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acid, pyridine and paraquat into poly(1-methylpyrrol-2-ylsquaraine) (or PMPS) particles
has been studied in both batch and column experiments and compared against concurrent

Keywords experiments with granular activated carbon. All data for the batch experiments were fitted
v Polysquaraine, against linear, Langmuir and Freundlich adsorption models, although not all PMPS data
v/ Adsorption, was compliant. In terms of overall adsorption capacity for the first three organic analytes,
v Particle, the results presented in this study suggested that PMPS particles were not as capable as
v Phenol, granular activated carbon, although the results for pyridine were comparable. However,
v Paraquat. PMPS particles were significantly better in their adsorption capacity of paraquat over the

specific type of granular activated carbon used. The results obtained for the four organic
d.lynch@exilica.co.uk; analytes allowed for the rudimentary development of a model encompassing the adsorption

Phone: +447792004682 characteristics of PMPS particles with respect to small molecule organic molecules.

1. Introduction

Adsorption is a process, which plays a significant role in industry in removing contaminants from a
product as well as a direct means of recovery of valuable substances. It is extensively used for organic
impurities removal from polluted sources, and it is widely applied in the mining industry in metallurgical
operations for the concentration of valuable metals. Adsorption processes have found application in
drinking water treatment for taste, odour and colour control, which are mainly effected by synthetic
organic chemicals [1]. Some of which in waste waters and runoff can have carcinogenic effects (such as
pesticides, herbicides, and organic solvents). Thus, the removal of these pollutants can be of particular
significance to the environment and can also be an important objective in some industries.

The majority of water treatment applications involve physical adsorption [2] and there are basically three
kinds of commercially available adsorbents used in adsorption processes for drinking water treatment:
zeolites (aluminosilicates with varying ratio of Al to Si), synthetic polymeric adsorbents, and activated
carbon. The most common of these used in water reclamation is activated carbon [2] being a versatile
adsorbent material that is most effective in removing a wide spectrum of organic contaminants from
water. However, this should not preclude research into investigating new generational adsorbent
materials that offer alternative properties to activated carbon. Generally adsorbent materials are utilised
in water treatment in either batch or continuous flow processes [3] so any new materials under
investigation need to be able to be applied in these two processes.

Lynch et al., J. Mater. Environ. Sci., 2020, 11(2), pp. 262-273 262


http://www.jmaterenvironsci.com/

Poly(1-methylpyrrol-2-ylsquaraine) (or PMPS) (Figure 1) particles can be precipitated from reaction
solution (the polycondensation of equimolar amounts of 1-methylpyrrole and squaric acid in butanol) as
1.3 - 4 um diameter blue-black spheres [4,5]. Of the studies on these particles during the 50 years from
their initial reported synthesis in 1965 to 2015 [4-13], only three presented results that eluded to their
potentially porous nature [5,12,13]. This was proven in 2015 with publication of an extensive study
reporting the adsorption details of fifty-one metal elements coupled with images of their elaborate
internal porous network [14]. This paper was followed up by an equally extensive study utilizing each
of the porosity, size and shape characteristics of the particles to create metal compound core — silica
shell materials of sixty-one metal elements [15]. However, in contrast to the examination and application
of metal element adsorption into PMPS particles there have also been two recent studies on the PMPS
adsorption of water (humidity) [16] and organic molecules, such as the removal of estradiol-type (Figure
1) endocrine disruptors from aqueous solution [17], which showed results compatible to activated
carbon.

In order to begin to gain a better understanding of the adsorptive properties that PMPS particles could
potentially have toward a broader range of organic molecules the authors decided to study the adsorption
of phenol, maleic acid, pyridine and methyl viologen (or paraquat) (Figure 1) in PMPS particles from
aqueous solution. Three of these four small organic molecules have some significance to wastewater
treatment thus their adsorptive properties in activated carbons and other adsorbents are well known (for
example: [18-27]). For this reason, batch adsorption experiments were run concurrently with granular
activated carbon to act as both a direct comparison of PMPS performance as well as to verify that the
experimental methodology was effective because all data from the activated carbon was expected to fit
the three adsorption models (linear, Langmuir and Freundlich) that were employed on the equivalent
PMPS data. Furthermore, all four chosen organic analytes represent differing types of organic molecules
and their adsorption data was expected to lay the foundations of an adsorptive model for PMPS particles
that would guide further adsorption studies. Subsequently, the aim of this current work was not to just
measure the adsorption capacity of PMPS particles for phenol, maleic acid, pyridine and paraquat in
aqueous solution and compare against the equivalent capacities of activated carbon, although that has
been done, the aim additionally encompasses the beginnings of construction of a model that can be
applied to an understanding of organic molecule uptake into PMPS particles from aqueous media. Such
a model may have significance with respect to the adsorption and/or separation of biologically or
pharmaceutically active molecules from wastewaters and effluent streams.

OH
PMPS Estradiol Phenol
X + S ==\ +
OH O — —
w» N /AN
O — OH
Cl Cl
Maleic acid Pyridine Paraquat

Figure 1: Molecular structures
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2. Experimental

2.1. Chemicals and materials

All chemicals were purchased from Sigma-Aldrich and were used as-received. All water used in this
study was reverse osmosis water. Poly(1-methylpyrrol-2-ylsquaraine) particles were prepared according
to the literature procedure [10] by refluxing equimolar amounts of squaric acid and 1-methylpyrrole at
a concentration of 175 mmol.L in 2.5 L butanol for 6 h, filtering, and then washing (using a Soxhlet
extractor) with hot ethyl acetate for 4 h before drying in a heated cabinet (60°C). The activated carbon
used in this study to compare PMPS results against was Darco granular activated carbon with 20 - 40
mesh (1.27 - 0.635 mm) diameters.

2.2. Instrumentation
A Hewlett Packard Series 1050 high performance liquid chromatographic (HPLC) system was used for

the quantitative measurement of all organic analytes. The specific analytical conditions for each organic
analyte and determination of equipment and experimental accuracy are detailed in Supplementary
material.

2.3. Batch and adsorption experiments
Six amounts (0.0500g + 7%) of either PMPS particles or activated carbon were individually added to

six cylindrical glass vials (with screw lids) followed by 10 mL aliquots of the standard solutions of 0,
25, 50, 100, 150, and 200 mg.L™* for each organic analyte. All vials were sealed and then shaken for 18
h on a Stuart Orbital Shaker at the sixth speed level at room temperature (22°C). Upon completion, all
solutions were gravity filtered through Whatman No. 42 filter papers before analysis on the HPLC.
Treatment of data is detailed in Supplementary material.

2.4. Column adsorption experiments
Small scale columns were constructed using Pasteur pipettes, (145 mm length, D810, Volac Disposable

Glass) produced by John Poulten Ltd, with the majority of the narrow spout removed to eliminate
resistance to flow. Columns were constructed by first fitting a small rolled up ball of glass wool into the
narrowing part of the pipette shoulder followed by packing accurately weighed PMPS particles (~150
mg), suspended in water, into the pipette to an approximate height of 4 cm. Each column was left
overnight (16 h) to allow the material to gravity settle. All columns were attached to an 880PU Intelligent
HPLC pump and tested with water to maintain a flow rate of 0.5 mL.min"’. Satisfactory columns were
then subjected to flow from the 200 ppm stock solutions, except for paraquat (100 ppm solution), with
subsequent eluent analysis being taken at every 5 or 10 minutes (dependent upon exhaustion rate of the
column) and analysed immediately by HPLC. Treatment of data is detailed in Supplementary material.

2.5 Equilibrium experiments
For phenol, maleic acid and pyridine, 0.0500 g £ 1.5% portions of PMPS particles were placed in 12

glass vials (with sealable lids). 10 mL of the 200 mg.L™ solution was added to each vial with initiation
of a stopwatch. The vials were sealed, agitated (Stuart orbital shaker) for a set time and the mixture
filtered through filter paper, with the analyte concentration in the subsequent filtrate being measured by
HPLC. Time periods ranging from 30 s to 24 h were employed. Shorter time period experiments below
30 mins were run sequentially whereas longer time period experiments could be run concurrently. For
paraquat, 0.0250 g + 7% portions of PMPS particles were used with 10 mL of the 100 mg.L™ solution.
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3. Results and discussion
3.1 Batch studies — equilibrium sorption capacity

The data collected throughout the batch adsorption studies for all four organic analytes enabled the
presentation of analyte removal effect of the two examined adsorbents and their sorption capacities.
These results for each analyte are shown graphically in Figure 2 and Figure 3 respectively. This data
was subsequently used for the preparation of linear isotherms following Henry’s law, and both Langmuir
and Freundlich isotherms (as described in Supplementary material) for the four different organic
analytes. The constants determined from each isotherm are given in Tables 1 — 3.
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Figure 2: Weight of organic analyte adsorbed per mass of adsorbent for each of the five concentrations of organic analyte.
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Figure 3: Percentage of organic analyte adsorbed for each of the five concentrations of organic analyte.
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Figure 2 shows the raw adsorption data for weight of organic analyte adsorbed per mass of adsorbent
for each of the five initial concentrations of organic analyte for each of the four organic analytes; phenol,
maleic acid, pyridine and paraquat. In general, adsorption amount (per unit mass of adsorbent) increases
with increased solution concentration, except for paraquat, which peaks at the penultimate concentration.
A more relevant representation of sorption efficiency is shown in Figure 3, which shows the percentage
of organic analyte adsorbed for each of the five initial concentrations of organic analyte for each of the
four organic analytes. This figure shows that the adsorption efficiency of the specific type of activated
carbon used in this study, for the adsorption of phenol, maleic acid and pyridine, ranges between just
below 70% to almost 90% adsorption, whereas for paraquat, is much less efficient with adsorption
ranging from just below 20% to just below 50%, for all organic analyte concentrations. This latter result
for paraquat appears to be specific to this type of activated carbon because previous reported activated
carbon adsorption capacities for this molecule are significantly higher (90 mg/g) [28].

Adsorption results for PMPS particles favour the two basic molecules (pyridine and paraquat), with all
adsorption levels above 50% of available analyte, as opposed to levels of just over 50% or below for the
two acid molecules (phenol and maleic acid) with a distinct difference between adsorption performance
of the two. This preference for the uptake of adsorbents with inherent basicity in PMPS particles
contrasts with recent results that show good uptake (> 85%) of endocrine disruptors of the estradiol class
[17], which are slightly acidic (with pKa values that are analogous to phenol, being > 10), and at pH =
4 adsorb these molecules with ~95% efficiency. This would indicate that molecule acidity / basicity is
not the only factor in the prediction of PMPS adsorption efficiency. The high adsorption in PMPS
particles of particular types of small molecules is comparable to a previous study on metal ion adsorption
in these particles with adsorption preference given to the Lewis borderline and soft metal ions [14].

3.2 Linear adsorption isotherm model
The distribution of each analyte between the solid and liquids phases can be expressed by the distribution

coefficient (or equilibrium coefficient) Kg, determined by the linear adsorption isotherm model,
following Henry’s Law (as detailed in Supplementary material). Kq is determined from the slope of the
isotherm (going through zero) from plotting the loading of the analyte on the adsorbent [mg.mg™] verses
the analyte concentration in water in equilibrium [mg.dm], as shown in Figure 4. All isotherms, except
the data for paraquat in PMPS particles, could be loosely fitted to this model. Kq values for each of the
fitted isotherms are listed in Table 1. High values of K4 show the highest tendency of analyte passing
from the liquid phase into the solid phase through sorption processes, whereas low Ky values indicate
that there are larger amount of analyte remaining in the solution. For phenol, maleic acid and pyridine
the highest Kq values were obtained for activated carbon, confirming than it has better adsorption
capabilities for these three analytes. The simplicity of the linear model means that adsorbents with a
steeper isotherm are, in general, more efficient in column applications than those with a flatter isotherm.
It also means that adsorptive capacity increases at higher equilibrium analyte concentrations than at
lower.

3.3 Langmuir adsorption isotherm model
Fitting the data to the Langmuir adsorption isotherm model required the plotting of the overall inverse

of the mass of analyte adsorbed (x) [mg] divided by the adsorbent mass (m) [mg], i.e. (x/m)* versus the
inverse of the analyte concentration remaining in solution upon completed adsorption (C) [mg.dm™], i.e.
C!, as detailed in the Supplementary material. Two constants were thus determined from a rearranged
form of the Langmuir equation, a and b, where the slope of each isotherm, shown in Figure 5, is (ab)™
and the intercept is b™. Two sets of data, both maleic acid and paraquat uptake in PMPS particles, could
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not be fitted using this model. Furthermore, only three points for paraquat could be calculated due to the
two lower concentration solutions undergoing near 100% adsorption.
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Figure 4: Loading of the analyte on the adsorbent verses the analyte concentration

in water in equilibrium (e PMPS; x activated carbon).

Table 1: Distribution coefficients for each of the fitted linear isotherms from Figure 4.

Adsorbent Analyte Distribution coefficient Kq [dm®.mg™]
PMPS particles Phenol 1.63 x 10*
Maleic acid 1.33x10°
Pyridine 4.16 x 10*
Activated carbon Phenol 8.78 x 103
Maleic acid 4.66 x 10*
Pyridine 5.50 x 10*
Paraquat 6.28 x 10

Table 2 lists the equation of a straight line plus constants a and b for each of the fitted Langmuir
isotherms in Figure 5. All fitted isotherms shown in this figure have R? > 0.9. If only three points are
used for a fitted isotherm for the adsorption of paraquat in PMPS particles then the Langmuir equation
becomes (x/m)™* = 281C* + 39.7 with R? = 0.846, thus a = 1.41 x 10t dm®mg™ and b = 2.52 x 10
mg.mg . Previously published results on the uptake of both phenol and pyridine in granular activated
carbon with data treated using the Langmuir equation can be found in Wang et al. [18] and Lataye et al.
[20] respectively, although units for x/m (referred to as ge in both papers) are expressed as mg.g™* and
the equivalent of C is expressed in the former as mol.dm.
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Table 2: Langmuir isotherm equations and constants for examined adsorbents

Adsorbent Analyte Langmuir equation Constants
a [dm3mg?] b[mg.mg?]
PMPS particles Phenol (x/m)?t =4244C* +20.9 492x10° 4.78x10?
Pyridine (x/m)*=651C* +34.3 5.27x 102 292x107?
Activated carbon Phenol (x/m)t=552C1+22.1 4.00x 102 4.52x10?
Maleic acid (x/m)?*=1581C*+ 4.45 2.81x10° 225x10?
Pyridine (x/m)t=599C* + 24.6 411x10? 4.07x10?
Paraquat (x/m)?* =4164C1+ 106 255x 102 9.43x10°

3.4 Freundlich adsorption isotherm model
Fitting the data to the Freundlich adsorption isotherm model required the plotting of log(x/m) versus

logC, as detailed in the Supplementary material. Again, two constants K (sorption capacity constant)
[dm3.mg™] and the dimensionless n (sorption intensity constant) can be determined from a rearranged
form of the Freundlich equation where the slope of each isotherm, shown in Figure 6, is n and the
intercept is logK. As per the Langmuir isotherm model, two sets of data, both maleic acid and paraquat
uptake in PMPS particles, could not be fitted using this model. Again, only three points for paraquat
could be calculated due to the two lower concentration solutions undergoing near 100% adsorption.
Table 3 lists the equation of a straight line plus constants K and n for each of the fitted Langmuir
isotherms in Figure 6. All fitted isotherms shown in this figure also have R? > 0.9. As per the previous
section, if only three points are used for a fitted isotherm for the adsorption of paraquat in PMPS particles
then the Freundlich equation becomes log(x/m) = 0.147logC - 1.92 with R? = 0.628, thus K = 1.20 x 10°
2 dm®.mg? and n = 6.80. Phenol and pyridine adsorption data in granular activated carbon in Wang et
al. [18] and Lataye et al. [20] were also treated to Freundlich analysis and can be used for comparison
(taking into account the differing units).
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Table 3: Freundlich isotherm equations and constants for examined adsorbents

Adsorbent Analyte Freundlich equation Constants
K [dmimg?] n
PMPS particles Phenol log(x/m) = 0.715logC - 2.54 2.88x10° 1.40
Pyridine log(x/m) = 0.577logC - 2.63 2.34x10° 173
Activated carbon Phenol log(x/m) = 0.834logC - 3.46 3.46x10* 1.20
Maleic acid log(x/m) = 0.821logC - 3.01 9.77x10* 1.22
Pyridine log(x/m) = 0.592logC - 2.57 2.69x10° 1.69
Paraquat log(x/m) = 0.521logC - 3.20 6.31x10* 1.92

3.5 Column studies — total sorption capacity
Determination of the total sorption capacity for each organic analyte in PMPS particles was undertaken

by measuring the breakthrough volume of a solution of known concentration of each analyte that had
been passed through a known weight of PMPS particles at a known flow rate. Column exhaustion was
designated as being at the point at which the effluent concentration was 95% of the influent concentration
(in three cases 190 mg.L™* but 95 mg.L™ for paraquat). Figure 7 shows the analyte concentration [mg.L"
1] against time [mins] graphs for each analyte. From these graphs each of the total sorption capacities
could be approximated, and are listed in Table 4. For phenol, maleic acid and pyridine adsorption into
PMPS particles the 200 ppm solutions were within 10 — 15% of the 100 ppm solutions (Figure 3) but for
paraquat, adsorption from the 200 ppm solutions was almost 30% lower than the 100 ppm solution,
hence its use over the 200 ppm solution of this analyte in this part of the study.
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Figure 7: Column effluent organic analyte concentration verses time graphs for each analyte (PMPS only).

Table 4: Total approximated sorption capacity for each organic analyte in PMPS particles

Adsorbent Analyte Capacity [mg/g]
PMPS particles Phenol 39.0
Maleic acid 12.0
Pyridine 39.2
Paraquat 50.6

3.6 Equilibrium studies
Determination of the rate of adsorption of each organic analyte into the PMPS particles was undertaken

by measuring the resultant concentration of each analyte solution following timed exposure to the PMPS
particles. Figure 8 shows residual analyte concentration [mg.L*] against time [h] graphs for each analyte.
These graphs give an indication of the time that each analyte takes to reach batch solution equilibrium.
For both phenol and pyridine reaching equilibrium in batch solution would appear to be almost
instantaneous with all available adsorption sites being filled a soon as the analyte comes into contact
with the adsorbent. However, for maleic acid and paraquat that is not the case. For maleic acid the results
would suggest that the adsorption process does not fall into a stable equilibrium. This is possibly because
so little is adsorbed and numerous potential adsorption sites are available at any given time in the process.
For paraquat, the majority of adsorption occurs instantaneously with continued adsorption occurring at
a slower rate over several hours. This would indicate that the paraquat that is initially adsorbed slowly
migrates deeper into the PMPS particle core thus making the outer sites available for more analyte. Some
initial adsorption and release dynamics are also evident within the first hour of exposure to the analyte.
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Figure 8: Residual organic analyte concentration verses time graphs for each analyte (PMPS only).

3.7 Discussion of PMPS particle adsorption properties
The aim of this paper, as mentioned in the Introduction, was not only to examine the adsorption capacity

of PMPS particles for phenol, maleic acid, pyridine, and paraquat in aqueous solution but also that this
particular choice of molecules could give additional information as to PMPS particle adsorption
preferences with respect to small organic molecules. Both phenol and maleic acid are organic acids of
differing acidic strength (i.e. differing pKa values). Pyridine and paraquat are both heterocyclic aromatic
organic bases, although paraquat contains two quaternary nitrogen atoms. Phenol is an aryl alcohol
whereas maleic acid is an aliphatic di-acid. Each of these compounds can interact with the PMPS
molecular structure in different ways. The results presented in this paper would suggest that PMPS
particles have a stronger sorption preference for organic bases over organic acids and aromatic
compounds over aliphatic ones, although aliphatic bases have yet to be examined. This would certainly
reinforce the results of the previous paper reporting estradiol adsorption [17], which contains both an
aromatic ring plus several cyclic aliphatic rings. Maleic acid contains two carboxylic acid groups and is
a much stronger acid than both phenol and estradiol but the lack of adsorption of maleic acid would
suggest that hydrogen bonding associations with PMPS squarate oxygen atoms (Figure 9a) are not a
strong contributor to PMPS sorption. In fact, the maleic acid graph in Figure 8 would suggest that
hydrogen bonding associations alone in PMPS particle adsorption processes are weak and easily
disrupted, as shown by the instability of maleic acid adsorption over time. Of stronger significance would
appear to be aromatic to aromatic interactions such as n — w and © — & charge transfer associations (Figure
9b). The PMPS polymer backbone can be represented as a continuum of electron donor — acceptor
regions (the pyrrolyl and squarate regions respectively) inductive to alignment with either type of ring
system in an organic analyte. The adsorption behaviour of both phenol and pyridine into PMPS particles
is similar with both essentially being weakly electron-donating aromatics and adsorbing to capacity
almost instantaneously. Interesting adsorption behaviour is displayed by paraquat, which is not only a
dual electron-accepting molecule but there is also the potential of electrostatic attraction between the
positively charged quaternary paraquat nitrogen atoms and the negatively charged resonant squarate
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oxygen atoms (Figure 9c). This interaction alone may be the reason why paraquat appears to penetrate
deeper into the PMPS pores over time (as seen in the relevant graph in Figure 8).

a) O - b) ©) o+ 2—
H @ —N\ Va

o . o
_ o : =
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Figure 9: Three types of intermolecular associations that potentially contribute to PMPS adsorption of small organic
molecules; a) hydrogen bonding, b) charge-transfer, and c) electrostatic.

Conclusion

In terms of overall adsorption capacity for phenol, maleic acid, and pyridine in PMPS particles in aqueous
solution, the results presented in this study suggest that PMPS particles are not as capable as granular activated
carbon, although the results for pyridine are comparable. However, PMPS particles are significantly better in their
adsorption capacity of paraquat over the specific type of granular activated carbon studied herein. PMPS particles
appear to favor the adsorption of basic organic molecules over acidic ones, although results are comparable if
either type of molecule is capable of charge-transfer associations, i.e. contains some type of aromatic ring system,
irrespective of whether that molecule (ring system) is electron-donating or electron accepting. Molecules
containing multiple ring systems may also be favored for PMPS adsorption. In these cases the adsorption
processes appear to fit known mathematical models. The strongest adsorption process in PMPS particles may be
either an electrostatic association or a combination of charge-transfer and electrostatic.
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