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Eco-efficiency improvements in the
propylene-to-epichlorohydrin process
Łukasz Madej and Anton A Kiss*

Abstract

BACKGROUND: Epichlorohydrin (ECH) production is an important industrial process, owing to its importance in windmill blade
manufacture, but it suffers from several drawbacks such as high energy use, large wastewater production and low atom
efficiency. This original study investigates a novel chlorohydrin-free technology with an enhanced separation system for ECH
production. Rigorous process simulations were performed in Aspen Plus for the classic and novel processes, and a fair
techno-economic and sustainability comparison was made between the new catalytic oxidation route and the classic chlorohy-
drin process.

RESULTS: For the hydrogen peroxide (HP) process route, a novel separation system was developed using methanol as solvent,
which enables high purity of ECH.Moreover, allyl chloride (ACH) purificationwas optimized using thermally coupled distillation
to improve the energy efficiency of ACH production. The novel HP process provides 88% higher atom efficiency, about 10%
higher yield and a smaller amount of by-products, as well as a 13% increase in production capacity and major savings of
98% in wastewater production, while also achieving lower energy use (<40 MJ kg−1 ECH) and reduced carbon dioxide emission
(1.13 kg kg−1 ECH).

CONCLUSION: The developed HP process route is feasible and economically viable. Also, it can be partly retrofitted to existing
ECH plants based on the chlorohydrin route. As both processes use the same intermediate product, only the ECH part of a classic
process would be replaced by the novel route, while keeping the common ACH part. This approach is the most profitable, as
only 55% of capital expenditure is required for this modification, while the plant would benefit from all the improvements pro-
vided by the novel process.
© 2023 The Authors. Journal of Chemical Technology and Biotechnology published by JohnWiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.

Keywords: fluid separation; process intensification; dividing-wall column; energy efficiency

ABBREVIATIONS
1,2-DCPOL 1,2-dichloropropanol
1,3-DCPOL 1,3-dichloropropanol
ACH allyl chloride
CAPEX capital expenditure
CDP 1-chloropropane-2,3-diol
CMP 1-chloro-3-methoxypropan-2-ol
DCPA dichloropropane
DCPE dichloropropene
ECH epichlorohydrin
HP hydrogen peroxide
HPPO hydrogen peroxide to propylene oxide
LLE liquid–liquid equilibrium
MP medium pressure
MCPA monochloropropane
MCPE monochloropropene
OPEX operational expenditure
TCP trichloropropane
VLE vapor–liquid equilibrium

INTRODUCTION
Epichlorohydrin (ECH) is an important commodity used to create a
variety of products. The most crucial use of ECH is the production
of epoxy resins, which are key components in wind blade manu-
facture because of their light weight and durability.1 Thus, sustain-
able and efficient production of these chemicals is essential for
wind energy. However, manufacture of ECH is plagued by high
energy usage and the generation of large amounts of wastewater,
which increase the cost of the epoxy resins. Introducing a new,
more sustainable route for ECH production could contribute to
speeding up the transition towards renewable energy sources
at lower cost. This poses a significant challenge for ECH
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manufacturers as the technologies used currently to produce it
are mature and the room for improvement is seriously limited.

Chlorohydrin process
The chlorohydrin-based process was developed in 1947 by Shell,1

and is the oldest but most used method of producing ECH to this
day. It uses propylene, chlorine, milk of lime and water as raw
materials. The scheme of chemical reactions taking place in this
process is shown in Fig. 1(a). The first step consists of the high-
temperature chlorination of propylene to obtain the intermediate
allyl chloride (ACH).2 Then, the reaction mixture is cooled and
purified in four distillation columns.3 Pure ACH is obtained as a
distillate in the last column. The next step consists of the hydro-
chlorination reaction, where ACH reacts with chlorine and water
to form a mixture of dichloropropanols (DCPs) and trichloropro-
pane (TCP). This reaction has to be performed at very low ACH
concentrations, due to the low solubility of ACH in water.4 The
aqueous solution of DCPs and TCP is sent to the saponification
reaction, where it is mixed with milk of lime and purified in a reac-
tive stripping column using steam. The bottom product of this
column consists mainly of water, calcium chloride and chlorinated
organic compounds.5 This wastewater stream is challenging to
treat due to the low concentration of those compounds, yet it
poses a significant threat to aquatic life because of their high tox-
icity.6 Owing to operation in highly diluted solutions, this process
uses huge amounts of water and generates 30–40 tonnes of
wastewater per 1 tonne of ECH,6 which makes it one of the most
water-demanding industrial processes. Other processes
have been proposed to make ECH production more sustainable,
as follows.

GTE process
This process was created by Solvay in 2011,7 as a reverse to the
traditional process of producing glycerol. When inexpensive glyc-
erol became available from large-scale biodiesel production, it
became profitable to produce ECH from it.8 A simplified reaction
scheme is shown in Fig. 1(b). The first step consists of glycerol
chlorination with gaseous HCl, using a high-boiling-point organic
acid as a catalyst.9 The separation of DCPs from other products
and glycerol is challenging due to the high boiling points of the
components, so these separations have to be performed under
vacuum.10 The following steps are similar to the traditional ECH
process, where DCPs are saponified using NaOH or milk of lime.
Overall, this technology exhibits several disadvantages identical
to traditional ECH technology, such as high energy use and a large
amount of wastewater.1 However, the main improvement is the
replacement of propylene raw material with a possibly more
cost-effective and more renewable one (glycerol), although with
a rather limited availability (as by-product from biodiesel plants).

Oxidation route
As a breakthrough in olefin processing, catalytic oxidation of the
double carbon–carbon bond was first applied to the production
of propylene oxide in the HPPO (hydrogen peroxide to propylene
oxide) process.11 This approach has some advantages over the
traditional chlorohydrin route, such as higher atom efficiency
and lower wastewater production.12 Application of catalytic oxi-
dation to the ECH process can significantly improve the atom effi-
ciency and reduce wastewater production, as it replaces the
hydrochlorination reaction with a more selective process that
does not require operation in diluted solutions. The oxidation

Figure 1. Chemistry of various chemical routes for ECH production: (a) chlorohydrin process; (b) GTE process; and (c) oxidation route (using hydrogen
peroxide).
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path has been described in the literature,1,13,14 and its kinetics for
different solvents has been established. Themain reactions occur-
ring are shown Fig. 1(c). Several compounds have been proposed
as solvents for this process, such as methanol, acetone, isopropa-
nol and higher alcohols. From the kinetic perspective, methanol is
the most suitable solvent, as it does not react with hydrogen per-
oxide (HP) and provides the highest yields of reaction. However, it
is unclear what the best solvent entails, as some papers suggested
that methanol should not be used as solvent due to difficulties in
the separation section for this case.15 The choice of solvent for this
process is important, because it has a major influence both on the
reaction and separation section of the process. Danov et al.13

identified alcohols and ketones as potential solvents for homoge-
nizing the HP/ACH mixture, yet the reactivity of ketones with HP,
forming hazardous organic peroxides, excludes them as safe
choices. Long-chain alcohols can react with HP to produce
ketones or aldehydes, impacting profitability due to HP consump-
tion, and posing safety risks as well. For instance, isopropanol can
yield acetone, which can also cause formation of organic perox-
ides. However, methanol remains unreactive with HP under catal-
ysis, rendering it a cost-effective and abundantly available solvent
option.
This original study focuses on improving the novel oxidation

process, usingmethanol as a solvent, and enhancing the common
downstream processing part (as in the chlorohydrin route), and is
the first to provide simulation results for the full process, quantify
the performance provided by the novel route and making a fair
comparison. Also, a novel separation sequence for the aforemen-
tioned HP process with methanol as solvent is proposed and
investigated. Despite literature claims regarding the unfeasibility
of using methanol,15 this study shows that the separation system
is actually feasible on an industrial scale, when proper separation
constraints and heuristics are applied. It is also beneficial to
enhance the production of the ACH compound, as both the tradi-
tional and HP route of ECH production use the same intermediate
compound. As distillation is one of the most energy-demanding
unit operations in the process,16 the focus is on the separation
of ACH. To evaluate the influence of improvements to different
propylene-to-epichlorohydrin plants, rigorous Aspen Plus models
of the traditional and the HP plant were developed. The results
were used to calculate key process parameters such as operating
expenditure (OPEX), capital expenditure (CAPEX), CO2 emissions
and other sustainability metrics.
A production capacity of 35 kt a−1 ECH (operated 7200 h per

year) was considered. The plant, operated by Zakłady Chemiczne
Zachem SA in Bydgoszcz, Poland (during 1976–2005), was chosen
as base case because of the many patents and data available in
the open literature.2-4,17-21 Zachem's plant, commissioned in the
1970s, has been consistently updated with innovative technolo-
gies boosting its production capacity. Many plants built in the
same era remain top tier, making the comparisons with today's
designs fair and relevant. By basing this process on Zachem's

plant, we provide a valid benchmark to evaluate novel technolo-
gies and designs.

PROBLEM STATEMENT
The currently used ECH production processes suffer from significant
drawbacks, particularly high energy use and large wastewater pro-
duction. Novel ways of manufacturing ECH have been proposed,
but no clear data are available regarding possible improvements of
a newprocess.Moreover, for the ECHprocess based on the oxidation
route, it is known that using methanol as solvent provides the best
yield, but the separation sequence for this path has been considered
unviable due to the many separation steps involved and significant
energy use.15 Despite some research on the control and safety
aspects of the process,22 a direct comparison between the full novel
oxidation route and chlorohydrin process has not yet beenmade. To
solve these problems, this paper proposes an enhanced down-
stream processing part (as in the chlorohydrin and oxidation route),
and an improved HP process using methanol as solvent to provide
the best yield and selectivity. A novel separation sequence was
developed to allow us to obtain high-purity ECH at viable costs.
These efforts also allow making an accurate comparison between
the new and old technology and determining the industrial applica-
bility of the novel process.

BASIC DATA
Property model
A suitable property model (fluid package) must be chosen to sim-
ulate a chemical system. It is essential to include all the binary
interaction parameters, and account for possible formation of
azeotropes (see Table 1) and the presence of electrolytes. Based
on the property method selection scheme from the literature,23

ELECNRTL was chosen as themost suitable propertymodel, based
on the NRTL (Non-Random Two Liquids) model, extended with
electrolyte properties, since some components present in the sys-
tem are electrolytes (hypochlorous acid, HCl and calcium hydrox-
ide). Furthermore, the NRTL model proved successful in modeling
the vapor–liquid equilibrium (VLE) and liquid–liquid equilibrium
(LLE) of all components and azeotropes present in the ECH pro-
duction process. It has been also reported that NRTL provides bet-
ter accuracy than UNIQAC.24,25 The validation of other potentially
suitable property models was not reported in the literature and
therefore they were not considered. All the binary interaction
parameters used in this work are provided in the Supplementary
Information file.

Reaction conversion and kinetics data
The high-temperature chlorination and the hydrochlorination
reactions are rather complex and there are no kinetic data avail-
able in the literature. Thus, these reactions were modeled based
on the conversion available in patents.16-20 The values of the

Table 1. Azeotropes present in post reaction mixture

Azeotrope Composition (wt%) Boiling point (°C) Azeotrope type

ACH/MeOH 87.7/12.3 39.7 Homogeneous
ACH/water 97.9/2.1 43.4 Heterogeneous
ECH/water 72.0/28.0 89.7 Heterogeneous

Eco-efficiency improvements in the propylene-to-epichlorohydrin process www.soci.org
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conversions for these reactions are as follows (all conversions
were calculated based on propylene):

Propene+Chlorine→ACH+HCl XPropene=0:16 ð1Þ
Propene+Chlorine→MCPE+HCl XPropene=0:075 ð2Þ

Propene+HCl→MCPA XPropene=0:0051 ð3Þ
Propene+2Chlorine→DCPE+2HCl XPropene=0:0072 ð4Þ

Propene+Chlorine→DCPA XPropene= 0:0072 ð5Þ

The reactions for themain reactions occurring during the hydro-
chlorination step are as follows (values of conversion are based
on ACH):

ACH+HClO→2,3−DCHXACH=0:63 ð6Þ
ACH+HClO→1,3−DCHXACH=0:31 ð7Þ

ACH+HCl+HClO→TCP+H2OXACH=0:038 ð8Þ

The saponification reactions (R1–R3) and the catalytic oxidation
reactions (R4–R7) were modeled according to the kinetics
reported in the literature:26

R1: 1,3-DCPOL + Ca(OH)2 → ECH + H2O + 0.5 CaCl2

r1=1:50×107e−57:5×10
3=RTCOH− C1,3-DCPOL kmolm−3s−1

� � ð9Þ

R2: 2,3-DCPOL + Ca(OH)2 → ECH + H2O + 0.5 CaCl2

r2=4:8×106e−58:1×10
3=RTCOH− C2,3-DCPOL kmolm−3 s−1

� � ð10Þ

R3: 2HCl + Ca(OH)2 → 2H2O + CaCl2

r3=4:8×106e−58:1×10
3=RTCOH− kmolm−3 s−1

� � ð11Þ

For the catalytic oxidation reaction, the paper by Danov
describing the kinetics was used, in which all the kinetic
parameters were measured for the reactor conditions (T = 60 °C,
P = 2.5–3.5 bar).14 The chemical reactions (R4–R7) and their rate
equations are as follows:
R4: ACH + HP → ECH + H2O

r4=
A4e−Ea,4=RT×b

0
HPe

QHP,4=RTCHP CACH

1+b0HP,4e
QHP,4=RTCHP +b

0
ECH,4e

QECH,4=RTCECH
kmolm−3 s−1
� �

ð12Þ

R5: ECH + H2O → CDP

r5=
A5e−Ea,5=RT×b

0
ECHe

QECH,5=RTCECH CW

1+b0HP,5e
QHP,5=RTCHP +b

0
ECH,5e

QECH,5=RTCECH
kmolm−3 s−1
� �

ð13Þ

R6: ECH + MeOH → CMP

r6=
A6e−Ea,6=RT×b

0
ECH,6e

QECH,6=RTCECH CMeOH

1+b0HP,6e
QHP,6=RTCHP +b

0
ECH,6e

QECH,6=RTCECH
kmolm−3 s−1
� �

ð14Þ

R7: HP → H2O + O2

r7=
A7e−Ea,7=RT×b

0
HPe

QHP,7=RTCHP

1+b0HP,7e
QHP,7=RTCHP +b

0
ECH,7e

QECH,7=RTCECH
kmolm−3 s−1
� �

ð15Þ

Table 3 provides the values of all kinetic parameters used in
reaction rates for R4–R7.

RESULTS AND DISCUSSION
This section presents the main results of improving the ACH sep-
aration (Fig. 2), the base case scenario using the chlorohydrin pro-
cess (Fig. 3), and the enhanced process based on the oxidation
route (Fig. 4), using methanol as solvent recovered in a novel sep-
aration sequence. The processes are described below, and then
compared in terms of technical and economic performance, and
sustainability metrics. The complete mass and energy balances
are provided in the Supplementary Information.

ACH separation improvement
The flowsheet related to the ACH manufacturing process is shown
in Fig. 2. The energy requirements of this part process are mainly
determined by the separation section, because the conditions of
the reactor and coolers are limited by the chlorination kinetics.
Additionally, the duties of the reboilers and condensers used in
the separation section of the plant significantly exceed the duties
of the post-reaction coolers (with limited heat integration options),
which indicates that optimization of this section of the ACH process
can be more beneficial. Columns C103 and C104 have a high num-
ber of stages and operate with relatively high reboiler duty; there-
fore, those columns were chosen as primary targets for
improvement. Various distillation techniques were qualitatively
investigated to improve these columns, such as cyclic distillation,
heat-pump-assisted distillation, heat-integrated distillation column
and dividing wall column (DWC). The results of the initial investiga-
tion of potential improvements of each technology are listed in
Table 2.27-29 Among them, DWC can provide the best improvement
by simultaneously reducing the energy use, column size and num-
ber of units required to perform the separation. Moreover, the dif-
ference between boiling points of the key components (light:
MCPE; heavy: DCPA; medium: ACH) is within the range recom-
mended for DWC. Notably, the DWC distillation option can be
applied to both traditional and novel processes for ECH production.
The design of the DWC was performed according to the algo-

rithm proposed in the literature,30 which covers the design of a
four-product DWC, but the design steps can be easily adapted
to design a three-product DWC by suitably modifying the process
configuration to eliminate one of the side streams. This approach
is consistent with the methodology proposed earlier by the same
group for the design of three-product DWC units. The first step is
creating the Vmin diagram – a graph which plots the vapor flow
above the feed divided by feed flow rate (V/F) versus the product
flow rate divided by feed flow rate (D/F).31 The values needed to
create this graph can be obtained either by solving the Under-
wood equation or by simulating each binary split in Aspen Plus
and retrieving the values of the flows directly from the process
simulator. As the analytical method uses the assumption of con-
stant relative volatilities, it was decided to use the more accurate,
rigorous simulation-based approach. The values obtained from
the Vmin diagram were used to initialize the four-column model
of the DWC. This simulation approach is difficult to initialize but
it provides the best accuracy.23 The diameter of the DWC was
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determined using the correlation for the flooding condition pro-
posed by Premkumar and Rangaiah.32 The final values of internal
flows along with stage requirements are shown in Fig. 5. The feed
is introduced at the 8th stage of the prefractionator, which con-
sists of 15 stages in total. The small number of stages in this part
of the column is caused by the big difference in boiling points
of DCPA and MCPE. The ACH stream is obtained from stage
47 of the main column, which shows that separation of ACH and
MCPE is more difficult than ACH and DCPA (consistent with the
boiling points of those components). The values of reflux and
boil-up ratio for the DWC column have relatively high values
(47.21 and 25.8) due to much lower flow rates of both top and
bottom product in comparison to the side product. Table 4 pro-
vides a comparison between the direct sequence and DWC. In
the given case, DWC can provide over 30% energy savings com-
pared to direct sequence. Furthermore, the number of stages
required to obtain the same purity is 20% lower for this advance
distillation technique, which results in lower equipment cost.
Note that the energy use in DWC is lower than the energy
required in the first ACH column, which indicates that an indirect
sequence may be more energy efficient. Despite higher energy
usage compared to an indirect sequence, using a direct
sequence as base case facilitates accurate comparison with
actual Zachem plant data. Following patent specifications
ensured an accurate representation of the plant operation,
enabling a reliable evaluation of process performance and
potential improvements.
The total number of stages was reduced to minimize the N·(R

+ 1) value, which is directly proportional to the annual costs of a
distillation column. The feed stagewas determined by performing
an analysis of feed stage influence on ACH purity, with the highest
ACH purity possible when the 47th tray is used as feed stage. The

liquid and vapor splits that offer the best quality of the intermedi-
ate product (ACH) are equal 0.1282 and 0.3054, respectively.
Figure 6 shows the temperature and liquid composition profiles

along the DWC. The temperature difference between the main
column and prefractionator side increases with the difference in
concentration, reaching up to 50 °C. This means that the inner
dividing wall should be insulated in order to reduce undesired
heat transfer between the two sides of the dividing wall, which
can reduce the energy savings potential.33 Thanks to the DWC
technology and use of structured packing, two large columns
can be replaced by one compact unit, with a smaller size and
requiring less area (as well reduced equipment cost).

Base case traditional process
The flowsheet of the chlorohydrin process was developed based
on the available patents.6-20 Figure 3 shows the flowsheet of this
process for ECH manufacturing. Note that the industrial plant
used the dry method of ACH production, relying on distillation
to separate HCl and propylene; this is contrary to the wet process,
where absorption of HCl in water is used instead. As no data were
available in the literature on the kinetics of propylene chlorina-
tion, the conversion values were specified as described earlier.
To do so, a stoichiometric reactor was used in Aspen Plus, and
the temperature and pressure data were specified (T = 485 °C;
P = 2 bar) based on literature data.2 The design parameters of
the column, such as the number of trays, was obtained from pat-
ents and the rest of the parameters were obtained using the
Aspen DSTWU model, with specified recoveries of components;
for HCl and propylene the recoveries were specified equal to
0.999 to prevent by-product formation and substrate losses. In
the case of final ACH purification, MCPE recovery was also set to
0.999, while for the pure ACH the amount of heavy components

Figure 2. Process flow diagram of the ACH section of the ECH plant, with marked columns combined into DWC.
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was set to be below 0.5% in the final ACH.2 For the DSTWU column
a reflux ratio of 1.2 Rmin was used and then optimized using the
RADFRACmodel. The DSTWU shortcutmodel served only as a pre-
liminary step, providing initial estimates for column parameters
like stages and reflux ratios, despite its limitations. These esti-
mates initiated the more detailed RADFRACmodel analysis. Using
the DSTWU-derived initial design, the RADFRAC model was
refined by incorporating actual vapor–liquid equilibrium behav-
ior. Design specifications added to the RADFRAC model ensured
product purity compliance and facilitated fine-tuning of column
parameters such as reflux ratios, feed stage locations and reboi-
ler/condenser duties. The procedure was performed for all four
columns present in the ACH purification sequence. The hydro-
chlorination reaction was also simulated using a stoichiometric
reactor (R201) in Aspen Plus with conversion values mentioned
earlier, and specific parameters (T = 40 °C, P = 1.1 bar), as no
kinetic data are available in the literature. Note that the DCPA/
DCPE impurities can be neglected in the feed to the reactor, as
those components do not undergo any reactions in this system

and thus act as inerts. Furthermore, their low concentrations do
not change the properties of the mixture significantly, and the
small flow rates do not influence the conditions in the reactor.
The water stream used to dissolve the ACH for the reaction was
specified in such a way to ensure full dissolution of ACH in water
(33 kg water kg−1 ACH), based on solubility described by Spadło
et al.21 Chlorine flow was calculated based on the patent specify-
ing the ACH/chlorine ratio (1 mol/1.03 mol).34 The chlorine
stream was input as an equimolar aqueous mixture of HCl and
HClO, since chlorine forms those two compounds when dissolved
in water. The subsequent step – saponification reaction – was
specified based on the kinetics described in the literature.26

As the industrial plant was using milk of lime (not sodium
hydroxide), the appropriate kinetics were used. Notably, the
industrial setup used a similar combination of a plug-flow reac-
tor (PFR) (R202) and a reactive stripping column (C201), as
described by Sun et al.4,26 The PFR size was determined
(D = 4 m, H = 8 m) to ensure 30% DCP conversion, according
to the literature.4,26

Figure 3. ECH production section of the base case classic process.
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The stripping column was simulated using the rigorous RAD-
FRAC model. Energy is supplied to this column by medium-
pressure steam, fed directly to the bottom of the column. Addi-
tionally, reflux to this column is provided by the aqueous phase
from the decanter. The top stream from this column is condensed
and then sent to the decanter, where phase splitting occurs. The
aqueous phase is fed back to the column as reflux, while the
organic phase (consisting mostly of the ECH, organic byproducts
and some water) is sent for purification. ECH purification is not
as straightforward as that for ACH, due to the ECH/water azeo-
trope and the low solubility of ECH in water.24 In the industrial

plant, separation was performed in columns C202, C203 and
C204.21 C202 separates the remaining water content from the
organic phase. The column was simulated as RADFRAC equipped
only with reboiler as the top stream is again condensed and sent
to the decanter. The anhydrous organicmixture is then sent to the
direct distillation sequence, which was simulated in the same way
as described for the other distillation units. Column C203 sepa-
rates the light ECH fractions from the ECH and heavy fractions.
ECH is obtained at high purity as the top stream from column
C204. This PFD was used to calculate the total energy use and sus-
tainability metrics of the plant. The bottom stream of the reactive

Figure 4. New separation scheme proposed for the AC oxidation route.

Table 2. Comparison between different advanced distillation techniques

Energy savings Column size reduction Reduction in number of columns

Heat-pump-assisted distillation Yes No No
Heat-integrated distillation column Yes No No
Cyclic distillation Yes Yes No
Dividing wall column Yes Yes Yes

Table 3. Kinetic parameters for the catalytic epoxidation reactions

Reaction A (kmol m−3 s−1) Ea (J mol−1) b0HP (m
3 kmol−1) b0ECH (m3 kmol−1) QHP (J mol−1) QECH (J mol−1)

R4 11.05 × 103 56.75 × 103 3.03 × 10−4 5.71 × 10−4 19.36 × 103 18.69 × 103

R5 5.94 × 103 70.09 × 103 3.08 × 10−4 4.57 × 10−4 19.56 × 103 17.53 × 103

R6 1.10 × 103 65.20 × 103 3.05 × 10−4 4.79 × 10−4 19.75 × 103 18.58 × 103

R7 5.11 50.19 × 103 5.70 × 10−4 4.27 × 10−4 19.45 × 103 18.55 × 103
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stripping column can be considered as the only wastewater
stream in the plant, because it is the only aqueous waste stream
obtained, at a very high flow rate (over 170 t h−1).

Enhanced oxidation process
For the enhanced process, the ACH separation section remains
the same, as it is using the same intermediate (ACH) as in the chlo-
rohydrin process. The main advantage of this process is the
replacement of the hydrochlorination and saponification reac-
tions with a more selective, single oxidation reaction. A mild oxi-
dation agent such as hydrogen hydroxide (HP) can be used,
with titanium silicate (TS-1) as catalyst. Using this reaction pre-
vents operation in diluted solutions and thus drastically reduces
wastewater production. Another advantage of the oxidation pro-
cess is that using a single reaction (instead of two) increases the
overall yield of the process. The flowsheet of this process is shown
in Fig. 4.
The reactor (R301) was modeled using the PFR model in Aspen

Plus, using the kinetics described earlier. The reactor size was

determined (L = 5 m, D = 0.75 m) to obtained full conversion of
HP. The kinetics of the ACH epoxidation (using methanol as sol-
vent) are known, along with the concentrations of the solvents
and reactants. Other proposed solvents are ethanol, isopropanol
and butanol, acetone and methyl ethyl ketone. Based on research
on influence of solvent on reactor yield, methanol provides the
best results, as yield decreases with longer carbon chain in the
alcohol. However, ketones should not be used as they tend to
form unstable peroxides when exposed to HP, which significantly
impacts the safety of the plant.13 Some papers15 state that other
solvents should be used due to the toxicity of methanol, but those
claims are questionable. Notably, ECH is themost toxic compound
present in the reaction mixture, and thus using a solvent with
lower toxicity than methanol would not provide any significant
improvements to the safety of the plant. It was also suggested
that isopropanol could be used instead since the separation
sequence for methanol is unfeasible (as the reactor effluent con-
tains components that form azeotropes, such as ACH/MeOH,
ECH/water and ACH/water).15 This claim is incorrect in the process

Figure 5. Stage requirements and internal vapor and liquid flow rates for the DWC.

Table 4. Comparison between the direct sequence and the DWC alternative

Column 1 Column 2 DWC Difference (%)

Top pressure (bar) 1.9 1.19 1.9
Number of stages 70 30 80 −20%
Feed stage 42 15 43
Reflux ratio (mol/mol) 56.60 0.3927 46.19
Condenser duty (MW) −1.597 −0.576 −1.471
Total cooling required (MW) −2.173 −1.471 −32%
Reboiler duty (MW) 1.486 0.529 1.342
Total heating required (MW) 2.105 1.342 −36%
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context, and this study clearly proves that with proper constraints
the separation sequence (using methanol as solvent) is actually
possible, and this is further compared to the work by Wang
et al.22 The previously proposed separation schemes35 focused
on the separation of every component in the mixture, which
poses difficulties due to the fact that multiple azeotropes need
to be broken by using a solvent, and this makes the separation
sequence difficult and very energy demanding. However, these
difficulties can be overcome by developing the separation system
in such a way that only the necessary splits are performed. For
example, the ACH and methanol should not be separated into
pure components, as unreacted ACH will be recycled back to
the reactor and mixed again with methanol. This separation is
not required for the process and therefore unnecessary. In the
case of ECH/water azeotrope, the limited solubility of ECH in water
can be used to perform the separation. The azeotropic mixture of
ECH and water separates into two liquid phases. This property has
already been effectively exploited in the ECH purification (in the
chlorohydrin process); therefore applying this method in the
novel HP process should be certainly considered.
Based on the kinetics of the reaction mentioned earlier, it was

found that formation of CMP is highly dependent on the metha-
nol concentration in the mixture, and the reaction rate constant
for this component is higher than for other byproducts. To avoid
the formation of excess amount of this byproduct, it is advisable
to separate methanol first. This decision aligns with heuristics
from the literature,36 to first remove the component with the
highest concentration. The ACH column (C301) was designed to
remove methanol and ACH from the reaction mixture as those
components form an azeotrope, and the ACH/methanol recovery
rate was specified as a minimum of 99% to prevent substrate and

solvent losses. The top stream of this column can be mixed with
fresh ACH andmake-up solvent and then fed back to the epoxida-
tion reactor (R301). Note that the recycle loop is not closed in the
process simulation, but a separate recycle stream is introduced
into the epoxidation reactor in order to improve the convergence
of the flowsheet. The bottom stream from this column consists of
ECH, water and organic byproducts. This stream needs to be
cooled to 20 °C for the phase splitting to occur effectively. The
aqueous phase is then sent to the stripper (C303). This column is
used to recycle ECH, which remains in the aqueous phase and
to purify the water stream, which will then be sent for treatment.
This separation requires only a few stages, as it is only possible to
obtain the azeotrope in the top vapor stream. As this column
operates as a stripper the feed needs to be introduced on the first
tray. The total number of stages required for this separation is three,
and a further increase in the number of stages does not provide any
improvement in the top stream concentration. The top stream is
condensed and sent back to the decanter. The organic phase from
the decanter is also sent to the stripper (C302) to remove the remain-
ing water content. The goal is to reduce the water content in this
stream below 300 ppm to prevent formation of CDP and therefore
losses in ready ECH. This stripper requires only six stages to obtain
the desired separation. The top steam needs to be cooled and sent
back to the decanter. The bottom stream from this stripper consists
of ECH and organic byproducts such as CDP and CMP. The last col-
umn (C304) has 20 stages and it purifies the ECH top stream to over
>99.9 wt%. The final separation scheme has some similarities to the
one described by Wang et al.,22 but the sequence proposed in this
work allows us to obtain higher purities of the ECH product in an
effective way. Note that the presence of HP requires careful safety
considerations associated with thermal decomposition of HP to
water and oxygen. The gaseous oxygen can build up at the top of
the distillation column C301 and can cause formation of
AC/MeOH/oxygen, which can lead to violent decomposition and
put plant operation at risk. However, those risks can be mitigated,
as described by Wang et al.,22 who recommended mitigating explo-
sion risks nitrogen vapor introduction, thus decreasing oxygen levels
below the lower explosion limit (LEL). This requires a post-condenser
flash to circumvent nitrogen accumulation. Notably, a parallel
approach has been successful in the HPPO process, using a post-
reactor flash step to avert hazards. Adapting this tactic, introducing
a flash step between the ECH plant reactor and C301 couldminimize
oxygen-related risks. In essence, process safety could be improved
by implementing a nitrogen purge at the top of the distillation col-
umn, incorporating a flash drum between the reactor and column,
or combining these techniques.

Economic evaluation
The economic parameters of the processes were calculated based on
the mass and energy balance, as well as the appropriate equipment
sizing. CAPEX was estimated using cost correlations, based on the
equipment size, according to the method described by Seider et al.37

The following components were specified as rawmaterial for the base
case process: propylene, chlorine, milk of lime and water. Prices of the
chemicals were based on their recent market value (USD per tonne):
propylene, 1148;38,39 chlorine, 175;40 HP, 483;41 and milk of lime, 87.42

The key economic parameters for both processes are listed in
Table 5. The novel route offers a slightly lower investment cost,
as this route requires fewer decanters and reactors, which reduces
the CAPEX of the new HP process. The most significant improve-
ment is in terms of wastewater generated, as the HP process can
reduce the total amount of wastewater by almost 98%. This is also

Figure 6. Temperature and composition profiles along the DWC (lines
with markers: main column; markers only: prefractionator side).
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important economically, as it can provide annual savings of nearly
USD 2000k while also reducing the investment costs for a wastewa-
ter treatment unit. Moreover, the novel route provides higher ECH
yield in terms of propylene, which means that fewer by-products
are formed during processing. This is essential nowadays, as propyl-
ene prices are increasing steadily and this compound is one of the
most expensive raw materials used.41

On the downside, the prices of raw materials for the novel pro-
cess are higher than for the base case due to the higher price of
HP compared to lime (USD483 per tonne vs. USD 87 per tonne).41,42

Despite this fact, the novel HP route can still provide a higher
annual profit, due to the higher yield and production capacity,
which is the result of amore efficient process. It is worth noting that
chlorine prices are strongly dependent on electricity prices and on
sodiumhydroxide prices, as these compounds are both products of
brine electrolysis. The newHPprocess ismore independent of chlo-
rine prices, which may actually be more beneficial.
For the ACH separation part, Fig. 7 illustrates the positive effect

of using a DWC on the energy requirements and CAPEX for the
process. Relative to the full process, the savings are about 5% of
the total energy use (savings of USD 390k per year). The applica-
tion of DWC leads also to about a 4% decrease in the overall
CAPEX, due to the reduced number of columns and supporting
equipment in the ACH section of the plant.

Sustainability metrics
One of the most important benchmarks used in industry nowa-
days are sustainability metrics, which allow a fair comparison
between processes using different technologies and production
capacities. The following sustainability metrics were used to

compare the ECH production processes: material and energy
intensity, water consumption, toxic and pollutant emissions,
greenhouse gas (GHG) emissions – with lower values meaning
better performance.43

Table 6 provides an overview of the of sustainability metrics.
There are several improvements in the novel HP process. The larg-
est decrease of 98% is observed for wastewater generation, which
is possible due to the fact that the original operation in diluted
aqueous solution has been replaced by a more efficient catalytic
oxidation. This is crucial for plant operation as handling wastewa-
ter is one of the most important factors for the ECH plant. Further-
more, due to replacement of the hydrochlorination reaction, the
use of process water has been decreased to zero. This means that
the plant can operate without using water as solvent or reagent
and thus its impact on local water resources will be drastically
decreased. Cooling water still has to be used in the process, as
well as steam, but these utilities can be circulated in closed loops.
The secondmajor improvement is in terms of chlorine atom effi-

ciency, which relates the amount of chlorine atoms used to pro-
duce one molecule of ECH with how many of those atoms are
present in the final product. The chlorine efficiency for the tradi-
tional process is equal to 0.476, which means that most of the
chlorine used in the synthesis will not end up in the final product
but in other by-products. Those chlorine molecules would form
chlorine ions and end up in the wastewater streams. For the oxi-
dative process, the chlorine efficiency is significantly increased
to 0.895, which translates into a substantial waste reduction. Nota-
bly, chlorine manufacturing requires significant amounts of elec-
tric power; thus effective utilization of this material is beneficial
for the whole industrial chain.

Table 5. Comparison of key economic parameters for the base case and the HP process

Parameter Base case HP process Difference (%)

Investment cost (million USD) 21.687 21.139 −2.5
Raw material cost (million USD) 39.80 51.80 +30
Annual production capacity (tonnes) 34 524 39 160 +12
Annual sales (million USD) 82.65 93.95 +14
Annual operating costs (million USD) 52.04 61.09 +17
Annual profit (million USD) 30.61 32.86 +7

Figure 7. Comparison between the classic technology and the new HP process.
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Additionally, the overall yield of the process has increased rela-
tively by about 10% (from 71% to 78%), which leads to a lower
material intensity (since less raw material is required to make
the same amount of product). Finally, the energy intensity and
GHG emissions have also slightly decreased, by 2% and 3%,
respectively. This change may not appear significant, but for a
plant capacity of 35 kilotonnes per year this translates to a reduc-
tion of 1400 kilotonnes of CO2 emissions per year.

CONCLUSIONS
This work proved that for the HP process route, using methanol as
a solvent, a novel separation system is possible, which enables
high purity of ECH product. Also, the ACH purification sequence
can be optimized by thermally coupled distillation to improve
the energy efficiency of the ACH production, in both classic and
new HP processes.
The comparison between ECH production processes strongly

indicates that the HP process can provide significant reductions
of 98% in wastewater (thus removing the dependency on waste-
water treatment units in proximity), while also achieving lower
energy intensity and CO2 emissions. Furthermore, the atom effi-
ciency in the new HP process increased by 88% to 0.895
(in terms of chlorine), while the production capacity increased
by 13%. Also, the ECH yield with respect to propylene is increased
(from 71% to 78%), this being crucial for the plant profitability, as
the propylene market is expected to experience fluctuations
caused by the global macroeconomic situation. Yield improve-
ment results from replacing the hydrochlorination–saponification
process with a single oxidation step. Hydrochlorination is suscep-
tible to TCP formation when the organic phase remains undis-
solved, causing ACH losses and reduced yield. Moreover, the
reactive stripping column's saponification reaction contributes
to DCP losses. Despite low concentrations, significant flow rates
indicate notable component losses. However, oxidation utilizes
a catalyst-enhanced selective reaction, improving overall yield.
For the common downstream processing of the ACH intermedi-
ate in both processes, the use of DWC technology allows 34% sav-
ings (about USD 390k) in utilities and carbon emissions, as
compared to the classic sequence of columns.
Furthermore, the new HP route can be partly retrofitted to exist-

ing ECH plants based on the chlorohydrin route. As both pro-
cesses use the same intermediate (ACH), only the ECH part of
the traditional plant would be replaced by the novel route, while
keeping the ACH part from the classic process. In this case, only
55% of investment costs is needed (USD∼11million) for thismod-
ification, while the plant would benefit from all improvements of
the new process.

Besides the academic research and industrial development
interest in this topic, the new ECH production process is also very
suitable for teaching activities, such as the Design Project.44

SUPPORTING INFORMATION
Supporting information may be found in the online version of this
article.
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