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Abstract Treating municipal sewage sludge (MSS) sustain-
ably and economically in China remains a challenge because
of risks associated with the heavy metals it contains. In this
study, black solider fly larvaec (BSFL) were used for MSS
treatment. The resistance of larvae to combined heavy metals
and their potential use in conversion of MSS were investigat-
ed. The results indicated that seven MSS samples contained
large amounts of heavy metals, with the lead and nickel con-
tents of several samples exceeding Chinese national discharge
standards. BSFL were highly tolerant to an artificial diet
spiked with combined heavy metals. Principal component
analysis revealed that high concentrations of lead, nickel, bo-
ron, and mercury potentially interfered with larval weight
gain, while zinc, copper, chromium, cadmium, and mercury
slightly reduced larval survival. The addition of chicken ma-
nure and wheat bran as co-substrates improved the conversion
process, which was influenced by the nature and amount of
added co-substrate and especially the quantity of nitrogen
added. With the amended substrate, the BSFL. accumulated
heavy metals into their bodies but not into extracted larval
oil. The heavy metal content of the treatment residue was
lower than that considered safe for organic-inorganic
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compound fertilizers standards in China and the harvested
larvae could be used as a source of oil for industrial
application.
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Introduction

The increase in the quantity of municipal sewage sludge
(MSS) has posed significant environmental problems in
China due to the widespread establishment of sewage treat-
ment plants (Chen et al. 2008; Milinovic et al. 2014) and the
complex chemical compounds and heavy metals present in the
MSS. MSS management is important for the sustainable de-
velopment of sewage disposal (Xiao et al. 2015). Until now,
sanitary landfills have been the universal approach to the treat-
ment of MSS in China. Many physical and biological technol-
ogies also have been developed that could produce biogas,
provide energy, and prepare organic fertilizer through anaero-
bic digestion, co-pelletization, and composting (Ajeej et al.
2015; Liu et al. 2015; Tandukar and Pavlostathis 2015).
However, these processes do not remove heavy metals
(Hung et al. 2015; Shamuyarira and Gumbo 2014), thereby
posing risks to underground water (via landfill), farmland (via
fertilizer), and the atmosphere (via incineration) (Dede and
Ozdemir 2016; Hsu et al. 2016; Peng et al. 2016).

Black soldier fly, Hermetia illucens, is an insect of potential
value in waste disposal because of the low cost, short treat-
ment time, and high efficiency of larval treatment (Diener
et al. 2009; Lalander et al. 2014; Nakamura et al. 2016;
Zhou et al. 2013). The black solider fly larvae (BSFL) feed
voraciously on organic wastes and incorporate the nutrients
into their bodies to produce extra insect protein and fat
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(Ciékové etal. 2015; Diener et al. 2011). Furthermore, the by-
product of this process (i.e., biodiesel) can be obtained in high
yield (Li et al. 2015; Zheng et al. 2012a, b), which is desirable
for industrial applications.

Livestock manure, human feces, food waste, vegetable
waste, compost leachate, and municipal organic waste can be
converted by BSFL (Diener et al. 2011; Lalander et al. 2013;
Parra Paz et al. 2015). Popa and Green (2012) used raw sewage
effluent (obtained from the local water treatment plant) to feed
BSFL and found that larvae had the potential to convert
sewage, but little research has been conducted on the use of
BSFL to convert MSS. Diener et al. (2015) examined the tox-
icity of cadmium, lead, and zinc to BSFL and found that none
of the metals individually had a significant effect on the life
cycle of BSFL, suggesting that they have considerable potential
to treat heavy metal-containing waste. However, the effect of
exposure to combined heavy metals on the growth of BSFL is
unknown. In theory, compared with conventional microbiolog-
ical and chemical treatments, the larval treatment has
timesaving and low-cost advantages, and may reduce levels
of heavy metals in treatment residues, lowering the risk of en-
vironmental contamination due to metal bioaccumulation in the
larvae bodies (Diener et al. 2015). The metal-enriched larvae
could then be incorporated into further industrial applications.

In view of the above, the objectives of this study were to (i)
assess the growth of BSFL affected by heavy metals in MSS;
(i1) analyze the effect of heavy metals and nutrient amend-
ments on BSFL growth; and (iii) address the potential appli-
cation of larval conversion to treat MSS.

Materials and methods
Source of BSFL and MSS

The BSFL were obtained from a colony maintained year-
round in a greenhouse in Huazhong Agricultural University,
Wuhan, China. The Wuhan colony was established from eggs
collected at a poultry facility in November, 2008. The larvae
were fed a standard colony diet (Li et al. 2011; Zheng et al.
2012b, 2013) for approximately 8 days and then used in the
experiments (Sheppard et al. 2002; Zheng et al. 2012b).

MSS samples were collected from seven sewage treatment
plants in Yucheng city in Shandong Province. Sludges A, B,
E, F, and G were from plants serving soybean oil, saccharides,
sugar alcohols, sweetened bean paste, and papermaking in-
dustries, respectively, while sludges C and D were from urban
domestic sewage treatment plants.

Chemical analysis of MSS

Concentrations of zinc (Zn), copper (Cu), chromium (Cr),
cadmium (Cd), lead (Pb), nickel (Ni), boron (B), and mercury
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(Hg) in MSS samples were determined by HNOs-H,0, di-
gestion and inductively coupled plasma-optical emission
spectroscopy (ICP-OES) analysis (Diener et al. 2015) using
a microwave digester (MASXPRESS; CEM, USA) and an
ICP-OES spectrometer (VISTA-MPX; Varian, USA).

The moisture content, total nitrogen (TN), total phosphorus
(TP), total potassium (TK), and organic matter (OM) of MSS
were assayed according to the standard method coded as CJ/T
221-2005 Standardization Administration of the People’s
Republic of China. Briefly, they referred to gravimetric meth-
od, Kjeldahl method, molybdenum-antimony spectrophotom-
etry, flame photometry, and potassium dichromate method,
respectively.

Experimental design

Two different experiments were established to assess the tol-
erance of BSFL to combined heavy metals and to address the
potential application of larval conversion to treat MSS, as
follows:

1. Effect of combined heavy metals on BSFL growth

Seven different artificial diets, SI-S7 (60% final moisture
level) were prepared from bran and wheat shorts (1:1, w/w)
and included heavy metals corresponding to those present in
sludges A—G. Each diet (500 g) in an open barrel was inocu-
lated with four hundred 8-day-old BSFL and covered with
damp cotton gauze in the greenhouse. The room temperature
was controlled at 25-30 °C throughout the entire process.
When approximately 50% of the larvae had become prepupa,
the experiment was stopped. A control treatment (S8) was
conducted with the artificial diet but no heavy metals. The
experiment was conducted in triplicate.

2. Improvement of the BSF process by inclusion of addition-
al substrate

Based on the heavy metal contents of all of the sludge
samples, sample C was selected for this experiment because
it had the greatest total heavy metal content. Two kinds of co-
substrates, namely, chicken manure and wheat bran, were
mixed into sludge sample C in an attempt to enhance the
conversion process by increasing the transfer of metals into
the bodies of the BSFL. The chicken manure and wheat bran
were collected from the Chaotuo Ecological Agriculture Co.
Ltd. in Wuhan City, China. The mean concentrations of OM,
TN, TP, and TK were 61.4%, 25.1 mg/g, 11.7 mg/g, and
9.8 mg/g for bran and 40.2%, 35.4 mg/g, 22.8 mg/g, and
7.1 mg/g for chicken manure, respectively. The four hundred
8-day-old BSFL were introduced into different 500-g mix-
tures of the various materials (Table 1), and the conversion
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Table 1  Components of different mixture material groups
Groups ID Gl G2 G3 G4 G5 Go6 G7 G8 G9 Gl0
MSs*

Weight®g 500 375 250 125 0 400 300 200 100 0

Percentage 100 75 50 25 0 84 63 42 21 0
Chicken manure

Weight/g 0 125 250 375 500 0 100 200 300 400

Percentage 0 25 50 75 100 0 21 42 63 &4
Bran

Weight/g 0 0 0 0 0 100 100 100 100 100

Percentage o 0 O O o0 16 16 16 16 16
BSFL/larvea 400 400 400 400 400 400 400 400 400 400

?The moisture contents of MSS, chicken manure, and bran were
80.1 0.1, 74.4 £ 0.2, and 3.02 + 0.1%, respectively

° The weight of all was wet weight

process was controlled as described above. All experiments
were carried out in triplicate.

Sampling and analysis

After the conversion process, the larvae and the residue were
collected and dried separately at 105 °C for 10 min followed
by 60 °C for 2 days, and then weighted. The parameters for
BSFL conversion were calculated according to Egs. (1) and
(2) (Diener et al. 2009; Parra Paz et al. 2015):

WRR = (S—R)/S x 100%, (1)
CR = (WI;~Wlp)/S x 100%. (2)

where WRR and CR represent waste reduction rate and con-
version rate, respectively; S is the total quantity of substrate
provided throughout the experiment; R is the residue after
conversion (non-digested substrate + excretion products);
Wl is the larval weight at the end of the process; and Wi, is
the larval weight at the start of the process. All weights were
on a dry basis.

For evaluating the growth of BSFL, parameters were se-
lected and calculated as shown in Egs. (3), (4), and (5):

LWI = (Wlg~Wlp), (3)
SR = Nl¢/Nly x 100%, (4)
ER = N¢/N, x 100%. (5)

where LWI, SR, and ER represent the larval weight increase,
survival rate of larvae, and eclosion rate of pupae, respective-
ly; Wlgand W], are the same as in Eq. (2); M and Nl are the
final and original numbers of live larvae in the conversion
process, respectively; and Ny and N, are the numbers of flies
and pupa in the black soldier fly eclosion process.

Analyses of variance (ANOVA) were applied for all the
data. Principal component analysis (PCA) was used to analyze
the effect of the combined heavy metals on BSFL growth. The
predictive analytic software SPSS (version 17.0) was
employed for the analyses.

Results and discussion
Elements in MSS

The concentrations of heavy metals and nutrient elements
in the various sludge samples varied widely (Table 2). The
nutrient elements ranged from 50.2 to 69.9% for OM, 12.7
to 34.1 mg/g for TN, 15.8 to 65.0 mg/g for TP, and 1.07 to
15.4 mg/g for TK. Their contents were similar to those of
the bran and chicken manure used in this research. The pH
value of sludge varied from 5.8 to 8.2. The content of
volatile phenols varied from 0.02 to 0.89 mg/kg (dry
weight).

The distribution of heavy metals in these samples was
similar to that reported by Weng et al. (Weng et al. 2014)
and S¢anéar et al. (SEanéar et al. 2000). The content of
zinc was higher than that of other metals, while contents
of copper, chromium, cadmium, boron, and mercury were
at low levels. Most metal concentrations were below
China’s discharge standards for municipal wastewater
treatment plant (GB 18918-2002), but those of lead and
nickel in sludges A, D, and F were in excess of the
standards.

Among the seven kinds of sludge, the highest concentra-
tions of copper, chromium, and mercury were from sludge C,
cadmium from sludge B, and lead, nickel, and boron from
sludge D. Thus, the heavy metal contamination of sludges C
and D were more serious than those of the others. This con-
tamination resulted from the fact that sewage treatment plants
for sludges C and D served the whole city and their source of
wastewater was more complex and harder to control than
those of the others (Wang et al. 2005).

The hierarchical cluster analysis results for these seven
samples, based on the data for heavy metal and nutrient
content, are shown in Fig. 1. The shorter rescaled dis-
tances correlate to a closer relationship, and the short
rescaled distances (less than 5) among sludges B, E, and
F indicate that their chemical compositions were similar,
as expected considering their similar sources (saccharides
factory, sugar alcohols factory, and sweetened bean paste
factory). Thus, five different clusters were obtained at a
rescaled distance of 5, where sludges B, E, and F belong
to one cluster and the other four to four additional clus-
ters. With an increase in rescaled distance, the number of
clusters decreased and sludges A, G, and C were succes-
sively combined with the cluster containing sludges B, E,
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Fig. 1 Dendrogram of hierarchical cluster analysis for the seven kinds of
MSS (Sludge A, B, C, D, E, F and G), using average linkage (between
groups)

and F. At a rescaled distance of 20, three clusters were
formed comprised of sludges B, E, F, A, and G; sludge C;
and sludge D. That sludges C and D were from the city’s
domestic sewage while the others were from industrial
sewage indicates that the heavy metal distribution in
sludge was associated with the sewage source. In addi-
tion, sludges C and D were not combined into one cluster.
This may be because of their complex sources. The sew-
age treatment plants of sludges C and D collected indus-
trial effluents, domestic wastewater, and rainfall runoff
from different areas of the city.
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and growth of BSFL (¢ survival rate; d eclosion rate) in artificial diet
groups that contained the different combined heavy metals (S1 to S7) or

Conversion and BSFL growth affected by combined heavy
metals

The effectiveness of conversion and BSFL weight in-
crease reflect the degree of resistance of BSFL to com-
bined heavy metals (Fig. 2). The conversion rate
(9.27 £ 0.46%) of S4 was the lowest, while that of S5
(11.14 £ 0.08%) was the highest. The conversion rate
(mean range from 9.92 to 11.14%) of S1, S2, S5, S6,
and S7 did not differ significantly from that of control
sample 8 (10.81 = 0.36%), which contained no heavy
metal amendment. Because the quantity of initial sub-
strate in all of the samples did not differ, the low con-
version rate was related to the low weight gain of the
BSFL and the results indicate that the combined heavy
metals of S3 and S4 hindered weight gain by the BSFL,
while those of the others did not.

The waste reduction rate (58.43 + 1.03%) of S3 was sig-
nificantly lower than that of others (mean ranges from 63.27 to
64.13%). The heavy metals in S3 were the same as in sludge
C, which was rich in zinc, copper, and mercury, suggesting
that the low waste reduction rate was due to the presence of the
heavy metals.

The mean survival rate of BSFL ranged from 90.0% to
99.7% and the mean eclosion rate ranged from 85.6 to
94.5% in all groups. The analysis of variance showed that
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Fig. 3 PCA results based on 12 parameters (eight heavy metal
concentration and four conversion parameters) of 24 samples. a 3D
score plot of the eight different artificial diets that contained the

the survival and eclosion rates of the heavy metal groups (S1
to S7) and the control group (S8) did not differ significantly,
indicating that the combined heavy metals did not significant-
ly affect the BSFL life cycle.

Three principal components, namely PC1, PC2, and PC3,
were obtained totaling 79.21% (PC1, 39.16%; PC2, 28.69;
and PC3, 11.36) in all parameters (Fig. 3a). PC1 mainly rep-
resented the parameters zinc, copper, chromium, cadmium,
and mercury, survival rate and waste reduction rate (Fig.
3b); PC2 was comprised of the parameters lead, nickel, boron,
mercury, and conversion rate (Fig. 3¢); and PC3 represented
the parameters zinc and eclosion rate (Fig. 3b). With sufficient
nutrition (artificial diets) and a controlled environment, the
survival rate of BSFL could be negatively affected mainly
by zine, copper, chromium, cadmium, and mercury, while
weight gain could be hindered by elevated concentrations of
lead, nickel, boron, and mercury. Borowska et al. (2004) re-
ported that zinc in food offered to house fly larvae led to a
60% mortality in larvae and 70% in pupae. However, pupal
eclosion was positively correlated with zinc as represented by
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different combined heavy metals (n = 3); b, ¢ 2D biplots on PC1-PC2
and PC1-PC3 plane overlapping scores and loadings

PC3. The statistical results indicated that heavy metals could
potentially have a slight negative effect on the growth of
BSFL. The data indicate that the effect of combined heavy
metals on the BSFL is clearly complex. Each metal could
potentially affect the growth of BSFL either negatively or
positively, but the combined heavy metals apparently did not
affect them significantly.

Improved conversion by inclusion of additional substrate

The effectiveness of the conversion process was very poor in
the MSS group (G1), and the conversion rate and larval weight
increment were negative (Fig. 4). However, adding the bran and
chicken manure obviously improved the conversion. Rates of
conversion, waste reduction, and larvae weight increased with
the increasing proportion of co-substrates, providing a readily
available approach to converting MSS with BSFL.

Compared with the two positive controls G5 of chicken
manure and G10 of chicken manure mixed with bran, mixture
groups G4, G7, G8, and G9 yielded feasible and effective
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conversion. Conversion rates of G4, G7, G8, and G9 ranged
from 5.0 to 7.6%, and waste reduction rates ranged from 38.0
to 44.9%. Diener et al. (2009) fed BSFL with chicken feed
(UFA 625) in a series of feeding rates and obtained conversion
rate values of 6.0 to 16.1% and waste reduction rates from
23.1 to 42.2%. Zhou et al. (Zhou et al. 2013) investigated
the conversion of three black soldier fly strains on three live-
stock manures and found conversion rates of 5.37-6.55, 6.92—
7.67, and 2.24-3.13% and waste reduction rates of 28.8-53.4,
31.8-61.7, and 34.6-57.8% for swine manure, chicken ma-
nure, and dairy manure, respectively. Diener et al. (Diener
et al. 2011) used municipal organic waste (kitchen waste) for
BSFL conversion, obtaining a conversion rate of 11.8% and a
waste reduction rate of 68%. The conversion effectiveness rate
of G7 was similar to that of swine manure, and those of G4,
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G8, and G9 were similar to those of chicken manure and
chicken feed (UFA 625).

Larval weight increases corresponded to the growth of
BSFL in these groups. Larvae weight increases of G4, G7,
G8, and G9 ranged from 7.8 to 11.1 dry grams, and those of
G8 and G9 were equal to or greater than that of the chicken
manure control (G5). The mixture of MSS, bran, and chicken
manure was better suited to the appetite of BSFL than that of
MSS and chicken manure.

The treatment time of G1, G2, G3, and G6 was 30 days,
while that of G4, G7, G8, and G9 was 12 or 13 days. Co-
conversion of MSS with inclusion of chicken manure and bran
shortened the larval treatment time of MSS. Compared with
the process time of aerobic composting (45 days, Dzulkurnain
et al. (2017) and 34 days, Budych-Gorzna et al. (2016)), the

Table 3 Pearson correlation

analysis of five kinds of nutritive Total dry mass OM TN TP TK

and four conversion parameters

(n =20) WRR 0.7832%% 0.6461%+* 0.9406** —0.4231 0.7685%%*
CR 0.5648** 0.3857 0.8446%* —0.6658%* 0.5444*
LWI 0.6996%* 0.5377° 0.9220%* —0.5553%* 0.6816%*
Prepupa ratio 0.5715%* 0.4219 0.7891%*% —0.5315% 0.5547%

*p < 0.05; **p < 0.01; italic, [Pearson's correlation coefficient values| > 0.75
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larval treatment time of G4, G7, G8, and G9 was much lower,
a clear advantage over other biotechnology.

Principal component analysis (Fig. 4d) and Pearson’s cor-
relation analysis (Table 3) of the five kinds of nutritive and
four conversion parameters was conducted to understand the
nutrient requirements of BSFL. Two principal components,
namely PC1 and PC2, represented 95.89% of all parameters
(PC1, 73.55% and PC2, 22.34%). PC1 mainly represented the
nutrient parameters of total dry mass, OM, TN, and TK of
substrate, conversion parameters of waste reduction rate and
conversion rate, and prepupa ratios. PC2 represented the nu-
trient parameters of TP and OM. TN concentration was highly
significantly correlated with all four conversion parameters,
indicating that the N content of the substrate was an important
indicator for forecasting the effectiveness of larval conversion.
In addition, it appeared that nitrogen source was also very
important for BSFL growth and development, which was con-
sistent with the effect of V on composting effectiveness (Gao
et al. 2009; Ogunwande et al. 2008). Thus, the addition of
appropriate co-substrates and sufficient nitrogen could be
key factors for BSFL conversion.

Potential application of BSFL for conversion of MSS

Based on the results above, group G7 was selected to analyze
the fate of heavy metals in the conversion process. Following
larval conversion in group G7, the BSFL biologically
enriched the heavy metal content in their bodies (Table S1),
suggesting that at least part of heavy metals could be recov-
ered by harvesting the larvae. It also is notable that the heavy
metal concentration of extracted larval oil is very low
(Table S1), less than 1% of that in their bodies. Thus, the
harvested larvae could potentially be used to extract oil for
industrial application. The residual oil-free larvae should not
be used for agriculture, and especially not for feed, however,
due to retention of most of the heavy metals in their bodies.
After removal of the metal-enriched larvae, the residual heavy
metal concentration in the treatment residue were lower than
the safe level indicated by the organic-inorganic compound
fertilizers standards in China, so the it could be used to pro-
duce organic-inorganic fertilizer, for example.

Conclusions

The MSS samples contained abundant nutrient elements for
agricultural application, but the lead and nickel contents were
higher than those acceptable to the Chinese national standard,
thereby posing risks for utilization. The heavy metal distribu-
tion in sludge was associated with the sludge source, and the
MSS from city sewage treatment plants was more complex
and harder to convert than others. BSFL displayed strong
tolerance to the combined heavy metals present in MSS
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samples. Their life and metamorphosis processes were not
significantly affected by the combined heavy metals.
However, the ability of BSFL to increase in weight was slight-
ly hindered by heavy metals in MSS from city sewage treat-
ment plants, which probably was due to the presence of lead,
nickel, boron, and mercury. In addition, zinc was found to be
potentially beneficial to eclosion of pupae, while zinc, copper,
chromium, cadmium, and mercury were harmful to the sur-
vival of BSFL. However, BSFL showed significant potential
for the conversion of organic solid waste containing heavy
metals.

Adding co-substrates effectively improved the conversion
of MSS by BSFL. Conversion rates, waste reduction rates,
and larvae weight gain increased in proportion the increase
in amounts of co-substrates. Furthermore, the nutrients influ-
enced the conversion process, with carbohydrate, potassium,
and nitrogen in particular promoting BSFL weight gain. The
nitrogen source was very important for BSFL growth and
waste conversion.

BSFL enriched the content of heavy metals in their bodies
during the conversion process, but the heavy metal content of
extracted larval oil was very low, suggesting that larval treat-
ment could provide for recovery of a significant fraction of the
heavy metals by harvesting larvae. After conversion, the
heavy metal concentration in the treatment residue was much
lower than that considered safe according to the organic-
inorganic compound fertilizers standards in China, and the
harvested larvae could potentially be used to extract oil for
industrial use. This conversion process is therefore applicable
to the use of BSFL to treat MMS for a variety of applications.
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