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Summary

The production of agricultural and horticultural products requires the use of nitrogenous
fertiliser that can cause pollution of surface and ground water and has a large carbon footprint
as it is mainly produced from fossil fuels. The overall objective of this research project was to
investigate fast pyrolysis and in-situ nitrogenolysis of biomass and biogenic residues as an
alternative route to produce a sustainable solid slow release fertiliser mitigating the above
stated problems.

A variety of biomasses and biogenic residues were characterized by proximate analysis,
ultimate analysis, thermogravimetric analysis (TGA) and Pyrolysis — Gas chromatography —
Mass Spectroscopy (Py—GC—MS) for their potential use as feedstocks using beech wood as a
reference material. Beech wood was virtually nitrogen free and therefore suitable as a
reference material as added nitrogen can be identified as such while Dried Distillers Grains
with Solubles (DDGS) and rape meal had a nitrogen content between 5.5wt.% and 6.1wt.%
qualifying them as high nitrogen feedstocks.

Fast pyrolysis and in-situ nitrogenolysis experiments were carried out in a continuously fed
1kg/h bubbling fluidized bed reactor at around 500°C quenching the pyrolysis vapours with iso-
paraffin. In-situ nitrogenolysis experiments were performed by adding ammonia gas to the fast
pyrolysis reactor at nominal nitrogen addition rates between 5wt.%C and 20wt.%C based on
the dry feedstock’s carbon content basis. Mass balances were established for the processing
experiments. The fast pyrolysis and in-situ nitrogenolysis products were characterized by
proximate analysis, ultimate analysis and GC— MS. High liquid yields and good mass balance
closures of over 92% were obtained. The most suitable nitrogen addition rate for the in-situ
nitrogenolysis experiments was determined to be 12wt.%C on dry feedstock carbon content
basis. However, only a few nitrogen compounds that were formed during in-situ nitrogenolysis
could be identified by GC-MS.

A batch reactor process was developed to thermally solidify the fast pyrolysis and in-situ
nitrogenolysis liquids of beech wood and Barley DDGS producing a brittle solid product. This
was obtained at 150°C with an addition of 2.5wt% char (as catalyst) after a processing time of
1h. The batch reactor was also used for modifying and solidifying fast pyrolysis liquids derived
from beech wood by adding urea or ammonium phosphate as post processing nitrogenolysis.
The results showed that this type of combined approach was not suitable to produce a slow
release fertiliser, because the solid product contained up to 65wt.% of highly water soluble
nitrogen compounds that would be released instantly by rain.

To complement the processing experiments a comparative study via Py—GC-MS with inert and
reactive gas was performed with cellulose, hemicellulose, lignin and beech wood. This revealed
that the presence of ammonia gas during analytical pyrolysis did not appear to have any direct
impact on the decomposition products of the tested materials. The chromatograms obtained
showed almost no differences between inert and ammonia gas experiments indicating that the
reaction between ammonia and pyrolysis vapours does not occur instantly. A comparative
study via Fourier Transformed Infrared Spectroscopy of solidified fast pyrolysis and in-situ
nitrogenolysis products showed that there were some alterations in the spectra obtained. A
shift in frequencies indicating C=0 stretches typically related to the presence of carboxylic
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acids to C=0 stretches related to amides was observed and no double or triple bonded
nitrogen was detected. This indicates that organic acids reacted with ammonia and that no
potentially harmful or non-biodegradable triple bonded nitrogen compounds were formed.

The impact of solid slow release fertiliser (SRF) derived from pyrolysis and in-situ nitrogenolysis
products from beech wood and Barley DDGS on microbial life in soils and plant growth was
tested in cooperation with Rothamsted Research. The microbial incubation tests indicated that
microbes can thrive on the SRFs produced, although some microbial species seem to have a
reduced activity at very high concentrations of beech wood and Barley DDGS derived SRF. The
plant tests (pot trials) showed that the application of SRF derived from beech wood and barley
DDGS had no negative impact on germination or plant growth of rye grass. The fertilizing effect
was proven by the dry matter yields in three harvests after 47 days, 89 days and 131 days.

The findings of this research indicate that in general a slow release fertiliser can be produced
from biomass and biogenic residues by in-situ nitrogenolysis. Nevertheless the findings also
show that additional research is necessary to identify which compounds are formed during this
process.
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Hans Carl von Carlowitz (1713):

»Wird derhalben die gréRte Kunst/Wissenschaft/Flei und Einrichtung hiesiger Lande darinnen
beruhen / wie eine sothane Conservation und Anbau des Holtzes anzustellen / daR es eine
continuierliche bestdndige und nachhaltende Nutzung gebe / weiln es eine unentberliche
Sache ist / ohne welche das Land in seinem Esse (im Sinne von Wesen, Dasein, d. Verf.) nicht

bleiben mag.” (S. 105-106 in der ,,Sylvicultura Oeconomica“)[1].

»Hence the biggest skill, science, effort of this county relies on, how such a conservation and
cultivation of wood can be implemented, so that a continuous, lasting and sustainable use can
be achieved, because this is an essential cause, without that the county cannot persist in its

being.” (Translation of pages 105-106 in “Sylvicultura Oeconomica”)[1].



Dedication

To Tristan, Maité and Sophie!



Acknowledgments

| would like to acknowledge my supervisor Professor Anthony V. Bridgwater for his guidance,
patience and support throughout the project and his valuable suggestions for my dissertation

writing.

| would like to thank Dr. Daniel J. Nowakowski for the scientific discussions, guidance in

chemistry questions and steady encouragement to push my limits and finish the project.
| would also like to thank my colleague Charles E. Greenhalf for our successful research
collaborations and | would like to thank him as well as my fellow researchers at the Aston

University Bioenergy Research Group for the encouraging scientific discussions.

| owe sincere thanks to my colleagues at Rothamsted Research for our useful discussions and

their advice for and help with the microbial and plant test.
Thanks also to Dr. Gouzhan Jiang, Surila Darbar and Emma Wylde for their support.

Finally I am truly indebted and thankful for the patience and support of my wife and for my

children reminding me every day, why research is essential.



Table of contents

LIST OF TaDIES ..ttt r e s ne e e s ane e sans 12
[T o i 7=V YRR 14
LiSt Of @bbreViations.....coceeieee e s e e 17
1 INEFOTUCTION .ottt et e e s e s s ere e sare e sbeeesneeesaneenas 18
1.1 Context and backgroUnd ...........cooiiiiiiii e 18
1.2 (0] oY= YT SRR 20
1.2.1 Subtask 1: Feedstocks and characterization .........ccocceeviienieniinneeceeeeceeee 20
1.2.2  Subtask 2: Fast PYrOIYSIS ...eeieiuiiiieiiiie ettt e e 20
1.2.3  Subtask 3: In-situ NItroZENOIYSIS ....evveieeiiiee et e e 21
1.2.4 Subtask 4: Solidification of liquid nitrogenolysis product.........cccccceevvcvveeennnennn. 21
1.2.5 Subtask 5: Nitrogenolysis via fast pyrolysis liquid modification ...........cccccceuue. 21
1.2.6  Subtask 6: Microbial and plant teStS........cceeciiiiiiiiiie e 22

2 LIterature FEVIEW ....ccoiviiiiiiiiiiiiiiic e e 23
2.1 INEFOAUCTION ...ttt e e s s ne e e s e s nee e 23
2.2 Biomass and biogenic reSIdUES. ........uuiiieeieeciciiieieee et ra e reeee s 23
D20 0% R [ 14 € o o [V T d o] o KU TR USOPRPP 23
2,22 CellUIOSE .t ar e aneas 24
2.2.3  HeMICEIUIOSE ..ottt e 24
0 S T o 1 o Tt 24
2.2.5 Thermal decomposition behaviour of biomass .......cccccceeeeeciiiiee e 24

2.3 [ T A AV o 1YY [P 26
2.3.1 Introduction and fast PYrolySis.......ccieeieiiiiiiiciiee e 26
2.3.2  Fast pyrolysis rEaCtOr tYPS....ccuiiiiiiiee ettt e eetee et e e ete e e et e e e ete e e e e e 28

2.4 Fast pyrolysis products of biomass.........cccccueeiiiiiiiii i 29
241 INErOQUCTION ettt ettt et s bt e e s s e 29
2.4.2  Fast pyrolysis HQUId ......ccccuieeiiiiie et et e e e e e 30
2.4.3  Applications of fast pyrolysis HQUIdS ........cccceeiiiiiiiiiiiiie e, 32
N e 1 o T o] Y [ - 1 PRRR 33
T o= 1 f o VT €01 VS [ o - | U PRPP 33
2.4.6  Pyrolysis char as soil amendment ..........ceeeiiiiiiicciieiee e 33

2.5 PLaNt NUEMION . ..ceiiie et st e s nee e 35
2.5.1  INErOAUCTION ettt et naneas 35
2.5.2  Plant NUEMENES. ..ottt 35



2.5.3 Nitrogen cycle / bio-degradation .........ccccoveeeeeeeeieeeeeiee et 36

D N Y/ [0l o] o 1= J UV RP P UPOTRPP 37
2.6 Nitrogenolysis and Slow release fertiliser ..., 39
2.6.1  INErOAUCTION ettt s e aneas 39
2.6.2 Methods of producing organic slow-release nitrogenous fertiliser...................... 39
2.6.2.1  Claims of Patent EPO716056 Al ........ccocveeiiiieniiieiieenieeeiee e seee e 40
2.6.2.2  Results according to Patent EPO716056 Al.........ccccceeeeeecnviieeeeeeeccinieeeeeenn, 41
2.6.3 European project on slow-release fertiliser from biomass.........ccccecovvveeecierennnnen. 42
2.6.3.1 IN-SitU ProcessSiNg FOULE.....cccviviiiiiiiiiii e 43
2.6.3.2 POSt ProCesSING FOULE ..ccceviiiiiiiiiiiecceeeee s 43
2.6.4 Slow release fertiliser via ammoxidation ..........cccceveeneeneenienienicneneeeeeeeen 45
2.6.5 State of the art of slow release fertiliser production..........ccccccvveeiviieeinciieeeennen. 46

3 IMEENOMS ...t ettt sttt s e st sttt s r e et r e reere e 48
3.1 SAMPIE PreParation ....cccciee ittt e e e e e bae e e e 48
3.2 Moisture content of BIOMASS ......eovvieiiiirii e 48
33 ASN CONTENT ...ttt st st e e s e s be e e e re e sneeesnneesaneas 49
34 ProxXimate @analySiS.......uuiiiiiee e e e a e 49
35 Elemental @NalySis ... e e 49
3.6 EXEraction Methods ......coceiiiiiiiiee e e e 50
3.7 Higher heating ValUe..........ueei it e e 50
3.8 Water content of lIqUIAS.......ccveiiiiiiie e e e 51
3.9 o] 5 BV =Y 01T PP 52
3.10  Thermogravimetric ANAlYSIS .....cueeieciiieiciieie e e aaee e 52
3.11 Gas Chromatography-Mass Spectroscopy analysis of liquid samples...........cc..c...... 53
3.12  Pyrolysis-Gas Chromatography-Mass SPECtroSCOPY ....ccccvvvreercrreeeeriiieeeeiieeeeeiieee e 54
3.13  Online Gas Chromatograph .....c.eeeeciiiie i aae e 55
3.14  Fourier Transform Infrared SPECLrOSCOPY ..vvvvviuriiiiiciiiieeciiee ettt 56
4 Feedstock choice and characterization........cccccueeeiieiieeniieeie e e 57
4.1 INEFOAUCTION ...ttt e e s s ne e e sare e sreeenee 57
4.2 Results of feedstock characterization and discussions ...........ccoceeeiieenieerieeenieenane. 59
4.2.1  ProxXimate analysis......ccoueeeieiiiiiiiiiiie e e e e e et aeeaa s 59
oy A U 1 L o g T 1T [0 =1 V] £ 60
V020G T = - [ o] g =D o =Y [0 =] | 3 61
4.2.4  Thermogravimetric ANalYSiS......ccoceiecieieiiiiieee e e sare e e e 62
B.2.5  PY-GC-MS...oeiiiiieeee ettt s st et et ne e 66



5 Processing by fast pyrolysis and nitrogenolysis .........cccuviiiveiei e 68

5.1 General — Bubbling fluidized bed reactors .........ccccceeeeeecciiiieee e, 68
5.1.1  1kg/h bubbling fluidized bed reactor..........cooueeeveeectee e 68
5.1.2  Modifications to the UNit ........coceiriiiiiieee e 70

5.1.2.1 Temperature control bed heaters.........cccceeeeeciiiiie e, 70
5.1.2.2  Temperature control trace heaters........ccccceeccciiieiii e 70
5.1.2.3 Data-LogEING ..o oo ——— 71
5.1.2.4  Additional water cooled heat exchanger ..........cccccevvciiieicciie e 71
5.1.3  Mass balancing SChEME ......ccoiiiiiieee e e 71

5.2 PrOCESS PAraMELEIS cccciiiiiiiiiiieiiiiccee e e e e e 73

5.2.1  Minimum fluidization VEIOCItY ......ccceeiiiiieie i 74
5.2.1.1  Theoretical minimum fluidization velocity.........cccccceveirieirciiiei e 74
5.2.1.2  Empirical determination of minimum fluidization velocity.........c.ccccccvveen.s 75
5.2.1.3  Evaluation of fluidization VelOCity ........ccccecuiiiiiiiiiii e 76

5.2.2 Bed material and particle Size.....ccccooiieriiie e 77

5.2.3  Pyrolysis reactor temMPerature ......ccccoccciiiiiiie e e e e 78

5.2.4 Hot vapour residence timMe.......ccceeii ittt e e e e e e e e 79

5.2.5 Feed rate of Biomass......cccooiiiiiiiiiee s 80

5.2.6  Feedstock MOIStUIE ......cocuiiiieeeeee e e 80

5.2.7 Quench system and liquid.........ccceeeeeeiiiiiieieee e 81

5.3 IN-SitU NItFOZENOIYSIS .. ueeeieiiiee e e e e ere e e e aaee s 81
5.3.1 Nitrogen compound, injection point and preheating.........cccceeveeeeeiieeeccciiee e, 81
5.3.2  Nitrogen addition rate........cccoecuiieiiiiiii e e 83

6 Pyrolysis and in-situ nitrogenolysis eXperiments.......cccccevicveeieciiee e 84

6.1 INEFOAUCTION ..ttt sttt sttt et e b e b e b e nree s 84

6.2 Pyrolysis of DEECh WOOM ........ccocuiiiiiiiie e e 86
B.2.1  RESUITS ettt n e s s 86
6.2.2  Analysis and diSCUSSION ........uuiiiiiieeicccieee e e e e e e e earrar e e e e eeaeeeeaas 89

6.3 Fast pyrolysis of agricultural residues with a high nitrogen content ....................... 90
6.3 1 RESUIES .t ae e aneas 90
6.3.2  Analysis and diSCUSSION .........uuiiiiiieeieccieieeee e e e e e e errae e e e e seaeeeeaa 94

6.4 Pyrolysis of agricultural and forestry residue with low N ...........cccooiiiiiiiiiiiiinneeen. 95
B.4.1  RESUIES .ot ne e ane s 95
6.4.2  Analysis and diSCUSSION ......ccciiiiiiiiiieie it e et e e ste e e s e e eareeas 97

6.5 In-situ nitrogenolysis of beech wood at different N addition rates..........cccceeeunnee.. 98

9



LTS T8 N S U =Y U1 TR 98

6.5.2  Analysis and diSCUSSION .........uuviiiieiiiiiiiieiie e e e e et e e e e e e e e 103
6.6 In-situ nitrogenolysis of beech wood — SRF production experiments..................... 105
6.6.1  RESUIES .ottt 105
6.6.2  Analysis and diSCUSSION .........uuiiiiiiiiiiiiiie et e e e e e rrrre e e e e e e e e e 108
6.7 Nitrogenolysis of DDGS — SRF production experiments.........ccccccuveeeeeiiviccivieeeeeennn. 109
6.7.1  RESUIES .ot 109
6.7.2  Analysis and diSCUSSION ......ccciciiiiiiiiiiee ettt e e et e e e etaee e e eanes 112
6.8 e 18] o] LI g Yoo Y u 1 V=S 113
Solidification and modification of liquid products.......c.ccceeeeciiiiiiiiieeeceeeecee e 115
7.1 INEFOAUCTION ...ttt st s s et ere e 115
7.2 BAtCh FRACTON ..ottt st 116
7.3 PrOCESS PAramMELEIS ccoiiiiiiiiiiiiiiiieicc e e e e e 117
TS R =001 o 1<) - LU = OO PP P PP PPPPPPEN 117
2 T A o =11 U | PP 117
0 0 T o (o Yol XY ¥ V=4 ] o =N 117
T O v V£ TSR 118
7.3.5  MaSS DAlANCES ..eeeuiiieiie et s 118
7.4 Solidification experiments — fast pyrolysis liquid .......ccccceeeeeiiiiieieiiiccceee s 119
7.4.1  Results and diSCUSSION.......ciiuiiiiiieriie ettt s s e 119
7.5 Nitrogenolysis via fast pyrolysis liquid modification ..........cccceeeviiiieiiieeiccieee e, 121
7.5.1 Fast pyrolysis liquid modification and solidification experiments...................... 121
7.5.2  ResUlts and diSCUSSION......c.ueriiriiriiriieee ettt 122
7.5.3 Modification and solidification product washing experiments ............ccccec....... 124
7.5.4  Results and diSCUSSION......c.cueriiriiriiiriieie ettt 125
7.6 Solidification experiments of in-situ nitrogenolysis liquid ..........cccceeieiiiieiiiineeens 128
7.6.1  Results and diSCUSSION......c.ueriiriiriiriiete ettt 128
7.7 R U120 3 =7/ 129
Analysis of fast pyrolysis and in-situ nitrogenolysis liquids .........cccccceieeeciiiieeeee e 130
8.1 INEFOAUCTION ...ttt e e e e s e s s nee e sare e saneeeas 130
8.2 Analytical Py-GC-MS in inert and reactive gas.......ccocccvvveeeiii e 130
8.2.1  IMELNOM. ..o snee e 131
8.2.2  RESUIES 1.ttt ettt et st b e e s ab e s ne e e sareesneeea 132
8.2.3  Analysis and diSCUSSION ...cc.uviiiiiiiiieciiiee ettt e e e e e e e e e e areeeeas 139
8.3 GC-MS analysis of pyrolysis and in-situ nitrogenolysis liquids .........cccceeeecveeennnnen. 140

10



70 Tt RN |V =Y o To Yo [T 141

8.3.2  RESUIES ittt et an e s e e e sar e sneeea 141
8.3.3  Analysis and diSCUSSION ...ccciiieiiiiiieie ettt e e e s e e e srrrre e e e e e e e enbrreereaeeeas 153

8.4 Analysis of solidified fast pyrolysis and in-situ nitrogenolysis liquids via FTIR........ 154
841 IMELNOM. ...t sr e eree e 156
842 RESUIES .ttt ettt et st e s e e an e s ne e e sar e e sneeeas 156
8.4.3  Analysis and diSCUSSION ...ceciiieiiiiiieie e ettt e e e e s e e e sbrrr e e e e e e e e enbraeeraaeeeas 161

8.5 SUIMIMIAIY ¢ s s s s s s s e e e e e e e nann 162

9 Microbial and Plant tESTING .....coecviiiieee e e 163
9.1 INEFOAUCTION ..ttt st st s s et et ere e 163

9.2 Study on the impact of solidified fast pyrolysis products on microbial life in soil .. 163

9.2, 1 IMEBENOAS ..t e 164
9.2.2  RESUIES et 164
9.2.3  Analysis and diSCUSSION ...c..uviiiiiiiiiecciiee et e e e e e e e eeaaaeeeas 168

9.3 Study on the effect of in-situ nitrogenolysis derived SRF on plant growth............. 169
9.3.1 Experimental setup and Methods........ccccuriiiiiiiiiicciee e 169
9.3.2  RESUIES 1.ttt ettt ettt s e e e s ar e s ne e e sareesneeea 171
9.3.3  ANalysis aNd DiSCUSSION ...cccieiiiciiiiieee e e eccitie e e e e e eeecirrr e e e e e e e srrrre e e e e e e eeansraeeseaeeeas 174

9.4 R U120 5 = /7% 175
10 CONCIUSIONS ..ttt ettt ettt et esab e st e e be e e sabeesare s e e saseesabeeesnseesareens 177
11 ReCOMMENDATIONS ..eeiiiiieiieiiieeiteete ettt b e st st s s st eneene e 181
12 REFEIENCES ittt ettt sttt sttt st b e bt b e b e s bt sbe e sae e sae e sanesare e 183
FAN ] o< o Vo L SR 191
Appendix A: Py-GC-MS analysis of high nitrogen feedstocks........cccovvviviiiiiiiiiiiiciees 191
Appendix B: Analytical Py-GC-MS in inert and reactive gas........ccccecvveeeeciieeeccieeeeccieee e 207

11



List of tables

Table 1: Cellulose, hemicellulose and lignin content of biomass ........cccccciieeeeiiiccciiieeee e, 24
Table 2: Pyrolysis types and typical product yield in wt.% on dry wood basis [19]..........cccce..... 27
Table 3: Most relevant characteristics of fast pyrolysis liquid........ccccooeeciiieeie i, 31
Table 4: Functional groups in organic fraction of liquid product [34] .......cccvveeeeiiiiiiiiieeeeee e, 41
Table 5: Concentration of compounds in wt.% of organic fraction of liquid product [34]......... 41
Table 6: Balance of N in product according to Hanser’s mass balance .........cccccceeveccviiieeeeeennnn. 45
Table 7: FEEASTOCK TSt ittt e esre e e nee s 58
Table 8: Proximate analyses of feedStOCKS .......couviiiiiiiiiice e e 59
Table 9: Ultimate analyses of fEedStOCKS ......cccciiiiiiiiiiiccee e 61
Table 10: Ether and hot water extraction reSUltS..........ccceveeiienenieiieneeeeee e 62
Table 11: Decomposition peaks of DTG analysis of selected feedstocks .........ccceeeecivieencnnnnnne. 65
Table 12: Suggested peak assignments of barley DDGS chromatogram..........ccceeeecvveeeecvneeens 67
Table 13: Mass balancing scheme for 1kg/h bubbling fluidized bed rig.........ccceeveerveeiecrienneenns 72
Table 14: Minimum fluidization data..........ccoceeieiiieie e e 75
Table 15: Calculation of maximum hot vapour residence time.......cccccceeecciiieeeee v, 79
Table 16: Product data ISOPAR™ V [85].....cccuiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeee ettt 81
Table 17: Properties of AMMmonia [86]........ccuuiiiieiiiiiiiiieie et e e e eee e rrae e e e e e e eanes 82
Table 18: Calculation of new nitrogen pre-heater set point .........cccceeeeeecciiiieeee e, 82
Table 19: List of pyrolysis and in-situ nitrogenolysis experiments .........ccccvveeeeeiieiciiieieeeeeeeen, 85
Table 20: Process parameters beeCh WOOd........ccooooeiiiiiiiii i 86
Table 21: Mass balance beech WOOd ........cc.coiiiiiiiiiiiieeeee e 87
Table 22: Fast pyrolysis gas composition beech wood excluding fluidization nitrogen............. 88
Table 23: Elemental analysis of beech wood fast pyrolysis products........cccccoeevveeiiiiieeeciieennn. 89
Table 24: Process parameters high N feedstocks .........coovciieiiiciiiiiiiiec e 90
Table 25: Mass balance high N fE@dSTOCKS .......cuvviiiiiiiiieciiee e e 92
Table 26: Elemental analyses and yields for high N feedstocks and fast pyrolysis products..... 93
Table 27: Process parameters low N feedStocks ........ccuvvveiiiiiiiiiiiiiee e 95
Table 28: Mass balance Iow N fe@dStOCKS ........coiiiiiiiiiriiieiie e 96
Table 29: Elemental analysis of low N feedstocks and FP chars.......cccccoeeciiieeeiiiiccciieeee e, 97
Table 30: Process parameters for beech wood with different N addition rates...........cc............ 99
Table 31: Mass balance for beech wood with different N addition rates .........ccccceevivernenee. 100
Table 32: Elemental analysis of nitrogenolysis products at different N addition rates............ 101

12



Table 33:
Table 34:
Table 35:
Table 36:
Table 37:
Table 38:
Table 39:
Table 40:
Table 41:
Table 42:
Table 43:
Table 44:
Table 45:

Table 46

Table 47:
Table 48:
Table 49:
Table 50:
Table 51:
Table 52:
Table 53:
Table 54:
Table 55:
Table 56:

Process parameters for beech wood nitrogenolysis production runs...................... 106
Mass balance for beech wood nitrogenolysis production runs..........cccccvveeeeerennns 107
Process parameters for Barley DDGS nitrogenolysis production runs.........ccc.......... 110
Mass balances of Barley DDGS nitrogenolysis production runs .........cccccoveeeeeeennnns 111
Mass balancing scheme of batch reactor setup.......cccceeeeeiiiicciiieee e, 119
Conversion experiments with beech wood FP liquid........ccccceeiiieciiiieieeieceiiieeee, 119
Results of solidifying beech wood fast pyrolysis liquid.........ccccoveeeeeiniiciiieeneeene, 120
Post processing experiments with fast pyrolysis liquid .........cccceeeviviiiiiiieeeeciiene, 122
Results of modifying and solidifying beech wood FP liquid.........ccccceeveiivieeniinnnnnnn. 123
Recovered solids and nitrogen contents [in Wt.%] .....ccooevveeeeiiieeiiiiee e, 125
Conversion experiments with nitrogenolysis liquids .........cccceeeviiiiiiicee e, 128
Results of conversion of nitrogenolysis products .........ccccueeeeciieeiiiiieee e, 128
PY-GC-MS analysis SEQUENCE.......cciciiiiieeciieie ettt et ectee e et e e eetre e e e snte e e e sbaaeeenns 131
: Assigned Peaks in Py-GC-MS chromatogram for beech wood runs, RT 1-18min...... 138
Assigned Peaks in Py-GC-MS chromatogram for beech wood runs, RT 18-55min ... 139
Elemental analysis of investigated liquUids ........ccooccciiiierei e, 140
Assigned peaks for beech wood pyrolysis and nitrogenolysis liquids, RT 4-19min .. 146
Assigned peaks for beech wood pyrolysis and nitrogenolysis liquids, RT 19-36min 148
Assigned peaks for barley DDGS pyrolysis and nitrogenolysis liquids, RT 19-36min 152
IR frequencies of specific bond types in functional groups [67, 68].......cccccceeeeennnns 155
Interpretation Of IR SPECLIa.....ciiii i e e e e 160
Samples for microbial biomass stUdy........ccccuiiiiiiieiiiiiiee e 164
Plant teSt tre@tments .....cooueiieeiieiie et 170
Elemental analysis of dry matter samples of 1 harvest ..........ccooeveveeevveeeeenennas 174

13



List of figures

Figure 1: Research themes in the SUPERGEN Bioenergy Il Consortium [3]......cccccceeeviccnniinenennn. 19
Figure 2: Routes to produce a renewable and sustainable nitrogenous fertiliser [5] ................ 19

Figure 3: Thermal decomposition of hemi-, cellulose, lignin and wood, redrawn from [12]..... 25

Figure 4: Simplified kinetic scheme of the pyrolytic decomposition of biomass [13]................ 26
Figure 5: Examples of applications of fast pyrolysis liquid .........ccccouiieeeiiiiiiiiieee e, 32
Figure 6: van Krevelen Diagram (redrawn from [44, 45]) ...cccueeeecieeeciiee et 34
Figure 7: Essential plant NUEFENtS [46] ...ccci ittt e e e e e e e nrree e e e e 35
Figure 8: Nitrogen cycle (main cycle in bold lines) [46] ......ccueeeecieeeeiiiiei e, 37
Figure 9: Scheme of post-processing laboratory reactor setup, redrawn from [27].................. 44
Figure 10: Impact of urea addition to nitrogen content in product, redrawn from [27] ........... 44
Figure 11: PYroprobe SAMPIE......c.uueiieciiie ettt e et e e e tr e e s aae e e seesaeaeeeesnaaeeesnneees 54
Figure 12: Pyrolysis TGA curve of selected feedstocks l........ccevcvieieeciiieiiiiieieccieeeeee e, 63
Figure 13: Pyrolysis DTG of selected feedstocks l.......ccueiiviiieiiiiiiiccieeccceee e, 63
Figure 14: Pyrolysis TGA curve of selected feedstocks Il........cooouviriiieeiiiiciiiiiee e, 64
Figure 15: Pyrolysis DTG of selected feedstocks l.........ccuviieieiieecciiieeee e, 64
Figure 16: Example of Py-GC-MS Chromatogram of barley DDGS ........cccccoeecciiiieeeeeecciiieeeee. 66

Figure 17: Flow diagram of fast pyrolysis reactor with condensation train (numbers are

explained in the texXt that fFOHOWS) ......cccuiii e e 68
Figure 18: Reh diagram [81] with recalculated results indicated .........cccccoeveciiiiieeeeencciiieieeee. 77
Figure 19: Fast pyrolysis yields of Aspen Poplar at different temperatures [16] ............ccee...... 78
Figure 20: Fast pyrolysis product yields for beech wood pyrolysis experiments (dfb)............... 88
Figure 21: Fast pyrolysis product yields of high N feedstocks ........ccccccvvveeiiieiicciee e, 91
Figure 22: Feedstock nitrogen distribution in fast pyrolysis products ........c.cccceeeveeeeivieeeecnnnen. 94
Figure 23: Fast pyrolysis product yields of low N feedstocks .........cccceeveieeriiiiiciiee e, 97

Figure 24: In-situ nitrogenolysis product yields for beech wood according to N addition rates 99
Figure 25: Distribution of feedstock nitrogen in nitrogenolysis products and losses .............. 102

Figure 26: N content in nitrogenolysis liquids (black lines) and relative amount of N bound in

nitrogenolysis Products (Erey liNE) ...t 102
Figure 27: Nitrogen distribution of added nitrogen in nitrogenolysis char and liquids............ 103
Figure 28: Product distribution of beech wood nitrogenolysis production runs...................... 108
Figure 29: Product distribution of barley DDGS nitrogenolysis production runs..................... 112
Figure 30: BatCh reactor SELUP. ... ittt e e e e e e et a e re e e e e e e e anraaaeeaaeas 116



Figure 31: Fate of nitrogen in urea sample, experiment 8 .........cccccvveeeeeiicciiiieee e, 126

Figure 32: Fate of nitrogen in ammonium phosphate sample, experiment 9..........cccccuvveeee... 127
Figure 33: Chromatogram of beech wood analytical pyrolysis in inert atmosphere ............... 133
Figure 34: Chromatogram of beech wood analytical pyrolysis in ammonia atmosphere........ 134

Figure 35: Chromatogram of beech wood analytical pyrolysis with ammonium carbonate ... 135
Figure 36: Chromatogram of beech wood analytical pyrolysis in inert and reactive atmosphere,
L I 21 0 1o SO T PSP PP PPPT O PPTPPPPO 136

Figure 37: Chromatogram of beech wood analytical pyrolysis in inert and reactive atmosphere,

RT L8551 ettt ettt ettt ettt sttt b e bt et e s b e bt e e s beeht et e bt ehe et e e sbesbe et e sbesbe et e bt saeentenee 137
Figure 38: Chromatogram of beech wood pyrolysis liquid.........ccccceeeieieieiiiieciiee e, 142
Figure 39: Chromatogram of beech wood nitrogenolysis liquid top phase ........ccccceeevveeenneen. 143
Figure 40: Chromatogram of beech wood nitrogenolysis liquid bottom phase....................... 144

Figure 41: Chromatogram of beech wood pyrolysis and nitrogenolysis liquids, RT 4-19min .. 145
Figure 42: Chromatogram of beech wood pyrolysis and nitrogenolysis liquids, RT 19-36min 147
Figure 43: Chromatogram of barley DDGS pyrolysis liquid..........cccovveeeeeiiicciiiieee e, 149
Figure 44: Chromatogram of barley DDGS nitrogenolysis liquid ........ccccccoveciiiiieeiincciiieeeeee, 150
Figure 45: Chromatogram of barley DDGS pyrolysis and nitrogenolysis liquids, RT 4-36min.. 151

Figure 46: IR spectra of beech wood solidified fast pyrolysis and nitrogenolysis liquid ......... 158
Figure 47: IR spectra of barley DDGS solidified fast pyrolysis and nitrogenolysis liquid.......... 159
Figure 48: CO, evolution of microbial study samples [95].....cccceveciiiieeeeeeccieeee e 165
Figure 49: Microbial biomass carbon in microbial study samples [95] .....ccccceevevveeiiiieeeecnnnn. 165
Figure 50: Bio-oil carbon degree of mineralization in microbial study samples [95] ............... 166
Figure 51: NO; evolution of microbial study samples [95] .....cceeeeieeeciiiee e, 166
Figure 52: NH, evolution of microbial study samples [95] .....cceeveuiieeiiieeeeciee e, 167
Figure 53: Degree of N mineralization of microbial study samples [95] .......ccceevuvveircieeeennnnn. 167
Figure 54: CO, evolution in different treatments in microbial study samples [95].................. 168
Figure 55: Biomass carbon in different treatments of microbial study samples [95] .............. 168
Figure 56: Randomized plant tests before the 1% harvest...........coceeeeeeeeeeeeeeeeeeeeee e 171
Figure 57: Untreated soil sample, light green foliage.......ccccvveeeiiiieeiiicccee e, 171
Figure 58: SRF sample, darker green foliage.......vuviiiicciiiiiee e 171
Figure 59: Dry matter harvest yields of plant experiments........cccccoveveeeiiicciiiieee e, 173

15



List of equations

Equation 1:
Equation 2:
Equation 3:
Equation 4:
Equation 5:
Equation 6:

Equation 7:

Higher Heating Value according to unified correlation of Channiwala................... 50
Higher Heating Value of Pyrolysis Gas........ccccceeeeeiecciiiiieee et eevneeee e 51
[ {10 AV =T 18 =1 oo o PSSR 74
Pressure drop of reactor bed ... 74
WEN and YU @QUALION ceceeeiiiiiee ettt ettt e e e e ateee e e e e e e e s eeannna e e e e e e e eanns 75
Maximum hot vapour residence time ..........ccovveeei i 79

Calculation of ammonia gas addition flow rate.......ccccoeeciiieiiiiiccce s 83

16



List of abbreviations

AD

ar
ATP
bdl.
daf
db
dfb
DTG
Exp.
FP

GC
GC-MS
DDGS
FTIR
HHV
NCG
nd.
ni.
No.
Py-GC-MS
RT
SRF
Trax
TCD
TGA
oO*
wt.%

wt.%C

Anaerobic digestion

as received

ambient temperature and pressure, 20°C and 0.1MPa
below detection level

dry ash free

dry basis

dry feedstock basis

Differential Thermo Gravimetry

Experiment

fast pyrolysis

Gas Chromatograph

Gas Chromatography-Mass Spectroscopy
Dried Distillers Grains with Solubles

Fourier Transformed Infrared Spectroscopy
Higher Heating Value

non condensable gases

not determined

Nitrogenolysis

Number

Pyrolysis-Gas Chromatography-Mass Spectroscopy
retention time

Slow Release Fertiliser

maximum residence time in hot reaction zone
Thermal Conductivity Detector
Thermogravimetric Analysis

oxygen by difference

weight percent

weight percent on dry feedstock carbon content basis

17



1 Introduction

1.1 Context and background

The production of agricultural and horticultural products requires the use of nitrogenous
fertiliser to provide the necessary growing conditions for the crops. At the same time
conventional inorganic nitrogenous fertilisers can lead to large scale pollution of surface and
ground water from nitrate leaching and run off leading to eutrophication of water courses.
This loss also reduces the effectiveness of these fertilisers and increases costs. Additionally
artificial nitrogenous fertilisers are produced from ammonia which causes a large carbon
footprint as ammonia is mainly produced using the Haber Bosch process from fossil fuels such
as natural gas or oil to provide the hydrogen and using nitrogen by air separation. In 2009 the
worldwide production of ammonia was 130 million tonnes [2] causing a carbon dioxide release
of 334 million tonnes. Slow release fertilisers can mitigate this problem by their controlled
slow way to release nitrogen for plant growth. The use of slow release fertilisers can reduce
the risk of run off and nitrogen leaching by their controlled way to release the nutrients,
thereby reducing the amount of fertiliser applied and consequently lowering the carbon
footprint. In addition a slow release fertiliser derived from biomass can even further lower the

carbon footprint as biomass is carbon neutral.

This research project aims at and investigates the production of a slow release fertiliser from
biomass and biogenic residues by fast pyrolysis to develop an alternative, sustainable and
more effective route to supply the nitrogen needed for plant growth. This concept is very
attractive as it reduces or even fossil fuel inputs, recycles biogenic residues and can reduce the
risk of nitrogenous fertiliser run off and nitrate leaching. The production of ammonia via
gasification of biomass and the production of slow release fertiliser from this biomass derived
ammonia would be an alternative approach to the one chosen for this project. Nevertheless
this route is far more energy intense and complex, because it requires an air separation unit, a

gasifier, gas cleaning, CO-shift conversion and the ammonia synthesis.

The project was embedded in the SUPERGEN Bioenergy Il Consortium as part of theme 5.
SUPERGEN Bioenergy Il follows a holistic approach investigating the different aspects of
biomass and bioenergy from cradle to grave. The scope of research in SUPERGEN Bioenergy I

is illustrated in Figure 1.
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Figure 1: Research themes in the SUPERGEN Bioenergy Il Consortium [3]

The method employed in this research project for the production of slow release fertiliser is
nitrogenolysis. The term nitrogenolysis was coined by Bridgwater [4] combining the words
nitrogen and pyrolysis. Nitrogenolysis is a process that aims to utilise the nitrogen in a nitrogen
rich feedstock, such as rape meal or DDGS, and/or adds nitrogen during fast pyrolysis or to the
fast pyrolysis products of biomass in order to produce a high nitrogen product for use as a
fertiliser. An illustration of routes to produce a renewable and sustainable nitrogenous

fertiliser is given in Figure 2.

Aston University

llustration removed for copyright restrictions

Figure 2: Routes to produce a renewable and sustainable nitrogenous fertiliser [5]
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1.2 Objectives

The overall objective of this research project is to investigate a renewable route to slow
release fertilisers from biomass and biogenic residues. The aim is to develop a product that can
be used in present farming machines, is easy to store and handle and slowly releases its
nitrogen. Due to the nature of liquid-pyrolysis products it was decided to aim at the production
of a solid. In order to achieve this objective the research project investigates fast pyrolysis to
determine the conversion behaviour of biomass and establish a data base for evaluation, and
nitrogenolysis of biomass and biogenic residues by either utilising the nitrogen contained in
the residues or by adding a source of nitrogen during the process. For a systematic approach
the overall objective was subdivided into six subtasks that are described in the following

sections.

1.2.1 Subtask 1: Feedstocks and characterization

A variety of biomass feedstocks and biogenic residues were acquired and investigated for their
potential use as feedstocks in the nitrogenolysis process. As one method for nitrogenolysis
aimed to utilise the nitrogen present in the feedstock (see section 1.2.3), materials with high
nitrogen were preferred. The feedstocks were characterized using proximate and ultimate
analysis, extraction methods for oil and hot water soluble content, Thermogravimetric Analysis
(TGA) and analytical Pyrolysis-Gas Chromatography-Mass Spectroscopy (Py-GC-MS). Section 4

is dedicated to this subtask.

1.2.2 Subtask 2: Fast pyrolysis

After characterization, the feedstocks were processed using fast pyrolysis. A 1kg/h bubbling
fluidized bed fast pyrolysis reactor was used for the experiments due to its demonstrably
reliable feeding system and overall processing capacity over many years of operation. The
reactor was critically reviewed to improve process control and minimise the possibility of
system break-down and a number of modifications were implemented. These are discussed
and described in section 5.1.2. Sections 5 and 6 are dedicated to the processing part of this

subtask and section 8 to the analytical part.
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1.2.3 Subtask 3: In-situ nitrogenolysis

There are three ways of carrying out nitrogenolysis in order to achieve a product with high
nitrogen content. The first way is to use a high nitrogen feedstock in the fast pyrolysis process.
The second way is to use a high or low nitrogen feedstock combined with a nitrogen containing
reactant and processing both together by fast pyrolysis. Both ways are in-situ processes as the
high nitrogen product is formed in the fast pyrolysis step. The third way is to use a high or low
nitrogen feedstock, pyrolysing it in a fast pyrolysis process to obtain fast pyrolysis liquid and

reacting the fast pyrolysis liquid with a nitrogen containing reactant (post processing).

In this research project in-situ nitrogenolysis experiments on an analytical scale were
performed using Py-GC-MS without and with ammonia or ammonium carbonate to investigate
their impact on the product spectrum (see section 8.2). A strategy to feed a nitrogen
containing compound into the 1kg/h bubbling fluidized bed fast pyrolysis reactor was
developed. Feeding gaseous ammonia was decided to be more suitable than the use of
ammonia salts. In-situ nitrogenolysis experiments were performed to establish an optimal
nitrogen addition rate and produce in-situ nitrogenolysis product for further testing. Sections 5

and 6 are dedicated to the processing part of this subtask and section 8 to the analytical part.

1.2.4 Subtask 4: Solidification of liquid nitrogeno lysis product

In order to obtain a solid product a suitable solidification process was developed. A solid
product was preferred as fast pyrolysis liquids are known for ageing issues and as industry and
farming sector prefers solids for the ability of mixing and use of existing spreading machines.
Due to the specific characteristics of fast pyrolysis liquid and its production process a thermal

solidification process was chosen. Section 7 is dedicated to this subtask.

1.2.5 Subtask 5: Nitrogenolysis via fast pyrolysis liquid modification

Additionally an alternative approach of post processing nitrogenolysis via fast pyrolysis liquid
modification was investigated in a combined nitrogen enrichment and solidification process
(see third way of nitrogenolysis, section 1.2.3). This work was carried out as an alternative to

the in-situ nitrogenolysis routes. Section 7 is dedicated to this subtask.
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1.2.6 Subtask 6: Microbial and plant tests

The products obtained from fast pyrolysis and in-situ nitrogenolysis were tested regarding
their impact on microbial life in soils and in plant tests in cooperation with the agricultural
research centre Rothamsted Research in Harpenden (UK). These experiments investigated the
toxicity, bio degradability and use of the products as slow release fertiliser. Furthermore the
in-situ nitrogenolysis products were compared to conventional fertilisers. The experimental
setup and parameters for these experiments were developed in close cooperation with the
project partners at Rothamsted Research. The material tested was produced in the fast
pyrolysis unit by the in-situ nitrogenolysis experiments and solidified in a batch process. The
actual microbial and plant tests were executed by Rothamsted Research. The data obtained
from the microbial tests was provided by Rothamsted Research including an interpretation and

the biological plant test data was provided as raw data. Section 9 is dedicated to this subtask.
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2 Literature review

2.1 Introduction

This research project utilises high and low nitrogen biomass and biogenic residues in the fast
pyrolysis and nitrogenolysis processes. It is important to review the basic characteristics of
such materials as well as their thermal decomposition behaviour, because the nitrogenolysis
process is based on the thermal fast pyrolysis process. Therefore biomass and biogenic residue
components are reviewed in section 2.2, the fast pyrolysis process in section 2.3 and the fast
pyrolysis products in section 2.4 in order to give a better understanding of the feedstock, the
technical process, its parameters and products. The state of the art of the Nitrogenolysis

process is presented in a separate section 2.6.

Slow release fertiliser was the desired product in this research project and was investigated in
cooperation with Rothamsted Research in microbial and biological plant tests as part of the
project. In order to understand the requirements for a fertiliser and the mechanisms of
nutrient mineralization and uptake these topics are reviewed in section 2.5. State of the art

slow release fertilisers and their production methods are presented in section 2.6.

2.2 Biomass and biogenic residues

2.2.1 Introduction

The present research project uses biomass and biogenic residues as feedstocks with the
restriction that only solid terrestrial biomass from plants and their residues were used. In this
thesis the term biomass just refers to such materials. As nitrogenolysis is based on fast
pyrolysis (see section 1.2.3) it is important to understand the thermal decomposition
behaviour of biomass. This behaviour is mainly determined by its three main components
cellulose, hemicellulose and lignin. Table 1 lists the content of these components in beech
wood, DDGS, rape meal and wheat straw. The thermal decomposition products of these
components can be found in the fast pyrolysis and nitrogenolysis products. In order to
understand the properties of the products and to analyse these, e.g. by Py-GC-MS and GC-MS

(see sections 4.2.5, 8.2, 8.3), it is important to review cellulose, hemicellulose and lignin.
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Table 1: Cellulose, hemicellulose and lignin content of biomass

Biomass Unit Cellulose | Hemicellulose Lignin Extractives | Literature
Beech wood | wt.%, db 43.3 31.8 24.4 0.5 [6]
DDGS wt.%, db 15.1 30.3 6.1 48.5 [7]
Rape meal wt.%, db 28.6 41.0 5.0 25.4 [8]
Wheat straw | wt.%, db 45.4 28.3 18.7 7.6 [9]
2.2.2 Cellulose

Cellulose is a structural component of the cell walls in biomass. It is an unbranched polymer
(linear homopolysaccharide) of B-D-glucopyranose moieties joined by B-(1-4)-glycosidic bonds
[10]. It is intra and inter molecular bonded by hydrogen bonds and water insoluble. Cellulose

can be hydrolysed forming glucose using concentrated acids and elevated temperatures.

2.2.3 Hemicellulose

Hemicellulose is a heteropolysaccharide. In contrast to cellulose it contains different sugar
monomers and consist of hexoses (D-glucose D-mannose, D-galactose) and pentoses (D-xylose,
L-arabinose) and other components such as mannuronic acid and galacturonic acid [10].

Hemicellulose is part of any cell wall in lignocellulosic biomass.

2.2.4 Lignin

Lignin is the most complex chemical compound within lignocellulosic biomass and is one of the
major components in wood (see Table 1). The term lignin is derived from the Latin word
lignum, meaning wood. In contrast to cellulose and hemicellulose, lignin is a three-dimensional
cross-linked polymer with rather random structure and forms an amorphous insoluble
thermoplastic. The monomers of lignin can be regarded as aromatic phenyl-propane units and
are therefore hydrophobic [10]. Lignin fills spaces in the cell wall between other components
and is covalently linked to hemicellulose. The cross linking of different cell wall components

increases the mechanical strength.

2.2.5 Thermal decomposition behaviour of biomass

The decomposition reactions of biomass show differences due to the different bond energies
of the chemical bonds within and in between the monomers of macro molecules [11]. Figure 3

shows the thermogravimetric analysis of cellulose, hemicellulose lignin and wood.
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Figure 3: Thermal decomposition of hemi-, cellulose, lignin and wood, redrawn from [12]

Hemicellulose is thermally unstable and decomposes quickly. Cellulose is thermally more
stable than hemicellulose and decomposes into gaseous products that are mainly
condensable. In contrast lignin decomposes relatively slowly over a wide temperature range

and produces higher char yields [11].

As illustrated in Figure 3 the decomposition of the cellulose and hemicellulose begins at about
220°C initially creating water, carbon monoxide, carbon dioxide, methanol and acetic acid [11].
At temperatures around 350°C most of the hemicellulose is already decomposed and cellulose
reaches its highest decomposition rate. The weight loss curves indicate the end of cellulose
and hemicellulose decomposition at about 400°C with typically more than 85wt.% weight loss,
as well as the beginning of the end of the lignin decomposition. This characteristic behaviour is
important as it indicates that biomass consisting of these components should show similar
decomposition behaviour. Thermogravimetric analysis results of feedstocks investigated are

presented in section 4.2.4.

A simplified kinetic reaction scheme can be assumed for the pyrolysis of biomass which is
presented in Figure 4. It is assumed that three parallel reaction alternatives with different
coefficients for the reaction rate (k;, k,, ks3) exist. The activation energies E1 till E3 are
increasing. Additionally secondary reactions of condensable products in the gas phase are
considered (k4), which are further decomposing condensable products into permanent gases

or form char. [13]
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Reaction 1 (k;) is the main reaction path at lower temperatures, typical for conventional slow
pyrolysis processes; the main products are char, carbon dioxide and water vapour. At elevated
temperatures reaction 2 (k,) is predominant, which leads to higher yields in liquid product. This
is the desired reaction for the fast pyrolysis. Due to further secondary reactions in the vapour
phase condensable compounds are cracked (k;) and form carbon dioxide, hydrogen and
methane. Reaction 3 (k;) mainly takes place at high temperatures and leads to high yields in

gases. [13]

Char + CO, + H,0

ks

Biomass Liquids ———— Gases (CO, H,, CH,)

Gases (CO, H,, CH,, etc.)

Activation energies: E; < E, < E; (k, very slow at temperatures <650 °C)

Figure 4: Simplified kinetic scheme of the pyrolytic decomposition of biomass [13]

An exact prediction of the different pyrolysis product yields cannot be made according to this
simplified model, because of the heterogeneous nature of biomass, the high reactivity of the
volatile products, the poor thermal conductivity of biomass and the catalytic effect of char
particles [11] and alkaline metals in the ash [14, 15]. The product yields therefore can just be

interpreted as a sum of the three reactions displayed in Figure 4 [11].

2.3 Fast Pyrolysis

2.3.1 Introduction and fast pyrolysis

Pyrolysis is a the thermo-chemical conversion processes in the absence of oxygen [16, 17].
During pyrolysis of biomass, organic materials are heated in an inert atmosphere up to 1000°C.
Due to thermal decomposition solid, liquid and gaseous products are formed. The C-C and C-H
bonds of the macro molecules are preserved although in a different structural composition
during pyrolysis [18]. There are three crucial parameters in pyrolysis that have a direct
influence on the product yields and product distribution. These are pyrolysis temperature,
heating rate and hot vapour residence time above 200°C [19]. Consequently these parameters

can be used for process control. The different pyrolysis types and typical product yield on dry

26



Aston University

ustration rem oved for copyright restrictions

Figure 1: Research themes in the SUPERGEN Bioenergy Il Consortium [3]

The method employed in this research project for the production of slow release fertiliser is
nitrogenolysis. The term nitrogenolysis was coined by Bridgwater [4] combining the words
nitrogen and pyrolysis. Nitrogenolysis is a process that aims to utilise the nitrogen in a nitrogen
rich feedstock, such as rape meal or DDGS, and/or adds nitrogen during fast pyrolysis or to the
fast pyrolysis products of biomass in order to produce a high nitrogen product for use as a
fertiliser. An illustration of routes to produce a renewable and sustainable nitrogenous

fertiliser is given in Figure 2.

Aston University
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Figure 2: Routes to produce a renewable and sustainable nitrogenous fertiliser [5]
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Transport of the fast pyrolysis products within the reactor are of special interest. Beside
temperature, the residence time of condensable vapours in the hot reaction zone plays an
important role. It needs to be kept as short as possible to prevent unwanted secondary
reactions that will convert condensable vapours into permanent gases, water vapour and char
(see section 2.2.5). Additionally the presence of fast pyrolysis char, which retains all the ash
components from the biomass, has an impact on the product distribution as it acts as a
catalyst. Experiments that used fast pyrolysis char as a bed material in a fluidized bed reactor
showed that the gas yields more than doubled [20]. At the same time the fast pyrolysis liquid
yield decreased by 30 wt.% and the fast pyrolysis char yield increased [20]. Therefore it is
necessary that the fast pyrolysis char is removed from the hot reaction zone as quickly as
possible and separated effectively from the pyrolysis vapours. A common way in bubbling

fluidized bed reactors is the use of a cyclone at the reactor outlet.

2.3.2 Fast pyrolysis reactor types

The central part of the fast pyrolysis process is the reactor. Its design and its applied working
principle need to meet the requirements of the fast pyrolysis process. The following main
reactor types are used or have been developed [22]:

¢ Bubbling fluidized bed reactor

e (Circulating fluidized bed and transported bed reactor

e Ablative reactor

* Entrained flow reactor

* Rotating cone reactor

e Vacuum reactor

There are several reviews published giving detailed descriptions of the different reactor types
[16, 22, 23]. The review of Bridgwater and Peacocke [22] explored fast pyrolysis reactors for
the production of liquids. Among the different reactor types, fluidized bed reactors are widely
used in academia and are currently used in commercial production of pyrolysis liquid, e.g.
Dynamotive in Canada [25]. An extensive list of all reactor types and their application was

published by Bridgwater [26].
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Bubbling fluidized bed reactors are used in many applications and are a proven technology.
Their advantages in fast pyrolysis can be summarized as [16, 27]:

¢ high heat transfer rates and low temperature gradients in the reaction zone

e good temperature control of the reaction zone

e short hot vapour residence time (below 2s) above 200°C

* no moving parts inside the reactor and therefore easy to seal

e easily scalable to commercial sizes

e well established and well understood process

Due to the working principle of a bubbling fluidized bed reactor, there are several
requirements that need to be met for processing. The static bed height, bed expansion and
freeboard height have to be considered to avoid entrainment of bed material. The density
difference between bed material and fast pyrolysis char needs to be sufficient to allow only
the entrainment of the fast pyrolysis char. The fluidization velocity has to be determined so
that the fast pyrolysis char is entrained, while the bed material remains in the reactor (see

section 5.2).

2.4 Fast pyrolysis products of biomass

2.4.1 Introduction

In this research project the fast pyrolysis and nitrogenolysis processes were used to produce
fast pyrolysis liquid, fast pyrolysis char and nitrogenolysis products for use as slow release
fertiliser. Therefore fast pyrolysis products of biomass are reviewed in this section to
understand the characteristics and properties of the substances produced in this research
project. Fast pyrolysis of biomass generally produces three different fractions [16, 27]:

e fast pyrolysis liquid consisting of mostly oxygenated organic compounds and polar

compounds
e fast pyrolysis gas containing mostly carbon dioxide, carbon monoxide and methane
e fast pyrolysis char including the inorganic compounds forming the ash as solid residues

of the fast pyrolysis process

The focus of this research project is on the liquid phase with a typical water content between

20 and 30wt.%.
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2.4.2 Fast pyrolysis liquid

Fast pyrolysis liquids have been well described and characterized in the literature [19, 28-30].
They are of low viscosity, dark red to dark brown colour and a distinct smoky smell [28, 31].
They can have a high water content which results from the water content of the feedstock and
water produced during fast pyrolysis [32]. Depending on the water content and the
composition of the feedstock (especially high ash content), phase separation into an aqueous

phase and an organic phase can occur [32].

The organic components of fast pyrolysis liquid consist mainly of a mixture of alcohols, furans,
phenols, aldehydes, organic acids as well as carbo hydrate [33, 34]. Hence fast pyrolysis liquid
consists of several hundred components that can be grouped according to their functional
groups: carboxyl-, carbonyl-, aldehyde-, ester-, acetal-, hydroxyl-groups, olefins phenols and
aromatic compounds. The composition is dependent on the feedstock, production process,
collection system and the storage conditions [11, 19]. Fast pyrolysis liquids are just non-
miscible with hydrocarbons. They can be mixed with alcohols [35]. Mixing with water is
possible up to about 45 wt.% when phase separation occurs and a tar-like product will
separate from a low viscosity aqueous phase. This tar-like product is derived from the high
molecular lignin products and is referred to as pyrolytic lignin in literature [36]. The water
soluble fraction of phase separated fast pyrolysis liquid is mainly the product of the
decomposition of cellulose and hemicellulose [11]. Fast pyrolysis liquid is acidic due to organic
acids, e.g. acetic acid and formic acid. The pH-value is typically around pH 2 to 3. For most fast
pyrolysis liquids the heating value on a weight basis is about 40% of the heating value of fossil
fuel oils and 60% on a volume basis. The viscosity of fast pyrolysis liquids varies significantly
and is dependent on the water content, content of light compounds and the storage time.
During storage fast pyrolysis liquid has the tendency to undergo condensation reactions due to
reactive compounds, which leads to an increasing viscosity [29]. This process is often referred
to as aging. Fast pyrolysis char and elevated temperatures enhance this process and the
addition of alcohol reduces this effect [35]. Skin and eye contact should be avoided as some
compounds are regarded as carcinogenic [11]. Bridgwater described 26 characteristics of fast
pyrolysis liquid [32]. The ones regarded as most relevant to the aim of this project are listed in

Table 3.
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Table 3: Most relevant characteristics of fast pyrolysis liquid

Characteristic | Cause Effect Relevance

Acidity or low | organic acid from bio- corrosion negative impact on

pH polymer degradation microbial life and plant
growth and possible
reactions of organic acids
with ammonia during
nitrogenolysis

Aging continuation of slow increase in key factor for the

secondary reactions,
including
polymerization

viscosity from
secondary reactions
such as condensation

production of a solid SRF

Alkali metals

nearly all alkali metal

deposition of solids in

use of char for nutrient

report to char combustion recycling
Char incomplete char aging of oil key factor for the
separation in process production of a solid SRF
Nitrogen contaminants in NOy in combustion incorporation of nitrogen
biomass feed in the SRF product
Oxygen biomass composition poor stability key factor for the
content is production of SRFin
very high terms of binding added
nitrogen and producing a
solid
Temperature |incomplete reactions aging and phase key factor for the
sensitivity separation production of a solid SRF
Toxicity bio-polymer eco-toxicity is negligible |impact on microbial life

degradation products

and plant growth

The production of slow release fertiliser by nitrogenolysis processes uses the above stated

characteristics of fast pyrolysis liquids. Especially nitrogen in the biomass feedstock is of great

interest as nitrogenolysis aims to incorporate it in the SRF product (see section1.2.3). The high

oxygen content is due to oxygenated compounds, in particular functional groups such as

carbonyl and carboxyl groups, which are important to potentially bind added nitrogen to the

nitrogenolysis SRF (see section 2.6.2). Aging reactions and the impact of char and elevated

temperatures on fast pyrolysis liquid stability are key factors for the production of a solid

product by a thermal solidification process (see section 1.2.4). The aspects of acidity and alkali

metals are relevant due to their impact on microbial life in soils and plant growth (see section

1.2.6).
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2.4.3 Applications of fast pyrolysis liquids

The following figure provides examples of possible fast pyrolysis liquid applications.

Applications can be categorized according to the production of energy or chemicals [11, 19].

Fast pyrolysis liquid
I

v v
Energetic Chemical
[
v v v v v
Boiler Engine Turbine Fractions Components
I |
v v v v
Heat Heat & Electricity e.g. Aromas e.g. Phenols or
or Glues Levoglucosan

Figure 5: Examples of applications of fast pyrolysis liquid

Several different technologies are available for the energetic use of fast pyrolysis liquid. Details
on this topic are part of many publications, such as Bridgwater [19], Czernik and Bridgwater
[28] and Gerdes [11]. Alternatively fast pyrolysis liquid can also be used as a source of
chemicals [16]. Examples include the use of the aqueous phase to produce liquid smoke [37],
the separation of levoglucosan a product of the decomposition of cellulose [37] or the

substitution of phenol and formaldehyde as adhesive in the production of chip board [38].

Another possibility is the use of the fast pyrolysis liquid in combination with a nitrogen
containing compound in the nitrogenolysis process (see section 1.2.3) to produce a slow
release fertiliser. The functional groups of the fast pyrolysis liquid shall therefore react with
the nitrogen to form a higher molecular compound that is slowly decomposed by bacteria in
the soil forming nitrate [34]. This application route is described in greater detail and discussed

in section 2.6.

Regarding this research, the fast pyrolysis char is of importance for two aspects. The first is
that it accelerates aging reactions in fast pyrolysis liquids (see section 2.4.2) and the second is
that it contains almost all alkali metals of the feedstock that are nutrients for plant growth (see

section 2.5.2).
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2.4.4 Fast pyrolysis gas

Fast pyrolysis gas is the by-product of fast pyrolysis [32]. It mainly consists of carbon dioxide,
carbon monoxide, some hydrogen and hydrocarbons up to C-4 [11]. In bubbling fluidized bed
and circulating fluidized bed systems it can be used as fluidizing gas, either non-oxidized or
oxidized to provide part of the process heat. If flue gas or inert gas is use for fluidization, the
fast pyrolysis gas is heavily diluted with this gas. Fast pyrolysis gas can be used to provide a
part of the necessary process heat or for pre-drying the feedstock [16]. Dynamotive in Canada
uses fast pyrolysis gas as part of the heat source for their bubbling fluidized bed system and

fluidization gas [25] which is supplemented with natural gas.

In this research project the fast pyrolysis gas was heavily diluted with inert nitrogen fluidization
gas due to the design of the 1kg/h bubbling fluidized bed reactor (see section 5.1.1). It was not

further used except for gas analysis and mass balancing purposes (see section 5.1.3).

2.4.5 Fast pyrolysis char

Fast pyrolysis char is considered a by-product in fast pyrolysis [32]. It contains almost all
components forming the ash content of the biomass feedstock including the alkali metals [32].
Depending on the fast pyrolysis process it is either burned to provide process heat (e.g.
rotating cone reactor) [26] or can be separated from the other products and then either be
burned or used for different applications (e.g. fluidized bubbling bed reactor with cyclones)
[26]. An alternative use of fast pyrolysis char is the production of activated carbon [26]. Lately
the use of pyrolysis char for soil amendment (BIOCHAR) is of special interest not only for its
soil improving characteristics, but also for reasons of carbon sequestration [39]. This aspect is

presented in section 2.4.6.

2.4.6 Pyrolysis char as soil amendment

An alternative application for pyrolysis char is the use as soil amendment. Currently the role of
char as soil amendment is investigated under two major aspects. The first one is its capability
as soil conditioner; the second one is its potential to act as a carbon sink for carbon

sequestration purposes.

The use of char as soil conditioner is currently being investigated by many researchers. The

technique itself is not new as it had been used by indigenous people in pre Columbian times in
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the Amazonian rainforest adding large amounts of char to the soil creating what is today
known as Terra Preta or black soil [40]. In the relatively poor soils (like Ferralsols) the addition
of char increases the ability of the soil to hold moisture and nutrients that are essential for
plant growths [40, 41]. Experiments using char as soil conditioner showed that crop vyields

were significantly higher with added char [41].

The use of char as a carbon sink for carbon sequestration is also investigated intensively. The
Terra Preta soils already show that the degradation rate of char can be very slow as these soils
are several thousand years old [40]. Steinbeiss et al. [42] investigated the effect of char
addition to the soil carbon balance. It was pointed out that after an initial increase the
microbial activity this effect reduced and a large quantity of the added carbon remained in the
soil. Cheng et al. [43] described that the molecular form and surface charge of char are
changing over time. It was also pointed out that chars resulting from pyrolysis processes at
about 500°C are more resistant to microbial degradation than those produced at lower
temperatures [43]. Chars from fast pyrolysis processes have an atomic H:C and O:C ratio
which is close to the ratios of coals. This is also illustrated in the van Krevelen diagram in Figure

6.
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Figure 6: van Krevelen Diagram (redrawn from [44, 45])

Char as a soil amendment, therefore, has a great potential as a soil conditioner and a carbon
sink. In terms of this research the char produced could be seen as a valuable by-product for

these purposes as it is separated and not burned.
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2.5 Plant nutrition

2.5.1 Introduction

One of the aims of this research is to investigate the production of slow release fertiliser by
modification of the fast pyrolysis process. Therefore it is necessary to take aspects of nutrient
supply and nutrient uptake by plants into consideration. The complexity of this field does not
allow a very deep insight into this topic as it would exceed the possibilities given within this
research. Nevertheless general aspects are summarized in this section, that are important for
the understanding of this project. Due to the complexity of this field the microbial and plant

test were done in close cooperation with Rothamsted Research (see section 1.2.6).

2.5.2 Plant nutrients

Seventeen elements have been identified as essential plant nutrients [46]. Beside carbon,
hydrogen and oxygen that are provided by water and air further fourteen elements are
needed. A comprehensive overview of these is illustrated in Figure 7, subdividing them into
macro and micro nutrients. Although sodium is also absorbed in large quantities by plants it is
not regarded as essential and it is just absorbed due to its abundance, as other elements such

as aluminium or silicon.

Aston University

lustration removed for copyright restrictions

Figure 7: Essential plant nutrients [46]

Another key element regarding nutrients present in soil is their availability to the plants [46].
Only part of the nutrients present is actually available to the plant and most of them are
locked up in mineral or organic materials. For absorption into the plant nutrients need to be in
ionic form. Metals are usually absorbed by the plants as cations, nitrogen either as NH," or
NOs, phosphorous as H,PO, or HPO,” and sulphur as S0,%. All of nutrients in the soil must be

dissolved in water in order to be taken up by the plants roots [46].
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2.5.3 Nitrogen cycle / bio-degradation

As described above nitrogen is one of the macro nutrients and is commonly applied in
commercial fertilisers containing nitrogen, phosphorous and potassium. Nitrogen is the key
element in nitrogenolysis and is the focus of this research and therefore the natural nitrogen

cycle in plant growth is presented in this section.

Figure 8 depicts an idealized nitrogen cycle by bio-degradation indicating the main cycle in
bold lines [46]. There are two major stages in the cycle, the mineralization and the
mobilization stage. Residues from plants and life forms containing organic nitrogen in the form
of -NH, groups are mineralized through stages of ammonification releasing nitrogen as NH,"
and nitrification forming NO3™ by biological activity. Part of the nitrogen is immobilized in this
process due to growth of microbial population in the soil, but later released when the
microbes start to decompose themselves. The mineralized nitrogen in the form of ammonium
ions and nitrates are taken up by the plants and immobilized, until the plant material dies off

and starts the cycle again [46].

As the additional lines in Figure 8 indicate this process is not a closed cycle, so that additional
losses and gains have to be taken into consideration. Especially the removal of nitrogen from
the field by harvesting is an important factor as this needs to be compensated by fertilization

to keep the soil fertile.

For the aim of this research this simplified model gives a comprehensive overview why
fertiliser application is necessary and in what form the nitrogen is available to the plant.
Further information is available in literature, e.g. Soils and Soil Fertility by Troeh and

Thompson [46] or The Use of Nutrients in Crop Plants by Fageria [47].
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Figure 8: Nitrogen cycle (main cycle in bold lines) [46]

2.5.4 Microbes

The previous section already mentioned that microbial life in soils is a vital factor in the
mineralizing process. As the SRF produced in this research was tested on its impact on
microbial life in soils some key aspects are presented in this section. Microbes in soils are

formed of members of the plant and animal kingdom. They can be subdivided into six groups

and more detailed information can be found in literature [46]:

Bacteria
Actinomycetes
Fungi

Algae
Protozoa

Nematodes
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All microbes play an important role in the nitrogen cycle as they are participating in the
decomposition process of organic material in the soils. Microbial activity in soils is essential in
the mineralization process of nutrients form dead plant and animal tissue and without it the
nitrogen cycle could not work [46]. Consequently an active microbial population can be
regarded as a good indicator for soil fertility and potential to stay productive. Major factors for
the activity of microbial life in soils are:

e sufficient energy supply

e Qaeration

e water

* temperature

e pH of sail

The last factor pH is suitable for most microbes to thrive if close to neutral or slightly alkaline.
An addition of lime therefore can lead to an increase in microbial activity. Also an increase in
soil temperature can encourage microbial activity as it does not exceed a certain temperature

and the soil does not become too dry [46].

Due to the important role of microbial life in soils, the impact of the slow release fertiliser
produced via nitrogenolysis on these organisms needed to be investigated. One aspect is the
toxicity of the slow release fertiliser to microbial life, another ability of the microbes to
mineralize the slow release fertiliser and thereby setting free the nitrogen in the product. The
reaction of microbial activity on application of the slow release fertiliser under constant
growing conditions was a good indicator to its toxicity, degradability and suitability for plant

tests (see section 1.2.6).
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2.6 Nitrogenolysis and Slow release fertiliser

2.6.1 Introduction

The term nitrogenolysis was coined by Bridgwater (see section 1.1) and so far is not commonly
used in literature. Nevertheless the processes described by this term have been part of
investigations by Radlein, who filed a patent presented in section 2.6.2, and as part of a
European project, that is presented in section 2.6.3. There are also similarities to a process
called ammoxidation that is presented in section 2.6.4. As an alternative to the above stated

processes state of the art commercial production processes are described in section 2.6.5.

In general slow release fertilisers (SRF) can be produced by incorporating nitrogen into more
complex structures, either by chemically bonding it or coating it. During nutrient release from
the SRF into the soil nitrogen compounds are converted by microbial activity to NH," and by
nitrification to nitrate (see Figure 8) which plants can absorb. Beside coating fertiliser granules
or using special compounds containing nitrogen, several ways to bind nitrogen to a slowly
degradable substrate have been investigated in past decades as described in the following
section. The scope of materials reaches from the use of peat and low quality lignite, technical
lignin to pyrolysis products. Also commercial production of SRF is described in the following

sections.

2.6.2 Methods of producing organic slow-release nit  rogenous

fertiliser

Radlein et al. filed an European patent EP0716056 Al on a method of producing slow-release
nitrogenous organic fertiliser from biomass [34]. The patent describes the production of
organic slow release fertiliser by reacting ammonia or a related compound with the products
of the fast pyrolysis process of biomass. It points out that biomass already contains about 34-
44wt.% of oxygen and that it is desirable to maintain this oxygen content in the form of

functional groups by using fast pyrolysis as a thermal conversion route.

The patent is based on “the discovery” that fast pyrolysis liquid readily reacts with ammonia or
related nitrogen compounds. As it is a known fact that pyrolysis liquids contain relatively high

concentrations of carbonyl-, carboxyl-, phenolic-groups and also aldehydes (known since wood
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distillation) and that these compounds readily react with ammonia or related nitrogen
compounds it is debateable if this is a discovery or an alternative application. It also states that
fast pyrolysis liquids contain a substantial amount of pyrolytic lignin that is likely to be a good
source of humic acid as it is supposed to have a similar structure to natural lignin [34]. The use
of partially pyrolysed lignin in the production of a SRF is also included in an earlier patent by
Sears et al. [48].The claims of this patent are not extensive and allow the main processing
route to be changed to fast pyrolysis and extend the reactant to ammonia and other nitrogen

compounds.

Additionally the tendency of fast pyrolysis liquid to polymerize due to condensation reactions
and polymerization reactions of aldehydes and ketones with primary amino compounds are

mentioned in Radlein’s patent in relation to the formation of a stable product.

2.6.2.1 Claims of Patent EP0716056 Al

Radlein et al. make extensive claims regarding their method of producing organic slow-release
nitrogenous organic fertiliser from biomass [34]. The claims can be summarized as followed:
= A process for making organic nitrogenous fertilisers from at least one starting material
selected from biomass, subjecting the input material to fast pyrolysis and chemically
reacting a nitrogen compound containing the -NH, group with pyrolysis products to
form organic nitrogen compounds and recovering the organic nitrogen compounds so
formed.
= A process as claimed using biomass selected from agricultural waste, forestry waste,
municipal solid waste, wood, grasses, algae, peat, lignite, food processing waste and
beverage processing waste.
= A process as claimed including the step of adding a nitrogen compound prior to
pyrolysis or adding a nitrogen compound to the liquid or vapour pyrolysis products (in-
situ process).
= A process as claimed including the step of adding the nitrogen compound shortly after
producing the pyrolysis products (post-processing).
= A process as claimed including the step of combining the organic nitrogen compound
with an absorbent.
= A process as claimed including the step of heating the organic nitrogen compounds to

remove water or to cause polymerization to occur or to cause solidification to occur.
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The patent is well written in a sense that the claims include almost all possible scenarios of
combination of fast pyrolysis and nitrogen, by this blocking any further development or making
it part of this patent. Not all claims are well backed within the patent leaving enough factors

unclear.

2.6.2.2 Results according to Patent EP0716056 Al

The patent includes some data on processing and results for illustration. Radlein et al. [34]
state that fast pyrolysis liquids contain 6-11moles of carboxyl, carbonyl and phenolic groups
depending on the feedstock (see Table 4). It is pointed out that these could react with the
described nitrogen compounds and lead to 10-17wt.% of nitrogen per kg of organic fraction of

liquid product.

Table 4: Functional groups in organic fraction of liquid product [34]

Aston University
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Radlein et al. [34] also show that simple aldehydes (hydroxyacetaldehyde, glyoxal, methyl

glyoxal, formaldehyde and acetaldehyde) form a large fraction of the carbonyl groups which

are more reactive to ammonia than ketones. The main contributors to the carboxyl groups

appear to be carboxylic acids, such as formic and acetic acids. Table 5 shows some typical

concentrations of some of these compounds in biomass pyrolysis liquids.

Table 5: Concentration of compounds in wt.% of organic fraction of liquid product [34]

Aston University
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The content of pyrolytic lignin in the fast pyrolysis liquids from biomass had been determined
to be 20-50wt.%. The phenolic compounds in fast pyrolysis liquids are supposed to be derived
from lignin. Therefore pyrolytic lignin is of interest due to its capacity to bind nitrogen and as a

source for humic acids during decomposition [34].

As an example for in situ pyrolysis with nitrogen containing compounds, the example of
sawdust from poplar is given. The poplar was impregnated prior to pyrolysis with an aqueous
urea solution and dried. The urea content on a moisture free wood basis was 16.4wt.%. The
sample was pyrolysed in a fluidized bed at 500°C and the condensed pyrolysis liquids had an
organic content of 76.5wt.% on a urea and moisture free wood basis. The mass balance of
114.5wt.% on a urea and moisture free wood basis indicated that there was a significant
nitrogen addition. The pyrolysis liquid was supposed to be free of urea and ammonia and
consisted of 48.54wt.% carbon, 6.95wt.% hydrogen and 10.30wt.% nitrogen. Radlein et al. [34]
concluded that all the added nitrogen of the urea had been incorporated as the expected
uptake of nitrogen at the level of impregnation was 10wt.%. It was also concluded that any

free ammonia will react directly with the hot pyrolysis vapours.

Radlein et al. also tested a fertiliser product produced from fast pyrolysis liquid and urea on
beans and maize in a 80 day green house test [34]. They achieved higher crop yields when
compared to non-fertilized samples and concluded that the product was not toxic and capable
of releasing the nitrogen slowly. Due to the limited time frame of 80 days no statements

regarding long term effect of this product could be made.

2.6.3 European project on slow-release fertiliser f ~ rom biomass

In 1999 the European Commission funded a collaborative project to investigate the production
and recycling of agricultural materials as a novel slow-release fertiliser, FAIR-CT98-4042. The
objectives were to recycle agricultural wastes and residues into a unique and valuable fertiliser
that can be safely used in a range of agricultural and horticultural applications. The approach
was intended to be a sustainable method of recycling agricultural materials into valuable non-
food, non-fuel products. The main work objectives were the production of slow release

fertiliser in an in-situ process and alternatively by post processing and testing the products

The in-situ processing route was investigated by Aston University (Birmingham, United

Kingdom), but the final report is confidential and therefore little information is accessible to
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the public. The post processing route was investigated by the University of Hamburg
(Hamburg, Germany) and results were published as part of a doctoral thesis by Hanser in 2002

[27].

2.6.3.1 In-situ processing route

The in-situ processing route is based on the principles published by Radlein et al. [34]. It
combines the pyrolysis process with the process in which a nitrogen containing compound
reacts with the pyrolysis products. This is achieved by the immediate reaction of the nitrogen
compound with the pyrolysis products in the vapour phase. Therefore either a relatively
thermally unstable nitrogen compound (urea) is added to the reactor with the biomass
feedstock or ammonia gas is added to the reactor immediately. The process parameters are
adapted from ordinary biomass fast pyrolysis, which means that the process takes place
around 500°C. Hanser [27] points out in his doctoral thesis that this processing route using
urea can lead to the formation of triazines, which he found in his in-situ experiments.
Unfortunately neither method of these experiments nor results are described so that this claim
cannot be verified. Triazines used to be used as pesticides and are now banned in the EU. If the
in-situ processing route in combination with urea is used, it has to be investigated if triazines

are formed.

2.6.3.2 Post processing route

The post processing route refers to a separate process to produce slow-release fertiliser. After
fast pyrolysis liquid is produced, it is used as a feedstock to produce fertiliser in a second
separate process by reaction with nitrogen. Almost any type of biomass can be utilised in the
pyrolysis process. Fast pyrolysis liquid is produced from biomass which contains 35-40wt.% of
oxygen, which is desirable for the process. The high oxygen content of biomass is necessary to
produce a large quantity of functional groups during pyrolysis [27, 34]. These functional groups
react readily with the nitrogen containing compound and therefore are essential for the
process. The fast pyrolysis liquid is mixed with a nitrogen containing compound and heated to

start reactions between the functional groups and nitrogen compound.

Hanser [27] used urea in his experiments as a source of nitrogen to react the fast pyrolysis
liguid at a temperature of 140°C. A schematic of his experimental setup is illustrated in Figure

9.
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Figure 9: Scheme of post-processing laboratory reactor setup, redrawn from [27]

After the conversion step in a batch reactor the highly viscous product is poured in a cooled
acetone bath while stirring to produce a solid stable granulate. After separation and recovery
of the acetone this product can be used as slow release fertiliser (SRF). Hanser [27] optimized
his process for a nitrogen content of the SRF of 13wt.% adding 23wt.% of urea to the fast
pyrolysis liquid. His results indicate that a product with higher nitrogen contents would be
possible (Figure 10). He concludes that there seems to be no direct link between the amount
of carbonyl groups and the uptake of nitrogen in contrast to the hypothesis of Radlein et al.

[34].

Aston University
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Figure 10: Impact of urea addition to nitrogen content in product, redrawn from [27]
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For his experimental setup Hanser [27] determined that a urea addition of 23wt.%, a
temperature of 140°C and processing time of 120min were optimal. Under these conditions
78wt.% of the input fast pyrolysis oil and urea were obtained as solid product. Regarding the
nitrogen content Hanser claims that his product should contain 13wt.% of nitrogen. According
to the mass balancing data published by him the final product can just contain about 11wt.%
of nitrogen, if 100% of the urea had been bound in the product, see Table 6. Whether this

discrepancy is due to an experimental or measurement error is unknown.

Table 6: Balance of N in product according to Hanser’s mass balance

g wt.%
Fast pyrolysis liquid 100.00
Urea 23.00 23.00%
N in urea 10.73 46.67%
FP liquid + urea 123.00 100.00%
Product 95.94 78.00%
N in product, at 13wt.% N 12.47 13.00%
N in product, max possible 10.73 11.19%

The toxicity of the product was tested on tomato plants with no indication of a toxic reaction.
The effectiveness as a SRF was tested by the Danish Institute of Agricultural Sciences in pot
trials with Hebe plants in comparison to an untreated sample and the commercial SRF
Osmocote®. The Hebe was seeded in May and material harvested in June, July and August. In
general the results indicate that the product worked well for the first two months, but showed
signs of reduced fertilizing effect at the third harvest. Hanser relates this to the reduced

mineralization of the nitrogen present in his product.

2.6.4 Slow release fertiliser via ammoxidation

SRFs were produced from peat and lignite in the 1960s and 1970s making use of reactions
between humic acids and ammonia [49, 50]. As the amount of humic acids for the reaction is
limited in these feedstocks an additional oxidation step was employed to increase the amount
of humic acids resulting in a higher nitrogen content of the product. The production of SRF
from peat or lignite has to be seen critical regarding its sustainability as it is still making use of
a fossil fuel as input material. Furthermore the oxidation step prior to the reaction with

ammonia increasing the carbon footprint of this process.
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Investigations to enrich technical lignin with nitrogen were also made in the late 1960s and
1970s by Flaig [51]. Lignin was partially oxidized under pressure with oxygen and reacted with
ammonia. The oxidization step was used to increase the amount of functional groups for the
reaction with ammonia. This method of ammoxidation was further investigated by Meier et al.
[52] and N-enriched Kraft lignin tested by Ramirez-Cano et al. [53]. The production of SRF from
lignin makes use of a residue material and had been technically developed to pilot plant scale
[51]. Nevertheless the necessity of air separation to provide the oxygen, an oxygen
consumption of 13-15mol oxygen per kg lignin for the oxidation step and the process pressures
of about 1-1.3MPa all contributed to complexity and production costs of this process [51].
Currently just one company could be identified producing artificial humus by this process.

NOVIHUM is producing artificial humus and is marketing it worldwide [54].

In contrast to the above stated method of ammoxidation, that included an oxidation step to
increase and/or create functional groups for the reaction with ammonia, fast pyrolysis liquid
already has a high amount of these groups due to the oxygen content in biomass feedstock
and the processing via pyrolysis. Therefore fast pyrolysis can be regarded as a more suitable
process to create an input material for the production of a SRF, when compared to

ammoxidation.

2.6.5 State of the art of slow release fertiliser p  roduction

In order to achieve a controlled slow release of nutrients from a fertiliser there are currently
three different principles employed [46]:

1. mineral fertilisers with low solubility

2. slow decomposing organic nitrogen compounds

3. coated fertiliser granules for slow release

Mineral fertilisers with low solubility commonly include an ammonium salt in combination
with phosphorous compounds. The overall amount of nitrogen in this type of fertiliser is
limited to about 10% while the phosphorous content is relatively high. The release of the

nutrients depends on granule size, soil moisture content, pH and temperature [46, 55].

Slowly decomposing organic nitrogen compounds such as urea formaldehyde are used as SRF

[46, 55]. These products contain up to 40% nitrogen that is made available by microbial activity
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in the soil. The rate of bio-degradation depends on the chain length of the urea formaldehyde
compounds, meaning that smaller chains are decomposed more readily than longer ones.
Consequently the release of nutrients is linked to chain length as well as microbial activity, pH,

temperature and moisture content in the soil [46, 55].

Coated fertilisers can be subdivided into a group of fertilisers being coated with sulphur, resins
or thermoplastic materials. Sulphur coated urea is produced by coating urea granules with
molten sulphur. The sulphur coated urea is then coated with a second layer of wax, sealing off
cracks and a third layer of a conditioner. The product usually contains up to 38% of nitrogen.
The release of nutrients depends on the quality of the coating. Due to the production method
up to 1/3 of the granules can have cracks, leading to immediate nutrient release, and up to 1/3

may be coated too thoroughly, causing a delay in nutrient release [46, 55].

Resin coated fertilisers are produced by coating fertiliser granules with a resin forming a cross-
linked, hydrophobic barrier. The two main resins used are alkyd-type resins, e.g. Osmocote®,
and polyurethane coatings, e.g. Multicote®. For the alkyd-type resins the coating composition
and thickness is used to control the nutrient release. The working principle is that water
penetrates the coating through pores increasing the osmotic pressure in the fertiliser core,
stretching the pores and releasing nutrients in this way. The polyurethane type resins do not
just coat the fertiliser granule, but also react with it forming an attrition resistant SRF. The
controlled release is achieved by adjusting the coating thickness and resin composition [55].
Problems are similar to sulphur coated fertilisers. The coating can either have cracks or the

coating can be too thick.

Another method is to coat fertiliser granules with thermoplastic materials. The nutrient release
is controlled by blending low permeability polyethylene with a high permeability polymer, e.g.
ethylene-vinyl-acetate. The release rate is determined by the ratio between low permeability

polyethylene and high permeability polymer [55].

Beside the problem with the cracks in the fertiliser granule coat and too thoroughly coated
granule, these fertilisers have a large carbon footprint as they are produced from fossil fuels.
Furthermore the multiple step coating process leads to high production costs. These costs

prevent a wide use of such fertilisers.
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3 Methods

The following section describes the different methods used in this research project. Where
applicable standardized methods were used or methods developed that are based on

international standards, such as ASTM E 1131-03 [56].

3.1 Sample preparation

Of each feedstock a sufficient amount of about 50 kg was acquired in order to have sufficient
material for all experiments. Two types of samples were prepared from each feedstock batch

for this research project, (1) analytical samples and (2) processing samples.

(1) Analytical samples were used for TGA, Py-GC-MS and extraction experiments. The
preparation procedure for the analytical samples is based on ASTM E 1757—01 [57]. The
biomass feedstocks were air dried to a moisture content of less than 10wt.%. Three samples of
ca. 250g were taken, mixed and ground with a cutting mill using a 2mm screen. The ground
sample was sieved to a particle size fraction of 150-250um. In contrast to the ASTM standard
the particle size distribution was not calculated and not taken into consideration. The sieved
sample was split with a riffle splitter three times discarding one of the obtained fractions each

time.

(2) Processing samples were prepared for experiments on the 1 kg/h pyrolysis rector. For the
processing sample the biomass was air dried to less than 10wt.% moisture and ground in a
cutting mill using a 4mm screen. The ground sample was sieved to a particle size fraction of

250um to 2mm (dust free).

3.2 Moisture content of biomass

The moisture content of untreated biomass feedstock and processing samples was determined
using a Sartorius MA 35 moisture analyser, which is working on similar principles as stated in
ASTM standard E 871 — 82 [58]. Depending on the thermal stability of the biomass the sample
was dried at 60°C or 105°C until constant weight. In each case the moisture content of three

sub-samples of about 2g was determined and an average taken.
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Analytical samples were either pre-dried in a temperature controlled oven before use or the

moisture content was determined within the analysis procedure (e.g. TGA).

3.3 Ash content

The ash content was determined based on ASTM E 1755-01 [59] with a different particle size
due to the sample preparation procedure. The initial weight of the porcelain crucibles was
determined after heating them to 575°C and cooling to room temperature. The samples were
weight in and heated up to 250°C for 30min to avoid flaming. After that the temperature was
increased to 575°C for four hours, followed by a cooling period in a desiccator and weighing.
The samples were then heated to 575°C for one hour, cooled in a desiccator and weighted

again.

Alternatively the ash content of TGA samples had been determined via the combustion profile

as described later in accordance with ASTM E 1131-03 [56].

3.4 Proximate analysis

For the proximate analysis the results of the moisture content analysis (section 3.2), ash
content analysis (section 3.3) and the thermogravimetric analysis (section 3.10) were
combined. The thermogravimetric analysis contributed the results for the volatile content and

fixed carbon content.

3.5 Elemental analysis

Elemental analysis was performed by an external laboratory, MEDAC Ltd. (UK) certified
according to BS EN I1SO 9001:2008 [60]. The applied method was total oxidation using a Carlo-
Erba EA 1108 Elemental Analyser. The minimum detection level for carbon, hydrogen and
nitrogen was 0.1wt.%. All analyses were performed in duplicate. In case of unacceptable
deviations between the results, the analyses were repeated. For further calculations averages
of the results were taken. Oxygen was calculated by difference. Fast pyrolysis liquid samples
were analysed as produced (meaning including the water in the pyrolysis liquid) while biomass

and char were dried in a vacuum oven before analysis.
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3.6 Extraction methods

Two types of extractions were performed for this research project. The oil content of
feedstocks was determined using an ether extraction and the content of water soluble sugar
and other water soluble material in a feedstock was determined using hot water Soxhlet

extraction.

The ether extraction used diethyl ether as a solvent and all extractions were performed in
duplicates. The sample material was dried over night at 60°C to avoid volatilization.
Approximately 4g of sample were mixed with 50ml of diethyl ether and placed in a bottle
shaker for 10min. After phase separation the liquid phase was decanted and filtered through a
pre-dried and weighted filter paper. The residual solid was mixed with 50ml of diethyl ether
and the procedure repeated. After the third repetition all material was emptied into the filter
and rinsed with ethanol. The filter paper and recovered solid sample were dried over night at

60°C. The mass loss of each sample was determined and averages calculated.

The hot water Soxhlet extraction used hot water as a solvent. The sample material was dried
over night at 60°C to avoid volatilization. Approximately 4g of sample were placed into the pre-
dried and weight filter thimble. The Soxhlet extractor was run for about 1 hour guaranteeing
several cycles. After that the filter thimble and recovered solid sample were dried over night at

60°C. The mass loss of each sample was determined and averages calculated.

3.7 Higher heating value

The Higher Heating Value (HHV) of solids and liquids was determined using the unified
correlation for estimating HHV of solid, liquid and gaseous fuels published by Channiwala [61].
A wide spectrum of fuels including biomass, char, liquids and residues were taken into
consideration for the derivation of this correlation. The average absolute error is claimed to be

1.45%. For these reasons this equation was chosen.

Equation 1: Higher Heating Value according to unified correlation of Channiwala

HHV =0.3491xC +1.1783x H +0.1005x S—0.1034x O - 0.0151x N — 0.0211x A
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with

HHV Higher Heating Value in MJ/kg

Carbon content in wt% on dry basis (within 0.00-92.25wt%)
Hydrogen content in wt% on dry basis (within 0.43-25.15wt%)
Sulphur content in wt% on dry basis (within 0.00-94.8wt%)
Oxygen content in wt on dry basis (within 0.00-50.00wt%)

Nitrogen content in wt% on dry basis (within 0.00-5.60wt%)

> Z2 O w T O

Ash content in wt% on dry basis (within 0.00-71.40wt%)

The HHV for pyrolysis gases was calculated via the gas concentrations and the HHV of the

individual gases taken from literature [62] excluding the fluidizing nitrogen on a dry gas basis.

Equation 2: Higher Heating Value of Pyrolysis Gas

HHV,,, =141.8x H, +10.103x CO +0x CO, +55.499x CH , +50.284x C,H , +
51.876xC,H, +48.918x C,H, +50.345x C,H, + 49.5xC,H

with

HHV, Higher heating value of Pyrolysis Gas in MJ/kg
H, Hydrogen content in wt% dry gas

CO Carbon monoxide content in wt% dry gas
CO, Carbon dioxide content in wt% dry gas
CH, Methane content in wt% dry gas

C,H, Ethene content in wt% dry gas

C,H, Ethane content in wt% dry gas

C,H, Propene content in wt% dry gas

C,H, Propane content in wt% dry gas

C,H, n-Butane content in wt% dry gas

3.8 Water content of liquids

The water content of fast pyrolysis liquids was determined by Karl Fisher Titration according to
ASTM E 203-08 [63]. The equipment used was a Metrohm 758KFD Titrino Unit and a Mettler

Toledo V20 Volumetric KF titrator using Fluka HYDRANAL® Composite 5K as a titrant and Fluka
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HYDRANAL® Working Medium as solvent. These reagents are especially suitable for titration in
ketones and aldehydes which are present in fast pyrolysis liquids. Calibration was performed
using Fluka HYDRANAL® Water Standard 10.0 before each measurement series. Three
measurements were taken and an average calculated, if the measurements were within a £1%

point range. Otherwise a new subsample was taken and the water content determined.

3.9 pH-value

The pH-value was determined using a Sartorius PB 11 ph-meter. The ph-meter was calibrated
using three calibration solutions (ph 4, 7, 11) before each measurement series. The pH of a

sample was determined three times and an average taken.

The pH of fast pyrolysis liquid samples was determined directly by inserting the test electrode
into the sample. For determination of the pH of solidified samples the following procedure was
applied. 5g of solidified sample was mixed with 10ml of deionised water of 40°C for 10min. The
Mixture was cooled down letting solid residues settle at the bottom of the vial. After that the

pH of the aqueous phase was taken by inserting the test electrode.

3.10 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) was performed using a Perkin Elmer Pyris 1
Thermogravimetric Analyser. The analysis was performed according to the Aston Universty
Bioenergy Research Group (BERG) methods which are based on ASTM E 1131-03 [56]. The
samples were prepared according to sample preparation method described in section 3.1 for

analytical samples.

For the BERG pyrolysis method [64] approximately 3mg of each sample were analysed in
duplicates according to the following program with nitrogen used as inert sample purge gas at
a flow rate of 30ml/min (ATP) and a balance purge gas flow rate of 70ml/min (ATP):

= Holding 5 min at 50°C (purging with nitrogen)

= Heating at 5°C per minute until 105°C

= Holding at 105°C for 5 minutes

= Heating at 25°C per minute until 900°C

= Holding at 900°C for 15 minutes

= Cooling at 25°C per minute to 50°C
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For the BERG combustion method [64] approximately 3mg of each sample were analysed in
duplicates according to the following program with air used as sample purge gas and oxidizing
agent at a flow rate of 30ml/min (ATP) and a balance purge gas flow rate of 70ml/min (ATP):

= Holding 5 min at 50°C (purging with air)

= Heating at 5°C per minute until 105°C

= Holding at 105°C for 5 minutes

= Heating at 5°C per minute until 575°C

= Holding at 575°C for 15 minute

=  Cooling at 25°C per minute to 50°C

According to the data obtained from these two analyses the content of moisture, volatile
matter, fixed carbon & ash was derived from the analytical pyrolysis. The ash content was
determined by combustion. The fixed carbon content was calculated as the difference of fixed
carbon & ash and ash. Furthermore temperatures for the highest conversion rate could be

determined by analyzing the first derivative of the mass loss over temperature (DTG).

3.11 Gas Chromatography-Mass Spectroscopy analysis of

liquid samples

For Gas Chromatography-Mass Spectroscopy (GC-MS) of liquid samples two sets of equipment
were available. The first set was a PerkinElImer Autosystem XL Gas Chromatograph and
TurboMass Gold Mass Spectrometer. The injector port was held at 275°C. The column used
was an PerkinElmer Elite-1701 (crossbond 14% cyanopropylphenyl-85%dimethyl polysiloxane)
(60m, 0.25mm i.d.,0.25um df). The column oven was held at 45°C for 2.5min and then heated
at 5°C/min to 250°C, and held for 7.5min. Helium was used as carrier gas and a split of 1:25
was applied. Mass spectra were obtained for the molecular mass range m/z = 35-300. The
obtained data was analysed using TurboMass 5.0 Software and the NIST 98 Library and from

literature assignments [65, 66].

The second set was a Varian GC-450 Gas Chromatograph and MS-220 Mass Spectrometer. The
injector port was held at 275°C. The column used was a Varian factorFOUR® (30m, 0.25mm id.,
0.25um df). The gas chromatograph oven was held at 45°C for 2.5min and then heated at
5°C/min to 250°C, and held for 7.5min. Helium was used as carrier gas and a split of 1:20 was

applied. Mass spectra were obtained for the molecular mass range m/z= 45-300. The
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obtained data was analysed using Varian MS Workstation with MS Data Review Software

Version 6.9.2 and the NIST 05 Library and from literature assignments [65, 66].

The fast pyrolysis liquid samples were dissolved and diluted with Ethanol (GC-grade) in a
volumetric ratio of 1:4 (fast pyrolysis liquid: Ethanol) and filtered with a 22um pore size syringe
filter before injection. 1ul of diluted sample was injected in the Perkin EImer system manually
using a 1pl syringe and 0.5ul of diluted sample was injected in the Varian GC system using an

auto sampler with 5ul syringe.

3.12 Pyrolysis-Gas Chromatography-Mass Spectroscop vy

For Pyrolysis-Gas Chromatography-Mass Spectroscopy (Py-GC-MS) two sets of equipment
were available. The first set was a CDS AS-2500 Pyroprobe® with auto sampler coupled to the
above described PerkinEImer Autosystem XL Gas Chromatograph and a TurboMass Gold Mass
Spectrometer. The CDS AS-2500 pyrolyser was placed on top of the GC injection port.
Approximately 1mg of analytical sample was placed in a quartz glass tube as shown in Figure
11. The sample was pyrolysed at a heating rate of 1000°C/s and a final temperature of 600°C
and dwell time of 30s. The evolving vapours were transferred via the Pyroprobe® needle
assembly into the GC-MS injection port with a split ratio of 1:125. Mass spectra were obtained
for the molecular mass range m/z = 35-300. The obtained data was analysed using TurboMass

5.0 Software and the NIST 98 Library and from literature assignments [65, 66].

@t/ Quartz wool

Il—— Sample

@4——— Quartz wool

L Quartz rod

«— Quartz tube

N

Figure 11: Pyroprobe sample
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The second set was a CDS 5200 Pyroprobe® coupled to the above described Varian GC-450 Gas
Chromatograph and MS-220 Mass Spectrometer. The devolatilised components were
transferred via a heated transfer line maintained at 310°C into the Varian GC injection port.
The CDS 5200 unit is capable of using reactive gases (such as ammonia, hydrogen or oxygen)
adsorbing the evolving pyrolysis vapours on a Tenax-2® trap and releasing them after heating

the trap up to 300°C and purging the trap with helium.

Approximately 1mg of analytical sample was placed in a quartz glass tube and held between
two quartz wool plugs. The sample was pyrolysed at 550°C with a heating rate of 1000°C/s and
dwell time of 30s in either inert atmosphere (helium) or in a reactive gas (10% ammonia in
helium). In case of inert gas atmosphere the evolving vapours were injected into the GC-MS
injection port via the heated transfer line (310°C) with a split ratio of 1:125 and analysed. In
case of reactive gas atmosphere the evolving vapours were collected in a Tenax-2® trap. As
soon as the pyrolysis step was completed the trap was purged with helium. Then the trap was
heated to 300°C, the trapped vapours released and injected into the GC-MS injection port via
the heated transfer line with a split ratio of 1:125. Mass spectra were obtained for the
molecular mass range m/z= 45-300. The obtained data was analysed using Varian MS
Workstation with MS Data Review Software Version 6.9.2 and the NIST 05 Library and from

literature assignments [65, 66].

3.13 Online Gas Chromatograph

Non condensable gases (NCG) of the pyrolysis processing experiments were analysed using a
Varian Micro GC 4900CP using helium as a carrier gas. The micro GC is equipped with two
channels with Thermal Conductivity Detectors (TCD). Channel A using a molecular sieve
column at 80°C was used to detect hydrogen, oxygen (indicator for insufficient purging and
leaks) nitrogen and carbon monoxide. Channel B using a porous polymer column at 90°C was
used to detect methane, ethene, ethane, propene, propane, n-butane and carbon dioxide. The
qguantification of the NCG was performed via peak area using calibration curves. The
calibration curves were created using 6 calibration mixtures containing the above named
hydrocarbons in concentrations ranging from 0.5-25vol.%, nitrogen and compressed air.
Samples were injected for analysis every 150s, so that a virtually continuous gas sampling

could be achieved with the micro GC during steady state pyrolysis operation.
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3.14 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was performed on liquid film samples and solid
samples embedded in potassium bromide (KBr) salt with a PerkinElmer FT-IR Spectrometer
Spectrum RXI. The spectra were analysed using the PerkinElmer software Spectrum Version

5.3.1 and additional print media [67, 68].

The solid samples were ground to a fine powder and mixed with KBr at a ratio of 5mg sample
to 350mg KBr. Of this mixture a disc for analysis was formed under vacuum at a pressure of
about 100MPa applied for 2 minutes. The solid samples were scanned in a range of 4000 to

400cm™, performing 32 scans with a resolution of 4.0cm™ and an interval of 1.0cm™.
The liquid film was achieved by spreading one drop of sample between two polished KBr discs

for liquid samples. The liquid film samples were scanned in a range of 4000 to 400cm™,

performing 32 scans with a resolution of 1.0cm™ and an interval of 0.5cm™.
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4 Feedstock choice and characterization

4.1 Introduction

The project has investigated the pyrolysis and nitrogenolysis of biomass and biogenic residues
in order to present an alternative route for the production of a sustainable slow release
fertiliser (see section 1.2). The feedstocks investigated were chosen in accordance with the

objective to make use of biomass and biogenic residues.

Agricultural residues with a high nitrogen content were investigated as they are usually not
used as feedstock for pyrolysis in energetic applications as the feedstock nitrogen would lead
to high NOy emissions if combusted. Furthermore high nitrogen feedstocks were chosen to
determine the fate of the nitrogen in the feedstock during fast pyrolysis processing. The aspect
of starting with a high nitrogen feedstock for the production of SRF appeared promising as the
feedstock nitrogen could contribute to the nitrogen content in the SRF product and by this

reduce the amount of nitrogen that would need to be added.

Agricultural and forestry residue with low nitrogen content were investigated as they would be
a low cost feedstock. Neither they are usually used as pyrolysis feedstock for energetic
applications due to their relatively high ash content and often phase separated fast pyrolysis

liquids.

Beech wood was used as reference material, because it is known that it can be processed
without difficulties and produces high liquid yields in fast pyrolysis [9, 69]. Also beech wood is
virtually nitrogen free. These characteristics qualify beech wood as a reference point in terms
of process parameters and performance, product yields and quality, composition of a nitrogen
free fast pyrolysis liquid for the comparison with data obtained from other feedstocks and

nitrogenolysis experiments.

A list of the feedstocks investigated and their origin is presented in Table 7. All feedstocks were
characterized by proximate and ultimate analysis as well as thermo-gravimetric analysis (see
section 4.2). Feedstocks with high oil content or added soluble fraction were also subjected to

extraction methods. Selected feedstocks were analysed using pyrolysis-gas chromatography-
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mass spectroscopy to get an insight into possible thermal decomposition products. All applied

methods are described in detail in the method section (section 3).

Table 7: Feedstock list

storage
Birmingham
B4 7ET, United Kingdom

Material Type Origin Notes
Anaerobic agricultural residue | agrikomp GmbH dried
Digestion residue Energiepark 2 residue
91732 Merkendorf, Germany
Beech wood untreated wood J. Rettenmaier & S6hne Gmbh&Co.KG | wood chips
73494 Rosenberg, Germany
Dried Distillers agricultural residue | KW Alternative feeds pellets
Grains with Bishopdyke Road, Sherburn - in EImet
Solubles Barley Leeds
LS25 6JZ, United Kingdom
Dried Distillers agricultural residue | KW Alternative feeds pellets
Grains with Bishopdyke Road, Sherburn - in EImet
Solubles Maize Leeds
LS25 6JZ, United Kingdom
Dried Distillers agricultural residue | KW Alternative feeds pellets
Grains with Bishopdyke Road, Sherburn - in EImet
Solubles Wheat Leeds
LS25 6JZ, United Kingdom
Pine bark forestry residue Aston University, BERG biomass chipped
storage
Birmingham
B4 7ET, United Kingdom
Rape meal agricultural residue | ADM Trading (UK) Limited pellets
(ADM) Church Manorway
Erith, Kent
DAS8 1DL, United Kingdom
Rape meal (GD) |agricultural residue | Green Dragon Fuel, New Farm Briquettes
Mansfield Road
Redhill, Nottingham
NG5 8PB, United Kingdom
Sugar beet pulp |agricultural residue | British Sugar plc, Bury St Edmunds dried pulp
Factory
PO Box 15
Hollow Road
Bury St Edmunds, Suffolk
IP32 7BB, United Kingdom
Wheat straw agricultural residue | Aston University, BERG biomass Pellets
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4.2 Results of feedstock characterization and discu ssions

The results of the feedstock characterization are summarized in this section and compared to
data from literature sources when available. All analytic methods are described in the method
section, section 3. Water content, proximate and ultimate analysis, TGA and extraction
experiments were performed in duplicate and ash content analysis with four samples. The data
presented for the analyses are averages. The analysis of multiple samples was necessary to
take the inhomogeneity of the biomass samples into consideration. It has to be noted that
biomass is an inhomogeneous material and therefore relatively high deviations between

literature values and those obtained are possible.

4.2.1 Proximate analysis

The proximate analysis was established according to the method described in section 3.4. All
presented values are averages (as mentioned above) and when possible data from literature is

given for comparison reasons. The data is presented in Table 8.

Table 8: Proximate analyses of feedstocks

Feedstock Water content | Volatiles | Fixed carbon Ash
ar, wt.% dry, wt.% dry, wt.% dry, wt.%

Beech wood 8.76 86.34 12.61 1.05
Beech wood, Lit. [70] 10.2 83.00 16.00 1.00
Pine Bark 6.00 68.43 28.22 3.35
Spruce Bark, Lit. [71] - 75.20 22.50 2.30
Wheat Straw 9.78 70.96 19.37 9.67
Wheat Straw, Lit. [72] 11.10 74.90 18.00 7.10
Wheat DDGS 4.11 80.95 14.37 4.69
Barley DDGS 4.60 80.16 15.50 4.34
Maize DDGS 4.27 85.41 9.52 5.07
DDGS, Lit. [73] 8.90 78.20 14.70 7.10
Green Dragon rape meal 5.52 83.30 11.05 5.65
ADM rape meal 6.21 74.56 18.28 7.16
Rape meal, Lit. [74] - 67.00 25.80 7.20
AD-residue 9.99 66.82 13.57 19.61
AD-residue, Lit. [75] 8.52 74.79 22.86 2.35
Sugar beet pulp 2.69 61.14 30.26 8.60
Sugar beet pulp, Lit. [76] 6.10 79.02 17.79 3.19

The proximate analysis results generally are in good agreement with the data published in the

literature. The deviations can be regarded as part of the inhomogeneous nature of the
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material biomass used. The significantly higher volatile content of Green Dragon rape meal
results from a very high content of residual oil, which was determined by extraction
experiments (section 4.2.3). The high differences in the ash content of the AD-residue samples
are caused by the wide range of input materials used in anaerobic digestion and the sampling
method. While the AD-residue in the literature source was solid material floating in the
digester fed with cow manure, the AD-residue investigated was taken from the solid residues
of the digestion of a mixture of agricultural residues, like maize stalk, and manure after
pressing and air drying in a barn. Therefore the ash content was expected to be higher and the

sample could also contain contamination from the barn, e.g. dust.

The results for DDGS are in good agreement with literature and DDGS from different grains are
relatively constant in their content of volatiles, fixed carbon and ash. Sugar pulp again shows
differences between the sample investigated and the literature, which are most likely due to

different production methods during sugar extraction.

Beech wood, pine bark and wheat straw are in good correspondence with the literature data.
In general all residues show a relatively high content of ash, when compared to a woody

biomass like beech wood.

4.2.2 Ultimate analysis

The ultimate analysis was established according to the methods described in section 3.5 and is
presented below on dry, ash free basis. All presented values are averages of duplicate analyses

and when possible data from literature is given for comparison. The data is shown in Table 9.

For almost all feedstocks the results of the ultimate analysis are in good agreement to the data
published in the referenced literature sources. One exception is Green Dragon rape meal,
which is caused by the high content of residual oil in this sample (see section 4.2.3). The
residual oil with its fatty acids causes higher carbon and hydrogen contents of this material
when compared to ADM rape meal or the rape meal in the literature source. Of greater
importance are the relatively high nitrogen contents in rape meals and DDGSs with more than
5.5wt.% (daf). Proteins are the main source of this nitrogen in these feedstocks. ADM rape
meal contains approximatel