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The membranes were reacted to increase the resilience of the membrane as well as incorporate functional groups
that alters ion transport. These membranes were reacted first with diaminohexane to incorporate crosslinking as well as
amine functionalities that induce a positive charge through protonation. These functionalities can be further reacted to
incorporate permanent charges into the membranes. In this study, glycidyl trimethylammonium chloride and 4-
sulfophenyl isothiocyanate sodium salt were chosen to incorporate either a permanent positive or negative charge to the
membrane, respectively.! The trimethyl ammonium functionality was reacted using the same base-catalyzed epoxide
ring opening reaction that was used to react the diamine to the membrane.? However, triethylamine was added to the
reaction solution as a catalyst to ensure that the reaction was successfully completed.3* The sulfonic acid functionality
was incorporated into the membrane using an amine-isothiocyanate reaction.®> These functionalities were reacted in
water to preserve membrane integrity. Figure 1 shows the FTIR spectra for membranes reacted with diaminohexane,
trimethylammonium, and sulfonic acid reacted films. The peak at 1580 cm™ shows the amine functionalities for both
the diaminohexane and the trimethylammonium. In addition, the shoulder peak seen at 1101 cm™ corresponds to the C-
N stretch in both the amine and ammonium functionalities.»®’ For the sulfonic acid functionality, the appearance of the
peak at 1031 cm™, from the sulfonic acid vibration, suggests that the sulfonic acid reacted with the amines.! The

presence of these peaks indicate that the desired functionalities reacted with the membranes to form charged membranes.
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Figure 1: FTIR spectra of reacted films with diaminohexane (Hex), glycidyl trimethylammonium (Ammonium), and
sulfonic acid functionalities. The spectra were normalized with 1735 cm™ C=0 peak for comparison.



Zeta potential analyses were conducted to understand the surface charge given by the charged functionalities.
Figure 2 shows the zeta potential of the PVDF support and the membranes functionalized with diaminohexane,
trimethylammonium, and sulfonic acid. These experiments were completed by Matthew McClure at McMaster
University using an Anton-Paar SurPASS3 with 1 mM KCI solutions that were titrated to specific pHs. As seen in the
figure, each functionality shows a different charge characteristic. The PVDF support was also measured, seen in Figure
2A, to ensure the membrane surface charge was not influenced by the support itself. As seen in the figure, the isoelectric
point for PVDF is observed around pH 3. The negative charge has been seen in other studies with PVDF.2 The
diaminohexane-reacted film, seen in Figure 2B, shows a positive charge, indicative of the protonation of the amine
functionality. The isoelectric point was observed around pH 8.5, which is close to the pKa of the amine group (~10).%°
The loss of charge is consistent with the amine deprotonated and therefore assuming a neutral charge. The ammonium
and sulfonic acid functionalities, on the other hand, are permanent charges, and therefore not affected by the pH of the
surrounding solution. This charge is observed by the lack of an isoelectric point for both moieties. The ammonium
functionality exhibits an average zeta potential of 2.0 + 1.7 mV. The sulfonic acid membrane shows an average zeta
potential of -3.5 £ 0.2 mV. These analyses show that the permanently charged functionalities maintain a charge on the

membrane surface regardless of solution condition.
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Figure 2: Zeta potential analysis for A) PVDF substrate, B) diaminohexane-reacted copolymer film, C)
trimethylammonium-reacted membrane, and D) sulfonic acid- reacted film. The values and shaded regions are based
on the average and standard deviation of n=3 membrane samples.

Agueous ion transport experiments help to further understand the electrostatic interactions between the
functionalized membrane and the solution. Figure 3 shows the ion rejection experiments conducted with CaCl, at
unaltered pH (~5.5) and pH 11. This pH was chosen since it is above the pKa of the diamine while limiting the Debye
screening effect caused by the increase in feed ion concentration. Seen in the figure, the diaminohexane-reacted film
shows a high rejection of calcium ions until the pH is increased. When the amine functionalities are deprotonated, the
membrane loses its charge, causing the ion rejection to plummet. The trimethylammonium and the sulfonic acid
functionalities are permanent, and therefore not affected by the pH of the solution. This is seen in the ion rejection
experiments. There is a small change in the rejection, which can be attributed to the increase in the ion concentration

from the calcium hydroxide screening some of the charge. These rejections not only show that the membranes were

functionalized with the moieties, but also that these charges are permanently attached to the membrane.
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Figure 3: 1mM Ca(NO3)2 rejection at unaltered pH (~ pH 6) and at pH 11. The values are an average of n=3 samples
with error bars being the standard deviation

Once the membranes were analyzed with water, ion rejection experiments were conducted with different organic
solvents. These experiments were to help understand how the charged functionalities affect the ion transport behavior
in each organic solvent. Figures 4 and 5 show the results of the ion rejection experiments for ImM Ca(NO3)2 and 1 mM
NaNO:z solutions, respectively, for each solvent, including water. The rejections for isopropanol are called into question
due to the decrease in the solvent permeability over time. This decrease eventually lead to the membrane completely
degrading and becoming impermeable after approximately 4 hours. This phenomenon suggests that the isopropanol is
able to solvate the membrane, thereby causing the nanostructure to degrade, which further supports the hypothesis that
was formulated during casting. The rejection results in each organic solvent for the diaminohexane-reacted membrane
indicate that the functionality is still protonated, and therefore charged. This charge could orginate from water
contamination, since the solvents were not chemically scrubbed for water, that allowed the functionality to protonate
and maintain its charge. The lower rejections from trimethylammonium functionalities compared to diaminohexane-
reacted films suggest that the charge associated with the ammonium functionalities is not as strong as the diamine. This
is also seen in the lower zeta potential for the trimethylammonium versus the diamine. The lower rejection could be
attributed to the charge of the ammonium being stabilized by the C-N bonds allowing to distribute the charge.'® For
both the diamine and ammonium-functionalized membranes, the rejections decrease as the solvent identity was
changed. This trend is similar to the lower Debye lengths that were calculated as the permittivity was lowered. The

sulfonic acid rejections, on the other hand, show an increasing trend as the solvent is changed, which is inconsistent



with the lower Debye length. This result suggests that the sulfonic acid functionality has a more complex interaction

than previously thought.
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Figure 4: 1mM Ca rejections for each reacted film as a function of solvent and functionality. The values and errors are
from the mean and standard deviation, respectively, of n=3 membrane samples. Each membrane was permeated with
pure organic solvent prior to ion experiments to prevent any cross contamination from previous experiments.
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Figure 5: 1mM Na rejections for each reacted film as a function of solvent and functionality. The values and errors are
from the mean and standard deviation, respectively, of n=3 membrane samples. Each membrane was permeated with
pure organic solvent prior to ion experiments to prevent any cross contamination from previous experiments.
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