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Abstract A sensitive and reliable analytical method for

the simultaneous determination of seven endocrine dis-

rupting compounds (EDCs) in water was developed and

validated. This quantification method is based on solid

phase extraction (SPE) followed by a derivatization with

BSTFA and finally the seven EDCs were analyzed by gas

chromatography–mass spectrometry (GC–MS). A 23 fac-

torial design was used to optimize the extraction procedure.

Three factors, namely sample volume, elution solvent, and

pH of sample were investigated using Doehlert matrix. The

optimal conditions of SPE method were: HLB cartridge,

540 mL of water sample with a pH 8 and 10 mL of mixture

of ethyl acetate/acetone with a ratio of (55/45, v/v) in the

elution step. For validation of the technique, accuracy,

precision, detection and quantification limits, linearity,

sensibility and selectivity were determined. Extraction

recovery of these seven EDCs were above 90% with rel-

ative standard deviations (RSD) B 2%. The method limit

of detection and limit of quantification were in the range of

0.33–3.33 and 1–10 ng/L, respectively.

Keywords Endocrine disrupting compounds � Water �
SPE � GC–MS � Factorial design

Introduction

Endocrine disrupting compounds (EDCs) cover an

important range of natural and synthetic substances which

disturb the hormone function (Jiang et al. 2013; Yang

et al. 2013; Laurenson et al. 2014), such as alkylphenols,

bisphenol A, endogenous and synthetic hormones, among

authors (Reinen et al. 2010). Recently, EDCs have

become an important issue in water pollution because of

their potential risk on human health and their universal

distribution (Lee et al. 2010; Sim et al. 2010). These

compounds can interfere with the endocrine system by

antagonizing the action of naturally produced hormones,

or by preventing the action of endogenous hormones,

altering the function and synthesis of hormone matrix

receptors, or by modifying the metabolism, transport and

excretion of hormones (Reinen et al. 2010; Ballesteros-

Gómez et al. 2009; Munaretto et al. 2013). The EDCs are

presents in wastewater and surface water (Vandenberg

et al. 2012; Zoeller et al. 2012; Sun et al. 2014; Net et al.

2015; Rabodonirina et al. 2015). However, the measure-

ment of EDCs residues is a very difficult task due to their

low concentration levels in complex matrices. To over-

come these difficulties, various methods have been

developed. Currently, the most prevailing methodological

approach designed to analyze EDCs incorporates a mass-

based analysis process. Overall, the methods employing

mass spectrometry (MS) such as gas chromatography–
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Physico-chimie de l’Environnement, Cité Scientifique,
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mass spectrometry (GC–MS) and liquid chromatography–

mass spectrometry (LC–MS) show relatively low detec-

tion limits compared to other methods such as liquid

chromatography–UV detection (LC–UV) (Huang et al.

2011; Munaretto et al. 2013; Yang et al. 2015). Among

these method, GC-MS allows exellent separation because

of the long columns of fused silica that have literally

hundreds of thousands of theoretical plates, which allow

excellent separation of hormones from their isomers or

interfering substances (Thurman et al. 2013).

Enrichment separation approaches including solvent

extraction, solid phase extraction (SPE) and solid phase

microextraction (SPME) have been commonly used to

improve the instrumental limits of detection (LODs)

(Latrous El Atrache et al. 2013). The SPE is an

extraction and pre-concentration technique the most

commonly used for liquid samples (Guedes-Alonso et al.

2013). The SPE has an important role in pre-concen-

tration step due to its simplicity, high enrichment factors

and environmental friendliness. However, several factors

can affect the extraction efficiency and should be opti-

mized. The conventional strategies for developing ana-

lytical methods by univariated experiments can lead to a

number of disadvantages. They require more experi-

ments and do not offer the information on the interac-

tions between factors (Friedrich et al. 2016).

Multivariate techniques have also been used in the recent

years to optimize analytical methods, allowing the

optimization of many variables simultaneously. Multi-

variate techniques allow saving time, practicality, econ-

omy and reducing number of experiments (Facco et al.

2015; Kemmerich et al. 2015; Hibbert 2012). This

mathematical model allows an estimation of the signifi-

cance of effects on processes as well as of the effects of

interactions between factors. Factorial design is one of

the available statistical processes for multivariate tech-

niques. It was used in analytical method development

(Hibbert 2012). However, to determine the real func-

tionality established among the analytical response and

the significant factors, the second order designs are used.

The objective of this study is to develop a rapid and

simple procedure of extraction, preconcentration and

determination of seven EDCs in water, based on off-line

SPE, BSTFA derivatization and GC–MS quantification. A

two-level full factorial design was used to evaluate the

experimental variables including eluent solvent, sample

volume and pH sample. The experiments for the opti-

mization were performed according to Doehlert matrix.

The developed method was applied to the identification and

quantification of these compounds in wastewater samples

obtained from the effluents of two wastewater treatment

plants (WWTPs) of Tunis (Tunisia).

Experimental

Chemicals and Materials

EDCs standards were purchased from Sigma-Aldrich (Saint-

Louis, USA) and Restek (Bellefonte, USA) with a purity of

99%. Supel-Select HLB, Supelclean ENVI-18 and Supel-

clean LC-18 SPE cartridges (200 mg/6 mL) were purchased

from Sigma-Aldrich (Saint-Louis, USA). HPLC grade ethyl

acetate, methanol and acetonitrile were purchased from

Dislab (Lens, France). Ultrapure water (Milli-Q) was pro-

duced by aMillipore apparatus with 18.2 MX/cm resistivity.

The derivatization reagent N,O-bis(trimethylsilyl)trifluo-

roacetamide with 1% of trimethylchlorosilane (BSTFA, 1%

TMCS) were obtained from Sigma-Aldrich. Standard stock

solutions of 500 mg/L were prepared by weighing and dis-

solving 12.5 mg of each compound in 25 mL of acetonitrile.

These solutions were stored at 4 �C. The analyzed seven

EDCswith their chemical structures and other characteristics

are shown in Table 1.

Sample Preparation

The samples of water were fortified with the seven EDCs. 1

mL of ECDs standard solution with the concentration of 10

lg/L was added to the sample. SPE cartridges were first

conditioned with 5 mL of acetone, 5 mL of ethyl acetate

then with 5 mL of deionized water. The pH of samples was

adjusted with a solution of HCl 1 M. The solutes were

eluted with 10 mL of mixture of ethyl acetate/acetone with

a ratio of (5.67/4.33; v/v). The eluent was collected in a

graduated tube and concentrated, under stream of nitrogen

to 1 mL.

Sample Collection

Wastewater samples were collected from two WWTP

located in Tunis (Fig. 1). The first WWTP is Chotrana (S1)

located in Chotrana 1 Ariana. Chotrana WWTP used a

biological treatment system, while the second WWTP,

located in Médina Jadida-Ben Arous (S2), used an acti-

vated sludge treatment system combined with chemical

treatment. The samples were collected in 2-L amber glass

bottles. Samples were filtered with glass fiber filters with

0.45 lm Whatman glass microfiber filters. The filtered

waters were stored in the dark at 4 �C.

Derivatization Procedure

For compounds that are thermally unstable, are too low in

volatility, or yield poor chromatographic separation due to

their high polarity, a derivatization step must be included
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prior to GC/MS analyses (Nielsen 2014). 50 lL of each

SPE extract was transferred into micro vials followed by

the addition of 50 lL of BSTFA (1% TMCS), then heated

in a heating block at 65 �C for 90 min. The heated extracts

were cooled to room temperature during 15 min prior to

GC–MS analysis.

GC–MS Analysis

The GC–MS analysis were performed using a Varian 3900

GC equipped with a deactivated fused silica guard column

(5 m, 0.25 mm i.d.) and a fused silica capillary Phenom-

enex XLB (60 m length, 0.25 mm i.d., 0.25 lm film

thickness) and coupled with a Varian Ion Trap Saturn 2000

MS. The carrier gas was helium, held at a constant flow

rate of 1 mL/min. 1 lL of each sample was injected in the

splitless mode at 280 �C and the injector was purged with

helium after 1 min. The temperature of the GC was pro-

grammed as follows: 100 �C, held for 2 min, 5 �C min-1

ramped to 250 �C then 3 �C min-1 ramped to 300 �C and

held for 2.33 min. The transfer line and the ion trap were,

respectively, held at 280 and 220 �C. Each targeted com-

pound was identified based on the retention time (RT) and

the mass spectrum (m/z) from chromatogram of standard

solutions acquired in full scan (FS) mode. Quantification

was then performed in the single ion storage (SIS) modes

for better selectivity. The detailed MS detection parameters

for each EDC are presented in Table 1.

Results and Discussion

Effect of Sorbent Type

To evaluate the influence of the sorbent type on the

extraction recovery of EDCs, three SPE cartridges which

were reported to give good efficiency were chosen: Supel-

Select HLB (Huang et al. 2011; Grover et al. 2009),

Supelclean ENVI-18 (Xu et al. 2014; Gao et al. 2013) and

Supelclean LC-18 (Guedes-Alonso et al. 2013; Zhang et al.

2011). The selected cartridges were charged with 500 mL

of water sample spiked with 1 lL of EDCs standard

solution, then eluted with 5 mL of acetone and 5 mL of

ethyl acetate. The experiment was carried out in triplicate.

The Fig. 2 presents the recoveries of the seven EDCs

obtained from the three types of cartridges. The result

Table 1 Trivial name, acronyms, elemental composition, chemical structure, molecular mass (MW),Molecular mass after silylation (MW - TMS),

retention time (RT) and characteristic ions (m/z) of seven EDCs

Trivial name and acronyms Chemical formula Chemical structure MW MW – TMS RT (min) Ions (m/z)

4-nonylphenol

NP

C15H24O
CH3

OH

220 292 7.61 179; 292

Bisphenol A

BPA

C15H16O2
CH3

CH3

OHOH
228 372 9.27 357; 358

17a-estradiol

aE2

C18H24O2

CH3

OH
272 416 12.33 343; 416; 286

17a-ethynyl-estradiol

EE2

C20H24O2

OH

OHCH3

CH

296 440 12.41 425; 285

Estrone

E1

C18H22O2

CH3

OH

O
270 342 12.59 257; 342

Testosterone

TST

C19H28O2
CH3

O

OH
288 360 13.04 226; 345

Progesterone

PG

C21H30O2
O

CH3
CH3

CH3

O

314 – 14.64 299; 314
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Fig. 1 Studied sites at Tunis, Tunisia. (S1) WWTP of Chotrana 1 Ariana (S2) WWTP of Médina Jadida-Ben Arous

Fig. 2 Influence of the sorbent

type on the extraction recovery

of studied EDCs
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showed better recovery for the simultaneous extraction of

these seven EDCs obtained with HLB cartridge (Fig. 2).

Determination of the Optimal Condition

for the Solid Phase Extraction of EDCs

A 23 full factorial design with the variables, sample volume

(U1), eluent solvent (U2), and pH sample (U3) was carried

out to determine the influence of selected factors and their

interactions on the extraction of EDCs. The maximum and

minimum values of each factor are listed in Table 2. The

choice of the limits of the investigated region is based on

data available from the literature (Sun et al. 2014; Huang

et al. 2011; Guedes-Alonso et al. 2013; Rice and Hale

2009; Jin et al. 2013; Aydin and Talinli 2013; Labadie and

Budzinski 2005; Belhaj et al. 2015).

Doehlert matrix was used to represent the responses of the

three factors in all the experimental studied fields. In fact, the

Doehlert matrix presents a number of advantages such as a

uniform distribution of experimental points in the studied

field, the ability to explore the whole of the experimental

region, the usefulness of interpolating the response, and the

possibility of adding new factors defined on the basis of

preliminary result factors without altering the quality of the

matrix. To compare the effects of the different factors in the

experimental field, concerned coded variables were used.

The factors are given in the form of coded variables (Xi)

without units to permit comparison of factors of different

natures. The transformation of natural variables (Ui) into the

corresponding coded variables (Xi) is made on the basis of

the Eq. (1) obtained from NEMROWD software,

Xi ¼
Ui � Ui

DUi

� �
; ð1Þ

where Xi is the value taken by the coded variable i; Ui is

the value taken by the factor i; Ui is the value taken by the

factor i in the center of the experimental field; DUi is the

range of variation of the factor I and a is the maximum

coded value of Xi: X1 = 1; X2 = 0866; X3 = 0,816.

Ui ¼
upper limit of Ui þ lower limit of Ui

2
ð2Þ

DUi ¼
upper limit of Ui � lower limit of Ui

2
ð3Þ

The factorial design is governed by a function described

by the experimental variables that can be approximated by

a polynomial function, providing a description of the fac-

tors and the response obtained:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X
2
1 þ b22X

2
2 þ b33X

2
3

þ b12X1X2 þ b13X1X3 þ b23X2X3;

ð4Þ

where Y is the experimental response, Xi is the coded

variable, bi is the estimation of the principal effect of the

factor i for the response Y, and bij is the estimation of the

interaction effect between factors i and j for the response Y.

The number of experiments required (N) is given by

N = k2 ? k ? 1, where k is the number of variables. In the

present case, k = 3, and therefore the matrix was consti-

tuted of 13 experiments (Table 3). The levels of the inde-

pendent variable (effective variables Ui) were calculated

according to these following relations:

U1 ¼ 250X1 þ 500; ð5Þ

U2 ¼
4:44

0:866
X2 þ 4:56; ð6Þ

U3 ¼
3

0:816
X3 þ 6: ð7Þ

Replicates at the central level of the variables are per-

formed to validate the model by means of an estimate of

experimental variance. The experiment at the center (ex-

periment number 13) was carried out in triplicate (Table 4)

to estimate the experimental error. According to these

results, the coefficients of the polynomial model were

calculated using the NEMROD software (Table 5).

Figure 3 shows typical response surface profiles drawn

versus the main factors sample volume, eluent ratio and pH

sample and the three-dimensional representation of the

same plots using the NEMROD software.

The analysis of the iso-response curves at the chosen

experimental field delimited by a circle show that the

maximum extraction recovery was obtained when

540.4 mL of water sample with a pH 8 is loaded on HLB

Table 2 Investigated variables and their levels studied in the 23 factorial design

Coded variables (Xi) Factors (Ui) Experimental field Coded variables (Xi)

Value min. (- 1) Value max. (? 1)

X1 U1: sample volume (mL) 250 750

X2 U2: volume ratio of ethyl acetate/acetone 0.12 9

X3 U3: pH of sample 3 9
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cartridge then eluted with 10 mL of mixture of ethyl

acetate/acetone with a ratio of (5.67/4.33; v/v).

Validation of the Optimized Method

For the validation of the method, selectivity, linearity,

precision, accuracy, and detection and quantification limits

(LODs and LOQs) were studied. (1) Selectivity Validation

parameters were evaluated, and the selectivity was

confirmed since no interferences were observed in the

blank extract when compared to the fortified water sam-

ples. Moreover, the chromatograms of the extracts pre-

sented satisfactory chromatographic resolution (Fig. 4). (2)

Linearity Linearity of the proposed method was investi-

gated by analyzing six dilutions for each EDC in the range

of 0.01–10 lg/mL. Analytical curves were constructed for

the selected compounds, and good linearity was observed

with R2 higher than 0.99 for the seven EDCs (Table 7). (3)

Table 3 Factorial experimental design, experimental plan and results

No. Experimental design Experimental plan Results Y (%)

X1 X2 X3 U1 U2 U3 NP BPA aE2 E1 TST EE2 PG

1 0.0000 0.0000 0.0000 750.0 4.56 6 77.65 72.55 60.20 40.92 58.54 55.56 64.47

2 - 1.0000 0.0000 0.0000 250.0 4.56 6 97.78 83.57 78.01 68.86 72.57 89.67 45.46

3 0.5000 0.8660 0.0000 625.0 9.00 6 41.48 80.45 89.95 89.03 44.04 47.99 35.93

4 - 0.5000 - 0.8660 0.0000 375.0 0.12 6 30.43 84.30 97.07 97.71 33.06 90.42 19.21

5 0.5000 - 0.8660 0.0000 625.0 0.12 6 35.45 96.22 97.77 92.16 40.76 92.83 31.60

6 - 0.5000 0.8660 0.0000 375.0 9.00 6 27.26 69.71 77.35 82.75 26.50 72.03 32.76

7 0.5000 0.2887 0.8165 625.0 6.04 9 57.04 79.91 97.41 94.30 28.81 90.92 34.40

8 - 0.5000 - 0.2887 - 0.8165 375.0 3.08 3 89.11 70.79 63.11 42.09 58.15 26.07 54.76

9 0.5000 - 0.2887 - 0.8165 625.0 3.08 3 85.23 88.36 93.32 71.17 26.45 56.83 14.16

10 0.0000 0.5774 - 0.8165 500.0 7.52 3 31.38 71.82 89.41 44.11 27.04 81.83 15.99

11 - 0.5000 0.2887 0.8165 375.0 6.04 9 37.92 82.68 75.36 88.51 40.79 90.42 31.72

12 0.0000 - 0.5774 0.8165 500.0 1.60 9 40.18 93.17 71.78 50.21 78.31 46.90 7.28

13 0.0000 0.0000 0.0000 500.0 4.56 6 85.45 82.14 79.11 64.29 61.74 82.43 93.38

Table 4 Repeated experiments in the center of the investigated region

Sample volume (mL) Eluent ratio pH Results Y (R %)

NP BPA aE2 E1 TST EE2 PG NP BPA

500 4.56 6 85.45 82.14 79.11 64.29 61.74 82.43 93.38 85.45 82.14

500 4.56 6 86.74 83.63 77.23 66.35 61.52 82.17 92.46 86.74 83.63

500 4.56 6 85.45 82.14 79.11 64.29 61.74 82.43 93.38 85.45 82.14

Table 5 Coefficients of the

polynomial model for the seven

EDCs

Results Y (R %)

NP BPA aE2 E1 TST EE2 PG

b0 85.124 83.662 78.600 64.916 61.275 82.711 93.546

b1 - 0.724 1.927 3.743 - 2.532 - 5.815 - 7.322 1.958

b2 - 6.382 - 9.409 - 2.239 0.222 - 9.192 - 1.541 4.924

b3 - 14.406 5.058 - 0.260 15.441 7.402 12.962 - 2.349

b11 2.590 - 5.600 - 9.494 - 10.026 4.282 - 10.097 - 38.585

b22 - 69.493 0.542 19.081 37.337 - 35.01 - 5.827 - 72.038

b33 - 25.743 - 2.543 2.297 - 6.606 - 19.342 - 21.842 - 73.080

b12 5.307 - 0.683 6.874 6.834 5.679 - 15.270 - 5.331

b13 12.206 - 12.211 - 7.425 - 16.678 10.069 - 13.129 28.390

b23 19.121 - 0.743 12.517 54.722 - 33.861 3.911 19.456
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Precision Precision was considered at two levels:

repeatability and intermediate precision. The repeatability

(intra-day precision) study of each EDC was carried out by

estimating the correspondence responses six times on the

same day with 10 lg/mL concentration. Inter-day precision

study of each EDCs was carried out by estimating the

responses to correspondence three times on three different

days. The precision articulated as inter- and intra-day rel-

ative standard deviation (% RSD)\ 2, which indicates that

there was no significant difference for the assay which was

Fig. 3 a Contour plots of NP

extraction recovery versus

eluent ratio and pH at a fixed

sample volume (500 mL); b the

corresponding three-

dimensional plot; c contour

plots of PG extraction recovery

versus sample volume (mL) and

pH at a fixed eluent ratio (4.56);

d the corresponding three-

dimensional plot; e contour

plots of PG extraction recovery

versus sample volume (mL) and

eluent ratio at a fixed pH (6);

f corresponding three-

dimensional plot; results

obtained from Doehlert matrix

(Table 3)
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tested within 1 day and between days. The extraction

recovery percentages (% R) and RSD obtained are pre-

sented in (Table 7). (4) Accuracy The accuracy of the

method was evaluated with five repetitions by recovery

tests at three concentration levels (10, 30 and 50 lg/mL).

Therefore, the recovery tests were performed by extraction

of the compound under study, present in water matrices,

according to the proposed technique. The results obtained

for extraction of the seven EDCs from water, as well as the

respective coefficients of variation, are presented in

(Table 7).

(5) Detection and quantification limits The detection

limit (LOD) of the proposed method was determined as

being equal to at least three times the baseline signal

(noise) obtained for water samples free of EDCs (blank),

fortified with EDCs, submitted to the SPE technique and

analyzed by GC–MS. The quantification limit (LOQ) was

determined as being the signal at least ten times greater

than the noise signal. Detection limits were between 0.3

and 2.0 ng/L and quantification limits were between 1 and

10 ng/L (Table 7). Several authors developed methods for

the extraction and detection of some EDCs in liquid sam-

ples (Table 6) with LODs and recovery similar to those

determined in this work. However, these methods examine

only one family of EDCs at a time. For the simultaneous

detection of different EDCs, the LOD and recovery founds

in the present work showed better results compared to

those reported previously (Sghaier et al. 2017).

Application

The developed method was applied to the samples col-

lected from two WWTPs both the influent and the effluent

in Tunis, capital of Tunisia. Table 8 presents the concen-

tration of every individual EDC detected in each sampling

station. Among the selected hormones, E1 was detected in

all sampling points. The concentration of E1 was found to

be 10.3–23.6 ng/L, which was similar to other research

reported in Australia, Canada and Japan 17.3–19.6 ng/L

(Sun et al. 2014) and was slightly lower than that founded

in China 69.3–280 in ng/L (Xu et al. 2014). It should be

mentioned that in some cases the concentration of EE2 and

E1 detected in the effluent was higher than that detected in

the influents, which could be explained either by decon-

jugation or retransformation of conjugated compounds

during treatment into the original compounds. aE2 and

TST were not detected in the two samples, this may be

because there instability and degradation in the WWTP.

The concentration of BPA and NP detected in S1 was

higher than those founded in S2. It may be due to the type

of wastewater. The efficiencies of treatment were for ran-

ged between 8 and 100%. Above all, the result showed that

global eliminations yield were B 45% for both Tunis

WWTPs with 14 and 45%, respectively, for Chotrana

WWPT (S) and Médina Jadida-Ben Arous (S2). Médina

Jadida-Ben Arous WWTP showed better treatment than

Chotrana WWPT. However, surprisingly for the case of

EE2 detected in Médina Jadida-Ben Arous WWTP, the

contamination of EE2 in the output (11.3 ± 1.8 ng/L) was

Fig. 4 Chromatograms obtained from the analysis of water samples by a combine of SPE and GC–MS. a Blank extract, b spiked water sample
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higher than that present in the input (Table 8). This is

likely a result of drug residues entering the WWTP in their

conjugated form and becoming microbially deconjugated,

thus releasing the parent compounds into the treated

wastewater (Evgenidou et al. 2015).

Conclusion

An analytical method for the simultaneous extraction,

preconcentration, and determination of estrogens (estrone,

17a-estradiol and 17a-ethinylestradiol), androgens (testos-
terone), progestogens (progesterone) and phenolic com-

pound (bisphenol A and 4-nonylphenol) in wastewater has

been optimized. The SPE has been used for the extraction/

preconcentration step and combined with GC–MS for

quantification in SIS mode. Doehlert matrix was used to

build a mathematical model. The optimized method proved

to be effective for the seven endocrine disrupter com-

pounds. The LOQs were satisfied with the value between 1

and 10 ng/L of sample. In addition, the method presented

high recoveries, up to 91.9%, with RSD below 2%,

demonstrating good accuracy and precision. Linearity

values were adequate with the values of r2 higher than

0.996. The application of the method to samples from two

different WWTPs showed that the concentrations of EDCs

found ranged from 4.5 to 36.8 ng/L and some of them

(17a-estradiol, 17a-ethinylestradiol and testosterone) were

not detected in the two wastewater samples, and other, such

as progesterone only in one sample.
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