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a  b  s  t  r  a  c  t

Phenylurea  herbicides  have  been  known  to contaminate  surface  waters  serving  as potable  supplies.  To
access  the  potential  for  transformation  of  these  compounds  during  drinking  water  treatment,  reactions
of  phenylurea  compounds  with  aqueous  chlorine  at different  pHs  were  investigated.  The effect  of  sub-
stitution  at  the  amino-N  on the rate  of  transformation  depends  upon  pH.  Under  acidic  conditions,  all
of  the  phenylurea  studied  except  3,4-dichloro-3′-N-methylphenylurea  (3,4-DCMPU)  exhibited  third-
order  kinetics,  second  order  with  respect  to  chlorine  and  first  order  with  respect  to  phenylurea,  while
the reactions  of  3,4-DCMPU  were  first  order  with  respect  to both  chlorine  and  the  organic  compound.
Under  neutral  and  alkaline  conditions,  all  compounds  exhibited  second-order  kinetics  that  was  first
order  with  respect  to  chlorine  and  the  organic  compound.  Apparent  second-order  rate  constants  at  25 ◦C

−1 −1
erbicide transformation
ate constant
C/MS/MS

and pH  7 were  0.76  ±  0.16,  0.52  ±  0.11,  0.39  ±  0.02,  0.27  ±  0.04  and  0.23  ± 0.05  M s for  phenylurea,  3,
4-dichlorophenylurea,  3,  4-DCMPU,  metoxuron  and  monuron,  respectively.  Studies  of  the  chlorination
products,  monitored  by LC/MS/MS,  under  different  pH  values  indicated  the  reaction  to  take  place  at  both
N atoms  and  also  at  ortho-  and  para-  positions  of  the  phenylurea  aromatic  group.  The  main  chlorinat-
ing  species  were  found  to be  different  in different  pH  ranges.  Under  conditions  typically  encountered  in
drinking  water  treatment  systems,  transformation  of  these  compounds  by chlorine  will  be  incomplete.
. Introduction

Phenylurea herbicides (Fig. 1) are widely used in agriculture for
eed control of non-crop areas for pre-emergent treatment of fruit

rops [1].  As a result of their resistance to biotransformation and
ow affinity for soil, some phenylurea compounds may  be present
n drinking water supplies. Moreover, due to their toxicity and pos-
ible carcinogenic properties, they have received special attention
ecently [2,3].

Chlorine, an oxidant that is widely used for drinking water dis-
nfection, can transform a variety of organic compounds [4–8].
revious investigators have studied the kinetics of chlorine reac-
ions and product formation for phenylurea compounds [9–16].
rrespective of the site of reaction, the reaction rate was found to

ary with solution conditions. In particular, rates of transforma-
ion were reported to increase with decreasing pH in the presence
f bromide ions [12,13]. Apparent second-order rate constants for
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chlorine reactions with diuron were insensitive to the presence
of bromide whereas for isoproturon reactions in the presence of
bromide were much faster than in its absence [13].

There are several moieties on phenylurea compounds that are
susceptible to attack by chlorine. For example, the transformation
for chlortoluron was proposed to involve chlorine substitution and
hydroxylation of the aromatic ring [15]. For fenuron, reactions with
chlorine resulted in the formation of N-chloro derivatives [16].

On the basis of previous results, it is apparent that the reactions
of chlorine with phenylurea compounds are affected by locations of
substituents and chlorine speciation. However, the reaction mech-
anism and products are still unclear. The objective of this study was
to investigate the mechanism of chlorine reaction with phenylurea
compounds and determine the role of substituents on the reactivity
of the compounds and product formation.

2. Materials and methods

2.1. Materials
N-Phenylurea (97%) and metoxuron (99.5%) were obtained
from Aldrich and Riedel-de Hähn, respectively. Monuron (99.0%),
3,4-dichloro-3′-N-methylphenylurea (3,4-DCMPU) (97.5%), and

dx.doi.org/10.1016/j.jhazmat.2012.01.063
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Fig. 1. Chemical structur

,4-dichlorophenylurea (3,4-DCPU) (99.0%) were obtained from
r. Ehrenstofer GmbH. 4-Chlorophenylurea (97.1%) and 3-
ydroxyphenylurea were obtained from Chem Service, Inc. Sodium
ypochlorite solution (NaOCl, 4–6% active chlorine) was  purchased

rom Merck. High purity water was obtained from a Maxima water
urification system (USF-Elga, High Wycombe, U. K.). Other chem-

cals were of analytical reagent grade.
Buffers used for various pH ranges included: a 10 mM mixture of

odium acetate and acetic acid for pH 5, a 10 mM  mixture of sodium
hosphate monobasic and potassium phosphate dibasic for pH 6, 7
nd 8, and a mixture of disodium tetraborate and boric acid for pH 9.
olution pH values were further adjusted by addition of 1 N sulfuric
cid and 1 N sodium hydroxide. The ionic strength was  maintained
t 100 mM using sodium nitrate.

Stock solutions of phenylurea compounds were prepared in
ater at concentrations ranging from 0.3 to 8.0 mM.  The solutions
ere diluted from the concentrated stock to obtain an initial con-

entration of 10 �M in the pH-buffered solutions.
The stock solutions of NaOCl (∼5 mM)  was prepared daily by

iluting a commercial solution of sodium hypochlorite into the
uffered solution after standardization by iodometry [17]. To initi-
te reactions, the stock chlorine solutions were diluted to obtain a
oncentration between 150 and 300 �M.  The DPD-FAS titrimetry
ethod [17] was used to determine the initial chlorine con-

entration. New stock solutions of free chlorine and phenylurea
ompounds were prepared daily. All experiments were performed
t 25 ± 2 ◦C. Measurements of pH were carried out with a Sartaurius
H meter, model PB 11 using a glass combination electrode.

3′-N-Chlorophenylurea and 2-chlorophenylurea were synthe-
ized using the modified method of Chatway and Chaney [18].

.2. Kinetic experiments

Chlorination experiments were carried out under conditions of
xcess chlorine to yield pseudo-first order kinetics (≥30:1 ratio of
hlorine to phenylureas on a molar basis). Experiments were per-
ormed in the presence of 100 mM sodium nitrate and 10 mM buffer
n 1 mL  amber glass vials with PTFE septa. Experiments were initi-
ted by adding 500 �L aliquots containing (300–600 �M)  chlorine,

0 mM  buffer and 200 mM  sodium nitrate to 500 �L of a 10 �M
olution of the phenylurea compounds in separate vials. Vials were
mmediately capped, shaken and incubated for various time peri-
ds. At fixed time interval, one vial was taken out from the incubator
nvestigated phenylureas.

and analyzed immediately by HPLC. To verify the stability of chlo-
rine, separate experiments were run in parallel before and after
each kinetic experiment chlorine was measured using a 200 mL
volumetric flask as a reactor and DPD-FAS titrimetry for chorine
analysis. Control samples containing only the phenylurea com-
pound (5 �M)  were also used to ensure that no hydrolysis occurred
during the experiments.

HPLC with a diode array detector (An 1100 LC binary pump,
Agilent Technology, Waldbronn, Germany) was used to monitor
loss of parent compounds and formation of phenylurea chlorina-
tion products. Phenylurea compounds and their transformation
products were separated using a Synergi MAX-RP C-12 column
(250 mm × 4.6 mm,  4 �m)  and detected with a UV detector. N-
Phenylurea, metoxuron, monuron, 3, 4-DCMPU, and 3,4-DCPU were
monitored at 237, 244, 246, 250, and 248 nm,  respectively. Gradi-
ent elution was carried out with methanol and 1 mM  ammonium
formate, which was  acidified to pH 3.5 with 0.01% formic acid, the
program used was  as follows: from 43.5% methanol to 55% in 5 min,
to 85% in 15 min, to 100% in 5 min  and held for a further 5 min at
a flow rate of 0.6 mL/min for N-phenylurea, metoxuron, monuron.
The gradient program used for 3,4-DCMPU, and 3,4-DCPU was  as
follows: from 45% methanol to 80% in 20 min, to 90% in 1 min, to
100% in 5 min  at a flow rate of 0.7 mL/min. Concentrations of pheny-
lureas were determined by comparing peak areas with an external
standard calibration curve.

2.3. Identification of chlorination products of N-phenylurea using
LC/ESI-MS/MS

The products of the N-phenylurea/hypochlorite reaction at pH
values of 5, 7 and 9 were identified from a reaction of a 100 mL  solu-
tion containing 5 �M of each phenylurea buffered at pHs 5, 7, and 9,
after addition of 200 �M chlorine. Samples were collected after one
hour and immediately extracted twice with 20 mL of ethyl acetate.
The combined extracts were evaporated to dryness and the residue
was  redissolved in 500 �L of a water:methanol (1:1) mixture and
injected into a LC/ESI-MS/MS system (Applied Biosystem API 2000
triple quadrupole mass spectrometer, Thornhill, Toronto, Canada).

Identification of reaction products was carried out by interpreta-
tion of fragment ions and by comparison with authentic standards.
The optimized parameters for MS/MS  transitions of N-phenylurea
and its products are shown in Tables S1–S3.
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Fig. 2. Pseudo-first-order kinetic plots of the chlorination of phenylurea in the pH
range of 5–9 and at 25 ◦C, [PU] = 5 �M,  [Cl(I)]TOTAL = 200 �M.  r2 values range from
0.98 to 0.99.
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Fig. 3. Reaction order of free chlorine with PU between pHs 5 and 9.

. Results and discussion

.1. Reaction orders and apparent rate constants for
-phenylurea

With a large excess of free chlorine (150–300 �M)  relative to
-phenylurea (5 �M)  in the pH range of 5 to 9, the reaction exhib-

ted pseudo-first order kinetic as shown by the linear plots of
n([PU]t/[PU]o) versus time (Fig. 2). From these plots, pseudo-first
rder rate constants (kobs) values were obtained at each pH and free
hlorine concentration.

For control samples incubated in the absence of chlorine, no
hange in concentration was observed indicating that the acid- and
ase-catalyzed hydrolysis transformation of phenylurea was  neg-

igible over the pH range studied (pHs 5–9) and at 25 ± 2 ◦C. The
ydrolysis of urea compounds was, however, observed under vig-
rous conditions, i.e. higher concentration of acid and base and at
igh temperature [19–21].

The reaction order with respect to chlorine was obtained from
he relationship between the initial total chlorine concentration
nd kobs at each pH value (Fig. 3, Table 1). The disappearance of
henylurea compounds under acidic conditions was second order

ith respect to chlorine while the kinetics were first order kinetics
ith respect to chlorine and the phenylurea at pH values 7, 8 and

 [22].

able 1
pparent rate constants for the chlorination of N-phenylurea at different pH values.

pH Apparent rate constant r2 Unit

5 (2.67 ± 0.44) × 104 0.99 M−2 s−1

6 (2.64 ± 0.29) × 103 0.99 M−2 s−1

7 0.76 ± 0.16 0.98 M−1 s−1

8 1.83 ± 0.16 0.99 M−1 s−1

9 1.78 ± 0.26 0.99 M−1 s−1
Fig. 4. Fraction of the observed rate constant (kobs) contributed by reaction of
the phenylurea compound with Cl2O, OCl− , and HOCl as a function of pH at
[Cl(I)]TOTAL = 5.6 × 10−5 M.

The effect of pH on the apparent reaction order and rate constant
can be explained by the pH-dependent speciation of chlorine as
indicated below:

HOCl → ClO− + H+ Ka1 (1)

2HOCl → Cl2O + H2O K2 (2)

Cl2O + PU → products k1 (3)

OCl− + PU → products k2 (4)

HOCl + PU → products k3 (5)

The values for Ka1 and K2 are 2.9 × 10−8 and 8.74 × 10−3, respec-
tively [6].

From this set of reactions it is possible to predict the rate of
phenylurea transformation over the entire pH range [22,23], as
follows:

−d[PU]
dt

= (k1[Cl2O] + k2[OCl−] + k3[HOCl])[PU] (6)

and

Cl[I]TOTAL = [HOCl] + [OCl−] + 2[Cl2O] (7)

Taking into account of the speciation of free chlorine (reactions
(1) and (2)), Eq. (6) is transformed into Eq. (8)

−d[PU]
dt

=
(

k1K2[HOCl]2 + k2Ka1
[HOCl]
[H+]

+ k3[HOCl]

)
[PU] (8)

Finally, kobs at each pH and FAC is given by Eq. (9):

kobs = k1K2[HOCl]2 + k2Ka1
[HOCl]
[H+]

+ k3[HOCl] (9)

Nonlinear regression analysis using Microsoft Excel Solver was
used for the kobs data at each pH value to estimate k1, k2, and k3.
These results were used to calculate the contributions of Cl2O, OCl−,
and HOCl to phenylurea transformation as a function of pH at total
chlorine concentration of 5.6 × 10−5 M (Fig. 4).

The chlorine species responsible for phenylurea transforma-
tion depends upon solution pH. Under acidic conditions, the minor
species Cl2O is responsible for over half of the transformation
reactions. The high reactivity of Cl2O is consistent with findings
reported previously [22–24].  Under neutral and basic conditions,

−
Cl2O becomes less important and OCl becomes the predominant
reactive chlorine species responsible for phenylurea transforma-
tion. Hypochlorite (OCl−) has been previously observed to react
with cyclopeptides to yield chloroamides [25].
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Fig. 5. MRM  chromatogram obtained from LC-ESI (PI)–MS/MS analysis

.2. Identification of products from the chlorination of
-phenylurea

Identification of products from the chlorine reactions was based
n the interpretation of fragment ions. In cases where authentic
tandards were available, retention times and MS  spectra were
lso used for identification (Table S4 and Figures S1–S10).  The
C/ESI-MS chromatograms were first acquired in the full scan mode
60–400 amu). The protonated and deprotonated molecular ions

ere then confirmed by a product ion scan. Additionally, one or two

f the most abundant daughter ions were chosen for multireaction
onitoring mode (MRM)  to acquire the MRM  chromatograms of

Fig. 6. MRM  chromatogram obtained from LC-ESI (NI)–MS/MS analysis of the extra
e extract obtained from chlorination of N-phenylurea after 1 h at pH 7.

the extract of product formation as illustrated in Figs. 5 and 6 and
Figures S11–14.

Under acidic conditions, seven main products, (i.e. 3′-N-
chlorophenylurea, 2-chlorophenylurea, 1′-N-chlorophenylurea,
2,3′-N-dichlorophenylurea, 4-chlorophenylurea, 4,3′-N-
dichlorophenylurea, and 2,4-dichlorophenylurea) and an
unidentified peak at a retention time of 14.54 min  were detected
(Figures S11, S12). Under neutral conditions, apart from those
seven compounds observed in acid solution, an unidentified

compound peak at a retention time of 5.20 min (m/z 151) and
1′-N-chlorophenylurea were also observed (Figs. 5 and 6). In basic
solutions, products were identical to those detected in the neutral

ct obtained from chlorination obtained from N-phenylurea after 1 h at pH 7.
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Table 2
Apparent rate constants for the chlorination of N-phenylurea and its derivatives at different pH values.

Compounds kapp

pH 5 pH 7 pH 9

N-phenylurea 26,700 ± 4450 M−2 s−1 0.76 ± 0.16 M−1 s−1 1.78 ± 0.26 M−1s−1

3,4-DCPU 17,000 ± 246 M−2 s−1 0.52 ± 0.11 M−1 s−1 1.84 ± 0.42 M−1 s−1

−1 −1 0 −1 −1 −1 −1
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3,4-DCMPU 19.70 ± 3.96 M s
Metoxuron 2.07 ± 0.30 M−2 s−1

Monuron 0.33 ± 0.05 M−2 s−1

olution but with the absence of an unidentified peak at 14.54 min
Figures S13, S14).

.3. Transformation kinetics for other phenylurea compound

On the basis of previous research and the data collected as part
f this study, we propose a reaction scheme for the phenylureas.
nder neutral conditions, the initial step in the reaction involves

he attack of hypochlorite at both N atoms giving the N chlorinated
roducts. Aromatic electrophilic substitutions by a chlorine atom
t the ortho- and para positions were also detected (Scheme 1).
his step is supported by the observed second-order kinetics (i.e.
rst-order with respect to both phenylurea and chlorine) and
he detection of 1′-N-chlorophenylurea, 3′-N-chlorophenylurea, 2-
hlorophenylurea and 4-chlorophenylurea as products.

Chlorination of phenylurea derivatives was studied at pH 5, 7
nd 9 (Table 2). In all cases except for 3,4-DCMPU, second order
eaction kinetics with respect to chlorine were observed under
cidic conditions, suggesting that Cl2O or a related species was
nvolved. However, for 3,4-DCMPU, which exhibited first order
inetics with respect to chlorine, HOCl was suggested as a predom-
nant species under acidic condition as observed for diuron and

soproturon [13].

Substitution of the hydrogen atom at 3′-N with the methyl group
ecreased the reactivity of the compound under acidic and neutral
H conditions (i.e. compare apparent rate constants of 3,4-DCPU

NH CO NH2

NH CO NH2

H
N C

Cl-O

Cl

NHCONH2 N-CO-NH2
H

Cl

N-CO-NH2

H Cl

+

+

NHCONH2

H

H

Cl-O

Cl-O H-O

O

Scheme 1. Proposed reaction pathw
.39 ± 0.02 M s 0.53 ± 0.14 M s

.27 ± 0.04 M−1 s−1 0.88 ± 0.15 M−1 s−1

.23 ± 0.05 M−1 s−1 0.72 ± 0.14 M−1 s−1

and 3,4-DCMPU). Substitution of hydrogen atoms with two elec-
tron withdrawing substituents on the aromatic ring (i.e. 3,4-DCPU)
decreased the reactivity of the compound under acidic conditions
indicating that the nucleophilicity of the aromatic ring was impor-
tant. A similar phenomenon was also observed with metoxuron
which has an electron donating OMe  group and exhibited faster
kinetic than that of monuron at pH 5.

Under acidic conditions, products of chlorination at the 2- and
4-positions were less abundant. This result may be partly due to
the formation of ArNH(C O+H)NH2 species, an intermediate that
has an aromatic ring which is less nucleophilic [26,27]. As a result,
the subsequent electrophilic aromatic chlorination reactions were
slower (Scheme 2). Replacement of a hydrogen atom at 3′-N with
a methyl group as in 3,4-DCMPU slowed down the reaction rate
indicating less availability of replaceable hydrogen atom and steric
bulk at 3′-N atom to play a role in this conversion.

The rate of transformation of phenylurea under basic conditions
(pH 9) was  found to be faster than under neutral condition (pH 7),
despite the fact that the proposed form of chlorine was OCl− in both
cases. This result implies that under basic conditions the reaction
involves the removal of the acidic proton on the nitrogen adjacent
to the conjugated ring by base, while under neutral condition the

1′-NH and 3′-NH2 groups acted as the nucleophile (Scheme 3). At
pH 9, reaction of phenylurea when compare to that of 3,4-DCPU
was  found to be slower, this result also supported the intervention
of conjugated base as nucleophile, particularly at 1′-N atom, since

NH CO
H
N Cl

O NH2 N CO NH2

Cl
-O

NHCONH2

Cl

NHCONH2

Cl
+

+ H2O

-H
H2O

ays under neutral condition.
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main products observed here, namely 1 -N-chlorophenylurea, 3 -
N-chlorophenylurea, 2-chlorophenylurea and 4-chlorophenylurea
compounds will be present.
Scheme 2. Proposed reaction pathways under acidic 

he presence of electron-withdrawing chloro group giving rise to
he more acidic 1′-NH group which led to fast N-chlorination and
ave rise to a higher reaction rate.

Under basic conditions, the formation of the 2-chlorinated prod-
ct was greater than that of the 4-chloro product. This finding

s consistent with a reaction pathway in which the intramolecu-
ar rearrangement of 1′-N-chlorophenylurea to 2-chloro product
ccurs in parallel with normal aromatic electrophilic chlorination
s in Scheme 3 (c) [18].

.4. Kinetics of phenylurea transformation during chlorination

To predict the apparent rate constant at other pH values
Table 3), Eq. (9) was also used for 3,4-DCPU, metoxuron and

onuron. As the chlorination kinetics of 3,4-DCMPU exhibits first
rder in both chlorine and 3,4-DCMPU, Eqs. (10) and (11) were used
or 3,4-DCMPU as follows

obs = k2Ka1
[HOCl]
[H+]

+ k3[HOCl] + k4[H+][HOCl] (10)

Cl(I)]TOTAL = [HOCl] + [OCl−] (11)

In Eq. (10), k4 represents the contribution to the observed reac-
ion rate involving acid catalysis according to Eq. (12) below:

OCl + H+ + PU → products k4 (12)

The final term in Eq. (10) was needed due to the possible partic-
pation of the strong electrophile of H2OCl+ [23].

Table 3 shows rate constants for the chlorination of phenylurea

nd its derivatives obtained by fitting the data in Tables 1 and 2.

Fig. 7 depicts the plot of half-life values as a function of pH for
-phenylurea and its derivative at [Cl(I)]TOTAL = 5.6 × 10−5 M.  Sub-
titution at the ring and at the amino functional group affects the
ion. (a) N-chlorination and (b) aromatic chlorination.

rates of reaction at each site. In particular, the presence of replace-
able hydrogen atom at the amino N greatly enhances the rate of
chlorination of these pesticides. Under these conditions, the half-
lives of phenylurea herbicide will range between 100 and 1000 min.
For contact times typical of water treatment plants (e.g., contact
times around 1 h) negligible transformation of the phenylureas is
expected. However, transformation of phenylureas to the prod-
ucts described previously could be significant in water distribution
system where chlorine contact times up to 10,000 min  are encoun-
tered. Under such conditions, phenylureas will be removed and the

′ ′
Fig. 7. Half life values for chlorination of phenylurea and its derivatives at different
pHs. [Cl(I)]TOTAL = 5.6 × 10−5 M was assumed to be constant.
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Scheme 3. Proposed reaction pathways under basic condition. (a) N-chlorination, (b) aromatic chlorination and (c) intramolecular rearrangement of 1′-N-chlorophenylurea
to  2-chloro product.

Table 3
Rate constants for the chlorination reaction of phenylurea and its derivatives.

Compounds k1 (M−2 s−1) k2 (M−1 s−1) k3 (M−1 s−1) k4 (M−2 s−1)

N-Phenylurea 1.36 × 106 (4.84 × 10−6) 1.49 (0.15) 0.36 (0.54) –
3,4-DCPU 1.00 × 106 (6.17 × 10−6) 1.07 (0.29) 0.90 (0.61) –

3 −7 5) 

2) 

8) 

A

g
I
t
R
a

Metoxuron 8.20 × 10 (7.41 × 10 ) 0.67 (0.0
Monuron 2.55 × 104 (4.16 × 10−7) 0.62 (0.0
3,4-DCMPU – 0.63 (0.0
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhazmat.2012.01.063.
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