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ARTICLE INFO ABSTRACT
Keywords: Wastewater from portable toilets (WWPT) is characterized by a high content of organic matter
Wastewater and a variety of chemical compounds that retain bad odors, especially phenols, a type of pollutant

Portable toilet that is difficult to degrade by conventional treatments; in addition, it is persistent, toxic, and

I?Loiegfradtablhty accumulates in the aquatic environment. Although different successful experiences with the use of
oto-renton . . o . . . . . .
Phenols Photo-Fenton are reported in the scientific domain, its application in WWPT is scarce and war-

Emerging pollutants rants study due to the wide use of portable toilets. The objective of this study was to evaluate the

UV radiation Photo-Fenton oxidation process in the removal of organic matter expressed as COD in a WWPT, as
well as the reduction of phenols and BODs. The experimental runs were carried out in a 0.50 L
batch reactor to evaluate the effect of the factors (HpOs: 0.019, 25.56, 40.67, 87.24, 148.91,
17445 g L ! and pH: 2.80, 3.00, 3.27, 4.40, 5.53, 6.00 UNT) on COD removal and sludge pro-
duction. It was found that the optimum operating conditions of pH 4.72 and H20, dosage of
174.45 g L™! reduced the concentration of phenols by 97.83 % and 95.49 % of COD. In addition,
98.01 % of BODs was reduced, resulting in a biodegradability ratio (BODs/COD) of 0.23
compared to the untreated wastewater of 0.53. From a cost perspective, the use of Photo-Fenton
to treat wastewater under these conditions would be US$ 1.15 per liter.

1. Introduction

It is estimated that 3.6 million portable sanitation units are used worldwide in scenarios where there are no fixed sanitation

* Corresponding author.
E-mail addresses: yfsanjuan@unicesar.edu.co (Y. San juan-Garisado), fra.luna@mail.udes.edu.co (F. Luna-Guevara), pabloherrera@unicesar.edu.
co (P.A. Herrera), jsoto3@udi.edu.co (J. Soto-Paz), jesus2228075@correo.uis.edu.co (J.D. Alvarez-Trujillo), cmejia5@udi.edu.co (C. Mejia-Parada),
baparra@unicesar.edu.co (B.A. Parra-Orobio).

https://doi.org/10.1016/j.heliyon.2024.e35286

Received 7 May 2024; Received in revised form 23 July 2024; Accepted 25 July 2024

Available online 26 July 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:yfsanjuan@unicesar.edu.co
mailto:fra.luna@mail.udes.edu.co
mailto:pabloherrera@unicesar.edu.co
mailto:pabloherrera@unicesar.edu.co
mailto:jsoto3@udi.edu.co
mailto:jesus2228075@correo.uis.edu.co
mailto:cmejia5@udi.edu.co
mailto:baparra@unicesar.edu.co
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e35286
https://doi.org/10.1016/j.heliyon.2024.e35286
https://doi.org/10.1016/j.heliyon.2024.e35286
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. San juan-Garisado et al. Heliyon 10 (2024) 35286

facilities [1]; in the specific case of Colombia, no information is available due to the lack of regulation of this activity. Each portable
toilet has a different capacity according to its manufacturer, but they are designed to store significant amounts of wastewater,
composed of drinking water, fecal matter and a variety of chemical compounds that inhibit the spread of bad odors, the latter being
responsible for increasing the chemical oxygen demand (COD) of wastewater due to their low biodegradability [2,3]. The major
chemical compounds present in portable toilet wastewater (WWPT) include phenols (C¢HgO), anodic surfactant compounds such as
sodium dodecyl benzene sulfonate (C13H29NaOs3S), sodium alkyl benzene sulfonate (C;1 6H24 2CcH4SO3Na) and dodecylbenzene sul-
fonic acid (C18H3003S), ationic compounds such as benzalkonium chloride (C9H;3CINR) and halogen isocyanurates such as sodium
dichloroisocyanurate (C3N303CloNa) [2,4]. Despite the diversity of chemical compounds and organic matter (OM) present in WWPT,
phenols are its main constituent [2].

Phenols are contaminants commonly found in industrial wastewater from the textile, pharmaceutical, agricultural, and plastics
industries, among others [5,6]. These compounds are called refractory and belong to the contaminants of emerging concern (“CECs™),
characterized by their toxicity, persistence and ability to accumulate in organisms and plants [7]. In addition, CECs are often combined
with typical contaminants in municipal wastewater [8]. The negative impact of phenols and their derivatives lies in their resistance to
degradation by conventional methods, such as the unit processes used in a municipal wastewater treatment plant (WWTP) [9,10]. The
low efficiency of conventional systems to completely degrade contaminants such as phenols is since the processes are primarily
designed to improve quality indicators such as dissolved organic carbon (DOC and BOD), suspended solids, and nutrients [11,12]. This
results in the release of phenolic pollutants into the treated effluent, as is the case with WWPT.

Due to the limitations of conventional treatments, advanced oxidation processes (AOPs) have emerged as a potential solution to
degrade recalcitrant and persistent contaminants of emerging concern in urban or industrial wastewater by highly reactive species [10,
13]. AOPs can be chemical (HZOZ/Fe2+ and O3/H03), photochemical (H202/UV, O3/UV, TiO2/UV, HZOZ/Fe2+/UV), electrochemical
and sonochemical, depending on their mechanism of action [14]. Photo-Fenton (PF) has the option of using the catalyst in the same
medium as the substrate (homogeneous) or in a different medium from the substrate (heterogeneous) [15]. PF is a technology that
involves the generation of short-living free radicals such as hydroperoxide (HOj con E® = 1.48 V) and hydroxyl radical (eOH con E® =
2.8 V) for the rapid and non-selective oxidation of organic and inorganic pollutants present in wastewater, converting them to carbon
dioxide and water or biodegradable products [16,17]. It reduces the toxicity of the effluent, improves the biodegradability and in-
creases the efficiency of subsequent treatments [18].

On the other hand, PF combines the action of the Fenton process with ultraviolet (UV) light exposure to enhance iron regeneration
and eOH production, increasing the efficiency of the process [19]. PF Consists of the decomposition of Hy0O3 in the presence of the
reducing agent ferrous ion (Fe*h). In an acidic medium to produce ¢OH (Equations (1) and (2)) and HO3, (Equations (3) and (4)) with
lower oxidative power, a reaction known as Fenton-Like [20,21]. The oxidation of Fe?' to ferric ion (Fe3+) makes the reaction
autocatalytic [22].

Fe** + Hy0, — Fe*" + HO™ + «OH Equation 1
Fe* + H,0, — Fe*" + HO, + H* Equation 2
Fe** + HOj — Fe** + HOj Equation 3
Fe** + HOj — Fe** + 0, + H' Equation 4

UV radiation causes charge transfer on Fe>* complexes, leading to their dissociation into Fe2* and eOH, in this way, so that the
reduced iron Fe?" exacts again with H,O, to produce more ¢OH (Equation (5)), which can increase process efficiency and reduce
sludge production [23,24]. Therefore, the Fe(OH)2+ is needed to regenerate iron and produce more ¢OH [10]. In turn, UV has a
germicidal effect on pathogenic microorganisms, viruses and bacteria because it affects the structure of DNA, proteins and lipids [11],
which inhibits cell replication [20,25].

[Fe(OH)]*" +hv — Fe** + eOH Equation 5

The performance of the PF process depends on the concentration of the Fenton reagents (Fe*' and H,0,), he PH, the reaction time
and the intensity of the UV radiation [26,27]. It also depends on the nature of the contaminants being degraded [26-28]. However, it is
the Fenton reagents and pH that are the parameters affecting the degradation, with pH being the critical factor influencing the
generation of e¢OH and the nature of the iron species [29]. It has been shown that an optimal pH range between 2.50 and 4.0 units
(UNT) favors the formation of ¢OH and reduces the precipitation of iron and its species, with a specific value of 2.80 UNT considered
the most appropriate [22,27].

Previous experience has reported removal rates of 95 % in 20 mg L™! of phenols at pH 3.50 UNT, a dosage of 50 mmol L ™! of Hy0,
and 0.20 g L1 of cobalt ferrite by Ref. [30]. Likewise [31], indicate that they achieved 99 % of phenol removal in an olive mill
wastewater with 2.00 mg L™! of Fe>" and 144 mg L™! of H,0, under circumneutral pH conditions. As well as other studies that
achieved 88.20 % and 99 % reduction of phenol concentration under specific pH conditions and Fenton reagents [32,33]. On the other
hand, 90 % of the COD in a real leachate wastewater was removed using an HpO5/COD ratio of 1.06 and a pH of 5.00 UNT [34].
Similarly, 93.20 % of the COD was removed from a textile effluent at a pH of 3.00 UNT, a concentration of Fe?* and 300 mg L of H,04
[32], and 86 % of the COD was removed from the same type of effluent at a pH of 3.00 UNT, a dosage of 1 mM of Fe?* and 11.70 mM of
Hy0, [28].
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Ciner and Gokkus [35] conducted Fenton oxidation (FO) experiments to obtain maximum COD and color removal at pH, FeSO4 and
H,02doses and optimum oxidation time for Disperse Yellow 119 and Disperse Red 167 wastewater, showing COD removals above 97
%. However, the study was limited to a one variable at a time analysis (OVAT) which may not reflect the nonlinear relationships of the
factors studied and affect the response variable. Also, Gokkus et al. [36] determined the optimal operational conditions for initial pH,
FeZ* and H,0, concentrations for the removal of Reactive Blue 19. They found that the Fenton oxidation process achieves 98.90 %
color removal and 100 % COD removal. Despite these results, a regional optimization approach has not been developed. Although
various successful applications of the Fenton process have been reported in the scientific literature, its implementation in WWTP is
limited and warrants further study, especially considering that 3.6 million portable sanitation units are used globally in areas without
fixed sanitation facilities. Furthermore, optimization approaches using response surface methodology to reduce phenol or COD con-
centrations in WWTPs under real conditions are also limited.

Therefore, in the present study, homogeneous PF was evaluated as a treatment method to remove organic matter (OM) in terms of
COD, BODs5 and phenols in a WWPT generated in a developing country like Colombia, particularly in the city of Aguachica, Cesar. To
achieve this objective, analyses of the physical and chemical parameters of the untreated and treated WWPT were carried out, and the
interaction between H202 concentration and pH was analyzed to determine the optimal PF operating condition. For this purpose, the
response surface optimization methodology is used to define regions where COD and phenol removal is promoted and the best
operating conditions for the WWPT analyzed.

2. Materials and methods
2.1. Characterization of wastewater from portable toilets

The WWPT studied was supplied by a company in the municipality of Aguachica (Colombia), dedicated to the rental of mobile
sanitation units and the collection of waste generated during events or constructions in the city. Once the water has been collected from
the toilets, it is transported by truck to the municipal wastewater treatment plant for treatment and subsequent discharge into the
stream known as “El Cristo”. It is known that each of the company’s portable toilets has a maximum capacity of 300 L and can produce
between 240 and 480 L of wastewater per week. However, the amount of wastewater is subject to uncontrollable variables such as: i)
the number of personnel using the toilet and ii) the frequency with which they go to the toilet. It is important to note that the number of
toilets varies depending on the activity performed at the site where they are located.

The sampling site was located at coordinates 8°18'18.56"N and 73°35'54.19.19"W (Fig. 1). A grab sample of 24.5 L was collected
from mobile toilets through a gate valve connected to the WWTP transport vehicle, using a polyethylene container (Fig. 1-
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Fig. 1. Map of Colombia. Zoom: Map of the department of Cesar, municipality of Aguachica, sampling site.
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Supplementary). The sampling was conducted before the portable toilet company delivered the WWTP to the municipal treatment
plant, so no pretreatment was applied. In-situ measurements of pH, electric conductivity, color, and turbidity parameters were made at
the site. A 4.0 L sample was analyzed for BODs, COD, and phenols, and in 1.5 L a sample of residual water was taken to measure the
concentrations of sulfates, chlorides and total alkalinity. The same time the point sample was taken, it was transported to the labo-
ratory of the Universidad Popular del Cesar-Aguachica section where it was filtered through a 15 cm diameter sieve to remove larger
suspended solids. Finally, the sample was kept at a temperature below 10 °C. The selected parameters were used because they are
required by the country’s dumping regulations (Resolution 631 of 2015).

2.2. Setup and experimental design

Fig. 2 corresponds to the stages developed during the experiments carried out to identify the effect of Photo-Fenton on the removal
of chemical oxygen demand and phenols present in portable toilet wastewater.

The experiments were carried out in a batch reactor (Fig. 3) with a treatment capacity of 0.50 L, equipped with a Puriplus lamp
22.50 cm long and 16 mm in diameter, with a UV-C radiation power of 6 Watts and a wavelength between 200 and 295 nm. In
conjunction, a TECNAL model TE-0854 magnetic stirring plate was used to keep the wastewater in motion for 240 min. To adjust the
pH of the raw WWPT to the established experimental conditions, 37 % hydrochloric acid (HCI) was used. In addition, to generate the
«OH, isolved Fe?* was used as a catalyst to decompose H204 30 % as an oxidant.

The 2 central composite design (CCD) was performed using Minitab® 21.4.2.0 software, considering H,0, and pH as study factors.
The factors and ranges evaluated were selected because they were the most reported for wastewater treatment. Each factor had six
levels corresponding to 0.019, 25.56, 40.67, 87.24,148.91,174.45 g L~! for H,0, concentration and 2.80, 3.00, 3.27, 4.40, 5.53, 6.00
for pH. In total, there were nine treatments consisting of one central point with five replicates (R) and eight triplicate axial points with
H,0, dosages ranging from 0.019 to 174.45 g L™! and pH values ranging from 2.80 to 6.00 UNT (Table 1). In addition, two other axial
points were included, one without pH control or H,O5 dosage, where only Fe?' was added, and the other where the wastewater was
exposed to UV radiation only. As constant operating parameters of the process, a Fe?t dosage of 1.79 g L™! and a reactor with a
capacity of 0.50 L of wastewater exposed to a UV-C radiation power of 6 Watts during a reaction time of 240 min were set. The
reduction in COD concentration and sludge production in each experiment were set as response variables.

2.3. Analytical methods

The parameters were analyzed following the Standard Methods for examination of water and wastewater. Total Alkalinity,
Chlorides and Sulfates were determined using the Methods/References: Potentiometer/2320 B, Argentometric/4500-C- B and
Turbidimetric/4500-SO3 2 E, respectively. The pH was determined by Electrometric method/4500-H* B (pHmeter: HI98191) in 38
samples of 0.50 L before and after PF. The Electrical Conductivity/2510 A of the same extracts was determined with an EC and TDS
DiST® 4 HI98304 m. Turbidity was analyzed using the Nephelometric method/2130 B with an HI98703 Turbidity Meter and Color was
measured by Spectrophotometric method/2120C with an HI83399 Multiparametric Spectrophotometer. COD was measured Spec-
trophotometrically/5220 B on 35 samples after PF treatment using an HI839800 Thermoreactor and an HI83399 Multiparametric
Spectrophotometer. Sludge drying was performed after PF at a temperature of 105 °C in a WINCON W-20 oven. The parameters of the
replicates of each treatment were averaged (X) and the standard deviation (S) was calculated. Phenols were determined in the final
effluent treated with optimum pH and H2O» dosage, using the Distillation method/5530 B, D; likewise, BODs and COD were calculated
using the incubation method 5 days Optical Electrode/5210 B/4500-OH and Volumetric Closed Reflux/5220C. In addition, the
maximum allowable limits according to Colombian regulations (Resolution 0631 of 2015) for parameters such as BODs, COD and
phenols were considered to verify the compliance with the parameters analyzed in the WWPT before and after PF treatment. Equation

In-situ
measurements
Point sample parameters
collection (24.5 (pH, electric
L) conductivity,
color, and
turbidity)

Measurement

electric

using RSM with
Minitab®
214.2.0 (COD
and sludge
production)

Fig. 2. Diagram of the experimental stages of the research.
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Fig. 3. Schematic diagram of the photoreactor: 1) photoreactor frame 2) magnetic stirring plate 3) beaker 4) wastewater 5) magnetic stirring bar 6)
ultraviolet lamp.

Table 1

Experimental design.
Treatment Natural variables Coded variables

pH H>0; dosage (g LY X; Xs

T1 3.27 25.56 1 1
To 4.40 0.019 -1 1
Ts 4.40 174.45 -1 1
T4 3.27 148.91 1 1
Ts 3.00 40.67 0 0
Te 5.53 148.91 1 1
T 5.53 25.56 1 1
Tg 6.00 87.24 -1 1
To 2.80 87.24 -1 1
T1o No pH control No dosage control - -
T11 No pH control No dosage control - -

(6) was used to calculate the percentage removal of phenols, COD and BODs.

%Removal = (C; — C; / C;) * 100 Equation 6

Where C; y Cy are the initial and final concentrations of phenols (mg L’l), COD (mg O, LY y BODs (mg O, L~1) before and after PF
treatment.

2.4. Optimization of experimental conditions

The experimental data were used to determine the optimal operating conditions by RSM using Minitab® 21.4.2.0 software. For this
purpose, the COD (mg O, L) and sludge production (g L) response variable data were fitted to an empirical statistical model with
the general form presented in Equation (7). Additionally, the best response was found for electrical conductivity, color and turbidity;
however, the effect of the independent variables on these parameters was not taken into account in the last tests, since the Colombian
wastewater discharge regulations do not require them as control or quality parameters. The mathematical model was represented by a
three-dimensional surface and contour plot developed in Matlab® to show the relationship between the studied factors and each
response variable.

k k k .
Y=p4,+ Zj/)’jqj + Zj /;jqu + Z Zi<jﬁijqiqj + e Equation 7

Where Y corresponds to the response variable (COD and sludge), f, is a coefficient, f; and f; are linear coefficients, f; represents the
interactive effect of the study factors g; and gj;, k is the number of independent variables, and ¢ is the experimental error. For the
response surfaces, a high coefficient of determination (R? greater than 0.80) and a low root mean square error (RMSE) were considered
as performance metrics to determine the robustness of the model and its predictive ability, respectively [37]. This allowed the
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theoretical definition of the best operating conditions, considering the Colombian regulations.

After using the RSM to determine the optimum operating condition, a new test was conducted with three replicates to validate the
predicted results. Analysis of BODs, COD and phenols was performed on a composite sample formed by the combination of the effluent
from the three replicates, while pH, conductivity, color, turbidity and amount of sludge were measured on each sample and the results
averaged.

2.5. Photo-fenton operating cost

The operating cost of the PF treatment was estimated in US$ per liter of treated wastewater, considering only the costs related to the
acquisition of inputs and electricity according to the Colombian context. The prices used were: for hydrogen peroxide (US$ 3.86 per L
H,03 30 % v/v), iron sulfate heptahydrate (US$ 4.1 per kg Fe3SO4-7H20), hydrochloric acid (US$ 79.04 per L HCL 37 % v/v) and
electrical energy (US$ 0.07 per kWh). The costs were made to treat approximately 300 L, which corresponds to what the company that
manages the portable toilets collects in a week. The cost methodology applied was carried out according to what was suggested by
Trigueros et al. [38].

3. Results and discussion
3.1. Raw WWPT characteristics

Table 2 shows the physical and chemical characteristics of the untreated WWPT and the measured In-situ parameters. From the
characterization the BODs was found in the range of 500-3000 mg O, L™}, which classifies the water as highly polluted, and the COD
was in the typical values for an industrial wastewater, between 2000 and 5000 mg O, L™! [39]. The discharge of this untreated
wastewater into a receiving water body would result in the depletion of oxygen used by microorganisms to oxidize biodegradable
organic matter, which in turn would affect the supply of oxygen necessary for the development of aquatic fauna and flora, leading to
their disappearance and ultimately to the eutrophication of the receiving water body due to organic matter inputs [40].

The concentration of COD and BODs in untreated wastewater exceeded the limits established by Resolution 631 of 2015 for public
sewerage service providers, with values for COD (150 mg O, L~!) and BODs (90 mg Oy L™H. Similarly, for industrial, commercial or
other service activities, with limits for COD of 50 mg O, L™}, BODs of 50 mg Oy L™ and phenols of 0.20 mg L™1. Total phenols also
exceeded the concentration of 0.20 mg L™! established for mining, hydrocarbon, manufacturing and production of goods and activities
associated with services. This indicates that the untreated WWPT does not meet the requirements for discharge to surface water bodies
or public sewers. If this were to occur, water quality would be adversely affected, particularly by chemical compounds such as phenols,
which cause problems such as suffocation, gill necrosis, and slime production in aquatic animals such as fish, and interfere with the
endocrine system, disrupting the oxidative phosphorylation reaction and ATP production [41]. Especially considering that phenols in
wastewater in this study had a concentration of 9.2 mg L™} and concentrations above 5 mg L™} can damage cells [42].

The presence of inorganic anions such as chloride (C17) and sulfate (SO?“) ions could have an individual or combined effect on the
degradation of the contaminants, thus affecting the efficiency of the PF process [43,44]. Especially because of the significant chloride
concentration of 716 mg ClI~ L™!. Chloride ions generate radicals (Cl') less reactive than ¢OH and other radicals such as HCIOH',
CIOH ™, Cl; (Equations (10)-(13)), which complement the oxidation of the contaminant molecules [40,41]. However, these ions also
react with Fe3* to form Fe(Cl)2+ (Equation (8) and 9), a complex that affects the distribution and reactivity of iron ions, such as their
concentration [43,44].

Fe** +Cl — Fe(Cl)** Equation 8
Fe(Cl)*" +hv — Fe** + CI Equation 9
Cl +H'-Cl Equation 10
Table 2
Raw wastewater characteristics.
Parameter Result
BODs (mg O, L™ 1) 1957
COD (mg 0, L) 3660
Total phenolic content (mg L™1) 9.24
Total alkalinity (mg CaCO5 L™") 1596
Chlorides (mg C1~ LY 716
Sulfates mg SO3~ L™} <10
pH 8.41
Electrical conductivity (mS cm™Y) 10.48
Color (PCU) 4910
Turbidity (NTU) 195
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Equation 11
Equation 12

Equation 13

The same occurs with sulfate ions, which form a sulfate (SO;{) radical upon exposure to UV light (Equation (14)) [43,44]. The
sulfate radical is an oxidizing species with a higher redox potential at neutral pH (2.5-3.1 V) compared to ¢OH (1.8-2.7 V), which
contributes to the reaction mechanism of pollutant degradation [43,44]. In addition, the sulfate anion can react with a hydrogen and a
*OH to form SO, ", which reacts with a water molecule and H,0; to form «OH and HO}, (Equations (15)—(18)) [43,44]. Other chemical
reactions also occur (Equations (19)-(22)) [43,44]. However, it is possible that because of the low sulfate concentration found (<10
mg SO4 LY, few such radicals were generated, with a low contribution to the efficiency of the PF process.

FeSO; +hv— Fe** + SO,

H' +S0¥ - HSO;

HSO, + ¢ OH— SO; + H,0

SO; +H,0— H*+S03™ + «OH

Table 3
WWPT characteristics after PF for the different treatments.

Treatment Parameter X+S

T; pH 2.43 £ 0.16
Electrical conductivity (mS cm™) 18.17 + 0.79
Color (PCU) 18680 + 178
Turbidity (NTU) 6.14 £+ 3.85

T, pH 3.82 + 0.48
Electrical conductivity (mS em™Y) 16.37 £+ 1.02
Color (PCU) 1398 + 707
Turbidity (NTU) 36.17 + 28.4

Ty pH 2.79 + 0.14
Electrical conductivity (mS cm D) 15.17 4+ 0.25
Color (PCU) 11796 + 8582
Turbidity (NTU) 1.37 £ 0.87

Ty pH 2.08 + 0.08
Electrical conductivity (mS cm™') 18.42 + 2.74
Color (PCU) 6056 + 7410
Turbidity (NTU) 3.35 £ 0.62

Ts pH 2.24 £+ 0.062
Electrical conductivity (mS cm™!) 16.30 + 0.21
Color (PCU) 15872 + 3052
Turbidity (NTU) 3.05 £ 1.63

Te pH 2.65 + 0.09
Electrical conductivity (mS cm™!) 14.70 + 0.20
Color (PCU) 4900 + 127
Turbidity (NTU) 1.37 £ 0.58

T, pH 2.62 + 0.03
Electrical conductivity (mS em™Y) 15.76 £+ 0.47
Color (PCU) 7190 + 3346
Turbidity (NTU) 4.31 £1.92

Tg pH 4.59 + 0.86
Electrical conductivity (mS cm™1) 13.43 £ 0.21
Color (PCU) 848 + 661
Turbidity (NTU) 21.63 £ 17

To pH 2.39 £ 0.02
Electrical conductivity (mS cm™1) 16.20 + 0.08
Color (PCU) 13490 + 1260
Turbidity (NTU) 3.77 £ 2.21

Tyo pH 7.73 £ 0.15
Electrical conductivity (mS cm™) 11.57 + 0.38
Color (PCU) 2663 + 850
Turbidity (NTU) 186 + 61.9

T pH 8.25 + 0.02
Electrical conductivity (mS cm™!) 9.54 + 0.24
Color (PCU) 3440 + 108
Turbidity (NTU) 28.10 + 1.13

Equation 14
Equation 15
Equation 16

Equation 17
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SO; +H,0, - H" +S0> + HO; Equation 18
SO, +20H, — 4H" +S0O; + O, Equation 19
SO, +S0; - S,05” Equation 20
Fe** + SO, — Fe** 4+ 502~ Equation 21
SO? +Cl” - SO, +CI- Equation 22

On the contrary, a significant number of chlorinated radicals and surfactants can reduce and eliminate eOH generated during PF
reactions [43,44]. In addition, C1™~ and SO?{ ions cause the pH of the wastewater to decrease during PF [43,44]. It should be noted that
no studies were found that analyzed the effect of alkalinity in the treatment of real or synthetic wastewater by PF, since this parameter
usually has a greater impact on biological treatments. A high alkalinity was obtained with a value of 1596 mg of CaCO3 L™}, indicating
a good capacity of the WWPT to neutralize acids, as well as the presence of basic substances characterized by ions such as OH~, CO%™
and HCO; [45]. Although the biodegradability index (BODs/COD) of 0.53 in the untreated WWPT indicates that biodegradation of
organic matter is possible prior to physicochemical treatment [3], the presence of phenols highlights the need for their degradation by
PF treatment. This is because the biological toxicity and chemical stability of phenolic substances inhibit the biodegradation, growth
and reproduction of microorganisms [7]. In addition, a higher efficiency of AOPs compared to biological methods has been reported for
the degradation of refractory contaminants [46].

3.2. WWPT characteristics treated with PF

A decrease in pH and an increase in conductivity of the effluent were observed, as shown in Table 3. These changes can be
attributed to the fact that Fe?* is an oxysalt, resulting in the release of salt ions and acids during its reaction. In addition, it is possible
that both Fe?" and Fe>" reacted with chemical compounds present in the WWPT to form acids that contributed to the pH decrease. It
was also possible that the pH was lowered by the effect of hydrogen ions (H") formed during the PF process [9]. Although various
chemicals are available to correct water acidity, sodium bicarbonate could be used to increase the pH of the WWPT. This substance
tends to be a widely applied option to ensure buffer capacity in wastewater because of its cost, availability, and effectiveness.

There was a minimum average increase in conductivity from 13.43 mS cm ™! to a maximum of 18.42 mS cm ™! at Tg and T4. The pH
was the factor with the greatest influence on the conductivity result, with a p-value of less than 0.05. As shown in T4 and Tg with the
same dosage of HyO of 148.91 g L ™! and pH of 3.37 and 5.53 UNT. The same behavior was shown in Tg and To using 87.24 g L™! of

Conductivity(mS/cm)

45 N R I
— d

20
H,0, (gL}

pH {units)

Fig. 4. Response Surface and Contour Plot for Conductivity (mS cm™Y): Effect of pH and H,0,, at a Fe?' concentration of 1.79 g L%, a UV-C
irradiance of 6 Watts and a reaction time of 240 min.
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H50, with pH of 6.00 and 2.80 UNT, and in T; and Ty. The best relationship between the factors studied and the final conductivity of
the effluents treated with PF was found with a linear least squares model, as shown in Fig. 4.

A color reduction of less than 4910 PCU was obtained with 0.019, 87.24, and 148.91 g L' H,0, in the presence of 4.40, 6.00, and
5.53 UNT pH. While the color increased when the pH of the wastewater was conditioned below 4.40 UNT. There was a minimum color
peak of 705 PCU and a maximum of 19920 PCU, as shown in Fig. 5, with pH being the most significant operating variable in the color
changes, with a p-value of 0.001 in a linear plus interaction model. Colors ranging from green to various shades of yellow and orange
were present in the PF-treated water (Fig. 2-Supplementary) after 1 h of treatment. This phenomenon was also reflected in the color of
the settled sludge at the end of the process. These color changes indicate that the present pollutants were removed from the wastewater
due to the decomposition of HyO; by iron ions (Equations (1) and (2)) [28].

On the other hand, it is inferred that iron concentration has a strong effect on color removal and the orange color is attributed to the
turbidity of iron ions in the effluent [19]. It was also observed that the effluent maintained a dark brown color after the addition of
H50,, which became lighter as the treatment time progressed (Fig. 3-Supplementary). It has been mentioned that this color is caused
by the production of hydroquinone as an intermediate in the degradation of phenol, as well as the formation of carboxylic acids [9]. It
is also important to note that the iron ions acted as coagulants by forming flocs among the sedimented pollutants, which allowed the
reduction of suspended and dissolved solids, which in turn contributed significantly to the reduction of turbidity in the final effluent.
The decrease in turbidity is also associated with the precipitation of ferric ions and ferric hydroxides formed in solution and degraded
pollutants [47]. The turbidity of the treated water decreased with the increase in HoO5 concentration, which increased the availability
of hydroxyl radicals to degrade the untreated WWPT particles and the intermediates formed. As observed when comparing T, and T3
with a decrease of 81.54 % and 99.3 % at pH 4.40 UNT, T; and T4 with 96.86 % and 98.28 % reduction at pH 3.27 UNT, and T and T
with a turbidity reduction of 97.8 % and 99.29 % at pH 5.53 UNT. There was an increase in turbidity reduction at pH greater than 4.40
UNT. Turbidity removal had an optimal stable behavior with the experimental conditions used (Fig. 6), where Hy05 was the most
influential factor with a p-value of 0.027.

3.3. Effect of pH and H202 dosage on COD removal

The variation of pH unit and HyO, dosage showed a significant effect on the removal of COD from WWPT, achieving a reduction of
this response variable in different percentages, as detailed in Table 4. A higher average removal efficiency of 82.10 % was obtained
with a pH of 5.53 UNT and an H,0, dosage of 148.91 g L™, as well as an average removal of 81.34 % with a pH of 4.40 UNT and
174.45 g L™! Hy0,. On the other hand, by maintaining the previous pH values and reducing the dosage of Hy05, a decrease in COD
removal efficiency was observed, specifically at a pH of 4.40 UNT and 0.019 g L™! H,0,, with a minimum average removal of 41.33 %.
Therefore, an increase in the dose of HoOy improved COD removal. These results indicate a higher oxidation potential of ¢OH in this
type of wastewater, above the optimum pH of 2.80 suggested in the literature [11,19,27]. However, the efficiency of PF in wastewater

x10*

Color (PCU)

05

> T20
» - - H,0, (g/L)
pH (units) 6

Fig. 5. Response Surface and Contour Plot for Color (PCU): Effect of pH and H20,, at a Fe?* concentration of 1.79 g L', a UV-C irradiance of 6 W
and a reaction time of 240 min.
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Fig. 6. Response Surface and Contour Plot for Turbidity (%): Effect of pH and H,O,, at a Fe?* concentration of 1.79 g L%, a UV-C irradiance of 6 W
and a reaction time of 240 min.

Table 4

COD removal (mg O, L~1) in WWPT after PF.
Treatment Initial value X+S %RCOD"
T 3660 1208 + 116 66.10
To 3660 2147 + 47 41.33
Ts 3660 683 + 159 81.34
Ty 3660 1014 + 237 72.27
Ts 3660 823 + 48 77.49
Te 3660 655 + 14 82.10
T, 3660 784 + 53 78.56
Tg 3660 883 + 275 75.85
To 3660 725 + 80 80.17
Tio 3660 1393 + 678 61.93
T11 3660 1252 + 37 65.79

@ COD Removal Percentage.

treatment at neutral pH without iron complexing agents has also been studied, showing good performance [48,49]. On the other hand,
to avoid a decrease in PF efficiency due to iron precipitation under alkaline conditions, it has been recommended to use natural or
chemical chelating agents that keep iron soluble and allow the Fenton reaction to take place at neutral or near-neutral pH [23,50,51].
Likewise, it has been mentioned that quinone derived from phenolic compounds from industrial wastewater can act as a chelating
agent, allowing the Fenton reaction to take place at a high pH range [52].

It was found that the effect of pH and H20, dosage on COD removal followed a first order predictive model (Equation (23)).
According to the regression analysis performed, the model explains the interaction between the independent variables and the
response variable with a p-value of 0.024. The factor [H,0,] was the most significant factor in the reduction of COD within the 95 %
confidence interval, with a p-value of 0.003. However, the interaction of pH and pH-[H205] had a low significance with a p-value
greater than 0.05. The significant effect of Ho O, on COD removal is because this reagent is the main source to produce the ¢OH and also
because it is an oxidant with a potential of 1.78 V [24,34].

%RCOD =0.761 — 0.027 pH — 0.00088 H,0, + 0.00096 pH * H,0O, Equation 23

The %RCOD reached its maximum value, 84.75 %, when a pH of 4.40 UNT and 174.45 g L1 of Hy0, were used. The optimum
range to obtain COD removals higher than 80 % is at a pH higher than 4.40 UNT together with a dosage of HoO5 higher than 87.24 g
L1 (Fig. 7).

It was observed that the increase in HoO5 dosage did not negatively affect the treatment efficiency. Therefore, the maximum
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concentration of this reagent remained within the optimal range, as a concentration above its limit leads to the consumption of ¢OH
and triggers secondary reactions. This results in the formation of HO3 with a lower oxidative capacity of the contaminants (Equations
(26) and (29)), which would result in a decrease in the efficiency of the process [10,26]. The same principle applies to the iron ion
concentration (Equation (30)) [53], which remained stable. Therefore, an excess of the two reagents can induce low pollutant
degradation efficiency, increase sludge formation, and raise COD in the effluent [28].

The efficiency of the process was enhanced by the absorption of UV radiation by H,O2 molecules at wavelengths shorter than 300
nm, which resulted in the production of ¢OH [54]. Additionally, the recovery of ferrous ions at wavelengths ranging from 250 to 400
nm contributed to the overall process [55]. The decomposition of hydrogen peroxide by ultraviolet radiation occurs in a series of
phases. In the initial phase, the ionized form of hydrogen peroxide (HO3) decomposes to produce a ¢OH and an anion radical (Os),
which generates another radical upon reaction with water (Equations (24) and (25)). The second phase is the propagation phase
(Equations (26) and (27)), followed by the final phase involving the recombination of ¢OH (Equations (28) and (29)) [18].

HO, +hv — ¢ OH + Oe Equation 24
Oe +H,O— ¢ OH+ OH™ Equation 25
H,0,+ ¢ OH — HO; + H,0 Equation 26
HO; +H,0, — H,0+ 0, + «OH Equation 27
eOH+ ¢ OH — H,0, Equation 28
HO; + ¢ OH — H,0 + O, Equation 29
Fe** + e« OH — Fe*" + HO™ Equation 30

The concentration of 1.79 g L™ de Fe>" in combination with UV radiation and in the absence of H,0, at an average pH of 8.14 UNT
was found to reduce COD by 61.93 % (T1¢); there was also a removal when only UV radiation was used. This is due to the coagulating
power of the iron ions, and the direct chemical reaction of the UV radiation with the molecules present in the WWPT. The adsorption of
UV energy by the molecules results in their breakdown into intermediates and total mineralization [24]. However, the type of pollutant
and wavelength influence the process because pollutants absorb UV radiation differently and some are photostable [56]. In addition,
when UV radiation reduces the size of molecules it is easier to degrade them by eOHs. UV photons also transmit energy to water
molecules, breaking them apart and increasing the number of ¢OH available to react with contaminants, as presented in Equation (31)
[22,24].

- 140

110

RCOD (%)

100

90

80

70

60

pH (units) H202 (a/L)

Fig. 7. Response surface and contour plot for %RCOD: Effect of pH and H05, at a Fe?* concentration of 1.79 g L™}, UV-C irradiance of 6 W and 240
min of reaction.
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H,O+hv - H + ¢OH Equation 31

On the other hand, the removal of COD was not affected by the presence of ClI~ and SO~ in the WWPT. The reduction in COD is
ultimately attributed to hydroxyl radicals and hydroperoxides formed during the Fenton reaction (Equations (1) and (2)) [26]. The
radicals decompose organic substrates (RH) by subtracting hydrogen, transferring electrons, and forming a double bond (C=C) with
the organic molecules (Equations (32)—(34)) [21]. The reduction in COD is also attributed to the mineralization of phenols by hydroxyl
radicals (¢OH), which initiates the first redox reaction. This process results in the formation of benzoquinone and hydroquinone. The
oxidative opening of the six rings produces low molecular weight carboxylic acids, such as maleic, oxalic, and formic acids [9,17].
These acids may contribute to a decrease in pH, as evidenced in this study. Direct photolysis of the pollutants also improves the COD of
the effluent. Furthermore, the hydroxyl radical (¢OH) formed by the photodecomposition of hydrogen peroxide (Equation (9)) and
photosensitization of ferrous and ferric complexes (Equations (5) and (35)) reduces the organic matter content, resulting in enhanced
efficiency of the treatment system [24,26,27].

RH+ ¢OH — Re +H,0 Equation 32
Re +Fe** - R* + Fe** Equation 33
R" +H,0— ROH + H* Equation 34
Fe** +H,O+hv— Fe*" + H" + «OH Equation 35

Although the effect of Fe?™ was not analyzed, the concentration used had a significant contribution in the production of ¢OH, which
is a key factor in the reduction of COD as pointed out by Ref. [9].

3.4. Effect of pH and H202 dosage on sludge production

The combinations of pH and H20; evaluated in the experiments resulted in the precipitation of particles expressed as settleable
solids and then as sludge, as detailed in Table 5. A minimum average sludge production of 2.09 g L ™! was observed when using pH 3.27
and 4.40 UNT together with H,0, doses of 148.91 and 174.45 g L™}, respectively. In contrast, a higher sludge production of 2.86 g L ™!
was recorded when using a pH of 6.00 UNT and Hy0, dosage of 87.24 g L1, The deviation results indicate that there were no sig-
nificant variations in sludge production when the Fe?* dosage was kept constant, with minimal differences ranging from 0.03 g L™ to
0.21 g L ™! compared to the mean.

The formation of sludge in wastewater treatment with iron ions is directly related to the oxidation of Fe>* to Fe>* under pH
conditions higher than 2.80 UNT, which deactivates the catalytic capacity of Fe3* [27]. The above triggers a series of hydrolysis
reactions and the formation of chemical complexes (Equations (36)-(39)), which are unable to participate in the Fenton reaction [52].
These reactions are dominated by ionic species such as Fe3+, Fe(OH)2+, Fez(OH)‘}*, Fe(OH),, Fe(OH)3, Fe(OH)4 and Fe(OH)g’, which
favor the partial coagulation of macromolecules present in the wastewater [57]. In particular, ferrous (Fe(OH),) and ferric (Fe(OH)3)
hydroxides play a crucial role in the coagulation-flocculation process due to their higher charge density compared to the other iron(II)
species [28,58]. Precipitated iron does not react with HyO5, nor is Equation (5) carried out, and Fe(OH)3 decomposes H0» into water
and oxygen, reducing the amount of this reagent to produce ¢OH [28,51].

Fe*™ + H,O0 — Fe(OH), + H" Equation 36
Fe** + H,0+ 0, — Fe(OH), + H' Equation 37
Fe** + 2H,0 — Fe(OH); + 2H" Equation 38
2Fe’* + 2H,0 — Fe(OH)3" + 2H* Equation 39
Table 5
Sludge production (g L) in WWPT after PF.
Treatment X+S
T1 2.26 + 0.03
To 2.83 £0.20
Ts 2.09 + 0.07
Ty 2.09 + 0.06
Ts 2.66 + 0.08
Te 2.40 + 0.10
T, 2.60 + 0.14
Tg 2.86 + 0.06
To 2.29 £+ 0.21
Tio 3.11 + 0.04
T11 2.69 + 0.07
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On the other hand, the absence of H,0, produced the highest amount of sludge with a value of 3.11 g L™}, because no radicals are
generated that can mineralize the particles present in the water, favoring their accumulation. On the contrary, an increase in the dose
of Hy0 led to a decrease in the amount of sludge produced, as evidenced in Ty and T3 with a reduction of 74 %, where 0.019 and
174.45 g L~} of H,0, were used together with a pH of 4.40 UNT, an effect that was also registered between T; and T4 with a 17 %
reduction in the amount of sludge, with a pH of 3.27 UNT and doses of HyO5 of 25.56 and 148.91 g L.

The first order model (Equation (40)) describes the relationship between pH, H,O4 dosage and sludge production with a p-value of
0.003 for a linear plus interaction model. Excluding the effect of del Fe2* on sludge formation, the model shows that pH is the most
significant variable, with a p-value of 0.002 within the 95 % confidence interval. Meanwhile, HoO5 and the interaction pH-[H205] had
low significance with a p-value greater than 0.05. The major influence of pH on sludge production is due to the reciprocal relationship
between the oxidation potential of ¢OH and pH, as pH controls the chemical stability of HyO5 [28].

Sludge (g /L) = 0.208 + 0.1437 pH + 0.00725 H,0, — 0.00207 pH  H,0, Equation 40

Sludge production achieved its minimum value of 0.42 g L™! at a pH of 3.00 UNT and 40.67 g L™! Hy0,. The optimum range to
obtain a sludge production lower than 0.70 g L™! occurs at a pH higher than 3.00 UNT and an H,0, dosage higher than 25.56 g L™}
(Fig. 8).

When using a pH higher than 3.00 UNT, it is likely that species such as [(HZO)S(OH)ZTH, [(H20)7(OH)3]3+ and [(H20)7(OH)4]5+
were formed, favoring the precipitation of iron [20]. As well as the precipitation of Fe(OH)3 at pH higher than 3.05-4.00 UNT [28,55].
The above decreases the availability of Fe?* catalyst, the regenerative cycle of Fe>* to Fe?t and increases the formation of sludge [19,
28], as observed in the results obtained.

However, sludge formation also occurred at pH lower than 3.00 UNT, specifically at 2.80 UNT, which was not suggested by some
studies [22,27]. Nevertheless, it could not be confirmed whether the precipitation of iron species, especially Fe(OH)s, increases the
amount of sludge, decreases the degradation of pollutants and reduces the efficiency of the process at pH higher than 6.00 UNT, as
stated in the literature [28,58]. However, it was found that the amount of sludge was higher when combining a low dose of Hy;O, with a
pH higher than 4.40 UNT, due to the fact that the precipitation of iron species was favored in this medium, which reduced the
regeneration of Fe?*, resulting in a lower production of ¢OH radicals and a reduced efficiency in the removal of COD, as detailed in
Table 5.

Since the sludge characteristics were not determined, analyzing the physical, chemical, and biological properties of sludge from
WWTP treated with the PF is necessary. This includes macro and micronutrients, pathogens, and organic and inorganic contaminants.
Sludge composition varies with wastewater pollution load and treatment processes. Based on this analysis, it can be decided if the
sludge can be used for agricultural or forestry purposes or must be disposed of in sanitary landfills.

3.5. Optimization of pH and H202 dosage and validation of the predictive model

It was found that using a pH of 4.72 UNT and 174.45 g L7! of HyOs, i.e., a molar ratio of 0.032 Fe?t/5.13H,0, a COD removal of
84.75 % could be achieved with a desirability (d) of 1.0 and a minimum sludge production of 0.73 g L' witha (d) of 0.57 as shown in
Fig. 9.

After the validation of the composite optimization, an average sludge production of 0.73 g L™ was obtained, which met the
minimum requirement estimated by the model. In addition, a 95.49 % removal of COD was obtained, reducing it to 165 mg Oy L™
compared to the initial 3660 mg O, L™}, therefore the validation for this parameter exceeded the predicted %RCOD of 84.75 %,
confirming the validity of the predictive model and the effectiveness of the optimal treatment condition. The characteristics of the
effluent treated at the optimum conditions are presented in Table 6.

Under the same optimum operating conditions, a 97.83 % reduction in phenol concentration was achieved, from 9.24 mg L™ to less
than 0.20 mg L. Similarly, a 98.01 % removal of BODs was achieved, from 1957 mg O L™" to 38.90 mg O, L™'. This resulted in a
reduction of the biodegradability index of 0.23 compared to the untreated WWPT, which had a value of 0.53. The biodegradability
behavior is theoretically attributed to the residual presence of HyO5 in the PF-treated water at the time of COD and BOD5 analysis,
which masked the actual behavior of these two parameters [59]. This occurs because HyO5 consumes potassium dichromate, which
increases the COD value (Equation (41)) [60]. Furthermore, in his research, Gilpavas [28] increased the BOD5s/COD ratio from 0.13 to
0.54 after eliminating the HyO5 residue in the treated effluent.

3H,0, + Cr20§’ +8H'" - 30, + ZCrg + 7H,0 Equation 41

The composite optimization allowed to comply with the BODs limit concentration (90 mg Oy L™1) for public sewerage service
providers and the standards established for industrial, commercial, or service activities other than those contemplated in Chapters V
and VI with BODj limits (50 mg O, L) and phenols of 0.20 mg L™1. Also, the phenol concentration limit of 0.20 mg L™ was met for
mining, hydrocarbon, manufacturing and production of goods and service activities. On the other hand, the effluent did not meet the
limits of 150 mg Oy L™! and 50 mg Oy L™ for COD. The results obtained in this study demonstrate the effectiveness of PF in the
reduction of COD, elimination of phenols and significant removal of BODs from WWPT. However, a typical characteristic of homo-
geneous PF, sludge formation, caused by coagulation of pollutant molecules and precipitation of iron ions and their species, was
present [15].

On the other hand, it was identified that the cost of wastewater treatment under optimization conditions corresponds to US$ 1.15
per liter. Although this value is lower than that reported by Poblete et al. [61] who found costs close to US$ 24 in the treatment of
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Fig. 9. Interaction plots between independent variables (pH and H,0,) and output responses.
vinasse waters which are characterized by their high phenol content. It is necessary to carry out a much more detailed economic

analysis considering operational aspects and maintenance on a larger scale. In addition, the environmental taxes that are governed in
Colombia for the discharge of wastewater must be considered.
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Table 6

Characteristics of treated WWPT using the optimal pH and H;0,

dosage.
Parameter Value
BODs (mg O, L™1) 38.90
COD (mg 0, L) 165
Total phenolic content (mg L") <0.20
pH 2.20
Electrical conductivity (mS cm ™) 13.30
Color (PCU) 4859
Turbidity (NTU) 5.48
Sludge (g L™ 1) 0.73

4. Conclusions

Under the established experimental conditions, the average COD removal varied from a minimum of 41.33 % to a maximum of
82.10 % in the different treatments. Similarly, sludge production ranged from 2.09 g L™ to 3.11 g L™!. Under optimum conditions,
with a pH of 4.72 UNT and a molar ratio of 0.032 Fe2+/5.13H202, a maximum COD removal of 95.49 %, a phenol reduction of 97.83 %
and an average sludge production of 0.73 g L™! were achieved. These results demonstrate the efficiency of the PF in both removing
organic matter and reducing the presence of phenols in the WWPT.

It was found that the dose of H;05 was the most influential factor in the reduction of COD, with better results obtained as its
concentration increased. While pH had a greater effect on sludge production when Fe>" concentration was kept constant, sludge
production increased with a low dose of HyO» in the company of a pH higher than 4.40 UNT. It was clear that by keeping the treatment
time, Fe>* dosage and UV intensity constant, the amount of hydroxyl radicals depended directly on the variation of the HO, dosage;
therefore, by increasing the amount of oxidant, the generation of radicals involved in the decomposition of the molecules also
increased. On the other hand, the presence of chlorine and sulfate anions in the WWPT did not harm the removal of COD, phenols and
BODs when using the PF. The residual fraction of organic matter in the WWPT treated under optimal conditions highlights the need to
consider PF treatment in combination with a conventional unit operation or other AOP to obtain an effluent that complies with the
COD limit concentration established in the Colombian regulatory framework.

Finally, this study shows the importance of treating wastewater from portable toilets, which are treated as if they were domestic
wastewater, however, they present emerging contaminants such as phenols that conventional treatments are not able to eliminate.
Therefore, the application of Photo-Fenton in this type of water establishes an opportunity to continue analyzing this process, little
explored in real wastewater. It is also necessary to investigate the process using indicators of sensitive organic matter such as TOC and
analyze the possible excess of iron ions in the effluent or sludge. Furthermore, in the future it is necessary to evaluate the effect of
increased exposure to UV radiation on the degradation of emerging contaminants such as phenols and sludge production.
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