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Abstract

Background: Although more information has become available on the occurrence of phthalates and di(2-ethylhexyl) adipate
(DEHA) in foods including cow’s milk, information on their presence in human milk, the important and recommended sole
diet for infants up to six months of age, is very limited, especially for DEHA.
Objective: To develop a GC-MS method for simultaneous analysis of DEHA and phthalates in human milk samples and
generate occurrence data for exposure assessment.
Method: Human milk samples were extracted with acetonitrile followed by dispersive solid-phase extraction and GC-MS
analysis.
Results: Among the 305 human milk samples collected from the Canadian Maternal-Infant Research on Environmental
Chemicals Study, some phthalates (DHxP, BBzP, and DOP) were not detected in any of the samples, while DEHA and the
other phthalates (DMP, DEP, DBP, DiBP, and DEHP) were detected at low frequencies with levels from 30.4–237 ng/g in up to
31 of the 305 human milk samples.
Conclusions: In general, DEHA and phthalates were detected at low frequencies and low levels in the 305 human milk
samples.
Highlights: A GC-MS method based on dispersive solid phase extraction was developed for analysis of DEHA and eight
phthalates in 305 human milk samples for exposure assessment.

Phthalates are a group of diesters of ortho-phthalic acid and pri-
marily used as plasticizers to soften polyvinyl chloride (PVC)
products or as solvents to hold color and scent in various cos-
metics and personal care products (1) depending on their mo-
lecular weights. Some phthalates are also used in food contact
materials, such as di-(2-ethylhexyl) phthalate (DEHP) which is
used in PVC gaskets of lids for glass bottles and jars (2–5) and
PVC cling film (6), and can migrate from food contact materials

into foods, especially fatty foods, since they are not chemically
bound to the polymer.

Di-(2-ethylhexyl) adipate (DEHA) is structurally different
from the phthalates, but they are all lipophilic and thus have
been analyzed together in some studies to investigate their oc-
currence in foods (7, 8). DEHA is also widely used as a plasticizer
in food contact materials, such as PVC food wrapping or cling
films (5, 6, 9–15) and PVC gaskets of lids for glass jars (2–4). Like
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other plasticizers, DEHA can also migrate from food contact
materials to foods.

DEHA and various phthalates including DEHP were identi-
fied as priority chemicals for risk assessment under the
Government of Canada’s Chemicals Management Plan due to
their potential for exposure from indoor air, dust, water, and
food. In the 2011 Government of Canada screening assessment
report for DEHA (16), food was estimated to be the highest con-
tributor to the total intake for most age groups, however, a high
level of uncertainty with the estimates of exposure from food
was highlighted. More information has become available on the
occurrence of DEHA and phthalates in foods including cow’s
milk, especially from recent studies (15–22). However, informa-
tion on their presence in human milk, the important and rec-
ommended sole diet for infants up to six months of age, is very
limited, especially for DEHA (23–26). The last Canadian study
where human milk was analyzed for selected phthalates was in
2006 (27). In this study, a GC-MS method based on liquid
and dispersive solid-phase extraction was developed and used
to simultaneously determine DEHA and selected phthalates in
human milk samples, generating recent Canadian occurrence
data of both DEHA and selected phthalates in human milk for
exposure assessment of the infant population.

Experimental
Sample Collection and Storage

Human milk samples were collected by the study participants,
either by hand or using the breast pump provided, between the
second and tenth week after delivery. Although human milk
samples from 990 donors were collected from 10 cities
(Vancouver, Edmonton, Winnipeg, Toronto, Hamilton, Sudbury,
Kingston, Ottawa, Montreal, and Halifax) across Canada over a
period of 2 years (2009–2011), aliquots of only 305 of them were
analyzed for DEHA and phthalates based on the capacity of our
laboratory. All sample aliquots were stored in 15 mL polypropyl-
ene vials in a freezer in our laboratory at �20�C until analysis.
Both the breast pump (Medela, Mississauga, ON) and the 15 mL
polypropylene vial were tested for migration of DEHA and the
eight phthalates to water prior to use, and they were not
detected.

Materials and Reagents

Di-methyl phthalate (DMP, >99%), di-ethyl phthalate (DEP,
99.5%), di-(2-ethylhexyl) phthalate (DEHP, 99%), n-hexane (99%),
Na2SO4 (anhydrous, ACS grade), and the pre-packaged 15 mL
centrifuge tube with 900 mg MgSO4 and 150 mg PSA were pur-
chased from Sigma–Aldrich (Mississauga, ON, Canada). Di-iso-
butyl phthalate (DiBP, 99%), di-n-butyl phthalate (DBP, >99%),
di-n-hexyl phthalate (DHxP, 98%), n-butyl benzyl phthalate
(BBzP, 98%), di-(2-ethylhexyl) adipate (DEHA, 99%), and di-n-
octyl phthalate (DOP) were purchased from Alfa Aesar (Ward
Hill, MA). The following labelled chemicals were all purchased
from CDN Isotopes (Pointe-Claire, Quebec, Canada): di-methyl
phthalate-3,4,5,6-d4 (DMP-d4, 99 atom% D), di-ethyl phthalate-
3,4,5,6-d4 (DEP-d4, 98 atom% D), di-iso-butyl phthalate-3,4,
5,6-d4 (DiBP-d4, 99 atom% D), di-n-butyl phthalate-3,4,5,6-d4
(DBP-d4, 99 atom% D), n-butyl benzyl phthalate-3,4,5,6-d4
(BBzP-d4, 99 atom% D), di-n-hexyl phthalate-3,4,5,6-d4 (DHxP-
d4, 99 atom% D), di-(2-ethylhexyl) adipate-d8 (DEHA-d8, 98
atom% D), di-(2-ethyhexyl) phthalate-3,4,5,6-d4 (DEHP-d4, 98

atom% D), and di-n-octyl phthalate-3,4,5,6-d4 (DOP-d4, 99
atom% D). Acetonitrile (HPLC grade) was purchased from J.T.
Baker (Phillipsburg, NJ, USA). Sodium chloride (>99%) was
obtained from VWR (Mississauga, ON, Canada). The human
milk used for method validation and quality control was
purchased from Innovative Research (www.innov-research.
com).

Six composite standard solutions containing DEHA and
phthalates, with concentrations from 0.02 to 1 ng/mL, were pre-

pared in hexane. The solution containing deuterated DEHA and
the phthalates, used for spiking samples, was prepared in
hexane with concentrations from 2.7 to 3.5 ng/mL. All solutions
were stored at 4 �C.

Sample Extraction and Analysis

About 0.5 g of each human milk sample was weighed into a 15
mL glass centrifuge tube with 0.5 g of NaCl, and spiked with
deuterated internal standard solution. The sample was
extracted with 5 mL of acetonitrile for about 30 min at room
temperature, and the acetonitrile extract was transferred to a
pre-packaged 15 mL centrifuge tube containing 900 mg MgSO4

and 150 mg PSA for dispersive solid-phase extraction. After cen-
trifugation for 15 min, the acetonitrile extract was filtered
through Na2SO4 packed in a 16 � 100 mm glass tube and con-
centrated to about 0.5 mL under nitrogen flow for analysis.

An Agilent 7890 gas chromatograph (GC) coupled to a 5975
mass selective detector (MSD) was used for analysis. The
injector temperature was 280�C. The GC column used was
DB-5MS capillary column (30 m � 0.25 mm � 1.0 mm, Agilent
Technologies). The GC oven temperature program was set at
50�C for 2 min, then raised to 280�C for 6 min at 15�C/min. The
flow rate of the helium carrier gas was 1.2 mL/min. The MSD

was operated with electron impact ionization in selected ion
monitoring (SIM) mode. Table 1 shows the list of ions used for
GC-MS analysis of DEHA and phthalates in SIM mode. The dwell
time was 35 ms for each ion. The GC-MSD interface temperature
and MSD source temperature were 280 and 230�C, respectively.

Table 1. List of ions used for GC-MS analysis of phthalates in SIM
mode

Phthalates CAS no. Quantification ion Qualifier ion

DMP 131-11-3 163 194
DEP 84-66-2 149 177
DiBP 84-69-5 149 223
DBP 84-74-2 149 223
DHxP 84-75-3 149 251
BBzP 85-68-7 149 206
DEHA 103-23-1 129 147
DEHP 117-81-7 149 167
DOP 117-84-0 149 279
DMP-d4 93951-89-4 167
DEP-d4 93952-12-6 153
DiBP-d4 358730-88-8 153
DBP-d4 93952-11-5 153
DHxP-d4 1015854-55-3 153
BBzP-d4 93951-88-3 153
DEHA-d8 1214718-98-5 137
DEHP-d4 93951-87-2 153
DOP-d4 93952-13-7 153
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Confirmation of the identities of DEHA and phthalates was
based on the retention time and the ion ratio observed for ana-
lytical standards. The calculation of DEHA and phthalate con-
centrations in samples was based on isotope dilution method.

Results and Discussion

Linearity of the instrument and the method was demonstrated
using six standard solutions of DEHA and phthalates with con-
centrations from 0.02 to 1 ng/mL. R2 values of >0.999 were ob-
served for DEHA and phthalate calibration curves, plotted with
peak areas normalized to the internal standard versus concen-
trations. The method was validated for human milk at three
spiking levels from 50 to 400 ng/g and the results are shown in
Table 2. The average recovery for all analytes was 107.7%, with
relative standard deviations from 0.64 to 9.9% (mean: 3.2%).

The Maternal–Infant Research on Environmental Chemicals
(MIREC) Study was one of the human biomonitoring initiatives
under the Chemicals Management Plan launched by the
Government of Canada in 2006. It was a multi-year research
study that recruited about 2000 women from major cities across
Canada (28, 29). One of the goals of the MIREC Study was to
measure the concentrations of various environmental chemi-
cals in human milk, such as dioxins/furans and PCBs (30), 2-
and 3-monochloropropanediol fatty acid esters (31), perchlorate
(32), and bisphenol A (33).

In this study, a total of 305 human milk samples were ana-
lyzed for DEHA and the eight phthalates. Each batch of analysis
included five method blanks, three unspiked commercial hu-
man milk samples, and three spiked commercial milk samples
as quality control (QC). All samples were analyzed in duplicate.
Method detection limits (MDLs) were estimated for every batch

of analysis due to variation of background contamination. MDLs
for the analytes which were not detected in the method blanks
(DMP, DHxP, and DOP) were estimated as 10 times the signal-to-
noise ratios from the spiked QC samples, and the average MDLs
ranged from 1.01 ng/g for DMP to 9.97 ng/g for DOP (Table 3). For
those analytes which were detected in the method blanks (DEP,
DiBP, DBP, BBzP, DEHA, and DEHP), MDLs were calculated as
three times the standard deviation of the method blanks, and
the average MDLs varied from 2.85 ng/g for DEP to 66.8 ng/g for
DEHP (Table 3).

Among the eight phthalates, DMP, DHxP, BBzP, and DOP
were not detected in any of the 305 human milk samples. DEHA
was detected in only one human milk sample at 31.4 ng/g. The
detection frequencies of the other four phthalates were also
low; DEP was detected in 31 samples (10.2%) with a maximum
concentration of 87.7 ng/g and an average of 7.35 ng/g, DiBP was
detected in 27 samples (8.85%) with a maximum of 85.4 ng/g
and an average of 33.3 ng/g, DBP was detected in 21 samples
(6.89%) with a maximum of 30.4 ng/g and an average of
12.9 ng/g, while DEHP was detected in 23 samples (7.54%) with a
maximum of 237 ng/g and an average of 97.7 ng/g.

Sources of phthalates in human milk may vary depending
on the applications of each phthalate. For example, the pres-
ence of DEHP and DEHA in human milk could be from dietary
exposure due to migration from food packaging, while the pres-
ence of lower molecular weight phthalates, such as DEP and
DBP, in human milk is more likely from dermal exposures by
the mothers due to use of various personal care products, espe-
cially with the use of leave-on personal care products (34, 35).

Compared to the results from limited studies from other
countries (Table 4), results of DEP and DiBP from our study are
higher by about 10-fold. It should be mentioned that the aver-
ages of our results were calculated with the positives only, that
is, non-detect results were not included in the calculation of
averages. However, it is not always clear how the averages of
results from the other studies (23–27) were calculated, that is, if
non-detects were included and what values were used for non-
detects (0, 1=2 detection limit, or detection limit). Results of DBP
from our study are also higher than those from Zhu et al. (27),
Fromme et al. (25), Zimmermann et al. (26), and Hogberg et al.
(24), but much lower than those from the Chinese study (22). For
DEHP, our results are higher than those from the German stud-
ies (25, 26), but much lower than those from the previous
Canadian study by Zhu et al. (27). The maximum DEHP concen-
tration from our study (237 ng/g) is close to the result (305 ng/g)
from the Swedish study by Hogberg et al. (24), much lower than
the European Union specific migration limit (SML) of 1.5 mg/kg

Table 2. Method accuracy and precision

Phthalates

Mean recovery, % 6 SD (n¼ 5)

50 ng/g 100 ng/g 400 ng/g

DMP 108 6 1.2 109 6 0.7 102 6 2.2
DEP 109 6 1.5 109 6 0.9 99.7 6 0.9
DiBP 115 6 9.6 113 6 5.3 99.1 6 5.1
DBP 106 6 6.0 115 6 4.5 85.3 6 3.5
DHxP 109 6 1.2 110 6 1.0 103 6 2.3
BBzP 114 6 2.5 114 6 1.7 104 6 2.0
DEHA 112 6 7.4 113 6 2.5 106 6 2.1
DEHP 110 6 9.3 113 6 5.6 107 6 10.6
DOP 110 6 1.3 112 6 0.9 99.3 6 1.6

Table 3. Summary of concentrations of DEHA and phthalates in human milk samples

Phthalate Number of samples (no. of positives)
MDL, ng/g
(mean, range)

Concentration, ng/g

Mean (positives) Range

DMP 305 (0) 1.01 (0.16–2.40) – –
DEP 305 (31) 2.85 (0.94–7.67) 7.35 <MDL - 87.7
DiBP 305 (27) 44.6 (6.18–208) 33.3 <MDL - 85.4
DBP 305 (21) 14.9 (4.06–56.1) 12.9 <MDL - 30.4
DHxP 305 (0) 3.56 (0.92–11.5) – –
BBzP 305 (0) 7.41 (1.32–26.5) – –
DEHA 305 (1) 17.7 (4.24–40.0) 31.4 31.4
DEHP 305 (23) 66.8 (10.4–195) 97.7 <MDL - 237
DOP 305 (0) 9.97 (1.57–31.1) – –

100 | Cao et al.: Journal of AOAC INTERNATIONAL Vol. 104, No. 1, 2021

D
ow

nloaded from
 https://academ

ic.oup.com
/jaoac/article/104/1/98/5890463 by H

ealth & W
elfare C

anada user on 05 M
arch 2024



for DEHP according to Directive 2007/19/EC (36), while the aver-
age DEHP concentration from our study is higher, 97.7 ng/g
versus 9.0 ng/g. The result of DEHA from our study (31.4 ng/g) is
very close to the results (<20.0–27.0 ng/g) from the German
study (25), and much lower than the SML of 18 mg/kg (37).

In summary, a GC-MS method based on liquid and disper-
sive solid-phase extraction was developed and used for simulta-
neous analysis of DEHA and eight selected phthalates in 305
human milk samples collected from the Canadian MIREC Study.
Some phthalates (DHxP, BBzP, and DOP) were not detected in
any of the samples, while DEHA and the other phthalates (DMP,
DEP, DBP, DiBP, and DEHP) were detected at low frequencies
with the highest levels from 30.4 to 237 ng/g in up to 31 of the
305 human milk samples.
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Araújo, V.A., & Rodrigues, R. (2014) Food Control 44, 118–129
7. Page, B.D., & Lacroix, G.M. (1995) Food Addit. Contam. 12,

129–151

8. Cao, X.-L., Zhao, W., & Dabeka, R. (2015) Food Addit. Contam.
Part A 32, 1893–1901

9. Startin, J.R., Sharman, M., Rose, M.D., Parker, I., Mercer, A.J.,
Castle, L., & Gilbert, J. (1987) Food Addit. Contam. 4, 385–398

10. Castle, L., Mercer, A.J., Startin, J.R., & Gilbert, J. (1987) Food
Addit. Contam. 4, 399–406

11. Castle, L., Mercer, A.J., & Gilbert, J. (1988) Food Addit. Contam.
5, 277–282

12. Harrison, N. (1988) Food Addit. Contam. 5, 493–499
13. Petersen, J.H., Naamansen, E.T., & Nielsen, P.A. (1995) Food

Addit. Contam. 12, 245–253
14. Goulas, A.E., Anifantaki, K.I., Kolioulis, D.G., & Kontominas,

M.G. (2000) J. Dairy Sci. 83, 1712–1718
15. Government of Canada (2011) Screening Assessment for the

Challenge Hexanedioic acid, bis(2-ethylhexyl) ester (DEHA),
https://www.ec.gc.ca/ese-ees/default.asp? lang¼En&n¼3995
8D25-1#a9 (accessed May 4, 2020)

16. Cao, X.-L., Zhao, W., Churchill, R., & Hilts, C. (2014) J. Food
Prot. 77, 610–620

17. Kim, M., Yun, S.J., & Chung, G.-S. (2009) Food Addit. Contam.
26, 134–138

18. Fierens, T., Van Holderbeke, M., Willems, H., De Henauw, S.,
& Sioen, I. (2012) Food Chem. Toxicol. 50, 2945–2953

19. Sorensen, L.K. (2006) Rapid Commun. Mass Spectrom. 20,
1135–1143

20. Bradley, E.L., Burden, R.A., Leon, I., Mortimer, D.N., Speck,
D.R., & Castle, L. (2013) Food Addit. Contam. Part A 30,
722–734

21. Bradley, E.L., Burden, R.A., Bentayeb, K., Driffield, M., Harmer,
N., Mortimer, D.N., Speck, D.R., Ticha, J., & Castle, L. (2013)
Food Addit. Contam. Part A 30, 735–742

22. Cao, X.-L., Zhao, W., Churchill, R., & Dabeka, R. (2013) J. Food
Prot. 76, 1985–1988

23. Chen, J.-A., Liu, H., Qiu, Z., & Shu, W. (2008) Environ. Poll. 156,
849–853

24. Hogberg, J., Hanberg, A., Berglund, M., Skerfving, S.,
Remberger, M., Calafat, A., Filipsson, A.F., Jansson, B.,
Johansson, N., Appelgren, M., & Hakansson, H. (2008) Environ.
Health Perspect. 116, 334–339

25. Fromme, H., Gruber, L., Seckin, E., Raab, U., Zimmermann, S.,
Kiranoglu, M., Schlummer, M., Schwegler, U., Smolic, S., &
Volkel, W. (2011) Environ. Int. 37, 715–722

26. Zimmermann, S., Gruber, L., Schlummer, M., Smolic, S., &
Fromme, H. (2012) Food Addit. Contam. Part A 29, 1780–1790

27. Zhu, J., Phillips, S.P., Feng, Y.-L., & Yang, X. (2006) Environ. Sci.
Technol. 40, 5276–5281

28. Health Canada (2010) Maternal-Infant Research on
Environmental Chemicals (The MIREC Study), http://www.

Table 4. Comparison of average DEHA and phthalate concentrationsin human milk samples from different studies

Country
Sample
size

DEP, ng/g
(range)

DiBP, ng/g
(range)

DBP, ng/g
(range)

BBzP, ng/g
(range)

DEHP, ng/g
(range)

DEHA, ng/g
(range) References

Canada 86 0.2 (0.2–8.1) – 0.5 (0.1–11) – 116 (1.2–2920) – (26)
Canada 305 7.35

(<2.85–87.7)
33.3 (<44.6–85.4) 12.9 (<14.9–30.4) – 97.7 (<66.8–237) 31.4 This

studya

China 40 <0.05 – 53.5 (0.6–174) – – – (22)
Germany 78 <3 1.2 (<0.1–5.3) 0.8 (<0.1–7.4) <10 3.9 (<0.5–23.5) (<20.0–27.0) (24)
Germany 30 – 1.0 (<LOQ–5.8) 0.6 (<LOQ–3.6) <5 2.3 (<LOQ–7.6) – (25)
Sweden 42 0.2 (0.2–1.5) – 1.5 (1.5–20) 0.5 (0.1–4.4) 9.0 (0.5–305) – (23)

a Average of positives detected.

Cao et al.: Journal of AOAC INTERNATIONAL Vol. 104, No. 1, 2021 | 101

D
ow

nloaded from
 https://academ

ic.oup.com
/jaoac/article/104/1/98/5890463 by H

ealth & W
elfare C

anada user on 05 M
arch 2024

https://www.ec.gc.ca/ese-ees/default.asp? lang=En&hx0026;n=39958D25-1#a9
https://www.ec.gc.ca/ese-ees/default.asp? lang=En&hx0026;n=39958D25-1#a9
https://www.ec.gc.ca/ese-ees/default.asp? lang=En&hx0026;n=39958D25-1#a9
https://www.ec.gc.ca/ese-ees/default.asp? lang=En&hx0026;n=39958D25-1#a9
https://www.ec.gc.ca/ese-ees/default.asp? lang=En&hx0026;n=39958D25-1#a9
http://www.hc-sc.gc.ca/ewh-semt/contaminants/human-humaine/mirec-eng.php


hc-sc.gc.ca/ewh-semt/contaminants/human-humaine/mirec-
eng.php (accessed February 11, 2020)

29. Arbuckle, T.E., Fraser, W.D., Fisher, M., Davis, K., Liang, C.L.,
Lupien, N., Bastien, S., Velez, M.P., von Dadelszen, P.,
Hemmings, D.G., Wang, J., Helewa, M., Taback, S., Sermer, M.,
Foster, W., Ross, G., Fredette, P., Smith, G., Walker, M., Shear,
R., Dodds, L., Ettinger, A.S., Weber, J.-P., D’Amour, M.,
Legrand, M., Kumarathasan, P., Vincent, R., Luo, Z.-C., Platt,
R.W., Mitchell, G., Hidiroglou, N., Cockell, K., Villeneuve, M.,
Rawn, D.F.K., Dabeka, R., Cao, X.-L., Becalski, A., Ratnayake,
N., Bondy, G., Jin, X., Wang, Z., Tittlemier, S., Julien, P., Avard,
D., Weiler, H., LeBlanc, A., Muckle, G., Boivin, M., Dionne, G.,
Ayotte, P., Lanphear, B., Séguin, J.R., Saint-Amour, D.,
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