
MixAlco:
Biofuels from Biomass

MixAlco:
Biofuels from Biomass

Professor Mark Holtzapple
Department of Chemical Engineering

Texas A&M University

Presentation by 
Scott L. Wellington, PhD

Research Advisor 
Shell International E&P



BiofuelsBiofuels

CO2



Examples of BiomassExamples of Biomass

•• forest residues & trees forest residues & trees 
•• grass clippingsgrass clippings
•• agricultural residuesagricultural residues
•• energy cropsenergy crops

most of these are most of these are ““lignocellulose.lignocellulose.””

Fuels and
Chemicals

•• municipal solid wastemunicipal solid waste
•• sewage sludgesewage sludge
•• animal manureanimal manure



Nature Converts “Cellulose”
into Organic Acids, i.e.,

Nature Converts “Cellulose”
into Organic Acids, i.e.,

•• animal rumenanimal rumen
-- cattlecattle
-- sheepsheep
-- deerdeer
-- elephantselephants

•• anaerobic sewage digestorsanaerobic sewage digestors
•• swampsswamps
•• termite gutstermite guts



Why are Organic 
Acids Favored?
Why are Organic 
Acids Favored?

The actual stoichiometry is complex: Briefly The actual stoichiometry is complex: Briefly 

CC66HH1212OO66 →→ 2 C2 C22HH55OH + 2 COOH + 2 CO22 ∆∆G = G = -- 48.6 kcal/mol48.6 kcal/mol

CC66HH1212OO66 →→ 3 C3 C22HH33OOH                     OOH                     ∆∆G = G = -- 61.8 kcal/mol61.8 kcal/mol

5 C5 C66HH1212OO66 →→ 6 acetate + 2 propionate + butyrate + 5 CO6 acetate + 2 propionate + butyrate + 5 CO2 2 + 3 CH+ 3 CH 4  4  + 6 H+ 6 H22OO
(67 mol%)   (22 mol%)    (11 mol%)(67 mol%)   (22 mol%)    (11 mol%)

glucose             ethanolglucose             ethanol

glucose          acetic acidglucose          acetic acid



Conversion of City Yard, 
Crop and Forrest Waste



Research StatisticsResearch Statistics

• Year started = early 1991
• Time spent = 13 years 
• Labor = ~110 person·years
• Funding, over $2.3 mill
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Aerobic Compost Pretreatment  
then Anaerobic Fermentation

Aerobic Compost Pretreatment  
then Anaerobic Fermentation

Biomass
Pretreat - pH Control (Lime, Calcium Carbonate), air
Then Anaerobic Fermentation  

Gravel

Air

Tarp Cover



Vapor-Compression DewateringVapor-Compression Dewatering

“Fermentor
Broth”

Solution of 
Organic Acids

Distilled Water

Filter

Carboxylate Salt Crystals

Compressor

Work



Thermal Conversion 
Stoichiometry (One Option) 
Thermal Conversion 
Stoichiometry (One Option) 

HH33CCOCaOCCHCCOCaOCCH33 →→ ΗΗ33CCCHCCCH33 + CaCO+ CaCO33

OO

Calcium Acetate        AcetoneCalcium Acetate        Acetone

OO OO

HH33CCHCCH22COCaOCCHCOCaOCCH22CHCH33 →→ ΗΗ33CCHCCH22CCHCCH22CHCH33 + CaCO+ CaCO33

Calcium Propionate                 Diethyl KetoneCalcium Propionate                 Diethyl Ketone

OO OO OO

HH33CCHCCH22CHCH22COCaOCCHCOCaOCCH22CHCH22CHCH33 →→ ΗΗ33CCHCCH22CHCH22CCHCCH22CHCH22CHCH33 + CaCO+ CaCO33

Calcium Butyrate                               DipropCalcium Butyrate                               Dipropyl Ketoneyl Ketone

OO OO OO



Ketone Hydrogenation OptionKetone Hydrogenation Option

HH22

Liquid KetonesLiquid Ketones

Catalyst = 200 g/L Raney nickelCatalyst = 200 g/L Raney nickel

Temperature = 130Temperature = 130ooCC

Time = 35 min  (@ P = 15 atm)  Time = 35 min  (@ P = 15 atm)  



Ketone Hydrogenation 
Stoichiometry
Ketone Hydrogenation 
Stoichiometry

O OH
H3CCCH3 + H2 → H3CCCH3

H
Acetone                Isopropanol

H3CCCH2CH3 + H2 → H3CCCH2CH3

H

O OH

Methyl Ethyl Ketone       2-Butanol

H3CCH2CCH2CH3 + H2 → H3CCH2CCH2CH3

O

H

OH

Diethyl Ketone                      3-Pentanol



MixAlco Process:MixAlco Process:

HydrogenHydrogen

BiomassBiomass

Lime KilnLime Kiln

MixedMixed
AlcoholAlcohol
FuelsFuels

HydrogenateHydrogenate

MixedMixed
KetonesKetonesThermalThermal

ConversionConversionDewaterDewaterFermentFermentPretreatPretreat

Calcium CarbonateCalcium Carbonate

LimeLime

1) Compost 
Pretreatment 

& 
Fermentation

2) Dewater 
&             

Collect 

Carboxylate 
Salts

3) Heat to 
Form Ketones: 
Many Process 
Options and 

Products

4) Hydrotreat 
to Alcohols

Water



Typical Product Spectrum at 
Different Fermentation Temperatures
Typical Product Spectrum at 
Different Fermentation Temperatures

40oC 55oC 
C2 – Acetic 41 wt % 80 wt %
C3 – Propionic 15 wt % 4 wt %
C4 – Butyric 21 wt % 15 wt %
C5 – Valeric 8 wt % <1 wt %
C6 – Caproic 12 wt % <1 wt %
C7 – Heptanoic 3 wt % <1 wt %

100 wt % 100 wt %



GasolineGasoline

Mixed AlcoholsMixed Alcohols

EthanolEthanol

34.9      125,000

29.0      104,000

23.4        84,300

Energy
(MJ/L)   (Btu/gal)

Energy ContentEnergy Content



Properties of Fuel OxygenatesProperties of Fuel Oxygenates

Blending Reid Blending Reid BlendingBlending
Vapor Pressure Vapor Pressure OctaneOctane
@38@38ooC (kPa) C (kPa) (R + M)/2 (R + M)/2 

AlcoholsAlcohols
214214 Methanol (MeOH)    Methanol (MeOH)    108 108 
124       Ethanol (EtOH)                               115124       Ethanol (EtOH)                               115
97       Isopropanol (IPA)                           10697       Isopropanol (IPA)                           106
62       62       terttert--Butanol (TBA)Butanol (TBA) 100100
34       Isobutanol (IBA)34       Isobutanol (IBA) 102102

Klass, Biomass for Renewable Energy, Fuels, and Chemicals, AcadeKlass, Biomass for Renewable Energy, Fuels, and Chemicals, Academic Press (1998).mic Press (1998).



Key NumbersKey Numbers

fed tonne
digested tonne0.75  Conversion =

fed tonne
acids tonne

49.0
digested tonne

acids tonne
0.65

fed tonne
digested tonne

0.75  Yield =×=

fed tonne
acids tonne

0.65 y Selectivit =

Solid residue will be burned for process heat, sold as compost, or 
landfilled.



7878
10.910.9

33
4.34.3

400400
330330
220220

U.S. Biodegradable Wastes

Municipal Solid WasteMunicipal Solid Waste
Sewage SludgeSewage Sludge
Industrial BiosludgeIndustrial Biosludge
Recycled Paper FinesRecycled Paper Fines
Agricultural ResiduesAgricultural Residues
Forestry ResiduesForestry Residues
ManureManure

AmountAmount
(million tonne/year)(million tonne/year)

Alcohol PotentialAlcohol Potential
Wastes OnlyWastes Only (billion gal/year)

1010
1.41.4

0.40.4
0.50.5

5252
4343
2828

TotalTotal 1,0461,046 135135
U.S. Gasoline Consumption = 130 billion gal/yearU.S. Gasoline Consumption = 130 billion gal/year
U.S. Diesel Consumption = 40 billion gal/yearU.S. Diesel Consumption = 40 billion gal/year



Fuels and Sugar from Energy Cane



Energy Cane ProcessingEnergy Cane Processing

Energy 
Cane Extract

Sugar 
Mill

MixAlco
Process

Sugar

Alcohol
Fuel

Sugar

Biomass
Fiber

Residue
(Boiler Fuel)



Sweet SorghumSweet Sorghum

Grows in ~35 US states

William Rooney, Soil and Crop Sciences, Texas A&M University 

Yield = 20–25 dry ton/(acre·yr)

100% planted 345 mi



Land Area in United StatesLand Area in United States

1× 2× 3×



Effect of Automotive EfficiencyEffect of Automotive Efficiency

302 mi1×
(Current)

2× better

3× better

213 mi

174 mi



Land Area in United StatesLand Area in United States

1× 2× 3×



7878
10.910.9

33
4.34.3

400400
330330
220220

U.S. Biodegradable Wastes

Municipal Solid WasteMunicipal Solid Waste
Sewage SludgeSewage Sludge
Industrial BiosludgeIndustrial Biosludge
Recycled Paper FinesRecycled Paper Fines
Agricultural ResiduesAgricultural Residues
Forestry ResiduesForestry Residues
ManureManure

AmountAmount
(million tonne/year)(million tonne/year)

Alcohol PotentialAlcohol Potential
Wastes OnlyWastes Only (billion gal/year)

1010
1.41.4

0.40.4
0.50.5

5252
4343
2828

TotalTotal 1,0461,046 135135
U.S. Gasoline Consumption = 130 billion gal/yearU.S. Gasoline Consumption = 130 billion gal/year
U.S. Diesel Consumption = 40 billion gal/yearU.S. Diesel Consumption = 40 billion gal/year



Advantages of MixAlco 
Approach
Advantages of MixAlco 
Approach

•• robust efficient nonsterile fermentationrobust efficient nonsterile fermentation
•• natural occurring microorganisms natural occurring microorganisms 
•• culture passed from one compost pile to another culture passed from one compost pile to another 
•• no spoiled batches since natural processno spoiled batches since natural process
•• inexpensive compost like pretreat & fermentationinexpensive compost like pretreat & fermentation
•• no enzyme addition requiredno enzyme addition required
•• conventional plant operation and fuel distributionconventional plant operation and fuel distribution
•• flexible using organic residue wastes and/or cropsflexible using organic residue wastes and/or crops
•• high performance biohigh performance bio--fuel or fuel additive productsfuel or fuel additive products



Professor Holtapple 
is the Recipient of 
the Presidential 

Green Chemistry 
Award 

Professor Holtapple 
is the Recipient of 
the Presidential 

Green Chemistry 
Award 

The MixAlco Process is: The MixAlco Process is: -- ““greengreen”” -- simple simple 
-- robust robust -- widely applicable  and  widely applicable  and  -- timelytimely



MixAlco Process Next StepsMixAlco Process Next Steps

üConvert Pilot Plant for Other Studies
Ø 3 Quarter 2005

ü Complete Design of Demonstration Plant
Ø Year End 2004

üOrganize a Demonstration Project
Ø Early 2004

üCommercialize the Process
Ø ASAP



PatentsPatents

5,986,133
5,969,189
6,262,313

5,962,307
5,874,263

5,865,898
5,693,296

6,043,392
6,395,926

HydrogenHydrogen

BiomassBiomass

Lime KilnLime Kiln

MixedMixed
AlcoholAlcohol
FuelsFuels

HydrogenateHydrogenate

MixedMixed
KetonesKetonesThermalThermal

ConversionConversionDewaterDewaterFermentFermentPretreatPretreat

Calcium CarbonateCalcium Carbonate

LimeLime





Chemical FlowchartChemical Flowchart

BB
II
OO
MM
AA
SS
SS

CalciumCalcium
AcetateAcetate

AceticAcetic
AcidAcid

EthanolEthanol

EthylEthyl
AcetateAcetate

CalciumCalcium
MagnesiumMagnesium
AcetateAcetate

AcetoneAcetone

HH22

IsopropanolIsopropanol

IsopropylIsopropyl
TertiaryTertiary
ButylButyl
EtherEther

DiisopropylDiisopropyl
EtherEther

IsobutyleneIsobutylene

CalciumCalcium
PropionatePropionate

PropionicPropionic
AcidAcid

nn--PropanolPropanol

PropylPropyl
PropionatePropionate

Diethyl KetoneDiethyl Ketone 33--PentanolPentanol

HH22

CalciumCalcium
ButyrateButyrate

ButyricButyric
AcidAcid

nn--ButanolButanol
ButylButyl
ButyrateButyrate

DipropylDipropyl
KetoneKetone 44--HeptanolHeptanol

HH22

HH22

HH22

HH22



Centralized ProcessingCentralized Processing

15.3 mi
50% of area 
planted



MixAlco Process – Version 2MixAlco Process – Version 2

HydrogenHydrogen

BiomassBiomass

Lime KilnLime Kiln

MixedMixed
AlcoholAlcohol
FuelsFuels

HydrogenateHydrogenate

MixedMixed
AcidsAcidsAcid Acid 

Springing  Springing  DewaterDewaterFermentFermentPretreatPretreat

Calcium CarbonateCalcium Carbonate

LimeLime

Carboxylate
Salts



Acid “Springing”Acid “Springing”

Ca(Ac)2

CO2 CaCO3

R3N

H2O

R3NHAc

HAc

R3NHAc R3N

R = - CH2CH3

R= - CH2CH2CH2CH2CH2CH2CH2CH3



Carboxylic Acid ProductionCarboxylic Acid Production

BiomassBiomass PretreatPretreat FermentFerment DewaterDewater ““SpringingSpringing””

CarboxylateCarboxylate
SaltSalt

Lime KilnLime Kiln

CaOCaO

COCO22

CaCOCaCO33

COCO22

Carboxylic AcidCarboxylic Acid
acetic acidacetic acid
propionic acidpropionic acid
butyric acidbutyric acid









Required AreaRequired Area

Scale = 800 tonne/h

Feedstock yield = 30 ton/(acre·yr)

acre 000,235
30

acre·yr
tonne

 ton1.1
yr

h 8000
h

  tonne800 Area =×××=

= 366 mi2



FeedstockFeedstock

Yard ClippingsYard Clippings

h
dry tonne

16
h 8000

yr
yr

d 280
 ton1.1

tonne
wet ton

dry ton 5.0
d

 wet ton1000
=××××

Sewage Sludge

h
dry tonne

8
h 8000

yr
yr

d 365
 ton1.1

tonne
wet ton

dry ton 3.0
d

 wet ton650
=××××

h
tonne 24  Total =



Key AssumptionsKey Assumptions

fed tonne
digested tonne

0.83  Conversion =

fed tonne
acids tonne54.0

digested tonne
acids tonne0.65

fed tonne
digested tonne0.83  Yield =×=

fed tonne
acids tonne

0.65 y Selectivit =

(High because of sugar)

fed tonne
alcohols tonne

29.0
acids tonne

alcohol  tonne0.54
fed tonne

acids  tonne0.54
 Product =×=





Production RateProduction Rate

h
alcohols tonne233

fed tonne
alcohols  tonne0.29

h
fed  tonne800   RateProduction =×=

= 297,000 L/h 
= 78,600 gal/h
= 44,900 bbl/d
= 629 mill gal/yr



Plant CapacityPlant Capacity

(tonne/h)    (mill gal/yr)(tonne/h)    (mill gal/yr)
Plant CapacityPlant Capacity

City PopulationCity Population

2               1.1                      40,0002               1.1                      40,000
1010 5.65.6 200,000200,000
40             22.3                    800,00040             22.3                    800,000

160             89.3                 3,200,000160             89.3                 3,200,000
800           446.7               16,000,000800           446.7               16,000,000

Base Base 
CaseCase



What is lignocellulose?What is lignocellulose?

•• CelluloseCellulose -- glucose polymerglucose polymer
•• HemicelluloseHemicellulose -- xylose polymerxylose polymer
•• LigninLignin -- aromatic polymeraromatic polymer



HydrogenationHydrogenation

Mixed Alcohols

H2

Water

Heavy Alcohols

Carboxylic
Acids

Esters Alcohols



In-Situ DigestionIn-Situ Digestion

SugarSugar--
canecane
bagassebagasse

AfricanAfrican
milletmillet
strawstraw

SorghumSorghum
strawstraw

TobaccoTobacco
stalksstalks

4848
-- h

 D
ig

es
tio

n 
h 

D
ig

es
tio

n 
(g
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ig

es
te

d/
g 

fe
d)

(g
 d

ig
es

te
d/

g 
fe

d) 1.01.0

0.80.8

0.60.6
0.40.4

0.20.2

0.00.0

UntreatedUntreated

LimeLime--treatedtreated



Land required in BrazilLand required in Brazil

1 × 2 × 3 ×



Supply US Gasoline Consumption Supply US Gasoline Consumption 

plants 248
alc gal 10  629

plant·yr
gas gal

alc gal 2.1
yr

gas gal 10  130
  Plants 6

9

=
×

××
×

=

2
2

mi 900,90
plant

mi 366
plants 248 Area =×=

100% planted 302 mi



Expected Product Yields 
(mesophilic 40oC)
Expected Product Yields 
(mesophilic 40oC)

yr
lb mill 207

tonne
lb 2200

biomass tonne
acid  tonne49.0

yr
h 8000

h
 biomass tonne24  Acid Total =×××=

yr
lb mill

85
acid  totallb
C2 lb 41.0

yr
acid  totallb mill

207  C2 =×=

yr
lb mill

31
acid  totallb
C3 lb 15.0

yr
acid  totallb mill

207  C3 =×=

yr
lb mill

91
acid  totallb
C4 lb 44.0

yr
acid  totallb mill

207  C4 =×=
++

US Production

yr
lb mill

3700

yr
lb mill

250

(2.3%)

(12.4%)

Plant Production



Expected Product Yields 
(thermophilic 55oC)
Expected Product Yields 
(thermophilic 55oC)

yr
lb mill 207

tonne
lb 2200

biomass tonne
acid  tonne49.0

yr
h 8000

h
 biomass tonne24  Acid Total =×××=

yr
lb mill

166
acid  totallb
C2 lb 80.0

yr
acid  totallb mill

207  C2 =×=

yr
lb mill3.8

acid  totallb
C3 lb 04.0

yr
acid  totallb mill207  C3 =×=

yr
lb mill33

acid  totallb
C4 lb 16.0

yr
acid  totallb mill207  C4 =×=

++

US Production

yr
lb mill

3700

yr
lb mill

250

(4.5%)

(3.3%)

Plant Production



Lime TreatmentLime Treatment

TT = 100= 100ooCC
tt = 1 h= 1 h
Lime loading = 0.1 g Ca(OH)Lime loading = 0.1 g Ca(OH)22/g biomass/g biomass
Water loading = 5 to 15 g HWater loading = 5 to 15 g H22O/g biomassO/g biomass



Affordable FermentorsAffordable Fermentors

AboveAbove--ground stainless steelground stainless steel

AboveAbove--ground carbon steelground carbon steel

AboveAbove--ground concreteground concrete

InIn--ground plasticground plastic

$380/m$380/m33

$125/m$125/m33

$  69/m$  69/m33

$  12/m$  12/m33





Heat RequirementsHeat Requirements

SingleSingle--effect evaporator       1000effect evaporator       1000
TripleTriple--effect evaporator         effect evaporator         333333
Amine dewateringAmine dewatering 6060

BtuBtu
lb water removedlb water removed


