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Abstract

Membrane deformation is a common phenomenon in pressurized membrane processes. It alters the transport and structural char-
acteristics of membranes and hence can lead to a lower than estimated process performance. Therefore, it is essential to accurately
characterize the membrane under representative operating conditions. This will allow for both an understanding of the underlying
mechanisms for the change of membrane performance, and an optimization of the design and operation of pressure- and osmotically
driven membrane processes. A novel membrane characterization method is proposed, validated and tested in this study. Using the
osmotic-resistance filtration model, the membrane’s water and solute permeability (A and B), as well as its structural parameter S,
can be accurately determined using the method. The method is named the integrated two-stage (ITS) ABS method, as the mem-
brane can be fully characterized at any given pressure using a single continuous test that is divided into two stages; each stage uses
a different feed or draw concentration. A, B and S are calculated from the experimentally determined water and solute fluxes by
performing a least-squares non-linear regression. The proposed method is robust, simple and offers more accurate predictions of
the membrane’s transport and structural properties than the currently most widely used reverse osmosis-forward osmosis (RO-FO)
characterization method.

Keywords: Membrane properties; Membrane deformation; Reverse osmosis; Osmotically assisted reverse osmosis; Pressure
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1. Introduction membranes. Furthermore, de Roever et al. [15] found that
compaction and spacer intrusions in the membrane are a com-
mon phenomenon in spiral-wound RO membrane modules after
year-long operation. In particular, they found that deeper spacer
intrusions are more likely to be found in membrane modules
operated at high temperatures and pressures.

Membrane processes that operate at high transmembrane
pressures and/or utilize membranes with a thin and porous sub-
strate, such as osmotically assisted reverse osmosis (OARO)
[1, 2, 3], pressure retarded osmosis (PRO) [4, 5, 6, 7], high-
pressure reverse osmosis (HPRO) [8, 9], and pressure assisted
osmosis (PAO) [10, 11, 12, 13], are plagued by membrane de-
formation. It has been recognized that severe membrane de-
formation could drastically deteriorate membrane performance
by altering the membrane intrinsic properties; namely its water
permeability A, solute permeability B, water/solute selectivity
B/A and its structural parameter S .

Recently, Davenport et al. [8] recorded a 35% reduction in
the water permeability of commercially available reverse osmo-
sis (RO) membranes, as the operating pressure was increased
from 70 bar to 150 bar. The main cause for this decline in
water permeability was identified as membrane compaction,
which led to a 95% reduction in the surface porosity of the
membrane’s support layer. Similar findings were reported by
Aghajani et al. [14], who found that the support layer porosity
decreased as it yielded at high operating pressures, and this in-
creased the overall permeation resistance of the utilized TFC

While membrane compression and the associated loss in per-
meability is common in a well supported membrane with a
thicker and less porous substrate and a less open spacer backing,
an increase in the water and solute permeability is also possible
for a membrane with a thinner and more porous substrate and
a more open spacer backing. The latter outcome was demon-
strated by Idarraga-Mora et al. [16], Madsen et al. [4], She et al.
[17] and She et al. [18]. A thinner membrane with an open
spacer backing is prone to membrane deformation by coupled
tensile stretching and hydraulic compression [17], which can
lead to 1) the displacement and elongation of polymer chains
in the membrane’s active and support layers, 2) an increase in
active membrane area and even 3) to the breakage of chain co-
valent bonds within the polymer crystallites. All of these ef-
fects can lead to changes in the membrane’s intrinsic properties
[19, 20].

As highlighted by the above studies, membrane deforma-
C X tion can considerably affect the performance of HPRO, OARO,

orresponding authors

Email addresses: nick.hankins@eng.ox.ac.uk (Nicholas P. Hankins), PRO and PAO processes. Hence, it is critically important to
ghshe@ntu.edu. sg (Qianhong She) accurately characterize the membrane properties under repre-

Preprint submitted to Journal of Membrane Science July 13, 2021



sentative operating conditions in order to improve upon the
current designs of these processes. Currently, there are in
the main three different membrane characterization techniques
available: 1) the conventional RO and RO-FO method [21, 22],
2) the characterization method developed by Tiraferri et al. [23]
specifically for forward osmosis, and 3) its adaptation for PRO
processes, which was investigated by Kim et al. [24].

The conventional RO method is widely used by membrane
manufacturers to report the parameters related to the mem-
brane’s active layer (A and B). While this method was ini-
tially developed to characterize membranes intended for purely
pressure-driven operation, it has since been widely adopted in
the literature to determine A and B for membranes intended for
osmotic operation [21]. In this case, however, another forward
osmosis (FO) experiment is required to determine the mem-
brane’s structural parameter. However, as stated by Tiraferri
et al. [23], this conventional RO-FO approach is inadequate to
accurately determine the intrinsic properties of FO membranes,
as the membranes are subjected to high pressures in the RO
tests which far exceed the transmembrane pressures in normal
FO operation. Many other studies also show that experimen-
tal and modelled water and solute fluxes do not correlate well
when using membrane parameters determined by the conven-
tional RO-FO method [25, 13, 26, 18]. In addition, the conven-
tional characterization approaches are laborious, and require
multiple experiments, different experimental setups and vary-
ing operating conditions that may significantly differ from the
actual operating conditions of the membrane process.

On the other hand, membrane properties are determined us-
ing a single FO experiment by Tiraferri et al. [23], in which
the water and solute fluxes are recorded at ambient pressure
and for four different draw solution concentrations. A, B and S
are then determined from those measurements by performing a
least-squares non-linear regression. Similarly, Kim et al. [24]
adopted this approach for PRO and determined A, B and S for
a PRO membrane at different operating pressures. This method
is less cumbersome and more accurate than the conventional
RO-FO approach, but still requires four different draw solute
concentrations to be tested.

In the present study, a novel membrane characterization tech-
nique is presented that further simplifies the experimental pro-
cedure presented earlier by Tiraferri et al. [23] to accurately
determine A, B and S either at any given operational pressure
or as a function of the transmembrane pressure. This method
is especially beneficial for the characterization of those mem-
branes, or even entire membrane modules, that may undergo
severe deformation and hence experience changes of A, B and
S with the transmembrane pressure.

In brief, the characterization approach presented here re-
quires only two concentration stages instead of four to accu-
rately characterize membranes utilized in pressurized mem-
brane systems. As either the feed or draw are pressurized,
deionised water can be used to directly calculate A at the given
operational pressure. B and S are then subsequently determined
by increasing the feed concentration, with the operational pres-
sure unchanged, and using the recorded water and solute fluxes
to solve the rearranged membrane transport equations.

2. Description of the proposed membrane characterization
method

2.1. Membrane transport equations

Figure 1 shows the concentration profiles with internal con-
centration polarisation (ICP) and external concentration polari-
sation (ECP) in asymmetric membranes. The typical membrane
orientations for each membrane process are shown. These
are widely used to prevent the intrusion of the spacer back-
ing into the membrane’s active layer under high applied pres-
sures, which can lead to membrane damage [12, 7]. There-
fore, the active layer preferentially faces the pressurized solu-
tion, i.e. active layer facing feed side (AL-FS) for RO, HPRO,
PAO and OARO, and active layer facing draw side (AL-DS) for
PRO. It should be noted that the opposite membrane orienta-
tion, where the support layer faces the pressurized solution, is
also applicable under certain operating conditions. Particularly
for PRO, the AL-FS membrane orientation has been widely
investigated for fouling control under high fouling conditions
[27, 28, 29, 30].

In this study, the osmotic resistance filtration (ORF) model
(equation (1) to equation (3)) is used to universally describe all
of the aforementioned osmosis-related processes, regardless of
the chosen membrane orientation. Based on the universal ORF
model, the membrane intrinsic transport and structural param-
eters can be characterized using the integrated two-stage (ITS)
ABS method developed in this study.

According to She et al. [31], the ORF model subdivides
the driving forces across the membrane into different compo-
nents, i.e., apparent driving force F ), driving force loss due to
concentrative concentration polarisation (CCP) F¢cp, and driv-
ing force loss due to dilutive concentration polarisation (DCP)
Fpcp. The effective driving force is then taken as the difference
between the apparent driving force and the sum of the driving
force losses:

Jw = A(Fapp — Fcer — Fpep) (D

For the indicated directions of the water flux Jy, solute flux
Js and the transmembrane hydraulic pressure AP and osmotic
pressure Anr of the HPRO and OARO processes in figure 1,
equation (1) can be mathematically expressed as:

Iy = A((AP—AR)

~fecp (mr — #BRGT) @)
—Jocp (7D — j—j,ﬁRGT> )

Equation (2) indicates that the concentration polarisation
terms are not only affected by the convective conditions in the
feed and draw solutions but also by the solute diffusion across
the membrane (i.e., in terms of Jg /Jw) [32]. In PAO and PRO,
the reverse solute diffusion (from the draw to the feed solu-
tion) exacerbates both CCP and DCP, and thus leads to the de-
crease of the water flux. On the other hand, forward solute dif-
fusion (from the feed to the draw) solution reduces both CCP
and DCP and hence compensates driving force losses in HPRO
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Figure 1: Concentration profile for typical membrane orientations for HPRO, OARO, PAO and PRO membrane processes. In HPRO and OARO the effective osmotic
pressure Arg sy is positive (indicated in blue), as the permeate (draw) is less concentrated than the feed. On the other hand, Ang s is negative (indicated in red) for
PAO and PRO, as the draw is more concentrated than the feed. Note that in OARO, the osmotic back pressure has been reduced by the draw solution compared to

HPRO, while in PRO the hydraulic pressure has been reversed compared to PAO.

and OARO operation. However, an increase in forward solute
diffusion reduces the useful work done by the system, resulting
in a reduced 2nd law efficiency [2], and is indicative of a lower
membrane selectivity. Specifically, Js/Jw in equation (2) can
be described by the following equation [31]:

B [AAP
Is _ = 3)
Jw  ABRGT \ Jy

Equation (2) and equation (3) have both been derived on the
assumption that the bulk osmotic pressure of the feed (77) and
draw (mp) solution can be related to their concentrations (Cg
and Cp) using:

= BRTC @)

where 8, Rg T and C are the van’t Hoff factor, the universal gas
constant, the fluid temperature and the solution concentration,

respectively. The CCP factor focp and the DCP factor fpcp can
be expressed by the following equations:

J
fCCP=€XP<kW>1 (5)
ccp
and
—Jw
focp =1—exp (k ) (6)
DCP

where 1/kccp and 1/kpcp represent the induced mass transfer
resistances due to concentrative and dilutive concentration po-
larisation, respectively. For the AL-FS membrane orientation,
1/kccp and 1/kpcp are given by:

l/kcep = 1/kp @)

and
1/kpcp = (1/kp + 1/kp) ®)



where kr and kp are the mass transfer coefficients in the fluid
boundary layers that form on the membrane’s feed and draw
side, respectively [33]. For membranes with a thick and less
porous support layer, the solute resistance to diffusion in the
support layer 1/kj, is dominant, and is given by [34]:

1 s
— =z 9
kD ©

where D is the diffusivity of the solute.

2.2. Membrane characterization at a discrete operating pres-
sure
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Figure 2: The integrated two-stage ABS method to determine the membrane
properties at a discrete operating pressure.

The experimental and numerical procedure to determine the
membrane properties at a given operating pressure using the
integrated two-stage ABS method are shown in figure 2.

2.2.1. Stage 1: Determining A

The steady-state water flux is recorded for the specified op-
erating pressure with both the feed and draw solution being
deionised. Under these conditions, A can be exactly calculated,
as equation (2) reduces to:

J
"

=1p (10)

with A being the only unknown in equation (10). Its ap-
proximation can be improved by increasing the total number
of steady-state measurements n of Jyy at relatively constant AP.

Hence, an increase in n lowers the influence of experimental
outliers caused by minor inaccuracies (e.g. pressure fluctua-
tions due to pump and valve vibrations) on the approximation
of A. A can either be approximated by using the median calcu-
lation approach:

AMED — median (Jw,;/AP;)"_, an

or by minimising the error of the over-determined system using
least-squares regression (LSR):

n JW‘ 2
Erry = S ALSR 12
A ; ( AP (12)
Jw; and AP; are the measured water flux and transmembrane
hydraulic pressure for each steady-state measurement i.

2.2.2. Stage 2: Determining B and S

In the second stage of the experiment, either the feed (or
draw) solute concentration is raised by adding a known amount
of NaCl. In this study, a 1.2 M feed solution is utilized for the
reasons stated in section 2.4.2. Once Jy and Jg stabilize, these
can be recorded to determine B and S.

For the indicated directions of Jy, Js and AP for HPRO and
OARO in figure 1, B can be calculated by rearranging equa-
tion (3) to give [31]:

—Js

B = ABRGT ———>
ARG 5 = AAP)

13)
The main benefit of using the ORF model is that B and S are
decoupled from each other. In equation (13), B is decoupled
from §, as the terms representing concentration polarisation are
not present in equation (13). Thus, B is the only unknown in
equation (13) and can be directly determined. Similarly as to
the approximation of A, more steady-state measurements of Jy,
and Jg at AP lead to a better approximation of B, which can
either be calculated using:

J; S,i ) (1 4)

(Jwi — AMEDAP;) ).

BMED — median <AMED,BRGT

or by minimising the error:

n

Errg =Y (ALSRﬁRGT

i=1

—Js; 2
sl LSR
(Jwi — ALSRAP;) i > (1

With A known, S can be determined independently of B us-
ing either the median or LSR calculation approach. The only
unknowns remaining in equation (2) are fpcp (Which contains
kp and §) and fecp (which contains kz). Both kr and kp
can be estimated using the Sherwood number S/ knowing the
given channel geometries and crossflow velocities [35]. No
spacer is used in the feed channel and assuming turbulent flow
(Reynold’s number Re > 2000), kr is calculated using:

kp = ShpD/dy (16)

where dp is the hydraulic diameter of the feed channel and S /1y
is [36]:
Shp = 0.04Re" 7S 033 (17)



where S ¢ is the Schmidt number. Similarly, kp can be calcu-
lated using the hydraulic diameter of the draw channel and the
Sherwood number. In this case, the draw channel contains spac-
ers and hence, S hp is given by [37]:

Shp = 0.0096 Re®3 S O° (18)

With k7 and kp calculated, S is the only remaining unknown in
equation (2). Using the median approach, S is given by:

SMED — median (D (1/kpcpi — 1/kp))i_, (19)
where 1/kpcp; is:

V/kpepi = —log(1 — focei)/Jwi (20)

and fpcp is determined by rearranging equation (2).
On the other hand, S can also be determined by minimising
the error Errg using LSR:

n

Errs = Y (wi — J5F)? Q1)
i=1

where Jy; is the measured water flux for each steady-state
measurement i and J5> ¥ is calculated using equation (2) with
S being the only unknown. All other variables in equation (2)
are either continuously measured, such as np, 7p, Js and AP,
or have already been determined (e.g., A, kr and kp).

2.3. Membrane characterization over a wide pressure range

As laid out in section 2.2, A, B and S can be determined
using either the median or the LSR calculation approach for
each pressure stage being investigated. Moreover, the inte-
grated two-stage (ITS) ABS method is also easily scaleable to a
range of operating pressures to determine how the membrane’s
intrinsic properties change with AP. Figure 3 shows how the
membrane can be characterized over a wide range of operat-
ing pressures using either 1) two experiments and two uncom-
pressed membrane coupons (figure 3a), or using 2) a single ex-
periment with a single membrane coupon (figure 3b).

The first experimental method (figure 3a) is employed to de-
termine the membrane’s A, B and S values over the desired
pressure range in section 4.1. This method is simpler and faster
if many pressure stages are investigated, as no feed and draw
solutions need to be changed during each of the individual pres-
sure stages. However, this approach can be problematic in that
minor defects or differences between the membrane coupons
can affect the determined A, B and S values.

As shown in figure 3a, A is firstly determined for each in-
vestigated pressure stage using deionised feed and draw solu-
tions. After A has been determined for each pressure stage, the
compressed membrane coupon is replaced with a new, uncom-
pressed one and the experiment is repeated. However, a saline
feed (or draw) solution is now used so that B and S can be cal-
culated.

Alternatively, figure 3b shows how the membrane can be
characterized over a wide pressure range using only one mem-
brane coupon and in a single experiment. The results in sec-
tion 4.3 were obtained using this experimental approach. It was

chosen for the increased-decreased compression cyclic tests as
only a few pressure stages were investigated.

For the first pressure stage, A is firstly determined using
deionised feed and draw solutions. Thereafter, a saline solu-
tion is added to the feed or draw stream to determine B and S
at constant AP. Once enough steady-state measurements have
been taken to accurately determine A, B and S for the first pres-
sure stage, AP can be adjusted. At the new pressure stage, the
water and solute flux can then be measured without altering the
draw and feed solutions to determine B and S. The saline solu-
tion can then be drained, the channel flushed and the solutions
replaced by deionised water so that A can be calculated for the
same AP. The membrane coupons were not removed from the
test cell for rinsing, as channel flushing was sufficient to min-
imise the salinity within the system. This can be done with-
out changing the membrane’s characteristics as AP remains un-
changed. This process can then be repeated for any number of
desired pressure stages and hence offers a quick, accurate and
robust approach to determine A, B and S for each AP.

In either case, having Jy and Jg measurements for a range
of AP allows the investigator to not only determine discrete A,B
and S values, but to also determine a functional relationship
between the membrane properties and AP. For example, each
membrane property can be represented by an m-th order poly-
nomial of AP, where the unknown coefficients can be deter-
mined using the LSR approach:

A" = aAP!" + agAP;”_] + o+ AP + apyy
W N2 (22)
ErrA = Zi:l (W—A )
B" = DIAPT + bAP! T + L+ byAP; + by o3
2

—Jsi

Erry = Y (A"BRGT =ttzmy — B")

N = S1AP;-n + SQAP;n_l + oo + SuAP; 4 Spr1 24)
2

Errs = Z?:l (JWi—Jrvr‘i’i)

2.4. Practical guidance for the proposed characterization
method

2.4.1. A, Band S of membrane-spacer combinations

In existing membrane characterization approaches, the trans-
port and structural properties of the membrane system are as-
sumed to be solely dependent on the membrane’s active layer
and support layer properties. However, deformation of the
whole module during operation is expected to affect the mem-
brane’s intrinsic properties and specifically the parameters A, B
and S. For example, if a more open spacer backing is chosen
for the same membrane, then membrane deformation will be
more severe and the changes of A, B and S will be more pro-
nounced with an increase in the operational pressure AP [18].
One of the main advantages of the integrated two-stage ABS
method is its suitability to determine the transport and structural
properties of the entire membrane module, which not only in-
cludes the membrane but also its entire support structure. This
is beneficial for the design of osmotically- and pressure-driven
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(a) In the first experiment A is determined for each pressure stage using an
uncompressed membrane coupon and deionized feed and draw solutions.
Secondly, the experiment is restarted using a new, uncompressed membrane
coupon to determine B and S for each pressure stage by employing a saline
feed (or draw) solution.
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(b) A single experiment, using a single membrane coupon, is required to de-
termine the membrane’s intrinsic properties over several pressure stages. The
blue shaded time intervals indicate the periods in which deionised water is
used to determine A. In the red intervals, the deionised feed or draw solu-
tion is replaced by a saline solution at constant AP so that B and S can be
determined.

Figure 3: Two experimental approaches to determine the membrane properties over a wide pressure range using the integrated two-stage ABS method.

membrane modules. Ideal membrane-spacer combinations can
then be determined to improve the process performance by min-
imising membrane deformation, pumping costs etc. Using the
ITS ABS method, it is possible to easily test various membrane-
spacer combinations in a membrane cell and determine how A,
Band S change with AP. In addition, an entire membrane mod-
ule can also be tested using the proposed method to determine
the overall transport and structural properties of the module.
This possibility is discussed in greater detail in section 4.4.

2.4.2. Accuracy and robustness of the median and LSR ap-
proach

In cases of dilutive internal concentration polarisation
(DICP), an important consideration has to be made when deter-
mining S. As shown by equation (6), the exponential term rep-
resenting DICP rapidly approaches zero for thicker membranes
at higher water fluxes. Consequently, as fpcp approaches 1 (fig-
ure 4) at relatively high experimental water fluxes, it becomes
impossible to extract and accurately determine S from the ex-
perimental findings, as the influence of S on Jy and Jg dimin-
ishes with higher Jy. The pressurized solution therefore needs
to be more concentrated to increase the feed osmotic pressure
and reduce the experimental water flux. In this study, the feed
solution is pressurized up to 60 bar and a 1.2M NaCl solution is
utilized to limit the maximum water flux to below 15 L/(m*h)
(LMH).

2.4.3. Numerical error incurred by assuming the osmotic coef-
ficient is constant
In the ORF model, it is assumed that the solution is ideal
and that the van’t Hoff factor in equation (4) remains constant.
This assumption may, however, lead to the overestimation of
the osmotic pressure of the solution at high concentrations. The
van’t Hoff factor g is given by:

B=i¢ (25)
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Figure 4: Internal concentration polarisation factor of the draw solution with
respect to the water flux for three different structural parameters.

where i is the number of dissociating ions (e.g. 2 for NaCl)
and ¢ is the osmotic (or activity) coefficient, which is actually
dependent on the solution concentration, as shown in figure 5
[38]. As mentioned in section 2.4.2, to determine B and S in
this study, a 1.2M NaCl feed solution is utilized, which means
that ¢ of the actual feed solution is 3.14% higher than that for
an ideal, dilute feed solution. This small error may affect the B
and S values determined using the median and LSR calculation
approach.

Utilising even higher concentration feed or draw solutions
to determine B and S will lead to an increase in this error, as
shown in figure 5. However, higher concentration feed solu-
tions are only required in order to limit the water flux for highly
permeable membranes operated at high AP and even then, other
errors incurred during the experimental process (e.g., inaccurate
measurements of the crossflow velocity, the operating pressure
and the feed and draw concentrations using conductivity) may
outweigh the error incurred by assuming ¢ as constant.
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Figure 5: The change of the osmotic coefficient with the solution concentration.
The red shaded boxes indicate the numerical error incurred when assuming that
¢ remains constant with the NaCl concentration relative to infinite dilution.

3. Experimental methodology

3.1. Membranes and spacer backing

Two commercially available membranes were used to de-
velop and validate the ITS ABS method; both of them are
suitable membranes for pressure- and osmotically driven mem-
brane processes. The first investigated membrane is an
aquaporin (AQP) based TFC membrane from Aquaporin A/S
(Copenhagen, Denmark). This AQP TFC membrane has a thin
substrate and was originally designed for use in forward osmo-
sis processes. To investigate whether our proposed method is
also applicable for the characterization of thicker membranes,
a FilmTec flat-sheet brackish water RO membrane (BW30LE)
was directly purchased from DuPont and tested. The mem-
branes were stored at 4C and extensively rinsed and soaked in
Milli-Q water for over 24 hours before use. All tested mem-
brane coupons had an active membrane area of approximately
42 cm?.

A 3D printed spacer (figure 6) coupled with a tricot-type RO
permeate carrier, the latter obtained from a commercial RO spi-
ral wound module [18], were placed in the permeate (draw)
channel of the membrane test cell. This spacer combination
in the permeate (draw) channel could fully support the mem-
branes at operating pressures of up to 60 bar when operated in
RO mode. The 3D printed spacer was produced from polylac-
tic acid (PLA). PLA prints have a good dimensional accuracy,
which allows for an intricate spacer design to enhance mix-
ing and mass transfer in the draw channel while ensuring that
the membrane is well supported. PLA is widely used for 3D
printing because of its relatively low melting temperature and
good mechanical strength and stiffness. To reduce the spacer
openings, the RO permeate carrier was placed on top of the 3D
printed spacer to further improve the membrane’s support struc-
ture. No feed spacer was used in the membrane experiments to
prevent its interference with the membrane’s active layer.

3.2. Experimental procedure and chemicals

All solutions were prepared using ultrapure water and with
ACS reagent grade sodium chloride, which was purchased from

Figure 6: 3D printed spacer designed to support the RO permeate carrier and the
membrane when used in the permeate channel within the membrane test-cell.
The underlying pattern is revealed in the figure to exhibit the three-dimensional
spacer shape designed to improve the flow turbulence while offering a rigid
support for the membrane.

Sigma Aldrich. The membranes and spacer combination were
tested in a membrane test cell (Sterlitech) that can withstand
operating pressures of up to 69 bar. However, the digital pres-
sure gauges were only calibrated for operating pressures of up
to 60 bar, which was therefore set as maximum for all tests per-
formed.

The test-rig is described in detail in Appendix A. No dosing
pumps were utilized during the experiments to control the con-
centrations of the feed and draw solutions. Thus, the feed so-
lution was concentrated and the draw solution diluted with the
progress of each test. The changes in feed and draw concentra-
tion were constantly recorded and considered in the calculation
of Jg and the membrane’s intrinsic properties. The tempera-
ture of the pressurized feed solution was kept constant at 25
(plus/minus 0.5) C using a cooling coil.

For each investigated pressure stage, steady-state operation
was reached after approximately 20-30 minutes. Once steady-
state operation was achieved, Jg, Jy, AP and the feed and draw
conductivities were recorded every 10 seconds for 10 minutes to
ensure that enough measurements were available to determine
the membrane’s properties accurately.

3.3. The RO-FO characterization method

As a benchmark, the A, B and S values of the AQP and
BW30LE membranes were also determined using the RO-FO
method. In this study, the modified RO test is utilized to de-
termine A and B, which was previously used by Kim and Elim-
elech [26] and She et al. [18]. In the modified RO test, a modifi-
cation is made to the standard RO test so that a counter-current
flow cell can be utilized by simply recirculating the permeate on
the draw/permeate side while determining A and B. The chosen
operating conditions for the modified RO-FO characterization
method are given in table 1. As suggested by Cath et al. [21],
no spacer is utilized in the feed channel.

Generally, A is determined at four different applied pressures
(5, 10, 15 and 20 bar) and assumed constant with respect to AP
using the RO-FO method [39]. The measured pure water fluxes
are then plotted against AP, and hence A can be obtained from
the slope of the fitted straight line (equation (10)). Similarly,
the values of B and S are also assumed constant with respect



Table 1: Operating conditions for characterization of the AQP and BW30LE
membranes using the RO-FO method.

Testing mode: RO for determination of A

Membrane orientation AL-FS
AP 5,10,15,20 bar
Cr oM

Cp oM
Cross-flow velocity 0.1 m/s

Testing mode: RO for determination of B [40]

Membrane orientation AL-FS
AP 10 bar
Cr 2 g/l NaCl
Cp oM
Cross-flow velocity 0.1 m/s

Testing mode: FO for determination of S [21]

Membrane orientation AL-FS
AP 0 bar
Cr oM
Cp 1M
Cross-flow velocity 0.1 m/s

to the applied pressure and are determined at 10 bar and O bar,
respectively.

4. Results and discussion

4.1. Membrane characterization over a wide pressure range

In this section, the integrated two-stage ABS method, as well
as the modified RO-FO method are used to characterize the
AQP and BW30LE membranes. The membranes were char-
acterized using uncompressed membrane coupons to show the
effect of membrane compression itself on its intrinsic proper-
ties.

Regarding the modified RO-FO characterization test, an un-
compressed membrane coupon was used for each of the three
tests required to determine A, B and S. The tests were per-
formed under the conditions specified in section 3.3. On the
other hand, two uncompressed membrane coupons were uti-
lized to characterize the membrane using the ITS ABS method
(figure 3a). The first uncompressed membrane coupon was used
to determine A over a 5-60 bar pressure range, using deionised
feed and draw solutions. Afterwards, B and S were determined
for the same pressure range using the second uncompressed
membrane coupon using a 1.2 M NaCl feed solution.

Figure 7 shows the obtained A, B and S values for the AQP
(left column) and BW30LE (right column) membranes. Each
membrane parameter is calculated using either 1) the modified
RO-FO method, 2) the median (MED) or 3) the LSR calcula-
tion approach to determine the membrane’s intrinsic properties
at each distinct operating pressure, or using 4) the global LSR
(GLSR) calculation approach to represent A, B and S as second
order polynomials of AP.

As shown in figure 7, the median calculation approach offers
reasonably accurate predictions of A and B, but this approach is
inadequate to determine S. The median approach is susceptible

to minor experimental inaccuracies, as S is analytically deter-
mined for each set of measurements i before determining the
median. Therefore, small experimental inaccuracies cause se-
vere numerical instabilities due to the highly nonlinear nature of
equation (19). On the other hand, the LSR approach is more ro-
bust, as an approximate solution of S is directly determined by
solving the over-determined system of all nonlinear equations
i simultaneously. Furthermore, the GLSR calculation approach
offers a smooth and reasonably good fit to the LSR results for
the A, B and S values of both membranes.

The water and solute permeabilities determined using either
characterization method coincide well at lower operating pres-
sures for both the AQP and BW30LE membranes. This is to
be expected, as both characterization techniques are performed
at similar operating pressures so that the effect of membrane
compaction and/or stretching on the membrane’s intrinsic prop-
erties is comparable in both techniques. This is, however, not
the case at higher operating pressures. The A and B values ob-
tained using the ITS ABS method indicate that the water and
solute permeability of both membranes decrease with an in-
crease in the operating pressure. This suggests that membrane
compaction and densification under the stress induced by the
applied pressure dominate membrane deformation. However,
localized membrane stretching is still observed, but to a lesser
extent than observed in She et al. [18]. More open spacers were
used to back the membrane in She et al. [18] and A and B were
found to increase instead of decrease due to membrane stretch-
ing. Although permanent spacer intrusions were visible on the
membrane coupon after the completion of the characterization
tests and especially for the thinner AQP membrane, membrane
compaction seems to dominate, as A and B decrease with the
applied hydraulic pressure [8, 14, 41, 42]. The dominance of
membrane compaction over stretching could be explained by
the use of a rigid and dense spacer backing.

As shown in figure 7, the selectivity of both membranes in-
creases with the applied hydraulic pressure (B/A reduces with
AP). Similar findings were made by Pendergast et al. [43] and
by Ng et al. [44]. In the former studies, it was argued that com-
paction of the support layer will lead to the equal reduction of
both the solute and water flux, as the flow resistance increases
with both the reduction in substrate surface porosity and with
pore tightening. While the densification of the support layer
may lead to the reduction of both A and B, it does not explain
why B decreases more drastically than A with the applied hy-
draulic pressure. Hence, Pendergast et al. [43] conclude that the
increase in salt rejection may be a consequence of compaction
affecting the thin membrane’s active layer.

To explain the phenomenon of increased selectivity (B/A)
with membrane compaction, the reader is referred back to the
work of Yip and Elimelech [45]. Their findings indicate that
TFC polyamide membranes exhibit a permeability-selectivity
trade-off (B oc A®). This relationship holds for a variety of
TFC polyamide membranes and is argued to be linked to a
fundamental physical principle that governs transport across
the membrane’s active layer [45, 46]. Therefore, it could be
reasoned that the improved membrane’s selectivity at elevated
AP is indeed associated with the compaction of the thin selec-



T T T T T
241 .
E - _A“% —*%—é— A S
s “A-
S 221 40 ?%%i ]
< --- RO-FO —e— MED % ‘@qu
—=—-LSR -4- GLSR

2O 10 20 30 40 50 60

L

B [LMH]
\]

1 |
0 10 20 30 40 50 60
A P [bar]
T T T T T
141 y
N T -
<\ a g \\A\W\A
o) ~
A 08l o]
® g 44
0.6} 3 h
Il Il Il Il Il
0 10 20 30 40 50 60
A P [bar]
1,200 ‘
Looop B
_— A,A__E_A__ié\ 1
&g B . _
S o60f , g8 °%° % T oE
1%5) a7
400 |- i
200 |- .
0 | | | | |

0 10 20 30 40 50 60
A P [bar]

] T T T T
_ 71 %é‘@\g\”'ka
E S\Q\Q
% \\A
[0
3 6 |
< R
5
0 10 20 30 40 50 60
A P [bar]
T T T T T
T Al
= 4 B |
= B,
m G
é\ﬁ\@
&\
20 Eeemog
| | | | |

A P [bar]
1
o8
g
= 06 & |
< TA
aa) \é -
04 ~ 8- .
ﬂ‘w—i&—m»®~T
0.2
0 10 20 30 40 50 60
A P [bar]
0 e N e e
8 =& =
A
E 6§ ! |
£ ey
v 4 E\B\ |
20 @ \Q‘\,@\% :
S 8- _
0 | | | | | m‘»éﬁ

0 10 20 30 40 50 60
A P [bar]

Figure 7: The determined A, B and S values for the AQP (left column) and BW30LE (right column) membranes over a wide pressure range.

tive polyamide layer and related to the permeability-selectivity
trade-off presented by Yip and Elimelech [45]; in essence, se-
lectivity increases as A decreases.

While the water and solute permeance follow similar trends
for both membranes, the change of S with AP seems to differ

more widely between the two. According to the LSR and GLSR
results, the structural parameter of the AQP membrane first in-
creases slightly with AP and then slowly declines once AP ex-
ceeds 40 bar. The overall change in S of the AQP membrane is
approximately 300 um, which is a significant change when con-



sidering that the overall structural parameter varies between 500
pm and 800-900 um. Compaction of the support layer at higher
applied pressures can lead to significant structural changes of
the membrane structure, and may affect the void volume, not-
ing that the FO membrane substrate is even more porous than
the RO membrane substrate. However, a standard deviation of
more than 200 um has been recorded in other studies for com-
mercial or hand-cast, thin FO membranes and may hence be
caused by minor measurement inaccuracies or membrane de-
fects/variabilities [47, 21, 48].

Similarly, the change in S for the BW30LE membrane is
significant. With an increase in AP, S reduces from 8§ mm
(5 bar) to less than 2 mm (60 bar). This suggests that mem-
brane compaction reduces the thickness (and perhaps the tortu-
osity) of the BW30LE support layer while the membrane pores
may also be enlarged due to localized tensile stretching [17].
Similar findings were reported by She et al. [17] and She et al.
[18], who found that the structural parameter of both cellulose
triacetate (CTA) and TFC membranes can reduce with the ap-
plied pressure, especially with severe membrane deformation at
high applied pressures and when more open spacer backings are
employed. Contrary findings were reported by Madsen et al.
[4], who reported that the S-value of a CTA FO membrane
increases with the applied hydraulic pressure. Differences in
the spacer support, membrane materials and hence the different
mechanical properties of the overall membrane-spacer combi-
nation may explain the differences in the observed S trends for
the BW30LE, AQP and CTA membranes.

In table 2, the determined A, B and S values are compared
to those presented in other studies. Firstly, it should be men-
tioned that Madsen et al. [4] reported that their investigated
AQP membrane samples were too fragile for characterization.
The AQP membrane burst pressure was reported as 10 bar,
whereas the AQP membrane samples investigated in this study,
which were also supplied by Aquaporin A/S (Lyngby, Den-
mark), could withstand operating pressures of up to 60 bar. Fur-
thermore, in this study, the AQP membrane showed no signs of
failure at 60 bar. Instead, the membrane properties improved
with compaction at higher AP, as the membrane’s selectivity
increased while its structural parameter firstly increased and
then decreased with AP. This discrepancy could be due to a
multitude of factors, including the use of different; 1) spacer
backings, 2) membrane test cells, 3) operating conditions, 4)
characterization techniques, and 5) the use of membrane sam-
ples from different production batches.

As seen in table 2, large discrepancies between the reported
A, B and S values are a common phenomenon, even though
the same, or a similar, membrane type are being investigated.
This not only makes it difficult to compare different membrane
types but also complicates the design and modelling of mem-
brane processes. To be able to offer more consistent and rep-
resentative A, B and S values of membranes, it is important to
understand the main causes for these inconsistencies:

Characterization methods: Tiraferri et al. [23] pointed out
that the A, B and S values calculated using their single FO
method did not correspond well to those obtained using the
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RO-FO method. This is because the FO membranes where
once characterized under pressure (the RO-FO method)
and once at ambient pressure (the single FO method). Sim-
ilarly, Wong et al. [55] observed that during membrane
characterization the CTA membrane suffered from plastic
deformation at high pressures. Hence, the chosen charac-
terization method significantly impacts on the obtained A,
B and S values and their accuracy [47]. It is therefore dif-
ficult to compare the measured values for the membrane’s
intrinsic properties when these values were determined us-
ing different characterization methods.

Operating conditions: Differences in the operating conditions
during characterization can significantly affect measure-
ments of the membrane’s intrinsic properties. Wong et al.
[55] and McCutcheon et al. [56] observed that the cal-
culated water permeability of cellulose-based polymeric
FO membranes decreased with the solution concentration.
This reduction in water permeability is associated with the
de-swelling of the membrane at higher solution concentra-
tions [57]. Furthermore, Wong et al. [55] reported that the
calculated structural parameter was significantly higher at
lower salt concentrations of around 10 g/L (S calculated
as ~ 500 um) but remained relatively constant at salt con-
centrations exceeding 32 g/L (S calculated as ~ 300 um).
As stated by McCurley and Seitz [58], membrane swelling
depends on the difference between the ionic strength of the
solution and the charge density of the polymer. Therefore,
it is reasoned by Wong et al. [55] that beyond a certain
solute concentration, the charge densities in the polymer
can be neutralized and hence, membrane swelling is mini-
mized as a result of the reduction of electrostatic repulsion
between the polymer chains.

In addition to the solute concentration, the temperature
and composition of the feed and draw solution were also
found to significantly affect the membrane’s structural pa-
rameter [59, 55]. Furthermore, the hydraulic [60, 4, 16]
and osmotic [44] pressure significantly affect the mem-
brane properties, as has become evident from this study
and others. It can therefore be concluded that perform-
ing membrane characterizations under different and non-
representative conditions can lead to erroneous estima-
tions of the expected process performance. In comparison
to other characterization techniques, using the ITS ABS
method makes it possible to determine A, B and S at oper-
ating pressures, solution temperatures, concentrations and
compositions that are closer to, or equivalent to, those of
the actual process for which the membrane is intended for.

Membrane samples: As reported by several researchers, A,
B and § can vary even when the same membrane type
is investigated [60, 48, 49]. Hussain et al. [60] reasoned
that the cause for the variation in water permeability be-
tween different membrane samples is most likely caused
by variations in the morphology—surface roughness [61],
pore size distribution [62], and thickness [63] of the mem-
brane’s active layer. As reported by Tang et al. [64], Tang



Table 2: Comparison of the obtained A,B and S -values for the AQP and BW30LE membranes with those stated in literature.

Characterization method ¢ A [LMHbar~1] BI[LMH] B/A[bar] S [um] Reference
Aquaporin membranes ”
LSR (10 bar) 2.21 2.44 1.10 557 This work
LSR (50 bar) 2.13 1.56 0.73 809 This work
Modified RO-FO 2.28 2.73 1.20 921 This work
Modified RO-FO N/A © N/A € N/A ¢ N/A © [4]
Standard RO-FO 0.52 0.09 - 444-825 [48]
Standard RO-FO 3.03 1.76 0.58 710 [49]
Standard RO-FO 2.09 0.07 - 301 [50]
Standard RO-FO ¢ 3.1 0.9 (KCI) - 735 [51]
FO 6.60 1.70 0.26 420 [52]
BW30LE membranes
LSR (10 bar) 7.15 4.20 0.58 5836 This work
LSR (50 bar) 5.94 1.90 0.33 1115 This work
Modified RO-FO 7.16 6.06 0.85 9580 This work
A-B correlation 6 2.87 - 10000 [45]
A-B correlation 8 6.81 - 10000 [45]
Standard RO-FO 2.79 1.20 0.47 14000 [53]
Standard RO-FO 3.67 0.59 - - [54]

¢ The standard and modified RO-FO method are described in Cath et al. [21] and Kim and Elimelech [26], respectively.
b All aquaporin FO membranes were purchased from Aquaporin A/S (Lyngby, Denmark) unless otherwise stated.

¢ The investigated AQP membranes were too fragile for characterization and had a burst pressure of 10 bar.

4 AQP based polyamide TFC-FO membranes supplied by Aquaporin Asia (Singapore).

¢ The FO characterization technique is laid out by Tiraferri et al. [23].

/ Yip and Elimelech [45] developed an equation that correlates the permeance and selectivity of polyamide membranes.

et al. [65] and Kim et al. [62], the membrane properties
are affected by the synthesis conditions of the membrane’s
active layer (and also its support layer). Therefore, the
variations in membrane properties can be caused by minor
differences and production changes between membrane
batches.

Calculation approach and measurement equipment:
Membrane characterization methods are prone to nu-
merical and experimental errors. As discussed in this
section, the LSR and GLSR calculation approach are
preferred over the median approach to minimise numerical
instabilities and inaccuracies. Tiraferri et al. [23] also
used the LSR approach and stated that a minimum of 4
tests at different concentrations are required to accurately
determine A, B and S. In this study, A is determined
independently of B and S while B is also decoupled from
S. Hence, when using the ITS ABS method and the LSR
calculation approach, only two tests (Refer to section 2.2)
are required to accurately determine the membrane’s
intrinsic properties at any given operating pressure.

However, just like any other membrane characterization
method, the proposed method in the current work is also
prone to experimental errors that can be caused by, for ex-
ample, system vibrations, erroneous readings or by faulty
sensor calibrations. In appendix Appendix B, a sensitiv-
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ity analysis is performed to show how erroneous measure-
ments influence the A, B and S results. It is worthy of note
that S is especially sensitive to the feed salinity (at higher
AP), whereas S is relatively insensitive to erroneous feed
and draw flowrate measurements.

All of these potential causes offer plausible explanations, to
some extent, of the inter-laboratory variations in the reported
membrane properties. While the structural parameter of the
BW30LE membrane correlates well to those presented in lit-
erature at low operating pressures [66, 45, 53], the significant
reduction of S with AP was unexpected. In other studies, S
was always measured at close to ambient pressures; by extrap-
olation, the use of thicker membranes in osmotically driven
membrane processes was always considered impractical. How-
ever, the sharp reduction in S of the BW30LE membrane with
AP may make it, or similar membrane types, viable membrane
choices for OARO, PAO or PRO.

From the LSR findings presented in table 2, the changes in
the transport and structural parameters with AP are more severe
for the BW30LE membrane than for the AQP membrane. For
the BW30LE membrane, the respective changes of A, B and
S are -16.9%, -54.8% and -80.9% when the applied pressure
increases from 10 bar to 50 bar. On the other hand, the AQP
A, B and S values change by -3.6%, -36.1% and +45.2% over
the same pressure range. The BW30LE membrane is therefore
more susceptible to compaction, which may be explained by its



relatively higher permeability/porosity. Similar to the findings
presented in this study, Hussain et al. [60] found that membrane
samples with an initially higher permeability were more suscep-
tible to compaction. This trend can be explained by the fact that
the membrane’s mechanical strength decreases with increasing
porosity (i.e. permeability) [67, 68].

4.2. Method validation

In this section, the accuracy of the integrated two-stage ABS
method and that of the modified RO-FO method are put to the
test. Both membranes have been tested under various operating
conditions that are representative of those in various pressure-
and osmotically driven membrane processes. In each test, the
experimental water flux JVEVX” and solute flux J?x” have been
recorded for the different solution concentrations and the differ-
ent pressure stages (5-60 bar). The A, B and S values that were
presented in section 4.1 were then used to model the water flux
Jg,“l” and solute flux JSC“IC for the given operational conditions
and compared to the corresponding experimental measurements
in figure 8 and figure 9. The dashed line in the figures would in-
dicate a perfect fit between the experimentally determined and
calculated water and solute fluxes.

4.2.1. PAO validation case

The first validation that was performed was to test both mem-
branes under PAO conditions (Cr= 0 M, Cp= 0.6 M). For this
test, the experimental and modelled water flux are compared in
figure 8a and figure 8b. The modelled water fluxes, using either
characterization method, correlate well with the experimental
results at low operating pressures (i.e. at low water fluxes).
However, at high operating pressures the calculated water flux,
using the modified RO-FO method, diverges from the experi-
mental values, especially for the BW30LE membrane. On the
other hand, the ITS ABS method can accurately predict the wa-
ter flux at any given pressure, even though the membrane’s in-
trinsic properties were actually determined with completely dif-
ferent solution concentrations (A: Cr= 0 M, Cp= 0 M; B and
S: CFZ 1.2 M, CD= 0 M)

4.2.2. PRO and RO validation case

In this validation case, the feed concentration was chosen to
be comparable to that of seawater while deionised water was
used as draw solution (Cr= 0.6 M, Cp= 0 M). At low oper-
ating pressures, the effective osmotic pressure of the feed so-
lution exceeds AP and hence, the process is PRO and Jy is
negative (i.e. from draw to feed) for the AQP membrane (see
figure 8c). In contrast, the water flux of the BW30LE mem-
brane remains above zero for all pressure stages due to its thick
support layer preventing a reverse water flux due to severe ICP
(see figure 8d). The magnitude of all computed water fluxes are
slightly greater than the experimental water flux during PRO
operation for the AQP membrane, but during RO operation the
water flux is accurately predicted using both characterization
methods. For the BW30LE membrane, the water flux is over-
estimated at higher AP. However, the MED, LSR and GLSR
predicted water fluxes are more accurate than those predicted
using the modified RO-FO method.
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Figure 9a and figure 9b compare the modelled and exper-
imental solute fluxes for the PRO and RO validation case.
As shown, the solute flux of the AQP membrane is under-
and over- predicted using the ITS ABS method and the mod-
ified RO-FO method, respectively. The solute flux of the
BW30LE membrane is, however, accurately predicted using the
ITS ABS method whereas the modified RO-FO method signifi-
cantly overestimates the solute flux at high operating pressures.

4.2.3. OARO validation cases

Two different OARO scenarios were investigated for valida-
tion purposes. The results of the first OARO test, with a 0.6
M feed and draw solution, are shown in figure 8e and figure 8f
while the results of the second OARO test, with a 1.2 M feed
and draw solution, are shown in figure 8g and figure 8h. In
both validation cases, the AQP water flux is slightly underes-
timated at low operating pressures, but accurately predicted at
higher AP (except using the MED calculation method). Sim-
ilarly, the achievable BW30LE water flux is underestimated at
low operating pressures, but slightly overestimated at higher AP
when Cr= 0.6 M, Cp= 0.6 M. For the BW30LE membrane, the
LSR and GLSR predicted values coincide better with the exper-
imental values than those predicted using the modified RO-FO
approach, especially at higher operating pressures.

In summary, the values obtained using the modified RO-FO
method coincide well with the experimental values at low op-
erating pressures. However, at high operating pressures the su-
perior accuracy of the newly proposed method becomes evi-
dent, and it is therefore possible to determine the membrane’s
intrinsic membrane properties over a wide range of pressures,
which is not possible using the conventional or modified RO-
FO method. It is concluded that the newly proposed method in
combination with the LSR or GLSR calculation approach of-
fered reliable predictions, independent of the operating condi-
tions. The results presented in this section demonstrate that the
ITS ABS method can be utilized for the accurate and fast char-
acterization of membranes intended for HPRO, OARO, PAO
and PRO.

4.3. Increased-decreased compression cyclic testing

In addition to the tests presented in section 4.1 and sec-
tion 4.2, both membranes were also characterized under cyclic
conditions in which AP was varied between 10 and 50 bar in
each of the three cycles. The results of the increased-decreased
compression tests are presented in figure 10 and demonstrate
the elastic and plastic behaviour of the membrane’s properties.

For these cyclic tests, a single membrane coupon was used
for membrane characterization and tested according to the ex-
perimental procedure shown in figure 3. This differs to the ex-
perimental approach followed in section 4.1 where one uncom-
pressed membrane coupon was used to determine A and another
one was used to determine B and S.

Figure 10 shows the cyclic A, B and S values that were cal-
culated using the LSR and median approach. Furthermore, the
non-cyclic A, B and S values (from section 4.1) that were calcu-
lated using the modified RO-FO method and the LSR approach
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are also shown in the figure. In the first cycle (C1) these results
are comparable, as the membranes are initially uncompressed,
whereas in the second (C2) and third (C3) cycle the membrane
will be pre-compressed from the previous cycle.

From the figure, it can be seen that in the first cycle, the
cyclic results generally differ from the non-cyclic ones at 10
bar (C1-10) but the two tend to converge at 50 bar (C1-50).
These discrepancies may originate from the different experi-
mental approaches, as laid out in section 2.3. On the one hand,
the AQP and BW30LE membrane were characterized using two
uncompressed membrane coupons during each non-cyclic test,
whereas A, B and S were determined using a single membrane
coupon during the cyclic tests. Furthermore, the membranes
were initially compressed at 5 bar prior to being compressed at
10 bar during the non-cyclic tests (data adopted from figure 7)
but directly compressed at 10 bar during the cyclic tests. Hence,
the different compression routes may be another cause for the
differences in the recorded A, B and S values at 10 bar.

In addition, similar findings were also made by Hussain et al.
[60], who reported significant water flux variations between dif-
ferent NF-90 membrane samples at low operating pressures. On
the other hand, the variation of the water flux reduced signifi-
cantly with higher applied hydraulic pressures. Hussain et al.
[60] argued that the non-uniformity of the active layer of TFC
membranes are responsible for the large variations in the ex-
perimental results at low AP. This is because differences in
the surface morphology, roughness and porosity of membrane
samples directly affect the membrane’s permeability according
to the free volume theory [69]. However, the SEM results pre-
sented by Hussain et al. [60] show that during compaction, the
membrane surface becomes smoother and has fewer, smaller
holes. This change in surface structure with compaction may
result in a higher degree of uniformity between membrane sam-
ples and hence may explain why the results of the cyclic and
non-cyclic test converge at higher AP.

As observed by Hussain et al. [60], samples with a higher
permeability experience higher flux reduction due to com-
paction. This is also observable in the A and B results presented
in figure 10. Initially, A and B of the AQP membrane sample,
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which was used for the non-cyclic test, are higher and decrease
with compaction. On the other hand, the initial water perme-
ability of the AQP membrane sample used for the cyclic test
is significantly lower and actually increases with compaction.
Similarly, B of the cyclic AQP membrane sample slightly in-
creases with compaction. For the BWRO membrane samples,
the reduction of A and B is more pronounced with compaction
for the samples with higher initial permeabilities. These find-
ings support the hypothesis presented by Hussain et al. [60];
namely, that the membrane’s permeability and compaction be-
havior are strongly dependent on the initial sample characteris-
tic and its active layer properties.

After membrane compression in the first cycle, both mem-
branes show signs of plastic deformation, as the A and B values
do not return to their original states in the subsequent cycles. In
the subsequent cycles, changes in A and B are less pronounced
with increased and decreased compression. These findings cor-
relate with those of Hussain et al. [60] who found that high
pressure operation permanently deformed the membrane’s ac-
tive layer. A different finding was presented by Chen et al. [70],
where membrane compaction was found to be reversible and
that A/B remained constant after increased and decreased com-
pression. However, the maximum investigated pressure was
limited to 27.6 bar in that study whereas the maximum cyclic
pressure investigated in this study was 50 bar.

While changes in A and B are less pronounced with in-
creased and decreased compression after initial compaction,
pronounced changes in S with AP are still observable for the
BW30LE membrane. Based on these findings, it can be hypoth-
esized that the active layers of both membranes are plastically
deformed while their substrates are also plastically deformed
(AQP membrane) or behave in a more elastic or sponge-like
manner with minimal signs of plastic deformation (BW30LE
membrane). Contrary to our findings, Kim et al. [71] reported
a minimal permanent change in the S-value of two thin FO
membranes that were compressed at pressures of up to 50 bar
and then decompressed again. However, Kim et al. [71] de-
veloped a special PRO membrane test cell to minimise mem-
brane deformation and hence concluded that plastic deforma-



--- RO-FO

—e— Cyclic MED
—8— Cyclic LSR

- ®- Non-cyclic LSR

A [LMH bar!]

| | I I
C1-50 C2-10 C2-50 C3-10 C3-50

B [LMH]

1

B/A [bar]

0.5

| | | |
C1-10 CI1-50 C2-10 C2-50 C3-10 C3-50
1.4

04
1

| | | |
C1-10 C1-50 C2-10 C2-50 C3-10 C3-50

B/A [bar]

A [LMH bar']

0.4

-50 C2-

0 C3-50

| |
10 C2-50 C3-1

0.2
C1-10 C1
10

8

S [mm]

y
| | |
é)l—lo C1-50 C2-10 C2-50 C3-10 C3-50

Figure 10: The cyclic variation of A, B and S values for the AQP (left column) and BW30LE (right column) membranes. AP alternates between 10 bar and 50 bar
in 3 cycles (C1-C3). For comparison purposes, the non-cyclic LSR results from section 4.1 are also shown in the figure.

tion of thin FO membranes can be prevented if they are well
supported, even at high operating pressures. In contrast, Mad-
sen et al. [4] reported both plastic and elastic changes of a CTA
membrane with increased-decreased compression, and that S
increased with AP. The behaviour of the membrane’s sup-
port layer is also likely to be dependent on the spacer backing
(Please refer to section 2.4.1). The RO permeate carrier and
the 3D printed spacer are more susceptible to deformation than
the rigid, porous steel spacer used by Madsen et al. [4] and

15

hence, a better stress distribution throughout the membrane and
spacer backing may result in the observed elastic behaviour of
the membrane’s structural parameter.

In terms of accuracy, the A and B values obtained using
the LSR and median calculation approach are indistinguish-
able, but as stated in section 4.1, the median approach offers
less accurate predictions of the membrane’s structural param-
eter. It is also worth noting that the values obtained from the
non-cyclic LSR and RO-FO approaches can significantly dif-



fer from those obtained using the cyclic LSR approach in the
second and third increased-decreased compression cycle. This
again demonstrates that the membrane should be characterized
under representative operating conditions using the ITS ABS
method with the LSR calculation approach.

4.4. Implications of proposed method

The integrated two-stage ABS method has been developed
and tested for flat-sheet membrane coupons placed in a counter-
current membrane test cell. However, in principle, this charac-
terization approach can be used for the characterization of any
membrane (hollow-fibre, tubular or flat-sheet), and even for the
characterization of entire membrane modules at any given pres-
sure (or over an entire pressure range).

For example, the average water permeability of the entire
membrane module can be determined at a distinct operating
pressure by using deionised feed and draw solutions. After-
wards, the feed salinity can be raised so that average B and S
values can be calculated from the measured water and solute
fluxes. This simple two test process therefore makes it possible
to robustly and accurately characterize entire membrane mod-
ules under representative operating pressures. The ITS ABS
method therefore allows research workers to optimize various
membrane-spacer combinations and to improve upon current
module designs. Furthermore, with this new characterization
method, it is possible to better understand how the A, B and S
of various membrane modules change with AP. This will help
to improve upon the design and operation of pressure- and os-
motically driven membrane processes to 1) lower the cost and
energy consumption of the plant, 2) improve the lifetime of the
membrane, and 3) maximise plant productivity.

5. Conclusions

In this study, a robust membrane characterization method is
presented with which it is possible to accurately characterize
membranes and potentially entire membrane modules, at any
given operational pressure. In addition, the proposed method is
quick and simple, as only two tests at different concentrations
are required per investigated pressure stage. The ability to offer
more accurate predictions of A, B and S with AP will enable
other research workers to optimize pressure- and osmotically
driven membrane processes as well as improve upon membrane
and module designs.

An Aquaporin membrane and a BW30LE membrane were
characterized and tested for validation purposes under various
operating conditions common to those of pressure- and osmot-
ically driven membrane processes. Several important findings
were made that are summarized here:

e In terms of calculation approaches, the LSR and median
calculation approach offer similar A and B results but differ
significantly when determining the membrane’s structural
parameter. The LSR approach is more accurate and hence,
is the preferred choice.
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e The validation results indicate that the newly proposed
method is more accurate than the conventional RO-FO
method. This is especially true at higher operating pres-
sures, where membrane deformation significantly affects
the membrane’s intrinsic properties. This improved accu-
racy can mainly be attributed to the fact that the membrane
is characterized under more representative operating con-
ditions using the ITS ABS method.

e As shown in the presented results, A, B and S are sig-
nificantly affected by membrane deformation, and espe-
cially at higher operating pressures. In agreement with
other membrane compaction studies, the results indicate
that the selectivity (B/A) of both the AQP and BW30LE
membranes can be improved with increasing AP due to
increased compaction.

o The initial membrane conditions and the active layer prop-
erties affect the membrane’s permeability and compaction
behaviour. More porous and permeable membranes ex-
perience a higher degree of compaction with AP. This
finding is in line with results presented in other membrane
compaction studies.

e The increased-decreased compression cyclic test results
for the AQP membrane indicate that the membrane’s ac-
tive layer shows signs of plastic deformation after initial
compaction. In contrast, the BW30LE membrane sub-
strate is more elastic as S continues to oscillate with each
increased-decreased compression cycle.

e Lastly, the sensitivity analysis shows that in order to attain
accurate characterization results, S is most sensitive to dif-
ferences in the feed concentration and least sensitive to the
feed and draw cross-flow velocity.
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Appendix A. Schematic diagram of experimental setup

The experimental setup used in this study was adopted from
the one reported in our previous PRO study with two minor
modifications [30]. Firstly, no dosing pumps were utilized dur-
ing the experiments to control the concentrations of the feed
and draw solutions. Hence, the salinity of the feed and draw so-
lution had to be continuously monitored to determine their con-
centration changes with operational time. Secondly, the feed



solution was pressurised in this study instead of the draw solu-
tion. The weight of the draw solution was continuously mea-
sured to determine the water flux. A schematic of the experi-
mental setup is shown in figure A.11.
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Figure A.11: Schematic of of experimental setup (modified from [30]).

Appendix B. Sensitivity analysis

Table B.3 lists the parameters upon which A, B and S depend
and states their relationship to the variables present in equa-
tion (1) to equation (21). As shown by equation (10), A can be
accurately determined if AP and Jy are correctly measured. Jy
is calculated from the change of mass Am of the draw tank over
a given time period Af using a digital scale. Incorrect pressure
measurements indirectly affect A, whereas an incorrect reading
of Am directly affects A. It is important to note that if A is in-
correctly determined, then this will directly affect the B and S
results.

Table B.3: The relationship between the measured parameters and the depen-
dent variables

Measured parameter Dependent variable

AP A B, S

Am A B,S,Jw, Js
Cp, ACp B, S, Js

Cr S

Op S, kp

Or S, krp

In comparison to A, B and S are sensitive to a multitude of
parameters. For B to be exact, the concentration of the draw
solution and its change with time AS p also need to be correctly
measured, so that Jg is accurately calculated. S is also depen-
dent on the feed concentration Cr and the flowrates of the feed
Qr and draw Qp solutions. Qr and Qp are used to determine
the cross-flow velocities in the feed and draw channel to accu-
rately model ECP.

Figure B.12 shows the extent to which measurement inac-
curacies affect the B and S values of the AQP membrane.
The membrane’s intrinsic properties were calculated using the
ITS ABS method in combination with the LSR calculation ap-
proach.
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As seen in the figure, B is relative insensitive to incorrect
pressure measurements at higher AP, as a + 1 bar difference
becomes less significant. B is, however, more sensitive to in-
correct Am measurements, independently of the applied pres-
sure. This is because an incorrect measurement of Am affects a
wide range of variables, which in turn affect B. Similarly, B is
sensitive to the draw solute salinity, as B is directly related to
Js.

The membrane’s structural parameter S is the most difficult
to determine, due to the non-linearity of equation (2) and the
dependency of S on all measured parameters. While the sensi-
tivity of S remains reasonable for most measured parameters, it
is highly sensitive towards the feed salinity. If Cr varies by +
5% (£ 0.06 mol/L), then the calculated S value changes drasti-
cally, especially at high AP. Therefore, it is important to ensure
that the initial feed salinity is known and accurately measured
throughout the membrane characterization process. Interest-
ingly, S is insensitive to erroneous estimations of kg and kp.
Similarly, Wong et al. [55] experimentally showed that changes
in § due to variations in Qr and Qp are insignificant. This can
be explained by the fact that ECP is negligible in comparison to
ICP.

Besides these six parameters, the temperature of the feed and
draw solution is another parameter that indirectly affects the
membrane’s intrinsic properties. As reasoned by Wong et al.
[55], variations in the calculated A, B and S values due to
changes in solution temperature may be caused by thermally-
induced changes of the membrane structure, such as weakening
of intermolecular bonds within the membrane material.
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Abbreviations

AL-DS  Active layer on draw side

AL-FS  Active layer on feed side

AQP Aquaporin

CCP Concentrative concentration polarisation

CTA Cellulose triacetate

DCP Dilutive concentration polarisation

DICP Dilutive ICP

ECP External concentration polarisation

FO Forward osmosis

GLSR  Global least-squares regression

HPRO  High-pressure reverse osmosis

ICP Internal concentration polarisation

ITS Integrated two-stage

LSR Least-squares regression

MED Median

OARO  Osmotically assisted reverse osmosis

ORF Osmotic resistance filtration

PAO Pressure assisted osmosis

PLA Polylactic acid

PRO Pressure retarded osmosis

RO Reverse osmosis

Nomenclature

A Water permeability coefficient,
L-m™2% s bar™!

B Salt permeability coefficient,
L-m2%-n!

Cp Feed concentration , mol/L

Cr Feed concentration , mol/L

D Diffusivity coefficient, m?/s

Jecp CCP factor

Joce DCP factor

Fapp Apparent driving force, bar

Fcep Loss of driving force due to CCP, bar

Fpcp Loss of driving force due to DCP, bar

i Number of dissociating ions

Js Salt flux, g - m=2 - h™!

Jw Water flux, L-m—2 - h™!

kp Mass transfer coefficient
in draw stream, L - m~—2 - h~!

kr Mass transfer coefficient
in feed stream, L - m~2 - h~!

ky Mass transfer coefficient
in the membrane, L - m—2 - h~!

Am Change in mass measured by scale, kg

Op Draw flowrate, m*/h

Or Feed flowrate, m> /h

Rs Universal gas constant, J/(mol K)

S Structural parameter, m

T Temperature, K

B Van’t Hoff factor

AP Transmembrane pressure difference,
bar

Am Osmotic pressure difference, bar

Angrr Effective osmotic pressure difference, bar

¢ Osmotic coefficient

b19)) Osmotic pressure of draw solution,
bar

nF Osmotic pressure of feed solution, bar
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