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1. EXECUTIVE SUMMARY 
In the deliverable D4.2 the potential for using the acid hydrolysis residues (AHR) as feedstock in a 
gasification process for production of a high heating value (HHV) gas was investigated. For the AHR 
upgrading the following processes were studied: high temperature pyrolysis, steam gasification, 
catalytic steam gasification and oxidative gasification. 

The AHR used in this study was obtained from a max levulinic acid (LA) hydrothermal process 
(performed in U.Limerick) and was proved in Del 4.1 to be non-appropriate for pyrolysis process 
(either thermal or catalytic). Moreover, for comparison purposes, two biomass feeds (beechwood 
biomass and sugarcane bagasse) were also tested. All feeds were fully characterized at CERTH and 
ASTON using elemental analysis, moisture content, ash content and chemicals analysis. The 
characterization results showed that the acid hydrolysis conditions have a great impact on the actual 
structure of the AHR. AHR has much more carbon compared to raw biomass that is mainly in lignin 
structures.  

Experimental work in D4.2 was carried out in three units. In CERTH the high temperature pyrolysis 
experiments were carried on a small scale pyrolyzer while the steam gasification tests were performed 
on a small scale gasifier. In these units the gaseous products were mainly measured. In ASTON a 
study for oxidative gasification of AHR was carried out. For this study the batch experiments were 
performed in U. of Cardiff using a custom made stainless still pipe introduced in a horizontal furnace. 

For the catalytic gasification tests we evaluated 2 different catalytic materials. One catalyst (Ni/ZSM5) 
was synthesized at CERTH while the second (NiMgAl) was synthesized at UBA. The catalytic 
materials were also fully characterized for surface area, pore size, pore volume and acidity.   

The results from high temperature pyrolysis validated our previous results (Del 4.1) that the AHR is 
not suitable for production of a diesel miscible diesel through thermal or catalytic pyrolysis. However, 
at high pyrolysis temperature it can give a high gas yield (about 48%wt) where the CO dominates with 
yield up to 28%wt (on AHR basis). However, this gas is very poor in H2 since H2 yield is less than 
2%wt (on AHR basis). AHR pyrolysis could be used as AHR upgrading process if we could use the 
remaining (in high yield) biochar for sequestration purposes.    

The steam gasification of the raw AHR proved that this feed is suitable for gasification. Optimum 
conditions for this process is steam rate=0.5gr/min and gasification temperature around 900°C. At 
these conditions the AHR gasification gives a syn-gas very rich in H2 and CO. The HHV of the 
produced gases (excluding carrier nitrogen) was about 38 MJ/(Kg of AHR). Steam gasification of 
AHR is more preferable than biomass since it gives a higher HHV gas. The catalytic steam 
gasification of AHR was also found to be beneficial. Among the two catalysts tested the NiMgAl was 
the best. This catalyst promotes sthe team reforming of CH4 (and possible tars) giving more H2 and 
less CH4 in the final gas. The HHV of the gas from steam gasification reaches values up to 39 MJ/(Kg 
of AHR) at 900°C.  

Oxidative gasification of AHR with air was also successful. Product gas composition and HHV results 
at 950°c were representative of typical biomass air gasification producing a fuel gas with a HHV of 
approximately 5-7MJ/Nm3. Increasing reactor temperature reduced solid and liquid yields, but 
increased gas yield. AHR was more refractory than sugarcane bagasse and so rate of reaction was 
slower. Temperature, equivalence ratio and residence times were important factors in maximising gas 
yields or HHV. The gas HHV increased with increasing reactor temperature. Tars were unlikely to be 
problem with AHR gasification. The allothermal gasification results showed that char yields stabilise 
at 650°C (when using nitrogen) so we can expect char yields of approximately 40wt% (on dry feed 
basis) from AHR even when increasing the temperature above 650°C.  

 



 

 

2. INTRODUCTION 
The main objective of DIBANET work in this deliverable was to evaluate the acid hydrolysis residues 
(AHR) for their potential use as feedstock for high temperature pyrolysis and mainly gasification 
process. The work focused on the AHR that was produced from the best acid hydrolysis process with 
respect to maximum Levulinic acid (LA) production. In Deliverable 4.1 it was proved that this AHR is 
not a suitable feed for pyrolysis since it gives very low yield of diesel miscible biofuel (biooil). For 
this reason the upgrading of this AHR by a high temperature pyrolysis or steam gasification step is 
investigated in this deliverable towards production of a synthesis gas with a high heating value that 
could be used for heat and power generation in the proposed in Dibanet LA biorefinery. 

3. EXPERIMENTAL PART  
2.1 Biomass Feedstock 

The following feedstocks were used in this study: 

 AHR coming from Miscanthhus feed and produced under the following hydrothermal 
conditions:175°C, 5% H2SO4, 1 hour. These conditions maximized the LA production 

 Lignocel beech-wood that is a standard feed used in CPERI. This feed was used only for 
comparison purposes. 

 A sugarcane bagasse coming from pellets (SCBP) that was used in ASTON 

The feeds were fully characterized at CPERI laboratories regarding the ash and moisture content, C 
and H content, as well as their hemicellulose, α-cellulose and lignin synthesis. The elemental analysis 
was conducted according to UOP 703 method on a CHN-800 elemental analyser (LECO). The 
moisture content was determined after heating at a furnace at 105oC for 15h while the ash content was 
calculated after burning in a muffle furnace at 640oC for 16h. Before determination of hemicellulose, 
α-cellulose and lignin content of the biomass the extractives were determined with a mixture of 
EtOH:Toluene at a ratio of 1:2 for 16h. For the determination of the lignin content the official method 
TAPPI222 was followed. The holocellulose content was determined according to the well established 
Wise method, with small modifications. The a-cellulose content of the biomass samples was 
determined based on official method TAPPI203. Finally hemicellulose content of the samples was 
determined by subtracting the determined α-cellulose from the holocellulose. The characterization 
results of the feeds are presented in Table 1 and Table 2.  

Table 1. Elemental Analysis of feedstocks 

Sample Name Elemental Analysis (% wt) (MF) Ash* (%) Moisture (%) 
 C H O S  15 hrs (105°C) 
AHR-Misc (175°C, 5% H2SO4, 1h) 63.62 5.10 31.18 0.11 1.87 3.45 
Lignocell (beech wood) 45.9 6.40 46.90 - 0.46 7.6 
Sugarcane Bagasse Pellets (SCBP) 43.47 5.66 44.69 0.27 5.71 9.62 

Table 2. Biomass constituents analysis of feedstocks used in CERTH 

Sample Name Extractives 
(%) 

Hemicellulose + 
a-Cellulose (%) 

Acid-insoluble 
lignin (%) 

Acid-soluble 
lignin (%) 

Misc. 175°C, 5% H2SO4, 1h 6.92 - 91.18 1.69 
Lignocell 3.7 76.40 21.80 - 

From Table 1 it seems that the acid hydrolysis treatment caused an increase in the carbon content of 
the AHR followed by a decrease in the oxygen content. Table 2 shows that the acid hydrolysis 
treatment solubilizes the cellulose and hemicellulose of the initial biomasses leaving a residue rich in 
lignin. The high carbon content of this residue makes it a good potential candidate for syngas 
production.  



 

 

2.2 Catalysts 

2.2.1 Preparation and characterization of catalytic materials 

For the thermal pyrolysis tests we used silica sand while for the catalytic pyrolysis tests a commercial 
ZSM-5 sample. The properties of ZSM-5 were given in Del. 4.1. For the catalytic gasification 
experiments we used two catalysts: a) a Ni/ZSM-5 catalytic material prepared in CPERI and b) a 
NiMgAl based catalyst prepared in UBA. For the Ni/ZSM-5 catalyst a commercial ZSM-5 sample was 
used as the support and further promoted with 10 wt. % Ni via a typical wet impregnation method 
using aqueous solution of Ni(NO3)2.6H2O salt. The Ni-based catalyst was calcined at 600 °C/5 h/air. 
The NiMgAl based catalyst was prepared according to a synthesis procedure described in [Ref1].  

2.2.2 Physicochemical characteristics of the catalytic materials 

Both parent zeolitic support, Ni-based sample and NiMgAl were analyzed by Inductive Coupled 
Plasma - Atomic Emission Spectroscopy (ICP-AES) for the determination of their chemical 
composition (wt. % of Al and Na for the zeolites and Ni or Ni, Mg, Al for the metal-modified 
catalysts), using a 4300 DV PerkinElmer Optima spectrometer.  X-ray diffraction (XRD) measure-
ments were also performed using a SIEMENS D-500 diffractometer. For the determination of surface 
area (BET method), pore volume and mesopore size distribution (BJH method) N2 
adsorption/desorption experiments were conducted at -196 °C, using an Automatic Volumetric 
Sorption Analyzer (Autosorb-1MP, Quantachrome). The samples were previously outgassed overnight 
at 350 °C under 5×10-9 Torr vacuum. Fourier-Transform Infrared (FT-IR) spectroscopy experiments, 
combined with in situ adsorption of pyridine for the determination of the Brönsted (band at 1545 cm−1 
attributed to pyridinium ions) and Lewis (band at 1450 cm−1 attributed to pyridine coordinated to 
Lewis acid sites) type acid sites of the catalysts, were performed on a Nicolet 5700 FTIR spectrometer 
(resolution 4 cm−1) using the OMNIC software.  

The most important physicochemical properties of the zeolitic (diluted ZSM-5) and Ni based catalytic 
materials used are presented in Tables 3 and 4 respectively. Zeolite ZSM-5 comprises a 2-D channel-
like pore system with perpendicularly intersecting channels of ~0.55 nm in diameter. The H+-
exchanged ZSM-5 possesses mainly Brönsted acid sites (bridging hydroxyls connected to framework 
aluminium atoms) of high acidic strength, in addition to few Lewis acid sites attributed to positively 
charged tri-coordinated Si atoms and extra-framework octahedrally coordinated aluminum 
oxyhydroxy species, which can be generated during the various calcination processes that the zeolite 
undergoes (i.e., at 550–600 °C initially to remove the organic template of the as-synthesized zeolite 
and then for converting the NH4

+-exchanged form to H+-form). Table 3 presents the properties of the 
commercial diluted ZSM-5. 

Table 3. Chemical composition, porosity and acidity characteristics of diluted ZSM-5 

Catalysts 
Al content 

(wt %) 
Na content 

(wt %) 

Specific 
surface 

area 
(m2/g) 

Average 
pore 

diameter
(nm) 

Micro-
Pore 

volume 
(cm3/g)

Meso-
pore 

volume 
(cm3/g) 

Bronsted 
acidity 

(μmol/g) 

Lewis 
acidity 

(μmol/g)

ZSM-5 14.58±0.72 0.231±0.012 138 4 0.037 0.037** 36.050 21.1 

As obvious in Table 3 the surface area of the diluted ZSM-5 catalytic formulation is low (~140 m2/g), 
originating from the micropores of the crystalline ZSM-5 and the mesopores (~ 4 nm) of the silica-
alumina matrix. Accordingly, the micropore volume of this catalyst is significantly low as compared to 
that of a pure ZSM-5 zeolite, while its meso/macropore volume is higher due to the matrix. With 
regard to the acidity of the diluted ZSM-5, the number of Brönsted acid sites are also significantly 
lower compared to those of a pure H-ZSM-5 zeolite, while the Brönsted to Lewis acid sites ratio was 
also much lower (2 from 4 in the pure H-ZSM-5), due to the nature of acid sites in the high-alumina 
matrix.   



 

 

Impregnation of the commercial diluted ZSM-5 with the transition metal had a significant effect on the 
porosity characteristics of the parent material. As shown in Table 4 high loading (10 wt. %) of Ni led 
to 15% decrease of the surface area, which can be mainly attributed to the blockage of micropores of 
the embedded crystalline ZSM-5 zeolite by the metal phases formed. In addition the micropore 
volume of the catalysts was reduced to a greater extent compared to the meso/macropore volume 
(Table 4). 

Table 4. Chemical composition, porosity and acidity characteristics of metal-based catalyst 

Catalysts 

Nominal 
metal 

loading 
(wt %) 

Actual 
metal 

loading 
(wt %) 

Specific 
surface 

area 
(m2/g) 

Average 
pore 

diameter* 
(nm) 

Micro- 
Pore 

volume 
(cm3/g) 

Meso-
pore 

volume 
(cm3/g) 

Bronsted 
acidity 

(μmol/g) 

Lewis 
acidity

(μmol/g)

Ni 10% ZSM-5 10 11.4±0.55 117 5.2 0.032 0.016** 19.2 43.6 

On the other hand, the effect of metals on the acidic properties of the diluted ZSM-5 zeolitic catalyst 
was more pronounced (Table 4), compared to the porosity characteristics. The presence of 10 wt.% Ni 
reduced the number of Brönsted acid sites (BAS) by 47% . The significant decrease of the number of 
Brönsted acid sites suggests that part of the acidic protons in crystalline zeolite ZSM-5, which are 
responsible for the Brönsted acidity of the catalyst, were ion-exchanged by Ni ions during the dry 
impregnation procedure. In contrast to the Brönsted acid sites, the number of Lewis acid sites (LAS) 
was increased, more than doubled, possibly due to the formation of the corresponding oxides, i.e. NiO 
(based on XRD results) which could function as Lewis acidic centres.  

The XRD patterns of the calcined metal-modified diluted ZSM-5 catalyst are presented in Figure 1. 
The Ni-modified ZSM-5 catalyst exhibited XRD patterns with the characteristic peaks of NiO, while 
the size of NiO crystals (estimated by the Scherrer equation) was 39.5 nm. 

Ni(10%)/ZSM‐5 ‐ fresh
• NiO

Ni(10%)/ZSM‐5 ‐ fresh
• NiO

 
Figure 1. XRD patterns of fresh Ni/ZSM-5 catalysts. Identification of crystal phases formed 

 

The most important physicochemical properties of NiMgAl (fresh and after reduction) are presented in 
Table 5 while the XRD patterns of NiMgAl catalyst both as received (after drying) and after reducing 
treatment are presented in Figure 2. 

 

 

 

 



 

 

Table 5. Chemical composition, porosity and acidity characteristics of NiMgAl samples 

Catalysts Ni (ppm) Mg (ppm) Al (ppm) 

Specific 
surface 

area 
(m2/g) 

Average 
pore 

diameter* 
(nm) 

Pore 
volume 
(cm3/g) 

Bronsted 
acidity 

(μmol/g) 

Lewis 
acidity 

(μmol/g)

NiMgAl 317500±15000 34000±1500 89000±4000 pending pending pending pending pending
NiMgAl 
reduced 475000±5000 51900±2500 138000±6000 pending pending pending pending pending

NiMgAl dried (as received) NiMgAl dried (after reduction)NiMgAl dried (as received) NiMgAl dried (after reduction)

 
Figure 2. XRD patterns of fresh and treated NiAlMg catalysts. Identification of crystal phases formed. 

2.3 Experimental units 

2.3.1 AHR  pyrolysis unit  

Experiments of high temperature pyrolysis were performed on a bench scale fixed bed reactor made of 
stainless steel 316. The reactor was heated by a three zone furnace and was purged with nitrogen to 
ensure an oxygen-free atmosphere and to carry the pyrolysis vapors through the catalyst. The reactor 
was loaded with 0.7 grams of catalyst and the catalyst bed temperature was constantly measured with 
a thermocouple. When the desired temperature was reached, approximately 1.5 grams of biomass were 
injected in the reactor with the help of a piston. The biomass was pyrolyzed and the pyrolysis vapors 
passed through the fixed catalytic bed where upgrading/cracking reactions took place. The liquid 
products were collected in a glass receiver, submerged in a cooling bath that is kept at -17 ºC. Solid 
(coke) and gas products were collected and measured as well. The unit is presented in Figure 3. 

 
Figure 3. High temperature biomass pyrolysis fixed bed unit 



 

 

2.3.2 AHR Gasification units 

In CERTH gasification experiments were performed on a bench scale fixed bed reactor made of 
stainless steel 316. The reactor was loaded with the biomass and was heated by a three zone furnace 
and was purged with nitrogen prior to each run. At the start of each run the nitrogen flow would either 
remain constant or would be replaced by an air flow for the introduction of air as an oxidation 
medium. Additionally, a pump would feed distilled water that would go through a heated zone and 
turn into steam. The pump allowed for control of the water flow. The unit setup is presented in Figure 
4a. In addition to the above setup, a second fixed bed stainless steel reactor was also developed. This 
reactor setup allowed for the introduction of the biomass feed with the help of a piston. This allowed 
for the introduction of biomass in the reactor after it had reached the desired temperature, therefore 
unwanted heating and cracking of the feed was avoided.  

  

 
 

Figure 4a. Biomass gasification fixed bed unit in CERTH 
 

Oxidative gasification using the existing in ASTON 300g/h fluid bed reaction system was not possible 
in ASTON as the use of air at such high temperatures would oxidise and damage the stainless steel 
material used for the reactor. Instead, oxidative gasification was carried out in an air batch system at 
Cardiff University which has previously been used for gasification experiments. The effect of initial 
reactor temperature on reaction time, product yields and gas composition was investigated. This unit 
consists of a custom-made stainless steel pipe and was used for batch gasification experiments in a 
horizontal tube furnace at Cardiff University. A stainless steel boat was used to load a small batch of 
sample (3-5g) into the furnace. The maximum temperature of the furnace was 1000°C. However, the 
initial reactor temperature, before loading the boat, was measured with a thermocouple and found to be 
50°C lower than the furnace set point for all experiments. Therefore, experiments were carried out 
when the initial reactor temperature was at 650, 750, 850 and 950°C. The temperature of the exit gas 
was much lower than the reactor temperature as there was approximately 180mm of un-insulated 
exhaust pipe at the outlet of the furnace which allowed the exit gas temperature to drop before entering 
the glass collection system. The temperature increase caused by the exothermic reaction could not be 
measured, but is expected to be higher with higher oxygen concentrations. Figure 4b shows a 
flowsheet of the gasification rig set up.  

Rotameters were used to quantify the gas flow exiting the glass collection system. A Rosemount NGA 
2000 continuous gas analyser was used to measure the volume percentage of carbon monoxide, carbon 
dioxide and oxygen in the product gas. Both analysers gave comparable results. Readings were 
manually taken from the continuous analyser every 15 seconds until the sample had been completely 
gasified. Also, a Varian CP-4900 MicroGC was used to determine the composition of gases every 2 



 

 

minutes. The gases detected were carbon monoxide, carbon dioxide, methane, hydrogen. The mass of 
remaining solid residue was determined by mass gain on the stainless steel boat. After the experiment 
was complete, the feed gas was turned off and the sample was quickly removed from the furnace 
before a stainless steel plank was set on top of the boat to reduce further oxidation. Five dreschel glass 
bottles were used to collect tars. Bottles 1 and 2 which contained approximately 150ml of iso-propanol 
acted as simple scrubbers which collect organic liquid (tars) and some of the water. Bottle 3 and 4 
contained silica gel which absorbed moisture and also aided tar removal by impingement coalescence. 
Bottle 5 was a check bottle containing a cotton wool filter which indicated, by colour change, whether 
the exit gas was almost tar free.  

Air

Furnace

Sample
Continuous 
gas analyser 
and MicroGC

Exhaust

Glass collection system

1 2 3 4 5

 
Figure 4b: Batch system set up for oxidative gasification in ASTON 

 

Higher temperature pyrolysis (pyrolytic or allothermal gasification) was applied in order to increase 
the gas yield from biomass where the increased temperature allows additional shrinkage of the 
biomass particle. Allothermal gasification was carried out using nitrogen on the 300g/h fluidised bed 
reaction system which was previously used for fast pyrolysis. Allothermal gasification was applied to 
SCBP and AHR as gas yields of up to 85wt.% from feedstocks are expected. Operating temperatures 
were increased from 500 to 650°C at 50°C intervals. Temperatures above 650°C were not possible 
using the existing heaters. However, commercial gasifiers are usually operated at approximately 
900°C and this was taken into consideration when analysing the results. 

 

4. RESULTS AND DISCUSSION 

4.1 High temperature pyrolysis of AHR 

High temperature pyrolysis tests were performed in the small scale pyrolyzer at three temperatures 
500, 550 and 600oC using both silica sand and ZSM-5 catalyst. It must be noted that the 600°C is the 
maximum temperature we can achieve in this unit. The experimental results using the AHR from 
Miscanthus are presented in Table 6. 

Table 6. High temperature pyrolysis experimental results with AHR from Miscanthus 

 500°C 550°C 600°C 
 Sand ZSM-5 Sand ZSM-5 Sand ZSM-5 
 Product Yields (%wt on AHR) 

Water 15.88% 16.63% 14.01% 18.88% 15.06% 19.14% 
Organic Oil 16.12% 12.39% 13.58% 6.90% 11.80% 7.83% 
Gas Yield 15.08% 16.03% 17.91% 18.73% 20.73% 22.92% 

Coke Yield 52.92% 54.96% 54.50% 55.49% 52.40% 50.11% 
 Elemental analysis of organic oil (%wt on oil) 

C 66.39% 73.62% 70.18% 78.43% 68.14% 75.48% 
H 9.17% 8.31% 9.00% 9.00% 9.00% 9.00% 
O 24.44% 18.07% 20.82% 12.57% 22.86% 15.52% 



 

 

As expected an increase in temperature resulted in increased cracking which is depicted as an increase 
in gas production and a decrease of the biooil yield. Catalyst addition (ZSM-5) also had the same 
effect with gas production to increase up to 600oC. From the deoxygenation point of view it was found 
that as the experiment conditions became more extreme, the oil oxygen was decreased.  The presence 
of catalyst enhanced deoxygenation but also seemed to increase coke production due to the 
catalytically produced coke. Figure 5 presents the biooil yield vs. oil O2. From this data it is again 
validated that pyrolysis of the optimum (for LA production) gives very low oil yield (less than 
15%wt). Of course the oxygen level can be reduced (especially in catalytic pyrolysis) and can achieve 
values up to 10%wt in oil. However, the general conclusion is that the coke like nature of the AHR 
made this feed unsuitable for liquid biooil production through pyrolysis process.  

 

 
Figure 5. Organic Oil vs O2 in Oil for Miscanthus AHR– Temperature Effect 

 

In Figures 6 and 7 we present the yields of the main gases that were produced from the pyrolysis tests 
(thermal and catalytic). By increasing temperature more gases are produced but mainly CO is affected. 
In order to investigate further the gas production from thermal pyrolysis at even higher temperatures 
we performed pyrolysis tests at very high temperatures (till 950oC) in order to assess the produced 
synthesis gas of the AHR. These tests were performed in the small scale gasification unit using only 
inert gas. The results are presented in Figure 8. By comparing Figure 6 and 8 at 600°C the yields are 
not exactly the same due to the different units applied in these studies. However, similar trends exists 
for the gas yields. Thus, the only gas that it is mainly affected is the CO that increases almost linearly 
with the temperature achieving values up to about 28%wt. CO2 yield increase is very low and 
essentially it achieves values up to about 12%wt. CH4 increases also but with very low yields while 
H2 is also increased but its yield is less than 2%wt even at the highest temperature. The overall 
conclusion is that pyrolysis of AHR is not suitable for oil production however, it can reach gas yield 
up to about 45%wt and produces a gas very rich in CO but very poor in H2. 



 

 

Gases yields vs Temperature for Thermal Pyrolysis
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Figure 6. Gases Yields vs Temperature for Thermal Pyrolysis 

 
Gases yields vs Temperature for Catalytic Pyrolysis
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Figure 7. Gases Yields vs Temperature for Catalytic Pyrolysis 
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Figure 8. Gases Yields vs Temperature for Thermal High Temperature Pyrolysis 



 

 

3.2 Gasification of a Carbonised AHR (C-AHR) 

In this part of D4.2 we focus on the gasification process of the AHR material towards production of 
synthesis gases to be used for heating and electricity purposes. All experiments of this work were 
performed at 800, 850, 900 and 950oC using mainly steam (steam gasification) and in some cases 
steam and air. However, for this work and due to limitation in our experimental unit (batch reactor) we 
used not the entire AHR material but an AHR coming from a carbonization process (named in this 
report as carbonized AHR or C-AHR). We performed this carbonization since we had to put the feed 
(AHR) in the reactor from the start of the experiment (preloaded) and we desired to avoid losses of 
volatiles during the heating period until achieving the desirable gasification temperature when the 
steam was introduced in the unit. In the next paragraph we will present experiments where the entire 
AHR was used for gasification. The carbonization process was done using 50g batch of the AHR in a 
SS reactor under continuous N2 flow of ~50cc/min. The AHR sample was heated up to 800°C, over a 
period of 70min, and then the carbonization temperature was maintained for another 30min. The 
carbonization process resulted in solid yield of 48% and essentially this was the C-AHR used in the 
gasification tests. The elemental analysis of the C-AHR showed that its C content was 89.4%wt, the 
H2 was 0.25%wt and the O2 10.3%wt.  

3.2.1 Gasification of Carbonized -AHR (C-AHR)  

For the gasification tests the C-AHR was pre-loaded in a SS reactor (1 gr) and then the reactor 
temperature was risen to the gasification temperature, 800, 850, 900 or 950oC, under continuous N2 
flow of 60cc/min. Once the desired temperature was reached, steam was introduced in the unit for 
30min. Afterwards the reactor was rapidly cooled down and the collected gaseous products were 
analysed. For the steam gasification tests we used either 0.5 or 1g/min of steam. In Table 7 we present 
the mass of the main gaseous products obtained from the gasification tests for both steam rates and all 
temperatures. In Table 8 we present the steam gasification results (at 1 gr/min steam) with steam-air 
gasification. The same results are also presented in Figure 9 The gas concentration (vol%) obtained 
from the steam gasification tests are given in Figure 10. As it is demonstrated in Table 7 and 8 and in 
Figures 9 and 10, all gas yields increase by increasing the gasification temperature. The increase in 
steam rate has a slight effect on the H2 production and a more marked effect on CO and CO2 
production, while its effect of CH4 production is also minor. The addition of air as a gasification agent 
causes a marginal increase in the amount of gases produced. The conversion of C-AHR is higher than 
90%wt at 900 and 950oC. Regarding the relative volume ratios of the gases in the product, it should be 
mentioned that H2 is the main component (50%vol at T>900°C) while CO is about 10%vol and CO2 is 
about 12-15%vol, while the CH4 vol% is very low (Figure 10).  

Table 7. Non-catalytic steam gasification results for C-AHR feed 

 800°C 850°C 900°C 950°C 
 Steam 

0.5g/min 
Steam 
1g/min 

Steam 
0.5g/min 

Steam 
1g/min 

Steam 
0.5g/min 

Steam 
1g/min 

Steam 
0.5g/min 

Steam 
1g/min 

 Product Mass produced from 1 gram of carbonized feed C-AHR 
H2 (gr) 0.047 0.054 0.150 0.159 0.208 0.232 0.303 0.310 
CO (gr) 0.167 0.209 0.236 0.363 0.494 0.558 0.735 0.622 
CO2 (gr) 0.316 0.450 1.107 1.205 1.209 1.833 1.597 1.904 
CH4 (gr) 0.007 0.008 0.021 0.019 0.027 0.028 0.028 0.025 

Table 8. Non-catalytic steam and air gasification results for C-AHR feed 
 800°C 850°C 900°C 950°C 
 Steam 

1g/min 
Steam 

1g/min+air 
Steam 
1g/min 

Steam 
1g/min+air 

Steam 
1g/min 

Steam 
1g/min+air 

Steam 
1g/min 

Steam 1 
g/min + air 

 Product Mass produced from 1 gram of carbonized feed 
H2 (gr) 0.054 0.061 0.159 0.143 0.232 0.267 0.310 0.329 
CO (gr) 0.209 0.268 0.363 0.429 0.558 0.600 0.622 0.717 
CO2 (gr) 0.450 0.783 1.205 1.370 1.833 2.037 1.904 2.205 
CH4 (gr) 0.008 0.010 0.019 0.018 0.028 0.030 0.025 0.028 



 

 

   
Figure 9. Gases production from 1 gr C-AHR/Steam and air effect 
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Figure 10. Gases production in vol% dry basis 

 

3.2.2 Catalytic Gasification of C-AHR  

The steam gasification/reforming catalysts described in section 2.2 (ZSM5 with 10% NiO and 
NiMgAl), both after reduction. were employed for the gasification of the carbonized AHR, towards 
the increased production of H2. In order to avoid side reactions between the feed and the catalyst 
during temperature rise, the reactor was modified with the addition of a piston mounted on top of the 
reactor for the addition of the feed once the desired temperature was reached. The catalyst to feed ratio 
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used was 1:1. The catalyst was inserted in the reactor at the beginning of the experimental run and 
once the desired temperature was reached (800oC or 900oC), the feed was injected into the reactor. As 
a gasification agent steam at 1cc/min and air were used. During temperature rise the reactor was under 
continuous N2 flow, and once the gasification temperature was reached, steam and air were directed 
into the reactor just prior to the feed injection.  Table 9 presents the data for the catalytic gasification 
of C-AHR at 800 and 900oC.  

Table 9. Catalytic gasification results for AHR carbonized feed 

 800°C 900°C 
 Steam 

1g/min+air 
Steam 1 

g/min+air+
NiMgAl 

Stem 1 
g/min+air+ 

ZSM5-10%NiO 

Steam 
1g/min+air 

Steam 1 
g/min+air+ 

NiMgAl 

Stem 1 
g/min+air+ 

ZSM5-10%NiO 
 Product Mass produced from 1 gram of C-AHR 

H2 (gr) 0.061 0.043 0.038 0.267 0.153 0.205 
CO (gr) 0.268 n.d. 0.339 0.600 0.161 0.628 
CO2 (gr) 0.783 0.978 0.754 2.037 1.915 1.519 
CH4 (gr) 0.010 n.d. 0.007 0.030 0.010 0.024 

As is evident from the above table, the catalysts do not enhance the production of H2, probably due to 
the presence of air as a gasifying agent. It may be assumed that due to very oxidizing conditions the 
catalysts were prematurely deactivated. Catalyst ZSM5-10% NiO yields more H2 than catalyst 
NiMgAl, and also decreases slightly the production of CO2. On the other hand, NiMgAl catalyst 
enhances the production of CO2 favoring the reaction of H2O with CO, as demonstrated by the 
reduced H2/ CO2 vol. ratio. Also the CH4 production is very low and suppressed by the NiMgAl 
catalyst. 

3.3 Steam gasification of AHR  

In this part of the work, following the evaluation of carbonized AHR as a potential gasification feed, 
the as-received AHR was evaluated. Catalytic gasification tests were also performed with the catalyst 
described in paragraph 2.2. The gas yields of AHR were compared against a raw biomass feed 
(Lignocel), which was used as a reference feed. 
3.3.1 Non-catalytic steam gasification of AHR  

For the non-catalytic gasification of both feeds (AHR and lignocell), the modified gasification unit 
(with the piston) was used (section 2.3.2). The reactor was heated in the three-zone furnace to the 
desired gasification temperature (800, 850, 900 and 950oC), under continuous N2 flow. Once the 
gasification temperature was reached, steam was directed into the reactor, at a rate of 0.5 or 1 cc/min. 
Once the temperature stabilized, the feed (1 gr) was injected into the reactor and the 30min run was 
started.  Table 10 and 11 present the analysis of the gaseous products of AHR and Lignocel 
respectively. Figures 11 and 12 represent graphically the evolution of gases (on mass or %vol basis) 

 

Table 10: Non-catalytic gasification results for AHR feed 

 800°C 850°C 900°C 950°C 
 Steam 

0.5g/min 
Steam 
1g/min 

Steam 
0.5g/min 

Steam 
1g/min 

Steam 
0.5g/min 

Steam 
1g/min 

Steam 
0.5g/min 

Steam 
1g/min 

 Product Mass produced from 1 gram of feed AHR 
H2 (gr) 0.067 0.044 0.088 0.082 0.127 0.078 0.145 0.110 
CO (gr) 0.477 0.374 0.492 0.573 0.701 0.431 0.734 0.513 
CO2 (gr) 0.465 0.335 0.623 0.595 0.910 0.574 1.017 0.796 
CH4 (gr) 0.051 0.047 0.068 0.065 0.065 0.037 0.068 0.044 

 

 



 

 

Table 11: Non-catalytic gasification results for Lignocel 

 800°C 850°C 900°C 950°C 
 Steam 

0.5g/min 
Steam 
1g/min 

Steam 
0.5g/min 

Steam 
1g/min 

Steam 
0.5g/min 

Steam 
1g/min 

Steam 
0.5g/min 

Steam 
1g/min 

 Product Mass produced from 1 gram of feed AHR 
H2 (gr) 0.085 0.096 0.103 0.080 0.084 0.086 0.092 0.092 
CO (gr) 0.611 0.545 0.718 0.508 0.552 0.672 0.751 0.637 
CO2 (gr) 0.699 0.787 0.788 0.645 0.598 0.552 0.569 0.576 
CH4 (gr) 0.059 0.049 0.060 0.054 0.053 0.068 0.062 0.062 
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Figure 11: Mass of gas products from steam gasification of AHR 

As is represented by the above tables and figures the H2 production increases with the increase of 
temperature, but not with the increase in oxidizing conditions. Steam at a rate of 0.5cc/min results to 
the production of more H2 for both feeds at all temperatures. Above 850°C the CO production tends to 
decrease (this is more obvious in the 1 gr/min steam). It seems that the water gas shift reaction is 
promoted more above this temperature giving more H2 and more CO2. It must be noted that this also 
happens in the case of the biomass (Figures 13 and 14). The adverse effect of steam rate is more 
pronounced in the case of AHR and Lignocel compared to the carbonized AHR, but in that case as 
well it did not have a clear positive effect on H2 production.  

By comparing the steam gasification effect of the AHR and the biomass it is concluded that under the 
selected gasification conditions the AHR gasification results in higher gases production than Lignocel. 
It is clear that the richer in carbon AHR is better than the Lignocell for gasification run. In addition the 
carbonized AHR (that is richer in carbon than AHR) is even better feedstock for a gasification process.  
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Figure 12: Gas products (%vol) from steam gasification of AHR 

3.3.2 Catalytic steam gasification of AHR  

The catalytic steam gasification of the AHR was also tested targeting to a gas richer in Hydrogen. For 
this study both Ni-ZSM-5 and NiAlMg catalysts were used after a reduction treatment. For the Ni-
ZSM-5 the reduction conditions were heating at 500°C for 3h with 40%H2 in N2, while the H2/N2 flow 
was also used during heating up and cooling down of the sample during its pretreatment stage. For the 
NiAlMg catalyst, the reduction conditions were specified by UBA. 

The catalytic gasification of both feeds proceeded as described above, but in this case the catalysts 
tested were placed in the reactor at the beginning of the experimental run. The catalysts tested were 
ZSM-5 10%NiO (CERTH) and NiMgAl (UBA). The gasification runs were conducted at 900oC, at 
steam rate of 0.5 gr/min or 1 gr/min. The addition of air was excluded as it appeared to deactivate the 
catalysts (results presented in section 3.2.2). The results of the catalytic gasification for AHR and 
Lignocel are presented in Table 12 and Figures 11-14 
 

Table 12: Catalytic gasification results for AHR and Lignocel 
 900oC 
 10%NiOZSM5 

Steam 0.5g/min 
10%NiOZSM5 
Steam 1gr/min 

NiMgAl 
Steam 0.5g/min 

NiMgAl 
Steam 1/min 

 AHR Lignocel AHR Lignocel AHR Lignocel AHR Lignocel 
 Product Mass produced from 1 gram of feed  

H2 (gr) 0.144 0.100 0.187 0.105 0.208 0.127 0.142 0.117 
CO (gr) 0.729 0.643 0.912 0.583 0.669 0.881 0.314 0.580 
CO2 (gr) 1.040 0.743 1.387 0.684 1.592 0.861 1.176 0.839 
CH4 (gr) 0.069 0.051 0.091 0.046 0.005 0.041 0.009 0.020 
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Figure 13: Mass of gas products from steam gasification of Lignocell 

 

From Tables 11 and 12 and Figures 11-14 (for AHR and lignocel respectively), it seems that both 
catalysts have a positive effect on the H2 production. Regarding the results of catalytic gasification of 
AHR (Figure 15), at a steam rate of 0.5gr/min the NiMgAl catalyst results in the production of the 
highest amount of H2. At more oxidizing conditions (steam 1cc/min) ZSM5 10%NiO performs better 
than NiMgAl, resulting in higher H2 production. The catalytic effect on CO production is more 
pronounced at steam rate of 1cc/min, where it appears to be suppressed by the NiMgAl catalyst and 
enhanced by the ZSM5 10%NiO. The CO2 formation is enhanced by both catalysts, but the CH4 
production is clearly suppressed by the NiMgAl catalyst. Comparing AHR to Lignocel, the first 
appears to be a more promising gasification feed as it results in the production of higher amounts of 
H2, especially when catalysts are used. The overall result is that AHR is a suitable feedstock for a 
steam gasification process. 

In Figure 15 we present the HHV of the gases obtained in all previous discussed cases (non catalytic 
and catalytic) with both feedstocks (AHR and lignocell). In these figures the carrier nitrogen was not 
taken into account in HHV calculations. It seems that the optimum condition for a high HHV gas is 
(for non catalytic steam gasification) the 0.5gr/min steam at a temperature around 900°C. At these 
conditions a HHV=30 MJ/Kg of AHR can be achieved. Catalytic gasification with NiAlMg is more 
beneficial giving a gas with HHV up to 40 MJ/Kg of AHR.
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Figure 14: Gas products (%vol) from steam gasification of Lignocel 

 

HHV vs Temperature

10

15

20

25

30

35

40

45

50

750 800 850 900 950 1000

Temperature (°C)

H
H

V
 (M

J/
kg

 fe
ed

)

Steam 0.5 ml/min
Steam 0.5 ml/min+NiAlMg
Steam 0.5 ml/min+10%NiOZSM5
Steam 1 ml/min
Steam 1 ml/min+NiAlMg
Steam 1 ml/min+10%NiOZSM5

HHV vs Temperature

10

15

20

25

30

35

40

45

50

750 800 850 900 950 1000

Temperature (°C)

H
H

V
 (M

J/
kg

 fe
ed

)

Steam 0.5 ml/min
Steam 0.5 ml/min+NiAlMg
Steam 0.5 ml/min+10% NiOZSM5
Steam 1 ml/min
Steam 1 ml/min+NiAlMg
Steam 1 ml/min+10%NiOZSM5

 

Figure 15: HHV of the gas (excluded carrier nitrogen) produced from gasification of AHR (left) and 
Lignocel (right) 



 

 

3.4 Oxidative gasification of AHR  

The tests were performed in the batch unit described in 2.3.2. The end of gasification was defined as 
the point where the CO level started to drop as shown in Figure 16. At this point and with the addition 
of oxygen, the reaction was favouring the production of carbon dioxide. 
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Figure 16: Changing concentration of CO from AHR 

Figure 17 shows the effect of initial reactor temperature on the time taken for CO to peak.  
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Figure 17: Effect of initial reactor temperature on time taken for CO to peak  

Table 13 summarizes the mass balance for oxidative batch gasification of AHR and SCBP. 
 

Table 13: Mass balance from oxidative batch gasification 
Initial reactor T (°C) 650°C 750°C 850°C 950°C 

Solid (char & ash) from SCBP 8.68 6.32 2.77 5.16 

Solid (char & ash) from AHR 31.39 28.88 26.20 20.52 
Liquid (water & tars) from SCBP 33.37 25.99 23.24 13.98 

Liquid (water & tars) from AHR 15.41 10.16 8.38 5.27 
Gas (by difference) from SCBP 57.95 67.69 73.98 80.85 

Gas (by difference) from AHR 53.20 60.96 65.42 74.21 



 

 

 
The oxidative gasification results reflect the maximum H2 and CO concentrations which can be 
obtained from this batch system and literature suggests this is the maximum value for process 
efficiency [8]. As expected, CO peaks quicker at higher temperatures, showing rates of reaction 
increase as temperature increases. Also, AHR reacts more slowly compared to SCBP, suggesting that 
AHR is more refractory and less reactive at lower temperatures.  
The product gas yields increase with increasing initial reactor temperature for both SCBP and AHR 
respectively. On a commercial fixed bed downdraft gasifier, with temperatures of around 950°C, the 
nitrogen content is usually around 50-54vol.% [9] of product gas for biomass and 55-65vol.% for 
charcoal [10]. The results from the batch gasification reflect thisas approximately 50vol% of the 
product gas is gasification products from SCBP. The gas HHV increases with temperature as the 
concentration of product gases in nitrogen increases. The HHV is as expected to be 5MJ/Nm3 when 
air is used as the gasification agent [9]. The HHV of the product gas produced at 950°C is 
7.28MJ/Nm3 for SCBP and 5.78MJ/Nm3 for AHR which is suitable for boiler and engine applications 
[11].AHR also has a higher fixed carbon content (56.80wt.%) compared to SCBP (18.47wt.%) 
confirming that AHR would leave a higher solid residue compared to SCBP under the same 
processing conditions. Increasing the temperature from 650 to 950°C reduces the solid residue yield 
from 8.83wt.% to 5.16wt.% for SCBP and from 31.39wt.% to 20.52wt.% for AHR. It also reduces the 
tar yield from 33.37wt.% to 13.98wt.% for SCBP and from 15.41wt.% to 5.27wt.% for AHR. The 
advantage of using AHR over SCBP is that there are fewer tars present which require less cleaning 
and removal. 
AHR has a moisture content of approximately 75wt.% when it leaves the UL acid hydrolysis process. 
It may be possible to process the slurry using an entrained flow gasifier. However, there is very 
complex operation, high oxygen requirements, gas cooling and high temperature resistant material of 
construction is required. On the other hand, if the AHR is to be screw fed into a continuous system, 
agglomeration of the AHR particles is required with the addition of a binder such as bio-oil. 
 
3.5 Allothermal gasification  
The mass balances (on dry feed basis) are shown in Table14. 
 

Table 14: Mass balances for allothermal gasification of SCB pellets and AHR 
Processing T (°C) 500°C 550°C 600°C 650°C 650°C 
Feed moisture (wt.%)  Sugarcane bagasse pellets (SCB pellets) AHR from SCB 
Feed ash (wt.%)  9.62% 16.61% 
Char (%) 17.32% 14.40% 14.90% 14.26% 43.18% 
Total liquid (%) 73.14% 72.40% 62.73% 53.51% 43.34% 
Organic liquid (%) 60.45% 58.97% 49.74% 39.78% 23.17% 
Total water content (%) 12.69% 13.43% 12.99% 13.73% 23.72% 
Gas (%) 14.01% 20.32% 27.41% 36.65% 23.78% 
H2 (%) 0.04% 0.09% 0.19% 0.36% 0.40% 
CO (%) 4.73% 7.64% 12.51% 18.00% 7.95% 
Methane (%) 0.54% 0.96% 1.49% 2.10% 2.16% 
CO2 (%) 5.27% 6.42% 7.87% 8.75% 5.84% 
Ethene (%) 0.52% 0.89% 1.23% 2.09% 1.04% 
Ethane (%) 0.48% 0.72% 0.75% 1.09% 0.81% 
Propene (%) 0.67% 1.04% 1.12% 1.49% 1.05% 
Propane (%) 0.84% 1.18% 0.99% 1.16% 1.11% 
n-Butane (%) 0.90% 1.38% 1.25% 1.60% 1.35% 
Total product out (g)  196.14 143.52 167.19 141.38 68.75 
Total feed in (g)  207.72 148.25 176.09 149.79 82.39 
Recovery (%)  93.83% 96.47% 94.41% 93.79% 94.63% 
 



 

 

Results show that, by simply increasing the operating temperature of the pyrolysis process, without the 
addition of steam, oxygen or air, does not improve the gas yields significantly from acid hydrolysis 
residues. Pyrolytic gasification cracks the pyrolysis vapours into permanent gases. If there is a low 
amount of volatiles present for the production of pyrolysis vapours, then the permanent gas production 
by secondary cracking is limited. Literature confirms that the shrinkage of char slows down at 650°C 
and the char content stabilises above this temperature [7]. Therefore, char yields from AHR are likely 
to stabilise at approximately 40wt.% (dry feed basis) when increasing the process temperature above 
650°C. 
 
4. CONCLUSIONS 
In this deliverable the upgrading of AHR through high temperature pyrolysis, steam gasification and 
oxidative gasification was investigated. The results from high temperature pyrolysis validated our 
previous results (Del 4.1) that the AHR is not suitable for production of a diesel miscible diesel 
through thermal or catalytic pyrolysis. However, at high pyrolysis temperature it can give a high gas 
yield (about 50%wt) where the CO dominates with yield up to 28%wt (on AHR basis). However, this 
gas is very poor in H2 since H2 yield is less than 2%wt (on AHR). The option of pyrolysis of AHR 
could be beneficial for the case when biochar should be produced. Results in Dibanet has shown that 
this biochar is a very good product for sequestration purposes. 
The gasification tests of a carbonized AHR showed that higher gasification temperatures favor higher 
H2 and CO production and H2/CO ratio. The increase of steam flow (from 0.5 to 1 g/min) slightly 
increases all gases (H2, CO, CO2) due to more gasification of the AHR. However, H2/CO ratio is 
better at lower steam flows. The addition of air has a positive effect on gasification regarding gases 
production. However, it does not favor H2/CO ratio. C-AHR gasification is feasible at the following 
optimum conditions: T>900°C, steam flow=0.5 g/min, no air. At the above optimum conditions AHR 
can be gasified more than 90%wt.  
The gasification of the raw AHR proved that this feed is suitable for gasification. Optimum conditions 
for this process is steam rate=0.5gr/min and gasification temperature around 900°C. At these 
conditions the AHR gasification gives a syn-gas very rich in H2 and CO.  The HHV of the produced 
gases (excluding carrier nitrogen) was up to 30 MJ/(kg of AHR). 
Catalytic steam gasification of AHR was also examined using two types of catalysts: a NiZSM5 and a 
NiMgAl. From the two catalysts the NiMgAl was better. This catalyst promotes the steam reforming 
of CH4 (and possible tars) giving more H2 and less CH4.  
Oxidative gasification of AHR with air was also successful. Product gas composition and HHV results 
at 950°c were representative of typical biomass air gasification producing a fuel gas with a HHV of 
approximately 5-7MJ/Nm3. Increasing reactor temperature reduces solid and liquid yields, but 
increases gas yield. AHR is more refractory than SCBP and so rate of reaction is slower. Temperature, 
equivalence ratio and residence times are important factors in maximising gas yields or HHV. The gas 
HHV increases with increasing reactor temperature. Tars are unlikely to be problem with AHR 
gasification. The allothermal gasification results showed that char yields stabilise at 650°C (when 
using nitrogen) so we can expect char yields of approximately 40wt% (on dry feed basis) from AHR 
even when increasing the temperature above 650°C.  
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