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� Primary sludge from pulp industry
can be valorized instead of landfilling.

� Primary sludge can be converted to
ethanol by SSF without pre-
treatment.

� The enzyme dosage was significantly
reduced from 35 to 15 FPU gCH

�1.
� Despite mixing difficulties the
performance of batch SSF was better
than fed-batch.

� High solids content of 21.7%, rarely
found in literature were successfully
used.
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a b s t r a c t

Primary sludge, from different pulp and paper mills, was used as feedstock in simultaneous saccharifica-
tion and fermentation (SSF) processes to produce ethanol. SSF was carried out with Saccharomyces cere-
visiae ATCC 26602 yeast and NS 22192 enzymatic extract using 150 g L�1 of carbohydrates (CH) from
primary sludge. The effect of sterilization, reduction of enzyme dosage and fed-batch vs. batch conditions
were studied. The removal of sterilization can be considered since no contamination or atypical by-
products were observed, although SSF efficiency slightly decreased. The reduction of the enzyme dosage
from 35 to 15 FPU gCH

�1 was successful. Despite of initial mixing difficulties, batch SSF enabled higher etha-
nol concentration (41.7 g L�1), conversion yield (48.9%) and productivity (0.78 g L�1 h�1), compared to the
fed-batch process at the same conditions of low enzyme dosage of 5 FPU gCH�1 and high solids content of
21.7%, rarely found in literature.

Published by Elsevier Ltd.
1. Introduction

Pulp mills are established biorefineries since they use forest
biomass to produce chemicals, materials, energy and heat. This
industrial activity generates a high amount of lignocellulosic solid
wastes, such as primary sludge. This solid residue consists of short
lignocellulosic fibers lost along the pulp and paper production line.
Instead of incinerating, discharging or using it in composting, pri-
mary sludge can be valorized. Its high carbohydrate content, cellu-
lose and hemicelluloses, can be converted to different value-added
products (e.g. bioethanol) through biotechnological routes
(Ballesteros et al., 2002; Park et al., 2004; Budhavaram and Fan,
2009; Zhang and Lynd, 2010; Balat, 2011; Lin et al., 2012; Cavka
et al., 2014; Guan et al., 2016). This process integration maximizes
the use of forest biomass, allows the reduction of operation costs,
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increases the products competitiveness and diversifies the prod-
ucts portfolio.

For the bioconversion of this pre-delignified biomass to
bioethanol, an enzymatic hydrolysis step is needed to degrade car-
bohydrates into fermentable monosaccharides followed by their
fermentation and finally by ethanol recovery. Separate hydrolysis
and fermentation (SHF) and simultaneous saccharification and fer-
mentation (SSF) are usually used in bioethanol production. The
main advantage of SSF is the use of a single reaction vessel, whilst
the main disadvantage is the difference between the optimal tem-
peratures for hydrolysis and for fermentation. The search of a
robust ethanologenic microorganism, able of fermenting both hex-
oses and pentoses as well as tolerant to ethanol, is a challenge. In
addition, ethanol concentration must be higher than 40 g L�1 to
render distillation economically feasible. Therefore, high ethanol
concentration must be achieved, namely by increasing the carbo-
hydrate concentration. However, the resulting high solids content
can lead to stirring problems or substrate inhibition. These draw-
backs can be overcome by using a fed-batch process which is
achieved by intermittent feeding of the substrate to the bioreactor
(Ballesteros et al., 2002; Cardona et al., 2015).

Primary sludge also contains a high amount of ash, mostly
calcium carbonate, which can hinder the bioconversion process
of the cellulosic fibers. CaCO3 increases pH value of primary sludge
(8–10), which is higher than the optimum pH for cellulase activity
(�5). Acid pretreatments have been used, in SHF and SSF processes,
to neutralize CaCO3 (Fan and Lynd, 2007; Marques et al., 2008; Li
et al., 2009; Kang et al., 2010; Wang et al., 2011; Mendes et al.,
2014; Gurram et al., 2015). However, the chemical pretreatment
with acids releases CO2, an environmental inconvenience in the
process. Other alternatives have been proposed in earlier studies
to remove CaCO3 not as effective as the acid pretreatment
(Mendes et al., 2014). SSF process can be applied directly to pri-
mary sludge without any pretreatment, in order to alleviate this
problem. During the integrated fermentation, carbonic and other
organic acids are produced, which can partially neutralize CaCO3,
acting afterwards as a buffer to stabilize pH, promoting carbohy-
drates hydrolysis to fermentable sugars (Kang et al., 2010;
Dwiarti et al., 2012; Guan et al., 2016). Since enzymatic hydrolysis
and fermentation occurred at different optimal temperatures, com-
patible conditions and an appropriate microorganism must be
selected (Ballesteros et al., 2004; Olofsson et al., 2008; Ferreira
et al., 2010). The yeast Saccharomyces cerevisiae has a great biotech-
nological tradition in baking, brewing and wine production. A pro-
found knowledge of genetics, physiology, biochemistry,
fermentative technology and genetic engineering of this yeast
has been gathered (Barnett, 2003; Nevoigt, 2008). The present
work studies the energetic valorization of primary sludge from dif-
ferent Portuguese pulp and paper mills. Untreated primary sludge
was used as raw-material to produce bioethanol by SSF with Sac-
charomyces cerevisiae ATCC 26602. Additionally, unbleached pulp
was used as reference material because of its similar organic com-
position and almost absence of ash, in comparison to primary
sludge.
2. Materials and methods

2.1. Lignocellulosic biomass

Primary sludge was provided by three pulp and paper mills
from the Centre Region of Portugal, designed here by A, B and C.
The chemical composition of the different primary sludge samples
was determined. Total solids, carbohydrates, lignin and ash con-
tents were analyzed, according to NREL standard protocols
(NREL, 2008). CaCO3 was also estimated by incineration and
gravimetric evaluation. Moreover, unbleached pulp (reference
material) was also characterized.

2.2. Enzymes

The enzymatic extract NS 22192 (kindly provided by Novo-
zymes, Denmark) was used in the saccharification of the carbohy-
drates from primary sludge. NS 22192 consisted of cellulases, b-
glucosidases and hemicellulases. The optimal temperature and
pH range for maximum enzymatic activity was 45–50 �C and
5.0–5.5, respectively. The cellulase activity of this enzymatic
extract was determined for 38, 42 and 50 �C, according to NREL
standard procedure (NREL, 2008).

2.3. Microorganisms

SSF processes of primary sludge and unbleached pulp were car-
ried out with Saccharomyces cerevisiae ATCC 26602 yeast (Ameri-
can Type Culture Collection, Virginia, USA). A fresh inoculum was
previously prepared, using 100 mL of culture medium consisted
of 10 g L�1 glucose, 5 g L�1 peptone, 3 g L�1 malt extract, 3 g L�1

yeast extract. The yeast kinetic growth was analyzed at 30, 38
and 42 �C. For each temperature used, S. cerevisiae ATCC 26602
was gradually adapted (performing successive cultures) from its
optimal temperature (30 �C) until the final goal temperature (38
or 42 �C). Yeast growth was evaluated for 8 h and by spectropho-
tometry, measuring the cell density at 540 nm each 30 min.

2.4. SSF experiments

SSF of primary sludge or unbleached pulp were carried out in
250 mL Erlenmeyer flasks with 100 mL of working volume. A fed-
batch strategy was first applied: a carbohydrate concentration of
50 g L�1 was initially used followed by two more carbohydrate
additions (equivalent to 50 g L�1 each), after 24 and �54 h. There-
fore, a total of 150 g L�1 of carbohydrates was supplied. Solutions
containing a glucose supplement (5 g L�1), nutrients (5 g L�1 pep-
tone, 3 g L�1 malt extract, 3 g L�1 yeast extract) and S. cerevisiae
ATCC 26602 fresh inoculum (10% of working volume) were added.
An enzyme dosage of 35 FPU gCH�1 (filter paper unit per gram of car-
bohydrate) was used concerning the carbohydrate content added
at t = 0 h and according to the supplier guidelines. All the materials
and solutions were sterilized before SSF, except for the enzymatic
extract solution. The Erlenmeyer flasks were kept at 38 �C and
150 rpm. Some operation conditions were tested along the work:
i) absence of sterilization; ii) absence of a glucose supplement;
iii) minimization of enzyme dosage (35 to 5 FPU gCH�1 were tested,
always referred to t = 0 h) and iv) SSF in batch conditions with high
initial solids (a total of 150 g L�1 of carbohydrates initially charged,
with 5 or 15 FPU gCH�1 of NS 22192).

Fermentation controls (without lignocellulosic material) were
also performed in order to eliminate the contribution of external
sugars (from the enzyme, the inoculum and supplements solu-
tions) in the production of ethanol.

2.5. Analytical methods for SSF samples

Samples were withdrawn from the SSF cultures and cen-
trifuged. Reducing sugars were analyzed by the modified colori-
metric DNS method (NREL, 2008). Glucose, xylose, ethanol and
by-products were evaluated by high performance liquid chro-
matography (HPLC), after samples filtration through a 0.2 lm syr-
inge filter membrane (Whatman). Components were analyzed with
an Agilent Hi-Plex Ca (8 lm � 300 mm) column maintained at 80–
85 �C. HPLC system included a Knauer model K-301 with a refrac-
tive index (RI) detector.
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Ethanol yield (Y) was calculated by Eq. (1), where: [EtOH]t is the
ethanol concentration (gEtOH L�1) at time t (h); f is the carbohy-
drates fraction in dry weight lignocellulosic biomass (DWB) (gCH -
gDWB
�1 ); [Biomass] is the concentration of dry weight lignocellulosic

feedstock, total added until the time of ethanol evaluation, for fed-
batch operation or initial in batch operation (gDWB L�1); and 0.568
is the global and theoretical mass conversion factor of carbohy-
drates to ethanol (gEtOH gCH�1). Ethanol productivity (P) was deter-
mined according to Eq. (2) (NREL, 2008; Faga et al., 2010). SSF
experiments were carried out in duplicates. Average values and
standard deviations are presented in the following tables.

Yð%Þ ¼ ½EtOH�t
0:568� f � ½Biomass� � 100 ð1Þ
Fig. 1. Growth profiles of S. cerevisiae ATCC 26602 at different temperatures.
PðgL�1h�1Þ ¼ ½EtOH�t
t

ð2Þ
3. Results and discussion

3.1. Chemical composition of lignocellulosic materials

Table 1 shows the chemical composition of the primary sludge
collected from three different pulp and paper mills (A, B and C) and
the unbleached pulp used in this work as reference material. The
lignin content is similar among the three primary sludge samples,
showing major differences in solids, ash and carbohydrates con-
tents. Unbleached pulp is used as reference material, since it has
analogous lignin content and a very small ash amount.
3.2. Cellulase activity of enzymatic extract NS 22192

The enzymatic activity (cellulase activity) of NS 22192, based on
the filter paper assay, was determined at different temperatures,
38, 42 and 50 �C. A cellulase activity of 123.3 FPU mL�1 was
obtained at its optimal temperature (50 �C). Cellulase activity
decreased to 102.8 and 46.8 FPU mL�1, respectively, at 42 and
38 �C.
3.3. S. cerevisiae ATCC 26602 growth at different temperatures

The optimal temperature for S. cerevisiae ATCC 26602 growth is
30 �C; however, it can tolerate higher temperatures which are
desirable, since they favor the saccharification stage with the enzy-
matic extract NS 22192. Therefore, the yeast was grown at 30
(optimum temperature), 38 and 42 �C. Yeast growth was evaluated
by the cell density measured by spectrophotometry at 540 nm.
Fig. 1 shows the cell density profile in the first 8 h at each temper-
ature. Two growth stages of yeast growth were observed: lag phase
(0–2 h) and exponential growth phase (2–8 h). Cell density in the
culture broth was higher at 30 �C and lower at 42 �C. The specific
growth rate (l) was determined in exponential growth phase for
Table 1
Chemical composition of primary sludge and unbleached pulp.

Lignocellulosic
material

Pulp
mill
code

Total
solids,%

Component,% (dry weight basis)

Total
lignin

Total ash Carbohydrates

Primary sludge A 22.1 ± 0.1 2.9 ± 0.3 38.6 ± 0.5 58.5 ± 0.9
B 41.4 ± 0.1 2.7 ± 0.6 27.5 ± 1.2 69.8 ± 1.9
C 19.0 ± 0.1 2.3 ± 0.1 16.7 ± 0.7 81.0 ± 0.8

Unbleached
pulp

29.9 ± 0.2 2.1 ± 0.0 0.7 ± 0.4 97.2 ± 0.1
each temperature: 0.44 h�1 at 30 �C, 0.47 h�1 at 38 �C and
0.29 h�1 at 42 �C.

Similar values and trend with temperature increase were
obtained by Woo et al. (2014) for specific growth rates of S. cere-
visiae during ethanol fermentation at high glucose concentration:
0.49, 0.45, 0.30 and 0.12 h�1, respectively at 30, 38, 40 and 42 �C.
Moreover, the authors conclude that the synergistic effects of heat,
acetic acid, and ethanol led to reduction of cell growth and ethanol
production rates (Woo et al., 2014). Therefore, SSF experiments
were carried out at 38 �C in this work, recognized as a temperature
of compromise between the enzymatic hydrolysis and the fermen-
tation process.
3.4. SSF experiments

3.4.1. Effect of sterilization and glucose supplement
SSF of both primary sludge A (with higher ash and lower carbo-

hydrates) and unbleached pulp (very high carbohydrate content
with no ash) was performed with NS 22192 (35 FPU gCH�1) and S.
cerevisiae ATCC 26602, in fed-batch conditions, to study the effect
of sterilization and the addition of a glucose supplement. The fed-
batch operation consisted in 50 g L�1 of carbohydrates added at
t = 0 h, plus two more equal additions (equivalent to 50 g L�1 each)
after 24 and 53.5 h.

Table 2 shows the values of ethanol produced in the time course
of the SSF, as well as of yield and productivity, for all 6 assays: SSF
1 and 3 were carried out with a glucose supplement; SSF 1, 2 and 5
were performed with sterilization; SSF 3, 4 and 6 were prepared
without sterilization; primary sludge A was used in assays 1 to 4,
whilst unbleached pulp was utilized in assays 5 and 6. The differ-
ences registered between the SSF with a glucose supplement (1
and 3) and the corresponding ones without that supplement (2
and 4) are very small. Therefore, the glucose addition as a promot-
ing agent to yeast growth is not mandatory.

In general, SSF was carried out with sterilized material (1, 2 and
5). Table 2 shows that slightly higher ethanol concentration, yield
and productivity were achieved in the SSF assays with previously
sterilized material, compared with the corresponding ones without
sterilization (i.e., 1 vs. 3; 2 vs. 4; 5 vs. 6). Small differences were
obtained for the three parameters evaluated, either within the
experiments with primary sludge (A) or within the experiments
with unbleached pulp. Also similar HPLC chromatograms were
obtained with no atypical by-products detected, and no contami-
nation was observed.

The removal of the sterilization step from the overall process
can be considered, with reduction of both energy costs and overall
process time, and also to avoid an eventual degradation of nutritive
broth to the yeast. This can compensate some loss in the SSF effi-



Table 2
Ethanol concentration (EtOH), yield (Y) and productivity (P) obtained in the time course of fed-batch SSF of primary sludge (A) and unbleached pulp.

Assay Time, (h) 5.5 24* 29.5 48 53.5* 72 77.5 148

1 EtOH, (g L�1) 2.9 19.1 23.6 27.8 27.6 33.4 31.4 31.4
Y, (%) 10.3 67.9 42.0 49.4 49.0 39.6 37.2 37.3
P, (g L�1 h�1) 0.53 0.80 0.80 0.58 0.52 0.46 0.40 0.21

2 EtOH, (g L�1) 2.5 19.5 23.4 27.6 28.5 31.0 30.2 31.8
Y, (%) 9.0 69.3 41.6 49.0 50.7 36.8 35.8 37.7
P, (g L�1 h�1) 0.46 0.81 0.79 0.57 0.53 0.43 0.39 0.22

3 EtOH, (g L�1) 2.3 17.1 23.1 24.1 24.5 27.6 26.9 29.3
Y, (%) 8.0 60.7 41.0 42.8 43.5 32.7 31.9 34.7
P, (g L�1 h�1) 0.41 0.71 0.78 0.50 0.46 0.38 0.35 0.20

4 EtOH, (g L�1) 2.5 17.2 24.2 25.5 26.4 29.1 27.7 27.9
Y, (%) 9.0 61.1 43.0 45.3 47.0 34.5 32.8 33.1
P, (g L�1 h�1) 0.46 0.72 0.82 0.53 0.49 0.40 0.36 0.19

5 EtOH, (g L�1) 2.0 20.4 20.2 35.1 36.4 46.1 43.1 42.4
Y, (%) 7.2 72.0 35.6 61.9 64.1 54.1 50.6 49.8
P, (g L�1 h�1) 0.37 0.85 0.69 0.73 0.68 0.64 0.56 0.29

6 EtOH, (g L�1) 1.5 19.0 19.2 32.4 33.1 43.7 40.1 43.4
Y, (%) 5.2 67.0 33.7 57.0 58.2 51.3 47.1 43.4
P, (g L�1 h�1) 0.27 0.79 0.65 0.67 0.62 0.61 0.52 0.25

* Before carbohydrates addition.
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ciency. Ma et al. (2007) investigated the ethanol production from
non-sterilized kitchen refuse in repeated-batch culturing with S.
cerevisiae ATCC 26602. No contamination had occurred during
the long-term fermentation, mainly because of naturally acidic
pH of the kitchen refuse medium. According to Ma et al. (2007),
pH control and medium sterilization can be avoided allowing
lower ethanol production cost in pilot applications. Kopsahelis
et al. (2012) also used non-sterilized molasses as feedstock in con-
tinuous ethanol production with immobilized S. cerevisiae. No
additional treatments were applied to prevent contamination and
higher ethanol concentrations (up to 51 g L�1) were achieved with
non-sterilized molasses, compared to sterilized molasses (up to
46 g L�1 ethanol).

It is commonly observed that the ethanol concentration reaches
a plateau for longer reaction times or even decreases slightly. Some
hypotheses can be pointed out for this behavior, namely i) slow
ethanol evaporation for long SSF periods; ii) use of ethanol by S.
cerevisiae ATCC 26602 as carbon and energy source, when simple
sugars are missing; iii) use of ethanol as co-substrate in xylose
reduction to xylitol (confirmed in HPLC chromatograms, data not
shown) also reported in the literature (Latif and Rajoka, 2001).
3.4.2. Effect of enzyme dosage reduction
Enzyme costs have a major contribution for overall process

costs. In an industrial SSF, enzyme and cell concentrations should
be appropriately balanced in order to minimize costs for enzyme
and yeast acquisition or production (Olofsson et al., 2008). The
fed-batch SSF of unbleached pulp and primary sludge (C) (lower
ash and higher carbohydrates) were carried out with enzyme
dosages of 35, 25 and 15 FPU gCH�1. The ethanol produced is showed
in Fig. 2. Ethanol production profiles were quite similar until 75 h
in the fed-batch SSF of unbleached pulp (Fig. 2a). During the period
of 150 h, no major differences were observed in the fed-batch SSF
of primary sludge (sample C) when enzyme dosage was changed
(Fig. 2).

Table 3 also shows the similarities between the maximum etha-
nol produced in these studies, as well as the corresponding yield
(measured as percentage of the theoretical yield) and productivity.
Therefore, SSF of primary sludge or unbleached pulp can be carried
out with an enzyme dosage of 15 FPU gCH�1 of NS 22192. An ethanol
concentration of 44.4 g L�1 was produced in the fed-batch SSF of
150 g L�1 of carbohydrates of unbleached pulp, with a productivity
of 0.57 g L�1 h�1 and a carbohydrate-to-ethanol conversion of
52.1% (Table 3). The same amount of carbohydrates from primary
sludge (C) was converted to 33.3 g L�1 of ethanol, in the same
SSF conditions. Ethanol yield and productivity were 39.1% and
0.43 g L�1 h�1, respectively (Table 3).

In the present work, the differences registered were not so sig-
nificant, compared to other works. Different loadings of cellulase to
hydrolyze lignocellulosic wastes, ranging from 45 to 5 FPU g�1

(grams of dry material, cellulose or glucan), can be found in several
reports with decreasing of ethanol concentration and yield
(Ballesteros et al., 2002; Kádár et al., 2004; Faga et al., 2010;
Chen et al., 2012; Kang et al., 2011; Boshoff et al., 2016; Guan
et al., 2016). In comparison with our study, about one half of the
ethanol concentration was obtained by Ballesteros et al. (2002),
in the fed-batch SSF of recycled-paper-derived material using
15 FPU g�1 of Celluclast 1.5 L and the thermotolerant yeast Kluy-
veromyces marxianus CACT 10875 at 42 �C. In contrast, higher yield
was obtained but a supplement of enzyme was always added by
the authors at the same time as the fresh substrate addition, whilst
in the present work only an initial enzyme loading was performed.
A higher solids content was also used in our work (18.5%), which
led to higher ethanol concentration, but lower yield. In fact,
Boshoff et al. (2016) reported a decrease in glucose yield with an
increase in solid loading at all the enzyme dosages tested with
two different substrates (corrugated recycle paper sludge and
paper sludge from virgin pulp). The SSF of paper sludge from virgin
pulp in fed-batch culture with a solids content of 18%, at an
enzyme loading of 20 FPU g�1, using S. cerevisiae MH1000, has
led to an ethanol concentration of 34.2 g L�1, a yield of 66.9% and
a productivity of 0.23 g L�1 h�1. Similar ethanol concentrations
were achieved in the present work, from the SSF of primary sludge
at analogous solid loading (Table 3) with lower yield, but higher
productivity. Due to the different composition of both substrates
and enzymatic extracts, comparison of fermentable parameters
from literature must be carefully done.
3.4.3. Fed-batch vs. batch operation
3.4.3.1. Fed-batch with 5 FPU gCH

�1. SSF of primary sludge samples
from two different sources, in fed-batch conditions with NS
22192 and S. cerevisiae ATCC 26602, are compared in Fig. 3. The
enzyme loading at t = 0 was 15 FPU gCH�1 considering the initial car-
bohydrate content of 50 g L�1. Since two carbohydrates feeds of



Table 4
Ethanol concentration and the corresponding ethanol yield and productivity obtained in the SSF of 150 g L�1 of carbohydrates of primary sludge, with S. cerevisiae ATCC 26602 and
15 FPU gCH�1 of the enzymatic extract NS 22192.

SSF conditions Primary sludge Total solids (%) Total effective enzyme dosage (FPU gCH�1) Time (h) [EtOH] (g L�1) Y (%) P (g L�1 h�1)

Fed-batch B 21.7 5 76.5 39.7 ± 0.9 46.4 ± 1.0 0.52 ± 0.02
C 18.5 77.5 33.3 ± 0.6 39.1 ± 0.7 0.43 ± 0.01

Batch B 21.7 5 53.3 41.7 ± 1.2 48.9 ± 1.4 0.78 ± 0.03
C 18.5 52.5 41.9 ± 1.1 49.4 ± 1.3 0.80 ± 0.03
B 21.7 15 53.3 54.6 ± 0.0 64.0 ± 0.0 1.02 ± 0.00
C 18.5 52.5 44.9 ± 0.4 52.8 ± 0.5 0.86 ± 0.01

Fig. 3. Fed-batch SSF of primary sludges B and C, with S. cerevisiae ATCC 26602 and 15 FPU gCH�1 of enzymatic extract NS 22192 added at t = 0: a) ethanol b) equivalents of
glucose. The vertical arrows correspond to carbohydrates feeding of 50 g L�1 giving a total amount of 150 g L�1.

Fig. 2. Ethanol produced during fed-batch SSF of a) unbleached pulp and b) primary sludge (C), with S. cerevisiae ATCC 26602 and different dosages of the enzymatic extract
NS 22192. The vertical arrows correspond to carbohydrates feeding.

Table 3
Ethanol concentration and the corresponding ethanol yield and productivity obtained in the SSF of 150 g L�1 of carbohydrates (fed-batch) of unbleached pulp and primary sludge
(C), with S. cerevisiae ATCC 26602 and different dosages of the enzymatic extract NS 22192.

Lignocellulosic biomass Total Solids added (%) Enzyme dosage (FPU gCH�1) Time (h) [EtOH] (g L�1) Y (%) P (g L�1 h�1)

Unbleached Pulp 15.4 35 72.0 43.4 ± 0.4 51.3 ± 0.5 0.58 ± 0.04
25 77.5 46.6 ± 0.5 54.7 ± 0.6 0.60 ± 0.01
15 77.5 44.4 ± 0.0 52.1 ± 0.0 0.57 ± 0.00

Primary sludge (C) 18.5 35 77.5 31.2 ± 0.4 36.7 ± 0.4 0.42 ± 0.02
25 72.0 31.9 ± 1.1 37.5 ± 1.3 0.41 ± 0.01
15 77.5 33.3 ± 0.6 39.1 ± 0.7 0.43 ± 0.01
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50 g L�1 each were added, without further enzyme loading, the
effective overall enzyme loading was 5 FPU gCH�1 in fed-batch condi-
tions. Fig. 3a shows ethanol profiles obtained in the time-course of
the experiments. Despite the higher ash content for the same
amount of carbohydrates, the highest ethanol concentration was
obtained for primary sludge B at �77 h. The carbohydrates from
primary sludge B were converted to 39.7 g L�1 of ethanol, corre-
sponding to a production rate of 0.52 g L�1 h�1 and to an ethanol
yield of 46.4% (Table 4). An ethanol concentration of 33.3 g L�1

was produced from the carbohydrates of primary sludge C, with
a conversion yield of 39.1% and a productivity of 0.43 g L�1 h�1

(Table 4). According to Fig. 3b, the concentration of reducing sugars
available in the SSF broths increases until 8 h (when enzymatic
hydrolysis was the prominent reaction); afterwards it decreases,
due to ethanol production, until the reactor was fed with a second
carbohydrates load. After 25 h the same pattern described is



Fig. 4. Batch SSF of primary sludge B (black squares) and C (white circles), with S.
cerevisiae ATCC 26602 and 5 FPU gCH�1 of enzymatic extract NS 22192 (ethanol: full
lines; equivalents of glucose: dotted lines).
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observed. It becomes unnecessary to extend the SSF beyond 78 h of
reaction (in the conditions used in this work), because although
small amounts of reducing sugars are still available the concentra-
tion of ethanol did not increase.
3.4.3.2. Batch with 5 FPU gCH
�1. In a different set of experiments,

batch SSF was tested on primary sludges B and C with S. cerevisiae
ATCC 26602 and cellulase NS 22192 – Fig. 4. The enzyme loading at
t = 0 was 5 FPU gCH�1, considering the initial carbohydrate content of
150 g L�1.

The bioconversion of primary sludge B and C produced similar
ethanol concentrations (41.7 and 41.9 g L�1, respectively). Carbo-
hydrates were transformed to ethanol with a conversion yield of
48.9 and 49.4%, whereas ethanol productivity was 0.78 and
0.80 g L�1 h�1, respectively, as shown in Table 4. However, a reduc-
ing sugars concentration of �25 g L�1, expressed as equivalents of
glucose (Fig. 4), remained in the SSF broth for primary sludge B,
whilst for primary sludge C �15 g L�1 of the available fermentable
sugars were not metabolized by S. cerevisiae ATCC 26602.
3.4.3.3. Batch with 15 FPU gCH
�1. A total carbohydrate content of

150 g L�1 (from primary sludge B or C) was initially loaded with
15 FPU gCH�1 of NS 22192 and S. cerevisiae ATCC 26602 – Fig. 5. In
comparison with Fig. 4, the higher enzyme loading promotes car-
bohydrates hydrolysis. In this batch SSF operation, a higher average
content of glucose improves ethanol production (Fig. 5); however,
Fig. 5. Batch SSF of primary sludge B (black squares) and C (white circles), with S.
cerevisiae ATCC 26602 and 15 FPU gCH�1 of enzymatic extract NS 22192 (ethanol: full
lines; equivalents of glucose: dotted lines).
high concentration of ethanol can inhibit the yeast metabolism
(Fig. 5). In fact, despite the significant quantity of reducing sugars
still available at the end (�20 g L�1), no more ethanol was pro-
duced, as observed in Fig. 5.

Carbohydrates from primary sludge B were converted to
54.6 g L�1 of ethanol after 53 h of batch SSF, with an ethanol yield
and productivity of 64% and 1.02 g L�1 h�1, respectively (Table 4).
The corresponding values for primary sludge C were 44.9 g L�1,
52.8% and 0.86 g L�1 h�1, respectively.

In general, higher SSF efficiency was obtained when primary
sludge B was used as feedstock, independently of the fed condi-
tions (fed-batch or batch). Concerning total solids and carbohy-
drates contents (see Table 1), a less amount of primary sludge B
(as received) was needed to provide the carbohydrates concentra-
tion of 150 g L�1, compared to primary sludge C (as received). Thus,
lower mixing difficulties were observed in the SSF with primary
sludge B, increasing the process efficiency. Considering the primary
sludges chemical composition, presented in Table 1, the maximum
possible solid loading is 41.4 and 19.0%, for sample B and C, respec-
tively, unless an additional step of water evaporation or pressing is
applied. The solids content of primary sludge C, used in this work,
is near its maximum possible value and the suspension presented a
highly viscous nature. Highly viscous slurries causes mixing diffi-
culties, ineffective mass and heat transfer, lower water activity
and ineffective hydrolysis, which explains why ethanol yields
were, generally, lower in the SSF of primary sludge C.

Other authors have reported that digestibility, water holding
capacity and viscosity were the main factors affecting high solid
fed-batch SSF of primary sludge (Boshoff et al., 2016). Moreover,
the primary sludge that resulted in highly viscous slurries was also
converted into lower ethanol concentrations and, consequently,
lower yields were obtained.

Fed-batch SSF is usually considered to address the problems
associated with high solids and to increase ethanol concentrations.
In the SSF of untreated primary sludge performed by Kang et al.
(2010) with S. cerevisiae ATCC 200062 and 15 FPU g�1-glucan, an
ethanol concentration of 25.5 g L�1 was obtained, with a conver-
sion yield of 75%, based on glucan content in the sludge (6% w/
w). In a three-feed SSF, ethanol increased to 45 g L�1, produced
after 90 h of process and with a lower conversion yield (68%).

In the present study, batch and fed-batch conditions were com-
pared using the same carbohydrate loading (150 g L�1) and total
effective enzyme dosage. Contrarily to the results found in the lit-
erature, the batch SSF produced higher ethanol concentration, with
higher ethanol yield and productivity, independently of the pri-
mary sludge used. Nevertheless, it should be pointed out that the
same high solids content (18.5 or 21.7%) was used in batch and
fed-batch SSF, rarely reported in literature. In batch operation,
the liquefaction of the reaction mixture took longer than the fed-
batch operation: the first samples were withdrawn at 6 and 24 h,
in the fed-batch and batch assays, respectively. There are some
questions to consider why batch SSF yield was higher than fed-
batch SSF yield, even with initial higher mixing difficulties. Some
authors added enzymes with each substrate addition to maintain
a constant enzyme-to-substrate ratio in the enzymatic hydrolysis
or SSF of cellulosic biomass in fed-batch conditions (Kang et al.,
2011; Cardona et al., 2015). Cardona et al. (2015) also pointed that
the timing of enzyme addition, relative to feedstock addition, can
also influence the process efficiency. Therefore, the timing of car-
bohydrates and enzyme additions in fed-batch SSF will be consid-
ered in further studies to better evaluate this process.

During the SSF experiments, pH was also monitored. Its value
was near 6 with small oscillations. Acetic acid (a by-product
detected by HPLC, data not shown) and CO2 released may have par-
tially neutralized CaCO3 and act as a buffer to decrease and stabi-
lize pH (existing CaCO3 in primary sludge is responsible for its
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alkalinity, pH � 8). The benefits of the buffering effect of CaCO3 has
been shown in other studies, in which SSF of paper mill sludge was
performed with no chemical pretreatment and pH control to pro-
duce acetone-butanol-ethanol solvents (Guan et al., 2016). Never-
theless, the authors state that the paper sludge needs to be
partially de-ashed to improve the enzymatic digestibility. Other
authors (Kang et al., 2011; Chen et al., 2014) de-ashed paper sludge
before its bioconversion, using mechanical fractionation or carbon
dioxide bubbling, improving final conversion yields. For instance,
Kang et al. (2011) reported an improvement in ethanol concentra-
tion from 45 g L�1 with untreated sludge (three-feed SSF) to
60 g L�1 (four-feed SSF) with de-ashed primary sludge. However,
the overall ethanol yield just slightly increased, 68 to 70% (based
on glucan).

The enzymatic extract NS 22192 is similar to Cellic CTec2,
whose maximal enzymatic saccharification was found by Lan
et al. (2013) to occur at pH 5.2–6.2 over lignocellulosic substrates,
instead of pH 4.8–5.0 over pure cellulosic substrates, used in the
majority of the literature found. The pH value near 6 observed
for the SSF experiments of pulp sludge in the present work is
within this optimal range.
4. Conclusions

Primary sludges, from three pulp mills and without pretreat-
ment, were successfully used in SSF to produce ethanol using
150 g L�1 of carbohydrates. With an enzyme dosage of 5 FPU gCH�1,
higher ethanol concentration, yield and productivity were
achieved in batch conditions (41.7 g L�1, 48.9% and 0.78 g L�1 h�1,
respectively) compared with fed-batch, despite of initial mixing
difficulties. The corresponding values were 54.6 g L�1, 64.0% and
1.02 g L�1 h�1 when enzyme dosage was increased to 15 FPU gCH�1

in batch SSF. Sterilization removal can be considered, decreasing
energy requests and overall process costs and time.
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