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HIGHLIGHTS GRAPHICAL ABSTRACT

We assess diethyl phthalate (DEP)
partitioning in cellulose acetate (CA).
Temperature and plasticiser composition
effects are quantified.

A mathematical relationship for
predicting DEP partitioning is presented.
Implications for describing the migration
of this compound from CA are discussed.
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ARTICLE INFO ABSTRACT

Editor: Dimitra A Lambropoulou Understanding the transport and fate of semi-volatile organic compounds (SVOCs) such as phthalates in indoor envi-

ronments is fundamental for quantifying levels of human exposure and preventing adverse health effects. In this con-

Keywords: text, the partition coefficient of phthalates between indoor built materials and/or consumer goods and the surrounding

PD};?alates atmosphere represents a key parameter for determining concentration distributions. Partition coefficients are also of
fundamental importance for describing degradation phenomena associated with plasticiser loss from polymeric mate-

Cellulose acetate . . . o .

Plasticiser loss rials. However, this key parameter has only been determined for a limited number of systems and environmental con-

ditions. Here, we assess the partitioning behaviour of the diethyl phthalate (DEP) plasticiser in cellulose acetate (CA)-
based materials for the first time, determining the effects of temperature and plasticiser composition on equilibrium
distributions at temperatures between 20 and 80 °C and using CA samples with DEP contents ranging from 6 to
22 wt%. Additionally, we propose a model to describe and quantify the effect of temperature and plasticiser composi-
tion, with model parameters being estimated using non-linear regression and measurements from 130 distinct exper-
iments. Finally, we assess the suitability of our developed model to simulate the migration of DEP from CA-based
materials.

Partition coefficients

1. Introduction are of particular concern, as they have been associated with increased risks

of endocrine disruption, cancer, birth defects, and type 2 diabetes (Miles-

The assessment of indoor air quality plays a crucial role in determining
levels of human exposure to pollutant compounds which can cause adverse
health effects. Semi-volatile organic compounds (SVOCs) such as phthalates
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Richardson, 2017; Mondal and Mukherjee, 2020). These compounds are
added to consumer goods or building materials and can migrate to their
surrounding environment over time, being therefore found in significant
levels indoors (Fromme et al., 2004; Sheu et al., 2021; Yang et al., 2020).
To determine emission levels from indoor materials, the knowledge of
the material/air partition coefficient, K, is of fundamental importance, as
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it defines the equilibrium distribution of the compound of interest between
the two phases (Huang and Jolliet, 2016; Xu and Little, 2006). However,
this key parameter has only been determined for a limited number of
systems and environmental conditions (Huang and Jolliet, 2019;
Liu et al., 2014). For phthalates, di-2-ethylhexyl phthalate (DEHP), benzyl
butyl phthalate (BBP), di-n-butyl phthalate (DnBP) and di-isobutyl
phthalate (DiBP) exemplify some of the compounds receiving the most
attention, with studies reporting the partitioning of these compounds
between polyvinyl chloride (PVC) floorings and air (Cao et al., 2016;
Liang and Xu, 2014), among other sink materials (Wei et al., 2018).

Meanwhile, other phthalates have been investigated to a lesser extent,
including diethyl phthalate (DEP), which represents one of the first
plasticisers employed in the industrial production of semi-synthetic plastics
in the late 19th and early 20th century, and that is still used in the manufac-
ture of several consumer goods (Da Ros and Curran, 2021; Koniecki et al.,
2011). The partition coefficient of DEP is also a key parameter for describ-
ing degradation phenomena associated with plasticiser loss in modern and
contemporary artworks and historic artefacts based on polymeric materials.
Of particular interest in this work is the partition coefficient of DEP
between air and the semi-synthetic polymer cellulose acetate (CA), which
finds applications in several consumer goods including textiles, plastics,
films, cigarette filters and food packaging, among others (Puls et al.,
2011; Rajeswari et al., 2020).

CA is also found in heritage collections as part of modern art and design
objects, in 20th century social history objects and in film and photographic
archival materials. It is known as one of the least stable plastics in museums,
presenting significant conservation challenges. A key degradation pathway
associated with CA-based materials involves the loss of plasticisers, which
can lead to embrittlement. Plasticiser loss can also make CA more hydro-
philic (del Gaudio et al., 2021), accelerating the rate of hydrolytic degrada-
tion reactions which can lead to the complete collapse of its integrity
(Sutherland et al., 2012). However, without the knowledge of the
partitioning behaviour of common CA plasticisers, such as DEP, it is not
possible to describe mathematically the migration extent of these com-
pounds from CA-based materials to the environment, or to quantitatively
relate this physical process to additional chemical degradation pathways
associated with CA-based goods. To the best of our knowledge, no studies
have yet investigated the partition coefficient of DEP in CA-based materials.
This paper aims to address this gap.

In our previous study (Da Ros and Curran, 2021), we quantified the
equilibrium distribution of DEP on glass and aluminum surfaces, given
the importance of these materials in indoor environments, scientific labora-
tory tools and instruments and in the storage and display cases involving
historic CA-based objects. Herein, we feed this knowledge in the investiga-
tion of DEP equilibrium distributions in CA-based materials — for the first
time, determining the effect of temperature and CA plasticiser composition
on the partition coefficient of DEP between CA and its surrounding environ-
ment, Kca g To achieve this, we performed equilibration experiments at
seven temperatures ranging from 20 to 80 °C, using CA samples containing
three different DEP compositions which ranged from 6 to 22 wt%, totalling
21 investigated experimental conditions. Additionally, we propose a
model to describe and quantify the effect of temperature and DEP content
on Kca g Finally, we assess the suitability of our proposed K¢, 4 model
for describing the migration of DEP from CA-based materials.

2. Materials and methods
2.1. Synthesis of diethyl phthalate plasticised cellulose acetate

DEP plasticised CA samples containing either 6, 14 or 22 wt% DEP were
prepared as described elsewhere (Da Ros et al., 2021a), using the solvent
casting method. This composition range was selected in order to obtain
miscible blends and avoid phase separation (Bao et al., 2015). In a typical
procedure, plasticised CA containing 22 wt% of DEP was prepared by
dissolving DEP (6.8 g) (99.5 %, Sigma-Aldrich, Product code 524972) in
acetone (25 mL) (99 %, Alfa Aesar, used as received), before the addition
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of CA (24 g) (Sigma-Aldrich, Product Code 180955), followed by the addi-
tion of further acetone (50 mL) (Da Ros et al., 2021a). The resultant mixture
was kept under reflux for 4.5 h with continuous stirring, allowed to cool for
1 h with stirring and finally poured over a flat glass tray. Slow solvent evap-
oration was allowed for 1 week by keeping a glass lid over the sample tray
at room temperature. The final drying procedure was performed in a
vacuum oven (150 mbar) for 96 h at 20 °C. Fig. S1 in the Supplementary
Information (SI) further illustrates the preparation steps and Table S1
summarises the amounts of DEP, CA and acetone used in the synthesis of
plasticised CA samples containing 6, 14 or 22 wt% DEP. Samples were
cut to form square-shaped pieces (0.5 cm X 1 cm X 1 mm) and stored at
5 °C prior to equilibration experiments. Throughout this work, these
samples are labelled as x-DEP/CA, where x represents the plasticiser
content in wt%. DEP contents in wt% of produced x-DEP/CA samples
were quantified by infrared spectroscopy, as described in Section 2.3,
being equal to 5.4 + 0.33, 12.46 + 0.57 and 25.12 + 0.65 for 6-DEP/
CA, 14-DEP/CA and 22-DEP/CA samples, respectively.

2.2. Equilibration experiments

Sample enclosures used in this work consisted of 20, 120 and 250 mL
borosilicate glass vials equipped with a lid presenting an aluminum inner
surface, which were purchased either from Fisher Scientific (London,
catalogue number 12383317 for 20 mL vials) or Ampulla (London, for 120
and 250 mL vials), Fig. S2 and Table S2 in the Supplementary Information
(SD). Vials were dried at 150 °C (glass) and 90 °C (lid) for 12 h prior to exper-
iments to minimise contamination. Sample enclosures of different volumes
were used to enable significant plasticiser loss to occur at different experi-
mental conditions.

To measure the equilibrium concentration ratios of DEP between cellu-
lose acetate and its surrounding gas-phase, DEP-plasticised CA samples
were individually placed at the centre of enclosure vials, as illustrated by
Fig. 1(a-b).

Immediately before this step, each sample was analysed for its dimen-
sion, weight, and DEP content, as detailed in the next section. After the
enclosure vial was sealed, the system was then equilibrated at different
temperatures (20, 30, 40, 50, 60, 70 or 80 °C) for different periods of
time which varied between 20 and 125 days, by keeping the vials in
Carbolite ovens (for conditions between 30 and 80 °C) and in a room
with artificial air conditioning control (for the condition at 20 °C). This
range of temperature has been chosen to keep the plasticised CA samples
below their glass transition temperature (Bao et al., 2015). The actual tem-
perature and relative humidity (RH) during the experimental period were
monitored using TinyTag dataloggers. It should be noted that the relative
humidity inside enclosure vials was allowed to naturally vary with the tem-
perature, resulting in relatively dry environments (RH smaller than 20 %
for temperatures higher than 30 °C, Table 1) and therefore minimising
the influence of concurrent hydrolytic degradation processes at the investi-
gated conditions. Additionally, the RH fluctuation within the room with
artificial air conditioning control (at 20 °C) meant that the resulting RH of
approximately 50 % represented common environmental conditions in
museums and galleries worldwide (Bickersteth, 2014).

Samples with each of the three DEP concentrations (6, 14 or 22 wt%)
were evaluated at each temperature, resulting in 21 distinct experimental
conditions. In addition, at least 3 equilibration times were used at each
condition to assess for equilibration, and each experimental condition of
temperature, initial DEP content and equilibration time was performed in
triplicate to guarantee reproducibility, totalling 178 experiments.

2.3. Quantification of DEP in CA samples

At the end of each stabilisation time, sample vials were removed from
ovens and allowed to stabilise at room temperature for approximately 1
h. This was performed to minimise fluctuations that would otherwise be
present were samples analysed while still hot.
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Fig. 1. lllustrations of x-DEP/CA samples within the 20 mL (a), and 120 and 250 mL (b) sample enclosure vials.

Samples were then removed from vials and immediately had their
masses measured gravimetrically. Sample dimensions were also measured
at this step, using a digital caliper. Following mass and dimension measure-
ments, samples were immediately analysed to quantify their DEP content
by ATR-FTIR.

ATR-FTIR measurements were recorded in a Bruker Platinum-ATR-
FTIR equipped with a diamond cell, as described elsewhere (Da Ros et al.,
2021a). Spectra were baseline corrected by fixing the average absorbance
obtained between 2000 and 2200 cm ™! at zero before the extraction of
individual band intensities. For each sample, four different locations at
each sample surface were analysed. The ratio between the maximum absor-
bance intensity observed around 748 cm ™! and 602 cm " was used for
quantification (Gautam et al., 2016; Richardson et al., 2014) and the peak
ratio was calibrated using independent CA reference materials containing
known amounts of DEP (0, 6, 10, 14, 20 and 22 wt%), Fig. S3 and
Eq. (S1). It is important to note that despite the surface nature of the
ATR-FTIR technique, our previous work (Da Ros et al., 2021b) has demon-
strated how plasticiser concentration gradients throughout CA cross-
sections can be expected to reduce and disappear over time, as the sample
equilibrates with its surrounding environment, supporting our methodol-
ogy for quantifying both bulk and surface DEP concentrations using ATR-

Table 1

FTIR. Thus, bulk concentrations were calculated by averaging measure-
ments from both sample surfaces.

All infrared spectra were batch-processed multiple times using a routine
written in Fortran90, which performed the baseline correction, extracted
absorbance intensities, calculated the DEP content using the calibration
equation and averaged resultant contents for each sample spectra group.
The algorithm workflow is illustrated in Fig. S4. This procedure was applied
to enable faster processing of acquired spectra and minimise chances for
human error from manual manipulation of individual spectra, since thou-
sands of spectra had to be processed. A copy of the routine is available
upon request from the authors.

2.4. Defining the DEP partitioning behaviour between CA and air

The partition coefficient of DEP between CA and air, K¢a_q;, Was defined
as the ratio between the equilibrium surface concentration of DEP in CA, in
mgm 3, Cprp,ca, and the equilibrium concentration of DEP on the
surrounding gas-phase, in mg: m ™%, Cpgp, qas» EQ. (1).

C
Kea—air = CDEP’CA (1)
DEP gas

Experimental conditions of temperature, relative humidity, initial DEP content and resultant Kc4_q; averages used as input in the parameter estimation procedure of Eq. (6).

Temperature (°C) Relative humidity (%)* Initial DEP content (wt%)* Experimental K¢ i (unitless)
Average Standard deviation

20 51 + 6.4 25.12 + 0.65 1.31 x 107 2.03 x 10°
30 17 + 2.1 5.11 x 10" 1.11 x 10°°
40 16.4 + 2.4 1.19 x 10° 3.61 x 10°
50 8.6 + 1.7 4.88 x 10° 2.19 x 10°
60 6.1 + 0.7 9.47 x 10* 3.12 x 10*
70 5.9 * 0.5 6.46 x 10* 2.14 x 10*
80 4.9 + 0.3 2.76 x 10* 2.60 x 10°
20 51 + 6.4 12.46 + 0.57 8.31 x 10° 1.24 x 10°
30 17 + 2.1 1.61 x 10°° 2.73 x 10°°
40 16.4 + 2.4 4.01 x 10° 4.74 x 10*
50 8.6 + 1.7 1.23 x 10° 3.14 x 10*
60 6.1 0.7 2.68 x 10* 3.43 x 10°
70 5.9 + 0.5 1.67 x 10* 1.04 x 10*
80 4.9 +0.3 1.02 x 10*® 1.60 x 10%°
20 51 + 6.4 5.4 + 0.33 4.10 x 10° 8.89 x 10*
30 17 + 2.1 8.71 x 10*" 2.35 x 10*"
40 16.4 + 2.4 2.79 x 10* 6.84 x 10°
50 8.6 + 1.7 1.16 x 10* 3.65 x 10°
60 6.1 = 0.7 5.03 x 10° 1.02 x 10°
70 5.9 * 0.5 1.17 x 10° 3.60 x 10%
80 49 + 0.3 3.77 x 10? 9.58 x 10

# Relative humidity conditions and errors in the initial DEP content variable were not considered in the parameter estimation procedure.
b Values in bold were not used in the parameter estimation procedure to serve as an independent validation set.
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While Cpgp ca was calculated from the dimensions, mass and ATR-FTIR
measurements, Cpgpgqs Was inferred from the difference between the
amount of DEP lost by the CA sample and the amount adsorbed on the
vial inner surfaces during the experiment period, Eq. (2). In Eq. (2), mpgp,
ca,0and Mpgp ca ¢q Tepresent the mass of DEP in the whole CA sample before
and after the equilibration period, respectively, mgq; and my; represent the
amount of DEP adsorbed on the glass and aluminum surfaces, respectively,
and Vs denotes the free gas-phase volume within the sample enclosure
vial.

MpEP.CA,0 — TDEP,CA eq ) — Mglass — Mal
Cpepgas = ( % ca) =M (2)
gas

The amounts of DEP adsorbed on the inner vial surfaces, myqs; and my;,
were calculated using Egs. (3) and (4), where Agq,s and Ay represent the
glass and aluminum inner surface areas of the sample enclosure vial
(detailed in Table S1), and Kgiass-air and Kapq; are the glass and aluminum
partition coefficients of DEP at the experiment temperature (in m), calcu-
lated using Egs. (S2-S3), as detailed in our previous work (Da Ros and
Curran, 2021).

Mygiqss = Kglassfair 'Aglass . CDEP,gus (3)
ma; = Kai—air - At - Coep.gas (4)

Thus, Cpgp g can be described by Eq. (5), which results from substitut-
ing Egs. (3) and (4) into Eq. (2).

(mDEP‘CA.O - mDEP.CA.eq)
(Vga.s + Kglass—air . Agla.ss + KAl—air . AAI)

(5)

CDEP.gas =

2.5. Modelling the effect of temperature and initial DEP content on Kca_qir

The dependence of Kcs o On the temperature and the initial DEP
content was described using Eq. (6), a reparameterised version of the
van't Hoff equation (Da Ros and Curran, 2021), where T is the temperature,
inK, T,is a reparameterisation constant, defined as equal to 323.15, wt, is
the initial mass fraction of DEP, in wt%, and k;, ks, ks, k4, ks and kg are the
parameters estimated from experimental data using non-linear regression,
as detailed in the next section. Finally, Eq. (9) defines the relationship
between the B constant and the DEP polymer-air phase change enthalpy,
AH®, where R is the ideal gas constant.

T—T
Kca—air = exp(A +B<%>) (6)
A:k1+k2‘Wt0+k3'Wt()2 (7)
B:k4+k5‘Wt0+k6'Wt02 (8)
AH®
R (9)

2.6. Parameter estimation and statistical methods

The estimation of the six parameters from Eq. (6) was performed
through the minimisation of the weighed-least-squares objective function
(Da Ros et al., 2017; Schwaab and Pinto, 2007), Fo;(6), Eq. (10), in
which NE is the number of experimental data points, K¢4 q;r,j denotes the ex-
perimental value of the partition coefficient at the experimental condition j
as calculated from Egs. (1)-(5), K'&Xfiair, j is the value predicted using Eq. (6),
x*? represents the experimental condition of temperature and initial DEP
content, 6 represents a vector with the best set of parameter estimates,
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and 012 denotes the variance associated with measurement fluctuations of
KEX airj at the experiment condition j.

kP _gmod (e o))’
Fobj(e):§( CA—air,j c;azr,;(Xl , )) (10)
=

J

The minimisation of Eq. (10) was performed using a hybrid optimisa-
tion method implemented in Fortran 90, in which the Particle Swarm
Optimization (PSO) algorithm (Kennedy and Eberhart, 1995) is used in
the initial phase of minimisation (Noronha et al., 1993; Schwaab et al.,
2008). The best estimate of the minimum point is used as an initial guess
for a second estimation round, using the Gauss-Newton method (Da Ros
et al., 2017; Schwaab and Pinto, 2007). The initial phase of minimisation
using the PSO algorithm was performed using 30 particles and 10,000 iter-
ations, resulting in 100,000 evaluations of the objective function. Conver-
gence was achieved when the relative modification of the objective
function was smaller than 1 - 10~ 6. The statistical significance of the param-
eter estimates was assessed with the standard t-test (Box et al., 2005), with a
95 % confidence level. Finally, the evaluation of the model adequacy was
performed by comparing the final value of the objective function (F,(6))
with the limits of the Chi-square distribution with NE-6 degrees of freedom
and 95 % confidence level (Schwaab and Pinto, 2007). In addition, model
predictions were compared with experimental measurements, in which
prediction errors were calculated by Eq. (11). In this equation, B is the
sensitivity matrix that contains the first derivatives of the model responses
in respect to the model parameters and V,, denotes the covariance matrix of
experimental fluctuations (Schwaab et al., 2008).

1

v, =B[B"V,B] 'B” (11)

2.7. Simulating the DEP loss

The concentration of DEP within the CA pieces was simulated assuming
one-dimensional transient diffusion, according to Eq. (12), where Dpgp.ca
represents the DEP diffusion coefficient within the polymer matrix, t
denotes time and x represents the spatial dimension along which the DEP
is diffusing (Little et al., 1994; Xu and Little, 2006).

9Cpep ca

9*Cprp.ca
¢ “DEP.CA 12
ot (12)

= Dpgp—ca e

The initial condition assumed uniform DEP distribution throughout the
CA sample dimension. It was assumed that no DEP loss occurred from the
bottom surface of the CA piece, which was resting on the glass surface of
the vial, Eq. (13) (see Fig. S3).

9Cpepca

" =0 (13)

x=0

The second boundary condition was defined through the DEP mass
balance on the gas-phase, Eq. (14), where the four terms represent the
accumulation of DEP in the air, the interaction and sorption of DEP on
the glass and aluminum inner surfaces of the sample enclosure, and the
mass flux diffusing out of the CA surface of area A,, respectively, with
Cprp,gas = 0 as the initial condition.

OCprpgas _ _

gas ot glass glass ot Al 1 ot ( )
o
A s D DEP.CA
ox x=surface
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Additionally, equilibrium was assumed to exist between the DEP
concentration at the CA surface and the gas-phase, Eq. (15), where Kca_q;r
is described according to Eq. (6).

Cpepca = Kca-airCpEp gas (15)

Finally, the plasticiser loss was simulated using Eq. (16), where Cpgp,ca,0
is the initial concentration of DEP and Cpgp ca . is the simulated concentra-

tion at time t, obtained from solving Eq. (12).

(Cpmp.cao — Cprp.car) x 100

DEP loss = (16)

CpEp.CAO

Values for Vg, Agiass and Ay varied according to the sample enclosure
vial dimensions (Table S1). For Dpgp.ca, an arbitrarily high diffusion coeffi-
cient was selected to allow for the simulation of equilibrium concentrations
at short equilibration times, as illustrated in Fig. S5 of the SI, where Dpgp.ca
was taken as equal to 1.5-10~ 13 m2s~! from our previous work (Gili et al.,
2019). Additionally, due to the significantly higher DEP diffusion coeffi-
cient in the gas-phase, Dpgp_gas, When compared to its value within the
polymer matrix, we assumed that the DEP mass balance in the gas phase
can be approximately described by Eq. (14).

A numerical solution was achieved by discretising Eq. (12) in the space
domain using the finite difference method with a central three-point
approximation, using 60 discretisation points (Pinto and Lage, 2001). The
resultant system of 61 ordinary differential equations was then solved
numerically using the backward differentiation technique available in
DASSL code in Fortran 90 (Petzold, 1982), with relative and absolute
tolerances equal to 10~ °. Further details about the numerical solution as
implemented in Fortran90 are presented in the SI.

3. Results
3.1. Assessment of equilibrium

Fig. 2 (a-f) presents experimentally measured values of plasticiser loss as
a function of time for 6-DEP/CA samples equilibrated in 20 mL vials at
different temperatures between 20 and 70 °C (values obtained for samples
with other DEP concentrations and at other conditions are presented as
Fig. S6-S8 in the SI). Approximately constant values for plasticiser loss
can be observed, within observed experimental uncertainties, with no indi-
cation of significant increasing trends, suggesting therefore that systems
had reached equilibrium. Additionally, as expected, DEP loss increased
with temperature, Fig. 1(a-f), and was lower (in terms of percentage DEP
loss) for samples with higher initial plasticiser contents when experiments
were performed using vials of the same volume, as illustrated in Fig. S9 in
the SI. Thus, we used different vial volumes to enable the quantification
of plasticiser loss in significant amounts at different experimental condi-
tions, and, therefore, the measurement of Kca_gir

3.2. Modelling the effect of temperature and initial DEP content on Kca_air

Fig. 3 (a-c) presents experimental Kca 4 averages as a function of
temperature for the three ranges of initial DEP contents investigated,
while Table 1 summarises averages obtained at each experimental condi-
tion, along with their associated standard deviations. As it can be seen,
Kca.qir Was exponentially reduced as a function of temperature, as expected
due to the increased release of volatile DEP from the plastic at higher
temperatures, while K¢4 o increased with DEP content, ranging between
approximately 4.1 -10° + 8.9-10*and 1.3 - 107 + 2.9 - 10° among inves-
tigated samples at 20 °C.

In order to model the effect of temperature and initial DEP content,
values of temperature (in Kelvin), initial DEP content and K¢ qir, as pre-
sented in Table 1, were used to adjust Eq. (6), as described in Sections 2.4
and 2.5, and estimated parameters are summarised in Table 2, along with
their associated standard deviations. It is important to note that all
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estimated parameters were statistically significant within 95 % confidence
level according to the standard t-test (Box et al., 2005).

Fig. 3 (a-c) illustrates predicted Kca_q4ir (continuous lines) along with
experimental values described previously, where an excellent agreement
can be observed. The comparison between observed and predicted Kca_qir
is also illustrated in Fig. 4, where results obtained across the 21 investigated
experimental conditions are illustrated in logarithmic scale as a function of
the initial DEP content for easier visualisation. As is can be seen, an
excellent agreement can be observed at temperature conditions lower
than 50 °C, with a good agreement at the remaining conditions.

Model adequacy was further confirmed by the comparison between the
final objective function (F,;(0)) and the limits of the Chi?-distribution, also
illustrated in Table 2. Finally, our proposed model was also able to accu-
rately predict Kca.qir €xperimental measurements not used in the parameter
estimation procedure (highlighted in bold in Table 1 and illustrated as ‘*’
symbols in Fig. 3-4), supporting the validity of the developed model to pre-
dict Kca_qir within the range of investigated conditions.

Finally, Table 3 summarises values for the DEP phase change enthalpy,
AH’, for each sample composition, calculated using Egs. (8)-(9). As it can be
seen, calculated enthalpies were slightly larger (in absolute terms) than the
DEP condensation enthalpy at 298 K (—82.1 + 1.6 kJ-mol ! (Da Ros and
Curran, 2021; Gobble et al., 2014; Rohac et al., 2004)), indicating that
interactions between CA and DEP can be stronger than interactions within
pure liquid DEP. This agrees with previous findings, where higher
vaporisation enthalpies were reported for DEHP from vinyl floorings
when compared to the vaporisation enthalpy of pure DEHP (Liang and
Xu, 2014).

3.3. Simulated DEP loss

The ability of Eq. (6) to predict Kca g is further illustrated by the
comparison between experimental and simulated DEP losses calculated as
described in Section 2.4, as illustrated in Fig. 5. Simulation error bars
were calculated considering the variabilities introduced by the error in
initial DEP contents, as detailed in Table 1. An excellent agreement
between observed and simulated DEP loss values can be observed, further
supporting the quality of the proposed K¢ o model.

3.4. Estimating Kca_qir from DEP loss

In addition, the plasticiser migration model as described in Section 2.7
has been further employed to assess the validity of experimentally mea-
sured Kca_qir Values, by using it in combination with an additional group
of experiments. In this case, x-DEP/CA samples were equilibrated for
shorter periods of times at five selected experimental conditions (see SI),
and the resulting quantified DEP losses as a function of time were used to
fit the phenomenological model as described by Egs. (12)-(16), where
Kca.air and Dpgp.cs Were adjustable parameters estimated from the experi-
mental data and Eq. (6) was not employed. Figs. S10-S14 in the SIillustrate
experimental DEP loss values as a function of time for samples equilibrated
at the different selected experimental conditions, where the DEP loss model
is illustrated by the continuous blue line and estimated K¢a_q; and Dpgp.ca
values are summarised in Table S3 in the SI.

This analysis has demonstrated an excellent agreement between
estimated and experimentally measured Kca_q;r, as illustrated in Fig. S15,
further supporting the consistency of experimental measurements used in
the building of our K¢, 4 model (Eq. (6)).

3.5. Range of validity of Eq. (6)

It must be noted that experimental conditions investigated in this work
involved sealed environments and temperatures ranging from 20 to 80 °C
(as summarised in Table 1), where the relative humidity was allowed to
vary according to temperature, resulting in relatively dry environments
for temperatures equal or higher than 30 °C. Thus, while developed Kca-
«i model can be suitable for predicting DEP partitioning between CA and
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Fig. 2. Experimental DEP mass loss as a function of time at 20 (a), 30 (b), 40 (c), 50 (d), 60 (e), and 70 (f) °C for 6-DEP/CA samples equilibrated in 20 mL vials. Values obtained

at 80 °C are illustrated in Fig. S7 in the SL

its surrounding environment within the explored experimental region, for
instance, including 20 °C and 50 % RH, we do not expect it to be valid for
predicting Kca_q;r at experimental regions outside investigated ranges, for
instance, including high temperatures and high and medium relative
humidities. Further work is required to enable the expansion of the experi-
mental range where the model can be valid. Additionally, further work is
also required to test the validity of our developed model to cellulose acetate
materials presenting other shapes or thicknesses.

4. Discussion
The DEP partitioning from indoor built materials has been evaluated for

a few systems (Da Ros and Curran, 2021), including cotton and rayon
fabrics (Eftekhari and Morrison, 2018; Morrison et al., 2015; Saini et al.,

2017), and latex paint (Schripp et al., 2014). For instance, Morrison et al.
(2015) reported DEP partition coefficients between cotton fabric and air
as equal to 2.5-2.7 X 10° at 25 °C. In another study, DEP partition coeffi-
cients between cotton fabric and air were demonstrated to vary exponen-
tially with temperature (Eftekhari and Morrison, 2018), being reduced
from 5.6 X 10° to 0.75 x 10° as the temperature was increased from 20
to 40 °C. DEP partition coefficients equal to 6.3 x 10° and 1.58 x 10°
have also been reported for cotton and rayon fabrics equilibrated between
25 and 35 °C (Saini et al., 2017). For latex paint, higher DEP partition coef-
ficients have been reported, with values ranging between 1.66 x 107 and
2.04 x 107 at approximately 23.5 °C, for two paint formulations initially
containing 0.6 and 1 wt% DEP, respectively, suggesting that DEP may
have a larger tendency to absorb in latex paint than in cotton fabric
(Schripp et al., 2014).
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Fig. 3. Experimental (@,%) and predicted (—) K¢a.q;r values as a function of equilibration temperature for 6 (a), 14 (b) and 22-DEP/CA (c) samples. The symbol ‘@’ denotes
data sets used in the parameter estimation and ‘*’ indicates measurements used as an independent validation set. The linear correlation coefficient between observed and

predicted Kca o was equal to 0.99.

When compared to the above-mentioned studies, it is interesting to note
that the Kca_qir values determined in this work are of the same orders of
magnitude, as illustrated in Table S4 in the SI, and that the K¢ 4 values
obtained for 22-DEP/CA samples are larger than the values obtained for
cotton fabric, being more similar to values reported to the latex paint. As
a greater hydrophilic character would be expected from cotton when
compared to plasticised CA, a larger tendency for DEP to remain absorbed
in the CA matrix was expected, explaining and supporting larger Kca_qir
values. The hydrophobic nature of DEP in CA is further discussed in our
previous work (del Gaudio et al., 2021).

Table 2

Parameter estimates and their associated standard deviations obtained from the
fitting of Eq. (6) to the experimental values of Kca.air Fopj(6) and Chi? limits for
model adequacy are also summarised.

Coefficient Estimate * standard deviation
k; 6.71 = 0.26

k2 0.520 + 0.039

ks —0.011 = 0.0012

ky4 —25.54 + 3.98

ks —2.51 * 0.64

ke 0.088 + 0.019

Foi(6) 5.26

Chi? limits for adequacy” 3.247 < Final SSE < 20.48

2 Ch# limits are for 10 degrees of freedom and 95 % confidence level.

In addition, even though studies quantifying phthalates partitioning in
indoor building materials usually disregard concentration changes in the
emitter phase, it is interesting to note the suggested effect of DEP composi-
tion on the partition coefficients reported for latex paint, as in this case,
larger values were observed for the paint containing more DEP (Schripp
et al., 2014). This agrees with our study, where K¢, 4 was demonstrated
to vary in the same way with the initial DEP content. A similar effect of
plasticiser concentration can also be inferred from results presented by
Liang and Xu (2014), who assessed the effect of temperature on phthalate
emissions from vinyl flooring and mattress cover samples. In their study,
the authors analysed, among other materials, vinyl floorings containing
three different DEHP concentrations (0.1, 7 and 23 wt%) and their results
indicate an increase in the DEHP partition coefficient with the increase of
the initial material-phase DEHP concentration, this behaviour being consis-
tently observed at four different temperatures between 25 and 55 °C. In
addition, these authors also noted the role played by the DEHP content
on the relationship between DEHP partition coefficient and temperature,
in agreement with our study.

Therefore, we hypothesise that changes in the nature of polymer-
plasticiser interactions can occur as a function of the DEP composition
in CA and that this effect can be related to the miscibility range between
CA and DEP, which has been reported to be limited to DEP contents up
to approximately 25 wt% (Bao et al., 2015). Further research using
DEP plasticised CA presenting contents higher than 25 wt% would
be useful for verifying our hypothesis. Additionally, it must be noted
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Fig. 4. Experimental (scatter symbols) and predicted (continuous lines) values for
Kca-qir as a function of the initial DEP content for the different investigated
temperatures. Symbols ‘k’ in green, pink and brown colours indicate
measurements used as independent validation set.

that determining if and how K¢4 4 varies continuously as the DEP
content of a specific sample changes over time is beyond the scope of
this paper.

To the best of our knowledge, this is the first work reporting DEP
partition coefficients between CA and its surrounding atmosphere,
where the effects of temperature and initial DEP content are simulta-
neously quantified and described by a mathematical model. Neverthe-
less, as discussed above, our results are in agreement with previous
reports. Additionally, it is also worth noting the agreement between
experimental Kca_q;r and values estimated using the phenomenological
description of DEP migration applied to DEP loss data acquired at
short equilibration times, as presented in in Section 3.4. In this case,
estimated diffusion coefficients have also demonstrated a good agree-
ment with previous findings on DEP diffusivity. For instance, Yuan
et al. (2019) reported DEP diffusion coefficients in polyvinyl chloride
(PVC) as varying between 5.48 - 107 and 3.99 - 10~ ** m*s ™! for
plasticised PVC films (containing 5 wt% DEP) in contact with different
food simulants based on ethanol, n-hexane and isooctane at between
40 and 60 °C.

Furthermore, even though care has been taken to minimise the time
between sample collection and analysis, it is possible that our results may
present uncertainties arising from unavoidable DEP losses during analysis,
which may have resulted in losses being overestimated to some extent,
despite their consistent stability over time. This, in turn, may have affected
experimentally determined Kca o, artificially reducing their values.
However, we note that this effect, while likely present, would not invalidate
obtained relationships for Kca_qr, as all experiments have been carried out
using the same methodology. Additional sources of uncertainty could also
arise from the different sample enclosure vials employed, which could
present slightly different surface roughness (Wu et al., 2017) and therefore

Table 3
Resultant constants calculated using Egs. (8)-(9) with the estimated parameters as
presented in Table 2 for each investigated composition, as detailed in Table 1.

Calculated constants 6-DEP/CA 14-DEP/CA 22-DEP/CA

AH° (kJ - mol ™ 1)? —98.0 —115.9 —88.8

# AH’ was calculated using Eq. (9), where the constant B was calculated using
Eq. (8) with the estimated values of kg, ks and ke (Table 2).
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Fig. 5. Comparison between observed experimental DEP losses and simulated
values for x-DEP/CA samples equilibrated at different temperatures (partially
illustrated in the figure) and sample enclosure vial volumes. Simulations were
performed using the initial DEP content and temperature at each experimental
condition, as summarised in Table 1.

slightly different DEP glass and aluminum partition coefficients from the
ones considered (Da Ros and Curran, 2021). Further work is required
for enabling the determination of more precise DEP partition coefficients
in CA.

Finally, it should be noted that further studies are also required to assess
the impact of additional environmental conditions on the diethyl phthalate
partitioning behaviour, for instance, including well-ventilated (and not
sealed) scenarios. However, we note that sealed environments are
commonly used as a method of storage in museum collections and archives,
where minimising the extent to which an artefact perceives external fluctu-
ations in temperature and relative humidity is a common aim. Thus, we
believe that this work will have wide applications not only while describing
real environments in the conservation field but also while assessing levels
of human exposure in indoor environments where rates of air exchange
and ventilation are low.

By quantitively describing the migration of DEP from CA-based mate-
rials, enabled in this work by our determination of K¢, 4 partition coeffi-
cients, we are contributing to increasing our understanding of how
environmental conditions and sample properties can impact the overall
rate of material decay, including physical damage promoted by plasticiser
loss. The work also increases understanding of how consumer goods includ-
ing DEP plasticised CA can contribute to increasing levels of this phthalate
in indoor environments.

5. Conclusions

This work has investigated the partitioning behaviour of diethyl
phthalate (DEP) between cellulose acetate (CA) and its surrounding
air at a wide range of temperatures, and plasticiser concentrations, for
the first time. Our results indicate that both investigated variables
have a statistically significant impact on DEP partition coefficients,
Kca-qir: While it is exponentially reduced as temperature rises, it
increases non-linearly as a function of DEP content. At 20 °C, quantified
Kca-qir values ranged between 4.1 - 10° + 8.9-10%and 1.3-10” = 2.9~
10° among sample compositions, in agreement with previous reports on
DEP partitioning on cotton fabrics.

Additionally, we propose and validate a novel mathematical model to
describe the relationship among Kca 4, temperature and DEP content in
CA, where parameters have been estimated using measurements from



S. Da Ros et al.

130 distinct experiments and their statistical characterisation is fully evalu-
ated. The suitability of our model to predict K¢a_q;- has also been demon-
strated by its application to simulate the DEP migration from CA-based
materials.

We anticipate that both experimentally measured K¢y ,ir and our devel-
oped Kca.air model will be of great value for enabling precise mathematical
descriptions of degradation phenomena involving plasticiser loss in cellu-
lose acetate-based museum artefacts, contributing to ongoing efforts dedi-
cated to their preservation in cultural heritage collections. Additionally,
we hope this work will also contribute to determining levels of human
exposure to this and additional phthalates present in indoor built materials
and consumer goods.
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