Downloaded by 222.112.9.201 at 21:24:22:646 on July 02, 2019
from https://pubs.acs.org/doi/10.1021/acsami.7b01879

License, which permits unrestricted use, distribution and reproduction in any medium,

This is an open access article published under a Creative Commons Attribution (CC-BY) @

provided the author and source are cited.

IEESAPPLIED MATERIALS

ACS AuthorChoice

Research Article

INTERFACES

www.acsami.org

Exploring and Exploiting the Effect of Solvent Treatment in

Membrane Separations

Mayamin Razali,"® Christos Didaskalou, geong F. Kim," Masoud Babaei,” Enrico Drioli,"*

Young Moo Lee,"® and Gyorgy Szekely™

School of Chemical Engineering & Analytical Science, The University of Manchester, The Mill, Sackville Street, Manchester M13

9PL, United Kingdom

*wcu Department of Energy Engineering, Hanyang University, 222 Wangsimni ro, Seongdong-gu, Seoul 04763, Republic of Korea
$nstitute on Membrane Technology (ITM-CNR), Via P. Bucci 17/C, 1-87030 Rende, Cosenza, Italy

© Supporting Information

ABSTRACT: It is well-known that solvent treatment and
preconditioning play an important role in rejection and flux
performance of membranes due to solvent-induced swelling
and solvent adsorption. Investigations into the effect of solvent
treatment are scarce and application specific, and were limited
to a few solvents only. This study reveals the trend in solvent
treatment based on solvent polarity in a systematic
investigation with the aim to harness such effect for
intensification of membrane processes. Nine solvents with
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polarity indices ranging from 0.1 to 5.8 (hexane to acetonitrile) were used as treatment and process solvents on commercial
Borsig GMT-oNEF-2, Evonik Duramem 300, and emerging tailor-made polybenzimidazole membranes. TGA-GCMS, HS-GC-
FID, and NMR techniques were employed to better understand the effect of solvent treatment on the polymer matrix of
membranes. In this work, apart from the solvent treatment’s direct effect on the membrane performance, a subsequent indirect
effect on the ultimate separation process was observed. Consequently, a pharmaceutical case study employing chlorhexidine
disinfectant and antiseptic was used to demonstrate the effect of solvent treatment on the nanofiltration-based purification. It is
shown that treatment of polybenzimidazole membranes with acetone resulted in a 25% increase in product recovery at 99%
impurity removal. The cost of the process intensification is negligible in terms of solvent consumption, mass intensity, and

processing time.
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1. INTRODUCTION

In the past 2 decades significant works have been carried out to
develop solvent resistant membranes and to ultimately design
separation processes in organic media.’ Organic solvent
nanofiltration (OSN) is considered as a sustainable alternative
to conventional separation techniques with an evolving range of
applications around recovery of products, catalysts, and
solvents.” Recent developments in the field provided
membranes with long-sought-after properties of stability in
harsh environments including polar aprotic solvents and
extreme pH, high flux, and low molecular weight cutoff
(MWCO).

Prior to using OSN membranes, it is necessary to first
condition the membranes, typically referred to as solvent
treatment. The purpose of this treatment is 2-fold. First, it
ensures stable separation performance with regard to solvent
flux and solute rejection. Second, it washes out any leachable
additives such as pore preservatives and surface modification
agents and consequently prevents contamination of the system.
The membrane conditioning step is particularly important in
the field of OSN. It has been well-documented that solvents,
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depending on their chemical properties, interact differently with
membranes.” Consequently, initial solvent treatment signifi-
cantly affects the OSN performance; however, out of the four
pillars necessary to gain full control over OSN (Figure 1),
membrane conditioning is the least studied and it is the focal
point of this study.

Since most liquid-based membrane operations focus on
water applications, there is yet a lack of detailed understanding
on the underlying effects of solvents on membrane perform-
ance. It has been reported that the chemistry of the solvent
plays a critical role in membrane performance in terms of flux
and retention properties. Gibbins et al. first recognized that the
inconsistencies in the reported flux data arise due to different
membrane conditioning protocols (different solvent treat-
ments).” Van der Bruggen et al. revealed that solvent treatment
for 24 h immersion in the solvent used for the measurements
reduced the ethanol and hexane flux for the hydrophobic
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Figure 1. Full control over organic solvent nanofiltration can be
achieved through the understanding of (A) the membrane material,
(B) the membrane fabrication process, (C) membrane conditioning or
solvent treatment, and (D) the operating conditions. Membrane
conditioning, aka solvent treatment, is the least studied of the four
pillars allowing full control over OSN operations.

membrane (Koch MPE-50), but increased the solvent flux for
the hydrophilic membranes (Koch N30F, NF-PES-10, and
MPF-44)." Such observation was dedicated to the changes in
the membrane structure by the solvent treatment having a
significant effect on the membrane performance.

More recently, a breakthrough observation was reported by
Jimenez-Solomon et al,” that thin film composite (TFC)
membranes can be “solvent activated” with DMF. For instance,
the acetone flux through the prepared TFC (polyamide)
remarkably improved from 0.3 to 71.0 L-m™>h™" at 30 bar.
However, it should be noted that this solvent activation was
due to the removal of the unreacted monomers from the
membrane top layer blocking the membrane, and this

phenomenon does not universally apply to all TFC membranes.
Nonetheless, such activation protocol has also shown similar
efficacy in reverse osmosis membranes where the water
permeance increased from 0.2 to 1.6 L-m™h™"bar"1.°

The pioneering work by Machado et al. revealed the complex
and nonlinear nature of solvent properties and solvent flux
through OSN membranes,” and subsequent works attempted to
describe their correlation using various models.””*™'" How-
ever, membrane conditioning is yet to be investigated
systematically as only a few studies focused on solvent
treatment and they were limited to ultrafiltration''™"* and
pervaporation.'* Nevertheless, solvent treatment by immersion
into the process solvent was often used to stabilize solvent
flux.”~"” The first detailed investigation about solvent
treatment of OSN membranes was carried out by Zhao and
Yuan concluding that methanol and acetone treatment results
in significant changes of both solvent flux and solute rejection
due to the swelling of polyamide- and polyimide-based
membranes.'® The authors speculated that the polymers have
strong interactions with these solvents which could cause
changes in hydrophobicity, pore size, and free volume.

Darvishmanesh et al. investigated for the first time the
treatment effect of solvent other than the process solvent.'’
Treatment with polar solvents (methanol, acetone, and acetic
acid) resulted in lower dye rejections and higher solvent fluxes
using polyimide-based Starmem membranes in toluene. On the
contrary, nonpolar solvents did not change the polyimide
membrane performance significantly. Contact angle and
swelling measurements confirmed the membrane structure
changed after the solvent treatment due to polymeric network
chain rearrangement. Interestingly, it has been shown that such
swelling of polymeric network can be exploited by applying
nanofiltration membranes to pervaporation applications.

Until now, the effect of solvent treatment on OSN
membrane performance has mainly been studied on polyimide
membranes. In this work, we systematically investigated the
solvent effect on three different types of OSN membranes:
polybenzimidazole (PBI), polyimide, and polydimethylsiloxane
(PDMS) materials (Table 1). Nine different types of organic

Table 1. Summary of Tested Membranes

Contact angle

Membrane Manufacturer Active layer (deg) Structure
0 o o X:
gecacen
L. BN e e W e 7 e N
DuraMem300 Evonik MET Polym‘yde 59 < C >xu%
(crosslinked) o O O o
- -
HeC HiC CHa CHy
HJC\; \S; S::/CH:’
GMT-oNF-2 BorsigGmbH  PDMS 87 o o \cH
. H
N N
Neoroes e
In-h PBI 8 (N " ’
n-house (O
PBI26DBX fabricated (crosslinked) 34

DOI: 10.1021/acsami.7b01879
ACS Appl. Mater. Interfaces 2017, 9, 11279—11289


http://dx.doi.org/10.1021/acsami.7b01879

ACS Applied Materials & Interfaces

Research Article

Table 2. Treatment and Process Solvents and Their Properties (MW = Molecular Weight, THF = Tetrahydrofuran, EtOAc =
Ethyl Acetate, DCM = Dichloromethane, and IPA = Isopropyl Alcohol)

. Specific Surface . .

Solvent Abbreviation PIO larity MW_1 DZnsity Tension Viscosity
ndex (g-mol™) 1 1 (cP)

(g-mL”) (dyne-cm™)

Acetonitrile S1 5.8 41.1 0.779 28.7 0.37
Methanol S2 b1 32.0 0.787 22.1 0.54
Acetone S3 5.1 58.1 0.786 23.0 0.31
EtOAC sS4 4.4 88.1 0.894 23.2 0.42
THF S5 4.0 72.1 0.9 26.7 0.5
IPA S6 3.9 60.1 0.783 233 2.04
DCM S7 3.1 84.9 1.318 27.8 0.41
Toluene S8 2.4 92.1 0.865 27.9 0.56
Hexane S9 0.7 86.2 0.655 18.0 0.3

solvents with varying polarity index have been tested (Table 2).
Treatment solvents (TSs) and process solvents (PSs) are
defined as solvents used for conditioning the membranes and
used as media for the separation process, respectively. In order
to elucidate the underlying basis behind the solvent effect, we
have applied various analytical techniques to understand the
changes at the molecular level.

Solvent treatment has a direct effect on membrane
performance and indirectly affects the ultimate process
performance. Consequently, in this work, we show that the
effect of solvent treatment can be tailored to improve the
separation yield of a pharmaceutical purification case study.
Genotoxins are often present in crude pharmaceutical streams
posing a significant risk to patients.”’ Regulatory authorities and
manufacturers are in agreement that the formation or use of
these compounds should be avoided in the first place. However,
such a preventive approach is not always possible which
requires the purging of impurities to a safe level. Hence, OSN
was recently proposed as a general platform for the mitigation
of genotoxic impurities.” A pharmaceutical purification case
study was provided by SMR Maju Resources to evaluate the
potential of nanofiltration for replacing conventional extraction
and recrystallization with the aim to achieve process
intensification. The case study of chlorhexidine synthesis”'
depicted in Scheme 1 was selected to demonstrate that the
effect of solvent treatment can be exploited for enhancing
separation performance.

2. EXPERIMENTAL SECTION

2.1. General Methodology. Chemicals (reagent grade) and
solvents (analytical grade) were purchased from Sigma—Aldrich
(UK.) and Fisher Scientific (U.K.), respectively. A 26 wt % amount

Scheme 1. Final Synthetic Step of Disinfectant and Topical
Antiseptic Chlorhexidine®”
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“The use of toxic 4-chloroaniline and 2-ethoxyethanol in the final
synthetic step of the manufacturing process requires the purging of
these impurities.”!
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of PBI (MW = 27,000 g:mol™") containing 1.5 wt % lithium chloride
(stabilizer) dissolved in N,N-dimethylacetamide (DMAc) solution was
purchased from PBI Performance Products Inc. (USA). Nonwoven
polypropylene fabric Novatexx 2471 was sourced from Freudenberg
Filtration Technologies (Germany). GMT-oNF-2 and DuraMem300
can be purchased from Borsig GmbH and Evonik, respectively.
Millipore type II water was used for the coagulation bath. Infrared
spectra were recorded on a Bruker Alpha-T FT-IR spectrometer. An
Agilent 6890N GC system equipped with a Variant Factor 4 VF-5 ms
(28 m X 025 mm DI X 1 ym DF) column and Agilent 5973 MS
detector were used for 2-ethoxyethanol analysis. 4-Chloroaniline and
chlorhexidine were analyzed with an Agilent HPLC model 1100 Series
system. NMR spectra were recorded in dimethyl sulfoxide-ds on a
Bruker DRX-500 Avance spectrometer. Membrane samples for NMR
were dissolved in dimethyl sulfoxide-dg at 80 °C in a sealed container.

2.2. Membrane Fabrication. PBI membranes were fabricated via
phase inversion based on the protocol by Valtcheva et al.** Dope
solutions of 26 wt % were cast onto polypropylene nonwoven sheets
using a casting knife set to a thickness of 100 ym at a temperature of
20 °C. Membranes were cast using an automatic film applicator
Elcometer 4340. The polymer membranes were then precipitated from
solution via immersion into a water bath. The membranes were then
placed in isopropyl alcohol (IPA) to remove water from the polymer
matrix followed by cross-linking with 3 wt % solutions of a,a'-
dibromo-p-xylene (DBX) in acetonitrile at 75 °C for 24 h (Scheme 2).
The cross-linked membranes were subsequently washed with IPA to
remove excess cross-linking agent and then used directly.

2.3. Solvent Treatment Tests. Membranes were conditioned via
the continuous permeation of treatment solvent at a given pressure
(10—30 bar) for 24 h in a cross-flow membrane rig. The process
configuration for the membrane conditioning, i.e., solvent treatment, is
shown in Figure S1 in the Supporting Information. The system was
then drained, refilled with process solvent, and conditioned via the
continuous permeation of PS at the same pressure for 24 h. Solvent
fluxes of each membrane were measured. Then, 10 and 1 g-L_1
product (chlorhexidine) and impurities (4-chloroaniline and 2-
ethoxyethanol) were loaded into the system and recirculated for 24
h after which solute concentrations were measured and rejections
calculated. The full list of experiments is shown in Table S1 in the
Supporting Information.

2.4. Purification of Chlorhexidine via Diafiltration. A typical
single stage diafiltration system was set up as described elsewhere.””
The process configuration for the diafiltration is shown in Figure S2 in
the Supporting Information. Acetone treatment solvent was
recirculated (V, system = 02 L) for 24 h at 30 bar in a nanofiltration
rig containing a 104 cm? PBI membrane. Acetone was removed from
the system, and one diavolume of IPA was used to remove any
remaining treatment solvent. Amounts of 10 and 1 gL' product
(chlorhexidine) and impurities (4-chloroaniline and 2-ethoxyethanol)
were loaded into the rig, and diafiltration was performed in IPA at 30
bar. After 12 diavolumes (2.4 L), the diafiltration was stopped and the
rig was drained. Without any treatment, a new batch of crude
pharmaceutical was loaded and the diafiltration was repeated. A
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Scheme 2. Cross-Linking of Polybenzimidazole with a,a’-
Dibromo-p-xylene”
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linked PBI. @ and f indicate the aromatic protons of the cross-linker
and the PBI, respectively.

control experiment was performed following the same procedure with
the exception of the treatment solvent (acetone); i.e, no solvent
exchange was performed.

2.5. TGA-GCMS Analysis. The membrane sample was removed
from the solvent, blotted dry, and placed immediately in the TGA
platinum sample pan. For mass and temperature equilibration ca. 2
min elapsed prior to commencement of data recording. TGA
measurements were carried out in two successive steps with the
same specimen. In the first step, the isothermal weight loss was
recorded over 24 h. The sample was kept at a constant 25 °C under

helium atmosphere (40 mL-min~"). In the following step, the same
specimen was heated to 625 °C at a rate of 20 °C-min~". The
evaporated compounds are transferred by helium carrier gas from the
TGA to the GCMS. Mixtures of substances retained from a
decomposition step were separated on an Agilent DB-624UI column
(30 m X 0.53 mm LD, 3.0 ym film) and the components were
identified in the MS individually. GC oven conditions were as follows:
40 °C//20 min//10°/min//200 °C//20 min; carrier gas, helium 32
cm-s™" (approximately 5 mL-min™") set at 40 °C.

2.6. HS-GC-FID Analysis. Membrane samples were dried at 25 °C
over 24 h. A 100 mg amount of dried membrane samples was placed in
25 mL headspace vials followed by their sonication assisted
degradation in S mL of DMSO over 60 min. Headspace samples
were analyzed by gas chromatography on a Varian CP3800 GC system
equipped with an FID detector, a CombiPal autosampler and a DB-
ALC1 column (30 m X 0.53 mm; 3.00 ym film thickness; Agilent). In
this method the injector temperature was at 35 °C, with a carrier gas of
helium (flow rate, 1.5 mL-min™") and a pressure of 5.1 psi. The
program began at 35 °C with a hold for § min followed by an increase
of temperature to 250 °C at a rate of 40 °C-min". The FID detector
was maintained at a temperature of 250 °C with a flow of hydrogen at

30 mL-min~..

3. RESULTS AND DISCUSSION

3.1. Effect of Solvent on Membrane Performance. In
order to set a benchmark in membrane performance, the solute
rejections for the chlorhexidine, 4-chloroaniline, and 2-
ethoxyethanol model system and the solvent permeances
were determined and the results are summarized in Figure 2.
It can be seen that the membrane performance varies widely
among the tested membranes. For instance, Figure 2A shows
that the permeance of DM membrane monotonously decreases
as the polarity of the solvent decreases (S1 — S9). In the case
of PBI membrane, there is also an inverse trend in permeability
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Figure 2. Permeance (A) and rejection (B—D) performance of nontreated polybenzimidazole (PBI), Duramem 300 (DM), and GMT-oNF-2

(GMT) membranes.
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Figure 3. Effect of polarity indices of treatment (Plys) and process (Plpg) solvents on (A—C) solvent flux (AF) and (D—F) solute rejection of 4-

chloroaniline (AR) at 30 bar for GMT, DM, and PBI membranes.

with increasing solvent polarity. On the contrary, the
hydrophobic GMT membrane exhibits an increase in
permeability with decreasing solvent polarity, confirming that
the polymer—solvent interaction is one of the key parameters in
membrane flux.'® As summarized in Table 1, the contact angle
of GMT membrane is higher compared to those of DM and
PBI membranes, partly explaining the observed trend that
membrane hydrophilicity affects the observed flux. Notably, the
flux for IPA was low for all three tested membranes, likely due
to the high solvent viscosity of IPA compared to other solvents
(see Table 2).

The tested membranes also showed different rejection
profiles. In the field of nanofiltration, the transport mechanism
lies between the solution-diffusion and pore-flow models.'
Moreover, in the field of OSN, the membranes, depending on
their material properties, show drastically different trends.
Although there have been many efforts to understand and
predict the OSN rejection profiles,”**® the practice now is
largely heuristic and is only understood using phenomeno-
logical models. For instance, in the case of DM membranes, it
can be seen in Figure 2B—D that the solute rejection drops with
decreasing solvent polarity and with decreasing solvent flux.
The change in rejection is significant for 4-chloroaniline from
80% to 35% as the solvent flux decreased. Such a trend can be
qualitatively rationalized using the solution-diffusion model
where the decrease in partial flux of the solvent at constant
partial solute flux lowers the apparent solute rejection.”” That
is, the relative permeation of solvent decreased as the solvent
became less polar, lowering the apparent solute rejection (the
definition of rejection is one minus the ratio of permeate and
retentate concentration). In addition, the work presented by
Buekenhoudt et al, reported a similar trend where solute
retention decreases with decreasing solvent polarity.”® The
work proposed that Spiegler-Kedem theory on porous
membrane morphology well-describes the observed phenom-
enon, assuming that no swelling takes place.

On the other hand, PBI membranes gave similar rejections
regardless of the solvent media, suggesting that the rejection
mechanism is largely due to size exclusion (i.e, pore-flow

model applies). Interestingly, the GMT membranes showed a
combined behavior where the rejection of chlorhexidine (505 g-
mol™!) occurred via size exclusion mechanism and the
rejections of 4-chloroaniline (127 g:mol™') and 2-ethoxyetha-
nol (90 g-mol™) decreased with decreasing solvent polarity
(note that the flux increases with decreasing solvent polarity).
Such a decrease in solute rejections with decreasing solvent
polarity may be dedicated to the change in solute—membrane
interaction in the presence of nonpolar solvent. However, the
rejection profile is difficult to predict, and the explanation relied
largely on using phenomenological models.

3.2. Phenomenological Effects of Solvent Treatment
on Membrane Performance. The two-phase (liquid, solid)
and four-component (treatment solvent, process solvent,
solute, and membrane) system is intrinsically complex in
nature, making it difficult to draw universal conclusions. The
main purpose of this section is to elucidate the effects of solvent
treatment on membrane performance. The screening data set
presented in Figure 2 was used to compare against the
performance of solvent-treated membranes. The change in
rejection was calculated as the difference between the rejections
with and without solvent treatment and defined in eq I:

i _R
x,treated x,nontreated

AR}/% = i X 100

x,nontreated ( 1)

where R is the rejection of compound i using membrane x with
or without solvent treatment. In order to show the effect of
pressure on solvent treatment, the change in flux is calculated as
defined in eq 2:

AP;C/% — Ec,treated - Ec,nontreated % 100
P;c,nontreated (2)

where F is the solvent flux of membrane x with or without
solvent treatment. Table S1 lists all the experiments, while the
surface plots in Figure S3 summarize the effect of solvent
treatment for each membrane in 3 X 4 matrices (see
Supporting Information). The performance change of the
GMT (Figure S3A) and DM (Figure S3B) membranes shows a
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similar trend. However, the latter is more pronounced. The
higher the polarity of the treatment solvent, the larger the effect
on flux. It can be also deduced from the 3D plot that the flux
for low polarity process solvents show more pronounced
effects. The dissimilar behavior observed for the GMT—DM
pair and the PBI could be attributed to the fact that the former
two are formed by neutral polymers while the cross-linked PBI
is ionic featuring a quaternary ammonium salt moiety (=
NH'Br~).”” The contour plots in Figure 3 show the main
solvent treatment effects through representative examples from
Figure 3S in the Supporting Information.

Flux. Treatment solvents with high polarity index (Plg > 4)
increase the flux of the membranes by up to 17.5% (DM, Pl =
5.1, PIpg = 0.1, 30 bar). Additionally, the extent of flux increase
depends not exclusively on the membrane but on the process
solvent as well: the lower the polarity index of the process
solvent, the higher the effect. For instance, methanol as
treatment solvent (Pltg = 5.1) for the GMT membrane at 30
bar increased the flux for process solvents hexane (Plyg = 0.1)
and ethyl acetate (Plpg = 4.4) by 14.2% and 7.3%, respectively.
At the same time the solute rejections remained virtually
unchanged. The generally sought-after flux enhancement for
low polarity solvents can be realized with DM (polyimide) and
GMT (PDMS) membranes via high polarity solvent treatment
without compromising rejection (Figure 3A,B). For instance,
treating the GMT and DM membrane with acetonitrile (Pl;g =
5.8) at 30 bar improved the hexane flux by 17%. On the
contrary, the prediction of solvent treatment induced flux
change for PBI membrane is less straightforward. Figure 3F
reveals that high polarity treatment solvents did not improve
the flux of low polarity process solvents but instead increased
the flux of high polarity solvents up to 13% (PBI, Pl = 5.1,
Pl = 4.0, 30 bar). DCM as treatment solvent (Plg = 3.1) for
PBI shows an anomalous behavior and increases the flux of
about 3—5% irrespectively of the process solvents’ polarity
index. Again, such unpredictable behavior may be attributed to
the fact that cross-linked PBI membrane contains quaternary
ammonium salt moieties.

Rejection. The same trend was observed for the rejection
change profile of all three compounds. The most significant
change in rejection was always observed for the medium sized
compound, 4-chloroaniline (Figure 3D—F). Notice that its
rejection out of the three tested compounds is the closest to the
inflection point of the MWCO curve of the membranes and
consequently any change in the system would cause a
considerable change in rejection. For GMT and DM
membranes there is no significant change in rejection except
for the region where both treatment and process solvents have
high polarity. In particular, the rejection values decrease up to
10% in this region. The region of decreasing rejection for the
medium sized 4-chloroaniline compound on the DM
membrane is expanded covering the low polarity region of
the process solvent (Figure 3E). The only noticeable increase in
rejections is attributed to the PBI membrane (Figure 3F).
While low polarity treatment solvents (PI < 3) showed no
noticeable effect on the rejection, the high polarity treatment
solvents (PI > 3) can either decrease or increase rejection. In
particular, acetone as treatment solvent can increase rejection
by up to 3.9%, 9.7%, and 7.6% for chlorhexidine, 4-
chloroaniline, and 2-ethoxyethanol, respectively. The cases
where the increase in rejection resulted in 100% product
rejection are summarized in Table 3. Although the relative
increase in rejection is small, the 100% rejection achieved

Table 3. Selected Solvent Treatments Where 100% Product
Rejection Can Be Realized without Compromising Flux
Performance”

Treatment Process Rgrhexidine  ARorheidine  AFppr
Solvent PI;s  Solvent  Plpg % % (%)
S3 S.1 S6 3.9 100 2.8 8.6
S3 S.1 S8 2.4 100 1.6 3.6
S3 S.1 S9 0.1 100 1.4 2.4
S4 4.4 S6 3.9 100 2.5 8.6
S4 4.4 S8 2.4 100 1.6 3.1
S4 4.4 S9 0.1 100 14 2.4
S5 4.0 S8 2.4 100 1.6 3.1

“Replorhexidine Tepresents the absolute rejection value for the product
while ARREL, 4 and AFpy; indicate the solvent treatment induced
an increase in rejection and flux, respectively.

results in virtually no product loss during a diafiltration process.
Notice that the flux was not compromised in any of these cases;
moreover, flux increase up to 8.6% was observed. Such
favorable changes in performance could be harnessed for
process intensification purposes.

Pressure. In general, the higher the pressure is, the more
pronounced the impact of the treatment solvent on both flux
and rejection; i.e., the flux and rejection changes monotonously
increase by increasing pressure (see Figure S3 in the
Supporting Information). The highest increase in flux and
rejection due to the increase in pressure from 10 to 30 bar were
found to be 4.2% (PBI, Plyg = 5.1, Plpg = 4.0) and 3.2% (DM,
Pl = 5.1, Pl = 4.0), respectively. Although these changes are
relatively small they can still have a significant impact on an
actual membrane separation. For instance, in the case of S3
treatment solvent and S6 process solvent the chlorhexidine
rejections were 97.2%, 99.6%, and 100% at solvent treatment
pressures of 10, 20, and 30 bar, respectively (PBI, Pl = 5.1,
Plpg = 3.9). Although the pressure-induced increase in rejection
is only a few percent, ultimately achieving 100% rejection
would lead to a significant increase in diafiltration yield.

3.3. Exploiting the Effect of Solvent Treatment for
Process Intensification. Besides the direct effect on
membrane performance (section 3.2), solvent treatment can
have an indirect effect on the ultimate membrane process
performance. The latter is best expressed in process yield and
mass intensity. A minor increase of 1—3% in product rejection
resulting in 100% absolute rejection (see Table 3) can
significantly affect the diafiltration yield, and ultimately the
sustainability of the process.”® In this work, harnessing the
positive effect of solvent treatment was demonstrated through a
diafiltration-based API purification case study. A crude mixture
of 10 gL ™" chlorhexidine product having 1 g-L™" 4-chloroani-
line and 2-ethoxyethanol impurities was loaded onto treated
and nontreated PBI membranes and diafiltration was performed
to remove 4-chloroaniline and 2-ethoxyethanol from the
solution.”’ Based on previous industrial studies and require-
ments set by regulatory authorities, the threshold concentration
for the impurities was set at 10 ppm.”® Given the smaller size
and subsequently lower rejection of 2-ethoxyethanol relative to
4-chloroaniline, the latter impurity determines the processing
time, ie, number of diavolumes.*> Although the solvent
treatment had an adverse effect on impurity removal rate, it is
negligible, and 11 diavolumes were needed to achieve the
threshold level both with and without solvent treatment
(Figure 4). Notably, it can be seen that the solvent treatment
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Figure 4. Effect of solvent treatment on the purification of
chlorhexidine via diafiltration. While the 4-chloroaniline and 2-
ethoxyethanol impurity removal profiles are virtually the same, the
product recovery improved about 20%. PBI membrane was employed,
operating at 30 bar; acetone and IPA were used as treatment and
process solvents, respectively.

increased the product (chlorhexidine) rejection which led to a
significant improvement in product yield from 76% to virtually
100%. Moreover, the solvent flux before and after the
diafiltration was 20.9 L-m >h™!, which is a 9% increase
compared to the nontreated membrane. Neither flux decline
nor other signs of fouling were observed during the
diafiltration.

Figure 5 compares the conventional and nanofiltration
assisted downstream processing of chlorhexidine. The currently

product recovery followed by in situ concentration of the
pure product for the final precipitation, yielding 95% product. It
should be noted that without the solvent treatment, the yield
would only be 76% with membranes (Figure 4). Apart from the
yield improvement by solvent treatment, the nanofiltration
process has the advantage that both 4-chloroaniline and 2-
ethoxyethanol impurities can be removed in a single unit
operation simultaneously. In addition, the proposed process
neither requires any chlorinated solvents nor the acidic and
alkaline solutions, reducing the wastewater generation per kg of
API from 31 kg to zero. Moreover, the number of unit
operations for the downstream processing crude chlorhexidine
stream is reduced from 14 to only 2 (diafiltration and
precipitation). The process mass intensity (PMI) is the most
often used green metric in the pharmaceutical industry to drive
more sustainable processes,” and it is defined in eq 3:

total mass in the process

PMI/(kg/kg) =
/(kg/ke) mass of product (3)

The PMI for the conventional process is 662 kg of waste per kg
of chlorhexidine. On the other hand, the PMI for the OSN-
based process is 238 kg of waste per kg of chlorhexidine,
corresponding to a 64% reduction in PMIL Consequently,
process intensification via OSN technology for the pharma-
ceutical industry has been demonstrated.

3.4. Steps toward Better Understanding the Effect of
Solvent Treatment. After solvent treatment with acetone and
permeation of an excessive amount of IPA, a 10 X 10 mm
membrane area was dissolved in DMSO-d; in order to
investigate the chemical composition of the membrane. The
NMR spectra of unused, nontreated but IPA-permeated, and
acetone-treated and then IPA-permeated membranes are shown
in Figure 6. In the latter case the acetone treatment solvent can

Nanofiltration
to remove impurities

Extraction Crude chlorhexidine
to remove ethoxyethanol | (contains ethoxyethanol & chloroaniline impurities)

DCM —= Free chlorhexidine base Free chlorhexidine base <— IPA

acidification 1

Salt formation
(dissolved in aqueous phase)

l phase separation

Ethoxyethanol removal [

(discarding with organic phase) Permeate
(discarding impurities)

3 cycles
(overall yield: 84%)

alkalinization

——— Free chlorhexidine base

(dissolved in organic phase) Purification & Concentration

l evaporation of DCM yield: 100%
Solid chlorhexidine base <——
7 . g cooling
Addition of IPA | heating =]
8|3
Dissolution EIES Precipitation
~|B (filtration & drying)
l cooling g
K,
Precipitation
(filtrationl& drying) yield: 95%
Recrystallization Pure chlorhexidine Precipitation

[DESE——
to remove chloroaniline  Yield: 76% (impurities < 10 ppm) yield: 95% ensuring solid form

Figure 5. Schematic comparison of conventional purification of
chlorhexidine and the OSN-based process.**

employed process is comprised of three liquid—liquid
extraction cycles and two recrystallization cycles. The optimized
process by the manufacturer allows 76% overall yield with less
than 10 ppm 2-ethoxyethanol and 4-chloroaniline impurities.
On the other hand, the nanofiltration-based process with the
incorporation of solvent treatment allows virtually 100%

A) DMSO
PBI
PBI
- |
PBI
S W || J
B) DMSO IPA & PBI
PBI
PRI 0 P IPA I
C) DMSO | IPA & PBI
g
PBI g
—A =
_ P o LS
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Figure 6. Typical 'H NMR spectra of PBI membranes dissolved in
DMSO-d, solvent: (A) unused membrane, (B) membrane used for
only IPA permeation, (C) membrane treated with acetone followed by
diafiltration of IPA, and (D) aromatic region for the cross-linked PBL
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be found in the membrane material (Figure 6C). Consequently,
the acetone treatment solvent was incorporated into the
membrane and was not completely washed away even with an
excessive amount of IPA (500, 750, and 1000 L-m™2). The
chemical shifts of the cross-linker’s aromatic protons (indicated
as a in Figure 6D) are distinguishable from the aromatic PBI
monomer protons (indicated as f§ in Figure 6D) based on the
typical AA’'BB’ centrosymmetric spin pattern. @ and f protons
are indicated in Scheme 2. Calculation of coupling constants is
useful in assigning aromatic regions, particularly when chemical
shifts between aromatic protons are uncertain or overlapping.
In the region of 8.5—7.5 ppm the spectrum contains two
doublets with J = 8.1 Hz which falls within the characteristic
coupling constant region for hydrogen atoms at the ortho
position (6—9 Hz). Consequently, these protons are on a para
disubstituted aromatic ring resulting in the AA'BB’ type spin
pattern. Only the cross-linker contains protons with such
chemical environment (Scheme 2), and thus the integral of the
corresponding peaks gives information about the ratio of the
cross-linker in the polymer as defined in eq 4:

Aana_l

Ay 4)
where A, and Ay are the NMR integration areas for the a and 8
protons, while n, and ng; are the number of protons.
Normalization of the §# proton integrals to 10 sets the integral
of a and acetone protons to 4.64 + 0.2 and 2.05 + 0.1,
respectively. The relation between the integrals of § and «
patterns revealed that the cross-linker/monomer molar ratio is
1.16 + 0.1 using eq 4. Furthermore, the relation between the
integrals of the B and acetone patterns reveals the PBI
monomer/acetone molar ratio to be 2.94 & 0.13 as per eq S:

degree of cross-linking =

-1
Aacetonenacetone

Agny™ (%)
where A, are the NMR integration areas for acetone
protons, while 1,c.on is the number of protons in an acetone
molecule. Hence, it can be deduced that three monomer units
in the polymer incorporated one acetone molecule. Determi-
nation of the degree of cross-linking and incorporation of
acetone by the polymer permitted the calculation for the
average molecular weight of the cross-linked polymer’s
monomer unit to be 449 + 3 g-mol ™" as per eq 6:

degree of acetone adsorption =

A -1
MW/ (g-mol ") = MW,y + A(’L_MW

1 pxylyl
"%
-1
+ Aacetonenacetone
A -1 acetone
5% (6)
where MWpg, MW, 1, and MW, ., are the molecular

weights for the PBI monomer prior to cross-linking, the p-xylyl
unit of cross-linked PBI bearing the a protons, and the acetone,
respectively.

Valuable information about membrane structure and thermal
stability can also be obtained by means of thermogravimetric
analysis (TGA). For deeper analysis of the pyrolysis products, a
GCMS was linked with TGA, forming a powerful analytical tool
(TGA-GCMS) for elucidation of pyrolysis degradation
products. The TGA weight loss profiles are shown in Figure
7. An isothermal weight loss profile was observed at room
temperature which can be attributed to the loss of the

100 A - 625
- Isothermal Acetone Ramping Acetone /’ L
i Loss: 5.7% Loss: 4.3% i
98 055 5.7% ¢ S s
i p |
96 - |,/
A r 425 &
= L 3
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) g F325 2
T g 4 s
2 F ®
1 L 225 S
90 1 L
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Figure 7. Typical TGA weight loss profile of acetone-treated PBI
membrane: isothermal weight loss of acetone for 24 h and consecutive
temperature domain weight loss of the membrane. Sample taking
points for GCMS analysis are indicated with stars. The volume of IPA
used for the washing of the acetone-treated membrane was 500 L-m ™.

nonbound acetone from the surface of the membrane. As
described in the Experimental Section, sample handling and
instrument equilibration introduce a “dead time” of approx-
imately 2 min. It is reasonable to assume that some of the
surface acetone is lost during this dead time and consequently
the total amount of surface acetone cannot be measured.
However, to determine the total “bonding acetone” (acetone
molecules embedded in the structure, bonding with the polar
moieties of the polymer), the temperature-dependent TGA
measurement is indispensable. The subsequently measured
temperature-dependent weight loss profile of the same sample
revealed the amount of acetone bound to the membrane. §, ¢,
and { gas chromatograms and the mass spectra of the
corresponding peaks taken at each decomposition step
confirmed that the main component was acetone (Figure 8).
Particularly, the ramping acetone loss contained 98.5 + 0.4%
acetone and in total 1.6 + 0.4% DMAc and acetonitrile which
were used during the fabrication of the membrane as dope
solution solvent and cross-linking solvent, respectively. Based
on the total polymer mass and loss of bound acetone, the PBI
monomer/acetone molar ratio can be calculated as 3.09 + 0.25
which is in good agreement with the 2.94 + 0.13 value derived
from the NMR measurements.

Headspace gas chromatography coupled with flame ioniza-
tion detector (HS-GC-FID) was used as an alternative method
to quantify the bound acetone treatment solvent. Unused,
nontreated, and acetone-treated membranes were dissolved in
DMSO, and the headspace revealed the amount of acetone in
the sample (Figure 9). The acetone concentration was found to
be 0.78 + 0.04 g-L™". The subsequently derived PBI monomer/
acetone molar ratio was 3.19 + 0.16. Further experiments were
carried out in which the volume of IPA used for washing of the
acetone-treated membrane was 750 and 1000 L-m~2 The
acetone content in these membranes were quasi the same
(£2%) as with S00 L-m™ washing which indicates that the
acetone does not get released from the membrane under the
applied conditions. Three independent methods, namely,
NMR, TGA, and HS-GC-FID, revealed the molar ratio of the
PBI monomer and bound acetone to be 3.07 + 0.19. The good
agreement among the results proves the appropriateness of
such methods to be used for the quantification of bound/
adsorbed species in the polymer matrix of membranes.
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Figure 9. HS-GC-FID chromatograms: # for unused membrane, 6 for
membrane used for only IPA permeation,  for membrane treated with
acetone followed by diafiltration of 500 L of IPA/(m?* of membrane).

The change in IPA permeation could be dedicated to the
difference in membrane—solvent interaction, which could be
semiqualitatively calculated using the solubility parameter
approach. The solubility parameter of the PBI and PBl:acetone
(3:1) was calculated as shown in Table 4. The solubility

parameter was estimated using the group contribution method.
The polymer—solvent interaction parameter, y, is a sum of the
enthalpic and entropic components of the polymer—solvent
interaction. The lower the value of y is, the better the
interaction between the polymer and the solvent. It can be seen
in Table 4 that after the acetone treatment (incorporation of
acetone molecule to PBI membrane in 3:1 ratio), the value of y
dropped by 40% (127 to 0.75). Although the solubility
parameter approach is largely qualitative, the calculation
suggests that the affinity of PBI membranes toward IPA
significantly increased after the acetone treatment, and
consequently explains the observed improvement in solvent
permeability. Contact angle measurements revealed a small
increase in the hydrophilicity of the membrane surface;
however, it is negligible due to the appreciable error in the
measurement (Table 4). Elemental microanalysis indicated that
the bromine content derived from the cross-linking
(=NH'Br~) of the membrane is quasi constant and not
being washed away by the solvents employed, indicating that
the bound acetone enhanced the solvent permeability.

Table 4. Estimated Solubility Parameter of PBI, the Interaction Parameter with IPA, Contact Angles, and Bromine Content with

(Line No. 1) and without (Line No. 2) Acetone Treatment”

no. Baispersion (MPa”®) Bpotar (MPa"%) Bhydrogen (MP2*?) Soveranl (MPa™) X(PBLIPA) Contact Angle (deg) Bromine Content (%)
25.50 9.74 9.76 28.99 1.27 342 + 43 19.26/19.3 + 02"
2 24.05 8.55 9.27 27.16 0.75 30.6 + 3.2 20.09/19.9 + 0.2°

“The contact angles and the bromine content are for individual membranes treated with 500, 750, and 1000 L-m™2 IPA, and the found averages with
standard deviations are shown in the table. ®Calculated bromine content based on the results of eqs 4 and 5/measured values from elemental

microanalysis.

11287

DOI: 10.1021/acsami.7b01879
ACS Appl. Mater. Interfaces 2017, 9, 11279—11289


http://dx.doi.org/10.1021/acsami.7b01879

ACS Applied Materials & Interfaces

Research Article

4. CONCLUSIONS

In this work, the effect of solvent treatment for OSN
performance was systematically studied using three different
types of membranes: cross-linked polyimide membrane, cross-
linked polybenzimidazole membrane, and polydimethylsiloxane
membrane. It has been shown that the OSN membrane
performance is considerably affected by the polarity of the
treatment solvent and such phenomenon in OSN technology
should not be underestimated. Particularly, treating polyimide
and PDMS membranes with polar solvents significantly
improved the flux of nonpolar solvents without compromising
the solute rejections. On the other hand, PBI membrane did
not follow the same trend, likely due to its different chemical
nature featuring quaternary ammonium salt moieties. In light of
our results the design of OSN-based solvent exchange®>*® and
separation of binary solvent mixtures’”*® should take into
account the possible changes in membrane performance.
Moreover, during membrane screening and membrane
development work, the solvents should not be improvidently
exchanged assuming solvent-independent membrane perform-
ance. We have shown that such solvent-induced performance
change could be exploited to our advantage and achieve notable
process intensification of conventional pharmaceutical pro-
cesses. TGA-GCMS and HS-GC-FID techniques were used for
the first time to measure the amount of treatment solvent
bound to the polymer matrix of membranes. In addition, NMR
was found to be a suitable tool for measuring the degree of
cross-linking and the average molecular weight of polymer
membranes. Such techniques could be used in general to
evaluate additives or cross-linking of polymer membranes.
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B NOMENCLATURE

API = active pharmaceutical ingredient

DCM = dichloromethane

DM = Duramem

DMACc = N,N-dimethylacetamide

DMSO = dimethyl sulfoxide

GMT = GMT-oNF-2

HS-GC-FID = headspace gas chromatography coupled with
flame ionization detector

IPA = isopropyl alcohol

MWCO = molecular weight cutoff

NMR = nuclear magnetic resonance

OSN = organic solvent nanofiltration

PBI = polybenzimidazole

Pl = polarity index of process solvent

Plps = polarity index of treatment solvent

TGA-GCMS = thermogravimetric analysis coupled with gas
chromatography mass spectrometry

THEF = tetrahydrofuran

04 = dispersion solubility parameter

d, = polar solubility parameter

0p = hydrogen bonding solubility parameter

Ooverall = combined solubility parameter

AR, = rejection change of compound i using membrane x
AF, = flux change of membrane x

X(pBLIpA) = pOlymer—solvent interaction parameter
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