CHAPTER IV
RESULTS AND DISCUSSION

4.1 Effect of Feed Composition on M- and p-CNB Crystallization

The starting liquid mixtures at 61.0, 62.9, and 65.0 wt% m-CNB were

studied without any zeolite in order to investigate precipitate compositions and

temperatures that the precipitates were formed. Seven grams of solid m- and p-CNB

were melted to obtain a homogeneous liquid solution. The liquid mixture was

measured for the CNB compositions by using the GC. Then, the liquid mixture in the

crystallizer was cooled by the cooling water from 300C to a crystallization

temperature. All precipitates were collected from the crystallizer, washed, and

dissolved with hexane. The dissolved precipitates were measured for the CNB

compositions by using the GC. The CNB compositions with different starting liquid

mixtures without any zeolite are shown in Table 4.1.

Table 41 Composition of - and />CNB

crystallization temperatures

in the feeds and precipitates, and

Feed composition Precipitate composition C rystallization

Feed (wt%)
m-CNB  17-CNB
Below the eutectic
. 60.97 39.03
composition
At the eutectic
. 62.90 37.10
composition
Above the eutectic
65.02 34.98

composition

m-CNB

8.92

62.95

89.85

(Wt% )

[T-CNB

91.08

37.05

10.15

temperature

(

23.0

23.0

23.5
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The result shows that the precipitates appear in a crystal form with 61 wt%
m-CNB (below the eutectic composition) and 65 wt% m-CNB (above the eutectic
composition) in the feed, while the precipitates from 62.9 wt% m-CNB (at the
eutectic composition) in the feed is a solid mixture of m- and /?-CNB. Below the
eutectic composition, the precipitates are rich inp-CNB, 91.08 wt% purity. Above the
eutectic composition, the precipitates are rich in m-CNB, 89.85 wt% purity. The
precipitate composition and crystallization temperature at each feed composition are
shown in Table 4.1. These results conform with binary phase diagram as shown in
Figure 4.1. In any case, a single crystallization step cannot produce 100 wt% pure
crystals for a variety of reasons, e.g., they can be contaminated with residual solvent
or other impurities that have not been removed by washing, or have been incorporated
into the crystal interstitially or as liquid inclusion (Mullin, 2001). These are possible

reasons why the purity of precipitate is not close to 100 wt%.
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Figure 4.1 Binary phase diagram of -and/?-CNB (Sulzer Chemtech Pte., Ltd).
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4.2 Effect of the FAU Zeolite on the -and /?-CNB Crystallization

4.2.1 Effectof FAU Zeolites on the CNB Feed Solution Compositions

To investigate the effects of the number of zeolites on the feed
composition, an experiment was carried out with 61 wt% -CNB or below the
eutectic composition in the feed or starting liquid mixture: 7 g of 0.61 and 0.39 mass
fraction of -CNB and jP-CNB. The mixture was melted to obtain a homogeneous
liguid mixture. The zeolites used in this work were prepared by calcinations at 350°¢
for an hour before adding into the CNB mixture. After a given time, the mixture was
stirred to minimize any concentration gradient in the solution. Then, the mixture
compositions after adding a zeolite were measured by the GC. The results are shown
in Tables 4.2 and 4.3. The feed compositions before and after adding the zeolites are
about the same regardless the number of the zeolite. It appears that the studied
number of zeolites hardly affects the m- and p-CNB compositions in the liquid

mixture.

Table 4.2 m- and /2-CNB composition in the feed with 61 wt% of -CNB before

and after adding 5 grains of zeolites at 30°C

Feed composition Feed composition ”
0
Zeolite  before adding zeolite (wt%)  after adding zeolite (wt%)
difference*

m-CNB p-CNB -CNB P-CNB
NaX 60.98 39.02 60.93 39.07 -0.05
CaX 60.97 39.03 60.93 39.07 -0.04
BaX 61.00 39.00 61.02 38.98 +0.02
NaY 61.04 38.96 60.98 39.02 -0.06
CaY 60.95 39.05 60.97 39.03 -0.02

* O difference is the difference between the m-CNB composition in the 'eed with and

without a zeolite.
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Table 43  -and p-CNB composition in the feed with 61 t% of W-CNB before
and after adding 10 grains of zeolites at 30°C

Feed composition Feed composition
%
Zeolite  before adding zeolite (wt%)  after adding zeolite (v @) ’
difference*

m-CNB P-CNB -CNB p-CNB
NaX 61.04 38.96 60.98 39.02 -0.06
CaX 60.97 39.03 60.95 39.05 -0.02
BaX 60.95 39.05 60.93 39.07 -0.02
NaY 61.00 39.00 60.94 39.06 -0.06
CaY 61.03 38.97 60.98 39.02 -0.05

* O difference is the difference between the W-CNB composition in the eed with and

without a zeolite.

4.2.2 Effect of the Number of Zeolites on the CNB Precipitate

Compositions and Crystallization Temperature

To study effect of the number of a zeolite on the precipitate
composition, a CNB mixture with 5 grains and 10 grains of a zeolite was cooled by
cooling water at the cooling rate of [°c/hr from 30°C until precipitates were formed.
The precipitates were collected, washed and dissolved with hexane. The CNB
precipitate composition (Run#l) was analyzed by the GC. The experiment was
repeated by heating the mixture back to homogeneous phase. The liquid mixture was
taken to check the composition and then cooled the system until the precipitates were
formed again. The CNB precipitate composition (Run#2) was analyzed. The
precipitates were taken from 8 positions in two areas; the 1-4 positions near the
zeolites (area (a)) and the 5-8 position far from the zeolites (area (b)) as shown in

Figure 4.2.
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Figure 4.2 Locations where precipitates were collected for m-and /7-CNB

composition analysis.

From Tables 4.4-4.7, the presence of the zeolites in the system with 61
wt% rn-CNB or below the eutectic composition in the feed resulted in precipitates
rich in /7-CNB. It can be clearly seen that the precipitates near the zeolites (area(a))
have a purity of /7-CNB higher than those far from the zeolites (area(b)). The
crystallization of the feed solution with 5 grains of the zeolites resulted in the
precipitates with high /-CNB compositions (Tables 4.4-4.5) than that from the
solution with 10 grains ofthe zeolites (Tables 4.6-4.7). And that is true for both areas,

near and far from the zeolites.
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Table 44 Composition of m- and p-CNB in the precipitates located near and far
from zeolites (Run#l) with 61 wt% of /n-CNB in the feed and 5 grains of zeolites

Precipitate near zeolite Precipitate far from zeolite
Zeolite Composition (wt%) Composition (wt%)
m-CNB  p-CNB  m/pCNB  m-CNB  p-cm  m-l>CNB
620 [1] 9380 m o066t 1039 [5] ss61r [5]  0.1159
185 [2 9215 [A oo0ss2 839 [6) e1s1r [Bl o0.0916

Ve s Bl 9375 [3 00667 1314 [71 8686 [7]  0.513
143 [4] 9557 [4] 00464 929 B s0o71 [§ o0.1024
474 [1 9526 [ ooass 425 [5] 9575 [l 00444
M [ 9584 [2] 00434 656 [6] 9344 [ 00702
517 [3L 9483 [3  0.0545 684 17 9316 [71  0.0734
630 [4 9368 [4] 00675 967 [ 9033 [§ o107
079 [1] 9521 11 00503 558 [9] essz [ 0.0591
VIR [2] eso1 [A o064 w23 [f] 9577 [6| 0.0442
465 [3 9535 [3  0.0488 649 [7] 9351 [7]  0.0694
440y 95.60 [4]  0.0460 .14 [Bl 95.86 [l 0.0432
641 [U) 9359 ] 00685 834 [0 9166 [5] 00010
Ly O 1 o416 [ oos20 737 Il 9263 [6] 0.0796
114 [3 9586 [ 00432 s0s [/ o196 [7]  0.0874
627 [4] 9373 [M 00669 691 [8] 93.09 [§] 0.0742
767 17 9283 [1] o083t 647 [9] 9353 [5]  0.0692
oy A8 2] 9521 [2] 00503 924 [6L 076 [B]  0.1018

6.89 [31 9311 [ oore0 733 [7] s267 [11 00701

6.06 93.94 [4]  0.0645 888 [8 9112 [8] 0.0975
* The number in the parenthesis refers to the position where precipitates were

collected as shown in Figure 4.2,
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Table 45 Composition of m- and /+-CNB in the precipitates located near and far
from zeolites (Run#2) with 61 wt% of m-CNB in the feed and 5 grains of zeolites

Precipitate near zeolite Precipitate far from zeolite
Zeolite Composition (wt%) Composition (wt%)
m-CNB p-CNB  m/pCNB  m-CNB P-CNB m-/p-CNB
607 [1] 9393 []] 00646 988 [o] 9012 [5]  0.1096
Lax 466 [ 9534 [ 00489 960 [6] 9040 [6] o0.1062
6.04 [3] 9396 [3  0.0643 8.7 [7] 9183 [7] 0.0890
707 [4] 9293 [4 0761 1066 [8] 89.34 [§  0.1193
751 [1] 92.49 [1] 0.0812 2 [5] 92.77 [5] 0.0779
565 [2] 9437 [2] 00597 1067 [6] 89.33 [6] 0.1204
17e 3] 9229 3] 0.0835 886 [7] s114 [ 0.0972
597 [4 9403 M 00635 1007 [§ 8993 [8] o0.1120
421 [1) 9578 1] 0.0446 803 [B] 91.97 ] 0.0873
702 [ 9298 [ 00755 1052 [6] 8948 [6] 0.1176
493 [3] 9507 [3] 00519 968 [/] 9032 [7] 01072
570 [4] 9430 (4 oo0s04 799 [ 201 (8] 0.0868
466 11 9534 [1] 00489 1074 [5] 89.26 [5]  0.1203
Ly T 2 9593 1] 00424 707 [6] 9293 [l 0.0761
711 [3] 9289 [3]  0.0765 810 17 e190 [7]  0.0881
598 [4] 94.02 [4]  0.0636 838 [8 9162 [8]  0.0915
788 [1] 212 [f] 0.0855 1364 [5] 8636 [5]  0.1579
780 (2] 9220 [2] 00846 839 [6] er6L [6]  0.0916
506 [3 9494 [3  0.0533 675 [7] 9325 [1] 0.0724

414 [4] 9586 [4 00432 68 [8] 9312 8]  0.073
* The number in the parenthesis refers to the position where precipitates were

collected as shown in Figure 4.2.

CaX

BaX

CaY
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Table 4.6 Composition of m- and /--CNB in the precipitates located near and far
from zeolites (Run#l) with 61 wt% of m-CNB in the feed and 10 grains of zeolites

Zeolite

NaX

CaX

BaX

NaY

CayY

Precipitate near zeolite

Precipitate far from zeolite

Composition ( t%) Composition (wt%)
m-CNB p-cNB msp-CNB  w-cNe  [lcnb  m-/p-CNB
115 [1] 9285 [1] o.0770 1063 [9] 8937 [5]  o0.1189
608 [J 9372 [2] 00670 1335 [6) 8665 [Bl  0.1541
925 [3] 9075 [3] o019 1166 [7] 88.34 [7L 0.1320
a0 [4] 290 [ oores 1232 [8 e7es g 0.1405
8.54 [1] 91.46 [1] 0.0934  12.15 [51 87.85 [51 0.1383
126 [ 9278 [ 00181 1240 [6l 87.60 [6L  0.1416
150 [3] 9250 [3]  oosrr 1013 7] se87 7] 0.127
635 [4 9365 [4 00678 1035 [§] 8965 [B  0.1154
519 [1] o481 [ 00541 771 [9) 9220 [BL 0.0835
599 [ os0r (2] 00637 s [Al 9112 [6l  0.0975
698 [3] 9302 [3 oo7s0 736 [7L 9264 [ 0.0794
716 [4] 9284 [4] 00771 839 [ 9161 [§  0.0916
153 [1] 9247 [I] 00814 9.88 [B] s0.12 [o] 0.1096
635 [2 9365 [2 00678 896 [6] 9104 [6l  0.0984
624 [3] 9376 [3 00666 1083 [7] 8917 [/l 0.1215
701 [4] 9299 [4] oo7s4 985 [8] 015 [BL  0.1093
712 [1] 9288 [1] 00767 1220 [Al 87.80 5L 0.1390
693 [2] 9307 12 00745 1458 [6] 85.42 [6l  0.1707
724 [3 276 [3 00781 1349 [7] 8651 [7]  0.1559
1005 [4] 995 [ o117 1527 [Bl 8473 [BL  0.1802

* The number in the parenthesis refers to the position where precipitates were

collected as shown in Figure 4.2
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Table 4.7 Composition of m- and /7-CNB in the precipitates located near and far
from zeolites (Run#2) with 61 wt% of m-CNB in the feed and 10 grains of zeolites

Zeolite

NaX

CaX

BaX

NaY

CaY

* The number in the parenthesis refers to the position where precipitates were

Precipitate near zeolite

Composition (wt%)

m-CNB

9.24
9.06 2]
1178 [3]
1035 [4]
8.08 1]
1012 12
8.89 [3]
143 [4]
8.90 [
6.92 2]
8.67 3
162 [4
761 1
8.34 2]
.14 [3]
8.04 [4]
1016 1]
8.15 (2]
9.02 3]
6.93 [4]

p-cNB
90.76 1]
90.95 2]
82 [
89.65 [4
91.92 1]
89.88 2]
9111 [3]
9257 [4]
91.10 1]
93.08 12
91.33 [3]
92.38 [4]
9239 1]
91.66  [2]
92.86 (3]
91.96 [4]
89.84 1]
91.85 7]
90.98 [3]
93.07 [4]

collected as shown in Figure 4.2.

m-/p-CNB
0.1018
0.0995
0.1335
0.1154
0.0879
0.1126
0.0976
0.0803
0.0977
0.0743
0.0949
0.0825
0.0824
0.0910
0.0769
0.0874
0.1131
0.0887
0.0991
0.0745

J'issys'lU é]

Precipitate far from zeolite

Composition ( t%)

-CNB
14.06  [5]
15.96  [6]
13.68 [7]
13.40 18]
13.99 [g]
1411 6]
1286 (7
12.89 [
1128  [5]
9.25  1q
L7 (7]
9.13 8]
1259 [g]
11.34 16]
1010 9
10.38 18]
1458 [g]
16.98  [6]
15,18 [7]
1461 8]

[7CNB
85.94 5]
84.04 6]
86.32 [7]
86.60 8]
860l [5
85.89  [6]
87.14 17]
87.11 [
88.72 [g
90.75  16]
88.23 7]
90.87 8]
87.41 |5
88.66 5]
88.90 7]
89.62 8]
8542 g
83.02 6]
84.82 [7]
85.39 19

-I7-CNB
0.1636
0.1899
0.1585
0.1547
0.1627
0.1643
0.1476
0.1480
0.1271
0.1019
0.1334
0.1005
0.1440
0.1279
0.1249
0.1158
0.1707
0.2045
0.1790
0.1711
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Added into the CNB liquid mixture, a zeolite may act as a foreign
particle in the system and center of crystallization. The presence of a zeolite may
induce primary nucléation in the heterogeneous nucléation. The size of a foreign
body is important and there is an evidence to suggest that the most active particle
(heteronuclei) in liquid solution lie in the range 0.1 to 1 pm (Mullin, 2001). A zeolite
that has an average particle size diameter more than 1 pm can considerably affect
heterogeneous nucléation, which usually has a profound effect on the final crystalline
product (Mullin, 2001). A possible reason why the number of a zeolite significantly
affects the product purity may come from the agglomeration of nuclei in the
nucléation step. The agglomeration kinetics are correlated as a function of the
number of particles and the supersaturation in the solution (Funakoshi et al, 2001).
The nuclei in the primary nucléation from the induction by foreign particles are
called heterogeneous nuclei. Frequent agglomeration occurs when the number of a
zeolite inducing primary nuclei is larger. As the number of primary nuclei is larger
and its size is smaller, the purity decreases by agglomeration. That is because the
higher number of primary nuclei can generate the higher number of secondary nuclei
in the system. After the secondary nucléation, these nuclei start to agglomerate and
grow (Mullin, 2001). Hence, the purity of agglomerates decreases with the increase
of the number of elementary crystals constituting agglomerates. Moreover, the purity
decrease is more substantial when the agglomerate size is smaller. This can be
explained that the number of elementary crystals significantly affects the purity
decrease since the higher number of nuclei, the greater contact probabilities and
collision of nuclei in the system leads to the entrainment of mother liquor during
agglomeration (Funakoshi etal., 2001). Accordingly, 10 grains of zeolites can induce
the number of heterogeneous nuclei more than 5 grains of zeolites leading to the
lower/?-CNB purity by agglomeration.

To see the tendency of precipitate compositions clearly, the CNB
precipitate compositions from Run#l in the feed solution below the eutectic
composition with 5 and 10 grains of zeolites were calculated in terms of m-/)p-CNB
ratio, as seen in Figures 4.3 and 4.4, respectively. Moreover, crystallization
temperatures of the solution with the presence of each zeolite at 5 and 10 grains are
shown in Table 4.8. From Figure 4.3, the result shows that the crystallization gives
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almost the same -//?-CNB ratio of the precipitates at the locations near the zeolite,
while the -//?-CNB ratio increases at the locations far from the zeolite except BaX,
which provides the similar ratio in both areas. The -//?-CNB ratio of the precipitates
near the zeolite seems to be independent on a type of zeolite. With 10 grains of
zeolites, as shown in Figure 4.4, the results revealed that a type of zeolite
significantly affects the ratio of the precipitates far from the zeolite. Nevertheless,
that has very little effect on the ratio of the precipitates near the zeolite. Furthermore,
the presence of zeolites can induce nucléation at a temperature lower than that
requires for crystallization without any zeolite, as seen in Table 4.8. The tendency of
crystallization temperature in the feed with 5 grains of zeolites is higher than that in
the feed with 10 grains of zeolites.
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Figure 4.3 Comparison of -//?-CNB ratio of the precipitates with 61 wt% of
CNB in the feed and 5 grains of zeolites (BaX, CaX, NaX, CaY, and NaY).
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Table 4.8 Crystallization temperatures at 61 wt% of m-CNB in the feed with 5 and
10 grains of zeolites
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Figure 4.4 Comparison of m-/p-CNB ratio of the precipitates with 61 wt% of
CNB in the feed and 10 grains of zeolites (BaX, CaX, NaX, CaY, and NaY).
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From Figures 4.3 and 4.4, the f77-/p-CNB ratio of precipitates near the
zeolites is lower than those far from the zeolites, and the high number of a zeolite has
more pronounced effects on the ratio than the lower number of the zeolite especially
at the locations far from the zeolite. Most crytallization temperatures from 10 grains
of zeolites are lower than those from the 5 grains. That may be due to high
supersaturation resulting in fast nucléation and creation of large number of very
small crystal (Mullin, 2001). 10 grains of the zeolites may accelerate the system into
nucléation step faster than 5 grains of zeolites, and precipitates from the 10 grains
will have the longer time in agglomeration and growth than the 5 grains.
Agglomeration in the bulk can occur more than in the area of zeolites because of
higher number of nuclei so the m-/p-CNB ratio of precipitates near and far from 10
grains of zeolites is clearly different., The rate of nucléation of a solution can be
affected considerably by the presence of mere trace impurities in the system.
However, impurities that act as a nucléation inhibitor in one case may not necessarily
be effective in another; indeed, it may even act as an accelerator. No general rule
applies and each case must be considered separately (Mullin, 2001).

In order to compare compositions of CNB precipitates from the feed
below the eutectic composition with 5 and 10 grains of zeolites, all precipitates in the
crystallizer after Run#2 were collected and the results are shown in Table 4.9 and
Figure 4.5. Table 4.9 shows that precipitates from the feed with 5 grains of zeolites
have higher/7-CNB purity than those from the feed with 10 grains of zeolites, and it
is true in all tested zeolites. This result confirms the result of the precipitates
collected from the positions 1to 8 in the two areas as shown in Figure 4.2.
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Table 49 - and/>-CNB compositions of all precipitates collected from 61 wt% m-
CNB in the feed with 5 and 10 grains of zeolites

5 grains of zeolites 10 grains of zeolites

7e0lite Prempﬂa;\eNtc(%r)npomuon Ir-CNB PreC|p|taE\eN§0/(;r)np05|t|on In-CNE

CNB p-CNB ratio CNB  p-cNB ratio
NaX 10.38 89.62 0.1158 13.79 86.21 0.1600
CaX 9.44 90.56. 0.1042 12.96 87.04 0.1489
BaX 9.19 90.81 0.1012 9.69 90.31 0.1073
NaY 8.67 91.33 0.0949 11.35 88.65 0.1280
CaY 9.71 90.29 0.1075 16.45 83.55 0.1969

Figure 4.5 indicates that a type of zeolite has a great influence on the
m-Ip-CNB ratio in the feed with 10 grains of zeolites, but has a very little effect on
the ratio in the feed with 5 grains of zeolites. BaX provides the lowest -//?-CNB
ratio or the highest p-CNB composition at 10 grains of zeolites. A possible reason
why the purity of /2-CNB in Figure 4.5 is not as high as that in Figures 4.3 and 4.4
may be from the contamination with residual solvent or other impurities that have not
been removed by washing.
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Figure 4.5 Effect of the number of zeolite on m-1p-CNB ratio of the precipitates at
61 wt% -CNB in the feed.

423 Effect of FAU Zeolites on the CNB Precipitate Compositions

In addition, to investigate the effects of the zeolites on precipitates
from the feed above the eutectic composition, experiments were carried out at 65
wt% -CNB in the feed with 5 grains of zeolites. The experiment was done in the
same procedure as that below the eutectic composition. The precipitates were taken
from 8 positions in two areas; the 1-4 positions near the zeolites (area (a)) and the 5-
8 position far from the zeolites (area (b)). The results are shown in Tables 4.10 and
4.11,
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Table 410 Composition of m- and /--CNB in the precipitates located near and far
from zeolites (Run 1) with 65 wt% m-CNB in the feed and 5 grains of zeolites

Precipitate near zeolite Precipitate far from zeolite
Zeolite Composition (wt%) Composition (wt%)
mCNB  />CNB m/™-CNB  m-CNB  [1-CNB  m-/p-CNB
490 10 910 [ 00515 636 15 9364 15  0.0679
560 [2] 9438 1] 0059 759 [g 9241 19 0.0821

X 4o 13 %05 [ 0oL 788 7] %0 ] 00867
465 [ %35 (4 008 697 1 B0 [ 00749 .
44 [ %06 m 000 565 B UB B 005
oy 5B [ WS T 00 549 [ WL DG
169 () B3 [ 002 628 [ %72 7 0061
0[] B [ 002 787 [§ %13 [ 008
s J] 9% [] 009 840 B 9160 B 00917
L 63 BR[O 9 [ 08 g 0103
40 [ %0 [ 0028 1098 [ B0 1] 0123
A2 H %08 [ 0051 86 [ 9139 1 00U
SOL () %499 (] 0057 580 5 UM [ 0061
Ly 456 [ S [ 00 60 [ RO [ 0064
180 1 B2 [ 0050 55 7 W5 [ 00610
526 [ 9474 [0 00555 730 1 W6 1§ 0079
42 [ %8 [ 005 610 1 %% 1 0060
oy 4B [ BB [ 008 67 g B2 [ 00

A5 [ %43 [ 0049 75 [ RT5 [ 00782
H

441 %59 14 00461 574 g 9426 g  0.0609
* The number in the parenthesis refers to the position where precipitates were

collected as showm in Figure 4.2,
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Table 411 Composition of m- and /-CNB in the precipitates located near and far
from zeolites (Run#2) with 65 wt% m-CNB in the feed and 5 grains of zeolites

Precipitate near zeolite Precipitate far from zeolite
Zeolite Composition ( t%) Composition ( %)
m-CNB P-CNB m{pCNB W-CNB  />CNB  m-/p-CNB
468 [ %32 1 00491 866 15 9134 [5] 0.0948
512 [ 9488 [ 00540 646 ] 9354 [6] 0.069L
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* The number in the parenthesis refers to the position where precipitates were

collected as shown in Figure 4.2,



44

The results show that the presence of zeolites in the feed above the
eutectic composition can shift the precipitate composition from being rich in - -CNB
to rich in/?-CNB, and the precipitates near the zeolites have purity of/>-CNB higher
than those far from the zeolites. Furthermore, the precipitate composition from
Run#2 is about the same as that from Run#l. The precipitates from the feed with a
zeolite form at 18°c, which is lower than the crystallization temperature in the feed
without any zeolite. The -//?-CNB ratio of the precipitates with 65 wt% -CNB in
the feed and 5 grains of zeolites is shown Figure 4.6. The -/>-CNB ratio of
precipitates near the zeolites is lower than that far from the zeolites. The -//>-CNB
ratio near the zeolites seems to be independent on a type of a zeolite, whereas, far
from the zeolites, the ratio slightly increases in the presence of BaX and NaX.

12.00
111 Without zeolite
10.00 - KX With BaX
With CaX
8.00 - KVa With NaX
| WithCaY
6.00
0.15 |l
A 012
0.09
005 ’
0.00 S AXE §zz§5§
Near zeolite Far from zeolite

Precipitate collecting area

Figure 4.6 Comparison of ?22-1-CNB ratio of the precipitates with 65 wt% -CNB
in the feed and 5 grains of zeolites (BaX, CaX, NaX, CaY, and NaY).
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The m-/?-CNB ratios of the precipitates with 61 and 65 wt% W-CNB
in the feed and 5 grains of zeolites collected from all precipitates after Run#2 are
presented in Figure 4.7. Comparison between the m-1p-CNB ratios of all precipitates
received from the feed below and above the eutectic composition with 5 grains of
zeolites shows that, at the feed below the eutectic composition, most ratios from the
crystallization with the zeolites have the m-fp-CNB ratio higher than that from the
crystallization without any zeolite. Again, the figure reiterates that for the feed above
the eutectic composition, the precipitate compositions are shifted from being rich in
m-CNB to rich inp-CNB. The m-1p-CNB ratio of the precipitates in the feed below
and above the eutectic composition seem to be independent on a type of the zeolites.

9.00
8.00 mmmm Without zeolite
' K% With BaX
7.00 2222 With CaX
ey With NaX
1 6.00 - With CaY
5.00 Emmm With NaY
W | )
0I5 ,
012 - =
0.00

Feed composition (wt%)

Figure 4.7 Comparison of m- p-CNB ratio of the precipitates with 61 and 65 wt%
m-CNB in the feed and 5 grains of zeolites (BaX, CaX, NaX, CaY, and NaY).
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From the results, a type of a zeolite affects the CNB precipitate
compositions obtained from the feed below the eutectic composition with 10 grains
of the zeolites. It might be because the difference of the crystallization condition or
the amount of impurity in each experiment. Therefore, crystallization of the CNB
mixtures below and above the eutectic composition with two grains of each zeolite
(BaX, CaX, NaX, CaY, and NaY) was carried out, and the precipitates were
collected above the zeolites in the five positions as shown in Figure 4.8,

Water out Waterin

Figure 4.8 Experimental set up to study effects of two grains of each zeolites (BaX,
CaX, NaX, CaY, and NaY) in 61 and 65 wt% of -CNB in the feed.

The m-p-CNB ratio of the precipitates at different feed compositions
are presented in Figure 4.9. In the feed below the eutectic composition or 61 wt% m-
CNB, the precipitates form at 22°c, which is higher than in the case with 10 grains
but it is still lower than that without a zeolite. A type of zeolite considerably affects
the -//>-CNB ratio of the precipitates at 61 wi% -CNB, while it is hardly so for the
feed above the eutectic composition or 65 wt% -CNB where the precipitates form
at 18°c. Moreover, NaY provides the lowest -/>-CNB ratio of the precipitates for
both feed compositions. However, as a whole, when precipitate compositions from
all precipitates were analyzed, the -I?-CNB ratio of all precipitates collected from
61 wt% -CNB in the feed with two grains of each zeolite is lower than that without
a zeolite but higher than that collected from 65 wi% -CNB in the feed. It means
that the feed above the eutectic composition provides higher /-CNB purity than the
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feed below the eutectic composition. Moreover, the OT-I7-CNB ratios of all
precipitates from 61 wt% W-CNB in this case is lower than that from 61 wt% W-CNB
with 5 and 10 grains of the zeolites in every type of zeolite.

9.00
8.00 I Without zeolite
' Xz With BaX
7.00 With CaX
558 With NaX
% 6.00 - With CaY
500 Emn With NaY
ES ' 2 All precipitates )/
0.15 ; 74

012 1
0.09 1
P
éi.
0.00 PAPRSE R GRS e
61 wt% W-CNB 65 Wt% m-CNB

Feed composition (wt%)

Figure 4.9 Comparison of -//?-CNB ratio of the precipitates with 61 wt% and 65
wt% W-CNB in the feed and two grains of each zeolites (BaX, CaX, NaX, CaY, and
NaY).

The reason why the precipitate composition in the feed above the
eutectic composition is shifted from being rich in W-CNB to jP-CNB may be related
to the metastable zone width and interfacial tension. Due to the presence of a zeolite
in the CNB mixture, the crystallization temperature is lower than that in the system
without any zeolite. The metastable zone width is explained by the solubility-
supersolubility diagram (Figure 4.10) as for interfacial tension associates with the
overall free energy change under heterogeneous conditions AGarit and the overall
free energy change under homogeneous nucléation Aot
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The relationship  between supersaturation and  spontaneous
crystallization led to a diagrammatic representation of the metastable zone on a
solubility-supersolubility diagram as shown in Figure 4.10. The lower continuous
solubility curve can be located with precision. The upper broken supersolubility
curve, which represents temperatures and concentrations, at which uncontrolled
spontaneous crystallization occurs, is not as well defined as that of the solubility
curve. Its position in the diagram is consicerably affected by, amongst other things,
the rate at which supersaturation is generated,, the intensity of agitation, the presence
of trace impurities and the thermal history of the solution. The diagram is divided
into three zone (Mullin, 2002):

1 The stable (unsaturated) zone, where crystallization is impossible.

2. The metastable (supersaturated) zone, between the solubility and
supersolubility curve, where spontaneous crystallization is impossible.
However, if a crystal seed were placed in such a metastable solution, growth
would occur on it

3 The unstable or labile (supersaturated) zone, where Spontaneous
crystallization is possible, but not inevitable.

Labile L

Concentration

Temperature

Figure 4.10 Solubility-supersolubility diagram (Mullin, 2001).
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If a solution represented by point A in Figure 4.10 is cooled without
loss of sovent (line aBc), spontaneous crystallization cannot occur until conditions
represented by point ¢ are reached. At this point, crystallization may be spontaneous
or it may be induced by seeding, agitation or mechanical shock. Further cooling to
some point o may be necessary before crystallization can be induced (Mullin, 2001).
The position in the diagram is considerably effected by the presence of trace
impurities (Mullin, 2001) so that the presence of zeolite in the CNB mixture may
change the position in the diagram as well.

The maximum allowable Supersaturation, Acna may be expressed in
terms of the maximum allowable undercooling, A#nex

de’
Ke/// = [%JAHW (4.)

As the presence of a suitable foreign body or ‘sympathie’ surface can
induce nucléation at degree of supercooling lower than those required for
spontaneous nucléation (Mullin, 2001). This sentence conforms with crystallization
temperature in the presence of zeolite, which is lower than in the absence of a zeolite.
When the degree of supercooling decreases, Asmax and Acnax increase according to
the relationship between Adnax and Acnax in Equation (4.1). Increasing Asmax and
Acnax results in a broader metastable zone width.

The overall free energy change associated with the formation of a
critical nucleus under heterogeneous conditions, AGont, must be less than the
corresponding free energy change, AGuit, associated with homogeneous nucléation,
L.e. (Mullin, 2001).

AG crit — " AGcrjt (42)

where the factor ¢) is less than unity.

The interfacial tension, y, is one of the important factors controlling
the nucléation process. Figure 4.11 shows an interfacial energy diagram for three
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phases in contact; in this case, however, the three phases are not the more familiar
solid, liquid, and gas, but two solids and a liquid. The three interfacial tensions are
denoted by v (between the solid crystalline phase, ¢, and the liquid 1), vsi (between
another foreign solid surface, , and the liquid) and ves (between the solid crystalling
phase and foreign solid surface) (Mullin, 2001). Resolving these forces in a
horizontal direction

Ysi = Ycs+ Ycl COSO (43)
or

C0S9 = Vsl ~ Yes (4.4)

The angle, 6, of contact between the crystalline deposit and foreign solid surface,
corresponds to the angle of wetting in liquid-solid system (Mullin, 2001).

Vel

Liquid (1)

Crystalline
deposit (¢) 0

Ves < > Vst
Solid surface (s)

Figure 4.11 Interfacial tension at the boundaries between three phases (two solids,
one liquid) (Mullin, 2001).

The factor ) in Equation 4.2 can be express as

o 2+ cos")ﬁl— C0S#)2 (45)
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Thus, when 9= 180°, cos 6 = -1 and”= 1, Equation 4.2 becomes

AG crit= AGurt (4.6)
When g lines between 0 and 180°, ¢ < 1; therefore,

AGCrt < AGorit (4.7)
Wheng -0, =0, and

AGCrit = 0 (4.8)

This is illustrated in Figure 4.12, which shows a foreign particle in a
supersaturated solution (Mersmann, 2001).

Solution — & 4 0 —_ ¢ ©_—0 = 180
.o Crystal 3

=
- 5_ . 7

g - &P vl
particlez i

Figure 4.12 Nucléation on a foreign particle for different wetting angles (Mersmann,
2001).

For the cases of complete non-affinity between the crystalling solid
and the foreign solid surface (corresponding to that of complete non-wetting in
liquid-solid system), 0=180°, and Equation (4.6) applies, i.e. the overall free energy
of nucléation is the same as that required for homogeneous or spontaneous
nucléation. For the case partial affinity (cf. the partial wetting of a solid with a
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liquid), 0<#<180°, and Equation (4.7) applies, which indicates that nucléation is
easier to achieve because the overall excess free energy required is less than that for
homogeneous nucléation. For the case of complete affinity (cf. complete wetting)
6=0, and the free energy of nucleation of zero. This case corresponds to the seeding
of & supersaturation solution with crystals of the required crystalline product, i.e. no
nuclei have to be formed in the solution (Mullin, 2001).

The presence of a zeolite may be in the case of the partial wetting of a
solid with a liquid which is described by Equation (4.7), and AGorit relate to (aT)2 as
indicated in Equation (4.9).

AGata (AT)? (49)

where AT = T - 1t Is the supercooling, T is the solic-liquid equilibrium
temperature, and T is degree of supersaturation (Mullin, 2001).

From Equation (4.2), (4.7) and (4.9), the value of AGrit will be less
than AGorit when the value of AT is high that means the value of T or degree of
supersaturation must be low. This relates to “The presence of a suitable foreign body
or ‘sympathie” surface can induce nucléation at degree of supercooling lower than
those require for spontaneous nucléation (Mullin, 2001).” The metastable zone width
may become broader. Thus, the crystallization temperature of the feed with a zeolites
decreases from the crystallization temperature of the feed without any zeolite. From
this hypothesis, the binary phase diagram of m- and p-CNB may be changed with the
presence of a zeolite. The reason why the precipitate composition in the feed above
the eutectic composition is shifted from being rich in m-CNB to/7-CNB might come
from the change of the phase diagram, which has to be further studied.
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4.3 Influences of Seeds on the Crystallization

To study influence of seeds on the crystallization, experiments were
conducted by using the starting liquid mixtures at 61.0 and 65.0 wt% /«-CNB. The
mixture was cooled by the cooling water from 30°C to 24°c with a I°c/hr cooling
rate. Seeds were added in the crystallizer as shown in Figure 3.3. Two types of
crystal were used as the seed, m- and //-CNB. After a given time, all precipitates in
the crystallizer were collected, washed, and dissolved with hexane. The dissolved
precipitates were measured for the CNB compositions by using the GC.

10.00

g0 11 Without seed Without seed

' kaaAl /I-CNB seed fTYTI /«-CNB seed

6.00  Eoogg m- and//-CNB seeds Gssa m- and//-CNB seeds
100 FITit WithNaY With NaY

200 '3

0.15 I
0.12
0.09 4
0.06
003 3
0.00

NS S

3
65 wt% m-CNB

Feed composition (wt%)

Figure 4.13 Effects of the seeds on the r -/?>-CNB ratio of the precipitates at 61 wt%
and 65 wt% /«-CNB in the feed.,

Figure 4.13 shows the «/-//-CNB ratio of all precipitates obtained with
different seed types.  was found that the presence of seeds of the material to be
crystallized can induce the crystallization of precipitates following the phase diagram
at that feed composition. At the feed below the eutectic composition, the precipitates
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from the feed without any zeolite have the m-/p-CNB ratio lower than one. In other
words, the precipitates are rich in/>-CNB. With a/7-CNB seed, /?-CNB precipitates
form. However, m-CNB precipitates form with a m-CNB seed. At the feed above the
eutectic composition, the precipitates in the feed without any zeolite have m-tp-CNB
ratio higher than one or rich in m-CNB. Moreover, crystallization without any seed
provides the highest m-/p-CNB ratio of the precipitates or the highest purity of m-
CNB. When hoth of m- and p-CNB seeds are present in the CNB mixture, the results
show that the /7-CNB seeds induce crystallization of p-CNB precipitates at the feed
below the eutectic composition and the  -CNB seeds induce the m-CNB precipitates
at the feed above the eutectic composition. The precipitate purity decreases with the
increase in the number of seed crystals for both feed compositions.

. The reason why the precipitates can occur and grow at 24°c can be
explained by the general phenomenon of nucléation in the bulk and on the surface of
seed crystals in a batch crystallization processes as shown Figure 4.14. In the
supersaturated solutions, there are three periods in relation to elapsed time: (1)
seeding period, (2) surface nucléation period, and (3) growth period (agglomeration
and crystal growth). Homogeneous/heterogeneous nuclei occur in the time period (1)
within the metastable zone width (MZ\W). Secondary nucléation in the bulk can take
place in time period (2) due to presence of the seeds. This means that the width of
metastable zone becomes narrower. At the same time, surface nucléation takes place
on the surface of the seed crystals. However, the number of surface nuclei is lower
than those in the supersaturated bulk. After the secondary nucléation and surface
nucléation, these nuclei start to agglomerate and grow in the time period (3) on the
surface of seed particles simultaneously (Kim and Ulrich, 2003). With the presence
of seed crystal at 24°c, the precipitates can occur and grow at this temperature,
which is higher than crystallization temperature of that feed composition, because the
width of metastable zone is narrower.
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Figure 4.14 Typical phenomenon of nucléation in bulk and surface of seeds (Kim
and Ulrich, 2003).

Based on the phenomenon of nucleation in bulk and surface of seeds, if the
number of nuclei in the primary nucleation is larger, the number of nuclei in the
secondary nucléation will be larger leading to agglomeration. When the number of
seed particles is larger, primary nuclei are larger. Thus, the product purity decreases
with the increase in the number of the particles. Agglomeration in the bulk takes
place at a higher pace seed particle area because of higher number of nuclei, which,
in turn, increases the chance in the nuclei collision. When two particles collide, they
can entrain mother liquor during the agglomeration leading to low product purity.
This result of the seed particles may be a cause of lower purity of precipitates near
the zeolites than those far from the zeolites.
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