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A series of amine-functionalized cellulose nanocrystal materials were successfully synthesized,
characterized, and evaluated for the remediation of pesticide contaminants from organic and aqueous
media. Their ability to degrade malathion in organic systems has been examined, resulting in up to 100%
degradation of the compound into detectable lower molecular weight by-products. A poly(ethylenimine)
cellulose nanocrystal (CNC-PEI) material was also capable of degrading aqueous solutions of malathion,
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Accepted 1st December 2020 deltamethrin, and permethrin with 100%, 95%, and 78% degradation, respectively. Thus, these materials
can potentially serve as a new and viable remediation technique based on their ability to effectively

DOI: 10.1039/d0ra08308a degrade various pesticides. The reusability of the CNC-PEIl was also explored. The CNC-PEI material
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Introduction

The use of pesticides in agriculture has undeniably played
a significant role in improving crop yields as well as protecting
against aggressive pests and invasive weeds. It is documented
that approximately 2.4 million metric tons of pesticide active
ingredients are applied annually worldwide."* Furthermore, the
rapidly increasing world population and resultant food
demands have considerably increased the global use of pesti-
cides. The pervasive application of pesticides has led to
universal contamination, detectable in all facets of the
ecosystem.”” This contamination poses several health hazards
toward the public and non-target ecological species due to the
sometimes toxic, relatively stable, and less soluble active
ingredients of pesticide formulations.>* These active ingredi-
ents have aptly been classified as extremely hazardous class 1A,
highly hazardous class 1B, moderately hazardous class 2 and
slightly hazardous class 3 active ingredients by the World
Health Organization.®

Due to the increased use of pesticides and the subsequent
resistance developed by insects and invasive plants, the
required dosage to counteract the target organism has
increased over time. Unsurprisingly, this increased pesticide
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maintained its ability to degrade malathion throughout two wash and re-use cycles.

application along with the sometimes slow environmental
degradation of residual pesticides has resulted in an accumu-
lation of active ingredients and their degradants in the envi-
ronment, resulting in water source contamination, soil quality
degradation, biomagnification, and reduced biodiversity. Many
reports concerning the negative effects on humans and
ecosystems underscore the necessity to remediate pesticides
and their residues, especially from aqueous sources.*’

It is particularly difficult to develop a single, universal
method for pesticide remediation.®**° This is highlighted by the
plethora of physical, chemical, and biological methods that
have been explored to mitigate pesticide pollution such as
coagulation/flocculation, photocatalytic degradation, electro-
chemical or aerobic degradation, oxidation, membrane filtra-
tion, nanofiltration, and adsorption.*****  Microbial,
photochemical, and/or chemical treatments are the primary
degradative decontamination processes for the removal of
pesticides in surface waters. There are numerous examples of
microorganism-assisted methodologies for pesticide degrada-
tion. While effective, these approaches are time consuming,
often requiring days to months for complete metabolism to
occur, leading to increased expenses that are incompatible with
industrial scale applications.” Photochemical methods are
effective although they also come with obstacles. For example, it
is difficult to identify an appropriate light source to facilitate
practical remediation efforts. Often, a compatible light source
that was identified in the lab becomes unsuitable when applied
in the field, due to either undesired photon absorption by the
pesticide formulating agents or the increased opaqueness of
environmentally relevant solutions.*>"”

This journal is © The Royal Society of Chemistry 2020
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In aqueous systems the most common pathways applied to
promote chemical degradation are hydrolysis and oxidation.
Hydrolysis is an attractive method because it has proven to be
economical and effective. Hydrolysis occurs via a water substi-
tution or elimination reaction pathway. Whether the degrada-
tion occurs more rapidly at a high pH (alkaline hydrolysis) or
a low pH (acid hydrolysis) varies among pesticides. The rate of
hydrolysis also depends on the temperature, where increased
temperatures (ca. 100 °C) are required for degradation to occur
within 24 h.” So called advanced oxidation processes (AOPs),
require the addition of oxidants such as hydrogen peroxide/
ferrous salts, TiO, photocatalysts, or ozone, as well as formu-
lating agents and surfactants to quench and remove the
oxidative species.'*** Currently, the limiting factor surrounding
AOPs is the high cost of many of the necessary oxidants.*

A variety of nanomaterials have also been established as
useful technologies for water pollutant remediation. Many
examples can be found in the literature detailing the adsorption
of pollutants, mitigation of pathogens, and degradation of
toxins into less toxic derivatives.'»**?* Cellulose-based mate-
rials, owing to their natural abundance, renewable sourcing,
biodegradability, and biocompatibility, have been leveraged
extensively for pollution remediation.>**** More closely relevant
to the work described herein, several groups have exploited the
modification of cellulose fibers or particles with amine func-
tionality to arrive at cellulose-poly(amine) materials that are
capable of removing heavy metal ions, cationic and anionic
dyes, and pharmaceuticals from contaminated water.****
Recently, our group has explored poly(ethylenimine) (i.e. PEI)
functionalized nanoparticles, microparticles, cellulose nano-
crystals, and kaolinite clay materials for VOC remediation.**™*
We have also explored the use of PEI-modified cellulose
microcrystals for the removal of poly- and perfluorinated
surfactants from water.”” In this study, we evaluated the use of
a series of amine-functionalized cellulose nanocrystals (CNCs)
to serve as a new material for the remediation of pesticide
residues from water or organic solvent.

Herein, we highlight the ability of amine-functionalized
CNCs to serve as effective tools for the degradation of various
pesticides into their respective lower molecular weight by-
products in both organic and aqueous media. Namely, ethyl-
enediamine, tris(2-aminoethyl)amine, or poly(ethylenimine)
grafted CNC materials (CNC-EDA, CNC-TRIS, and CNC-PEI,
respectively) were evaluated for their ability to remediate
pesticide solutions. These formulations were successfully
synthesized and characterized by infrared spectroscopy and
thermogravimetric analysis. An analytical protocol for analyzing
pesticides of interest and assessing whether or not these new
materials are capable of degrading pesticides was also devel-
oped and employed.

Materials and methods
General materials and methods

CNC slurry (12.2 wt% in H,0) was purchased from Cellulose
Lab. Ethylenediamine (EDA), tris(2-aminoethyl)amine (Tris),
poly(ethylenimine) solution (PEI) (1200-1300 Da, 50 wt% in
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H,0), 10-15% sodium hypochlorite solution (NaClO), sodium
hydroxide, 2,2,6,6-tetramethylpiperidine 1-oxyl free radical
(TEMPO), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC), and sodium bromide were purchased
from Sigma-Aldrich and used without any further purification.
Gas chromatography (GC) analyses were conducted using an
Agilent 7890A gas chromatograph equipped with an Agilent
G4513A autoinjector and a Flame Ionization Detector (FID). A
Zebron ZB-MultiResidue-1 capillary GC column (30 m X
0.25 mm x 0.25 pm) was installed for pesticide detection. Agi-
lent Technologies gas chromatography 1.5 mL volume vials with
septum screw-caps were used in the analysis assays. Thermog-
ravimetric analysis (TGA) was performed on a TA Instrument Hi-
Res TGA 2950 analyzer. Analysis was conducted under nitrogen
from 25 to 1000 °C using a 10 °C min ' gradient. Fourier
Transform Infrared (FTIR) analysis was performed with a Nico-
let Magna 500 with NicPlan FT-IR Microscope and Mapping
Stage.

Synthesis and characterization of polyamine-grafted cellulose
nanocrystals*

Oxidation. A 20 g sample of a CNC slurry (12.2 wt% in H,0)
was suspended in a water solution containing 0.20 g of TEMPO
and 0.025 g of sodium bromide. A 4.77 g portion of a 12% agq.
NaClO solution was added to the cellulose suspension in order
to initiate the TEMPO-mediated oxidation. The reaction was
performed at room temperature and stirred for 5 h. Addition-
ally, a pH of 10 was maintained by addition of a 0.5 M NaOH
solution. After 5 h, the solution was thoroughly washed with
water by means of dialysis to remove any unreacted reagents.
The pH of this purified suspension was then adjusted to a pH of
2.5 in order to neutralize the C-6 sodium carboxylates that
resulted from the oxidation. The aqueous suspension was then
washed thoroughly via dialysis, freeze-dried, and stored at
—20 °C.

PEI-grafting. In order to achieve successful amine-
functionalization, a 100 mg sample of the oxidized CNC was
re-suspended in water (1% cellulose/water) in a 50 mL beaker.
Next, 110 mg of EDC and the prescribed amine was added to the
suspension. Specifically, ethylenediamine (40 pL, 0.590 mmol),
tris(2-aminoethyl)amine (89 uL, 0.590 mmol), or poly(-
ethylenimine) (40 pL, 0.590 mmol) was added and allowed to
stir for 6 h at room temperature. The modified cellulose nano-
crystals were thoroughly washed with water by dialysis followed
by freeze-drying and storage at —20 °C prior to full character-
ization and testing for pesticide remediation. The materials
were characterized by TGA and FTIR* and SEM (Fig. S17). The
surface area of the CNC-PEI material was measured by BET
analysis (Fig. S167).

Gas chromatographic pesticide remediation assay methods

GC analyses were carried out within the following parameters:
inlet temperature: 170.0 °C; splitless injection at 15 mL min %,
column flow: 2.0143 mL min ™", constant pressure; carrier gas:

helium; FID temperature: 340 °C; oven temperature program:

RSC Adv, 2020, 10, 44312-44322 | 44313
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100 °C for 0.5 min, ramp to 180 °C at 20 °C min~ ", hold for
4.5 min, final ramp to 240 °C at 6 °C min~ ', hold for 14.5 min.

In order to assess the effectiveness of the amine-modified
CNC materials we determined the standard pesticide peak
area followed by the percent reduction of that area upon
interaction with the amine-modified CNC material. In other
words, the area of an untreated pesticide sample was compared
to the area of treated pesticide samples. Control experiments
were also necessary in order to ensure that pesticide remedia-
tion was not a result of adventitious degradation due to solvent,
agitation, or time. In order to determine the standard pesticide
area, before treatment with CNC-material, a 165 ppm solution
of malathion pesticide in DCM was prepared. This solution was
then added in 1 mL aliquots to 1.5 mL glass screw top GC vials.
The vials were immediately subjected to GC analysis to deter-
mine the untreated pesticide peak area at ¢ = 0 h. An additional
set of vials were prepared, this time with 50 mg of the prescribed
amine-functionalized CNC material and the 165 ppm mala-
thion pesticide solution. The vials were then capped and sealed
with Teflon tape followed by parafilm to avoid evaporation of
the DCM solvent. These vials were then equipped with a stir bar
and placed on a stir plate for 24 h prior to GC analysis. A final set
of control vials were also analyzed that contained only
a 165 ppm pesticide solution in DCM aged for 24 h. All exper-
iments were conducted in triplicate. Pesticide remediation
percentages could then be calculated by comparing the
untreated pesticide peak area to the treated pesticide peak area.
A calibration curve for malathion over the concentration range
of 0.1 mM (33 ppm) to 1.5 mM (496 ppm) was generated
(Fig. $177).

CNC-PEI material loading experiment

To determine the optimal material loading for effective
pesticide remediation, a series of GC vials were prepared
containing a 165 ppm malathion solution in DCM as well as
increasing amounts of CNC-PEI material. Thus, 1.5 mL glass
screw-top GC vials were prepped with 10, 20, 30, 40, 50, 60, and
70 mg of the CNC-PEI material followed by 1 mL of a 165 ppm
malathion solution in DCM. The vials were then capped and
sealed with Teflon tape followed by parafilm to avoid evapo-
ration of the DCM solvent. Control vials were also prepared
consisting only of 1 mL of the 165 ppm solution of pesticide in
DCM and analyzed at time 0 h as well as 24 h. Vials were then
placed on an agitator plate for 24 h. Upon completion of the
24 h reaction time, the vial was subjected to GC analysis. All
experiments were conducted in triplicate and pesticide
degradation percentages were calculated. These results appear
in Fig. S2.1

Agitation experiment

In order to determine whether or not agitation was required for
pesticide remediation to occur, two experiments were conducted
under otherwise identical conditions where one sample cohort
was stirred using a stir bar and stir plate for the treatment period
while the other sample cohort was allowed to stand on the
benchtop. Untreated control samples were also prepared for
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analysis at time 0 h and 24 h. All trials were completed in trip-
licate. Upon GC analysis, it was concluded that agitation was
necessary for optimal pesticide degradation to occur. These
results appear in Fig. S3.f

Evaluation of CNC-PEI in aqueous systems

All commercially available pesticides were purchased from
a local hardware store or over the internet. Pesticide solutions
were prepared following the directions indicated on the
respective packaging or used directly from the bottle as
directed. More specifically, the Southern AG® malathion
commercial pesticide was purchased over the internet in its
50% emulsifiable concentrate formulation. Therefore, this
pesticide was prepared as a 2 tsp gal ' aqueous solution as
described on the label. While, the deltamethrin (Eliminator®
Ant, Flea, and Tick Killer) and permethrin (Eliminator® Home
Insect Killer) samples were purchased from a local hardware
store as their ready-to-use formulations, with 2.5% and 0.02%
active pesticide ingredient, respectively.

Pure samples of each pesticide sample were also prepared by
making a solution of 10 mg of pesticide per 1 mL of water. Due
to the poor aqueous solubility of most pesticides, these solu-
tions were allowed to sonicate for approximately 20 min and
then analyzed by means of GC. These analytical pesticide
standards were prepared to facilitate comparison to the
commercial pesticide formulation that also contained
a number of additives along with the active pesticide ingredient.
Once the retention times of each pesticide was determined, the
remediation experiments could be completed. GC vials were
prepared following the previously described method: control
untreated vials (¢t = 0 h and ¢ = 24 h) contained only 1 mL of the
pesticide solution while treated samples contained 1 mL of the
pesticide solution and 50 mg CNC-PEI. All experiments were
conducted in triplicate.

GC-MS methods for pesticide degradation by-product
detection

Pesticide samples containing degradation by-products were
evaluated using a Shimadzu GC-2010 Plus, equipped with
a AOC-20i auto injector, coupled to a QP2010 SE mass spec-
trometer. A Shimadzu GC SH-Rxi-5ms capillary column (15 m x
0.25 mm x 0.25 um) and a Shimadzu SH-RXI-5SIL MS column
(30 m x 0.25 mm x 0.25 pm) were installed for product detec-
tion. GC analyses were carried out within the following
parameters: inlet temperature: 50.0 °C; split injection (4 pL) at
14.1 mL min~'; column flow: 1.0 mL min ", constant pressure;
carrier gas: helium; temperature program: 40 °C for 3 min;
ramp to 320 °C at 20 °C min ', hold for 10 min. MS analyses
were conducted as follows: ion source temperature: 200 °C;
interface temperature: 100 °C; solvent cut time: 3 min. Chro-
matograms and mass spectra from these analyses, along with
a descriptive narrative, appear in the ESL{

CNC-PEI re-use experiments

To demonstrate the reusability of the amine-modified CNC
material, previously used CNC-PEI was filtered from the

This journal is © The Royal Society of Chemistry 2020
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pesticide solution and washed five times with 10 mL aliquots of
deionized H,O in order to remove any pesticide contaminants
and by-products. After each wash, the filtrate was injected into
the GC to monitor the presence of any remaining pesticide or
pesticide by-products. The washed material was then allowed to
air dry followed by further drying in vacuo. The dried CNC-PEI
was then subjected to FTIR and TGA analysis to monitor any
potential changes to the used material. No signs of complete
PEI defunctionalization were detected (Fig. S12 and S137). The
CNC-PEI was then evaluated for malathion degradation via GC
following the above described protocol. After GC evaluation, the
used CNC-PEI was again recovered via filtration, wash, and
drying cycles. The morphology of the CNC-PEI material after
washing was compared to pristine CNC-PEI material by SEM
analysis, revealing no apparent morphological differences
before and after washing (Fig. S157).

Results and discussion

Synthesis and characterization of amine-modified CNC
materials

We prepared CNC-PEI, CNC-EDA, and CNC-TRIS samples
following our previously described amine-functionalization
protocol.** Briefly, commercially available CNC was oxidized
via an aqueous TEMPO-mediated process wherein the primary,
Cé6-alcohols of the CNC material were selectively oxidized to
their corresponding sodium carboxylates. Following successful
oxidation, the material was treated with an ion-exchange solu-
tion in order to convert the C6 sodium carboxylates to their
neutral counterparts. Finally, CNC-EDA, CNC-TRIS, and CNC-
PEI were obtained after carbodiimide coupling with EDA,
TRIS, or PEI, respectively (Fig. 1).

The amine-modified CNC materials were characterized by
Fourier-transform infrared spectroscopy (FTIR) and thermog-
ravimetric analysis (TGA). Emergence of N-H bending modes
were easily followed throughout the synthetic sequence by

R OH
© 0} c)HO 0
HO (6}
OH O
R n
(7 NH, H
~ N N
R= fu/\/ \/\NHZ % \/\NHZ
Tris(2-aminoethyl)amine, TRIS  Ethylenediamine, EDA

‘/\NHz K\H/\/NHﬁ

}ffN/\/N\/\N/\/N\/\N/\/N\/\NH2

H H H
H2N AN N ~ NH2
Poly(ethylenimine), PEI

Fig.1 Amine-modified cellulose nanocrystal structures.
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Fig. 2 (A) Infrared spectra of amine-modified CNC. CNC-COOH (red

line), CNC-TRIS (green line), CNC-EDA (blue line) and CNC-PEI (black
line). Successful oxidation is indicated by C=O carbonyl stretching at
1712 cm ™! as seen in CNC-COOH, and amine modification is indicated
by emergence of N—H bending modes at 1585 cm™2. (B) TGA analysis
of CNC (pink line), CNC-COOH (red line), CNC-TRIS (green line),
CNC-EDA (blue line) and CNC-PEI (black line).

FTIR (Fig. 2A). Following TEMPO oxidation, the new C-6
carbonyl produces an identifiable C=0 stretch at 1712 cm™"
that is not present in the unmodified CNC starting material.
Furthermore, upon amine (i.e. EDA, TRIS, or PEI) functional-
ization this carbonyl stretch is mostly obscured by the emer-
gence of N-H bending bands around 1585 cm ™", suggesting
successful amide bond formation following EDC coupling of
the C6 carboxylate of the oxidized CNC and the prescribed
amine. It is important to note the absence of characteristic
amine N-H sp® stretches in the amine-modified CNC materials
which are coincident with the OH stretches from the CNC core
of the material.

Thermogravimetric analysis of the amine-modified materials
resulted in similar degradation profiles that each differ in
comparison to the oxidized CNC precursor prior to amine
coupling, lending further support of successful amine-
modification (Fig. 2B). The morphology of the material before
and after modification was evaluated by SEM and TEM
(Fig. S1t). The surface area of the CNC-PEI material was also
evaluated using BET analysis (Fig. S167).

RSC Adv, 2020, 10, 44312-44322 | 44315
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Evaluation of CNC-PEI in organic systems for pesticide
remediation

Currently, the most commonly utilized pesticides belong to the
organophosphorus (OP) class of agrochemicals. Malathion (i.e.
0,0-dimethyl-(S)-(1,2-dicarbethoxy)ethyl phophorodithioate) is
one example that is primarily used as an insecticide to control
mosquito and fruit fly populations. Malathion also serves as
a viable alternative to the traditionally used organochlorine
(OC) compounds, such as DDT, lindane, and endosulfan.*®
These OC pesticides are notorious for their persistent and bio-
accumulative nature, which resulted in the release of persistent
pesticide residues into natural water supplies. While OP pesti-
cides do serve as a less harmful alternative to chlorinated
pesticides they still represent a major environmental concern,
especially in the context of water contamination.”*>'

We sought to implement amine-modified CNCs as a material
to facilitate pesticide degradation. In order to easily assess and
compare the remediation efficiency of each amine-CNC mate-
rial, a GC analysis protocol was first optimized using solutions
of DCM spiked with malathion. OP pesticides tend to be poorly
water soluble, therefore, these initial analyses allowed for
a higher degree of OP pesticide solubility as well as clean
chromatograms for analysis. According to the United States
Environmental Protection Agency (US EPA) and Food and Drug
Administration (FDA), food crops are allowed to have residual
amounts of malathion at a maximum concentration of 8 ppm.

Additionally, the minimal risk level (MRL) for inhalation
(0.2 ppm per <14 days) and oral exposure (0.02 ppm per day) of
malathion are set at much smaller concentrations. Thus,
a solution of 165 ppm malathion in DCM was used in the
remediation experiments to ensure the concentration was above
these levels and able to provide reliable GC chromatogram
results. The loading of CNC-PEI was first optimized. Briefly,
1.5 mL glass screw-top GC vials were charged with 10, 20, 30, 40,
50, 60, and 70 mg of the CNC-PEI material followed by a 1 mL
aliquot of a solution of 165 ppm malathion in DCM. The vials
were then capped and sealed with Teflon tape followed by
paraffin wax film to avoid evaporation of the DCM solvent.
Control vials were also prepared containing 1 mL of the
165 ppm solution of pesticide in DCM and analyzed at time 0 h
as well as 24 h. The vials were then placed on an orbital shaker
for 24 h. Following treatment with CNC-PEI for 24 h, the vials
were subjected to GC analysis. All experiments were conducted
in triplicate and pesticide degradation percentages were calcu-
lated. Following the CNC-PEI loading experiments, it was
determined that 50 mg of the material was sufficient to
completely degrade a 165 ppm solution of malathion in DCM.
An increase in remediation is noticed when increasing the
material loading from 10 mg to 50 mg of CNC-PE], achieving
75.6 = 0.8% and 100% remediation of malathion, respectively
(Fig. S1 in ESIY). Using the optimized 50 mg CNC-PEI loading, it
was also concluded that agitation was necessary for complete
degradation to occur since only 74% degradation was observed
without agitation as compared to 100% degradation with
agitation of the CNC-PEI/malathion solution (see ESIf for
details). Agitation was required for optimal results (100%
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Fig. 3 Pesticide remediation assays with CNC-PEI, CNC-TRIS, and
CNC-EDA. Untreated samples contain only pesticide solution and
serve as controls at t = 0 h and 24 h.

remediation) due to the CNC-PEI particles slowly settling to the
bottom of the vial over time.

All three amine-modified materials were assessed for their
ability to degrade malathion. A 50 mg loading of CNC-EDA,
CNC-TRIS, and CNC-PEI resulted in 59 + 2%, 50 + 5%, and
100% remediation of malathion, respectively (Fig. 3). The
superior performance of the CNC-PEI material is likely due to
the presence of additional reactive sites on the surface of the
CNC as compared to the mono- and di-functional CNC-EDA and
CNC-TRIS materials, respectively. It is suspected that these
amine derivatizing agents have the capability to degrade
malathion to some degree on their own based on the confirmed
degradation pathway and by-products. However, grafting the
amine compounds on the solid CNC provides several advan-
tages. These include permitting the use of smaller amounts of
the amine compounds, the ability to re-use the sample, and the
capability of using it as a solid or in solution. A sample of
unmodified CNC was tested as a control in order to demonstrate
the necessity of the amine functionalization step for effective
remediation. In this case, treatment of malathion with
unmodified CNCs resulted in quantitative recovery of mala-
thion after 24 h. Finally, we generated a calibration curve for
malathion over the concentration range of 0.1 mM (33 ppm) to
1.5 mM (496 ppm), and we found that CNC-PEI was capable of
greater than 98% remediation at both the high and low ends of
the curve (Fig. S177).

Evaluation of CNC-PEI in aqueous systems

Next, we sought to investigate the efficiency of the CNC-PEI
material in aqueous medium (Fig. 4). Many insecticides are
typically utilized as a liquid or spray that employ water as the
carrier.® Therefore, various commercially available pesticide
formulations of malathion, permethrin, and deltamethrin were
employed. These commercial formulations are widely available
at local hardware stores or from internet vendors. It is impor-
tant to note that many commercial pesticide solutions are
formulated as a mixture of the active ingredient and other
components. Since the commercially available formulations
contain a number of other additives in addition to the pesticide

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) Degradation of malathion, (B) deltamethrin, and (C)
permethrin with CNC-PEI. Untreated samples contain only pesticide
solution and serve as controls at t = 0 h and t = 24 h. Malathion and
deltamethrin were conducted at RT while permethrin was conducted
at 35°C.

of interest, calibration curves for the aqueous formulations
could not be generated. Pure standards of each pesticide were
used to identify the peaks of interest in the rather complex
commercially available solutions. Each commercially available
pesticide solution was prepared as instructed on the packaging
prior to treatment with the CNC-PEI materials and analysis. As
previously described, control GC vials containing only pesticide
solution as well as treated vials containing the pesticide
formulation and 50 mg CNC-PEI were prepared. All experiments
were conducted in triplicate with agitation for 24 h. Treatment
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of the commercially available malathion solution with 50 mg
CNC-PEI resulted in 100% degradation of the OP pesticide at
ambient temperature. Similarly, treatment of a commercially
available deltamethrin solution with CNC-PEI resulted in a 95 +
0.9% reduction at ambient temperature. The analysis of the
commercial permethrin preparation was complicated by the
fact that the active ingredient is present as a pair of detectable
cis/trans stereoisomers about the central cyclopropane ring.
Nevertheless, upon treatment with CNC-PEI samples at
a slightly elevated temperature of 35 °C, the two peaks exhibited
an average of 84.3 + 0.7% and 78 £ 2% reduction, respectively
(Fig. 4C). One of the advantages of using CNC-PEI for degra-
dation in aqueous environments is that it does not require the
use of acidic or basic solutions unlike common hydrolysis
pathways.

Exploring the mechanism of malathion degradation

Next, in order to probe the mechanism of degradation, we
sought to identify the by-products resulting from the interaction
of malathion and CNC-PEIL Thus, a 165 ppm solution of mala-
thion was prepared in deionized water, and treated with 50 mg
of CNC-PEI followed by agitation for 24 h. The CNC-PEI material
was then removed from the reaction mixture by filtration, and
the filtrate was then analyzed via GC-MS in order to identify the
degradation products resulting from treatment. Two main
degradation products, O,0-dimethyl phosphorodithioic acid (1,
DMTP) and diethyl fumarate (2), were identified by GC-MS
analysis. These compounds have previously been reported as
commonly observed hydrolysis degradation by-products of
malathion.*** We posit that, in our system, these products
arise from a facile elimination of one of the ester a-protons from
malathion - induced by CNC-PEI - to generate DMTP and
diethyl fumarate by means of either an E, or E;cg mechanism
(Scheme 1). Although we did not evaluate the effects of pH on
the ability of CNC-PEI to degrade malathion, based on the
proposed mechanism outlined in Scheme 1, one would expect
that increasing the pH would accelerate the rate of degradation
by reducing the level of protonation of the CNC-PEI material.
Conversely, lowering the pH would likely result in increased

SO OEt
MeO’?\S/\ /}H
MeO
O~ "OEt
Q-+
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S0 N I DI S
' l + = :
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Scheme 1 Proposed degradation pathway of malathion upon treat-
ment with CNC-PEI.
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Scheme 2 Proposed degradation pathway of deltamethrin upon treatment with CNC-PEL.

levels of protonation of the CNC-PEI material, retarding the rate
of the B-elimination. The diethyl fumarate degradation product
exhibited a mass spectrum that was consistent with data pub-
lished in the National Institute of Standards and Technology
(NIST) library. The DMTP mass spectrum exhibits a fragmenta-
tion pattern (i.e. loss of S-H, m/z = 125) that is easily assigned to
by-product 1.>® In a previous study, Bavcon et al. monitored the
degradation of malathion in untreated water, where only 30% of
an initial 10.3 ppm malathion concentration was degraded over
14 days.”” Consistent with this previous observation of slow
degradation of malathion in untreated water, control GC-MS
experiments with untreated aqueous malathion samples
revealed no detectable degradation over 24 h. Additionally,
maloxon, a commonly observed toxic oxidation by-product
(which is the P=0O congener of malathion, was not detected
via GC-MS) (see ESIt for full GC-MS details).*”**

Deltamethrin degradation

Next, we also investigated the degradation products of delta-
methrin after treatment with CNC-PEL. Upon GC-MS analysis,

three lower molecular weight by-products were identified
(Scheme 2). Deltamethrin by-product 3 (m/z = 429) is presum-
ably the result of cleavage of the diaryl ether moiety.
Compounds 4B (m/z = 281) and 5B (m/z = 209) are likely by-
products of ester cleavage. More specifically, compound 4B is
the acylium ion of deltamethrinic acid (4A) while 5B is the
counterpart to o-hydroxy-3-phenoxy-benzeneacetonitrile (5A).
Deltamethrinic  acid, 4A, and  o-hydroxy-3-phenoxy-
benzeneacetonitrile, 5A, have previously been reported in the
literature as major hydrolysis degradation by-products of del-
tamethrin in aquatic environments.”** Further, the mass
spectrum of 5A aligns well with that of the neutral 3-phenox-
yphenylacetonitrile on the NIST database.®* An additional by-
product was detected via GC-MS; however, its identity is
unclear. Further investigations are being conducted in order to
elucidate the structure and clarify the degradation pathway of
deltamethrin in the presence of CNC-PEI (see ESIt for full
details).

800 -
® 700 4
0 E +
< 600
< 500
& 400 A
5 300 A
£ 200 -
8 100 -
©
E 0 T T == T T T 1
//Q‘(\ 'Q® C}‘Q c}Qﬂ’ c}e:b Q/b:o
N Y o o o o
(’\“o 2 P P Ry L
P & &° &° & 000
S & A < &
3 & *@b
&8 & &
N N &

Fig. 5 CNC-PEIl reuse experiments. Complete loss of function is observed at reuse cycle 3.
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CNC-PEI reuse experiment

Next, we explored the reusability of the material for pesticide
remediation by resubjecting used CNC-PEI samples to
further treatment with additional aliquots of pesticide-
contaminated water (Fig. 5). Thus, spent CNC-PEI samples
were filtered from the pesticide solution and washed with
10 mL aliquots of deionized water until no pesticide
contaminants or degradation products were detected upon
GC analysis. The washed material was then allowed to air dry
for 24 h. The dried CNC-PEI was then subjected to FTIR and
TGA analyses to monitor any potential changes to the used
material. No signs of drastic PEI loss were detected following
the first wash cycle (Fig. S13 and S14%). The morphology of
the washed material was also monitored by SEM analysis,
revealing no appreciable difference in the materials before
and after washing (Fig. S15). The CNC-PEI was then resub-
jected to fresh samples of malathion contaminated water and
the degree of malathion degradation was analyzed by GC. A
previously used and washed sample of CNC-PEI resulted in 98
+ 4% degradation following the first reuse cycle (Fig. 5).
Following a subsequent reuse cycle, however, only 50 + 13%
malathion degradation was achieved. It is clear that the
effectiveness of the CNC-PEI material decreases as the
number of wash and reuse cycles increases. For example, the
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3™ reuse experiment resulted in no detectable malathion
degradation.

CNC-PEI malathion degradation time study

Finally, we sought to evaluate the time course of the degra-
dation of malathion to understand how rapidly the degrada-
tion event occurs. Thus the degradation efficiency of CNC-PEI
was monitored after 10, 20, and 30 min of treatment time
(Fig. 6). We found that malathion was degraded by ~63% after
10 min, 94% after 20 min, and greater the 99% after 30 min of
treatment (Fig. 6A). A plot of In[malathion] versus time
returned a line with slope = —kops, indicating that the degra-
dation event follows pseudo-1°* order kinetics (kops =
0.17 min~"). This observation is consistent with the proposed
elimination described above (see Scheme 1). From the
expression, ¢, = In 2/k, the half-life of the degradation of
malathion by CNC-PEI was calculated to be 4.1 min. These
results confirm that CNC-PEI is capable of rapidly degrading
relevant concentrations of malathion in water, with near
complete degradation in a matter of minutes.

Conclusions

We have described the successful degradation of various
pesticides in aqueous media using amine modified cellulose
nanocrystals. CNC-PEI was able to effect 100%, 95%, and 78%
degradation of malathion, deltamethrin, and permethrin,
respectively. The transformation occurs, in the case of mala-
thion, on the order of minutes. These amine-modified CNC
materials take advantage of a renewable, biodegradable, and
biocompatible polymer as well as an amine moiety that has
potential for chemical degradation of various pesticides. We
explored the mechanism by which the degradation process
occurs by evaluating the degradation products by GC-MS after
treatment. This study demonstrates that amine-modified
cellulose nanocrystals may be a cheap and useful material
for the remediation of pesticide contaminants in water.
Future studies with these materials will focus on exploring the
lower concentration limits of pesticide-contaminated water as
well as expanding our study of target pesticides to include
other important compound classes such as the
neonicotinoids.
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