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ication of diethylaminoethyl
cellulose (DEAE-cellulose) with a high adsorption
capacity toward the detoxification of 2,4-
dichlorophenoxyacetic acid (2,4-D) from water†

Jagadeesh Kodali,a Balasubramanian Arunraj,a T. Sathvika,a A. Santhana Krishna
Kumar b and Rajesh Nagarathnam *a

Detoxification of pesticide residues requires effective methods. In this regard, the adsorption efficiency of

diethylaminoethyl cellulose (DEAE-cellulose) as an adsorbent material for the removal of 2,4-

dichlorophenoxyacetic acid (2,4-D) from water at different concentrations, times, pH and temperature

was evaluated comprehensively. The obtained results showed that DEAE-cellulose has greater efficacy to

eliminate 2,4-D from water with a high Langmuir maximum adsorption capacity of 429.18 mg g�1 at pH

7.0. Kinetic models and thermodynamics were investigated at length. The adsorption mechanism was

understood by way of electrostatic, hydrogen bonding, and Lewis acid–base type interactions. Extensive

analytical characterization of the DEAE-cellulose adsorbent before and after 2,4-D adsorption was

performed and liquid chromatography with a tandem mass spectrometer (LC-MS/MS) was used for the

quantification of 2,4-D. The regeneration of DEAE-cellulose was achievable using dilute formic acid and

the DEAE-cellulose adsorbent showed high ability in the removal of 2,4-D from the agriculture run-off

water.
Introduction

2,4-Dichlorophenoxyacetic acid commonly known as 2,4-D is
a widely used pesticide.1 Application of 2,4-D and its derivatives
as herbicides in agriculture increased due to their effectiveness
at low concentrations, solubility in water, and relatively low
price.2 2,4-D and its derivatives possess similar chemical prop-
erties to natural Plant Growth Regulators (PGR) including
auxin, indole-3-acetic acid and they can be used to protect crops
from weeds. Major derivatives include 2,4-D dimethylamine salt
and 2,4-D butyl ester. Several reports showed that 2,4-D reduces
nitrogen-xing bacterial growth on leguminous plants by
impeding the transformation of ammonia to nitrates.3,4 Due to
its enormous usage considerably in agriculture, the accumula-
tion of 2,4-D and its derivatives in the environment increased
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rapidly over a few decades. According to the European Food Safety
Authority (EFSA), the sumof the levels of 2,4-D, its salts, esters, and
conjugates, are expressed as a total 2,4-D.5 The United States
Environmental Protection Agency (US-EPA) categorized 2,4-D and
its metabolites as unsafe environmental pollutants resulting in
adverse effects on biological pathways6 and carcinogenicity.7World
Health Organization (WHO) specied 0.03 mg L�1 as the
maximum limit for 2,4-D to be present in drinking water8 whereas
EPA specied 0.07 mg L�1 as Maximum Contamination Level.9

Bureau of Indian Standards (BIS) prescribed the tolerable limit10 in
drinking water at 0.03 mg L�1.

Due to the unavailability of an antidote to the 2,4-D
poisoning and the growing risk of exposure as an environ-
mental pollutant, it is necessary to detoxify 2,4-D from agri-
cultural water as well as drinking water.11,12 Several methods
encompassing electrodegradation,13 biodegradation,14,15 photo-
degradation,16 catalytic ozonation,17 and advanced oxidation18

are well recognized for removal of 2,4-D from water and these
processes have advantages as well as disadvantages. Few studies
are reported using carbon nanotubes,19 activated carbon20 as
adsorbents to remove 2,4-D and its derivatives effectively from
water. Biosorption is another technique to remove pesticides
that involves physicochemical and ion exchange interac-
tions.21,22 The application of cost-effective materials in the
removal of pesticides from water using clay complex23 was also
studied in recent years. Though there are multifarious
© 2021 The Author(s). Published by the Royal Society of Chemistry
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adsorbents for removal of 2,4-D from water, the reported
adsorption capacities are low i.e. less than 200 mg g�1. Several
factors impact the adsorption efficiency of pesticides including
temperature, equilibration time, pH, quantity of adsorbent, and
ionic strength. Adsorption isotherms are useful to quantify the
extent of adsorption with a particular adsorbent. DEAE-cellulose is
a positively charged resin that could prove to be a viable option to
remove the pesticides. Although DEAE-cellulose is used in the
separation of proteins and nucleic acids,24,25 it was not explored in
removing pesticides especially 2,4-D from the water. The objective
of the present study is to explore the utility of DEAE-cellulose as
a prospective adsorbent towards removing 2,4-D from the water
and run-off water from agricultural soils.
Materials and methods
Chemicals and reagents

The 2,4-dichlorophenoxyaceticacid (2,4-D (99.93%)) was obtained
from Dr. Erhenstorfer, Germany. The diethylaminoethyl cellulose
adsorbent was purchased from Sisco Research Laboratories, India.
Mobile phase ammonium formate as mobile phase for LC-MS/MS
was procured from Sigma, Aldrich. Spectroscopy grade KBr was
obtained from Merck. Methanol was procured from J. T. Baker.
The aqueous solutions were prepared using Millipore water. The
quality of other chemicals/reagents used was of analytical grade.

A working concentration of 100 mg L�1 2,4-D for batch
adsorption studies was prepared from the stock solution of
1000 mg L�1. The DEAE-cellulose was characterized before and
aer adsorption through various physicochemical character-
ization techniques. The vibrational spectrum of the DEAE-
cellulose adsorbent was recorded by pelletizing approximately
2 mg of the sample with 100 mg KBr (spectroscopy grade) over
the frequency range 400–4000 cm�1 using JASCO-4200 model IR
Spectrometer. The concentration of 2,4-D was analytically
quantied using a Triple quadrupole LC-MS/MS AB Sciex API 3200
mass spectrometer. Surface analytical data (pore volume, surface
area) were determined by Brunauer–Emmett–Teller analysis using
a Quantachrome instrument supported by ASiQwin soware.
Surfacemorphology and elemental composition were studied with
Field Emission Scanning electronmicroscope (Carl Zeiss Supra 55)
coupled with EDX (Oxford) system. PANalytical Epsilon 1 spec-
trometer was used for X-ray uorescence measurement. A Met-
rohm 867 pH module was used for pH adjustments and the
thermogravimetric prole was recorded in a nitrogen atmosphere
(ShimadzuDTA 60) covering the temperature range 35–800 �C. The
X-ray diffraction (XRD) pattern of DEAE-cellulose was recorded on
a Rigaku Ultima IV X-ray diffractometer using Cu-Ka radiation
(1.5405 Å). The XPS measurement of the DEAE-cellulose was per-
formed in Thermo Scientic K-Alpha XPS instrument. The UV-Vis
spectrum analysis of 2,4-D was recorded using 10 mm path length
quartz cuvettes over the range 200–400 nm wavelength using
a Shimadzu UV-1800 spectrophotometer.
Adsorption experiments and analysis of 2,4-D

The adsorption experiments were carried out at controlled room
temperature 25 �C (�2.0 �C). A known quantity of DEAE-
© 2021 The Author(s). Published by the Royal Society of Chemistry
cellulose (0.1 g) was added to a glass ask containing a 50 mL
volume of 2,4-D solution at 100 mg L�1 and the pHwasmaintained
at 7.0 using 1.0 mol L�1 NaOH and HCl solution. The contents
were equilibrated on a magnetic stirrer for 120 min. The equilib-
rium adsorption capacity (qe) was calculated from the difference
between the initial concentration (Co) and the equilibrium
concentration (Ce) of 2,4 D remaining in the solution as

qe ¼ ðCo � CeÞV
W

(1)

V andW correspond to the volume of 2,4-D in solution phase in
litre and weight of DEAE-cellulose in gram respectively. The pH of
aqueous solutions was adjusted to 3.0 and 5.0 with 1.0 mol L�1

HCl and 1.0 mol L�1 NaOH was used to maintain the pH between
9.0 and 11.0. A 0.1 g amount of DEAE-cellulose was taken followed
by the addition of 50 mL water at a concentration of 100 mg L�1 of
2,4-D. The equilibration was done for 120 min at controlled room
temperature 25 � 2.0 �C. The pH optimization experiments were
conducted over the range 3.0–11.0 respectively.

The effect of adsorbent dosage was studied by taking 50 mL
of 2,4-D solution at 100 mg L�1 in the range 1.0–8.0 g L�1 of
DEAE-cellulose. The aqueous medium pH was maintained at
7.0 and the solution was equilibrated on a magnetic stirrer for
120 min at controlled room temperature 25 � 2.0 �C.

For the Langmuir and Freundlich isotherm studies, 0.1 g of
DEAE-cellulose was taken, with 50 mL of 2, 4-D concentration
range 50–1000 mg L�1. The pH of aqueous medium was xed at
7.0 and the contents were stirred magnetically for 120 min at
controlled room temperature 25 � 2.0 �C.

Toward the thermodynamic studies, 50 mL of 2,4-D solution
at 100 mg L�1 was added to 0.1 g of DEAE-cellulose at different
temperatures (10–60 �C). The pH was maintained at 7.0 and
equilibrated for 120 min.

In order to study the adsorption kinetics, 50 mL of 2,4-D
solution at 100 mg L�1 was added to 0.1 g of DEAE-cellulose
adsorbent and stirred at different time intervals over the
range 1–120min respectively. The pHwasmaintained at 7.0 and
it was equilibrated at controlled room temperature.

In summary, the adsorption experiments were performed by
optimizing the various experimental variables namely, pH (3.0–11.0),
adsorbent dosage (1–8 g L�1), 2,4-D concentration (50–1000mg L�1),
contact time (1–120 min), and temperature (10–60 �C) respectively.

Also, a representative concentration of 2,4-D was taken in the
absence of DEAE-cellulose in order to check the adsorption of 2,4-D to
the glass surface and for plausible degradation. Indeed, this provided
the reference to match with samples while obtaining specic adsorp-
tion data. Preliminary results from blank and control solutions indi-
cated that the adsorption of 2,4-D onto the glass walls was negligible.

For each analysis, the aqueous supernatant was collected and
ltered through a 0.45 mmnylon 66membranelter paper. The clear
solution was transferred to a 2mL LC vial and 5 mL was injected into
LC-MS/MS system analyzed for the 2,4-D concentration.

A validated analytical method as per SANTE/11945 was
adopted for quantifying 2,4-D levels. The calibration curve was
obtained from standards of 5, 10, 50, 100, 200, 500, 1000 mg L�1

(Fig. S1(a)†). The mobile phase employed was a mixture of
methanol and 5 mM ammonium formate in water in a ratio of
RSC Adv., 2021, 11, 22640–22651 | 22641
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90 : 10. The ow rate of 0.55 mL min�1 was maintained on the
Inertsil ODS3 C18 column with dimensions of 50 mm � 4.6
mm, 5 m thickness, with ow directed towards mass spec-
trometer source. Electro Spray Ionization (ESI) mode served the
purpose to ionize 2,4-D in negative mode. Ion spray voltage (ISV)
of �4500 V, heater temperature (TEM) of 500 �C, nebulizer gas
(GS1) 45, heater gas (GS2) 55 were used in the ionization source.
Deprotonated mass (M � H+) of 219 m/z is a characteristic
precursor ion for 2,4-D pesticide. Fragmentation of precursor
Fig. 1 SEM images of DEAE-cellulose (a and c) before adsorption, (b and d)
2,4-D at a concentration of (100 mg L�1, 50mL, pH 7.0) equilibrated with ads

22642 | RSC Adv., 2021, 11, 22640–22651
ion was accomplished with nitrogen as collision gas and various
product ions of m/z 125 and 161 were obtained. Refer to
Fig. S1(b) and (c)† for precursor ion and product ion spectra
respectively. The m/z 161 stable product ion was chosen for
subsequent quantitation. Curtain gas and CAD (Collision
Assisted Dissociation) was xed at 35 psi and 10 psi respectively.
Entrance Potential (EP), Declusturing Potential (DP), Collision
energy (CE), Collision Cell Exit Potential (CXP) was set to �10 V,
�21 V, �18 V, �13 V respectively. The sample concentrations
after adsorption, EDX spectra (e) before adsorption, (f) after adsorption of
orbent dosage (0.1 g), contact time 120min and temperature 25� 2.0 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were calculated from the peak area using the linear equation of
the standard curve. Customary to any analytical method, the
blank and 2,4-D sample peaks (Fig. S1(d)†) were obtained and
the proportionality of peak area against concentration quanti-
ed the concentration of 2,4-D in an aqueous solution.
Fig. 3 XRF spectra of DEAE-cellulose, a working concentration of 2,4-
D (100 mg L�1, 50 mL, pH 7.0) equilibrated with adsorbent dosage (0.1
g), contact time 120 min and temperature 25 � 2.0 �C.
Results and discussion
Morphological features and surface analysis of DEAE-cellulose

Morphological features of DEAE-cellulose before and aer
adsorption of 2,4-D were investigated through scanning elec-
tron microscopy (Fig. 1). Images magnied 1000� revealed
brous strands with a sort of deformed linear manifestation.
Higher-resolution revealed a smooth surface and specic
patches interspersed withmicro andmesoporous structure. The
SEM images of DEAE-cellulose that were obtained aer
adsorption with 2,4-D shows a smoother surface and further-
more, the coarse patches were laden with dark-colored spots. In
order to validate the elemental composition of 2,4-D on the
DEAE-cellulose, energy dispersive X-ray spectroscopy (EDX) was
employed, and as expected aer adsorption the presence of
chlorine along with other elements were obvious in EDX spectra
(Fig. 1). The fact that chlorine peak is evident in the energy
dispersive X-ray spectrum conrms the adsorption of 2,4-D onto
the DEAE-cellulose surface.

The nitrogen adsorption/desorption curves obtained
through the BET isotherm (Fig. 2) gave the surface area of DEAE-
cellulose as 6.067 m2 g�1 with an average pore volume and pore
diameter as 0.006 cm3 g�1 and 1.988 nm respectively indicating
a microporous nature for DEAE-cellulose.26 The N2 adsorption
isotherm indicates that the structural features are preserved
with micropores in the DEAE-cellulose adsorbent surface.

The X-ray uorescence (XRF) spectrum was recorded for
DEAE-cellulose before and aer adsorption (Fig. 3). A distinct
peak at 2.62 keV aer adsorption of 2,4-D onto the DEAE-
cellulose corresponds to Cl in 2,4-D which corroborates the
anchoring of 2,4-D onto the sorbent DEAE-cellulose. The
Fig. 2 Nitrogen adsorption–desorption BET isotherm plot of DEAE-
cellulose.

© 2021 The Author(s). Published by the Royal Society of Chemistry
vibrational spectroscopic study was used in the identication of
functional groups of 2,4-D on DEAE-cellulose before and aer
adsorption (Fig. 4). The FT-IR spectrum of DEAE-cellulose
showed characteristic bands at 3413 cm�1 (broad) and
2917 cm�1 that could be attributed to O–H and C–H stretching
vibrations.27 Further, the peak corresponding C]O of the
carboxylic acid group with a wavenumber of 1622 cm�1 was
detected in the adsorbent aer the adsorption of 2,4-D. Other
characteristic peaks such as aromatic C]C at 1481 cm�1 and
C–O peak at 1065 cm�1 are also evident in the spectrum.
Distinct changes in the FT-IR spectral pattern aer adsorption
in the range 850–550 cm�1 testies the C–Cl group present in
2,4 dichlorophenoxyacetic acid.

Thermogravimetric analysis (TGA) (Fig. S2†) is quite essen-
tial to realize the stability of the DEAE-cellulose. Aer the initial
water evaporation from DEAE-cellulose, the second step
involves swi pyrolysis of approximately 60% weight loss in the
temperature range 250–350 �C attributed to heterolytic
Fig. 4 FT-IR spectra of DEAE-cellulose, a working concentration of
2,4-D (100 mg L�1, 50 mL, pH 7.0) equilibrated with adsorbent dosage
(0.1 g), contact time 120 min and temperature 25 � 2.0 �C.

RSC Adv., 2021, 11, 22640–22651 | 22643
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depolymerization, and between 350–800 �C there is the
decomposition of cellulose and whole loss of carbon.28 2,4-D
was dissolved in water and the UV spectrum (200–400 nm) was
recorded before and aer its adsorption onto DEAE-cellulose.
Before adsorption, the spectrum indicates characteristic
absorptions at wavelengths maximum 235 nm and 280 nm
corresponding to 2,4-D in the solution.29 Aer 2,4-D adsorption
onto DEAE-cellulose the UV spectrum shows the disappearance
of these peaks with negligible absorbance thereby conrming
the adsorption on the sorbent DEAE-cellulose (Fig. S3†). Powder
XRD studies give information about the amorphous or crystal-
line nature of the as-prepared adsorbent of DEAE-cellulose
before and aer the adsorption of 2,4-D, as displayed in
Fig. S4.† The two XRD proles did not show substantial alter-
ations, and the broader diffraction peaks are characteristic of
amorphous cellulose materials.30 The enlarged peak that is
evident around 2q ¼ 20.5� is ascribed to the diffraction plane
(002) corresponding to the DEAE-cellulose. Similar XRD
patterns were also corroborated for cellulose nanocrystals
derived from rejected bers.31

The total survey spectrum of XPS analysis illustrates the
presence of various elements, carbon, nitrogen, oxygen onto the
DEAE-cellulose as shown in Fig. 5(a). The noteworthy peaks at
284.8, 401.7, and 532.5 eV are related to C 1s, N 1s, and O 1s as
identied on the adsorbent, and further, the C 1s spectrum can
be further de-convoluted into double peaks at 284.8 (C–C), 286.2
Fig. 5 (a) XPS survey spectra, (b) C 1s spectra, (c) O 1s spectra and (
concentration of 2,4-D (100 mg L�1, 50 mL, pH 7.0) equilibrated with ads
2.0 �C).

22644 | RSC Adv., 2021, 11, 22640–22651
(C]O) (Fig. 5(b)), similarly, the N 1s spectrum of can be divided
into two components 399.5, and 401.7 eV, attributed to sp2

hybridized nitrogen atoms in the (C]N+, 399.5 eV) and
protonated amino group (+N–H, 401.7 eV) respectively32 as
shown in Fig. S5.† Furthermore, oxygen spectrum can be
assigned to 532.5 eV (–OH) (Fig. 5(c)) indicates the oxygen atoms
from the DEAE-cellulose and the adsorbed water molecules.
Besides, adsorption of 2,4-D carbon, nitrogen, oxygen along
with Cl elemental peaks were also present and these would
further strengthen the fact that 2,4-D is anchored onto the
porous surface of DEAE-cellulose as shown in Fig. 5(a). These
characteristic peak position sillustrate that the DEAE-cellulose
surface of the adsorbent has abundant functional groups and
active sites for efficient adsorption of 2,4-D in an aqueous
medium. Furthermore, de-convolution of Cl 2p spectra reveals
three major peaks positions identiable at 197.6 eV (Cl 2p3/2),
and 200.5 eV (Cl 2p1/2) (Fig. 5(d)). The third peak at 202.1 eV
shows the existence of C–Cl bonds33 and indeed this also
correlates with the C–Cl vibrational frequency shi observed
with the corresponding FT-IR results.
Analytical parameters-validation

The above quantication method was validated including
specicity, linearity, accuracy, precision, within-lab reproduc-
ibility, and matrix effect.34 Specicity was checked from the
d) Cl 2p spectra of adsorbent before and after adsorption (working
orbent dosage of (0.1 g), contact time 120 min and temperature 25 �

© 2021 The Author(s). Published by the Royal Society of Chemistry
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emergence of any interference peak that could coincide with the
retention time value for 2,4-D. Indeed, it was evident that is no
such interference thereby augmenting more selectivity for the
analysis of 2,4-D. Calibration standards of 2,4-D corresponding
to 5, 20, 100, 500, 1000 mg L�1 were prepared and the regression
coefficient was close to 1 (0.99). Spiking a specied concentra-
tion of 10 mg L�1 of 2,4-D was done to check the recovery by
injecting in LC-MS/MS together with the other standards. A
recovery of 94% was attainable with a precision of 3.8% for the
LC-MS/MS method. The coefficient of variation was found to be
6.4%. The other analytical parameters such as LOD and LOQ
were calculated as per the below formula cited in the ICH vali-
dation guideline. The obtained LOD for the method is 0.6 mg
L�1 (LOD ¼ 3.3 � s/S, where s is the standard deviation of the
response and S is the slope of the calibration curve). The signal-
to-noise ratio (S/N) was acquired through the soware. The
obtained LOQ for the method is 2.0 mg L�1 (LOD ¼ 10 � s/S,
where s is the standard deviation of the response and S is the
slope of the calibration curve).
Chemistry of interaction and amount of DEAE-cellulose

The adsorption of 2,4-D on DEAE-cellulose at various initial pH
levels were studied and illustrated in Fig. 6(a). Obtained results
Fig. 6 (a) Variation of pH (100 mg L�1 of 2,4-D; 0.1 g; pH 3.0–11.0), (b) vari
and (d) are Langmuir and Freundlich linear plots respectively (pH 7.0; 0.1
time 120 min and temperature 25 � 2.0 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
showed that the adsorption increases with pH and reaches
a maximum at pH 7.0 and decreases rapidly beyond pH 7.0. At
pH 7.0, 97.4% adsorption occurred while at pH 3.0, 59.8%
adsorption and at pH 9.0, 46.1% adsorption of 2,4-D. These
results indicate that neutral pH favours maximum adsorption.
The pKa of 2,4-D is approx. 2.8, and under the experimental pH
condition, it would prevail as anionic species (i.e. pH > 3).32

When the solution pH is varied from 4.0 to 7.0, more of the
anionic species (COO�) exist and further this would augment
the electrostatic interaction with positively charged protonated
amine +NH, and protonated hydroxyl groups (+OH2) on the
DEAE-cellulose, leading to maximum adsorption as observed
experimentally (Fig. 7(A)). In an acidic pH environment the
DEAE-cellulose would easily be protonated (+NH and +OH2), the
protonated functional group would also favour strong interac-
tion with the aromatic-p moiety of 2,4-D as a result of cation-p
bonding interaction.35 At neutral pH 7.0, maximum adsorption
is achieved and this could also be attributed to the hydrogen
bonding interaction between hydrogen (H) atom and electro-
negative atom oxygen (O) as depicted in interaction mechanism
(Fig. 7(A)) hydroxyl groups on the surface of adsorbent (DEAE-
OH) could also act electron donor (Lewis base) and the Cl
atom on 2,4-D is inuenced by electronegativity (Lewis acid) as
ation of adsorbent dosage (100 mg L�1 of 2,4-D; pH 7.0; 0.05–0.4 g), (c)
g; 50–1000 mg L�1 of 2,4-D). The adsorbate volume 50 mL, contact

RSC Adv., 2021, 11, 22640–22651 | 22645
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Fig. 7 (A). Plausible mechanism depicting hydrogen bonding and electrostatic interaction of 2,4-D with DEAE-cellulose. (B) Lewis acid–base
interaction of 2,4-D and DEAE-cellulose.
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represented in Fig. 7(B). As a result, Lewis acid–base interac-
tions could also be envisaged in the mechanism. At higher pH,
the decrease in adsorption is due to the DEAE-cellulose surface
being negatively charged thereby resulting in electrostatic
repulsion.36 In essence, the major driving factors behind the
interaction of the proposed adsorbent (DEAE-cellulose) towards
2,4-D could be regarded as a blend of electrostatic, hydrogen
bonding, cation-p, and ion exchange interactions which results
in the high adsorption efficacy for 2,4-D.

The amount of DEAE-cellulose is an important parameter as it
inuences the capacity of an adsorbent for a given initial
concentration of 2,4-D. Fig. 6(b) depicts the effect of adsorbent
DEAE-cellulose dosage on the adsorption of 2,4-D. As expected, the
percent adsorption of 2,4-D rises with the increasing amount of
DEAE-cellulose. The increase in percentage removal can be
attributed to the accessible active adsorption sites for 2,4-D.
22646 | RSC Adv., 2021, 11, 22640–22651
Adsorption isotherms, thermodynamics and kinetic models

The distribution of 2,4-D between the liquid phase and the
DEAE-cellulose surface at equilibrium at a particular tempera-
ture is described by adsorption isotherms.

The linear expression of the Langmuir model is given by the
following equation37

Ce

qe
¼ 1

qmax

Ce þ 1

qmaxb
(2)

where qe (mg g�1) and Ce (mg L�1) relate to the amount of 2,4-D
per unit mass of adsorbent and the equilibrium concentration
of 2,4-D in solution respectively. qmax indicates the maximum
Langmuir adsorption capacity per unit mass of adsorbent to
form a complete monolayer on the DEAE-cellulose surface and
b (L mg�1) is Langmuir constant. The Langmuir constant is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption parameters from two classical isotherm models

Langmuir qmax (mg g�1) b (L mg�1) RL R2

429.18 0.053 0.270 0.999
Freundlich KF (mg1�1/n g�1 L1/n) n — R2

32.06 1.934 — 0.929

Fig. 8 Van't Hoff plot for the adsorption of 2,4-D for a working
concentration of 2, 4-D (100 mg L�1, 50 mL, pH 7.0) equilibrated with
adsorbent dosage (0.1 g), contact time 120 min and temperature 10,
20, 30, 40, 50 and 60 �C.

Table 2 Thermodynamic parameters of 2,4-D adsorption

Temperature
(kelvin) DG0 (kJ mol�1) DSo (J K �1 mol�1) DHo (kJ mol�1)

283 �8.179 �79.674 �30.763
293 �7.742
303 �6.516
313 �5.441
323 �4.875
333 �4.591
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used to calculate the dimensionless constant (RL ¼ 1/(1 + bCo))
and the RL value between 0–1 depicts the suitability of the
adsorption process. The Freundlich adsorption model deter-
mines the adsorption affinity between 2,4-D and the DEAE-
cellulose surface. The linear expression which provides the
respective isotherm parameters for the Freundlich model is
given by the following equation.

logðqeÞ ¼ logðKFÞ þ 1

n
log Ce (3)

The linear plot of log qe against log Ce gives KF and n as the
Freundlich isotherm parameters. The Langmuir and Freundlich
isotherm models were employed and Fig. 6(c) is the plot of the
Ce/qe versus equilibrium concentration (Ce) of 2,4-D in solution.
Fig. 6(d) is the logarithmic plot (log qe) vs. equilibrium
concentration of 2,4-D (log Ce). The parameters of the Langmuir
and Freundlich adsorption isotherms, evaluated from the linear
plots37 are presented in Table 1 along with the regression coeffi-
cient. The maximum Langmuir adsorption capacity was found to
be as high as 429.18 mg g�1 and from the correlation coefficients
data of linear regression, it can be seen that the adsorption process
follows the Langmuir adsorption model (R2 ¼ 0.999) in preference
to Freundlich adsorption model (R2 ¼ 0.929).

The effect of temperature on adsorption of 2,4-D revealed
that the adsorption of 2,4-D is favourable at room temperature
and the percentage adsorption gradually decreases with an
increase in the temperature until 60 �C. The results corroborate
the fact that at 30 �C, 96% adsorption was observed as against
84% at 60 �C. At higher temperature, it is more probable that
the interaction between the 2,4-D and DEAE-cellulose weakens
resulting in desorption. An increase in the temperature reduced
the adsorption capacity of DEAE-cellulose. This suggests that
adsorption between 2,4-D and DEAE-cellulose is physisorption.
Thermodynamic extensive variables like free energy change,
enthalpy, and entropy changes are more useful to substantiate
the above qualitative claims. Under conditions of thermody-
namic equilibrium, the reaction Gibbs energy, DGr¼ 0 and DGro

¼ �RT ln Keq. The Keq was acquired by measuring the concen-
tration ratio of 2,4-D in the DEAE-cellulose surface to that in
water medium at different temperatures.

ln Keq ¼ �DHo

R

�
1

T

�
þ DSo

R
(4)

where, R is gas constant (8.314 J mol�1 K�1) and T is absolute
temperature in Kelvin. The Van't Hoff plot (Fig. 8) of ln Keq against
1/T can be used to acquire the other extensive variables namely,
enthalpy and entropy (slope and intercept) associated with the
adsorption of 2,4-D onto the DEAE-cellulose.38 The adsorption of
2,4-D is spontaneous (with negative free energy change) and
© 2021 The Author(s). Published by the Royal Society of Chemistry
accompanied by lesser randomness (�79.674 J mol�1 K�1) on the
DEAE-cellulose surface. The exothermic adsorption of 2,4-D
(�30.763 kJ mol�1) and a large negative entropy make the process
more favourable with the release of heat in the process of
adsorption39,40 (Table 2). The effect of equilibration time on the
adsorption of 2,4-D was studied over a range 1–120 min and the
amount of 2,4-D transferred into DEAE-cellulose was analyzed. The
equilibrium concentrations of 2,4-D in the solution phase were
measured and the adsorption behaviour of 2,4-D onto the DEAE-
cellulose was ascertained at different time intervals (Fig. 9).
From the data, it is evident that adsorption was rapid during the
rst 5 min of equilibration and within 20 min pseudo adsorption
equilibrium was reached for 2,4-D. Thereaer, the percentage
adsorption was fairly constant indicating the rapid uptake of 2,4-D
by the DEAE-cellulose. The kinetics involving the uptake of 2,4-D
from the adsorbent surface was corroborated through the well-
recognized rst and second-order kinetic models37 as given below,

logðqe � qtÞ ¼ log qe � k1

2:303
t (5)

t

qt
¼ 1

k2qe2
þ t

qe
(6)
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Fig. 9 (a) Contact time vs. adsorption (%), (b) pseudo-first order, (c) pseudo second order, and (d) intra-particle diffusionmodel, [(a–d) a working
concentration of 2, 4-D (100 mg L�1, 50 mL, pH 7.0) equilibrated with adsorbent dosage (0.1 g), contact time 1, 10, 15, 20, 60 and 120 min and
temperature 25 � 2.0 �C].
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qt ¼ kit
1/2 + C (7)

where t is time in minutes, qt is adsorption capacity at time t.
The rst-order kinetic model is dependent mostly on the
concentration of 2,4-D and is quite handy at the low concen-
tration range, whereas the second-order kinetic model takes
into cognizance the fact that the step involving rate control is an
exchange reaction. The correlation coefficient was found to be
0.999 for the pseudo-second-order model from the analysis of
2,4-D concentration through the LC-MS/MS measurements
suggesting that 2,4-D adsorption onto DEAE-cellulose could be
best described by this model. The adsorption capacity qe and the
rate constant k2 determined from the slope and intercept of the
second-order plot, respectively, are shown in Table 3. Surface
adsorption, pore diffusion, and boundary layer are generally
Table 3 Kinetic parameters for 2,4-D adsorption onto DEAE-cellulose

Co (mg L�1) qe (mg g�1) k2 (g mg�1 min�1) R2

0.1 0.049 44.176 0.9

22648 | RSC Adv., 2021, 11, 22640–22651
encountered in the transfer of the analyte (2,4-D) from the solution
phase onto the DEAE-cellulose solid material. The intra-particle
diffusion plot of qt against the square root of time also revealed
that the adsorption of 2,4-D onto the DEAE-cellulose could also be
ascribed to the boundary layer phenomenon.
Recyclability of the adsorbent

Recycling or reusability of the adsorbent is relatively important
when used to scale up the adsorption process. Dilute formic
acid was explored as a potential reagent for desorption since in
dilute concentrations it relatively innocuous as compared to
other chlorinated or aromatic organic solvents. 2,4-D was
adsorbed onto the DEAE-cellulose surface as outlined in the
adsorption experiments section. Aer adsorption, the solution
2 k1 (min�1) R1
2 kint (mg g�1 min�0.5)

99 1.286 � 10�6 0.142 49.756

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of adsorption capacities of various adsorbents for 2,4-D pesticide removal

Adsorbent Adsorption capacity (mg g�1) Reference

Granular activated carbon 27.1 19
Rice husk Biochar 24.6 19
Multi-walled carbon nanotubes 21.9 19
Granular activated carbon 182 20
MIEX resin 47 21
Magnetic ion-exchange resin 61 22
Physalisperuviana chalice 244 30
UiO-66-NMe3+ 279 32
Corn cob biochar 37.4 35
Polypyrrole-Fe3O4 magnetic NPs 96.1 41
Magnetic graphene 32 42
Neemoil–phenolic resin treated lignocellulosic jute 39 43
H3PO4-activated carbon 261 44
SBA-15 templated carbon C100 136 45
Chitosan 11 46
Biochar from Switch grass (Panicumvirgatum) 133 47
Amino-functionalized poly (glycidyl methacrylate) 99.4 48
Graphene oxide coated with porous iron oxide ribbons 67.2 49
Oil palm frond activated carbon 45.0 50
Metal hydroxides 42.1 51
DEAE-cellulose 429.8 Present study
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was vacuum ltered through 0.45 mm nylon-66 membrane lter
paper. Subsequently, a 5 mL volume of 0.1% of formic acid in
methanol was added to the DEAE-cellulose adsorbent without
applying vacuum or positive pressure to favour the desorption
of 2,4-D at room temperature 25 �C (�2.0 �C). Further, the
adsorbent was washed with water then air-dried sorbent was
utilized for batch adsorption studies as mentioned before. The
efficacy of regeneration of the adsorbent was examined over 3
adsorption–desorption cycles. The DEAE-cellulose could be
reused without any ostensible reduction in its performance for
atleast 3 adsorption–desorption cycles (Table S1†). Regenera-
tion efficiencies of 99%, 97%, and 96% for I, II and III cycles
respectively were obtained and attempts toward further repeti-
tive regeneration of the DEAE-cellulose surface resulted in
reduction aer three cycles. Adsorbed 2,4-D was desorbed using
formic acid in methanol and the ensuing solution when sub-
jected to LC-MS analysis yielded a precursor ion of m/z 219
indicating protonated 2,4-D and additional fragmentation
(Fig. S6†) was in accordance with the fragmentation pattern
observed for 2,4-D (Fig. S7†). This further validates the fact that
2,4-D is effectively adsorbed onto the DEAE-cellulose surface.
Diverse pesticide effect on adsorption

The effect of commonly associated competing pesticides (which
are structurally similar to 2,4-D) on the adsorption of 2,4-D onto
DEAE-cellulose was evaluated by spiking 1 mg L�1 of 2,4-DP
(dichlorprop/2,4-dichlorophenoxybutyric acid), 2,4-DB (2,4-
dichlorophenoxy butyric acid), 2,4,5-T (2,4,5-Trichlorophenoxy-
acetic acid), MCPA (2-methyl-4-chlorophenoxyacetic acid),MCPB
{4-(2-methyl-4-chlorophenoxy) butyric acid}, and MCPP (methyl-
chlorophenoxy propionic acid). The 2,4-DP, 2,4-DB, 2,4,5-T, MCPA,
MCPB, and MCPP stock solutions were prepared in an aqueous
© 2021 The Author(s). Published by the Royal Society of Chemistry
medium at a concentration of 1000mg L�1 each.Water was spiked
with 1.0 mg L�1 each of these competing pesticides at various
concentration of 2,4-D. Batch adsorption studies were performed
and the experimental data presented in Table S2† reveals that the
presence of competitor pesticides does not impact the adsorption
of 2,4-D onto DEAE-cellulose and the adsorption of 2,4-D was
found to be greater than 98%.

Application of DEAE-cellulose for 2,4-D adsorption in runoff
water

Subsequently, the adsorption capacity of DEAE-cellulose for 2,4-
D was tested on the real runoff water samples brought from
a farm canal (Location: Guntur District, India).38 An appropriate
amount of runoff water (�20 litres) was transferred to glass
bottles and brought to the research laboratory and preserved at
ambient temperature. The pH of the collected water sample was
6.9 with an appreciably high total hardness of above
1000mg L�1. The pesticide 2,4-D was not detectable in the water
sample and therefore the adsorption study was carried out by
spiking 2,4-D to the sample at various concentrations. Aer
adsorption, supernatant water was ltered through 0.45 mm
nylon 66 membrane lter paper and the clear solution was
taken in a 2 mL LC vial, and a 5 mL volume was injected into LC-
MS/MS system. It was found that the adsorption of 2,4-D onto
DEAE-cellulose in agriculture runoffwater was greater than 85%
and results are presented in Table S3.† These results indicate
that DEAE-cellulose has the potential to remove the 2,4-D
pesticide from real farm runoff water samples.

Conclusions

In conclusion, this work has indeed showcased the solid-phase
extraction of a noxious herbicidal pesticide, 2,4-D using DEAE-
RSC Adv., 2021, 11, 22640–22651 | 22649
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cellulose as an adsorbent. The adsorption was very effective at
neutral pH with a very high Langmuir maximum adsorption
capacity of 429 mg g�1. Thermodynamic spontaneity endowed
with an enthalpically favourable exothermic adsorption and fast
sorption kinetics (pseudo-second-order) is the traits that were
observed in the adsorption of 2,4-D onto the DEAE-cellulose
surface. The extensive analytical characterizations also high-
lighted the electrostatic, hydrogen bonding, and Lewis-acid–
base interaction mechanisms in the process. The adsorbent
could be regenerated using acidied formic acid in methanol
coupled with the high recovery (>98%) of 2,4-D in presence of
other pesticides such as 2,4-DP, 2,4-DB, 2,4,5-T, MCPA, MCPB,
and MCPP, etc. The mass spectrum conrmed all these feature
through the distinct fragmentation patterns. In comparison
with other related pesticides and adsorbents (Table
4)19–22,30,32,35,41–51 it is evident that DEAE-cellulose has superlative
ability to remove 2,4-D with high adsorption capacity. DEAE-
cellulose could adsorb 2,4-D as high as 88% when tested in
spiked run-off water from agriculture land. Hence, the bottom
line is that cellulosic adsorbent materials possess better ability
to detoxify pesticide residues at ppb levels. Through this simple
and meticulous study, DEAE-cellulose has proved to be note-
worthy in the detoxication of 2,4-D from water.
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