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Abstract

A new and superior one-filtration method for the determination of the molecular weight
cut-off (MWCO) of aqueous based nanofiltration and ultrafiltration membranes has been
developed using the widest range of polyethylene glycol oligomers as MWCO probes of
any MWCO method so far. This method was enabled by a new, high resolution oligomer
separation and detection using high performance liquid chromatography (HPLC) coupled
with an evaporative light scattering detector (ELSD). The refined method can determine
the MWCO of membranes over a MW range from 678 to 4594 g mol! with a molecular
weight difference of just 44 g mol! and a bonus further one point extension to 6000 g
mol! - giving the widest range and most precise difference of MWs that can be resolved
of any single filtration MWCO method that exists. MWCO determination of five
commercial membranes from GE Osmonics™ and Millipore showed good agreement with
manufacturer and literature values, confirming the accuracy of the method. As this new
method has significant advantages over all other existing aqueous MWCO determinations
(i.e. single filtration, higher resolution over a wider MW range, low cost MWCO molecular
probes), it is suggested that it could be adopted as the new standard for determining

aqueous MWCO over a MW range from 678 to 6000 g mol-1.

Keywords: molecular weight cut-off, MWCO, polyethylene glycol, high performance
liquid chromatography, evaporative light scattering detection, aqueous membrane

filtration, nanofiltration, ultrafiltration.
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1 Introduction

Pressure driven membrane separations have been widely applied in many industries as
they enable separations to become more energy efficient and environmental friendly [1.2].
Membranes are selective semi-permeable barriers that are used to produce purified
streams and therefore the worth of a membrane is in its productivity (normally
quantified as flux) and selectivity. Selectivity for pressure driven membrane processes
such as nanofiltration (NF) and ultrafiltration (UF) is typically quantified and
benchmarked as the molecular weight cut-off (MWCO),B] which is defined as the
molecular weight (MW; also known as molecular mass) that a 90% rejection of the
filtered solutes is obtained. A reliable technique for measuring MWCO values is crucial
for end users to make an appropriate choice of membrane in order to buy, test and apply
over the wide range of applications, solvents and solutes that are wanted for a particular

membrane [4 5],

A range of methods and MWCO molecular probes currently are used, including styrene
oligomers [+ 6 7], polyethylene glycols (PEGs) [1. 2][2, 8-10] dextrans [11-16], alkanes [17. 18],
sugars [19.20] dyes(21], acids [°], and others [20.22-24], The MWCO of UF membranes can also
be determined by liquid-liquid displacement porometry (LLDP) method [25]. A literature
comparison of MWCO probes for aqueous filtrations can be found in Rohani et al. [*- 21 and
so will not be repeated here. Of importance are the limitations of these existing methods

so these can be addressed:

(1) The detection of multiple compounds in a single filtration is difficult to accomplish,
thus most of the methods require multiple and repetitive test filtrations of individual
solutes to obtain the MWCO curve, which is both time consuming and costly compared to

a single filtration method. [2. 4 24, 26],

(2) Of the available MWCO molecular probes, pure alkanes and dextrans are only
commercially available with MWs of below 400 g mol! and above 1000 g mol-,
respectively. Styrene oligomers are expensive in comparison to all other molecules used
and therefore this limits their application at a larger scale. Dyes are mainly charged
molecules and therefore will also potentially be rejected by Donnan Exclusion, which
does not reflect the MW (size/mass) based separation that MWCO should primarily
reflect. Furthermore, it is not easy to source a suitable variety of dyes with similar

molecular structures that have a similar interaction with the membrane. Other solutes,
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like alkane and polypropylene glycol, have limited solubility in water, especially at higher

MWs, which limits their use [1.21],

(3) Other methods, such as liquid-liquid displacement porometry is used for UF
membranes and was examined for MWCOs between 5 kDa to 100 kDa [251. However the
method is less accurate in the low UF range that is aimed for in this paper and has not
been extended accurately into the NF range. Therefore an alternative method is still

needed.

(4) Some of the methods are for organic solvent based separations and limited to the NF
(200-2000 g mol-1) range and due to limited water solubility cannot be directly employed

in aqueous systems [2 4 26],

(5) For aqueous systems, many of the methods that have been developed only have a
limited range of MWs that can be probed, with many mainly focused on and/or just above
the NF range [1- 27, 28], This limits the potential membranes that can be screened and
characterised, for example low MWCO UF membranes have attracted considerable
attention as they are widely used in oil/organic solvent separation [29], the food industry
for sweetener purification 3%, metal removal 31 and drinking water treatment [321.
Moreover, when a new membrane is synthesised and the MWCO is unknown, a method
that allows a wide range of MWs to be tested with relative precision and resolution would
allow a faster characterisation time, which in turn provides faster feedback in order to
speed up development time - something needed for high throughput synthesis of
membranes for example 331, Consequently, it is of importance to develop an approach for
the MWCO determination of both NF and low UF membranes over the widest possible
MW range with the highest possible resolution between adjacent MWs.

Therefore, this research aims to develop a reliable, cost effective, high resolution, single
filtration MWCO evaluation method covering a wider MW range than any other MWCO
method for aqueous based NF and low MWCO UF membranes.

2 Materials and Methods

2.1 Materials
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Table 1 gives the MWs and suppliers for the commercial PEG and purer PEG standard
used in the method. The properties of commercial membranes used as well as the

filtration pressures are provided in
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Table 2. GE Osmonics™ (GE, GK, GH) and TriSep UA60 were purchased from Sterlitech
(US). Millipore disc membranes (Ultracel PLAC04310, Ultracel PLBC04310) were
purchased from Sigma-Aldrich (UK). GE Osmonics™ GE and Millipore Ultracel
PLACO04310 are NF membranes while GE Osmonics™ GH, GE Osmonics™ GK, TriSep UA60
and Millipore Ultracel PLBC04310 are UF membranes. Acetonitrile (HPLC grade) and
Rose Bengal (dye content 95%) were obtained from Sigma-Aldrich (UK). All solutions
were prepared with deionised (DI) water produced from an ELGA deioniser (PURELAB
Option).

Table 1 Supplier and MW of the commercial grade PEGs and purer grade PEG standard used

Chemical Supplier Manufacturer specified
average MW
(g mol1)

PEG 1000 (Commercial grade) Alfa Aesar (UK) 950-1050

PEG 1000 (Purer grade) Fluka (Switzerland) 950-1050

PEG 1500 (Commercial grade) Alfa Aesar (UK) 1450-1500

PEG 2000 (Commercial grade) Alfa Aesar (UK) 1800-2200

PEG 3000 (Commercial grade) EMD Millipore (UK) 3000

PEG 4000 (Commercial grade) Alfa Aesar (UK) 3600-4400

PEG 6000 (Commercial grade) Alfa Aesar (UK) 5400-6600




Table 2 Characteristics of the commercial membranes used to benchmark the new PEG MWCO technique

Nominal MWCO Manufacturer
omina range ;
Membranes Membrane materials Type ;.ecom.mended Applied pressure

. 1 iltration pressure (bar)

(g'mol-1)
(bar)

GE Osmonics™ GE 1000 B3435] Composite Polyamide NF 27.6 25
GE Osmonics™ GH 1000-2500 [30.34,36,37] Thin Film UF 10.3 10
GE Osmonics™ GK 2000-3500 [30, 34,36, 38] Thin Film UF 5.2 5
TriSep UA60 1000-3500 [39] Polypiperazine-amide UF 7.6 7
Millipore Ultracel PLAC04310 1000 [#0] PLAC cellulosic (regenerated cellulose) NF <438 4
Millipore Ultracel PLBC04310 1000-3000* [41.42] PLBC cellulosic (regenerated cellulose) UF <438 4




Commercial grade PEGs were selected as MWCO molecular probes since they are
available in a wide range of MWs from a number of different manufacturers, are low price
compared to other MWCO molecules (e.g. styrenes), are electrically neutral, are soluble
in water over a wide range of concentrations and have minimum chemical interactions
with membranes compared to more polar and charged molecules [.2]. These commercial
grade PEGs were dissolved in deionised water to obtain a PEG oligomer mixture solution

with a wide MW range. Two different PEG mixture solutions were prepared:

(1) The ‘feed solution’ was used in the filtrations and was: 600 mg L-1 for PEG 1000 and
2400 mg L1 for PEGs 1500 to 6000. Note that the concentration of the PEG 1000 was
three times lower than the other PEGs used in the mixtures since its peak response in the
DAD detector was 3 times higher when comparable concentrations and so was used at
this lower concentration to ensure peak heights and areas were similar across the entire
HPLC chromatogram.

(2) A stock solution that is used to produce the calibration curves, had double the
concentration of the feed solution as this is the maximum concentration the retentate can
reach if there is 100% rejection of any of the oligomers (since only 50% of the feed
volume is filtered in the method used). This stock solution was diluted to produce the
different concentrations needed in the external calibration need to determine the
concentrations of each oligomer in the resolved HPLC peaks - this is referred to as
‘diluted stock solution’. The lowest concentration the stock solution was diluted to for the
calibration curve was: 75 mg L-1 for PEG 1000 and 300 mg L-! for PEGs 1500 to 6000 as
below this concentration, the detector baseline appeared to drift and showed excessive
noise. The feed concentration used for the MWCO determination of commercial
membranes was 600 mg L1 for PEG 1000 and 2400 mg L1 for PEG 1500 to 6000. Feed
concentration was expected to be as low as possible to prevent or at the very least
minimise possible concentration polarisation which could affect the MWCO curves and
value determined and so the feed concentration applied in the study was comparable to

previous publications [2 431,
2.2 MWCO Analysis method

High performance liquid chromatography (HPLC) coupled with an evaporative light
scattering detector (ELSD) was used for the identification of individual PEG oligomers.

An ELSD was used since previous work in this research group and elsewhere has
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demonstrated that it is the most robust, reliable and sensitive detector for clear detection
of different MW PEG oligomers at close MWs if coupled with an appropriate gradient
elution [1.2.44], The HPLC apparatus (Agilent 1260 infinity series, Agilent Corporation, USA)
consisted of an autosampler (G1329B), a Colcom column oven (G1316A), a Quat pump
(G1311B), a degasser and an Agilent data interface. The detection was performed
utilising an Agilent ELSD (Agilent 1260 infinity G4260B, Agilent Corporation, USA) with
drift temperature set at 60°C. An Agilent Poroshell 120 EC-C18 column (4.6 mm length x
5.0 mm L.D., 2.7 um particle size) at 50°C was used to achieve the separation of peaks. A
flowrate of 1.0 mL min-1 was used with a gradient of mobile phase’s acetonitrile and water
as per Table 3. A sample volume of 50 puL was injected for all analysis. Identification and

quantification of PEG oligomer MW and concentration is detailed in Sections 3.2 and 3.3.

Table 3 HPLC gradient for the separation of PEG oligomer

Elution time/min Gradient A (acetonitrile)/vol. % Gradient B (water)/vol. %
0 15 85
2 25 75
20 25 75
92 50 50
95 20 80

Calibration curves were established by diluting a stock solution of PEG mixture (1200 mg
L1 for PEG 1000, and 4800 mg L1 for PEG 1500 to 6000), covering a wide range of
concentrations to give a comprehensive coverage of the expected feed, permeate and

retentate concentrations.

2.3 Membrane filtration method

Membrane filtration was performed in a stirred high pressure stainless steel dead-end
filtration cell (HP 4750, Sterlitech, USA) using a well-used procedure [*. 43I, Membrane
sheets were cut to size using a scalpel to give an active area of 14.6 cmZ2. During filtration,
the filtration cell was immersed in a water bath at a temperature of 25°C and the contents

were kept well mixed at 300 rpm using a magnetic stirrer to minimise concentration
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polarisation. The pressure driving force for filtration was provided by nitrogen gas (BOC,

UK). As per the well-used procedure, the filtration runs were as follows:[1 45]

All membranes were initially pre-conditioned with deionised water until a steady state
flux was achieved. This consisted of loading the membrane filtration cell with 200 ml of
DI water until achieving a stable flux. If the membrane did not achieve a stable flux after
200 ml of water, the membrane disc was discarded (and this was considered a defective
disc) and a fresh membrane disc was run. Once a stable flux was reached, the remaining
DI water was emptied from the cell and the fluid of interest was loaded: either 50 mL of
DI water or the PEG mixture solution and the filtration was run at the pressure required
(Table 2) until 25 mL of the permeate was collected. Note that the DI water
preconditioning and active filtration (e.g. with the PEG mixture) were separate filtration
runs, so the volume of DI water during preconditioning would not affect the feed solution

concentration and the results.

Permeate volume versus time was recorded to determine the membrane flux. The solute

rejection was calculated using Eq. (1):
R (%) = (1 - %) x 100% (1)

where R;j is the rejection of membrane, Cris the PEGs concentration in the feed and Cp is
the concentration of PEGs in the permeate. MWCO curves were obtained by plotting the
rejection of the individual oligomers in the PEG mixtures against their molecular weights,

determining the molecular weight at which a rejection of 90% was achieved.

Six different kinds of commercial NF and UF membranes were chosen to test the actual

MWCO range to verify the accuracy and reproducibility of this method (
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Table 2).

3 Results and Discussion

3.1 HPLC-ELSD characterisation of the single PEG and PEG mixtures

Each of commercial PEGs was run separately in the HPLC-ELSD method (Fig. 1). Fig. 1
shows that the HPLC method could separate the individual oligomers in each commercial
PEG mixture apart from PEG 6000. Higher MW PEG oligomers displayed longer retention
times, which is expected since higher MW PEGs with longer non-polar chains tend to be

more strongly adsorbed to the C18 column, thus prolonging the elution time. [1]

Overall, the method gave finely resolved PEG oligomer peaks from PEG 1000 to 3000 with
straight and stable baselines. The peaks of PEG 4000 were also well separated although
a level baseline could not be achieved. PEG 6000 oligomers could not be separation, but
eluted separate to the PEG 4000 oligomer peaks and so was treated as a single separate
peak with an average MW of 6000 g moll. This new method presents a significant
improvement on baseline stability and the wide range of MW oligomers resolved and

identifiable compared to previous methods [1. 21,
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Fig. 1 HPLC-ELSD characterisation of the single PEGs from 1000 to 6000 g mol-™.

When all of these separate commercial PEGs are mixed together and a sample run using
the HPLC method, the individual peaks could still be resolved with a clear and stable
baseline, as shown in Fig. 2. Varying the concentration of the PEG mixture (for calibration
curves — see Supplementary Material), it was found that the peak area increased with

increased mixture concentration without losing the baseline resolution. This therefore
21



shows that the developed HPLC-ELSD method can be used for analysis and quantification
of this new wider range of PEG oligomers in a mixture, enabling a new, wider MW range

MWCO method to be developed.
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Fig. 2 The oligomer peak separation and detection in the PEG mixture (400 mg L-! for PEG 1000 and 1600
mg L1 for PEG 1500-6000) by the developed HPLC-ELSD method.

3.2 Identification of individual PEG oligomers

In order for this HPLC method to be used in a MWCO method, the precise MW identities
of each of the peaks needs to be established. Therefore a purer PEG 1000 standard sample
was used to narrow down the MW identities of the peaks within the PEG mixture. In the
PEG 1000 standard chromatogram, four consecutive peaks with retention time of 5.73,
5.98, 6.25 and 6.57 min were associated with the first four highest peaks (Table S1 in the
Supplementary material). The supplier declared average molecular weight (Mn) range of
the purer PEG 1000 standard used was 950 to 1050 g mol-1, which therefore identified
these four peaks as corresponding to PEG oligomers with MWs of 942, 986, 1030 and
1074 g-mol-l. In the PEG mixture, the four closest corresponding peaks (with retention
times of 5.71, 5.96, 6.23 and 6.53 min) were assigned these MWs (Table S1 and S2 in the

Supplementary material).
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In order to further guide the MW identification of each peak, the highest response peaks
from each individual commercial grade PEG (PEG 1000-6000) were identified in the
HPLC chromatogram of the PEG mixture as shown in Fig. 3. These maximal peaks should
approximately correspond to the PEG oligomer with the MW closest to the average MW
of each of the different commercial grade PEGs used. Although this does not give a direct
identification of the oligomers MWs (since there are no pure PEG oligomers with MW of
1000, 1500, 2000, 3000, 4000 and 6000 g mol-! and a range is specified - Table 1), this

method however does help guide the assignment of the peaks to those close to that MW
(11,
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Fig. 3 The oligomer peaks of each single commercial grade PEGs (400 mg L-! for PEG 1000 and 1600 mg L-
1 for PEG 1500-6000).

Using the four identified peaks as a starting point, the remaining MWs were assigned by
adding the 44 g mol-! difference above and below to each oligomer peak (which is the MW
associated to the repeating structural unit of CH2-0O-CHz in the PEG). The average MW of
the commercial grade PEGs (as per Fig. 3) was then used as a confirmation that this
process yielded accurate peak MW assignment in the range expected. There was good
correspondence between the peak MW expected at these highest peaks within the

assignment process indicating that the peak MW assignment was accurate (as
21



summarised in Table 4). Fig. 4 summarises the identified and assigned MWs of each peak
in the PEG mixture. This therefore allows the MW values of any peak associated with any
membrane characterised by this method to be directly associated with the MW pattern
and elution times in Fig. 4. These peak identities were used to develop calibration curves
and using the identified peaks and the concentrations from these calibration curves,
filtrations of the feed PEG mixture allowed the rejection of each of the PEG oligomers as
a function of the corresponding MW to be determined, which were plotted against MW to

give MWCO curves of the membrane used. This process is covered in detail next.
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Table 4 Summary of the retention time and peaks with the identified molecular weight

Retention time of the highest peak (min) 5.96+0.02 11.53%0.10 35.29+0.25 48.25+0.077 56.08+0.071 65.881+0.35
Commercial PEGs Mn from suppliers (g mol-1) 950-1050 1450-1500 1800-2200 3000 3600-4400 5400-6600
Finalized PEG mixture oligomers’ MW (g mol'l) 986 1470 2174 3142 4110 6000
200
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Fig. 4 Identification of individual PEG oligomers mixture from 678 to 6000 g mol-1.
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3.3 Obtaining calibration curves

As discussed in Section 3.1, the stock PEG mixture was diluted and analysed to establish
a set of external calibrations for each PEG oligomer. One complication identified is shown
in Fig. 3, where some peaks from oligomers were present in the oligomer mixture of two
different commercial PEGs. These peaks are called “crossover” or “combined” peaks,
whose peak area is a combination of the concentration of that oligomer in both adjacent
commercial PEGs in the mixture. The “crossover” peaks have been mentioned in a
previous study in this research group [1I: the equations and methods to deal with them
have been directly adopted from this work (and the equations used in this study are listed
in Eq. (1) and (2) in the Supplementary Material). Using all of this information and
procedures, a calibration curve for each PEG oligomer was established - detailed

information is presented in Fig. S1 in the Supplementary Material.

Generally, a linear response between peak area and concentration is preferable for
routine quantitation of concentration [#4l. In this study, a linear relationship could be
obtained for all the PEG oligomers with correlation coefficients (R?) of 0.98 and above.
However, despite this, a single linear correlation was not sufficient to provide an accurate
estimation of PEG oligomer concentration to be used in the rejection calculations needed
to form a MWCO curve. This is because the response became slightly non-linear at lower
concentrations, especially for the higher MW PEG oligomers. As mentioned, MWCO
curves are a plot of rejection (Eq. (1)) vs MW. So, despite a high R?, extensive testing and
comparison of predicted MWCO to expected MWCO of commercial membranes (work not
presented) has shown that the difference between the correlations at the lower
concentrations (i.e. permeate concentration in Eq. (1)). Higher concentrations (i.e. feed
concentration in Eq. (1)) for these PEG oligomers can lead to over or under prediction of
the rejections and therefore the MWCO. Therefore, to ensure the rejection of each MW
PEG oligomer is calculated accurately, data must be extracted from an equivalent part of
the calibration curve which has an equivalent correlation. Therefore for any rejection
calculations, it is recommended that the feed and permeate concentration used come
from the same section of the calibration curve. To simply doing this, calibration curves
are divided into two ranges: the high concentration range and low concentration range
(Fig. 5). The range to use in the rejection calculation for a particular membrane is decided

by comparing the overall ELSD response of the permeate with that of the feed. If the
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membrane rejects much of the PEG mixture, resulting in a permeate ESLD response that
is approximately below 1/3 of the feed ELSD response (for ease, this can be qualitatively
assessed by comparing the resulting HPLC chromatograms of the ELSD response), it is
considered to be part of the low concentration range. In this case, the feed needs to be
diluted (and this diluted feed injected into the HPLC for analysis) so that the sample used
for the rejection calculation is closer to the permeate concentration to avoid rejection
calculation error. Otherwise, if the permeate response is within a similar concentration
range to the feed (i.e. in the high concentration range in Fig. 5), the response from both

can be used directly without need for feed dilution and rerunning and reanalysis by HPLC.

3000
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[} \
-
z Feed
E 1000 |

(High concentration)

o

1 L 1 1
50 100 150 200 250 300 350

Permeate

) Individual peak concentration, mg/L
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Fig. 5 Example of the two ranges of concentration that need to be considered to minimise rejection
calculation error: high concentration range and low concentration range. Feed samples must be diluted to
within the permeate concentration range if the ELSD response is approximately more than 2/3 higher
than the permeate response.

3.4 Determination of MWCO in commercial membranes

To benchmark the accuracy and appropriateness of the new PEG MWCO method,
commercial NF and low UF membranes with manufacturer assessed MWCOs within the
applicable range were characterised using the developed PEG method. An example of the
HPLC chromatograms of the feed, permeate and retentate samples that are obtained for
one of these membranes (a GE Osmonics™ GH) are given in Fig. 6. The resulting HPLC
chromatograms from all of the other commercial membranes are given in Figs S2-S7 in
the Supplementary Material. For all of the membranes analysed, the ELSD response of the
permeate was always lower than that of the feed and the ELSD response for the retentate

was always higher than that of the feed, suggesting the membrane separation was as
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expected. The permeate ELSD response for the GE Osmonics™ GE and GH, Millipore
Ultracel PLAC04310 and PLBC04310 were all lower than 1/3 of the feed ELSD response,
therefore for these the feed was diluted into the permeate range and analysed for the
rejection calculations for the MWCO curves. The permeate of GE Osmonics™ GK exhibited
an ELSD response of more than 1/3 of feed, and so the feed response was directly used

for the rejection calculation without dilution.
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Fig. 6 HPLC chromatograms of feed, permeate and retentate from GE Osmonics™ GH.

The permeance of the membranes with pure water and the PEG mixture (Table 5)

differed slightly, which is likely indicative of the difference in viscosity of the solutions.

Rejection of each of the PEG oligomers as a function of the corresponding MW were
plotted to give MWCO curves for each of the membranes as shown in Fig. 7. The MWCO
from these were compared to the information provided by the manufacturer and in

literature (Table 5). This shows that five of the six membranes tested (GE Osmonics™ GE,
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GK and GH; Millipore Ultracel PLAC04310 and PLBC04310) gave MWCOs that are in good
agreement with the manufacturer and literature values - all of which will have been
determined using a different MWCO analysis than this. This indicates that this MWCO

method is robust and accurate for most membranes.

100 |
80}
= i
S 60}
S s S
= 40l 6&7 o GE Osmonics GE
8 ? o GE Osmonics GH
o v © GE Osmonics GK
X 20r 8 & Millipore Ultracel PLAC04310
L v v Millipore Ultracel PLBC04310
O w
0 1000 2000 3000 4000 5000

Molecular weight (g mol™)

Fig. 7 MWCO curves of commercial membranes using the HPLC-ELSD method.

However, what about the one membrane in Table 5 that deviated? The TriSep UA60
membrane gave a zero ELSD response for all permeate samples, with the retentate giving
the strongest ELSD response of the six commercial membranes. This indicates a 100%
rejection of all MWs in the PEG mixture, with the TriSep UA60 therefore having a MWCO
lower than 678 g mol-! (the lowest MW PEG oligomer in the method). This is unexpected,
since the MWCO according to the manufacturer is expected to be 1000-3500 g mol-.
Therefore, Rose Bengal was also used to determine the membrane rejection. This showed
a 100% rejection (the permeate was colourless; Fig. S8 in the Supplementary Material).
This high rejection confirmed that the MWCO of TriSep UV60 is less than 974 g mol! (the
MW of Rose Bengal) - confirming that the result from the PEG MWCO method is not
unreasonable. Based on these two separate and different MWCO tests, it is assumed that
the MWCO of the TriSep UA60 stated by the manufacturer is incorrect for the membranes
supplied. It is recommended that the manufacturer retest their membrane MWCO,

perhaps using the method in this work.

Therefore, overall these results confirm that the newly developed one-filtration PEG

method is accurate and comparable to MWCO determined by other methods used by
21



membrane manufacturers and other researchers. Moreover, this new method gives the
widest MWCO range with the highest resolution for aqueous based membranes in a single
filtration so far, and so it is recommended that it could be adopted as the new standard

MWCO test for NF and low UF membranes for aqueous based separations.
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Table 5 Membrane separation properties (Permeance and MWCO) of different commercial membranes obtained using the methods outlined in this paper compared

with MWCO from the membrane manufacturers

PEG mixture

Water permeance as

MWwWCO

Nominal MWCO range
Membrane type W(itﬁf_zp l(:ﬁrg::_rll)c ¢ permeance supplied by manufacturer measured 1
(L m2 h1 bar1) (L m2h- bar?) (g'mol1) (g'mol")
GE Osmonics™ GE 1.88+0.088 1.08+0.061 1.12 1294+20 1000 [3435]

GE Osmonics™ GH 3.22x0.17 1.71+0.060 3.33 1866%373 1000-2500 [30,34,36,37]
GE Osmonics™ GK 9.28+0.99 5.64+0.53 5.66 39564716 2000-3500 [30. 34,36, 38]
TriSep UA60 9.35+0.73 5.07+0.38 7.94 <678 1000-3500 [39]

Millipore Ultracel
— [40]
PLAC04310 2.450.062 1.98+0.019 1030462 1000
Millipore Ultracel *
- - [41, 42]
PLBC04310 6.98+0.70 4.64+0.35 1404+31 1000-3000

* Manufacturer states a MWCO of 3000 but notes that the MWCO could be 2-3 times smaller than the molecular weight of the solute to be retained when using

regenerated cellulose.
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4 Conclusions

A reliable, cost effective, single filtration method for evaluating the MWCO of aqueous
based NF and low MWCO UF membranes has been developed. Intrinsic to this is a new
HPLC-ELSD technique that allows resolution of individual PEG oligomers from 678 to
4594 g mol'1. MWCO determination of five commercial membranes from GE Osmonics™
and Millipore showed good agreement with manufacturer and literature values,
confirming the accuracy of the method. The MWCO for a TriSep UA60 membrane was
lower than that stated by the manufacturer (< 678 g mol-1), however a rejection test with
Rose Bengal (MW of 974 g mol-1) indicates that it may be that the MWCO of the supplied
membranes is in fact incorrect. It is recommended that the manufacturer retests their

membrane MWCO, perhaps using the method in this work.

Consequently, this work is a significant extension to the MWCO method arsenal, with the
single filtration MWCO range significantly extended from 678 to 4594 g mol-l witha MW
difference of just 44 g mol! and an additional MW at 6000 g mol-l. This new method
therefore gives the widest MWCO range with the highest resolution for aqueous based

membranes in a single filtration so far.

AUTHOR INFORMATION

Corresponding Author
*E-mail: D.Patterson@bath.ac.uk; darrell.patterson@gmail.com.
Present Address

Centre for Advanced Separations Engineering, Department of Chemical Engineering,

University of Bath, Bath, BA2 7AY, United Kingdom
Notes

The authors declare no competing financial interest.

21



ACKNOWLEDGEMENTS

The authors acknowledge the financial support of the European Research Council (ERC)
Consolidator grant TUMEMEM (Project reference: 646769; funded under H2020-EU.1.1.
- EXCELLENT SCIENCE). The authors thank the University of Bath for the Overseas
University Research Scholarship that funded Lili Xu’s PhD. The authors also thank the
following at the University of Bath for technical support: Daniel Lou-Hing, Fernando

Acosta, Suzanne Barkley, Alexander Cuipa, Robert Brain and John Bishop.

Data supporting this paper are available from https://doi.org/10.15125/BATH-00303.

21


https://doi.org/10.15125/BATH-00303

References

[1] R. Rohani, M. Hyland, D. Patterson, A refined one-filtration method for aqueous based
nanofiltration and ultrafiltration membrane molecular weight cut-off determination
using polyethylene glycols, Journal of Membrane Science, 382 (2011) 278-290.

[2] X. Li, F. Monsuur, B. Denoulet, A. Dobrak, P. Vandezande, I.F. Vankelecom, Evaporative
light scattering detector: toward a general molecular weight cutoff characterization of
nanofiltration membranes, Analytical chemistry, 81 (2009) 1801-1809.

[3] C.M. Tam, A.Y. Tremblay, Membrane pore characterization—comparison between
single and multicomponent solute probe techniques, Journal of Membrane Science, 57
(1991) 271-287.

[4] Y.S. Toh, X. Loh, K. Li, A. Bismarck, A. Livingston, In search of a standard method for
the characterisation of organic solvent nanofiltration membranes, Journal of membrane
science, 291 (2007) 120-125.

[5]]. Ren, Z. Li, F.-S. Wong, A new method for the prediction of pore size distribution and
MWCO of ultrafiltration membranes, Journal of membrane science, 279 (2006) 558-569.

[6] M. Sairam, X.X. Loh, K. Li, A. Bismarck, ]J.H.G. Steinke, A.G. Livingston, Nanoporous
asymmetric polyaniline films for filtration of organic solvents, Journal of Membrane
Science, 330 (2009) 166-174.

[7] M. Sairam, X. Loh, Y. Bhole, I. Sereewatthanawut, K. Li, A. Bismarck, ]. Steinke, A.
Livingston, Spiral-wound polyaniline membrane modules for organic solvent
nanofiltration (OSN), Journal of Membrane Science, 349 (2010) 123-129.

[8] A. Morao, M.T. Pessoa de Amorim, A. Lopes, I. Escobar, J.A. Queiroz, Characterisation
of ultrafiltration and nanofiltration membranes from rejections of neutral reference
solutes using a model of asymmetric pores, Journal of Membrane Science, 319 (2008) 64-
75.

[9] N. Hilal, M. Al-Abri, H. Al-Hinai, M. Abu-Arabi, Characterization and retention of NF
membranes using PEG, HS and polyelectrolytes, Desalination, 221 (2008) 284-293.

[10] J. Kwiatkowski, M. Cheryan, Performance of nanofiltration membranes in ethanol,
Separation science and technology, 40 (2005) 2651-2662.

[11] P. Mulherkar, R. van Reis, Flex test: a fluorescent dextran test for UF membrane
characterization, Journal of Membrane Science, 236 (2004) 171-182.

[12] G. Schock, A. Miquel, R. Birkenberger, Characterization of ultrafiltration membranes:
cut-off determination by gel permeation chromatography, Journal of Membrane Science,
41 (1989) 55-67.

[13] G. Tkacik, S. Michaels, A rejection profile test for ultrafiltration membranes & devices,
Nature Biotechnology, 9 (1991) 941-946.

[14] P. Aimar, M. Meireles, V. Sanchez, A contribution to the translation of retention
curves into pore size distributions for sieving membranes, Journal of membrane science,
54 (1990) 321-338.

[15] C. Causserand, P. Aimar, C. Vilani, T. Zambelli, Study of the effects of defects in
ultrafiltration membranes on the water flux and the molecular weight cut-off,
Desalination, 149 (2002) 485-491.

21



[16] R. Nobrega, H. De Balmann, P. Aimar, V. Sanchez, Transfer of dextran through
ultrafiltration membranes: a study of rejection data analysed by gel permeation
chromatography, Journal of membrane science, 45 (1989) 17-36.

[17] Y.H. See-Toh, F.C. Ferreira, A.G. Livingston, The influence of membrane formation on
functional performance of organic solvent nanofiltration membranes, Desalination, 199
(2006) 242-244.

[18] L.S. White, Transport properties of a polyimide solvent resistant nanofiltration
membrane, Journal of Membrane Science, 205 (2002) 191-202.

[19] K. Yoon, B.S. Hsiao, B. Chu, High flux nanofiltration membranes based on interfacially
polymerized polyamide barrier layer on polyacrylonitrile nanofibrous scaffolds, Journal
of Membrane Science, 326 (2009) 484-492.

[20] T. Tsuruy, S.-i. Wada, S. Izumi, M. Asaeda, Silica-zirconia membranes for nanofiltration,
Journal of Membrane Science, 149 (1998) 127-135.

[21] X. Yang, A. Livingston, L.F. Dos Santos, Experimental observations of nanofiltration
with organic solvents, Journal of Membrane Science, 190 (2001) 45-55.

[22] C. Li, Y. Ma, H. Li, G. Peng, A convenient method for the determination of molecular
weight cut-off of ultrafiltration membranes, Chinese Journal of Chemical Engineering.

[23] S.-S. Chen, ].S. Taylor, L.A. Mulford, C.D. Norris, Influences of molecular weight,
molecular size, flux, and recovery for aromatic pesticide removal by nanofiltration
membranes, Desalination, 160 (2004) 103-111.

[24] Y. Kiso, T. Kon, T. Kitao, K. Nishimura, Rejection properties of alkyl phthalates with
nanofiltration membranes, Journal of Membrane Science, 182 (2001) 205-214.

[25] ].I. Calvo, R.I. Peinador, P. Pradanos, L. Palacio, A. Bottino, G. Capannelli, A. Hernandez,
Liquid-liquid displacement porometry to estimate the molecular weight cut-off of
ultrafiltration membranes, Desalination, 268 (2011) 174-181.

[26] B. Van der Bruggen, J. Schaep, D. Wilms, C. Vandecasteele, Influence of molecular size,
polarity and charge on the retention of organic molecules by nanofiltration, Journal of
Membrane Science, 156 (1999) 29-41.

[27] K. Boussu, B. Van der Bruggen, A. Volodin, C. Van Haesendonck, ]. Delcour, P. Van Der
Meeren, C. Vandecasteele, Characterization of commercial nanofiltration membranes and
comparison with self-made polyethersulfone membranes, Desalination, 191 (2006) 245-
253.

[28] M. Dalwani, N.E. Benes, G. Bargeman, D. Stamatialis, M. Wessling, A method for
characterizing membranes during nanofiltration at extreme pH, Journal of Membrane
Science, 363 (2010) 188-194.

[29] M.V. Tres, H.C. Ferraz, R.M. Dallago, M. Di Luccio, ].V. Oliveira, Characterization of
polymeric membranes used in vegetable oil/organic solvents separation, Journal of
Membrane Science, 362 (2010) 495-500.

[30] J. Vanneste, A. Sotto, C.M. Courtin, V. Van Craeyveld, K. Bernaerts, ]. Van Impe, J.
Vandeur, S. Taes, B. Van der Bruggen, Application of tailor-made membranes in a multi-
stage process for the purification of sweeteners from Stevia rebaudiana, Journal of Food
Engineering, 103 (2011) 285-293.

21



[31] M. Urgun-Demirtas, P.L. Benda, P.S. Gillenwater, M.C. Negri, H. Xiong, S.W. Snyder,
Achieving very low mercury levels in refinery wastewater by membrane filtration,
Journal of Hazardous Materials, 215-216 (2012) 98-107.

[32] Y. Zhang, C. Causserand, P. Aimar, ]J.P. Cravedi, Removal of bisphenol A by a
nanofiltration membrane in view of drinking water production, Water Research, 40
(2006) 3793-3799.

[33] M. Bulut, L.E. Gevers, ].S. Paul, L.LF. Vankelecom, P.A. Jacobs, Directed development of
high-performance membranes via high-throughput and combinatorial strategies, Journal
of combinatorial chemistry, 8 (2006) 168-173.

[34] W. Richard Bowen, T.A. Doneva, Atomic force microscopy characterization of
ultrafiltration membranes: correspondence between surface pore dimensions and
molecular weight cut-off, Surface and Interface Analysis, 29 (2000) 544-547.

[35] Sterlitech, GE Osmonics Flat Sheet Membrane, GE, Composite PA, UF, 47 mm, 5/Pk,
in, 2016.

[36] F. Ellouze, N.B. Amar, A. Deratani, Etude comparative de deux méthodes de
caractérisation de membranes d’ultrafiltration et de nanofiltration : la porométrie bi-
liquide et le transport de solutés neutres, Comptes Rendus Chimie, 18 (2015) 482-491.

[37] Sterlitech, GE Osmonics Flat Sheet Membrane, GH, TFC, UF, 47 mm, 5/Pk, in, 2016.
[38] Sterlitech, GE Osmonics Flat Sheet Membrane, GK, TFC, UF, 47 mm, 5/Pk, in, 2016.
[39] Sterlitech, TriSep Flat Sheet Membrane, UA60, PPA, UF, 47 mm, 5/Pk, in, 2016.

[40] Sigma-Aldrich, Ultrafiltration disk membranes, Millipore® PLAC cellulosic
(regenerated cellulose) disks, MWCO 1,000 Da, diam. 44.5 mm in, 2016.

[41] Sigma-Aldrich, Ultrafiltration disk membranes, Millipore® MWCO 3,000 Da, PLBC
cellulosic (regenerated cellulose) disks, diam. 44.5 mm in, 2016.

[42] F. Vargas-Romero, N. Guitierrez-Najera, G. Mendoza-Hernandez, D. Ortega-Bernal, R.
Hernandez-Pando, M. Castafién-Arreola, Secretome profile analysis of hypervirulent
Mycobacterium tuberculosis CPT31 reveals increased production of EsxB and proteins
involved in adaptation to intracellular lifestyle, Pathogens and Disease, 74 (2016).

[43] C. Causserand, S. Rouaix, A. Akbari, P. Aimar, Improvement of a method for the
characterization of ultrafiltration membranes by measurements of tracers retention,
Journal of Membrane Science, 238 (2004) 177-190.

[44] N.C. Megoulas, M.A. Koupparis, Twenty years of evaporative light scattering
detection, Critical reviews in analytical chemistry, 35 (2005) 301-316.

[45] C.J. Davey, A. Havill, D. Leak, D.A. Patterson, Nanofiltration and reverse osmosis
membranes for purification and concentration of a 2,3-butanediol producing gas
fermentation broth, Journal of Membrane Science, 518 (2016) 150-158.

21



List of Tables

Table 1 Supplier and MW of the commercial grade PEGs and purer grade PEG standard

Table 2 Characteristics of the commercial membranes used to benchmark the new PEG

MW CO LECHNIQUE....eierecereertresrisises et 6
Table 3 HPLC gradient for the separation of PEG 0lig0mer .........ccovmenenreneeneeseeseessesseessesnennes 8

Table 4 Summary of the retention time and peaks with the identified molecular weight

Table 5 Membrane separation properties (Permeance and MWCO) of different
commercial membranes obtained using the methods outlined in this paper compared

with MWCO from the membrane ManUfACtUTETS ..o vieerereeererresesesesessssesesessessssssssssssssssssssssssses 21

List of Figures

Fig. 1 HPLC-ELSD characterisation of the single PEGs from 1000 to 6000 g mol-............ 11

Fig. 2 The oligomer peak separation and detection in the PEG mixture (400 mg L-1 for PEG
1000 and 1600 mg L-1 for PEG 1500-6000) by the developed HPLC-ELSD method......... 12

Fig. 3 The oligomer peaks of each single commercial grade PEGs (400 mg L-1 for PEG 1000
and 1600 mg L1 for PEG 1500-6000). ...coirerereseneseeessesesesssessssssssssssssssssssssssssssssssssssssssssssens 13

Fig. 4 Identification of individual PEG oligomers mixture from 678 to 6000 g mol-......15

Fig. 5 Example of the two ranges of concentration that need to be considered to minimise
rejection calculation error: high concentration range and low concentration range. Feed
samples must be diluted to within the permeate concentration range if the ELSD response

is approximately more than 2/3 higher than the permeate response........ccccooveneseereerceneen. 17
Fig. 6 HPLC chromatograms of feed, permeate and retentate from GE Osmonics™ GH...18

Fig. 7 MWCO curves of commercial membranes using the HPLC-ELSD method. ............... 19

21



