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Abstract: This study focuses on the treatment of a mature landfill leachate by coagulation and
photo-Fenton at different conditions. Optimal coagulation is carried out with ferric chloride in acid
conditions; and with alum in near-neutral conditions, to minimize the use of sulphuric acid for pH
adjustment (1 g/L vs. 7.2 g/L), the generation of sludge and the increase of conductivity in the final
effluent. In both cases, a similar chemical oxygen demand (COD) removal is obtained, higher than
65%, which is high enough for a subsequent photo-Fenton treatment. However, the removal of
absorbance at 254 nm (UV-254) was significantly higher with ferric chloride (83% vs. 55%), due to the
important removal of humic acids at acid pH. The best results for coagulation are 2 g/L ferric chloride
at initial pH = 5 and 5 g/L alum at initial pH = 7. After coagulation with ferric chloride, the final pH
(2.8) is adequate for a homogeneous photo-Fenton using the remaining dissolved iron (250 mg/L).
At these conditions, using a ratio H2O2/COD = 2.125 and 30 min contact time, the biodegradability
increased from 0.03 to 0.51. On the other hand, the neutral pH after alum coagulation (6.7) allows the
use of zero valent iron (ZVI) heterogeneous photo-Fenton. In this case, a final biodegradability of 0.32
was obtained, after 150 min, using the same H2O2/COD ratio. Both treatments achieved similar results,
with a final COD, UV-254 and color removal greater than 90%. However, the economic assessment
shows that the approach of ferric chloride + homogeneous photo-Fenton is much cheaper (6.4 €/m3

vs. 28.4 €/m3). Although the discharge limits are not achieved with the proposed combination of
treatments, the significant increase of the pre-treated leachate biodegradability allows achieving the
discharge limits after a conventional biological treatment such as sequencing batch reactor, which
would slightly increase the total treatment cost.
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1. Introduction

Municipal solid waste (MSW) generation is increasing due to population growth, the modification
of lifestyles and increased industrialization all around the world. Even landfilling is the last
waste-management option; this option is still necessary for the disposal of non-recyclable materials; it
has been extensively used extensively in the past due to its simplicity and lower management cost [1–3].
Other management options such as energy valorization are more expensive and still produce 10–20%
ash, which usually must be landfilled [4].

At present, a huge number of landfills exist worldwide. Due to the percolation of the rainfall
through residues and the decomposition of organic matter, a high-strength wastewater named landfill
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leachate (LL) is generated. LL is produced during landfill operation but also decades after its complete
closure, representing a high risk for the environment [5,6]. LL characteristics depends mainly on
landfill age but also on climate conditions and the wastes landfilled [7,8]. Table 1 shows the main
characteristics of LL according to the landfill age.

Table 1. Characteristics of landfill leachates according to landfill age [9–11].

Type of Leachate

Young Intermediate Old

Age (years) 0–10 10–20 >20
pH <6.5 6.5–7.5 >7.5

BOD5/COD 0.5–1.0 0.1–0.5 <0.1
BOD5 (mgO2/L) >4000 1000–4000 <400
COD (mgO2/L) >10,000 4000–10,000 <4000

TOC (mg/L) >2500 1000–2500 <1000
N-NH3 (mg/L) <400 - >400
Heavy metals Low-medium Low Low

Recommended treatment Biological - Physico-chemical
Composition VFA (80%) VFA (5–30%), HA, FA HA and FA (80%)

Note: BOD5: biochemical oxygen demand; COD: chemical oxygen demand; TOC: total organic carbon; VFA: volatile
fatty acids; HA: humic acids; FA: fulvic acids.

The first treatment option for LL is always biological treatment, either anaerobic or aerobic, due to
their simple operation and low cost [12], as for example constructed wetlands [13], aerated lagoons,
rotating biological reactors, etc. [14]. However, this is only possible for young and intermediate LL.
Mature LL have a very low biodegradability (BOD5/COD < 0.1) to be treated efficiently by biological
methods. Furthermore, the presence of recalcitrant organic compounds, high levels of salts, and heavy
metals makes this option unfeasible. Therefore, mature LL must be treated by physical or chemical
treatments such as coagulation/flocculation [15,16], chemical precipitation [17] or advanced oxidation
processes (AOPs), either to obtain a final effluent which can be discharged into the environment, or to
increase its biodegradability to be further treated in a subsequent conventional biological treatment.

Coagulation/flocculation is a cost-efficient option to remove organic substances and color from
the LL. Different authors have obtained intermediate and high COD and color removals, depending on
the coagulant used and the pH of the treatment. While in the best cases it is possible to obtain COD
and color removals in the 60–70% range, the biodegradability is not affected. The most widely used
coagulants are ferric chloride and alum due to their low cost and good efficiency [18], ferric chloride
usually obtaining better results than alum at similar pHs and dosages. For example, Amor et al. (2015)
obtained 63% COD and 80% color removal by coagulation at pH 6 with 4 g/L of FeCl3·6H2O [19], while
Silva et al. (2004) reported 23% and 70% for COD and color removal, respectively, when coagulating
with alum (pH = 3–4) [20].

Coagulation is an excellent pre-treatment for AOPs, which can efficiently remove bio-recalcitrant
matter and improving the biodegradability of the LL [21]. The most widely used AOPs are
ozonation [22,23], photocatalysis [24,25], electro-oxidation [26,27], and Fenton processes including
conventional Fenton, electro-Fenton, photo-Fenton, heterogeneous Fenton, etc. [28]. Fenton treatments
are preferred for high organic loaded effluents because of the lower chemical dosages (lower cost) and
better efficiency in terms of COD removal [29].

The conventional homogeneous Fenton process uses Fe2+, normally added as iron sulfate [29–31],
as catalyst to decompose hydrogen peroxide into high reactive hydroxyl radicals, which is a strong
oxidant for organic matter (Equation (1)).

Fe2+ + H2O2 → Fe3+ + HO·+ HO− (1)
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Different authors have reported a high COD removal (60–80%) treating LL by conventional Fenton
at H2O2/COD ratio varying from 0.531 up to 6.808 and acid pH (pH ≈ 2.8) [29–31].

In photo-Fenton processes, ultraviolet (UV) radiation enhances the efficiency and the kinetics of
the process [19,32,33]. UV radiation causes the reduction from Fe3+ to Fe2+, as shown in Equation (2),
allowing using low iron concentration as it can be reused several times in a cyclic process, with the
advantage of lower sludge production during neutralization and precipitation of the dissolved iron
after the treatment. If LL is pre-coagulated with an iron salt, the residual iron can act as catalyst.

Fe3+ + hυ → Fe2+ (2)

However, the use of iron salts has the problem of increasing the conductivity of the treated
waters [34]. An option to avoid the use of iron salts is in situ generation by using iron shavings in acidic
media [35], however, the kinetic is very slow while still existing the problem of iron sludge generation.

To avoid those problems, there is a growing interest in using ZVI as the iron source in Fenton
processes. In this case, the reaction occurs in heterogeneous phase [36]. The formation of Fe2+ and the
reduction of Fe3+ occur in the surface of ZVI following Equation (3).

2Fe3+ + Fe0
→ 3Fe2+ (3)

Furthermore, the use of ZVI allows working at neutral pH and can be reused several cycles [34,37].
Due to the high consumption of energy and chemicals for the direct use of AOPs without any

pretreatment, the combination of coagulation/flocculation and AOPs seems to be the best option to
treat the mature landfill leachates [19,38]. Amor et al. (2015) [19] reported an increase in TOC removal
from 54% with a single solar-photo-Fenton up to 75% using a coagulation pre-treatment with 2 g/L
of FeCl3 at pH = 5. Similarly, at pH = 3, Bogacki et al. (2019) [38] achieved a total TOC removal of
75% combining coagulation with ferric chloride (1 g/L at pH = 6), and heterogeneous Fenton process
(Fe0/H2O2 = 1.4 ratio). However, a systematic comparison of coagulation with ferric chloride and alum
as pretreatment for a photo-Fenton process has not been published yet. Furthermore, the potential
viability of a treatment at neutral pH has not been fully explored.

Therefore, the novelty of this paper is that two treatment chains for a mature LL, based on
coagulation and photo-Fenton processes in acid and neutral pH, have been studied and compared.
from a technical and economical point of view. The first approach combines coagulation with FeCl3
and photo-Fenton, using the remaining dissolved iron from coagulation (Fe3+) as catalyst at acidic pH.
The second approach combines coagulation with alum and photo-Fenton with ZVI, as the iron source,
at neutral conditions, which is a promise way to treat the LL at neutral pH, expending less amount of
reagents. This last approach explores the LL treatment at near-neutral pH to minimize the use of acid,
the sludge generation and the increase of conductivity in the final effluent. Both treatments trains are
compared in terms of efficiency in the removal of contaminants and increase of biodegradability.

2. Materials and Methods

2.1. Landfill Leachate (LL)

LL was collected from the MSW landfill located in Golmayo (Soria, Spain), which has been
operating since 1997. The main characteristics are shown in Table 2. It is observed that its low
biodegradability (BOD5/COD = 0.03), pH = 8.2 and COD = 4961 mg O2/L, correspond to a typical
mature LL [9,39].
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Table 2. Characteristics of the landfill leachate used in this study.

Parameters
(Raw Leachate) Value Parameters

(Dissolved Fraction) Values

pH 8.2 ± 0.1 Chlorides (mg L−1) 3000 ± 137
Conductivity (mS cm−1) 17.3 ± 0.1 Sulphates (mg L−1) 125 ± 23

UV-254 (cm−1) 27.5 ± 0.1 Aluminium (mg L−1) 5.50 ± 0.03
Color (mg Pt L−1) 17,300 ± 200 Iron (mg L−1) 8.50 ± 0.015
COD (mg O2 L−1) 4961 ± 496 Chromium (mg L−1) 1.90 ± 0.05
BOD5 (mg O2 L−1) 150 ± 50 Sodium (mg L−1) 2152 ± 215

BOD5/COD 0.03 ± 0.01 Potassium (mg L−1) 1219 ± 122
TOC (mg C L−1) 2000 ± 100 Magnesium (mg L−1) 98 ± 6

TS (mg L−1) 21,290 ± 1030 Calcium (mg L−1) 134 ± 4
TSS (mg L−1) 1370 ± 20 Silicon (mg L−1) 15 ± 1
TDS (mg L−1) 18,970 ± 230 Zinc (mg L−1) 0.61 ± 0.06

Alkalinity (mg CaCO3 L−1) 13,244 ± 100 Nickel (mg L−1) 0.26 ± 0.03
TNb (mg N L−1) 1600 ± 10 Copper (mg L−1) 0.030 ± 0.003
TP (mg P L−1) 10 ± 2

Note: TS: total solids; TSS: total suspended solids; TDS: total dissolved solids; TNb: total nitrogen bound; TP:
total phosphorus.

2.2. Chemicals

Aluminum sulphate, Al2(SO4)3·18H2O (99.5%), and ferric chloride, FeCl3·6H2O (99%), were
used as 50 wt% solutions, prepared from the reagents obtained from Sigma-Aldrich using distilled
water. An anionic flocculant of high molecular weight from Kemira was used at 0.025 wt% solution in
distilled water. Sulphuric acid, H2SO4 (96–98%), also from Sigma-Aldrich, was used for pH adjustment,
as received.

For the photo-Fenton process, hydrogen peroxide (35% wt%) was purchased from Sigma-Aldrich
(Highland, IL, USA) and Fe0 microspheres (>98.3% Fe; <1% C; <1% N; <0.7% O) with 1 µm
of particle size and 800 m2 kg−1 of surface area were supplied by BASF (ZVI Microspheres 800,
Ludwigshafen, Germany).

2.3. Coagulation

Ferric chloride and alum were studied in a jar-test at five different initial pHs (from the initial
pH of the landfill, pH = 8.2, to pH = 4) at dosages varying from 0 to 30 g/L, to determine the optimal
concentrations for COD and color removal; those pHs were used because these coagulants work better
in acidic media [40]. Tests were carried out in 500 mL beakers filled with 250 mL of sample in a
flocculation tester applying fast mixing during 5 min (150 rpm) for coagulation, followed by slow mixing
during 30 min (50 rpm) for flocculation, as typical times and velocities for coagulation/flocculation.
Finally, the sample settled for 60 min and the clarified was analysed to determine the efficiency in the
removal of contaminants.

2.4. Photo-Fenton Process

The photo-Fenton process was carried out using a high-pressure mercury immersion lamp of
450 W from ACE-Glass (Model 7825-30, Vineland, NJ, USA) inserted in a quartz glass cooled jacket,
vertically positioned as described before [9,34]. Figure 1 shows a schematic diagram of the experimental
setup. A total photon flux in the reactor of 1.1 × 1020 photon/s was calculated according with [41]
and the addressed values and methodology reported in [21]. Radiometry analyses were made using
an UV radiometer model RM-21 (UV-Elektronik, Ettlingen, Germany). 1.75 L of coagulated leachate
was stirred mechanically at 250 rpm. Then, iron microspheres (in heterogeneous Fenton process
tests) were also added at different molar ratio of [H2O2]/[Fe0], while no additional iron source was
used for Fenton-like reaction in homogeneous phase. Afterwards, the appropriate amount of H2O2,
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depending on the ratio [H2O2]0/[COD]0 used (2.125, 1.062, 0.531), was added, maintaining constant the
molar ratio H2O2/Fe = 50 for heterogeneous Fenton and the concentration of remaining dissolved iron
after coagulation for the homogeneous Fenton. Keeping constant the remaining iron concentration
implies [H2O2]/[Fe3+] ratios of 5.55, 11 and 22 for [H2O2]0/[COD]0 = 2.125, 1.063 and 0.531, respectively.
Samples were taken at selected time intervals to analyse the removal of contaminants and the H2O2

consumption during the tests. Experiments were carried out by triplicate, obtaining a standard
deviation in the results lower than 10%. All the tests were performed at ambient temperature (approx.
20 ◦C).
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2.5. Analytical Determinations

Conductivity and pH measurements were carried out using a pH-meter SensionTM+ MM374
(Hach, Loveland, CO, USA) equipped with pH and conductivity probes following the standard methods
for the examination of water and wastewaters (method 2510 and 2310, respectively) [42]. BOD5 (method
5210B) and total alkalinity (method 2320B) analyses were made according to standard methods [42].
COD, sulphates and chlorides were measured using Nanocolor® test methods (Macherey-Nagel
GmbH, Düren, Germany) using an Aquamate UV-Vis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) for the measurements. Turbidity was measured with a LP 2000-11 turbidity meter
(Hanna Instruments, Laval, QC, Canada) following Standard Methods (method 2130) [42]. UV-254
was measured with a Varian Cary 50 UV-Visible Spectrophotometer (Varian, Palo Alto, CA, USA)
using 1 cm pathway quartz cuvettes according to Standard Method 5910 [42]. TOC (method 5310)
and total nitrogen (TNb) (UNE-EN-ISO 11905-1:1998) were measured by the combustion-infrared
method using a TOC/TN Analyser Multi N/C®3100 (Analytik Jena AG, Jena, Germany) with catalytic
oxidation on cerium oxide at 850 ◦C. H2O2 concentration was analysed by the titanium sulphate
spectrophotometric method [34,35]. Dissolved iron, aluminium and calcium were measured by atomic
absorption spectrometry (Standard Methods 3111B, 3111E) in a Varian SpectrAA 220 spectrophotometer
(Varian, Palo Alto, CA, USA) [42].
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3. Results and Discussion

3.1. Coagulation: Effect of pH and Dosage of Coagulants.

Independently of the coagulant tested, the maximum COD removals were obtained at the lowest
initial pHs, as shown in Figure 2. This agrees with previous references [18,19]. Furthermore, the
lower initial pH, the lower dosage of the coagulant to achieve the maximum COD removal. It is
important to take into account that the necessary acid concentration for decreasing the pH of the LL
was very high due to its high alkalinity (13,244 mg/L CaCO3). Therefore, this pH adjustment implies
an increase of conductivity and concentration of salts (sulphates, as sulphuric acid was used for pH
adjustment) which can also retard the Fenton process [43] and may imply posterior management
difficulties. To decrease the pH from its initial value pH = 8.2 to pH = 7 and pH = 5, the conductivity
increased from 24.9 mS/cm to 25.5 mS/cm and 26.4 mS/cm, requiring 1 and 7.2 g/L of sulphuric acid,
respectively. Thus, the decrease in pH should be maintained as low as possible to reduce the costs of
the chemicals used in the treatment and to avoid these drawbacks.
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Coagulation carried out with alum obtained the following maximum COD removals: 70%, 68%,
53%, 44% and 29%, obtained at pH = 8.2 (20 g/L), 7 (15 g/L), 6 (10 g/L), 5 (5 g/L) and 4 (4 g/L), respectively.
A decrease in the initial pH implies a decrease in the dosage of coagulant to achieve a high COD
removal, thus the optimal pH for coagulation with alum would be pH = 5–6. It is also remarkable
that even at pH = 7 (5 g/L dosage), the COD removal obtained was 60%, which is high enough for
a photo-Fenton treatment. At these conditions, a lower dosage of alum is used while avoiding the
addition of an important amount of sulphuric acid for pH adjustment. Moreover, remaining dissolved
aluminium is a 20% lower after coagulation with 5 g/L than at 15 g/L of alum at pH = 7, with values of
47 and 59 mg/L, respectively. The sulphates concentration in the leachate is also three times lower for
5 g/L than for 15 g/L (alum, pH = 7): 2.2 g/L vs. 6.5 g/L.

The best efficiencies in COD removal obtained with ferric chloride were 66%, 79%, 63%, 66% and
43% at pH = 8.2 (20 g/L), pH = 7 (15 g/L), pH = 6 (5 g/L), pH = 5 (2 g/L) and pH = 4 (4 g/L), respectively,
as shown in Figure 2. The lower pH, the better COD removal per coagulant dosage, however, ferric
chloride also presents a compromise among COD removal and the increase of conductivity, thus
optimal pH is between pH 4 and 5. Optimal conditions were selected to initial pH = 5 and 2 g/L of ferric
chloride, which gives a final pH = 2.8 which fits very well with the optimum of a Fenton reaction [44].
Even when this is not the most acid pH tested, 7.2 g/L of sulphuric acid are necessary for pH adjustment.
On the other hand, the low ferric chloride dosage selected avoids higher concentrations of chlorides
(787 mg/L added) in the coagulated leachate, as chlorides are more detrimental than sulphates in terms
of corrosion and conductivity of treated waters.

It is important to analyse the direct effect of pH on the removal of organics. If the pH decreases
to around 4, there is a large precipitation of humic acids (HA), which are very abundant in these
leachates [45]. This effect partly explains why ferric chloride reach a greater COD removal with lower
dosage of coagulant than alum. The final pH after coagulation with ferric chloride under optimal
conditions is below 4, while for the optimal alum coagulation the final pH is 6.7. Thus, humic acid
precipitation only occurs with FeCl3 coagulant. This direct relationship is novel and explains the lower
efficiency of alum reported in the literature [18,19]. To further analyse this effect, pH decrease without
coagulant addition was studied and it was observed that the lower pH, the greater COD removal:
4% at pH = 6, 15% at pH = 5 and 25% at pH = 4. At pHs lower than 4 no additional COD removal
was obtained.

Coagulation is a cheap pre-treatment to increase the efficiency of the photo-Fenton treatment and
reduce the cost of the global treatment chain. In this study its effect was monitored based on color
and UV-254, as shown in Table 3. If color and UV-254 are high, the UV radiation necessary to achieve
a certain COD removal will be higher and thus the treatment costs, or in the worst case, the COD
removal will be very limited even using high dosages of H2O2 and radiation times. Attending to these
parameters, ferric chloride obtained better removal than alum (97% vs. 87%) with final color values of
520 and 2250 mg Pt/L after coagulation, respectively. The UV-254 indicates the presence of ultraviolet
quenching substances (UVQS). When there are in high concentrations, they act as scavengers of UV,
absorbing the radiation [46,47]. The UV-254 was reduced in a greater extent using ferric chloride: 83%
vs. 55% obtaining final values of 12.4 vs. 4.7 cm−1, respectively. This is explained due to the high humic
acid removal obtained with the treatments carried out at pH lower than 4 [48]. These humic acids are
responsible of a large amount of UV-254 quenching substances from mature leachates. As commented
before, this complete precipitation only occurs in coagulation with ferric chloride (final pH = 2.8).

It is also important that during the coagulation at optimal conditions, independently of the
coagulant used, 75% of total chromium, 90% of barium and nickel and a 20% of magnesium and
manganese were also removed.

As expected, after coagulation there was no increase in the biodegradability, the ratio BOD5/COD
of the raw water remained at around the same value of 0.03 ± 0.02.

In the literature, coagulation with ferric chloride is usually preferred to alum. Amor et al. (2015),
for example, obtained 63% COD removal when using ferric chloride and only 31% when alum was
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employed [19]. However, in the present study, the efficiency in COD removal for both coagulants was
very similar. This is an interesting novel approach due to its potential benefits since conductivity was
significantly lower for alum than for ferric chloride (17 vs. 22.5 mS/cm), due to the coagulant dosage but
also due to the lower dosage of sulphuric acid necessary for the optimal conditions (1 g/L vs. 7.2 g/L).
The lower final conductivity is also important for a further biological post-treatment after increasing the
biodegradability of the LL. The lower amount of sulphuric acid added means an economic advantage
for alum, which is also cheaper than ferric chloride. Furthermore, the sludge generated by alum
coagulation is significantly lower than by ferric chloride [49,50]. The final pH of after coagulation with
alum (5 g/L at pH = 7) is 6.7, which also fits very well to the study of photo-Fenton treatment applying
ZVI microspheres as an iron source, with the following additional advantages: it can be reused several
times and avoids the need of a neutralization step after photo-Fenton process.

Table 3. Removal of contaminants at optimal conditions with alum and ferric chloride, which are the
initial conditions for the subsequent Fenton treatment.

Initial
pH

Final
pH

Conductivity,
mS/cm

COD, mg O2/L
(% Removal)

Color, mg Pt/L
(% Removal)

UV-254, cm−1

(% Removal)

Raw leachate 8.2 - 17.3 ± 0.1 4961 ± 461 17,300 ± 100 27.5 ± 1

5 g/L alum 7.0 6.7 17.1 ± 0.1 1786 ± 232 (64%) 2250 ± 50 (87%) 12.4 ± 1 (55%)
2 g/L ferric chloride 5.0 2.8 22.5 ± 0.1 1588 ± 226 (68%) 520 ± 15 (97%) 4.7 ± 1 (83%)

These are the reasons to analyse subsequent Fenton treatment following two approaches: at acidic
pH after coagulation with ferric chloride and at neutral pH after coagulation with alum.

A Fenton-like homogeneous process, without further addition of iron from other sources, is an
interesting Fenton treatment when the levels of dissolved iron are already high enough in the waters.
After the treatment with 2 g/L of ferric chloride the dissolved iron was 250 mg/L, this fact together with
final pH after coagulation (2.8) allowed us to apply Fenton-like process without any other source of
iron and pH adjustment [51].

The heterogeneous Fenton process, with the addition of ZVI as catalyst, is the best choice for
landfill leachates coagulated with alum at neutral pH. pH after coagulation is 6.7, which fits very well
to the optimal conditions for using the ZVI heterogeneous photo-Fenton process.

3.2. Photo-Fenton Treatment

The effect of the ratio H2O2/COD was carried out at stoichiometric, half of the stoichiometric and
quarter of the stoichiometric ratios (2.125, 1.063 and 0.531, respectively) in both selected approaches.
In those tests the iron concentration 250 mg/L in the case of coagulation pre-treatment with ferric chloride
([H2O2]/[Fe3+] ratios of 5.55, 11 and 22 for [H2O2]0/[COD]0 = 2.125, 1.063 and 0.531, respectively) and
H2O2/Fe = 50 for alum pre-coagulated leachate were keeping constant. In both cases, the pH was not
adjusted after the coagulation treatment (pH = 2.8 for ferric chloride and pH = 6.7 for alum).

Figure 3 shows the main results of both approaches. The Fenton-like process after optimal
coagulation treatment with FeCl3 achieved an important increase on biodegradability of the landfill
leachate. At the stoichiometric H2O2/COD ratio (2.125), the ratio BOD5/COD increased to 0.51 with an
extra COD removal of 70% (total COD removal of 90%). Amor et al. (2015) reported 89% COD removal
during a similar process of treatment: coagulation with ferric chloride followed by solar photo-Fenton
using 96 h [19]. The BOD5/COD increased to 0.32 at H2O2/COD = 1.063 with a COD removal of 48%,
but half UV irradiation time (15 min vs. 30 min) being necessary. For the lowest ratio H2O2/COD,
the biodegradability increased to 0.25 with an additional 24% COD removal. The final COD for the
two highest ratios H2O2/COD was below 1000 mg O2/L (476 and 826 mg O2/L for 2.125 and 1.063,
respectively). The biodegradability obtained at the two highest H2O2/COD ratios are high enough for
the wastewater to be post-treated in a conventional biological reactor. The main difference between
them is the treatment cost: the ratio H2O2/COD = 1.063 needs half H2O2 dosage (1.69 g/L) and half
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of the irradiation time (15 min) than the H2O2/COD = 2.125 ratio. UV-254 removal also increased at
greater H2O2/COD ratios, from 57% to 85% and 93%, respectively, in agreement with the literature [46].
Other parameters such as pH, conductivity or metal concentration were maintained in a very similar
level after the treatment.
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The second approach was the use of photofenton process after coagulation at pH = 7 with 5 g/L of
alum using ZVI as iron source. In this case, the UV irradiation time for complete H2O2 consumption
was much longer than in ferric chloride case: 60, 120 and 150 min for the ratios of H2O2/COD 0.531,
1.063 and 2.125, respectively (from 5 to 8 times higher than for ferric chloride). These differences in the
irradiation time could be explained because of the lower UV-254 removal in the case of pre-coagulated
leachate with alum than ferric chloride, probably by the lowest pHs after coagulation with ferric
chloride compared to alum. Another reason explaining this difference is that the heterogeneous
photo-Fenton at neutral pHs has slower kinetics [52]. Furthermore, the biodegradability increase
was also much lower than in homogeneous photo-Fenton at acidic pHs, as occurred with COD.
The BOD5/COD ratios after the treatment were 0.15, 0.18 and 0.25, while the COD removals were
5%, 39% and 62%, at increased H2O2/COD ratios. Additionally, alum removed 57%, 87% and 91%
of UV-254 at increased H2O2/COD ratios. These removals are in the same range as ferric chloride,
showing that UVQS have been almost totally removed for the two highest ratios H2O2/COD, as shown
in Figure 3.

For both approaches, the color removal was greater than 95% while the pH and the conductivity
were not affected significantly by photo-Fenton treatment; the pH only decreased slightly as a
consequence of hydrogen peroxide addition.

Table 4 summarizes the main obtained results. Fenton-like process using Fe3+ after FeCl3
coagulation obtained slightly greater COD removals than heterogeneous photo-Fenton after alum
coagulation, but this last one requires less pH modification and salts addition. On the other hand,
the Fenton-like process implies significantly lower UV irradiation time: 10–30 min for ferric chloride
compared to 60–150 min with alum, depending on the ratio H2O2/COD. Furthermore, photo-oxidation
of FeCl3 pre-coagulated waters had greater biodegradabilities (0.25–0.51 vs. 0.15–0.25) at the H2O2/COD
ratios of 0.531, 1.063 and 2.125, which makes possible a post-treatment by a conventional biological
treatment to achieve the discharge limits established by legislation.

Table 4. Main characteristics of the process.

Ferric Chloride + Homogeneous
Photo-Fenton (Acidic pH)

Alum + Heterogeneous ZVI
Photo-Fenton (Neutral pH)

Initial pH (before coagulation) 5.0 7.0

[H2SO4], g/L 7.2 1.0

[Coagulant], g/L 2.0 5.0

COD after coagulation, mg O2/L
(% removal) 1588 ± 226 (68%) 1786 ± 232 (64%)

H2O2/COD ratio 2.125 1.063 0.531 2.125 1.063 0.531

Final pH after coagulation 2.8 ± 0.1 2.8 ± 0.1 2.8 ± 0.1 6.7 ± 0.1 6.7 ± 0.1 6.7 ± 0.1

Conductivity, mS/cm 22.5 ± 0.2 22.5 ± 0.2 22.5 ± 0.2 17.1 ± 0.2 17.1 ± 0.2 17.1 ± 0.2

UV irradiation time, min 30 15 10 150 120 60

% COD removal (after oxidation) 70% 48% 24% 62% 39% 5%

Final COD, mg O2/L 476 ± 5 826 ± 8 1207 ± 12 679 ± 7 1089 ± 11 1697 ± 17

BOD5/COD 0.51 0.32 0.25 0.25 0.18 0.15

After the proposed treatments, a high removal of contaminants together with an important
increase in biodegradability have been obtained. At the best cases, accumulated contaminants removal
were: 85–90% for COD; 90–95% for UV-254; and >99% color; together with a high removal of heavy
metals, i.e., 75% total Cr and 90% Ba. However, these removals are not high enough to achieve the
discharge limits established in the Directive 91/271/EEC on urban wastewater treatment: 125 ppm
COD, 25 ppm BOD5, 60 mg/L TSS, 2 mg/L total P and 15 mg/L total N. While the removals of TSS and
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TP were high enough to achieve the discharge limits after the proposed treatments (TSS < 25 mg/L and
TP < 1.5 mg/L P), this is not the case for COD (480–680 ppm), BOD5 (170–240 ppm) and TN, which was
only removed by 20% by these treatments (TN = 1250 mg N/L). Therefore, after the proposed treatments,
there will be necessary a biological treatment with simultaneous removal of BOD5 and nutrients
(nitrogen). Among biological methods, sequencing batch reactor (SBR) would be the recommend
treatment due to its high performance in treating landfill leachates, achieving high COD removals
(>75%) and almost total removal of ammonia-nitrogen (up to 99%) even at intermediate BOD5/COD
ratio [53]. Before this biological treatment, a neutralization step will be necessary only in the case of
the LL treated in homogeneous photo-Fenton (pH ≈ 2.5).

The increase in biodegradabilities obtained after photo-Fenton treatments can be considered
sufficient for biological treatment, especially in the case of LL leachate treated by ferric chloride.
Although the ratio BOD5/COD = 0.4 is usually considered necessary for an efficient post-treatment of a
mature LL treated by AOPs [54,55], there are also studies demonstrating high COD and TN removals
can be obtained even at BOD5/COD ≈ 0.2. H. Li et al. (2009) [56], for example, treated a mature LL
by SBR with an initial BOD5/COD ratio of 0.22 (3000 ppm COD and 650 ppm BOD5), obtaining 79%
removal of COD and 95% DBO5. Furthermore, ammonia was totally removed, from 1100 mg/L to
<3 mg/L. Similarly, B. Xie et al. (2010) [57], treated a mature LL by a biofilter packed with slag after a
biofilter packed with aged refuse and Fenton oxidation. Even the ratio BOD5/COD was 0.20 before the
biofilter, pilot scale tests demonstrated this treatment was capable of decreasing COD from 230 mg/L to
86 mg/L (63% removal) and BOD from 44 mg/L to 9 mg/L (79% removal). Furthermore, ammonium was
removed from 212 mg/L N to 20 mg/L N (91% removal). This means both proposed treatments could
be further treated in a biological treatment to achieve discharge limits. In the case of the LL treated
with ferric chloride and homogenous photo-Fenton, it would be possible also to work at intermediate
H2O2/COD ratio (1.063), thus reducing the amount of chemicals used. When using AOPs, the optimal
treatment consist on increasing the biodegradability of the wastewater using the lowest amount of
chemicals possible, avoiding the need to use greater amounts only to reduce the COD, which can be
more economically removed in conventional biological treatments [39].

3.3. Economic Assesment

An economic comparison of the two studied approaches has been performed (Table 5).
The comparison is made with the data obtained at laboratory scale and only includes the main
operational cost, i.e., chemicals consumption and energy costs. Management of the sludge generated
after coagulation, for example, has not been considered. To obtain more reliable estimations in energy
costs, the power consumption obtained at lab scale were decreased taking into account that the UV
lamp used in the experiments has 15–18% efficiency in UV radiation compared to power consumption
(data given by the supplier), while modern UV lamps, available in the market, offer around 40%
UV radiation efficiencies. Although it is expected that at industrial scale the cost will be reduced,
this approach allows a rough comparison between the two studied approaches [52]. The cost of
ferric chloride (200 €/ton, 40 wt%), alum (180 €/ton, pure), hydrogen peroxide (35 wt%) (350 €/ton),
concentrated sulphuric acid (130 €/ton) are average values obtained from alibaba.com (industrial
grade). The cost of the power is calculated using the average cost of electricity in Spain (0.11 €/kWh).

The approach using acidic conditions is clearly more economic than the approach at neutral pH,
the estimated cost being 4 times lower (6.44 €/m3 vs. 28.44 €/m3). Although the approach at neutral
pH with alum decreased the costs of the coagulation treatment (sulphuric acid for pH regulation and
coagulant costs), would benefit from a lower amount of sludge generated and would avoid a further
neutralization step before a final biological treatment to achieve discharge limits, this approach cannot
be considered as a real alternative to coagulation with ferric chloride and homogenous photo-Fenton.
The most important cost of these treatments, i.e., the power consumption by UV lamp, was around
8 times higher in heterogeneous Fenton compared to homogeneous Fenton due to the longer UV
radiation time required (120 min vs. 15 min).
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Table 5. Estimation of treatment costs by coagulation at optimal conditions and Fenton process using
H2O2/COD = 1.063.

Treatment Costs FeCl3 Alum

Sulphuric acid/€/m3 0.94 0.13
Coagulant/€/m3 1.00 0.90

Hydrogen peroxide/€/m3 1.18 1.33
Power consumption/€/m3 3.32 26.08

Total cost/€/m3 6.44 28.44
Photo-Fenton/€/kg COD removed 8.45 40.80

Coagulation + Photo-Fenton/€/kg COD removed 1.56 7.34

The estimated costs for the treatment based on ferric chloride and homogenous photo-Fenton
can be considered competitive. They are even better than results reported by several authors for the
treatment of mature LL by AOPs, despite the cost of the final biological stage was not considered.
For example, A. Anfruns et al. (2013) [58] estimated the associated costs for the treatment of a mature
LL with BOD5/COD = 0.13, similar COD to that of the present study (6200 mg/L) and slightly higher
total nitrogen (2309 mg/L) by the combination of a biological method (anammox) with two AOP:
coagulation with ferric chloride plus ozonization, and homogenous photo-Fenton. In both cases,
the estimated costs were in the 7–8 €/m3 range, compared to the 6.5 €/m3 obtained in the present
study. C. Tizaouoi et al. (2007) [23] also estimated the cost for the treatment of a mature LL of similar
characteristics to that of the studied LL (ratio BOD5/COD = 0.10 and 5230 mg/L COD,) by a combination
of ozone and hydrogen peroxide. The associated costs to remove 52% COD were estimated to be
around 2.3 $/kg COD removed (6.3 $/m3 in that case), similar to the results obtained in the present
study. S. Cortez et al. (2010, 2011) [55,59] treated a mature LL of BOD5/COD = 0.01 by different AOPs
and obtained the following treatment costs: 8.2 €/kg COD removed in homogenous Fenton, 38–64 €/kg
COD removed for ozonization at different initial pHs and 25–32 €/kg COD removed by the combination
of ozonization and hydrogen peroxide. These high costs are related to the low initial COD content in
the tests (around 340 ppm) which is a consequence of a low initial COD content of the LL (around
743 ppm) and the 1:3 dilution used in the tests. Similarly, F.J. Rivas (2003) [60] made a rough operational
costs estimation for homogenous the Fenton treatment of a mature LL, obtaining a value of 8 $/kg COD
removed, H2O2 consumption representing 75% of total operating costs. Although the initial COD
was not low (2100 mg/L), high H2O2 consumptions were observed: around 10 mg of H2O2 per mg of
COD, thus increasing the costs significantly. On the other hand, Torres-Socías et al. (2015) [61] reported
about 40 €/m3 for the treatment of a LL using compound parabolic collector (CPC) solar photoreactors,
although they treated a higher load of COD. In addition, Silva et al. (2016) [62] compared the treatment
of LL by the photo-Fenton process using UV lamps and solar radiation, reporting similar values for the
different sources of radiation. For example, 11.0 €/m3 were addressed to achieve 150 ppm of COD
just using the CPCs, whereas 11.7 €/m3 corresponded to using UV lamps, and 10.9 €/m3 combining
CPCs and UV lamps. The values were just about 6–7 €/m3 when the objective was a final COD value
lower that 1000 ppm. Unfortunately, from 3836 to 6850 m2 of CPCs were necessary to perform such
solar treatment [61,62], therefore implying the need of a large space, about 11,000–18,000 m2. In this
studied case, around 2000 m2 of CPCs and 5500 m2 of surface area would be necessary. Furthermore,
and advantageously, the iron source came from the previous coagulation process in this case, avoiding
the need to use external iron sources, which are mainly based on the use of ferrous sulfate [62], and
will increase the cost and complicate the management of the produced iron sludge.

The estimated treatment costs, even if the final biological treatment necessary to achieve the
discharge limits is not considered, are within the estimated range for real installations. References
discussing associated costs for on-site treatment of LL have given the following cost ranges:
4.5–12 $/m3 [63], 8–20 €/m3 [64] and 1–23 €/m3 [65], depending on the complexity of the treatment.
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The very low BOD5/COD ratio and the high COD of the LL treated in this study would need of a
complex treatment with associated costs in the upper part of the presented rages.

However, leachate treatment costs can vary significantly depending on leachate type and
site-specific conditions including age of landfill, strength of leachate, volume of leachate produced,
standard of construction, rainfall intensity, availability of appropriate receiving waters and proximity
to a wastewater treatment plant [65]. At present, the studied LL is treated in a publicly operated
wastewater treatment plant located at less than 5 km from the landfill. The proximity to the wastewater
treatment plant and the fact that this wastewater treatment plant can accept landfill leachates at reduced
fees are strong arguments for using this off-site treatment. The treatment presented in this study could
hardly compete with the current treatment as the associated costs are reduced while, at the same time,
the need for new investments is avoided.

This does not mean the treatment could be competitive for similar LL in other conditions.
Co-treatment in urban wastewater treatment usually has high costs, typically in the 25–30 €/m3

range, roughly distributed in 50% transport (estimated at an average 70 km distance from landfill to
wastewater plant) and 50% gate fees [65,66]. Furthermore, increasingly, wastewater treatment plants
(WWTPs) emission limits will continue to threaten the sustainability of co-treatment of leachate with
municipal wastewater. The seasonal variation in leachate production also poses a risk to effective
co-treatment in municipal WWTPs, as periods of high leachate production coincide with periods of
maximum hydraulic loading in WWTPs [66]. The introduction of a NH4-N loading-based tariff at
WWTPs would have a significant impact on the economics of on-site LL treatment as this would provide
landfill managers with a business case to invest in on-site treatment of leachate [65]. The usually higher
associated costs as well as these difficulties are the reasons why the number of landfills co-treating
their LL in WWTPs are decreasing, while the number of landfills using advanced on-site treatments
is increasing.

4. Conclusions

The results show that similar COD removal (>65%) and color removal (>90%) can be obtained
with alum and ferric chloride coagulation at optimal conditions, contrary to the results from previous
publications treating LL. Coagulation with alum presents some advantages with respect to ferric
chloride such as the lower amount of sulphuric acid required for pH regulation (1.0 g/L for alum and
7.2 g/L for ferric chloride), a 25% lower sludge production, the lower conductivity of the treated LL (17.1
vs. 22.5 mS/cm) as well as a slightly lower cost. This justifies its combination with ZVI in heterogeneous
photo-Fenton treatment to increase biodegradability at neutral pH. However, although COD was
successfully removed in photo-Fenton at neutral pH, the final costs of the treatment was around 4
times more expensive (28.4 €/m3 vs. 6.4 €/m3) than coagulation with ferric chloride at acid conditions
and homogeneous photo-Fenton due to the high energy consumption by the UV lamp. At the highest
H2O2/COD ratio tested (2.125), heterogeneous ZVI photo-Fenton needed 150 min to increase the
leachate biodegradability up to 0.32 while, homogeneous photo Fenton only needed 30 min to achieve
a value of 0.51. Besides the slower kinetics of the heterogeneous vs. homogenous photo-Fenton, this
can be also explained by the lower UV-254 removal in coagulation with alum compared to ferric
chloride (55% vs. 83%) due to the null precipitation of humic acids at neutral pH. After the proposed
treatments, a final biological treatment, i.e., SBR, would be necessary to achieve the discharge limits,
especially in terms of COD, BOD5 and total nitrogen. Although the highest biodegradabilities obtained
in homogeneous Fenton would be beneficial, previous studies demonstrate that mature LL can be
efficiently treated even at DBO5/COD ≈ 0.2, which allows reducing the consumption of H2O2 in
homogeneous photo-Fenton treatment to H2O2/COD = 1.063. The estimated treatment costs for the
combination of treatments can be considered competitive compared to values from real installations
in the published data. However, the reduced costs of the presently used off-site treatment of this LL
limits the application of the studied treatments in this landfill.
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