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Abstract: The aim of this study was to evaluate and compare the adsorption and photocatalytic
activity of activated carbon-based photocatalysts. Titanium dioxide (TiO2) and zinc oxide (ZnO) were
chosen as semiconductors to prepare composites with activated carbon by the wet impregnation
method. Activated carbon was prepared using as starting material onion leaves (Allium fistulosum)
and as activating agent phosphoric acid (H3PO4). Photooxidation and batch adsorption of phenol
was studied to compare the efficiency of the materials prepared. The results showed that the
composite AC–TiO2 has a greater photocatalytic activity and a better adsorption capacity compared
to AC–ZnO composite.
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1. Introduction

Colombia is a country characterized by its extensive agricultural activity. A very common and
important vegetable in Colombian diet and cuisine is onion (Allium fistulosum). It is known as “cebolla
junca” or “cebolla larga”, and it is principally produced in the Department of Boyacá. According to
the National Administrative Department of Statistics (DANE), in 2014 more than 200 thousand tons
were produced in Boyacá, which means around 70% of the total production in Colombia during that
year [1]. In general, the plant is composed of roots, stem and leaves, but only the stem is used for
cooking. Consequently, the leaves and roots are discarded, generating big amounts of waste, since they
represent 25–30% of the weight of the plant. That means that these residues have a waste-to-product
potential that must be exploited. One way to take advantage of that potential is to use it as a precursor
of carbonaceous materials such as activated carbon.

Activated carbons (AC) are versatile materials that are widely studied due to their striking
characteristics such as high surface areas, high adsorption potential, specific surface properties,
thermal stability, mechanical and electrical properties, low acid/base reactivity, and controllable pore
structure [2]. Another important characteristic is that they are usually obtained from wastes that come
from different sources. Lignocellulosic biomass such as fruit shell [3], seeds [4], leaves [5], bagasse [6],
peels [7], and other forestry and agricultural byproducts [8] are the most common raw materials for
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activated carbon preparation. However, there are other starting materials that have been studied like
tire rubber [9], animal bones [10], and different types of coal [11]. Two processes are commonly used to
prepare AC, namely physical and chemical activation, the latter being the method that allows better
porosity [12]. In physical activation, the raw material is gasified by an oxidant atmosphere at high
temperature and pressure, while in chemical activation, the precursor is impregnated with a chemical
agent (e.g., H3PO4, ZnCl2, KOH), followed by activation at medium-high temperatures [13]. AC are
mainly used as adsorbent in water treatment, in gas separation–purification processes [14], and in
energy storage [15].

In resent research, the application of AC mainly as support material for heterogeneous catalysis
has been reported [16–18]. Due to its high surface area, it enhances dispersion and minimizes sintering
of catalysts, resulting in higher catalytic efficiencies. Photocatalysis is a photoinduced reaction in
which a semiconductor (catalyst) is irradiated with UV–Vis light to produce reactive oxygen species
(ROS) that can oxidize other molecules [19]. Therefore, this type of catalysis has attracted widespread
attention due to its potential to degrade water pollutants. One of the most popular photocatalysts is
titanium dioxide (TiO2), which is categorized as a n-type semiconductor [20]. In addition, zinc oxide
(ZnO) is also a very common semiconductor used in photocatalysis. Both materials have important
characteristics such as high stability, low cost, non-toxicity, similar band gap, and high photocatalytic
activity [21]. However, there are some drawbacks to using these materials, such as high recombination
rates of electron–hole pairs, and the difficulty in recovery from water after treatment, due to its small
particle size (25–30 nm) [22]. As a consequence, recent research has focused on new methodologies
to solve this problem, synthesizing composites with materials like graphene [23,24], metal–organic
frameworks [25,26], hydroxyapatite [27,28] and activated carbon [29,30]. Some studies have shown
that a remarkable synergy is achieved between adsorption and photocatalysis in water pollutant
removal [31].

Another new carbon-based material is graphene and its derivatives. Graphene is directly related
to graphite in that graphite is composed of many graphene layers. The term “graphene” is normally
used for single layer materials, but also for graphene with a few layers. Both are carbon allotropes,
characterized by an hexagonal lattice arrangement, composed of sp2 hybridized carbon atoms [32].
This implies that carbon atoms are connected to each other by σ bonds formed by electrons in valence
orbitals (2s, 2px, and 2py) [33]. This material exhibits novel properties, such as huge specific surface area,
high mechanical strength, thermal conductivity, and excellent electronic properties [34]. The interesting
electronic properties of graphene can be attributed to the fourth valence electron of carbon atoms, which
is in the 2pz orbital. This orbital is oriented perpendicular to σ bonds, and it can overlap with other
2pz orbitals of neighboring atoms, resulting in delocalized π and π* bands [33]. As for the applications
of graphene, it is widely used as a supercapacitor [35], in photo and optoelectronic devices [36],
in wastewater treatment [37], in gas storage [38], and in photocatalysis [24], among others. Some
graphene modifications and derivatives have been synthetized to improve its performance in different
fields. For example, graphitic carbon nitride (g-C3N4) has been used as an efficient photocatalyst for
hydrogen production and other environmental applications [39,40] due to its low cost, environmental
nontoxic precursors, narrow band gap, and chemical and thermal stability.

Considering the waste-to-product potential of onion leaves, activated carbon was prepared using
this lignocellulosic biomass as starting material. The AC was then used to obtain composites with TiO2

and ZnO (AC–TiO2 and AC–ZnO, respectively) by the wet impregnation method. Adsorption and
photocatalytic activity were studied and compared, evaluating phenol removal and photooxidation in
aqueous media. In addition, a bibliography review was made to compare the results obtained with
those obtained by other authors that use graphene and its derivatives as adsorbent and photocatalyst
for phenol removal.
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2. Results and Discussion

2.1. Characterization of Materials

2.1.1. Physical Characterization

Nitrogen physisorption isotherms (77 K) of the three materials (AC, AC–TiO2, and AC–ZnO)
are presented in Figure 1. As can be seen, the AC isotherm showed a hysteresis loop so it could be
classified as a type IVa isotherm. According to IUPAC [41], this indicates the presence of capillary
condensation and thus, mesoporosity in the carbon structure. As it could be observed, composite
isotherms presented a different shape and were classified as Type II isotherms. Changes in the shape
of the isotherms reflected changes in textural and structural properties of the AC after TiO2 and ZnO
incorporation. Loss of the hysteresis loop is notorious and is due to mesoporous filling with metal
oxides after impregnation. To study textural and structural characteristics of the solids, mathematical
models were applied to raw adsorption data, such as Brunauer–Emmet–Teller (BET) and quenched
solid density functional theory (QSDFT).
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Figure 1. From left to right, nitrogen isotherms (77 K) and pore size distribution (PSD) calculated using
the density functional theory (DFT) method.

The pore size distribution (PSD) of each material is presented in Figure 1. PSDs were obtained
by the QSDFT method assuming slit–cylindrical pore geometry. Mesoporosity was contained in AC
(20–50 Å) and it also presented a microporous structure, mainly between 5 and 15 Å. Meanwhile,
composites presented mostly micropores (<20 Å) and a few mesopores, indicating that mesopores in
pristine AC were filled by metallic oxides, leaving only a microporous structure that was also partially
occupied. In addition, a decrease in BET specific surface area and pore volume (Table 1) showed that,
in fact, there was pore filling in the carbon structure. According to these results, it is possible to predict
that the AC will present a higher adsorption capacity.

Table 1. BET and Quenched Solid Density Functional Theory (QSDFT) parameters.

Material
BET QSDFT

SBET (m2
∗g−1) C (Energy Constant) Vpore (cm3

∗g−1) Half Pore Width (Å)

AC 1100 203.1 0.879 5.25
AC–TiO2 440 267.0 0.557 4.09
AC–ZnO 218 253.8 0.158 5.03

In Figure 2, powder X-ray diffraction (PXRD) results are presented. There was no presence of
diffraction peaks in the AC diffractogram due to its amorphous structure. However, a thick band
appeared between 22 and 30◦, distinctive of the graphite turbostratic structure present in AC [42].
Conversely, diffractions peaks appeared in AC–TiO2 and AC–ZnO diffractograms as a result of the
crystalline structure of the semiconductors impregnated over the AC surface. Diffraction peaks
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obtained were in agreement with those reported in the literature for anatase–rutile and wurtzite,
which are the most stable and common crystalline phases of TiO2 and ZnO, respectively [43–45].
It is important to point out that the raw titanium dioxide used had a molar anatase:rutile ratio of
1.7:0.3, which means that diffraction peaks of both crystalline phases were present in the diffractogram.
For example, planes like (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), and (2 0 4) corresponded to the anatase
phase, while (2 0 0), (2 2 0), (1 1 6), and (2 1 5) were ascribed to rutile [20,46]. In addition, photocatalytic
activity is commonly attributed to anatase, hence the interest in using TiO2 rich in this crystalline
phase. On the other hand, the hexagonal wurtzite crystal phase presented peaks at 2θ = 31.8◦, 34.3◦,
36.5◦, 47.3◦, 56.5◦, 62.8◦, 68.3◦, and 69.8◦, which were indexed with their crystalline planes, respectively,
according to the literature [21,47].

Catalysts 2020, 10, x FOR PEER REVIEW 4 of 16 

 

obtained were in agreement with those reported in the literature for anatase–rutile and wurtzite, 
which are the most stable and common crystalline phases of TiO2 and ZnO, respectively [43–45]. It is 
important to point out that the raw titanium dioxide used had a molar anatase:rutile ratio of 1.7:0.3, 
which means that diffraction peaks of both crystalline phases were present in the diffractogram. For 
example, planes like (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), and (2 0 4) corresponded to the anatase 
phase, while (2 0 0), (2 2 0), (1 1 6), and (2 1 5) were ascribed to rutile [20,46]. In addition, photocatalytic 
activity is commonly attributed to anatase, hence the interest in using TiO2 rich in this crystalline 
phase. On the other hand, the hexagonal wurtzite crystal phase presented peaks at 2θ = 31.8°, 34.3°, 
36.5°, 47.3°, 56.5°, 62.8°, 68.3°, and 69.8°, which were indexed with their crystalline planes, 
respectively, according to the literature [21,47]. 

 
Figure 2. Powder X-ray diffraction (PXRD) patterns. 

SEM micrographs are presented in Figure 3. A macropore channel network was observed in the 
AC structure (A). In contrast, there was no presence of those channels in either of the composites, 
owing to metallic oxide deposition over the AC surface. It was possible to see some white and greyish 
zones in the composites micrographs, indicating surface heterogenicity (B and C). The clearer regions 
corresponded to atoms with higher atomic number, since they scattered more electrons back towards 
the detector (BSE). In addition, the elements present in each one of the surfaces were identified 
carrying out an EDS mapping (D and E). As expected, zinc and titanium atoms were found 
specifically in the brighter regions of the micrographs, proving that heavier atoms (Zn, Ti) scattered 
more electrons than the lighter ones. This was confirmed by EDS mapping and a map sum spectrum 
of each composite, in which the presence of each metal (Ti and Zn) was detected in each composite, 
respectively. 

 

Figure 2. Powder X-ray diffraction (PXRD) patterns.

SEM micrographs are presented in Figure 3. A macropore channel network was observed in
the AC structure (Figure 3A). In contrast, there was no presence of those channels in either of the
composites, owing to metallic oxide deposition over the AC surface. It was possible to see some white
and greyish zones in the composites micrographs, indicating surface heterogenicity (Figure 3B,C).
The clearer regions corresponded to atoms with higher atomic number, since they scattered more
electrons back towards the detector (BSE). In addition, the elements present in each one of the surfaces
were identified carrying out an EDS mapping (Figure 3D,E). As expected, zinc and titanium atoms
were found specifically in the brighter regions of the micrographs, proving that heavier atoms (Zn, Ti)
scattered more electrons than the lighter ones. This was confirmed by EDS mapping and a map sum
spectrum of each composite, in which the presence of each metal (Ti and Zn) was detected in each
composite, respectively.
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Figure 3. SEM micrographs taken with a working distance (WD) of 9.12 mm, accelerating voltage
for electrons (HV) of 10 kV, and backscattering electron detector (BSE) of (A) AC, (B) AC–TiO2,
and (C) AC–ZnO. EDS mapping and sum spectrum of (D) AC–TiO2 and (E) AC–ZnO.

2.1.2. Chemical Characterization

Chemical surface characterization was accomplished using techniques of Fourier-transformed
infrared spectroscopy (FT-IR), potentiometric titration, and UV–Vis diffuse reflectance spectroscopy
(DRS). IR spectra (Figure 4) showed hydroxyl stretching mode (2900–3500 cm−1), carbonyl (1700 cm−1),
aromatics (C = C) (1590 cm−1) bonds vibrations and hydroxyl bending mode (1000–1500 cm−1),
which are functional surface groups normally present in AC [48]. The same bands appeared in the
other spectra, but they differed in the fingerprint region, in which it was possible to identify the
vibrational modes of metal–oxygen bonds. Those vibrations corresponded to bands at 650 cm−1 (Ti-O)
and 500 cm−1 (Zn-O), respectively [49,50].

In addition, potentiometric titrations were carried out changing the pH between 3 and 11. Figure 5
shows the pKa distribution of the functional surface groups presented in the solids and also displays
the proton bindings curves.
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Potentiometric titrations allowed us to evaluate the acid–base behavior of the surface functional
groups on the solids. Owing to surface heterogenicity of most activated carbons, acid dissociation
constants (Ka) depended directly on neighboring groups. In this case, AC and AC–TiO2 presented two
types of carboxylic groups, since they have two different pKa contributions when pKa is lower than 5.
Lactones and acid anhydride groups were designated to pKa range between 6 and 8, while the weaker
acidic groups (pKa > 9) corresponded to phenolic and carbonyl groups [51]. It is important to highlight
that the metal oxides used were amphoteric and therefore they contributed to pKa distribution (i.e.,
pKa = 7 and 11). In accordance with the pKa distribution curves, it was possible to determine that
AC–ZnO was the solid with more acidic surface groups. However, the proton binding curve showed
that AC–TiO2 was the material with stronger acidic character because in the whole pH range its
functional surface groups were deprotonated [52]. In contrast, AC functional groups were protonated
until solution pH was around 9. This behavior could be attributed to the amphoteric nature of the
metal oxides [53].

On the other hand, UV–Vis diffuse reflectance spectroscopy was used to study photoactivity of
each one of the materials. The spectra are presented in Figure 6, including a raw TiO2 spectrum for
comparison. Owing to its black color, AC absorbs UV–Vis light in the whole range (200–700 nm) unlike
TiO2 that reflects light above 350 nm. Composites spectra have the same behavior of TiO2, but with a
lower reflectance as a result of the carbonaceous matrix absorption. Semiconductors such as ZnO and
TiO2 have an optical band gap that is equal to the threshold for photons to be absorbed. When a photon
is absorbed, an electron from the valence band is promoted to the conduction band, generating a
hole–electron pair with redox potential. From DRS spectra, the band gap could be obtained by applying
the Kubelka–Munk function and using Tauc’s plot [54]. Figure 6 also shows the Tauc plot considering
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a direct semiconductor. In each plot, a linear region appeared between 3 and 4 eV. According to the
theory, an extrapolation of the linear region (same slope) gives the band gap, which is determined
by the value in which the line passes through the x axis. That means that the band gap was equal to
2.9 and 3.1 eV for the composites AC–TiO2 and AC–ZnO, respectively. It is worth noting that there
was a decrease in the calculated bandgap compared to the net TiO2, possibly due to the influence of
the activated carbon surface. AC is a black material, so it absorbs light, influencing the band gap of
the composite. Additionally, surface functional groups can induce a shift in the absorption spectra,
changing the band gap value. This is in agreement with the results obtained by other authors using
similar dark materials [55–58].
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2.2. Phenol Adsorption and Photocatalysis

Adsorption isotherms were used to study the relationship between equilibrium concentrations
of an adsorbate over an adsorbent (qe) and in the residual solution (Ce). Langmuir and Freundlich
isotherm models were applied to fit the experimental data obtained when adsorption–desorption
equilibrium was reached. In Table 2 all parameters of each model are presented, and in Figure 7 the
isotherms and experimental data are plotted.

Table 2. Parameters calculated for Langmuir and Freundlich isotherm models.

Model Parameter AC AC–TiO2 AC–ZnO

Langmuir
qm (mg∗g−1) 39.30 37.18 32.87
KL (L∗mg−1) 0.032 0.033 0.015
s (mg∗g−1) 1.24 1.50 1.21

Freundlich
KF 2.72 2.83 1.13
1/n 0.55 0.52 0.62

s (mg∗g−1) 1.78 0.86 1.43
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Considering that non-linear regressions (NLR) were applied to identify the model that best fits
to the adsorption curves, the standard deviation were used. Langmuir was the model with the best
fitting for AC and AC–ZnO. It was possible to compare both parameters given by the Langmuir
isotherm. The parameter qm represents the monolayer maximum adsorption capacity, indicating that
pristine AC could adsorb a higher amount of phenol, and in contrast, AC–ZnO presented the lowest
adsorption capacity. This could be directly related to the BET surface area, since activated carbon
presented the highest surface area and AC–ZnO the lowest one. On the other hand, the Langmuir
constant KL is an equilibrium constant that represents the adsorbate–adsorbent affinity. This means
that because KL was smaller in AC–ZnO, phenol presented a better affinity to the pristine AC surface.
With respect to AC–TiO2, the Freundlich isotherm fit better with this experimental data. Originally,
this model was proposed as an empirical equation, but it could be derived from a theorical footing.
The principal assumption of this model is related to surface heterogeneity. In this case, surface
topography was organized patch wise and sites with the same adsorption energies were grouped in
each patch. The parameters KF and n are associated with adsorption capacity and surface heterogeneity,
respectively. In this case, the solid AC–ZnO was the one with the lower KF and thus the lower
adsorption capacity. The parameter 1/n implied that all solids had an heterogeneous surface, due to
1/n being closer to unity than to zero [59].

Adsorption kinetics are used to describe the effects of contact time on the adsorption rate.
Pseudo-first (PFO) and pseudo-second order (PSO) models were used to study adsorption kinetics,
using NLR to calculate each one of the parameters. In Figure 8, experimental and fitted data are
displayed. According to the standard deviation (Table 3), the PSO model adjusted better kinetic data
for the three solids. From this model, the parameter qe was calculated, and it was equal to the amount
of solute adsorbed per gram of adsorbent. As expected, AC–ZnO presented the lowest qe value since it
had the smallest value of qm (Langmuir isotherm) and BET surface area. In contrast, the rate constant
k2 was slightly greater for AC–ZnO, which means a faster rate of adsorption in this solid. Typically,
the PSO model describes chemisorption processes rather than physisorption, suggesting that electron
exchange takes place during the adsorption process [60].
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Table 3. Kinetic parameters of the model PFO and PSO.

AC AC–TiO2 AC–ZnO

Pseudo-first
qe (mg·g−1) 18.27 16.20 8.48

k1 (h−1) 1.32 1.26 0.98
s (mg·g−1) 0.29 0.46 0.31

Pseudo-second
qe (mg·g−1) 20.18 18.06 9.80

k2 (g·mg−1h−1) 0.11 0.11 0.13
s (mg·g−1) 0.20 0.10 0.19

On the other hand, photocatalytic activity was studied by Langmuir–Hinshelwood first order
kinetic model. To clarify, phenol photolysis was negligible under the experimental conditions used
here. In Figure 9, the results of photocatalytic degradation are displayed, using as comparison the
neat oxides (TiO2 and ZnO). Linear regression was employed to calculate the parameters of the
Langmuir–Hinshelwood model, and the results are plotted in Figure 9. In relation to the first-order
rate constants, it was determined that higher photocatalytic activity was achieved by the AC–TiO2

composite, because its kapp was greater (0.0477 h−1) than that for AC–ZnO (0.0398 h−1). This trend
was also evidenced when neat oxide photoactivity was studied, indicating a better photocatalytic
performance of titanium dioxide over zinc oxide. An important parameter known as quantum yield
(φ(R)λ) was used to compare between photocatalyst and photocatalytic systems. This parameter is
calculated by dividing the number of products formed or reactants lost with the number of photons
efficiently absorbed by the photocatalyst. However, in heterogeneous photocatalysis, it is difficult to
obtain precisely the value of absorbed photons due to phenomena such as scattering and reflection of
light. One possible approximation is the use of the apparent quantum yield, which uses the photons
irradiated instead of photons absorbed [61]. In this case, the apparent quantum yield for AC–TiO2

was 0.14 and for AC–ZnO it was 0.11. These are low values because the irradiated photons were
higher than those actually absorbed by the photocatalysts. For that reason, some authors such as Horst
Kisch recommended that for liquid/solid photocatalysis, optimal reaction rates should be measured to
properly compare between photocatalysis systems [62,63].
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Figure 9. From left to right, kinetics of phenol photodegradation and first-order linear regression of the
kinetic data (initial concentration, 50 ppm; lamp power, 9 W; wavelength, 356 nm, 9.37 × 1015 photons
cm−2

·min−1; temperature, 295 K).

Figure 10 corresponds to UV–Vis spectra of phenol at different times for the systems with TiO2

and AC–TiO2; they show the effect of adsorption of phenol over the AC surface, and then the progress
of photocatalysis. Additionally, it was possible to observe that the signal at 290 nm in the spectrum
with TiO2 did not appear in the other spectrum. This could possibly be related to the adsorption of the
by-products of phenol photodegradation over the available surface of AC.
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In order to compare the results with other carbon-based materials, a bibliography review was
made. In 2018, Hepsiba Catherine et al. [64] synthetized graphene oxide from graphite flakes using the
Hummers method. They reported a material with a low specific BET surface area (0.727 m2/g) and
phenol maximum adsorption capacity (qm) of 29.25 mg/g. They concluded that the adsorption was
dominated principally by van der Waals forces and π–π interactions; however, they also reported that
hydrogen bonds were also presented due to the oxygen surface functional groups. On the other hand,
Weixue Wang and collaborators [65] in 2019 reported to have obtained nanoporous 3D-graphene oxide
through a simple sugar-blowing route and post-oxidation. They reported a phenol qm of 135.6 mg/g
and a BET surface area of 974.8 m2/g. Graphenic materials have also been employed in heterogeneous
photocatalysis. For example, Marta Pedrosa et al. [66] prepared graphene oxide (GO) from graphite
comparing the Hummers’ and the Brodie’s methods. They concluded that GO prepared by Brodie’s
method is a successful way to obtain undoped metal-free photocatalyst for phenol photodegradation.
Another study made by Chun-Chein Fu and collaborators [67] was about the synthesis of graphene
oxide–titania composite by the hydrothermal method. They used this material both as an adsorbent
and as a photocatalyst for phenol degradation. Their results show that the composite had a qm of
23.7 mg/g and excellent photocatalytic activity toward phenol. They concluded that the improved
photoactivity could be attributed to the available adsorption sites and the low recombination rate of
electron–hole pairs due to the composite’s structure.

3. Materials and Methods

3.1. Activated Carbon Preparation

First, onion leaves were washed with enough water to remove dust and dirt. Then, the onions
were dry in a home oven at 80 ◦C for 15 h. Chemical activation was used with phosphoric acid as an
activation agent (See its characteristics in Table 4). A solution of 40% of phosphoric acid was prepared
and mixed with the dry leaves, with an impregnation ratio of 20 mL of acid solution per gram of
dry material and for 24 h of soaking time. The mixture was then dehydrated in an oven at 80 ◦C.
The dried sample was pyrolyzed in a tubular furnace (Thermolyne 79,300), with a heating velocity of
1.5 ◦C·min−1 until the maximum temperature of 450 ◦C was reached; it was left at this temperature for
two hours. Finally, the AC was washed multiple times with hot and cold distilled water, until a neutral
pH was reached.
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Table 4. Characteristics of the reagents and their respective CAS.

Metal Oxide
(MO) CAS Molecular Mass

(g·mol−1)
Supplier Purity Crystalline

Phase
Particle Size

(nm)

TiO2 13463-67-7 79.87 Sigma-Aldrich 99% Rutile–Anatase 21
ZnO 1314-13-2 81.39 Sigma-Aldrich 99% Wurtzite 50

3.2. Composites Preparation

The wet impregnation method was used for preparation of composites. First, 30 mL of an ethanolic
suspension of AC was prepared by sonication. Then, each metal oxide (MO) was added using a mass
ratio of 10:1.5 (AC:MO), with vigorous and continuous stirring for two hours. Solvent was removed
under reduced pressure, and finally composites were washed with distilled water multiple times.

3.3. Characterization

3.3.1. Physical Characterization

Textural properties were determined by N2 physisorption isotherms at−196 ◦C in a semi-automatic
Autorsorb IQ2 sorptometer (Quantachrome Instruments). BET and QSDFT models were applied to
determine specific surface area, half pore width, and pore size distribution.

Powder X-ray diffraction (PXRD) was performed by Rigaku Miniflex diffractometer, with a
radiation source of Cu (Kα). The diffraction angle (2θ) was varied from 10◦ to 90◦.

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) was performed
using a JSM 6490-LV JEOL microscope equipped with SE and BSE detectors.

3.3.2. Chemical Characterization

The surface chemistry of the samples was analyzed using Fourier-transform infrared spectroscopy,
performed using a Thermo Scientific Nicolet Nexus spectrometer (Thermofisher, Boston, MA, USA)
equipped with a diffuse reflectance cell. Spectra were recorded varying the wavenumber between 450
and 4000 cm−1. In addition, potentiometric titration was performed using a Titroline Alpha plus (Schott
Instruments) automatic titrator. A solution of NaCl 0.01 M (50 mL) was used to suspend 100 mg of
each material. HCl 0.1 M was used to adjust the initial pH to 3. A solution of NaOH (0.1 M) was
titrated until the final pH was equal to 11.

Photoactivity of the composites was studied by UV–Vis diffuse reflectance spectroscopy using a
UV–Vis Agilent Technologies Cary 100 spectrophotometer. The composites used had a particle size
between 200 and 500 µm, and around 3 g of each one was placed in the DRS cell. To estimate the band
gap energy of each material, a DRS integrating sphere was used, with a white standard of barium
sulfate. Data was processed by applying the Kubelka–Munk equation.

3.4. Adsorption Study

A phenol stock solution (1000 ppm) was prepared by weighing 1.0 g of phenol and diluting it in
1.0 L of distilled water. Adsorption isotherms were made by using 10 mL of phenol solutions with
different concentrations (5–200 ppm) and a dosage of each composite and AC of 1 g/L at 295 K and
neutral pH. After adsorption–desorption equilibrium was achieved, the solid was filtered with PTFE
of 0.22 µm, and the phenol concentration (in solution) was analyzed by UV/Vis spectrophotometry at
270 nm. The data was studied and modeled by Langmuir and Freundlich isotherms.

qe =
qm ∗KL ∗Ce

1 + KL ∗Ce
(1)

qe = KF ∗C
1
n
e (2)
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q =
(C0 −C) ∗V

m
(3)

where qe is the equilibrium concentration of phenol over the adsorbent (mg/g), Ce is the phenol
equilibrium concentration in the liquid phase (mg/L), KL is the Langmuir constant (g/mg), and KF and
n are Freundlich adsorption parameters. Equation (3) is the definition of the solid phase concentration
(adsorbate–adsorbent), where V is the volume of the solution while m is the mass of the adsorbent.

Adsorption kinetics were studied in a 250 mL batch reactor using an initial concentration of
phenol of 100 mg/g and a solid dosage of 1 g/L at 295 K and neutral pH. Samples were taken every
60 min for 7 h, and phenol concentration was followed by UV–Vis spectrophotometry. Results were
modeled by PFO and PSO models (Equations (4) and (5)).

q = qe ∗
(
1− e−k1∗t

)
(4)

q =
k2 ∗ q2

e ∗ t
1 + k2 ∗ qe ∗ t

(5)

where t is time (h) and k1 and k2 are the rate constant for PFO (h−1) and PSO (g/mg∗h), respectively.

3.5. Photocatalysis

Photocatalytic activity was studied in a 250 mL batch photo-reactor made of Pyrex and covered
with an aluminum sheet, using an initial concentration of phenol of 100 mg/g and a solid dosage
of 1 g/L at 295 K and neutral pH. The mixture was maintained for one hour in the dark to ensure
adsorption–desorption equilibrium. Then, a UV lamp [68] with a power of 9 W, a photon flux of
9.37 × 1015 photons cm−2

·min−1, and a wavelength of 356 nm was turned on to begin photodegradation.
Samples were taken every 60 min for 7 h, and phenol concentration (in solution) was followed by
UV–Vis spectrophotometry at 270 nm. Results were modeled using the Langmuir–Hinshelwood first
order kinetic model.

− rphenol =
dC
dt

= kappC (6)

where kapp is the rate constant of degradation (h−1), and r is the rate of degradation of phenol (mg/L∗h).

4. Conclusions

Adsorption and photocatalytic activity of activated carbon and composites with metallic oxides
(TiO2 and ZnO) were studied in the present work. Characterization studies confirmed that AC presents
mesoporosity that is lost with the incorporation of metal oxides. There is a mesoporous filling by TiO2

and ZnO nanoparticles, leaving only some microporosity in their structure. This is strongly reflected in
a decrease in BET surface area from 1100 m2/g to 440 and 218 m2/g. According to SEM–EDS results,
there is a surface heterogeneity in the composites due to non-homogeneous distribution of the oxides
over the AC surface. Functional surface groups of AC were characterized as carboxylic, lactonic,
anhydride, and principally weak acidic groups such as phenolic. Surface acidity was increased with
the oxide’s incorporation due to its amphoteric nature. The optical band gap was calculated to study
their photoelectrical properties, and we obtained a decrease in the band gap compared to pristine TiO2.

The maximum adsorption capacity (qm) obtained from Langmuir isotherm was, in decreasing
order, AC > AC–TiO2 > AC–ZnO. This is directly related with the surface area of each solid. The
adsorption kinetics follows the pseudo-second order model, which describes chemisorption over
physisorption. Despite the higher adsorption capacity of AC–TiO2 over AC–ZnO, adsorption was
faster for AC–ZnO. First order rate constant was higher for AC–TiO2 than for AC–ZnO, indicating a
better photocatalytic activity.
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