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Abstract
Purpose Soil organic carbon enrichment by addition of organic amendments (OAs) is a common agricultural and gardening
practice. Such amendments can cause ambiguous environmental effects; it could enhance the sorption of pesticides by increasing
soil organic carbon content, and on the contrary, dissolved organic matter (DOM) from OAs could facilitate their leaching. This
study evaluated the influence of OAs, mixed waste compost, and dried goat organic manure on the sorption of organophosphates,
dichlorvos, and chlorpyrifos.
Materials and methods Soil (15 cm depth) was collected from an agricultural field and stored. Dissolved organic matter (DOM)
extracted from the amendments and the amended soils was characterized by fluorescence spectroscopy and Fourier transform
infrared spectroscopy (FT-IR). Initially, studies were carried out to evaluate the effect of DOM from organic amendments (OA-
DOM) and dissolved humic acids (HAs) as model DOM on the sorption of selected pesticides. In the later part, OAs (2.5 and 5%
w/w) were added to the soil, and sorption experiments were carried out using amended soil to understand the combined effects of
insoluble and soluble organic carbon fraction. As dichlorvos sorption was found to be very low, desorption experiments were
conducted only for chlorpyrifos using 0.01 M CaCl2 and DOM solutions.
Results and discussion The spectroscopic characterization of OA-DOM revealed that it mainly contained large amounts of highly
humified and aromatic material. OA-DOM and HAs had a similar effect on pesticide sorption leading to a slight but not
significant increase in dichlorvos sorption while a substantial reduction in chlorpyrifos sorption was observed. Surface tension
analysis highlighted that OA-DOM and HAs might have caused greater solubilization of chlorpyrifos, thus reducing sorption.
Further, it also promoted greater desorption of adsorbed chlorpyrifos. These results seem to be related to the humified and
aromatic nature of OA-DOM and HAs, determining the interactions between hydrophobic chlorpyrifos and DOM. On the
contrary, the addition of OAs to soil promoted greater chlorpyrifos and dichlorvos sorption, but a clear correlation between
increase in soil organic carbon and pesticide sorption could not be established.
Conclusions The study highlighted that the net effect of OA application was an increase in pesticide sorption that depended on the
nature of DOM and pesticide properties. The interactions of hydrophobic chlorpyrifos with DOM can lead to a significant
reduction in sorption to such an extent that the sorption in the presence of substantial DOM concentration can be less than the
sorption without it.

Keywords Dissolved organic matter (DOM) . Organic
amendments (OAs) . Organophosphates . Pesticide sorption

1 Introduction

Pesticides applied to the agricultural fields can leach into the
groundwater and also reach lakes, rivers, etc. through surface
runoff. Naturally occurring sorption process especially by the
soil colloidal fraction can attenuate these losses. Soil organic
matter, and specifically humic substances, is the primary ad-
sorbent for pesticides (Cox et al. 2000). Hence, soil with low
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organic matter may result in high pesticide mobility. Addition
of organic amendments (OAs) and organic waste recycling
such as compost amendment are common practices to enrich
soils with low organic matter and also to increase structural
stability. Studies have been conducted to prove the benefits of
OAs in preventing pesticide losses by runoff or leaching
(Albarrán et al. 2004; Yu et al. 2009). In addition, OAs can
also bring about changes in pesticide degradation and move-
ment in soils, depending on the type of the OAs and their
effect on soil microbial activity (Pan et al. 2008).

Recent studies have shown that the addition of organic
wastes can bring about modification in water retention capac-
ity (Chalhoub et al. 2013), hydraulic conductivities (Schneider
et al. 2009), adsorption, biodegradation, and transport of or-
ganic contaminants such as pesticides (Pot et al. 2011;
Filipović et al. 2014). The incorporation of OA to soils intro-
duces dissolved organic matter (DOM) in addition to the solid
organic matter (Kalbitz et al. 2000; Cambier et al. 2014).
DOM is a mixture of diverse and complex compounds with
varied molecular weights and chemical structures that may
exert multiple interactions with organic pollutants, governing
their distribution in soils (Barriuso et al. 2011). Humic sub-
stances (HS) constitute the largest fraction of DOM and play
an important role in interacting with pesticides. In a study
conducted with two commercially available humic acids from
terrestrial and aquatic sources, it was reported that arsenite and
arsenate species bind to humic acids at all pH values
(Buschmann et al. 2006). In another study conducted on
triorganotin compounds with dissolved Aldrich and
Suwanee river humic acids, association of triorganotin com-
pounds (cations of biocides tributyltin and triphenyltin) with
dissolved humic acids was studied (Arnold et al. 1998). Both
of these studies highlighted the complexation and association
of humic substances with different cationic species. A previ-
ous study by Martin-Neto et al. (2001) explained the interac-
tive mechanism between herbicides such as atrazine and its
metabolite hydroxy atrazine with soil humic substances.
Studies have also been conducted to understand the interac-
tion of pesticides with humic acids from other sources in either
soil-water-pesticide or water-pesticide systems (Almendros
1995; Iglesias-Jiménez et al. 1997; Brigante et al. 2010;
Scaglia et al. 2016). Therefore, HS can be used as model
systems to explain the interactive mechanism between pesti-
cides and DOM (Prosen et al. 2007).

The extent to which DOM affects the sorption and transport
of organic pollutants is poorly understood due to some con-
troversial and contrary results. It has been reported that DOM
can lead to reduction in pesticide sorption because of the com-
petitive sorption for sites taking place between the pesticide
and the DOM. This reduction in pesticide sorption can also
occur as a result of interactions taking place between DOM
and pesticide in the soil-water systems (Graber et al. 2001;
Song et al. 2008; Cabrera et al. 2014) and moreover through

cumulative or cosorption of pesticides by DOM (Wang et al.
2010). Contrary to that, a study by Thevenot et al. (2008)
reported an increase in mobility of non-ionic pesticides in
the presence of DOM which can increase the risk of ground-
water contamination. On the other hand, some studies also
suggested that DOM had little or no effect on the adsorption
and desorption of herbicides (Spark and Swift 2002; Barriuso
et al. 2011). Such contradictory results could be due to differ-
ences in the nature of soils, DOM, and pesticide
characteristics.

The organophosphate pesticides (OPs) are used on a large
scale in agriculture, municipal hygiene, and domestic pest
control (Zheng et al. 2007). Some of these OPs are highly
toxic and used for pest control on a large scale. The wider
usage of OPs can cause serious concerns over food safety
and environmental pollution (Deng et al. 2015). Dichlorvos
(0,0-dimethyl-2,2-dichlorovinyl phosphate; C4H7Cl2PO4) and
chlorpyrifos [0,0-diethyl 0-(3,5,6-trichloro-2-pyridyl) phos-
phorothioate] are most commonly used OPs. Dichlorvos is a
relative low toxic OP and is generally applied in lawns, gar-
dens, and around homes to kill insects (Golash and Gogate
2012). It is capable of moving faster through soil into shallow
groundwaters and into surface waters through runoff and
eventually causing environmental damage (Calamari and
Zhang 2002; Zulin et al. 2002). Chlorpyrifos is also extensive-
ly used OP and it has phosphorus linked to a sulfur by a
double bond (P=S). Worldwide, it is used to control the attack
of chewing and sucking insects, pests, and mites on econom-
ically vital crops such as citrus fruits, vegetables, potatoes,
coffee, tea, cotton, wheat, rice, etc. (Thengodkar and
Sivakami 2010). OPs cause adverse effect on the human ner-
vous system by inhibiting activities of the enzymes, acetyl-
cholinesterase and cholinesterase, necessary for the efficient
neuron function and other process (Bai et al. 2009). These
pesticides can contaminate water sources such as lakes, ponds,
and groundwater leading to toxicity in humans, animals, and
birds.

Compost and farmyard manure such as goat organic ma-
nure are commonly used soil organic amendments. Goat or-
ganic manure is a very recognized OA in semi-arid regions
with tropical climate (Kihanda et al. 2004). Hence, it becomes
necessary to evaluate the effect of such OAs on pesticide
behavior in order to optimize their use. Moreover, the evalu-
ated sorption coefficients can be used for simulating transport
in organically amended soils or DOM containing soil-water
system in developed pesticide transport models (Gaonkar et
al. 2016a, b).

As such, to the best of our knowledge, no studies have been
carried out to evaluate the effects of DOM from mixed waste
compost and dried goat manure on the sorption of dichlorvos
and chlorpyrifos pesticides. Moreover, little work has been
reported on the effect of DOM on pesticide sorption consid-
ering both soil-water system as well as amended soils. The
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aim of the present study was to assess the influence of soil
organic amendments: mixed waste compost and dried goat
manure on the sorption of dichlorvos and chlorpyrifos empha-
sizing on the role of DOM. In the first phase of the study, the
extracted OA-DOMs were characterized and used to assess
the effect of DOM on sorption of selected organophosphate
pesticides in a soil-water system. Further, the influence of
humic acids, which act as model DOM on sorption of these
pesticides, was also evaluated. The latter phase focuses on the
effect of DOM on pesticide sorption when OAs were directly
added to the soil, incubated, and used to carry out pesticide
sorption studies. The outcome of this study would improve
our understanding on the influence of OAs on pesticide
leaching through the soil profile and provide information in
evaluating the risk of groundwater contamination in amended
soils. The results from this study are useful to comprehend the
sorption of pesticides that show non-linearity due to the pres-
ence of organic amendments. Further, a more realistic assess-
ment of environmental risk was performed by providing sorp-
tion coefficients at varying concentrations taking into ac-
counts the impact of DOC and soil organic carbon variations.
In the absence of this, the theoretical equation would be used
which is not capable to capture the added effect of new organ-
ic matter.

2 Materials and methods

2.1 Pesticides and other chemicals

Technical grade dichlorvos and chlorpyrifos of high purity
were procured from a local company. Stock solutions of
chlorpyrifos (1 g L−1) in methanol and dichlorvos
(5 g L−1) in distilled water were prepared. The working
solutions were freshly prepared by diluting with solution
containing 0.01 M CaCl2 as a background electrolyte
(methanol content < 1% for chlorpyrifos). High purity an-
alytical standards of dichlorvos and chlorpyrifos were pur-
chased from Sigma-Aldrich, USA, and used to prepare ex-
ternal standards for pesticide analysis. Solvents methanol
and n-hexane used were of HPLC grade procured from
Rankem, India. The physical and chemical properties of
the pesticides are as shown in Online Resource Table S1
(Electronic Supplementary Material).

2.2 Soil and organic amendments

The soil in this study was obtained from an agricultural field in
Ludhiana, Punjab where wheat and paddy were predominant
crops from 15 cm depth below the soil surface (root zone)
vertically by continuous coring. The area is occupied by
Indo-Gangetic alluvium and experiences tropical and semi-
arid climatic conditions. According to USDA textural soil

classification method, the collected soil is sandy soil (Soil
Science Division Staff 2017). The soil can be classified as
alluvial soil based on the classification by Indian council
for agricultural research (Bhattacharyya et al. 2013). The
soil collected was air-dried to a constant mass, sieved (<
2 mm), and stored for subsequent studies. The soil was
checked for any background pesticide contamination
which was found to be below detectable limit. The soil
characteristics such as bulk density, specific gravity, poros-
ity, pH, permeability, cation exchange capacity (CEC), %
fractions were determined as per standard methods men-
tioned in Bureau of Indian Standards (BIS 1987). Soil pH
were measured in a 1:5 (w/w) soil/deionized water mixture
and the soil organic carbon content was determined by
Shimadzu TOC-TNM-SSM analyzer. The cation exchange
capacity (CEC) of soil was measured based on the ammo-
nium acetate (pH = 7) method. The physicochemical prop-
erties of the soil are listed in Online Resource Table S2
(Electronic Supplementary Material).

Sodium salt of humic acid (HA) containing 50 to 60%
humic acids was purchased from Acros Organics and used
as a model DOM. Two organic amendments were selected
for this study, a compost (C) from mixed wastes (46%
vegetable waste, 27% dewatered septage, 11% wood chips,
8% food waste, 4% each of coir pith and cow dung) from a
local composting facility and dried goat organic manure
(OM) from a nearby farmyard. The two OAs (C and OM)
were added to 5 kg of air-dried and sieved (< 2 mm) natural
soil (S) sample (2.5 and 5% w/w on a dry basis) and mixed
thoroughly. The amended soil was incubated for 45 days at
ambient temperature conditions (26.4 ± 1.9 °C) in the ab-
sence of sunlight before use. The moisture content (70% of
field capacity) was maintained constant throughout this
incubation period by addition of distilled water as and
when necessary. After the incubation period, soils were
dried, sieved, and used for adsorption studies. The proper-
ties of the amendments and amended soils are listed in
Table 1.

Table 1 Properties of the amendments and amended soil

Amendments/amended soils pH OC (%) DOC (mg L−1)

S 8.52 0.7 ± 0.1 a 106.5 ± 2.5 a*

C 6.61 29.5 ± 0.5 354 ± 1.7

OM 8.67 14.4 ± 1.1 620 ± 17.1

S + 2.5% C 8.2 0.9 ± 0.15 ab 129 ± 3.5 b

S + 5% C 7.96 1.05 ± 0.2 b 138 ± 2.5 b

S + 2.5% OM 8.53 0.82 ± 0.12 ab 136 ± 5.3 b

S + 5% OM 8.64 0.95 ± 0.13 b 137 ± 4.6 b

*Different letters indicate statistical significance when compared to con-
trol soil (p < 0.05)

568 J Soils Sediments (2019) 19:566–578



2.3 Pesticide sorption studies

Sorption studies were carried out using the equilibrium
batch method. Autoclaved soil of 5 ± 0.01 g was treated
with 100 mL of chlorpyrifos solutions with initial concen-
trations (C0) ranging from 0.1 to 10 mg L−1 or with 100 mL
of dichlorvos with C0 of 0.25 to 100 mg L−1 in 0.01 M
CaCl2 solutions. During the first phase of the study, the
first set of sorption experiments was carried out using dif-
ferent HA concentrations as background solutions instead
of 0.01 M CaCl2 to assess the effect of HA-DOM on pes-
ticides. In the second set of experiments, compost DOM
(C-DOM) and dried goat organic manure DOM (OM-
DOM) were used as background solutions to assess the
effect of OA-DOM on pesticides. Second phase of the
sorption studies was carried out using amended soils with
0.01 M CaCl2 as background solution. The details of the
batch sorption experiments are given in Table 2. The soil-
water suspensions were shaken at 25 ± 2 °C for 24 h in
glass conical flasks and then centrifuged at 10,000 rpm at
the same temperature. Initially, it was observed from the
kinetic sorption experiments that pseudo-equilibrium was
reached within 24 h and that no measurable degradation
occurred during this period (data not shown). Flasks con-
taining pesticide blanks, i.e., without soil and containing
only the pesticide dissolved in background solution, were
placed as degradation controls during the sorption
experiments.

In addition, blanks containing soil, but without pesticide
solution, were treated in the same way, as laboratory meth-
od blanks. Degradation controls, blanks, and replicate

samples were placed and analyzed with each round of sam-
ples for quality control. The collected samples were ex-
tracted with 10 mL of n-hexane solution in a standard sep-
arating funnel with Teflon stopper. The water layer was
decanted carefully and the supernatant was further extract-
ed twice with 5 mL of n-hexane. Finally, the extracted
samples were filtered through anhydrous sodium sulfate
to remove trace amounts of water. Preliminary extraction
methods were performed and good improvement efficiency
was found in multiple extractions with n-hexane. The ob-
tained recoveries were constant and greater than 90%.
Hence, no corrections for recovery were required. The ex-
tracted samples were analyzed by gas chromatograph (GC)
with electron capture detector (ECD), PerkinElmer Clarus
500 equipped with an auto-sampler, an on-column, split/
split less capillary injection system, and Elite-35 capillary
column (30 m × 0.53 mm × 0.5 mm film thickness). The
injector and detector temperatures were maintained at 250
and 350 °C, respectively. The GC oven temperature was
initially held at 100 °C for 2 min, then increased from 100
to 280 °C at a rate of 15 °C per min, and held at 280 °C for
2 min. One microliter of liquid samples was injected at a
split ratio of 1:10. The dichlorvos and chlorpyrifos peaks
were obtained at the retention times of 9.71 and 14.07 min,
respectively. The difference between initial concentration
(C0) and final concentration (Ce) is the amount of pesticide
sorbed (Cs). The mean value is reported in all the graphs
shown.

The entire reaction mixture in the conical flask was centri-
fuged after adsorption study and the supernatant was decanted
carefully. The amount of decanted supernatant was replaced

Table 2 Batch sorption experiments conducted

Sorption experiment number Pesticide concentration
range (mg L−1)

Background solution Sample name

Phase 1

1
(Effect of HA-DOM on pesticide sorption)

Dichlorvos
(0.25 to 100)
Chlorpyrifos
(0.1 to 10)

0.01 M CaCl2 (Control without DOM) S

100 mg L−1 HA-DOM S-100 HA

250 mg L−1 HA-DOM S-250 HA

500 mg L−1 HA-DOM S-500 HA

1000 mg L−1 HA-DOM S-1000 HA

2
(Effect of OA-DOM on pesticide sorption)

Dichlorvos
(0.25 to 100)
Chlorpyrifos
(0.1 to 10)

0.01 M CaCl2 (control without DOM) S

C-DOM S-CDOM

OM-DOM S-OMDOM

Phase 2

3
(Pesticide sorption in amended soils)

Dichlorvos
(0.25 to 100)
Chlorpyrifos
(0.1 to 10)

0.01 M CaCl2 (control-unamended soil) S

0.01 M CaCl2 (2.5% compost-amended) S-2.5% C

0.01 M CaCl2 (5% compost-amended) S-5% C

0.01 M CaCl2 (2.5% OM-amended) S-2.5% OM

0.01 M CaCl2 (5% OM-amended) S-5% OM
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with the same amount of 0.01 M CaCl2 and OA-DOM for
desorption studies. The flasks were then kept in an orbital
shaker to attain desorption equilibrium. After attaining pseudo
desorption equilibrium, sample was withdrawn from the con-
trolled flasks and analyzed for pesticide concentration.

2.4 Data analysis

Dichlorvos sorption data was found to fit to Langmuir (1918)
isotherm given by Eq. (1).

S ¼ qmaxbCe

1þ bCe
ð1Þ

qmax represents the maximum adsorption capacity and b rep-
resents the Langmuir constant.

The data from the chlorpyrifos sorption and desorption
experiments were fitted to the Freundlich equation represented
by Eqs. (2) and (3), respectively.

S ¼ K f Cn
e ð2Þ

D ¼ KfdCnd
e ð3Þ

where S and D (mg kg−1) are the amount of pesticide sorbed
and remaining sorbed per unit mass of adsorbent, respectively.
Ce (mg L−1) is the equilibrium concentration of pesticide in
solution and Kf or Kfd (mg1 − n kg−1 Ln) and n or nd are the
Freundlich sorption or desorption capacities and sorption or
desorption intensities, respectively. The Hysteresis index (HI)
was calculated as represented by Eq. (4).

HI ¼ nd=n ð4Þ

2.5 Characterization of DOM

Soil and the amendments were treated with a solution of
0.01 M CaCl2 (1:20 w/v) and shaken for 10–15 min at room
temperature for DOM extraction. The samples were then cen-
trifuged at 8000 rpm for 10 min and filtered with 0.45-μm
polycarbonate filters and stored at 4 °C until use. The dis-
solved organic carbon (DOC) in the extracted DOM samples
was measured using a Shimadzu Total Organic Carbon (TOC)
analyzer and absorption was measured at 254 nm with
SpectraMax M3 FL-Spectrophotometer. Using the DOC val-
ue and absorption data at 254 nm wavelength, specific UV
absorbance (SUVA) was calculated. Fluorescence spectra of
the DOM extracts were obtained at emission wavelengths
from 300 to 480 nm under excitation at 254 nm using a
SpectraMax M3 FL-Spectrophotometer. The sample extracts
were acidified with 2 N HCl (pH = 2) and the fluorescence
spectra were recorded to identify the possible interferences
due to protonated groups. In order to avoid the interferences
due to changes in concentrations, the samples were diluted

with double distilled water to bring the optical density below
0.1 cm−1. The fluorescence emission spectra obtained was
corrected by multiplying the fluorescence intensity with factor
eA, where A is the absorbance in cm−1 at the excitation wave-
length. The complexity and condensation of the organic mol-
ecules can be expressed in terms of Humification index (HIX)
defined by Eq. (5) (García-Jaramillo et al. 2014).

HIX ¼ ∑480
W1¼435IW1

∑345
W1¼300IW1

ð5Þ

where W1 is the wavelength (nm) and IW1 is the fluorescence
intensity at this wavelength. The HIX can be normalized and
can be expressed as Eq. (6):

NormalizedHIX ¼ ∑480
W1¼435IW1

∑480
W1¼435IW1 þ ∑345

W1¼300IW1
ð6Þ

DOM was extracted from OAs (1:20 extraction on a dry
mass basis) and analyzed by Fourier transform infrared spec-
troscopy (FT-IR). The extracts obtained were freeze dried and
analyzed using Perkin Elmer (PE) Spectrum 100 FTIR.

2.6 Statistical analysis

The differences in between the samples and under different
conditions compared to control were tested using a one-way
analysis of variance (ANOVA; Tukey’s test at 95% confidence
level). These analyses were carried out with SPSS 16.0.

3 Results and discussion

3.1 DOM characterization

The characterization of soluble organic matter from the soil
and amendments provides valuable information of its struc-
tural and functional properties and thus can help us in better
understanding of the pesticide–DOM interactions. The DOM
was characterized using fluorescence and Fourier transform
infrared (FTIR) spectroscopy.

Spectroscopic studies indicated the structural differences
between the amendments in addition to differences in the
DOC concentrations (Table 1). The maximum fluorescence
intensity for natural soil DOM, C-DOM, and OM-DOM was
observed at 375, 415, and 420 nm, respectively. The maximal
intensity at wavelengths greater than 400 nm (towards the red
region) indicated that the fluorescence for C-DOM and OM-
DOM was dominated by condensed molecules, presumably
aromatic, typical for humic materials (Zsolnay et al. 1999). It
can be compared to the fluorescence spectrum of HA-DOM
where the maximal intensity was located at 450 nm indicating
the highly aromatic nature.
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There was not much reduction in HIX and SUVA on acid-
ification of C-DOM and OM-DOM in comparison to HA-
DOM. Reduction in DOM fluorescence intensity by acidifi-
cation was mainly because of the withdrawal of electrons from
aromatic structures (ð-electron system) and changes occurring
in the spatial structure of DOM upon protonation. The strong
reaction to protonation of HA-DOM indicated a higher num-
ber of carboxylic groups. The SUVA and HIX of soil, OAs,
and amended soil are represented in Online Resource Fig. S1
(Electronic Supplementary Material). The value of HIX is
proportional to the increasing complexity of the organic com-
pounds, e.g., increasing number of aromatic rings, degree of
condensation and conjugation, as well as C/H ratio (Zsolnay
2003). The HIX values of the C-DOM (3.28) and OM-DOM
(3.36) indicated its complex and aromatic nature.

In the second phase of this study, a major change in the
fluorescence spectra of DOM extracts from the amended soils
was observed especially in the region 300–400 nm (Online
Resource Fig. S2, Electronic Supplementary Material). This
indicated a rapid soil adsorption of the DOC fraction fluoresc-
ing at lower wavelengths (less condensed and less humified
material) as observed by Cox et al. (2004). A large fraction of
highly complex and humified organic material remains in the
solution and is more stable to mineralization while having a
lower affinity for mineral surfaces than the smaller DOC mol-
ecules. In addition, DOC polymerization (humification) may
have also occurred which can be largely confirmed from the
increase in the spectral intensity in the red region. Overall, it
led to an increase in HIX of amended soils. There was no
significant change in the values of DOC extracted from the
soils amended with 2.5 and 5% OAs (p > 0.05) (Table 1),
suggesting that longer time may be needed for the DOC from
the amended soils to pass into the soil solution.

The FT-IR spectra (Fig. 1) revealed that OM-DOM has a
strong absorption band at 3325 cm−1 representing O–H
groups while the compost DOM spectra show a shallow and
slightly shifted band at 3188 cm−1, mainly associated with O–

H stretching of bonded and non-bonded hydroxyl groups. It
has also been associated with phenol, alcohol, carboxyl
groups, N-H amines, and amides (El Ouaqoudi et al. 2014).
The presence of phenol and carboxyl groups in C-DOM is
further supported by the band at 1406 and 1374 cm−1, which
is associated with the COO− stretching of carboxylic acids.
The stronger bands at 3325 and 1036 cm−1 suggest that
OM-DOM is abundant in oxygen containing functional
groups such as phenolic and carboxylic groups.
Hydrophobic organic compounds can be held in colloidal dis-
persion by hydrophilic sites such as carboxylic acid, phenolic,
and hydroxyl groups (Hassett and Anderson 1979). The low
intensity peaks at 2920, 2888, and 2851 cm−1 in both DOMs
indicate lower aliphatic moieties. In addition, for C-DOM, it
implied a decrease in low molecular weight carbohydrates
(amylose, etc.) and an increase of aromatic condensation with
the presence of recalcitrant biomolecules such as long chain
fatty acids and waxes (Wei et al. 2007; Smidt and Meissl
2007). The lower DOC extracted from C-DOM could be re-
lated to this part of the structure, richer in recalcitrant com-
pounds, and hydrophobic compounds such as lignin
(Thevenot et al. 2009). The band at 1611 cm−1 which has high
intensity in OM-DOM compared to C-DOM represents aro-
matic C=C in addition to C=O and C–N from ketones and
amides, respectively. Numerous bands were observed in the
range 480–1800 cm−1 in compost DOM and attributed to the
vibrations of the organic (proteins and polysaccharides) and
inorganic components (carbonates and silicates) (Kovac et al.
2002). A clear distinction between many of the peaks was
difficult because of the overlapping of bands in this region.

The FT-IR spectra revealed structural differences between
C-DOM and OM-DOM. The aromaticity of DOM determines
its association with hydrophobic contaminants (Uhle et al.
1999). These interactions between DOM and organic com-
pounds may be through hydrogen bonding, ion exchange,
van der Waals, hydrophobic bonding, and charge transfer
(Katagi 2006). Further studies are required to elucidate the

Fig. 1 FT-IR of the OA-DOM
and HA-DOM
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type of interactions associating DOM with the pesticides in
the soil-water mixture.

3.2 Effect of OA-DOM and HA-DOM on pesticide
sorption

The first phase of the sorption study was conducted in a sys-
tem consisting of OA-DOM and pesticides. It was observed
that dichlorvos sorption on natural soil was very low. A L-type
isotherm was observed which was attributed to a decrease in
site availability with increased dichlorvos concentration
(Fig. 2a, c). Only about 11 to 13% of dichlorvos was sorbed
at higher dichlorvos concentrations. The low sorption of di-
chlorvos in natural soil is due to its high solubility in water and
low soil organic carbon. The low sorption observed in the case
of dichlorvos did not allow us to obtain any desorption result.
The dichlorvos equilibrium sorption data was fitted using
Langmuir isotherm and the parameters are represented in
Table 3. On the other hand, hydrophobic chlorpyrifos was
strongly adsorbed to the soil and Freundlich isotherm was
found to be best fit for the equilibrium data. The sorption of

the selected pesticides was evaluated in the presence of OA-
DOM. It did not significantly affect dichlorvos sorption (p >
0.05) (Fig. 2a). C-DOM and OM-DOM marginally increased
dichlorvos sorption generally in the order S < S-OMDOM<
S-CDOM. Sorption in the presence of C-DOM was slightly
greater than OM-DOM only at higher dichlorvos
concentrations.

The increase in dichlorvos sorption in the presence of
DOM might be due to availability of more sorption sites.
The DOM undergoes sorption on to the soil providing addi-
tional sites and contributing to increase in the organic matter
content in the solid phase, facilitating dichlorvos sorption.
Organic carbon normalized adsorption capacity (Koc) values
tend to increase in the presence of DOM (Table 3). This effect
is probably more important for the hydrophilic pesticides
(Barriuso et al. 2011).

On the other hand, there was a substantial and significant
decrease in chlorpyrifos sorption in the presence of extracted
DOM in the order S > S-CDOM> S-OMDOM (p = 0.01) as
observed in Fig. 2b. As explained earlier, the humic acids or
humified fraction of DOM plays an important role in

Fig. 2 Effect of extracted DOMon equilibrium sorption of a dichlorvos, b chlorpyrifos and effect of humic acid concentration on equilibrium sorption of
c dichlorvos, d chlorpyrifos
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determining the sorption characteristics. This effect of OA-
DOM on pesticides can also be explained further by
conducting sorption experiments replacing OA-DOM in the
solution with HA-DOM.

The effect of humic acids on the sorption of selected
pesticides, dichlorvos, and chlorpyrifos is represented in
Fig. 2c, d, respectively. There was an overall increase in
dichlorvos sorption with increasing HA concentration sim-
ilar to observation made in the presence of OA-DOM. This
increase in dichlorvos sorption was significant when the
HA concentration increased beyond 250 mg L−1 and only
at higher dichlorvos concentrations. This can be confirmed
with an increase in Koc values with increasing HA concen-
trations at an equilibrium concentration of 50 mg L−1

(Table 3). On the contrary, in case of chlorpyrifos, a signif-
icant decrease in sorption was observed. There was a slight
decrease in chlorpyrifos sorption at HA concentrations up
to 250 mg L−1. But a substantial reduction was observed in
chlorpyrifos sorption when the HA concentration further
increased (p < 0.0001). However, no significant differences
in sorption were observed at very low chlorpyrifos

concentrations. Chlorpyrifos sorption (Kf values and calcu-
lated Koc values) for soil decreased in the presence of in-
creasing dissolved HA concentrations (Table 3), e.g., Koc

values were 20,621 without any HA addition, 13,080 with
100 mg L−1 HA, 11,999 with 250 mg L−1 HA, 6981 with
500 mg L−1 HA, and 5405 with 1000 mg L−1 at an equi-
librium concentration (Ce) of 1.5 mg L−1. The effective
sorption coefficients determined by considering the effect
of DOC may improve the prediction of contaminant trans-
port models.

The pesticide sorption characteristics are governed by pes-
ticide properties as well as the nature and source of DOM. In
this study, the selected pesticides have contrasting solubility
and polarity. Chlorpyrifos being a very hydrophobic
compound has a high affinity for the soil as well as DOM. A
study conducted by Huang and Lee (2001) using DOM from
poultry, swine, and cow waste-derived lagoon effluents ob-
tained similar results where a reduction in chlorpyrifos sorp-
tion was reported.

One of the possible reasons for reduced chlorpyrifos sorp-
tion and low Koc values at higher HA concentrations may be

Table 3 Adsorption isotherm parameters for pesticides in presence of HA and OA-DOM

Dichlorvos

Koc (mL g−1 of OC)

Soil qmax b R2 Ce = 0.5 Ce = 5 Ce = 50

(mg kg−1) (mg−1) (mg L−1) (mg L−1) (mg L−1)

Control with background solution of 0.01 M CaCl2 solution

S 388 ± 146.3 a* 0.113 ± 0.041a 0.955 5401.6 ± 178.7 a 3673.2 ± 307.5 ab 913 ± 274 a

Experiments with background solution of humic acids (HA)

S-100HA 660.8 ± 204.6 ab 0.065 ± 0.03 ab 0.964 5404.7 ± 450.1 a 4216.8 ± 131.6 ab 1382.7 ± 314.5 ab

S-250HA 915.78 ± 330.93 ab 0.031 ± 0.018 b 0.925 3566.4 ± 1085.8 c 3177.3 ± 858.8 a 1457.2 ± 410 ab

S-500HA 1448.41 ± 209.04 b 0.02 ± 0.003 b 0.994 3888.6 ± 167.8 b 3580.8 ± 134.3 ab 2005.9 ± 136.6 b

S-1000HA 1370.37 ± 548.1 b 0.029 ± 0.009 b 0.962 5207.1 ± 217.7 a 4616 ± 354.7 b 2203 ± 522.5 b

Experiments with background solution of OA-DOM

S-CDOM 429.8 ± 27.6 a 0.098 ± 0.01 a 0.963 5570.15 ± 74.64 a 3968.7 ± 447.5 ab 1077.22 ± 340.8 a

S-OMDOM 468.2 ± 184.1 a 0.097 ± 0.04 a 0.964 5697 ± 218.8 a 4013 ± 30 ab 1017 ± 47.2 a

Chlorpyrifos

Soil Kf n R2 Ce = 0.5 Ce = 1.5 Ce = 2.5

(mg1-nkg−1Ln) (mg L−1) (mg L−1) (mg L−1)

Control with background solution of 0.01 M CaCl2 solution

S 157.4 ± 1.56 a 0.787 ± 0.003 a 0.965 26,057.1 ± 262.6 a 20,621.24 ± 206.3 a 18,495.6 ± 189.25 a

Experiments with background solution of humic acids (HA)

S-100HA 100.97 ± 0.47 b 0.76 ± 0.01 a 0.981 17,052 ± 96 b 13,080 ± 128.9 b 11,563.24 ± 193.04 b

S-250HA 93.93 ± 1.9 c 0.72 ± 0.02 a 0.967 16,244.6 ± 139.5 c 11,999.2 ± 324.61 c 10,423 ± 371.5 c

S-500HA 53.58 ± 1.96 d 0.77 ± 0.01 b 0.972 8958.5 ± 271.1 d 6981.1 ± 282.42 d 6216.9 ± 283.03 d

S-1000HA 41.56 ± 0.9 e 0.77 ± 0.02 a 0.966 6971.1 ± 212.65 e 5405.81 ± 105.22 e 4803.5 ± 101 e

Experiments with background solution of OA-DOM

S-CDOM 140.61 ± 13.44 b 0.803 ± 0.05 a 0.972 23,051.54 ± 1424.5 b 18,537.2 ± 1497.8 ab 16,761.64 ± 2340.22 a

S-OMDOM 126.65 ± 6.03 b 0.804 ± 0.02 a 0.97 20,721.6 ± 1016.98 b 16,712.5 ± 439.16 b 15,123.7 ± 758.2 a

*Different letters indicate statistical significance when compared to control and the samples within the group (p < 0.05)
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the increase in apparent solubility of chlorpyrifos and can be
confirmed from the surface tension measurements at different
HA concentrations (Online Resource Fig. S3, Electronic
Supplementary Material). The surface tension of water was
significantly lowered in the presence of higher HA-DOM (p
< 0.02). A slight reduction in surface tension was also ob-
served in the presence of OA-DOM (data not shown). Often,
it has been reported that DOM and HAs have similar action as
surfactants, and hence, they have the ability to lower the sur-
face tension and increase the solubility of hydrophobic organ-
ic compounds (HOC) such as chlorpyrifos (Guetzloff and
Rice 1996; Cho et al. 2002). An increase in the apparent aque-
ous solubility of chlordane, DDT, PCBs, and chlorodioxins in
the presence of humic substances has been previously report-
ed (Chiou et al. 1987; Johnson-Logan et al. 1992). The re-
duced sorption may also be attributed to the complex forma-
tion of HAs with organic compounds or competitive sorption
(Williams et al. 2000; Flores-Céspedes et al. 2002). Moreover,
HA and DOM association with the soil surface may lead to
negative effect in terms of direct blockage of sorption sites for
chlorpyrifos by the sorbed HA and lead to some modification
of the surface characteristics resulting in decreased affinity for
the pesticide molecule. The probable mechanism in such case
may be that HA is bound to the soil through the hydrophobic
regions on its surface with the orientation of hydrophilic and
ionizable groups towards the solution phase. This would make
the soil/solution interface more hydrophilic leading to prefer-
ential sorption of water molecules instead of hydrophobic
compounds. Although the reduction in surface tension ob-
served pointed towards higher solubilization of chlorpyrifos
by DOM, the reduction in sorption as a result of other effects
or a combination of effects cannot be neglected. This was
because although DOM sorption was found to be low, but still
it was substantial and hence its effect cannot be ignored.
Keeping the initial DOC concentrations constant during the
experiments, HA-DOM was found to be least sorbed with 25
to 30% sorption. OM-DOM was sorbed about 36 to 39%
while C-DOM sorption on the soil was highest with 43 to
48% sorption.

3.3 Desorption experiments

Chlorpyrifos was strongly sorbed to the soil. Only about 15%
of the sorbed concentration was desorbed in a single desorp-
tion step with 0.01 M CaCl2 solution. When the desorption
was carried out in multiple steps, about 45% of the sorbed
concentration was desorbed in six steps (Online Resource
Fig. S4, Electronic Supplementary Material). The desorption
data was fitted by Freundlich isotherm and the parameters are
represented in Table 4. When the desorption was carried out
using 0.01 M CaCl2, the desorption capacity (Kdf) was lower
and hysteresis index (HI) was higher for a system containing
HA and chlorpyrifos compared to the system without HA

signifying relatively easy desorption in HA containing
systems.

Additionally, desorption experiments were also carried out
using HA-DOM to evaluate its potential to desorb the sorbed
chlorpyrifos molecules from the natural soil. Solutions con-
taining different HA concentrations were used to desorb the
initially sorbed CPF molecules (Online Resource Fig. S5,
Electronic Supplementary Material). The single step percent-
age of desorbed chlorpyrifos increased from 15 to 31% asHA-
DOM concentration increased from 100 to 1000 mg L−1.
Thus, there was a greater chlorpyrifos desorption from soil
by HA-DOM solution compared to 0.01 M CaCl2, as indicat-
ed by lower Freundlich desorption capacities (Kfd) (Table 4).
Chlorpyrifos exhibits strong partitioning onto soils from aque-
ous solutions because of its nonpolar behavior. The greater
capability of HA-DOM compared to 0.01 M CaCl2 in
desorbing chlorpyrifos from the soil agrees with the negative
effect of HA on chlorpyrifos sorption. As discussed earlier, the
stable interactions in solution between HA and chlorpyrifos or
by processes taking place at the soil/solution interface such as
competition for sorption sites on soil may lead to the greater
desorption observed. Similar findings were reported for her-
bicide desorption mainly attributed to competitive sorption
between DOM and pesticide without any resorption of the
herbicide on the adsorbed DOM (Businelli 1997). The HI
value for 0.01 M CaCl2 and DOM containing solutions was
close to 1, indicating that no hysteresis was observed in de-
sorption with these solutions.

OA-DOM characterized mainly by humified and complex
molecules led to a slight but not a significant increase in sorp-
tion of hydrophilic pesticide dichlorvos whereas it can lead to
significant reduction in sorption of hydrophobic pesticide
chlorpyrifos. The humified OA-DOM has similar effect on
pesticide sorption as that of dissolved HAs.

3.4 Effect of OA addition to soil on pesticide sorption
and desorption

In the latter phase, the OAs were mixed with the soil, incubat-
ed, and then sorption studies were conducted. The addition of
OAs can provide both insoluble and soluble carbon to the soil
system. Moreover, according to previous studies
(Gebremariam et al. 2012a, b; Tiwari and Guha 2012), the
strong adsorption of chlorpyrifos was strongly correlated only
to soil organic matter and not to any other soil properties. The
increase in dichlorvos sorption observed with the addition of
OAs was not significant (Fig. 3a). The adsorption increased in
the following order: S < S + 2.5% C = S + 5% C = S + 2.5%
OM < S + 5% OM. The isotherms obtained for dichlorvos
sorption in the amended soil were of L-type and followed
Langmuir isotherm. Although there was an overall increase
in sorption upon the addition of OAs, a clear correlation with
increasing OC content of the soil could not be established. The
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difference in the sorption observed between the OM and com-
post amended soil might be because of the different character-
istics of these OAs and their potential for providing additional
sites. The difference in dichlorvos sorption between amended
and unamended soil was observed only at high concentrations.
The isotherm parameters are represented in Table 5.

An increase in chlorpyrifos sorption was observedwith OA
addition to soil in the following order: S < S + 2.5% OM=
S + 2.5%C < S + 5%OM< S + 5%C. Addition of higher per-
centage of OAs (5%) significantly increased chlorpyrifos
sorption (p < 0.0001). Compost had a major effect on sorption

than OM probably because of higher soil OC content.
Contrary to dichlorvos, difference in sorption characteristics
between natural and amended soil was observed for chlorpyr-
ifos even at lower concentrations (Fig. 3b). These results were
contrary to the sorption results obtained in first phase soil-
water sorption studies in the presence of OA-DOM where a
reduction in sorption was observed. DOM released into solu-
tion from the amended soils could also have a similar effect on
chlorpyrifos. However, it should be noted that the DOC levels
in the amended soil were lower than those in the extracted
DOM solutions and this would reduce the DOM effects. The

Table 4 Freundlich desorption
isotherm parameters for pesticides
using different solutions

Chlorpyrifos desorption using 0.01 M CaCl2
Soil Kdf nd H R2

(mg1-nkg−1Ln)

S 187.16 ± 11.52 a 0.826 ± 0.016 a 1.05 ± 0.024 a 0.931

S-HA100 146.93 ± 3.96 b 0.792 ± 0.038 a 1 ± 0.046 a 0.91

S-HA250 139.8 ± 0.78 bc 0.85 ± 0.011 a 1.17 ± 0.043 a 0.901

S-HA500 124.3 ± 2.83 c 0.786 ± 0.03 a 1.02 ± 0.037 a 0.938

S-HA1000 117.04 ± 3.63 d 0.837 ± 0.018 a 1.09 ± 0.011 a 0.948

Chlorpyrifos desorption using HA-DOM

100 mg L−1 HA 169.33 ± 9.1 b 0.736 ± 0.02 a 0.935 ± 0.032 a 0.96

250 mg L−1 HA 106.8 ± 4.73 bc 0.736 ± 0.041 a 0.935 ± 0.051 b 0.953

500 mg L−1 HA 107.72 ± 3.19 c 0.77 ± 0.03 a 0.978 ± 0.035 a 0.925

1000 mg L−1 HA 114.42 ± 2.26 cd 0.812 ± 0.05 a 1.03 ± 0.07 ab 0.939

Chlorpyrifos desorption using OA-DOM

OM-DOM 171.53 ± 2.79 a 0.842 ± 0.006 ab 1.07 ± 0.005 ab 0.942

C-DOM 172.69 ± 9.9 a 0.86 ± 0.01 b 1.09 ± 0.01 b 0.95

*Different letters indicate statistical significance when compared to control and the samples within the group (p <
0.05)

Fig. 3 Sorption in amended soil for a dichlorvos, b chlorpyrifos
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addition of insoluble carbon fraction to the system also seems
to have impacted pesticide sorption. Moreover, in spite of an
increase in percentage of OA addition to soil, there was hardly
any change in the DOC concentration (Table 1). However,
repeated OA addition to soil in fields can lead to increase in
DOM concentration over time thus affecting chlorpyrifos
sorption. Thus, it appeared that although the overall effect of
OA addition to soil increases the soil organic carbon and
hence the pesticide sorption, the DOM interactions with hy-
drophobic chlorpyrifos can reduce sorption onto the soil. The
sorption can be reduced to such an extent that the sorption in
the presence of substantial concentration of OA-DOM can be
less than the sorption without it. Slight hysteresis was ob-
served in case of compost amended soil and at 5% OM
amended soil. In general, it can be stated that it was difficult
for chlorpyrifos to leach from amended soils compared to
unamended soils (Online Resource Table S3, Electronic
Supplementary Material).

4 Conclusions

The application of OAs, mixed waste compost, and dried goat
manure greatly influenced the soil sorption of the hydrophobic
pesticide such as chlorpyrifos. In addition, it also significantly
influenced the chlorpyrifos desorption and leaching from soil.
Only a slight impact was observed on hydrophilic pesticide
such as dichlorvos, leading to an increase in dichlorvos sorp-
tion mainly because of the additional sites provided by the
sorbing DOM and no interactions taking place between

DOM and dichlorvos. However, the OA-DOM characterized
by large humification index consisting mainly of complex and
condensed molecules of aromatic nature significantly de-
creased the chlorpyrifos sorption. The interactions between
DOM and hydrophobic chlorpyrifos mainly in the solution
and to some extent at soil/solution interface were the probable
reasons for the reduction in chlorpyrifos sorption. This effect
of OA-DOM was found to be similar to that caused by HA-
DOM on pesticide sorption because of aromatic nature of the
OAs. In agreement with the sorption results, chlorpyrifos de-
sorption was significantly increased by OA-DOM as well as
HA-DOM when compared to 0.01 M CaCl2 solution and no
hysteresis was observed.

The increased soil organic carbon content because of
amendment addition to soil increased retention of both the
pesticides. It appeared that, although the net effect of OA
application was an increase in pesticide sorption, interactions
between the OA-DOM and hydrophobic pesticide resulted in
some reduction in sorption that depended on the nature and
concentration of OA-DOM. Thus, it can be concluded that the
pesticide properties, nature and concentration of DOM were
the main factors determing the interactions taking place
between DOM and pesticide interactions thus governing the
pesticide sorption on a particular soil.

Evaluating the change in sorption characteristics in the
presence of OAs represents a valuable contribution to the un-
derstanding of the attenuation phenomena of the organic con-
taminants off-site migration in the environment. However,
non-equilibrium sorption is ought to be observed at the field
scale. The effects of DOM especially at the concentrations

Table 5 Adsorption of pesticides on organic amended soils

Dichlorvos

Koc (mL g−1 of OC)

Soil qmax b R2 Ce = 0.5 Ce = 5 Ce = 50

(mg kg−1) (mg−1) (mg L−1) (mg L−1) (mg L−1)

S 388 ± 146.3 a 0.113 ± 0.041a 0.955 5401.6 ± 178.7 a 3673.2 ± 307.5 a 913 ± 274 a

S + 2.5%C 486.11 ± 183.7 a 0.097 ± 0.06 a 0.959 4272 ± 314.2 c 3051 ± 259.2 ab 850.2 ± 264.7 a

S + 5%C 505.19 ± 181.8 a 0.076 ± 0.022 a 0.997 3605.1 ± 32.8 c 2725.5 ± 231.6 b 816.16 ± 222.63 b

S + 2.5%OM 415.5 ± 126.32 a 0.115 ± 0.05 a 0.962 4975.2 ± 293.2 b 3337.4 ± 236.8 abc 797.7 ± 195.4 a

S + 5%OM 459.26 ± 58.78 a 0.138 ± 0.024 a 0.981 6132.1 ± 337.7 d 3885.3 ± 79.4 ac 840.35 ± 86.2 a

Chlorpyrifos

Kf n R2 Ce = 0.5 Ce = 1.5 Ce = 2.5

(mg1-nkg−1Ln) (mg L−1) (mg L−1) (mg L−1)

S 157.4 ± 1.56 a 0.787 ± 0.003 a 0.965 26,057.1 ± 262.6 a 20,621.24 ± 206.3 a 18,495.6 ± 189.25 a

S + 2.5%C 182.13
± 4.22 b

0.85
± 0.01 a

0.972 22,511.3
± 663.2 b

19,014.2
± 375.96 ab

17,579.2 ± 283.95 a

S + 5%C 212 ± 11.26 c 0.79 ± 0.04 a 0.949 23,400.1 ± 660.92 bc 18,601.1 ± 1257.8 ab 16,724.1 ± 1442.02 ab

S + 2.5%OM 162.07 ± 5.39 a 0.69 ± 0.02 b 0.984 24,479.65 ± 604.5 c 17,440.3 ± 701.1 b 14,898.6 ± 743.3 b

S + 5%OM 201.45 ± 6.74 c 0.79 ± 0.04 a 0.988 24,494.25 ± 308.35 c 19,493.6 ± 933.5 ab 17,536.3 ± 1167.3 a

*Different letters indicate statistical significance when compared to control and the samples within the group (p < 0.05)
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used in this study are more relevant at a local scale depending
on its availability at short time–space scale. Fate and transport
simulation models of pesticides in the environment require
locally determined sorption values as input data and this study
provides a valuable contribution in that aspect. Moreover, this
study can help in improving and designing better management
strategies for the rate and timing of soil organic amendments
in the agricultural fields containing alluvial soil in the region
considered in this study.
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