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Abstract: Ammonium (NH4
+) recirculation from the streams generated in the dehydration stage of

the sludge generated in the anaerobic digestion of urban wastewater treatment plants (WWTPs),
known as centrate or sidestream, produces a reduction in the efficiency of WWTPs. Given this scenario
and the formulation that a WWTP should be considered a by-product generating facility (biofactory),
solutions for ammonia/ammonium recovery are being promoted. These include a nitrogen source that
reduces the need for ammonia production through the Haber–Bosch process. Therefore, the recovery
of nutrients from urban cycles is a potential and promising line of research. In the case of nitrogen,
this has been aimed at recovering NH4

+ to produce high-quality fertilizers through membrane or
ion exchange processes. However, these techniques usually require a pretreatment, which could
include an ultrafiltration stage, to eliminate suspended solids and organic matter. In this case, the
coagulation/flocculation (C/F) process is an economical alternative for this purpose. In this work,
the sidestream from Vilanova i la Geltrú WWTP (Barcelona, Spain) was characterized to optimize a
C/F process before being treated by other processes for ammonium recovery. The optimization was
performed considering a bibliographic and experimental analysis of several operating parameters:
coagulant and flocculant agents, mixing velocity, and operation time, among others. Then, the
removal efficiency of control parameters such as turbidity, chemical oxygen demand (COD), and total
suspended solids (TSS) was calculated. This optimization resulted in the use of 25 mg/L of ferric
chloride (FeCl3) combined with 25 mg/L of a flocculant composed of silicon (SiO2 3%), aluminum
(Al2SO4 64.5%), and iron salts (Fe2O3 32.5%), into a 1 min rapid mixing process at 200 rpm and a
slow mixing for 30 min at 30 rpm, followed by a final 30 min settling process. The numerical and
statistical results of the process optimization reached 91.5%, 59.1%, and 95.2% removal efficiency
for turbidity, COD, and TSS, respectively. These efficiencies theoretically support the enhanced
coagulation/flocculation process as a pretreatment for a higher NH4

+ recovery rate, achieving
570.6 mgNH4

+/L, and a reduction in the dimensioning or substitution of other membrane processes
process due to its high TSS removal value.

Keywords: urban wastewater; ammonia recovery; coagulation; flocculation; centrates sidestream

1. Introduction

In wastewater treatment plants (WWTPs), sidestreams are generated from the solid–
liquid separation process of the undigested sludge after its anaerobic digestion stage,
usually using centrifugation or dehydration stages [1,2]. This liquid phase returns to the
mainstream to reduce the sludge system volume and continuously treat the nutrient excess
in the WWTPs [3,4].
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This sidestream possesses high nutrient concentration values, such as ammonium as
nitrogen up to 1.5 g N-NH4

+/L and phosphate as phosphorous up to 0.3 g P-PO4
3−/L,

which returns to the WWTP’s mainstream, creating an increase in these elements in the
biological treatment load [3,5,6]. This solution represents an increase in the energy costs
of the aeration stage of the activated sludge reactor, which means 75% of the electricity
consumption of the whole treatment.

Currently, two solutions, with more significant implementation, have proposed:
(i) installing a stage of biological elimination via conversion to N2(g) through the Can-
non or Anammox processes [7] and (ii) a partial elimination through the installation of
a crystallizer to recover the phosphorous present in these streams via the formation of
struvite (MgNH4PO4(s)) [8–11]. While in the first case, more than 95% of ammonium can
be eliminated, in the second case, only 15% of this compound present in the sidestream can
be recovered.

In response to this and considering a WWTP as a by-product generating facility, bio-
factory or biorefinery, different solutions are being promoted for ammonia recovery as
a nitrogen source [12–14]. Indeed, ammonia recovery from a WWTP to produce liquid
fertilizers has been recently studied by several authors through the development of ex-
traction, separation, and concentration processes integrating ion exchange and membrane
contactors technologies [15–18].

As reported elsewhere, ammonium recovery by these processes requires a pretreat-
ment stage, which usually includes an ultrafiltration (UF) process [19–21] to remove sus-
pended solids and organic matter. Thus, the coagulation/flocculation process (C/F) could
be an economical alternative for this purpose [22–24].

A bibliographic review of different coagulant and flocculant reagents was carried out
to select the list of reagents that would be evaluated in the next stage of this study.

Among the different coagulants used for wastewater (WW) treatment (municipal or
industrial), the following materials, shown in Table 1, were found in the literature.

Table 1. Coagulants and flocculants used in the literature for organic matter, total suspended solids
(TSS) and turbidity removal in a WW.

ID Coagulant and Flocculant Reagent Reference

1 Derypol® HT-20 + Derypol® DR4000 [25]
2 Aluminum sulfate (Al2(SO4)3) [26]

3 Aluminum sulfate-18-hydrate
(Al2(SO4)3·18H2O) [27]

4 Iron (III) chloride (FeCl3) [28]
5 FeCl3 + clay materials [29]
6 Lactic acid

[30]7 Aluminum chloride (AlCl3)

These studies require specific operational parameters shown in Table 2. These param-
eters are rapid mix time (RMT), rapid mix speed (RMS), slow mix time (SMT), slow mix
speed (SMS), settling time (ST), and WW’s initial pH.

As shown in Table 1, some studies have reported the efficiency of the C/F process in
removing organic matter, TSS, and turbidity. These works studied the type of coagulant,
flocculant, and the operating parameters of this process (mixing and time speed).

All these parameters shown in Table 2 were considered operational parameters for
the experimental process, except for pH, which was considered an indirect parameter to
determine if the reagents used in this study affect the C/F process removal efficiency.

Thus, to select the most optimal reagents, these studied values of turbidity, COD and
TSS removal efficiency, and the reagent dosage were considered and compared, as shown
in Figure 1.
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Table 2. Process set-up (operational parameters) for each study.

ID RMT (min) RMS (rpm) SMT (min) SMS (rpm) ST (min) pH

1 1 200 * 5 400 ** 5 7.90
2 15 200 - - 30 7.40
3 5 150 20 10 5 4.50
4 1 120 30 40 90 5.60
5 5 150 30 30 60 12.31
6 5 200 10 75 90 6.00
7 5 200 10 75 90 6.00

Notes: * Value representing the coagulant mixing speed instead of the rapid mixing speed. ** Value representing
the flocculant mixing speed instead of the slow mixing speed.
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Figure 1. Comparison of the removal efficiency (%) of turbidity, COD, and TSS depending on
each coagulant and its application dose (mg/L) for the bibliography studies: (1) Derypol® HT20 +
Derypol® DR4000 [25], (2) Al2(SO4)3 [26], (3) Al2(SO4)3·18H2O [27], (4) FeCl3 [28], (5) FeCl3 + clay
materials [29], (6) Lactic acid and (7) AlCl3 [30].

Figure 1 shows the different efficiency values for control parameters found in the
literature. As a first comparison, iron-based reagents (study # 4 [28] and 5 [29]) provide
better COD removal for the WW sidestream, although its dosage value is higher than the
other studies. On the other hand, all reagents (studies # 1 [25], 2 [26], # 6 [29] and # 7 [30])
that consider turbidity as a control parameter offer good performance values to remove
turbidity, with a removal efficiency value over 60%. Finally, this can be correlated with
study # 3 [27], where an aluminum-based reagent also offers a high TSS removal value
above 80%. The next step to determine the optimal reagents for this work is analyzed
further in this document (Section 2.2.1 Coagulant/flocculant reagent selection) with its
proper numerical comparison.

This work aimed to study the optimization of the physical–chemical process of coagu-
lation/flocculation for the elimination of organic and suspended matter from a WWTP’s
sidestream, looking for an alternative to actual WW pretreatment. On the other hand, the
adaptation of this stage (C/F), as a pretreatment of an ion-exchange process for ammonium
recovery, was also evaluated, following the circular economy concept.
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Indeed, nowadays, the UF process is used as a pretreatment for removing sus-
pended solids and organic matter before ammonia recovery through ion-exchange and/or
membrane-contactors technologies. As we know, the UF process is a very effective but
also expensive process. So, the novelty of the work is focused on the study of coagula-
tion/flocculation, as a replacement of UF, to improve the pretreatment process for ammonia
recovery.

2. Materials and Methods
2.1. Urban Wastewater Samples

The sidestream wastewater samples treated in this study were provided by the Vi-
lanova i la Geltrù WWTP (Barcelona, Spain). Currently, this facility treats an inflow of
99,205 equivalent population. The WWTP was upgraded in 2005 and possesses a primary
and secondary treatment to remove biological oxygen demand (BOD), chemical oxygen
demand (COD), and TSS. To achieve this, the following processes are conducted: a pre-
treatment stage: composed of 2 lines (coarse screens, roughing process, and grease traps),
followed by a primary settling tank and a mid-range load-activated sludge process (sec-
ondary treatment). Afterwards, gravity and flotation processes are carried out to achieve
the sludge thickening, followed by anaerobic digestion and the sludge dehydration by
a centrifuge.

The liquid waste from this sludge treatment is known as sidestream. Sidestream can
contribute less than 1% of the WWTP total flow, but it can increase nutrients up to 30%. For
this study, Vilanova i la Geltrù WWTP’s sidestream was collected and analyzed.

2.2. Optimization of Coagulation/Flocculation (C/F) Process

To optimize the C/F process, the methodology of this work was divided into four
main stages:

1. The selection of the coagulant/flocculant reagent.
2. The C/F process through the establishment of an experimental matrix.
3. The experimental execution of this matrix to obtain the optimal parameters of the C/F

process.
4. The theoretical comparison with the ion exchange process to analyze the effect of the

C/F process for ammonia recovery.

These stages are schematically represented in Figure 2. As shown in this figure, the
first stage allowed the selection of the coagulating material among the different ones in
the bibliography. The second stage established the experimental parameters for this study,
resulting in an experimental matrix for optimizing the C/F process from the selected
coagulating and flocculating reagents. Finally, the third stage developed the experimental
method of this matrix and obtained the different wastewater contaminant removal values.
Moreover, these stages are complemented by the theoretical comparison with the ion
exchange process.

2.2.1. Coagulant/Flocculant Reagent Selection

In this stage, after the first comparison, the turbidity, COD, TSS, pH, and mixing
operational parameters were compared numerically to obtain the most compatible reagents
for the wastewater analyzed in this study. This mathematical comparison was based
on weight values assigned (on a scale of 0 or 1) corresponding to the previously named
parameters, except for the pH, whose scale was 0 or 0.5. The pH was only considered as an
indirect indicator of the operational parameters of the C/F process and was not part of the
experimental process in this study. These parameters are presented below in Table 3.
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Table 3. List of parameters and weight values for selecting the coagulant and flocculating reagents.

Parameter Material 1–n

Turbidity 0–1
COD 0–1
TSS 0–1
pH 0–0.5

Mixing time and speed 0–1

Total 0–4.5

In the case of turbidity, the study of Muiños Lázaro et al. [25] (where Derypol® HT20
+ Derypol® DR4000 were used) was considered the optimum. Indeed, it had the highest
elimination value of this parameter (79%), considering its low dosage requirement (200 mg
flocculant/L). In comparison, studies from Devesa-Rey et al. [30], where lactic acid and
AlCl3 were used, respectively, achieved a higher turbidity elimination value, although a
500-times higher dosage was needed.

In the case of COD, the values resulting from Fragoso et al. [26] (Al2(SO4)3) and Aygun
et al. [29] (FeCl3 + clay minerals) were considered optimal. Verma et al. [28] study was not
considered optimal due to its high reagent dosage compared to Aygun’s study. In this case,
an extra 0.5 weight value was assigned to Aygun’s study due to the major difference in
efficiency in eliminating this parameter (63% and 84%, respectively). Thus, a total weight
value of 1.5 was achieved.

Regarding the TSS, the analysis of the efficiency of elimination of this parameter
compared to the dosage value is like the case of turbidity, so the reagent from Fragoso
et al. [26] (Al2(SO4)3) was considered optimal.

In the case of pH, as mentioned above, a weight of 0.5 was assigned for the optimum
study, which was determined to be the cases of study from Muiños Lázaro et al. [25]
(Derypol® HT20 + Derypol® DR4000) and Fragoso et al. [26] (Al2(SO4)3) due its initial
WW’s pH value close to 8.5–9.0, which is the optimum value to recover phosphorous and
ammonia [2].

Finally, in the study considered optimal in terms of operational conditions (mixing
time and speed), Teh et al. [27] (Al2(SO4)3·18H2O) presented the lowest combined values of
mixing time and speed (Table 2), which mean a lower energy requirement of the operation.
The values resulting from this final comparison through the methodology proposed above
are found in Table 4.

Table 4. Evaluation of weights related to the efficiency of the materials of the bibliographic C/F
process: (1) Derypol® HT20 + Derypol® DR4000 [25], (2) Al2(SO4)3 [26], (3) Al2(SO4)3·18H2O [27],
(4) FeCl3 [28], (5) FeCl3 + clay materials [29], (6) Lactic acid and (7) AlCl3 [30].

Parameter
Studies

1 2 3 4 5 6 7

Turbidity 1.00 - - - - - -
COD - 1.00 - - 1.50 - -
TSS - 1.00 - - - - -
pH 0.50 0.50 - - - - -

Mixing time and speed - - 1.00 - - - -
Total 1.50 2.50 1.00 0.00 1.50 0.00 0.00

Note:
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their respective concentrations of 3%, 64.5%, and 32.5% [29]. From now on, this flocculant
will be named Flocculant 1.

2.2.2. Process Set-Up: Operational Parameters

The operational parameters were selected among those found in the bibliography,
reported in Table 2. The variable parameters considered for this study were: coagulant and
flocculant dosage, RMT and RMS; keeping SMT, SMS and ST as constants, these proposed
values are shown in Table 5.

Table 5. Initial operation parameters defined for the experimental process.

Operational
Parameter Unit Constant Value Variable Range

Coagulant Dose mg/L - 100–2000
Flocculant Dose mg/L - 200–1200

RMT min - 1–25
RMS rpm - 125–250
SMT min 30 -
SMS rpm 30 -
ST min 30 -

Once reagents and operational parameters were selected, a configuration of the experi-
mental process was established to obtain the optimal operating conditions (to obtain the
highest parameter removal value) with the least number of resources, such as reagents and
energy.

The proposed experimental matrix aimed to evaluate, through a continuous series of
experiments, the effect of parameters by varying them within the C/F process, as shown in
Table 6.

Table 6. Experimental matrix used in this study.

Series # Coagulant Dose (mg/L) Flocculant Dose (mg/L) RMT (min) RMS (rpm)

1
Derypol HT20

500

Derypol
DR4000

800 15 200Al2(SO4)3 —
FeCl3 Flocculant 1

2 Series # 1
optimum 100–2000 Series # 1

optimum 800 15 200

3 Series # 1
optimum

Series # 2
optimum

Series # 1
optimum 200–1200 15 200

4 Series # 1
optimum

Series # 2
optimum

Series # 1
optimum

Series # 3
optimum 1–25 200

5 Series # 1
optimum

Series # 2
optimum

Series # 1
optimum

Series # 3
optimum

Series # 4
optimum 125–250

Optimum Series # 1
optimum

Series # 2
optimum

Series # 1
optimum

Series # 3
optimum

Series # 4
optimum

Series # 5
optimum

2.2.3. Experimental Process Technique

The experimental process consisted of a Jar Test for each series of the matrix shown
previously in Table 6, performed in the jar tester model JT60E by OVAN using 1-litre
beakers (called jars).

First, 500 mL of sample was measured with the help of a graduated cylinder and
transferred to each jar for analysis. Subsequently, the different jars were introduced into
the jar tester, and the mixing paddles were set in position. Once the mechanical part of the
equipment was installed, the coagulant concentration specified in the experiment matrix
was introduced into the different jars.
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From this moment on, the process of rapid mixing began, from the introduction of the
RMT and RMS parameters established in the experimental matrix, and providing a start to
the mechanical mixing process. Once the rapid mixing process was finished, the different
flocculant concentrations specified in the experimental matrix were introduced. Then, the
slow mixing process was carried out, which was analogous to the rapid mixing process.

To finish the Jar Test, the jar sedimentation process was carried out, and after the ST, a
250 mL sample was extracted from the top of each jar to extract the clarified phase of this
process.

Some considerations were considered when conducting the experiments with the jar
test kit:

(a) A manual shaking of the main sample container was carried out before the extraction
of the 500 mL for the test. This confers greater homogeneity between the extracted
samples by avoiding solid deposits that alter the result.

(b) The jar test was performed in duplicate for each experiment in each series to reinforce
the confidence of the results obtained by the test.

(c) The process of adding the flocculant and starting the rapid mixing was carried out
in the shortest possible time concerning the end of the SMT to avoid the premature
generation of the sedimentation process arranged for the end of the procedure.

(d) Regarding the addition of the flocculant in the experiment, this was carried out in the
most controlled way to avoid the rupture of the flocs created in the SM process.

(e) The extraction of the jars before the sedimentation or decantation process was car-
ried out, avoiding movements that could produce the re-suspension of the sludge
generated by the flocs.

2.3. Analysis Techniques

The following analysis techniques were performed to determine the physical/chemical
characteristics of the residual water samples to be analyzed, as well as their characterization
after the C/F process:

The GLP 22 pH meter by CRISON Instruments was used to determine the pH of the
wastewater samples. On the other hand, the conductivity values were determined using
the Sension+ EC7 conductivity meter by HACH Instruments.

To obtain turbidity values of the samples, the HI 93703 turbidity meter by HANNA
Instruments was used.

The total organic carbon (TOC) values were obtained with the TOC-V CPH meter by
Shimadzu. This value was obtained by the numeric difference between the total carbon
(TC) and inorganic carbon (IC) values measured in the equipment.

Chemical oxygen demand (COD) values were obtained with the HI 83224 photometer
by HANNA Instruments, after 2 h digestion stage at 150 ◦C, followed by a 20 min cooling
stage completed for every sample, including the blank ones.

The ionic chromatography system used in this study was the DIONEX ICS-1000
and DIONEX ICS-1100, along with an automatic sampler by Thermo Fisher Scientific.
This equipment was controlled by the Chromeleon® chromatographic system. For ionic
determination and quantification, a CS16 column (5 × 250 mm) and an AS23 column
(4 × 250 mm), along with its precolumns (CG16 (5 × 50 mm) and AG23 (4 × 50 mm)) were
used for cation and anion determination, respectively.

2.4. Data Analysis

Once the characterization of the treated water was carried out, as well as the previous
characterization of the WW, the efficiency of elimination of the control parameters (turbidity,
COD and TSS) was numerically evaluated utilizing Equation (1):

Efficiency (%) = 100 × ((Ci − Cf)/Ci) (1)
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where Ci is the initial concentration of the analyzed parameter (mg/L) and Cf is the final
concentration of the analyzed parameter (mg/L).

Once the elimination efficiencies of the control parameters were calculated for each
series of the experiment matrix, it was decided to perform a statistical check of the efficiency
results. In summary, the statistical analysis and decision-making methodology used in this
study are outlined in Figure 3.

The statistical process consisted of two stages. The first was to estimate whether there
was a numerical difference (called statistical significance) between the elimination efficiency
values for each parameter of each series. If the first was fulfilled, then the idea was to find
which were these different values from the group of results.

The first stage was estimated through the analysis of variances (ANOVA). This ANOVA
tests the hypothesis that the means of two or more populations are equal. Therefore, the null
hypothesis establishes that all the analyzed measures are identical, while the alternative
hypothesis confirms that at least one value is different from the rest.

The result of this test obtains the statistical significance value p; if this value is lower
than the established significance level of 0.05, it is concluded that at least one mean of the
analyzed values is different from the rest of the values.

The second stage required a multiple comparisons method. For this study, two
approaches were considered: Tukey’s and Duncan’s tests. Both tests compare the value
of the means with a threshold established by the initial significance or confidence value;
Duncan’s test differs by using a variable threshold depending on the number of means
involved in the comparison [31].

Therefore, it was deduced that if the results of Tukey’s test were not sufficiently inter-
pretable, it was necessary to apply the Duncan test, which consists of a more remarkable
ability to find significant differences between the analyzed values.
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3. Results and Discussion
3.1. Urban Wastewater Characterization

The average results of the initial characterization of the sidestream WW of the Vilanova
i la Geltrú WWTP are detailed in Table 7.

Table 7. Initial characterization of the wastewater from the Vilanova i la Geltrú WWTP used in this
study.

Parameters Value Units

Cations

Na+ 473.2 ± 22.9 mg/L
NH4

+ 799.4 ± 71.9 mg/L
K+ 148.6 ± 15.4 mg/L
Mg2+ 12.5 ± 17.3 mg/L
Ca2+ 52.1 ± 41.6 mg/L

Anions

Cl− 354.0 ± 16.7 mg/L
NO3

− 35.9 ± 6.6 mg/L
PO4

3− 150.8 ± 94.1 mg/L
SO4

2− 49.9 ± 6.3 mg/L
HCO3

− 3714.2 ± 892.6 mg/L

Physical–Chemical

pH 8.2 ± 0.1 -
TOC 54.4 ± 2.6 mg/L
Conductivity 8.5 ± 0.2 mS/cm

Control parameters

Turbidity 321.4 ± 139.6 NTU
COD 684.6 ± 288.9 mgO2/L
TSS 499.6 ± 241.8 mg/L

Note: NTU = Nephelometric Turbidity Unit.

As shown in Table 7, the initial COD value of the tested WW in this study was much
lower than those established in the literature [25–30]. This fact was mainly because WWs
analyzed in previous studies were based on mainstreams, while the WW of this work
belonged to a sidestream. WW sidestream has already suffered a reduction in organic
matter during purification. Indeed, this fact was repeated for the case of the initial value
of TSS (considering that the WW used in this work was a sidestream), but not so in the
turbidity value, which was within the range of parameters previously found in bibliography
studies [25–30]. Thus, these three parameters were considered to establish the operating
parameters of the C/F process.

It is worth mentioning that the initial characterization of the WW used for Series # 2
and # 5 presented remarkably high values of their control parameters (turbidity > 5000
NTU, COD > 70,000 mg O2/L, and TSS > 8000 mg/L). Hence, a previous process of settling
the sample was necessary during 18 h.

This process did not substantially affect the initial concentration values of the anions,
cations, and physical–chemical properties, such as pH (average removal percentage of
anions, cations, and pH of 2.2% during the settling process). However, the control parameter
(turbidity, COD, and TSS) values showed a considerable standard deviation in their mean
values. The detailed initial characterization values of the different experimental series are
found in Table 8 below:
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Table 8. Control parameters initial characterization for each series of the experimental process.

Series # Turbidity (NTU) COD (mgO2/L) TSS (mg/L)

1 150.8 191.4 418.0
2 223.5 904.5 345.0
3 442.8 881.3 650.0
4 477.8 738.8 840.0
5 312.1 707.0 245.0

Average 321.3 ± 139.6 684.6 ± 288.9 499.6 ± 241.8

As shown in Table 8, the settling process in the sample from Series # 2 and # 5 produced
a notable reduction in the TSS value without affecting the turbidity and COD values.

3.2. Experimental Process Results: C/F Process Optimization

This section presents the results of the experimental C/F process of each of the series
of the experimental matrix. These results were summarized considering the C/F process
efficiency and the statistical analysis.

In the case of Series # 1, the numerical analysis is shown by the final control parameters
removal efficiency (Table 9). For the rest of the series, only a final summarized figure
is shown.

Table 9. Control parameters removal efficiency by using different coagulant and flocculant reagents.

Series # C/F Reagent Turbidity Removal (%) COD Removal (%) TSS Removal (%)

1

HT20 (C) + DR4000 (F) 97.1 ± 0.4 22.1 ± 0.1 82.1 ± 1.2
HT20 (C) 99.3 ± 0.3 51.4 ± 0.8 96.4 ± 1.2

Al2(SO4)3
(C) 95.1 ± 0.1 36.1 ± 0.5 95.2 ± 0.1

FeCl3 (C) + Flocculant 1 (F) 97.8 ± 0.2 64.7 ± 0.1 96.4 ± 1.2
FeCl3 (C) 97.4 ± 0.1 39.7 ± 0.1 94.0 ± 1.2

Notes: (C) stands for coagulant reagent, and (F) stands for flocculant reagent.

3.2.1. Series # 1: Reagent selection

Series # 1 was established with two variable parameters: the coagulant and the
flocculant reagent for the C/F process. This series aimed to make a comparison under
equal conditions of different reagents to determine the optimal materials for treating the
wastewater from this study.

The dosage of the coagulant reagents (Derypol HT20, Al2(SO4)3 and FeCl3) was
500 mg/L, while the flocculant reagents (Derypol DR4000 and Flocculant 1) were used in
an 800 mg/L dosage, according to the experimental matrix. Removal efficiency values
achieved by this experimental series are presented in Table 9.

Since the mathematical difference was too small to determine the optimal reagents,
the corresponding statistical analysis was carried out using the ANOVA and Tukey’s tests
(Figure 4).

Figure 4 shows the removal efficiency values of turbidity, COD, and TSS plotted
in blue, orange, and gray, respectively, as well as the results of Tukey’s test labeled in
ascending alphabetical order with the same color as its control parameter.

The results of the Tukey test for this series showed that in the case of turbidity, the
experiment with Derypol HT20 as a coagulant reagent achieved the best result for this
control parameter. The second-best results were achieved by the experiments carried
out with FeCl3, with and without the addition of Flocculant 1, that were statistically
equivalent (there was no statistical significance between these values) and whose value
was numerically slightly lower than using Derypol HT20.
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On the other hand, regarding the efficiency of COD removal, it was observed that
the FeCl3 + Flocculant 1 combination reached the highest removal efficiency value of this
parameter. Finally, the TSS Tukey test showed that the efficiency value obtained by all
the experiments, except for the combination of Derypol HT20 + Derypol DR4000, was not
statistically significant and, therefore it was optimal for the elimination of this parameter.

Therefore, the experiment carried out with the FeCl3 coagulant, together with the
flocculant named “Flocculant 1”, was considered optimal for Series # 1, achieving an
efficiency of 97.8 ± 0.3%, 64.7 ± 0.1%, and 96.4 ± 1.2% for removal of turbidity, COD, and
TSS, respectively.

3.2.2. Series # 2: Coagulant Dosage

Series # 2 was established to study another operational parameter: the coagulant dose
(mg/L). In this series, the optimal C/F reagents obtained from Series # 1 were used: FeCl3
and Flocculant 1; along with the rest of the parameters established in the experimental
matrix.

This series aimed to evaluate the variation of the removal efficiency of the control
parameters (turbidity, COD, and TSS) in comparison to the dosage of the coagulant material,
and thus to obtain the optimal dosage value (Figure 5).

As can be seen in Figure 5, the turbidity and COD efficiency values showed a distribu-
tion with an increase in the efficiency value up to the first maximum value (between 10 and
25 mg/L), followed by a reduction in their values up to the second increase in their values
up to a second maximum value (between 750 and 1000 mg/L). This behavior happened
due to a phenomenon known as coagulation zones, in which there are two increasing and
two decreasing efficiency zones interspersed depending on the dosage of the reagent with
the following characteristics: in the first zone (load reduction), the dosage value is not
sufficient to destabilize the particles; in the second zone (optimal dose), the first maximum
agglomeration of colloids occurs; by increasing the dose in the third zone (charge inver-
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sion), the colloids stabilize again due to the supersaturation of the coagulant, generating a
breakdown of the flocs formed; and finally, in the fourth zone (sweep coagulation), there
is a supersaturation in the medium that leads to a sweep and precipitation effect of these
colloids [32–34].
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On the other hand, it is observed in Figure 5 that the final pH values decreased in an
accelerated manner from a dosage of 750 mg/L. In the same way, it is observed that these
values are close to <6, which is considered a very acidic value for a subsequent process
of the treated wastewater. Thus, experiments with a dosage greater than 750 mg/L were
discarded due to excess coagulant reagent.

Therefore, the numerical and statistical analyses were carried out based on the experi-
ments with a concentration from 1 to 500 mg/L. Regarding the numerical analysis, it was
found that the optimal turbidity removal results were reached with a dosage of 75, 250, and
500 mg/L, whereas the elimination of COD obtained better results with the dosage of 10,
25, and 500 mg/L. Finally, the experiments with a dosage of 50, 75, and 250 mg/L reached
the best results for the removal of TSS. On the other hand, the statistical analysis showed
that the experiment with the highest efficiency corresponded to a dosage of 500 mg/L, and
it was statistically significant to the experiments with a dosage of 75 and 250 mg/L, which
were not statistically significant (equivalent) to each other for removing turbidity. In the
case of COD, in the same way, the experiment with a dosage of 500 mg/L was statistically
significant to the experiments with 10 and 25 mg/L, which were equivalent. Finally, in the
case of TSS removal, the three best results (500, 250, and 75 mg/L) were not statistically
significant, even with a dosage of 50 mg/L. Due to this, the experiment that obtained the
highest removal results corresponded to a dosage of 500 mg/L. However, the optimal dose
of coagulant material was 25 mg/L. Due to this, the experiment obtained slightly lower
values of elimination of turbidity, COD and TSS, in 11.1%, 5.4%, and 5.3%, respectively,
concerning the dose of 500 mg/L, but with a requirement of coagulant material 20 times
lower.

Therefore, the experiment with a dosage of 25 mg/L was considered optimal for Series
# 2, achieving an efficiency of 67.5 ± 0.3%, 52.2 ± 0.4% and 87.1 ± 0.8% for removal of
turbidity, COD and TSS, respectively.
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3.2.3. Series # 3: Flocculant Dosage

Series # 3 was established to determine the optimal flocculant dose (mg/L). Therefore,
this series aimed to evaluate the removal efficiency of the control parameters in comparison
to the flocculant dosage, thus obtaining its optimal value. Therefore, from the experimental
process already established, the experiments and the numerical and statistical analysis
were carried out. These results of Series # 3 are represented in Figure 6.

In the results found in Figure 6, it was observed that unlike Series # 2, adding floccu-
lating material in the range of experimentation did not considerably modify the final pH,
so in the first instance, the dosage of Flocculant 1 was considered adequate for the whole
series.

Similarly, in Figure 6, it was observed that turbidity and COD removal percentages
followed a similar pattern as that seen while studying the coagulant dose. Indeed, there
was an initial increase up to the dose of 50 mg/L, followed by a decrease, and again, a
boost from the value of 200 mg/L onwards. Again, this is because known as coagulation
zones [32–34], mentioned previously.

Regarding the numerical analysis of the removal results, the experiments with a
dosage of 800, 1000, and 1200 mg/L obtained the highest values of turbidity and COD
removal, whereas in the case of TSS removal, the highest removal values were obtained
by experiments with dosages of 400, 800, and 1000 mg/L. However, graphically, it was
observed that the elimination values belonging to a dosage of 600, 50, and 25 mg/L were
quite similar, so the significances were verified through the statistical analysis of the series.

The result of Tukey’s test for the elimination of COD determined that there were
no significant differences between the removal values with a dose of 600, 800, 1000, and
1200 mg/L, although there were significant differences at the values of 25 and 50 mg/L.
However, the dosage of 25 mg/L was considered the optimum for the case of the COD
removal due to 24 times lower dosage being used with only a reduction of 6.2% in the
removal of this parameter.
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On the other hand, the COD value was considered the main parameter of statistical
comparison, since the differences between the maximum and minimum turbidity removal
and TSS represent a total variation of 3.6% and 6.9%, respectively. Therefore, the selection
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of the experiments based on these two parameters was considered secondary compared to
the elimination of COD.

Finally, the experiment with a dosage of 25 mg/L was considered optimal for Series
# 3, achieving an efficiency of 89.4 ± 0.1%, 63.4 ± 0.9% and 93.9 ± 0.1% for removal of
turbidity, COD, and TSS, respectively.

3.2.4. Series # 4: Rapid Mixing Time

Series # 4 was established to evaluate the rapid mixing time (RMT, expressed in min).
This series aimed to determine the optimal RMT associated with the flocculating reagent to
obtain the maximum removal efficiency. Again, the experimental process was carried out,
and the numerical and statistical analyses are shown below in Figure 7.

Firstly, it is observed in Figure 7 that the final pH level was almost constant throughout
the series, which indicates that the rapid agitation of the C/F process did not influence the
efficiency of the coagulant and flocculating material.

Secondly, regarding the numerical analysis, the results with the highest turbidity
removal values corresponded to an RMT of 1 and 20 min. In the case of COD removal, these
results were obtained with a RMT of 5 and 10 min. Finally, a RMT of 1, 10, 20, and 25 min
was required to obtain the best TSS removal results. Statistical analysis confirmed that
any result was statistically significant (i.e., equivalent results were achieved) in removing
turbidity and COD; while in the case of the elimination of TSS, the RMT of 1, 10, 20, and
25 min were equivalent and showed the best results of the series.

Therefore, the optimal RMT for this series corresponded to the experiments with a
RMT of 1, 10, 20, and 25 min. Thus, the experiment with a lower time (1 min) was selected,
which implied lower energy consumption and a shorter experimental time.

Therefore, based on the above considerations, the experiment carried out with a
rapid mixing time of 1 min was considered optimal for Series # 4, achieving an efficiency
of 91.5 ± 0.3%, 59.1 ± 1.2% and 95.2 ± 0.1% for removal of turbidity, COD, and TSS,
respectively.
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3.2.5. Series # 5: Rapid Mixing Speed

Series # 5 was established with another variable parameter: rapid mixing speed (RMS,
expressed in rpm). This last series pretended to analyze the RMS of the flocculating material
effect on the control parameters to obtain the optimal RMS value. In the same way as the
previous series, the experimental process was carried out, and the numerical and statistical
analysis of the results of Series # 5 are represented in Figure 8.

As can be seen in Figure 8, the variation of the final pH value in comparison with its
initial one was negligible. This indicated that the range of experiments of the C/F process
did not affect the removal efficiency of the reagent with the studied operational parameters.
So, it could be concluded that the range of experimentation for this series was optimal.

When considering the numerical analysis of the series, it was found that the experi-
ments with RMS of 200 and 225 rpm reached the highest values of elimination of turbidity,
COD, and TSS. On the other hand, the Tukey test statistical analysis determined that all
the experiments in the series were equivalent in the case of TSS elimination values. In the
case of turbidity removal, experiments with RMS of 125, 175, 200, 225, and 250 rpm were
statistically equivalent. In the same way, Tukey’s test determined that the experiments with
RMS of 200, 225, and 250 rpm were statistically significant concerning the rest of the series
for the elimination of COD.

In the same way as in Series # 4, the experiment that supposed the highest removal
efficiency of all parameters with a lower experimental energy consumption was selected;
this corresponded to the experiment with a RMS of 200 rpm.

Therefore, the experiment with a fast speed of 200 rpm was considered optimal for
Series # 5, achieving an efficiency of 50.5 ± 0.1%, 26.5 ± 0.1%, and 55.1 ± 5.8% for the
removal of turbidity, COD, and TSS, respectively.

The results of the five series studied are analyzed in the next section. These are called
optimal operation parameters and C/F process final removal efficiency. This next section
pretends to determine the optimal operation parameters of the C/F process considering
the optimal removal values obtained from Sections 3.2.1–3.2.5, to obtain the final process
removal efficiency for the C/F process.
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3.3. Optimal Operation Parameters and C/F Process Final Removal Efficiency

Once all the experiments foreseen in the experimental matrix were carried out, the
mean removal efficiency values for turbidity, COD, and TSS from all five series studied are
shown in Figure 9.
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As seen in Figure 9, the removal efficiencies obtained by Series # 1, # 3, and # 4
were very similar. In contrast, Series # 2 obtained very similar removal values in terms
of COD and TSS, but not turbidity removal, for which a notable reduction was observed
in comparison to these three series. Finally, it was observed that the removal efficiency
obtained by Series # 5 was much lower than the rest of the series of the experimental process.
As mentioned above, the residual water samples for Series # 2 and # 5 were subjected to
a previous decantation process. Therefore, the reduction in efficiency was related to the
characteristics of the centrate current.

3.3.1. Evaluation of Initial Turbidity, COD, and TSS Effects on the C/F Process

As mentioned above, the removal efficiency for each experimental series was condi-
tioned by the characteristics of the initial centrate current concerning the experimental
process implemented in the studied experimental series.

Therefore, the removal efficiency values for all the series were analyzed, considering
the WW’s initial turbidity, as shown in Figure 10.

It is observed in Figure 10 that the initial turbidity value was variable depending on the
experimental process. For instance, the initial turbidity value of Series # 5 was much lower
than for the rest of the series. However, this parameter cannot be directly related to the
reduction in the elimination efficiency of the control parameters. In fact, the initial turbidity
value of Series # 1 was lower than that of Series # 2, # 3, and # 4. Meanwhile, its efficiency
value of elimination of the parameters was like these last two series but not to the one
obtained in Series # 2, where this reduction was appreciated, especially in the elimination
of turbidity. Therefore, it was determined that the variation in the initial turbidity value
did not affect or limit the removal efficiency of the control parameters.
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In the same way, the effect of the WW initial COD concentration on the removal
efficiency for each studied series was analyzed and represented in Figure 11.
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to the initial value of COD.

When analyzing the initial COD values for the experimental process, represented
graphically in Figure 11, it can be observed that the initial values of this parameter were
similar in Series # 2, # 3, # 4, and # 5, while Series # 1 presented a much lower value.
However, the reduction in efficiency in the elimination of the studied parameters occurred
in Series # 2 and # 5, so it was determined that the variation in the initial value of COD did
not affect or limit the efficiency of elimination of the control parameters.
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Finally, the effect of the WW initial TSS concentration on the removal efficiency for
each studied series was analyzed and represented in Figure 12.
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When analyzing the results shown in Figure 12, it was observed that the series that
obtained similar efficiencies (Series # 1, # 3, and # 4) corresponded to initial TSS values
greater than 400 mg/L; whereas Series # 2, whose reduction in the efficiency of elimination
of parameters was slightly lower (except for the elimination of turbidity), corresponded
to an initial TSS value of 345 mg/L. Finally, Series # 5, whose reduction in the removal
efficiency of parameters was markedly higher, corresponded to an initial value of TSS of
245 mg/L.

Therefore, it was deduced that the efficiency of the C/F process was sensitive to the
initial value of TSS in the sidestream, with a reduction in the elimination values of the
control parameters in values lower than 400 mg/L, as is observed in Figure 12.

In conclusion, it was determined not to consider the removal efficiencies obtained by
Series # 5 due to the influence of the initial concentration of TSS on this series, but only to
consider the optimal RMS for the C/F operational parameters.

3.3.2. Final Operational Parameters and Removal Efficiency of the C/F Process

Once the effect of the initial parameters on the C/F process was analyzed, it was con-
cluded that the selected operational parameters reached a high level of removal efficiency
for the control parameters.

As mentioned above, all the optimal values from the experimental series were con-
sidered to determine the final operational parameters of the C/F process. These optimal
values are presented in Table 10.

From the operating parameters shown in Table 10, the final efficiency of the C/F
process optimization reached the following elimination values, shown in Table 11.
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Table 10. Final optimal C/F parameters.

Parameter Units Optimal Value

Coagulant material - FeCl3
Coagulant material dosage (CD) mg/L 25
Flocculant material - Flocculant 1
Flocculant material dosage (FD) mg/L 25
Rapid mixing time (RMT) min 1
Rapid mixing speed (RMS) rpm 200
Slow mixing time (SMT) min 30 *
Slow mixing speed (SMS) rpm 30 *
Settling time (ST) min 30 *

Note: * From bibliographic analysis.

Table 11. Final parameter removal of the C/F process.

Parameter Turbidity COD TSS

Removal (%) 91.5 ± 0.4 59.1 ± 1.7 95.2 ± 0.1

Finally, the results obtained by the C/F optimization process (Table 11) were com-
pared to the different bibliographic references to determine their importance and potential
use. First, the optimized C/F removal values were compared to the same studies from
Section 2.2.1, as shown in Figure 13.

As seen in Figure 13, the results of the optimization of the C/F process in this study
were superior in eliminating turbidity and TSS, compared with selected studies from the
literature. This selection was made according to the three best studies, which offered a
better removal efficiency–reagent dosage relation, in Section 2.2.1.

Regarding the efficiency of COD removal, this study obtained a similar value to
the study that used Al2(SO4)3, but with a dosage of coagulant twice lower; as well as
an 80-times lower dosage than the study that used FeCl3. Although the effectiveness of
different doses (not active ion, but salt) for different wastewater cannot be compared, this
analogy was made to highlight the good efficiency/dosage relation found in this work.
Overall, it can be concluded that values corresponding to removal efficiency and reagent
material dosage achieved in this study were superior in comparison to the bibliographic
studies.
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The use of FeCl3 as a coagulant reagent for this optimization coincide with what was
mentioned by Chellam et al. [35] and Sun et al. [36], who commented that it is usual to
prefer the use of iron-based coagulants due to the high concentrations of contaminants in
municipal wastewater.

Additionally, the high removal value for turbidity (91%) and TSS (95%) agree with
Abdessemed et al. [37]. In their work, it was concluded that the removal of suspended and
organic material plays a crucial role in the efficiency of nutrient separation by UF, whose
theoretical modeling will be carried out in the next section.

3.4. Theoretical Comparison with the Ion-Exchange Process

Wongcharee et al. [38] work was analyzed for this final stage of the study. This study
showed the increase in ammonium recovery using technology called enhanced coagulation
with ion exchange (IX). Enhanced coagulation refers to improving the amount of organic
matter removed with excess coagulating material or combining this material with another
with greater adsorption power [38].

This study analyzed the separation and combination effect of the C/F process with
Alumina as coagulating material, and the IX process with a compound of zeolite and
activated carbon known as ACZ for its acronym (Activated Carbon–Zeolite composite) as
IX adsorbent material.

Therefore, the first theoretical comparison was made between the organic matter
removal results of the study performed by Wongcharre et al. [38] and the optimized C/F
process, as well as the NH4

+ removal results of this work (Table 12).
Table 12 shows the efficiency values for removing turbidity, COD, and NH4

+ obtained
by Wongcharee et al. [38]. Although these results were based on a surface water stream,
the similarity to the COD removal and turbidity values (as an indirect indicator of the
suspended matter) achieved in this study indicated the positive effect that the C/F offers
to the NH4

+ recovery, for ion exchange processes with zeolites, as a feasible pretreatment
instead of Alumina.

Therefore, the experimental process proposed in this study is theoretically compatible
with increasing the efficiency of ammonium recovery through combined use with the
zeolite IX process up to theoretical values of approximately 75%.

Table 12. Removal efficiency of control parameters and NH4
+ of the enhanced coagulation process

(Wongcharee et al. [38]) and the present study.

Parameter

Removal Efficiency (%)

Wongcharee et al. [38] This Study

ACZ Alumina ACZ + Alumina FeCl3 + Flocculant 1

Turbidity 24.2 86.6 88.9 91.5
COD 42.1 68.3 89.9 59.1
NH4

+ 57.5 4.4 75.7 —

However, the subsequent execution of the optimized C/F process, in addition to
zeolite IX, is necessary to determine the ammonium recovery values that the optimized
C/F process of this study can achieve through the enhanced C/F process.

On the other hand, Sancho Lacalle et al. [18] analyzed and validated a new configu-
ration for WWTP based on an ion IX unit to recover inorganic forms of nitrogen, such as
ammonia.

Within the study, a pretreatment stage was carried out to protect the IX columns with
zeolites through a slow filtration (SF) unit by using a filter glass plate, and another UF
unit from five columns of hollow fiber membranes. The results of the removal of COD
and turbidity obtained using Sancho Lacalle et al. [18] proposed pretreatment is found in
Table 13, along with the results obtained in this study.
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Table 13. Efficiency of elimination of parameters of the slow filtration and ultrafiltration process
(Sancho Lacalle [18]) and the present study.

Parameter

Removal Efficiency (%)

Sancho Lacalle et al. [18] This Study

SF + UF C/F (FeCl3 + Flocculant 1)

Turbidity 93.0 91.5
COD 60.0 59.1

As observed in Table 13, the removal efficiencies for turbidity and COD achieved by
the pretreatment proposed by Sancho Lacalle et al. [18] were remarkably like the efficiencies
obtained by the C/F process optimized in this present study. Therefore, it is concluded that
the C/F process could replace the SF + UF process as a pretreatment of the IX process.

Sancho Lacalle et al. [18] also determined the removal-efficiency values of the ion-
exchange process with zeolites. This process was conducted using columns with natural
granular clinoptilolite and reached efficiency in the elimination of turbidity, COD, and
NH4

+ of 50.0%, 24.1%, and 98.1%, respectively.
In another study carried out by Vecino et al. [21], a NH4

+ recovery value of 76.1% was
reported using hollow fiber liquid–liquid membrane contactors (HF-LLMC) from a stream
rich in ammonia obtained from a regeneration process with zeolites and sodium hydroxide
(NaOH) after the IX process.

Considering the results of these studies, theoretical calculations of NH4
+ recovery

for its use as a liquid fertilizer were carried out. These calculations were based on the
data obtained in the optimized C/F process for the efficiency of parameters removal;
in conjunction with the results discussed in this section for the UF, IX, and HF-LLMC
processes, considering four treatment lines detailed below:

1. UF + IX process.
2. C/F optimized process + UF + IX stage.
3. C/F optimized process + IX stage.
4. Enhanced C/F process (optimized C/F process + IX).

Following these four treatment lines, the recovery of NH4
+ would be completed with

a membrane contactor process (HF-LLMC).
The scheme proposed for these four lines of treatment is represented in Figure 14.
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The considerations made for this theoretical mass balance and calculation are listed
below:
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• The removal efficiency values of the control parameters (COD, TSS, and turbidity) of
the optimized C/F process were assumed from the results of this study.

• The NH4
+ removal value for the C/F process was assumed to be the value of 4.4%

(the same as Alumina) obtained in the study of Wongcharee et al. [38] in Table 12.
• In the case of the UF process (which includes the SF process), the values obtained

in Sancho Lacalle et al. [18] study (Table 13) were assumed, and the TSS removal
efficiency value was equal to the turbidity removal value (93%).

• The NH4
+ removal value for the UF process was also found in Sancho Lacalle et al.

study [18], with a value of 8.8%.
• For the IX stage, the removal efficiency values for turbidity, COD, and NH4

+ were
found in the same study and commented on previously in this work.

• For the enhanced coagulation process (C/F + IX), removal efficiencies from ACZ +
Alumina were considered for the control parameters and NH4

+, found in the study of
Wongcharee et al. [38], in Table 12.

• Finally, the NH4
+ recovery value for the HF-LLMC process (76.1%) corresponded to

that found in the study by Vecino et al. [21].

All these values are tabulated in Table 14 below.

Table 14. Removal efficiency of the control parameters and NH4
+ of the different processes considered

for the theoretical comparison.

Process
Removal Efficiency (%)

Turbidity COD TSS NH4
+

C/F 91.5 59.1 95.2 4.4
UF 93.0 60.0 93.0 8.8
IX 50.0 24.1 50.0 98.1

C/F + IX 88.9 89.9 88.9 75.7

Once the treatment lines and the theoretical considerations of the calculation were
established, the final removal values of the control parameters and the final NH4

+ recovery
were calculated. The detail of this mass balance is plotted in Figure 15.

Figure 15 shows the theoretical recovery values of NH4
+ from the four treatment lines,

which oscillate between 460.5–570.6 mgNH4
+/L. The highest recovery value (570.6 mgNH4

+/L)
was found in the line corresponding to the optimized C/F process (this work), followed by
an IX process for final ammonia recovery employing the HF-LLMC process. Therefore, the
optimized C/F process is theoretically compatible with replacing the SF + UF processes
proposed for the wastewater stream analyzed by Sancho Lacalle et al. [18].
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Figure 15. Mass balance of the control parameters (turbidity, COD, and TSS) and recovery values of
NH4

+ as liquid fertilizer from different recovery processes.

4. Conclusions

This work developed the optimization of the C/F process for urban WW’s sidestream
to improve the quality of this stream and to make it possible to integrate a recovery stage
with ion exchange.

Once the optimization of the C/F process for this study was completed, high final
removal efficiencies were obtained: 91.5 ± 0.4%, 59.1 ± 1.7%, and 95.2 ± 0.1% for the
removal of turbidity, COD, and TSS, respectively. These efficiencies were achieved using a
dosage of 25 mg/L of FeCl3 and 25 mg/L of Flocculant 1 (with a concentration of SiO2 (3%)
+ Al2(SO4)3 (64.5%) + Fe2O3 (32.5%)), via a rapid mixing process of 1 min at 200 rpm and a
slow mixing process of 30 min at 30 rpm, followed by a final settling of 30 min.

On the other hand, it was found that an initial TSS concentration in the sidestream less
than 400 mg/L, resulting from the previous 18 h’ settling process, produces a reduction
in these efficiencies. Therefore, it was concluded that it was possible to apply a settling
process for the sidestream whose concentration of control parameters is remarkably high if
this process is controlled to avoid initial TSS concentration values lower than 400 mg/L.

Finally, it was concluded that these efficiencies are theoretically compatible with
increasing the NH4

+ recovery efficiency up to 71.4% in the ion-exchange process with
zeolites IX and HF-LLMC processes. In addition, the high efficiency value in the elimination
of TSS supposes a reduction in the dimensioning of the UF process, which is needed to
recover NH4

+ using membrane contactors.
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