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Abstract

The research evaluates the treatment of landfill leachate by coupling TiO,-UV,,, photocatalysis and an anaerobic biological
process (SMA test). The photocatalysis is developed in a Composite Parabolic Collector with an area of 0.83 m?, 20L treatment tank
and initial leachate concentration of 400 mg—L‘1 COD; H,0; (fixed dose 300 mg.L‘l) as oxidation assistant and the combination
of different TiO; levels (100, 350, 600 mg.L’l) and pH (3, 6, 9). In the biological test, for a maximum load of 4,500 mg.L’1 of
COD of leachate, 2.0 g.L~! of VSS of inoculum and a HRT of 23 days, there were no significant percentages of COD removal,
evidencing the recalcitrant character of these leachates. During the photocatalytic treatment there was a 57% DOC mineralization
(100 mg.L~! TiO?%; pH = 3; Accumulated energy = 60kJ.L~"), which evidences the capacity of the process to support the pollutant
load of the leachate. The combined process (AOP-Biological) allows an additional mineralization in the biological process in terms
of DOC of 21%, for a total contribution of the coupling of 78%, which demonstrates the capacity of the AOP to convert a toxic
wastewater into one with characteristics more suitable for further degradation in anaerobic biological reactors.
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Resumen

La investigacion evalia el tratamiento de lixiviados de vertederos mediante el acoplamiento de fotocatélisis solar TiO2-UV y un
proceso biolégico anaerébico (prueba SMA). La fotocatilisis se desarrolla en un Colector Parabélico Compuesto de 0.83 m? de
4rea, tanque de tratamiento de 20 L y concentracién inicial de lixiviados de 400 mg-L~! DQO; H202 (dosis fija 300 mg.L~!)
como auxiliar de oxidacién y la combinacién de diferentes niveles de TiO2 (100, 350, 600 mg.L~") y pH (3, 6, 9). En el ensayo
biolégico, para una carga méxima de 4500 mg.L~! de DQO de lixiviado, 2,0 g.L-1 de SVS de inéculo y un TRH de 23 dias, no hubo
porcentajes significativos de remocién de DQO, evidenciando el cardcter recalcitrante de estos lixiviados. Durante el tratamiento
fotocatalitico se presenté una mineralizacién de 57 % COD (100 mg.L~! TiO2; pH = 3; Energfa acumulada = 60 kJ.L™!), lo
que evidencia la capacidad del proceso para soportar la carga contaminante del lixiviado. El proceso combinado (AOP-Biolégico)
permite una mineralizacién adicional en el proceso bioldgico en términos de DOC del 21 %, para un aporte total del acoplamiento
del 78 %, lo que demuestra la capacidad del AOP para convertir un efluente téxico en uno con caracteristicas mds adecuadas para su
posterior degradacion en reactores bioldgicos anaerobios.

Palabras clave: Biodegradabilidad Anaerébica, Acoplamiento de tratamientos, Fotocatdlisis heterogénea, Lixiviados, Didxido de
Titanio TiO,.
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1 Introduction

The current population growth and economic devel-
opment are increasing, which is strongly related to
the generation of urban solid waste, and this pro-
vides a challenge towards environmentally sustain-
able development [1, 2]. In this context, solid waste
management in Latin America has been a challenge
because of its continuous increase in quantity and
diversity, and Colombia is a particular case since
approximately 97% of the waste generated is dis-
posed of in landfills [3], being this the most common
approach but causing a problem because of the pro-
duction of highly contaminated leachates [4]. Like-
wise, the landfill technique is one of the most used
alternatives not only in the country but also in the
department of Norte de Santander.

As a consequence of the compacting of solid
waste in landfills, there are a series of physical
and chemical changes that lead to the generation
of leachates [5]. Similarly, the decomposition of
these wastes and the percolation of rainwater over
the cells where they are disposed to contribute
to their production volume [6]. These leachates
can be transported and contaminate surface and
groundwater, which supports the need for adequate
treatment before disposal [7-9]. The location of
sanitary landfills in Norte de Santander supports the
previous problem since they are built near streams
or river crossings, which eventually flow into larger
water sources that serve as the water supply for the
population, which also highlights the impact on the
communities surrounding these sites.

These leachates are characterized by a dark brown
or black color with a very high concentration of
chemical oxygen demand (COD), ammonia nitrogen,
heavy metals, and other organic and inorganic
contaminants [10], in addition, many types of
contaminants of emerging concern (CECs) have
been found in concentrations that may pose a risk to
nearby water sources and surface water ecosystems
[11], highlighting its high potential to contaminate
soil and groundwater nearby, if not collected and
treated. Therefore, leachate management is an
important aspect [12], hence in the context where
this research is developed, the technologies for the
treatment and control of this residual liquid are

direct recirculation to waste cells and evaporation
by solar or artificial action [13, 14] but have
represented little success because of technical and
financial sustainability as treatment systems [15] and
particularly under these alternatives is not providing
areal solution to the problem, but the impact is being
transported to other scenarios.

Knowing the high pollutant loads and recalcitrant
characteristics of leachates, it is necessary to
propose alternatives for their treatment capable of
withstanding their toxic conditions, that is where
the Advanced Oxidation Processes (AOP) based on
the in situ generations of highly reactive oxygen
species, are efficient in the decomposition and
satisfactory mineralization of toxic and recalcitrant
pollutants [16, 17], but the intensive use of reagents
and energy that they require, makes the operating
costs become a limitation of the system [18,
19], therefore, they can be implemented as a
pretreatment to obtain wastewater with conditions
suitable for subsequent biological treatment because
the recalcitrant characteristics are reduced and
the biodegradability is enhanced [20, 21]. This
technique is known as AOP-Biological couplings
and makes the proposed system an alternative of
low energy cost, efficient removal of pollutants, and
generation of non-toxic by-products [22], which
provides promptly and more promising results.

investigations validate the AOP-
Biological couplings as viable for the decontam-
ination of leachates, as is the case of [23] who
in the biological process obtained removals of
38% and 24% for COD and DOC, and after the
process coupled to photocatalysis, the elimination of
pollutants was favored up to 68% and 76% for COD
and DOC. Similarly, [24] evaluated the efficiency of
photocatalysis coupled to an anaerobic biological
process mediated by SMA, for the removal of
pesticides, resembling the low biodegradability and
recalcitrant conditions shared with leachates, where

Several

they obtained an improvement in COD removal
from 46.4% in the biological process to 72.2% after
coupling. Research has also been reported, in which
the coupling to the biological process achieves
enhanced removal of contaminant load in leachates,
as in the case of [25] who in photocatalysis obtained
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a reduction of COD of 50% and after coupling to
bioreactors the elimination of COD amounted to
87%.

Based on the described information, it is proposed
to apply the described technique to the decontamina-
tion of leachates generated in a sanitary landfill in
the department of Norte de Santander, with an ambi-
ent temperature of 33 °C and a warm climate, opting
for adequate conditions to use the sun’s energy as
a source of UV radiation. First, the capacity of the
SMA to treat the leachate is studied, then the study
conditions in the AOP are optimized to determine the
maximum mineralization in the operational aspects
analyzed; finally, the coupling between the two pro-
cesses comprises the biological process receiving the
effluent coming from the AOP and thus learning how
the chemical oxidation improves the conditions of
the leachate for its subsequent biological degradation
and enhance the degradation.

For this research, the process of heterogeneous
photocatalysis catalyzed by Titanium Dioxide (TiO»)
Degussa P25 and photoassisted by UV solar radia-
tion is proposed, knowing that the use of a semicon-
ductor photocatalyst subjected to specific radiation,
allows oxidation-reduction processes that make pos-
sible the removal of contaminants in leachates [26,
27] and also the use of Hydrogen Peroxide (H,O»)
that works as a coadjuvant in the oxidation [28].
Such AOP is coupled to an anaerobic biological pro-
cess, assisted by the SMA test following the volu-
metric method [29].

This study developed the heterogeneous photo-
catalysis process in a Response Surface method
(RSM) with a factorial design in the variables of
pH and catalyst concentration, as well as fixed cu-
mulative energy ranges where the DOC response
variable will be measured. Regarding the SMA bio-
logical process, the technique consists of the quan-
tification of methane production through the use of a
displacer substance. All this to apply a technological
and economically viable option for the degradation
of leachate, promoting the protection of natural re-
sources and public health.

1. Leachate characterization.

2.A bic biodegradability of the I
(a) Characterization of inoculum (sludge).
(b) Specific Methanogenic Activity Test (SMA).

3. Determination of optimal leachate treatment
conditions by means of heterogeneous
photocatalysis.

4. Evaluation of leachate treatability in the
coupling of the photocatalytic process and the
anaerobic biological process.

Figure 1. Phases of the research process.

2 Materials and methods

Figure 1 illustrates the 4-phase methodological
process that was carried out to meet the objectives of
the research: in Phase 1, the leachate sample is taken
from the landfill and characterized in the laboratory
for the physicochemical parameters of interest that
will be detailed further on; this summarizes the
conditions of the wastewater to be treated and the
starting point for the other processes. Subsequently,
in phase 2, the biological part of the research is
developed, which is related to the characterization
of the sludge inoculum and the application of
the Specific Methanogenic Activity Test, which
results in the leachate’s treatability under anaerobic
conditions. Phase 3 comprises the development of
the heterogeneous photocatalysis process, which will
provide the optimum treatment conditions in terms
of pH and catalyst dosage. Phase 4 comprises the
coupling between the optimal processes developed
in phases 2 and 3, and thus to know the contribution
of the proposed system to the elimination of the
pollutant load in the leachate.

All the analyses previously described were de-
veloped in the Environmental Quality Laborato-
ries of Francisco de Paula Santander University, at
Eliseos Campus, and under all the biosafety proto-
cols required to apply the techniques, they were also
based on all the guidelines proposed in the Standard
Methods for the Analysis of Water and Wastewater
(AWWA - APHA - WPCEF) in the cases in which
they were applied. The methodological phases are
detailed below.
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2.1 Leachate characterization

The characterization of the leachate was developed
according to the Standard Methods for the Analysis
of Water and Wastewater and the parameters ana-
lyzed: Dissolved Organic Carbon (DOC) following
the protocol established in section 5310 B and using
the Teledyne Tekmar TOC Torch equipment. Chem-
ical Oxygen Demand (COD) by the closed reflux
method established in section 5220 C.

The Total Suspended Solids (TSS) and the Volatile
Suspended Solids (VSS) were analyzed by the
Gravimetric method at 103-105 °C established in
section 2540 B using an analytical balance, a
desiccator for porcelain capsules and crucibles, a
digital oven, and an electric muffle.

The pH and temperature parameters were taken
with a multiparameter (Waterproof PCTestr 35) at
the landfill on the day of leachate sample collection.

2.2 Leachate Anaerobic biodegradability
2.2.1 Characterization of inoculum (sludge)

The activated sludge inoculum used during the
research was extracted from the second anaerobic
lagoon of the wastewater treatment of the primary
production process of wine palm (corozo) oil from
the oil extraction plant of the Pal Norte Company,
which is located in the farm La Natalia Kilometer 15
on the township of Campo Dos in the municipality
of Tibd. This sludge was characterized in the
physicochemical parameters of pH, temperature,
TSS, VSS, and COD, to determine its effectiveness
in the use of inoculation of anaerobic biological
reactors. The sludge volume index (SVI) test was
applied to this sludge inoculum to determine its
sedimentation properties. The measurement of
the physicochemical parameters listed above was
developed following the standard methods for water
and wastewater analysis, edition 20/AWWA-APHA-
WEE

Anaerobic sludge is favored by high values in
TSS and SSV parameters because their presence
indicates a higher organic loading rate and more
biogas generation [30]. Temperature and pH are
important and controlling factors in the use of
anaerobic sludge because they significantly affect the

process [31]. Finally, the characterization of these
parameters allows determining that the collected
sludge has optimal characteristics for the growth
of microorganisms and that it is suitable for use as
inoculum in biodegradability tests [24].

2.2.2  Specific Methanogenic Activity (SMA) test

This test allows quantifying the maximum methane
production capacity by the group of microorganisms
present in anaerobic sludge [32]. To evaluate the
biodegradability of the substrate, NaOH (3%) was
used as a displacing substance; it is important to
maintain a pH higher than 12, to facilitate the
reaction of the substrate with the CO, generated.

The theoretical methane production was calcu-
lated under the conditions of temperature and at-
mospheric pressure of SMA development and was
corrected according to the expression described in
equation 1 [33]:

PxK

k() = R+ (273%T)

6]

Where:

s K(t) is the correction factor (gCOD.L™1).
* P the atmosphere pressure (atm).

* R the constant of gases (0.08206 atm.L. (mol.
oC)fl)‘

* K is the digested organic load corresponding to
one mole of CH4 (64 gCOD.mol ™ !).

* T the operational temperature of the assembly
0.

To conduct the test, a concentration of 2.0
gVSS.L~! of inoculum sludge was used because it
was a test without agitation. The volume of sludge to
be added was calculated considering that the mixture
of inoculum and substrate should not exceed 90% of
the useful volume of the biological reactor (900 ml);
it was calculated as follows [29] according equation

2).

Vinixture * Cf ixed
Viiudge = —(————— 2)
Cinitialsludge

116  Ciencia en Desarrollo, Vol. 13 No. 2, julio-diciembre de 2022



D. Becerra et al.

This type of test can be performed with DOC
concentrations ranging from 3,500 - 4,500 mg.L~!
for the substrate [29] since this test does not
involve agitation. In addition, the addition of a
certain amount of nutrients is required to make the

degradation kinetics in the reactor approach a zero-

order reaction, depending only on the concentration
of microorganisms present in the inoculum.

The location of Reactor 1 (R;) should be at a
higher level than Reactor 2 (R;), which prevents
R from being affected in case of sodium hydroxide
(NaOH) suction due to negative pressures. In
addition, the hose inside R; is placed in a “U” shape
to act as a barrier and hinder the passage of NaOH
to R;. Figure 2 details the process earlier described.

Plastic Plug
Hypodarmic
Ne=dle

Inoculum
a%esy
| 1
Reactor 1 Reactor 2
200 ml |: p— q 000 ml
L —C)‘ )
NaOH
704
Hose —— U o
Flexible Hose
in "U"
-Flastic Plug
P\H
ypodermic
Meadle

Test tube

Figure 2. SMA assembly. Adapted from [29].

Considering the methane production, the specific
methanogenic activity (SMA) is calculated from the
expression described in equation 3.

gCOD
gVSS«d

_ mx*24
- VewaxM

SMA < 3)

Where:

* m is the maximum slope of the methane
production curve (Vol. accumulated CHy vs
time).

* M the sludge mass (Volumeo fsludgeadded
Initialsludgeconcentration) (g).

* Vcn, the theoretical volume of methane pro-
duced (L).

For the calculation of the slope (m) a curve of
“Accumulated CH4 volume” vs “Test time” must be
constructed, the latter may be suspended once the
curve becomes asymptotic [29].

The theoretical volume of methane is calculated
with the expression described in equation 4:

CODcpy4

o @)

Vena =
Where:

* Vcu, is the theoretical volume of methane
produced (L).

* CODcy, is the COD load removed in R; and
converted to methane (gCOD).

2.3 Optimal conditions for leachate treatment
using heterogeneous photocatalysis

The photocatalytic decomposition of the leachate
was performed by heterogeneous photocatalysis,
using a laboratory-scale solar Cylindrical Parabolic
Collector (CPC), with an approximate reaction
volume of 20 L, area of 0.83 m?, composed of
two aluminum parabolic structures which refract
the light, equipped with borosilicate glass tubes
through which the fluid circulates, secured in a
concrete structure. This CPC configuration of the
photocatalytic reactor is the most widely used in
water treatment because it combines an efficient
radiant field and suitable hydrodynamic conditions
in the removal of various pollutants, as well as in
other engineering applications [34-36].

TiO, (Degussa P-25) was used as catalyst [34, 37,
38]. H,O; was used as the oxidizing agent, which
is highly efficient when used in the development
of wastewater decontamination treatments, mainly
because of the generation of OH radicals, which
enhance the removal of pollutants [39, 40], as
showed by some investigations where the addition
of HyO; to the system led to an improvement in
the average removal of pollutants than the TiO,-UV
system alone [41].
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UV radiation favors the generation of hydroxyl
radicals since they irradiate the TiO2 nanoparticles
to produce photogenerating holes where oxidation
reactions take place for the removal of the studied
pollutants [42]. Similarly, various investigations
on photocatalytic processes have determined that
they achieved high pollutant mineralizations at
cumulative energies greater than 100 kJ.L~! [43,
44] and considering that the aim of this phase is to
eliminate only a percentage of the pollutant load to
be subsequently subjected to the anaerobic biological
process (coupling), a range of accumulated working
energy from 220 kJ.L~! a 60 kJ.L~!. is established.

The problem sample was prepared in the CPC
tank, equipped with a 0.5 HP Humboldt pump and
Omax of 32 L.min~!. The UV radiation measurement
was conducted with an adaptation of a pyranometer
functioning as a solar radiation sensor, connected to
a multimeter. A general scheme of the photocatalytic
reactor is shown in Figure 3.

Tubes =4
Modules = 2

Superficial Area = 0.83 m?

Recirculation Tank | yoiume 200
Water Pump

Q=32Limin P =037 kW

Figure 3. Scheme of the photocatalytic process.

Response Surface Method (RSM) is a statistical
tool based on fitting a polynomial equation to exper-
imental data and has been applied to heterogeneous
photocatalysis processes having TiO, dose and pH
level as independent variables in response to pollu-
tant removal [45, 46]. Therefore, in this research, the
statistical program Statgraphics Centurion XV was
used to combine randomly the various experiments
associated with the catalyst dose of 100, 350 y 600
mg.L_1 of TiO, and the pH levels 3, 6, and 9, under
a factorial design 3%. The 9 randomized experiments
with their TiO,-pH combinations are represented in
Table 1.

The selection of TiO, and pH levels allows estab-
lishing a wide working range to know the behavior
of the elimination of the pollutant load present in the
leachates under the described operating conditions
and thus, through the optimization of the results,
to choose the most adequate operating condition in
terms of economic and treatment efficiency.

Table 1. Photocatalysis optimization experiments.

Experiment ~ TiO, Concentration (mg.L.™!)  pH
1 100
350
600
600
600
100
100
350

350

O 00 N AN W B~ W
W O O W AN O W A& ©

The number of experiments described in Table 1
was carried out considering the established amounts
of catalyst and pH units, constant concentrations
of leachate (in terms of COD according to the
characterization results), and H,O,. The duration
or hydraulic retention time (HRT) of each test was
a function of the solar radiation and therefore of
the maximum accumulated energy reached, which
depended on the climatic conditions of the area
where the project was developed.

It is important to highlight that, during each
test, the accumulated energy readings were taken
in 10-minute intervals that define the time lapses.
Subsequently, the mathematical conversion that 1
mV represents S W.m~2 must be applied because the
results obtained directly are from the Multimeter
reading, which gives the values in units of mV.
Finally, equation 5 is applied to calculate the energy
in the units of interest.

On=0n 1+ Aty xLxApxVy ! ®)

Where:
Q,: total accumulated energy kJ.L~!.
Q,_1: previous accumulated energy kJ.L~!.
Aty irradiation time (600 seg).

I,: average irradation (W.m~2 UV).
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Ay: irradiated reactor surface (0,83 m?).
Vr: volume discussed (20 L).

Similarly, samples of the treated solution were
collected at the beginning 0 kJ.L~!, at the interme-
diates of 20 kJ.L~' y 40 kJ.L~! and at the end of
the process of 60 kJ.L.~!. The stored samples were
monitored by COD and DOC to determine the de-
gree of mineralization of contaminants present in the
leachate.

2.4 Leachate treatability in the coupling of the
photocatalytic process and the anaerobic
biological process

This stage evaluates heterogeneous photocatalysis
as a pretreatment before the anaerobic biological
process to assess whether chemical oxidation can
improve conditions in biological oxidation. This
coupling allows the fact that the structures of the
pollutants are modified to convert them into less
toxic and more biodegradable by-products [20, 22],
being able to be disposed of without causing drastic
alterations in the environment.

The methodological design used in this part of the
research consisted of running the two treatments
in sequence: first, the leachate is treated by
heterogeneous photocatalysis, and then the effluent
from this process is the input for the specific
methanogenic activity test (anaerobic biological
process). In this case, the advanced oxidation
process is evaluated with the optimal experiment
found during the experimental development in
section 2.3., in terms of catalyst dose, pH level, and
accumulated energy; the effluent leaving the AOP is
the input for the SMA test, where the whole process
described in section 2.2.2 is developed again.

Finally, the treatment ends when the specific
methanogenic activity test is completed, where the
VSS, TSS, and DOC parameters were monitored
during its development, finally reporting the contri-
bution that the coupled process has towards the elim-
ination of pollutants and concluding if the previous
chemical oxidation process (TiO,-UV ., heteroge-
neous photocatalysis) improves or not the conditions
of the toxic effluent for its subsequent degradation
in anaerobic biological reactors and if the use of the

coupled processes is much better than developing
each process separately, enhancing the efficiency of
the treatment.

3 Results and analysis
3.1 Characterization of the leachate

Samples of the problem leachate were taken from
the main leachate collection point, coming from the
solid waste compaction cells. Each of the samples
taken was characterized to get an approximate range
of the contaminant load for subsequent treatment
and were analyzed by COD, DOC, TSS, VSS,
pH, and temperature parameters, the latter two
being measured at the collection point with a multi-
parameter, extracting a sample of the leachate in a
beaker. The results of this first phase of the research
are detailed in Table 2.

Table 2. Leachate characterization results.

Parameter Units Value
COD mg Oy.L~! 7,920 — 8,334.36
DOC mgL~!C 2,756 - 2,777.59
TSS mg.L~! 18,860 — 19,965.33
VSS mg.L~! 8,192 - 8,821.33
pH - 729-178
Temperature °C 32.6-332

The results obtained in Table 2 allow inferring
that the leachate presents high concentrations of
DOC, which classifies it as young since mature
leachates usually have a lower concentration of
this physicochemical parameter [47] since the
contaminants are more stabilized. This result is
consistent because the target sample was taken from
the key point of generation, i.e., the leachate comes
directly from the disposal cells.

Similarly, [48] determined that those landfills in
which only ordinary waste is treated stand out for
high concentrations of organic matter in terms of
TOC and BOD, which supports the DOC value
reported in Table 2 and knowing that the leachate
comes from ordinary solid waste disposal cells.

Leachates have recalcitrant characteristics that
make them poorly biodegradable, this condition is
calculated based on the BODs/COD ratio and is
normally less than 0.3 for these cases [49], however
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[50] validated the calculation of biodegradability as
the DOC/COD ratio for leachates, having for our
case a value of 0.34, which can corroborate the low
biodegradability of this waste liquid [27].

The TSS and VSS contents reinforce the high
content of organic matter present in the leachate. The
pH condition classifies it in a value close to neutrality,
while the temperature recorded is consistent with the
landfill location area (min 24 °C — max 34 °C).

It is important to clarify that the physicochemical
properties of the leachates are highly variable,
attributing the reason to various factors such as the
composition and depth of the waste, the availability
of moisture and oxygen, the design and operation of
the landfill, the age of the waste, the precipitation
rate, among others [51].

3.2 Anaerobic biodegradability of leachate in
biological reactors

3.2.1 Characterization of the inoculum (sludge)

The parameters analyzed in the anaerobic sludge
were Total Suspended Solids (TSS), Volatile Sus-
pended Solids (VSS), Chemical Oxygen Demand
(COD), pH, and Temperature, and its sedimentability
was determined using the Sludge Volumetric Index
(SVI). The results of the inoculum characterization
are presented in Table 3.

Table 3. Results of sludge characterization (inoculum).

Parameter Unit Value
pH - 6.6-7.1
Temperature (T) °C 39 -40.6
COD mg0,.L~! 6,900
TSS mg.L~! 24,124
VSS mg.L~! 13,460
VSS/TSS 0.557
SVI mlg™! 13.265

The results in Table 3 allow inferring that the
sludge inoculum presents a suitable state for the
growth of anaerobic microorganisms and methane
production, according to the ranges reported by [52],
pH of 6.5 to 7.5 and temperatures higher than 35°C.

The concentration of de 24,124 mg.L.~! of TSS
and 13,460 mg.L~! of VSS and their ratio of 0.557,
show a sludge with outstanding characteristics be-

cause of having a high content of microorganisms
[52]. The SVI value of 13.256 ml.g~!, places it
within the range of sludge of excellent sedimentabil-
ity, since a sludge with excellent sedimentation char-
acteristics is considered having an SVI value below
80 ml.g~! [53]. These results categorize the ana-
lyzed sludge as suitable to be inoculum in anaerobic
biological reactors, favoring the degradation of the
leachate.

3.2.2  Evaluation of the biological treatment (SMA)

The biodegradability test was conducted in 7
different reactors, each with a storage capacity of
900 ml. The first 3 corresponded to tests with
leachate from the landfill (R, R», R3). The next two
contained Volatile Fatty Acids (VFA) (R4 and Rs).
And the last two contained samples of the previously
inoculated sludge (Rg and R7). Figure 4 shows the
scheme described above.

Ri R Rs R: Rs R Rr

Figure 4. Biological process assembly (SMA).

Reactors Rg to R7 contained as feed a mineral
medium containing macronutrients (N-NH**, P-
POZ’, Mg, Ca) and micronutrients (Fe, Ni, Zn, Co),
alkalinity (NaHCO3; o KH,PO4 + K;HPOy), and a
reducing agent (Na,S.7H;0). The reactors RsandRs
contained as substrate a mixture of VFA (acetic-
C,, propionic-C3; and butyric-C4) [29]. Table 4
describes the culture media for each reactor with
their corresponding addition volumes.

With reactors, Ry, R, and R3 the degradation of
the leachate was evaluated, while with R4 and R5 the
effectiveness of the sludge against a substrate other
than the leachate, in this case, AFVs, was determined.
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Table 4. Culture media for the SMA reactors.

Unit Reactors
Ri R R3; Ry Rs R¢ Ry
Nutrients ml 2 2 2 2 2 2 2

Culture medium

VFA ml - - - 4 4 - -
Sludge ml 149 149 149 149 149 149 149
Leachate ml 568 568 568 - - - -

Deionised water ml 281 281 281 845 845 849 849

Finally, reactors Rg and R; were established as the
targets to evaluate the sludge behavior.

The HRT was divided into two phases: the
first phase corresponded to the initial set-up of the
biological test in the SMA, which was carried out
over 15 days, and where the acclimatization of the
microorganisms was sought. The second phase
corresponded to the reseeding of the reactors, which
took place over 8 days and aimed to determine the
percentage of leachate degradation after the previous
acclimatization of the microorganisms.

Finally, an HRT was obtained for the biological
process of 23 continuous days, in which samples
were taken of the displaced volume of NaOH in
each reactor, this was done twice a day at regular
time intervals. It is important to ensure a temperature
between 27°C and 34°C since this is the condition for
the growth of methanogenic microorganisms [54].

1400
1200 .
1000 .

800 .®

600 . . aR2
.

Volume NaOH (ml)
.

400 .

0 laast
0 4 s T2

96 120 144 163 192 216 240 264 288 312 336 360 384 408 432 456 480
Accumulated time (h)

Figure 5. NaOH production in the SMA.

In the first 8 days of treatment, an extensive
amount of NaOH was produced, because of the
development of the first phase of anaerobic digestion
(hydrolysis), which comprises the breakdown of
complex organic molecules [55]. While in the
following 7 days, methane production was minimal
compared to the initial days, since the bacteria

were acclimatized, however, methane production
rose again in the last 8 days, since for this period
the reactors were reseeded, in this second phase
the anaerobic microorganisms were adapted to the
substrate. The accumulated volume during the
biological test was 1300 ml for R; (leachate reactor),
521.2 ml for R, (VFA reactor) and 1223.5 ml for R3
(white reactor). Figure 5 shows the results presented
above.

The results of the parameters analyzed for the
biological test in the 3 reactors during assembly
and reseeding are presented in Tables 5 and 6 (R;-
Leachate, R,-VFA, R3-White).

Table 5. Results of the SMA biological test in the first
phase.

SMA gCOD.(gVSS.d)~! COD (mgO,.L~")  TSS(gL™")

I F I F

R, 1.697 44,800 54,400 13.8 1642
R, 4.892 8,1472 12,160 695 1021
R; 2.133 44992 89984  6.72 7.86
VSS (gL7h VSS/TSS DOC (mg.L™")

I F I F I F
R, 6.61 6.89 0.47 041  6,546.18 574.62
R, 4.26 6.81 0.61 0.60  1,056.61 161.15
R; 3.98 457 0.59 0.58  8,57.18 173.06

Nota: I: Initial phase. F: Final phase.

Table 6. Results of the SMA biological test in the
second phase.

SMA gCOD.(gVSS.d)~' COD (mg0,.L7") TSS (g.L71)

I F I F

R 2.236 48,000 96,000  16.02  16.28
Ry 5.644 20,800 12,800 8.32 9.08
R3 2.361 14,400 9,600 8.09 10.65
VSS (gL7h) VSS/TSS DOC (mg.L™ 1)

I F I F I F
Ry 771 6.94 0.48 042 6,033.95 3,763.85
Ry, 523 6.06 0.62 0.66 780.52  614.07
R3; 525 7.22 0.64 0.67 55420  562.71

Nota: I: Initial phase. F: Last phase.

Methane production is increased, which is a
mixture of methane and carbon dioxide, and the
carbon dioxide is removed by a sodium hydroxide
solution, so only methane is measured, which are
presented in the second phase are because of the
degradation of organic matter for the three reactors,
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as shown by the COD data (Table 5 and 6). It should
be noted that the COD for R; (leachate) did not
present degradation (Table 5 and 6). However, this
does not mean that no CH4 production occurred,
but on the contrary, in R two processes occurred
simultaneously, the degradation of organic matter
and cell lysis, which because of the toxicity of
the substrate, comprises the rupture of the cell
membrane of the bacteria presenting a release of
intracellular material [55], which directly affects the
amount of organic matter in the reactor.

The COD values during the first phase suffered
an increase mainly because of the acclimatization
of the microorganisms [55], similarly generating an
organic matter removal of 0%j; while in the second
phase the COD increased again for R; (there was
no degradation), while the COD for R, and R3
decreased, presenting a removal efficiency of 38.46%
and 53.13%.

In addition, it was observed that both TSS and
VSS increased for the 3 reactors in the first phase,
since the microorganisms were in a process of
acclimatization, and cell lysis occurred [55]. While
the VSS/TSS ratio decreased because of the increase
in DOC, showing a reduction in the microorganisms
present in the reactors. For the second phase, the
TSS increased for R because the substrate was very
toxic, producing the death of some microorganisms,
while the VSS decreased due to the increase in
DOC, this means that in the reactors there was a
greater presence of inorganic than organic matter.
On the other hand, in reactors R, and Rj3 there was
an increase in the TSS, due to the decrease of feed in
the reactors, but the VSS of these reactors increased
due to the decrease of COD.

The results of the mineralization measured in
DOC for the first phase were 91.22%, 84.74%, and
79.87%, for Ry, Ry y R3 respectively, while for
the second phase there was less mineralization for
the reactors evaluated, which is evidenced in the
percentages of 37.63%, 21.32%, and 0%.

According to the results, it was possible to estab-
lish that anaerobic biological treatment alone is not
efficient for leachate treatment, so integrated systems
should be implemented because a single technology
cannot achieve the expected treatment and a pre-

liminary treatment is recommended to stabilize the
concentration of contaminants [56,57]. However,
several authors have got high degradations in terms
of COD under anaerobic biological treatments such
as the UASB reactor, but high costs were reported in
the complete removal of contaminants [58,59], sim-
ilarly [60] got COD degradations of less than 50%
under the same technology and under long treatment
times (310 days).

Even with the identified limitations, in wastewater
treatment, anaerobic processes have gained impor-
tance and special attention mainly because of their
economic merits over aerobic biological systems
[61].

3.3 Optimal conditions for leachate treatment
by photocatalysis

The leachate sample used for treatment was 1.02 L,
which was mixed with water to complete 20 L of
solution, to obtain a concentration of 400 mgO,.L~!
of COD of the pollutant load, because it seeks to
treat the concentration range used and accepted in
the anaerobic biological process, additionally it can
have a better performance, since it would reduce the
turbidity level that could prevent the solar rays from
passing through the entire influent, preventing the
absorption of light in the solution and the adsorption
of pollutants on the surface of the catalyst [62].

The concentrations of TiO, comprised 100, 350
and 600 mg.L~! and pH values of 3, 6, and 9
units, as established for each assay. The oxidant
(H,0,) was worked constantly with a concentration
of 300 mg.L~!, a value optimized by [63] in a
photocatalytic leachate treatment using (TiO>/UV).
When the solution to be treated was ready, it was
recirculated through the solar reactor, until the
accumulated energy of 60 kJ.L~! was achieved.

The results from each test are presented in Table
7, which show that at basic (high) pH the system
does not have a good performance, reaching removal
percentages below 50%, these values could be
explained considering that at pH values above the
isoelectric point of TiO, (pH = 6.5) the adsorption
of organic matter decreases [64]. With acid pH
high efficiencies are achieved, hence the optimum
dose to perform the coupling, according to the
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mineralization percentages is 100 mg.L~! de TiO»at
a pH of 3 units.

Table 7. Photocatalysis results.

TiO, HRT (h) DOC mgL~' Mineralization (%)
Concentration
(mg.L™1)
pH9
100 1.5 1 183.146 1.427
F 180.532
350 1.5 I 190.766 8.900
F 173.786
600 2 I 62527 22.436
F  48.498
pH6
100 1.66 I 182.554 23.894
F 138.934
350 4.66 I 178.152 7.185
F 165.351
600 2.83 I 169.432 5.016
F 160.932
pH3
100 4.16 I 174.590 57.907
F  73.506
350 4.66 1 103.312 29.846
F 72487
600 2.83 I 144286 12.479
F  126.280

Nota: I: Initial. F: Final.

It is important to highlight that acidic solutions
help the adsorption of the pollutant on the surface of
the TiO, catalyst, similarly favoring the percentage
of degradation in the photocatalytic process [65].
This is justified by several investigations that have
shown that at acidic pH the surface of the catalyst
is positively charged, which leads to the attraction
of negatively charged organic pollutant compounds,
generating an important photocatalytic activity [66,
67]. Similarly, the best results for heterogeneous
photocatalysis are obtained at acidic pH [68, 69].

The photocatalytic process achieved a mineral-
ization of 57.90% in terms of DOC for the highest
energy, corroborating this using the results of the Re-
sponse Surface Analysis performed by Statgraphics
software as shown in Figure 6.

Considering the interpretation of DOC as total
mineralization of carbonaceous organic matter [70],
and analyzing the behavior of the parameter, it is

T DOC Mineralization
T - 0,0

DOC Mineralization
s
&

Figure 6. Response Surface.

identified that the treated problem sample was min-
eralized in 57.907 % for the maximum accumulated
energy evaluated (60 kJ.L~!). This result is accept-
able since the effluent is not required to present a
total degradation since it will serve as pretreatment
in front of the biological process.

According to the above, photocatalysis cannot
be disqualified as an alternative to treat leachate,
since the main interest is to make a coupling
with biological processes, where this partially
decontaminated effluent is polished by the action
of the microorganisms of the biological reactor,
which is justified because the AOPs emerge as an
adequate pretreatment because chemical oxidation
allows eliminating non-biodegradable and hazardous
compounds, and in combination with a biological
process significantly reduces costs [57, 71].

3.4 Treatability of the leachate in the coupling of
the photocatalytic process and the anaerobic
biological process

The first stage of the coupling comprised the evalua-
tion of the photocatalytic process by performing the
test again with the optimum dose (concentration of
100 mg.L~! of TiO, at a pH of 3 units), obtaining a
mineralization percentage of 56.56%, with an HRT
of 3.40 hours. The lower HRT reported than the
previous one, which was 4.66 hours, is because of
this optimum test the solar radiation conditions were
stronger, i.e., the day was sunnier.

The second stage consisted of evaluating the
treatability of the effluent produced in the photo-
catalytic test, which became the effluent of the bi-
ological test. Here, only the physicochemical pa-
rameter of DOC was analyzed, which was used as a
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comparison input for the subsequent anaerobic bio-
logical degradation and to measure the efficiency of
the AOP.

The assembly of the biological coupling test
(SMA) lasted 23 continuous days similarly: one
day 1, the initial assembly was carried out with
the conditions described in the method, remaining
similar for the first 15 days. After this, a reseeding
was carried out, which comprised adding the same
concentrations of the problem sample: VFA and
nutrients as one day 1, to have acclimatized sludge
and getting better yields, ending the test after the
following 8 days.

Table 8 summarizes the results of the mineraliza-
tion percentages in terms of DOC in each of the
treatment phases applied for the decontamination of
the landfill leachate.

Table 8. Mineralization in each treatment phase.

Parameter Anaerobic Heterogeneous Coupling
biological test photocatalysis
Mineralization (%)
DOC
0 57 78

According to the information described in Table
8, the development of the anaerobic biological pro-
cess alone did not provide any pollutant degrada-
tion because of the recalcitrant characteristics of the
leachate, as mentioned in the previous section regard-
ing this phase of the research. The heterogeneous
photocatalysis process with SMA contributed a 57%
mineralization of the leachate in terms of DOC,
which corroborated the capacity of these AOPs to
treat non-biodegradable substances and with toxic
compounds.

Finally, the combination of the two processes pro-
vided an increase in leachate mineralization of 21%
in terms of DOC, for a total contribution of 78% of
the coupling, which shows the capacity of the AOP
as a strong pretreatment to convert toxic wastewater
into another with more suitable characteristics for
subsequent degradation in anaerobic biological reac-
tors, which is showed by the capacity of the SMA to
receive the treated effluent and provide an additional
mineralization of 21%, about the first test conducted
where there was no mineralization.

The treatment time of the coupling was less
than 24 days:
and photocatalytic treatment of 3.4 hours, which
shows an efficient and low-cost alternative since
the AOP-Biological configuration reduces the time
of chemical oxidation and enhances biological

biological treatment of 23 days

oxidation, which contributes to the decrease in
treatment costs and improves process efficiencies.

Current research validates the results obtained,
such as the case of [72] who with a treatment
between a bioreactor with anoxic conditions and a
TiO,/UV photocatalysis process achieved 82% COD
removal from a leachate, under optimal conditions
of acid pH and the second-lowest catalyst dose. [73]
treated landfill leachate under a system combining
an advanced process and an anaerobic biological
process and found that the biological alone provided
11.9% COD removal, while the coupling of the two
systems provided 68% COD removal for the same
parameter, concluding that the coupling reduces
reagent consumption and costs.

4 Conclusions

Heterogeneous photocatalysis as a primary treatment
presented good degradation yields (57.90%), with
100 mg.L~! de TiO, being the concentration with
the best performance, since the lower the turbidity,
the greater the absorption of light in the solution,
indicating that photocatalysis presents good yields in
acid solutions since they help TiO; to better adsorb
the contaminants on the surface of the catalyst.

In the first phase of the biological process (SMA),
there was no biodegradation of the organic load in
the three reactors, since during this period, the mi-
croorganisms acclimatized to the operating conditions.
In the second phase, in R1, there was no COD re-
moval, showing that the leachate had high toxicity and
low biodegradability (despite the results obtained in
its characterization), while in R, y R3 percentages of
38.46% and 53.13% were generated, respectively, in-
dicating that the inoculum was not a limiting factor
in the biodegradation process. Consequently, it can
be concluded that the toxicity and biodegradability of
a substance are directly related, since the higher the
level of inhibition of the microorganisms, the lower the
percentage of biodegradability.
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For accumulated energies of maximum 60 kJ.L~!
photocatalysis acts on the leachate, transforming it
into less toxic and more biodegradable substances
without completely mineralizing it.

During the biological process of the coupling,
the yield of R; (leachate sample) is attributed
to the previous treatability of the leachate in the
photocatalytic process, which generated an effluent
assimilable by the microorganisms facilitating the
degradation identifying better yields compared to the
anaerobic biological process alone. This is because
photocatalysis is efficient for non-biodegradable
pollutants and biological treatments are always the
most economical processes, therefore, only when
the pollutants are difficult to degrade, photocatalytic
processes are suitable.

The mineralization rate of photocatalysis for
leachate treatment is higher compared to the mineral-
ization rate presented in biological reactors. Through
the photocatalytic processes, DOC removals of
57.90% are achieved in 4.16 hours (the time it took
to reach cumulative energy of 60 kJ.L~!), while in
the biological coupling process the additional contri-
bution was 21% in 23 days.

Author’s contributions

This work was planned, executed, and discussed by
all authors in equal contribution.

Acknowledgments

This work was supported by the Universidad
Francisco de Paula Santander, Cucuta, Colombia.
Machuca thanks the Universidad del Valle Colombia
for supporting the work

References

[1] A. V. Shah, V. K. Srivastava, S. S. Mohanty, S.
Varjani, Municipal solid waste as a sustainable
resource for energy production: State-of-the-
art review, J. Environ. Chem. Eng. 9 (2021)
105717. https://doi.org/10.1016/j.jece.2021.10
5717

[2] P. R. Yaashikaa, P. S. Kumar, A. Saravanan,
S. Varjani, R. Ramamurthy, Bioconversion of

[5]

[8]

(9]

municipal solid waste into bio-based products:
A review on valorisation and sustainable
approach for circular bioeconomy, Sci. Total
Environ. 748 (2020) 141312. https://doi.org/10
.1016/j.scitotenv.2020.141312

A. J. Calderén Marquez, E. W. Rutkowski,
Waste management drivers towards a circular
economy in the global south — The Colombian
case, Waste Manag. 110 (2020) 53-65. https:
//doi.org/10.1016/j.wasman.2020.05.016

H. Luo, Y. Zeng, Y. Cheng, D. He, X. Pan,
Recent advances in municipal landfill leachate:
A review focusing on its characteristics, treat-
ment, and toxicity assessment, Sci. Total Envi-
ron. 703 (2020) 135468. https://doi.org/10.101
6/j.scitotenv.2019.135468

T. Setiadi, S. Fairus, Hazardous waste landfill
leachate treatment using an activated sludge-
membrane system, Water Sci. Technol. 48
(2003) 111-117. https://doi.org/10.2166/wst.20
03.0459

C. Pastore, E. Barca, G. Del Moro, C. Di Iaconi,
M. Loos, H.P. Singer, G. Mascolo, Comparison
of different types of landfill leachate treatments
by employment of nontarget screening to iden-
tify residual refractory organics and principal
component analysis, Sci. Total Environ. 635
(2018) 984-994. https://doi.org/10.1016/j.scit
otenv.2018.04.135

K. Parameswari, A. Majid Salim Al Aamri,
K. Gopalakrishnan, S. Arunachalam, A. Ali
Said Al Alawi, T. Sivasakthivel, Sustainable
landfill design for effective municipal solid
waste management for resource and energy
recovery, Mater. Today Proc. (2021). https:
//doi.org/10.1016/j.matpr.2021.04.528

D. Fatta, A. Papadopoulos, M. Loizidou, A
study on the landfill leachate and its impact
on the groundwater quality of the greater area,
Environ. Geochem. Health. 21 (1999) 175-190.
https://doi.org/10.1023/A:1006613530137

W. Sornil, Solid Waste Management Planning
Using Multi-Objective Genetic Algorithm, J.

Ciencia en Desarrollo, Vol. 13 No. 2, julio-diciembre de 2022 125


https://doi.org/10.1016/j.jece.2021.105717
https://doi.org/10.1016/j.jece.2021.105717
https://doi.org/10.1016/j.scitotenv.2020.141312
https://doi.org/10.1016/j.scitotenv.2020.141312
https://doi.org/10.1016/j.wasman.2020.05.016
https://doi.org/10.1016/j.wasman.2020.05.016
https://doi.org/10.1016/j.scitotenv.2019.135468
https://doi.org/10.1016/j.scitotenv.2019.135468
https://doi.org/10.2166/wst.2003.0459
https://doi.org/10.2166/wst.2003.0459
https://doi.org/10.1016/j.scitotenv.2018.04.135
https://doi.org/10.1016/j.scitotenv.2018.04.135
https://doi.org/10.1016/j.matpr.2021.04.528
https://doi.org/10.1016/j.matpr.2021.04.528
https://doi.org/10.1023/A:1006613530137

D. Becerra et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Solid Waste Technol. Manag. 40 (2014) 33-43.
https://doi.org/10.5276/JISWTM.2014.33

P. Gautam, S. Kumar, Characterisation of Haz-
ardous Waste Landfill Leachate and its Re-
liance on Landfill Age and Seasonal Variation:
A Statistical Approach, J. Environ. Chem. Eng.
9 (2021) 105496. https://doi.org/10.1016/j.jece
.2021.105496

V. R. Propp, A. O. De Silva, C. Spencer, S. J.
Brown, S. D. Catingan, J. E. Smith, J. W. Roy,
Organic contaminants of emerging concern in
leachate of historic municipal landfills, Environ.
Pollut. 276 (2021) 116474. https://doi.org/10.1
016/j.envpol.2021.116474

H. Najafi Saleh, S. Valipoor, A. Zarei, M.
Yousefi, F. Baghal Asghari, A. A. Moham-
madi, F. Amiri, S. Ghalehaskar, A. Mousavi
Khaneghah, Assessment of groundwater qual-
ity around municipal solid waste landfill by
using Water Quality Index for groundwater re-
sources and multivariate statistical technique: a
case study of the landfill site, Qaem Shahr City,
Iran, Environ. Geochem. Health. 42 (2020)
1305-1319. https://doi.org/10.1007/s10653
-019-00417-0

A. Martinez-Lopez, W. Padrén-Hernandez,
O.F. Rodriguez-Bernal, O. Chiquito-Coyotl, M.
A. Escarola-Rosas, J. Hernandez-Lara, E. A.
Elvira-Hernandez, G. A. Méndez, J. Tinoco-
Magafia, J. Martinez-Castillo, Alternativas
actuales del manejo de lixiviados, 9 (2014) 37-
47

A. Pellon Arrechea, M. Lopez Torres, M. del C.
Lloréns Espinosa, E. Diaz Gonzélez, Propuesta
para tratamiento de lixiviados en un vertedero
de residuos sélidos urbanos, Ing. Hidratilica y
Ambient. 36 (2015) 14.

E. Giraldo, Tratamiento de lixiviados de
rellenos sanitarios: avances recientes, Rev. Ing.
0 (2001) 44-55. https://doi.org/10.16924/riua.
v0i14.538

X. Duan, H. Sun, Z. Shao, S. Wang, Non-
radical reactions in environmental remedia-
tion processes: Uncertainty and challenges,

[17]

[18]

[19]

[20]

[21]

[22]

(23]

126  Ciencia en Desarrollo, Vol. 13 No. 2, julio-diciembre de 2022

Appl. Catal. B Environ. 224 (2018) 973-982.
https://doi.org/10.1016/j.apcatb.2017.11.051

Y. Li, H. Dong, L. Li, L. Tang, R. Tian,
R. Li, J. Chen, Q. Xie, Z. Jin, J. Xiao, S.
Xiao, G. Zeng, Recent advances in waste water
treatment through transition metal sulfides-
based advanced oxidation processes, Water Res.
192 (2021) 1-23. https://doi.org/10.1016/j.watr
€s.2021.116850

P.V. Nidheesh, C. Couras, A. V. Karim, H.
Nadais, A review of integrated advanced
oxidation processes and biological processes
for organic pollutant removal, Chem. Eng.
Commun. (2021) 1-43. https://doi.org/10.1
080/00986445.2020.1864626

N. Wardenier, Z. Liu, A. Nikiforov, S.W.H.
Van Hulle, C. Leys, Micropollutant elimination
by O3, UV and plasma-based AOPs: An
evaluation of treatment and energy costs,
Chemosphere. 234 (2019) 715-724. https://doi.
org/10.1016/j.chemosphere.2019.06.033

N. Vela, M. Calin, M.J. Yanez-Gascén, A. el
Aatik, I. Garrido, G. Pérez-Lucas, J. Fenoll, S.
Navarro, Removal of Pesticides with Endocrine
Disruptor Activity in Wastewater Effluent by
Solar Heterogeneous Photocatalysis Using
Zn0O/Na2S208, Water. Air. Soil Pollut. 230
(2019) 1-11. https://doi.org/10.1007/s112
70-019-4185-y

L. Liberatore, M. Bressan, C. Belli, G. Lustrato,
G. Ranalli, Chemical and biological combined
treatments for the removal of pesticides from
wastewaters, Water. Air. Soil Pollut. 223 (2012)
4751-4759. https://doi.org/10.1007/s11270-0
12-1230-5

N. Taoufik, W. Boumya, M. Achak, M.
Sillanpdd, N. Barka, Comparative overview of
advanced oxidation processes and biological
approaches for the removal pharmaceuticals, J.
Environ. Manage. 288 (2021) 112404. https:
//doi.org/10.1016/j.jenvman.2021.112404

D. Becerra, J. Soto, S. Villamizar, F. Machuca-
Martinez, L. Ramirez, Alternative for the


https://doi.org/10.5276/JSWTM.2014.33
https://doi.org/10.1016/j.jece.2021.105496
https://doi.org/10.1016/j.jece.2021.105496
https://doi.org/10.1016/j.envpol.2021.116474
https://doi.org/10.1016/j.envpol.2021.116474
https://doi.org/10.1007/s10653-019-00417-0
https://doi.org/10.1007/s10653-019-00417-0
https://doi.org/10.16924/riua.v0i14.538
https://doi.org/10.16924/riua.v0i14.538
https://doi.org/10.1016/j.apcatb.2017.11.051
https://doi.org/10.1016/j.watres.2021.116850
https://doi.org/10.1016/j.watres.2021.116850
https://doi.org/10.1080/00986445.2020.1864626
https://doi.org/10.1080/00986445.2020.1864626
https://doi.org/10.1016/j.chemosphere.2019.06.033
https://doi.org/10.1016/j.chemosphere.2019.06.033
https://doi.org/10.1007/s11270-019-4185-y
https://doi.org/10.1007/s11270-019-4185-y
https://doi.org/10.1007/s11270-012-1230-5
https://doi.org/10.1007/s11270-012-1230-5
https://doi.org/10.1016/j.jenvman.2021.112404
https://doi.org/10.1016/j.jenvman.2021.112404

D. Becerra et al.

[24]

[25]

[26]

[27]

(28]

[29]

(30]

Treatment of Leachates Generated in a Landfill
of Norte de Santander-Colombia, by Means of
the Coupling of a Photocatalytic and Biological
Aerobic Process, Top. Catal. 63 (2020) 1336-
1349. https://doi.org/10.1007/s11244-020-012
84-1

D. Becerra, 1. Barrientos, A. Rodriguez, F.
Machuca-Martinez, L. Ramirez, Treatment of
Agricultural Wastewater with Chlorpyrifos by
Coupling of Heterogeneous Photocatalysis and
Anaerobic Biological Process, Top. Catal. 63
(2020) 1261-1271. https://doi.org/10.1007/s1
1244-020-01281-4

R. Chemlal, L. Azzouz, R. Kernani, N. Abdi,
H. Lounici, H. Grib, N. Mameri, N. Drouiche,
Combination of advanced oxidation and bio-
logical processes for the landfill leachate treat-
ment, Ecol. Eng. 73 (2014) 281-289. https:
//doi.org/10.1016/j.ecoleng.2014.09.043

J.J. Rueda-Marquez, 1. Levchuk, P. Ferndndez
Ibafiez, M. Sillanpi, A critical review on appli-
cation of photocatalysis for toxicity reduction
of real wastewaters, J. Clean. Prod. 258 (2020)
120694. https://doi.org/10.1016/j.jclepro.2020
.120694

M. Hassan, Y. Zhao, B. Xie, Employing TiO2
photocatalysis to deal with landfill leachate:
Current status and development, Chem. Eng. J.
285 (2016) 264-275. https://doi.org/10.1016/j.
cej.2015.09.093

E. Han, K. Vijayarangamuthu, J. Youn, Y.-
K. Park, S.-C. Jung, K.-J. Jeon, Degussa P25
TiO2 modified with H202 under microwave
treatment to enhance photocatalytic properties,
Catal. Today. 303 (2018) 305-312. https://doi.
org/10.1016/j.cattod.2017.08.057

Actividad
una herramienta

P. Lozada Torres, A. Pérez,
Metanogénica Especifica:
de control y optimizacién de sistemas de
tratamiento anaerobio de aguas residuales,
Univ. Del Val. 9 (2010) 5-14.

A.Zhu, Y. Qin, J. Wu, M. Ye, Y.-Y. Li, Char-
acterization of biogas production and micro-

Ciencia en Desarrollo, Vol. 13 No. 2, julio-diciembre de 2022

[31]

[32]

[33]

[34]

[35]

[36]

[37]

bial community in thermophilic anaerobic co-
digestion of sewage sludge and paper waste,
Bioresour. Technol. 337 (2021) 1-10. https:
//doi.org/10.1016/j.biortech.2021.125371

L.G. Ezemagu, M.I. Ejimofor, M.C. Menkiti, C.
Diyoke, Biofertilizer production via compost-
ing of digestate obtained from anaerobic diges-
tion of post biocoagulation sludge blended with
saw dust: Physiochemical characterization and
kinetic study, Environ. Challenges. 5 (2021) 1-
10. https://doi.org/10.1016/j.envc.2021.100288

S.F. Aquino, C.A.L. Chernicharo, E. Foresti,
M. de L.F. dos Santos, L.O. Monteggia,
Metodologias para determinagdo da atividade
metanogénica especifica (AME) em lodos
anaerobios, Eng. Sanit. e Ambient. 12 (2007)
192-201. https://doi.org/10.1590/S1413-41522
007000200010

M.G. Noelia, Degradacién de contaminantes
emergentes mediante TiO2 inmovilizado e
irradiacién solar, Universidad de Almeria,
2015.

J. Diaz-Angulo, A. Arce-Sarria, M. Mueses,
A. Hernandez-Ramirez, F. Machuca-Martinez,
Analysis of two dye-sensitized methods for
improving the sunlight absorption of TiO2
using CPC photoreactor at pilot scale, Mater.
Sci. Semicond. Process. 103 (2019) 104640.
https://doi.org/10.1016/j.mssp.2019.104640

S. McMichael, M. Waso, B. Reyneke, W. Khan,
J.A. Byrne, P. Fernandez-Ibanez, Electrochem-
ically assisted photocatalysis for the disinfec-
tion of rainwater under solar irradiation, Appl.
Catal. B Environ. 281 (2021) 119485. https:
//doi.org/10.1016/j.apcatb.2020.119485

Q. Wei, Y. Yang, J. Hou, H. Liu, F. Cao, L.
Zhao, Direct solar photocatalytic hydrogen
generation with CPC photoreactors: System
development, Sol. Energy. 153 (2017) 215-223.
https://doi.org/10.1016/j.solener.2017.05.064

N. Vela, M. Calin, M.J. Yanez-Gascon, 1. Gar-
rido, G. Pérez-Lucas, J. Fenoll, S. Navarro,
Photocatalytic oxidation of six pesticides listed

127


https://doi.org/10.1007/s11244-020-01284-1
https://doi.org/10.1007/s11244-020-01284-1
https://doi.org/10.1007/s11244-020-01281-4
https://doi.org/10.1007/s11244-020-01281-4
https://doi.org/10.1016/j.ecoleng.2014.09.043
https://doi.org/10.1016/j.ecoleng.2014.09.043
https://doi.org/10.1016/j.jclepro.2020.120694
https://doi.org/10.1016/j.jclepro.2020.120694
https://doi.org/10.1016/j.cej.2015.09.093
https://doi.org/10.1016/j.cej.2015.09.093
https://doi.org/10.1016/j.cattod.2017.08.057
https://doi.org/10.1016/j.cattod.2017.08.057
https://doi.org/10.1016/j.biortech.2021.125371
https://doi.org/10.1016/j.biortech.2021.125371
https://doi.org/10.1016/j.envc.2021.100288
https://doi.org/10.1590/S1413-41522007000200010
https://doi.org/10.1590/S1413-41522007000200010
https://doi.org/10.1016/j.mssp.2019.104640
https://doi.org/10.1016/j.apcatb.2020.119485
https://doi.org/10.1016/j.apcatb.2020.119485
https://doi.org/10.1016/j.solener.2017.05.064

D. Becerra et al.

[38]

[39]

[40]

[41]

[42]

[43]

128

as endocrine disruptor chemicals from wastew-
ater using two different TiO, samples at pilot
plant scale under sunlight irradiation, J. Pho-
tochem. Photobiol. A Chem. 353 (2018) 271-
278. https://doi.org/10.1016/j.jphotochem.201
7.11.040

M. Hassan, Y. Zhao, B. Xie, Employing TiO
2 photocatalysis to deal with landfill leachate:
Current status and development, Chem. Eng. J.
285 (2016) 264-275. https://doi.org/10.1016/j.
cej.2015.09.093

D. Fu, Y. Huang, X. Zhang, T.A. Kurniawan,
T. Ouyang, Uncovering potentials of integrated
TiO2(B) nanosheets and H202 for removal of
tetracycline from aqueous solution, J. Mol. Lig.
248 (2017) 112-120. https://doi.org/10.1016/j.
molliq.2017.10.020

H. Lachheb, C. Guillard, H. Lassoued, M. Had-
daji, M. Rajah, A. Houas, Photochemical oxi-
dation of styrene in acetonitrile solution in pres-
ence of H202, TiO2 /H202 and ZnO/H202,
J. Photochem. Photobiol. A Chem. 346 (2017)
462-4609. https://doi.org/10.1016/j.jphotochem
.2017.06.026

D. Camacho-Muiloz, A.-S. Fervers, C.J. Pes-
tana, C. Edwards, L.A. Lawton, Degradation
of microcystin-LR and cylindrospermopsin by
continuous flow UV-A photocatalysis over im-
mobilised TiO2, J. Environ. Manage., 276
(2020) 111368. https://doi.org/10.1016/j.je
nvman.2020.111368

M.R. Al-Mamun, S. Kader, M.S. Islam, M.Z.H.
Khan, Photocatalytic activity improvement
and application of UV-TiO2 photocatalysis
in textile wastewater treatment: A review, J.
Environ. Chem. Eng. 7 (2019) 103248. https:
//doi.org/10.1016/j.jece.2019.103248

E.M.R. Rocha, J.P. Vilar, A. Fonseca, 1. Saraiva,
R.A.R. Boaventura, Landfill leachate treatment
by solar-driven AOPs/H202, Sol. Energy. 85
(2011) 46-56. https://doi.org/10.1016/j.solener.
2010.11.001

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Ciencia en Desarrollo, Vol. 13 No. 2, julio-diciembre de 2022

L.M. Losada, E.J.L. Castillo, E.A.O. Restrepo,
E.A.S. Galvis, R.A.T. Palma, Tratamiento de
aguas contaminadas con colorantes mediante
fotocatalisis con TiO2 usando luz artificial y
solar, Prod. + Limpia. 12 (2017).

R.X. de S. Furtado, C.A. Sabatini, M. Zaiat,
E.B. Azevedo, Perfluorooctane sulfonic acid
(PFOS) degradation by optimized heteroge-
neous photocatalysis (TiO2/UV) using the re-
sponse surface methodology (RSM), J. Wa-
ter Process Eng. 41 (2021) 101986. https:
//doi.org/10.1016/j.jwpe.2021.101986

S. Archin, S.H. Sharifi, G. Asadpour, Optimiza-
tion and modeling of simultaneous ultrasound-
assisted adsorption of binary dyes using ac-
tivated carbon from tobacco residues: Re-
sponse surface methodology, J. Clean. Prod.
239 (2019) 118136. https://doi.org/10.1016/j.
jelepro.2019.118136

Y. Zegzouti, A. Boutafda, L. El Fels, M. El
Hadek, A. Lebrihi, F. Bekkaoui, M. Hafidi,
Quality and quantity of leachate with different
ages and operations in semi-arid climate,
Desalin. WATER Treat. 152 (2019) 174-184.
https://doi.org/10.5004/dwt.2019.24017

C.M. Moody, T.G. Townsend, A comparison of
landfill leachates based on waste composition,
Waste Manag. 63 (2017) 267-274. https://doi.
org/10.1016/j.wasman.2016.09.020

M. Ghahrchi, A. Rezaee, Electro-catalytic
ozonation for improving the biodegradability
of mature landfill leachate, J. Environ. Manage.
254 (2020) 109811. https://doi.org/10.1016/j.
jenvman.2019.109811

Y.-C. Chou, S.-L. Lo, J. Kuo, C.-J. Yeh,
Microwave-enhanced persulfate oxidation to
treat mature landfill leachate, J. Hazard. Mater.
284 (2015) 83-91. https://doi.org/10.1016/j.jh
azmat.2014.10.043

B. K. Mavakala, S. Le Faucheur, C. K.
Mulaji, A. Laffite, N. Devarajan, E. M. Biey,
G. Giuliani, J.-P. Otamonga, P. Kabatusuila,
P. T. Mpiana, J. Poté, Leachates draining


https://doi.org/10.1016/j.jphotochem.2017.11.040
https://doi.org/10.1016/j.jphotochem.2017.11.040
https://doi.org/10.1016/j.cej.2015.09.093
https://doi.org/10.1016/j.cej.2015.09.093
https://doi.org/10.1016/j.molliq.2017.10.020
https://doi.org/10.1016/j.molliq.2017.10.020
https://doi.org/10.1016/j.jphotochem.2017.06.026
https://doi.org/10.1016/j.jphotochem.2017.06.026
https://doi.org/10.1016/j.jenvman.2020.111368
https://doi.org/10.1016/j.jenvman.2020.111368
https://doi.org/10.1016/j.jece.2019.103248
https://doi.org/10.1016/j.jece.2019.103248
https://doi.org/10.1016/j.solener.2010.11.001
https://doi.org/10.1016/j.solener.2010.11.001
https://doi.org/10.1016/j.jwpe.2021.101986
https://doi.org/10.1016/j.jwpe.2021.101986
https://doi.org/10.1016/j.jclepro.2019.118136
https://doi.org/10.1016/j.jclepro.2019.118136
https://doi.org/10.1016/j.wasman.2016.09.020
https://doi.org/10.1016/j.wasman.2016.09.020
https://doi.org/10.1016/j.jenvman.2019.109811
https://doi.org/10.1016/j.jenvman.2019.109811
https://doi.org/10.1016/j.jhazmat.2014.10.043
https://doi.org/10.1016/j.jhazmat.2014.10.043

D. Becerra et al.

[52]

[53]

[54]

[55]

[56]

[57]

[58]

from controlled municipal solid waste landfill:
Detailed geochemical characterization and
toxicity tests, Waste Manag. 55 (2016) 238-
248. https://doi.org/10.1016/j.wasman.2016.04
.028

M. Nakasima-Loépez, P. Taboada-Gonzilez,
Q. Aguilar-Virgen, N. Veldzquez-Limon,
Adaptacion de Indculos Durante el Arranque
de la Digestién Anaerobia con Residuos S6li-
dos Orgénicos, Inf. Tecnoldgica. 28 (2017) 199-
208. https://doi.org/10.4067/S0718-0764201
7000100020

G. Ferrara Giner, A. Ramirez, Analisis de la
sedimentabilidad de los lodos biol6gicos pro-
ducidos en un RCS durante la desnitrificacion
de un efluente de un biorreactor de crecimiento
adherido, Rev. La Fac. Ing. Univ. Cent. Venez.
28 (2013) 37-44

J.L. Ortiz Carrillo, J.A. Rodriguez Chona,
¢.M. Cajiao Pedraza, J.I. Maldona Maldonado,
Estudio cinético de bacterias metanogénicas a

diferentes temperaturas, Bistua Revista la Fac.
Ciencias Bdsicas. (2016) 39-48.

L.B. Ho, D. Becerra Moreno, V. ¢cngulo, L.
Salazar, Biodegradabilidad de aguas residuales
agroindustriales fototratadas mediante catalisis
heterogénea, Afinidad. 68 (2011).

K. Mojiri, Assessment of various tropical
municipal landfill leachate characteristics and
treatment opportunities, 2015.

S.M.A. Abuabdou, W. Ahmad, N.C. Aun,
M.J.K. Bashir, A review of anaerobic mem-
brane bioreactors (AnMBR) for the treatment
of highly contaminated landfill leachate and
biogas production: Effectiveness, limitations
and future perspectives, J. Clean. Prod. 255
(2020) 120215. https://doi.org/10.1016/j.jclepr
0.2020.120215

L. Wu, Z. Yan, S. Huang, J. Li, B. Su, C. Wang,
Y. Peng, Rapid start-up and stable maintenance
of partial nitrification-anaerobic ammonium
oxidation treatment of landfill leachate at low

Ciencia en Desarrollo, Vol. 13 No. 2, julio-diciembre de 2022

[59]

[60]

[61]

[62]

[63]

[64]

[65]

temperatures, Environ. Res. 191 (2020) 110131.
https://doi.org/10.1016/j.envres.2020.110131

O. N. Agdag, D. T. Sponza, Anaerobic/aerobic
treatment of municipal landfill leachate in
sequential two-stage up-flow anaerobic sludge
blanket reactor (UASB)/completely stirred tank
reactor (CSTR) systems, Process Biochem. 40
(2005) 895-902. https://doi.org/10.1016/j.proc
bi0.2004.02.021

S. Ismail, M. Nasr, E. Abdelrazek, H. M.
Awad, S. Zhaof, F. Meng, A. Tawfik, Techno-
economic feasibility of energy-saving self-
aerated sponge tower combined with up-flow
anaerobic sludge blanket reactor for treatment
of hazardous landfill leachate, J. Water Process
Eng. 37 (2020) 101415. https://doi.org/10.101
6/j.jwpe.2020.101415

S. Chelliapan, N. Arumugam, M. F. Md. Din, H.
Kamyab, S. S. Ebrahimi, Anaerobic treatment
of municipal solid waste landfill leachate, in:
Bioreactors, Elsevier, 2020, pp. 175-193. https:
//doi.org/10.1016/B978-0-12-821264-6.000
11-5

L.F. Garcés Giraldo, E.A. Mejia Franco, J.J.
Santamaria Arango, Fotocatalisis como alter-

nativa para el tratamiento de aguas residuales,
Rev. Lasallista Investig. 1 (2004) 83-92.

D.R. Giraldo Valentin, Eficiencia del proceso
de fotocatilisis heterogénea con tio2 y h202 en
la reduccién de dbo5 y dqo de los lixiviados
del botadero la mejorada el tambo Huancayo,
Repos. Inst. - UAP. (2016).

S.H. Valencia, J.M. Marin, G.M. Efecto del pH
en la Degradacion Fotocatalitica de Materia
Orgénica Natural, Inf. Tecnolégica, 22 (2011)
57-66. https://doi.org/10.4067/S0718-0764201
1000500008

G. Llanes, Y. Carolay, M. Benavides, A.
Consuelo, Fotocatalisis heterogénea con TiO2
para el tratamiento de desechos liquidos con

presencia del indicador verde de bromocresol,
Rev. Ing. 10 (2011) 79-88.

129


https://doi.org/10.1016/j.wasman.2016.04.028
https://doi.org/10.1016/j.wasman.2016.04.028
https://doi.org/10.4067/S0718-07642017000100020
https://doi.org/10.4067/S0718-07642017000100020
https://doi.org/10.1016/j.jclepro.2020.120215
https://doi.org/10.1016/j.jclepro.2020.120215
https://doi.org/10.1016/j.envres.2020.110131
https://doi.org/10.1016/j.procbio.2004.02.021
https://doi.org/10.1016/j.procbio.2004.02.021
https://doi.org/10.1016/j.jwpe.2020.101415
https://doi.org/10.1016/j.jwpe.2020.101415
https://doi.org/10.1016/B978-0-12-821264-6.00011-5
https://doi.org/10.1016/B978-0-12-821264-6.00011-5
https://doi.org/10.1016/B978-0-12-821264-6.00011-5
https://doi.org/10.4067/S0718-07642011000500008
https://doi.org/10.4067/S0718-07642011000500008

D. Becerra et al.

[66]

[67]

[68]

[69]

D. Lu, M. Yang, P. Fang, C. Li, L. Jiang, En-
hanced photocatalytic degradation of aqueous
phenol and Cr(VI) over visible-light-driven
Tb x O y loaded TiO;-oriented nanosheets,
Appl. Surf. Sci. 399 (2017) 167-184. https:
//doi.org/10.1016/j.apsusc.2016.12.077

D. Chen, Y. Cheng, N. Zhou, P. Chen, Y. Wang,
K. Li, S. Huo, P. Cheng, P. Peng, R. Zhang, L.
Wang, H. Liu, Y. Liu, R. Ruan, Photocatalytic
degradation of organic pollutants using TiO>-
based photocatalysts: A review, J. Clean. Prod.
(2020) 121725. https://doi.org/10.1016/j.jclepr
0.2020.121725

R. Arshad, T.H. Bokhari, T. Javed, I.A. Bhatti,
S. Rasheed, M. Igbal, A. Nazir, S. Naz,
M.I. Khan, M.K.K. Khosa, M. Igbal, M.
Zia-ur-Rehman, Degradation product distri-
bution of Reactive Red-147 dye treated by
UV/H202/TiO2 advanced oxidation process,
J. Mater. Res. Technol. 9 (2020) 3168-3178.
https://doi.org/10.1016/j.jmrt.2020.01.062

O.N.E.H. Kaabeche, R. Zouaghi, S. Boukhe-
doua, S. Bendjabeur, T. Sehili, A Comparative
Study on Photocatalytic Degradation of Pyri-
dinium - Based Ionic Liquid by TiO; and ZnO
in Aqueous Solution, Int. J. Chem. React. Eng.
17 (2019). https://doi.org/10.1515/ijcre-2018-0
253

[70]

[71]

[72]

[73]

130  Ciencia en Desarrollo, Vol. 13 No. 2, julio-diciembre de 2022

P. Torres Lozada, L.E. Barba Ho, C. Ojeda, J.
Martinez, Y. Castafio, Influencia de la edad de
lixiviados sobre su composicion fisico-quimica
y su potencial de toxicidad, Rev. U.D.C.A
Actual. Divulg. Cientifica, 17 (2014) 245-255.

M. N. Chong, A. K. Sharma, S. Burn, C. P.
Saint, Feasibility study on the application of
advanced oxidation technologies for decen-
tralised wastewater treatment, J. Clean. Prod.
35 (2012) 230-238. https://doi.org/10.1016/j.jc
lepro.2012.06.003

M. Hassan, X. Wang, F. Wang, D. Wu, A. Hus-
sain, B. Xie, Coupling ARB-based biological
and photochemical (UV/TiO2 and UV/S2082-)
techniques to deal with sanitary landfill
leachate, Waste Manag. 63 (2017) 292-298. ht
tps://doi.org/10.1016/j.wasman.2016.09.003

L. A. Castillo-Sudrez, V. Lugo-Lugo, I.
Linares-Herndndez, V. Martinez-Miranda, M.
Esparza-Soto, M. de los ¢. Mier-Quiroga,
Biodegradability index enhancement of land-
fill leachates using a Solar Galvanic-Fenton
and Galvanic-Fenton system coupled to an
anaerobic-aerobic bioreactor, Sol. Energy. 188
(2019) 989-1001. https://doi.org/10.1016/j.sole
ner.2019.07.010


https://doi.org/10.1016/j.apsusc.2016.12.077
https://doi.org/10.1016/j.apsusc.2016.12.077
https://doi.org/10.1016/j.jclepro.2020.121725
https://doi.org/10.1016/j.jclepro.2020.121725
https://doi.org/10.1016/j.jmrt.2020.01.062
https://doi.org/10.1515/ijcre-2018-0253
https://doi.org/10.1515/ijcre-2018-0253
https://doi.org/10.1016/j.jclepro.2012.06.003
https://doi.org/10.1016/j.jclepro.2012.06.003
https://doi.org/10.1016/j.wasman.2016.09.003
https://doi.org/10.1016/j.wasman.2016.09.003
https://doi.org/10.1016/j.solener.2019.07.010
https://doi.org/10.1016/j.solener.2019.07.010

	Introduction
	Materials and methods
	Leachate characterization
	Leachate Anaerobic biodegradability
	Characterization of inoculum (sludge)
	Specific Methanogenic Activity (SMA) test

	Optimal conditions for leachate treatment using heterogeneous photocatalysis
	Leachate treatability in the coupling of the photocatalytic process and the anaerobic biological process

	Results and analysis
	Characterization of the leachate
	Anaerobic biodegradability of leachate in biological reactors
	Characterization of the inoculum (sludge)
	Evaluation of the biological treatment (SMA)

	Optimal conditions for leachate treatment by photocatalysis
	Treatability of the leachate in the coupling of the photocatalytic process and the anaerobic biological process

	Conclusions

