


63 

 

 

Figure 4.22: Normalized XANES of samples con-5.22amine and SBA-5.45amine (left) and its 

respective first derivatives (right) 

For sample SBA-5.45 the XANES results have similarities to the XANES of Cu(OH)2, as 

reported by T.Jakobsen25 in addition to copper tutton due to the shape of the normalized 

XANES. However, the experimental data for sample con-5.22amine were quite poor and 

definite references are difficult to obtain. It seems as if the copper species are of a copper(II) 

compound with similarities of both copper tutton and copper(II)oxide due to the appearance of 

the shoulder and the shape of the normalized XANES.  The first derivative is of so low intensity 

that references are difficult to obtain. 
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4.3.2 EXAFS 

In this subchapter, most focus will be on the hierarchical SAPO-34 post reaction. Hence, the 

EXAFS of the other samples are shown in Appendix F. 

Through the analyzation and refinements using DLV EXCURV, results are refined by the 

experimental data, and the first interesting to present here is a list of what type of shells were 

found, at what distances and their multiplicity. This is shown in table 4.14 below. 

Table 4.14: Results after refining the EXAFS data in DLV EXCURV. Here, a list of type of shell, 

multiplicity and distance is shown. 

Sample Shell EF 

(eV) 

2σ2 (Å2) N r (Å) R% 

H-0.78nitrate 

Pre reaction 

Cu-O 1(2) 0.005(3) 4.1(5) 1.98(2) 54.03 

 Cu…Si  0.04(13) 2(2) 2.8(1)  

 Cu…Al  0.04(5) 2(2) 3.01(9)  

H-5.52amine 

Post 450 °C wet feed 

Cu-O -3(1) 0.003(1) 2.0(2) 1.962(9) 47.36 

 

 

Cu…Al  0.005(5) 1.0(4) 3.20(3)  

H-5.52amine 

Post 600 °C wet feed 

Cu-O -4(2) 0.018(9) 2.7(7) 1.98(2) 57.6 

 Cu…Cu  0.01(1) 0.9(5) 2.48(4)  

 Cu…Si  0.02(2) 0.9(8) 2.74(7)  

Con-5.22amine 

Pre reaction 

Cu-O -4(1) 0.015(5) 2.8(4) 2.00(2) 56.98 

 Cu…Cu  0.02(2) 0.9(8) 2.75(5)  

 Cu…Si  0.004(13) 0.8(6) 3.2(1)  

SBA-5.45amine 

Pre reaction 

Cu-O -2,6(6) 0.009(1) 3.1(2) 1.965(6) 28.04 

 Cu…Cu  0.04(13) 2(2) 2.8(1)  

 

 

Cu…Si  0.04(5) 2(2) 3.01(9)  
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The first one should notice is that a Cu…Cu shell cannot be found for samples H-0.78nitrate 

pre reaction and H-5.52amine_450W. However, this can be found for sample H-

5.52amine_600W. This implies formation of copper oxide at high temperatures in wet feed. As 

table 4.14 also shows, the R-factors are quite high and the reason may be seen below in the 

figures 4.24-4.29. Here it is possible to see that the experimental data are very noisy and due 

to this, excellent adaptions through refinements cannot be obtained.  

This phenomenon also applies for the certainty for each value in the table above. The Debye-

Waller factor (2σ2) should be in between 0,008-0,03 in order to be sure the peak is significant. 

This does not concern the Cu…Si and Cu…Al shell for sample H-0.78nitrate, especially not 

for Cu…Si where the uncertainty is bigger than the given value. For the other values of the 

Debye-Waller factor where it is in between the significant interval, it is possible to observe that 

the uncertainty of the multiplicity and radial distance is hence decreased compared to the 

abovementioned shell.  

Further details concerning the results of sample H-0.78nitrate are shown below in figure 4.23 

and 4.24. In figure 4.23, the normalized and Fourier Transformed EXAFS are shown for H-

0.78nitrate. It can be seen that the adaption of the calculated data is not excellent, hence the R-

factor of 54,03 %. After K(Å-1) value of approximately 5, the experimental data is very noisy, 

seen at the normalized EXAFS, which also affects the adaption before the noise appears. 

  

Figure 4.23: Normalized EXAFS for H-0.78nitrate pre reaction at the left. On the right, the Fourier 

Transformation of normalized EXAFS can be seen. The blue curves represent the experimental data, 

and the orange curves represents the calculated data 

However, the adaption of the Fourier Transformed EXAFS seems to be better adapted, 

concerning shell at radius 2 and 3. The first shell was found to be oxygen, with multiplicity of 

approximately 4, as seen in figure 4.24. The next shell was found to be a combination of Si and 
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Al with the same multiplicity of approximately 1. When refinements with copper in this shell 

were performed, it provided negative values of the Debye-Waller factor. Hence, copper could 

not be found.  

 

Figure 4.24: View of bonding multiplicity at calculated distances of sample H-0.78nitrate 
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EXAFS result for H-5.52amine_450W and H-5.52amine_600W are shown together in figure 

4.45 below. The lowest fitting of the experimental data concerns sample H-5.52amine_600W, 

given R factor of 57,60 %. However, the Debye-Waller factors for both shells are well within 

the significant interval, indicating significant peaks. The low fitting can be explained by the 

tremendous amount of noise in figure 4.25 below when looking at the normalized EXAFS. 

After a K(Å-1) value of 5 the experimental data is more noise than useful signal, making a 

calculated adaption difficult. For sample H-5.52amine_450W the experimental data is quite 

noisy as well, however, not completely chaos before after K(Å-1) of approximately 7. The R-

factor here is 47,36 % and hence a bit lower compared to H-5.52amine_600W4 

 

 

 

Figure 4.25: Normalized EXAFS (left) and FT normalized EXAFS (right) for H-5.52amine_450W (top) 

and H-5.52amine_600W (bottom). The blue curves represent the experimental data, and the orange 

curves represents the calculated data 
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The fitting of the experimental data is done for the first and second shell. When comparing the 

results of H-5.52amine-sample, the main difference is reported copper in the second shell for 

H-5.52amine_600W and not for H-5.52amine_450W. Further, oxygen is bound in the first shell 

with a multiplicity of 3 and 2 respectively. When refining with addition of copper in the second 

shell for H-5.52amine_450W, the Debye-Waller factor and the multiplicity becomes negative. 

Given this, the experimental data cannot provide information on copper oxide formation at this 

temperature. In addition, the second shell for sample H-5.52amie_600W is found a bit closer 

compared to the other sample. This implies formation of copper oxide when the sample is 

exposed to wet feed up to 600 °C. 

 

 

Figure 4.26: View of the bonding multiplicities of defined calculated for sample H-5.52amine_450W 

(left) and H-5.52amine_600W (right) 
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The EXAFS results of sample con-5.22amine and SBA-5.45amine are shown together in figure 

4.27. For con-5.22amine, the experimental data is quite noisy as well which explains the R-

factor of 56.98%. Sample SBA-5.45amine was by far the sample that involved least noise in 

the experimental data, as seen in figure 4.31, and this explains the R-factor of 28.04 %. As for 

the other samples, the refinements and fittings were also here addressed to the first and second 

shell. 

 

 

 

Figure 4.27: Normalized EXAFS (left) and FT normalized EXAFS (right) for con-5.22amine (top) and 

SBA-5.45amine (bottom) 

The refinements showed that oxygen is bound in the first shell for con-5.22amine with a 

multiplicity of approximately 3. In the second shell, there is a combination of Cu and Si with 

multiplicities of 0.9 and 0.8 respectively, as seen in figure 4.29 below. For SBA-5.45amine, 

the first shell was also found to be oxygen with a multiplicity of 3. However, the second shell 

is found to be a combination of Cu and Si with multiplicities of 2 of both, as seen below. 
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Figure 4.29: Given multiplicities for sample con-5.22amine (left) and SBA-5.45amine (right) 

The conventional SAPO-34 and the SBA-15 here have different copper species compared to 

the hierarchical SAPO-34. Here, SBA-5.45amine has the highest multiplicity of copper in the 

second shell, indicating increased formation of copper(II)oxides in this sample during ion 

exchange. 
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5.0 Discussion 

5.1 Synthesis 

The main goal for this thesis was to incorporate copper(II)ions into the framework of 

hierarchical SAPO-34. As for the results above, different routes were tried, but neither of them 

provided the desired catalyst material. Synthesising hierarchical Cu-SAPO-34 based on the 

work of Yang et al, seemed to be declined by the low solubility of wanted aluminium source. 

Due to the chlorine content of the original aluminium source, this had to be solved somehow 

and was only tried with change of aluminium source. Another solution might have been to 

wash out the chlorine after the first calcination and then add copper(II)ions into the mixture 

before the crystallization. 

The other direction, based on the work of Najafi et al did not provide wanted catalyst material 

either. Due to time limitations and difficulty in developing a synthesis route for hierarchical 

SAPO-34 with CTAOH as mesoporous agent, there wasn’t enough time finding a solution with 

the addition of copper in this synthesis. With the same synthesis parameters that provided 

crystalline SAPO-34, a crystalline Cu-SAPO-34 was not obtained. The solution might have 

been as simple as adjusting the addition of reactants, and it could have been as difficult as 

changing all synthesis parameters and/or reactants. 

 However, this direction did provide crystalline SAPO-34 and according to the BET, these 

samples did contain mesopores; samples HSAPO-34_14 and HSAPO-34_18. Unfortunately, 

the mesopores were not ordered and uniform, but the samples may be said to be hierarchical 

due to the presence of both micropores and mesopores. This is especially confirmed when 

seeing that the mesopore volume of these samples were approximately 0.1 cm3/g. When the 

XRD results of these are compared to the chabazite diffractogram, it is possible to observe that 

the intensity of the peaks is not as high as for the chabazite diffractogram. This means that the 

samples are not as crystalline as they potentially could have been, although sample HSAPO-

34_18 seems to be a bit more crystalline than the other. This is also observable when looking 

at the SEM photographs of these samples. Here, some amorphous phase is seen at the pictures 

of HSAPO-34_14 compared to HSAPO-34_18.  

Consequently, these observations points into the direction that the synthesis parameters should 

have been varied even more. This concerns addition of CTAOH, both in amount and order of 

addition to see whether or not the uniformity might could have been achieved. For the 
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crystallinity, the crystallization time should have been tried increased even more the 120 hours 

in order to see whether or not the sample could have had better crystallinity. In addition, a 

variation in crystallization temperature should have been performed in order to see how this 

affect the final product. 

However, it does not seem as if the synthesis is so reproducible, considering table 4.6 and 

corresponding figure 4.6. Here, longer crystallization times and/or aging times were tried in 

order to make a more crystalline hierarchical SAPO-34, according to the other synthesis 

parameters that provided HSAPO-34_14 and HSAPO-34_18. Neither of these syntheses 

provided a fully crystalline HSAPO-34. Kong et al55 have synthesised hierarchical SAPO-34 

using CTAB as a mesoporous template in addition with TEAOH and TEA as microporous 

templates. Here they also used phosphoric acid and pseudobohemite as respective P and Al 

sources, and they also used longer stirring time during the synthesis. In addition, they aged the 

samples at ambient temperatures 24 hours before crystallization at 180 °C for 72 hours. Hence, 

there are some similarities although it might be that the differences are the border line between 

a fully crystalline hierarchical SAPO-34. 

Considering SBA-15, some parameters had to be changed during the period where the eight 

different samples were synthesized. For the three first samples, only SBA-15_03 was stirred at 

higher temperatures than ambient temperature. In addition, all three were aged in a stainless 

steel autoclave and washed only with water afterwards. According to the BET, SBA-15_01 and 

SBA-15_02 had low specific surface areas, below 350 m2/g and SBA-15_03 had a specific 

surface area of over 700 m2/g. This implied that an increase of stirring temperature for the 

conventional and CTAOH-based synthesis of SBA-15 was necessary, as reported from Zhao 

et al40. Here, it is reported that SBA-15 has been successfully synthesised in the temperature 

range from 35- 80 °C. 

According to Thielemann et al59 as well, increased surface area would be obtained by aging in 

a sealed plastic container in combination with a washing routine that involved mixing water 

and ethanol. By changing these parameters, SBA-15 was obtained with high specific surface 

areas.  
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5.2 Effect of porosity 

As elaborated in chapter 4.2 there were quite a few differences concerning the NO conversion 

of the different samples. Sample con-5.22amine was by far the most efficient concerning this 

purpose and here an effort of explaining this phenomenon will be enhanced. Activity for NO 

conversion depends on many factors, amongst other the availability for active sites, copper 

loading, copper species, surface area and the particle size of the catalyst. The samples of interest 

here are mainly SBA-5.45amine, con-5.22amine and H-5.52amine. However, sample H-

0.9nitrate is quite interesting due to the low copper content and the high NO conversion. 

Table 5.1: List of different BET results, Si-content and maximum conversion for the samples 

of interest concerning HC-SCR 

Sample Maximum NO 

conversion (%) 

wt% Cu Si/(Al+P) 

ratio 

SBET 

(m2/g) 

SEXT 

(m2/g) 

Vmeso 

(cm3/g) 

SBA-5.45amine 32 5.45 - 375.02 304.63 0.438 

Con-5.22amine 92 5.22 0.14 295.48 44.45 0.089 

H-5.52amine 33 5.52 0.21 392.7* 56.9* 0.097 

H-0.9nitrate 62 0.9 0.18 410.8* 84.5* 0.107 

* BET results taken before ion exchange due to lack of enough sample after 

Zuo et al21 report that different preparation methods of the catalyst affect the activity for HC-

SCR, especially considering pore structure and anti-aging abilities. Amongst other, they report 

that increased surface areas favour catalytic reactions. For samples H-5.52amine and H-

0.9nitrate, BET results could not be obtained after ion exchange and hence there are some 

uncertainties considering the actual surface areas. However, for H-0.9nitrate, the XRD shows 

little change from before the ion exchange, hence there is reason to believe that the sample 

remains a good part of its reported surface area, as seen in table 5.1. For sample H-5.52amine 

the XRD shows less crystallinity compared to before treatment. Consequently, there is reason 

to believe that the somewhat amorphous sample has become even more amorphous after ion 

exchange. Hence, the surface area of these samples have probably decreased some, but 

somewhat more for H-5.52amine.  

For both samples, SBA-5.45amine and Con-5.22amine, BET was taken after ion exchange with 

copper(II)tetraamine. The reported surface areas are 375.02 and 295.48 m2/g respectively. As 

shown in chapter 4.1.2.2, the SBA-15 collapsed approximately 50 % during the ion exchange. 

For the conventional SAPO-34 the surface area before ion exchange was 539.75 m2/g as seen 
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in appendix B, and the structure has collapsed approximately 44 %. Given this, it is reason to 

believe that the hierarchical SAPO-34 collapsed more or less the same, due to the noisier XRD-

results. This provides that all samples analysed had low surface areas compared to optimal 

conditions. 

Zheng et al60 report the similarity between external surface area and particle sizes. For larger 

external surface areas, the particles tend to be smaller and vice versa. Comparing the two 

hierarchical samples as listed in the table above, it is possible to see that sample H-0.9nitrate 

possesses larger external surface area than H-5.52amine. Consequently, there is reason to 

believe that the particle size of H-0.9nitrate might be a hint smaller than compared to the above. 

For con-5.22amine the external surface area is reported to be 44.45 m2/g, implying larger 

particles. Furthermore, SBA-5.45amine the one with the largest external surface area of these 

samples, with a reported value of 304.63 m2/g. When comparing these, it is reason the believe 

that the SBA-5.45amine is the sample with the smallest particle size. 

Shen et al61 report that Si content in SAPO-34 has little effect on the Brönsted acid strength, 

however it does affect the acid concentration. Here, Si content is determined by the ratio 

Si/(Al+P), and as the Si content is higher, the higher acid concentration is present in the zeotype 

as vice versa. High content of Si is here defined as 0.23 and low content is defined as 0.09. 

Compared to the SAPO-34s in table 5.1 above, one can see that neither of the samples have 

low Si content. However, sample con-5.22amine has a Si content of 0.14 which is the lowest 

value of these samples. The highest Si content is obtained in sample H-5.52amine, where it is 

0.21. Hence, it is reason to believe that there are more Si islands formed in the framework of 

H-5.52amine compared to the other, as reported in Shen et al.  

The higher Si content of the sample, may also be the reason for the amorphous result after ion 

exchange. As Gao et at reported40, the higher acid concentration, the more likely it is for 

irreversible hydrolysis to appear during ion exchange. For sample H-0.9nitrate, the Si content 

can be seen as a medium content as one should expect some collapsing of the framework here 

as well. According to the XRD, this has not occurred in such a high degree, which implies that 

the starting crystallinity and stability of the sample before ion exchange will affect the result 

after treatment. 

Considering copper loading, there are clearly no obvious correlation between catalytic activity 

and copper content in the samples, as seen in table 5.1. The two samples with least copper 

content, con-5.22amine and H-0.9nitrate has the greatest activity concerning HC-SCR. The 
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copper content is tried hold constant, especially for the samples that were ion exchanged with 

copper(II)tetraamine where an assessment was made considering the ICP-MS results before 

HC-SCR experiments. However, the NO conversion of sample H-0.9nitrate is almost double 

compared to H-5.52amine and SBA-5.45amine despite 1/6th copper content. 

For HC-SCR the active sites, in this case copper, must be available for reaction. Here, it is 

worth suspicion that the copper in both H-5.52amine and SBA-5.22amine was not as available 

as compared to the other two samples. From the XAS data it might seem that the copper in H-

5.52amine migrate to copper(II)oxide in high temperatures and during high temperatures in 

wet feed, the sample seems to collapse. This may imply that the stability of this type of 

hierarchical SAPO-34 was not as great as expected. 

Unfortunately, there are no post reaction data for con-5.22amine and SBA-5.45amine, but the 

XAS data report that there are some other copper species in the pre reaction samples compared 

to the hierarchical SAPO-34. Especially for SBA-5.45amine, where copper has multiplicity of 

2 in the second shell as reported from the EXAFS. The exact differences require further analysis 

and XAS data before and after reaction for all samples. This may imply that the copper species 

in con-5.22amine were more favourable considering HC-SCR compared to the other samples 

together with the stability of the framework as discussed above. 

Based on the topics discussed above, it is difficult to see a clear trend that could explain why 

the conventional SAPO-34 had best NO conversion and to get a final answer, further analysis 

is required.  
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6.0 Conclusion 

Hierarchical SAPO-34 with incorporated copper was not successfully synthesised. However, 

hierarchical SAPO-34 was successfully synthesised and these were ion exchanged with 

copper(II)nitrate and copper(II)tetraamine. The degree of mesoporosity of these might be 

discussed, but they both show clear hystereses from BET and they have both a mesopore 

volume of approximately 0.1 cm3/g. The uniformity of the mesopores are not present, but there 

are mesopores and micropores present in the catalyst material. 

The ion exchanged hierarchical SAPO-34 that survived treatment, were also active considering 

NO conversion in HC-SCR. However, the ion exchanged conventional SAPO-34 showed far 

better catalytic activity and there are no clear trends that could explain this. Unfortunately, it 

was not possible to analyse BET on the hierarchical SAPO-34s after ion exchange, although 

this would have given many answers considering porosity of these. Even so, the degree of 

survival of treatments seems to have great impact on the catalytic activity when considering 

the XRD- results of the different samples in addition to other copper species in con-5.22amine. 

It seems as if the stability of the framework and consequently the availability of active copper 

sites are the main factors for high catalytic activity concerning HC-SCR. 

The synthesis and treatment of this kind of hierarchical CuSAPO-34 did not improve the 

hydrothermal stability for the HC-SCR compared to the conventional SAPO-34. 
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7.0 Further work 
As reported from Shen et al, the acid concentration varies with Si content. FTIR could have 

given answers to whether or not there was a clear trend for the acid concentrations in the 

different samples, especially if this could have been analysed before and after ion exchange. 

This could have helped in answering why the conventional SAPO-34 had better catalytic 

activity than the others.  

Considering the porosity, BET should be analysed before and after ion exchange in order to 

have a better view of how this treatment affects the catalyst material. 

Furthermore, due to the fact that this type of hierarchical SAPO-34 seemed to either not survive 

ion exchange or high temperatures in wet feed, it might indicate that this synthesis route might 

not provide a hydrothermal CuSAPO-34. Templates have great impact on stabilizing the 

framework of a zeotype as it is being synthesised, so it might be that another mesoporous 

template could have been better.  

In addition, the difficulties concerning incorporation of copper into the framework of 

hierarchical SAPO-34 must also be analysed further. Alternation of the different synthesis 

parameters, addition sequence of reactants and changing different reactants may provide a 

copper incorporated hierarchical SAPO-34. 
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disse hver for seg. 
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Til kolonnen ”Kommentarer/status, forslag til forebyggende og korrigerende tiltak”: 

Tiltak kan påvirke både sannsynlighet og konsekvens. Prioriter tiltak som kan forhindre at hendelsen inntreffer, dvs. sannsynlighetsreduserende tiltak foran skjerpet 

beredskap, dvs. konsekvensreduserende tiltak.  
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Prinsipp over akseptkriterium.  Forklaring av fargene som er brukt i risikomatrisen. 

Farge Beskrivelse 

Rød  Uakseptabel risiko. Tiltak skal gjennomføres for å redusere risikoen. 

Gul  Vurderingsområde. Tiltak skal vurderes. 
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Appendix B: Additional BET 

Table B.1: List of the specific surface area, calculated from BET, and pore width calculated from BJH 

for the four remaining SBA-15. 

Sample name BET specific surface area 

(m2/g) 

BJH pore width (Å) 

SBA-15_01 196.39 49.70 

SBA-15_02 328.97 47.54 

SBA-15_04 586.39 28.14 

SBA-15_05 836.51 36.28 

SAPO-34_04 593.75 Not reported 

SAPO-34_04Cu2 295.48 Not reported 

 

 

Figure B.1: BET and BJH for sample SBA-15_01. BET is shown at the left and BJH at the right. The 

hysteresis is similar of a H1 hysteresis, indicating somewhat uniformity of the mesopores. 

 

Figure B.2: BET and BJH for sample SBA-15_02, whereas the BET is shown at the left and BJH at the 

right. The hysteresis can be seen as a mixture of H1 and H4, implying both uniform mesopores and 

undefined mesopores. 
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Figure B.3: BET and BJH for sample SBA-15_04. The BET at the left shows practically no hysteresis, 

implying mostly a microporous material. The BJH at the right confirms this by not having a defined 

pore width. 

 

Figure B.4: BET and BJH for sample SBA-15_05. BET (left) shows a hysteresis combined by H2 and 

H4 hysteresis, implying a complex mesopore structure. BJH (right) shows however a bump, implying 

that several pores have the pore width of 49 Å.  

 

 

Figure B.5: BET of SAPO-34_04 before (left) and after (right) ion exchange 
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Appendix C: Additional SEM 
 

 

Figure C.1: SEM of sample SBA-14_01 (left), SBA-15_02 (middle) and SBA-15_03 (right). Top photos 

taken at 400 eV, middle photos at 1,20k eV and the bottom photos taken at 3.50k eV. There are bigger 

particles for SBA-15_03 compared to the others, especially SBA-15_02. 
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Appendix D: Additional HC-SCR results 

 

 

Figure D.1: Conversion results of all experiments performed on sample H-5.52amine. Both the yellow 

and the grey curve are performed in dry feed and the other two are performed in wet feed. The grey 

curve shows the conversion over bypass.  
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Appendix E: Additional XANES 
 

 

Figure E.1: Normalized XANES of the conventional, microporous SAPO-34 and mesoporous SBA-15. 

All of these are pre HC-SCR. 

 

 

Figure E.2: First derivative normalized XANES of the conventional, microporous SAPO-34 and the 

mesoporous SBA-15 
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Appendix F: Additional EXAFS 
Table F.1: Results after refinements in DLV EXCURV. Debye-Waller factor, multiplicity and 

distance are the main factors that were refined. 

Sample Shell EF 

(eV) 

2σ2 (Å2) N r (Å) R% 

SBA-15_08Cu2 Cu-O -3(1) 0.007(2) 2.8(2) 1.970(8) 40.66 

 Cu…Cu  0.006(2) 0.9(2) 2.94(1)  

 

 

Cu…Si  0.06(7) 2(2) 3.2(2)  

SAPO-34_08Cu2 Cu-O -3(1) 0.001(1) 2.1(2) 1.974(8) 39.95 

 Cu…Cu  0.04(2) 1(1) 2.69(6)  

 Cu…P  0.001(3) 0.8(3) 3.1(1)  

 

  

Figure F.1: Normalized EXAFS (left) and FT normalized EXAFS (right) for SBA-15_08Cu2 

 

Figure F.2: Normalized EXAFS (left) and FT normalized EXAFS (right) for SAPO-34_08Cu2 
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