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ABSTRACT

Phthalic acid esters (PAEs) are often detected in groundwater. Degradation of PAEs in groundwaters is
more difficult than in surface waters because of their lower temperatures. Degradation of three PAEs
(di(2-ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP), and dimethyl phthalate (DMP)) were
investigated in ZVI-persulfate system at 15°C, 20°C, 25°C, and 30°C. Degradation rates of these PAEs
were much faster when persulfate was activated by ZVIin comparison with the persulfate activated by
heat only. PAEs degradation slowed down as temperature decreased. Degradation of DEHP, DBF, and
DMP at 15°C in 180 min was 32%, 47%, and 5%, respectively. PAEs with longer carbon chains degraded
more than PAEs with shorter carbon chains at 25°C-30°C. Conversion of persulfate into sulfate, release
of iron ions, and variation in pH values in the solutions were also investigated. Persulfate ions con-
sumption and dissolution of iron ions increased as temperature increased. About 47-57 mg/L of sulfate
ions formed from 60 mg/L of persulfate. pH values remained in the 3.5-4. range. Our work provides

basic and guidance knowledge for in situ PAEs remediation from groundwaters.
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1. Introduction

Extensive use of phthalate acid esters (PAEs) in a wide
range of commercial and industrial products (such as cos-
metics, polyvinyl chloride, cellulose, rubber, styrene, etc.)
led to the ubiquitous presence of these toxic and xenobiotic
compounds in the environment [1-5]. Exposure to PAEs and
their by-products might cause carcinogenic and estrogenic
side-effects as well as adverse damage of the reproduction
systems [6-8]. Children are even more prone to the harmful
effects associated with exposure to PAEs [9], thus, presence
of PAEs in the environment cannot be ignored.

Di(2-ethylhexyl) phthalate (DEHP), dibutyl phthalate
(DBP), and dimethyl phthalate (DMP) are the most common
and extensively used PAEs [10-12]. Because they are toxic,
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slowly degrade, and hydrolyze in natural conditions, United
State Environmental Protection Agency (US EPA) and China
National Environmental Monitoring Centre (CNEMC) [13]
included PAEs into priority pollutant list.

PAEs contaminate surface waters during domestic and
industrial run-offs. Surface waters eventually pass this con-
tamination to soil and groundwaters [14-16]. All PAEs on
this priority pollutant list were detected in groundwaters of
North China [17]. A lot of research was conducted to study
different methods to remove PAEs. One of such methods is
advance oxidation methods such as photocatalytic oxidation
[18-20], ozone oxidation [21], UV photolysis [22-23], and
Fenton oxidation [24]. These techniques effectively decom-
pose PAEs but with certain limitations. For example, UV
photolysis and photocatalytic oxidation typically cannot
be applied to in situ groundwater treatments. Hydrogen
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peroxide (H,O,) cannot be distributed quick enough to avoid
its degradation before it reaction with PAEs [25]. Ozone (O,)
has limited solubility diffuses and distributes poorly in the
subsurface environment. Its on-site synthesis in large quanti-
ties is also a drawback [26].

Recently, ZVI-persulfate system, based on the acti-
vation of persulfate ion (S,0,>)by zero-valent iron (ZVI),
showed efficient destruction of a wide range of pollutants,
such as 1,4-dioxane [27], p-chloroaniline [28], bentazon [29],
rhodamine B [30], unsymmetrical dimethylhydrazine [31],
etc. Persulfate is a well-known strong and stable oxidant,
which is easy to handle and apply in the field. It has a long
life and large area of influence in subsurface systems [32].
Conversion of persulfate to sulfate radicals can be achieved
by simple methods, such as heat, UV, microwaves, and treat-
ment with transition metal ions [33-34]. Persulfate activation
with ZVI has a lot of more advantages comparing with these
methods: ZVI is efficient, cost effective, and non-toxic [35].
ZVlis also a slow releasing source of Fe?', which can assist in
sulfate radical formation (see Egs. (1) and (2)). Schematics of
basic reaction for the persulfate activation by ZVI to generate
sulfate radical and Fe*" is presented in Fig. 1.

Fe® +5,02” — Fe’ + 502" 1)

Fe> +5,0” » Fe™ +SO; +50;" 2)

Studies on degradation of PAEs by persulfate and ZVI-
persulfate systems are limited. For example, one study [36]
reported degradation of DMP with persulfate activated by
heat only. In another study, degradation of DBP was inves-
tigated at different pH values [37]. Typically, more than one
PAE coexist in the same proximity, therefore, comparative
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rates of degradation as function of carbon chain size by the
same chemical oxidants are important to investigate. The
main objectives of this work are to: (1) investigate degradation
behavior of PAEs in ZVI-persulfate system; and to (2) analyze
PAE degradation rate at 15°C-30°C with respect to their car-
bon chain size. To understand consumption of persulfate ions,
release of ferrous ion (Fe*") and pH changes were measured
as well. Our ultimate goal is to provide foundation for in situ
chemical oxidation methodology (such as permeable reactive
barriers) and explore its applicability in removal of ester con-
taminants from reclaimed water to replenish groundwater.

2. Materials and methods

DEHP (99.5%), DMP (99.5%), DBP (99.5%), and sodium
persulfate (99%) of analytical grade as well as acetonitrile
and methanol (both of HPLC grade) were purchased from
Tianjin Fuchen Chemical Reagent Co. (Tianjin, China). ZVI
was ground and passed through a 0.25 um sieve, after which
it was treated for 10 min with 0.5 M HCI and rinsed with
ultra—pure water till pH of the solution became 7. Prepared
ZVI samples were freeze-dried and stored in anaerobic con-
dition. The ultra-pure water was prepared using Millipore
Milli-Q system.

The batch reactions were conducted in 40 ml brown glass
bottles with rubber stoppers using rotary shaker at 180 rpm
and different temperatures (15°C, 20°C, 25°C, and 30°C).
Details of this methodology and basic reactions between ZVI
and persulfate are shown in Fig. 1. Three individual 5 mg/L
solutions of DEHP, DMP, and DBP were prepared in meth-
anol. For all reactions, 0.4 g/L solution of ZVI and 60 mg/L
solution of persulfate were used. Batch reactions started when
predetermined amount of sodium persulfate and 0.016 g of
ZVIwas added to each PAE solution. Samples were analyzed
at certain time intervals and centrifuged at 1,500 rpm for 5 min

o o s o e e e e et e, et e e e e e e et ettt e e e et e e e et ] e S e e e e

0O

Batch Reaction
180 RPM

11

= | Analysis

|1

15°C

20°C

25°C ||30°C

Fig. 1. Schematics of experiment methodology and basic reaction between ZVI and persulfate.
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to separate solutions from the residual ZVI. The superna-
tant was decanted and analyzed to determine PAE contents.
Samples were not filtered for PAEs analysis to avoid accumu-
lation of PAEs on the filter membranes. PAEs concentration at
each interval was marked as (C,), which was used to calculate
PAE removal efficiency (Eq. (3)). Kinetic parameters of PAEs
degradation were estimated using Eq. 4(a). Results of this cal-
culation were plotted as logarithmic function (Eq. 4(b)). Each
sample was passed through 0.45 pm polytetrafluoroethylene
(PTFE) membrane before analysis of persulfate and sulfate
ions as well as total dissolved iron, ferrous ion and pH. All
the batch reactions were performed in duplicates. To deter-
mine PAEs contents more precisely, two different samples
were analyzed from each batch. Control samples containing
no persulfate and no ZVI were analyzed as well to determine
PAEs evaporation losses.

Removal efficiency(%) = [1 - g’] x 100 3)
C =Cel™ 4(a)
InC, =InC, —kt 4(b)

Concentration of DEHP, DBP, and DMP were obtained
using high performance liquid chromatography (HPLC-UV,
Agilent 1200 series) equipped with a reverse phase ZORBAX
SB-Aq column (150 mm x 4.6 mm, 5 pm). A mixture of ace-
tonitrile and water was used as a mobile phase with volume
ratios equal to 90:10, 70:30, and 60:40 for analyses of DEHP,
DBP, and DMP, respectively. Oven temperature for DEHP
was 35°C and 30°C for DBP and DMP. The wavelength of the
UV detector was 230 nm for DBP and 228 nm for DEHP and
DMP. The eluent flow rate (equal to 1 mL/min) and injection
volume (equal to 20 uL) were the same for all PAEs. Summary
of analysis conditions are shown in Table 1.

Concentration of sulfate ions (SO,*") was measured using
DR-6000 spectrophotometer based on the SulfaVer4 method,
which is equivalent to USEPA turbidimetric method 375.4
for wastewater. Persulfate (5,0,>) ions were analyzed spec-
trophotometrically at 400 nm using potassium iodide (KI)
[38]. Concentration of ferrous ions (Fe?") was determined by
a spectrophotometer at 510 nm after adding 1, 10-phenanth-
roline. Concentration of total dissolved iron was determined
by analyzing ferric ion (Fe*) content using hydroxylamine
hydrochloride. For this purpose, all ferrous ions (Fe?") were
oxidized to ferric ions.

Table 1
HPLC conditions and peak time for DEHF, DBP and DMP
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3. Results and discussion
3.1. Degradation of di(2-ethylhexyl) phthalate

Neutralization of DEHP by combination of persulfate
and ZVI at 15°C, 20°C, 25°C, and 30°C are shown in Fig. 2.
Degradation of DEHP accelerated as temperature increased.
Degradation of DEHP equal to ~32% was observed at 15°C
after 180 min. At other temperatures, DEHP was 40% (at20°C),
62% (at 25°C), and 73% (at 30°C). DEHP degradation rate at
15°C reduced by >50% as compare with 30°C. Plot reflecting
remaining concentration ((DEHP]/[DEHP]o) as a function of
the reaction time was fitted with pseudo-first-order model.
Kinetic equation and half-life (¢,,) of DEHP degradation are
shown in Table 2. The first-order kinetic rate constants (k_, )
were calculated to be 2.1 x 103 (with correlation coefficient R?
equal to 0.9622), 2.8 x 10 (R?=0.9895), 55.0 x 10 (R?=0.9982)
and 7.9 x 10 (R? = 0.9844) min! at 15°C, 20°C, 25°C, and
30°C, respectively. Values of k  _increased as the temperature
increased. These results agree well with previously reported
ones: for example, that destruction of polyvinyl alcohol accel-
erated as temperature increased [39], or that high tempera-
tures benefited oxidation of bentazon in the ZVI-persulfate
system [29]. Thus, DEHP degradation was much better at
higher temperatures (25°C-30°C) than at lower temperatures
(15°C-20°C).

Previous studies [28,36] described that the degradation
of organic pollutants accelerates at higher temperatures
because more sulfate radicals are produced, which results
in higher consumption rate of persulfate. Therefore, we also
compared consumption of persulfate as function of the sul-
fate ion generation at different temperatures. Decomposition
of persulfate into sulfate ions during DEHP degradation as
function of reaction time is shown in Figs. 3(a)—(d). Oxidation

[DEHP], =5 mg/L
1 [Persulfate], = 60 mg/L

= ZVI = 0.4 mglL
Q H=7
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Fig. 2. Effect of the reaction temperature on DEHP degradation.

PAEs Chemical Mobile phase Flow rate  Injection volume  Temperature = Wavelength Peak time
formula (acetonitrile —water) (mL/min)  (upL) °C) (nm) (min)
volume ratio
DEHP C,H.0, 90:10 1 20 35 228 3.9
DBP C,H,0, 70:30 1 20 30 230 4.0
DMP Cc, H,O 60:40 1 20 30 228 2.9
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of persulfate was faster as reaction temperature increased.
However, total conversion of persulfate into sulfate ions was
~80% after 180 min at all temperatures. Persulfate conversion
to sulfate was almost linear at 15°C and 20°C. About 30 mg/L
of persulfate (which corresponds to ~50% of its initial con-
centration) decomposed during the first 90 min (see Figs. 3(a)
and (b)). However, an abrupt oxidation of persulfate occurred
at the beginning of the reaction at higher temperatures: ~33
and ~30 mg/L (which correspond to ~50% of the initial con-
centration) of persulfate remained at 25°C and 30°C after the
first 30 min, respectively (see Figs. 3(c) and (d)).

Dissolution of ZVIin the aqueous solution in term of total
dissolved iron and Fe*" along with variation in pH at different
temperatures is shown in Figs. 4(a)—(d). Maximum concentra-
tion of Fe** (equal to 11.46 mg/L) was at 30°C after 120 min. At
20°C and 25°C, concentration of Fe?* was insufficient. At the
same time, at 15°C, Fe?" concentration reached 6.36 mg/L. pH
values decreased rapidly within the 30 min of the reaction,
after which they remained stable. pH values ranged from
3.53 to 3.96 at all temperatures. pH value decreased because
more H* formed during Fe’/Fe* reaction according to Egs. (5)
and (6) [36]. Additionally, pH values could decrease because
of Fe*" hydrolysis and a consequent release of H* from bisul-
fate ion (HSO,")) (Egs. (7)—(10)) [40].
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3Fe* +4H,0 —»Fe,0, + 8H" +2e” 5)
3Fe® +4H,0 — Fe,0, +8H" +8e” (6)
Fe’ +3H,0 — Fe(OH), + 3H" @)
25,07 +2H,0 — 4HSO, + O, ®)
SO; +H,0 - OH +HSO, )
HSO, —»SO? +H* (10)

3.2. Degradation of dibutyl phthalate

DBP showed a rapid degradation during the first 30 min,
after which it degraded linearly at a relatively slow rate (see
Fig. 5). 28%-33% of the initial DBP decomposed within the
first 30 min. Total degradation of DBP after 180 min ranged
from 47% to 58%. An efficient degradation of DBP equal
to ~47% was observed at 15°C. On the other hand, DBP is

Table 2
Kinetic parameters of DEHP and DBP degradation at different temperatures
Temperature (°C) DEHP DBP
Kinetic equations t,,(min™) Kinetic equations t,, (min™)
15 InC, =-0.0021t - 0.0348 330 InC, =-0.0030¢ - 0.1525 231
20 InC, =-0.0028t — 0.0261 248 InC, =-0.0032f - 0.1589 217
25 InC, =-0.0055¢ + 0.0180 126 InC, =-0.0036¢ - 0.1670 193
30 InC, =-0.0079¢ + 0.0385 88 InC, =-0.0041t - 0.1654 169
Note: Kinetic parameters for DMP could not be determined because of insufficient reaction time and degradation.
a b
% (@) » (b)
% —=—sulfate é —=—sulfate
—~ 60 5~ 60 | ——
Z2 3 —e—perfulfate 23 perfulfate
2 oon 40 - 22040
e e
S @20 r S @220
2.2 2.2
% 0 I 1 I 1 I 1 I 1 I 1 I % 0 I 1 I 1 I 1 I 1 I 1 I
7 0 3060 90 120 150 180 7 0 3060 90 120 150 180
Reaction time (min) Reaction time (min)
C d
% (©) % (d)
= —=—sulfate = —=—sulfate
% ~ 60 F —e—perfulfate % ~ 60 —e—perfulfate
g g
oen 40 & o040
S 220 f S 920
2 .c 2.2
% 0 M e % 0 M s
2 0 30 90 120 150 180 2 0 30 90 120 150 180

60
Reaction time (min)

60
Reaction time (min)

Fig. 3. Conversion of persulfate into sulfate during DEHP tests at (a) 15°C, (b) 20°C, (c) 25°C, and (d) 30°C.
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(b)

Fig. 4. Iron ions concentrations and pH during DEHP decomposition at (a) 15°C, (b) 20°C, (c) 25°C, and (d) 30°C.

the leading PAE contaminate in the groundwaters of north
China according to the study of [17]. Thus, effective removal
of DBP from groundwater can be achieved by ZVI-persulfate
technology.

Kinetic parameters of DBP degradation are listed in
Table 2, which show a good fit to the pseudo-first-order
model. Rate constants (k , ) are equal to 3.0 x 10~ (with the cor-
relation coefficient R? equal to 0.8360), 3.2 x 10 (R? = 0.8443),
3.6 x 107 (R?2=0.8629) and 4.1 x 10~ (R?=0.8936) min™" at 15°C,
20°C, 25°C, and 30°C, respectively. Although the difference
in DBP degradation between 15°C and 30°C was small com-
paring with DEHP degradation, we still observed positive
effect of temperature on DBP degradation. Our results agree
with the previously reported experiments [37], in which DBP
decomposition was performed in ZVI-persulfate system at
pH =7 and at 25°C.

Conversion of persulfates into sulfate ions as function
of the reaction time during DBP batch tests is shown in
Figs. 6(a)—(d). More persulfate was consumed as reaction
temperature increased. DBP degradation was fast at the
beginning of the reaction, thus, persulfate was also con-
sumed rapidly. Almost 50 mg/L of sulfate was obtained after
60 min of reaction at all temperatures. After 60 min, persul-
fate consumption slowed down. The total consumption of
persulfate at 15°C, 20°C, 25°C, and 30°C was 52.2, 55.7, 57.1,
and 57.1 mg/L, respectively.

Concentration of total dissolved iron, Fe* and pH
variations during DBP batch experiments are shown in
(Figs. 7(a)—(d)). Total dissolved iron and Fe* either increase
linearly with reaction time or spiked and then decreased.
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Fig. 5. DBP concentration change as function of the temperature.

The highest concentration of Fe* was 12.74, 6.9, 10.4, and
12.53 mg/L at 15°C, 20°C, 25°C, and 30°C. Thus, Fe** was
available at all temperatures to assist persulfate decomposi-
tion. More Fe* formed at the beginning of the reaction and
at lower temperatures (see Figs. 6(a) and (b)). After 2 h, con-
centration of Fe** became equal to the total dissolved iron
content, which can be explained by secondary reaction
involving Fe* (Eq. (11)) [41].
Fe® +2Fe®" — 3Fe™ (11)
pH values were mostly in 3.4-3.7 range. Unusually high

pH values were noticed for samples containing the highest
Fe* concentrations, which can be explained by formation
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Fig. 6. Conversion of persulfate into sulfate during DBP tests at (a) 15°C, (b) 20°C, (c) 25°C, and (d) 30°C.

(@

15 8
EB L —a—Dissolved Iron 17
g1 | —+Fer ]
g 9 N ——pH 6
5 I 15
2 7t T
2 C 14
£y

[ 13
i
4 1r 12
N L
(e _1 1 1 1 1 1 1 1

0 30 60 90 120 150 180
Reaction time (min)
C

o 15 ( ) 8
EB L —=—Dissolved Iron 15
g 11 | —+—Fert
£ 9 r ——pH 46
3 L 15
=z 7F T
2 C 14
45t

C 43
o
& 1 12
N L
-1 P P T S oy 1

0 30 60 90 120 150 180

Reaction time (min)

(b)

o 15 8
EB L —a—Dissolved Iron 17
g1 | A Fer ]
R 9 N ——pH 6
5 O f 1s
2 7t T
2 C 14
£y

[ 13
-l
s Ly 12
5 C
(& _l 1 1 1 1 1 1 1

0 30 60 90 120 150 180
Reaction time (min)
d

o 15 () 8
EB L —=—Dissolved Iron 15
g 11 | 4+ Fer
2 9 C ——pH 4 6
=l L 15
2 7t Z
2 3 1 4
£ 0
ERER 17
o1 F {2
5 C
-1 L L L L L L 1

0 30 60 90 120 150 180
Reaction time (min)

Fig. 7. Iron concentration and pH values during DBP decomposition at (a) 15°C, (b) 20°C, (c) 25°C, and (d) 30°C.

of hydroxide ions both in aerobic and anaerobic conditions
(Egs. (12) and (13)) [39].

Aerobic conditions: Fe® + H,0+0.50, — Fe’* +20H (12)

Anaerobic conditions: Fe® + H,0—> Fe?* + 0.5H, + 20H" (13)

3.3. Degradation of dimethyl phthalate
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DMP decomposition in the ZVI-persulfate system at var-
ious temperatures is shown in Fig. 8. Noticeable oxidation
of DMP started at ~150 min reaction time. Maximum DMP
degradation (equal to 15%) was observed at 30°C after 3 h.
This is somewhat agrees with previous reports [36], in which
~44% DMP was decomposed by persulfate at 30°C after 48 h.
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However, DMP decomposition in the ZVI-persulfate system
is much faster comparing with the reaction activated by heat
only. Reaction kinetics of DMP degradation could not deter-
mined with more details as the reaction time was short. Thus,
complete degradation of DMP in ZVI-persulfate system still
needs to be studied.

Total consumption of persulfate was ~49, 50, 51,
and 53 mg/L at 15°C, 20°C, 25°C, and 30°C, respectively
(Figs.9(a)—(d)). Persulfate consumption during the first 30 min
was ~20 mg/L at 15°C-20°C and ~40 mg/L at 25°C-30°C. This
experiment also showed rapid and high quantity produc-
tion of sulfates ions from persulfates at higher temperatures.
Concentration of Fe? increased almost linearly at 15°C and
showed maximum value equal to 11.44 mg/L at 180 min. At
25°C-30°C, concentration of released Fe* reached its max-
imum and then decreased. Maximum Fe? concentration
reached 11.45, 9.20, and 13.20 mg/L at 20°C, 25°C, and 30°C,
respectively (Figs. 10(a)—(d)). Possible reasons for higher
Fe? concentrations are reduction of Fe* to Fe* according
to Eq. (11) as well as continuous Fe?" formation from ZVI
(Eq. (1)). More Fe formed at the beginning of the reaction
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1.05 [Persulfate], =60 mg/L
ZV1 = 0.4 mg/L
1 pH=7

DMP concentration (C/CC,)
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Fig. 8. Effect of reaction temperature on DMP degradation.
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and at lower temperatures. pH values were in the 3.34-3.78
range except for the samples with high concentration of Fe*".
Maximum pH values equal to 3.99 (after 180 min), 4.57 (after
120 min), 4.00 (after 180 min), and 4.84 (after 120 min) were
observed at 15°C, 20°C, 25°C, and 30°C, respectively.
Degradation behaviors of DEHP, DBP, and DMP are
compared at 15°C, 20°C, 25°C, and 30°C as shown in
Figs. 11(a)-(d). Oxidation of PAEs in the ZVI-persulfate sys-
tem occurred in the following order DBP > DEHP > DMP
at lower temperature ranging from 15°C-20°C (Figs. 11(a)
and (b)). Whereas, degradation rate of PAEs increased with
increase in Carbon chain size at higher temperature condi-
tions 25°C-30°C (Figs. 11(c) and (d)). DMP belongs to shortest
carbon size chain PAE that was more resistive to degrada-
tion. Degradation of DBP was rapid during the first 30 min,
after which degradation rate slowed down at all tempera-
tures either because of the DBP adsorption on ZVI particles
or because degradation rate depends on total DBP concen-
tration present in the system. However, degradation rate of
DEHP increased effectively with the increase in temperature
as compare with DBP. Fe* release did not correlate well with
the temperature increase potentially because our tempera-
ture range was relatively small. Maximum concentration of
Fe?* was observed at 30°C for batch tests with all three PAEs.
Control samples exhibited < 4% losses due to evaporation.

4. Conclusions

Decomposition of three PAEs, DEHP, DBP, and DMP was
explored under the presence of zero-valent iron and persul-
fate at different temperatures. Oxidation of persulfate (S,0,)
into sulfate (SO,*), release of total dissolved iron and Fe* as
well as pH fluctuation were also examined. All the batch reac-
tions were conducted in 40 ml brown glass bottles, each of
which initially contained 5 mg of each PAEs. Degradation of
DEHP, DBP, and DMP at 15°C was equal to ~32%, 47%, and
5%, respectively. Degradation rate of PAEs at 15°C-20°C were
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Fig. 9. Conversion of persulfate into sulfate during DMP tests at (a) 15°C, (b) 20°C, (c) 25°C, and (d) 30°C.
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in the following order: DBP > DEHP > DMP. Destruction of
PAEs at 25°C-30°C was faster and more severe for PAEs with
longer carbon chains. DBP destruction was the most efficient
at all temperatures (15°C-30°C) in comparison with other two
PAEs. Degradation rate of DEHP was significantly affected by
temperature compared with DMP and DBP. Overall degrada-
tion of PAEs in ZVI-persulfate system was much faster com-
paring with other methods for in situ removal of PAEs from
groundwater. Consumption of persulfate accelerated as tem-
perature increased. Similarly, maximum concentration of Fe?*
was observed at 30°C: it was 11.46, 12.53, and 13.20 mg/L for
batches containing DEHP, DBP, and DMP, respectively. pH
values ranged from the 3.2-4.0. Our results clearly demon-
strated that combination of ZVI and persulfate can effectively
degrade PAEs under normal temperature range. Thus, it can
be considered as a media for potential permeable reactive bar-
riers for remediation of the sites contaminated with PAEs.
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Symbols

C, —  Concentration at time t, mg/L

G, —  Initial concentration, mg/L

CNEMC -  China National Environmental Monitoring
Centre

DEHP - Di(2-ethylhexyl) phthalate

DBP —  Dibutyl phthalate

DMP —  Dimethyl phthalate

HPLC —  High performance liquid chromatography

PAE —  Phthalic acid ester

PTFE - Polytetrafluoroethylene

tn —  Half-life, min

USEPA - United States Environmental Protection
Agency

WHO - World Health Organization

ZVI —  Zero-Valent Iron
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