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Fe/Al drinking water treatment residuals (WTRs), ubiquitous and non-hazardous by-products
of drinking water purification, are cost-effective adsorbents for glyphosate. Given that
repeated glyphosate applications could significantly decrease glyphosate retention by soils
and that the adsorbed glyphosate is potentially mobile, high sorption capacity and stability of
glyphosate in agricultural soils are needed to prevent pollution of water by glyphosate.
Therefore, we investigated the feasibility of reusing Fe/Al WTR as a soil amendment to
enhance the retention capacity of glyphosate in two agricultural soils. The results of batch
experiments showed that the Fe/Al WTR amendment significantly enhanced the glyphosate
sorption capacity of both soils (p < 0.001). Up to 30% of the previously adsorbed glyphosate
desorbed from the non-amended soils, and the Fe/Al WTR amendment effectively decreased
the proportion of glyphosate desorbed. Fractionation analyses further demonstrated that
glyphosate adsorbed tonon-amended soilswas primarily retained in the readily labile fraction
(NaHCO3-glyphosate). TheWTR amendment significantly increased the relative proportion of
the moderately labile fraction (HCl-glyphosate) and concomitantly reduced that of the
NaHCO3-glyphosate, hence reducing the potential for the release of soil-adsorbed glyphosate
into the aqueous phase. Furthermore, Fe/AlWTR amendmentminimized the inhibitory effect
of increasing solution pH on glyphosate sorption by soils and mitigated the effects of
increasing solution ionic strength. The present results indicate that Fe/Al WTR is suitable for
use as a soil amendment to prevent glyphosate pollution of aquatic ecosystems by enhancing
the glyphosate retention capacity in soils.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Glyphosate (N-[phosphonomethyl] glycine) is the world's
highest-selling herbicide due in part to the introduction of
du.cn (Yuansheng Pei).

o-Environmental Science
glyphosate-tolerant crops (Cuhra et al., 2013; Dill et al., 2008). In
recent years, glyphosate has been widely detected in surface
and ground waters (e.g. Abrantes et al., 2010; Aparicio et al.,
2013; Glozier et al., 2012; Sanchís et al., 2012; Van Stempvoort
s, Chinese Academy of Sciences. Published by Elsevier B.V.



Table 1 – Structure and chemical properties of glyphosate. a

Property Glyphosate

Structure

Molecular weight 169
logKow

b −2.8
Swc 12 g/L
pKa 2, 2.6, 5.6, 10
Half life in water 3.5–32 days
Half life in soil average 40 days (an average)
48 hr EC50 1.4–10.6 mg/L (Daphnia magna)

a Data obtained from Cuhra et al. (2013), Giesy et al. (2000),
Goldsborough and Brown (1993), Mallat and Barceló (1998).
b Octanol/water partition coefficient.
c Solubility in distilled water at 25°C.
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et al., 2014). Detailed investigations of the toxic effects of
glyphosate on non-target organisms, with particular focus on
chronic exposure to sub-lethal concentrations of glyphosate
and interactions between glyphosate and abiotic stressors,
suggest that glyphosate toxicity to non-target organisms such
as aquatic invertebrates may have previously been under-
estimated (Avigliano et al., 2014; Cuhra et al., 2013; Jones et al.,
2011; Soso et al., 2007). Given its widespread use, frequent
detection innaturalwaters, and the documented toxic effects of
sub-lethal glyphosate concentrations on chronically-exposed
non-target aquatic organisms, it is essential to effectively
mitigate environmental pollution by glyphosate.

Although glyphosate is typically regarded as having low
mobility in soils due to sorption, repeated glyphosate applica-
tions (e.g. 4 times), which are often necessary for acceptableweed
control (Askew and Wilcut, 1999), may significantly decrease
glyphosate retention by soils owing to the reduction of binding
sites (Barrett andMcBride, 2007; Shushkova et al., 2010). Repeated
applications may also prolong glyphosate persistence due to
decreased rates of biodegradation (Andréa et al., 2003), resulting
in glyphosate accumulation in soils and thereby increasing the
risk of soil-adsorbed glyphosate release to ground or surface
waters. In addition, the glyphosate adsorbed by soil particles
could be remobilized due to the decomposition of mulch (Aslam
et al., 2013), the application of phosphate (Bott et al., 2011),
the disruption of the soil-glyphosate sorption equilibrium
conditions by rainstorms (Gjettermann et al., 2011), etc. Thus, a
high glyphosate retention capacity for soils is in order to
prevent glyphosate contamination of aquatic systems adjacent
to intensive agricultural production systems. Using agricultural
andagro-industrialwastes as soil amendments can significantly
enhance the pesticide retention capacity of agricultural soils (Li
et al., 2009; López-Piñeiro et al., 2013; Yu et al., 2010; Zhang et al.,
2014).

Drinking water treatment residuals (WTRs) are a non-
hazardous byproduct of drinking water purification (Babatunde
and Zhao, 2007). Several million tons of WTR are annually
generated from drinking water treatment facilities in most
countries (Verlicchi and Masotti, 2001; Babatunde and Zhao,
2007). Iron and Al coagulants are widely used in drinking water
treatment facilities. Hence, many WTR are enriched in Fe/Al
hydroxides, as well as the humic materials and sediments
precipitated from the water supplies during treatment (Ippolito
et al., 2011). The high proportion of Fe/Al hydroxides within
WTR confers high sorption capacity for P (Makris et al., 2005),
hydrogen sulfide (Wang et al., 2013a), perchlorate (Makris et al.,
2006), As (Nagar et al., 2010) andmetals such as Cr, Pb, Hg and Se
(Babatunde and Zhao, 2007; Hovsepyan and Bonzongo, 2009;
Ippolito et al., 2009; Zhou and Haynes, 2011). Due to the strong
sorption capacities of Fe/Al WTR, they have been used to
mitigate environmental pollution in numerous applications.
Notably, Fe/Al WTR have been incorporated into sediments,
soils and substrates of constructed wetlands to effectively
manage P release from aquatic sediments and off-site transport
of P to surrounding aquatic systems, and to adsorb and
immobilize metals in polluted soils (Agyin-Birikorang et al.,
2009; Elkhatib et al., 2013; Sarkar et al., 2007; Wang et al., 2012,
2013b).

As for land application, Fe/Al WTR may be suitable as soil
amendments to buffer pH due to their high content of Fe/Al
hydroxides and humic substances, or as soil conditioners for
structural improvement mainly because of their alkaline
properties, or even as a soil substitute (Babatunde and Zhao,
2007; Dayton and Basta, 2001; Owen, 2002). Hu et al. (2011)
recently reported glyphosate sorption from aqueous solution
by Al-based WTR. Given the beneficial reuse of WTR as soil
amendments and their sorption capacity for glyphosate, Fe/Al
WTRs have great potential for use as soil amendments to
enhance the glyphosate retention capacity of agricultural
soils.

Therefore, the objective of this study was to investigate the
feasibility of using Fe/Al WTR as soil amendments to enhance
the glyphosate retention capacity in agricultural soils. We
hypothesized that: (1) soil amendment by Fe/Al WTR would
enhance the glyphosate sorption capacity of agricultural soils;
(2) amendment by Fe/Al WTR would stabilize soil-adsorbed
glyphosate, reducing the potential for release of soil-adsorbed
glyphosate into the aqueous phase; and (3) amendment by
Fe/Al WTR would minimize the effects of solution chemistry
(pH, ionic strength and composition of background electrolytes)
on glyphosate sorption by soils. Results of the present study
are anticipated to provide useful information related to the
productive re-use of WTR (e.g. as soil amendments in buffer
zones including agricultural drainage ditches and buffer strips)
to prevent the off-site transport of applied glyphosate to
surrounding aquatic systems.
1. Materials and methods

1.1. Sample collection and preparation

Glyphosate of 99.9% (v/v) purity was purchased from Sigma-
Aldrich (Taufkirchen, Germany). The physico-chemical proper-
ties of glyphosate are summarized in Table 1. The Te/Al-based
WTRs were collected from the Beijing City No. 9 Waterworks in
Beijing, China, which primarily treats surface waters from the
Miyun Reservoir. Iron and Al salts are the primary coagulants
using in thewater treatment process. Twoagricultural soilswith
different Fe and Al contents were selected for this study. The
first soil, denoted as TJ, was collected from a cornfield in Xiqing
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district, Tianjin City (39°06′42.3″N, 116°59′20.9″E). The second
soil, denoted as SD, was collected from a vegetable production
base in Shouguang City, Shangdong Province (36°55′15.31″N,
117°44′10.9″E). Both soil samples were collected from the
surface (0–20 cm) layer.

Fresh Fe/AlWTRand soil sampleswere air-dried to a constant
mass, gently crumbled and sieved through a 0.15 mm mesh
screen. Sub-samples of each soil and the Fe/Al WTR were
digested using HNO3, HCl and H2O2 (US EPA method 3050B),
and the resultant solutions were analyzed using an inductively
coupled plasma-atomic emission spectrometer (ICP-AES,
Ultima-2, Jobin Yvon, Paris, France) to determine the elemental
composition of the solid materials. Amorphous Fe and Al (Fe-ox
andAl-ox)were quantified by ICP-AES after extraction of soil and
WTR sub-samples in the dark with 0.2 mol oxalate and
ammonium oxalate (pH 3.0) for 4 hr at a 1:60 solid: solution
ratio (g/mL) (Shang and Zelazny, 2008). The organic matter
contents of the WTR and soil sub-samples were determined
using the dichromate heat-of-dilution method (Nelson and
Sommers, 1996) and the organic matter fractions (fulvic acid,
humic acid and humin) were extracted according to Zbytniewski
and Buszewski (2005). The cation exchange capacity (CEC) of
each solid material was determined using the barium
chloride-triethanolamine method (Thomas, 1982). The particle
size distribution of each of the soilswasmeasured using a particle
size analyzer (Microtrac S3500, Microtrac, Inc., Montgomeryville,
Pennsylvania, USA). The respective Brunauer–Emmett–Teller
(BET) surface area and porosity of the Fe/Al WTR and each soil
weremeasuredbyN2 sorptionanddesorptionusingaporosimeter
(ASIQM0000-3, Quantachrome Instruments, Florida, USA).

1.2. Glyphosate sorption and desorption

Duplicate 1 ± 0.01 g samples of each soil amended with 0, 2%,
5%, or 10% (w/w) Fe/Al WTR were weighed into 40 mL glass
vials with PTFE-lined screw caps containing 20 ± 0.5 mL of
glyphosate solution at initial concentrations ranging from 7.5 to
250 mg/L. Themaximumconcentrationof glyphosate (250 mg/L)
used in this study was 100 times greater than the field rate
application (50 mg active ingredient kg−1 soil) (Ratcliff et al.,
2006), representing accidental glyphosate spillage or application
equipment malfunction. Sodium azide (100 mg/L) and KCl
(0.005 mol/L) were added to the glyphosate solutions to prevent
microbial degradation and maintain constant solution ionic
strength, respectively. The initial pH of each glyphosate
solution was adjusted to approximately pH 7 prior to the
experiment using 0.1 mol/L HCl or 0.1 mol/L NaOH solutions.
Glass vials were agitated at 150 r/min and 25°C for 36 hr.
The 36-hr equilibration time was selected based upon the
results of a preliminary sorption kinetics experiment (Fig. S1,
Supporting Information). Following equilibration, duplicate
samples (10 mL) of the suspensions were centrifuged at 5200 g
(15 min). The initial and equilibrium concentrations of glypho-
sate in each solution were determined by high-performance
liquid chromatography (HPLC). The adsorbed quantities of
glyphosate were calculated as the difference between glypho-
sate concentrations in the initial solution and in the superna-
tant after centrifugation.

After equilibration and removal of 10 mL of each suspension
for HPLC analysis, the remaining soil suspensions in the vials
were immediately filtered through a qualitative cellulose filter
(10–15 μm) and the residual solids were freeze-dried. Duplicate
freeze-dried solid samples of 0.75 ± 0.01 g were weighed into
the glass vials with 15 ± 0.5 mL solution containing 0.005 mol/L
KCl and 100 mg/L NaN3. The glass vials were then agitated at
150 r/min and 25°C for 36 hr. After equilibration, 10 mL of the
suspensionswas withdrawn from each sample and centrifuged
at 5200 g (15 min). The quantity of desorbed glyphosate in each
solution was determined using HPLC.

1.3. Glyphosate fractionation

Glyphosate was sequentially extracted from Fe/Al WTR and
Fe/Al WTR-amended soils using the technique for organic P
fractionation in soils (Ivanoff et al., 1998; Zhang et al., 2008).
Triplicate glyphosate-loaded solid samples were prepared
according to the sorption and desorption steps in Section 2.2
using Fe/Al WTR and soils amended with 0 or 10% (w/w) Fe/Al
WTR. The quantities of glyphosate adsorbed are shown in
Table S1. The glyphosate-loaded (1.0 ± 0.01 g) and blank
samples were sequentially extracted by the following series
of reagents (50 mL): (1) shaking for 16 hr in 0.5 mol/L NaHCO3

at pH 8.5 (NaHCO3-glyphosate); (2) shaking for 3 hr in 1.0 mol/L
HCl (HCl-glyphosate); (3) shaking for 16 hr in 0.5 mol/L NaOH;
then (iv) 16 hr shaking in 1 mol/L H2SO4 (residual glypho-
sate). Prior to extraction of the residual glyphosate via
dissolution in H2SO4, the residue from the NaOH extraction
was rinsed with deionized water and ashed at 550°C for 1 hr.
The quantity of organic P in sample solutionswas calculated by
subtracting inorganic P from total P. The quantity of glyphosate
was calculated as the difference between organic P quantities in
the extracts of the glyphosate-loaded solid samples and the
blank samples. The inorganic P and total Pweremeasured for all
extracts using the ammonium molybdate spectrophotometric
method (Murphy and Riley, 1962) and ICP-AES, respectively.

1.4. Effects of soil solution chemistry on glyphosate sorption

The effects of solution pH, ionic strength and dominant cations
on glyphosate sorption to Fe/Al WTR-amended soils were
investigated. The solution pH was adjusted within the range
of 4–10 using 0.1 mol/L HCl or 0.1 mol/L NaOH solutions.
Calcium chloride or KCl was added as the background electro-
lyte at concentrations between 0.005 and 0.1 mol/L. Air-dried
1.0 ± 0.01 g sub-samples of soil amended with 0, 5% or 10%
(w/w) Fe/Al WTR were placed in glass vials with 20 ± 0.5 mL of
glyphosate solution containing 0.005–0.1 mol/LKCl or CaCl2 and
100 mg/L NaN3. In order to maintain the glyphosate concentra-
tion in a range amenable to accurate quantitation and the
percentage adsorbed above 20% (EPA, 2010), the initial glypho-
sate concentration was 150 mg/L for Fe/Al WTR-amended soils
(5% and 10%) and 30 mg/L for soils without WTR (0%). Similar
or greater glyphosate solution concentrations have been
used in other research examining glyphosate sorption to soil
(e.g. Morillo et al., 2000, 2002). The glass vials containing the
sorbent mixtures were agitated in the dark in a constant
temperature mixer at 150 r/min and 25°C for 36 hr. The
suspensionswere centrifuged at 5200 g (15 min). The glyphosate
concentrations in each supernatant were determined using
HPLC. The solution pH before and after glyphosate sorption by



Table 2 – Characteristics of the soils and Fe/Al WTR.

Samples TJ soil SD soil WTRa

pHb 7.43 7.40 6.80
Cation exchange capacity (cmol/kg) 7.34 9.00 76.13
Total Fe (mg/g) 35.02 24.87 133
Total Al (mg/g) 80.89 50.80 98
Total Ca (mg/g) 12.91 6.87 21.0
Total Mg (mg/g) 36.72 7.11 1.80
Total Mn (mg/g) 0.63 0.48 2.60
Fe-ox (mg/g) 2.31 1.54 114.52
Al-ox (mg/g) 1.71 1.17 91.45
Total P (mg/g) 1.32 0.86 1.05
Oxalate-extractable P (mg/g) 0.85 0.55 0.89
NaHCO3-P (mg/g) 0.24 0.16 0.05
Total organic matter (mg/g) 36.38 13.10 107
Humic acid (mg/g) 4.72 2.48 1.13
Fulvic acid (mg/g) 2.06 2.01 15.87
Humin (mg/g) 29.60 8.61 90
BET surface area (m2/g) 18.15 19.84 78.50
Total pore volume (cm3/g) 0.035 0.023 0.071
Average pore diameter (nm) 3.84 3.82 3.62
Sand (%) 37.55 47.07 –
Slit (%) 51.73 42.79 –
Clay (%) 10.72 10.14 –

a Additional characteristics of the Fe/Al WTR listed in the table are
detailed in Zhao et al. (2013).
b pH determined in aqueous slurry with soil/water ratio of 1:2.5.
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the soil samples in different background electrolyte solutions is
shown in Table S2 (Supporting information).

1.5. Glyphosate determination and data analysis

Glyphosate in solution was quantified by HPLC following
derivatization (Le Bot et al., 2002; Waiman et al., 2012). For
each sample, 2.5 mL solution was derivatized by adding
0.5 mL sodium borate buffer (0.05 mol/L, pH = 9) and 0.5 mL
9-fluorenylmethyl chloroformate (FMOC-C1) solution (1 g/L) to
a 10-mL glass centrifuge tube. The mixture was homogenized
by manual shaking and then placed in a 35°C thermostatic
water bath for 2 hr. Each solution was then mixed with 2.5 mL
dichloromethane using a vortex mixer (SI Vortex Genie 2,
Scientific Industries, Bohemia, New York, USA) to remove
excess derivatization reagent, followed by centrifugation at
3000 g for 15 min to separate the dichloromethane from the
aqueous solution.Approximately 1.5 mL of each aqueousphase
was recovered for direct HPLC injection. The derivatized
glyphosate was analyzed at a wavelength of 270 nm using an
HPLC (Waters 2695, Waters Corp., Milford, Massachusetts, USA)
equippedwith a UV detector (Waters 2489,Waters Corp., Milford,
Massachusetts, USA) and a Hypersil ODS column (250 mm ×
4.6 mm × 5 μm, Thermo, USA). Sodium phosphate buffer
(0.05 mol/L, pH = 6.0) and acetonitrile (80:20, v/v) comprised the
mobile phase at a flow rate of 0.8 mL/min. The injected sample
volume was 20 μL and the detection limit for glyphosate (with a
signal to noise ratio of 3:1) was 20 μg/L. The recovery efficiency of
total glyphosate obtained by sequential extraction in WTR and
WTR-amended soils ranged from 95.4% to 113% (Table S1).

Glyphosate data shown in the figureshereinare averages. The
kinetic and isothermal curves were obtained using Sigma Plot
12.0 (Systat Software Inc, San Jose, California, USA). Analysis
of variance was performed by one-way ANOVA and two-
tailed paired t test using the PASW statistics software package
version 18 (SPSS, Inc., Chicago, IL). Differences were considered
significant when the significance level was <0.05 (e.g. α = 0.05).
2. Results

2.1. Characteristics of Fe/Al WTR and soils

The physico-chemical characteristics of the Fe/Al WTR and
the TJ and SD agricultural soils are summarized in Table 2.
With respect to the particle size distribution, the TJ soil is
classified as silt loam whereas the SD soil is classified as a
loam. The BET surface areas and total pore volumes of the TJ
and SD soils are similar. The micropore distributions of the
Fe/Al WTR and the TJ and SD soils are shown in Fig. S2. The Fe
and Al amorphous hydroxide contents of solid materials are
the key to glyphosate sorption (Piccolo et al., 1994). Glyphosate
sorption may be inhibited by increasing soil pH, P concentra-
tion, and organic matter (OM) content (Borggaard and Gimsing,
2008; De Jonge et al., 2001). In comparison to the SD soil, the TJ
soil has greater total Fe and Al, P and OM content. Both the TJ
and SD soils exhibit low Fe-ox and Al-ox contents, and
hydrophobic organic compounds (humin) are the predominant
organic component of both soils. The total contents of Fe and
Al in the Fe/Al WTR were 133 and 98 mg/g, respectively, of
which amorphous Fe and Al accounted for 114.5 and 91.5 mg/g,
respectively.

2.2. Glyphosate sorption by WTR-amended soils

Glyphosate sorption to TJ and SD soils amended with Fe/Al
WTR at rates of 0, 2%, 5% and 10% (w/w) is shown in Fig. 1. The
sorption kinetics and isotherm of glyphosate on Fe/Al WTR
are provided in Fig. S3 and S4. The Fe/Al WTR showed high
sorption capacity for glyphosate. Both the SD and TJ soils
exhibited relatively low capacity for glyphosate sorption. As
the Fe/Al WTR amendment rate increased from 2% to 10%
(w/w), the glyphosate sorption capacities of both the TJ and SD
soils were significantly enhanced, reaching sorption maxima
of nearly 3000 and 3200 mg/kg, respectively. In the absence of
WTR amendment, the SD soil exhibited significantly greater
glyphosate sorption capacity compared to the TJ soil (p < 0.05).
No significant difference (p > 0.05) was observed between the
glyphosate sorption capacity of TJ and SD soils following
amendment with equal quantities of the Fe/Al WTR (2%–10%).
These results indicate that the glyphosate sorption capacity of
the WTR-amended soil was strongly associated with the WTR
amendment rate and the physico-chemical characteristics of
the two soils examined herein exerted substantially less
influence on glyphosate sorption.

Langmuir and Freundlich models were tested to further
analyze glyphosate sorption equilibria, and isotherm parame-
ters are given in Table 3. Both the Langmuir and Freundlich
models fit the experimental data well. The obtained correlation
coefficients (R2) were within the range of 0.91–0.99. Glyphosate
sorption isotherms for TJ and SD soils with and without Fe/Al
WTR amendment are of type L (n < 1), implying that glyphosate
sorption sites will decreasewith increasing glyphosate sorption
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Fig. 1 – Glyphosate sorption to TJ and SD soils amendedwith Fe/AlWTR at rates of 0, 2%, 5% and 10% (w/w). The initial glyphosate
concentration ranged from 7.5 to 250 mg/L (pH = 7.00).
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and the gradual saturation of potential sorption sites (Giles
et al., 1960). Similar trends for glyphosate sorption have been
observed in other soils (Yu and Zhou, 2005). As shown in
Table 3, the maximum respective quantities of glyphosate
adsorbed (Qmax) by non-amended TJ and SD soils were 690
and 870 mg/kg, respectively. Increasing the rate of Fe/Al WTR
amendment resulted in a significant increase in the Qmax for
both soils (p < 0.001). At the 10% (w/w) WTR amendment rate,
the Qmax for both the TJ and SD soils was >3300 mg/kg.

2.3. Glyphosate desorption from WTR-amended soils

Fig. 2 shows the desorption of previously adsorbed glyphosate
from TJ and SD soils amended with 0, 2%, 5% and 10% Fe/Al
WTR (w/w). The TJ and SD soils exhibited similar glyphosate
desorption characteristics, with the quantities of glyphosate
desorbed from each soil with equal WTR content proportional
to the respective quantity of glyphosate previously adsorbed.
Greater Fe/Al WTR amendment rate resulted in greater glypho-
sate sorption quantities, and a lesser proportion of the adsorbed
glyphosate was desorbed from Fe/Al WTR-amended TJ and SD
soils as the WTR amendment rate increased. As the quantity of
Table 3 – Isotherm parameters for glyphosate sorption to TJ and
10% (w/w).

Samples Freundlich equatio

Qe = KFCe
n

KF

(mg1 − n L kg−1)
n

WTRa 10350 0.31
TJ soil 0% WTR 140⁎ 0.30

2% WTR 147⁎ 0.45
5% WTR 493⁎ 0.30
10% WTR 525⁎ 0.39

SD soil 0% WTR 132⁎ 0.35
2% WTR 278⁎ 0.30
5% WTR 374⁎ 0.35
10% WTR 644⁎ 0.37

⁎ and ⁎⁎ represent a significant increase in the values of KF and Qmax resul
p < 0.05 and p < 0.001 level, respectively.
a Batch equilibrium studies for glyphosate sorption on Fe/Al WTR were c
glyphosate previously adsorbed increased, the proportion of
desorbed glyphosate increased from15% to 33%and from8.0% to
20% in the TJ and SD soils without Fe/Al WTR amendment,
respectively. In comparison, although the quantities of glypho-
sate adsorbed to TJ and SD soils amended with 10% (w/w) Fe/Al
WTRwere 4-fold greater than non-amended TJ and SD soils, the
maximum proportion of desorbed glyphosate from TJ and SD
soils amended with 10% (w/w) Fe/Al WTR was only 8.1% and
5.6%, respectively. Thus, the quantity of glyphosate desorbed
from Fe/Al WTR-amended soils was dependent on both the
quantity of previously adsorbed glyphosate and the rate of Fe/Al
WTR amendment.

2.4. Fractionation of glyphosate fromWTR andWTR-amended
soils

In order to elucidate the mechanism(s) of glyphosate retention
in Fe/Al WTR-amended soils and inform glyphosate desorption
behavior, four major glyphosate fractions in soils with and
without Fe/Al WTR amendments were chemically extracted
sequentially (Ivanoff et al., 1998; Zhang et al., 2008), including
NaHCO3-glyphosate, HCl-glyphosate, NaOH-glyphosate and
SD soils amended with Fe/Al WTR at rates between 0 and

n Langmuir equation

Qe ¼ KLQmCe
1þKLCe

R2 KL

(L/mg)
Qmax***
(mg/kg)

R2

0.994 0.190 37900 0.936
0.947 0.066 690⁎⁎ 0.922
0.981⁎ 0.020 1836⁎⁎ 0.951
0.937 0.058 2255⁎⁎ 0.984
0.981 0.070 3307⁎⁎ 0.990
0.982 0.040 871⁎⁎ 0.911
0.956 0.082 1284⁎⁎ 0.966
0.991 0.059 2231⁎⁎ 0.967
0.982 0.104 3389⁎⁎ 0.973

ted from the increasing rate of Fe/Al WTR amendment within soils at

onducted (Figs. S3, S4).
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residual glyphosate. As generally observed in sequential
chemical fractionation techniques, the proportion of adsorbed
glyphosate recovered as the chemical fractionation sequence
proceeds represents the proportion of the total adsorbed
glyphosate associatedwith the solid phase in increasingly stable
complexes. Thus, in the present study, NaHCO3-glyphosate is
considered the readily labile fraction and represents glyphosate
adsorbed to soil mineral surfaces, HCl-glyphosate is considered
a moderately labile fraction and represents the proportion of
glyphosate chemisorbed to minerals, and the NaOH-glyphosate
fraction includes the bulk of the moderately labile glyphosate
associated with soil fulvic acid and some nonlabile glyphosate
associated with humic acid (Ivanoff et al., 1998; Zhang et al.,
2008). The residual glyphosate obtained after soil residue ashing
and dissolution in H2SO4 is the highly resistant, non-labile
fraction and represents the most stable proportion of adsorbed
glyphosate.

The greatest proportion of glyphosate adsorbed to non-
amended TJ and SD soils was associated with the NaHCO3-
extractable, or readily labile fraction (NaHCO3-GLY in Fig. 3).
The NaHCO3-glyphosate comprised 86% and 98% of the total
adsorbed glyphosate in the non-amended TJ and SD soils,
respectively. Within the Fe/Al WTR, adsorbed glyphosate was
primarily within the readily labile (NaHCO3-glyphosate) and
moderately labile (HCl-glyphosate) fractions, accounting for
51% and 42% of the total adsorbed glyphosate, respectively.
Following amendment of the TJ and SD soils with 10% (w/w)
Fe/Al WTR, the relative proportion of total adsorbed glyphosate
present in the readily labile fraction (NaHCO3-glyphosate)
declined to 68% and 70%, respectively. The relative proportion
of total adsorbed glyphosate within the moderately labile
fraction (HCl-glyphosate) increased to 28% and 22%, respectively,
following amendment of TJ and SD soils with 10% (w/w) Fe/Al
WTR, but there was a negligible change in the relative propor-
tions of NaOH-glyphosate and residual glyphosate.

2.5. Effects of solution chemistry on glyphosate sorption by
WTR-amended soils

2.5.1. Solution pH
Fig. 4 shows the glyphosate sorption by Fe/Al WTR-amended
TJ and SD soils as a function of pH. Glyphosate sorption varied
inversely with solution pH at each rate of WTR amendment.
Statistical analyses indicated that the pH increase from 4
to 10 significantly reduced glyphosate sorption in the non-
amended TJ and SD soils (p < 0.01), but the inhibitory effect on
glyphosate sorption to TJ and SD soils amended with 5% and
10% (w/w) Fe/Al WTR was not significant (p > 0.05). Specifi-
cally, as the pH increased from 4.5 to 10.2, the glyphosate
sorption to non-amended soils declined by 22% (TJ—0%)
and 33% (SD—0%), whereas the same increase in solution
pH resulted in only 12% and 14% reduced glyphosate sorption
to TJ and SD soils amended with 10% (w/w) Fe/Al WTR,
respectively. Overall, increasing pH decreased glyphosate
sorption to TJ and SD soils; however, soil amendment with
Fe/Al WTR minimized the inhibitory effect of increasing pH
on glyphosate sorption.
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2.5.2. Solution ionic strength and electrolyte composition
Solution cation composition significantly affected glyphosate
sorption; the presence of Ca2+ significantly promoted glyphosate
sorption in comparison to K+ (p < 0.001) in both TJ and SD soils
(Fig. 5). Similar effects were observed in both TJ and SD soil
solutions following increases in soil solution ionic strength using
eitherK+ orCa2+. Glyphosate sorptionbynon-amendedTJ andSD
soils was significantly enhanced with increasing solution ionic
strength, regardless of whether K+ or Ca2+ was the dominant
cation in the background electrolyte solution (p < 0.05). With
solution K+ and Ca2+ concentration increasing from 0.005 to
0.05 mol/L, glyphosate sorption increased by 21% and 32% in
non-amended TJ soil and by 15% and 38% in non-amended SD
soil, respectively. In contrast, increasing ionic strength of
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both K+ and Ca2+ solutions did not significantly affect (p > 0.05)
glyphosate sorption to Fe/Al WTR-amended TJ and SD soils (5%
and 10% w/w). The maximum observed decrease in glyphosate
sorption in soils amended with 10% (w/w) Fe/AlWTR as a result
of increasing solution ionic strength was 14% and 9% for TJ and
SD soils, respectively. These results indicate that the soil
amendment with Fe/Al WTR reduced the impact of solution
ionic strength on glyphosate sorption.
3. Discussion

3.1. Effect of Fe/Al WTR amendments on glyphosate sorption
capacity of agricultural soils

The Qmax for Fe/Al WTR was 44 times greater than both the
soils, and the glyphosate sorption capacity of both soils was
significantly increased with increasing amendment rate in the
order of 0% < 2% < 5% < 10% (w/w) WTR addition (Fig. 1 and
Table 3). This demonstrates that amendment of agricultural
soils with Fe/Al WTR could effectively enhance glyphosate
sorption capacity. It has previously been reported that glypho-
sate sorption in soils is primarily controlled by soil pH (Gimsing
et al., 2004) and amorphous Fe/Al hydroxides (Piccolo et al.,
1994). In the present study, both the TJ and SD soils exhibited
low glyphosate sorption capacity mainly due to their alkaline
properties and low Fe-ox and Al-ox contents. The soil pH
decreasedwith the increasing amount of Fe/AlWTR added, and
10% Fe/Al WTR amendment (w/w) reduced the soil pH by 0.15
and 0.28 units for TJ and SD soils, respectively (Table S3). The
slightly lower soil pH following Fe/Al WTR amendment
contributed to the enhancement of glyphosate sorption by
soils. Moreover, the Fe-ox and Al-ox contents of the Fe/Al WTR
used herein were each >50 times greater than those of the TJ
and SD soils. Amendment of the TJ and SD soils with 10% Fe/Al
WTR (w/w) resulted in 10 to 13-fold increase in Fe-ox and Al-ox
contents, thereby substantially enhancing the glyphosate
sorption capacity of the amended soils due to the increase in
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the availability of glyphosate sorption sites. High P and OM
contentwould reduce the glyphosate sorption by soils (De Jonge
et al., 2001; Vereecken, 2005). The lesser glyphosate sorption
capacity of TJ soil relative to the SD soil may be attributed to
its greater P and OM contents (Table 2). Soil P may reduce
glyphosate sorption via competitive sorption processes, whilst
OM can reduce glyphosate sorption by blocking available
sorption sites (Borggaard and Gimsing, 2008; De Jonge et al.,
2001).

3.2. Effect of Fe/Al WTR amendments on glyphosate lability in
agricultural soils

The proportion of adsorbed glyphosate subsequently desorbed
from the Fe/Al WTR-amended soils was inversely related to the
WTR application rate (Fig. 2). Glyphosate fractionation results
(Fig. 3) showed that adsorbed glyphosate in bothWTR-amended
TJ and SD soils was present in a relatively more stable form
(HCl-glyphosate) compared to non-amended soils, resulting in
decreased glyphosate lability in WTR-amended TJ and SD soils.
The majority of Fe and Al within the amended TJ and SD soils
was solubilized during HCl extraction (Table S4), indicating that
theHCl-glyphosate fraction extracted fromFe/AlWTR-amended
soils included glyphosate adsorbed by Fe/Al hydroxides. This
suggests that the decrease in glyphosate lability in the TJ and
SD soils amended with Fe/Al WTR is likely attributable to the
proportionally greater Fe/Al hydroxide content following WTR
amendment.

3.3. Effect of solution chemistry on glyphosate sorption by Fe/Al
WTR amended soils

Amendment of TJ and SD soils with Fe/Al WTR minimized
the inhibitory effect on glyphosate sorption observed with
increasing solution pH and mitigated the effects of increasing
solution ionic strength. The high proportion of glyphosate
adsorbed to soil mineral surfaces (NaHCO3-glyphosate) reflects
the importance of net electrostatic repulsion in the glyphosate
sorption process. With glyphosate pKa values of 2, 2.6, 5.6 and
10 (Sprankle et al., 1975), glyphosate exists as a negative ion
within the solution pH range of 4.5–10.2 used in this study. The
inhibitory effect of increasing pH on glyphosate sorption was
likely associated with the greater net negative charge of the
glyphosate caused by the deprotonation of the three functional
groups (amine, carboxylate, and phosphonate) at higher solu-
tion pH, resulting in less interaction between the negatively
charged soil surface and glyphosate (De Jonge and De Jonge,
1999; McConnell and Hossner, 1985). These results are consis-
tent with those obtained by others investigating glyphosate
sorption to goethite, hematite, kaolin and other soils (McConnell
and Hossner, 1985; Pessagno et al., 2008; Sheals et al., 2002). In
comparison to K+, divalent Ca2+ may act as a bridge between
glyphosate and negatively-charged soil particles, thereby pro-
moting glyphosate sorption to soils. An increase in solution
ionic strength can compress the electric double layer, resulting
in the decrease of electrostatic repulsion and hence enhancing
the sorption capacity. As demonstrated herein, the quantities
of adsorbed glyphosate in soils without WTR amendment
significantly declined with increasing pH and increased as
ionic strength increased.
Following theWTR amendment, the relative importance of
glyphosate surface sorption (NaHCO3-glyphosate) decreased
due to the increased proportion of glyphosate chemisorbed to
Fe/Al hydroxides (HCl-glyphosate), where net electrostatic
repulsion has relatively little impact. Meanwhile, the higher
isoelectric point (IEP) of the Fe/Al hydroxides within the Fe/Al
WTR compared to the non-amended soils may result in a
lesser net negative charge for soils in solution, decreasing the
net electrostatic repulsion between glyphosate and solid sur-
faces. These two factors mentioned above are the most likely
explanations for the diminished effects of solution pH and ionic
strengthobserved for glyphosate sorption to soils amendedwith
WTR.

3.4. Implications for practical application

Buffer zones such as wetlands, drainage ditches and buffer
strips have been implemented as best management practices
to minimize the release of pesticides into surrounding waters
(Rogers and Stringfellow, 2009). The results of the present
work indicate that Fe/Al WTR may be a useful addition to the
substrates of wetlands or soils of drainage ditches and buffer
strips to enhance the glyphosate sorption capacity and
increase the retention time of glyphosate in these systems,
thus minimizing glyphosate movement with irrigation or
stormwater and allowing sufficient time for biodegradation or
plant absorption.

Studies have proved that Al toxicity is not an issue for land
application of WTR. The Al withinWTR was stable and almost
no Al was released from WTR under solution pH 4.2–8.9
(Wang et al., 2014). Mahdy et al. (2009) found that amendment
with 4% WTR did not increase the extractable Al contents in
soils. It has also been reported that neither reduced yields nor
increased plant Al phytoavailability was observed during
2-year treatment with 1% WTR surface applied (w/w) in field
(Oladeji et al., 2009). However, given the documented crop P
deficiency in agricultural soils amended with 10% (w/w) Fe/Al
WTR in previous work (Dayton and Basta, 2001), field trials are
necessary to determine the optimal Fe/Al WTR amendment
rate to ensure the growth of vegetation in buffer zones.
4. Conclusions

Amendment of agricultural soils with Fe/Al WTR, which
contained a substantial quantity of amorphous Fe and Al
hydroxide minerals, effectively enhanced glyphosate retention
by two representative agricultural soils from China. Results
presented herein indicate that the use of Fe/Al WTR as a soil
amendment to enhance the retention of glyphosate by soils
could be a suitable beneficial re-use of this by-product.
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