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The effects of iron oxide nanoparticles (IONPs, including Fe2O3 NPs and Fe3O4 NPs) on composting were
investigated through evaluating their influences on organic matter (OM) degradation, dehydrogenase
(DHA) and urease (UA) activities, and quality of the final compost product. Results showed that compost-
ing amended with Fe2O3 NPs was more effective to facilitate OM degradation. At the end of composting,
the total OM loss in T-C, T-Fe2O3 NPs and T-Fe3O4 NPs was 66.19%, 75.53% and 61.31%, respectively. DHA
and UA were also improved on the whole by the amendment of IONPs, especially Fe2O3 NPs. Although
relationships between enzyme activities and environmental variables were changed by different treat-
ments, temperature was the most influential to variations of both DHA and UA in all treatments, which
independently explained 75.1%, 34.7% and 38.4% of variations in the two enzyme activities in T-C, T-Fe2O3

NPs and T-Fe3O4 NPs, respectively. Compared with DHA, UA was more closely related to the environmen-
tal parameters. The germination index in T-C, T-Fe2O3 NPs and T-Fe3O4 NPs was 134.49%, 153.64% and
146.76%, and the average shoot length was 3.16, 3.87 and 3.45 cm, respectively, indicating that amend-
ment of IONPs, especially Fe2O3 NPs, could promote seed germination and seedling growth. Therefore,
composting amended with IONPs was a feasible and promising method to improve composting perfor-
mance, enzyme activities as well as quality of the final compost product.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

As one of the largest agricultural countries, China has produced
more and more crop straws in recent years which are regarded as
waste materials. According to Ministry of Agriculture of China
(MOA, 2011), the annual output of straw residues in China was
more than 600 million tons, ranking first in the world, and rice
straw accounted for the largest proportion of 32.3%. When it came
to 2015, the total yield exceeded 1.11 billion tons according to
National Bureau of Statistics of China (NBS, 2016). Traditionally,
most of these straws are burned on-site, not only leading to severe
air pollution and greenhouse gas emission, but also contributing to
soil fertility degradation (Gong et al., 2009; Huang et al., 2018).
Since the crop straw is rich of nutrient elements and organic
matters (OM), exploring an appropriate methodology to recycle it
is a key way for sustainable crop production.

Composting has been widely recommended as an eco-friendly,
economical and practical way to recycle agricultural waste (Zeng
et al., 2018; Zhang et al., 2018b). During the composting process,
agricultural waste can be bio-decomposed into stable humus-like
substances and pathogenic microorganisms can also be eliminated,
thereby recycled as environmentally friendly soil conditioner, fer-
tilizer and remediation agent (Zhang et al., 2015). The readily avail-
able fractions of OM in agricultural straw can be immediately
utilized by composting microbes, while polymeric organic com-
pounds are dependent on the enzymatic activities to be degraded
into directly available carbon and nitrogen sources (Jurado et al.,
2015; He et al., 2018a). Among the polymers, lignin and cellulose
are the main components and the most difficult to be degraded,
thus inhibiting the composting process and reducing the final com-
post quality. Many researches have tried to improve the OM degra-
dation during composting by various methods, such as inoculation
with exogenous microorganisms (Jurado et al., 2015; Yang et al.,
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2018a), or amendment of biochar, zeolite, etc. (Hagemann et al.,
2018; Yi et al., 2018).

The unique physical, electronic, optical, and biological proper-
ties of engineered nanoparticles (ENPs) have resulted in a rapid
increase in their application, including architecture, aerospace
and airplanes, computer memory, catalysts, chemicals, environ-
mental protection, etc. (Xu et al., 2012; Wang et al., 2018). With
the production and application of ENPs rapidly expanding, their
environmental impacts are attracting more and more attentions.
Iron is an essential nutrient for most of microorganisms and plants
since it plays a critical role in cell growth. It also acts as a cofactor
for many kinds of enzymes and is demanded for many biochemical
reactions, such as respiration, nitrogen fixation and DNA synthesis,
etc. (He et al., 2011). A previous study suggested that Fe2O3 NPs
could promote the growth of plant, such as mung bean (Vigna radi-
ata) (Ren et al., 2011). It was also reported that dehydrogenase
(DHA) and urease activity (UA) in soil positively responded to the
treatments of iron oxide nanoparticles (IONPs, including Fe2O3

and Fe3O4 NPs), in which Fe2O3 NPs exhibited more significant
effects, as the changes of microbial community caused by IONPs
could induce variations in enzyme activities (He et al., 2011; He
et al., 2018b). DHA and UA are real reflections of performance of
biological process during composting in terms of OM degradation
and nitrogen cycle, and also provide information about maturity
of the compost product (Ye et al., 2017a; Ren et al., 2018b). How-
ever, as yet, few researches are concerned about the enzyme activ-
ities and OM degradation during composting process with the
amendment of IONPs. Moreover, most of previous studies about
nanomaterials in composting systems were mainly focused on Ag
or Ag-based NPs (Gitipour et al., 2013; Stamou et al., 2016), so,
additional kinds of NPs are also worth studying.

Thus, the present study aimed to evaluate the OM degradation
and enzyme activities during composting which were amended
with two types of IONPs (Fe2O3 and Fe3O4 NPs) to improve and pro-
mote the process performance. Additionally, as the enzyme activi-
ties may be sensitive to the changes of environment, it is also
necessary to evaluate the relationships between enzyme activities
and composting parameters, and identify the driving factors. The
results of this study will provide a valuable basis for promoting
the application of nanotechnology in the field of composting.
2. Materials and methods

2.1. IONPs preparation

Fe2O3 NPs was synthesized by forced hydrolysis of ferric nitrate
solution according to Barton et al. (2011). Briefly, 60 mL of 1 M fer-
ric nitrate solution was dripped into 750 mL of boiling ultrapure
water. The boil was maintained using a hot plate with vigorous
stirring during the whole process. After completion of ferric nitrate
addition, the solution was removed from heat and cooled for 24 h.
The synthetic NPs were purified with dialysis bag and stored at
4 �C in dark.

Chemical coprecipitation method was used for preparation of
Fe3O4 NPs according to Yang et al. (2012) with a little modification.
A mixture of iron solution was prepared by dissolving FeCl3�6H2O
(12.3 g) and FeSO4�7H2O (8.5 g) in 200 mL of ultrapure water,
which was then heated to 90 �C with constant stirring in a
500 mL round-bottom flask equipped with a reflux condenser.
Then, 25% of ammonium hydroxide solution (30 mL) was added
into the solution rapidly and sequentially and stirred at 90 �C for
1 h. Finally, the solid products (Fe3O4 NPs) were rinsed several
times with ultrapure water and were ready for use.

Particle size distribution and morphology of the two NPs were
measured via transmission electron microscopy (TEM) using a
field-emission transmission electron microscope (Tecnai G2 F20,
FEI). Results showed that the average diameter of Fe2O3 NPs and
Fe3O4 NPs was 8.7 and 15.6 nm, respectively, and the shape was
globular (see Fig. S1 in Supplementary material).

2.2. Composting raw materials preparation

The components of raw materials were prepared referring to
our previous studies (Zhang et al., 2017; Zhou et al., 2018). Rice
straw, used as the typical agricultural waste which is difficult to
be degraded, was obtained from a suburb of Changsha, China.
Vegetable waste was collected from a vegetable market and used
to speed up the beginning of composting. Both rice straw and veg-
etable waste were air-dried and cut into about 15 mm length. The
soil, which was added to enrich microbial populations and offer
some necessary nutrients, was dug from Yuelu Mountain of Chang-
sha, China, and sieved through 60-mesh screen to remove the
coarse plant debris. Bran, purchased from a farm of Henan pro-
vince, China, was added to adjust the initial carbon to nitrogen
ratio (C/N) after air-dried. Characterizations of raw materials were
presented in Table S1 of Supplementary material.

2.3. Composting and sampling

60 days of lab-scale composting experiments with different
treatments were conducted in reactors with 65 L of capacity. Rice
straw, soil, vegetable and bran were homogenized at a weight ratio
of 30:27:8:5 to obtain an initial C/N ratio of about 30. The control
treated without any IONPs was marked as T-C, and treatments
with Fe2O3 NPs and Fe3O4 NPs at a concentration of 10 mg/kg com-
post were named as T- Fe2O3 NPs and T- Fe3O4 NPs, respectively.
Initial moisture content was adjusted to about 55%. To ensure suf-
ficient aeration, the composting piles were manually turned daily
in the beginning 14 days and on each sampling day afterwards.
Three subsamples were collected and homogenized on day 0, 3,
5, 7, 17, 29, 43, 60. These mixed samples were then stored at
4 �C for further physicochemical and enzymatic analyses.

2.4. Physicochemical determination

The pile temperatures were determined using ordinary ther-
mometer from three different positions of the piles, and the ambi-
ent temperature was also recorded. Samples for pH determination
were shaken in ultrapure water at a ratio of 1:10 (weight/volume,
w/v) and then the suspension was collected using ordinary filter
paper. NH4

+-N and NO3
–-N were determined using flow injection

analysis (AA3, Germany) after being extracted by shaking the sam-
ples with 2 M KCl at a ratio of 1:50 (w/v) under 150 rpm for 1 h.
The OM and ash content were determined using dry combustion
in a muffle furnace at 550 �C for 6 h after the samples were firstly
dried at 105 �C for 24 h and ground. The content of total organic
carbon (TOC) and OM loss were calculated on basis of ash content
with reference to the following equations, respectively (Zhang
et al., 2017; Qin et al., 2018):

%TOC ¼ ð100�%ashÞ=1:8 ð1Þ

%OMloss ¼ 100� 100½X1ð100� XnÞ�=½Xnð100� X1Þ� ð2Þ
where X1 represented the initial ash content and Xn was the ash
content on each corresponding day. Water soluble carbon (WSC)
was determined using Total Organic Carbon Analyzer (TOC-5000A,
Shimadzu, Japan). Samples submerged in ultrapure water at a ratio
of 1:10 (w/v) were shaken at 200 rpm for 40 min. Then, the super-
natant was collected via filtering using ordinary filter paper and
then centrifuged at 12,000 rpm for 10 min, and further cleared
using 0.45 lmmembrane filter. Total nitrogen (TN) was determined
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by elemental analyzer (Elementar, Vario Max CN, Germany). C/N
equals to the ratio of TOC and TN.

The germination index (GI) was tested using radish seed accord-
ing to Wu et al. (2019) with a little modification. Firstly, fresh com-
post was shaken with ultrapure water (1:10, w/v) for 1 h and the
mixture was filtered to collect the aqueous extracts. Secondly,
twenty seeds were placed into 9 cm Petri dishes which were lined
with Whatman filter paper and contained 10 mL of extracts. Ultra-
pure water was used as control. Then the above Petri dishes were
incubated at 25 �C in dark for 3 days. Finally, seed germination,
root length, shoot length were determined, and relative seed ger-
mination (SG), relative root elongation (RE) and germination index
(GI) were calculated according to Wu et al. (2019).

2.5. Enzyme activity determination

DHA was analyzed according to the transformation of 1,3,5-
triphenyltetrazolium chloride (TTC) to triphenylformazan (TPF)
by method of Liu et al. (2014). Firstly, 2 g of fresh compost was
mixed with 10 mL of 0.5% TTC solution. Then, the mixture was
incubated at 37 �C for 8 h in dark. The blank control was processed
by replacing TTC with the same volume of ultrapure water. After
incubation, the formed TPF was extracted by shaking the mixture
with 100 mL of methanol at 300 rpm for 1 h. The supernatant
was cleared and collected through centrifugation. Finally, the con-
centration of TPF was determined using spectrophotometry at
485 nm and the results were reported as mg TPF g�1 dry compost
(8 h)-1.

UA was calculated based on the NH4
+-N produced after incuba-

tion of compost samples with urea solution as described by
Gutiérrez et al. (2010). 10 mL of 40 mM aqueous urea solution
was added to 1 g of compost, and the control was added with
10 mL of ultrapure water. After incubation at 37 �C for 6 h, 10 mL
of ultrapure water (control: 10 mL of 40 mM urea solution) and
50 mL of a KCl-HCl (1 M KCl; 0.01 M HCl) were added to extract
the produced NH4

+-N by shaking the mixture at 150 rpm for
40 min. The suspension for NH4

+-N determination by spectropho-
tometry at 490 nm was filtered successively using filter paper
and 0.45 lm membrane filter. The enzyme activity was expressed
as mg NH4

+-N g�1 dry compost (6 h)-1.

2.6. Statistical analysis

The first-order kinetic model was used to assess OM evolution
and loss during composting via fitting the data of OM content or
OM loss as a function of composting time which were expressed
as follows (He et al., 2018c; Xiong et al., 2018):

OM ð%Þ ¼ A� e�kt ð3Þ

OM loss ð%Þ ¼ Að1� e�ktÞ ð4Þ
In which Awas the initial OM content (%) for Eq. (3) or the max-

imum OM loss (%) for Eq. (4), k was the rate constant (day�1) and t
was the composting time in days. The residual mean square (RMS)
and F-values were used to verify the significance of the curve
fitting.

Mean values with standard deviation (n = 3) were presented on
basis of dry weight (DW) for all determinations. The significance of
difference between mean values of different samples was assessed
by one–way analysis of variance (ANOVA) using SPSS 19.0 which
was based on a 95% confidence level. Multivariate relationships
between enzyme activities and physicochemical parameters were
tested with Canoco 4.5 as described in our previous study (Zhang
et al., 2018b). Pearson correlations between enzyme activities
and environmental variables were evaluated using SPSS 19.0.
3. Results and discussion

3.1. Changes of physicochemical parameters

Temperature is an important parameter affecting the perfor-
mance of organic solid waste aerobic composting and can reflect
the biological activity in composting system (Ren et al., 2018a).
As shown in Fig. 1A, the maximum and minimum ambient temper-
ature during the whole composting process was 28 and 17 �C,
respectively. The temperatures in all the three treatments showed
a rapid increase in the first 6 days, and the maximum value was
greater than 65 �C in each composting treatment. This rapid
increase of temperature might be attributed to the decomposition
of easily degradable organic matters by microorganisms which
released a lot of heat. Though the maximum temperatures in all
treatments were not significantly different, the duration of temper-
ature above 55 �C in IONPs treatments was longer than that in the
control. With the degradation of simple organic matters, the tem-
perature in all treatments began to decrease until the end of com-
posting process. Intriguingly, the temperature in T-C was
significant higher (P < 0.05) than IONPs treatments during day 20
to 40, especially T-Fe2O3 NPs, this might be caused by the more
slowly degradation of available OM during earlier stage in T-C,
which consequently maintained higher temperature in T-C during
this phase.

In addition, the pH of the three composting treatments experi-
enced the similar pattern, showing significant fluctuation in the
first 17 days due to the intensive activities of microorganisms dur-
ing this stage, and then it changed slowly (Fig. 1B). The final pH of
all treatments maintained as 8–8.2, indicating that the final com-
post reached maturation (Zhang et al., 2018a). The higher pH in
IONPs treatments during the 10th to 43rd day might be attributed
to higher NH4

+-N in the two treatments (Fig. 1C). As shown in
Fig. 1C, the NH4

+-N contents in all treatments reached peak value
on the 5th day, which might be caused by the ammonification of
organic N, and then decreased because of nitrification, NH3 emis-
sion, etc. At the end of composting, the NH4

+-N in T-Fe2O3 NPs
was significant higher than that of T-C, while the NO3

–-N in T-
Fe2O3 NPs was significant lower than T-C (Fig. 1D). The final min-
eral nitrogen in T-C, T-Fe2O3 NPs and T-Fe3O4 NPs was 0.78, 0.92
and 0.78 g/kg DW compost, respectively, indicating that Fe2O3

NPs was more beneficial to improve the nitrogen utilization effi-
ciency of final compost product.
3.2. Changes of organic matter

Organic matter (OM) is an important indicator to evaluate the
transformation and mineralization of organic nutrients during
composting process (Chan et al., 2016; Yang et al., 2018b). As
shown in Fig. 2A, OM content was constantly decreased in all treat-
ments, which was generally attributed to the utilization of OM and
emission of CO2 by microorganisms (Awasthi et al., 2016b; Tang
et al., 2018). Overall speaking, the OM was decreased from 64.38,
63.64 and 61.95% to 37.93, 29.99 and 38.65% in T-C, T-Fe2O3 NPs
and T-Fe3O4 NPs, respectively. The OM was most intensively min-
eralized within the first 17 days in all treatments, which resulted in
higher temperatures. Afterwards, it was decreased more slowly as
the consumption of easily degradable OM and the remaining com-
ponent was recalcitrant to be degraded. The OM loss rates were
51.29, 52.82 and 52.29% within the first 17 days, respectively,
accounting for 77.49, 69.93 and 85.29% of the total OM loss. The
higher OM loss and lower proportion of OM loss in the first 17 days
to total OM loss in T-Fe2O3 NPs indicated that more OM was
degraded not only in the first 17 days of composting but also after-
wards, suggesting that the amendment of Fe2O3 NPs was beneficial



Fig. 1. Changes of (A) temperature; (B) pH; (C) NH4
+-N and (D) NO3

–-N during composting. Mean values were shown and the error bars represented the standard deviations
(n = 3).

Fig. 2. Temporal courses of (A) organic matter (OM) degradation; (B) OM loss; (C) TOC, total organic carbon; (D) WSC, water soluble carbon during composting process. T-C:
treatment without Fe2O3 NPs or Fe3O4 NPs as control; T- Fe2O3 NPs: treatment with Fe2O3 NPs; T- Fe3O4 NPs: treatment with Fe3O4 NPs. Data were calculated on a basis of dry
weight compost. Mean values were shown and the error bars represented the standard deviations (n = 3).
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to the degradation of recalcitrant OM. At the end of composting,
the total OM loss in T-Fe2O3 NPs was significant higher than other
two treatments with values of 66.19, 75.53 and 61.31% in T-C, T-
Fe2O3 NPs and T-Fe3O4 NPs (Fig. 2B), respectively, and this was
confirmed by the ANOVA test (P < 0.001).

To assess the organic biological degradation, the kinetics of OM
degradation and loss were calculated. In all treatments, the OM
evolution and loss profiles followed first-order kinetics along with
the proceeding of composting. The parameters obtained from
curve fitting of experimental data showed that all OM evolution
and loss kinetics well fitted with the equations (P < 0.05) (Table 1).
The rates of OM evolution and loss in T-Fe2O3 NPs were more rapid
than T-C and T-Fe3O4 NPs, as shown by the higher k value. Greater
OM loss was also detected in T-Fe2O3 NPs (Fig. 2B). However, Ben-
Moshe et al. (2013) suggested that OM in soil was not changed
with the addition of nanoparticles, and the underlying explanation
was that the given experimental condition (i.e., short exposure
time) did not support complete mineralization of OM. The condi-
tions of composting in present study were supportive of microbial
activities to degrade OM and thus caused differences in the three
treatments.

The changes of TOC during composting process were presented
in Fig. 2C. Generally, TOC contents decreased during the whole pro-
cess of composting. More rapid loss of TOC contents during the first
17 days might be attributable to the utilization of easily degradable
OM by microorganisms. Moreover, Awasthi et al (2016b) demon-
strated that during the early phase of composting, a part of organic
carbon in the compost is transformed to H2O, CO2 and energy,
while the rest is continuously converted to more stable humus like
substances. As shown in Fig. 2C, the TOC content in T-Fe2O3 NPs
was relatively lower than the other two treatments on the whole
during composting. At the end of composting, the TOC in T-Fe2O3

NPs was significantly lower than T-C and T-Fe3O4 NPs which was
verified by the ANOVA results (P < 0.001). There were no significant
differences in the TOC content as well as OM between T-C and T-
Fe3O4 NPs (P > 0.05) in the end, since the positive effect of iron in
Fe3O4 NPs as a nutrient might be impaired by the release of Fe2+

which could generate reactive oxygen species (ROS) (Auffan
et al., 2008). The final TOC contents were 21.1%, 16.7% and 21.5%,
and the TOC reduction compared with initial contents were
observed with 41.1%, 52.9% and 37.6% in T-C, T-Fe2O3 NPs and T-
Fe3O4 NPs, respectively.

WSC is always used as one of the most biologically active
parameters to evaluate the compost stability. It can be easily and
directly utilized or degraded by microorganisms, as it mainly con-
sists of low-molecular weight organic acids, sugars, phenolic sub-
stances, amino acids, hemicellulose and other easily
biodegradable compounds (Zhang et al., 2018b; Ye et al., 2017b).
In this study, the WSC concentration in all treatments increased
rapidly within the early 7 days (Fig. 2D), because the production
Table 1
Parameter values of the first-order equation kinetics obtained from curve fitting of OM de

Treatment A (%) k

OM degradation
T-C 58.69 (2.01) 0.0
T-Fe2O3 NPs 58.39 (2.43) 0.0
T-Fe3O4 NPs 58.40 (2.08) 0.0

OM loss
T-C 63.82 (2.20) 0.1
T-Fe2O3 NPs 68.51 (4.53) 0.1
T-Fe3O4 NPs 59.87 (2.27) 0.0

A: the initial organic matter (OM) content (%) for OM degradation kinetic or the maximum
factor significant at P < 0.05. The value in brackets: standard deviation. T-C: treatment wi
Fe3O4 NPs: treatment with Fe3O4 NPs.
of WSC by solubilization of some simple organic matters or by
microbial activities and growth was greater than their consump-
tion and degradation by microorganisms (Zhang et al., 2017).
Afterwards, the WSC showed constant drop until the end of com-
posting. The final WSC in T-C was significantly higher than that
in T-Fe2O3 NPs and T-Fe3O4 NPs (P < 0.01), indicating that the fur-
ther degradation or utilization of WSC in T-C was not greater than
the other two treatments. As shown in Fig. 2A and 2D, both OM and
WSC degradation in T-Fe2O3 NPs were greater than T-Fe3O4 NPs,
indicating that the amendment of Fe2O3 NPs was more effective
to improve the composting performance.

3.3. Enzyme activities

Dehydrogenase is an intracellular enzyme that catalyzes meta-
bolic reactions for OM degradation to provide ATP. It has been con-
firmed that DHA can reflect the rate of biochemical reaction during
composting and has been generally regarded as a reliable indicator
for overall microbial activity in the composting system because it
directly participates in the respiratory chain (Li et al., 2015). The
dynamics of DHA in the three treatments were shown in Fig. 3A.
It increased rapidly in all treatments during the early stage of com-
posting until the maximum value was achieved in thermophilic
phases, which was attributed to the oxidation of easily degradable
OM catalyzed by the enzyme (Li et al., 2015), and then decreased
until the end of composting. Similar observations were also
reported by a previous study (Nikaeen et al., 2015) that found
DHA reached the maximum in the initial stage and then decreased
along with the composting process. Maximum DHA occurred on
day 7 with values of 9.15, 11.34, 10.38 mg TPF g�1 dry compost
(8 h)-1 in T-C, T-Fe2O3 and T-Fe3O4 NPs, respectively. As shown in
Fig. 3A, DHA was higher in T-Fe2O3 and T-Fe3O4 NPs than the con-
trol on the whole, especially in the treatment with addition of
Fe2O3 NPs during the 3rd to 17th day (P < 0.05), indicating that
the addition of IONPs especially Fe2O3 NPs facilitated DHA and
rates of biochemical reactions, and this corresponded to the greater
degradation of OM and WSC in T-Fe2O3 NPs which were shown in
Fig. 2A and 2D.

Urease, as an intracellular enzyme, can catalyze the transforma-
tion of amides into ammonium. Its activity has been considered as
an enzymatic indicator of N mineralization (Wong et al., 2000).
Similar to DHA, the UA in all treatments increased rapidly in the
first 7 days, and then decreased until the end of composting
(Fig. 3B), which was also observed in other previous study (Li
et al., 2015). The production and accumulation of substrates
related to nitrogen by other enzymatic activities might be the pos-
sible reason for the increase of UA, while the decrease of UA might
be caused by the depletion of readily biodegradable OM which
supports microbial activity (Sudkolai et al., 2017; Ren et al.,
2018c). Compared with T-C, the treatments with IONPs enhanced
gradation and OM loss.

RMS F

095 (0.0016) 13.76 42.38
123 (0.0021) 19.32 43.47
085 (0.0016) 14.94 32.24

335 (0.0157) 13.85 265.44
379 (0.0286) 57.04 82.38
906 (0.0108) 10.30 368.43

OM loss (%) for OM loss kinetic. k: rate constant (d-1). RMS: residual mean square. F:
thout Fe2O3 NPs or Fe3O4 NPs as control; T- Fe2O3 NPs: treatment with Fe2O3 NPs; T-



Fig. 3. Evolutions of enzyme activities (A) dehydrogenase activity (DHA); (B) urease
activity (UA) during composting process. T-C: treatment without Fe2O3 NPs or
Fe3O4 NPs as control; T- Fe2O3 NPs: treatment with Fe2O3 NPs; T- Fe3O4 NPs:
treatment with Fe3O4 NPs. Data were calculated on a basis of dry weight compost.
Mean values were shown and the error bars represented the standard deviations
(n = 3).
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the average UA in order of T-Fe2O3 NPs > T-Fe3O4 NPs, as well as
DHA. Similar results were reported by He et al. (2011) who found
that IONPs had positive effects on the soil UA and DHA, and they
also found that Fe2O3 NPs addition had greater impacts on the
enzyme activities.

It has been suggested that iron-based NPs are toxic because of
the reactive oxygen species (ROS) (Auffan et al., 2008). Therefore,
the positive effect of Fe3O4 NPs as an iron nutrient may be counter-
acted by the release of Fe2+, resulting in a weaker improvement of
microbial activity, while Fe2O3 NPs consist of fully oxidized crystals
which are very stable in environment, thus showing a lower capac-
ity to generate ROS and inducing greater improvement of microbial
activity (He et al., 2011). Overall, the amendment of IONPs, espe-
cially Fe2O3 NPs, could enhance the enzyme activities and promote
the OM degradation in this study.
Table 2
Partial RDA results indicating the influence of the significant variables on enzyme activiti

Treatments Variables tested in model Eigenvalues

T-C Temperature 0.751
T-Fe2O3 NPs Temperature 0.347

pH 0.110
Together 0.858

T-Fe3O4 NPs Temperature 0.384
WSC 0.041
Together 0.763

WSC: water soluble carbon; T-C: treatment without Fe2O3 NPs or Fe3O4 NPs as control;
3.4. Relationships between physicochemical parameters and enzyme
activities

According to the results of detrended correspondence analysis
(DCA), the length of the first axis in all treatments was less than
3, which indicated linear relationships between enzyme activities
and environmental variables during composting. Therefore, RDA
was performed to evaluate the multivariate relationship between
physico-chemical parameters and enzyme activities. Totally, eight
environmental variables were selected in RDA model, including
temperature, pH, C/N, TOC, WSC, NH4

+-N, NO3
–-N and TN. In addi-

tion, Pearson correlations were conducted to support these analy-
ses. To identify the driving factors of enzyme activities, manual
forward selection was performed. Accordingly, temperature was
the most influential factor (P < 0.01) in all treatments, and it was
the only significant factor in T-C. Another driving factor in T-
Fe2O3 NPs was pH (P < 0.05) and that in T-Fe3O4 NPs was WSC
(P < 0.05). Partial RDA showed that temperature solely explained
75.1% (P = 0.002), 34.7% (P = 0.016) and 38.4% (P = 0.044) of the
variation in enzyme activities in T-C, T-Fe2O3 NPs and T-Fe3O4

NPs, respectively (Table 2). The importance of temperature fluctu-
ations for the evolution of enzyme activities has been highlighted
by a previous study (Wang et al., 2011). In agreement, it was also
found that both temperature and DHA activity showed a rapid
increase during the early days of composting (Awasthi et al.,
2018), indicating impacts on enzyme activities by temperature.
Additionally, as an important parameter during composting, pH
significantly accounted for 11% (P = 0.05) of the variation in
enzyme activities in T-Fe2O3 NPs. The shared contribution of tem-
perature and pH was 40.1%, indicating that the strong inter-
correlation of the two factors also contributed to the changes of
enzyme activities. These were also supported by the Pearson corre-
lation between environmental variables in which temperature and
pH were closely correlated with each other (P < 0.05) (see Table S3
of Supplementary materials). For T-Fe3O4, WSC, another significant
explanatory variable tested by manual forward selection, solely
explained 4.1% of the variation in enzyme activities, which was
not significant (P = 0.512), while the total explanation of tempera-
ture and WSC was 76.3% (P = 0.01) (Table 2). This suggested that
WSC contributed to the changes of enzyme activities mainly via
cooperating with temperature (see Table S3 of Supplementary
materials). However, these results did not imply that other envi-
ronmental variables were not influential to the changes of enzyme
activities, it was only deduced that these parameters contributed
to the variations of enzyme activities mainly through the inter-
correlation with other significant factors, as proved by Pearson cor-
relation analysis between different variables (see Tables S2–S4 of
Supplementary materials).

To further evaluate the relationships between enzyme activities
and environmental variables, ordination triplots were created. The
length and orientation of arrows represent the importance of
es.

Sole explanation (%) F value P value

75.1 18.087 0.002
34.7 12.242 0.016
11.0 3.896 0.050
85.8 15.150 0.002
38.4 8.090 0.044
4.1 0.865 0.512
76.3 8.046 0.010

T- Fe2O3 NPs: treatment with Fe2O3 NPs; T- Fe3O4 NPs: treatment with Fe3O4 NPs.
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parameters and associations between axis and parameters, respec-
tively. Moreover, the angles between two parameters <90� reflect
positive relationships, while that >90� reflect negative relation-
ships. As shown in Fig. 4, the enzyme activities were negatively
correlated with pH and TN, and shared positive relationship with
Fig. 4. RDA triplot analysis between enzyme activities and environmental variables.
(A) T-C: treatment without Fe2O3 NPs or Fe3O4 NPs as control; (B) T- Fe2O3 NPs:
treatment with Fe2O3 NPs; (C) T- Fe3O4 NPs: treatment with Fe3O4 NPs. Significant
variables were denoted using red solid lines, and supplementary variables were
denoted with red dotted lines. Enzyme activities were presented using black solid
lines. The circles indicated samples and the numbers around were the sampling
day. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
other parameters in all treatments except weak negative correla-
tions between NO3

–-N and UA in T-C. Longer arrow line of temper-
ature, NH4

+-N and TN indicated that these parameters played more
important roles in explaining variations of enzyme activities in T-C
(Fig. 4A). According to Pearson correlation (Table 3), both DHA and
UA were positively correlated with temperature in all treatments
(P < 0.01). This finding was in accordance with a previous study
which found that DHA increased in the thermophilic stage and
then rapidly decreased when the temperature dropped (Wang
et al., 2011). Moreover, there was a significant (P < 0.05) positive
relationship between UA and NH4

+-N, and negative correlation with
TN in T-C (Table 3). From Fig. 4B, temperature, pH, WSC and NH4

+-N
played relatively more important roles in variations of enzyme
activities than other parameters, as supported by Table 3 showing
an extremely significant negative correlation (P < 0.01) between
UA and pH, extremely significant positive correlation between
the enzyme activities and temperature (P < 0.01), and significant
positive correlation between WSC, NH4

+-N and enzyme activities
(P < 0.05) in T-Fe2O3 NPs. A previous study also reported that the
UA was negatively influenced by pH (Xie et al., 2017). pH not only
has an influence on the decomposition and mineralization of
organic macromolecules, species and activities of microorganisms,
but also directly affects the rate of enzymes involved in biochem-
ical processes (Dick et al., 2000; Lai et al., 2016). As for T-Fe3O4 NPs
which was shown in Fig. 4C, the lengths of temperature, pH, C/N,
TOC, WSC, NH4

+-N and TN were longer, in which DHA was signifi-
cantly correlated with temperature, C/N, WSC and TN, and UA
shared significant correlation with temperature, pH, C/N, TOC
and NH4

+-N (P < 0.05) (Table 3). In T-Fe2O3 NPs and T-Fe3O4 NPs,
WSC played an important role as well, similar with a previous
study (Calvarro et al., 2014). As implied by Pearson correlation,
UA was more closely related to environmental factors than DHA
in all treatments. The different relationships between enzyme
activities and environmental variables in three treatments sug-
gested that the amendment of IONPs changed their correlations.
3.5. Maturity of the final compost product

Generally, C/N ratio is one of the most commonly used indica-
tors to evaluate the rate of composting as well as final compost
maturity (Awasthi et al., 2016a). Another important parameter is
seed germination index (GI) which is widely used to evaluate the
phytotoxicity and maturity of compost, since it directly reflects
the effect of compost on the seed germination and seedling growth
(Chan et al., 2016). The acceptable final value of C/N for a success-
ful composting is lower than 25 (Chan et al., 2016), and that of GI is
above 80% (Wu et al., 2019). As shown in Fig. 5, both C/N and GI
met the above requirements, indicating that the end product can
be recycled for agricultural application (Chan et al., 2016; Wu
et al., 2019). The GI in IONPs treatments, especially that in T-
Fe2O3 NPs was significant higher than T-C (P < 0.05), and the aver-
age shoot length in T-C, T-Fe2O3 NPs and T-Fe3O4 NPs was 3.16,
3.87, 3.45 cm, respectively. This suggested that amendment of
IONPs into composting could promote seed germination and seed-
ling growth, a similar finding was reported by Ren et al. (2011)
who found that Fe2O3 NPs could stimulate the growth of mung
bean (Vigna radiata).
4. Conclusion

In present study, Fe2O3 NPs and Fe3O4 NPs were added at a con-
centration of 10 mg/kg compost to investigate the effects of IONPs
on composting performance. With the addition of IONPs especially
Fe2O3 NPs, the following aspects were changed: (i) the OM degra-
dation was promoted. (ii) DHA and UA were enhanced and the



Table 3
Pearson correlations between enzyme activities and environmental variables.

Treatments Enzyme activities Temperature pH C/N TOC WSC NH4
+-N NO3

–-N TN

T-C DHA 0.992** �0.519 0.557 0.540 0.520 0.583 0.189 �0.550
UA 0.838** �0.677 0.732* 0.669 0.337 0.726* �0.126 �0.707*

T-Fe2O3 NPs DHA 0.953** �0.591 0.384 0.409 0.827* 0.542 0.420 �0.481
UA 0.895** �0.949** 0.498 0.568 0.730* 0.820* 0.253 �0.508

T-Fe3O4 NPs DHA 0.920** �0.542 0.712* 0.557 0.809* 0.578 0.210 �0.862**

UA 0.878** �0.905** 0.771* 0.747* 0.571 0.807* 0.117 �0.700

C/N: total organic carbon/total nitrogen; TOC: total organic carbon; WSC: water soluble carbon; TN: total nitrogen. T-C: treatment without Fe2O3 NPs or Fe3O4 NPs as control;
T- Fe2O3 NPs: treatment with Fe2O3 NPs; T- Fe3O4 NPs: treatment with Fe3O4 NPs.

* Correlation is significant at 0.05 level (2-tailed).
** Correlation is significant at 0.01 level (2-tailed).

Fig. 5. Maturity indices of the final compost product. GI: germination index; C/N:
total organic carbon/total nitrogen. T-C: treatment without Fe2O3 NPs or Fe3O4 NPs
as control; T- Fe2O3 NPs: treatment with Fe2O3 NPs; T- Fe3O4 NPs: treatment with
Fe3O4 NPs. Mean values were shown and the error bars represented the standard
deviations (n = 3).
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relationships between enzyme activities and environmental vari-
ables were changed. (iii) The seed germination and seedling
growth were improved. Therefore, composting amended with
IONPs especially Fe2O3 NPs is a promising approach to improve
the performance of composting process and quality of final com-
post product.
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