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Although aqueous biphasic systems have been largely investigated in the separation and/or purification

of biocompounds, their potential as reaction media to design integrated reaction–separation processes

has been less explored. In this work aqueous biphasic systems (ABSs) composed of polypropylene glycol

of molecular weight 400 g mol�1 (PPG 400) and different polyethylene glycols (PEGs) were characterized,

and investigated for integrated reaction–separation processes, i.e. in the nucleophilic degradation of diazi-

non and further separation of reaction products by taking advantage of the lower-critical solution

temperature (LCST) behaviour of these ABSs. The nucleophilic degradation of diazinon was carried out in

the monophasic regime at 298 K, after which an increase in temperature (up to 313 K) allowed the

product separation by two-phase formation (thermoreversible systems). The reaction kinetics and reaction

pathways have been determined. The reaction kinetic increases as the PEG molecular weight decreases,

with the half-life values obtained being competitive to those previously reported using volatile organic

solvents as solvent media and significantly higher than under alkaline hydrolysis. One reaction pathway

occurs in ABSs comprising PEGs of higher molecular weights, whereas in the ABS composed of PEG 600

two reaction pathways have been identified, meaning that the reaction pathways can be tailored by

changing the PEG nature. ABSs formed by PEGs of lower molecular weights were identified as the most

promising option to separate the pesticide degradation products by simply applying changes in temperature.

Introduction

Aqueous biphasic systems (ABSs) have been largely investigated
in the separation and purification of biocompounds;1,2 this
technique is relatively simple, inexpensive, of easy operation,
scalable, and allows the purification and concentration stages
to be integrated in a single step.1,3 Despite their relevance in
this field, their potential as reaction media to design integrated
reaction–separation systems has been seldom investigated.4–6

These systems consist of two aqueous phases based on polymer–
polymer, polymer–salt, or salt–salt combinations.1,7–9 Both
solutes are water-soluble, separating into two coexisting phases

above a given concentration, with one of the aqueous phases
being enriched in one of the solutes, whereas in the other phase
there is a prevalence of the second polymer or salt.

Conventional ABSs are formed by polymer–salt or polymer–
polymer mixtures and have been studied for more than five
decades; yet, polymer–polymer systems are the choice of preference
for the separation, recovery and purification of solutes sensitive to
an ionic environment, such as biomolecules, since these systems
have a low/negligible ionic strength.1 In these systems, polyethylene
glycol (PEG) is commonly used as one of the phase-forming
components due to its high biodegradability, low toxicity, low
volatility, low melting temperature, large water miscibility and
low cost, being commercially available in a wide range of molecular
weights.10 Polypropylene glycol (PPG) shares some of the PEG
advantages, and can be used as well as an ABS phase-forming
component. Accordingly, PEG and PPG were here selected as ABS
phase-forming components to minimize the negative impacts of
salts to carry out the nucleophilic reaction herein studied.

Environmental contamination and bioaccumulation of
pesticides in soils and groundwater is a widespread ecological
problem.11 Pesticides are widely used to enhance food produc-
tion in agricultural practice and, to a lesser extent, to control

Cite this: Phys. Chem. Chem. Phys.,

2021, 23, 4133

a Centro Integrativo de Quimica y Biologia Aplicada (CIBQA), Universidad Bernardo

O’Higgins, Santiago, Chile. E-mail: maragfreire@ua.pt
b CICECO-Aveiro Institute of Materials, Department of Chemistry,

University of Aveiro, 3810-193 Aveiro, Portugal

† Electronic supplementary information (ESI) available: Experimental weight
fraction data for the binodal curves; adjusted parameters and respective standard
deviations (s) obtained by the fitting of the experimental data; comparison of the
phase diagrams determined in this work and reported in the literature. See DOI:
10.1039/d0cp06086k
‡ Equally contributing authors.

Received 23rd November 2020,
Accepted 27th January 2021

DOI: 10.1039/d0cp06086k

rsc.li/pccp

This journal is the Owner Societies 2021 Phys. Chem. Chem. Phys., 2021, 23, 4133�4140 | 4133

PCCP

PAPER

Pu
bl

is
he

d 
on

 2
7 

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
8.

1.
20

26
 . 

22
:5

3:
49

. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-4264-7967
http://orcid.org/0000-0003-2101-8309
http://orcid.org/0000-0002-3841-743X
http://orcid.org/0000-0001-8895-0614
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cp06086k&domain=pdf&date_stamp=2021-02-24
http://rsc.li/pccp
https://doi.org/10.1039/d0cp06086k
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP023007


unwanted pests and disease vectors in public health. However,
they cause several health hazards and have a tremendous
environmental impact. Organophosphorus pesticides (OPs)
are the most used worldwide and their metabolites are wide-
spread across different populations.12–14 The use of strong
oxidants or nucleophiles is among the methods most used
for their destruction.15 Diazinon is an OP that has a PQS
electrophilic center (Scheme 1). It has been demonstrated that
OPs show different reaction pathways when they are broken
down by N nucleophiles, such as piperidine. They can exhibit
up to three reaction pathways, resulting in a large variety of
reaction products.16 The degradation pathway depends strongly
on the reaction media. However, when the nucleophile is piper-
idine two main reaction pathways (see Scheme 1), depending on
the solvent nature, have been described.17 Furthermore, a recent
report18 showed that when the nucleophilic degradation of para-
oxon, another OP, is carried out in aqueous solutions of ionic
liquids the selectivity of the reaction is strongly dependent on the
water amount. In this type of reactions, the degradation product
separation is a difficult task, since some of these products are
unstable and susceptible to other nucleophilic attack. On the
other hand, considering the potential toxicity of OPs and related
metabolites and subproducts, the finding of efficient removal
methods of these compounds is a pivotal action.

In this work, ABSs formed by PPG and PEG aqueous mixtures
(at their monophasic regimes) were studied as reaction media for
the nucleophilic degradation of diazinon, while taking advantage
of the effect of temperature to induce two-phase formation
(thermoreversible systems) to achieve the separation of the
reaction products from the reaction medium. The effect of
solvents on the reaction was investigated. The ABSs phase dia-
grams at several temperatures were determined to infer the
mixture composition and temperatures needed to be applied to
take advantage of their thermoreversible behavior. The ABS thermo-
reversible performance to carry out the reaction and proceed with
the separation of the reaction products was finally appraised.

Methodology
Chemicals

The ABSs studied in this work were established by using an
aqueous solution of polypropylene glycol of molecular weight

400 g mol�1, PPG 400, from Aldrich, and solutions of several
PEGs. The PEGs studied were of molecular weight 600 g mol�1,
1000 g mol�1, 2000 g mol�1, 4000 g mol�1, 6000 g mol�1,
8000 g mol�1, 10 000 g mol�1 and 20 000 g mol�1, here
abbreviated as PEG 600, PEG 1000, PEG 2000, PEG 4000,
PEG 6000, PEG 8000, PEG 10 000 and PEG 20 000, respectively.
PEG 600 and PEG 1000 were acquired from Alfa Aesar,
PEG 6000 was purchased from Acros, PEG 2000 and PEG 8000
were supplied by Sigma, and the remaining polymers were from
Fluka. All polymers were described as pure. Piperidine (99.5%)
was distilled before use. Diazinon (100% pure, analytical stan-
dard) was purchased from Aldrich.

The water employed was double distilled, passed across a
reverse osmosis system and finally treated with a Milli-Q plus
185 water purification apparatus, with a conductivity of 1.60 �
0.18 mS cm�1.

Phase diagrams

The binodal curve of each phase diagram was determined
through the cloud point titration method at several tempera-
tures, namely 288, 298, 308 and 313 K (�1 K), and at atmo-
spheric pressure. The temperature was controlled through a
temperature-controlled water bath with a precision of 0.01 K.
The experimental method used is detailed elsewhere.19 Aqueous
solutions of PPG 400 and PEGs at 90 wt% and from 40 to 70 wt%,
respectively, were used in the determination of the PPG–PEG–
water ternary phase diagrams. The repetitive dropwise addition
of each PEG aqueous solution into the aqueous solution of PPG
400 was carried out until the detection of a cloudy (biphasic)
solution, followed by the dropwise addition of ultrapure water
until the observation of a limpid solution (monophasic region).
All additions were made under continuous stirring. The binodal
curves were determined by the weight quantification of all
components added (�10�4 g).

Partition of diazinon

From the phase diagrams determined, ternary mixtures
composed of 35 wt% PPG 400 + 15 wt% each PEG + 50 wt%
H2O (total mass of 2.0 g) were prepared to carry out the
partition of diazinon, aiming at identifying the most promising
ABSs to develop an integrated reaction–separation process.
Ca. 2.0 mg of diazinon was added directly to each ABS and
the mixture vigorously stirred until complete solubilization.
The phase separation of the ABS was induced by heating and
centrifuging the mixture at 313 K at 3000 rpm, during 30 min.
Afterwards, a careful separation of the phases was performed,
and the diazinon in each phase was quantified by UV-
spectroscopy using a BioTeck Synergy HT microplate reader at
a wavelength of 247 nm, using a previously established calibration
curve. The extraction efficiencies (EE%) of diazinon, defined as
the percentage ratio between the amount of diazinon in the
PPG-rich aqueous phase and that in the two phases, were
determined for each ABS comprising a different PEG. At least
three independent ABSs were prepared, and three samples of each
phase were quantified. Control or ‘‘blank’’ solutions at the same

Scheme 1 Reaction pathways for the nucleophilic degradation of diazinon.
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mixture point used for the extraction studies (with no pesticide
added) were used in all the systems.

Diazinon nucleophilic degradation

Nucleophilic reactions were performed in three ABSs, formed by
35 wt% PPG 400 + 15 wt% PEG (600, 2000 and 20 000) + 50 wt%
H2O (total mass of 2.0 g). Each mixture was vigorously stirred
and left at room temperature until a homogeneous mixture was
observed. The pesticide (7.5 mg) and nucleophile (piperidine,
21.3 mg) were added to the mixture, stirred and left at room
temperature. Each mixture was made in triplicate. The kinetic
reaction was monitored by 31P NMR on a 400 MHz spectrometer
following the disappearance of the pesticide signal. Spectra were
recorded at different reaction times until the pesticide signal
completely disappeared. Then, the phase separation of the
thermoreversible ABS was induced by heating up the mixture
to 313 K during 30 min. Afterwards, the bottom and top phases
were carefully separated and analyzed by 31P-NMR and ESI-MS to
identify the reaction products present in each phase.

Results and discussion
Phase diagrams

To evaluate different possibilities and further select the most
adequate systems to carry the degradation of diazinon, ternary
phase diagrams were determined for various PEGs (PEG 600,
1000, 2000, 4000, 6000, 8000, 10 000 and 20 000) + PPG 400 +
water, at 298 K (�1 K) and at atmospheric pressure. The
respective ternary phase diagrams are illustrated in Fig. 1,
represented in orthogonal coordinates, in which the water
content corresponds to the difference to reach 100 wt%. Each
point provided in the phase diagram corresponds to a deter-
mined experimental solubility point, which is used to describe
the binodal or solubility curve of each phase diagram. The
solubility curve separates the monophasic region (below the
curve) from the biphasic region (above the curve), i.e. at mixture
compositions above the bimodal curve there is the formation of

two immiscible phases. The experimental weight fraction data
of each phase diagram and the adjusted parameters and
respective fitting of the experimental data are reported in the
ESI.† Some of these systems, namely comprising PEG 600,
2000, 4000 and 6000, were previously reported, being the
results here obtained in close agreement with the literature,20

with an average standard deviation of 2.2 wt% – cf. Table S5 in
the ESI† with the respective data.

Fig. 1 shows the effect of the molecular weight of PEG in the
ABS formation. Overall, for PEGs of lower molecular weight,
phase separation requires higher quantities of PPG to occur,
with the ability to form ABS at a fixed PPG concentration
increasing in the following order: PEG 600 o PEG 1000 o
PEG 2000 o PEG 4000 o PEG 6000 o PEG 8000 o PEG 10 000 o
PEG 20 000. Similar conclusions were reported by Sadeghi and
Maali20 in PPG 400 + PEG 600/2000/4000/6000 + water liquid–
liquid systems. Analogous behaviours were observed in other
ABSs composed of PEG/salt19,21 or PEG/IL pairs.22 This tendency
is a consequence of the increase in hydrophobicity displayed by
PEGs with higher molecular weights. As discussed by Sadeghi and
Maali20 the preferential hydration complexes formed between the
more hydrophilic polymer (PEG) and water molecules cause the
exclusion of PEG from the near surface region of the more
hydrophobic PPG polymer in solution. This exclusion effect
increases by increasing the concentration of both polymers and
by increasing the PEG molecular weight so that phase formation
becomes more entropically favorable.20

Besides the effect of the PEG molecular weight in the ABS
formation, in this work, the effect of temperature in the ternary
phase diagrams of PEG 600 or PEG 20 000 + PPG 400 + water was
evaluated. The phase diagrams of these systems at 288, 298, 308
and 313 K (� 1 K) and atmospheric pressure were determined and
are represented in Fig. 2 and 3. The experimental weight fraction
data of each phase diagram are reported in the ESI.† With both
PEGs, the ability of PPG 400 to form ABS in the presence of a fixed
PEG concentration increases in the following temperature order:
288 K o 298 K o 308 K o 313 K. Overall, the required polymer

Fig. 1 Phase diagrams for the systems composed of PPG 400 + PEG +
H2O with PEGs of different molecular weights: PEG 600 ( ); PEG 1000
( ); PEG 2000 ( ); PEG 4000 ( ); PEG 6000 ( ), PEG 8000 ( ); PEG
10 000 ( ); PEG 20 000 ( ). The lines correspond to the respective
correlations (detailed in the ESI†).

Fig. 2 Phase diagrams for the system composed of PPG 400 + PEG
600 + H2O at different temperatures: 288 K ( ); 298 K ( ), 308 K ( );
313 K ( ). The lines correspond to the respective correlations (detailed in
the ESI†).
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concentration to form a biphasic system decreases by increasing
the temperature, following a lower critical solution temperature
(LCST) behavior. This behaviour is particularly due to the PPG 400
hydrophobicity that increases with temperature23 and, therefore,
the required concentration of PEG to form a second phase
decreases. The same behavior was observed by Sadeghi and
Maali20 with PPG + PEG + water and PPG + PEGDMEs (polyethy-
lene glycol dimethyl ether) + water systems. At lower tempera-
tures, low-energy polar conformations are present in the
polymers, leading to a higher aqueous solubility and a lower
ability to form ABS; on the other hand, at higher temperatures a
higher energy and less polar conformations are favored, increas-
ing the ability to form ABS.20 Overall, at higher temperatures,
hydration shells around the polymer are less developed and the
entropy of mixing increases, favoring the ABS formation.

Partition of diazinon

The effect of PEG molecular weight in the partition of diazinon
in ABSs formed by 35 wt% PPG 400 + 15 wt% PEG + 50 wt% H2O
was firstly evaluated at 313 K (� 1 K) to gather preliminary
information on promising systems to carry out the integrated
degradation-separation process. The extraction efficiencies
(EE%) for diazinon, which correspond to the percentage ratios
between the amount of diazinon in the PPG-rich aqueous
phases and that in the two phases, in the different ABSs studied
are shown in Fig. 4 (detailed results of which are given in the
ESI†). In all the systems, diazinon preferentially partitions to
the most hydrophobic phase, that is, the PPG-rich phase, with
extraction efficiencies ranging between 54.5% and 93.7%.
The logarithm of the octanol–water partition coefficient of
diazinon, log(Kow) = 3.8124 supports this pesticide’s high
hydrophobicity and preferential partition to the PPG-rich phase.
Although an increase in the EE% of diazinon to the PPG-rich
phase is visible when increasing the PEG molecular weight from
600 to 2000 g mol�1, results obtained with ABSs formed by PEGs
with a molecular weight equal and higher than 2000 are similar
(86.6–93.7%), suggesting that after a certain threshold the
increase in the PEG molecular weight has a negligible influence
in the diazinon partition to the PPG-rich phase.

Considering the extraction efficiencies of diazinon in all the
ABSs studied, the systems composed of PPG 400 + PEG (600,
2000 and 20 000) + H2O were selected to perform the reaction of
nucleophilic substitution of diazinon. The selection of the three
PEGs will allow the molecular weight of the polymer and
viscosity of the medium in the nucleophilic degradation of
diazinon to be evaluated, while taking into account the differ-
ent partition trends obtained.

Nucleophilic substitution reactions of diazinon in ABS

The nucleophilic degradation of diazinon and the recovery of
the products was carried out in three ABSs, as described above,
composed of 35 wt% PPG 400 + 15 wt% PEG (600, 2000 and
20 000) + 50 wt% H2O. Each one of these systems was used as a
reaction medium to perform the nucleophilic substitution
reaction of diazinon with piperidine. These reactions were
carried out at 298 K under pseudo-first order conditions
(at least 10 fold excess of piperidine) to compare the results
with those previously reported in other reaction media.17,25

The kinetics of diazinon’s disappearance in these mixtures
were followed by 31P-NMR at room temperature, the results of
which are given in Fig. 5–7. From these data, plots of
log(%degradation) vs time were used to calculate the pseudo-
first order constants (kobs) in all the solvents – the kobs values
obtained for each ABS are shown in Table S11 in the ESI.† The
used equations and kinetics details are given in the ESI.† The
half-lives (t1/2) calculated from the pseudo-first order constants
(kobs) showed in Table S11 in the ESI† increase as the PEG
molecular weight decreases, i.e., PEG 20 000 (t1/2 = 1851 min) o
PEG 2000 (t1/2 = 1273 min) o PEG 600 (t1/2 = 927 min). It is well
known that viscosity of polymer solutions increases with the
molecular weight increase, which could affect the reaction
kinetics. Furthermore, as a consequence of the higher PEG
molecular weight, a different packing degree of the solvent
system could lead to a different solvation degree of reagents,26

and thus influence the reaction kinetics as well.
The half-lives (t1/2) values obtained here were compared with

those reported previously in other solvents at the same experi-
mental conditions.17,25 This comparison reveals that PEG–PPG

Fig. 3 Phase diagrams for the system composed of PPG 400 + PEG 20 000 +
H2O at different temperatures: 288 K ( ); 298 K ( ), 308 K ( ); 313 K ( ).
The lines correspond to the respective correlations (detailed in the ESI†).

Fig. 4 Extraction efficiencies (EE%) of diazinon to the PPG-rich phases in
ABSs formed by 35 wt% PPG 400 + 15 wt% PEG + 50 wt% H2O at 313 K.

4136 | Phys. Chem. Chem. Phys., 2021, 23, 4133�4140 This journal is the Owner Societies 2021

Paper PCCP

Pu
bl

is
he

d 
on

 2
7 

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
8.

1.
20

26
 . 

22
:5

3:
49

. 
View Article Online

https://doi.org/10.1039/d0cp06086k


aqueous solutions can be used as promising alternative reaction
media for the nucleophilic degradation of diazinon. For example,
the t1/2 values reported in imidazolium-based ionic liquids range
between 71 min and 700 min, while in organic solvents such as
MeOH, MeCN and Dioxane these values are 973 min, 1175 min
and 2204 min, respectively. Although bio-based solvents have
been previously attempted, such as propylene carbonate, the
nucleophilic degradation of diazinon was not found to occur.17

The t1/2 values obtained in the current work are similar to those
obtained with hazardous volatile organic solvents, yet using
aqueous solutions of non-volatile and environmentally friendly
polymers.

From the 31P-NMR spectra shown in Fig. 5–7 it can be
depicted that as the signal of diazinon decreases (60 ppm)
two new phosphoryl signals appear at 55 and 50 ppm in the
PEG 600 + PPG 400 + water mixture, while there is only one new
phosphorus signal at 55 ppm in the PEG 2000 and 20 000
comprising mixtures. To characterize these NMR signals,

product analysis by 31P-NMR and ESI-MS were performed.
According to the results obtained here and the literature,17,25

the two phosphoryl signals at 55 and 50 ppm were assigned to
diethylthiophosphate (2) and O-ethyl-O-[4-methyl-6-(propan-2-
yl)pyrimidin-2-yl]thiophosphate diester (4), respectively, in
Scheme 1. Compound 2 is produced in the aromatic pathway
(SNAR) by nucleophilic attack at the C-1 carbon of the diazinon’s
aromatic ring, and product 4 is produced in the aliphatic path-
way (SNC) by an attack at the aliphatic carbon of the O-ethyl
group of diazinon – cf. Scheme 1. Regarding the non-
phosphorylated products, the ESI-MS spectra (Fig. S2 in the
ESI†) are in agreement with the structures shown in Scheme 1
for compounds 3 and 5. For the ABS formed by PEG 600 both
reaction pathways SNAR and SNC take place, while in the
monophasic regimes of ABSs comprising PEG 2000 or PEG
20 000, only the SNAR reaction pathway was observed.

It is important to mention that the diethylthiophosphate (2)
visible at 55 ppm is the same product found in the acid or basic
hydrolysis of Diazinon.27 Since the mixtures studied here contain
50 wt% water the main reaction product seen in Fig. 5–7 is the one
found at 55 ppm, diethylthiophosphate (2). It is interesting to
observe that when the PEG 600 mixture was used as the solvent
there are two phosphoryl products at 55 ppm and 50 ppm. This
suggests that the reaction pathway and its t1/2 are dominated by
the transfer phenomena. These results showed that it would be
possible to control the reaction pathway by controlling the PEG
molecular weight.

Even though the two reaction pathways identified in this
work have been previously described for diazinon’s degradation
in other solvents such as ionic liquids, ACN, DMSO17 and
propylene carbonate,25 the relative product distribution
reported is different from that obtained in this work. For
instance, in ionic liquids, the preference for the aromatic
pathway ranges between 28 and 50%; in ACN and DMSO it is
about 50% and in propylene carbonate the degradation of
diazinon needs more than 100 1C under microwave heating
to be completed. In this work, we have found a preference of

Fig. 5 Stacked 31P-NMR spectra for the nucleophilic degradation of
diazinon with piperidine performed in a mixture of 35 wt% PPG 400 +
15 wt% PEG 600 + 50 wt% H2O at 298 K.

Fig. 6 Stacked 31P-NMR spectra for the nucleophilic degradation of
diazinon with piperidine performed in a mixture of 35 wt% PPG 400 +
15 wt% PEG 2000 + 50 wt% H2O at 298 K.

Fig. 7 Stacked 31P-NMR spectra for the nucleophilic degradation of
diazinon with piperidine performed in a mixture of 35 wt% PPG 400 +
15 wt% PEG 20 000 + 50 wt% H2O at 298 K.
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80% and 100% for the aromatic pathway in PEG 600-PPG 400
and PEG 2000/20 000-PPG 400 aqueous solutions, respectively.
This means that the degradation of diazinon can take place in
these ABSs without compromising the reaction rate, while
taking advantage of these systems’ thermoreversible nature to
easily and effectively separate the most abundant reaction
product, the diethylthiophosphate (2), as demonstrated below.

Once the nucleophilic reactions reached equilibria, the
systems were heated up to 313 K to induce phase separation
and the bottom and top phases were carefully separated and
analyzed by 31P-NMR and ESI-MS, the results of which are
shown in Fig. 8 for ABSs formed by PEG 600 or PEG 20 000,
and in Fig. S3 in the ESI† for PEG 2000.

From the 31P-NMR spectra shown in Fig. 8 and Fig. S3 in the
ESI,† it is clear that in ABSs composed of PEG 2000 or PEG
20 000 there is only one phosphorus product at 55 ppm, found
in both phases. On the other hand, in the top phase of PEG
600 ABS, two phosphoryl signals at 55 and 50 ppm are seen,
whereas in the bottom phase only one peak at 55 ppm appears.
These results reveal that PEGs with higher molecular weights
are not a promising separation approach for this kind of
phosphoryl products. On the other hand, regarding the non-
phosphorylated products (3 and 5 in Scheme 1), the ESI-MS
spectra (Fig. S2 in the ESI†) show that both of them are found in
the top phase of the PEG 600-based ABS, whereas the bottom
phase only has diethylthiophosphate (product 2, at 55 ppm),

this being a promising option to separate the pesticide degra-
dation products.

To the best of our knowledge there are no previous reports
regarding the separation of degradation products of diazinon.
Most of the works found in the literature deal with analytical
techniques to identify pesticides and their metabolites, mainly
based on chromatographic techniques.28–30 In this work we
have identified a new and promising solvent to perform the
nucleophilic degradation of diazinon based on a PEG 600–PPG
400–water mixture, which acts as both an efficient reaction
medium (t1/2 = 927 min) in comparison with the alkaline
hydrolysis (t1/2 = 145 h, in similar conditions)31,32 and volatile
organic solvents discussed above, but also as a relevant separa-
tion platform by simply applying changes in temperature.

Conclusions

In this work, ABSs formed by PPG 400 and PEGs of different
molecular weights were investigated as alternative solvents and
simultaneous separation platforms for the nucleophilic degra-
dation of the diazinon pesticide. To this end, the ternary phase
diagrams of ABSs composed of water, PPG 400 and PEG 600,
1000, 2000, 4000, 6000, 8000, 10 000 or 20 000 were determined
at 298 K (� 1 K) and atmospheric pressure. The ternary phase
diagrams for ABSs composed of water, PPG 400 and the extreme
PEGs, namely PEG 600 or PEG 20 000 were additionally
determined at different temperatures (288, 298, 308 and
313 K (� 1 K)) and atmospheric pressure. The experimental
data reveal an increase in the capability to form ABSs with the
increase of the PEG molecular weight and temperature. After
the phase diagram determination, the effect of PEG molecular
weight on the partition of diazinon in the ABS formed by
35 wt% PPG 400 + 15 wt% PEG + 50 wt% H2O was evaluated
at 313 K (� 1 K). The systems investigated allow extraction
efficiencies ranging from 54.5% and 93.7%, with ABSs formed
by PEGs of higher molecular weights leading to higher extrac-
tion efficiencies of diazinon to the PPG-rich phase. Based on
these results, the nucleophilic degradation of diazinon and the
recovery of the products were carried out in the systems formed
by 35 wt% PPG 400 + 15 wt% PEG (600, 2000 and 20 000) +
50 wt% H2O as reaction media at 298 K, i.e. in the monophasic
regime, to perform the nucleophilic substitution reaction of
diazinon with piperidine. The results showed that t1/2 values
decrease as the PEG molecular weight increases, giving half-life
values of 1851 min (PEG 20 000), 1273 min (PEG 2000) and
927 min (PEG 600). The solvents studied allow the degradation
of diazinon at a good rate in comparison with organic solvents
at similar conditions, in a low-cost and easy to prepare water-
rich reaction solvent. The results suggested that the reaction
pathway and t1/2 are dominated by the transfer phenomena,
and that it would be possible to control the reaction pathway by
controlling the PEG molecular weight.

By taking advantage of these systems thermoreversible
nature, the temperature was increased up to 313 K to induce
ABS phase separation. From the 31P-NMR spectra the presence

Fig. 8 31P-NMR spectra of both phases of the ABS composed of 35 wt%
PPG 400 + 15 wt% PEG (600 and 20 000) + 50 wt% H2O used as - reaction
media of nucleophilic degradation of diazinon with piperidine.

4138 | Phys. Chem. Chem. Phys., 2021, 23, 4133�4140 This journal is the Owner Societies 2021

Paper PCCP

Pu
bl

is
he

d 
on

 2
7 

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
8.

1.
20

26
 . 

22
:5

3:
49

. 
View Article Online

https://doi.org/10.1039/d0cp06086k


of phosphorus products in both phases of the ABSs composed
of PEG 20 000 or PEG 2000 was observed, while in the system
formed from PEG 600, both phosphorus products resulting
from the nucleophilic degradation of diazinon migrate toward
the top phase and only diethylthiophosphate migrates to the
bottom phase. In this sense, with the PPG 400 + PEG 600 + H2O
ABS it is possible to separate the most abundant degradation
product of diazinon found in the environment, opening an
opportunity to develop new techniques in the extraction of this
kind of product from different environmental matrices for their
subsequent removal.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was developed within the scope of the project
CICECO-Aveiro Institute of Materials, UIDB/50011/2020 and
UIDP/50011/2020 financed by national funds through the
Portuguese Foundation for Science and Technology/MCTES,
D. Millan thanks Fondecyt projects 3150122 and 11170569
and also the NMR facility in the Unidad Central de Investiga-
ción at the Pontificia Universidad Católica de Chile for NMR
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