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Abstract 
The QDB-5 sulfur tolerant CO shift catalyst, with anti-methanation property 
by supported compositing alkali promoters, has been proved to effectively 
reduce the outlet methane content in the condition of a low water gas ratio. 
Thus, a new technology based on a lower water/gas ratio than before has been 
developed with the new catalyst. The CO conversion at lower temperatures 
and catalyst stability were confirmed by long term industrial application. The 
high temperature catalyst performance also showed a better result than the 
conventional commercial catalyst, with higher CO conversion and well con-
trolled methane outlet. Our research and the industrial application of catalyst 
have shown the importance of alkali metals as core promoters for such kind of 
catalysts. 
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1. Introduction 

Along with the recent developments of coal chemistry in China, new types of 
coal gasification technology have been continuously introduced into the Chinese 
market. The Shell Coal Gasification (SCG) developed by Shell Co. Ltd, mod-
ified Lurgi pulverized coal gasification (BGL) as well as the Chinese own 
branded HT-L pulverized coal gasification technology have attracted increas-
ing public attentions with much success in the industry [1] [2]. However, there 
are still more than 60 mol% of CO content in the gasification-generated crude 
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syngas (mainly contains CO + H2) which has greatly limited the application of 
downstream productions such as methanol and ammonium synthesis. Normally, 
a water-gas-shift catalytic process, in which the CO content can be catalytically 
converted with the system added water steam, is employed to further adjust the 
CO/H2 of syngas before the downstream productions. Here the chemistry in-
volved is based on the reaction of CO + H2O = CO2 + H2 (in this reaction water 
leads to the shift of the CO on the left hand, resulting in H2 on the other side), 
and when there are sulfur contents in the crude syngas (e.g. H2S in ppms), sulfur 
tolerant water-gas-shift catalyst (i.e. MgAlO4 spinel modified CoMo supported 
γ-Al2O3) is routinely used in such reaction. The high CO concentration (i.e. 
60mol% or higher) inevitably increases the steam (water) usage, while it also 
frequently results in the methanation side reaction (CO + 3H2 = CH4 + H2O) 
from which the yield of methane could be sparked leading to a sharp increase in 
catalyst bed temperature (this phenomenon is exothermic, which has been de-
scribed as “catalyst bed temperature flying” in the industry) [3] [4] [5] [6]. 

Our institution, along with Qingdao Lianxin Co. Ltd have been focusing on 
the study of methanation mechanism in a water-gas-shift process for many years 
with great knowledges built on long-term industrial experiences. The Chinese 
own branded QDB-4 catalyst and the newly developed QDB-5 which have been 
soon applied in the industry, combined with the optimized “low water gas ratio” 
technology (such process requires only a less than 1 water/dry gas ratio, which is 
much lower than the traditional figure of 2 or higher), have been proved to have 
overcome the current methanation problem of water-gas-shift system with effec-
tively reduced water usage and a particularly desired better control on the cata-
lyst bed temperature. On the other hand, the process energy cost in the produc-
tion has been effectively cut to a minimum, and it has been confirmed that inte-
grated package consisting of QDB catalysts and process design would be benefi-
cial to those coal producing regions in the western China with poor water re-
sources, for them to develop a healthy and sustainable coal chemistry [7] [8] [9]. 
The success of QDB catalysts and packed low water gas ratio technology are built 
on the innovations in an improved water molecule affinity achieved by the QDB 
catalysts, by which the catalytic centers better adsorb water in the reaction and 
enable a more efficient conversion of CO, therefore the water usage is reduced 
with limited chances for methanation to happen (here CO is converted with wa-
ter in a priority rather than going into the methanation pathway). 

2. Laboratory Investigation 
2.1. Sample Preparation 

QDB-5 catalyst containing potassium promoters, in terms of Co-Mo-K/MgAl2O4 
+ Al2O3 were prepared by 3 steps. The initial step is the co-sedimentation of 
magnesium aluminate spinel (25 wt%, Sigma, reagent standard) with γ-Al2O3 
(75 wt%, Sigma, reagent standard), followed by extruding into columns (H: 5 
mm, D: 3 mm) and dehydrated at 273 K for 24 hours, leading to the preparation 
of catalyst support. Secondly, Co and Mo promoters were introduced by im-
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pregnation of support with aqueous solution of cobalt and molybdate nitrate 
precursors (Sigma, reagent standard); after the previous 2 steps, the K cations in 
terms of K2CO3 were loaded by the catalyst via second impregnation. The refe-
rencing QDB-4 sample was made in the same way without adding K contents. 
Another group of Co-Mo/MgO-Al2O3 samples were prepared via similar me-
thods as above (all metal cations were introduced by nitrate salts), in absence of 
K precursors, representing the old generation commercial sulfur tolerant CO 
shift catalyst, named as cat. K. 

The active catalytic cations of prepared catalysts vary in types and amounts 
(for QDB-4 and QDB-5, 2 wt% CoO, 8wt% MoO3, and QDB-5 particularly has 
extra 5 wt% K2O; for commercial cat. K, there are 3.5 wt% CoO and 8 wt% 
MoO3). 

All catalyst preparations start with a process of “sedimentation forming sup-
port”, followed by one or two impregnations to load the metal cations that are 
potentially used as the catalytic centers in the water-gas-shift reaction (CO con-
version with water). Here the introduction of K cations to the QDB-5 catalyst 
employs a second impregnation step, which better reserves K catalytic centers on 
the catalyst surface. Such second impregnation has only limited influence on the 
first-impregnated Mo and Co cations, based on the fact that K cations with a 
smaller diameter can fill into the spaces between the larger cations (Mo & Co) 
while do not possess a disturbance on their distributions. 

Experimental 
In this research the QDB catalysts are tested in the laboratory experiments 

before a further report and discussion on their industrial performances.  
The catalyst test employed a fixed bed system as shown in the Figure 1, simu-

lating the real conditions (3.7 Mpa, 700 K) in the first CO conversion reactor  
 

 
Figure 1. WGSR system employed in the catalyst performance test. 
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after Shell gasifier. Each time, 10 grams of shaped catalysts were tested under a 
gaseous hourly space velocity (GHSV) of 3000 h−1. The gas feed stock composi-
tion is customized close to the industrial outlet of a Shell gasifier (dry feed coal 
derived syngas composition of CO 65 mol%, CO2 8 mol%, H2 20 mol% and N2 
for complement, inlet H2S concentration 3000 ppm). Water is injected into the 
system by a HPLC pump, passing through a preheater working at 423 K to get 
the water vaporized in a calibrated rate. The gas outlet is directly transported 
into online GC system for detection (Agilent 7890, with TCD, FID and FPD).  

Before the reaction, the gas line is switched to a parallel gas line (3 mol% H2S, 
47 mol%H2 and 50 mol% N2), and the catalyst is pre-sulfurized at 523 K for 3 h, 
until the gas outlet sulfur composition is stable.  

2.2. Results and Discussion 

Tables 1-3 exhibit the achieved results by different samples at various condi-
tions in accord with the industrial requirements. Working at a high water gas ra-
tio (1 or higher), all the catalysts guaranteed an effective CO conversion from 
upper 65 mol% in the inlet feedstock to 21 mol% or lower in the outlet effluent. 

 
Table 1. W/G vs. out CH4 mol% for cat. K., with an error bar of  “0.01”. 

W/G Pres MPa GHSV h−1 
Temp./K Gas composition, mol% 

inlet Cat. bed Inlet CO Out CO Out CH4 

0.25 3.70 3000 523 700 65.10 46.50 2.01 

0.50 3.70 3000 523 700 64.90 34.10 1.09 

0.80 3.70 3000 523 700 64.60 27.20 0.48 

1.00 3.70 3000 523 700 65.30 21.30 0.06 

 
Table 2. W/G vs. out CH4 mol% for QDB-4, with an error bar of  “0.01”. 

W/G Pres MPa GHSV h−1 
Temp./K Gas composition, mol% 

inlet Cat. bed Inlet CO Out CO Out CH4 

0.25 3.70 3000 523 700 64.80 43.00 0.99 

0.50 3.70 3000 523 700 64.90 29.80 0.75 

0.80 3.70 3000 523 700 65.10 20.90 0.34 

1.00 3.70 3000 523 700 64.90 19.10 0.05 

 
Table 3. W/G vs. out CH4 mol% for QDB-5 with K promoters, with an error bar of 
“0.01”. 

W/G Pres MPa GHSV h−1 
Temp./K Gas composition, mol% 

inlet Cat. bed Inlet CO Out CO Out CH4 

0.25 3.70 3000 523 700 65.00 41.50 0.41 

0.50 3.70 3000 523 700 64.90 27.20 0.22 

0.80 3.70 3000 523 700 63.90 19.50 0.14 

1.00 3.70 3000 523 700 64.70 18.20 0.05 
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The methane concentration in out gas was between 5 - 6 mol% for all the sam-
ples, showing that high water gas ratio would significantly prohibit the methana-
tion side reaction. However, at a lower water gas ratio (0.8) the methane con-
centration in outlet gas obviously increased on those K free samples (cat. K 0.48 
and QDB-4 0.34). In the condition of the lowest water gas ratio (0.25), the me-
thane concentration in out gas reached to the highest level for the K free sam-
ples, and especially, the traditional industry catalyst sample possessed a 2.01 
mol% methane concentration in the gas effluent. As a strong contrast, the K 
containing sample QDB-5 properly controlled the outlet methane concentration 
(0.41) at such a low water gas ratio. In accord with the excellent methane con-
centration control ability, the QDB-5 sample also exhibited the best CO conver-
sion in the low water gas ratio conditions.  

One notes that the efficacy of QDB-5 relies on the introduction of K cations, 
which dramatically improves the affinity of water molecule, thus, such better 
capture of reactant water, has forced the CO conversion to go into a way of CO2 
generation, rather than the formation of methane. This has been confidentially 
supported by the above laboratory results, which show much higher CH4 yields 
in the reaction gas effluent over the commercial catalyst K. than the QDB-5 cat-
alyst. Due to the limitation of lab-working hours, it is hard to perform a 
long-term (e.g. up to hundreds of hours as in the industry) test; however, the 
current results have clearly show the discrepant catalytic behaviors of different 
samples, highlighting the advantages of QDB-5 with anti-methanation. The long 
duration behaviors of catalysts are examined in the industry. 

3. Industrial Catalyst Characterization and Discussion 

We have employed FT-IR (Figure 2) to compare the QDB-5 (K containing) and 
QDB-4 (K free) samples before and after industrial long term running by focus-
ing on the evolution of the Al-O structures. Obviously, potassium has been 
found to be successfully loaded by the QDB-5 catalyst (two bands at around 
1380 cm−1 and 1520 cm−1, respectively) as a result of the alumina body binding 
with the ‘fairly stable bicarbonate species coordinated to the K+’, which could be 
attributed to the decomposition of the 2

3CO −  ions in the precursor. The cha-
racteristic band for γ-Al2O3 has been maintained on the fresh QDB-5 sample in-
dicating that loading potassium would not lead to significant damage to the 
support and hence the long term stability of the catalyst performance. After 2 
years industrial serving, there is observed loss on the Al-O structure of the cata-
lyst for both K containing catalyst (QDB-5) and K free catalyst (QDB-4). Part of 
the K species was lost on the 2 years QDB-5 catalyst, leading to the disappear-
ance of the peak at around 1530 cm−1 and the erosion of the peak at about 1380 - 
1390 cm−1. The newly formed bicarbonate species coordinated to the K cations 
on the QDB-5 catalyst might be related to the anti-methanation property of the 
catalyst. The formed carbon species somehow inhibited the formation of C-H 
bond on the catalyst surface thus reduced the chance of methanation. 

Here the Raman spectra (Figure 3) help to complete the above explanations  
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Figure 2. FT-IR spectra of fresh QDB-5 (with K), fresh QDB-4 (K free), post run QDB-4 
(1 - 2 years) and post run QDB-5 (2 years). 

 

 
Figure 3. Raman spectra of the fresh QDB-5 catalyst (with K) and QDB-5 2 years served; 
fresh QDB-4 Kcatalyst (K free) and QDB-4 2 years served. 

 
by better showing the interactions between K and Mo cations. In Figure 3, Ra-
man bands at 1020 cm−1, 900 cm−1, 580 cm−1 and 320 cm−1 are corresponding to 
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the Mo-O structures. Another two bands at 890 cm−1 and 1050 cm−1, only ob-
served on QDB-5 samples, are related to the interactions between loaded K spe-
cies and Mo species. Notably, the 1050 cm−1 band has partially covered the 
Mo-O band at 1020 cm−1, while the 890 cm−1 band seems also lead to a shift of 
the Mo-O band at 900 cm−1. After 2 years serving in the plants, the QDB-5 cata-
lyst has shown much stronger Mo–O bands (especially the band at 580 cm−1) 
when compared with the fresh catalyst QDB-4 (no K), indicating better stability 
of the catalytic properties. Interestingly, the overlapping between Mo-O bands 
and Mo-K bands disappeared (890 cm−1), or partially reduced 1050 cm−1. A 
possible explanation could be the interaction between K and Mo species have 
prevented the loss of the Mo-O structures during the long term reaction; the in-
itially covered Mo-O structures gradually emerged as the Mo-K structure lost in 
the long term reaction. Another hypothesis would be the K-Mo-OxO species is 
no longer an everlasting structure in the long term run but an intermediate that 
can be converted back to Mo-O species with the loss of potassium.  

4. The Industrial Application in Low Water Gas Ratio  
Conditions 

The first industrial application of QDB-5 catalyst as well as the newly designed 
low water gas ratio technology launched in Liuzhou, Guangxi Province, China, 
2007. The designed CO shift project supplied syngas for ammonia production of 
300,000 ton/year. The first reactor outlet methane content was reduced to zero 
(the feedstock also had a 0.2% methane concentration further increased the 
technical difficulty) after the QDB-5 catalyst was applied. The methanation side 
reaction was absolutely inhibited while an effective CO conversion had been 
achieved (data shown in Table 4).  

The first application of QDB-5 and low W/G technology for syngas supple-
ment to methanol synthesis was initiated by Kaixiang Chemical Co., ltd, Henan 
Province, China, in 2008. The CO conversion proceeded at 450˚C with water gas 
ratio of 0.27 - 0.29 (data shown in Table 5).  

In 2009, the QDB-5 catalyst was applied to instead of the commercial K cata-
lyst for syngas production in the Ammonium synthesis project by SINOPEC, in 
Hunan Province, China (data shown in Table 6). Due to special operating situa-
tion, the feedstock inlet temperature rose up to 560˚C above. The QDB-5 cata-
lyst exhibited marvelous high temperature stability and effectively inhibited the 
methanation effect. 

 
Table 4. CO and CH4 concentration in the first reactor at Guangxi Liuzhou, 2007; with an 
error bar of  “0.01”. 

Flow 
Nm3/h 

Hot point ˚C W/G 
First reactor gas composition % 

Inlet CO Outlet CO Inlet CH4 Outlet CH4 

71,200 401 0.24 66.8 45.6 0.00 0.00 

80,386 389.0 0.23 58.3 41.5 0.18 0.00 

97,310 390.1 0.26 59.3 40.5 0.16 0.14 
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Table 5. CO and CH4 contentration in the first reactor at Kaixiang, Henan, 2008; with an 
error bar of  “0.01”. 

Temp，˚C 
W/G 

First reactor gas composition % 

Inlet Hot point Inlet CO Outlet CO Inlet CH4 Outlet CH4 

231.0 448.9 0.28 64.71 35.01 0.02 0.016 

239.6 451.1 0.29 64.09 33.20 0.03 0.026 

243.1 446.7 0.27 64.93 36.10 0.00 0.00 

 
Table 6. Temperature recovery process after un-expected temperature drop emergency 
via QDB-5; with an error bar of  “0.1”. Hunan, SINOPEC, 2009. 

TOS 

Catalyst bed temperature/˚C 

Inlet 
Catalyst bed section 

Outlet 
Up Mid Down 

2008.12.24/10:00 195 170 200 210 248 

2008.12.24/10:40 197 172 206 229 262 

2008.12.24/10:50 200 174 208 234 271 

2008.12.24/11:20 207 178 224 286 286 

2008.12.24/11:45 227 184 230 323 208 

2008.12.24/11:55 237 190 240 366 350 

2008.12.24/12:20 249 216 359 448 388 

2008.12.24/13:00 248 233 381 456 458 

2008.12.24/13:10 247 239 384 456 447 

 
By the end of 2013, over 40 CO shift plants for Coal gasification in China have 

been modified to apply low water gas shift technology, accompanied by the de-
signed QDB-5 catalyst with anti-methanation function.  

The industrial performance proved that the activation temperature for QDB-5 
catalyst was 170˚C with guaranteed CO conversion. When the applied WHSV 
set to 4000 - 5000 h−1 (heavy duty, harsh condition), the catalyst still get acti-
vated as long as the inlet temperature reach 190˚C. The low temperature activity 
of QDB-5 no doubt made it special with the traditional CO shift catalyst.  

The low temperature activity of QDB-5 is also proved to reduce the times for 
unexpected production shutdown. The diagram 6 showed the temperature changes 
after un-expected temperature drop (immediate temperature fall, caused by 
emergency issues) in a QDB-5 applied plant at Longyu Chem. Co. Ltd, in 
Puyang, China. By reducing the feedstock, the catalyst bed temperature was 
maintained and continuously increased to a normal level. All the data strongly 
proved the low temperature activity and stability of QDB-5 catalyst. 

Table 7 showed the catalyst performance at 450˚C after applied 2 years in first 
CO shift reactor. The catalyst still exhibited high CO conversion and the methane 
concentration was controlled to a near zero level in the outlet gas. The data was 
gained from a methanol plant by Linquan chem. Co., Ltd, in Anhui, China.  
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Table 7. CO and CH4 contents in the first reactor at Linquan, Anhui, China, 2008 

Temp, ˚C Flow 
M3/h 

First reactor gas composition % 

Inlet Hot point Inlet CO Outlet CO Inlet CH4 Outlet CH4 

243.0 458.1 11,560 64.40 31.20 0.023 0.012 

251.6 453.7 11,630 63.56 30.72 0.021 0.020 

247.2 456.7 11,390 64.93 32.10 0.012 0.010 

5. Summary 

The QDB-5 sulfur tolerant CO shift catalyst, which has been proved to have low 
temperature catalysis activity and anti-methanation property, showed many ad-
vantages than the traditional CO shift catalyst, in terms of higher CO conversion 
under severe conditions, low water usage and minimum outlet water production 
via low water gas ratio technology. The newly developed catalyst will further re-
duce the technical barrier for coal chemical industry and bring huge economic 
benefits for projects based on syngas production, including methanol synthesis, 
ammonium production and the coal to liquid (oil) programs. 

By far the new generation water-gas-shift catalysts have figured out the prob-
lems caused by methanation side reactions, however, in practical applications, 
other issues do emerge. A critical problem that has been reported by one of the 
factories is the ‘unavoidable’ generation of organic sulfur contents which may 
occur as another side reaction in the sulfur tolerant catalyst promoted wa-
ter-gas-shift reactions. One example is the formation of mercaptane, which will 
be a poison for the downstream sulfur recovery process. Based on our years 
know-how and experiences in such catalysts design, it is suggested that the next 
evolution of water-gas-shift catalyst would be sparked again on their sul-
fur-reduction effects. 
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