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ance of a smooth surface with granular textured particles scattered on top of 

it. The smooth surface may have been characteristic of unreacted FeA12 O 4 , or 

the textured particles may have been indicative of a mixture of FeAbO4 and 

pyrrhotite. XRD identified a significant amount of both of these components, 

which together comprised the entire crystalline phase (Figure 6.11). It should be 

noted that since these specimens were obtained by quenching to room tempera­

ture, the observed surface morphology may be different from that which exists in 

si"tu, at high temperature. The succession of scanning electron micrographs sum­

marized in each of Figures 6.15 and 6.16 show the different structural changes 

that occur to an iron-rich sorbent (2FA600, Figure 5.16) versus an alumina-rich 

sorbent (F2A600, Figure 5.15), upon reduction and sulfidation. 
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Table 6.1: Chemical and physical properties of fresh Fe-Al-0 samples. 

Fe:Al T~a1c (oc) 
Sample Mole Ratio [Lb (hrs.)] 

F650 1:0 650(4] 
FA650 1:1 650[4] 
FA600 1:1 600[8] 
FA700a 1:1 700[8] 
FA700b 1:1 700[16] 
FA800 1:1 800[8] 
F2A600 1:2 600[8] 
F2A700 1:2 700[16] 
F2A800 1:2 800[8] 
2FA600 2:1 600(10.5] 
2FA700 2:1 700[8] 
2FA800 2:1 800(8] 

a Calcination temperature. 

b Duration of calcination. 

BET Area 

(m2 /g) Fe2 0 3 
2.2(±9%) maJor 

major 
91.7(±3%) small 

57.2(±0.2%) maJor 
53.8(±0.6%) maJor 
18.7(±2%) maJor 

43.2(±1.4%) none 
88.7(±0.6%) small 
57.0(±1.4%) major 
79.7(±0.8%) medium 
39.0(±6%) maJor 

14.9(±0.7%) major 

c Relative composition in crystalline phase according to XRD. 

Fe3 0 4 FeA12 0 4 

none none 
medium small 
major none 
major medium 

medium small 
medium trace 

none none 
medium major 

trace medium 
maJor small 

medium trace 
small none 



-217-

Table 6.2: Kinetic data for the reduction of Fe-Al-0 samples obtained 

from Figures 6.5 and 6. 7. 

First Peak Second Peak Third Peak 
Rate (min- 1 ) Rate (min- 1 ) Rate (min- 1 ) 

Sample [0:1, Tf(°C)] 0:12 [0:2, T2(°C)] 0:23 [o:s, Ts(°C)] 

2FA600 0.0054 7(0.109,344] 0.190 0.004 77[0.482,537] 0.772 0.00222[0.885, 768] 
2FA700 0.00552(0.077,352] 0.155 0.00440(0.420,537] 0.727 0.00278(0.866, 797] 
2FA800 0 .00425 [ 0 .072 ,396] 0.139 0.00387(0.519,638] 0.672 0.00339[0.814, 813] 

FA600 0.00346(0.114,396] 0.174 0.00382(0.519,634] 0.681 0.00311(0.846, 843] 
FA700a 0.00588(0.110,345] 0.218 0.00388(0.418,530] 0.654 0.00282[0.867, 808] 
FA800 0.00369(0.151,338] 0.242 0.00328(0.556,616] 0.641 0.00272[0.789, 767] 

F2A600 0 .0048 7 ( 0 .182 ,3 71] 0.357 0.00267(0.386,4 71] 0.513 0.00401(0.812, 859] 
F2A700 0.00493(0.195,357] 0.342 0.00229[0.422,507] 0.605 0.00372[0.852, 865] 
F2A800 0.00624[0. l 10,349] 0.286 0.00251 [0.403,551] 0.540 0.00376(0.744, 794] 

3 0:i Conversion at the maximum rate of reduction during stage i. 

bTi Temperature at the maximum rate of reduction during stage i. 

c O:ij Conversion at the end of stage i or onset of stage j. 
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Table 6.3: Sulfidation Equilibrium Constants and 

Equilibrium Outlet H 2 S Concentrationsa for Iron Oxide. 

Fe2O3(s) + 2H2S(g) + H2(g) = 2FeS(s) + 3H2O(g) 

Fe3O4(s) + 3H2S(g) + H2(g) = 3FeS(s) + 4H2O(g) 

FeO(s) + H2S(g) = FeS(s) + H2O(g) 

log1o(K) 

T(°C) 6.11 6.12 6.13 6.11 

600 7.20 8.50 2.55 70 
650 6.99 8.19 2.40 89 
700 6.81 7.90 2.28 110 
750 6.46 7.38 2.06 165 

a For a gas with 20% H2, 25 % H2 0, 1 atm total pressure. 

b Concentration at equilibrium in ppm. 

(H2S)~q 

6.12 

395 
502 
627 
934 

(6.11) 

(6.12) 

(6.13) 

6.13 

705 
995 
1312 
2177 
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Table 6.4: Estimated conversions of Fe-Al-0 samples to pyrrhotite, following 

consecutive reduction-sulfi.dation at 600°C. 

Fe:Al Teak (°C) Feo.ssS FeAl2O4 Feo.saS Fe2O3 
Sample Mole Ratio [L(hrs.)] [Y3 (mole %)] [Y(mole %)] [Y(mole %)] [Y(mole %)] 

F650 1:0 650[4] 93 7 

FA600 1:1 600[8] 88 12 81 g 

FA700a 1:1 700[8] 87 13 80 10 

FA700b 1:1 700(16] 89 11 82 8 

FA800 1:1 800[8] 85 15 76 24 

F2A600 1:2 600[8] 52 48 20 80 

F2A700 1:2 700[16] 75 25 58 42 

F2A800 1:2 800[8] 75 25 59 41 

2FA600 2:1 600[10.5] 100 0 100 0 

2FA700 2:1 700[8] 92 8 87 13 

2FA800 2:1 800(8] 85 15 76 24 

a Yield in mole percent. 
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ment as indicated ( the single peak for Fe is observed only in the bottom pattern). 
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(a) F650 at 10 000x (b) 2FA600 at 10 000x 

(c) FA600 at 10 000x (d) F2A600 at 10 000x 

Figure 6.6: Scanning electron micrographs (markers are 1µ) of fresh samples comparing 
F650 to Fe-Al-O materials calcined at 600°C with different Fe:Al ratios. 
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(a) 2FA600 at 10 000x (b) FA600 at 10 000x 

(c) F2A600 at 10 000x 

Figure 6.13: Scanning electron micrographs (markers are lµm) of Fe-Al-O samples re­
duced at 600°C for ~ 15 minutes. 
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(a) 2FA600 at 10 000x (b) FA600 at 10 000x 

( c) F2A600 at 10 000 x 

Figure 6.14: Scanning electron micrographs (markers are lµm) of Fe-Al-O samples sul­
fided at 600°C for ~ 35 minutes. 
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(a) Fresh at 2000x (b) Reduced at 2000 x 

I 

(c) Sulfided at 2000x (d) Sulfided at 5000x 

Figure 6.15: Scanning electron micrographs of F2A600 (markers are lµm) ~n a fresh state 
(a), after reduction at 600°C (b), and after step-wise reduction-sulfidation 
at 600°C (c), with an enlargement of micrograph c (d). 
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(a) Fresh at 5000x 

( c) Sulfided at 5000 x 

Figure 6.16: Scanning electron micrographs of 2FA600 (markers are lµm)' in a fresh state 
(a), after reduction at 600°C (b), and after step-wise reduction-sulfidation 
at 600°C (c). 
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CHAPTER VII 

Conclusions and Recommendations 
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7.1 Conclusions 

Mixed copper-aluminum oxides prepared by the citrate process over a com­

position range from 1:~ to 5:1 in molar ratio of CuO to AlzO3, and over a 

calcination temperature range from 350°C to 900°C consist of varying amounts 

of compound oxide, CuAlzO4, and mixed oxide, CuO and A}zO3, with the 

fraction of compound oxide increasing with calcination temperature. Extrac­

tion of these mixed copper-aluminum oxides with a solution of hot nitric acid 

removes bulk CuO leaving behind CuAlzO4, and possibly smaller amounts of 

bulk CuO in close association with Al2O3. X-ray diffraction (XRD) patterns 

of these mixed copper-aluminum oxides indicate a high content of crystalline 

ph_ases, and contain no evidence of alumina, suggesting that alumina is present 

as microcrystallites (::; 50.A.). 

In contrast, XRD patterns of mixed iron-aluminum oxides prepared by the 

citrate process indicate a high content of amorphous phases in addition to a frac­

tion of crystalline, iron-containing phases. Furthermore, mixed iron-aluminum 

oxides that contain a molar ratio of either 1:1 or 2:1, Fe2 O 3 to AbO3 , and that 

are calcined between 600°C and 800°C consist, predominantly, of a mixture of 

Fe2O3 and AlzO3, and smaller amounts of Fe3 O4 and FeAlzO4. Mixed iron­

aluminum oxides that contain a molar ratio of 1:2, Fe2O3 to A}zO3 , and that are 

calcined between 600°C and 800°C, however, contain varying amounts of com­

pound oxide, FeA}zO4, and mixed oxide, Fe2O3, Fe3O4, and Al2O3, with the 

fraction of compound oxide apparently decreasing with increasing calcination 

temperature. 

Temperature-programmed reduction (TPR) of pure CuO to elemental cop­

per is rapid, complete by a temperature of 270°C. Likewise, reduction of the 
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major fraction of the bulk CuO in mixed copper-aluminum oxides is rapid. By 

contrast, the CuA12O4 component, the form of CuO in close association with 

AbOs, and a certain fraction of bulk CuO reduce very slowly. The latter two 

components are formed in mixed copper-aluminum samples prepared by calci­

nation at temperatures between 350°C and 700°C. In addition, XRD patterns 

of these samples show an anomalous intensity for the CuO (002) peak, which is 

attributed to the close association between CuO and Al2O3. Diffuse reflectance 

spectra of these samples indicate a small amount of octahedrally coordinated 

Cu +2 in addition to bulk CuO, suggesting that the close association between 

CuO and AbO3 resembles the "surface spinel" species reported to exist in cer­

tain CuO / Al2O3 catalysts. Finally, Raman spectra of these samples show that 

the interaction between CuO and AbOs affects an unassigned vibration be­

tween copper and oxygen atoms such that the characteristic peak is shifted in 

frequency from that for CuO or CuAl2O4. 

TPR of pure Fe2O3 consists of two stages corresponding to a step-wise 

conversion of, first, Fe2O3 to Fe3O4, and, second, Fe3O4 to Fe, with a maximum 

reaction rate occurring during the second stage. On the other hand, TPR of 

mixed iron-aluminum oxides is more complex,with three stages of reduction and 

a maximum rate occurring during the first stage of reduction. In addition, 

the nature of the second and third stages of reduction for different mixed iron­

aluminum oxides suggests the presence of slowly reducing forms of Fe+3, Fe+¾, 

and Fe+2. These species are proposed to be, for Fe+3, a surface phase that 

results from close association between Fe2O3 and Al2O3 as is observed in certain 

Fe2O3/ Al2O3 catalysts; for Fe+¾, a close association between Fe3O4 and Al2O3 

and a solid solution between Fe3O4 and FeAbO 4 ; and for Fe+2, the compound 

FeAI2O4. 
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The mechanism for TPR of mixed iron-aluminum oxides is more complex 

than that for TPR of mixed copper-aluminum oxides because of the greater 

number of oxidation states observed for iron (i.e., +3, +£, +2, and 0) as com­

pared to copper (i.e., +2, + 1, and 0). For example, in mixed copper-aluminum 

oxides, a large fraction of bulk CuO reduces in series with CuA12O4, with slowly 

reducing forms of CuO reducing in parallel with CuAbO4. CuO reduces di­

rectly to Cu with no detectable intermediates, while the reduction of CuA12O4 

proceeds by the formation of CuA1O2 as the primary intermediate, and some 

Cu2O as a secondary intermediate. The formation of CuAlO2 preserves copper 

in a + 1 oxidation state for temperatures up to 630°C because of a slow conver­

sion of CuA1O2 to Cu, while Cu2O reduces rapidly to Cu. On the other hand, 

intermediates to the reduction of mixed iron-aluminum oxides include Fe3O4, 

Fe(Fe1-xAlx)2O4, and FeAhO4. The rates of reduction of Fe2O3 to Fe3O4, 

and of Fe3O4 to FeAhO4 are comparable during the first stage of reduction; 

however, subsequent stages of reduction reveal slowly reducing forms of Fe2O3 

and Fe3 O4, and reveal that FeAhO4 has the slowest reduction kinetics of all the 

identified iron-containing species. 

Results from independent experiments indicate sintering of CuA12 O4 at 

temperatures in excess of 700°C. For example, in fresh Cu-Al-O materials cal­

cined at different temperatures, a plot of the Carter equation reveals a marked 

reduction in activation energy for a calcination temperature between 700 and 

800°C that is due to the formation of sintered CuAbO4 ( Chapter II, Section 

2.3.2). In substantiation of this observation, the size of CuA12O4 crystallites 

in fresh samples increases dramatically for a calcination temperature between 

700°C and 800°C (Chapter III, Section 3.4). Some indirect evidence for sin­

tering of CuAhO4 at temperatures in excess of 700°C includes the observation 
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of a sharp transition from a rapid weight loss to a very slow weight loss at a 

conversion of 88% during isothermal reduction (at a temperature of 774°C) of 

a sample prepared by calcination at 900°C ( Chapter IV, Section 4.4), and the 

detection of CuA1O2 after regeneration of a sulfided sample at 900°C which is 

the result of incomplete oxidation because of the formation of sintered CuA12 O4 

( Chapter V, Section 5.4.2). 

The extent to which copper sinters during reduction depends on the na­

ture of the fresh sample. For example, the reduction of a sample containing 

95 mole% mixed oxide, CuO and Ab 03, leads to smaller copper particles as 

viewed by scanning electron microscopy (SEM) than reduction of a sample con­

taining 6 mole% mixed oxide (micrographs 3.13d versus 3.14c, and 5.6b versus 

5.llb). In addition, repeated, isothermal reduction-oxidation (REDOX) experi­

ments show extensive sintering of copper in pure CuO as compared to a Cu-Al-O 

sample containing 95 mole% mixed oxide ( Chapter III, Section 3.3.2). Similarly, 

repeated isothermal REDOX experiments show a higher conversion to CuA12 O4 

for a sample containing 95 mole% mixed oxide than for a sample containing 

4 mole% mixed oxide, indicating more extensive sintering of copper during the 

reduction of the latter sample. Finally, a sample containing 95 mole% mixed 

oxide attains a higher sulfidation rate following reduction than either pure CuO 

or a sample containing 4 mole% mixed oxide primarily because of the amount 

of sintered copper present in each case following reduction ( Chapter V, Section 

5.5.4). 

Crystalline, nonstoichiometric sulfides are formed in the thermogravimetric 

analyzer (TGA) for all sulfidation experiments involving Cu-Al-O sorbents and 

Fe-Al-O sorbents. In the case of the Cu-Al-O sorbents, the crystalline sulfide 

phase is low digenite, Cuo+xSs, which results from quenching high digenite to 
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room temperature, while for the Fe-Al-O sorbents, the crystalline sulfide phase 

is low-temperature, monoclinic, 4C-type pyrrhotite, Fe 1 _xS, which results from 

quenching high-temperature, hexagonal, IC-type pyrrhotite to room temper­

ature. For consecutive reduction-sulfidation, the sulfur uptake of pure copper 

oxide prepared by calcination at 550°C was higher than that of Cu-Al-O samples 

prepared by calcination at 550°C and 900°C. On the other hand, for consecutive 

reduction-sulfidation of iron-containing samples, the sulfur uptake of pure iron 

oxide prepared by calcination at 650°C was slightly lower than that of a sample 

containing a 2:1 molar ratio of Fe2O3 to AbO3 and prepared by calcination at 

600°C, however, slightly higher than that of a sample containing a 2:1 molar 

ratio of Fe2O3 to AbO3 and prepared by calcination at 700°C. Furthermore, 

CuAl2O4 is resistant to sulfidation as compared to pure CuO or mixed oxide, 

CuO and Al2O3, and, likewise, FeAhO4 is resistant to sulfidation as compared 

to pure Fe2O3 or mixed oxide, Fe2O3 and AbO3. This may be a consequence 

of the fact that both CuAbO4 and FeA12O4 possess spinel-type structures. 

For step-wise reduction-sulfidation of Fe-Al-O samples calcined between 

600°C and 800°C and containing a 2:1 molar ratio of Fe2 O3 to AbO3 , the rate 

of sulfidation, and consequently, the sulfur uptake, decreases with increasing 

calcination temperature of the sample. This trend is not observed for samples 

containing either a 1:1 or 1:2 molar ratio of Fe2O3 to AhO3. In addition, 

extent of reduction correlates to extent of sulfidation in these experiments for 

all samples except those exhibiting slower rates of sulfidation or those prepared 

by calcination at 800°C. Finally, sulfur uptake is most strongly correlated to 

FeA12O 4 content, decreasing significantly with increasing FeAbO4 content. 

Regeneration of sulfided Cu-Al-O sorbents and sulfided CuO in air reveal 

an increased amount of copper sulfate formation in the presence of free alumina. 
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A mechanical mixture of CuO and ,-Ab03, in fact, produces sulfate following 

sulfidation and regeneration under conditions in which pure CuO did not pro­

duce sulfate. Therefore, it appears that alumina enhances sulfate formation by 

chemisorbing S02, which experiences a high mobility on the alumina surface, 

and migrates to CuO to form sulfate. 

7.2 Recommendations for Future Work 

The work contained in this thesis is a compilation of several interesting 

results that open new doors for further research. It is the purpose of this section 

to enumerate research proposals for continued work in this area. 

A central theme to this project is the "chemical interaction" proposed to 

exist between CuO and Al20 3, which is distinct from the stoichiometric com­

pound, CuAb O 4, and is responsible for a sulfidation performance superior to 

that of pure CuO [l]. In addition, "chemical interactions" are reported to ex­

ist between Fe203 and Al203, and between Fe30 4 and Al20 3. In the case of 

Fe-Al-0 sorbents, in contrast to Cu-Al-0 sorbents, however, no stoichiometric 

compounds exist between Fe20 3 and Al20 3 or between Fe30 4 and Al2 0 3, but 

solid solutions have been reported to exist among some of these components at 

high temperatures [2-5]. As in the case of Cu-Al-0 materials, Fe-Al-0 materi­

als demonstrate better H2S removal than pure iron oxide because of increased 

stability of iron against reduction by interaction with alumina [6]. It is impor­

tant to develop techniques to better quantify the interactions between alumina 

and transition metal oxides. In particular, XRD analysis of Fe-Al-0 materi­

als provides limited information because these materials exhibit a high content 

of amorphous phases. Other methods need to be developed for characteriza-
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tion of mixed iron-aluminum samples such as wet chemical techniques, diffuse 

reflectance spectroscopy [7], Mossbauer spectroscopy [8-11], electron-spin reso­

nance (ESR), and Raman spectroscopy. Once the physicochemical properties 

of Fe-Al-O samples are better understood, it should be possible to characterize 

Cu-Fe-Al-O materials for application to high-temperature desulfurization. 

Chemical interactions proposed to exist between AbO 3 and copper oxide, 

or between Al2 O3 and iron oxides in samples prepared by the citrate process are 

comparable to similar interactions reported for catalysts containing the transi­

tion metal oxide supported on alumina. Extension of this analogy to include 

other catalytic systems that have reported specific types of interactions be­

tween the supported phase and the support leads to new candidates to test 

as high-temperature desulfurization sorbents. For example, copper in alumina­

supported CuCr2 O4 is reported to be more stable than copper present as a 

surface spine! species in alumina-supported CuO [12]. Therefore, Cu-Cr-Al-O 

samples prepared by the citrate process might be good candidates for high­

temperature H2 S removal, depending on the sulfidability of the phases present. 

It would also be interesting to test the feasibility of synthesizing Cu-Ti-O and 

Cu-Si-O samples by the citrate process, using the chloride salts of the compo­

nent metal cations. Since silicon-supported CuO is reported to possess enhanced 

reducibility as compared to pure, unsupported CuO [13], this behavior should 

be reproducible by Cu-Si-O samples prepared by the citrate process. An exper­

iment should be conducted to test for this anticipated behavior. 

An investigation of the sulfidability and reducibility of several pure com­

pound oxides would help to screen potential multicomponent metal oxides for 

application to high-temperature desulfurization. For example, CoAbO4 has 

been reported to be unsulfidable at 400°C [14]. It would be informative to test 
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the sulfidability of this phase prepared by the citrate process at temperatures 

between 600°C and 900°C, and compare the results to the sulfidability of other 

spinels such as other aluminates (i.e., CuAbO4, FeAI2O4, ZnA12 O4, NiAbO4, 

MgAbO4, etc.) and ferrites (i.e., CuFe2O4, MgFe2O4, ZnFe2O4, NiFe2O4, etc.). 

Correlations between sulfidability and calcination temperature, sulfidability and 

reducibility, and sulfidability and equilibrium cation distribution of the spinel 

should be sought. 

To convert the bench-scale synthesis of mixed metal oxides by the citrate 

process to an industrial scale, the drying step needs to be performed in a spray 

dryer. A small-scale apparatus for spray drying should be designed, keeping 

in mind the following: corrosion problems associated with the production of 

nitric acid from the nitrate anions of the component metal cations; environ­

mental problems associated with the decomposition of nitric acid to NOx, if 

the operating pressure and temperature favor this reaction; and flexibility prob­

lems associated with operating at different temperatures and pressures to tailor 

products to possess some range of specific physicochemical properties. In gen­

eral, a spray dryer will have to operate at a higher temperature and pressure 

than those used in the vacuum evaporation step of the citrate process; however, 

the increased product homogeneity associated with a more rapid evaporation 

in the case of spray drying might offset the resulting decreased product surface 

area associated with the higher operating temperature. Based on evidence pre­

sented in this thesis, increased product homogeneity at the expense of decreased 

surface area will produce a high-performance desulfurization sorbent, if inter­

actions between the metal oxides are maximized without compound formation 

(i.e., CuAbO4 or FeA12O4). The production of sorbents using spray drying as 

the evaporation step should be integrated with a project to develop techniques 
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of pelletizing sorbents while maximizing active surface area. 
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