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ABSTRACT: Over the past years, polymer-supported reagents have been extensively studied and used in various applications. One class
of such reagents is called “scavengers,” which can be used to easily eliminate compounds in a solution. The present work describes
the production of a resin that can be used for scavenging ketones and aldehydes using low-cost reagents and simple reaction steps,
named here Amb15-Iso. This resin is obtained by reacting a low-cost commercial sulfonyl resin, Amberlyst-15, with isoniazid, a drug
used for the treatment of tuberculosis. Acetone and isobutyraldehyde were used as carbonyl compound models. The reactions were
monitored in-line by ATR-FTIR and results showed that the polarity of the solvent influences the kinetics of the production of the
resin and water proved to be the fastest solvent. For the scavenging of acetone and isobutyraldehyde, two factors showed to have an
impact in the amount of compounds captured: the polarity of the solvent and the solubility of water in the solvent. The capacity of
scavenging acetone in water varied from 0.11 to 0.28 mmol per gram of resin, depending on the initial acetone concentration. The
equilibrium of this reaction was modeled and the equilibrium constant was calculated to be 0.63 = 0.07 L mol ™. The resin was also
recycled and tested in a second round of scavenging and results showed that there was not much difference between the new resin
and the recycled one, proving that the Amberlyst-15 could be reused for a second cycle of scavenging. © 2015 Wiley Periodicals, Inc. J.
Appl. Polym. Sci. 2015, 132, 42291.
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INTRODUCTION

Polymer-supported reagents have been a growing research inter-
est over the past few years because of their easy recovery at the
end of a chemical process. Such reagents can be divided into
three classes: stoichiometric reagents, catalysts, and scavengers.
The stoichiometric reagents and the catalysts participate directly
as part of the reaction itself, while the scavenger resins are typi-
cally applied after the reaction has occurred.”” Each of these
classes, through the help of combinatorial chemistry, have been
used in the synthesis of numerous compounds.”” Scavenging
resins are mainly used for the removal of impurities and/or
excess reagent in the reaction medium; this has been demon-
strated as one of the major advantages of this technique in that
the product of the reaction is not impaired since the residuals
can be removed from the aqueous or organic solution.*® This
purification technique consists of the capture of a determined

component (the nonreacted reagent, impurities, or co-products)
through reaction with a group that is part of the resin, which
can then be removed by filtration.

Several polymer-supported scavenging resins are known and
can be selectively applied to different types of impurities.”'™"?
One such extensively used application is the capture of car-
bonyl compounds, such as ketones and aldehydes, from a solu-
tion; these molecules react with a hydrazine/hydrazide group
forming a hydrazone. This reaction has been previously
described in the literature.” In 1979, Emerson et al. proposed
the production of a resin that consisted of a highly reticulated
matrix with  functionalized
groups of sulfonyl hydrazine that could be used for scaveng-

ing.'* The reaction of this resin is shown in the following
equation, where R; and R, can be either a hydrogen or an alkyl

group.

of polystyrene-divinylbenzene
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This resin has been commercially produced and can be pur-
chased for the scavenging of aldehydes and ketones. However,
because of its high-cost and time-consuming synthesis, large-
scale use of this product is too expensive, and the technique is
not often employed.'®'> The substitution of the resin for a less
expensive one could provide a possible solution for extensive
scavenging applications.

The present work presents the synthesis of a resin similar to the
commercial one mentioned above, with a process involving the
use of low-cost reagents and simple reaction steps. This resin is
obtained by reacting a low-cost commercial sulfonyl resin,
Amberlyst-15, with isoniazid, which is a drug used in the treat-
ment of tuberculosis. The production of the new resin, Amb15-
Iso, was performed in three different solvents: water, ethanol, and
1,4-dioxane. Amb15-Iso can be used for capturing carbonyl com-
pounds. For the model presented in this work, acetone and isobu-
tyraldehyde were used to evaluate the performance of Amb15-Iso
as a scavenger reagent for ketones and aldehydes. The resin was

Addition of the resin and
reaction onset

Addition of
isoniazid
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Apparatus

A ReactIR 45m (Mettler Toledo) was used to measure and mon-
itor the reactions. It was equipped with a DS Micro Flow Cell
and an AgX 9.5mm X 2m Fiber (Silver Halide) with a diamond
crystal, and with an MCT Detector using HappGenzel apodiza-
tion. The samplings were made in the ranges of 4000 to 650
ecm™ ' and 2000 to 650 cm™ ' with a wavenumber resolution of
8, with 15-second intervals between each spectrum.

All reactions were carried out in a 100 mL reactor controlled by
an EasymaxTM Workstation (Mettler Toledo). The temperature
of the reaction was kept at a constant 40°C by regulation with a
Pt100 temperature sensor and through a Peltier System jacket.
The medium was stirred at 150 rpm using a magnetic stirrer.
The reaction medium was fed through the ATR-FTIR equip-
ment using a ProMinent® Beta® pump.

Isoniazid and the Amberlyst-15 resin were reacted, and then
acetone and isobutyraldehyde were incorporated (as models for
the scavenging of carbonyl compounds). Both types of reactions
were performed using different solvents.
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Figure 1. Time-dependent 3D ATR-FTIR graph of the incorporation reaction of isoniazid in water (pure solvent spectrum subtracted) and one selected

spectrum of the isoniazid in water with descriptions of its major bands.'® [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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Table I. Capacity of Incorporation of Isoniazid by the Resin in the Differ-
ent Solvents Tested

Total capacity Standard
Solvent (mmol g™ deviation t-Value®
Water 1.98 0.08 =
Ethanol 2.02 0.06 0.88
1,4-Dioxane 2.07 0.05 2.00

2A t-test for the independent samples was performed in relation to the
water values with o = 0.05, where t-critical is 2.77.

Procedure

The resin used for the experiments was pretreated with a 10%
solution of sulfuric acid, washed with water until a neutral pH
was obtained, and then posteriorly washed with methanol. Sub-
sequently, the resin was left to dry in an oven for 12 hours at
50°C, and then stored in a desiccator.

For the preparation of the incorporated resin (Amb15-Iso), 2 g
of isoniazid was added to a reactor containing 40 mL of the sol-
vent (water, ethanol, or 1,4-dioxane). The system was main-
tained at a constant temperature of 40°C, at a stirring rate of
150 rpm. After the solubilization of isoniazid, 5.0 g of the pre-
treated Amberlyst-15 resin were added to the medium and the
reaction was monitored until the end using ATR-FTIR.

For the scavenging reaction, two models were chosen represent-
ing a ketone and an aldehyde. For the ketone reaction, 600 pL
of acetone was added to 40 mL of the solvent (water, ethanol,
and 1,4-dioxane). For the aldehyde reaction, 150 pL of isobu-
tyeraldehyde was added to 40 mL of the solvent (ethanol, 1,4-
dioxane, dichloromethane and hexane). The system was kept at
a temperature of 40°C, at a stirring rate of 150 rpm. Then 5.0 g
of the Amb15-Iso resin was added and the reaction was moni-
tored by ATR-FTIR until scavenging equilibrium was achieved.

To calculate the capacity of scavenging, the capture of acetone
in water was chosen as the reaction model. To quantify the con-
centration, an analytical curve was constructed using 10 stand-
ard solutions (six training and four test points) and a PLS
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Figure 2. Normalized trends for the incorporation of isoniazid by the Amberyst-15 resin
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regression was used. For the modeling, the infrared region
selected was from 1810 to 955 cm™ ', using the first derivative,
mean centering, scaling and with one latent variable.

For the recovery of the resin, 5.0 g of the Amb15-Iso previously
used in the capture of acetone was added to 50 mL of a 25%
solution of sulfuric acid and the system was kept at a tempera-
ture of 50°C, at a stirring rate of 150 rpm. The release of the
hydrazide/hydrazone was monitored by ATR-FTIR until equilib-
rium was achieved.

In each case, the resin was isolated, washed with water/ethanol,
and then left to dry at 50°C for 12 h.

RESULTS AND DISCUSSION

Maximum Incorporation of Isoniazid by the Amberlyst-15
Resin

For the production of the scavenger resin proposed in this
work, it was necessary to incorporate the isoniazid molecules
into the raw structure of Amberlyst-15. Since isoniazid has a
basic nitrogen in the pyridine ring, it reacts with the Amberlyst-
15 sulfonic acid group to form a salt, as shown in Scheme 1.

The reactions were monitored in-line using real time ATR-
FTIR, which shows the absorption of each molecule in solution.
We evaluated the preparation of Ambl5-Iso in three different
solvents: water, ethanol, and 1,4-dioxane. Figure 1 shows a
time-dependent 3D graph of the reaction of isoniazid with
Amberlyst-15 in water.

The spectra shown in Figure 1 correspond only to the isoniazid
absorption bands, as the solvent peaks were subtracted from the
raw spectra. It can be seen that before isoniazid addition, there
were no absorptions, and as the Amberlyst-15 was added, the
band signals decreased, indicating that isoniazid was being
removed from the solution. The ATR-FTIR probe can detect
only substrates present in solution; therefore, as the isoniazid is
incorporated into the resin, its concentration decreases, and so
does its signal.

The reactions of isoniazid with Amberlyst-15 were performed in
triplicate for each of the three solvents. A t-test was performed

1,4-Dioxane
—Ethanol

—Water

50 60 70 80

Time (min)

measured by ATR-FTIR. [Color figure can be viewed in the
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Scheme 2. Reaction of the Ambl15-Iso resin with a ketone (acetone) in

the scavenging process.

to determine if the mean capacities of incorporation for the
three solvents were the same, according to the deviation over
the triplicates. The capacity was defined as the number of moles
of isoniazid captured, calculated gravimetrically by the differ-
ence of weight between the Amberlyst-15 and the Amb15-Iso,
per grams of raw resin. The results are shown in Table I.

As shown by the calculated #-values, the incorporation was not
greatly affected by the solvent itself. In this statistical test, a
hypothesis is created in which two mean values are compared,
taking their variances into account. For this hypothesis to be
true, the calculated t-value should be smaller than the #-critical
tabulated for this degree of freedom; otherwise, the hypothesis
is false and the means are different. In this case, the mean
capacity of incorporation of the isoniazid in water is statistically
the same as the one in ethanol and 1,4-dioxane with a certainty
of 95%. This shows that changing the solvent does not influence
how much isoniazid can be incorporated into the resin, and
hence, how much of the product (Amb15-Iso resin) can be pro-
duced. Since water is the most accessible solvent and is much
greener than the other two, it appears to be the best option for
the solvent in the reaction.

Even though it does not affect the equilibrium itself, changing
the solvent greatly affects the kinetics of the incorporation. Fig-
ure 2 shows the normalized trends regarding the monitoring of
isoniazid in solution.

The results presented in Figure 2 indicate that the polarity of
the solvent is crucial in the evaluation of the kinetics, since the
reaction depends on the isoniazid molecules being carried into
the inside structure of the resin in order to react with the

Addition of the Amb15-Iso Resin
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sulfonic acid group. Since water is the most polar solvent, it
interacts better with the isoniazid molecules, having the fastest
kinetics and achieving equilibrium in around 5 min, while etha-
nol takes about 40 min, and dioxane can take more than an
hour. Besides being the best solvent for the incorporation and
production of the resin, water is a cleaner and cheaper solvent,
making it the best candidate for scaling-up this process.

The resin produced showed an average capacity of loading of 2
mmol g~ ', while the commercial resin has a capacity of 1.5-3.0
mmol g~'. This also indicates that the resin proposed here can
be considered similar regarding the number of reacting sites
when compared to the commercial sulphonyl hydrazine resin.

After production, the resin was washed, dried, and tested in
order to determine if the incorporated isoniazid would once
again be released into a new batch of solvent. The results
showed that the resin remained intact and no isoniazid was
released, as presented in the supporting information file. This
means that the produced resin is viable for usage, without loss
of power, after addition in a new solution.

Capture of Acetone and Isobutyraldehyde by the Amb15-Iso
Resin

The produced resin can be used for the scavenging of aldehydes
and ketones present in solutions. The isoniazid group reacts
with the carbonyl compound, as shown in Scheme 2 for the
reaction with acetone.

Figure 3 shows the infrared 3D graph of the acetone capture by
the Amb15-Iso in water.

The spectra presented in Figure 3 show that after the addition
of acetone, three main absorptions occurred (1710, 1365, and
1230 cm™ '), referent to the C=0 and C-O stretch bands. As
soon as the Amb15-Iso resin was added to the solution of ace-
tone in water, a decrease in the acetone absorption intensities
indicate the decrease of acetone concentration in solution. Aim-
ing to check if the diminution in the absorption intensities is
actually related to the formation of the hydrazone and not to a
physical process such as adsorption in the resin, a test was con-
ducted where Amberlyst-15 was added instead of Amb15-Iso. In

Ge0'0
[

oy

Figure 3. Time-dependent 3D ATR-FTIR graph of the acetone capture by reaction with Amb15-Iso (pure solvent spectrum subtracted) and the decreas-

ing carbonyl band as the reaction occurs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Normalized trends for the capture of acetone by the Amb15-Iso resin measured by ATR-FTIR in the different solvents. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

this case, the concentration of acetone remained constant, prov-
ing that the absorption decrease genuinely comes from the reac-
tion. This result is presented in the Supporting Information file.

In order to check the effect of the solvent in the kinetics of
hydrazone formation, a comparison between the diminution of
acetone concentration is presented in Figure 4.

It can be seen that in each case, there was a decrease in the ace-
tone concentration, meaning that the scavenging occurred for
all three solvents. However, the amount of acetone removed
from solution increased as the polarity of the solvent increased.
This shows that the resin can be used to capture ketone mole-
cules in various media and solvents. The acetone in solution
was not entirely reacted, and so the concentration did not
decrease to zero, but the use can still be made in order to
remove smaller quantities of these compounds.

As a model for the scavenging of aldehydes, the reaction of the
Amb15-Iso with isobutyraldehyde was chosen, illustrated in
Scheme 3.

The reaction was monitored using ATR-FTIR, as with the ace-
tone reaction, to evaluate the trend of the carbonyl band. The
reactions were performed in four different solvents, varying
their polarity, to check if the resin would be able to scavenge in
these different conditions and determine its kinetics. Figure 5
shows the results of the diminution of the isobutyraldehyde
concentration in each solvent.

As can be seen in Figure 5, the scavenging was successful and
part of the aldehyde present in each solvent was captured. In

o e

=
L.J + A
= B Solvent
3

Amberl5-Iso Isobutyraldehyde

Scheme 3. Reaction of the Amb15-Iso resin with an aldehyde (isobutyral-
dehyde) in the scavenging process.
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comparison to the scavenging of acetone, the application for
this molecule showed to be more efficient, where a maximum
decrease of about 80% of the infrared signal in ethanol and
hexane was observed, while for the acetone the maximum
decrease was about 40% (in water). Isobutyraldehyde was not
tested in water because of miscibility problems. Regarding the
polarity of the solvents, a trend can be observed if hexane is
ignored, where its increase also increased the amount of car-
bonyl compounds captured from solution. This agrees with
what was observed in the scavenging of acetone, where polarity
played a major role in this equilibrium. However, hexane (one
of the most nonpolar solvents) showed a similar result to that
with ethanol. This can be explained by the water solubility in
the solvent. For the other three solvents, water is very soluble
or has some solubility (as in the case of dichloromethane). For
hexane, this solubility is about 9.5 mg L™" at 25°C [19], which
means water being produced leave the solvent phase, and hence
decrease the water concentration around the sites in the resin.
This also acts in the equilibrium, increasing the amount of car-
bonyl compounds being scavenged.

Finally, for the scavenging of acetone in water, a test was also
performed to calculate the capacity of scavenging by the
Ambl15-Iso. For that, an analytical curve of acetone in water
was constructed using the ATR-FTIR equipment and used to
quantify the concentration of acetone in four different prepared
solutions, with varying initial concentrations. The amount of
acetone captured was calculated from the variation in the con-
centration before and after the addition of the resin, and the
capacity was calculated using the below equation:

CﬂPaCit}/: (Cﬁnal - Cinitial) X Vsal/ Myes (2)

In this equation, Cp and Cipisigr are the concentration of ace-
tone before and after the addition of the resin, respectively, Vi,
is the volume of the solution and m,, is the mass of the resin
used for the scavenging. Figure 6 shows the graph of the calcu-
lated capacity for four different initial concentrations of acetone
in solution, using the Amb15-Iso in a batch system.

It can be seen in Figure 6 that the capacity of scavenging is
dependent on the initial concentration of acetone, which can be
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Figure 5. Normalized trends for the capture of isobutyraldehyde by the Amb15-Iso resin measured by ATR-FTIR in the different solvents. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

explained by the equilibrium law. The equilibrium equation can
be described in a similar way to the one of a normal ionic
exchange resin, and the following equation shows the case for
the Amb15-Iso applied in the scavenging of acetone.

K capt
= n;cet /
Vol (nsie =1y ) (1S oy = Tty )

acet ) \acet ™ Macet

(3)

In the equation, K is the equilibrium constant, V, is the vol-
ume of the solution, n'% is the number of moles of acetone
captured by the resin, ng, is the number of reaction sites pres-
ent in the resin (containing the isoniazid molecules), and nJ_,
is the initial number of moles of acetone in the solution. From
the points in Figure 6, the equilibrium constant was estimated
to be 0.63 * 0.07 L mol™" and is valid for the capture of ace-
tone in water. The capacity of the acetone scavenging in water
can also be calculated from eqs. (2) and (3), and is also shown

in Figure 6.

The capacity of the initial concentration of acetone tested varied
from 0.11 to 0.28 mmol of acetone per gram of resin. This
value is still lower than the total capacity of approximately 2
mmol per gram of resin, which is the total number of moles of
isoniazid in the resin. It should be emphasized that the system
described in this work functions as a batch system. The use of
the resin in a continuous system could present a higher effi-
ciency of acetone removal; this is not the goal of the present

0,35

0,3 4

0,25

0,2

0,15

— Calculated

Captured Acetone (mmol g)

0,1

= Experimental

0,05 T T
0,1 0,2 0,3 0,4 0,5

T T

Acetone Concentration (mol L)

Figure 6. Capacity of the acetone scavenged in water by the Amb15-Iso in
a batch system.
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research, however, and this aspect will be pursued in future
work.

Recovery of the Amberlyst-15 Resin

One of the advantages of working with Amberlyst-15 resin is its
potential for easy regeneration. In a solution containing an
excess of hydronium ions, it starts to compete with the pyridine
ring attached to the sulfonic group in the resin, in a way that
this molecule is released from its matrix and the original resin
is reconverted. Tests were performed in order to obtain maxi-
mum recovery, and it was seen that a solution of 25% sulfuric
acid is the most efficient way for the regeneration. Higher con-
centrations lead to easier destruction of the resin’s matrix, dis-
abling it for reuse in future scavenging processes.

The recovery process was also monitored using ATR-FTIR in
order to observe the release of the hydrazide/hydrazone mole-
cules that were contained in the previously used resins. Figure
7(a) shows the normalized trend of the concentration of the
molecules being released from the resin.

This recuperation is very fast, taking only about 10 min until
equilibrium is achieved. In order to check if the resin was
indeed reverted to the Amberlyst-15 form, the solid phase spec-
trum of the resin was taken and compared to a never-before-
used Amberlyst-15 resin and the Ambl15-Iso resin, as shown in
Figure 8.

It can be seen that in the spectrum from the recovered resin (I),
the major band from the hydrazide/hydrazone, the carbonyl
band that appears at around 1700 cm™' in the resin’s matrix,
disappeared. The spectrum is fairly close to the one from the
never-used Amberlyst-15 (IIT), meaning that the recuperation
was successful. However, it could not be guaranteed that all the
sites were recovered and some isoniazid molecules might have
been retained in the resin. Nevertheless, the objective at this
point was to evaluate the reuse of the recovered resin for further
cycles of scavenging.

The recovered resin was retreated with isoniazid. Figure 7(b)
shows a comparison between the scavenging of acetone by the
newly produced Ambl15-Iso and the recovered Amberlyst-15. It
can be seen that there is little difference between the two, which
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Figure 7. (a) Normalized trend of the concentration of molecules being released from the resin; and (b) Normalized trends for the capture of acetone by

the new and recovered Amb15-Iso. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. FTIR spectra of the solid phase resins: (I) recovered Amberlyst-15, (II) Amb15-Iso, and (III) new Amberlyst-15.

shows that the resin can be recovered and reused for a new
cycle of scavenging. However, further study should be con-
ducted to evaluate how many cycles the resin is able to endure.

CONCLUSION

The production of the Amb15-Iso resin showed that regardless
of the type of solvent, the equilibrium does not change and the
amount of isoniazid that can be incorporated into the resin
remains the same. The kinetics of the reaction, however,
increase significantly as the polarity of the solvent increases,
since the reaction depends on the isoniazid molecules interact-
ing with the molecules of the solvent and being carried inside
the resin in order to react with the sulfonic group. For the scav-
enging of acetone in all three solvents—water, ethanol, and 1,4-
dioxane—as the polarity increased, the amount of acetone cap-
tured also increased. As for the scavenging of isobutyraldehyde,
another factor showed to be of importance in the equilibrium:
the solubility of water in the solvent. For this molecule, polarity
defined the equilibrium for ethanol, dichloromethane, and 1,4-
dioxane, but for hexane, the water solubility had a great impact,
increasing the amount captured.

The capacity of scavenging of acetone in water was tested and
the analysis with ATR-FTIR showed that the amount captured
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varied with the initial concentration of acetone in water, with
values measured experimentally from 0.11 to 0.28 mmol per
gram of resin. This value was lower than the total number of
moles of isoniazid in the resin, and can be improved if the sys-
tem is made continuous. The equilibrium was modeled for this
reaction and the equilibrium constant was calculated to be 0.63
*0.07 L mol .

The resin was also recycled and tested for a second round of
scavenging. Results showed that the hydrazide/hydrazone
attached to the sulfonic groups in the resin could be released by
using a 25% solution of sulfuric acid. This resin could be used
for another round of incorporation of isoniazid and scavenging
of acetone, and the results showed that there was an insignifi-
cant difference between the new resin and the recycled one,
which confirms that the resin could be recovered and reused for
a new cycle of scavenging.
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