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Abstract

The hydrolysis of phthalates and other synthetic organic esters (SEs) in the indoor environment
may be connected with poor indoor air quality and "sick building syndrome." We have made

laboratory measurements of the alkaline hydrolysis kinetics and mechanisms of 2,2,4-trimethyl-



1,3-pentanediol monoisobutyrate (TMPD-MIB), butylparaben (BP), bis(2-ethylhexyl) adipate
(DEHA), and butyl benzyl phthalate (BBzP) in bulk aqueous solutions at room temperature, using
UPLC-QToF-MS to detect the reactants over the course of the reactions. The determined alkaline
hydrolysis second-order rate constants for TMPD-MIB, BP, DEHA, and BBzP were (9.85 + 0.15)
x 10° M1 s (1.24£0.03) x 104 M s, (4.86 £ 0.11) x 10* M! 57!, and (5.95 + 0.08) x 102 M-
1

s, respectively. The results suggest that hydrolysis may be a major degradation pathway for

these compounds in the indoor environment under alkaline conditions.
Introduction

Synthetic organic esters (SEs) are ubiquitous indoor pollutants used as additives in numerous
consumer products and building materials. Phthalates, adipates, and isobutyrates are used as
plasticizers which enhance the flexibility of the materials such as electronic cables, adhesives,
PVC flooring, and latex paint."* Parabens provide microbial resistance as preservatives, and are
therefore commonly found in cosmetics and food packaging.’ Although SEs enter the indoor
environment in the condensed phase (e.g. physically bound in plastic materials), they leach out
and partition to the gas phase and/or dissolve in nanoscale aqueous films.*® Such aqueous films,
formed in damp conditions, can be acidic from the uptake of gases, or basic when in contact with
alkaline surfaces such as concrete.’” Esters are vulnerable to reaction with water molecules
(hydrolysis) in the gas or aqueous phase, or on surfaces.®® Due to relatively slow gas-phase
hydrolysis rates, and the fact that ester hydrolysis may be either acid or base-catalyzed,
hydrolysis on surfaces and in aqueous films is likely the most important pathway for hydrolytic

degradation of SEs indoors.

Direct exposure to certain phthalates and parabens is known to be harmful for human health,



with effects including reproductive toxicity, endocrine disruption, and allergy sensitization.”!°
The degradation products of these species in the indoor environment also pose additional health
concerns. Products of SE hydrolysis include alcohols, organic acids (or carboxylate salt, under
alkaline conditions), or in the case of di- and tri- esters, smaller ester compounds. Elevated gas-
phase concentrations of volatile organic compounds (VOCs) from various indoor sources,
including the alcohol degradation products of ester hydrolysis, are associated with sick building
syndrome (SBS)—a condition where building occupants experience acute health effects and
discomfort associated with their time indoors.!! For example, exposure to 2-ethyl-1-hexanol, an
alcohol generated during the hydrolytic degradation of bis(2-ethylhexyl) phthalate (DEHP) and
bis(2-ethylhexyl) adipate (DEHA), has been connected to SBS and asthma-like symptoms,

especially in buildings with signs of dampness or high humidity.!>!3

Despite the concerning implications for indoor air quality, the kinetics of SE hydrolysis remain
largely unknown. Thus, the objective of this study was to determine the alkaline hydrolysis
kinetics of four synthetic esters commonly found in the indoor environment: 2,2 4-trimethyl-1,3-
pentanediol monoisobutyrate (TMPD-MIB, also known as Texanol®), butylparaben (BP), bis(2-

ethylhexyl) adipate (DEHA), and butyl benzyl phthalate (BBzP).
Materials and Methods

Chemicals. All chemicals were used as received. The reactant esters were 2,2,4-trimethyl-1,3-
pentanediol monoisobutyrate (TMPD-MIB, 99% purity, Sigma Aldrich), butylparaben (BP, 99%
purity, Thermo Fisher Scientific), bis(2-ethylhexyl) adipate (DEHA, 99% purity, Sigma
Aldrich), and butyl benzyl phthalate (BBzP, 98% purity, Sigma Aldrich). Water (HPLC grade,
Sigma Aldrich) and sodium hydroxide (NaOH, extra pure, 50 wt% solution in water, Thermo

Fisher Scientific) were used to prepare the solvent mixtures, with the addition of isopropyl



alcohol (Optima LC/MS grade, Thermo Fisher Scientific) for DEHA and BBzP hydrolyses.
Acetic acid (glacial, Optima, Thermo Fisher Scientific) was used to neutralize the aliquots after
their extraction. The UPLC mobile phase solvents (listed in the Supporting Information) were of

Optima LC/MS grade and purchased from Thermo Fisher Scientific.

Kinetic Procedure. Second-order alkaline hydrolysis rate constants were determined by
observing the hydrolytic degradation of TMPD-MIB, BP, DEHA, and BBzP over time. The

product distributions of the hydrolysis reactions are provided in the Supporting Information.

The employed kinetic method outlined below is based on previous investigations on the alkaline
hydrolysis of phthalate esters.'* The experiments were performed in triplicate for each of the

esters studied.

A bulk aqueous solution of 0.02~0.1 M sodium hydroxide (NaOH) was mixed with a dilute
aqueous solution of each ester using a vortex mixer, and the reacting solution was contained in a
sealed, sterile polypropylene tube at room temperature monitored with a temperature meter
(Vaisala, HM40) throughout the reaction. The pH of the solution was measured using a pH meter
(Thermo Scientific, Orion 4-Star pH/DO Benchtop Meter) to quantify the concentration of
hydroxide ion (OH"). For DEHA and BBzP, which have relatively low water solubility (<107
M), the solutions were prepared with 1% isopropyl alcohol in volume in order to facilitate
dissolution. Aliquots were drawn from each reaction solution at predetermined time intervals and

immediately quenched with diluted aqueous acetic acid for UPLC-MS analysis.

The alkaline hydrolysis of esters is known to follow second-order kinetics—first-order with
respect to each of the reactants, the ester and OH".!> Because OH™ was in large excess, the studied

reactions were assumed to follow pseudo first-order kinetics. Therefore, the pseudo first-order



rate constants were determined as the slopes of least squares regression lines of the natural
logarithm of concentration ratio versus time. They were then divided by the OH- concentrations

to calculate the second-order rate constants of the reactions.

UPLC-MS Analysis. TMPD-MIB, BP, DEHA, and BBzP were quantified using an ACQUITY
Ultra-Performance Liquid Chromatography system (Waters Corporation, UPLC H-Class PLUS)
in tandem with a quadrupole time-of-flight mass spectrometer (Waters Corporation, Xevo G2-
XS QToF MS). All esters were separated on an ACQUITY UPLC CSH C18 Column (1.7 um,
2.1 x 50 mm) (Waters Corporation). Signal interference from contamination was a noteworthy
concern during the analysis because of the pervasiveness of the analyte esters in indoor
environments. To mitigate this issue, an Isolator Column (Waters Corporation) was installed in
the flow path prior to the injection port in UPLC to offset the background response from the
sample analyte response. The QToF MS was operated with an electrospray ionization (ESI)
source in positive mode for TMPD-MIB, DEHA, and BBzP analyses and in negative mode for
BP analysis. Additional details regarding UPLC-QToF-MS operation and calibration are

provided in the Supporting Information.

Results and Discussion

Plots of natural logarithm of normalized ester concentration versus time for all reactions are
shown in Figure 1. Weighted linear least squares curves were fitted to each data set, from which
the pseudo first-order rate constants were found as the slopes of the curves. Strong linearity
across all plots indicated that the pseudo first-order assumption was valid for the studied kinetics.
Second-order rate constants of the reactions, listed in Table 1, were determined as described in

the previous section.
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Figure 1. Hydrolytic degradation of TMPD-MIB (red), BP (yellow), DEHA (green), and BBzP

(blue) over time in alkaline aqueous solution at room temperature. Error bars represent standard

deviations based on triplicate measurements.
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Table 1. Alkaline Hydrolysis Second-Order Rate Constants of Synthetic Esters

k Temperature
Ester M!s!] [°C] pH Reference

2,2,4-Trimethyl-1,3-pentanediol monoisobutyrate (TMPD-MIB) ~ (9.85+0.15) x 10°  20.13+0.06  12.95+0.01 this study

Butylparaben (BP) (1.24+0.03) x 10*  20.86+0.04 12.99 +0.01 this study
Bis(2-ethylhexyl) adipate (DEHA) (4.86+0.11)x 10*  20.58+0.03 13.01 +£0.01 this study
Butyl benzyl phthalate (BBzP) (5.95+0.08) x 102 20.19+0.04 12.40=0.01 this study
Methylparaben (8.7+0.3) x 10* 30+£0.1 13 * 16
Ethylparaben (4.2+0.2)x10* 30+£0.1 13 * 16
Propylparaben (3.0+0.1) x 10* 30+£0.1 13 * 16
Dimethyl phthalate (6.9+0.3)x 102 30.00 = 0.05 10to 127 14
Diethyl phthalate (2.5+£0.2) x 102 30.00 £ 0.05 10to 12 7 14
Di-n-butyl phthalate (1.0£0.05) x 102 30.00 £ 0.05 10to 127 14

*: Estimated from the provided NaOH concentrations!# !¢



It should be noted that the tabulated rate constants are associated with the overall degradation
rate of each species. For DEHA, which has two identical ester moieties, both reaction sites are
equivalent in terms of their contribution to the rate of hydrolysis. For BBzP, however, its ester
moieties have different chemical structures, resulting in two distinct pathways for its hydrolysis
reaction. The benzyl ester is likely much more vulnerable to hydrolysis than the butyl ester for
reasons described in detail below, but further study is needed to determine the kinetics associated

with each ester moiety within the compound.

Neglecting minor differences in reaction temperature, the alkaline hydrolysis rate constant of
BBzP was the fastest, followed by those of TMPD-MIB, DEHA, and lastly BP. The differences
in hydrolysis reactivity are explained by comparing the substituents of the esters. The
substituents can either hinder or facilitate the rate-determining nucleophilic attack of OH™ on the
carbonyl carbon of the ester by exerting polar and steric effects. The phenyl substituent of BBzP
is more electron-withdrawing than the alkyl substituents of TMPD-MIB and DEHA, increasing
the electrophilicity of the reaction site and consequently promoting the reaction. In contrast, the
phenol substituent of BP is electron-donating instead and significantly slows the rate of
hydrolysis. Alkyl chain substituents are found in both TMPD-MIB and DEHA, but those in
TMPD-MIB are shorter and therefore exert a weaker steric effect than those in DEHA, resulting

in TMPD-MIB being more reactive than DEHA.

Alkaline conditions are representative of aqueous films in contact with concrete, which have
been implicated in SBS episodes involving SE hydrolysis.”!* Although aqueous films indoors
could also potentially be acidic,” and ester hydrolysis could be acid-catalyzed, no data currently
exist for those processes. Alkaline hydrolysis kinetics of other parabens and phthalates—ester

families encompassing BP and BBzP, respectively—have been investigated in the past.!*!® BP



and BBzP alkaline hydrolysis kinetics results are compared to those of other members of their
respective families in Table 1. Taking into account the aforementioned polar and steric effects of
substituents, the kinetic results of BP and BBzP reasonably fit the trend among the literature
values of their respective families. The reaction rate constant of BP is slower than those of other
paraben species with smaller alkyl chains. On the contrary, the reaction rate constant of BBzP is
significantly faster than other phthalates with alkyl chain substituents because of the electron-

withdrawing phenyl group in BBzP.

SEs are typically short-lived in the aqueous phase under highly alkaline conditions (pH 13) at
room temperature (20~21 °C) as illustrated by their calculated hydrolysis half-lives in Table 2.
The half-life calculations are described in detail in the Supporting Information. In circumstances
where the aqueous film is in direct contact with surfaces such as fresh concrete, such highly
alkaline conditions are attainable as the pH typically varies from 11 to 13.!* The results suggest
that, in damp indoor environments with insufficient ventilation and alkaline surfaces, the

generation of volatile compounds from SE hydrolysis could contribute to poor indoor air quality.

Table 2. Half-Lives of Synthetic Esters at pH 13 and Room Temperature

Half-life
Ester [hr]
2,2,4-Trimethyl-1,3-pentanediol monoisobutyrate (TMPD-MIB) 0.195
Butylparaben (BP) 15.5
Bis(2-ethylhexyl) adipate (DEHA) 3.96

Butyl benzyl phthalate (BBzP) 0.0324




Besides pH, the hydrolytic degradation of esters and the subsequent production of volatile
organic compounds (VOCs) is dependent on other important physicochemical processes, such as
ester migration from surfaces (leaching) and air-water partitioning of esters and their hydrolysis
products. More data on these processes, along with information on surface film properties, are
needed before substantial claims can be made on the impact of SE hydrolysis on indoor air.
Further study on these topics, as well as modeling which couples the gas and aqueous phase
chemistry with the multiphase mass transfer, is necessary to understand the relationship between

building-related illnesses and the hydrolysis of synthetic esters.

Supporting Information

Reaction scheme. Further details on the operation of the UPLC-QToF-MS and calibration. Half-

life calculation.
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