
Environmental Research, Engineering and Management 2023/79/190

Optimization Applying 
Response Surface Methodology 
in the Co-treatment of Urban 
and Acid Wastewater from 
the Quiulacocha Lagoon, 
Pasco (Peru) 

EREM 79/1
Journal of Environmental Research, 
Engineering and Management
Vol. 79 / No. 1 / 2023
pp. 90–109
DOI 10.5755/j01.erem.79.1.32576

Optimization Applying Response Surface Methodology in the 
Co-treatment of Urban and Acid Wastewater from the 

Quiulacocha Lagoon, Pasco (Peru) 

Received  2022/10 Accepted after revision  2023/02

https://doi.org/10.5755/j01.erem.79.1.32576

Carmen Barreto-Pio1,*, Luigi Bravo-Toledo1, Paul Virú-Vásquez2, 
Ana Borda-Contreras1, Edgar Zarate-Sarapura3, Alex Pilco1   
1Faculty of Environmental Engineering and Natural Resources, National University of Callao, Peru
2Environmental Research and Development Area, Environmental Sciences Strategic Research Group 

(ENSCIENCE), Peru
3Faculty of Natural and Exact Sciences, National University of Callao, Peru

*Corresponding author: cebarretop@unac.edu.pe

The co-treatment of acidic water (AW) and urban wastewater (UWW) is a technique that allows mitigating the 
negative impact of AW on natural aquatic environments, which represents one of the major environmental 
problems globally. The aim of this research was to determine the optimal conditions through the response 
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surface methodology (RSM) with a central composite design (CCD) for the co-treatment of AW from the Quiu-
lacocha lagoon in Pasco and UWW from a municipality in Lima, Peru, having as factors the molar ratio of total 
iron (FeT) and total phosphorus (PT), time (min) and stirring speed (rpm). Data processing was performed using 
the Design-Expert 11 software, and analysis of variance (ANOVA) with a confidence interval of 95% (α = 0.05) 
was used. The statistical models obtained showed high determination coefficients (R²), higher than 92% for pH, 
conductivity and FeT removal. While the removal of turbidity, COD, PT and SO4

-2 obtained a value of R²>0.80, as 
well as evidenced compliance with the level of significance P value >0.05. The optimal conditions determined by 
the statistical model were given at a FeT /PT molar ratio (33:1), a stirring time of 5 min and a speed of 255 rpm. 
In these conditions, the COD was reduced by 71.78%, FeT by 99.48%, and PT by 84.29% with a residual concent-
ration of 1.3 mg/L; the pH obtained a value of 5.7 and the turbidity 56 NTU. Better efficiency of the co-treatment 
for the reduction of pollutants in the AW of the Quiulacocha lagoon is evidenced, applying an experimental 
design to optimize the operating conditions, taking into account that the molar ratio is a significant factor and 
that optimizing it would allow the co-treatment to be replicated. Co-treatment is a sustainable and promising 
alternative for the treatment of AW and UWW, since it does not require the use of chemical agents to treat wa-
ter. However, post-treatments would still be required to comply with certain regulations or to reuse the treated 
water on a larger scale.

Keywords:  co-treatment experiments, experimental design, jars test, total iron, total phosphorus.

Introduction
In Peru, the acidic water (AW) generated by mining 
tailings brings with them high concentrations of heavy 
metals that modify the balance of ecosystems and 
generate a potential health risk for humans (Zhuang 
et al., 2009). In areas surrounding the Quiulacocha la-
goon (Pasco-Junin-Peru), mining tailings have been 
deposited without any treatment, containing 50% py-
rite by weight, impacting local ecosystems (Baylón 
Coritoma et al., 2018), as well as local populations 
(Astete et al., 2009). These mining tailings have an 
extension of 114 ha, which have infiltrated the Quiula-
cocha lagoon generating AW with high concentrations 
of Fe+3 y Fe+2 (Dold et al., 2009).

Acidic water is known by having high concentrations 
of dissolved metals and it is considered one of the 
main sources of environmental pollution for water 
resources (Naidu et al., 2019). Iron is one of the main 
pollutants in AW, known by its instability and oxida-
tion (Schippers, 2007), with dangerous and toxicology 
effects on aquatic and terrestrial organisms and eco-
systems (Talukdar et al., 2016). On the other hand, ur-
ban wastewater (UWW) has microbial contaminants, 

oxyanions and nutrients (Yang et al., 2020), of which 
ammonia and phosphate are the elements of main 
ecological concern due to their ecological impact such 
as eutrophication (Mavhungu et al., 2020). A limited 
number of researches have focused on the co-treat-
ment of AW and UWW (Carneiro Brandão et al., 2020; 
Edzai et al., 2020; Silva et al., 2021).

The co-treatment implies the use of elements in AW 
(Fe+3 y Al+3) and divalent chemicals (Mg+2, Ca+2 and 
Mn+2) that have a high affinity for the phosphorus be-
ing in the UWW, promoting precipitation (Masindi et 
al., 2022). However, as highlighted by Ruihua et al. 
(2011), water from the interaction product of AW and 
UWW concentrations may achieve synergistic effects. 

Also, the research carried out by Masindi et al. (2022) 
shows that Al and Fe precipitate as (oxy)-hydroxides 
of iron and aluminum, while phosphates are eliminat-
ed as mineral phases of Pb, Mn, Al and Fe. The sewage 
sludge generated in the co-treatment was dominated 
by Fe and P as the main elements, confirming that the 
interaction of AW with UWW can lead to the removal 
of pollutants from both wastewater streams.
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The co-treatment of AW with UWW is a promising al-
ternative that allows two types of wastewater to be 
treated through a single system,  avoiding the use of 
chemical agents for the neutralization of AW and iron 
removal, reflecting in a reduction of sludge, operation 
and maintenance costs (Johnson and Younger, 2006), 
as well as the reduction of the area of land required 
for the treatment of both types of water through 
separate lines; considering this alternative a type of 
sustainable treatment (Muga and Mihelcic, 2008). 
Nevertheless, Masindi et al. (2022) recommends its 
application as a pretreatment technique due to its fea-
sibility of co-treating AW with UWW on an industrial 
scale. However, the optimization of the co-treatment 
of these two types of wastewater would increase the 
efficiency as a pretreatment (Masindi et al., 2022), be-
ing necessary to improve the operating conditions of 
the different parameters that have a significant effect 
on the co-treatment (Ruihua et al., 2011), such as the 
initial concentrations of iron and phosphorus pre-
sent in the wastewater, volume ratios, contact time, 
stirring speed, sedimentation and pH (Masindi et al., 
2022). Researchers have reported that optimization 
models have experimental advantages to improve 
operating conditions and the analysis of different pro-
cesses. (Calabi-Floody et al., 2019; Huzir et al., 2019).

Response surface methodology (RSM) is used for 
cross-factor interaction analysis to achieve optimal 
responses using the minimum number of experi-
ments (Montgomery, 2017; Panić et al., 2015). One of 
the widely applied response surface methods is the 
composite central design (CCD). In this context, this 
research applied CCD to model the relationship be-
tween three independent study variables (Fe/P molar 
ratio, stirring time, stirring speed) and dependent or 
response variables (pH, conductivity, turbidity, re-
moval of chemical oxygen demand (COD), FeT, PT y 
SO4

-2. In this sense, the objective of this study was to 
optimize the co-treatment of UWW and AW from the 
Quiulacocha lagoon through the CCD methodology.

Methods
Research area 

The research area corresponds to the AW coming 
from the Quiulacocha lagoon (Pasco-Junin-Peru), 

the place where mining tailings have been deposited 
without any treatment, with a high content of pyrite, 
that infiltrates the Quiulacocha lagoon generating 
AW with a high concentration of Fe+3 y Fe+2 (Dold et 
al., 2009). In Fig. 1, the Quiulacocha lagoon location 
(359778.00 E; 8816825.00 S) and the UWW treatment 
plant (277345.05 E, 8675960.0 S) are shown.

Sample collection

The AW samples were collected from the Quiula-
cocha lagoon, located in the Simón Bolivar district, 
Pasco province, Pasco district as shown in Fig. 1 at a 
depth of 30 cm, according to the National Protocol for 
Monitoring the Quality of Surface Water Resources 
in Peru (ANA, 2016). The samples collected from the 
AW were composite samples. UWW samples were 
collected from the equalizer tank of the wastewater 
treatment plant of the municipality of Independencia 
in Lima, Peru. The samples were collected twice a 
day to have a greater representativeness.

The UWW and AW samples were stored in 60 L 
high-density polyethylene containers at 4 °C and 
transferred to the laboratory of the Faculty of Envi-
ronmental Engineering and Natural Resources at the 
National University of Callao for co-treatment tests 
and analysis. All the analysis were done by triplicate 
(n = 3).

Selection of variables

Three parameters were conditioned as variables: the 
molar ratio (FeT:PT) (effect of the molar ratio), the stir-
ring time (effect of the contact time) and the stirring 
speed (effect of rapid mixing). The quality parameters 
of the  water treated were pH, turbidity, chemical ox-
ygen demand (COD), sulfates (SO4

-2), total iron (FeT) 
and total phosphorus (PT). The Fe/P molar ratio was 
calculated based on  the following Equation (1): 
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P

(1)

Where: MR – Molar ratio (L); [ ] – concentration; V – 
volume of the solution (L).
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Fig. 1. Location of the sampling sites of the AW and UWW

Jar test 
The co-treatment tests were carried out mixing the 
AW with the UWW at different dosages of FeT/PT molar 
ratios in a one-liter beaker, varying the mixing times 
and the stirring speed. After the mixing process, the 
samples were allowed to settle, taking the clarified 
part for the determination of the corresponding pa-
rameters. The equipment used for the experimental 

development was a jar tester (WiseStir Jar Tester 
Wisd model) equipped with six variable speed stirrers 
with an illuminator, as shown in Fig. 2. Each beaker 
was filled with 1 L according to the different dosages 
between AW and UWW.

Dosages were added according to the molar ratio 
(mmol FeT/mmol PT) in a range from 25 to 40, to each 
1 L beaker and stirred for a time range of 5 to 15 min 
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and a stirring speed of 150–300 revolutions per minu-
te (rpm). All the dispersions obtained were allowed to 
settle and the clarified samples were recovered from 
the top of the beaker for analysis. Following this, the 
clarified ones were removed for the analysis of the 
parameters: pH, conductivity (μS/cm), turbidity in 
nephelometric turbidity units (NTU), FeT (mg/L), PT 
(mg/L), COD (mg/L), and SO4

-2 (mg/L).

Fig. 2. Jar test equipment for the co-treatment of acidic water (AW) 
and urban wastewater (UWW)

Optimization design

The parameters chosen for the co-treatment of AW 
and UWW were optimized by adopting the RSM. This 
methodology is a second-order regression analysis 
used to predict the value of the dependent variables 
through the manipulation of the independent 
variables (Asaithambi et al., 2016) and the central 
composite design (CCD). The CCD is a two-level 
factorial design with (2n) factorial points, (2n) axial 
points corresponding to the highest and lowest levels 
of the factors, and center points (nC) corresponding 
to the intermediate level of the factors, where n is 
the number of factors. In this sense, the number of 
treatments (N) is calculated based on Equation 2 
(Arami-Niya et al., 2012; Khuri and Mukhopadhyay, 
2010).

N = 2n + 2n + nC (2)

Where: 2n – factorial points; 2n – axial points; nC – 
center points. 

Response surface method (RSM)

For the experimental design, the CCD was selected 
with 3 factors and 2 levels (−1 and +1), 2 replicates, 6 
axial points, 6 central points where the manipulated 
factors were the Fe/P molar ratio (X1): (effect of the 
molar ratio), the stirring time (X2): (effect of contact 
time) and the stirring speed (X3): (effect of rapid mix-
ing), as shown in Table 1. 

The response variables chosen were pH, conductivity, 
turbidity, removal of COD, FeT, SO4

-2 and PT. The values 
taken into account were chosen based on previous 
works related to co-treatment (Masindi et al., 2022; 
Ruihua et al., 2011; Spellman Jr et al., 2020).

Factor Variables
Levels

−1 0 +1

X1
Molar ratio (mmol 

Fe/mmol P)
25 32.5 40

X2 Stirring time (min) 5 10 15

X3 Stirring speed (rpm) 150 225 300

Table 1. Independent factors and their levels in the central 
composite design

Desirability function

The desirability function is a technique that determines 
the optimal conditions in a process based on the der-
ringer desirability function (Asfaram et al., 2015). The 
derringer desirability function was applied for the si-
multaneous optimization of three operating parame-
ters that influence the co-treatment of AW and UWW 
wastewater: Fe/P ratio, stirring time and stirring rate. 
The technique is applied because there are several 
factors with uncertainty and how they affect the quali-
ty of the treated water. The objective was to maximize 
the molar ratio, minimize the stirring time and stirring 
speed in the co-treatment of wastewater. The quality 
parameters of the treated water: pH, turbidity, chemi-
cal oxygen demand (COD), sulfates (SO4

-2), total Iron 
(FeT) and total phosphorus (PT).

Analytical instruments and techniques

All chemical products for the respective analyses were 
of analytical grade, being the analytical techniques 



95Environmental Research, Engineering and Management 2023/79/1

used to determine the quality parameters: pH (APHA, 
2017, OACTON PCD650); electrical conductivity (APHA, 
2017, multiparameter OACTON PCD650); turbidity 
(APHA, 2017, turbidimeter LOVIBOND T3250WL); COD 
(5220 D, closed reflux colorimetric method, colorime-
ter HACH DR900); total iron (FeT) (3500-FeB method, 
1-10-phenanthroline spectrophotometer UV); sul-
fates (SO4-2) (turbidimetric method 4500-SO4-2 E); 
total phosphorus (PT) (4500-PC vanadomolybdophos-
phoric acid colorimetric method 33, spectrophotome-
ter UV HACH DR4000). All analyses were conducted in 
triplicate (n = 3). 

Applied statistical model

For the analysis and processing of the data, the anal-
ysis of variance (ANOVA) was used (Gutiérrez and De 
la Vara, 2004). Subsequently, the efficiency of CCD 
was statistically compared using the coefficient of de-
termination (R2), the predictive correlation coefficient 
(predictive R2), and the adjusted correlation coefficient 
(adjusted R2). Equation 3 shows the second-order 
CCD model used (Hussin et al., 2019; Khuri and Muk-
hopadhyay, 2010).

[ ]

]
1

T

Fe

T

Fe

x [
WMR
PV
W

=

xb e+  2
0

1 1 1 1

k k k k

i i ij i j ii i
i =i j i

b x x
= > =

y = +b xb + +å åå å

2 22
1 2 3 1 2 1 3 2 3 1 2 3pH = 5.79 0.5379X- - 0.0146X + 0.0249X 0.016X X- - 0.0394X X 0.0- 156X X 0.104X- - 0.0661X 0.0- 22X

2 2 2
1 2 3 1 2 31 2 3 1 2 3Conductivity(uS / (cm ))2 3.82= + 0.3294X 0.+ 0538X 0.+ 021X 0.+ 0374X X 0.+ 0155X X 0.+ 0093X X - 0.005X + 0.0174X - 0.067X

2 22
1 2 3 1 2 1 3 2 3 1 2 3Turbidity(NTU ) = 43.51-15.08X + 20.7X -7.32X + 4.31X X 22.05X X- - 26.48X X 10.97- X + 24.03X - 28.4X

2 2 2
1 2 3 1 (2) 1 3 2 3 1 2 3COD(%) = 71.23 0.4158X- -0.2105X 0.4223X+ +0.2115X X 0.+ 1333X X 0.8233X X- -0.5507X +0.1897X 0.1213X

22 2
1 2 3 1 2 1 3 2 3 1 2 3FeT (%) = 99.65 0.1- 529X 0.0- 89X 0.0- 551X 0.0- 787X X 0.0- 559X X 0.0- 411X X 0.0351X 0.2- - -251X 0.0315X

22 2
1 2 3 1 2 31 2 3 1 2 3PT (%) 78.02= + 0.5581X -3.71X + 2.83X 1.84- X X 1.91X X- -0.6347X X 0.6347X+ +1.48X - 2.71X

(-2) 2 2 2
4 1 2 3 1 2 1 3 2 3 1 2 3SO (%) = 98.75 0.2233X- -0.0448X + 0.2013X 0.2099- X X 0.3512X X- - 0.01769X X 0.2598- X + 0.0339X - 0.1443X

(3)

Where:  y – the response variable; β0 – a constant co-
efficient; βj, βij, βjj – the coefficient of linear regres-
sion, quadratic regression and interaction regression, 
respectively; xi, xj – the manipulated factors; ε – the 
error. 

For the validation of the model, the analysis of the 
residues was carried out. All the assumptions were 
globally contrasted. The lack of normality of the resi-
dues indicates that the model is inappropriate or the 
existence of heteroscedasticity. To give the model ac-
ceptability of each answer, the F value and the P value 
were analyzed. The statistical tests were completed 
with the Design Expert 11 software with a degree of 
reliability of 95%. 

Results and Discussion

Characterization of the samples

The characterization of the samples included the 
evaluation of the following parameters: pH; electrical 
conductivity; turbidity; COD; total iron, sulfates and to-
tal phosphorus, as shown in Table 2.

Parameter Unit AW UWW

pH pH units 1.83 ± 0.24 6.86 ± 0.37

Electrical 
conductivity

μS/cm 1 625.00 ± 145.23 1 461.00 ± 52.3

Turbidity NTU 23.07 ± 4.6 52.00 ± 23.91

Chemical 
oxygen 
demand

mg/L 530.00 ± 46.7 240.50 ±35.7

Total iron 
(FeT)

mg/L 1 545.35 ± 120.3 0.898 ± 0.31

Sulphates 
(SO4

-2)
mg/L 6 260.60 ± 1 517.5 143.30 ± 48.9

Total 
phosphorus 
(PT)

mg/L  8.287 ± 2.36

Table 2. Physicochemical characteristics of acidic water (AW) and 
urban wastewater (UWW)

All the samples were analyzed in triplicate (n = 3)

Factors that affect the co-treatment 
of wastewater

Table 3 and Table 4  show the results of the central 
composite design (CCD), from which the removal 
response values can be observed: COD (mg/L) from 
68.3% (223 mg/L) to 73.04% (189.67 mg/L); total iron 
(mg FeT/L) from 98.53% (18.79 mg/L) to 99.88% (1.82 
mg/L); total phosphorus (mg PT /L) from 62.15% (1.84 
mg/L) to 89.13% (1.07 mg/L) and sulfate (mg SO4

-2/L) 
from 97.26% (715.03 mg/L) to 99.34% (124.38 mg/L), 
while the pH variability, turbidity (NTU) and conducti-
vity (mS/cm) range from 4.28 to 6.53, from 4 to 204.5 
and from 3.18 to 4.47, respectively.
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Run

A B C
Response 

COD removal FeT removal PT removal SO4
-2 removal

(mmol/
mmol)

(min) (rpm) mg/L %
(mmol/
mmol)

% (rpm) % mg/L %

1 40 15 300 211.33 ± 1.46 69.96 18.59 ± 3.46 98.81 0.21 ± 0.07 73.04 715.03 ± 59.02 97.26

2 32.5 20 225 202 ± 2.83 71.28 18.79 ± 2.32 98.53 3.519 ± 0.08 77.87 217.84 ± 56.4 98.91

3 40 5 150 211.67 ± 2.36 69.91 7.1 ± 0.32 99.54 1.012 ± 0.08 82.11 458.88 ± 64.5 98.06

4 32.5 10 225 205 ± 4.95 70.86 6.19 ± 1.03 99.6 2.251 ± 0.16 77.87 261.16 ± 15.73 98.71

5 32.5 10 225 219.67 ± 3.77 71 5.34 ± 0.15 99.65 1.425 ± 0.23 78 297.16 ± 13.04 98.55

6 32.5 10 225 218.33 ± 3.06 70.91 5.24 ± 0.24 99.66 1.189 ± 0.11 78.54 205.09 ± 6.64 98.97

7 47.5 10 225 223 ± 5.23 68.3 13.01 ± 0.9 99.16 2.28 ± 0.08 78.64 328.95 ± 58.94 97.41

8 40 5 150 209.33 ± 1.29 70.24 8.46 ± 0.08 99.45 1.749 ± 0.1 87.07 238.43 ± 45.23 98.82

9 25 5 300 200.33 ± 7.16 71.52 5.98 ± 0.11 99.61 1.189 ± 0.15 85.82 147.55 ± 14.67 99.23

10 40 15 150 217.33 ± 83.56 71.1 13.82 ± 2.31 99.11 1.572 ± 0.13 68.27 408.7 ± 10.54 98.32

11 32.5 10 375 453.67 ± 10.34 71 7.3 ± 1.05 99.53 4.198 ± 0.25 69.33 281.01 ± 10.1 98.62

12 25 15 150 189.67 ± 1.88 73.04 7.48 ± 1.03 99.52 1.454 ± 0.35 69.39 448.79 ± 11.17 98.31

13 32.5 10 225 195 ± 6.36 71.28 4.57 ± 0.42 99.7 1.189 ± 0.23 76.28 537.75 ± 27.9 98.84

14 40 15 300 235 ± 5.87 68.59 15.14 ± 0.15 99.03 0.186 ± 0.03 76.87 435.1 ± 70.57 97.92

15 40 5 300 204.33 ± 2.99 70.95 12.94 ± 2.92 99.17 2.988 ± 0.09 84.17 325.07 ± 30.64 98.42

16 32.5 10 225 199.67 ± 7.54 71.61 4.69 ± 0.03 99.7 2.162 ± 0.16 76.28 302.06 ± 41.25 98.52

17 25 15 300 218.33 ± 4.72 68.96 7.76 ± 0.98 99.5 0.51 ± 0.08 76.81 256.94 ± 15.09 98.73

18 25 15 150 195.67 ± 6.31 72.18 4.99 ± 0.18 99.68 1.1 ± 0.04 73.18 280.88 ± 17.13 98.62

19 40 5 300 201 ± 7.78 71.42 11.27 ± 0.18 99.27 1.071 ± 0.06 89.13 370.29 ± 11.18 98.22

20 17.5 10 225 217 ± 3.89 69.15 1.82 ± 0.5 99.88 1.13 ± 0.11 79.65 178.27 ± 36.59 98.09

21 25 5 300 191.67 ± 1.65 72.75 8.25 ± 2.62 99.47 1.218 ± 0.15 88.07 130.37 ± 5.82 99.31

22 32.5 0 225 196.33 ± 2.1 72.09 15.66 ± 0.14 98.99 3.431 ± 0.18 87.09 211.89 ± 9.4 98.94

23 25 15 300 205.67 ± 3.27 70.76 11.51 ± 0.77 99.26 0.746 ± 0.1 78.05 124.38 ± 52.34 99.34

24 32.5 10 225 187.67 ± 3.73 71.12 6.33 ± 0.47 99.59 1.159 ± 0.15 77.23 204.75 ± 10.01 98.97

25 25 5 150 197.67 ± 2.64 71.9 8.14 ± 1.48 99.47 1.897 ± 0.18 73.28 583.53 ± 26.54 97.33

26 40 15 150 194 ± 1.91 72.85 11.46 ± 0.86 99.26 0.776 ± 0.14 73.28 658.61 ± 78.98 97.83

27 25 5 150 195.67 ± 3.73 72.18 1.95 ± 0.05 99.87 1.366 ± 0.19 70.92 425.63 ± 14.12 97.96

28 32.5 10 75 201 ± 10.54 71.82 7.08 ± 1.01 99.54 1.838 ± 0.28 62.15 459.47 ± 25.58 97.8

Table 3. CCD results with a set of 23, (n = 2), 6 axial points and 6 central points in the removal of contaminants

A: mmol FeT /mmol PT, B: stirring time, C: stirring speed



97Environmental Research, Engineering and Management 2023/79/1

Table 4. CCD results with a set of 23, (n = 2), 6 axial points and 6 central points in the variation of physicochemical parameters

Run
A B C

Response

pH Turbidity Conductivity

(mmol/mmol) (min) (rpm) pH unit (NTU) (mS/cm)

1 40 15 300 5.03 ± 0.17 27.5 ± 1.27 4.35 ± 0.07

2 32.5 20 225 5.51 ± 0.01 193.4 ± 1.06 4 ± 0.01

3 40 5 150 5.11 ± 0.26 25.7 ± 0.4 4.06 ± 0.01

4 32.5 10 225 5.85 ± 0.33 48.7 ± 0.81 3.84 ± 0.08

5 32.5 10 225 5.85 ± 0.35 46.2 ± 0.82 3.82 ± 0.03

6 32.5 10 225 5.9 ± 0.02 54.8 ± 1.98 3.74 ± 0.04

7 47.5 10 225 4.28 ± 0.06 4 ± 0.17 4.47 ± 0.03

8 40 5 150 5.01 ± 0.04 15.1 ± 0.65 4.15 ± 0.01

9 25 5 300 6.08 ± 0.03 77.3 ± 5.35 3.55 ± 0.01

10 40 15 150 5.06 ± 0.27 116.6 ± 1.61 4.27 ± 0.01

11 32.5 10 375 5.81 ± 0.08 165.6 ± 2.05 3.91 ± 0.02

12 25 15 150 6.02 ± 0.09 110.7 ± 1.7 3.57 ± 0.02

13 32.5 10 225 5.76 ± 0.02 40 ± 1.32 3.76 ± 0.01

14 40 15 300 4.89 ± 0.01 16.2 ± 0.88 4.35 ± 0.15

15 40 5 300 5.12 ± 0.01 38.6 ± 0.58 4.19 ± 0.03 

16 32.5 10 225 5.78 ± 0.05 48.3 ± 1.08 3.88 ± 0.01

17 25 15 300 6.21 ± 0.05 94.6 ± 0.82 3.62 ± 0.02

18 25 15 150 6.06 ± 0.01 113.1 ± 4.57 3.56 ± 0.01

19 40 5 300 5.12 ± 0.01 22.2 ± 0.33 4.17 ± 0.01

20 17.5 10 225 6.53 ± 0.01 51.1 ± 2.34 3.18 ± 0.02

21 25 5 300 6.21 ± 0.22 129.1 ± 1.41 3.5 ± 0.06

22 32.5 0 225 5.6 ± 0.05 141.7 ± 3.54 3.8 ± 0.08

23 25 15 300 6.19 ± 0.01 103.9 ± 0.99 3.61 ± 0.02

24 32.5 10 225 5.67 ± 0.02 59 ± 1.56 3.91 ± 0.01

25 25 5 150 6.12 ± 0.34 37.2 ± 3.45 3.54 ± 0.01

26 40 15 150 5.16 ± 0.01 172.6 ± 2.5 4.34 ± 0.02

27 25 5 150 6.04 ± 0.01 26.3 ± 1.39 3.63 ± 0.02

28 32.5 10 75 5.65 ± 0.14 204.5 ± 4.03 4.28 ± 0.02

A: mmol FeT /mmol PT, B: stirring time, C: stirring speed
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Table 3 shows that the FeT/PT molar ratio influences 
the pH of the sample; it is shown when FeT/PT molar 
ratio increases, the pH value decreases, resulting in 
high concentrations of iron, sulfate and a high conduc-
tivity in the sample. This indicates that the pH is one of 
the variables that determine the precipitation, floccula-
tion and/or adsorption process, with a higher concen-
tration of FeT and other metallic ions present in AW at 
lower pH (Masindi et al., 2022; Ruihua et al., 2011). The 
results show that the co-treatment process achieved 
a maximum FeT removal of 99.88% (1.82 mg/L) at a 
molar ratio of 17.5 (mmol FeT/mmol PT), stirring time 
of 10 min and stirring speed of 225 rpm. This is similar 
to the results obtained in the research of Masindi et al. 
(2022), and is greater than the one obtained by Younger 
and Henderson (2014) with an 89% removal.

Fig. 3a and Fig. 3b show that the treatment achieves 
a maximum pH of 6.53 and FeT removal (> 98%), at 
a molar ratio of 17.5 (mmol FeT/mmol PT), stirring 
time of 10 min and stirring speed of 225 rpm. It can 
be seen that the lowest Fe/P molar ratio and the final 
pH increases depend on the initial concentrations of 
Fe and pH of the AW. Similarly, at pH > 5, precipita-
tion is more effective, since the phosphate species 
are found as orthophosphates and react with the 
iron, forming small colloidal particles that coagulate 
and start to precipitate, and then co-precipitate other 
complex compounds such as ferric-hydroxy phos-
phates, reflecting on a lower conductivity (3.18 mS/
cm), with respect to the values of 256 mS/cm ob-
tained by Masindi et al. (2022).

Fig. 3c illustrates that the turbidity increases slightly 
when the volumetric ratio decreases, which means 
that having lower availability of iron, the probability of 
interaction is lower between the species present in the 
wastewater, reflected in a greater turbidity. However, 
at stirring speed (> 220 rpm), the turbidity decreases 
due to a better contact between the particles that al-
lows the interaction between them. Likewise, it is ob-
served that the turbidity reached the highest efficiency 
of 22.2 NTU (57%) at a molar ratio of 40 (mmol FeT/
mmol PT), stirring time of 10 min and stirring speed of 
225 rpm (Rao et al., 1992).

Fig. 4a shows that COD removal tends to increase 
when the molar ratio decreases, increasing the vol-
ume of UWW, which promotes the increase in pH and 

the subsequent precipitation of metals, reducing the 
COD to values of 189.67 mg/L at a molar ratio of 25 
(mmol FeT/mmol PT), stirring time of 15 min and stir-
ring speed of 150 rpm, which are similar to those ob-
tained by Masindi et al. (2022).

Fig. 4b shows a high removal of FeT (> 98%) that in-
creases as the molar ratio is reduced (which translates 
into greater volumes of UWW with respect to AW), 
being indifferent to time and stirring speed. These re-
moval mechanisms depend on several factors such 
as initial concentration, metal load and average pH 
(Hughes and Gray, 2013). In the same way, Strosnider 
et al. (2011) mention that the removal of FeT is pro-
duced by the increase in pH, where the solubility of the 
metals decreases, forming small colloidal particles 
which grow and precipitate through reaction mech-
anisms with phosphate Fe(PO4).2H2O, Fe3(PO4)2, and 
Fe(OH)3, precipitate other complex compounds such 
as oxyhydrophosphate as a result of variable concen-
trations of phosphate, orthophosphate and pH, gener-
ating ions and organic phosphorus in the formed flocs, 
corroborating what Masindi et al. (2022) indicates.

Fig. 4c shows that the highest percentages of PT re-
moval happens at a higher FeT/PT molar ratio, short 
stirring time and high stirring speeds, given that with 
the greater availability of Fe+3, due to its high charge, it 
has a higher affinity with PO4

-3 to form precipitates as 
FePO4 (Dobbie et al., 2009; Masindi et al., 2022; Par-
sons and Smith, 2008; Ruihua et al., 2011). Besides, 
Johnson and Younger (2006) make reference that 
phosphate can be removed by precipitates of iron ox-
yhydroxide, as well as other phosphate salts (Alley, 
2010; Ruihua et al., 2011). For this research, it was ob-
tained a PT removal of 89.13% for a molar ratio of 40 
(Fe/P), at a stirring time of 15 min and stirring speed 
of 300 rpm. Fig. 4d shows how the removal of SO4

-2 de-
creases slightly as the molar ratio increases at stirring 
times greater than 10 min. This is explained by the fact 
that the pH of the solution is more acidic, increasing 
the solubility of sulfates and phosphates (Li and Kang, 
2021). In this way, the concentration of SO4

-2 increases 
as the dose of AW increases. However, high percen-
tages of SO4

-2 removal (> 97%) were obtained, due to 
the high concentration of Fe+3 and the presence of oth-
er metallic ions such as Al+3, Ca+2 y Pb+2, which would 
form precipitated as sulfates such as Fe and Al oxyhy-
drosulfates (Masindi et al., 2022; Ruihua et al., 2011).
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Fig. 3. 3D response surface plots for the effects of molar ratio and stirring time in a) pH units, b) conductivity (mS/cm), c) turbidity (NTU)

(a)

(b)

(c)
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Fig. 4. 3D response surface plots for the effects of molar ratio and stirring time in a) COD removal (%), b) FeT removal (%), c) PT removal (%), 
d) SO4-2 removal (%)

(a)
(b)

(c)
(d)
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Table 5 shows a comparison of the values of pH and 
removal of FeT , PT, COD and SO4

-2 with other research 
based on the co-treatment of AW and UWW, comple-
menting with different treatment methods. The report-
ed research of Deng and Lin (2013) and Masindi et al. 
(2022) show similar results to those in this research 
with removal values of iron and phosphorus of 99%.

Analysis of variance (ANOVA) of the model

Table 6 shows the summary results of the predictive 
model for each response variable. Regarding the sig-
nificance of each factor, it was obtained that: X1, X1

2 
and X2

2 were significant in terms of pH; X1, X2 and X3
2 

were significant for conductivity; regarding turbidity, 
the significant factors were X1, X2, X1X3, X2X3, X2

2 and 
X3

2; for the removal in % of COD, X1, X3, X2X3, X1
2 were 

significant; for the removal in % of total iron (FeT), 
X1, X2, X3, X1X2, X1X3 and X2

2 were significant; for the 
removal in % of phosphorus (PT), X2, X3, X1X2, X1X3, X2

2 
and X3

2 were significant; and for the removal in % of 
sulfates (SO4-2), X1, X3, X1X2, X1X3, X2X3, X1

2 y X3
2 were 

significant.

The acceptance of the models for the response var-
iables was  analyzed using the F value and P value 
(Table 7) using the regression coefficient R2, adjusted 
R2, predictive R2 and adequate precision. 

Table 5. Comparison of contaminant removal results with other studies of co-treatment of AW and UWW

Research topic
Pollutants removal 

Reference 
pH FeT PT SO4

-2 COD

Co-treatment of acid mine drainage 
and municipal wastewater

5.1 99% 99% 93% 16% Masindi et al., 2022

Co-treatment with secondary 
municipal wastewater with mine 
drainage

6 50% > 90%  < 10% Spellman Jr et al., 2020

Synergistic treatment of wastewater 
and mine water wetlands

- 89% 46% - - Younger and Henderson, 2014

Combined two-stage treatment of 
acid mine drainage and municipal 
wastewater with aerobic mixing and 
anaerobic treatment

6.2–7.9 99% 99% > 80%  Deng and Lin, 2013

Co-treatment of acid mine drainage 
with municipal wastewater with 
activated sludge

 74–86 % 79%  87–93% Hughes and Gray, 2013

Co-treatment of wastewater and mine 
water in aerobic wetlands

 40-80% 10-50%   Johnson and Younger, 2006

Table 8 shows that the highest R2 obtained for pH, 
conductivity and FeT removal were 0.9853, 0.9658 
and 0.9219, respectively. The R2 value obtained for 
FeT in this study was higher than that obtained in the 
research carried out by Núñez-Gómez et al. (2017), 
where they obtained a value R2 = 0.88 but still indicat-
ed a high degree of correlation between the response 
and the independent variables in its central compo-
site design.

Likewise, the adjusted R2 values were 0.9780 (pH), 
0.9486 (conductivity) and 0.8828 (FeT removal). As for 
the R2 predictive, these resulted in 0.9651 (pH), 0.8842 
(conductivity) and 0.776 (FeT removal). The difference of 
these indicators is within a margin of 0.20, which indi-
cates a reasonable agreement for the proposed model.

Regarding the other response variables, such as tur-
bidity, COD removal, PT and SO4

-2, the R2 values were 
0.8556, 0.8015, 0.8530 and 0.8396, respectively. This 
last value of R2 for sulfate is similar to that obtained in 
the study by Pratinthong et al. (2021) who obtained an 
R2 = 0.8379 in the research of removal of sulfates by 
precipitation of ettringite in which chemical reagents 
were applied. The R2 was a desirable value and it fitted 
well to the evaluated quadratic model, as well as the 
R2 obtained in this research was adjusted to the pro-
posed quadratic model. 
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Description
pH Conductivity Turbidity

DF SS MS F value P value DF SS MS F value P value DF SS MS F value P value

Model 9 7.33 0.8145 134.212 < 0.0001 9 2.832 0.315 56.406 < 0.0001 9 76604.48 8511.609 10.968 < 0.0001

X1 1 6.945 6.9445 1144.34 < 0.0001 1 2.603 2.604 466.65 < 0.0001 1 5455.34 5455.341 7.03 0.0162

X2 1 0.005 0.0051 0.841 0.3712 1 0.069 0.07 12.4538 0.0024 1 10287.49 10287.49 13.257 0.0019

X3 1 0.015 0.0148 2.444 0.1354 1 0.011 0.011 1.9026 0.1847 1 1286.12 1286.12 1.657 0.2143

X1X2 1 0.004 0.0041 0.678 0.4209 1 0.022 0.022 4.0061 0.0606 1 297.74 297.74 0.384 0.5434

X1X3 1 0.025 0.0248 4.088 0.0583 1 0.004 0.004 0.6927 0.4162 1 7777.48 7777.48 10.022 0.0053

X2X3 1 0.004 0.0039 0.644 0.4328 1 0.001 0.001 0.2476 0.6248 1 11219.58 11219.58 14.458 0.0013

X1
2 1 0.277 0.2771 45.659 < 0.0001 1 0 0 0.0013 0.9714 1 3078.67 3078.67 3.967 0.0618

X2
2 1 0.112 0.1119 18.442 0.0004 1 0.008 0.008 1.386 0.2544 1 14780.85 14780.85 19.047 0.0004

X3
2 1 0.012 0.0123 2.033 0.171 1 0.115 0.115 20.5778 0.0003 1 20653.28 20653.28 26.615 < 0.0001

Residual 18 0.109 0.0061   18 0.1 0.006   18 13968.24 776.013   

Lack of fit 5 0.041 0.0082 1.547 0.2426 5 0.065 0.013 4.7256 0.0111 5 9948.64 1989.727 6.435 0.0032

Error 13 0.068 0.0053   13 0.036 0.003   13 4019.6 309.2   

Total 27 7.439    27 2.933    27 90572.71    

Model
COD FeT

DF SS MS F value P value DF SS MS F value P value

9 32.6 3.63 8.078 < 0.0001 9 2.304 0.256 23.605 < 0.0001

X1 1 4.15 4.15 9.243 0.007 1 0.561 0.561 51.719 < 0.0001

X2 1 1.06 1.06 2.368 0.1412 1 0.19 0.19 17.526 0.0006

X3 1 4.28 4.28 9.534 0.0063 1 0.073 0.073 6.728 0.0183

X1X2 1 0.72 0.72 1.594 0.2229 1 0.099 0.099 9.126 0.0073

X1X3 1 0.28 0.28 0.633 0.4366 1 0.05 0.05 4.614 0.0456

X2X3 1 11.1 11.1 24.685 < 0.0001 1 0.027 0.027 2.489 0.132

X1
2 1 7.76 7.76 17.294 0.0006 1 0.032 0.032 2.914 0.105

X2
2 1 0.92 0.92 2.052 0.1691 1 1.298 1.298 119.646 < 0.0001

X3
2 1 0.38 0.38 0.838 0.372 1 0.025 0.025 2.346 0.143

Residual 18 8.08 0.45   18 0.195 0.011   

Lack of fit 5 2.28 0.46 1.023 0.4438 5 0.081 0.016 1.851 0.1719

Error 13 5.8 0.45   13 0.114 0.009   

Total 27 40.7    27 2.499    

Table 6. ANOVA for the composite central design (CCD) of the physicochemical parameters

Table 7. ANOVA for the CCD of the removal parameters

Note: DF – degrees of freedom; SS – sum of squares; MS – mean squares
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Table 8. Supplementary ANOVA results for the central composite design (CCD)

Model
PT SO4

-2

DF SS MS  F value P value DF SS MS F value P value

9 964.5 107.17 11.608 < 0.0001 9 7.63 0.85 10.394 < 0.0001

X1 1 7.47 7.475 0.81 0.3801 1 1.2 1.2 14.662 0.001

X2 1 330.84 330.84 35.835 < 0.0001 1 0.05 0.05 0.591 0.452

X3 1 191.64 191.64 20.757 0.0002 1 0.97 0.97 11.92 0.003

X1X2 1 53.89 53.886 5.837 0.0265 1 0.71 0.71 8.643 0.009

X1X3 1 58.15 58.15 6.299 0.0219 1 1.97 1.97 24.181 0

X2X3 1 6.45 6.445 0.698 0.4144 1 0.5 0.5 6.135 0.023

X1
2 1 10.61 10.606 1.149 0.2979 1 1.73 1.73 21.179 0

X2
2 1 55.87 55.871 6.052 0.0242 1 0.03 0.03 0.361 0.555

X3
2 1 187.64 187.64 20.324 0.0003 1 0.53 0.53 6.534 0.02

Residual 18 166.18 9.232   18 1.47 0.08   

Lack of fit 5 93.44 18.689 3.34 0.037 5 0.19 0.04 0.382 0.852

Error 13 72.74 5.595   13 1.28 0.1   

Total 27 1130.7    27 9.1    

Variable pH Conductivity Turbidity COD removal FeT removal PT removal SO4
-2 removal

R2 0.9853 0.9658 0.8556 0.8015 0.9219 0.853 0.8386

R2 adjusted 0.978 0.9486 0.7834 0.7023 0.8828 0.7795 0.7579

R2 predicted 0.9651 0.8842 0.4881 0.4429 0.776 0.54 0.6231

Adequate accuracy 46.2181 29.5141 13.0204 10.8986 19.9844 16.4199 11.1482

Standard deviation 0.0779 0.0747 26.97 0.6701 0.1041 3.01 0.2856

Mean 5.63 3.89 77.99 71.03 99.4 77.44 98.43

Variance coefficient (VC %) 1.38 1.92 34.59 0.94 0.1 3.88 0.29

Note: DF – degrees of freedom; SS – sum of squares; MS – mean squares

Note: DF – degrees of freedom; SS – sum of squares; MS – mean squares

Meanwhile, the adjusted R2 and predictive R2 values 
were 0.7834 and 0.4881 for turbidity, 0.7023 and 0.4429 
for COD removal, 0.7795 and 0.54 for PT removal, and 
finally 0.7579 and 0.6231 for SO4-2 removal. Adequate 
precision is an indicator that measures the range be-
tween the predicted data and the design points with 
the average prediction error (Davarnejad and Nasiri, 
2017). A value greater than 4 indicates that the model 
obtained can be applied to the proposed spatial de-
sign (Hussin et al., 2019). The adequate precision for 
the 7 response variables was greater than 4, which 

indicates that the quadratic model is adequate for the 
application of the CCD.

The following equations represent the CCD model ob-
tained for the response variables. Using these Equa-
tions, the model predicts the value of the response 
variables based on the coded factors.
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Fig. 5. Plot of normality % probability vs. standardized residuals for a) pH, b) conductivity, c) turbidity
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(10)

Where: X1, X2 and X3 are the parameters shown in 
Table 2. 

In the case of COD, the residuals indicate how the mo-
del satisfies the assumptions of the ANOVA analysis, 
where the standardized residuals measure the differ-
ences between the observed values and the predicted 
values (Asaithambi et al., 2016). Fig. 5 and Fig. 6 show 
the normality of the residuals for the response varia-
bles. These graphs show that the data obtained follow 
a straight-line pattern; therefore, we can observe that 
the residuals have a normal distribution.

(a) (b)

(c)
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Fig. 6. Plot of normality % probability vs. standardized residuals for a) COD removal, b) FeT removal, c) PT removal, d) SO4
-2removal

(a) (b)

(c) (d)

Optimization model

The objective of the optimization of the co-treatment 
for the AW of the Quiulacocha lagoon implies a good 
control of the operative conditions to achieve a ba-
lance between a better removal efficiency of water 
quality parameters and the low costs of the process. 
In general, operating costs are proportional to factors 
such as UWW supply, as well as the operating time 
required. In the particular case of this investigation, 
these factors are represented by the molar ratio (FeT/
PT), the stirring time and the stirring speed. For this, 
numerical optimization was used through the RSM to 
determine the optimal values of the factors to reach 
the maximum pH, the minimum conductivity, turbidity 
and the maximum removal of COD, FeT, PT and SO4

-.

To optimize the co-treatment conditions, the minimum 

possible value of the stirring time and the maximum of 
the molar ratio (FeT/PT) were established, for a lower 
need for UWW. The stirring speed value was kept in 
the range (150–300 rpm). Regarding the response var-
iables, the pH and the removal of COD, FeT, PT and SO4-2 
were maximized. Meanwhile, the conductivity and tur-
bidity were established at their minimum values. 

Fig. 7 shows the optimization graph for the co-treat-
ment of AW and UWW at a stirring speed of 255 rpm. 
The yellow part of the graph represents the values 
of the response variables that can be accepted. This 
range was at a molar ratio (FeT/PT) between 20 and 
40, with a stirring time between 5 and 20 min. In this 
sense, the optimal treatment was chosen based on 
the experimental runs with the highest desirability. 
This value is within a range from 0 to 1, with 1 being 
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the value for the most desirable response and 0 for 
an undesirable response. The optimal treatment is 
shown in Fig. 7 with a desirability of 0.71. This con-
dition was given at a molar ratio (FeT/PT) of 32.9, a 
stirring time of 5 min and a stirring speed of 255 rpm. 
In this way, a pH of 5.7, a conductivity of 3.8 mS/cm2, a 
turbidity of 56 NTU, a removal of COD, FeT, PT and SO4

-2 

of 71.78%, 99.49%, 84.29% and 98.94% were obtained, 
respectively.

Conclusions
In this research, RSM was used for the optimization 
of the operating conditions of the co-treatment of AW 
and UWW such as the molar ratio (FeT/PT), the stir-
ring time and the stirring speed. The proposed CCD 

Fig. 7. Optimization chart for co-treatment

model provides a satisfactory level of prediction for 
the increase in pH, reduction in conductivity and re-
duction in total iron (mg FeT/L) with significant values 
of P = 0.000, with the factor X1 = molar ratio (mmol FeT 

/ mmol PT) being the most significant. The proposed 
quadratic model resulted in an R2 > 0.92 for the re-
sponses: pH, conductivity (mS/cm) and FeT removal 
(%). Likewise, an R2 > 0.80 was obtained for turbidity 
(NTU) and removal of COD, total phosphorus (%) and 
sulfate (%).

The optimal conditions determined by the model were 
as follows: molar ratio 32.9:1 (mmol FeT / mmol PT), 
stirring time of 5 min and a speed of 255 rpm. The 
pH reached a value of 5.7, the conductivity was 3.8 
mS/cm2, the turbidity was obtained at 56 NTU, the 
removal efficiencies of COD, FeT, PT, SO4

-2 and their 
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residual values were 71.78% (198.5 mg/L), 99.49% 
(7.88 mg/L), 84.29% (1.3 mg/L) and 98.94% (474.15 
mg/L), respectively.

This research demonstrated the effectiveness of 
co-treatment of AW from the Quiulacocha lagoon 
and UWW from Independencia municipality  by de-
veloping a second-order model, and the importance 
of experimental design for optimizing operating con-
ditions since it provides the conditions in which the 
greatest removal of contaminants would be obtained, 
taking into account that the molar ratio is a significant 
factor and that optimizing this factor would allow the 
co-treatment to be replicated in other polluted areas.

Regarding pH, this parameter does not exceed the 
water quality standards established by Peruvian reg-
ulations. Besides, all measurements were made after 
30 min of rest after the jar test. Therefore, the use of a 
post-treatment is recommended for the regulation of 
the pH and the decrease in conductivity, as well as an 
increase in the rest time.

The co-treatment between AW and UWW is a promis-
ing alternative for the treatment of both types of wa-
ter, which allows the reduction of costs since the addi-
tional use of chemical agents for the neutralization of 
AW is avoided. However, this alternative is not yet ap-
plied on a larger scale due to the high dose of residual 
water that is required; nevertheless, this represents a 

very promising pre-treatment alternative that, when 
coupled with other subsequent technologies, would 
achieve better efficiency. In addition, this co-treat-
ment can be used using those wastewaters with high 
concentrations of PO4

-3 that are close to mining areas 
to reduce the costs of supplying wastewater.

On the other hand, regarding the limitation of the re-
search, analytical techniques such as SEM/FIB/EDX, 
FTIR and XRD were not applied, despite the fact that 
these would have allowed a better understanding of 
the reaction mechanisms of the synergism between 
the AW and UWW. However, the aim of the research 
was to optimize the iron-phosphorus ratio, which are 
the main components of the treated water. 

Finally, it is recommended to use other residues that 
contain a high phosphorus content allowing the re-
moval of iron from AW, favoring the principle of cir-
cular economy.
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