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ABSTRACT

The textile industry is a sector that causes significant environmental pollution through the produc-
tion of polluted wastewater. In this work, desalination tests of wastewater were carried out using
a hybrid nanofiltration/pervaporation (NF/PV) system. A model textile wastewater after the dyeing
process was prepared and tested at four different NaCl water solution concentrations. The proper-
ties of the obtained filtrates and concentrates (pH, conductivity, color and chemical oxygen demand
(COD)) for both membrane processes were analyzed. The possibility of textile wastewater treatment
using nanofiltration and pervaporation integrated processes using commercial polymer membranes
was validated. For comparison, experiments with commercial ultrafiltration membrane in the pre-
treatment stage were performed. The performance (permeate flux and resistance) and conductiv-
ity reduction were calculated. The hydrophilicity of the membrane surfaces was measured using
a method based on contact angle measurements. In the integrated NF/PV processes, each of them
was considered separately. The higher the initial salt concentration in the wastewater after NF pro-
cess, the lower the permeate flux passing through the membrane (62.98 to 300.8 kg/(m*h)), degree

of conductivity reduction (16% to 48%), color (34% to 99%), and COD (81% to 97%). Fouling and
concentration polarization phenomena were observed. The purified NF filtrate was then fed to
the PV process for desalting. In PV, the initial various salt concentration in the wastewater did not
significantly affect the permeate flux (1.18 to 1.46 kg/(m*h)) or the conductivity reduction, which
was almost 100% in all cases. The results indicate the potential of integrated NF/PV techniques
for desalination of textile wastewater from the dyeing process.
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1. Introduction

In the era of a developing global economy, the textile
industry is a sector that causes significant environmental
pollution. It is estimated that by 2050, the total supply of
clothing will be three times higher than it is currently, reach-
ing approximately 160 million tons/y. High water consump-
tion in this industry, the increasing global population, and
its needs contribute to the growing demand for water. It is
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important to reduce its consumption, purify it, and reuse it
in a closed-loop system. Chemical oxidation, ion exchange,
adsorption, and membrane techniques such as ultrafiltra-
tion (UF) and nanofiltration are used to treat wastewater
from the textile industry [1-17].

One of the challenges in the process of treating textile
wastewater is the significant diversity of wastewater. The
finishing processes of textile products involve a series of
unit operations that utilize a substantial quantity of various
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inorganic compounds, alkalis, acids, as well as a range of
organic compounds, including dyes. Depending on the type
of fiber being used, different chemicals, dyes, and process
conditions are employed. Each individual process aimed at
dyeing, bleaching, finishing, or enhancing the functionality
of textiles consequently involves the use of chemical com-
pounds that ultimately end up in wastewater to a greater
or lesser extent. As a result, textile wastewater contains
both organic compounds and salts, including monova-
lent ions. This significantly complicates the water recovery
process using membrane techniques [18-21].

To reduce fouling effects during the membrane filtration
process, pretreatment methods such as coagulation or a cas-
cading system of membrane filtration from microfiltration
to reverse osmosis are used, isolating progressively smaller
particles along with monovalent ions [2,21-23]. The nano-
filtration process allows the removal of dye particles from
fiber dyeing processes [19,20]. In some cases, an additional
purification step may be necessary to achieve the required
filtrate quality before it enters the next stage of membrane
filtration [24,25].

Currently, reverse osmosis (RO) is widely used for
desalination of seawater and brackish water. RO is char-
acterized by high efficiency and retention of the obtained
filtrate [26,27]. Research is also being conducted on the
application of RO in the treatment of textile wastewater
[28,29]. However, the RO process efficiency decreases at
higher salt concentrations. The decrease in permeate flux is
compensated by increasing hydraulic pressure. The applied
hydraulic pressure must overcome the natural osmotic pres-
sure of the feed water. Industrial produced water has often
very high osmotic pressures (even above 100 bar) which
necessitates the use of another purification method [30].
This raises the specific energy consumption and, in turn,
the operational costs of the RO process [31]. To address the
challenge of treating high-concentration brine, new mem-
brane desalination methods are constantly being sought.
In the field of water desalination, there is currently grow-
ing interest in low-pressure-driven membrane techniques,

(including alcohols), removing diluted organic compounds
from water streams, and separating organic-organic mix-
tures [34-35]. PV cannot compete with RO in the desalination
processes of water or aqueous solutions, but it can serve as
an alternative in the case of high salinity of the feed solu-
tion [32]. It can also replace another membrane technique,
that is, MD.

The aim of this study was to investigate the potential
application of integrated nanofiltration (NF) and pervapo-
ration (PV) techniques for desalination of textile wastewater
after the dyeing process. The proposed hybrid purification
system is an experimental method not yet used in industry.

2. Materials and methods

The composition of model textile wastewater (MTW)
was determined based on analyses of actual textile waste-
water generated after the dyeing process of textile products
[36]. Two types of dyes were used to prepare MTW in the
form of an aqueous solution: reactive Helactin Red DEBN
(BORUTA-ZACHEM, Poland) and direct Direct Scarlet4BS
(BORUTA-ZACHEM, Poland), each at a concentration of
0.05 g/dm? as well as a non-ionic surfactant (fatty alcohol
ethoxylates) Rucogen FWK (Rudolf Chemie, Germany) at
a concentration of 0.2 g/dm? and NaCl at concentrations
(C,) of 0, 4, 8 and 12 g/dm?®. The chemical structures of the
tested dyes were presented in a previous paper [37]. The
color values (measured as absorbance at A_ = 510 nm),
chemical oxygen demand (COD), pH and conductivity of
the feed solution (model textile wastewater) are presented
in Table 1.

Flat commercial membranes were used for the NF (or
ultrafiltration for comparison) and PV processes (Table 2).
In the nanofiltration process, composite polyethersulfone
membranes coated with a loose polyamide layer based on

Table 2
Membranes used in the study

including membrane distillation (MD) and pervaporation Membrane Membrane process Manufacturer

(PV). Numerous scientific studies focus on the experimen-

tal desalination of model NaCl solutions or seawater [32,33]. NF90 NF Dow FilmTec (USA)

To emphasize the significance of this topic, it is worth men- ~ HL NF GE Osmonics (USA)

tioning that Sulzer (DeltaMem), a Swiss Company produc- ST UF Synder™ (USA)

ing PV membranes, is currently working on developing a PERVAP PV - for volatile organics ~ Sulzer Chemtech

new membrang for.water desalination. ) 2201 and reaction mixture (Switzerland)
. Pervaporgtlon is a membrane tgchmqqe u.sed for SP€" PERVAP PV - for volatile organics ~ Sulzer Chemtech

cial applications and small-scale industrial installations. L. .

It is known for its use in dehydrating organic solvents 2202 and their mixture (Switzerland)

Table 1

Parameters of feed solution
G, Conductivity Color (A__ =510 nm) Chemical oxygen demand pH
(g'Na/dm?) (mS) ) (mg-O,/dm?) )
0 0.119 2.476 353 6.74
4 7.08 2.379 357 6.9
8 13.97 2.348 355 6.7
12 20.9 2.318 401 6.63
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piperazine HL and NF90 [38] were used. For comparison, a
series of experiments were performed using the ST ultrafil-
tration membrane (Synder™), due to the economic optimiza-
tion of the filtration process. Ultrafiltration processes require
lower energy inputs than nanofiltration processes, although
their separation efficiency is limited. The ST membrane was
made of polyethersulfone (PES) with a molar weight cut-off
(MWCO) of 10,000 Da. Sulzer PERVAP 2201 and PERVAP
2202 flat, hydrophilic membranes with an active polyvi-
nyl alcohol (PVA) layer were employed for pervaporation.
Both PV membranes, in accordance with the manufacturer’s
specifications, were used for dehydration and separation
of volatile organic substances and reaction mixtures. The
manufacturer recommended their use in the PV process at
a pH of feed from 5 to 8 up to a maximum temperature of
107°C. The measurement of membrane wetting angle used
distilled water, 99% diiodomethane (CH,L) from Alfa Aesar
(USA), and formamide (CH,NO) from Chempur (Poland).
In this study, integrated membrane techniques were
applied in a sequential system, as shown in Fig. 1. Nano-
filtration was used for the pretreatment of textile wastewa-
ter. In the next stage of the research, the filtrates obtained
from NF were subjected to the pervaporation process to
desalinate the wastewater. An exception was made for the
filtrate from the ST membrane, which required additional
treatment by coagulation. During the NF process, samples of
filtrate solutions and their corresponding concentrates were
collected at concentration ratios ranging from 0% to 50%.
The calculation of the concentration ratio is given in Eq. (1).

. . ermeate mass
Concentration ratio = p

— —x100% (1)
initial mass of feed solution

model textile

wastewater
I stage NF/UF concentrate
after NF/UF
ST membrane NF 90 HL|
@ filtrate after NF/UF
pretreated
i1 stage. »sediment textile
coagulation wastewater
@ﬁltrate
m Stage concentrate
PV after PV

| membrane PERVAP 2201 2202]

@ filirate after PV

purified
wastewater

Fig. 1. Process flowchart for textile wastewater purification
discussed in the work.

During the experiments, analytical tests were con-
ducted on samples collected during NF, including measure-
ments of mass, pH and conductivity (CPC-505 or CPC-11
Elmetron (Poland)), color (Spectrofotometer UV-VIS V-60
Jasco (Japan)) and COD (HACH Lange LT 200 (USA)). For
the filtrate obtained after PV, mass and conductivity were
determined. The efficiency and selectivity of the NF and PV
membrane processes were calculated by determining the
permeate flux (J) and retention factor of the selected param-
eter. The filtrate/permeate flux was calculated using Eq. (2):

J="2[kg / (mh)] @

where m — mass of the filtrate, kg; A — surface area of the
membrane, m?, A, = 0.008 m?> for NF, A,, = 0.005 m* for
PV; t —time, h.

In this study, the total resistance of the liquid flow
through the membrane (R,,,) during the NF process was
also determined according to Eq. (3). On the other hand,
the total resistance is the sum of the resistance of the clean
membrane (R) and the resistance of the fouling layer
formed on the membrane during the process (R,). Based
on the total membrane resistance [Eq. (3)] obtained during
the actual wastewater NF process (at a temperature of 40°C
and a pressure of 0.7 MPa for ST and 1.5 MPa for NF90 and
HL membranes) and the averaged resistance of pure water
flow for NF under the same conditions, the fouling resis-
tance formed on the membrane during the process was
calculated. Similar considerations were made in a previous

study [37].

AP -,
Ry = (Tn)[m /kg ] @3)

where AP is the transmembrane pressure in NF in Pa,
and 1) is the viscosity of permeate solution, at 40°C, in Ps-s.

2.1. Nanofiltration

The nanofiltration process was conducted using a cross-
flow method at 40°C, with a constant flow rate of up to
2 dm’/min and a constant pressure of 0.7 or 1.5 MPa. The
setup for NF is illustrated in Fig. 2. A model feed solution
with a volume of 5 dm?® was supplied to the membrane mod-
ule (4) using a pump (2). The permeate (filtrate) was col-
lected in a separate container (7), which resulted in a gradual
concentration of the circulated stream, that is, the concen-
trate. The filtration process was carried out until the final
concentration ratio reached 50%, as determined by Eq. (1).

2.2. Coagulation

The filtrate obtained in the NF process using the ST
membrane required additional treatment due to insuffi-
cient removal of color from the filtered wastewater. For this
purpose, a coagulant was used, which consisted of a 1%
chitosan acetate solution along with NaOH solution added
during mixing. The coagulation process was conducted in
Imhoff funnels using a mechanical stirrer. Subsequently, the
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solution was allowed to settle for 24 h to generate a floccu-
lent sediment at the bottom of the funnels. The sediment
was then decanted, resulting in a solution of decolorized
wastewater, which was then directed to the next purifica-
tion stage. Conductivity and spectrophotometric analyses
were carried out on the filtrates after the coagulation process.

2.3. Pervaporation

The final stage of treating textile wastewater was car-
ried out using pervaporation (PV). The PV experiments
aimed at complete desalination of wastewater were con-
ducted in a cross-flow system on a modified laboratory-scale
PV unit purchased from Sulzer Chemtech.

The setup is shown schematically in Fig. 3. The feed
solution was introduced into the feed tank (1) and heated to
the desired temperature using a thermostat (2). It was then
delivered to the membrane module (5) using a dosing pump
(3). The concentrate (retentate) was returned to the tank
(1), and the vaporized filtrate (permeate) was condensed
in a receiver (6) immersed in liquid nitrogen (7). The pres-
sure generated by the vacuum pump (9) on the low-pres-
sure side of the membrane was maintained at 3 kPa. The PV

concentrate

bypass 6

A J
filtrate

wastewater

1
o

= 1

Fig. 2. Schematic diagram of the nanofiltration system: 1 — ther-
mostat, 2 — pump, 3 — control valves, 4 — pressure chamber with
the membrane, 5 — manometer, 6 — rotameter, 7 — measuring
cylinder.
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experiments were conducted at 40°C. The flow rate of the
feed solution was set at 40 dm®/h. PV processes were carried
out for 2.5 h with permeate samples taken every 0.5 h. The
salt concentration in the collected samples was measured
using a CPC-511 conductometer from Elmetron (Poland).

3. Results
3.1. Nanofiltration

The process was conducted in two stages. In the first
stage, the model textile effluents were subjected to nanofil-
tration. In the second stage, the filtrates obtained from the
nanofiltration process were directed to a pervaporation sys-
tem for further purification and desalination. Fig. 4 shows
the hydrodynamics of permeate (distilled water) flow across
the NFO0 membrane as a function of temperature and pres-
sure. The filtration rate depends on both temperature and
pressure. Many factors influence the efficiency of the filtra-
tion process. Pressure and temperature are some of the dom-
inant factors influencing process efficiency. Water tempera-
ture has a significant effect on water density and viscosity,
which affect the filtrate flux. As the viscosity and density of
the filtered medium increases, the transmembrane pressure

i

wastewater 3

concentrate

Fig. 3. Schematic diagram of the pervaporation system: 1 — feed
tank, 2 — thermostat; 3 — circulation pump; 4 — flow meter,
5 —membrane module, 6 — permeate collector, 7 — liquid nitrogen
cooling, 8 — drop catcher, 9 — vacuum pump.

b) 400
— 300
£ 200
&

5:

— 100 -
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Fig. 4. Dependence of the mass flow rate of permeate for the nanofiltration process of distilled water on NF90 membrane

(a) on temperature (at P =1.5 MPa) and (b) pressure (at T =30°C).
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(TMP), which is required to force water through the mem-
brane, also increases, resulting in a decrease in membrane
permeability [39]. Transport through the membrane is driven
by a pressure difference. With pressure growth the process
efficiency increases. The effect also depends on several other
factors, for example, the spatial structure of the membrane
pores. The effect of temperature on the thermal expansion of
pore sizes of commercial polymer membranes is a well-doc-
umented phenomenon [40-42]. For example, it was shown
that pores of a PVDF membrane (Jiangsu Dafu Membrane
Technology Co., China) with a size of 0.1 um after increas-
ing the water temperature from 20°C to 40°C had an aver-
age diameter increased from 0.78 to 0.88 nm [42]. Tikka et
al. [41] showed that membrane pore sizes changed from 0.48
and 0.46 nm to 0.56 and 0.51 nm, respectively, by switch-
ing the feed water temperature from 5°C to 25°C. However,
each type of pore may respond differently to temperature
increase. Analysis of the effect of pore size is quite difficult
because some membranes have a bimodal pore diameter
distribution (HL), while others do not (NF90) [43-45]. Our
previous studies of the NF process show that the HL mem-
brane has the most pores with a diameter of 0.71 to 1.03 nm
and relatively fewer large pores with a size of 1.3 to 2.0 nm
[38]. The NF90 membrane in most publications is character-
ized by a dense membrane made of fully aromatic polyam-
ide, with relatively low filtration flux and a high retention
factor [46-49].

3.1.1. Contact angle

The presence of detergent in the wastewater significantly
increased the hydrophilicity of NF membranes (NF90 and
HL) and UF membranes (ST) (Table 3). Due to the fact that
surfactants belong to amphiphilic compounds that consist
of a hydrophilic head group to which a hydrocarbon chain
is connected, they can affect the hydrophilicity of the mem-
brane [50]. A characteristic property of amphiphilic sub-
stances is the formation of large aggregates (millicells) after
reaching critical micellar concentration (CMC). In these
micelles, the hydrophilic heads are directed towards the aque-
ous solution, while the hydrophobic tails are rotated in the
center. Micelles can adsorb on the membrane surface, espe-
cially when nonionic surfactants are used. This may cause an
increase in the hydrophilicity of the membrane in the filtra-
tion process of textile wastewater containing surfactants [51].

It was observed that the presence of NaCl in the waste-
water increased the hydrophilicity of the membranes.

Table 3
Averaged contact angle measurement results for membranes in
the nanofiltration process

Feed/membrane ¢ Contact angle (°)

0 NaCl

(gNaCl/dm’)  NF90 HL ST
Distilled water - 34.0 59.0 67.69

0 304 47.2 50.1
Textile 4 35.2 41.3 41.6
wastewater 8 30.3 41.8 42.6

12 24.2 40.0 36.6

Literature data report that in the case of ionic surfac-
tants, after adding an electrolyte, adsorption of the surfac-
tants increases or decreases depending on the charge of
the membrane surface and the surfactant [50]. This can be
explained by the weaker repulsive forces between the surfac-
tant heads, which enables better packing of the surfactants
on the membrane and thus results in a more hydrophilic
surface [50].

3.1.2. Nanofiltration efficiency

The curves in Fig. 5 show the dependence of the filtrate
flow rate on the filtration time for various NaCl concen-
trations in wastewater matrices for selected membranes:
nanofiltration NF90 and HL and ultrafiltration ST. Flux
values are different for different membranes. For all mem-
branes, a significant decrease in the filtrate flow rate was
observed with an increase in salt concentration. This is due
to concentration polarization, which involves the forma-
tion of a boundary layer of solution with a concentration
exceeding the average concentration of the filtered solu-
tion, directly adjacent to the membrane. This leads to an
unfavorable reduction in the process rate and a change
in the separation properties of the membrane [52,53].
The most significant differences can be observed for UF
membrane ST made of polyethersulfone (PES), where the
flux decreased from 300 to approximately 50 kg/(m?*h).
Experiments for the ST ultrafiltration membrane were per-
formed for comparative purposes. The retention efficiency
of the surfactants as aggregates or monomers during mem-
brane processes can vary significantly [50]. Surfactants at
concentrations exceeding the critical micelle concentration
(CMC) may occur in the aqueous phase in three forms: as
monomers, as aggregates or adsorbed at the air/water inter-
face [54]. The literature has documented a positive effect
of surfactants on the separation of certain substances, for
example, heavy metals. This may be due to the fact that
detergents, after forming micelles, can form a layer on
the membrane surface that interacts with some pollutants
[50,51]. Cornelis et al. [51] showed that the adsorption
of nonionic surfactants on the membrane surface and in
the pores is the main mechanism of membrane fouling.
The formation of micelles may improve the separation of
compounds whose molar mass is lower than MWCO [55].

The pH values of the model wastewater subjected to
nanofiltration ranged from 6.5 to 7.0. Polyamide mem-
branes have their isoelectric point at a pH of approxi-
mately 3-4 [38]. Above this value, polyamide membranes
become negatively charged, which significantly affects the
membrane’s ability to repel electrostatically negatively
charged particles.

Fig. 6 shows the flow resistance values for NF90, HL and
ST membranes. The flow resistance values are in the order
of 10" m?%kg. Filtrate collection led to an increase in the con-
centration of substances in the influent wastewater stream,
which resulted in an increase in resistance and a decrease in
the process rate. With the increase in salt concentration in
the model wastewater subjected to filtration, the total mem-
brane resistance also increased. Among membranes used in
the study, the HL membrane characterized by the densest
structure had the highest flow resistance [38]. The values
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Fig. 5. Dependence of permeate mass flow rate on time for nanofiltration or ultrafiltration processes of textile wastewater with
varying initial NaCl concentrations at 40°C and 1.5 MPa pressure for (a) NF90, (b) HL and (c) ST (ultrafiltration) (P = 0.7 MPa)
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Fig. 6. Dependence of the total resistance on time for the nanofiltration or ultrafiltration processes of textile wastewater with
varying initial NaCl concentrations at 40°C and 1.5 MPa pressure for (a) NF90, (b) HL and (c) ST (ultrafiltration) (P = 0.7 MPa)

membranes. For distilled water (2.5-10" m?/kg).

of resistance R, calculated for the three membranes NF90, polarization, pore clogging occurred in the membrane,
HL and ST (Fig. 7) were the highest for the HL mem-  which significantly increased the resistance and efficiency

brane. It can be assumed that, in addition to concentration  of the process.
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Fig. 8 presents the relationship between the degree of
color reduction and the concentration ratio for various salt
concentrations in the aqueous matrix. The results are shown
for the NF90 membrane. Fig. 9 shows the relationship
between the COD reduction and the concentration rate for
various salt concentrations in the aqueous matrix. A similar
reduction in COD was observed for the second nanofiltra-
tion membrane, HL. The color and COD reduction gradually
decreased during concentrate thickening. It was observed
that the presence of NaCl in the solution significantly

12

10
) -
& 8 B NF-90
; 6 mHL
% 4 u ST
=4

2

0

0 4 8 12
¢, [g NaCl/dm?]

Fig. 7. Dependence of the average fouling resistance (R,) for the
nanofiltration process conducted on membranes on the initial
salt content in model textile wastewater (at 40°C and under a
working pressure of 1.5 MPa for NF90, HL and P = 0.7 MPa
for ST (ultrafiltration) membranes.

120

® 0gNaCI'L
W 4zNaClL

m 8gNaClL
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Fig. 8. Dependence of color reduction on the concentration
ratio in nanofiltration processes for the NF90 membrane.
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Fig. 9. Dependence of chemical oxygen demand reduction on
the concentration ratio in nanofiltration processes for the NF90
membrane.
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reduced the efficiency of organic mass separation [56]. This
phenomenon occurred for all tested membranes. However,
in the case of the ultrafiltration membrane, an increase in
the retention coefficient calculated for COD was observed
during concentrate thickening.

Loosely packed nanofiltration and ultrafiltration mem-
branes exhibited low salt retention coefficients as shown
in Figs. 10 and 11. As salt concentration increased, reten-
tion coefficients decreased, although the absolute values
of retained salt were similar. The obtained filtrates were
directed to the pervaporation process.

3.2. Coagulation

After the nanofiltration process on the ST membrane,
a high level of filtrate coloration was obtained. Therefore,

(a) 100
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£ m0g NaCl/L
2 60
= m4g NaCl/L
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S
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15
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Fig. 10. Dependence of conductivity reduction on the concen-
tration ratio in nanofiltration processes for the NF90 membrane.
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Fig. 11. Dependence of conductivity reduction on the concen-
tration ratio in nanofiltration processes for the HL membrane.
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before the pervaporation, an additional decolorization pro-
cess was performed using coagulation. The results of absor-
bance before and after coagulation are shown in Fig. 12.
Coagulation significantly reduced the color level, which
could also be observed visually.

3.3. Pervaporation

In the PV process, desalination tests were performed
on pretreated textile wastewater using PERVAP 2201 and
PERVAP 2202 membranes. The pretreated wastewater (feed
stream for PV) was produced from model textile wastewater
in the NF process and coagulation as shown in the diagram
presented in Fig. 1. However, the filtrate from the NF90 and
HL nanofiltration membranes required desalination only
in the PV stage. The NF filtrate parameters for NF90 mem-
brane are shown in Table 4.

The research focused on determining the performance
and selectivity of the pervaporation membranes used. The
performance is represented by the average permeate flux (J)
passing through the membrane. Selectivity is measured as the
degree of conductivity reduction. The average permeate flux
was calculated for a single PV process lasting 2.5 h by mea-
suring the permeate weight every 0.5 h. The calculated inter-
mittent fluxes stabilized with the duration of the PV process
and reached an equilibrium state. The dependence of the
average permeate flux (J) in the pervaporation process on the
PERVAP 2201 membrane (after NF on the NFO0 membrane)
and the PERVAP 2202 membrane (after NF on the HL and
UF on the ST membranes) on the initial NaCl concentration
in textile wastewater is shown in Fig. 13. For pervaporative
purification of pretreated textile wastewater at 40°C on the
PERVAP 2201 membrane, after filtration in NF on the NF90
membrane, the average permeate flux () stabilizes with an
increase in the initial NaCl content in the feed (Fig. 13).

In contrast, the permeate flux behaves differently for
the pervaporation membrane PERVAP 2202. Here, one
can observe a significant increase in | if the NF membrane
HL was used. A slight decrease in ] is, however, noticeable
when the feed from the UF process on the ST membrane
is introduced into the system. Such performance behav-
ior of individual PV membranes is probably related to the
degree of desalination in the NF process and thus to their

absorbance [ - |
=)
~

| after coagulation 8 12
. C, [g NaCV/L]
m before coagulation

Fig. 12. Color change of nanofiltration filtrate, for ST (ultrafil-
tration) membrane before and after coagulation.

selectivity. Based on the NF results, it can be seen that the
HL membrane used in NF was characterized by a high,
approximately 30%, conductivity reduction for all NaCl
concentrations in the initial feed. Due to the hydrophilic-
ity of the PV membranes used, mainly small solvent mol-
ecules permeated through the membrane, leaving salts on
the side of the membrane at atmospheric pressure. Hence,
the permeate flux decreased in the case of the feed after
ultrafiltration on the ST membrane, for which the degree
of color reduction and desalination was very low.

The average permeate flux (J) consistently increases
with the rise in the operating temperature of the PV process,
regardless of the initial feed composition, as shown in Table 5.
For membranes, the flux is at a similar level and amounts to
approximately 3.6 kg/(m?*h). The ratio of ] at 60°C to 40°C,
for the PERVAP 2202 membrane when the feed comes from
NF on the HL membrane, remains close to unity as the ini-
tial salt concentration in the model wastewater increases.
This indicates a minor difference between the fluxes despite
the increase in PV temperature and initial salt content in
the wastewater. Based on all the analyzed PV results, it can
be concluded that the highest performance in the PV pro-
cess was clearly achieved on the PERVAP 2202 membrane
with the feed originating from the NF process on the HL
membrane.

Based on the collected permeate and retentate samples,
the selectivity of the pervaporation membranes used was
calculated, expressed by the degree of conductivity reduc-
tion, similarly to the case of NF and UF. This parameter indi-
cates the degree of retention of salt dissolved in the model
textile wastewater. However, in the case of model textile
wastewater containing substances other than salt, for exam-
ple, surfactants, the conductivity cannot be directly con-
verted to electrolyte concentration. Fig. 14 shows the degree
of conductivity reduction for individual PV processes of
model textile wastewater containing different initial concen-
trations of NaCl. The efficiency of desalination, exceeding
99%, for the PERVAP 2201 membrane is also repeated for
the PERVAP 2202 membrane. This indicates almost com-
plete desalination of pretreated textile wastewater in NF.

40
NF90 =>PERV AP 2201
BHL =-PERV AP 2202
3.0 I gsT—=PERVAP 202
=
£ 20
=)
=3
s
if B w ]
0.0 J-I T T T T
water 0 4 8 12

Co [g NaClidm?]

Fig. 13. Dependence of the average permeate flux (J) in the per-
vaporation process on PERVAP 2201 membrane (after nano-
filtration on NF90 membrane) and PERVAP 2202 membrane
(after nanofiltration on HL and ultrafiltration on ST mem-
branes) on the initial NaCl concentration in textile wastewater.
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Table 4
Nanofiltration filtrate parameters for NFO0 membrane
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C, Conductivity Color (A =520 nm) Chemical oxygen demand pH

(g:NaCl/L) (mS) &) (mg-O,/L) &)

0 0.027 0.002 25.7 5.77

4 5.86 0.005 30.9 5.97

8 12.16 0.017 65.4 5.96

12 19.89 0.032 111 6.61
Table 5

Comparison of permeate flux (J) on the PERVAP 2202 membrane at different operating temperatures of the pervaporation process
for pretreated textile wastewater feed from nanofiltration on various membranes

C, (g'NaCl/dm?)

Pervaporation permeate flux, | (kg/m*h)

After nanofiltration with HL membrane

After ultrafiltration with ST membrane and coagulation

40°C 60°C

40°C 60°C

0 1.12 3.53
4 3.20 3.29
8 2.88 3.69
3.80 4.49

1.46 3.74
1.40 3.75
1.29 3.67
1.05 3.73

=
=
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Fig. 14. Changes in the conductivity reduction during the per-
vaporation process at 40°C, using PERVAP 2201 membrane
(feed from NF90 membrane), for various initial concentrations
of textile wastewater (in g-NaCl/dm?).

This is also evidence of the remarkable selectivity of per-
vaporation membranes.

4. Conclusions

In this study, desalination experiments were conducted
on textile wastewater after the dyeing process using inte-
grated NF/PV processes. The experiments were carried
out with two commercial NF membranes (NF90, HL), one
commercial UF membrane (ST) and two PV membranes
(PERVAP 2201 and PERVAP 2202). In terms of performance
and selectivity, the best NF membrane was HL Sterlitech
(USA), and in the case of PV, the PERVAP 2202 membrane
was the best.

Higher initial salt concentrations in the wastewa-
ter before NF resulted in lower filtrate flux through the
membrane during the NF process and higher membrane

resistance. This may be due to the greater resistance result-
ing from the concentration polarization on the membrane
surface. The phenomenon of concentration polarization
causes the formation of a boundary layer of a solution, in
the immediate vicinity of the membrane with a concentra-
tion higher than the average concentration of the filtered
solution. This causes an unfavorable reduction in the process
efficiency and a change in the separation properties of the
membrane.

In the case of PV, higher process temperature led to
higher process efficiency. The selectivity, controlled by the
degree of salt reduction, was very high (>99.9%). However,
in the future, attention should be paid to the selection of an
appropriate membrane that will enhance the process effi-
ciency (flux) and achieve single-stage color reduction. The
reuse of recovered water, for example, in dyeing processes,
would reduce water consumption in the textile industry,
which in turn would have a positive impact on the natural
environment.

The experiments described in the article are aimed,
among others, at minimizing the amount of hazardous mem-
brane modules deposited in landfills or at sending them for
incineration. The recovered filtrate can be reused for dye-
ing baths. The retentate should be sent for disposal where
various chemical oxidation, coagulation or biological pro-
cesses can be used. An alternative may be physicochemical
processes, for example, precipitation/combustion of sed-
iments or the Fenton process.

The results obtained in the article indicate the high
potential of integrated NF/PV techniques for the desali-
nation of textile wastewater from the dyeing process,
although further research development of more efficient
hydrophilic membranes may be necessary, especially for
PV due to the low permeate flux.
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Symbols

A —  Membrane area, m?

C —  Salt concentration in the sample, g:NaCl/dm?
] —  Permeate flux, kg/(m*h)

m —  Permeate mass, kg

P —  Transmembrane pressure, Pa
R —  Resistance, m?/kg

t —  Process time, h

T —  Temperature, °C

n —  Dynamic viscosity, Pa s
Indices

F —  Fouling

p —  DPure

TOT —  Total

0 —  Initial
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