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Glycidol (GL) and epichlorohydrin (EPI) are two widely used molecules in chemical, pharmaceutical and
food industry applications. However, their use in aqueous environments causes the formation of
compounds, like monochloropropanediol (MCPD) and dichloropropanol (DCP), reported as dangerous for
human health and therefore regulated by severe law restrictions. To identify the conditions leading to such
species and design the corresponding processes in order to prevent their formation, hydrolysis and
chlorination of EPlI and GL, together with dehydrohalogenation of DCP and MCPD, have been
systematically analysed. Different reaction conditions in terms of temperature, pH and chloride ion
concentration have been experimentally investigated and the concentration of the involved species was
tracked over time by gas chromatography and high-performance liquid chromatography. These
experimental data were fitted through a kinetic model, which allowed a general expression of the observed
rate constant of each reaction as a function of temperature and pH to be quantified. In particular, the
reaction rates are conveniently expressed as combinations of three contributions: alkaline, neutral and acid.
The corresponding rate laws explicitly account for the critical role of pH. The developed mechanistic
model exhibits good prediction ability and may represent the basis for optimising processes employing EPI

rsc.li/reaction-engineering and GL.

1. Introduction

Hydrolysis is one of the most important chemical reactions,
either as a synthetic route or a typical environmental fate
process for several organic compounds. It can be considered
as a decomposition reaction involving species like alkyl
halides,  carboxylic acid esters, organophosphates,
carbamates, epoxides, and nitriles." Currently, hydrolysis
reactions are involved in many industrial processes like
degradation of paper>® and plastic waste,” synthesis of fuels
and chemicals from biomasses,”” and carbohydrate
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chemistry.®® In some cases, such processes may lead to by-
products that are harmful for human health.'®*" This is the
case for epichlorohydrin (EPI) and glycidol (GL), two critical
molecules for the chemical, pharmaceutical’* and food
industries.”* ™

EPI is mainly used to manufacture epoxy resins;
furthermore, it is also used to manufacture glycerol, glycidyl
ethers,'®  elastomers,’””  crosslinked food  starch,'®
pharmaceutical products,'® lubricants, adhesives, resins, and
paints, and as a stabiliser in chlorine-containing substances
such as pesticide formulations.*>*" Given this wide range of
industrial applications, EPI reached a world annual
production of around 2 Mt in 2018.>* Nonetheless, EPI has
been listed among the relevant human health-threatening
compounds to be monitored as a carcinogenic molecule.
According to the European Council Directive 98/83/EC on
drinking water quality, its acceptable limit is 0.1 ug L™.*
Conventionally, EPI is produced by high-temperature
chlorination of propylene to allyl chloride, followed by
chlorination in water with hypochlorous acid. Recently, as
glycerine is increasingly supplied as a by-product of biodiesel
manufacturing, a significant research effort has been devoted
to developing a new chlorination process from glycerol to
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EPL. Such a two-step process, which utilises glycerol as a
feedstock, was first developed by Solvay under the name of
Epicerol® technology.>® The first step is the immediate
catalysed  hydrochlorination = between  glycerol  and
hydrochloric acid to produce dichloropropanol (DCP). Then
DCP is dehydrochlorinated with an alkaline solution,
generating EPL>® It turns out that DCP is an essential
intermediate in the process for synthesising EPI. However, as
reported on its material safety data sheet, this compound is
highly toxic, harmful if inhaled, and reported as
carcinogenic.>> Moreover, some monochlorohydrin could
remain in the environment if the conversion to
dichlorohydrins is not complete. This compound is a known
carcinogen and a provisional maximum tolerable daily intake
of 2 ug kg™ body weight has been established.*® The study of
monochlorohydrin reactivity is also essential because it can
be formed as a by-product in the manufacture of hydrolysed
vegetable proteins (HVPs) and soy sauces made by acid
hydrolysis.”® 3-Monochloropropanediol (3-MCPD) has also
been found in other foods and food ingredients, notably in a
range of cereal products that have been subjected to heat
treatments such as baking, roasting or toasting."® The
European Community has recently set a regulatory limit of
0.02 mg kg™ for 3-MCPD in HVPs and soy sauce.>®

The same arguments apply to GL, a versatile molecule
with high reactivity due to the oxiranic and alcoholic
functionalities and, accordingly, an essential monomer in
synthesising polymers and rubbers, surface-active agents,
varnishes and fabric dyes.>” At the same time, GL and EPI
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Fig. 1 General kinetic scheme for EPI and GL hydrolysis.
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are strictly connected, as one may lead to the formation of
the other by chlorination.

Kinetic studies of the hydrolysis reactions of these species
have been previously reported. Carra et al determined the
kinetic parameters for the formation of 1,3-DCP and 2,3-DCP
in an aqueous solution containing an excess of Ca(OH), and
developed a kinetic model of the overall system.*® Ma et al.
studied the kinetics of the dehydrochlorination of DCP
(mainly 1,3-DCP) and the side reaction of EPI hydrolysis."!
Gaca et al. studied the mechanism of the EPI hydrolysis
under acidic conditions.>® However, a limited range of
operating conditions was explored in all previous studies.
More specifically, most of them considered highly alkaline
conditions that, when coupled with a low amount of EPI, led
to negligible consumption of OH  during the
dehydrohalogenation reaction. For this reason, most of the
proposed kinetic schemes neglect the dependence of the
reaction rate on the solution pH, with a negative impact on
the accuracy of the model predictions under different
operating conditions.

With the aim to fill such a gap and develop more
comprehensive kinetic laws, in the current study a kinetic
model was developed to describe the hydrolysis reactions of
EPI and GL in aqueous and chlorinated environments under
different conditions. Namely, multiple reactions were
performed in a jacketed batch reactor at different
temperatures, pH and concentration of chlorine ions. Under
these conditions, by-products such as glycerol (GLY),

1,3-dichloro-2-propanol  (1,3-DCP), 2,3-dichloro-1-propanol
HY/CI
OH"
H,0/CI'
MCPD
r
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(2,3-DCP), and 3-chloro-1,2-propanediol (3-MCPD) are
produced, according to the general reaction scheme reported
in Fig. 1.

The concentration of each species over time was tracked
by gas chromatography (GC) and high-performance liquid
chromatography (HPLC). These experimental data allowed
the identification of the main steps in the general kinetic
scheme and the evaluation of the corresponding rate
constants. The developed mechanistic model was
demonstrated to accurately predict the progression of the
different reactions and the time evolution of the
concentration of the different species. In particular, a general
expression for the observed rate constants as a function of
temperature and pH could be determined, confirming the
pivotal role of the latter parameter in these reactions. The
proposed kinetic model represents an effective tool for
optimising processes employing EPI and GL, especially to
minimise the formation of toxic compounds and comply with
the more and more stringent regulations.

2. Materials and methods

Materials

3-Chloro-1,2-propanediol (MCPD, Aldrich, >98%),
1,3-dichloro-2-propanol (DCP, Aldrich, >98%), 3-chloro-1-
propanol (Aldrich, >98%), glycerol (GLY, Carlo Erba
Reagents, >99.5%), glycidol (GL, Aldrich, >96%),
epichlorohydrin (EPI, Aldrich, >99%), sodium hydroxide
(NaOH, Sigma-Aldrich, =>98%), hydrochloric acid (HCI,
Sigma-Aldrich, =37%), sodium chloride (NaCl, Emsure), and
tert-butyl methyl ether (MTBE, Sigma-Aldrich, >99.8%) were
of analytical grade purity and used as received unless
specifically noted.

Reactor set-up

The hydrolysis reactions were carried out in a batch reactor
(300 ml) with an external jacket and water as a thermal utility
medium. The mixture was stirred using a magnetic stirrer at
200 rpm for all the experiments. The reactor was equipped
with a thermocouple, sampling port, pH meter and ion-
selective electrode (ISE) (Fig. 2).

PH

Fig. 2 Reactor set-up. A) Thermostated water inlet; B) thermostated
water outlet; C) pH electrode with a thermocouple; D) magnetic
stirrer; E) pH meter; F) ion-selective electrode.
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Measured values of temperature and pH were recorded
using a previously calibrated digital meter from Thermo
Scientific Orion equipped with a thermocouple. Different
reaction temperatures were explored, namely 20, 40, 50, and
60 °C. At each temperature, the reactions were carried out
under alkaline, acidic, and neutral conditions to determine
the relevant kinetic constants under different pH conditions.
A calibrated ion-selective electrode (ISE) from Thermo Scientific
allowed tracking the chlorine ion concentration over time.

The reactor was initially fed with distilled water (300 mL),
followed by a pre-set amount of sodium hydroxide or
hydrochloric acid to adjust the pH to the desired initial value.
Then, the temperature was increased to the desired value
and a given amount of reactant was injected to obtain a
concentration of 10000 ppm. The mixture inside the reactor
was intensively mixed by magnetic stirring. Samples were
taken at defined times and chromatographic techniques
measured the concentration of the species over time.

Characterisation techniques

Two chromatographic methods have been used to measure
the concentration of residual reactant and reaction products
in the system, namely HPLC and GC.

In the first case, an Agilent 1100 HPLC with a diode array
detector (DAD) and refractive index detector (dRI) was used,
equipped with an Agilent Eclipse Plus C18 column (150 x 4.6
mm, 3 pm pore size). The mobile phase was Millipore water
at a flow rate of 0.4 mL min~" for 12 min to ensure accurate
analysis of GLY, GL, MCPD, EPI and DCP. The effective
concentration of the compounds in the sample was
determined by integrating the resulting peaks after external
calibration based on the dRI measurement (see Fig. S1, S2
and Table S1t).

A Perkin Elmer Clarus500 GC equipped with a split-
splitless injector and FID detector was used to carry out the
GC analysis. The liner temperature was 250 °C, helium served
as carrier gas with a 1.2 mL min " flow rate, and an HP-
INNOWAX column (30 m x 0.25 mm i.d., 0.25 pm crosslinked
polyethylene glycol) from Supelco was used. The temperature
program was: 50 °C for 2 min, increased at 25 °C min™" to
150 °C, 150 °C for 9 min, increased at 10 °C min " to 200 °C,
increased at 10 °C min™* to 250 °C and kept for 1 min. The
detector temperature was set to 300 °C. A PC was connected
to the GC equipped with TotalChrome software (Perkin
Elmer) for data acquisition and processing.

Each aqueous sample from the reactor was collected in a
small vial and a known concentration of internal standard
(3-chloro-1-propanol) was added. Then, an equal volume of
MTBE was added to extract the desired molecules from the
aqueous phase to the organic phase. The amount of MTBE to
be added was determined from preliminary experiments by
progressively increasing its volume until the mass of the
extracted analyte reached a plateau. Once the optimal volume
of MTBE is defined, repeated extractions were performed until
no residual analyte was detected. The integrated areas obtained

React. Chem. Eng., 2022, 7, 2211-2223 | 2213
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from the chromatograms were converted to mole percentages
of each component present in the sample using the calibration
curves previously evaluated for all the components. The
analytical method was optimised by injecting standard
calibration solutions extracted in the same way with respect to
the sample to account for the recovery factor in the calibration
curve (see Fig. S3 and Table S27 for details).

Kinetic model

Assuming an isothermal, well-stirred batch reactor with a
constant volume, the material balances for each component
involved in the kinetic scheme in Fig. 3 are the following

(eqn (1.a)):

d[EPI]|
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d[GL] M
“ar —ra =g
d[pCp

dt rg’l - r?}?P

d[MCPD] GL MCPD

_ EPI
=ra “Tan tTy

dt 1
.a
d’[GLY] GL ( )
=+

dt
d[cl”

S = g e
d[H,0 _
[di g ey A (g (r[GL + 5 () e (O [H,0)
dpH

R = g (1Sl ™ i )

rh _ (kalkallne(T)lof W(T)+pH + Iejeutral(T) + kamd( )107PH)[J':”:HZO] (1b)

keiu(T)

o wPH) Jierimol (g

(k&?‘;“ﬁ‘( )+

r]c(lh — (kalkallrw( )10— w(T)+pH)[k] (1d)
where, rﬂ, rél, and r%, are the reaction rates of hydrolysis,
chlorination and dehydrohalogenation of the j-th (EPI or GL)
and kth (MCPD and DCP) component, respectively. The
temperature dependence of all the kinetic constants has been

_Ea
RT )’

expressed through the Arrhenius equation, k = A exp(
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Fig. 3 Reduced kinetic scheme for EPI and GL hydrolysis.
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where A is the pre-exponential factor, E, is the activation
energy, R is the ideal gas constant and T is the absolute
temperature.

The values of the kinetic constants have been estimated
through non-linear regression. Namely, using the genetic
algorithm (function ga) coupled with the fininsearch algorithm
in Matlab®, the residual sum of squares (RSS) was minimised:

RSS = > [(cf =) /)" )
L

where ¢ and ¢ are the experimental and model predicted
concentrations values of the i-th species, respectively. As part of
the constraints of the optimisation problem, the system of
differential equations (eqn (1.a)) was solved using the ODE23s
function in Matlab®. After estimating the optimal values of the
kinetic parameters, a sensitivity analysis based on the sum of
square errors (SSE) has been applied to verify the actual
achievement of the global optimum (eqn (3)).

SSE =Y (P - codel)? 3)
i

3. Results and discussion
3.1 General and reduced kinetic schemes

Glycidol and epichlorohydrin are two molecules that
hydrolyse in water giving different products. The general
reaction scheme, including all the different reactions that
may take place, is proposed in Fig. 1. In order to tackle this
complex kinetic scheme and reliably regress the different rate
constants, the following assumptions have been introduced:

e In the proposed kinetic scheme, the trimolecular
reaction from EPI to glycerol was considered as a
combination of 1" followed by ryn" > and ri" having MCPD
and GL as intermediates. Therefore, reaction r,
neglected.

e The nucleophilic substitution reactions, r_,, 1, 7, and
rq, do not occur since Cl” is a better leaving group with
respect to OH™. According to the literature, it is well accepted
that reactions rp,, 7. and rq occur only in the presence of a

was

GLY
OH
OH \)\/OH

H,O/CI

This journal is © The Royal Society of Chemistry 2022
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suitable carboxylic acid as a catalyst,® while reaction r_, is a
reaction that cannot occur directly but it proceeds through
reaction r. followed by EEY, with MCPD as the intermediate.

e The nucleophilic substitution reactions, r_, 7_, and r_q,
do not occur since, under the tested conditions, the
nucleophilic substitution can occur only under strongly
alkaline conditions and with a catalyst.**

e In the proposed kinetic scheme, the direct reaction r_,
from EPI to GL was considered as a combination of the two
semi-reactions £ and PP in series with MCPD as the
intermediate. Since the formation of MCPD as the
intermediate was always observed experimentally, the direct
path has been neglected to reduce the kinetic scheme
complexity. The direct reaction r_. from MCPD to GLY for the
glycerol formation proceeds only through the formation of
GL as the intermediate by reaction rj " > followed by ;. The
same approach was adopted for the direct reaction r_q since
the formation of MCPD proceeds through reaction rgs" and
then £, having EPI as the intermediate.

e Dehydration reactions (755" and %) were neglected since
it was experimentally verified that they do not occur. Namely,
defined amounts of MCPD and GLY were placed in separate
vials with deionised water and left under stirring for 24 hours
at 100 °C. The concentrations of both the species, MCPD and
GLY, remained constant and equal to the initial values, thus
confirming the absence of any reaction. Repeating the
experiment under strongly alkaline conditions, the GLY
concentration remained constant, while the MCPD was
converted to GL throughout reaction rij " ".

With these assumptions, a reduced kinetic scheme is
readily worked out, as shown in Fig. 3.

In the current study, all the reactions included in the
kinetic scheme in Fig. 3 were studied at different values of
pH and temperature, as summarised in Table S3.f Even
though the selected kinetic scheme is simpler than the
general one, a significant number of reactions is involved,
making parameter evaluation quite difficult. To make this
evaluation more effective, the kinetic scheme
decomposed into two subsystems: first, the reactions
involving GL have been studied and the corresponding
kinetic parameters were evaluated. Then, after having
estimated the rate constants of reactions 4", rar, and ryc >,
the reactions involving EPI have been considered, thus
completing the kinetic study.

was

3.2 Reactions involving Glycidol

First, the glycidol hydrolysis was studied under several
conditions, while the dehydrohalogenation reaction was
examined in a second step since the produced glycidol
decomposed to glycerol. As the final step, the chlorination
reaction was studied.

In an aqueous environment, GLY is formed by GL
hydrolysis, 17", as shown in Fig. 4.

This reaction is catalysed by acids or alkali. However, it
occurs under all conditions, including neutral ones, even if

This journal is © The Royal Society of Chemistry 2022
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though different reaction mechanisms (Fig. S4t). The
corresponding reaction rates under alkaline, acidic and
neutral conditions are expressed in eqn (4)-(6):

it = Iline(1)[OH |[GL][H,0] (4)
ot = ki}fgﬁral(T)[GL][HZO] (5)
M = S (T)[H[GL][H,0] (6)

Notably, the concentration of water is explicitly accounted for
in all cases: this is important in order to extend the
applicability of the kinetic study to concentrated systems,
without the assumption of constant water concentration
typically applied for diluted systems. Through the
superposition principle, the overall reaction rate of GL
hydrolysis is given by the summation of the three previous
contributions (eqn (7)):

= (G (D[OH ] + K™ (T) + Kyl (T)[H DIGLIH,0] (7)

This same expression will be applied to any other species
undergoing hydrolysis. Therefore, it can be conveniently
rewritten in general terms as in eqn (8):

= (L (mOH] + K (1) + K (M[OH DLO) (8)

where [ ] indicates the concentration of the particular species
under consideration. Besides, hydroxide and hydrogen ion
concentrations can be expressed in terms of pH by the
following relationships:

[OH ] = 10 PRDPH gnd [HY] = 10PH (9)

where Ky, is the autoionization constant of water. Accordingly,
again with reference to the generic species j, eqn (8) is
rewritten as:

rh = (R (1)10 PP 4 ER(T) + (1107 P ][H20] (10)

which makes the pH-dependence explicit. It is also important
to keep in mind that K,, is a function of temperature®* and
that this dependence is available as a polynomial expression

(eqn (11)):

Ky(T)=45x10"' T"+4.5x107° T° +5 x 107'* T°

+1.4%x107°T+107" (11)

In the case of GL, eqn (10) applies and the following final
form is obtained:

rEL = (fglkaline(7)1 PRATIPH . gneutral iy 4 gacid (791 "PHY[GL][H,0]
(12)

In the presence of chlorine ions, glycidol can also be
converted to MCPD by chlorination, releasing hydroxide ions.

React. Chem. Eng., 2022, 7, 2211-2223 | 2215
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Fig. 4 Reactions involving glycidol.

The corresponding reaction rate is indicated as r&" in Fig. 4
and it takes place both under neutral and acidic conditions
following two different mechanisms (Fig. S51). Accordingly,
the kinetic constant of the reaction is expressed as a
summation of two contributions (eqn (13)):

rél = kel (7)[CI[GL][H,0] + ki, (T)[H'][Cl |[GL]

amd

= (kEr(N[H0] + k5u(T)10 P[CIGL] (13)
It is also worth noting that this reaction is reversible. At
neutral and acidic pH, the equilibrium is shifted to the left
side in Fig. 4, favouring the production of MCPD, while the
dehydrohalogenation reaction (rji"") becomes predominant

(equilibrium shifted to the right) at increasing pH, thus
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producing GL. The reaction rate of the dehydrohalogenation
reaction (i "°) can be written as in eqn (14):

an " = kahmorn(T)[OH JMCPD]

= ks o (1)10 P PHMCPD] (14)
The reactions mentioned above were experimentally

investigated at different values of temperature and pH. The
corresponding concentration profiles are shown in Fig. 5
(symbols) at T = 40 °C, starting from glycidol and working at
different pH, with and without chloride ions. A detailed picture
with a magnification of the first 10 h is presented in Fig. S8.}
The same experiments carried out at other temperatures (i.e.
20, 30, 50, and 60 °C) are reported in the ESL} Fig. S6-S10.

GLY
0.14 o
=042 e
— o
3 010 | gd -,
ETT@FY
4
= 008 £
g R M -
= L
g 006 & ae=T
S 004 # """ i T
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Fig. 5 Time evolution of the concentrations of GL, GLY and MCDP as well as that of pH during the hydrolysis of GL and dehydrohalogenation of

MCPD at T = 40 °C. Dotted curves: model predictions. Symbols: experimental data. (Red): exp. 10, (Orange): exp. 11, (

): exp. 12, (Green):

exp. 13, (Light-Blue): exp. 14, (Purple): exp. 15. Experimental conditions as in Table S3.f
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From these experimental data, the kinetic constants of
reactions i >, 7y, and 75" have been estimated by non-
linear regression as previously described. More specifically, a
subset of eqn (1.a) has been used, considering only the
material balances of the species involved in the three
reactions under examination. The excellent model prediction
ability achieved after such regression is verified by the
agreement between the calculated curves and experimental
results shown in Fig. 5. The same approach has been applied
at all temperatures and the estimated parameter values are
summarised as Arrhenius plots in Fig. S11.f The estimated
values of the activation energy and pre-exponential factor for
all the reactions are listed in Table 1.

Focusing on the hydrolysis reaction, it is clear that pH
strongly affects the reaction rate. In fact, the rate constant
increases from neutral (no catalyst) to alkaline (OH  catalyst), to
acidic (H" catalyst) conditions. Therefore, we can conclude that
hydrogen ions are the most effective catalyst for this reaction.
Moreover, the reaction rate under neutral conditions, albeit
slower, cannot be neglected, especially when the long-time
evolution of the concentration of glycidol in an aqueous medium
is of interest. About the chlorination reaction, the kinetic
constant is higher under acidic conditions than under neutral
conditions, although the reaction also proceeds in the absence
of hydrogen ions. This behaviour has to be properly accounted
for when designing a process based on GL, not to underestimate
the formation of MCDP. Finally, dehydrohalogenation turns out
to be the most favoured reaction among those studied, especially
at high temperature. Its kinetic constant exhibits the strongest
temperature dependence, as confirmed by the highest slope of
the corresponding Arrhenius plot. On the other hand, the slopes
of the other lines are almost parallel, thus suggesting
comparable activation energy for all these reactions.

3.3 Reactions involving epichlorohydrin

In aqueous media, EPI undergoes the hydrolysis reaction
EP (¢f Fig. 3). As shown in Table S4;f most of the previous
studies on this reaction were carried out at high pH values.
Under such alkaline conditions and with low amounts of EPI,
the consumption of OH  during the dehydrohalogenation
reaction is negligible and, therefore, some of the cited papers

Table 1 Activation energy and pre-exponential factor for glycidol
reactions

Kinetic constant A E, [J mol™" K]
kG 2.76 x 107 [L> mol > s7'] 6.6 x 10*
i 2.77 x 10° [L* mol % s 6.5 x 10*
K 3.42 x 10° [L2 mol 2 57! 6.3 x 10*
Kiée 1.61 x 10° [L mol * s7'] 5.7 x 10*
ke 2.68 x 10° [L? mol 2 57'] 7.0 x 10*
K3k MCED 1.10 x 10" [L mol " s7'] 1.2 x 10°

This journal is © The Royal Society of Chemistry 2022
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propose kinetic schemes neglecting the dependence of
hydrolysis on pH. However, neglecting the consumption of
water and OH ions when working with an initial concentration
of EPI of 0.1 M makes the literature model predictions not
consistent with the experimental data, as shown in Fig. 6. The
concentration of hydroxide ions decreases over time (Fig. 6b)
due to the dehydrohalogenation reaction (i ""), bringing the
system to neutral conditions after one day. EPI consumption is
very fast at the beginning due to the catalytic effect of hydroxide
ions; however, the reaction slowly proceeds even under neutral
conditions. The model proposed by Carra et al predicts
complete consumption of epichlorohydrin, while those by Ma
et al. and Lu et al. predict a plateau concentration of EPI when
the OH™ concentration becomes negligible, thus providing good
fitting of the experimental data only at the beginning of the
reaction. The rate expression proposed in this work is the only
one accounting for the kinetic behaviour under all conditions,
acid, neutral, and alkaline: EPI consumption and MCPD
formation rates are different under the different conditions,
and the general dependence on pH is essential (eqn (15)).

In summary, similar to the GL case, the EPI hydrolysis
reaction (1i"") is catalysed under acidic and alkaline conditions,
but it also occurs under neutral conditions following different
reaction mechanisms (Fig. S12}). Also, this reaction rate can be
expressed as a summation of the three contributions, thus
accounting for the dependence on temperature and pH:

= (e (D[OH ] + KER(T) + kiE(T)[H JEPI[H,0]

= (K" (110 PO P4 RRSER(T) + i (7)10 P)[EPI][H,0]

(15)

In the presence of chlorine ions, epichlorohydrin can be
further converted to DCP and release hydroxide ions,
according to reaction ¢ (Fig. 3), which occurs under neutral
and acidic conditions following two different mechanisms of
the reaction (Fig. S137). Accordingly, the kinetic constant of
the reaction can be written as in eqn (16):

P = keSS (D[EPI][CL [H,0] + A&5ie(T)[H][CI][EPI]

= (k&S (D [H,0] + k&ige(T)10 P)[Cl |[EPI] (16)

Finally, the EPI chlorination reaction (r&;') is reversible: at
neutral and acidic pH, the equilibrium is shifted to the left
side (Fig. 3), favouring the production of DCP, while at
increasing values of pH the dehydrohalogenation reaction
(rg5") becomes dominant (equilibrium shifted to the right),
increasing the EPI concentration. The dehydrohalogenation
reaction rate (5" ) can be written as in eqn (17):

ran = Kihbes(D[OH JIDCP] = KihbEs(7)10 P0PHDCP] (17)
The concentration of the different species measured during

the hydrolysis of EPI under different pH conditions with and
without chloride ions is reported in Fig. 7 for T'= 40 °C and a
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Fig. 6 EPI hydrolysis at variable pH. (a) EPI concentration vs. time at T =

and Carra et al. (----); (b) OH™ concentration and (H), pH vs. time (x).

detailed picture highlighting the first 10 h of the process is
shown in Fig. S16.f The same plots for the reaction runs at
20, 30, 50 and 60 °C are shown in the ESI;j Fig. S14-518.

From these experimental data, the kinetic constants of
reactions 745F, eyt and Y have been estimated. The
values at different temperatures are shown in the form of
Arrhenius plots in Fig. S19f and the corresponding values
of activation energy and pre-exponential factor are
summarised in Table 2.

As for glycidol, this reaction is strongly affected by pH. The
most favoured reaction turns out to be dehydrohalogenation,
and it is almost instantaneous in the presence of OH ions.

View Article Online
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The slopes of the Arrhenius lines are almost parallel, thus
confirming very similar values of activation energy.

3.4 Influence of pH on the kinetic constants

In the previous subsections, we demonstrated the crucial role
of the environment pH in the kinetics of hydrolysis,

dehydrohalogenation  and
epichlorohydrin and glycidol.
conveniently lumped into effective

chlorination

reactions  of

Such an effect can be

rate constants (here

defined “observed”), whose general expression is given below

for all the reactions considered so far:

0.14
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Fig. 7 Concentration of the different species involved in the hydrolysis of EPI and pH values vs. time for the reaction run at T = 40 °C. Dotted

curves: model predictions. Squares: experimental data. (Red): exp. 33, (Orange): exp. 34, (

exp. 37, (Purple): exp. 38. Experimental conditions as in Table S3.f
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Table 2 Values of activation energy and pre-exponential factor of
epichlorohydrin reactions

Kinetic constant A E,[J mol ™ K]
KiEon 2.02 x 10° [L? mol 2 57'] 7.5 % 10*
FepSasra! 2.89 x 10" [L> mol* s7'] 4.9 x 10*
K 5.24 x 10° [L> mol % s7'] 8.8 x 10*
iy 2.05 x 10° [L. mol ™ s7'] 6.7 x 10*
ke 4.95 x 10" [L? mol 2 s7] 4.8 x 10"
kb 1.47 x 10" [L mol ™ s7'] 6.6 x 10*

IRSL(T, pH) = Klaline(7)107 PR PH 4 gpeutral(p)

+ kCsL(T)107 P (18.a)
kLT
ken(T, pH) = Kgrarl(T) + =52~ 107PH (18.b)
[H,0]
kgﬁ?MCPD(T) pH) = k?llklliﬁggD(T)lo_pKW(TﬁpH (18.¢)
K%Een(T, PH) = KER" ()10 P PH 4+ Rssee!(7)
+ ISib(T) 107 P (18.d)
ks ier (1)
keer (T, PH) = KEuml(7) + S22 q07PH (18.¢)
[H,0]
Kehice(T, PH) = Kb (7)10 PO PH (18.9)

Using these expressions, all the reaction rates can be written
in a more compact way; as an example, the hydrolysis of EPI
given by eqn (15) reduces to:
= Kge(T, PH)[EPI][H,O] (19)
To highlight the impact of the different regimes on the
hydrolysis of EPI, the rate constants specific for each situation
and the observed values are comparatively shown in Fig. 8 as a
function of pH. This representation is quite effective to
visualise the different contribution of each mechanism at the
selected value of pH. Working under strongly alkaline
conditions (pH > 13), the acidic and neutral contributions to
the hydrolysis kinetic constant can be neglected without any
loss of accuracy. Similarly, when working under strongly acidic
conditions (pH < 1), the alkaline and neutral contributions are
negligible, while at pH values around neutrality (pH 5-9) the
neutral contribution is dominant. In the remaining range of
pH values, superpositions of at least two contributions apply,
and general expressions like those in eqn (18) are essential to
achieve accurate predictions of reaction rates.
In Fig. 9, the observed kinetic constants of all the reactions
considered in the kinetic scheme in Fig. 3 are reported as functions

This journal is © The Royal Society of Chemistry 2022
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of pH and temperature. These plots highlight which contributions
are operative in the different conditions at first glance.

At high pH, the fastest reaction is dehydrohalogenation,
which, on the other hand, becomes negligible under neutral
and acidic conditions.

Focusing on the hydrolysis reactions of EPI and GL, the
reaction is more favoured under acidic conditions for both
species but more markedly for EPI at low temperature, while
the reaction catalysed in an alkaline environment is faster at
high temperature. The chlorination reaction is more favoured
in the case of EPI rather than GL, even at lower pH.

To properly compare the kinetic constants calculated by
Carra et al. (ki™")", by Lu et al. (k£"')" and by Ma et al. (ki)
with those proposed in this work, let us refer to eqn (15) that
under strong alkaline conditions can be simplified as:

AP ~ KISne(r)H,0][0H TEPI]

= (k") [OH J[EPT] = (k;")[EPI] (20)
Since the different literature values are pseudo-kinetic
constants, the comparison can be done after a suitable
correction ((ki"")/[H,0] and (k&."")"/([H,O][OH ), respectively).
As shown in Fig. 8, the agreement between the literature and
our values is quite reasonable.

Finally, a sensitivity analysis was performed on the
estimated parameters. Namely, each kinetic parameter is
varied by +10% with steps of 0.2% while keeping all the others
unchanged. At each change of the selected kinetic parameter,
the SSE is recalculated to evaluate the robustness of the
minimisation process as well as to rank the relative impact of
the parameter. The results of this analysis are shown in
Fig. 10 for a specific temperature value (40 °C; the results at
the other temperatures are in Fig. S22 and S$237). On one side,
the reliability of the performed minimisation is verified; at
the same time, it becomes clear that k29, galkaline and gasid,
have the strongest influence on the system behaviour.

React. Chem. Eng., 2022, 7, 2211-2223 | 2219
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3.5 Model validation

After having determined the values of the pre-exponential
factors and the activation energies for the reactions involved
in the kinetic scheme in Fig. 3, the developed model was
validated by predicting the evolution of EPI, DCP, MCDP, GL
and GLY concentrations during an additional experiment,
whose data were not used for the fitting of the kinetic
constants. The experiment presented in this section was
performed at 60 °C with an EPI initial concentration of 0.11
mol L™". The test was divided into four different phases:

e Phase 1 (0-230 min). The reaction starts at neutral pH.
Under this condition, according to the kinetic scheme, EPI
undergoes hydrolysis (i) giving MCDP. Neither chlorine nor

a) . x10™4

10
Perturbation [%]

Fig. 10 Sensitivity analysis at 40 °C. a) GL reactivity and b) EPI reactivity. ¢ k&9, ¢ kpeutal,

2220 | React. Chem. Eng., 2022, 7, 2211-2223

) T = 60 °C; (orange) T =

(f) kShmcro-

hydroxide ions were present, thus DCP and GL were not
produced. The pH slightly decreased over time due to the
reaction between water and carbon dioxide present in the
atmosphere, which is particularly favoured at high temperature.

¢ Phase 2 (230-390 min). After 230 min, NaCl was added
to reach a concentration of 1.14 mol L', causing an
increase in Cl* concentration. Under these conditions, EPI
chlorination (r&}') becomes favoured and, in fact, an almost
immediate reaction took place leading to the formation of
DCP, consuming EPI and increasing OH concentration. A
fast consumption of EPI to MCPD was also experienced, as
this reaction is catalysed by the same hydroxide ions
produced during the chlorination, whose rate rop is
proportional to the chlorine ions concentration. Moreover,

b) .. x10°*
()
70
¢
el o
6.5 ¢ o %
¢
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Perturbation [%)]

alkaline acid neutral alkaline
ki , O k&l®, O ket™™, and ¢ khd® .
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Fig. 11 Concentration of the different species involved in the validation test. Dotted curves: model predictions. Squares: experimental data.

the pH increase allowed the dehydrohalogenation of MCPD
(rYiFP) to start, leading to the formation of GL, which in turn
could hydrolyse (rfi") giving GLY. Therefore, MCPD reached
an equilibrium concentration, depending on the rate at
which %' and P occurred. Also, GL concentration
reached an equilibrium value dependent on the i "° and
" rates. Finally, also DCP reached equilibrium conditions,
since it is produced by £ and, in the presence of OH" ions,
it is depleted by r5;". The OH™ concentration slightly
decreased over time since hydroxide ions were produced by
the EPI chlorination reaction but also consumed during
MCPD and DCP dehydrohalogenation.

e Phase 3 (390-430 min). After 390 min, a small amount
of NaOH (0.2 g in 100 mL of reacting solution) was added
as a limiting reactant with respect to the amount of MCPD
and DCP. This caused an initial increase in pH, which
suddenly decreased due to the fast consumption of OH by

MOPDand 3T, resulting in the almost complete
consumption of MCPD and DCP increasing the

concentration of EPI and GL.
e Phase 4 (430-500 min). A further addition of NaOH (0.2 g
in 100 mL of reacting solution) was performed in order to re-

establish strong alkaline conditions. The catalysed hydrolysis
of EPI and GL took place, forming GLY as the final product.
The model predictions for this complex process, together
with the experimental data, are presented in Fig. 11. It is
possible to observe how the model can reliably predict the
experimental data under all the conditions reached by the pH
and at the different concentrations of chlorine ions. The good
predictivity of the model is also confirmed by the low values
of the residual sum of squares (RSS) and sum of square errors
(SSE) for EPI, MCPD, DCP, GL, and GLY concentrations, as
shown in Table 3. This confirms the possibility of exploiting
this model for reliably predicting the formation and evolution
of hazardous species in a reactor, thus allowing the
optimization of the current industrial processes in the
direction of avoiding the accumulation of such species.

Conclusion

The hydrolysis and chlorination reaction of EPI and GL and
the dehydrohalogenation of the produced products have been
investigated at temperatures from 20 °C to 60 °C and pH
values ranging from 1 to 13. Based on a simplified but

Table 3 Values of the residual sum of squares (RSS) and sum of square errors (SSE) for EPI, MCPD, DCP, GL, and GLY for the validation test

EPI MCPD DCP GL GLY
RSS [-] 8.37 x 10? 4.88 x 10> 8.19 x 10° 3.33 x 10° 4.87 x 10°
SSE [mol® 1% 1.08 x 10* 6.65 x 10° 1.52 x 10° 1.71 x 107 9.05 x 107

This journal is © The Royal Society of Chemistry 2022
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comprehensive kinetic scheme, a temperature and pH-
dependent kinetic model has been developed to describe the
observed kinetic constants and the rate parameters have been
determined by comparing the experimental data with model
predictions. In particular, it has been proved that:

« The hydrolysis kinetic constant of EPI (k") and of GL (k")
is the sum of three contributions: the acid-catalysed (ki°'Y), the
base-catalysed (K#"™) and the non-catalysed (kp°""™);

e The chlorination kinetic constant of EPI (k') and
GL (k&) is the sum of two contributions: the acid-
catalysed (k%) and the non-catalysed (k&""™);

e The dehydrohalogenation of DCP (kg:") and MCPD
(k¥iFP) occurs under alkaline conditions only and the relative
kinetic constant has therefore just one contribution (A3x21"),

The proposed kinetic model is able to predict the
evolution of a complex system containing one or more
species such as EPI, GL, DCP, MCPD, and GLY under
different pH conditions, various temperatures, and at
different concentrations of chloride ions. The developed
model is quite general and represents an effective tool to
design process conditions suitable to keep the accumulation
of dangerous species under control inside a reactor.

Symbols

E, Activation energy
K, Autoionization constant of water
P Experimental concentrations

kaeid Kinetic constant under acid conditions
falkaline Kinetic constant under alkaline conditions
feneutral Kinetic constant under neutral conditions
cmed Model predicted concentration

kobs Observed kinetic constant

A Pre-exponential factor

ral Reaction rates of chlorination

T'dh Reaction rates of dehydrohalogenation

h Reaction rates of hydrolysis

Abbreviations and acronyms

DCP Dichloropropanol

DAD Diode array detector

EPI Epichlorohydrin

GC Gas chromatography

ga Genetic algorithm

GL Glycidol

HPLC High-performance liquid chromatography
HCl Hydrochloric acid

ISE Ion-selective electrode
MCPD Monochloropropanediol
dRI Refractive index detector
RSS Residual sum of squares
NacCl Sodium chloride

NaOH Sodium hydroxide

SSE Sum of square errors
MTBE tert-Butyl methyl ether
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