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Abstract 

Plasticizer migration is responsible for premature coating failure in polyvinyl chloride (PVC) synthetic materials that 
continue to benefit our daily life as a reliable and cost-efficient simulant of genuine leather. In this context, the estab-
lishment of standard assays that measure the migration rate of plasticizers under varying scenarios plays a pivotal role 
in comparing durability of those PVC-derived leather-simulants. In this review, multiple methodologies developed 
over the last decade for determining plasticizer migration from PVC coating are compiled, with their operational 
principles, merits, and limitations being taken into consideration along with specific apparatus required for each. 
A concluding section discusses current challenges in this field, and highlights how nuclear magnetic resonance 
and computational simulation surpass conventional assays in yielding intercomparable results, and hence screen-
ing migration-resistant plasticizers in a labor- and time-saving way. Since migration resistance represents a decisive 
performance indicator of plasticizers, this systematic review may provide guidance to quite a few practitioners in PVC 
synthetic material industry, who are now engaged in validating various sustainable alternatives with performance 
allegedly equal to conventional but toxic di-(2-ethylhexyl) phthalate plasticizer.
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1 Introduction
Polyvinyl chloride (PVC) synthetic materials, a reli-
able and cost-efficient simulant of genuine leather, debut 
in 1930s when the supply of genuine leather failed to 
meet surging global demand. This leather-simulant is 
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manufactured by applying or  laminating a PVC coating, 
upon adequate finishing, on to one side of a base material 
that is usually a fabric. After decades of improvement, 
PVC synthetic materials in contemporary era resemble 
genuine leather particularly in appearance, and this ver-
satile simulant have been widely used in myriad aspects 
of our daily life. In 2020, an estimated 2.5 billion square 
meters of PVC synthetic materials were produced in 
main-land China, almost five times as much as China’s 
annual production of genuine leather [1]. Compared with 
alternatives, the dominance of PVC synthetic materials is 
largely driven by their excellent processability, mechani-
cal properties, as well as long-lasting durability [2, 3].

To impart the PVC coating with flexibility and bend-
ability, a substantial amount (40–120 wt%) of plasticizers 
must be added. Plasticizer acts like a lubricant that inter-
calates the rigid PVC chains for an easy movement, oth-
erwise pristine PVC would be too brittle for any practical 
purpose. The dosage of plasticizers required in PVC for-
mulation varies according to the end application. In some 
cases (e.g., upholstery usage), the plasticizer content can 
be as high as 120 wt% [4]. Since the plasticizers are not 
chemically bonded to PVC chains, they tend to migrate 
from the coating during production, storage or service, 
burdening the environment and shortening the lifespan 
of the end-products [5, 6]. In particular, di-(2-ethylhexyl) 
phthalate (DEHP), the most widely used plasticizer now 
in PVC industry, have been recognized as a human endo-
crine disruptor, a suspected teratogen, and a probable 
carcinogen [7]. Their migration raises increasing con-
cerns over the safety issue of PVC synthetic materials 
[8], driving this old industry into an unprecedented cri-
sis of public confidence and sustainability. Therefore, any 
emerging plasticizer that succeeds in this arena of inten-
sive competition is required to demonstrate excellent 
migration resistance, a crucial indicator governing how 
the resulting PVC coating holds up against long-term 
service and low environmental impact [9, 10].

In this context, a variety of methods and techniques 
have been established over the last decade to moni-
tor the migration tendency of plasticizers from PVC 
coating. Understanding the principle and procedure of 
these methods is essential for choosing an appropriate 
approach to evaluate how the plasticizers behave under 
varying scenarios, and thus providing a reliable criterion 
to compare durability of the PVC synthetic materials for 
an intended use. To this end, this review is compiled as a 
general review of the methods now available for detect-
ing plasticizer migration from PVC synthetic materials 
via three different mechanisms (i.e., volatilization, exu-
dation, and extraction), with an emphasis on the instru-
mentation, methodology, advantages, and limitations 
of each method. In the summary and outlook section, 

current challenges are briefly discussed, and how recent 
advances in nuclear magnetic resonance and computa-
tional simulation benefit this field by yielding intercom-
parable results than conventional experimental assays are 
highlighted. Indeed, a simple literature search for alter-
natives with performance equal to DEHP but good toxi-
cological profiles unearths a large number of varieties. 
This systematic review thus may provide important guid-
ance for practitioners on how to evaluate the migration 
behavior of these sustainable varieties. With potential 
DEHP alternatives validated, the sustainability challenge 
now confronting the old and oft-maligned PVC synthetic 
material industry may ultimately be addressed.

2  Test methods for plasticizer migration
In general, plasticizer migration from PVC synthetic 
materials can proceed via three different mechanisms, 
namely volatilization, exudation or extraction, depending 
on the environment where the PVC coatings are located.

Volatilization refers to diffusion of plasticizers from the 
center of PVC coating to the surface, followed by evapo-
ration into the environment in high-heat conditions. This 
can be a continuous process eventually leading to coat-
ing embrittlement, as well as environmental and health 
issues if the PVC synthetic materials are being used in 
an enclosed space. The plasticizers can also exudate into 
other materials that are in physical contact with the PVC 
coating. Conceivably, exudation is facilitated at higher 
temperature, but can be inhibited by selecting appro-
priate plasticizers or plasticizer mixtures. In addition, 
once the PVC synthetic materials are immersed into, or 
splashed with oil, water or organic solvents, extraction of 
plasticizers occurs when the liquids dilute away the plas-
ticizer out of the PVC matrix. Extraction usually takes 
place in combination with PVC swelling that facilitates 
the movement of additives within, and thus their further 
diffusion into the liquids.

Taking these three scenarios into full consideration, a 
couple of standardized methodologies allowing qualita-
tive or quantitative assessment of plasticizer migration 
have been established over the last decade by organi-
zations such as German Institute for Standardization 
(DIN), International Organization for Standardization 
(ISO), and American Society for Testing and Materi-
als (ASTM). These methods have been subject to prop-
erly conducted Inter-Laboratory Studies, demonstrating 
reliability of the test results and statistically determined 
repeatability. Mechanistically-new test methods are also 
emerging, and have been successfully used in a few spe-
cialized laboratories. In this review, the descriptions of 
all these methods (Table  1), standardized or emerging, 
attempt to give some insight into the scientific principles 
used and the steps that are required to produce a result. 
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Explanations of these methods in terms of their advan-
tages and limitations are also provided to give one a bet-
ter understanding of their appropriate application.

2.1  Test methods for plasticizer volatilization
Although plasticizers in PVC coatings are relatively non-
volatile at ambient conditions, their migration by vola-
tilization expedites significantly at high temperature [27]. 
This is particularly the case for a PVC synthetic material-
decorated car parked under direct sunlight, or in a plas-
ticizing oven where the gelation temperature is typically 
between 130 and 170 °C. Currently, the most commonly 
employed methods that enable quantitative evaluation 
of the volatilization propensity of plasticizers from PVC 
synthetic materials are fogging test and activated carbon 
method.

In automobile industry, fogging refers to heating-
induced evaporation of volatile components from PVC, 
textiles, or genuine leather used in motor vehicle interi-
ors that eventually condense on the windshield to form a 
haze-like layer. This thin layer of condensate impairs the 
visibility of the driver, thus endangering the safety of the 
passengers. In the case of PVC synthetic materials, plas-
ticizers account for the vast majority proportion of the 
volatile substances.

Until now the German DIN 75201 test method [11] 
formulated in 1992 has been the ‘gold standard’ to test 

the evaporation propensity of volatile compounds from 
vehicle interior materials. Variations of this method 
include ISO 17071, DIN EN 14288, ISO 6452, and SAE 
J1756. In DIN 75201, professional apparatus required for 
the test are specified (Scheme 1), with two methods for 
determination of the fogging characteristics being pro-
vided. In the reflectometric method, a round specimen 
of PVC synthetic material with a diameter of 80  mm is 
prepared, with the absorbed water removed by drying 
over a desiccant. The specimen is placed at the bottom 
of a glass beaker, the top of which is covered with a glass 
pane. Throughout the test, the glass pane is thermostated 
at 21 °C so that any substance evaporated from the speci-
men can eventually condense on it. Subsequently, the 
assembly is immersed in an oil bath set to a tempera-
ture of 100 °C. In this way, the lengthy evaporation pro-
cess that normally occurs in motor vehicles under direct 
sunlight is simulated in ‘quick-motion’. After the heating 
lasts for 3 h, the glass pane is removed and conditioned, 
with the amount of fogging condensation being recorded 
by measuring the 60° reflection value. The fogging value 
F can then be calculated as the quotient, in percent, of 
the 60° reflection value for the glass pane with fogging 
condensate and that of a clean glass pane as a reference. 
In the gravimetric method, a sheet of aluminium foil is 
employed to cover the glass beaker containing a speci-
men at the bottom. After heating the assembly in the 

Table 1 Methods currently available for determination of plasticizer migration from PVC synthetic materials

Migration Standard Characterization method Specific apparatus References

Volatilization DIN 75201 Reflectometric method
Gravimetric method

Fogging tester [11]

ISO 17071 Reflectometric method
Gravimetric method

Fogging tester [12]

DIN EN 14288 Reflectometric method
Gravimetric method

Fogging tester [13]

ISO 6452 Reflectometric method
Gravimetric method

Fogging tester [14]

SAE J1756 Reflectometric method
Gravimetric method

Fogging tester [15]

Exudation ISO 176:2005(E) Gravimetric method – [16]

ISO 177:2016(E) Gravimetric method – [17]

ASTM D2199-03 Sensory evaluation – [18]

ASTM D3291-11 Sensory evaluation – [19]

Emerging method Spectroscopy Sum frequency generation vibrational 
spectroscopy

[20]

Extraction ASTM D1239-14 Gravimetric method – [21]

Variation #1 Chromatography Liquid or gas chromatograph [22]

Variation #2 Chromatography Accelerated Solvent Extractor [23, 24]

Single-sided nuclear magnetic 
resonance

Spectroscopy Portable, single-sided nuclear mag-
netic resonance sensor

[25]

Others Computational simulation Self-diffusion coefficient Molecular simulation software [22, 26]
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oil bath at 100 °C for 16 h, the foil is removed and dried 
over a desiccant for 4 h before re-weighing. The fogging 
value G is given by the difference between the masses of 
the aluminium foil after and before fogging. The results 
obtained from the reflectometric method and the gravi-
metric method are not directly related to each other as 
they measure different parameters.

In comparison, the reflectometric method now is less 
used than the gravimetric method as the former has 
been constantly found to produce large inter-laboratory 
variations. Careful control of the oil bath temperature or 
cleanliness of the glass pane contributes little to improve 
the inter-laboratory agreement. The reflectometric 
method is less reliable, probably because the reflectom-
eter can not discriminate a fog-like, light-scattering con-
densate on the glass pane and a continuous, transparent 

plasticizer liquid film displaying little reflection. As 
such, the fogging value F can look good, even with high 
amounts of condensate on the glass. In this case, only 
a combination of gravimetric and reflectometric fog-
ging measurement can guarantee a good overall fogging 
behavior.

Although a universally recognized method, the fog-
ging test requires tailor-made and expensive apparatus, 
as well as experienced operators, diminishing its role in 
industrial settings. Thus, some practitioners refer to fol-
low ISO176:2005(E) [16] that specifies an economically 
accessible method, intended for a rather rapid compari-
son of plasticizer volatilization from PVC in the presence 
of activated carbon. In this method, the PVC synthetic 
materials are cut into discs of 50 mm ± 1 mm in diame-
ter and 1 mm ± 0.1 mm in thickness. Upon conditioning, 
one specimen is placed on the bottom of a metal con-
tainer with its surface being covered by approximately 
120  cm3 of activated carbon. Then, two additional speci-
mens are added in the container, each covered by another 
120  cm3 activated carbon. Finally, the container is sealed, 
and incubated at 70 ± 1 °C for 24 h. After that, the speci-
mens are allowed to cool to ambient temperature, and 
carefully brushed free from any trace of activated carbon 
before reweighing. Alternatively, contact between the 
specimens and activated carbon can be avoided by put-
ting each specimen into a small metal wire-mesh cage. 
In this case, the test temperature should be elevated to 
100 ± 1 °C. After 24 h, the specimens are withdrawn from 
the container, reconditioned and reweighed. Plasticizer 
volatilization is quantified by the percentage reduction 
in the mass of the specimens before and after incubation. 
Although sharing similar underlying principle to the fog-
ging test, the activated carbon method requires neither 
specific apparatus nor professionally trained operators, 

Scheme 1 a Schematic illustration and b photograph [28] of a 
fogging tester that enables quantitative assessment of plasticizer 
volatilization from PVC synthetic materials

Scheme 2 Specimen arrangement as described in ISO 177:2016(E) 
that evaluates the exudation tendency of plasticizers from PVC 
coatings into other materials when they are brought into close 
contact
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facilitating its growing popularity in preliminary screen-
ing prior to conduct the fogging test.

2.2  Test methods for plasticizer exudation
Not only do plasticizers evaporate into the air, but also in 
close contact with solid surface they exudate out of the 
PVC coatings [29]. Similar to volatilization, plasticizer 
exudation occurs fairly slowly at ambient conditions so 
that this process should be evaluated in an artificially 
accelerated manner. Typical test methods include ISO 
177:2016(E) [17] that specifies a standardized procedure 
to determine the exudation tendency of plasticizers from 
PVC coatings into other materials that are in physical 
contact (Scheme  2). In this method, the PVC synthetic 
materials are cut into discs of 50 mm ± 1 mm in diameter 
and at least 0.5 mm in thickness. The specimens are then 
superposed such that the uncoated surfaces come into 
contact while the surfaces with the PVC coatings point 
outwards. Upon conditioning, the superposed specimens 
are placed between two absorbent backing disc, capable 
of absorbing plasticizers. The absorbent backing discs 
can be either a standard rubber, an additive-free polyeth-
ylene, or a polyvinyl acetate without plasticizer. The sand-
wich obtained is then placed between two glass plates, 
followed by being pressed by a flat bottom block of 5 kg 
and incubated in an oven maintained at 70 ± 2 °C. After 
24  h, the specimens are withdrawn and re-conditioned 
under the same conditions as those applied prior to the 
incubation. The exudation of plasticizers is quantified by 
the arithmetic means of the changes in mass of either the 
specimens or the absorbent backing discs.

Theoretically, the loss in mass of the specimens should 
be equal to the increase in the mass of the absorbent 
backing discs. These cases, however, are fairly rare; the 
observed discrepancy arises due to migration of other 
constituents other than plasticizers from the PVC coat-
ings. Moreover, some practitioners refer to incubate 
the specimen sandwich as prepared at 0  °C, instead of 
70 ± 2 °C. This variation is carried out in that some plas-
ticizers (e.g., epoxidized fatty acid methyl esters) tend to 
condensate upon cooling, and thus exudate much faster 
from PVC matrix than at high temperatures.

Similar procedure that enables measurement of plas-
ticizer exudation are also available in ASTM D2199-03 
[18]. In this method, a lacquer film is flattened on a glass 
panel, and covered by a PVC synthetic material speci-
men with the PVC coating surface being in close contact 
with the film. The specimen is then covered sequentially 
with a foil, a sponge rubber, a glass, and a weight of 910 g, 
followed by incubation at 50  °C for 72 h. After that, the 
specimen is withdrawn, the PVC coating surface of which 
is wiped with a soft rag dampened with heptane. The 

level of plasticizer exudation can be rated by examining 
the surface of the lacquer film for any marring or soften-
ing. If plasticizer is evident when the specimen surface is 
wiped, this shall also be reported. Since the test results 
from ASTM D2199-03 are nonquantitative, it is impos-
sible to specify the precision of the procedures. However, 
it has been demonstrated that several laboratories assign 
the same rating to various PVC coating/fabric combina-
tions. Also, replicate tests by one laboratory are in good 
agreement.

Of course, plasticizer exudation entails no a solid sur-
face that remains close contact with the PVC coating. 
When a plasticized PVC coating is stressed in compres-
sion by bending it through 180°, one way to relieve the 
stress is by migration of the plasticizer from the com-
pressed area to the area in tension. If these compressive 
stresses can not be relieved in time by internal migra-
tion of plasticizer, the plasticizer will then spew, or 
‘sweat’, forming a sticky layer on the coating surface. In 
general, migration-resistant plasticizers that spew can 
be re-absorbed rapidly, while those tending to migrate 
spew early and continue to spew throughout the test. 
Based on this discrepancy, ASTM D3291-11 [19] defines 
another standardized procedure that allows qualitative 
determination of the exudation tendency of plasticiz-
ers by rating the amount of plasticizer that spews due to 
compressional stress. In this method, the conditioned 
PVC specimens are folded in half, with the short ends 
together and the loop end pressed in a spacer bar-aided 
jig (Scheme  3). The assembly is then placed in a cham-
ber at 23 ± 2  °C with a relative humidity of 50 ± 10%. 
At a fixed time interval, the specimen is removed, bent 
360° in the opposite direction, and the former inside of 
the loop is examined by wiping with a cigarette paper. 
The likelihood of an exudation can be rated according to 
the appearance of the resulting cigarette paper, using a 
scale from 0 to 3 with higher score indicating greater ten-
dency to migrate. A test of seven days duration is usually 
employed for screening, while an extended test for seven 
weeks is advised for a complete profile.

Scheme 3 Perspective drawing showing specimen mounted in a jig 
that allows qualitative determination of the exudation tendency of 
plasticizers from PVC coatings according to ASTM D3291-11 [19]
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The apparatus required for this qualitative test is sim-
ple and readily accessible, but reproducibility of the test 
results can sometimes be a problem. Typically, when 
the specimens prepared from the same origin are no 
more than 2, multi-laboratory test results are usually 
within ± 1.0 grading unit at two standard deviations. 
With a specimen size of 3 or more, practically all tests 
agree exactly.

Now, imagine a PVC synthetic material containing aro-
matic hyperbranched polyesters as ‘nonmigrating’ plasti-
cizers. Even at elevated temperature, the polyesters only 
diffuse to the surface of the coating, forming an ultrathin 
plasticizer layer of uniform thickness, rather than exu-
date into other materials being in close contact. As a con-
sequence, the exudation can not be traced by using an 
analytical balance or any sensory evaluation method. This 
is particularly the case when heating the specimen in an 
oven for a long time becomes economically impossible. 
To address this challenge, Zhang et al. reported a highly 
sensitive and effective method to examine plasticizer 
exudation at the molecular level using sum frequency 
generation vibrational spectroscopy (SFG) [20]. In a typi-
cal SFG setup, a mid-infrared beam is sent onto a surface 
where it is overlapped with a visible beam. Specific prop-
erties of the resulting sum-frequency signal (e.g., polari-
zation and intensity) provide information on vibrational 
properties of the surface with a monolayer sensitivity. 
Since SFG occurs only if inversion symmetry is broken, 
it has been reorganized as a specifically surface-sensitive 

method to distinguish the vibrational fingerprints of the 
investigated molecules.

In Zhang et al.’s experiment, one PVC coating was put 
into a clean glass dish, which was sealed with an alu-
minum foil to prevent potential contamination from the 
environment (Scheme 4). Even upon heating the assem-
bly at low temperature (30 °C) for a short time (2 h), the 
characteristic SFG spectrum of phthalate plasticizers on 
the coating surface could still be detected by using SFG 
technique. In comparison, the presence of an ultrathin 
phthalate layer on the PVC coating surface could not be 
detected by Fourier-transform infrared spectroscopy 

Scheme 4 Schematic illustration showing specimen arrangement to study phthalate exudation from PVC coating using sum-frequency 
generation vibrational spectroscopy technique. Reproduced with permission from [20]. Copyright (2014), American Chemical Society

Scheme 5 Experimental setup as described in ASTM D1239-14 that 
evaluates plasticizer extraction from PVC synthetic materials
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(FTIR), suggesting the excellent sensitivity of SFG. Zhang 
et  al. estimated that the detection limit by using SFG 
technique was as low as ~ 30 ng for 1  cm2 PVC coating 
surface.

2.3  Test methods for plasticizer extraction
By virtue of excellent abrasion resistance, toughness, 
and chemical resistance, PVC synthetic materials are 
now widely used to manufacture suitcase, luggage, floor-
ing, and wallcovering. These products, in their practical 
application, will be frequently contaminated by liquids 
(e.g., oil, water, organic solvents, and possibly their mix-
ture), inducing plasticizer extraction. The plasticizers are 
extractable as they invariably comprise polar and nonpo-
lar domains, rendering them partially compatible with 
any liquid with a specific polarity.

The simplest and most common method thus far for 
testing plasticizer extraction has been specified in ASTM 
D1239-14 [21]. This standardized method proceeds by 
completely immersing the specimens in a test liquid for a 
specified time and at a specified temperature, followed by 
calculating the percentage loss in weight from extraction 
compared to the original specimen weight (Scheme 5). To 
cover all typical liquids in household, ASTM D1239-14 
suggests the usage of distilled water, soap solution (1%), 
cottonseed oil, mineral oil United States Pharmacopeia, 
kerosine and ethyl alcohol (50%) for the test. Acceptable 
specimen includes a square of 50 ± 0.25 mm on each side, 
a disk of 50 ± 0.25 mm in diameter, or a tension specimen 
of 100 by 25 mm as prescribed in ASTM Test Methods 
D882. Despite the dimension of the specimen, a propor-
tionate amount of test liquid and a container of appro-
priate size should be used so that the specimen can be 
immersed in a completely vertical position during the 
test. To prevent the specimen from floating or curling, it 
may be necessary to attach small weights. The standard 
incubation conditions of the immersed specimen shall 
be 24  h at 23  °C. Alternatively, the incubation can be 
carried out for 4 h at 23 °C, or either 4 or 24 h at 40 °C. 
After incubation, the specimen should be gentily wiped 
with a soft cloth or absorbent tissue before reweighting. 
If the specimens are immsersed in salt solution, soap, or 
alkalis, they should be rinsed before wiping to dryness. 
Here, note that specimens tested in nonvalatile oils (e.g., 
hexane, heptane, and petroleum ether) require specical 
attention; they are to be rinsed with a volatile solvent that 
is a poor solvent for the PVC coating, but a good solvent 
for the oil before wiping.

Generally speaking, ASTM D1239-14 is an easy-to-
operate test that requires no special apparatus. How-
ever, chances are, there may be an increase in weight of 
the specimen at the end of the test if the testing liquid is 
not volatile and has good adhesion to the PVC coating. 

In those cases, a weight correction should be determined 
by conditioning another specimen in the same manner as 
for the standard test, but immersing it in particular liquid 
for only 5 min before rinsing and wiping dry. The aver-
age percentage weight gain of this blank specimen should 
be added to the average percentage weight loss of the 
specimen under test. Meanwhile, the accuracy of the test 
results from ASTM D1239-14 has also been constantly 
questioned, as any residual liquid adsorbed on the speci-
men or the presence of other extractable components 
results in large experimental deviation. Therefore, some 
practitioners refer to quantify the extracted plasticizer by 
measuring the plasticizer concentration in the test liquid 
using gas chromatography (GC) or liquid chromatogra-
phy (LC) (Scheme  5). With a calibration curve of cor-
responding plasticizer in a specific liquid medium, the 
amount of plasticizer extracted from the PVC coating 
as a function of incubation time can be accurately meas-
ured. Meanwhile, chromatographic technique allows one 
to discriminate the plasticizer from any other extractable 
components, significantly improving the accuracy of the 
test results.

While chromatographic analysis can be automated, 
conventional soaking extraction is time-consuming, and 
requires large amounts of solvents. Indeed, laborato-
ries testing plasticizer migration are required to process 
multiple specimens on a daily basis. As such, the extrac-
tion process is often a severe bottleneck in the analyti-
cal workflow. In comparison with soaking extraction, 
accelerated solvent extraction technique provides faster 
extraction times, reduced solvent use, and automation 
of the extraction process to benefit laboratories aiming 
to investigate plasticizer extraction in a highly efficient 
manner [23, 24]. In this technique, the PVC specimens 
are grinded into a size of 10 mesh or finer, and extracted 
by using organic solvents at temperatures above their 
atmospheric boiling points. The Hildebrand solubility 
parameter is recommended for choosing an appropriate 
solvent that reduces the amount of co-extractable mate-
rials found in PVC coatings. Since petroleum ether does 
not appear to solubilize the PVC matrix, it is commonly 
used under accelerated solvent extraction. However, the 
pressure exerted on petroleum ether should be elevated 
to 1500 psi (10  MPa) to ensure the extraction solvent 
remains in a liquid state at the test temperature (100 °C). 
Once the extraction completes, the extracts are dried, 
followed by dissolving the residue in methylene chloride 
for chromatographic analysis. Comparative experiments 
demonstrate that accelerated solvent extraction is equiv-
alent to conventional soaking extraction, but requires 
only 12  min per specimen and approximately 20  mL of 
extraction solvent, whereas conventional soaking method 
requires 6 h and 120 mL solvent [30].
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3  Summary and outlook
The manufacture of flexible PVC synthetic materials as 
leather simulant requires addition of a large amount (40–
120 wt%) of plasticizers. These additives are supposed to 
stay in PVC for permanent flexibility, but unfortunately, 
they continue migrating from the coating matrix, leading 
to a series of consequences.

A range of analytical methods for the determination 
of plasticizer migration from PVC synthetic materials 
is now available. Our review clearly demonstrates that 
these assay methods differ from one another in terms of 
apparatus, principles, testing conditions and the way the 
final results are expressed. Understanding what each test 
method involves, its benefits and challenges, and how 
it deviates from one another will help one have a better 
understanding of how to interpret the data.

Despite the fact that these methods have been vali-
dated and standardized, for very practical reasons, many 
suppliers of PVC synthetic materials or clients are not 
following precisely the standard procedures, but have 
introduced their own variations. These variations give 
rise to incomparability of the obtained results even 
under framework of the same test methods. For exam-
ple, despite the popularity of DIN 75201, highly sophis-
ticated methods for measuring plasticizer volatilization 
from automotive interiors are being requested by some 
car manufacturers (e.g., Ford-SAE J 1756; GM-GMW 
3235; Toyota-TSM 0503 G; Volkswagen-PV 3015; Volvo-
VCS 1027, 2719). The principle of these tests is similar to 
that of DIN 75201, but they are carried out using head-
space gas chromatography (HS-GC), or involve small 
samples (e.g., 10  mg) and varying heating temperatures 
(85–120  °C). Some methods even specify that the glass 
pane should be cooled to 38 °C instead of 21 °C. In these 
cases, variations of the experimental parameters should 
be present so as to ensure comparability of the measuring 
results.

Besides, the test methods now available all yield 
results based on the amount of plasticizers that have 
left the PVC coatings. This is problematic as the results 
obtained by different methods are not directly related. 
Thus, practitioners have to carry out their own tests, 
even if their clients or suppliers have already submitted 
the test results, which are usually obtained by undesir-
able methods. One promising solution to this issue may 
be measuring the concentration of plasticizers remaining 
in the PVC coating after the volatilization, exudation, or 
extraction test. With the residual plasticizer content in 
the coating known, the results produced by different test 
methods may be well correlated. Quantification of the 
plasticizer content in a PVC coating with a thickness of 
some couples of microns can be done by Fourier trans-
form Raman spectroscopy. The main disadvantage of 

this method is that it necessitates sample destruction. To 
address this challenge, in 2015, Alina Adams et al. intro-
duced a simple, fast and nondestructive way to determine 
the residual concentration of plasticizer in PVC coating 
by using a portable, single-sided nuclear magnetic reso-
nance (NMR) sensor that collected effective 1H spin–spin 
relaxation time  T2eff and corresponding proton frac-
tion A in steps of 100 μm throughout the coating thick-
ness (Scheme 6a) [25]. By generating a correlation curve 
between the concentration of plasticizer inside the origi-
nal PVC coating and the corresponding volume-averaged 
NMR parameters (i.e.,  T2eff and A), single-sided NMR 
allowed quantification of the local concentration of plas-
ticizers in aged PVC coating at different depths by spa-
tially resolved relaxation measurement. Carefully devised 

Scheme 6 a Schematical illustration of quantifying local 
concentration of plasticizer in aged PVC coating at different 
depths using portable, single-sided nuclear magnetic resonance 
(NMR) sensor. Reproduced with permission from [25]. Copyright 
(2015), John Wiley & Sons, Inc. b Correlation of the average 
concentrations of ELATUR CH plasticizer inside aged PVC coating 
as determined by NMR and gravimetry. The solid line represents 
the fit result (R = 0.998) using the equation Concentration 
NMR = − 0.45 + 1.017 × Concentration gravimetry, showing excellent 
agreement between the data obtained by the two methods. 
Reproduced with permission from [25]. Copyright (2015), John Wiley 
& Sons, Inc
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experiment validated that this technique was reliable, 
delivering results in excellent agreement with those 
obtained from conventional methods (Scheme 6b) [25].

Another solution that yields intercomparable results 
may be computational simulation. Over the past dec-
ades, major improvements in simulation speed, accu-
racy, and accessibility, together with the proliferation 
of experimental structural data, have increased the 
appeal of computational simulation to experimental-
ists. This technique captures the behavior of various 
molecules in full atomic detail, allowing visualization 
of micro-scale topographies and dynamic processes 
at resolutions well beyond the capabilities of experi-
mental means. Inspiring works on using computa-
tional simulation to evaluate the migration behavior 
of plasticizers in PVC coating include those reported 
by Siyu Pan et  al. [22]. To verify whether the strategy 
they developed was efficient in suppressing plasticizer 
migration, they reproduced a series of PVC amorphous 
cells containing a fixed number of different plasticizers 
(Scheme 7a). Following annealing, the binary cells were 
equilibrated by using a constant-temperature, con-
stant-pressure ensemble (NPT), from which the mean 
square displacement (MSD) vs. time plots of the plas-
ticizers were obtained. Self-diffusion coefficients  Dα 

could then be calculated from the slope of the MSD (t) 
plot according to Einstein relation (Scheme  7b). Good 
agreement between the calculated  Dα and the measured 
migration trend of the plasticizers under consideration 
demonstrated the robustness of computational simula-
tion in yielding reliable results. Conceivably, with more 
migration scenarios established, this technique holds 
great potential for predicting the migration tendency 
of different plasticizers without performing tedious and 
time-consuming  experiments. This is highly desirable 
in PVC synthetic materials industry, since the prac-
titioners are now busy with experiments validating a 
variety of alternatives with performance allegedly equal 
to conventional but toxic DEHP.
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