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ABSTRACT: Simultaneous saccharification and co-fermen-
tation (SSCF) of waste paper sludge to ethanol was inves-
tigated using two recombinant xylose-fermenting microbes:
Zymomonas mobilis 8b and Saccharomyces cerevisiae
RWB222. S. cerevisiae RWB222 produced over 40 g/L etha-
nol with a yield of 0.39 g ethanol/g carbohydrate on paper
sludge at 37°C, while similar titers and yields were achieved
by Z. mobilis 8b at 30°C. Both S. cerevisiae RWB222 and
Z. mobilis 8b exhibited decreasing cell viability at 37°C when
producing over 40 g/L ethanol. A high ethanol concentration
can account for S. cerevisite RWB222 viability loss, but
ethanol concentration was not the only factor influencing
Z. mobilis 8b viability loss at 37°C. Over 3 g/L residual
glucose was observed at the end of paper sludge SSCF by
Z. mobilis 8b, and a statistical analysis revealed that a high
calcium concentration originating from paper sludge, a high
ethanol concentration, and a high temperature were the key
interactive factors resulting in glucose accumulation. The
highest ethanol yields were achieved by SSCF of paper sludge
with S. cerevisiae RWB222 at 37°C and Z. mobilis 8b at 30°C.
With good sugar consumption at 37°C, S. cerevisiae
RWB222 was able to gain an improvement in the polysac-
charide to sugar yield compared to that at 30°C, whereas
Z. mobilis 8b at 30°C had a lower polysaccharide to sugar
yield, but a higher sugar to ethanol yield than S. cerevisiae.
Both organisms under optimal conditions achieved a 19%
higher overall conversion of paper sludge to ethanol than the
non-xylose utilizing S. cerevisiae D5A at its optimal process
temperature of 37°C.

Biotechnol. Bioeng. 2010;107: 235-244.
© 2010 Wiley Periodicals, Inc.

KEYWORDS: saccharification and co-fermentation; paper
sludge; ethanol; cellulose; Saccharomyces cerevisiae; Zymo-
monas mobilis

Correspondence to: Lee R. Lynd

© 2010 Wiley Periodicals, Inc.

Introduction

Fuel ethanol produced from cellulosic feedstocks offers
significant benefits if cost-effective processes can be deve-
loped (Farrell et al., 2006; Greene et al., 2004). Simultaneous
saccharification and fermentation (SSF), featuring enzy-
matic hydrolysis of cellulose and fermentation of hexose
sugars in one integrated step, significantly decreases inhibi-
tion to cellulase by cellulose hydrolysis products (Takagi
et al., 1977; Van Dyke, 1972; Xiao et al., 2004; Zacchi and
Axelsson, 1989). Simultaneous saccharification and co-
fermentation of hexose and pentose sugars (SSCF) is a
process similar to SSF except that the hexose and pentose
fermentations occur in one step. SSCF offers potential for
more streamlined processing and a lower capital cost
(Chandrakant and Bisaria, 1998; Wyman, 1999) while
reducing inhibition of hydrolysis by xylose (Kim and Lee,
2005). SSCF has been investigated for production of both
ethanol (Kang et al., 2010; Kim and Lee, 2005; Linde et al,,
2007; McMillan et al., 1999; Ohgren et al., 2006; Olofsson
et al., 2008; Rudolf et al., 2007; Teixeira et al., 1999, 2000;
Zhang et al., 2009a,b,c) and lactic acid (Patel et al., 2005;
Zhu et al, 2007), with documentation of hydrolyzate
inhibition a focus of most prior work.

Saccharomyces cerevisiae RWB222 and Zymomonas mobilis
8b are recombinant strains capable of fermenting both
xylose and glucose to produce ethanol at high yields (Kuyper
etal., 2005; Mohagheghi et al., 2004; Zhang et al., 2009a,b,¢).
S. cerevisiae RWB222 is an improved version of S. cerevisiae
RWB218, with re-integration of the ura3 gene allowing
greater stability in industrial media (Hans van Dijken,
personal communication). S. cerevisite RWB218 is an
engineered version of the laboratory strain S. cerevisiae CEN.
PK (Kuyper et al., 2005; van Dijken et al., 2000) containing
the xylose isomerase from Piromyces sp. E2, along with over-
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expression of native pentose phosphate pathway genes
xylulokinase, ribose 5-phosphate isomerase, ribulose 5-
phosphate epimerase, transketolase, and transaldolase
(Kuyper et al., 2003, 2004, 2005). Piromyces sp. E2
isomerase, the first xylose isomerase found in a fungal
microorganism (Harhangi et al., 2003), allows S. cerevisiae
RWB218 to convert xylose to xylulose in one step.
This allows for growth on xylose under strictly anaerobic
conditions with very little xylitol production (Kuyper et al.,
2003, 2004).

Z. mobilis 8b is a strain which can tolerate up to 16 g/L
acetic acid derived from Z. mobilis ZM4, (Mohagheghi et al.,
2004). Strain ZM4 (Joachimsthal et al., 1998, 1999) is an
ethanol tolerant mutant of the xylose utilizing Z. mobilis
CP4, which was first developed by integrating the genes
encoding xylose isomerase, xylulokinase, transaldolase, and
transketolase from Escherichia coli (Zhang et al., 1995).

A waste from paper making, paper sludge often contains
over 50% carbohydrate on a dry basis, with glucan and xylan
together comprising the major carbohydrate components
(Lynd et al., 2001). As a substrate for biological conversion,
paper sludge has a zero or negative feedstock cost, is fortui-
tously pretreated during the paper making process. Because
of these features, paper sludge is a potential commercial
feedstock for production of cellulosic ethanol as well as a
model substrate for simultaneous saccharification and co-
fermentation of glucan and xylan.

This study was undertaken to evaluate SSCF of paper
sludge using two engineered xylose utilizing organisms.
Initial paper sludge concentrations were chosen to yield final
ethanol concentrations >40 g/L a point at which economical
ethanol recovery becomes feasible (Zacchi and Axelsson,
1989). A commercial cellulase preparation (Spezyme CP)
with supplemental B-glucosidase was used for enzymatic
hydrolysis of cellulose and xylan.

Materials and Methods

Microorganisms

Zymomonas mobilis 8b was kindly provided by Dr. Zhang
from NREL (Golden, CO). Saccharomyces cerevisiae RWB222
was kindly provided by Dr. van Dijken from Delft University
of Technology (Delft, the Netherlands) via the Mascoma
Corporation (Cambridge, MA). Saccharomyces cerevisiae D5A
was provided by NREL (Zhang et al., 2009a).

Substrates

Paper sludge was obtained from the cascade mill (Gorham,
NH) operated by Pulp and Paper of America and
subsequently sold to Fraser Papers. A single sample of fresh
sludge was obtained from the mill, divided into aliquots in
freezer bags, and stored at —20°C for long term use. Freezing
at —20°C was shown to have no effect on the enzymatic
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hydrolysis of paper sludge (Shao, 2007). The paper sludge
used in this study contains 70% moisture content and 30%
solids. The dry paper sludge contains 47.7% glucan, 12.8%
xylan, 1.5% mannose (% dry weight) and 32.6% minerals.
Avicel PH-105 was kindly provided by FMC Biopolymer
Corporation (Philadelphia, PA) as a gift.

Enzymes

Spezyme CP, an enzyme mixture derived from T. reesei, was
kindly provided by Genencor International, Inc. (Rochester,
NY). B-Glucosidase (Novozyme 188) was purchased from
Sigma—Aldrich (St. Louis, MO). 1 mg protein Spezyme CP
was found to correspond to 0.46 FPU cellulase activity, and
1 mg Novozyme 188 corresponded to 191U B-glucosidase
activity. The protein content was measured by a modified
Lowry Peterson’s method total protein kit (Sigma—Aldrich).
Cellulase and B-glucosidase activities were measured using
standard methods (Ghose, 1987).

Media

Rich medium (RM) consisting of 10 g/L yeast extract and
2 ¢g/L KH,PO, supplemented with different concentrations
of sugars was used for inoculum preparation of Z. mobilis 8b
(Mohagheghi et al., 2004). Corn steep liquor supernatant
(Sigma—Aldrich) was added at 1% v/v for Z. mobilis 8b
fermentation media.

For S. cerevisiae, shaking synthetic medium was used for
inoculum preparation and synthetic medium was used for
fermentation studies as described (Kuyper et al., 2005). The
synthetic medium (Kuyper et al., 2005) used in fermentation
includes 5g/L (NH,4),SO,, 3 g/L KH,PO,, 0.5g/L MgSO,-
7H,0, 15mg/L EDTA, 4.5mg/L ZnSO,-7H,0, 0.3 mg/L
CoCl,-6H,0, 0.84 mg/L MnCl,-2H,0, 0.3mg/L CuSO,-
5H,0, 4.5mg/L CaCl,-2H,O, 3.0mg/L FeSO,-7H,0,
0.4mg/L Na,MO,-2H,0, 1.0mg/L H;BOs, 0.1 mg/L KI,
0.05 mg/L biotin, 1.0 mg/L calcium pantothenate, 5.0 mg/L
nicotinic acid, 25.0 mg/L myo-inositol, 1.0 mg/L thiamin
HCI, 1.0 mg/L pyridoxin HCI, and 0.2 mg/L para-amino-
benzoic acid. The shaking flask synthetic medium used for
inoculum preparation is similar to the synthetic medium
as described except with 6.59 g/L K,SO,4 and 1.2 g/L urea
((NH,),CO) instead of 5 g/L (NH,),SO,4. Anaerobic growth
factors ergosterol (0.01 g/L) and Tween-80 (0.42 g/L) were
added in the paper sludge fermentation and sugar
fermentation.

Inoculum Preparation

Two milliliters of a Z. mobilis 8b stock culture stored at
—80°C was incubated in 10 mL RM medium with 20g/L
glucose and 10 g/L xylose for 8 h at 30°C. This culture was
then transferred to a 500 mL screw-cap bottle containing
200 mL RM medium with 20 g/L glucose and 20 g/L xylose,



and incubated for 16-20 h at 30°C or 37°C as indicated with
a final ODgy, between 1.2 and 2.0. For quantification,
dilutions were made by adding fresh medium to achieve an
optical density between 0.1 and 0.6 blanked with fresh
medium. This method was used for all the OD measure-
ments reported in this article. The inoculum culture was
centrifuged at 5,000¢ for 15 min, and the pelleted cells were
collected and re-suspended in sterilized water as the
inoculum for the fermentation.

Three milliliters of a S. cerevisiae RWB222 stock culture
stored at —80°C was inoculated in a 500 mL orbital shaking
flask containing 150 mL shaking synthetic media supple-
mented with 40 g/L xylose at 30°C or 37°C as indicated
for 24-36 h with the final ODgq, of about 3.0. The inocu-
lum was collected by centrifugation at 5,000¢ for 15 min
and re-suspended in sterilized water as the inoculum for
the fermentation. A similar procedure was used for S.
cerevisiae D5A except the inoculum was prepared in 40 g/L
glucose.

Batch Paper Sludge SSCF and Avicel SSF

Experiments for paper sludge SSCF were carried out at 30 or
37°Cin a2 Lreactor (Applikon, Schiedam, the Netherlands)
with a modified impellor to reduce the effects of mass
transfer limitation (Zhang et al, 2009¢). The working
volume was 900 & 25 mL. A filter sterilized enzyme mixture
and Z. mobilis 8b were added into the reactor to make
final concentrations of concentration of 10 FPU cellulase/g
cellulose, 60 IU B-glucosidase/g cellulose, 0.09 g/L Z. mobilis
8b, 1% v/v clarified corn steep liquor supernant (cCSL)
and 82 g/L cellulose from paper sludge. For Z. mobilis, a dry
cell weight correlation of 0.35g/L per unit OD600 was
used to prepare initial cell mass during inoculation.
Nitrogen was purged 2 h before inoculation. Similar operat-
ion conditions were carried out for Avicel SSF, except
that pH was controlled by a combination electrode pH
probe (EASYFERM PLUS K8 200, Hamlton, Reno, NV) at
5.540.1 with 1M KOH and the stirring speed was cont-
rolled at 300 rpm from the beginning of the experiment.
Fermentations using paper sludge as substrate were started
at pH 5.8, and pH dropped slowly to pH 5.5. A histogram
of pH trend in the fermentation can be found in Zhang
(2008). Similar pH trends during fermentations were also
reported with lower concentrations of paper sludge (Kang
et al., 2010).

Paper sludge SSCF or Avicel SSF by S. cerevisiae RWB222
and by S. cerevisiae D5A were carried out as described for
Z. mobilis 8b except for the inoculum amount and medium
composition. The inocula for S. cerevisiae RWB222 and
S. cerevisiae D5A were about 1.1 g/L, and the SSCF and SSF
experiments used synthetic medium. For S. cerevisiae, a dry
cell weight correlation of 0.56 g/L/U OD600 was used to
prepare initial cell mass during inoculation. Each experi-
ment reported was carried out at least twice.

Batch Low Concentration Paper Sludge SSCF

Low concentration paper sludge SSCF reactions were carried
out in 250 mL serum bottles with a working volume of
about 100 mL. Paper sludge and inoculum were added in
the bottles at one third the concentration of the high
concentration batch paper sludge SSCF in the reactor as
described in Batch Paper Sludge SSCF and Avicel SSF
Section. Enzymes were loaded at the same level as high
concentration paper sludge SSCF, namely 10 FPU cellulase/g
cellulose and 601U B-glucosidase/g cellulose. The serum
bottles were purged with nitrogen before autoclaving.
The pH trend of lower concentration paper sludge fer-
mentations was found to be the same as higher concentra-
tion paper sludge fermentations, as indicated in Batch Paper
Sludge SSCF and Avicel SSF Section.

Calcium Inhibition Experiments With Z mobilis 8b

Investigation of inhibition of Z. mobilis 8b by calcium was
carried out in 250 mL serum bottles containing 100 mL 1%
v/v nitrogen-purged corn steep liquor supernatant supple-
mented with 10 g/L glucose, and different concentrations of
calcium and ethanol. Serum bottles were prepared according
to a factorial design with levels of ethanol (0, 10, 20, and
40 g/L), temperature (30 and 37°C) and calcium (0, 1 g/L) in
duplicates to test the individual and interaction effects on
the consumption of glucose by Z. mobilis 8b. The inoculum
was 0.05 g/L Z. mobilis 8b with an initial pH at 5.75. Glucose
concentrations after 24 h were measured and statistic ana-
lysis was carried out using Minitab, Inc. (State College, PA).

Carbon Mass Balance Calculation

The carbon recovery rate was calculated based on the total
moles of carbon at the final time, divided by the moles of
carbon at the beginning of the fermentation. The carbon
equation includes the carbon present as part of glucan,
xylan, and mannan in the paper sludge, as well as glucose
and xylose in the enzyme mixtures and that arising from
enzymatic hydrolysis and fermentation products. Carbon
dioxide production was estimated assuming one mole
of CO, formed per mole of acetic acid or ethanol produced,
and one mole of CO, consumed per mole of succinic acid
produced. For the purpose of mass balance calculations, the
carbon content of cells was assumed to be 44% on a dry basis
(Graaf et al., 1999; Lange and Heijnen, 2001).

Analysis

Concentrations of cellobiose, glucose, xylose, xylitol,
succinic acid, lactic acid, glycerol, acetic acid and ethanol
in fermentation broths were analyzed by HPLC with an
Aminex-87H column (Bio-Rad Laboratories, Hercules, CA)
maintained at 60°C. The carbohydrate content of dried
cellulose-containing solid paper sludge was determined via
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quantitative saccharification based on a 2h incubation in
72 wt% H,SO, at 30°C followed by a second 1 h incubation
in 4wt% H,SO, at 121°C (NREL analytical procedures,
1995). The cell mass was determined by counting colony
forming units on agar plates, as described in Zhang et al.
(2009¢).

Results

Paper Sludge SSCF at 37°C

Paper sludge SSCF was carried out with S. cerevisiae
RWB222 and Z. mobilis 8b at 37°C with an initial
concentration of 170 g/L dry paper sludge (82 g/L glucan,
22¢g/L xylan) and an inoculum corresponding to about
10% of the final cell mass produced in a soluble sugar
fermentation with a similar total potential carbohydrate
concentration (data not shown). As may be seen from
Figure 1A, S. cerevisiae produced about 45g/L ethanol
with no glucose and about 1 g/L xylose left in the medium,
and about 5.5g/L glucan and 1.2 g/L xylan left in the solid
residual after 120h (Table I). Z. mobilis 8b performed
somewhat less well at 37°C (Fig. 1B), with about 3.3 g/L
glucose and 5.5 g/L xylose present in the medium, and about
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Figure 1. &2 g/L cellulose paper sludge SSCF at 37°C. A: S. cerevisiae RWB222;
(B) Z mobilis 8b. (—x—) Cellobiose, (—>é—) glucose, (—&—) xylose,
(——) ethanol, and (—p—) viable cell. [Color figure can be seen in the online
version of this article, available at wileyonlinelibrary.com.]
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12.2 g/L glucan and 4.7 g/L xylan left in the solid residual
at the end of fermentation. The viable cell number per mL
for the S. cerevisine RWB222 fermentation dropped drama-
tically beginning at 65h, at which point the ethanol
concentration was around 36 g/L ethanol, while the viable
cell number per mL of Z. mobilis 8b started decreasing at
41h at which point the ethanol concentration was about
20 g/L ethanol.

Paper Sludge SSCF at 30°C

SSCF of paper sludge at 30°C was performed to test the effect
of temperature on cell viability and sugar utilization. Paper
sludge SSCF using S. cerevisiae RWB222 at 30°C had a
similar fermentation profile as at 37°C, except that the viable
cell numbers remained relatively constant after reaching
36 g/L ethanol, as seen from Figure 2A. Z. mobilis 8b maint-
ained good cell viability at 30°C, and while some cellobiose
and glucose accumulated during the first 50 h, no residual
cellobiose and glucose were detected at the end of fer-
mentation (Fig. 2B). Residual glucan after 120h is around
10g/L and residual xylan is around 2.6 g/L in the solid
residue of SSCF by both Z. mobilis and S. cerevisiae at 30°C, a
concentration higher than by S. cerevisiae RWB222 at 37°C
as shown in Table L

Low Concentration Paper Sludge SSCF

A set of experiments was designed to assess the contribution
of ethanol inhibition to the loss of cell viability observed in
paper sludge SSCF at 37°C. If ethanol inhibition were a
major factor responsible for loss of viability, then good cell
viability would be expected in SSCF experiments at lower
initial cellulose concentrations. As seen from Figure 3A and
G, S. cerevisine RWB222 established high viability at both 30
and 37°C under conditions where the final ethanol reached
15 g/L, suggesting that ethanol concentration is the major
factor for declining viability at high substrate concentrations
for SSCF with this organism. However, even at a reduced
final ethanol concentration, cell viability in SSCF with Z.
mobilis 8b still decreases dramatically at the end of fer-
mentation at 37°C (Fig. 3B). For high concentration paper
sludge SSCF with Z. mobilis, good cell viability is again
observed at 30°C (Fig. 3D). These results indicated that one
or more factors other than ethanol inhibition contributed
substantially to loss viability in SSCF using Z. mobilis 8b at
37°C.

Avicel SSF

SSF was carried out with Avicel, a model substrate that is
free of inhibitors and far less viscous than paper sludge at
the start of a high solids fermentation. Figure 4 shows the
fermentation profile of Avicel SSF at 37°C by S. cerevisiae
RWB222 and Z. mobilis 8b, in which viable cell number



Table 1. Carbon balance calculation for high solid paper sludge SSCF by S. cerevisiae RWB222 and Z. mobilis 8b at 30 and 37°C.

Unit (g/L) RWB222 at 37°C RWB222 at 30°C 8b at 37°C 8b at 30°C
Carbon in
Glucan 80.72£2.24 79.54+1.99 78.57 £1.96 81.88 £2.46
Xylan 21.59 £0.60 21.28£0.53 21.01£0.53 21.90 £0.66
Mannan 2.59+£0.07 2.54+£0.06 2.52+0.06 3.09+£0.09
Glucose from enzyme 0.90+0.02 0.824+0.02 0.8940.02 0.94+0.03
Xylose from enzyme 0.82+£0.02 0.75+0.02 0.81+0.02 0.86 +£0.03
Total carbon (mol/L) 3.96 +£0.09 3.90+0.10 3.86 £0.10 4.04+0.12
Carbon out
Glucan 5.51+1.09 10.50 £ 1.56 12.18 +1.54 9.59 +1.68
Xylan 1.17£0.37 2.60£0.35 4.66£0.34 2.56 £0.29
Mannan 0.83£0.08 0.79 £0.08 0.66 £0.08 0.99+0.11
Xylotriose 0.00 £0.00 0.31£0.00 0.69+0.05 0.53£0.00
Xylobiose 0.53 £0.02 0.73 £0.00 1.38+0.16 0.94 £0.00
Cellobiose 0.00£0.00 0.00£0.00 1.46 £0.54 0.00£0.00
Glucose 0.00£0.00 0.10 £0.00 3.77+1.14 0.00 £0.00
Xylose 0.95+£0.15 0.48 £0.00 5.47+0.83 1.37£0.70
EXP 5.334+0.32 5.28 £0.37 3.59+£0.25 5.66 £0.34
Lactic acid 0.56 £0.04 0.57£0.01 1.12£0.22 0.00£0.00
Glycerol 4.92£0.11 3.54+£0.02 0.79+0.13 0.41£0.07
Acetic acid 1.27 £0.06 0.35£0.01 0.91+0.18 0.38£0.53
Ethanol 45.23+0.65 40.14£0.96 36.58 +0.80 46.32£0.99
Cell mass 1.76 £0.18 3.89+£0.54 0.53 £0.00 0.56 +0.00
Total carbon (mol/L) 3.80 £0.06 3.71£0.09 3.78£0.10 3.88£0.10
Carbon recovery 0.96 0.95 0.98 0.96
EXP/xylose consumed 0.27 0.33 0.36 0.34
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Figure 2. 8 g/L cellulose paper sludge SSCF at 30°C. A: S. cerevisiae RWB222;
(B) Z mobilis 8b. (——) Cellobiose, (—>&—) glucose, (—&—) xylose,
(—B—) ethanol, and (—p—) viable cell. [Color figure can be seen in the online
version of this article, available at wileyonlinelibrary.com.]

starts decreasing at 44h (around 29g/L ethanol) for
S. cerevisiae RWB222, and at 25h (around 23 g/L ethanol)
for Z. mobilis 8b. The viable cell growth curves of both
S. cerevisine RWB222 and Z. mobilis 8b shown in Figure 4
were similar to those in the paper sludge SSCF’s shown in
Figure 1. This indicates that mass transfer limitations
associated with an initially viscous feedstock and any inhi-
bitors present in paper sludge are not responsible for the
observed loss of cell viability.

No soluble glucose or cellobiose was detected in Avicel
SSF by Z. mobilis 8b at 37°C after 24h as shown in
Figure 4B, while about 3.5 g/L glucose accumulated at the
end of fermentation in paper sludge SSCF by Z. mobilis 8b
under similar conditions as shown in Figure 1B. This
difference suggests that although Z. mobilis cell viability is
not affected by paper sludge, some component of paper
sludge inhibits the ability of Z. mobilis to consume glucose.

Effect of Calcium on Glucose Utilization by Z. mobilis 8b

An experimental design with three factors—temperature
(30 and 37°C), ethanol concentration (0, 10, 20, 40 g/L), and
calcium ion concentration (0, 1g/L)—was designed to
examine the effect on glucose utilization by Z. mobilis 8b.
Utilization of 10g/L glucose after 24h incubation was
measured. Glucose (10g/L) was chosen because this con-
centration is close to the maximum glucose concentration
detected in paper sludge SSCF in the first 24 h. Calcium (1 g/
L) was selected because it is the maximum concentration
detected in the paper sludge fermentation broth. Figure 5
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shows the interactive effect of ethanol, calcium, and
temperature on residual glucose. The residual glucose was
calculated as the mean value under certain conditions, for
example, the data point at 20g/L ethanol and 37°C in
Figure 5 was the mean value of residual glucose for bottles at
37°C with 20g/L ethanol and 0g/L calcium and 1g/L
calcium. As shown in Figure 5, residual glucose increased
when ethanol increased from 20 to 40 g/L at 37°C, and no
residual glucose was detected at 30°C. No residual glucose
was detected when there was no calcium, and residual
glucose increased with increasing ethanol concentration
when 1g/L calcium was present. Figure 6 shows the single
factor effect on residual glucose, with the data indicating
that residual glucose was only present with 1g/L calcium,
37°C and >20 g/L ethanol. We conclude that the interaction
of calcium, ethanol, and high temperature is responsible
for the accumulation of glucose in high concentration
paper sludge SSCF, which slows down cellulose enzymatic
hydrolysis and lowers final ethanol titer.

Mass Balance of Z mobilis 8b and S. cerevisiae
RWB222 in Paper Sludge SSCF at 30 and 37°C

Carbon balances are presented in Table I based on the initial
carbohydrate present, carbohydrates left in the residual
solids, residual soluble sugars and sugar oligmers, and
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fermentation products. Trace amounts of mannose, xylitol,
and succinic acid, which were masked by ethyl B-xylopy-
ranoside (EXP) (Zhang et al., 2009a), were not quantified.
Cell carbon is based on an assumed carbon content of
44% of cell weight for both S. cerevisine RWB222 and
Z. mobilis, with cell carbon attributed to cell mass equal to
the maximum cell mass detected minus the inoculation
amount. Values for the carbon recovery calculated in this
manner were between 95% and 98%. Of note, the com-
pound ethyl B-xylopyranoside, a significant xylan enzymatic
hydrolysis byproduct in the presence of ethanol, was present
and accounted for about ~30% of the xylan yield loss
(Zhang et al., 2009a).

Comparative Performance of Z. mobilis 8b and
S. cerevisiae RWB222 in Paper Sludge SSCF at
30 and 37°C

Data from high concentration paper sludge SSCF using
Z. mobilis 8b and S. cerevisine RWB222 after 5 days are
tabulated and compared in Table II. In order to understand
the metabolic performance of the organism under different
culture conditions, the ethanol yield based on sugar
consumption was calculated. Ethanol yield based on the
sugar consumed by Z. mobilis 8b was higher than for
S. cerevisine RWB222. Specifically, the average metabolic
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ethanol yield for Z. mobilis 8b was 0.46 g ethanol/g sugar
consumed at 30°C and 0.47 g ethanol/g sugar at 37°C, which
was higher than the 0.40 g ethanol/g sugar at 30°C and 0.42 g
ethanol/g sugar 37°C for S. cerevisine RWB222.

To understand the enzyme hydrolysis performance under
different conditions, the percentage of glucan and xylan
solublized (glucan and xylan conversion) was calculated. For
S. cerevisite RWB222, the average glucan conversion to
monomer sugar or ethanol was 93%, and the average xylan
conversion to monomer sugar or ethanol was 95% at 37°C.
For Z. mobilis 8b, the average glucan and xylan conversion
to monomer sugar or ethanol was much lower at 37°C,
presumably due to cellulase inhibition by the high con-
centration of residual glucose and xylose remaining
(Fig. 1B). Conversions of glucan and xylan at 30°C were
similar for both Z. mobilis 8b and S. cerevisiae RWB222, at
almost 90%. SSCF is a hydrolysis dominated process if the
residual glucose and xylose are at very low concentrations in
the broth, consistent with the similar enzymatic hydrolysis
yield of cellulose and hemicellulose achieved by both
organisms at 30°C as shown in Table I.

In order to compare strain performance in a process
context, ethanol yields were calculated based on grams
ethanol produced per gram potential sugars from the paper
sludge initially present, and also compared to the same
amount of paper sludge fermentation by the non-xylose
fermenting strain S. cerevisiae D5A at 37°C. The results
(Table II) showed that the highest yields were achieved by
SSCF of paper sludge with S. cerevisiae RWB222 at 37°C and
Z. mobilis 8b at 30°C, with both organisms achieving a 19%
higher ethanol yield than S. cerevisiae D5A at 37°C.

Discussion

Our results show that SSCF at 30°C using both S. cerevisiae
RWB222 and Z. mobilis 8b results in good cell viability and
high conversion of both glucan and xylan to ethanol in
5 days with low residual sugars present. At 37°C, paper
sludge SSCF with S. cerevisite RWB222 results in high
conversion of glucan and xylan to ethanol although cell
viability decreases at ethanol concentrations around 36 g/L.
During Avicel SSF with S. cerevisise RWB222, a similar
pattern of cell growth was observed, although the viable cell
count started declining around 29 g/L ethanol instead of
36 g/L, as seen during paper sludge SSCF. The lower ethanol
concentration observed in Avicel SSF might due to the
sampling frequency or a lower rate of sugar release at the
later stage of the Avicel fermentation. Under the conditions
tested, a similar cell viability curve was observed in paper
sludge SSCF and Avicel SSF; however, soluble glucose accu-
mulated only in paper sludge SSCF at 37°C using Z. mobilis
8b. Further investigation showed that the interactive effect
of >20g/L ethanol, 1g/L calcium, and 37°C cause the
accumulation of glucose in paper sludge SSCEF. Cell viability
loss was observed in the later stage of low and high
concentration paper sludge SSCF by Z. mobilis 8b at 37°C,
which indicates that ethanol concentration is not the only
factor effecting the loss of cell viability.

Glucan and xylan in paper sludge used in this paper
were converted to monomer sugars at almost the same rate
by Spezyme CP and Novozyme 188 (Zhang et al., 2009¢).
However, we observed higher residual xylose accumulation
than residual glucose during paper sludge SSCF by both
S. cerevisite RWB222 and Z. mobilis 8b. The slower
consumption rate of xylose than glucose in SSCF was
consistent with soluble sugar fermentations of glucose and
xylose by both engineered xylose utilizing S. cerevisiae
(Kuyper et al., 2005) and Z. moblis (Kim and Barrow, 2000).

Commercial cellulase prepared from Trichoderma reesei
has activity optimums at a temperature at 50°C and pH
4.8 (Mandels and Weber, 1969). Researchers have tried to
develop a process or find a thermal tolerant organism to
match the optimum conditions of enzymatic hydrolysis for
purposes such as SSF fermentations. However, increasing
the fermentation temperature of traditional ethanologens
has been shown to decrease ethanol production and increase
cell death rate (Ballesteros et al., 1991; Banat et al., 1992,
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Figure 5. Interaction effects of ethanol, calcium, and temperature on 10 g/L glucose utilization by Z mobilis 8b in factorial designed experiments. [Color figure can be seen in

the online version of this article, available at wileyonlinelibrary.com.]

1996; D’Amore et al., 1989; Spindler et al., 1988; Szczodrak
et al., 1988; van Uden, 1984). Alternatively, use of engi-
neered thermophilic bacteria shows the potential to match
optimal microbial growth to the optimal enzymatic
hydrolysis temperature (Shaw et al., 2008), but its appli-
cation in industry has yet to be demonstrated. Here we
compared paper sludge SSCF by two engineered

microorganisms at the optimum cell growth temperatures
of 30 and 37°C, the highest temperature we know that
over 40 g/L ethanol was produced with a good cell viability
in soluble sugar fermentation. Paper sludge SSCF by Z.
mobilis 8b has much higher ethanol yields at 30°C than 37°C
due to better consumption of residual sugar, and higher
final glucan and xylan conversion. Paper sludge SSCF by

Figure 6. Effect of ethanol, calcium, and temperature on 10 g/L glucose utilization by Z mobilis 8b in factorial designed experiments.
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Table Il

Comparison of paper sludge SSCF by S. cerevisiaee RWB222 and Z. mobilis 8b at 30 and 37°C, and with S. cerevisiae D5A at 37°C.

RWB222 at 37°C RWB222 at 30°C 8b at 37°C 8b at 30°C D5A at 37°C
g ethanol/g sugar consumed 0.42£0.01 0.40 £0.01 0.46 £0.01 0.47 £0.01 0.4440.01
g ethanol/g sugars fed in paper sludge 0.39+£0.01 0.35£0.01 0.314+0.01 0.39+0.01 0.33+£0.01
Final xylan conversion 0.95+0.02 0.89 +0.02 0.78£0.02 0.90£0.01 0.934+0.02
Final glucan conversion 0.93£0.01 0.88 +0.02 0.74£0.02 0.88 £0.02 0.9440.01
Ethanol production % compare to S. cerevisiae D5A 119% 105% 93% 119% 100%

S. cerevisine RWB222 has a higher ethanol yield at 37°C than
30°C, presumably due to higher cellulase and xylanase
enzymatic activity at the higher temperature. The final
glucan and xylan conversion at 37°C is about 5% higher
than that at 30°C. Z. mobilis 8b has a higher maximum
ethanol yield (0.47 g ethanol/g sugar consumed) than S.
cerevisinee RWB222 (0.42 g ethanol/g sugar consumed). The
ethanol yield based on sugar consumed is consistent for both
strains at both temperatures. The higher ethanol yield of
Z. mobilis 8b and lower glucan and xylan conversion
explains why Z. mobilis 8b at 30°C has a similar ethanol titer
from the same amount of paper sludge as S. cerevisiae
RWB222 at 37°C. We can imagine the best ethanol pro-
ductivity will be achieved at a temperature between 30 and
37°C, at which Zymomonas mobilis 8b has good growth and
good glucose utilization ability in the presence of 1g/L
calcium; however, the improvement in ethanol production
will not be higher than 5%. Use of microbes capable of
fermenting xylose conferred a significant advantage com-
pared to microbes that ferment glucose only during paper
sludge SSCF. In particular, about 19% more ethanol was
produced from the same amount paper sludge in 5 days by
the xylose utilizing organisms compared to results for the
non-xylose utilizing organism S. cerevisiae D5A.

Our experience suggests that a good organism for soluble
glucose and xylose co-fermentation is not necessarily a good
candidate for SSCF. In contrast to soluble sugar fermenta-
tion, hydrolysis is usually the rate-limiting step during
SSCF, which means that the ability to rapidly use soluble
substrates is less important for SSCF. There are no high
concentrations of glucose and xylose in the medium, which
means the ability to use trace residual glucose and xylose,
and tolerance to starvation under high concentrations of
ethanol are more important than tolerance of high con-
centrations of sugars. Good ethanol yields from both glucose
and xylose are important for SSCF whereas only yields from
glucose are important for SSF. It is also desirable to use an
organism which can grow under strictly anaerobic condit-
ions, since it can be difficult to effectively distribute trace
oxygen in a large industrial reactor with high solids
(Wyman, 1999). Based on the above discussion, we consider
S. cerevisine RWB222 and Z. mobilis 8b to be two promising
candidates for paper sludge SSCF.
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