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1. Introduction

Sustainable wastewater treatment and recycling in
membrane manufacturingt

Mayamin Razali,1* Jeong F. Kim,1® Martin Attfield, Peter M. Budd,© Enrico Drioli,*
Young Moo Lee® and Gyorgy Szekely*?

It is widely accepted that membrane technology is a green and sustainable process; however, it is not well
known that the membrane fabrication process itself is quite far from green, with more than 50 billion
liters of wastewater being generated every year contaminated with toxic solvents such as DMF and NMP.
This urgent challenge is often overlooked and recent attempts to improve the sustainability of membrane
fabrication have been limited to the replacement of toxic solvents with greener alternatives. Our recent
survey from membrane industries indicates that such wastewater contributes to more than 95% of the
total waste generated during the membrane fabrication process, and their disposal is considered cumber-
some. Hence, recycling wastewater in the membrane industry is a pressing challenge to be resolved to
augment the rapidly growing membrane market. In this work, a continuous wastewater treatment process
is proposed and the quality of the recycled water was validated through membrane fabrication and per-
formance tests. Seven different classes of adsorbents—graphene, polymers with intrinsic microporosity,
imprinted polymers, zeolites, metal organic frameworks, activated carbon, and resins—were evaluated.
The isotherm and kinetic behaviors of the best adsorbents have been fully characterized and the adsor-
bent regenerability without any performance loss has been confirmed for up to 10 wastewater treatment
cycles. It has been demonstrated that over 99% of the organic impurities in the wastewater can be suc-
cessfully removed and the recycled water can be reused without adverse effects on the final membrane
performance. The proposed wastewater treatment technique can reduce the process mass intensity (PMI)
of membrane fabrication by 99.9% per m? of the membrane produced. The required energy duty for
different regeneration methods and wastewater treatment methods revealed that the adsorption techno-
logy is the most effective method, with the lowest energy requirement of about 1200 kJ per m? of the
membrane produced.

filtration technologies are now commonly found in a wide
range of applications, such as pretreatment of saline water,

Membrane technology has been recognized as the key techno-
logy to tackle the global water shortage challenge. Membrane-
based technology now accounts for more than 70% of the
world desalination capacity' and membrane bioreactor
technology is now becoming a dominant player in the field of
wastewater treatment.”> In addition, microfiltration and ultra-

“School of Chemical Engineering & Analytical Science, The University of Manchester,
The Mill, Sackville Street, Manchester M13 9PL, UK.

E-mail: gyorgy.szekely@manchester.ac.uk; Fax: +44 (0)161 306 4366;

Tel: +44 (0)161 306 4366

PWCU Department of Energy Engineering, Hanyang University, Republic of Korea
“School of Chemistry, The University of Manchester, M13 9PL, UK

“Institute on Membrane Technology (ITM-CNR), Via P. Bucci 17/C, 1-87030 Rende,
Cs, Italy

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
¢5gc01937k

{Authors contributed equally.

5196 | Green Chem., 2015, 17, 5196-5205

and in food, textile, and pharmaceutical industries.’

Membrane processes are generally considered a green
technology, with their unique characteristics such as low
energy consumption and convenient compact operation.’
Although membranes certainly have improved the sustainabi-
lity of chemical processes,® it is not widely known that mem-
brane fabrication itself is quite far from being a green process.
Membrane fabrication typically employs toxic, dipolar aprotic
solvents such as N-methyl-2-pyrrolidone (NMP) and N,N-
dimethylformamide (DMF) for phase inversion.” These sol-
vents mix with water during polymeric membrane formation
and consequently significant quantities of solvent-containing
wastewater are generated. Due to the waste-intensive nature of
membrane fabrication, it has been shown that downstream
processing via membrane technology only becomes greener
than distillation when more than 100 L m™> of solvent has
been processed.”

This journal is © The Royal Society of Chemistry 2015
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The membrane application market is currently growing at a
fast rate of 9% and the overall market size is expected to reach
ca. $26 billion by 2017.% Consequently, the membrane manu-
facturing industry is expanding rapidly to meet the growing
global market demand. There are currently about 4-5 million
units of spiral-wound modules (40 m* per module) just for the
seawater desalination plants, and the number is growing at
10% each year.” The amount of wastewater generated to
produce 5 million spiral-wound modules can be approximated
as 20-100 billion liters, and the generation rate is growing at
10 billion liters per year (see the ESI{ for calculations). Note
that this figure is just for the desalination membrane market
(ca. $1100 million in 2013)"* alone. Combined with other fast-
growing sectors such as gas separation (ca. $150 million in
2002)," battery separator (ca. $800 million in 2014),"> pharma-
ceutical and artificial kidney application (50% of all the poly-
meric membranes produced),"”> membrane bioreactor, and
micro/ultrafiltration market, the figure is likely to be several
times higher.

The amount of wastewater generated from membrane
manufacturing plants can be estimated to be approximately
100-500 L of wastewater per square meter of membranes pro-
duced (see the ESIf for calculations). As illustrated in Fig. 1,
the solvent contamination in the membrane wastewater always
exceeds the minimum allowable level of 100 ppm,’ requiring
appropriate treatment prior to disposal (note the wastewater
concentration is a function of the coagulation bath size). The
regulations for wastewater threshold levels have been getting
tough in the US and particularly in Europe,"* promoting much
interesting research to minimize solvent consumption by
employing ionic liquids," supercritical CO,,"® and environ-
mentally benign solvents.'”'® Unfortunately, at the moment,
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Fig. 1 Calculated solvent concentration in the wastewater during a
typical membrane fabrication process. The solvent concentration is
above the allowable 100 ppm organic impurity range in wastewater,
requiring an appropriate treatment prior to disposal or reuse. The pie
chart shows the outcome of our survey how membrane manufacturing
companies dispose off the coagulation bath wastewater. Please refer to
the ESI¥ for all survey questions and answers.
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economic feasibility and altered membrane performance are
among the factors inhibiting their commercial implemen-
tation. On the other hand, direct reuse of the water bath is not
possible because the solvent in the coagulation bath affects
the membrane morphology during phase inversion. For
instance, NMP concentration as low as 3 wt% can decrease
the membrane permeability by 25%.'° Hence, it is vital to
maintain solvent concentration in the coagulation bath con-
stant or as low as possible to obtain uniform membranes.
This is particularly important for a continuous membrane
fabrication process, where the coagulation bath concentration
needs to be adequately controlled to produce uniform
membranes.

Our recent survey analysis based on the responses of
13 membrane manufacturing companies has confirmed that
membrane wastewater is a serious and urgent challenge to be
resolved (see the ESIf for full survey details). The survey
revealed that the wastewater generated during membrane
fabrication (i) contributes to more than 95% of the total waste;
(ii) on a scale from 1-10, the average difficulty level of waste-
water treatment scored 8.6; and (iii) more than 69% of the
companies drained the wastewater without any treatment and
only 31% treated the wastewater prior to disposal. Since the
wastewater needs special treatment prior to disposal, indus-
tries typically dilute the solution using excess water or sub-
contract it out offsite as shown in Fig. 1. However, it should be
emphasized that the wastewater generated from membrane
production is relatively clean compared to the wastewater gene-
rated from textile or pharmaceutical industries. The current
trend in wastewater treatment technology, apart from abating
contamination, is to design a sustainable process that does
not require high energy consumption and operating costs.>’™>*
Hence, the present article examines the practicality and viabi-
lity of purifying the membrane wastewater in situ and recycling
it continuously during membrane production using adsorp-
tion technology.

Various high performance adsorbents are now available for
water purification ranging from state-of-the-art graphene,
polymers with intrinsic microporosity (PIM),** molecularly
imprinted polymers (MIPs),”> metal organic frameworks
(MOFs),*® to commercial resins,>” zeolites*® and charcoal (acti-
vated carbon).”” Thirty-five adsorbents from seven different
classes of materials were prepared or purchased and screened
for the adsorption of the two most common solvent contami-
nants'® in membrane industrial wastewater: NMP and DMF. In
search for sustainable wastewater treatment and recycling in
membrane manufacturing, the adsorbents’ sorption and
kinetic behaviors, regenerability, and feasibility for continuous
treatment of membrane wastewater in terms of energy savings
and waste minimization were critically assessed.

The membrane manufacturing industry, leading univer-
sities, research funding agencies and governments are all in
agreement that water treatment is one of the grand enginee-
ring challenges of today. Only when the wastewater challenge
is resolved should the membrane technology be considered
green and sustainable.

Green Chem., 2015, 17, 5196-5205 | 5197
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2. Results and discussion

2.1 In search for the ideal adsorbent

The three most important criteria for adsorbent selection are
high capacity, fast kinetics, and easy regenerability. Among the
35 adsorbents tested from 7 different classes of materials,
Fig. 2 summarizes the adsorption capacity for the best per-
forming 6 adsorbents. See Fig. S5 in the ESIf for the full
screening results. The screening data revealed that acidic
adsorbents generally exhibited higher binding capacity than
neutral or basic adsorbents from the same class, likely due to
the basic nature of the DMF and NMP molecules (pK, = 16
and 24, respectively). Particularly, the imprinted polymers
featuring the most acidic functional monomers, namely
methacrylic acid (MIP6), 3-vinylphenylboronic acid (MIP7),
and itaconic acid (MIP8), showed the best performance within
the MIP class. Similarly, the acidic PHO adsorbent from the
charcoal class showed superior performance compared to
neutral SAC6 adsorbent from the same class.

Although both DMF and NMP are dipolar aprotic solvents
with similar polarity indexes (6.4 and 6.7, respectively), the
majority of adsorbents showed higher adsorption capacity
towards DMF than NMP, likely due to the smaller size and flex-
ible conformation of DMF. The resin-class adsorbents showed
relatively poor performance hence were not investigated
further.
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Fig. 2 Adsorption capacity of the best adsorbent from the different
classes of materials investigated: imprinted polymers, charcoals, metal-
organic frameworks, zeolites, graphene-based materials and polymers
of intrinsic microporosity. The adsorbent mass to system volume ratio
was fixed at 20 g L% See Fig. S5 in the ESI+ for the full screening results.
MIP, HKUST-1, ZSM-5, EGO and PIM stand for molecularly imprinted
polymer, Hong Kong University of Science, Zeolite Socony Mobil, exfo-
liated Graphene Oxide and Polymers of intrinsic microporosity. PHO is
part of the internal nomenclature of Eurocarb®.
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The best adsorbent from each class was further character-
ized for its full adsorption isotherm and kinetic behaviors.
Each material shows different adsorption behavior as a func-
tion of the mass-volume ratio as depicted in Fig. 3(a and b).
Analyzing such adsorption behavior can elucidate its adsorp-
tion mechanisms by fitting to different isotherm models.>® See
Table S1 in the ESIT for full isotherm data. Several trends can
be deduced from the data. PHO (charcoal class) adsorption
data are the best described by the two-parameter Freundlich
model, indicating the surface of charcoal is highly hetero-
geneous and stronger binding sites are occupied first followed
by weaker binding sites.>® On the other hand, solute-specific
adsorbents such as MIP7 (MIP class) are better characterized
by the three-parameter models such as Redlich-Peterson iso-
therm, indicating more homogeneous and specific binding
sites as expected.’’ The imprinted polymers were prepared in
the presence of DMF and NMP as a template which formed
target specific binding sites in the polymer framework. It is
notoriously difficult to imprint small and low functionality
templates and examples are scarce.**** Graphene is a fascinat-
ing new member of carbon materials with honeycomb and
one-atom-thick structures which has excited interest in the
field adsorption due to its exceptional properties. EGO (gra-
phene-based class) adsorption capacities were among the
highest for NMP (503 pmol g~ ') and DMF (657 umol g~ ), and
are the best fitted by the Langmuir model, indicating the for-
mation of a single adsorption layer on identical and equivalent
binding sites.

Fig. 4 shows that the adsorption capacities for DMF are
generally higher than those of NMP. On the other hand, the
adsorption rates are generally higher for NMP than those of
DMF. The heterogeneous adsorption behavior (Freundlich iso-
therm) of PHO (charcoal class) is clearly visible as the sorption
profiles for DMF and NMP are quite similar - nonselective
adsorption occupying the highest binding sites first. Although
PHO showed excellent kinetics for both adsorbents, DMF
adsorption capacity was one of the lowest among the tested
adsorbents. Fig. 4 summarizes that MIP7, EGO, and ZSM-5
showed the highest adsorption capacities for DMF, whereas
the NMP adsorption capacities were relatively similar among
the tested adsorbents.

Apart from the adsorption capacity and rate it is essential
to evaluate the regenerability of adsorbents. Used adsorbents
are typically discarded as solid waste posing an environmental
issue, and the current trend is to maximize the adsorbent
regenerability to improve the process sustainability.** Hence,
the regeneration efficiency as well as operation lifetime are
now two key factors in designing an effective adsorption
process. Adsorbents can be regenerated using several different
ways such as thermal swing, vacuum swing, pressure swing,
steam treatment, and/or chemical treatment methods. The
economics of the regeneration method could be a deciding
factor when choosing the right adsorbent. For instance,
although charcoal is an excellent adsorbent material with low
cost, high surface area, and high binding capacity, charcoal
can only be regenerated with significant energy input, and

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Comparison of adsorbent isotherm (a, b) and kinetic behavior (c, d), for the best adsorbent from each class, on NMP (a, c) and DMF (b, d),
respectively. The shapes of the curves can elucidate the isotherm and kinetic mechanisms. The kinetic data were obtained at a mass—volume ratio of

20gL™%

14
T EGO
E 12 L 4 & NmP
"o
[} 10 4
£
i ® pHo
o
3 89
Q
I PIM-1 @
-4 6
S ® \vip7
X
w
<
= 2 HKUST-1
B *
£ ZSM-5

0 T T T T T

300 400 500 600 700 800

Adsorption Capacity (umol.g™)

Fig. 4 Adsorption capacity versus initial adsorption rate.

typically results in large volumes of solid waste contaminated
with toxic pollutants.™

To characterize the regenerability of the adsorbents in this
work, three different regeneration methods (solvent washing,
vacuum swing, and thermal treatment) were evaluated for each
adsorbent, summarized in Table 1. Please note thermal re-

This journal is © The Royal Society of Chemistry 2015

Table 1 Compatibility of adsorbents with different
methods

regeneration

Regeneration method efficiency

Adsorbent Washing Vacuum Thermal
MIP7 High High Low

PHO Low Low Moderate
EGO Low High Low
PIM-1 Moderate High Low
ZSM-5 High High High
HKUST-1 Moderate Low Low

generation experiments were not performed in the lab and the
data were deduced from the literature. It was reported that
thermal regeneration of charcoal typically results in 5-15%
reduction of the adsorption capacity due to attrition.** In
addition, on-site thermal regeneration is not cost-effective for
adsorbent usage less than 910 kg per day, rendering the
thermal regeneration option unsuitable for the membrane
fabrication industry. Each adsorbent requires different treat-
ments for regeneration, as summarized in Table 1. For instance,
MIP7 can be fully regenerated using 4 ml of MeOH:H,0

Green Chem., 2015, 17, 5196-5205 | 5199
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Fig. 5 Regeneration of adsorbents saturated with NMP. MIP7 and PIM-1
were regenerated using solvent washing, ZSM-5, EGO and HKUST-1
were regenerated under vacuum.

(10:90) mixture per gram of adsorbent, whereas PIM-1
requires more than 10 ml of pure MeOH per gram of adsor-
bent (see Fig. S6 in the ESI} for details). The HKUST-1 (MOF
class) adsorbent was also best regenerated using solvent wash
with even lower efficiency. On the other hand, EGO (graphene
class), ZSM-5 (zeolite class), and PIM-1 adsorbents could not
be regenerated using solvent wash but were effectively regene-
rated under vacuum.

Fig. 5 summarizes the regenerability of each adsorbent up
to 10 cycles. It can be seen that MIP7, EGO, PIM-1, and ZSM-5
adsorbents were fully regenerated 10 times without any per-
formance degradation. On the other hand, HKUST-1 adsorp-
tion performance slowly decayed with subsequent usage,
losing approximately 15% by the 10™ cycle. This is likely due
to an irreversible decomposition of the HKUST-1 framework
due to the partial displacement of organic linkers from the
copper centers by either water molecules or the solvents.*
Nijem et al. demonstrated a photo-reduction based modifi-
cation of the metal center which mitigated such decompo-
sition caused by water.*® Although it is out of the scope of the
present work such approach could increase the potential of
HKUST-1 in wastewater treatment.

Among the tested adsorbents, MIP7 and EGO showed the
best performance. The adsorbent regenerability and cost are
related, as an expensive adsorbent with high regenerability
may be more cost effective than a low-cost adsorbent with low
regenerability. To demonstrate the impact of membrane waste-
water treatment, MIP7 was tested for a continuous water treat-
ment process. However, as will be shown in the subsequent
section, adopting an adsorptive wastewater treatment unit
using any of the adsorbents can significantly improve the sus-
tainability of the membrane fabrication process.

2.2 Continuous wastewater purification and recycling

In order to demonstrate the feasibility of a continuous adsorp-
tive wastewater treatment process, membrane wastewater was

5200 | Green Chem., 2015, 17, 5196-5205
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continuously treated using two parallel columns in an alternat-
ing sequence as illustrated in Fig. 6(a). Each adsorption
column was wet-packed with 50 g of MIP7 adsorbent. Fig. 6(b)
shows that a breakthrough of NMP occurred approximately at
every 2.5 L wastewater processed, after which the column had
to be regenerated (see Fig. S7 in the ESIT for the breakthrough
curve). Fig. 6(c) illustrates the regeneration profile: 2.4 mL of
1:9 v/v methanol-water washing solution per gram of adsor-
bent was used to fully regenerate the column.

Hence, after processing 2.5 L wastewater using Column A,
the feed was routed to Column B while Column A was
simultaneously regenerated using the washing solvent. Five
cycles of adsorption-regeneration were carried out in a con-
tinuous process to purify 12.5 L water to reduce the NMP con-
centration from 887 + 90 ppm to only 7.6 + 0.8 ppm (99.1 =+
0.2% removal). Note that a more stringent breakthrough
volume of 2.3 L could achieve 100% NMP removal. Neverthe-
less, 7.6 ppm NMP contamination is already one magnitude
lower than the 100 ppm requirement for the safe disposal of
wastewater.

To validate the recyclability of the purified wastewater for
membrane fabrication, three different batches of membranes
were prepared using three different coagulation baths: (i) fresh
water without any NMP contamination, (ii) used wastewater
contaminated with 887 + 90 ppm NMP, and (iii) purified
wastewater containing 7.6 + 0.8 ppm NMP. The performances
of the resulting membranes were compared for acetone
flux and solute rejection (polystyrene oligomer) as shown in
Fig. 7.

In line with the expectation,'® the membranes fabricated
in a NMP-contaminated coagulation bath exhibit 23% lower
permeance and 5-10% higher solute rejection compared
to the membranes cast in fresh water. This phenomenon is
due to the fact that solvent contamination in the coagulation
bath affects the membrane formation kinetics by slowing the
dope demixing process, resulting in tighter membranes
with lower flux. In fact there are two concentration-dependent
mechanisms in action when the coagulation bath contains
the dope solvent. First, when the solvent concentration in
the coagulation bath is high, it dilutes the surface polymer
concentration and creates pores.*”*®* On the other hand,
lower dope solvent concentration in the coagulation bath
slows the diffusion rate of the solvent outflow, ultimately
tightening the membranes by delaying the demixing
process.'®?? In this work, 1000 ppm solvent concentration is
approximately 0.1 vol% in the bath, which is not high enough
to dilute the surface polymer concentration to create pores.
Instead, the presence of the solvent in the coagulation bath
has rather a stronger effect on the demixing rate as illustrated
in Fig. 7.

Furthermore, the membranes prepared using the purified
water showed almost identical performance to the membranes
prepared using fresh water. This result undoubtedly validates
the recyclability of the membrane wastewater, and the feasi-
bility of the proposed continuous adsorptive purification unit.
The results obtained reiterate the importance of maintaining a

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Flux and rejection data for the three different batches of mem-
branes. Membranes prepared with NMP-containing wastewater exhibit
lower flux and tighter rejection profile, whereas membranes prepared
with treated and recycled wastewater showed identical performance
compared to the one prepared with fresh water, validating the recycla-
bility of the purified water.

constant coagulation bath composition during a continuous
membrane fabrication process in order to obtain uniform
membranes. Implementing an adsorption unit operation to
recycle membrane wastewater is a simple and effective solution
not only to maintain constant membrane performance, but

This journal is © The Royal Society of Chemistry 2015

also to significantly improve the sustainability of the mem-
brane fabrication process.

2.3 Sustainability assessment of the wastewater treatment
process

The sustainability of the wastewater treatment process was
analyzed by employing green metrics in order to assess its rea-
listic impact (see the ESI} for detailed calculations). Fig. 8(a)
illustrates the required adsorbent amount (MIP7) to reduce
the solvent concentration below the threshold value. It can be
seen that approximately 1.5 to 1.8 kg of the adsorbent is
required per m* of membrane fabricated. For this calculation,
adsorbent regeneration was not taken into account. If the
adsorbents were to be regenerated for 10 cycles, approximately
0.15 to 0.18 kg of the adsorbent would be required per m” of
membrane fabricated. Note that with more wastewater gene-
rated per membrane area (higher L m~2), the longer is the puri-
fication time required using the same amount of adsorbent.
Hence, to maintain uniform coagulation bath concentration
throughout the membrane production process, it is necessary
to size the adsorption equipment appropriately considering
the membrane production scale and production rate.

Fig. 8(b) shows the process mass intensity of membrane
fabrication with and without an adsorption unit. The mass

Green Chem., 2015, 17, 5196-5205 | 5201
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Fig. 8 Required adsorbent mass (MIP7) without regeneration, and solvent concentrations in the wastewater before and after purification (a); mass
intensity with and without an adsorption unit: over 99% mass intensity reduction is achieved using adsorption (b); energy duty calculation comparing
three different regeneration methods (c); energy duty calculation comparing the three different wastewater treatment methods: the adsorption unit

is the simplest method requiring the least amount of energy (d).

intensity is one of the commonly used metrics to evaluate the
sustainability of processes, defined as follows:

Mass of all materials (kg)

Mass intensity (MI) = 5
Mass of product (m” of membranes)

(1)

Since the coagulation bath water is the major contributor to
the waste generated during membrane fabrication (see survey
question 3 in the ESIT), the implementation of the developed
adsorptive unit reduces the mass intensity by >99.9% and sub-
sequently transforms the membrane processes to a sustainable
technology. On the other hand, approximately 1.67 kg of the
MIP7 adsorbent is required to purify 221 kg of wastewater
(contaminated with 1000 ppm solvent). Considering the
solvent required to fabricate the MIP particles and the washing
solvent for adsorbent regeneration, approximately 31 kg of
wastewater can be purified per kg of total waste generated (see
detailed calculations in the ESI}). Given the robust nature of
imprinted polymers due to a high crosslinking degree, they
can be regenerated about 50 times,*® improving the ratio up to
54 kg kg™

Fig. 8(c) shows the required energy duty for the three
different adsorbent regeneration methods discussed in this
work: solvent wash, vacuum swing, and thermal treatment.
The solvent washing method consumes the least amount of
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energy and the thermal treatment consumes the most.
However, it should be noted that the solvent washing method
generates more solvent waste compared to the other two
methods. Nevertheless, the solvent volume fraction is negli-
gible relative to the overall process mass intensity and still
drastic MI reduction can be achieved. In addition, the solvent
washing method is the most convenient and simple method to
continuously regenerate the adsorption column, as it simply
requires a pump to flow in the washing solvent. Considering
the ease of operation and the effectiveness of the method, it is
the preferred method to treat membrane wastewater.

Fig. 8(d) compares the required energy duty for the three
different wastewater treatment methods: distillation, per-
vaporation, and adsorption. The most widespread potential
competitors of adsorption in water purification (with low
organic impurities) are distillation and pervaporation. Distilla-
tion consumes the most energy as both DMF and NMP have
considerably higher boiling points (7}, = 153 °C and 204 °C,
respectively) than water. On the other hand, pervaporation is
an emerging technology with a promising potential that can
selectively discriminate solvent over water, as commonly used
in the bioethanol upgrading plants.”" In theory, a suitable per-
vaporation membrane can selectively permeate NMP over
water to purify the wastewater. Other membrane technologies
like organic solvent nanofiltration can also be employed to
recover organic solvents.”” It can be seen that the energy duty

This journal is © The Royal Society of Chemistry 2015
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is in between that of adsorption and distillation. The calcu-
lation assumed equi-volume permeate concentration. Distilla-
tion or pervaporation units would become competitive for a
very large membrane production scale, as these technologies
can handle large volumes of wastewater effectively.

In summary, considering the ease of operation, feasibility,
and energy requirement, it can be concluded that installing an
adsorption unit with the solvent-washing regeneration method
is the preferred way to recycle wastewater generated by mem-
brane production industries.

3. Conclusions

Membrane technology will only become green and sustainable
when the wastewater generated during the membrane fabrica-
tion process is minimized. In this work, we demonstrated and
validated for the first time a practical and effective way to con-
tinuously recycle the membrane wastewater, reducing the
waste generation by 99%. Seven different classes of adsorbent
materials—charcoal, MIPs, zeolites, MOFs, graphene, PIMs,
and resins—have been thoroughly screened using membrane
fabrication wastewater contaminated with DMF and NMP. The
adsorption isotherm and kinetic profile of each adsorbent
have been fully elucidated and characterized. Most of the
tested adsorbents showed feasible performance to treat the
membrane wastewater. Particularly, one of the MIP adsorbents
functionalized with phenylboronic acid (MIP7) showed
superior performance capable of adsorbing 677 + 2 and 502 +
5 mmol DMF and NMP per kg adsorbent, respectively.
Regenerability of each adsorbent has been demonstrated up to
10 times without any performance degradation. The proposed
continuous adsorptive wastewater treatment is an effective
solution to mitigate solvent contamination down to <10 ppm
level, allowing safe disposal. In addition, the in-house recycla-
bility of the purified wastewater was validated by crosschecking
membrane performances, which revealed the importance of
water purity during a continuous membrane fabrication
process. The membranes fabricated in a NMP-contaminated
coagulation bath exhibited 23% lower permeance and 5-10%
higher solute rejection compared to the membranes cast in
fresh or recycled water. The process mass intensity of the
membrane fabrication process can be reduced by 99.9%
with the continuous adsorption unit. Our conservative
estimation predicts that the wastewater generation can be
reduced by at least 50 billion liters per year. In short, the pro-
posed adsorption process can truly make the membrane
processes greener and more sustainable starting from its very
fabrication step.

4. Experimental
4.1 General

Reagents (reagent grade) and solvents (analytical grade) were
purchased from Sigma-Aldrich and Fisher Scientific, respect-
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ively. Charcoal, zeolites, graphene and resins were obtained
from Eurocarb, VWR, Sigma-Aldrich and Dow, respectively.
MIP, PIM, and MOF were prepared in-house (procedures
described below). Acetonitrile porogen was dried over 4 A
molecular sieves. Millipore Type II water was used for all
experiments. Polyimide (P84) powder was purchased from HP
Polymer GmbH. 5,5',6,6-Tetrahydroxy-3,3,3',3"-tetramethyl-1,1'-
spirobisindane (TTSBI, 98%, Synthon Chemicals) was dis-
solved in methanol, re-precipitated from dichloromethane and
dried under vacuum at room temperature before use. Tetra-
fluoroterephthalonitrile (TFTPN, 98%, Chemos) was used as
received. Anhydrous K,COj; (99%, Fisher) was ground to a fine
powder and dried in a vacuum oven at 110 °C overnight before
use. Anhydrous dimethylacetamide (DMAc), toluene and
methanol were purchased from Sigma Aldrich and used as
received. An Agilent 6890N GC system equipped with a Variant
Factor 4 VF-5 ms (28 m x 0.25 mm DI x 1 pm DF) column and
an Agilent 5973 MS detector was used for NMP and DMF
analysis.

4.2 Preparation of imprinted polymers

MIP microspheres were prepared by a suspension polymeri-
zation method according to our reported procedure.*® Briefly,
in a typical MIP fabrication procedure the 3-vinylphenylboro-
nic acid functional monomer (1 mmol), either NMP or DMF
template (1 mmol), EDMA cross-linker (20 mmol), AIBN
initiator (0.1 wt%), perfluoro polymeric surfactant (PFPS)
emulsifier (100 mg), perfluoro methylcyclohexane (PMC) dis-
persing phase (80 mL) and acetonitrile porogen (15 mL) were
stirred at 300 rpm. The imprinted polymers were obtained by
polymerization involving irradiation of the stirred mixture with
UV light for 6 hours at a wavelength of 365 nm at room temp-
erature under an inert atmosphere. The resulting beads were
filtered and the remaining template and unreacted molecules
were extracted by sequential washing with methanol. The MIPs
were dried under reduced pressure for 24 h at room tempera-
ture. Please refer to the ESIT for detailed synthesis and charac-
terization of the imprinted polymers.

4.3 Preparation of polymers of intrinsic microporosity

PIM-1 was prepared by the method of Du et al** To a dry
100 mL three-neck round-bottom flask, equipped with a
Dean-Stark trap, mechanical stirrer and nitrogen inlet,
5,5',6,6"-tetrahydroxy-3,3,3’,3"-tetramethyl-1,1"-spirobisindane
(TTSBI) (3.404 g, 0.01 mol), tetrafluoroterephthalonitrile
(TFTPN) (2.001 g, 0.01 mol), anhydrous potassium carbonate
(4.146 g, 0.03 mol), dimethylacetamide DMAc (20 mL), and
toluene (10 mL) were added under an atmosphere of nitrogen
gas. The monomers were allowed to dissolve before the reac-
tion mixture was refluxed at 160 °C for 20 min. The viscous
solution was then poured into methanol to precipitate the
product. The sample was refluxed overnight in deionized
water, washed with acetone (150 mL) and dried in a vacuum
oven at 110 °C overnight. GPC: M, = 48 800, M,, = 128 000,
M, = 87700, M,/M,, = 2.6. 'H NMR(400 MHz, CDCL,): § 6.74
(br, s, 2H), 6.35 (br, s, 2H), 2.25 (br, s, 2H), 2.08 (br, s, 2H),
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1.29 (br, s, 6H), 1.24 (br, s, 6H). BET surface area: 705 m”> g~ .
Elemental analysis calculated for C,oH,(N,0, (Wt%): C, 75.65
H, 4.35 N, 6.09. Found C, 73.29 H, 4.15 N, 5.74.

4.4 Preparation of a HKUST-1 metal-organic framework

HKUST-1 was synthesised by immersing two Cu foil electrodes
(~16 cm?), approximately 2 cm apart, into a 1:1 ethanol:
deionised water solution containing a 48 mM 1,3,5-benzenetri-
carboxylic acid linker and 64 mM methyltributylammonium
methyl sulphate supporting electrolyte.*> The solution was
maintained at 55 °C and deaerated with N, (g) whilst a
PGSTAT302N potentiostat (Metrohm Autolab B.V., The Nether-
lands) was used to apply a fixed potential difference of 2.5 V
between the two Cu foil electrodes for one hour. This gene-
rated HKUST-1 in solution was collected by centrifugation. The
HKUST-1 was then re-suspended in methanol, stirred and col-
lected again by centrifugation before being left to dry. Please
refer to the ESIf for MOF preparation protocols and
characterisation.

4.5 Kinetic and adsorption isotherms

In a typical procedure 10 mL of 1000 ppm NMP or DMF con-
taminated water was loaded on 10, 30, 50, 100, 200, 300 and
400 mg adsorbents, the container was sealed, and placed in an
incubator shaker at 25 °C and 300 rpm for 24 hours. Samples
from the supernatants were taken in order to quantify NMP
and DMF. Samples were taken at 0.25, 0.5, 1, 2, 5, 12 and
24 hours to obtain kinetic data.

4.6 Adsorbent recovery

Washing and drying methods were evaluated for adsorbent
recovery. In a typical washing protocol 200 mg adsorbent satu-
rated with NMP was placed in an SPE cartridge and washed
with 2.25 mL of a washing solvent. 150 pL fractions were col-
lected with a flow of 10 mL min~". The washing solvents were
either methanol, water, 50 vol% or 10 vol% methanol in water.
In a typical drying or vacuum regeneration procedure 200 mg
adsorbent saturated with NMP was placed under 0.01 mbar
vacuum at 25 °C for approximately 12 hours. The weight of the
adsorbent was measured at given intervals until no more
change was observed. Note that using the Cox chart it can be
estimated that the boiling points of NMP and DMF are —5 °C
and —20 °C, respectively.*®

4.7 Membrane fabrication

Polymer membranes were produced via phase inversion based
on the protocol by Campbell et al.*” Dope solutions were
formed by dissolving 25 wt% of polyimide P84 in NMP fol-
lowed by casting on to polypropylene non-woven sheets using
a casting knife set to a thickness of 250 pm at a temperature of
20 °C and a humidity of 35-45%. Membranes were cast using
an automatic film applicator Elcometer 4340. The polymer
membranes were then precipitated from solution via immer-
sion into a water bath (coagulation tank). The membranes
were then placed in isopropyl alcohol (IPA) to remove water
from the polymer matrix followed by crosslinking with
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30 g L' solutions of hexane-1,6-diamine in IPA at 50 °C for
24 hours. The crosslinked membranes were subsequently
washed with IPA to remove the excess crosslinking agent. To
avoid pore collapse, the membranes were conditioned with a
PEG400 : IPA (50:50 v/v) solution for 4 hours and then dried
in air.

4.8 Membrane performance test

All filtration experiments were carried out at 10 bar using a
cross-flow filtration system with an effective membrane area of
52 cm’. The permeance of each membrane was calculated by
dividing the acetone flux by the applied pressure. The model
system for the solute rejection experiments comprised a
mixture of 1 ¢ L™' PS580 and PS1300 polystyrene markers as
well as 0.1 g L™ of methyl styrene dimer solution in acetone.
The rejection (R) of markers was obtained by measuring the
concentration of each polystyrene oligomer in the permeate
and the feed, and calculating the ratio of the molecules
retained by the membrane.

4.9 Continuous water treatment

Schematic representation of the continuous adsorption system
is shown in Fig. 6A. The system consists of two high pressure
pumps (Gilson 305), a feed tank containing the wastewater
from the coagulation bath; a wash tank containing methanol :
water (10 : 90 v/v) for column regeneration; and a vessel for the
purified water and the waste solution; and two adsorption
columns wet-packed with 50 g of MIP7. High pressure pumps
were used to feed the wastewater and the washing solution at a
speed of 25 mL min~' to the columns in an alternating
manner. After the collection of 2.5 L purified water the
columns were regenerated using 120 mL washing solution. In
total 12.5 L wastewater was purified continuously.
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