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A B S T R A C T

The textile industry is one of the largest water consumers, and, as a result of its activity, it
generates tons of wastewater. In this research, forward osmosis has been employed to tackle the
critical need of treating textile wastewater. The HFFO2 membrane (Aquaporin) was used to
process large volumes of real cotton dyeing wastewater, wool dyeing wastewater, and several
types of textile end-of-pipe wastewater. In all cases, the permeate flux was between 6 and 8 L⋅h− 1

m− 2 during the major part of the process. The recovery of clean water from each wastewater
surpassed 90 %, whereas the membrane rejected more than 87 % of total dissolved solids. As a
result, textile dyes were concentrated on the feed side of the membrane, which enables their
recovery and potential reutilization in a subsequent dying process, along with the reclaimed
water. The HFFO2 membrane was efficiently cleaned by a backwash process, restoring the initial
water flux. These results indicate the suitability of forward osmosis to reuse dyes and water from
textile wastewater, reducing the environmental impact of this industry and favoring its
sustainability.

1. Introduction

Textile industry is a great water consumer. In the textile field, water is employed in numerous stages during the production of
garments and other fabric items. Some of the most water-consuming stages are the textile printing and dyeing [1]. Furthermore, as a
result of these processes, the vast amount of employed fresh water is transformed into enormous volumes of wastewater [2,3]. Textile
wastewaters are problematic, since they are related to high values of chemical oxygen demand (COD), pH, color, and turbidity [4].
Moreover, some of the compounds present in these wastewaters, such as dyes or silicones, can be difficult to degrade, which further
compromises their treatment and disposal.

In order to process textile wastewaters, several strategies have been proposed. One of them is the physicochemical treatment of the
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effluents. It includes coagulation/flocculation methods and adsorption processes [5,6]. The biological treatment of textile wastewater
has also been explored. Several authors have proposed the implementation of sequencing batch reactors in order to remove the color
and reduce the COD and the total suspended solids of textile effluents [7–9]. Oxidation processes, such as photo-Fenton, ozonation, and
photo-catalytic treatments can also be applied to textile wastewater, aiming to degrade dyes and dissolved solids [10]. Even though
these methodologies have resulted to be useful for withdrawing some dyes from the wastewaters, they are not applicable to all types of
dyes. Furthermore, they can be expensive, tedious, and energy-consuming.

In this context, membrane technology can provide an efficient alternative to remove dyes and purify water. The main membrane
processes that have been proposed with this objective include nanofiltration and reverse osmosis [11,12]. Despite its numerous ad-
vantages, these membrane processes have some weak aspects, such as membrane fouling and the associated energy requirements [13,
14]. To avoid these problems, the application of emergent membrane technologies, such as forward osmosis (FO), can be an excellent
approach [15,16]. FO operates at atmospheric pressure [17], which contrasts with the application of 10–35 bar that corresponds to
nanofiltration and reverse osmosis. As a result, FO membranes do not suffer from a severe fouling and, in consequence, it determines
lower energy requirements and less waste of cleaning agents and time. The application of FO to treat textile wastewater is not abundant
in the literature [18–20]. Moreover, most of the research in this field has dealt with low volumes of textile effluent. However, the
potential scaling of this technique determines the necessity of studying the process with larger volumes of the implied solutions, even
at a laboratory scale.

In this work, FO was employed to process textile wastewaters, aiming to concentrate the dyes (in order to later reuse them) and, at
the same time, obtain clean water. Several valuable contributions have explored the concentration of dyes bymeans of laboratory-scale
FO. These contributions include the processing of low volumes of effluents, in the range of 2–10 L. Normally, flat sheet membranes of
reduced area are employed [18,21], corresponding to a maximum 42 cm2 in some cases [15,20,22] and 10 cm2 in other cases [5,23,
24]. One of the innovations of this work’s approach is that large volumes of wastewater were treated (50 L) by means of a large
membrane area (2.3 m2), maintaining a large-scale perspective. Furthermore, the feasibility of FO to treat a wide range of textile
effluents (whose composition may differ a lot), was demonstrated by treating different wastewaters, including the textile wastewater
coming from the dyeing of different types of fabrics (wool and cotton) and from the textile equalization tank. As it will be presented in
this paper, FOwas a successful strategy even during the treatment of challenging textile wastewater, with higher values of conductivity
and total solids.

2. Materials and methods

2.1. Textile wastewater

The employed wastewaters were provided by a textile industry, which is one of the main underwear producers in Denmark. The
main stages of a dyeing process in a textile industry are reflected in Fig. 1.

Three types of wastewater were treated, resulting from the dyeing of cotton textiles, the dyeing of wool textiles, and the equal-
ization tank, which is employed during the conventional treatment of textile wastewaters and contains a mixture of cotton dyeing
wastewater and wool dyeing wastewater. In this case, the wastewater corresponded to the effluent at the end of the pipe. To perform a
representative evaluation of the latter wastewater, two different streams (from two different working days) were collected from the
equalization tank. Furthermore, the cotton dyeing wastewater was diluted five times (due to its high values of pH and total dissolved

Fig. 1. Stages implied in the textile dyeing process, including the collection points for the wastewater studied in this work.
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solids), and the treatment of both the original stream and the diluted stream was evaluated in the membrane plant. Therefore, five
streams (cotton dyeing, diluted cotton dyeing, wool dying, end-of-pipe 1, and end-of-pipe 2) were studied.

The company that provided the wastewaters employs reactive dyes to manufacture cotton and wool textile. Additionally, emul-
sifiers, surfactants, enzymes, and salts are used during the process.

2.2. Membranes and experimental setup

2.2.1. Membrane plant setup
The plant (Fig. 2) was equipped with a 100 L tank to contain the draw solution, and a 50 L tank to contain the feed solution.
Mass data were obtained with a Kern FKB 36K0.1 balance (Kern & Sohn, Germany) connected to a laptop for an automatic data

recording. Water flux (Jw) was calculated according to equation (1):

Jw =
ΔV

A ⋅ Δt
(1)

where ΔV indicates the volume increment in liters, A indicates the membrane area in m2, and Δt indicates the time increment in hours.
The reverse flux of solutes (Js) was calculated according to equation (2):

Js =
ms

A ⋅ Δt
(2)

where ms refers to the mass of solutes in grams.
The HFFO2 hollow-fiber membrane (Aquaporin Inside®) was employed. Aquaporin Inside® membranes are designed to achieve a

very high water flux, while allowing a high salt rejection [25]. This membrane has been previously tested with feed solutions con-
taining caffeine, niacin, urea, and olive mill wastewater [26,27]. However, its performance during the treatment of textile effluent has
not been explored before. The characteristics of the membrane are indicated in Table 1. As can be seen in the table, the maximum
operating temperature of the HFFO2 membrane is 30 ◦C. The temperature of textile wastewater can be above this value. Therefore, if
FO is applied, the temperature of the dyebaths should be reduced. In this context, heat exchangers can contribute to the sustainability
of the textile industry by recovering the heat from the wastewater. This heat can be employed to increase the temperature of dyebaths
in subsequent dyeing stages. Also, a suitable alternative to avoid damaging the membrane (because of a high temperature) is placing
the FO plant after the equalization tank (where the end-of-pipe effluents of this work were collected), which homogenizes the
composition of the textile effluent as well as the temperature. The temperature of the effluents in the equalization tank is room
temperature, which cannot compromise the membrane integrity.

In this work, the membrane plant was always operated with the membrane active layer facing the feed stream. After wetting the
membrane module (lumen and shell sides) with deionized water for 30 min (in single-pass mode), the Jw and the Js of the pristine
membrane was tested, employing deionized water as feed and 0.5 M NaCl as draw solution. The process was performed in single-pass
mode, during 5 min. To that end, the flow rate was set at 60 L h− 1 and 25 L h− 1 (as recommended by the manufacturer) for the feed and
draw streams, respectively. A transmembrane pressure of 0.2 bar (feed to draw) was applied. These conditions were also used to test Jw
and Js after the treatment of the wastewater and after the membrane cleaning.

Fig. 2. Scheme of the employed forward osmosis (FO) plant.
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When textile wastewaters were treated, 50 L of each effluent was employed. A solution of NaCl was used as the draw solution for the
FO process. To define the concentration of NaCl in the draw solution, the following equation was applied:

TDSdraw =1.2 ⋅ TDSconcentrated feed = TDSinitial feed ⋅ VCF (3)

where TDSdraw, TDSconcentrated feed, and TDSinitial feed correspond to the total dissolved solids of the draw solution, the final concentrated
feed and the initial feed, respectively. VCF corresponds to the volume concentration factor. This reasoning was applied in order to
ensure a sufficient osmotic pressure in the draw solution, even when the FO process was advanced and a high percentage of water was
recovered. Therefore, the selected concentration for each draw solution can be found in Table 2.

The flow rates corresponding to the feed and the draw solutions were 60 L h− 1 and 25 L h− 1, respectively.
The percentage of recovered water (recovery) in a determined time (t) during the FO process was calculated according to the

following equation:

Recoveryt =
Feed mass0 − Feed masst + Feed sample mass

Feed mass0
⋅ 100 (4)

2.2.2. Dyeing test
In order to study the possible adsorption of the dyes on the membrane surface, several flat sheet FO membranes prepared with the

same active layer as the hollow-fiber HFFO2 membrane were dyed with the concentrated stream obtained during each FO experiment.
To that end, the obtained concentrated stream was filtered employing a 40 μm cartridge filter (Merck, Germany). After the filtration,
the flat sheet membranes were placed in petri dishes and they were covered with the concentrated streams obtained after treating the
effluents from the cotton dyeing, diluted cotton dyeing, wool dying, end-of-pipe mixture 1, and end-of-pipe mixture 2. Contact times of
1 min, 5 min, 15 min, 30 min, 1 h, 5 h and 24 h were evaluated. After this time, the membranes were rinsed with distilled water and
dried at room temperature to be compared.

2.2.3. Cleaning in place
To clean the membrane, an osmotic backwash was applied, employing a 0.7 MNaCl solution as feed, whereas reverse osmosis water

was used as draw solution. The membrane was considered to be clean when 90 % of the initial water flux was recovered.

2.2.4. Analysis of streams
To characterized the textile wastewaters, chemical oxygen demand (COD) was evaluated by the Dichromate methodology [28],

employing a Hach Lange DR3900 spectrophotometer (Hach Lange, USA); total organic carbon (TOC) was assessed by means of a multi
N/C 3100 equipment (Analytik Jena, Germany). pH was measured employing a Jenway 3510 pHmeter. The data related to total
dissolved solids (TDS) and conductivity were measured employing a ULTRAMETER II™ 4P (Myron L®, USA). Finally, an Osmomat 030
(Gonotec, Germany) was used to measure the osmolality of the samples. Sample characterization was conducted in duplicates.

This characterization allowed to calculate the rejection of the membrane (R), according to the following equation:

R (%)=
Cdraw

Cfeed
⋅ 100 (5)

Table 1
Characteristics of the membrane employed in this work.

PARAMETER HFFO2 MEMBRANE

FIBER INNER DIAMETER (MM) 0.2
NUMBER OF FIBERS 30800 [26]
MATERIAL Polyamide thin film composite with integrated water channels
MEMBRANE AREA (M2) 2.3
WATER FLUX (L⋅H− 1⋅M− 2) 11.0 ± 1.5a

SPECIFIC REVERSE SALT FLUX (G⋅L− 1) 0.15 ± 0.05b

TEMPERATURE (OC) AND pH RANGE 5-30 (pH 3–10)

a Testing conditions: 0.5 M NaCl (2.9 %) draw vs deionized water (forward osmosis), 25 ◦C, single pass mode, counter-
current flow, 60 L h− 1 feed flow rate, 25 L h− 1 draw flow rate, 0.2 bar.

b Testing conditions: 0.5 M NaCl (2.9 %) draw vs. deionized water (forward osmosis), 25 ◦C, single pass mode, counter-
current flow, 400 L h− 1 feed flow rate, 200 L h− 1 draw flow rate, 0.2 bar.

Table 2
Molarity of the draw solution employed to treat each type of textile wastewater.

WASTEWATER

Wool dyeing Cotton dyeing Cotton dyeing (diluted) End-of-pipe 1 End-of-pipe 2

CONCENTRATION OF NaCl IN THE DRAW SOLUTION (M) 1.2 6.4 1.2 0.7 0.9
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where Cdraw refers to the concentration in the draw solution and Cfeed refers to the concentration in the feed solution.

3. Results and discussion

3.1. Characterization of the textile effluents

All textile wastewaters were characterized in terms of COD, TOC, TDS, conductivity, pH, and osmolality. As shown in Table 3, the
COD and TOC of all wastewaters surpassed 320mg L− 1 and 170mg L− 1, respectively. Regarding the TDS, the cotton dyeing wastewater
displayed a much higher value. In fact, the TDS content of the cotton dyeing wastewater was more than five times larger than the TDS
of the wool dyeing wastewater, which was the following sample with the greatest TDS content. This was also applicable to the con-
ductivity. Furthermore, the osmolality of the cotton dyeing wastewater was much higher.

The differences between the cotton-derived wastewater and the wool-derived wastewater can be attributed to differences in the
dyeing process of both types of textiles. The high conductivity and TDS content of the cotton dyeing wastewater are due to the high
proportion of salts and strong bases that are employed to fix the dye to the cellulose fibers [29,30]. A high pH is required to promote the
covalent bond between the reactive dye and the hydroxyl group of cellulose. These chemicals highly increase the quantity of free ions
in the wastewater, which contributes to increase the conductivity and TDS. In the case of wool, this textile is composed of protein
fibers, mainly based on keratin. The amine groups of keratin can establish covalent bonds with reactive dyes at neutral or slightly basic
pH [31]. Therefore, strong bases and high quantities of salts are not employed to dye wool. Instead, buffers are preferred. These buffers
(based on acetate, ammonia, etc.) allow pH stabilization while reducing the ionic charge of the effluent, therefore lowering its con-
ductivity and TDS in comparison with the cotton effluent.

For these reasons, the cotton dyeing wastewater was diluted five times, in order to consider the parameters of a more common
textile effluent. Then, both the original and the diluted cotton dyeing wastewater were processed.

In order to process this kind of cotton-derived textile wastewater, several techniques have been explored before. Activated sludge
and anaerobic digestion have been demonstrated to be feasible and economical, but they have limitations regarding the decolorization
of the water [32,33]. Coagulation/flocculation and electrocoagulation have been employed to reduce the turbidity and COD of cotton
wastewater [34]. Also, adsorption processes have been proposed [35,36]. However, these techniques imply a high cost, derived from
the high doses of reagents required, the regeneration of the adsorbent or the generation of a concomitant solid waste. In this study, FO
is proposed. Therefore, low energy and economic requirements will be pursued.

Regarding the pH, the wastewaters coming from the dyeing of wool and from the end-of-pipe (in its first variant) were acid,
whereas the wastewater from the dyeing of cotton was basic. This is in line with the pH normally observed for the dyeing effluent of
cotton and wool [37,38]. As shown by Table 3, the wool dyeing wastewater has a blue color, whereas the cotton dyeing wastewater
was brown. Considering the color of the end-of-pipe mixtures, the results suggested that the end-of-pipe wastewater 1 was enriched in
wool processing wastewater, whereas the end-of-pipe 2 contained a higher proportion of cotton-related wastewater. In all cases,
reactive dyes were present in the wastewater. Reactive dyes are widely used for dyeing cotton and wool because they form strong
covalent bonds with the fibers, resulting in excellent colorfastness and durability. The reactive groups in these dyes react with the
hydroxyl groups of cellulose in cotton and the amino groups in wool, creating stable bonds that resist washing and fading [39,40].

3.2. Membrane performance

The permeate flux obtained during the treatment of the different wastewaters considered in this study is presented in Fig. 3.
As can be seen in Fig. 3, a similar permeate flux was obtained for all the textile wastewaters at the beginning of the process, except

for the cotton dyeing wastewater. To treat the cotton dyeing wastewater, a draw solution with a much higher concentration of NaCl (in
comparison with the rest of the draw solutions) was employed. This high concentration (Table 2) was selected in order to maintain the
driving force of the process until a high water recovery was achieved. As the cotton dyeing wastewater already contained a high
concentration of TDS at the beginning of the FO process (Table 3), a much higher concentration was expected at the end of the FO,
which determined a high concentration of NaCl in the draw solution. This prompted a higher permeate flux for this type of wastewater.
The permeate flux of the wool dyeing wastewater, diluted cotton dyeing wastewater, end-of-pipe wastewater 1, and end-of-pipe

Table 3
Characterization of the textile wastewaters in terms of chemical oxygen demand (COD), total organic carbon (TOC), total dissolved solids (TDS),
conductivity, pH, apparent color, and osmolality.

WASTEWATER

Wool dyeing Cotton dyeing Cotton dyeing (diluted) End-of-pipe 1 End-of-pipe 2

COD (Mg⋅L− 1) 1186 326 67.5 468 329
TOC (Mg⋅L− 1) 528.2 181.7 38.4 225 170.4
TDS (Mg⋅L− 1) 2825 15690 2940 1600 2276
CONDUCTIVITY (μS⋅cm− 1) 3512 17930 3924 3271 2915
pH 5.5 10 9.6 6 7.1
APPARENT COLOR Blue Brown Light Brown Blue Brown
OSMOLALITY (Osmol⋅kg− 1) 0.06 0.309 0.063 0.068 0.051
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wastewater 2 (which was between 8 and 10 L h− 1 m− 2) was stable during the major part of the experiment. From a 70 % water re-
covery, a slight decrease in the permeate flux can be observed, which was extended until the end of the process. This decline can be
attributed to a progressive loss in the osmotic pressure of the draw solution, due to its dilution at an advanced stage of the FO
experiment. Furthermore, the concentration of the feed solution reduced the differences between the osmotic pressure of the feed and
draw solutions, then affecting the driving force [18,41]. According to these results, the HFFO2 membrane was considered adequate to
treat textile wastewaters and recover water from them, as a good performance was observed in all cases. The only exception was the
processing of the dyeing cotton wastewater in its raw state, without any dilution. In this case, a sharp decrease of the initial permeate
flux was exhibited when a 30 % of water was recovered, prompted by the much higher concentration of TDS and COD of this stream.
This is also visible in Supplementary Figure 1, which contains the evolution of the water recovery during the FO process. A linear
increment of water recovery with time was observed for all wastewater except for the raw cotton effluent. As commented in section
3.2.1, the total dissolved solids and COD content of this effluent was more than five times higher than the content of the rest of the
wastewaters. This higher concentration of organic matter can cause the fouling of the membrane, thus reducing the permeate flux.
Furthermore, the concentration of the feed solution reduced the differences between the osmotic pressure of the feed and draw so-
lutions, then affecting the driving force [18,41]. In fact, as will be shown in section 3.2.4, the dyeing cotton wastewater generated the
highest reduction (in comparison with the rest of wastewaters) in permeate flux after the processing of this effluent, which also
indicated the highest fouling of the membrane. Also, the osmolality of this solution indicates that its osmotic pressure was much higher
than the rest of the processed wastewaters, which also contributed to a lower permeate flux. According to the results obtained with the
raw cotton wastewater, the dilution of this stream prior to its processing was considered a suitable strategy. Even though fresh water is
required for this dilution, the treatment of the diluted cotton-derived wastewater results in a more productive process, as the mem-
brane fouling is reduced and the permeate flux is higher. Then, a high water recovery can be achieved, regaining the water used for
diluting. Also, the quantity of salt required for the draw solution is lower when the dilution is applied.

The concentration of the wastewater in the feed solution of the FO process is reflected in Fig. 4.
The images presented in Fig. 4 qualitatively illustrate that the dyes existing in the wastewaters from the dying of cotton, wool, and

end-of-pipe (in its two variants) were concentrated as the water was recovered at the other side of the membrane. The textile effluents

Fig. 3. Evolution of permeate flux with the percentage of water recovered during the forward osmosis process. The treatment of each wastewater
(ww) lasted 2.0 ± 0.1 h.

Fig. 4. Concentration of the studied textile wastewaters during the forward osmosis process. The percentage indicates the fraction of recovered
water from the initial feed.
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may contain a considerable percentage of functional, unfixed dyes [42]. Therefore, the concentration of these wastewaters can be
considered a suitable strategy to obtain valuable streams to be used in subsequent dyeing stages, after adjusting the composition of the
concentration of chemicals, if necessary. The reuse of these concentrated dyes in a new dyebath can contribute to the circular economy
in the textile industry.

As presented in Fig. 3, in all cases, a 95 % water recovery was achieved, except during the treatment of the cotton dyeing
wastewater, when a 90 % recovery was achieved. In this case, a higher pH, conductivity, osmolality, and concentration of total dis-
solved solids was determined in the feed stream, as commented in section 3.2.1. These characteristics contributed to the progressive
reduction of the permeate flux, which was already very low at 85 % water recovery.

Fig. 5 shows the variation of the conductivity during the FO process. This parameter was monitored at the feed outlet (Fig. 5A) and
at the draw solution outlet (Fig. 5B). The results from Fig. 5A were expected, because the conductivity of the feed solution increased
progressively as the water passed through the membrane and the solution became concentrated. At the beginning of the process, all
wastewaters (except the raw dyeing cotton wastewater) displayed a conductivity below 4 mS cm− 1, and this value surpassed 12 mS
cm− 1 at the end of the FO process. The undiluted dyeing cotton wastewater followed a similar tendency regarding the conductivity of
the feed side, but the values of conductivity were much higher.

According to Fig. 5B, the draw solution suffered a fast drop in the conductivity until 25 % of the feed water was recovered. This
indicated the fast dilution of the draw solution at the beginning of the process. All of the studied wastewaters displayed the same
tendency. Although the draw solution employed with the raw cotton dyeing wastewater presented higher values of conductivity (due
to its high concentration of NaCl (Table 2), all draw solutions featured a reduction of the initial conductivity of 1.6 times, approxi-
mately. Afterwards, the conductivity of the draw solution was more constant, around 40 mS cm− 1. Interestingly, for the undiluted
cotton dyeing wastewater, the conductivity of the draw solution increased again after the first drop that occurred until a recovery of 25
% was reached. As reflected in Fig. 3, the permeate flux also suffered a sharp drop when the undiluted cotton dyeing wastewater was
concentrated at 25%, suggesting the accumulation of solutes at the surface of the active layer and the external fouling of the membrane
[17,43,44]. Additionally, the visual inspection of the membrane module (Supplementary Figure 2) indicated that some cotton fibers
passed through the cartridge filter and entered the feed solution, then contributing to the fouling of the HFFO2 membrane. In this
scenario, the results from Figs. 5B and 3 indicate the passage of solutes, which were concentrated at the membrane surface, from the
feed side to the draw solution. As a consequence, the conductivity of the draw solution increased, even though this stream was getting
continuously diluted. This is supported by the results of Table 4, which presents the rejection values of the COD and TOC obtained
during the treatment of the textile wastewaters.

In order to reuse the recovered water, a high rejection of the organic matter was pursued in all cases. The rejection of COD and TOC
was always above 90 %. Only in the case of the raw cotton dyeing wastewater, the rejection of COD was below 90 % (86 ± 3 %). This
can be explained by the higher concentration of total solids present in this wastewater, in comparison with the rest of them. Therefore,
a higher concentration at the membrane surface is expected, then favoring the passage of solutes by diffusion across the membrane [45,
46]. Furthermore, the pH of the undiluted cotton dyeing wastewater should be considered. According to Table 1, this effluent has a pH
of 10, and it corresponds to the limit of the permitted pH range to preserve the stability of the membrane. Therefore, if the membrane
was slightly damaged, it is reasonable that the rejection of solutes was compromised to some degree. This supports the results from
Tables 2 and is in line with the decrease in the permeate flux and the increase in the conductivity of the draw solution for the undiluted
cotton dyeing wastewater. Nevertheless, the HFFO2 membrane exhibited a high rejection of organic matter even in this case.
Therefore, the results reflected in Table 4 were considered satisfactory.

Fig. 5. Variation of the conductivity with the percentage of water recovered during the forward osmosis process. Ww refers to wastewater.
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To evaluate whether the adsorption of dyes could contribute to these high rejection values, several dyeing tests (at different times)
were conducted. Then, several flat sheet FO membranes prepared with the same active layer as the HFFO2 membrane were dyed
employing the concentrated textile wastewater obtained after the FO process. Fig. 6 reflects the appearance of the membranes after
being dyed, then rinsed with distilled water and finally dried.

As reflected in Fig. 6, most of the membranes remained clean after being dyed with the textile wastewaters. The dyes only remained
on the membrane surface after a prolonged time. For most of the wastewater, this time was 24 h. In the case of the wool wastewater, the
flat sheet piece retained a light blue color after 5 h. In any case, any of the FO experiments of this study took more than 3 h. Therefore,
Fig. 6 indicates that the high rejection values presented in Table 4 cannot be attributed to the adsorption of dyes on the membrane
surface. On the contrary, the results suggest that the HFFO2membrane had an excellent retention capacity that allowed the recovery of
water and the simultaneous concentration of textile dyes.

3.3. Cleaning of the membranes

FO operates without the application of any pressure. Therefore, membrane fouling was expected to be reduced. Nevertheless,
considering the composition of the employed textile wastewaters (Table 2), a cleaning procedure was evaluated. First, water flux and
reverse salt flux of the membrane after the treatment of each textile wastewater were tested and compared with the values corre-
sponding to the pristine membrane. Fig. 7 reflects the comparison of water flux, reverse salt flux and specific reverse flux (Js/Jw)
observed with the HFFO2 membrane before and after the treatment of the wastewaters. The results indicated that the fouling of the
membrane was not severe, as water flux after the processing of the wastewater was very similar to the initial water flux of the
membrane. The highest reduction of water flux and the highest increase of the specific reverse flux was observed after treating the
undiluted cotton dyeing wastewater. As has already been discussed (see sections 3.2.1 and 3.2.2), the cotton dyeing wastewater
contained a high concentration of TDS (15690 mg L− 1), which prompted a higher fouling of the membrane and, thus, the reduction of
water flux after the experiment. The increase in Js/Jw suggests a possible damage of the membrane structure as a result of processing
the cotton dyeing wastewater, which could be related to the high value of pH of this stream. The end-of-pipe wastewater 2 led to
similar results. These results were expected, as the appearance and brown color of the wastewater suggested a high proportion of

Table 4
Rejection values obtained for each textile wastewater at the end of the forward osmosis experiments. The error refers to the standard deviation. The
percentage of recovered water from the feed solution has been also displayed.

Parameter Rejection (%) Water recovery (%)

Wool dyeing wastewater COD 99 ± 3 95
TOC 100 ± 3

Cotton dyeing wastewater COD 86 ± 3 90
TOC 88.3 ± 0.4

Diluted cotton dyeing wastewater COD 91 ± 1 95
TOC 97 ± 3

End-of-pipe wastewater 1 COD 95 ± 3 95
TOC 100 ± 3

End-of-pipe wastewater 2 COD 98 ± 4 95
TOC 99.8 ± 0.4

Fig. 6. Flat sheet membranes after being dyed with each concentrated wastewater, rinsed and dried.
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cotton-derived wastewater in the mixture. In any case, the membrane was not highly fouled, as the reduction of water flux was never
higher than 22 %.

As previously commented, the cleaning of the membrane was assessed by performing a backwash after the processing of each
textile wastewater. The aim of this process was to induce a reverse flux of water that drove the solids deposited on the membrane
surface back to the bulk solution [47]. During the processing of textile wastewaters, the adsorption of solutes on the membrane surface
was plausible. Nevertheless, the results from Fig. 7 indicate that these solutes were removed during the cleaning stage. In fact, reactive
dyes are designed to establish a strong interaction with wool fibers and cellulose fibers from cotton, as these materials contain hydroxyl
groups, amine groups and thiol groups [48–50]. As the active layer of the FO membrane is made of polyamide, a strong interaction
between the dyes and the membrane was not expected, because the affinity between reactive dyes and amide groups is reduced.

In all cases, the recovery of water flux was greater than 90%, as can be observed in Fig. 7. This demonstrated that the application of
the backwash was an effective process to remove membrane fouling.

4. Conclusions

In this work, the urgent need for treating textile-derived wastewater, such as the wastewater from cotton and wool dyeing pro-
cesses, has been assessed through FO. To that end, five different types of textile wastewaters were processed, one of them featuring
highly challenging characteristics, in terms of total dissolved solids and osmolality. In all cases, the HFFO2 membrane (Aquaporin)
performed satisfactorily, as the recovery of clean water surpassed 90 %, being the rejection of total dissolved solids and COD above
88.3 ± 0.3 % and 86 ± 3 %, respectively. Furthermore, textile dyes were concentrated on the feed side of the membrane, which
enables the recovery of water and dyes in a subsequent stage of cloth dyeing, reducing the cost and the impact of the process. Finally,
the water flux of the HFFO2 membrane was recovered after an osmotic backwash process, enabling the reutilization of the membrane
and contributing to the sustainability of the FO process.

Fig. 7. Water flux (Jw), reverse salt flux (Js) and specific reverse flux (Js/Jw) determined for the HFFO2 membrane before its use, after the pro-
cessing of each wastewater and after backwash.
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Environmental Engineering Treatment of water from the textile industry contaminated with indigo dye : a hybrid approach combining bioremediation and
nanofiltration for sustainable reuse Leidy Rend o, Case Stud. Chem. Environ. Eng. 8 (2023) 100498, https://doi.org/10.1016/j.cscee.2023.100498.

[10] R. Kishor, D. Purchase, G.D. Saratale, R.G. Saratale, L.F.R. Ferreira, M. Bilal, R. Chandra, R.N. Bharagava, Ecotoxicological and health concerns of persistent
coloring pollutants of textile industry wastewater and treatment approaches for environmental safety, J. Environ. Chem. Eng. 9 (2021) 105012, https://doi.org/
10.1016/J.JECE.2020.105012.

[11] J. Lin, W. Ye, M. Xie, D.H. Seo, J. Luo, Y. Wan, B. Van der Bruggen, Environmental impacts and remediation of dye-containing wastewater, Nat. Rev. Earth
Environ. 411 (4) (2023) 785–803, https://doi.org/10.1038/s43017-023-00489-8.

[12] Z. Zhang, Y. Wu, L. Luo, G. Li, Y. Li, H. Hu, Application of disk tube reverse osmosis in wastewater treatment: a review, Sci. Total Environ. 792 (2021), https://
doi.org/10.1016/J.SCITOTENV.2021.148291.

[13] G. Mahmodi, R.R. Bafti, N.I. Boroujeni, S. Pradhan, S. Dangwal, B. Sengupta, V. Vatanpour, M. Sorci, M. Fathizadeh, P. Bikkina, G. Belfort, M. Yu, S.J. Kim,
Improving cellulose acetate mixed matrix membranes by incorporating hydrophilic MIL-101(Cr)-NH2 nanoparticles for treating dye/salt solution, Chem. Eng. J.
477 (2023) 146736, https://doi.org/10.1016/j.cej.2023.146736.
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