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ARTICLE INFO ABSTRACT

Editor: Luigi Rizzo Wastewater from industrial laundries is often difficult to treat because it usually presents high turbidity and

chemical oxygen demand (COD). We studied several processes for the treatment of laundry wastewater which

Keywords: was provided by a hotel in the south of Gran Canaria, Spain. More specifically, we studied coagulation with iron
Li}undry wastewater (II) sulphate, Fenton, photo-Fenton and a biological treatment (using a biofilter, and a granular activated car-
Bioreactor bon, GAGC, filtration). The coagulation and Fenton processes produced large amounts of sludge and could not
Fenton . . . .

Photo-Fenton meet the required standards for water reuse in Spain. The use of photo-Fenton and the BF resulted in complete
Coagulation turbidity removal and high COD removal. However, we found that the effluent from the BF did not meet the COD
Filtration removal criteria for water reuse, and thus a GAC filtration post-treatment was employed to reduce COD to

acceptable levels. The photo-Fenton process alone did meet the criteria for water reuse. The estimated cost to
treat 1 m> of wastewater was 6.72 € for photo-Fenton and 0.71 € for BF + GAC. The cost and life cycle assessment
analyses that were also performed revealed that the acquisition of the necessary reagents is the main contribution
to the overall economic and environmental costs for both options, and that the BF + GAC option is notably

cheaper. Additionally, this option also causes much lower environmental impacts than photo-Fenton.

1. Introduction

Industrial laundries cover several sectors including, for example,
hospitality, hospitals, and pre-marketed textiles. The European Union,
EU, industrial laundry sector washes 2.7 billion kg of textiles per year
(wet weight) and uses 42 million m? of water, which ends up in the
sewage as wastewater [1]. This wastewater can contain over 20000
mg~L’1 COD [2], and commonly has basic pH and high levels of turbidity,
suspended solids, phosphorous compounds and allergenic fragrance
compounds, among others.

In the EU, Regulation EC 648/2004, which was later modified by
Regulation EU 259/2012, establishes the maximum concentration of
phosphorous compounds and allergenic fragrance substances in laundry
detergents, and the biodegradability of these products (at least 60% in
28 days).

In addition, several organisms, such as the EU, have launched cer-
tificates, such as the EU Ecolabel, to promote the consumption of more
environmentally friendly products. In this sense, the criteria for a
product to be certified with EU Ecolabel includes the limitation of the
use of some toxic substances, fragrances, colouring agents, etc. in the
formulations. The products must also meet some criteria based on other
factors, such as the information given to the consumer, or the packaging
system [3]. The current criteria to receive the EU Ecolabel certificate are
included in Decision EU 2018/418. In March 2019, only 256 laundry
detergents were certified with EU Ecolabel. This number increased to
932 by September 2022 [4].

Despite this, fragrance allergens and surfactants and microfibers
have been found at low concentrations in the effluents of conventional
wastewater treatment plants [5-8], potentially leading to environ-
mental toxicity [9,10] and they have been found to be persistent in
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water bodies [11].

Several studies have reported on the treatment of industrial laundry
wastewater using a wide range of techniques including biological,
chemical, and advanced oxidation processes. Frequently, a combination
of techniques is needed to achieve the desired water quality. From a
previous review, we concluded that moving-bed bioreactors (MBBR),
catalytic ozonation and Fenton are three promising methods for laundry
wastewater treatment because mineralization is achieved [12].

Regarding aerobic biological processes, the main handicap for this
option is that anionic surfactants at concentrations above 30 mg-L ™7,
such as linear alkylbenzene sulfonates (LAS), can hamper the efficiency
of sewage treatment plants by reducing the respiration rate of bacteria
and preventing enzymatic reactions [13]. Thus, LAS has proven to have
toxic effects on the microbiota, although adding more readily biode-
gradable co-substrates such as linear alcohol ethoxylates (LAE) and
ethanol to the media have been shown to reactivate microbial activity
and increase biodegradation by co-metabolism [14]. Very few studies
have been published on the use of biofilters and/or constructed wetlands
(CWs) for the treatment of laundry wastewaters. Among these, Lutter-
beck et al. (2020) found that the raw effluents of hospital laundry
wastewater presented high phytotoxicity and genotoxicity. The appli-
cation of microbial fuel cells and CWs rendered an efficient reduction of
the overall toxicity, but with a hydraulic retention time (HRT) of 14 days
[15].

However, some components found in detergents, such as fragrances,
which are considered emerging contaminants, persist in the environ-
ment because of their low biodegradability [16]. Additionally, surfac-
tants and their metabolites exert negative effects on the environment at
concentrations below 1 rng~L’1 [17,18], and it is known that traces of
surfactants are found in effluents from biological processes [6]. Several
authors have reported that additional more refined biological treat-
ments are necessary when treating laundry wastewater [19,20].

Advanced oxidation techniques, such as ozonation, Fenton or others,
have traditionally been an alternative for wastewaters containing
recalcitrant contaminants. The hydroxyl radicals formed in these pro-
cesses have the potential to oxidize organic matter non-specifically.

Among these, ozonation has been widely studied for laundry
wastewater reclamation and results indicate that assisted ozonation
(with iron and hydrogen peroxide, or TiO,, for example) enhances the
production of hydroxyl radicals and, thus, the degradation rate of the
contaminants [21,22]. This technique has been studied for laundry
wastewater from hospitals in particular because, in that scenario, other
recalcitrant contaminants such as pharmaceuticals may be present. In
this sense, wastewater from hospital laundries has been reported to be
extremely hazardous in terms of D. magna and A. cepa toxicity, and
ozonation was found to be an option to achieve detoxification [21].
However, ozonation usually requires high energy consumption, which is
an environmental burden if non-renewable sources are used. For this
reason, treatment systems with high energy requirements should be
avoided even if high pollutant removal is achieved [23].

We found very few studies on application of the Fenton process for
laundry wastewater treatment [24-26], and only one paper reported
photo-Fenton studies [20], in which only a solution of sodium dodecyl
sulphate in deionized water and a synthetic wastewater were used. To
our knowledge, studies on photo-Fenton applied to the treatment of real
laundry wastewater have not been published yet.

The Fenton reaction consists of the production of hydroxyl radicals
(-OH) using iron salts and hydrogen peroxide, according to reactions
1-3. The hydroxyl radicals react and oxidize the organic matter present
in the media.

Fe’* + H,0,—Fe*™ + OH™ + ¢ OH @
Fe’* +H,0, < FeOOH>" + H* (2)
FeOOH>* ->Fe** + o OOH 3)
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Reaction 2 is very slow at ambient temperature [27]. To increase the
reaction rate and produce more hydroxyl radicals, UV radiation can be
added. The process then becomes catalytic, following reactions 4 and 5:

Fe’* + H,0—»FeOH*" +H* (©)]
FeOH** —_,Fe** + ¢ OH ©)

It should be noted that these reactions are greatly influenced by pH,
according to the speciation of iron with pH. In this sense, the optimized
pH for Fenton-based reactions has been reported as 2.8 [28]. In addition,
the concentrations of iron salts and hydrogen peroxide must be rigor-
ously and experimentally optimized because an excess of reagents can
lead to the scavenging of hydroxyl radicals by Fe(II) and/or hydrogen
peroxide.

The present work focuses on the optimization of the treatment of
laundry wastewater. For this purpose, we compared several options;
namely, coagulation with iron salts, Fenton, photo-Fenton and a bio-
logical treatment in a biofilter (BF). This work includes: (i) a study of
chemical oxygen demand (COD) removal and the reduction of other
parameters with the different processes, as well as the monitoring of
some by-products, (ii) an economic assessment of two options, and (iii) a
life cycle assessment (LCA) analysis. On the basis of the above, the most
adequate treatment for this wastewater can be chosen from both a
techno-economic and an environmental point of view.

2. Materials and methods
2.1. Reagents/chemicals

The main reagents employed in this study were: Fey(SO4)3-5 HyO
(97% purity) and H204 (30% w/v) from Panreac. When needed, dilute
H2S04 and NaOH were used to adjust pH. Catalase from bovine liner
supplied by Fluka was used to remove excess hydrogen peroxide from
the water samples.

2.2. Analytical determinations

COD was determined following Standard Method 5220 D (USEPA).
TNTplus reagent sets, valid for a COD range of 20 — 1500 mg/L, were
purchased from Hach® and the digestion of samples was carried out in a
SRB200 Hach® reactor. Digested samples were then measured with an
Agilent Cary 60® UV-Vis spectrophotometer at 620 nm. It should be
noted that hydrogen peroxide acts as a positive interferent in this
analytical method [29], and, thus, hydrogen peroxide was removed
from the samples using catalase. A fixed concentration of catalase was
used for this purpose, and the COD related to the addition of catalase
was subtracted from all results.

Anionic detergents (measured as LAS) were determined following
the crystal violet method [30]. Non-ionic detergents were determined
through the bismuth active substance (BiAS) method [31].

Total phosphorous was measured following the ascorbic acid method
(Standard Methods 4500 P) with acid persulfate digestion. The digestion
of samples was carried out in an SRB200 Hach® reactor.

Turbidity was measured with a Hach® 2100 P turbidimeter.

Carboxylic acids were measured through high performance liquid
chromatography (HPLC). A UV detector was employed with A set at
210 nm. The column used was Supelcogel C610-H (30 cm x 7.8 mm ID)
and the mobile phase was a 0.1% phosphoric acid solution at a
0.5 mL-min ! flowrate.

Dissolved iron was determined with the o-phenanthroline method
[32]. The orange ferrous complex was measured spectrophotometrically
at 510 nm. The detection and quantification limits were 0.12 mg/L and
0.36 mg/L, respectively and the adjusted R% was 0.99.

Hydrogen peroxide was determined according to [33]. The yellow
titanium(IV)-peroxide complex formed was spectrophotometrically
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measured at 400 nm. The detection and quantification limits were
0.48 mg/L and 1.45 mg/L, respectively, and the adjusted R? was 0.99.

Sedimentable solids were determined according to Standard Method
2540 F. Suspended solids were determined according to Standard
Method 2540D. Total nitrogen (TN) was determined following Standard
Method 4500 NC. Ammonia was determined using Standard Method
4500-NHs-C). E. coli was determined using Standard Method 9222B.
BODs5 was determined with Standard Method 5210B [34].

All samples, except those used to determine sedimentable and sus-
pended solids, were centrifuged before measurement to remove the flocs
formed during the reactions in which Fe(III) was used. Additionally,
samples were also filtered (0.45 pm) before measuring the concentration
of hydrogen peroxide along the different reactions in which this sub-
stance was added. Finally, due to the turbidity interference of the raw
wastewater, nitrate and nitrite were determined qualitatively using JBL
ProAquaTest strips.

2.3. Experimental design

The experimental design for the coagulation and photo-Fenton ex-
periments was carried out following the response surface methodology.
The Minitab v.16® software was used to obtain the response surfaces.

2.4. Experimental conditions

The wastewater was collected from a hotel in the south of Gran
Canaria, Spain.

For coagulation and photo-Fenton, tests were carried out in 1 L Pyrex
glass batch reactors and a Tecnylab® Jar Test FC6S flocculator was used
as stirring equipment.

For coagulation experiments, pH was set at different values for
different experiments. Next, varying concentrations of Fe(IIl) as Fey(S-
04)3-5 HoO were added. The jar-test method was used according to
ASTM Standard D2035. Once the coagulant was added to the waste-
water, mixing speed was kept at 120 rpm for 1 min, and then kept at
15 rpm for 20 min. Finally, flocs were allowed to settle for 24 h.

For photo-Fenton experiments, the initial pHy was set at 2.8 and
varying concentrations of Fe(IlI) as Fey(SO4)3-5 HoO and Hy0, were
added. For comparison purposes, a coagulation experiment was carried
out at pHy 2.8 with the optimal Fe(IIl) load that was determined from
the photo-Fenton results. Additionally, a Fenton experiment was also
done with the optimal Fe(IlI) and H2O loads. Finally, photolysis and
UV/H304 experiments were also performed adding only the optimal
concentration of HyO as blank experiments.

The experimental procedure was equivalent to that employed in the
coagulation experiments but stirring at 15 rpm was maintained for
240 min. For the photo-Fenton, photolysis and UV/H30, experiments, a
60 W Philips Solarium HB175 equipped with four 15 W Philips CLEO
fluorescent tubes with emission spectrum from 300 to 400 nm
(maximum around 365 nm) and with an average irradiation of about
90 W-m 2 was used.

For the biological treatment, a lab-scale biofilter (BF) without
vegetation was used. The BF comprised a plastic box (height: 13.5 cm,
length: 37 cm, width: 26 cm) with a total capacity of 4 L. The substrate
was gravel (@= 3-5 mm). Aerobic conditions were maintained with a
recirculation pump of 2140 mL-min . The BF was inoculated with the
effluent of the primary treatment of a WWTP in Gran Canaria. The pH of
the laundry wastewater was adjusted to 7 and the reactor was filled with
3 L of laundry wastewater, operated in batch mode. The maximum HRT
studied was 52 h. Water flow was kept subsurface to prevent the pro-
liferation of mosquitoes and algae. A blank experiment was also per-
formed with a similar BF containing sterilized gravel, so that the effect of
adsorption and volatilization could be measured.

The effluent from the biological treatment was subjected to post-
treatment with activated carbon. The activated carbon used in this
study was a granular material with 0.5-3.15 mm granular size,
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150 gL ! bulk density, BET 842.82m2.g™!, average pore diameter
2.84 nm, total pore volume of 0.60 cm®.g~! and micropore volume of
0.22 cm3-g’1.

3. Results and discussion
3.1. Wastewater characterisation

Wastewater samples were collected from a hotel in the south of Gran
Canaria from September 2020 to May 2021 and from May to July 2022.
In this hotel, most of the linen and all towels are washed in an external
industrial laundry. However, the hotel has an internal laundry with a
12 kg washing machine and a 15 kg drier, which are used to wash and
dry curtains, cushions, quilts, and other textiles that are not washed
daily or every other day. Additionally, mops and cloths are washed
every day in this internal laundry. The wastewater from the mentioned
washing machine is currently disposed together with the rest of the
wastewater produced in the other services of the hotel. To take the
wastewater samples for this study, we collected the wastewater directly
from the drain tube of the washing machine.

Taxat Super Silex® was the detergent used in the internal laundry.
According to the technical sheet of the product and the characteristics of
the water in the hotel, the dosing of this detergent, which is done
manually, is 23 g of detergent per kg of textile. This detergent is
commonly used in industrial laundering facilities.

According to the safety datasheet, Taxat Super Silex® is an enzy-
matic detergent based on a combination of LAS and non-ionic surfac-
tants (C13-15 branched and linear alcohol ethoxylates — LAE-). As
bleaching agent, it contains sodium percarbonate. It is known that so-
dium percarbonate forms hydrogen peroxide and sodium carbonate in
the washing process [35]. It also contains fluorescent whitening agents
(composition not specified in the technical sheet). Zeolites and phos-
phonates are also present as sequestering agents to reduce water hard-
ness. Finally, p-limonene and linalool are present in the formulation as
fragrance compounds.

The wastewater characterisation is shown in Table 1. The legal
maximum contaminant level (MCL) for each parameter is also shown,
both for the disposal of wastewater in the sewage system and for its
reuse.

Several parameters are above the MCL for disposal: total surfactants,
COD, TSS and pH. Additionally, turbidity and total phosphorous (TP)
are above the limit for reuse. Hydrogen peroxide could not be

Table 1
Characterisation of the wastewater samples collected from the washing machine
drainage in Servatur Casablanca Suites & Spa and MCLs in Spain.

Parameter Wastewater MCL for MCL for disposal in
reuse” the sewage”
pH 11.07 +£1.30 6.5-8.5 5.5-9.5
TSS (mg-L’l) 2900 + 326 20 1000
COD (mg~L’1) 1920 + 220 160 1600
BODs (mg-L 1) 750 + 80 30 1000
Turbidity (NTU) 1290 + 105 10 -
Total Fe (mg-L’l) 0.22 +£0.12 2 10
Total phosphorous 3.25 +£0.10 10 20
(mgL™)
Total N (mg-L™}) 36 + 2.50 -
NHj (mgL™) - 15 50
NO3 (mg-L-1) <10 45 30
Total surfactants 9.42 + 0.85 2 6
(mgL ™) (LAS)
37.36 £ 0.17
(BiAS)
E. coli (CFU in < 200 200
100 mL)

@ According to Royal Decree 1620/2007 (Spain) and Decree 174/1994 (Ca-
nary Islands, Spain). Reuse for irrigation of urban green areas.
b According to Decree 2/2019 (Gran Canaria, Canary Islands, Spain).
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determined in the raw wastewater because the turbidity of the waste-
water interfered with the analytical method. For this same reason, the
concentration of total iron presented in Table 1 corresponds to that of
the tap water in the hotel and was provided by the water supply com-
pany. For the treatment of this wastewater we studied three alternatives:
coagulation, photo-Fenton and BF. The results for each option are given
below.

3.2. Coagulation

Originally, inorganic coagulants such as aluminium or iron salts were
employed for water treatment. However, coagulation processes produce
flocs (sludge residue) that may be considered toxic residues according to
the European List of Waste if hazardous substances included in Regu-
lation EC 1272/2008 are present in the sludge (residue code 190205 *).
Nowadays, organic natural coagulants are preferred to inorganic or
synthetic ones because they present lower toxicity [36]. Moreover, low
molecular weight organic coagulants have reported better results for
laundry wastewater treatment than inorganic ones [37].

Over 80% COD removal has been reported for laundry wastewater
using natural coagulants [37,38]. However, the sludge formed in these
processes contains detergent residues that may be toxic according to
Regulation EC 1272/2008. For this reason, the authors believe that
other options that ensure mineralization of the organic matter should be
considered for laundry wastewater reclamation.

In this work, we studied the coagulation of laundry wastewater using
an iron salt to determine the effect of adding iron to this water because
in the Fenton and photo-Fenton reactions (see next section) iron is
employed. We used ferric sulphate because of the wide working pH
range of this coagulant (pH 4-11) [39].

It is known that the factors affecting coagulation processes are the
type of coagulant, the coagulant load, the pH, the mixing speed and the
sedimentation time. A two-level factorial design with two variables (pH
and ferric sulphate load) was applied to determine the optimal operating
conditions for the treatment of laundry wastewater with ferric sulphate.
The factorial design is described in Table 2. The experiments were
performed randomly to ensure statistical significance and all experi-
ments were carried out twice. The objective function was percent of
COD/turbidity removal after the coagulation process.

The low and high levels for pH were chosen according to the pH
range of the coagulant, while those for the concentration of Fe(III) were
chosen after a bibliographic revision of other works in which Fenton was
used to treat laundry wastewater. In this regard, Vilve et al. reported, for
a wastewater with 530-560 mg-L ™! initial COD, between 73% and 80%
COD removal when coagulation or Fenton were used, respectively [24].
In both processes, the concentration of iron was 824 mg-L~!. Another
study reported COD removal of 70% for a wastewater with 365 mg-L ™!
initial COD when adding 25 mg-L’1 iron in a Fenton reaction [40]. Thus,
the amount of iron added in the above references differs considerably,
between 1.5 and 0.07 mg Fe(III)-mg COD . In order to keep the con-
centration of chemicals added to the process as low as possible, we
decided to choose 50 and 500 mg~L‘1 as low and high levels for Fe(IIl),
respectively.

The experimental results returned the response shown in Eq.(6). It
must be noted that only the significant variables were included (p-value
< 0.05). The only significant factor was pH. The adjusted R? was
92.44%.

%Turbidity removal = —5-12-pH + 77-99 6)

Table 2
Levels of the experimental factors: 22 factorial design.

Factor Low level (-1) High level (+1)
pH 4 10
Fe(Ill) (mg-L™") 50 500
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According to Eq.(6), we found that turbidity removal increased as pH
decreased. The experimental and predicted values for the experimental
points included in the analysis are shown in Fig. 1. It can be seen that all
the values fall in the region of interest, which was fixed at + 10% de-
viation between experimental and predicted values.

To validate this model, we must confirm that the relationship be-
tween the confidence interval, CI, for the centre points of the model and
the curvature, C, is above 1 [41]. CI and C are determined following Eq.
(7) and Eq.(8), respectively.

ts

VN

where t is Student’s t, s is the standard deviation of the results obtained
for the central points of the design of experiments and N is the number of
replicates of the central point.

Cl = @)

C=Z,-Z (®)

where Z, is the mean result of the replicates of the central points and Z is
the mean result for all experiments included in the design.

In this study, we confirmed that CI (36.49) > C (10.56) and, there-
fore, we concluded that the obtained response surface is adequate to
predict turbidity removal from the treatment of laundry wastewater
using coagulation with ferric sulphate at a given pH value.

For COD removal, the response is given in Eq.(9). When using COD
removal as response variable, the adjusted R? was 94.40%. In this
occasion, the value of CI (12.52) was also higher than that of C (4.71).

%COD removal = —1-72-pH + 36-25 9

The highest turbidity removal we achieved in our work with the
coagulation experiments was 63.62% (29.69% COD removal). This
result was obtained for the experiment at pH 4 with the highest Fe(III)
load; that is, 500 mg-L’l. Reducing the Fe(IIl) load ten times returned a
51.39% turbidity removal (29.06% COD removal). Thus, in the studied
interval, large variations in the coagulant dosing imply only small var-
iations of the final result (regarding turbidity). When pH was increased
to 7 or 10, turbidity removal fell to around 25-30% (18-20% COD
removal), which indicates that the coagulation process was favoured at
lower pH values. This is in line with the results reported by another
author who studied the coagulation of laundry wastewater with an iron-
based coagulant [24].

3.3. Photo-Fenton

For the photo-Fenton studies, we first did some preliminary experi-
ments at pH 4 with 500 mg-L~! Fe(IIl) and 408-4080 mg-L~! H,0, and

100
90
30 -10%
70
60
50 %o +10%
40 *®
30 ®
20
10

0

%Turbidity removal (predicted)

0 10 20 30 40 50 60 70 80 90 100
%Turbidity removal (experimental)

Fig. 1. Correlation between experimental and predicted values for turbidity
removal using the coagulation process.
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found that turbidity and COD removals were very similar to those ob-
tained in the coagulation process alone. For this reason, we decided to
set the working pH at 2.8, which is the optimal pH for this process, as
mentioned above.

The variables studied in the photo-Fenton experiments were Fe(III)
and H,0- concentrations. The HoO, concentrations varied between 408
and 4080 mg-L~}, and were chosen within the range of 10% and 100%
of the theoretical stoichiometric amount relative to COD (2.125
gH,0,-g~! COD) [40]. The mean initial COD of the laundry wastewater
studied in this work was 1920 mg-L™!. This value was taken for
calculations.

Fe(III) concentrations were kept between 33.5 and 500 mg~L’1. The
high level was kept the same as in the coagulation process. Although the
optimum Fe:H;0, ratio will depend on the characteristics of the
wastewater to treat, Vilve et al. reported an optimum Fe:H;0, molar
ratio of 1:2 for the Fenton reaction applied to laundry wastewater [24].
It is known that the photo-Fenton system requires lower iron loads than
the Fenton reaction. For this reason, we decided to set the lower Fe(III)
concentration to meet a ten times lower ratio than that reported by the
mentioned authors, that is, a 1:20 Fe:H,05 molar ratio. This calculation
was applied considering the lowest HyO; concentration, that is,
408 mg-L™1. The values chosen in this work vary between 1:1.3 and
1:200 Fe:H;05 molar ratios.

A two-level factorial design was studied in a first approach but we
found that the curvature was significant. Therefore, we next applied a
two-level central composite design (CCD). The levels of the experi-
mental factors for this design are included in Table 3. Here, the exper-
iments were done randomly and the central point was replicated five
times to ensure statistical significance.

In this set of experiments, we found that turbidity was almost
completely removed (> 80%) for all experiments except those with the
lowest Fe(III) addition. For the experiments with 33.50 mg-L’1 Fe(IID),
turbidity removal varied between 3% and 11%.

COD removal was also low for the lowest Fe(III) level (1-22%) and
for the lowest HyO> level (up to 53%). For the rest of the experimental
dataset, COD removals between 86% and 90% were obtained. The
response surface for COD removal is shown in Eq.(10). The factors are
expressed in coded units, x; and x3. The coded units were calculated as
detailed in Egs. (11) and (12), with the Fe(III) and H202 concentrations
expressed in mg-L 1. As mentioned before, only the significant variables
were included (p-value < 0.05). The adjusted R? was 99.06%.

%COD removal =- 34.10x} - 19.01-x3 +29.81.x
+16.67-x2+ 10.76-x1 X2 + 87.64 (10)

— |tFen -33.5) | —2—| | -1 an
= |ire ~11500-335

— N0, —408)- |2 || -1 (12)
2= | R 4080 — 408

It can be observed from Eq.(10) that both the concentration of Fe(III)
and Hy0; influence COD removal. This also occurs if turbidity removal is
chosen as the response variable. In that case, the response followed Eq.
(13) with an adjusted R? of 99.70%.

%Turbidity removal =- 47.36x3 -
+ 2.58-x3+ 4.36-x7-x2 + 98.85 (13).

Fig. 2 illustrates the experimental and predicted values for the points
included in the analysis.

The overall interactions among the studied variables are shown in
Fig. 3. Axis values are expressed as uncodified variables.

2.98x3 +41.98-x;

Table 3
Levels of the experimental factors: CCD design.

Factor Low level (—1) Central level (0) High level (+1)

Fe(Ill) (mg-L ) 33.50 266.75 500
H,0, (mg-L™") 408 2244 4080
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The COD MCL for the reuse of the treated wastewater is 160 mg-L ™!
and the target wastewater studied here presents 1920 + 220 mg-L~!
COD (Table 1). Thus, a COD removal higher than 90% must be achieved
if the treated water is to be reused. For this reason, we chose as optimal
the lower iron and hydrogen peroxide concentrations that yielded
higher than 90% COD reduction according to the results shown in
Fig. 3b (350 mg-L’1 Fe(III) and 1950 rng~L’1 H505). The substitution of
these values in Eqs.(10-12) results in a predicted COD removal of
90.16%. Recently, Ciice et al. reported an optimized iron concentration
of 400 mg-L ™! and H,0, addition of 900 mg-L ™! for laundry wastewater
with an initial COD of 1077 mg-L™! [42], although only COD was fol-
lowed in that study because the purpose of the authors was to analyse
different models to predict and optimize Fenton processes rather than to
study the treatment of laundry wastewater.

Next, we used the optimized Fe(III) and H,O, concentrations and
followed COD removal at different intervals in order to optimize the
necessary reaction time. To follow the reaction adequately, samples
were centrifuged to remove the flocs formed. As mentioned above, for
COD determinations, catalase was used to remove the excess hydrogen
peroxide from the samples. Additionally, samples were taken along the
reaction to determine the remaining concentration of hydrogen peroxide
at each time to follow the consumption rate of this reagent.

For comparison purposes, additional experiments were carried out to
determine the possible effect of the different variables present in the
reaction: UV illumination — 365 nm, as used in the photo-Fenton pro-
cess, Fe(IlI) and hydrogen peroxide. Thus, in addition to the photo-
Fenton reaction, the following experiments were carried out:

— Fenton, using the Fe(III) and hydrogen peroxide concentrations that
were previously optimized for the photo-Fenton process (no UV
illumination)

— Coagulation, using the same Fe(III) concentration as in the photo-
Fenton reaction (no UV illumination)

— UV (365 nm)/H30,, using the same hydrogen peroxide concentra-
tion as in the optimized photo-Fenton process

— Photolysis (only UV, 365 nm)

All experiments were carried out at the same initial pH (2.8). It must
be noted that pH only varied slightly during the above-mentioned re-
actions, being the pH along the reactions between 1.80 and 2.80.

The results for COD removal in the above-mentioned processes are
shown in Fig. 4. It should be noted that no COD removal was observed in
the UV (365 nm)/H205 and photolysis (365 nm) control experiments. In
this sense, Souza et al. reported that the optimized conditions for
laundry wastewater treatment using UV/H05 is to work at pH 9 with a
COD:H30; ratio of 1:2.5, but they found that this treatment was not
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Fig. 4. COD removal (%) using coagulation, Fenton and photo-Fenton to treat
laundry wastewater. Consumption of hydrogen peroxide along the photo-
Fenton reaction.
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efficient in reducing turbidity [43].

The photo-Fenton process returned higher COD removal than the
coagulation and Fenton processes. The Fenton reaction returned
10-20% higher COD removals than coagulation for reaction times up to
240 min, which is in line with that reported by other authors [24]. The
only process that achieved over 90% COD removal in 240 min was
photo-Fenton.

After 240 min of reaction the remaining concentration of hydrogen
peroxide in the Fenton reaction was still above 1000 mg-L™L. In this
regard, it should be noted that hydrogen peroxide has proven to be toxic
to aquatic organisms [44], and we must therefore ensure that this re-
agent is completely consumed along the reaction.

Another author reported that raising the reaction temperature in the
Fenton process from 50 °C to 90 °C can increase the reaction rate by 8
times [40]. However, laundry wastewater from the laundering in hotels
is normally at 40-60 °C, and this would imply adding more energy re-
quirements to the process.

At the end of the studied processes, pH was adjusted to 6.5 to, firstly,
comply with water reuse legislation requirements (in Spain, Royal De-
cree 1620/2007) and, secondly, to precipitate iron. Additionally, the
treated water was left to settle for 24 h to remove the flocs that were
produced during the process. The concentration of different parameters
in the end-treatment effluent, that is, the treated wastewater at pH 6.5
and free of flocs, are shown in Table 4.

It should be noted that, after 24 h, the Fenton reaction continued and
COD was reduced by 80.5%. Even so, the remaining COD was high
(375 mg-L™Y). The concentration of hydrogen peroxide in the end-
treatment effluent was 79.7 mg-L 1. Higher COD reduction may be ob-
tained using the Fenton process if the reagents are optimized but,
generally, the required concentration of iron and hydrogen peroxide
increase notably if the Fenton process is used rather than the photo-
Fenton [45].

The concentration of iron at the end of the coagulation, Fenton and
photo-Fenton processes was lower than 0.36 mg-L ™! for samples at pH
6.5. It should be noted that, in Spain, no more than 10 mg-L ™! iron can
be discharged with treated wastewater effluents, and no more than
2 mg-L~! is allowed for water reuse.

Although TP was below the limit for water reuse in the raw waste-
water (see Table 1), we observed that this parameter was removed from
the wastewater with coagulation, Fenton and also photo-Fenton. It is
well known that the phosphonates contained in detergent formulations
adsorb on the metal hydroxide flocs that are formed in the Fe(IIl)
coagulation process and, thus, phosphonates are removed from waste-
waters by sedimentation of the formed flocs [46]. Due to the speciation
of iron in water and the zeta potential of the flocs formed at different pH
values, this process occurs preferentially at pH values between 4.5 and
7.0 [46,47].

Lastly, the TN present in the raw wastewater (36 mg-L~!) was mainly
due to organic nitrogen. Nitrate was present at less than 10 mg-L™! and
nitrite at less than 1 mg-L™!. Removal of TN was over 72% during the
photo-Fenton process. The TN in the effluent from the photo-Fenton
process was less than 10 mg-L™!, and the ammonia and nitrate con-
centrations complied with legislation for wastewater reuse. Regarding
these results, we conclude that nitrogen removal was attained due to

Table 4
Concentration of different parameters after the treatment of laundry wastewater
using coagulation, Fenton or photo-Fenton.

Parameter Concentration in end-treatment effluent
Coagulation Fenton Photo-Fenton

COD (mg-L™1) 1371 375 142

Turbidity (NTU) 473 32 <10

Total Fe (mg-L™%) <0.36 <0.36 <0.36

Total phosphorous (mg-L~1) <0.1 <0.1 <0.1

Hydrogen peroxide (mg-L~!) - 79.7 < 1.45
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precipitation of nitrogen-containing compounds in the raw wastewater.
In this sense, it is known that diethanolamines are frequently employed
in detergents [48]. These show average biodegradability [49], but the
Fenton process has been shown to increase the biodegradability of these
compounds [50].

Regarding COD and turbidity, photo-Fenton was the only process
that met the requirements of the legislation for water reuse (COD <
160 mg-L ! and turbidity < 10 NTU, as shown in Table 1).

The concentration of hydrogen peroxide in the treated water (at pH
6.5) was 1.2 mg~L’1; therefore, 99.9% of the initial concentration was
consumed during the photo-Fenton reaction. Additionally, TP was
completely removed during this process.

In summary, from the study of different physico-chemical processes
to treat laundry wastewater we found that a photo-Fenton process
(natural sunlight could be employed) can achieve high COD, TP and
turbidity removal with an almost complete consumption of hydrogen
peroxide at the end of the process.

Other parameters not included in Table 4 that need to be analysed to
determine whether the treated water can be reused in irrigation are
suspended solids and the concentration of surfactants. We determined
the concentration of these in the end-treatment effluent for the photo-
Fenton process.

Regarding surfactants, LAS removal was 82.4% (less than 2 mg-L~!
remained in the treated water). BiAS removal was over 98.7% (less than
0.5 mg~L’1 remained in the treated water).

Suspended solids in the supernatant were lower than 20 mg-L*1 and,
thus, the treated water complied in all parameters for water reuse ac-
cording to Spanish legislation.

On the other hand, the sedimentable solids produced during the
photo-Fenton process were 16 mL-L™1. It should be noted that this
sludge contains almost all the iron used and must be retired and disposed
or further treated by a waste management company.

3.4. Biological treatment

Fig. 5 shows the removal of COD in the BF with time. It should be
noted that at least 24 h are needed to obtain removals above 60%. COD
removal was 75% after 40 h. Increasing the reaction time does not
produce additional COD removal, as can be seen in Fig. 5. Turbidity was
completely removed (over 99% after 24 h) during the biological treat-
ment. The TP concentration was 2 mg-L’1 after 40 h (37% removal).
LAS removal was 98% after 40 h (0.2 mg-L’l remained in the treated
effluent) and BiAS removal was over 98.7% (less than 0.5 mgAL_1
remained in the treated water).

It is known that during aerobic wastewater treatment, microbial
communities are greatly influenced by nutritional conditions. At the
beginning and end of the treatment, TN was 97 and 22 mgL~},
respectively. Consequently, 77.3% of TN was removed during the pro-
cess. The COD:N ratio was 20:1 throughout the process, which is, in
general, an acceptable ratio [51]. The effect of COD:N ratios on the
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Fig. 5. COD removal for laundry wastewater treated with a batch BF.
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performance of wetlands also depends on the type of organic matter
found in the wastewater. Generally, high COD:N (10:1-20:1) ratios have
proven to increase the diversity of the microbial community and be
beneficial in denitrification processes [51,52].

Removal of TP was 42.3%, with a concentration in the effluent of
2 mg-L~!. The N:P ratio was 30:1 at the beginning of the water treatment
and 11:1 at the end of the process.

Although the required treatment time for the BF was very long
compared to those needed for the physicochemical processes, it should
be noted that the required time in this study (40 h) was much shorter
than the 14 days needed by Lutterbeck et al. for hospital laundry
wastewater treatment [15]. This could be attributed to the aeration ef-
fect of the recirculation. Unlike the other methods tested, the BF reactor
did not use any type of chemical reagent, and its only expense was that
of the recirculation pump.

However, it was observed that COD reduction was 15% lower for the
BF system compared to the photo-Fenton process. COD remained over
450 mg-L 7! in the effluent of the BF after 40 h. The BF alone was not
enough to reduce COD to acceptable values for water reuse, although the
treated water complies with the legislation for disposal (see Table 1).
Similarly, the concentration of E. coli in the BF effluent was higher than
200 FCU/100 mL, which is the established limit for water reuse (see
Table 1). Therefore, the BF process needs to be assisted with a post-
treatment for water to be reused. Even though, it must be noted that
other authors have reported that biological treatments applied to
laundry wastewater, such as a combination of microbial fuel cells and
constructed wetlands, enable significant reductions of genotoxicity [53].

In order to remove the bacteria and reduce COD to meet the required
standards for water reuse, the effluent from the biofilter was filtered
(0.45 um) and further treated with granulated activated carbon (GAC)
under continuous stirring. The concentration of activated carbon
employed in the experiences varied between 1 and 20 g-L "

The COD removal for different activated carbon loads is shown in
Fig. 6. Results show that adsorption of COD and the consequent COD
removal increases with activated carbon loads up to 15 g-L ™%

Activated carbon has been reported as posttreatment in other studies
to treat laundry wastewater. Most reports use activated carbon after a
coagulation or electrocoagulation processes to increase COD removal
[54,55], although some studies also report the use of this adsorbent after
a biological and membrane process [56]. The use of activated carbon on
its own to treat laundry wastewater has also been studied, but this
resulted in low COD removal (41.9% for a raw wastewater with
240.8 mg-L™! COD) [57].

The concentration of different parameters in the treated wastewater
(end-treatment effluent) for the BF alone and the BF + GAC treatment
system are shown in Table 5.

It should be noted that, for the BF + GAC system, the other param-
eters included in Table 1 but not in Table 5 were all acceptable for
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Fig. 6. COD removal for the BF effluent after adsorption with granular acti-
vated carbon for 24 h.



E.P. Melian et al.

Table 5

Concentration of different parameters after the treatment of laundry wastewater
using BF (40 h) and BF followed by adsorption on 15 g-L~! activated carbon
(GAQ).

Parameter Concentration in end-treatment effluent
BF BF + GAC

COD (mgL™1) 450 103

Turbidity (NTU) <10 <10

Total phosphorous (mg-L™%) 2 -

wastewater reuse in irrigation.

3.5. Degradation by-products

Although both the photo-Fenton and BF systems yield high COD
removals, the corresponding degradation pathways and remaining by-
products differ.

In this sense, it is known that some fragrance compounds present
resistance to biodegradation, although limonene and linalool, which are
those present in the detergent considered in this study, can be removed
during biological treatments, as reported by other authors [16].

However, the detergent used in the laundry considered in this study
contains fluorescent whitening agents (FWA), and these have been re-
ported to be recalcitrant to biodegradation, although they undergo
photochemical degradation [58]. Thus, these products may be present in
the effluent from the biological process but probably not in the
photo-Fenton effluent.

The metabolic pathway for LAS degradation produces n-alkanes,
benzoate, catechol and carboxylic acids, while the metabolic pathway
for LAE degradation produces n-alkanes, polyethylene glycol, some
carboxylic acids and ethanol [14].

It is known that the main degradation products formed when photo-
Fenton is used are carboxylic acids. In this sense, the degradation of LAS
by means of hydrogen peroxide has proven to give hydroxylic de-
rivatives, hydroxy acids of benzenesulfonic acid and aliphatic aldehydes
[591.

In this work, we monitored the formation of some carboxylic acids
which were detected through HPLC. The detected intermediates were
benzenesulfonic, acetic and formic acids for the photo-Fenton reaction,
and formic acid for the BF process. The results for the photo-Fenton
process are shown in Fig. 7.

Benzenesulfonic acid is the simplest aromatic sulfonic acid that is
produced as a by-product of LAS. Maleic acid should next form from the
opening of the aromatic ring. In the photo-Fenton process, further hy-
droxyl attack produces lower chain carboxylic acids, such as acetic or
formic acids. The reaction rate between acetic acid and hydroxyl radi-
cals has been reported to be low [60]. For this reason, we see that acetic
acid is produced during the first 20 min of illumination and then
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Fig. 7. Evolution of benzenesulfonic, formic and acetic acids during the illu-
mination stage of the treatment of laundry wastewater with photo-Fenton.
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accumulates.

Formic acid is produced and slowly consumed in the photo-Fenton
process, as can be seen in Fig. 7. In this sense, formic acid has been re-
ported to react with hydroxyl radicals to form formate radicals, that can
react with oxygen to produce CO5 or with hydrogen peroxide to form
formic acid again [60]. Formic acid is totally consumed when the
effluent from the photo-Fenton reaction is left to settle for 24 h. This
indicates that a Fenton reaction continues once the UV illumination is
stopped.

The end-treatment effluent contained 38.05 mg-L ™! acetic acid and
14.26 mg-L ™! benzenesulfonic acid, which correspond to 40.59 mg-L ™
and 21.66 mg-L ! COD, respectively. This represents 43.83% of the COD
that remains after the photo-Fenton process. Specifically, 28.58% of the
COD in the effluent corresponds to acetic acid and 15.25% to benze-
nesulfonic acid.

Regarding the biological system, of the analysed carboxylic acids,
formic acid was the only one found in the BF effluent. Formic acid was
present in a concentration of 4.68 mg-L ™}, which corresponds to just
0.36% of total COD.

The authors believe that further future work, which is beyond the
scope of this study, is needed to study in detail the by-products that
remain in the treated water and their toxicity.

3.6. Biological & activated carbon treatment vs. photo-Fenton

A comparison of the COD and turbidity results obtained from the
photo-Fenton and the BF + GAC processes is shown in Table 6.

As described in the above sections, the rest of the parameters
required for water reuse were acceptable.

Based on the results shown above and given that the aim of this work
is the treatment of laundry wastewater for reuse in irrigation, we present
an economic evaluation and LCA analysis for the photo-Fenton and BF
+GAC options.

3.7. Economic evaluation

The flow diagrams of the optimized processes taken into consider-
ation for the economic evaluation are shown in Fig. 8.

For the photo-Fenton process (see Fig. 8a), the laundry wastewater is
introduced into a UV reactor equipped with a mechanical stirrer (R1).
With help of a pH controller and dosing pump (P1), the pH of the
wastewater needs to be regulated to 2.8. According to the amount of
H2S04 (96% purity) needed in the laboratory experiments, we estimate
that approximately 2 L of this solution is required. Next, to treat 1 m> of
wastewater, 6.5 L hydrogen peroxide 30% w/v and 1.53 kg iron (III)
sulphate pentahydrate must be added. At this moment, the UV lamps are
connected. According to the experimental conditions and results, the
necessary energy for the process is 25.92 kJ-L ™! (25920 kJ-m~3), as
calculated from Eq. (14). This is equivalent to 7.2 kWh-m >,

A, -UVgrt
Quv = v < (14)
where:
Table 6

Concentration of different parameters after the treatment of laundry wastewater
using photo-Fenton or the biological batch reactor.

Parameter Concentration in end-treatment Acceptable for reuse?”
effluent
Photo-Fenton”  BF + GAC Photo-Fenton ~ BF + GAC
COD (mgL™Y) 142 103 Yes Yes
Turbidity (NTU) <10 <10 Yes Yes

# According to Royal Decree 1620/2007 (Spain). Reuse for irrigation of urban
green areas.
b Sample at pH 6,5 to meet the pH requirements for water reuse (see Table 1).
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Fig. 8. Flow diagrams for laundry wastewater treatment using (a) photo-Fenton and (b) BF + GAC.

- Quv (J-L™Y) is the energy required in the photo-Fenton process to
guarantee a COD removal equivalent to that obtained in the labo-
ratory for the optimized process

— A, is the UV catchment area (mz), which was 0.02 m? for the labo-
ratory 1 L batch reactors

- UVg (W-m~2) is the irradiance, which was 90 W-m 2 for the lamps
used in the laboratory experiences

— t is the reaction time (s), which was 240 min (14400 s) for the
optimized photo-Fenton reaction studied in the laboratory

After completing the reaction, the pH must be regulated to 6.5 (using
pump P2) to comply with the legislation for wastewater reuse. We es-
timate that about 0.5L of a NaOH 10 M solution is needed in this
operation. Lastly, the treated water is introduced by gravity into a
sedimentation tank (C1). Here, the flocs form during the reaction settle
and are separated from the treated water. As mentioned above, the
amount of sludge produced in the process is 16 L per m® of treated
wastewater.

For the BF + GAC option (see Fig. 8b), the wastewater is first
introduced into a tank where the pH is regulated to 7 (P1). We estimate
that about 0.5 L of HySO4 (96% purity) per m> of wastewater is enough
for this purpose. Next, the wastewater is recirculated in the BF for an
HRT of 40 h, which was the optimized HRT found in the laboratory
experiments. After this, the wastewater flows into a water tank and is
then pumped through a microfiltration cartridge (0.45 pm) and a GAC
filter (15 kg per m~3 of treated wastewater).

In this study, we calculated the operating costs for the photo-Fenton
and BF + GAC systems when employed to treat 1 m> of wastewater. The
operating costs are divided into cost of reagents, waste disposal, energy
consumption and maintenance.

Reagent costs were calculated from a mean price from several local
providers and considering the optimized reagent amounts mentioned
above.

Electricity costs were estimated for the UV lamps (photo-Fenton
process) and the filtration pump (P3) (BF + GAC process). For the P3
pump, we considered that the necessary energy was 0.28 kWh-m > [61].
The electricity consumption of the remaining electrical equipment was
considered negligible, and, for this reason, was not included in the
analysis. The mean cost of a kWh was taken as 0.18 € kWh ™, as reported
by Eurostat for the first 6 months of 2022 [62].

Lastly, maintenance costs were estimated to be 0.05 em~3, as
calculated in [63] for several wastewater treatment plants. The sum-
mary of the total costs is given in Table 7.

The total operating cost was 6.71 €-m > for the photo-Fenton system
and 0.71 €-m° for the BF + GAC option. Considering the COD removed
in each process, the cost was 3.77 €-CODr ! for the photo-Fenton option
and 0.39 €-CODr ! for the BF + GACG. CODr refers to the kg-m~> COD
removed in each process.

For the BF + GAC alternative, reagents and GAC replacement
amounted to 76% of the total cost. For the photo-Fenton alternative,
over 75% of the total cost was due to the acquisition of the necessary
reagents and almost 20% to the use of UV lamps. Among the cost of the
reagents, 39.5% (29.8% of the total cost) was due to the acquisition of
acid and base, and 60.5% (45.6% of the total cost) was due to the iron
salt and hydrogen peroxide.

The cost of applying photo-Fenton systems depends mainly on Fe(III)
and hydrogen peroxide costs. Additionally, the UV source also in-
fluences the total operating cost. In this sense, the total operating cost for
photo-Fenton, for different wastewaters, can vary between 2.06 €m3
for solar systems and 10.36 €-m > for systems where UV lamps are
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Table 7
Estimated operating costs for the treatment of 1 m® of wastewater.

€/m® of wastewater

Photo- BF + GAC
Fenton
Reagents
Iron (III) sulphate 0.72
Hydrogen peroxide 2.34 -
Sulphuric acid and sodium hydroxide for pH 2.00 0.34
regulation
Total reagents 5.06 0.34
Filtering system
GAC replacement” - 0.20
Waste disposal
Sludge/GAC 0.26 0.12
Energy
Electricity (pumping system) - 0.05
Electricity (UV lamps) 1.30 -
Maintenance 0.05 0.05
TOTAL OPERATIONAL COST 6.71 0.71

@ This data is based on other references in which GAC was used for the removal
of TOC and micropollutants in treated grey water [64,65].

employed [66,67].

In Spain, the cost of treating 1 m® of water in municipal conventional
wastewater treatment plants (for wastewater disposal) was 0.80 €m3
and the cost of potable water production was 1.14 €-m~ in 2020 [68].
The cost of the photo-Fenton treatment studied in this work as a tech-
nique for laundry wastewater reuse is almost 6 times higher than the
cost of potable water. The purchase of reagents and electricity con-
sumption are responsible for the higher cost of the photo-Fenton pro-
cess. However, the estimated cost of the BF + GAC process aimed at
laundry wastewater reuse was 11% lower than the cost of conventional
wastewater treatment in Spain in 2020. Thus, we can affirm that the BF
+ GAC system is currently a cost-effective alternative for laundry
wastewater treatment and reuse.

A few studies have provided an economic evaluation of the treatment
of laundry wastewater. Among the techniques with a reported cost
assessment, we find coagulation [69], electrocoagulation [70], adsorp-
tion on activated carbon [2], ultrafiltration/reverse osmosis [71],
membrane bioreactors [72] and combined systems, such as coagulation,
ozonation, adsorption on activated carbon and ultrafiltration [69], or
biological treatment, UV/O3 and filtration [73]. The reported cost per
cubic meter of treated water varies from 0.09 to 1.50 €-m~° and from
0.89 to 4.87 €-CODr !. The highest cost was reported for the ultra-
filtration/reverse osmosis system. The BF + GAC process studied in this
work (0.39 €~CODr’1) is found to be the economically most feasible
option when considering the cost in €-CODr ! units. However, it should
be noted that the referenced studies were published in different years,
indeed in some cases in different decades, and considerable care there-
fore needs to be taken when comparing costs due to possible differences
in electricity and material prices.

3.8. LCA analysis

For the LCA analysis, we followed standards ISO 14040 and ISO
14044. The chosen functional unit was the treatment of 1 m® of waste-
water. System boundaries were restricted to the operational phase,
namely the consumption of reagents, GAC and electricity. The possible
regeneration of GAC was not included in the analysis. The wastewater
inventory included COD, total surfactants and total phosphorous, ac-
cording to the experimental data given in this work. The waste disposal
of each process was also considered. These were iron hydroxide sludge
for the photo-Fenton and used activated carbon for the BF + GAC.

OpenLCA (version 1.10.3) was used as LCA software. For the life
cycle inventory (LCI) we used product environmental footprint (PEF)
secondary datasets [74]. We used the environmental footprint 2.0
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midpoint Life Cycle Impact Assessment (LCIA) methodology [75].

The detailed inputs and outputs, according to the experimental re-
sults obtained in this work using photo-Fenton and BF + GAC are shown
in Tables 8 and 9, respectively.

Table 10 shows the indicators that were used to evaluate the impacts
in this work and the LCA results for the treatment of 1 m® of laundry
wastewater. The main impacts concern climate change, ecotoxicity
(freshwater) and fossil fuel resource use.

The corresponding results for the two processes are shown in Fig. 9.
It should be noted that photo-Fenton has a higher impact than BF + GAC
on all indicators except for eutrophication and human toxicity (non-
cancer).

The relative contributions of each input (reagents and electricity) are
shown in Fig. 10 for the two processes. In general, the production of the
necessary reagents for the process is the factor with the highest impact
on most indicators. Electricity has a high impact on acidification,
climate change, photochemical ozone formation and resource use (fos-
sils). In this analysis, electricity was considered to be produced from
fossil fuels (fuel oil). The impact on the aforementioned indicators could
be reduced if renewable energy sources were used.

This is in line with the very few reports on laundry wastewater
treatment that include an LCA analysis. Other authors have concluded
that processes with higher electricity consumption (when using non-
renewable sources) have higher environmental impacts [23,78].

4. Conclusions

In this work, we studied and compared different options for the
treatment of laundry wastewater. This type of wastewater normally
presents high turbidity, pH and organic matter. Moreover, detergent
formulations often include several substances, including anionic and
non-ionic surfactants, FWAs, bleaching agents, etc., that may make
treatment of the wastewater more difficult.

Although EU regulations have limited the amount of phosphorous in
detergents and promoted the biodegradability of these formulations, we
found that a biological treatment alone, using a BF, was not enough to
remove the necessary COD to reuse the treated water. The BF was able to
reduce turbidity and the concentration of anionic and non-ionic sur-
factants by almost 100%, total phosphorous by 42.3% and COD by
almost 80%. However, the final COD found in the effluent was

Table 8
Inputs and outputs for LCA analysis for the treatment of 1 m® of laundry
wastewater using photo-Fenton.

Parameter Input Output  Ecoinvent unit process

COD (kg) 1.92 0.142

Total phosphorous 0.003  0.0001

(kg)
Total detergents 0.047  0.002
(kg)

Iron sulphate (kg) 0.95 Adapted from: iron (II) sulphate
production, production mix, at plant,
technology mix, 100% active substance,
as Fe,(S04)3 can be produced from the
oxidation of FeSO4 with sulphuric acid
[76]

Hydrogen peroxide  1.17 Hydrogen peroxide, 50% production,

50% (kg) production mix, at plant, technology
mix, 100% active substance

Sulphuric acid (kg)  3.51 Sulphuric acid production, production
mix, at plant, technology mix, 100%
active substance

Sodium hydroxide 0.20 Sodium hydroxide production,

(kg) production mix, at plant, technology
mix, 100% active substance

Sludge (kg) - 16

Electricity (kWh) 7.2 Electricity from heavy fuel oil (HFO),
production mix, at power plant, AC

Wastewater (m®) 1 0.84
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Table 9
Inputs and outputs for LCA analysis for the treatment of 1 m® of laundry
wastewater using BF + GAC.

Parameter Input Output  Ecoinvent unit process

COD (kg) 1.92 0.103

Total phosphorous  0.003  0.002

(kg)
Total detergents 0.047  0.002
(kg)

GAC (kg) 15 - Supposing replacement. Production
process configured taking GAC from
coconut shell as reference[77].

Waste (replaced - 15

GACQ) (kg)
Sulphuric acid 0.88 - Sulphuric acid production, production
(kg) mix, at plant, technology mix, 100%
active substance

Electricity (kWh) 0.28 - Electricity from heavy fuel oil (HFO),
production mix, at power plant, AC

Wastewater (m®) 1 ~1

Table 10

Contributions of the photo-Fenton process and the BF + GAC process to the
selected indicators using the environmental footprint 2.0 midpoint LCIA
method.

Impact category Reference unit Photo- GAC + BF
Fenton

Acidification (AC) mol H' eq. 0.45 0.12

Climate change (CH) kg CO; eq. 53.2 19.5

Ecotoxicity, freshwater CTUe 23.1 10.6
(EF)

Eutrophication, marine kg N eq. 0.041 0.13
(EUM)

Eutrophication, kg P eq. 2.85107°  3.15.10°°
freshwater (EUF)

Human toxicity, cancer ~ CTUh 8.11.107  5.56:1077
(HC)

Human toxicity, non- CTUh 3.40-10°° 5.41.10°°
cancer (HNC)

Tonising radiation, kBq U 1.21 0.87
human health (IR)

Ozone depletion (OD) kg CFC11 eq. 9.22.107  1.21.1077

Particulate matter (PM)  Item(s) 3.4310°°  1.02:10°°

Photochemical ozone kg non-methane volatile 0.15 0.05
formation (POF) organic compounds

(NMVOC) eq.

Resource use, fossils MJ 798.73 217.01
(RF)

Resource use: minerals kg Sb eq. 242107 5.24.107°

and metals (RM)

100

o||||i|||‘||||

CH EF EUM EUF HC HNC IR OD PM POF RF

Relative %
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W Photo-Fenton m BF + GAC

Fig. 9. Relative contribution of the photo-Fenton or GAC + BF process to the
indicators considered in the LCA assessment.
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Fig. 10. Relative contributions of the inputs (reagents and electricity) of the (a)
photo-Fenton and (b) BF + GAC processes to the selected indicators using the
environmental footprint 2.0 midpoint LCIA method.

450 mg-L™! and regulations in Spain limit COD to 160 mg-L™! for
wastewater reuse. Therefore, this effluent needs to undergo a post-
treatment to further eliminate the remaining organic matter. The cho-
sen post-treatment consisted of microfiltration and GAC filtration. The
BF + GAC system achieved higher COD reduction, with final COD con-
centrations in the effluent of 103 mg-L ™.

Coagulation with iron (II) sulphate, Fenton and photo-Fenton pro-
cesses were also studied to treat the raw wastewater. We found that
coagulation and Fenton were not suitable to meet the water reuse
standards. However, when photo-Fenton was applied, the resulting
wastewater met the criteria for water reuse in all parameters. We found
that 43.83% of the COD in the filtered effluent was due to the presence of
short-chain carboxylic acids.

Organic matter remains after both the BF + GAC and the photo-
Fenton plus filtration processes. The by-products in the final effluents
should be studied in depth in future works to enable a detailed impact
assessment of both options.

Following the experimental results, we also carried out an economic
and LCA analysis of the photo-Fenton option and found that the total
operating costs were 6.71 €-m > for the photo-Fenton option and 0.71
€-m~2 for the BF + GAC. About 75% of the cost can be attributed to the
acquisition of reagents for both processes. The LCA analysis revealed
that the contribution to environmental impacts was, in general, much
lower for the BF + GAC system and that the main impacts were also
caused by the reagents used in the processes.
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