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Abstract

Wastewater from textile dyeing plants contains a complex mixture of dyes, salts, surfactants
and other additives which make it challenging to treat and harmful to release directly into the
water system. Current treatment technologies are composed of many steps, increasing the
cost and complexity of water management. Air gap membrane distillation (AGMD) is a
versatile water treatment process which has potential to reduce the complexity of textile
dyeing wastewater but has not yet been investigated for this application. In this work, we
used commercial polytetrafluoroethylene (PTFE) membranes in AGMD to recover pure
water from simulated textile wastewater containing NaCl and either sunset yellow (SY) or
rose bengal (RB) dyes and sodium dodecyle sulfate (SDS) surfactant. 100% salt and colour
removal was achieved for binary feed solutions (NaCl + SY or RB) over 20 h of testing,
whilst maintaining stable fluxes between 11.7 and 12.6 L m2h'! (LMH) throughout. After 24
h of continuous testing of the ternary feed solution (NaCl + RB + SDS) the flux was as high
as 11 LMH with permeate conductivity less than 50 uS cm . However after 70 h these had

reached ~3 LMH and 421.8 uS cm!, respectively indicating a need for cleaning or back-



flushing between batches. Parallel direct contact membrane distillation (DCMD) tests
achieved lower colour and total carbon removal after just 8 hours of testing with the ternary
feed solution. Comparisons between our tests and those found in the literature are made and
indicate that AGMD may be the most suitable configuration for this application due to
reduced flux decline and potentially higher thermal efficiency.

Keywords: air gap membrane distillation (AGMD); membrane fouling; PTFE membrane;

textile wastewater.

Highlights

1. Synthetic textile wastewater was purified by air gap membrane distillation (AGMD)

2. AGMD simultaneously removed all salts, surfactants and dyes in a single process

3. Permeate quality remained high after 70 hours of continuous testing

1. Introduction
Producing 1 tonne of textile materials requires approximately 300 tonnes of water [1, 2]. This
makes the textile industry one of the thirstiest in the world and yet it is largely concentrated
in regions which can suffer from severe water scarcity, particularly China and India [3].
Furthermore, the wastewater generated from textile mills can pose serious environmental
risks due to the presence of harmful substances such as azo dyes, heavy metals, surfactants,
salts and others [4-7]. The release of dyes into water streams can inhibit photosynthetic
processes in aquatic organisms by reducing the amount of available sunlight that can be
absorbed. Meanwhile, azo dyes and their secondary products have been shown to have
mutagenic and carcinogenic effects, posing risks to humans and aquatic life alike [8]. In
addition, depending on the nature of the dyeing process and variations in production
schedules, the wastewater may be acidic or it may be alkaline [9]. The great variety of
characteristics that textile wastewater can embody makes it challenging to find a single

process suited to treating it all. In order to help secure water resources and reduce the



detrimental effect of releasing the wastewater into the environment, the industry is opting to
utilise increasingly sophisticated water treatment technologies. These typically include multi-
stage processes such as biological/electrochemical/physico-chemical pre-treatment,
coagulation/flocculation, sand filtration, membrane treatment and possibly end with multi-
effect evaporators or incineration for zero liquid discharge [4, 5, 10, 11]. Together, these
make up a highly complex water treatment process which can be expensive, energy intensive
and highly space consuming [12]. In addition, the conventional filtration processes used such
as ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) require these multiple
pre-treatment steps in order to extend the time by which the membrane pores become blocked
or fouled. The relatively high transmembrane pressure that is applied in these processes can
lead to rapid pore blocking, extensive concentration polarisation and reduced permeate flux
values even with appropriate pre-treatment steps [13-15].

One potential route to simplifying this process is by using membrane distillation (MD). This
is a vapour pressure-driven separation process in which a liquid feed stream with an elevated
temperature is passed across a hydrophobic membrane with a mean pore size much larger in
comparison not only to the species that go through the membrane but also the species that are
retained. Mean pore size values are typically in the range of 0.1 - 1 um with porosity values
of 70 - 80% [16]. On the other side of the membrane there can be a cooler stream of pure
water (either static or circulated), an applied vacuum, a flow of inert gas or an air-gap
separating the membrane from a condensing surface. In each case, the vapour pressure
difference across the membrane creates a driving force for vapour diffusion while the
hydrophobicity of the membrane prevents liquid intrusion (phenomenon known as pore-
wetting). This process can be used to remove inorganic non-volatile species from feed

streams with a theoretical removal efficiency of 100% [16, 17] and suffers less from



concentration polarisation and membrane fouling than conventional pressure-driven filtration
processes as pressurization of the feed side is not require [18, 19].

Though the total energy consumption of the process is higher than other membrane-based
separation processes, it is a simple but effective method of recycling water in situations
where a thermal energy source is already available (such as waste heat, ocean thermal
gradients or in textile water effluent) [20]. Also, the use of membranes can reduce the vapour
spaces that are required for conventional distillation processes and allow for operating
temperatures that are well below the boiling point of water, even at atmospheric pressure.
This, coupled with the lower operating pressures than typical filtration processes, means MD
can be more compact, can be constructed out of cheaper polymeric materials and have
potentially lower capital costs than alternative technologies [21]. MD has so far largely been
studied for the treatment of highly saline ‘water streams (such as seawater or RO brines) but
there is increasing research into its suitability for treating various kinds of wastewater, for
such applications as the extraction of pharmaceutical products and rare-earth metals [22, 23].
Despite the promise of this technology, relatively few papers have assessed its suitability to
textile wastewater treatment. A recent review [24] revealed that research on the use of MD
for this application was rising. However, many of the existing publications reported using
single-component dye solutions as the feed water, free from salts and surfactants. It is well
documented that the presence of surfactants can exacerbate the pore-wetting phenomenon
due to hydrophobic-hydrophobic interactions resulting in their adhesion to the membrane
surface. This can then create hydrophilic channels which can bridge the gap between the feed
and permeate streams, reducing the rejection performance [25]. Therefore, testing
multicomponent mixtures is critical for evaluating the true capabilities of this technology for
this application. Furthermore, all but three studies identified [26-28] used the direct contact

configuration, which, whilst being the simplest MD configuration, is known to suffer from



conductive heat loss which increases its specific thermal energy consumption [29]. A lesser—
studied configuration is air gap membrane distillation (AGMD) in which the permeate side
consists of a small gap of stagnant air and a condensing surface which is cooled by a
circulating fluid. Due to the insulating effect of the air gap, less heat is lost through
conduction than with direct contact membrane distillation (DCMD). Furthermore, it is
possible to recover the latent heat of condensation by using it to preheat the incoming feed
water if used as the cooling fluid. This is the principle behind some larger scale systems such
as Memstill® and can result in specific thermal and electrical energy consumptions as low as
72 kWh/m3 and 0.0278 kWh/m?3, respectively [30, 31].

The high operating temperatures used in most textile dyeing mills means there is available
waste heat which could be used to recycle water in one step via MD. To the best of our
knowledge, no one has yet used the air gap configuration for textile wastewater treatment,
despite it having higher thermal efficiency and often better performance at the pilot scale
compared to other configurations [32, 33]. Herein we assess the feasibility (in terms of flux
and solute rejection) of using commercial PTFE membranes for the long-term treatment of
multi-component synthetic textile wastewater via air-gap membrane distillation. The use of
synthetic wastewater containing the predominant components of real wastewater, namely
dyes, surfactants and salts, was chosen to avoid any unknown variability from real samples.
This work can be used as a preliminary study against which further developments on
membrane properties, cleaning protocols and performance with real wastewater can be
compared.

2. Experimental

2.1 Materials

To simulate wastewater from the textile dyeing processes, aqueous mixtures of sodium

chloride, sodium dodecyle sulfate surfactant (SDS) and two dyes, sunset yellow (SY) and



rose bengal (RB), were prepared as the feed solutions for this work. The two tested dyes,
which had molecular weights of 452.36 and 1017.65 g mol!, respectively, were purchased
from Sigma Aldrich, UK and their chemical structures are depicted in Fig. 1. SDS and NaCl
(99.5%, MW= 58.44 g mol!) were purchased from Sigma Aldrich and Acros Organics,
respectively. The single-dye feed solutions were prepared at a concentration of 100 mg L' by
dissolving appropriate amounts of the dye powders in deionised (DI) water. This chosen
concentration is a good representation of real wastewater and is commonly used for synthetic
solutions [34]. For the binary feed solution (dye + salt), 100 mg of dye and 5 g NaCl were
added to 1 L of DI water and dissolved by magnetic stirring. For the ternary feed solution
(dye + salt + surfactant), 100 mg dye, 5 g NaCl and 1 g SDS were added to 1 L of DI water
and stirred continuously until all species had dissolved. Surfactant concentrations in textile

wastewater may be around 500 mg L' [35] so our choice of 1 g L-! was chosen as an extreme

case.
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Fig. 1. Chemical structures of the dyes tested in this study: (a) sunset yellow and (b) rose
Bengal. The figure was prepared using ChemSketch software.
Commercial hydrophobic flat sheet polytetrafluoroethylene (PTFE) membranes were

purchased from Sterlitech, USA. The PTFE was laminated on to a polypropylene (PP)
nonwoven backing layer and had a reported mean pore size of 0.20 um. The thickness of the
membranes was measured using a Mitutoyo IP65 micrometer and compared to the value

given by the supplier. The characteristics of the membrane are summarised in Table 1.



2.2 Membrane characterization

Surface images of the membranes were taken before and after AGMD tests using scanning
electron microscopy (SEM) (QUANTA FEG250, USA) with an acceleration voltage of 20
kV. For the surface images, different areas of the membranes were cut and mounted onto
SEM stages using carbon tape. Before imaging, the samples were sputtered with- platinum (5—
6 nm Pt layer) using an MTM 10 Thickness Monitor (Cressington, USA) in order to make the
samples conductive.

To further investigate and compare the chemical bonds in the virgin and fouled/used
membranes, attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
was employed. This was carried out in an Ids Nicolet Is5 instrument (Thermo Scientific, UK)
using a Ge crystal over the wavenumber range of 650-4000 cm™! and a step size of 0.5 cm™.
Capillary flow porometry (PoroLux™ 1000, POROMETER, Belgium) was utilised to
analyse the mean pore size, pore size distribution (PSD), and bubble point pore size of the
membranes. The gas-liquid displacement method was used with perfluoropolyether (Porefil
125, surface tension =-15.88 &+ 0.03 mN m!) as the wetting liquid and further details can be
found in our previous work [36].

An optical tensiometer (Attension Theta, Biolin Scientific, UK) was used to assess
the hydrophobicity of the membranes via the sessile drop method. This measurement was
conducted by dropping DI water onto the membrane surfaces using a Hamilton microsyringe.
For each measurement, the DI droplet was recorded for a total of 20s at 30 frames per
second, and the contact angle value was taken 10 s after the water droplet had touched the
sample surface. All measurements were repeated 5 times and the values were presented as the
mean * the standard deviation of the five values obtained.

2.3 Air gap membrane distillation (AGMD)



The AGMD tests in this work were carried out in an apparatus that has been previously
described elsewhere [36]. A diagram of the setup is shown in Fig. 2. The membrane module
had an air gap width of 3 mm, which was the smallest value possible given the module design
and materials used. During the experiments, the preheated feed solutions (70 °C) were
circulated at a rate of 380 = 5 mL min! using an Xcsource 12 V water pump with a flow
control pinch valve (Sigma) connected to the 7 mm (outer diameter) silicon tubing used
throughout. The feed was circulated through a custom-made Perspex membrane module
containing silicon gaskets, a polycarbonate perforated membrane support disk and a
polycarbonate membrane spacer disk which, together, defined the air gap width. On the
permeate side, soft tap water which was cooled to 20 °C by a Julabo F12-ED chiller, was
circulated behind a stainless steel condenser plate at a rate of 600 = 4 mL min'!. The volume
of the feed solution was 2 L while the feed temperature was kept constant using a hot plate
with a connected thermostat (MIL-C-17 ROHS, UK). The system was left to run for 60 min
before measuring to allow sufficient time for conditioning. The permeate dripped out the of
module by gravity and was collected in a measuring cylinder with a funnel placed below. The
permeate volume was recorded every hour and the permeate flux (J) was calculated using

equation (1):
%
J=77

where V), is the volume of the permeate, A is the membrane area and ¢ is the running time.

The total membrane area was 28.27 cm? whereas the effective area, due to the perforated
membrane support was 7.16 cm?. However, to give more realistic values, the full membrane
area was used in the flux calculations. Solute rejection (SR) of the membranes was calculated

as a percentage using equation (2):

Cp
SR = (1 _C_F) X 100 (2)



where Cpand Cpare the concentration of the solutes in the permeate and in the feed,
respectively.

NaCl concentrations in the permeate were assessed in terms of the permeate conductivity,
which was measured using a Fisher Scientific Accumet XL 200 conductivity meter from
samples taken from the collection vessel every hour and then replaced. Dye concentrations
were obtained via an ultraviolet-visible (UV-Vis) spectrophotometer (UV-2700,
SHIMADZU, Japan). The initial and the final concentrations were determined using samples
of the permeate and feed solutions at wavelengths of 490, and 550 nm for SY, and RB dyes,
respectively. Concentrations of SDS were analysed with a total organic carbon analyser

TOC-V (Shimadzu-Japan) with total carbon content being measured and reported.

Membrane module

A
[ |

Membrane Vapor Condenser
\ / plate
transport
—)
Feed pump:
380 mL min-t r , €
Hot feed Coolant
side side
Thermocouple ~ Condensed
Spacer / permeate
Feed ? —>|20°C
tank ]
Hot plate
Permeate collection Chiller

Fig. 2. Schematic representation of the air-gap membrane distillation system.

In order to compare the performance of AGMD with the more commonly used direct contact
membrane distillation (DCMD), tests were performed using the latter configuration with the
ternary solution of RB + NaCl + SDS as the feed. For this, the same membrane module was

used but without the spacer or condenser plate and instead with an O-ring insert, ensuring a



water-tight seal around the membrane. The hot feed was pumped through the module in the
same way as for AGMD, again at 70 °C. However, for the cold permeate stream, a 1 L
jacketed vessel containing 300 mL of DI water was connected to the chiller, which circulated
water around the vessel, set at 20 °C. A second pump was connected to the permeate side of
the module with silicone tubing which was then placed into the jacketed vessel. Once the feed
and permeate solutions had reached their set temperatures, the two pumps were switched on
and began circulating the solutions across each side of the membrane. The feed flow rate was
varied from 226, 380 and 1020 + 4 mL min"! whereas the permeate flow rate was kept
constant at 300 = 4 mL min'!. The change in mass was logged each hour using an Adam HCB
3001 weighing scale for a total of 8 h per test. In addition, approximately 9 mL of permeate
was removed with a syringe each hour, and had its conductivity measured before being
replaced back into the measuring cylinder. Permeate samples were also collected at the end of

the experiments for total carbon measurements.

3. Results and discussion

3.1. Membrane characterization

An ideal membrane for MD applications should have high porosity (> 70%), a narrow pore
size distribution, non-tortuous pores and a high contact angle (> 90%), to ensure it is
sufficiently hydrophobic to prevent wetting. To probe the pore structure of the commercial
PTFE membranes, liquid-gas capillary flow porometry was performed. A representative pore
size distribution is depicted in Fig. 3. As can be seen, the pore size distribution (PSD) is very
narrow, with over 90% of the flow being measured through pores between 0.26 and 0.27 um
in diameter. This is a favourable characteristic as there are no excessively small pores (which
would increase mass transfer resistance) and no excessively large pores (which could allow
for liquid intrusion). Whilst the mean pore size value is slightly higher than the 0.2 pm

reported by the manufacturer, it is still well suited to application in membrane distillation.
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Fig. 3. A plot of percentage flow against pore diameter for the commercial PTFE membrane
in which the peak value represents the mean pore size.

Other measured values for the membrane’s properties are summarised in Table 1. The bubble
point pore size (which is the first pore through which the gas can flow) was 0.395 + 0.091
um, which isstill a reasonable size to prevent wetting, given the membrane’s fairly large
contact angle of 1058. The membrane’s porosity is a key property for determining flux in MD
as it represents the free volume through which vapour transport can take place. A balance
must be struck between high porosity and sufficient mechanical strength and in this case, the
reported value of 80% is suitably high for this application. Due to a lack of available data on
the polypropylene backing layer, it was not possible to verify the active layer porosity value
experimentally. Finally, the measured thickness values are suitable for MD applications and

are in close agreement with those reported by the manufacturer.



Table 1. Reported and measured properties of the commercial PTFE membrane used in this

study.
*Due to the
Property Reported value Measured value
- polypropylene
Thickness (pum) 180 189.8 (£ 14.5)
support layer, it was
P ity (% 80 -

SROE7 () not < possible to
Mean pore size (um) 0.20 0.259 (£ 0.005) accurately measure
Bubble point pore size (1m) - 0.395 (£ 0.091) the porosity using
Contact angle (°) - 105 (£3) the gravimetric

method.

3.2. AGMD performance

The MD testing was performed using both discontinuous and continuous operation with the
former totalling 20 h (with between 13 and 19 h of no operation or cleaning in between tests)
and the latter totalling 70 h (for the solution containing all three components: RB, NaCl and
SDS). Fig. 4 shows the flux performance during the discontinuous filtrations using four
different types of aqueous feeds including pure DI water, a solution containing 5 g of NaCl
and 100 mg RB per litre, a solution 5 g NaCl and 100 mg SY per litre and a solution
containing 5 g NaCl and both RB (100 mg) and surfactant SDS (1 g) per litre. The filtrations
were paused at hours 6 and 17 as indicated in Fig. 4. As can be seen, the DI water flux (J)
was very constant throughout the experiment (~ 12.4 L m* h'!, (LMH)), with intermittent
periods ‘of no operation, having observed no effect on the membrane performance.
Furthermore, repeat testing with different membrane samples showed variations in the flux
values of less than 3%, indicating good uniformity in the membrane material.

Similarly, the flux pattern for the SY + NaCl solution is relatively constant across the 20 h.
The flux (J) started at a value of 12.4 LMH, there was a slight decline observed over the first
few hours, reaching a minimum value of 11.6 LMH (~ 6.5% reduction) by the sixth hour.
However, upon continuing the experiment, the flux increased again back to its original value

at hour 11 and then reached a maximum of 12.6 LMH for hours 12 and 13. The flux then



slightly declined again, and at the end of the filtration after 20 h with a value of 12.0 LMH.
For this solution, the flux varied across the whole experiment by a maximum of 7.9%. The
difference between the flux after 1 h and the flux after 20 h is only - 0.2 LMH. This flux
stability is an indication that the membrane has not suffered from significant fouling over this
time period.

The RB + NaCl solution showed more evidence of flux decline at the beginning of the
experiment but then plateaued from 15 — 20 h. The initial flux was the highest of all tested
solutions at 13.8 LMH which began to steadily decline after 4 h to reach a minimum value of
12.3 LMH (a reduction of 10.9%). The relative constancy of the flux from hour 12 to hour 20
suggests that the membrane performance had reached steady state and no significant fouling
was taking place. Furthermore, even a reduction of 10.9% is considerably smaller than those

reported in the literature for different configurations, as it will be discussed in section 3.5.

<Dl  =O=SY+NaCl =/\~RB+NaCl == /~RB+NaCl+SD$S

14 4 Pause | Flux recovery Pause I
12- olole e
10- e

Flux (LMH)
vl

Flux recovery observed
Experiment paused

0 2 4 6 8 10 12 14 16 18 20 22
Time (h)




Fig. 4. Flux performance from discontinuous operation using DI water, binary mixtures (SY
+ NaCl and RB + NaCl) and the ternary mixture (RB + NaCl + SDS) as feed solutions over
20 h.

The most meaningful test to show that MD is appropriate for treating textile water however,
is when the feed water contains surfactants. This is because their amphiphilic nature can
cause them to adhere to the hydrophobic membrane and increase the chance of pore-wetting
and flux decline. The flux performance for the test run when the feed solution was an
aqueous solution containing RB, NaCl and SDS was certainly evidence of the latter; the
initial flux was steady at 11.3 LMH for the first 4 h and then rose to 11.6 LMH for hours 5
and 6, at which point the operation was stopped overnight. After the test was initiated again,
the flux had declined by 29.3% to be 8.2 LMH. This further declined slightly until a
minimum value of 7.5 LMH was reached. It is likely that the drying of the membrane
overnight allowed for the SDS molecules to adhere to the membrane surface due to
interactions with their hydrophobicg tails, causing partial blocking of the pores and resulting in
lower flux. However, after 10 h of testing, the flux began to increase. In fact, by hour 14 the
flux had been restored to the same value as the beginning of the test (11.3 LMH). This flux
recovery is an indication that this pore blockage was reversible and the flow of the feed water
was sufficient to detach and re-dissolve the foulants in just a few hours, allowing 100% flux
recovery. After 17 h, the operation was again stopped overnight. Upon starting up the process
again, the flux showed a similar degree of decline, presumably for the same reasons.

The permeate conductivity and the calculated SR values were very stable for the experiments

run with feeds containing dye + NaCl as shown in Fig. 5. Very low conductivity values
between 5 and 20 PS cm! were obtained for the duration of the experiment. These
corresponded to very high salt rejection values (~ 100%) as shown in Fig. 5b. As well as high

SR values, AGMD achieved perfect removal of dyes from the feed solutions and a very low

total carbon content in the permeate of 0.37 ppm, as summarised in Table 2. This removal



efficiency for each of the solute species demonstrates the potential of MD as a single-step

water treatment solution and is further illustrated by Fig. 6.

For the ternary feed solution, whilst the conductivity values were very low (< 30 US cm'!) for

the first 17 h, after 18 h, this rapidly rose up to 305.3 US cm! and continued rising up to a

final value of 470 IS cm! after 20 h. A significant but less noticeable increase in the

conductivity was also observed after 6 h, when it rose from a base value of 2.8 S cm™! up to

a value of 31.3 PS cm!. Both step-wise increases in the permeate conductivity correspond to

the times at which the experiment was paused (at'hours 6 and 17). This is again attributed to
the adhesion of SDS molecules to the membrane surface and was confirmed by water contact
angle measurements; the water contact angle (WCA) dropped from a value of 105 + 3° down
to 93 £ 8° (see Table 3). As well as partially blocking the pores, this can reduce the
hydrophobic character of the membrane due to the hydrophilic head of the molecule,

increasing the chance of pore wetting thereby reducing the rejection. Between 8 and 17 h,

there was a slight reduction in the permeate conductivity which went from 21.2 to 13.4 pS

cm!. This partial recovery of the rejection coincides with the observed recovery in flux and
may be explained by the re-dissolution of the adhered species on the membrane surface
during MD operation. The effect of the foulant layer on the permeate conductivity is

discussed in more detail in section 3.4.
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Fig. 6. Optical image of the feed and permeate samples from AGMD, Here, a) and c) are
respectively the binary sunset yellow dye + NaCl solution and the ternary rose Bengal dye +
NaCl + SDS surfactant solution. Images b) and d) are samples of the corresponding

permeates from AGMD, which show the highly effective colour removal.

Table 2. Permeate flux, conductivity, dye rejection and total carbon from discontinuous
AGMD testing.

Feed solution 8 h permeate flux Permeate Conductivity Dye rejection TC

(LMH) (uS/cm) (%) (ppm)

DI water 12.4 - - -



SY + salt 12.0 6.2 100 -

RB + salt 12.7 5.7 100 -
RB + salt + SDS 11.0 22.1 100 0.37*
DCMD™ 12.8 26.0 99.1 1.9

*TC was measured after 20 h AGMD operation.
** DCMD tests were performed using the ternary solution as the feed with a flow rate of 380 + 4 mL min-!.

Table 3. Water contact angle (WCA) for the tested PTFE membranes

Membrane description WCA (°) From these results it
Virgin PTFE 105+3 is clear that
Tested with DI water for 6 h 101 +3 discontinuous

After 70 h of continuous testing with ternary mixture 93 +38 operation, in which

the membrane is left immersed in the feed solution without flow, can contribute to pore-
wetting and short-term flux reduction upon restarting the testing. It might therefore be
recommended to perform continuous MD instead. In order to investigate this, longer term
tests (up to 70 h) were conducted in a continuous manner using the ternary feed solution. The
results are shown in Fig. 7..Over the first 14 h of operation, the flux averaged 9.8 LMH
whereas for the previous test in the discontinuous mode (Fig. 5) this was 11.3 LMH.
However, flux reduction was observed for the continuous test, with it dropping down to 7.8
LMH after 15 h. This is an indication that pore-blocking caused by the adhesion of SDS
molecules was not prevented by continuous flow of the feed solution over the membrane.
Nevertheless, between 15 and 20 h the flux began to rise dramatically, reaching a value of 11
LMH. At 24 h this value was still stable — far more so than reported values in the literature
from other MD configurations (see Table 4). This observation was remarkably similar to the
discontinuous operation in which significant flux recovery was observed without any
intervention or cleaning of the membrane. One possible reason for this is that over time the
fouling layer is likely to build up due to the amphiphilic structure of SDS giving rise to

attractive forces between molecules. Eventually, the viscous drag forces of the feed solution



become stronger than the interactions between the first layer of foulants and the membrane
surface, effectively washing away that weakly-bound fouling layer and restoring the permeate
flux back to initial values.

As shown in Fig. 7, the permeate conductivity values were initially very low (22.72 uS cm!
after the first hour) and then rose somewhat between hour 15 and hour 40, reaching a value of
98.6 uS cm!. As the testing progressed, the permeate conductivity increased more rapidly,
indicating partial wetting of the membrane pores. This was accompanied by a more severe
decline in the permeate flux. By the 70 hour, the permeate conductivity had reached 421.8
uS cm! with a corresponding flux value of just under 3 LMH (which may be a remedied by
cleaning or back-flushing). Recall that in the discontinuous test (Fig. 4), the flux recovery
was accompanied by a partial reduction in the permeate conductivity, indicating a reduction
in the wetting of the membrane. However, in the continuous test this was not observed and
the conductivity continued to rise throughout. This suggests there was incomplete removal of
the adhered species from the membrane surface with some surfactant molecules still present
and able to cause partial wetting. The flux recovery may have been due to a partial removal
of a pore-blocking layer, which left behind some species attached to the pore entry points.
Whilst the final conductivity value (421.8 uS cm!) is considerably higher than the initial
values, it is important to note that this is still well below the maximum allowed values for

drinking water (2500 uS cm') according to European regulations [37].
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Fig. 7. Flux and permeate conductivity values over 70 h of continuous testing of the ternary
feed solution containing RB + NaCl + SDS.

The increase in permeate conductivity is consistent with the change in the water contact angle
value as shown in Table 3. After the long term testing was conducted, WCA measurements
were taken to see how the fouling of the membrane affected the wetting properties. As can be
seen, there is little effect after testing with DI water, with the change from 105 to 101°
representing only a ~4% reduction (and there is already ~3% variation across measurements
of the same membrane). However, after 70 h of testing with the ternary mixture, the mean
contact angle value dropped by 13% to 93 + 8°. This is a further suggestion that the
hydrophilic head of SDS is sticking out of the membrane surface as the hydrophobic tail is
orientated towards the PTFE. The larger standard deviation in the measurement is also an
indication that the fouling layer is not homogenous across the membrane, with some regions
being particularly well covered and others where the PTFE was mostly exposed. This can be

seen in the SEM images in Fig. 8. The lower WCA indicates that the membrane has become



less hydrophobic, which in turn means the liquid entry pressure is reduced and so the
likelihood of the feed liquid penetrating the pores and entering the permeate side is increased.
3.3. Membrane fouling

Since an MD membrane acts as a selective barrier between the vapour and liquid phases,
rather than being size or charge-selective, it is necessary to avoid the phenomenon of pore
wetting throughout its operation. The phenomenon occurs when the hydraulic pressure of the
feed overcomes the liquid entry pressure of the largest pore in the membrane. This is more
likely to happen when the feed water contains organic matter, which can lower its surface
tension and deposit on the membrane as a foulant. In addition, the presence of inorganic salts
in the feed water can cause scaling on the pore entrances, which can provide a passage for the
liquid water to migrate through to the permeate side [38]. In this work, the salt used in the
feed water was NaCl which is highly water soluble and so unlikely to crystallise and cause
wetting at the concentrations used. Therefore, pore-wetting was most likely caused by
adhesion of the surfactant (SDS) and dye (rose Bengal), to the membrane’s hydrophobic
surface.

To investigate this, SEM images were taken of the PTFE membrane before and after 70 h of
continuous testing. As can be seen in Fig. 8, the fibril structure of the PTFE was just about
visible in both cases. However, in the fouled membrane this fibril structure is mostly covered
by a thick amorphous foulant layer. The higher magnification image (Fig. 8d) shows how this
foulant layer has covered the voids between the fibrils, reducing the number open pores. One
mechanism behind this is the hydrophobic interactions between the membrane surface and
the tails of the SDS molecules which are less stable in the water phase. As they adhered to the
membrane surface, the charged sodium ion at the head of the SDS molecule attracted water
molecules. This effectively reduced the surface tension of the water on the membrane

surface, causing pore wetting [25]. Furthermore, the blocking of the pores by these adhered



SDS molecules contributed to the flux reduction observed in the MD experiments as well as

the increase in permeate conductivity.

Fig. 8. Representative SEM images of the PTFE membranes before (a & c) and after (b & d)
70 h of continuous testing with the ternary feed solution at different magnifications. Inset
images in a) and b) are photographs of the membranes before (left) and after (right) testing.
Scale bars represent 10 pm for a) & b) and 3 um for ¢) & d).

To investigate the chemistry of the foulant later, the membranes were analysed using ATR-
FTIR, as shown in Fig. 9. The FTIR spectra of the clean PTFE membrane show typical
transmittance bands at 1204 cm™' and 1147 cm™! assigned to the stretching mode of the C-F
bonds. For the fouled PTFE membrane however, more peaks are observed at 2964 cm™!,
2915 cm™!, 2285 em™!, 1727 ecm™ 1498 cm™!, 1465 cm ! and 1095 cm™!. According to the
FTIR standard spectra, the bands at 2850-2964 cm™! are assigned to the C—H stretching mode
from the SDS chain, whereas the peak at 1727 cm™! is attributed to the stretching mode of C=

C alkane bonds of the rose Bengal dye (Fig. 1) [39]. The band at 1095 cm™! is assigned to the



C—O-C stretching mode of alicyclic ether. The intensities of PTFE characteristic peaks are
noticeably reduced after fouling due to the covering by foulants. Meanwhile, the higher
concentration of the carbon and oxygen functionalities in the fouled membrane can be
attributed to the presence of SDS and rose Bengal dye which adhered to the membrane

surface over the duration of the experiments.
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Fig. 9. FTIR spectra of (a) virgin PTFE, and (b) fouled PTFE membranes.

3.4. AGMD vs DCMD
In order to compare the performance of the air gap configuration with the more

commonly tested direct contact configuration, 8 hour DCMD tests were performed using the
ternary feed solution with the same feed and permeate side temperatures of 70 and 20 £C,
respectively. The flux and separation performances are presented in Table 2 and Fig. 10.
After 8 h of testing with the ternary feed solution, the DCMD flux was slightly higher than

that of AGMD with a value of 12.8 LMH compared to 11.0 LMH. It is expected that the flux



is higher in DCMD than AGMD due to the reduced mass transfer resistance given the
absence of the air layer. However, the observed difference of 16.3 % was quite modest. The
DCMD flux was lower than is common in the literature, although reported values vary
considerably [40-42]. However, higher feed flow rates resulted in higher fluxes, as described
shortly. Another potential reason for lower DCMD flux could be due to the membrane’s PP
non-woven backing. This layer has a very open, fibrous structure which may trap some of the
permeate inside it, reducing the extent to which it can circulate through the module and
thereby increasing the temperature polarisation. This would not affect the flux in AGMD
because there is little to no permeate condensation taking place inside the membrane.

Despite the slightly lower flux, the separation performance of AGMD was found to be
better than DCMD in terms of permeate conductivity, colour removal and carbon content
rejection. In all AGMD tests, the colour removal was 100 % whereas this dropped to 99.1 %
for DCMD tests over just 8 hours. The permeate conductivity and total carbon content were
also higher for DCMD. To see if this reduction in separation performance was related to the
feed flow rate, Qy, three tests were performed, using Qr = 226, 380 and 1020 mL min-'. This
revealed that at higher flow rates, the DCMD flux increased and the permeate conductivity
(generally) decreased. Both of these observations were expected, the former being due to
improved heat transfer and reduced temperature polarisation [43] and the latter being due to
greater shear forces overcoming the interactions between the foulant molecules and the
membrane surface [18]. Nevertheless, over the 8 hours of testing, the flux declined by ~6 %
and ~15 % for the highest and lowest flow rates, respectively and the permeate conductivity
values at all flow rates were still higher than for AGMD. This is due to the fact that in DCMD
there is a high chance of permeate-side wetting occurring if species on the feed side manage
to permeate through the membrane. In AGMD, even if this happens, there is no liquid

directly in contact with the permeate side of the membrane and so the foulant species are less



able to enter the permeate. This is an advantage that AGMD has over DCMD and whilst in
both cases, membrane cleaning will still eventually be required to maintain flux values, the
risk of permeate contamination during operation is, in principle, lower in AGMD [44]. These
findings further support the idea of utilizing AGMD over DCMD as an effective single step

treatment process for representative textile wastewater.
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Fig. 10 Flux (a) and conductivity (b) values for the 8 hour DCMD tests with the ternary feed
solution at three different feed flow rates, Qf. The feed and permeate temperatures were 70

and 20 oC, respectively and the permeate flow rate was kept at 300 mL min!.

3.5. Energy consumption and outlook

As well membrane distillation’s ability to effectively treat a wide range of water types, its
ability to be driven by energy from waste heat sources makes it potentially attractive for
industries which produce a lot of waste heat in their operations, such as the textile industry.
However, it is important to consider the relationship between the specific thermal energy
consumption (STEC) of an MD system and the quantity of waste heat available from the
industry in question. For this discussion we refer to examples in the literature as it is well
known that a single stage MD module (as used in these experiments) is not optimised for
thermal efficiency or heat recovery. To indicate the best case scenario, we refer to the

Memstill® process, which was mentioned in the introduction and has the lowest reported



STEC values that we could identify from the literature. This system is based on AGMD and
has internal heat recovery built into the module geometry. The STEC value for this process
(for treating seawater) is 72 kWh m-3 [30].

There are a variety of potential sources of waste heat in a typical textile plant. Rakib et al.
[45] identified 6 main sources: generator exhausts, boiler exhausts, dyeing wastewater, steam
condensate, stenter exhaust and blowdown water. Of these, the largest source of waste heat
was in the dyeing wastewater, with 29.0% of the energy used in the dyeing process being
lost. In this particular plant, which was releasing up to 1200 m? of hot wastewater every day,
the quantity of lost energy was 34,035 MWh. Using a STEC value for an MD system of 72
kWh m?3, this could produce 473 m? of pure distillate. This represents a recovery value of
39%. Therefore, even in the ideal case, MD would not be able to treat ~60% of the
wastewater produced using only the heat embedded in the dyeing water. In reality, this value
would be much lower due to system inefficiencies. For example, in this case study, of the
total amount of lost energy in the process only 5716 MWh was successfully recovered using
heat exchangers. This would reduce the potential MD distillate production to 6.6% of the
total wastewater produced. This may be increased if the other sources of waste heat were
harnessed as well, or if additional heat sources such as solar thermal panels were employed
but this would likely increase the complexity and cost of the process.

Another study tested a pilot DCMD system to treat textile wastewater by utilising the 1 MW
waste heat potential of a 6 MW boiler. In this case the plant was producing 1000 m?*/day of
wastewater of which 96 m? (0.96 %) could be treated assuming a low STEC of 150 — 250
kWh m=. However, the authors noted that if this waste volume was reduced by conventional
treatment processes, such as RO, it would be possible to use MD to concentrate the brine
further using the available waste heat [4]. Interestingly, this work also described the presence

of ammonia in the permeate stream which originated from the wastewater. Other research has



shown how membrane distillation can be used to recover ammonia from agricultural waste as
an attempt to reuse valuable resources [46, 47]. This additional use for membrane distillation,
if properly developed, could provide additional value to the textile industry which could
favourably alter the economics of the process. For further discussion about this use of MD,
the readers are referred to the literature [48-52]. Whilst AGMD is able to treat complex
wastewater in one step, the thermal energy demand is currently too high for it to treat all of
the wastewater produced. Efforts should therefore be made to reduce the energy demand of
MD and identify other economically favourable strategies, such as resource recovery textile
to bridge this gap.

3.6. Comparison with the literature

The use of MD technology for treating wastewater has been reported in a modest but
increasing number of publications as reported in a recent review [24]. Permeate fluxes in this
work lie mostly in the range of 9-12 LMH, which is slightly lower than other AGMD studies
using PTFE membranes [53-55]. This is attributed to lower flow rates used here as well as
our use of the total membrane area (rather than effective membrane area) to calculate flux, as
described in the experimental section. Table 4 summarises the data from a selection papers in
the literature representing the wide range of feed water types, membrane materials and
operating conditions tested. As shown in Table 4, DCMD is the most common MD
configuration used for treating dyeing wastewater. For instance, An et al. [56] utilized two
hydrophobic membranes (PVDF and PTFE) in treating feeds containing different kinds of
dyes (i.e. acidic, basic, azo-dye and neutral) using the DCMD configuration. They reported
between 13 and 21% flux reduction over 24 h of testing, depending on the feed and achieved
100% colour removal in all cases. Moktar et al. [57] observed consistent permeate flux
averaging 9.82 LMH with 99.86% rejection of reactive black dye using PVDF membranes

blended with ethylene glycol in DCMD. Together with our results from the AGMD tests



using the binary feed solution (Fig. 5), this shows how capable MD is at treating simple dye
solutions, although treating more complex mixtures is the real test for MD in this application.
In this vein, Molehtar et al. [58] used PVDF-Cloisite 15A nanocomposite membranes in
DCMD to treat real textile wastewater without any pre-treatment and found that the flux
reduced rapidly over the first 10 h by approximately 50%. However, after this the flux
continued to decline but much more gradually, eventually reducing by 56% after 40 h
operation compared to an initial value of 38 LMH. Despite the observed flux decline, the fact
that the water had no pre-treatment is a good indication that membrane distillation has
potential a single step process for this application. Also using DCMD for the treatment of real
textile wastewater, Garcia et al. [59] employed a novel hydrophilic coating on PTFE
membranes to try and reduce membrane fouling whilst treating textile wastewater. The aim
was to reduce the adhesion of surfactant molecules which could cause wetting of the
membrane whilst retaining the anti-wetting property of the hydrophobic PTFE layer beneath.
Whilst the unspecified hydrophilic coating partially mitigated the rise in the permeate
electrical conductivity (ebserved for the pure PTFE membrane), this property was lost after a
caustic cleaning step. The authors noted the potential of MD to this application but suggested
that cleaning protocols needed further development.

VMD has also been used to treat single-component dye solutions using polypropylene-based
membranes. Whilst the dye rejection was 100% in each case, flux reductions of between 18
and 26% occurred after only 1.75 h of testing [26]. A more severe flux reduction was
described in another VMD experiment [27] which showed an exponential decrease in the flux
over the first 40 minutes from 30.3 to 1.2 LMH. The applied vacuum pressure resulted in
significant pore blocking by the methylene blue dye used in the feed stream, although the flux
stabilised between 40 and 100 minutes of testing at around 1.3 LMH. It seems from our

observations that AGMD is a more suitable configuration in terms of flux stability than



VMD, especially given that the abovementioned VMD tests only tested single-component
dye solutions. Furthermore, since AGMD has higher thermal efficiency than DCMD due to
reduced sensible heat loss through the membrane, it may well be better suited to textile
wastewater treatment which has appreciable but finite thermal energy available (from the
dyeing process itself). Since the aim of any water treatment technology is to successfully treat
the water whilst ensuring minimal environmental impact, consideration for the source of
energy which drives the process is crucial. More work is needed to develop effective cleaning
protocols or identify simple pre-treatment steps if this technology is to be implemented
commercially. Nevertheless, the prospect of MD being able to reduce what is currently a
highly complex, multistage water treatment procedure into just one or two steps is highly
motivating.

It is also worth mentioning that recent research work on the development of
superhydrophobic and omniphobic' MD membranes has been shown an effective way to
overcome the limitations of commercial PTFE membranes in terms of fouling and long term

performance of MD [60, 61].

Table 4. Literature survey of flux, flux decline and rejection performance

Config. Membrane Operating parameters Colour Water type
material removal (%)
DCMD PVDF-0.22  Operation time: 24 h 100 (in all MB
pm Feed / coolant cases) Ccv
Temp: 60°C / 20 °C AR 18
Flow rate: 0.5 L min' /0.5 L min’! AY 36
DCMD PVDF-0.45 Operation time: 24 h 100 (in all MB
pm Feed / coolant cases) (A%
Temp: 60°C /20 °C AR 18
Flow rate: 0.5 L min'/ 0.5 L min’! AY 36
DCMD PTFE Operation time: 24 h 100 (in all MB
Feed / coolant cases) Cv
Temp: 60°C /20 °C AR 18
Flow rate: 0.5 L min'/ 0.5 L min’! AY 36
DCMD PVDF- Operation time: 40 h 95.3 (150 Textile
Cloisite Feed / coolant min) wastewater
15A Temp: 90°C /25 °C
Flow rate: 0.023 m s7'/0.002 m s™!
DCMD PTFE-0.22  Operation time: 190 h NA Textile



pm Feed / coolant
Temp: 80-100 °C /15-20 °C
Flow rate: 16 L min'! /14 L min"!
DCMD Operation time: 6 h

PVDF-PEG 99.86

Feed / coolant
Temp: 50-90 °C / 20 °C
Flow rate: 0.016 m s1/0.01 m s

VMD PP Operation time: 1.75 h
Feed temp: 50 °C
Feed Flow rate: 0.58 L min™!

Vacuum pressure: 10 mbar

100 (in all
cases)

VMD PP-0.2 um  Operation time: 1 h 100
Feed / coolant
Temp: 50 °C
Feed flow rate: 14 mL s!
Vacuum pressure: 6.67 mbar
PTFE-0.2 Operation time: 20 h
pm Feed/ coolant
Temp: 70 °C /20 °C
Flow rate: 380 mL min-! (feed)

Operation time: 8 h

AGMD 100

DCMD PTFE-0.2 99.1

pm
Feed/ coolant
Temp: 70 °C /20 °C
Flow rate: 226, 380, 1020 mL

min! (feed) / 300 mL min’!
(permeate)

*(over 1.75 h); MB: Methylene blue, CV: Crystal violet, AR 18: Acid red 18, AY 36 Acid
yellow 36, RBBR: Remazol brilliant blue R, RB5:Reactive black 5, IVB: Indigo vat blue,
AR4: Acid red 4.

4. Conclusion

This work demonstrates the feasibility of using air gap membrane distillation to treat complex
simulated dye wastewater containing three of the main dissolved species present in real
wastewater, namely salts, dyes and surfactants. Long term (20 h) AGMD tests achieved
complete rejection of dyes, SDS surfactant and NaCl using a commercial PTFE membrane
with a reasonably high permeate flux of 9.6 LMH at the end of the test. Temporary stoppages
in this testing showed corresponding reductions in the flux values. However, 100% flux

recovery was observed after a few hours of beginning the testing again as the flow of water

wastewater
RB5

50 mg L-1
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effectively ‘cleaned’ the membrane. Surprisingly, this same phenomenon was observed for
continuous operation. After prolonged and continuous operation for 70 h, dye rejection was
maintained at a 100% whereas the salt rejection decreased down to 91%, indicating partial
wetting due to membrane fouling by SDS and rose Bengal dye. This corresponded to - more
severe flux decline to a final value of ~3 LMH, which suitable cleaning protocols need to be
developed and implemented in order to mitigate. DCMD tests resulted in reduced rejection
performance and only slightly higher fluxes. This was attributed to the possibility or permeate
side wetting allow for any foulants that have entered the pores to be carried into the permeate
whereas this was not possible in AGMD due to the condensation occurring away from the
membrane surface. The simplicity of AGMD and its potential to be integrated with the heat
sources already available in textile dyeing processes make it an attractive water treatment
method for this application, although reductions in the STEC on full scale processes is
needed in order to achieve high water recycling rates using waste heat alone. Future
membrane development may help to reduce fouling and improve the long term performance
of MD for this kind of wastewater or perhaps a simple pre-treatment step can be a more
effective strategy.” The challenge of treating complex and potentially harmful textile
wastewater must be met if this global industry is to become sustainable and environmentally
responsible in the future.
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Highlights

4. Synthetic textile wastewater was purified by air gap membrane distillation (AGMD)
5. AGMD simultaneously removed all salts, surfactants and dyes in a single process

6. Permeate quality remained high after 70 hours of continuous testing
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