sition of DCF carboxylic group. This will decrease photooxidation hence 
decreasing DCF removal [85,86]. Generally, during DCF photocatalytic 
degradation, the solution becomes acidic due to the DCF degradation 
products. Further decrease in the pH to 3, leads to an increase of chloride 
ions in water from the DCF molecule and HCl used to adjust the pH that 
may scavenge the OH radicals [87]. Increasing amount of Cl ions with 
time may lead to decrease of DCF removal to 74% at 6 h. Another 
phenomenon that has an impact on the removal of DCF at low pH 
conditions is the decrease in its solubility [88]. In this case (at pH 3), the 
removal of DCF from water is not only due to adsorption, but also solid 
DCF formation on the material surface may take place. This may also 
lead to a decrease in photocatalytic activity of the material when pho-
tocatalytic surface sites are covered by solid DCF. 

The activity of HC butox W in the degradation of amoxicillin (AMX) 
under uv-B light irradiation (Fig. 11.b) was also studied. The uv-Vis 
absorption spectrum of amoxicillin is presented in Fig. 11.a together 
with the range of the uv-B lamp emission. In these experiments, the pH 
conditions and amount of hybrid material under light irradiation were 
varied to study their effects on the AMX removal. During photolysis 19% 
removal of AMX was achieved, photocatalytic removal at pH 3 reached 
38%, at pH 9 it was 22% and with non-adjusted pH (6.2) the removal 
was 42%. A 20% adsorption was observed during the 30 min dark time 
at non-adjusted pH. 

The results show that though the removal percentage of amoxicillin 
remained rather low, the material is photocatalytically active towards 
the photodegradation of AMX in water, since the removals were higher 
than that observed for non-catalytic photolysis reaction. The experi-
ments run at initial pH of 3 and 9 show that the removal appears higher 
at pH 9 until about 200 min of experiment. This is in accordance with the 
previous work reported, such as Basha et al. [89], where slightly higher 
removal of AMX was achieved with carbon‑titaniumdioxide material at 
pH 9 than in pH 3. Then, after 200 min of experiment, the removal 
appears higher for the experiment carried out at initial pH 3 ending up 
about 18% higher removal at acidic pH 3 than in basic pH 9. As 
mentioned earlier, the pHpzc of HC butox W lies between 5.7 and 6.1. 
The pKa of AMX has the following values: pKa1 = 2.68 carboxyl, pKa2 =
7.49 amine, and pKa3 = 8.49 phenol [8], meaning the form of AMX is 
different at different pH. At pH 3, the surface charge of HC butox is 
positive while the AMX molecule starts deprotonation of its carboxyl 
groups (–––COOH → –––COO− + H+) from the pKa1 of 2.68. Based on 
AMX pKa of 7.49, protonation of amine groups (–––NH2 + H+ → –––NH+

3) 
occur in addition to deprotonation of carboxyl groups at non-adjusted 
pH (6.2), while the surface of the hybrid material is still mostly nega-
tively charged. Hence, there is an attraction between the positively 
charged hybrid surface and the negatively charged AMX molecule. At 
pH 9, both the HC butox W and AMX molecule have negative charges, 
hence repulsion takes place. Due to the presence of excess negative 

charges in solution at pH 9, solubility of amoxicillin is enhanced, which 
is affecting negatively to its adsorption [90,91]. Increasing the pH from 
acidic to near neutral conditions has no significant effect on the degra-
dation of AMX in our case, and Dimitrakopoulou et al. [92], have earlier 
reported similar results. When the hybrid material amount was 
increased from 100 mgL− 1 to 200 mg L− 1, only about 20% removal of 
AMX was achieved. At higher loadings, the HC butox W tends to 
agglomerate and cause turbidity in the liquid, which leads to screening 
and scattering of the light [89,93] thus decreasing the photocatalytic 
efficiency. 

Significantly lower photocatalytic degradation of AMX compared to 
DCF may arise from several reasons arising from adsorption (including 
hybrid material surface properties), light absorption, molecular struc-
tures of pollutants etc. In general, AMX absorbs uv-B light in narrower 
wavelength range than DCF, which affects the photolytic degradation. 
Earlier studies show also differences in degradation mechanisms. While 
AMX degradation is mostly affected by the h + species, the DCF 
degradation is improved by the reactive oxygen species [94,95]. More 
studies are needed to reveal the exact reason for the differences in the 
removal. 

Since our material was more efficient in DCF removal, the regener-
ation experiments were carried out with DCF. Before regeneration, DCF 
removal was first realized on HC butox W at pH 3 (without light irra-
diation). In this connection the impact of precipitation of DCF at pH 3 
was also studied, since Guhmann et al. [88] reported that, in acid pH, 
diclofenac salts are protonated, and they may crystalize and precipitate. 
We observed that at pH 3 when shaking the solution at 200 rpm during 2 
h in absence of the hybrid, a significant, about 54% decrease in diclo-
fenac concentration occurred during the first 30 min after which it 
remained stable. In the presence of the HC butox W, the DCF removal 
increased up to 93% in 120 min. The higher removal in the case of 
hybrid can be explained by a higher amount of solid surface available to 
initiate the precipitation. These results confirmed that the removal of 
DCF from water at pH 3, in large part, occurs via precipitation on the 
material surface. To remove the DCF from the HC butox W surface, the 
regeneration was realized in distilled water (pH ~7) under uv-B light for 
a period of 3 h and then a second DCF removal experiment was carried 
out. Fig. 12 shows the removal of DCF on fresh and regenerated HC 
butox W as well as photocatalytic degradation of DCF released during 
the regeneration. 

The results showed that the DCF removal capacity of HC butox W 
was recovered completely after regeneration in distilled water using the 
uv-B light. About 93% removal of DCF was observed in the regeneration 
liquid. In case of composite materials reported earlier, the correspond-
ing removal was 86% [80]. This demonstrates that photocatalysis is a 
potential way to regenerate carbon hybrids used in the removal of DCF 
from water. 

5. Conclusions 

Carbon hybrid materials with potential to be regenerated by light 
irradiation were prepared from titanium butoxide, palm kernel shells 
and tungsten using hydrothermal carbonization and activation under 
nitrogen. In the experiments, diclofenac sodium and amoxicillin were 
used as the model pollutants. The FESEM images displayed smoother 
surface of tungsten containing material, which explained well the higher 
specific surface area of HC butox (105 m2g− 1) compared to HC butox W- 
hybrid containing tungsten (10 m2g− 1). The FTIR and XPS results 
confirmed the presence of oxygen containing functional groups (C–O, 
C–OH, Ti–O) on the surface of the hybrid materials. In addition, the 
HC butox W-hybrid had also W–O and C––O functional groups. Raman 
analysis indicated the presence of small amount of graphite in addition 
to anatase and rutile phases of TiO2 in both the hybrids. Longer HTC- 
processing times led to higher amounts of graphite. Since the aim of 
the work was to develop materials that can be regenerated using light 
irradiation, photocatalytic degradation of the pharmaceuticals was 
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carried out first. It was observed that the presence of W in the structure 
improved the photocatalytic activity (up to 80% diclofenac removal was 
achieved), but increasing amount further (to double) led to a drastic 
decrease. Increasing amount of graphitic structure in the material 
seemed not to have a beneficial effect. In the case of amoxicillin, about 
42% photocatalytic degradation by tungsten containing hybrid was 
achieved in the best case at non-adjusted pH. 

In the second part of the work, the removal experiments of diclofenac 
and using the best material HC butox W were carried out at different pH. 
The photocatalytic removal at pH 3 showed to be high reaching 80% in 
60 min, while using alkaline pH 9 led to a removal of 7%. The removal at 
pH 3 was observed to occur significantly via precipitation instead of 
classical adsorption. The pH thus played a vital role in the removal of 
diclofenac while the specific surface area of the hybrids had only a minor 
role. The regeneration of HC butox W was successfully realized at nat-
ural pH (~pH 7) using uv-B light irradiation. During the repeated ex-
periments in optimized conditions, the removal of diclofenac reached 
93% in both the removal runs. A 93% degradation of diclofenac was 
observed in the regeneration liquid. Based on these results, the one pot 
HTC synthesis seems to be promising method in producing carbon 
hybrid materials for the removal of pharmaceutic pollutants from water, 
and with a potential to be regenerated by light irradiation. More work is 
needed to improve the efficiency of the materials in amoxicillin removal. 
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Hariz Islas-Flores, Octavio Dublán-García, Nely SanJuan-Reyes, in: Marcelo 
L. Larramendy, Sonia Soloneski (Eds.), Amoxicillin in the Aquatic Environment, Its 
Fate and Environmental Risk, Environmental Health Risk - Hazardous Factors to 
Living Species, IntechOpen, June 16 2016, https://doi.org/10.5772/62049. 
Available at: https://www.intechopen.com/books/environmental-health-risk-haza 
rdous-factors-to-living-species/amoxicillin-in-the-aquatic-environment-its-fate-an 
d-environmental-risk. 

[10] A.J. Watkinson, E.J. Murby, D.W. Kolpin, S.D. Costanzo, The occurrence of 
antibiotics in an urban watershed: from wastewater to drinking water, Sci. Total 
Environ. 407 (8) (2009) 2711–2723. 

[11] B. Ensano, L. Borea, V. Naddeo, V. Belgiorno, M. de Luna, F. Ballesteros, Removal 
of pharmaceuticals from wastewater by intermittent electrocoagulation, Water 9 
(2) (2017) 85. 

[12] J. Fang, L. Zhan, Y. Ok, B. Gao, Minireview of potential applications of hydrochar 
derived from hydrothermal carbonization of biomass, J. Ind. Eng. Chem. 57 (2018) 
15–21. 

[13] K. Mochidzuki, N. Sato, A. Sakoda, Production and characterization of 
carbonaceous adsorbents from biomass wastes by aqueous phase carbonization, 
Adsorption 11 (S1) (2005) 669–673. 

[14] M. Zhang, B. Gao, J. Fang, A. Creamer, J. Ullman, Self-assembly of needle-like 
layered double hydroxide (LDH) nanocrystals on hydrochar: characterization and 
phosphate removal ability, RSC Adv. 4 (53) (2014) 28171. 

[15] X. Zhu, F. Qian, Y. Liu, S. Zhang, J. Chen, Environmental performances of 
hydrochar-derived magnetic carbon composite affected by its carbonaceous 
precursor, RSC Adv. 5 (75) (2015) 60713–60722. 

[16] V. Kimbi Yaah, M. Zbair, S. Botelho de Oliveira, S. Ojala, Hydrochar-derived 
adsorbent for the removal of diclofenac from aqueous solution, Nanotechnol. 
Environ. Eng. 6 (1) (2021). 

0 20 40 60 80 100 120

0

20

40

60

80

100

%
 R

em
ov

al

Time (mins)

92.7 %

a)
b)

Fig. 12. a) Removal of DCF using the fresh (Removal 1) and regenerated (Removal 2) HC butox W, and b) Photocatalytic removal of DCF from the regeneration 
liquid (pH ~7, uv-B). 

V.B. Kimbi Yaah et al.                                                                                                                                                                                                                         

https://doi.org/10.1016/j.jwpe.2021.102279
https://doi.org/10.1016/j.jwpe.2021.102279
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0005
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0005
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0005
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/pharmaceuticals_in_the_environment_0.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/378/publikationen/pharmaceuticals_in_the_environment_0.pdf
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0015
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0015
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0015
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0020
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0020
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0020
https://helcom.fi/media/core%20indicators/Diclofenac-HELCOM-pre-core-indicator-2018.pdf
https://helcom.fi/media/core%20indicators/Diclofenac-HELCOM-pre-core-indicator-2018.pdf
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0030
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0030
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0035
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0035
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0035
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0040
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0040
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0040
https://doi.org/10.5772/62049
https://www.intechopen.com/books/environmental-health-risk-hazardous-factors-to-living-species/amoxicillin-in-the-aquatic-environment-its-fate-and-environmental-risk
https://www.intechopen.com/books/environmental-health-risk-hazardous-factors-to-living-species/amoxicillin-in-the-aquatic-environment-its-fate-and-environmental-risk
https://www.intechopen.com/books/environmental-health-risk-hazardous-factors-to-living-species/amoxicillin-in-the-aquatic-environment-its-fate-and-environmental-risk
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0050
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0050
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0050
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0055
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0055
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0055
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0060
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0060
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0060
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0065
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0065
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0065
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0070
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0070
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0070
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0075
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0075
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0075
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0080
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0080
http://refhub.elsevier.com/S2214-7144(21)00366-4/rf0080


Journal of Water Process Engineering 43 (2021) 102279

10

[17] S. Herawan, M. Hadi, M. Ayob, A. Putra, Characterization of activated carbons 
from oil-palm shell by CO2 activation with no holding carbonization temperature, 
Sci. World J. 2013 (2013) 1–6. 

[18] D. Hoyle, P. Levang, Oil Palm Development in Cameroon. An Ad Hoc Working 
Paper, WWF in Partnership with IRD and CIFOR, Cameroon, 2012 (16 pp.). 

[19] A. Allwar, R. Hartati, I. Fatimah, Effect of nitric acid treatment on activated carbon 
derived from oil palm shell, in: AIP Conference Proceedings vol. 1823(1), 2017. 

[20] S. Kong, S. Loh, R. Bachmann, Y. Choo, J. Salimon, S. Rahim, Production and 
physico-chemical characterization of biochar from palm kernel shell, in: AIP 
Conference Proceedings vol. 1571(1), 2013. 

[21] M. Ulfah, S. Raharjo, P. Hastuti, P. Darmadji, The potential of palm kernel shell 
activated carbon as an adsorbent for β-carotene recovery from crude palm oil, in: 
AIP Conference Proceedings vol. 1755(1), 2016. 

[22] F. Salvador, N. Martin-Sanchez, R. Sanchez-Hernandez, M. Sanchez-Montero, 
C. Izquierdo, Regeneration of carbonaceous adsorbents. Part II: chemical, 
microbiological and vacuum regeneration, Microporous Mesoporous Mater. 202 
(2015) 277–296. 

[23] F. Salvador, N. Martin-Sanchez, R. Sanchez-Hernandez, M. Sanchez-Montero, 
C. Izquierdo, Regeneration of carbonaceous adsorbents. Part I: thermal 
regeneration, Microporous Mesoporous Mater. 202 (2015) 259–276. 

[24] M. De Luna, J. Lin, M. Gotostos, M. Lu, Photocatalytic oxidation of acetaminophen 
using carbon self-doped titanium dioxide, Sustain. Environ. Res. 26 (4) (2016) 
161–167. 

[25] Z. Li, B. Gao, G. Chen, R. Mokaya, S. Sotiropoulos, G. Li Puma, Carbon nanotube/ 
titanium dioxide (CNT/TiO2) core–shell nanocomposites with tailored shell 
thickness, CNT content and photocatalytic/photoelectrocatalytic properties, Appl. 
Catal. B Environ. 110 (2011) 50–57. 

[26] M. Ratova, G. West, P. Kelly, Optimization studies of photocatalytic tungsten- 
doped titania coatings deposited by reactive magnetron co-sputtering, Coatings 3 
(4) (2013) 194–207. 
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