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ABSTRACT

This research presents a new study in reactive distillation by using consecutive reaction: the
saponification reaction of diethyl adipate (DA) with sodium hydroxide solution .

The effect of three parameters were studied through a design of experiments applying 2° factorial
design . These parameters were : the mole ratio of DA to NaOH solution (0.1 and 1) , NaOH
solution concentration (3 N and 8 N) , and batch time (1.5 hr. and 3.5 hr.) . The conversion of
DA to sodium monoethyladipate(SMA)(intermediate product) was the effect of these parameters
which was detected . Also , the percentage purity of the intermediate product was recorded . The
results showed that increasing mole ratio of DA to NaOHsolution increases the conversion and
percentage purity to a maximum value within the range of study . The effect of NaOH solution
concentration decreases the conversion and percentage purity to specified value within the range
of study . The effect of batch time on conversion and percentage purity , when NaOH solution
concentration (3 N) is as follows : the increasing in batch time decreases the conversion and
percentage purity to specified value within the range of study . When NaOH solution
concentration (8 N) increasing batch time decreases the conversion , while percentage purity
increases with increasing batch time to a maximum value within the range of study . The
maximum attainable conversion within the studied range of parameters was eighteen fold of the
base case , while the maximum percentage purity was (99.40 %) .

Empirical equation was obtained using statistical analysis of experimental results . The empirical
results of relative conversion was drawn . The empirical graphs showed linear variation .

Key words: consecutive reaction, the saponification reaction, diethyl adipate with sodium
hydroxide solution, sodium monoethyladipate.

S g A JJLA@&HJ\J'Q\‘",ALGLUAM&MQM&\JJM&M\M\

a5 guall
Sl sy puald 3y 8 08 0
a5 Lewa Al
S Fadla — il A Sk Fala — Aarigl) A
iadal)

Jsbae ae il Jil A Ay e Jols rdududia Jelii alaainly Aol il b syaa Al jo Casll 13 oy
S Jal gall 038, 2 o Sha aranad ey o lad aenal JIA (e alse A3 A0 Al 3 S, 053 seall 2S5 3
3) pswdsall 2S5 pam Jslae 5855, (1 50,1) pswsmall 2S5 08 Jlaa ) Cunal G AU 4l sall 2l
Jil saal asagea () sl S8 A Jpad s o) L (el 3,55 4ela],5) Al e 5, (Rke 8 5 Ake
) i 281 Jas gl Syl B gl A s SIS A o3 A Jal gadl @l 80 CulS (dans sl S pall) gl

49



Number 3 Volume 22 March 2016 Journal of Engineering

Lle 4o ) 5 gl Ao 5 Joatll dansd (e 235 o g3 saall 2S5 508 Jslaa ) umal ST SUET A0 gl Al 30y 5 )
Crann Aipmae dah ) 85180 A g Jsail) A (g JIES o g0 guall 2S5 08 Jslae 3855 500 ) L Al all 2508 (e
3) poismall 2SS y0a Jolae 3855 Lavie | a0 dawiy Joadl) dawd e dadall e s o L Al apas
S5 Ladie, Al pall 393 ania A Al ) 5 5lail) A g Josaill A JI85 dmdall (e 30l ) 1l WS o (A ke
GJ\ 4232l Cray 3al 3 ala xi b}ﬁﬂ\z\_\u.\\.am d)ﬂ\@dﬁd:‘aﬁﬂ\ %) thJ(:UJL\c 8) e}.ﬁ‘}na“ KYRCPRIT d}l;a
e Al il byl s saal gadl JNA Lggle Jsemnl 3 J g Aust 5S) o) Aml,l 350 e Ule dod
K (% 99,40) iS5 4 dans oac] iy | Lyl all (o ST Linca
Al A St A Ay o) i) Caans | Al ] S Y1 Qe plasids At Alilae Lo punal
et A pail) o sl el dgs all

) gaa) a g gea o g geall 2S5 50 Jslae pe il Qi AU A5 peall Jeld | Juulidie Jelds A ) cilalsl)
)l

e

1. INTRODUCTION

Reactive distillation (RD) is a process which includes a combination of reaction and separation
in a single unit. The concept of combining these two important functions for enhancing the
process overall performance is not new in chemical engineering world. The production of
ammonia from soda ash by classic Solvay process of the 1860s may be cited as possibly the first
commercial applying of this technique,Sundmacher and Kienle,2002. Many old operations
have made usage of this concept.The combination of reaction and distillation is possible , of
course only if the conditions of both operations can be combined. This means that the reaction
have to show data for reasonable conversion at temperature and pressure levels that are
compatible with separation conditions. The type of catalysis is also important. Homogeneous
catalysis is possible in more cases , but requires a separation step for catalyst recycling. This can
be eliminated in heterogeneous catalysis , but here special constructions are necessary to fix the
catalyst in the reaction zone. If everything harmonizes , considerable advantages arise : for the
production of methyl acetate via RD for example , only one column is needed instead of a
reactor and nine columns. RD can be used with many chemical processes including acetylation
,Mufrod, et al.,2013, amination , esterification , etherification , hydrolysis , hydration ,
dehydration , hydrogenation , isomerization , etc..

The general utility of RD (till now) is increasing the conversion of reversible reactions ,
Laybenand Ching Yu,2008. This depends on the withdrawal of the product (or one of the
products) by evaporation from the reacting mixture. This technique accelerates the forward
reaction.RD also provides compactness to the chemical plant and cost effectiveness.

This research presents a new study in RD of a consecutive reaction. The consecutive reaction
proposed is the saponification reaction of diethyl adipate with sodium hydroxide solution. This
reaction takes place in two steps. The distillation process has the role of withdrawing the
intermediate product(SMA) by evaporation from the reacting mixture before the second
conversion occurs. This technique is useful in producing the intermediate product(when it is the
desired product)as it is the case in many industrial and petroleum processes.
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2. KINETICS OF REACTIONS

Saponification reaction of diethyl adipate as studied byNewberger and Kadlec ,Newberger and
Kadlec,1973, represents second order , irreversible , consecutive homogeneous reaction in the
liquid phase .

The chemical reactions are represented as follows , Newberger and Kadlec,1973:

k
(CH2)4(COOC2H5)2+N6.OH—1 (CH2)4(COONa)(COO C2H5) + C,Hs0H
Diethyl adipate Sodiumhydroxide Sodium monoethyl adipate Ethanol

k2
(CH,)4(COONa)(COOC;Hs)+NaOH— (CH,)4(COO Na),+ C,HsOH
Sodiummonoethyladipate Sodiumhydroxide Disodium adipate Ethanol

They found that the rate constant of the first reaction (ky) to be 9.3 m*kmole.s while that of the
second reaction (k») to be 7.7 m*kmole.s. These values were obtained at temperature 293.1 K .
It is obvious that k1> k; i.e. the first reaction is faster than the second .
They also found that the frequency factors of Arrhenius equation , and the activation energies of
the two reactions were :
A; = 487 « 10° m*® / Kmole . s , A, = 349 « 10° m*® / Kmole . s
E; =42.2 MJ/ Kmole : E, =25.0 MJ/ Kmole
It is obvious that E;> E; , so the first reaction has a higher energy barrier than the second
reaction .
In addition , they determined the heats of the two reactions to be :
AH; =-45.2 +3.4 MJ/ Kmole
AH,; =-68.0 £ 4.2 MJ / Kmole
These quantities were found to contribute at most 0.5 K temperature rise in their tubular reactor ,
Newberger and Kadlec,1973.

3. METHODOLOGY
3.1 Experimental Work

1-Sodium hydroxide solution (NaOH) was prepared and standardized using indicators
,Vogel, 1961, and pH — meter .

2-Experiments were conducted to compare the case of using distillation with that of without
distillation .

3-Measured amounts (20 - 27 ml.) of diethyl adipate (DA) and sodium hydroxide "NaOH"
solution (56 — 332 ml.) were mixed in (500 — ml.) distillation flask which was shielded .

4-Keeping the temperature at constant value (50 °C) and providing good mixing (500 rpm) for
the reacting mixture using magnetic stirrer .

5-After a planned period of time (1.5 hr.) the reaction was stopped and flask contents which
consist of two layers were transferred immediately to a (500 — ml.) separating funnel .

6-The weight and volume of each layer were measured .
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7-FTIR measurement was done for each layer which showed the existence of sodium
monoethyladipate (SMA) in the two layers with higher concentration in the upper layer . The
unreacted diethyl adipate (DA) was noticed to appear in the two layers too with higher
concentration in the upper layer than that of the lower layer .

8-Atomic absorption measurement was done for the upper layer to measure the concentration of
sodium monoethyladipate (SMA) .

9-The conversion of diethyl adipate (DA) to sodium monoethyladipate (SMA) was calculated .
Relative conversion (conversion of DA to SMA relative to base case* conversion) was adopted
to show the enhancement of conversion with respect to base case . Also , the purity of upper
layer relative to the lower layer was calculated.

3.2 Experimental Work
1-Sodium hydroxide (NaOH) solution , was prepared and standardized .

2-According to the design of experiment (Table 1) ,(Mentomen.200) threa factors were intended to
study (feed mole ratio , sodium hydroxide (NaOH) solution concentration, and batch
"distillation” time) within the ranges fixed in Table 2 .

3-Measured amounts (12 — 129 ml.) of diethyl adipate (DA) and sodium hydroxide solution
"NaOH" (31 — 332 ml.) were mixed in (500 — ml.) distillation flask which was shielded .

4-Heating the mixture till boiling . The distillate began to appear approximately at about 100 °C .

5-The distillate was collected in receiving conical flask . It was noticed that it was composed of
two layers .

6-The distillate was transferred to a (500 - ml.) separating funnel .
7- The weight and volume of each layer were measured .

8-FTIR measurement was done for each layer which showed that sodium monoethyladipate
(SMA) appeared in the dominate upper layer . The unreacted diethyl adipate (DA) appeared in
the impaired lower layer .

9- After that atomic absorption was made for the upper layer to measure the concentration of
sodium monoethyladipate (SMA) .

10-The conversion( using Eq. (1))and relative conversion ( usingEq. (2))were calculated as in the
case of without distillation . The percentage purity of distillate upper layer which contains SMA
was also calculated( using Eq. (3)) .

11-In order to characterize the final product , i.e disodium adipateDSA ( see Fig. 1)the
measurement of somephysical properties were performed as illustrated in Table 3.

*Base case : is the experiments that carried out at lower values of all the parameters , which is regarded as base
(reference) case .
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3.3 lllustrations of Relative Conversion and Percentage Purity Calculations

Sodium monoethyladipate (SMA) concentration = sodium (Na) concentration in distillate upper
layer

moles of reacted DA to SMA
moles of DA in feed

Conversion of diethyl adipate (DA) to (SMA)= * 100 D

Relative conversion=—-2version of DA to SMA

)

base case (runl)conversion

wt.of distillate upper layer
wt.of total distillate

%Purity= % 100(3)

4. RESULTS

4.1 Experimental Results

Fig. 2 shows the variation of sodium monoethyladipate (SMA) concentration with feed mole
ratio represented by (x1) . Two curves were drawn for the same NaOH solution concentration (X,
= 3 N) and different distillation time (x3 = 1.5 and 3.5 hr.) . From this figure , it is clear for the
two curves that SMA concentration was direct proportional with feed mole ratio in the range (x;
= 0.1 - 0.3) . The two curves have a maximum SMA concentration at (x; = 0.3) . After that,
increasing feed mole ratio in the range (x; = 0.3 — 1) caused decreasing in SMA concentration.
This can be explained as follows : the rate of first conversion reaction (SMA production) is
higher than the rate of second conversion reaction (SMA consumption) , Newberger and
Kadlec,1973. The increasing in feed mole ratio in the range (X; = 0.1 — 0.3) activated the first
conversion reaction (i.e SMA production increased) and its concentration in distillate increased .
Higher increasing in feed mole ratio in the range (x; = 0.3 — 1) activated the second conversion
reaction (i.e SMA consumption increased) so its concentration in distillate decreased . Also , it is
clear from this figure that SMA concentration for the curve of shorter distillation time (t = 1.5
hr.) at (x; = 0.1 — about 0.8) was higher than that of longer distillation time (t = 3.5 hr.) . At feed
mole ratio (x; = 0.3) SMA concentration for the curve of shorter distillation time (106.10 ppm.) ,
while for the curve of longer distillation time (50.33 ppm.) viz has its half concentration value .
This is because longer distillation time activated the second reaction (i.e SMA consumption
increased) , meanwhile the other products (ethanol) as well as (water) continued to accumulate in
the distillate . So SMA concentration with respect to the upper layer of distillate reduced .

Fig. 3 also shows the variation of SMA concentration with feed mole ratio (x;) . Again two
curves were drawn for the same NaOH solution concentration (x; = 8 N) and different batch time
(x3 = 1.5 and 3.5 hr.) . From this figure , it is clear that the two curves have the same trend of
variation as in Fig. 2 with wide difference between them . The peak of the curve of shorter
distillation time (119.82 ppm.) was higher than the corresponding one of Fig. 2. The peak of the
curve of longer distillation time (15.77 ppm.) was lower than the corresponding one of Fig. 2 .
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This is because increasing NaOH solution concentration activated both the first and second
reactions . For (1.5 hr.) duration SMA accumulation was greater than its consumption , so SMA
concentration increased with increasing NaOH solution concentration . For (3.5 hr.) duration
SMA consumption was greater than its accumulation , so SMA concentration decreased with
increasing NaOH solution concentration .

Fig. 4 illustrates the variation of SMA concentration with NaOH solution concentration
represented by (x») . The curve was drawn for feed mole ratio (x; = 0.3) and distillation time (t =
2.5 hr.), i.e. the center points of each parameter . From this figure , it is clear that SMA
concentration decreased with increasing NaOH solution concentration in the range (X = 3 - 5.5
N) . The curve has a minimum value of SMA concentration (8.67 ppm.) at (x, = 5.5 N) . After
that SMA concentration increased with increasing NaOH solution concentration in the range (X,
=55 -8 N) . As explained before , increasing NaOH solution concentration stimulated both
reactions . Also , as explained before in Figs. 2 and 3, for (t = 1.5 hr.) and (x; = 0.3) NaOH
solution concentration (x, = 8 N) gave higher SMA concentration than NaOH solution
concentration (X, = 3 N) , while for (t = 3.5 hr.) NaOH solution concentration (X, = 3 N) gave
higher SMA concentration than NaOH solution concentration (X, = 8N) . For (t = 2.5 hr.) and (X1
= 0.3) SMA concentration for NaOH solution concentration (X, = 8 N) was higher than its
concentration for NaOH solution concentration (x, = 3 N) . It can be concluded that SMA
concentration increased with increasing NaOH solution concentration during (1.5 — 2.5 hr.) ,
while SMA concentration decreased with increasing NaOH solution concentration during (2.5 —
3.5hr).

Fig. 5 explains the variation of SMA concentration with batch (distillation) time represented by
(x3) . The curve was drawn for feed mole ratio (x; = 0.3) and NaOH solution concentration (X, =
3 N) . From this figure , it is clear that increasing distillation time in the range (t = 1.5 - 2.5 hr.)
decreased SMA concentration progressively .The curve has a minimum in SMA concentration
(10.55 ppm.) at (t = 2.5 hr.) . After that, SMA concentration increased with increasing distillation
time in the range (t = 2.5 — 3.5 hr.) . This can be explained as follows : the increasing in
distillation time in the range (t = 1.5 — 2.5 hr.) for (x, = 3 N) decreased SMA concentration
because of increasing SMA consumption by means of activating the second conversion reaction,
meanwhile other products (ethanol) as well as (water) continued to accumulate in distillate upper
layer so SMA concentration decreased progressively . The increasing in SMA concentration with
increasing distillation time in the range (t = 2.5 — 3.5 hr.) was because of decreasing SMA
consumption . Also , from this figure it is clear that SMA concentration for shorter distillation
time (106.10 ppm.) was higher than SMA concentration for longer distillation time (50.33 ppm.)
as explained in Fig. 2 at (x; = 0.3) .

Fig. 6 shows the variation of SMA concentration with batch time (x3) and feed mole ratio (x; =
0.3) . The curve was drawn for NaOH solution concentration (X, = 8 N) . As explained
previously , increasing NaOH solution concentration stimulated the two reactions (first and
second conversion reactions) . From this figure , it is clear that when distillation time increased
in the range (t = 1.5 - 2.5 hr.) SMA concentration increased . The curve has a maximum SMA
concentration (152.37 ppm.) at (t = 2.5 hr.) , this is on the contrary to Fig. 5 which has a
minimum value at (t = 2.5 hr.) . This means higher SMA production be at (t = 2.5 hr.) for (x, =8
N) , while higher SMA consumption be at (t = 2.5 hr.) for (x, = 3 N) . After that, SMA
concentration decreased when distillation time increased in the range (t = 2.5 - 3.5 hr.) . Also, it
is clear from this figure (1.5 hr.) distillation time gave higher SMA concentration (119.82 ppm.)
than (3.5 hr.) distillation time (15.77 ppm.)as explained in Fig. 3.
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Fig. 7 explains the variation of relative conversion with feed mole ratio (x;) . The curves were
drawn for the same NaOH solution concentration (x, = 3 N) , and different batch time (x3 = 1.5
and 3.5 hr.) . From this figure , it is obvious that for the two curves the relative conversion
proportionally increased with increasing feed mole ratio in the range (x; = 0.1 - 0.3) . The two
curves have a maximum relative conversion at (x; = 0.3) which seems to be the best value in our
range of feed mole ratios . After that increasing feed mole ratio in the range (x; = 0.3 — 1)
decreased relative conversion . The increasing in relative conversion with increasing feed mole
ratio in the range (x; = 0.1 — 0.3) was because of the increasing in SMA concentration in this
range of feed mole ratios as shown in Fig. 2. The decreasing in relative conversion for the range
(x1 = 0.3 - 1) is due to the decreasing in SMA concentration. The curves have the same trend of
variations as in Fig. 2 . Relative conversion is a function of SMA concentration, weight of
distillate upper layer , and DA volume . It varies proportionally with SMA concentration and the
weight of the upper layer and it varies inversely with DA volume . At (x; = 0.3) relative
conversion for the curve of shorter distillation time was (18.58) , while for the curve of longer
distillation time was (9.76) . This was because SMA concentration for (t = 1.5 hr.) was higher
than its concentration for (t = 3.5 hr.) as shown in Fig. 2. It was noticed thatat feed mole ratios
approximately above (x; = 0.6) the variation of relative conversion with feed mole ratio becomes
linear .

Fig. 8 also explains the variation of relative conversion with feed mole ratio (x;) and different
batch time (x3 = 1.5 and 3.5 hr.) . The two curves were drawn for the same NaOH solution
concentration (X, = 8 N) . From this figure , it is clear that for the curve of shorter distillation
time , relative conversion increased with feed mole ratios in the range (x; = 0.1 - 0.3) . The
curve has a maximum value of relative conversion (2.76) at (x; = 0.3) . After that the relative
conversion decreased when feed mole ratio increased in the range (x; = 0.3 — 1) . This curve has
this behaviour due to increasing then decreasing in SMA concentration as shown in Fig. 3. This
curve has the same trend of variation as the curve of shorter distillation time in Fig. 7 . The peak
of the curve of shorter distillation time (2.76) is lower than the corresponding one of Fig. 7 . This
appears in contradiction with Figs. 2and3 . This is because of lower weight of distillate upper
layer and higher volume of DA . For the curve of longer distillation time it is clear that the
relative conversion decreased when feed mole ratio increased in the range (x; = 0.1 - 0.55) . The
curve has a minimum value of relative conversion (0.18) at (x; = 0.55) . Then relative conversion
increased somewhat till (x; = 1) . The decreasing in relative conversion with feed mole ratio in
the range (x; = 0.1 — 0.55) because of decreasing in weight of distillate upper layer and
increasing in DA volume . The increasing in relative conversion for the range (x; = 0.55 - 1) was
because of increasing in weight of upper layer distillate and increasing SMA concentration . The
peak for the curve of longer distillation time (0.62) is lower than the corresponding one of
Fig.7.This is because of lower weight of distillate upper layer and higher volume of DA as
mentioned above.

Fig. 9 shows the variation of relative conversion with NaOH solution concentration (x;) . The
curve was drawn for feed mole ratio (x; = 0.3) and batch time (x3 = 2.5 hr.) . From this figure , it
is clear that the relative conversion decreased with increasing NaOH solution concentration in
the range (x2 =3 - 5.5 N) . The curve has a minimum value of relative conversion (0.39) at (x; =
5.5 N) . After that the relative conversion increased when NaOH solution concentration
increased in the range (X, = 55 — 8 N) . The behaviour of this curve was due to the
decreasingthenincreasing of SMA concentration with NaOH solution concentration as shown in
Fig. 4.
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Fig. 10 explains the variation of relative conversion with distillation time (x3) . The curve was
drawn for feed mole ratio (x; = 0.3) and NaOH solution concentration (X, = 3 N) . From this
figure , it is clear that the relative conversion decreased when distillation time increased in the
range (t=1.5-25 hr.). The curve has a minimum value of relative conversion (0.68) at (t =
2.5 hr.) . After that, the relative conversion increased with increasing distillation time in the
range (t = 2.5 — 3.5 hr.) . This behaviour due to the decreasingthen increasing of SMA
concentration with distillation time as shown in Fig. 5 .

Fig. 11 also explains the variation of relative conversion with distillation time (x3) , and feed
mole ratio (x; = 0.3) . The curve was drawn for NaOH solution concentration (x2 = 8N). From
this figure , it is clear that the relative conversion decreased with increasing distillation time .
This can be attributed to the decreasing in SMA concentration as discussed in Fig. 6.

Fig. 12 illustrates the variation of percentage purity of distillate upper layer with feed mole ratio
(x1) . The two curves were drawn for the same NaOH solution concentration (x; = 3 N) and
different batch time (x3 = 1.5 and 3.5 hr.) . From this figure , obvious that the percentage purity
for the two curves increased with increasing feed mole ratio in the range (x; = 0.1 —0.3) . The
two curves have a maximum value of percentage purity at (x; = 0.3) . After that the percentage
purity decreased with increasing feed mole ratio in the range (x; = 0.3 — 1) . Percentage purity is
a function of weight of distillate upper layer and unreacted DA weight in distillate . It is
proportionally varies with the weight of distillate upper layer and inversely varies with the
weight of unreacted DA in distillate . The increasing in percentage purity with increasing feed
mole ratio in the range (x; = 0.1 — 0.3) was because stimulating the first conversion reaction
(DA consumption increased so the appearance of unreacted DA in distillate decreased and SMA
concentration in distillate increased) as explained in Fig. 2 . The decreasing in percentage purity
with increasing feed mole ratio in the range (x; = 0.3 - 1) was because stimulating the second
conversion reaction (i.e SMA concentration in distillate decreased) as explained in Fig. 2 . So the
weight of upper layer distillate decreased and percentage purity decreased . Also , it is clear from
this figure that the percentage purity for the curve of longer distillation time was higher than that
of shorter distillation time . For the curve of (t = 3.5 hr.) at (x; = 0.3) the percentage purity
(98.52 %) , while it is (97.5 %) for the curve of (t = 1.5 hr.) . This is because the accumulation of
(ethanol) as well as (water) increased in the distillate for longer distillation time . So the weight
of distillate upper layer increased with respect to unreacted DA layer (distillate lower layer) so
that percentage purity of distillate upper layer increased .

Fig. 13 also illustrates the variation of percentage purity with feed mole ratio (x;) .The batch
time for the two curves was different (x3 = 1.5 and 3.5 hr.) . The two curves were drawn for the
same NaOH solution concentration (X, = 8 N) . From this figure , it is clear that the two curves
have the same trend of variation of Fig. 12 . The peak for the curve of longer distillation time
(98.01 %) was lower than the corresponding one of Fig.12 . Also the peak for the curve of
shorter distillation time (97.08 %) was lower than the corresponding one of Fig. 12 . This is
because for (x, = 8 N) both first and second reactions were highly activated ,so the accumulation
of ethanol and water is much more than for (x, = 3 N )for (t = 1.5 hr.) as well as for (t =3.5hr.) .
So the accumulated distillate for (t = 1.5 and 3.5 hr.) is much more than that for(x, = 3 N) in Fig.
12. The conclusion , that the maximum percentage purity occurred in low NaOH solution
concentration (X = 3 N) for both distillation time (1.5 hr. and 3.5 hr.) .Fig. 14 shows the
variation of percentage purity with NaOH solution concentration (x,) . The curve was drawn for
feed mole ratio (x; = 0.3) and batch time (t = 2.5 hr.) . From this figure, it is obvious that the
percentage purity decreased with increasing NaOH solution concentration in the range (X, =3 —
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5.5 N) . The curve has a minimum percentage purity (95.34 %) at (X, = 5.5 N) . After that, the
percentage purity increased with increasing NaOH solution concentration in the range (x; =5.5
— 8 N) . This behaviour can be discussed through the decreasing then increasing of SMA
concentration in Fig. 4.This result is fairly coincident with the conclusion of Fig. 13.

Fig. 15 illustrates the variation of percentage purity with distillation time (x3) . The curve was
drawn for feed mole ratio (x; = 0.3) and NaOH solution concentration (x, = 3 N) . From this
figure , it is clear that the percentage purity decreased with increasing distillation timein the
range (x3=1.5-2.5hr.). The curve has a minimum value of percentage purity (97.21 %) at (t =
2.5 hr.) . After that the percentage purity increased with increasing distillation time in the range
(t =25 — 3.5 hr.) . The discussion of the curve may be accomplished through Fig. 5 as the
decreasing SMA concentration led to decreasing percentage purity . Then increasing SMA

concentration led to increasing percentage purity .

Fig. 16 also illustrates the variation of percentage purity with distillation time (x3) and feed mole
ratio (xo = 0.3) . The curve was drawn for NaOH solution concentration (x, = 8 N) . From this
figure , it is obvious that the percentage purity increased with increasing distillation time in the
range (t=1.5-2.5 hr.). The curve has a maximum percentage purity (99.40 %) at (t=2.5 hr.) .
After that the percentage purity decreased with increasing distillation time in the range (t = 2.5 —
3.5 hr.) . The curve can be discussed through the curve ofFig. 6. Increasing SMA concentration
in the range (1.5 — 2.5 hr.) led to increasing percentage purity . Then decreasing SMA

concentration in the range (2.5 — 3.5 hr.) led to decreasing percentage purity .

4.2 Empirical Equation and Figures
The empirical equation obtained from the statistical manipulation of the design of experiments
results is:

y = (0.5329) x4 + (1.5376) x, +(0.6561) X3 + (0.2304) X1z + (0.2809) X1z + (0.2704) XX +
(02304) X1X2X3 (4)

The empirical equation shows neither significance interaction between the parameters nor
significance of any parameter except x, because all coefficients are < 1 except that for x,
(1.5376). This indicates that NaOH solution concentration is the most effective parameter on the
conversion .

Applying the parameters in the empirical equation, Eq. (4) within the range of parameters
studied produced Figs. 17-21 . Figs. 17-21, generally show the linear trend of variation . The
reason of linearity is the absence of interactions between the variables (parameters studied , i.e
feed mole ratio , sodium hydroxide solution concentration , and batch time) . The close looking
of these results with experimental results shows that the empirical equation may well applied on
this system at high values of feed mole ratios , high values of sodium hydroxide solution
concentration , and low values of batch time . The empirical relation accounts for the general
relation or trend of variation and not details . Therefore ; the peaks didn't appear in empirical
figures .
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5. CONCLUSIONS
From this study the following items can be concluded:

1-Feed mole ratio (x;) obviously affected the concentration of SMA in the distillate .
Accordingly the conversion and purity were also influenced by it . Increasing feed mole ratio
caused increasing in the concentration of SMA , conversion of DA to SMA , and percentage
purity of SMA in the distillate in the range (0.1 - 0.3) , when the other factors x, (NaOH solution
concentration) and X3 (batch time) were fixed at specified values . In the range (0.3 — 1) of x; the
concentration , conversion , and percentage purity decreased .

2-Increasing sodium hydroxide solution concentration (x,) increased the concentration of SMA ,
as well as the conversion and percentage purity with other parameters (x; and x3) were fixed.
That was attributed to the effect of NaOH as a reactant which accelerated the reactions with
increasing in its concentration . Although , there were some ranges (x, = 3 — 5.5 N) of NaOH
solution concentration which caused decreasing in SMA concentration , conversion , and
percentage purity .

3-Increasing in batch time (x3) caused decreasing the concentration of SMA and percentage
purity till it reached (2.5 hr.) . After this value with other factors made fixed (x; = 0.3 and x3 =3
N) , the concentration of SMA and percentage purity increased with increasing xs . For the set of
parameters (X; = 0.3 and x3 = 8 N) increasing X3 made increasing in the concentration of SMA
and percentage purity till (x3 = 2.5 hr.) . After this value SMA concentration and percentage
purity decreased with increasing Xs .

4-The conversion of DA to SMA for (x; = 0.3 and x, = 3 N) showed decreasing with increasing
batch time (x3) till (x3 = 2.5 hr.) . Then the conversion increased with increasing Xz . For the set
of parameters (x; = 0.3 and x, = 8 N) the increasing x3 made steady decreasing in the conversion
of DA to SMA .

5-The empirical equation well represented the system in the range of high values of x; and x, and
low values of x3 .Also , it showed no interactions between the parameters and independence on
the two parameters (x;andxs). In other words, it is dependent on x, only.

6-The empirical figures showed a linear relationships between the effect (conversion) and the
parameters (X1 , X2 , and Xx3) . It was concluded that the empirical equation didn't consider the
detailed behaviour of the function (conversion) . On the contrary , it took into account the global
effect of the parameters as a whole .

7- The maximum conversion obtained in this study was 18.58 fold of that for the base case
which corresponds to the set of parameters (x; = 0.3, X, = 3 Nandxs = 1.5 hr.).In other words , it
corresponds to the center point of Xi, the low value of x, and the low value of x3;.The percentage
purity for this set of parameters was %97.50 . Although the maximum percentage purity obtained
was %99.40 which corresponds to(x; = 0.3, X, = 8 Nandx; = 2.5 hr.), the calculated relative
conversion for this set was only 2.40.
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Table 1 . Design of experiments .
Feed mole ratio (x,) , NaOH solution Time (x3), (hr.)
(mol. DA / mol. NaOH) concentration (x,) , (N)
0.1 3 1.5
1 3 1.5
0.1 8 1.5
1 8 1.5
0.1 3 3.5
1 3 3.5
0.1 8 3.5
1 8 3.5
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Table 2 . Variation range of parameters.

Factor Low value | Centre value High value
) 0) (+)
Feed mole ratio (x1) , (mole
DA / mole NaOH solution) 0.1 0.55 1
NaOH solution concentration
3 5.5 8
(x2) , (N)
Time (x3) , (hr.) 55 35
15

Table 3. Some physical properties of DSA.

Physical property Measured PUbl['*S]hed '
Density , g/ cm® 1.4428(using gas pycnometry) 1.7
1.4852(using ultra — pycnometry)
Melting point , °C > 250 250

Figure 1 . Disodium adipate from experimental work (with distillation) .
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Figure 2 . SMA concentration , (ppm.) vs. Figure 4 . SMA concentration , (ppm.) vs.
feed mole ratio (x;) for NaOH sol. conc. = NaOH solution concentration (x,) , (N) for
3Nandt=(15&35hr). feed mole ratio=0.3and t = 2.5 hr.
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Figure 5. SMA concentration , (ppm.) vs. t
(x3) , (hr.) for feed mole ratio = 0.3 and
NaOH sol. conc. =3 N..

Figure 3. SMA concentration , (ppm.) vs.
feed mole ratio(x;) for NaOH sol. conc. =
8Nandt=(1.5&3.5hr)
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Figure 7 . Relative conversion vs. feed mole
ratio (x;) for NaOH sol. conc. =3 Nand t =

(1.5&3.5hr.).
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Number 3 Volume 22 March 2016 Journal of Engineering

20 100
18 Q : fCCd IIIUIC 99 NaOH
\ o sol.conc.
16 ratio=0.3 & 98
14 \ NaOH sol.
s \ conc.=3N F
§ 12 5
o \ \Q. 96 - |
Q J
2 10 3 sol.conc.
5 3 \ } 95 \\ =3N &
e \ / 94 t=3.5hr
‘ \
. \ / 03
2 \‘ ,/ 92 ‘ \
0 91
0 2 4 0 0,5 1 1.5
t(x3),(hr.) feed mole ratio(x1)
Figure 10 . Relative conversion vs. t (X3) , Figure 12 .% purity vs. feed mole ratio (x)
(hr.) for feed mole ratio = 0.3 and NaOH for NaOH sol. conc. =3 Nandt=(15&
sol.conc. =3 N. 3.5hr).
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Figure 11 .Relative conversion vs. t (X3) , Figure 13 . % purity vs. feed mole ratio (x1)
(hr.) for feed mole ratio = 0.3 and NaOH for NaOH sol. conc. =8 Nandt= (1.5 &
sol. conc.=8 N . 3.5hr).
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andt=(1.5&35hr).
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