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ABSTRACT: The aim of the present work was to evaluate the effectiveness of a
heterogeneous photocatalyst based on TiO2 in the treatment of coal mining drainage
which contains a variety of heavy metals and high concentration sulfates and sulfides.
The photocatalytic behavior of the commercial reference Sigma Aldrich and the different
materials synthesized using the Sol-gel methodology with surface modifications using
sulfation and fluorination processes were analyzed. To find a possible correlation
between the physicochemical properties of photocatalysts and their behavior, a
characterization was carried out using X-Ray Diffraction (XRD), X-Ray Fluorescence
spectrometry (XRF), Fourier transform infrared spectroscopy (FT–IR), UV–Vis diffuse
reflectance Spectra (UV-Vis DRS), N2 physisorption, X-ray photoelectron spectroscopy
(XPS), and particle size analysis. Results indicated that the modification of the TiO2

prepared in the laboratory using sulfation and fluorination allowed the successful control
of the physicochemical properties of this oxide. However, commercial TiO2 showed
the greatest effectiveness in removing metals such as: Fe, Cu, Cr, and As after a
photocatalytic reaction for a maximum of 1 hour under continuous nitrogen flow and
a light intensity of 120 W/m2.

RESUMEN: El objetivo del presente trabajo fue evaluar la efectividad de la fotocatálisis
heterogénea basada en TiO2 en el tratamiento de un drenaje de la minería de
carbón, contaminado con una variedad de metales pesados y altas concentraciones
de sulfatos y sulfuros. Se analizó el comportamiento fotocatalítico de la referencia
comercial (Sigma Aldrich) y de los distintos materiales sintetizados por la metodología
Sol–gel, con modificaciones en superficie por procesos de sulfatación y fluorización.
Para hallar una posible correlación entre las propiedades físicoquímicas de los
fotocatalizadores y su comportamiento, se realizó una amplia caracterización usando
técnicas de análisis instrumental como Difracción de rayos X (DRX), Fluorescencia
de rayos X (FRX), Espectroscopia infrarroja con transformada de Fourier (FT–IR),
Espectrofotometría UV–Vis de reflectancia Difusa (UV–Vis DRS), Fisisorción de N2,
Espectroscopia fotoelectrónica de rayos X y granulometría. En general se encontró
que la modificación del TiO2 preparado en el laboratorio por sulfatación y fluorización
permitió el control exitoso de las propiedades físicoquímicas de este óxido. Sin embargo,
el TiO2 comercial presentó la mayor efectividad en la remoción de metales como: Fe,
Cu, Cr y As, todo ello empleando un máximo de 1 hora de reacción fotocatalítica, bajo
flujo continuo de nitrógeno y una intensidad de luz de 120 W/m2.
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1. Introduction

Water pollution from coal mining mainly occurs during
the exploitation stage, in which the mineral comes into
contact with natural water sources. These mineral wastes
include metal sulfides (pyrite (FeS2), pyrrhotite (Fe1-xS),
chalcocite (Cu2S), galena (PbS), etc.), which are involved
in oxidation reactions and leaching processes [1, 2]. As a
result of these reactions, acids drainages and the presence
of heavy metals in solution have a negative impact on the
environment [3].

Different methods for the treatment of this type
of drainages have been developed, among which
are membrane filtration (electrodialysis, reverse
osmosis, nanofiltration, and ultrafiltration), ion
exchange, adsorption (activated carbon and carbon
nanotubes), chemical precipitation, electrocoagulation,
coagulation-flocculation, electroflocculation, and flotation
[4]. However, in certain cases, this type of technology is
ineffective due to the high toxicity of the drainage to be
treated or due to the high operating cost. In addition, the
formation of sludge and waste byproducts created from
these treatment processes requires subsequent treatment
for appropriate disposal.

One of the most promising technologies for the treatment
of polluted water are Photocatalysts based on TiO2

which has demonstrated to be highly effective in the
degradation of organic contaminants and microbiology
elimination without the generation of residual sludge or
phototransformation of metal ions into species of less
toxicity [4–7], hence its consideration as a non-selective
technology. However, in most of the studies carried out
on this subject, matrices prepared in the laboratory or
synthetic waters are used, which vary in the effectiveness
of the photocatalytic treatment due to the variety of organic
and inorganic contaminants present in a real sample [5, 8].

The main objective of this study was to evaluate
heterogeneous photocatalysis using TiO2 as an
alternative in the treatment of coal mining drainage from
the traditional extraction processes of one mine located
in the department of Boyacá, Colombia, and to determine
the best experimental conditions for photocatalysis.

2. Experimental section

2.1 Synthesis of photocatalysts

The reference material used was TiO2 from Sigma
Aldrich, which will be called TiO2 (Sigma) from now on,
and another TiO2 prepared in the laboratory by following
a variation of the Sol-gel method by controlled hydrolysis
of titanium tetraisopropoxide (TTiP Aldrich 97%) in solution

with 1.6 M isopropanol and the addition of distilled water
in a 1:1 ratio. The precipitate obtained was recovered
by filtration and dried at 110 °C for 12 hours. Some
part of this material was calcined at 650 °C for 2 hours
with heating increments of 4 °C/min (Sg-TiO2). The
remaining quantity was subjected to surface modification
processes by sulfation (S–TiO2) and fluorination (F–TiO2)
to improve its physicochemical and optical properties [9]
by being immersed in a 1.0 M of H2SO4 and 10.0 mM
of NaF, respectively. In the case of fluoridation, the
pH was adjusted to 3.0 using a 1.0 M HCl solution to
maximize the absorption of fluorine ions on the surface of
the photocatalyst [10]. These suspensions were kept under
constant stirring for 1 hour, filtered, and dried at 110 ºC for
12 hours. The product was then calcinated for 2 hours at
650 °C with heating increments of 4 °C/min [9].

2.2 Characterization of the photocatalysts

The composition of the crystalline phases and the degree
of crystallinity of the materials were studied using X-ray
diffraction (XRD). An analysis was performed using a
Philips PW1700 diffractometer and Cu(Kα) radiation.
The diffractograms were obtained by making a continuous
scan at an angle of 2θ between 20 and 80º. The crystallite
sizes of the Anatase phase were calculated using the
position and width data of the main peak at 25.225° of
the Anatase and the Scherrer equation. The width values
were obtained by taking half of the height of the peaks and
using the Voigt function to adjust the diffraction profiles.

The chemical composition of the photocatalysts was
determined by X-ray Fluorescence Spectrometry (XRF),
using an Axios sequential Panalytical spectrophotometer
with a Rhodium anode as the radiation source. To carry
out the measurements, the samples were supported on
pads made with boric acid. Each sample was mixed with
wax and pressed into the pads with a proportion of 10 Wt.%.

The qualitative analysis of the functional groups present in
the photocatalysts was carried out using Fourier transform
Infrared Spectroscopy (FT–IR). FT-IR was carried out using
the ATR cell of a Thermo Scientific Nicolet iS50 FT-IR
spectrometer using a range between 4000–1000 cm−1.

The light absorption properties of the samples were
analyzed by Ultraviolet-Visible Diffuse Reflectance
Spectrophotometry (DRS). A Varian model Cary 100
spectrophotometer was used and equipped with an
integrating sphere using BaSO4 as a reference. The band
gap values of the photocatalysts were calculated with
the Kubelka-Munk function F F (R∞), which relates the
diffuse reflectance of the material with the adsorption and
dispersion coefficients.
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The surface area of the synthesized photocatalysts was
determined by the Physisorption of N2. A Micromeritics
ASAP 2010 was used, and the Brunauer–Emmett–Teller
method was selected. The measurements were carried
out using nitrogen adsorption/desorption isotherms at 77
K. The weighed samples were previously degassed at 423
K for 1 h under vacuum and under a stream of dry N2.

The surface composition of the samples was determined
using X-ray Photoelectron Spectroscopy (XPS). A
Leybold–Heraeus LHS-10 spectrometer was used
with a constant energy step of 50 eV. The main chamber
of the spectrometer was operated at a pressure of
< 2 × 10−9 Torr and is equipped with an EA-200 MCD
hemispherical electron analyzer with a dual X-ray source.
The machine worked with the Al Kα line (hν = 1486.6 eV)
at 120 W and 30 mA. In all experiments, the C 1s signal
(284.6 eV) was used as a reference. The samples were
degassed in the instrument pre-chamber at 423 K and a
pressure of < 2×10−8 Torr to remove chemisorbed water.

Finally, the grain size of each material used was
determined by granulometry. The materials were
passed through a set of sieves with different openings (30,
40, 50, 100, and 200 µm).

2.3 Physicochemical analysis of coal
mining drainage

The coal mining drainage samples were collected at the
coordinates N:1125881; E 1134207; of a mine located in
the municipality of Monguí, Colombia. The procedure
for the collection, preservation, and physicochemical
analysis of the samples was carried out in accordance
with the measures established in the Standard Methods
for the Examination of Water and Wastewater, (SM) [11].
The physicochemical parameters analyzed, the code
corresponding to the selected method, and the equipment
used are listed below.

pH was determined by the electrometric method (SM. 4500
H+ pH value-B.) using a pH meter from the SI Analytics
Lab 850.

The phenol concentration was determined by the direct
method using UV-Visible spectrophotometry (SM. 5530-D.)
and a Themovision EV-300 spectrophotometer was used.

The concentration of Chlorides
(
Cl−

)
and Sulfates(

SO−2
4

)
was determined by using the ion chromatography

method with chemical suppression of the conductivity of
the eluent (SM. 4110-B.), using a 761 Compact IC Metrohm
chromatograph and the METROSEP A SUPP column
5–150/4.0.

The sulfide concentration
(
S2−

)
was determined using

the iodometric method (SM. 4500 S2− − F.
)
.

For the analysis of the concentrations of Cd, Cu, Cr,
Fe, Ni, and Pb, a pretreatment of the samples was carried
out by using a nitric acid digestion process (SM. 3030-E.).
The samples destined to determine the concentration of As
were digested with a mixture of nitric acid and sulfuric acid
(SM. 3030 - G.). Once all the samples had been digested,
their analysis was carried out using the Flame Atomic
Absorption Spectrometry (air-acetylene) (SM. 3111-B.).
The analysis of As was carried out using the hydride
generation method (Atomic Absorption Spectroscopy) (SM.
3114-B.). A SHIMADZU AA-7000 series spectrophotometer
with a dual flame-furnace system and hydride generator
was used to determine concentrations after preparing
a series of calibration curves generated from standard
solutions of 1000 mg/L metal. These solutions were
diluted to concentrations suggested by the instrument
manufacturer manual.

Total organic carbon (TOC) was determined by the method
(SM 5310 B), using a COT Multi N/C 2100, Analytikjena.
The analysis of total suspended solids (SM. 2540-D.),
settling solids (SM. 2540-F), acidity (SM. 2010- B.),
alkalinity (SM. 2320-B.), calcium hardness (SM. 3500 - Ca
D.), total hardness (SM. 2340-C.), turbidity (SM. 2130-B),
and true color (SM. 2120-C.) were also performed.

2.4 Evaluation of the photocatalytic activity

The photocatalytic treatment system consisted of a 400ml
pyrex ”batch” type reactor covered with aluminum foil
and protected with a Plexiglas® UV plate (transparent
for wavelengths higher than 250 nm). The incident light
source corresponded to an Osram Ultra-Vitalux 300W
lamp (containing a radiation spectrum similar to the sun
and a main emission line in the UVA range at 365 nm),
which was previously calibrated for the system with the
intensity of UV-Visible incident light on the suspension at
120 W/m2 using a Delta OHM HD 2102.2 photoradiometer.

The photocatalytic reactions were carried out by using
the injection of a continuous flow of nitrogen (0.84 L/h)
to guarantee a reduced atmosphere and with constant
stirring in order to produce a homogeneous suspension
of the photocatalyst in the solution. In each photocatalytic
test, a 250 mL sample of the coal mining drainage was
used in suspension with 1 g/L of the photocatalyst. This
suspension was homogenized in ultrasound for 10 minutes
and kept under stirring for a further 10 minutes in the dark
in order to achieve an adsorption-desorption equilibrium.
The conditions mentioned above also applied to the control
reaction (without adding photocatalyst), which was carried
out to determine the effect of light and the efficiency of the
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process when a photocatalytic material is present.

For this study, different treatments (Blank, TiO2 (Sigma),
Sg − TiO2, S − TiO2, F − TiO2) were tested on the
drainage derived from a single mine under the conditions
previously described. The total time of the reactions was
5 hours, taking aliquots from the reactions after different
times (1, 3, and 5 hours). Samples were recovered by
filtration using 0.45 µm Milipore Milex-HV hydrophilic
PVDF filters. At the end of the reaction time, the solid
photocatalyst was recovered using Whatman grade 1
paper filters.

All the reactions were carried out in duplicate, and
the analysis of the monitored parameters (metals,
anions, phenols, and TOC) were carried out in triplicate.
This ensured the reproducibility of the results and the
consistency of the information collected.

The determination of the percentage of removal
of contaminants from the fluid phase, the initial
concentrations (before treatment, Ci), and final
concentrations (after treatment, Cf) of each sample
were taken into account as indicated in Equation 1.

% Remoción de la fase fluida =
Ci− Cf

Ci
∗ 100 (1)

3. Results and discussion

3.1 Characterization of photocatalysts

A summary of the characterization results is presented in
Table 1. The different instrumental techniques used and
the results obtained are escribed below.

X-Ray Diffraction (XRD)

The diffractograms obtained for the photocatalysts
studied are presented in Figure 1. The Sg-TiO2

photocatalyst presents the crystalline phases Anatase
(JCPDS 00-001-0562) and Rutile (JCPDS 00-001- 1292),
identified by their characteristic signals located at
25.25° and 27.32°, respectively. On the contrary, the
commercial reference TiO2 (Sigma) and the materials
modified by sulfation and fluoridation only present the
Anatase crystalline phase in their structure. This is
due to the protective effect of the fluoride and sulfate
species that stabilized the oxide surface and inhibited
the formation of the Rutile crystalline phase during the
calcination process, as has been reported in different
previous studies [9, 12]. Some authors have reported
that the presence of the anatase phase is preferential
in the TiO2 material and favors the photocatalytic process.

This occurs as a result of the fact that this phase presents

a higher degree of crystallinity, a lower recombination
speed of the electron-hole pairs, higher energy in its
band gap than rutile [12], and a higher active surface area
and density of active sites available for the adsorption of
substances [13–15].

The sizes of the Anatase crystal were calculated using the
Scherrer equation. The results are shown in Figure 1 and
demonstrate how the fluoridation and sulfation processes
favored an increase in the size of the Anatase crystallite in
relation to Sg-TiO2 [9].

 

 

Figure 1 X-ray diffractograms for photocatalysts based on
TiO2

X-ray Fluorescence Spectrometry (XRF

The chemical composition of the surface-modified
materials was determined by XRF. The analysis revealed
that a certain amount of S remained on the solid (S−TiO2)
after preparation. The sulfur content in sulfated material
was 0.66 wt%, since as reported in other studies, this
temperature is insufficient to completely eliminate the
sulfate groups that remain anchored to the oxide surface
and are only removed at temperatures above 700°C [16].
In the photocatalyst modified by fluoridation, no traces of
Na were detected by XRF, and the remaining content of Cl-
was negligible (< 0.02 wt. %); this residual chlorine can
come from the HCl solution employed for pH stabilization,
where some drops of this acid were added during the
synthesis of F − TiO2 material.

Fourier transform infrared spectroscopy (FT-IR)

The functional groups present in the materials used and
the type of hydroxyl groups were identified by FT-IR
analysis. Figure 2 indicates the region of the IR spectrum
in the range of 4000 to 2500 cm−1 of the IR spectrum.
The band located at 3698 cm−1 indicates the presence of
isolated OH� groups in all of the samples analyzed. Bands
located at 3385 cm−1 and 2915 cm−1 are assigned to linked
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Table 1 Table 1 Characterization results of the materials used

Anatase crystallite Surface Binding energy
Photocatalyst size Band gap area SBET (eV) O/Ti Grain size

(DANATASE)
(
m2/g

)
Ti2P3/2 O 1S (μm)

TiO2(Sigma) 22 3.23 51 458.5 529.8 1.87 1.87
Sg − TiO2 17 3.30 11 458.5 529.8 1.96 1.96
F − TiO2 24 3.21 51 458.4 529.6 2.00 2.00
S − TiO2 20 3.20 58 458.5 529.8 1.70 1.70

hydroxyl groups (Ti- OH) and adsorbed water (Ti−OH2),
respectively [17, 18]. The intensity of the band attributed
to the terminal group Ti-OH is higher in the spectrum of
S − TiO2 materials; however, the intensity of the bands
decreases after the addition of fluorine. This indicates that
the F−ions can replace the OH− groups (Titanol groups)
of TiO2, modifying its surface. As it was reported by
Torrents et al. [19], each fluorine substituted/adsorbed
occupy 0.33 nm2 on the TiO2 surface, similar to Vohra
et al. [20] have found that the 95% of Titanol groups are
replaced by Fluorine ions in an interval pH value between
3 and 5, using a 10mM NaF solution as Fluorine precursor.

UV-Vis Diffuse Reflectance Spectrophotometry (DRS)

The light absorption properties of the photocatalysts
used were analyzed by UV-Vis DRS. Figure 3 shows the
spectra obtained for the studied materials. There is a
characteristic absorption band of TiO2 between 200 and
400 nm. The Fluorized sample shows a slight displacement
of the absorption band towards the visible region of the
electromagnetic spectrum, which is due to the presence
of fluoride ions on the surface of the titania [9].

 

 

Figure 2 FT-IR spectra of the analyzed photocatalysts in the
region between 4000 and 2400 cm−1

Following the Tandom and Gupta method, the band gap of

 

 

Figure 3 UV-Vis DRS spectra for the photocatalysts analyzed

each material used was found. The results are presented
in Table 1. The modification in the oxide surface due to
sulfation and fluoridation contributed to reducing the band
gap of the TiO2 which approached the value of the band
gap of the commercial reference TiO2 (Sigma).

N2 physisorption

The specific surface area (SBET) of the photocatalysts
used was determined using nitrogen physisorption and
shown in Table 1. The TiO2 synthesized in the laboratory
using the Sol-gel method resulted in a lower surface area
(SBET), compared to the other materials. The lower SBET
in the Sg − TiO2 can be due to the sintering of the
particles during the calcination process. In the case of the
modification by fluorination and sulfation, it was found to
generate a protective effect on TiO2 surface, inhibiting the
agglomeration of the particles.

X-ray Photoelectron Spectroscopy (XPS)

XPS made it possible to determine the binding energy
of the synthesized materials and compare it with the
commercial reference. In Figure 4a, the spectra in the Ti
2p region of the materials used in the study are shown.
There were no significant modifications in the position of
the signals located in their main component at binding
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energies of 458.6 ± 0.1eV, which are characteristic of
Ti4+ ions in the TiO2 crystal lattice.

The binding energy for the O1s region is located at
529.8 ± 0.2eV, which corresponds to surface oxygen
atoms

(
O2−) in the crystal lattice of TiO2. In Figure

4B, the peaks are asymmetric, with a slight increase
towards bond energies higher than 531.3 eV, which are
characteristic of the OH− groups.

On the other hand, the formation of free OH groups
and oxygen vacancies have been corroborated in different
studies which explain the dehydroxylation process during
calcination at temperatures lower than 700°C. This is due
to an excess of adsorbed protons leading to the creation
of oxygen vacancies on the surface and promoting the
separation of photogenerated charges, thus improving the
photocatalytic efficiency of TiO2 through ion mobility and
anions in solution [9].

In Table 1, a summary of the results for the binding
energies in the region Ti 2p, O1s, and the atomic ratio
O/Ti is shown. The O/Ti ratio calculated for the sulfated
and fluorinated materials is lower than the stoichiometric
value O/Ti = 2, thus indicating the presence of some
oxygen vacancies on the semiconductor. The surface
of the fluorinated TiO2 appears to favor the generation
of free radicals •OH that create oxygen vacancies and
increases the content of free hydroxyl groups, which
is related by the estimation of O/Ti atomic ratio which
reaches a maximum value of 2.0, suggesting the presence
of surface hydroxyl groups after fluoridation. This result is
supported in the study by T. Le et al. [21], who observed the
growth of surface OH�groups in their modified materials
during the fluorination processes. These analyzes can
be corroborated by the FT-IR results where a highly
hydroxylated surface is observed for the S − TiO2 and
F − TiO2 photocatalysts compared with bare Sg − TiO2

(Figure 2).

Figure 4c shows the deconvolution of the peaks
corresponding to the O 1s region, carried out in the
UNIFIT 2009 program for S − TiO2. With regard to region
F 1s of the fluorinated modified material that is presented
in Figure 4d an analysis was performed and a main signal
was found at a binding energy of 684 ± 0.18eV. This is
attributed to the fluoride groups present on the surface of
the material (≡ T − F), which are formed by the ligand
exchange reaction between the F− and hydroxyl groups.

Using XPS, Cl, S, F, and Na were detected even after
the calcination process at 650 ° C. These elements
were found in 0.47%, 1.64%, 1.83%, and 2% quantities,
respectively. In contrast, the XRF analysis showed no
traces of Cl, F, and Na, which may be due to the low

amount of these atoms in the photocatalyst.

Photocatalysis is a process that occurs on the surface of
the semiconductor oxide making the size of the particle
grain important in the photocatalytic process. This is
significant because of the fact that the lifetime of an
electron-hole pair is nanoseconds; hence very large
particles can act as recombination centers. Furthermore,
large surface areas are desirable in order to facilitate
adsorption of the contaminant, while the absence of
porosity allows the homogeneous illumination of the
particles [22]. The granulometry results are presented in
Table 1, where the TiO2 used as a commercial reference
has a smaller grain size compared to the materials
synthesized in the laboratory.

3.2 Physicochemical analysis of coal
mining drainage

The study drainage from the coal mine was analyzed
for its physicochemical composition and the main results
obtained are summarized in Table 2. In general, it is evident
that parameters such as pH, phenols, sulfates, sulfides,
iron, lead, and TSS in the drainage exceed the maximum
permissible limits required in article 10 of resolution 0631
of 2015.
issued by the Ministry of the Environment of Colombia.
After taking into account the results obtained by the
physicochemical analysis and considering the risks to
the health of the population as a direct result of the
discharge of these types of drainages into freshwater
bodies, a photocatalytic treatment was applied to the real
sample. Pollutants which are susceptible to be treated by
this photocatalytic technique such as organic compounds
(phenols) and inorganic compounds (ions and metals) were
monitored. The results are described in detail in the
following sections.

3.3 Photocatalytic treatment

Removal of Fe, Cu, Cr and As

The monitoring of the changing concentrations of the
metals Fe, Cu, Cr, and As during the photocatalytic
treatment on the drainage from coal mining, is presented
in Figure 5. During the control reaction carried out
under UV-visible light and without the presence of
a photocatalyst, there was a slight decrease in the
concentration of these metals in the fluid phase, of about
3.63%. This indicates that the photoreduction reaction of
the metals is slightly significant under UV-Vis light. On the
other hand, as can be seen in these figures, the presence
of a photocatalyst in the reaction medium leads to an
increase in the effectiveness of the chemical reduction of
metals on the surface of this material. The photochemical
reduction process of these four metallic species occurs by
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(a) Initial continuum plane problem
 

 

(b) Continuum static problem model

 

 

(c) Model discretization of the static problem
 

 

(d) Text file with the plane stress state

Figure 4 XPS spectra in the region (A) Ti 2p; (B) O1s; (C) Deconvolution of the XPS core level spectra of the O 1s for S-TiO2; (D) F1s

Table 2 Physicochemical analysis of coal mine drains

Parameters Units Colombian regulations [23] Mining drainage
pH Units 6-9 2.98
Phenols mg/L 0.2 8.74
Chlorides mg/L 500.0 0.002
Sulfates mg/L 1200.0 1598.37
Sulfurs mg/L 1.0 29.7
Arsenic mg/L 0.1 0.0073
Cadmium mg/L 0.05 <L.D
Copper mg/L 1.0 0.1172
Chromium mg/L 0.5 0.1525
Iron mg/L 2.0 49.712
Nickel mg/L 0.5 0.2808
Lead mg/L 0.2 0.8699
Total suspended solids mg/L 50.0 1774.50
Sedimentable solids mg/L 2.0 <0.10
Acidity mg/L Analysis and reporting 605.0
Alkalinity mg/L Analysis and reporting 0.57
Calcium hardness mg/L Analysis and reporting 483.8
Total hardness mg/L Analysis and reporting 859.7
Turbidity NTU Analysis and reporting 655.0

Real color
436 nm Analysis and reporting 2.25
525 nm Analysis and reporting 2.19
620 nm Analysis and reporting 1.98

L.D.: Limits of detection.
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the action of the electrons of the conduction band (CB), and
is described by Equation 2.

Mn+ +TiO2

(
e−BC

)
→ M(n−1)+ (2)

It is evident that in the presence of TiO2, the concentration
of the metals Fe, Cu, Cr, and As decreases significantly in
the coal mining drainage. As a result, it is considered to be
the best photocatalyst in the treatment of the mentioned
drainage for the removal of these four heavy metals
when compared with the other photocatalytic materials
evaluated (Sg − TiO2, S− TiO2 and F− TiO2)

It is important to note that for each of the photocatalysts
evaluated, the concentration of Fe, Cu, Cr, and As in
the fluid phase decreases significantly during the first
hour of photocatalytic reaction. After this time, the
concentration of these metals tends to increase, almost
returning to the initial concentration of the metals in the
coal mining drainage without treatment. This increase
may be evidence of possible desorption of the metal from
the surface of the semiconductor. Although “desorption”
is mentioned, this would not be the most appropriate
term to use because the phenomenon takes place during
a photochemical reduction where the oxidation state
of metals change from an oxidized state to its metallic
state on the semiconductor surface [5, 7]. The correct
thing to do is to propose a hypothesis of the observed
behavior of the metals after the first hour of reaction
which tends to undergo reoxidation; returning to their
initial oxidation state, passing again from the solid phase
of the semiconductor to the fluid phase of the reaction
medium.

The metals are then subjected to reoxidization which is
mainly due to the competition of H2O for the holes and/or
hydroxyl radicals in such a way that the reduction of the
metal is unfavorable and the initial oxidation state of the
metallic species occurs, resulting in the desorption of the
metal from the surface of the TiO2. Equation 3 supports
the above in the case of Cr:

Cr(III)
h+
V B/·OH
−→ Cr(IV)

h+
V B/·OH
−→ Cr(V)

h+
V B/·OH
−→ Cr(VI)

(3)
In the specific case of Arsenic Figure 5D, the re-oxidation of
the metal is lower, and the concentration tends to stabilize
after a reactiontime of 3 hours. This may be associated
with the oxidation states of this heavy metal, in which its
negative valence can contribute to favor the adsorption
of the metal on the surface of TiO2, which is positively
charged due to the acidic pH that occurs in the reaction
medium, with values of 2.98 for the drainage under study.
This suggests that there would be a synergistic effect
between the chemical photoreduction reaction and the
physical absorption of the metal on the surface of the
semiconductor [24], thus leading to better stability of As.

This ion adsorption effect on the surface of TiO2 has
been evidenced in the fluoridation process, where a low
pH must be maintained to favor the impregnation of the
strongly electronegative Fluorine on Titania [25–27].

Photocatalysts were also analyzed by Atomic Absorption
Spectroscopy after the photocatalytic reaction, and the
presence of each metal in the solid phase was found.
In the case of As, for example, the final metal content
was 3.60, 2.47, 3,40, and 3.42 μg/L on commercial TiO2,
Sg-TiO2, S-TiO2, and F-TiO2, respectively.

The effectiveness for the removal of Fe, Cu, Cr, and
As during the first hour of reaction was as follows:
TiO2 (Sigma) > F-TiO2 > S-TiO2 > Sg-TiO2. The
commercial variant of TiO2 demonstrated a better
performance in comparison to the variant produced in
the laboratory. Although the Sg-TiO2 material was less
effective in the treatment of coal mining drainage, it
was possible to observe that by modifying this material
through the fluoridation and sulfation processes, it was
possible to increase its effectiveness in photocatalytic
treatment. These processes have a positive impact on
the properties of TiO2 prepared in the laboratory using
the Sol-gel methodology. Fluoridation and sulfation
allowed the following improvement possibilities: (a) An
increase in the surface area of the Sg-TiO2 material
(Table 1), leading to a higher surface area available for
the reduction of metals on the modified semiconductor
which results in greater effectiveness for the removal of
metals compared to the starting material. (b) Increased
crystallinity of Sg-TiO2 given the presence of the anatase
crystalline phase in the material which favors charge
transfer during photocatalytic treatment, making it more
efficient [13, 14, 28]. (c) An increase in the absorption of
the Sg-TiO2 material towards the visible region of the
electromagnetic spectrum (Figure 3), which leads to a
greater ability to use light during photocatalysis.

Despite the positive physicochemical characteristics
obtained with the Sg-TiO2 material through the addition
of fluoride and sulfate ions, it was not possible to obtain
a material that would be more effective than commercial
TiO2 for the removal of heavy metals. This can be
explained by considering that the grain size of the
commercial material is smaller compared to the other
analyzed materials. Since photocatalysis is a phenomenon
that takes place on the surface [25], it is convenient that
the particle size of the semiconductor is smaller, as shown
in the current study. Similarly, the lower effectiveness of
the sulfonated and fluorinated material prepared in the
laboratory can be attributed to possible double obstruction
of the active sites [29] on the surface of the TiO2 derived
from the presence of sulfate and fluoride ions found in
the material, added to the high concentration of sulfates
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Figure 5 Evolution of the concentration of (A) Fe, (B) Cu, (C) Cr, and (D) As in the coal mining drainage, as a function of the
photocatalytic treatment time

present in the treated sample (Table 2).

Removal of Pb and Ni

The results of monitoring the change in the concentration
of Pb and Ni as a function of the photocatalytic reaction
time are presented in Figure 6.

The effect of UV-Vis light on the control treatment
is small compared to the reduction of these metals.
However, when adding the photocatalyst material to
the reaction medium, a very significant decrease in the
concentration of Pb and Ni is observed in the drainage
under study. Unlike what was observed for the metals
evaluated in the previous section (Fe, Cu, Cr, and As), the
concentration of Pb and Ni, decreased during the first 3
hours of the reaction. The reduction of both Pb and Ni is
much more stable on the surface of the semiconductors
with respect to the other metals, whose reduction is only
stable during the first hour of the photocatalytic reaction
(Figure 5). After 3 hours of the reaction, the re- oxidation
of Pb and Ni begins to take place, as evidenced by the

increase in their concentration in the reaction medium.

The most effective material for the removal of Pb and Ni
from the coal mining drainage was the TiO2 synthesized
in the laboratory (Sg-TiO2), and not the commercial
material as presented in the case of the other metals.
This behavior can be explained by the conclusions from
Rajeshwar et al. [30], which suggest possible routes for
the photocatalytic removal of metal ions. Both Pb2+ and
Ni2+ are examples of metals that are reduced indirectly,
meaning that they are capable of being reduced by the
effect of reducing radicals, not by a direct effect of the
electrons of the conduction band as previously thought. In
addition to the reduction process, the oxidation process
of metals can also take place through the holes (h+) in
the valence band (VB) or •OH radicals. The process that
occurs for the oxidation of metals is described in Equation
4.

Mn+ + h+/ ·OH → M(n+1)+ + −OH (4)
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Figure 6 Evolution of the concentration of (A) Pb and (B) Ni in the coal mining drainage, as a function of the photocatalytic
treatment time

Removal of anions

The results of the removal of sulfates and sulfides from
the coal mine drainage are presented in Figure 7. In the
control reaction, no effect from UV-Vis light was found in
the removal of these anions and their initial concentration
did not change even after 5 hours of treatment. However,
the presence of photocatalysts in the reaction medium did
lead to a decrease in the concentration of anions in the
fluid phase.

The addition of sulfate ions on the surface of TiO2

prepared in the laboratory is a viable alternative for
modifying the surface properties of this oxide, given the
effectiveness of the adsorption of these ions on its surface
[31, 32]. The photocatalytic treatment also allows the
removal of sulfates and sulfides from the coal mining
drainage, which remained adsorbed on the surface of the
TiO2. In general, the highest removal of these anions
was found when the Sg-TiO2 material was used in the
treatment, which decreased the concentration of Sulfates
and Sulfides in the fluid phase in a proportion of 54.7% and
45.6%, respectively, during the first hour of the reaction.

The difference in the removal of the anions under study
between the use of commercial and laboratory prepared
TiO2 was very small and may fall within experimental
error. However, when comparing the behavior of the
material prepared in the laboratory with that of the
materials obtained after modifying them by sulfation and
fluoridation, it is evident that the effectiveness in removing
sulfates and sulfides is much higher.

This can be explained by taking into account that Sg-TiO2

presents a surface that is more available to the adsorption
of the polluting anions present in the coal mining drainage
and can take place more effectively when compared to
modified materials that are previously loaded with sulfate
and fluoride ions from the synthesis process.

Despite the effectiveness presented by this treatment
and similar to that observed for the metals previously
studied, it was found that after the third hour of treatment,
the concentration of these anions tended to return to the
initial values presented by the original sample. This can
be caused by competition for the semiconductor surface,
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(a) Initial continuum plane problem
 

 

(b) Continuum static problem model

Figure 7 Change in the concentration of (A) SO4
2 and (B) S2− in the coal mining drainage, as a function of the photocatalytic

treatment time

which is generated between anions, metal ions, and other
contaminants present in the drainage.

It is important to mention that the presence of chloride
ions was also detected in the coal mining drainage in
trace concentrations. There was no observed change
in the concentration of these anions during or after
the photocatalytic treatment with any of the evaluated
materials.

Organic Pollutants

The concentration of phenolic compounds was monitored,
and Figure 8 shows that there is a decrease in the
concentration of these pollutants in the course of
treatment with the different photocatalytic materials.

 

 

Figure 8 Change in the phenol concentration in the coal mining
drainage as a function of photocatalytic treatment time

The greatest effectiveness in the photodegradation of
phenolic compounds was achieved with TiO2 prepared
in the laboratory, followed by that obtained with a
commercial oxide. In general, fluoridation and sulfation
have been reported to be effective mechanisms to obtain
a titanium dioxide that is more active and effective in the
photocatalytic removal of organic pollutants [15, 20, 33].

However, the current study found that the materials
S-TiO2 and F-TiO2 are less effective for the removal
of phenolic compounds in coal mining drainage, which
is not in accordance with what is classically reported in
the literature. It must be noted that most studies refer to
samples prepared in the laboratory and that in most cases,
they involve solutions of a single contaminant. The current
study dealt with samples from real industrial drainages
where the content and type of pollutants were very high
and variable.

By taking into account that the photodegradation of phenol
is determined by the adsorption of this substrate on the
surface of the TiO2, these factors put the photocatalytic
treatment under real working conditions to the test. This
is important because there is a competition of pollutants
for OH radicals that can be generated, thus reducing the
effectiveness of the materials that were initially thought to
be highly efficient for a particular type of pollutant.

During the photocatalytic process, different redox
reactions take place and there is the possibility that during
this treatment process, more potentially toxic organic
compounds may be generated than the compounds
present in the initial industrial drainage [34, 35]. It is very
important to establish if the organic pollutants present
in the wastewater under treatment are undergoing
a photocatalytic process of complete mineralization
(production of CO2 and water) or if reaction intermediates
are being generated. A very useful tool to establish if
this phenomenon occurs is the TOC analysis. In the
current study using the TOC analysis, an average content
of 32.2 mg/L was found in the initial mining drainage.
After the photocatalytic treatments using the different
materials under study, an average value of 32.1 mg/L was
found, indicating that this parameter does not decrease
significantly. The result obtained indicates that during
the photocatalytic treatment, there is little elimination
of organic compounds and that complete mineralization
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of the same is taking place without the production of
reaction intermediates that may be potentially more toxic.
According to the observed results, it can be concluded
that the chemical photoreduction of metals is the reaction
that takes place preferentially on the surface of the
photocatalysts evaluated, reducing the effectiveness of
the process of elimination of other anions or organic
pollutants.

4. Conclusions

Despite the improvement of the physicochemical
characteristics obtained in the Sg-TiO2 material through
the addition of fluoride and sulfate ions, it was not possible
to obtain a more effective material than commercial TiO2

for the removal of Fe, Cu, Cr, and As. This was explained by
taking into account that the grain size of the commercial
material was smaller compared to the other analyzed
materials which favored greater effectiveness. Contrary
to the above, Sg-TiO2 achieved slightly better results in
the removal of Pb and Ni, with respect to the series of the
other photocatalysts tested for the treatment of drainage,
especially given that the prepared material presented a
greater surface hydroxylation compared to commercial
TiO2. Apart from the observed phenomena, it was also
possible to adsorb polluting anions (sulfides and sulfates)
on the surface of the evaluated photocatalysts present in
the coal mining drainage especially since the Sg-TiO2

had a surface which was less inhibited in comparison to
materials modified on the surface. This allowed a greater
removal of these contaminants from the fluid phase.

Using TOC analysis and phenol concentration analysis
to determine the mineralization of organic compounds
during the photocatalytic treatment determined no
significant elimination of these pollutants. Therefore, it
could be concluded that under the experimental conditions
stated, the chemical photoreduction of metals was the
reaction that was carried out preferentially on the surface
of the photocatalysts analyzed in the treatment of coal
mining drainage.

From the study, it is possible to conclude that the
best experimental conditions for the treatment of drainage
from the coal industry are provided using commercial
TiO2 as a photocatalyst, a maximum reaction time of 1
hour, using a radiation intensity of 120 W/m2, constant
stirring, and under a continuous nitrogen flow.

The experimental results concluded that photocatalysis
is a non-selective remediation technology that allows the
simultaneous treatment of different types of contaminating
species present in composite samples. These results are
considered to be preliminary in the search for a potentially
more efficient photocatalytic material for the treatment

of inorganic and organic contaminants in a real industrial
liquid matrix.
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