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bstract

The photoinduced degradation of glyphosate (GLP) in the ferrioxalate system was investigated under irradiation with a 250 W metal halide
amp (λ ≥ 365 nm). The efficiency of orthophosphates release, representing the photodegradation efficiency of GLP, increased with decreasing the
nitial concentrations of GLP and Fe(III)/oxalate ratios. At acidic pH value in the range of 3.5–5.0, higher efficiency of orthophosphates release
p to 60.6% was achieved, while the efficiency dropped to 42.1% at pH 6.0. The photochemical process mainly involved the predominant species
f iron(III), namely Fe(C2O4)2

− and Fe(C2O4)3
3−, which lead to the formation of hydroxyl radicals in the presence of dissolved oxygen under
V–vis irradiation. Also, the complexation of GLP with Fe(III) obviously increased the light absorption of GLP and facilitated its degradation
y direct photolysis. The ninhydrin test for primary amines showed that the GLP was attacked by hydroxyl radicals with C N cleavage to yield
minomethylphosphonic acid (AMPA) and C P cleavage to yield sarcosine. The photodegradation may be enhanced by the decomposition of
eactive radicals produced through ligand-to-metal charge transfer (LMCT) of ferric–GLP complexes.

2007 Elsevier B.V. All rights reserved.

d
i
b
s
a
a
i
n
a

n
o
i
w
p

eywords: Glyphosate; Ferrioxalate system; Photodegradation

. Introduction

Glyphosate (N-(phosphonomethyl) glycine, glyphosate
GLP)), a postemergence nonselective broad spectrum herbi-
ide, is extensively used in agriculture for the control of many
nnual and perennial weeds, which was introduced by Monsanto
ompany, US in the early 1970s [1]. Glyphosate is essentially
ontoxic to mammals and birds, but fish and invertebrates are
ore sensitive to the herbicide [2]. Many researches showed that

lyphosate could be degraded by microorganisms and plants
o yield aminomethylphosphonic acid (AMPA) and sarcosine,
hich could be further degraded into water, carbon dioxide and
hosphate, although the slower degradation of AMPA had been
eported in some instances [3].

Abiotic degradation is also an important pathway for dissipa-

ion of glyphosate in the environment. Hydrolysis of glyphosate
n sterile buffers is very slow. With respect to photodegra-
ation of glyphosate, it was considered previously that no
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irect photodegradation occurred [4]. Nevertheless, the exper-
ments later showed that glyphosate could be photodegraded,
ut the extent of degradation was dependent on the light
ources and composition of solution [5]. The glyphosate and
minomethylphosphonic acid also can be degraded by dilute
queous suspensions of birnessete, a manganese oxide common
n soils [6]. In most cases, glyphosate will dissipate rapidly from
atural water bodies through adsorption to organic substances
nd inorganic clays, degradation, and dilution [7–10].

The degradation of glyphosate in natural environment affects
ot only the validity of herbicide but also the bioavailability
f glyphosate since it could be photochemically transformed
nto orthophosphate, which is responsible for eutrophication in
aters. It was suggested that the bioavailibility of organophos-
horous compounds in freshwaters could be attributed to ferric
ons but few researches proved the point of view [11]. The
ost relevant report just mentioned the photodegradation of

lyphosate in Fe(III)/H2O2/UV system [12].

Our group has been engaged in the simulative researches

n the photodegradation of organic compounds induced by
ifferent ferric species including Fe(III)–OH complexes,
e(III)–polycarboxylate complexes, ferric oxides and Fe(III)
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humic acid complexes and their applications to pollutant
emoval [13,14]. The photochemistry of Fe(III)–oxalate com-
lexes had been studied since the 1950s [15]. However, till
990s, much attention has been paid on the environmental chem-
stry research on Fe(III)–oxalate complexes and the photolysis
f Fe(III)–oxalate complexes was a major pathway for the for-
ation of H2O2 in atmospheric waters [16]. The H2O2 formed

y the photolysis of Fe(III)–oxalate complexes can react with
e2+, according to a Fenton mechanism [17]:

e2+ + H2O2 → Fe3+ + •OH + OH− (1)

The production of •OH radicals has considerable impli-
ations for the oxidation of a wide variety of natural and
nthropogenic organic and inorganic substances [18,19]. For the
xtensive existence of ferric ions and oxalate ions in the natural
aters, much concern was focused on the oxidation of pollu-

ants mediated by the above ions or the photochemical cycling
f iron since iron element was considered as a limiting factor in
iological productivity [20,21].

In the present study, we focused our attention on the role
f ferrioxalate system in the photodegradation of glyphosate to
elease orthophosphate. This work is aimed to understand the
ossible implications of glyphosate for the eutrophication in
aters under irradiation. A possible photodegradation pathway
f glyphosate in ferrioxalate system was proposed.

. Materials and methods

.1. Material

GLP (97% purity) was purchased from Damao Chemicals
o. (Tianjin, PRC). All other reagents are analytical reagent and
sed without purification. HCl and NaOH were used to adjust
he pH values of the solutions. 0.1 M HAc–NaAc buffer (pH 5.8)
as prepared; water used was doubly distilled.

.2. Photochemical reactor

Irradiation under UV light was performed with a 250 W metal
alide lamp (Yaming Illumination Instrument Co., Wujin, PRC),
aving a polychromatic spectrum with λ ≥ 365 nm, in a centric
hotochemical reactor of rotating type. The lamp was fixed in the
enter of a plate with large hole in the center and eight small holes
round it. Eight identical 10 ml quartz test tubes (o.d. 1.5 cm,
ength 11.5 cm) were placed vertically in each hole as photo-
hemical reaction cells, so that the light and the cells were kept
arallel with a fixed distance of 7.0 cm. The tubes were rotated
t 50 rpm. Irradiation influx was equably distributed across the
ells. During the photoreaction, a water-jacketed Pyrex was used
o maintain a constant temperature at about 22 ◦C. Each run was
erformed by first switching on the lamp without test tubes in

he cells. After the achievement of the stable irradiating power
10 min), the eight test tubes with 10 ml reaction solution were
laced into the cells rapidly. The typical composition inside each
est tube is [GLP]0 = 5.0 mg L−1, [Fe3+]0/[C2O4

2−]0 = 20/300
�mol L−1) at pH 3.5.
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.3. Analysis

The UV absorbance spectra of GLP, FeCl3, Na2C2O4, and
heir mixed solutions were recorded with spectrophotometer
V-1601 (Shimadzu, Japan). Orthophosphate (PO4-P) and total
hosphorus (PO4tot) were measured according to the standard
ethods with spectrophotometer at 700 nm, based on the forma-

ion of a blue molybdenum complex and after digestion using
eroxodisulfate (K2S2O8), respectively [22]. The detection limit
s 0.01 mg L−1 PO4-P. Each result was based on the measure-

ent of triplicates. The measured PO4tot matched the expected
alues that were calculated according to the GLP specification.
inhydrin colorimetric experiments were conducted to test qual-

tatively for the degradation of GLP to primary amine products in
he HAc–NaAc buffer (pH 5.8) [6]. The samples were analyzed
mmediately after sampling to prevent further oxidation.

.4. Calculation

The release of orthophosphates in the solution was calcu-
ated with Eq. (2). The phosphonate solutions initially contain
rthophosphates (impurities in the solutions) that are not
eleased from the irradiation of the phosphonates. To determine
he actual release of orthophosphates from the phosphonates, the
rthophosphate content of the solution without irradiation is sub-
racted from the total phosphorus and orthophosphate contents
f the irradiated solution [23].

PO4-P = ([PO4-P]t−[PO4-P]0)/([PO4tot] − [PO4-P]0) × 100

(2)

here %PO4-P is the efficiency of orthophosphates release,
PO4-P]t the orthophosphate content at t irradiation time
mg L−1), [PO4-P]0 the orthophosphate content without irradi-
tion and [PO4tot] is the total phosphorus content at t irradiation
ime (mg L−1).

.5. Equilibration calculation

All speciation in this study were performed with MEDUSA,
chemical equilibrium calculation program. The equilibrium

onstants were obtained from the literature and corrected for
ifferences in ionic strength using the Davies equation.

. Results and discussion

.1. Control experiments

As shown in Fig. 1, GLP and Na2C2O4 have no appre-
iable light absorption at λ ≥ 365 nm. However, when they
re mixed with ferric ions, the absorptions are noticeably
trengthened. It was supposed that GLP, Na2C2O4 and Fe(III)
ay form Fe(III)–GLP binary complex, Fe(III)–C2O4

2− binary

omplexes and/or Fe(III)–C2O4

2−–GLP ternary complexes.
ormation of ferric–glyphosate complex was confirmed by
TR–FTIR elsewhere [24]. Fig. 2 illustrates the importance of

he strengthened absorption for the photodegradation by the fact
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Fig. 3. Effect of initial concentrations of GLP on photodegradation under the
conditions: pH 3.0, [Fe3+]0/[C2O4

2−]0 = 20/300 (�mol L−1).
ig. 1. The UV absorbance spectra of GLP, FeCl3, Na2C2O4, and
heir mixed solutions under the conditions: [FeCl3] = 20 �mol L−1;
Na2C2O4] = 150 �mol L−1; [GLP] = 3.38 mg L−1, pH 3.35.

hat no obvious orthophosphate release was observed in the GLP
queous solution after irradiation for 180 min. In contrast, the
hotodegradation is improved in the presence of Na2C2O4 and
e(III). The efficiency of orthophosphates release in ferrioxalate
ystem is much higher than that in the Fe(III)-hydroxo system at
H 3.5, which is consistent with the fact that ferrioxalate com-
lexes have higher photoreactivity than Fe(OH)2+, as mentioned
n previous studies [25].

.2. Effect of initial concentrations

Fig. 3 shows that the efficiency of orthophosphates release
s related to its initial concentrations. The orthophosphates
elease efficiency increases with decreasing the initial con-
entrations at the range of 1.0–4.0 mg L−1. When the initial
oncentration of glyphosate is 1.0 mg L−1, the Fe(III)/oxalate
atio 20/300 �mol L−1, the initial pH value 3.0, 63.2% of

lyphosate can be photochemically transformed into orthophos-
hate (PO4-P) after a 180 min irradiation. As for the lower initial
oncentrations, it could be suggested that higher degradation will
e obtained.

ig. 2. Efficiency of orthophosphates release in control experiment under the
onditions: [GLP]0 = 5.0 mg L−1, [Fe3+]0/[C2O4

2−]0 = 20/300 (�mol L−1), pH
.5.

Fig. 4. Effect of initial pH values on photodegradation under the conditions:
[GLP]0 = 5.0 mg L−1, [Fe3+]0/[C2O4

2−]0 = 20/300 (�mol L−1).

Fig. 5. Speciation fraction of Fe(III) calculated by MEDUSA at var-
ious pH from 1 to 6 under the conditions: [Fe3+]tot = 20 �mol L−1,
[C2O4

2−]tot = 300 �mol L−1.
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ig. 6. Effect of Fe3+/oxalate ratios on photodegradation under the conditions:
GLP]0 = 5.0 mg L−1, pH 3.5.

.3. Effect of initial pH values
Fig. 4 shows the photodegradation of GLP with the initial
oncentration 5.0 mg L−1 and Fe(III)/oxalate ratio 20/300 in
he pH range of 3.5–6.0. GLP can be efficiently transformed
nto orthophosphate at pH 3.5–5.0. As shown in Fig. 5, the pH

a
F
F
b

ig. 8. The proposed reaction mechanism of GLP in ferrioxalate system. Solid line re
ig. 7. Speciation fraction of Fe(III) calculated by MEDUSA at various oxalate
oncentration under the conditions: [Fe3+]tot = 20 �mol L−1, pH 3.5.

alues determine the Fe(III) species contribution. The fraction
f Fe(OH)2+ is negligible and the ferrioxalate ions constitute
he main Fe(III) species in ferrioxalate system. Ferrioxalate ions
n the system are mainly present as Fe(C2O4)+, Fe(C2O4)2

−

nd Fe(C2O4)3

3−. It was reported [26] that Fe(C2O4)2
− and

e(C2O4)3
3− were much more efficiently photolyzed than

e(C2O4)+. Thus, the pH dependence of GLP degradation can
e attributed to the speciation of ferrioxalate ions since they are

presents the major pathways and dashed line represents the possible pathways.
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he function of pH values. Furthermore, the pH values govern
he relative amount of O2

•−/HO2
•, which can react with Fe(II)

o form H2O2. The faster reactions of Fe(II) with O2
•−/HO2

•
n the higher pH range, where O2

•− becomes dominant, result
n greater H2O2 formation, which in turn leads to more •OH
roduction [27].

.4. Effect of Fe(III)/oxalate ratios

Fig. 6 shows the photodegradation of GLP with its initial
oncentration 5.0 mg L−1 and pH 3.5 in different Fe(III)/oxalate
atios. The efficiency of orthophosphates release increases with
he decrease of Fe(III)/oxalate ratios, but it becomes not as
oticeable as the beginning when the ratios decrease. Oxalate
ons play an important role in the photodegradation of GLP since
he primary ligand-to-metal charge-transfer (LMCT) process in
he photoexcited state of ferrioxalate ions is closely related to the
xalate ions. The reactive decay of the LMCT state via the pho-
oinduced electron transfer (PET) by inner-sphere mechanism
eads to the formation of O2

•− and decomposition of oxalate to
O2 [28]. As shown in Fig. 7, with the increase of logarithmic
oncentration of C2O4

2−, the ferrioxalate ions become dominant
n the ferrioxalate system, which increases its photoreactivity.
ccordingly, the increase of oxalate concentration is favorable

o the photodegradation of GLP. Nevertheless, the superabun-
ant ferrioxalate ions will oxidize the oxalate radicals and thus,
revent the reduction of O2 and the formation of H2O2.

.5. The proposed degradation pathway of GLP

As mentioned in the introduction section, GLP can be
egraded by microorganisms and plants via C N and C P
onds cleavage. The ninhydrin test based on formation of
he colored Ruhemann purple compound of primary amine
howed that GLP possibly underwent C N bonds breakage to
ield aminomethylphosphonic acid. The C P bond cleavage
ccurred under the irradiation, as evidenced by the formation
f orthophosphate detected in this study. The cleavages of C N
nd C P bonds are believed to be attributed to hydroxyl radicals
roduced by the photolysis of ferric–oxalate complexes in the
resence of dissolved oxygen. Additionally, the direct photoly-
is of ferric–GLP complex may also occur and the GLP radicals
roduced through ligand-to-metal charge transfer decompose to
arcosine (CAS No. 107-97-1) and AMPA (CAS No. 1066-51-
). Thus, the possible reaction pathway of GLP in the ferrioxalate
ystem is proposed as in Fig. 8, which is similar to the proposed
athway by Barrett and McBride [6].

. Conclusions

Glyphosate can be efficiently photodegraded in the ferriox-
late system. The efficiency of orthophosphates release increases
ith decreasing initial concentrations of GLP. The pH values and

xalate ions are the key factors for the photoreactivity in fer-
ioxalate system since they govern the predominant speciation
f ferrioxalate ions and affect the generation of •OH radicals.
he efficiency of orthophosphates release of GLP increases

[
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ith the decrease of Fe(III)/oxalate ratios and GLP can be
hotodegradaded efficiently at the pH range of 3.5–5.0. The
egradation of GLP in ferrioxalate system is mainly attributed
o the attack of •OH radicals followed by C N cleavage to yield
minomethylphosphonic acid and C P cleavage to yield sarco-
ine. The binary and ternary complexes of GLP with Fe(III) and
2O4

2− may be partially responsible for the degradation of GLP
ia the reactive decay of LMCT excitation of GLP complexes,
hat is to say, the central Fe(III) ion undergoes reduction and
LP as the ligand or a sacrificial donor is a subject of oxidation.
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