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Abstract

A mixture of rice straw (80%) and chicken manure (20%) was pretreated and fermented to carboxylic acids by using a mixed culture of
marine mesophilic microorganisms. Two sets of four fermentors, built from PVC pipes, were used for both biomass pretreatment and
fermentation. Four 1 L fermentors (F1–F4) were arranged in series, where liquid fermentation products were transferred from one fer-
mentor to the other, to form a train. A liquid volume of 10 mL and 15 mL were transferred every four days for Trains A and B, respec-
tively. The maximum total acid concentration for F1 in Train A was 34.2 g/L and the maximum acid concentration in F2–F4 was �44 g/
L. The maximum total acid concentration in F1 in Train B was 30.5 g/L and the maximum acid concentration in F2–F4 was �48 g/L.
The conversion in each of the fermentors in Train A varied from 0.821 to 0.879 g VS digested/g VS fed and the yield was in the range
0.489–0.609 g total acids/g VS fed. The conversion and yield in Train B were 0.741–0.914 g VS digested/g VS fed and 0.563–0.669 g total
acids/g VS fed, respectively. The continuum particle distribution model (CPDM) predicted acid concentrations and retention times in the
fixed-bed fermentation system with R2 of 0.67–0.84 in Trains A and B.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Increasing environmental concerns and government leg-
islation call for a decrease in the quantity of rice straw
burned (California Rice Commission’s Library on Rice
Straw Utilization, 2006). Rice straw contains 33% cellulose,
26% hemicellulose, and 18% lignin (Holtzapple, 1993). Rice
straw can be fermented to volatile organic acids (C2–C7)
by using a mixed culture of marine mesophilic microor-
ganisms (Agbogbo and Holtzapple, 2006). The MixAlco
process uses lime (Ca(OH)2) pretreatment to render the
biomass more digestible (Chang et al., 2001). The pre-
treated biomass is fermented to carboxylic acids and then
converted to carboxylate salts in the presence of a CaCO3

buffer. These carboxylate salts can be concentrated, fol-
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lowed by ‘‘acid springing’’ to produce the corresponding
organic acids (Chan and Holtzapple, 2003). Alternatively,
the carboxylate salts can be converted to ketones and fur-
ther hydrogenated to alcohol fuels. The MixAlco process
has many benefits, such as no sterility requirement, adapt-
ability to many feedstocks, and no enzyme addition.

Two types of lime treatment have been developed in our
laboratory, short-term and long-term. Short-term lime pre-
treatment involves boiling the biomass with a lime loading
of 0.1 g Ca(OH)2/g dry biomass at temperatures of 85–
135 �C for 1–3 h (Chang et al., 1997, 1998). This removes
approximately a third of the lignin and all the acetyl groups
from hemicellulose (Chang et al., 1998). Chang et al. (2001)
showed that oxidative lime pretreatment could be used
to pretreat high-lignin biomass. Long-term pretreatment
involves using lime at lower temperatures (40–55 �C) for
4–6 weeks in the presence of air (Kim and Holtzapple,
2006). Kim and Holtzapple (2005, 2006) showed that
long-term pretreatment removes about half of the lignin
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Fig. 1. Fixed-bed fermentor.
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and all the acetyl groups in corn stover. In the case of
manure, lime treatment leads to the saponification of
fats making them more digestible (Ross, 1998). Holtzapple
et al. (1999) have shown that an optimum fermentor feed
contains about 80:20 ratio of energy source (lignocellulose)
to manure. This ratio ensures the optimum C/N ratio nec-
essary for fermentation.

The difficulty of transporting solids from one fermentor
to another is a major drawback to applying countercurrent
fermentation in industry (Ross and Holtzapple, 2001;
Domke et al., 2004; Chan and Holtzapple, 2003). In this
study, four fermentors (F1–F4) were arranged in series
(to form a train), where liquid fermentation products were
transferred from one fermentor to the other, without trans-
ferring the solids. In the traditional approach to the Mix-
Alco process, pretreatment and fermentation are separate
unit operations (Thanakoses et al., 2003a,b; Aiello-Maz-
zarri et al., 2006; Ross and Holtzapple, 2001; Domke
et al., 2004; Chan and Holtzapple, 2003). In this work, pre-
treatment and fermentation was performed in the same
unit.

The conventional approach to modeling solid/fluid
reactions is the residence time distribution (RTD) model.
Although RTD solves the same class of problems as
CPDM, it has disadvantages. When the interfacial reaction
rate depends on the fluid and solid phases, RTD is difficult
to apply because the relationship between reactivity and
residence time is not unique for all fluid phase driving
forces (Kunii and Levenspiel, 1969). In contrast, CPDM
separates fluid and solid dependencies explicitly. In RTD,
one must account for particles with residence times
between 0 and infinity, which requires that an arbitrary
upper bound on time must be assumed. Unlike RTD,
CPDM follows particles that are contained in the closed
conversion domain from 0 to 1 (Loescher, 1996).

Because these agricultural residues are harvested annu-
ally or biannually, fermentation was performed to digest
the entire biomass over an extended period. Because this
is a non-sterile system, the laboratory-scale fermentation
columns were built from inexpensive materials, such as
PVC pipes. Rice straw and chicken manure were used as
substrates in the fixed-bed fermentors. The purpose of this
work was to determine the total acid concentrations and
conversions that can be obtained when solids are not trans-
ported in the MixAlco process. Different liquid transfer
rates were studied in this fermentation system and CPDM
model was used to predict product concentrations.

2. Methods

2.1. Substrates

Rice straw (RS) was obtained from Lee Tarpley of the
Texas A&M Agricultural Research and Extension Center.
The substrate was milled in a Thomas Wiley Laboratory
mill and was passed though a 2-mm screen. Chicken man-
ure (CM) was obtained from the Poultry Science Center,
Texas A&M University, College Station, Texas. The man-
ure was air dried.

2.2. Fixed-bed fermentors

The fixed-bed fermentors were used for both pretreat-
ment and fermentation of biomass (Fig. 1). The columns
(diameter · length = 2 in. · 20 in.) were made from 2-in.
and 3-in.-diameter PVC pipes and was glued together with
3-in. PVC covers with 2-in. holes and 2-in. NPT PVC. The
outer jacket had a hot water inlet controlled to maintain
the temperature in the fermentors (Fig. 2). The ball valve
(Fig. 1) served two purposes: it introduced air into the fer-
mentor during pretreatment and removed liquid products
during fermentation. Two types of covers were used for
the fixed-bed fermentors: PVC cover with 1/4-in. NPT out-
let and rubber stopper. The PVC cover with 1/4-in. NPT
cover was used for pretreatment and the rubber stopper
for fermentation. Air for pretreatment was passed through
a cylinder within the tank containing water and lime to
scrub CO2 and saturate the air.

Air was purged through the fixed-bed fermentor; the
rate was monitored by bubbling it through a water-filled
tube. The number of bubbles was counted to determine
the amount of air going through each column. The average
airflow through each fixed-bed fermentor was 10.8 cm3/s.
During the pretreatment, the fermentors were checked reg-
ularly to ensure that the entire biomass was covered with
water. The pH was also monitored continuously. Each fer-
mentor contained 64 g or rice straw, 16 g of chicken man-
ure, 16 g of lime, and 850 mL of water. The pretreatment
was performed at 50 �C for six weeks. Two trains (A and
B) of fermentors were set up with each set consisting of
four fixed-bed fermentors (F1–F4) to constitute two trains
of liquid transfer.

After pretreatment for 6 weeks, the air was replaced
with nitrogen to create the anaerobic conditions required
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for fermentation. Biomass samples were taken to determine
the moisture content and the volatile solids. Nitrogen was
flushed through the system for 3 h before the fermentors
were inoculated.

2.3. Medium and nutrient

The liquid medium was deoxygenated water prepared by
boiling distilled water under nitrogen purge for 5 min.
After cooling the medium to room temperature, 0.275
g/L sodium sulfide and 0.275 g/L cysteine hydrochloride
were added under continuous nitrogen purge. Sodium
sulfide and cysteine hydrochloride were added to further
reduce the oxygen content of the medium. Dry nutrient
mixture contained (g/100 g of mixture) K2HPO4 (16.3)
KH2PO4 (16.3) (NH4)2SO4 (16.3), NaCl (32.6), MgSO4 Æ
7H2O (6.8), CaCl2 Æ2H2O (4.4), HEPES (0.86), hemin
(0.71), nicotinamide (0.71), p-aminobenzoic acid (0.71),
Ca-pantothenate (0.71), folic acid (0.35), pyridoxal (0.35),
riboflavin (0.35), thiamine (0.34), cyanocobalamin (0.14),
biotin (0.14), EDTA (0.35), FeSO4 Æ7H2O (0.14), MnCl2
(0.14), H3BO3 (0.021), CoCl2 (0.014), ZnSO4 Æ7H2O
(0.007), NaMoO4 (0.0021), NiCl2 (0.0014), and CuCl2
(0.0007) (Ross, 1998).

2.4. Inoculum

Marine inoculum was used from a previous countercur-
rent fermentation of rice straw/chicken manure (Agbogbo
and Holtzapple, 2006). The inoculum fermented rice straw
and chicken manure to volatile organic acids (C2–C7). The
original inoculum was previously collected from the sedi-
ments of three coastal swamps at Galveston, Texas. The
sediment was collected from 0.5-m-deep holes and placed
into bottles filled with deoxygenated medium, consisting
of 0.275 g/L sodium sulfide and 0.275 g/L cysteine
hydrochloride.

2.5. Inhibitor

Iodoform (CHI3) solution containing 20 g CHI3/L etha-
nol was used as a methanogen inhibitor in this experiment.
Due to light and air sensitivity, the solution was kept in a
tinted bottle and capped immediately after use.

2.6. Fermentation

The total volatile solids in Trains A and B before
fermentation was 44 g and the total liquid volume was
384 mL. The fermentations were performed under anaero-
bic conditions at 40 �C. Anaerobic medium (100 mL), 0.4 g
of dry nutrients, 0.2 g urea, 30 mL of inocula, and 200 lL
of iodoform were added. CaCO3 was not added because
the average pH was 9.41 prior to fermentation. To main-
tain anaerobic conditions, nitrogen from a high-pressure
liquid nitrogen cylinder was flushed whenever the fermen-
tors were open to the atmosphere. Batch fermentation
was performed to adapt the culture by adding 0.2 g of
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dry nutrients, and 160 lL of iodoform solution every 4
days and 0.1 g urea (if pH was less than 6). CaCO3 (2 g)
was added every 4 days when the pH was below 7. The
gas samples were analyzed to determine the methane
content. More iodoform solution (120 lL) was added to
fermentors showing high methane content.

After one month, liquid was transferred between the col-
umns followed by the addition of 0.2 g of dry nutrients,
160 lL of iodoform solution every 4 days, and 0.1 g urea
(if pH was less than 6). In each set, a fixed volume of liquid
was removed from F1 and added to F2, from F2 to F3, and
from F3 to F4. Fresh liquid medium was used to replace
the liquid from F1 and product was harvested from F4.
A liquid volume of 10 mL and 15 mL were transferred
every four days for Trains A and B, respectively. This
liquid addition rate is estimated to be the amount required
to digest all the biomass in all fermentors in approximately
1 year.

2.7. Analytical methods

The volume of gas produced during fermentation was
measured using an inverted graduated glass cylinder appa-
ratus (water displacement apparatus) that was filled with a
solution of 300 g calcium chloride/L solution. A gas chro-
matograph (Agilent 6890 series) with thermal conductivity
detector (TCD) was used to determine the methane and
carbon dioxide composition of the fermentation gas. Sam-
ples were taken directly from the fermentors using a 5-mL
syringe. To calibrate the samples, a standard gas mixture of
carbon dioxide (29.99 mol%), methane (10.06 mol%), and
the balance nitrogen was used.

Carbon dioxide produced during fermentation is the
sum of biotic and abiotic carbon dioxide. Abiotic CO2 is
produced by neutralizing the carboxylic acids with calcium
carbonate and biotic CO2 is produced from the fermenta-
tion. It is assumed that for every 2 moles of acid produced
in the fermentor, 1 mole of abiotic CO2 is produced. The
biotic CO2 produced directly from the fermentation was
calculated by subtracting abiotic CO2 from total CO2. Only
biotic CO2 was used in the mass balance calculations.

A liquid sample (�3 mL) was taken from the fermentors
and analyzed for carboxylic acid concentration. The solids
remaining after fermentation were analyzed for undigested
volatile solids. Acid analysis was performed using an
Agilent 6890 gas chromatograph with capillary column
(J&W Scientific, model DB-FFAP). Carboxylic acids
(C2–C7) were the products measured and the sum of their
concentrations is known as total acids. It was operated
with a flame ionization detector (FID) and an Agilent
7683 Series Injector. The oven temperature in the GC
increased from 50 �C to 200 �C at 20 �C/min and was held
an additional 1 min at 200 �C. Liquid samples were mixed
with 1.162 g/L of internal standard (4-methyl-n-valeric
acid) and acidified with 3-M phosphoric acid. Volatile
solids in all samples were determined by first drying the
samples at 105 �C and then ashing at 550 �C in an oven.
2.8. Mass balance

Mass balance closure on the entire system was calcu-
lated over the entire period. The mass balance closure
was calculated as

Closure¼ Mass out

Mass inþWater of hydrolysis
ð1Þ

Closure

¼Undigested VSþDissolved VSþAcidsþBiotic CO2þCH4

VS inþWater of hydrolysis

ð2Þ

The mass balance could not be 100% because not all vari-
ables were accurately measured. During cellulose hydro-
lysis, a mole of water is gained per mole of monomer
resulting in mass increase. Ross (1998) suggested that bio-
mass could be represented as cellulose, with a monomer
weight of 162 g/mol. The water of hydrolysis was calcu-
lated as

Water of hydrolysis ¼ VS digested� 18

162
ð3Þ

The following definitions were used:

Volatile solids ðVSÞ ¼ Dry weight�Ash weight ð4Þ

Conversion ðxÞ ¼ VS digested

VS fed
ð5Þ

Yield ðyÞ ¼ Total carboxylic acids produced

VS fed
ð6Þ

Total acid productivity ðpÞ

¼ Total carboxylic acids produced

Total liquid volume in all fermentors � time
ð7Þ

Total acid selectivity ðsÞ

¼ Total carboxylic acids produced

VS digested
ð8Þ

The liquid samples were analyzed for carboxylic acid con-
centrations using the GC and the results were converted to
acetic acid equivalent (a):

a ¼ acetic ðmol=LÞ þ 1:75� propionic ðmol=LÞ
þ 2:5� butyric ðmol=LÞ þ 3:25� valeric ðmol=LÞ
þ 4:0� caprioc ðmol=LÞ þ 4:75� heptanoic ð9Þ

On mass basis, the acetic acid equivalent can be expressed
as

Ae ¼ 60:05 ðg=molÞ � a ðmol=LÞ ð10Þ
Acetic acid equivalents are based on the reducing power of
the acids produced from the fermentation and allow the
various acid products to be expressed on a common basis.

2.9. Continuum particle distribution modeling (CPDM)

The continuum particle distribution model (CPDM) can
be used to quantify the kinetics of a reaction occurring at
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the interface between solid and fluid phases. Examples of
such reactions are (1) microbial conversion of lignocellulose
to volatile fatty acids, (2) enzymatic hydrolysis of lignocel-
lulose, (3) microbial coal desulfurization, (4) reactive and
non-reactive extraction of soil contaminants, and (5) com-
bustion of high-ash coal. This method allows laboratory
data to be modeled mechanistically, or empirically to simu-
late different reactor configurations (Loescher, 1996).

The concept of ‘‘continuum particle’’ is used to avoid
the difficulties of tracking the geometry of individual dis-
crete particles. Loescher (1996) defined the continuum par-
ticle as 1 g of solids in the initial unreacted state. Ross
(1998) defined it as 1 g of volatile solids entering fermentor.
The particle concentration (particles/L) S0 is related to the
particle distribution function as shown in Eq. (11)

S0 ¼
Z 1

0

n̂ðxÞdx ð11Þ

The total reaction rate, r is related to the specific rate (r̂) as
a function of particle conversion and product concentra-
tions A (Eq. (12)). The specific rate r̂ðx;AÞ contains infor-
mation about the reacting system and products and n̂ðxÞ
contains information about substrate concentrations and
conversions

r ¼
Z 1

0

r̂ðx;AÞn̂ðxÞdx ð12Þ

For a batch reaction, all particles have the same conver-
sion. Therefore n̂ðxÞ ¼0 everywhere except at x 0

n0 ¼
Z 1

0

n̂ðxÞdx ¼ lim
e!0

Z x0þe

x0�e
n̂ðxÞdx ð13Þ

The Dirac delta function can be used to represent the
distribution function as in Eq. (14)

n̂ðxÞ ¼ S0dðx� x0Þ ð14Þ
Substituting the particle distribution function into the rate
equation gives Eq. (15)

r ¼
Z 1

0

r̂ðx;AÞn̂ðxÞdx ¼
Z 1

0

r̂ðx;AÞS0dðx� x0Þdx

¼ r̂ðx0;AÞS0 ð15Þ

Eq. (15) shows that the total reaction rate r is related to the
specific reaction rate r̂ðx0;AÞ by the initial particle concen-
tration. Therefore, the specific rate r̂ðx0;AÞ can be measured
from batch fermentation data.

Fixed-bed fermentors are similar to batch reactors
because solids are not moved and fresh feed is not added.
The only difference is the flow of liquid from one fermentor
to the other. From the general mass balance equation,

Accumulation ¼ Input�Output þGeneration

� Consumption ð16Þ

where

Accumulation is grams of acid produced between con-
secutive measurements.
Input is grams of acid fed to the fermentor due to liquid
transfer.
Output is grams of acid taken from the fermentor due to
liquid transfer.
Generation is grams of acid produced from the biomass.
Consumption is grams of acids used during
fermentation.

For a batch reactor, product accumulation can be used
to obtain the rate equation. However, for a fixed-bed sys-
tem where liquid products are moved from one fermentor
to the other, the Generation term was used to account
for all the acids produced from the initial biomass by rear-
ranging Eq. (16). The acid generated was modeled using
Eq. (17). Least squares analysis was used to obtain para-
meters for Eq. (17)

Ae ¼ aþ bt
1þ ct

ð17Þ

where

a, b, c are empirical constants,
t is time,
Ae is acetic acid equivalents.

The specific rate was determined from Eq. (17) and this
was fit to Eq. (18). CPDM parameters (Eq. (18)) were
obtained using the least squares analysis to minimize
specific rate (g of acetic acid equivalent generated/(time Æ
g VS)) using the mass of acetic acid generated data from
F1 of Train A

r̂pred ¼
eð1� xÞf

1þ g½/Ae�h
ð18Þ

where

e, f, g, h are empirical constants,
Ae is acetic acid equivalents,
/ is the ratio of total grams of actual acid to grams of
Ae.

The conversion (x) used in the model (Eq. (18)) is
defined as the mass of acetic acid equivalent generated (g)
per mass of volatile solids (g). During the batch mode of
operation, the rate equation (Eq. (18)) was integrated using
the explicit method of numerical integration. The mass of
acetic acid equivalent taken as a sample during the batch
mode was accounted for in the mass balance. During liquid
transfer, the mass of acetic acid equivalent in and out of a
particular fermentor was taken into consideration. The
accounting system provides information on the total mass
of acetic acid equivalent in each fermentor during the
fermentation. The acetic acid equivalent concentration in
the fermentors was determined by dividing the mass of ace-
tic acid equivalents by the volume of liquid in each fermen-
tor. The ratio of total acids to acetic acid equivalents (/)
was used to convert the acetic acid equivalent concentra-
tions back to total acid concentrations.
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2.10. Statistical methods

The ‘‘solver’’ in Microsoft Excel was used to obtain the
model parameters in Eqs. (17) and (18). The sum of the
mean-square error between experimental and predicted
values was minimized to obtain the model parameters.

3. Results and discussion

The maximum total acid concentration for F1 in Train
A was 34.2 g/L and the maximum acid concentration in
F2–F4 was �44 g/L (Table 1). The maximum total acid
concentration in F1 in Train B was 30.5 g/L and the max-
imum acid concentration in F2–F4 was �48 g/L (Table 2).
Although there was almost no difference in the total acid
concentrations of F2–F4 in both sets, the times at which
the maximum peak occurred increased from F2 to F4
(Tables 1 and 2). The conversion in each of the reactors
in Train A varied from 0.821–0.879 g VS digested/g VS
fed and the yield was in the range 0.489–0.609 g total
acids/g VS fed (Table 1). The conversion and yield in Train
B were 0.741–0.914 g VS digested/g VS fed and 0.563–
0.669 g total acids/g VS fed, respectively (Table 2).

The maximum acid concentration, conversion, and yield
from countercurrent fermentation of rice straw and chicken
manure using marine inocula were in the range 25–40 g/L,
0.38–0.69 g VS digested/g VS fed, and 0.16–0.29 g total
acids/g VS fed, respectively (Agbogbo and Holtzapple,
2006). The product concentrations, conversions, and yield
from the fixed-bed fermentation are higher than results
obtained from countercurrent fermentation. The use of
air-lime pretreatment in fixed-bed fermentors as well as
the high residence time is responsible for the high product
concentrations, conversion and yield. The fixed-bed fer-
mentation approach has the benefit of no solid handling
problems compared to the countercurrent fermentation
Table 1
Fermentation results for Train A

Fermentation Train A

Volatile solids per fermentor (g) 44.0
Total liquid volume per fermentor (L) 0.514
Liquid transfer volume per fermentor (L) 0.010
Temperature (�C) 40
Frequency of transfer Every 4 days

Fermentors F1

Average pH 6.7 ± 0.51
Average total acid productivity (g/(L d)) 0.138
Maximum acid concentration (g/L) 34.2
Average peak acid concentration (g/L) 30.0
Time of maximum acid concentration (d) 46–108
Average VS digested (g/d) 0.123
Yield (g total acids/g VS fed) 0.489
Selectivity (g total acids/g VS digested) 0.579
Conversion (g VS digested/g VS fed) 0.844
Biotic CO2 productivity (g CO2/L d) 0.100
CH4 productivity (g CH4/(L d)) 0.0
Mass balance closure (g VS out/g VS in) 1.06
system. Apart from that, the process is consolidated by per-
forming pretreatment and fermentation in the same unit.
The high product concentrations can potentially reduce
product recovery cost and, therefore, make the MixAlco
process more economical.

The parameters obtained from F1 in Train A were used
to model the other fermentors in Trains A and B taking
the liquid flow in each fermentor into consideration. The
experimental data were fit to a parametric equation
(Fig. 3) and the acetic acid equivalent value predicted from
the parametric equation was used instead of the experimen-
tal data. The mass balance equation (Eq. (16)) was used to
determine the acetic acid accumulation over the entire fer-
mentation period. The mass of acetic acid equivalents gen-
erated in F1 of Train A over time using Eq. (16) is shown in
Fig. 4. Eq. (16) was used on the other fermentors in Train
A (data not shown). The entire biomass was digested in
approximately 90 d in F1, 125 d in F2, 140 d in F3 and
150 d in F4. CPDM parameters (Eq. (19)) were obtained
using the least square analysis to minimize specific rate (g
of acetic acid equivalent generated/(time Æg VS)) using the
mass of acetic acid generated from F1 of Train A

r̂pred ¼
0:0243ð1� xÞ1:255

1þ 0:0198½/Ae�1:1
ðTrain AÞ ð19Þ

The Matlab program used for the modeling is shown in
Agbogbo (2005) and it contains user-friendly comments on
how the calculations were done. In the program, the mass
of acids produced is calculated and the concentrations of
the acetic acid equivalent as well as total acid are deter-
mined. The predicted total acid concentrations as well as
experimental data are shown in Figs. 5–9.

The correlation coefficients for the four fermentors in
Train A were 0.71–0.84 (Figs. 5–8). The same equation
was used on to obtain the product concentrations in Train
F2 F3 F4

6.5 ± 0.47 6.5 ± 0.49 6.4 ± 0.51
0.158 0.154 0.172
43.6 45.6 44.4
40.7 42.2 42.6
70–129 96–145 96–165
0.128 0.120 0.120
0.560 0.547 0.609
0.637 0.665 0.741
0.879 0.821 0.822
0.079 0.072 0.056
0.011 0.005 0.004
1.10 0.958 1.01



Table 2
Fermentation results for Train B

Fermentation Train B

Volatile solids per fermentor (g) 44.0
Total liquid volume per fermentor (L) 0.514
Liquid transfer volume per fermentor (L) 0.015
Temperature (�C) 40
Frequency of transfer Every 4 days

Fermentors F1 F2 F3 F4

Average pH 6.3 ± 0.54 6.5 ± 0.73 6.3 ± 0.52 6.3 ± 0.53
Average total acid productivity (g/(L d)) 0.188 0.165 0.159 0.162
Maximum acid concentration (g/L) 30.5 47.8 48.0 51.8
Average peak acid concentration (g/L) 28.5 41.8 44.9 43.8
Time of maximum acid concentration (d) 46–121 79–133 91–153 91–157
Average VS digested (g/d) 0.134 0.126 0.111 0.108
Yield (g total acids/g VS fed) 0.669 0.584 0.563 0.574
Selectivity (g total acids/g VS digested) 0.732 0.677 0.739 0.775
Conversion (g VS digested/g VS fed) 0.914 0.863 0.761 0.741
Biotic CO2 productivity (g CO2/L d) 0.061 0.070 0.047 0.040
CH4 productivity (g CH4/(L d)) 0.006 0.009 0.009 0.007
Mass balance closure (g VS out/g VS in) 1.11 1.06 0.968 0.920

y = -6E-08x4 + 5E-05x3 - 0.0141x2 + 1.3369x + 9.753

R2 = 0.9303
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Fig. 3. Acetic acid equivalents in F1 for Train A.
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Fig. 4. Acetic acid equivalents generated in F1 for Train A.
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Fig. 5. Total acid concentrations compared to predictions in F1 of
Train A.
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Fig. 6. Total acid concentrations compared to predictions in F2 of
Train A.
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B. The correlation coefficients for the four fermentors in
Train B were 0.67–0.80 (Fig. 9) (part of data not shown).
The predictability of Train B was comparable to that for
Train A. The results indicate that data from a single reac-
tor could be used to obtain the product concentrations in
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Fig. 7. Total acid concentrations compared to predictions in F3 of Train A.
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Fig. 8. Total acid concentrations compared to predictions in F4 of
Train A.
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Fig. 9. Total acid concentrations compared to predictions in F4 of
Train B.
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the other fermentors. A major cause for discrepancy is that
the fermentors are not mixed so there is a possibility of
channeling and local concentration differences within the
fermentors.

From Figs. 5–9, the product concentrations are not
steady. A steady product concentration can be obtained
from the fixed-bed fermentors by using the ‘round-robin’
system (Fig. 10). Fresh liquid is added to F1 and products
from F1 to F2, F2 to F3, F3 to F4, and F4 to F5. The final
product is taken from F5. To maintain a steady total acid
concentration, a new fermentor F6 is pretreated and is
ready to replace a fully digested fermentor. When the bio-
mass in the first fermentor (F1) becomes fully digested, the
liquid flow is re-routed, fresh liquid now goes to F2 and
products from F2 to F3, F3 to F4, F4 to F5, and F5 to
F6 (Fig. 10). The final product is now taken from F6.
The process is repeated anytime a fermentor becomes fully
digested. CPDM used on the fixed-bed fermentation was
F1

F3F5

F2

Liquid
Product

Unloading/
Loading

Fresh
Liquid
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ermentation system.
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extended to the ‘round-robin’ fermentation system
(Agbogbo, 2005). The liquid flow and re-routing was
accounted for in modeling the ‘round-robin’ system.

Freshly pretreated biomass (44 g volatile solids in
513 mL initial liquid volume) with 30 d batch fermentation
can only achieve 30 g/L product concentration, it takes a
high liquid transfer volume to get to a steady acid value.
A steady-state product concentration of 37 g/L was pre-
dicted for the round-robin system when 100 mL of liquid
was transferred every 4 days (Fig. 11). From Fig. 12, there
is a general decrease in the number of days it takes to
switch fermentors as the quantity of liquid transferred
increases. The frequency of switching fermentors is 18 d
when only 10 mL of liquid is transferred every 4 d and
4 d when 100 mL of liquid is transferred every 4 d.

The variation of acid concentration with volatile solid
concentration and transfer rate in an initial 513 mL liquid
volume is shown in Fig. 13. An increase in the days it takes
to do a transfer increases the total acid concentration. This
is because the longer it takes to do a transfer, the more the
acids build up and the higher the total acid concentration.
From Fig. 13, the maximum acid concentration predicted
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Fig. 11. Product concentrations in a round-robin system (100 mL of
liquid transferred every 4 days).
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Fig. 12. Duration of switching fermentors at different liquid transfer
volumes.
was 55 g/L at a volatile solids concentration of 105 g VS/
L liquid when transfer is performed every 6 d.

4. Conclusion

A fixed-bed fermentor was used to pretreat and ferment
a mixture of rice straw (80%) and chicken manure (20%).
In the fixed-bed fermentor setup, only liquids were moved
from one fermentor to other, unlike countercurrent fer-
mentation where solids and liquids are moved in opposite
directions. The total acid concentrations, conversions,
and yield from the fixed-bed fermentor setup were higher
than the results from countercurrent fermentation. The
conversion in each of the reactors in Train A varied from
0.821 to 0.879 g VS digested/g VS fed, the yield was
0.489–0.609 g total acids/g VS fed, and the selectivity was
0.579–0.741 g total acids/g VS digested, respectively. The
conversion, yield, and selectivity in Train B were 0.741–
0.914 g VS digested/g VS fed, 0.563–0.669 g total acids/g
VS fed, and 0.677–0.775 g total acids/g VS digested,
respectively.

CPDM was used to model the fixed-bed fermentation
system. The correlation coefficient for the four fermentors
in Trains A and B were 0.71–0.84, and 0.67–0.80, respec-
tively. CPDM was extended to the round-robin system to
predict steady total acid concentrations. In the round-robin
system, an increase in the time it takes to do a transfer
increases the total acid concentration. In this work, it has
been demonstrated that high product concentrations and
yields can be obtained without solids transfer. The fixed-
bed fermentor had the added benefit of being used for both
biomass pretreatment and fermentation.
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