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Evaluation of Opuntia ficus-indica Potential as a Natural
Coadjuvant for Vinasse Treatment
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Agro-industrial waste is generated in large quantities, producing negative
environmental impacts. For instance, in the distillation process of
vinasses, up to 15 L are produced per alcohol produced. Therefore, it is
necessary to search for ecological alternatives. Biological treatments are
not recommended because vinasses contain compounds, such as
melanoidins, which exert inhibitory activity against microorganisms.
Thanks to this activity, melanoidins could be removed, recovered, and
become a value-added product. In this study, Opuntia ficus-indica (OFI)
mucilage, a natural biopolymer as coadjuvant, was used to improve the
coagulation-flocculation process in the treatment of real samples of
mezcal vinasses, after evaluating the individual effect of aluminum sulfate
and ferric chloride. It was possible to eliminate 90% of color using ferric
chloride, showing better removals than aluminum sulfate. However, the
effect of ferric chloride plus OFI mucilage generated an adverse effect
because the removal was under 17%. The individual effect of ferric
chloride for chemical oxygen demand (COD) removal was 28%. This
removal was improved by the addition of OFI mucilage, as it was able to
increase removal to 84%. The natural coadjuvant was shown to be
effective in the COD removal in the treatment of mezcal vinasse using the
coagulation-flocculation process.
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INTRODUCTION

Agro-industrial wastes are produced worldwide in large quantities (approximately
a thousand million tons per year), and their disposal and treatment present an
environmental problem (Knob et al. 2014; Ahmed et al. 2020). The main liquid
agroindustrial waste resulting from the production of bioethanol is called vinasses (Ahmed
et al. 2020). For instance, the Mezcal is one of Mexico’s most representative products
internationally (Secretaria de Economia 2015). The distillation stage generates up to 10 to
15 L of vinasse per liter of ethanol (Garcia et al. 1997; Moraes et al. 2015). According to
the COMERCAM (2018), 5,089,667 L of mezcal was produced in Mexico. This is
equivalent to generating more than 76 million liters of mezcal vinasse.

The vinasse produces negative environmental impacts. The disposal of this
untreated waste in water-bodies and soil represents a potential risk (dos Santos et al. 2019).
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Therefore, its treatment with developing ecological methods is necessary (Christofoletti et
al. 2013).

Anaerobic, aerobic, and physicochemical processes have been used for vinasses
treatment. However, the treatments have disadvantages, due to requiring dilution or pre-
treatment for removing color (Espafia-Gamboa et al. 2011). The phenolic compounds and
melanoidins present in the vinasses possess antimicrobial activity, and they are toxic (Borja
et al. 1993; Rufidn-Henares and Morales 2007; Bouarab-Chibane et al. 2019). Johnson et
al. (2019) reported that conventional biological processes are not efficient for the removal
of melanoidins because they can only remove up to 7%. Morever, due to their microbial
inhibiting activity, the color associated with these two compounds must be removed before
using a biological process. Furthermore, there is the option of the recovery of melanoidins,
which could become value-added products (Kaushik et al. 2018).

Within the physicochemical processes, coagulation and flocculation are the most
common and economically viable (Matilainen et al. 2010). Additionally, they are effective
in removing particulates, natural organic matters, ions, and others (Teh and Wu 2014).
However, some chemical reagents used are considered expensive (Barrera-Diaz et al.
2018). Therefore, the search for natural alternatives that reduce treatment costs is
fundamental to treat water systems without generating other pollution sources (Gomez-
Maldonado et al. 2019). Natural polymers, such as polysaccharides, are widely available
in nature and are highly biodegradable (Maéczak et al. 2020). Biopolymers have been
explored, such as chitosan (Ferral-Pérez et al. 2016; Poznyak et al. 2019), a natural tannin-
based flocculant (de Souza et al. 2013; Junior et al. 2019) for contaminants removal from
vinasses. There are other natural polymers from agro-industrial sources to improve the
flocculation efficiency. For instance, Opuntia ficus-indica (OFI) has been used to remove
the dye, pesticides, turbidity, chemical oxygen demand (COD), and heavy metals from
stagnant water port, cosmetic industry, municipal sewage, tannery, textile, paint industry,
jeans laundry, and fabric dyeing mesh wastewaters (Nharingo and Moyo 2016). Opuntia
ficus-indica is widely distributed and grows in various dry and semi-dry countries
(Pimienta-Barrios and del Castillo 2002). Carbohydrates as l-arabinose, d-galactose, I-
rhamnose, and d-xylose are present in OFI and are named mucilage (Sdenz et al. 2004).
The considerable amount of these carbohydrates confers the ability of flocculation and/or
coagulation (Othmani et al. 2020). Furthermore, this hydrocolloid has several advantages
due to being relatively cheap, biodegradable, and non-toxic (Razavi 2019). However, it has
not been studied for the removal of contaminants in vinasses.

The aim of this work was to study the effectiveness of a biopolymer based on OFI
to eliminate the color and the COD present in mezcal vinasse as coadjuvant in the
coagulation and flocculation process.

EXPERIMENTAL

Materials

Three alternatives were analyzed, as shown in Table 1. Aluminum sulfate
(Al2(SO4)3) and ferric chloride (FeCls) were evaluated separately as coagulants. Then,
based on the experimental results, the better-performing coagulant for the removal of color
was chosen to evaluate its effect in combination with the coadjuvant of OFI mucilage, as
alternative 3. Three levels were used for the pH factor for the alternative A and B, these
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levels were selected according to reported by Ryan et al. (2008). The pH for alternative 3
was kept constant, once the results of the first two alternatives were analyzed.

Table 1. Vinasse Treatment Alternatives

Alternative Factor / Doses (ppm) pH
A Al(SO4)s 0, 100, 1000, 10000 5,8, 11
B FeCls
Best coagulant Optimal doses: 50, 100, Constant
C (alternative A or B): plus | 150, 200, 250
OFI mucilage

Methods
Collection and isolation of coadjuvant

Opuntia ficus indica (OFI) plant material was collected in the state of Durango,
Mexico (24°28°36.0”N 104°04°02.7”W) in summer season. The leaves were deposited in
a plastic bag and stored at 4 °C until processing. Afterward, the cuticle was removed,
crushed in a blender, homogenized with water in the ratio of 1:1, and then filtered and
centrifuged at 3500 rpm for 20 min (Rodriguez-Gonzalez et al. 2004). The ethanolic
extraction was performed according to Rivera-Corona et al. (2014) and then was dried at
room temperature. Electrical conductivity (EC), pH, total solids (TS), and turbidity were
determined.

Sampling and Physicochemical Characterization

The water samples were collected in a mezcal factory located in Nombre de Dios,
Durango, Mexico. They were taken from an underground storage pit, and were stored at 4
°C before use.

Color, turbidity, temperature, pH, electrical conductivity (EC), chlorides,
biochemical oxygen demand (BODs), COD, TS, fixed solids (FS), volatile solids (VS),
dissolved oxygen (DO), total nitrogen (TN), phosphorus (P), NHs, nitrates, sulfates,
calcium, and zeta potential (ZP) were determined. Temperature, DO, EC, and pH were
determined in situ with an HQ40d portable device (HACH Company, Loveland, CO,
USA). The TS, FS, and VS were gravimetrically analyzed. The ZP was measured by a Zeta
meter 3.0 (Zeta-Meter, Inc., Staunton, VA, USA). The BODs was determined by a
manometric-respirometric method with a BODTrak™ II apparatus (Hach Company,
Loveland, CO, USA). The COD was determined using the closed reflux (colorimetric)
method. Using a photometer H183225 (HANNA Instruments Inc., Woonsocket, RI, USA),
chlorides, NHs, calcium, phosphorus, nitrates, and sulfates were determined. The color and
turbidity were determined by a spectrophotometric method.

Jar Tests

With the aim of determining optimum doses, experiments were conducted by a jar
test apparatus (PHIPPS & BIRD, PB-700 TM, Richmond, VA, USA) at room temperature,
to compare the effectiveness of coagulation. To each jar, 500 mL of sample were added,
having previously adjusted the pH with NaOH (Sigma-Aldrich Co., Darmstadt, Germany).
The following conditions were used: the coagulation rate was 50 rpm and the coagulation
time was a rapid agitation of 200 rpm for 5 min, a slow agitation of 100 rpm for 5 min, and
a sedimentation time of 20 min.
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Once the best coagulant alternative (A or B) and pH were found, alternative 3 was
evaluated, OFI mucilage was added as coadjuvant until the maximum removal of the
parameters was found. After settling, 20 mL of sample was taken from each vessel, and the
measurement was carried out. Subsequently, color and COD were determined. All
experiments were made in duplicate.

Statistical Analysis

Color removal and COD removal were selected as the response variables. Using
Statistica 7 StatSoft, Inc. (Quest, Oklahoma City, OK, USA), a generalized linear model
was generated for each alternative, which was validated taking into account the
assumptions of normality and independence of residuals and homogeneity of variance. To
determine the significant difference influences between treatments, the least significant
difference (LSD) test was applied and the response surface technique was also applied.

RESULTS AND DISCUSSION

The OFI mucilage characterization indicated a pH of 5.11 + 0.09, EC of 10.46 *
0.75 mS/cm, TS of 5.29 + 0.12 ppt, an ivory white color, and turbidity of 532 + 23 NTU.
The pH coincided with the natural pH of the mucilage reported by Espino-Diaz et al.
(2010). The EC was close to that reported by Gebresamuel and Gebre-Mariam (2011) that
characterized a species obtained from Ethiopia.

Physicochemical characterization during the mezcal vinasse sampling is shown in
Table S1. It was sampled three times corresponding to the months of June, July, and
August. A low DO content (0.16 to 0.23 mg/L) was due to samples being taken in the
underground storage pit and the fact that the vinasse came from an anaerobic process. As
is characteristic of this type of effluent, a low pH (3.94) (Cruz-Salomon et al. 2017; Robles-
Gonzalez et al. 2018; Garcia-Becerra et al. 2019), similar values of EC (2.08 to 4.20
mS/cm) to those reported by Robles-Gonzalez et al (2018), high organic load, however
lower than those reported by Robles-Gonzalez et al. (2018) and Garcia-Becerra et al.
(2019) for mezcal and tequila vinasses, respectively, were observed. There were more than
2 times higher TS than those reported in other studies for mezcal vinasse (Garcia-Becerra
et al. 2019). The volatile solids content, up to 62,890 mg/L, was close to that reported by
Moran-Salazar et al. (2016) in sugarcane vinasse. The low pH, EC, and chemical
compounds can modify the physicochemical properties in the receptor bodies (soil, rivers,
or lakes) (Christofolett et al. 2013). Furthermore, the low pH favors the dissolution of
heavy metals in soils (Garcia et al. 1997). P, NHs, and nitrates of up to 95, 1000, and 340
mg/L, respectively were observed. High nutrient concentrations, such as phosphorus and
nitrogen, can cause eutrophication in water-bodies (Vlyssides et al. 1997). A sulfates
content of 200 mg/L was found, which can impair the fertility, structure, and porosity of
the soil due to the high content of salts in the vinasse (Tejada et al. 2009). Additionally,
turbidity of 2970 NTU and color of 3440 Pt-Co concentrations were detected. Turbidity
and color associated with the presence of suspended solids and melanoidins, respectively,
both of which can affect photosynthetic processes and aquatic life in water-bodies
(Fitzgibbon et al. 1995). The color in the stillage, in addition to being attributed to the
content of melanoidins, is due to the presence of phenolic compounds (Espafia-Gamboa et
al. 2017). Phenol is a recalcitrant compound (Othman et al. 2008) and the melanoidins are
considered the most recalcitrant dye (Johnson et al. 2019). Likewise, phenolic and
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polyphenolic compounds in vinasses can inhibit microorganisms (Freitas et al. 2018; Ao
et al. 2020).

Derived from the results obtained from the jar test, three equations were generated
to explain the behavior of color removal using the three alternatives, and another two
equations were generated for the COD removal. These models are capable of predicting
the optimal doses or explaining the behavior of the coagulants studied in this work.

Alternative A: Aluminum Sulfate
Color removal

With a significance level of 0.05, the univariate test of importance (Table S2) shows
effects of aluminum sulfate doses. The pH and pH2 were shown to have a significant
difference with a 95% confidence interval and p < 0.05, which are key factors for color
removal in mezcal vinasse. The finding coincided with that reported by Ryan et al. (2008)
for molasses, due to pH variations that can help the color removal

The least significant difference (LSD) test (Table S3), shows that pH levels of 5, 8,
and 11 had a minimum significant difference; pH 11 produced a greater removal of color
using aluminum sulfate.

To obtain color removals greater than 50% doses, more than 1000 mg/L of
aluminum sulfate was required (Table S4).

The model that explains the behavior of color removal in mezcal vinasse using
aluminum sulfate is shown in Eqg. 1. This model shows an adjustment coefficient of 0.96
(Table S5). The model was validated; it was observed that it did not violate any of the
assumptions: the residuals behaved normally (Fig. Al) and the residues were not self-
correlated, so they were independent (Table S6).

Colorremo(%)=-58.6604 + 0.0082x + 32.771y - 7.78697x%+ 0.0001xy - 2.2749y2 (1)

In Eq. 1, x is the aluminum sulfate doses (mg/L) and y is the pH.

Figure 1 shows the 3D contour plot, showing the point where the maximum values
of color removal were reached using aluminum sulfate. Based on Eq. 1, the optimal doses
of aluminum sulfate were 5590, 5780, and 5790 mg/L using pH levels of 5, 8, and 11,
respectively. The best pH was 8, because it was possible to achieve a color removal of 83%
(Fig. A2).

ARE0ONEN
BEB858838

Doses (mg/L)

Fig. 1. 3D contour plot for color removal in mezcal vinasse using aluminum sulfate
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COD Removal

For the COD removal using alternative A, both the dose and the pH were key factors
(Table S7) with a sinificance level of 0.05.

There were significant statistical differences between the pH levels studied,
showing a better removal with higher (pH=11) (Table S8).

According to Table S9, there were no statistically significant differences between
doses of 100 and 1000 mg/L of aluminum sulfate achieving 46% removal of COD.

The model to explain the behavior of COD removal in mezcal vinasse using
aluminum sulfate is shown in Eg. 2, which shows an adjustment coefficient of 0.88 (Table
S10). The validation of the assumptions of normality and independence is shown in Fig.
S3 and Table S11, respectively.

CODrem(%)=-10.7067-0.0002x+12.2298y+5.1885€x2+2.8709 5xy-0.5744y%  (2)

In Eq. 2, y is the pH and x is thealuminum sulfate doses (mg/L).

In Fig. 2, there is an area in which nearly 60% removal COD was obtained. These
were found when the pH was 11 and the aluminum sulfate doses were around 10,000 mg/L.
At a higher dose and pH, a greater COD removal was obtained. The optimal dose of
aluminum sulfate was 10,000 mg/L, with pH levels of 5, 8, and 11, which led to 62, 77,
and 82% COD removal, respectively (Fig. S4).

Doses (mg/L)

Fig. 2. 3D contour plot for COD removal in mezcal vinasse using aluminum sulfate

Alternative B: Ferric Chloride
Color removal

Table S12 shows that the doses, the pH, and the interactions had significant
differences with p < 0.05. This means that the color removal under these experimental
conditions was dominated by the ferric chloride dose and the pH.

In Table S13 it is apparent that between cell numbers 7 and 2, 4 and 1, and 3 and 6
there was no significant statistical difference. The treatment with negative effect was
10,000 mg/L and pH = 8. It was observed that with pH 11 it was possible to find removals
close to 90% with the three doses.

The model to explain the behavior of color removal in mezcal vinasse using ferric
chloride showed an adjustment coefficient of 0.96 (Table S14). The model was validated,
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the residuals behave normally (Fig. S5) and residues are not self-correlated, so they are
independent (Table S15).

Colorrem(%)=446.551-0.0075x-109.270y+1.54717x2+0.0002xy+7.0927y2  (3)

In Eq. 3, x is the ferric chloride doses (mg/L) and y is the pH.

The 3D contour plot for color removal in mezcal vinasse using ferric chloride (Fig.
3) shows that the optimal dose of ferric chloride was 100 mg/L, however, the pH that had
the most effect was 11.

Il 100
I so
) 3 60
——{ [ 140

) 20
100 1000 10000 = 0

Ferric Chloride Doses (mg/L)

Fig. 3. Contour plot for color removal in mezcal vinasse using ferric chloride

Most colloids in aqueous solution have a negative charge, producing a colloidal
stable solution (Derjaguin 1989). This stability is reduced thanks to charge neutralization,
and ionic layer compression, which reduces the repulsive forces between colloidal particles
(Johnson et al. 2019). Phenolic compounds and high molecular weight nitrogen
compounds like melanoidins are related to color (Espafia-Gamboa et al. 2017). Fe (111) a
metal cation are hydrated in water, these hydroxo-metal complexes are readily adsorbed at
interfaces; hence, the colloids become destabilized, allowing the coagulation (O'melia
1972). Therefore, in the coagulation process of mezcal vinasses, ferric chloride neutralized
the colloidal particles charges that were related to color.

Ferric chloride was shown to be efficient for color removal. These results do not
coincide with the studies by Ferral-Pérez et al. (2016), because in that study the authors
mention that with doses of 500 mg/L there was no positive effect for the removal of color
by treating tequila vinasse, a similar effluent.

COD removal
Univariate tests of significance (Table S16) showed that the important factors for
COD removal using ferric chloride were: dosage, pH, and interaction (doses * pH).
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There were statistically significant differences between the different pH values
(Table S17). However, alternative B was only able to remove 28% of the COD. In
comparison with the aluminum sulfate, it was possible to remove twice that of alternative
B; however, to achieve this, a pH of 11 and a dose of 10,000 mg/L was required. The COD
removal using ferric chloride was lower than that reported by Campos-Diaz et al. (2017),
treating tequila vinasse at pH 12.

According to Table S18, the 100 mg/L doses best removed COD. However, the
coagulation of mezcal stillage with ferric chloride for the removal of COD was not
effective. It was higher than that reported by Ferral-Pérez et al. (2016) because those
authors only reached removals close to 5% for tequila vinasse treated with ferric chloride.
In the 3D contour plot (Fig. 4), there is an area in which nearly 30% COD removal was
obtained. This was found when the pH increased from 8 to 11 and ferric chloride doses
were around 100 and 10,000 mg/L. Using doses close to 100 mg / L and pH of 11 was
possible to achieve the highest removals (Fig. S6). Compared to alternative A, ferric
chloride was not more effective in removing COD.

34
H 32
Bl 30
= 28
26
24

' I 22
100 1000 10000 - 20

Ferric Chloride Doses (mg/L)

Fig. 4. 3D contour plot for COD removal in mezcal vinasse using ferric chloride

Alternative C: Best Coagulant and Mucilage

The color parameter is associated with the presence of melanoidin (Fitzgibbon et
al. 1995). Therefore, the coagulant that best removed the color was chosen. Table S19
shows that the highest color removals were found at a pH of 11. Of these treatments, there
were no statistically significant differences between doses of 100 and 1000 mg/L of ferric
chloride. Thus, the lowest dose was chosen. For the alternative C evaluation, the ferric
chloride was chosen because it has a good effect on color removal and for economic
purposes a near dose of 100 mg/L.

Ferric chloride turned out to be effective for low dose color removal but not for
COD removal (Fig. 4); it was chosen to study the effect of mucilage as a coadjuvant on
color and COD removals. A balanced A x B factorial design was used, where A was the
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mucilage dose and B was the ferric chloride doses with 3 levels, and the pH was kept
constant (pH = 11).

Color Removal

The mucilage, ferric chloride doses, and interaction between both are important
factors to remove color in mezcal vinasse (Table S20).

With o = 0.05 in the mean difference test (Table S21), it shows that the effect of
mucilage as a coadjuvant had a negative effect on color removal. Due to the use of ferric
chloride in alternative B, under this same pH (11) (Table S13) is close to 90% of color
removal. Quite contrary to this behavior, the use of mucilage is capable of increasing the
color (-8.8822) (Table S21).

The model below explains the behavior for color removal (Eg. 4) and shows an
adjusted coefficient of determination of 0.99 (Table S22). The model does not violate any
of the assumptions: the residuals behaved normally (Fig. S7), and the residues were not
self-correlated, so they were independent (Table S23).

Colorrem(%)=2826.440-58.8906x+1.0945y+0.3092x?-0.019xy+0.0032y*  (4)

In Eq. 4, x is the FeCls (mg/L) and y is the mucilage dose (mg/L).

As shown in Fig. 5, using doses close to the optimal in alternative B there was a
redissolution (green zone). The observed reduction in coagulation activity using OFI
mucilage can be explained by too low or too high doses (Israelachvili 2011), which causes
their redispersal, increasing the concentration (Drifford et al. 1996).

200

150

Mucilage
Doses (mg/L)

I 40

i [ 20

= o

I -20

90 100 11OCoIor remov al
(%)

50

FeClz Doses (mg/L)

Fig. 5. 3D contour plot for color removal in mezcal vinasse using ferric chloride plus mucilage

COD Removal

With a significance level of 0.05, the univariate significance test (Table S24)
showed that ferric chloride doses, mucilage doses, and ferric chloride doses * mucilage
doses were important factors for COD removal in mezcal vinasse.
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The effect of ferric chloride plus OFI mucilage reached a removal greater than 84%
(Table S25) using 90 mg/L and 150 mg/L. This treatment was more effective than the one
used by Carvajal-Zarrabal et al. (2012) for tequila vinasse using polyglutamic acid
combined with sodium hypochlorite and sand filtration. Ferral-Pérez et al. (2016) used 300
mg/L of chitosan to remove COD achieving similar results as that of alternative C (90 mg/L
of ferric chloride and 150 mg/L mucilage. Campos-Diaz et al. (2017) used a dual process
(biological-advanced oxidation) achieving removals of 99%, however, this process
required 90 days, so alternative C allows for a relatively fast-treated effluent.

The model that predicted the behavior of COD removal using ferric chloride plus
OFI mucilage is shown in Eq. 5,

CODrem(%)=400.3038+0.2948x-6.1354y-7.7537°x>-0.0028xy+0.0283y>  (5)

where y is the ferric chloride doses (mg/L) and x is the OFI mucilage doses (mg/L). The
model shows an adjusted coefficient of determination of 0.99 (Table S26), not violating
the assumptions of normality (Fig. S8) and independence (Table S27).

The best COD removals were obtained with doses of 90 mg/L (Fig. 6). The positive
effect for the removal of COD using alternative C was that the mucilage contains
galacturonic acid (Saenz et al. 2004) an active ingredient that provides the coagulation
capability (Miller et al. 2008).

FeCly
Doses (mg/L)
=
o
o

Il s6
I s2
B 78
74
3 70
I 66
I 62

Mucilage Doses (mg/L)

Fig. 6. 3D contour plot for COD removal using ferric chloride plus OFI mucilage

The coagulation-flocculation using ferric chloride plus OFI mucilage was more
efficient than the use of aluminum sulfate, with doses 11 times less of ferric chloride.
Further, it increased the removal of the individual effect of ferric chloride from 30 to 84%.
Both the aluminum sulfate and ferric chloride ions are positively charged. However, the
OFI mucilage may have a polyvalent character. As shown by the mucilages of M.
malabathricum and Zea mays that have an affinity to trivalent and divalent cations
respectively (Watanabe et al. 2008). Therefore, future research suggests tested by means
of zeta potential measurements to confirm.
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CONCLUSIONS

1. Itwas possible to eliminate 90% of color using ferric chloride, showing better removals
than aluminum sulfate.

2. The effect of ferric chloride plus OFI mucilage generated an adverse effect because the
color removal was under 17%.

3. The natural coadjuvant was shown to be effective in the COD removal in the treatment
of mezcal vinasse using the coagulation-flocculation process, because the individual
effect of ferric chloride for COD removal was 30%. This removal was improved by the
addition of OFI mucilage, as it was able to increase removal to 84%.
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APPENDIX

Supplementary

The Appendix contains 10 pages with 8 figures and 27 tables.

Table S1. Characterization of the Mezcal Vinasse Sample Taken From an
Underground Storage Pit (Mean = SD, n = 3)

Samplin
Parameter 1 ; g 3
Color (Pt-Co) 3,440 + 214 2,255 + 276 2,188 + 135
Turbidity (NTU) 2,970 + 300 2,370 +280 1940 + 150
Temperature (°C) 25.72+1.72 19+1.31 22.8+1.37
pH 3.94+04 4.84+0.2 585+0.1
EC (mS/cm) 4.20+0.7 2.08+1.12 2.72+0.97
Chlorides (mg/L) 926 + 26 744.45 + 35 638.1+ 19
BODs (mg/L) 401+8 396 + 12 398 + 10
COD (mg/L) 17,543 £ 55 16,500 + 43 11,765 + 29
TS (mg/L) 71,691 + 250 67,898 + 300 63,691 + 200
FS (mg/L) 9,190 + 190 7,897 £ 79 7,584 + 88
VS (mg/L) 62,890 + 146 60,001 + 67 56,107 + 83
DO (mg/L) 0.20+0.1 0.176 £ 0.23 0.16 + 0.34
P (mg/L) 95+ 35 56 + 0.7 28.5+2.45
NHz (mg/L) 2505 455+ 9 1,000 £ 17
Nitrates (mg/L) 3406 46 + 0,8 49+ 0.5
Sulfates (mg/L) 200 + 16 30+2.32 525+75
Calcium (mg/L) 390 + 15 106 £ 4 250+ 12
ZP (mV) -36.8+3.2 -27.2 +9.68 -26.2+6.2

Table S2 Univariate Test of Significance for Color Removal (%) using Aluminum

Sulfate
Effect SS Degrees of Freedom MS F-value p-value
Intercept 268.175 1 268.175 36.1048 0.000044
Doses Al2(SO4)3 417.476 2 208.737 28.1026 0.000019
pH 1374.05 1 1374.05 184.9913 0.000000
pH? 1676.72 1 1676.72 225.7400 0.000000
Error 96.56 19 7.482
SS: Sum of squares; MS: mean square
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Table S3. LSD Test, Variable Color Removal Using Different pH (Aluminum

Sulfate)
Cell No. pH Color Removal (%) Mean 1 2 3
3 11 34.91300 rxx
1 5 54.44897 owk
2 8 65.15488 ik

Homogeneous groups, Alpha = 0.05; Error: Between MS = 7.482, DF =19

Table S4.LSD Test, Variable Color Removal Using Different Doses (Aluminum

Sulfate)
Cell No. Aluminum Sulfate Doses (mg/L) Color Removal (%) Mean 1 2 3
1 100 45.16229 el
2 1000 52.52993 ok
3 10000 56.82463 ok
Homogeneous groups, Alpha = 0.05; Error: Between MS = 7.482, DF = 19
Table S5. Test of the SS Whole Model vs. SS Residual (Color Removal Using
Aluminum Sulfate)
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Histogram: Color removal (%) Resids
K-S d = 0.10808, p > 0.20; Lilliefors p > 0.20
Shapiro-Wilk W = 0.97200, p = 0.83435
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Fig. S1. Validation of the color removal model using aluminum sulfate, Test of Kolmogorov-
Smirnov, Lilliefors, and Shapiro-Wilk. Normal distribution
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Table S6. Independence Test, Correlation Between Predicted and Residual
Values for Color Removal Model Using Aluminum Sulfate

Variable Color Removal (%) Predicted | Color Removal (%) Residuals
Color Removal (%) Predicted 1.00 -0.00
Color Removal (%) Residuals -0.00 1.00

100

ot P

40

Color removal (%)

20

5 8 11
pH

Fig. S2. Maximum color removal in relation to the pH 5, 8 and 11 using 5590, 5780, and 5790
mg/L of aluminum sulfate, respectively

Table S7. Univariate Test of Significance for COD Removal (%) Using Aluminum
Sulfate

Effect SS Degrees of Freedom MS F-value p-value
Intercept 8.8349 1 8.8349 0.92602 | 0.353459
Doses Alx(SO4)3 100.1073 2 50.0536 5.24629 | 0.021359
pH 190.3681 1 190.3681 | 19.95313 | 0.000635
pH? 106.8810 1 106.8810 | 11.20256 | 0.005251
Error 124.0299 19 9.5408

Table S8.LSD Test, Variable COD Removal Using Different pH (Aluminum
Sulfate)

Cell No. pH COD Removal (%) Mean 1 2 3
1 5 37.44921 el
2 8 52.05751 bl
3 11 56.32748 ok
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Table S9. LSD Test, Variable COD Removal Using Different Doses (Aluminum

Sulfate)
Cell No. Aluminum Sulfate Doses (mg/L) COD Removal (%) Mean 1 2
1 100 46.92579 rxk
2 1000 46.96195 ok
3 10000 51.94645 i

Table S10. Test of the SS Whole Model vs. SS Residual (COD Removal Using
Aluminum Sulfate)

X <= CategoryBoundary
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Fig. S3. Validation of the COD removal model using aluminum sulfate, Test of Kolmogorov-
Smirnov, Lilliefors and Shapiro-Wilk. Normal distribution

Table S11. Independence Test, Correlation Between Predicted and Residual
Values for COD Removal Model Using Aluminum Sulfate

Variable COD Removal (%) Predicted | COD Removal (%) Residuals
COD Removal (%) Predicted 1.00 -0.00
COD Removal (%) Residuals -0.00 1.00
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Fig. S4. Maximum COD removal in relation to the pH using 10,000 mg/L of aluminum sulfate

Table S12.. Univariate Test of Significance for COD Removal (%) Using Ferric

Chloride
Effect SS Degrees of Freedom MS F-value | p-value
Intercept 51656.75 1 51656.75 | 345563.9 0.00
Ferric Chloride Doses 5549.46 2 2774.73 18561.9 0.00
pH 19107.22 2 9553.61 63910.0 0.00
Doses*pH 8564.41 4 2141.10 14323.2 0.00
Error 1.35 19 0.15

Table S13.LSD Test, Variable Color Removal Using Different Ferric Chloride

Doses and pH

Cell No. | Ferric Chloride Doses (mg/L) | pH | Color Removal 112 |3|4|5]|6
(%) Mean
8 10000 8 -56.6087 ok
5 1000 8 37.5787 ok
7 10000 5 51.8327 ok
2 100 8 52.0733 ok
4 1000 5 63.0322 ok
1 100 5 63.7912 ok
3 100 11 89.1151 il
6 1000 11 89.8556 ok
9 10000 11 91.4661 ok
Homogeneous groups, Alpha = 0.05; Error: Between MS = 0.15, DF =19
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Table S14. Test of the SS Whole Model vs. SS Residual (Color Removal Using

Ferric Chloride)
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Fig. S5.. Validation of the color removal model using ferric chloride, Test of Kolmogorov-Smirnov,
Lilliefors, and Shapiro-Wilk. Normal distribution

Table S15. Independence Test, Correlation Between Predicted and Residual
Values for Color Removal Model Using Ferric Chloride

Variable

Color Removal (%) Predicted

Color Removal (%) Residuals

Color Removal (%) Predicted

1.00

-0.00

Color Removal (%) Residuals

-0.00

1.00

Table S16. Univariate Test of Significance for COD Removal (%) Using Ferric

Chloride
Effect SS Degrees of Freedom MS F-value p-value
Intercept 13630.12 1 13630.12 | 559687.1 | 0.000000
Ferric Chloride Doses | 101.61 2 50.80 2086.1 | 0.000000
pH 6.88 2 3.44 141.3 0.000000
Doses * pH 276.10 4 69.03 2834.4 | 0.000000
Error 0.22 19 0.02
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Table S17. LSD Test, Variable COD Removal Using Different pH (Ferric
Chloride)

Cell No. pH COD Removal (%) Mean 1 2
1 5 26.64514 Hkk
3 11 27.90375 ok
2 8 28.00448 ok

Homogeneous groups, Alpha = 0.05; Error: Between MS = 0.02, DF =19

Table S18..LSD Test, Variable COD Removal Using Different Ferric Chloride
Doses

Cell No. Ferric Chloride Doses (mg/L) COD Removal (%) Mean 1 2 3
3 10000 24.62121 Fkkx
2 1000 27.49139 ok
1 100 30.44077 Fkk

Homogeneous groups, Alpha = 0.05; Error: Between MS = 0.02, DF =19

100

80

60

40

Color removal (%)

20

pH

Fig. S6. Maximum color removal in relation to the pH using 100 mg/L of ferric chloride
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Table S19. LSD Test, Variable Color Removal Using Different pH, Doses, and

Coagulant
Doses | Coagulant | pH Color
RG?JA)O)VNHNM wlo|~|lo|lo| 9| d|Y
Mean
10000 Ferric 8 -56.608 N
Chloride
100 Aluminum | 11 24.842 .
Sulfate
1000 Ferric 8 37.578 .
Chloride
1000 | Aluminum | 11 | 37.837 *
10000 Sulfate 11 42.058
10000 Ferric 5 51.832 *

100 Chloride 8 52.073 * *

100 5 52.184 * *

1000 Aluminum 5 52.795 *

10000 Sulfate 5 58.367 *

100 8 58.459 *

1000 Ferric 5 63.032 *

100 Chloride 5 63.791 *

1000 Aluminum 8 66.956 *

10000 Sulfate 8 70.048 *

100 _ 11 | 89.115 *
1000 C';‘f”!g 11 | 89.855 x
10000 onde 111 91.466 .

Homogeneous groups, Alpha = 0.05; Error: Between MS = 0.02, DF =9
Table S20. Univariate Test of Significance for Color Removal (%) Using Ferric
Chloride and Mucilage
Effect SS Degrees of MS F-value p-value
Freedom
Intercept 2714.13 1 2714.13 9530.65 0.00000
Ferric Chloride Doses 4031.24 2 2015.62 7077.83 0.00000
Mucilage Doses 1029.19 2 514.595 1806.99 0.00000
Ferric Chloride Doses | 41,5q,7 33 4 3236.83 | 11366.10 | 0.00000
x Mucilage Doses
Error 2.56 19 0.285
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Table S21. LSD Test, Variable Color Removal Using Ferric Chloride and

Mucilage
Coagulant/Coadjuvant Doses (mg/L) Color Removal (%) Mean 1 2 3
100 -8.33222 ko
Ferric Chloride 90 18.42534 Fhkk
110 26.74528 ok
150 1.58589 ok
Mucilage 200 17.58818 Fkkx
50 17.66432 ko

Homogeneous groups, Alpha = 0.05; Error: Between MS = 0.285, DF =19

Table S22. Test of the SS Whole Model vs. SS Residual (Color Removal Using
Ferric Chloride Plus Mucilage)
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Histogram: Color removal (%) Resids
K-S d=0.16172, p > 0.20; Lilliefors p > 0.20
Shapiro-Wilk W = 0.92702, p = 0.17206
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Fig. S7. Validation of the color removal model using ferric chloride plus mucilage, Test of
Kolmogorov-Smirnov, Lilliefors, and Shapiro-Wilk. Normal distribution
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Table S23. Independence Test, Correlation Between Predicted and Residual
Values for Color Removal Model Using Ferric Chloride Plus Mucilage

Variable

Color Removal (%) Predicted

Color Removal (%) Residuals

Color Removal (%) Predicted

1.00

-0.00

Color Removal (%) Residuals

-0.00

1.00

Table S24. Univariate Test of Significance for COD Removal (%) Using Ferric

Chloride and Mucilage

Effect SS Degrees of MS F-value p-value
Freedom

Intercept 94857.57 1 94857.57 | 7872598 0.00000

Ferric Chloride Doses 882.17 2 441.08 36607 0.00000

Mucilage Doses 0.59 2 0.30 25 0.00022

Ferric Chioride Doses* 82.91 4 20.73 1720 | 0.00000

Mucilage Doses

Error 0.11 19 0.01

Table S25. LSD Test, Variable COD Removal Using Ferric Chloride and

Mucilage
Cell Ferric Chloride Mucilage CODRemoval |1|2|3|4|5|6|7(8|9
No. Doses (mg/L) Doses (mg/L) (%) Mean
8 110 150 64.32851 *
9 110 200 64.78048 *
7 110 50 66.25258 *
6 100 200 68.93337 *
5 100 150 69.69525 *
4 100 50 73.49174 *
1 920 50 77.67820 *
3 90 200 83.65702 *
2 20 150 84.52738 *

Homogeneous groups, Alpha = 0.05.;Error: Between MS = 0.01205, DF = 19

Table S26. Test of the SS Whole Model vs. SS Residual (COD Removal Using
Ferric Chloride Plus Mucilage)
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Histogram: Resids
K-S d=0.11448, p > 0.20; Lilliefors p > 0.20
Shapiro-WilkW = 0.96649, p = 0.72964
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Fig. S8. Validation of the COD removal model using ferric chloride plus mucilage, Test of
Kolmogorov-Smirnov, Lilliefors, and Shapiro-Wilk. Normal distribution

Table S27. Independence Test, Correlation Between Predicted and Residual
Values for COD Removal Model Using Ferric Chloride Plus Mucilage

Variable COD Removal (%) Predicted | COD Removal (%) Residuals
COD Removal (%) Predicted 1.00 -0.00
COD Removal (%) Residuals -0.00 1.00
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