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ABSTRACT

Laundering industry consumes and discharges large amounts of water and surfactants, and the
demand of surface active agents used for washing is increasing worldwide. Some of these substances
are considered contaminants of emerging concern, as they persist in the environment. This work
aimed at evaluating the feasibility of ultrafiltration as a method to treat the wash wastewater and
possibly reuse the surfactant-rich permeate stream in laundry facilities. In particular, evaluation of
surfactant recovery was performed through analysis of the permeate flux and properties obtained
through polymeric and ceramic membranes. Wash water samples were collected at an industrial
laundering facility for hospital linen and filtered through different ultrafiltration membranes with
varying molecular weight cut-off. The critical micelle concentration of the detergent was quantified,
and capillarity measurements were used to determine the concentration of free surfactants in water.
The system was designed to comprise two filtration steps in series: a pre-filtration step did not allow
recovery of surfactant or the production of a high quality permeate, but it was necessary to remove
large contaminants and to minimize the amount of foulants in the feed water of the second filtration,
from which reusable permeates were finally produced. Recovery of 43% and 39% of reusable sur-
factants were achieved using polymeric and ceramic membranes, respectively. Results suggest the
existence of an optimal molecular weight cut-off, which for this work was equal to approximately
6 kDa. Since the operation temperature may have significant impact on the energy requirements of the
washing process, the influence of feed water temperature on surfactant recovery was also preliminary
investigated. Results suggested the possibility to recover water and surfactants by directly treating
wastewater streams of high temperature and the potential of integrating an ultrafiltration system in
large laundering facilities.

Keywords: Ultrafiltration; Laundering industry; Surfactants; Critical micelle concentration; Molecular
weight cut-off; Wastewater

1. Introduction

The laundering industry utilizes a large quantity of fresh
water and chemical products [1,2], among which surfactants
are the most important [3]. Washing 1 kg of textiles requires,

* Corresponding author.

on average, 15 L of water, and the average industrial washing
facility discharges a total amount of 400 m? of wastewater per
day [4]. Furthermore, feed water entering washing machines
needs to be of relatively high purity (e.g., low level of calcium
and magnesium) to maximize the cleaning efficacy of deter-
gents and to avoid textile deterioration [5]. Wastewater pro-
duced by laundries contains diverse organic and inorganic
substances, such as proteins, salts and metal ion, mineral oils,
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dangerous substances and, above all, high concentrations of
surfactants [4].

The efficiency of surface active agents is strictly depen-
dent on the length of their hydrophobic tails at the liquid-
solid interface [6], which has the ability to lower the surface
tension of the washing liquid, thus improving its wetting
capability [7,8]. The decrease of liquid surface tension is
directly proportional to the increase of surfactant concen-
tration until the critical micelle concentration point (CMC)
is reached [6]. Beyond the CMC, further addition of sur-
factant in solution simply translates into an increase in the
number of micelles without affecting the quantity of surface
active agents available for contaminant removal [9-11]. The
efficiency of cleaning processes is thus solely related to the
portion of surfactants present as individual free molecules
[11]. As a safety factor in the laundering industry, it is com-
mon practice to add a higher dose of detergents compared
with that strictly necessary for entrapping the contaminants.
However, the concentration always remains below the CMC.
The extra-dose may be recovered and reused in the system.

From an economic standpoint, 56% of the total amount
of surfactants produced worldwide in 2014 was used in
laundering processes, with an overall profit of more than
US $18 billion. An average increase in surfactant demand of
2.6% per year is expected at least up to 2022 [12]. The sub-
stantial amounts of both water and surfactants utilized by the
laundering industry suggest the development of more envi-
ronmentally friendly systems based on the recovery of these
resources to reduce the overall environmental footprint of this
widespread business. In addition, washing systems require
a large quantity of energy within the so-called Sinner’s cir-
cle, which comprises interrelated mechanical, thermal, and
chemical energies, together with target contact times [13]. In
devising a technology to recover resources within a launder-
ing facility, it is necessary to maintain a process approach,
that is, studying a method that can be integrated directly into
a laundering facility.

Membrane filtration systems offer more flexibility com-
pared with conventional treatment technologies, such as pre-
cipitation, activated carbon, or ozonation [14,15]. Numerous
research studies have been conducted on the application of
membrane technology in processes involving surfactants. 96%
and 87% of surfactants rejection were achieved using regener-
ated cellulose ultrafiltration (UF) membranes with molecular
weight cut-off (MWCO) of 5 and 10 kDa, respectively [16].
High rejection of micelles was obtained with UF hollow fibers
modules characterized by an MWCO between 0.5 and 4 kDa
[17]. Other authors recommended to use ceramic materials to
prevent damage due to chemicals presented in wash water
[13]. The application of ceramic ultrafiltration membranes
was proven to be a successful technology to recover surfac-
tants from contaminated aqueous solutions at high operat-
ing temperature (above 90°C) [18,19]. Thanks to the ability
of surfactant to sequester other molecules in water, micel-
lar-enhanced UF (MEUF) systems were developed in recent
decades. This technology is applied to remove organic com-
pounds from water through the addition of surfactants. The
obtained solution is then filtered through UF membranes that
reject micelles entrapping the organic material [20]. Several
studies have demonstrated the effectiveness of this process
to reject high quantity of micelles and organic material with

polymeric membranes characterized by MWCO in the range
5-10 kDa [21,22]. It is also known that polysulfone mem-
branes with MWCO between 30 and 500 kDa can be applied
to separate surfactants from oily solutions [23]. An overview
of membrane-based processes applied to surfactant solutions
was compiled by Sudrez et al. [24]. However, no studies so far
have focused on evaluating the recovery of free surfactants
from wash water produced by laundering facilities.

In this paper, the treatment of laundering wash wastewa-
ter in UF is studied with the goal to evaluate the possibility to
recover water and free surface active agents in the permeate
stream. Wastewater of a continuous batch washing (CBW)
machine of a hospital laundry is treated using polymeric and
ceramic membranes with different MWCO, thus investigat-
ing the influence of these parameters on permeate flux and
properties. A dual filtering step is discussed, which allows
foulant removal prior to detergent recovery, thus maximiz-
ing the efficacy of this latter step. Different analytical proce-
dures are applied to describe the behavior of surfactants in
water. In particular, a capillarity-based technique is deployed
as a method to determine the CMC point as well as the free
surfactant concentration in water. Since laundering facili-
ties are working with temperatures up to 80°C, experiments
are also carried out using feed water and permeate streams
at high temperature, thus suggesting the potential for also
recovering energy within the system.

2. Materials and methods
2.1. CBW machine and wash wastewater samples

Wash wastewater samples were collected at the
University Hospital laundry of Odense (OUH laundry) from
the most efficient CBW machine, which performs 75% of the
total daily batches. This system comprises four main wash-
ing steps: pre-wash, main wash, rinsing, and finishing zone.
Textiles and some detergents are introduced in the pre-wash
zone where the temperature is between 30°C and 40°C; fur-
ther detergents are added in the main wash zone where the
temperature reaches 80°C. Wastewater is discharged during
these two initial steps. Fresh water is introduced in the rinse
and finishing zones, in such a way to create a countercur-
rent process within the machine. The objective of the pre-
wash and the main wash steps is to remove contaminants
from linens at high temperature without requiring the same
water purity of the rinsing steps. Since the composition of
the produced wash wastewater changes from batch to batch
depending on the type of linens treated, samples used for
the experiments in this study were the assortment of exhaust
water from a number of cycles.

2.2. Detergent and membranes

The detergent, Silex Emulsion M, was obtained from the
OUH laundry. On average, 1.75 g of Silex Emulsion M is used
per kilogram of textile. The detergent comprises 15-30 wt%
of non-ionic surfactant. The composition of surface active
agent mixture was not provided by the manufacturer.

The main characteristics of the membranes used for
experiments are reported in Table 1. Four different polymeric
and two different ceramic membranes were employed.



24

Polymeric membranes with MWCO of 100, 50, 20, and
6 kDa were purchased from Alfa Laval (Denmark) as round
flat sheets with diameter of 20 cm. All membranes were
fabricated with a polypropylene support and then cast
with a polysulfone (GR series) or fluoropolymer (FS series)
separation layer. Ceramic membranes were delivered in
single tubular modules with length of 1,200 and 500 mm
for the 300 kDa (titanium, Tami Industries, France) and for
the 7.5 kDa (aluminium, Inopor GmbH, Germany) MWCO,
respectively. All these membranes perform in the UF range
and size exclusion is their main separation process.

2.3. Filtration tests

As suggested by the manufacturer, all membranes were
rinsed with sodium hydroxide solution (pH 10) for 30 min
prior to their use for filtration. At the end of each filtration
process, the membranes were treated with citric acid (pH 3)
and then NaOH to restore neutral pH in the system. Filtrations
were performed with a stainless steel setup provided by Alfa
Laval, LabStak® M20. Two online pressure gauges monitored
the inlet and outlet pressures continuously; see scheme of the
filtration setup in Fig. 1(c). Permeate fluxes were calculated

Table 1

Membranes used for recovery test and their properties. The
reported values of permeability are average values, and they
were measured under different applied pressures and using a
feed solution of deionized water

Membrane Material MWCO Area Permeability
(kDa) (m? (Lm?h'bar?)

GR51PP Polysulfone 50 0.018 50

GR61PP Polysulfone 20 0.018 40

FS40PP Fluoro polymer 100 0.018 180

FS81PP Fluoro polymer 6 0.018 100

Tami TiO, 300 0.02 120

Inopor v-ALO, 7.5 0.011 86

@ I ), ©

Suitable reuse in the
main wash zone

Suitable reuse in the
pre-wash zone
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as ] = 14 , where ] is the permeate flux (Lm=h), obtained
P Aet P

as the change in permeate volume, V, over time, t, divided
by the total membrane area, A. Deionized water (DI) was fil-
tered through the system before and after the filtration tests,
and the resulting DI permeate fluxes were measured.

The sequence and conditions of filtration were differ-
ent using polymeric and ceramic membranes; see Figs. 1(a)
and (b). In all cases, a pre-filtration process was followed
by a recovery filtration step. Pre-filtration was necessary
to remove most of the large contaminants that would have
rapidly fouled the tighter membranes used in the second
filtration step aimed at producing recoverable permeates.
Ideally, wash wastewater should be treated and reused at
high temperature coming directly from the main wash stage,
which would allow recovery of heat as well as surfactants.
Ceramic materials withstand these conditions but not poly-
meric membranes, which were deployed with the rationale of
reusing wastewater coming from the pre-wash step at lower
temperature.

2.3.1. Tests with polymeric membranes

The filtration tests conducted with polymeric membranes
consisted of two steps:

e Pre-filtration was carried out with 100 kDa MWCO
membranes at the same temperature (approximately
45°C) of collection of the wash water from pre-wash
of the OUH laundry CBW machine. Wash water (25 L)
was filtered by four FS40PP membranes in parallel, by
constantly recovering the retentate stream, which was
reintroduced into the feed water container. An effi-
ciency of 85% was achieved after 3 h of operation, col-
lecting almost 22 L of permeate, which was then used
as feed water for the filtration step aimed at surfactant
recovery.

e Part of the permeate from pre-filtration was treated using
50 kDa MWCO membranes (GR51PP), part using 20 kDa
MWCO membranes (GR61PP), and the remaining sample
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Fig. 1. Schematic and conceptual diagrams of the filtration tests and of the lab setup. Treatment train with (a) polymeric and
(b) ceramic membranes. (c) Laboratory setup used for filtration tests.
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was filtered through membranes with a MWCO of 6 kDa
(FS81PP). These recovery filtrations were performed in
1 h at ambient temperature (20°C-25°C).

Permeate fluxes were monitored at different applied inlet
pressures between 2 bar (29 psi) and 6 bar (87 psi) in both the
pre-filtration and the recovery filtration processes.

2.3.2. Tests with ceramic membranes

A specific setup was installed for ceramic membranes,
which included a water bath to increase the temperature
during filtration (Fig. 1(c)), thus evaluating the possi-
bility to recover both heat and free surfactant molecules
directly from the main wash step of the CBW machine. As
mentioned above, filtration was divided in two steps: a
pre-filtration and a filtration phase. The wash water sample
collected at OUH laundry (20 L) was (i) pre-filtered using
300 kDa MWCO ceramic membranes, thus collecting 10 L
of permeate after 3 h of operation. The temperature varied
from approximately 45°C to 65°C. (ii) The permeate from
the first step was then used as feed water for a 1-h recovery
filtration through 7.5 kDa ceramic membranes, conducted at
70°C. Permeate fluxes were monitored at different applied
inlet pressures ranging between 1.5 bar (22 psi) and 4.5 bar
(65 psi) in both the pre-filtration and the recovery filtration
processes.

2.4. Measurement of the CMC point

The measurement of the CMC for the non-ionic surfac-
tants present in Silex Emulsion M was performed follow-
ing two analytical procedures, one based on conductivity
and the other on capillarity. Solutions of varying concen-
tration of detergent were prepared in DI, ranging from 50
to 36,000 mg/L. Capillarity measurements were carried out
by filling a specific container equipped with five capillary
tubes with 2.3 mL of solution. A dial gauge was used to
measure the level reached by the solution inside the tubes,
and the five values were averaged. The procedure was
repeated for DI and for each concentration of detergent.
The surface tension, ST, was thus calculated as ST = C*K,
where Cis the average capillary level reached by the solu-
tion and K is a coefficient of proportionality, computed
by imposing a value of the surface tension for DI equal to
72.8 dyn/cm. The CMC point is the value of surfactant con-
centration above which the surface tension remains con-
stant, even following addition of further surfactant in solu-
tion. Below the CMC point, the obtained curve was used
to convert values of capillarity to amount of free surfactant
for all the permeate samples.

For the same solutions of known surfactant concentra-
tion, conductivity was measured with a conductivity meter
(Brand HACH, Hach Lange ApS, Denmark). Since the linear
increase of conductivity depends only on monomers in the
solution (i.e., the free surfactants), once the CMC is reached,
a clear break can be observed in conductivity trend [25,26].
This method based on conductivity was also used to measure
the CMC. Each test was repeated three times taking the aver-
age as the final value.

2.5. Measurement of the total amount of surfactant

LCK 433 Hach Lange cuvettes (Hach Lange S.r.l., Italy)
were used to determine the total amount of surfactant (i.e.,
both free agents and agents bound with contaminants) in the
wash water samples collected at the OUH laundry and in each
of the permeate samples obtained by filtration. Chemicals
contained in the cuvette render all the surface active agents
free. The amount of free molecules was then measured by
light absorption with a UV-Vis spectrophotometer (DR3900
Benchtop, Hach Lange ApS, Denmark) in the UV range.
Three measurements were performed for each sample, and
their results were averaged.

2.6. Characterization and evaluation of the permeate
physicochemical properties

Conductivity, pH, and COD values were measured for
each of the permeate samples in addition to the surfactants
content. In the CBW machine, water with usable surfactants
may be recycled in the pre-wash and in the main wash stages
of the cycle, in which detergent is added and high tempera-
ture is required (between 45°C and 85°C). Therefore, the
permeates must respect the limits for water reuse in these
washing zones, set based on company practice and on
the typical needs related to the treated linens; these values
are reported in Table 2.

3. Results and discussion
3.1. Behavior of surfactant in aqueous solution

Fig. 2 presents results obtained by capillarity and con-
ductivity tests on solutions of varying detergent concentra-
tion. Capillarity measurements showed a decrease in surface
tension at increasing amount of Silex Emulsion M, for con-
centrations lower than 2 g/L; see Fig. 1(a). Further increase
in detergent concentration above this point did not affect the
value of surface tension, which remained constant. Fig. 2(b)
shows that conductivity increased linearly with two differ-
ent slopes, revealing a clear break at 2 g/L. Based on both
capillarity and conductivity measurements, the CMC of this
solution was assumed to be 2 g/L. Above this point, further
increase in detergent concentration only results in formation
of micelles [25], whereby hydrophobic tails are associated
with each other and are incapable of producing the desired
decrease of surface tension.

The two analytical procedures adopted in this study,
based respectively on capillarity and on conductivity, pro-
duced equivalent results in terms of CMC. This observa-
tion implies that capillarity may be used as a stand-alone
method to determine the CMC point of detergent solutions.

Table 2
Limits for water reuse in two different stages of the washing cycle

Stage pH Conductivity COD
(mS/cm) (mg/1)

Pre-wash 6-10 2 -

Main-wash 6-10 2 1,000
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Fig. 2. Identification of the CMC point of Silex Emulsion M
through the application of (a) the capillarity method, with the
consequent calculation of the surface tension, as described in
2.3.1, and (b) conductivity. Data points refer to averages of three
measurements at each emulsion concentration. All experiments
were conducted at room temperature (21°C +2°C).

Performing a capillarity test is a reliable and facile way to
measure the free surfactant concentration in water as a func-
tion of the solution surface tension. The results obtained with
capillarity tests further indicate that the surface tension of the
washing liquid may be significantly lowered by addition of
small amounts of Silex Emulsion M. While a small dosage is
ideally required for effective washing, the large quantity of
textiles treated every day, and the high quality of cleaning to
be achieved obliges the laundering industry to over-dose the
detergent.

3.2. Recovery and process efficiency
3.2.1. Fluxes measured during wash water filtration

Fig. 3 shows the permeate fluxes measured in the pre-
filtration tests carried out with 100 kDa polymeric membrane,
FS40PP (Fig. 3(a)), and 300 kDa ceramic membrane, Tami
(Fig. 3(b)). Fluxes were measured at four intervals (time 1
through 4), distanced 45 min from each other. For both poly-
meric and ceramic membranes, fluxes were similar at values
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Fig. 3. Flux measurements of wash water as a function of
applied pressure through (a) 100 kDa polymeric membranes
and (b) 300 kDa ceramic membranes. For each applied pres-
sure, four flux measurements were performed at intervals of
45 min, referred to as time 1 through 4 in the graphs. Fluxes
were found to decrease in time for polymeric membranes and
to increase for ceramic membranes. Lines are intended to be
used as guide for the eyes only.

of applied pressure above 3—4 bar. This result implies that
both types of membrane were subjected to fouling [27],
which became more important as transmembrane pres-
sure increased. Analogous results were observed by previ-
ous studies [28]. Laundering wash water comprises a large
amount of organic matter [29], considered to be one of the
main foulants in membrane application [30,31], together with
suspended materials coming from fabrics. Past studies inves-
tigated treatment of laundry wash water using membrane
bioreactor (MBR) systems, in which organic components
are degraded while being retained [32,33]. Other reports
demonstrated the feasibility of MBR also from an economic
viewpoint [34]. Data presented in Fig. 3 indicate that the per-
meate flux increased in time for ceramic membranes, while
it decreased when polymeric membranes were applied.
Fouling was present in both cases. However, the increase of
operating temperature during the tests with ceramic mem-
branes offset the flux loss due to fouling.
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Fig. 4 presents the permeate fluxes for the actual recov-
ery filtration steps with 6 kDa polymeric membranes,
FS81PP (Fig. 4(a)), and 7.5 kDa ceramic membranes, Inopor
(Fig. 4(b)). Data points referring to wash water permeate flux
(green triangles) reveal higher values than those shown in
Fig. 3. This result is rationalized with the better quality of
the feed solution, coming already purified from organic fou-
lants and fabric material following the pre-filtration steps.
The flux obtained through the ceramic membrane increased
almost linearly with applied pressure. This trend was less
pronounced for the tests carried out using polymeric mem-
branes. Again, the influence of temperature may explain this
difference: higher temperature has been shown to result in
reduced fouling [35,36].

Overall, high permeate fluxes were measured during all
tests, suggesting the feasibility of this process to filter pre-
treated wash wastewater. Values of flux obtained by filtering
DI before and after treatment of wash water (blue squares
and red circles, respectively) suggest that the flux decline
observed during the tests was due to reversible fouling,

T/-\ 560 — Il DI water flux |
&C before filtration

! DI water fl

E 480 4@ St

d A Wash water flux /./
L

O 320 -

o A\ A A
=]

D 240 .

g x 6 kDa (a)

160 — polymeric
| | | | | |
1 2 3 4 5 6

‘T,-\ 420 — W DI water flux

(\.‘C before filtration

! DI water fl

€ 350 - ® aft:raﬂ?rratll:;

\—I_, A Wash water flux

X 280 —

=

L

o 210 —

o

—

?

8 140 —

7.5 kDa
= 70 — ceramic (b)

| | | | | |
1 2 3 4 5 6

Applied Pressure (bar)

Fig. 4. Measured fluxes for both DI water and wash water at dif-
ferent applied pressures for (a) 6 kDa polymeric membranes and
(b) 7.5 kDa ceramic membranes. Experiments using wash water
(green triangles) followed a UF pre-treatment step through
100 kDa polymeric membranes or 300 kDa ceramic membranes,
respectively. The flux of DI water was measured (blue squares)
before and (red circles) after wash water filtration. Lines are
intended to be used as guide for the eyes only.

mostly related to the formation of a cake at the membrane/
solution interface. Simple periodic physical cleanings would
thus maximize the process efficiency.

3.2.2. Recovery of surfactant and assessment of potential
permeate reuse

Tests using Hach Lange cuvettes were performed on
the wash water samples and on the permeates obtained
after pre-filtration using FS40PP and Tami membranes. In
both cases, a concentration of 66 mg/L of surfactants was
measured, which is well below the CMC of the detergent.
Therefore, detergent was not rejected by pre-filtration. This
observation suggests that the size of the surfactant molecules
and of micelles entrapping contaminants is smaller than
100 kDa, thus passing freely through the membranes, and
that the fouling mechanism in these tests was not related to
the adsorption of surfactant molecules within the membrane
pores or to concentration polarization. Pre-filtration does
not allow recovery of surfactants and, as shown in Table 3,
the permeate stream obtained from pre-filtration does not
respect the limits imposed by the company to reuse it in the
pre-wash or in the main wash zone of the CBW machine.
However, this pre-treatment is useful to produce a relatively
clean solution to feed the actual recovery steps, performed at
lower MWCO.

Concentration of non-ionic surfactants in feed water
and permeates obtained by the recovery filtration steps
was also measured with Hach Lange cuvettes; see results
in Fig. 5(a). Data indicate that 43% and 39% of the total
amount of surfactants in the feed solution were recovered
in the permeate after filtration through the polymeric and
ceramic membranes, respectively. The results obtained by
the application of Hach Lange cuvettes and of capillar-
ity measurements were the same; see Fig. 5(b). It must be
reminded that while the cuvette method measures the total
amount of surfactant in water, capillarity tests yield the
value of free surface active agents. Therefore, the recovered
surfactant in our experiments was present as free molecules,
which would be available to decrease the surface tension of
the solution and to entrap the contaminants in the case of
reutilization of this treated stream. The remaining portion
of surfactants, rejected during filtration, was hence bound
in micelles entrapping contaminants. Moreover, the perme-
ate properties (Table 3) suggest that the permeate obtained
from the recovery filtration stages with 6 and 7.5 kDa mem-
branes may be suitable for reuse inside the CBW machine.
The values achieved are in fact below the limits suggested
to be able to recycle the treated stream in the pre-wash or
in the main wash stage of a cycle (limits are summarized in
Table 2).

Analogous results were achieved through the utilization
of polymeric and ceramic membranes with similar MCWO,
although during filtration at different temperature. This
result suggests that the extent recovery of free surfactants is
not significantly dependent on the filtration temperature. In
a hypothetical application of an integrated membrane treat-
ment applied to the CBW machine, the treatment and recov-
ery of water coming at high temperature from the main wash
stage of the washing cycle would result in savings of both
detergent and energy supply.
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Table 3

Permeate physicochemical parameters
Membrane pH Conductivity =~ COD
MWCO (kDa) (mS/cm) (mg/1)
100 11.98 2.36 1,031
50 10.54 1.382 751
20 8.98 1.375 624
6 8.77 1.22 623
7.5 8.63 1.24 657
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Fig. 5. Summary of the recovery of non-ionic surfactants. (a)
Concentration of surfactants in (patterned bars) feed water and
(solid red bars) permeate water following UF filtration using
6 kDa polymeric membranes and 7.5 kDa ceramic membranes.
Approximately 40% of surfactant was recovered in both cases.
(b) Surfactant concentrations in the permeate measured through
the application of (dark red bars) Hach Lange cuvettes and (light
red bars) capillarity, demonstrating the uniformity between
results obtained by applying different methods.

3.2.3. Influence of membrane properties on process
performance

Additional surfactant recovery tests were carried out
using 50 and 20 kDa polymeric membranes on the wash
water solutions following pre-filtration. Permeate fluxes (not
shown) were almost negligible, initially around 15 Lm=h,
one order of magnitude lower than fluxes through 6 kDa
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Fig. 6. The percentage ratio of DI water flux measured after wash
water filtration with respect to the flux measured before treat-
ment, as a function of applied pressure. Results are presented
for each of the polymeric membranes tested, as labeled in the
graph. The feed solution through 100 kDa membrane coincided
with wash water coming directly from the laundry facility. The
permeate from this pre-filtration process was used to feed all the
other membranes specified in the graph. Lines are intended to be
used as guide for the eyes only. Experiments were conducted at
room temperature (21°C £ 2°C).

membranes. Furthermore, fluxes showed a 70% decrease in
less than 1 h of operation at the constant applied pressure of
8 bar. We hypothesize that polymeric membranes character-
ized by intermediate MWCO are not suitable to treat wash
water from the laundering industry, even if the permeate
obtained from filtration with 20 kDa polymeric membranes
respected the limits imposed for water reuse. The main rea-
son of the low performance achieved in these tests may be the
presence of surfactant micelles entrapping contaminants. The
application of Hach Lange cuvettes and capillarity method to
the feed and permeate solutions showed that only a small
quantity of free surfactants were filtered through the 50 and
20 kDa membranes and that micelles entrapping contami-
nants were rejected. Around the 70% of the total amount of
surfactants in wash water were rejected by each type of mem-
branes. Therefore, the low fluxes observed are partly ratio-
nalized with clogging due to blocking the membrane pores
by micelles entrapping contaminants. Indeed, the micelle
average size should be in the range 30-60 kDa, comparable
with the pore size of these membranes [28]. Previous studies
also stated that clogging is a characteristic phenomenon of
membranes with intermediate pore sizes [37].

The influence of membrane pore size on the process effi-
ciency is summarized in Fig. 6, where we present the ratio of
DI flux measured before and after each filtration step with
polymeric membranes of different MWCO. The 6 kDa poly-
meric membranes were affected mostly by reversible fouling:
DI flux after filtration was around 80% the value measured
prior to wash water filtration, regardless of the applied pres-
sure [38]. On the other hand, membranes with intermediate
MWCO presented irreversible fouling. Here, the DI flux after
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membrane usage was significantly lower compared with that
measured for clean membranes [39].

Areductionin membrane fouling was previously achieved
through addition of coagulants in laundry wash wastewater
[40,41], causing formation of large floccules in the feed water,
thus avoiding membrane clogging. However, free surfactants
may be entrapped in the coagulation-precipitation process. It
should be noted that a variable pressure system (i.e., increas-
ing the transmembrane pressure over the time to maintain
constant flux) should produce more reversible fouling than a
constant pressure system [42]. Previous studies suggest that
while hydrophobic membranes generally retain free surfac-
tant more efficiently than hydrophilic membranes [43], they
are more subjected to fouling [44,45]. Moreover, non-ionic
surfactants adsorb more readily on hydrophobic membrane
surfaces compared with anionic surfactants, thus impairing
the efficiency of the filtration process [46]. Therefore, mem-
branes fabricated with different materials than polysulfone
or fluoropolymers (e.g., PES membranes modified with poly-
vinylpyrrolidone [47]) may show better performances than
the Alfa Laval series used in our experiments. These mech-
anisms may be taken into account to optimize a UF process
to recover detergents from laundering wash water solutions.

4. Concluding remarks

UF was applied to treat laundering wash water and to
evaluate the capability of polymeric and ceramic membranes
to produce an adequate flux of good-quality permeate. A
recovery of approximately 40% of usable non-ionic surfac-
tants was achieved using a pre-filtration step through high
MWCO membranes and a final filtration through membranes
characterized by small pores. The pre-filtration process
helped in removing foulants from the wash water solution
coming directly from a laundry facility. Similar results were
obtained with polymeric and ceramic membranes. The prop-
erties of the permeate sample were within the requirements
suggested to ensure safe reuse of the treated water within the
first two washing steps of the CBW machine. Our research
also suggests that there exists an optimal range of MWCO to
prevent membrane clogging and to maximize the efficiency
of the process. The high flux observed during filtration and
the significant amounts of surfactant recycled at the end of
the treatment train suggest that UF may be a valid method to
reduce the environmental impact of laundering operations.

In a hypothetical industrial application, these results
should be considered as the very first step to design an inte-
grated UF system. The characteristics of wash water vary
significantly depending on the type of textiles treated [13,48]
(i.e., different composition and amount of organic matters).
Research should therefore progress to investigate the effi-
ciency of surfactant recovery treating wash waters from dif-
ferent laundering facilities or from diverse types of linens.
The best configurations to recover energy should also be
evaluated carefully. We demonstrated that ceramic mem-
branes allow operating the treatments at high temperature,
suggesting the possibility to recover energy in large launder-
ing facilities. While the recovery of energy and surfactants
would reduce waste and potentially translate into direct eco-
nomic benefits for the facility, an assessment of capital and
operational costs vs. economic benefit should be carried out

taking into account the possible schemes of integrating the
UF system to the washing machines.
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