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For the production of bio-SNG (substitute natural gas) from syngas of biomass steam

gasification, trace amounts of sulfur and tar compounds in raw syngas must be removed.

In present work, biomass gasification and in-bed raw gas upgrading have been performed

in a decoupled dual loop gasifier (DDLG), with aggregation-resistant nickel supported on

calcined olivine (Ni/olivine) as the upgrading catalyst for simultaneous desulfurization and

tar elimination of biogenous syngas. The effects of catalyst preparation, upgrading tem-

perature and steam content of raw syngas on sulfur removal were investigated and the

catalytic tar reforming at different temperatures was evaluated as well. It was found that

850 �C calcined Ni/olivine was efficient for both inorganic-sulfur (H2S) and organic-sulfur

(thiophene) removal at 600e680 �C and the excellent desulfurization performance was

maintained with wide range H2O content (27.0e40.7%). Meanwhile, tar was mostly elimi-

nated and H2 content increased much in the same temperature range. The favorable re-

sults indicate that biomass gasification in DDLG with Ni/olivine as the upgrading bed

material could be a promising approach to produce qualified biogenous syngas for bio-SNG

production and other syngas-derived applications in electric power, heat or fuels.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Biomass as a sustainable and CO2-neutral feedstock can be

converted to heat, electricity or fuels [1e3]. Production of

substitute natural gas (SNG) from biomass is attractive

because that the SNG could be distributed in the existing gas

grid and thus facilitate biomass logistics by eliminating the

need for long transportation distances [4,5]. Biomass steam

gasification in dual bed gasification systems leads to pro-

ducer gas, the biogenous syngas, with a relatively high con-

tent of H2 and CH4 as well as a low content of N2. Such
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properties are necessary for an efficient Bio-SNG production

[6e8]. The syngas contains still trace amounts of sulfur and

tar compounds which could poison the catalyst and deteri-

orate the operation of the downstream methanation [9].

Therefore, low temperature scrubbing was commonly adop-

ted before methanation to remove the tar, sulfur and even

moisture [8,10], in which the syngas was cooled,

cleaned at relatively low temperature, reheated and then

sent to methanation reactor. Compared to the gas-

ificationescrubbingemethanation process, an integrated

gasificationemethanation process with hot gas-cleaning
evier Ltd. All rights reserved.
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could significantly improve the efficiency of the SNG pro-

duction by avoiding cooling and reheating of the syngas and

lower the investment-costs as well [4,5,11].

Tar removal from the hot syngas by tar steam reforming at

600e1000 �C utilizing its steam content and sensible heat [12]

was generally achieved over in-bed catalysts, i.e. the active

bed materials (olivine, dolomite, Ni/olivine, Ni/MgO, etc.) of

the gasifier [13e15], or over the secondary catalyst bed (Ni/

Al2O3, Ni/dolomite, char, etc.) downstream the gasifier

[16e19]. The relatively cheap and efficient nickel catalysts are

attractive in these processes. However, they are vulnerable to

sulfur-poisoning below 900 �C [20]. A chemisorption layer of

hydrogen sulfide over supported nickel catalyst and bulk

sulfide (Ni3S2) could be formed at moderate temperature, in

low and high PH2S=PH2 ratios, respectively [21].

The excellent affinity between nickel and sulfur com-

pounds, typically in terms of chemisorption of sulfur on the

nickel surfaces rather than the conversion of Ni to Ni sulfides

[22,23], could be used for deep sulfur removal fromhot syngas.

Methanation of H2S-containing feeding gas over nickel cata-

lysts showed that the introduced H2S was almost completely

eliminated at 200e400 �C [24], along with the catalyst deacti-

vation by sulfur-poisoning [25]. H2S concentration was

decreased to below 20 ppmv after raw syngas (with a few

hundred ppmv of H2S) going through the secondary tar

reforming catalysts bed (Ni/Al2O3 and Ni/CaOeAl2O3) [26e28],

although a poor desulfurization behavior was found when the

nickel catalysts were introduced in gasifier, mainly due to the

severe conditions of the gasifier [26]. Moreover, nickel was

considered to be active for organic sulfur elimination as well

[29,30] and might be capable of simultaneous removal of

inorganic and organic sulfur compounds, which is superior to

the commonly ZnO-based desulfurizers [31].

However, the development of regenerable Ni-based

desulfurizer has been impeded by the strong tendency of

nickel to aggregate during the regeneration process, which

causes loss in metal surface area and sulfur capacity [32].

Some efforts have been tried to achieve discrete nickel depo-

sition on/in the inert structure to restrain its sintering.

NiAl2O4-based glass-ceramic, with NiAl2O4 phase as clusters

dispersed within the glassy matrix, showed improved resis-

tance to aggregation and a high conversion of H2S at 600 �C
[33]. Ni/SBA-16, with nickel isolated and stabilized in cubic

structured mesoporous silica SBA-16, was prepared to sup-

press the sintering and sulfur capacity loss, which could

remove H2S from hot syngas to less than 60 ppbv with 3 wt.%

sulfur loading capacity at 300 �C throughout five-cycle test

[32]. NiO was grafted with or integrated into calcined olivine

support (Ni/olivine) to prevent attrition, sintering and vola-

tilization of the nickel [14,34,35]. The Ni/olivine as a cheap

steam-reforming nickel-based catalyst could provide high

stability and resistance for repeated high temperature pro-

cessing in oxidizing (900 �C) and reducing (850 �C) atmosphere

during circulation [36].

To suppress nickel aggregation by intensifying metal-

support interaction, in present study, a difunctional Ni/

olivine has been prepared for both desulfurization and tar

reforming of biogenous syngas. A novel decoupled dual loop

gasifier (DDLG) has been developed to facilitate biomass

gasification and in-bed hot gas upgrading. In the DDLG,
different from the common dual bed gasification systems

[6,7,37,38] and our early set-ups [39,40], an additional

upgrading loop parallel with the gasificationecombustion

loop has been introduced. In this way, raw gas upgrading, i.e.

desulfurization and tar reforming, could be optimized inde-

pendently. Specifically, inorganic-sulfur and organic-sulfur

removal, tar reforming and water gas shift reaction (WGS)

have been investigated in DDLG with Ni/olivine as upgrading

bed material.
Experimental

Materials

A natural occurring olivine from the Chinese city of Yichang,

containing (MgxFe1�x)2SiO4 as the main phase with small

quantities of MgSiO3 and FeOx species [35], was used as the

catalyst support after calcination at 1000 �C for 4.5 h. The

catalyst with 6wt.%Ni supported on the olivine,marked as Ni/

olivine-1300, was prepared by incipient wetness impregnation

of the olivine with an aqueous solution of nickel nitrate, fol-

lowed by calcination at 1300 �C for 4.5 h, and used as the

desulfurizer. The catalyst with the same Ni loading on the

olivine, i.e. Ni/olivine-850, was prepared by the incipient

wetness impregnation followed by calcination at 850 �C for

4.5 h, and used as both the desulfurizer and the tar reforming

catalyst. The biomass feedstock used in this work was pine

sawdust from Dalian City, Liaoning Province and its proxi-

mate and ultimate analysis are presented in Table 1. The pine

sawdust was crushed and sieved to 20e40 mesh and dried for

4 h at 105e110 �C before tests.

Desulfurization of sulfur-containing gas over Ni/olivine in
fixed-bed reactor

The hot gas desulfurization was investigated at atmospheric

pressure in an electric heated fixed-bed tube reactor with

10 mm inner diameter. The desulfurizer was placed in the

middle of the reactor embedded with a K-type thermocouple

to monitor the reaction temperature. The feeding gases, i.e. a

simulation gas mixture (SG, 15.1 ppmv H2S and 19.7 ppmv

thiophene in Ar, provided by Dalian Special Gases Co., Ltd.)

and H2, were controlled bymass flow controllers and admitted

to the reactor at an hourly space velocity of 5000 h�1. The

removal of H2S and thiophene, i.e. the most abundant com-

ponents of inorganic-sulfur and organic-sulfur in the bioge-

nous syngas [20], was used for the evaluation of both

inorganic-sulfur and organic-sulfur elimination over Ni/

olivine. Sulfur compounds (H2S and thiophene) concentra-

tions in the effluent gas were determined by a gas chroma-

tography GC 9790 equipped with a packed column (GDX-303,

2 m � 3 mm) and a flame photometer detector (FPD) with the

accuracy of 0.1 ppmv.

Desulfurization and tar reforming of biogenous syngas in
DDLG with Ni/olivine as bed material

As shown in Fig. 1, DDLG consists of two circulation loops, i.e.

a gasification loop and an upgrading loop with fine and coarse

http://dx.doi.org/10.1016/j.ijhydene.2017.05.041
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Table 1 e Proximate and ultimate analysis of the pine sawdust.

Proximate analysis (wt.%, ad) Ultimate analysis (wt.%, daf)

Moisture Ash Volatile Fixed carbon Carbon Hydrogen Oxygena Nitrogen Sulfur

8.26 0.61 78.40 12.73 47.75 6.98 44.84 0.07 0.36

a By difference.

Fig. 1 e Concept of the DDLG gasification system.
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particles as circulating bed materials, respectively. The hot

syngas from the bubbling-fluidized bed gasifier of the gasifi-

cation loop is further upgraded in the moving bed upgrading

reactor of the upgrading loop. Both loops have an identical fast

fluidized bed riser followed by a separator. The fine bed ma-

terial, i.e. SiO2 in this study, with the residual char from the

gasifier and the coarse bed material, i.e. Ni/olivine as both

desulfurization and tar reforming catalyst, from the upgrad-

ing reactor are together transported by the riser and again

divided through the separator into the combustor before the

gasifier and the regenerator before the upgrading reactor,

respectively. In the combustor, the char is burnt out with air

and the fine bedmaterial is heated and returned to the gasifier

to provide the heat the endothermic gasification needed. In

the regenerator, the used Ni/olivine is refreshed in air flow

and delivered back to the upgrading reactor. The quality and

quantity of the fine and coarse circulating bed materials in

both loops are monitored. In this way, the intricate reaction

network is decoupled and the gasification and the raw syngas

upgrading could be optimized independently.

In the experimental DDLG set-up (Fig. 2), the gasifier is a

bubbling fluidized bed reactor with a down-zone of 56 mm i.d.

and 80 mm height and an up-zone 98 mm i.d. and 190 mm

height. The upgrading reactor is a gasesolid radial cross flow

moving bed reactor, which has an annular bed with an i.d.

28 mm, an o.d. 100 mm and a height 250 mm. The hot syngas

from the gasifier flows into the inner space of upgrading

reactor and goes across radially through the bedmaterial. The

riser is a fast fluidized bed reactor with 20 mm i.d. and
2600 mm height. The combustor and regenerator are moving

bed reactors, with identical i.d. 80 mm and a height 140 mm

and a height 190 mm, respectively. The fine and coarse bed

material particles from the riser are separated from the flue

gas in the separator and then fluidized by the air flow intro-

duced into the regenerator. The coarse particle drops down

through the bottom tube of the separator into the regenerator

and the fine particle outflows the separator into the

combustor based on their different masses and terminal ve-

locities. All the reactors are made of 310S stainless steel and

heated by independent electrical furnaces to compensate heat

loss with a K-type thermocouple inserted in the middle of

each furnace closing to the outer wall of the reactors. The

circulating rate of fine bed material and that of coarse bed

material are controlled by the rotary valve between the

gasifier and the riser and that between the upgrading reactor

and the riser, respectively.

Prior to each test, 3.0 kg SiO2 of 60e100mesh as the fine bed

material and 5.5 kg mixture of Ni/olivine (with a density of

1200 kg/m3) and SiO2 (with a density of 1280 kg/m3) of

20e40 mesh as the coarse bed material were added into the

gasifier and upgrading reactor, respectively. The bedmaterials

were bubbling fluidized and fast fluidized/transportedwith air

in the gasifier and riser, respectively. The circulating rate of

fine bed material was maintained to be 3.0 kg/h and that of

coarse bed material 4.5 kg/h. All of the reactors were electri-

cally heated to desired temperatures and then the fluidization

air of the gasifier was replaced by preheated steam. When the

temperatures of all reactors reached stable, gasification began

by feeding pine sawdust into the gasifier at a rate of 0.3 kg/h.

The product gas was extracted from the upgrading reactor

with the help of a vacuum pump and cooled in four sequential

glycol-cooled (�12 �C) condensers, in which the condensable

components and particulate matter were separated from the

permanent gas. The effluent product gas underwent further

aerosol removal and was measured by a wet type gas flow-

meter and analyzed every 10min by a gas chromatography GC

7890Ⅱ equipped with a TCD and a FID. The flue gas from the

separator was cooled down and the entrained dust was

scrubbed in a venturi gas scrubber with water. The tar and

sulfur in the product gas were separately sampled via two

sampling points before the condensers. The tar sampling was

performed by condensing and dissolving the tar components

out of the product gas with six 250 ml impinger bottles basing

on the protocol CEN/TS 15439 [41e43]. The impinger bottles

were located in a cooling bath cooled down to �12 �C by a

cryostat, with bottles 1e5 filled with toluene and bottle 1,

bottle 5 and bottle 6 glass beads. The liquid phases in the

impinger bottles were unified after sampling and the aqueous

phase was separated from the toluene phase. The amount of

water was then determined to calculate H2O content in the

http://dx.doi.org/10.1016/j.ijhydene.2017.05.041
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Fig. 2 e Schematic of the lab-scale DDLG facility.

Table 2 e General parameters of the DDLG system.

Fine bed material 60e100 mesh SiO2

Fine bed material inventory (kg) 3.0

Fine particles circulating rate to 10
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product gas. The tar was obtained by evaporating off the

toluene solvent at 50 �C under reduced pressure. The sulfur

compounds were sampled by separating the condensable

components from the permanent gas in an impinger bottle

filled with glass beads, cooled down to �12 �C. H2S and thio-

phene in the effluent permanent gas were thenmeasured by a

GC 9790 equipped with a packed column (GDX-303,

2 m � 3 mm) and a FPD. As mentioned above, all data sam-

plings were conducted at around 1 h after the pine sawdust

was fed into the gasifier when the experiments were in stable

state (as shown in Fig. S1 in the Supplementary material). The

general parameters are summarized in Table 2.
biomass feeding rate (kg/kg)

Coarse bed material 20e40 mesh catalyst þ SiO2

Coarse bed material inventory (kg) 5.5

Coarse particles circulating rate to

biomass feeding rate (kg/kg)

15

Biomass feeding rate (kgfuel,db/h) 0.3

Steam to biomass mass ratio (S/B)

ðkgH2O
=kgfuel;dbÞ

0.4e0.7

Gasification temperature (�C) 780

Gas Upgrading temperature (�C) 520e740

Char combustion temperature (�C) 800

Catalyst regeneration

temperature (�C)
840

Operating pressure Atmospheric
Results and discussion

Sulfidation and regeneration behaviors of Ni/olivine

The feeding gas mixture of 63 vol.% SG and 37 vol.% H2 un-

derwent desulfurization over Ni/olivine in the fixed-bed

reactor. As shown in Fig. 3a, H2S in the gas was effectively

removed over Ni/olivine-1300. Thiophene conversion over Ni/

olivine-1300 was also studied (Fig. 3b) with temperature rising

between 500 �C and 700 �C and back down to 500 �C in a step of

100 �C. It was found that higher reaction temperature favors
thiophene elimination. Thiophene conversion increases with

reaction time at 500 �C over the fresh desulfurizer, while an

increase of conversion follow by decrease appears at both 600

and 700 �C. The results imply that thiophene conversion was

determined by the reduction of NiO to Ni at lower tempera-

ture, which is the active site for thiophene conversion [29,30].

http://dx.doi.org/10.1016/j.ijhydene.2017.05.041
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Fig. 3 e Desulfurization over Ni/olivine-1300 in SG/H2: a) H2S removal at 500 �C; b) thiophene conversion during programmed

temperature test, before and after regeneration in air flow.
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More Ni could be achieved by extending the exposure time

and increasing the reaction temperature, promoted by the H2

content in the feeding gas. The decrease of thiophene con-

version with time at higher temperature mainly resulted from

sulfur-poisoning of Ni.

It has been found that nickel catalysts were sulfur-

poisoned by the formation of chemisorbed sulfur or nickel

sulfide. Such sulfur species on the nickel catalysts are prone to

converted to sulfate between 350 and 900 �C in oxidizing at-

mosphere, which is relatively stable and considered to be the

main obstacle during regeneration [8,44e46]. To help to illus-

trate the regeneration of sulfur-poisoned nickel catalyst,

thermal gravimetric analysis (TGA) of NiSO4e6H2O was per-

formed under air flow at a heating rate of 20 �C/min on a DTU-

2B thermal balance. As indicated in Fig. 4, the weight loss

before 500 �C is due to dehydration of NiSO4e6H2O. Theweight

loss near 850 �C accounting for 30 wt.% of NiSO4e6H2O verifies

the complete decomposition of NiSO4 to NiO. This result is in

accordance with that the deactivated Ni/olivine-1300 was well

recovered after regeneration in air flow at 850 �C for 0.5 h

(Fig. 3b). Thus, the spent Ni/olivine is suggested to refresh in

this way for sufficient regeneration, considering the more

encouraging rate and cost-efficiency of oxidative regeneration

compared with reductive regeneration as well [23].
Fig. 4 e TGA and DTG curves of NiSO4e6H2O.
Desulfurization of biogenous syngas over Ni/olivine in
DDLG

Syngas as-produced from the steam gasification of the pine

sawdust in the gasifierwasdelivered to andupgraded further in

the upgrading reactor. As displayed in Fig. 5, at 600 �C and with

either 30 wt.% Ni/olivine-850 þ 70 wt.% SiO2 or 30 wt.% Ni/

olivine-1300þ 70wt.%SiO2 asupgrading bedmaterials, H2S and

thiophene in the product gas could be effectively decreased to

less than several ppmv level, whereas the values with SiO2 are

146.1 ppmv and 36.1 ppmv, respectively. Ni/olivine-850 shows

more pronounced desulfurization performance than Ni/

olivine-1300, possibly due to their discrepant redox properties

which determine the amount of Ni0. It has been reported that

calcination temperature of Ni/olivine as high as 1400 �C could

lead to NiO integration into olivine structure, which can hardly

be reduced [34,36]. Thus, a moderate calcination temperature,

i.e. 850 �C here, could be suitable to provide sufficient Ni0 as

active sites during hot gas upgrading and strongmetal-support

interaction to bind them as well.

The influence of H2O content in the syngas on the desul-

furization over 30 wt.% Ni/olivine-850 þ 70 wt.% SiO2 in the
Fig. 5 e Desulfurization over SiO2, Ni/olivine-1300 and Ni/

olivine-850 at 600 �C.
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Fig. 6 e Influence of temperature on desulfurization over

Ni/olivine-850.

Table 4 e Biomass gasification with raw syngas
upgrading over Ni/olivine-850 at different temperatures
in DDLG.

S/B (kg/kg) 0.45 0.45 0.45 0.45

Gasification 780 780 780 780
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upgrading reactor was evaluated and the result is shown in

Table 3. It is found that an excellent desulfurization perfor-

mance was maintained towards the hot raw gas with wide

range H2O content (27.0e40.7%). The result confirms the

different desulfurization mechanism over nickel-based

desulfurizer from that over the traditional ZnO-based desul-

furizer. H2O, as a product of the sulfidation of ZnO, could

adversely affect the thermodynamic equilibrium of desulfur-

ization and compete with H2S during adsorption over ZnO-

based sorbents [11,47]. In comparison, H2O is not involved in

the sulfidation of Ni, either in terms of bulk sulfide or chem-

isorbed sulfur. Therefore, Ni/olivine could be a superior sor-

bent for desulfurization of H2O-rich raw biogenous syngas.

The influence of the upgrading temperature on the desul-

furization over 30 wt.% Ni/olivine-850þ 70 wt.% SiO2 is shown

in Fig. 6. H2S in the product gas maintains to be less than

0.5 ppmv in the temperature range of 520e680 �C and,

dramatically, increases up to 110.3 ppmv at 740 �C, which

could result from the variation of chemisorption behavior

with temperature since stronger chemisorption between H2S

and Ni is expected at lower temperature [23]. Thiophene

concentration, however, decreases with the increase of tem-

perature, indicating that higher reaction temperature pro-

motes thiophene cracking and conversion.

Tar reforming of biogenous syngas over Ni/olivine in DDLG

Catalytic steam reforming of biogenous tar over 30 wt.% Ni/

olivine-850 þ 70 wt.% SiO2 was evaluated at the same

upgrading temperature range as that for efficient desulfur-

ization (Table 4). Compared with that over SiO2, the tar con-

tent decreases distinctly over Ni/olivine at 600e680 �C, and the

carbon conversion and gas yield increase a lot. The results

indicate that the tar was mostly destructed to permanent

gases. Meanwhile, H2 concentration increases much, accom-

panied by evident decrease of CO at 600 �C and CH4 at 680 �C.
Table 3 e Influence of H2O content on desulfurization
over Ni/olivine-850.

S/B (kg/kg) 0.40 0.45 0.70

Gasifier temperature/�C 780 780 780

Bed material in gasifier SiO2 SiO2 SiO2

Upgrading reactor

temperature/�C
600 600 600

Bed material in upgrading

reactor

Ni/olivine Ni/olivine Ni/olivine

Tar content in raw gas

(g/Nm3)

61.2 60.3 60.5

H2O content in raw gas/% 27.0 30.4 40.7

Raw gas composition/vol.%

H2 34.9 33.8 36.8

CO 33.3 33.8 32.3

CH4 10.1 10.8 10.1

CO2 17.2 17.0 16.6

C2H4 2.7 3.0 2.9

C2H6 0.6 0.6 0.6

C3H6 1.0 0.8 0.6

C3H8 0.2 0.2 0.1

H2S in product gas/ppmv <0.1 0.2 0.3

Thiophene in product

gas/ppmv

<0.1 <0.1 <0.1
The exothermic WGS reaction is promoted at lower temper-

ature, producing H2 and CO2 at the expense of CO and H2O,

while the endothermic CH4 reforming contributes to H2 pro-

duction at higher temperature. Notably, Ni/olivine showed

poor catalytic activities for tar steam reforming, WGS and CH4

reforming at 520 �C. The decrease of reaction rates with

lowering temperature could deteriorate the upgrading per-

formance. Sulfur-poisoning of the catalyst could be another

important factor, as thiophene of 2.8 ppmv penetrated at
temperature/�C
Bed material in

gasifier

SiO2 SiO2 SiO2 SiO2

Upgrading

temperature/�C
350 520 600 680

Bed material in

upgrading reactor

SiO2 Ni/olivine Ni/olivine Ni/olivine

Carbon conversion/% 76.4 79.2 90.8 91.6

Product gas yield

(Nm3/kg)

1.0 1.0 1.5 1.5

LHV (MJ/Nm3) 14.8 13.9 11.3 11.3

Tar content in

product gas (g/Nm3)

60.3 37.1 2.6 2.7

H2S in product

gas/ppmv

146.1 0.4 0.2 0.4

Thiophene in product

gas/ppmv

36.1 2.8 <0.1 <0.1

Dry product gas

composition/vol.%

H2 33.8 35.1 47.4 45.9

CO 33.8 30.6 17.7 28.9

CH4 10.8 10.7 9.8 6.2

CO2 17.0 20.0 24.5 18.3

C2H4 3.0 2.2 0.1 0.4

C2H6 0.6 0.6 0.1 0.2

C3H6 0.8 0.7 0.2 0.1

C3H8 0.2 0.1 0.2 e
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520 �C may result in an increase of sulfur coverage over

metallic nickel [8].

Carbon conversion of 76.4% and product gas yield of

1.0 Nm3/kg were achieved during biomass gasification at

780 �C over SiO2, as shown in Table 4. The results approach or

even exceed the published works based on dual bed gasifica-

tion systems [48,49]. Additionally, with Ni/olivine as the

upgrading catalyst, deep sulfur removal and efficient tar

elimination were achieved simultaneously at 600e680 �C. The
upgraded product gas with gas yield of 1.5 Nm3/kgdaf, tar

content of 2.6 g/Nm3, H2/CO mole ratio of 2.7 and sulfur of

0.2 ppmv H2S and <0.1 ppmv thiophene was obtained in the

lab-scale DDLG facility under the temperatures of gasification

and raw gas upgrading at 780 �C and 600 �C, respectively. The
favorable result indicates that biomass gasification in DDLG

with Ni/olivine as upgrading bed material could be a prom-

ising approach to produce qualified biogenous syngas for bio-

SNG production and other syngas-derived applications in

electric power, heat or fuels [50,51].
Conclusions

Sulfidation and regeneration of Ni/olivine in the fixed-bed

reactor showed that Ni/olivine was efficient for both H2S

(inorganic-sulfur) and thiophene (organic-sulfur) removal at

moderate temperature. Sulfur-poisoned Ni/olivine was well

recovered after regeneration in air at 850 �C.
Biomass gasification in DDLG with difunctional Ni/olivine

as in-bed upgrading catalyst was performed. Deep sulfur

removal was achieved at 600e680 �C and the excellent

desulfurization performancewasmaintainedwith wide range

H2O content (27.0e40.7%). But even higher and lower

upgrading temperatures were unfavorable for inorganic-

sulfur and organic-sulfur eliminations, respectively. Mean-

while, tar was mostly destructed at 600e680 �C and poorly

eliminated at the lower temperature.
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