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ABSTRACT: A key challenge in the development of forward
osmosis (FO) technology is to identify a suitable draw solute that
can generate a large osmotic pressure with favorable water flux
while being easy to recover after the FO process with a minimum
of energy expenditure. While the CO,- and thermo-responsive
linear poly(N,N-dimethylallylamine) polymer (-PDMAAm) has
been reported as a promising draw agent for forward osmosis
desalination, the draw solutions sufficiently concentrated to have
high osmotic pressure were too viscous to be usable in industrial
operations. We now compare the viscosities and osmotic pressures
of solutions of these polymers at low and high molecular weights
and with/without branching. The best combination of high
osmotic pressures with low viscosity can be obtained by using low molecular weights rather than branching. Aqueous solutions
of the synthesized polymer showed a high osmotic pressure of 170 bar under CO, (7¢o,) at SO wt% loading, generating a high water
flux against NaCl feed solutions in the FO process. Under air, however, the same polymer showed a low osmotic pressure and a
cloud point between 26 and 33 °C (depending on concentration), which facilitates the recovery of the polymer after it has been used
as a draw agent in the FO process upon removal of CO, from the system.

1. INTRODUCTION Gases,'® volatile compounds,m’17 organics,lg’19 inorganic

20,21 —25
salts,””

reported draw agents for FO. Although these compounds can

and functionalized nanoparticles’ > are the most

Freshwater scarcity is one of the three global systemic risks
(economic growth, water security, and ecosystem health) and a

significant threat to ecosystems and public health in the offer high osmotic pressure, they pose some challenges for FO
twenty-first century.' > Wastewater management through desalination such as reverse solute flux and an energy-
recovery and recycling has become an alternative strategy for consuming regeneration process, particularly in traditional
addressing freshwater scarcity and minimizing the environ- draw solutes."”°™>® To facilitate regeneration, stimuli-respon-
mental risk of discharged wastewater on ecosystems and public sive draw agents have been developed. In other words, the
health.”> Moreover, recycling wastewater can reduce the osmotic pressure, solubility, and/or physical location of draw
pressure on ecosystems through minimizing freshwater with- agents can be controlled by triggers such as pH, temperature,
drawal and can, therefore, contribute to water sustainability. magnetic field, and Cco, ™% Among these various triggers,

Membrane-based technologies such as membrane desalina- CO, has the advantages of being nontoxic, inexpensive, and
tion, nanofiltration, reverse osmosis (RO) and forward osmosis readily removable, unlike pH-responsive systems that require
(FO) are practical water purification methods.°™ FO utilizes corrosive and accumulating acids /bases.”* In water, CO,-
an osmotic pressure difference across a semipermeable responsive agents such as CO,-switchable polymers, molecules,
membrane to purify water from wastewater or seawater at and hydrogels can reversibly switch between protonated and

low or no hydraulic pressures with high rejection of a wide
range of contaminants and smaller membrane fouling
propensity.'*~'* Unlike other membrane processes for water
purification, the energy-consuming step in FO is not the
osmosis step itself but rather the draw agent regeneration step.
The draw agent must therefore be chosen carefully to minimize
the energy cost of the regeneration step while still meeting
osmosis-related requirements like high osmotic pressure, little
to no reverse salt flux, and low viscosity. Moreover, a suitable
draw solute must have low toxicity or ecotoxicity and must not
degrade the FO membrane."”™"

deprotonated states when CO, is added or removed. This
switching gives them controllable hydrophilicity, solubility, and

swelling in water. This CO,-responsive control of hydro-
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philicity can be used to facilitate draw agent removal from
recovered water.

Recently, we reported a series of CO,-switchable polymers
as potential draw agents, including linear poly(N-methylethy-
lenimine) (I-PMEI), branched poly-(N-methylethylenimine)
(b-PMEI), and linear and branched poly(IN,N-dimethylallyl-
amine) (PDMAAm).*>* The initial purpose was to design a
polymer that could show CO, switchability with a high
osmotic pressure 7o, under CO, and a low osmotic pressure
7T, under air and that could be easily removed from a diluted
draw solution simply by removing CO, followed by either
precipitation or RO.

Although PMEI showed a high osmotic pressure under CO,
(coa: 67 bar at 43 wt/vol %), the polymer also exhibited high
7y, (26 bar at the same concentration). Linear poly(N,N-
dimethylallylamine) -PDMAAm showed the greatest contrast
between its osmotic pressure in the presence of CO, (7coy:
59.2 bar at 33 wt/vol % loading) versus under air (7 2.3
bar). In addition, uncharged 1-PDMAAm (35 wt/vol %)
showed a cloud point at 24 °C, which could facilitate the
removal of the polymer from purified water.>> However, the
viscosities of aqueous solutions of - PDMAAm were too high
to allow the practical use of this polymer as a draw agent. The
use of branched versions of b-PDMAAm did not significantly
reduce the viscosity or improve the solubility at high
concentration.*>*° Considering our previous work, we
hypothesized that shorter chain polymers could (a) allow
greater loadings and therefore higher osmotic pressure 7cp,
and (b) yield less viscous solutions that could solve the existing
challenges of limited solubility and high viscosity at high
concentration, thus enabling the polymer to exhibit its highest
potential osmotic pressure at high concentrations without
excessive viscosity. On the other hand, there is a risk that the
use of shorter chains might make the subsequent polymer
recovery by precipitation less complete.

The key influential factors of the FO separation performance
are osmotic pressure (or osmolality), solubility in water, and
viscosity.””*® For example, Cai et al. compared poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) with
number average molecular weights of 4000, 9000, and
13,000 g/mol (P4000, P9000, and P13,000) as CO,-
responsive draw solutes for FO desalination. The results
showed that the osmolality of the polymer draw solutes in
carbonated water increased with decreasing molecular weight
and exceeded >2.0 osmol/kg at 0.4 g/g for P4000 while the
solubility of P9000 and P13,000 was limited to a concentration
of 0.3 g/g.*” Yasukawa et al. investigated nonstimuli-responsive
neutral polymers (PEGs) with molecular weights of 106 to
8300 g/mol as draw solutes. They found that increasing the
molecular weight of the PEG draw solute dramatically
decreased the FO flux due to lower diffusivity of higher
molecular weight polymer, resulting in severe internal
concentration polarization (ICP).40

In this work, we demonstrate the osmotic pressure, viscosity
variations, and FO performance of low molecular weight CO,-
switchable linear poly(N-dimethylallylamine) 1-PDMAAm
polymer as a draw solute to address the challenges of limited
solubility and high viscosity, which resulted in low osmotic
pressures and low water flux with the higher molecular weight
linear analogs in carbonated water. After the FO process and
CO, removal from the system, the polymer was recovered
from the diluted draw solution by slight heating of the solution
above the lower critical solution temperature (LCST),

resulting in >99% recovery of the polymer. Scheme 1 illustrates
the FO process using this CO,-switchable thermoresponsive
polymer as a draw solute.

Scheme 1. CO,-Switchable Thermoresponsive-FO
Desalination System.

Polymer recycle

Co,

2. EXPERIMENTAL METHODS

2.1. Materials and Instruments. N,N-Dimethylacryla-
mide (DMA, 99%) was obtained from Millipore-Sigma and
passed through an inhibitor removal column before use. tert-
Dodecanethiol (trDDT, 98.5%), 4-methylmorpholine (99%),
lithium aluminum hydride pellets (LiAlH,, 95%) and
anhydrous magnesium sulfate were obtained from Millipore-
Sigma and used as received. 2,2'-Azobis(2-methylpropionitrile)
(AIBN) was obtained from Millipore-Sigma and recrystallized
from methanol before use. Ethyl acetate (99.8%), hexanes
(99%), and toluene (99.8%) were obtained from Fisher
Scientific and used as received. Deionized water with a
resistivity of 18.2 MQ-cm (before exposure to air) was
obtained from a Synergy Millipore system. CO, (supercritical
chromatographic grade, 99.998%, Praxair) was used as
received.

UV—vis spectroscopy (Agilent Technologies, Cary 300 Bio
temperature controlled spectrometer) was used to determine
the cloud points and the LCST of low molecular weight linear
PDMAAm. Cloud point measurements were performed to
identify the temperature at which the transmittance drops to
~0%, where phase separation is initiated and the transparent
solution changes to a cloudy solution. The kinematic viscosity
of polymer solutions at different concentrations was measured
by using a Cannon-Fenske-type viscometer (tube size 350) at
25 °C.

The osmotic pressures of polymer solutions were measured
at different concentrations under air and CO, atmosphere, at
room temperature (23 +£1°C) using a membrane osmometer
designed by Grattoni,"" with Dow BW30 membranes. The
solution chamber was hermetically sealed, confining the
solution to a fixed volume of 12 mL. The chamber was
designed to promote the complete escape of air during solution
loading. The polymers were rigorously lyophilized before
solutions were prepared to ensure that the polymers were
completely dry. Polymer solutions were carbonated at 1 bar by
bubbling CO, (flow rate 100 mL/min) through the solutions
for up to S h.

The GPC analysis of low molecular weight linear poly(IN,N-
dimethylacrylamide) (PDMA) was performed using THF as
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the eluent. Samples were prepared at 4 mg/mL and passed
through a 0.2 ym filter prior to injection. The samples were
analyzed on a Waters 2695 separation module equipped with a
Waters 410 differential refractometer and Waters Styragel HR
(4.6 X 300 mm) 4, 3, 1, and 0.5 separation columns at 32 °C
and 1 mL/min flow rate. The GPC was calibrated using PS
monodisperse standards. The GPC analysis of higher
molecular weight linear and branched poly(N,N-dimethylacry-
lamide) (PDMA) was performed as described in our previous
report.’® 'H NMR spectra were recorded at 298 K with a
Bruker Avance 400 MHz NMR spectrometer. Polymer samples
(I-PDMA and 1-PDMAAm) were dissolved in NMR solvents
(D,0, CDCLy).

FTIR spectra were measured by using a Bruker ALPHA
FTIR Spectrometer with an attenuated total reflectance (ATR)
sampling module. Polymer samples were analyzed without
using a solvent or dilution.

2.2. Synthesis of Polymers. Linear poly(IN,N-dimethy-
lallylamine) was synthesized by polymerization of DMA
followed by reduction of the resulting polymer I-PDMA. In a
typical method, DMA (3.0 mL, 29 mmol) and trDDM (0.60
mL, 2.9 mmol) were dissolved in S0 mL of toluene and the
resulting solution added to a 100 mL flask. The argon was
purged into the solution for 10 min, and then AIBN (60 mg,
0.29 mmol) was added to the flask. The mixture was again
purged for 10 min and then heated to 60 °C with stirring at
420 rpm. After 6 h, the flask was cooled to room temperature
(23 £ 1 °C). The resulting I-PDMA polymer (a white powder)
was purified from residual monomers by reprecipitation from
toluene with hexanes and dried in a vacuum oven at 50 °C
overnight (yield: 77%).

To synthesize  PDMAAm from -PDMA, a three-necked
round-bottom flask containing a stir bar and 3.86 g of LiAlH,
(pellets, 0.1 mol) was fitted with a condenser and rubber
septum and degassed by three cycles of pumping and N,
backfilling. Then, under flowing N,, 100 mL of 4-
methylmorpholine was quickly added to the flask. The mixture
was heated to 68 °C with vigorous stirring at 850 rpm to
disperse LiAIH, into the solvent. After complete dispersion, 10
g of dissolved [-PDMA (0.1 mol of repeat units) in 80 mL of 4-
methylmorpholine was dropped slowly into the flask through a
syringe. After 24 h, 50 mL of THF was added slowly into the
mixture and the temperature and stirring were maintained for
another 24 h.

In the next step, the flask was cooled to room temperature
(23 £ 1 °C) and transferred into an ice bath. After cooling,
deionized water (6.0 mL) was added dropwise under N,,
followed by 15 wt % sodium hydroxide solution (6.0 mL) and
then more water (10 mL). (Caution: due to the strong
reaction with LiAlH, and the resulting hydrogen gas formation,
water must be added very slowly with continuous flushing of
N, through the flask until complete quenching of LiAlH, has
been achieved.)**® The flask was warmed to room temper-
ature (23 + 1 °C) and left stirring overnight. Anhydrous
magnesium sulfate was added until it clumped at the bottom of
the flask. The solid phase was removed by gravity filtration and
washed twice with ethyl acetate. The filtrate and washings were
evaporated to dryness under vacuum, leaving behind a
transparent yellow solid (Yield: 88%).

Branched PDMA was synthesized through conventional
free-radical copolymerization of DMA monomer with N,N'-
methylenebisacrylamide (MBA) as the branching agent and
trDDT as the chain transfer agent with a AIBN:MBA:trDDT

mole ratio of 1:1:3. The procedure for reducing b-PDMA to b-
PDMAAm was similar to that described above for the linear
polymer.*®

2.3. Forward Osmosis Process. The FO tests were
carried out using glassware equipment of different scales, as
shown in Figure SI. Commercially available FTS H,O
cellulose triacetate FO flat sheet membranes (Sterlitech)
were used. According to the manufacturer (Sterlitech), the
reverse salt flux of NaCl in this kind of membrane is smaller
than 2 g¢/m*h (H,0 vs 1 M NaCl in FO). The membrane was
a circular shape of 4.7 cm diameter, soaked in the feed solution
(NaCl) for a minimum of 1 h before use. The feed and draw
sides were connected via flanges with an internal diameter of
2.5 cm. The flanges were wrapped with Teflon tape to prevent
leaking during the FO process, and the membrane was placed
between flanges. A 50 wt % solution of -PDMAAm was
carbonated with bubbling CO, for at least 25 min before the
FO process. NaCl solutions with different concentrations (0.2,
1.75, and 3.5 wt %) were used as the feed and stirred at 500
rpm during the FO process. The active layer of the membrane
faced the draw solution in all experiments. The conductivity of
the feed solution was recorded during the FO test and was
used to calculate the flux as a function of the volume and time
(LMH). For this purpose, the conductivity probe (Thermo
Scientific Orion 01300SMD) was calibrated with NaCl
standard solutions. The volume reduction of the feed was
calculated from the concentration variation over time to obtain
the volume of transferred water from the feed to the polymer
side.

After the FO process, a temperature increase (e.g., 55 °C)
was employed to remove CO, from the diluted draw solution.
This temperature rise also triggered the precipitation of the
polymer, causing the neutral polymer to form a separate phase
from the solution. The bulk polymer was collected, and the
process was then followed by filtration using a 0.22 ym syringe
filter.

An RO bench-scale experimental setup was also used as a
polishing step to remove residual traces of polymer from the
water-rich phase and produce clean water. The RO setup
(Sterlitech HP4750 High Pressure Stirred Cell) had a cell
width of 14.6 cm, a high-pressure coupling, and a commercially
available stainless steel cross-flow membrane filtration unit
equipped with a 14.6 cm® active membrane area and PTFE stir
bar connected to a N, tank.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of CO,-Switch-
able Polymers. Linear and branched poly(IN,N-dimethyla-
crylamide) samples with different molecular weights (linear:
M,, = 3.2 and 18.5 kDa, branched: M,, = 20.8 kDa) were
synthesized using free-radical polymerization in the presence of
a chain transfer agent (CTA) to control the polymer growth
and prevent gelation. To produce linear poly(N,N-dimethy-
lallylamine) -PDMAAm, the acrylamide groups in the I-
PDMA polymer were reduced by using LiAlH,. Although there
are two steps in the synthetic procedure to obtain the final I-
PDMAAm product, which might raise the economic and
environmental cost compared to polymers that can be made in
a single step, the CO, switchability and thermoresponsivity of
the polymer make it an easily recoverable and reusable draw
agent. It is also possible to prepare the polymer by
polymerizing allylamine hydrochloride and then methylating
with formic acid/formaldehyde, thereby avoiding the use of

https://doi.org/10.1021/acsomega.3c07644
ACS Omega 2023, 8, 49259—-49269


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07644/suppl_file/ao3c07644_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

LiAlH,.*> Scheme 2 shows the linear and branched structure of
PDMAAm polymers in this study.

Scheme 2. Linear and Branched PDMAAm Polymers in
This Study

- n m
. Me,N NH
* n
MeoN Me,N NH
I-PDMAAmM A
b-PDMAAM

Successful polymerization was confirmed by Fourier trans-
form infrared spectroscopy (FTIR) and '"H NMR spectrosco-
py, which confirmed the reduction to the tertiary amine. Figure
1 compares the 'H NMR and FTIR spectra of the low
molecular weight - PDMAAm polymer to those of I-PDMA
from which it was made.

The FTIR spectrum of I-PDMA (Figure 1A) shows the
amide carbonyl stretching band at 1690 cm™; the disappear-
ance of this band in the spectrum of the - PDMAAm confirms
the successful reduction of the amide groups.36 '"H NMR
spectroscopy also confirmed the successful reduction of amide
groups in -.PDMA to the amine through the disappearance of
the signal corresponding to the hydrogen neighboring the C=
O of the amide at 2.6 ppm.”

The solubility of 'PDMAAm in carbonated water was
confirmed by bubbling CO, into the mixture of polymer and
water solution until equilibrium was reached. Figure S2 shows
the conductivity measurement of the polymer solution at 35 wt
% as a function of CO, bubbling. Initially, the conductivity of
the mixture is low (58.6 S/cm), due to the low solubility of
the polymer in water under air. Upon the bubbling of CO, into
the mixture, the nitrogen atoms are protonated and hence
increase the solubility of polymer in the carbonated water,

resulting in an increased conductivity until equilibrium is
reached at 8590 uS/cm.

3.2. Osmotic Pressure. In FO desalination, an osmotically
driven process, careful selection of the draw agents dissolved in
water plays a critical role in determining the FO efficiency. A
successful draw solute must exhibit a high solubility in water
with high osmotic pressure compared to the feed solution in
order to generate high and efficient water flux across the
semipermeable membrane.*”** In this work, we studied the
osmotic pressure of three kinds of PDMAAm polymers
including linear low and high molecular weight and branched
polymers. Table 1 shows the molecular weights of the studied

Table 1. Molecular Weights of PDMAAm in This Study

sample M, (kDa) M,, (kDa) b
linear, low M,, 2.5 32 1.3
linear, high M, 8.0 18.5 2.3
branched 5.9 20.8 3.5

polymers. In addition, the molecular weight distributions of
linear and branched polymers are shown in Figure S3. As
expected, the low molecular weight polymer contains more
very small polymer chains compared to the linear high
molecular weight and branched polymers.

The osmotic pressure of CO,-responsive PDMAAm
polymers was measured under air (7,;,) and in the presence
of CO, (7co,) using direct membrane osmometry, which is
capable of direct measurement of osmotic pressure without
further calculation, as reported previously.”>*® For concen-
trated solutions, osmotic pressures measured directly by
membrane osmometry tend to be lower than those calculated
from freezing point or vapor pressure lowering measure-
ments,** possibly due to ICP, but might be more
representative of the effective osmotic pressures experienced
in FO processes where ICP is also likely to occur. Figure 2
shows the osmotic pressure of branched and linear polymers
under air and CO, at different concentrations. At low
concentrations (<20 wt %), the osmotic pressure of all

A
—PDMAAm 275@ cm-!
—PDMA
1627 cm-"
2936 cm™’
- 1
2 1036cmt | | |
e’
@ | |
1>
g i
£ |83acme [
z |
= |
< 1
|
) ) . ' “I‘- ' E-IU ' 4‘5 ' 4‘0 " 3‘5 ' 3‘0 " 2|5 j ZIU ' 1|5» ' 1|0 " OIE ) 6
500 1500 2500 3500 Chemical Shift (ppm)

Wavenumber (cm!)

Figure 1. Characterization of the -lPDMA and 1-PDMAAm polymers: (A) FTIR spectra; (B) 'H NMR spectra in D,0.
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180 PDMAAm compared to those of the other polymers and small
~#-Linear PDMAAm, Low Mw- CO, . . . .
160 § -G -Lincar PDMAAm, Low Mw- Air molecules as draw agents reported in the literature is shown in
—#—Linear PDMAAm, High Mw- CO,
140 + _A-Linear PDMAAm, High Mw- Air Table 2.
120 | ~@®-Branched PDMAAm, C02
~©-Branched DMAAm, Air Table 2. Comparison of the Osmotic Pressures of Draw
,5100 ] Agents from the Literature
<2 80
B osmotic
60 1 draw agent concentration pressure ref.
40 P,.., DMBS* 70 wt % 25 bar” 11
20 D P, TFAC 70 wt % 38 bar” 11
0 ‘ polyethylene glycol? 40 wt % 50 bar® 46
0 50 55 PAGB/ 40 wt % 20 bar® 46
Concentration (Wt.%) ethylene oxide-propylene oxide 70 wt % 96 bar® 47
copolymer®
Figure 2. Osmotic pressure of -PDMAAm and b-PDMAAm PAANa" 0.12 g/mL 8.1 bar’ 48
polymers as a function of their concentration in water, under air PSSS-PNIPAM/ 33.3 wt % 28.6 bar* 49
and CO,. trimethylamine’ 1.0 M 48.8 bar’ 50
I-PDMAAm 50 wt % >170 bar”  This

polymers under CO, is independent of the molecular weight
and the structure of the polymer.”> However, at intermediate
concentrations ~20—30 wt %, the two linear - PDMAAm
polymers appear to have approximately the same osmotic
pressure 7o, but the branched b-PDMAAm shows a lower
osmotic pressure g, presumably due to the additional
interactions between branches of one macromolecule (intra-
molecular polymer—polymer interaction).’® At concentrations
above 30 wt %, the low molecular weight and high molecular
weight linear -)PDMAAm polymers have different osmotic
pressures, with the low molecular weight polymer giving
superior pressures. The reason can be related to the effective
parameters of linear polyelectrolytes in solution, such as
interactions between polymer and solvent, polyions and/or
counterions, flexibility of the polymer chains, and counterion
distribution.” In the lower molecular weight polymers, the
interaction between the polyions and counterions may be
increased due to a less repulsive effect between positive charges
and less neighboring interaction between H*'N(R), groups in
polymer segments. The previous result showed that in tertiary
amine polymers with high nitrogen-to-carbon ratios, such as I-
PDMAAm as polar aprotic polymers, at the critical
concentration, polymer—water interactions are more favorable
than polymer—polymer interactions. Above this concentration,
the repulsion is stronger between the polymer chains resulting
in pulling more water to reduce the chains’ repulsion, which
causes an increase in the osmotic pressure.”” Therefore, the
osmotic pressure 7o, of low molecular weight - PDMAAm
significantly increased above 170 bar at 50 wt %. The osmotic
pressure above 35 wt % for branched and high molecular
weight linear - PDMAAm solutions could not be measured due
to their high viscosity.**°

CO,-responsive draw agents also ideally should have a low
osmotic pressure in air to facilitate the separation of the draw
solute from water. In other words, a large difference between
(or even better a large ratio of) the osmotic pressures 77¢o, and
7, will provide easy separation of the CO,-switchable draw
solute from the diluted draw solution if an RO or nanofiltration
step is used either as the primary method for recovering the
polymer or as a polishing step to remove residual polymer after
precipitation and filtration. As shown in Figure 2, PDMAAm
polymers with branched and linear structures exhibited low
T, which allowed easier separation of the polymers from
water. In addition, the osmotic pressure of synthesized I-

work

“Pu444 = tetrabutylphosphonium, DMBS = 2,4-dimethylbenzene
sulfonate. “Measured by vapor pressure osmometer. “TFA =
trifluoroacetate. “M,, = 4000 g/mol. “Measured by water activity
method. The water activity aw of the DS solutions at 25 &+ 1 °C was
measured using a water activity meter. TPAGB = poly (propylene
glycol-ran-ethylene glycol) monobutyl ether, M, = 4000 g/mol.
£Ethylene oxide-propylene oxide copolymer, M,, = 2000 g/mol. hpAA
Na= poly(acrylic acid) sodium salts, M, = 1800 g/mol. “The
osmolality of draw solutions was converted to osmotic pressure using
a model 3250 osmometer. /PSSS-PNIPAM = poly(sodium styrene-4-
sulfonate-co-n-isopropylacrylamide), 15 wt % SSS. “Measured by
direct membrane osmometer. ‘Measured by a stream analyzer, under
CO,. ™Under CO,.

The viscosity of the draw solution is the other critical factor
that can significantly affect the FO process and osmotic
pressure. Draw solutions with high viscosity can show external
concentration polarization (ECP) in the solution next to the
membrane, which causes a reduction in the water flux.
Excessive viscosity also increases the energy cost of pumping
the solution through the system.'” Figure 3 shows the
kinematic viscosity of low and high molecular weight
PDMAAm solutions at different concentrations under CO,
and air. At low concentrations of <20 wt %, all samples show
approximately the same viscosity under CO, and air, which
shows that viscosity at dilute concentration is independent of
molecular weight and structure of PDMAAm.** However, at
intermediate concentrations of 20—30 wt %, both high
molecular weight linear and branched b-PDMAAm show a
significant increase from 30 cSt at 20 wt % to ~740 and ~1500
cSt at 30 wt % under CO,, while the viscosity of the low
molecular weight linear -.PDMAAm appears to have risen to
only ~50 cSt at 30 wt %. Upon further increase in
concentration to >30 wt % for higher molecular weight
polymers, the viscosity increases exponentially above 4000
(branched) and 40,000 cSt (linear), respectively, at 40 wt %,
while the low molecular weight polymer shows a less drastic
increase in viscosity (500 and 1500 cSt at 45 and SO wt %
respectively), demonstrating the viscosity-lowering benefit of
using lower molecular weight -PDMAAm.*®

3.3. Cloud Point. If the neutral polymer is thermores-
ponsive, then changing the temperature of a noncarbonated
aqueous solution of the polymer in order to initiate
precipitation could provide an energy-eflicient regeneration
mechanism in the FO process. Temperature is the most widely
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used trigger in stimuli-responsive polymeric systems. >

Unfortunately, a polymer that is responsive to only temper-
ature is unlikely to generate high osmotic pressures because
thermoresponsive polymers are of medium hydrophilicity.
Very hydrophilic polymers, which are the polymers most likely
to generate very high osmotic pressures, either are not thermo-
responsive or have prohibitively high LCST. Thus, a polymer
that is both thermoresponsive and CO,-responsive makes it
possible to achieve both high osmotic pressure and facile
recovery and regeneration.

A cloud point is the temperature at which a polymer in an
aqueous solution precipitates. The cloud point varies depend-
ing on the concentration of the polymer in the water. The
lowest cloud point is called the LCST.*"%" For example,
poly(N-isopropyl acrylamide) (PNIPAM) is the most studied
thermo-sensitive polymer; it has a sharp LCST in water at
around 32 °C.>"*%% Table S1 shows the LCST of the
thermoresponsive polymers reported in the literature.

Many polymers are undesirable as draw solutes, because they
have no LCST, a high LCST necessitating a high temperature
to be recovered from water, or a very low LCST (below or at
room temperature). A low LCST can cause an issue during the
FO process, because the system would need to be cooled
during the FO process to prevent the precipitation of polymers
while running the FO process.”’ A CO,-switchable polymer
with a low LCST or essentially complete insolubility in
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noncarbonated water, in our experience, takes a long time to
dissolve in carbonated water, which would be unacceptable in a
practical process. For these reasons, a polymer with a medium
LCST is preferable, meaning one that is 10 or 20 °C above
room temperature.

In this work, synthesized - PDMAAm polymers display both
thermoresponsiveness and CO, switchability. Figure 4 shows
the cloud point temperatures of low molecular weight I-
PDMAAm at different concentrations in the absence of CO,.
The polymer solution has a sharp cloud point at varying
concentrations (33 °C at 50 wt % versus 26 °C at 10 wt %).
Although the polymer shows a low cloud point at dilute
concentrations under air (26 °C at 10 wt %), the carbonated
solution remains transparent at all temperatures in the studied
range (S to SO °C), indicating that the polymer would remain
soluble in carbonated water during the FO process, and there
would be no need for cooling,

3.4. FO Desalination. A laboratory-scale FO glassware
apparatus was used to test the synthesized low molecular
weight - PDMAAm as the draw agent for FO. Based on the
measured osmotic pressures of the polymer solutions, 50 wt %
solution of the polymer in carbonated water was selected as the
draw solution for the FO test. The polymer was mixed with an
equal mass of water and carbonated with 1 bar of CO,. The
carbonated - PDMAAm polymer solution was placed into the
draw side of the FO apparatus against the active layer of the
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cellulose triacetate membrane and across from the feed NaCl
solution. The flux was monitored by measuring the change in
the conductivity in the feed solution.

Figure S4 shows the feed solution conductivity as a function
of time during the FO process. As the graphs show, as water
crossed from the feed to the draw side, the concentration of
the feed NaCl solution increased over time, and therefore, its
conductivity increased. Figure 5 shows the water flux as a
function of time for feed solutions with different initial
salinities.

100
90 -
80 £4°
70 § %
60 -
50 -
40
30 -
20
10 -
0

-4®%-NaCl 0.2 wt.%
--¢--NaCl 1.75 wt.%
--A-NaCl 3.5 wt.%

Flux (L/m2h)

0 10 20 30 40 50 60

Time (min)
Figure 5. Measured water flux (L m™h™") over time as a function of
the initial feed concentration. In all cases, the draw solution initial

concentration was SO wt % -PDMAAm (low M,,) in carbonated
water.

As shown in Figure S, the highest water flux of 8 L m™>h™"
was measured for 0.2 wt % of NaCl feed solution while slightly
lower initial water fluxes of 81 and 77 L m™ h™! were observed
from 1.75 and 3.5 wt % NaCl solutions, respectively. According
to our previous study, high molecular weight - PDMAAm at a
concentration of 30 wt % showed an initial water flux of only
30 L m™2h™" against 1.75 wt % NaCl feed solution.”* The total
amount of water that crossed the membrane from the feed
solutions to the draw side is shown in Figure S5. After 3 h, 9.0,
5.0, and 2.5 mL of water permeated from 0.2, 1.75, and 3.5 wt
% NaCl feed solutions into the draw solution, respectively.

Decline in water flux over time is a common phenomenon in
batch FO experiments due to dilution of the draw,
concentration of the feed, and in some cases the occurrence
of ECP, which arises from the unstirred diffuse boundary layer
on the active layer side of the FO membrane.'”** In other
words, permeation of water into the draw side dilutes the
portion of the draw solute that has close contact with
membrane and therefore reduces the osmotic pressure
difference across the membrane and hence decreases the
water flux.**”° However, circulation during the FO process and
controlling the h}fdrodynamic operating conditions can
minimize the ECP.'>”"

In another experiment, a larger apparatus was used for the
FO test (as shown on the right in Figure S1). For this purpose,
45 g of polymer was dissolved into water (at S0 wt %) under a
CO, atmosphere and the FO process was performed for a 3.5
wt % NaCl feed solution (Figure S8). While similar initial
water flux was obtained (76 L m™ h™" against 3.5 wt % NaCl
feed solution) compared to the small FO apparatus, the FO
test was continued for 21 h until the top of the feed solution
reached the top of the active layer (18 mL of water passed
through the membrane during the FO process). Better

circulation was provided by using a stir bar in the draw
solution, although, on an industrial scale, circulation would be
provided by pumps and forcing the solution through hollow
fiber membranes providing efficient contact of the draw
solution with the membrane and decreasing ECP. The initial
FO water fluxes for the FO tests with different salinities,
recycled polymer, and different sizes of FO apparatus are
shown in Figure 6. In the future, pilot-scale runs will be
appropriate for future studies and development.
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LMH
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Figure 6. Initial water flux observed with draw solutions consisting of
protonated low molecular weight -lPDMAAm polymer (S0 wt%), as a
function of NaCl feed solution concentration.

In a successful FO process, the back-diffusion or reverse salt
flux (RSF) of draw solute through the membrane should be
zero or negligible.”” To evaluate whether RSF occurred, all
feed solutions after FO experiments were analyzed by 'H
NMR and IR spectroscopy to detect any polymer that may
have diffused into the feed side (Figure S7). Figure S7A shows
the IR spectrum for feed and draw agent solution before and
after the FO test of 3.5 wt % NaCl solution. No polymer peak
was detected in the feed solution after the FO process, and
only peaks due to water appeared in the spectrum. As the
NMR result shows in Figure S7B, no polymer peaks were
detected between 1 and 3 ppm (no polymer was also detected
for the larger scale experiment after 21 h of the FO test).

To recover the polymer after the FO test, the diluted draw
solution was heated slightly (e.g., 55 °C) under N, to remove
CO, from the solution. ' PDMAAm displays sharp cloud
points from 26 to 33 °C depending on the concentration.
Therefore, heating the diluted polymer solution after the FO
process to 50 °C for CO, removal also causes the neutral
polymer to form a phase separate from the solution. Figure S8
shows the draw solution after the removal of CO,. Although
there might be a concern about the energy consumption that is
required for the heating, the required temperature for CO,
removal from the system is so low that low-grade waste heat
would suffice.*””® The use of precipitation to recover the draw
polymer also ensures that the polymer will be separated from
any salt or other water-soluble impurities that may have
migrated across the membrane from the feed during the FO
step.

After the CO, removal, the mixtures were analyzed to
measure the extent of phase separation. The precipitated
polymer layer was gently removed using a spatula, and the
aqueous phase was taken for further analysis. Two methods
were applied in sequence to the water-rich phase to remove
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any residual polymer remaining after removal of the bulk of the
precipitated polymer. First, the aqueous solution was filtered
with a 0.22 um syringe filter. Figure S9 shows the 'H NMR
and FTIR spectra of the polymer-rich and water-rich phases
after removing the remaining polymer from the aqueous
solution by a syringe filter. As the result shows, there was a
residual amount of ~2 wt % -PDMAAm in the water-rich
phase (water ~98 wt %) and residual amount of water ~2 wt
% in the polymer-rich phase (polymer ~98 wt %,
concentrations were measured by the '"H NMR spectrum in
acetone-D6 and DMF as an internal standard).

In another experiment, after the syringe filter step, RO was
used as a post-treatment process to recover the small amount
of dissolved polymer that was not separated from the water-
rich phase and produce clean water. The osmotic pressure of
the water-rich phase was found to be 6.9 bar, which showed
that a slight amount of CO, still remained in solution, and
therefore, some nitrogen atoms of the - PDMAAm remained
protonated and made the polymer slightly soluble in the water.
To fix this problem, N, pressure was applied to force the water-
rich phase through an RO system (150 psi) until the permeate
was clean. Figure S10 shows the FTIR and 'H NMR spectra of
the aqueous solution before and after RO. No polymer was
detected in the filtrate by 'H NMR spectroscopy. The fact that
some CO, remained suggests that more complete removal of
the CO, might decrease the amount of residual polymer in the
recovered water (and its osmotic pressure) and might even
eliminate the need for an RO step.

B CONCLUSIONS

We compared the performance of low molecular weight CO,-
switchable -PDMAAm with that of high molecular weight
linear and branched counterparts to evaluate them as draw
agents for FO. We also compared the viscosity of solutions of
these various polymers in carbonated or normal water. The
carbonated solutions of the low molecular weight linear
PDMAAm showed the greatest osmotic pressure, lowest
viscosity, and highest solubility of the three polymers under
CO,, which could address previous challenges related to low
solubility and high viscosity of the higher molecular weight and
branched structures. In addition, the low molecular weight
polymer was tested for the FO performance against NaCl feed
solutions. The - PDMAAm draw agents displayed improved
initial water fluxes of 89, 81, and 77 LMH for 0.2, 1.75, and 3.5
wt % of NaCl feed solutions, respectively. After the FO step,
regeneration of the draw solute was achieved by heating the
diluted draw agent to remove CO, from the system. This
resulted in the precipitation and thus facile recovery of the
draw polymer from the dilute draw solution with minimum
amount of the residual polymer ~2 wt % in the water-rich
phase. A subsequent RO step was able to remove the
remaining residual polymer from the water-rich phase to
obtain clean water.
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AIBN=2,2’-azobis(2-methylpropionitrile)
Db=dispersity
DMA=N,N-dimethylacrylamide
DMBS=2,4-dimethylbenzene sulfonate
DMO=direct membrane osmometry
ECP=external concentration polarization
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FO=forward osmosis

FTIR=Fourier transform infrared spectroscopy

GPC=gel permeation chromatography

ICP=internal concentration polarization

LCST=lower critical solution temperature

LMH-=flux as a function of volume and time (L m™ h™*)
MBA=N,N’-methylenebisacrylamide

M, =number average molecular weight

M, ,=weight-average molecular weight
nBu-TAEA=N,N’,N"- n-butyryl tris(2-aminoethyl)amine
PAA Na=poly(acrylic acid) sodium salt

PAGB=poly (propylene glycol-ran-ethylene glycol) mono-
butyl ether

PDMA=poly(N,N-dimethylacrylamide)
PDMAAm=poly(N,N-dimethylallylamine)
PEG=poly(ethylene glycol)
PiBuCPMA=poly(N-(N'-isobutylcarbamido)propyl metha-
crylamide)

PNAAAM-=poly(N-acryloylasparaginamide)
PNAGA=poly(N-acryloylglycinamide)
PNCPAM=poly(N-cyclopropylacrylamide)
PnPA=poly(N-n-propylacrylamide)
PiPA=poly(N-isopropylacrylamide)
PNIPAM-SA=poly(N-isopropylacrylamide-sodium acrylate)
PNIPAM-SSS=poly(sodium styrene-4-sulfonate-co-n-iso-
propylacrylamide)

PNVCL=poly(N-vinylcaprolactam)

|-PMEI=linear poly(N-methylethylenimine)
b-PMEI=branched poly(N-methylethylenimine)
PMAAm=poly(methacrylamide)
PMT=poly[{2-(methacryloyloxy)ethyl}trimethylammonium
chloride]

P(MTEO)=[2-(methacryloyloxy)ethyl]- trimethylammo-
nium chloride with 2-(2-methoxyethoxy) ethyl methacrylate
RO-=reverse osmosis

RSF=reverse salt flux

trDDM-=tert-dodecylmercaptan

TFA=trifluoroacetate

TMA-=trimethylamine

TT=osmotic pressure of the solution under air
Tcop=0smotic pressure of the solution under 1 bar of CO,
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