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Abstract
Crop residue ashes exhibit a significant capacity to adsorb pesticides and can affect their adsorption behaviour in soils. The effect
of sugarcane trash ash (STA), the third most important crop whose residues are burnt in fields in India, on atrazine (ATR) and
fipronil (FIP) kinetics and adsorption behaviour was studied in three sugarcane growing soils. The kinetics and adsorption of
pesticides in STA-mixed soils were studied using the batch adsorption method. Pesticide residues were analysed using high-
performance liquid chromatography (HPLC). The kinetics study suggested that adsorption of pesticides in the soil/soil + STA
(0.2%) was best explained by the pseudo-second-order model. The STA (0.1 and 0.2%) showed maximum effect on ATR
adsorption in the silty clay loam, while for FIP, the effect was maximum in the sandy clay loam soil. Adsorption was well
explained by the Freundlich isotherm. The adsorption was nonlinear as the Freundlich constant 1/n values were < 1. The STA
decreased the amount of pesticides desorbed. High surface area unburnt carbon in STAwas responsible for increase in adsorption
and decrease in desorption of pesticides. Adsorption and desorption constants correlated well with STA content in the soils. ATR
and FIP adsorption in the sugarcane soils was controlled by the physical adsorption, including partition and surface adsorption,
and STA affected the phenomenon of adsorption. Results suggested that STA increased adsorption and decreased desorption of
both pesticides used in the sugarcane cultivation. This study has implications in identifying the role of crop residue burning on the
fate of the pesticides applied in soils.
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1 Introduction

India is an agrarian country that generates large quantities
of agricultural wastes leading to the challenge of disposal
of a considerable amount of crop residues. Farmers opt
for in situ burning of surplus residues because it is a quick
and easy way to manage the substantial quantities of crop
residues and prepare the field for the next crop well in
time. Burning of crop residues after harvest for land clear-
ing is a major issue as burning leads to air pollution,
threating people’s lives. Sugarcane is the third important
crop, after rice and wheat, whose residues are burnt in
fields in India; Uttar Pradesh is the greatest contributor
to the burning of sugarcane trash followed by Karnataka

(Jain et al., 2014). Sugarcane trash (or cane trash) is the
dried leaves that are left in the field after the sugarcane is
harvested. Trash is burnt by farmers as it resists biodeg-
radation, is highly indigestible as fodder, has a low den-
sity voluminous biomass, and is difficult to transport.
After burning, the sugarcane trash ash (STA) is mixed in
the soil before sowing the next crop. This ash-mixing
changes the physicochemical properties of soil including
decrease in bulk density, improved soil porosity, and wa-
ter retention (Pandey and Singh, 2010). The ashes are
alkaline in nature and result in some agronomic benefit
like buffering the soil pH, improving the soil nutrient
status, and increasing plant growth and nutrient uptake
(Trivedi et al., 2016). The ashes also have significant pes-
ticide adsorption potential (Deokar et al., 2016a, 2016b;
Kumar et al., 2019) and therefore, affect the fate of pes-
ticide applied in soils (Yang and Sheng, 2003; Sheng
et al., 2005; Hiller et al., 2007, 2009). Yang and Sheng
(2003) reported that wheat ash showed > 600–10,000
times higher diuron adsorption than the soil (Sheng
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et al., 2005). Hiller et al. (2007, 2009) reported that 1%
ash increased 2-methyl-4-chlorophenoxyacetic acid by 8–
16 times than no ash control soils, reduced desorption by
~ 20%, and reduced degradation substantially (Cui et al.,
2009). However, all these studies were performed at very
high levels of ash that are not realistic in the field situa-
tion. Recently, Kumar and Singh (2020) reported that
wheat and the rice straw ashes, even at 0.1–0.5% levels,
increased pretilachlor and sulfosulfuron adsorption, re-
spectively; however, the effect varied with the ash content
and soil type. High surface area unburnt carbon contents
in the ashes contributed to enhanced adsorption and re-
duced desorption. The pH of soil/soil + ash mixtures af-
fected herbicide adsorption, but the effect was significant
for pretilachlor. However, the effect of the ashes on pes-
ticide adsorption might differ with the nature of soil and
pesticide.

Atrazine (ATR) and fipronil (FIP) are two commonly used
pesticides in sugarcane cultivation in India. ATR is a selective,
systemic, pre- and post-emergent herbicide used to control
annual grasses and many broad-leaved weeds in sugarcane
(Turner, 2015). FIP is a broad-spectrum insecticide that be-
longs to the phenylpyrazole group and is used for control
of early shoot borer and termites in sugarcane. Recently, the
authors have reported that STA exhibited very high adsorption
capacity for FIP and ATR with partition coefficient (Kd)
values of 1267.5–3321.1 and 137.0–1445.3 mL g−1, respec-
tively (Yadav and Singh, 2020). Burning sugarcane trash in
fields generates a significant amount of STA that is mixed in
the soils, which can substantially increase adsorption of pes-
ticides applied in the sugarcane crop. Higher pesticide adsorp-
tion in STA-mixed soils can affect their degradation and
leaching behaviour as adsorption decreases availability of pes-
ticide in soil solution. However, absolutely no information is
available on the effect of burning sugarcane trash on adsorp-
tion behaviour of pesticides used in the sugarcane crop in the
Indian tropical conditions, where sugarcane residues are main-
ly burnt on fields. Therefore, the present study reported the
effect of sugarcane trash ash (STA) on the sorption behaviour
of ATR and FIP in three sugarcane soils of northern India. The
role of the physiochemical properties of STA-soil mixtures on
pesticides’ adsorption was worked out.

2 Materials and Methods

2.1 Chemicals

Analytical grade ATR (purity 98.9%, octanol-water partition
coefficient (log Kow) 2.82, water solubility 33 mg L−1 (pH 7))
and FIP (purity 97.5%, log Kow 4.0, water solubility
1.9 mg L−1 (pH 7)) were purchased from the Sigma-Aldrich,
India. Analytical or gradient grade solvents used in the study
were purchased locally.

2.2 Soils

Three soils from sugarcane growing regions of Uttar Pradesh
were used in the study. Soils included a silty clay loam (Indian
Institute of Sugarcane Research, Lucknow, 26.56° N and
80.52° E), sandy clay loam (G.B. Pant University of
Agriculture and Technology, Pantnagar, 29° N and 79° E),
and loam (Baraut, 29.10° N, 77.26° E). Soil samples were
collected from the surface 0–15 cm, air dried, and stored at
room temperature. Soils were characterized for the pH, organ-
ic carbon (OC) content, electrical conductivity (EC), and me-
chanical fractions (clay, silt and sand) using standard analyti-
cal methods (Table 1).

2.3 Sugarcane Trash Ash

The STA used in the study was prepared as per the method
reported earlier (Yadav and Singh, 2020). Briefly, the sugar-
cane trash was dried in sun for 2 days and burnt on field. Burnt
residues (ash) were collected, ground, and sieved and 60
British Standards Society (BSS) fraction (< 250 μm) was
stored in air-tight PTFE containers at room temperature. The
STA was characterized for pH, OC content, and EC using
standard methods (Supplementary Table A). The carbon (C),
hydrogen (H), nitrogen (N), and oxygen (O) contents were
determined using CHNS (O) analyser (Thermo Finnigan,
FLASH EA 1112 Series, Italy). The OC content was estimat-
ed using TOC analyser (Elementar, Vario TOC Cube). The
specific surface area (SSA) and pore volume were estimated
using the Brunauer, Emmett, and Teller (BET) nitrogen ad-
sorption technique at 77 K, using an automated manometric

Table 1 Physicochemical
properties of the soils used in the
study

Sample pH Organic
carbon (%)

Sand (%) Silt (%) Clay (%) Electrical conductivity
(mS m−1)

Silty clay
loam

7.5 ± 0.1 0.63 ± 0.03 13.1 ± 1.1 58.0 ± 1.4 28.9 ± 1.4 0.525 ± 0.011

Sandy clay
loam

6.3 ± 0.1 0.80 ± 0.01 55.1 ± 1.2 26.0 ± 1.1 18.9 ± 0.7 0.142 ± 0.006

Loam 7.7 ± 0.2 0.75 ± 0.02 33.1 ± 0.8 44.0 ± 0.9 22.9 ± 0.6 0.160 ± 0.004

Values are mean ± standard error
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gas adsorption apparatus (Quantachrome NOVA 10.01,
Quantachrome Instruments, Florida, USA). Fourier
transform-infrared absorbance (FT-IR) spectrum of STA was
recorded on Bruker ALPHA, FT-IR system (typically 24
scans, resolution 4 cm−1) at wave numbers from 360 to
4000 cm−1. Scanning electron microscopy (SEM) was used
to characterize the surface morphology of STA. X-ray diffrac-
tion (XRD) analysis was carried out using a Philips PW 1710
X-ray diffractometer, equipped with copper Kα radiation
(generator voltage 40 kV, tube current 20 mA) as the X-ray
source in 2θ ranges 3–70°.

2.4 Kinetics Studies

The effect of the 0.2% STA on ATR and FIP adsorption ki-
netics was studied in the silty clay loam soil using the batch
method. Kinetics study was conducted only in the silty clay
loam soil as, among the three soils used in the study, it
contained the highest clay content and was supposed to take
maximum time to attain equilibrium. Soil or soil + STA (5 g,
oven dry basis) and 0.01 M CaCl2 solution of ATR (10 mL of
5mg L−1) or FIP (20mL of 1mg L−1) in glass centrifuge tubes
were equilibrated on a horizontal shaker for 0.5, 1, 2, 4, 6, 8,
12, 24, and 48 h. Two controls (pesticide solution without soil/
soil + STA and soil/soil + STA with 0.01 M CaCl2 solution
without pesticide) were maintained to observe any interfer-
ence from the soil/soil + STA or degradation of pesticides
during experimentation and each treatment had three repli-
cates. After desired equilibration time, samples from each
treatment were centrifuged using a Sigma 3-16 KL centrifuge
at 3139g for 20 min. The pesticides were quantified in the
supernatant using high-performance liquid chromatography
(HPLC). The amount of pesticide adsorbed by the soil/soil +
STA was calculated from the difference of the initial and final
concentration of the pesticide in the supernatant. During the
equilibration period, pesticides were stable as no decrease in
their concentration was observed in the control samples.

2.5 Adsorption-Desorption Studies

Batch adsorption studies as per Organisation for Economic
Cooperation and Development (OECD) guidelines were
planned to study the effect of STA on ATR/FIP adsorption
behaviour in three sugarcane soils. Sorption studies for ATR
and FIP were performed at 1:2 and 1:4 soil:solution ratio,
respectively. Soil (0, 0.1, and 0.2% STA) samples (5 g) and
0.01 M CaCl2 solution of ATR (10 mL) or FIP (20 mL) were
taken in stoppered test tubes. The STA levels were worked out
based on the fact that a maximum of 15 t ha−1 trash is gener-
ated during sugarcane cultivation and at 6.7% trash-to-
ash conversion efficiency, STA obtained would correspond
to ~ 1 t ha−1 (0.05%), when thoroughly mixed in the surface
6 cm soil profile. Practically, uniform mixing of STA in soil is

not possible in the field; therefore, higher doses of 2 and
4 t ha−1 (equivalent to 0.1 and 0.2%) were selected for the
study.

The initial concentration of the pesticides used was within
the limits of their aqueous solubility. The concentrations used
were 1, 2, 3, 4, and 5 μg mL−1 for ATR and 0.2, 0.4, 0.6, 0.8,
and 1.0 μg mL−1 for FIP. Controls were maintained and each
treatment was replicated thrice. Samples were equilibrated for
24 h and 6 h at room temperature for ATR and FIP, respec-
tively. After equilibration, soil-water suspension was centri-
fuged (3139g for 20 min) and pesticide concentration in the
supernatant was quantified using HPLC.

After the adsorption study was over, desorption was per-
formed at the lowest and highest concentration used for ad-
sorption. After adsorption was over, 5 mL (ATR) or 10 mL
(FIP) of the supernatant was removed from each tube and was
replaced with equal volume of fresh 0.01 M aqueous CaCl2
solution. The tubes were equilibrated again to attain the state
of equilibrium; soil suspension was centrifuged and the
abovementioned process was repeated. A total of 3 desorption
cycles were performed for each sample. The ATR/FIP was
quantified in the supernatant after each desorption cycle and
amount desorbed was calculated from the difference of pesti-
cide concentration before and after equilibration.

2.6 Analysis

Aqueous samples were analysed for pesticides by directly
injecting filtered samples (0.45 μm) in HPLC (Varian,
Prostar) equipped with quaternary pump, UV detector, and
Rheodyne injection system using LiChrospher C-18 stainless
steel column (250 mm × 4 mm (i.d.)). Conditions for ATR
analysis included acetonitrile:0.1% aqueous o-phosphoric ac-
id (70:30) at 1 mLmin−1 flow and wave length of 222 nm. The
conditions for FIP were acetonitrile:0.1% aqueous o-phospho-
ric acid (80:20) at 1 mL min−1 flow and wave length of
222 nm. The recovery of ATR from water at 0.1, 1, and
10 μg mL−1 fortification levels was 92.8, 93.1, and 97.4%,
respectively. The limit of detection (LOD) of the method used
was 0.01 μg mL−1 while the corresponding limit of quantifi-
cation (LOQ) was 0.05 μg mL−1. The standard curve for ATR
was linear in the range of 0.05–15 μg mL−1. The recovery of
FIP from water at 0.1, 0.5, and 1 μg mL−1 fortification levels
was 91.5, 92.1, and 9.5.2%, respectively. The LOD of the
method used was 0.01 μg mL−1 while the corresponding
LOQ was 0.03 μg mL−1. The standard curve for FIP was
linear in the range of 0.05–5 μg mL−1.

2.7 Kinetics Models

Kinetics data was modelled using the pseudo-first-order
(PFO), pseudo-second-order (PSO), Elovich, and the
intraparticle diffusion (IPD) equations mentioned below:
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Pseudo first order PFOð Þ Log qe−qtf g
¼ logqe– k1=2:303f gt ð1Þ

Pseudo second order PSOð Þ t=qt

¼ 1=k2qe2þ 1=qef gt ð2Þ
Elovich equation qt

¼ 1=β ln αβð Þ þ 1=β lnt ð3Þ
Intraparticle diffusion model qt ¼ k � t0:5 þ C ð4Þ

where qe is the amount of pesticide adsorbed at equilibrium
(μg g−1), qt is the amount of pesticide adsorbed (μg g−1) at
time t (min), k1 is the pseudo-first-order rate constant (min−1),
k2 is the pseudo-second-order rate constant (g (μg min)−1), α
is the initial sorption rate constant (μg g−1 min−1), β is the
desorption constant (g μg−1), and k is the IPD constant (μg
(g min0.5)−1).

2.8 Adsorption Models

ATR and FIP adsorption data was modelled using the
Freundlich, the Langmuir, and the Temkin isotherms:

Freundlich isotherm Logqe

¼ Log K F þ 1=n LogCe ð5Þ
Langmuir isotherm 1=qe

¼ 1=Q0 þ 1=Q0bLCe ð6Þ
Temkin isotherm qe

¼ B lnATem þ B lnCe ð7Þ

where qe is the amount of pesticide adsorbed at equilibrium
(μg g−1), Ce is the concentration of pesticide in solution at
equilibrium (μg mL−1), KF is the Freundlich adsorption con-
stant (μg1−nF g−1 mLn

F), 1/n is the dimensionless constant
expressing ease of sorption, bL is the Langmuir adsorption
constant (mL μg−1), Qo is the maximum monolayer coverage
capacity (μg g−1), ATem is the Temkin isotherm equilibrium
binding constant (mL μg−1), and B is the constant related to
heat of adsorption (J mol−1).

3 Results

3.1 Characterization of STA

The STA was characterized for its physicochemical character-
istics (Supplementary Table A). The trash-to-ash conversion
ratio was 6.7%. The STAwas alkaline in nature (pH 10.5) due
to the presence of oxides of Na, K, and Ca, which are alkaline

in nature (Trivedi et al., 2016). Elemental analysis showed that
the STA contained C 13.31%, H 0.44%, N 0.17%, and O
3.65%. The OC content of STA was 8.31% and can be
assigned to the unburned carbon (Deokar et al., 2016a); thus,
it contained a significant amount of inorganic C (5%) and it
can be due to the presence of carbonates of alkali and alkaline
earth metal carbonates (Deokar et al., 2016a; Kumar et al.,
2019). The loss of ignition was 9.12%. The elemental ratios
H/C and O/C can be used to explain the degree of aromaticity
and polarity, respectively. The degree of aromaticity was 0.40
while polarity was 0.21. The specific surface area of STA was
27.23 m2 g−1 while porosity was 0.0596 cm3 g−1. Due to its
high surface area and porosity, STA can be a very effective
adsorbent for the pesticides.

The SEMphotograph (Supplementary Fig. A(a)) suggested
that original cell/leaf structure was intact in STA and showed
porous structures and channel type repeated units. The FT-IR
spectrum of STA (Supplementary Fig. A(b)) showed major
peaks at 620, 784, 874, 1049, and 1260–1660 cm−1. These
peaks indicated the presence of carbonate (CO3

−2) (broad
peak at 1260–1660 and 874 cm−1), phosphate (PO4

−3), and
silicate or quartz (SiO2) components (broad peaks at
1049 cm−1 along with 620 cm−1).

The XRD pattern of STA (Supplementary Fig. A(c))
showed a broad peak between 15 and 18° 2θ, a pattern corre-
sponding to amorphous silica, while peaks at 2θ of 20.9° and
26.7° indicated the presence of quartz (crystalline silica). An
intense sharp peak at 2θ ~ 27.5°, 38.5, and 47.2 was assigned
to the calcite (CaCO3) (Fungaro and Silva, 2014). The spec-
trum suggested the presence of calcite as the main crystalline
compound with quartz (SiO2) as minor compounds.

3.2 Kinetics Study

The kinetics study indicated that adsorption of ATR/FIP in the
silty clay loam soil (without and with STA) increased with
increase in the equilibration time (Supplementary Fig. B).
The STA greatly affected rate of adsorption of both pesticides
and it was faster in STA-mixed soil than the control soil. After
24 h, compared to 38.77% (ATR) and 47.71% (FIP) adsorp-
tion in the control soils, adsorption in the 0.2% STA-mixed
soils was 51.07% (ATR) and 86.68% (FIP). There was no
appreciable change in the amount of ATR and FIP adsorbed
after 24 and 6 h, respectively; therefore, they were chosen as
the equilibration time for studying the adsorption-desorption
behaviour of ATR and FIP, respectively. The kinetics study
suggested that the adsorption equilibrium for FIP was attained
faster (6 h) than for ATR (24 h); therefore, FIP will be
adsorbed faster than ATR in soils/STA-mixed soils.

The kinetics data was fitted to the pseudo-first-order
(PFO), the pseudo-second-order (PSO), and the Elovich
models and the constants were calculated (Fig. 1a–c, e–g;
Table 2). The best fitted kinetics model was judged by the
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highest adjusted R2 (R2
Adj) value and observed versus pre-

dicted adsorption values. Among the three models, theR2
Adj

values for both the pesticides in the control and the 0.2%
STA-mixed soils were the highest for the PSO model. The
calculated amount of pesticide adsorbed (qe,calc) using the
PSOmodelwas nearly the same as the observedvalue (qe,exp)
(Table 2). Thus, thePSOmodelwas the bestmodel to explain
adsorption of both pesticides in the soil/soil + STA. The IPD
model is used to indicate the contribution of diffusion phe-
nomenonon adsorption kinetics. The IPDgraphs for both the
pesticides (Fig. 1d, h) showed twostraight lines, representing
two stages. Stage I corresponded to liquid film diffusion,
while stage II explained pore diffusion. The IPD graph did
not pass through the origin indicating that pore diffusionwas
not the sole rate-limiting step. The value of the rate constant
kI (stage I) for both the pesticides in the control and STA-
mixed soil was higher than the kII values (stage II), suggest-
ing that liquid film diffusion contributedmore to the adsorp-
tion process. Compared to the control soil, the kI values were
higher in STA-mixed soil for both the pesticides. Similarly,
kI values for FIP were higher than those for ATR. The inter-
cept (C) of the graph reflects the boundary layer effect or
surface adsorption and the higher the value, the higher will
be the contribution. The intercept (CII) values in stage IIwere
higher than the intercept (CI) values in stage I for both the
pesticides. Similarly, in general, C values were higher in
STA-mixed soil suggesting higher contribution of boundary
layer effect/surface adsorption (Pholosi et al., 2020).

3.3 Adsorption-Desorption Studies

Adsorption results suggested that soils showed varying capac-
ity to adsorb ATR and FIP and adsorption of both the pesti-
cides in all three soils decreased with increase in the pesti-
cides’ concentration in the soil solution. The STA enhanced
adsorption of both the pesticides; however, the effect varied
with soil types and STA content. The STA showed maximum
effect on ATR adsorption in the silty clay loam soil, where,
compared to the control (36.41–46.17%), adsorption in the 0.1
and 0.2% STA-mixed soils was 43.85–56.20% and 53.80–
73.27%, respectively. The maximum effect of STA on FIP
adsorption was observed in the sandy clay loam soil (control =
31.08–45.94%; STA (0.1%) = 54.77–66.53; STA (0.2%) =
64.80–68.47).

ATR/FIP adsorption data in the soil/soil + STA was fitted
to three adsorption isotherms (the Freundlich, the Langmuir,
and the Temkin; Supplementary Figs. C and D) and adsorp-
tion constants were calculated (Tables 3 and 4). Among the
three isotherms, the R2

Adj values for ATR adsorption were
nearly the same for the Freundlich and the Langmuir iso-
therms. However, among the Freundlich (KFads) and the
Langmuir (qm) adsorption constants, only the KFads values
for all the treatments were in agreement with the observed
Kd values that increased with increase in STA content in the
soils. Therefore, the Freundlich isotherm was chosen as the
best isotherm to explain the effect of STA on ATR and FIP
adsorption in the sugarcane soils.
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Fig. 1 Plots of pseudo-first-order (PFO), pseudo-second-order (PSO),
Elovich, and intraparticle diffusion (IPD) models for a–d atrazine and
e–h fipronil in the control and 0.2% sugarcane trash ash (STA)–mixed

silty clay loam soil. The qe is amount of pesticide adsorbed at equilibrium
(µg g-1), qt is amount of pesticide adsorbed (µg mL-1) at time t (h)
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The Freundlich constant KFads, a measure of adsorp-
tion at 1 μg mL−1, for ATR and FIP in all three soils
increased in STA-mixed soils. The KFads values for ATR
in the control (no ash), 0.1, and 0.2% STA-mixed silty
clay loam, sandy clay loam, and loam soils were 1.49,
2.16, and 3.18; 2.01, 2.40, and 2.94; and 2.65, 2.93, and
3.78, respectively. The maximum effect of STA was ob-
served in the silty loam soil. The KFads values for FIP in
the control, 0.1, and 0.2% STA-mixed silty clay loam,
sandy clay loam, and loam soils were 1.95, 2.36, and
2.63; 1.66, 4.08, and 6.55; and 2.37, 5.74, and 5.68,
respectively. Thus, among the two pesticides, FIP was
more adsorbed in the soils. It can be attributed to its
lower water solubility and higher Kow as adsorption is
inversely related to water solubility and directly correlat-
ed to Kow (Giori et al., 2014).

The Freundlich constant 1/nads is a measure of the intensity
of adsorption as well as the effect of the pesticide concentra-
tion on sorption. In general, 1/nads values were < 1 suggesting
that adsorption of ATR (0.56–0.77) and FIP (0.32–1.01) in
soil/soil +S TA followed the L-type of adsorption isotherm.

Reversibility of adsorption helps in assessing the net
amount adsorbed and the amount available for leaching and
degradation. Desorption of ATR and FIP in all three sugar-
cane growing soils was studied at the lowest and the highest
concentration after adsorption. The STA reduced desorption
of both pesticides; however, the effect varied with the type of
soil and the concentration and nature of pesticide. No FIP
desorption was observed at the lower concentration, both from
the control and STA-mixed soils. The 0.2% STA reduced the
amount of FIP desorbed at the higher concentration by ~ 70%.
Compared to FIP, ATR was more desorbed, and desorption

Table 3 Adsorption constants for atrazine adsorption in the sugarcane trash ash (STA)–mixed soils

Model Parameters Silty clay loam Sandy clay loam Loam

Control STA (0.1%) STA (0.2%) Control STA (0.1%) STA (0.2%) Control STA (0.1%) STA (0.2%)

Linear Kd 1.03 1.41 1.86 1.15 1.09 1.15 1.89 2.13 2.56

Koc 164.32 222.27 290.64 143.48 134.74 140.91 251.19 279.53 332.08

Freundlich KF 1.49 2.16 3.18 2.01 2.40 2.94 2.65 2.93 3.78

1/nads 0.77 0.76 0.59 0.71 0.56 0.51 0.76 0.76 0.56

R2 0.999 0.998 0.998 0.983 0.981 0.951 0.999 0.996 0.969

R2Adj 0.999 0.997 0.997 0.977 0.975 0.935 0.999 0.995 0.959

Langmuir Q0 7.81 10.15 6.62 9.01 5.99 6.29 10.87 10.64 5.92

KL 0.25 0.28 1.04 0.30 0.75 1.02 0.35 0.40 1.88

R2 0.997 0.999 0.986 0.998 0.999 0.996 0.997 0.999 0.949

R2Adj 0.996 0.999 0.981 0.997 0.999 0.995 0.996 0.999 0.932

Temkin bTem 1.51 1.83 1.75 1.60 1.39 1.38 2.22 1.87 1.75

ATem 3.01 3.81 7.36 4.10 6.74 10.02 3.94 5.58 10.37

R2 0.958 0.978 0.949 0.995 0.993 0.982 0.954 0.976 0.867

R2Adj 0.944 0.971 0.932 0.993 0.991 0.976 0.939 0.968 0.823

Kd is the partition coefficient (mL g−1 ); Koc is pesticide adsorption normalized to organic carbon content

KF, 1/nads, Q0, KL, bTem, ATem, R
2 , and R2 Adj are the constants

Table 2 Kinetics rate constants for atrazine and fipronil in the control and 0.2% sugarcane trash ash (STA)–mixed silty clay loam soil

Treatment Pseudo-first-order Pseudo-second-order Elovich

qe,exp qe,calc k1 R2Adj qe,exp qe,calc k2 R2
Adj αE βE R2Adj

Atrazine
Control 3.72 1.23 0.11 0.754 3.72 3.74 0.41 0.999 0.25 4.79 0.906
STA (0.2%) 5.28 2.64 0.08 0.782 5.28 5.31 0.13 0.994 0.80 1.88 0.961

Fipronil
Control 1.66 1.01 0.11 0.856 1.66 1.73 0.25 0.999 1.72 2.84 0.854
STA (0.2%) 2.79 1.28 0.16 0.878 2.79 2.81 0.97 1.000 0.44 3.31 0.790

qe,exp is the expected amount of pesticide adsorbed (μg g−1 )

qe,calc is the calculated amount of pesticide adsorbed (μg g−1 )

k1, k2, αE, βE, and R2 Adj are the constants
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was more at the higher ATR concentration. Except loam soil,
where ATR desorption was more in the 0.2% STA-mixed soil,
higher STA levels reduced ATR desorption. The higher ATR
desorption can be attributed to its higher aqueous solubility
and lower Kow than FIP.

The desorption data fitted well to the Freundlich isotherm
(Table 5; Figs. 2 and 3) and the KFdes values for ATR and FIP
in all three soils were higher in STA-mixed soils and increased
with increase in STA content. The KFdes values for ATR were
higher for desorption at the higher ATR concentration than at
the lower concentration. These results suggested that the net
amount of ATR retained in the soil/soil + STAwas more at the
higher concentration as well as in soils mixed with 0.2% STA.
The 1/ndes values were lower than the 1/nads values in the
respective treatments, indicating that the rate of desorption
was less than the rate of adsorption.

3.4 Thermodynamic Studies

The effect of STA on change in the free energy (ΔG) for ATR
and FIP adsorption was calculated using the equationΔG = −
RT lnKF. TheΔG values for ATR and FIP varied in the range
of − 0.424 to − 1.408 and − 0.538 to − 1.988 KJ mol−1, re-
spectively (Supplementary Table C). The negativeΔG values
suggested that the process was exothermic and spontaneous.
In general, values were higher for FIP suggesting faster ad-
sorption of FIP than ATR. The values increased with increase
in STA content in all soils, suggesting that adsorption was
more favourable in STA-mixed soils and ease of adsorption
increased with increase in STA content.

4 Discussion

Sugarcane is the third most important crop that contrib-
utes to on-farm burning of crop residues in India and an
estimated 16.8–28.2 Mt per year sugarcane trash is burnt
(Jain et al., 2014). The ash generated in the field as a
post-harvest cleaning technique of land has alkaline pH
due to the presence of carbonates of alkali and alkaline
earth metals. The STA is highly porous and has high
surface area fractions and might affect the adsorption of
the pesticides that are applied in the sugarcane crop
grown in fields after burning of trash. The PSO model
best explained the adsorption kinetics suggesting that ad-
sorption was limited by the availability of adsorption
sites (Liu, 2008) and STA provided additional sites for
pesticide adsorption. The IPD graph suggested that the
pore diffusion was not the sole rate-limiting step and
surface adsorption too attributed to the adsorption kinet-
ics. Mass transfer predominated during the first stage
while intraparticle diffusion was the rate-controlling step
during the second stage.

Mixing STA in three sugarcane growing soils enhanced
adsorption of both pesticides; however, the extent of in-
crease varied. The Freundlich adsorption isotherm best ex-
plained the adsorption of ATR and FIP in STA-mixed soils.
ATR adsorption in STA-mixed soils followed the order
silty clay loam > loam > sandy clay loam. Compared to
control silty clay loam soils, STA resulted in nearly twofold
increase in the KFads for ATR. However, FIP adsorption in
STA-mixed soils followed the order sandy clay loam >

Table 4 Adsorption constants for fipronil in the sugarcane trash ash (STA)–mixed soils

Model Parameters Silty clay loam Sandy clay loam Loam

Control STA (0.1%) STA (0.2%) Control STA (0.1%) STA (0.2%) Control STA (0.1%) STA (0.2%)

Linear Kd 1.91 2.80 2.53 1.39 4.34 7.34 2.69 6.99 5.23

Koc 305.60 442.34 394.07 174.31 537.84 901.72 356.23 917.32 679.61

Freundlich KF 1.95 2.36 2.63 1.66 4.08 6.55 2.37 5.74 5.68

1/nads 0.34 0.38 0.32 0.63 0.75 0.92 0.52 0.68 1.01

R2 0.993 0.997 0.985 0.977 0.984 0.977 0.979 0.997 0.986

R2Adj 0.991 0.996 0.980 0.969 0.979 0.969 0.972 0.996 0.981

Langmuir Q0 1.7 1.61 2.17 2.38 4.24 7.87 1.89 3.97 10.85

KL 22.19 22.46 15.30 1.75 2.13 1.17 7.04 4.82 0.47

R2 0.979 0.969 0.998 0.994 0.978 0.963 0.974 0.998 0.988

R2Adj 0.972 0.959 0.997 0.992 0.971 0.951 0.965 0.997 0.984

Temkin bTem 0.32 0.38 0.45 0.50 0.96 1.29 0.51 0.89 1.05

ATem 200.27 162.65 172.07 18.60 21.21 18.78 44.23 47.12 17.03

R2 0.992 0.968 0.998 0.985 0.939 0.884 0.910 0.975 0.985

R2Adj 0.989 0.957 0.997 0.980 0.919 0.845 0.880 0.967 0.980

Kd is the partition coefficient (mL g−1 ); Koc is pesticide adsorption normalized to organic carbon content

KF, 1/nads, Q0, KL, bTem, ATem, R
2 , and R2 Adj are the constants
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loam > silty clay loam. The KFads in STA-mixed sandy clay
loam and loam, compared to the control, showed 4- and
2.5-fold increase, respectively. The effect of STA was more
on FIP adsorption than on ATR and the KFads-FIP in the
sandy clay loam and loam soils was nearly 1.5 to 2.2 times
higher than the KFads-ATR in respective soil. The 1/nads
values for ATR in STA-mixed soils decreased with in-
crease in the pesticide concentration, suggesting that ad-
sorption was limited by the availability of adsorption sites.
However, 1/nads values for FIP increased with increase in
the concentration, suggesting multilayer pesticide

adsorption. The STA decreased desorption of both pesti-
cides, indicating hysteresis (H = 1/ndes/1/nads). The H < 1
indicates that the rate of desorption is slower than the rate
of adsorption (positive hysteresis), while H > 1 indicates
negative hysteresis. The H values in the silty clay loam,
sandy clay loam, and loam soils varied between 0.13 and
0.47, 0.21 and 1.21, and 0.01 and 0.55, respectively. Thus,
except control sandy clay loam soil, where negative hyster-
esis was observed, positive hysteresis was observed in the
rest of the treatments. Decrease in the rate of desorption in
STA-mixed soils can be explained by the entrapment of the
pesticide molecules in micropores present in the unburnt
carbon fractions of STA.

The OC content is an important soil component that affects
pesticide adsorption. Previous reports suggested that the OC
content greatly affected ATR and FIP adsorption (Celis et al.,
1997; Ying and Kookana, 2001; Spomer and Kamble, 2010;
Singh et al., 2016). If OC content is the sole factor responsible
for the adsorption, the Koc values among different treatments
should be the same. However, the Koc values among different
treatments in all three soils varied (Tables 3 and 4). The max-
imum increase in the Koc was observed in the silty clay loam
for ATR and the sandy clay loam for FIP, where, compared to
the control, the Koc in the 0.2% STA-mixed soils increased by
~ 2 (ATR) to 5 (FIP) times. Probably it is not the OC content,
but the increase in the surface area and porosity in STA-mixed
soils might have resulted in the higher ATR and FIP adsorp-
tion. Except for the loam soil, both adsorption (KFads) and
desorption (KFdes) constants for ATR and FIP correlated well
with STA content in the soils (Supplementary Table D).
Variation in the extent of STA’s effect on adsorption-
desorption behaviour of pesticides in soils might be due to
their varying properties (pH, EC, clay content, etc.). Mixed
reports are available for the effect of pH on ATR adsorption.
Some reports suggested decrease in ATR adsorption with in-
crease in pH (Liu et al., 1995; Yue et al., 2017), while Clay
et al. (1988) observed no effect of soil pH. Singh et al. (2016)
observed no effect of soil pH on FIP adsorption, while in-
crease in soil EC reduced adsorption. Earlier reports suggested
that the ashes increased pesticide adsorption in soils and at-
tributed it to the high surface area and porous unburnt carbon
fraction content (Yang and Sheng, 2003; Hiller et al., 2007,
2009; Cui et al., 2009; Loganathan et al., 2009; Giori et al.,
2014; Garba et al., 2018; Kumar and Singh, 2020). ATR can
interact both specifically (H-bonding and charge-transfer in-
teractions) and non-specifically (hydrophobic-like
interactions and partition) with humic substances/
carbonaceous materials (Mandal et al., 2017). However, no
information is available on FIP adsorption mechanism, the
interaction between the functional groups in carbonaceous
surface and functional groups (amino, sulfonyl, cyano) of
FIP, as well as the hydrophobic nonpolar fractions, might be
paying a role in adsorption.

Table 5 Freundlich parameters for desorption of atrazine and fipronil
from the sugarcane trash ash (STA)–mixed soils

Parameters Control STA (0.1%) STA (0.2%)

Lower Higher Lower Higher Lower Higher

Atrazine

Silty clay loam

KF 1.09 2.66 1.23 3.14 1.78 4.46

1/ndes 0.34 0.30 0.10 0.36 0.17 0.26

R2
Adj 0.925 0.955 0.933 0.959 0.828 0.961

Hysteresis (H) 0.44 0.33 0.13 0.47 0.29 0.26

Sandy clay loam

KF 2.16 2.69 2.41 3.60 2.94 3.92

1/ndes 0.86 0.37 0.25 0.16 0.13 0.15

R2
Adj 0.977 1.00 0.968 0.971 0.963 0.959

Hysteresis (H) 1.21 0.53 0.44 0.21 0.26 0.29

Loam

KF 1.78 4.28 1.14 3.93 2.65 5.42

1/ndes 0.32 0.28 0.01 0.29 0.31 0.16

R2
Adj 0.971 0.999 0.989 0.992 0.995 0.993

Hysteresis (H) 0.42 0.37 0.01 0.38 0.55 0.29

Fipronil

Silty clay loam

KF – 1.53 – 1.74 – 1.92

1/ndes – 0.10 – 0.04 – 0.03

R2
Adj – 0.954 – 0.904 – 0.967

Hysteresis (H) – 0.09 – 0.05 – 0.02

Sandy clay loam

KF – 1.38 – 2.47 – 2.91

1/ndes – 0.04 – 0.04 – 0.02

R2
Adj – 0.909 – 0.875 – 0.999

Hysteresis (H) – 0.06 – 0.05 – 0.02

Loam

KF – 1.95 – 2.59 – 2.14

1/ndes – 0.05 – 0.04 – 0.02

R2
Adj – 0.832 – 0.856 – 0.954

Hysteresis (H) – 0.09 – 0.05 – 0.02

KF, 1/nads, and R2
Adj are the constants
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Earlier, Carter et al. (1995) suggested that physical ad-
sorption and partition are the predominant mechanism of
adsorption, if the ΔG is > 40 KJ mol−1, while surface
adsorption is predominant at < 40 KJ mol−1. The ΔG
values for ATR and FIP are < 2 KJ mol−1, suggesting that

surface adsorption was the major adsorption mechanism.
Contribution of the partition and surface adsorption to
ATR and FIP adsorption in the soil/soil + STA in all three
soils was quantified as suggested by Zhu and Chen
(2000), following Eqs. (8)–(10):
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Fig. 2 Freundlich isotherms for atrazine adsorption-desorption in the
control, 0.1, and 0.2% sugarcane trash ash (STA)–mixed a–c silty clay
loam soil, d–f sandy clay loam, and g–i loam soils. The qe the amount of

pesticide adsorbed at equilibrium (µg g-1), Ce is the the concentration of
pesticide in solution at equilibrium (µg mL-1)
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QT ¼ QA þ QP ð8Þ
QP ¼ KOC: f OC:Ce ð9Þ
QA ¼ KC1=n

e −KOC: f OC:Ce ð10Þ

where QT (μg g−1) is the total amount of pesticide
adsorbed; QP (μg g−1) is the pesticide adsorption amount
generated by partition; QA (μg g−1) is the adsorption
amount of pesticide generated by the surface adsorption;
KOC (mL g−1) is the partition coefficient normalized to the

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

-2 -1 0

L
og

 q
e 

(µ
g 

g-1
)

(a) Control

Ads

Des 1.25 PPM

-0.4

-0.2

0

0.2

0.4

-2 -1 0

(b) STA (0.1%)

0

0.1

0.2

0.3

-2.2 -1.2 -0.2

(c) STA (0.2%)

-0.6

-0.4

-0.2

0

0.2

-2 -1 0

L
og

 q
e 

(µ
g 

g-1
)

(d) Control

-0.4

-0.2

0.0

0.2

0.4

0.6

-1.5 -1 -0.5 0

(e) STA (0.1%)

-0.4

-0.2

0

0.2

0.4

0.6

-2.2 -1.2 -0.2

(f) STA (0.2%)

-0.4

-0.2

0

0.2

0.4

-2 -1 0

L
og

 q
e 

(µ
g 

g-1
)

Log Ce (µg mL-1)

(g) Control

-0.4

-0.2

0

0.2

0.4

0.6

-2 -1 0
Log Ce (µg mL-1)

(h) STA (0.1%)

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

-2.2 -1.2 -0.2
Log Ce (µg mL-1)

(i) STA (0.2%)

Fig. 3 Freundlich isotherms for fipronil adsorption-desorption in the con-
trol, 0.1, and 0.2% sugarcane trash ash (STA)–mixed a–c silty clay loam
soil, d–f sandy clay loam, and g–i loam soils. The qe is the amount of

pesticide adsorbed at equilibrium (µg g-1), Ce is the concentration of
pesticide in solution at equilibrium (µg mL-1)
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OC content. The graphs between QT, QP, and QA with the
Ce for ATR (Fig. 4) and FIP (Fig. 5) suggested that both
surface adsorption and partition processes attributed to the
adsorption in the soil/soil + STA; however, the contribu-
tion varied among the treatments. At lower equilibrium

concentration, the ATR adsorption process in the soils
was dominated by the surface adsorption; however, with
increase in the equilibrium concentration, surface adsorp-
tion reached saturation and the adsorption process was
dominant by the partition. The STA did not show any
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Fig. 4 The contribution of partition and surface adsorption to atrazine
adsorption in the control and 0.1 and 0.2% sugarcane trash ash (STA)–
mixed a-c silty clay loam, d-f sandy clay loam, and g-i loam soils. The Ce

is the concentration of atrazine in solution at equilibrium (µg mL-1), Qt is

the total adsorption amount of atrazine, Qp is the atrazine adsorption
amount generated by partition, and Qa is the atrazine adsorption amount
generated by surface adsorption

1273J Soil Sci Plant Nutr (2021) 21:1263–1276



effect on adsorption process mechanism. Compared to
ATR adsorption, the surface adsorption played an impor-
tant role in FIP adsorption and variation among the soils
was observed. FIP adsorption in the silty clay loam soil

was mainly attributed to surface adsorption and its role
increased in STA-mixed soils. It was followed in the loam
and the sandy loam soil as far as dominance of surface
adsorption on FIP is concerned. Effect was maximum at
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Fig. 5 The contribution of partition and surface adsorption to fipronil
adsorption in the control and 0.1 and 0.2% sugarcane trash ash (STA)–
mixed a-c silty clay loam, d-f sandy clay loam, and g-i loam soils. The Ce

is the concentration of pesticide in solution at equilibrium (µg mL-1),Qt is

the total adsorption amount of fipronil, Qp is the fipronil adsorption
amount generated by partition, and Qa is the fipronil adsorption amount
generated by surface adsorption
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lower concentrations and partition mechanism became
dominating with increase in the pesticide concentration
and STA content.

5 Conclusions

Burning of crop residues for land clearing after harvesting
the crops is a common practice followed by farmers. Crop
residue ashes contain high surface area unburnt carbon;
therefore, they have the ability to adsorb pesticides and
mixing these ashes in the soils can affect the fate of pes-
ticides applied after burning. The present study evaluated
the effect of sugarcane trash ash (STA) on atrazine (ATR)
and fipronil (FIP) adsorption kinetics and adsorption be-
haviour in three sugarcane growing soils. The STA in-
creased adsorption and decreased desorption of ATR and
FIP in all three soils; however, the effect varied with the
soil type and amount of STA mixed. Results indicated
enhanced retention of ATR and FIP in STA-mixed soils;
therefore, it might affect the subsequent degradation and
leaching behaviour of both pesticides in the soils. The
study has implications in assessing the fate of these pes-
ticides applied in sugarcane fields, where trash is burnt
year after year and STA is mixed in the soil. This process
might have cumulative effect on the fate of pesticides
applied in such soils. However, findings of the present
study cannot be extended to results obtained in the field
situation; therefore, a field study may provide a better
estimate.
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