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The wastewater from industrial laundries has a high quantity of contaminants from the washing process, as well as chemical additives.
Aiming at the treatment of this type of wastewater, the present study evaluated the performance of a combined coagulation/
flocculation/sedimentation process (C/F/S) and membrane separation to treat laundry wastewater in relation to physicochemical
parameters of water quality. For this purpose, a Doehlert experimental design was applied to the C/F/S step using the natural
coagulant Tanfloc POP® with maximum color and turbidity removal efficiency obtained of 80.27% and 86.50%, respectively, under
conditions of pH of 6.4 and a coagulant concentration of 110 mg-L™". The supernatant from the C/F/S step was used in the sequential
microfiltration (MF) and ultrafiltration (UF) experiments. The maximum values of color, total nitrogen, dissolved solids, and
turbidity removal were similar to MF and UF membranes at transmembrane pressure of 1.4 bar, with the greatest flow of permeates
(92.2L'h™"m™?) presented by the MF membrane at 1.4 bar. The total efficiency of the combined C/F/S-MF process indicated the
quality of the treated wastewater since it reduced 98.4% of the color, 99.1% of turbidity, 71.7% of the surfactants, and more than 55%
of the total dissolved solids (TDS), chemical oxygen demand (COD), and total organic carbon (TOC) from the industrial laundry

wastewater. This study showed that the C/F/S-MF combined process could be an efficient treatment of laundry wastewater.

1. Introduction

In the industrial activities, water consumption is usually
high, resulting in a large volume of wastewater that must be
treated before the release into the water systems. Such
wastewater, if untreated or inadequately treated, might pose
risks to the aquatic environment since the molecules of the
contaminants may have carcinogenic and mutagenic
properties or lead to mutagenic actions in the living beings
present in the medium [1].

The wastewater from industrial laundries has in its
composition different levels of suspended solids, tur-
bidity, COD, salts, and nutrients [2] due to the pres-
ence of dirt and residues from detergents and softeners

that are used during the washing process [3]. The main
chemical additive found in this class of wastewater is the
detergent, which has surfactants as one of the main
constituents that assist in the removal of dirt related to
food debris, body residues, and the environment from the
fabric [4].

The methods applied to efficiently treat the wastewater
from industrial laundries are usually based on the com-
bination of biological, physical, and chemical processes
such as electrocoagulation [5, 6], membrane separation
processes [7-10], membrane bioreactors [11], adsorption
[12], photolysis [13], electrocoagulation/electroflotation
[14], coagulation [15], coagulation/membranes [16-18],
and coagulation/adsorption [19].
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Among the used methods, the C/F/S process has been
highlighted due to the high efficiency in removing the or-
ganic matter and its low operating cost. Moreover, there is a
great variety of natural or inorganic coagulants available for
treating wastewater [13, 20].

The inorganic coagulants present some advantages re-
garding the efficiency of turbidity removal and their large
availability [21]. Nevertheless, they show many disadvan-
tages such as the low level of biodegradability and toxicity,
posing a risk to the human health [22]. Toxic effects from
several substances in the water and wastewater might be
evaluated according to ecotoxicity tests using microorgan-
isms, plants, fish, and invertebrates [23].

The aluminum sulfate inorganic coagulant is widely used
in water treatment [24], and its presence after the process,
even in residual amounts, has been linked to the accumu-
lation of aluminum salts in the human body, leading to
disorders such as anemia, Alzheimer’s disease, loss of
memory, and headaches [25, 26].

Due to the disadvantages of the use of inorganic co-
agulants (aluminum and iron salts), a promising alternative
is the use of natural coagulants extracted from biological
materials (seeds and shells) that are usually nontoxic [21],
renewable, and biodegradable, presenting a great efficiency
when removing turbidity [26], surfactants, and dyes from
industrial wastewater [15].

In general, the conventional wastewater treatment
processes usually result in an incomplete removal of toxins,
microorganisms, and other contaminants present in the
wastewater. This fact has been stimulating studies that apply
membrane separation processes (MSP) to obtain a superior
quality of the treated water [27-29].

The MSP present some advantages over conventional
processes such as a high standard performance, reduction of
the environmental impact caused by the wastewater, and the
compliance regarding the environmental regulations for the
discharge of wastewater into the water bodies [7].

In this context, the use of natural coagulant in C/F/S step
combined with MSP in sequence has been providing an
interesting alternative to obtain treated water with a higher
quality. When applying the C/F/S process as a primary
treatment, there is a removal of bigger particles and organic
matter and, consequently, a reduction of fouling on the
membrane, increasing the total efficiency of the process [29].

The Doehlert experimental design is applied to opti-
mized variables and has been highlighted in applications to
optimized variables in different methods [30-37]. This de-
sign is more efficient than others like Box-Behnken and
central composite designs because the advantages of
selecting the order of variables can be large or small number
of levels, requiring fewer experiments and be more efficient
[38, 39].

Thus, the objective of this study was to evaluate the total
efficiency of the combined C/F/S-MSP regarding the
physicochemical parameters of the laundry wastewater using
the optimized pH and coagulant concentration obtained
from the optimized conditions of Doehlert experimental
design, membrane type, and transmembrane pressure
conditions.
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2. Materials and Methods

2.1. Wastewater and Analytical Determinations. The waste-
water was collected from the equalization tank, which
receives and stores all the water used in the washing step, at
an industrial laundry located in the west of Parand, Brazil.
The wastewater was stored in polyethylene tanks with a
capacity of 20liters and kept refrigerated.

Three collections were carried out on different days with
different destinations: batch 1 was used for the C/F/S assays
to determine the optimum pH value and coagulant con-
centration; batch 2 was employed in the combined C/F/S and
membrane separation (MF and UF) processes to determine
the best transmembrane pressure; and batch 3 was used in
the experiments for the best experimental conditions ob-
tained in the two previous steps for the selected membrane.

The characterization of the wastewater (batch 1, 2, and
3), the supernatant collected in the best condition of the C/F/
S step, and the permeate obtained from the combined C/F/S-
MF process followed the procedures described in Table 1.
The assays were performed in duplicate. The analyses of
residual chlorine and thermotolerant coliforms were carried
out only for the permeate collected in the best experimental
condition of the C/F/S-MF process. Toxicity assays using the
lyophilized Vibrio fischeri bacteria (BIOLUX® LYOS5,
Umwelt) were performed for the wastewater sample and for
the permeate obtained from the combined process (C/F/S-
MF) in the best experimental condition.

2.2. Evaluation of C/F/S Parameters. For the C/F/S step, it
was used the natural coagulant Tanfloc POP® produced
from the black wattle bark (Acacia mearnsii De Wild) and
provided by TANAC S.A.

The Doehlert experimental design for the C/F/S assays
(batch 1) was applied for two variables (pH and coagulant
concentration) to determine the experimental condition with
higher efficiency in the removal of color and turbidity. For the
coagulant concentration and pH, three (60, 120, and
180 mg-Lfl) and five levels (4.6, 5.5, 6.3, 7.2, and 8.0) were
tested, respectively. All the assays were performed in duplicate.

The experiments were performed in a jar test (JT102-
Milan) containing one liter of the wastewater in each tank
with different concentrations of coagulant (mg L™") with two
stirring periods (based on preliminary tests): one at 120 rpm
for 2minutes and another one at 20rpm for 2 minutes,
followed by 10 minutes of settling. Blank experiments were
also performed (without adding the coagulant). The pH of
the wastewater was adjusted according to the value de-
termined from the experimental design by adding NaOH
1 mol-L™" and HCI 0.1 mol-L™" solutions, meeting the pH
range required by the coagulants (4.5-8) [45]. The assays
were carried out in duplicate and at room temperature
(25°C). The collected samples of supernatant were evaluated
regarding the removal of color and turbidity and de-
termining the pH as well.

Experiments complementary to the design were also
performed at a pH value of 6.4 and coagulant concentrations
of 100, 110, 120, and 130mg-L™". It was conducted to
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TaBLE 1: Physicochemical parameters evaluated for the charac-
terization of the laundry wastewater, determination methods, and
analytical protocols.

Parameter Unit Procedure
ot mgCL™! 5310C [40]
Free residual chlorine mg L™ 4500-Cl A e G [41]
g(})‘l‘;;:;r‘;f;’leram NMP/100mL  ISO 9308-1:2014 [42]
Conductivity pScm™! 2510B [40]
Apparent color mgpco L' 8025 [40]
ﬁé"niiﬁﬁ’ti?é%’?ge“ mgO, L™ 5210 A e B [41]
Chemical oxygen _

e (COYS) mgO,L ! 5220D [40]
Total nitrogen mgL™ D5176 [43]

pH 4500-H* B [41]
Total dissolved

solids (TDS) mgL™ 2540C [40]
Total solids (TS) mgL™! 2540B [40]
Surfactants mg L™ MBAS 5540C [40]
Temperature °C 25508 [40]
Turbidity NTU 2130B [40]
Toxicity NBR 15411-3 [44]

MBAS: methylene blue active substances.

determine the minimum coagulant concentration that can
be used without changing the color and turbidity removal.
The statistical analyses were carried out using the Statistica
7® software and considering a significance level of 5%.

2.3. Evaluation of the MSP Parameters. The wastewater from
the second batch underwent the C/F/S process in the best
condition (pH and coagulant concentration) according to
the complementary assays after applying the Doehlert de-
sign. The resulting supernatant from this step was used as
feed in the microfiltration (MF) and ultrafiltration (UF)
membrane separation processes. The characteristics of the
evaluated membranes are presented in Table 2 [46].

The filtration experiments were carried out in duplicate
using a microfiltration membrane (MF) in experimental
bench unit [46] based on the cross-flow filtration principle. A
representation of the experimental unit is shown in Figure 1.

The module was operated as a batch system with a total
recycle of concentrates and permeates to the feed tank. The
experiments were performed at room temperature (=25°C),
with a flow of 0.5L-min”" for the MF membrane and
0.8 L-min~" for the UF membrane and different trans-
membrane pressures (0.6, 1.0, and 1.4 bar). The volumetric
permeate flow m (L h™') was measured at different time
intervals of 10 minutes during the filtration process, and the
permeation flux () (L h™'m™) was determined by equation
(1), where A is the membrane area (m?):

J=— (1)

When the permeate flux became constant, 200 mL of the
permeate was collected for determining the color, turbidity,
TOC, COD, TDS, and surfactants.

TABLE 2: Parameters of the ultrafiltration (UF) and microfiltration
(MF) membranes.

Parameter UF MF
Geometry Hollow fiber ~ Hollow fiber
. Poly(ether .
Material sulfone) Poly(imide)
Selective layer External External
Average pore diameter (ym) — 0.4 ym
Molecular weight cut-oft (kDa) 50 —

Effective length (mm) 260 260
Filtration area (m?) 0.027 0.027

At the end of each experiment, the wastewater was
drained and replaced by deionized water, measuring the flux
of deionized water from the permeate of the dirt membrane.
The flux decline (FF-%) was calculated according to the
following equation, where ], and J4 are the membrane flux
(L h™":m™?) obtained with deionized water before and after
the operation, respectively [47]:

FF (%) =<1 - %) x 100%. (2)

0

After each experimental assay, the membrane was
submitted to a physical and chemical cleaning process until
returning 90% of the initial flux (new membrane). The
physical cleaning consisted of recirculating deionized water
in the filtration module for approximately 2 minutes, being
subsequently discarded. Then, the chemical cleaning con-
sisted of recirculating a NaOH 3% solution during
40 minutes to remove the organic salts and other com-
pounds that can cause incrustations. This procedure was
followed by a rinsing step with deionized water during
5 minutes. Afterwards, another chemical cleaning process
was performed with a citric acid 2% solution (C4HgO-) for
20 minutes, followed again by a rinsing step with deionized
water for 10 minutes [48, 49]. After finishing the cleaning
process, the permeation flux using deionized water was
measured and compared to the initial value (new
membrane).

The performance of the MF and UF membranes was
evaluated regarding the removal efficiency of color, TOC,
COD, total nitrogen, TDS, surfactants, and turbidity. This
parameter was calculated according to the following equa-
tion, where R is the removal of the parameter (%) and C, and
C,, are the values of the parameters measured in the feed and
permeate samples, respectively [50]:

ac P % 100%. (3)

R (%) =

2.4. Evaluation of the Combined C/F/S and Membrane Sep-
aration Process in the Best Experimental Conditions. In order
to simulate the proposed treatment, the third batch of the
laundry wastewater was used in the assay combining the
best experimental conditions obtained from the C/F/S
(coagulant concentration and pH) and membrane filtra-
tion (type of membrane and transmembrane pressure)
processes. The analyzed parameters in this experiment
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FIGURE 1: Schematic diagram of micro/ultrafiltration system (MF/UF, cross-flow hollow fiber membrane module; B1, pump; R1, feed tank;
F1, F2, flowmeter; V6, back pressure valve; V1-V6, valves; PG1, PG2, pressure gauge).

were the thermotolerant coliforms, residual chlorine,
color, turbidity, TOC, total nitrogen, COD, TDS, and
surfactants, determining the removal efficiency according
to equation (3).

3. Results and Discussion

3.1. Characterization of the Laundry Wastewater. The values
of the laundry wastewater physicochemical parameters
characterized for each of the three collected batches are
presented in Table 3.

The results presented in Table 3 demonstrate variable
physicochemical characteristics for the analyzed parameters.
This variation among the obtained values can be related to
the dirtiness present in the pieces of clothing within the
period that the wastewater was collected since the higher the
dirtiness, the higher the consumption of chemicals in the
washing process.

The evaluated total organic carbon (TOC) values varied
between 54.5 and 86 mg-C-L™', a parameter that represents
the quantity of contaminating organic matter in the medium
[51]. For color, the values ranged from 365 to 425 mgp; ¢,
L™, This behavior might be related to the type of items that
were washed on the different collection days since the fabric
can lose the color during the washing step.

The BOD values ranged from 58 to 87mgO,L 7",
whereas the COD values from 245 to 587mgO,L "
Ciabatti et al. [8] and Delforno et al. [52] obtained for the
raw laundry wastewater COD mean values of
602mg O, L ™" and 1603 mg O, L', respectively. According
to the authors, the presence of anionic surfactants and
fibrous materials in the wastewater might contribute to the
increase in the COD value.

The total nitrogen parameter presented values within 2.9
and 7.1 mg-L™", which are lower than the one found by Braga
and Varesche [3] when characterizing laundry wastewater
(32.4 mg-L_l). According to Lens et al. [53], the laundry
wastewater has low quantities of nitrogen since it is a
component hardly found in laundry additives.

TaBLE 3: Mean values (+standard deviation) of the parameters
analyzed when characterizing the laundry wastewater.

Parameter Batch 1 Batch 2 Batch 3
TOC (mg-C-L™") 545+0.8 80.4+1.2 86.0+0.1
Conductivity (4S-cm™) 278+13 444 + 1 647+ 8
Color (mgpi.coL ™) 394+11  365+4 425+0
BOD (mg-O,-L ™) 58 +0 87+0 67+0
COD (mg-O,.L™") 587+4  383+15 24548
Total nitrogen (mg-L™") 29+0 71+0 48+0
pH 10.0+£01 105+0  10.9+0
TDS (mg-L™") 359+ 4 471 +2 473+ 4
TS (mgL™) 456+ 6 530 +3 53247
Surfactants (mg-L™' MBAS) 11.7+0.1 19.6+0.1 15940
Temperature (“C) 234+0.2 254+01 251+0.1
Turbidity (NTU) 61+2 5242 64+1

MBAS: methylene blue active substances.

The pH values measured in the present work were ap-
proximately 10. According to Kim et al. [17] and Delforno
et al. [52], laundry wastewaters usually have high pH values
due to the chemical additives used during the washing
process such as softeners, bleach, and disinfectants. The
same authors obtained pH values of 12.5 and 10, re-
spectively, when characterizing the laundry wastewater.

The quantity of anionic surfactant in the wastewater
varied from 11.7 to 19.6 mg-L™" MBAS. According to Del-
forno et al. [52], these values are related to the concentration
and dosage of detergent used in the washing process. The
authors obtained 181 mg-L™" MBAS of anionic surfactants
when characterizing commercial laundry wastewater. As a
result, they highlighted the relevance of treating this type of
wastewater to reduce this parameter since a high quantity of
surfactants can lead to the formation of foam and affect the
water quality, besides occasioning toxicity.

According to Ahmad and El-Dessouky [2], the value of
total dissolved solids (TDS) and total solids (TS) can be
related to the presence of soaps and additives used in the
washing process. In their work, the authors obtained a value
of 504 mg-L™" for the TDS of a laundry wastewater, a value



International Journal of Chemical Engineering

that is close to the ones obtained in this study when
characterizing the wastewater (TDS: 359 to 473 mg-L™" and
TS: 456 to 532 mg-L7").

The temperature of the wastewater obtained in the
different batches was the room temperature (23.4 to 25.4°C).
This parameter is relevant since high temperatures reduce
the quantity of dissolved oxygen in the receiving water
bodies, consequently affecting the aquatic fauna.

The obtained turbidity ranged from 52 to 64 NTU. These
values were lower than the one obtained by Nicolaidis and
Virydes [11] when characterizing laundry wastewater (92
NTU). According to Huang et al. [54], the turbidity valueis a
quality indicator of colloidal substances present in the
wastewater.

The results obtained from the industrial laundry
wastewater characterization indicate the necessity to
remove the organic matter and other contaminants before
the discharge into the water bodies. For this purpose, the
utilization of a C/F/S treatment to remove the solids in
suspension associated with a membrane separation pro-
cess is in agreement with the reduction of the content of
these contaminants and their harmful effects in the
ecosystem.

3.2. Determination of the C/F/S Optimized Parameters.
Table 4 presents the values of the response variables color
removal (%) and turbidity (%) for each C/F/S condition
(batch 1) predicted in the Doehlert design.

With a coagulant concentration of 60 mg-L™', when
reducing the pH from 7.2 to 5.5, the efficiency of color and
turbidity removal increased to 34.5% and 28.9%, re-
spectively. The same behavior was not obtained with the
concentration of 120 mg-L™" and reducing the pH from 8.0
to 6.3, resulting in an increase of, approximately, 11% of the
removal of both parameters. Nevertheless, the removal ef-
ficiencies did not change when modifying the wastewater pH
to 4.6. With the highest coagulant concentration
(180 mg-L’l), the pH reduction from 7.2 to 5.5 also provided
a decrease in the color (=27%) and turbidity (=24%) re-
moval. According to Beltran-Heredia et al. [55], there is a
precise coagulant dosage in which the formation of flocs
effectively occurs due to their cationic nature. Therefore, as
observed for the concentrations of 60 and 120 mg-Lfl, the
cationic nature of the coagulant results in higher removal of
color and turbidity with acidic pH values (5.5 and 6.3).

The analysis of variance (ANOVA) allows the evaluation
of the performance of the regression model, and its vali-
dation is determined by the F-test. Table 5 presents the
analysis of variance (ANOVA) for the removal of color and
turbidity of the wastewater.

The F-test for the model presented a Fy,p. value lower
than the F.,. for the color (3.11<273.99) and turbidity
(3.11 < 33.96) responses, indicating that the regression fitted
to the proposed model for both parameters (color and
turbidity). The F.,1./Fiaple ratio was 88.09 for color and 10.91
for turbidity, indicating a high correlation value for the
proposed model. According to Montgomery [56], when the
Fealc/Fraple 1atio is higher than 4, the model is statistically

significant, whereas for values higher than 10, in addition to
significant, the model is predictive.

For the color and turbidity responses, the residual plots
(not shown) did not indicate the presence of outliers (out of
the interval -2 to 2), i.e., the points were randomly dis-
tributed around zero, therefore confirming the normal
distribution for color and turbidity.

The regression coeflicients for the proposed Doehlert
experimental design are presented in Table 6.

From the analysis of effects (Table 6), it can be verified
that only the quadratic term of the pH for turbidity pre-
sented a p value higher than 0.05, and it was not significant.
However, as the value 0.0517 is close to 0.05, this term was
considered for validating the model. The other variables
were significant (p value < 0.05).

As the proposed model was validated, the equations (4)
and (5) were applied for determining the percentage of
removal of color and turbidity, respectively, where [CC] is
the coagulant concentration:

color removal (%) = 91.4583 —2.0450 [pH] — 1.2933 [pH]2
+2.63[CC] - 16.415[CC]*
+ 15.65[pH][CC],
(4)

turbidity removal (%) = 93.8917 —2.3121 [pH]
~1.3504[pH]” + 4.0263[CC]
~14.3875[CC]* +13.2362 [pH][CC],
(5)

where 60 <CC <180 mg-L™" and 4.5<pH<S8.

In order to determine the best operating ranges for
pH and coagulant concentration that provide the highest
removal (%) of color and turbidity, the response surface
methodology and contour plots were evaluated (Figure 2).

The response surface represents the influence of the pH
and coagulant concentration on the removal of color
(Figure 2(a)) and turbidity (Figure 2(b)) of the wastewater. A
similar behavior was observed for both responses, in which
the plots were saddle-shaped, and the central points were
close to the best experimental condition. For pH values close
to the neutrality (7 to 8) and high coagulant concentrations
(140 to 180 mg-L™"), as well as for low pH values (4.6 to 5.5)
and concentrations (60 to 120 mg-L™"), the results indicated
the maximum removal of color and turbidity. Nevertheless,
considering that the initial wastewater pH is approximately
10, this implies that lower pH values require a higher quantity
of the acidic solution in order to adjust it, just as alkaline pH
values that require a higher quantity of coagulant, conse-
quently increasing the cost of the process. Therefore, to obtain
an efficient and cost-effective C/F/S process, intermediary pH
values and coagulant concentrations can be applied.

The critical values obtained from the statistical model with
the pH varying from 4.6 to 8 and coagulant concentrations
varying from 60 to 180 mg-L™" for the response of color and
turbidity were a pH of 6.4 and concentrations of 129.5 mg-L™"
and 132.1 mg-L™’, respectively. The values determined for the
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TaBLE 4: Doehlert design matrix and removal of color and turbidity of the wastewater (batch 1) using the Tanfloc POP® coagulant.

Run Level pH pH Level concentration Concentration (mg LY Color (%) Turbidity (%)
1 -1 4.6 0 120 90.83+0.2 9424+ 1.7
2 -0.5 5.5 0.8 180 62.33+1.0 70.14+2.8
3 -0.5 5.5 -0.8 60 88.37+5.0 88.56 +6.3
4 0 6.3 0 120 91.09+2.1 94.34 +4.6
5 0 6.3 0 120 91.85+1.3 94.23+1.3
6 0 6.3 0 120 9391+1.6 93.12+2.8
7 0.5 7.2 -0.8 60 53.88+5.9 59.70 £ 8.7
8 0.5 7.2 0.8 180 89.67 +£0.1 94.23+1.3
9 1 8.0 0 120 81.75+4.3 82.74+1.9

Operating conditions: 2 minutes of rapid mixing (120 rpm), 15 minutes of slow mixing (20 rpm), and 10 minutes of sedimentation.

TaBLE 5: Analysis of variance (ANOVA) of the Doehlert design for the removal (%) of color and turbidity («=0.05).

o Color Turbidity

Source of variation
sQ DF MS Feae SQ DF MS Feae

Regression (d) 3328.979 5 665.796 273.99 2548.89 5 509.78 33.96
Lack of fit (a) 2.430 1 2.430 0.2685 15.075 1 15.075 1.0045
Pure error (b) 99.551 11 9.050 165.082 11 15.007
Residues (a+b=c) 101.981 12 8.498 180.158 12 15.013
Total (c+d) 3532.942 17 2729.051 17

SQ = sum of squares; DF = degrees of freedom; MS = mean of squares; F.yc = F calculated. Color: Fype (5; 125 0.05) = 3.11; R* = 0.97; R%, 1 = 0.957. Turbidity:
Fuaple (55 125 0.05) =3.11; R*=0.934; R, =0.906.

TaBLE 6: Effects for the removal of color and turbidity of the wastewater (batch 1).

. Color Turbidity

Variables . )

Coeflicient Pure error p-value Coefficient Pure error p-value
Intercept 91.4583 1.1901 0 93.8917 1.5818 0
pH (L) —2.0450 0.5950 0.0049 -2.3121 0.7909 0.0127
pH (Q) -1.2933 0.4704 0.0176 -1.3504 0.6252 0.0517
Coagulant concentration (mg L™ (L) 2.6300 1.0306 0.0253 4.0263 1.3699 0.0123
Coagulant concentration (mgL_l) (Q) -16.4150 1.4113 0 -14.3875 1.8758 0
pH x concentration 15.6500 1.0306 0 13.2362 1.3699 0

(L): linear regression parameter; (Q): quadratic regression parameter.

—
—_

%]
(=3

x S (=}

Color removal (%)
Turbidity removal (%)

~

J
Bl 100% B 40% Il 100% B 40%
B 80% Bl 20% B 80% B 20%
[ 60% ] 60%

(a) (b)

FicUre 2: Continued.
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FIGURE 2: Response surface for removal (%) of color (a) and turbidity (b) and contour plots for the removal (%) of color (c) and turbidity (d)

of the laundry wastewater by Tanfloc POP®.

maximum removal of color (94.14%) and turbidity (91.50%)
were obtained using equations (4) and (5). The mean critical
values obtained from the coagulant concentration and the
response of color and turbidity were 130.8 mg-L " and a pH of
6.4. According to these results, new C/F/S experiments with
the laundry wastewater were carried out varying the coagulant
concentration between 100 and 130 mg-L™" in a pH of 6.4. It
was performed to reach the highest removal efficiency with
the lowest coagulant concentration.

The results regarding the removal of color and turbidity
were evaluated through the analysis of variance (not shown),
demonstrating that there was a significant difference
(p-value <0.05) between the treatments (coagulant con-
centration) for the color parameter. Since the turbidity
parameter is not influenced by the coagulant concentration
(p value>0.05), a comparison of means was performed to
identify the treatments that presented the same means only
for color removal.

The percentages of removal of color and turbidity and
the comparison of means (Fisher’s LSD test) for the color
parameter using different concentrations of the Tanfloc
POP® coagulant are presented in Table 7.

The results demonstrated that the concentrations of 120
and 130 mg-L " presented different means of color removal.
However, this increase in the concentration resulted in an
increment of only 3.5% in the removal of color (Table 7),
requiring a higher quantity of coagulant and increasing the
cost of the process. For the concentration of 100 mg-L ™", the
minimum removal of color (66.92%) was obtained, in-
dicating an insufficient coagulant concentration.

For the concentrations of 110 mg-L™" and 120 mg-L ™",
there was no significant difference (p-value >0.05) among
the color removal means. Therefore, aiming at an efficient
and cost-effective process, a coagulant concentration of
110mg-L™" (80.27% of color; 86.50% of turbidity) was
chosen for the combined C/F/S and membrane separation
process.

TaBLE 7: Removal of color and turbidity and comparison of means
(Fisher’s LSD test) for the color parameter.

Treatment (coagulant Removal of Removal of
concentration, mg~L’1) color (%) turbidity (%)
100 66.92°¢ 82.23
110 80.27° 86.50
120 80.27° 85.83
130 83.76% 89.76

Same letters indicate the same means for the removal of color among the
treatments (p value >0.05).

3.3. Evaluation of MSP Parameters. For the membrane
separation experiments, the supernatant from the second
batch was used after submitting it to the C/F/S process
applying 110 mg-L™" of coagulant and a pH of 6.4.

Figure 3 shows the behavior of the permeation flux (J) as
a function of time for the MF and UF membranes at different
pressures, as well as their standard deviations.

The permeation curves for both membranes presented a
similar behavior. It can be observed a fast reduction of the
permeation flux in the first 10 minutes of filtration, and
then it slowly reduces until the stabilization from
90 minutes to 50 minutes for the MF and UF membranes,
respectively. This reduction of the permeation flux is due to
the fouling process, which occurs because of the interaction
among the material of the membrane and the other
components in the wastewater that deposit on its surface
[8, 20, 57].

Samples of the permeate were collected in 110 minutes of
filtration and then analyzed regarding color, TOC, COD,
total nitrogen, pH, TDS, surfactants, and turbidity. Table 8
presents the quantified physicochemical parameters of the
feeding samples (supernatant obtained after the C/F/S
process using batch 2), removal efficiencies (%), average
permeation flux, and fouling from the membranes for each
experimental condition.
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TaBLE 8: Performance of the MF and UF membranes in the experiments with different transmembrane pressures (batch 2).

MF (% removal)

UF (% removal)

Parameter Feed 0.6 bar 1.0 bar 1.4 bar 0.6 bar 1.0 bar 1.4 bar
Color (mgp.coL ™) 113.0+ 1.4 93 94 98 88 88 90
TOC (mg-C-Lfl) 531+14 37.2 53 42 52.6 47.3 56.6
COD (mg-O,L™") 219+8 73 73 77 52 67 9
Total nitrogen (mg-TN-L™") 6.9+0 36.1 45.5 44.6 38 43.5 40.1
TDS (mg~L71) 431+6 8.4 43.7 49.5 271 47.4 50.5
Surfactants (mg L' MBAS) 9.5+1 5.8 8.9 58 27.8 30.9 36.1
Turbidity (NTU) 11.9+0.1 95 97 97 91 93 96
pH 6.4 6.8 6.8 6.6 6.8 6.8 6.9
*Mean flux (L-hfl-mfz) — 53.9+0.3 71.5+0.3 92.2+0.5 7.3+£0.2 8.9+0.1 12.5+0.1
Fouling (%) — 55.3 59.4 60.2 73.1 77.4 76.7

*Mean fluxes obtained between 90 and 110 min (MF) and between 50 and 110 min (UF). **Characteristics of the wastewater after the C/F/S process.

A linear increase of the permeation flux was observed with
the increment of the transmembrane pressure for both
membranes (MF and UF) (Table 8). The values of the per-
meation flux for the MF membrane were higher than the ones
for the UF membrane since the first presents larger pores. The
mean permeability, estimated between 0.6 and 1.4 bar, was
75.73 and 9.99 L'h™"m >bar' for the MF and UF mem-
branes, respectively. With the pressure of 1.4 bar, the highest
permeation fluxes were obtained (MF: 92.2 L-h™"-m ™ and UF:
125L-h tm™). According to these results, it can be verified
that an increase of the transmembrane pressure results in a
higher driving force, allowing the liquid to easily cross the
pores of the membrane [57].

The fouling values observed for the assays with the UF
membrane were higher than the ones with the MF (Table 8).
The increase in the transmembrane pressure also resulted in
an increase of the fouling values for both membranes. In fact,
the filtration of the wastewater containing material in sus-
pension causes its decomposition on the surface of the
membrane, which implies in higher values for the flux
decline [58, 59].

These results support the ones obtained by Peter-
Varbanets et al. [60] when treating river water with the
UF membrane (0.04, 0.15, 0.25, and 0.50 bar). The authors
observed an increase in the fouling values with the in-
crement of the operating pressure.

The pH of the permeate samples presented a variation
between 0.2 and 0.5 when compared to the feeding pH values
(6.4). A similar behavior was obtained by Ciabattia et al. [8]
when treating laundry wastewater by UF and using mem-
branes manufactured from polyvinylidene fluoride (PVDEF).
For these authors, the pH value of the permeate (7.3) was
practically unchanged compared to the feeding value (7.2).

The other parameters analyzed in the present study
presented a reduction when compared to the feeding values
(supernatant from the C/F/S process), confirming the efhi-
ciency of the membrane separation process (Table 8) when
treating the laundry wastewater. The increase of the oper-
ating pressure resulted in a higher removal of the evaluated
parameters, with the exception of the TOC and total ni-
trogen for both membranes and surfactants for the MF
membrane.
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The color and turbidity parameters were the ones that
presented the highest removal efficiencies (between 88 and
98%), even when applying the lowest pressure (0.6 bar) for
the MF and UF membranes. The treated color can be further
improved using nanofiltration [61].

The performance of the membranes regarding the re-
moval of COD increased with the filtration pressure,
obtaining the maximum values of 77% for the MF and 92%
for the UF (Table 8). Regarding the laundry wastewater
treatment performed by Manouchehri and Kargari [10] and
applying the MF acrylic membrane (Plexiglass™), removal
between 73.4 and 89.8% of COD was obtained within a
pressure range of 0.2 to 1.5bar. The authors verified the
highest removal (89.8%, CODjpa=2538 mg O, L") with
the operating pressure of 0.5 bar.

The TOC parameter presented removal between 37.2
and 56.6% using the MF and UF membranes at the tested
pressures (Table 8). In the study conducted by Guilbaud et al.
[9], treating a laundry wastewater on board a ship (with
clothes, tablecloths, bath towels, napkins, etc.), the removal
of TOC was 98% (TOCipiar: 503 mg-CL™"; TOCpermeate:
10 mg-C-L™") using only the nanofiltration (NF) process at
the pressure of 35 bar. Nevertheless, it should be considered
that the NF process is more restrictive regarding the transfer
of the components present in the wastewater and demands
more energy in order to operate. Therefore, the TOC values
for the permeate (=23 mg-C-L™") obtained with the MF and
UF membranes after the C/F/S process demonstrated to be
satisfactory considering the characteristics of the laundry
wastewater evaluated and the energy costs.

The removal efficiencies of total nitrogen (Table 8) after
the treatment steps were similar comparing the same
pressures between the MF and UF membranes. The maxi-
mum total nitrogen removal regarding the feeding con-
centration (6.9 mg~L_1) was 45.5% for the MF and 43.5% for
the UF at 1.0 bar. In the research work of Sostar-Turk et al.
[7], also treating laundry wastewater samples, the authors
obtained a removal of 98.9% for total nitrogen
(Cinitial = 2.75 mg-Lfl) using a ceramic UF membrane with a
cut diameter between 20 and 400 kDa with pressures from 3
to 5bar. In a different way, in this research work, the UF
membrane utilized was the polymeric one (poly-
ethersulfone) with a cut diameter of 50kDa and a more
reduced operating pressure (1.0bar). Along with the
wastewater characteristics, these conditions influenced the
performance of the process.

The membrane separation step presented the maximum
removal of surfactants (Table 8) at the pressure of 1.0 bar for
the MF membrane (9.5 for 8.65 mg-L_l; 8.9%) and 1.4 bar for
the UF (9.5 for 6.07 mg-L™"; 36.1%). This value was close to
the removal of surfactants obtained by Sostar-Turk et al. [7]
utilizing the UF (10.06 for 7.02 mg-L™").

The TDS value (431 mg-L™") reduced with the increase of
the operating pressure for the MF and UF membranes
(Table 8), reaching removal of, approximately, 50% at
1.4 bar. Manouchehri and Kargari [10] also evaluated the
TDS reduction for the laundry wastewater treatment ap-
plying MF and obtained 25.2% of removal at the pressure of
1.0 bar. The value of this parameter (TDS) is relevant since it

provides the quantity of organic and inorganic substances in
the wastewater in the form of suspensions even after the
treatments [62].

The MF membrane at a pressure of 1.4 bar presented for
the most part, with the exception of surfactants, the highest
removal efficiencies for the parameters in general, as well as
the highest mean permeation flux (92.2 L-h™".m~?) (Table 8),
an aspect that is required by the industry.

3.4. Evaluation of the Combined C/F/S and Membrane Sep-
aration Process at the Best Experimental Conditions. The
laundry wastewater (batch 3) was submitted to the combined
C/F/S-MF process at the optimized experimental conditions
previously obtained from the C/F/S steps for 10 minutes of
sedimentation (110mg-L™" of coagulant; pH of 6.4) and
membrane separation (1.4 bar).

The removal efficiencies of the physicochemical pa-
rameters for each treatment step are presented in Table 9, as
well as the total removal efficiencies that are related to the
final removal obtained from the combined process (C/F/S-
MF) regarding the raw wastewater.

The TOC parameter (Table 9) reduced roughly 50% in
the C/F/S step and 13% in the membrane filtration (MF),
reaching the value of 37.6 mg-C-L™" for the permeate. Mozia
et al. [63] treated a laundry wastewater from hotels by a
combined biological process followed by UV/O; oxidation
and UF (150 kDa) and obtained a TOC removal of 29% in the
UF step at 2bar (7.9 mg-CL™" in the permeate) and 95%
(TOCinitia1 = 172 mg-C-L™") by the combined process. It is
important to notice that the total efficiency obtained for the
TOC removal (56.3%, TOCpja: 86 mg-C-Lfl) for the in-
dustrial laundry wastewater studied was related to a lower
operating time (C/F/S: 10 minutes of sedimentation) for the
step that precedes the MF when compared to the oxidative
process (12 hours).

The color and turbidity parameters presented removal of
83.3% and 91.3% in the C/F/S step and 90.1 and 89.3% in the
MEF step, respectively. The total removal for color was 98.4%
and 99.1% for turbidity. These results demonstrated that the
combined process (C/F/S-MF) for treating the industrial
laundry wastewater was efficient in removing these pa-
rameters, resulting in treated water with better quality.
Shang et al. [18] treated laundry wastewater (initial turbidity
of 735 NTU) by a combined C/F/S-MF process and obtained
a removal of 90% for turbidity in the C/F/S step utilizing a
polymer as coagulant and 100% after the MF process with
PVDF membranes.

The COD value (245mgO, L") for the raw wastewater
reduced to 83 mg O, L' (66.1%) after utilizing the C/F/S step,
and in the MF process, the permeate presented 77 mg O, L™",
reaching a total efficiency of 68.6% of COD removal. This
result satisfies the value required by the legislation of Parand
state (CEMA/IAP: 70/2009) [64] of 200 mgO, L' for the
discharge of laundry wastewater. Authors, for example, Shang
et al. [18], reached removal of 50% for COD by the C/F/S
process (CODjpigiar: 1196 mg O, LY for the laundry waste-
water and, after the MF process, a total efficiency of 55 to 65%
with the maximum pressure of 1.37 bar.
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TaBLE 9: Physicochemical parameters analyzed for the raw wastewater (batch 3), treated by C/F/S and microfiltration (MF), and removal

efficiencies (%).

Raw wastewater
Parameter

C/F/S step (supernatant)

MF step (permeate)
Total removal C/F/S-MF (%)

Value Value Removal (%) Value Removal (%)

TOC (mgCL_l) 86.0+0.1 43.3+0.3 49.7 37.6+3.1 13.2 56.3
Color (mgp.co L) 42540 71+1 83.3 7+1.4 90.1 98.4
COD (mgO,L™") 245+8 83+3 66.1 77+0 7.2 68.6
Total nitrogen (mg TNL™") 48+0 39+0 18.8 3.5+0.1 10.3 27.1
pH 10.9+0.1 6.8+0.1 ND 6.3+0.2 ND ND
TDS (mg L_l) 473 +4 435+3 210+ 4 51.7 55.6
TS (mgL™") 532+7 500+ 9 ND ND ND
Surfactants (mg L' MBAS) 159+0 51+0 67.9 4540 11.8 71.7
Turbidity (NTU) 64+1 5.6+0.1 91.3 0.6+0.1 89.3 99.1
Toxicity factor (TF) 2 2

ND = parameter that was not determined.

The total nitrogen parameter of the raw wastewater was
4.8mgL~" and met the values required by the federal leg-
islation (CONAMA) No. 430/2011 [65], with a maximum
value for the discharge of 20mg-L™". After applying the
combined process (C/F/S-MF), this parameter reduced
18.8% in the C/F/S step and 10.3% in the MF, demonstrating
that the proposed process for treating the laundry waste-
water was efficient.

The pH value of the raw wastewater (10.9) was adjusted
to 6.4 before the C/F/S treatment, presenting a variation of
0.3 units after the combined process (C/F/S-MF). This result
shows that there is no need to adjust the pH before the
discharge of the treated wastewater since it met the values
required by the federal legislation (5 to 9) [65].

The surfactant parameter had a total reduction of 71.7%
(wastewater: 15.9mg-L™" MBAS) and presented a value of
45mgL™" MBAS in the permeate after the combined
process (C/F/S-MF). Ciabattia et al. [8] obtained a removal
of 93% of anionic surfactants after the total flotation/
ozonation/filtration (activated carbon) and filtration with
a PVDF membrane (20kDa) when treating laundry
wastewater (8.78 mg-Lf1 of total surfactants).

The TDS value (wastewater: 473 mg-L™") after applying
the combined process was 210 mg-L™". The removal of this
parameter was higher in the MF step (51.7%) in relation to the
C/F/S process (8%), confirming that the membrane separa-
tion process is more efficient for TDS removal. Sumisha et al.
[66] studied the treatment of laundry wastewater applying
only the UF process with polymeric membranes (10 kDa) and
obtained TDS removal of 82% (TDSyai: 603.3 mg-L™") with
the operating pressure of 5 bar.

The permeate collected after the C/F/S-MF process was
analyzed regarding the free residual chlorine (0.24 mg-L™")
and thermotolerant coliforms (<1 MPN/100 mL), which
presented low values, demonstrating the quality of the
permeate obtained after the combined treatment.

The value of the toxicity factor (TF) obtained for the raw
wastewater and the permeate (MF) was 2, demonstrating
that the sample needs to be diluted twice to obtain a re-
duction in the luminescence of the Vibrio fischeri bacteria
inferior to 20%. This result showed that there was no
modification of the toxicity of the studied wastewater for this

microorganism, meeting the requirements established by
state regulations [64] with a TF value of 8 for the discharge of
wastewater into water bodies.

Therefore, the COD, total nitrogen, pH, and toxicity
parameters analyzed after the combined process (C/F/S-MF)
met the values established by the Brazilian state [64] and
federal regulations [65] for the discharge of wastewaters into
water bodies. The combined treatment was also responsible
for the reduction of the other parameters, providing treated
water with high quality since it removed 98.4% of color,
99.1% of turbidity, 71.7% of surfactants, and more than 55%
of TDS and TOC of the laundry wastewater.

In general, the most parts of the analyzed parameters
of the supernatant from batch 3 (Table 9) presented values
lower than the ones from the supernatant obtained from
batch 2 (Table 8). This fact contributed to the performance
of the membrane. The permeation flux of the wastewater
in relation to time for MF at l.4bar is presented in
Figure 4.

The permeation flux reduced from 203.5L-h™"m™ to
155.8 L-h™-m™? in the first 10 minutes of operation (Figure 4),
remaining constant after 40 minutes of microfiltration in
146.0 L-h™".m™>. This value for the permeation flux was higher
than the one obtained for the same membrane (MF) and
pressure (1.4bar) utilizing the wastewater from the second
batch, which started with an initial flux of 201.8 L-h™".m >
with the stabilization of the permeation flux in 92.2 L-h™"-m ™.
These results show that the characteristics of the wastewater
are relevant to the MF since, for the wastewater containing the
least amount of organic matter in the supernatant (batch 3)
(TOC=433mg-CL™"; COD=83mgO,L™", Table 9), it was
obtained the best membrane permeation compared to the
wastewater collected in a different period (batch 2:
TOC=53.1mgCL™"; COD=219mgO, L, Table 8).

Another parameter that should be considered is the
turbidity, which causes the reduction of the permeation flux
value because it is an indicator of the number of particles in
suspension in the filter medium [17]. In this case, the tur-
bidity value obtained from the supernatant of batch 3 (5.6
NTU) was lower compared to the one from the second batch
(11.9 NTU), which confirms the results obtained for the
fouling values of 55% and 60.2%, respectively.
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the MF membrane (volumetric flow of 0.5 L-min™").

These data demonstrate the relevance of the un-
derstanding of the wastewater characteristics, as well as the
utilization of a pretreatment (C/F/S step) before MF in order
to remove the highest quantity of organic matter. It can be
justified by the fact that the lower the organic particulate
matter in the medium to be filtered, the lower the value for
fouling and consequently the higher the operating life of the
membrane and permeation flux in the process.

4. Conclusion

In the C/F/S process of the laundry wastewater, the utili-
zation of the Tanfloc POP® natural coagulant demonstrated
its efficiency with the dosage of 110 mg-L ™", and a wastewater
pH of 6.4, according to the statistical analyses. The super-
natant from the C/F/S process obtained in this experimental
condition was submitted to the membrane separation
process (MF and UF), resulting in removal efficiencies of the
physicochemical parameters (color, total nitrogen, TDS, and
turbidity) with an operating pressure of 1.4 bar in a similar
way for both membranes but distinct values for the per-
meation flux. The MF membrane operating at 1.4 bar pre-
sented the best performance, with a permeation flux of
922 L:h™"m™?, implying in a treatment with a higher vol-
ume of wastewater over time. The C/F/S step utilizing the
natural coagulant and the separation of components by MF
significantly enhanced the quality parameters of the treated
wastewater, demonstrating the efficiency of the combined
process proposed for treating laundry wastewater.
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