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ABSTRACT
The pyrolysis treatment can effectively reduce the sewage sludge volume and fix its nutrients
for land application. The synergistic effect on the fixation of nutrients can be better exerted by
the sewage sludge biochars (SSB) prepared by the co-pyrolysis method. In this study, SSB was
prepared by adding stalks and mineral materials in to sewage sludge that was used as the base
material. The element composition, nutrient stability, and adsorption effect of SSB, as well as
the feasibility of applying modified SSB in reducing soil nutrients leaching, were discussed in
this study. The results indicate that the modified SSB reduced the amount of nitrate leaching
and has the ability to remove nutrients in the solution, among which the removal effect of
nitrate is better. Moreover, the modified SSB is added to the soil by leaching experiments in soil
columns, which can reduce the leaching of nutrients.
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1. Introduction

The sewage sludge is rich in organic matter, nitrogen,
and phosphorus; the soil fertility can be effectively
improved when it was applied to the soil. Therefore,
the on-land disposition is the main method of sewage
sludge treatment [1]. However, it would cause second-
ary pollution and harm the environment if the sludge is
directly entered into the soil without treatment
because dehydration is difficult and contains a large
number of pathogens and microorganisms [2].
Therefore, how to deal with sludge has become a hot
social issue.

Recent studies have revealed that the preparation
of biochar from sludge through pyrolysis can effec-
tively reduce the volume of sludge, remove or passi-
vate harmful substances, and kill pathogenic bacteria
in the sewage sludge; it is a clean and efficient sewage
sludge disposal method [3–5]. Sewage sludge biochar
not only maintains its fertility but also has a good pore
structure that makes it have good adsorption perfor-
mance [6]. Applying it to the soil improves soil texture
and slows the release of nutrients from the soil [7].

There are many advantages to treating sewage
sludge by pyrolysis. However, the addition of biomass
and mineral materials co-pyrolysis has significant
effects on improving the nutrient content and stability
of biochar compared with the single sewage sludge
pyrolysis treatment method [8,9]. Besides, co-pyrolysis
can not only reduce the water content of sludge and
improve the quality of SSB but also synergistically
promote the process of sludge pyrolysis [10].

In this paper, SSB was prepared by adding different
stalks and mineral materials for co-pyrolysis; the nutri-
tional stability of SSB was investigated. Simultaneously,
the nutrient leaching, removal effect of nitrate, ammo-
nium, and phosphate in aqueous solution, and slow-
release in soil were studied by performing adsorption
and soil column leaching experiments [11]. Thus, the
retention of fertilizer efficiency and the improvement
of the adsorption performance of SSB were explored to
provide a reference for the resource utilization of sew-
age sludge.

2. Materials and methods

2.1. Materials

The sludge was taken from a sewage treatment plant
in Guiyang. Manganese ore powder (MO), graphite
powder (GP), and clay (CB) were purchased from
Tianjin Beilian fine chemical Co., Ltd. KNO3, NH4Cl, and
KH2PO4 were purchased from Fisher Scientific. Maize
stalk (MS), tobacco stalk (TS), and chili stalk (CS) were
collected from the Guiyang city suburb. The stalks
were oven-dried (80°C) after rinsed with water. Then,
all stalks were crushed over 10 mesh screen and stored
in a dryer for later use.

2.2. Characterizations

The total contents of carbon (C), nitrogen (N), and hydro-
gen (H) in the biochar samples were analyzed with an
elemental analyzer (Perkin Elmer PE2400 series II). Major
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inorganic elements were determined by acid digestion of
the samples followed by an X-ray fluorescence spectro-
meter (WD-XRF) (Axios mAX, PANalytical).

2.3. Preparation and characterization of sewage
sludge biochar

The sewage sludge-stalks (MS, TS, CS) were mixed at
a mass ratio of 5:1 (stalk 20%). Sewage sludge-mineral
materials (MO, GP, CB) were mixed in mass ratios of 15:1
(ore 6.67%) and 20:1 (ore 5%). A granulator was used to
make the mixed sewage sludge and the original sewage
sludge into round particles with a diameter of 0.5cm.
A charcoal furnace was employed to oven-convert the
materials were biochar through slow pyrolysis in an N2

environment at temperatures of 450°C, with the heating
rate of 10°C min−1. At 450°C, the sewage sludge pyrolysis
biochar is called SS450. The other SSB samples are hen-
ceforth referred to as MS20%, TS20%, CS20%, Mo6.67%,
MO5%, GP6.67%, GP5%, CB6.67%, and CB5%. The yield of
biochar was calculated by mass loss of samples before
and after pyrolysis.

2.4. Nutrient leaching of sewage sludge biochar

All SSB samples were oscillated in deionized (DI) water
for 24 hours in a ratio of 1:40 (w/v) in a centrifuge tube
and filtered through a 0.45μm nylon membrane filters.
Concentrations of nitrate and phosphate in the lea-
chate were determined using ion chromatograph
(Dionex Inc. ICS90) and ICP-OES (Vista MPX, Varian
Inc.), respectively. Concentrations of ammonium in the
leachate were measured using the Nessler’s reagent
spectrophotometry form national environmental pro-
tection standards of China (HJ 535–2009) with a UV/
VIS spectrophotometer (Thermo Scientific, EVO 60).

2.5. Sorption of nitrate, ammonium, and
phosphate

Batch sorption experiments were conducted in
a 100 mL centrifuge tube at room temperature
(25 ± 1°C). Solutions with nitrate nitrogen of 20mg
L−1, ammonium nitrogen of 10mg L−1, and total phos-
phorus of 50mg L−1 were prepared using KNO3, NH4Cl,
and K2HPO4. About 1g of each SSB sample was added
into the centrifuge tube and mixed with 50mL pre-
pared solution. The mixtures were shaken at 100 rpm
in a mechanical shaker for 24h and then filtered
through 0.45μm nylon membrane filters. The detection
method is the same as above.

2.6. Leaching of nutrients from soil columns

Two biochar samples MS20% and GP5% were selected
to study their effects on nutrients retention in soil. The
SSB was mixed with soil in accordance with the mass

ratio of 1:10 (w/w); then, it was placed in the soil
column with a length of 12cm and an inner diameter
of 3cm. Besides, the bottom of the columns was cov-
ered with quartz sand in order to prevent soil loss
(Figure 1). These columns were flushed with DI water
before use. Then, a nutrient solution containing 25mg
L−1 nitrate, ammonium, and phosphate was applied to
these laboratory soil columns in order to study the
effect of biochar on nutrients retention and transport.
Leaching was performed at a rate of 50 ml · d −1 for five
consecutive days; leachate samples were collected
from the outlet at the bottom of the columns and
immediately filtered through 0.45μm filters for further
analyses. The nitrate, ammonium, and phosphate con-
centrations in leachate samples were measured using
the same method described above.

3. Results and discussion

3.1. Characterization of sewage sludge biochar

The yield, element composition, and other physical
and chemical properties of SSB are shown in Table 1.

Figure 1. Diagram of leaching experiment.
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It can be seen that the yield of stalks-SSB with the
addition of modified materials is lower than that of
minerals-SSB. Since stalks-SSB are rich in C, H, N, K,
and other elements compared with the original bio-
char [12], the proportion of C, H, N, and K in biochar
increases correspondingly; the increasing range of
C and K are 20.3%~28.3% and 24.4%~32.6%, respec-
tively. The results showed that the nutritive elements
in biochar could be further improved by adding stalks.
However, with the addition of mineral materials, the
content of Mn, Fe, and Al of minerals-SSB in biochar
increased; the increasing range of Fe and Al were
6.22%~17.2% and 2.03%~13.7%, respectively.
Relevant studies have shown that the increase in the
content of Mn, Fe, Al, and other metal cations leads to
the increase of adsorption sites on the surface of bio-
char, resulting in improving its surface charge capacity.
Therefore, the adsorption capacity of modified biochar
on anions was significantly improved [13].

3.2. Leaching experiment

The leaching amounts of nitrate, ammonium, and phos-
phate were measured in this experiment (Table 2). The
leaching amounts of nitrate in different SSBs were
0.14 ~ 4.02 mg L−1; the leaching amounts of ammonium
in different SSBs were 0.29 ~ 6.41 mg L−1; the leaching
amounts of phosphate root in different SSBs were
0.05 ~ 1.44 mg L−1. Lu et al. (2015) reported that sewage
sludge biochar made at 500°C has the nitrate leaching
amount of 31.2 mg L−1, the ammonium leaching

amount of 25.4 mg L−1, and the phosphate root leach-
ing amount of 12.8 mg L−1. They are higher than those
of this experiment research result [14]. Compared with
the original biochar, the modified SSB reduced the
amount of nitrate leaching (except for graphite) by
83.2 ~ 96.0%. The decrease in available N in biochar
was caused by the loss of TN and heterocyclization of
N during pyrolysis [15]. The amount of nitrate leaching
from graphite-sewage sludge biochar was increased,
which may be due to the condensation of the carbon
matrix. The number of nitrogen atoms in the graphene
layer to replace the carbon atoms was reduced by the
addition of graphite reduces; therefore, the heterocycli-
zation of nitrogen was weakened [16]. This results in an
increase in nitrate leaching, indicating that the addition
of graphite powder is not conducive to reducing the
nitrate leaching amount in SSB. The leaching amounts
of ammonium of CS20% and GP6.67% SSBs were lower
than that of SS450; the leaching amounts of other SSBs
were higher than that of SS450 (Table 2). Moreover, the
phosphate leaching amount of modified SSB was all
higher than that of original biochar; the insoluble phos-
phorus in the original SSB may be activated by the
addition of modified materials. Therefore, Phosphate is
easily dissolved into the water during leaching, resulting
in higher leaching amounts of ammonium and phos-
phate in themodified SSB [17,18]. However, the nutrient
leaching amount of SSB is lower than the first grade
discharging standard compared with the National inte-
grated wastewater discharge standard (GB 20,425–-
2006) (Table 2).

3.3. Adsorption of nutrient by sewage sludge
biochar

Related researches illustrated that biochar added to
fertilizer had a slow release effect on nutrients
[19,20]; it is also widely used to remove nutrients
from the water. Especially, the adsorption effect of
nutrient elements in water after modification is
better. Li et al. (2018) reported that iodine removal
value of sewage sludge biochar is 278.60mg g−1

while that of sludge-peanut shell biochar is
395.64mg.g−1 [21].

Table 1. Summary of the physicochemical properties of sewage sludge biochar.
Elemental composition (%)

Yield (%) C H N P K Ca Mg Si Mn Fe Al

SS450 51.7 11.9 1.16 1.19 1.37 1.80 14.2 4.30 37.0 0.29 6.03 14.7
MS20% 43.1 14.9 1.19 1.14 1.26 2.38 12.9 3.98 36.8 0.30 6.63 14.8
TS20% 45.2 16.3 1.65 1.44 1.21 2.67 10.4 3.23 36.0 0.38 6.63 14.3
CS20% 45.6 16.6 1.46 1.22 1.23 2.61 11.2 3.49 36.6 0.28 6.63 14.7
MO5% 49.0 11.5 1.07 0.99 1.21 1.75 12.5 3.90 36.9 3.81 6.62 14.9
MO6.67% 49.5 10.1 1.06 0.88 1.20 1.70 12.4 3.88 36.6 5.83 6.67 15.1
GP5% 51.2 12.6 1.46 0.94 1.31 1.77 13.0 3.98 37.7 0.38 6.94 14.3
GP6.67% 50.3 22.4 3.34 1.97 1.00 1.70 7.39 2.36 34.7 0.39 6.43 16.0
CB5% 54.3 10.6 1.17 0.95 1.32 1.82 12.8 4.07 38.1 0.32 7.19 16.0
CB6.67% 50.2 10.7 1.27 0.95 1.30 1.74 11.9 3.99 37.8 0.31 7.28 16.2

Table 2. Nutrient leaching amount of sewage sludge biochar.
Nutrients (mg L−1)

Nitrate(N) Ammonia Phosphorus(P)

SS450 0.78 0.69 0.02
MS20% 0.12 1.24 0.47
TS20% 0.08 2.96 0.19
CS 20% 0.13 0.22 0.20
MO6.67% 0.03 4.98 0.31
MO5% 0.03 3.59 0.17
GP6.67% 0.91 0.73 0.47
GP5% 0.70 0.27 0.45
CB6.67% 0.06 4.77 0.24
CB5% 0.03 2.05 0.16
GB 20,426-2006 10.00 5.00 0.50
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The adsorption effect of SSB on nutrients is dis-
played in Figure 2. It can be seen from Figure 2(a)
that the removal capacity of nutrients in an aqueous
solution of modified SSB has been significantly
increased; however, there are obvious differences in
removal effect. The removal rate of nitrate was 24.9%
~94.0%; besides, the removal rate of nitrate in miner-
als-sewage sludge biochar was higher than that in
stalks-sewage sludge biochar. The main reason is that
the mineral elements are positively charged; moreover,
the physical adsorption of NO3

− is conducted by
means of electrostatic adsorption [22]. In minerals-
sewage sludge biochar, the removal rate of nitrate
increased from 64.7%, 36.6%, and 73.3% to 71.2%,

67.7%, and 94.0% as the proportion of mineral materi-
als (MO, GP, CB) increased from 5% to 6.67%.

The ammonium removal rate of modified SSB is
between 1.95% and 13.42% (Figure 2(b)). TS20% has
the best removal effect on ammonium. In minerals-
sewage sludge biochar, the removal rate of ammo-
nium increased from 1.95%, 11.9%, and 11.2% to
3.73%, 12.3%, and 11.9% as the proportion of mineral
materials added increased from 5.00% to 6.67%.
Among them, SSB with graphite powder not only has
a lower ammonium leaching rate but also has the best
removal rate of ammonium in aqueous solution.

The modified SSB exhibited a certain ability to remove
phosphate fromaqueous solution,with the removal rateof

0%

20%

40%

60%

80%

100%

N
it

ra
te

 r
em

ov
al

 r
at

e

Sewage sludge biochars

a

SS
45
0

MS
20
%

TS
20
%

CS
20
%

MO
5%

MO
6.6
7%

GP
5%

GP
6.6
7%

CB
5%

CB
6.6
7%

0%

2%

4%

6%

8%

10%

12%

14%

16%

A
m

m
on

iu
m

 r
em

ov
al

 r
at

e

Sewage sludge biochars

b

SS
45
0

MS
20
%

TS
20
%

CS
20
%

MO
5%

MO
6.6
7%

GP
5%

GP
6.6
7%

CB
5%

CB
6.6
7%

0%

10%

20%

30%

40%

50%

P
ho

sp
ha

te
 r

em
ov

al
 r

at
e

Sewage sludge  biochars

c

SS
45
0

MS
20
%

TS
20
%

CS
20
%

MO
5%

MO
6.6
7%

GP
5%

GP
6.6
7%

CB
5%

CB
6.6
7%
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solution (1 g of each biochar sample was added into the vessels and mixed with 40mL prepared solution).
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16.5%~43.2% (Figure 2). Among the stalks-sewage sludge
biochar,MS20%SSBhas thehighest removal rateof 43.2%.
In minerals-sewage sludge biochar, the removal rate of
phosphate increased correspondingly as the proportion
of minerals increased from 5.00% to 6.67%.

The removal rates of nitrate and phosphate in SSB
are proportional to the content of Mn, Fe, Al, and other
metal elements. Metallic elements may interact elec-
trostatically with negatively charged anionic adsor-
bents and form mono-nuclear or multi-nuclear
complexes, which can be bound to the active sites of
biochar by chemical bonds or ion exchange [23].

3.4. Transport in soil columns

The effect of SSB on nutrient transport and retention
was investigated by performing the soil column leach-
ing experiment. According to the results of the nutrient
adsorption experiment, two SSBs (MS20% and GP5%)
with relatively good sorption ability for nutrients were
selected for the soil column leaching study. MS20% and
GP5% SSBs weremixed with soil at a ratio of 1:10 for soil
column leaching analysis. The cumulative amounts of
nutrients added to the leachate of different biochar soil
columns are illustrated in Figure 3. It can be seen from
Figure 3(a), MS20% and GP6.67% reduced the amount
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of nitrate leaching by 18.2% and 60.2% compared to the
columns without biochar. During the initial leaching
period (1-3d), the leaching amount of nitrate gradually
increased and then stabilized. This is similar to the
results of other studies [24]. Moreover, as can be seen
in Figure 3(b,c), adding MS20% and GP5% can reduce
the leaching of ammonium and phosphate, but only
a slight decrease, the trend is not obvious.

Pore structure, large surface area, and abundant
functional groups have been developed in Biochar.
N and P in the leached filtrate were adsorbed on the
surface of biochar by chemical bonds and electrostatic
attraction [25]. However, the soil added with SSB has
a poor effect on reducing the leaching amount of
phosphate, which is mainly because the SSB has
more phosphate leaching. Besides, the soil has
a stronger nitrification effect, as well as a better
adsorption effect on ammonium. Therefore, the
adsorption effect of ammonium has not been signifi-
cantly improved by the soil with biochar [26].

4. Conclusions

Biochar produced from sewage sludge pyrolysis has the
potential to reduce nutrient leaching and improve soil
fertility; co-pyrolysis has obvious synergistic effects on
improving the stability and adsorption of biochar. It can
be found fromthis study that the effects of sewage sludge
biochar on the retention and release of nutrient ions such
as nitrate, ammonium, and phosphate are very different.
Of the ten SSB tested in this study, the nitrate leaching
amounts in most modified SSB were lower compared to
the original sewage sludge biochar. However, it has less
effect on the leaching amounts of ammonium and phos-
phate. Moreover, the modified SSB have a significant
difference in the removal of nutrients in the adsorption
experiment; the removal rate of nitratewas the bestwhile
the removal rates of phosphate and ammonium are rela-
tively little. The results obtained from the leaching soil
column study were consistent with the finding from the
adsorption experiments, that is, modified SSB (MS20%
and GP5%) had better sustained release of nitrate com-
pared to ammonium and phosphate.
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