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SYSTEM AND METHOD FOR CONVERTING BIOMASS 

TECHNICAL FIELD 

The present invention relates generally to biomass processing and, more 

specifically, to systems and methods for converting biomass into carboxylic acids and 

alcohols.  

5 

BACKGROUND 

A great deal of biomass, particularly lignocellulosic biomass, remains unused or 

inefficiently used during agricultural and industrial processes. Disposal of this biomass is 

often difficult or costly. Therefore, methods of using this biomass to produce useful 

10 chemicals are quite valuable. Organic acids are one example of such useful chemicals.  

Historically, organic acids were produced from animal fat or vegetable oil sources or from 

petroleum sources in substantially nonaqueous systems. More recently, organic acids have 

been identified as among the most attractive products for manufacture from biomass by 

fennentation. Alcohols are also important industrial chemicals that may be produced by 

15 fermentation of biomass. However, extraction of organic acids and alcohols from the 

overall fermentation product is not easy and is often inefficient in the use of energy, water, 

and reactant chemicals.  

SUMMARY 

20 In accordance with the teachings of the present invention, a system and method for 

converting biomass into useful chemicals are provided. In a particular embodiment, the 

method comprises fermenting biomass in one or more fermentors to produce a 

fermentation broth comprising ammonium carboxylate salt, the fermentors containing a 

buffer selected from the group consisting of ammonium carbonate and ammonium 

25 bicarbonate. The method further comprises reacting the ammonium carboxylate salt with 

a high-molecular-weight amine to produce amine carboxylate salt, and thermally cracking 

the amine carboxylate salt to produce carboxylic acid. In another embodiment, the method 

comprises reacting the ammonium carboxylate salt from the fermentors with a low

molecular-weight amine to produce a low-molecular-weight-amine. carboxylate salt, 

30 switching the low-molecular-weight amine in the low-molecular-weight-amine
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carboxylate salt with a high-molecular-weight amine to form a high-molecular-weight

amine carboxylate salt, and thermally cracking the high-molecular-weight-amine 

carboxylate salt to produce carboxylic acid. In yet another embodiment, the method 

comprises reacting the ammonium carboxylate salt from the fermentors with a high

5 molecular-weight alcohol to produce a high-molecular-weight ester, and hydrogenating 

the high-molecular weight ester to produce alcohol.  

A technical advantage of particular embodiments of the present invention may 

include the ability to buffer the fermentation reaction using ammonium carbonate or 

ammonium bicarbonate. If ammonia were added directly to the reactions, the pH may 

10 become too high and damage the microorganisms used to ferment the biomass. The use of 

ammonium carbonate or annonium bicarbonate lessens or eliminates this problem.  

Additionally, the use of ammonium carbonate or ammonium bicarbonate buffers allows 

for simplified downstream processing of the fermentation broth, compared to calcium

based buffer systems. Such calcium-based buffer system may result in the formation of 

15 calcium salts that collect on the surfaces of heat exchangers and other equipment. In 

contrast, the anmonium salts of the present invention do not tend to collect on equipment 

surfaces.  

Another technical advantage of particular embodiments of the present invention 

may include the ability to reduce or eliminate solids handling during downstream 

20 processing.  

It will be understood that the various embodiments of the present invention may 

include some, all, or none of the enumerated technical advantages. In addition other 

technical advantages of the present invention may be readily apparent to one skilled in the 

art from the figures, description, and claims included herein.  

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present invention and features and 

advantages thereof, reference is now made to the following description, taken in 

conjunction with the accompanying drawings, in which: 

30 FIGURE 1 illustrates a system for converting biomass into carboxylic acid 

according to a particular embodiment of the present invention;
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FIGURE 2 illustrates a flowchart of a method of converting biomass into 

carboxylic acid using the system shown in FIGURE 1; 

FIGURE 3 illustrates a system for converting biomass into carboxylic acid 

according to a particular embodiment of the present invention; 

5 FIGURE 4 illustrates a flowchart of a method of converting biomass into 

carboxylic acid using the system shown in FIGURE 3; 

FIGURE 5 illustrates a system for converting biomass to alcohol according to a 

particular embodiment of the present invention; and 

FIGURE 6 illustrates a flowchart of a method of converting biomass into alcohol 

10 using the system shown in FIGURE 5.  

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS 

In accordance with the teachings of the present invention, a system and method 

converting biomass into useful chemicals are provided. In a particular embodiment, the 

15 method comprises fermenting biomass in one or more fermentors to produce a 

fermentation broth comprising ammonium carboxylate salts, the fermentors containing an 

ammonium carbonate or ammonium bicarbonate buffer. The method further comprises 

reacting the ammonium carboxylate salts from the fermentors with a high-molecular

weight amine to produce amine carboxylate salt, and thermally cracking the amine 

20 carboxylate salt to produce carboxylic acid. In another embodiment, the ammonium 

carboxylate salts from the fermentors may be reacted with a low-molecular-weight amine 

to produce a low-molecular-weight-amine carboxylate salt. The low-molecular-weight 

amine in the low-molecular-weight-amine carboxylate salt may then be switched with a 

high-molecular-weight amine to form a high-molecular-weight-amine carboxylate salt, 

25 which is then thermally cracked to produce carboxylic acid. In yet another embodiment, 

the ammonium carboxylate salts from the fermentors may be reacted with a high

molecular-weight alcohol to produce a high-molecular-weight ester, which may be 

hydrogenated to produce alcohol. In particular embodiments, the use of ammonium 

carbonate or ammonium bicarbonate as a buffer in the fermentors allows for alternative 

30 downstream processing methods for producing carboxylic acids, esters, and alcohols.  

Moreover, particular embodiments of the present invention may allow for simplified 

recovery of carboxylic acids and/or alcohols from the fermentation broth.
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FIGURE 1 illustrates a fermentation system 100 in accordance with a particular 

embodiment of the present invention. Fermentation system 100 is a fermentation system 

that may be used to produce carboxylic acids from biomass. Generally, fermentation 

system 100 comprises one or more fennentors 102, a dewatering system 106, a reactor 

5 108, distillation column 110, and a packed column 112. As shown in FIGURE 1, 

fermentation system 100 comprises four countercurrent fermentors 102a-d, although any 

number of suitable fermentor geometries and arrangements may be used in accordance 

with the teachings of the present invention. These four fermentors 102a-d comprise a 

countercurrent fermentor system in which fresh biomass is added to the top of fermentor 

10 102a and fresh water is added to the bottom of fermentor 102d, and the biomass and water 

move through the fermentors 102 in opposite directions. For example, undigested residues 

removed from the bottom of fermentor 102a are sent to fermentor 102b, undigested 

residues removed from the bottom of fermentor 102b are sent to fermentor 102c, 

undigested residues from the bottom of fermentor 102c are sent to fermentor 102d, and 

15 undigested residues from the bottom of fermentor 102d are removed from the fermentation 

system and discarded. Meanwhile, liquid from fermentor 102d is sent to fermentor 102c, 

liquid from fermentor 102c is sent to fermentor 102b, liquid from 102b is sent to 

fermentor 102a, and fermentation broth is ultimately harvested from fernentor 102a.  

In particular embodiments, a screw press (not illustrated) or other suitable 

20 dewatering device may be used to reduce the liquid content in the solids that are 

transferred between the various fermentors 102. Furthermore, each fermentor 102 may be 

equipped with a circulation loop to facilitate the distribution of a methane inhibitor, such 

as iodoform, bromoform, and bromoethane sulfonic acid, and/or a buffer, such as 

ammonium bicarbonate or ammonium carbonate, through the solid mass. In particular 

25 embodiments, the addition of the methane inhibitor may be optional, as the ammonium ion 

is already a very effective inhibitor of methanogens.  

Inside fermentors 102, a mixed culture of acid-forming microorganisms facilitate 

the fermentation of the biomass. Although a variety of suitable microorganisms may be 

used in accordance with the teachings of the present invention, particular embodiments 

30 utilize microorganisms adapted to high-salt environments, such as inoculum from marine 

environments or salt lakes. Other embodiments may utilize microorganisms native to soil 

or cattle rumen. These microorganisms may survive over a fairly broad pH range (e.g.,
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5.0 to 8.0); however, in particular embodiments the fermentation is most effective when 

the pH is near neutrality (i.e., 6.5 to 7.5). Accordingly, the temperature and pH inside 

fennentors 102 may be controlled in any suitable manner. For example, in particular 

embodiments the temperatures inside fermentors 102 may be controlled by regulating the 

5 temperature of the circulating liquid. The pH insides fermentors 102 may be regulated by 

the addition rate of buffer. In particular embodiments of the present invention, this buffer 

may comprise ammonium carbonate or ammonia bicarbonate.  

Fermentation broth harvested from fermentor 102 is further processed downstream.  

In particular embodiments, this fermentation broth may include scum that is undesirable in 

10 the downstream processing steps. Therefore, particular embodiments may employ a 

variety of methods to remove this scum. For example, in particular embodiments, the 

fermentation broth may be pumped through an ultrafilter 104 having a molecular weight 

cut-off that allows ammonium carboxylic acid salts to pass but that retains the scum. In 

other embodiments, a coagulant or flocculant, such as those employed to clarify sugar 

15 juice extracted from sugarcane, may be added the fermentation broth to cause a precipitate 

to form that may be removed by filtration.  

Regardless of the method (if any) of de-scumming the fermentation broth, the 

fermentation broth from fermentors 102 is passed to a dewatering system 106, which 

removes water from the broth to form a nearly saturated (i.e., approximately 50%) solution 

20 of ammonium carboxylate salts. Although a variety of dewatering systems may be used in 

accordance with the teachings of the present invention, FIGURE 1 illustrates dewatering 

system 106 as a vapor-compression system. In this system 106, vapors from the 

concentrated salt solution are compressed, allowing them to condense in a heat exchanger.  

The heat of condensation in the condenser, in turn, provides the heat of evaporation in the 

25 boiler. In this manner, heat is recycled in the system. Only a small amount of shaft work 

provided to the compressor is needed to drive the system.  

The concentrated ammonium carboxylate salts from dewatering system 106 are 

sent to a heated, well-mixed reactor 108 where a high-molecular-weight ("HMW") amine 

is added to the solution to react to form HMW-amine carboxylate salts. In particular 

30 embodiments, the HMW amine added comprises tri-octyl amine. In other embodiments, 

triethanol amine may be reacted with a HMW carboxylic acid to make the corresponding
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ester. In particular embodiments a surfactant may also be added to facilitate contact 

between the amine phase and the water phase.  

Heating reactor 108 drives off both water and ammonia from the solution, the 

water and ammonia having been displaced by the HMW amine to form HMW-amine 

5 carboxylate salt. This ammonia and water from reactor 108 is sent to a packed column 

112 where it reacts with carbon dioxide from fermentors 102 to form ammonium 

bicarbonate or ammonium carbonate, depending upon the pH maintained with the column.  

The ammonium bicarbonate or ammonium carbonate may then be used as the buffer in 

fermentors 102. In particular embodiments, this ammonium bicarbonate or ammonium 

10 carbonate may be concentrated before it is sent to fennentors 102 to help reduce the water 

load sent to the fennentors.  

The HMW-amine carboxylate salts from reactor 108 are sent to a reactive 

distillation column 110 where they are thermally cracked to produce carboxylic acids, 

which exit from the top of column 110, and HMW amines, which exit from the bottom of 

15 column 110 and are recycled into reactor 108. At 1 atm, typical cracking temperatures are 

from about 150'C to about 200'C, depending on the molecular weight of the carboxylic 

acid. The higher the molecular weight of the acid, the higher the temperature required for 

thermal cracking to occur. The carboxylic acids exiting column 110 may then be 

collected.  

20 A better understanding of the process employed by fermentation system 100 may 

be had by making reference to FIGURE 2, which illustrates a flowchart 200 of a method 

of producing carboxylic acids from biomass utilizing the same equipment as shown in 

FIGURE 1. Flowchart 200 begins at step 202. At step 204, biomass is fermented to 

produce carbon dioxide and a fermentation broth comprising amnonium carboxylate salts.  

25 Generally, this is performed using a plurality of countercurrent fermentors utilizing an 

ammonium carbonate or ammonia bicarbonate buffer. The fermentation broth produced 

by the plurality of fermentors is then de-scummed at step 206. In particular embodiments 

of the present invention, this may be performed using an ultrafilter that filters out the scum 

or a coagulant or flocculant that causes the scum to form a precipitate that may then be 

30 filtered out.  

At step 208, the de-scummed fermentation broth is then concentrated using a 

dewatering system, such as a vapor-compression system. This dewatering system
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concentrates the fennentation broth into a nearly saturated (i.e., approximately 50%) 

solution of ammonium carboxylate salts. This nearly saturated solution of ammoniurn 

carboxylate salts is then reacted with a HMW amine in a heated, well-mixed reactor to 

produce amine carboxylate salts at step 210. As part of this process, water and ammonia 

5 are also produced. At step 214, this water and ammonia is reacted with carbon dioxide 

given off by the plurality of fennentors to produce ammonium carbonate or ammonium 

bicarbonate that may be used to buffer the fermentation reaction inside the plurality of 

countercurrent fermentors.  

The amine carboxylate salts produced at step 210 are then thermally cracked in a 

10 reactive distillation column to produce carboxylic acid and HMW amine at step 212.  

HMW amine exits the bottom of the column and may be used to react with the ammonium 

carboxylate salts at step 210. The carboxylic acid, on the other hand, exits the top of the 

column and may be collected. At step 216, the flowchart 200 terminates.  

FIGURE 3 illustrates a fermentation system 300 in accordance with another 

15 embodiment of the present invention. Similar to fermentation system 100 (FIGURE 1), 

fermentation system 300 may be used to produce carboxylic acids from biomass.  

However, unlike fermentation system 100, which only utilizes HMW amine, fermentation 

system 300 also utilizes a low-molecular-weight ("LMW") amine, such as triethyl amine, 

methyl diethyl amine, dimethyl ethanol amine, or ethanol amine, to produce carboxylic 

20 acids.  

Generally, fermentation system 300 comprises one or more fermentors 302, a 

dewatering system 306, distillation columns 308, 310, and 312, and a packed column 314.  

Although any number of suitable fermentor geometries and arrangements may be used in 

accordance with the teachings of the present invention, FIGURE 3 illustrates fermentation 

25 system 300 comprising four countercurrent fermentors 302a-d in which fresh biomass is 

added to the top of fermentor 302a and fresh water is added to the bottom of fermentor 

302d. These fermentors 302 operable similarly to fermentors 102 described above with 

regard to FIGURE 1.  

Fermentation broth harvested from fermentor 302a is sent for downstream 

30 processing. In particular embodiments, this fermentation broth may also include scum that 

is undesirable in the downstream processing steps. In particular embodiments, this scum 

may be removed using any suitable method. For example, in particular embodiments, the
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fennentation broth may be pumped through an ultrafilter 304 having a molecular weight 

cut-off that allows ammonium carboxylic acid salts to pass but retains scum. In other 

embodiments, a coagulant or flocculant, such as those employed to clarify sugar juice 

extracted from sugarcane, may be added to the fermentation broth to cause a precipitate to 

5 fonn that is removable by suitable filtration.  

Regardless of the method (if any) of de-scumming, the fermentation broth from 

fermentors 302 is passed to a dewatering system 306, which removes water from the broth 

to fonn a nearly saturated solution (i.e., about 50%) of ammonium carboxylate salts.  

Although a variety of dewatering systems may be used in accordance with the teachings of 

10 the present invention, FIGURE 3 illustrates dewatering system 306 as a vapor

compression system. This vapor-compression system works similarly to dewatering 

system 106 discussed above with regard to FIGURE 1.  

The concentrated ammonium carboxylate salts from dewatering system 306 are 

sent to distillation column 308, where a LMW amine is added to produce LMW-amine 

15 carboxylate salts, driving off water and ammonia in the process. In particular 

embodiments, the LMW amine added may comprise triethyl amine, methyl diethyl amine, 

dimethyl ethanol amine, ethanol amine, or any other suitable LMW amine. In particular 

embodiments, the LMW amine is a water-soluble amine having a standard boiling point 

above about 1000C so that the amine is less volatile than water. Moreover, in particular 

20 embodiments, the LMW may be a tertiary amine, helping to avoid possible amide 

formation. Regardless of the selected LMW amine, the top of column 308 has a partial 

condenser that sends reflux (primarily water) back into the column to prevent the loss of 

LMW amine vapors. The ammonia and water not sent back to column 308 are sent to a 

packed column 314 where they react with carbon dioxide from fermentors 302 to form 

25 ammonium bicarbonate or ammonium carbonate, depending upon the pH maintained with 

the column, which may be used as a buffer in fermentors 302. In particular embodiments, 

this ammonium bicarbonate or ammonium carbonate may be concentrated before it is sent 

to fermentors 302 to help reduce the water load sent to the fermentors.  

The bottoms of distillation column 308 are sent to distillation column 310, where 

30 the LMW amine in the LMW-amine carboxylate salt is switched with a HMW amine to 

produce HMW-amine carboxylate salts and LMW amine. The LMW amine exits the top 

of column 310 and is recycled to column 308. In particular embodiments of the present
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invention, to avoid thermal cracking or amide formation, column 308 may be operated 

under vacuum to reduce the temperature inside the column. HMW-amine carboxylate 

salts exit the bottom of the second column and enter reactive distillation column 312.  

Inside reactive distillation column 312, the HMW-amine carboxylate salts are 

5 thernally cracked to produce carboxylic acids, which exit from the top of the column, and 

HMW amine, which exits from the bottom of the column and is recycled into distillation 

column 310. At 1 atm, typical cracking temperatures are from about 150 0C to about 

2000 C, depending on the molecular weight of the carboxylic acid. The higher the 

molecular weight of the acid, the higher the temperature required for thermal cracking to 

10 occur.  

A better understanding of the process employed by fermentation system 300 may 

be had by making reference to FIGURE 4, which illustrates a flowchart 400 of a method 

of producing carboxylic acids from biomass utilizing the equipment shown in FIGURE 3.  

Flowchart 400 begins in step 402. At step 404, biomass is fermented to produce carbon 

15 dioxide and a fermentation broth comprising ammonium carboxylate salts. Generally, this 

is performed using a plurality of countercurrent fermentors utilizing an ammonium 

carbonate or ammonia bicarbonate buffer. The fermentation broth produced by the 

plurality of fermentors is then de-scummed at step 406. In particular embodiments of the 

present invention, this may be perfonned using an ultrafilter that filters out the scum, or a 

20 coagulant or flocculant that causes the scum to form a precipitate that may then be filtered 

out.  

At step 408, the de-scummed fermentation broth is then concentrated using a 

dewatering system, such as a vapor compression system. This dewatering system 

concentrates the fermentation broth into a nearly saturated (i.e., approximately 50%) 

25 solution of ammonium carboxylate salts. This nearly saturated solution of ammonium 

carboxylate salts is then reacted with LMW amine to produce LMW-amine carboxylate 

salts at step 410. As part of this process, water and ammonia are also given off. This 

water and ammonia may be reacted with carbon dioxide from the fermentors at step 416 to 

produce ammonium carbonate or ammonium bicarbonate that may be used to buffer the 

30 fermentation reaction inside the fermentors.  

The LMW amine in the LMW-amine carboxylate salts from step 410 is then 

switched with HMW amine at step 412 to produce HMW-amine carboxylate salts and
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LMW amine. This LMW amine may then be used to produce more LMW-amine 

carboxylate salts at step 410. The HMW-amine carboxylate salts are then thermally 

cracked in a reactive distillation column to produce carboxylic acid and HMW amine. The 

HMW amine exits the bottom of the column and may be used to react with the LMW

5 amine carboxylate salts at step 412. The carboxylic acid exits the top of the distillation 

column and may be collected. At step 418, flowchart 400 terminates.  

Unlike systems 100 (FIGURE 1) and 300 (FIGURE 3), which convert biomass 

into carboxylic acids, other embodiments of the present invention may be utilized to 

convert biomass into alcohols. FIGURE 5 illustrates a fermentation system 500 in 

10 accordance with one such embodiment. As shown in FIGURE 5, fermentation system 500 

comprises one or more fermentors 502, a dewatering system, distillation columns 508 and 

512, a hydrogenation reactor 510, and a packed column 514.  

Although any number of suitable fermentor geometries and arrangements may be 

used in accordance with the teachings of the present invention, FIGURE 5 illustrates 

15 fermentation system 500 comprising four countercurrent fennentors 502a-d in which fresh 

biomass is added to the top of fennentor 502a and fresh water is added to the bottom of 

fermentor 502d. Fermentation broth is ultimately harvested from fermentor 502a. These 

fermentors 502 operable similarly to fermentors 102 and 302 discussed above with regard 

to FIGURES 1 and 3, respectively.  

20 Fermentation broth harvested from fermentor 502a is sent for downstream 

processing. In particular embodiments, this fermentation broth may also include scum that 

is undesirable in the downstream processing steps. In particular embodiments, this scum 

may be removed using any suitable method. For example, in particular embodiments, the 

fermentation broth may be pumped through an ultrafilter 504 having a molecular weight 

25 cut-off that allows ammonium carboxylic acid salts to pass but retains scum. In other 

embodiments, a coagulant or flocculant, such as those employed to clarify sugar juice 

extracted from sugarcane, may be added to the fermentation broth to cause a precipitate to 

form that may be removed by filtration.  

The de-scummed fermentation broth from fermentors 502 is passed to a dewatering 

30 system 506, which removes water from the broth to fonn a nearly saturated solution (i.e., 

about 50%) of ammonium carboxylate salts. Although a variety of dewatering systems 

may be used in accordance with the teachings of the present invention, FIGURE 5



WO 2007/009085 PCT/US2006/027466 

11 

illustrates dewatering system 506 as a vapor-compression system that works similarly to 

vapor-compression systems discussed above with regard to FIGURES 1 and 3.  

The concentrated ammonium carboxylate salts from dewatering system 506 are 

sent to a reactive distillation column 508 where they are mixed with a HMW alcohol 

5 having four or more carbons. In reactive distillation column 508, the ammonium 

carboxylate salts react with the alcohol to form a HMW ester, which stays at the bottom of 

the column. Typically, this reaction is operated under alkaline conditions. Reflux helps 

reduce the loss of HMW alcohol and HMW ester from the top of the column. Water and 

ammonia exiting the top of the column 508 are sent to a packed column 514, where they 

10 are reacted with carbon dioxide from fermentors 502 to form ammonium bicarbonate or 

ammonium carbonate, depending upon the pH maintained with the column, which may be 

used to buffer the solutions in fermentors 502. HMW esters exit the bottom of reactive 

distillation column 508 and are sent to a hydrogenation reactor 510 where they are 

converted into LMW and HMW alcohols. To promote the hydrogenation, particular 

15 embodiments of the present invention may employ a suitable catalyst, such as Raney 

nickel, platinum, or palladium. These alcohols are sent to distillation column 512, where 

they are separated. LMW alcohols exit the top of distillation column 512 where they may 

be collected, whereas HMW alcohols exit the bottom of column 512 and are recycled to 

reactive distillation column 508.  

20 A better understanding of the process employed by fermentation system 500 may 

be had by making reference to FIGURE 6, which illustrates a flowchart 600 of a method 

of producing carboxylic acids from biomass utilizing the equipment shown in FIGURE 5.  

Flowchart 600 begins in step 602. At step 604, biomass is fermented to produce carbon 

dioxide and a fermentation broth comprising ammonium carboxylate salts. Generally, this 

25 is performed using a plurality of countercurrent fennentors utilizing an ammonium 

carbonate or ammonia bicarbonate buffer. The fermentation broth produced by the 

plurality of fermentors is then de-scumned at step 606. In particular embodiments of the 

present invention, this may be perfonned using an ultrafilter that filters out the scum or a 

coagulant or flocculant that causes the scum to form a precipitate that may then be filtered 

30 out.  

At step 608, the de-scummed fermentation broth is then concentrated using a 

dewatering system, such as a vapor-compression system. This dewatering system
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concentrates the fermentation broth into a nearly saturated (i.e., approximately 50%) 

solution of ammonium carboxylate salts. This nearly saturated solution of ammonium 

carboxylate salts is then reacted with HMW alcohols to produce HMW esters at step 610.  

As part of this process, water and ammonia are also given off. This water and ammonia 

5 may be reacted with carbon dioxide from the fenrentors at step 616 to produce 

ammonium carbonate or ammonium bicarbonate that may be used to buffer the 

fennentation reactions inside the fermentors.  

The HMW alcohols from step 610 are then hydrogenated at step 612 to produce 

both HMW alcohol and LMW alcohol. These alcohols are then separated in a distillation 

10 column at step 614. The HMW alcohol exits the bottom of the column and may be used to 

react with the ammonium carboxylate salts at step 610. The LMW alcohols exit the top of 

the column and may be collected. At step 618, flowchart 600 terminates.  

By buffering the fermentation reaction using ammonium carbonate or ammonium 

bicarbonate, particular embodiments are able to offer significant benefits over others 

15 systems. For example, if ammonia were added directly to the fermentors, the pH inside 

the fermentors could become too high and damage the microorganisms used to ferment the 

biomass. Additionally, the use of ammonium carbonate or ammonium bicarbonate buffers 

allow for simplified downstream processing of the fermentation broth, compared to 

calcium-based buffer systems where calcium salts may that collect on the surfaces of heat 

20 exchangers and other equipment.  

Although particular embodiments of the method and apparatus of the present 

invention have been illustrated in the accompanying drawings and described in the 

foregoing detailed description, it will be understood that the invention is not limited to the 

embodiments disclosed, but is capable of numerous rearrangements, modifications, and 

25 substitutions without departing from the spirit of the invention as set forth and defined by 

the following claims.
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WHAT IS CLAIMED IS: 

1. A method of converting biomass to carboxylic acid comprising: 

fermenting biomass in one or more fermentors to produce a fermentation broth 

comprising ammonium carboxylate salt; 

5 reacting the ammonium carboxylate salt with a high-molecular-weight amine to 

produce amine carboxylate salt; and 

thermally cracking the amine carboxylate salt to produce carboxylic acid; 

wherein the fermentors contain a buffer selected from the group consisting of 

ammonium carbonate and ammonium bicarbonate.  

10 

2. The method of Claim 1, wherein the one or more fermentors comprises a 

plurality of countercurrent fermentors.  

3. The method of Claim 1, further comprising producing the buffer by 

15 reacting carbon dioxide with water and ammonia released during the reaction of the 

ammonium carboxylate salt with the high-molecular-weight amine.  

4. The method of Claim 1, further comprising concentrating the fermentation 

broth to concentrate the ammonium carboxylate salt prior to reacting the ammonium 

20 carboxylate salt with the high-molecular-weight amine.  

5. The method of Claim 1, further comprising de-scumming the fermentation 

broth.  

25 6. The method of Claim 1, wherein the fermentors contain a mixed culture of 

acid-forming microorganisms.  

7. The method of Claim 6, wherein the microorganisms are adapted to high

salt environments.  

30 

8. The method of Claim 6, wherein the microorganisms are native to 

inoculum.
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9. The method of Claim 6, wherein the microorganisms are native to soil or 

cattle rumen.  

5 10. The method of Claim 1, wherein the fermentors are maintained at a pH 

between about 6.5 and about 7.5.  

11. The method of Claim 1, wherein the fermentors contain a methane 

inhibitor.  

10 

12. The method of Claim 11, wherein the methane inhibitor is iodoform, 

bromoform, or bromoethane sulfonic acid.  

13. The method of Claim 1, wherein the high-molecular-weight amine 

15 comprises tri-octyl amine or triethanol amine.  

14. A system for converting biomass to carboxylic acid, comprising: 

one or more fermentors operable to produce a fermentation broth comprising 

ammonium carboxylate salt from biomass; 

20 a reactor operable to react the ammonium carboxylate salt with a high-molecular

weight amine to produce amine carboxylate salt; and 

a reactive distillation column operable to thermally crack the amine carboxylate 

salt to produce carboxylic acid; 

wherein the fermentors contain a buffer selected from the group consisting of 

25 ammonium carbonate and ammonium bicarbonate.  

15. , The system of Claim 14, wherein the one or more fermentors comprises a 

plurality of countercurrent fermentors.  

30 16. The system of Claim 14, further comprising a dewatering system operable 

to concentrate the ammonium carboxylate salt prior to reacting the ammonium carboxylate 

salt with the high-molecular-weight amine.
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17. The system of Claim 14, further comprising a packed column operable to 

react carbon dioxide with water and ammonia released in the reactor to produce the buffer.  

5 18. The system of Claim 14, wherein the fennentors contain a mixed culture of 

acid-forming microorganisms.  

19. The system of Claim 14, wherein the microorganisms are adapted to high

salt environments.  

10 

20. The system of Claim 14, wherein the microorganisms are native to 
inoculum.  

21. The system of Claim 14, wherein the microorganisms are native to soil or 
15 cattle rumen.  

22. The system of Claim 14, further comprising de-scumming system operable 
to de-scum the fermentation broth produced by the fermentors.  

20 23. The system of Claim 14, wherein the fermentors are maintained at a pH 
between about 6.5 and about 7.5.  

24. The system of Claim 14, wherein the fermentors contain a methane 

inhibitor.  

25 

25. The system of Claim 24, wherein the methane inhibitor is iodoform, 
bromoform, or bromoethane sulfonic acid.  

26. The system of Claim 14, wherein the high-molecular-weight amine 

30 comprises tri-octyl amine or triethanol amine.
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27. A method of converting biomass to carboxylic acid, comprising 

fennenting biomass in one or more fenrentors to produce a fermentation broth 

comprising ammonium carboxylate salt; 

reacting the ammonium carboxylate salt with a low-molecular-weight amine to 

5 produce a low-molecular-weight-amine carboxylate salt; 

switching the low-molecular-weight amine in the low-molecular-weight-amine 

carboxylate salt with a high-molecular-weight amine to form a high-molecular-weight

amine carboxylate salt; and 

thermally cracking the high-molecular-weight-amine carboxylate salt to produce 

10 carboxylic acid; 

wherein the fermentors contain a buffer selected from the group consisting of 

ammonium carbonate and ammonium bicarbonate.  

28. The method of Claim 27, wherein the one or more fermentors comprise a 

15 plurality of countercurrent fermentors.  

29. The method of Claim 27, further comprising producing the buffer by 
reacting carbon dioxide with water and ammonia released during the reaction of the 

ammonium carboxylate salt with the low-molecular-weight amine.  

20 

30. The method of Claim 27, further comprising concentrating the fermentation 

broth to concentrate the ammonium carboxylate salt prior to reacting the ammonium 

carboxylate salt with the low-molecular-weight amine.  

25 31. The method of Claim 27, further comprising de-scumming the fermentation 

broth.  

32. The method of Claim 27, wherein the fermentors contain a mixed culture of 

acid-forming microorganisms.  

30 

33. The method of Claim 32, wherein the microorganisms are adapted to high

salt environments.



WO 2007/009085 PCT/US2006/027466 

17 

34. The method of Claim 32, wherein the microorganisms are native to 
inoculum.  

5 35. The method of Claim 32, wherein the microorganisms are native to soil or 
cattle rumen.  

36. The method of Claim 27, further comprising maintaining the fermentors at 
a pH between about 6.5 and about 7.5.  

10 

37. The method of Claim 27, wherein the fermentors contain a methane 
inhibitor.  

38. The method of Claim 37, wherein the methane inhibitor is iodoform, 
15 bromoform, or bromoethane sulfonic acid.  

39. The method of Claim 27, wherein the high-molecular-weight amine 
comprises tri-octyl amine or triethanol amine.  

20 40. The method of Claim 27, wherein the low-molecular-weight amine is a 
tertiary amine.  

41. The method of Claim 27, wherein the low-molecular-weight amine is water 
soluble.  

25 

42. The method of Claim 27, wherein the low-molecular-weight amine has a 
standard boiling point above about 1 000 C.  

43. The method of Claim 27, wherein the low-molecular-weight amine is 
30 triethyl amine, methyl diethyl amine, dimethyl ethanol amine, or ethanol amine.
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44. A system for converting biomass to carboxylic acid, comprising: 

one or more fennentors operable to produce a fermentation broth comprising 

ammonium carboxylate salt from biomass; 

a distillation column operable to react the ammonium carboxylate salt with a low

5 molecular-weight amine to produce a low-molecular-weight-amine carboxylate salt; 

a distillation column operable to switch the low-molecular-weight amine in the 

low-molecular-weight-amine carboxylate salt with a high-molecular-weight amine to 

produce a high-molecular-weight-amine carboxylate salt; and 

a reactive distillation column operable to thermally crack the high-molecular

10 weight-amine carboxylate salt to produce carboxylic acid; 

wherein the fermentors contain a buffer selected from the group consisting of 

ammonium carbonate and ammonium bicarbonate.  

45. The system of Claim 44, wherein the one or more fermentors comprise a 

15 plurality of countercurrent fermentors.  

46. The system of Claim 44, further comprising de-scumming system operable 

to de-scum the fermentation broth produced by the fermentors.  

20 47. The system of Claim 44, further comprising a dewatering system operable 

to concentrate the ammonium carboxylate salt prior to reacting the ammonium carboxylate 

salt with the low-molecular-weight amine.  

48. The system of Claim 44, further comprising a packed column operable to 

25 react carbon dioxide with water and ammonia released in the reactor to produce the buffer.  

49. The system of Claim 44, wherein the fermentors contain a mixed culture of 

acid-forming microorganisms.  

30 50. The system of Claim 44, wherein the microorganisms are adapted to high

salt environments.
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51. The system of Claim 44, wherein the microorganisms are native to 

inoculum.  

52. The system of Claim 44, wherein the microorganisms are native to soil or 

5 cattle rumen.  

53. The system of Claim 44, wherein the fermentors are maintained at a pH 

between about 6.5 and about 7.5.  

10 54. The system of Claim 44, wherein the fermentors contain a methane 

inhibitor.  

55. The method of Claim 54, wherein the methane inhibitor is iodoform, 

bromoform, or bromoethane sulfonic acid.  

15 

56. The system of Claim 44, wherein the high-molecular-weight amine 

comprises tri-octyl amine or triethanol amine.  

57. The system of Claim 44, wherein the low-molecular-weight amine is a 

20 tertiary amine.  

58. The system of Claim 44, wherein the low-molecular-weight amine is water 

soluble.  

25 59. The system of Claim 44, wherein the low-molecular-weight amine has a 

standard boiling point above about 100 C.  

60. The system of Claim 44, wherein the low-molecular-weight amine is 

triethyl amine, methyl diethyl amine, dimethyl ethanol amine, or ethanol amine.
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61. A method of converting biomass to alcohol, comprising: 

fennenting biomass in one or more fermentors to produce a fermentation broth 

comprising ammonium carboxylate salt; 

reacting the ammonium carboxylate salt with a high-molecular-weight alcohol to 

5 produce a high-molecular-weight ester; and 

hydrogenating the high-molecular weight ester to produce alcohol; 

wherein the fermentors contain a buffer selected from the group consisting of 

ammonium carbonate and ammonium bicarbonate.  

10 62. The method of Claim 61, wherein the one or more fermentors comprise a 

plurality of countercurrent fermentors.  

63. The method of Claim 61, further comprising separating the alcohol into 

low-molecular-weight alcohol and high-molecular-weight alcohol.  

15 

64. The method of Claim 62, wherein the high-molecular-weight alcohol 

comprises at least four carbons.  

65. The method of Claim 61, wherein the fermentors contain a mixed culture of 

20 acid-forming microorganisms.  

66. The method of Claim 65, wherein the microorganisms are adapted to high

salt environments.  

25 67. The method of Claim 65, wherein the microorganisms are native to 

inoculum.  

68. The method of Claim 65, wherein the microorganisms are native to soil or 

cattle rumen.
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69. The method of Claim 61, further comprising producing the buffer by 
reacting carbon dioxide with water and ammonia released during the reaction of the 
ammonium carboxylate salt with the high-molecular-weight alcohol.  

5 

70. The method of Claim 61, further comprising concentrating the fermentation 

broth to concentrate the ammonium carboxylate salt prior to reacting the ammonium 

carboxylate salt with the high-molecular-weight alcohol.  

10 71. The method of Claim 61, further comprising de-scumming the fermentation 
broth.  

72. The method of Claim 61, further comprising maintaining the fermentors at 
a pH between about 6.5 and about 7.5.  

15 

73. The method of Claim 61, wherein the fermentors contain a methane 
inhibitor.  

74. The method of Claim 73, wherein the methane inhibitor is iodoform, 
20 bromoform, or bromoethane sulfonic acid.  

75. The system of Claim 61, wherein hydrogenating the high-molecular weight 
ester to produce alcohol comprises utilizing a catalyst.  

25 76. The system of Claim 75, wherein the catalyst is Raney nickel, platinum, or 
palladium.
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77. A system for converting biomass to alcohol, comprising: 

one or more fennentors operable to produce a fennentation broth comprising 

ammonium carboxylate salt from biomass; 

a reactive distillation column operable to react the ammonium carboxylate salt with 

5 a high-molecular-weight alcohol to produce a high-molecular-weight ester; and 

a hydrogenation reactor operable to hydrogenate the high-molecular-weight ester 

to produce alcohol; 

wherein the fennentors contain a buffer selected from the group consisting of 

ammonium carbonate and ammonium bicarbonate.  

10 

78. The system of Claim 77, wherein the one or more fermentors comprise a 

plurality of countercurrent fermentors.  

79. The system of Claim 77, further comprising a distillation column operable 

15 to separate the alcohol into low-molecular-weight alcohol and high-molecular weight 

alcohol.  

80. The system of Claim 77, further comprising a dewatering system operable 

to concentrate the ammonium carboxylate salt prior to reacting the ammonium carboxylate 

20 salt with the high-molecular-weight alcohol.  

81. The system of Claim 77, further comprising a packed column operable to 

react carbon dioxide with water and ammonia released in the reactive distillation column 

to produce the buffer.  

25 

82. The system of Claim 77, wherein the fennentors contain a mixed culture of 

acid-fonning microorganisms.  

83. The system of Claim 77, wherein the microorganisms are adapted to high

30 salt environments.
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84. The system of Claim 77, wherein the microorganisms are native to 

inoculum.  

85. The system of Claim 77, wherein the microorganisms are native to soil or 

5 cattle rumen.  

86. The system of Claim 77, further comprising de-scumming system operable 

to de-scum the fermentation broth produced by the fermuentors.  

10 87. The system of Claim 77, wherein the fermentors are maintained at a pH 

between about 6.5 and about 7.5.  

88. The system of Claim 77, wherein the fermentors contain a methane 

inhibitor.  

15 

89. The method of Claim 88, wherein the methane inhibitor is iodoform, 

bromoform, or bromoethane sulfonic acid.  

90. The system of Claim 77, wherein the high-molecular-weight alcohol 

20 comprises at least four carbons.  

91. The system of Claim 77, wherein the hydrogenation reactor employs a 

catalyst.  

25 92. The system of Claim 91, wherein the catalyst is Raney nickel, platinum, or 

palladium.
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