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Abstract

The fouling behavior of osmotically-driven forward osmosis (FO) is widely believed to be
superior with respect to hydraulic pressure-driven membrane applications, based on a number
of experiments reported in the literature. However, experimental confounders often exist,
preventing fair comparison between the different processes, one being the deployment of
non-comparable membranes.  This study systematically investigates the conditions
influencing organic fouling in FO and compares the behavior in FO and in a hydraulic
pressure-driven process, under equivalent conditions. The same state-of-the-art polyamide
FO membranes were used in the tests, which were run with real feed solutions and under
varying conditions to observe the effect of initial flux, draw solution, and feed ionic
composition. The results suggest that initial flux and calcium have the strongest influence on
the extent of flux decline and recovery. The influence of different draw solutions in FO
becomes apparent when the flux is relatively low. Analysis of the fouling indices and of the
effective driving force, as well as direct observation of membranes following fouling, support
the conclusion that the fouling behavior of the FO process is not necessarily better compared
to an analogous hydraulic pressure-driven one, especially under relevant operational

conditions and when the two processes work with similar fluxes.
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Highlights

e Permeation drag and feed ionic composition dominate organic fouling

e Calcium in the feed strongly enhances the detrimental effect of organic fouling

e Estimation of effective driving force, foulant resistance help analysis of behavior
e The nature of the driving force has a low impact on the fouling behavior

e Organic fouling is not necessarily less problematic in FO than in NF/RO



1. Introduction

Membrane-based separation technologies play an important role to address the challenge
related to the increasing demand of freshwater [1]. Nanofiltration (NF) and reverse osmosis
(RO) are established hydraulic pressure-driven (AP) membrane processes (PDMPs), already
widely applied owing to their ability to produce high-quality water from wastewater effluents
and sources with different salinity levels. In particular, NF has been proven valuable as a
treatment system for the beneficial recovery of water from industrial effluents [2-4].
However, these technologies are prone to membrane fouling and careful pre-treatment is
needed before for their effective deployment [5-7]. According to several investigations,
innovative osmotically-driven membrane processes (ODMPs), for example, forward osmosis

(FO), may help to overcome some of the obstacles related to fouling [8-10].

Numerous studies researched the performance of FO systems in the treatment of complex
water sources, such as wastewaters with high organic content [11, 12]. The promising results
observed in the application of FO may be mainly ascribed to (i) the use of highly selective
and high-rejection membranes, with the concurrent (ii) alleged low fouling propensity
resulting in resilient fluxes during filtration [13, 14]. The advantage of ODMPs over PDMPs
in fouling behavior is the hypothesis that underlies much of the current research on FO, but
numerous questions on this topic remain unanswered. Efforts have been made to provide
accounts of the operating conditions influencing fouling in FO and evidences of the different
performance related to fouling and cleaning observed when applying FO as opposed to
PDMPs. Studies claim that the absence of a hydraulic pressure on the feed side results in a
less compacted fouling layer on the FO membrane surface [15-17]. This phenomenon would
result in a more stable flux during filtration and easier flux recovery upon cleaning.
Investigations were also focused on addressing the possible existence of sustainable, critical,
or threshold fluxes in FO [18-23]. For example, Nguyen et al. recently reported a study
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related to the parameters influencing the achievement of a critical flux when using both
asymmetric cellulose triacetate and polyamide-based thin-film composite (TFC) FO
membranes [24]. At the same time, an increasing number of studies have been recently
published, which suggest that ODMPs are not necessarily - or under all circumstances -

superior to PDMPs when it comes to fouling behavior.

Recently, authors suggested that a more structured fouling layer may actually be
associated with FO membranes compared to what observed in NF or RO, when working with
same pressure gradient [25]. Another study suggested that the FO fouling propensity may be
even worse than the RO behavior in the presence of specific foulants, such as alginate and
silica [15]. Winson et al. stated that the advantageous fouling behavior of FO reported in the
literature should be ascribed to the lower fluxes achievable in this process with respect to
PDMPs, and not to the absence of an applied hydraulic pressure [26]. A robust study was
also published by Siddiqui et al. [27], highlighting the importance of concentration
polarization effects on fouling behavior and indicating that the FO vs. RO contest is in fact
inherently more involved than a simple “win-or-lose engagement”. Clearly, further efforts
are required to address the complexity of these mechanisms and to provide more

comprehensive answers to inform technology development and implementation.

Firstly, fouling is a multifaceted process involving numerous phenomena, for example,
flux decline characterized by varying rate and extent, the possible existence and achievement
of threshold fluxes, or the recovery of performance after cleaning steps. These phenomena
should be analyzed separately and care should be taken when drawing conclusions that may
only be valid for one or some of these fouling aspects. Moreover, consistent laboratory
experiments should be performed when comparing ODMPs with PDMPs, by applying the
same boundary conditions, for example, the same type of membranes and permeate flux. In

addition, the nature of the draw solution plays an important role in foulant deposition and



accumulation, not relevant for PDMPs but doubtless essential when evaluating FO and

ODMPs in general.

The aim of this research is thus to gain a better understanding of fouling in FO and to
provide more support in the claims comparing the fouling behavior of this process with that
in corresponding PDMP technologies. To achieve this goal, experiments are discussed that
investigate the impact of three important fouling-influencing parameters: (i) initial permeate
flux, (ii) feed solution composition, and (iii) draw solution composition. To enable a fair
comparison between FO and NF, experiments are designed to deploy the same highly
permeable TFC membranes and the same hydrodynamic conditions. Realistic operating
conditions are explored and the results are analyzed through different fouling indicators

related to flux decline and recovery, and through foulant inspection following filtration.

2. Materials and Methods

2.1 Feed composition and organic foulants

Two different feed solutions were employed to perform fouling experiments; see Table 1.
Laboratory tap water was used as a real background solution. A synthetic background
solution was also prepared by maintaining the same ionic composition and ionic strength
determined for the tap water, but substituting calcium with sodium. The feed solutions were
spiked with a nominal concentration of organic foulants equal to 300 mg/L, comprising an
equal individual concentration (75 mg/L) of humic acids (HA), alginate (Alg), octanoic acid
(OA), and bovine serum albumin (BSA), all purchased from Sigma-Aldrich (Milan, Italy).
They were then filtered using a microfilter (0.45 pm) to eliminate all the undissolved
substances and to represent previous contaminant removal steps preceding FO in a possible

treatment train. Recently, proteins and humic substances were shown to have the greatest



contribution to irreversible fouling during the filtration of secondary wastewater by FO [28].
The characterization of the feed waters was performed by an external accredited company,

Natura S.r.l. (Naples, Italy).

Table 1. Composition of the two water streams used as feed solutions, one with and the other without

calcium ions, and concentrations of organic foulants.

Tap water S)_/nthetic szilter
Parameter Component without Ca
Concentration | Concentration
ClI 19.0 98.0
Anions® NO;~ 33.3 33.3
(mg/L) SO, 52.0 52.0
HCO;™ 256.7 257.0
ca® 88.7 0.0
. Mg®* 13.7 13.7
Cations Na* 18.7 1715
(mg/L) ;
K 1.3 1.3
NH," 0.1 0.1
Humic acids 75
Foula_nts Alginate 75
(nominal - .
concentration® Octanoic acid 75
mg/L) Bovine serum 75
albumin
Measured pH 75+0.2
Resulting ionic
strengthg(mM) 9.74
Overall Resulting TDS 640 604
(mg/L) i
Measured TOC
(mg/L) 51.9+46

*Based on the mass added into solution; "After microfiltration (see section 2.1). “The
reported measurement error is <5%.

2.2 Lab units, membranes, and draw solutes

Fouling tests were performed with an FO and with an NF/RO laboratory system, already
described in our previous publications [29, 30]. The FO setup was purchased from Sterlitech
Corporation (Kent, WA, USA). It comprises two variable speed gear pumps (Cole-Parmer,
The

Vernon Hills, IL), used to flow the feed and draw solutions in co-current mode.

temperature, conductivity, and cross-flow rate of both streams were recorded continuously
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during filtration. The hydraulic pressure-driven (AP) system was run using a high-pressure
pump (Hydra-cell pump, Wanner Engineering, Inc., Minneapolis, MN). Here, the retentate
stream was recirculated back to the feed reservoir while the permeate stream was
continuously collected in an external vessel. The cross-flow rate and the operating pressure
were monitored and adjusted, independently of each other, by means of both a bypass valve
and a back-pressure regulator. In all experiments, the permeate flux across the membrane
was computed by recording the change in volume of the feed solution in time through a
computer-interfaced balance, then dividing the resulting permeate flow rate by the active
membrane area. The same custom-made flat-sheet membrane cell (previously described in
[30]) was adopted in both FO and AP tests, with the aim to keep the same hydrodynamic
conditions. A rectangular membrane sample of 22 cm? (3.4 sq. inches) can be housed in this
cell. The hydrodynamic conditions in the feed channels during filtration corresponded to a

Reynolds number of roughly 1500.

All the experiments were run with an initial feed volume of 6 L. The same volume of
draw solution was used in FO experiments, obtained by dissolving the following single
solutes in deionized (DI) water: sodium chloride, magnesium chloride, sodium sulfate,
magnesium sulfate, or calcium chloride, all purchased from Carlo Erba (Milan, Italy). The
initial volume of the feed solution (and of the draw solution) was chosen to have negligible
loss (and gain) of water during the tests, thus keeping a near-constant nominal driving force.
To further increase the robustness of the experiments, draw and feed concentrations were
restored periodically in the first hours of each fouling experiment, by addition of concentrate
stocks of solute and DI water in the draw and feed solution tanks, respectively, based on the

measured volume of water permeated between each addition.

The same commercial TFC polyamide FO flat-sheet membranes were used in FO and AP

filtration experiments. The average transport characteristics of the FO membrane were



obtained by following the protocol reported by Tiraferri et al. [31] and are reported in Table
S1 of the Supporting Information (SI). Additional NF or RO fouling experiments were
conducted with three membranes commercialized by DuPont (Wilmington, DE, USA): the

NF90, XLE, and SW30HR membranes.
2.3 Operating conditions and protocols of the fouling experiments

Fouling experiments were performed under different operating conditions. One of the
investigated conditions was the initial permeate flux: the same initial permeate fluxes in FO
and in AP operation was obtained using appropriate draw solution concentrations in the
former process and adjusting the feed hydraulic pressures in the latter case, as reported in
Table 2. Please see Table S2 of the Sl for the corresponding values of osmotic pressure in
the FO experiments. For this first set of experiments, only NaCl was used as a draw solute in
FO. A second set of experiments was performed in FO by changing the draw solute, with

initial permeate flux equivalent to 15 or 30 L m2h™ (LMH).

Table 2. Summary of the operating conditions of the fouling tests. In FO, different draw solutes were

used at the appropriate concentrations to achieve the desired initial flux values.

. - Target initial permeate flux (L m2h™)
75 | 115 | 15 | 23 | 30 | 38 | 47
Draw solute Concentration (M)
FO NaCl 0.12* [020* [0.31° [050° |[1.15° |220*° |3.50°
(TFC MgCl, 0.32° 1.05°
polyamide CaCl, 0.27° 1.91°
membrane) Na,SO, 0.39°
MgSO, 2.00°
Membrane Hydraulic pressure (bar)
hydraulic TFC FO° 25% [35° 4P 6° 7.2° 10° 12°
pressure- NF90 9.0
driven (AP) XLE 9.5
SW30HR 40°

*Experiments conducted only with the feed solution containing calcium ion (real tap water); "Experiments
conducted with both feed solutions; “Same as in FO experiments



Each experiment was run keeping a constant (i) cross-flow rate of 1.25 L/min
(corresponding to a velocity of 0.25 m/s) and (ii) temperature of 25 °C. A test protocol was
followed consisting of three phases, schematically depicted in Figure 1: (i) a stable flux
phase, (ii) a fouling phase, and (iii) a flux recovery phase. The flux was firstly stabilized
using the background solution as feed, without organic foulants (Jw;). This stage allowed
achievement of the hydrodynamic equilibrium and its duration depended on the type of
membrane; FO membranes needed an overall stabilization of roughly 2.5 h, while NF90,
XLE, and SW30HR were compacted for 6 h. The fouling phase then started at time zero,
when the organic foulant stock solutions were added into the feed tank. This second phase
was run for 20 h until a near stable flux was achieved, Jp. Subsequently, physical cleaning
was performed by doubling the cross-flow rate of an organic-free feed solution to a value of
2.5 L/min and for a duration of 30 min before measuring again the water flux (Jw,) under the
same initial conditions, for about 3 h. Several experiments were carried out in duplicates and

the results in terms of permeate flux were always replicable within a 5% confidence (x 5%).

The FO experimental results were combined with the prediction of a transport model
(vide infra), to estimate the contribution of changes in bulk concentrations on flux decline. A
control FO experiment was also performed with NaCl as draw solution and at the initial flux
of 30 LMH without organic foulants in the feed solution. The results from this control test
confirmed the adequacy of the model and, most importantly, showed a negligible flux decline
when compared with fouling experiments (see Figure S1 in the Supporting Information). The
modeling results and the control test demonstrated that the flux behavior observed during the

fouling tests can be largely attributed to foulant deposition.

10



Addition of Physical

organic foulants cleaning
Jwi,
M) _ - - - - _____ --.
Jw
X / 2
=
L L
‘— | STABLE FOULING
D |Fux PHASE FLUX
cgtj PHASE Jp\ gﬁggl\szRv
)
0 Time (h) 20

Figure 1. Representative experimental trace of the fouling tests, consisting of three stages: (i) the
initial stabilization of flux, Jwy, using the background feed solution; (ii) the fouling phase, which
started at time zero with addition of organic foulants in the feed tank; (iii) the flux recovery phase,
following physical cleaning, in which Jw, was measured with the same feed solution of the first stage.
The dash line refers to the FO model applied to estimate the permeate flux accounting solely for the

dilution of the draw solution and the concentration of the feed solution.

2.4 Image collection and analysis of the fouled membranes

Fouled membranes were stored in the respective feed, in absence of the organics, with
further addition of 0.1 mM metabisulfite to keep the foulant characteristic while preventing
any possible microorganism growth prior to analysis. For confocal microscopy, the fouling
layer was stained with 50 pg/mL Concanavalin A with AlexaFluor 633 for 30 min and then
gently rinsed with DI water. Fouling layers were visualized with a Leica SP8 laser scanning
confocal microscope equipped with an HCX APO L U-V-I 20x/0.50 water immersion

objective. Alexa Fluor 633 was excited with a 638 nm laser, and an emission window of 643
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to 783 nm was used. Biomass was calculated from eight z-stacks using Comstat2 [32] with

an automatic threshold determined using Otsu’s method.
2.5 FO flux and system modeling

Simulations of the FO permeate flux were performed by applying the following equation

1130, 31]:
JwS Jw
Mpexp(————)—Tgexp(—-)
FO — A= D~ ) (1)

B S
14> [exp () —exp(~15)]

Please note that this equation does not contain any adjustable parameter. Here, A is the active
layer water permeance; S, B, and D represent the support layer structural parameter, the
active layer salt permeability coefficient, and the diffusion coefficient of the draw solute in
water, respectively. Table S1 of the SI summarizes the values of these parameters for the
various draw solutes. The term k represents the mass transfer coefficient at the active layer—
solution interface, which is a function of the hydrodynamics in the membrane flow cell and
had value of 63.1 LMH in all the experiments and simulations [33]. To simplify this
modeling, the real mixture of ionic species in the feed solution was replaced with the NaCl

concentration that would produce the same osmotic pressure of the mixed solution.

Simulations were also performed to evaluate the changes of effective driving force and
fouling resistance, R;, during the filtration experiments. These two parameters were
determined by applying equation 2 and 3, previously described by Siddiqui et al. [27], for

hydraulic pressure-driven and for FO filtration experiments, respectively:

Ap—nrej,fﬂFeXP(—k] )
NF — ecp,f (2)

w H(Rm+R¢)
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) — Js _ Js
]FO _ (Ttp—TtR) Fecp,f(“F"']WBRgT) chp(T[D"'IWBRgT) @)
w H(Rm+Rf)

In this model, the permeate flux is computed as function of the driving force (numerator) at
the membrane surface (corrected by the concentration polarization effects) and the
permeability to water derived by the viscosity of the feed solution and the overall mass
transport resistance, exerted by both the membrane and the fouling layer (denominator). In
equation 2, AP is the transmembrane pressure, n.;j is the solute rejection obtained from the
conductivity values measured in the permeate and feed solutions, mt¢ is the osmotic pressure
of the feed solution, Jy, is the experimental permeate flux, and u is the viscosity of the feed
solution. The membrane resistance, Rn, is correlated to the water permeability coefficient
through the simple equation: Ry, = 1/(u-A). Equation 3 also incorporates the effect of reverse
solute diffusion, Js/Jy; Table S1 of the SI shows the values of this parameter for each of the
draw solutes investigated in this study. In this equation, S represents the van’t Hoff
coefficient, Ry is the universal gas constant, and T is the absolute temperature. The terms
Keep,fs Fecp, @nd Fycp represent the external and dilutive concentration polarization moduli in
AP tests (Keep,r) and FO tests (Fecpr, Facp). In our study, the external concentration polarization
at the feed side was not considered; this assumption was valid because of the low salt
concentration of the feed solution, the relatively low permeate fluxes, and the high cross-flow
velocity. Further justification for this assumption and additional considerations on this model

are reported in Appendix A.
2.6 Fouling evaluation and fouling indices

Fouling indices were calculated to more easily evaluate the influence of different

operating conditions on membrane fouling. In particular, at the end of each experiment, the
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flux recovery ratio (FRR) and the total flux decline ratio (DRt) were determined with the

following equations [34]:

Jws

FRR(%) = s 100 (4)
— (1 -1
DRt = (1 v, (5)

The student t-Test was applied to assess whether the influence of certain parameters was
statistically relevant. Statistical significance was assumed when the p-value with a two-tailed

distribution for unequal variance between two separate sets of values was < 5%.

3. Results and discussion

3.1 Comparison of organic fouling effects in FO vs. hydraulic pressure-driven filtration

An experimental comparison of the organic fouling behavior in FO and AP processes is
summarized in Figure 2. Specifically, Figure 2a, b reports the flux traces relative to the
fouling stage of experiments performed in FO and AP tests starting from different initial
fluxes. In both processes, a near stable flux was reached at the end of the fouling phase, Jp,
possibly indicating the occurrence of a sustainable value, as suggested also by previous
research [18-22]. While Field et al. defined a threshold flux as the limit between the low-
and the high-fouling region, Bogler et al. suggested the existence of a steady-state value,
which may be associated to the concepts of “sustainable” or “critical” flux [20, 33]. In this
study, the values of J, fell within a narrow range, between roughly 6 and 12 LMH, regardless
of the driving force and without showing clear correlation with the initial flux. More
specifically, FO fluxes converged to a similar or slightly lower value (7.6 £ 1.6 LMH)

compared to those registered in AP experiments (9.1 + 2.1 LMH). These results translated
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into increasing values of the DRt index with increased initial flux for both processes; in

addition, this index was similar or larger for FO compared to AP filtration tests (Figure 2d).

50 AP: hydraulic pressure (a) B a0 1. FO: osmotic pressure (b) B
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Figure 2. Comparison of fouling behavior between FO and a hydraulic pressure-driven (AP) process

with a feed solution consisting of tap water spiked with organic foulants. The draw solute was NaCl

in FO experiments. Experimental traces of flux decline in (a) AP filtration and (b) FO; here, the dash

lines represent the best linear fit of the first 4 h of flux decline data. (c) Plot of the flux decline rates as

a function of initial flux, Jwy; the lines connecting the data points are plotted only as a guide for the

eye. (d) Summary of the fouling indices: (left-hand half of the graph) DRt and (right-hand half) FRR,

for (solid bars) AP and (pattern bars) FO processes.
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Possibly a more consequential behavior for real application is that described by the
fouling rate. The rates were estimated from the linear fit of the first 4 h of flux decline data
and are plotted as a function of initial flux in Figure 2c (please note that the test associated
with the highest initial flux of 46 LMH was run for 2 h, and the flux decline rate was
estimated by fitting the data for this shorter time range compared to other tests). Below the
initial flux of 15 LMH, the rate of flux decline due to fouling was negligible. Above this
value, a superlinear (faster than linear) increase of flux decline rate as a function of initial
flux was determined. Remarkably, the flux decline rates estimated for FO and AP filtrations

overlapped almost perfectly.

Some considerations should be made regarding the occurrence of sustainable fluxes on
the basis of the data presented in Figure 2. Under the conditions of this study, a threshold flux
value (dividing rapid and slow flux decline regions) between 15 and 20 LMH may be
identified. The critical flux (dividing behaviors of no flux decline and of flux decline) was
instead low, possibly around 10 LMH. Running an FO system below the critical flux is
suggested to be operationally beneficial, because fouling would be virtually absent or
completely reversible under these conditions [20, 23, 24]. In contrast, it is worth noting that
working with fluxes below 15 LMH would not be feasible because the cost of water would be
too high with respect to capital and energy costs. This issue is especially true in applications
that aim at the treatment of aqueous streams of low salinity and characterized by a significant
amount of organic material (e.g., wastewater), such as in this work, for which traditional
technologies are still competitive. Previous studies identified critical FO fluxes in the range
20-25 LMH, which would leave sufficient opportunity for system optimization to find a
balance between fouling minimization and maximization of productivity (i.e., high fluxes).
The same studies indicated that a strong inverse relation exists between organic foulant

concentration in the feed water and the value of critical flux; also, they showed that mixtures
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of organic foulants produce significantly worse effects than single foulants, such as more
cohesive and compact fouling layers [23]. In this study, the feed water contained a relatively
large concentration of foulants, which consisted of a complex mixture of four families of
organic substances. These challenging conditions explain the fact that flux decline was
always observed for economically feasible fluxes. Ultimately, the existence and the values of
critical and threshold fluxes seem to be system-specific, but falling in a relatively narrow
range between 10 and 25 LMH for FO concentrating feed streams that contain organic
foulants and that fall in the category of wastewater effluents. As mentioned above, regardless
of the occurrence of threshold or critical fluxes, the effects observed in this study were

analogous in FO and in a process driven by hydraulic pressure.

The fouling tests provided comparable results in FO and in the AP process also in terms
of flux recovery rate (FRR) (Figure 2d). Not unexpectedly, this parameter decreased with
increasing initial flux, suggesting that the fouling layer was more difficult to remove by
simple physical cleaning or that the resistance of the remaining layer was larger as the mass
transport of foulants toward the membrane was favored at higher flux during the fouling
phase. Overall, the results summarized in Figure 2 are in contrast with what reported by
much of the current research on FO [15, 16]. Indeed, they indicate that driving the separation
process by exploiting a transmembrane osmotic pressure does not necessarily translate into a
better behavior compared to a hydraulic pressure-driven process when the operating
conditions are equivalent, that is, the membrane and the productivity are the same. The
permeation drag (i.e., the force exerted on the foulants by the flow of solution that permeates
through the membrane: this force is related to flux rather than driving force) seems more
important to induce fouling and fouling-related detrimental effects compared to the nature of

the driving force causing the drag itself [35]. This conclusion may in turn imply that the FO
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process may not be advantageous with respect to NF or RO, at least in terms of organic

fouling.
3.2 Influence of feed and draw solution composition on organic fouling in FO

An investigation of the influence of feed and draw solution composition on organic
fouling was conducted to understand the operating conditions that may result in an improved
FO fouling behavior. The analysis was carried out by performing filtration experiments with
initial water fluxes of either 15 or 30 LMH. These values may be regarded as current
boundaries of the FO technology: while 15 LMH represents a limit below which the process
becomes economically unfeasible, fluxes larger than 30 LMH cannot be practically achieved
with the currently available draw solutions and FO membranes, also considering the energy
requirements of a downstream step to recover draw solutes at high concentration. Fouling
tests were performed using different inorganic draw solutes and by changing the ionic
composition of the feed solution. In Figure 3, the flux behavior of the respective AP tests is
also reported for comparison with FO. A first interesting note concerns the ability of the FO
model to predict the experimental initial flux data with great accuracy. As reported by
previous research [29, 30], FO simulations based simply on equation 1 are a useful tool to

predict the productivity of an FO system with the assumption of clean membranes.
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Figure 3. Results of fouling experiments performed in hydraulic pressure-driven (AP) filtration and
in FO with different draw solutions (Table 1). Top row: experiments conducted at initial permeate
flux, Jwy, of 15 L m %h * with (a) real feed water in the presence of calcium and (b) in the mimicked
water without calcium. Bottom row: experiments conducted at larger initial permeate flux, Jw,, of 30
L m2h* (c) with real feed water in the presence of calcium and (d) in the mimicked water without
calcium. The dash lines refer to the model prediction of permeate flux based solely on the dilution of
the NaCl draw solution and the concentration of the feed solution. The legend shown in (b) is valid

for all the graphs.
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Overall, the data indicate that organic fouling in both FO and AP tests was strongly
influenced by the presence of calcium, consistent with previous observations [36-38]. These
results are commonly rationalized with the capacity of calcium ions to complex with
carboxyl-rich organic materials and to cross-link these substances with the carboxyl groups of
polyamide membranes [39, 40]. In this study, the detrimental effect of calcium was enhanced
at high initial flux, as suggested by a comparison of the data presented in Figure 3c and 3d.
Remarkably, under conditions of high flux and in the presence of calcium in the feed
solution, the nature of the inorganic draw solute did not seem to play any role on flux decline
(Figure 3c). The influence of the draw solution was only visible when the initial flux was
low. In particular, chloride-based draw solutes induced a larger flux decline compared to
sulfate-based solutes when filtering a feed solution without calcium (Figure 3b and Figure
S2b of the SI). This observation may be reasonably explained with a greater tendency of
chloride ions to reversely diffuse into the feed solution, thus enhancing the local ionic
strength at the membrane-feed interface and promoting foulant deposition and the formation
of a denser cake layer [41]. In contrast, when calcium was present in the feed solution
(Figure 3a and Figure S2a of the Sl), a larger rate of flux decline was observed for the
sulfate-based draw solutions, rationalized with the co-deposition of gypsum at the membrane-
feed interface [39]. Indeed, this phenomenon was more important when Na,SO, instead of
MgSO, was employed, due to the higher reverse diffusion of the former salt comprising the
monovalent counterion. Clearly, when calcium chloride was used as draw solute, the flux
decline was the fastest due to the contribution of calcium from reverse salt flux. Please note
that recent reports have suggested that organic fouling layers may cause a reduction in
reserve salt flux [42]. This phenomenon may diminish the influence of draw solutes on

further organic fouling behavior and may partly be the reason for the observations of this
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study: reverse salt flux may be sufficiently large to influence organic fouling behavior only

when the fouling layer is not pronounced, that is, at low initial flux.

Comparing the curves obtained in tests employing different driving forces, a lower flux
decline was generally observed in the AP processes, especially when the experiments were
operated at the higher initial flux, namely, 30 LMH. The flux recovery ratios had similar
values in FO and AP tests (Figure S2 of the SI). These somewhat surprising results are
nonetheless in accordance with what discussed in section 3.1. Usually, when the fouling in
FO is compared to that in NF or RO, different membranes are applied. To assess the
influence of the membrane and that of applied pressure on flux decline, additional hydraulic
pressure-driven experiments were carried out with three commercial polyamide-based
membranes of different density. The results from these tests are reported in Figure S3 of the
SI.  No or negligible effect of applied pressure was observed and the three commercial
membranes had similar behavior in terms of both flux decline and recovery, regardless of the
magnitude of the driving force. Actually, the fouling tendency of the FO membrane was
higher compared to that of the three NF/RO membranes, even if the former was operated at
lower applied pressure, suggesting that organic fouling under the conditions of this study was
possibly more related to the nature of the membrane rather than that of the driving force.
This conclusion implies that comparisons of the fouling behavior in PDMPs and ODMPs
operated with different membranes may not be applicable or may not be valid under all

circumstances.
3.3 Analysis of the effective driving force and foulant resistance

The results collected so far suggest that there is no particular disadvantage of PDMPs in
terms of organic fouling when compared with FO, specifically in the range of interest for FO
applications. To understand the reasons of such observations, an analysis was performed by
applying equations 2 and 3 to the experimental data. Figure 4a and 4b present the calculated
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effective driving force and fouling resistance (Ry), respectively, as a function of time during
tests performed at initial flux of 15 and 30 LMH. The effective driving force represents here
the pressure (hydraulic or osmotic) difference across the combined polyamide active layer
and foulant layer. The available force for permeation is decreased significantly by the
resistance exerted by the fouling layer, thus resulting in a lower trans-polyamide layer

pressure differential, which is the force ultimately accountable for water flux.

The calculated value of effective driving force in our study is constant for AP filtration
experiments and nearly coincides with the nominal driving force, namely, the applied
hydraulic pressure. On the other hand, this parameter is considerably lower than the nominal
driving force (i.e., the bulk osmotic pressure of the draw solution) in the beginning of the FO
experiments, when the water flux is still high. The effective driving force increases as the
water flux is reduced following fouling, due to the ICP self-compensation effect [18, 27, 43],
and it tends to reach the value of bulk osmotic pressure (Table S2 of the Sl) as the water flux

gets closer to zero.

22



~
o

Log(Driving Force) (bar)

oo

S T aia—
BTSN

o —
N —
S
o —

Tt 1T 1T 1T 1T 1
8 10 12 14 16 18 20

Time (h)

~
|

1

o
|

o
|

R, After Cleaning, (x 10° m™)
1

B 2P

B FO: NacCl
] N Fo: mgcl,
I Fo: cacCl,

15 LMH

30 LMH

60

FO:MgCl,
FO:CaCl,

FO: MgCl B

O -
N —
5 -
o) -

| I I D I

8 10 12 14 16 18 20

Time (h)

o Q..“\r
AP, 15 LMH

FO, MgCl,, 15 LMH

FO, MgCl,, 30 LMH

Figure 4. Calculated (a) effective driving force and (b) fouling resistance (Ry) from the data reported

in Figure 3, with calcium present in the feed solution. In (c), the calculated fouling resistance after

physical cleaning is shown. (d) Color photographs of membrane samples following fouling and

cleaning from FO and hydraulic pressure-driven (AP) filtration tests at both values of initial flux,

related to the orange and blue bars in graph (c).

The increase of effective driving force in FO was largely independent of the nature of the

draw solute (Figure 4a) and, most importantly, led to an increase of the permeation drag with

the consequent development of the fouling resistance, R; (Figure 4b). Another important

aspect to take into account is the negligible effect of external concentration polarization
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(ECP) on the effective driving force, in agreement with previous studies [10, 18, 27]; see Sl
section S4. The calculations shown in Figure 4 imply a similar water flux decline in FO and
AP processes, but with a substantial difference in terms of fouling layer resistance on the
membrane surface, which seems to be much more pronounced in FO; see also Figure 4c for
the value of fouling layer resistance determined after physical cleaning. The modeling results
were corroborated by simple observation of the membranes, some reported in Figure 4d:
membrane samples used in FO tests were nearly always coated by a uniform foulant layer,
even following cleaning, while this layer was less evident or present following AP filtration
[21, 44-46]. Overall, the results suggest that the permeation drag has a dominant contribution
to fouling and fouling-related detrimental effects, possibly due to the increase of calcium and
foulant transport and accumulation onto the membrane surface. This phenomenon is

independent of the nature of the driving force.

3.4 Overall summary of the fouling behavior and comparison between FO and hydraulic

pressure-driven tests

It may be worth presenting a review of the results discussed so far with a concise
statistical analysis of the main factors affecting organic fouling in FO. The data plotted in
Figure 5a and 5b are average values determined by lumping together the indices previously
presented and classified based on the presence of calcium in the feed and on the initial flux.
There was statistically significant difference (p = 0.02) in the flux decline ratios obtained in
tests performed at low vs. high initial flux when the feed contained calcium; no significant
difference (p = 0.08) when calcium was absent (Figure 5a, DRt). Similarly, only at high flux
the DRt index was statistically (p = 0.02) higher for feeds comprising calcium compared to
feeds in the absence of this multivalent cation (Figure 5b, DRt). These agreeing observations
may be rationalized with the important effect of convection of calcium and organic foulants

onto the membranes. On the other hand, the difference in flux recovery ratios was
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statistically significant (p = 0.03) between tests run at low vs. high flux only in the absence of
calcium (Figure 5a, FRR). The influence of calcium on FRR was instead significant (p =
0.04) at low flux (Figure 5b, FRR). This result is in agreement with what observed with the
confocal microscope (Figure S5 in the Supporting Information), which showed a lower
thickness of the foulant layer on the membrane used to filter a feed solution with calcium.
Due to the cross-linking capability of calcium, its presence can induce the formation of a
more compact and thinner cake layer on the membrane surface [47, 48], which was observed

even after physical cleaning.
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Figure 5. Average values of the fouling indices obtained in FO experiments. Graph (a) allows
assessing the differences between experiments performed at (orange) low initial flux and (blue) high
initial flux. Graph (b) allows assessing the differences between experiments (light pink) without and

(green) with calcium in the feed solution. The asterisk indicates a statistically significant difference
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(p < 0.05 based on t-Test) between data represented by adjacent bars. (c) Qualitative assessment of the
influence of flux and feed calcium ions under different filtration conditions; here, the circle diameter
is proportional to the overall negative impact on the process performance. N.B.: the circle diameter

does not refer to the process performance or fouling behavior in absolute terms.

Figure 5c attempts to recapitulate the mechanisms discussed above with the goal to
inform the choice of the operating conditions in FO and minimize organic fouling.
Regardless of the nature of the draw solute, the figure summarizes similar fouling trends in
FO and AP filtrations, highlighting the key role of the feed solution composition and the
permeation drag on fouling behavior. In the presence of calcium in the feed solution, more
extensive pre-treatment should be evaluated and recurring chemical cleanings may be needed
to enhance the productivity of a system working at high average water fluxes. Regarding the
possible draw solutions to be employed in FO, the use of antiscalants with sulfate- based DS
may be critical, while magnesium chloride would be slightly preferred over sodium chloride

to work at medium-high water fluxes.
4. Concluding remarks

This study presented an analysis of organic fouling in forward osmosis and an even-
handed comparison with a hydraulic pressure-driven (AP) membrane processes, namely,
nanofiltration, under analogous conditions and productivity. In summary, the permeation
drag, rather than the nature of the driving force, was found to play a dominant role in the
fouling behavior of both FO and AP filtrations. The presence of calcium in the feed solution
also importantly increased organic fouling. In FO, the feed ionic composition outweighed the
effect of draw solution composition at economically feasible values of water flux. Indeed, at
higher fluxes the permeation drag is higher, thus enhancing calcium and foulants transport

toward the membrane surface. Draw solutes comprising sulfate anions can only guarantee

26



low to medium water fluxes in FO, due to their low solubility and osmotic potential; they
should be avoided when calcium is present in the feed solution due to the possible formation
of gypsum at the membrane/feed interface. Among the inorganic draw solutes investigated,
magnesium chloride seemed to be the most promising one, as it was able to produce high

fluxes while minimizing organic fouling.

Interestingly, the nature of the driving force did not contribute to a difference in organic
fouling behavior. It follows that FO and AP processes would be characterized by similar
organic fouling-related effects, at least under conditions comparable to this study. This
conclusion is not in accordance with what presented or indicated by numerous previous
studies, which have pointed to layer compaction as the main culprit for the more “malicious”
behavior of fouling in AP membrane processes. No direct effect of foulant compaction was
observed here; as a matter of fact, confocal microscopy data indicated instead overall thicker
foulant layers at the end of AP tests, where remaining on the samples (Figure S5 of the SI).
Even assuming that the effect of compaction is important under different conditions or for
other applications, an often overlooked issue seems to be the following: with analogous
membranes, relatively low values of hydraulic pressure are needed in AP tests to achieve the
same fluxes and rejection rates observed in FO (the loss of effective driving force is much
larger in FO, due to the impact of dilutive ICP), thus constraining the alleged detrimental

effect of fouling layer compaction.

Please also note that, with the goal to produce high-quality water, a downstream draw
solute/water separation stage is needed following the FO step, which extracts water by
diluting a draw solution. In this sense, FO may be thought of as a high-end pre-treatment
option for a subsequent purification process, with the advantage of providing a highly
selective barrier to contaminants since FO membranes are nearly as selective as reverse

osmosis membranes currently used for desalination of medium to high salinity feed waters.
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From a thermodynamics point of view, an FO-based treatment train always requires more
energy than a simple RO step challenged by the same feed water. Nevertheless, deploying
FO may truly be beneficial if the fouling behavior of this process is obviously advantageous
compared to that of an equivalent RO system and/or if the target product water needs to
respect very stringent limits, thus justifying the choice of a multi-barrier approach. The use
of FO may also be advantageous if a window of sustainable flux (below critical or threshold
values) can be identified that allow effective control of fouling-related problems while
simultaneously being of sufficiently high magnitude to justify system costs. However, from
an operational standpoint, if or when no fouling advantage exists, as observed in this study,
we surmise that an FO based system will never be favorable compared to an RO process, or
even a combined ultrafiltration-RO treatment train, owing to higher energy costs of the FO-
based system and the need for the same cleaning schemes. Decisions to deploy an FO-based
system train instead of an RO-based train should thus not be based on the pre-assumption of a
superior fouling behavior, but on real evidence of better fouling behavior of the former,
combined with other boundary conditions, such as the required water product quality, the
need for and extent of a draw solution regeneration steps, and other site-specific

considerations.
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