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This study reports the kinetics and isotherms of the adsorption of five herbicides, MCPA, mecoprop-P, 2,4-D,
fluroxypyr and triclopyr, from aqueous solutions onto a range of raw and pyrolysed waste materials origi-
nating from an industrial setting. The raw waste materials investigated demonstrated little capability for any
herbicide adsorption. Granulated activated carbon (GAC) was capable of the best removal of the herbicides, with
>95% removal observed. A first order kinetic model fitted the data best for GAC adsorption of 2,4-D, while a

pseudo-first order model fitted the data best for GAC adsorption of fluroxypyr and triclopyr, indicating that
adsorption was via physisorption. A pseudo-second order kinetic model fitted the GAC adsorption of MCPA and
mecoprop-P, which is indicative of chemisorption. The adsorption of the herbicides in all cases was best
described by the Freundlich model, indicating that adsorption occurred onto heterogeneous surfaces.

1. Introduction

A global population increase has necessitated an intensification of
agricultural practices in order to achieve improved crop yields and
production rates (Morillo and Villaverde, 2017). This has been accom-
plished, in part, by increased pesticide usage (Gavrilescu, 2005; Morillo
and Villaverde, 2017; Khalid et al., 2020). Total annual pesticide sales in
Europe during the period 2011 to 2016 rose by approximately 14% from
386,400 to 439,400 tonnes of active ingredients (Pena et al., 2020). In
the United States, the use of the broad spectrum herbicide glyphosate
has risen by approximately 19,700% from 635 tonnes in 1974 to 125,
000 tonnes in 2014 (Zhang et al., 2019). While increased pesticide
application has been beneficial in preventing hazardous diseases in
crops, improving yields, and maintaining the economic viability of
agriculture (Maggi et al., 2020), it has also increased the risk of subse-
quent human exposure, resulting in human health issues, such as
neurological, respiratory and carcinogenic effects (Van Maele-Fabry
et al., 2017; Ye et al., 2017; Pouchieu et al., 2018). It has also intensi-
fied the contact of these compounds with aquatic environments (Burri
et al., 2019; Liu et al., 2019; Sahin and Karpuzcu, 2020). Mojiri et al.

(2020) reported on pesticide concentrations in various aquatic envi-
ronments across the world and found that pesticide levels ranged from 7
ng 17! to 121222 ng 17}, often well above the maximum allowable
concentration of pesticides in drinking water (100 ng 1-}; Council of the
European Union, 1998). As herbicides account for the biggest propor-
tion of pesticide usage (Mojiri et al., 2020), their removal from aqueous
environments is, therefore, an important scientific and environmental
objective, according to the Food and Agriculture Organization of the
United Nations (Food and Agricultural Organization of the United
Nations).

Many media have been used as adsorbents for herbicides (Bayat
et al., 2018; Papazlatani et al., 2019; Amoah-Antwi et al., 2020).
Granulated activated carbon (GAC) is often used as an adsorbent for
pesticides in Water Treatment Plants (Environmental Protection Agency
/ Health Service Executive, 2019), due to its large surface area
(300-2500 m? g™1) and highly microporous structure (Jusoh et al.,
2011). Typical adsorption capacities for the herbicides MCPA and 2,4-D
on GAC range from 174.2 mg g’l to 181.8 mg g’l, respectively
(Ocampo-Pérez et al., 2012; Salman and Hameed, 2010). Biochar, a
carbon-rich, porous material, has been used as a soil amendment
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because of its ability to adsorb pesticides from soils (Khalid et al., 2020),
as well as for removal of pollutants from aqueous environments (Zhang
et al.,, 2020; Kamali et al., 2021; Rana et al., 2021). However, its
potentially adverse effects on soil biota, physicochemical changes in soil
and even the presence of toxic substances in the biochar itself, have
raised concerns regarding the long-term safety of its application
(Brtnicky et al., 2021; Xiang et al., 2021). An alternative option is the
use of agricultural and industrial waste materials (Ahmad and Danish,
2018; Jing et al., 2021). Industrial activities generate waste products
from both consumption and production; however, the utilisation of
these by-products is seldom examined in the literature (Grace et al.,
2015). One drawback with the usage of industrial by-products for
pesticide removal from aquatic environments is the possibility of
introducing potentially toxic metals into those environments (Grace
et al., 2016). A recent review by Tran et al. (2017) highlights errors and
inconsistencies in publications on adsorption studies of contaminants
from aqueous solution, including the inaccurate use of technical terms,
mistakes relating to the study of adsorption kinetics and isotherms, as
well as issues with adsorption mechanisms.

The aim of this study was to examine the adsorption of five of the
most commonly used herbicides in Ireland (Department of Agricultur-
eFood and the Marine, 2017), namely MCPA, mecoprop-P, 2,4-D, flur-
oxypyr and triclopyr (see Fig. 1), from aqueous solutions onto a range of
raw materials originating from an industrial setting and pyrolysed
materials.

2. Materials and Methods
2.1. Chemicals and materials used

The chemicals used were of analytical grade and solutions were
prepared using Milli-Q ultrapure water [18.3 mQ Milli-Q Element sys-
tem™, Merck Millipore, UK]. The herbicides and chemicals were pur-
chased from Sigma-Aldrich and used without further purification,
specifically: MCPA (4-chloro-2-methylphenoxyacetic acid, C9HgClOs3,
200.62 g mol 1), mecoprop-P (R-2-(4-chloro-2-methylphenoxy)propi-
onic acid, C1oH1:Cl03, 214.65 g mol™), 2,4-D (2,4-dichlorophenoxy-
acetic acid, CgHgClyO3, 221.04 g mol’l), fluroxypyr (4-amino-3,5-
dichloro-6-fluoro-2-pyridyloxyacetic acid, CyHsCl3FN2O3, 255.03 g
mol™), and triclopyr (3,5,6-trichloro-2-pyridyloxyacetic  acid,
C;H4CI3NO3, 256.47 g mol™Y). Solutions were prepared at a concen-
tration of 100 mg 17! for each herbicide in 0.01 M CaCl, in Milli-Q ul-
trapure water and were shaken for a minimum of 24 h.

Twelve different materials, identified as potential adsorbents, were
selected based on criteria such as low cost, bulk availability and po-
tential for local sourcing. These were GAC, peat fibre, bottom ash, fly
ash, blast slag, Phoslock®©, zeolite, water treatment plant alum sludge
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Fig. 1. Chemical structures of chosen herbicides.
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(modified to adjust the physical characteristics to facilitate hydraulic
conductivity without affecting the chemical characteristics of the alum
sludge), two spruce biochars (S-BC1 and S-BC2), and two herbal pomace
biochars (HP-BC1 and HP-BC2). The production processes and charac-
terisation of all four biochars have been previously described (Siggin-
sAbram and Healy, 2020). All adsorbents were dried at 105 °C for 24 h,
then crushed or cut to a particle size of 1-2 mm, and stored in airtight
containers at room temperature.

2.2. Batch adsorption assays

An initial 72 h batch test adsorption assay was used to assess the
abilities of each of the twelve materials to adsorb the selected herbicides.
The results of these tests were used to identify the best performing ad-
sorbents for further investigation. All batch tests were set up in 40 ml
amber glass vials, with 40 ml of equilibration solution (100 mg 171) and
an adsorbent dose of 5 g 1. Vials were sealed with a PTFE-lined cap and
equilibrated for up to 72 h at 10 °C on a mechanical reciprocal shaker at
160 rpm. Control vials containing no adsorbent were included to pre-
cisely calculate adsorption by each material and account for loss of
herbicides by other means. Once equilibration was reached, samples
were filtered through a PTFE syringe filter (0.45 pm) and analysed
immediately.

2.2.1. Adsorption kinetics

The two highest performing adsorbents from the 72 h batch study
were assessed for the rate at which they adsorb herbicides, using a ki-
netic study. Replicate vials for each material were sampled at times of 0,
1, 2, 3, 4, 6, 16, 18, 20 and 24 h. The values for time point zero were
determined by adding a herbicide solution to the adsorbent in vials, and
to an adsorbent-free control vial, followed by immediate filtration and
analysis. The data were fitted to the linear version of first and second
order (Ahmad et al.,, 2013), pseudo-first (Lagergren, 1898) and
pseudo-second order (Ho and McKay, 1999), Elovich (Roginsky and
Zeldovich, 1934) and intraparticle diffusion (McKay and Poots, 1980)
kinetic equations to see which kinetic equations modelled the kinetic
data the best (Table S1). The goodness of fit of all models was assessed
by calculating the coefficient of determination (rz; Eq. (1)) and the
non-linear models were also assessed by calculation of the chi-squared
value (y% Eq. (2)). High r? and low y? values are indicative that the
data are a good fit to the model.
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where: g.p is the experimental sorption capacity (mg.g™Y), qea is the
modelled sorption capacity (mg.g™}), and Qexp, mean is the mean of the
experimental sorption capacities.

The standard error of estimates (SEE; Eq. (3)) values was used to
investigate the goodness of fit for the kinetic models. A high r? and low
SEE are indicative that the data are a good fit to the model.

(Eexp B Z qcalc)z
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where: ge,p is the experimental sorption capacity (mg.g’l), qcalc is the
modelled sorption capacity (mg.g~!), and Qexp, mean is the mean of the
experimental sorption capacities.

2.2.2. Adsorption isotherms

Once an optimum time was identified from the kinetics experiments,
an adsorption isotherm test was conducted for the media. The adsorp-
tion capability of the selected media were assessed across an adsorbent
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range of 0.25-5 g 171, using a herbicide solution at a herbicide con-
centration of 100 mg 17! for 72 h. Experimental data were modelled by
linear and non-linear Langmuir (1916), Freundlich (1906),
Koble-Corrigan (Koble and Corrigan, 1952), Temkin (Vijayaraghavan
et al., 2006) and Dubinin-Radushkevich (Vijayaraghavan et al., 2006)
adsorption isotherms, using MS Excel’s Solver plugin to determine the
best fitting parameters by maximising for r? for the non-linear models.

2.3. Effect of pH on adsorption

The impact of pH on the adsorption capabilities of the two best
performing media was investigated. The herbicide solutions were pre-
pared as described in Section 2.1. Each solution was then divided into
three portions, each buffered with NaOH to a pH of either 5, 7, or 9. The
pH range for all unbuffered herbicide solutions was 3-4. Batch assays
were conducted over 24 h using 40 ml amber glass vials, with 40 ml of
aplpropriate buffered solution (100 mg 1~!) and an adsorbent dose of 5 g
1.

2.4. Herbicide analysis

Herbicide concentrations in the filtered samples, for all herbicides,
were directly quantified. Methods for the determination of pesticide
adsorption are limited by the high cost of the mass spectrometry
equipment required for their analyses, coupled with the time-consuming
pre-treatment techniques (Huang et al., 2009; Wang et al., 2019).
UV-Vis spectrometry, as an analytical technique for the detection of
pesticides in solution, has been widely used for more than twenty years
(Bekbolet et al., 1999; Spaltro et al., 2018; Rizzi et al., 2020) despite the
poor sensitivity of the technique when compared to the low level
detection (ng.1™!) as provided by modern mass spectrometry techniques.
All samples were analysed using a Varian CARY 50 UV-Vis-NIR spec-
trophotometer (Varian Inc., now Agilent Technologies Inc., Santa Clara,
CA, USA). Quantification was measured at the appropriate wavelength
for each herbicide: 571 nm (glyphosate), 278 nm (MCPA), 280 nm
(mecoprop-P), 283 nm (2,4-D), 263 nm (fluroxypyr) and 295 nm (tri-
clopyr) (Lewis et al., 2016). UV-Vis readings were compared to standard
curves in a range of 10-100 mg 1~} for quantification of each herbicide.

The LOD (mg.l’l) and LOQ (mg.l’l) for each herbicide using UV-Vis
spectroscopy were calculated and are shown in Table 1.

2.5. GAC characterisation

A Hitachi S4700 Scanning Electron Microscope (SEM) equipped with
a Bruker X-Flash EDX detector was used to image the sample of GAC and
to determine its elemental composition. Fourier Transform Infrared
Spectroscopy (FTIR) spectra analysis was carried out to identify func-
tional groups on the surface of GAC, with and without the adsorption of
the herbicides, using a PerkinElmer Spectrum 400 fitted with an ATR
reflectance attachment. Spectra were collected in the 4000 to 650 em !
range with a resolution of 4 cm™! and twenty integrated scans on a
diamond/ZnSe window.

Table 1
LOD and LOQ values for the chosen herbicides.
LOD (mg.1™Y) LOQ (mg.1™h)

MCPA 0.76 2.55
Mecoprop-P 6.03 18.27
2,4-D 3.82 12.73
Glyphosate 4.51 15.03
Triclopyr 1.25 4.17
Fluroxypyr 3.00 9.98
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3. Results and discussion
3.1. Media analysis

The chemical characterisation of the media used has been previously
reported (Grace et al., 2015; SigginsAbram and Healy, 2020), with the
exception of the modified water treatment plant sludge (Table 2).

3.2. Adsorbent screening

GAC performed the best for the adsorption of all herbicides (>95%
removal; Fig. 2). The raw materials had limited adsorption of any of the
herbicides.

Of the four biochars investigated, S-BC-2 performed best removing
MCPA, triclopyr and fluroxypyr (Fig. 2). The pore diameter of the four
biochars varied from 60 to 390 A (SigginsAbram and Healy, 2020),
which is sufficient to prevent size exclusion that occurs when the pore
diameter is less than 1.7 times the second largest dimension of the target
compounds (Kasaoka, 1987). Size exclusion occurs when dissolved
molecules of various sizes flow over a material containing pores, with
the smaller molecules entering the pores but the larger ones being
excluded. In the case of the herbicides examined in the current study,
adsorbent pore diameters of >17 A should be sufficient to prevent size
exclusion. The surface area for each of the twelve raw or processed waste
materials was determined (Table 2) and showed that GAC had the
largest surface area of all the media used in this study. The media with
the second and third largest surface areas were HP-BC1 and HP-BC2 but
neither of these demonstrated any adsorption of the herbicides used.
Interestingly, S-BC2 has only a surface area of 39 m? g%, yet it is the
second best media at the adsorption of the herbicides, suggesting that
surface area alone is not the main factor in the adsorption process.
MCPA, mecoprop-P, 2,4-D, triclopyr and fluroxypyr all contain an aro-
matic ring, either phenyl or pyridinyl in nature. This would suggest that
n-n interactions between the aromatic rings of the herbicides and the
surface of GAC promote the adsorption of these five herbicides. As
herbicides are more complex molecules than simple metal ions, which
adsorb using electrostatic chelation interactions as the main mechanistic
pathway (Ma et al., 2015), the adsorption mechanisms will also be more
complex. Further to the presence or absence of an aromatic ring, the
adsorption mechanism of the selected herbicides will be dependent on
the electron-donating abilities of the various functional groups attached
to each herbicide, as well as the ionisability of any amine groups present.
For all the herbicides, there are possible interactions available involving
the carboxylate groups, the various halogen and amino groups present,
as well as the nitrogen atom of the pyridine ring in the cases of triclopyr
and fluroxypyr. Based on the adsorption data shown in Fig. 2, it was
decided to use, for both the kinetic and isotherm studies, GAC for the
adsorption of MCPA, mecoprop-P, 2,4-D, triclopyr and fluroxypyr.

3.3. GAC characterisation

The surface morphology of GAC is shown in Fig. S1. The surface of
the GAC is not smooth but, instead, shows small clusters distributed over
smooth platelets. No distinct pores were observed.

IR spectra were obtained of GAC samples that had been stirred in
either water or the various herbicide solutions for 72 h (Fig. 3). The
spectrum of GAC stirred in water showed a few minor shoulders at 1618
em™}, 1230 cm ™}, and 965 ecm ™Y, similar to that observed by Siggin-
sAbram and Healy (2020), but with the addition of a water band at 3200
cm ™}, which is presumably due to surface water molecules. The spectra
of GAC in all the herbicide solutions also showed the presence of this
water peak. The differences between the spectra of GAC in water and of
GAC in the various herbicide solutions are very subtle, as was expected
(Fig. 3).

The spectra in Fig. 3 suggest that the adsorption of MCPA and
mecoprop-P by GAC is by the same mechanism, as the IR values for GAC
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Table 2
Chemical and physical characterisation of the chosen media.
Media GAC* Peat fibre Bottom ash® Fly ash” Blast slag” Phoslock Zeolite” MWTPS S-BC1 s-BC2” HP-BC1” HP-BC2
Parameter
Al (mg.kgfl) 49 217 n/d° 1223 2083 816 263 77405 821 n/d° n/d" n/d*
C (mg.kg™h) n/d* 54.3 n/d° n/d° n/d* 7000 n/d® 13 42.9 n/d° n/d° n/d°
Ca (mg.kg’l) n/d* 4133 n/d* n/d" n/d 10100 n/d* 25367 55878 33000 39000 167000
Fe (mg.kgfl) 14 623 n/d* 189 90 331 23 3836 1375 3600 6100 11000
K (mg.kg’l) n/d° 322 n/d* n/d* n/d° 2800 n/d° 86 53199 10000 26000 274000
Mg (mg.kg 1 3.78 1082 2120 13.6 20.4 1400 12.8 190 11436 3300 6400 73000
P (mg.kg’l) 87 169 171 1044 4 2500 3 576 33482 2000 8900 96000
Moisture (%) 5 11.9 n/d¢ n/d® n/d¢ 9.9 n/d® 77 5.8 27 22.3 37.2
Org C (%) 97.8 n/d* n/d* n/d° 5.5 n/d° n/d* 50.5 74.3 66.6 61.9
Pore diameter (A) 61 r 74 109 203 144 87 r 137 390 60 60
Pore volume (cms.g’l) 0.496 ¢ 0.001 0.002 0.01 0.113 0.104 I 0.033 0.03 0.001 0.03
Surface area (mz.g D] 579 0.003 1.80 1.779 2.49 35.72 38.67 I 11.46 39 216 374
& Grace et al. (2015).
b SigginsAbram and Healy, 2020.
¢ n/d: not detected.
4 Immeasurable.
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from both these solutions are similar, with the peak at 1618 cm ™ for
GAC in water moving to 1555 em ™! in both MCPA and mecoprop-P. This
shift in peak position would suggest that a bonding interaction between
the herbicide and GAC had occurred, which would imply that the
mechanism of adsorption was by chemisorption. Similarly, the data also
suggest that both triclopyr and fluroxypyr are adsorbed by GAC as again
there are shifts in the peak at 1618 cm ™ to 1550 cm ™. A new shoulder
at 1068 cm ™! in both of these spectra indicates the presence of a pyridine
ring which is involved in a binding interaction with the GAC, as this peak
is normally at 1078 cm™! for pyridine itself (Amudha et al., 2022). As
this shift in peak position is only by a small number of wavenumbers, it
would suggest that this binding interaction is by physisorption and not
chemisorption. The FTIR spectrum of 2,4-D also shows a shift in the peak
at 1618 cm ™! but, otherwise, very little information can be gathered
from it. This may suggest that 2,4-D adsorbs by a different mechanism to
either MCPA and mecoprop-P or triclopyr and fluroxypyr.

3.4. Adsorption kinetics

Adsorption kinetics were undertaken for each of the herbicides with
their best adsorbent: GAC for MCPA, mecoprop-P, 2,4-D, triclopyr and
fluroxypyr (Fig. 4). Maximum adsorption was reached for all herbicides
adsorbed by GAC within 18 h of contact time (Fig. 4). Both MCPA and
mecoprop-P demonstrated a two-phase adsorption characterised by a
fast initial adsorption stage followed by a slower stage, as has been
previously reported in kinetic adsorption studies (Ahmad et al., 2013).

The experimental kinetic data were fitted to a range of kinetic models
(Table S1), and from these, the kinetic parameters were obtained
(Table S2). Alberti et al. (2012) described adsorption as a sequential four
step process: (1) transport of adsorbate to adsorbent, (2) diffusion of the
adsorbate through the film layer surrounding the adsorbent, (3) intra-
particle diffusion and (4) chemisorption. Fitting experimental data to
kinetic models that have differing assumptions and evaluation of the fit,
represented by high r? and low SEE values, allows the identification of
the rate limiting step in the adsorption process.

These parameters indicate that the adsorption of both MCPA and
mecoprop-P to GAC were pseudo-second order in nature, as a result of
the high 2 (>0.995) and low SEE (<0.004) values (Table S2). This in-
dicates that chemisorption (step 4) is the rate-limiting step for these
reactions and adsorption of these compounds occurs in a monolayer on
the respective adsorbents’ surface (Ahmad et al., 2013). This agrees with
the IR spectra of GAC adsorption of both MCPA and mecoprop-P (Fig. 3),
which suggested that both of these herbicides were adsorbed by a similar
mechanism. This concurs with the kinetic results from previously

20

18

16
14

12 °
10

Adsorption (mg.gt)

Time (h)
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reported studies for the adsorption of MCPA by activated carbon
(Ocampo-Pérez et al., 2012; Pandiarajan et al., 2018). To the best of our
knowledge, no kinetic adsorption studies of mecoprop-P using GAC as an
adsorbent have been reported.

The adsorption of 2,4-D by GAC was best described by a first order
kinetic model, as a result of the respective 2 (0.989) and SEE (0.030)
values (Table S2), which indicates that the transport of adsorbate to the
adsorbent is the rate limiting step. The IR data (Fig. 3) suggested that
2,4-D was adsorbed by a different mechanism to both MCPA and
mecoprop-P, even though a similar shift in the shoulder at 1618 cm™!
was observed in all three cases. This is in contrast to the reported studies
(Pandiarajan et al., 2018; Bahrami et al., 2018; AmiriRoohi et al., 2020)
where pseudo-first order and pseudo-second order kinetic models were
documented, which would suggest that intraparticle diffusion and
chemisorption were the rate limiting steps. In the current study, 12-20
mesh GAC was used, whereas 6-16 mesh GAC, Filtersorb 300 (F300)
activated carbon, orange peel activated carbon, granulated activated
carbon and canola-stalk-derived activated carbon, respectively, were
used in the other studies (Aksu and Kabasakal, 2004; Salman and
Hameed, 2010; Pandiarajan et al., 2018), which may have resulted in
different rate limiting steps for the adsorption process.

In the current study, the kinetic adsorption of triclopyr and flurox-
ypyr by GAC fitted best to a pseudo-first order kinetic model (Table 52),
which indicated that the rate limiting step was intraparticle diffusion
(step 3). The IR spectra (Fig. 3) of GAC in both of these solutions showed
an extra band in each spectrum at approximately 1074 and 1062 em},
respectively. This band is due to the presence of a pyridine ring being
present and involved in a bonding interaction with the GAC, as the IR
band for pyridine itself is at 1078 em™! (Amudha et al., 2022). Pas-
trana-Martinez et al. (2010) reported on the adsorption of fluroxypyr
onto different types of activated carbon and showed that a
pseudo-second order kinetic model was the best fit for all types of the
activated carbon chosen, which indicated that the rate limiting step was
chemisorption. Again, the pore size of the various activated carbons in
both studies could be one of the important factors in determining the
overall kinetic model. To the best of our knowledge, no kinetic
adsorption studies of triclopyr using GAC as adsorbent have been
reported.

3.5. Adsorption isotherms
In order to get an insight into the adsorption capacity of the materials

for herbicides, adsorption isotherm experiments were carried out
(Fig. 5).
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Fig. 4. Herbicide adsorption kinetics on GAC.
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Fig. 5. Herbicide removal over a range of media concentrations, expressed as % herbicide removal. The adsorption study was carried out at a herbicide concentration

of 100 mg 17! and an equilibrium time of 72 h. Medium = GAC in all cases.

GAC removed >99% (19.9 mg g~ 1) of all five target herbicides over
72 h at a concentration of 5 g 1t (Fig. 3). All isotherms showed the L-
type of Giles classification (Giles et al., 1974). For the adsorption of the
various herbicides by GAC, this indicates that the aromatic rings of the
herbicide molecules are adsorbed parallel to the carbon surface, as
previously shown by Ocampo-Pérez et al. (2012). They also suggested
that there was no competition for active adsorption sites on the carbon
surface between the contaminant molecules and water molecules.

The various models, described in the Materials and Methods section,
were applied in their linearised and non-linearised forms (Table S3),
with Table S4 showing the isotherm parameters derived from each
model. In all cases, based on the obtained r? values, the adsorption of all
herbicides were best described by the Freundlich model (Fig. 6), which
indicates that adsorption occurred as mono- and multi-layer adsorption
on a heterogeneous surface. This involves both physisorption and
chemisorption, which is in agreement with the pseudo-second order
kinetic model obtained for both MCPA and mecoprop-P (Lin et al., 2015;
Rizzi et al., 2019, 2020). Furthermore, an adsorption strength value of n
which lies between 1 and 10 indicates that adsorption is favourable, as
in the case of the herbicides, MCPA, mecoprop-P, 2,4-D, fluroxypyr and
triclopyr (Table S4).

3.6. Effect of pH

The pH of an aqueous solution is one of the most significant pa-
rameters that influences the adsorption process, as it affects both the
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surface charge and the speciation of the target compound (Tan et al.,
2015). No significant change in the adsorption of any of the herbicides,
after 24 h, was detected at any pH studied compared to the adsorption
observed when pH was not adjusted, indicated in the Figure by the
caption MCPA 24 h (Fig. 7). The ability of corn cob biochar to adsorb 2,
4-D has been reported to have decreased dramatically in response to pH,
from 95% at pH 2-5% at pH 12 (Binh and Nguyen, 2020). However,
Essandoh et al. (2017) reported the effect of pH on the adsorption of
both MCPA and 2,4-D onto switch grass biochar. They observed very
little reduction in % removal of either MCPA or 2,4-D over a pH range of
2-8, with the % removal being reduced from 90% at pH 2-80% at pH 8.
This lead them to suggest that, at naturally encountered pH values,
switch grass biochar was a good adsorbent of MCPA and 2,4-D. It would
appear that the influence of pH is dependent on the specific adsorbent,
and that the adsorbents in our study were not affected.

4. Conclusions

The waste materials investigated demonstrated little capability for
any herbicide adsorption. GAC was the best adsorbent observed for the
removal of the herbicides investigated, with >95% removal. The data,
supported by adsorption kinetic models and FTIR spectra, suggest that
MCPA and mecoprop-P both fitted a pseudo-second order kinetic model,
indicating that chemisorption was the rate limiting step. The experi-
mental data also suggested that fluroxypyr and triclopyr fitted a pseudo-
first order kinetic model, indicating that the rate limiting step was

@ Raw MCPA data
Raw 2,4-D Data
O Raw Triclopyr Data

@ Raw Fluroxypyr Data

60 70 80 90

Fig. 6. Freundlich adsorption isotherm of MCPA, Mecoprop-P, 2,4-D, Triclopyr and Fluroxypyr on GAC. Modelled data are shown as a colour coded line. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Effect of pH on MCPA adsorption by GAC. MCPA = 100 ppm solution in ultrapure water, no pH adjustment; MCPA 24 h = MCPA solution after shaking with
GAC (5 g 171) for 24 h, no pH adjustment; MCPA pH 9 = MCPA solution after shaking with GAC (5 g 171) for 24 h, pH 9; MCPA pH 7 = MCPA solution after shaking
with GAC (5 g 171) for 24 h, pH 7; MCPA pH 5 = MCPA solution after shaking with GAC (5 g 1) for 24 h, pH 5.

intraparticle diffusion, while 2,4-D fitted a first order kinetic model,
indicating that the transport of adsorbate to the adsorbent is the rate
limiting step. The kinetic studies also indicated that the majority of the
adsorption, in all cases, was completed within 18 h. The adsorption
process followed the Freundlich isotherm model verifying monolayer
and multilayer adsorption and in all cases the adsorption process was
found to be favourable.
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