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The literature rarely compiles studies devoted to the removal of pollutants in aqueous media comparing
adsorption and photocatalytic degradation, and does not pay enough attention to the analysis of combined
adsorption-photocatalytic oxidation processes. In the present manuscript, the removal of malachite green (MG)
from aqueous solutions has been investigated in three different sustainable scenarios: i) adsorption on activated
carbon (AC) derived from a residue, luffa cylindrica, ii) photocatalytic oxidation under simulated solar light
using titanium dioxide (TP) and iii) combined adsorption-photocatalytic oxidation using TP-AC (70/30 wt./wt.)
under simulated solar light. The study has revealed that in the three scenarios and studied conditions, the total
removal of this endocrine-disrupting dye from the solution takes place in the assayed time, 2 h, in some cases just
in a few minutes. MG adsorption in the AC is a very fast and efficient removal method. MG photocatalytic
oxidation with TP also occurs efficiently, although the oxidized MG is not totally mineralized. MG removal using
the TP-AC composite under simulated solar light occurs only slightly faster to the MG adsorption in the AC, being
adsorption the dominating MG removal mechanism for TP-AC. Thus, more than 90% of the removed MG with TP-
AC under simulated solar light is adsorbed in this carbon-containing composite. The obtained results highlight
the interest in adsorption, being the selection of the most suitable removal method dependent on several factors
(i.e., the cost of the AC regeneration, for adsorption, or the toxicity of the intermediate oxidation species, for
photooxidation).

Paying attention to MG photooxidation with TiO,, comparison of two working photodegradation schemes
shows that the direct photodegradation of MG from solution, avoiding any initial dark equilibrium period, is
more efficient from a time perspective. The use of scavengers has proved that MG photodegradation occurs via an
oxidation mechanism dominated by superoxide anion radicals.

1. Introduction

Malachite green (MG) is a well-known synthetic dye used in the
textile industry, in the paper dyeing process, and as a food coloring
agent (Ahmad and Kumar, 2010; Srivastava et al., 2004; El-Zahhar and
Awwad, 2016). It is a triphenylmethane cationic dye, environmentally
recalcitrant, and extremely toxic to a variety of aquatic and terrestrial
mammals, being carcinogenic and a multi-organ toxin for humans (Bello
etal., 2015), and considered an endocrine-disrupting dye. Despite being

banned in several countries, it is still extensively used in the aquaculture
industry, i.e., as a fungicide and for protozoan infections in fish (Cook-
sey, 2016). Thus, the removal of dyes, such as malachite green, from
wastewater is an important challenge for society, and the subject of
several studies over the last few years (Lin et al., 2016; Das et al., 2009;
Farooqi et al., 2020).

Among the different alternatives for the removal of undesirable
organic and inorganic impurities from domestic and industrial waste-
water, adsorption is one of the most used methods (Xu and Liu, 2008). It
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is effective and fast, its design is simple, its operating cost is low and it
avoids the production of harmful by-products (Bhatnagar and Anasto-
poulos, 2017). For this purpose, different materials, such as carbona-
ceous materials, biomass, clays, zeolites, etc., can be used as adsorbents
(Al Bahri et al., 2012; Cruz et al., 2018). Among them, activated carbons
(AC) have been extensively used as versatile adsorbents due to their
well-developed porous structure and tunable properties (Bansal and
Goyal, 2005). Despite these outstanding properties, once the adsorbent
is saturated, an additional regeneration step is needed for further use
(Hernandez, 2012). To overcome this, and to enhance the pollutants
removal, attempts for the combination of adsorption and advanced
photocatalytic oxidation processes have been carried out (Wang et al.,
2018).

Heterogeneous photocatalysis is considered one of the most prom-
ising processes for wastewater treatment, given its potential for com-
plete mineralization of pollutants to non-toxic products. It implies using
a semiconductor that is excited by UV or visible light, being the created
electron/hole pairs responsible for the redox reactions that lead to the
pollutants degradation (Regalbuto, 2006; Zhang et al., 2014; Guimaraes
et al., 2012; Kisch, 2015). Many semiconductors, such as ZnO, CuO,
Gay03, have succeeded to be suitable as photocatalysts, and titanium
dioxide (TiO) is among the preferred ones because of its high chemical
stability and low cost, being environmentally friendly. Heterogeneous
photocatalysis is not only suitable for the oxidation of organic com-
pounds, but also for the inactivation of microorganisms (Bansal et al.,
2009; Gao et al., 2015; Reddy et al., 2015). However, it also has some
drawbacks, such as the high rate of electron/hole (e /h™) pairs
recombination, and the hard sedimentation and difficult separation in
liquid processes, given its small particle size (Arana et al., 2003).
Improving the TiOy efficiency is, for all these reasons, indeed
interesting.

If an adsorbent and a photocatalyst are combined, the pollutant be-
comes concentrated close to the photocatalytic active sites, which can
enhance its removal (Liu et al., 2007; Pausova et al., 2019). For that
purpose, zeolites and silica have been widely studied as TiO, “additives”
(Devi and Kavitha, 2014; Lucas et al., 2013), but AC has especially
gained many researchers’ attention because of its well-known adsorp-
tion capacity (Andriantsiferana et al., 2014; Nitnithiphrut et al., 2017;
Slimen et al., 2011). The synergistic photodegradation of organic pol-
lutants when AC is combined with TiO, has been reported, and it is
explained as a result of the formation of a contact interface between both
solid phases and the transfer of the pollutants adsorbed on activated
carbon to titania, where they are directly photodegraded (Arana et al.,
2003; Matos et al., 2001). Furthermore, TiO, particles could be well
dispersed on the activated carbon surface, avoiding their agglomeration
(Che Ramli et al., 2014; Morawski et al., 2009). Additionally, in some
conditions, carbon atoms can be incorporated into the titania network,
creating new energy levels just above the valence band of TiO, and
reducing the bandgap, which could also explain a photodegradation
activity enhancement in some particular cases (Lavand et al., 2019).

Among the experimental parameters of the photocatalytic process,
the irradiation source is of great importance. Different light sources (i.e,
solar light irradiation, or artificial sources, such as UV lamps or simu-
lated solar light) have been employed for the photocatalytic degradation
of malachite green using TiOz (Bojinova et al., 2007; Arifin et al., 2015).
As an example, Ju et al. have studied the microwave-assisted photo-
catalytic degradation of malachite green in aqueous TiOy suspensions
using UV irradiation of electrodeless discharge lamps (EDLs) (Ju et al.,
2008). Bojinova et al. have reported the photocatalytic degradation of
malachite green under UV irradiation using titanium dioxide photo-
catalysts with different anatase/rutile ratios (Bojinova et al., 2007). The
photodegradation of malachite green under UV and visible light at
different pH values has also been examined by Sayilkan et al. using
Sn-doped TiOy (Sayilkan et al., 2007). Yong et al. have studied the
photodegradation rates and pathways of malachite green under natural
and simulated irradiation without the addition of catalysts, finding that
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suitable conditions of pH (between 5 and 9) and concentration (10
mg/L) accelerate the degradation process of this dye in natural waters
(Yong et al., 2015).

The literature survey highlights the lack of studies that perform a
systematic comparison between adsorption and photocatalytic degra-
dation of pollutants, such as MG, in aqueous media. Also, to the best of
our knowledge, no published studies focus on the photocatalytic
degradation of the malachite green dye using titania-activated carbon
hybrids under simulated solar light. Therefore, in the present study, the
removal of MG from solution under simulated solar light using a titania/
activated carbon hybrid material is investigated, and compared with the
MG removal by adsorption in the same activated carbon, that has been
obtained from Luffa cylindrica (see section A and Fig. S1 in the Sup-
plementary Material), and by photocatalytic degradation using a TiO;
photocatalyst. Thus, on one hand, this study contributes to the proper
selection of the most suitable method for the removal of MG and related
compounds from solution, either by adsorption or by solar light-driven
photocatalytic degradation, not usually compared in similar experi-
mental conditions. On the other hand, it deepens into the role of
incorporating carbon, leading to titania-activated carbon composites,
analyzing the MG removal rate, and trying to determine which of the
two processes, adsorption or photodegradation, controls the MG
removal, and which are the possible intermediation degradation prod-
ucts, if any. Finally, it enlightens the mechanism governing the photo-
catalytic oxidation of MG with TiO,, performing tests with different
scavengers.

2. Experimental section
2.1. Materials and reagents

Commercial P25 (Aeroxide) titanium dioxide was provided by
Degussa. Phosphoric acid (H3PO4, 85 wt % solution) was purchased
from Panreac. 1,4-benzoquinone (CgH402, 108.09 M, 99%), methanol
(99.8%), 2-propanol (CsHgO, >99.5%) and malachite green oxalate (N,
N, N, N-Tetramethyl-4,4-diamino-triphenyl-carbenium oxalate (see
Table 1)) were purchased from Sigma-Aldrich. All the reactants have
been used without further purification.

2.2. Activated carbon preparation

Activated carbon was prepared by chemical activation with H3PO4 of
Luffa cylindrica fibers collected in Algeria (see additional information in
the Supplementary Material, section A and Fig. S1). The vegetal fibers
were rinsed several times with distilled water to remove dust and
organic impurities, and dried in an oven at 90 °C overnight. The dried

Table 1
Physicochemical properties of the malachite green dye (information extracted
from the product specification sheet from the official site of Sigma Aldrich).

Property Property Value

Molecular Weight 463.50 g mol !
Empirical formula Ca3HasNy - CoHO,4 - 0.5C;H,04

Structure O
o0
HaC-N SN-CHy

«1/2 C2H204

HaC CHg
o]
O%OH
o)

Appearance (Form) Solid crystals
Color Faint green to very dark green
Solubility 1 mg mL™}, H,0.
Color Blue to very dark blue
Dye Content >99.5 %
PKa 6.9
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fibers were cut into small pieces and, after milling and sieving, the
fraction of size >800 pm was collected. The activation procedure, pre-
viously reported (Bouchenafa-Saib et al., 2005), is as follows: the
pre-treated Luffa fibers and an 85 wt.% phosphoric acid solution
(H3POy4/1uffa fibers ratio of 3/1 wt./wt.), were mixed and kept in con-
tact for 3 h. The resulting mixture was heated at 5 °C/min up to 500 °C in
a tubular furnace and maintained at that temperature for 1 h before
letting to cool down. After cooling, the obtained solid was washed
several times with distilled water to a neutral pH, removing chemicals
after the activation process. The prepared activated carbon was named
AC.

2.3. TiO, and TiOs-based materials

Commercial TiOy (P25) supplied by Degussa (named TP) was used
without further modification/purification. The hybrid photocatalyst
containing AC and TiO was prepared by mechanical mixing in an agate
mortar (MM), using 0.3 g AC and 0.7 g TP. This TiO2/AC proportion was
selected according to previous publications (Bouazza et al., 2008; Lil-
lo-Rodenas et al., 2007). The obtained sample was denoted as TP-AC.

2.4. Characterization of the prepared materials

The morphology of the three prepared samples was investigated
using a scanning electron spectroscopy instrument (Quattro S model,
FEI) at 10 kV and 3.0 spot.

The evaluation of the textural properties of the materials was con-
ducted by Ny adsorption-desorption at —196 °C and CO; adsorption at
0 °C in a Quantachrome Autosorb-6B apparatus. The samples were
previously degassed at 250 °C for 4 h. The specific surface area (Sggr)
and the total micropore volume (Vpgr N2) were determined using,
respectively, the Brunauer-Emmett-Teller equation and the Dubinin-
Radushkevich equation, applied to the Ny adsorption data (Rodri-
guez-Reinoso and Linares-Solano, 1988; Cazorla-Amoros et al., 1996).
The mesopore volume (Vi) was estimated by the difference of the
volume of Ny adsorbed at P/Py = 0.9 and P/Py = 0.2, expressed as a
liquid (Romero-Anaya et al., 2012). The total pore volume (V1) was
determined from the volume of nitrogen adsorbed at a P/Py = 0.99.

Attention has also been paid to the surface properties of AC and TP.
The pHs of zero charge of the surface (pHpzc) of the different samples
were determined by potentiometric titration according to the protocol of
Kummert and Stumm (1980). The titration was performed using nitric
acid, HNO3 (0.01M), or sodium hydroxide, NaOH (0.01M), added to a
solution of 0.1g of sample in 100 mL of distilled water. The surface
charge was determined using the following equation:

(Cs —Cy, — [H;0] 4+ [OH])
n m (@D)]

where:

q: the surface charge (mol-gfl);

C,: the concentration of acid after addition (mol~L’1);

Cyp: the concentration of base after addition (mol~L*1);

[H301] and [OH]: the concentrations of these ions, according to the
measured pH (both in mol-L'l);

m: the sample mass in (g.L_l).

The crystallinity of the samples was determined by X-ray diffraction
(XRD). XRD patterns were recorded for the samples mixed with CaFq
(50/50, wt./wt.) using the equipment Miniflex IT Rigaku (30 kV/15 mA)
with Cu Ka radiation at a scanning velocity of 2°/min, in the 26 range
6-80°. The Scherrer equation (Equation (2)) was used to calculate the
average crystallite size as follows:

K4

B:ﬁcose @
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where B is the average crystallite size (nm); K is the Scherrer constant (K
=0.93), L is the radiation wavelength (0.1540 nm for Cu Ka), f is the full
width at half maximum intensity (FWHM) and 0 is the Bragg angle
associated to the main peak of the studied phase (26 values of 25.3 and
27.5° for anatase and rutile, respectively). The percentage of anatase (A
%), rutile (R%), and amorphous phase were calculated as reported in ref.
(Amoros-Pérez et al., 2018), see equations (3) and (4):

Aanatase(101)
e s x 100
A() = et 3
Avutiie(110)
x 100
R(%) :A(qu(zzo())g e))

where Aanatase(101), Arutile(110), and Acar,(220) are the peak areas extracted
from XRD spectra measured for a 50/50 (wt./wt.) mixture of TiOy/CaF,.
The constants 1.25 and 0.9 are the theoretical ratios between areas of
the same peaks when a 100% anatase or 100% rutile crystalline titania
sample is used.

UV-vis/Difuse Reflectence spectroscopy (JASCO V-670 spectrom-
eter) equipped with an integrating sphere accesory was used to inves-
tigate the optical absorption properties of the samples. The reflectance
signal was calibrated by a Spectralon standard (Labsphere SRS-99-010,
99%), using BaSO4 as the reference standard. The band gap energy (Eg)
was calculated by two different methods, the absorbance method, and
the indirect allowed transition. In the absorbance method, the band gap
energy values, in eV, were calculated as:

1239.8
E, = 5
= ®)
where ) is the absorption edge wavelength, in nm, obtained from the
intersection of a fitted tangent to the absorbance UV curve with the
wavelength axis at which the absorbance is equal to zero.
In the indirect method, this form of the Tauc equation was used:

(ahv)"/? = B(hv-Eg) O]

where « is the absorption coefficient, h is the Planck constant, v is the
frequency and B is a constant. The plot of (ahv)!/2 vs hv allows to obtain
Eg.

2.5. Malachite green removal

The removal of MG from aqueous solution (10 mg L™?) by adsorption
or photocatalytic degradation was studied in the present study.

Two adsorption equilibrium tests with AC and the MG aqueous so-
lution (10 mg L) were performed to determine the adsorption capacity
at room temperature (25 °C) and with the vessel reactor introduced in an
ice bath (5-25 °C). In these tests, 20 mg of the AC were in contact for 2 h
with 500 mL of 10 mg L ! of MG aqueous solution. The purpose of these
tests was to determine the equilibrium adsorption capacity of the AC at
the two assayed temperatures.

In the MG adsorption kinetics or photocatalytic degradation tests,
the following general conditions were used: 250 mL of a malachite green
solution with an initial MG concentration of 10 mg L™! and 0.125 g of
photocatalyst or adsorbent (TP-AC, TP or AC) were continuously stirred
in a Pyrex glass vessel. The suspension was sonicated for 2 min to ach-
ieve good dispersion.

For the photodegradation experiments, the vessel was introduced in
an ATLAS SUNTEST CPS + instrument with a xenon arc lamp for
simulated natural solar radiation (See Fig. S2a in the Supplementary
Material, section B). Two photodegradation schemes were assayed: a)
the solution was maintained in the dark for 1 h before irradiation, to
establish adsorption-desorption equilibrium, or b) MG solution irradia-
tion occurred from the beginning of the test.

It must be pointed out that the temperature of the solution increases
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upon irradiation in the ATLAS SUNTEST chamber. In particular, in the
photodegradation scheme based on dark for 1 h followed by irradiation,
the photocatalytic process occurs in the temperature interval from 25 °C
to 45 °C (see Fig. S2b in the Supplementary Material, section B). To
avoid such temperature increase, experiments were carried out also with
the vessel reactor introduced in an ice bath. In this case, the temperature
of the reaction media varied from 5 °C to 25 °C (see Fig. S2c in the
Supplementary Material, section B). These two temperature conditions
are denoted MT and LT, meaning moderate and low temperature,
respectively, and are being commented on in this study.

For the adsorption kinetic experiments, with AC, TP and TP-AC, the
reaction vessel was left all the time in the dark, and two temperature
regimes were assayed, at room temperature (25 °C) and with the vessel
reactor introduced in an ice bath (5-25 °C).

Both during the MG photodegradation and the adsorption tests, 4 mL
of solution were taken from the vessel at fixed time intervals, filtered,
and analyzed by UV-vis spectrophotometry (Shimadzu PC1201) to
determine the MG concentration (by means of the maximum absor-
bance, at 618 nm). The concentration of malachite green in each test was
assessed using a linear-fit calibration plot.

The correct interpretation of the experiments has required per-
forming additional tests to understand and evaluate the results from the
MG removal experiments. In particular, in section C in the Supplemen-
tary Material, blank tests (using AC but in the absence of any photo-
catalyst) evaluating the MG removal from the solution that could occur
by combining a dark period followed by simulated solar light, or by the
direct irradiation scheme are included (see Section C and Fig. S3 in the
Supplementary Material). Also, section D in the Supplementary Material
shows a photolysis test (without photocatalyst) over the MG solution,
carried out to evaluate the potential photochemical degradation of MG
(Fig. S4 in the Supplementary Material).

The total organic content (TOC) of the MG initial solution (t = 0
min), as well as the TOC values of the solutions (for MT conditions),
were measured after 60, 120, and 180 min of irradiation using the TP
photocatalyst and a TOC-VCSH/CSN Shimadzu equipment.

To evaluate which MG intermediate oxidation species could appear,
the analysis of the solutions after 60, 120, and 180 min of irradiation
using the TP photocatalyst, as well as the analysis of the MG initial so-
lution (t = 0 min), was performed using gas chromatography coupled to
mass spectrometry (GC-MS) in a 5975C Agilent equipment. The column
used was an Agilent 19091s-433hp-5ms (30 m x 250 pm x 0.25 pm). The
protocol used included a first stage at 40 °C for 5 min, followed by a
heating step at 12 °C-min ! up to 290 °C, held for 6 min, and, finally at
20 °C-min " up to 320 °C, held for 10 min.

To unveil the mechanism of the MG photocatalytic degradation, a
study with different interfering agents (scavengers) was conducted with
TiOy TP. Methanol, benzoquinone, and 2-propanol were used as in-
hibitors of photogenerated positive holes (h™), superoxide anion radi-
cals (O3 e), and hydroxyl radicals (HOe), respectively. In each case 2 mL
of the scavenger solution (0.2 mol/L) were added to the MG solution.

3. Results and discussion
3.1. Characterization of the prepared samples

3.1.1. Morphology characterization by scanning electron microscopy
Section E and Fig. S5 in the Supplementary Material compile some
information for the AC, TP and TP-AC samples obtained by SEM,
including images obtained with the same magnification. The typical
porous morphology of an activated carbon, resulting from the activation
with phosphoric acid, is shown in Figs. S5a and S5b (in the Supple-
mentary Material). Figs. S5c¢ and S5d from the Supplementary Material
contain the SEM micrographs for TP sample, confirming the porosity in
the TiO, (P25) sample. Regarding the TP-AC sample, with 70/30 TiOy/
AC (weight ratio), it can be noticed that TP is well dispersed on the AC
surface, covering homogenously most of its surface (Figs. S5e and S5f
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from the Supplementary Material). No significant agglomeration of TP
particles on the AC surface is observed.

3.1.2. Crystallinity characterization by X-ray diffraction

XRD analysis has been performed to evaluate the crystallinity of the
different samples. The corresponding patterns are presented in Fig. 1.
The characteristic XRD peaks of the TiO, phases were observed. The 2 ©
values for anatase and rutile (Cano-Casanova et al., 2018; Nitnithiphrut
et al., 2017; Fu et al., 2004) (in brackets the corresponding families of
planes) are the following.

e Anatase: 25.3° (101); 37.8° (004); 48.0° (200); 54.5° (105); 55.0°
(211); 62.7° (204); 70.4° (116); 74.5° (220)

e Rutile: 27.5° (110); 36.1° (101); 41.1° (111); 54.4 (211); 76.5°
(202)

For the AC, a broad diffraction feature located at 26 ~24° is found,
showing that it is not crystalline. XRD profiles for TP and TP-AC are very
similar and reveal that they mainly contain anatase with some rutile.

Analysis of the XRD spectra show that the proportion of amorphous
TiO4 in the samples is about 14%, and the anatase and rutile contents are
about 73% and 13%, respectively. The crystallite size of these two
phases is 21 and 29 nm, respectively. These data are, in agreement with
data reported in the literature (Sing et al., 2014; Ohtani et al., 2010) and
in a previous study (Cano-Casanova et al., 2018).

3.1.3. Textural characterization by physical adsorption of gases

N adsorption-desorption isotherms of samples TP, TP-AC, and AC
are compiled in Fig. 2. They are all type IV according to the IUPAC
classification, corresponding to mesoporous materials (Thommes et al.,
2015). An important microporous contribution is observed for the iso-
therms of AC and TP-AC, which indeed can be identified as a combi-
nation of type I+IV isotherms. The adsorption capacity of each sample is
quite different, and also the samples show a different type of hysteresis

* Anatase + Rutile —— AC
— TP
— TP-AC
¥
£)
&
z ©
w
=
s
=
P
(b)
+ H o
%
/‘\’J ) \ (a)
1 1 1 1 1 1
10 20 30 40 50 60 70 80
20(9)

Fig. 1. XRD patterns for (a) TP, (b) TP-AC, and (c) AC.
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Fig. 2. N adsorption-desorption isotherms at —196 °C for the prepared ma-
terials: AC, TP and TP-AC.

loop, H3 for sample TP and H4 for samples AC and TP-AC, indicating
some differences in the mesoporosity structure of TP and AC (Thommes
et al., 2015).

Table 2 summarizes the textural properties for the studied materials,
determined from the adsorption data. The Luffa-derived AC shows a
high surface area, and the Spgr determined for TP, much lower, is in
agreement with the values reported in the literature (Cano-Casanova
etal., 2018; Liu et al., 2007). The surface area of the TP-AC composite is
the expected one according to the proportion of TP (70 wt.%) and AC
(30 wt.%) present in it.

3.1.4. Surface chemistry and point of zero charge characterization

The surface chemistry of AC, TP and TP-AC samples has been pre-
viously investigated using Fourier transform infrared (FTIR) analysis
(Cano-Casanova et al., 2021; Boumad et al., 2021). The obtained spectra
showed the presence of a medium height peak at around 3700 cm ™},
associated to O-H bond, and the absorption band of water molecules
appeared at 1680 cm~!. Two bands in the range 2200-2300 em ! are
associated to CO» vibration band and medium C—=C—C stretching band.
A strong absorption peak, attributed to the Ti-O-Ti bond, was observed
around 850-1200 cm L.

The surface properties of the AC-containing samples have been
characterized paying attention to the oxygen-containing functional
groups, as they strongly influence their quality as adsorbents.

The points of zero charge (see Fig. 3) were found to occur approxi-
mately at pH values of 6.6, 6.5, and 6.7 for TP, AC, and, TP-AC,
respectively. These pHpzc values for AC, TP and TP-AC indicate some
dominance of acidic functional groups on the surface (Kosmulski, 2021).
The pHpzc values imply that the surface is positively charged in the
solution up to these pH values, and negatively charged above these pHs
(Laszlo, 2005). Taking into account the composition of TP-AC, an ex-
pected pHpzc for TP-AC would be 6.6. Being MG a cationic dye, its
adsorption is supposed to be favored when the pH of the medium is
higher than the pHpzc.

Table 2
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Fig. 3. Surface charge versus pH curves for AC, TP, and TP-AC samples.

3.1.5. Optical properties determined by UV-vis analysis

The UV-vis diffuse reflection spectra of the samples are included in
the Supplementary Material (Fig. S6 in section F in the Supplementary
Material). According to the spectra, in the UV region, the lowest ab-
sorption occurs for TP, whereas the absorption for TP-AC is slightly
enhanced in this region, as a result of the highest absorption registered
for AC.

Table 3 presents the Eg values calculated by both, the absorbance
and the indirect allowed transition methods, showing that they are in
good agreement. The Eg value for TP-AC is lower than that for TP, which
can be attributed to the presence of AC. Note the high absorbance of the
activated carbon in a large range of wavelengths, especially in the visible
region, in agreement with previously published data (Shahcheragh
et al., 2023).

3.2. Malachite green removal

3.2.1. Adsorption equilibrium tests

The adsorption equilibrium tests on AC at low and moderate tem-
peratures have shown that, for the 10 mg L™! MG aqueous solution, the
AC equilibrium adsorption capacities are 160 and 150 mg MG/g of AC,
respectively.

Considering that the adsorption kinetic tests are being performed
using 250 mL of MG solution with 10 mg L™} concentration and 0.125 g
of photocatalyst or adsorbent, in the adsorption kinetic tests the ratio
amount of MG to be removed/amount of adsorbent is well below the MG
adsorption capacity of the AC.

Table 3
Energy band gap (Eg) values obtained from absorbance method, and the indirect
allowed transition one for TP and TP-AC.

Sample Eg (eV)" Eg (eV)"
TP 3.05 3.07
TP-AC 2.46 2.47

# absorbance.
b indirect method.

Textural parameters of the synthesized samples, obtained from N, adsorption-desorption at —196 °C and CO, adsorption at 0 °C.

Sper [m%g "] Vrotal [em®g '] Vpr (N2) [em®g "] Vmeso [em®g "] Vpr (CO2) [em®g™1]
AC 1139 1.15 0.48 0.66 0.19
TP 60 0.10 0.02 0.08 0.02
TP-AC 383 0.34 0.16 0.28 0.07
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3.2.2. Adsorption kinetic tests (in darkness)

Fig. 4 plots the MG adsorption data determined in dark conditions at
the two temperatures. Comparing both temperature ranges, the differ-
ence in the adsorption capacity is negligible. The adsorption of MG in TP
is, as expected, negligible. An important MG adsorption capacity is
noted in AC, attributed to its high surface area of 1139 m?/g and
developed porous texture. Although the pHpzc > pH, AC has a very high
MG adsorption capacity. Note that the amount of MG to be adsorbed in
these tests is one order of magnitude lower than the MG adsorption
capacity for the AC in these conditions.

The removal of MG by adsorption in TP-AC is also similar to that in
AC.

3.2.3. Tests under simulated solar light: photocatalytic degradation/
adsorption processes

As explained, two schemes have been assayed: a) before irradiation,
the solution was maintained in the dark for 1 h to establish adsorption-
desorption equilibrium, which was then followed by irradiation of the
MG solution, or b) the irradiation of the MG solution occurred from the
beginning of the test. The tests were repeated twice to check repro-
ducibility, and the experimental errors were below 7 %.

The removal of the MG dye for TP, TP-AC, and AC samples under
solar light, expressed by the variation of C/Cy versus time in the two
steps experiments, is compiled in Fig. 5. Note that the correct interpre-
tation of Fig. 5 requires to consider the blank experiments (included in
Fig. S3 in the Supplementary Material), and the photolysis data (Fig. S4
in the Supplementary Material). The photolysis tests, that is, the study of
MG degradation in the absence of photocatalyst, showed that photo-
chemical degradation of MG does not occur, being MG photochemically
stable under the studied conditions.

Fig. 5 confirms that, as expected, TP showed a low MG adsorption in
dark, lower than 10% of the MG initial concentration, whereas the
composite TP-AC, as well as the AC, showed a high (and similar) MG
adsorption, ranging 90-95% of the initial MG concentration. This
behavior is attributed to the porosity of the activated carbon (see
Table 2), and agrees with the data presented in Fig. 4.

Once the solution was exposed to irradiation, the photodegradation
of MG from the solution over TP occurred within the time assayed. In
fact, total removal of MG from the solution is achieved with the three
materials. In AC and TP-AC, most of the MG removal occurs in the dark
period and is a consequence of MG adsorption, whereas more than 90%
removal of MG was achieved with TP via photooxidation within 60 min
of irradiation. The temperature had very little effect on the MG removal
performance, being the results for the two studied temperature ranges
very similar.

1.0
g g g L g a
|
0.8
Low temperature
) 0.6 | e AC
o —u—TP
© ~» TP-AC
04
02 |
3\
\ -
0.0 ° "':’:t;f.if —0——0 b @&
0 20 40 60 80 100

Time (min)
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Data in Fig. 5 and Fig. S3 (in the Supplementary Material) indicate
that MG removal in TP-AC composite is slightly enhanced (comparing to
the AC) due to the presence of TP.

A second set of experiments was conducted starting with the irra-
diation of simulated solar light once the materials and MG solution were
put in contact (Fig. 6). The correct interpretation of data in Fig. 6, which
shows a very similar performance for both temperature regimes, implies
taking into consideration the adsorption results, compiled in Fig. 4, and
the blank and photolysis tests (Figs. S3 and S4 in the Supplementary
Material).

Data of Fig. 6 shows that the removal of MG from solution is achieved
with the three materials, TP, AC and TP-AC, within the time assayed.
The results for the two studied temperature ranges are similar, as clearly
observed in Fig. S7 and section G from the Supplementary Material.

A slightly faster MG removal kinetics is observed in the TP-AC
sample, consequence of the combination of adsorption and photo-
degradation processes occurring simultaneously in this material. In fact,
some literature studies suggest that the photocatalytic process is boosted
by the adsorption of the organic compound on the AC of the composite,
promoting the transfer of the organic compound molecules to the sur-
face of the photocatalytic active sites.

Not only the removed MG, but also the percentage of remaining TOC
are of interest to evaluate the degree of mineralization of the malachite
green. In the experiment using TP as photocatalyst (Fig. 6), the TOC
values have been measured at t = 0 (initial MG solution) and after 60,
120 and 180 min of irradiation. The percentages of removal of TOC after
60, 120 and 180 min of irradiation using the TP photocatalyst are 51, 70
and 75 %. This implies that although most MG is oxidized in short time,
it is not totally mineralized, and some MG intermediate oxidation spe-
cies exist.

GC-MS analysis of the solutions after 60, 120 and 180 min of irra-
diation using the TP photocatalyst has been performed aiming to
determine if any MG intermediate oxidation compounds could be
detected, confirming the presence of 4-(methylamino)benzophenone,
[4-(1-cyclohexyl)-(1"-phenyl)-methyl]-2,4-hexenoic acid, benzaldehyde
and hydroquinone, in agreement with previous publications
(Pérez-Estrada et al., 2008; Fischer et al., 2011; Song et al., 2020).

To analyze what is occurring in the removal of MG by the TP-AC
composite, and by the rest of materials studied, a tentative analysis of
such removal has been performed at a certain time (10 min, see Table 4),
considering the MG removal by adsorption (from data in Fig. 4) and the
MG removal under illumination (from data in Fig. 6). The percentage of
MG removal by photodegradation has been estimated as the corre-
sponding subtraction.

Data of Figs. 4 and 6 and Table 4 highlight that adsorption governs
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Fig. 4. MG adsorption in dark conditions at low (a) and moderate temperature (b) using: mg,jig = 0.125 g, Vgolution = 250 mL, Co (MG) = 10 mg/L, pH = 5.8.
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Fig. 5. Removal of MG using TP, TP-AC and AC under dark followed by simulated solar light irradiation at low (a) and moderate (b) temperature in the following

conditions: mgejiq = 0.125 &, Volution = 250 mL,

Co (MG) = 10 mg/L, pH = 5.8.
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Fig. 6. Removal of MG under simulated solar light in presence of TP, TP-AC and AC: (a) at low temperature and (b) at moderate temperature. Conditions: mgejig =

0.125 g, Violution = 250 mL, Co (MG) = 10 mg/L, pH = 5.8.

Table 4

Quantitative analysis of the MG removal by adsorption and photodegradation
from the kinetic tests (at 10 min time).

Samples
AC TP TP-
AC
Removed Q1: % MG removed by adsorption (From 92 3 92
MG data in Fig. 4)
Q2: % MG removed under illumination 92 53 97
(From data in Fig. 6)
Q2-Q1: % MG removed by photodegradation 0 50 5

2 At t = 10 min; Q: quantity of MG removed, expressed in (%).

MG removal in AC and TP-AC, although some photooxidation of MG also
occurs in TP-AC due to the presence of TP. Note that TP-AC contains 70
wt.% of TP.

Further analysis needs to be done to evaluate the relative importance
of adsorption and photocatalytic degradation in MG removal by TP-AC,
as it will be done next paying attention to the photodegradation
mechanism.

From the comparison of Figs. 5 and 6, it can be concluded that, as
could be expected, performing the direct removal of MG dye without

reaching the adsorption equilibrium is faster for TP-AC and, especially
for TP, which is important for saving time and energy.

3.2.3.1. Effect of scavengers on the photodegradation process. Various
reactive species, such as hydroxyl radicals (HOs), positive holes (h™),
and superoxide anion radicals (Oze) can participate in the photo-
catalytic degradation of organic compounds.

To evaluate the contribution of the main reactive species and to
elucidate the photocatalytic mechanism involved in the MG degradation
by TP and TP-AC, different scavengers were used. These experiments
were carried out under moderate temperature because in these condi-
tions the experiments’ execution is simpler and more suited to reality.

The following scavengers have been used in this study.

- 2-propanol. It is a suitable scavenger for hydroxyl radicals that could
be produced through the oxidation of both water and hydroxyl
groups by the positive holes (h™) left in the valence band (VB) after
the semiconductor excitation upon illumination (Neto et al., 2020).

- Benzoquinone (BQ). It is an appropriate scavenger of superoxide
anion radicals (eO3) (Schneider et al., 2020). MG molecules could be
photosensitized to an excited single state (dye*) through irradiation,
leading to an injection of electrons on the TiOy conduction band.
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Hence, their reaction with molecular oxygen adsorbed on the cata-
lyst surface would trigger the formation of superoxide anion radicals
and/or hydroperoxide radicals (HOze), which would furthermore
conduct to the formation of hydroxyl radicals (Cheng et al., 2018;
Neto et al., 2020).

Methanol (MeOH). It is considered a classical holes scavenger (Tan
et al., 2003; Schneider et al., 2020).

The results obtained in the tests carried out with scavengers are
presented in Fig. 7.

As expected, in the tests carried out with the AC (Fig. 7a), no effect of
the scavengers was observed since there was no photodegradation.

In the case of the TP sample (Fig. 7b), the MG photodegradation was
strongly inhibited by the presence of benzoquinone, indicating that su-
peroxide anion radicals are highly involved in the photooxidation pro-
cess, followed by a moderate participation of photogenerated holes,
while hydroxyl radicals presented the lowest contribution. That is, the
superoxide anion radicals are the major contributors to the photo-
catalytic degradation of MG and, hence, adding the BQ scavenger caused
nearly no MG to be removed by photodegradation (i.e., at 10 min time,
50% MG is removed without scavenger, whereas only 1-2% MG is
removed with the BQ scavenger).

The same trend and behavior were observed in the case of using TP-
AC, see Fig. 7c, although the relative importance of incorporating
scavengers is lower in comparison with TP, as a consequence of
adsorption. At 10 min time, adsorption and photodegradation removed

Environmental Research 250 (2024) 118510

97% of MG in TP-AC. After the addition of the BQ scavenger, 70% of MG
was removed, that is, MG was essentially removed by adsorption
(although photodegradation also occurs). This highlights that adsorp-
tion contributes most to the MG removal from the solution using the TP-
AC composite under simulated solar radiation. Bearing in mind that in
TP-AC there is 70 wt.% TP (and 30% wt. C), and that within 10 min 50%
of MG was removed by photooxidation in TP, in the TP-AC composite
around 35% MG should have been removed by photooxidation within
10 min, considering the content of TP, in contrast to 22%, which is an
approximate value measured. This tentative data highlights that the
presence of AC in TP-AC does not increase the rate of photooxidation
concerning what would be oxidized with that amount of TP, but they are
of the same order of magnitude or even lower. This would imply that the
presence of the highly activated carbon in the composition of the pho-
tocatalyst does not enhance the photocatalytic degradation performance
of the final material, in which MG removal is dominated by adsorption.

The fact that the presence of the AC in TP-AC does not enhance TP
photocatalytic degradation is just opposite from the accepted explana-
tion, claiming the synergy and photooxidation enhancement for TiOy-
based photocatalysts containing carbons or highly activated carbons, in
many cases in gas phase experiments (Bouazza et al., 2008; Lil-
lo-Rodenas et al., 2007), commonly attributed to the pollutant being
concentrated (by adsorption) close to the photocatalytic active sites,
what would enhance its photooxidation removal (Liu et al., 2007;
Pausov et al., 2019). Possibly, the optimum composition of carbon in a
hybrid photocatalyst for a given application will also be strongly
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Fig. 7. Photodegradation of MG over a) AC, b) TP, and ¢) TP-AC in the presence of different scavengers: 2-propanol, BQ, and MeOH.



S. Boumad et al.

determined by the reaction media, either liquid or gaseous.

Assuming that the selection of adsorption versus photocatalytic
degradation will also be influenced by the type, toxicity, and amount of
the degradation products, attention needs to be paid to that as well. The
principal photodegradation mechanisms of MG in a variety of photo-
oxidative processes have been reported as the N-demethylation of the
MG molecule, and the cleavage of the conjugated structure yields,
among others, benzophenone derivatives.

4. Conclusions

The present work has focused on the comparison of malachite green
removal under simulated solar light with titanium dioxide P25 (TP) and
with a composite containing TP and AC derived from luffa cylindrica
(TP-AC), containing 70 wt.% TP and 30 wt.% AC, with the MG removal
by adsorption on the luffa cylindrica AC. This study has revealed that in
the scenarios and studied conditions, in all cases the total MG removal
from solution takes place within the time assayed, 2 h, in some cases
with few minutes. The AC presents a very fast and good MG removal by
adsorption due to its high surface area (1139 mz/g) and developed
porous texture. In the case of TP, there is also total MG removal by
photooxidation, although the MG removal process required more than
three times that required for the MG adsorption with the AC.

From a kinetic point of view, the TP-AC composite is much more
efficient for MG removal from solution than TP, and only slightly more
efficient than the AC adsorbent. In such composite, combined adsorption
and MG photooxidation take place. In contrast to what could be ex-
pected, the incorporation of carbon does not noticeably enhance TP
photooxidation. In fact, adsorption dominates the MG removal from
solution for the TP-AC composite under simulated solar light.

When using TP for MG photooxidation, the direct photodegradation
of MG (avoiding an initial dark period) is more efficient. MG photo-
degradation by TP occurs via an oxidative process and its oxidation
mechanism is dominated by the superoxide anion radicals, although
hydroxyl radicals and, especially, holes, also play a role. In such a pro-
cess, the oxidized malachite green is not totally mineralized, and some
intermediate compounds are detected.

For each method, the MG removal results are similar in the two
temperature regimes studied, and, in general, the final selection of a
removal MG method depends on considerations such as the cost and
sustainability (i.e., for the AC preparation and the regeneration step) in
the case of adsorption, and the amount and toxicity of the intermediate
oxidation compounds and the photocatalysts, as well as the photooxi-
dation energy cost, among others.
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