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ABSTRACT

Wastewater containing 2-20wt% of acrylic acid (AA) is currently burned using incinerator
which is neither economical feasible nor environmental friendly. Esterification in a
reactive distillation column (RDC) is a promising method to recover AA from wastewater.
AA could be converted to a valuable ester product while purifying water. A RDC
prototype was developed and tested for the recovery of AA from the wastewater. A
maximum AA conversion of 99.5% was achieved when the BUuOH to AA molar ratio and
reflux ratio were 4 and 5 respectively. The data was used to validate the simulation
results generated using equilibrium stage model in ASPEN PLUS program. A technically
optimized RD process was then proposed.

1. INTRODUCTION

The Qil, Gas and Energy National Key Economic Areas (NKEA) are targeting 5 percent
annual growth for the sector (including petrochemical industry) in the decade from 2010
to 2020. This target translates into an increase of RM131.4 billion in the period from
2010 to 2020 (www.miti.gov.my). The petrochemical industry is now an important growth
industry for Malaysia amongst other chemical sub-sectors such as petroleum products,
inorganic chemicals, oleochemicals and industrial gases. The type of petrochemical
products include olefins, polyolefin, aromatics, ethylene oxides, glycols, oxo-alcohols,
exthoxylates, phthalic anhydride, acetic acid and acrylic acids (www.mida.gov.my). The
effective waste management system of this industry is of crucial to minimise the
environmental impact of the petrochemical industries in Malaysia.

In a typical petrochemical industry for acrylic acid (AA) manufacturing, the wastewater
has AA concentration in the range of 10—-15 wt%. Such wastewaters also consist of high
chemical oxygen demand (COD) which renders the direct biological treatment difficult. It
is almost always being incinerated in the incinerator which consuming a lot of energy.
Several treatment methods, particularly adsorption, biological or a blend of wet oxidation
followed by biological treatment, have been explored for the removal of AA from
wastewaters (Kumar et al., 2008, 2010; Silva et al., 2004; Oliviero et al., 2000; Mishra et
al., 1995). However, these methods are still suffering with the shortcomings of high cost
and loss during regeneration.

Recovery of AA from its dilute aqueous solution by using it as a reactant for esterification
in a reactive distillation column (RDC) could be a promising approach. This approach
has received much attention as the dilute acetic acid, trifluoroacetic acid, lactic acid,
adipic acid, myristic acid, succinic acid, chloroacetic acid and glycolic acid, can be
recovered to produce a higher valued ester (Kumar and Mahajani, 2007; Mahajan et al.,
2008; Sharma and Mahajani, 2003; Talnikar and Mahajan, 2014), which in turn saving
raw material cost and solving environment problem. The use of a reactive distillation, a
multifunctional reactor combining chemical reaction and distillation in a single column is
a promising way for the utilization of the dilute AA to synthesize high valued acrylate
esters.



The feasibility of the recovery of acrylic acid through esterification reaction in a RDC has
been proven in our previous studies (Ahmad et al., 2014, Chin et al., 2015). The model
industrial wastewater with various concentration of AA (10—100wt%) was reacted with 2-
ethyl hexanol (2EH) to produce 2-ethyl hexyl acrylate (2EHA) in the setups with total
reflux and continuously water removal.

These Amberlyst-15 (ion exchange resin) catalyzed reactions were carried out under the
mass transfer resistance free region. The performance of both systems was compared.
The yield for the reactions of the AA solutions with the AA concentrations of 30—-80wt%
was enhanced significantly when the reactions were carried out using the second setup.
The findings have shown the potential of recovering AA from the waste water stream via
esterification in RDC. It was recommended that the concentrated AA solutions or larger
amount of inhibitor should be adopted to prevent the catalyst fouling by the deposition of
poly-acrylic acid on the catalyst surface.

2. RESEARCH METHODOLOGY

The proposed prototype of reactive distillation column (RDC) was designed and
fabricated based on the simulation work done by Zeng et al. (2006) and the design
guidelines developed by Subawalla and Fair (1999). The RDC consisted of 3 main
sections, the one meter each rectifying and stripping sections packed with SULZER EX
for separation and the two meter reactive section packed with Amberlyst 15 catalyst in
SULZER KATAPAK. The column was equipped with a reboiler at the bottom and a
cooling water condenser at the top. Phase separation occurs upon condensation
because of the heteroazeotropic behaviour of the test systems. Thus, a decanter was
installed after the condenser for splitting the distillate to an organic and aqueous phase.
The aqueous distillate was removed while the organic distillate was recycled. The RDC
as shown in Figure 2.1 was connected to the SCADA system for data logging purposes.
All the sections of the column are provided with a heating blanket, insulation and
thermocouple. The operating manual of the RDC prototype is provided in Appendix A.
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Figure 2.1. RDC linked to the SCADA system.



The reactants, butanol (BuOH) and acrylic acid (AA) were fed to the RDC with controlled
flowrate using peristaltic pumps. The feeds were introduced at a temperature of <100
degC. In a typical experiment, BUOH was introduced at the top and AA was fed at the
bottom to achieve maximum conversion. After starting the reaction, the temperature in
each section of the column was logged. The top product, bottom product and samples
along the column were continuously withdrawn at certain time interval, weighed and
analysed for their composition until the steady state was achieved (all the sections of
columns attained the constant temperatures). The flowrates of the feed, bottom and
overhead were measured and a complete material balance was performed. Butyl
acrylate, water, BuOH and AA present in the sample was analyzed using gas
chromatograph. All the experiments were carried out at atmospheric pressure. Both
molar ratio of BUOH to AA and reflux ratio was varied from 1-9. Table 2.1 shows the total
number of experiments conducted in the RDC by variation of the process parameters.

Table 2.1. Reactive distillation experiments: variation of operating conditions

Experiment | Molar ratio | Feed flow rate, L/h | Reboiler Reflux ratio,
No. BuOH to [BuOH | AA temperature, °C mol/mol
AA solution

1 1 1.05 2.7 147 5

2 2 2.1 2.7 147 5

3 4 4.2 2.7 147 5

4 6 6.3 2.7 147 5

5 8 8.4 2.7 147 5

6 4 4.2 2.7 147 3

7 4 4.2 2.7 147 4

8 4 4.2 2.7 147 6

9 4 4.2 2.7 147 7

The modeling and simulation were carried out using (a) Equilibrium Stage Model,
RADFRAC available in ASPEN PLUS v9 software package. RADFRAC module in the
steady state simulator based upon a rigorous equilibrium stage model for solving the
mass balance, phase equilibrium, summation and energy balance (MESH) equations.
The equilibrium model assumes vapor liquid equilibrium at each stage. The departure
from equilibrium is accounted for by tray efficiency or height equivalent to theoretical
plate (HETP). The RDC prototype testing data was used to validate the simulation
results. Finally, the process was technically optimized by simulation using the validated
Equilibrium Stage Model.
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Introduction

Acrylic Acid (AA) is very toxic to living species and it appears as an unsaturated
organic acid. During the manufacture of acrylic esters, acrylic acid is being released
to the environment. It have been reported that in a typical AA plant, the
concentration of AA range from 10-20 g/l in the wastewater stream (Kumar et al.,
2008). Thus, the recovery of dilute acrylic acid from the wastewater stream has
become very important due to its economic and environmental awareness.

Wastewater treatment technology for carboxylic acid recovery

According to Cheremisinoff (2002, p.1), wastewater treatment technology can be
divided into three areas: Physical Methods, Chemical Methods and Energy Intensive
Methods. Physical methods for wastewater treatment are mainly represented by
solid-liquid separation techniques. Filtration plays an important role in solid-liquid
separation techniques as it is an integral component of wastewater treatment
application. In understanding the role of filtration, it is important to make distinctions
not only with other technologies applied in the purification of industrial water, but
also includes the objectives of different unit processes.

Besides that, chemical methods for wastewater treatment depend upon the
chemical reaction of the contaminants to be recovered from the water. It is applied
as a stand-alone technologies as well as an integral part of the treatment process
with physical methods.

Moreover, as for energy intensive technologies, the thermal methods have gained
much attention due to its dual role in wastewater treatment applications. They can
be utilized as a mean of sterilization or utilized to the processing of solid wastes or
sludge. In the latter cases, thermal methods can also be applied to sterilize sludge
contaminated with organic contaminants.

Several methods have been explored in recovering carboxylic acids from
wastewater. In the past, the conventional method includes adsorption through
activated carbon (Kumar et al., 2010) and distillation and extraction
(Arpornwichanop et al., 2008). However, distillation approach requires high energy
usage in vaporizing the water present whereas, extraction is limited by the phase
separation and distribution of the component (Saha et al., 2000). As for adsorption
through activated carbon, it only deals with chemical wastewater with a low
concentration of organic compounds (Kumar et al., 2010). Wet air oxidation (WAOQO)
treatment has also been explored as an alternative method. Due to the high energy
consumption which leads to high operation cost, this method is not being favoured
(Lin et al., 1996).

Thus, reactive distillation has been introduced as a method in recovering acrylic acid
from its dilute aqueous solution. It applies the concept of using the recovered acrylic
acid as the reactant for esterification. According to Arpornwichanop et al. (2008),
this approach is able to produce a higher valued ester, which could save raw



material cost and environment issues. Table 3.1 shows the several methods for the
recovery of carboxylic acids that have been investigated by past investigators.

Table 3.1 Methods which have been applied for the recovery of carboxylic acids.

Method

Reference

Remarks

Adsorption through
activated carbon

Kumar et al. (2010)

Deals only with low
coneentration of organic
compounds (50-500 mg/1)
due to long residence time.

Distillation

Extraction

Wet air oxidation (WAQ)

Esterification process by
RDC

Saha et al. (2000);

Arpronwichanop et al.

(2008)

Saha ef al. (2000);

Arpronwichanop et al.

(2008)

Lin et al. (1996)

Arpornwichanop er al.

(2008)

Unable to achieve high
conversion due to
esterification process is
reactive equilibrium
limited.

Unable to achieve high
conversion due to
esterification process is
reactive equilibrium

limited.

High temperature of 250 °C
to maintain the pressure
inside the reactor. This will
cause high energy
consumption to oceur.

Able to achieve a
conversion of around 95%
vith 35 % w/w acetic acid.

3.3 Esterification reaction to recover carboxylic acid from wastewater

According to Arpornwichanop et al. (2008), esterification reaction can be applied to
recover carboxylic acid from wastewater by in cooperating with RDC. Through RD,
the recovered carboxylic acid will be used as a reactant for the esterification process
which in turn will produce a higher valued ester, save raw material cost and
environmental issues concerning with the present of carboxylic acid in wastewater
can be overcome. Some esterification reaction which has been applied for the
recovery of carboxylic acid is shown in Table 3.2 below. Based on the table below, it
can be seen that only the recovery of acetic acid through RDC has been studied by
past researches up till now. Generally, it can be summarized that the overall



conversion of acetic acid with different degree of dilution into acetate esters range
from 67- 95 %.

Table 3.2 Summary of esterification reaction which have been applied in recovery of
carboxylic acid through RDC.

Type of

Reactants Products = d Remarks Reference
catalyst use
Amberlyst-15 - ,
= i 35 % wiw Arpornwichanaop
eterogeneous _ )
Acetic acid +  n-butyl acetate Eatalsat) Acetic acid et al. (2008)

n-butanol

Acetic acid +

+ Water

2-ethylhexyl

Amberlyst-15

30 % wiw
Acetic acid

6-15 Y% wiw

Gangadwala et
al. (2007)

2-ethyl-1- acetate + (Heterogeneous .
hexanol Water L Acetic acid
1eXano ater catalyst) Ragaini ef al.
(2007)
Trifl . 5 1 Ton exchange 10 % il
rifluoroacetie 2-propy. . o WiW .
. s resin, T-63 , , Mabhajan ef al.
acid + 2- trifluoroacetate Trifluoroacetic
(Heterogeneous . (2008)
propanol + Water acid
catalyst)
Polystyrene-
.. supported - |
Acetic acid+  Ethyl acetate + & 50 % wi/w Yagyu et al.
) sulfonic acid ] o
ethanol Water Acetic acid (2013)
(Heterogeneous
acid)

3.4 Catalyst in esterification
Introduction

3.41

Basically, catalyst can be divided into homogeneous or heterogeneous. This is also
applicable for reactive distillation column.

In the term of chemistry, homogeneous catalysis occurs when the catalyst is in the same
phase (solid, liquid or gas) as the reactants. Homogeneous catalysis on the other hand
is likely to be influenced by the changing of concentration to enhance or lower the
reaction velocity (Sundmacher and Kienle, 2003, p.48). Enzymes are homogeneous
catalysts which are also known as biocatalysts.



Meanwhile, heterogeneous catalysts which are practically used in the industry are in the
form of solids. According to Altiokka and Citak (2003), heterogeneous catalyst is more
advantages compare to homogeneous catalyst. Heterogeneous catalyst is able to
eliminate corrosive environment, can be easily remove from the reaction mixture by
decantation or filtration and lastly, the purity of the products is higher compare to
homogeneous catalyst since the side reactions can be completely eliminated or are less
significant. Examples of heterogeneous catalysts used for esterification reaction in the
recovery of carboxylic acid from wastewater are Amberlyst-15 (Arpornwichanop et al.,
2008; Ragaini et al., 2007) and Indion 130 (Saha et al., 2000).

3.4.2 Homogeneous

Strong mineral acids, such as H2SO4, HCI and HI, and also strong organic acids, such
as HCOOH are some types of homogeneous catalysts which are being applied for the
esterification of carboxylic acid (Lilja et al., 2002). During the esterification reaction
involving homogeneous catalyst, the slow step of the reaction involves the nucleophilic
attack of the alcohol on the protonated carbonyl group of carboxylic group. According to
Liu et al. (2006), the mechanisms route can be describe as follows:

- Firstly, protonation of the carboxylic acid takes place.

- Then, reaction with nonprotonated alcohol to yield a tetrahedral intermediate is
activated.

- Finally, by decomposition, it produces the products of reaction which are ester
and water.

However, there are some drawbacks towards homogeneous catalyst. According to Lilja
et al. (2002), the miscibility of homogeneous catalyst with the reaction medium will cause
difficulty in the separation between the products and reactants. Furthermore, the present
of higher catalyst concentration will cause corrosion of the equipment to occur.

Even though due to the disadvantages of homogeneous catalyst which have been stated
above, there are still studies being carried out by researchers on the esterification
process by applying homogeneous catalyst. Lilja et al. (2002) have studied the
esterfication of acetic, propanoic and pentanoic acid with methanol, ethanol, 1-propanal,
2-propanol, butanol and 2-butanol in the present of liquid HCI whereas Liu et al. (2006)
have studied the esterification of acetic acid with methanol in the present of H2SO.,.

3.4.3 Heterogeneous

Heterogeneous catalyst can be divided into three categories: solid ion exchange resins,
zeolite and enzymes. According to Komon et al. (2013), there are two main classes of
sulfonated ion exchange resins which are popular in the industry: one is based on
polystyrene/divinylbenzene matrix which includes Amberlyst and Dowex type resins and
the other is based on perfluorinated sulfonic acid resins like Nafion and Aciplex.

On the other hand, as for zeolite type heterogeneous catalyst, H-ZSM-5 and NaY and
VOx over USY have been stated in past literatures (Okuhara et al., 1998; Marchetti and
Errazu, 2008). The NaY over USY is a base catalyst whereas the VOx over USY is an
acid catalyst. Lipozyme CALB and Lipozyme T.L 100L from Novozymes are some
example of enzyme based heterogeneous catalysts which have been studied by
Marchetti and Errazu (2008).



Examples of heterogeneous catalysts which have been used for esterification reaction
are as follows:

- Esterfication of acetic, propanoic and pentanoic acid with methanol, ethanol, 1-
propanol, 2-propanol, butanol and 2-butanol in the present of fibrous polymer-
supported sulphonic acid catalyst, Smopex-101 (Lilja et al., 2002).

- Esterification of acetic acid with methanol on the present of Nafion/silica
nanocomposite catalyst (SAC-13) (Liu et al., 2006).

- Esterification of propanoic acid with n-butanol in the present of solid acid
Cs25H05PW12040 in the present of excess water (Okuhara et al., 1998).

3.5 Reactive distillation technology

Instead of carrying out the reaction and separation process separately, it is possible to
combine these operations into a single unit operation. This is called reactive distillation
or catalytic distillation (Luyben and Yu, 2008, p. xvii). Reactive distillation is an excellent
example of process intensification which is able to provide an economically and
environmentally attractive alternative to conventional multiunit flow sheets in some
systems. RDC consists of a reactive section in the middle with non-reactive rectifying
and stripping sections at the top and bottom of the RDC. In the reactive column, the
products are separated in situ, which drives the equilibrium to the product side and thus,
preventing any undesired side reactions between the reactants and product which could
hinders the achievements of a high conversion (Taylor and Krishna, 2000; Luyben and
Yu, 2008, p.2).

For many decades, a small number of industrial applications of reactive distillation have
been seen. The most important industrial application which has gained much attention
was the production of methyl tertiary butyl ether (MTBE). Moreover, about two decades
ago, engineers at Eastman Chemical published a very inspiring paper which has cause
reactive distillation to gain so much interest in both industry and academia (Agreda et al.,
1990). The Eastman single RD column managed to keep the concentration of methyl
acetate low in liquid form where reversible reaction is occurring. Therefore, the reaction
is driven to the product side where high conversion can be achieved. Table 3.3 gives a
comprehensive insight of different types of reactions which has been investigated as
candidates for RD column.

On the other hand, besides its role as a reactor and distillation, RDC can function as an
efficient separator to enhance the recovery rate and further purify the chemicals.
Reaction such as etherification and esterification are suitable to be used in the RDC.
Theoretically, the recovery of acrylic acid through esterification process by RDC as
proposed in this study can be fully understands. Furthermore, due to the in situ
separation of products, the component to be removed is allowed to react in the RDC and
the resultant product can be separated simultaneously which in turn will decrease the
operational cost and also overcome environmental issues.



Table 3.3 Important industrial processes investigated in RDC.

Eeactants Products Catalyst msed Reference
Acefalization
i l__ ) . Tom exchange resin, Foolah er ai.
Agueons Methylal + Water “rdion 130 108
formaldekbryds = R
Ethanol + Agqueous ) g Tom exchanze resin, Chopade and
Ermakichyde LT Water Indion 130 Sharma (1897)
Propylene ghvool + . - Dhale &t ai.
acetaldshyde Acetal + Wanar Amberlyst-15 (30047
Hydration
Cyclohexans + R Ehaledi and
Water e 510-/Gagls Bishnei (2006)
Ethylene oxide + L Cationic anlemnic . .
Watar Ethrylene glhycal exchanze S Lina &t al. (2002)
Lspamylene + Water Terr-amyl alcohol Amberlyst-15 Gﬁnﬁ-};;! al
Tsohmtens + T ater Tart-butanal Cationic Eu:]mge EEusi :II ai.
Ie=in I:_l:l_llf-__l
Propylens + Water I 1 C atiomic E:n:]unge Sﬂuﬂlmiﬂpﬂm
Tesin (1093
Benzene + Etfrylens Ethyl henzene Zeolite-£ Pahl {200:5)
B&nzen;; Camens Union Cﬁuﬂe-ﬁ": - Pakil (1006)
Tsghutans - Highly branched g 214 Promoted Fuss and
Propylene Eutvlens paraffins :at.ﬂ:';t. o Eannedy (1900)
Hydrogenation. Dehvdrogenation
. + Palladium orzide .
Eﬂ?ﬁwm umens supported on alumina, uﬂﬁlﬂm
S carton or silica -




Table 3.3 Continued.

Eeactants Products Catalyst nsed Reference
Benzeps - Ahmina supported Ni . -
Hydrogen Cyclohexans cataivat Gildert (20401)
Lophorons - Trimethylcyclobex = b 710
Hydrogen anal vehawint {1966)
Mesitylowde+  Methylmoburyl oo E'fﬂ“h“;n;‘fm]:l Vandersall and
Hydrogen ketone (MIEL) with palladiry nicke] Weimand (2005)
i Acstone + Chuang er a/.
Etherification
I'-Ikid:mnl— Hm'felm::: buty] Ambarlyzt-15 B‘.yuandql-;lhem
"-Ietl:m]-uElu; Tm—m:;trmmhj-'] Ton e 28 Tesin Eolodzie ;..r ai.
Esterification
30 %ew'w Aretic  p-Bufyl acetare + ST
Acid = LB ! Water ndion 130 Saha e al. (2000
10 % w'w J-propyl . . E
Tofl cetic acid i -+ Ion eu.inggermn, T- }Ial:leja]llqn:. ai.
+ l-propanol Water S
Palmitic acid + Isopropyl Zmc acetate suppored Bhatia &t ai.
Lopropanal palmitate — Water silica pel catalyst (2007

3.6 Reactive distillation with structured packings

Sulzer Chemtech has been one of the leading provider of structured packings to the
chemical industry up till today. Through the discovery of structured packings, reactive
distillation technology has been made possible. As reactive distillation consists of
reactive and non reactive section, KATAPAK-SP and Sulzer-BX is mostly being applied
in the reactive and non reactive section respectively. Popken et al. (2001), Bhatia et al.
(2007) and Niesbach et al. (2012) have used KATAPAK-SP and Sulzer-BX in their
simulation studies on esterification process through RDC in their past research
respectively. Table 3.4 below shows the different types of structured packings from

Sulzer Chemtech.



Table 3.4 Summary of different types of structured packings available (Sulzer Chemtech,
n.d).

T of Size and
Pe: Material used  Applications sperating  Characteristics
packing conditi
Mlzllapak Stainless From 80
S4300e4Y steels . = I T —
Melopak  Carbonstes] Do chemdmlamd -, e
ot e . pemochemicals, . ) packing tipe.
125125 ¥ Hastelloy, r Waomm o - ,
. ' atbrylbenzens styren . suifabls for wida
Mlallapak moel, e Eatty acids. high o of
170X10Y  akuminium, IR e g |
Mellamak 1 | ] refinery operations, I iquid load applications
- absorption’desorptl Low io very
¥X2Y bronzs, brass. on cal 0.2 te mare i i R
503250 mickesl m*/m’h
High sepamation
efficiency, even
at small Ligmids
4] mm o § loads
m Low pressure

1 mbar fo drog, small

Stainless Fine chemicals BT
B]{g] . steels [somers PEME'I_ Fick -
BXPhisgmze PP Fragrances 100 mbar EX. lower
. lronze, monel, Flavaurs
packing v 1M mmte  pressure drop,
v hastellay, Low liquid loads Am i ——
- EIEEE mickel, with aquegas .
packing “ <alrions 1 mbar fo ewen with
: modaTata T L
pressure solutions
B0 °C (max. Large mumber of
rEmp.) ransfer units per
meter, ven with
smuall liquid
loads
Packing for
reaciive
medhyl acetate From 50 om dhuiiliE':nte?ﬂDi
Eatapak-5P 11 hydralyzis, T -
Katapak-5P 12  Stainless steels Sty acid esters e | feacion:
- modaTate High separation
Eatapak-5P 13 Apetals ;
MIEE ETBE,  Proowe  efciencyand
TAME igh reaction
capacity

Modular concept




3.7 RDC modelling and simulation

Modelling and simulation for a RDC involves the proper selection of the RD model,
kinetic model and thermodynamic model for the production of acrylic ester. RADFRAC
model is being chosen due to the lack of data on the physical properties such as surface
tension, diffusion coefficients and viscosities which are needed for the calculation of
mass and heat transfer coefficients and interfacial areas for the synthesis of n-butyl
acrylate via esterification process. This is because there is only a few investigation on
reactive distillation for the production of n-butyl acrylate up till now, which is summarized
in the previous research (Niesbach et al., 2012). Besides that, according to Peng et al.
(2002), RATEFRAC (rate-based model) is more complicated compare to RADFRAC
(equilibrium-based model) and it is also more difficult to converge. Generally, the results
obtained from RADFRAC and RATEFRAC are similar with only a few differences under
every simulation conditions. Moreover, through a simulation on methyl acetate system
which was researched by Peng et al. (2002), the simulation results predicted by both
RADFRAC and RATEFRAC matches with the experimental data by Popken et al.
(2001). With this, it shows that RADFRAC is capable in simulating a reliable data for the
synthesis of n-Butyl Acrylate as RATEFRAC shows more complexity compare to
RADFRAC according to the past research by Baur et al. (2000).

The UNIQUAC thermodynamic model was used to describe liquid-liquid equilibrium with
liquid activity coefficients calculated by UNIQUAC model and vapor association of AA
was assumed to be ideal. According to Bouneb et al. (2010), UNIQUAC is preferred over
NRTL because UNIQUAC is based on group contribution method which will be an
advantage when it comes to calculations for distillation column. Finally, the kinetic model
used was a simple pseudohomogeneous (PH) model. It was developed based on an
activity-based Langmuir-Hinshelwood-Hougen-Watson (LHHW) approach (Hougen and
Watson, 1943; Hougen and Watson, 1947; Niesbach et al., 2012 & Niesbach et al.,
2013). The (PH) model is similar to the power law of homogeneous reaction whereby the
reaction rate is described by the concentration of reactants. Table 3.5 gives the
summary of RD, thermodynamic and kinetic models studied by past researches. From
their findings, every researches reported that for the different models being studied by
each researches, the models agrees with the experimental data which was based on.



Table 3.5 Summary of RD, thermodynamic and kinetic models.

Esterification Thermodyvnamic
RD model ‘ Kinetic model Reference
system model
Acetic acid & Equilibrium NRIL Pseudo E'wch'mitt et al.
n-hexanol model homogeneous (2004)
Acetic acid & Pseudo Kim and Han
Not ti UNIQUAC
methanol ot hggelon Q homogeneous (2012)
. Steinigeweg
Equilibrium g "
del UNIQUAC LHHW and Gmehling
Acetic acid & mods (2002)
n-butanol
Equilibri Tian et al.
quilibrivm QUAC-HOC LHEW ian ef a
model (2012)
Niesbach et al.
Acrylic acid & Non- ) o (2012);
et UNIQUAC-HOC LHHW .
n-butanol equilibrium Q Niesbach et al.
(2013)
D e acid Eauilibi Steinigeweg
ecanoic aci uilibrium .
E UNIFAC LHHW and Gmehling
& methanol model r =
(2003)
Equilibrium &
Pa]lmmc acid & non- UNIFAC LHHW Bh{ifm eii‘ al.
isopropyl equilibrium (2007)
model
3.8 Summary

Based on the review done on the different types of reactions which were investigated in
RDC by past researchers, we can summarized that up to date, not a single study on the
recovery of acrylic acid through esterification process in RDC has even been carried out
before. On the other hand, there was only a few study was done on the esterification
process between acrylic acid and n-butanol in RDC (Niesbach et al., 2012; Niesbach et
al., 2013). Thus, the study on the recovery of acrylic through esteification process in
RDC is carried out in this research.



4. FINDINGS

The proposed prototype of reactive distillation column (RDC) was designed and
fabricated based on the simulation work done by Zeng et al. (2006) and the design
guidelines developed by Subawalla and Fair (1999). The RDC consisted of 3 main
sections, the one meter each rectifying and stripping sections packed with SULZER EX
for separation and the two meter reactive section packed with Amberlyst 15 catalyst in
SULZER KATAPAK. The column was equipped with a reboiler at the bottom and a
cooling water condenser at the top. Phase separation occurs upon condensation
because of the heteroazeotropic behaviour of the test systems. Thus, a decanter was
installed after the condenser for splitting the distillate to an organic and aqueous phase.
The aqueous distillate was removed while the organic distillate was recycled. All the
sections of the column are provided with a heating blanket, insulation and thermocouple.

The reactants, butanol (BuOH) and acrylic acid (AA) were fed to the RDC with controlled
flowrate using peristaltic pumps. The feeds were introduced at a temperature of <100 °C.
In a typical experiment, BuOH was introduced at the top and AA was fed at the bottom to
achieve maximum conversion. After starting the reaction, the temperature in each
section of the column was logged. The top product, bottom product and samples along
the column were continuously withdrawn at certain time interval, weighed and analysed
for their composition until the steady state was achieved (all the sections of columns
attained the constant temperatures). The flowrates of the feed, bottom and overhead
were measured and a complete material balance was performed. Butyl acrylate, water,
BuOH and AA present in the sample was analyzed using gas chromatograph. All the
experiments were carried out at atmospheric pressure. Both molar ratio of BuOH to AA
was varied from 1-8 while the reflux ratio was varied from 3-7. Table 4.1 shows the AA
conversion obtained at different operating parameters whereas Figure 4.1 and 4.2 show
the AA conversion in the variation of molar ratio to BUOH to AA and reflux ratio. The
maximum AA conversion of 99.6 % was achieved at a BUOH to AA molar ratio of 4 and
reflux ratio of 5.

Table 4.1 AA conversion obtained at different operating condition.

Experiment | Molar ratio | Feed flow rate, | Reboiler Reflux AA
No. BuOH to|L/h temperature, | ratio, conversion,
AA BuOH | AA °C mol/mol | mol/mol
solution

1 1 1.05 2.7 147 5 0.920

2 2 2.1 2.7 147 5 0.958

3 4 4.2 o/ 147 5 0.996

4 6 6.3 2.7 147 5 0.996

5 8 8.4 2.7 147 5 0.996

6 4 4.2 2.7 147 3 0.965

7 4 4.2 2.7 147 4 0.966

8 4 4.2 2.7 147 6 0.953

9 4 4.2 2.7 147 7 0.945
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Figure 4.1 Effect of BUOH to AA feed molar ratio on the AA conversion.
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Figure 4.2 Effect of reflux ratio on the AA conversion.

The modeling and simulation were carried out using (a) Equilibrium Stage Model,
RADFRAC available in ASPEN PLUS v9 software package. RADFRAC module in the
steady state simulator based upon a rigorous equilibrium stage model for solving the
mass balance, phase equilibrium, summation and energy balance (MESH) equations.
The equilibrium model assumes vapor liquid equilibrium at each stage. The departure
from equilibrium is accounted for by tray efficiency or height equivalent to theoretical
plate (HETP). The RDC prototype testing data was used to validate the simulation
results. It was found that Equilibrium Stage Model could give a reasonably good
prediction to the column temperature and product compositions, resulting an error
between the experimental data and the simulation results of <10 %. Figure 4.3 shows



the comparison of the predicted composition and temperature with the experimental data
generated from the RDC operated at molar ratio BuOH to AA of 4 and reflux ratio of 5.
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Figure 4.3 Comparison of the predicted composition and temperature with the
experimental data generated from the RDC. Reboiler temperature= 420 K, molar ratio of
BuOH to AA in feed= 4, reflux ratio= 5.

A technical optimized process which was developed by simulation using Equilibrium
Stage Model. It is shown in Figure 4.4 and Figure 4.5 that the technically optimized
process required only a rectifying section with six stages and a stripping section of four
stages.
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Figure 4.4 Effect of number of rectifying stages on the AA conversion.
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Figure 4.5 Effect of number of stripping stages on the AA conversion.

CONCLUSION

The RDC was successfully designed and fabricated. It was tested for the esterification of
acrylic acid in the wastewater with butanol at different molar ratio of butanol to AA and
reflux ratio. The best AA conversion of 99.6 mol% was achieved when the BUuOH to AA
molar ratio and reflux ratio were 4 and 5 respectively. The testing data was used to
validate the simulation results generated using Equilibrium Stage Model in ASPEN
PLUS. The technical optimised process determined through simulation showed that the
required number of rectifying and stripping stages were only 6 and 4 respectively to give
the adequate separation.
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