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• TFC FO membrane is more vulnerable
to scaling than CTA FO membrane

• Spacer promotes crystal formation be-
tween itsfilament andmembrane surface

• Crystal growth in AL-FS between mem-
brane and spacer may damage rejection
layer

• Severe internal scaling in AL-DS results
in remarkable flux drop

• Antiscalant can effectively prevent scal-
ing inAL-FS, but had little effect in AL-DS
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The emerging thin film composite (TFC) forward osmosis (FO) and pressure retarded osmosis (PRO)membranes
generally have better separation properties compared with their cellulose triacetate (CTA) counterparts. Never-
theless, their scaling performance has been rarely reported. In the current study, the phenomenon of membrane
integrity loss as a result of scaling is reported for the first time for osmotically driven membrane processes
(ODMPs). The results show that the TFC membrane suffered marked flux reduction during the scaling in the
active-layer-facing-feed-solution (AL-FS) orientation, accompanied with the severe damage of the membrane
active layer. The membrane integrity loss is attributed to the scale formation and growth in the confined space
between themembrane and the feed spacer. Comparedwith the CTAmembrane, the TFCwasmore prone to scal-
ing andmembrane damage due to its unfavorable physiochemical properties (presence of Ca2+ binding sites and
ridge-and-valley roughness). Although antiscalant additionwas shown to be effective for scaling control inAL-FS,
it was ineffective in the active-layer-facing-draw-solution orientation. The current study reveals the critical need
for scaling control in ODMP processes with respect to the membrane integrity and flux stability. The results also
have far-reaching implications for FO and PRO membrane design and process operation.
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1. Introduction

Osmotically driven membrane processes (ODMPs) utilize the
osmotic pressure difference between a concentrate draw solution
(DS) and a dilute feed solution (FS) separated by a semi-
permeable membrane to drive the permeation of water from the
FS to the DS. Depending on the applied pressure in the DS, ODMPs
can be classified into forward osmosis (FO, pressure = 0) and pres-
sure retarded osmosis (PRO, pressure N 0). ODMPs have recently
gained more and more research interests due to its potential appli-
cations in low-energy separation processes and power generation
[1–7].

Membrane scaling is a critical challenge for ODMPs, particular-
ly for applications involving scaling precursors at high concentra-
tions (e.g., high [Ca2+] and/or [SO4

2−]) [8–11]. From the
experiences of pressure-driven reverse osmosis (RO), it is under-
stood that inorganic scale starts to grow when the concentration
of sparingly soluble salts in bulk or near membrane surface ex-
ceeds their solubility [12]. Their deposition on a membrane results
in the reduction of membrane permeability. Scaling can be influ-
enced by various operating conditions, such as solution pH, tem-
perature, crossflow velocity and permeation rate [12]. Although
these experiences are applicable to ODMPs, the additional trans-
port phenomena in ODMPs including internal concentration polar-
ization (ICP) and reverse solute diffusion (RSD) may lead to more
difficult scaling control. Despite that membrane water flux appears
to be more easily restored in ODMPs compared with RO after
cleaning [8,10], a few FO/PRO scaling studies reported severe in-
ternal scaling when membrane support layer was facing the FS
[9]. Furthermore, the RSD of scaling precursors from the DS plays
an important role in promoting scaling. In some cases, complete
cease of water flux occurred within merely a few hours of scaling
test [9,10].

Most existing ODMP scaling studies used the commercially
available cellulose triacetate (CTA) membranes (Hydration Tech-
nology Innovations [HTI], Albany, OR) [8,9,13,14]. On the other
hand, the more recently developed thin film composite (TFC) poly-
amide (PA) FO/PRO membranes are believed to be promising re-
placement to CTA membranes, thanks to their better chemical and
biological stability and improved separation properties (higher
water permeability and salt rejection) [15–18]. To date, very few
papers have investigated the scaling of TFC FO/PRO membranes
[8]. Although the PA layer has high selectivity, the carboxylic sur-
face functional groups of the PA layer are presumably the effective
binding sites for divalent cations such as Ca2+ [19], which may pro-
mote subsequent crystal growth on the TFCmembranes. In addition,
the thickness of a typical TFC PA rejection layer is on the order of
100 nm, which is much thinner compared with that of CTA mem-
branes (a few μm) [15]. One potential concern is the mechanical sta-
bility of the PA layer. The deposition and growth of scalant crystals
may introduce local mechanical stress, leading to potential loss of
membrane integrity. To the best knowledge of the authors, such
phenomenon has not yet been systematically reported in the
literature.

The objectives of the current study are 1) to systematically compare
scaling behavior between TFC and CTAmembranes and 2) to investigate
the factors that affect the mechanical integrity of FO/PRO membranes
under the influence of scaling.

2. Materials and methods

2.1. Chemicals and solution chemistry

Analytical grade chemicals (purity N 99%) were used as received
without further purification. CaCl2 andNa2SO4were used as scaling pre-
cursors to study gypsum scaling. NaCl was used for conductivity

adjustment and draw solution (DS) preparation. A typical feed solution
(FS) contained 26.1 mM CaCl2, 72 mM Na2SO4 and 10 mM NaCl. It had
an osmotic pressure of 7.5 bar and a gypsum saturation index (SI) of
2.0, as calculated using OLI Stream Analyzer 3.1 software (OLI systems,
Inc., Morris Plains, NJ) [9]. Another FS prepared with 163 mM NaCl
was used as control for baseline tests (SI = 0, osmotic pressure =
7.5 bar). No pH adjustment was performed (pH = ~6.0).

Polyacrylic acid (sodium salt) (PAA, KemGuard 5804, Kemira,
Finland) was used as the antiscalant (AS), and it had an average molec-
ular weight of 2200 Da. Where the effect of AS was studied, 2 ppm PAA
was dosed into the FS.

2.2. FO membranes

A polyamide (PA) based thin film composite (TFC) FO membrane
and a cellulose triacetate (CTA) asymmetric FO membrane were
employed in this study. Both were received from HTI (Albany, OR) as
dry flat sheet coupons and stored in 4 °C fridge in dark. Prior to FO ex-
periment, membrane coupons were cut into smaller size and soaked
in ultrapure water for 1 day.

2.3. FO filtration experiments

FO tests were performed with a bench-scale crossflow filtration
system (Appendix A) and the experimental procedures were
adapted from prior studies [20,21]. Briefly, the FO membrane cell
(CF042-FO, Sterlitech) had an effective membrane area of 42 cm2.
Diamond-patterned spacers (65 mil (1.651 mm) spacer, GE
Osmonics) were placed in both the FS and DS channels unless other-
wise specified (e.g., where the effect of FS spacer was evaluated, the
feed channel was not filled with any spacer). An FS of 3.5 L and a DS
of 3 L were circulated with two variable speed peristaltic pumps
(Watson-Marlow, Cornwall, UK) to generate a crossflow of ~10 cm/
s in both channels. The DS tank was placed on a digital balance (Sar-
torius U4100 S, Germany) that was connected to a computer for
water flux acquisition. The FS was well mixed by a magnetic stirrer
and its conductivity was monitored by using a conductivity meter
(SevenGo™ portable conductivity, Mettler Toledo). FO scaling ex-
periments were performed in both active layer-facing-feed solution
(AL-FS) and active layer-facing-draw solution (AL-DS) orientations.
Unless specified otherwise, both FS and DS were freshly prepared
prior to each test. The DS concentration was adjusted to achieve an
identical initial FO water flux of 9 ± 1.5 L/m2·h.

Membrane cleaning and flux reversibility tests were performed im-
mediately after the FO scaling experiments. The ultrapure water flush-
ing was carried out in both FS and DS flow channels at 15 cm/s for
30 min. The recovered flux after cleaning was measured with 2 M
NaCl DS and ultrapure water FS, and was compared with the clean
membrane flux obtained under the same testing condition (i.e., 2 M
NaCl (DS), ultrapurewater (FS) and same orientation). All the FO exper-
iments and membrane cleaning were performed at room temperature
(22 ± 1 °C).

2.4. Reverse osmosis (RO) tests for A, B, and S values

Themembranewater permeability andNaCl rejectionwere evaluated
in RO experiments using a laboratory-scale crossflow filtration setup [22,
23]. Pure water flux (J) was measured under an applied pressure (ΔP) of
7 bar (101 psi) with ultrapure water as the feed. NaCl rejection (R) was
obtained by filtering 10 mM NaCl feed solution (10 L) at 7 bar and a
crossflow velocity of 20 cm/s. The water permeability (A) and NaCl per-
meability (B) were determined from the following equations:

A ¼ J
ΔP

ð1Þ
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