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fish manure waste on lactic acid
fermentation by Lactobacillus pentosus

Suan Shi,a Jing Li,b Wenjian Guanc and David Blersch *a

The aim of this work was to study the feasibility of using fishmanurewaste as a nutrient source for lactic acid

fermentation. Fish waste contains nitrogen and minerals that could support the growth of lactic acid

bacteria (LAB), making it a good candidate as the nutrient source for lactic acid fermentation. Two

different fish manure wastes, from Nile tilapia and channel catfish aquaculture, were investigated for their

performance on different sugar substrates. Both fish waste types showed low efficiency in the direct

fermentation of glucose, but satisfactory efficiencies in simultaneous saccharification and fermentation

(SSF) of cellulosic materials, such as pure cellulose and paper sludge. The highest lactic acid yield

obtained was 87% and 91%, with a corresponding volumetric productivity of 1.006 and 0.580 g L�1 h�1,

and corresponding lactic acid concentration of 96 and 56 g L�1 for cellulose and paper sludge,

respectively. Fish waste concentrations did not show much impact on lactic acid production for the SSF

process, where increasing fish waste from 10 to 30 g L�1 resulted in less than a 10% yield increase. In the

present study, fish manure waste was shown to be an effective and economic nutrient source for lactic

acid production by SSF.
1. Introduction

Lactic acid is an important organic acid with wide applications
in cosmetics, pharmaceuticals, textiles, and food industries. Its
most promising application is use as a starting material for the
production of biodegradable poly-lactic acid (PLA),1 an
environmentally-friendly plastic with a carbon neutral life
cycle.2 The global market for lactic acid has been growing
steadily and rapidly since 2008, with the market demand
reaching 800 000 MT in 2013 and expected to exceed 1 000 000
MT by 2020.3 Currently, over 90% of lactic acid is produced
globally by microbial fermentation processes.4

To reduce the feedstock cost, considerable research has
focused on the fermentation of carbohydrates derived from
renewable lignocellulosic biomass and/or waste materials for
lactic acid production.5–8 However, less attention has been paid
to the nutrient supplement in lactic acid production, which
accounts for almost 30% of the overall process cost.9 The
microbial fermentation processes in lactic acid production
suffer from the need for an expensive nutrient supply to lactic
acid bacteria (LAB). The general habitat of the LAB is a nutri-
tious environment, so they have developed a typical metabolism
that uses proteolysis to generate free amino acids for growth.10
burn University, AL 36849, USA. E-mail:
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As a result, these bacteria have a very limited capability for the
biosynthesis of amino acids and need external nutrient sources
to maintain growth. Specic minerals, vitamins, peptides and
some unknown nutrients are needed to ensure their optimal
growth.11,12 Yeast extract (YE) is considered to be the best
nutrient source for lactic acid fermentation,13 and is typically
used as laboratory standards. Because of its high cost, however,
it is economically unfavorable for larger scales, and low-cost
alternative sources are desirable. Some studies have been
carried out to develop low-cost nutrient sources from waste
materials, such as sh processing waste,14 rice bran,15 vinica-
tion lees,16 soy protein hydrolysate,17 and unpolished rice from
aging paddy.18 The utilization of these sources could reduce the
nutrient cost to some extent, but most require a complicated
pretreatment step, such as enzymatic or chemical hydrolysis,
adding additional cost to the process. Additionally, previous
studies on these nutrient sources were carried out on substrate
from either pure glucose or from lignocellulosic material using
a separate hydrolysis and fermentation (SHF) process. The
nutrient effect on lactic acid production from the equally viable
simultaneous saccharication and fermentation (SSF) process
has rarely been studied.

The reuse of waste effluent from aquaculture for economic
bioproducts has been of increasing interest recently. Because of
their market popularity and productivity in aquaculture, both
tilapia and catsh production are potentially good candidates
for conversion and reuse of wastes. Globally, tilapia is the
second most important group of farmed sh aer carp.19 In
2015, around 19 million pounds of tilapia was produced
RSC Adv., 2018, 8, 31267–31274 | 31267
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Table 1 Elemental analysis of fish wastes for major elemental
components, in per weight basis

Element

Amount

Catsh waste Tilapia waste

C 39.55% 4.53%
N 3.12% 0.46%
P 0.94% 0.40%
K 0.15% 0.03%
S 0.34% 0.00%
Ca 1.86% 1.03%
Mg 0.08% 0.08%
Fe 25 206 ppm 574 ppm
Mn 3349 ppm 87 ppm
Na 614 ppm 131 ppm
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domestically in U.S.,20 and tilapia farming produces 38.4 kg of
nitrogen wastes per ton of harvested sh.21 Likewise, catsh
farming is one of the largest segments of U.S. aquaculture
industry. Over 215 million pounds of food-size catsh was
produced in 2017, with an economic market sector worth
US$355M.22 An estimated 3 � 109 m3 of wastewater and 14 �
103 MT of solid waste are generated by catsh farming in the
U.S. annually.23 Solid sh wastes (manure) are commonly
disposed by applying them to farmland as a fertilizer supple-
ment, retaining them in ponds, or collecting and dewatering for
composting.23 The cost of waste management for aquaculture is
typically in the range of $0.05 to $0.065 per pound of sh
produced,24 and so can contribute to overall costs of production
and reduce farmer net income. In addition, improper
management of sh manure wastes could have a negative
environmental impact, such as eutrophication effects on
natural aquatic ecosystems. Compared to lignocellulosic
biomass, solid waste from sh farming has some unique
characteristics suitable for lactic acid fermentation, such as
a high amounts of nutritional proteins with a balanced pattern
of amino acids essential for the fermentation
microorganisms.25

In our previous study, it was found that catshmanure waste
could be directly used as both carbon and nitrogen sources for
lactic acid production.26 Since the nutrient source is the largest
contributor to the total cost of lactic acid production,15 the use
of sh waste as nutrient source possesses priority over that as
carbon source. As such, this study is an extension of our
previous study. The objective of this study is to investigate the
feasibility of using either catsh waste (CW) or tilapia waste
(TW) from aquaculture operations as a nutrient source for lactic
acid fermentation. The performance of these two sh wastes
was investigated on three different carbohydrate substrates:
glucose, cellulose and paper sludge. Yeast extract was used as
nutrient standard to compare with the results of the two sh
wastes. The simultaneous saccharication and fermentation
(SSF) process was applied in fermenting the cellulosic feed-
stocks, as this could eliminate the sugar end-production inhi-
bition and thus increase the nal lactic acid concentration.

2. Materials and methods
2.1. Fish waste characterization

Catsh and tilapia manure waste were collected from aquacul-
ture operations at the North Auburn Fisheries Unit at Auburn
University. Catsh solid waste was collected from the outfall of
in-pond raceway systems using a settling and collection
pumping system, from channel catsh (Ictalurus punctatus)
being fed standard soy-based protein feed. Tilapia solid waste
was collected from settling tanks receiving waste from Nile
tilapia (Oreochromis niloticus) tanks operated as biooc tech-
nology at Auburn.27 All collected waste was stored at 4 �C
immediately. In general, the solid waste samples contained sh
manure and a negligible amount of uneaten soybean feed.
Elemental analysis was done at the Alabama Soil Testing
Laboratory (Auburn, Alabama), and the results are shown in
Table 1.28 The carbohydrates composition of two manure waste
31268 | RSC Adv., 2018, 8, 31267–31274
samples were analyzed according to the National Renewable
Energy Laboratory (NREL) standard procedure,29 and the results
are shown in Table 2.
2.2. Carbohydrate substrates

Three differentmaterials were used for carbohydrate substrates.
Dextrose, anhydrous of ACS grade (Acros Organics) was used for
direct lactic acid fermentation. Microcrystalline cellulose (Alfa
Aesar) was used in SSF process. Paper sludge was collected from
the wastewater clarier unit of a Kra paper mill, Boise Paper
Company (Jackson, AL), and stored at 4 �C before further use.
The paper sludge was analyzed according to the NREL standard
procedures29 and found to contain 47.6% glucan, 7.5% xylan,
6.6% lignin, 34.5% ash and 44.2% moisture.
2.3. Enzyme and microorganism

Cellulase enzyme (Novozymes Cellic CTec2, Batch VCNI0001,
119 FPU per mL) was used to hydrolyze cellulose and paper
sludge during SSF. Lactobacillus pentosus (ATCC-8041) was used
as the microorganism, as it can use both hexoses and pentoses
in its metabolism. Lactobacilli MRS Broth (Acumedia) was used
as the growth medium for preparation of inoculum. The strain
was incubated in a stationary state at 37 �C for 24 hours in the
MRS media.
2.4. Nutrient effect test of sh wastes

The nutrient performance of catsh and tilapia waste was tested
on three difference carbohydrate substrates solutions: glucose
solution of 100 g L�1, cellulose with solid loading of 10 wt%,
and paper sludge with solid loading of 10 wt%. Meanwhile, DI
water was used as a blank substrate to quantify the lactic acid
produced by the sh wastes rather than from the substrates.
The lactic acid fermentation was carried out in 125 mL serum
bottles with a working volume of 50 mL. Calcium carbonate was
added (0.5 g g�1 sugar) as a pH buffer during fermentation to
keep values near optimal. Enzyme loading of 20 FPU per g
glucan was applied for cellulose and paper sludge. Different
levels of YE (Acros Organics) and sh wastes in the range of 5–
30 g L�1 were applied to investigate their effect on lactic acid
This journal is © The Royal Society of Chemistry 2018
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Table 2 Carbohydrates analysis of fish wastes, in per weight basis

Component

Percentage%

Catsh waste Tilapia waste

Glucan 9.0 6.7
Xylan 7.1 3.5
Galactan 2.9 1.8
Arabinan 5.8 3.5
Mannan 0.6 1.2
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production. For each serum bottle loaded with slurry, the
contents were ushed with nitrogen gas for 5 min to remove
oxygen, and crimp-sealed with a rubber stopper to maintain
anaerobic conditions during the fermentation. The slurries
were then steam sterilized at 121 �C for 15 min. The microor-
ganism inoculum and enzyme were then injected aer the
bottles cooled to room temperature aer sterilization. For all
trials, the microorganism inoculum volume was 3.0 mL. To
maintain anaerobic conditions, the bottles were kept sealed
throughout the fermentation, and samples were collected by
syringe at a 6 h interval for the rst 48 hours of fermentation,
and then at a 12 h interval for fermentation up to 96 hours.
Fermentation was performed at 37 �C and 150 rpm in a rotary-
Table 3 Effect of nutrients on lactic acid production from different carb
waste. Fermentation strategy was direct fermentation for glucose, and S

Substrate
Nutrients
(g L�1)

Lactic acid
(g L�1)

Glucose (100 g L�1) YE 5 38
10 91
15 91
20 91

CW 10 18
15 25
20 35
30 44

TW 10 76
20 89
30 91

Cellulose (10 wt%) YE 5 93
10 98
15 100

CW 10 89
15 92
20 94
30 93

TW 10 89
20 89
30 96

Paper sludge (10 wt%) YE 5 57
10 58
15 59

CW 10 52
15 53
20 55
30 54

TW 10 50
20 53
30 56

This journal is © The Royal Society of Chemistry 2018
action incubator-shaker and allowed to continue for 96 h or
until no appreciable additional lactic acid production was
observed. Experimental trials were carried out in duplicate. To
better compare the performance of sh wastes and YE in the
lactic acid fermentation, the equivalent nitrogen input was
calculated by eqn (1).

Nitrogen input ¼ (nitrogen percentage) �
(nutrients concentration) � (volume) (1)

2.5. Analytical methods

Sugars were determined by HPLC equipped with refractive
index detector (Shodex, Japan) using a BioRad-HPX-87P
column. Lactic acid concentrations of samples were deter-
mined by HPLC using a BioRad-HPX-87H column. Where
applicable, statistical analysis was performed including mean
value and standard error. To show the lactic acid production
rate, volumetric productivity (P) was calculated as the concen-
tration of lactic acid produced per liter divided by the fermen-
tation time (h) and expressed in units of g L�1 h�1. Lactic acid
yield was dened as lactic acid produced divided by the total
amount of available sugars.
ohydrate substrates. YE: yeast extract; CW: Catfish waste; TW: Tilapia
SF for cellulose and paper sludge

Yield (%)
Productivity
(g L�1 h�1)

Equivalent nitrogen
input (mg)

41 0.364 22.25
99 1.265 44.50
99 2.168 66.75
99 2.168 89.00
20 0.192 15.50
27 0.259 23.25
38 0.364 31.00
48 0.460 46.50
83 0.795 2.50
97 0.930 5.00
99 0.949 7.50
84 0.971 22.25
88 1.015 44.50
90 1.041 66.75
80 0.925 15.50
83 0.960 23.25
85 0.983 31.00
84 0.971 46.50
80 0.925 2.50
80 0.925 5.00
87 1.006 7.50
94 0.599 22.25
95 0.605 44.50
96 0.612 66.75
85 0.542 15.50
86 0.548 23.25
90 0.573 31.00
88 0.561 46.50
82 0.522 2.50
86 0.548 5.00
91 0.580 7.50

RSC Adv., 2018, 8, 31267–31274 | 31269
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Fig. 1 Effect of different nutrients on lactic acid production from
glucose (100 g L�1 glucose solution, direct fermentation at 37 �C and
150 rpm). Solid line: lactic acid yield/concentration; dashed line:
residual sugar. (a) YE as nutrient source; (b) CW as nutrient source; (c)
TW as nutrient source.

Fig. 2 Effect of different nutrients on lactic acid production from
cellulose (10 wt% cellulose loading, 20 FPU per g glucan enzyme
loading, SSF at 37 �C and 150 rpm). (a) YE as nutrient source; (b) CW as
nutrient source; (c) TW as nutrient source.
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3. Results and discussion
3.1. Effect of different nutrients on lactic acid production
from glucose

Yeast extract was shown to be an excellent nutrient for most
LAB, according to previous reports, and therefore has been used
as a standard nutrient source in laboratory lactic acid fermen-
tation.8,13,15,30 The YE used in this study was analyzed to contain
8.9% nitrogen. The nutrient effect of YE on lactic acid produc-
tion by Lactobacillus pentosus (ATCC-8041) was investigated as
31270 | RSC Adv., 2018, 8, 31267–31274
control and compared to the results of sh wastes. Table 3 is the
summary of lactic acid yield and productivity for different
nutrients and substrates tested in this study. The lactic acid
produced by this LAB is racemic lactic acid (mixture of the D-
and L-lactic acid in equal amounts).

When glucose was used as the carbohydrate source, four
different loadings of YE were applied: 5, 10, 15 and 20 g L�1. The
results showed that YE concentration had a signicant effect on
lactic acid productivity (Fig. 1a). The fermentation with no
nutrient was highly insufficient; themajority of glucose remained
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of different nutrients on lactic acid production from
paper sludge (10 wt% paper sludge loading, 20 FPU per g glucan
enzyme loading, SSF at 37 �C and 150 rpm). (a) YE as nutrient source;
(b) CW as nutrient source; (c) TW as nutrient source.
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aer 96 h, and only 8.1 g L�1 lactic acid was produced with
a volumetric productivity of 0.084 g L�1 h�1. With a YE loading of
5 g L�1, the nal lactic acid concentration increased to 38.3 g L�1

with a volumetric productivity of 0.364 g L�1 h�1, but there was
still 43% of the glucose le in the fermentation broth. When the
YE concentration was increased to 10 g L�1 or greater, glucose
was depleted and the resultant yields of lactic acid were identical
to one another. Nevertheless, the time required to complete the
fermentation was signicantly different for 10 and 15 g L�1 YE. It
took 72 h to consume all of the glucose for 10 g L�1 YE loading,
This journal is © The Royal Society of Chemistry 2018
producing 90.9 g L�1 lactic acid with a volumetric productivity of
1.265 g L�1 h�1. In case of 15 g L�1 YE loading, fermentation to
completion required only 42 h, producing 91.3 g L�1 lactic acid
with a volumetric productivity as high as 2.168 g L�1 h�1. A
further increase in YE concentration to 20 g L�1 did not result in
higher productivity of lactic acid (Table 3). This trend was in good
agreement with previous reports. Gao et al. found that when
initial YE concentrations were increased from 3 to 15 g L�1,
productivity of Lactobacillus rhamnosus (NBRC 3863) increased as
well, whereas YE concentrations above 15 g L�1 did not result in
higher productivity.15 John et al. also discovered that a further
increase of YE supplementation did not show any dramatic
change in lactic acid productivity of Lactobacillus delbrueckii
(NCIM 2025) and Lactobacillus casei (NCIMB 3254).31 However,
both of these studies found that the YE concentration, even at
a low dosage of 3 g L�1 or 0.05 w/v%, had very little effect on nal
concentration and yield of lactic acid, which was different from
the results in the present study. Dosage of YE at 5 g L�1 did not
reach the same lactic acid yield as higher YE dosages (Table 3). It
seems the LAB strain of Lactobacillus pentosus (ATCC-8041) is
more sensitive to nutrient level and requires a higher amount of
minimum nutrients to function.

Four levels of CW concentration (10, 15, 20, and 30 g L�1) and
three levels of TW concentration (10, 20, and 30 g L�1) were
applied to investigate their nutrient effect on lactic acid
production. When the sh wastes were used instead of YE for
glucose conversion, the efficiency of fermentation was greatly
reduced (Fig. 1b and c). With CWas the nutrient source, the lactic
acid yield was only 48.3% aer 96 h at the highest CW loading of
30 g L�1, and the volumetric productivity was 0.460 g L�1 h�1.
Half of the glucose was still not consumed. So, the CW was not
competitive to YE when it was used in the lactic acid fermenta-
tion of pure glucose. On the other hand, although TW contained
much less nitrogen content than CW (Table 1), its performance
with glucose was superior to CW. At the optimal loading of TW,
complete conversion of glucose was observed (Fig. 1c). The lactic
acid yields for TW loading of 10, 20 and 30 g L�1 were 83.1%,
97.3% and 99.0%, respectively (Table 3). The corresponding
volumetric productivity was 0.795, 0.930, and 0.949 g L�1 h�1,
respectively, which was two times higher than that of CW.
Currently, there is not a clear explanation for the superior
performance of TW, considering it contained merely 0.46 wt%
nitrogen. A detailed amino acids and B-vitamins analysis might
help to give a better understanding. One possible reason is that
the TWwaste is comprises a bacterial biooc rather than a simple
manure solid, which may make it easier for the LAB to metabo-
lize. Biooc aquaculture systems create degraded organic waste
solids dominated primarily by bacterial biooc.32 As such, they
may have an amino acid prole more balanced for LAB metab-
olism than comparative manure solids from catsh wastes.
3.2. Effect of different nutrients on SSF of cellulosic
materials

The SSF process was chosen for bioconversion of cellulose and
paper sludge into lactic acid in this study. The main advantage
of SSF over SHF is that it eliminates the product inhibition of
RSC Adv., 2018, 8, 31267–31274 | 31271
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enzymes by sugars and thereby allows for increased sugar
digestibility.33,34 The sugars released by enzymatic hydrolysis
were simultaneously consumed by LAB, so there was no accu-
mulation of sugars during the SSF. The effect of YE concentra-
tion on SSF of cellulosic materials was much less dramatic
(Fig. 2a and 3a). The lactic acid yield with lower concentration of
YE was not substantially different from that with higher YE
loadings. Likewise, the volumetric productivity was similar
(Table 3). The time required to complete the SSF of cellulose at
YE loading of 5, 10, ad 15 g L�1 were the same, and the nal
lactic acid yields were 84%, 88% and 90%, respectively. The SSF
of paper sludge with YE showed similar results, where a YE
loading of 5, 10 and 15 g L�1 resulted in 94%, 95% and 96%
lactic acid yield at the same completion time, respectively
(Fig. 3a). Due to the nature of the SSF process, sugar hydrolysis
and fermentation is carried out simultaneously at a compro-
mising temperature comparing to their individual optimal
temperature, and it takes longer time than direct fermentation
(DF) of monomeric sugars. The volumetric productivity of SSF
was in the range of 0.599 to 1.041 g L�1 h�1 in all cases (Table 3).
It seems that the SSF process does not require as much nutri-
ents as direct fermentation and SHF. A very low amount of YE,
such as 5 g L�1, was adequate to achieve satisfactory lactic acid
yield and productivity. Higher concentrations of YE did not
bring in noticeable increase in lactic acid yield. We speculate
that the reason for the low demand of nutrients is because of
the slow release of fermentable sugars in the SSF process. The
sugar was gradually hydrolyzed and released by enzyme and was
immediately consumed by LAB. There was no sugar accumu-
lation during SSF of cellulose and paper sludge in our study, as
only a trace amount of glucose was detected in the fermentation
samples (data not shown). The instantaneous sugar concen-
tration during SSF was low, so the need for nutrients of LAB was
also reduced compared to the fermentation of high titer sugar
solutions.

In contrast to glucose conversion, CW showed promising
results in SSF of cellulosic materials. The highest yield from
cellulose and paper sludge with CW was 85.4% and 90.2% with
the volumetric productivity of 0.983 g L�1 h�1 and 0.573 g L�1

h�1 respectively, which is comparable to that of YE (Table 3).
Similar to the effect of YE on SSF, the CW loading did not show
signicant impacts on the SSF of cellulose and paper sludge
(Fig. 2b and 3b). Increase of CW from 10 g L�1 to 30 g L�1

resulted in a yield increase of less than 5%. For both feedstocks,
the highest yield was obtained at a CW loading of 20 g L�1

(Table 3), which was relatively low compared to previous
reports.14,15,18,35 The nitrogen content in CW and YE were
analyzed to be 3.1% and 8.9% respectively. As shown in Table 3,
the equivalent nitrogen input from CW was lower than that
from YE, indicating nitrogen utilization efficiency of CW in SSF
of both cellulose and paper sludge was higher than that of YE.

Performance of TW in the SSF of cellulose and paper sludge
was similar to that of CW. The maximum lactic acid yield for
cellulose and paper sludge was 87.4% and 91.1%, respectively,
which were obtained with 30 g L�1 TW (Table 3). The corre-
sponding volumetric productivity was 1.006 and 0.580 g L�1 h�1,
respectively. Again, the TW loading did not show signicant
This journal is © The Royal Society of Chemistry 2018
impact on the SSF process (Fig. 2c and 3c). Increase of TW from
10 g L�1 to 30 g L�1 resulted in less than 10% yield increase.
3.3. Comparison with other low-cost nutrients

To evaluate the performance of sh waste in lactic acid
production, some low-cost nutrients were compared in Table 4.
It was found that if YE were replaced by other inexpensive
nutrients, there was a decrease in lactic acid production or an
increase in fermentation period.14,15,18,36 To raise fermentation
efficiency, the alternative nutrients had to be used in large
quantities. Gao et al. used 68 g L�1 of sh processing waste to
obtain results comparable to 15 g L�1 YE.14 The same group also
found that 30 g L�1 of rice bran could result in productivity
comparable to about 8 g L�1 YE.15 The high dosage of the
nutrient sources would bring in problem of high impurities,
however, and a greater amount of supplemented nutrients
increases downstream separation costs. Some researchers used
a strategy of combining nutrient sources to increase the effi-
ciency and lower the nutrient dosage. Lu et al. achieved 1.5 g L�1

h�1 lactic acid productivity by combining wheat bran powder of
29.1 g L�1 and 2.5 g L�1 YE.18 Gao et al. successfully reduced the
sh processing waste loading from 68 g L�1 to 17 g L�1 by
mixing with 6 g L�1 spent cells.35 In the present study, 20 g L�1

CW showed satisfactory lactic acid production in SSF with no YE
supplement.

Another important advantage of using sh waste as nutrients
in fermentation is that it does not require any pretreatment
steps. Other low-cost nutrients such as sh processing waste,
rice bran, wheat bran, barley, and corn, etc. were in need of
a more complicated thermal-chemical and/or enzymatic
hydrolysis pretreatment step.14,15,18,35,36 The untreated materials
could only lead to very low lactic acid productivity and yield. The
pretreatment step is neither economically favorable nor
environment-friendly due to the use of inputs of chemicals,
enzymes, or high thermal energy. The use of sh waste as pre-
sented here could bypass pretreatment, thereby making a more
attractive nutrient source for lactic acid production at large
scale.
4. Conclusions

The use of sh manure wastes as nutrient source for lactic acid
fermentation from glucose was insufficient compared to yeast
extract. However, it is feasible to use sh wastes as a nutrient
source for lactic acid production from cellulosic materials by
SSF process. Both tilapia and catsh wastes from aquaculture
were found to be adequate nutrient sources for LA production
from cellulosic materials, at an optimum loading of 20 g L�1.
This sort of fermentation strategy could not only reduce the cost
for lactic acid production, but also help to prevent aquatic
pollution by consuming a waste product that is otherwise
disposed of in the environment. The relatively low loading
requirement of sh waste could ease the burden of downstream
separation. Elimination of a pretreatment step makes the
utilization of sh waste more economic and environmentally
friendly than other potential low-cost nutrient sources.
RSC Adv., 2018, 8, 31267–31274 | 31273
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