












  

  

Figure 3. SEM (a) control conditions no additive (b) SDS 113 mg/L (c) humic acid 100 
mg/L (d) IL - 101 100 mg/L. 

 
3.2. Further Additive Testing 
 
3.2.1.  Impact of SDS on Size Distribution and Morphology 

  
Further tests were conducted at different SDS concentrations. Solution analysis showed no 
significant impact on final silicate concentration compared to the control with no additive within 
the 4 hour period for this series of tests. The particle size distributions obtained from these tests 
are shown in Figure 4. Steadily increasing SDS concentration did not increase its impact on the 
DSP PSD and the initial set of tests conducted at 25, 50, 113, 500 and 1000 mg/L showed that 
the 500 mg/L concentration had the greatest impact on changing the product PSD. A 
significantly higher proportion of particles between 1 and 40 µm was observed at this 
concentration. However, the 1000 mg/L SDS condition showed similar results to the 25 mg/L 
test.  
 
A repeat set of tests were conducted for the no additive condition and 250, 500 and 770 mg/L 
SDS concentrations. The no additive test PSD was within the previous no additive test range 
and all three SDS tests conducted showed a higher proportion of particles between 1 and 40 µm 
very similar to the PSD obtained for the 500 mg/L test. However, the 700 mg/L test produced a 
PSD closest to the initial 500 mg/L test case. As shown in Figure 4, in all cases between 100 - 
770 mg/L SDS, significantly less fines (< 1 µm) than the control condition with no additive and 
an increase in mean particle size by particle count was seen. SDS appeared to increase 
agglomeration between 8 - 40 µm and enhanced crystal growth. However, due to the fewer 40 - 
80 µm particles produced in the presence of SDS, this change is not reflected in mean crystal 
size by volume. 
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Figure 4. Comparative particle size distributions for the control condition (no additive) 
and varying SDS concentrations. 

  
The initial 500 mg/L SDS test PSD showed slight peaks at around 5 µm and 8 µm which 
appeared to correspond to sodalite/zeolite A and the truncated zeolite phase respectively from 
SEM analysis (see Figure 5). The 500 mg/L repeat test showed peaks corresponding to 4 µm 
and 6.5 µm which again appeared to correspond to the sodalite/zeolite A crystals and the larger 
truncated zeolite phase respectively. Agglomeration effects indicated from the AccuSizer data 
should be investigated further and SEM analysis of the agglomerates formed is recommended.  
 
The truncated zeolite phase was observed in all the preliminary SDS tests as shown in Figure 6.  
Time interval sampling revealed that large (~7 µm) zeolite crystals were seen as early as 15 
minutes, and the hexagonal type structure was only seen to develop after 60 minutes. 
Additionally, the initial 500 mg/L SDS test showed a very narrow size distribution range for the 
sodalite, zeolite A and truncated zeolite phase, with an absence of fines from SEM analysis, 
which supports the AccuSizer findings. SEM analysis of the repeat tests conducted at 250, 500 
and 750 mg/L SDS however, did not show any crystals with this truncated hexagonal structure 
and only zeolite A and sodalite were observed.  
 
A total of eight tests were conducted at 500 mg/L SDS in this study to reproduce this zeolite 
with a hexagonal truncated face, however, this phase was not re-observed in significant 
quantities. All SEM results verified that the individual crystal size of the sodalite and zeolite A 
formed were coarser than the control condition (see Figure 7) between 250 and 770 mg/L SDS, 
indicating faster DSP crystal growth kinetics in the presence of SDS as supported by AccuSizer 
data. 
 

Count D50 < 1 µm 1 - 8 µm 8 - 40 µm 40 - 80 µm Volume D50

(µm) (Count %) (Count %) (Count %) (Count %) (µm)
95% Confidence Interval ±0.2 ±4.8 ±4.5 ±0.3 ±0.2 ±4.5

Control (No Additive) 1.1 89.8 9.4 0.5 0.4 59.5
SDS - 25 mg/L 1.0 93.3 5.9 0.6 0.2 66.0
SDS - 50 mg/L 0.9 92.7 7.0 0.3 0.0 52.8
SDS - 500 mg/L 3.4 41.2 50.0 8.5 0.3 49.4
SDS - 500 mg/L 3.3 41.1 52.4 6.3 0.1 43.7
SDS - 1000 mg/L 1.2 87.4 11.7 0.8 0.1 60.2
Re-run No Additive 1.1 86.1 13.2 0.4 0.3 65.0
Re-run SDS - 250 mg/L 1.6 75.4 21.5 3.0 0.1 52.6
Re-run SDS - 500 mg/L 1.5 77.9 19.7 2.3 0.2 52.1
Re-run SDS - 770 mg/L 3.3 33.0 57.5 9.3 0.2 45.5

Condition
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Figure 5. SEM image measured individual crystal size as a function of SDS concentrations. 

  

   

   

Figure 6. SEM results for varying SDS concentrations a) 25 mg/L SDS b) 50 mg/L SDS c) 
113 mg/L SDS d) 500 mg/L SDS e) 500 mg/L SDS repeat f) 1000 mg/L SDS. 

 

 
Figure 7. SEM image individual crystal size measured for SDS repeat testwork. 

 
It should be noted that these batch reactor tests were not designed to optimize DSP growth, as 
the Si supersaturation was not maintained at a constant level. The impact on crystal growth 
could therefore be even more significant and could be explored further. For the cases of the 50 
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mg/L, initial and repeat 500 mg/L and the 1000 mg/L SDS tests, the truncated hexagonal zeolite 
face was abundant in the sample and resulted in a different bulk X-ray diffraction pattern.  

Figure 8 shows that these peaks correspond to peaks of Z21. Once in contact with caustic 
solution, SDS was observed to salt out at room temperature, as reported by Myatt et al. [12]. 
However, at 90 °C it was seen to partially re-dissolve. This can introduce greater variation in 
crystallisation conditions and may explain the inability to consistently reproduce the truncated 
zeolite phase obtained. Preliminary XRF and Leco analysis of the solids showed no indication 
that SDS was incorporated into the crystal lattice. It was also evident from the XRD data that 
SDS promotes the conversion of zeolite A to sodalite within the 4 hour test period. 

Figure 8. XRD spectrum results for varying SDS concentration tests, where ZA – zeolite 
A, Z21 – zeolite 21, SOD – hydroxy sodalite. 

 
3.2.2.  Impact of CTAB, TEAB and DSS on Size Distribution and Morphology 

  
The 4 hour particle size distributions obtained from CTAB tested at varying concentrations are 
compared to the no additive case in Figure 9. One test was conducted with a mixture of 50 mg/L 
SDS and 50 mg/L CTAB. The CTAB and SDS combined test, however, showed a reduced 
proportion of fines (< 1 µm), greater than that observed previously for the 50 mg/L SDS case. 
However, from SEM analysis larger individual crystal sizes were observed for the 50 mg/L SDS 
case as shown in Figure 5. From the series of CTAB tests, a significantly higher proportion of 
fines was observed for the 50 and 500 mg/L conditions and a corresponding decrease in the 1 - 8 
and 40 - 80 µm size ranges. This was not observed for the 100 mg/L case and no trend was 
observed. TEAB was tested at 2 concentrations and the 250 mg/L case showed a significant 
increase in 1 - 8 and 8 - 40 µm size ranges with a corresponding reduction in fines. 
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Figure 9. Particle size distributions for the control condition (no additive), CTAB (a) and 
TEAB (b) concentrations tested. 

 
The SEM determined coarsest individual particles sizes for the tests using CTAB, DSS and 
TEAB are shown in Figure 10. The SEM analysis showed no significant increase or decrease to 
the individual crystal size as a result of CTAB addition. DSS, another anionic additive was 
tested at 500 mg/L and showed no significant impact on Zeolite A crystal size, however, 
showed smaller sodalite crystal size. Of these, the TEAB additive showed a significant increase 
in the sodalite individual crystal size.  
 
The SEM analysis also revealed a narrower size range of crystals compared to tests in this 
series. This was not reflected in the AccuSizer data for the 500 mg/L test case. XRD results 
from the CTAB tests indicate that CTAB may enhance the stability of zeolite A. From XRD, 
TEAB like SDS, appears to promote sodalite formation.  Additionally, the sodalite structure 
from the TEAB tests look more interwoven and the sodalite platelets less regular. In general an 
aluminosilicate framework has a negative charge, however in this study, the charge of the 
additive appears to not be a consistent predicator of its impact on DSP. 
 

 
Figure 10. SEM image measured individual crystal size for CTAB, DSS and TEAB tests. 

 

Count D50 < 1 µm 1 - 8 µm 8 - 40 µm 40 - 80 µm Volume D50

(µm) (Count %) (Count %) (Count %) (Count %) (µm)
95% Confidence Interval ±0.2 ±4.8 ±4.5 ±0.3 ±0.2 ±4.5

Control (No Additive) 1.1 89.8 9.4 0.5 0.4 59.5
SDS - 50 mg/L + CTAB - 50 mg/L 1.1 71.7 27.9 0.4 0.0 53.8
CTAB - 50 mg/L 0.9 95.8 3.7 0.4 0.1 55.7
CTAB - 100 mg/L 1.2 85.4 13.4 0.8 0.4 59.2
CTAB - 500 mg/L 0.9 95.1 4.4 0.4 0.1 57.8
CTAB - 1000 mg/L 1.0 88.6 10.8 0.5 0.1 57.6
TEAB - 250 mg/L 1.3 84.1 14.4 1.3 0.2 56.2
TEAB - 500 mg/L 1.2 88.4 10.4 0.9 0.3 63.5

Condition
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4. Conclusions 
 
Of the additives tested under Bayer predesilication conditions, both SEM and AccuSizer data 
have shown anionic surfactant SDS enhances individual DSP crystal growth when its 
concentration is between 250 to 750 mg/L. SDS within this concentration range was also shown 
to increase the proportion of agglomerates 8 - 40 µm in size and reduce the proportion of DSP 
fines (< 1 µm). In addition, a new intermediate phase with XRD peaks corresponding to zeolite 
21 was formed when adding SDS, in contrast to the traditional DSP phase transformation 
pathway. However, the proportion of the zeolite 21 phase compared with zeolite A and sodalite 
phases was highly varied during the different concentrations and tests.  The quaternary 
ammonium base TEAB also increased DSP crystal growth rate and reduced fines (< 1 µm) at 
250 mg/L. The ionic liquid IL - 101 was shown to reduce the proportion of DSP fines (< 1 µm) 
at 100 mg/L. On the phase transformation DSP pathway, the results have shown humic acid, 
malic acid, PEG (8000 MW), SDS and TEAB enhance sodalite formation while CTAB 
conversely inhibits the conversion of zeolite A to sodalite. 
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