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Abstract

The conversion of carbon-rich biomass into valuable material is an environmental-friendly approach for its reutilization. In this
study, coconut shell-derived biochar, graphitic carbon nitride (g-C5N,), g-C3Ny/biochar, titanium dioxide (TiO,)/biochar, zinc
oxide (ZnO)/biochar, and ferric oxide (Fe,O3)/biochar were synthesized and characterized by using scanning electron micros-
copy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX), X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), surface area analysis, UV-Vis diffuse reflectance spectroscopy
(DRS), and zeta potential analysis. The g-C;N4 or metal oxide particles were found to be well-distributed on the coconut
shell-derived biochar with the improvement in thermal stability and enlargement of specific surface area. A great reduction in
band gap energy was observed in the composite materials after incorporating with the biochar. Among different biochar
composites, g-C3Ny/biochar was found to have the highest photocatalytic activity. The interactive effect of parameters such as
catalyst dosage, peroxymonosulfate (PMS) oxidant dosage, and solution pH on the photocatalytic degradation of methyl orange
was investigated using the response surface methodology (RSM). The highest photocatalytic degradation efficiency (96.63%)
was achieved at catalyst dosage of 0.75 g/L, oxidant dosage of 0.6 mM, and solution pH 3 after 30 min.
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Introduction

Methyl orange is a typical anionic azo dye that is often report-
ed as the most stable and is particularly difficult to be degrad-
ed using conventional methods such as adsorption, biological
treatment, and coagulation, owing to the stability of aromatic
groups (Ahmad et al. 2020). The efficient degradation of
methyl orange is necessary from an environmental perspective
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due to the toxicity and carcinogenic and mutagenic properties
to human health (Zou and Wang 2019). In order to overcome
this issue, advanced oxidation processes (AOPs) have ap-
peared as alternative technologies to conventional dye remov-
al methods. Conventional biological methods are usually in-
sufficient to decompose complex dye molecules such as meth-
yl orange with many aromatic rings due to the highly resistant
to microorganisms (Husain et al. 2019). Meanwhile, the ad-
sorption and coagulation process merely transfer organic pol-
lutants from one phase to another phase to reduce the concen-
tration rather than mineralizing them. Photocatalysis is able to
generate highly reactive free radicals such as hydroxyl radicals
(-OH) which have the ability to oxidize and mineralize most of
the organic pollutants into smaller inorganic products such as
carbon dioxide and water completely without secondary pol-
lution (El Nemr et al. 2018). The generation and separation of
charge carriers for holes (h*) and electrons (¢”) upon light
irradiation, leading to the formation of reactive oxygen species
on the surface of oxides, such as h™, hydroxyl radicals (-OH),
superoxide anions (‘O, ), and singlet oxygen ('0,) (Maugec
et al. 2018).
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The most common studied photocatalysts are titanium di-
oxide (Ti0,), zinc oxide (ZnO), and iron oxide (Fe,05) due to
their interesting characteristics such as low cost, low toxicity,
high stability, and high catalytic activity. The wide band gap
energies for TiO, and ZnO are about 3.2 and 3.37 eV, respec-
tively, which restrict the light absorption to UV region which
accounts for only 5% of the solar spectrum. On the other hand,
graphitized-carbon nitride (g-C3N,4) as a metal-free organic
polymeric visible-light-driven semiconductor has attracted
huge attention to be investigated as a photocatalyst, owing to
its non-toxicity, inexpensiveness, high stability, visible light
absorption ability, and no heavy metal pollution. Though the
bandgap energies of g-C3N, and Fe,O5 are about 2.7 eV
(Ahmad 2020) and 2.1 eV (Yuan et al. 2020), respectively,
the rapid recombination of photo-generated electron-hole car-
riers and low surface area restrict the photocatalytic pollutant
degradation towards environmental remediation. Therefore,
modification of these potential materials is the best way to
overcome the faced obstacle.

Most of the current research on the photocatalytic degrada-
tion of methyl orange was primarily focused on the investiga-
tion of metal- or non-metal-based semiconductors instead of
biomass feedstock materials. In recent years, the application
of raw biomass as an adsorbent in the wastewater treatment
process arises worldwide, but it possesses limitations such as
poor porosity, low specific surface area, and poor cation ex-
change capacity. This poor adsorption capability could be
improved by converting biomass into activated carbon or bio-
char (Tsamo et al. 2019). Biochar is a low-cost and carbon-
rich material produced from pyrolysis of biomass under the
condition of limiting oxygen. Biochar contains an abundance
of functional groups such as —OH, -COOH, C=0, and —-NH,,
which provide a strong adsorption capacity for various types
of pollutants and can be easily tuned with other functional
materials (Lu et al. 2019). Thus, biochar has become a re-
search hotspot as new and excellent support for photocatalysts
due to its well-developed mesoporous structure, semiconduc-
tor characteristics, good adsorption, and stability (Chen et al.
2019; Shan et al. 2020). Immobilizations of photocatalyst onto
suitable support, especially for the carbon material, an electron
acceptor, can prevent the recombination of h* and ¢, im-
proved the utilization of solar energy due to the implantation
of carbon element, and experienced synergistic reaction of
adsorption and photocatalysis (Peng et al. 2019; Shan et al.
2020). By connecting both high catalytic of photocatalyst and
a low cost, waste reuse, and good adsorption capacity of bio-
char, it is believed that this new material may provide an
economical and effective method for photocatalytic degrada-
tion of methyl orange.

Coconut shell contains a large number of biodegradable
and non-toxic substances such as glucan and xylan (Liu
et al. 2020) and composition of 33.30% lignin, 30.58% cellu-
lose, 26.70% hemicellulose, 8.86% water, and 0.56% ash
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(Nunes et al. 2020). Besides, coconut shell also comprises a
variety of chemical or functional groups such as acetamido,
amino, amide, sulthydryl, sulfate, carboxyl, and hydroxyl (Li
et al. 2018), which endows the coconut shell superior hydro-
philic property and suitable to be processed for activated car-
bon or biochar (Liu et al. 2020).

Hence, in this work, composite materials were synthesized
through the incorporation of several types of metal and metal-
free semiconductors with coconut shell-derived biochar in
order to enhance their physical, chemical, and optical proper-
ties. The relationship between these semiconductors and bio-
char towards the photocatalysis was examined by incorporat-
ing main characterization methods. To the best of our knowl-
edge, no studies are available which have assessed the poten-
tial usage of coconut shell biochar material incorporated with
several types of semiconductors under LED light irradiation.
This constitutes the key innovation in this research study. The
photocatalytic activities were performed through the degrada-
tion of methyl orange under LED lamp irradiation. In addition,
kinetic study and response surface methodology (RSM) were
also carried out to have a better understanding on the photo-
catalytic degradation process and determine the optimum con-
dition of the reaction, respectively.

Experiment
Chemicals and materials

Methyl orange, methylene blue, and congo red were pur-
chased from R&M Chemicals, while rhodamine B and reac-
tive blue were obtained from Sigma-Aldrich. Malachite green
was purchased from Fisher Scientific. Metal oxide and g-
C3N, precursors including zine nitrate (Zn(NO3),, 99%), po-
tassium carbonate (K,COs3, 99.5%), titanium isopropoxide
(TTIP, 97%), ferric chloride (FeCls, 99%), ammonium hy-
droxide (NH4,OH, 25%), and melamine (C3HgNg, 99%), as
well as oxidants, which included hydrogen peroxide (H,O,,
37%), potassium persulfate (PS, 99%), and potassium hydro-
gen monopersulfate (PMS, 45%) were obtained from Merck.
All the chemicals were used as received.

Preparation of biochar and biochar composites

Coconut shells were collected and cut into smaller pieces.
After rinsing with distilled water, coconut shells were dried
in oven at 80 °C for 12 h. The dried coconut shells were
calcined under N, environment at 500 °C for 2 h to produce
the biochar. TiO,/biochar was synthesized using sol-gel meth-
od. Biochar was dispersed in 40 mL of water under
ultrasonication for 15 min, followed by the addition of
10 mL of TTIP and 40 mL of ethanol. After that, the solution
was stirred at ambient temperature for 1 h and left for 24 h to
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obtain gel. The gel was dried in oven at 80 °C for 12 h and the
powder was calcined at 500 °C for 2 h to yield the TiO,/
biochar.

ZnO/biochar and Fe,Os/biochar were synthesized using
the co-precipitation method. To synthesize ZnO/biochar, bio-
char was first dispersed in 100 mL of water. Next, 0.03 M of
Zn(NOs3), and 0.05 M of K,CO5 were added into the solution
under continuous stirring. The solution was stirred at ambient
temperature for 1 h for the precipitation of zinc carbonate. For
Fe,O3/biochar composite, biochar was dispersed in 150 mL of
water prior to the addition of 6 g FeCl;. After that, 2 mL of
NH4OH was added dropwise into the solution. The solution
was stirred at ambient temperature for 1 h for the precipitation
of ferric hydroxide. For both cases, the solid products were
rinsed, dried, and calcined in the same condition as the prep-
aration of TiO,/biochar to produce respective metal oxide
composites.

For the preparation of g-C5Ny/biochar, melamine was used
as the precursor of g-C3Ny. Biochar and melamine were dis-
persed in 100 mL of distilled water under ultrasonication for
15 min. After stirring at ambient temperature for 1 h, the
mixture was rinsed, dried, and calcined at the same condition
for the preparation of TiO,/biochar to produce g-C;N,/bio-
char. For all the composite materials, the weight percentage
of metal oxides and g-C;Ny to biochar were set at 1.

Sample characterization

SEM was conducted to analyze the surface morphological of
the synthesized samples by using the Hitachi Model S-3400N
scanning electron microscope. The elemental composition
was determined by energy-dispersive X-ray spectroscope.
XRD analysis was carried out to identify the crystalline struc-
ture of samples using Shidmazu XRD-600. To determine the
functional groups of the samples, attenuated total reflectance
(ATR) sampling technique was used using Nicolet IS 10
Fourier-transform infrared spectroscope. FTIR spectra of the
samples were recorded in the wavenumber range of 4000 to
400 cm™'. The thermal stability of the synthesized samples
was analyzed through TGA by means of a Perkin Elmer ther-
mal analyzer STA 8000. All the samples were subjected to
heating, with temperature ranging from 30 to 1000 °C under a
heating rate of 10 °C/min.

For surface area analysis, 0.5 g of each sample was first de-
gassed at 150 °C to remove impurities. The Brunauer-
Emmett-Teller (BET) surface area, pore size, and pore volume
of the samples were measured based on nitrogen adsorption-
desorption data at 77.35 K employing a surface analyzer of
Micrometrics ASAP-2020. For particle surface charge analy-
sis, the zeta potential of the samples was measured at 25 °C by
using Horiba SZ-100-Z. Typically, 5 mg of sample powder
was dispersed in 50 mL of 0.001 M NaCl solution through
ultrasonication for 15 min. To obtain the isoelectric point, the

pH of the suspension was adjusted to pH 2, 4, 6, 8, and 10
through the addition of HCI and NaOH. Three zeta potential
readings were taken at every solution pH and the average zeta
potential value was plotted against the solution pH.

UV-Vis DRS was conducted to determine the absorbance
and band gap energy of the sample. The absorbances of the
synthesized samples were examined with the wavelength
range from 300 to 800 nm. The indirect band gap energies
of the samples were determined from the Kubelka-Munk
function: F(R)=(1 — R)2/2R, where R is the diffuse reflectance
and the Wood-Tauc plot is [F(R) x hv]"? where v is the pho-
ton frequency, and / is Planck’s constant, by extrapolation of
the straight line to the abscissa (Costa et al. 2020).

Photocatalytic degradation of methyl orange

In a typical study, 100 mL of 10 mg/L methyl orange solution
was prepared in a beaker. After that, 1 g/L of the synthesized
sample was added as a catalyst, followed by 30 min of stirring
under the dark condition to achieve equilibrium adsorption-
desorption state. Then, the solution was irradiated by visible
light irradiation (Philips LED lamp 20W). The sample solu-
tion was collected in a 5-min interval and subjected to liquid
sample analysis. During analysis, the absorbance of methyl
orange was measured using a UV-Vis spectrophotometer
(PG Instruments T60) at its maximum absorbance wavelength
of 464 nm. The degradation efficiency was calculated via Eq.

().

Degradation efficiency (%) = [(Co—C;)/Co] x 100% (1)

where, Cj is the initial concentration of dye (mg/L) and C, is
the concentration of dye at time interval (mg/L).

Results and discussion
Characterizations
SEM-EDX study

Figure 1 illustrates the SEM images of the synthesized bio-
char, g-C3Ny, g-C3Ny/biochar, and other metal oxides/bio-
char. The pore diameters of biochar were about 5-8 um as
shown in Fig. 1a. The developed macropores were due to the
release of volatile compounds during the pyrolysis of coconut
shell biomass (Zhang et al. 2020). These highly porous struc-
tures could act as adsorption sites and proved the ability of
biochar as an effective adsorbent. Figure 1b shows the surface
morphology of g-C5Ny present in the form of small flakes
with observable strip textures, which was a typical structural
feature of g-C5N, synthesized through thermal decomposition
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Fig. 1 SEM images of a biochar,
b g-C5Ny, ¢ g-C3Ny-biochar, d
TiO,-biochar, e ZnO-biochar, and
f Fe,O;-biochar

UTAR-SEMZI5.0KV.5.8m

(c)

UTAR-SEM 15.0kV 5.3mm x5.00k SE

(e)

UTAR-SEM#S.0kV 5.7mm x10.0k SE

as reported by Li et al. (2019a). The average length of g-C3Ny
was found to be around 5 um. For the surface morphology of
g-C3Ny/biochar as shown in Fig. 1c, the structure of g-C3Ny4
remained unchanged though being incorporated in the biochar
skeleton. This composite material showed a porous and flake-
like structure, proving that both substances retained their pris-
tine structures.

The surface morphology of TiO,/biochar illustrated that
TiO, granules were well dispersed on the biochar with little
agglomeration as shown in Fig. 1d, e shows the ZnO particles
exhibited a spherical shape and the majority were found to be
in the form of aggregates once distributed on the biochar.
Figure 1f shows that Fe,O; particles were present in the clus-
ter form and exhibited an extremely high degree of agglom-
eration once distributed on biochar.

The EDX results of particles are shown in Table 1.
Generally, biochar was mainly composed of carbon and oxy-
gen. The C/N atomic ratio of pure g-C3N4 was 0.69, which
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was close to the ideal value of 0.75. The concentration of
nitrogen which exceeded the stoichiometric ratio in this study
was mainly due to the incomplete combustion of melamine
(Li et al. 2019a). Besides, the carbon element present in the g-
C3Ny/biochar was found to be higher than the pristine g-C3N4
due to the incorporation of biochar. In addition, both ZnO/
biochar and Fe,Os/biochar showed impurity elements such
as potassium and chlorine. This was primarily due to the usage
of K,COj3 and FeCl; during the synthesis of ZnO and Fe,O3,
respectively. Furthermore, a low carbon weight percentage
found in both composite materials might be due to the fact
that aggregated metal oxide particles were fully distributed
and covered on the biochar.

XRD study

The XRD results of biochar, g-C3N,, g-C;Ny/biochar, and
other metal oxides/biochar are shown in Fig. 2. The broad
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Table 1 EDX results of the prepared samples
Catalyst C (%) 0O (%) N (%) Ti (%) Zn (%) Fe (%) K (%) Cl (%)

Wt At Wt At Wt At Wt At Wt At Wt At Wt At Wt At
Biochar 88.77 9132 1123 8.68 — - - - - - - - - - -
g-C3Ny 37.15 40.80 - - 62.85 5920 - - - - - - - - -
g-C3Ny-BC 5154 5536 — - 48.46 4464 — - - - - - - - -
TiO,-BC 39.65 56.01 32.02 3396 - - 28.33 10.03 - - - - - - - -
Zn0O-BC 12.17 2723 2486 41.76 - - - 4444 1827 - - 18.53 1274 - -
Fe,05-BC  17.09 36.89 2254 3032 - - - - - 3245 1506 - - 2792 17.73

peak observed about 25° in the coconut shell-derived biochar
was assigned to the (002) plane in carbon material with an
amorphous structure (Chen et al. 2019). For pure g-C3Ny,
the characteristic peaks observed at 13° and 27° were attrib-
uted to the diffraction of (100) and (002) planes of g-C5Ny,
respectively. According to Li et al. (2019a), the peak observed
at 13° was originated from the repeating tri-s-triazine ring
structure, while the peak presented at 27° resulted from the
accumulation of interlayers along the c-axis of the conjugated
aromatic structure, which exhibited a graphite structure. It was
noticed that both peak intensities at 13° and 27° in g-C53Ny/
biochar were reduced, indicating that the incorporation of bio-
char inhibited the formation of bulk layered g-C3N, during the
melamine polycondensation process (Yu et al. 2013).

The XRD pattern of TiO,/biochar showed diffraction peaks
at 25°, 38°, 48°, 54°, and 56°, which were corresponding to
the reflection from (101), (004), (200), (105), and (211) planes
of TiO,, respectively. All these peaks were attributed to ana-
tase-TiO, and no additional peak was found for rutile and
brookite phases. For ZnO/biochar, the diffraction peaks at
32°,34°,36°,47°, and 57 were assigned to the reflection from
(100), (002), (101), (102), and (110) crystal planes of ZnO,

Fig.2 XRD patterns of a biochar,
b g-C3Ny, ¢ g-C5Ny-biochar, d

TiO,-biochar, e ZnO-biochar, and )
f Fe,O5-biochar

respectively (Gholami et al. 2019). For Fe,Os/biochar, the
diffraction peaks that appeared at 33°, 36°, 44°, and 54° were
attributed to the (104), (110), (113), and (116) planes of a
rhombohedral structure of «-Fe,O5, which proved that -
Fe,05 was the only metal oxide presented in the composite
material (Chen et al. 2019). For all the metal oxide compos-
ites, the characteristic peak of biochar at 25° could not be seen
clearly in the XRD patterns which were possibly owing to the
coverage of aggregated metal oxide particles on the surface of
the carbon structure.

FTIR study

The results obtained from the FTIR analyses of biochar, g-
C3Ny, g-CsNy/biochar, and other metal oxides/biochar are
shown in Fig. 3. For pure biochar, a broad absorption peak
appeared at 3376 cm™ ' was owing to the —OH bond stretching
vibration (Chen et al. 2019). The absorption peaks at
1557 cm ™" and 1148 cm™' were attributed to the presence of
C=C bond in the aromatic ring and C—O bond, respectively
(Zhang et al. 2018b). Besides, a weak absorption band at
744 cm™! indicated that the C—H bond was present in the
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Fig. 3 FTIR spectra of a biochar,
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coconut shell-derived biochar. For pure g-C3Ny4, the broad
peak centered at 3080 cm ™' was corresponding to the
stretching vibration of primary (-NH,) and secondary
(=NH) amine group (Zhu et al. 2015). Besides, the strong
band at 794 cm™ ' was derived from the intense bending vibra-
tion mode of the tri-s-trazine unit (Zhu et al. 2015). In addi-
tion, g-C3Ny4 presented a series of absorption bands at
1593 em ™', 1397 em™', 1232 cm ™', and 1088 cm™', which
were attributed to the stretching vibration of C—N heterocycles
(Li et al. 2019a, b). The FTIR spectrum of g-C;Ny/biochar
was substantially similar to the pure g-C3N4, which indicated
that the incorporation of biochar did not alter the bulk struc-
ture of g-C3Ny.

FTIR spectrum of TiO,/biochar showed a broad absorption
peak from 400 to 700 cm ', which was assigned to the
stretching vibration of the Ti—O bond, indicating the existence
of TiO, in the composite material (Lu et al. 2019). Besides, the
FTIR spectrum showed the Zn—O peak from 400 to 600 cm ',
suggesting the formation of ZnO on the composite material.
The stretching mode of the Fe—O bond was found at the peak
of 500 cm !, confirming the incorporation of Fe,O5 in the
composite material (Chen et al. 2019). For all the metal ox-
ide/biochar, the absorption band at around 3300 cm ! and
1600 cm ™" was related to the stretching and bending vibration
of the —OH group, respectively (Lu et al. 2019).

TGA analysis

Figure 4 shows the TGA curves of biochar, g-C3Ny, g-C3N,4/
biochar, and metal oxide/biochar ranging from 30 to 1000 °C
at a heating rate of 10 °C/min. The heating process could be
divided into the water evaporation stage and decomposition
stage. At the first stage, a minor weight loss of less than 10%
within the temperature of 30 °C to 100 °C was noted in the
TGA curves of biochar, g-CsNy, g-C3Ny/biochar, and TiO,/
biochar due to the evaporation of moisture contents.
Meanwhile, ZnO/biochar and Fe,Os/biochar showed a
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significant weight loss of around 20% was mainly related to
the physisorbed and chemosorbed water molecules during the
co-precipitation synthesis process (Mian et al. 2019).

The decomposition process of biochar started at 350 °C and
the residual ash content was around 42% at 1000 °C. Both the
g-C3N, and g-C3Ny/biochar started to decompose at 500 °C,
with a similar decomposing rate within a heating temperature
of 500 to 650 °C. g-C3N4 was completely decomposed at
700 °C (Han et al. 2020), while g-C3Ny/biochar had a residual
ash content of 15% when the heating temperature reached
1000 °C. These results suggested that biochar could improve
the thermal stability of g-C3N,4. Besides, the total weight loss
of TiO,/biochar was about 20%, which was the lowest among
the composite materials. This might be related to the high
purity and high thermal stability of TiO,/biochar with less
amount of water and organic compounds attached to the sam-
ple. Meanwhile, ZnO/biochar and Fe,Os/biochar started to
decompose at a relatively low temperature of 300 °C and their
total weight losses at 1000 °C were 39% and 42%,
respectively.

Surface area analysis

Table 2 shows the BET surface area, pore volume, and pore
size of biochar, g-C5Ny, g-C3Ny/biochar, and metal oxide/bio-
char. The surface area and pore volume of all the composite
materials were higher than the biochar sample. Generally,
large surface area and high pore volume could facilitate the
adsorption of dye molecules and provide numerous surface
reaction sites for the photocatalytic activity to take place
(Fazal et al. 2020). Meanwhile, mesoporous structures could
facilitate rapid diffusion of reactant molecules passed through
the pores (Maucec et al. 2018). However, the high surface area
is commonly associated with a large number of defects, acted
as charge trapping sites where recombination takes place dur-
ing the photocatalytic sequence, and led to a lower catalytic
activity (Nandi and Das 2019). Besides, the photocatalytic
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ability of a sample is strongly dependent not only on the sur-
face area and pore volume; other material properties like com-
position, band gap energy, phase structure, crystal size, crys-
tallinity, particles size, surface hydroxyl group, and surface
defect also played important roles for efficient degradation
performance.

According to the IUPAC classification (Kruk and Jaroniec
2001), all the composite samples exhibited a mesoporous
structure with the pore size ranging from 2 to 50 nm. The
surface area of coconut shell-derived biochar was 1.224 m?/
g, which was slightly lower than the pure g-C5Ny (2.075 m?/
g). When biochar and g-C;N, were incorporated, the surface
area of the composite material increased moderately to
5.242 m*/g. It was suggested that the presence of a biochar
skeleton could prevent excessive accumulation of g-C3N,4 and
achieved a higher surface area (Li et al. 2019b). Besides, the
surface area of TiO,/biochar and ZnO/biochar was
158.575 m*/g and 183.104 m?/g, respectively. These results
were probably caused by the small grain size of the metal
oxides during the synthesis process.

Figure 5a shows the nitrogen adsorption-desorption iso-
therms of catalyst samples. All of the samples exhibited a
typical type IV isotherm according to the IUPAC classifica-
tion (Kruk and Jaroniec 2001), which indicated the adsorption
of nitrogen proceeds via multilayer adsorption followed by
capillary condensation. The isotherms of biochar, g-C;Ny, g-

430 630
Temperature (°C)

230

C;3Ny/biochar, and Fe,Os/biochar showed the type of H1 hys-
teresis loop, which belongs to a typical characteristic of po-
rous material with cylindrical pore geometry (Peng et al.
2020). Meanwhile, TiO,/biochar and ZnO/biochar showed
an H3 hysteresis loop, which indicated a slit-shaped pore
structure with a degree of disorder (Silvestri et al. 2019b).

The pore size distribution of samples calculated from the
Barrett-Joyner—Halenda (BJH) method is presented in
Fig. 5b. It could be observed that TiO,/biochar and ZnO/
biochar had a narrow pore size distribution with an average
pore size at about 10—11 nm, indicating the existence of
mesopores in the composite materials. Meanwhile, biochar,
g-C;3Ny, g-C3Ny/biochar, and Fe,O3/biochar showed an incre-
ment in the pore size distributions, which indicated that the
samples might consist of some coexisting mesopores and
macropores structures. In short, the composite materials had
a pore structure of different sizes and volumes could facilitate
charge transfer and enhance the photocatalytic activity of the
materials (Silvestri et al. 2019a).

UV-Vis DRS

Figure 6a shows the UV-Vis DRS absorption spectra of g-
C5Ny, g-C3Ny/biochar, TiO,/biochar, ZnO/biochar, and
Fe,Os/biochar. It was observed that the spectra for g-C5Ny/
biochar experienced a shift to longer wavelength (red shift)

Table 2 BET surface area, pore

Surface area (m?/ 2)

Pore volume (cm3/g) Pore size (nm)

size and pore volume of the Samples

samples
Biochar 1.224
2-C3Ny 2.074
g-C;3Ny/biochar 5242
TiO,/biochar 158.575
ZnO/biochar 183.104
Fe,Os/biochar 5.222

0.003 50.041
0.004 54913
0.017 36.847
0.168 11.480
0.178 10.435
0.030 28.868
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Fig. 5 a Nitrogen adsorption-desorption isotherms and b pore size distri-
bution of biochar, g-C5N,, g-C3Ny-biochar, TiO,-biochar, ZnO-biochar,
and Fe,Os-biochar

and showed a higher visible light absorption as compared with
g-C3Ny. This indicated that the incorporation of low reflectiv-
ity biochar could improve the optical absorption property of
the composite material significantly and increased wavelength
of the absorption edge from about 450 to 500 nm (Li et al.
2019b). It was reported that both pure TiO, and ZnO showed
absorbance in the UV region (200400 nm) only with absorp-
tion edges located at about 380 nm and 390 nm, respectively
(Wang et al. 2018). Meanwhile, pure biochar exhibited a dis-
tinct absorption in the visible range owing to the black color of
the material (Fazal et al. 2020). Meng et al. (2020) reported
that the thick black layer of biochar would block the absorp-
tion of visible light, resulting in decreased photocatalytic effi-
ciency. However, an appropriate amount of biochar in com-
posite materials could retain the semiconductor polymeric
framework and enhanced photocatalytic performance. When
both TiO, and ZnO composited with biochar, these samples
exhibited noticeable absorbance in the visible range (400—
700 nm), which indicated the absorption in the visible range
was attributed to the biochar content. The high absorbance in
the UV region also confirmed the presence of metal oxide,
whereas the absorption intensity within the visible range was
ascribed to be induced by the biochar content. Similar results
had been reported in the literature to demonstrate the useful-
ness of the biochar-based composites (Xie et al. 2019; Fazal
et al. 2020). The wavelength of the absorption edge for Fe,0;
was usually shorter than 600 nm due to the intrinsic band gap
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absorption of Fe,O3 (Zhang et al. 2018a). However, it was
clearly showed that the steep absorption edge of Fe,Os/bio-
char was extended to above 600 nm, which indicated the in-
teraction between Fe,O5 and biochar where Fe,O3 responded
well to visible light. Besides, all these composite materials
which are more responsive to solar light may also be ascribed
to the C incorporation to form C—O-metal/non-metal bonds
and mid-gap energy state formation (Norouzi et al. 2019).

The band gap energies of the samples were further calcu-
lated from the UV—vis DRS spectra based on the transformed
Kubelka-Munk function as depicted in Fig. 6b—f. By applying
Tauc’s relation, a graph of (hv F(R))""? versus photon energy
was plotted and a tangent line was drawn to obtain the band
gap energy of the sample. The band gap energies of g-C5Ny,
g-C;Ny/biochar, TiO,/biochar, ZnO/biochar, and Fe,O3/bio-
char were found tobe 2.7 eV, 2.47 eV, 3.17 eV, 3.04 eV, and
2.04 eV, respectively. The band gap energies of all the syn-
thesized metal oxides/biochar were slightly lower than the
pure metal oxides, in which the typical band gap energies of
Ti0,, ZnO, and Fe,05 are 3.2 ¢V, 3.3 ¢V, and 2.2 eV, respec-
tively (Lu et al. 2019; Das et al. 2019). According to Li et al.
(2019a), the incorporation of a biochar skeleton could facili-
tate a photocatalyst to capture more visible light and adjust its
optical properties through the electronic excitation process.
Furthermore, it was reported that the incorporation of semi-
conductors with a carbon matrix could create vacancies,
which led to band gap narrowing (Gholami et al. 2019).
Though a smaller band gap energy material is usually more
desired for efficient absorption by solar light, the band gap
must also be large enough to meet the thermodynamics and
kinetics requirements for effective overall water splitting re-
action to proceed (Zhou et al. 2012; Nasir et al. 2019). Thus,
g-C3Ny/biochar composite material was expected to exhibit
better photocatalytic performance as it could harvest more
visible light than the pure g-CsN, and the band gap energy
potential levels of Fe,O3 were not within the redox potential
for proton reduction and water oxidation potential levels.

Zeta potential analysis

Zeta potential analysis was conducted to investigate the sur-
face charge of biochar, g-C5;Ny, and g-C5Ny/biochar at differ-
ent solution pH. Generally, particles exhibit protonation and
deprotonation in aqueous suspension, which could be attrib-
uted to the interaction with H" or OH™ ions from the aqueous
medium at the surface of the particle. Under different solution
pH, the extent of these interactions could be diverse, thereby
resulting in different surface charges and zeta potential values
(Zhu et al. 2015). The isoelectric point is the pH value in
which a zero net charge is attained. As displayed in Fig. 7,
the isoelectric points of biochar, g-C3N,, and g-C3N,/biochar
were pH 2.2, 4.0, and 3.7, respectively. The particles’ surface
is positively charged at pH below the isoelectric point and it is
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negatively charged at pH above the isoelectric point. For in-
stance, g-C3Ny/biochar composites possess a negatively
charged surface, which favored the adsorption of cationic dyes
via electrostatic attraction at pH above 3.7 (Pi et al. 2015). It is
reported that the dissociation constants (pKa) of methyl

Fig. 7 Zeta potential analysis
results of biochar, g-C3Ny, and g-
C3N4-biOChar

Energy. hv (eV)

Energy. hv (eV)

orange which is about 3.7 (Karimi-Shamsabadi et al. 2017),
when pH is lower than pKa of methyl orange, methyl orange
is in zwitterion form, which promoted dye adsorption on the
catalyst surface and its photocatalytic degradation. When pH
is higher than pKa of methyl orange, methyl orange is in the
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azo form. Some researchers found that the photocatalytic ox-
idation efficiency was increased as increasing the solution pH
due to the number of hydroxyl ions as the main precursor of
hydroxyl radicals increases (Mirzaei et al. 2018). However, at
pH values more than the pKa of methyl orange, the g-C3Ny/
biochar surface and methyl orange are both negatively
charged. Therefore, the degradation efficiency is anticipated
to be decreased as increasing the pH value due to the repulsion
force.

Photocatalytic degradation of methyl orange
Effect of different catalyst

The effect of various types of catalysts on the photocatalytic
degradation of methyl orange was studied and the results are
shown in Fig. 8. It was found that g-C5N,4/biochar demonstrat-
ed the highest degradation efficiency of methyl orange among
all the pure and composite materials. This was mainly due to
the narrow band gap energy of g-C3Ny/biochar (2.47 eV) and
meets the redox potential for proton reduction and water oxi-
dation potential levels. The excitation of an electron from the
valence band to the conduction band in the visible light region
could also be induced to generate more free radicals, which
were highly reactive in the mineralization of organic dye.
Meanwhile, the photocatalytic activity of Fe,Os/biochar was
significantly lower than the g-C;Ny/biochar, even though it
had narrower band gap energy (2.11 eV). It was reported that
the photocatalytic activity of Fe,O3; was limited owing to a
very short hole-diffusion length (24 nm) (Qin et al. 2017)
and the conduction band edge was below the reduction poten-
tial of the proton reduction (H*/H,) redox pair which was
ineffective for water splitting process (Zhou et al. 2012). On
the other hand, TiO,/biochar and ZnO/biochar had the lower
photocatalytic efficiencies of Methyl Orange among the com-
posite materials though both materials possess high surface

Fig. 8 Effect of different catalyst 351
on the photocatalytic degradation
of methyl orange (adsorption = 0
to 30 min; photocatalysis = 30 to
90 min)
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area. This indicated that other material properties such as com-
position, band gap energy, phase structure, crystal size, crys-
tallinity, particle size, surface hydroxyl group, and surface
defect did play a significant role in determining high catalytic
activity. For instance, the large band gap energies of TiO,/
biochar (3.17 eV) and ZnO/biochar (3.02 eV) might restrict
the absorption of the visible light spectrum for the excitation
process, thus reducing the production of free reactive radicals
in the photocatalytic degradation of organic dye.

The findings showed that biochar was a good adsorbent,
but it barely had catalytic performance in dye degradation.
Meanwhile, pure g-C5N,4 exhibited lower photocatalytic ac-
tivity as compared to g-C;Ny/biochar, which might be due to
its wider band gap energy (2.7 eV), lower surface area, and
weaker visible light absorption. According to Li etal. (2019b),
the intimate interface between g-C3;N, and amorphous carbon
in biochar could accelerate the charge transfer kinetics and
prolong the lifetime of charge carriers. This was because the
carbon-rich materials could serve as an electron collector and
transporter in a composite material, which could delay the
recombination rate of electron-hole pairs. Besides, the com-
posite materials with the larger surface area could provide
more active sites for the photocatalytic activity to take place.

Kinetic study

Kinetic studies were performed based on the photocatalytic
degradation rate of methyl orange to identify the reaction or-
der kinetic model. Figure 9a shows the pseudo-first-order ki-
netic for the photocatalytic degradation of methyl orange un-
der different operating temperatures. The high determination
of coefficient (R* > 0.95) revealed that all the data were fitted
well to the pseudo-first-order kinetic model as presented in
Eq. (2). Gholami et al. (2019) reported that the reaction order
of dye degradation could be determined by the concentration
of dye at different time intervals. This was mainly due to the

Photocatalytic degradation
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short half-life of oxidative radicals (‘-OH and SO, ), where
their concentrations were not likely to be identified and mea-
sured, thus considered the constant value at a specific time.

In (Co/C,) = kappt (2)

where C) is the initial concentration of dye (mg/L), C; is the
concentration of dye at time interval (mg/L), k,py, is the appar-
ent reaction rate constant (min '), and ¢ is the reaction time
(min).

The k,p,p, values were found increasing with the increasing
temperature implying that the reaction was accelerated by the
increment in the reaction temperature. Generally, the temper-
ature dependence of k,p, is related to the Arrhenius Law which
is shown in Eq. (3).

kapp =Aexp (_Ea/RT) (3)

where E,, is the activation energy in unit Joules/mole, R is the
gas constant with the value of 8.314 J/mol K, and T is the
reaction temperature expressed in unit K. Figure 9b shows a
linear relationship between the variables through the deriva-
tion of Arrhenius equation by having /n k., and 1/T as the
responding and manipulating variables, respectively, and the
equations are presented in Egs. (4) and (5).

In kopp = ~Eq/RT + In A (4)
In kapy = —2600.8 (1/T) + 5.862 (5)

Hence, the activation energy needed to initiate the reaction
could be evaluated from the gradient of the linear graph. The
calculated £, value of photocatalytic degradation of methyl
orange in the presence of g-C;Ny/biochar was found to be
21.62 kJ/mol. This value was higher than the activation ener-
gy for the diffusion-controlled reactions (10—13 kJ/mol),
which indicated that photocatalytic degradation of methyl or-
ange was dominated by the rate of intrinsic chemical reactions
on the catalyst surface rather than the rate of mass transfer
(Yao et al. 2014). Besides, the calculated £, value lied within
the range of 15.8—75.5 kJ/mol for the reactions using different
heterogeneous catalysts (Guo et al. 2018).

Optimization study

In the optimization study, three experimental parameters, i.e.,
catalyst dosage (X7), oxidant dosage (X>), and solution pH
(X3), were considered and selected as the independent vari-
ables while the photocatalytic degradation efficiency of meth-
yl orange (Y) was chosen as the response of the study. The
ranges and levels of the independent variables were set ac-
cording to the previous parameter studies. The central

composite design (CCD) model was used to examine the in-
teractive relationship between the participating variables. As
shown in Table 3, the resulting photocatalytic degradation
efficiency of methyl orange falls in the range from 43.82 to
94.39% in response to the variation in the experimental con-
ditions. A quadratic model with significant terms was obtain-
ed for the prediction of photocatalytic degradation efficiency
of methyl orange and their empirical relations could be ex-
plained using Eq. (6). The positive and negative value of the
coefficients indicated the synergistic and antagonistic effect of
the methyl orange degradation, respectively (Mohammad
et al. 2019).

Y =87.29+2.70 X + 14.32 X,—7.11 X3-0.1950 X X,
—0.8475 X 1 X3-0.6275 X, X3-4.51 X12—6.80 X»,>~7.94 X5°

(6)

The accuracy of the model was justified by an analysis of
variance (ANOVA) and the results are presented in Table 4.
The model F-value of 994.03 implied that the model devel-
oped was significant and there was only 0.01% of the chance
that the -value could occur due to noise. On the other hand, P
value indicated the probability of getting results bigger than
the F-value and was used to test the null hypothesis.
Generally, parameters having P value less than 0.05 were said
to be significant (Armah et al. 2020). In this case, the model
terms X], Xz, X3, X]Xz, X]X3, X2X3, X]z, X22, and X32 were
significant. Therefore, this analysis confirmed the significance
of all the individual variables and interaction terms in the
photocatalytic degradation of methyl orange. Furthermore,
the lack-of-fit F-value of 2.55 indicated that the lack of fit
was not significant relative to the pure error. The non-
significant lack of fit indicated good predictability of the mod-
el and there was only a 16.42% chance that the lack-of-fit F-
value could occur due to noise.

A high value of determination coefficient (R = 0.9989)
implied that 99.89% of the total variation for the photocata-
lytic degradation of methyl orange could be described by the
suggested model. Besides, the value of adequate precision
which measured the signal-to-noise ratio was found to be
91.9289, indicating that the model had an adequate signal.
Generally, an adequate precision ratio greater than 4 implied
that the developed model could be used to navigate the design
space (Armah et al. 2020).

Figure 10 shows the response surface plots of photocata-
lytic degradation to study the interactive effect of the indepen-
dent variables. The degradation efficiency increased by
changing the PMS oxidant dosage from 0.2 to 0.6 mM in a
certain catalyst dosage at the fixed value of solution pH 5. This
result confirmed the experimental result obtained from the
previous one parameter at a time study, where the optimum
oxidant dosage was found to be 0.6 mM. This was primarily
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Fig. 9 a Pseudo-first-order kinet-
ic plot for photocatalytic degra-

dation of methyl orange, b
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due to the increasing amount of -OH and SO, as increasing  of catalyst dosage from 0.25 to 0.75 g/L resulted in the incre-
the PMS oxidant dosage. Figure 10a also shows the increment ~ ment in dye degradation efficiency, which was mainly

Table 3 Experimental results for the three independent variables

Standard order Point type

Coded independent variable levels

Degradation efficiency (%)

Catalyst dosage, g/L (X;) PMS oxidant dosage, mM (X;) Solution pH (X3) Experimental values Predicted values

1 Factorial
2 Factorial
3 Factorial
4 Factorial
5 Factorial
6 Factorial
7 Factorial
8 Factorial
9 Axial
10 Axial
11 Axial
12 Axial
13 Axial
14 Axial
15 Center
16 Center
17 Center
18 Center
19 Center
20 Center

025 (-1)
0.75 (+1)
025(-1)
0.75 (+1)
025 (-1)
0.75 (+1)
025 (-1)
0.75 (+1)
0.08 (—1.68)
0.92 (+1.68)

0.5 (0)

0.5 (0)

0.5 (0)

0.5 (0)

0.5 (0)

0.5 (0)

0.5 (0)

0.5 (0)

0.5 (0)

0.5 (0)

0.2 (1) 3.0(-1) 5734 56.47
0.2(-1) 3.0(-1) 64.01 63.95
0.6 (+1) 3.0(-1) 86.72 86.75
0.6 (+1) 3.0(-1) 94.39 93.45
0.2(-1) 7.0 (+1) 44.49 4520
0.2(-1) 7.0 (+1) 4955 49.29
0.6 (+1) 7.0 (+1) 73.14 72.97
0.6 (+1) 7.0 (+1) 75.64 76.28
0.4 (0) 5.0 (0) 69.93 69.99
0.4 (0) 5.0 (0) 78.81 79.06

0.06 (~1.68) 5.0 (0) 43.82 43.99

0.74 (+1.68) 5.0 (0) 92.00 92.15
0.4 (0) 1.64 (~1.68) 75.83 76.81
0.4 (0) 8.36 (+1.68) 53.55 52.89
0.4 (0) 5.0 (0) 86.81 87.29
0.4 (0) 5.0 (0) 88.14 87.29
0.4 (0) 5.0 (0) 86.93 87.29
0.4 (0) 5.0 (0) 87.23 87.29
0.4 (0) 5.0 (0) 86.83 87.29
0.4 (0) 5.0 (0) 87.87 87.29
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Table 4 ANOVA results for photocatalytic degradation efficiency of methyl orange
Factors Squares sum Freedom degrees Square average F-value Probability, P value
Quadratic model 5180.05 9 575.56 994.03 <0.0001 Significant
X, 99.35 1 99.35 171.58 <0.0001
X 2799.44 1 2799.44 4834.82 <0.0001
X; 690.53 1 690.53 1192.59 <0.0001
X X5 3.04 1 3.04 525 0.0485
X1 X3 5.75 1 5.75 9.92 0.0103
X2 X3 3.15 1 3.15 5.44 0.0419
X2 293.49 1 293.49 506.88 <0.0001
X2 665.74 1 665.74 1149.78 <0.0001
X3 907.44 1 907.44 1567.21 <0.0001
Residual 5.79 10 0.5790
Lack of fit 4.16 5 0.8314 2.55 0.1642 Insignificant
Pure error 1.63 5 0.3267
Corrected total 5185.84 19

R* =0.9989; adequate precision =91.9289

attributed to the availability of more catalytic active sites. It
was noted that PMS oxidant dosage was a more significant

(
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8

Degradation efficiency (%)

PMS oxidant dosage
(mM)

Degradation efficiency (%)

Degradation efficiency (%)

047
Catalyst dosage Catalyst dosage

(mg/L)

04

PMS oxidant dosage
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variable in determining the degradation efficiency of methyl
orange as compared to the catalyst dosage. For example, by

Fig. 10 Three-dimensional surface plots of the photocatalytic degradation of methyl orange at fixed a solution pH 3, b oxidant dosage 0.4 mM, and ¢
catalyst dosage 0.5 g/L
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Table 5 Experimental and predicted results conducted at optimized condition for model validation
Runs Catalyst dosage, g/L (X7) PMS oxidant Solution pH (X3) Degradation efficiency (%)
dosage, mM (X3)
Experimental values Predicted values

1 0.75 0.57 348 96.63 94.86

2 0.63 0.52 3.57 94.27 95.16

3 0.66 0.52 3.88 92.78 95.05

4 0.55 0.54 3.59 93.91 95.89

5 0.53 0.57 4.52 95.71 96.18

comparing run 1 with run 3 and run 1 with run 2, the interac-
tion between these two factors could be observed. The degra-
dation efficiency increased from 57.34 to 86.72% when the
PMS oxidant dosage increased from 0.2 to 0.6 mM under
constant catalyst dosage and solution pH. Meanwhile, the
degradation efficiency enhanced slightly from 57.34 to
64.01% as the catalyst dosage increased from 0.25 to 0.75 g/
L under constant oxidant dosage and solution pH. The results
showed that PMS oxidant dosage had a greater effect on the
photocatalytic degradation of Methyl Orange as compared to
the catalyst dosage.

The interaction between catalyst dosage and solution pH at
an oxidant dosage of 0.4 mM is shown in Fig. 10b. Generally,
photocatalytic degradation efficiency of methyl orange in-
creased when the solution pH decreased within different cat-
alyst dosages. The results aligned to the optimum findings
found in the preliminary study, in which the photocatalytic
degradation of methyl orange performed more effectively un-
der acidic conditions. This could be attributed to the surface
charge of photocatalyst as well as the structural change of
methyl orange under different solution pH. Besides, it was
noted that solution pH affected the degradation efficiency
slightly greater than the catalyst dosage. According to the
results of run 1 and run 5, degradation efficiency increased
from 44.49 to 57.34% when the solution pH changed from pH
7 to pH 3. Meanwhile, degradation efficiency increased from

Fig. 11 Photocatalytic 100

degradation efficiency of different
types of dyes under optimized
conditions

Degradation efficiency (%)

86.72 to 94.39% when the catalyst dosage increased from
0.25 g/L inrun 3 to 0.75 g/L in run 4.

Figure 10c illustrates the interaction between PMS oxidant
dosage and solution pH under a constant catalyst dosage of
0.5 g/L. The findings revealed that PMS oxidant dosage had a
greater effect on the photocatalytic degradation of methyl or-
ange as compared to the solution pH. It was also noteworthy
that the photocatalytic degradation efficiency could achieve
higher dye degradation efficiency at lower solution pH as
the PMS oxidant dosage increased from 0.2 to 0.6 mM. This
was because the photocatalytic degradation process could be
facilitated through the structural change of methyl orange at
lower pH and also accelerated by the greater number of reac-
tive radicals present simultaneously.

The model validation and process optimization runs were
conducted simultaneously, and the results are presented in
Table 5. A few optimum solutions were generated by the
software according to the order of suitability. The first five
solutions of the optimum conditions were selected, and exper-
iments were conducted based on the parameter combinations.
The experimental values obtained from photocatalytic degra-
dation of methyl orange were found to be within 5% accuracy
to the predicted values. For instance, the predicted degradation
efficiency of 94.86% was obtained at the catalyst dosage of
0.75 g/L, oxidant dosage of 0.57 mM, and solution pH of
3.48, while the experimental value was found to be 96.63 %,

—B— Methyl orange
—¥— Malachite green
—A— Methylene blue
—6—Reactive blue
—6—Rhodamine B
= Congo red
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with merely 1.8% of deviation. It was noted that the experi-
mental values obtained were in good agreement with the pre-
dicted values. Thus, it could be confirmed that the RSM meth-
od was a reliable and effective method to optimize the photo-
catalytic degradation of methyl orange in the studied range.

In addition, Fig. 11 presents the photocatalytic perfor-
mance of g-C;Ny/biochar on the degradation of different types
of dyes under optimized conditions with a catalyst dosage of
0.75 g/LL and PMS oxidant dosage of 0.57 mM at solution pH
3.48. The photocatalytic performance of dyes was affected by
various chemical structures including azo methyl orange, di-
azo congo red, quinone imine methylene blue, disodium salt
reactive blue, triphenylmethane malachite green, and xan-
thene dye rhodamine B. It was noticed that perceptible degra-
dation of various types of dyes could be achieved, affirming
that photocatalytic degradation was able to break down the
dye molecule structures efficiently. The findings also proved
the feasibility of g-C3Ny/biochar as photocatalyst in the deg-
radation of both azo and non-azo dyes.

Conclusions

In this study, various biochar-based photocatalyst composites
were successfully prepared using sol-gel and co-precipitation
methods. SEM results depicted that biochar derived from co-
conut shells had plenty of meso- and macropores. The XRD
and FTIR results indicated that all the characteristic peaks of
metal oxides and g-CsNy could be found in their respective
composite materials, which suggested that the catalysts were
well incorporated on the biochar material. The composite ma-
terials exhibited good thermal stability, appropriate specific
surface area, pore volume, and suitable band gap energy
through the incorporation with biochar material. Among all
the samples, g-C3Ny4/biochar was found to be the most effec-
tive photocatalyst to degrade methyl orange. The interactive
effects of the operating parameters were successfully analyzed
through RSM analysis. Besides, the photocatalytic degrada-
tion was optimized at the conditions with a catalyst dosage of
0.75 g/L, PMS oxidant dosage of 0.57 mM, and solution pH
3.48. Under this optimum condition, the photocatalytic degra-
dation efficiency could achieve 96.63%. Photocatalytic deg-
radation of methyl orange using g-C3;Ny/biochar was found to
have followed the pseudo-first-order kinetic. In conclusion,
this study was able to provide basic information on the possi-
ble utilization of biochar composites in photocatalytic degra-
dation of organic dye. The overall results suggested that g-
C;3Ny/biochar was a potential material to be used for the pho-
tocatalytic degradation of organic pollutants.
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