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� Bin-scale composting (90 L) was performed following a pilot-scale (200 L) HTT.
� HTT with mild reaction condition (180 �C, 1.0 MPa, 30 min) enhanced rice straw composting process.
� Rice straw compost with HTT can reach stability within 6 weeks of composting.
� Rice straw compost with HTT may be phytotoxic if used as growing media for EC sensitive plants.
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a b s t r a c t

In order to evaluate the hydrothermal treatment (HTT) in enhancing compost stability and maturity of
lignocellulosic agricultural residues, a bin-scale (90 L) composting of rice straw with and without
‘‘HTT’’ was performed. The rice straw compost product with ‘‘HTT’’ after 6 weeks of composting can be
considered stable and adequate for field application as expressed by pH of 8.4, ‘‘EC value’’ of 2.96 dS m�1,
C/N ratio of 12.5, microbial activity of <8.05 mg CO2 g�1 OM d�1, NHþ4 —N content of 93.75 mg kg�1 DM
and finally, by ‘‘GI’’ of >83%. However, compost may prove phytotoxic if used as growing media for EC
sensitive plants. As for rice straw compost product without ‘‘HTT’’, the high microbial activity
(>12.28 mg CO2 g�1 OM d�1) even after 14 weeks of composting suggests that the residue has not stabi-
lized yet and is far away from stability and maturity, although a higher GI (>100%) was observed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The growth of global food production, increased price of energy
coupled with increased production of biofuels from food crops are
causing the high price of chemical fertilizers (Mueller et al., 2011).
On the other hand, large volumes of crop residues which could
have been converted into valuable organic fertilizers are regarded
as waste each season almost everywhere in the world (Yadvinder-
Singh et al., 2005). Rice (Oryza sativa), although the world’s second
most-grown crop, produces the largest amount of crop residues.
According to FAO (2013), over the past ten years, the global paddy
rice output on an average was about 664.3 million Mt. As rice gen-
erates about one Mt of straw per each Mt of grain, large amount of
residue is accumulated annually. Rice straw is unique relative to
other crop residues; it has limited use as an animal feed because
of its high silica content (Van Soest, 2006). Direct incorporation
of the rice straw into the soil is also limited as it may cause certain
agronomic problems such as temporary immobilization of nutri-
ents and associated crop yield reduction (Yadvinder-Singh et al.,
2005). As a result, a large amount of produced straw is left unuti-
lized, which is mostly burnt on-farm (Gadde et al., 2009), although
burning of the straw in situ is the most discouraged option as it
emits air pollutions (Gadde et al., 2009) and causes loss of valuable
nutrients into atmosphere (Yadvinder-Singh et al., 2005). Fortu-
nately, composting offers a low-cost and environmentally friendly
option for recovery and recycling of nutrients in the crop residues.
Composting is a process of controlling and enhancing the biological
decomposition of organic residues into usable end product such as
organic fertilizer (Kluczek-Turpeinen, 2007). The C/N ratio, mois-
ture content, particle size, airflow and temperature are the key

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2013.10.083&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2013.10.083
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parameters influencing the process. Successful optimization of
these parameters may shorten the process and result in quality
product i.e. stable and mature compost (Guo et al., 2012). Never-
theless, ordinary composting of rice straw is a too slow process
for farmers, and may require at least 90 days to allow transforma-
tion of the residue into stable and mature compost (Goyal and
Sindhu, 2011). This is because, microbial access to cellulose (a
major biodegradable component of crop residue), is known to be
inhibited by hemicellulose–lignin association during the decompo-
sition process. In native lignocellulose i.e. rice straw, lignin is
intermeshed and chemically bonded with hemicellulose polysac-
charides, which together form a barrier that becomes even more
resistant to microbial degradation (Malherbe and Cloete, 2002).
Therefore, enhancement of rice straw composting process requires
disruption of this physicochemical barrier. It has been suggested
that at least 50% of hemicellulose should be removed to signifi-
cantly increase cellulose degradability (Agbor et al., 2011).

In order to enhance the composting process, an innovative
hydrothermal treatment (HTT) technology with mild reaction con-
ditions (180 �C, 1.0 MPa, 30 min) was selected as a pretreatment
step for solubilization of hemicellulose before subsequent com-
posting of rice straw. The HTT reaction conditions were selected
from our previous bench-scale work in which a reaction tempera-
ture of 180 �C was the most favorable for solubilization of the ma-
jor portion of hemicellulose polysaccharides (Nakhshiniev et al.,
2012). However, stability and maturity are also the important as-
pects of compost quality, in particular in relation to its agronomic
application. Therefore, it is essential to evaluate the stability and
maturity of the compost to ensure effectiveness of the pretreat-
ment technology.

A large variety of physical, chemical and biological parameters
have been proposed for the evaluation of compost stability and
maturity (Wichuk and McCartney, 2010). Biological stability index
evaluated by respirometric measurements based either on CO2

production rate, O2 uptake or release of heat has been frequently
applied in compost stability determination (Komilis and Kletsas,
2012). Compost maturity, on the other hand, which implies no tox-
icity to plants upon immediate application of compost, is still best
determined using the plant phytotoxicity tests, such as seed germi-
nation and/or plant growth bioassays (Wang et al., 2004). In prac-
tice, phytotoxicity can also be induced by factors such as high
amounts of free ammonia, excess soluble salts or certain organic
acids. Therefore, the change in chemical parameters during the
composting process such as pH, electrical conductivity (EC), C/N ra-
tio, NHþ4 —N formation and the ratio of NHþ4 —N to NO�3 —N have
been found as the useful indicators in compost maturity determi-
nation (Wang et al., 2004). Integrated use of these parameters
and indices has been shown to result in better evaluation of com-
post stability and maturity (Mondini et al., 2003). The objective of
this research, therefore, was to measure the changes in physical,
chemical and biological parameters and indexes during compost-
ing of rice straw residue with and without HTT, and evaluate
HTT in enhancing the compost stability and maturity of the rice
straw residue.
2. Methods

2.1. Material and HTT process

In this study, rice straw was used as the model lignocellulosic
agricultural residue. It was purchased from the local gardening
store. Since, the residue was already cut into small pieces ranging
from 2 to 4 cm no additional cutting was required. In order to ob-
tain sufficient amount of material for subsequent bin-scale com-
posting experiment a pilot-scale HTT facility with reactor
capacity of 200 L was employed in this study. Schematic and over-
all view of the HTT facility is shown in Fig. 1. First, the rice straw
(about 8 kg in dry weight) was fed into the reactor, and then, sat-
urated steam supplied from the boiler was injected into the reactor
until the pre-set hydrothermal conditions (180�C, 1.0 MPa) were
reached. The blades installed inside the reactor then started to
mix the residue for about 30 min. After the treatment was com-
plete, the reactor was decompressed immediately by flashing the
steam through the condenser and the moist treated residue (with
around 68% MC) was discharged by rotating the blades, which also
act as a screw conveyor. Four batches were performed. The treated
products cooled down, mixed and were preserved (10 �C) until the
next experimental procedure. The chemical properties of the resi-
due with and without HTT are shown in Table 1.

2.2. Compost substrate preparation

The rice straw residues, with and without HTT, were then
spread on separate blue plastic sheets and microbial inoculums
were applied using a bottle with water spray nozzle. Since, the res-
idue obtained after the HTT had already a moisture content of 68%,
no correction of the moisture content was required. As for the un-
treated residue, however, it was initially soaked in the water for
48 h to constitute the moisture content of 68%. Because the initial
C/N ratios of both substrates were higher than the range consid-
ered optimum (25–30) for starting composting process, necessary
amount of nitrogen was added to the substrates (8 g per each kg
of DM) in order to bring the C/N ratios within the recommended
range. The nitrogen was added in the form of urea solution (17%
w/v) and was applied (100 ml per each kg of substrate) soon after
the application of microbial inoculums. All preparations were con-
ducted outdoor when the ambient temperature was below 15 �C,
so no special care was taken to prevent the water or nitrogen loss.
The amount of substrates loaded in each composting reactor was
about 18 kg (wet basis). While the substrate was being loaded into
each reactor, original samples were withdrawn (bottom, middle,
top) immediately for subsequent analyses, and the composting
process was begun; the composting time was noted as week zero
(Week 0).

2.3. Microbial inoculum preparation

Compost microbial inoculum was prepared by means of shaking
a 1:25 (w/v) compost/water mixture for 15 min in a warm water
bath (32 �C). Compost was commercially produced (Wakayama Or-
ganic Productive Union, Japan) and prior to shaking, it was supple-
mented with glucose solution (5% w/v) and pre-incubated at 32 �C
for 3 days in air-tight collapsible container in order to active the
microbes. Produced gas was released and compost was mixed once
daily. Because, the hydrothermally treated residue had undergone
a ‘sterilization’ process, rice straw rinse water was also prepared in
similar way to include ‘native’ microbial inoculums presented nat-
urally in the untreated residue. The prepared suspensions were
then mixed and diluted with 5 parts of pure water before it was ap-
plied as a compost inoculum.

2.4. Composting setup

Plastic dust bins with a volume of 90 L (Fig. 2) were modified
and used as composting reactors. The bins were externally insu-
lated with two layers of glass wool and aluminum foil thermal
insulators to minimize the convective heat loss. A removable air-
tight lid was put on top of each reactor to facilitate intermittent
mixing and sampling of substrate during the course of composting.
The lids, however, were insulated from the inner side (foam rub-
ber) in order to minimize the occurrence of the reflux condition.



Fig. 1. Schematic view of the pilot-scale HTT facility used in this research.

Table 1
Chemical properties of the rice straw residue before and after HTT.

Parameters Before HTT After HTT

Hot water extractives, % 10.30 18.00
Hemicellulose, % 29.60 7.35
Cellulose, % 36.46 43.45
Lignin, % 13.97 19.91
Ash (550 �C, 2 h), % 9.8 11.5
Moisture content, % 14.0 68.0
OM (100%-Ash), % 90.2 88.5
pH 6.81 3.86
EC, dS m�1 2.20 4.75
Total C, % 42.49 45.25
Total N, % 0.85 0.98
C/N ratio 49.99 46.17
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One thermocouple (K-Type) connected to data logger (TM-947SD)
was fitted at the center of each reactor to record the temperature of
the composts at the interval of 30 min. The temperature in the lab-
oratory was maintained at 24 �C. In order to have the air flow uni-
formly distributed throughout the compost substrate, the material
was placed on the stainless punch plate installed at the bottom of
the reactors. The air was supplied continuously by compressor
pump and the flow rate was fixed at 0.48 L kg�1 DM min�1 in every
reactor (Jiang et al., 2011). The compost was mixed manually at 1-
or 2-weeks interval throughout the composting process.

2.5. Sample collection

Besides the samples taken at the beginning of composting
(Week 0), seven more solid samples (about 250 g) were taken from
each reactor throughout the composting process, specifically dur-
Fig. 2. Diagram of the c
ing the turning at Weeks 2, 4, 6, 8, 10, 12 and 14. Samples were ta-
ken from three parts (top, middle, bottom) of the reactor and after
homogenization (considering the MC) were divided into two parts;
with one part kept fresh at 4 �C, and another part air-dried and
grounded to pass through 0.25 mm sieve. The air-dried and ground
samples were used to analyze the total carbon (Total C), total nitro-
gen (Total N), ash and organic matter (OM) contents. The fresh
samples were used to analyze the dry matter (DM), pH, electric
conductivity (EC), ammonium nitrogen (NHþ3 —N) and nitrate nitro-
gen (NO�3 —N). The fresh samples were also used in microbial sta-
bility and phytotoxicity tests.

2.6. Analytical methods

The Total C and Total N contents were determined using an
automatic high sensitive NC-analyzer (Sumigraph NC-220F, SCAS,
Japan). The DM content was assessed by oven-drying at 105 �C
for 24 h and the ash was determined by combustion of 3 g oven-
dried sample at 550 �C for 2 h in a muffle furnace. Subsequently,
the difference between DM and ash was considered the OM con-
tent. The pH and EC were analyzed in a 1:10 (w/v) compost/water
(distilled) solution following a 30-min shaking in the water bath
(25 �C). The NHþ4 —N and NO�3 —N were extracted with 0.5 M
K2SO4 (1:10 w/v) solution and analyzed by steam distillation using
MgO-Devarda’s alloy followed by back titration of the boric acid
distillates using 0.0025 M H2SO4 solution.

2.7. Evolution of carbon dioxide

Microbial stability index was evaluated by the microbial respi-
ration test based on CO2 evolution rate (mg CO2 g�1OM d�1), which
is similar to the procedure described in CCQC (2001). Approxi-
omposting reactor.



Fig. 3. Evolution of temperature during composting process of rice straw with and
without HTT.
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mately 10 g of sample conditioned at 50% moisture content was
sealed in a 3.0 L vessel along with a vial containing a known vol-
ume of 1 M NaOH solution. The vessel was sealed and incubated
at 37 �C for 4 days. The amount of CO2 trapped by NaOH was deter-
mined daily over a 4-day period by back titration with 1 M HCl to
phenolphthalein endpoint, after adding excess amount of BaCl2. All
measurements were performed in three replications, including a
jar without compost as a blank.

2.8. Phytotoxicity test

A phytotoxicity test employing seed germination index (GI) was
used to evaluate compost maturity in this study (Zucconi et al.,
1981). The fresh sample was mixed with distilled water to attain
a 1:10 (w/v) compost/water mixture, and after shaking for 6 h at
25 �C the aqueous extracts were obtained by centrifugation
(5040g-force, 20 min) followed by filtration through a 0.45 lm
membrane filter. A commercial germination test sheet (Tanepita,
FHK, Japan) pasted orderly with 50 seeds of Komatsuna (Brassica
rapa var. peruviridis), was placed inside a UV-sterilized petri dish
and was wetted with 5 ml of compost extract. Komatsuna seeds
have been widely used in Japan in germination tests (Hase
and Kawamura, 2012). The Petri dishes were then incubated
for 4 days at 25 �C in the dark. After 4-day incubation the
germination was stopped (by adding 5 ml of ethanol) and the ger-
minated seeds were counted and the root length was measured.
Three replicates (with total seeds number of 150) were set out
for each treatment, including distilled water that was used as a
control. The GI was then calculated according to the expression
GIð%Þ ¼ ðA� CÞ=ðB� DÞ � 100% in which, A and C represent the
number of seeds germinated in extract-treated and control dishes,
respectively; and B and D represent the average root length of ex-
tract-treated and control seeds, respectively (Zucconi et al., 1981).

2.9. Statistical analyses

The statistical analysis of data was performed using the Data
Analysis ToolPak of the Excel (Microsoft Office 2010). A t-Test
was used for testing statistical significant differences of the sample
means among composting times. Two-tail and a 95% confidence (or
alpha of 0.05) was assumed for all tests. The relationships between
the parameters were defined by correlation and regression
analysis.
3. Results and discussion

3.1. Evolution of composting temperature

Monitoring of compost temperature is important for the stabil-
ity and maturity determination. Evolution of temperature has been
found to strongly reflect metabolic activity of microorganisms dur-
ing the composting process (Tiquia et al., 1996). The final decrease
in temperature to reach an ambient temperature without reheat-
ing upon mixing may indicate the maturation phase (Tang et al.,
2007). In addition, compost must experience the temperature
exceeding 55 �C for at least 3 days in order to eliminate pathogens
and weeds. Fig. 3 shows the evolution of temperature during the
composting process of the rice straw residue with and without
HTT. During the composting experiment the room temperature
fluctuated between 23 (night) and 25 �C (day), therefore 24 �C
was assumed a mean. As can be seen, the temperature in the com-
post reactors began to rise soon after establishing the composting
conditions as well as after each turning during the active stages
(seen as the sharp drops in temperature curves). The compost tem-
perature of the residue with HTT reached a maximum of 63 �C (on
day 9) and remained above 55 �C for more than 15 days. Then, the
temperature decreased rapidly and remained between 34 and
37 �C until Week 6. Afterward, the temperature diminished and be-
came close to room temperature, thus, composting entered a mat-
uration phase. However, the compost temperature of the residue
without HTT only reached a maximum of 51 �C (on day 10) so
the required temperature for pathogens and weed destruction
was not fulfilled. The temperature then decreased and was main-
tained at the lower levels between 35 and 40 �C until Week 4. After
Week 4, a further slight decreased led to the compost temperature
to range between 30 and 35 �C until Week 10. Then, it dropped and
stayed close to room temperature until the end of composting
process.
3.2. Variations in pH and EC

Variations in pH and EC are useful parameters for monitoring
the composting process (Hosseini and Aziz, 2013). In addition,
pH and EC are considered important compost parameters because
they can affect the quality and suitability of the final product
for plant growth. The compost pH value ranging from 5.5 to 8.5
is considered acceptable and the EC higher than 1.5 dS m�1 and
4.0 dS m�1, respectively, are considered the upper limit values for
growing media, and tolerable by plants of medium sensitivity (Sil-
va et al., 2013). The variations of pH and EC during the composting
process of the rice straw residue with and without HTT are shown
in Fig. 4a and b, respectively.

The pH value of the rice straw compost with HTT at the start of
composting (Week 0) was about three units lower than the rice
straw compost without HTT (Fig. 4a). This pH difference can be
attributed to the presence of organic acids formed normally during
the HTT of lignocellulosic residues. Nevertheless, the pH of rice
straw compost with HTT increased rapidly and alkaline value of
8.2 was observed on Week 2. This could be explained both by
decomposition of organic acids by microorganisms as well as by
the release of ammonia (Fig. 4c) from mineralization of organic
nitrogen. After Week 2, the pH did not change significantly and
stayed near 8.0 until the end of experiment (Table 2). The pH var-
iation in rice straw composting without HTT, followed a similar
pattern; in particular, an increase to around 8.2 on Week 2 and
the final value of around 7.8. A natural pH drop typical in the early
stage of composting process was not seen because the conversion
of OM to acidic compounds probably, occurred sooner than sam-
pling the compost on Week 2.

Unlike the pH, the initial EC value in rice straw compost with
HTT was higher than the EC value in rice straw compost without
HTT (Fig. 4b): the respective values were 4.75 and 2.2 (dS m�1).
This difference was apparently due to the presence of soluble or-
ganic compounds. As these soluble organic compounds were con-
sumed by microorganisms, the EC reduced to 2.9 (dS m�1) on



Fig. 4. Changes in pH (a), EC (b), NHþ4 —N (c), NO�3 —N (d), OM (e), C/N ratio (f),
microbial activity (g) and germination index of Komatsuna seeds (h) during the
composting process of rice straw with and without HTT.
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Week 4. Afterwards, the EC stabilized and the final value was
3.0 (dS m�1). As for the rice straw compost without HTT, statistical
analyses (Table 2) showed that no significant change occurred and
therefore, the EC value similar to the initial one (2.2 dS m�1) was
observed at the end of process.
3.3. Evolution of NHþ4 —N and NO�3 —N

During the composting process, organic nitrogen is usually
decomposed during the active phase of composting resulting in
the release of relatively high levels of NHþ4 —N; as composting pro-
cess continues and maturation phase is reached, ammonia is even-
tually reduced through volatilization or nitrification to form the
NO�3 —N (Haug, 1993). According to CCQC (2001), mature compost
should not have the NHþ4 —N content of more than 500 mg kg�1, or
the NHþ4 —N / NO�3 —N ratio of > 3. The variations of the NHþ4 —N and
the NO�3 —N during composting of rice straw with and without HTT
are shown in Fig. 4c and d, respectively.

The initial NHþ4 —N content in the rice straw compost with HTT
was only 135.1 mg kg�1, but soon it reached 1167 mg kg�1 (or 4.9%
of TN) on Week 2. This was probably, the reason for rapid increase
of pH on Week 2. As composting proceeded, immobilization of
NHþ4 —N by microorganisms occurred and the NHþ4 —N content in
compost product decreased to reach the lower level of
93.8 mg kg�1 on Week 6. This decrease in NHþ4 —N was related to
microbial immobilization because no significant nitrification
(Fig. 4b) or NH3 volatilization (data not presented) were observed
during this period. After Week 6, the NHþ4 —N content continued
decreasing and only 16.7 mg kg�1 was measured at the end of
experiment. An intensive NHþ4 —N formation was observed in the
rice straw compost without HTT. This can be examined from the
high NHþ4 —N content of 1747 mg kg�1 (or 10.8% of TN) on Week
0. According to Ndegwa et al. (2008), urea can be converted to
NH3 in a matter of hours to few days by the extracellular urease en-
zyme, which is found in many microorganisms during the compost
process. In this experiment, the rice straw residue initially, was
soaked in the water for 48 h and it is likely that this pretreatment
promoted the development of urease activity of the microorgan-
isms (naturally present in the residue), which in turn, promoted ra-
pid decomposition of urea at such early stage of composting
process. The NHþ4 —N content then increased again and reached
3965 mg kg�1 (17.5% of TN) on Week 2. After this peak, the
NHþ4 —N content in the substrate decreased rapidly and only
66.2 mg kg�1 was measured on Week 6, which was apparently
due to the transformation to NO�3 —N (Fig. 4d) as well as volatiliza-
tion of NH3 (data not presented). After Week 6, the NHþ4 —N content
followed a gradual increase to reach a value of 155.6 mg kg�1 on
Week 10 before to decrease again and stabilize at 88.9 mg kg�1 un-
til the end of experiment.

The NO�3 —N contents in both compost substrates were very low
at the early stage of composting (Fig. 4d). In the rice straw compost
with HTT, the NO�3 —N content was about 87.8 mg kg�1 on Week 0
and the value soon decreased to 12.9 mg kg�1 on Week 2. After
Week 2, the NO�3 —N content did not show significant change until
Week 6 (Table 2). Probably, relatively high temperature (over
55 �C) during the active phase of composting suppressed the
growth of nitrifying bacteria. After Week 6, when temperature be-
came close to the room temperature, the NO�3 —N contents started
to increase slowly but consistently. The reason for such slow rate in
the NO�3 —N formation could be slow rate of organic nitrogen re-
mineralization that has had been immobilized by microorganism
during the active phase. In fact, it is said that when nitrogen is
incorporated into microbial cellular substances it becomes rela-
tively stable (Marumoto et al., 1977). The NO�3 —N contents in the
rice straw compost without HTT were highly dynamic. If the
NO�3 —N contents were about 31.7 and 17.9 mg kg�1 on respective
Week 0 and Week 2, relatively high content was detected on Week
4 (979.9 mg kg�1). This could be favored by the presence of high
ammonia as well as temperature drop in compost to around
40 �C. The later one could be affected by the coarse structure of
the untreated substrate, which might permit ‘good’ aeration of
compost. The available NO�3 —N was then immediately lost through
denitrification process as relatively low content of the NO�3 —N
(44.4 mg kg�1) was measured on Week 6. This was concluded be-
cause there was still a large net loss in total N (data not presented)
although no leaching or ammonia volatilization occurred during
this period. In the following weeks, the NO�3 —N contents increased
but fluctuated between 220 and 550 mg kg�1.

From the NHþ4 —N/NO�3 —N ratio, the compost products in both
reactors should have entered maturation phase at Week 6, since
from this point the ratio for both cases did not exceed the estab-
lished value (i.e. >3). However, the NHþ4 —N/NO�3 —N ratios cannot
be used as an indicator of maturity in this research because, the
NHþ4 —N and NO�3 —N contents in either composts were not suffi-
ciently high, i.e. >250 mg kg�1 OM (CCQC, 2001).

3.4. Variations in OM content

During the composting process, part of OM in the substrate is
converted to CO2, H2O and energy, while the remainder is eventu-
ally converted to stable organic compounds (Insam and de Bertoldi,
2007). Therefore, the content of OM should decrease during com-
posting process. The losses of OM content during composting of
the rice straw with and without HTT are illustrated in Fig. 4e.
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The initial OM contents were approximately equal in both
compost reactors. The contents decreased during the course of
composting from 88.54 to 76.24% in the rice straw compost with
HTT, and from 90.19 to 70.11% in the rice straw compost without
HTT. The loss of OM in the rice straw compost with HTT occurred
predominantly during the active stage, specifically, between
Week 0 and Week 6, when the temperature (Fig. 3) and microbial
activity (Fig. 4g) were high. This can be explained by the idea that
most of the OM in the substrate was depleted by microorganism
at this stage. Subsequently, the loss of OM in the rice straw with
HTT slowed down and became fairly stable after Week 6. This
behavior in OM loss coincided well with the evolution of the C/
N ratio (Fig. 4f) and microbial activity (Fig. 4g), which may sug-
gest that the compost have indeed reached stability. However,
the loss of OM in the rice straw compost without HTT occurred
throughout the composting process, reflecting the high rate of
biodegradation in the substrate. The high rate of degradation
was also reflected by high microbial activity in the compost
(Fig. 4g), although a greater loss in OM content was achieved at
the end of the process (20.18% compared to 12.29% in the rice
straw compost with HTT). In this experiment, in fact, the rice
straw residue during the HTT process was enriched in lignin frac-
tion (Table 1) because of partial losses of hemicellulose polysac-
charides. Therefore, this difference in OM mineralization is
attributed mainly to the higher content of lignin in the rice straw
compost with HTT (Komilis and Ham, 2003).

3.5. Variations in C/N Ratio

The C/N ratio is an important agronomic parameter of final
compost product as it was found to affect immobilization and re-
lease of nitrogen and other important crop nutrients in the soil
(Ahmad et al., 1969). Because of higher loss of carbon compounds
generally, decreasing trend in C/N ratio is expected. The C/N ratio
smaller than 25 is indicative of an acceptable maturity (CCQC,
2001), a ratio of 15 or even less being most preferable (Jimenez
and Garcia, 1989). The trends in C/N ratio of the rice straw com-
posts with and without HTT are illustrated in Fig. 4f.

The major reduction in the C/N ratio of the rice straw compost
with HTT occurred during the active phase of decomposition, i.e.
Week 0 and Week 6. The C/N ratio values at Week 0 and Week 6
were 27.4 and 12.5, respectively. This can suggest that biodegra-
dation rate of the rice straw was enhanced with HTT. After Week
6, the C/N ratio leveled off and stabilized around 12, which could
indicate stability of the compost. Indeed, the compost could be
stable from this point, since this value is very close to the C/N ra-
tio of many humic substances found in stable soil organic matters
(Kuwatsuka et al., 1978). As for the C/N ratio of the rice straw
compost without HTT, considerable decrease from the initial va-
lue of 25.7–17.2 occurred between Week 0 and Week 2. One of
the possible reasons for this rapid drop could be the decomposi-
tion of easily available carbons by microorganisms. Then, the C/N
ratio remained unchanged until Week 4, implying that the loss of
nitrogen from the system was also substantial during this period.
After Week 4, the C/N ratio started to decrease again and the com-
post had a C/N ratio of about 11.2 on Week 14. However, contin-
uous decrease in the profile of the C/N ratio suggests that the
substrate is rich in some carbon materials that are yet to be de-
graded. Therefore, as stated by Jimenez and Garcia (1989), a C/N
ratio cannot be considered indicative of compost maturity until
stability in the C/N ratio change is not seen.

3.6. Evolution of carbondioxide

As compost approaches stability microbial activity decreases
and the CO2 evolution rate is expected to decline (Wichuk and



Table 3
Pearson correlation coefficient between measured parameters of rice straw compost with and without HTT.

pH EC NHþ4 —N NO�3 —N OM C/N ratio CO2 evolution GI

pH – �0.882** ns ns ns ns ns 0.872**

[ns] [ns] [ns] [ns] [ns] [ns] [ns]
EC – ns ns 0.937** 0.975** 0.968** �0.997**

[ns] [ns] [ns] [ns] [ns] [�0.753*]
NHþ4 —N – ns ns ns ns ns

[ns] [ns] [ns] [ns] [�0.849**]
NO�3 —N – ns ns ns ns

[ns] [ns] [ns] [ns]
OM – 0.954** 0.934** �0.943**

[0.940**] [0.926**] [�0.770*]
C/N ratio – 0.998** �0.976**

[0.960**] [�0.736*]
CO2 evolution – �0.969**

[�0.797*]
GI –

ns, not significant.
A [B], where A = with HTT and [B = without HTT].
* Significant at p < 0.05.
** Significant at p < 0.01.
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McCartney, 2010). According to CCQC (2001), a compost product
with microbial activity of less than 8.0 mg CO2 g�1OM d�1 is stable
and mature. Fig. 4g shows the evolution of CO2 as an indication of
stability during the composting of rice straw with and without
HTT.

In the early stages of the process, the CO2 evolution rate for the
rice straw compost with HTT was about 1.7 times higher than for
the rice straw compost without HTT because of the enhancement
of the rice straw digestibility after pretreatment (Thomsen et al.,
2009). The CO2 evolution rate then decreased rapidly and the
threshold stability value of 8.0 mg CO2 g�1OM d�1 was reached
soon on Week 6. This result corresponds well with the change of
other measured parameters and further confirmed that the rice
straw compost with HTT reached an obvious stabilization phase
on Week 6. However, there was no clear trend in the CO2 evolution
rate for the rice straw compost without HTT. Initially, the CO2 evo-
lution rate decreased to reach a value of 28.25 mg CO2 g�1OM d�1

on Week 4, and then no significant change occurred (Table 2) until
Week 8. It is likely that microbial activity during Week 4 and Week
8 was supported by the release of carbon from cellulose that was
largely unavailable until Week 4 due to protective effect of hemi-
cellulose–lignin association (Malherbe and Cloete, 2002.). In the
following weeks, the CO2 evolution rate started to decrease again,
but the value measured at the end of experiment (Week 14) was
still high (12.28 mg CO2 g�1OM d�1). Such a high microbial activity
could suggest that the residue had not stabilized yet and is far
away from stability phase.

3.7. Germination index

While organic materials decompose, a variety of metabolic
compounds are released during composting and these compounds
can be toxic to plants (Zucconi et al., 1985). The GI was a sensitive
indicator and its increase corresponded with the decreases in con-
centrations of phytotoxic compounds as compost aged (Tiquia and
Tam, 1998). Compost with GI of P80% is considered phytotoxic-
free and adequately matured (CCQC, 2001). Fig. 4h shows the
change of GI percentage during the composting of rice straw with
and without HTT.

The initial GI was 0% for both compost products. Then, soon
both composts overcame the threshold value (P80%) and yielded
high GI (87.7–122.8%) on Week 4, which may indicate the disap-
pearance of phytotoxic compounds (Tiquia and Tam, 1998). The
GI in rice straw compost with HTT on Week 0 and Week 2 could
be controlled by high EC value, since the increases in GI values cor-
roborated well with the decreases in EC values during this period.
The low GI in rice straw compost without HTT probably was due to
the phytotoxic effect of urea and associated NHþ4 —N release during
the early stage of composting (Fig. 4c). The GI fluctuations ob-
served for both compost products after Week 4 onwards, are in
agreement with the finding of Zucconi and de Bertoldi (1987).
The higher GI (104.7–124.8%) found after Week 4 for rice straw
compost without HTT suggests that the high content of NO�3 —N
(Fig. 4d) might exert a positive influence on GI (Tiquia and Tam,
1998). However, these results demonstrated that the compost
would not have any phytotoxic effects, even if the microbial activ-
ity was still high and that stability and maturity are different com-
post properties.
3.8. Correlation between stability and maturity parameters

The Pearson correlation coefficient (r) among measured param-
eters was calculated in order to find a simplest indicator(s) which
could be used to assess the stability and maturity of the compost
with and without HTT. Table 3 indicates that there was very strong
statistical correlation (at p < 0.01) among various stability and
maturity parameters of rice straw compost with HTT. Specifically,
the CO2 evolution had very strong positive correlation with the
EC (0.968), OM (0.934) and C/N ratio (0.998). On the other hand,
the GI had very strong but negative correlation with the EC
(�0.997), OM (�0.943) and C/N ratio (�0.976). There was also very
strong negative correlation between the GI and the CO2 evolution
(–0.969). According to these statistical results, the EC and C/N ratio
(or OM) may be used to evaluate stability and maturity of rice
straw compost with HTT. As for rice straw compost without HTT,
the CO2 evolution correlated well (at p < 0.01) with OM (0.926)
and C/N ratio (0.960). A strong negative correlations (at p < 0.05)
were also calculated between the GI and the EC (�0.753), OM
(�0.772), C/N ratio (�0.736) and the CO2 evolution (�0.797). How-
ever, it appears that the use of the parameters such as the EC, C/N
ratio and OM is not sufficient for determination of both the stabil-
ity and maturity of rice straw compost without HTT. For example,
compost had the GI as high as an indicative of mature compost but
resulted in the high CO2 evolution, which is indicative of unstable
compost. Therefore, conducting respirometric test is also necessary
in order to ensure an adequate evaluation of stability and maturity
of rice straw compost without HTT.
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4. Conclusion

Bin-scale composting of rice straw following the pilot-scale of
HTT was performed in order to adequately evaluate the novel
HTT technology in enhancing stability and maturity of rice straw
compost. According to the results, the HTT (180 �C, 1.0 MPa) can
efficiently enhance rice straw compost process. The compost prod-
uct can be considered stable and adequate for field application
after 6 weeks. Furthermore, the compost end product is like free
of weeds, pests and pathogens because of ‘sterilization’ during
the pretreatment process. However, compost with HTT may prove
phytotoxic if used as growing media for EC sensitive plants.
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