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Abstract

Efficient water decolorization techniques are vital for ensuring fresh water for future
generations. Azo dyes are used heavily in the textile industry and are a challenge to remove
from industrial wastewater. This research expands on recent innovative work where
anionic azo dyes themselves were used to functionalize track-etched porous polycarbonate
filtration membranes with decolorized water obtained as a byproduct. The objective of this
research is to determine whether the observed dye rejection is dependent on the magnitude
of the intrinsic charge of the dye molecule or on its structure, using two selectively chosen
anionic azo dye series during functionalization. The first group is a negative two intrinsic
charge series with six dyes, each differing in structure, and the second group is a five-dye
series that increases from —1 to —6 in intrinsic charge. Rejection measurements as a function
of both time and concentration during functionalization are made using ultraviolet-visible
light spectroscopy. For 100 M aqueous dyes, comparing pre- and post-functionalization, a
systematically increasing trend in the ability to functionalize porous polycarbonate based
on the number of double 6-carbon ring structures in the dyes is illustrated and found to be
independent of intrinsic charge.

Keywords: rejection; membranes; filtration; water; pollution; chemical structure; charge;
purification; textiles

1. Introduction

On geological time scales, the 1.4 x 10'® m? of water that is constantly being transferred
between Earth’s oceans, atmosphere, and landscape, forming a closed cycle, will not
diminish [1,2]. However, despite this large volume of water contained in Earth’s water
cycle, only 2.5% of all water on Earth is fresh water, with only 0.3% being accessible in
freshwater lakes and rivers [3]. History has dictated that access to safe water is the seed
for thriving civilizations [4,5]. With the growth of modern civilizations comes industrial
revolutions, with some industries expelling toxic substances that end up in the atmosphere,
soil, oceans, lakes, and rivers [6]. The world population continues to grow, with the present
count being over 8.2 billion people [7,8]. The combination of a growing population in
modern industrialized civilizations and limited safe water resources has created regions on
Earth with ever-increasing water scarcity [9].
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The modern textile industry is one of the largest users of available fresh water, second to
the agricultural industry, and is responsible for 4% of the fresh water consumed per year [10].
Dyes in the textile industry are used in the production of everyday items, such as papers,
inks, soaps, detergents, cosmetics, pharmaceuticals, lacquers, plastics, and leather products,
among others [11,12]. Annually, 80 billion new clothing items are purchased that are made
through the various steps of production (washing, bleaching, dyeing, etc.) via the textile
industry, an industry that results in approximately 20% of the world’s wastewater [10,13].
The fashion industry is the second biggest polluter in the world, just behind the oil and gas
industry [10]. It is estimated that roughly 2.8 x 10° tons of textile dyes are discharged into
the environment each year, creating negative effects on human health and the surrounding
ecosystem [14,15]. Only 0.8% of the Earth’s surface is composed of freshwater habitats, yet
they remain threatened by human pressures—including pollution—leading to a decrease in
overall habitat biodiversity [16]. For example, aquatic vegetation is extremely important in
keeping freshwater habitats in a desired low turbidity state. Aquatic vegetation is sensitive
to the underwater light environment and can decline in poor water quality and deteriorated
light environments [17]. Concentrations of 1 mg-L.~! for some dyes can be visible in aquatic
environments, which could lead to altering the quality of the water for aquatic vegetation [18].
It has been shown that the amount of light present underwater, and thus clarity of water,
tends to be enhanced by aquatic vegetation, creating a positive feedback loop in a clear-water
vegetation-dominated state [19].

The global textile industry is seemingly an unmovable fixture of our modern soci-
ety [20]. Many recent innovative methods have been demonstrated to aid in removing dye
pollutants from water, such as using biosynthesized nickel oxide nanoparticles [21], biosyn-
thesis of zero-valent iron graphene nanocomposites [22], the Fenton oxidation process at
varying pH levels [23], adsorption via absorbents that are alternatives to costly activated
carbon [24], polysulfide/polyetherimide ultrafiltration composite membranes [25,26], and
immobilized algae with biodegradation [27], among many other recent innovative meth-
ods [28]. These recent methods are not meant to be an exhaustive list of all recent methods,
but rather a diverse collection of experiments. They illustrate that when investigating re-
moval or decolorization methods, typically one or a small group of dyes is used [22,23,28],
while few experiments use dye groups containing at least six dyes [21].

Azo dyes are prevalent, making up approximately 60% of all dyes and 70% of all
dyes used in industry [29]. Azo dyes are dyes that have the presence of at least one
diazenyl functional group (-N=N-), or azo group, joining two aryl or alkyl groups of
varying compositions [29,30]. A subtype of azo dyes is direct (or substantive) azo dyes.
Any anionic water-soluble dye that has a strong affinity for cellulose fibers when applied
after being added to water containing an electrolyte is a direct dye [31]. One advantage of
the decolorization method used in this work is that the azo bond is not broken, preventing
the creation of possible dangerous aromatic amines.

Previous research has shown that (1) when specific anionic direct azo dyes were filtered
through a porous polycarbonate membrane at relatively high concentrations (1000 pM),
the flow rate of the dye decreases while the percent rejection of the dye molecules them-
selves increases and (2) an increase in percent rejection of low concentration dyes was
present after high concentrations of dyes (50-1000 pM) were already pulled through the
porous polycarbonate membranes to first functionalize them [32]. The research presented
here aims to determine whether the observed increase in rejection between pre- and post-
functionalization is heavily dependent on the magnitude of the dye molecule’s intrinsic
charge in its chemical structure by using 10 dyes with varying intrinsic charges and struc-
tures. Here, intrinsic charge is defined as the number of charge sites left on the dye molecule
associated with the functional groups (SO%~) and carboxylate functional groups (COO—)
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after the dye goes through dissociation in type 1 water. Additionally, the word “function-
alize’ (and variations of it) is used to describe the summative interactions between the
dye molecule and the polycarbonate filter that are responsible for the observed effects.
Quantitative measurements are needed to determine the exact mechanisms responsible for
the observed effects. To test the intrinsic charge dependency, both the physical structure
and functional end groups were kept the same as often as possible; thus, all dyes used were
direct anionic azo dyes.

Gaining an understanding of the variables that influence the functionalization process
and increase dye rejection can, in turn, be used to optimize such membrane functional-
ization for future water decoloring processes and technologies. Generally, it is accepted
that dye molecules used in the textile industry interact with the fibers to be dyed via ionic
interactions, Van der Waals forces, hydrogen interactions, and covalent bonds depending
on the substrate and dye; however, not much information is available on how direct anionic
azo dyes interact with polycarbonate membranes [33-35].

2. Materials and Methods
2.1. Dyes

Two selectively chosen dye series were tested as functionalizing agents for commer-
cially available porous polycarbonate filters. The first criterion for the dyes chosen was that
they all belong to the same chemical family, thus, anionic direct azo dyes. Azo dyes were
selected because they are used heavily in the textile industry. The second characteristic
was that they had to have either the same charge but varying structure or a systematically
different charge independent of structure. The third characteristic was that the dyes had to
be readily available from manufacturers, requiring no specialized synthesis. The fourth
characteristic was that they had to be cost-effective to purchase, providing enough material
for testing for current and future experiments.

For the negative two intrinsic charge series, the following dyes were used: direct
red 28 ([DR 28, congo red], Thermo Scientific, Waltham, MA, USA), direct red 81 ([DR 81,
chlorantine fast red 5B], Tokyo Chemical Industry Co., Ltd., Nihonbashi-honcho, Chuo-ku,
Tokyo, Japan), direct brown 2 ([DBW 2, direct fast brown M], Tokyo Chemical Industry
Co., Ltd., Nihonbashi-honcho, Chuo-ku, Tokyo, Japan), direct red 2 ([DR 2, benzopurpurin
4B], Thermo Scientific, Waltham, MA, USA), direct red 37 ([DR 37], Tokyo Chemical
Industry Co., Ltd., Nihonbashi-honcho, Chuo-ku, Tokyo, Japan), and direct yellow 12 ([DY
12, chrysophenine], Tokyo Chemical Industry Co., Ltd., Nihonbashi-honcho, Chuo-ku,
Tokyo, Japan); their chemical structures are shown in Figure S1 (images obtained from the
PubChem database [36—41]). For the increasing intrinsic charge series, the following dyes
were used: direct yellow 8 ([DY 8], Tokyo Chemical Industry Co., Ltd., Nihonbashi-honcho,
Chuo-ku, Tokyo, Japan), direct red 28, direct blue 2 ([DB 2], Tokyo Chemical Industry Co.,
Ltd., Nihonbashi-honcho, Chuo-ku, Tokyo, Japan), direct blue 14 ([DB 14], Tokyo Chemical
Industry Co., Ltd., Nihonbashi-honcho, Chuo-ku, Tokyo, Japan), and direct yellow 106 ([DY
106, Permalite Yellow EFC 200%], Standard Colors, Inc., High Point, NC, USA); their
chemical structures are shown in Figure S2 (images obtained from PubChem [36,42-45]).
The series increases from —1 to —4 and ends with a —6 intrinsic charge. A dye with a
—5 intrinsic charge was desired for the intrinsic charge series but was not obtained. All
dyes were used as received.

Overall, for each dye, six aqueous solutions with type 1 water were made following
the systematically increasing concentrations of 50 uM, 100 uM, 250 uM, 500 uM, 750 uM,
and 1000 uM. A 575 mL solution of the 1000 uM is made first, saving aliquots of 25 mL and
50 mL samples to make 500 mL volumes of 50 pM and 100 uM solutions via dilution. All
other concentrations are made independently with no dilutions. Additional fine details
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of the dye solution preparation method can be found in Section S1 of the Supplemental
Material File. All dyes were made fresh and used immediately for experiments. All tests
relating to functionalization of the polycarbonate membranes in this work were performed
at room temperature and at the native pH of the solutions at their respective concentrations
without the addition of any mordant.

2.2. Sample Collection

Information found in previous work, such as (i) detailed images and fine fabrication
details used to create the custom 500 mL capacity glass filtration chambers shown in
Figure 1, (ii) details describing the modification of polypropylene filter holders used in
this work, and (iii) atomic force and electron scanning microscopy images of the bare
porous polycarbonate filters used in this experiment, need not be duplicated in great detail
here. A brief overview of the operation in this section and Section 2.3 is provided for

clarity [32]. One addition in this work is that three identical filtration chambers with
identical performances were used to collect data, with the primary difference between the
setups being the brand of tunable vacuum pump used.

Figure 1. A complete setup for sample collection showing (a) a custom-fabricated filtration chamber,
(b) the syringe collection vessel, (c) the peristaltic pump, and (d) the tunable vacuum pump. A
detailed schematic of the custom-fabricated filtration chamber is also available [32] (Figure 4).

The following provides a brief description of the setup and sample collection protocol
using the custom filtration chambers labeled as (a) in Figure 1. Prior to any direct dye
tests, the custom-fabricated filtration chambers were rigorously cleaned with a 1% by mass
aqueous Alconox solution (Alconox, Inc., White Plains, NY, USA) followed by copious
rinsing with tap water and then a rinse with copious amounts of type 1 water (Direct Q3-UV,
Millipore Sigma, St. Louis, MO, USA). After a similar Alconox washing and rinsing with tap
water, the modified polypropylene filter holders (Swinnex Filter Holder, MilliporeSigma,
St. Louis, MO, MA, USA) and stainless-steel photoetched support screens (MilliporeSigma,
St. Louis, MO, USA) used to support the polycarbonate filters both received an additional
5-20 min sonication in 50 °C aqueous Elma Tec Clean A4 solution (Elma Schmidbauer
GmbH, Singen, Baden-Wiirttemberg, Germany) at a pH ~ 10-11 and were then rinsed with
copious amounts of tap water prior to a final rinse with copious amounts of type 1 water.
Similarly, all glassware used in the experiments for short-term dye solution storage was
cleaned in a similar manner following this Alconox wash, tap water rinse, heated sonicator
cleaner wash, tap water rinse, and then type 1 water rinse procedure, with glassware finally
being dried in a gravity oven (100 L gravity convection oven, Thermo Scientific, Waltham,
MA, USA). Silicone gaskets (MilliporeSigma, St. Louis, MO, USA), specifically designed
for the 13 mm Swinnex filter holders, are used to compress the polycarbonate filter and
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steel support screen together in the modified polypropylene housing. O-rings (Danco, Inc.,
Irving, TX, USA) of various sizes were added to the modified polypropylene assembly
containing the polycarbonate filter, steel support screen, and silicone gaskets, which helped
make a leak-proof seal, as the assembly is threaded into the custom filtration chamber wall.
With all intake and outflow circulation values closed (or alternatively open with proper
tubing connected, as shown in Figure 1), the desired solution, either water or a 500 mL
dye solution, is then poured into the filtration chamber for use. At the completion of a dye
test, the dye is transferred out of the filtration chamber. The chamber and all components
are rinsed thoroughly with type 1 water until no color is seen in the wastewater, which is
stored for removal.

To remove any large-scale concentration gradients in solution or buildup of rejected
dye molecules at the filter surface during filtration, a peristaltic pump, labeled (c) in
Figure 1 (DIPump550, Kamoer Fluid Tech (Shanghai) Co., Ltd., Shanghai, China), operating
at ~108 uL-min~! is used to circulate the dye solutions through the system and to ensure a
direct, continuous, high-speed flow of fluid over the surface of the porous polycarbonate
filter. The peristaltic pump is on only when fluid is being pulled through the filter. Hy-
drophilic track-etched polycarbonate filters, 13 mm in diameter, with 100 nm-diameter
pores (Isopore Membrane Filters, Millipore Sigma, St. Louis, MO, USA), were used as re-
ceived from the manufacturer. The pressure differential that pulls the dye solutions through
the polycarbonate filter, thus functionalizing the filter, is provided by vacuum pumps, la-
beled (d) in Figure 1, operating at a constant tunable pressure of 77.9 kPa/23 inHg for all
experiments in this study (Models: GM-0.50, Huanyu, Hangzhou, China; 0.5A, Choicest
Equip, Chengdu City, China; WP6111560, Millipore, Burlington, MA, USA). Before entering
the vacuum line trap, the permeate is collected safely in a collection chamber consisting of
a standard syringe vessel, labeled (b) in Figure 1. The male Luer slip inlet of the syringe
vessel fits tightly into the modified filter housings” female Luer lock outlet that is threaded
into the filtration chamber wall.

Any changes in variables such as pressure, pore size or porosity of the polycarbonate
filter, type of filter, type of dye, and concentration of dye would cause a change in the
flow rate. By keeping these variables as constant as possible, the variables that affect the
functionalization of the porous polycarbonate filter can be narrowed.

2.3. Rejection and Flow Rate Measurements

Feed samples and permeate samples were taken at specified intervals and analyzed
via ultraviolet-visible light spectroscopy (ND-1000 Spectrophotometer, NanoDrop Tech-
nologies, Inc., Wilmington, DE, USA), which was used to measure the absorbance and
thus the concentrations of the samples. The absorbance was linearly dependent on the
concentration for the dyes tested due to a molecule’s energy absorption properties; thus, the
concentration was determined from the absorbance [46]. For absorbance measurements, a
path length of 1.0 mm was used as much as possible for less optically dense dyes, typically
at 500 uM or below, while more optically dense dyes at higher concentrations typically
required a path length of 0.2 mm to obtain meaningful data. Knowing the concentrations
of the dyes in solutions allows for the calculation of the rejection of the dye molecules
through Equation (1). In Equation (1), R is the rejection in percent, while Cp and Cr are the
concentrations in the permeate and the feed, respectively.

R= <1CP) % 100 % (1)
Cr
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The absorption of each sample was measured three times and averaged to ensure
confidence in the measurements. The amount of fluid used for these spectroscopic mea-
surements ranged from 2.0 to 2.5 uL.

Permeate samples are massed using a precision balance (OHAUS PX224 Pioneer
Analytical Balance with 0.0001 g resolution, Parsippany-Troy Hills, NJ, USA), and the
density of water is used to calculate the volume of the permeate in uL. The volume,
combined with the specified time of data collection, easily allows for the determination
of the flow rate in uL-min~'. Only small aliquots of test fluid on the order of several
hundred pL to 1 mL were pulled through the filter at various times as the permeate, leading
to the 500 mL of test fluid in the custom filtration chamber being considered an infinite
reservoir of constant concentration feed solution.

2.4. Two-Hour Tests

Two-hour tests are performed for each dye at 1000 pM to see how each dye func-
tionalizes the polycarbonate membranes as a function of time. In these tests, the total
time the dye is being pulled through the filter is 2 h, which allows most dyes to reach a
stable rejection value with only minor deviations not exceeding 1.1% in the last 30 min
of test time. As results show, most of the functionalization occurs in the first 15-20 min
of dye test time. A combination of one-, two-, four-, five-, or six-minute tests is used to
capture the functionalization process over 2 h. Typically, 11 one-minute tests are conducted
first, followed by 3 two-minute tests, then times are adjusted as needed. Only 2-h tests
where the flow rates decreased nearly monotonically as a function of time and the rejection
increased nearly monotonically as a function of time were considered valid tests; any tests
with excessive jumps in flow rate or rejection were not considered valid and excluded
from the study. All 2-h tests presented are for single runs, resulting in no error bars on
flow rate plots. The error bars on rejection plots for 2-h tests are the standard deviation of
three measurements on the same sample, with error bars typically being smaller than the
data points.

2.5. Hysteresis Tests

Hysteresis tests are performed for each dye to see how each dye functionalizes the
polycarbonate membranes as a function of concentration. During these tests, 15 min of
dye at each concentration is pulled through the filter using 5 three-minute tests, with the
last 4 of those measurements analyzed for reporting; the first data point in the 5 data
point series is excluded, as this first flush is observed to wash out the previous test fluid.
Between dye concentrations in these hysteresis tests, 15 min of type 1 water is flushed
through the filters in 3 five-minute tests to remove any unbound dye molecules at each
concentration during functionalization. The concentrations of the dye are first tested at
50 pM and increased systematically at the pre-made concentrations up to 1000 uM, and then
back down from 1000 uM to 50 uM at the same concentrations. Hysteresis tests performed
in this manner help to exemplify any functionalization of the polycarbonate filter by the
dyes. If the dye molecules were not functionalizing the filter, there would be no change
in rejection or flow rate values as the dye concentration is increased and then decreased
again back to the starting concentration. Or, alternatively, any hysteresis in flow rate or
rejection as concentration is decreased, after already being increased, can be attributed to
dyes functionalizing the polycarbonate membrane at higher concentrations. Error bars on
graphs of this type in the data file represent the standard deviation in the last four of the
five 3-min tests at each dye concentration. All hysteresis tests presented are for single runs.
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3. Results and Discussion

All dye solution absorbances were tested as a function of concentration, ensuring all
were well-defined, linear relationships as expected. Figure S3 illustrates the high degree
of precision of the solutions made for these experiments using the technique outlined in
Sections 2.1 and 2.3. Dye samples were either measured prior to first use in the filtration
chamber or measured from samples in situ during the hysteresis tests in the filtration
chambers. The largest r-squared value that deviated from 1.0 was 0.9991, and the largest
offset from an expected zero intercept was 0.0059 a.u., both values indicating the solutions
were made with a high degree of precision.

For both the 2-h tests and hysteresis tests, new non-functionalized polycarbonate
filters are first flushed with type 1 water over a 15-min interval (five 3-min measurements).
This first flushing with clean water should produce a constant flow rate. This step helps
ensure no fouling is present in the filters, and thus the filtration chambers are clean. This
flushing also helps to characterize the filters prior to dye functionalization. A similar
minimum 15-min type 1 water flush is performed post-functionalization to see how much
the functionalization has altered the type 1 water flow rate. As shown in Table 1, all
polycarbonate filters have stable initial water flow rates based on the low standard deviation
(five 3-min measurements), indicating no fouling, but have a wide distribution of initial
water flow rate values. Variations in initial type 1 water flow rates exceeding 100 pL-min~!
related to using different polycarbonate membranes with different stainless steel support
screens are documented in the Supplemental Material File, Section S2.

When collecting data during the 2-h tests, it is observed that most dyes have drastically
different ending values for final dye rejection and final dye flow rate. The same observation
is present when examining the hysteresis tests, where the highest concentration of dye
is used. All these factors in combination create challenges for direct data comparisons
between the dyes. To investigate similarities and trends in visual rates of functionalization,
dye rejection, and flow rate data, simple equations were developed to normalize the data,
allowing for effective visual comparison of the data sets. Dyes with similar performance
characteristics for functionalizing the polycarbonate filters should collapse into a single
family of curves after such a normalization. The flow rate and rejection data for direct red 28
and direct red 2 are used as examples for the development of these normalization equations.
Normalizing, or zeroing, the rejection hysteresis data is described below. Similar details of
zeroing hysteresis flow rate data and data obtained during the 2-h tests are provided in the
Supplemental Material File, Section S3.

In Equation (2), Rz is the zeroed rejection value, and R is the recorded rejection value
at a specified concentration. R; refers to the 1000 uM rejection increasing concentration
data point value, while Rp refers to the 1000 uM rejection decreasing concentration data
point value at 1000 uM. Figure 2 illustrates the use of Equation (2) in zeroing the hysteresis
rejection data for direct red 2.

(2)

RZ:R_<R1+RD)

2

Figures 2 and S6-58 show that the shapes of the rejection and flow rate graphs are un-
altered during these zeroing processes but are merely shifted on their vertical axis, placing
emphasis on the data at the end of the test, where data will align. For rejection as a function
of time tests, zeroing the data helps visualize trends that can be seen while the dye is func-
tionalizing the filter at a high constant concentration of 1000 uM for 120 min. For hysteresis
tests, the zeroing method used specifically helps visualize the change (hysteresis) between
the beginning and ending data points at the 100 uM concentrations as the concentration is
increased and then decreased.
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Table 1. Pre- and post-experimental flow rates of type 1 water through polycarbonate filters used in
this study over 15-min intervals. Pre-H,O values correspond to the 15 min prior to the dye being
studied, and the post-H,O values correspond to the last 15 min of the wash cycle after a dye test
is complete.

Pre-H,0 Flow Rate  Post-H,O Flow Rate

(pL'minfl) (uL-minfl)
Dye Charge Ave Std Ave Std % Decrease
2 h —2 Intrinsic Charge Series Pre- and Post-Water Flow Rates

DR 2 -2 510.0 42 382.7 1.6 25.0
DR 81 -2 441.8 21 366.9 1.6 17.0
DBW 2 -2 377.7 0.4 324.4 3.0 14.1
DR 28 -2 390.2 2.3 367.2 2.6 59
DY 12 -2 347.0 29 338.9 29 2.3
DR 37 -2 341.9 1.9 337.4 1.7 1.3

2 h Increasing Charge Series Pre- and Post-Water Flow Rates

DY 8 -1 484.5 4.3 426.4 3.5 12.0
DR 28 -2 390.2 2.3 367.2 2.6 59
DB 2 -3 375.7 0.7 325.0 14 13.5
DB 14 —4 360.1 4.0 348.8 27 31
DY 106 —6 352.8 1.8 244.8 27 30.6

Symmetric Sulphonate Series Hysteresis Pre- and Post-Water Flow Rates
DR 2 -2 449.9 21 365.3 25 18.8
DR 28 -2 356.1 1.6 297.1 2.0 16.6
DB2 -3 462.3 4.0 339.3 19.9 26.6
DB 14 —4 501.9 4.3 395.4 17.5 21.2
DY 106 —6 390.6 2.6 152.2 0.8 61.0
Asymmetric Sulphonate Series Hysteresis Pre- and Post-Water Flow Rates

DY 8 -1 423.7 6.1 363.0 4.6 14.3
DBW 2 -2 488.4 3.2 296.7 4.8 39.3
DY 12 -2 485.6 2.5 406.7 0.9 16.2
DR 37 -2 523.2 24 447.6 454 14.5
DR 81 -2 383.2 2.7 349.5 1.9 8.8

Figure 3 illustrates the non-zeroed results of the 2-h tests for the six anionic azo dyes
with an intrinsic charge of negative two at a concentration of 1000 uM, each pulled through
separate unmodified polycarbonate filters. All negative two azo dyes exhibited post-azo-
dye-functionalization water flow rates that had decreases ranging from 1.3% for direct red
37 to 25.0% for direct red 2 during the last 15 min of post-wash cycles with type 1 water,
where the water flow rate stabilized. All such post-azo-dye-functionalization type 1 water
flow rates for all experiments are found in Table 1. If the water flow rates do not return to
their initial water flow rate prior to any dye tests, then this indicates the modifications to the
surface of the polycarbonate by the direct azo dyes are permanent within the experimental
setup. It is important to note that if the water flow rate remains stable during the dye
washout at the end of the test, no unbound dye is being removed. Likewise, if the dye flow
rate remains stable during dye tests, the filter is no longer being functionalized; a slow,
decreasing flow rate with gradually increasing rejection can be seen after approximately
30 min for most dyes in Figure 3.



Sustainability 2025, 17, 7696

9 of 20

80.0 55.0
70.0 45.0 \i
60.0 35.0 - \
—_— \
—_ X \
S 500 < 250 4 %
= S \
2 400 S 150 §
k3] K4 T~
2 € 5 S~
@ 300 T . - P P
o
20.0 - 5 5.0 -
N
10.0 A -15.0 -
o+ 250 +———v—+—+——T—7—7—
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

=——@—— DR 2 Inccreasing Concentration

Concentration (pM)

= =0- = DR2Decreasing Concentration

(@)

—@—— DR 2 Inccreasing Concentration

Concentration (pM)

= =0O- = DR2 Decreasing Concentration

(b)

Figure 2. (a) Raw direct red 2 (DR 2) rejection data as a function of concentration; (b) zeroed direct
red 2 (DR 2) rejection data as a function of concentration.

80.0

70.0 A

60.0

O--0-0-0C=

50.0 PP

W15 B g B B B T gy ]
&Bcjs""'“'u'

e

Rejection (%)

u_D_D_.n.-D-ﬂ--D"D'D'O
o-o

0 10 20 30 40 50 60 70 80 90 100 110 120
Run Time (min.)

---0--- DR2 ---0---DR81 ---4---DY12
===0==- DR 37 =e=j==- DR 28 DBW 2
(a)

Flow Rate (uL/min.)

0.0 + T T T T

0 10 20 30 40

=@ DR 2
—<o— DR 37

50 60 70 80 90 100 110 120
Run Time (min.)

=} DR 81 ==& DY 12
~—80-— DR 28 O DBW2

(b)

Figure 3. (a) Non-zeroed rejection as a function of time for the —2 intrinsic charge series at 1000 uM;
(b) non-zeroed flow rate as a function of time for the —2 intrinsic charge series at 1000 uM. Closed data
points represent flow rate values, and open data points represent rejection values. Red circles—direct
red 2 (DR 2), dark red squares—direct red 81 (DR 81), green triangles—direct yellow 12 (DY 12),
purple diamonds—direct red 37 (DR 37), orange squares—direct red 28 (DR 28), and light brown
squares—direct brown 2 (DBW 2).

Figure 3 clearly demonstrates that while having the same intrinsic charge, these
anionic azo dyes interact with the polycarbonate membrane differently. For the last sample
post-functionalization during the 120-min test, rejection values ranged from 37.4 4 0.7%
for direct red 81 to 66.6 £ 0.5% for direct red 37, with dye flow rate values ranging from
207.9 pL-min~"! for direct yellow 12 to 314.4 uL-min~! for direct red 81. Direct red 2 had
the largest increase in rejection from beginning to end, starting at a rejection value of
1.8 + 1.4% and ending with a rejection value of 55.3 & 0.7% post-functionalization. Direct
red 37 had the smallest difference in rejection from beginning to end, having a starting
rejection value of 44.7 £ 0.4% and an ending rejection value of 66.6 &+ 0.5%. This data is
likely a result of not being able to capture the fast functionalization between time equals
zero and the end of the first one-minute test; otherwise, direct red 37 would likely have the
largest difference in rejection from beginning to end. Direct red 81, while having the lowest
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rejection value of the negative two intrinsic charge series, still has a systematic increase in
rejection with a systematic decrease in flow rate, though at a much different rate than that
of the other dyes tested. Direct red 2 presented challenges in collecting due to its affinity for
the polypropylene collection vessel; despite this, the flow rate as a function of time graph is
nearly monotonically decreasing with few deviations. If intrinsic charge alone were the
dominant factor during functionalization, all these dyes would have similar trends as a
function of time and reach similar ending rejection values. All raw data for the entirety
of this project is available in the publicly accessible data files, with access information for
those files found at the end of this article.

Figure 4 illustrates the same end results of the two-hour tests in Figure 3, but zeroed.
While each of these dyes shares the same negative two intrinsic charge, they differ heavily
in rejection and flow rate trends after being zeroed, again demonstrating that intrinsic
charge alone is not a dominant parameter in determining rejection and functionalization.
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Figure 4. (a) Zeroed rejection as a function of time for the —2 intrinsic charge series at 1000 uM;
(b) zeroed flow rate as a function of time for the —2 intrinsic charge series at 1000 uM. Closed data
points represent flow rate values, and open data points represent rejection values. Red circles—direct
red 2 (DR 2), dark red squares—direct red 81 (DR 81), green triangles—direct yellow 12 (DY 12),
purple diamonds—direct red 37 (DR 37), orange squares—direct red 28 (DR 28), and light brown
squares—direct brown 2 (DBW 2).

Figure 5 illustrates the non-zeroed results of the 2-h tests for each of the five anionic
azo dyes that increased in intrinsic charge from negative one to negative six at 1000 uM,
each of which was pulled through separate unmodified polycarbonate filters. As shown
in Table 1, all negatively charged azo dyes exhibited post-azo-dye-functionalization, as
type 1 water flow rates had decreases in flow rate ranging from 3.1% for direct blue 14 to
30.6% for direct yellow 106 during the last 15 min of post-wash cycles with water, where
the water flow rate stabilized. Such stable flow rates again indicate the functionalization
is permanent under the conditions of the experiment. Ending dye flow rates ranged from
189.8 uL-min~! for direct yellow 106 to 370.8 uL-min~! for direct yellow 8. The outlier
in Figure 5 appears to be direct yellow 8, based primarily on rejection as a function of
time data. Direct yellow 8 differs in the shape of the rejection curve, which is also shifted
towards lower rejection values. Direct yellow 8 rejects the least, with a rejection value
of 42.6% =+ 0.3% for the last sample taken post-functionalization. Direct blue 14 has the
lowest increase in rejection, starting at a rejection value of 20.0 & 2.8% and ending at a
rejection value of 51.9 £ 1.3%. Direct yellow 106 has one of the highest final rejection values
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of 62.2 & 0.5%, while having an intrinsic charge of negative six. This rejection value is
close to the rejection value of 60.4 £ 0.3% for direct red 28, an azo dye with an intrinsic
charge of negative two, again indicating that intrinsic charge is not the dominant parameter
dictating a dye’s rejection capabilities with polycarbonate. Direct yellow 106 has the largest
increase in rejection for this series, starting at a rejection value of 14.2 & 1.0% and ending at
a rejection value of 62.2 &= 0.5%. Almost all error bars for the tests per sample are smaller
than the data points, with the exception being direct blue 14, which displays a standard
deviation of a few percent in terms of rejection. Like direct red 2, direct blue 14 presented
challenges for collecting due to its affinity for the polypropylene collection vessel; despite
this, the flow rate as a function of time graph is nearly monotonically decreasing with few
deviations. Including all dye results for this series, there appears to be no correlation of
ending rejection values to intrinsic charge.

0.0
450.0
700 400.0 oo
d . . ©000000000000000
600 ; NG GeToFETTT ~ 3500 By
X o000 s ® c 00p0-0-0-p0-00po00-0
= 500 o2 s ESEE ‘E 3000 - 0-0-0-0-0-0
s B EEEECTESS £ |
T 400 3 2500 %m:m
T £ 2000 fo00O0oooO0OooODOOOODGO
< 300 &
3 1500 1
20.0 4 o
;}'. Y 100.0 A
100 50.0 -
o.o!........... 0.0 +—7/—mm—-"7F—-""—"-T"—"T"—"T—"T—"T—"T—r
0 10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 90 100 110 120
Run Time (min.) Run Time (min.)
Y8 DR28  ---0---DB2 o—DY8 o— DR28 —o— DB2
-==45---DB14 DY 106 —a&— DB 14 o DY 106
() (b)

Figure 5. (a) Non-zeroed rejection as a function of time for the increasing intrinsic charge series at
1000 puM; (b) non-zeroed flow rate as a function of time for the increasing intrinsic charge series at
1000 uM. Closed data points represent flow rate values, and open data points represent rejection
values. Light green circles—direct yellow 8 (DY 8), orange squares—direct red 28 (DR 28), light blue
diamonds—direct blue 2 (DB 2), dark blue triangles—direct blue 14 (DB 14), and yellow squares—
direct yellow 106 (DY 106).

When examining Figures 3 and 5, one can hypothesize based on the data that the
rejection values would, in theory, start at zero for each dye tested, but the one-minute tests
in the experiment were simply not able to capture the fast dynamics at smaller time steps.
Sample times of less than one minute are undesirable, given the limitations of the current
system, where achieving an instant vacuum is not possible, and fractional uncertainties in
the vacuum levels at the start of tests will increase if test times are shorter than one minute.

Figure 6 illustrates the same results of the two-hour tests for the increasing intrinsic
charge series as in Figure 5, but zeroed. The changes in the rejection and flow rates seen for
all dyes in the increasing intrinsic charge series indicate that these dyes are each interacting
with the filters differently, with most creating modifications to the polycarbonate that are
permanent, as shown in Table 1 based on type 1 water flow rates post-functionalization.
Figure 6 also demonstrates that dye rejection and flow rates have no overarching correlation
with the increase in intrinsic charge, though more correlation is present than the negative
two intrinsic charge series data presented in Figure 4. All dyes in this series, besides
direct yellow 8, independent of intrinsic charge, have similar structures for the end groups,
which is the first indication that dye structure may play a more dominant role in the
functionalization process compared to intrinsic charge.
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Figure 6. (a) Zeroed rejection as a function of time for the increasing intrinsic charge series at 1000 uM;
(b) zeroed flow rate as a function of time for the increasing intrinsic charge series at 1000 M. Closed
data points represent flow rate values, and open data points represent rejection values. Light green
circles—direct yellow 8 (DY 8), orange squares—direct red 28 (DR 28), light blue diamonds—direct
blue 2 (DB 2), dark blue triangles—direct blue 14 (DB 14), and yellow squares—direct yellow 106
(DY 106).

If one abandons the confines that the dyes must be grouped into either (1) the negative
two intrinsic charge data series or (2) the increasing intrinsic charge series from negative one
to negative six and instead grouped based on the similarities in structure and functionality
of the end groups, this may explain why direct red 28, direct blue 2, direct blue 14, and
direct yellow 106 have similar rejection as a function of time plots in Figure 6a. As shown
in Figure S1, these four dyes have double 6-carbon ring structures with sulphonates as their
end groups (independent of intrinsic charge and other factors). This is a key observation
in this research, leading to the realization that structure and functional end groups likely
dominate over intrinsic charge when discussing trends in rejection data as a function of time.
Let such dyes with double 6-carbon ring structures with sulphonate end groups belong to
a data series called the symmetric sulphonates. Figure 7 illustrates the zeroed symmetric
sulphonate series 2-h tests at 1000 uM for direct red 2, direct red 28, direct blue 2, direct
blue 14, and direct yellow 106. Each test used separate unmodified polycarbonate filters.
The rejection curves as a function of time share the same trends, indicating that these dyes
possess similar performance characteristics for functionalizing the polycarbonate filters.

All other dyes tested that did not have double 6-carbon ring structures with
sulphonates for both end groups or had different functional end groups entirely (indepen-
dent of intrinsic charge) were grouped into a data set called the asymmetric functional
end group series. As shown in Figure S1, only direct brown 2 and direct red 37 had one
double 6-carbon ring structure as an end group with one and two sulphonates, respectively.
Direct red 81 did have a double 6-carbon ring structure, but it was not located at the end
of the molecule. The other dyes in this series, direct yellow 8 and direct yellow 12, had
no double 6-carbon ring structures present in their molecules. The zeroed 2-h tests shown
in Figure 8 for the asymmetric functional end group series at 1000 uM for direct yellow 8§,
direct red 81, direct red 37, direct yellow 12, and direct brown 2 did not possess an overall
trend that aligned.
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Figure 7. (a) Zeroed rejection as a function of time for the symmetric sulphonate series at 1000 uM;
(b) zeroed flow rate as a function of time for the symmetric sulphonate series at 1000 uM. Closed data
points represent flow rate values, and open data points represent rejection values. Red circles—direct
red 2 (DR 2), orange squares—direct red 28 (DR 28), light blue diamonds—direct blue 2 (DB 2), dark
blue triangles—direct blue 14 (DB 14), and yellow squares—direct yellow 106 (DY 106).
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Figure 8. (a) Zeroed rejection as a function of time for the asymmetric functional end group series at
1000 uM; (b) zeroed flow rate as a function of time for the symmetric sulphonate series at 1000 uM.
Closed data points represent flow rate values, and open data points represent rejection values. Light
green circles—direct yellow 8 (DY 8), dark red squares—direct red 81 (DR 81), purple diamonds—direct
red 37 (DR 37), green triangles—direct yellow 12 (DY 12), and light brown squares—direct brown 2
(DBW 2).

Having the dyes grouped based on similarities in structure, rejection as a function of
increasing and decreasing concentration is examined next. Figure 9 illustrates the zeroed
hysteresis tests for the symmetric sulphonate series (direct red 2, direct red 28, direct blue
2, direct blue 14, and direct yellow 106). The decreasing concentration tests do see an
increase in rejection compared to the rejection present on the increasing concentration tests,
demonstrating that functionalized polycarbonate membranes are effective at increasing
the rejection of dyes at low concentrations post-functionalization, with functionalization
effectively occurring at higher concentrations, as shown in previous research [32]. Any
hysteresis in flow rate, or rejection, as concentration is decreased can be attributed to dyes
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functionalizing the polycarbonate membrane. The flow rates of the decreasing concentra-
tion tests tend to be at a more constant rate, indicating the functionalizing is occurring
with more prevalence at higher concentrations, not lower concentrations. The dyes in the
symmetric sulphonate series, all of which have two double 6-carbon rings with sulphonates
on their end groups, were able to functionalize an unmodified polycarbonate membrane,
having an average hysteresis value of 47.1 £ 2.5% at 100 uM. At 50 uM on the increasing
concentration test, direct red 2 was pulled through the polycarbonate membrane 41 s
longer than any other fluid; otherwise, all hysteresis tests were carried out as described in
Section 2.5 with no major deviations. Any deviations, no matter how minor, from protocol
are mentioned in the data files.
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Figure 9. (a) Zeroed rejection as a function of concentration for the symmetric sulphonate series;
(b) zeroed flow rate as a function of concentration for the symmetric sulphonate series. Solid
data points connected by a solid line correspond to measurements made going from a low to high
concentration, while open data points connected by a dashed line correspond to measurements made
while going from a high to low concentration. Red circles—direct red 2 (DR 2), orange squares—direct
red 28 (DR 28), light blue diamonds—direct blue 2 (DB 2), dark blue triangles—direct blue 14 (DB 14),
and yellow squares—direct yellow 106 (DY 106).

Figure 10 illustrates the zeroed hysteresis tests for the asymmetric functional end group
series (direct yellow 8, direct red 81, direct red 37, direct yellow 12, and direct brown 2). In
many cases, the larger hysteresis values seen in the symmetric sulphonate series at 100 uM
are not present for these dyes in the asymmetric functional end group series, but as the
data shows, they are still capable of functionalizing the porous polycarbonate membranes
to some degree, typically leading to increases in rejection at low concentrations when
decreasing in concentration post-functionalization. Any hysteresis as the concentration is
decreased can be attributed to dyes functionalizing the polycarbonate membrane in some
manner. The dyes in the asymmetric functional end group series, some of which have
zero or only one double 6-carbon ring with sulphonates or other functional groups as their
end groups, were able to functionalize an unmodified polycarbonate membrane, with an
average hysteresis value of 27.7 = 16.5% at 100 uM. This is a 41% decrease in the ability to
functionalize the polycarbonate membranes compared to the symmetric sulphonate series.

For most dyes in Figures 9 and 10, the error bars (not shown in Figures 9 and 10
as to not distract from the average data, but present in the data file, and shown on each
individual dye hysteresis graph) for flow rate are typically less than 12 pL-min~! and
less than 8% for rejection; however, this is not the case for direct red 81, direct brown 2,
and direct blue 2 at concentrations of 50 uM. These three dyes have considerable atypical
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uncertainties in their rejection values at 50 uM, ranging from 16.2% for direct red 81 to
33.5% for direct brown 2, which leads to uncertainties in the hysteresis differences at 50 pM.
The difference in hysteresis values is trusted at 100 M, where error bars in rejection do not
exceed 8.0%, with most under 3.0%. The uncertainties at 50 uM for the dyes are primarily
related to the dyes starting to seemingly not reject from the surface of the polycarbonate
filter, as observed for direct brown 2 and direct red 81 (in these cases, the permeate is nearly
identical to the feed concentration for one out of the five experiments at each concentration).
Similar observations were noted for direct blue 2 at 50 uM.

60.0 180.0
50.0 160.0 4
it = 140.0
= £ 120.0 -
O\ ~
‘g’ 300 =8 = 100.0
£ 20.0 1 2 80.0 -
@ &
‘D 10.0 4 60.0
2 . g
g oo = © 400 1
g ° e
S 100 - g 20.0
E 0.0
-20.0 4
0.0 -20.0 -
-30.0 - -40.0 4
-40.0 r x r T T T T T T T -60.0 T T r T r T T T T T
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Concentration (uM) Concentration (uM)
o DY8 DY 8 e——{f}— DR 81 ===J==- DR81 o DY8 DY8 e DR 81 w==j==« DR81
—o—— DR37 DR37 a— DY 12 -==f=-=--DY12 ——o— DR37 ===0==- DR37 ——a— DY 12 ~==f==- DY12
O DBW2 DBW 2 O DBW2 DBW 2
(a) (b)

Figure 10. (a) Zeroed rejection as a function of concentration for the asymmetric functional end group
series; (b) zeroed flow rate as a function of concentration for the symmetric sulphonate series. Solid
data points connected by a solid line correspond to measurements made going from a low to high
concentration, while open data points connected by a dashed line correspond to measurements made
while going from a high to low concentration. Light green circles—direct yellow 8 (DY 8), dark red
squares—direct red 81 (DR 81), purple diamonds—direct red 37 (DR 37), green triangles—direct
yellow 12 (DY 12), and light brown—direct brown 2 (DBW 2).

Table 2 provides dye characteristics such as absorbance wavelengths, intrinsic charge,
information on the number of 6-carbon rings present, and hysteresis values for rejection
measurements at 100 pM, with the dyes grouped by the number of double 6-carbon rings
in their chemical structure. Six of the dyes tested have an intrinsic charge of negative
2; however, the data in Table 2 illustrates that the intrinsic charge of the dyes is not the
dominant variable that correlates with the hysteretic behavior observed at 100 uM. The
six dyes share similar intrinsic charges, have different structural characteristics, and have
different dye rejection differences at 100 pM. Direct red 2 (two double 6-carbon rings) and
direct yellow 12 (zero double 6-carbon rings) are examples of this behavior, as both have
the same intrinsic charge of negative 2, and both dyes illustrate a high variation in dye
rejection differences at 100 uM of 50.2% and 11.9%, respectively. Similarly, direct red 2 and
direct yellow 106 have large differences in intrinsic charges of negative two and negative 6,
respectively, but have only small differences in rejection hysteresis of 50.2% and 48.3% at
100 pM, respectively.

Direct red 28, direct red 2, direct blue 2, direct blue 14, and direct yellow 106 have some
of the largest recorded hysteresis values at 100 uM after undergoing the functionalization
process. These dyes have similar structural characteristics, such as sulphonate end groups
with double 6-carbon rings, independent of intrinsic charge. The data summarized in
Table 2 strongly suggests that structure plays a dominant role compared to intrinsic charge
in this azo dye functionalization process of polycarbonate membranes. Overall, the data
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illustrates dyes with zero, one, and two double 6-carbon ring structures are shown to have
a systematic increase in their ability to functionalize the polycarbonate membranes, which
is evident as changes in the 100 uM dye solutions show increases in rejection pre- and
post-functionalization of 14.5% =+ 3.7%, 36.5% =+ 15.7%, and 47.1% =+ 2.5%, respectively.

Table 2. Difference in average hysteresis rejection values for 100 uM dye solutions grouped by
number of double 6-carbon rings. Also provided is the absorbance wavelength used for each dye.

Intrinsic = Double Single Total Diff. in Ave.

Charge  6-Carbon  6-Carbon  6-Carbon A 100 uM Hysteresis  Ave Std

Dye Name ) Rings Rings Rings (nm) Rejection (%) (%) (%)
Direct Red 2 2 2 2 6 535 50.2
Direct Yellow 106 6 2 4 8 418 48.3
Direct Blue 14 4 2 2 6 583 479
Direct Blue 2 3 2 2 6 568 44.7

Direct Red 28 2 2 2 6 490 442 47.1 2.5
Direct Brown 2 2 1 3 5 397 54.5
Direct Red 81 2 1 3 5 511 259

Direct Red 37 2 1 3 5 511 29.1 36.5 15.7
Direct Yellow 8 1 0 3 3 391 17.2

Direct Yellow 12 2 0 4 4 406 11.9 14.5 3.7

As stated earlier, before and after each dye is tested, a minimum of 15 min of type
1 water is pulled through the polycarbonate membranes. This is performed to ensure
the system is clean and not fouling pre-experiment and that the last 15 min of type 1
water wash at the end is not removing unbound dye molecules, demonstrating that the
functionalization is permanent within the experimental setup. For the hysteresis tests
involving direct red 81, direct red 28, and direct yellow 106, an additional 15 min of type 1
water was pulled through the filters between the 1000 uM tests, with miniscule changes of
less than 5 pL-min~! in type 1 water flow rate for direct red 81 and direct red 28, meaning
few unbound dye molecules were likely removed with this extra 15 min of type 1 water
wash. Direct yellow 106 did see an average increase in the water flux of 22.7%. This increase
in water flux for direct yellow 106 indicates some unbound dye molecules might have
been removed during this additional wash cycle. If this additional wash cycle was not
performed, the 100 uM hysteresis difference would likely be slightly larger in magnitude,
increasing the average hysteresis at 100 pM for the symmetric sulphonate series. Based on
Table 1, the large standard deviations for the post-wash cycle for direct blue 2, direct blue
14, and direct red 37 after hysteresis tests show they were the most unstable and would
have likely benefitted from a longer washout cycle with type 1 water to see if a stable flow
rate could be reached, providing more evidence that the functionalization is permanent for
these three dyes under the given conditions.

4. Conclusions

The results of this research demonstrate that azo dye pollutants that end up in wastew-
ater streams may have the potential to be a sustainable part of the solution in the decoloriza-
tion of the fresh water they pollute. In summary, the trends seen in the zeroed rejection and
zeroed flow rate data as a function of both time and concentration align with trends seen
in the structure and functional end group of dye molecules. While intrinsic charge might
play an important role, it is not a dominant factor when determining a dye’s capability to
functionalize a polycarbonate membrane using this method. An increasing trend in the
ability to functionalize the polycarbonate membranes at 100 uM was observed for dyes with
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an increasing number of double 6-carbon rings in their chemical structure, with increases
in rejection pre- and post-functionalization ranging from 14.5% =+ 3.7% to 47.1% =+ 2.5%.
Using this functionalization technique, where the azo dyes themselves are used as the
functionalizing agents, 2 of the 10 dyes tested (direct blue 14 and direct red 28) were able
to reject dye molecules at over 90% rejection at 50 pM, with rejection hysteresis values
between 44 and 48% at 100 uM.

Direct brown 2 is the only dye in the study that possesses a carboxyl group. Direct
brown 2 features one sulphonate end group and one carboxyl end group, which account
for the negative two intrinsic charge of the dye molecule. During hysteresis testing, direct
brown 2 featured unexplainable changes in its functionalization behavior, causing the
dye to have a very high standard deviation for the data gathered during the decreasing
concentration tests. This differing carboxyl end group may be an explanation for its
behavior during hysteresis testing and for why it differs from the other dyes listed in
Table 2. If direct brown 2 is excluded from the results in Table 2 due to its carboxyl
end group, the systematically increasing trend in functionalization based on the number
of double 6-carbon rings becomes even more pronounced. More analysis on dyes with
carboxyl end groups would be necessary before reaching a proper conclusion on the effect
that this specific end group has on azo dye polycarbonate membrane functionalization.

Some dyes, such as direct brown 2, visibly stain the filter, which could be due to the
dye molecules chemically binding to the polycarbonate, leading to a reduced effective pore
size; however, this would need to be confirmed via quantitative tests. The reduced flow
rate observed could also be a result of the dye molecules interacting with each other in
solution, resulting in them possessing a larger effective size. Or a combination of both
could be occurring, leading to the observed results. If the dye molecules are binding to the
surface, this could lead to an accumulated negative charge via a gel or cake layer, providing
another pathway for the charged dye molecules to not only interact with other charged
particles in solution but also provide them with a way to interact with a bound charge on
the membrane [47].

With the world’s access to freshwater resources limited and under the constant pres-
sure of pollution, the long-term goal of this research is to understand how this sustainable
functionalization process can be maximized to decolorize water. Many variables can be
tested in the system in the future, such as pore radius of the polycarbonate filter to help
determine if there is a critical pore size when this functionalization is dominant, porosity
of the filter, different filter types, different dye types, systematically changing the pH in
solution to test if aggregation of the dye molecules can be induced or controlled to en-
hance functionalization [48], systematically altering an additional salt concentration in
the solution for the same purpose of testing if aggregation of the dye molecules can be
induced or controlled to enhance functionalization [49], and changing the pressure at which
dye is driven through the system, among others. The parameters of the dye molecules
themselves, such as dye size, shape, and hydrophobicity, can also be investigated. Ex-
periments that help quantify the amount of dye potentially bonded to the polycarbonate
filter and those that contribute to molecular modeling would address the limitations of this
work. Comparing these experimental values to available theories and/or models would be
of great value for aiding in understanding the mechanisms at play at the functionalized
filter’s surface. Not having a quantitative measure of how the dye is interacting with the
polycarbonate membrane is a major limitation of this work. Quantitative measurements of
the mechanisms at play between the dye molecules and the polycarbonate surface would
help to better define the word “functionalization.” Future experiments beyond the initial
single tests presented here would be of value to increase statistics for each dye tested. For
practical applications, the evaluation of the long-term stability, reusability, regeneration,
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and safety/toxicology implications of using such dye-functionalized membranes would
need to be critically evaluated.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sul17177696/s1. Figure S1: The chemical structure for the nega-
tive 2 charge series; Figure S2: The chemical structure for the increasing charge series; Figure S3: Ab-
sorbance as a function of concentration for the 10 dyes used as functionalizing agents in this work;
Figure S4: Comparing valid and failed tests with direct red 2 having different initial type 1 water flow
rates; Figure S5: Comparing valid and failed tests with direct yellow 8 having different initial type
1 water flow rates; Table S1: A matrix of flow rate values obtained when comparing three different
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