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Abstract

The aim of this study was to investigate the treatment and reuse of laundry wastewater with couple of nanofiltration (NF) and
reverse osmosis (RO). In the NF process, optimal values of pH, temperature, transmembrane pressure (TMP) and cross-flow rate
were determined using the Taguchi L;¢ (44) experimental design method. The smaller-the-better signal-to-noise (S/N) ratio was
used to analyze the results of experiments. Flux decline caused by fouling was selected as response parameter. A pH of 8.5,
temperature of 30 °C, TMP of 12 bar and cross-flow rate of 2 L/min were determined as optimum operating conditions in the NF
process. According to analysis of variance (ANOVA), pH was the most effective factor while TMP and cross-flow rate had low
effects on the fouling. Membrane fouling was also evaluated with scanning electron microscope (SEM), energy dispersive X-ray
spectroscopy (EDX), zeta potential and optical profilometer measurements. In the RO process, the quality of NF permeate
obtained from optimum operating conditions was improved by an RO membrane. Although a NF membrane was not effective
in reducing chemical oxygen demand (COD), Orto-P and NH,"-N, these parameters were almost removed in the NF + RO
system. These results showed that, the Taguchi method was successfully applied to determine the optimum operating conditions
for the treatment of laundry wastewater with an NF process. Water treated with integrated membrane processes (NF + RO) is
sufficient for use as laundry washing water.
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Introduction

Domestic, industrial and hospital laundry wastewaters are im-
portant gray water sources. Almost 10% of municipal sewer
discharge has a laundry wastewater origin. A laundry facility
consumes 15 L of water for 1 kg of work and discharges an
average of 400 m® of wastewater daily [1]. A range of
suspended solids, salts, oil-grease, surfactants, nutrients,
heavy metals and pathogenic microorganisms is found in
laundry wastewater [2, 3]. It is important to treat laundry
wastewater to remove contaminants before its discharge to
sewage or the environment. Laundry wastewater treatment is
difficult since it has high surfactant content [1].
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In recent years, there have been insufficient freshwater
resources to meet water demand. Wastewater recovery
and reuse are required due to rising industrial and public
water demands. Commercial laundries have a variety of
opportunities to recycle/reuse water at their facilities.
Coagulation, electrocoagulation, flotation, adsorption,
chemical oxidation, membrane filtration and biological
treatment processes are applied to the treatment of laundry
wastewater [4]. Treated laundry wastewater can be reused
mainly in washing machines, for rinsing, in toilets and for
irrigation. The treatment and reuse of laundry wastewater
using various treatment processes has been reported in the
literature. Sostar-Turk et al. (2005) studied the treatment
of laundry wastewater with coagulation, adsorption and
membrane filtration (Ultrafiltration-UF and Reverse
Osmosis-RO). The results showed that the single coagu-
lation process was not effective for removing surfactant,
chemical oxygen demand (COD) and biochemical oxygen
demand (BOD). Pollutant removal efficiency was im-
proved by applying the adsorption process after coagula-
tion. Additionally, a higher quality treated wastewater for
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reuse in the laundry industry was obtained with a com-
bined UF and RO process [5]. Hoinkis and Panten (2008)
applied a membrane bioreactor system (MBR) for the re-
use of laundry wastewater in their work. The results
showed that the permeate could be used as washing water.
In addition, the application of the RO process improved
MBR permeate quality to meet the demands of the rinsing
processes [6]. Misra and Sivongxay (2009) investigated
the reuse of laundry wastewater using clay soil. The re-
sults showed that treated wastewater was a valuable water
resource for reuse in urban areas [7]. Ciabatti et al. (2009)
tested a treatment process consisting of physico-chemical
pretreatment (coagulation, flocculation and dissolved air
flotation), sand filtration, ozonation, adsorption and UF a
process. The results from the combined treatment process-
es (physico-chemical pretreatment, sand filtration,
ozonation and adsorption) met the legal limits for dis-
charge to surface water resources. In addition, a post treat-
ment with UF reduced the residual pollutants, allowing
the reuse of treated water in some washing processes
[1]. Guilbaud et al. (2010) investigated laundry wastewa-
ter recycling with a nanofiltration (NF) process. The NF
process produced a permeate free of microorganisms and
suspended solids and with a COD of 48 mg/L [8].
Manouchehri and Kargari (2017) investigated water re-
covery from laundry wastewater using a microfiltration
(MF) process. The results showed that MF is a reliable
process for the reuse of laundry wastewater for washing
machines, toilets and irrigation [9]. Bering et al. (2018)
investigated the treatment of commercial laundry waste-
water with a two-stage moving bed bioreactor. They re-
ported that the quality of treated wastewater met legal
requirements regarding the standards for discharge [10].
Choobar et al. (2019) studied the treatment of laundry
wastewater using an MF process. The effects of feed pres-
sure and flow rate on the flux decline were investigated.
In addition, membrane fouling was evaluated using single
and multistage Hermia models. They indicated that cake
formation was the predominant fouling mechanism in the
single Hermia model. The multistage Hermia model
showed that the membrane tended to follow the cake for-
mation rather than pore blocking as pressure increased.
The opposite behavior was shown as flow rate increased
[11]. Faria et al. (2019) investigated removal of anionic
surfactant from commercial laundry wastewater and do-
mestic sewage with expanded granular sludge bed reactor.
The results showed that the anionic surfactant removal
rate decreased when laundry wastewater was diluted with
domestic sewage [12].

pH, temperature, transmembrane pressure (TMP) and
cross-flow rate are important operating conditions in the mem-
brane process since they affect flux decline and membrane
fouling. The Taguchi optimization method for design of

@ Springer

experiments (DOE) is used to find the optimum operating
conditions in the treatment process [13—15]. There is no
known notable study on determining operating conditions
for laundry wastewater treatment using an NF membrane. In
addition, the research on the treatment and reuse of laundry
wastewater using a two-step membrane process including NF
and RO has not been published. In the first stage of this study,
the experimental design method was used to determine opti-
mum values of pH, temperature, TMP and cross-flow rate to
minimize flux decline. The signal-to-noise ratio (S/N) was
used to determine optimum operating conditions, and analysis
of variance (ANOVA) was used to determine the effect of the
factors. An experiment was performed under optimum oper-
ating conditions. Scanning electron microscope (SEM), ener-
gy dispersive X-ray spectroscopy (EDX), zeta potential and
optical profilometer measurements were performed to evalu-
ate membrane fouling. At the second stage, the composite
permeate quality obtained from the NF membrane was en-
hanced by an RO membrane. Wastewater treated with the
integrated membrane processes (NF +RO) met the process
water quality requirements for washing purposes.

Materials and methods
Characterization of laundry wastewater

Laundry wastewater used in this study was obtained from a
laundry located in Avcilar, Turkey. Wastewater used in the
experiments were directly collected from sewage discharge
point. The wastewater was stored at 4 °C. The characteristics
of the laundry wastewater are given in Table 1.

Table 1 Characterization of laundry wastewater used in this study
Parameter Unit Value
pH - 8.7
COD (mg L™ 2800
UVsy (m™) 142
Color as DFZ (525 nm) (mﬁl) 65.7
Conductivity (ps/cm) 1050
Turbidity (NTU) 33
Anionic surfactant (mg LY 6.5
Cationic surfactant (mg LY 0.07
Nonionic surfactant (mg L™ 275
Sulphate (mg L™ 87
Total hardness (mg L 'as CaCO0s) 90
Chloride (mg L 200
Orto-P (mg L 29
NH,-N (mg L™ 94
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Membranes and experimental system

The two flat sheet membranes, Desal 5 DL (NF membrane,
GE- Osmonics) and BW 30 (RO membrane, Dow-Film-Tech)
were used in this study. The properties of the NF membrane
were as follows: a polyamide material, a pH range of 2—11, a
maximum TMP of 41 bar, a maximum temperature of 45 °C
and the MWCO (molecular weight cut-off) of 150-300 Da.
RO membrane is polyamide based and able to resistance a pH
range of 2—11, a maximum TMP of 41 bar, a maximum tem-
perature of 40 °C.

The membrane filtration experiments were performed in a
lab-scale plant equipped with a plate and frame module
(Osmo, Germany). Details of the membrane system are given
in our previous study [14]. The system was operated in the
concentration mode of filtration (CMF). Permeate was collect-
ed in a separate container and concentrate was circulated back
to the feed tank. In the CMF tests, the volume reduction factor
(VRF) was calculated using Eq. (1):

VRF = V/V, (1)

where Vyand V, are the initial volume of feed (4 L) and the
concentrate volume at the end of experiment, respectively.
The VRF value was selected as 4 in the NF process. RO
experiments were carried out under TMPs of 30 bar for
140 min.

Analytical methods and membrane characterization

The pH and conductivity were measured using a pH meter
(Thermo Orion 3-Star) and a conductivity device (WTW
Level 3), respectively. COD, sulphite, total hardness,
chloride, Orto-P and NH,"-N were measured according
to Standard Methods [16]. Color was measured at wave-
length of 525 nm as DFZ (DurchsichtsFarbZahl = Indexes
of Transparency) [17]. UV,s4 value was determined at a
wavelength of 254 nm [18]. Jenway 6105 UV—Vis spec-
trophotometer was used for color and UV,s4 measure-
ments. Anionic, cationic and nonionic surfactant were
measured using Merck test kits (1.02552.0001, 1.01764
and 1.01787.0001, respectively).

Surface morphological features of membranes were an-
alyzed with an SEM equipped with an EDX spectrometer
(FEI Quanta FEG 200 SEM, USA). Membranes were
coated with palladium-gold (3-4 nm thick) with Quorum
SC7620 ion sputtering equipment. EDX analyses were
conducted to detect ions that are accumulated on mem-
brane surface. Zeta potential measurements on membranes
were performed using an electrokinetic measurement in-
strument (Anton Paar Surpass, Austria). The value was
determined as mV. 3 M KCI was used as the electrolyte.
Surface roughness of membranes was determined with an

optical profilometer (Zygo Brand USA). The roughness of
mean (R,), root mean square (R,,,) and maximum (R,,,)
was determined as pum.

Flux and rejection

The fluxes (J) were measured as pure water flux (Jy), waste-
water flux (J;) and pure water flux of fouled membrane (Jy).
Total flux decline, flux decline caused by concentration polar-
ization and flux decline caused by fouling were calculated
using values of Jo, Js and J. The calculations were given in
detail our previous [14]. The rejection performance of the
membranes is calculated as:

R= (1—%) x 100 (2)

f

where R is the rejection, C,, is the composite permeate con-
centration and Cr is the feed concentration.

Taguchi method

According to L4 (4*) OA for the Taguchi experimental design
method, four different factors with four levels were selected
based on a literature survey (A =pH; B =temperature; C =
TMP; D = cross-flow rate). The selected experimental design
for the L4 array is given in Table 2. The flux decline caused
by fouling was chosen as the response parameter to evaluate
NF membrane fouling.

To analyze the experimental results of Taguchi method,
three S/N ratios were used: the larger-the-better, the smaller-
the-better and the nominal-the-better. In this study, the
smaller-the-better ratio was used to evaluate flux decline
(Eq. 3) [19]:

S/N = —10log (ﬁ .:il yf) 3)

where n is the number of repetition applied for an experi-
mental design, y; is the performance result for the i™
experiment.

The performance value for optimum working conditions
was predicted using Eq. 4 [20]:

T — T — T
Yopt :ﬁ‘i‘ (Al_ﬁ> + (BJ_N> + (4)

where N is the total number of experiments, T is the sum of
all experimental results, and A; and Bj are the average of
responses at levels i and j, respectively.

The confidence interval (CI) at the selected error level was
estimated using Eq. (5) since Eq. (4) is a point estimation.
Additionally, €2 transformation of percentage values was cal-
culated when the results were given as a %. {2 transformation
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Table 2 The design of NF

experiments for the L4 Experiment no. Factors
orthogonal array
pH Temperature (°C) TMP Cross-flow rate (L/min)
(bar)
1 6 30 12 1
2 6 35 16 2
3 6 40 20 3
4 6 45 24 4
5 8.5 30 16 3
6 8.5 35 12 4
7 8.5 40 24 1
8 8.5 45 20 2
9 10 30 20 4
10 10 35 24 3
11 10 40 12 2
12 10 45 16 1
13 12 30 24 2
14 12 35 20 1
15 12 40 16 4
16 12 45 12 3

were calculated using Eq. (6) [21]. Detailed information about
the calculations was given in our earlier study [14].

where P is the percentage of the product determined
experimentally.

The effects of factors on the flux decline was determined
with ANOVA. The impact of the effects was determined with
an F-test of significance (F). The sum of squares (SS), degrees
of freedom (DOF), mean of squares (MS) and associated F
values were computed with ANOVA. The calculations were
given in our earlier study [14].

I+m 1
CI = \/Fa;l,DOFexMSex[<T> —|— (§>:| (5)
1
Q(dB) = —10Log ;—1 (6)
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Fig. 2 Main effect plots for S/N ratios of flux decline for fouling
Results and discussion
Taguchi and ANOVA results

The flux and flux decline results for the NF membrane are
shown in Fig. 1. According to Fig. 1, the highest flux declines
caused by fouling were 41.7% and 40%, occurring in exp. 14
and exp.15, respectively. The lowest flux decline caused by
fouling (14.1%) occurred in exp. 9.

The mean values of the S/N ratios of the factors are shown
in Fig. 2. The mean S/N ratios were used to evaluate fouling of
membrane. The results were evaluated in detail as follows:

The effect of pH on the flux decline caused by fouling
is shown in Fig. 2(a). The highest S/N value (—24.84) was
observed at pH 8.5, whereas the lowest S/N ratio (—30.67)
was found at pH 12. The S/N values for pH 6 and pH 10
were —25.61 and —25.52, respectively. The isoelectric
point of Desal SDL membrane based on polyamide is
3.2 [14]. Therefore, the NF membrane is negatively
charged at all studied pH values. Additionally, it is known
that polyamide membranes show hydrophobic properties
at high pH values [22]. The higher S/N value obtained at
pH 12 may be attributed to the membrane becoming more
hydrophobic. In addition, metal ions can precipitate on the
membrane surface at higher pH values. This situation

Temperature (°C)

Table 3  Results of ANOVA for flux decline caused by fouling
Factors DOF SS MS F ratio P (%)
pH 3 794.21 264.73 9.42 75.2
Temperature 3 122.53 40.84 1.45 11.87
TMP 3 24.72 8.24 0.29 2.39
Cross-flow rate 3 29.27 9.76 0.35 2.84
Error 3 84.27 28.09 7.7
Total 15 1055 100

122 16 20 24 1 2 3 4
TMP (bar) Cross-flow rate
(L/min)

clarified in Section 3.3.1. In addition, the negatively
charged components such as anionic surfactant and sul-
phate ions can be effectively removed at higher pH values
because repulsion forces increase between the membrane
surface and these components.

As seen in Fig. 2(b), the highest S/N value (—24.72) was
observed at 30 °C. S/N values at 35, 40 and 45 °C were —
26.88, —27.41 and —27.60, respectively. At higher tempera-
tures, the rejection of pollutants decreases since the transport
of them through the membrane increases. This outcome
causes the aggregation of pollutants on the membrane surface
and pores [11]. Thus, flux decline and fouling increased with
increasing temperatures.

According to Fig. 2 (c), the S/N ratio was —25.94 at 12 bar
while S/N values were almost the same at 16, 20 and 24 bar
(—26.80, —26.92 and —26.92). It is known that concentration
polarization increase with an increase in applied TMP.
Therefore, more pollutants can accumulate on the membrane
surface, resulting in gel layer formation. Membrane fouling
increases due to cake layer formation [23].

The effect of cross-flow rate on flux decline is shown in
Fig. 2 (d). S/N ratios at 2, 3 and 4 L/min were —26.33, —24.41
and —26.52, respectively. The lowest S/N (—27.07) was ob-
served at 1 L/min. It is known that cross-flow rate influences

Table 4 Observed and predicted values for flux decline caused by
fouling in the optimum working conditions

Parameter Value Level
pH 8.5 2
Temperature (°C) 30 1
TMP (bar) 12 1
Cross-flow rate (L/min) 2 2
Observed flux decline caused by fouling (%) 10.1

Predicted flux decline caused by fouling (%) 11.1

Predicted confidence interval for fouling (%) 4-29
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Fig. 5 Zeta potential values of pH
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concentration polarization and mass transfer on the membrane
surface. A cake layer on the membrane surface can be formed
faster at a lower cross-flow rate due to lower shear force [24].
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Fig. 6 Optical profilometer images of clean and fouled membranes (a)
clean membrane (b) fouled membrane (exp. no: 14) (¢) fouled membrane
(optimum operating conditions)

According to S/N ratios of flux decline, the best results for
pH, temperature, TMP and cross-flow rate were found as 8.5,
30 °C, 12 bar and 2 L/min, respectively.

The ANOVA approach was applied to determine the effects of
factors on the response parameter. The evaluation of ANOVA
analysis is carried out in consideration of the F ratio and p (%)
values. The F ratio is compared with the F ;. value, which is
determined for a certain confidence interval from statistical charts.
Ifthe calculated F-ratio is larger than the F ;. value, the statistical
test is significant for performance at the selected confidence level.
Degrees of freedom of each factor and error is 3 (Table 3). In this
case, the F ;. value is specified as 9.28 for the 95% confidence
interval (Fogs; 33) [25]. When F ratios are compared with the
F.ic value, it can be said that the pH is a considerable factor at
the 95% confidence level. While the F ratio is used in qualitative
evaluation of the effects of factors, p% values are used for quan-
titative evaluation. As seen in Table 3, the relative effect sorting of
the factors on membrane fouling is as follows: pH>>
temperature > cross-flow rate > TMP. The results show that flux
decline caused by fouling was mainly affected by the pH value.

Experimental results for optimum operating
conditions

The experiment was conducted under the optimum oper-
ating conditions (pH:8.5; Temperature: 30 °C; TMP:
12 bar; cross-flow rate:2 L/min) to compare flux decline
caused by fouling with the predicted result. Jo, J; and J¢
were found to be 119, 85 and 107 L/m?.h, respectively,
in under optimum operating conditions. As seen in
Table 4, the observed flux decline caused by fouling
was 10.1% in a+5% error range.

Membrane autopsy results

An autopsy study was performed with SEM-EDX, zeta poten-
tial and optical profilometer analysis to evaluate membrane
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Table 5 Comparison with

process water of NF and RO Parameter Process Water Permeate quality (percent removal)
permeates
NF NF +RO

pH 8.5 8.3 8.1
COD (mg L") <25 100 (96.4) <5 (>99)
UVasy (m) 3.5 0 (100) 0 (100)
Color as DFZ (525 nm) (m ™) 0 0 (100) 0 (100)
Conductivity (ps/cm) 1050 679 (35.3) 11 (98.95)
Turbidity (NTU) 2.2 0 (100) 0 (100)
Anionic surfactant (mg LY 0 0 (100) 0 (100)
Cationic surfactant (mg LY 0 0 (100) 0 (100)
Nonionic surfactant (mg LY 0 0 (100) 0 (100)
Sulphate (mg L") 80 0 (100) 0 (100)
Total hardness (mg L ! as CaCO3) 104 0 (100) 0 (100)
Chloride (mg L™ 140 140 (30) 0 (100)
Orto-P (mg L") 0 1 (96.55) 0 (100)
NH4-N (mg L) 0 5(94.7) 0 (100)

fouling. The analyses were performed on fouled membranes
used under the optimum operating conditions and exp. of 14.
In addition, all analyses were performed on clean membrane
for comparison with the fouled membranes.

SEM images and EDX spectra

Figure 3. shows SEM images of clean and fouled membranes.
According to cross-section and surface images of membranes,
more impurities were deposited on the surface of the fouled
membrane in exp. 14 while a thinner of cake-layer was ob-
served on the fouled membrane under the optimum operating
conditions. The pores of the fouled membrane in exp.14 were
more clogged with impurities. EDX spectra of fouled mem-
branes are given in Fig. 4, which shows that, Ca, Mg, Al, Si
and P ions were detected in greater amounts on the cake-layer
of the fouled membrane in exp.14. As mentioned in
Section 3.1, it is clear that metal ions precipitated on the mem-
brane surface in exp. 14. However, fewer metal ions were
observed on the surface of the fouled membrane under opti-
mum operating conditions. As a result, it can be said that
inorganic scaling can be more effective at the higher pH
values.

Zeta potential results

The zeta potential was measured to determine the surface
charge of membranes with different pH values. As seen in
Fig. 5., all membranes are negatively charged at a pH range
of 4-12. The negative zeta potentials may originate from car-
boxylic (-COOH) groups in the polyamide membranes [26].
However, both fouled membranes have a higher zeta potential
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than the clean membrane. The fouled membrane in exp. 14
had a lower negative charge than the fouled membrane under
optimum operating conditions. We theorize that the, zeta po-
tential decreased more on the fouled membrane in exp. 14
because electrostatic repulsion forces decreased between the
negatively charged membrane surface and positively charged
components.

Optical profilometer results

Optical profilometer images of membranes are shown in
Fig. 6. The R,,s values of membranes used under optimum
operating conditions and in exp. 14 were 0.187 and 0.609 um,
respectively, while the R,s of the clean membrane was
0.128 pm. This outcome indicates that more cake-layer was
built on the surface of the fouled membrane in exp. 14. In
addition, SEM images of membranes supported that the
cake-layer was thicker in the fouled membrane in exp. 14.

RO experiments

An RO experiment was performed for 140 min. With
permeate (3 L) obtained from an NF membrane under
experimental conditions of pH 8.5, 30 bar, 30 °C and
2 L/min. J, J, and J, were 95, 56 and 75 L/m”.h, respec-
tively, at the end of the RO experiment. The permeate
quality of the NF membrane was improved by the RO
membrane. The permeate quality of both membranes
was compared with process water used in the laundry.
As seen in Table 5, the composite permeate obtained from
the NF membrane meets process water quality require-
ments except for Orto-P, COD, and NH,*-N. However,
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Table 6 Comparison of NF/RO performances for different treatment methods of laundry wastewater
Treatment Process Reuse Wastewater characterization Treatment Performance =~ Membrane Reference
purpose fouling studies
Physico-chemical pretreatment (coagulation, washing COD: 400-1000 mg/L (1-dissolved air evaluation of [1]
flocculation and dissolved air flotation) pro- Total surfactant:1-15 mg/L flotation) + (3) + (4) + flux decline
(1) + sand filtration (2) + ozonation cess Conductivity:1300-3000 ps/cm 5)
(3) + adsorption (4) + UF (5) Turbidity:40-150 NTU COD: 81 mg/L
Total surfactant:1 mg/L
Conductivity:1127 ps/cm
Turbidity:2.5 NTU
Coagulation-flocculation (1) + Adsorption (2) washing COD: 280 mg/L (1): COD: 180 mg/L evaluation of [5]
UF 3)+RO (4) pro- Anionic surfactant:10.1 mg/L. Anionic flux decline
cess NH4-N: 2.45 mg/L surfactant:10 mg/L
Total phosphorus: 9.9 mg/L NH4-N: 2.4 mg/L
Total phosphorus (mg/L):
1.0 mg/L
(1)+(2): COD: 20 mg/L
Anionic surfactant: <
0.5 mg/L
NH4-N: 2.3 mg/L
Total phosphorus (mg/L):
1.0 mg/L
(3): COD: 130 mg/L
Anionic
surfactant:7.2 mg/L
NH,4-N: 0.03 mg/L
Total phosphorus (mg/L):
0.46 mg/L
(3)+(4): COD: 3 mg/L
Anionic
surfactant:0.91 mg/L
NH,4-N: 0.03 mg/L
Total phosphorus (mg/L):
0.14 mg/L
Membrane bioreactor (1) + RO (2) washing  COD: 1050 mg/L (1) COD: 60 mg/L - [6]
pro- Conductivity: 1900 ps/cm Conductivity:
cess Total nitrogen: 40 mg/L 2000 ps/cm
Orto-P: 5 mg/L Total nitrogen: 2 mg/L
Orto-P: 3 mg/L
(1)+(2) COD: 30 mg/L
Conductivity: 40 ps/cm
NF (1) washing  COD: 6002500 mg/L (1) COD: 116 mg/L evaluation of [8]
NF (2) pro- Conductivity: Conductivity:282 ps/cm flux reduction
NF (3) cess (2) COD: 116 mg/L for different
Conductivity:329 ps/cm NF
(3) 48 mg/L membranes
Conductivity:59 ps/cm
MF (1) (0.2-1.5 bar at 80 L/h and 0.5 bar at -washing COD: 2538 mg/L Removal efficiency for =~ Membrane [9]
30-80 L/h) pro- Conductivity:7520 ps/cm 0.2-1.5 bar at 80 L/h: autopsy
cess TDS:5190 mg/L COD 73.4-89.8% analysis
-toilets Turbidity:360 NTU Conductivity:8.38-25.1% -Atomic force
flush- TDS: 8.48-25.2% microscopy
ing Turbidity: 98. 9-99.5% (AFM)
-irrigation Removal efficiency for - Scanning
0.5 bar at 30-80 L/h): electron
COD 75. 5-89.8% microscope
Conductivity:0.79-16.7%  (SEM)
TDS: 2. 5-18.5% -
Turbidity: 98. 4-99.3%  Flux decline
modeling
-Hermia model
NF (1)+ RO (2) washing  COD: 2800 mg/L (1) COD: 100 mg/L Membrane Our study
pro- Conductivity: 1050 ps/cm Conductivity: 679 ps/cm autopsy
cess NH4-N: 94 mg/L NH4-N: 5 mg/L analysis
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Table 6 (continued)

Treatment Process Reuse
purpose

Wastewater characterization

Treatment Performance

Membrane
fouling studies

Reference

Orto-P: 29 mg/L

Anionic surfactant:6.5 mg/L
Nonionic surfactant:275 mg/L
Cationic surfactant: 0.07 mg/L

Orto-P: 1 mg/L - scanning
Anionic surfactant: electron

0 mg/L microscope
Nonionic (SEM)

surfactant:0 mg/L -energy
Cationic surfactant: dispersive

0 mg/L X-ray spec-
(1)+(2) COD: <5 mg/L troscopy
Conductivity: 11 ps/cm (EDX)
NH4-N: 0 mg/L - zeta potential
Orto-P: 0 mg/L -optical
Anionic surfactant: profilometer

0 mg/L Experimental
Nonionic design study

surfactant:0 mg/L for evaluating
Cationic surfactant: fouling

0 mg/L

the permeate quality of the RO membrane is suitable for
process water. Additionally, the permeates of both mem-
branes showed better quality than that of process water for
some parameters such as UV,s4, conductivity, turbidity,
sulphate and total hardness.

Comparison of laundry wastewater treatment
processes for reuse purposes

A number of studies carried out for laundry wastewater
treatment for reusing purposes are presented in Table 6.
To summarize these studies for reusing of treated laundry
wastewater: Physico-chemical pre-treatment did not meet
the minimum quality requirements and UF or RO mem-
brane processes were required for reuse of the treated
effluents in washing processes. Also MBR system was
not found effective for reuse of laundry wastewater and
RO process was required to meet quality demands of wa-
ter for the washing processes. Although NF membrane
without pretreatment allowed to produce water for wash-
ing machines, COD and conductivity removal was not
completely achieved. The MF treated laundry wastewater
could be directly used for landscape irrigation or toilet
flushing without the need for further post-treatments, but
could not meet the desired COD standards for direct use
as washing water. According to the results of these stud-
ies, we can say that a RO membrane could be required to
meet minimum quality values.

Although several membrane processes were preferred
for reuse of treated wastewater, integrated NF and RO
membrane process has not been investigated. In the pres-
ent study, high quality treated water was obtained using
integrated NF-RO process and treated water met to limit

@ Springer

values for reuse in washing machines. In addition, mem-
brane fouling was evaluated with membrane autopsy anal-
ysis compared with in the above studies, except for only
one study.

Conclusions

The integrated membrane process including the NF and RO
membrane was applied to the treatment of laundry wastewater
in this study. To optimize fouling, optimum conditions for pH,
temperature, TMP and cross-flow rate were determined with a
Taguchi experimental design in the NF process. An RO mem-
brane was used to improve the permeate quality of the NF
membrane. The optimum operating conditions were deter-
mined according to values of pH (6, 8.5, 10 and 12), temper-
ature (30, 35, 40 and 45 °C), TMP (12, 16, 20 and 24 bar) and
cross-flow rate (1, 2, 3 and 4 L/min). The lowest fouling was
observed at the second level of pH (8.5), first level of temper-
ature (30 °C), first level of TMP (12 bar) and second level of
cross-flow rate (2 L/min) according to the S/N ratios. Values
of pH were identified as an important factor in membrane
fouling due to p% values indicated in the ANOVA results.
The p% values of the factors showed that TMP and cross-
flow rate did not affect fouling. pH is an important factor that
affects properties of polyamide membranes such as charge,
hydrophobic state and pore structure. At pH 12, the highest
flux decline caused by fouling was found due to inorganic
scaling. According to the ANOVA results, temperature was
a significant second factor for fouling. At temperature values
above 30 °C, fouling was greater since pollutants could easily
pass through membrane pores.



J Environ Health Sci Engineer (2020) 18:699-709

709

The experiment performed under optimum operating con-
ditions showed that predicted flux decline (11.1%) and ob-
served flux decline (10.1%) values were within a=+5% error
range.

According to the autopsy results, impurities accumulated
on the surface and pores in the fouled membranes. Impurities
were especially clearly seen in the SEM images of fouled
membrane used in exp. 14 (pH 12, 35 °C, 20 bar and 1 L/
min). Zeta potential results showed that more inorganic scal-
ing occurred in the fouled membrane used in exp. 14. The
autopsy results comparing the fouled membranes from
exp.14 and the optimum operating conditions indicate that
pH was most the important factor in the fouling of the NF
membrane.

Process water for laundry washing purposes is provided
from well water softened using an ion exchange process. An
NF membrane was not effective in reducing COD, Orto-P and
NH,*-N. In the NF + RO system, these parameters were re-
duced compared to the NF process alone. As a result, wastewa-
ter treated by the integrated membrane processes (NF + RO)
met the process water quality requirements. Comparison of
laundry wastewater treatment processes for reuse purposes
showed that the studied NF + RO process could be used as a
technically successful method for obtaining water for reuse
purposes. At the same time, the cost and workload resulting
from treatment with ion exchange for the process water produc-
tion (softening) will be reduced by approximately 75%.
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