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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
3
 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. 

 

انذفعات نتفاعم يتسهسم : صوبنة ثنائي أثيم أديبيث يع يحهول هيذروكسيذ روانتقطير انتفاعهي شبه 

 انصوديوو

 
 

رؤى عهي شكر                                                                                                                              د.رغذ فريذ قاسى  

استار يساعذ             

جاٍعح تغذاد –جاٍعح تغذاد                                                                                  ميٞح اىْٖذسح  –ميٞح اىْٖذسح   

 

 انخلاصة

د ٍع ٍحي٘ه ٝقذً ٕذا اىثحث دراسح جذٝذج فٜ اىرقطٞز اىرفاعيٜ تإسرخذاً ذفاعو ٍرسيسو: ذفاعو ص٘تْح ثْائٜ أثٞو أدٝثٞ

ذَد دراسح ذأثٞز ثلاثح ع٘اٍو ٍِ خلاه ذصٌَٞ ذجارب ترطثٞق ذصٌَٞ ٍفن٘ك ً .ٕٞذرٗمسٞذ اىص٘دٝ٘
3
. ٕذٓ اىع٘اٍو ماّد  2

 3( , ذزمٞش ٍحي٘ه ٕٞذرٗمسٞذ اىص٘دًٝ٘ )1ٗ  0,1: اىْسثح اىَ٘ىٞح ىثْائٜ أثٞو أدٝثٞد إىٚ ٍحي٘ه ٕٞذرٗمسٞذ اىص٘دًٝ٘ )

. إُ ّسثح ذح٘ه ثْائٜ أثٞو أدٝثٞد إىٚ ص٘دًٝ٘ أحادٛ أثٞو  ساعح( 3,5ساعح 1,5ٗعٞارٝح( , ٗ سٍِ اىذفعح ) 8عٞارٝح ٗ 

ذأثٞز ذيل اىع٘اٍو اىذٛ ذٌ ذرثعٔ . مذىل سجيد ّسثح ّقاٗج اىَزمة اى٘سطٜ . ىقذ تْٞد اىْرائج  دأدٝثٞد )اىَزمة اى٘سطٜ( ماّ
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 عيٞاإُ سٝادج اىْسثح اىَ٘ىٞح ىثْائٜ أثٞو أدٝثٞد إىٚ ٍحي٘ه ٕٞذرٗمسٞذ اىص٘دًٝ٘ ذشٝذ ٍِ ّسثح اىرح٘ه ٗ ّسثح اىْقاٗج إىٚ قَٞح 

ضَِ حذٗد اىذراسح . إُ ذأثٞز ذزمٞش ٍحي٘ه ٕٞذرٗمسٞذ اىص٘دًٝ٘ ذقيو ٍِ ّسثح اىرح٘ه ٗ ّسثح اىْقاٗج إىٚ قَٞح ٍعْٞح ضَِ 

 3ز سٍِ اىذفعح عيٚ ّسثح اىرح٘ه ّٗسثح اىْقاٗج , عْذٍا ذزمٞش ٍحي٘ه ٕٞذرٗمسٞذ اىص٘دًٝ٘ )ذأثٞاُ حذٗد اىذراسح . 

سٝادج سٍِ اىذفعح ذقيو ّسثح اىرح٘ه ّٗسثح اىْقاٗج إىٚ قَٞح ٍعْٞح ضَِ حذٗد اىذراسح .عْذٍا ذزمٞش ٕ٘ مَا ٝيٜ: ,عٞارٝح(

ّسثح اىرح٘ه . تَْٞا ّسثح اىْقاٗج ذشداد تشٝادج سٍِ اىذفعح إىٚ عٞارٝح( سٝادج سٍِ اىذفعح ذقيو  8ٍحي٘ه ٕٞذرٗمسٞذ اىص٘دًٝ٘ )

ثَاّٞح عشز  ماّد ضَِ حذٗد اىذراسح . إُ أمثز ّسثح ذح٘ه ذٌ اىحص٘ه عيٖٞا خلاه اىَذٙ اىَذرٗص ىيَرغٞزاخ عيٞاقَٞح 

ذٌ                                   %( .                   99,40ضعفا أمثز ٍِ اىحاىح اىَزجعٞح , تَْٞا أعظٌ ّسثح ّقاٗج ماّد )

اىحاىح رجزٝثٞح ىْسثح اىرح٘ه ّسثح سرخذاً اىرحيٞو الإحصائٜ ىيْرائج اىعَيٞح . رسَد اىْرائج اىااىحص٘ه عيٚ ٍعادىح ذجزٝثٞح ت

.خطٜاىَزجعٞح . أظٖزخ اىزسً٘ اىرجزٝثٞح  ذغٞز  

ادٝثٞد ٍع ٍحي٘ه ٕٞذرٗمسٞذ اىص٘دًٝ٘, ص٘دًٝ٘ احادٛ اثٞو  : ذفاعو ٍرسيسو, ذفاعو اىص٘تْح, ثْائٜ اثٞوانكهًات انرئيسية

 ادٝثٞد.

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: 

(CH2)4(COOC2H5)2+NaOH
  
→ (CH2)4(COONa)(COO C2H5) + C2H5OH 

Diethyl adipate  Sodiumhydroxide   Sodium monoethyl adipate  Ethanol 

(CH2)4(COONa)(COOC2H5)+NaOH
  
→ (CH2)4(COO Na)2+ C2H5OH 

Sodiummonoethyladipate Sodiumhydroxide   Disodium adipate   Ethanol 

 

They found that the rate constant of the first reaction (k1) to be 9.3 m
3
/kmole.s while that of the 

second reaction (k2) to be 7.7 m
3
/kmole.s. These values were obtained at temperature 293.1  K . 

It is obvious that k1> k2 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 : 

A1 = 4.87 * 10
6
 m

3
 / Kmole . s       ,          A2 = 3.49 * 10

6
 m

3
 / Kmole . s                                    

E1 = 42.2 MJ / Kmole                                     ,                   E2 = 25.0 MJ / Kmole 

It is obvious that E1> E2 , 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 : 

ΔH1 = - 45.2 ± 3.4 MJ / Kmole  

ΔH2 = - 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  ) 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) ,
(Montgomery,2001)

 three 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 
0
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 Illustrations of Relative Conversion and Percentage Purity Calculations 

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

layer 

 

Conversion of diethyl adipate (DA) to (SMA)=
                          

                   
                             (1) 

 

Relative conversion=
                        

          (    )          
                                                                              (2) 

 

%Purity=
                            

                      
    (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 (x2 

= 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 (x1 

= 0.1 – 0.3) . The two curves have a maximum SMA concentration at (x1 = 0.3) . After that, 

increasing feed mole ratio in the range (x1 = 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 (x1 = 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 (x1 = 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 (x1 = 0.1 – about 0.8) was higher than that of longer distillation time (t = 3.5 hr.) . At feed 

mole ratio (x1 = 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 (x1) . Again two 

curves were drawn for the same NaOH solution concentration (x2 = 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 . 



Journal of Engineering         Volume    22   March  2016  Number 3 
 

 

54 

 

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 (x2) . The curve was drawn for feed mole ratio (x1 = 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 (x2 = 3 – 5.5 

N) . The curve has a minimum value of SMA concentration (8.67 ppm.) at (x2 = 5.5 N) . After 

that SMA concentration increased with increasing NaOH solution concentration in the range (x2 

= 5.5 – 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 (x1 = 0.3) NaOH 

solution concentration (x2 = 8 N) gave higher SMA concentration than NaOH solution 

concentration (x2 = 3 N) , while for (t = 3.5 hr.) NaOH solution concentration (x2 = 3 N) gave 

higher SMA concentration than NaOH solution concentration (x2 = 8N) . For (t = 2.5 hr.) and (x1 

= 0.3) SMA concentration for NaOH solution concentration (x2 = 8 N) was higher than its 

concentration for NaOH solution concentration (x2 = 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 – 

3.5 hr.) . 

Fig. 5 explains the variation of SMA concentration with batch (distillation) time represented by 

(x3) . The curve was drawn for feed mole ratio (x1 = 0.3) and NaOH solution concentration (x2 = 

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 (x2 = 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 (x1 = 0.3) . 

Fig. 6 shows the variation of SMA concentration with batch time (x3) and feed mole ratio (x1 = 

0.3) . The curve was drawn for NaOH solution concentration (x2 = 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 (x2 = 8 

N) , while higher SMA consumption be at (t = 2.5 hr.) for (x2 = 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 (x1) . The curves were 

drawn for the same NaOH solution concentration (x2 = 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 (x1 = 0.1 - 0.3) . The two 

curves have a maximum relative conversion at (x1 = 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 (x1 = 0.3 – 1) 

decreased relative conversion . The increasing in relative conversion with increasing feed mole 

ratio in the range (x1 = 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 (x1 = 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 (x1 = 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 (x1) and different 

batch time (x3 = 1.5 and 3.5 hr.) . The two curves were drawn for the same NaOH solution 

concentration (x2 = 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 (x1 = 0.1 - 0.3) . The 

curve has a maximum value of relative conversion (2.76) at (x1 = 0.3) . After that the relative 

conversion decreased when feed mole ratio increased in the range (x1 = 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 (x1 = 0.1 - 0.55) . The 

curve has a minimum value of relative conversion (0.18) at (x1 = 0.55) . Then relative conversion 

increased somewhat till (x1 = 1) . The decreasing in relative conversion with feed mole ratio in 

the range (x1 = 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 (x1 = 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 (x2) . The 

curve was drawn for feed mole ratio (x1 = 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 (x2 = 

5.5 N) . After that the relative conversion increased when NaOH solution concentration 

increased in the range (x2 = 5.5 – 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 (x1 = 0.3) and NaOH solution concentration (x2 = 3 N) . From this 

figure , it is clear that the relative conversion decreased when distillation time increased in the 

range  (t = 1.5 – 2.5 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 (x1 = 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 (x2 = 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  (x1 = 0.1 – 0.3) . The 

two curves have a maximum value of percentage purity at (x1 = 0.3) . After that the percentage 

purity decreased with increasing feed mole ratio in the range  (x1 = 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 (x1 = 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  (x1 = 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 (x1 = 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 (x1) .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 (x2 = 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 (x2 = 8 N) both first and second reactions were highly activated ,so the accumulation 

of ethanol and water is much more than for (x2 = 3 N )for (t = 1.5 hr.) as well as for (t = 3.5 hr.)  . 

So the accumulated distillate for (t = 1.5 and 3.5 hr.) is much more than that for(x2 = 3 N) in Fig. 

12. The conclusion , that the maximum percentage purity occurred in low NaOH solution 

concentration (x2 = 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 (x2) . The curve was drawn for 

feed mole ratio (x1 = 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  (x2 = 3 – 
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5.5 N) . The curve has a minimum percentage purity (95.34 %) at (x2 = 5.5 N) . After that, the 

percentage purity increased with increasing NaOH solution concentration in the range  (x2 = 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 (x1 = 0.3) and NaOH solution concentration (x2 = 3 N) . From this 

figure , it is clear that the percentage purity decreased with increasing distillation timein the 

range  (x3 = 1.5 – 2.5 hr.) . 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 = 2.5 – 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 (x1 = 0.3) . The curve was drawn for NaOH solution concentration (x2 = 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) x1 + (1.5376) x2 +(0.6561) x3 + (0.2304) x1x2 + (0.2809) x1x3 + (0.2704) x2x3 + 

(0.2304) x1x2x3                                                                                                                                                                                             (4) 

 

The empirical equation shows neither significance interaction between the parameters nor 

significance of any parameter except x2 because all coefficients are     except that for x2 

(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 (x1) 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 x2 (NaOH solution 

concentration) and x3 (batch time) were fixed at specified values . In the range (0.3 – 1) of x1 the 

concentration , conversion , and percentage purity decreased .  

2-Increasing sodium hydroxide solution concentration (x2) increased the concentration of SMA , 

as well as the conversion and percentage purity with other parameters (x1 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 (x2 = 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 (x1 = 0.3 and x3 = 3 

N) , the concentration of SMA and percentage purity increased with increasing x3 . For the set of 

parameters (x1 = 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 x3 . 

4-The conversion of DA to SMA for (x1 = 0.3 and x2 = 3 N) showed decreasing with increasing 

batch time (x3) till (x3 = 2.5 hr.) . Then the conversion increased with increasing x3 . For the set 

of parameters (x1 = 0.3 and x2 = 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 x1 and x2 and 

low values of x3 .Also , it showed no interactions between the parameters and independence on 

the two parameters (x1andx3). In other words, it is dependent on x2 only.  

6-The empirical figures showed a linear relationships between the effect (conversion) and the 

parameters (x1 , x2 , and x3) . 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 (x1 = 0.3, x2 = 3 Nandx3 = 1.5 hr.).In other words , it 

corresponds to the center point of  x1, the low value of x2 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(x1 = 0.3, x2 = 8 Nandx3 = 2.5 hr.), the calculated relative 

conversion for this set was only 2.40. 

 

 

 



Journal of Engineering         Volume    22   March  2016  Number 3 
 

 

59 

 

REFERENCES 
 

 Disodium Adipate – CAS# 7486-38-6 ׀GrahamChemical, cited in http://www.grah 

amchemical.com/disodium-adipate 

 

 Luyben, W.L., Ching Yu, C., 2008, Reactive Distillation Design and Control,5
th

  ed.,John 

Wiley & Sons.Inc. . 

 

 Montgomery, D. C., 2001, Design and Analysis of Experiments, 5
th

  ed., John Wiley & Sons 

(Asia) Pte. Ltd., Singapor . 

 

 Mufrod,Z. , Sutijan,R. , and Budiman,A.,2013,Synthesis Acetylation of Glycerol Using 

Batch Reactor and Continuous Reactive Distillation Column,Engineering Kournal,Vol. 18, 

No. 2, PP. (29-39).  

 

 - Newberger, M. R., and Kadlec, R. H., 1973, Kinetics of the Saponification of Diethyl 

Adipate, AIChE Journal, Vol. 19,   No. 6, PP. (1272 – 1275) .  

 

 

 Sundmacher, K., and Kienle, A., 2002,Reactive Distillation ", WILEY – VCH Verlag 

GmbH & Co. KGaA, Germany .                                                                         

 

 

 Vogel, A. I., 1961, Quantitative Inorganic Analysis Including Elementary Instrumental 

Analysis, 3
rd 

ed., LONGMANS, GREEN AND CO LTD 48 Grosvenor Street,  London .  

 

 

Table 1 . Design of experiments . 

 

 

 

 

 

 

 

 

 

 

 

Time (x3) ,     (hr.) NaOH solution 

concentration (x2) , (N) 

Feed mole ratio (x1) , 

(mol. DA / mol. NaOH) 

1.5 3 0.1 

1.5 3 1 

1.5 8 0.1 

1.5 8 1 

3.5 3 0.1 

3.5 3 1 

3.5 8 0.1 

3.5 8 1 
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Table 2 . Variation range of parameters. 

Factor 
Low value 

(-) 

Centre value 

(0) 

High value 

(+) 

Feed mole ratio (x1) , (mole 

DA / mole NaOH solution) 
0.1 0.55 1 

NaOH solution concentration  

(x2) , (N) 
3 5.5 8 

Time (x3) , (hr.) 

 
1.5 

2.5 

 

3.5 

 

 

Table 3 . Some physical properties of DSA. 

Published , 
[*]

 
Measured Physical property 

1.7 1.4428(using gas pycnometry) 

1.4852(using ultra – pycnometry) 

Density , g / cm
3

 

250      Melting point ,   

 

 

 

 

Figure 1 . Disodium adipate from experimental work (with distillation) .
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Figure 2 . SMA concentration , (ppm.) vs. 

feed mole ratio (x1) for NaOH sol. conc. = 

3N and t = (1.5 & 3.5 hr.) . 

 

 

 

Figure 3 . SMA concentration , (ppm.) vs. 

feed mole ratio(x1) for NaOH sol. conc. = 

 8 N and t = (1.5 & 3.5 hr.) 

 

 

 

 

Figure 4 . SMA concentration , (ppm.) vs. 

NaOH solution concentration (x2) , (N) for 

feed mole ratio = 0.3 and t = 2.5 hr. 

 

 

 

Figure 5 . SMA concentration , (ppm.) vs. t 

(x3) , (hr.) for feed mole ratio = 0.3 and 

NaOH sol. conc. = 3 N . 
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Figure 6 . SMA concentration , (ppm.) vs.  t 

(x3) , (hr.) for feed mole ratio = 0.3 and 

NaOH sol. conc.= 8 N . 

 

 

Figure 7 . Relative conversion vs. feed mole 

ratio (x1) for NaOH sol. conc. = 3 N and t = 

(1.5 & 3.5 hr.) . 

 

 

 

Figure 8 . Relative conversion vs. feed mole 

ratio (x1) for NaOH sol. conc.= 8 N and t = 

(1.5 & 3.5 hr.) . 

 

 

Figure 9 . Relative conversion vs. NaOH 

solution concentration (x2) , (N) for feed 

mole ratio = 0.3 and t = 2.5 hr. 
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Figure 10 . Relative conversion vs. t (x3) , 

(hr.)  for feed mole ratio = 0.3 and NaOH 

sol. conc. = 3 N . 

 

 

 

Figure 11 .Relative conversion vs. t (x3) , 

(hr.)  for feed mole ratio = 0.3 and NaOH 

sol. conc.= 8 N . 

 

Figure 12 .% purity vs. feed mole ratio (x1) 

for NaOH sol. conc. = 3 N and t = (1.5 & 

3.5 hr.) . 

 

 

 

Figure 13 . % purity vs. feed mole ratio (x1) 

for NaOH sol. conc. = 8 N and t = (1.5 & 

3.5 hr.) . 
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Figure 14 .% purity  vs. t (x3) , (hr.) for feed 

mole ratio = 0.3 and t = 2.5 hr. 

 

 

 

Figure 15 . % purity vs. t(x3) , (hr.) for feed 

mole ratio = 0.3 and NaOH sol. conc. = 3 N. 

 

 

 

 

Figure 16 . % purity vs. t(x3) , (hr.) for feed 

mole ratio = 0.3 and NaOH sol. conc. = 8 N. 

 

 

 

Figure 17 . Relative conversion vs. feed 

mole ratio (x1) for NaOH sol. conc. = 3 N 

and t = (1.5 & 3.5 hr.) . 
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Figure 18 .Relative conversion vs. feed 

mole ratio (x1) for NaOH sol. conc. = 8 N 

and t = (1.5 & 3.5 hr.) . 

 

 

 

Figure 19.Relative conversion vs. NaOH 

sol. conc.  (x2) , (N) for feed mole ratio = 0.3 

and t = 2.5 hr. 

 

 

 

Figure 20 .Relative conversion vs. t (x3) , 

(hr.) for feed mole ratio = 0.3 and NaOH sol. 

conc. = 3 N . 

 

 

 

Figure 21 .Relative conversion vs. t (x3) , 

(hr.) for feed mole ratio = 0.3 and NaOH sol. 

conc. = 8 N . 
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