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Abstract 

The hydrolysis of synthetic esters (SEs), including phthalates and adipates, in damp indoor 

environments can lead to the release of volatile organic compounds implicated in poor air quality 

and acute health impacts, known as “sick building syndrome” (SBS). We have adapted the 

multiphase atmospheric chemistry box model, GAMMA, to simulate SE hydrolysis occurring in 

surface films in the indoor environment, along with multilayer boundary layer mass transfer and 

ventilation, in order to investigate this phenomenon on a process level. We then applied the model 



2 

 

to analyze three scenarios in which hydrolysis has been hypothesized to have a significant impact 

on indoor air quality. Simulation results suggest that: (1) alkaline hydrolysis of bis(2-ethylhexyl) 

adipate (DEHA) and bis(2-ethylhexyl) phthalate (DEHP) from PVC flooring on damp surfaces 

alone is not sufficient to explain the levels of 2-ethylhexanol reported in indoor air during episodes 

of SBS; (2) acute exposure to 2,2,4-trimethyl-1,3-pentanediol (TMPD) may be of concern during 

and shortly after the application of latex paint on an alkaline surface; and (3) alkaline hydrolysis 

of SEs following their airborne uptake in aqueous films is not expected to generate considerable 

amounts of alcohols associated with SBS. 

 

Introduction 

Hydrolysis has been identified as a potentially important indoor chemistry process, responsible 

for secondary emissions of several notable indoor pollutants.1 In the context of indoor 

environment, it was first speculated as a source of volatile organic compounds (VOCs) in studies 

observing the effect of relative humidity on VOC emission from building products in the 1990s.2,3 

Since then, the discussion on hydrolysis in indoor air has gained attention due to its association 

with 2-ethylhexanol, the hydrolysis product of bis(2-ethylhexyl) phthalate (DEHP) and bis(2-

ethylhexyl) adipate (DEHA). Incidents of asthma-like symptoms, referred to as “sick building 

syndrome” (SBS), have been reported following occupant exposure to 2-ethylhexanol, believed to 

be generated via hydrolysis of DEHP and DEHA found in polyvinylchloride (PVC) flooring.4–7 

While hydrolysis of synthetic esters (SEs)—such as DEHP and DEHA—is relatively slow even 

under alkaline conditions which may be present on concrete,8–10 the ubiquitous nature of SEs in 

the indoor environment raises concerns about the possible contribution of these pathways to poor 

indoor air quality during both acute SBS episodes and more ordinary conditions. Recent studies 
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have also observed the presence of hydrolysis products of SEs in sampled household dust in the 

United States and East Asia, further suggesting the relevance of hydrolysis in typical indoor 

conditions.11,12 Despite the increasing evidence that hydrolysis may be a source of volatile organic 

compounds (VOCs) indoors, the temporal evolution of VOCs from SE hydrolysis has not been 

investigated in relation to hydrolysis chemical kinetics and interphase mass transfer. 

 

In order to investigate the possible effects of SE hydrolysis on indoor air quality, we adapted the 

multiphase atmospheric chemistry box model, GAMMA,13 to numerically simulate SE hydrolysis 

occurring in surface aqueous films in the indoor environment, including mass transfer from the 

surface, through the boundary layer, into the room air (breathing zone). We call this new model 

GAMMA-Chemistry of the Indoor Environment (GAMMA-CIE). We tested three scenarios in 

which hydrolysis has been hypothesized to impact indoor air quality: (1) installation of PVC 

flooring on damp concrete, resulting in hydrolysis of bis(2-ethylhexyl) adipate (DEHA) and bis(2-

ethylhexyl) phthalate (DEHP);5,14 (2) application of latex paint on concrete, resulting in hydrolysis 

of 2,2,4-trimethyl-1,3-pentanediol monoisobutyrate (TMPD-MIB);15,16 and (3) gas-phase SE 

uptake by surface aqueous film in contact with concrete, resulting in hydrolysis of common 

phthalate esters (PEs) and phosphorus flame retardants (PFRs).17–19 The generation of gas-phase 

2-ethylhexanol (2-EH), 2,2,4-trimethyl-1,3-pentanediol (TMPD), and other semi-volatile and 

volatile organic compounds (SVOCs and VOCs) from the aforementioned hydrolysis reactions 

was simulated and compared to literature data. 

  

Methods 
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GAMMA-CIE. Following McNeill et al. (2012), GAMMA-CIE consists of 784 coupled 

differential equations describing the temporal evolution of parent SE compounds undergoing 

hydrolysis reactions and the formation of reaction products in the aqueous phase, mass transfer 

between gas phase and aqueous phase, and gas-phase oxidation.13 GAMMA-CIE runs on a 

personal computer in the MATLAB environment using the ode15s stiff solver.  

In GAMMA, the aqueous phase consists of spherical aqueous aerosol or cloud droplets 

suspended in air. In GAMMA-CIE, the aqueous phase consists of a flat aqueous film in direct 

contact with an indoor surface instead. As such, the mass transfer scheme following Schwartz 

(1986) was modified to account for diffusion through the gas-phase boundary layer and mixing 

into the room air by adopting the multi-layer approach described by Shiraiwa et al. (2010) and 

Morrison et al. (2019).20–22 Figure 1 illustrates the general schematic of GAMMA-CIE below. 
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Figure 1. GAMMA-CIE model schematic. As described in Equations 1 through 4, the model 

considers reaction kinetics and mass transfer for each layer. Additionally, loss by ventilation is 

also taken into account for the bulk air layer. 

 

The concentration of a species i in the bulk gas phase and the boundary layer, separated into n 

layers with the nth layer as the bottommost, is described by the set of equations below: 
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where layers k = 2, 3, …, n-1, Pi is the partial pressure of species i, Dg,i is the gas-phase diffusion 

coefficient of species i, d is the average travel distance (equivalent to the mean thickness of the 

two participating layers), Ak and Vk are the surface area and volume of layer k, respectively, ACH 

is the air changes per hour (i.e., ventilation rate) in the given indoor space, rij,gas is the rate of gas-

phase reaction j that species i participates in, kmt,i is the gas-aqueous mass transfer coefficient for 

species i, aL is the aqueous liquid fraction (cm3 cm-3), Ci is the aqueous-phase concentration of 

species i, and Hi
* is the effective Henry’s Law constant of species i. The gas-phase diffusion 

coefficient, Dg,i, factors in both molecular diffusion and eddy diffusion as shown by the equation 

below:23 

      𝐷௚,௜ = 𝐷௠,௜ + 𝐷௘,௜ (5) 

where Dm,i is the molecular diffusion coefficient of species i, and De,i is the eddy diffusion 

coefficient at height y above the aqueous film given by 

      𝐷௘,௜ = 𝐾௘𝑦ଶ (6) 

where Ke is the turbulence intensity, varying from 0.1 to 10 s-1.24 De,i was evaluated at the height 

corresponding to the boundary between two participating layers. 

  

The gas-aqueous mass transfer coefficient, kmt,i, and aqueous liquid fraction, aL, have been 

adjusted from Schwartz (1986) to accommodate for an indoor aqueous film instead of an aqueous 

aerosol particle in the atmosphere. kmt,i and aL are now expressed as follows:19    
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where δn is the bottommost gas-phase layer thickness, δfilm is the aqueous film thickness, ωi is the 
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thermal velocity of species i, and αi is the accommodation coefficient of species i. Data on gas-

aqueous accommodation coefficients for these species are not available, so they were all assigned 

values of 0.02, which is representative of the uptake of semi-volatile organic compounds to 

aqueous surfaces.25 

The aqueous-phase concentration of a species i is shown below: 

    
ௗ஼೔

ௗ௧
=

௞೘೟,೔

𝐑்
൬𝑃௜,௡ −

஼೔

ு೔
∗൰ + ∑ 𝑟௜௞,௔௤௞               (9) 

where R is the gas constant and T is temperature. Further details on the model parameters, gas- 

and aqueous-phase reactions, boundary layer characterization, effective Henry’s Law constant 

calculation, and mass transfer coefficient derivation can be found in the Supporting Information. 

Gas-Phase Chemistry. Consumption of gas-phase SEs and their hydrolysis products by hydroxyl 

radical (OH) oxidation is considered in the model. Oxidation kinetics data were only available 

for certain phthalate and alcohol species.26,27 For species with missing kinetics data, rate 

constants were estimated using structure-activity relationships (EPI Suite AOPWIN).28 OH 

concentrations in indoor air are predicted to vary approximately between 1 × 105 and 4 × 105 

molecules cm-3,29 depending primarily on the rates of chemical production (e.g., terpene 

ozonolysis, nitrous acid photolysis) and consumption (e.g., OH reactions with organics).22,30 For 

SVOCs and VOCs of interest in this study, their loss by OH oxidation was much slower than 

their removal by ventilation as noted by the timescales of these two processes in the Supporting 

Information, so OH concentration was treated as a constant at 4 × 105 molecules cm-3. All OH 

oxidation reactions and their rate constants in GAMMA-CIE are listed in Table S3. 

Aqueous-Phase Chemistry. Alkaline hydrolysis of esters (R’COOR) drives the production of 

acids and alcohols predicted in this study. The simplified reaction equation is illustrated below:31 
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R’COOR + OH- → R’COO- + ROH   (R1) 

where R’COO- is the deprotonated acid or lower-order ester, and ROH is the alcohol. The rate of 

this second-order reaction is pH dependent as described by the following:    

    𝑟௛௬ௗ௥௢௟௬௦௜௦ = 𝑘[𝑅ᇱ𝐶𝑂𝑂𝑅][𝑂𝐻ି]     (10) 

where k is the alkaline hydrolysis second-order rate constant. Multiple studies have investigated 

the hydrolysis kinetics of esters abundant in the indoor environment,8–10,32 but for the hydrolysis 

of lower-order esters for which experimental data are not available, EPI Suite HYDROWIN 

estimations were used instead.28 Species are grouped by their relevant hydrolysis cascade 

reactions in Table 1 for a general overview on the three aforementioned scenarios. Complete list 

of hydrolysis reactions can be found in Table S4. 

 

Table 1. List of Parent SEs and Hydrolysis Products 

Scenario 
# 

Parent Ester 
Hydrolysis Product 

Lower-Order Ester Alcohol/Acid 

1 
Bis(2-ethylhexyl) adipate 
(DEHA) 

Mono(2-ethylhexyl) adipate 
(MEHA) 

2-Ethylhexanol 
(2-EH) 

Adipic acid 
(AA) 

1 
Bis(2-ethylhexyl) phthalate 
(DEHP) 

Mono(2-ethylhexyl) phthalate 
(MEHP) 

2-Ethylhexanol 
(2-EH) 

Phthalic acid 
(PA) 

2 
2,2,4-Trimethyl-1,3-pentanediol 
monoisobutyrate 
(TMPD-MIB) 

N/A 

2,2,4-Trimethyl-1,3-
pentanediol 
(TMPD) 

Isobutyric acid 
(IBA) 

3 
Diethyl phthalate 
(DEP) 

Monoethyl phthalate 
(MEP)  

Ethanol 
(EtOH)  

Phthalic acid 
(PA) 
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3 
Diisobutyl phthalate 
(DIBP)  

Monoisobutyl phthalate 
(MIBP)  

Isobutanol 
(i-BuOH)  

Phthalic acid 
(PA) 

3 
Dibutyl phthalate 
(DBP)  

Monobutyl phthalate 
(MBP)  

Butanol 
(BuOH)  

Phthalic acid 
(PA) 

3 
Benzyl butyl phthalate 
(BBzP)  

Monobenzyl phthalate 
(MBzP) 
 
Monobutyl phthalate 
(MBP) 

Benzyl alcohol 
(BnOH)  
Butanol 
(BuOH) 
Phthalic acid 
(PA) 

3 
Tris(2-chloroethyl) phosphate 
(TCEP)  

Bis(2-chloroethyl) phosphate 
(BCEP)  

2-chloroethanol 
(2-CE) 

3 
Tris (1-chloro-2-propyl) phosphate 
(TCIPP) 

Bis(1-chloro-2-propyl) 
phosphate 
(BCIPP) 

1-chloro-2-propanol 
(1C2P) 

 

 

Test Conditions. For all case studies, the temperature was set to 25 °C to represent typical room 

temperature. The aqueous film was assumed to be a rectangular layer in contact with an alkaline 

surface (e.g., concrete), resulting in the migration of hydroxide ions from the surface to the aqueous 

film.33 Therefore, the pH of the aqueous film was varied between 10 and 13—pH range observed 

on screed or young concrete surfaces5,33,34—and was held constant throughout each simulation 

(i.e., rate of consumption of hydroxide ion by hydrolysis was considered negligible compared to 

its rate of migration from concrete to the film). Ventilation rate was varied between 0.5 and 5.5 

ACH to account for different locations, from naturally ventilated homes with relatively low ACH 

to mechanically ventilated buildings with relatively high ACH.35–37 Further details on the 

following test conditions specific to individual scenarios are provided in the Supporting 

Information. 
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Scenario 1: Hydrolysis of DEHA and DEHP 

DEHA and DEHP were assumed to be present in excess in the surface material (e.g., PVC 

flooring), leading to an instantaneous migration of DEHA and DEHP from the surface into the 

aqueous film (i.e., DEHA and DEHP concentrations were treated as constants at the aqueous 

solubility limit). The reported water solubilities of DEHP varied by two orders of magnitude in 

literature,38,39 so both low- and high-DEHP solubility conditions were considered in this study. 

There are uncertainties regarding the thickness of the aqueous film, which is affected by several 

factors such as the chemical composition of the film, hygroscopicity of the surface, and relative 

humidity (RH).40 Schwartz-Narbonne & Donaldson (2019) measured water uptake varying in the 

range of 1–5 μg/cm2 at RH > 60%, equivalent to 10-50 nm in thickness assuming a layer of even 

thickness with density of pure water.41 To simulate the upper bound of hydrolysis activity, 

however, we assumed film thickness to be 1 μm which may be plausible in consideration of 

conditions favorable for water adsorption on indoor surfaces.42 Sensitivity of gas-phase evolution 

to film thickness is reported in the Supporting Information. Bulk air dilution factor of 0.4 m-1 was 

used in consideration of standard indoor floor-to-volume ratio.43 Simulated time of 12 h was 

sufficient for DEHA, DEHP, MEHA, MEHP, and 2-EH concentrations to reach steady state as 

shown in Figures S2 through S5.  

 

 

Scenario 2: Hydrolysis of TMPD-MIB 

The whole latex paint film was treated as an aqueous film in which a finite amount of the parent 

ester TMPD-MIB hydrolyzes over time. Thus, the film thickness was set to 100 μm to represent a 

typical paint film, and the initial aqueous-phase TMPD-MIB concentration was based on the mass 
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composition in latex paint.15 The bulk air dilution factor was set to 1.3 m-1 in consideration of the 

ubiquity of painted surfaces in indoor environments.44 The process was simulated for a shorter 

period of 8 h to analyze short-term exposure to TMPD, one of the hydrolysis products of TMPD-

MIB, during the phase in which the paint would be wet.  

 

Scenario 3: Hydrolysis of Common PEs and PFRs 

In this case study, the bulk gas-phase layer acted as an infinite reservoir of PEs and PFRs found 

in appreciable amounts in indoor air. PE and PFR concentrations were treated as constants at their 

reported airborne measurements from Bergh et al. (2011) listed in Table S7,19 and the resulting 

uptake of airborne PEs and PFRs was the only source of parent esters in the aqueous film. The 

airborne measurements used in the model are sums of gas and particulate phases, but they are 

treated as gas-phase concentrations because they are known to be present predominantly in the gas 

phase.17  Film thickness of 1 μm and bulk air dilution factor of 0.4 m-1 were used to consider an 

aqueous film trapped below the flooring. pH and ACH were at fixed values of 13 and 0.5 ACH, 

respectively, to target the maximum predictable gas-phase concentrations of the hydrolysis product 

species. The simulation time was extended to 300 h for all species. 
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Results & Discussion 

Tables 2, 3 and 4 summarize the GAMMA-CIE predicted concentrations of gas-phase species 

in comparison to their respective field measurements in literature for scenarios 1 to 3, respectively. 

In-depth discussion on the simulation results for each scenario is elaborated below. 

 

Table 2. Predicted and Measured Gas-Phase Concentrations (μg/m3) of Species in Scenario 1: 

Hydrolysis of DEHA and DEHP 

Name 
GAMMA-CIEa 
(μg/m3) 

Reported 
Indoor Levels 
(μg/m3) Reference 

Bis(2-ethylhexyl) 
adipateb 
(DEHA) 

0.0016 0.005–0.015 
Weschler and Nazaroff 
(2008)17 

Bis(2-ethylhexyl) 
phthalate 
(DEHP) 

0.095–20 <2.253 Fromme et al. (2004)45 

Mono(2-ethylhexyl) 
adipateb 
(MEHA) 

4.1 × 10-7 N/A N/A 

Mono(2-ethylhexyl) 
phthalate 
(MEHP) 

1.8 × 10-8–3.8 × 10-6 N/A N/A 

2-Ethylhexanol 
(2-EH) 

4.7 × 10-6–1.2 × 10-4 0.3–1000+ Wakayama et al. (2019)14  

Phthalic acid 
(PA) 

N/Ac N/A N/A 

Adipic acidb 
(AA) 

N/Ac N/A N/A 

aSteady-state concentrations. Simulation conditions were pH 13 and 0.5 ACH for low- and high-DEHP conditions. 
bDEHA, MEHA, and AA are not affected by DEHP saturation condition, thus only having a single predicted value. 
cNegligible concentrations of ~10-20 μg/m3 were predicted for PA and AA. 
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Table 3. Predicted and Measured Gas-Phase Concentrations (μg/m3) of Species in Scenario 2: 

Hydrolysis of TMPD-MIB 

Name 
GAMMA-CIE 
(μg/m3) 

Reported 
Indoor Levels 
(μg/m3) Reference 

2,2,4-Trimethyl-1,3-
pentanediol 
monoisobutyrate 
(TMPD-MIB) 

810a 1680b Norbäck et al. (1995)46 

2,2,4-Trimethyl-1,3-
pentanediol 
(TMPD) 

240c N/A N/A 

Isobutyric acid 
(IBA) 2.6 × 10-4d N/A N/A 

aPeak concentration during simulation time of 8 h. Simulation conditions were pH 10 and 0.5 ACH. 
bMaximum exposure level measured during a 1 h house painting session. 
 cPeak concentration during simulation time of 8 h. Simulation conditions were pH 13 and 0.5 ACH. 
dSteady state concentration after simulation time of 8 h. Simulation conditions were pH 10 and 0.5 ACH. 

 

 
 

Table 4. Predicted and Measured Gas-Phase Concentrations (μg/m3) of Species in Scenario 3: 

Hydrolysis of Common PEs and PFRs 

Name 
GAMMA-CIE 
(μg/m3) 

Reported 
Indoor Levels 
(μg/m3) Reference 

Monoethyl phthalate (MEP) 3.9 × 10-6 N/A N/A 

Monoisobutyl phthalate (MIBP) 8.7 × 10-8 N/A N/A 

Monobutyl phthalate (MBP) 1.4 × 10-6 N/A N/A 

Monobenzyl phthalate (MBzP) 5.1 × 10-10 N/A N/A 

Bis(2-chloroethyl) phosphate 
(BCEP) 

2.2 × 10-7 N/A N/A 

Bis(1-chloro-2-propyl) phosphate 
(BCIPP) 

2.1 × 10-9 N/A N/A 

Ethanol (EtOH) 3.7 × 10-4 49–2787a Gallego et al. (2009)47 

Isobutanol (i-BuOH) 3.2 × 10-6 1–<5b Brown et al. (1994)48 
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Butanol (BuOH) 6.6 × 10-5 14–95a Gallego et al. (2009)47 

Benzyl alcohol (BnOH) 3.1 × 10-5 864–5446c Gerster et al. (2014)49 

2-Chloroethanol (2-CE) 6.8 × 10-8 N/A N/A 

1-Chloro-2-propanol (1C2P) 6.8 × 10-10 N/A N/A 

Phthalic acid (PA) N/Ad N/A N/A 
aDuring an odor episode in several locations of a single apartment dwelling. 
bIn established dwellings. 
cDuring cleaning activities. 
dNegligible concentrations of ~10-21 μg/m3 were predicted for PA.  
 

 

Scenario 1: Hydrolysis of DEHA and DEHP 

Gas-phase parent ester DEHP equilibrated at 0.095 and 20 μg/m3 at low- and high-DEHP 

conditions, respectively, as noted in Table 2. Reported mean concentrations of gas-phase DEHP 

ranged between 191 and 599 ng/m3 with a maximum of 2253 ng/m3,45 implying overabundance of 

DEHP in the high-DEHP condition simulation and, on the contrary, underestimation of DEHP in 

low-DEHP condition simulation. Therefore, the predicted concentrations of the following 

hydrolysis products at low- and high-DEHP conditions should be interpreted as the lower and 

upper bounds in this scenario. The predicted gas-phase concentration of the other parent ester, 

DEHA, was 1.6 ng/m3, which is close to the measured average range of 5 and 15 ng/m3, indicating 

that the DEHA saturation assumption was appropriate. 

As noted in Table 2, negligible amounts of gas-phase PA and AA were generated in the 

simulation at all pH and ACH values. The rate of interphase transport for PA and AA is 

significantly slower than other species because of their high effective Henry’s law constant, which 

is pH dependent for organic acids. In such highly basic conditions where the acids are in their 

deprotonated form, the acids tend to remain in the aqueous phase.50–52 The effective Henry’s law 

constants for PA, AA, and IBA at pH 10 and 13 are greater than their intrinsic counterparts by 
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several orders of magnitude, as shown in Table S9. While the slow interphase transport is 

responsible for the predicted negligible gas-phase concentrations of PA and AA, control 

simulations performed with lower arbitrary values of Henry’s law constant assigned to both species 

for faster mass transport suggest that the slow hydrolysis kinetics and overall low water solubilities 

of parent esters (DEHA and DEHP) would limit the gas-phase generation of PA and AA to low 

levels of ~10-5 μg/m3. 

Gas-phase 2-EH generation was simulated with varying pH and ACH to understand the effect 

of those parameters on the overall process, as illustrated in Figure 2. Increase in aqueous film pH 

by 1 (in the range 10-13) resulted in a proportional increase in 2-EH concentrations by a factor of 

approximately 10 for both low- and high-DEHP cases. It is apparent that the aqueous film pH, and 

consequently the indoor surface pH, is a key parameter in SE degradation by hydrolysis. Changes 

in ACH were most effective at low ventilation conditions, decreasing the predicted 2-EH 

concentrations by a factor of 3 when increasing from 0.5 to 1.5 ACH. Overall, the predicted levels 

of 2-EH were significantly lower than reported indoor values from the literature (Table 2). At pH 

13, 0.5 ACH, and high-DEHP saturation condition, GAMMA-CIE predicted 1.2 × 10-4 μg/m3 of 

gas-phase 2-EH, which is approximately 7 orders of magnitude lower than the upper bound of 

measured concentrations of ~1000 μg/m3 in extreme SBS cases.14 
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Figure 2. Predicted gas-phase 2-EH concentrations with varying aqueous film pH and ACH at 

low-DEHP (left) and high-DEHP (right) conditions. 

 

Simulation results suggested that hydrolysis of DEHA and DEHP from PVC flooring would not 

produce gas-phase 2-EH at levels comparable to values measured during SBS incidents. Therefore, 

we hypothesized that an unknown, non-hydrolysis process (e.g., biotic degradation53) may be 

active in degrading DEHA and DEHP and their lower-order esters to produce 2-EH. To determine 

the magnitude of discrepancy between the hydrolysis kinetics and the mechanism necessary to 

produce gas-phase 2-EH concentrations observed in field studies, a hypothetical first-order 

aqueous degradation process was considered for DEHA, DEHP, MEHA, and MEHP under 

hydrolysis-ideal conditions of pH 13, 0.5 ACH, and high-DEHP saturation. The rate of this 

hypothetical process was adjusted by trial and error to produce steady-state gas-phase 2-EH 

concentration of 2 μg/m3, emulating the observations of 1–4 μg/m3 of gas-phase 2-EH during an 

incidence of SBS.14 The hypothetical process was accelerated to 0.2 s-1 to produce gas-phase 2-

EH concentration of 2 μg/m3 as depicted by Figure 3 below. This rate is approximately 2 to 4 

orders of magnitude faster than that of alkaline hydrolysis at pH 13. The difference in magnitude 
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between the hypothetical process and alkaline hydrolysis could be even greater when considering 

2-EH concentrations of ~1000 μg/m3 was observed in certain episodes. 

There are several possible explanations for the observed discrepancy. As noted above, biotic 

degradation by bacteria, yeast, and fungi could be a relevant process with a rate higher or 

comparable to that of abiotic hydrolysis at high relative humidity.11,53 Another reason could be the 

acceleration of reaction kinetics in microfilms, where the partial solvation of the reactants leads to 

a lower activation barrier and higher reactivity, notably for reactions such as hydrolysis involving 

an attack at the carbonyl carbon.54,55 Wei et al. (2020) suggests a hundredfold increase in the 

intrinsic reactivity from bulk-phase reaction to partially solvated reaction, which roughly 

corresponds to the magnitude of difference observed in our hypothetical rate constant. However, 

this effect has yet to be confirmed with further experimental data, specifically for the hydrolysis 

of SEs. Lastly, hydrolysis of acrylate and acetate copolymers in adhesives could be the dominant 

source instead, which is evident in emission studies but warrants further research on the reaction 

kinetics and adequate reaction systems for modeling purposes.5,56,57 
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Figure 3. Predicted concentration profile of gas-phase 2-EH at aqueous film pH 13, 0.5 ACH, and 

high-DEHP condition, with the addition of a first-order hypothetical degradation process of 0.2 s-

1 for aqueous-phase DEHA, DEHP, MEHA, and MEHP. See text for details. 

 

Scenario 2: Hydrolysis of TMPD-MIB 

Figure 4 below illustrates the concentration profile of gas-phase parent ester TMPD-MIB over 

simulation time of 8 h at pH 10 and 0.5 ACH with a peak concentration of 810 μg/m3 at t = 0.6 h. 

Decreasing the film basicity to below pH 10 in GAMMA-CIE had a negligible increase on this 

predicted gas-phase peak concentration, most likely because the rate of interphase transport was 

already significantly faster than that of TMPD-MIB consumption by hydrolysis at pH 10. Field 

studies on SVOC emissions following latex paint application measured TMPD-MIB peak 

concentrations of approximately 1~1.7 mg/m3, comparable to the predicted peak considering that 

simulations were performed assuming a smaller TMPD-MIB content of 0.67% in paint than that 

of 1.35% in paint used by Sparks et al. (1999).46,58 The trend is also similar between the 



19 

 

concentration profile predicted by GAMMA-CIE in Figure 4 and those observed in 

experiments,58,59 overall indicating good agreement on TMPD-MIB emission between model 

prediction and experimental measurements. 

 

 

Figure 4. Predicted concentration profile of gas-phase TMPD-MIB at aqueous film pH 10 and 0.5 

ACH with peak value of 810 μg/m3. 

 

The time evolution of gas-phase TMPD over simulation time of 8 h at varying film pH and low- 

and high-ACH conditions is shown in Figure 5. The predicted peak concentrations of TMPD at 

pH 13 were 240 μg/m3 at t = 0.6 h for 0.5 ACH and 110 μg/m3 at t = 0.3 h for 5.5 ACH. pH was 

the most influential factor in gas-phase evolution of TMPD, with near tenfold decrease in peak 

gas-phase concentrations per unit decrease in pH. 
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Figure 5. Predicted concentration profile of gas-phase TMPD with varying aqueous film pH at 

low-ACH (left) and high-ACH (right) conditions. 

 

In contrast to TMPD-MIB and TMPD simulation results, GAMMA-CIE predicted much lower 

production of gas-phase IBA, rate-limited by the interphase mass transport from the high effective 

Henry’s law constant. The predicted gas-phase concentration profile of IBA in Figure 6 below is 

distinctly different from those of TMPD-MIB and TMPD. Highest predicted concentration of gas-

phase IBA was 2.6 × 10-4 μg/m3 for 0.5 ACH and pH 10. As previously mentioned in the discussion 

of Scenario 1, higher pH conditions are associated with inhibition of interphase mass transport for 

acids such as IBA, resulting in an opposite trend compared to TMPD above. Similar to the gas-

phase 2-EH concentrations in Scenario 1, increase in ventilation from 0.5 to 5.5 ACH resulted in 

a tenfold decrease in the predicted gas-phase IBA concentrations across all pH values. 

Accumulation of IBA in the aqueous phase was observed as shown in Figure 7 due to the slow 

partitioning process, with aqueous IBA concentration predicted to reach 0.018 M in the film at pH 

13. Because IBA is a relatively weak acid, such concentrations are still not sufficient enough to 

significantly lower the pH of the film on its own. With the uptake of acidic gases indoors, however, 
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it may be possible that this build-up of aqueous IBA may partition into the gas phase as the film is 

acidified. Further discussion on indoor acids can be found in the Indoor Environment Implications 

section below. 

 

 

Figure 6. Predicted concentration profile of gas-phase IBA with varying aqueous film pH at low-

ACH condition. 
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Figure 7. Predicted concentration profile of aqueous-phase IBA with at pH 13 and low-ACH 

condition. 

 

Our predictions indicate that building occupants and interior painters may be exposed to high 
levels of irritants TMPD-MIB and its hydrolysis product TMPD during paintwork and shortly after 
its completion, especially in newly constructed buildings with high pH surfaces. Data on the indoor 
measurements and exposure limits of TMPD-MIB and TMPD are lacking, but both species are 
reported to cause irritation in the eyes, nose, skin, and respiratory tract.60 Experimental data on the 
emissions of TMPD in paint applications would further validate the predicted results of this 
scenario.  

 

 

Scenario 3: Hydrolysis of Common PEs and PFRs 

The predicted gas-phase concentrations of SVOCs and VOCs under ideal hydrolytic degradation 

conditions are plotted in Figure 8 below. Among the lower-order esters, BCEP and BCIPP 

equilibrated more slowly than the other SVOCs primarily because they are the only lower-order 
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esters stable to hydrolysis in the system. MEP and MBP were the most abundant species due to 

their high parent ester concentrations shown in Table S7 and relatively fast rate of production by 

hydrolysis. Even so, predicted secondary emissions of SVOCs from the airborne SE uptake and 

the ensuing hydrolysis were of negligible amounts, not exceeding 10-5 μg/m3. 

 

 

 

Figure 8. Predicted gas-phase concentration profile of SVOCs (left) and alcohols (right) at 

aqueous film pH 13 and 0.5 ACH. 

 

Table 4 presents the predicted steady state concentrations in comparison to measured indoor 

concentrations of VOCs simulated in this study. It is apparent that the model predictions are several 

orders of magnitude smaller than the reported measurements for the alcohol species with available 

field data. This was expected since the reference values were collected during specific occasions 

(e.g., cleaning activities, odor episodes), likely affected by external (outdoor) sources, primary 

emissions, and other secondary processes,47,56,61,62 which are non-analogous to the simulation 

scenario of generalized airborne SE uptake by the aqueous film on an alkaline surface. Even so, 
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the notable differences in the simulated concentrations and reported field concentrations suggest 

that hydrolysis from uptake of airborne SEs is not a significant contributor of indoor acids and 

alcohols in the proposed scenario. The uptake of airborne SE by aqueous films on indoor surfaces 

warrants further investigation, however, as the airborne concentrations of SEs may differ 

significantly depending on the presence of SE-rich objects at the location of interest. Additionally, 

it has been reported that substantial amounts of SEs can also be present in settled dust on indoor 

surfaces which have not been considered in this study,17,19 so there may be greater amounts of 

parent SEs susceptible to degradation in this uptake process simulated in Scenario 3. 

Indoor Environment Implications 

This study employs a detailed multiphase chemistry model to quantitatively determine the 

development of gas-phase pollutants from indoor surface hydrolysis. We have used GAMMA-CIE 

in three indoor scenarios relevant to hydrolysis, but the applicability of the model can extend 

further to other indoor conditions, especially as information on indoor surface films becomes more 

available. In this following section, we discuss uncertainties and limitations in the model to be 

considered in extending the scope of the model. 

The indoor film is likely comprised of various organic and inorganic species—namely aliphatic 

and aromatic hydrocarbons, carbohydrates, metals, sulfates, and nitrates—emitted from building 

occupants and different indoor activities.18,63 Acknowledgement of such complex chemical 

composition introduces several possible factors which could be considered: indoor film water 

content, aqueous-organic phase separation and phase equilibria, heterogeneous reaction, ionic 

strength, and so on. 

For the alkaline hydrolysis of SEs, we have only considered specific base catalyzed hydrolysis 

because it is presumably the dominant mechanism in presence of high calcium hydroxide 
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concentrations from fresh concrete. However, if other indoor bases, such as ammonia, nicotine, 

and inorganic and organic amines,64 are transported into the aqueous film, then the organic esters 

may also degrade by general base catalyzed hydrolysis.65–68 There are no studies on the general 

base catalyzed hydrolysis for SEs considered in our model, but this alternate degradation 

mechanism may be of importance in other indoor scenarios with high concentrations of indoor 

bases absorbed by the film. 

Similar to the uptake of indoor bases mentioned above, uptake of acids may occur as there are 

several acids found indoors, such as carbon dioxide, nitric acid, sulfuric acid, and acetic acid.64 In 

such instances, SEs may degrade by acid hydrolysis instead.31,69 At the time of this study, 

experimental data on the kinetics of SE acid hydrolysis are unavailable, and the EPI Suite 

HYDROWIN is only able to estimate alkaline hydrolysis rate constants. Although acid hydrolysis 

is known to be generally slower than alkaline hydrolysis,31 kinetic measurements on SE acid 

hydrolysis may open up the possibility of simulating common indoor scenarios which have not 

been explored yet. 
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Model Specification 

Table S1. List of chemical species 

Name Abbreviation Phase 

Hydroxyl radical OH gas 

Hydroxide ion OH- Aq 

Bis(2-ethylhexyl) adipate DEHA gas, aq 

Bis(2-ethylhexyl) phthalate DEHP gas, aq 

Mono(2-ethylhexyl) adipate MEHA gas, aq 

Mono(2-ethylhexyl) phthalate MEHP gas, aq 

2-Ethylhexanol 2-EH gas, aq 

2,2,4-Trimethyl-1,3-pentanediol 
monoisobutyrate 

TMPD-MIB gas, aq 

Isobutyric acid IBA gas, aq 

2,2,4-Trimethyl-1,3-pentanediol TMPD gas, aq 

Diethyl phthalate DEP gas, aq 

Diisobutyl phthalate DIBP gas, aq 

Dibutyl phthalate DBP gas, aq 

Butyl benzyl phthalate BBzP gas, aq 

Tris(2-chloroethyl) phosphate  TCEP gas, aq 

Tris(1-chloro-2-propyl) phosphate TCIPP gas, aq 

Monoethyl phthalate MEP gas, aq 

Monoisobutyl phthalate MIBP gas, aq 

Monobutyl phthalate MBP gas, aq 

Monobenzyl phthalate MBzP gas, aq 

Bis(2-chloroethyl) phosphate  BCEP gas, aq 
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Bis(1-chloro-2-propyl) phosphate BCIPP gas, aq 

Phthalic acid PA gas, aq 

Ethanol EtOH gas, aq 

Isobutanol i-BuOH gas, aq 

Butanol BuOH gas, aq 

Benzyl alcohol BnOH gas, aq 

2-chloroethanol 2-CE gas, aq 

1-chloro-2-propanol 1C2P gas, aq 

 

Table S2. List of Henry’s law constants at 25 °C 

Species H (M/atm) Reference 

DEHA 2.30E+03 (1) 
DEHP 22.9 (2) 
MEHA 1E+05a (3) 
MEHP 5E+05a (3) 
2-EH 69.62 (4) 
TMPD-MIB 1E+04a (3) 
IBA 1E+03 (5) 
TMPD 1.4E+03 (5) 
DEP 1.64E+03 (2) 
DIBP 820 (2) 
DBP 552 (2) 
BBzP 1E+04 (5) 
TCEP 3E+02 (5) 
TCIPP 1.6E+02 (5) 
MEP 2E+06a (3) 
MIBP 1E+06a (3) 
MBP 1E+06a (3) 
MBzP 1E+08a (3) 
BCEP 6E+06a (3) 
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BCIPP 3E+06a (3) 
PA 5E+07 (5) 
AA 2E+08 (5) 
EtOH 2E+02 (5) 
i-BuOH 1E+02 (5) 
BuOH 1.2E+02 (5) 
BnOH 2.9E+03 (5) 
2-CE 9.6E+03 (5) 
1C2P 5.7E+02 (5) 

aEstimation from EPI Suite HENRYWIN 
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Table S3. Gas-phase oxidation kinetics 

Reaction 
kOH 

T 
(°C) 

Reference (cm3 molec-1 s-

1) 
DEHA + OH → OXIDATION PRODUCTS 2.5E-11a 25 (3) 
MEHA + OH → OXIDATION PRODUCTS 1.5E-11a 25 (3) 
DEHP + OH → OXIDATION PRODUCTS 2.2E-11a 25 (3) 
MEHP + OH → OXIDATION PRODUCTS 1.2E-11a 25 (3) 
DEP + OH → OXIDATION PRODUCTS 3.5E-12a 25 (3) 
MEP + OH → OXIDATION PRODUCTS 2.4E-12a 25 (3) 
DBP + OH → OXIDATION PRODUCTS 9.3E-12a 25 (3) 
MBP + OH → OXIDATION PRODUCTS 5.3E-12a 25 (3) 
DIBP + OH → OXIDATION PRODUCTS 9.3E-12a 25 (3) 
MIBP + OH → OXIDATION PRODUCTS 5.3E-12a 25 (3) 
TCIPP + OH → OXIDATION PRODUCTS 4E-11a 25 (3) 
TCEP + OH → OXIDATION PRODUCTS 2E-11a 25 (3) 
BBzP + OH → OXIDATION PRODUCTS 1.1E-11a 25 (3) 
MBzP + OH → OXIDATION PRODUCTS 7E-12a 25 (3) 
TMPD-MIB + OH → OXIDATION 
PRODUCTS 

1.6E-11a 
25 

(3) 
BCIPP + OH → OXIDATION PRODUCTS 3E-11a 25 (3) 
BCEP + OH → OXIDATION PRODUCTS 1.5E-11a 25 (3) 
IBA + OH → OXIDATION PRODUCTS 2E-12a 25 (3) 
PA + OH → OXIDATION PRODUCTS 1E-12a 25 (3) 
EtOH + OH → OXIDATION PRODUCTS 3.2E-12 25 (6) 
BuOH + OH → OXIDATION PRODUCTS 8.5E-12 25 (6) 
i-BuOH + OH → OXIDATION PRODUCTS 7E-12a 25 (3) 
BnOH + OH → OXIDATION PRODUCTS 2.7E-11 25 (6) 
2-EH + OH → OXIDATION PRODUCTS 1.13E-11 25 (7) 
TMPD + OH → OXIDATION PRODUCTS 2E-11a 25 (3) 
2-CE + OH → OXIDATION PRODUCTS 1.8E-12a 25 (3) 
1C2P + OH → OXIDATION PRODUCTS 3.2E-12a 25 (3) 

aEstimation from EPI Suite AOPWIN 
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Table S4. Aqueous-phase hydrolysis kinetics 

Reaction 
kOH- T 

(°C) 
Reference 

(M-1 s-1) 
DEHA + OH- → MEHA + 2-EH 4.8E-04 21 (8) 

MEHA + OH- → 2-EH + ADIPIC ACID 3E-02a 25 (3) 

DEHP + OH- → MEHP + 2-EH 1.1E-04 30 (9) 
MEHP + OH- → 2-EH + PA 2E-02a 25 (3) 
DEP + OH- → MEP + EtOH 2.5E-02 30 (9) 
MEP + OH- → EtOH + PA 4E-02a 25 (3) 

DBP + OH- → MNBP + BuOH 1.0E-02 30 (9) 
MBP + OH- → BuOH + PA 3E-02a 25 (3) 

DIBP + OH- → MIBP + i-BuOH 1.4E-03 30 (9) 

MIBP + OH- → i-BuOH + PA 2E-02a 25 (3) 

TCIPP + OH- → BCIPP + 1C2P 7.2E-06 20 (10) 
TCEP + OH- → BCEP + 2-CE 9.7E-04 20 (10) 

BBzP + OH- → MBzP + BnOH 5.9E-02 21 (8) 
MBzP + OH- → BnOH + PA 1E-01a 25 (3) 
TMPD-MIB + OH- →TMPD + IBA 9.8E-03 20 (8) 

aEstimation from EPI Suite HYDROWIN 
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Table S5. Initial conditions, hydrolysis of DEHA and DEHP 

Species 
Concentration 
(M) 

Notes Reference 

DEHA (aq) 8.6E-09 
DEHA water solubility. 
Held constant throughout 
simulation.   

(11) 

DEHP (aq) 
(low) 

4.9E-09 

DEHP water solubility. 
Held constant throughout 
simulation. For low-DEHP 
condition 

(11) 

DEHP (aq) 
(high) 

1E-06 

DEHP water solubility. 
Held constant throughout 
simulation. For high-DEHP 
condition 

(11) 

 

Table S6. Initial conditions, hydrolysis of TMPD-MIB 

Species  
Concentration 
(M) 

Notes Reference 

TMPD-MIB 
(aq) 

4E-02 
Calculated on the basis of mass 
composition and bulk density of 
latex paint (0.67% mass) 

 (12) 

 

Table S7. Initial conditions, hydrolysis of common PEs and PFRs 

Species 
Concentration 
(ng/m3) 

Notes Reference 

DEP (g) 1598 
Mean measurement at homes in Sweden. 
Held constant throughout simulation 

 (13) 

DIBP (g) 310 
Mean measurement at workplaces in Sweden. 
Held constant throughout simulation 

 (13) 

DBP (g) 925 
Mean measurement at homes in Sweden. 
Held constant throughout simulation 

 (13) 

BBzP (g) 28 
Mean measurement at homes in Sweden. 
Held constant throughout simulation 

 (13) 

TCEP (g) 47 
Mean measurement at day care centers in 
Sweden. 
Held constant throughout simulation 

 (13) 

TCIPP 
(g) 

110 
Mean measurement at workplaces in Sweden. 
Held constant throughout simulation 

 (13) 
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Table S8. List of pKa 

Species pKa1 pKa2 T (°C) Reference 

IBA 4.84 N/A 20 (14) 

PA 2.76 4.92 25 (15) 

AA 4.44 5.44 25 (15) 
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Boundary Layer Characterization 

In GAMMA-CIE, the boundary layer consists of 26 layers with varying thickness: 1.8E-1 cm for 

layers 1 (topmost) to 5; 1.8E-2 cm for layers 6 to 10; 1.8E-3 cm for layers 11 to 15; 1.8E-4 cm 

for layers 16 to 20; 1.8E-5 cm for layers 21 to 25; and 1E-5 cm for layer 26. Figure S1 below 

illustrates the evolution of 2-EH in Scenario 1 for different layers. The layers near the aqueous 

film are of thinner thickness to characterize the initial, rapid transport of gas species near the 

surface following their production in the aqueous film. As expected for species that are not 

highly reactive to atmospheric oxidation, the concentration differences among layers in the 

boundary layer are minimal, and the bulk air concentration is several orders of magnitude lower 

due to the greater dilution factor and loss by ventilation in this layer.  
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Figure S1. 2-EH concentration profile in various gas-phase layers for Scenario 1 at pH 13 and 0.5 
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Gas-Phase Molecular Diffusion Coefficient Estimation 

The gas-phase molecular diffusion coefficient estimation is as follows (16): 

𝐷௠,௜ = 1.9(MW)ିଶ/ଷ 

where Dm,i is the gas-phase molecular diffusion coefficient (cm2 s-1) and MW is the molecular 

weight (g mol-1). 

 

Mass Transfer Coefficient Derivation 

Closely following Schwartz (1986) (17), the mass transfer coefficient considers: (1) gas-phase 

diffusion of species i into the film and (2) interphase mass transport but has been modified to 

consider transport for a planar film instead of a spherical aerosol particle. 

 

Gas-phase diffusion 

We start with the gas-phase diffusion of species i in the bottommost layer (i.e., nth layer) of the 

boundary layer (BL) into the film in the absence of reactions, resulting in the following equation: 

𝜕𝐶௚

𝜕𝑡
− 𝐷௚

𝜕ଶ𝐶௚

𝜕𝑦ଶ
= 0 

where Cg is the gas-phase concentration of species i, t is time, and y is distance normal to the film 

surface. We assume the following conditions at which the flux into the film is maximized: (1) 

steady-state conditions, (2) Cg = 0 at y = 0 (at the film surface), and (3) Cg = Cg,eq at y = δn, where 

δn is the thickness of the bottommost BL layer. Additionally, we also assume the bottommost layer 

in BL is quiescent (i.e., eddy diffusion is not considered), resulting in the equation below for the 

gas-phase concentration, Cg: 
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𝐶௚ =
𝐶௚,௘௤

𝛿௡
𝑦 

The maximum steady-state flux of species i, Fmax,g, is:  

𝐹௠௔௫,௚ = −𝐷௚

𝑑𝐶௚

𝑑𝑦
= −𝐷௚

𝐶௚,௘௤

𝛿௡
 

Using the expression above, we define the average molar uptake rate of species i, Rmax,g, into the 

aqueous planar film and express it in partial pressure of species i at equilibrium, Peq: 

𝑅௠௔௫,௚ = −
𝐴௙௜௟௠

𝑉௙௜௟௠
𝐹 =

𝐷௚𝐶௚,௘௤

𝛿௙௜௟௠𝛿௡
=

𝐷௚𝑃௘௤

𝛿௙௜௟௠𝛿௡R𝑇
 

where δfilm is the thickness of the aqueous film, R is the gas constant, and T is temperature. The 

time constant of film saturation of species i by gas-phase diffusion, τg, is in the order of δfilmδn/Dg 

as shown below: 

𝜏௚ =
𝐶௔௤,௘௤

𝑅௠௔௫,௚
=

𝐻∗𝑅𝑇𝛿௙௜௟௠𝛿௡

𝐷௚
≈

𝛿௙௜௟௠𝛿௡

𝐷௚
 

Interphase mass transport 

The interphase mass transport expression is on the basis of molecular collision of gas-phase species 

i on the aqueous-phase surface and is as follows: 

𝜎௖௢௟௟ =
𝑃௘௤𝜔௜𝛼௜

4R𝑇
 

where ωi is the thermal velocity of species i and αi is the accommodation coefficient of species i. 

The partial pressure of species i should be its value at the interface (y = 0), but it is assumed here 

to be its value at equilibrium to determine the maximum average molar uptake rate, Rmax,i, which 

is shown below: 

𝑅௠௔௫,௜ = −
𝐴௙௜௟௠

𝑉௙௜௟௠
𝜎௖௢௟௟ =

𝑃௘௤𝜔௜𝛼௜

4𝛿௙௜௟௠R𝑇
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The time constant of film saturation of species i by interphase mass transport, τi, is in the order of 

4δfilm/(ωiαi) as shown in the following equation: 

𝜏௜ =
𝐶௔௤,௘௤

𝑅௠௔௫,௜
=

4𝛿௙௜௟௠𝐻∗R𝑇

𝜔௜𝛼௜
≈

4𝛿௙௜௟௠

𝜔௜𝛼௜
 

 

Mass transfer coefficient 

The mass transfer coefficient considers the time constants (i.e., resistances) of both gas-phase 

diffusion and interphase mass transport: 

𝑘௠௧ = (𝜏௚ + 𝜏௜)
ିଵ 

𝑘௠௧ = ቆ
𝛿௙௜௟௠𝛿௡

𝐷௚
+

4𝛿௙௜௟௠

𝜔௜𝛼௜
ቇ

ିଵ
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Effective Henry’s Law Constant 

The equations for the effective Henry’s law constant are given in Tilgner et al. (2021) (18): 

𝐻஺
∗ = 𝐻஺ ቀ1 +

௄ೌభ

[ୌశ]
ቁ    for monoprotic acid 

𝐻஺
∗ = 𝐻஺ ቀ1 +

௄ೌభ

[ୌశ]
+

௄ೌభ௄ೌమ

[ୌశ]మ
ቁ  for diprotic acid 

where HA
* is the effective Henry’s law constant, HA is the Henry’s law constant, [H+] is the 

hydrogen ion concentration, and Ka1 and Ka2 are the acid dissociation constants. Using the HA 

and pKa values in Tables S2 and S8, the effective Henry’s law constant for IBA, PA, and AA are 

calculated below at pH 10 and 13. 

 

Table S9. List of effective Henry’s law constant for acids 

Species 
HA 

(M/atm) 
HA* at pH 10 
(M/atm) 

HA* at pH 13 
(M/atm) 

T (°C) 

IBA 1E+03 1.4E+08 1.4E+11 20 

PA 5E+07 1.0E+20 1.0E+26 25 

AA 2E+08 2.6E+18 2.6E+24 25 
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Timescale of Loss by Ventilation vs. Atmospheric Oxidation by OH Radical 

The following equations describe the timescales of two gas-phase processes, loss by ventilation 

and loss by atmospheric oxidation by OH radical: 

𝜏௩௘௡௧ =
1

𝐴𝐶𝐻
 

𝜏௢௫ =
1

𝑘௢௫𝐶∙ைு
 

where τvent is the timescale of ventilation, ACH is the air changes per hour (converted to air changes 

per second), τox is the timescale of atmospheric oxidation, kox is the second-order oxidation rate 

constant, and C•OH is the OH radical concentration indoors. 

At 0.5 ACH, the timescale associated with loss by ventilation is 7200 s. 

𝜏௩௘௡௧ =
1

0.5 hିଵ
= 2 h = 7200 s 

Assuming OH radical concentration of 4 × 105 molec cm-3 and kox of 4 × 10-11 cm3 molec-1 s-1 for 

TCIPP (fastest gas-phase oxidation rate constant in GAMMA-CIE, found in Table S3), the 

timescale associated with loss by atmospheric oxidation is 62500 s, greater by a factor of 8.7 than 

that associated with ventilation. 

𝜏௢௫ =
1

𝑘௢௫𝐶∙ைு
=

1

(4 × 10ହ)(4 × 10ିଵ ) sିଵ
= 62500 𝑠 

 

 

  



S16 

 

Scenario 1 Model Output 

 

Figure S2. Predicted temporal evolution of aqueous-phase DEHA, DEHP, MEHA, MEHP, and 2-

EH at pH 13 and 0.5 ACH in low-DEHP scenario. 
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Figure S3. Predicted temporal evolution of gas-phase DEHA, DEHP, MEHA, MEHP, and 2-EH 

at pH 13 and 0.5 ACH in low-DEHP scenario. 
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Figure S4. Predicted temporal evolution of aqueous-phase DEHA, DEHP, MEHA, MEHP, and 2-

EH at pH 13 and 0.5 ACH in high-DEHP scenario. 
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Figure S5. Predicted temporal evolution of gas-phase DEHA, DEHP, MEHA, MEHP, and 2-EH 

at pH 13 and 0.5 ACH in high-DEHP scenario. 
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Film Thickness Sensitivity Analysis 

Film thickness was varied from 1 nm to 100 μm for the simulation of gas-phase 2-ethylhexanol 

(2-EH) generation in Scenario 1, pH 13, 0.5 ACH, high-DEHP condition to test the sensitivity of 

the system to film thickness. Figure S6 shows the 2-EH concentration profiles with varying 

thickness, with the predicted steady state concentrations are tabulated in Table S8 below. 

 

Figure S6. Scenario 1: sensitivity of temporal evolution of gas-phase 2-EH at pH 13 and 0.5 ACH 
in high-DEHP condition to aqueous film thickness. 

 

Table S10. Scenario 1: predicted steady state 2-EH concentrations at pH 13, 0.5 ACH, high-
DEHP condition, and varying aqueous film thickness 
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Aqueous Film Thickness 2-EH Concentration (μg/m3) 

100 μm 7.9E-04 

10 μm 5.3E-04 

1 μm 1.2E-04 

100 nm 1.3E-05 

10 nm 9.2E-07 

1 nm 7.4E-08 
 

Overall, the predicted steady state concentration decreased with decreasing film thickness. This 

was expected, with one of the key assumptions in Scenario 1 being that the parent reactant esters 

DEHA and DEHP would be in excess and remain at aqueous saturation limit throughout the 

simulation. Thus, thinner aqueous films would indicate lower amount of DEHA and DEHP 

available in the system. In the lower range of film thickness from 1 nm to 1 μm, a tenfold decrease 

in film thickness corresponded to approximately a proportional tenfold decrease in the predicted 

gas-phase 2-EH concentration at steady state. In the higher range from 1 μm to 100 μm, however, 

changes in film thickness were not as impactful in the evolution of gas-phase 2-EH, with only an 

eightfold increase in 2-EH concentration corresponding to a hundredfold increase in film 

thickness. A similar trend between film thickness and gas-phase evolution was observed in both 

Scenario 2 and 3 as shown in Table S9 and S10 below. 

Table S11. Scenario 2: predicted peak TMPD-MIB concentrations at pH 10, 0.5 ACH, and 
varying aqueous film thickness 

Aqueous Film Thickness 2-EH Concentration (μg/m3) 

100 μm 810 

10 μm 726 

1 μm 356 

100 nm 61 

10 nm 6.6 
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1 nm 0.67 
 

Table S12. Scenario 3: predicted steady state EtOH concentrations at pH 13, 0.5 ACH, and 
varying aqueous film thickness 

Aqueous Film Thickness 2-EH Concentration (μg/m3) 

100 μm 9.3E-03 

10 μm 4.8E-03 

1 μm 3.7E-04 

100 nm 9.8E-06 

10 nm 5.0E-07 

1 nm 3.3E-08 
 

The simulation results suggest that film thickness can significantly affect the gas-phase evolution 

of hydrolysis products, especially in the 1 nm–1 μm range which is believed to be the likely scale 

for indoor film thickness (19). In the model, film thickness restricts the overall load of synthetic 

esters (SEs) available for hydrolytic degradation and gas-phase partitioning in the aqueous film, 

as the SEs are bound by their water solubilities. The predicted trend may not hold true in practice 

if SE concentrations can exceed water solubility limits in presence of other organics in the film. 

Further research is needed to fully understand the impact of film thickness on the emissions of 

hydrolysis products. 
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