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• Addition of nZVI and Fe3O4 NPs
upgraded the sludge biogas production.

• The optimum dosage for biogas genera-
tion was 0.5 g L−1 of nZVI and 1 g L−1 of
Fe3O4 NPs.

• nZVI and Fe3O4 NPs improved the sCOD
and VS removal efficiencies.

• nZVI and Fe3O4 NPs promoted the
hydrolysis-acidification process of the
sludge.

• Conemodel bestfitted the biogas results
in AD with iron nanoparticles addition.
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As the functionalmaterial, iron nanoparticles effectively promote anaerobic digestion (AD) process, including the
hydrolysis-acidification process and the biogas production. In this study, nano zero-valent iron (nZVI) and Fe3O4

nanoparticles (Fe3O4 NPs) were added to AD reactors respectively. The AD process was evaluated by the reactors
performances, including pH, biogas yields and compositions, as well as the removal ratio of total solids (TS), vol-
atile solids (VS) and soluble chemical oxygen demand (sCOD). Three models (first-order kinetic model, transfer
function model and Cone model) were used to explore the kinetics of AD biogas production. The results showed
that adding appropriate dose of nZVI or Fe3O4 NPs enhanced anaerobic digestibility of sludge. The highest cumu-
lative biogas yield of 140.34 L with 0.5 g L−1 nZVI and 137.13 L with 1 g L−1 Fe3O4 NPs were obtained by the
80 days of mesophilic operation, respectively. Cumulative biogas productions of these two reactors were signif-
icantly enhanced up to 15.70% and 13.44%. TS removal rates reached N70% in all AD reactors with iron nanopar-
ticles, and the highest sCOD removal rates of nZVI and Fe3O4 NPs digesters on the 80th day were 88.22% and
77.63%, respectively. The results of the three-day fermentation experiment and the kinetic parameters showed
that the nZVI or Fe3O4 NPs enhanced the hydrolysis-acidification process of the AD, which eventually promoted
biogas production. The Conemodel was satisfied with the experimental results, which could be used to evaluate
the kinetics of AD with iron nanoparticles more reasonably.
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1. Introduction

Due to the overuse and exhaustion of fossil fuels, the world, espe-
cially China, is confronted with the grave energy shortage crisis. Devel-
oping new resources and making full use of sustainable energy have
become imminent. Sewage sludge is not only a common municipal
waste but also a neglected resource. In China, the annual production
of dried sludge is N11.2 million tons, while the innocuous disposal rate
of sludge is only 25.1%, and N80%of sludge is dumpedwithout necessary
stable treatment (Yang et al., 2015). The management methods of
sludge reutilization, harmlessness and reduction have attracted the par-
ticular attention of governments and scholars to the entire world.

Anaerobic digestion (AD) is a technology for degrading the matrix
organic matter by various species of microorganisms under anoxic con-
ditions (Xu et al., 2018a; Xu et al., 2017; Zhen et al., 2016). AD is exten-
sively used to reduce the organism and the pathogenic from waste
activated sludge (WAS), especially in largewastewater treatment plants
(WWTPs). The clean energy produced by AD is an available and cost-
effective alternative to fossil fuels. Furthermore, renewable energy is re-
covered in the form of biogas (mainly composed of CO2 and CH4) (Gang
et al., 2013). However, the restrictive steps of hydrolysis and thehigh in-
hibition of ammonium reduce the hydrolysis rate andmethane produc-
tion, which limit the economic viability of AD (Ferreira et al., 2014). To
improve the economics of biogas production, scholars have studied dif-
ferentways to increase biogas yield. Pretreatment, co-digestion, electro-
chemical binding, and using additives are all interesting techniques for
stimulating the growth of methanogens and reducing the inhibition of
ammonia concentration (Ahmadi-Pirlou et al., 2017). Notably, adding
iron nanoparticles to AD can accelerate the hydrolysis-acidification pro-
cess, increase methane production and stabilize the sludge (Feng et al.,
2014; Li et al., 2014).

Becausemany bacteria have developed pathways to obtain iron in the
form of nutrients or electronic acceptor/donor, the iron is vital to the liv-
ing organisms (Melton et al., 2014). As a non-toxic, abundant and inex-
pensive iron nanoparticle, nano zero-valent iron (nZVI) has created an
enhanced anaerobic environment with low H2 content (or partial
pressure) as well as low oxidation-reduction potential after being added
to the anaerobic digestive system (Hu et al., 2015). As the electron donors
for AD system, nZVI can not only accelerate sludge hydrolysis-
acidogenesis but also change the fermentation type to increase the acetic
acid concentration and ultimately promote methane yield (Pan et al.,
2019). By directly or indirectly donating electron (H2/[H]), nZVI can ad-
vance the metabolism and growth of critical microorganisms (such as
methanogens) in the anaerobic process. Meanwhile, iron is provided as
a trace element to enhance the activity and abundance of hydrogen-
consuming microbes (Wei et al., 2018; Yaobin et al., 2011).

Fe3O4 nanoparticles (Fe3O4 NPs) is a mixed valence magnetic mineral
containing both Fe2+ and Fe3+ in a proportion of 1:2 (Byrne et al., 2015).
The positive effect of Fe2+ on methanogenesis is recognized since Fe3O4

NPs increased methanogenic activity associated with accelerated organic
degradation. Fe3O4NPs has also beenproved to advancemethaneproduc-
tion by promoting direct interspecies electron transfer (DIET) in
syntrophicmethanogenesis (Li et al., 2014). DIET is a relatively novel elec-
tron delivery route discovered in recent decades and has been widely
proved in anaerobic systems, such as paddy soils, bio-electrochemical an-
aerobiosis and anaerobic digestion reactors (McGlynn et al., 2015).Micro-
bial nanowires directly transfer electrons generated by intermediates
fromsyntrophic bacteria tomethanogenic archaea. Archaeaused the elec-
trons obtained to reduce carbon dioxide (CO2) and ultimately produces
methane (Rotaru et al., 2013). DIET occurred in the presence of Fe3O4

NPs can be used as an alternative to microbial nanowires for enhancing
methane production remarkably by effectively transferring electrons (Li
et al., 2014) and accelerating methane synthesis of from butyrate (Barua
and Dhar, 2017). Fe3O4 NPs are abundant in quantity and have good con-
ductive properties, but few studies have been done on the ability to DIET
in the complex anaerobic digestive sewage sludge.
Kinetic modeling is of great significance for exploring the stability of
AD process performance, understanding the rising curve of biogas pro-
duction, predicting and optimizing the process of AD system (Mao
et al., 2017). Moreover, different modeling parameters provide a good
understanding to the biological reaction mechanism of AD, reduce the
time of laborious experiments required and help researchers to obtain
desired simulated results (Xie et al., 2016). We can explore the influ-
ence of the addition of iron nanoparticles on the key parameters of the
anaerobic digestion reactors combined with the biogas generation ki-
netics, including the ultimate maximum biogas yield, hydrolysis rate,
maximum biogas production rate and lag phase. Some studies have re-
ported themethane produce kinetics from the anaerobic co-digestion of
different agricultural waste (Hassan et al., 2017; Li et al., 2015). How-
ever,most of the studies simulate the discontinuous anaerobic digestion
process basing on the first-order model or the modified Gompertz
model. Very few papers used othermodels such as the transfer function
model and the Cone model. The reliability of the above models is diffi-
cult to control because of changing kinetic parameters, which affected
by operational conditions and experimental environment. To the best
of our knowledge, nZVI and Fe3O4 NPs have the potential to enhance
biogas yield, but there are still knowledge vacancies in the kinetic infor-
mation for ADwith nZVI or Fe3O4 NPs. The kinetics of biogas production
from the different dose of nZVI or Fe3O4 NPs which use three kinetic
models including first-order kinetic model, transfer function model
and cone model under the completely stirred tank reactors (CSTRs)
has not been reported. It is also necessary to carefully compare different
kinetic models of AD with iron nanoparticles addition.

A certain amount of iron nanoparticles can increase the biogas yield
of the sludge AD system. However, the methanogenic effect of the sys-
temwill decreasewhen the ironnanoparticles dosage exceeds the toler-
ance range of themethanogen (Yang et al., 2013). Until now, the role of
iron nanoparticles in AD systems is still uncertain, sometimes even con-
trary. The questions still exist regarding how iron nanoparticles will af-
fect anaerobic processes such as hydrolysis, acidogenesis and
methanogenesis. Based on the above considerations, four different dos-
ages of nZVI or Fe3O4NPswere thus performed herein in a series of CSTR
experimentations, and three classic kinetic models (first-order kinetic,
transfer function and Cone models) were selected to fit the biogas
yield data of the AD reactors in our study. The purpose of this research
is to i) evaluate the biogas yield and feasibility of mesophilic CSTRs
with nZVI or Fe3O4 NPs addition, ii) explore the exact roles of nZVI or
Fe3O4 NPs in AD process and iii) estimate the three kinetic models for
biogas prediction and to calculate the kinetic parameters using themea-
sured biogas date in practical experiments. The purpose of this study is
to develop a sustainable sludge stabilization strategy and achieve bio-
energy recovery.

2. Materials and methods

2.1. Sludge and iron nanoparticles

AD reactors were inoculated with 2 L inoculum and 1 L substrate. The
inoculumwas collected from amaturemesophilic anaerobic digester. The
substrate, a mixture of dewatered sludge and secondary sludge, was col-
lected from the Second Wastewater Treatment Plant, Changsha, China.
Table 1 showed the analysis results of substrates and inoculums physico-
chemical properties in triplicates. The iron nanoparticles employed were
nZVI (diameter of 50 nm, purity 99.9%) and Fe3O4 NPs, (diameter of
20 nm, purity N99.5%), respectively, which were both purchased from
Macklin biochemical technology co. LTD, Shanghai, China.

2.2. Experimental equipment and operation of semi-continuous anaerobic
digestion

The batch experiment and the long-term semi-continuous experi-
ment were carried out to explore the influence of nZVI and Fe3O4 NPs



Table 1
Characteristics of substrate and inoculum sludge used in the experiment⁎.

Parameter Substrate Inoculum

Volume (mL d−1) 150.00 /
pH 7.17 ± 0.005 6.79 ± 0.015
Moisture (%) 91.84 ± 0.089 98.45 ± 0.056
TS (%) 8.16 ± 0.089 1.54 ± 0.056
VS (%) 4.77 ± 0.059 0.79 ± 0.00
sCOD (g L−1) 9.47 ± 0.033 0.44 ± 0.042
NH4

+-N (mg L−1) 65,804.93 ± 4341.98 29,101.08 ± 792.98

⁎ The data reported are the averages and their standard deviations in triplicate tests.
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on hydrolysis-acidification process andmethanogenesis process respec-
tively. The experiment was set as the nZVI group and the Fe3O4 NPs
group. Five reactors of nZVI group were set up: [Blank (CK1), with
nZVI [N1 (0.5 g L−1), N2 (1 g L−1), N3 (2 g L−1), N4 (4 g L−1)] and
five reactors for Fe3O4 NPs group: Blank (CK2), with Fe3O4 NPs [F1
(0.5 g L−1), F2 (1 g L−1), F3 (2 g L−1), F4 (4 g L−1)]. Three parallel sam-
ples were set for each reactor.

The long-term semi-continuous experiment was carried out in
CSTRs to study the effect of nZVI or Fe3O4 NPs on the whole anaerobic
process including hydrolysis-acidification and methanogenesis. The ex-
perimental reactor consisted of an organic glass reactor with a working
volume of 3 L and two gas collection bottles with 5 L total volume. The
top of theplexiglass reaction bottlewas set upwith a rubber plug,which
fitted with the feed/discharge port and the gas outlet. CSTRswere oper-
ated at a constant feed rate of 150mLday−1 for 80 dayswith a hydraulic
retention time (HRT) of 20 days. CSTRs system temperature was con-
trolled under mesophilic conditions (35.0 ± 2 °C) by a water bath.

The batch experiment lasted only for three days to investigate the in-
fluence of nZVI and Fe3O4 NPs on hydrolysis-acidification. In the serum
bottles with 300 mL working volume, the mixture sludge including
200 mL inoculum and 100 mL substrate was heat-treated. Adding 2-
bromoethane sulfonic acid (BESA) to the mixture sludge can efficiently
get rid of methanogens from anaerobic fermentation system. The oper-
ationmethod of this experiment is reported in the literature (Feng et al.,
2014). After the pretreatment of mixture sludge, the batch experiment
was operated under the same conditions as the long-term semi-
continuous experiment. All the experiments were conducted in
triplicate.

2.3. Sample collection and analytic methods

The daily biogases produced by the CSTRs were determined by satu-
rated saltwater-replacemethod, and the samevolumes of saturated salt
water were pressed into the collector. The produced biogases on the
80th day were collected with the gas collecting bag. Gas-tight syringe
(1 mL injection volume) and Shimadin Gas Chromatograph (GC 2010,
Japan) equipped with a thermal conductivity detector were used to de-
termine the biogas components (mainly methane and carbon dioxide).

Measurements of pH, moisture, total solids (TS), volatile solids (VS),
soluble chemical oxygen demand (sCOD), total polysaccharide and
NH4

+-N were performed according to the Standard Methods (Eaton,
2005). These analytics methods have been introduced in our previous
researches (Xu et al., 2018b; Yang et al., 2016).

2.4. Kinetic models

Three different kinetic models, i.e., the first-order kinetic, transfer
function, and Cone model, were shown in Table. 2. These models de-
scribed the kinetic parameters of biogas yield. The first-order kinetic
model (Eq. (1)) takes the substrate utilization as the limiting factor
and presumes that hydrolysis manages the overall process. This
model, however, can neither calculate the biogas yield rate nor evaluate
the lag phase (Li et al., 2015). Transfer functionmodel (Eq. (2)) analyzes
the anaerobic digestion process as a system for receiving inputs and
generating outputs. This model predicts the maximum biogas yield ac-
cording to cumulative biogas production with time-variation (Li et al.,
2012). The formula of the transfer function model could be used to cal-
culate biogas production potential, as well as provide maximum biogas
production rate and duration of lag phase. Cone model (Eq. (3)) as an
empiric model that can identify the biogas yield rate and maximum cu-
mulative biogas yield. Moreover, the Cone model can also estimate the
biogas production behavior by the shape constant, which reveals
whether there is a lag phase in the reactors.

2.5. Models evaluation and validation

This study calculated the correlation coefficients (R2), Root Mean
Square Prediction Error (rMSPE) (Eq. (4)) and Akaike's Information Cri-
terion (AIC) (Eq. (5)), which were used to compare the three models.

(1) R2, also called the fitness index, was decided by the Origin 2015
software.

(2) The rMSPE value indicates the standard deviation between pre-
dicted and measured values. The lower rMSPE value demonstrates the
better model fitting. The calculation of rMSPE was described as below
(Wang et al., 2011):

rMSPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
n¼1

Pvi−Mvið Þ2
n

vuut ð4Þ

Where Pvi is the predicted value of biogas yield,Mvi is the measured
value of biogas yield, while n is the number of measurements.

(3) AIC is an alternative method based on information technology
development to compare nested and non-nested models. It is used to
compare models and determine whichmodel is more suitable for prac-
tical experiments. The model with lower AIC value is more likely to be
suitable than the model with higher AIC value (Christopoulos, 2006).
The formula for calculating AIC was as below:

AIC ¼ n ln
RSS
n

� �
þ 2 N þ 1ð Þ þ 2 N þ 1ð Þ N þ 2ð Þ

n−N−2ð Þ ð5Þ

Where RSS is the residual sum of squares, n is the number of mea-
surements, and N is the number of model parameters.

2.6. Statistical analysis

SPSS statistics 19.0 software was used to analyze variance (ANOVA)
for the results obtained during different conditions and the results were
expressed as mean± standard deviation. All assays were carried out in
triplicate. The parameters such as cumulative biogas production (B0),
hydrolysis rate (k), maximum biogas production rate (Rm), lag phase
(λ), and shape factor (n) were calculated by fitting themeasured biogas
data into the kinetic models through the software Origin 2015. The soft-
ware Origin 2015 was also used to produce graphs.

3. Results and discussion

3.1. Physicochemical properties of substrates and inoculums

The pH values of substrate and inoculumwere 7.17 and 6.79 respec-
tively, which were beneficial to maintain the stability of the AD system.
The substrate sludge based on a percentage of the “safe” TS at 8.16% and
had VS content of 4.77%. The relatively low organic content is the largest
characteristic of Chinese sludge. The substrate sludge TS content in this
experiment was similar to that reported by (Budiyono, 2010), which is,
the digestibility of cattle manure displays the best performance when
the TS content is 7.4% to 9.2%. The sCOD content of substrate sludge
was relatively high, about 9.47 g L−1. As for the inoculum sludge, it pre-
sented typical values of anaerobic sludge from municipal WWTP since



Table 2
Models used to describe the kinetics of biogas production.

Model Equation Parameters N

First-order kinetic model B(t) = B0[1 − exp (−kt)] (1) B0, k 2

Transfer function model BðtÞ ¼ Bf1− exp½−Rmðt−λÞ
B0

�g (2) B0, Rm, λ 3

Cone model BðtÞ ¼ B0

1þ ðktÞ−n (3) B0, k, n 3

Where B(t) is the cumulative biogas yield at digestion time t (L); B0 represents the ultimate maximumbiogas yield (L) of substrate; k stands for hydrolysis rate (d−1) and t is the digestion
time (d); Rm is the maximum biogas production rate (L day−1); λ is the lag phase (d); n is the shape factor; e is exp (1) = 2.7183, and N is the number of model parameters.
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pH, TS (%), and VS (%) are indicative of good buffer capacity which fa-
vors anaerobic digestion (Patricia et al., 2009).
3.2. Changes in the biogas yield

Fig. 1 detailed the shifts in the daily biogas yield with distinct treat-
ments during the 80-day CSTRs. In general, the range of daily biogas
production fluctuated in 1–2.6 L. As shown in Fig. 2 (a), after digestion
for 80 days, the amount of cumulative biogas generated varies because
of different nZVI dosages, in the following order (from high to low):
0.5 g L−1 (N1), 1 g L−1 (N2), 2 g L−1 (N3), 4 g L−1 (N4), 0 g L−1

(CK1). The range of cumulative biogas yields varied from 121.30 to
140.34 L. Adding 0.5 g L−1 of nZVI (N1) could maximize the cumulative
biogas yield of AD in this study. Compared to the CK1, the cumulative
biogas yield was increased by 15.70% with N1. However, with the dos-
age of nZVI increased to 4 g L−1 (N4), the cumulative biogas yield only
accelerated 10.74% higher than that of the CK1. For the group with
Fe3O4 NPs in Fig. 2 (b), the cumulative biogas production in anaerobic
fermentation showed a trend of increasing and followed by decreasing
with the increase in Fe3O4 NPs dosage. Under different Fe3O4 NPs dos-
ages, the order of cumulative biogas productions was roughly as fol-
lows: 1 g L−1 (F2) N 0.5 g L−1 (F1) N 2 g L−1 (F3) N 4 g L−1 (F4) N

0 g L−1 (CK2) g L−1. The cumulative biogas yields ranged from 120.88
to 137.13 L in the Fe3O4 NPs group, and 1 g L−1 (F2) was the optimum
dosage in this experiment, the relative cumulative biogas production
rate accelerated by 13.44%.
Fig. 1. Daily biogas production from CSTRs of nZVI grou
In the data of cumulative biogas generation, there was a statistical
difference between the reactor with iron nanoparticles and the reactor
without iron nanoparticles (P b 0.05). This result was consistent with
earlier studies which suggested that adding nZVI or Fe3O4 NPs could en-
hance methane production. However excessive nZVI addition can dam-
age the integrity of cells and inhibit methane production. For example,
Wu et al. (Wu et al., 2015) reported that the methane production was
positively correlated with ZVI addition, while a high dosage of ZVI
(N50 g L−1) weakened the promotion of ZVI on the AD of swine waste-
water. Some scholars also observed that methane yield rate increased
by 44% as a result of the DIET promotions by Fe3O4 NPs addition (Jing
et al., 2017).

Notably, the biogas composition analysis (Fig. 3) showed that the
addition of iron nanoparticles not only increased biogas production
but also enhanced methane content. Concretely the CH4 percentage in
the biogas ranged from 62.41% to 64.97% in the case of nZVI group and
the value ranged from 64.1% to 69.44% in the case of Fe3O4 NPs group.
The remaining biogas was mainly CO2 while H2 content was b1%. It is
worth noting that CH4 content also increased with the increase of
Fe3O4 NPs dosage. In the reactor with the Fe3O4 NPs dosage of 4 g L−1

(F4), the CH4 content increased by 17.22%.
The methanogenesis process was carried out by the methanogenic

archaea (Karve, 2003), which has the vital function on carbon cycling.
The homeostasis of iron is essential for all life forms especially the ar-
chaea microorganisms. Iron ions (including Fe2+ and Fe3+) are funda-
mental in vital functions such as power generation and DNA
replication. Iron ions released by iron nanoparticles can infiltrate into
p (a) and Fe3O4 NPs group (b) with different dose.



Fig. 2. Cumulative biogas production from CSTRs of nZVI group (a) and Fe3O4 NPs group (b) with different dose.
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the interior of cells and promote the synthesis of key enzymes and the
growth of microorganism, especially methanogens (Zhen et al.,
2015a). Due to the easiness to obtain or lose electrons, iron nanoparti-
cles can be used as cytochrome and ferredoxin to participate in the en-
ergy metabolism of methyl-trophic methanogens and reduce CO2 to
CH4 by autotrophicmethanogenesis (Shen et al., 1993).Moreover, pres-
ent study suggested that ZVI can directly enhance all steps involved in
AD process (Xiao et al., 2013), i.e., hydrolysis, acidification and
methanogenesis by stimulating the enzyme secretion and themicrobial
growth rate of hydrogen-consuming (Capson-Tojo et al., 2018). How-
ever, excessive ions can easily produce highly reactive and toxic free
radicals that are harmful to different molecules (e.g., nucleic acids and
lipids,) (Banfield and Zhang, 2001). Although iron is essential, it is
toxic at higher concentrations, adding appropriate concentration of
ions in the anaerobic reactor can increase biogas production. However,
at a higher dosage, nZVI or Fe3O4 NPs have a depressant effect on the
AD process.

3.3. Biodegradability and stability performance of CSTRs

Except for biogas production behavior, the removal ratio of VS and
sCOD as two important parameters were used to determine the anaer-
obic digestion efficiency (Zhen et al., 2016).

In general, the VS content in different treatment reactors showed a
downward trend during the entire AD process. As shown in Fig. 4
(a) and (b), the VS concentrations of the CK1, N1, N2, N3, N4, CK2, F1,
Fig. 3. Composition of biogas production in nZVI g
F2, F3, and F4 digesters were 3.75%, 3.21%, 3.21%, 3.18%, 3.14%, 3.75%,
3.21%, 3.08%, 3.34%, and 3.34%, respectively. From Fig. 4 (c) and (d),
the highest VS removal for N1 and F2 were observed (92.76% and
100% respectively). The TS/VS removal efficiencies decreased with the
increase of nZVI dose.

Fig. 5 depicted the effects of nZVI and Fe3O4 NPs on sCOD concentra-
tions change in the 80-day experimentation. sCOD concentrations in the
nZVI group (Fig. 5 (a)) were 82.22%, 78.29%, 67.25%, and 60.07%, while
in the Fe3O4 NPs group were 68.89%, 77.63%, 63.53%, and 62.75%
(Fig. 5 (b)). The variation trend of sCOD concentration was similar to
the trend of VS content. Compared with the control reactor (CK1 and
CK2, respectively), 0.5 g L−1 nZVI (N1) and 1 g L−1 Fe3O4 NPs (F2) did
cause positive influence on sCOD removal ratio with the sCOD removal
ratio were 82.22% (N1) and 77.63% (F2) respectively.

The high removal rate of VS, TS and sCOD in added nZVI reactors in-
dicated that nZVI could promote ADprocess and anaerobicmicrobial ac-
tivity. A similar conclusion has been summarized in Fe3O4 NPs added
systems. Study shown that COD conversion rate is limited when the
iron content is insufficient (Oleszkiewicz and Sharma, 1990). It may
be based on the fact that nZVI and Fe3O4 NPs can be used as electron
donor and release Fe2+ into the anaerobic system, thereby accelerating
the hydrolysis and fermentation process. Internal production including
monomers, polypeptides, long and short chain fatty acids, alcohols and
amino acids were generated in the hydrolysis and acidification steps of
AD (Hassan et al., 2016). sCOD was the product of the hydrolysis and
fermentation stages during the AD process, including soluble proteins,
roup (a) and Fe3O4 NPs group (b) on day 80.



Fig. 4. TS/VS content and removal rate after CSTRs for 80 days under the nZVI group (a) and (c); the Fe3O4 NPs group (b) and (d).
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soluble polysaccharide and volatile fatty acids (VFAs). The reduction of
organic components in sludge leads to methane production at the me-
thanogenic stage. And the methane production is proportional to the
consumption of these internal products such as methane-producing
species which is also the significant indicator to measure the AD
Fig. 5. sCOD content and removal rate after CSTRs for 80 days
performance. In general, the methane production was well-connected
with the decrease of VS and sCOD within the digestate.

The operating state of AD could be reflected via the variations of pH
value of digesters to some extent. From Fig. S1, the pH value of all reac-
tors showed an overall upward trend, and finally stabilized around 7.75
under the nZVI group (a) and the Fe3O4 NPs group (b).
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during the 80-day CSTRs. There was no significant difference (P N 0.05)
in pH between the reactors with iron nanoparticles added and the reac-
tors without iron nanoparticles added, which indicated that the addi-
tion of iron nanoparticles would not significantly change the pH value
of the reactor and the AD reactor could still maintain a relatively stable
operating state.

Overall, the decrease of TS, VS and sCOD accumulation verified the
improvement of the degradation ability in AD process with the addition
of nZVI or Fe3O4 NPs. The mechanism of nZVI and Fe3O4 NPs promoting
anaerobic fermentation of sludge will be discussed below.

3.4. Effect of nZVI and Fe3O4 NPs on the hydrolysis-acidification

The dosages of nZVI or Fe3O4 NPs with 0, 0.5, 1, 2 and 4 g L−1 were
added to five sludge digestion reactors pre-removed methanogens to
reveal the influence of iron nanoparticles on the hydrolysis-
acidification process. After three days of fermentation, the sCOD and
total polysaccharide in the samples were measured. Fig. 6 showed the
results. After the fermentation with nZVI or Fe3O4 NPs for three days,
the sCOD concentration of N2 in the nZVI group was the highest, and
that of F2 in the Fe3O4 NPs group was the highest. The sCOD concentra-
tionwith no nZVI or Fe3O4 NPs was the lowest, only 7.799 g L−1 for CK1
and 7.802 g L−1 for CK2. At reactors with iron nanoparticles added, the
total polysaccharide reduced to 0.320, 0.319, 0.364 and 0.371 g L−1 in
nZVI group and the value reduced to 0.345, 0.333, 0.343 and
0.371 g L−1 in Fe3O4 NPs group. This result indicated that the decompo-
sition rate of total polysaccharide was the highest at the dose of 1 g L−1

of nZVI or Fe3O4 NPs, which is 21.75% and 15.82% higher than the con-
trol reactor, respectively. The decomposition of total polysaccharide at
the N1 approached to that of N2.

The organics in sludge aremainly particulatematters before fermen-
tation, which needs to convert into soluble compounds for utilization.
After adding the nZVI to anaerobic fermentation digestors, the quantity
of micro-electrolysis systems has been formed for disintegrating sludge
matrix. More granular proteins and carbohydrates rapidly solubilized
and hydrolyzed for later biological treatment. Micro-electrolysis is a
valid method to improve the biodegradability of organic compounds
in many studies. For example, Feng et al. (Feng et al., 2014) reported
that nZVI availably promoted the decomposition of two major sludge
compositions, namely protein and total polysaccharide. The degrada-
tion of total polysaccharide increased by 29.6% with nZVI added in the
hydrolysis-acidification experiment. Some reports also found that the
fermenting bacteria, with responsibility for hydrolyzing sludge and pro-
ducing VFAs in anaerobic fermentation digestors with nZVI, enriched to
a high level. This phenomenonwas consistent with the improvement of
Fig. 6. Changes in sCOD and total polysacchar
sludge solubilization and hydrolysis as well as short-chain fatty acids
(SCFAs) growth (Luo et al., 2014). It would be another reason for the
growth in sCOD and the reduction in total polysaccharide on the
hydrolysis-acidification process.

3.5. Kinetic study of biogas production

It is a necessary task to parameterize the model equations by fitting
the measured experimental data. To calculate and compare the biogas
yields during the AD process of nZVI and Fe3O4 NPs, threemathematical
models were used: the first-order model, transfer function model and
Cone model. The calculated kinetic constants are exhibited in
Table 3–5, respectively.

First of all, Table 3–5 showed that cumulative biogas yield was well
fitted by all these three models, and the determination coefficient (R2)
were all N0.999. The R2 values of the first-order kinetic (ranged from
0.9994 to 0.9999) and the transfer function (ranged from 0.9995 to
0.9999) models were lower than that of the Cone model (ranged from
0.9997 to 0.9999). On the other hand, as shown in Table 3–5, all the
models have a difference of b1%. The low calculated deviation (close
to or b10%) between the predicted and measured values showed that
themodel used in this study could predict the reactors behavior reliably.

From the three models, it can be estimated that the B0 of the same
reactor was almost similar. However, nZVI and Fe3O4 NPs systems had
different estimates of B0 under different dose. The predicted B0 obtained
by the Conemodelwas closer to themeasured biogas yield than thepre-
diction of the first-order model and the transfer function model. Fur-
thermore, the B0 value obtained by the Cone model was slightly
higher than the B0 value obtained by the other two models. In all
models, the variation trend of B0 was consistent with the variation of
measured value. For the nZVI group, B0 reduced with the increase of
dosage. For the Fe3O4 NPs group, the result showed that B0 first in-
creasedwith the dosage and peaked at 1 g L−1, then gradually decrease.

Model parameter Rm, the biogas production rate constant, is often
used to evaluate the methane production activity of the reactor. The
larger the Rmwithin a certain range, the higher themethane production
activity. The variation trends of Bo and Rm were similar according to
Table 4. The Rm of the nZVI group (1.69–1.90 L day−1) and Fe4O3 NPs
group (1.70–1.85 L day−1) were higher than that of CK group
(1.55 L day−1 for CK1 and 1.56 L day−1 for CK2, respectively) in this
study. Rm was increased by 16.42% and 14.02% in N1 and F2,
respectively.

Hydrolysis is the rate-limiting step in the AD process (Ferreira et al.,
2014), and the first-order kinetic and the Cone model can calculate the
rate of hydrolysis. The parameter k can be used to characterize the
ide after the fermentation for three days.



Table 3
Parameters of first-order kinetic model obtained from the biogas production of all CSTRs.

Group Reactor R2 k Cumulative methane yield (80 days)

Predicted (L) Measured (L) rMSPE AIC Difference (%)

nZVI

CK1 0.9996 1.22E−04 117.78 121.30 0.79 9.42 2.90
N1 0.9994 1.12E−03 137.20 140.34 1.16 56.26 2.24
N2 0.9999 9.85E−04 134.17 137.57 0.42 −78.16 2.47
N3 0.9995 7.71E−04 131.28 137.09 1.97 48.15 4.24
N4 0.9999 7.27E−04 133.93 134.44 1.70 −69.01 0.38

Fe3O4 NPs

CK2 0.9998 1.46E−04 117.75 120.88 0.68 −27.23 2.59
F1 0.9998 1.23E−03 130.99 133.53 0.68 −28.10 1.90
F2 0.9997 1.60E−03 134.35 137.13 0.79 −4.42 2.03
F3 0.9999 1.58E−03 128.19 131.09 0.53 −59.15 2.22
F4 0.9998 6.15E−04 125.78 128.71 0.57 −52.20 2.28
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hydrolysis rate of the substrate, the larger the k value, the higher the
degradation rate will be (Zhen et al., 2015b). The k value calculated by
the Cone model was generally slightly higher than that calculated by
the first-order model. Considering the k values obtained by the Cone
model as an example, the k value ranged from 0.0015 to 0.0027 (d−1).
The hydrolysis constants of N1 and F2 were highest in the nZVI group
and the Fe3O4 NPs group, respectively, with k value was 0.0027 and
0.0019 (d−1). The fitting result of k value was consistent with the con-
clusion that nZVI and Fe3O4 NPs promoted the hydrolysis and acidifica-
tion of sludge.

Besides the cumulative biogas yield and the hydrolysis rate constant,
the lag-phase (λ), which can be calculated by the transfer function
model (Table 4), is also an important parameter to evaluate the behav-
ior of AD process (Zhang et al., 2014). Shorter lag-phase timewas found
in all reactors. The lag time of nZVI group oscillated between 0.57 and
1.08 (day). As for Fe4O3 group, the lag time ranged from 0.59 to 0.67
(day). The TS content of substrates used in this experiment is low
(8.16%), the biogas reactors can be started up quickly, resulting in a
shorter lag-phase time. It was interesting to note that the reactors
with iron nanoparticles added had longer lag phase than those without
iron nanoparticles added, which meant that the presence of nZVI or
Fe3O4 NPs delayed the enhancement of biogas yield. It can be explained
by the fact that a rapid release of hydrogen could lead to high partial
pressure of hydrogen in the nZVI corrosion process. Thus methanogens
would be inhibited to a certain extent when the AD just started. Subse-
quently, the partial pressure of hydrogen decreases due to the con-
sumption of hydrogen methanogens continued to produce methane
under the promotion of iron nanoparticles, which could lengthen the
lag-phase (Yaobin et al., 2011).

3.6. Models evaluation and validation

The properties of both iron nanoparticles and experimental condi-
tions have the important influence on the accuracy and applicability of
themodel, more dynamicmodels need to be considered for comparison
in the analysis of biogas evolution. To find the bestmodel for evaluating
Table 4
Parameters of transfer function model obtained from the biogas production of all CSTRs.

Group Reactor R2 Rm λ

Predicted

nZVI

CK1 0.9997 1.55 0.57 120.89
N1 0.9996 1.90 0.92 140.74
N2 0.9999 1.86 0.90 137.55
N3 0.9997 1.78 1.06 137.43
N4 0.9999 1.69 1.08 134.42

Fe3O4 NPs

CK2 0.9998 1.56 0.59 120.80
F1 0.9998 1.75 0.64 134.34
F2 0.9998 1.85 0.61 137.74
F3 0.9999 1.74 0.67 131.15
F4 0.9999 1.70 0.65 128.88
the biogas production kinetics, the values of R2, rMSPE and AIC of three
models were calculated and displayed in Table 3–5. The results showed
that the Cone model had the highest R2 value (higher than 0.999) and
lowest rMSPE and AIC values among three models, so it was the most
suitable model for fitting the anaerobic digestion biogas kinetics in
this study. Otherwise, the Cone model achieved minor differences
(b1%) between predicted biogas production and measured biogas pro-
duction (Table 5).

It can be seen that the Cone model fitting experimental biogas yield
has high accuracy and applicability because its sigmoidal shape curve
could better describe the lag phase, exponential and stable phases in
AD process (Li et al., 2015). A similar study has suggested that the
Cone model fitting is the best for co-digestion methanogenesis (El-
Mashad, 2013). The First-order model only explores the exponential
stage of biogas generation and the transfer function model can hardly
consider the lag phase as reported by Huilinir et al. (Huiliñir et al.,
2014). So, the fitting result of both the first-order model and transfer
function model was inferior to that of the Cone model.

4. Conclusion

Appropriate addition of nZVI or Fe3O4 NPs is an available technology
for enhancing anaerobic digestion performance and biogas yield. The
dose of 0.5 g L−1 nZVI and 1 g L−1 Fe3O4 NPs had maximal cumulative
biogas production after 80 days of semi-continuous AD experiment
and reached 140.34 L and 137.13 L, respectively. The results of the
three-day fermentation experiment showed that the nZVI or Fe3O4

NPs could promote the acidification-hydrolysis process and ultimately
became the fundamental cause of increased methane production. The
highest removal ratio of sCOD and VS in the reactor N1 and F2 demon-
strated the function of iron nanoparticles in enhancing AD performance.
The values of rMSPE and AIC showed that the Conemodel was themost
suitable model for fitting the measured biogas yields. The kinetic pa-
rameters suggested that AD with nZVI or Fe3O4 NPs has higher maxi-
mum biogas production rate and higher hydrolysis rate. As the
conductive nanoparticles, nZVI and Fe3O4 NPs have the characteristics
Cumulative methane yield (80 days)

(L) Measured (L) rMSPE AIC Difference (%)

121.30 0.76 2.57 0.34
140.34 1.04 38.23 0.29
137.57 0.41 −79.95 0.01
137.09 0.87 20.48 0.25
134.44 0.36 −116.98 0.01
120.88 0.60 −47.60 0.07
133.53 0.65 −34.20 0.61
137.13 0.72 −19.85 0.45
131.09 0.37 −97.08 0.05
128.71 0.53 −64.88 0.13



Table 5
Parameters of Cone model obtained from the biogas production of all CSTRs.

Group Reactor R2 k n Cumulative methane yield (80 days)

Predicted (L) Measured (L) rMSPE AIC Difference (%)

nZVI

CK1 0.9998 1.50E−03 0.99 121.16 121.30 0.65 −28.87 0.12
N1 0.9997 2.93E−03 1.03 141.09 140.34 0.82 0.85 0.53
N2 0.9999 2.70E−03 1.08 137.66 137.57 0.39 −94.56 0.07
N3 0.9999 1.89E−03 1.10 137.82 137.09 0.59 −47.78 0.53
N4 0.9999 1.79E−03 1.11 134.44 134.44 0.44 −89.59 0.00

Fe3O4 NPs

CK2 0.9999 1.53E−03 0.96 120.99 120.88 0.49 −79.79 0.09
F1 0.9998 1.84E−03 1.05 134.48 133.53 0.58 −47.20 0.72
F2 0.9998 1.90E−03 1.07 137.94 137.13 0.62 −42.78 0.59
F3 0.9999 1.77E−04 1.06 131.07 131.09 0.34 −99.95 0.02
F4 0.9999 1.70E−03 1.04 129.03 128.71 0.46 −90.11 0.25
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of providing electrons properties for critical microorganisms in the an-
aerobic digestion system. This study provides us a new perspective to
improve anaerobic digestion process by using other conductive
nanoparticles.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.05.214.
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