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a b s t r a c t

Composting is an effective methodology for the treatment of organic waste like pig manure (PM) before
land application. However, nitrogen loss through NH3 volatilization during the thermophilic phase is one
of the major disadvantages of composting. The presence of Cu and Zn in compost arising from pig feed
additives is also an issue. In this study the effects of bamboo charcoal (BC) and bamboo vinegar (BV)
added to composting piles on nitrogen conservation and immobility of Cu and Zn during PM composting
was investigated. Total Kjeldahl nitrogen (TKN) loss and mobility of Cu and Zn decreased with increased
BC addition. TKN loss and mobility of Cu and Zn in the treatment with 9% BC at the end of composting
significantly decreased by 65%, 35% and 39% respectively, as compared to the control. Addition of BV fur-
ther decreased TKN loss. After composting, TKN loss in the treatment with 3% BC + 0.4% BV was 23% lower
than that in the treatment with 9% BC. The final results indicated that by adding BC or BC + BV into PM
composting is an effective method to reduce TKN loss and control the mobility of Cu and Zn.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The production of pig manure (PM) is of an enormous magni-
tude in China, but its overproduction has led to inappropriate dis-
posal practices when it is used as an organic fertilizer. This fact
involves negative effects for agricultural soils, including eutrophi-
cation of waterways, excessive input of heavy metals (HMs),
inorganic salts, pathogens and foul odor (Zhou et al., 2005;
Gómez-Brandón et al., 2008).

The environmental problems associated with the management
of manures have given rise to the need for environmentally sound
and economically feasible technologies for treating PM before
application to agricultural soils. Composting is one of the best-
known processes to solve these environmental problems by trans-
forming manures into a safer and more stabilized material for
application to soil (Bustamante et al., 2008; Moral et al., 2009).
Composting involves the accelerated degradation of organic matter
by microorganisms under controlled conditions, in which the or-
ll rights reserved.
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ganic material undergoes a characteristic thermophilic phase that
allows sanitization of the waste by the elimination of pathogenic
microorganisms (Lazcano et al., 2008). However, the loss of nitro-
gen through volatilization of NH3 during the thermophilic phase
of the process is one of the major disadvantages (Pagans et al.,
2006). This fact worsens the quality of compost products, and leads
to important economic losses and some environmental problems,
i.e. acid rain and eutrophication (Sommer and Hutchings, 2001).
On the other hand, Cu and Zn are widely applied as additives to
pig feed by pig raisers for shortening the duration of breeding,
resulting in high concentrations of Cu and Zn in PM (Cang et al.,
2004; Zhou et al., 2005). Consequently, land application of PM
may cause adverse effects on human health through the food chain
(Guerra-Rodríguez et al., 2006).

Among all practicable methods for nitrogen loss control and HM
immobilization during composting, the use of amendments is
thought to be the most effective way to reduce nitrogen loss and
immobilize HMs. Amendment materials, such as alum, peat and
zeolite are proven effective to control NH3 volatilization (Kithome
et al., 1999; Lefcourt and Meisinger, 2001). Furthermore, lime and
coal ash are proven to have effects on immobility of HMs in com-
posting mixtures (Wong et al., 1997; Wong and Selvam, 2006).
Nevertheless, non-renewable, potentially negative influences on
soil pH are factors that have prevented these amendments from
being adopted widely in composting technology. Therefore, it is
necessary to find some renewable and safe amendments which
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can both conserve nitrogen and immobilize HM during PM
composting.

Bamboo is a renewable bioresource when the cycle of its plan-
tation and use is properly managed. Pyrolyzing bamboo under oxy-
gen-limited conditions produces bamboo charcoal (BC). BC has a
large amount of micropores and an extremely large surface area,
about 4 and 10 times greater than those in wood charcoal, respec-
tively (Zhao et al., 2008). Bamboo vinegar (BV) is a brown-red
transparent liquid produced during pyrolysis of BC and contains
more than 200 types of chemical components, in which acetic acid
is the main component (Mu et al., 2004). Recently, BC has been
used as an excellent adsorbent for removal of environmental pollu-
tants such as NO�3 , NHþ4 , Pb2+, Cu2+, and Zn2+ from water (Mizuta
et al., 2004; Asada et al., 2006; Wang et al., 2008). BV has also at-
tracted great attention recently. Wang and Chen (2002) reported
that BV could be used as a soil disinfectant, compost fermenting
agent, plant growth regulator, and microorganism activator.

However, there has been little information on the potential ef-
fects of BC or BC mixed with BV on nitrogen conservation and
HM immobilization during PM composting. The objectives of this
study were therefore to evaluate the potential effects of both mate-
rials on nitrogen conservation and HM immobilization during PM
composting.

2. Materials and methods

2.1. Composting materials

PM and sawdust (SW) were collected from a pig farm and a
sawmill located in Xiaoshan District, Hangzhou, China. The pur-
pose of using SW was to adjust the C/N ratio and water content
of the composting pile. Matured PM compost (MPMC) was pur-
chased from a composting plant located in Xiaoshan District, and
used as an inoculum to shorten the composting cycle. BC and BV
were purchased from the Yaoshi Charcoal-Production Company lo-
cated in Hangzhou. The selected physicochemical characteristics of
the experimental materials are shown in Table 1.

2.2. Composting experiments

There were seven different treatments in the experiment, which
were named as follows: control, 3% BC, 6% BC, 9% BC, 3% BC + 0.2%
BV, 3% BC + 0.4% BV, and 3% BC + 0.6% BV, respectively. Each treat-
ment had three replications that were carried out in three identical
bins. The dimensions of each bin were 1.0 � 0.4 � 1.0 m. The stock
material of each treatment was prepared as below (all in fresh
weight).

Control: 100 kg PM + 7 kg SW + 7 kg MPMC;
3% BC: 100 kg PM + 7 kg SW + 7 kg MPMC + 3% BC (w/w);
Table 1
Selected physicochemical characteristics of raw materials (dry weight basis).

Parameter PM SW

pH 7.24–7.45 4.47–4.49
EC (mS cm�1) 5.45 0.03
Water content (%) 70.1 15.1
Total Kjeldahl nitrogen (%) 2.90 0.14
C/N 12.9 410
Total Cu (mg kg�1) 623 8.98
Total Zn (mg kg�1) 1631 6.36
Pyrolysis temperature (�C) – –
Bulk density (g cm�3) – –
Specific surface area (m2 g�1) – –

PM: pig manure; SW: sawdust; MPMC: matured pig manure compost; BC: bamboo cha
–, Not analyzed.
6% BC: 100 kg PM + 7 kg SW + 7 kg MPMC + 6% BC (w/w);
9% BC: 100 kg PM + 7 kg SW + 7 kg MPMC + 9% BC (w/w);
3% BC + 0.2% BV: 100 kg PM + 7 kg SW + 7 kg MPMC + 3%

BC + 0.2% BV (w/w);
3% BC + 0.4% BV: 100 kg PM + 7 kg SW + 7 kg MPMC + 3%

BC + 0.4% BV (w/w);
3% BC + 0.6% BV: 100 kg PM + 7 kg SW + 7 kg MPMC + 3%

BC + 0.6% BV (w/w).

Moisture content of the stock material was initially adjusted to
about 65%. No further adjustment in moisture was made through-
out the composting period.

2.3. Composting sampling

At the day 0, 7, 14, 21, 28, 35, 49, and 56, from each bin, three
subsamples were taken at three randomized points of the entire
profiles and mixed to comprise one representative sample. Thus,
each treatment has three representative samples from three bins.
Representative sample from each bin was divided into two parts.
One part was immediately stored at 4 �C till analysis, the other part
was air-dried, passed through a 0.25 mm sieve and stored in desic-
cator for further analysis. Temperatures at different locations with-
in the piles, including the surface (20 cm to top), center, and
bottom (20 cm from bottom) were measured by thermometer
three times a day and the obtained values were then averaged.
Ambient temperature was also monitored at the same time. Aera-
tion was ensured by pushing fresh air actively (0.13 L h�1) through
a perforated tube at the bottom of each bin during the first 4 weeks
of composting, and by manually turning the pile over every 7 d
afterwards.

2.4. Analytical methods

Germination index (GI) and pH were measured by aqueous
compost extracts obtained from fresh samples. The aqueous com-
post extracts were obtained by mechanically shaking the samples
with double distilled water at a solid:water ratio of 1:10 (w/v,
dry weight basis) for 1 h (Huang et al., 2004). The pH value was
measured using a pH meter. Cress seeds (Lepidium sativum L.) were
used for GI measurement using Eq. (1) (Zucconi et al., 1981).

GI ð%Þ ¼ 100
GtLt

GcLc
ð1Þ

Gt: germination of treatment (%); Lt: root length of treatment; Gc:
germination of control (%); Lc: root length of control.

Total Kjeldahl nitrogen (TKN), ash, diethylenetriaminepentaace-
tic acid (DTPA) extractable Cu and Zn and total Cu and Zn were
monitored in air-dried samples. TKN was measured by the Kjeldahl
digestion method (Bremner, 1996). Ash was determined after com-
MPMC BC BV

8.47–8.68 8.82–8.86 2.36–2.58
5.18 – 3.59
35.7 11.0 –
2.09 – –
16.3 – –
555 0.38 0.13
888 0.35 1.94
– 600 –
– 0.40 –
– 359 –

rcoal; BV: bamboo vinegar; EC: electrical conductivity.
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bustion in an oven at 550 �C for 8 h (Zhu, 2007). The TKN loss was
calculated using Eq. (2) (Paredes et al., 2000).

NLoss ð%Þ ¼ 100� 100
X1N2

X2N1
ð2Þ

X1, N1: initial ash content and TKN concentration; X2, N2: ash con-
tent and TKN concentration at any particular sampling time during
composting.

Extraction efficiency of DTPA extractable Cu and Zn was calcu-
lated using Eq. (3).

Extraction efficiency ð%Þ ¼ 100
CDTPA�HM

CTotal�HM
ð3Þ

CDTPA–HM: concentration of DTPA extractable HM; CTotal–HM: concen-
tration of total HM.

The extraction efficiency difference of DTPA extractable HM
was calculated by subtracting the extraction efficiency at any par-
ticular sampling time from the initial extraction efficiency during
composting. For total Cu and Zn determination, 0.5 g dried and
ground samples were digested with mixture of nitric, hydrochlo-
ric, and hydrofluoric acid in the ratio of 1:1:2 (Ščančar et al.,
2000). DTPA extractable Cu and Zn were determined by mechani-
cally shaking the same samples at a 1:5 solid to extractant ratio
(w/v) for 2 h with a solution containing 0.05 M DTPA, 0.01 M
CaCl2, and 0.1 M triethanolamine at pH 7.3 (Lindsay and Norvell,
1978). Cu and Zn in the resulting solution were determined by
flame atomic absorption spectrophotometer (Thermo Element
MKII-6).
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Fig. 1. Variation of temperature (a), pH (b), and TKN (total Kjeldahl nitrogen) loss
(c) during composting.
3. Results and discussion

3.1. Variation of temperature during composting

As shown in Fig. 1a, the composting pile temperature went
through three typical phases (heating, thermophilic, and cooling
phase) and ranged from 30 �C to 66 �C during the entire period of
composting. However, the BC treatments affected the tempera-
tures during the different composting phases. It took only 1 d for
treatments with high additions of BC (6% and 9%) to reach 50 �C
and enter the thermophilic phase, indicating quick establishment
of microbial activity in the composting pile. The 3% BC treatment
needed 3 d to reach 50 �C. For BC + BV treatments, 2 d were needed
to reach 50 �C. However, the control treatment required 4 d, a com-
parative longer time, to reach 50 �C. On the other hand, pile tem-
perature of the control decreased faster than the others and
entered the cooling phase at day 25. However, the other treatment
did not enter the cooling phase till day 36. The addition of BC or
BC + BV appeared to contribute to the quick temperature rise and
the prolonged thermophilic phase during composting.
3.2. Variation of pH during composting

As shown in Fig. 1b, pH values of all treatments decreased dur-
ing the 1st week, and then increased during the following time for
about 3–5 weeks, and finally decreased again. The decrease in pH
in the 1st week may result from the release of organic and inor-
ganic acids during the degradation of organic matter (Mathur,
1991). The rise in pH may be related to the production and accu-
mulation of ammonia, while the subsequent decrease in pH may
be caused by ammonium volatilization (Roca-Pérez et al., 2009),
nitrification (Sánchez-Monedero et al., 2001) or the production of
low molecular organic acids (Mathur, 1991).

From the 7th d to the 35th d, pH of BC or BC + BV treatments
were all lower than that of the control. This may be explained in
that ammonia was adsorbed by BC, which inhibited dissolution
into the compost solution to release OH� ion. Furthermore, addi-
tion of BV could neutralize OH� ion, which could also restrain pH
from rising. These results indicated that addition of BC or BC + BV
into composting material could decrease pH by 0.2–0.7 at the ther-
mophilic phase. Bernal et al. (2009) mentioned that pH was a very
relevant factor for controlling nitrogen loss by ammonia
(pKa = 9.25) volatilization, which could be particularly high at pH
>7.5. Higher pH at the thermophilic phase increases ammonia vol-
atilization. Therefore, lower pH resulting from the addition of BC or
BC + BV at the thermophilic phase may decrease nitrogen loss.

3.3. Variation of TKN loss during composting

TKN loss increased with composting time (Fig. 1c). However,
TKN loss decreased with increased BC addition (Fig. 1c). TKN loss
from the 3% BC, 6% BC and 9% BC treatments were reduced by
28%, 61% and 65%, respectively, compared to the control after com-
posting. This means that addition of BC could significantly reduce
TKN loss. Many studies have reported that both activated carbon
and BC have the ability to adsorb ammonia gas due to their large
specific surface area and quantities of micropores (Iyobe et al.,
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2004; Asada et al., 2006). Thus, it is likely that the high adsorption
capability of BC contributed to the considerable reduction of TKN
loss during composting. Furthermore, as compared to the control,
the lower pH value at the thermophilic phase caused by the addi-
tion of BC might also have contributed to the reduced TKN loss
(Fig. 1a and c).

Addition of BC + BV also significantly decreased TKN loss. TKN
loss from the 3% BC + 0.2% BV, 3% BC + 0.4% BV and 3% BC + 0.6%
BV treatments was reduced by 66%, 74% and 50%, respectively,
compared to the control after composting. Thus, the role of BV
addition in controlling TKN loss during composting was even bet-
ter than that increased BC alone. However, only the appropriate
amount of BV addition could achieve the optimal control of TKN
loss by the end of composting. The lowest TKN loss (10%) was ob-
served in the 3% BC + 0.4% BV treatment, which was 23% lower
than that (13%) in the 9% BC treatment. The reduced TKN loss
by BV might result from the high content of various types of or-
ganic acids in BV (Mu et al., 2004), which would decrease ammo-
nia emission loss by neutralizing ammonia directly or improving
the adsorption capacity of BC for ammonia indirectly (Asada
et al., 2006). Up to now, there has been no report on the combined
role of BC and BV in nitrogen conservation during PM composting.
Our results suggest that the combined addition of BC and BV
could be an effective method to reduce TKN loss during PM
composting.
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Fig. 2. Variation of DTPA extractable Cu and Zn extraction efficiency (concentration
ration of DTPA extractable heavy metal to total heavy metal) during composting.
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3.4. Variation of DTPA extractable Cu and Zn extraction efficiency
during composting

DTPA extractable content of HM can be used to estimate the
mobility of HM in most cases (Hseu, 2006). In our study, extraction
efficiency of DTPA extractable Cu and Zn of all treatments de-
creased with composting time (Fig. 2).

Extraction efficiency of DTPA extractable Cu and Zn also de-
creased with increasing amount of BC (Fig. 2). This means that
the bioavailability of Cu and Zn was reduced with increasing
amount of BC. Compared to the control, the extraction efficiency
differences of DTPA extractable Cu in the 3% BC, 6% BC and 9% BC
treatments increased by 6%, 29% and 35%, and that of Zn by 19%,
31% and 39%, respectively, after composting. The results indicated
that addition of BC to the composting material could reduce the
bioavailability of Cu and Zn. The immobility of Cu and Zn was
attributed to the adsorption of Cu and Zn by BC. Wang et al.
(2008) reported that BC had a high adsorption capacity for HM
and attributed this adsorption to the large specific surface area,
high surface density of functional groups and metal oxides of BC.
In addition, similar to other carbonaceous materials, BC has a large
quantity of surface negative charge and a high charge density
(Liang et al., 2006), which can also improve the adsorbing capacity
of BC for positively charged HM ions.

Addition of BC + BV also significantly decreased extraction effi-
ciency of DTPA extractable Cu and Zn (Fig. 2). As compared to the
control, the extraction efficiency differences of DTPA extractable
Cu in the 3% BC + 0.2% BV, 3% BC + 0.4% BV, and 3% BC + 0.6% BV
treatments increased by 11%, 14% and 11%, and that of Zn by
29%, 29% and 29%, respectively, after composting. The results sug-
gest that BV played an important role in improving the immobili-
zation of Cu and Zn. Wang et al. (2006) has reported that proper
portion of BV could stimulate microbial activity during compost-
ing. Furthermore, humus produced during composing was re-
ported to reduce the mobility of HM effectively through metal–
humus complex formation (Canarutto et al., 1991). Thus, it can
be speculated that the addition of BV stimulated microbial activity
and humus formation during composting which resulted in en-
hanced HM immobility.
3.5. Variation of germination index during composting

GI is an integrated biological indicator, regarded as the most
sensitive parameter used to evaluate the toxicity and maturity of
compost (Zucconi et al., 1981).

GI of all treatments was quite low during the first 3 weeks
(Fig. 3). The result might be attributed to the release of toxic con-
centrations of ammonia and low molecular weight short chain
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volatile fatty acids during the early phase of composting (Mathur,
1991). GI increased gradually from the 3rd week during compost-
ing (Fig. 3). As a GI of 50% has been used as an indicator of phyto-
toxin-free compost (Zucconi et al., 1981), the results in Fig. 3
indicated that the composts from all treatments except the control
were matured enough by day 35.

GI of the treatments increased with increasing amount of BC in
the composting material (Fig. 3). Addition of BC + BV could further
increase the GI during composting (Fig. 3). GI of 3% BC, 6% BC and
9% BC treatments increased by 19%, 86% and 95%, respectively,
compared to the control after composting. In contrast, the GI of
treatments with 3% BC + 0.2% BV, 3% BC + 0.4% BV, and 3%
BC + 0.6% BV increased by 25%, 109% and 40%, respectively. These
results highlighted that the addition of BC could improve the GI
of compost. Proper incorporation of BV could also be effective in
raising the GI of PM composting materials.

4. Conclusions

The addition of BC or BC + BV into PM composting materials
influenced temperature, pH and GI changes. It shortened the time
needed to enter the thermophilic phase, decreased pH at the ther-
mophilic phase, and increased GI of the composting material. The
addition of BC or BC + BV reduced TKN loss and mobility of Cu
and Zn in PM composting materials. TKN loss was reduced by
74% in the 3% BC + 0.4% BV treatment. The mobility of Cu and Zn
was reduced by 35% and 39% in the 9% BC treatment. These results
indicate that the addition of BC or BC + BV into PM composting
materials is an effective method to reduce negative effects of PM
composting.
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