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Abstract: An integral treatment process for landfill leachate reverse osmosis concentrate (LLROC)
is herein designed and assessed aiming to reduce organic matter content and conductivity,
as well as to increase its biodegradability. The process consists of three steps. The first one is
a coagulation/flocculation treatment, which best results were obtained using a dosage of 5 g L−1 of
ferric chloride at an initial pH = 6 (removal of the 76% chemical oxygen demand (COD), 57% specific
ultraviolet absorption (SUVA), and 92% color). The second step is a photo-Fenton process, which
resulted in an enhanced biodegradability (i.e., the ratio between the biochemical oxygen demand
(BOD5) and the COD increased from 0.06 to 0.4), and an extra 43% of the COD was removed at the best
trialed reaction conditions of [H2O2]/COD = 1.06, pH = 4 and [H2O2]/[Fe]mol = 45. An ultra violet-A
light emitting diode (UVA-LED) lamp was tested and compared to conventional high-pressure
mercury vapor lamps, achieving a 16% power consumption reduction. Finally, an optimized 30 g L−1

lime treatment was implemented, which reduced conductivity by a 43%, and the contents of sulfate,
total nitrogen, chloride, and metals by 90%. Overall, the integral treatment of LLROC achieved the
removal of 99.9% color, 90% COD, 90% sulfate, 90% nitrogen, 86% Al, 77% Zn, 84% Mn, 99% Mg,
and 98% Si; and significantly increased biodegradability up to BOD5/COD = 0.4.

Keywords: coagulation; landfill leachate; reverse osmosis concentrate; photo-Fenton; LED;
lime precipitation

1. Introduction

Landfill leachate is an extremely harmful wastewater for the environment because it contains a
high amount of organic and inorganic pollutants. Several authors have studied different treatment
alternatives to manage this highly contaminant-loaded wastewater, including biological [1], physical [2,3],
and chemical processes [4,5]. Nowadays, physical processes using pressure-driven membranes
(microfiltration and/or ultrafiltration followed by nanofiltration or reverse osmosis) [6–8] are widely used
because of the high quality of the permeate water that is obtained. However, these technologies have the
drawback of producing a leachate concentrate containing the retained pollutants [9]. This concentrate
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is usually characterized by low biodegradability, high specific ultraviolet absorbance (SUVA) [10,11],
and high concentration of inorganic and bio-recalcitrant organic compounds. Therefore, its treatment
by conventional biological processes [12] is not possible, and the concentrate is recirculated back to
the landfill in most of the cases [13,14]. This reinjection increases the content of persistent organic
compounds, salts, nitrogen, and phosphorous in the leachate [15], which then increases membrane
fouling and progressively limits the efficiency of the treatment in the medium to the long term [16].

Consequently, the implementation of complementary treatment alternatives for landfill leachate
reverse osmosis concentrate (LLROC) is necessary. Some reported treatment possibilities are:
Membrane distillation [17], evaporation [18], and different advanced oxidation process (AOPs),
such as electro-oxidation [12,19,20], ozonation [21,22], sulfate radical-based AOPs [23,24], and Fenton
processes [25–27]. For example, Qi et al. (2015) [17] optimized a vacuum distillation membrane
system for LLROC, achieving a 97% chemical oxygen demand (COD) removal at a vacuum pressure
of 0.08 MPa and a temperature of 75 ◦C for a flux of 200 L h−1. However, membrane distillation
requires a large investment, and the system suffers high corrosion levels because of the associated
evaporation of corrosive gases through the installation. Similarly, Yang et al. (2018) [18] achieved the
complete elimination of organics by a co-bio-evaporation process, mixing LLROC with food waste
in the following optimum conditions: 1:1.1 LLROC:food waste ratio, and a flux of 0.035 m3 kg−1 h−1.
86% of the water was evaporated, but severe corrosion troubles in the equipment were predicted.

Although AOPs have been reported to have the potential advantage of increasing the
biodegradability of LLROC [28] and different types of wastewater, such as, for example, textile
effluents [29], the state of the art shows that the high concentration of organic compounds
makes AOPs an expensive technology in terms of the reagents dosages and power consumption.
In addition, the biodegradability increase may not be enough [30–33]. For example, in the case
of electro-oxidation processes using boron-doped diamond electrodes, 89.6–100% of the COD
was removed, but biodegradability only increased up to BOD5/COD = 0.2, by the application of
50–100 mA cm−2 for 6 h [12,20]. Different new materials and Fenton-like processes, including the
coupling with other technologies, are being developed at laboratory scale to increase treatment
efficiency, and reduce sludge production and treatment cost. For example, Wang et al. (2018) [27]
studied FePC amorphous alloys to increase the catalytic efficiency, and Liang et al. (2018) [24] reported
the use of Fe78Si9B13 as metallic glass to generate hydroxyl and persulfate radicals when H2O2,
persulfate and monopersulfate were used as oxidants.

In order to reduce the cost of AOP treatments, a coagulation/flocculation pretreatment, which may
even be easily applied at industrial scale, has been proposed to reduce COD, color, and UV absorbance
at 254 nm [4,34,35]. UV absorbance reduction significantly enhances ultraviolet radiation penetration
in the media, and, thus, the efficiency of the photo-oxidation processes. Zhou et al. (2011) [35] reported
an increase in the removal of contaminants by combining coagulation with different AOPs applied to
treat an urban wastewater with a total organic carbon (TOC) of 18 mg L−1. In this case, 49% of the TOC
was removed by combining ferric chloride coagulation with an UVA/H2O2 process; whereas less than
3% of the TOC was removed when the UVA/H2O2 treatment was applied standalone.

The use of UV radiation (photo-Fenton) to recycle the iron catalyst for the Fenton reaction and
decarboxylate ferric carboxylates [36,37], might be a good alternative to save iron addition and generate
less sludge, provided it is sufficiently cheap [38]. Thus, coupling ferric chloride coagulation/flocculation
pretreatment with a photo-Fenton process might be a promising alternative for the treatment of LLROC.
In fact, the amount of Fe3+ that remains in the leachate after coagulation might be used as the
catalyst of the posterior photo-Fenton process. Complementarily, this treatment may increase the
biodegradability of the outflowing effluent from the oxidation process, measured in terms of the ratio of
the biochemical oxygen demand to the chemical oxygen demand (BOD5/COD) [39]. Therefore, it might
finally be biologically treated with success. Amor et al. (2015) [39] reported an 89% COD removal of a
landfill leachate by combining a coagulation pre-treatment with 2 g L−1 of ferric chloride at pH = 5
with a solar photo-Fenton process, when just a 63% COD removal was achieved by the standalone
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solar photo-Fenton treatment. However, this treatment increases the conductivity of the leachate
caused by the addition of iron and chloride, which would inhibit the activity of microorganisms in
a biological reactor. Therefore, in this study, we considered a final lime precipitation step aiming to
reduce conductivity by removing inorganics, metal ions, more organics, and ammonia nitrogen by air
stripping induced by the increase of the pH, which, as a result, will enable its final biological treatment.
Some authors have reported the application of lime in a first step of the treatment, or even before a
reverse osmosis process [40]; but the addition of lime produced a considerable pH increase, which is a
disadvantage for the photo-Fenton process because it works better under acidic conditions.

High-pressure immersion mercury vapor lamps have been widely used as the UV irradiation
source for the photo-Fenton treatment step, although these lamps have a low energy efficiency, with only
20% of the consumed energy actually contributing to the emission of photons within the UV range [41],
and the greater rest consumed in infrared (IR) irradiation losses. This is why other radiation sources
have gained importance lately, such as light-emitting diode (LED) technology [42] or solar radiation
with the aid of compound parabolic collectors (CPC) or thin parabolic collectors [43,44]. Silva et al.
(2016) [44] compared an artificial UV source of radiation with CPCs, reporting that the use of CPCs was
0.4 €m−3 cheaper than the applied artificial UV source in the photo-Fenton treatment of 100 m3 day−1

of urban landfill leachate, but they required a very large installation area and a great investment.
Based on the state of the art, the efficiency of an integrated treatment for LLROC is herein studied.

It consists of three steps (namely, coagulation/flocculation, photo-Fenton, and lime addition) with
the aim of accomplishing the following objectives: (1) To maximize the removal of COD, TOC, color,
and SUVA by a coagulation pre-treatment; (2) to optimize the photo-Fenton oxidation step to maximize
COD removal and enhance biodegradability, and to assess a range of pre-treatment options; and (3) to
achieve a sufficient reduction of the conductivity of the oxidized LLROC by lime addition to enable a
potential final biological treatment. In addition, the reduction of costs by using LED technology as the
source of UV radiation in the Fenton process is assessed.

2. Results and Discussion

2.1. Coagulation Pretreatment, Effect of pH and Coagulant Dosage

The pH played an important role in the coagulation process. At lower pH values, the efficiency of
coagulation in terms of COD removal increased, as it has previously been reported by other authors [34,39].
In particular, it is well-known that the COD of LLROC will be reduced by decreasing the pH in the
medium [45] due to the precipitation of humic acids [41,46]. Unfortunately, the high alkalinity of the
sampled LLROC (44,125 mg L−1 CaCO3, Table 1) required the addition of a relatively large quantity of
sulfuric acid, namely: 16, 23, and 24.5 g L−1 of H2SO4, to reduce the pH from its initial value of 8.13
(Table 1) to 7.0, 6.0, and 5.0, respectively, before performing the coagulation treatment. The amount of
sulfate in the solution consequently increased as the pH was lowered, rising from an initial value of
2.4 g L−1 (Table 1) to 15 g L−1 at pH = 7; 25 g L−1 at pH = 6; and 28 g L−1 at pH = 5, respectively.

Conductivity also increased, as expected, as the pH value of the solution was set lower to
increase coagulation efficiency, increasing from an initial value of 87.3 mS cm−1 (Table 1) to 90.3, 94.4,
and 95.0 mS cm−1 when the pH was adjusted to 7.0, 6.0, and 5.0, respectively. This may negatively
affect the efficiency of the posterior photo-Fenton treatment that is designed to be applied [47], as well
as the potential biological treatment that might be performed to the oxidized LLROC afterwards.

Coagulation with ferric chloride achieved COD removals of 43% at the natural pH value of the
LLROC (8.13; Table 1); 78% at pH = 7.0; 76% at pH = 6.0; and 71% at pH = 5.0; respectively (Figure 1).
In addition, whereas a 30 g L−1 dose of FeCl3 were required to optimize coagulation at pH values at or
above 7.0, only 5 g L−1 was required at the acidic pH values (i.e., 5.0 and 6.0) because the optimum pH
for coagulation with FeCl3 is about 4–5 [41], and the addition of FeCl3 produces a significant reduction
of pH with the subsequent precipitation of humic acids. In short, decreasing the initial pH value of
LLROC to acid values not only favored a higher coagulation efficiency, but it also significantly reduced
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the optimum coagulant dose to one-sixth of that required at neutral and basic pH values, which results
in a significantly lower treatment cost and reduces chloride content.

Table 1. Initial characteristics of the landfill leachate reverse osmosis concentrate (LLROC).

Parameter 1

(LLROC) Value 2 Parameter
(Dissolved Fraction) Value 2

pH 8.13 ± 0.10 Chloride, mg L−1 8968 ± 897
Conductivity, mS cm−1 87.30 ± 0.90 Sulfate, mg L−1 2431 ± 243

UV-254, cm−1 150 ± 10 Aluminum, mg L−1 4.20 ± 0.60
Color, mg Pt L−1 28,100 ± 900 Iron, mg L−1 2.30 ± 0.30
COD, mg O2 L−1 21,220 ± 750 Chromium, mg L−1 1.00 ± 0.20
BOD5, mg O2 L−1 1273 ± 100 Sodium, mg L−1 6769 ± 677

BOD5/COD 0.06 ± 0.01 Potassium, mg L−1 3157 ± 316
TOC, mg C L−1 9980 ± 150 Magnesium, mg L−1 245 ± 25

TS, mg L−1 51,270 ± 1620 Calcium, mg L−1 19 ± 2
TSS, mg L−1 360 ± 32 Silicon, mg L−1 29 ± 3
TDS, mg L−1 50,910 ± 1230 Zinc, mg L−1 0.60 ± 0.09

Alkalinity, mg CaCO3 L−1 44,125 ± 1023 Nickel, mg L−1 0.38 ± 0.06
TNb, mg N L−1 3000 ± 150 Strontium, mg L−1 1.50 ± 0.30

1 COD (chemical oxygen demand); BOD5 (biochemical oxygen demand); TOC (total organic carbon); TS (total solid);
TSS (total suspended solid); TDS (total dissolved solid); TNb (total nitrogen bonded). 2 Values are m ± sd.

Aluminum sulfate (alum) achieved lower maximum COD removal efficiencies than FeCl3, that is:
25% at pH = 8.13; 30% at pH = 7.0; 60% at pH = 6.0; and 43% at pH = 5.0 (Figure 1). Optimal Al2(SO4)3

dosages were also six times higher (30 g L−1) at neutral to basic pH values than at acidic initial process
conditions (5 g L−1), as it was the case with FeCl3. Therefore, acidic initial conditions also result in a
lower treatment cost to coagulate LLROC more efficiently, but the drawback in this case is the increased
sulfate content.

The application of Al2(SO4)3·18H2O or FeCl3 under acidic conditions achieved worse COD
removal treatment efficiency results at pH = 5 than at pH = 6 (17% lower COD removal in the case of
alum, and only 5% in the case of FeCl3; Figure 1). This effect is explained by the fact that ferric chloride
has better efficiencies in COD removal at pH values around 4 [45], and at pH = 6 and 5, with a dose of
5 g L−1, the final pH values after coagulation were 4.07 and 3.30, respectively. The lower final pH at
initial pH = 5 reduced the efficiency of ferric chloride coagulation. In the case of alum, the optimal pH
for the coagulation process is around 5.5 [48], and the coagulation with 5 g L−1 ended in a final pH
of 4.15 and 4.99, for initial pH values of 5 and 6, respectively. So, at an initial pH of 5 and a dose of
5 g L−1, the final pH is far from the optimal for alum coagulation than at initial pH = 6.

In general, the best LLROC coagulation results were achieved at a coagulant dose of 5 g L−1 at
pH = 6.0 for both coagulants, but ferric chloride coagulation gave significantly (p < 0.001 ***) better
removal of COD, TOC, UV-254, SUVA, and color (Table 2). The differences in COD removal (60%
and 76% with alum and ferric chloride, respectively) and in TOC removal (65% with alum and 75%
with ferric chloride, respectively) are important in order to reduce the cost of reagents in a posterior
photo-Fenton treatment. These differences are directly related to the final pH value reached after
coagulation, that is: pH = 4.99 for alum and pH = 4.07 for ferric chloride, since precipitation of humic
acids is produced under pH = 5 [45].



Catalysts 2020, 10, 1389 5 of 17
Catalysts 2020, 10, x FOR PEER REVIEW 5 of 18 

 

 
 

Figure 1. Coagulation of LLROC at different pH values and coagulant dosage: (a) Ferric chloride, and 
(b) alum (values are m ± sd). 

Aluminum sulfate (alum) achieved lower maximum COD removal efficiencies than FeCl3, that 
is: 25% at pH = 8.13; 30% at pH = 7.0; 60% at pH = 6.0; and 43% at pH = 5.0 (Figure 1). Optimal Al2(SO4)3 
dosages were also six times higher (30 g L−1) at neutral to basic pH values than at acidic initial process 
conditions (5 g L−1), as it was the case with FeCl3. Therefore, acidic initial conditions also result in a 
lower treatment cost to coagulate LLROC more efficiently, but the drawback in this case is the 
increased sulfate content. 

The application of Al2(SO4)3·18H2O or FeCl3 under acidic conditions achieved worse COD 
removal treatment efficiency results at pH = 5 than at pH = 6 (17% lower COD removal in the case of 
alum, and only 5% in the case of FeCl3; Figure 1). This effect is explained by the fact that ferric chloride 

(a)

[FeCl3 6H2O], g L-1
0 5 10 15 20 25 30 35

C
O

D
 re

m
ov

al
, %

0

20

40

60

80

100

pH=8.2
pH=7
pH=6
pH=5 

(b)

[Al2(SO4)3 18H2O], g L-1
0 5 10 15 20 25 30 35

C
O

D
 re

m
ov

al
, %

0

20

40

60

80

100
pH=8.2 
pH=7 
pH=6 
pH=5 

Figure 1. Coagulation of LLROC at different pH values and coagulant dosage: (a) Ferric chloride,
and (b) alum (values are m ± sd).

Table 2. Characteristics of the LLROC after an optimum coagulation treatment with different coagulants
(Al2(SO4)3·18H2O or FeCl3·6H2O; pH = 6.0 and dosage of 5 g L−1 in both cases).

Parameters 1 LLROC 2 Al2(SO4)3·18H2O 2 FeCl3·6H2O 2

H2SO4, g L−1 - 25 25
Initial coagulation pH 8.13 ± 0.10 6.00 ± 0.10 6.00 ± 0.10

Final pH 8.13 ± 0.10 4.99 ± 0.10 4.07 ± 0.10
Conductivity, mS cm−1 87.30 ± 0.90 90.20 ± 0.90 92.30 ± 0.90

COD, mg O2 L−1 21,220 ± 1000 8488 ± 700 (60%) 1 5092 ± 500 (76%)
TOC, mg C L−1 9980 ± 100 3493± 100 (65%) 2495 ± 100 (75%)
UV-254, cm−1 150 ± 10 49 ± 1 (67%) 16 ± 1 (89%)

SUVA, L mg−1 m−1 1.50 ± 0.50 1.40 ± 0.50 (7%) 0.64 ± 0.50 (57%)
Color, mg Pt L−1 28,100 ± 1000 7700 ± 400 (73%) 2160 ± 200 (92%)

BOD5/COD 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01
1 SUVA = 100·UV-254/TOC. 2 Values are mean (m) ± standard deviation (sd). Removal results are in brackets.
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The efficiency of a posterior photo-Fenton treatment may be highly affected by the presence
of color and 254 nm UV quenching substances, which are scavengers of this advanced oxidation
reaction [10,11]. In fact, the efficiency of the photo-Fenton process is highly related to the penetration of
UV radiation into the reaction media, achieving better COD removal at a lower cost in terms of energy
consumed (lower reaction time thanks to a greater radiation efficiency) and H2O2 dosage [10,11].
In regard to these issues, ferric chloride achieved better color removal results than alum (92% vs. 73%
at its best), resulting in 2160 and 7700 mg Pt L−1, respectively (Table 2). In addition, UV-254 removal
was also higher when ferric chloride was used as the coagulant agent (89% vs. 67% using alum),
resulting in a final value of 16 cm−1 (Table 2). Additionally, whereas SUVA was almost not altered after
coagulation with alum (only a 7% removal), it was reduced by a 57% after FeCl3 coagulation.

These results are in agreement with Chen et al. (2019) [49] who achieved optimal COD removal
values of 30%, 61%, 75%, and 79% after coagulating LLROC with alum, PAC, PFS, and ferrous sulfate,
respectively. UV-254 removal was reported ranging from 52% to 85% following the same positive
correlation with COD removal results, as it has been addressed in the present study using ferric
chloride and alum. Differences among the results reported by Chen et al. (2019) [49] can be attributed
to different wastewater characteristics.

As expected, there were no changes in the BOD5/COD ratio (≈0.06; Table 2) after the essayed
coagulation treatments [4]. Considering the photo-Fenton process as the next treatment step in order
to enhance biodegradability, we chose to investigate FeCl3-coagulated LLROC. Firstly, this option gave
the best coagulation results. Secondly, the residual iron should serve as the catalyst for this advanced
oxidation process, thus avoiding the addition of iron from other external sources.

2.2. Photo-Fenton Treatment

The optimization of the conventional 100 W immersion mercury lamp photo-Fenton reaction was
therefore just carried out for the two best essayed coagulation pre-treatments, namely those performed
at pH = 6 using 5 and 10 g L−1 of ferric chloride. In both cases, the initial COD before the photo-Fenton
treatment was 5000 ± 100 mg L−1. The main differences between these cases were the initial pH of the
oxidation step (pH = 4.07 and 2.75 for 5 and 10 g L−1 of coagulant, respectively) and the remaining
dissolved iron content in the media after the coagulation pre-treatment (168 and 800 mg L−1 for 5 and
10 g L−1 of FeCl3·6H2O, respectively). It is well known from the literature that the best conditions
to perform a Fenton treatment are pH ≈ 2.8 and low H2O2/Fe concentration ratio (H2O2/Fe = 20),
which implies adding a high iron content [50]. Nevertheless, an initial pH below 5.0 was considered
possibly sufficient to obtain reasonable efficiency due to the production of organic acids through the
Fenton reaction itself, which would decrease the pH to values close to the optimum [51].

The photo-Fenton treatment of previously coagulated LLROC with 5 g L−1 of FeCl3·6H2O achieved
a 40% reduction of the COD under the best tested reaction conditions ([H2O2]/[COD] = both 2.125
and 1.063; Figure 2a); whereas it resulted in 43% and 49% COD reductions at [H2O2]/[COD] = 2.125
and 1.063, respectively, after the coagulation pre-treatment with 10 g L−1 of FeCl3·6H2O (Figure 2b).
The higher efficiency achieved at higher FeCl3 dose may be explained by the different initial pH value
(4.07 and 2.75 for 5 and 10 g L−1 of FeCl3·6H2O, respectively) and different dissolved iron concentrations
present in the media at the beginning of the oxidation process (168 and 800 mg L−1 for 5 and 10 g L−1

of FeCl3·6H2O, respectively).
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Figure 2. Chemical oxygen demand (COD) removal results of the photo-Fenton treatment of LLROC
previously coagulated with ferric chloride using a 100 W UV mercury lamp. Coagulant dose: (a) 5 g L−1

and (b) 10 g L−1 (values are m ± sd).

The reported optimum pH to perform the Fenton process is about 2.8 [52], and the presence of
more dissolved iron after the 10 g L−1 coagulation process may have sped up the process. In addition,
the reaction time that was required to finish the oxidation process at an [H2O2]/[COD] ratio of 1.063
(i.e., zero peroxide content in the media) was 5 h for LLROC pre-coagulated with 5 g L−1 of FeCl3·6H2O,
and 3 h for the 10 g L−1 dose. This is explained by the different [H2O2]/[Fe] ratio that results in
different conditions. For 5 g L−1 of ferric chloride pre-coagulation: [H2O2]/[Fe] ratios of 90, 45, and 23
were achieved for [H2O2]/[COD] of 2.125, 1.063, and 0.531, respectively; and for 10 g L−1 ferric
chloride pre-coagulation: [H2O2]/[Fe] of 19, 10, and 5 were obtained for [H2O2]/[COD] of 2.125, 1.063,
and 0.531, respectively.
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The resulting reduction of SUVA indicates that high molecular weight substances have been
degraded to smaller ones [53]. SUVA values of 0.18, 0.21, and 0.33 L mg−1 m−1 were obtained for
[H2O2]/COD = 2.125, 1.063, and 0.531, respectively, from a previous initial value of 0.64 L mg−1 m−1,
in the photo-Fenton treatment of pre-coagulated LLROC with 5 g L−1 of FeCl3·6H2O (Figure 3a).
On the other hand, the photo-Fenton treatment of LLROC pre-coagulated with 10 g L−1 of FeCl3·6H2O
achieved SUVA values of 0.43, 0.47, and 0.51 L mg−1 m−1 at [H2O2]/COD ratio values of 2.125, 1.063,
and 0.531, respectively, from an initial SUVA = 0.74 (Figure 3b). After 3 h of treatment, SUVA value
was constant, indicating that UV quenching substances were not being further removed.
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Biodegradability enhancement during the photo-Fenton treatment mainly occurred at the
beginning of the photo-oxidation process (20 min; Figure 4a), which would enable reducing oxidation
treatment time and cost in a potential combination of this treatment sequence with a final biological
step. Performing a photo-Fenton treatment with an [H2O2]/COD ratio of 1.063 will be enough
to significantly (p < 0.001 ***) enhance biodegradability up to BOD5/COD ≈ 0.4 if LLROC was
previously coagulated with just 5 g L−1 of FeCl3·6H2O. The higher content of iron in the media,
in the case of using 10 g L−1 of FeCl3·6H2O in the coagulation step, did not significantly accelerated
the oxidation process, and biodegradability was just improved up to BOD5/COD ≈ 0.3 (Figure 4b).
This difference in the biodegradability increment can be explained by the more intensive oxidation
that resulted for pre-coagulated leachate with 10 g L−1, and by the fact that the final products are less
biodegradable than the final products when the pre-coagulation is carried out with 5 g L−1. In addition,
the post-management of iron sludge will be cheaper coagulating with less amount of ferric chloride;
and the added chloride to the media will be lower itself.

Catalysts 2020, 10, x FOR PEER REVIEW 10 of 18 

 

significantly (p < 0.001 ***) enhance biodegradability up to BOD5/COD ≈ 0.4 if LLROC was previously 
coagulated with just 5 g L−1 of FeCl3·6H2O. The higher content of iron in the media, in the case of using 
10 g L−1 of FeCl3·6H2O in the coagulation step, did not significantly accelerated the oxidation process, 
and biodegradability was just improved up to BOD5/COD ≈ 0.3 (Figure 4b). This difference in the 
biodegradability increment can be explained by the more intensive oxidation that resulted for pre-
coagulated leachate with 10 g L−1, and by the fact that the final products are less biodegradable than 
the final products when the pre-coagulation is carried out with 5 g L−1. In addition, the post-
management of iron sludge will be cheaper coagulating with less amount of ferric chloride; and the 
added chloride to the media will be lower itself. 

 
Figure 4. Biodegradability evolution along the photo-Fenton treatment of coagulated LLROC with: 
(a) 5 g L−1, and (b) 10 g L−1 of FeCl3·6H2O (values are m ± sd). 

Considering the source of radiation to perform the photo-Fenton treatment, the power 
consumption of immersion mercury lamps represents an important part of the cost of the treatment. 
For this reason, the photo-Fenton treatment using a 100 W immersion mercury lamp was compared 

(a)

t, min
0 50 100 150 200 250 300 350

BO
D

5/
C

O
D

0.0

0.1

0.2

0.3

0.4

0.5

0.6

H2O2/COD=2.125
H2O2/COD=1.063
H2O2/COD=0.531

(b)

t, min
0 50 100 150 200 250 300 350

BO
D

5/
C

O
D

0.0

0.1

0.2

0.3

0.4

0.5

0.6
H2O2/COD=2.125
H2O2/COD=1.063
H2O2/COD=0.531

Figure 4. Biodegradability evolution along the photo-Fenton treatment of coagulated LLROC with:
(a) 5 g L−1, and (b) 10 g L−1 of FeCl3·6H2O (values are m ± sd).



Catalysts 2020, 10, 1389 10 of 17

Considering the source of radiation to perform the photo-Fenton treatment, the power consumption
of immersion mercury lamps represents an important part of the cost of the treatment. For this reason,
the photo-Fenton treatment using a 100 W immersion mercury lamp was compared with the use of a
novel UVA-LED lamp designed to be more efficient, and, therefore, a significant reduction of the cost
of this treatment is expected. As a result, COD removal and final biodegradability reached the same
figures with both sources of radiation at the selected optimal conditions to perform the treatment.

The radiated energy in the UV region of the used mercury immersion lamp is reported by the
manufacturer to be 15%, whereas new mercury immersion lamps account for 40% radiation emitted
in the UV region; so the power consumption of the mercury lamp technology was recalculated,
as included in our previous work [41], and proper technological comparison could be made. In short,
the application of LED technology resulted in a significant (p < 0.001 ***) monetary saving of the 16.46%
in terms of power consumption (as calculated from data on Table 3, which is further discussed in
Section 2.4), besides lower costs of investment and disposal (environmental hazard of mercury) shall
also be considered; as well as further optimization of the LED technology use might also contribute to
even further reduce the final cost of treatment.

Table 3. LLROC treatment cost considering the same coagulation pre-treatment (pH = 6; coagulant
dose = 5 g L−1 of ferric chloride) and lime precipitation post-treatment (calcium hydroxide dose =

30 g L−1) but different light sources (100 W mercury-vapor immersion lamp and UVA-LED lamp) for
the photo-Fenton treatment.

Treatment Costs 100 W Mercury Lamp UVA LED Lamp

Power consumption, €m−3 15.8 13.2
Hydrogen peroxide, €m−3 1.9 1.9

Photo-Fenton, €m−3 17.7 15.1
Pre-treatment, €m−3 4.2 4.2
Post-treatment, €m−3 3.9 3.9

Total, €m−3 25.8 23.2
Total, € kg COD 1.4 1.2

Mean values are provided, n = 3; standard deviation values were lower than 1%.

2.3. Lime Treatment

Considering the results (Figure 5), 30 g L−1 of calcium hydroxide (lime, Ca(OH)2) was selected
as the optimum dosage, for which the pH reached values of 12.38 and 12.46 for the oxidized LLROC
that was previously coagulated with 5 and 10 g L−1 of FeCl3·6H2O, respectively. Higher doses of
lime produce the dissolution of calcium, thus increasing calcium concentration in the medium, and,
therefore, limiting the removal of sulfate.

Lime precipitation did not affect the biodegradability of the previously coagulated and oxidized
LLROC in any tested case, although an extra 10–20% removal of COD and TOC were produced at best.
All other results for this treatment step (conductivity, color, SUVA, TNb, [Cl−], and [SO4

2−] (Figure 5))
followed the same tendency for the two coagulant doses that were used in the pre-treatment of LLROC
(5 and 10 g L−1 of FeCl3·6H2O) before its oxidation treatment. In both cases, SUVA was reduced down
to 0.05 L mg−1 m−1, and conductivity and color were removed by a 43% (final value ≈ 50 mS cm−1) and
99.9%, respectively, from raw LLROC figures. In addition, an ammonium stripping process occurred
as pH turned to basic values during lime treatment just by stirring the sample [54], achieving a 90%
removal of the total nitrogen content from the wastewater in this last treatment step.
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Figure 5. Lime precipitation results of previously oxidized coagulated LLROC ([H2O2]/COD = 1.063;
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The reduction of conductivity by lime precipitation is in accordance with the removal of sulfate
and total nitrogen contents from the oxidized post-coagulated LLROC. The reduction of sulfate
content (Figure 5f) is explained by the induced precipitation of calcium sulfate. Initial sulfate
levels were not so important ([SO4

2−] = 2431 mg L−1), but after the adjustment of pH with sulfuric
acid, before the coagulation step, the reached value supposes an increment of sulfate concentration
([SO4

2−] = 43,758 mg L−1). Chloride is another ion present in the wastewater contributing to build up
conductivity, but its content was not affected by this treatment step (Figure 5e). Metals content also
contributes to produce conductivity and, in the case of iron, color as well. The increase of pH along this
lime precipitation step produced the precipitation of iron in the form of Fe(OH)3. As a result, the final
concentration of iron was below 0.5 mg L−1, whether its initial concentration was 168 or 800 mg L−1

after the photo-Fenton treatment (5 or 10 g L−1 of ferric chloride coagulation, respectively). Moreover,
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a considerable fraction of other metal, transition metal, or metalloid ions were precipitated, namely:
86% of Al, 77% of Zn, 84% of Mn, 99% of Mg, and 98% of Si.

2.4. Economic Assessment

Although a more economical result may be expected at industrial scale, the treatment cost of the
herein assessed treatment at lab scale has been estimated in order to set reference values (Table 3).
The following average values have been adopted as reference prices for each industrial grade reagent:
Ferric chloride (200 € ton−1, 40 wt%), alum (180 € ton−1, pure), hydrogen peroxide (350 € ton−1, 35 wt%),
concentrated sulphuric acid (130 € ton−1), and calcium hydroxide (130 € ton−1). The cost of power was
calculated using the average cost of electricity in Spain (0.11 € kWh−1).

The application of UVA-LED technology produced an approximately 16% reduction in the cost of
energy consumption in the photo-Fenton treatment step, which represents a 10% reduction in the total
treatment cost. A cheaper implementation cost and the lower environmental hazard of its final disposal,
as well as the potential to design an even more efficient LED lamp, may further foster the use of this
technology for these environmental applications. In fact, Rodriguez-Chueca et al. (2016) [42] have
similarly reported UVA-LED as a promising technology to more efficiently assist the photo-Fenton
treatment. Moreover, the combination of coagulation (pH = 5.0; 2 g L−1 of FeCl3) with UVA-LED
photo-Fenton oxidation was assessed to cost 1.56 € kg COD−1 in a previous study [41], in which lime
precipitation was not considered, denoting the importance of process optimization at lab scale and
technology development in the short term.

3. Material and Methods

3.1. Landfill Leachate ROC

The LLROC sample was collected from “Las Dehesas—Valdemingómez” landfill (Madrid, Spain).
The leachate of this landfill is treated by a three-stage RO system, achieving a 52% total recovery in the
treatment of 200 m3 per day. In this process, LLROC, of which the main characteristics are shown in
Table 1, is partially recirculated back to the landfill leachate tank, and the rest is collected by an external
waste manager, implying a very high cost. Therefore, new alternatives are necessary.

3.2. Chemicals

Aluminum sulfate decaoctahydrate (Al2(SO4)3·18H2O; 99.5% min. purity) in a 50% w/w water
solution, and ferric chloride (FeCl3·6H2O; 99% min. purity) in a 69% w/w water solution were used as
coagulants. Both chemicals were purchased from Sigma-Aldrich (Highland, CA, USA). An anionic
flocculant of high molecular weight (A-120HMW) from Kemira (Helsinki, Finland) was used in a
0.025% w/w water solution. Lime (Ca(OH)2; 95% min. purity) was purchased from Panreac Química
S.L.U. (Castellar del Vallés, Spain), and used as powder. Sulfuric acid (H2SO4, 96–98% purity)
from Sigma-Aldrich (Highland, CA, USA) was used for pH adjustment without further purification.
Hydrogen peroxide (35% w/w; Sigma-Aldrich, Highland, CA, USA) was used as oxidant in the
photo-Fenton treatment of LLROC.

3.3. Analytical Determinations and Data Processing

All analyses were performed according to the Standard Methods for the Examination of Water
and Wastewater [55]. Conductivity and pH were measured using a SensionTM + MM374 pH-meter
(Hach, CO, USA) equipped with pH and conductivity probes. COD, sulfate, and chloride contents
were measured following the Nanocolor® test methods (Macherey-Nagel GmbH, Düren, Germany)
and using an Aquamate UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) to
perform measurements. A Hanna LP 2000-11 turbidity-meter (Hanna Instruments, Laval, Canada)
was used to determine turbidity. UV-254 absorbance was measured using a Varyan Cary 50 UV-visible
spectrophotometer (Varian, Palo Alto, CA, USA) using 1-cm-pathway quartz-cuvettes (Hellma,
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Müllheim, Germany). Total organic carbon (TOC) and total nitrogen (TNb) were determined by the
combustion-infrared method using a Multi N/C® 3100 TOC/TN analyzer (Analytik Jena AG, Jena,
Germany) with catalytic oxidation on cerium oxide at 850 ◦C. H2O2 concentration was determined by
Pobiner’s titanium sulfate spectrophotometric method [56]. Dissolved iron, aluminum, and calcium
were measured by atomic absorption spectrometry (3111B, 3111E) with a Varian SpectrAA 220
spectrophotometer (Varian, Palo Alto, CA, USA). 5-day biochemical oxygen demand (BOD5) and total
alkalinity were respectively determined following standard methods 5210B and 2320B [55]. Samples
were filtered through 0.45 µm, and dilution was applied when necessary.

All analyses were carried out in triplicate; hence, all data provided in the text, figures (error bars),
or tables are expressed in terms of the mean value (m) ± the standard deviation (sd) of measurements
and results. ANOVA was performed to address the statistical significance (p-value < 0.05 *, 0.01 **,
or 0.001 ***) of resulting differences when necessary.

3.4. Coagulation/Flocculation Pretreatment

Both coagulants, Al2(SO4)3·18H2O and FeCl3·6H2O, were tested following a jar-test methodology
at four different initial pH values (8.2, 7.0, 6.0, and 5.0) and several dosages ranging from 0 to 30 g L−1,
aiming to determine the optimum conditions for the removal of COD, color, and SUVA. Experiments
were performed in a 500 mL beaker filled with 250 mL of sample in a flocculation tester. Fast mixing
(150 rpm) was applied for 10 min after the coagulant was added. Then, the flocculant was added
followed by 30 min of slow mixing (50 rpm). Finally, the samples were left to settle for 60 min to
achieve maximum clarification.

3.5. Photo-Fenton Treatment

Two different set-ups were used under the same experimental conditions to perform the
photo-Fenton treatment after the coagulation/flocculation pretreatment of the LLROC. In the first
setup, a high-pressure mercury vapor immersion lamp of 100 W (Model 7825-30 from ACE Glass,
Vineland, NJ, USA) that was covered by a quartz glass cooling jacket, and vertically positioned in the
reactor, was used as the source of radiation, as it has previously been described [41]. A total photon
flux of 6.6 × 1018 photon s−1 m−2 was measured to be emitted inside the reactor using a radiometer
(UV-Elektronik, UV-VIS Radiometer RM-21, Ettlingen, Germany) [57]. 1.75 L of coagulated leachate
was mechanically stirred in the reactor. The appropriate amount of H2O2 (35% w/v) corresponding
to initial [H2O2]/[COD] ratios of 2.125 (stoichiometric theoretical optimum [51]), 1.063 and 0.531,
was then added.

In the second photo-Fenton treatment setup, the source of radiation consisted of an 8W UVA
LED lamp made up of 10,365 nm LED emitters (CUN6GB1A, Seoul Viosys, Asan, Korea) uniformly
disposed in series over the 9 cm diameter reactor, which was filled with 100 mL of the post-coagulated
LLROC that were magnetically stirred. The lamp was located at 4.5 cm from LLROC surface. 250 mA
of current intensity were applied to generate a total photon flux in the solution contained in the reactor
of 1.0 × 1021 photon s−1 m−2, as measured by potassium ferrioxalate actinometry [58,59]. Trials were
carried out in triplicate, at room temperature, and without adjusting the initial pH value.

3.6. Lime Precipitation Step

Calcium hydroxide powder was added to the previously oxidized coagulated LLROC at dosages
ranging from 0 to 40 g L−1. The samples were mechanically stirred at 150 rpm for 16 h, and then
were left to settle for 60 min. This treatment was carried out using the same equipment than in the
coagulation/flocculation treatment.

4. Conclusions

The pre-treatment of coagulation/flocculation with ferric chloride achieved better COD removal
results than with alum (76% vs. 60%), and the remaining dissolved iron in the LLROC after coagulation
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was efficiently used for its post-photo-Fenton treatment step, avoiding the need to add more iron to
the solution to catalyze the process.

Photo-Fenton treatment after optimum coagulation with ferric chloride was efficient in enhancing
the biodegradability of LLROC to BOD5/COD ratios of ≈ 0.3–0.4, as well as in the removal of COD
(45%), TOC (44%), and SUVA (46%).

The most important difference between optimal coagulant doses, with regard to a posterior
photo-Fenton process, was the dissolved iron content that remained in the medium (168 and 800 mg L−1

of Fe for 5 and 10 g L−1 of FeCl3·6H2O coagulation, respectively) affecting the kinetics of the reaction;
so that the time of irradiation was reduced from 300 min to 180 min, respectively.

The cost of managing higher amounts of residual iron in the medium after treatment, the better
biodegradability improvement results (BOD5/COD = 0.4), and the lower chloride addition to the
media, indicate that, in these terms, coagulation with 5 g L−1 of FeCl3·6H2O may be preferred for the
coagulation step.

The use of UVA-LED technology as the source of irradiation in the photo-Fenton treatment
may reduce the cost of power consumption by up to 16% compared with using 100 W UV mercury
immersion lamps, and this is significant because longer reaction time (thus longer lamp use) is required
when lower iron content remains in the medium after coagulation. The substitution of a 100 W UV
mercury immersion lamp by UVA-LED technology addressed an overall 10% cheaper treatment, which
may be further enhanced with further optimization of this new technology.

A final step of lime precipitation (30 g L−1, 24 h) lowered conductivity by 50%, sulfate and nitrogen
content by 90%, and iron content by 99.9%, in the oxidized-coagulated-LLROC.

The assessed best combination of treatments (ferric chloride coagulation + UVA-LED photo-Fenton
+ lime addition) for LLROC achieved an overall removals of 90% COD, 43% conductivity, 86% aluminum,
77% zinc, 84% manganese, 99% magnesium, and 98% silicon; as well as an enhancement of
biodegradability, increasing the BOD5/COD ratio from 0.06 to 0.4.
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