| LV 11439 H

AHdJOSO 1I1Hd 40 40100d

c10c

U|PIM

UNIVERSITI PUTRA MALAYSIA

SYNTHESIS OF EPICHLOROHYDRIN
FROM GLYCEROL

HERLIATI

DOCTOR OF PHILOSOPHY
UNIVERSITI PUTRA MALAYSIA

2013




UPIM

UNIVERSITI PUTRA MALAYSIA

][]

SYNTHESISOF EPICHLOROHYDRIN FROM GLYCEROL

By

HERLIATI

Thesis Submitted to the School of Graduate Studies, Universiti Putra Malaysia,
in Fulfillment of the Requirement for the Degree of Doctor of Philosophy

May 2013



DEDICATED TO

MY DEAREST MASMULYONO, PARENTS,

MY LOVELY SONSBINTANG, GILANG and BIMA



Abstract of thesis presented to the Senate of Universiti PutraMalaysiain
fulfillment of the requirement for the degree of Doctor of Philosophy

SYNTHESISOF EPICHLOROHYDRIN FROM
GLYCEROL

By

HERLIATI

May 2013

Chair : Professor Robhiah Yunus, PhD

Faculty : Engineering

Glycerol isthe main byproduct of the biodiesel production. Recently, the market has
been flooded by the crude natural glycerol due to the rapid growth in biodiesel
industry. Since this crude glycerol has a very low value because of its impurities, the
development of new technology to convert glycerol to more valuable chemicals is
become an interesting study. Among the various possibilities, a technology to
convert glycerol to epichlorohydrin has caught our attention. Epichlorohydrin
(EPCH), an important raw material for the production of epoxide resins was
successfully synthesized via two-stage process. The first stage is hydrochlorination
reaction of glycerol with agueous hydrogen chloride as a chlorination agent to
produce 1,3-dichloropropanol (1,3-DCP) in the presence of carboxylic acid as the
catalyst. The next stage is dehydrochlorination reaction where 1,3-DCP produced

from the previous reaction was reacted with sodium hydroxide (NaOH) to form



EPCH without the presence of any catalyst. This study includes both simulation and

experimental works.

Process simulation is crucia in many chemical process development studies to
facilitate the analysis, and optimization of technical processes. It allows the designer
to test the performance of process under different conditions and provide feedback
quickly. In this study, process simulations were conducted prior the experimental
study on both the 1,3-dichloropropanol preparation, and the epichlorohydrin

preparation using the ASPEN Plus™

simulation software. The synthesis of 1,3-
dichloropropanol occurred through hydrochlorination process, was modeled and
simulated using RBatch block which is suitable for a semi-batch reactor process (SBSTR).
The simulation was conducted at different temperatures (80 to 120°C); different
molar ratio and different concentration carboxylic acid catalyst at atmospheric
pressure. The optimum temperature, optimum molar ratio glycerol:HCI, and
optimum concentration of the catalyst were found at 110°C, 1:16, and 8 percent by
mol of glycerol fed respectively. Subsequently, the synthesis of epichlorohydrin took
place via dehydrochlorination reaction was simulated using the reactor block RBatch at
different temperatures (20 to 60 °C) and atmospheric pressure without presence of
catalyst. The optimum temperature and optimum molar ratio 1,3-DCP:.NaOH were
found 60°C (333 K) and stoichiometric respectively. The results from simulation
studies shed insights of the performances of these reactions in terms of conversion,

selectivity and yield. The results from these simulations were used to minimize the

experimental and scale-up efforts and enable the process optimization to be



conducted in wider range of conditions which might not be possible by the

experimental study.

Experimental study on hydrochlorination reaction was carried out under operating
temperatures ranged from 80 to 120°C and atmospheric pressure, reactant molar ratio
from 1:16 to 1:32, and different types of carboxylic acid catalyst. The amount of
catalyst required was 8 percent by mol of the total mol of glycerol intake. The
optimal reaction conditions were: temperature, 110°C; reactant molar ratio glycerol
to HCI, 1:24; catalyst, malonic acid; duration, 3 hours. Quantitative analyses of the

reaction products were performed using GC-MS.

Furthermore, experimental studies on dehydrochlorination reaction were carried out
under temperatures (50 to 80°C) and reactant molar ratios (1:1 to 1:9). Basic
solution of NaOH was added in the reactor, followed by 1,3-DCP as soon as the
reaction temperature was reached. The optima reaction conditions were:
temperature, 70°C; reactant molar ratio 1,3-DCP to NaOH, 1.5; duration at 3

minutes. Analysis of the reaction products was also performed using GC-MS.

The kinetics study on dehydrochlorination of dichloropropanol and sodium
hydroxide to epichlorohydrin was investigated. The effect of temperatures (50 to
80°C) at different times on such reaction was observed. The reaction rate was found
to be pseudo first order with respect to dichloropropanol concentration. The reaction
rate constants at these temperatures were 0.0056; 0.008; 0.012; and 0.021

respectively. Subsequently, the activation energy was determined at 38.85 kJ/mol and



the pre-exponential factor A was 1.62 x 10° sec’.  In the presence of excess water
and at temperature above 70°C, epichlorohydrin can be easily converted to glycerol
thus lower the yield of epichlorohydrin. Therefore, not only choosing the optimal
operating conditions but maintaining low amount of water and short contact time are

important factors in the design of the reactor for epichlorohydrin of DCP.
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Fakulti : Kgjuruteraan

Gliserol merupakan hasil sampingan utama di daleng@luaran biodiesel. Sejak
kebelakangan ini, gliserol mentah semula jadi telalapati membanjiri pasaran
berikutan pertumbuhan pesat industri biodiesels&stil mentah ini mempunyai
nilai yang sangat rendah disebabkan faktor ketideakén, maka pembangunan
teknologi baru untuk menukar gliserol kepada bakiama yang lebih bernilai
adalah satu kajian yang menarik. Di antara pelb&ganungkinan, teknologi
untuk menukar gliserol kepada epiklorohidrin telafenarik perhatian untuk
kajian ini. Epiklorohidrin (EPCH) yang merupakanasasatu bahan mentah yang
penting untuk pengeluaran resin epoksida telahaperpihasilkan melalui dua
peringkat proses. Peringkat pertama adalah tindalasb penghidroklorinan
gliserol bersama larutan berair hidrogen kloridaaggi agen pengklorinan untuk
menghasilkan 1,3-dikloropropanol (1,3-DCP) dengaid &arboksilik sebagai

pemangkin. Peringkat seterusnya adalah reaksi parmdraklorinan di mana 1,3-

Vil



DCP yang dihasilkan daripada tindak balas sebelanthiindak balas dengan
natrium hidroksida (NaOH) untuk membentuk EPCH #anmenggunakan

pemangkin. Kajian ini melibatkan kedua-dua kemawasi dan eksperimen.

Simulasi proses adalah penting dalam kajian-kgpembangunan proses kimia
bagi tujuan memudahkan analisis dan pengoptimumasep-proses teknikal. la
membolehkan pereka untuk menguji prestasi prosebadiah keadaan yang
berbeza dan mampu memberi maklum balas dengan. depkm kajian ini,
simulasi proses menggunakan perisian Aspen'Pltedah dijalankan terlebih
dahulu sebelum kajian eksperimen untuk penyediagddikioropropanol
danepiklorohidrin dilakukan. Sintesis 1,3-dikloropanol yang berlaku melalui
proses penghidroklorinan, telah dimodel dan disasikdbn dengan menggunakan
blok RBatch yang sesuai untuk proses reaktor sepa&siompok
(SBSTR).Simulasi telah dijalankan untuk suhu yaregbbza (80°C hingga
120°C); nisbah molar yang berbeza dan kepekatarampgkm asid karboksilik
yang berbeza pada tekanan atmosfera. Nilai optimotuk suhu, nisbah molar
gliserol:HCI, dan kepekatan pemangkin ditemui mgsirasing pada 110°C, 1:16,
dan 8 peratus mol nilai suapan gliserol. Selepasintesis epiklorohidrin melalui
tindak balas penyahhidroklorinan pula disimulasngin menggunakan blok
reaktor RBatch pada suhu yang berbeza (20 °C)66alam tekanan atmosfera
tanpa kehadiran pemangkin. Suhu dan nisbah mo@BDCP: NaOH yang
optimum ditentukan masing-masing pada 60°C (333 déh stoikiometri.
Keputusan daripada kajian-kajian simulasi ini telatemberikan maklumat

tentang pencapaian tindak balas-tindak balas inis#ayi pemilihan, penukaran,
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dan penghasilan. Keputusan-keputusan yang dipemdeh simulasi ini telah
digunakan untuk meminimumkan usaha eksperimen daa snaik serta
membolehkan pengoptimuman proses dijalankan dalelivagai keadaan yang

tidak boleh dilakukan melalui kajian eksperimen.

Kajian eksperimen bagi tindak balas penghidrokkmitelah dijalankan pada julat
suhu operasi dari 80°C hingga 120°C pada tekamaosd¢ra, nisbah molar bahan
tindak balas dari 1:16 hingga 1:32, dan beberapas jpemangkin asid
karboksilik. Jumlah mangkin yang diperlukan adaBaperatus mol dari jumlah
mol suapan gliserol. Keadaan tindak balas yangmypti adalah: suhu 110°C,
nisbah molar gliserol kepada HCI 1:24; pemangkid asalonik; tempoh 3 jam.
Analisa kuantitatif bagi produk tindak balas tethlakukan dengan menggunakan

GC-MS.

Selanjutnya, kajian eksperimen untuk tindak balasyphhidroklorinan telah
dijalankan pada suhu (50°C hingga 80°C) dan nishalar bahan tindak balas
(2:1 hingga 1:9). Larutan NaOH dimasukkan dalankteeadiikuti oleh 1,3-DCP

sebaik sahaja suhu tindak balas dicapai. Keadaaaktibalas yang optimum
adalah: suhu 70°C; nisbah molar bahan tindak Ha&®CP NaOH, 1:6; tempoh

3 minit. Analisa produk tindak balas juga dilakuldengan GC-MS.

Kajian kinetik tindak balas bagi proses penyahkiamni dikloropropanol dan

natrium hidroksida kepada epiklorohidrin telah asit. Kesan suhu (50°C hingga



80°C) pada tempoh yang berbeza untuk tindak balaelah diperhatikan. Kadar
tindakbalas didapati mematuhi tertib pseudo-pertdmadasarkan kepekatan
dikloropropanol. Pemalar kadar tindak balas padh $ni adalah masing-masing
0.0056; 0.008; 0.012 dan 0.021. Kemudian, tenaggaidifan telah ditentukan
pada 38.85 kJ/mol dan faktor pra-eksponen A adalé@ x 10 saat. Dalam
kehadiran air yang berlebihan pada suhu di ata€,7@piklorohidrin boleh
bertukar kepada gliserol dengan mudah, justeru orangkan penghasilan
epiklorohidrin. Oleh itu, faktor penting dalam rekantuk reaktor untuk sintesis
epiklorohidrin daripada DCP tidak sahaja terhadaklepkeadaan operasi yang
optimum,bahkan adalah penting juga untuk mengekglkalah air yang rendah

dan masa sentuhan yang pendek.
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CHAPTER 1

INTRODUCTION

1.1. Background

Epichlorohydrin (EPCH) is an important raw materfiat making epoxide resins.
Approximately 76% of the world’s consumption of BP@ used to make epoxy resins, in
the form ofsynthetic elastomer. Epoxide resins have a latwgeber of applications
in the car, housing, boating and leisure industriether applications of
epichlorohydrin include sizing agents for paper-mgkindustry, textile, ion
exchange resin, water treatment chemicals, polgolgriety of glycidyl derivatives,

and more (Solvay C. , 2003; Dow, 2007).

Today, biodiesel as an alternative, environmentigndly, and renewable energy
has been produced on a large scale (Azhari, 20@yeMer one of the main
problems in the production of biodiesel is the fation of significantly high amount
of glycerol (10 wt %) as a by-product (Michael, Aed, Winnie, & Thomas, 2006)
As the production of biodiesel increases, the dtyaof crude glycerol generated
will also be considerable, and its utilization wokcome an urgent topiédccording
to (Zheng, Xiaoloong, & Yinchu, 2008), glycerol rkats have reacted strongly to
the increasing availability of glycerol. Althoughet global production of biodiesel is
still very limited, the market price of glycerol$idropped rapidly. If the production
of biodiesel increases as predicted, as a rough atilthumb for every 9 kg of
biodiesel produced, about 1 kg of a crude glycbymiroduct will also be produced.

As a consequence, the supply of glycerol will bexcess of demand. These aspects



have attracted attention from many researchergveldp alternative routes to utilize

glycerol in the production of useful intermediatedinal products.

Several opportunities for glycerol transformatias, show at Figure 1.1, have been
identified since it can readily be oxidized, redilickalogenated, etherified, and
esterified to obtain value-added compounds sucldilagdroxyacetone, mesoxalic

acid, 1,3-propanediol, 1,3-dichloropropanol, glytethers, glycerol carbonate, and

glyceryl esters (Zheng, Xiaoloong, & Yinchu, 2008).
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Figure 1.1 Commaodity Chemicals from Glycerol (Zheng, Chen, & Shen, 2008)
Dealing with a strong growing demand for epichlgmiiin which is expected to

exceed the existing global production capacity W13 studies of glycerol
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halogenation process or glycerol hydrochlorinatiprocess to produce 1,3-
dichloropropanol, which is an intermediate in epcbhydrin synthesis, will be
imperative . Based on the estimated productiomiofliesel, it appears that bio-
based glycerol conversion to epichlorohydrin offarsalternative route to existing

process.

Originally, epichlorohydrin was formed by Berthelot 1854 and by Clarke and
Hartman (1941), using caustic soda witkx,y-dichlorohydrin or o,y-
dichlorohpropanol. «y-DCP) is a product of the reaction between an aggieo

solution hydrogen chloride and synthetic glycenmolthe presence of acetic acid as a
catalyst, at temperature ranged from 80 —°@00The reaction schemes involved

can be seen below in Eq. 1.1 and 1.2 : (Clarke &rhian, 1941)

OH OH
RCOO
HO\)\/OH + 2HCI mlysl_tL CI\)\/CI + H,0 (1.1)
OH

CI\)\/CJT + NaOH —>HO\>\/C' +NaCl + H,0 (1.2)

Unfortunately, according to Siano (Siano, et2006), these old processes are
characterized by considerable drawbacks, suchea®libwing:
« the loss of catalyst during the reaction due tor#iatively low boiling point of

acetic acid (117 °C);



» the slowing of the reaction caused by the introdacbf water in the reaction
mixture, due to the use of aqueous hydrochlorid,aamnd the failure to remove
the water that is formed as a consequence of Hatioa itself;

* and the difficult separation ak,y-dichloropropanol from the reaction mixture.

These drawbacks, together with the high cost offetit glycerol, have prevented

this process from becoming established.

Although several routes are known for epichlorohydnanufacture (Nexant, 2006),
conventional technology is made from propylene ahtbrine as primary raw
materials in a four-step process which comprisefBg$terbosch, Das, & Kerkhof,
1994):

- Preparation of allyl chloride through chlorinatiohpropene or propylene at a
high temperature, 500 — 520 This step results in low selectivity in which
by-products such as mono- and dichloroprene and omoand
dichloropropane are formed.

- Preparation of dichloropropanols by addition of dgfplorous acid to allyl
chloride. This step is performed in water at a terapure of 38C. The low
solubility of allyl chloride in water requires these of a large amount of
water and

- Dehydrochlorination of dichloropropanols with alkal aqueous solution to
epichlorohydrin at a temperature®@0 Epichlorohydrin must be immediately
removed from the solution in order to prevent foliora of mono-

chloropropanol and also glycerol.



- Preparing HOCI solution which is used in the dicbpyopanol synthesis. It
is prepared by reacting chlorine with calcium hydde.
The reaction equations for the aforementioned ggishof epichlorohydrin can be

seen in Eq. 1.3 to 1.5 as below: (Bijsterbosch, Baserkhof, 1994)

H2C=CH'CH3 + C|2 > HzC:CH'CH2C| + HCI (13)
Propene Allyl Chloride

H,C=CH-CH,CI| + HOC| = CH,CI-CHOH-CH,CI| + CH,OH-CHCI-CH,CI (1.4)
1,3-Dichlorohydrin 1,2-Dichlorohydrin

CH,CI-CHOH-CH,CI + 1/2Ca(OH), - CH,CI-HCO-CH, + 1/2CaCl, + H,O0 (1.5)
Epichlorohydrin

Basically, those routes are used in very largeespabduction, but it suffers from
some undesirable features such as low chlorine a&ticiency. Only one of four
chlorine atoms employed in the manufacturing otlelorohydrin by this route is
retained in the product molecule, the remainderrgettas a by-product hydrogen
chloride or waste chloride anion. In addition, highit consumption of energy; high
unit of waste water; and use of hazardous evapbrEtrine in the process have
prompted the search for alternative routes thatmaoee efficient and environment-
friendly (Kubicek, Sladek, & Buricova, 2005). Thecalating cost of petrochemical
raw material such as propylene has also contribtaethe accelerated search for

processes that employ less expensive raw mat8riat¢ M, et al., 2008).

Increase in propylene price in the early 2000s rdouied to economically
unsustainable situation in the production of clmated organic. In contrast, at that
time the price of glycerol, which was produced frempichlorohydrin, was falling
down. Solvay, as a manufacturer, therefore halted production of synthetic

5



glycerol from epichlorohydrin in 2005. Solvay, tiaghal glycerol and
epichlorohydrin manufacturer, have been trying ®verse the procedure by
converting the plant to produce epichlorohydrinnirglycerol as shown in Figure

1.2.

In 2007, Solvay, was the first company to startdpigion of epichlorohydrin from
glycerol at their 10 000 ton plant in France. Ghptevas obtained from a French
supplier as a by-product of the biodiesel manufactufrom rapeseed oil.
Furthermore, Solvay also already has the plannedstment of 100,000 ton/year
plant on its integrated site at Map Ta Phut, TimaiJavhere production was started in

the middle 2010.

r ( +
- =
&7 | -
ne 4 propylene ) epic “ rin >

Figure 1.2 Rever se process from glycer ol to epichlorohydrin (Solvay, 2007)



According to Solvay, the new glycerol-based procssnys crucial advantages over

the existing propylene route as follows:

it does not require a solvent;

- the size of the reactor can be reduced relatedgtehselectivity;
- the kinetic is much faster;

- hydrogen chloride is consumed rather than produced;

- chlorine consumption is reduced by 50% and watef(9p; and

- chlorinated residues are 80 % lower.

Like Solvay, Dow also has announced the constmcbd a large glycerol to
epichlorohydrin plant in China, which started thhedquction in 2010. The company
has selected the Shanghai Chemical Industry Parksfd 50,000 ton plant. In this
case, glycerol is purchased from the local prodcébiofuels, which in China are
typically obtained from rapeseed and palm oil. Dawo has decided to build a
100,000 ton liquid epoxy resin plant at the Shanggeation. The Dow production
facility reduce waste water by more than 70% comgdo conventional propylene-
based technology and will almost completely avdm tformation of organic

byproducts.

Kubicek (Kubicek, Sladek, & Buricova, 2005) invgsated the proprietary process
for producing epichlorohydrin from glycerol using arganic acid catalyst. Optimal
reaction occurred using anhydrous hydrochloric agttd 30 % (mol) caprilic acid as
a catalyst at above 12D. This would ensure only a limited fraction (10 &6 the

catalyst evaporated from the reactor. Siano (Siahal., 2006) have also invented a



process for production of 1,3-dichloropropanol (D@@m glycerol and hydrogen
chloride, which is an intermediate of epichlorohgdproduction. This reaction is
carried out in the liquid phase under temperatdi@aund 100C in the presence of
acetic acid as catalyst. In order to avoid cornosd the glass-lined steel reaction
vessel, the manufacture of DCP is carried out kepghe inner wall of the vessel
which lies above the level of the liquid mediumaaemperature of 12G, at which
corrosion of the enameled steel is minimized (Krdffanck, Andolenko, & Veyrac,
2007). This process can be run either batch-wiseoatinuously (Kruper, et al.,

2008)

Even though the hydrochlorination process as emethiabove, showed very high
reaction conversion of glycerol (almost 100%) (Kagki et al., 2005; Krafft et al.,
2007; Tesser et al., 2007; Kruper et al., 2008;cBrat al., 2008), it still has low
value in selectivity in terms of 1,3-DCP where o8 to 56 percent of selectivity
was achieved (Tesser et al., 2007; Bruce et al8;2Dee et al., 2008; Krafft et al.,
2007). As reported by Tesser et al. (2007), hyldoymation process of reaction
between glycerol and hydrogen chloride results ammftion of other different
organochlorines, hence promote multiple parallehctiens. Therefore, the
evaluation of product selectivity i.e., conversadrthe reactant to the desired product
divided by the overall conversion of the reactanthe rate of conversion of the feed
to the desired product, is more desirable thanctreversion itself (Froment et al.,
1979). Moreover, process parameters affectings#eiectivity such as temperature
and pressure, molar ratio of reactant and catatystentration should be thoroughly

investigated and analyzed. Therefore, investigation the effect of those



parameters are important in order to improve thealrdghlorination process
specifically on selectivity toward 1,3-DCP. Thioowd ensure that the glycerol
byproduct can indeed be used as the starting rahteri the production of
epichlorohydrin. Since, very little informatios available on this subject, computer
aided process simulation using ASPEN Plusoftware was conducted minimize
the experimental and scale-up efforts. The simulation study would also enable
the process optimization to be conducted in wider range of conditions which
might not be possible by the experimental setup. In addition, the potential of
using cheap basic solution namely sodium hydroxidéne dehydrochlorination of
1,3-DCP to produce .epichlorohydrin also been itigatged. Since, the reaction was
hypothesized to be very fast, kinetics study o theéhydrochlorination was also

performed to investigate its mechanism and ratatsas.

1.2. Objectives and Scopes of Work

The objectives of this research are:

1. To simulate the effects of operating conditionshsias feed molar ratio,
temperature and catalyst concentration on syntleédisth 1,3 Dichloropropanol
and Epichlorohydrin using ASPEN Plus.

2. To investigate effect of various experimental ctindi such as effect of feed
molar ratio Glycerol to HCI, reaction temperatuend type of catalyst on
hydrochlorination of glycerol and muriatic acidX Dichloropropanol in order

to obtain optimum process conditions.



3. To investigate effect of various experimental ctindi such as effect of feed
molar ratio 1,3-Dichloropropanol to NaOH and reawtitemperature on
dehydrochlorination process 1,3-Dichloropropanad &laOH in order to obtain

optimum process conditions and to study its kirsgbarameters.

This research includes two consecutive processesstaf
1. Preparation of1,3-DCP through chlorination of crude biodiesel-bagiaerol.

The scopes of work are directed toward assesingeffects of operating
parameters on the reaction conversion, selectiatd yield. The parameters
considered in this process were namely feed mailéo,rreaction temperature,
and catalyst concentration. The reaction was betwgrede biodiesel-based
glycerol and hydrochloric acid using malonic acgdcatalyst. Malonic acid was
selected due to its high activity and high seletgstifTesser et al., 2007);

2. and followed by dehidrochlorination of 1,3-DCP toguce EPCH. Assesing the
effects of operating parameters, on both the r@actonversion and yield of
EPCH, such as reaction temperature, and feed maliar were the scopes of

work for this part. The reaction was betweédrB-DCP and sodium hydroxide

without catalyst.
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1.3. Thesis Outline

The thesis consists of six Chapters. Chapter 1nisthe introduction, which

highlights the background of the problem and tigaificance of the research work
in the field of glycerol hydrochlorination. Chapt2rcovers the literature reviews
on the subject where extensive review, analysis symdhesis are given to the
reported works of various authors. The review piesithe basis not only for the
simulation sections but also for the experimergatisns of the thesis. The reviews
about kinetic models proposed by prior works as® aiscussed in this Chapter.
From Chapter 3 onwards, each Chapter containsvitsbackground, materials and

methods, results and discussions, and conclusions.

Chapter 3 covers the simulation for both synthedishe 1,3-Dichloropropanol
(1,3-DCP) and synthesis of epichlorohydrin using PESI Plus". The
experimental work on dichloropropanol synthesismfrglycerol and agueous
hydrochloric acid, 37 %, and analytical technique described in the Chapter 4. In
Chapter 5 was describing the kinetics of dehydaromhtion reaction of
dichloropropanol and sodium hydroxide solution picklorohydrin. Finally, the
summary of the report and recommendation for theéuworks are included in the

conclusion and recommendation section in Chapter 6.
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CHAPTER 2

LITERATURE REVIEW

The availability of large amount of glycerol by-prect from biodiesel production
has encouraged ongoing development of technoldbasutilize glycerol as a raw
material for producing commodity chemicals. It leen known for decades that
glycerol can be made to react with hydrogen chéorid form an intermediate
dichloropropanol, which can then be converted twhdprohydrin. Unfortunately,

this chemistry has not been used commercially tosagnificant extent because of
the high cost of glycerol compared to propylenee Tdvailability of bio-based

glycerol and the tight propylene market has revethes situation.

Recently published world and U.S. patent applicetidisclosed technologies that
claim improvements to the old art for producingcépprohydrin from glycerol. In
this literature review international patents puidd were described under the Patent
Cooperation Treaty (PCT) (invented by Kubicek et 2a005; Krafft et al., 2007),
U.S. patent application (invented by Krafft et &Q07; Kruper et al., 2008) and
some information from the journal articles regagdthe technology of preparing
epichlorohydrin from glycerol. In general, the miple of the process is a reaction of
glycerol with hydrogen chloride in the presencecafboxylic acid as catalysts,
producing 1,3-dichloro-2-propanol (1,3-DCP) or harohydrins and water. This
reaction is carried out in the liquid phase undengerature around 19D while
pressure can be either atmospheric or elevatedlethis condition, the solubility
of HCI in the reaction mixture will be increase8ubsequently, this 1,3-DCP will be

converted to epichlorohydrin by adding basic soluti
12



2.2. HISTORICAL DEVELOPMENT

Originally glycerol has been known as a raw makef@ epichlorohydrin
production. Its principle is glycerol reacts wittydnogen chloride to form an
intermediate 1,3-dichloropropanol which can thencbaverted to epichlorohydrin
by adding basic solution. Unfortunately, this pressuffers setback due to the high

cost of synthetic glycerol compared to propylenthat time (Kraftt, 2007).

Figure 2.1 shows several routes for epichlorohygroaduction. Epichlorohydrin
was first introduced in the mid-1930s by Shell gsa process based on the high
temperature chlorination of propylene to form atiilloride and byproduct hydrogen
chloride. At lower temperatures, the predominaattien is the addition of chlorine
to the double bond to produce dichloropropane lgt ahloride. Allyl chloride was
then converted to glycerol chlorohydrin (dichloropanol) by reaction with
hypochlorous acid (HOCI). It was obtained by remacof chlorine and water where
byproduct hydrogen chloride is also formed. Debgtforination is a reaction
between dichloropropanol with a base such as calchydroxide to produce
epichlorohydrin and byproduct calcium chloride. §'blassical chemistry, shown as

Route 1 in the Figure 2.1, is still in use todaytfee manufacture of epichlorohydrin.

In the mid-1980s, Showa Denko commercialized agesdased on the chlorination
of allyl alcohol, as illustrated by Route 2 in thegure 2.2 (Nexant, 2006). Showa
Denko's route to allyl alcohol is by oxidative awetlation of propylene to allyl

acetate, followed by hydrolysis. Allyl alcohol calso be obtainable from the

isomerization of propylene oxide. Allyl alcohol then chlorinated in aqueous

13



hydrogen chloride to obtained dichloropropanol.sTimtermediate is subsequently

dehydrochlorinated with base as previously desdribe

Route 3 depicts a reaction sequence patented bytBatwgoes through acrolein as
an intermediate. Propylene is oxidized to acroieithe first step, with some further
oxidation to acrylic acid. In the second step, Brnois chlorinated to 2,3-
dichloropropanal. Subsequent hydrogenation of tlaklehyde gives 2,3-
dichloropropanol, which is then dehydrochlorinatedth base as previously

described.

A patent by Solvay discloses the epoxidation of dbeble bond of allyl chloride
using hydrogen peroxide at low temperature. Desgghas Route 4, this path skips
the formation of dichloropropanol and goes diredtlym allyl chloride to EPCH.
Acetone is the key intermediate in Route 5. Acargdio an Asahi patent, acetone,
produced from propylene via cumene hydroperoxidagiod cleavage with phenol as

co-product, can be chlorinated to obtain dichloedace (Yohei, 2011).
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Figure 2.1 Epichlorohydrin processroute (Nexant, 2006)

However, epichlorohydrin is still commercially desd indirectly by

chlorohydrination of allyl chloride, which is obted by high temperature
chlorination of propylene, Equation 2.1 (Bijsterbloset al., 1994). Byproducts of
chlorination are cis- and trans-1,3-dichloropropeaad 1,2-dichloropropane.
Glycerol dichloropropanol are made from allyl clde;, Equation 2.2, with 1,2,3-
trichloropropane being obtained as a byproductaliinepichlorohydrin is produced
from the glycerol-dichloropropanol mixture by treent with a basic solution,

Equation 2.3. The reactions are as follows:

CH,=CHCH; + Chb> CH,=CHCH,CI + HCI (2.1)

2CH,=CHCH,CI + 2HOCI > HOCHCHCICH,CI + CICHCHOHCH.CI (2.2)
Q Cl

CICH,CHOHCH,CI + NaOH > |>\/ + NaCl -6 (2.3)
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Increase of propylene price in the early 2000s lreduin an economically
unsustainable situation in the production of clmatéd organic. In contrast, at that
time the price of glycerol, which was produced frepichlorohydrin, was declined.
Solvay, as a manufacturer, therefore halted proslucif synthetic glycerol from
epichlorohydrin in 2005. Solvay, traditional syribeglycerol and epichlorohydrin
manufacturer, have been trying to reverse the piigeeby converting the plant to

produce epichlorohydrin from glycerol as shown igufe 2.2. (Solvay, 2007)

o
e o

|
-‘:-T-L

ne 4 propylene » epichlorochydrin »

Figure 2.2 Glycerol to Epichlorohydrin

The said process is the transformation of glycexddy-product of the manufacturing
of biodiesel through what they called Epicerol gss& The reactions involved are as

follows: (Solvay, 2007)
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OH OH

HO OH 2HCI RCOOH CI\)\/G
+ E— H.O
Catalyst * 2 (2.4)

OH

@)
2.5

Epichlorohydrin

The first reaction, Equation 2.4, is a chlorinatipnocess, which glycerol is
transformed to 1,3-dichloropropanol then this commab subsequently is converted

to epichlorohydrin through dehydrochlorination pgss, Equation 2.5.

In 2007, Solvay was the first to start productidrepichlorohydrin from glycerol at

their 10 000 ton plant in France. Glycerol was oiad from a French source as a by

product of the manufacture of biodiesel from rapdseil. Furthermore, Solvay also
already planned investment in a 100 kilo ton umitits integrated site at Map Ta

Phut, Thailand, where production began in the neid@fl10. (Solvay, 2009)

Another big chemical company that also has annalitioe construction of a large
glycerol to epichlorohydrin is Dow. The company hsslected the Shanghai
Chemical Industry Park for its 150 kilo ton plam. this case, glycerol will be
purchased from local producers of biofuels, whighCihina are typically obtained
from rapeseed and palm oil. Dow also has decideduttl a 100 kilo ton liquid

epoxy resin plant at the Shanghai location. The Qwwduction facility reduces
waste water by more than 70% compared to convatigropylene-based
technology and will almost completely avoids thenfation of organic by product.

(Dow, 2007)
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The global epichlorohydrin capacity is currentltirated at 1.4 million ton/year,
and glycerol-based epichlorohydrin have accounteddughly 50,000 ton/year in
2007 which is roughly 3.5% (Cargill, 2007). Accordito UK-based market research
firm Merchant Research & Consulting Ltd. (2008% tlate of consumption of these
chemicals largely exceeds their production ratecliputs an upward pressure on
epichlorohydrin prices. Especially in China, epmbhydrin capacity has been
growing about 20 percent per annum (China repd@®32 The following graph,

Figure 2.3, illustrates supply and demand for dprcnydrin over the world:
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FIGURE 2.3 Supply and Demand for Epichlorohydrin (Thousands metric tons)
(Report, 2008)

2.3. GLYCEROL FEEDSTOCK

Glycerol is the simplest triol that is also callglgicerin or 1,2,3-propanetriol or glycil

alcohol. It is the backbone component of all ndttats and oils in the form of fatty
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acid esters and is an important intermediate inntleéabolism of living organisms.
Glycerol is obtained as a major byproduct of tratex#fication reaction of fats or
seed oils such as, sunflower, peanut, olive ojfadzean oil, rapeseed and sunflower
oils, palm oil and coconut oil to obtain biodieg@arnwal & Sharma, 2005).
Glycerol can also be produced by fermentation amehucal synthesis. Microbial
production of glycerol has been known for 150 yeBrsring World War 1, glycerol
was produced commercially with microbes. It carebsily modified by reacting the

OH functional groups (Carine et.al, 2006).

A number of microorganisms are capable of produghgerol by fermentation,
including yeasts such aSaccharomyces cereVisiae, Candida magnoliae, Pichia
farinose, andCandida glycerologenes, bacteria such aBacillus subtilis, and algae
such asDunaliella tertiolecta (Wang et.al, 2001). Over expression of the genes
associated with glycerol formation has been atteohpt efforts to improve glycerol
synthesis by microorganisms, which is based on relarg the glycolytic flux
toward glycerol formation and on decreasing thavdiets of the pathways for
dissimilation of glycerol. Triose phosphate isonseras a key enzyme in the
glycolysis that directs dihydroxyacetone phosphateylyceraldehyde-3-phosphate
after the split of fructose-1,6-bisphosphate. Whitea triose phosphate isomerase
gene (TPI) ofSaccharomyces cereVisiae is deleted, the mutant is able to attain a
high glycerol yield from glucose (80-90% of the dhatical yield) and glycerol
productivity [1.5 g/(L h)] without the need for ¢esring agent (Compagno, 1996).
However, the mutant strain grows poorly due to margy deficiency and shows
genetic instability on the glucose medium. The NAdependent glycerol-3-

phosphate dehydrogenase is a key enzyme for glyfmroation inS. cereVisiae
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and many other yeast strains, and the overexpresdidthe GPD1 gene in yeast
increases glycerol production. In a strain $fcereVisiae, the glycerol yield
exhibiting 20-fold increased Gpdlp activity requitifrom over expression of GPD1
gene was 6.5 times of that the wild type (Nevoidl96). Over expression or
disruption of GPD1 could also modulate glycerol atitnol yields during alcoholic
fermentation inS cereVisiae. Mutants with gpd1D exhibited a 50% decrease in
glycerol production and increased ethanol yieldh tRe other hand, over expression
of GPD1 in strains resulted in a substantial ineeem glycerol production at the
expense of ethanol in broth containing 200 g/L gh&c In 2001, a review was
published about the glycerol production with migeddermentation (Zheng et.al,,

2001).

A new energy resource such as biodiesel fuel hawmgin importance in recent
years. Biodiesel (composed of fatty acid methykestis an efficient, clean, 100%
natural energy alternative to petroleum fuels (@er®004) The many favorable
aspects of biodiesel fuel include the followingidtsafe for use in all conventional
diesel engines, it offers the same performance eargine durability as petroleum
diesel fuel, it is both nonflammable and non-toxicd it reduces tail pipe emissions,
visible smoke, and noxious fumes and odors. Bgmliés obtained from natural,
renewable sources such as new and used vegetlbsndianimal fats (Krafft et al.,
.2007a) On the basis of these advantages; biodieséhology is making the
transition from a research endeavor to a worldwioi@mercial enterprise. In support
of this increasing consumption, there have beerstanbal increases in biodiesel
production in recent years, a trend that is expette continue. Europe and the

United States are the leading biodiesel produceérshia time, with European
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production in 2003 estimated at 1.7 x 109 L (450ioni gal) (data from European
Biodiesel Board, 2004) and U.S. production in 2@84mated at 114 million L (30

million gal) (McCoy, 2005).

This growth is the result of the construction ofwneroduction plants and the
expansion of existing ones (Michael, 2005). Biodiesan be produced from any
material that contains fatty acids, whether theyfege acids or linked to other waste
greases, and edible oil-processing wastes can &g as feedstock for biodiesel
production. The choice of feedstock is based o saciables as local availability,
cost, government support, and performance as a felariety of reaction
configurations can be employed in biodiesel syn#hesvolving inorganic acid,
inorganic base or enzymatic catalysis, biphasimonophasic reaction systems, and
ambient or elevated pressures and temperatures.chibiee of such chemical
technology to employ in a production plant depeoiighe type of feedstock and its
quality. The choice of conversion technology willturn influence costs. The scale
of operation will also bear upon construction armkrating costs. In any case,
individuals considering the construction or modifion of a biodiesel production
facility need the means of estimating the costiotliesel production based on the

components of the operation and construction ¢dsitshael, 2005).

During triglyceride transesterification, glycer@parates from the oil phase as the
reaction 2.6 shows. The glycerol liberated durirapsesterification has substantial
commercial value if it is purified to USP grade. &sough rule of thumb, about 1 kg

of glycerol is produced for every 9 kg of fatty denethyl ester. Therefore, increased

biodiesel production results in the accumulatiorglyterol, which leads to a price
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decline. The effect is that the sale of glycerdiésoming the bottleneck of biodiesel
production enhancement. Figure 2.4 is a forecasthef development of global

glycerol production (Zheng, 2008). It shows an exgydial growth of glycerol until

2010.
I I
H>C (e} C R1 HC— 0~ C—/ R
HC——0——C—R, , 3CHOH catalyst  , c—o—c—R, + HC—OH
0
| | H,C——OH
H,C——O0——C—R;, HC——O0——C—Rs3
Tryglyceride Glycerol
(2.6)
1.4
12
=]
2
S 10
g
~ 08
=
=
= 06
£
[ =R
g 04
=
Z
02
00
2000 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year

FIGURE 2.4 Projection of Global Glycerol Production (Zheng, 2008)
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Glycerol that is used for producing dichloropropanan be a crude product or
purified product (Krafft, Franck, Andolenko, & Veag, 2007). When the glycerol is
a crude product, it can comprise, for example, watel a metal salt. When purified
glycerol is used, that glycerol is obtained by ped crude glycerol using one or
more purification operations such as a distillatian evaporation followed by a
separation operating such as settling out, fittratior centrifugation. Krafft

mentioned that a distillation operation gives goesult. It is also possible to carry
out an operation consisting in drying the crudedpod or the product derived from
the purification operations. It is also possiblectory out a purification operation,
which comprises treating the crude product or adpco obtained from another

purification operation, with a resin (Krafft, Paki Benoit, & Sara, 2007).

The crude glycerol from biodiesel manufacturingnplaan be treated with steam
under reduced pressure (Krafft, Patrick, BenoitS&ra, 2007). For example the
operation can be carried out in an arrangement osatpof a round-bottomed flask
equipped with a pocket having a thermocouple, &itnagnetic bar for the stirring,
with a dip pipe for the injection of steam, withdgstillation head with a pocket
having thermocouple, with a side reflux condenseded to 6C and with a round-

bottomed flask for collecting the evaporate. Crgteerol contains about 40 % by
weight of glycerol while purified glycerol contair®0 % by weight of glycerol.

Table 2.1 and Table 2.2 show glycerol propertied emude glycerol content from

biodiesel respectively (Maneely, 2006).
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Table 2.1 Glycerol Properties (Maneely, 2006)

Property Description
Boiling point (1 atm) 290°C

Density (25 °C) 1.262 g/ml
Flashpoint (open cup) 176 °C
Solubility water, ethanol

Table 2.2 Crude Glycerol content from Biodiesel (Maneely, 2006)

Property Description

Glycerol content 40 to 90%

Water content 8 to >50%

Methanol content should be less than0.5%
Salt content 0 to 10%

Several opportunities, Figure 2.5, for glycerol smmption have been identified
since it can readily be oxidized, reduced, halotghaetherified, and esterified to
obtain alternative commodity chemicals such as dhbwyacetone, mesoxalic acid,
1, 3-propanediol, 1,3-dichloropropanol, glyceryhat, glycerol carbonate, and

glyceryl esters (Zheng et al., 2008).
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Figure 2.5 Commodity Chemicals from Glycerol (Zheng et al., 2008)

24. EPICHLOROHYDRIN PROPERTIES

Epichlorohydrin is a colorless liquid with an iaiing, chloroform-like odor. It is
slightly soluble in water (6 g/100 ml of water), suible with alcohol, ether,
chloroform, trichloroethylene, and carbon tetradde and insoluble in petroleum
hydrocarbons (HSDB, 2009). Epichlorohydrin hydr@yz slowly at room
temperature and more rapidly in the presence df dretiaces of acid. When heated

to decomposition, epichlorohydrin emits toxic funaéshydrochloric acid and other
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chlorinated compounds. The commercial product % 9&ire with a maximum of

0.2% water.

Epichlorohydrin is a hazardous material due to tdgicity, flammability and

reactivity. Appropriate precautions must be takersafely store, transport, deliver
and handle this product. In all cases, internatjonational, regional and local
regulations related to transport, storage, handlheglth, safety and environmental

protection must be strictly observed (Solvay, 2003)

24.1 Physical Properties

The chemical structure of epichlorohydrin is shawirigure 2.6. Physical properties
are provided in Table D.1, Figure D1, and Figure (Bgpendix). Typical chemical
reactions are provided in Table D1. In mixtureshvdir, the vapor phase can produce
a flammable or moderately explosive mixture where tboncentration of

epichlorohydrin is between 3.8% and 21% (by volume)

H2C_CH_CH2
N/ |
O

Cl

Figure 2.6 Chemical structure of epichlorohydrin

The lower flammability limit (3.8%) is reached whére temperature of the liquid
corresponds to that of the flash point (around 3B&yond the upper flammability
limit (21%), the mixture is no longer flammable base the concentration in

atmospheric oxygen is too low. However, conditiohammability may be reached
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by dilution of the vapors (draught of air, etc.dadnom aerolization (Solvay, 2003).
In view of the significant risk due to its flammbéty, it is recommended to handle
and store epichlorohydrin under nitrogen. Epichtgdrin should be kept away from
sources of heat, flames and sparks. In additionrerwhandling epichlorohydrin
(pumping, etc.), electrostatic charges may be pmreduThese may cause sparks,
which are a source of ignition. To avoid this rigkis essential to ensure that all

equipment is properly grounded and bonded (Sol&3P

Thermal Decomposition

Starting from about 225°C, “dry” epichlorohydrin ynpolymerize. In the presence
of water, even at moderate temperatures, it magngadthermal decomposition via
hydrolysis, especially if the medium is acidic aske. Epichlorohydrin burns to form

water, carbon oxides and hydrogen chloride (HClr@ant gas).

Chemical Reactivity

Epichlorohydrin may react violently in the preserafeacids or bases, pure or in
concentrated solutions, especially at high tempesat Principal categories of
materials that can react with epichlorohydrin @®&ds, bases such as alkalis, amines
and ammonia, alcohols, carbon monoxide, metalliclexx and hydroxides, salts,
especially metal halides (e.g., FeCland aluminum, magnesium, copper, tin, zinc

and their alloys.
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Degradation in Aqueous Solutions

Whether or not it contains a base or an acid, émichydrin in an aqueous solution

can be hydrolyzed into glycerol in several stagetha following (Solvay, 2003):

Firstly, epichlorohydrin is hydrolyzed int-monochloropropanol

HZC\—/CH—THZ + H,0 > H,C C|: C|:H2
© cl OH OH ClI (2.7)
Epichlorohydrin a-monochloropropanol

Secondly, reaction ai-monochloropropanol in a basic medium into glycidol

H,C——C——CH,

| | | + NaOH ™ H,C——HC—CH, + NaCl +H,0
OH OH CI (l)H \o/
a—monochloroydrin Glycidol
(2.8)
Finally, glycidol is hydrolyzed into glycerol
H,C——OH
H,C ——HC——CH, H,O |
| — > _
o 5 HC OH
H,C—OH
Glycidol Glycerol (2.9)

Bases and acids catalyze the hydrolysis of epichiairin in an aqueous solution. Its
hydrolysis rate is therefore a function of its cemication and the concentration of

either the base or acid. According to Ma et alO@0hydrolysis reaction lowers the
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reaction yields then, epichlorohydrin produced mhet removed as quickly as
possible from the reaction environment by desigranguitable distillation column
and choosing the optimal operating conditions. Thewyggested that
dehydrochlorination reaction, which reaction betweéhloropropanol and sodium
hydroxide to produce epichlorohydrin, is performed reactive distillation system,
and epichlorohydrin is flashed out with streamHtorgen the contact time to prevent

hydrolysis.

Materials of Construction for Storage

Epichlorohydrin is normally stored and transfernectontainers made of mild steel
or stainless steel. Corrosion (especially in milde§ may appear in abnormally
damp conditions. Epichlorohydrin has a swellingeeffon polymers and elastomers
(pipes, gaskets, protective gloves and boots, #tat)varies with the exact type of
material. Polymers may also be used such as pgyfaoe, polytetrafluoroethylene,

and polysulphides (Krafft, Franck, Andolenko, & Vay, 2007).

Exposure Control

Although epichlorohydrin has a very high vapor ptes as Table D.1 (appendix D)
shows, it can be controlled to maintain vapor catregions well below occupational
exposure limits. This should be achieved througbperly designed, leak-tight
product handling systems. Good ventilation is ingnat; whenever possible, the
epichlorohydrin handling facilities should be las@dtoutdoors to maximize natural
ventilation. However, good ventilation cannot reela closed, leak-tight system. All

aspects of the handling operation, from delivergtigh reaction to disposal, must be
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carefully scrutinized for exposure potentials. Xties such as sampling should
receive particular attention. Measures that prewxmosures should be thoroughly

explored (Solvay, 2003; Dow, 2007).

Personal Protective Equipment

In view of the properties of epichlorohydrin, it éssential to take all reasonable
precautions to reduce exposure to a minimum. Epiohlydrin easily penetrates
clothing, gloves and shoes. Thus, it is necessawyelar suitable protective clothing
whenever handling the product. The materials ammmenended based on the
permeability testing done according to ASTM metlka@®9-91 such as butyl rubber
with protection more than 8 hours, polyvinyl alcbhath protection more than 4

hours, polytetrafluoroethylene with protection mdhan 4 hours (Solvay, 2003).
Epichlorohydrin should not be allowed to come innta@t with leather.

Contaminated leather may appear dry but the prodifitises to the skin and can

lead to chemical burns.

Environmental | ssues

During the manufacture of glycerin, epoxy resingyd aother chemicals,
epichlorohydrin may be vaporized to the atmosplaer@ diluted in wastewater. In
wastewater, groundwater and ambient water, epichiarin has been detected at
low levels, (WHO, 1984). Additionally, epichlorohyd has low stability in the
environment because it undergoes hydrolysis rapndagqueous media (Bijsterbosch,
1994). However, due to its strong reactivity as toered above, spill of

epichlorohydrin to environment may give an impacectly.
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Thus, it is important to avoid it to disperse andhaindle any spills of product by
referring to the national, regional and/or localgukations. Fortunately,
epichlorohydrin rapidly disappears in the atmosphand will not accumulate.
According to Carra et al., (1979) and Ma et al. @0 the presence of water and
basic or acid, epichlorohydrin will decompose tgcgrol as can be seenkiguation

5.2 thus safer to the environment.

Health Risks

Epichlorohydrin (liquid or gas) is an irritant tioet eyes, skin and mucous membranes
of the respiratory and digestive tracts. It is abed through intact skin and, in some
cases, induce allergic reactions. Additionallymidy cause burns, which appears a
few hours after exposure. Moreover, epichlorohydmay affect both nervous
systems and respiratory and also affect on abddraraenps and convulsions (Giri,
1997). Fatigue, headache, chronic respiratory probland, in some cases, blood
and liver complaints are the usual symptoms forowiar toxicity. Carcinogenic

effects have been observed with animals only (IARE37).

2.5. APPLICATIONS OF EPICHLOROHYDRIN

Epichlorohydrin is an important raw material foetproduction of epoxide resins,
synthetic elastomer, sizing agents for papermaknalgstry, textile, ion exchange
resin, water treatment chemicals, polyols, and BAetya of glycidyl derivatives

(Solvay, 2003). In addition, it has also been usedgroduction of Zeospan, a
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specialty polyether rubber used for automobilegdd cure propylene-base rubbers,
as a solvent for cellulose esters and ethers arebins with high wet-strength for the

paper industry (IARC, 1999).

251 Epoxy Resins

Epichlorohydrin is primarily used to manufactureoep resins. By reacting a
polyhydric phenol with an aliphatic chlorohydrin @imple aliphatic epoxide
generally produces epoxy resins. The most famgloxy is obtained by condensing

epichlorohydrin with bisphenol A (Bhatnagar, 1996).

Epoxy resins are versatile polymers used in theufia&ture of adhesives, coatings,
and structural parts needed by the automotive, nearoffshore, aerospace and
aircraft industries (ICIS, 2012). In the constraatiindustry, epoxy resins are the
preferred materials for non-slip, easy to clean emeimicals barrier surfaces. They
are the adhesives of choice due to their excelidhesion onto steel and concrete.
Epoxy resins are used in many paints for automptieéigerators, and electric
household appliances. Major advantages of epoxiys@sclude corrosion resistance,
solvent and chemical resistance, hardness, angiadh&poxy resins have excellent
strength and electric insulation properties (Osat®90). They are used in the
electronic industry for printed circuits boards mxture with fiberglass) and to
encapsulate electronic components (to protect thremm damage).Storage tanks,
pipes, appliances, and food and drink cans all fiteinem durable coatings made
from epoxy resins. Their adhesive properties ange@ally useful to combine

different materials in sport equipment such as, gkisnis rackets, windsurfer, boats,
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etc. Epoxy resins have excellent adhesive propgeréied are applied in two-

component glues, for industry and domestic appboat(Lee & Neville, 1967).

25.2 Elastomers

Elastomers made from epichlorohydrin offer excdllesistance to oxygen, weather,
fuels and oils. This makes them ideal for many m@ugitive applications, especially
with the increase instringent emission control fatjons and higher quality

requirements (Clark, 2005).

2.5.3 Pharmaceutical industry

Epichlorohydrin is used in chemical synthesis oimptex molecules for the
pharmaceutical industry. Epichlorohydrin is thertstg material in the synthesis of
glycerol monochloropropanol (1-chloro-2,3-propaeddiused in the manufacture of

pharmaceutical products (X-ray contrasting, cougxktumes) (Solvay, 2009).

254 Papers, Inks, Dyes

Wet-strength paper sizing is prepared from eithetygmides modified with

epichlorohydrin or from the reaction product of adporohydrin and an alkylene
amine (Solvay, 2003). Epichlorohydrin polyhydroxynmpounds and their esters are
useful in the production of special printing inkadatextile print pastes. These
products vyield flexible films that are chemicallyert to caustic soda and other
chemical solutions. Epichlorohydrin adducts arefulsas filler retention aids, paper

coatings, flocculants, and anti-static agents. Pamel paperboard products with
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improved printability, pigment retention, foldingh@durance, and gloss also are
prepared with epichlorohydrin reaction productsesiles that the paper industry
uses polyamine-epichlorohydrin resins to improvpgoavet-strength. This grade of

paper is found in coffee filters and tea bags (&n2003).

255 Textiles

In the textile industry, epichlorohydrin is usednodify the carboxyl groups of wool
(Dow, 2007). The resulting product has a longer iamgroved resistance to moths.
Epichlorohydrin is also used to prepare protein-ined, wool-like fibers which
have an affinity for acid dyes and which exhibgistance to both mold and insects.
Further, epichlorohydrin is used to prepare dyegblgpropylene fibers and to dye
polyolefin, polyacrylonitrile, polyvinyl chloridepolyvinyl alcohol, and other fibers.
It is also used to impart wrinkle resistance angregpare antistatic agents and textile
sizing. Derivatives of epichlorohydrin show utilis leveling, dispersion, softening,

emulsifying and washing agents (Gerhard, 2009).

2.5.6 lon Exchange Resins

Epichlorohydrin is used to produce both anion- aaton exchange resins (Dow,
2007). Water-insoluble anion-exchange resins hagoad stability are prepared by
reacting epichlorohydrin with ethylenediamine othigher homolog. Strong-base
anion-exchange resins can be produced by reagtioylerohydrin with polymeric

tertiary amines. Epichlorohydrin-based anion exgeas are used successfully to

purify drinking water and to clean polluted air. tiGaic-exchange resins are
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produced by condensing epichlorohydrin with polywoxy phenols and by

sulfonating the product (Dow, 2007).

2.5.7 SurfaceActive Agents

Many epichlorohydrin-based, surface-active agemessynthesized by condensing
the epichlorohydrin with a polyamine such as tetrgene-pentamine, plus a fatty
acid such as stearic acid (Dow, 2007). The polyanaind fatty acid may be replaced
with an alkali metal, starch, or other reactantlf@ated epichlorohydrin is

occasionally substituted for epichlorohydrin. Spebducts find use in cosmetics and

shampoos, and as detergents, sudsing agents,sefteners, and demulsifiers.

2.5.8 Plastic foams

Epichlorohydrin can also be used in the synthedigalyols, reagent for the
manufacture of rigid polyurethane foams. These egaaf foams are non-flammable
and have excellent heat insulation properties fonstruction industry, and

refrigerators (Solvay, 2003)

259 Water treatment chemicals

Epichlorohydrincan be used in the manufacture dygmines and polyquaternary
ammonium salts, as flocculants in water and wasteemtreatment and also is used

in ion-exchange resins for water treatment and siofgefow, 2007)
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2.5.10 Other Applications

Other applications for derivatives of epichlorohpdmclude: Asphalt improvers,
corrosion inhibitors, electrical insulation for wjr fire-retardant urethanes, hair
conditioning rinses, liners for polyethylene bdaflénoleum and linoleum cements,
lubricant additives, petroleum production aids, rpieceuticals, photographic film
bases, rubber latex coagulation aids, waterprooftgmpounds, and zinc

electroplating compounds (Solvay, 2003)

2.6. HYDROCHLORINATION PROCESS

The hydrochlorination reaction is a reaction betwghcerol and hydrogen chloride
in the presence of carboxylic acid or its derivesivas a catalyst, providing 1,3-
dichloropropanol, which is an intermediate of efcbhydrin synthesis, and water.
This reaction is carried out in the liquid phasdemtemperature around T@0while
pressure can be either atmospheric or elevatestder to increasing the solubility of
gaseous hydrogen chloride in the reaction mixtréicek et al., 2005; Krafft et al.,

2007; Bell et al., 2008).

Kubicek et al(2005) have conducted the hydrochlorination reactf glycerol with
gaseous hydrogen chloride in the presence of aeeit as catalyst at reaction
temperatures range 70 to 2@0and with continuous removal of the water of
reaction. Even though distilled glycerol with varsocontent of glycerol can be used,
crude glycerol with various content glycerol cascabe used. In this case they used

the liquid feed containing 50 percent by weightgbfcerol. According to them the
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mixture of products, apart from containing dichlompanol also contain water and
small amount of acetic acid catalyst and un-readtgdrogen chloride.  The
hydrogen chloride can be used without any treatnf@nthe next reaction step in

epichlorohydrin synthesis.

Krafft (Krafft, Franck, Andolenko, & Veyrac, 2007)nvented a process for
producing dichloropropanol from glycerol, which cesnfrom the conversion of
animal fats in the manufacturing of biodiesel, wahchlorinating agent in the
presence of acetic acid, adipic acid and capribad aas the catalysts. As a
chlorinating agent, they used either an aqueoustisol of hydrogen chloride or

anhydrous hydrogen chloride.

They found that when they used acetic acid asysdtdien most of the catalyst (55
%) evaporated from the reaction liquid and was ¢bun the condensate.
Furthermore, they replace the acetic acid withaaperylic acid in order to reduce
catalyst loss from the reactor. In this way only%f the acid evaporated from the
reactor. About the reaction temperature, they fodmat the best results were

obtained above 12G. All their experiment is shown in Table 2.4

Siano (Siano, et al., 2006) have also reported thadeto make dichloropropanol
isomers from glycerol. Their technique is basedh@reaction of gaseous hydrogen
chloride with glycerol in the presence of malonitcdecatalyst. Their experiment was
carried out at 100°C using 8 mole percent the ygsitalbased on glycerol). The

conversion of glycerol was 76 percent for 5 hours.
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Table2.4 TheVarious Control Parameter and Results by Krafft et al. (2007)

Experiment Number

1 2 3 4 5 6 7 8 9
Boiler Temperature  °C 123 121 1231 130 1176 146.4 130 1194 1316
Conc. aq. HCI Mole/kg 959 959 529 529 529 3.95 3.95 3.95 439
Nature of the organic aa Ca Ca ca Ca Ca Ca ca Ada
acid'
Feed Flow Rate
Glycerol g/h 30 30 30 30 30 22 22 22 25.6
1,3-DCP g/h 42 42 42 42 42 0 0 0 0
Organic acid a/h 39 941 941 941 941 621 621 621 36
Ag. HCI g/h 79 79.5 149 163 148 98.7 98.7 98.7 153.5
Overall conversions
&
Selectivity
HCI conversion rate (%) 573 60.7 512 459 363 800 916 874 876
Glycerol  conversion (%) 878 918 930 952 864 97.7 967 950 994
rate

Organic acid in mole/mole 055 0.02 011 013 016 0.11 0.14 0.200.0805
distillate/ Organic acid

used

MCP selectivity (%) 619 56.0 510 572 470 27.8 296 25.1 7.4
DCP selectivity (%) 297 271 295 39.7 204 428 60.3 55.2 823
Oligomer selectivity (%) 09 04 06 08 0.6 1.2 16 1.1

'aa: acetic acid; ca:caprylic acid; ada: adipic acid

In addition, Bell et al.. (2008) have carried out axperiment to synthesize
dichloropropanol from glycerol. They used 2 wt. #aaarboxylic acid catalyst with
hydrogen chloride at slightly above atmosphericspuee (20 psi) and 120 in a
sealed vessel. Based on their results, glycerolcasverted initially to a-

monochloropropanol (1-MCP) predominantly with musmmaller amounts of-

monochloropropanol(2-MCP). Furthermore, 1-MCP isnwasted mainly toa,y-
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dichloropropanol  (1,3-DCP) with much smaller amasuntof o,f-
dichloropropandR,3-DCP). They observed that conversion glycerol to

dichloropropanol is low under atmospheric presstiney proposed some suggestion
in order to improve this process such as using leubystem to introducehydrogen
chloride gas to the reaction, employing an azear@gent to facilitate water
removal, and employing multiple reaction stageshwiiterstage water removal.
However, either bubble system or azeotropic systemmemove water from the

reaction medium is expensive and therefore lessatids on a commercial scale.

Moreover, Bell et al. (2008) investigated effect bigher hydrogen chloride
concentration on the reaction conversion, rate, aetectivity. They applied
pressures of hydrogenchloride gas at range 15 @pkL They observed that at
higher pressure the hydrochlorination reaction d&stefr, and drive the reaction to
higher conversion. The best conditions, on theirkeowere pressure at 110 psi, and
temperature at 12Q, 5 mole% of acetic acid as the catalyst for 4rhdheir results

can be seen in Figure 2.7.
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Figure 2.7. Plot Effect of Pressure on HCI absorbed in
glycerolhydrochlorination reaction (Bell et al., 2008)

The hydrochlorination can be carried out in a cumusly operating one-step
circulating reactor or in a cascade of continudaw freactors of the liquid-gas type
(Kubicek et al., 2005). To achieve good conversiohthe starting glycerol to the
dichloropropanol products, it is also necessametove the water of reaction from
the reaction environment for the reason of chemesglilibrium, preferably by
distillation under reduced pressure. They also meatl that any reactor for the
reaction of the liquid-gas type can be chosenHterreaction itself, such as a stirrer
reactor, a bubble tower (column), variously filleelumns for the liquid-gas contact,
ejectors and the like. In addition, they also haweparedbetween a circulation
column reactor, consisting of vertical cylinder hwiexternal circulation of the

reaction mixture, and a cascade of continuous fleaetors with three reactors of the
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cascade without final recovery of the monochlorparml| reactive intermediate as

shown in Table 2.5.

Table 2.5 Comparison Circulation Column Reactor and Cascade Continuous
flow Reactor (Kubicek et al., 2005)

Parameter Circulation column Cascade continuous flow
reactor reactor

Glycerol (kg/h) 4.875 4.875

Acetic acid (%) 2 2

Gaseous hydrogen chloride (kg/h) 5 5

Reaction TemperaturéQ) 106 95

Pressure in the reactor (kPa) 101 101

Conversion of glycerol (%) 99.8 99.9

Yield of dichloropropanol (%) 95.6 83.1

Krafft (Krafft, Franck, Andolenko, & Veyrac, 200¢€pnducted their experiment in a
reactor, which is equipped by distillation colunimthis case glycerol is fed in either
a continuous or batch mode via a first line andlgat via a second line, the feed of
hydrogen chloride, anhydrous or in aqueous solui®arried out continuously or
in batch-mode via a third line, a distillation cwln is fed via a fourth line with vapor
produced from the reactor, the residue from thélldison column is recycled via a
fifth line to the reactor, a purge from the readtottom is fed via a sixth line into a
stripper wherein a partial stripping operation asried out, the gas phase containing
most of hydrogen chloride from a stream is recyck line to the distillation
column or via line to the reactor, a distillation ggripping column is fed with the

liquid phase arising from the stripper via a selkehbe, the main fraction of
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dichloropropanol is collected from the top of tr@uenn through an eighth line and

the column residue is recycled via a nine lineh®reactor.

o

Figure 2.8 Chlorination experimental apparatusby Tesser et al. (2007)

Tesser et al. (2007) investigated glycerol childrore with gaseous hydrogen
chloride for the production of dichloropropanolhély used a jacketed glass reactor
operated in batch conditions for the glycerol andtimuously for the hydrochloric
acid. Their experimental runs have been carried inoua laboratory apparatus
schematically represented in Figure 2.8. The fléwyalrogen chloride is fed, from a
cylinder, directly into the liquid glycerol phase the reactor by using a porous
ceramic sparger that, together with the stirresuees a good gas-liquid inter-phase
contact. The temperature of the reaction mixturkejst constant within +0.3 °C by
means of a thermostat that continuously circuldbesmal fluid into the reactor

jacket. The reactor is equipped also with an eglerecirculation line operated by a
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peristaltic pump and with a stopping valve for wlitiwing samples of the reacting
mixture at different times. The peristaltic pumgusned on only when a sample has

to be collected and then is stopped.

The other head of the reactor was mounted withtfqwes of condensers, the first is
vertical and is used for runs at total reflux inieth) practically, and only hydrogen
chloride and small amounts of water are allowete&wve the reactive system. The
second condenser is placed horizontally and is asdyl for runs under stripping
conditions, when the flow of hydrogen chloride ised as a stripping agent to
remove all the volatile components from the reactmxture. After the condensers,
a reservoir tank is provided for collecting the densed products eventually present,
while the gaseous flow, mainly constituted by uaeted hydrogen chloride, is
finally neutralized by bubbling in a series of two more Drechsel-type bottles

containing a solution of sodium hydroxide.

The neutralization of the hydrogen chloride excessnonitored by adding an
indicator (phenolphthalein) to the sodium hydroxsdd¢ution in a way that, when the
solution in a bottle is completely neutralized, tinelicator changes color and a
further neutralization trap is added. All the rdrave been conducted at atmospheric
pressure of hydrochloric acid because of the litoitaof the adopted glass reactor.
The increase of the reaction pressure should r@swdh increase of reaction rate
(Schreck, 2006; Bell et al., 2008) as a consequehdbe higher concentration of

hydrochloric acid in the liquid-phase mixture.
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2.7. DEHYDROCHLORINATION PROCESS

The dehydrochlorination reaction is a reaction leetvdichloropropanol, either 1,3-
dichloropropanol or 1,2-dichloropropanol, with bassolution, providing
epichlorohydrin, which is applied widely as mengdnbefore. This reaction was
carried out in the liquid phase under temperatange 35to 8% (Carra et al., 1979;
Ma et al., 2007; Zhang et al., 2012) while presstae be either atmospheric or
vacuum, in order to avoid hydrolysis reaction whican lower vyield of
epichlorohydrin (Carra et al., 1979). A competitikeaction, where the product,
epichlorohydrin may be converted back to mono-apoospanol and glycerol, will
eventually occur when reaction temperature exc8&s (Carra et al., 1979; Ma,
2007). The reactions involved during dehydrochlation process can be seen in

Figure2.9 and 2.10 below

T:HE—TH—TH?
Ci Ci OH \

/ CHa— Ctl_,/{:lﬂz + HCI
CHz— CH—CHz | 0

| I cl
Gl OH ¢

Figure 2.9 Dehydrochlorination reaction (Carra et al., 1979)

CHaCH
> |
| CHOH
CHs—CH—CHz — CHz —CH—CHz —p» CH2 CH—CHp —m |
| o~ | ' | ~o | CHaOM
cl Ci OH OH oH

Figure 2.10 Hydrolisisreaction of Epichlorohydrin (Carraet al., 1979)

Carra et al.(1979) have conducted the dehydrochlorination reacof 1,3-

dichloropropanol with calcium hydroxide at reacti@mperatures range 35 to°65
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They determined the kinetic parameters of 1,3-D@iP33-DCP in an aqueous base
solution containing an excess of Ca(@ldhd offered a kinetic model of the overall
system using the techniques of potentiometry arsdcbeomatography. The reaction
was carried out in a stirred batch reactor withthe presence of catalyst for 15
minute. Ma et al. (2007 alsostudied the kinetics of dehydrochlorination of D&l
the side reaction of ECH hydrolysis using the tégines of potentiometry only.
However, the said technique was unable to sep#ratecaction products otherwise
only decreasing ion can be measured. The eartigdy ®n kinetic have been carried
out by Zhang (2012) which used very small volumeths# reactor (0.00215 ml)

where using gas chromatography for the analysis.

2.8. REACTION KINETICS

In reaction engineering, the concept of equilibricamm be approached either from the
basis of chemical kinetics or thermodynamics eluidm. While thermodynamic
equilibrium emphasizes on minimizing Gibb’s enengguirementAGn,i, as the
criterion, reaction kinetics look at equilibrium iterms of reaction rates. At
equilibrium, the rate of appearance of products tnings the same as the rate of
disappearance of reactants. Ideally, if reactandas@ B react to form products C and

D, the reaction equation can be written as;

aA + bB »cC + dD (2.10)

Where rate of reactions of the above reaction eawiitten as:
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dCyq
dc

1y =— k,cgch (2.11)

re = 8 = k,CECH(2.12)
Where o, B, ¥, and 6 are orders of reaction with respect to A, B, Cd dn

respectively. At equilibrium, these rates are tlens, p = rc and it may be

compounded as
r = k,CXCH = k,CgCE (2.12)

Combining gives

Z—:= cxct jcact (2.13)

K =
K is equilibrium constant,kand k are the reaction rate constant ang Gs, Cc, and

Cp represent the concentrations of component A, Bn€D respectively.

Studies on reaction kinetics generally focus onddygendency of rate equatiomn
concentration, via reaction order, n and reactionstant, k. It also establishes the
dependency of rate constant, k on temperature rriaeAius Equation. Equation 2.10
to 2.13 developed so far are mainly for homogeneastions only. When a solid
catalyst, which is in different state of aggregaticom the reaction media, catalyzes
the reaction, it becomes heterogeneous reactior. presence of several phase
boundaries requires both the transport processkscaction rate be accounted for in

the development of rate equations for these reatidhe rates of adsorption
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desorption and surface reactions are combinedvi® the expression for the overall
rate in terms of fluid concentrations. The resultaguations are usually very
complex and dependent upon so many variables. Beeofi many assumptions

renders the results to be more meaningful thasithplified approach.

Liquid-solid catalytic reaction, where the catalyist solid state, is a typical
heterogeneous system in the chemical and petrolewdustries. In view of
uncertainties and lack of knowledge in transpodcpsses to and from catalyst
surfaces, the power-law form of the rate equatiBqu@tion 2.12) has been used
widely in industrial reactor design (Smith, 198This simple empirical approach
ignores the adsorption and desorption phenomendmpesvides no information on
reaction mechanisms. Nevertheless, it has beereprthat such rate equation can

correlate the experimental data just as accuraslyhe detailed methods.

However, in cases where the adsorption and desarpéire important, an
intermediate approach called Langmuir-Hinshelwomentulation was developed in
detail by Hougen and Watson in 1947 based on tht@adeoriginally proposed by
Hinshelwood in 1940 (Levenspiel, 1999). It was lbasa the Langmuir rate and
isotherm expressions, which assume first ordertiogiships for adsorption and
desorption processes. The simplicity of this Langfiinshelwood formulation
allows rapid determination of rate equations ofe@table engineering accuracy. The

net rate of adsorption and desorption of a compioAes given by;

—_ —_ ’ —_ 1 —_
Ta = kaCA(Cm - C) —koCy = ka[CACv - ECA] 14)

a7



C is the average of concentration of an adsorbedisp@&ndC,, representing the
concentration corresponding to a complete formatwbmmolecular layer on the
catalyst surface. The difference between thesectwaentrations(,, andC equals

to the concentration of vacant sit€s, Adsorption equilibrium constant,AKis the

kq

r. At
ka

ratio between rate constant of adsorptiép)(and desorptionkf,), Ka =

equilibrium, the net rate of adsorption, is zero; the concentration of A on the

catalyst surface is in equilibrium with the concation in the fluid, ggiven by;

(Ca) = KaCaCy (2.15)

The determination of rate of surface reaction ddpam the nature of the reaction on
the surface. It can between an adsorbed molecudeaaother molecule on the
surface or between adsorbed molecules on adjacetiveasites. For the

hydrochlorination reaction of the type given in Bton2.7,in case of using solid

catalyst, can be simplified as below:

A+ B> C+D (2.16)

Since approximately 75 % of all heterogeneous m@aanechanism are surface-
reaction-limited rather than adsorption or desorptimited (Fogler, 1992), the
reaction between adsorbed glycerol and hydrogeoridel to be reaction-rate-limited

was assumed. The reaction mechanism is postulateel &s follows:

Adsorption: A + S& A.S
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Ta = ka(CyCy — =2 (2.17)

A

Where(Cy, is the vacant site of the catalyst

Surface Reaction: B+ A.® CS + D

CcsC
T = ks(CaCyps — %SD) (2.18)

Desorption: C.5& C+ S

CcCy

Tq = ka(Ces ——— (2.19)

S is the active site on the catalysts. Equationfot ZThe adsorption of reactants on
the catalysts, Equation2.18 is the surface rea@mhEquation2.19 is desorption of
products from the catalysts. For surface-readiiited mechanism, it can be seen
that replacing &s and G s in Equation2.18 by quantities was needed thathEan

measured.

For surface-reaction-limited mechanisms, the adsorpate equation 2.17 to obtain

Caswas used, becausgkn = 0, then
CA.S = KACACV (220)

the desorption rate equation2.19 to obtais @as used, then
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The total concentration of sit€s, is

Cm == CV + CA.S + CC.S (222)

Combining Equation 2.18, and 2.20 to 2.22, themiokd

. ccC
CmksKa(CBCA—=52)
r = (2.23)
1+CyqKpq+Cc/Ki¢

When the reverse reaction is neglected and leing- 1/K’c and k = k.C,,, we

have

r = kKK AC4Cp
1+K4Cyq+ KcCo

(2.24)

If the adsorption is weak for all components, tlenaminator of Equation 2.24

approaches unity then the rate equation redudesrnmgeneous form.

r = kCACB (225)

In our study, the hydrochlorination reaction invaly glycerol and hydrogen

chloride, the reaction is homogeneous second oedetion.
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2.8.1. Kinetics of chlorination of glycerol

Based on the available literature (Thompson, 19€%), chlorination reaction of

glycerol with hydrochloric acid in the presencecafboxylic acid catalyst involves

three-step mechanism as follows;

a. a nucleophilic substitution on acrylic carbon tltainsists of an esterification
reaction with the formation of a water molecule;

b. the formation of an oxonium group through alkyygen bond scission, with the
aid of a vicinal group and the carboxylic aciceesde; and

c. the subsequent formation of chlorohydrin by chleraadition.

Tesser et al. (2007), proposed mechanism kinetshasn in Figure 2.11:
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GHZ_{';'
CH—OH 4+ H,0

H,—OH Catalyst  CH,—OH

ci-Maonachlarohydrin

TH—DH + HCI\
Catalyst THZ—DH

CH;—0OH
Glycerin
CH—C! 4 H,O
CH;—0OH
B-Monochlorohydrin
CH.—Cl CH,—CI

Calalyst
CH—OH 4+ HCI =——= CH—OH 4 H,0

H;—OH CH.—CI
a-Menochlorohydrin o, y-Dichlorohydrin
CH;—OH CH;—Cl
Calalyst

CH;—OH CH,—OH
f-Monochlorohydrin . i-Dichlorohydrin

Figure 2.11 Mechanism kinetic of Hydrochlorination (Tesser et al., 2007)

Tesser et al., (2007) illustrated the three-stephanism as in the following figures,

related to glycerol chlorination. The first stefghs esterification of glycerol:
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I

.
+H
R—C——OH +— R—C——O0H + CH—OH
—
Catalyst -H
CH,—OH
H R H R H
] gt
CH,—O—C—0  CH,~0—C—0—H
N |H—DH Ho ™ CH—OH ~O—H
CH,—OH CH,—OH
R R
CHy—0——C==0—H CH,—0—C=—0
-H,0 - H
«—~ CH—OCH -— CH—OH
+ H.0 | +H
CH,—OH CH,—OH

Figure 2.12 Nucleophilic addition reaction (Tesser et al., 2007)
This step is a nucleophilic addition reaction,deled by water elimination, in which
glycerol attacks the protonated carbonyl group.sTisi the classic mechanism,

normally accepted for the acid-catalyzed estetiticareaction.

The second step of the reaction mechanism headirtget formation of a three-

membered ring oxonium group and the catalyst badis tinitial form:
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Catalyst

Figure 2.13 Nucleophilic Substitution Reaction (Tesser et al., 2007)

The last step in the reaction sequence is the opilcikc substitution SB that
involves the attack of chlorine anion on the lagigssituted carbon atom of the

oxonium intermediateo( position):

(% CHzQ/ . CH,—Cl

_ o~ |

:Cl + CH ——» CH—OH
CH,—OH CH,—OH

Figure 2.14 a-substitution (Tesser et al., 2007)

Also, theg-substitution is possible, even if less probabieing place in this case to

pmonochloropropanol according to the following:

54



CH, CH,—OH
e Y
€l + CH \ — » CH—CI

CH,—OH CH,—OH

Figure 2.15 Bsubstitution (Tesser et al., 2007)

Tesser R. et al. (2006), studied the chlorinatibglycerol with gaseous hydrochloric
acid in the presence of a catalyst, malonic acekides reaction mechanism they
also determined both kinetic constants and equulibrconstants at temperature
range 80 to 120C as mentioned above. Based on the experimergaltse they

strongly agreed with that described reaction meshan They found that the

amounts of a-monochloropropanol are always higher than those pbf
monochloropropanol. Furthermore, tiemonochloropropanol is not able to further
react, giving place to the formation af g —dichloropropanol. The absence of the
vicinal OH group, in this case, prevents the fororatof the oxonium ring
intermediate and, hence, prevents the second phtan in thex-position. On the
contrary, a-monochloropropanol can undergo a second chlodnatwith a

mechanism similar to the one previously shown.

All these findings can also explain the experimentdservation that the
concentration op—-monochloropropanol slightly increases during tsaction. This
will continue when the glycerol is still present time reaction medium. At higher
reaction times, when glycerol has been almost cetalyl reacted, the concentration

of Amonochloropropanol remains nearly constant. On thentrary, o-
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monochloropropanol can undergo a second chlorinatith a mechanism similar to
that expressed by Figure 2.12 to 2.15 that leadsthto formation of o )

dichloropropanol. On the basis of these considamafi they proposed a reaction

scheme as shown in Figure 2.16. Reactions 2 arlthve been considered
irreversible because-monochlorohydrin accumulates during the reactiod @, )

dichlorohydrin has been obtained always in smadindgity.

0( MCP «———= ay-DCP

Glycerol
\
B-MCP o,3-DCP

Figure 2.16 (Tesser et al., 2007)

Figure 2.16 furthermore, can be represented bydatinct reactions as follow:

ks . ,
Glycerol + HCl ¥—— ¢7C3H,CI0; + H0

Glycerol + HCI ke, p—C;3H,ClO, + H,0

ks
u—C3H,ClO, + HC1 k—‘—> o, y—C3HgClO + H,O
3 o, y-DCH

0—C3H,Cl0, + HCl —&— @.p-C3HClO+ H,0

Figure 2.17 Reactions on Hydrochlorinataion Glycerol (Tesser et al., 2007)
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The kinetic constant and Arrhenius parameter, apolibrium constant are reported
by Tesser et al. (2007) and are shown in TableaBd 2.7 respectively. While the
evolution in time of the composition for the expeental run with malonic acid at

80°C can be seen in Figure 2.18

Table 2.6 Kinetic Constants and Arrhenius Parametersfor the Runson Malonic
Acid by Tesser et al. (2007)

T (°C) ke ? ko ? ks? ks?
80 7667+940 45041 714+227 8+3
90 11704 £1 272 764 +60 1 109+307 135
100 13274+1692 108987 1784+407 267
110 19 433 +2 216 465+123 12383 532 32 19
120 2741142861 2215+170 21794685 31+13
reaction 1 reaction 2 reaction 3 reaction 4
Ea (kJ maf) 35.2+ 0.3 44.3t0.2 34.9+ 0.8 42.1+1.0
Ln A 20.9+ 9 21.3t0.7 18.6+2.2 16.5+ 2.8

Kinetic constants are expressed irfmol* min).

Table 2.7 Equilibrium Constants Evaluated from Standard Gibbs Energy of
Formation for the Runswith Malonic Acid by Tesser et al. (2007)

T (°C) Ke1 Kes
80 3846 194
90 3064 167

100 2470 146
110 2015 128
120 1660 113

Based on those kinetics data from Tesser et almalation model using Aspen Plus

on hydrochlorination reaction of glycerol with gase hydrogen chloride in the
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presence of malonic acid as the catalyst (Chapteve® developed. Furthermore
studied the synthesis of 1,3-dichloropropanol frgiycerol with aqueous hydrogen

chloride using also malonic acid as the catalybiafiier 4) also was done.

1.0 \
09

08

Mole fractions

o
w

02

T:,____- R

0.1

00 .
0 15 30 45 60 75 90 105 120 135 150 165 180 195

t (min)
® Glycerol
O a-Monochlorohydrin
A f-Monochlorohydrin

A a.y-Dichlorohydrin

N o f-Dichlorohydrin

Figure 2.18 Plot of experimental data developed by Tesser et al. (2007)
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2.8.2. Kinetics of dehydrochlorination 1,3-dichloropropanol

The dehydrochlorination reaction to produce epiatigdrin by elimination of
hydrogen chloride from dichloropropanol has begrored by Carra et al. (1979),
Ma et al. (2007) and Zhang et al. (2012). In thiscpss, described by Zielinski
(1964) and Huntress (1948), aqueous NaOH or Ca(Qid)s onoa,p- or a,y-
dichloropropanol as can be seen in Figure 2.17taCatral. described a study of the
kinetics of the main reaction involved in epichloydrin synthesis with Ca(Okljn
excess. They offered a kinetic model of the ovesgitem using a potentiometry
method and also gas chromatography analysis. Huttsandicated that the reaction

can be modeled as a first order reaction.

They observed that optimum temperature for thedsgbonversion is at 86 as can
be seen at Figure 2.19, while their kinetics patameesults are tabulated at Table

2.8.

T=50"C

0.5

35+

-

f
7
L
|2 3 4 t(min

Figure 2.19: Plot trend of conversion vstimefor the dehydrochlorination
reaction (Carraet al., 1979)
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Table 2.8 Kinetic Parametersby Carra et al. (1979)

Reagents A’S E,, kd/mole
1,3-dichloropropanol 10 49.21
1,2-dichloropropanol 6,4 x 10 71.33

Ma et al. (2007) not only studied the kinetics oé&hwgdrochlorination of

dichloropropanol but also studied the hydrolysisepichlorohydrin in the presence
of caustic soda as shown in Equations 2.26 and h23rder to measure the rate of
reaction, potentiometric method was used. Theyrteddhat both two reactions can

be considered as second order reactions.

C3HyCl,0 + NaOH — C3HsClO + NaCl + H,0 @)2

C3HsClO + NaOH —» C3HgO5 + NacCl (2.27)

In order to eliminate hydrolysis reaction (Equat27), which can lower the yield

of product epichlorohydrin, Ma et al. (2007) sudgdsthat the contact time to be

shortened and the reactions temperature at bel6@. 80

From the dehydrochlorination experimental resuigyt proposed the rate equation

for the dehydrochlorination,

r = k[OH™][DCP] (2.28)

Wherek = Ae~F¢/RT  Substituted into Equation 2.28 then
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r = Ae E4/RT[QH~][DCP] (2.29)

The values for the proposed Equation were deteniren the experimental plots
to be as follows; A = 1.77 x 10Ea = 172 kJ/mol. The latest kinetics study wasedo
by Zhang et al. (2012), they carried out dehydrochation reaction between 1,3-
dichloropropanol and sodium hydroxide solution enperature ranged from 50 to
80°C in a very small volume of reactor (0.002154 mbeir results indicated that the
reaction can be considered as second order reaghere activation energy, Ea, is
36,000 cal/mole and pre-exponential factor, A,.Blix 16°. This study has found

that the value of activation energy, Ea, is 38.83%nol and pre-exponential factey,

is 1.62 x 1&/sec. From those results no conclusion could bealr

2.8.3. Deter mination of Rate of Equation from Laboratory Data

The chemical engineer needs a numerical equatiotiéorate of reaction or reaction
kinetics in order to correctly design a commersigdle reactor. Although the rate
equations could be derived from reaction mechanisng not essential in cases
where the experimental data is available (Smitt81)19All that is needed is an
equation for the rate, which will be accurate aber range of conditions expected in
the reactor. The proposed rate equations are eerifiy comparing them with
experimental data. This can be done in three waysely, integration method,
differential method and initial rate methods. Thi#vantageous of each of these

methods are discussed in various textbooks on daknkinetics (Smith, 1981,
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Fogler 1992, Levenspiel, 1999). For a single teactwhere rate-controlling
mechanism involves the collision or interactionacingle molecule A with a single
molecule of B, in reaction A + B> C, then the number of collisions of molecules A
with B is proportional to the concentration of reants in the mixture. Such reactions
in which the rate equation corresponds to a stombiry and rate are called
elementary reactions. On the other hand, when tisere direct correspondence

between stoichiometry and rate, then they arectalts-elementary reactions.

According to Ma et al. (2007) besides the main tieacdehydrochlorination of 1,3-
dichloropropanol with caustic soda solution to po& epichlorohydrin,

epichlorohydrin will also be converted to glycesoa hydrolysis reaction. This
reverse reaction can potentially occur but canvmedad by shortening the contact
time and using appropriate temperature during geetron. Furthermore, in this
work, for dehydrochlorination step, since the remacts simple (Figure 2.17) then it
can be used simple technique as described by Le#nd999) in which the

reaction is considered as a single elementaryiogact

For the dehydrochlorination of 1,3-dichloropropatmform epichlorohydrin (Figure

2.17), a kinetic rate equation be proposed as dredow:

~tpep = — 42 = k[DCP][OH"] (2.30)

In this work, excesfOH~] was applied in order to neglect effec{ 6# ~]on the rate

of reaction then the kinetic rate equation is reduto:

62



d[DcP]
dt

= k[DCP] (2.31)

The integral form of Equation 2.30 is given below,

[DCP],o
[DcCP]

In ( ) =kt

(2.32)

In terms of conversion where [DCP] = [DGR}FXpcp) and d[DCP)/[DCP] = dXpcp,

the rate equation, Equation 2.31 becomes

- dXd% = k(1 = Xpcp) (2.33)

The integral form of Equation 2.33 is given below,

A plot of In ([SJC—P]"

CP]) or —In(1 — Xpcp) versus time (t) will generate a straight-line

plot having a slope of k. The value of k could Ha&ammed from the slope and

substituted back in to Equation 2.32 or 2.34 faweditting with experimental data.
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CHAPTER 3

SIMULATION FOR THE SYNTHESISOF
EPICHLOROHYDRIN USING ASPEN PLUS™

3.1. Introduction

According to Mario (Mario, 2011), process simulatiprovides good insights to
process development activities and enables usedigirthe characteristics of such
process. Process parameters such as flow rateBeoinput and output stream,
compositions of the product, temperatures, pressarel sizing of the equipment for
all unit operations can be predicted using analieitiniques. According to Fogler
(Fogler, Nihat, & Gurmen, 2002), these techniquasiadt be empirical correlations,
mathematical models, and numerical solutions askiby numerous commercially
available computer-aided process simulation toashsas PRO/IM, ChemCad"
and ASPEN PIUY". However, empirical analysis technique requiresedes of
experimental work, where much effort and cost isdeel to evaluate and validate the
performance of the whole process. While, in procgswulation we only require
process inputs and flow-sheet which will be usedthsy simulation to determine
process outputs as shown in Figure 3.1. The adgestaf using process simulation
tool are listed as follows (Mario, 2011):
» It allows the designer to test the performancerotgss and provide feedback
quickly to the process simulation activities;
* The simulation process activity can be coordinateddevelop optimum
operating condition of such process;
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* It minimizes experimental and scale-up efforts whallow evaluation of
process in wider range of temperatures and pressuinéch might not be
possible by experiments;

* It capable of explores the process by answeringatwh questions more
flexible and sensitive;

» It also can models the process quantitatively ame guick response on the

performance of the process thoroughly.

Process

— e

'TOCQES Structure and OPY?CGF%S

anu ' Parameters ’ U Ll'(pu S
iven > (Given) » (Unknown)

Figure 3.1: Process Simulation Problems (Mario, 2011)

Our study focused on process simulations using ABPES ™, a process simulation
tool, which uses the fundamental of physical retahips such as thermodynamic
equilibrium, material and energy balances, andti@acate equations to make a
good prediction to process performance and can ladsosed to develop kinetics
models. ASPEN PIJ¥ provides a very powerful tool for a Chemical Eregin to
perform process simulation in various chemical pssing fields including oil and

gas production, refining, and other chemical preicgsindustries.

In this work, we studied the simulation of epicloloydrin synthesis which has two-

step processes namely the hydrochlorination proéessconverting glycerol to
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dichloropropanol and followed by dehydrochlorinatigprocess for converting
dichloropronol to epichlorohydrin (Krafft, Gilbeadalthasart, & Paganin, 2007,
Kubicek, 2005; Ma, Zhu, Yuan, & Yue, 2007; Siano at, 2006; Tesser,
Santacesaria, Di Serio, Di Nuzzi, & Fiandra, 200fese simulation works enabled
us to investigate effects of several parameterctatia said two step process in much
less of effort compared to experimental work. infation required for the
simulation such as: chemical reactions and kingt@sameter data were obtained
from a secondary source namely from Tesser et2807), for hydrochlorination

process, and from Carra et al. (1979), for the dedghlorination process.

3.2. ASPEN Plus™ for Process Simulation

ASPEN, an acronym for Advanced System for Procesgingering, is strongly
suitable for the simulation of steady-st@@cesses. It is also very strong for the
simulation of continuous processes systems sucpr@esses involving recycle
streams, non-ideal phase, adiabatic operation magstend kinetic on complex
reactions that are take too much time to analyaeually by hand calculations. For
design of process and optimization, which has wifidgpe of question, this
simulator has been proven ideally suited to givedgeolution. Matthew et al. (2004)
have commercialized this software in 1980’s. As wbligly traded company,
APENTech has more than 1800 employers over thedwamtl offers an integrated

solution to chemical process industries thoroughlgrio, 2011).
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Moreover, in order to design stage including casd arofitability analysis, which
are aspects of process engineering, ASPEN Pluscalsde used (Fogler, 2002).
The robustness of this software that it has a ldage bank integrated with built-in
model for many of unit operation such as distilaticolumns, separators, heat
exchangers, reactors, and so on. Moreover, foeeifsppurpose, a habitual practice
or sophisticated models in custom can be determiyeits model data bank. These
derived models may be created either using submesiof Fortran language or Excel
worksheets then put them into Aspen model libradditionally, Aspen also has an
integrated property databank for thermodynamic @rogs and physical parameters.
During the calculation of the whole streams of pinecess flow sheet, Aspen able to

estimate missing parameters automatically by vargroup contribution methods.

3.2.1. How to Use ASPEN Plus™

Based on the guidelines described by Mario (20ttB,following is guide how to

start Aspen Plus version 10.ASPEN Plus™ can be started by clicking on the
Windows Start menu, selecting Programs then chgo8i8PEN Tech, and then
clicking on ASPEN Engineering Suite, then selecA8PEN Plus (depending on the
version that we have), and then ASPEN Plusser interface will open. Then the
option of opening an existing file or creating avfde will be appeared; in case this

for the first time user, we should choose a blantutation as depicted in Figure 3.2.
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Aspen Plus Startup

Creata a Mew Simul ation U=ing-

(o Blank Simulation

" Template

¥ L]

" Dpen an Existing Simulation

5

| Eat | Heg

Figure 3.2: Graphical User Interface (GUI) of ASPEN Plus™ version 10.2
(Mario, 2011)
Afterwards, ASPEN PIU&' will display the User Interface as shown in FigGra.
Mario (2011) describesbme characteristics of the User Interface as theviong:
» Menus: to state in detail program options ana¢athmands, these tabs are used
» Toolbar: commonly-used functions can be accedsedtly by this tab
» Data Browser: folders, forms, and sheets aregadé®d by data browser.
* Folders: Data browser has many root items cdister.
* Forms: folders contain some forms which are useshput data and to show the
results of simulations.
» Sheets: are also inside the folders and aretsélacsing tabs at the top of each

sheet.
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Figure 3.3: User Interface of ASPEN Plus™ version 10.2 (Mario, 2011)

Furthermore, before run the drawing flow-sheetredjuired data are needed for the

five main folders as below:

1. Setup: information on the simulation, like title and deption of the project
this folder can be specified by using this folder.

2. Components: this folder to describe all chemical componeniglved in the
process. When the certain component is not availablAspen data bank,
user can define by drawing the molecule structdrthe component which

can be linked to specific software like Chemdraw.

69



3. Propertiess we can choose a base method, thermodynamic motels
determine all properties involve the process sutpr@ssure vapor of the
component using this tab. For selecting a propsgrmodynamic model, a
search tree developed by Mario (2011) can bewvi@t as depicted in
Figure 3.4

4. Stream: to input all stream data such as flow rate, cositppn and operating
condition, we can use this folder.

5. Blocks: this folder provides data on the process equipmBeactor for
example, here we must setting-up the configuratpirase of reaction, and
write all reactions involve. Then we must also inplie value of kinetic

parameter like reaction rate constant, k, reaaioler, and activation energy.

Once those described five folder have been contplieyeall required data, we are
then ready to run the simulation and a simulateport will be provided. One of the
useful features in ASPEN PUiis that a report containing all information regacd

a simulation is provided within a text editor. Snanformation such as mole
composition of components within a stream, whiclaigrable, is not procured by
default ASPEN instead of stream flow-rates, temjpees, and various other data
then, we need to make by custom our own report gutigs within ASPEN.
Therefore, we will have all desired information geated directly from ASPEN
which is more efficient compared to calculation &ysecondary program such as
Excel. For this purpose, we can click Data Browser which has the following
functions, Mario (2011)”

» To display forms and sheets and manipulate objects,
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* To view multiple forms and sheets without returntogthe Data menu, for
example, when checking (state the object of chegkin

* To input the properties of process parameters,

* To edit the sheets that define the input for tbeviEheet simulation,

* To check the status and contents of a simulation ru

To evaluate what results are available (Mario, 2011
For more detail information about how to use ASPENS™, like kinetic tutorial, is

easily accessible in many sources.

3.2.2 Selection of Base Method Thermodynamic Models

Several property methods are available in ASPENsBlu They are a group of
formula used to develop all physical propertiesciuhhave a specific formula to
calculate a given property, for examples densigypor pressure and enthalpy. Hence,

it is necessary for us to select an appropriatéauet

According to Mario (2011), thermodynamic propertglculations performed by
ASPEN Plus is related to phase equilibrium. Thacbteory of phase equilibrium
of a system is when the fugacity in the liquid ghas the same as fugacity in the
vapor phase (Walas, 1985; Van Ness, 2005). Thelaievgu that the direction of a
component in a liquid mixture to release, or vaparis measured by term fugacity.
In fact, the composition of the vapor in the miguabove the liquid, has more
possibility to liberate from the liquid phase. Efjoa 3.1 shows the relationship

between the fugacity of a pure componghiand the fugacity coefficientgf ):
71



fo = ¢iP (3.1

Where, the fugacity is equal to the pressure in itteal gas due tap/= 1.
Furthermore, Equation 3.2 and 3.3 show relationbbiveen fugacity of component

i in the mixture:

fi7 = yifi% for the vapor and, 4P

ft = x;f, for the liquid (3.3)

(where x and y are mole fractions in the liquid &agor phases, respectively).

By rearrange Equations 3.1, 3.2 and 3.3 then wehease relationship between
fugacity and mol fraction in vapor and liquid phasef” = ¢;,y;P and it =
¢; . x;P. Where, at equilibrium state both fugacities sHooé equal (Walas, 1985;

Van Ness, 1995).

Regarding a process which has two-phase statecifiggais very important to be
determined (Walas, 1985; Van Ness, 1995). ForalmadSPEN PIu8”, can derive
those property by Equations of stfieg)S) methodsand activity coefficient models
methods (Mario, 2011)Cubic and virial equation of state are some ofdbemon
equation of state in Aspen. An example of anotkpe tof state is Steam Tables. In
many literature describes that the simplest EOfhasideal gas law (PV = nRT),
where P is operating pressure (absolute), V id3 wadlame of the molecule gas in the
system, n = total mass of the molecule gas, T eaimg temperature and R = ideal
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gas constant. In ideal gas law there are no itierec between molecular due to

molecules is assumed have no size. Coefficienctwity, a; = ]% the ratio of the

fugacity of a component in the mixture to its fug@an some standard state,
represents the deviation of the mixture from idgalias defined by the ideal
solution). If the value oti; is higher than unity then the mixture is meaningren
non-ideal (Walas, 1985; Van Ness, 1995kenerally, when the mixture has the
activity coefficient greater than unity then thegdgity will higher than ideal. As
mentioned earlier, since the fugacity is a measargnof tendency molecules to
vaporize then they increase their average distancan ideal solution. Hence,
repulsion between unlike molecules occurs wherviggtcoefficients greater than
unity. The separation between liquid-liquid happeien the repulsion among the
molecules is strong. This is another mechanismdbateases close contact between

unlike molecules. It is less common than that eartientioned.

Table 3.1: EOS and Activity Coefficient Modelsin comparison
(Marioet al., 2011)

EOSModes Activity Coefficient Models

Have limitation to represent non-ideaHighly strong for non-ideal liquids
liquids

Consistent in critical region Suitable in medium region

Able to represent both the vapor andble to represent the liquid phase only.

liquid phases Therefore, the gas phase must still be
described by an EOS model

Parameters  extrapolate well witlBinary parameters are stronly dependent
temperature on temperature
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Examples of EOS models, provide by ASPEN Pfugo determine properties for
example: Sanchez-Lacombe (for polymers), Peng RohinRedlich-Kwong-Soave,
and, Redlich-Kwong while activity coefficient modelinclude: UNIFAC,

UNIQUAC, , Electrolyte NRTL , Van Laar, Scatchardidébrand, Flory Huggins,
NRTL, and Wilson. Mario et al. (2011) have desdldilsmme of the guidelines to

select one of model. The two said models are coatpharTable 3.1 above.

Furthermore, the following search tree can helpmagn there is no information

which model suitable for selected system as dapict&igure 3.4.

Do we have any Polar

Components i our system ?

NO / YES

l |

) - Are the Operating Conditions
Use EOS Model e YES Near the CRITICAL region of
the mixture?

NO

A4

Do we have LIGHT gases of

SUPERCRITICAL
NO Components m our systems? VES
Use Activity Use Activity Coefficient
Coetficient Model Model with Henry’s Law

Figure 3.4: Search Treefor the selecting of Thermodynamic Model
(Marioet al., 2011)
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Based on a briefly description how to use AspersPan instructional tutorial, ,
developed by Matthew (2010); Mario (2011), we dediva process flow chart of
simulation activities for this work as illustraté Figure 3.5 while process flow

sheet is illustrated in Figure 3.6 below

3.3. Process Simulation of Synthesis of Epichlorohydrin

As discussed in Chapter 2, the synthesis of epichi@rin was conducted via two
steps process. The first step was hydrochloringirocess in which glycerol reacted
with hydrochloric acid to dichloropropanol and teecond step was a reaction
between dichloropropanol and base solution (sodibydroxide) to produce
epichlorohydrin. The simulation of both steps psscewvill be examined in the

following sections:

3.3.1 Process Simulation of Hydrochlorination Reaction

As can be seen in Figure 2.18, the hydrochlorimateaction between glycerol and
hydrochloric acid involved four distinct, rever®ldnd irreversible, parallel reactions
(Tesser et al.,, 2007). As a intermediate productthef whole process is 1-
monochloropropanol, which comprisesmonochloropropanol and very small
amount ofpB-monochloropropanol, then progressively omlymnonochloropropanol
will convert to final product, 1,3-dichloropropanoand its isomer 1,2-

dichloropropanol. Tesser et al. (2007) had condluctanetics study on
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hydrochlorination reaction. The experimental wasf@gyened in the presence of

carboxylic acid as the catalyst at the temperatamge 80-12¢C.

The gaseous hydrogen chloride was used as chliomnagent fed continuously with
fixed flow rate 24 g/min, glycerol as a reactantswaaded at 200 g, and catalyst
concentration were kept constant at 8 percent by eir results in terms of
kinetics parameters can be seen in Table 2.6 ahd2ased on those result, we run
series simulation in order to investigate seveasameters affecting the process such
as reactant mol ratio of hydrogen chloride to gigteand the concentration of
catalyst. According to Kastanek et al. (1995) thentioned parameters have marked
effects on the reaction selectivity to the hydrocimation reaction but the extent of
the effect has not been reported. In order to asdidur simulation, we also analyzed
effect of temperature on the process which had lleee by Tesser et g2007)

then our simulation result will be compared to tleiperimental data.
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Figure 3.6 Process Flow Diagram for Synthesis of Epichlorohydrin from Glycerol
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This simulation study mainly generated a produditriiution curve for the
hydrochlorination process. The simulated productdridution was then verified
against the experimental result obtained by Tessat. (2007). Consequently, the
ASPEN Plu$" was used to simulate the reaction carried ou&isemi-batch stirred
tank reactor, by considering the effects of opetattemperature, flow rate of
chlorinating agent and catalyst concentration a@action selectivity and yield for
1,3-dichloropropanol. The reactor block utilizede simulation was RBatch which
is suitable for a semi-batch reactor process (Mattlet al., 2004). The results
obtained from the simulation study were used to ttes performance quickly of the
synthesis as a whole. The process simulation &ctcan minimize experimental
efforts and explore the flexibility of process.né&ily, the data obtained by simulation
can also be used to models the process quantliatarel to predict the process

performance strongly.

3.3.1.1 Modeling Approach for Hydrochlorination Process

Tesser et al. (2007) have reported that the oveFatition involve for preparing 1,3-
dichloropropanol, starting from glycerol and gasebydrochloric acid, as shown in
Figure 2.18 and Equation 2.7 (Chapter 2). Thistrea started from chlorination of
glycerol, which at first 1 hour mostly formedmonochlorohydrin, a little quantity
of p-monochlorohydrin eventually present, and watercakding to the reaction
mechanism as depicted in Figure 2,17, then a seohtatination of onlya-

monochlorohydrin will occur from which the desirptbduct, 1,3-dichloropropanol

was mostly obtained with a trace amounts of 1,Pddropropanol. Based on the
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mechanism, therefore Tesser et @007) broken down Equation 2.7 into four
different reactions as shown in Figure 2.18. Thee#c parameters were reaction rate
constant, k, equilibrium constant, K and activatemergy, Ea, and the values for
each reaction were tabulated in Tables 2.7 andA2.8hese value were required in

set-up design of simulation.

Table 3.2 shows the reactor characteristics, featemals, and kinetic parameters
used in the ASPEN PIl¢ simulation. In this work, parameters such as dpeya
temperature, flow rate of hydrogen chloride andalgat concentration based on
moles of glycerol loaded into the reactor were a@ias presented in Table 3.2. The
simulation analyzed the effects of the parametastioned above on the selectivity
and vyield of reaction. The following equations weised for selectivity and yield

calculations (Felder, 2004):

selectiviy for 13— DCP =
molesof 1,3- DCP produced (3.4)
molesof glycerolreacted

molesf a, y—DCP produced

Yieldfor1,3-DCP=
molesof glycerofed

(3.5)
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Table 3.2 Required Parameters used in the Simulation of
Hydrochlorination Process

Parameter Information
Reactor Block RBatch
Base Method Wilson

Input Variable
Temperaturg®C)
Pressure (bar)

Chemical reactions

80. 90, 100, 110, 120

atmospheric
G|ycel’0| + HCI> (X'C3H7C|02 + Hzo
Glycerol + HCI-> B-C3H,CIO, + H,0O
Glycerol + HCI=> a,y-C3HeCIO + H,0O
Glycerol + HCI= o,B-C3HgCIO + H,O

Kinetics data

K1, Ko, k3, kq (T =80°C)
K1, Ko, k3, K4 (T =90°C)
k]_, kz, k3, k4(T = 10000)
K1, Ko, k3, kg (T =110°C)
K1, Ko, k3, kg (T = 120°C)
Ea (kJ mof)

Ln A

Feed of Reactor

HCL flow rate (g/min)
Concentration of malonic acid
catalyst (mol %)

7667; 450; 714; 8
11704; 764; 109; 13
13274; 1089; 1784; 26
19 433; 465; 12383; 32
27411; 2215; 2179; 31
35.2;44.3; 34.9; 42.1
20.9; 21.3; 18.6; 16.5

4,8,12,16, 20, 24
2,4,6,8,10

3.3.1.2 Hydrochlorination Simulation and Results Validation
As mentioned earlier, in this simulation section Wwave examined several
parameters which affect the hydrochlorination pssceOnce the simulation was
completed, the simulator generated the report aantaproduct distribution profiles

for each of the parameters that we set, such gset@ture, reactant molar ratio, and
catalyst concentration. The simulated results @pribsented in the form of product

distribution curve to illustrate the progress ofocimation reaction between glycerol
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and gaseous hydrochloric acid at 9 0as depicted in Figure 3.7. The complete

simulation data at 8C to 126C can be found in Appendix B1.

—&— glycerol

—&— a-monochloropropanol
—2— -monochloropropanol
0.8 1 —#— 1,3-dichloropropanol

—*— 2,3-dichloropropanol

c
.g 0.6 o
Q
o
L
) 110°C
= 0.4 {

0.2 o

0 :
0 30 60 90 120 150

t (min)

Figure 3.7 Plot of Simulated curves, products composition versustime. Glycerol
loaded: 200g; HCL flow rate: 24g/min; Catalyst concentration: 8%;
temperature: 110°C.

Figure 3.8 shows that the simulated curves compak with the experimental

observation by Tesser et al. (2007). We can see &akso that the amount of

monochloropropanol is always higher than to thdsg-monochloropropanol which

confirmed the mechanism proposed by Tesser €2a07). Furthermore, after 15

minutes of reactiong-monochlorohydrin had undergone a second chloonatis

indicated by the formation of the desired proddc8-dichloropropanol. Regarding

S-monochlorohydrin, even though it increased slighitiring the reaction, however,

at longer reaction times, when glycerol was almostnpletely reacted, the

concentration of-monochlorohydrin remained nearly constant.
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—&— a-monochloropropanol (exp)
a-monochlorohydrin (sim)
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—+— 1,3-dichloropropanol (exp)
80 = 1,3-dichloro-2-propanol (sim)
2,3-dichloropropanol (exp)
2,3-dichloro-1-propanol (sim)
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mole fractions
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Figure 3.8: Plot of products composition versustime. Comparison between
simulation and experimental data by Tesser et al. (2007). Glycerol
loaded: 200g; HCL flow rate: 24g/min; Catalyst concentration: 8%;
reaction temperature: 110°C.

The effects of temperature on glycerol conversioml aeaction selectivity are

presented in Figure 3.9 and 3.10. These resuks abmpared well with

experimental data. Thus, it can be concluded tiatstmulation using ASPEN Plus

can indeed be used in our study to guide us inettmerimental analysis of the

hydrochlorination reaction.
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Figure 3.9: The effect of temperature on glycerol conversion. Glycerol loading:
200g; HCI flow rate: 24 g/min; Catalyst concentration: 8%
time: 2.5h.
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Figure 3.10: The effect of temperature on reaction selectivity. Glycerol loading:
200g; HCI flow rate: 24 g/min; Catalyst concentration: 8%;
time: 2.5h.

In addition, several simulation runs had also besnexd out in order to investigate

the effects of HCI flow rate and catalyst concelidra on the characteristics of
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process for 1,3-dichloropropanol preparation whigdre not observed by Tesser et
al. Can be seen here that the selectivity andl wéll,3-dichloropropanol decreased
with the hydrogen chloride flow rate ranged frono424 g/min as shown in Figure
3.11. It is in a good agreement compared qualgitivo data from the literature.
Rose (1981) reported that the gas feed rate tattired tank should not exceed the
flood point of the impeller in order to avoid tharmning of agitator in a bubble of the
gas that have influenced on the reaction. On timrary, catalyst concentration did
not have significant effect on the selectivity ayield for 1,3-dichloropropanol

preparation as depicted in Figure 3.12.

80
70
60 -
50 1 —e—selectivity
—s—vyield (%)
40 i T T i T T
0 4 8 12 16 20 24
HCL Flow Rate (g/min)

Figure 3.11: Theeffect of HCI flow rate on selectivity and yield predicted by the
simulation. Glycerol loaded: 200g; Catalyst concentration: 8%;
temperature: 110°C; reaction time: 2.5 h.
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Figure 3.12: The effect of catalyst concentration on selectivity and yield
predicted by the simulation. Glycerol loaded: 200g; HCL flow rate:
4 g/min; reaction temperature: 110°C; reaction time: 2.5 h

3.3.2 Simulation of Dehydrochlorination Process

Carra et al. (1979) had conducted dehydrochlorination process where
dichloropropanol reacts with aqueous base solwmmaining an excess of Ca(QH)

to produce epichlorohydrin. Their work focused dw tdetermination of kinetic
parameters such as activation energy) (&d pre-exponential factor (A). The
reaction was performed at temperature range 2E330K without the presence of
catalyst inside a batch stirred tank reactor. is $tudy, this study used their kinetics
parameters to examine process parameters affebgngaction such as reactant mol

ratio of dichloropropanol to base solution and terafure. According to Carra et al.
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(1979) the mentioned parameters affects the reactmversion and the yield of
product during the dehydrochlorination reaction the extent of the effect has not

been published.

This simulation study focused mainly on the produdistribution profiles during the
course of reaction process. In order to validagesimulation results, the data were
then compared with the experimental results obthimg Carra et al. (1979). The
selected model for the reaction carried out in tatbatirred tank reactor, considered
the effects of both percent excess of base soluéind reaction temperature on the
reaction conversion and product yield of epichlgyin. The reactor block utilized
in the simulation was RBatch whichgsitable for a batch reactor process (Matthew

et al., 2004)

3.3.2.1 Modeling Approach for Dehydrochlorination Process

Preparation of epichlorohydrin, starting from 1j8kdoropropanol and base solution,
is shown in Figure 2.10 (Chapter 2). When the readiakes place at temperatures
above 88C, a competing reaction, where the product epiohigdrin is converted to

mono-chloropropanol and glycerol, will eventuallgcar as shown in Figure 2.11
(Chapter 2) (Carra et al., 1979; Ma et al., 200N kinetic parameters that are the
values of pre-exponential factor, A and activateergy, Ea are tabulated in Table

3.3 as below:
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Table 3.3 Kinetic Parametersby Carra et al. (1979)

Reagents A’S E,, kd/mole
1,3-dichloropropanol 10 49.21
1,2-dichloropropanol 6,4 x 10 71.33

The reactor characteristics and feed materiale@sined input in the ASPEN PIU%s
simulation is shown in Table 3.4. In this simulatidboth parameters, reaction

temperature and reactant mol ratio, were varigot@sented in Table 3.4.

Table 3.4: Required Parameters used in the Simulation of dehydrochlorination

Process
Parameter Information
Reactor Block RBatch
Base Method Wilson
Input Variable
Temperature®C) 20 to 60
Pressure (bar) 1.05
Chemical reactions Figure 2.10

Kinetics data
A st 10’
E., kdJ/mole 49.21
Feed of Reactor
Reactan mol ratio (DCP to  1:1;1:1.5;1:2.3;1:4;1: 9
NaOH))

The simulation analyzed the effects of the aboventioeed parameters on the
conversion of dichloropropanol and the yield ofolperohydrin. The conversion and

yield are calculated by using Equation 3.6 anda3.the following (Felder, 2004):
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molesof DCP original- molesf DCPatcertain the
molesof DCPoriginal

Conversioof DCP= (3.6)

molef Epichlorohgrinproduced
molef DCPoriginal

Yieldof Epichlorohgrin= (3.7)

3.3.2.2 Dehydrochlorination Simulation Results and Validation

As explained above, in this simulation study, weestigated the effects of several
parameters on the dehydrochlorination processsirhelator provides an exhaustive
report, as long as all required inputs have beempteted, consisting of inlet
parameters, such as temperature and reactant mailar As a result, we can
generate the simulated distribution curves for lretiction conversion and product
yield during the dehydchlorination reaction. Theaation was between
dichloropropanol and sodium hydroxide solution atious temperatures, ZD (293
K) to 60°C (333 K), as depicted in Figure 3.13, 3.14, 3.4& &.16 respectively. The

complete simulation data for each temperature ediolind in Appendix B2.

89



100
g == 200C
-g == 300C
% == 400C
~ == 500C
| == 600C
0 . . ; :
0 50 100 150 200 250
Time (sec)

Figure 3.13: Plot of simulated data, conversion of DCP versustime for
dehydrochlorination reaction at varioustemperatures; at reactant
molar ratio: 1:1 for 4 minutes
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Figure 3.14: Plot of simulated data, conversion ver sus temperatures; at molar
ratio: 1:1.
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Figure 3.15: Plot of simulated data of composition EPCH ver sustime for
dehydrochlorination reaction at various temperatures; molar ratio:
1:1for 4 minutes.
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Figure 3.16: Plot of simulated data of composition in product mixturevs
temperatures; at molar ratio: 1:1 for 4 minutes.
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In order to validate the simulation results theyrevedhen compared to the
experimental data, found by Carra et(dB79) in terms of reaction conversion, as
depicted in Figure 2.9 (Chapter 2). These two fguitlustrate that the simulation
results from ASPEN Plus compare well with the ekpental data. Figure 3.14 also
shows simulation result for yield of epichlorohydin product mixture at various

reaction times while Figure 3.15 shows effect dfiedent temperature on the product
compositions. It can be seen that the reactiomflsianced significantly by the

operating temperature. Carra et al. (1979), Malet(2008) suggested that the
reaction temperature should be lower thafC7(B43 K). This is to prevent a side

hydrolysis reaction which can lower the yield ofadorohydrin.

According to Carra et al. (1979), reactant moldiorbetween dichloropropanol and
base solution affects the dehydrochlorination psecélowever, their experimental
study did not include this effect on the yield gdighlorohydrin. In order to

investigate the effect of the said parameter onctireversion and composition of
epichlorohydrin in the product mixture, we also docted several simulations as

depicted in Figure 3.16, 3.17, 3.18 and 3.19.

92



100

80
S
e 60 =0=1:1
9
g —8-1:1.5
>
5 40 —>e=1:2.3
(@)
1:4
20
=3}=1:9
O T T T T
0 50 100 150 200 250

Time (sec)

Figure 3.17: Plot trend of conversion vstimefor the dehydrochlorination
reaction at various reactant molar ratio; at 60°C (333 K)

Figures 3.17 and 3.18 show thtte conversion is significantly influenced by
increasing molar ratio until ratio of 1.6 after whithe conversions remain constant.
The use of high amount of NaOH (high ratio) walat to the decrease in the product
yield due to the hydrolysis of epichlorohydrin imet presence of excess water as
depicted in Figure 3.19 and 3.20. This side readtiad resulted in the formation of

monochloropropanol and glycerol as shown in Figuid and shown in Figure 3.19.
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Figure 3.18: Plot effect of mol ratio on conversion of 1,3-DCP at 60°C (333 K)
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Figure 3.19: Plot trend of composition EPCH in product mixture vstime for
dehydrochlorination reaction at variousreactant molar ratio, at
60°C (333 K)
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Figure 3.20: Plot effect of molar ratio on composition of product mixture at
60°C (333 K) for 4 minutes

3.4. Conclusions

In this chapter, simulation studies using the ASHEN " simulation software were
conducted on both reactions involved in the tw@sterocess to produce
epichlorohydrin namely synthesis of glycerol to-@liBhloropropanol, and synthesis
of 1,3-dichloropropanol to form epichlorohydrinThe results from simulation
studies shed insights of the performances of these reactions in terms of
conversion, selectivity and yield. The synthesis of 1,3-dichloropropanol occurred
through hydrochlorination process, in a semi bafitred tank reactor (SBSTR) ,

while the synthesis of epichlorohydrin took plada gehydrochlorination reaction,
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in a batch stirred tank reactor (BSTR). The resiutisn the simulation were used to
predict the performance of SBSTR and BSTR in tesisonversion, selectivity and
yield. For the hydrochlorination process, the wyptn temperature and molar ratio
glycerol:HClI were found at 12G and 1:16 respectively.  Moreover, the
investigation on the effect of catalyst (HCL) releshthat catalyst concentration had
shown marginal effect on product yield. On the tcany, lower HCI flow rate
improved the hydrochlorination process on both ské&ectivity and yield of 1,3-
dichloropropanol. For the dehydrochlorination pss;eeffect of reactant molar ratio
showed that excessive use of base solution canrldhe yield of product
significantly due to the competing hydrolysis réact The optimum temperature and
molar ratio 1,3-DCP:NaOH were found at°60(333 K) and 1:6 respectively. The
findings from these simulation results will be ugdbr our subsequent experimental
work, in chapter 4, to develop the technology tewvest crude glycerol to 1,3-

dichloropropanol and in chapter 5, to convert 1@FXo epichlorohydrin..
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CHAPTER 4

SYNTHESISOF 1,3-DICHLOROPROPANOL FROM
GLYCEROL AND MURIATIC ACID (HCI 37%)

4.1. Introduction

As mentioned in the previous chapter, the conveatiomethod to prepare
dichloropropanol involves two-steps process, tingt forocess is the preparation of
allyl chloride by reacting propylene and chlorine hagh operating temperature
followed by chlorination of allyl chloride to prode dichloropropanol (Nagato,
1987). Then, the second reaction is the formatioapochlorohydrin by adding the
base solution to the dichloropropanol as shown iguié 4.1. However, the said
process is not economically viable because the adatkilizes propylene, a high cost

non-renewable feedstock.

Glycerol, which is the byproduct from the process imaking biodiesel, is

considered to be a potential low cost renewablalsteek. A process for the
conversion of glycerol to a mixture of dichloropamwl compounds, 1,3-

dichloropropanol and 1,2-dichloropropanol, is knoamhydrochlorination as shown
in Figure 4.2 (Kruper et al., 2008). The said resctcan be carried out in the
presence of gaseous hydrogen chloride, in largeessxcand a carboxylic acid
catalyst (Tesser et al., 2007; Krafft et al., 20@Ad Kruper et al., 2008). Both
compounds 1,3- dichloropropanol and 1,2-dichlorpprml can then be converted to

epichlorohydrin by treatment with caustic soda (&@uet al., 2008). Carboxylic
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acid catalysts mentioned earlier may include aaatid, malonic acid, succinic acid,
propionic acid, citric acid, levulinic acid, tridrioacetic acid, loaded in the range of

8 to 10 percent by mole (Tesser et al., 2007; Kedfél., 2007).

Propylene Aliyl Chiloride
cl, Cl
FTN T SN 4
1,
H,0
OH o
Cl OH
““\//J\/ on 22, W + HO
Catalyst + N
Glycerol OH
a A _~-a

Dichloropropancl

+ HNaOH

l'].‘

[ANg + Ha
Epichlorohydrin

Figure4.1: Preparation of epichlorohydrin viaallyl chloride and via
Dichloropropanol (Leeet al., 2008)

OH OH Cl

Gaseous HCI

| |

HOAc Catalyst

OH OH Cl Cl Cl OH
glycerol 1.3-DCP 1,2-DCP

Figure 4.2 Glycerol to Dichloropropanol (Krupper et al., 2008)
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The use of large excess amount of anhydrous hydraddoride may not be
economically viable (Krafft et al., 2007). Accorditto the above process route, for
hydrochlorination of glycerol, aqueous hydrogenodile of 28 to 37 percent by
weight can also be used as a chlorinating agengruatnospheric condition. The
reaction can be carried out in either batch orioaonus mode by vigorously stirring
within temperature range of 100 to 220 However, other hydrochlorination studies
to produce dichloropropanol were not developed raicaqueous hydrogen chloride

as a chlorination agent.

The main objective of this study is to develop acess for the synthesis of 1,3-
dichloropropanol through hydrochlorination glyceasld aqueous hydrogen chloride
in the presence of carboxylic acid. The carboxg®md as the catalyst will be
selected among several different carboxylic acidcbgsidering several operating
parameters affecting the process. The aqueous d¢mdrehloride selected was
muriatic acid (hydrogen chloride, 37 % w/wt). Ouxperimental data will be

compared to experimental data reported by Tess#r(@007).

To develop the optimum synthesis method, the effeat various operating
conditions on the chemical hydrochlorination of aggol and aqueous hydrogen
chloride must be studied. Firstly, our experimentabrk focused on the
performances of catalysts containing carboxylid agioups with a lower volatility
with respect to acetic acid, such as propionic ,agidlonic acid and lactic acid.
After identifying the best catalyst for the syntiseshe experiments were then

directed towards investigating the effects of opegaparameters such as reactant
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mol ratio and temperature of reaction on the reacyields. These reactions were
conducted under atmospheric condition, and temperaange of 80 to 12Q using

malonic acid as the catalyst, based on its perfocesmduring the screening.

4.2. Materials

Commercially available carboxylic acid catalystsnedy acetic acid, propionic acid,
lactic acid, and malonic acid, glycerol and muadatcid were purchased from Merck
Chemical Co. While 1,3-dichloropropanol for GC stard calibration was obtained

from Sigma Aldrich Co.

Figure 4.3: Experimental setup for hydrochlorination glycerol to
1,3-dichlor opropanol
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4.3. Experimental Procedures

4.3.1. Synthesis of 1,3-dichloropropanol

The reactions were performed in a 250-ml three-nftakk equipped with a
thermometer, a sampling port and a reflux condendes set up is shown in Figure
4.3. The condenser was connected to an accumul@te reactor was immersed in
a temperature controlled oil bath and was undesteon stirring by the magnetic
stirrer. Initially, the reactants comprised of ggyol and aqueous hydrogen chloride
solution 37 % w/w (chlorination agent) was loadetoi reactor. After the
homogeneous solution reached certain temperatoréhé range of 80 to 120)
under vigorous stirring, aqueous hydrogen chlorakdggrination agent, was slowly
added to the mixture followed by the catalyst. this way, the catalyst would be
uniformly distributed in the reactor. This wouldciease the effective surface area
provided by the catalyst for the reaction. The tieacin the presence of catalyst was
conducted for 3 h. For analysis of reaction proslugas chromatography method

was used throughout the experiments.

The screening of the best catalyst was conductexd rablar ratio of glycerol and
muriatic acid of 1:16 and 8 percent catalyst byendFour types of carboxylic acid,
namely propionic acid, malonic acid, lactic acidgdacetic acid, were investigated at
90°C with respect to the acetic acid low volatilityl72C). According to simulation
result (Chapter 3), the amount of the catalystmenended for the reaction was 8 %
mole/mole which was calculated based on the matawuat of glycerol supplied.

The experiments on the effects of reactant mokiw ranged from 1:16 to 1:32 were
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conducted at temperatures around 120G &sing the best selected catalyst from the
previous screening experiments. After which, tkpeeiments were performed to
examine the effect of temperature on conversioglgéerol and selectivity of 1,3-

dichloropropanol at temperatures, 80, 90, 100 &4hd,126C.

The effects of reactant mol ratio and operatingperature on both conversion of
glycerol and selectivity of 1,3-dichloropropanol r&e examined by using
aforementioned procedure. Equations 4.1 and 4.t wsed to calculate the

conversion of glycerol and selectivity of DCP regpely:

. Moles of glycerol reacted
Conversion of glycerol (%) = /9

“~ x 100 (4.1)
Moles of glycerol supplied

Moles of dichloropropanol produced

Selectivity for DCP (%) =

x 100 (4.2)

Moles of glycerol reacted

4.3.2 Removal of unreacted hydrochloric acid, water, and catalyst

When the reaction had completed, the un-reactedogd chloride and water
formed from the reaction, and catalyst must be reg¢pd from the product mixture.
This was carried out by using atmospheric distdlatapparatus. The sample was
filled into the flask and heated in the constantyterature oil bath at 130. For

analysis purposes, the dissolved hydrochloric a@sidue and eventually the
catalyst, were neutralized by means of calciumaaabe. According to Tesser et al.

(2007), about 3 cfrof sample was treated with 0.5 g of the mentioratiand kept
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at 100 °C for 30 min in order to remove the entuaer residues. The sample was
then filtered with whatman filter paper in orderdeparate the precipitate formed,
and the clarified solution was then analyzed byagisyjas chromatographic mass

spectrometry (GC-MS)

4.3.3 Sampling

Product sampling was carried out at certain infetivae to monitor the progress of
reaction. About 1 ml of sample was withdrawn frame reaction flask and kept in
small vial before sent for analysis using the feilog gas chromatographic method.
The reaction was completed when the amount of ghyaemained constant. This
was achieved in approximately three (3) hours attien. The samples were put in

an ice water bath before analysis in order to g#tepeaction.

Quantitative analyses were carried out using GCu&er the following conditions:
column, Capillary HP Wax; stationary phase; lengtB5 m; i.d. = 0.25 mm; film

thickness = 0.25 pum; lonization mode; helium asagaser; injector temperature =
250 °C; detector temperature = 230 °C; temperaamg = 1 min at 80 °C; heating
rate = 6 °C/min to 150 °C, then 3 °C/min up to 260 then hold for 1 min at finally
= 240°C. The sample of the reaction mixture was firstutgidl with methanol in a

volumetric ratio of 1:20. The injected volume oétbbtained solution wasL.
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4.4. Results and Discussions

4.4.1 Screening of Catalyst

As mentioned earlier, the preparation of DCP frolycerol was carried out in a
liquid-phase batch rector (200 ml) using carboxgletd catalyst. The selection of the
best catalyst from carboxylic acid groups is crumaobtain a good selectivity from
the reaction. To observe the performances of tleeteel carboxylic acid catalysts on
the conversion and also selectivity, four experiteemnere conducted using acetic

acid, propionic acid, lactic acid, and malonic acid

The screening of the catalyst was conducted ihyitiat running the reaction between
aqueous hydrogen chloride and glycerol without pinesence of catalyst. It was
observed that without catalyst there was no comwersf glycerol at all. After that,
the experimental runs were directed towards findiregbest catalyst among the four
selected carboxylic acids of which having a lowelatility than acetic acid (Table
4.1). From the results, we can observe that malacid is the best catalyst for the
conversion of glycerol to 1,3-dichloropropanol. Ibtdac acid has relatively lower
volatility of which enables the reaction to be cocigd at higher temperatures
without appreciable loss of catalyst. In generhk tonversion of glycerol was
almost complete after 3 h using these catalystaduition, the selectivity of the
reaction was also analyzed based on the concemtratil,3-dichloropropanol which
was at 44 percent by moles using malonic acid gsttal'he maximum selectivity of
dichloropropanol obtained in the earlier work waghler 21 percent compared to

earlier study by Tesser et #2007). On the other hand, the simulation analgsis
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Chapter 3 demonstrated that up to 70 percent setgadf dichloropropanol could

be obtained from simulation study using Aspen PlusHowever, the previous result
was obtained using gaseous hydrogen chloride dslamiration agent instead of
liquid. Therefore, in terms of cost, the use ofiidjchlorination agent in this study
can be a viable method compared to others becheaseost of our technology is

lower. But this conclusion should be supported Inyasie comprehensive study.

Table4.1: Experimental Runsfor Catalyst Screening

amount  glycerol glycerol Selectivity to Selectivity to
Catalyst of conversio_n conversion _ 1,3- . 1,3-
catalyst after 30 min after 3 h dichloropropanol dichloropropanol
(9) (%) (%) at 30 min (%) at 3 h (%)

AA 15.73 85.28 99.23 6.95 13.95

LA 15.70 56.59 97.83 5.71 11.41

MA 16.19 82.01 99.10 22.17 44.34

PPA  15.84 88.31 96.56 14.48 28.96

products distribution after 3 h of reaction ( %rhgles)

Catalyst Glycerol 1-MCP 1,3-DCP 1,2-DCP
AA 0.36 73.75 22.80 3.08
LA 0.90 73.31 21.55 4.24
MA 0.66 66.94 31.30 1.11
PPA 0.87 67.61 29.44 2.08

Others experimental condition: T=%0) glycerol loaded = 12.6 g, aqueous HCI solution
loaded = 78.9 g, catalysts concentration = 8 pérbgnmoles. AA: Acetic acid; LA :
Lactic acid; MA : Malonic acid; PPA : Propionic dci
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The results for glycerol conversion after 30 mirredction and conversion after 3 h,
and selectivity toward the desired product 1,3-dgtopanol are shown in the Table
4.1. The best catalyst should have the charatteigh activity and high selectivity
and, low volatility in order to ensure minimum less The product distribution
profiles obtained after 3 h of reaction for all $@eened catalysts are also shown in

Table 4.1.

In this reaction carboxylic acid containing carbbgyoup acts as electrophile, thus
the strongest acid shall be the most effective y@a, 2000). As can be seen in
Table 4.1 the trend of findings indicate that th@rBted acid sites of malonic acid
[CH2(COOH))] catalyst is favorable to the said reaction. Beality (pKy) of those

selected catalyst, propionic acid, acetic acidtidaacid, and malonic acid are 4.8,
4.76, 3.9, and 2.83 respectively. Thus, it is codetl that the acid strength of the
carboxyl group significantly influenced the catadyactivity. This conclusion is

supported well with the previous study by Lee e{2008). They said that increasing
acid strength of the catalyst will increase seletgtitowards 1,3-DCP. Similarly,

acid property of the catalyst plays an importate o the hydrochlorination reaction

of glycerol to dichloropropanol (Krafft, 2007; Krap 2008).

Moreover, even though the price of malonic aci@.&sfold over than the acetic acid
the high volatility of acetic acid renders the atadbe not suitable for operation at
high temperature. This is evidenced from the tsssthown in Table 4.1, where
though the conversion of glycerol for acetic asidhigh (99%), most of the products

remained as monochloropropanol (1-MCP). On theraon malonic acid can allow
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one to perform the reaction at higher temperaturthont appreciable loss of

catalyst, thus high selectivity.

4.4.2 Effect of Reactant Molar Ratio

Under the state of a chemical equilibrium systeased on Le-Chatelier’s Principle,
one of the methods to shift the reaction towards ftrward direction is by using
excess amount of either glycerol or hydrogen ctiorfFigure 2.14). Hydrogen
chloride functions as a nucleophilic for hydrocimation reaction of glycerol
through substitution of nucleophilioy® The said ion attacks the nucleophile onto
the glycerol containing electrophilic carbon. Thu® chose hydrogen chloride as
excess reactant. The stoichiometric molar ratiavbeh the glycerol and aqueous
hydrogen chloride is 1:2. For catalyst screenthg, molar ratio of 1:16 (Glycerol:
HCI) was used throughout the experiments to evaltla effect on both extent of
reaction and selectivity. This is to ensure thatiteaction was unconstrained by the
effect of excess reactant. The investigation ondtffiects of Glycerol: HClI molar
ratio on conversion to 1,3-dichloropropanol was riedr out at 128C and
atmospheric condition for 3 hours. The amount dhlyat was maintained at 8

percent by mole in all experiments.

The effects of various molar ratio of glycerol:H&l product composition are shown
in Tables 4.3 to 4.7. The results are summaripeBigure 4.4 which shows that
there is no significant effect of increasing motatio on theconversion of 1,3-

dichloropropanol. Slightly higher percentage @-dichloropropanol was obtained

at mol ratio of 1:20 and 1:24. However, the défere was so small (42.79 % and
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43.12%) that no conclusion could be withdrawn fridva study. These results are
strongly in agreement with the results from Aspdns® on hydrochlorination
reaction between glycerol and gaseous hydrogeridalgrior to this experimental
work. According to Aspen PIi% simulation, on both extent of reaction and yield
for 1,3-dichloropropanol, the maximum flow rategafseous hydrogen chloride was
at 4 g/min (molar ratio glycerol:HCI 1:26) whichroespond to flow rate range from
2 to 24 g/min. After the maximum point, the effeftthose parameters decreased
significantly caused by spinning of agitator whighl usually happen for gas-liquid

reaction at flooding point condition (Rose, 1981).

Table 4.2: Experimental Run with malonic acid at HCI:Glycerol, 1:16

t, min Glycerol 1-MCP 1,3-DCP 1,2-DCP
0 100 0 0 0
15 78.82383 20.24625 0.91992658 0.009993
30 58.29827 38.01886 3.643298551 0.039578
60 27.33296 59.99316 12.53767613 0.136213
120 4535865 64.9842 30.15230128 0.327637
180 1.424873 60.28143 37.88204026 0.411659

Other experimental conditions: T = P20 glycerol loading = 12.6 g; catalyst concentnatio
8 percent by moles

Table 4.3: Experimental Run with malonic acid at HCI:Glycerol, 1:20

t, min Glycerol 1-MCP 1,3-DCP 1,2-DCP
0 100 0 0 0
15 72.39915 26.0214 1.570343455 0.009097
30 49.31057 44.98323 5.673328756 0.032869
60 20.40683 62.58426 16.91092333 0.097982
120 3.079151 61.32888 35.38691197 0.205057
180 0.937568 56.01956 42.79487899 0.247992

Other experimental conditions: T = P20 glycerol loading = 12.6 g; catalyst concentnatio
8 percent by moles
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Table 4.4: Experimental Run with malonic acid at HCI:Glyceroal, 1:24

t, min Glycerol 1-MCP 1,3-DCP 1,2-DCP
0 100 0 0 0
15 72.28072 25.97032 1.739960077 0.009
30 49.05091 44.70929 6.207693855 0.032111
60 20.16419 61.71202 18.03051817 0.093271
120 3.067488 60.5044 36.24062448 0.187489
180 0.927215 55.72525 43.12442411 0.223108

Other experimental conditions: T = P20 glycerol loading = 12.6 g; catalyst
concentration 8 percent by moles

Table4.5: Experimental Run with malonic acid at HCI:Glycerol, 1:28

t, min Glycerol 1-MCP 1,3-DCP 1,2-DCP
0 100 0 0 0
15 81.9964 16.82906 1.164415631 0.010119
30 62.69158 32.62958 4.638528652 0.04031
60 30.65665 53.48985 15.71691292 0.136587
120 5.362694 59.80184 34.53532582 0.300145
180 1.619633 57.34563 40.68117832 0.353564

Other experimental conditions: T = P20 glycerol loading = 12.6 g; catalyst
concentration 8 percent by moles

Table 4.6: Experimental Run with malonic acid at HCI:Glyceral, 1:32

t, min Glycerol 1-MCP 1,3-DCP 1,2-DCP
0 100 0 0 0
15 81.93396 16.81054 1.245476493 0.010021
30 62.53116 32.52075 4.908587897 0.039496
60 30.50562 53.09582 16.26765917 0.130901
120 5.438429 59.78702 34.49695871 0.277595
180 1.654334 57.34258 40.67576627 0.327316

Other experimental conditions: T = P20 glycerol loading = 12.6 g; catalyst
concentration 8 percent by moles
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Figure 4.5: Effects of molar ratio on yield of 1,3-dichloropropanol

In contrast, Figure 4.6 shows an interesting resuttere the vyield of 1,3-
dichloropropanol increased from 26.6 % to 46.49%ha molar ratio increased from
1:16 to 1:24. After that point, there is no benefitising higher ratio. At higher ratio,

the reaction slowed down due to the excessive pcesef water in the reaction
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mixture, due to the use of aque hydrochloric acid, and water tha formed as a
consegence of the reaction itself @no et al., 2006)In addition, failure to remov
the excessive water negatively impact on the secwudeophilic substitution y2
that involves the attack of chlorine anion on tlengha position (Kubicelet al.,
2005). The removal otwater from the reaction mixturgreferably by distillatiol
under reduced pressure, in ordeishift the reaction towardhe forward directior

would be considerefdbr the subsequent study.

100
80 -

g —&—Glycerol(exp)

% —i—Glycerol (sim)

g 1,3-DCP(exp)

% —3¢=1,3-DCP(sim)

g —3%=1,2-DCP(exp)

© 1-MCP(sim)
1,2-DCP(sim)
1-MCP(exp)

Time, min

Figure 4.6 Product Distribution: Comparison between Experimental data and
simulation study by Yunus (2011)

There is no similar experimental study that considiee effect of molar ratio on tl

hydrochlorination process. However, simulationdgton the hydrochlorination «

glycerol to 1,3dichloropropanol usig gaseous hydrogen chloride, has been rep

at Chapter 3 These results compd well with their findings as can be seen

Figure 4.4. Thus, it can be concluded that emplpy 1:-fold excess of hydroge
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chloride, as a hydrochlorination agent, can drieaction to produce more 1,3-
dichloropropanol. 1t is in line with the Le Cha&ls Principle which stated that
more products will be formed by increasing reactamtcentration and gradually the
reverse rate will also increase because of the mpeeducts being formed.
Consequently, the concentration of products wilhtowe to rise until the reverse

and forward rates equalizes (equilibrium state).

4.4.3 Effect of Temperature

The temperature range selected for this study vedwden 80 to 120C. The

reaction was conducted for 3 hours using 8 perogaibnic acid (by mole) as the

catalyst and 1:24 molar ratio of glycerol to HCL.
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Figure4.7: Effect of Temperature on Hydrochlorination of Glycerol.
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The aim of this study was to observe the effecttemhperature on the product
composition, conversion of glycerol and yield a83-QCP. The distribution product
at five different temperatures on the hydrochlaroraof glycerol with muriatic acid

is shown in Figure 4.7 while Figure 4.8 and Figdr® show effect of those

temperatures on the conversion reaction and thauptselectivity respectively.

100 .
—>
£ 90 -
[
2
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=
S 80 - exp by Tesser (2007)
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Figure 4.8: Effect of Temperatureon Conversion of Glycerol

As predicted by the simulation both conversion byicgrol and yield of 1,3-DCP

increases with temperature until it reached thénaph value. Tesser et al. (2007)
also reported the same optimum value aC1@bove this temperature, the yield of
1,3-DCP had dropped markedly while the yield of CRhad increased and the
conversion remained constant. This could be duthéodominance of the reverse
reaction as illustrated in Figure 2.18. Those figares also show similar trend even

though the result is slightly lower than those rég in literatures. With some
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improvement on the conditions using aqueous hydrogshloride as a
hydroclorination agent, it is believed that thisposed technology can be considered
as a viable approach. The use of aqueous HCL &murcid) is cheaper and very

much safer compared to gaseous HCL
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Figure 4.9: Effect of Temperature on Selectivity of 1,3-DCP

4.5. Conclusion

In this chapter, several experimental studies werelucted to synthesize DCP from
bio-based glycerol via hydrochlorination processigi®queous hydrochloric acid 37
percent (muriatic acid). Three process parametere examined namely types of

catalyst, effect of mol ratio and effect of temggera. Among the four selected
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carboxylic acid catalysts chosen for the screenthg, best catalyst in terms of
activity and selectivity was malonic acid. Its lewlatility ensures minimum losses
during the hydrochlorination process. The mostofalsle molar ratio of HCI :
glycerol was at 24:1 while the optimum operatingperature for the reaction was at
110°C. These experimental results, which used muriate (37% aqueous
hydrochloric acid) as a chlorination agent for lpahrorination of glycerol were
comparable to the conventional methods using gaskegdrogen chloride. However,
some improvement is still necessary due to thecely. In conclusion, the optimal
reaction conditions obtained so far are as follows:

Duration : 3 hours

- Temperature :1fC

Catalyst : Malonic Acid (8 percent by mol)

Molar ratio HCI: Glycerol : 24:1
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CHAPTER S

KINETICSOF DEHYDROCHLORINATION REACTION
BETWEEN DICHLOROPROPANOL AND
SODIUM HYDROXIDE

5.1. Introduction

Epichlorohydrin, an organochlorine compound andeaoxide, is the main raw
material in the production of several synthetictenals, such as epoxy, phenoxy,
and polyamide resins, polyether rubber used imeats, synthetic glycerin, glycidyl
ethers, polythiols, elastomers, surface active tagdasticizers, polyester, products
of pharmaceutical, lubricants, oil emulsifiers, aadhesives (Solvay, 2009). In
particular, epichlorohydrin can also be used asradpolymer or copolymer in the
preparation of epichlorohydrin rubber. AccordimgDiow (2007), other applications
of epichlorohydrin are as a solvent for resins, gucellulose, esters, paints, and
lacquers; to cure propylene-based rubbers; anésims with high wet strength for
the paper industry. Epichlorohydrin is also largeed as a stabilizer in chlorine-
containing substances such as rubber, pesticidaufations, and solvents (Report on

Carcinogens, 2011).

Conventionally (Bijsterbosch et al., 1994), epicbloydrin is made by
chlorohydrination of allyl chloride, which is obte&d by high-temperature
chlorination of propylene. Unfortunately, the methisas some drawbacks such as
formation of a large amount of chlorinated by-proidand high energy consumption

because of high operating temperature. Today, el is in abundance as by-
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product of biodiesel, thus has given an opportutatysynthesize epichlorohydrin

from glycerol by adding some basic solution (asuksed in Chapter 4).

The mentioned process has been being developedlgySinvolving two steps
reaction. First step, the direct synthesis of diabppropanol via a hydrochlorination
process involves a reaction between glycerol arbfdohloric acid. The second step
is dehydrochlorination process involving a reactibatween dichloropropanol
obtained from first step with basic solution, gextexg the final product,
epichlorohydrin. Glycerol used in the Solvay pracess derived from rapeseed oil

which is the raw material for biodiesel production.

This chapter is focus on the second step, the deblglbrination reaction between
dichloropropanol and sodium hydroxide as a baslatiem. A preliminary study

using Aspen Plus simulation software had been odedy in order to investigate
some parameters affecting the process such as tatmgeand reactant molar ratio.
From the simulation study reported in Chapter & #second reaction is very fast of
which it can be completed in about 4 minute whelery close to the experimental
result reported by Carra et £1979). Based on the result obtained by simulatig:n

conducted the kinetics study on the dehydrochltionaof dichloropropanol and

sodium hydroxide at various temperatures. Befbia effect of excess sodium
hydroxide on both conversion of dichloropropanadl ields of the product also be
investigated. By considering the results obtaingdimulation and literatures then
the mol ratio of 1:10 (excess of sodium hydroxideison) was used for examining

the kinetics study at different temperature.
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Determination of all kinetics parameters for thaateons at Equation 5.1 are needed
to design proper reactors for the dehydrochloramfpirocess. However, the kinetics
of this process was poorly explained in literatur€arra et al. (1979) reported
dehydrochlorination kinetics using calcium hydraexiand Ma et al. (2008) focused
on the kinetics of the side reaction of epichlominy hydrolysis. In preliminary
study, a series of simulation on dehydrochlorirmatieaction dichloropropanol with
sodium hydroxide have been done. The simulatiomguéspen Plus, gave some
interesting results (as discussed in Chapter 3sédting the experimental design,
temperature range, molar ratio of reactants, amdtidm of reaction. The simulation
data analysis was in good agreement with the vaksrted by Carra et al. (1979)
which used potentiometry and gas chromatographyniques to analyze reaction
products. The simulation results were also compestwith the values reported by
Ma et al.(2008) where quantitative analyses of reaction pcodvas done using

potentiometry technique only.

CH;-CH-CH, + NaOH —» CHy-CH-CH) + HC1+NaCl = Hi0  (59)
] | \D/

Cl1 OH Cl

CH,-CH-CH; + NaOH +H,0 — C:Hz0: + Na(Cl (5.2)

N

C1 O

118



5.2. Experimental Procedures

The above mentioned reactions were carried out three neck flask (500-ml),

which was immersed in an oil bath, equipped witlthermometer, a sampling port
and a condenser. The condenser was connected docamulator. A temperature
controlled oil bath was used to control the reatdanperature and the mixture inside
the reactor was stirred vigorously by the magnstilcer. The reactor was fed with
base solution which contained about 0.05 molar afitsn hydroxide then the

temperature was increased to the desired temperatvhen the operating

temperature of the reaction was reached, a knowouatof the organic reagent,
dichloropropanol, was slowly poured into the reaaontaining the base solution.
The experimental set up is the same as hydroclaltboim process shown in Figure
4.1 (Chapter 4). Analysis of the reaction prodweas performed using GC-MS. HP-
WAX capillary column with a dimension of 25 metér25 mm and a film thickness

of 0.25um was used. The prepared gas chromatographic cokaarable to separate
the reaction products: EPCH and 1,3-DGPaddition, titration method was used

to analyze the moles of OH- during the reaction.

Based on the results obtained from the simulatibe, optimal molar ratio of
dichloropropanol to basic solution was found at in6terms of conversion of
limiting reactant 1,3-DCP. However, in terms of gwot yield, epichlorohydrin,
optimal mol ratio was found to be at a stoichiomeatnolar ratio. Excessive presence
of solution sodium hydroxide, particularly at bdtigh temperature (above @) and

longer reaction time, can lower yield of productcefrohydrin due to competing
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reaction of hydrolysis of epichlorohydrin to glyoe(Ma et.al, 2007; Carra et al.,
1979). Ma et al. (2008) used a stoichiometric mol ratioAsen 1.3-DCP and NaOH

while Carra et al. (1979) used molar ratio 1,3-DCFRA(OH) at 1:10 .

The simulation study confirmed that conducting teaction above PC (343 K)
accelerated hydrolysis reaction of epichlorohydarform glycerol, thus should be
avoided. This finding is in good agreement witle thne reported by Ma et al.
(2008). They said that above @) the hydrolysis reaction will take place of which
would lower the yield of epichlorohydrin. In thdimetics study, Ma et al. (2008)
used stoichiometric molar ratio of dichloropropatmsodium hydroxide and the rate
of reaction was concluded as a second order. Whdera et al. (1979) used calcium
hydroxide in excess, and the rate of reaction fmydrochlorination for 1,3-DCP

was regarded gsseudo-first order.

In this work, since excess[6fH ] also be applied, then effect|@fH~] on the rate
of reaction can be ignored as shown in Equatiod.23ince dehydrochlorination
reaction is an exothermic reaction, then reactipstesn must be provided by the
necessary cooling system in order to maintain sbéhermal condition. This is also
to ensure the dominance of dehydrochlorination ti@acinstead of hydrolysis

reaction.

The five different temperatures was applied namsly 60, 70, and 8C to

investigate the effect of temperature on the reactate constants. Samples were

taken at certain time intervals for analysis. Es@imple was collected in a small vial,
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capped and kept in an ice water bath. This was donprevent the backward
hydrolysis reaction of epichlorohydrin to glycerbkfore GC analysis. Samples were
analyzed for 1,3-dichloropropanol, 1,2-dichloropanpl, and epichlorohydrin by gas
chromatography. Carra et al. (1979) and Zhanglet(2812) also used Gas
Chromatography Mass Spectroscopy (GC-MS) methodntmitor rate of the

reaction.

5.3 Effects of Operating Parameters on Dehydrochlorination

Following the Le’Chatelier principle, one of the tmeds to promote forward
reaction (Equation 5.1) is by using amount of ohéhe reactants in excess. Since
sodium hydroxide is relatively cheaper compared a@oganic compound
dichloropropanol, the reaction was subjected toesgcbase solution. The
stoichiometric molar ratio between the dichloro@opl and sodium hydroxide is
1:1. However, in the kinetics study, molar ratio 1o® was used throughout the
experiments. This is to ensure that the rate ottima was not influenced by
concentration of hydroxide. The effects of molaioralichloropropanol: NaOH on

the conversion to epichlorohydrin was conductegiOaE.

5.3.1 Effect of Molar Ratio

The effect of molar ratio DCP: NaOH on conversiomoles of DCP consumed over

moles of DCP fed) is shown in Figure 5.1 and 5.2.
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Figure5.1: Conversion vs. timefor the dehydrochlorination reaction of 1,3-DCP
at different molar ratios
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Figure5.2: Effect of mol ratio on Conversion of 1,3-DCP:Comparison between
experimental and simulation using Aspen Plus
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These two figures show that increasing molar rB@P: NaOH from stoichiometric
to 1:5 can improve the conversion of the reactisiter that there is no benefit of
increasing molar ratio where conversion nearly ieethconstant due to the fact that
the reaction equilibrium has been reached. Thisllresompared well with the

simulation analysis using Aspen Plus as can beisdéigure 5.2.
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Figure5.3: Yield of EPCH vs. timefor the dehydrochlorination reaction of
1,3-DCP at different molar ratios

In contrast, the effect of molar ratio on epichloydrin composition is shown in
Figure 5.3. It clearly shows that the excessive wo$ebase solution in the
dehydrochlorination reaction accelerates the hydisl of epichlorohydrin, thus
lower the vyield of epichlorohydrin significantly. This is evidenced in the GC
chromatogram (Figure 5.4) showing the formation gbfcerol from hydrolysis
reaction at higher ratio 1:6 compared to 1:1. Noeless, the experimental results

compared with the simulation results using Aspars Rk depicted in Figure 5.5
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Figure5.5: Effect of mol ratio on Product composition: Comparison between
Experimental data and simulation using Aspen Plus

5.3.2 Effect of Temperature

The effect of temperature on the conversion of ACR within the range 50 — 8D
as a function of time is given in Figure 5.6. Undbe operating conditions
employed in this study, can be seen that the wactte was further improved as
temperature was slowly raised to°Z0 Carra et al. (1979) found optimal
temperature of 6C at 0.5 bar pressure while Ma et al. (2008) didfimal any effect
of temperature on the reaction. However, Figurecte@rly shows that there is no
marked improvement on conversion by increasing témeperature after 7G. It
seems the occurrence of hydrolysis reaction ofré@iohydrin to glycerol may have

taken place at temperature abov&GB0
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Figure 5.6: Conversion vs. timefor the dehydrochlorination reaction of 1,3-DCP

at different temperatures
According to Carra et al. (1979) when the tempeeatuas above 8C and longer
reaction time, the hydrolysis reaction rate wasaachd which can lower yield of
epichlorohydrin. Similar conclusion was also mageMna et al. (2007) that at the
maximum temperature, the reaction was constrairyeth® competitive hydrolysis
reaction. Therefore, a suitable operating tempegand short contact time should be
considered in order to reduce the probability ofifolysis reaction. Carra et al.
(1979) reported 98 percent total conversion toldicipropanol at 0.5 bar and @@

This study also compared well with our own simualatresults as shown in Figure

5.7.
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Figure5.7: Effect of Temperatureon Conversion of 1,3-DCP: Comparison
between experimental and simulation using Aspen Plus

Furthermore, Figure 5.8 and 5.9 illustrate theuiafice of temperature on the yield of
epichlorohydrin in the product mixture. Again, ithebits similar behavior as the
conversion described above. The said figures shaivthe yield of epichlorohydrin

is relatively low at 58C where it tends to be higher by increasing thepemature up

to 70°C.
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Figure5.9: Effect of Temperature on Composition of EPCH: Comparison
between experimental and simulation using Aspen Plus

However at 86C the yield of EPCH remained constant after 2 neswtf reaction as

shown in the above figure. This indicates that teaction has reached the
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equilibrium and increasing the temperature couldy goromote the hydrolysis
reaction of epichlorohydrin to glycerol. The insighnto the occurrence of this
hydrolysis reaction would be further exemplifiedtive forthcoming kinetics study.
The peak in the GC chromatogram confirmed the appea of glycerol by the
hydrolysis described above as shown in Figure Bbnetheless, these results were
in good agreement with our own simulation data gigsspen Plus as can be seen in

Figure 5.9.

5.4. Reaction Kinetics

5.4.1. Mode Development

Kinetics of dehydrochlorination reaction was stadia the presence of sodium
hydroxide solution at various concentrations. Adaug to Carra et al. (1979), Ma et
al., (2007), and Zhang et al. (2012) dehydroch&dgrom of DCP in aqueous basic
solution is a fast reaction (Equation 5.1). Howeveltre competing hydrolysis
reaction may be occur, as can be seen in Equatre§pecially when the operating
temperature is higher than €0 presence of excessive base solution and longer
reaction time (Carra et al., 1979; Ma et al., 2008}his study, the experiments were
designed to determine the kinetics parameters agcheaction rate constants and
activation energies for the reactions shown in 8&h&.1. According to Ma et al.
(2008), dehydrochlorination of dichloropropanol hvgodium hydroxide is a second
order irreversible reaction then the rate Equabbithe reaction can be written as

follows:
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d|DcP _
~Tepy = — 12 = K[DCPI*[0H (5.3)

where [DCP] and [OH are concentration of DCP and Qlfespectively.

According to Ma et al(2007), the epichlorohydrin formation, the ring suoes,
happen according to the mechanism of an internelenphilic substitution (SH
prior to the base catalyzed dissociation equiliiriult was modeled by the
Williamson reaction (Carra et al., 1979), and wamsilar to the reaction occurred
between propylene chlorohydrins and caustic sodagxg@lained by Patai (1967).
The mechanism of the reaction can be representédgoye 5.10. Ma et a{2007)
reported that protonation of the hydroxyl resuftaibetter C-O-H-O-C group where
this step is slow and reversible thus is consida®the rate determining step. The

lone pairs on the oxygen make it a Lewis base.

H H

Cl
" # ’
H + H
t_'H T 4 “"‘;E-. .1 slow h{' o ?.;, fast o
T W - | w N T ena s a1
OH o0
P4 H
CH4C CHC

Figure 5.10 M echanism of reaction dehydrochlorination (Ma et al., 2007)

Simultaneously formation of C-O-C bond and cleavaigine C-Cl bond may loss of

the good leaving group, a neutral molecule of walée reaction rate equation in

this case is as the following (Ma et al., 2007):

130



r=kxK,x [OH™][R] (5.4)

Where k is the kinetic rate constant and iK the equilibrium constant for the
formation of the intermediate ion [R] is the reageoncentration. Ma et al. (2007)
observed that this equilibrium constant strongiuenced the reaction and therefore

influenced by the enthalpy change for the intermiedion formation.

In this study, 2,3-DCP was not be considered whglihe isomer of 1,3-DCP
because pure 1,3-DCP (99.9%) was used in the oeacioreover, based on
observation studied by Ma et al. (2007), the redagtiof 1,3-DCP is much higher
than the reactivity of its isomer 2,3-DCP due te ithductive effects and space effect
(Figure 5.11). In the structure molecule, both gatwalkyls in 1,3-DCP increased
the chlorine mobility or the negative charge on éxggen, and the hydroxyl could
attack 1-C and 3-C. However, only one halogendaitk®,3-DCP could increase the
negative charge on the oxygen, and the hydroxyldconly attack 2-C. at the same
time. According to Salaun (2000), it is difficutirfthe hydroxyl group to attack 2-C

in 2,3-DCP due to the steric hindrance (Ma et24lQ7), which does not exist in 1,3-

DCP.

Cl OH Cl OH C|*\ Cl
TN )
“_CH, —CH —CH, CH, —CH —CH,

1 2 3 1 2 3

Figure5.11 Space effect (Maet al., 2007)
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In order to determine kinetic parameters, in thislg the initial concentration of OH
was 10 times of initial concentration of DCP, sd{{is zero order, then the rate law

can be written as:

d[DcP}
~Topy = =42 = k[DCP]" (5.5)

A simple analysis, based on the observation thatithe for half-transformation is
independent of the initial concentration of the geas, revealed that our
experimental data could be described by a pseusbeiider kinetic model. As a

consequence the rate law can be written as Equaiton

d[DcP}
~Tepy = — 2= = k[DCP] (5.6)

In a similar study, Carra et al. (1979) reportéeytalso used excess of base solution
where based on their observation the mass of hytlior decreased very slowly
after the initial stage, justifying the employmefifirst order kinetics as an effective

model in describing our experimental data.

5.4.2. Deter mination of Reaction Rate Constant

Determination of rate constant highly depends enaifdler of the reaction. Using the
experimental data, the correct order would be datexd by which function of rate
equation best fit the linear requirement. The @astants are estimated from the

slope of the linear plot once the order is esthblis The rate of formation
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epichlorohydrin can be described by the first ondge equation given in Equation

5.5. The integration form of Equation 5.5 is foltow

In [DCP], — In [DCP] = kt (5.7)

As shown in Figure 5.12, a straight line plot supgpour hypothesis that the
dehydrochlorination of DCP and sodium hydroxide loles the first order
irreversible kinetics. A temperature reaction maximat 86C and reaction time

control has completely hindered competing hydrslysaction.

3 _—" X 800C

/ /.//0[/‘ M 700C
2 / #600€
500C

0 50 100 150 200 250 300

In[DCP]o-In[DCP]

Time (sec)

Figure5.12: First-order kinetic model for dehydrochlorination of 1,3-DCP
and NaOH
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The value of k at various temperatures were obtiafrem the slopes of these lines
and tabulated in Table 5.1. Compared to the eadjorts on the kinetics of similar
reaction using calcium hydroxide by Carra et @l979), this study provides
information closer to the kinetics parameter. Hogrevt is important to note that
Carra et al.(1979) used calcium hydroxide in their study asaosgo to sodium

hydroxide used herein.

Table5.1: Rate constant, k for reaction between 1,3-DCP and NaOH

Temperature®C)  k ('Order) sec k (I*'Order) secby Carra et al.
(1,3-DCP and Ca(OH)
50 0.0056 0.0024
60 0.008 0.0038
70 0.012 0.0066
80 0.021 0.0117

Linear regression analysis of the data at 50°€86r epichlorohydrin synthesis gave
correlation coefficient of 0.996, 0.994, 0.994, an@95. Figure 5.13 shows the
exponential-like variation of the kinetic constantwith temperature of

dehydrochlorination reaction. It can be concludet said reaction obeys the general

rule of reaction kinetics.

134



0.025

0.02 -

0.015

0.01 -

k /sec?

0.005

0 T T 1

310 320 330 340
T/K

Figure5.13: Variation of the kinetic constant with the temperature

5.4.3. The pre-exponential factor and Activation Energy

The dependency of rate constant, k, on temperétliosvs the Arrhenius Equation:

Ink = Ind — =2 (5.8)
RT

Where A is the pre-exponential factor, Ea is thévation energy, R is the universal
gas constant (8.314 J k™), and T is the absolute temperature expressed in K
From the slope of a plot of In(k) versus 1/T thée tactivation energy can be
estimated. The pre-exponential factor A was deteechifrom the y-intercept. The
values of k at different temperature compared towvhlues reported by Carehal.
(1979) are tabulated in Table 5.1 and the plonhdk) versus 1/T is shown in Figure

5.14.
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Figure5.14: Plot of In (k) versus /T for the dehydrochlorination reaction

The fitting parameters from this linear plot givB$=0.982 giving the activation
energy Ea at 38.85 kJ/mol and the pre-exponertibf A at 1.62 x 10se¢’. Carra
et al. (1979) reported the activation energy foe tteaction involved in the
dehydrochlorination of dichloropropanol with Ca(QH¥ A and E at 10 se¢' and

49.14 kJ/mol.

Activation energy, E can be thought of as the height of the poterteirier

(sometimes called the energy barrier). A chemieakttion can be performed when
an appreciable number of molecules with energy letmaor greater than the
activation energy for a chemical reaction to proce®therwise lower activation
energy makes rate of reaction faster. In addifiena catalytic chemical reaction, the

catalyst does not change the energies of the afiggactants or products instead it
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—Ea

reduces the activation energy value. The Arreheegugtion= Ae rT , shows that

k value will higher when the activation energyasver therefore the rate of reaction
proceed faster. In this study, since the activaginaergy was slightly lower compared
to the value reported by Carra et(@979), the reaction is faster as evidenced by the

shorter reaction time for completion. The reacti@s 1 minute faster than of Carra.

Once the value of Fand A at the temperature range have been determined
formulation of equation for the rate of dehydrochiation reaction can be estimated.
The reaction rate in the presence of caustic sotl@nwthe selected temperature

range can be expressed as follows:

r = 7.65 x 10°e=225/RT[DCP] (5.9)

5.5. Conclusions

Kinetics of dehydrochlorination of dichloropropan@@CP) to epichlorohydrin
(EPCH) using sodium hydroxide was investigated. &tfiect of temperatures (50 to
80°C) on such reaction was observed where the optiraloe was found at 7G as
opposed to 6 given by Aspen Plus simulation. Effect of molatio 1,3-
DCP:NaOH also was investigated where the best nmater in terms of conversion
of DCP and yield of EPCH were found at 1:6. Foe tinetic study sodium

hydroxide was used in large excess (1:9), wheredhetion rate is found to follow
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pseudo first order with respect to dichloropropacohcentration. The activation
energy of the reaction was 38.85 kJ/mol and theegponential factor A was 1.62 x
10'/sec. Compared to the earlier reports on the iimeff this reaction which used
calcium hydroxide, this study provides informatiamuch closer to the kinetics
parameter. As mentioned above, the conversion wai® nearly constant after 2
minute. Therefore, low contact time is one of thgpartant factors in the design of
dehydrochlorination reactor, failing which couldoprote the hydrolysis of EPCH,
thus lower the final product yield. Selection oé thptimal operating conditions for

the synthesis of epichlorohydrin from DCP is alsperative.
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CHAPTERG6

CONCLUSIONS AND RECOMENDATIONS

6.1. Conclusions

The main objective of this research was to develop a ssimple technology to convert
glycerol by-product from biodiesel production to epichlorohydrin. The whole process
comprised of two steps. The first step was hydrochlorination process where glycerol
reacted with hydrogen chloride to form dichloropropanol (DCP) in the presence of
carboxylic acid catalyst. Hydrogen chloride acted as a hydroclorination agent in
either gaseous or agueous phase. The next step was dehydrochlorination process
where the dichloropropanol obtained from the previous step reacted with the base
solution, such as sodium hydroxide, calcium hydroxide, and the like, to form

epichlorohydrin.

A series of simulation work was conducted on both the 1,3-dichloropropanol
preparation, and the epichlorohydrin preparation using the ASPEN Plus™ simulation
software. The synthesis of 1,3-dichloropropanol took place via hydrochlorination
process, in a semi batch stirred tank reactor (SBSTR) while, the synthesis of
epichlorohydrin via dehydrochl orination reaction, was simulated using a batch stirred
tank reactor (BSTR). The results of simulation were used to predict the performance
of SBSTR and BSTR in terms of conversion, selectivity and product yield. For the
hydrochlorination process, the effects of both HCI flow rate and catalyst

concentration were investigated. While lower HCI flow rate was found to improve
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the hydrochlorination process based on both sdlectivity and yield of 1,3-
dichloropropanoal, the catalyst concentration did not have significant effect on the
process. For the dehydrochlorination process, effect of reactant molar ratio indicated
that the excessive use of base solution can lower the yield of product significantly.
The findings from these simulation results were used to facilitate the experimental
work, as reported in chapter 4 and in chapter 5. The main aim was to develop the
technology to convert crude glycerol to 1,3-dichloropropanol and to develop kinetic

of dehydrochlorination process to convert 1,3-DCP to epichlorohydrin..

In this study a series of experimental works were conducted to synthesize DCP from
glycerol via hydrochlorination process using aqueous hydrochloric acid (muriatic
acid - 37 %). Three process parameters were examined namely types of catalyst, mol
ratio and temperature. Among the four selected carboxylic acid catalysts chosen for
the screening, the best catalyst in terms of activity and selectivity was malonic acid.
Beside that its low volatility ensures minimum losses during the hydrochlorination
process. The most favorable molar ratio of HCI : glycerol was at 24:1 while the
optimum operating temperature for the reaction was at 110°C. These experimental
results, which used muriatic acid (37% aqueous hydrochloric acid) as a chlorination
agent for hydrochlorination of glycerol, are comparable with other methods which
used gaseous hydrogen chloride. However, some improvement is still necessary due

to selectivity. In conclusion, the optimal reaction conditions so far are as follows:

- Duration : 3 hours
- Temperature :110°C
- Catayst : Malonic Acid (8 percent by mol)

- Molar ratio HCI : Glycerol 24:1
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The kinetics of dehydrochlorination of dichloropropanol and sodium hydroxide to
epichlorohydrin was investigated. The effect of temperatures (50 to 80°C) on such
reaction was observed. The reaction rate was found to be pseudo first order with
respect to dichloropropanol concentration. The activation energy of the rate constant
was 9.25 kcal/mol, the pre-exponential factor A was 1.62 x 10” sec™, and reaction
rate constant were 0.0056; 0.008; 0.012; 0.021 for 40, 50, 60, and 70°C respectively
Compared to the earlier reports on the kinetics of similar reaction using calcium
hydroxide, this study provides information much closer to the kinetics parameter. As
observed from the experimental study, the rate of reaction was nearly constant after 2
minute of reaction. Since the reaction is very fast, choosing the optimal operating
conditions for the process of synthesis of epichlorohydrin from DCP is important to
prevent the occurrence of a side reaction. One of the common side reactions is the

hydrolysis of epichlorohydrin to form glycerol.

6.2. Recommendations for Future Work

The current work has focused on the synthesis of epichlorohydrin via
dichloropropanol instead of alyl chloride. Dichloropropanol has been successful
synthesized by reacting glycerol with agueous hydrogen chloride in the presence of
malonic acid as the catalyst. After that, the final product epichlorohydrin would be
obtained by adding some sodium hydroxide solution into dichloropropanol. In this
study, we found that the yield and selectivity of hydrochlorination of glycerol to

dichloropropanol were lower compared to other approaches due to the failure to

141



remove water from the reaction mixture. However it could be improved by choosing

the optimum operating pressure.

For future work, it is recommended that the following areas to be explored:

1. As mentioned before that the yield and selectivity of hydrochlorination of
glycerol to dichloropropanol were lower compared to other approaches due to
the failure to remove water from the reaction mixture thus investigation effect
of different vacuum pressure on the performance of hydrochlorination would
be an interesting topic.

2. Study on the possibility of running an in-situ process in which both
hydrochlorination and dehydrochlorination take place simultaneously in a
single reactor. Thisis, in-situ technology, maybe give an advantage such as
lower equipment investment due to use single reactor instead of two series
reactor. However, it is recommended that the ssimulation would have been
done prior to the experimental work.

3. Scale-up study of the hydrochlorination process should aso be considered in
order to investigate how far deviation of parameters between small and pilot

scale production.
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Appendix A

Calculation M ethod

Al. Rate Constant (k)

General form of equation for calculating the rate constant (k) of first order is as
below:

In [DCP], — In [DCP] = kt (A1)
where [DCP], and [DCP]aretheinitial concentration of reactants and concentration

of reactant at certain temperature during the reaction respectively.

Example: calculation k value at 50°C. The datafor [DCP], and In[DCP] at certain

interval time can be seen in Table A1 as below

Table Al: Datafor 50°C

Time (s) [DCPJo In [DCP]o [DCP] In[DCP] In [DCP]o-In[DCP]
0 0.519516 -0.65486 0.519516 -0.65486 0
60 0.33827  -1.08391 0.429054
120 0.233434  -1.45486 0.799998
180 0.16673 -1.79138 1.136519
240 0.121776  -2.10557 1.450715

By plotting In [DCP], — In[DCP] versus t we will have k vaue as a slope of the

linear line, y = 0.056x + 0.041 then k value = 0.056
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Anaogy with the above method, we can calculate k value for another temperature.

All datafor 60, 70 and 80°C are shown in Table A2, A3, and A4 respectively.

Table A2: Data for 50°C

Time (s) [DCPJo In [DCP]Jo [DCP] InN[DCP] In [DCP]o-In[DCP]
0 0.514113 -0.66531 0.514113 -0.66531 0.665313158

60 0.269676 -1.31054 1.310535226
120 0.15783  -1.84623 1.84623441
180 0.097426 -2.32866 2.328659539
240 0.061941 -2.78157 2.781572501

Table A3: Datafor 70°C

Time (s) [DCPJo In [DCP]o [DCP] In[DCP] In [DCP]o-In[DCP]
0 0.507464 -0.67833 0.507464 -0.67833 0.678329727
60 0.212034 -1.55101 1.551006922
120 0.104719 -2.25648 2.25647776
180 0.055317 -2.89467 2.894672056
240 0.030196 -3.50005 3.50005255

Table A4: Datafor 80°C

[DCPlo  In[DCPlo  [DCP] In[DCP] In [DCPJo-In[DCP]
0 0.5023 -0.68856  0.5023  -0.68856 0.688557731
60 0.055599  -2.88959 2.889590785
120 0.009482  -4.65835 4.658350497
140 0.005344  -5.23178 5.231780682

All values of the rate constant are tabulated in Table A.5 as below
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Table A.5: Rate constant, k for reaction between 1,3-DCP and NaOH

Temperature (°C) k (1%Order) sec™
50 0.0056
60 0.008
70 0.012
80 0.021

A2. Energy Activation (Eg)

Arrhenius equation,ink = InA — i—;f, where A is the pre-exponential factor, Eais the

activation energy, R is the universal gas constant (8.314 J mol™* K™), and T is the
absolute temperature expressed in K. From the slope of a plot of In(k) versus /T x
10° we can estimate the activation energy. The pre-exponentia factor A was
determined from the y-intercept. Data for k at various temperatures are shown in

Tae A6 asbeow:

TableA.6
t T k
50 313 0.0056
60 323 0.008
70 333 0.012
80 343 0.021
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Y =-4676 X + 9.699; then E¥/R = 4676, substitute R = 8.314 then we have
E? = 38.54 kJ/mol = 9.25 kcal/mol.

Whileln A = 9.699, then exponentia factor, A = 1.62 x 10"/sec
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B.1. Hydrochlorination

Appendix B

Simulation Raw Data

B.1.1 Effect of Temperature

Temperature 80°C
Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP
sec Time
Kg kg kg kg kg kg kg kg
0 0.918967 0 0.090294 0 0 0 0 0
450 0.864738  0.0984435 9.03E-02 0.010651 0.000306 2.18E-06 0.061215 0.003611
900 0.813681 0.19797921 9.03E-02 0.020763 0.001186 8.44E-06 0.11834 0.00701
1350 0.765625 0.29855046  9.03E-02 0.030362 0.002602 1.85E-05 0.171598 0.01021
1800 0.720411 0.40010322 0.090294 0.039477 0.004523 3.22E-05 0.2212 0.013221
2250 0.677868 0.50258064 0.090294 0.048135 0.006911 4.92E-05 0.267369 0.016054
2700 0.637852 0.60593369 0.090294 0.05636 0.009737 6.93E-05 0.310297 0.018719
3150 0.600208 0.71011052 0.090294 0.064179 0.012968 9.23E-05 0.350185 0.021225
3600 0.564791 0.81506209 0.090294 0.071614 0.016573 0.000118 0.387225 0.023584
4050 0.531465 0.92074302 0.090294 0.078689 0.020526 0.000146 0.421595 0.025803
4500 0.500105 1.02711087 0.090294 0.085425 0.024799 0.000177 0.453459 0.027892
4950 0.470594 1.13412663 0.090294 0.09184 0.029369 0.000209 0.48297 0.029857
5400 0.442826 1.24175381 0.090294 0.097954 0.034214 0.000244 0.51027 0.031706
5850 0.416695 1.34995764 0.090294 0.103782 0.039311 0.00028 0.535494 0.033447
6300 0.392109 1.45870597 0.090294 0.109342 0.044642 0.000318 0.558767 0.035084
6750 0.368973 1.5679678 0.090294 0.114648 0.050187 0.000357 0.580209 0.036625
7200 0.347204 1.67771439 0.090294 0.119714 0.05593 0.000398 0.599932 0.038075
7650 0.326719 1.78791836 0.090294 0.124554 0.061853 0.00044 0.618042 0.039439
8100 0.307445 1.89855407 0.090294 0.129181 0.067942 0.000484 0.634639 0.040723
8550 0.289308 2.00959736  0.090294 0.133607 0.074181 0.000528 0.649815 0.041931
9000 0.272242 2.12102542 0.090294 0.137842 0.080558 0.000574 0.663659 0.043068
9450 0.256183 2.23281693 0.090294 0.141898 0.087059 0.00062 0.676253 0.044138
9900 0.241071 2.34495146 0.090294 0.145784 0.093672 0.000667 0.687676 0.045145
10350 0.226852 2.45741044 0.090294  0.14951 0.100388 0.000715 0.697999 0.046092
10800 0.213472 2.57017565 0.090294 0.153085 0.107194 0.000763 0.707294 0.046984
11250 0.200882 2.68323029 0.090294 0.156517 0.114081 0.000812 0.715623 0.047823
11700 0.189035 2.79655903 0.090294 0.159813 0.12104 0.000862 0.723046 0.048612
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Temperature 90°C

Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP
sec Time
Kg kg Kg kg kg kg kg kg
0 0.229742 0 0.022574 0 0 0 0 0
450 0.209234 0.111848 2.26E-02 0.004028 0.000115 2.46E-06 0.02301 0.001504
900 0.190553 0.224357 2.26E-02 0.007729 0.000442 9.47E-06 0.043776 0.002875
1350 0.173545 0.337474 2.26E-02 0.01113 0.000962 2.06E-05 0.062488 0.004123
1800 0.158057 0.451143 0.022574 0.014259 0.001653 3.54E-05 0.079336 0.005259
2250 0.143953 0.565315 0.022574 0.017138 0.002498 5.35E-05 0.094491 0.006294
2700 0.131107 0.679945 0.022574 0.019791 0.00348 7.45E-05 0.108107 0.007236
3150 0.119409 0.794995 0.022574 0.022237 0.004585 9.82E-05 0.120323 0.008094
3600 0.108756 0.910427 0.022574 0.024494 0.005798 0.000124 0.131266 0.008876
4050 0.099054 1.026208 0.022574 0.026579 0.007108 0.000152 0.141052 0.009588
4500 0.090219 1.142307 0.022574 0.028506 0.008504 0.000182 0.149787 0.010237
4950 0.082173 1.258697 0.022574  0.03029 0.009975 0.000214 0.157567 0.010827
5400 0.074845 1.375352 0.022574 0.031943 0.011512 0.000247 0.164479 0.011365
5850 0.068171 1.492249 0.022574 0.033476 0.013108 0.000281 0.170603 0.011855
6300 0.062093 1.609368 0.022574 0.0349 0.014754 0.000316 0.176011 0.012301
6750 0.056558 1.726688 0.022574 0.036224 0.016444 0.000352 0.180769 0.012707
7200 0.051517 1.844194 0.022574 0.037456 0.018171 0.000389 0.184938 0.013077
7650 0.046926 1.961868 0.022574 0.038605 0.019931 0.000427 0.188571 0.013414
8100 0.042744 2.079697 0.022574 0.039678 0.021717 0.000465 0.191719 0.013722
8550 0.038936 2.197667 0.022574 0.040681 0.023526 0.000504 0.194427 0.014001
9000 0.035468 2.315766 0.022574  0.04162 0.025354 0.000543 0.196735 0.014256
9450 0.032309 2.433983 0.022574 0.042501 0.027196 0.000582 0.198682 0.014488
9900 0.029432 2.552309 0.022574 0.043328 0.02905 0.000622 0.200301 0.014699
10350 0.026812 2.670735 0.022574 0.044106 0.030911 0.000662 0.201623 0.014892
10800 0.024426 2.789251 0.022574 0.044839 0.032778 0.000702 0.202678 0.015067
Temperature 100°C
Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP
sec Time
Kg kg Kg kg kg kg kg kg
0 0.339844 0 0.033392 0 0 0 0 0
450 0.305171 0.166186 3.34E-02 0.006826 0.000303 4.38E-06 0.038188 0.003167
900 0.274043 0.333617 3.34E-02 0.013036 0.001156 1.67E-05 0.071967 0.00601
1350 0.246098 0.502172 3.34E-02 0.018691 0.002488 3.60E-05 0.101798 0.008562
1800 0.22101 0.671739 0.033392 0.023846 0.004233 6.13E-05 0.128101 0.010853
2250 0.198487 0.84222 0.033392 0.028549 0.006335 9.17E-05 0.151251 0.012911
2700 0.178266 1.013524 0.033392 0.032846 0.008742 0.000127 0.171582 0.014758
3150 0.160111 1.185571 0.033392 0.036776 0.011409 0.000165 0.189396 0.016417
3600 0.143811 1.35829  0.033392 0.040373 0.014297 0.000207 0.204961 0.017906
4050 0.129175 1.531614 0.033392 0.043672 0.01737 0.000252 0.218519 0.019243
4500 0.116034 1.705487 0.033392 0.046699 0.020596 0.000298 0.230287 0.020444
4950 0.104235 1.879854 0.033392 0.049482 0.023947 0.000347 0.240457 0.021522
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5400 0.09364 2.054669 0.033392 0.052044 0.0274 0.000397 0.249204 0.02249
5850 0.084126 2.22989 0.033392 0.054406 0.030931 0.000448 0.256685 0.02336
6300 0.075582 2.405478 0.033392 0.056586 0.034521 0.0005 0.263037 0.024141
6750 0.06791 2.581399 0.033392 0.058601 0.038155 0.000553 0.268386 0.024842
7200 0.061019 2.757621 0.033392 0.060468 0.041815 0.000606 0.272844 0.025472
7650 0.054832 2.934118 0.033392 0.062199 0.04549 0.000659 0.27651 0.026038
8100 0.049275 3.110863 0.033392 0.063807 0.049167 0.000712 0.279475 0.026546
8550 0.044284 3.287835 0.033392 0.065303 0.052836 0.000765 0.281818 0.027003
9000 0.046353 3.468297 0.033392 0.065075 0.05408 0.000783 0.27639 0.028866
9450 0.035776 3.642379 0.033392 0.067999 0.060117 0.000871 0.284921 0.027781
9900 0.032161 3.819916 0.033392 0.069216 0.063714 0.000923 0.285803 0.028112
10350 0.028913 3.99761 0.033392 0.070355 0.067273 0.000974 0.286309 0.028409
10800 0.025996 4.175446 0.033392 0.071425 0.07079 0.001025 0.286487 0.028677
11250 0.023375 4.353413 0.033392 0.072429 0.07426 0.001076 0.286375 0.028917
11700 0.02102 4.5315 0.033392 0.073374 0.07768 0.001125 0.286013 0.029132
12150 0.018904 4709697 0.033392 0.074265 0.081046 0.001174 0.285432 0.029326
12600 0.017003 4.887996 0.033392 0.075106 0.084356 0.001222 0.284662 0.0295
Temperature 110°C

Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP

sec Time
kg kg kg kg kg kg kg kg
0 0.229742 0 0.022574 0 0 0 0 0
450 0.196417 0.166694 2.26E-02 0.006575 0.000394 5.29E-06 0.036853 0.002804
900 0.167933 0.335103 2.26E-02 0.012302 0.001488 2.00E-05 0.067695 0.005202
1350 0.143584 0.504984 2.26E-02 0.017301 0.003161 4.24E-05 0.093417 0.007251
1800 0.122769 0.676127 0.022574 0.021678 0.005313 7.13E-05 0.11478 0.009003
2250 0.104976 0.848354 0.022574 0.025518 0.007856 1.05E-04 0.13243 0.010501
2700 0.089764 1.021512 0.022574 0.028899 0.010718 0.000144 0.146923 0.011782
3150 0.076758 1.195469 0.022574 0.031885 0.013836 0.000186 0.15873 0.012878
3600 0.065639 1.370116 0.022574 0.03453 0.017159 0.00023 0.168254 0.013814
4050 0.056133 1.545355 0.022574 0.036882 0.020641 0.000277 0.175839 0.014615
4500 0.048006 1.721105 0.022574 0.038982 0.024245 0.000325 0.181779 0.0153
4950 0.041058 1.897296 0.022574 0.040864 0.027939 0.000375 0.186325 0.015885
5400 0.035118 2.073868 0.022574 0.042558 0.031696 0.000426 0.189691 0.016386
5850 0.030039 2.250769 0.022574 0.044089 0.035494 0.000477 0.19206 0.016814
6300 0.025697 2.427956 0.022574 0.045479 0.039314 0.000528 0.193588 0.017181
6750 0.021984 2.60539 0.022574 0.046747 0.043139 0.000579 0.194408 0.017494
7200 0.018809 2.783039 0.022574 0.047908 0.046957 0.00063 0.194635 0.017762
7650 0.016095 2.960876 0.022574 0.048977 0.050757 0.000682 0.194363 0.017991
8100 0.013774 3.138877 0.022574 0.049965 0.054529 0.000732 0.193677 0.018188
8550 0.011789 3.317021 0.022574 0.050882 0.058265 0.000782 0.192647 0.018356
9000 0.010092 3.495291 0.022574 0.051737 0.061959 0.000832 0.191331 0.018499
9450 0.008641 3.673671 0.022574 0.052537 0.065607 0.000881 0.189782 0.018622
9900 0.0074 3.852149 0.022574 0.053289 0.069204 0.000929 0.188043 0.018728
10350 0.006338 4.030714 0.022574 0.053998 0.072746 0.000977 0.18615 0.018818
10800 0.00543 4.209356 0.022574 0.054669 0.076232 0.001024 0.184135 0.018895
11250 0.004653 4.388067 0.022574 0.055306 0.079659 0.00107 0.182025 0.018961
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Temperature 120°C

Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP
sec Time
kg kg kg kg kg kg kg kg
0 0.223333 0 0.021944 0 0 0 0 0
450 0.178919 0.16237 2.19E-02 0.008711 0.000156 6.77E-06 0.049246 0.003924
900 0.143398 0.328187 2.19E-02 0.015719 0.000566 2.46E-05 0.088376 0.007063
1350 0.114978 0.49676 2.19E-02 0.021365 0.001159 5.04E-05 0.119445 0.009575
1800 0.092235 0.667543 0.021944 0.025919 0.00188 8.17E-05 0.144089 0.011585
2250 0.074029 0.840098 0.021944 0.029598 0.002686 0.00011669 0.16361 0.013195
2700 0.059451 1.014073 0.021944 0.032574 0.003544 0.00015397 0.179052 0.014484
3150 0.047774 1.189189 0.021944 0.034988 0.004428 0.0001924 0.191244 0.015517
3600 0.038417 1.365222 0.021944 0.036948 0.005319 0.00023111 0.200851 0.016345
4050 0.030917 1541993 0.021944 0.038543 0.006201 0.00026944 0.2084 0.017009
4500 0.024903 1.719358 0.021944 0.039846 0.007063 0.00030692 0.214314 0.017542
4950 0.020079 1.897202 0.021944 0.040911 0.007897 0.00034315 0.218932 0.017969
5400 0.016207 2.075433 0.021944 0.041785 0.008697 0.00037789 0.222521 0.018312
5850 0.013099 2.253978 0.021944 0.042504 0.009457 0.00041094 0.225296 0.018588
6300 0.0106 2.432777 0.021944 0.043097 0.010176 0.00044218 0.22743 0.01881
6750 0.008591 2.611782 0.021944 0.043589 0.010852 0.00047156 0.229059 0.018989
7200 0.006974 2.790955 0.021944 0.043997 0.011485 0.00049905 0.23029 0.019132
7650 0.005671 2.970266 0.021944 0.044338 0.012074 0.00052467 0.231211 0.019248
8100 0.004621 3.149688 0.021944 0.044623 0.012622 0.00054847 0.231888 0.019342
8550 0.003774 3.329203 0.021944 0.044863 0.013129 0.00057051 0.232376 0.019417
9000 0.003089 3.508794 0.021944 0.045065 0.013598 0.00059089 0.232717 0.019479
9450 0.002534 3.688447 0.021944 0.045237 0.014031 0.00060969 0.232946 0.019528
B.2 Effect of Molar Ratio
2:1

Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP

sec Time
Kg kg kg kg kg kg kg kg
0 0.223333 0 2.19E-02 0 0 0.00E+00 0 0
450 0.178886 0.003806 2.19E-02 0.008718 0.00016 6.94E-06 0.049279 0.003927
900 0.143297 0.011038 2.19E-02 0.015743 0.000594 2.58E-05 0.088463 0.007072
1350 0.114796 0.021013 0.021944 0.021413 0.001245 5.41E-05 0.119571 0.009591
1800 0.091967 0.033183 0.021944 0.025998 0.002065 8.97E-05 0.144221 0.011609
2250 0.073683 0.047113 0.021944 0.029714 0.003018 0.000131 0.163698 0.013226
2700 0.059041 0.062455 0.021944 0.032732 0.004073 0.000177 0.179034 0.014521
3150 0.047315 0.078928 0.021944 0.035191 0.005206 0.000226 0.191058 0.015559
3600 0.037923 0.096308 0.021944 0.037202 0.006399 0.000278 0.200432 0.01639
4050 0.030402 0.114416 0.021944 0.038853 0.007636 0.000332 0.207687 0.017057
4500 0.024378 0.133106 0.021944 0.040217 0.008905 0.000387 0.213248 0.017591
4950 0.019553 0.152265 0.021944 0.041349 0.010198 0.000443 0.217456 0.018019
5400 0.015688 0.171799 0.021944 0.042296 0.011505 0.0005 0.220582 0.018362
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5850 0.012592 0.191635 0.021944 0.043093 0.012821 0.000557 0.222846 0.018638
6300 0.010112 0.211714 0.021944 0.043771 0.014142 0.000615 0.224421 0.018859
6750 0.008125 0.231987 0.021944 0.044352 0.015464 0.000672 0.225447 0.019036
7200 0.006532 0.252418 0.021944 0.044856 0.016782  0.00073 0.226036 0.019179
7650 0.005256 0.272975 0.021944 0.045297 0.018096 0.000787 0.226278 0.019294
8100 0.004234 0.293634 0.021944 0.045687 0.019404 0.000844 0.226244 0.019386
8550 0.003414 0.314377 0.021944 0.046037 0.020703 0.0009 0.225992 0.01946
9000 0.002756 0.335186 0.021944 0.046354 0.021993 0.000956 0.225568 0.01952
9445.802 0.002233 0.355855 0.021944 0.046641 0.023261 0.001011 0.225013 0.019568
9455.805 0.002231 0.693892 0.021944 0.046491 0.022228 0.000966  0.22594  0.019567
4:1

Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP

sec Time
Kg kg kg kg kg kg kg kg
0 0.223333 0 2.19E-02 0 0 0.00E+00 0 0
450 0.178879 0.007103 2.19E-02 0.008719 0.000159 6.92E-06 0.049287 0.003928
900 0.143287 0.017635 2.19E-02 0.015745 0.000593 2.58E-05 0.088474 0.007073
1350 0.114789 0.030911 0.021944 0.021414 0.001242 5.40E-05 0.119581 0.009592
1800 0.091966 0.046384 0.021944 0.025998 0.00206 8.95E-05 0.144226 0.011609
2250 0.073685 0.063616 0.021944 0.029712 0.003009 0.000131 0.163703 0.013226
2700 0.059045 0.082261 0.021944 0.032729 0.004059 0.000176 0.179041 0.014521
3150 0.04732 0.102036 0.021944 0.035187 0.005187 0.000225 0.191069 0.015559
3600 0.037929 0.122718 0.021944 0.037197 0.006373 0.000277 0.200449 0.01639
4050 0.030407 0.144128 0.021944 0.038847 0.007601  0.00033 0.207712 0.017056
4500 0.024383 0.166121 0.021944 0.040209 0.008861 0.000385 0.213282 0.01759
4950 0.019558 0.188583 0.021944 0.04134 0.010143 0.000441 0.2175 0.018019
5400 0.015693 0.211421 0.021944 0.042285 0.011438 0.000497 0.220637 0.018362
5850 0.012596  0.23456 0.021944 0.043081 0.012742 0.000554 0.222912 0.018637
6300 0.010115 0.257943 0.021944 0.043756 0.014049 0.000611 0.2245 0.018859
6750 0.008127 0.28152 0.021944 0.044336 0.015355 0.000668 0.225541 0.019036
7200 0.006534 0.305255 0.021944 0.044837 0.016658 0.000724 0.226146 0.019179
7650 0.005257 0.329117 0.021944 0.045276 0.017955 0.000781 0.226404 0.019293
8100 0.004234 0.353082 0.021944 0.045664 0.019244 0.000837 0.226387 0.019386
8550 0.003414 0.377129 0.021944 0.046011 0.020524 0.000892 0.226152 0.01946
9000 0.002756 0.401244 0.021944 0.046325 0.021794 0.000948 0.225747 0.01952
9445.416 0.002233 0.425168 0.021944 0.046609 0.023039 0.001002 0.225212 0.019568
9455.805 0.002231 0.693892 0.021944 0.046491 0.022228 0.000966  0.22594  0.019567
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8:1

Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP
sec Time
Kg kg kg kg kg kg kg kg
0 0.223333 0 2.19E-02 0 0 0.00E+00 0 0
450 0.178881 0.019855 2.19E-02 0.008719 0.000159 6.91E-06 0.049285 0.003928
900 0.143296 0.043139 2.19E-02 0.015743 0.00059 2.57E-05 0.088467 0.007072
1350 0.114803 0.069169 0.021944 0.02141 0.001235 5.36E-05 0.119572 0.00959
1800 0.091988 0.097397 0.021944 0.025991 0.002044 8.88E-05 0.144217 0.011607
2250 0.073714 0.127387 0.021944 0.029702 0.002979 0.000129 0.163698 0.013223
2700 0.059078 0.158788 0.021944 0.032716 0.004012 0.000174 0.179047 0.014518
3150 0.047356 0.191321 0.021944 0.03517 0.005117 0.000222 0.191091 0.015555
3600 0.037966 0.224762 0.021944 0.037176 0.006276 0.000273 0.200494 0.016386
4050 0.030445 0.258931 0.021944 0.038821 0.007474 0.000325 0.207784 0.017053
4500 0.02442 0.293684 0.021944 0.040178 0.008698 0.000378 0.213388 0.017587
4950 0.019593 0.328907 0.021944 0.041304 0.009939 0.000432 0.217643 0.018015
5400 0.015725 0.364507 0.021944 0.042242 0.01119 0.000486 0.220824 0.018359
5850 0.012625 0.40041 0.021944 0.043032 0.012444 0.000541 0.223147 0.018634
6300 0.010141 0.436556 0.021944 0.0437 0.013697 0.000595 0.224787 0.018856
6750 0.00815 0.4729 0.021944 0.044272 0.014946 0.00065 0.225882 0.019033
7200 0.006554 0.509402 0.021944 0.044765 0.016187 0.000704 0.226545 0.019176
7650 0.005275 0.546032 0.021944 0.045194 0.017418 0.000757 0.226865 0.019291
8100 0.004249 0.582767 0.021944 0.045573 0.018637 0.00081 0.226914 0.019384
8550 0.003426 0.619585 0.021944 0.045909 0.019843 0.000863 0.226748 0.019458
9000 0.002767 0.656472 0.021944 0.046212 0.021036 0.000915 0.226413 0.019518
9450 0.002237 0.693416 0.021944 0.046487 0.022213 0.000966 0.225947 0.019566
9455.805 0.002231 0.693892 0.021944 0.046491 0.022228 0.000966 0.22594 0.019567
16:1
Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP
sec Time
Kg kg kg kg kg kg kg kg
0 0.223333 0 0.021944 0 0 0 0 0
450 0.178906 0.102365 2.19E-02 0.008714 0.000157 6.83E-06 0.049259 0.003925
900 0.143357 0.208168 2.19E-02 0.015728 0.000576 2.50E-05 0.088411 0.007067
1350 0.114908 0.316723 2.19E-02 0.021383 0.00119 5.17E-05 0.119496 0.009581
1800 0.092132 0.427483 0.021944 0.025949 0.001946 8.46E-05 0.144144 0.011595
2250 0.073893 0.540009 0.021944 0.029642 0.002804 0.000122 0.163655 0.013207
2700 0.059286 0.653953 0.021944 0.032634 0.003732 0.000162 0.179066 0.014499
3150 0.047586 0.769034 0.021944 0.035065 0.004705 0.000204 0.191205 0.015534
3600 0.038212 0.885028 0.021944 0.037044 0.005703 0.000248 0.200734 0.016364
4050 0.0307 1.001757 0.021944 0.03866 0.006711 0.000292 0.208184 0.017029
4500 0.02468 1.119076 0.021944 0.039985 0.007717 0.000335 0.213978 0.017562
4950 0.019852 1.236872 0.021944 0.041074 0.008712 0.000379 0.218454 0.01799
5400 0.015979 1.35505 0.021944 0.041974 0.009689 0.000421 0.221886 0.018334
5850 0.012871 1.473538 0.021944 0.042721 0.010642 0.000462 0.224488 0.01861
6300 0.010375 1.592277 0.021944 0.043344 0.011569 0.000503 0.226433 0.018832
6750 0.008371 1.711219 0.021944 0.043867 0.012465 0.000542 0.227858 0.01901
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7200 0.00676 1.830326 0.021944 0.044308 0.01333 0.000579 0.228875 0.019154
7650 0.005465 1.949569 0.021944 0.044682 0.014161 0.000615 0.229571 0.01927
8100 0.004423 2.068921 0.021944 0.045002 0.014958 0.00065 0.230015 0.019363
8550 0.003585 2.188364 0.021944 0.045278 0.015721 0.000683 0.230264 0.019438
9000 0.002909 2.307882 0.021944 0.045516 0.016449 0.000715 0.230363 0.019499
9450 0.002365 2.427461 0.021944 0.045724 0.017144 0.000745 0.230346 0.019548
9575.62 0.002233 2.460852 0.021944 0.045777 0.017331 0.000753 0.230325 0.01956
24:1
Time GLYCEROL HCI MALONIC WATER 1,3-D-01 2,3-D-01 1-MCP 2-BCP
sec Time
kg kg kg kg kg kg kg kg
0 0.223333 0 0.021944 0 0 0 0 0
450 0.178919 0.16237 2.19E-02 0.008711 0.000156 6.77E-06 0.049246 0.003924
900 0.143398 0.328187 2.19E-02 0.015719 0.000566 2.46E-05 0.088376 0.007063
1350 0.114978 0.49676 2.19E-02 0.021365 0.001159 5.04E-05 0.119445 0.009575
1800 0.092235 0.667543 0.021944 0.025919 0.00188 8.17E-05 0.144089 0.011585
2250 0.074029 0.840098 0.021944 0.029598 0.002686 0.000117 0.16361 0.013195
2700 0.059451 1.014073 0.021944 0.032574 0.003544 0.000154 0.179052 0.014484
3150 0.047774 1.189189 0.021944 0.034988 0.004428 0.000192 0.191244 0.015517
3600 0.038417 1.365222 0.021944 0.036948 0.005319 0.000231 0.200851 0.016345
4050 0.030917 1541993 0.021944 0.038543 0.006201 0.000269 0.2084 0.017009
4500 0.024903 1.719358 0.021944 0.039846 0.007063 0.000307 0.214314 0.017542
4950 0.020079 1.897202 0.021944 0.040911 0.007897 0.000343 0.218932 0.017969
5400 0.016207 2.075433 0.021944 0.041785 0.008697 0.000378 0.222521 0.018312
5850 0.013099 2.253978 0.021944 0.042504 0.009457 0.000411 0.225296 0.018588
6300 0.0106 2.432777 0.021944 0.043097 0.010176 0.000442 0.22743 0.01881
6750 0.008591 2.611782 0.021944 0.043589 0.010852 0.000472 0.229059 0.018989
7200 0.006974 2.790955 0.021944 0.043997 0.011485 0.000499 0.23029 0.019132
7650 0.005671 2.970266 0.021944 0.044338 0.012074 0.000525 0.231211 0.019248
8100 0.004621 3.149688 0.021944 0.044623 0.012622 0.000548 0.231888 0.019342
8550 0.003774 3.329203 0.021944 0.044863 0.013129 0.000571 0.232376 0.019417
9000 0.003089 3.508794 0.021944 0.045065 0.013598 0.000591 0.232717 0.019479
9450 0.002534 3.688447 0.021944 0.045237 0.014031 0.00061 0.232946 0.019528
9735.735 0.002238 3.802548 0.021944 0.045332 0.014288 0.000621 0.233045 0.019555
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B.2. Dehydrochlorination

B.2.1 Effect of Temperature

296 K

Time
sec

1,3-DCP
Time
kg

WATER

kg

OH-

kg

EPCH

kg

20

40

60

80
100
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580
600
620
640
660
680
700
720
740
760
780
800
820
840

0.017422
0.014967

0.01298
0.011344
0.009975
0.008817
0.007828
0.006976
0.006237
0.005591
0.005025
0.004526
0.004084
0.003691
0.003341
0.003028
0.002748
0.002497

0.00227
0.002066
0.001882
0.001716
0.001565
0.001428
0.001304
0.001191
0.001088
0.000995

0.00091
0.000832
0.000762
0.000697
0.000638
0.000584
0.000535

0.00049
0.000449
0.000412
0.000377
0.000346
0.000317
0.000291
0.000266

0
0.000343
0.00062
0.000849
0.00104
0.001202
0.00134
0.001459
0.001562
0.001652
0.001731
0.001801
0.001863
0.001918
0.001967
0.00201
0.002049
0.002085
0.002116
0.002145
0.00217
0.002194
0.002215
0.002234
0.002251
0.002267
0.002281
0.002294
0.002306
0.002317
0.002327
0.002336
0.002344
0.002352
0.002359
0.002365
0.002371
0.002376
0.002381
0.002385
0.002389
0.002393
0.002396

0.00536
0.005036
0.004775
0.004559
0.004378
0.004226
0.004095
0.003983
0.003885

0.0038
0.003726

0.00366
0.003601

0.00355
0.003504
0.003462
0.003425
0.003392
0.003362
0.003335
0.003311
0.003289
0.003269
0.003251
0.003235

0.00322
0.003206
0.003194
0.003183
0.003173
0.003163
0.003155
0.003147

0.00314
0.003134
0.003128
0.003122
0.003117
0.003113
0.003109
0.003105
0.003101
0.003098

0
0.001761
0.003186

0.00436
0.005342
0.006172
0.006882
0.007493
0.008023
0.008486
0.008893
0.009251
0.009568
0.009849

0.0101
0.010325
0.010526
0.010706
0.010869
0.011015
0.011147
0.011267
0.011375
0.011473
0.011562
0.011643
0.011716
0.011783
0.011844

0.0119
0.011951
0.011997
0.012039
0.012078
0.012113
0.012146
0.012175
0.012202
0.012227
0.012249

0.01227
0.012289
0.012306
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860 0.000244 0.002399 0.003095 0.012322
880 0.000224 0.002402 0.003093 0.012337
900 0.000205 0.002405 0.00309 0.01235
920 0.000188 0.002407 0.003088 0.012362
304 K
Time 1,3-DCP WATER OH- EPCH
sec Time
kg kg kg kg
0 0.133669 0.312026 0
20 0.105795 0.284141 0.02788
40 0.085487 0.263824 0.048194
60 0.070116 0.248446 0.063568
80 0.058166 0.236492  0.07552
100 0.048683 0.227005 0.085005
120 0.041036 0.219354 0.092654
140 0.034787 0.213103 0.098904
160 0.029628 0.207941 0.104065
180 0.025331 0.203642 0.108363
200 0.021726 0.200036 0.111968
220 0.018684 0.196993 0.115011
240 0.016105 0.194412 0.117591
260 0.013908 0.192214 0.119789
280 0.01203 0.190336 0.121666
300 0.010421 0.188726 0.123276
320 0.009038 0.187342 0.124659
340 0.007847 0.186151  0.12585
360 0.006819 0.185123 0.126879
380 0.005931 0.184234 0.127767
400 0.005161 0.183464 0.128537
420 0.004495 0.182797 0.129204
440 0.003916 0.182218 0.129783
460 0.003413 0.181715 0.130286
480 0.002976 0.181278 0.130723
500 0.002595 0.180897 0.131104
520 0.002264 0.180566 0.131435
540 0.001976 0.180277 0.131723
560 0.001725 0.180026 0.131974
580 0.001505 0.179806 0.132194
597.419 0.001338 0.179639 0.132362
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314 K

Time 1,3-DCP WATER OH- EPCH
sec Time
kg kg kg kg
0 0.131941 0.307991 0
20 0.095561 0.271596 0.036388
40 0.07173 0.247755 0.060224
60 0.055129 0.231147 0.076829
80 0.043089 0.219102 0.088872
100 0.034095 0.210104 0.097868
120 0.027227 0.203233 0.104737
140 0.021896 0.197901 0.110069
160 0.017707 0.193709 0.114259
180 0.014382 0.190384 0.117585
200 0.011723 0.187723 0.120245
220 0.009583 0.185582 0.122386
240 0.007851 0.183849 0.124118
260 0.006444 0.182442 0.125525
280 0.005296 0.181294 0.126673
300 0.004358 0.180355 0.127612
320 0.003589 0.179585 0.128381
340 0.002958 0.178954 0.129012
360 0.00244 0.178435  0.12953
380 0.002013 0.178009 0.129957
400 0.001662 0.177658 0.130308
420 0.001372 0.177368 0.130598
424.044  0.00132 0.177316  0.13065
322K
Time 1,3-DCP WATER OH- EPCH
sec Time
kg kg kg kg
0 0.130598 0.304857 0
20 0.055104 0.229331 0.075511
40 0.027306 0.201522 0.103315
60 0.014456 0.188666 0.116168
80 0.007905 0.182112 0.122721
100 0.004396 0.178602 0.126231
120 0.002465 0.176671 0.128162
140 0.001389 0.175594 0.129238
142.1414 0.001307 0.175511  0.12932
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332K

Time 1,3-DCP WATER OH- EPCH
sec Time
kg kg kg kg
0 0.128761 0.300568 0
20 0.020928 0.192689 0.107857
40 0.004857 0.176612 0.123931
60 0.001294 0.173047 0.127496
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Appendix C

Gas Analysis

T=70C

T =80°C
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T =90°C

e

.....

T =100°C
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Lab doping Library Search Report

Data Path : C:\msdchem\1\DATA\110812-a\
Data File :02.D

Acq On :12 Aug 2011 15:42
Operator s rgt
Sample : 70 0C
ALS Vial :1  Sample Multiplier: 1
Search Libraries: C:\Database\W8NO8.L Minimum Qual ity: 100
Unknown Spectrum: Apex
Integration Events: ChemStation Integrator — events e
Pk# RT Area % Library/ID Ref# CAS# Qual
1 11.460 1.67 C:\Database\W8NO8.L
1,2-propanediol, 3-chloro- 131536  000096-23-1 83

$$.alpha,- monochlorohydrin ~ $$
Glycerin epichlorohydrin

1,2-Propanediol, 3-chloro- $$ 131539 000096-23-1 83
.alpha. —  Chlorohydrin $$

Glycerin .alpha.-

monochlorohydrin $$Glycerin

epichlorohydrin

1,2-PROPANEDIOL, 3-CHLORO-$$ 3- 131545 000096-23-1 83
CHLOROPROPANE-1,2-DIOL $$ (+-)-
2,3-DIHYDROXYCHLOROPROPANE

$$.ALPHA,-CHLOROHYDRIN

2 18.014 92.45 C:\Database\W8NOS8.L
2-Propanol, 1.3-dichloro- $$ 43247 000096-24-2 90
.alpha.-  Dichlorohydrin $$
.alpha., .gamma. -
Dichlorohydrin $$ S-
Dichloroisopropy! alcohol
2-Propanol, 1,3-dichloro- $$ 43245 000096-24-2 90
.alpha. Dichlorohydrin $$
.alpha., gamma. — Dichlorohydrin
$3$ S-Dichloroisopropy! alcoholl
2-PROPANOL, 1,3-DICHLORO- $$ 43248 000096-24-2 90
1,3-DICHLOROPROPAN-2- OL $$
ALPHA., GAMMA. — DICHLOROHYDRIN
$$ .ALPHA. -DICHLOROHYDRIN

3 19.761 5.88 C:\Database\W8NO8.L
1- CHLOROETHENE $$ ETHENE, 87150 000075-01-4 83
CHLORO- $$ CHLOROETHENE $$

CHLOROETHYLEN

Ethene, chloro- $$ Ethylene, 87141 000075-01-4 83
chloro- $$ Chloroethene $3$

Chloroethylene

1-Propanol, 2,3-dichloro- $$ 87204 000616-23-9 83
.alpha., ,beta.- Dichlorohydrin

$$ .beta. —  Dichlorohydrin $$

Glycerol .alpha.,.beta. -

dichlorohydrin

PRDIADHA.M Tue Aug 16 09:19:43 2011
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Lab doping Library Search Report

Data Path : C:\msdchem\1\DATA\110812-a\
Data File :03.D

Acq On :12 Aug 2011 16:43
Operator s rgt
Sample :80 °C
ALS Vial 12 Sample Multiplier: 1
Search Libraries: C:\Database\W8NOS8.L Minimum Qual ity: 100
Unknown Spectrum: Apex
Integration Events: ChemStation Integrator — events e
Pk# RT Area % Library/ID Ref# CAS# Qual
1 4.060 89.58 C:\Database\W8NO8.L
epichlorohydrin Glycerin 131539 000096-23-1 83
epichlorohydrin
1,2-Propanediol, 3-chloro- $3
.alpha. —  Chlorohydrin $$ 131536  000096-23-1 83
Glycerin .alpha.-
monochlorohydrin $3Glycerin
epichlorohydrin
1,2-PROPANEDIOL, 3-CHLORO-$$ 3-
CHLOROPROPANE-1,2-DIOL $$ (+-)- 131545 000096-23-1 83

2,3-DIHYDROXYCHLOROPROPANE
$$.ALPHA,-CHLOROHYDRIN

2 18.076 89.55 C:\Database\W8NOS.L
2-Propanol, 1.3-dichloro- $$ 43247 000096-24-2 78
.alpha.-  Dichlorohydrin $$
.alpha., .gamma. -
Dichlorohydrin $$ S-
Dichloroisopropy! alcohol
2-Propanol, 1,3-dichloro- $$ 19383 000096-24-1 78
.alpha. Dichlorohydrin $$
.alpha., gamma. — Dichlorohydrin
$3$ S-Dichloroisopropy! alcoholl
2-PROPANOL, 1,3-DICHLORO- $$ 43245 000096-24-2 78
1,3-DICHLOROPROPAN-2- OL $$
ALPHA., GAMMA. — DICHLOROHYDRIN
$$ .ALPHA. -DICHLOROHYDRIN

3 19.761 6.88 C:\Database\W8NOS8.L
1- CHLOROETHENE $$ ETHENE, 87208 000616-23-9 83
CHLORO- $$ CHLOROETHENE $$

CHLOROETHYLEN

Ethene, chloro- $$ Ethylene, 87204 000616-23-9 83
chloro- $$ Chloroethene $3$

Chloroethylene

1-Propanol, 2,3-dichloro- $$ 87150 000075-01-4 83
.alpha., ,beta.- Dichlorohydrin

$$ .beta. —  Dichlorohydrin $$

Glycerol .alpha.,.beta. -

dichlorohydrin

PRDIADHA.M Tue Aug 16 09:20:01 2011
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Lab doping Library Search Report

Data Path  : C:\msdchem\1\DATA\110812-a\
Data File :04.D

Acq On 112 Aug 2011 17:45
Operator s rgt
Sample :900C
ALS Vial :3  Sample Multiplier: 1
Search Libraries: C:\Database\W8NO8.L Minimum Qual ity: 100
Unknown Spectrum: Apex
Integration Events: ChemStation Integrator — events e
Pk# RT Area % Library/ID Ref# CAS# Qual
1 4200 1.39 C:\Database\W8NOS8.L
2-Propanone,  1-hydroxy- $$ 18195 000116-09-9 59
Acetol $$ CH3C (O)CH20H $%
Hydroxyacetone
1-HYDROXYACETONE $$ 2- 18216 000116-09-6 59

PROPANONE, 1-HYDROXY- $$ 1-
HYDROXY-2-PROPANONE $$ 2-

KETOPRYL ALCOHOL

2-Propanone,  1-hydroxy- $$

Acetol $$ CH3C(O) CH20H $$ 18188 000116-09-6 45
Hydroxtacetone

2 18.076 89.55 C:\Database\W8NOS8.L
2-Propanol, 1.3-dichloro- $$ 43248 000096-24-2 90
.alpha.-  Dichlorohydrin $$
.alpha., .gamma. -
Dichlorohydrin $$ S-
Dichloroisopropy! alcohol

2-Propanol, 1,3-dichloro- $$ 43245 000096-24-2 90
.alpha. Dichlorohydrin $$

.alpha., gamma. — Dichlorohydrin

$$ S-Dichloroisopropy! alcoholl

2-PROPANOL, 1,3-DICHLORO- $$ 43247 000096-24-2 90
1,3-DICHLOROPROPAN-2-OL $$

ALPHA., GAMMA. — DICHLOROHYDRIN

$$ .ALPHA. -DICHLOROHYDRIN

3 19.761 6.88 C:\Database\W8NOS8.L
1- CHLOROETHENE $$ ETHENE, 87150 000075-01-4 83
CHLORO- $$ CHLOROETHENE $$

CHLOROETHYLEN

Ethene, chloro- $$ Ethylene, 87180 000497-04-1 83
chloro- $$ Chloroethene $%

Chloroethylene

1-Propanol, 2,3-dichloro- $$ 552 000075-01-4 83
.alpha., ,beta.- Dichlorohydrin

$$ .beta. —  Dichlorohydrin $$

Glycerol .alpha.,.beta. -

dichlorohydrin

PRDIADHA.M Tue Aug 16 09:20:19 2011
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Lab doping

Data Path  : C:\msdchem\1\DATA\110812-a\
Data File :05.D
Acq On :12 Aug 2011 18:46
Operator s rgt
Sample : 100 oC
ALS Vial :4  Sample Multiplier: 1
Search Libraries: C:\Database\W8NO8.L Minimum Qual

Unknown Spectrum: Apex

Integration Events: ChemStation Integrator — events e
Pk# RT Ref#

Area % Library/ID

Library Search Report

CASH#

ity: 100

Qual

C:\Database\W8NOS8.L

2-Propanone, 1-hydroxy-

Acetol $$ CH3C (O)CH20H $3%
Hydroxyacetone
1-HYDROXYACETONE $$ 2-
PROPANONE, 1-HYDROXY- $$ 1-
HYDROXY-2-PROPANONE $$ 2-
KETOPRYL ALCOHOL
2-Propanone, 1-hydroxy- $$
Acetol $$ CH3C(O) CH20H $%
Hydroxtacetone

1 4200 1.68

$$ 18216

18195

18188

C:\Database\W8NOS8.L
2-Propanol, 1.3-dichloro- $$
.alpha.-  Dichlorohydrin $$
.alpha., .gamma. -
Dichlorohydrin $$ S-
Dichloroisopropy! alcohol

2-Propanol, 1,3-dichloro- $$
.alpha. Dichlorohydrin $$
.alpha., gamma. — Dichlorohydrin
$$ S-Dichloroisopropy! alcoholl
2-PROPANOL, 1,3-DICHLORO- $$
1,3-DICHLOROPROPAN-2-OL $$
ALPHA., GAMMA. — DICHLOROHYDRIN
$$ .ALPHA. -DICHLOROHYDRIN

2 18.052 89.92
43249

43246

43246

C:\Database\W8NOS8.L
1- CHLOROETHENE $$

3 19.761 8.40
ETHENE, 87180

CHLORO- $$ CHLOROETHENE $%
CHLOROETHYLEN

Ethene, chloro- $$ Ethylene, 87150
chloro- $$ Chloroethene $3$
Chloroethylene

1-Propanol, 2,3-dichloro- $$ 87141
.alpha., ,beta.- Dichlorohydrin

$$ .beta. —  Dichlorohydrin $$

Glycerol .alpha.,.beta. -

dichlorohydrin

PRDIADHA.M Tue Aug 16 09:20:40 2011

000116-09-6 59

000116-09-6 59

000116-09-6 45

000096-24-2 83

000096-24-2 78

000096-24-2 78

000497-04-1 83

000075-01-4 83

000075-01-4 83
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