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Abstract This study proposed a novel waste utilization
bioprocess for production of lactic acid and fungal
biomass from waste streams by fungal species of Rhi-
zopus arrhizus 36017 and R. oryzae 2062. The lactic acid
and fungal biomass were produced in a single-stage
simultaneous saccharification and fermentation process
using potato, corn, wheat and pineapple waste streams
as production media. R. arrhizus 36017 gave a high lactic
acid yield up to 0.94–0.97 g/g of starch or sugars asso-
ciated with 4–5 g/l of fungal biomass produced, while
17–19 g/l fungal biomass with a lactic acid yield of 0.65–
0.76 g/g was produced by the R. oryzae 2062 in 36–48 h
fermentation. Supplementation of 2 g/l of ammonium
sulfate, yeast extract and peptone stimulated an increase
in 8–15% lactic acid yield and 10–20% fungal biomass.

Keywords Lactic acid Æ Fungal biomass Æ Simultaneous
saccharification and fermentation Æ Rhizopus arrhizus Æ
Rhizopus oryzae Æ Corn, potato and wheat starch and
pineapple wastes

Introduction

Food processing industry produces an enormous
amount of carbohydrate wastes, which pose increasing
disposal costs and environmental challenges. The food
processing industry generates approximately 45% of the
total organic industrial pollution [1, 2]. These organic
wastes are rich in biodegradable materials, making them
suitable as substrates for biotechnological production of
biochemicals [3–5]. Bioconversion of carbohydrate
wastes is receiving increased attention in view of the fact
that these wastes can act as substrates for the production
of useful biomaterials and chemical intermediates. With
rapid industrial development, there is a need for envi-
ronmentally sustainable processes, and there is a general
agreement that sustainable environmental protection
can only be achieved by integrating a general environ-
mental awareness into a company’s business functions.
Recently, conversion of renewable raw materials into
chemicals has become a major subject of research and
process development around the world.

Global market for lactic acid and lactate (polymers
excluded) production ranges at about 100,000 tons per
year and shows an annual 15% growth rate [1, 6, 7].
Approximately 70% of the total lactic acid markets are
used in food and food-related applications [7–9]. Lactic
acid production is currently attracting a great deal of R
& D interest since it is one of the most important organic
acids, which has the potential of becoming a very large
volume of commodity-chemical intermediate produced
from renewable carbohydrates for use as feedstock for
biodegradable polymers, oxygenated chemicals, plant
growth regulators, environmentally friendly ‘‘green’’
solvents and special chemical intermediates [7, 10–12].
One of its most promising applications is its use for
biodegradable and biocompatible poly-lactic acid poly-
mers, an environmentally friendly alternative to non-
biodegradable plastics derived from petrochemicals.

Lactic acid, (2-hydroxypropionic acid), is the most-
widely occurring multifunctional organic acid, and
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occurs naturally in two optical isomers, D-(�)- and L-
(+)-lactic acids. Since elevated levels of the D-isomer are
harmful to humans, L-lactic acid is the preferred isomer
in food and pharmaceutical industries [13, 14]. Lactic
acid can be produced commercially by either chemical
synthesis or fermentation, and 70–80% of worldwide
lactic acid is made by bacterial fermentation and the rest
is produced synthetically by the hydrolysis of lactonitrile
[13]. Chemical lactic acid production results only in a
mixture of the two isomers, while fermentation process
can yield the either form alone, or a mixture in different
proportions of the two isomers, depending on the
microorganism, substrate and growth conditions [4, 14].
Another significant advantage over the chemical syn-
thesis is that biological production can use cheap raw
materials, such as whey, molasses, starch, beet- and
cane-sugar and other carbohydrate-rich materials [15,
16]. In commercial processes, sugars and starches have
been widely used as substrates for biological lactic acid
production. However, the major limitation with bacte-
rial fermentation processes is the high cost for (1) pre-
treatment and hydrolysis of substrate into glucose [8, 15,
17], (2) supplementation of specific nutrients, such as
yeast extract and vitamin-B [13], (3) pH control during
the fermentation to maintain a high pH for bacterium
growth [14, 17, 18] and (4) lactic acid recovery and
purification in the downstream process [9, 14].

Fungal microorganisms have played an important
role in the progress of biotechnology, being responsible
for production of many primary and secondary metab-
olites, in particular, organic acids, antibiotics and en-
zymes. Research on lactic acid production by Rhizopus
spp. has continued primarily because of the ease of
product separation and purification and the ability of
the fungus to utilize both complex carbohydrates and
pentose sugars [5, 7, 19]. Among the Rhizopus fungi, R.
oryzae has received the greatest interest and strain R.
oryzae NRRL 395 has been recognized as one of the
most suitable lactic acid producers [5, 8, 20–23]. Pro-
duction of lactic acid by Rhizopus cultures is often pre-
ferred to bacterial fermentations, due to the high costs
for pretreatment of raw materials and supplementation
of complex nitrogen components, such as yeast extract
[8, 13, 14]. Furthermore, fungal cultures, such as Rhi-
zopus cultures, are amylolytic and they can produce
lactic acid from various saccharidic materials such as
potato starch without prior saccharification [5, 18, 23,
24]. Skory [7] stated that Rhizopus cells can produce
more than 1.5 mol lactic acid from 1 mol of glucose
under aerobic conditions and the remainder of the glu-
cose is converted to mycelial mass, glycerol, fumarate or
ethanol.

Biological conversion has an important role in waste
utilization and it is likely that various food processing
wastes may contain useful substrates. This investigation
addressed a novel waste utilization process for produc-
tion of lactic acid and fungal biomass by Rhizopus fungi.
R. arrhizus 36017 and R. oryzae 2062 were involved in
the investigations. Food industrial waste streams from

potato, corn, wheat starch and pineapple processing
were used as the production media.

Materials and methods

Microorganisms

Rhizopus oryzae 2062 was purchased from Culture
Collection, Australian Food Science, Australia. R. ar-
rhizus 36017 strain was obtained from Orange Agricul-
tural Institute, Australia. Both strains were propagated
and stored on potato dextrose agar (PDA) slants at 4�C.

Culture and fermentation medium

The composition of the pre-culture medium (g/l) was:
soluble starch, 10; peptone, 5.0; yeast extract, 5.0;
KH2PO4, 0.2; and MgSO4Æ7H2O, 0.2. This medium was
autoclaved at 121�C for 20 min.

The potato, corn, wheat and pineapple wastewaters
were collected from industrial processing streams in A-
delaide, Australia and Guangzhou, China, mainly con-
taining 15–30 g/l of starch or sugars. The composition of
the waste streams is given in Table 1. Otherwise as sta-
ted, the waste streams were used as production media in
the investigation.

Experimental set-up

Fungal spores were grown on the PDA slants at 30�C
for 7 days, collected using a platinum loop, and sus-
pended in sterilized distilled water. A 250-ml flask con-
taining 100 ml of the pre-culture medium was inoculated
with a final concentration of 105 spores/ml and incu-
bated in a rotary shaker (150 rpm) at 30�C for 12 h. This
overnight culture, as seed culture, was used to initiate
growth in the production media.

The lactic acid (LA) production by the selected fun-
gus species were conducted in 250-ml Erlenmeyer flasks
containing 100-ml final volume of the production media
inoculated with 5 ml of the seed culture. Agitation rate
and incubation temperature were set up at 150 rpm and
30�C, respectively.

Sample preparation

During the fermentation, 100-ml samples were collected
from one flask at certain interval for further analysis.
Samples were filtered by 106-lm sieve for the biomass
measurement. The filtered biomass was washed twice
using 4 N HCl to remove the residual of calcium car-
bonate and the biomass concentration was determined
by weighing the mass after drying at 60�C for 36 h. The
filtered liquid was used to measure starch and reducing
sugar. Part of the filtered liquid was centrifuged at
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6,000 rpm for 10 min and the supernatant was further
filtered by 0.45 lm Millipore and then diluted two or
three times for lactic acid analysis by HPLC.

Analytical methods

The estimation of starch was carried out using the iodine
colorimetric method described by Jin et al. [19]. Lactic
acid and total sugars were measured by HPLC. A Bio-
rad HPX-87H column and a refractive index detector
were used with 0.004 M H2SO4 as the eluant at 65�C.
Crude protein in fungal biomass was determined by the
convert factor 6.25 with total Kjeldahl-N, solids and
COD were measured according to procedures described
in Standard Methods for the Examination of Water and
Wastewater [25]. The results reported were the arith-
metic mean values of the tests in triplicates. Appropriate
tests of significance, analysis derivations (ANOVA) and
confidence difference at 5% level were used in the data
evaluations.

Conversion calculation

The volumetric concentration (C) of lactic acid and
fungal biomass, yield (YLA) of lactic acid, volumetric
productivity (PLA/PFB) of lactic acid/biomass, and
conversion rate (RS/RG) of starch/sugar to lactic acid
were calculated by the following equations [18]:

C ¼ Cf � Ci ðg/lÞ ð1Þ

YLA ¼
qLA

qS
ðg/gÞ ð2Þ

P ¼ C
t
ðg /l � hÞ ð3Þ

R ¼ Cf � Ci

t
ðg/l � hÞ ð4Þ

where:Cf: final volumetric concentration in t (h) culti-
vation (g/l)Ci: initial volumetric concentration due to
inoculation carryover, or the existing product produced
during previous cultivation (g/l)qLA and qS: quantity of

lactic acid and starch or sugars (g)t: cultivation time (h)
Conversion of starch into glucose due to the addition of
water during the hydrolysis can be shown below:

ðC6H10O5Þnþðn�1ÞH2O! nðC6H12O6Þ! 2nðC3H6O3Þ

The conversion factor for starch to glucose is therefore:

conversion factor ¼ 180� n
180� n� ðn� 1Þ � 18

As n in the starch molecule becomes large, the conver-
sion factor becomes 1.11. Therefore, complete hydrolysis
of 10 g of starch yields 11.1 g of glucose and corre-
sponds to a theoretical yield of 1.11 g lactic acid/g of
starch or 1 g lactic acid/g of glucose.

Results

Kinetics of synthesis of lactic acid and fungal biomass

Characteristics of lactic acid production and fungal
biomass formation by R. arrhizus 36017 and R. oryzae
2062 were investigated using potato, corn and wheat
starch and pineapple waste streams containing approx-
imately 20 g/l of starch or sugars. Kinetic profiles of
lactic production and fungal biomass formation shown
in Fig. 1 indicate that both R. arrhizus 36017 and R.
oryzae 2062 had an enzymatic and metabolic capacity to
convert the starch and sugar materials to lactic acid,
demonstrating a simultaneous saccharification and fer-
mentation (SSF) characteristic [15, 18]. These results
indicated that the two Rhizopus fungi showed different
characteristics in terms of saccharification and fermen-
tation with respect to the substrate and the cultivation
time. In general, the R. arrhizus 36017 had a high
capability for starch hydrolysis and lactic acid produc-
tion, and a high fungal biomass (FB) production was
given in the R. oryzae 2062 culture.

There were four fermentation phases, lag, exponen-
tial, stationary and declining phases in terms of lactic
acid and fungal cell synthesis during the course of 56 h
cultivation. The lag phase was found during the first 6 h
for fungal cell growth and during the first 10 h for lactic

Table 1 Composition and characteristics of food processing waste streams

Parameter Unit Range

Potato Corn Wheat Pineapple

Total solids % 1.8–4.1 2.4–4.3 1.7–3.8 2.6–3.3
Total insoluble solids % 0.4–0.7 1.1–1.7 1.1–1.6 2.1–2.8
Suspended solids g/l 3.1–4.2 2.8–3.6 3.2–4.6 2.4–2.9
Volatile suspended solids g/l 2.1–3.7 1.8–2.6 1.8–2.3 1.4–1.9
Starch g/l 20–25 18–26 18–31 –
Sugars g/l 0.8–1.2 1.4–2.1 1.2–1.8 16–26
Total Kjeldahl-N mg/l 580–870 770–920 440–650 360–430
Phosphate mg/l 84–96 75–93 92–108 85–105
Sulfate mg/l 57–88 65–78 68–83 40–74
pH – 3.9–4.1 5.5–6.6 5.2–6.0 6.3–6.8
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acid synthesis. During the cultivation the starch was
saccharified to glucose by enzymes, such as amylase and
glucoamylase, generated by the Rhizopus fungi, and the
glucose was converted into the lactic acid. The fungous
cell growth appeared to be rapid in 4–12 h, resulting in a
sharp increase in biomass formation at a rate of 0.16–
0.25 g/lÆh in the R. arrhizus 36017 culture and 0.52–
0.64 g/lÆh in the R. oryzae 2062 culture. The R. arrhizus
36017 performed a long stationary biomass growth
phase from 16 to 40 h followed by a slow biomass
deduction phase. In contrast, there was a relatively short
biomass stationary phase between 12 and 36 h in the R.
oryzae 2062 culture followed by an obvious biomass
deduction phase. Unlikely biomass formation, lactic
acid production started a long lag phase. A rapid pro-
duction phase was observed within 12–28 h in the
R. arrhizus 36017 culture and between 12 and 36 h in the
R. oryzae 2062 culture at a production rate ranging
0.49–0.54 g/lÆh and 0.34–0.41 g/lÆh, respectively (Ta-
ble 2). These results indicated that lactic acid synthesis
took place followed by the exponential cell growth phase
(Fig. 1). The highest lactic acid yields ranged 0.90–
0.96 g/g of starch in the R. arrhizus 36017 were obtained
in 40 h, while R. oryzae 2062 gave the highest yield of
0.72–0.78 g/g starch in 48 h. A small increase in lactic
acid production, but an obvious fungal biomass deduc-
tion were found after a further fermentation time over
40 h under the production conditions. As anticipated,

the highest rate for lactic acid production and biomass
formation was obtained with the pineapple medium,
while the production and starch conversion rates were
obtained in the starch media in the order as follows:
corn > wheat > potato.

Effect of carbon sources

To identify the saccharification and fermentation
capacity of R. arrhizus 36017 and R. oryzae 2062 using
different carbon materials, both cultures were cultivated
in the potato, corn, wheat and pineapple media at a
concentration of approximately 20 g/l starch or sugars.
Two Rhizopus fungi performed a high rate for synthesis
of lactic acid and fungal cells grew very fast, in partic-
ular, in the sugar-rich pineapple medium (Fig. 1),
resulting in rapid mycelial cell growth and high lactic
acid synthesis rate during 24 h cultivation. This is be-
cause the fungal microorganisms easily access the glu-
cose existing in the pineapple medium. It appeared that
both strains demonstrated the highest bioaccessibility to
saccharify the starch in the corn medium, while the
lowest fermentation rate was given in the potato medium
(Fig. 1). Table 2 shows that the R. arrhizus 36017 had a
high capability for lactic acid production with a con-
centration ranging from 17.7 to 19.6 g/l, while a high
FB production with 4.8–5.3 g/l was obtained by the

Fig. 1 Kinetic profiles of lactic acid production and fungal biomass formation by R. arrhizus 36017 and R. oryzae 2062 from a potato, b
corn, c wheat and d pineapple waste streams

681



R. ryzae 2062. It is interesting to note that the types of
carbon sources had a little impact on the lactic acid
production by the R. oryzae 2062 and on the fungal
biomass synthesis by the R. arrhizus 36017. Table 2
further indicates that a postponed cultivation time from
36 to 42 h resulted in an increase in the lactic acid yield.
However, this impact was very limited, if the produc-
tivity of lactic acid was taken into consideration. Both
strains demonstrated a high conversion rate related to
lactic acid production using corn starch and sugar
materials associated with starch conversion rate (RS) of
approximately 85% and sugar conversion rate (RG) of
approximately 92%.

Effect of starch and sugar concentration

To determine the effect of the of carbon source con-
centration on the production of lactic acid and fungal
biomass, initial concentration of starch or total sugar
measured as glucose was adjusted from 20 to 60 g/l.
Figure 2 presents the variation in volumetric concen-
tration of lactic acid (CLA) and fungal biomass (CFB) in
48 h fermentation, and Fig. 3 shows the results of lactic
acid yield (YLA) as the starch or sugar concentration
increased. The starch saccharification capacity of the
two fungal species was limited as the starch concentra-
tion increased from 20 to 60 g/l under the cultivation
conditions. The CLA and CFB increased as the starch
concentration increased from 20 to 40 g/l in the three
starch media and with increasing sugar concentration in
the range of 20–60 g/l. After 48 h cultivation using the
R. arrhizus 36017 and R. oryzae 2062, the CLA increased
from 19.2 to 33.2 g/l and from 14.6 to 21.6 g/l, respec-
tively, meanwhile the CFB increased from 2.0 to 4.8 g/l
and from 4.5 to 11.6 g/l, respectively, as starch concen-
tration increased from 20 to 40 g/l (Fig. 3). The YLA

decreased significantly with further increasing starch

concentration from 40 to 60 g/l. This might be due to the
increase in viscosity of the fermentation broth with
increasing initial starch concentration, leading to low
oxygen transfer efficiency for the fungal cell growth.
From the lactic acid yield point of view, however, the
maximum yield for R. arrhizus 36017 and R. oryzae 2062
was 0.97 and 0.77 g/g, respectively, at a lower starch
concentration of approximately 20 g/l. A higher biomass
yield was obtained in the R. oryzae 2062 than the R.
arrhizus 36017. By comparison of the results in Fig. 2,
both strains had higher fermentation efficiency when
using sugar materials than the starches, and a slightly
higher conversion rate for lactic acid and fungal biomass
production was obtained in the corn starch medium
followed by the wheat starch medium (Fig. 2).

Effect of nitrogen source

The effect of nitrogen sources on the lactic acid and
fungal biomass production was investigated using corn
starch and pineapple streams as production media. The
media were set at starch or sugar concentration of
approximately 40 g/l and were supplemented by addi-
tion of 1, 2 and 5 g/l of ammonium sulfate, urea, yeast
extract and peptone. The results summarized in Table 3
revealed that R. arrhizus 36017 and R. oryzae 2062 uti-
lized these organic and inorganic nitrogen sources for
stimulating fungal cell growth and lactic production.
Urea appeared to be a less favored nitrogen source for
R. arrhizus 36017. In general, an increase in amount of
these nitrogen sources resulted in 8–14% increase in
lactic acid concentration and carbon source conversion
rate. In particular, a significant improvement of the
fungal cell synthesis was obtained by the supplementa-
tion of these nitrogen sources, resulting in approxi-
mately 10–20% increase in the biomass concentration
(Table 3). Compared with ammonium sulfate and urea,

Table 2 Kinetic parameters of production of lactic acid and fungal biomass by R. arrhizus 36017 and R. oryzae 2062 using potato, corn,
wheat and pineapple waste streams

Waste streams Time (h) CLA (g/l) CFB (g/l) YLA (g/g) PLA (g/lÆh) PFB (g/lÆh) RG (g/lÆh) RG (g/lÆh)

R. arrhizus
Potato 36 17.7 2.2 0.83 0.49 0.061 0.75

42 18.8 2.2 0.88 0.39 0.046 0.80
Corn 36 19.3 2.3 0.93 0.54 0.064 0.84

42 19.6 2.3 0.92 0.41 0.048 0.85
Wheat 36 18.7 2.4 0.90 0.52 0.067 0.81

42 19.2 2.3 0.92 0.40 0.048 0.83
Pineapple 36 19.3 2.3 0.91 0.54 0.064 0.91

42 19.1 2.2 0.92 0.40 0.046 0.92

R. oryzae
Potato 36 12.2 4.8 0.57 0.34 0.133 0.52

42 14.0 4.6 0.66 0.29 0.096 0.59
Corn 36 14.7 5.5 0.71 0.41 0.153 0.64

42 15.0 5.2 0.73 0.32 0.108 0.67
Wheat 36 13.5 5.0 0.65 0.38 0.139 0.61

42 14.4 4.9 0.69 0.30 0.102 0.65
Pineapple 36 14.7 5.3 0.69 0.41 0.147 0.72

42 14.6 4.9 0.69 0.30 0.102 0.72
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yeast extract and peptone obviously stimulated the cell
growth, resulting in high fungal biomass produced. On
the other hand, it was interesting to note that an increase
in ammonium sulfate from 1 to 5 g/l led to an obvious
increase in lactic acid concentration, indicating that the
ammonium sulfate was a favorable nitrogen source.
However, with increasing these nitrogen sources in a
range of 2–5 g/l the lactic acid concentration was not
significantly different. A high lactic acid yield of 0.94–
0.97 g/g of starch or sugar can be achieved in both
media using R. arrhizus 30617 at nitrogen source level of
2 g/l ammonium sulfate, yeast extract and peptone,
while producing 17–19 g/l of fungal biomass by the R.
oryzae 2062. It may be that the addition of these nitro-
gen sources resulted in a significant improvement for
lactic acid production in R. oryzae 2062 fermentation
and fungal biomass formation by the R. arrhizus 36017.
However, the addition of nitrogen source might be
unnecessary if starch waste effluent was used for the
lactic acid production by the R. arrhizus 30617.

Discussion

The potential poly-lactic acid market is expected to
reach about 160,000 tons in 2003 and 390,000 tons in
2008 [1, 6]. If the poly-lactic acid is partly substituted for

conventional biodegradable plastics in the near future,
the quality of its raw material lactic acid required is
estimated to be more than 2 billion tons per year [21]. A
major barrier for the biological lactic acid production is
the high cost of raw materials, which represent 40–50%
of the production price [2, 9, 26]. If it is possible, how-
ever, to produce lactic acid by using waste materials
instead of sugar and starch, the cost of lactic acid pro-
duction would be reduced dramatically. Furthermore,
there is now a worldwide emphasis on waste recovery
and reuse instead of treatment and disposal, with legis-
lation now demanding consideration of waste pollutants
as a resource for manufacture of value-added products.
Following our previous work on lactic acid production
integrated with starch wastewater treatment by Rhizopus
sp. [17, 18, 24], in the present study, it was found that
strain R. arrhizus 36017 is efficient at producing lactic
acid at 20–40 g/l from potato, corn, wheat and pineap-
ple waste streams, corresponding to a starch and sugar
conversion rate of 84–95% and 93–97%, respectively,
while the strain R. oryzae 2062 demonstrated a high
fungal biomass production with 15–20 g/l associated
with producing approximately 20 g/l of lactic acid using
these waste streams as production media. The bio-
chemical kinetics of the SSF of lactic acid production
using R. arrhizus 36017 and R. oryzae 2062 studied
indicated that R. arrhizus 36017 and R. oryzae 2062 had

Fig. 2 Effect of starch or sugar concentration on lactic acid production and fungal biomass formation by R. arrhizus 36017 and R. oryzae
2062 from a potato, b corn, c wheat and d pineapple waste streams in 48 h
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an ability to perform a single SSF stage process for lactic
acid production using starch and sugar materials. Two
fungous microorganisms had a high enzymatic and
metabolic capability to not only carry out an SSF pro-
cess and but also to utilize starch or sugar waste material
as a sole source for lactic acid production. Under the
same cultivation conditions, R. arrhizus 36017 demon-
strated a higher overall saccharification and fermenta-
tion rate for lactic acid production, while a higher fungal
biomass production was obtained by the R. oryzae 2062.
The fungal biomass contained approximately 40–45%
(w/w) crude protein. Therefore, the proposed fermen-
tation process for lactic acid and fungal biomass pro-
duction may be possible from starch- or sugar-based
waste materials by the two Rhizopus strains.

Rhizopus fungi have been known for their capacity to
secrete amylase to produce lactic acid from starchy
substrates such as potato starch without prior sacchar-
ification [17, 23]. The physiology of R. oryzae has been
studied usually in connection to the lactic acid produc-
tion. The species of fungus Rhizopus, such as R. oryzae
and R. arrhizus have been used not only for fermenta-
tion of local foods in China and Southeast Asia, but also
in food and chemical industries [19, 20]. R. oryzae
NRRL 395 was extensively researched and has been
recognized as one of the most suitable lactic acid pro-
ducers [4, 8, 22]. The lactic acid production from 60 to
80 g/l using the R. oryzae NRRL 395 was obtained in
more than 3 days batch process with a lactic acid yield

between 65 and 78% [12, 16, 27]. The ability of Rhizopus
to aerobically produce lactic acid with addition of
nutrients has been studied [5, 22, 28]. Strain R. oryzae
ATCC 52311 produced 83 g/l lactic acid with a yield of
0.88 g lactic acid/g of glucose consumed in culture
containing glucose and ammonium sulfate and other
inorganic salts [28]. R. oryzae and R. arrhizus simulta-
neously saccharified and fermented corn and potato
pulp to lactic acid [3, 5, 12, 23]. Khalaf [3] reported that
two prototrophic hybrids mutated from R. oryzae Leu,
and R. arrhizus Cys2 produced lactic acid with a con-
centration of 75 g/l. The range of medium composition
for lactic acid production by R. oryzae has been reported
using glucose or starch as carbon sources with supple-
mentation of (g/l) (NH4)2SO4 1–6, MgSO4.7H2O 0.05–
0.25, KH2PO4 0.12–0.6 and ZnSO4 7H2O 0.02–0.09 [11,
21, 27]. Woiciechowski et al. [29] applied enough
ammonium sulfate to obtain a C/N ratio of 5, whereas
they reported that the highest lactic acid yield was ob-
tained when a C/N ratio of 3.5 was used in a lactic acid
fermentation using R. oryzae. The results from Taher-
zadeh et al. [11] indicated that a poor medium implying
nitrogen starvation can lead to a decrease in biomass
yield and production of more lactic acid by R. oryzae.
However, our current results along with previous studies
[8, 10, 12, 17, 21, 24] suggested that an increase in the
nitrogen amount at a low-level range, such as lower than
5 g/l, resulted in an increase in lactic acid, in particular,
FB production, in a process involved by the Rhizopus

Fig. 3 Effect of starch or sugar concentration on lactic acid yield by R. arrhizus 36017 (horizontal-striped bars) and R. oryzae 2062 (cross-
striped bars) from a potato, b corn, c wheat and d pineapple waste streams in 48 h
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strains. Hofvendahl and Hahn-Hagerdal [13] reported
that the addition of nutrients, such as nitrogen and
phosphorus, and higher nutrient concentrations gener-
ally had a positive effect on the lactic acid production in
the bacterial fermentation processes.

In conclusion, although the current results along with
our previous investigations showed significantly reliable
lactic acid and fungal biomass production using the
R. oryzae 2062 and R. arrhizus 36017 from a variety of
starch- or sugar-based materials, further studies using
laboratory- and pilot-scale bioreactors and cost/benefit
analysis are required to evaluate fully such a new inte-
grated fermentation process. Some critical issues, such as
low bioaccessibility andmass transfer efficiency caused by
the viscous mycelial broth, need to be investigated.
Associatedwith these, an inhibition by the lactic acid itself
may be an important factor which affected the microbial
accessibility and fungal cell growth, as well as the lactic

acid synthesis [10]. Therefore, these phenomenaneed to be
addressed in a further SSF investigation.
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