
REVIEW

Glyphosate sorption to soils and sediments predicted
by pedotransfer functions

Jeanne Dollinger1 • Cécile Dagès1 • Marc Voltz1

Received: 30 June 2015 / Accepted: 6 July 2015 / Published online: 22 July 2015

� Springer International Publishing Switzerland 2015

Abstract Glyphosate is the most applied herbicide for

weed control in agriculture worldwide. Excessive appli-

cation of glyphosate induces water pollution. The transfer

of glyphosate to freshwater and groundwater is largely

controlled by glyphosate sorption to soils and sediments.

Sorption coefficients are therefore the most sensitive

parameters in models used for risk assessment. However,

the variations in glyphosate sorption among soils and

sediments are poorly understood. Here we review glypho-

sate sorption parameters and their variation with selected

soils and sediment. We use this knowledge to build pedo-

transfer functions that allow predicting sorption parame-

ters, Kd, Kf and n, for a wide range of soils and sediments.

We gathered glyphosate sorption parameters, 101 Kf, n and

equivalent Kd, and associated soil properties. These data

were then used to perform stepwise multiple regression

analyses to build the pedotransfer functions. The linear

(Kd) and Freundlich (Kf, n) pedotransfer functions were

benchmarked against experimental data. We found the

following major points: (1) Under current environmental

conditions, sorption is best predicted by the Kd pedo-

transfer function. (2) The pedotransfer function is

Kd = 7.20*CEC - 1.31*Clay ? 24.82 (Kd in L kg-1,

CEC in cmol kg-1 and clay in %). (3) Cation exchange

capacity (CEC) and clay content are the main drivers of Kd

variability across soils and sediments. Freundlich parame-

ters are additionally influenced by pH and organic carbon.

This suggests that the formation of complexes between

glyphosate phosphonate groups and soil-exchanged

polyvalent cations dominates sorption across the range of

analyzed soils.

Keywords Glyphosate � Risk assessment � Soil �
Sediment � Sorption � Pedotransfer function

Introduction

First introduced on the market in 1974, glyphosate [N-

(phosphomethyl)glycine] rapidly became one of the most

widely used broad-spectrum herbicides (Candela et al.

2007; Laitinen et al. 2008; Mazzei and Piccolo 2012;

Székacs and Darvas 2012; Vereecken 2005). Since the

1990s, glyphosate has been the most heavily used pesticide

worldwide for weed control in agriculture, forestry and

urban landscapes, with postemergent applications (Candela

et al. 2007; Kogan et al. 2003; Ololade et al. 2014; Ram-

poldi et al. 2011; Székacs and Darvas 2012). Despite gly-

phosate’s strong tendency to sorb to soils, its intensive use

may be associated with a risk of freshwater and ground-

water contamination. In fact, glyphosate and its main

degradation product, aminomethyl phosphonic acid

(AMPA), have been detected globally in freshwater

ecosystems, wetlands and groundwater (Vereecken 2005;

Villeneuve et al. 2011). These findings underline the need

for the development of tools that enable the detection of

zones with a risk of glyphosate dispersion.

The sorption of a given pesticide to soils and sediments

after spraying and during its dispersion through landscapes

largely controls its fate in the environment (Borggaard and

Gimsing 2008; Gevao et al. 2000; Mamy and Barriuso

2005; Vereecken 2005). For example, sorption influences

both the immobilization and the microbial degradation of a

pesticide. This is demonstrated by the fact that strongly
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sorbing pesticides exhibit a lower availability for microbial

degradation (Aparicio et al. 2013; Eberbach 1999; Strange-

Hansen et al. 2004; Székacs and Darvas 2012; Vereecken

2005). Sorption parameters are therefore the main param-

eters used for risk assessment by regulatory agencies

(Wauchope et al. 2002). They are also the most sensitive

parameters in models used to predict pesticide dispersion in

the soil (Wauchope et al. 2002). Sorption to soil is con-

trolled by the chemical and physical properties of the

pesticide and of the soil (Aparicio et al. 2013; Gevao et al.

2000). Accurate predictions of sorption coefficients for a

given combination of pesticides, and soils require an

understanding of the underlying mechanisms and associ-

ated soil properties involved in sorption (Ololade et al.

2014).

Glyphosate has three polar functional groups (amine,

carboxylate and phosphonate) that can bind to metal

polyvalent cations, placing it in the rarely represented class

of chelating herbicides (Borggaard and Gimsing 2008; de

Jonge and Wollesen de Jonge 1999; Morillo et al. 1997).

Several mechanisms have been proposed to explain the

sorption of glyphosate to soils and sediments. The forma-

tion of strong Fe–O–P(glyphosate) and Al–O–P(glypho-

sate) bonds by ligand exchange between the glyphosate

phosphonate group and singly coordinated Al–OH and Fe–

OH groups on the surfaces of variably charged soil min-

erals has been proposed as a possible sorption mechanism

(Borggaard and Gimsing 2008; de Jonge et al. 2001;

Dideriksen and Stipp 2003; Mamy and Barriuso 2005;

Morillo et al. 1997; Nicholls and Evans 1991; Piccolo et al.

1994; Wang et al. 2006). This mechanism is deemed to

occur preferentially on the broken edges of layer silicates,

poorly ordered silicates or iron- and aluminum oxides

(Borggaard and Gimsing 2008; Dideriksen and Stipp 2003;

Laitinen et al. 2008; Morillo et al. 1997; Ololade et al.

2014; Piccolo et al. 1994). The formation of complexes

between glyphosate phosphonate groups and the soil-ex-

changed polyvalent cations has also been suggested to be

responsible for the strong sorption of glyphosate to soil

(Borggaard and Gimsing 2008; de Jonge et al. 2001; de

Jonge and Wollesen de Jonge 1999; Mamy and Barriuso

2005; Mcconnell and Hossner 1985; Vereecken 2005). The

influence of the soil-exchanged cations on the sorption of

glyphosate has been reported to follow the order of

Na?\Mg2?\Ca2?\Zn2?\Mn2?\Fe3?\Al3? (Borggaard

and Gimsing 2008; de Jonge et al. 2001; Mcconnell and

Hossner 1985). Furthermore, sorption to humic substances

(HS) by hydrogen bonding at acidic or neutral pH or by

formation of HS–Me–glyphosate complexes in which Me

is a trivalent or divalent metal cation was reported to be a

second-order sorption mechanism (Albers et al. 2009;

Borggaard and Gimsing 2008; Mazzei and Piccolo 2012;

Piccolo et al. 1992, 1996). However, due to its ability to

block sorption sites, organic matter plays a dual role in

glyphosate sorption (Borggaard and Gimsing 2008).

Moreover, the soil pH may also be involved in sorption

mechanisms. A rise in pH, leading to increased negatives

charges of both soil and glyphosate may consequently

result in greater electrostatic repulsion (Candela et al.

2007; de Jonge and Wollesen de Jonge 1999; Mcconnell

and Hossner 1985; Morillo et al. 2000; Ololade et al. 2014;

Wauchope et al. 2002). Finally, glyphosate and phosphate

have been reported to exhibit similar sorption mechanisms,

thereby leading to potential competition for sorption sites

(Gimsing and Borggaard 2002). These sorption mecha-

nisms are evidenced by the influence of clay content

(Beltran et al. 1998; Borggaard and Gimsing 2008; da Cruz

et al. 2007; Dion et al. 2001; Ololade et al. 2014; Pessagno

et al. 2008; Singh et al. 2014; Xu et al. 2009), iron- and

aluminum-oxide content (de Jonge et al. 2001; Gimsing

et al. 2004, 2007; Mamy and Barriuso 2005; Morillo et al.

2000; Pessagno et al. 2008; Wang et al. 2005), pH (Ac-

cinelli et al. 2005; Al-Rajab et al. 2008; Borggaard and

Gimsing 2008; da Cruz et al. 2007; de Jonge and Wollesen

de Jonge 1999; Dousset et al. 2007; Gimsing et al. 2004;

Mamy and Barriuso 2005; Xu et al. 2009; Zhou et al.

2004), phosphorus content (de Jonge et al. 2001; Gimsing

and Borggaard 2002), organic carbon (Albers et al. 2009;

da Cruz et al. 2007; Morillo et al. 2000; Ololade et al.

2014; Pessagno et al. 2008; Wang et al. 2005) and the

cation exchange capacity (CEC) (da Cruz et al. 2007; de

Jonge and Wollesen de Jonge 1999; Mamy and Barriuso

2005; Morillo et al. 1997; Wang et al. 2005; Xu et al. 2009)

on the glyphosate sorption coefficients. Contrasting influ-

ences of these soil properties were reported among the

studies, especially for organic carbon, reflecting variation

in ranking among the aforementioned processes for various

soil types.

The organic carbon sorption coefficient Koc that is

generally used to normalize the sorption capacity of a given

pesticide among various soils is not relevant for glypho-

sate. In fact, for this herbicide, the variability of Koc is

greater than that of the linear sorption coefficient Kd (Autio

et al. 2004; Mamy and Barriuso 2005). Despite the large

number of studies reporting the sorption of glyphosate in

different soil types, to our knowledge, no robust relation-

ship has yet been developed between the glyphosate

sorption coefficients and the aforementioned soil proper-

ties. For example, although Weber et al. (2004) proposed

pedotransfer functions for predicting the Kd values of 57

pesticides, they did not include glyphosate in their study.

Accordingly, the objectives of this study were (i) to

gather glyphosate sorption parameters and associated soil

properties in a database, (ii) to investigate the soil prop-

erties responsible for the variation in sorption parameters

among the soils and (iii) to build pedotransfer functions for
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the estimation of linear (Kd) and nonlinear (Kf, n) sorption

parameters from the currently available soil properties.

Experimental

Physical and chemical properties of glyphosate

Glyphosate [N-(phosphomethyl)glycine] is a weak acid

with strong hydrophilicity and very high water solubility

(Table 1). Speciation of this zwitterionic molecule varies

with the pH of the surrounding environment (Fig. 1). The

main species within the soil pH range are GH2
- and GH2-,

corresponding to net negative charges of one and two,

respectively (Fig. 1) (Borggaard and Gimsing 2008).

Data mining

We extensively reviewed the literature to assemble a

database of observed glyphosate sorption coefficients to

both soils and sediments and the associated substrate

properties (Table 2). We found 23 studies reporting sorp-

tion parameters for one or more soils or sediments. The

soils or sediments for which glyphosate sorption mea-

surements were carried out originated from four continents

(Europe, Asia and North and South America) and exhibited

highly varied texture and properties. The experimental

conditions varied greatly as well. For example, the initial

glyphosate concentrations in the liquid phase of the batch

sorption experiments were distributed over a range of

several orders of magnitude, from 0.01 to more than

1000 mg L-1.

Only coefficients of sorption to unmodified soils or

sediments were included in the database. Indeed, a large

body of the literature is based on either the addition or the

removal of specific components of soils (e.g., organic

matter) to evaluate the role of these components in the

sorption mechanisms. Measured coefficients of sorption to

organic soils were included in the database, but only those

measured for sorption to mineral soils, i.e., with an organic

matter content lower than 20 % (IUSS 2014) were used for

the statistical analyses. Moreover, several studies have

reported that sorption coefficients depend strongly on the

background electrolyte (da Cruz et al. 2007; de Jonge et al.

2001; de Jonge and Wollesen de Jonge 1999; Mamy and

Barriuso 2005). Therefore, only sorption coefficients

obtained with classical background electrolyte, either

Milli-Q water or CaCl2, were included in the database.

Among the 101 sorption parameters registered in the

database (Table 2), 69 were measured with CaCl2 as the

background electrolyte. For a given soil, the use of CaCl2
as the background electrolyte, as recommended in the

standardized method (OECD 2000), has been reported to

increase glyphosate sorption compared to the use of Milli-

Q water (de Jonge et al. 2001; de Jonge and Wollesen de

Jonge 1999). To filter this potential bias, statistical analyses

were only performed for the largest sample, i.e., sorption

parameters measured with CaCl2 as the background elec-

trolyte. This sample is designated as ‘‘sample A’’ in the

following sections.

Table 1 Physicochemical properties of glyphosate

Properties References

Formula C3H8NO5P ANSES (2015), FOOTPRINT (2015)

Molecular mass (g mol-1) 169.1 ANSES (2015), FOOTPRINT (2015)

Aqueous solubility at 20 �C (g L-1) 10.5 to 12.0 ANSES (2015), FOOTPRINT (2015)

Log Kow at pH 7 -4.1 to -3.2 ANSES (2015), FOOTPRINT (2015)

pKa1–pKa2–pKa3 2.2–5.5–10.2 ANSES (2015), FOOTPRINT (2015)

Vapor pressure at 25 �C (mPa) 1.31 9 10-2 ANSES (2015), FOOTPRINT (2015)

Henry’s law constant at 25 �C (Pa m3 mol-1) 2.10 9 10-7 ANSES (2015), FOOTPRINT (2015)

Fig. 1 Speciation of glyphosate through the entire soil pH range from Albers et al. (2009), Borggaard (2011) and Maqueda et al. (1998)
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rö
m

et
al
.
(2
0
1
1
)

S
o
il
(S
w
ed
en
)

9
5
.4
:4
.6
:0
.0

6
.4
0
a

1
.8
0

1
.0
0

0
.0
0

n
a

n
a

2
8
.7
0

0
.8
2

0
.0
1
–
0
.1
0

1
/1
0

C
aC

l 2
B
er
g
st
rö
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Sorption isotherms

Glyphosate sorption is usually described by either linear

or Freundlich models (Eqs. 1 and 2). Freundlich models

can be approximated by linear models for n values close

to 1 (Wauchope et al. 2002). Here, we assumed linearity

for Freundlich models with 0.98\ n\ 1.02. The con-

centration dependence of the sorption processes is indi-

cated by n values lower than 0.98 or higher than 1.02.

Low n values (n\ 0.98) indicate the saturation of sorp-

tion sites at high concentrations, whereas high n values

(n[ 1.02) suggest that the previously sorbed glyphosate

increases the sorption power of the substrate (Wauchope

et al. 2002).

Linear model:Cs ¼ Kd Cw ð1Þ
Freundlich model:Cs ¼ Kf Cn

w ð2Þ

Mass conservation:Cini ¼ Cw þ CsR ð3Þ

where Cs is the concentration of glyphosate in the soil

(mg kg-1), Cw is the concentration of glyphosate in the

aqueous phase (mg L-1), Cini is the initial concentration of

glyphosate in the aqueous phase (mg L-1) before equili-

bration with the solid phase, R is the solid/liquid ratio

(g mL-1), Kd (L kg-1) is the linear sorption coefficient, Kf

(L kg-1 n-1) is the nonlinear sorption coefficient and n is

the nonlinearity parameter.

For sample A, approximately two-thirds of the sorp-

tion models were nonlinear Freundlich S-type, as shown

by n values lower than 0.98 (Table 3). To establish a

pedotransfer function for Kd, we approximated equiva-

lent Kd values by linearizing the Freundlich models. In

practice, most papers in the literature provided the fitted

sorption model parameters but did not provide the basic

batch data that were used to fit the models. Linearization

of each Freundlich model was performed over the actual

range of the initial aqueous concentrations of the batch

experiment used for model fitting (Table 3). For this

purpose, a set of initial concentrations distributed over

the range of the actual batch concentrations was chosen

among those presented in Table 4. For all the concen-

trations in the set, the solid and aqueous concentrations

at equilibrium, namely Cw and Cs, were calculated by

Eqs. 2 and 3 using a numerical solver (Microsoft Office

2010). The numerical solver adjusted Cw and Cs to

minimize the difference between Cini resulting from

Eqs. 2 and 3 and the target Cini (Table 4). Then, a linear

model (Eq. 1) was fitted to the predicted Cw/Cs pairs

corresponding to the selected set of initial concentrations.

The relative difference between Kf and its equivalent,

Kd (Kdeq), was approximately 30 % on average (data not

shown). T
a
b
le

3
S
ta
ti
st
ic
al

ch
ar
ac
te
ri
st
ic
s
o
f
th
e
d
at
ab
as
e
su
b
sa
m
p
le
s

S
am

p
le

A
S
am

p
le

B
S
am

p
le

C

N
o
b
s.

M
ea
n

M
ed
ia
n

M
in

M
ax

N
o
b
s.

M
ea
n

M
ed
ia
n

M
in

M
ax

N
o
b
s.

M
ea
n

M
ed
ia
n

M
in

M
ax

K
f
(L

k
g
-
1
n
-
1
)

6
9

1
0
8
.1
6

1
1
1
.5
0

0
.8
3

4
0
3
.5
0

3
6

9
6
.3
2

6
3
.0
0

0
.8
3

2
9
7
.0
2

5
1

1
1
8
.8
9

1
1
8
.1
0

1
.8
9

2
9
7
.0
2

n
6
9

0
.8
3

0
.8
8

0
.4
8

1
.0
5

3
6

0
.9
4

1
.0
0

0
.7
5

1
.0
5

5
1

0
.7
7

0
.7
5

0
.4
8

1
.0
5

K
d
e
q
(L

k
g
-
1
)

6
9

7
3
.9
6

3
8
.8
9

0
.0
6

4
0
3
.5
0

3
6

8
7
.0
2

3
9
.0
5

0
.8
3

3
1
8
.8
2

5
1

7
2
.6
1

4
4
.7
8

0
.0
6

3
1
8
.8
2

p
H

6
9

6
.1
0

6
.3
0

3
.6
0

8
.7
1

3
6

6
.6
8

6
.8
5

4
.0
0

8
.7
1

5
1

6
.2
0

6
.3
0

3
.6
0

8
.7
1

O
C
(%

)
6
9

1
.7
9

1
.2
9

0
.0
0

9
.6
0

3
6

2
.6
2

1
.6
9

0
.0
0

9
.6
0

5
1

1
.5
0

1
.2
9

0
.0
0

6
.4
4

C
E
C
(c
m
o
l
k
g
-
1
)

3
6

1
3
.2
5

1
2
.5
5

1
.8
0

3
3
.6
0

3
6

1
3
.2
5

1
2
.5
5

1
.8
0

3
3
.6
0

1
9

1
5
.2
1

1
2
.6
0

1
.8
0

3
3
.6
0

C
la
y
(%

)
6
9

1
8
.3
2

1
0
.8
0

0
.0
0

5
6
.1
0

3
6

2
5
.3
6

2
4
.2
5

0
.0
0

5
6
.1
0

5
1

1
6
.1
1

1
0
.8
0

0
.0
0

5
6
.1
0

P
O
L
S
E
N
(m

g
k
g
-
1
)

5
2

2
9
7
.8
8

2
5
.1
8

0
.0
0

3
2
4
0
.0
0

2
6

3
2
1
.3
2

1
6
.9
3

3
.1
2

2
7
6
0
.0
0

4
0

3
8
2
.3
6

2
9
.8
9

0
.0
0

3
2
4
0
.0
0

F
e o

x
–
A
l o
x
(g

k
g
-
1
)

4
9

8
0
.8
7

5
.0
4

0
.6
1

2
9
8
.7
3

1
9

1
5
7
.3
2

2
1
2
.0
0

2
.5
8

2
8
9
.4
0

3
6

2
8
.0
0

3
.4
4

0
.6
1

2
9
8
.7
3

S
a
m
p
le

A
al
l
d
at
a
w
it
h
C
aC

l 2
as

th
e
b
ac
k
g
ro
u
n
d
el
ec
tr
o
ly
te
.
S
a
m
p
le

B
d
at
a
u
se
d
fo
r
th
e
ca
li
b
ra
ti
o
n
o
f
K
d
an
d
K
f
p
ed
o
tr
an
sf
er

fu
n
ct
io
n
s.

S
a
m
p
le

C
d
at
a
u
se
d
fo
r
th
e
ca
li
b
ra
ti
o
n
o
f
th
e

n
p
ed
o
tr
an
sf
er

fu
n
ct
io
n

O
C

o
rg
an
ic

ca
rb
o
n
,
C
E
C

ca
ti
o
n
ex
ch
an
g
e
ca
p
ac
it
y
,
F
e o

x
–
A
l o
x
ir
o
n
-
an
d
al
u
m
in
u
m

o
x
id
es
,
N
o
b
s.
n
u
m
b
er

o
f
o
b
se
rv
at
io
n
s

300 Environ Chem Lett (2015) 13:293–307

123



Statistical analyses

Pedotransfer functions aim to predict the sorption param-

eters Kd, Kf and n from selected substrate properties. Some

of the properties, especially CEC, iron- and aluminum

oxides or phosphorus content, were not available for all

soils or sediments (Table 2). This lack of data induced a

subsampling of sample A for the establishment of pedo-

transfer functions for the Kd and Kf parameters. This

sample is designated as ‘‘sample B’’ in the following sec-

tions and in Table 3. The sample used for the establishment

of the pedotransfer function for the n parameter excluded

sorption studies that investigated only one concentration

and, thereby, did not consider the possibility that n differs

from 1. This sample is designated as ‘‘sample C’’ in the

following sections and in Table 3.

The statistical analyses were performed using version

3.1.0 of the R statistical computing software (Cran R

organization 2015). Correlation analyses were performed

using the default ‘‘lm’’ function of the R software. These

analyses aimed at exploring the factors that potentially

explain the variations in Kdeq, Kf and n across the range of

investigated soils. Correlation analyses were also per-

formed to detect covariation in the soil properties.

The three pedotransfer functions for the estimation of

linear and nonlinear sorption models were established by

forward and backward stepwise multiple regression anal-

yses of the substrate properties and the Kdeq, Kf and n

parameters. The stepwise multiple regression analyses

were performed using the default ‘‘step’’ function of the R

software. The root-mean-square error of prediction

(RMSEP) of the regression pedotransfer functions was

evaluated by leave-one-out cross-validation with the

function cvFit of the cvTool package of R software version

3.1.0.

The validity of the Kd pedotransfer function is strongly

supported by the fact that sorption processes do not depend

on the pesticide concentration. However, in sample A, the

n values ranged from 0.48 to 1.05, with a mean value of

0.83, indicating saturation of the sorption sites at high

glyphosate concentrations. Such saturation may be induced

by the experimental conditions, such as the solid-to-liquid

ratio and the initial concentration range, or by the limited

amount of sorption sites in the soil (Vereecken 2005;

Wauchope et al. 2002). A complementary multiple

regression between n, the substrate properties and the

experimental conditions (Cmax and R) was therefore per-

formed. The resulting equation (see Eq. 4 in the Results

and Discussion section) indicates the linearity range under

various conditions.

Finally, we evaluated the accuracy of the predicted

equilibrium partitioning of glyphosate between the soil and

water by using the sorption parameters provided by the Kd

or Kf/n pedotransfer functions. The evaluation was per-

formed for 11 initial concentrations (0.01, 0.04, 0.10, 0.40,

1, 4, 10, 40, 100, 400 and 1000 mg L-1) in the liquid phase

by comparing the predicted soil-to-water glyphosate con-

centration ratios, as obtained by the pedotransfer-estimated

sorption parameters, to those obtained by the batch-fitted

sorption parameters. The aqueous and soil concentrations

were calculated for all sample B soils and sediments using

the numerical solver as described previously.

Results and discussion

Database and sample characteristics

The soils and sediments used in the glyphosate sorption

measurements displayed great variability in their origins

and properties. This variability was preserved in the sub-

sampling of the database for pedotransfer function cali-

bration, as seen in Table 3. Indeed, the three subsamples of

the database displayed similar distributions of properties

and parameters values. The 0.01–1000 mg L-1 concen-

tration range (Table 4) was also preserved by the sub-

sampling of the database. This range covers all possible

environmental glyphosate concentrations from concentra-

tions found during spraying to those found in runoff and

groundwater (Székacs and Darvas 2012; Vereecken 2005;

Villeneuve et al. 2011). It is interesting to note that the data

presented in Table 5 exhibited highly significant correla-

tions between some basic soil properties: The CEC was

correlated with organic carbon or iron- and aluminum

Table 4 Initial aqueous concentration used for the linear approximation of Freundlich isotherms

Initial aqueous concentrations (mg L-1) Frequency of use in

experimental design (%)

Class 1 0.01–0.02–0.04–0.06–0.08 56

Class 2 0.10–0.20–0.40–0.60–0.80 59

Class 3 1.00–2.00–4.00–6.00–8.00 55

Class 4 10.00–20.00–40.00–60.00–80.00 32

Class 5 100.00–200.00–400.00–600.00–800.00–1000.00 12
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oxides, and the clay content was correlated with iron- and

aluminum oxides. In contrast, there was no correlation

between clay and CEC, suggesting a large influence of the

within-sample variation in clay mineralogy (Table 5).

Glyphosate sorption: mechanisms and prediction

The Pearson correlation coefficients (Table 6) showed that

the Kdeq and Kf values are primarily correlated with CEC

Table 5 The Pearson correlation coefficients matrix among soil properties

Parameters CEC (cmol kg-1) OC (%) Clay (%) Phosphorus (mg kg-1) Feox and Alox (g kg-1)

pH 0.407*

(36)

NS

(69)

0.250*

(69)

0.339*

(52)

NS

(49)

CEC – 0.666***

(36)

NS

(36)

NS

(26)

-0.691**

(19)

OC – – NS

(69)

NS

(52)

NS

(49)

Clay – – – NS

(52)

0.631***

(49)

Phosphorus – – – – NS

(49)

The number in brackets corresponds to the number of observations for the given correlation. ‘‘***’’, ‘‘**’’ and ‘‘*’’ represent correlation

significance levels of 0.001, 0.01 and 0.05, respectively

NS correlation is not significant, OC organic carbon, CEC cation exchange capacity, Feox–Alox iron- and aluminum oxides

Table 6 The Pearson correlation coefficients matrix between sorption parameters and soil properties or experimental conditions

Parameters pH CEC

(cmol kg-1)

OC (%) Clay (%) Phosphorus

(mg kg-1)

Feox and Alox
(g kg-1)

Cmax

(mg L-1)

log(R)

Kdeq NS

(69)

0.659***

(36)

0.380**

(69)

NS

(69)

NS

(52)

NS

(49)

-0.364**

(69)

NS

(69)

Kf NS

(69)

0.659***

(36)

0.255*

(69)

NS

(69)

NS

(52)

-0.527***

(49)

-0.551***

(69)

-0.432***

(69)

n 0.531***

(51)

NS

(19)

0.351*

(51)

0.760***

(51)

0.361*

(40)

0.560***

(36)

-0.666***

(51)

0.489***

(51)

The number in brackets corresponds to the number of observations for the given correlation. ‘‘***’’, ‘‘**’’, and ‘‘*’’, represent correlation

significance levels of 0.001, 0.01 and 0.05, respectively

NS correlation is not significant, OC organic carbon, CEC cation exchange capacity, Feox–Alox iron- and aluminum oxides, Cmax maximal initial

concentration (mg L-1), log(R) log-transformed solid–liquid ratio (g mL-1)

Table 7 Pedotransfer functions for the estimation of linear (Kd) and Freundlich (Kf-n) sorption isotherms

Pedotransfer function Sample Soil parameters Equation R2 RMSEP

Kd B CEC, Clay Kd = 24.821 ? 7.199 * CEC - 1.307 * Clay 0.48*** 7.59 (8.7 %)a

Kf B CEC, Clay, OC Kf = 50.904 ? 9.246 * CEC - 1.985*Clay - 11.811 * OC 0.52*** 16.33 (16.9 %)b

n C Clay, pH n = 0.505 ? 0.007 * Clay ? 0.024 * pH 0.62*** 0.006 (0.8 %)c

OC organic carbon (%), CEC cation exchange capacity (cmol kg-1), clay (%)

*** Correlations are significant at the level 0.001
a RMSEP expressed as a percentage of the mean Kd value (87.02 L kg-1)
b RMSEP expressed as a percentage of the mean Kf value (96.32 L kg-1 n-1)
c RMSEP expressed as a percentage of the mean n value (0.77)
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and, secondarily, with organic carbon content and Feox–

Alox content. They also show that n exhibits significant

correlation with all of the selected soil properties, with the

exception of CEC.

The multiple regression analysis (Table 7) provided

pedotransfer functions that accurately fit the observed

Kdeq, Kf and n values. The functions account for 48–62 %

of the variation in the sorption parameters. Visual inspec-

tion of the disparity between the measured and predicted

Kdeq, Kf and n sorption parameters did not reveal sys-

tematic departures from the regression, except for one

outlier corresponding to high Kdeq and Kf values measured

on a sediment containing a particularly high organic carbon

content (Fig. 2). The multiple regression analyses high-

lighted the points that CEC is the main predictor of Kdeq
and Kf variation and that clay is a useful predictor. Fur-

thermore, we found that organic carbon was a predictor for

Kf only. The analyses also revealed that clay and pH are

significant predictors of n.

These results suggest that the formation of complexes

between the glyphosate phosphonate groups and the soil-

exchanged polyvalent cations is the dominating sorption

mechanism across the entire range of analyzed soils. This

is indicated by the primary role of CEC in controlling Kdeq
and Kf variability. Indeed, several studies have highlighted

the role of CEC in the strong sorption of glyphosate to soils

(da Cruz et al. 2007; Mcconnell and Hossner 1985; Morillo

et al. 1997; Xu et al. 2009), although others concluded that

clay and Feox–Alox play an even more important role

(Bergström et al. 2011; Rampazzo et al. 2013; Wang et al.

2005). Given the high correlation between CEC and Feox–

Alox in our sample, it is likely that the influence of the latter

property was masked by that of the former. Additionally,

we found that clay content explained only approximately

5 % of the Kdeq and Kf variability (Tables 6, 7). This

corroborates the hypothesis that for the sorption rate, the

clay mineralogy and its associated properties, such as the

specific surface area, saturating cation or isoelectric point,

may be more important than the clay content (Borggaard

and Gimsing 2008; da Cruz et al. 2007; Kogan et al. 2003;

Mcconnell and Hossner 1985; Pessagno et al. 2008). Sig-

nificant correlations were found between organic carbon

and Kdeq or Kf (Table 6), although organic carbon only

slightly increased the R2 value obtained in the multiple

regression analyses of Kf. Organic carbon appeared to be

bFig. 2 Multiple regression analysis of the sorption coefficients (Kd,

Kf, n) and soil properties. The sorption coefficients predicted from the

pedotransfer functions presented in Table 7 were plotted against the

sorption coefficients (Kf, n) fitted from the experimental data and for

Kdeq, against the linearized sorption coefficients
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strongly correlated with CEC, indicating the significant

contribution of organic matter to CEC; this correlation may

explain the correlation of organic carbon with the sorption

parameters. This finding is in agreement with the work of

Yu and Zhou (2005), who found that the removal of

organic matter drastically diminished the CEC of the soils

and, consequently, sharply decreased the sorption coeffi-

cients. There is a general consensus that a rise in pH

negatively affects the sorption of glyphosate (Accinelli

et al. 2005; Al-Rajab et al. 2008; Borggaard and Gimsing

2008; de Jonge and Wollesen de Jonge 1999; Dousset et al.

2007; Gimsing et al. 2004; Mamy and Barriuso 2005;

Mcconnell and Hossner 1985; Xu et al. 2009). However,

the multiple regression analyses did not detect any influ-

ence of pH on Kdeq and Kf variability.

Here, pH and clay explained most of the n parameter

variability (Tables 6 and 7). The positive correlation of

n with pH may be related to the increased negative charges

for both glyphosate (Fig. 1) and the soil, favoring the

formation of complexes with soil-exchanged polyvalent

cations. Despite the increasing electrostatic repulsion, a

rise in pH appears to reduce the potential saturation of

sorption sites for high initial concentrations by favoring

cation bridging between glyphosate and the soil.

The variability of the sorption parameters that is not

predicted by the multiple regressions may be largely

attributed to the varying experimental conditions among

the studies measuring glyphosate sorption to soils and

sediments (Table 2). One source of experimental variation

is the differences in the methods used to measure the soil

properties, especially the pH, Feox–Alox content or CEC.

Another source is the variations in the maximal initial

concentration (Cmax) and in the soil-to-solution ratio (R)

(Table 6). It is striking that Kf and n are correlated with

these variables. Moreover, if these parameters are consid-

ered to be possible predictors in the multiple regressions,

they enable a fit to a regression function (Eq. 4) with a

better performance (R2 = 0.69) than that of the regression

using only basic soil properties as predictors for n.

n ¼ 0:920� 0:028� logðCmax ðmg L�1ÞÞ þ 0:064

� log ðR ðg mL�1ÞÞ þ 0:005� clay ð%Þ ð4Þ

A small R implies a limited amount of sorption sites.

Combined with high concentrations, this feature leads to a

rapid saturation of the sorption sites with increasing gly-

phosate concentrations (Al-Rajab et al. 2008; Litz et al.

2011; Wauchope et al. 2002). In addition to affecting the

linearity of the processes, the experimental conditions also

affect the adsorption rates (Wauchope et al. 2002). Wau-

chope et al. (2002) found that changing R from 1:1 to 1:33

caused a sorption decrease of 50 %. Correlations between

Kf, Kdeq and the solid-to-liquid ratio or the maximal initial

concentration (Table 6) are further evidence of the influ-

ence of the experimental conditions on the sorption.

However, unlike the case of the n parameter, inclusion of

the experimental conditions (Cmax, R) in the multiple

regression analyses did not increase the predictive perfor-

mance of the regression for Kdeq and Kf. The experimental

conditions are usually determined based on analytical

constraints and rarely reflect the actual environmental

conditions. It must be noted that the pedotransfer functions

could be improved with additional experimental sorption

studies designed to closely mimic the environmental con-

ditions and with pH and CEC analyzed with the stan-

dardized methods [pHH2O, Metson CEC (cmol kg-1)].

Use of pedotransfer functions for risk assessment

The linear sorption coefficient Kd can be predicted by a

pedotransfer function requiring the knowledge of only two

properties, the clay content and CEC. The prediction per-

formance is good with an RMSEP of less than 10 % of the

Fig. 3 Distributions of the

prediction errors for linear

sorption isotherms and

nonlinear sorption isotherms. D
represents the difference (%) at

a given initial concentration

between the predicted and the

measured ratio of

concentrations between soil and

water. a Ratios predicted by the

Kd pedotransfer function (linear

isotherm estimation) and

b ratios predicted by the Kf and

n pedotransfer function

(nonlinear isotherm estimation)
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mean glyphosate Kdeq (Table 7). However, Fig. 3a shows

that the errors in the predicted soil-to-water concentration

ratios vary largely according to the initial concentration of

water. The errors are moderate for initial liquid-phase

concentrations below 10 mg L-1, indicating that the Kd

pedotransfer function predicts sorption relatively

accurately for concentrations below this threshold. The

10 mg L-1 may correspond to the threshold above which

the concentration independence of the sorption process can

no longer be assumed. This assumption can be checked by

examining the variation in n given by Eq. 4. Figure 4

presents the departure from linearity assumed to occur

when n is below 0.9 across a range of clay content values

and initial glyphosate concentrations. Soil-to-solution

ratios of 1:1 and 1:20 were chosen to represent structured

soils (Wauchope et al. 2002) and sediment–water systems,

respectively. For the 1:20 soil-to-solution ratio, which

exhibits the lowest R among the experimental conditions of

the results included in the database, the linearity is

respected under 10 mg L-1 for clay contents higher than

10 %; this is the case for more than 50 % of the soils or

sediments of sample A. For concentrations above

10 mg L-1, the sorption isotherms are linear only for soils

or sediments with clay content higher than 20 %; this is the

case for only approximately 25 % of the soils or sediments

of sample A.

The Freundlich isotherms can be satisfactorily predicted

by two pedotransfer functions requiring the knowledge of

four properties, namely the organic carbon and clay con-

tents, CEC and pH (Table 7). The RMSEP of predicted Kf

values is greater than that for predicted Kd because it is

approximately 16 % of the mean Kf; the RMSEP of n is

smaller than 1 % of the mean n, demonstrating the high

accuracy of the predicted n. As seen in Fig. 4, the predic-

tion errors of the soil-to-water concentration ratio exceed

1000 % for concentrations between 0.01 and 0.40 mg L-1

and 500 % for concentrations up to 10 mg L-1 (Fig. 3b).

Thus, the sorption estimated by the combination of n and

Kf pedotransfer functions is significantly underestimated

for initial concentrations below 10 mg L-1. This may be

due to the multiplication of properties used to estimate the

sorption parameters and the accumulation of inherent bias

of the two pedotransfer functions. However, it must also be

noted that for concentrations higher than 10 mg L-1, the

predictions using the estimated Freundlich model parame-

ters show slightly smaller errors than those using the esti-

mated linear isotherms. The application of the Kf

pedotransfer function is therefore only advisable for esti-

mating sorption for very high liquid-phase concentrations,

a condition that is relatively rarely found in the current

environmental conditions.

Conclusion

Sorption to soils and sediments controls the fate of gly-

phosate in the environment and thus the potential risk of

freshwater and groundwater contamination. Glyphosate

sorption appeared to be controlled mainly by cation

Fig. 4 Linearity range of sorption isotherms in relation to the clay

content and initial glyphosate concentrations in the liquid phase.

Plain green dots represent 0.9\ n\ 1.05, and empty orange dots

represent n values lower than 0.9 (bottom right). a n values were

calculated from Eq. 4 with a solid-to-liquid ratio of 1:1 (g/ml).

b n values were calculated from Eq. 4 with a solid-to-liquid ratio of

1:20 (g/ml). Note that for a solid-to-liquid ratio of 1:1, the saturation

of sorption sites occurs at initial concentration higher than 100 mg/l

for clay content varying between 0 and 10 %, whereas for the 1:20

ratio, the saturation for the same clay content starts at initial

concentrations of approximately 0.1 mg/l. (Color figure online)

Environ Chem Lett (2015) 13:293–307 305

123



exchange capacity, clay and organic carbon content and

pH. This suggests that the mechanism driving glyphosate

sorption over the range of soil and sediment investigated is

the complex formation between the phosphonate group of

glyphosate and the soil-exchanged polyvalent cations.

Robust pedotransfer function for the estimation of gly-

phosate Kd was built from multiple regression analysis of

the literature data. This Kd pedotransfer function enables

prediction of glyphosate sorption for a wide range of soils

and sediments with a limited number of properties and with

reasonable accuracy for most environmental conditions.

This method provides an efficient tool to parameterize

models for the evaluation of glyphosate dispersion within a

watershed (FOCUS 2007). The predicted Kd values may

also be useful to calibrate simplified risk assessment

methods, such as pesticide leaching indices (e.g., the GUS

index) (Funari and Vighi 1995) or surface retention indices

(e.g., the PRP index) (Lagacherie et al. 2006; Margoum

et al. 2006).
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Laitinen P, Siimes K, Rämö S, Jauhiainen L, Eronen L, Oinonen S,

Hartikainen H (2008) Effects of soil phosphorus status on

environmental risk assessment of glyphosate and glufosinate-

ammonium. J Environ Qual 37:830. doi:10.2134/jeq2007.0256

Litz NT, Weigert A, Krause B, Heise S, Grützmacher G (2011)
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