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Abstract—Succinic acid, which is widely used as a building block chemical, can be produced from either petroleum
or renewable resources. Bio-based production of succinic acid requires several purification steps, and the yield of any
particular separation method is an important factor in facilitating an economic design. Crystallization is a common
method for the purification of succinic acid, and several driving forces can be used to generate solubility changes in the
solution. In this work, three driving forces of crystallization - cooling, acidification, and salting out - were examined
individually and combined to achieve maximum yield from a solution of succinic acid. It was found that combined
crystallization can significantly improve the yield (97.08%) compared with conventional cooling crystallization
(84.31%) or acidification (66-67%). Additionally, a basic kinetic study was performed, and a total of 7 minutes of batch
operation was sufficient to produce the maximum amount of crystals.

Keywords: Cooling Crystallization, Acidification, Salting-out Crystallization, Succinic Acid

INTRODUCTION

Succinic acid (1, 4-butanedioic acid) is a building block chemi-
cal that has many applications, including in pharmaceuticals, foods,
and polymers [1,2]. The production of succinic acid from renew-
able resources is a popular subject of recent research efforts [1,3].
This process is considered to be an eco-friendly and sustainable
production method, but is relatively uneconomical. It is estimated
that the cost of purification and separation processes accounts for
50-70% of the total production cost [4,5]. For this reason, effective
separation is one of the most important steps in commercializing
the production of succinic acid from renewable resources.

Traditionally, precipitation with Ca(OH), is used to remove suc-
cinate, and the remaining solution is filtered. The free acidic form
of succinic acid is obtained by adding H,SO,. Because the dosage
of Ca(OH), and H,SO, is large and the yield of succinic acid is rel-
atively low; various improvements have been suggested.

Reactive extraction hat allows the attainment of free acidic forms
by amine-based solutions [7-10]. Liquid-liquid extraction (LLE) is
one of the more popular methods and can employ various solvents
[6], but traditional LLE requires large volumes of solvents, and
additional steps are required to obtain the final products. Recently,
an aqueous two-phase system (ATPS) was suggested as a more effec-
tive purification process. The ATPS approach using various ionic
liquids and salts has shown yields in the range of 16-85.5% [11].

As a simple one-step purification process, a direct vacuum dis-
tillation-crystallization was used to recover succinic acid from fer-
mentation broth. Hong and Hong [12] recovered succinic acid
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from fermentation broth by using a direct vacuum distillation-crys-
tallization. According to their work, the yield of recovered succinic
acid was 87%. However, such a process requires high energy con-
sumption. Direct cooling crystallization is also a simple one-step
purification process used to produce succinic acid. Cooling crystal-
lization can be used as the last step of the traditional purification pro-
cess, and the yield was approximately 70%, according to Pratiwi
[13]. This yield means that additional steps are required to prevent
the loss of valuable products. Membrane-based solvent extraction
[14], electro-dialysis [15], and the use of a zeolite bed [16] have
been suggested to improve the yield and purity of succinic acid.

In general, a single driving force is used to obtain the product
from a separation process. However, several driving forces can be
combined to maximize the amount of product from the feed. In
the case of crystallization, reactions, cooling and salting out can be
combined to generate the maximum solubility change in the solu-
tion. To date, no studies have reported combining three different
modes of solubility changes. In this study, we propose a new method
that combines cooling, acidification and salting-out crystallization
to maximize the yield of succinic acid from an aqueous solution.
To determine the optimum conditions for these combined pro-
cesses, the optimum crystallization of each approach was studied
experimentally using different driving forces. After examination of
each crystallization processes, a combined optimum condition was
suggested and verified experimentally.

MATERIALS AND METHODS

1. Materials

Succinic acid and sulfuric acid were purchased from Sigma-
Aldrich Co,, USA with a purity 99.0 wt% and 98.0 wt%, respectively:
Sodium chloride was purchased from Daejung Chemical Co., Korea
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with a purity of 99.5wt%. The deionized water was prepared by
the water purification system from Human Co., Korea.
2. Cooling Crystallization

A saturated solution of succinic acid in 100 g water was pre-
pared at 50 °C. The sample was stirred at 650 rpm for 3 hours at
constant temperature. The solution was cooled down to 4 °C and
stirred for 3 hours. The succinic acid crystals were recovered by fil-
tration, and dried for 24 hours. The whole procedure was repeated
three times.
3. Acidification

A saturated solution of succinic acid in 100 g water was pre-
pared at 4 °C. The sample was stirred at 650 rpm for 3 hours at the
temperature. When the succinic acid dissociates in water, it under-
goes two reactions:

(CH,),(COOH),—(CH,),(COOH)(COO) +H" 1)
(CH,),(COOH)(CO0) —(CH,),(CO0),” +H" ()

The saturated succinic acid solution may contain succinate'”,
succinate”, and free acidic forms. When a strong acid is added to
this solution, the concentration of hydrogen ion increases and
concentration of free acidic form of succinic acid increases by Le
Chatelier’s principle. Excess amount of free succinic acid is recov-
ered as free crystals. Depending on the amount of strong acid added,
the recovery of succinic acid may vary. Sulfuric acid was used as a
strong acid in this study. Varying amount of sulfuric acid was
added to the solution, and the recovered succinic acid was mea-
sured by using the same method described in the cooling crystalli-
zation procedure.

4. Salting-out Crystallization

A saturated solution of succinic acid in 100 g water was prepared
at 4°C using the same method. Varying amount of NaCl was
added to the solution, and the recovered amount of succinic acid
was measured by using the same method. Experiments were per-
formed with 1, 1.5, 2, 2.5, 5, 9, and 15g of NaCl, and the whole
procedure was repeated three times. Because crystal can be con-
taminated by the presence of Na or Cl ions, EDX analysis was per-
formed to verify the presence of impurities.

5. Combined Crystallization

Similar experiments with a combination of driving forces were
performed using the same method described in sections 2-4. The
following combination of driving forces was examined:

- acidification-+salting out

- cooling-+acidification

- cooling-+salting out

- cooling-+acidification-+salting out

All the same measurements were performed with varying amount
of acid or salt. When salt was used in the crystallization, recov-
ered crystals were analyzed with EDX to detect impurities.

6. Basic Kinetic Study

The procedures described in sections 2-5 are intended to get the
maximum amount of crystal using various methods. Overall crys-
tallization time was 3 hours, and it can be assumed that the sys-
tem reached equilibrium. For the process development, amounts
of crystal formed in each time interval were also measured using
the same method described in sections 2-5.

RESULTS AND DISCUSSION

1. Cooling Crystallization

The solubility of succinic acid at 50 °C was 23.32g in 100 g of
water. After cooling to 4 °C, the solubility dropped to 19.66 g. The
maximum yield after reaching equilibrium can be calculated as
shown in the following equation:

the weight of recovered succinic acid (g)

1 (%) —
Yield (%) the weight of succinic acid

x100 (3)
in the initial saturated solution (g)

Via simple cooling crystallization, 84.31% of the succinic acid in
solution could be recovered as shown in Table 1.

Table 1. The weight of recovered succinic acid crystals by cooling

crystallization
Recovered succinic acid (g) Average Yield
1 i 3 @® (%)
19.64 19.65 19.68 19.66 84.31

The uncertainty of the mass of the recovered succinic acid is £0.03 g

Table 2. The weight of recovered succinic acid crystals by acidifica-

tion with H,SO, at 4°C
H,SO, Recovered succinic acid (g) Average Yield
(ml) 1 2n 34 (g (%)
15 1.55 1.30 1.57 1.47 44.14
20 1.89 1.72 1.65 1.75 52.55
25 1.94 1.97 1.99 1.97 59.16
30 2.19 2.01 2.29 2.16 64.86
35 2.28 2.17 2.33 2.26 67.87
38 2.24 222 2.19 222 66.67
45 2.28 221 2.15 221 66.37

The uncertainty of the mass of the recovered succinic acid is £0.17 g

80

f

Yield (%)

1] 10 20 30 40 50

Sulfuric acid (ml)

Fig. 1. The yield of succinic acid by adding different amounts of
H,SO, to a saturated solution of succinic acid in 100 g water
at4°C.
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2. Optimum Amount of H,SO, in Acidification

The optimum amount of H,SO, was found by monitoring the
point at which the yield of succinic acid became constant. When
the quantity of H,SO, increased from 15 to 35 ml, the yield of the
recovered succinic acid crystals increased dramatically. On the other
hand, when the quantity of H,SO, increased from 35 to 45 ml, the
increase in the yield of the crystals became negligible. The results
showed that 35 ml is the optimum amount of H,SO, in acidifica-
tion (Table 2 and Fig. 1). The maximum recovery was approxi-
mately 66-67% based on the solubility of the 4 °C solution.
3. Optimum Amount of NaCl in Salting-out Crystallization

The optimum amount of NaCl in salting-out crystallization was
determined by finding a point which shows the maximum yield
of succinic acid and no trace of Na or Cl ions. When the quantity
of NaCl increased from 1 to 15 g, the total weight of the crystals
increased. However, adding more than 2 g NaCl showed traces
Na or Cl in the crystals as detected by the EDX analysis. The
results showed that 2 g NaCl is the optimum weight. Compared
with acidification, the salting-out effect was very marginal. The
improvement in the yield of succinic acid was only 0.90% (Table 3
and Fig. 2).

Table 3. The weight of recovered succinic acid crystals by salting-
out crystallization with NaCl at 4°C

NaCl Recovered succinic acid (g) ~ Average Yield Impurity

(8) 1 2™ 34 ® (%) by EDX
1.00 001 0.01 0.01 001 030 X
150 002 002 002 002 060 X
200 003 003 003 003 090 X
250 006 007 008 007 210 O
500 046 045 043 045 1351 O
900 078 079 073 077 2312 O
1500 129 1.29 1.29 129 3874 O

The uncertainty of the mass of the recovered succinic acid is £0.04 g

50

30 F

Yield (%)

Sodium chloride (g)

Fig. 2. The yield of succinic acid by adding different amounts of
NaCl to a saturated solution of succinic acid in 100 g water
at4°C.

January, 2018

Table 4. The weight of recovered succinic acid crystals by acidifica-
tion and salting-out crystallization with the detection of
impurities of the crystals by EDX at 4°C

Recovered )
HSO0, NaCl s acid @ Average Yield Impurity
m) () ——5— @ (9 byEDX

20 1.00 188 1.84 1.89 1.87 56.16
500 194 194 192 1.93 57.96

10.00 195 195 194 1.95 58.56

20.00 198 198 197 1.98 59.46

2750 216 218 216 2.17 65.17

31.00 224 230 225 2.26 67.87

3150 222 232 238 2.31 69.37

32.00 221 246 244 2.37 71.17

33.00 240 238 239 2.39 71.77

3500 246 260 248 2.51 75.38

35 1.00 226 225 2.26 2.26 67.87
500 229 226 227 2.27 68.17

20.00 234 237 235 2.35 70.57

23.00 244 244 244 2.44 73.27

2350 245 250 251 2.49 74.77

24.00 256 260 252 2.56 76.88

2750 255 260 2.63 2.59 77.78

3500 3.11 3.07 3.07 3.08 92.49

45 1.00 235 236 235 2.35 70.57
500 248 232 225 2.35 70.57

10.00 237 251 245 2.44 73.27

1250 231 253 250 2.45 73.57

1400 241 246 261 2.49 74.77

1450 257 249 2.59 2.55 76.58

1500 231 274 270 2.58 77.48

20.00 296 286 253 2.78 83.48

2750 317 294 285 2.99 89.79

3500 3.16 332 320 3.23 97.00

OO0O0OOX XXX XXOOOX XXX XO0O0O0OX X X XXXX

The uncertainty of the mass of the recovered succinic acid is £0.27 g
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Fig. 3. The weight of recovered succinic acid crystals produced by
acidification and salting-out crystallization at 4 °C.
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Table 5. The weight of recovered succinic acid crystals by cooling crystallization+acidification, cooling crystallization+salting-out crystalliza-
tion, and combined crystallization with the detection of impurities of the crystals by EDX

Recovered succinic acid (g) Average Yield Impurity
Processes -
1 2" 3¢ ® (%) by EDX
Cooling crystallization+ Acidification 22.36 2242 22.38 22.39 96.01 X
Cooling crystallization+Salting-out crystallization 19.77 19.74 19.81 19.77 84.78 X
Combined crystallization 22.40 2262 22.89 22.64 97.08 X
The uncertainty of the mass of the recovered succinic acid is +0.28 g
Table 6. The weight and yield of recovered succinic acid crystals
Classification of processes Recovered succinic acid (g/g) Yield (%)
Cooling crystallization 19.66/23.32 8431
Acidification 2.26/3.33 67.87
Salting-out crystallization 0.03/3.33 0.90
Acidification+Salting-out crystallization 2.55/3.33 76.58
Cooling crystallization+ Acidification 22.39/23.32 96.01
Cooling crystallization + Salting-out crystallization 19.77/23.32 84.78
Combined crystallization 22.64/23.32 97.08

The uncertainty of the mass of the recovered succinic acid is +0.28 g

4. Acidification+Salting-out

Acidification and salting-out crystallization were combined to
enhance the recovery of succinic acid in a 4 °C solution. As shown
in Table 4, the amount of sulfuric acid varied to 20, 35, or 45 ml
and the amount of NaCl also varied from 1g to 35g. Solubility
enhancement was observed to result from both acid and salt, as
shown in Fig. 3. The optimum point was 45 ml H,SO, and 1450 g
NaCl. The yield based on a 4 °C solution was 76.58%. The result
showed that adding a salting-out effect to the acidification proce-
dure improves the overall yield significantly. About 10% more suc-
cinic acid was crystallized compared to acidification alone.
5. Cooling+Acidification

The yield of recovered succinic acid was significantly improved
by cooling followed by acidification. When cooling crystallization
was performed alone, the yield and average weight of the crystals
were 84.31% and 19.66 g, respectively. When the process was com-
bined with acidification, the yield was improved to 96.01% and a
total of 22.39 g of succinic acid was recovered as crystal, as shown
in Table 5.
6. Cooling+Salting-out

In the case of adding salt followed by cooling crystallization, the
enhanced yield of succinic acid was insignificant. Compared with
cooling crystallization alone (84.31% recovery), a marginal improve-
ment (84.79% recovery) was observed.
7. Combined Crystallization

Combined crystallization was performed to observe the com-
bined effects of the three driving forces on the recovery of succinic
acid crystals. After cooling crystallization, subsequent acidification,
and salting-out crystallization were performed with varied amounts
of H,SO, and NaCl. As shown in Table 5, the final recovery of com-
bined crystallization at optimized condition was 97.08% (22.64 g of
crystals were formed from 23.32 g added to solution). The suc-
cinic acid loss in the solution was only 2.92%.

Table 6 summarizes the overall result for different combinations
of driving forces on the crystallization of succinic acid. It is clear
that a combination of driving forces significantly improves the yield
of the crystallization process. The combination of cooling+acidifica-
tion showed a major improvement. Salting-out crystallization did
not improve the yield as expected in the single crystallization ex-
periments. More efficient salts may eventually be determined for
salting-out crystallization.

Further studies on phase equilibrium are required to explain
the solubility change generated by three different driving forces.
The presence of ionic species and the nature of their associations
in the solution should be taken into account. The complexity of
the current system will require a state-of-the-art thermodynamic
model for the representation of such mixtures.

8. Basic Kinetic Study
The rate of crystal formation is another important factor for the

Table 7. The weight and yield of recovered succinic acid crystals by
step-cooling crystallization depending on time

Time Recovered succinic acid (g) Average Yield Recovery
(min) 1 2 3 ® B (%
0 0.00 0.00 0.00 0.00 0.00 0.00

1 12.37 12.04 11.75 12.05 51.67 6129
2 15.52 15.70 15.44 1555 66.68  79.09
3 17.55 17.14 17.71 17.47 7491 88.86
5 18.25 18.63 18.69 1852 7942 9420
7 18.80 18.76 18.50 18.69  80.15  95.07
10 19.18 19.16 19.02 19.12 8199  97.25

The uncertainty of the mass of the recovered succinic acid is £0.56 g
"Percent of crystal recovery calculated from equilibrium (maximum)
amount by given crystallization

Korean J. Chem. Eng.(Vol. 35, No. 1)
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Fig. 4. The yield of recovered succinic acid crystals by step-cooling
crystallization.

design of a crystallizer. Basic kinetic examinations were performed
and the yield was measured as a function of time. In the case of
cooling crystallization with a step change in temperature from 50 °C
to 4°C, the yield became nearly constant after 5 minutes of batch
crystallization, as shown in Table 7 and Fig. 4. Considering the
transfer of heat into the solution, the rate of crystal formation was
quite fast.

In the case of acidification, the yield of succinic acid crystals pla-
teaued 7 minutes after adding sulfuric acid to the saturated solu-
tion. When sulfuric acid was added to the solution, the temperature
of the solution increased slightly by dissolution of heat from H,SO,
and the formation of crystals was delayed until the temperature
retreated to the original condition. Table 8 and Fig. 5 show the
results of acidification crystallization.

Salting-out crystallization produces very small amounts of suc-
cinic acid at 4 °C, and it is difficult to identify the kinetic behavior.
Results shown in Table 9 and Fig. 6 show that the results are in the
range of experimental uncertainties.

For the study regarding the basic kinetics of combined crystalli-
zation, acid and salt were added after 2 minutes of step-cooling,

Table 8. The weight and yield of recovered succinic acid crystals by
acidification with 35 ml H,SO, at 4 °C depending on time

Time Recovered succinic acid (g) Average Yield Recovery
(min) 1 2 3 ® ) (%)

0 0.00 0.00 0.00 0.00 0.00 0.00
0.05 0.02 0.03 0.03 0.90 1.33
1.18 124 0.94 112 33.63 49.56
193 1.80 1.86 1.86  56.86 82.30
2.00 2.07 2.05 2.04  61.26 90.27
2.25 2.20 231 225 6757 99.56
10 231 2.29 225 228 6847 100.88

N U W~

The uncertainty of the mass of the recovered succinic acid is £0.46 g
“Percent of crystal recovery calculated from equilibrium (maximum)
amount by given crystallization

January, 2018
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Fig. 5. The yield of recovered succinic acid crystals by acidification
with 35 ml H,SO, depending on time at 4 °C.

Table 9. The weight and yield of recovered succinic acid crystals by
salting-out crystallization with 2 g NaCl at 4 °C depending

on time
Recovered
Tlr'ne succinic acid (g) Average Yield Recov*ery Impurity
(mln m (g) (%) (%) by EDX
0 0.00 0.00 0.00 0.00 0.00 0.00 -
1 0.02 0.01 0.01 0.01 0.30 33.33 X
2 0.01 0.01 0.01 0.01 0.30 33.33 X
3 0.02 0.02 0.01 0.02 0.60 66.67 X
5 0.01 0.02 0.02 0.02 0.60 66.67 X
7 002 001 001 0.01 0.30 33.33 X
10  0.02 0.02 004 003 0.90  100.00 X

The uncertainty of the mass of the recovered succinic acid is +042 g
"Percent of crystal recovery calculated from equilibrium (maximum)
amount by given crystallization
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Fig. 6. The yield of recovered succinic acid crystals by salting-out
crystallization with 2 g NaCl depending on time at 4 °C.
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Table 10. The weight and yield of recovered succinic acid crystals
by combined crystallization with 45 ml H,SO, and 14.5g

NaClat4°C
Recovered
Time inic acid ) Average Yield Recov*ery Impurity
(min) PR (8 (%) (%) by EDX
0 0 0 0 0 0 0 -
1 1908 1890 1876 1891 81.09 83.52 X
3 2134 2142 2153 2143 9190 94.66 X
5 2210 2204 21.74 2196 9417 97.00 X
10 22.00 2240 2190 22.10 9477 9761 X
30 2213 2196 2194 2201 9438 97.22 X
60 22.05 21.88 21.84 2192 9400 96.82 X
180 2221 2199 21.79 22,00 9434 9717 X

The uncertainty of the mass of the recovered succinic acid is £0.52 g
"Percent of crystal recovery calculated from equilibrium (maximum)
amount by given crystallization

100

80 -9

60 -

Yield (%)

Time (min)

Fig.7. The yield of recovered succinic acid crystals by combined
crystallization with 45 ml H,SO, and 14.5 g NaCl depending
on time.

and the product was collected as a function of time. As shown in
Table 10 and Fig. 7, the recovery of succinic acid approached a
maximum point after 5 minutes. It means 2 minutes of step cool-
ing+5 min of acidification+salting-out is enough to obtain the maxi-
mum production of succinic acid.

CONCLUSIONS

For effective separation of succinic acid from aqueous solution,
three driving forces of crystallization were experimentally investi-
gated, and the optimum condition was found to obtain the maxi-
mum yield by a combination of the three crystallization processes.
Based on the cooling of the saturated solution (100 g water+23.32 g

succinic acid) at 50 °C to 4°C, the optimum condition was found
to be the addition of 45 ml H,SO, and 14.5 g NaCl. By combining
acidification and cooling crystallization, a significant improvement
in the yield was observed, whereas salting-out had a very small influ-
ence using NaCl. An alternative salt may be found that has better
solubility with water at the given conditions. The proposed combi-
nation of crystallization showed a 97.08% yield (22.64 g crystal from
23.32 g in solution). From a basic kinetic study, 2 minutes of cool-
ing plus 5 minutes after adding acid and salt is enough to obtain
maximum yield at the given conditions.
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