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Abstract

The process to obtain starch from wheat requires high amounts of water, consequently generating large amounts of wastewater
with very high environmental loading. This wastewater is traditionally sent to treatment facilities. This paper introduces an
alternative method, where the wastewater of a wheat-starch plant is treated by edible filamentous fungi (Aspergillus oryzae
and Rhizopus oryzae) to obtain a protein-rich biomass to be used as e.g. animal feed. The wastewater was taken from the
clarified liquid of the first and second decanter (ED1 and ED2, respectively) and from the solid-rich stream (SS), whose
carbohydrate and nitrogen concentrations ranged between 15 and 90 and 1.25-1.40 g/L, respectively. A. oryzae showed better
performance than R. oryzae, removing more than 80% of COD after 3 days for ED1 and ED2 streams. Additionally, 12 g/L
of dry biomass with protein content close to 35% (w/w) was collected, demonstrating the potential of filamentous fungi to
be used in wastewater valorization. High content of fermentable solids in the SS sample led to high production of ethanol

(10.91 g/L), which can be recovered and contribute to the economics of the process.
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Introduction

Wheat is one of the most important crops in human diet.
Globally, wheat supplies more protein than poultry, pig, and
bovine meat together [1]. The European Union (EU) is the
most important producer of wheat in the world, accounting
for over 20% of the global production [2]. According to the
European starch manufacture, wheat is the most processed
crop, accounting for 35.9% of the total 23.6 million tons
of crops processed annually. In 2015, wheat yielded 39.6%
of the 10.7 million tons of starch produced [3]. Starch is
a naturally occurring polymer with numerous industrial
applications, including food, paper, cosmetic, pharmaceuti-
cal, textile, and detergent industries [4, 5]. Several methods
of starch production from wheat were reviewed by Van Der
Borght et al. [6]. These methods can demand up to 1.8 parts
of water per part of wheat flour [6]. This wastewater has
to be treated at the end of the process, which represents an
environmental challenge due to the large chemical oxygen
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demand (COD) of the wastewater, generally ranging between
6 and 10 g/L [7-10].

In the EU, legislation governing emissions from indus-
trial installations follows the “polluter pays” principle. These
norms use market-based instruments so the industry takes
responsibility on the external damage caused by industrial
activities. Such instruments include taxes and emission trad-
ing schemes. The environmental policy requires industrial
plants to be equipped with the Best Available Techniques
(BAT) to reach specific emissions limit values. To do so,
industries may have to implement new measures [11]. Cur-
rently, as a method to reduce the COD emissions, the sus-
pended solids present in the wastewater are collected and
sold as feed additive. Usually, the solid recovery is achieved
by decantation, but this operation results in low efficiency
and requires long settling times. Furthermore, the use of
flocculants is not recommended since it may have adverse
effects on animals [9].

In general, starch wastewater contains a significant
amount of carbohydrates, protein, and nutrients. Instead
of being sent to a wastewater treatment plant for microbial
removal, these nutrients can be recovered either through
purification processes or through the cultivation of micro-
organisms for the production of useful biomaterials [10].
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Filamentous fungi, for instance, grown in industrial waste
materials presented as an interesting alternative to the use
of refined sugars [12]. Antibiotics, enzymes, organic acids,
and ethanol are among the assortment of chemicals which
can be produced by filamentous fungi. Moreover, the fungal
biomass with high content of proteins and lipids is also a
valuable product. It is easily harvested and can be used .g.
animal feed [12, 13].

Among the variety of filamentous fungi, ascomycetes
have been described in the literature as a group of versatile
microorganisms which can grow using different substrates,
including wheat straw and wheat bran. Aspergillus oryzae
is an example of ascomycetes, and one of the most studied
fungal species for industrial applications [12]. The ability to
grow on low or negative cost substrates, such as agro-wastes
and residues has also drawn attention to the zygomycetes
[14]. Rhizopus oryzae, a zygomycete fungus, can poten-
tially replace fish feed, as reported in the literature [15]. Jin
et al. [16] investigated different filamentous fungi, includ-
ing Fusarium spp., Trichoderma spp., Aspergillus spp., and
Rhizopus spp., to produce biomass and clean water from
the effluent of a wheat- and corn-starch plant, obtaining a
removal of up to 92% of the initial COD.

The goal of the present paper is to use the wastewater
(including the suspended solids) of a wheat-starch plant as
a substrate for filamentous fungi and collect the protein-rich
biomass. This effluent has not been investigated before for
the cultivation of A. oryzae and R. oryzae. Initially, three
streams from the wheat-starch wastewater treatment plant
(Fig. 1) were characterized in terms of composition of car-
bohydrates and nitrogen; the side streams were then tested as
media for the growth of the two microorganisms. Addition
of enzymes (cellulase and amylase) to help the digestion of
complex carbohydrates was also investigated. The protein
content of the collected biomass and the COD of the residual
liquid were determined and presented.

Materials and Methods
Industrial Wastewater

Wastewater from wheat-starch production was kindly pro-
vided by Interstarch GmbH (Elsteraue, Germany). All the
wastewater from the starch plant is sent to two decanters
in series, before sending the clarified liquid to the munici-
pal wastewater plant. A block flow diagram is presented in
Fig. 1. Three samples were used in this study: ED1, col-
lected after the first decanter; ED2, collected after the sec-
ond decanter; and SS, the mixture of the solid-rich streams
of both decanters.

Microorganisms

Rhizopus oryzae CCUG 28958 (Culture Collection of the
University of Gothenburg, Sweden) and Aspergillus oryzae
var. oryzae CBS 819.72 (Centraalbureau voor Schimmelcul-
tures, Utrecht, The Netherlands) were grown on a solid PDA
(Potato Dextrose Agar) medium in 25-mL glass bottles for
5 days at 30 °C without agitation. After the mycelial growth
and sporulation, the slants were maintained at 5 °C (up to
30 days) until use. Inoculation was started by pouring 12 mL
of sterile water on each slant. The slants were then closed,
and manually agitated to release the spores. The obtained
spore suspension was used to inoculate the liquid medium
to reach a concentration between 2 x 10° and 5 10° spores/
mL in the final medium.

Analytical Methods

Total solids content of the wastewater samples was deter-
mined by drying 10 mL of the homogenized samples at
105 °C until constant weight. To determine the ash content,
the solids were placed in a muffle furnace (Gallenkamp, UK)
at 575 °C for 5 h. Thereafter, the fraction of suspended solids
was determined by centrifuging at 3000xg for 10 min and
drying the obtained solid at 105 °C until constant weight.
The difference between suspended and total solids yields the
amount of soluble solids.

Fig. 1 Block flow diagram
(BFD) representing the prelimi-
nary wastewater treatment plant
and the streams in the wheat-
starch facility
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Acetic acid, lactic acid, glycerol, ethanol, glucose, and
other sugars were analyzed using a high-performance liq-
uid chromatography (HPLC) by a hydrogen-ion based ion-
exchange column (Aminex HPX-87H, Bio-Rad, Hercules,
CA, USA) at 60 °C, using 0.6 mL/min of 0.5 mM H,SO,
solution as the eluent. The NREL analytical procedure [17]
was used to determine carbohydrates and lignin in the sus-
pended solids of the waste streams. The liquid containing the
soluble solids was analyzed in terms of carbohydrates and
their degradation products, using another NREL procedure
[18]. A HPLC lead (II)-based column (Aminex HPX-87P,
Bio-Rad) operating at 85 °C and 0.6 mL/min of ultrapure
water as the eluent was used to detect the sugars which were
released in the NREL procedures. A refractive index detec-
tor (Waters 2414, USA) was used to identify and quantify
the components.

The sucrose/p-fructose/p-glucose assay kit, the total
starch assay kit, and the raffinose/p-galactose assay kit from
Megazyme (Ireland) were used to obtain a soluble carbohy-
drate profile of the wastewater. The InKjel P digestor and
the Behrotest S1 distiller (Behr Labor-Technik, Germany)
were used to determine the total Kjeldahl nitrogen (TKN)
content for solid and liquid samples. Protein content in the
fungal biomass was estimated by multiplying the nitrogen
content found in the sample by a nitrogen-to-protein fac-
tor (6.25) [19]. AQUANAL™—professional tube test COD
(1000-15,000 mg/L) (Sigma-Aldrich, USA) was used to
determine the chemical oxygen demand in liquid samples.
All experiments were conducted in duplicates.

Fungal Cultivation

Aspergillus oryzae and R. oryzae were cultivated in 250 mL
baffled Erlenmeyer flasks, covered with a cotton plug, con-
taining 50 mL of culture medium (the wastewater without
dilution or nutritional supplementation). Sterilization of the
media was carried out at 121 °C for 20 min before inocula-
tion with 5 mL of the spore suspension at room temperature.
The cultivation was carried out in a water bath shaker at
35 °C and 120 rpm. The original pH of the ED1 and ED2
samples was used and not adjusted during the cultivation.
The SS sample was tested at the original pH and pH adjusted
to 5.5 prior to cultivation. At the end of each cultivation,
the produced fungal biomass was firstly collected using a
kitchen sieve and then freeze dried, and weighed.

COD removal efficiency was also determined, according
to Eq. 1.

[COD], - [COD]f
[coD],

Necop = X 100% ey

where ncgp is the percentage COD removal efficiency,
[COD], is the initial COD concentration of the medium,

and [COD]; is the COD concentration at the end of the
cultivation.

Samples were taken during cultivation to monitor the
consumption of sugars and production of metabolites. New
tests were carried out to study the influence of the addition
of enzymes on fungal cultivation. Because of the high con-
tent of starch and fibers in the streams, 0.1 mL of cellulase
Cellic® CTec2 (94 FPU/mL, Novozymes, Denmark) and
0.1 mL of amyloglucosidase from Aspergillus niger (300 U/
mL, Sigma, USA) were added to the Erlenmeyer flasks at the
start of the cultivation. All the other parameters were kept as
previously mentioned. All the cultivation experiments were
conducted in triplicates.

Statistical Analysis

The data collected from the experiments were statistically
analyzed using the software MINITAB® version 17.1.0.
Analyses of variance (ANOVA) were performed using gen-
eral linear models at 95% of confidence level. The graphs
present the mean value of the measurements with an error
bar representing the range of standard deviations.

Results and Discussion

Starch plants produce large amounts of wastewater. Treat-
ment and disposal of this wastewater represents an extra
cost for the industry. Recently, more strict regulations have
led the sector to search for alternative methods to reduce
the impacts on the environment as well as the costs (or
even bring new incomes) to the business. In this work, the
wastewater of a wheat-starch plant was investigated as the
substrate for the cultivation of A. oryzae and R. oryzae.
The microorganisms effectively used the nutrients of the
agro-industrial residue, reducing the impact of the indus-
trial emission while producing value-added bio products. In
this section, the results of the characterization of the waste
water, fungal growth on wastewater, and COD removal are
presented and discussed.

Starch Plant’s Wastewater

Three samples of wastewater from a wheat-starch plant
were used in this study: ED1 (clarified liquid from the first
decanter), ED2 (clarified liquid from the second decanter),
and SS (the mixture of the solid-rich streams of both
decanters). The composition on solids, ash, carbohydrates,
lignin, and nitrogen were determined for the three samples
(Table 1). ED 1, ED 2, and SS had a total of carbohydrates
of 17.29+0.20, 20.30 + 0.40, and 93.30 +4.72 g/L respec-
tively. Monomeric sugars, however, represented only a
small fraction of this total (18% in ED1, 15% in ED2,
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Table 1 Characterization of the wheat-starch industry’s wastewater

streams
ED1 ED2 SS

pH 5.28 5.29 3.85

Total Kjeldahl nitrogen  1.25+0.06*° 1.34+0.32* 1.40+0.04*
(g/L)

Total solids (g/L) 28.52+0.08% 32.19+£0.43° 96.68+0.70°
Ashes (g/L) 1.93+0.02*  1.90+0.11* 1.80+0.03°
Suspended solids (g/L) 3.70+0.11* 6.78+0.02° 71.79+0.14°

Glucan (mg/g) 446 +9° 600+73%®  857+90°
Starch (mg/g)" 53+4° 36142 771 +6°
Xylan (mg/g) 103 +49* 31+0° 65+19°
Galactan (mg/g) ND ND 3+0%
Arabinan (mg/g) ND ND 51+8°
Mannan (mg/g) ND ND ND
Lignin (mg/g) 10272 76+ 18% 49+16°
Soluble solids (g/L) 24.82+0.14* 25.41+0.43* 24.88+0.71*
Glucose (g/L) 1.68+0.02* 1.62+0.08" 3.65+0.29°
Fructose (g/L) 1.43+0.02* 1.44+0.01* 1.41+0.30*
Galactose (g/L) 0.50+0.03* 0.53+0.01* 0.56+0.01*
Raffinose (g/L) 0.24+0.08% 0.04+0.03* ND
Glucan (g/L) 7.22+0.07* 8.07+0.17° 10.44+0.35¢
Xylan (g/L) 2.32+0.02° 2.41+0.03* 3.91+0.04°
Galactan (g/L) 0.08+0.03* 0.08+0.01* 0.07+0.01*
Arabinan (g/L) 1.75+0.07*  1.81+0.04*° 3.19+0.04°
Mannan (g/L) 0.04+0.01* 0.02+0.00° ND

Lactic acid (g/L) 129+0.02 1.29+0.01° 3.23+0.14°

Acetic acid (g/L) 1.06+£0.07* 1.04+0.05° 1.48+0.13°

Glycerol (g/L) 0.23+£0.02* 0.24+0.01* 0.59+0.00°

Ethanol (g/L) 0.29+0.01* 0.68+0.03° 2.04+0.15°

COD (g/L) 273+12%  367+4.7°  58.7+2.1°

Values in any line which are not followed by the same letter are sig-
nificantly different (p <0.05)

ND not detected

"Part of the measured glucans

and 5% in SS). In the ED1 and ED2 samples, most of the
carbohydrates were present in the soluble form. The con-
centration of soluble carbohydrates was in the same range
for the three samples. On the other hand, in the SS sample,
most of the carbohydrates were present in the insoluble
form and approximately 60% of the carbohydrates in the
SS were suspended starch. The results also revealed that
the content of hexoses was higher than the pentoses, with
only a small proportion of xylose and arabinose among
the carbohydrates.

Nasr et al. [10] reported the wastewater of a maize starch
plant containing 3.88 g/L of carbohydrates, with less than
30% soluble, which represents a much more diluted efflu-
ent compared to the ones tested in this study. Jin et al. [20]
worked with starch processing wastewater with insoluble
carbohydrate content of 2.36-3.55 g/L.. These values are in
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the same range as the content of the samples ED1 and ED2
(2.03 and 4.28 g/1, respectively).

Within 95% of confidence level, the Total Kjeldahl nitro-
gen (TKN) concentrations of the three samples were not
significantly different (1.25-1.40 g/L). The COD of the
SS sample (58.7 +2.1 g/L) was significantly (95% confi-
dence level) higher than those of ED1 and ED2 (27.3+1.2
and 36.7+4.7 g/L, respectively). Comparatively, a maize
starch wastewater had a TKN content of 12.2 mg/L and
a COD concentration of 4.39 g/L [10]. The COD and the
suspended solids concentrations of tapioca starch waste-
water were determined as being in the range of 13.5-25.0
and 2.2-4.2 g/L, respectively [21]. Comparable values were
found in this study for the ED1 wastewater.

Presence of some microbial metabolites such as ethanol,
acetic acid, lactic acid, and glycerol was also detected in the
tested side streams. This might be caused by the microbial
activity in the wastewater since the effluent was not kept
under sterile conditions in the facility. The high concentra-
tion of metabolites, like lactic acid, in the SS sample may
also have contributed to the low pH of this sample (3.85).

Cultivation of Filamentous Fungi
on the Wastewaters

Aspergillus oryzae and R. oryzae were cultivated in the three
effluents of a wheat-starch plant. ED1 and ED2 were used
with no pH adjustment. Cultivation of the fungi in SS was
performed both with and without pH adjustment (5.5 and
3.85, respectively). Samples were taken at 0, 3, 6, 12, and
24 h, and analyzed. When growing A. oryzae in ED1, the
lag phase of substrate consumption lasted only 3 h whereas,
for R. oryzae, the same lag phase took 6 h. This might rep-
resent a better capacity of the Aspergillus strain to adapt to
the medium than the Rhizopus. Addition of cellulase and
amyloglucosidase in the side stream increased the lag phase
for both microorganisms, taking 6 and 12 h for A. oryzae and
R. oryzae, respectively. The longer lag phase observed when
the enzymes were added may have been a consequence of
the presence of preservatives in the enzyme cocktails. When
supplemented with enzymes, the initial glucose concentra-
tion increased to 10.37 +0.47 g/L. From the characterization
of this side stream, the maximum concentration of glucose
which could be obtained from the complete hydrolysis of the
glucans was 11.47 g/L. In all the cases, the glucose was con-
sumed until its near depletion within 24 h. The other sugars
started being consumed after glucose. Moreover, R. oryzae
cultivation yielded the highest ethanol and lactic acid con-
centration using ED1 (2.19+0.23 g/L and 5.85+0.82 g/L,
respectively). The profile of metabolites during the cultiva-
tion of the ED1 sample is shown in Fig. 2.

The results of the cultivation in ED2 stream were simi-
lar to those obtained in ED1 for both microorganisms. The
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Fig.2 Concentration profiles )
of glucose (cross), other sugars
(filled square), ethanol (filled
circle), and lactic acid (filled
triangle) in ED1 medium using:
aA. oryzae; b R. oryzae; ¢ A.
oryzae and enzyme supplemen-
tation; and d R. oryzae with
enzyme supplementation
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same trends for glucose consumption and ethanol produc-
tion were observed (Fig. 3). Glucan content was signifi-
cantly higher in ED2 compared to ED1. When enzymes
were added in the ED2 medium, the glucose concentra-
tion reached values above 14 g/L. Ethanol and lactic acid
maximum concentrations were obtained by cultivating R.
oryzae with enzyme supplementation. In the ED2 medium,
the final lactic acid concentration (8.56 +0.53 g/L) was sig-
nificantly (95% confidence interval) higher than in the ED1
medium (5.85+0.82 g/L.). Considering the same confidence
interval, the final ethanol concentration in the ED2 medium
(3.17+0.91 g/L, see Table 2) was not different from the one
obtained in ED1 stream (2.19 +£0.23 g/L).

Fig.3 Concentration profiles 3
of glucose (cross), other sugars =)
(filled square), ethanol (filled )
circle), and lactic acid (filled o
triangle) in ED2 medium using: 8
I
a A. oryzae; b R. oryzae; ¢ A. E
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. . o
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SS was examined in two conditions: at its original pH
(3.85) and at pH 5.5. SS contained the highest amount of
insoluble material among the three samples used in this
work. Most of the insoluble fraction was composed of starch
(771 mg/g). A. oryzae is a well-known a-amylase enzyme
producer [22]. The high amount of starch in the SS may
have stimulated the production of this enzyme by the fun-
gus. At pH 3.85, the rate of the hydrolysis of starch became
higher than the uptake of glucose by the microorganism after
12 h (Fig. 4a), which led to an increase in concentration
of this sugar. The low pH might have contributed to this
phenomenon by decreasing the metabolic activity of the
microorganism.

B

C 18 D
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6
0
0 6 12 24
Time (h)

@ Springer



Waste and Biomass Valorization

Table 2 Ethanol concentration at 24 h cultivation of the filamentous
fungi in the ED1 and ED2 media

Medium Microorganism Enzyme sup-  Ethanol concentra-
plementation  tion at 24 h (g/L)*
EDI A. oryzae No 1.77+0.06*
Yes 1.92+0.09°
R. oryzae No 0.70+0.05°
Yes 2.1940.23%
ED2 A. oryzae No 2.65+0.18°
Yes 2.97+0.17°
R. oryzae No 1.36:£0.04¢
Yes 3.17+0.91%¢

*Values not followed by the same letter are significantly different
(p<0.05)

The glucose concentration significantly (95% confi-
dence level) increased during the first 6 h of cultivation of
R. oryzae at both pH conditions. This result indicates the
zygomycete, similarly to A. oryzae, produced and released
enzymes in the medium to degrade the glucose oligomers.
The enzyme activity, however, was not as intense as for the
ascomycete strain, given that the glucose concentration did
not increase as much and the hydrolysis rate did not over-
come the glucose consumption by the microorganism after
lag phase (Fig. 4b, d).

AtpH 5.5, A. oryzae was not able to fully consume the
glucose in 24 h and 2.86 +0.39 g/L of glucose were left at
the end of the cultivation (Fig. 4c). This may be because
of production of amylolytic enzymes by the fungus, which
kept hydrolyzing starch. Without enzyme supplementation,

Fig.4 Concentration profiles 6 A 6 B
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circle), and lactic acid (filled = 4 4
triangle) in SS medium without ~§ % \\ g
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maximum ethanol concentration was obtained by A. ory-
zae (5.45+0.22 g/L) when using SS at pH 3.85.

When cellulase and amyloglucosidase were added to
the SS medium, glucose concentration reached a maxi-
mum of 86.33+1.09 g/L 12 h after the beginning of the
cultivation of R. oryzae at pH 3.85 (Fig. 4f). The aver-
age value was slightly higher than the theoretical yield
from the complete glucan hydrolysis of the SS sample
(83.61 +£0.49 g/L), although the values are not signifi-
cantly different (95% confidence interval). Moreover, dur-
ing the cultivation, no significant productions of ethanol
and lactic acid were detected, indicating no fungal activity.
The high concentration of sugars combined with the low
pH may have inhibited the growth of the strain. In the
other cases which there was enzyme supplementation to
the pH-adjusted SS medium, a reduction was observed
in the glucose concentration accompanied by the produc-
tion of ethanol (both fungi) and lactic acid (R. oryzae) at
the last 12 h of the cultivation (Fig. 4e, g, h). Most part
of the glucose, however, remained in the medium. Addi-
tionally, for the same medium, although an upward trend
was detected for the concentration of the sugars other than
glucose, the difference was not significant considering a
95% confidence interval.

Maximum ethanol concentration (10.91 +1.55 g/L)
was obtained at pH 5.5 when cultivating R. oryzae. This
cultivation also resulted in the maximum glucose reduc-
tion (compared to the highest concentration achieved in
the cultivation), yielding a 26% decrease in the glucose
concentration.

Fungal Biomass Production

The biomass produced during cultivation was harvested and
weighted. Protein content, as an important characteristic for
making the biomass eligible for formulation of animal feed,
was analyzed using the Kjeldahl method. Additional compo-
nents of the fungal biomass may include lipids and structural
carbohydrates (e.g. the chitosan and chitin present in R. ory-
zae cell wall) [15]. The results are presented in Table 3. The
highest biomass production was achieved by growing A. ory-
zae in SS at pH 3.85 (49.16 +£5.96 g/L.) while the biomass
with the highest protein content was the R. oryzae grown in
the ED2 with enzyme supplementation (50.76 +0.71% w/w).
Although a very high amount of biomass was obtained using
SS, the protein content was very low (below 17% w/w). This
may be explained by the high amount of suspended solids
in the sample, and the capacity of the filamentous fungi to
use the solids as a support to grow. The ability of filamen-
tous fungi to improve the flocculation of activated sludge
by the formation of a mycelial network has been previously
reported [23]. These microorganisms reinforce the structure
of the floc, resulting in larger and stronger flocs. The con-
sequence is better sludge settling and low turbidity of the
sewage effluent. Thus, it can be inferred that the suspended
solids, with high content of carbohydrates, were wrapped
by the fungal mycelium, resulting in a biomass with low
concentration of proteins.

Jin et al. [24] reported a dry biomass production of
6.05 g/L containing 36.58% protein from the cultivation of
A. oryzae in an effluent of starch production from corn and

Table 3 Biomass concentration at the end of the cultivation and its respective protein concentration

Medium Microorganism Enzyme supple- Dry biomass (g/L)* Protein (% w/w)* Nitrogen recovery (%)*
mentation
EDI A. oryzae No 9.58 +3.54% 36.38 +0.75% 44.75 +0.58®
Yes 10.19 +2.67% 36.70 +0.85% 48.02+0.45 <
R. oryzae No 9.55+0.73 36.65+0.77% 44.94+0.17°
Yes 8.25+1.07 43.88+0.93¢ 46.49+0.23°
ED2 A. oryzae No 14.39 +2.75%¢ 34.26+0.79* 58.69 +0.46"
Yes 10.25+1.54% 38.72+1.29° 47.25+0.33°%
R. oryzae No 13.33+1.05° 33.95+0.93* 53.88+0.23 ¢
Yes 7.83+0.23 50.76 +£0.71¢ 47.32+0.13
SS (pH 3.85) A. oryzae No 49.16 +5.96 11.21+0.31° 62.98 +0.95'
Yes 43.47 +7.04% 15.57+£0.72% 77.35+1.13
R. oryzae No 252040211 14.73 +0.64' 42.42+0.11%
Yes 26.08+1.87° 14.70£0.62' 43.81+0.32°
SS (pH 5.5) A. oryzae No 44.13+0.88¢ 12.48 +0.22" 62.94+0.15'
Yes 32.56 + 6.45 13.39£0.55™ 49.83 +1.04¢
R. oryzae No 25.89+0.85" 15.79 +0.59¢ 46.72+£0.17¢h
Yes 38.69+3.67° 16.87 +0.66¢ 74.59 +0.60

*Values in any column which are not followed by the same letter are significantly different (p <0.05)
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wheat. These values are in agreement with the ones obtained
for ED1 and ED2 samples in this paper. Cultivation of Rhiz-
opus oligosporus in starch processing wastewater yielded
around 5 g/L of dry biomass [20] while less than 2 g/L. of R.
arrhizhus dry biomass were obtained from the cultivation in
wastewater of a potato chips plant (20-30 g COD/L) [25].

Within a 95% confidence level, A. oryzae and R. oryzae
did not yield different biomass concentration when culti-
vated in the ED1 and ED2 samples when comparing the
biomasses grown in the same sample and enzyme supple-
mentation. All the values are in the range of 7.83—-14.39 g/L.
The biomass production average was superior for A. oryzae,
but in most of the cases the protein content of the R. oryzae
biomass was numerically superior. A. oryzae did, however,
produce more biomass than R. oryzae when the fungi were
grown in SS medium without enzyme supplementation (both
pH). This result might be explained by a more entangled
growth of A. oryzae with the SS insoluble material com-
pared to R. oryzae. A. oryzae might have had higher affinity
with the solid material, growing more attached to it. This can
also explain why A. oryzae was more efficient on degrad-
ing the glucans and releasing glucose in the medium. The
biomass concentrations at the end of the fermentation, when
enzymes were added to the SS medium, are not statistically
different due to the large standard deviations obtained for
both microorganisms. This is a typical problem when work-
ing with high solid content substrates due to the huge impact
slight variations in factors e.g. agitation causes in the results.

For cultivation in the ED1 and the ED2 samples supple-
mented with enzymes, the collected biomass of R. oryzae
contained significantly higher protein content than A. oryzae
biomass (respectively for ED1 and ED2, 43.88 +0.93 and
50.76 +0.71 for R. oryzae, and 36.70 +0.85 and 38.72+1.29
for A. oryzae). This indicates R. oryzae was more efficient
on converting the released sugars to proteins than A. oryzae.
Without enzyme supplementation, both strains produced
biomass with similar protein content. Moreover, addition of
enzyme did not change the protein content of the Aspergillus
biomass, and only R. oryzae effectively managed to con-
vert the extra sugar into more protein. Protein content is an
important factor to be considered if the biomass is intended
to be used as animal feed.

Supplementation with amyloglucosidase and cellulose
only resulted in higher biomass production for the cultiva-
tion of R. oryzae in ED2 and SS at pH 5.5 (compared to the
cultivation without addition of enzymes). Similarly to the
previous discussion, R. oryzae again demonstrated higher
capacity to use the extra sugar and efficiently convert it to
biomass.

Up to 77.35 £ 1.13% of the nitrogen initially present in
the SS is converted into biomass by A. oryzae when growing
at pH 3.85 and with addition of enzymes (see Table 3). At
these same conditions, R. oryzae yielded the lowest nitrogen
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recovery (42.42 +0.11%). Maximum nitrogen recovery by
R. oryzae was obtained when using the same stream (i.e. SS)
but at higher pH (5.5). In this case, with the addition of the
enzymes, the nitrogen recovery was 74.59 + 0.60%.

COD removal

After 24 h cultivation, less than 60% and 50% of the COD of
the ED1 and ED2 were removed by A. oryzae, respectively.
In both cases, A. oryzae was more efficient than R. oryzae
in removing COD of the samples. Cultivation of microor-
ganisms in the SS wastewater did not result in a detectable
removal of COD. In order to achieve a higher efficiency of
COD removal, the cultivation was carried out for 72 h in all
the samples, using A. oryzae and enzyme supplementation.
The COD removal was determined to be 84.88 +1.25 and
84.33 +3.6% for ED1 and ED2, respectively.

For the SS wastewater (pH 3.85), after the 72 h cultiva-
tion there was still no detected reduction in COD concentra-
tion. Further investigation was then carried out by monitor-
ing the glucose concentration during the cultivation in the
SS medium. The results are presented in Fig. 5, and show
that, for A. oryzae, the lag phase lasted for 72 h, and between
72 and 120 h, the glucose concentration was reduced to
5.04 +0.04 g/L. Ethanol started being produced after 72 h,
and reached 20.04 +0.49 g/L at 120 h. This represents a
very high concentration for an ethanol production plant.
The R. oryzae cultivation followed a different profile, with
the glucose being consumed between 24 and 72 h, and the
remaining glucose (approximately 35 g/L) not being further
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Fig.5 Concentration profiles of glucose (cross), ethanol (filled circle)
and lactic acid (filled triangle) from a A. oryzae and b R. oryzae culti-
vation in SS medium (pH 3.85) with enzyme supplementation
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consumed. Ethanol and lactic acid production followed the
same trends; with little variations after 72 h. High lactic
acid concentration (above 10 g/L) may have inhibited fungal
activity, and stopped the fermentation.

After 5 days, the COD of the SS sample treated with A.
oryzae was 42.0 g/L, which represents a removal efficiency
of only 28.4%. The high residual COD is the result of the
high ethanol production which might be the result of poor
mass transfer in the SS medium, the last being a consequence
of the high content of solids. The characteristics of the sam-
ple make it difficult for oxygen to be dissolved, creating an
anaerobic environment. This leads to a high production of
ethanol, explaining the high COD. However, even though the
COD remains high, the considerable ethanol concentration
in the fermented broth suggests purification of the alcohol
can be a worthwhile strategy. Therefore, the stream should
not be considered as a wastewater.

After 5 days, 11.95+0.46 g/L of dry A. oryzae biomass
and 22.69+1.93 g/L of dry R. oryzae biomass were obtained
in the SS sample. The result for R. oryzae is similar to the
one obtained for 24 h cultivation. The lower amount of bio-
mass of the ascomycete compared to the 24 h experiment,
however, may have been caused by the degradation of the
fibers used as support for the growth of the microorganisms
(The insoluble carbohydrates which were entrapped inside
the fungal biomass). The higher content of protein in the
biomass supports this conclusion (35.72 +1.24% w/w).

Industrial Perspectives for the Wastewater
Treatment by Filamentous Fungi

Further investigation on the production of ethanol and
organic acids using this wastewater seems to be promising.
This would lead to a larger portfolio of products from the
residue using the same microorganism, creating a flexible
process which can be operated according to market demands.
Currently, the studied wastewater is sent to the municipal
wastewater treatment plant, which results in extra costs for
the industrial facility. Mahboubi et al. [26] have highlighted
how wastes can contribute to the income of a company and
avoid the high cost related to the wastewater treatment. The
production of ethanol, for instance, can be studied as part
of an integrated process, in which the obtained broth can
be filtered for the collection of the fungal biomass and the
liquid fraction can be processed for purification of ethanol.
Since the solid fraction of the streams was found to be rich
in carbohydrates and easily hydrolyzed, the three streams
can be mixed together for cultivation of A. oryzae, yielding
fungal biomass and ethanol. Such scenario would work as
a last step for the treatment of the wastewater. The clarified
ethanol-free effluent can even be partially recycled to the
beginning of the process.

Conclusions

The effluent of a wheat-starch plant was treated by A. oryzae
and R. oryzae. These fungi can convert the organic material
to protein sources for e.g. animal feed. A large amount of
carbohydrates was identified in all the wastewater streams
(ED1, ED2, and SS). The microorganisms consumed the
sugars and hydrolyzed the long-chain carbohydrates in the
wastewater, and produced a protein-rich biomass. A. oryzae
showed high capacity to hydrolyze starch although a long
lag phase was found when it was cultivated in a high sugar-
concentration medium. More than 80% of the initial COD of
the clarified streams were consumed by the microorganisms.
The high concentration of ethanol obtained in the solid-rich
sample represents an opportunity to produce another product
from the same treatment process.
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