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ous pesticides on surface-
functionalized SBA-15: glyphosate kinetics and
detailed empirical insights for atrazine†

Paul N. Diagboya, *a Johannes Junck,a Samson O. Akpotub

and Rolf-Alexander Düringa

Atrazine and glyphosate are two of the most used pesticides around the world causing serious water

contamination. In this study, amine-functionalized Santa Barbara Amorphous-15 silica (SBA-15-NH2) was

synthesized and employed for the aqueous adsorption of atrazine and glyphosate. The adsorbent was

mesoporous post-functionalization with lower surface area, pore volume, size, and stability when

compared to the SBA-15. The pesticides adsorption rates were high with over 85% of potential

adsorption having occurred within the initial 180 min. The equilibria for atrazine and glyphosate

adsorption were 60 and 360 min, respectively, and the rate data fit the fractal pseudo-second-order and

pseudo-second-order models, respectively. Atrazine adsorption was higher at lower solution pH with

reduced adsorption as the pH value increased. There was enhanced atrazine adsorption as temperature

increased from 22 to 32 °C, but further temperature rise resulted in lower adsorption compared to that

recorded at 22 °C. The processes comprise electrostatic interaction, trapping of atrazine within

mesopores, and multi-layer adsorption of atrazine on surface-adsorbed atrazine. The equilibrium data

fitted the Langmuir adsorption isotherm model better than the Freundlich. The SBA-15-NH2 adsorption

capacity for atrazine and glyphosate was better than many adsorbents reported in literature, the

adsorbent is reusable, and exhibited sustained efficiencies for atrazine that was $82% even after 3-

cycles, an indication of chemical stability and renewability.
Environmental signicance

The need for higher agricultural yields has led to the continuous contamination of freshwater sources by pesticides. This is of particular interest due to the
unintended consequences (on human and ecosystem health) of the ever-increasing environmental pesticide input. Though at trace levels, an estimated 90% of
global source waters are contaminated and the elimination of contaminants from potable water is seemingly intractable. Atrazine and glyphosate are among the
most prevalent water contaminants, causing serious concerns due to their effects on the ecosystem and humans. In fact, the International Agency for Research
on Cancer (IARC) has re-classied glyphosate as a Category 2A carcinogen. In order to reduce their associated disease burden in contaminated water, especially
at environmentally relevant concentrations, the removals of both contaminants were studied.
Introduction

The need for higher agricultural yields has led to the continuous
contamination of freshwater sources by pesticides. This is of
particular interest due to the unintended consequences (on
human and ecosystem health) of the ever-increasing environ-
mental pesticide input.1–3 An estimated 90% of global source
waters are contaminated and the elimination of contaminants
from potable water is seemingly intractable.4 To reduce the
ation, Justus Liebig University, Giessen,

Technology, Vanderbijlpark, South Africa

tion (ESI) available. See DOI:

f Chemistry 2024
disease burden associated with contaminated water, it is vital to
address this global challenge.4,5

Atrazine and glyphosate are two of the most used pesticides
around the world causing serious water contamination.5,6 Atra-
zine (2-chloro-4-ethylamino-6-isopropyl amino-1,3,5-triazine) is
a pre-emergent herbicide with low water solubility at 26 °C and
far lower potable water permissible limit (US EPA) ofz34 mg L−1

and z3 mg L−1, respectively. However, several toxic effects on
females have been observed even at exposures far lower than this
permissible limit (0.7 mg L−1); these include irregular menstrual
cycles, signicantly low estrogen levels which may lead to infer-
tility, delayed puberty, pregnancy loss, and low birth weight.6 On
the other hand, glyphosate is a systemic and non-selective post-
emergent herbicide that blocks the plant's shikimate pathway
necessary for the synthesis of tryptophan, phenylalanine, and
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tyrosine (aromatic amino acids). These amino acids are precur-
sors for the synthesis of vital biomolecules such as benzoic acids,
lignin, alkaloids, avonoids, and vitamin K.5,7 Glyphosate and its
metabolite (amino-methyl-phosphonic acid – AMPA) are contin-
uously detected in environmental media,5,8,9 and there are
currently serious concerns about their effects on the ecosystem
and humans. In fact, the International Agency for Research on
Cancer (IARC) has re-classied glyphosate as a Category 2A
(probable human) carcinogen.10,11 The aforementioned have
resulted in serious concerns for the continued use of these
pesticides and have led to the need to eliminate both contami-
nants from water, especially potable water.

Globally, there is a rise in the usage and release of both
contaminants into environmental waters, and conventional water
purication methods are not effective for the decontamination of
source waters due to the occurrence of contaminants at very low
concentrations.12 Adsorption is a suitable alternative for
contaminants' removal from water due to its many techno-
economic and environmental advantages such as low cost and
varieties of adsorbents, easy preparation of adsorbents, less
generation of toxic sludge, easy operation, reusability, minimal
energy use, environmentally friendliness, and adsorption sites
can be easily tailored towards specic contaminants.13–16 The
latter is very interesting for porous silica materials because
specic tailoring yields superior adsorbents making them
specically useful in water treatment.4,17–19 Mesoporous silica
materials with high surface areas are well suited for such specic
efficiency tailoring because they meet several criteria for adsor-
bent selection including cost efficiency, large surface area, good
thermal stability, and reusability.18 Thus, SBA-15 silica was
employed for this study. It possesses surface hydroxyl groups that
are not very reactive or useful for adsorption but can be easily
functionalized with a more reactive amine functional group to
yield amine-SBA-15 (SBA-15-NH2). Such silica basedmaterials and
similar functionalization technologies have been reported for the
adsorption of different contaminants including metals, dyes, and
pharmaceuticals.20 Though similar adsorbent has been studied
for the adsorption of various aqueous contaminants,14 to the best
of our knowledge, these important pesticides have been seldom
studied.21 Recently, SBA-15-NH2 was reported to effectively adsorb
the anti-parasitic agent ivermectin especially at low aqueous
concentrations and with good stability upon reuse.17 Following
the success of that study and since ivermectin is not as prevalent
in water as these contaminants, the objective of this study was to
use SBA-15-NH2 for the adsorption of low and environmentally
feasible concentrations of atrazine and glyphosate from aqueous
solutions, test the adsorbent reusability, and explain the experi-
mental data using various adsorption models. Testing of adsor-
bents for adsorption at low concentrations is vital because these
contaminants are found in water at quite low concentrations.

Experimental
Synthesis and amine functionalization of SBA-15, and
characterization

Milli-Q system puried water (pH 7 ± 0.2) and analytical grade
chemicals were used throughout this study. The chemicals
324 | Environ. Sci.: Processes Impacts, 2024, 26, 323–333
employed for the study include Pluronic P123 (EO20PO70EO20)
(Aldrich), tetraethyl orthosilicate (TEOS) (Acros Organics), (3-
aminopropyl)-triethoxysilane (APTES) (Acros Organics), atrazine
(Sigma-Aldrich) and glyphosate (Sigma-Aldrich). HPLC-grade
acetonitrile (ACN) (from BDH) was used throughout the study.

The SBA-15 was synthesized18 by hydrolyzing 2.1 g of TEOS
for 1 h at 40 °C under stirring in 1.0 g Pluronic P123 dissolved in
30 mL 2 M HCl. Millipore Milli-Q H2O (30 mL) was added fol-
lowed by stirring for 20 h at 40 °C, then aging under static
conditions (24 h at 87 ± 1 °C). The product was washed with
Milli-Q H2O over lter paper, air dried, and the Pluronic P123
template was removed by calcination (550 °C and 4.5 h).
Functionalization to add the amine group from the APTES was
carried out via post-synthetic modication of the calcined SBA-
15. The SBA-15 was initially dispersed in toluene (80 mL) before
adding APTES (4 mL) under reux (5 h at 110 °C). The product
(SBA-15-NH2) was washed with ethanol three times and dried at
35 °C for 3 h.

The SBA-15 adsorbents were characterized using Fourier
transform infrared spectrometer (FTIR) (Nicolet iS50 FT-IR
Thermo Scientic) (scanning from 4500 to 450/cm), X-ray
powder diffraction (XRD) spectrometer (D8 Advance Bruker
AXS, Germany) (Cu Ka radiation; 2 theta range of 0.5–2.5° and
10–80°), Quantachrome Quadrasorb (Florida) for the Brunauer–
Emmett–Teller (BET) surface area from the N2 adsorption–
desorption isotherm (degassed at 80 °C before nitrogen
adsorption–desorption), Thermo-gravimetric analyzer (TGA)
(Perkin-Elmer TGA 4000, USA) (heating at 5 °Cmin−1 up to 900 °
C in nitrogen), Scanning Electron Microscope (SEM) (Zeiss
Auriga Field Emission), and high resolution transmission
electron microscopy (HRTEM, JEOL 2100, Japan). The adsor-
bent pH in water and 1.0 M KCl as well as the pH at point zero
charge (pHpzc) were determined.22
Atrazine adsorption studies and experimental data treatment

Atrazine and glyphosate stock solutions (1000 mg L−1 each)
were prepared in 20/80% ACN/water and Milli-Q water, respec-
tively, stored at 4 °C and used throughout this study. Serial
dilutions for atrazine (in 0.01 M CaCl2) and glyphosate (in 0.1 M
KCl) for each working solution were made from these stocks.
Sodium azide (100 mg L−1) was used as a biocide throughout
the study to inhibit microbial growth and degradation of the
contaminants.

It has been reported23 and also observed in the preliminary
experiment that atrazine and glyphosate adsorption on pristine
SBA-15 were not signicant, thus the study focused on SBA-15-
NH2. Replicate batch adsorption studies for both contaminants
were carried out by employing 20 mg mass of SBA-15-NH2 in
a specic volume of contaminant solution (atrazine 20 mL and
glyphosate 10 mL) and incubating for 1440 min in an orbital
shaker (200 rpm) until withdrawal at equilibrium, then centri-
fugation at 870 RCF (2000 rpm)/10 min and ltration using 0.45
mm syringe PES lters. The rates of adsorption at varying times
(1–1440 min) were determined for atrazine (z3500 mg L−1) and
glyphosate (z20 000 mg L−1), while the effects of atrazine
solution pH (3–11), atrazine concentration (200–4000 mg L−1)
This journal is © The Royal Society of Chemistry 2024
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and ambient temperature (22–42 °C), as well as reusability of
SBA-15-NH2 for atrazine re-adsorption, were studied. The pH of
contaminants solutions was adjusted using 0.1 M NaOH or HCl
where needed. A reuse test on SBA-15-NH2 was conducted by
decanting the contaminant solution and the residue adsorbent
washed twice using 100% ACN in an electronic shaker for 2 h at
200 rpm, centrifuged, carefully decanted, dried for 5 h at 50 °C
and reapplied for adsorption using 20 mg and 20 mL atrazine
solution of z220 mg L−1. This reuse cycle was repeated twice.

The concentrations of atrazine and glyphosate remaining in
the solution were determined by HPLC-DAD (1200 Series, Agi-
lent Technologies Inc., USA) and HPLC-MS (Thermo Scientic),
respectively. The HPLC-DAD was tted with a G1316A column
oven, G1329A autosampler, G1311A quaternary pump, and
G1315B diode array detector (DAD). The mobile phase was 57 :
43 ACN (0.5% water) : water (water contains 10% ACN), the
column temperature was 35 °C, ow rate of 0.3 mL min−1 at an
injection volume of 40.0 mL, a wavelength of 223 nm and run
time was 6 min with a retention time of 2.8 min, while aer
every 20 samples, the column was cleaned by ushing starting
from 53% ACN up to 90% ACN.

Glyphosate quantication followed a reported protocol24

using HPLC (Thermo Scientic) coupled to MS (Thermo
Scientic Exactive Orbitrap) detector (HPLC-MS). Chromato-
graphic separation was done on Thermo Scientic 600 Pump
with Waters X-Bridge C18 3.5 mm column, 150 mm × 2.1 mm
inner diameter kept at 27 °C. Ammonium acetate (5 mM) and
methanol were used as mobile phases A and B, respectively,
while separation (in 5 min) followed the gradient program: 0–
30 s, 90 : 10 (A : B); 30–90 s from 90 : 10 to 5 : 95 (A : B); 90–100 s
from 5 : 95 to 0 : 100 (A : B); 100–200 s 0 : 100 (A : B); 200–300 s
90 : 10 (A : B). A ow rate of 300 mL min−1 was used with an
injection volume of 10.0 mL, while the equipment was on the
negative ion mode at a scan mass range of 50–450 m/z.24 The
quantitation was done by monitoring the primary transitions at
m/z 168 (glyphosate) and m/z 110 (AMPA), while the data were
acquired and processed using Thermo Xcalibur Roadmap™
soware.

The quantities (qe) of atrazine and glyphosate adsorbed (mg
g−1) were determined by using eqn (1)

qe = (CO − Ce) × v/m (1)

The variables Co, Ce, m, and v are the contaminant concen-
trations (mg L−1) at start and equilibrium, SBA-15-NH2 mass
(mg), and volume (mL) of solution used, respectively.

The rates of adsorption data and the predicted process
mechanism were described using OriginPro 2015 (OriginLab
Corporation, Northampton, MA, USA) calculated parameters
Table 1 Selected physicochemical properties of the adsorbents

Adsorbent
Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Por
(nm

SBA-15 539 0.848 6.0
SBA-15-NH2 192 0.376 0.2

This journal is © The Royal Society of Chemistry 2024
from three nonlinear adsorption kinetics models: Pseudo-First
Order (PFO), Pseudo-Second Order (PSO), and the homoge-
neous Fractal Pseudo-Second Order (FPSO)25 (ESI 1†). Still using
OriginPro 2015, the atrazine equilibrium adsorption data of the
various temperatures were tted and described using 2
simplistic adsorption isotherm models (Langmuir26 and
Freundlich27) (ESI 1†).

To determine the thermodynamics, atrazine equilibrium
adsorption data obtained between 22 and 42 °C were evaluated
using the equilibrium constants (Kc) at varying temperatures
and energy parameters (Gibbs free energy DG°, entropy change
DS° and enthalpy change DH°) following the equations in eqn
(2)–(5). Dimensionless Kc was computed from eqn (2) (ref. 28
and 29) where MA is the molar weight of the atrazine (215.68 g
mol−1) (this holds true when the experimental concentrations
are expressed in mg L−1), b is the Langmuir constant (best
tting adsorption isotherm as observed below), and ge is activity
coefficient. For non-ionic or ionic but dilute solutions, the
activity coefficient (ge) is taken as unity, and eqn (2) can be
approximated to eqn (3).

KC ¼ bMA

ge

(2)

KC = bMA (3)

ln KC ¼ lnðbMAÞ ¼ DS�

R
� DH�

RT
(4)

DG˚ = −RT lnKC (5)

Results and discussion
SBA-15-NH2 physicochemical characteristics

The SBA-15-NH2 employed for this study has been previously
characterized and described.17 Briey, aer the functionaliza-
tion, the SBA-15-NH2 remained mesoporous and retained the
type IV adsorption–desorption isotherm of the SBA-15 but the
aminopropyl silane moiety blocked some of the pores within
the SBA-15-NH2 hence there was a reduction in the pore size,
volume, and surface area. The BET surface area of the SBA-15-
NH2 (Table 1; Fig. 1a) is z2.8 fold smaller than that of the
pristine SBA-15 (539 m2 g−1), while the pore volume and size
were z2.3 and 23 times smaller, respectively. This is an indi-
cation that the coupled amine moieties were present on the
mesopores of the pristine SBA-15 and blocked some of the
pores, thus reducing the surface area and consequently the
nitrogen adsorption. The distinctive hydroxyl group broad band
e size
) pH in H2O pH in 1 M KCl pHpzc

10 6.1 � 0.2 5.0 � 1.1 2.1
60 8.9 � 0.1 9.2 � 0.4 4.9

Environ. Sci.: Processes Impacts, 2024, 26, 323–333 | 325



Fig. 1 (a) N2 adsorption and desorption isotherms at 77 K; (b) SBA-15 and SBA-15-NH2 FTIR spectra peaks of [inset: enlarged spectra section from
3000 to 1400 cm−1]; (c) TGA spectra for SBA-15 and SBA-15-NH2; (d) high-angle XRD diffractograms [inset: low-angle XRD diffractograms].
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of silanol on the SBA-15 at 3460 cm−1 (Fig. 1b) disappeared post-
functionalization, marking the point of attachment of the
aminopropyl silane moiety onto the SBA-15.17 The functionali-
zation introduced stronger amide–I vibrations at 1560 cm−1

(Fig. 1b inset),30,31while the APTES stretching vibrations of –CH3

and –CH2 groups were observed at 2940 cm−1.30 The SBA-15-
NH2 exhibited lower stability (z22%) than the pristine SBA-15
(z12%) at $600 °C (Fig. 1c), a situation attributed mainly to
the decomposition of the attached APTES organic moiety. The
Fig. 2 SEM images of (a) SBA-15, (b) SBA-15-NH2; HRTEM images of
(c) SBA-15, and (d) SBA-15-NH2.

326 | Environ. Sci.: Processes Impacts, 2024, 26, 323–333
introduction of this moiety did not affect the basic lattice
conguration or the usual high-angle XRD 2q reection at 22°
for amorphous SiO2 (Fig. 1d). Similarly, low-angle XRD reec-
tions (100, 110, and 200 diffraction planes) below 2° typical of
well-organized pore structures of SBA-15 were unaffected. The
pH of the SBA-15 in water or KCl was slightly acidic (z6), while
post-functionalization it became alkaline (z9) (Table 1),
suggestive of the adsorbent's electron donation potential. The
pH at point of zero charge (pHpzc) increased in the SBA-15 from
z2.1 to 4.9 in the SBA-15-NH2.30,31 The SBA-15 and SBA-15-NH2

SEM and TEM images are presented in Fig. 2a–d, respectively.
Smoother surfaces were observed for the SBA-15 than the SBA-
15-NH2 which was rougher due to the surface coupling of the
APTES moieties. The morphological image of the SBA-15 ob-
tained with the HRTEM was typically unchanged post-
modication with the APTES, and it showed that the SBA-15
exhibited a 2-D (p6mm) ordered hexagonal symmetry with
uniform and identical mesopores similar to a honeycomb.
Atrazine and glyphosate kinetics study

A preliminary adsorption experiment to ascertain and compare
the adsorption potentials of SBA-15 and SBA-15-NH2 (results not
presented) showed that, unlike SBA-15-NH2, pristine SBA-15
expressed no signicant adsorption for both atrazine and
glyphosate. Hence, only SBA-15-NH2 was employed for further
adsorption studies. Initially, the rates of atrazine (Fig. 3a) and
glyphosate (Fig. 3b) adsorption by SBA-15-NH2 were investi-
gated over a 24 h period, and insights into the mechanism(s) of
This journal is © The Royal Society of Chemistry 2024



Fig. 3 (a) Atrazine adsorption rate trends (inset: atrazine structure); (b) glyphosate adsorption rate trends (inset: glyphosate structure); kinetics
models' fittings for the experimental data of (c) atrazine; (d) glyphosate (experimental conditions: 20 mg SBA-15-NH2,z22 °C,z3500 mg L−1 of
atrazine (or z20 000 mg L−1 of glyphosate), and pH z6.5).

Table 2 Atrazine and glyphosate adsorption kinetics models
parameters

Model of kinetics Parameter Atrazine Glyphosate

PFO qe [mg g−1] 111.1 8179.2
k1 [/min] 2.129 0.015
r2 0.355 0.788
c2 28.76 1.45 × 10−6

PSO qe [mg g−1] 111.5 8990.9
k2 [g mg−1 min−1] 0.059 2.15 × 10−6

r2 0.439 0.831
c2 25.02 1.15 × 10−6

FPSO qe [mg g−1] 170.1 6089.9
kf 0.008 1.00 × 10−4

a 0.070 3.037
r2 0.872 0.0837
c2 5.70 7.42 × 10−6

Paper Environmental Science: Processes & Impacts
both atrazine and glyphosate adsorption were obtained by
tting the rate data to the PFO, PSO, and FPSO kinetics models
(Fig. 3c and d; Table 2).

The proximity of the correlation coefficient (r2) values to
unity and the low chi-square (c2) values showed that the FPSO
model (r2 $ 0.87 and c2 = 5.7) ts the atrazine data, while the
PSO model (r2 $ 0.83 and c2 = 1.15 × 10−6) tted the glyph-
osate data better than other models. This suggests the appro-
priateness of these models to describe the process. For the
atrazine adsorption, the FPSO implies that the adsorption
process was of a complex type,32 and considering the porous
This journal is © The Royal Society of Chemistry 2024
nature of the SBA-15-NH2 adsorbent, the charged amine group,
and possibly ionized atrazine (Fig. 3a inset), the process is likely
to comprise electrostatic interaction, trapping of atrazine
within mesopores, and multi-layer adsorption of atrazine on
surface adsorbed atrazine. The glyphosate adsorption data
which ts better the PSO suggested a process that was mainly
controlled by electrostatic interaction.4,33 This is reasonable
considering the positively charged amine group of the porous
SBA-15-NH2 and the negatively charged carboxyl and phosphate
groups of the glyphosate molecule (Fig. 3b inset).

The experimental data trends depicted in Fig. 3a and
b showed fast adsorption for both pesticides within the initial
180 min with over 85% of potential adsorption having occurred.
The times needed to attain equilibrium for atrazine and
glyphosate adsorption were 60 and 360 min, respectively. These
fast adsorption rates as the process commenced were attributed
to the high percentage of vacant adsorption sites on the SBA-15-
NH2 compared to the contaminant molecules in solution
leading to the steepness of the curves. As the vacant adsorption
sites reduced over time, the rates of adsorption slowed
considerably until it equaled desorption, and hence the
plateaus appeared.

Further adsorption studies on atrazine

Ambient solution pH is a vital parameter that can affect the
surface charge density of the SBA-15-NH2 adsorbent, as well as
the ionization of the atrazine molecules in solution, and ulti-
mately the adsorption;34–37 thus the effect of solution pH on the
Environ. Sci.: Processes Impacts, 2024, 26, 323–333 | 327



Fig. 4 (a) Atrazine adsorption trend with variation in solution pH (experimental conditions: 20 mg SBA-15-NH2, z22 °C, z3500 mg L−1 of
atrazine, and 1440 min); (b) equilibrium adsorption trends of atrazine at different temperatures (22, 32, and 42 °C) (experimental conditions:
20 mg SBA-15-NH2, 1440 min, and pHz6.5); (c) SBA-15-NH2 reusability for atrazine adsorption (experimental conditions: 20 mg SBA-15-NH2,
z3000 mg L−1 of atrazine, 1440 min, and pH z6.5).
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adsorption process was investigated within the pH range of 3–
11. The atrazine adsorption trend (Fig. 4a) on the SBA-15-NH2

adsorbent expressed strong pH dependence and showed higher
adsorption at lower solution pH with reduced adsorption as
solution pH values were raised. Similar trends have been re-
ported for silica gel38 and vermiculite.39 This trend supports the
hypothesis that electrostatic attraction involving ionized atra-
zine species was involved in the atrazine sequestration process.

The major reason for this trend may be ascribed to the effect
of varying solution pH on the SBA-15-NH2 adsorbent and the
atrazine molecules. It has been reported that at lower solution
pH (below 5), approximately 50% of the ethylamino side chain
of the atrazine acts as a hydrogen-bond donor while the amine
of the SBA-15-NH2 (below its pHpzc) acts as a hydrogen-bond
acceptor; these conditions facilitate electrostatic interaction
between both groups in the form of hydrogen bonding, and
leads to the high adsorption.34 This is in addition to the trap-
ping of atrazine within the SBA-15-NH2 mesopores and the
possible multi-layer adsorption of atrazine on surface adsorbed
atrazine facilitated by p–p interactions between aromatic atra-
zine rings.37,40 However, upon raising the solution pH between 5
and 9, atrazine loses its proton and the molecules are
uncharged. Hence, the initial contribution of electrostatic
attraction (and the resultingp–p interactions) to the adsorption
process is almost eliminated and this signicantly reduces the
recorded adsorption by more than half.34 This trend is also
enhanced by the deprotonation of the amine group of the SBA-
328 | Environ. Sci.: Processes Impacts, 2024, 26, 323–333
15-NH2 which makes the adsorbent almost neutral and unat-
tractive to the atrazine molecules.

Atrazine equilibrium adsorption trends derived by varying
concentrations between 0.2–4.0 mg L−1 and varying tempera-
tures (22–42 °C) are presented in Fig. 4b. The adsorption
process was concentration-dependent up until the concentra-
tion of 2 mg L−1 and then showed a distinct plateau at higher
concentrations, and this is the same for all temperatures
studied. A similar observation as concentration gradually
increased has been reported earlier.35 The observed trend below
the atrazine concentration of 2 mg L−1 (Fig. 4b) may be ascribed
to adsorption via electrostatic interactions and subsequently to
the multi-layer formation that was facilitated by p–p interac-
tions.41,42 However, once the adsorption sites are saturated, no
further adsorption occurs even at higher atrazine concentra-
tions, resulting in the plateau.

Atrazine equilibrium adsorption trends at varying tempera-
tures are also depicted in Fig. 4b and it was observed that there
was enhanced adsorption as ambient temperature increased
from 22 to 32 °C. However, a further increase in temperature (to
42 °C) resulted in lower adsorption compared to that recorded
at 22 °C. The initial enhanced adsorption suggested that the
process was endothermic, requiring external energy input to
break the energy barrier required for further adsorption to
occur. The reduced adsorption on further energy input may be
ascribed to the lowOH° energy associated with some pesticides
adsorption17,43 (also reported here) which is easily broken at
This journal is © The Royal Society of Chemistry 2024



Table 3 Isotherm modeling parameters for atrazine adsorption

Adsorption
isotherm Parameter 22 °C 32 °C 42 °C

Langmuir model Qo [mg g−1] 189.6 253.0 67.2
b 4.4 × 10−4 4.15 × 10−4 0.002
r2 0.925 0.884 0.859
c2 159.4 462.4 55.49

Freundlich model kF 0.829 0.899 2.97
N 0.604 0.627 0.363
r2 0.859 0.809 0.664
c2 299.9 763.8 132.1

Table 4 Atrazine adsorption thermodynamics parameters

Parameter Atrazine

DH° kJ mol−1 57.8
DS° J mol−1 K−1 174.0
DG° (kJ mol−1) 288.15 K 5.78

298.15 K 6.12
307.15 K 2.20

Fig. 5 Schematic of the adsorption process and the predicted contamin

This journal is © The Royal Society of Chemistry 2024
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higher temperatures. Similar trends have been reported
earlier.17,44

To garner further details on the adsorption process, the
equilibrium adsorption data at various temperatures were tted
to the Langmuir and Freundlich adsorption isotherm models.
The calculated adsorption isotherm parameters (Table 3),
especially the r2 and c2 values, suggest that the experimental
data tted the Langmuir adsorption isothermmodel better than
the Freundlich. This indicates adsorption on sites with similar
affinity for atrazine. Though monolayer adsorption is implied
by the Langmuir model, the good t of the rate data to the FPSO
model (previously discussed) which suggested multilayer
adsorption as part of the adsorption process may mean that the
energy of adsorption of the multilayer is similar in size to that of
the main surface electrostatic adsorption. This phenomenon is
similar to the distributed reactivity of the various sorption
points within the adsorbent.45 The calculated thermodynamic
parameters (Table 4) support the data and suggest a non-
spontaneous sorption process which may require external
energy input. This was supported by the positive DH° value
which indicates an endothermic process though not at higher
ant uptake mechanism for (a) atrazine; (b) glyphosate.

Environ. Sci.: Processes Impacts, 2024, 26, 323–333 | 329



Table 5 Comparison of adsorption capacities for atrazine and glyphosate

Adsorbent Contaminant Maximum qe (mg g−1) Reference

Cyclodextrin-modied polyacrylonitrile nanober Atrazine 817 46
Co-pyrolyzed corn straw and sawdust biochar Atrazine 37 200 47
Rice husk hydrochar Atrazine 4060 48
Laser-induced graphitic material (LIG) Atrazine 15 000 49
Heat treated kerolites Atrazine 2291 50
Fullerenes Atrazine z4100 51
ZIF-8 MOF Atrazine 6780 40
Uio-67 MOF Atrazine 10 960 40
Organo-beidellite Atrazine 300 52
Magnetic multi-walled carbon nanotubes Atrazine 40 160 53
MgO-modied leaf biochar Atrazine 22 400 54
SBA-15-NH2 Atrazine 145.13 This study
Fe3O4-coated trimethyl chitosan Glyphosate 3040 55
Graphene–MnFe2O4 Glyphosate 6780 56
Kaolinite Glyphosate z7900 57
Kaolinite–Humic acid composite Glyphosate z8300 57
SBA-15-NH2 Glyphosate 8756.5 This study
MWCNTS-MNPs Glyphosate 21 170 58
Sep-CIPTES Glyphosate 30 000 59
Calcined Ca–Al hydrotalcite Glyphosate 41 000 60
CNT-MNP complex Glyphosate 43 660 61
Biochar-nano-zero-valent iron (BC-NZVI) Glyphosate z50 000 62
Cellulose activated carbon Glyphosate 61 400 63
PGOSBA Glyphosate 67 940 64
RGO/Fe3O4 Glyphosate 70 080 65
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sorption temperature as observed in Fig. 4b. The positive
entropy change (DS°) value indicated increased randomness in
the adsorbent–solution interface and an increased degree of
freedom of atrazine in solution as temperature increased.

The reusability study of SBA-15-NH2 for atrazine adsorption
was investigated over several adsorption–desorption cycles by
employing used SBA-15-NH2 which was washed with pure
acetonitrile and the result is presented in Fig. 4c. The adsorbent
exhibited sustained adsorption efficiencies for atrazine which
was$82% even aer 3 cycles. The second and third reuse cycles
expressed 88.2 and 82.5% efficiencies, respectively, and this
result indicates that the SBA-15-NH2 is chemically stable over
three cycles and reusable with slight losses (z6%) on each run.
Schematics of the adsorption processes and the predicted
contaminant uptake mechanism for atrazine and glyphosate
are presented in Fig. 5. The SBA-15-NH2 adsorption capacities
for atrazine and glyphosate were compared with those of some
other adsorbents reported in the literature as presented in Table
5. Comparatively, the adsorbent exhibited far higher adsorption
performance for glyphosate (z60 fold) than atrazine, and the
adsorption performance, especially for glyphosate, was better
than several others.
Conclusion

Amine-functionalized Santa Barbara Amorphous-15 silica (SBA-
15-NH2) was synthesized and employed for the adsorption of
atrazine and glyphosate. The SBA-15-NH2 remained meso-
porous post-functionalization but the aminopropyl silane
moiety blocked some of the pores reducing the surface area,
pore volume, and size by z2.8, 2.3, and 23 folds as well as
330 | Environ. Sci.: Processes Impacts, 2024, 26, 323–333
lowering the stability by z10% when compared to the SBA-15.
The distinctive SBA-15 hydroxyls broad band disappeared
post-functionalization marking the point of the aminopropyl
silane moiety attachment. However, a stronger amide-I peak
appeared.

Compared to the SBA-15-NH2, pristine SBA-15 had no
signicant adsorption for both atrazine and glyphosate. The
pesticides adsorption rates were high with over 85% of potential
adsorption having occurred within the initial 180 min. The
equilibria for atrazine and glyphosate adsorption were 60 and
360 min, respectively, and the rate data t the FPSO and PSO
models, accordingly. These indicate a complex adsorption
process and one mainly controlled by electrostatic interaction,
respectively. The complex process comprises electrostatic
interaction, trapping of atrazine within mesopores, and multi-
layer adsorption of atrazine on surface adsorbed atrazine.

Atrazine adsorption was higher at lower solution pH with
reduced adsorption as pH value was raised; a trend which
supports the hypothesis of the involvement of electrostatic
attraction in the atrazine sequestration process. Atrazine
adsorption was partly concentration-dependent, and there was
enhanced adsorption as temperature increased from 22 to 42 °
C, but further increase in temperature resulted in lower
adsorption compared to that recorded at 22 °C. The experi-
mental data tted the Langmuir adsorption isotherm model
better than the Freundlich model.

The SBA-15-NH2 adsorption capacity for atrazine and
glyphosate was better than several adsorbents reported in
literature, the adsorbent is reusable, and exhibited sustained
efficiencies for atrazine which was $82% even aer 3-cycles, an
indication of chemical stability and reusability.
This journal is © The Royal Society of Chemistry 2024
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