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Abstract In contaminated soils, excessive concentrations of
metals and their high mobility pose a serious environmental
risk. A suitable soil amendment can minimize the negative
effect of metals in soil. This study investigated the effect of
different biochars on metal (Cu, Pb, Zn) immobilization in
industrial soil. Biochars produced at 300 and 600 °C from
conventional (MS, maize silage; WP, wooden pellets) and
alternative (SC, sewage sludge compost; DR, digestate resi-
due) feedstocks were used as soil amendments at a dosage of
10 % (w/w). The type of feedstock and pyrolysis temperature
affected the properties of the biochars and their ability to im-
mobilize metal in soil. Compared to production at 300 °C, all
biochars produced at 600 °C had higher pH (6.2–10.7), con-
tent of ash (7.2–69.0 %) and fixed carbon (21.1–56.7 %), but
lower content of volatile matter (9.7–37.2 %). All biochars
except DR biochar had lower dissolved organic carbon
(DOC) content (1.4–2.3 g C/L) when made at 600 °C. Only
MS and SC biochars had higher cation exchange capacity
(25.2 and 44.7 cmol/kg, respectively) after charring at
600 °C. All biochars contained low concentrations of Cd,

Cu, Ni, Pb and Zn; Cd was volatilized to the greatest extent
during pyrolysis. Based on FTIR analysis and molar ratios of
H/C and O/C, biochars had a greater degree of carbonization
and aromaticity after charring at 600 °C. The efficiency of the
biochars in metal immobilization depended mainly on their
pH, ash content, and concentration of DOC. SC and DR bio-
chars were more effective for Cu and Zn immobilization than
MS andWP biochars, whichmakes them attractive options for
large-scale soil amendment.
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Introduction

The mining and smelting of non-ferrous elements is a major
cause of soil pollution around the world. In Europe, the esti-
mated number of brownfields and other contaminated indus-
trial sites be over 1 million (CLARINET 2002), and soil con-
tamination has been identified as an important issue for action
in the European Community strategy for soil protection and
remediation.

The Polish metallurgical industry has become one of the
largest in Europe, and many contaminated soils are found
near the Legnicko-Głogowski industrial district, where
copper ores are mined and processed. In this district, pre-
cipitation of metallurgical dust has led to excessive con-
centrations of Cu, Pb and Zn in the soil surface layer
(Karczewska 1996). Around mining and smelting sites,
large areas tend to be polluted with metals, which makes
in situ application of soil amendments a good strategy for
soil remediation (Dybowska et al., 2006). To immobilize
metals in soil by transforming them into less mobile frac-
tions, organic (e.g. sewage sludge, composts) and
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inorganic (e.g. Fe, Al, Mn oxides, phosphate, lime) mate-
rials have been used (Bolan et al. 2014), and biochar has
recently been considered for this use.

Biochar is produced by pyrolysis of two kinds of feed-
stocks, either waste biomass or biomass that is mostly
non-waste (Brick 2010). Crop residues, forestry waste,
animal manure, food processing waste, paper mill waste,
municipal solid waste, and sewage sludge have all been
extensively evaluated for biochar production (Ahmad
et al. 2014). The properties of biochars and their suitabil-
ity for soil remediation are strongly affected by the tem-
perature of pyrolysis and the type of feedstock. Because
almost any form of organic material can be pyrolyzed,
alternative feedstocks have recently been used. For bio-
char production, compost and the solid fraction of anaer-
obic digestate are attractive feedstocks due to their avail-
ability and the presence of recalcitrant organic compounds
(i.e. lignin) that undergo thermal destruction during pyrol-
ysis. Although a few studies have shown that biochars
produced from compost Pellera et al. (2012)) or digestate
(Zhang and Luo 2014) are suitable for removing metals
(e.g. Cu, Zn and Mn) from wastewater, their use as an
amendment in metal-contaminated soil has not been
investigated.

Compost has certain physicochemical properties (e.g.
lignin content) that are desirable for pyrolysis (Barneto
et al. 2010), and pyrolyzed compost can have higher pH,
thus avoiding a potential increase in metal mobility after
soil amendment with non-pyrolyzed compost. For exam-
ple, soil amendment with pine bark compost increased Cu
and Zn bioavailability, which was probably due to the low
pH of the compost (pH 5.6) and its low humification ratio,
which favored formation of soluble organo-metallic com-
plexes (Pérez-Esteban et al. 2012). To raise the pH of the
compost and avoid this problem, it can be charred to de-
crease the amount of dissolved organic carbon that was in
it. In the case of anaerobic digestate, the rapid develop-
ment of biogas production makes it likely that there will
be a need for ways to dispose of the digestate other than
agricultural use. It is estimated that by 2020 over 2.5
thousand agricultural biogas plants will be built in
Poland, which corresponds to an annual production of
about 25 million tons of post-fermentation residues
(Czekała et al. 2012).

The aim of the present study was to determine how the
physico-chemical properties of biochars and their suit-
ability for immobilization of metals in soil from a
smelting area are affected by the temperature of pyrolysis
(300 or 600 °C) and the type of feedstock. To this end,
biochars produced from conventional (maize silage,
wooden pellets) and alternative (sewage sludge compost
and the solid fraction of digestate residues) feedstocks
were compared.

Materials and methods

Feedstock for biochar production

Four types of feedstock were used to prepare biochar: maize
silage (MS), sewage sludge compost (SC), wooden pellets
(WP) and the solid fraction of digestate residues (DR). MS
was collected directly from silos in a farmstead in Komorowo,
Kujawsko-Pomorskie Province, Poland. SC was produced
from sewage sludge mixed with wood chips, rape straw and
grass. The composting process was conducted in a two-stage
system with an aerated bioreactor (1 m3 (Bahng et al. 2011))
and a periodically-turned windrow (Kulikowska and Klimiuk
2011). SC was collected 12 months after the start of matura-
tion in the windrow. WP (1–1.8 cm in length and 0.5 cm in
diameter), produced from oak and pine (60:40 % w/w), were
commercially available on the local market. Dewatered DR
was obtained from a biogas plant in Kalsk (Lubelskie
Province, Poland), which uses mixture of cattle manure, pig
manure and maize silage for biogas production. Before pyrol-
ysis, all feedstocks were dried at 60 °C for 48 h and kept in
plastic containers.

Pyrolysis

The slow pyrolysis of individual feedstocks was carried out in
a stainless steel reactor with a total volume of 3 L. The reactor
was heated with a three phase electrical heater controlled by a
power system cabinet equipped with a computer. The mass of
pyrolysed material was recorded by a balance to a precision of
0.001 g. To examine the effect of pyrolysis temperature on the
properties of biochar and its suitability as a soil amendment,
each feedstock was pyrolysed at both 300 and 600 °C. The
heating rate was 5 °C/min. And the holding time was 30 min.

The initial mass of feedstock was 300 g. The biochar yield
(% ww) was calculated as the ratio of the mass of the biochar
obtained to the mass of the feedstock used for pyrolysis. The
biochar yields varied depending on feedstock type and were
lower at higher pyrolysis temperatures: 52 % (MS300) and
34 % (MS600), 79 % (SC300) and 61 % (SC600), 61 %
(WP300) and 41 % (WP600), and 51 % (DR300) and 50 %
(DR600). After cooling, biochars were kept in plastic
containers.

Soil

The soil was collected in the vicinity of the Legnica Copper
Smelter (51°11′6″N, 16°6′46″E) in the Lower Silesia region of
SW Poland. The sampling site was 70 m from the emission
source, within the former protection zone that surrounds the
smelter. The soil surface samples (0–30 cm) were collected
with a plastic spade to avoid any contamination with heavy
metals. In total, the soil sample consisted of five sub-samples
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taken within a 1 × 1 m square. All together, about 10 kg of
representative soil was collected. In the laboratory, the soil
was air-dried (2 weeks), ground, and sieved before its physi-
cochemical properties were characterized.

Metal immobilization with biochars

Nine different variants were prepared: soil without biochar (S)
as control, and soil with biochars: S + MS300, S + MS600,
S + SC300, S + SC600, S + WP300, S + WP600, S + DR300
and S + DR600. Each type of biochar was used at a dosage of
10 % (w/w) (Houben et al. 2013). In each variant, the total
mass of control soil or soil amended with biochar was 300 g.
The soil and biochar were mixed thoroughly on a rotary shak-
er for 2 h and then wetted with deionized water to keep mois-
ture at 60 % of maximum water holding capacity, which was
50% for soil alone, and from 55 to 68% for the soils amended
with biochar. Therefore, in unamended soil, the mass of water
added at the beginning of the experiment was 90 g, whereas in
amended soil, depending on biochar type, it ranged from 99 to
122 g. For one month, soils with amendments were incubated
at room temperature (22–24 °C) in pots that had a volume of
500 ml and were covered with porous covers. Small holes in
the cover allowed gas exchange while minimizing moisture
loss. During incubation, the pots were weighed every week
and water was added to maintain constant moisture. For
physico-chemical characterization, soil samples were collect-
ed from the pots at the first and the last (30th) day of incuba-
tion. Next, the samples were air-dried, ground and stored in
covered plastic vessels.

Physico-chemical analysis

Particle size distribution in soil was determined using a
Mastersizer 2000 laser particle-size analyzer (Malvern
Instruments, UK). In soil and biochar samples, pH and elec-
trical conductivity (EC) were determined in 1 M KCl and
distilled water extracts, respectively (1:2.5 w/v for soil and
1:10 w/v for biochar) using a pH-meter (HI 221) and a con-
ductivity meter (HI 8733). Moisture content (M) was deter-
mined using the weight loss after heating samples at 105 °C.
Organic matter (OM) and ash content in soil and feedstocks
were determined by sample combustion at 550 °C in a muffle
furnace (Carbolite ESM-9920).

To determine volatile matter content, biochars were placed
in covered ceramic crucibles, then combusted in the muffle
furnace at 950 °C for 6 min. To determine ash content, the
biochars were placed in uncovered ceramic crucibles, and then
combusted in the furnace at 750 °C for 2 h (Zhang et al. 2014).
The fixed carbon (FC) content was calculated as FC
(%) = 100 – [%VM + %moisture + %ash].

The cation exchange capacity (CEC) was calculated as the
sum of hydrolytic acidity (in 1 M Ca(CH3COO)2) and

exchangeable bases (in 0.1 M HCl) (Ostrowska et al. 1991).
Dissolved organic carbon (DOC) in water extracts was deter-
mined according to Beesley et al. (2010) using a TOC analyz-
er (VCSN, Shimadzu). By using a FLASH 2000 elemental
analyzer (Thermo Scientific, USA), the moisture free content
of carbon (C), hydrogen (H) and nitrogen (N) (weight percent-
age) was determined. The oxygen content was calculated by
using the following formula: O (%) = 100 – [%C + %H +
%N + %ash] (Calvelo Pereira et al. 2011).

To indicate the aromaticity of the biochars, the molar ratio
of H/C in each biochar was determined, while the polarity of
the biochars and their resulting hydrophobic or hydrophilic
properties were assessed on the basis of molar O/C ratios
(Uchimiya et al. 2013). For functional groups, the biochars
were scanned with an FTIR spectrometer (Nicolet 6700,
Thermo Scientific) equipped with Smart Multi-Bounce
HATR™ at wave numbers from 3600 to 600 cm−1. Spectra
were collected at 4 cm−1 resolution with 32 scans and a mirror
velocity of 0.6329 cm/s.

For determination of total metal content, soil and biochar
samples were digested with aqua regia in a microwave oven
(MARSXpress, CEM USA). To accomplish this, 1 g of soil or
0 .25 g of biochar were weighed and placed in
polytetrafluoroethylene vessels, treated with 2 ml of 30 %
H2O2 and HCl/HNO3 mixture (Sigma-Aldrich) (3:1 v/v ratio)
and then heated using a one-stage microwave program
(T = 170 °C, P = 800W, t = 30 min). After cooling, the extracts
were filtered through Whatman 42 filter papers (pore size
8 μm) into 50-mL glass flasks, which were filled to the mark
with distilled water. Metal concentrations in the extracts were
determined with a flame atomic absorption spectrometer
(FAAS) (Varian, AA28OFS). Metal concentration in the mo-
bile fraction was determined through extraction of unamended
and amended soil with 0.01 M CaCl2 at a ratio of 1:10 (w/v) in
50mL polyethylene tubes for 2 h at 40 rpm. The concentrations
of individual metals were determined by the FAAS method.

All measurements were performed in triplicate. Data
were statistically evaluated using STATISTICA 12.0
(StatSoft, Inc.). One-way analysis of variance (ANOVA)
was employed. To elucidate significant differences be-
tween means (p < 0.05) post hoc comparisons were made
using Tukey’s HSD test.

Results and discussion

Soil characterization

Selected properties of the soil from the vicinity of the
Legnica smelter industrial area are presented in Table 1.
Based on textural analysis the soil was classified as silt
loam (sand 25.6 %, silt 67.0 %, clay 5.7 %). The soil had
neutral pH and low OM content. These results are
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consistent with observations made by Karczewska et al.
(2009). Soils like the one used in this experiment, with
less than 10–20 % clay and low OM, are permeable and
the metals they contain are mobile.

The Cu concentration in the soil was 13.5 times higher than
the quality standard for industrial soil in the Polish Ordinance
of the Minster of Environment (OME 2002). The concentra-
tion of Pb was 2.5 times higher than the standard. The con-
centration of Zn, in contrast, was below the industrial area
standard, but above the standard for agricultural areas. This
intensive contamination is due to long-term copper smelting.
Cd was also present in the soil, although at a much lower
concentration, because it is present as a minor constituent in
copper sulfide ore (Scoullos 2000). The concentration of Ni in
the soil indicated that this metal was of natural origin.

The effect of temperature pyrolysis on biochar properties

The chemical rather than the physical properties of biochar
determine its ability to immobilize heavy metals in soil
(Uchimiya et al. 2013). For decreasing the mobility of metals
and increasing their stability in amended soil, biochar should
have an alkaline pH, a high content of ash to promote metal
precipitation, more functional groups to better complex the
metals, less labile carbon to decrease metal mobility, and a
suitable cation exchange capacity (CEC) to provide more
available sites for ion exchange. In addition, for general soil
quality, it is better for biochar to have a lower EC to reduce the
salinity of the soil. Finally, a high carbon content in biochar
allows it to be sequestered soil for a long time. Based on these
criteria, biochars produced at 600 °C had better properties than
biochars after pyrolysis at 300 °C. Overall, biochar that was
produced from SC at 600 °C had the best properties for heavy
metal immobilization in amended soil. The detailed properties
of the biochars are given in Tables 2 and 3.

pH and EC

Before pyrolysis, MS, SC and WP had mildly acidic pH
(Table 2). The higher temperature of pyrolysis (600 °C) result-
ed in an increase in pH in all biochars. Compared to the feed-
stocks, the highest increase in pH was with MS and SC bio-
chars. With DR biochars, pH increased to a lesser extent,
because the feedstock was already alkaline before pyrolysis.
The alkaline character of the biochars obtained at higher

temperatures results mainly from the loss of acidic functional
groups and the increase in ash content during pyrolysis. In
biomass heated at approximately 400 °C, most oxygenated
aliphatic functional groups are degraded (Keiluweit et al.
2010). Due to their higher content of neutralizing compounds
like carbonates and oxides, MS, SC and DR biochars may
increase pH in amended soil to a greater extent than WP
biochars. The WP biochars remained slightly acidic,
regardless of the temperature of pyrolysis. Similarly,
Yargicoglu et al. (2015) found that biochars from pinewood
pellets produced at 520 °C were slightly acidic (pH 6.24–
6.78).

The EC estimates the total amount of dissolved salts or
ions in biochar. MS and SC contained more dissolved
ions than the other feedstocks. The EC of MS, SC and
WP biochars was lower at the increased temperature of
pyrolysis. The opposite trend was seen in DR biochars.
An increase in the EC of biochars when pyrolysed at
higher temperatures can be due to an increase of highly
soluble and exchangeable base cations (Al-Wabel et al.
2013). However, the changes in the EC of biochar can
also depend on the type of feedstock used for pyrolysis.
Luo et al. (2014) found that when the temperature of
pyrolysis was increased from 200 to 700 °C, the EC of
corn stalk biochar increased from 1090 to 2685 μS/cm,
whereas that of sewage sludge biochar decreased from
477 to 166 μS/cm. This was probably due to loss of or-
ganic matter and an increase in the concentration of salts
and metals in the ash fraction.

VM, ash, FC and DOC

MS, WP and DR contained more volatile matter than SC.
After pyrolysis at 600 °C, VM content was less than after
pyrolysis at 300 °C, whereas the contents of ash and FC were
greater. Ash is the inorganic, non-combustible portion of bio-
char that remains after VM is removed (Yargicoglu et al.
2015). During pyrolysis, cellulose, hemicellulose, and lignin
start to become ash, and carbonates and alkali ions began to
separate from organic materials (Cao and Harris 2010; Jung
and Kim 2014). The content of ash determines the pH of
biochar, whereas the content of FC determines the amount
of stable carbon (Al-Wabel et al. 2013).

SC biochar had the highest content of ash and the lowest
content of VM and FC (Table 2). This could result from the

Table 1 Selected properties and total metal concentrations in industrial soil (values are given as means, n = 3, standard deviation in parentheses)

Property pHKCl OM CEC Cu Pb Zn Ni Cd Fe
– % cmol/kg mg/kg g/kg

Value 6.80 (0.2) 3.4 (0.06) 17.7 (0.6) 8109 (231.9) 1501 (43.7) 511 (68.7) 35 (2.2) 2 (0.06) 16 (0.70)
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fact that the compost used for pyrolysis already had high ash
content compared to the other feedstocks. Pyrolysis, especial-
ly at 600 °C, led to effective decomposition of organic matter.
Meng et al. (2013) also observed that biochar produced from
swine manure composted for 84 d had a high content of ash
and a low content of VM and FC: when it was produced at
400 °C, it contained 57.6 % ash, 30.8 % VM and 9.3 % FC; at
700 °C, 71.8 % ash, 16.4 % VM and 9.9 %.

In the case of the WP300 and WP600 biochars, the content
of VMwas 57.3 and 37.2 %, respectively, and FC content was
36.8 and 55.0 %, respectively. The WP biochars had the low-
est ash content in this study (Table 2). Enders et al. (2012) also

found that increasing the pyrolysis temperature led to similar
differences in the contents of these biochar constituents. They
pyrolysed oak and pine wood at temperatures from 300 to
600 °C; at these temperatures, VM content was 65 and
30 %, respectively, FC content was 40 and 70 %, respectively,
and ash content was below 10 %. Keiluweit et al. (2010)
reported even lower contents of ash: they found that pyrolysis
of pinewood biochar at 200 and 600 °C gave ash contents of
1.5 and 3.7 %, respectively, whereas pyrolysis of Fescue straw
resulted in ash contents of 5.7 and 18.9 %, respectively.
Yargicoglu et al. (2015) obtained 1.5–4.6 % ash content in
biochars from pinewood pellets produced at 520 °C. These

Table 3 Metal concentration and their relative enrichment factors (RE) in feedstocks and biochars (values are given as means, n = 3, standard deviation
in parentheses)

Feedstock/
biochar

Cd Cu Ni Pb Zn

mg/kg RE mg/kg RE mg/kg RE mg/kg RE mg/kg RE

MS 0.83 (0.1) 18.3 (0.4) 3.2 (0.1) 0.0 (0.0) 28.2 (2.6)

MS300 0.078 (0.01) 0.05 13.8 (2.5) 0.39 9.1 (1.4) 1.48 0.0 (0.0) 0.0 41.9 (3.2) 0.77

MS600 0.069 (0.01) 0.03 12.7 (1.4) 0.24 9.9 (1.8) 1.05 0.0 (0.0) 0.0 45.0 (4.1) 0.54

SC 1.2 (0.4) 86.9 (7.3) 24.0 (2.6) 11.7 (3.4) 254.2 (5.4)

SC300 0.008 (0.0) 0.01 93.6 (8.4) 1.01 41.0 (4.3) 1.36 16.2 (3.1) 1.10 316.7 (10.3) 0.99

SC600 0.009 (0.0) 0.005 110.0 (6.6) 0.77 42.0 (3.8) 1.07 20.2 (2.8) 1.05 344.6 (9.7) 0.83

WP 0.68 (0.2) 33.6 (4.1) 0.6 (0.2) 0.0 (0.0) 15.9 (2.8)

WP300 0.005 (0.0) 0.004 51.2 (3.4) 0.93 3.1 (0.6) 3.16 0.0 (0.0) 0.0 25.9 (1.7) 1.00

WP600 0.001 (0.0) 0.001 58.8 (4.2) 0.71 3.0 (0.4) 2.03 0.0 (0.0) 0.0 27.5 (2.1) 0.70

DR 0.0 (0.0) 47.8 (6.2) 5.1 (1.2) 0.0 (0.0) 146.1 (15.7)

DR300 0.0 (0.0) 0.0 76.7 (7.1) 0.82 6.4 (0.9) 0.64 0.0 (0.0) 0.0 197.4 (12.5) 0.69

DR600 0.0 (0.0) 0.0 77.3 (4.3) 0.81 10.3 (1.4) 1.01 0.0 (0.0) 0.0 228.5 (16.2) 0.78

Table 2 Selected properties of feedstocks and biochars (values are
given as means, n = 3, standard deviation in parentheses). Biochars
produced from the same feedstock were tested for significantly different

properties, which are indicated by different letters (e.g. a, b) (ANOVA
followed by Tukey’s HSD test, p < 0.05)

Feedstock/
biochar

pHH2O EC M VM Ash FC DOC C N
– μS/cm % % % % g C/L % %

MS 5.79 (0.11)a 4400 (0.0)a 6.7 (0.2)a 87.8 (1.3)a 5.1 (0.4)a 0.4 (0.1)a 3.93 (0.17)a n.a n.a

MS300 7.34 (0.08)b 3600 (100)b 0.3 (0.0)b 53.6 (1.6)b 9.7 (0.9)b 36.4 (1.9)b 2.98 (0.09)b 61.8 (1.3)a 2.2 (0.1)a

MS600 8.82 (0.06)c 3200 (0.0)c 0.3 (0.0)b 27.8 (0.9)c 15.2 (0.6)c 56.7 (2.4)c 2.35 (0.11)c 68.3 (1.5)b 2.2 (0.1)a

SC 5.83 (0.14)a 5600 (100)a 3.2 (0.2)a 42.3 (1.4)a 52.7 (2.3)a 1.8 (0.1)a 0.64 (0.05)a n.a. n.a

SC300 7.87 (0.12)b 1400 (0.0)b 0.3 (0.0)b 21.1 (1.1)b 63.6 (1.2)b 15.0 (0.4)b 0.12 (0.02)b 26.4 (0.8)a 2.4 (0.1)a

SC600 10.75 (0.09)c 1300 (0.0)c 0.2 (0.0)b 9.7 (1.3)c 69.0 (1.9)c 21.1 (0.7)c 0.04 (0.01)c 27.9 (0.4)a 1.6 (0.2)b

WP 4.89 (0.12)a 500 (0.0)a 1.2 (0.1)a 97.6 (1.8)a 1.1 (0.2)a 0.1 (0.01)a 0.91 (0.04)a n.a n.a

WP300 5.21 (0.11)b 700 (0.0)b 0.5 (0.0)b 57.3 (2.1)b 5.4 (0.4)b 36.8 (2.2)b 1.78 (0.10)b 66.5 (1.2)a 2.7 (0.2)a

WP600 6.17 (0.08)c 300 (100)c 0.6 (0.1)b 37.2 (1.5)c 7.2 (0.4)c 55.0 (1.8)c 1.42 (0.09)c 76.5 (1.8)b 2.9 (0.0)a

DR 7.57 (0.13)a 3400 (0.0)a 11.5 (0.3)a 74.3 (2.3)a 12.6 (0.8)a 1.6 (0.1)a 1.43 (0.08)a n.a n.a.

DR300 8.83 (0.14)b 3900 (100)b 0.4 (0.0)b 29.1 (1.6)b 20.8 (0.7)b 49.7 (2.1)b 1.37 (0.06)a 56.3 (0.9)a 2.9 (0.0)a

DR600 9.17 (0.09)c 4700 (0.0)c 0.4 (0.0)b 25.8 (0.9)b 23.9 (0.9)c 49.9 (1.6)b 1.91 (0.06)b 57.2 (0.4)a 2.6 (0.1)b

n.a. - not analyzed, EC - electrical conductivity, M – moisture, VM – volatile matter, FC – fixed carbon, DOC – dissolved organic carbon, MS –maize
silage, SC – sewage sludge compost, WP – wooden pellets, DR – digestate residues
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differences in the ash content of biochars are related to lignin
content in the feedstock. Biochars from grasses have higher
ash content (up to 20 %) than those from woody feedstocks
because the grasses have a lower content of lignin (Keiluweit
et al. 2010).

In contrast to the biochars from other feedstocks, DR300
and DR600 had the smallest differences in content of VM and
FC (Table 2). This suggests that most lignocellulosic residues
present in the digestate were already decomposed at the lower
temperature of pyrolysis. It is known that hemicellulose un-
dergoes extensive devolatilization and carbonization at
300 °C, whereas cellulose undergoes these processes at 300–
400 °C. Although lignin is more thermally stable, it exhibits
intermediate thermal degradation at 300 °C (Koukios 1993).
The type of feedstock used for anaerobic digestion could af-
fect changes in the properties of biochar produced at different
pyrolysis temperatures. Nansubuga et al. (2015) found that
changing the temperature of pyrolysis of anaerobic municipal
sludge from 300 to 600 °C caused a decrease in VM from
about 30 % to 5.9 %, and increases in ash content and FC
from 50 % to over 70 %, and 15 to 20 %, respectively.

DOC concentrations were affected by pyrolysis tempera-
ture and type of feedstock. Among the tested substrates, MS
contained the highest content of DOC (Table 2). This was due
to ensiling of plant biomass. In contrast, SC had the lowest
concentration of DOC due to its long maturation phase during
the composting process (12 months). After pyrolysis at both
300 °C and 600 °C, DOC in MS and SC biochars was sub-
stantially lower than in the feedstock. In contrast, DOC inWP
biochars was higher than in the feedstock, although it was
lower after pyrolysis at 600 °C than at 300 °C. Although
DOC concentration in biochar usually decreases with an in-
crease in the temperature of pyrolysis, it was higher in DR600
than in the feedstock and in DR300. This may be due to
release of soluble lignin derivates at high temperature (Lou
et al. 2010). Lignin is randomly linked to phenolic macromol-
ecules; these structures decompose and release monomeric
phenol units in two steps, first at 300–480 °C, and second at
>500 °C (Bahng et al. 2011). Although DOC made up a small
proportion of the organics in the biochars, it can increasemetal
mobility in soil amended with biochar.

Elemental composition

Normally, the percent content of C and N in biochar is higher
after pyrolysis at higher temperatures than after pyrolysis at
lower temperatures. In the present study, this was observed
with respect to the content of C in all biochars, but these
differences were statistically significant with only the MS
and WP biochars (Table 2). The C content in biochars pro-
duced at 300 °C and 600 °C from WP, DR and MS ranged
from 56.3 % to 76.5 %, whereas C content was markedly
lower in SC biochars (26.4 and 27.9 %). Changes in the

percent content of N in biochar depended on the type of feed-
stock. Nitrogen content was similar inMS300 andMS600 and
in WP300 and WP600 biochars. N content was lower in
SC600 than in SC300, and lower in DR600 than in DR300.
A lower percent content of N after pyrolysis at a higher tem-
perature is typical of ash-rich feedstocks like compost or
digestate, which are further enriched in ash during pyrolysis.

MS300, SC300 and WP300 were less aromatic (0.89 < H/
C < 1.02) than DR300 (H/C = 0.68) (Fig. 1a). After pyrolysis
at 600 °C, the H/C ratio in all biochars was lower than after
pyrolysis at 300 °C, and SC600 had the lowest H/C ratio
(0.34). This decrease in H/C ratio indicates that biochars pro-
duced at 600 °C had a greater degree of carbonization and
aromaticity than those produced at 300 °C. Thus, the biochars
produced at 600 °C are more recalcitrant than those produced
at 300 °C. According to Srinivasan and Sarmah (2015), bio-
chars produced from green waste at 350, 450 and 550 °C had
H/C ratios of 0.79, 0.55 and 0.45, respectively, indicating that
higher temperatures increased their aromaticity. Jassal et al.
(2015) reported an increase in the aromaticity and hydropho-
bicity of biochars produced from poultry litter, spruce-pine-fir
wood waste, or a mixture of the two, when pyrolysis temper-
ature was raised from 400 to 600 °C. Al-Wabel et al. (2013)
found similar increases in these properties in biochar produced
from conocarpus wastes when the temperature of pyrolysis
was increased from 200 to 800 °C.

MS300 had a higher O/C ratio than SC300, WP300 and
DR300 (Fig. 1b). After pyrolysis at 600 °C, MS, SC and WP
biochars were more hydrophobic than after pyrolysis at
300 °C. There was no significant difference in O/C ratio for
DR300 and DR600. According to the requirements for the
European Biochar Certificate, the molar H/C ratio for biochars
must be less than 0.6 and the molar O/C ratio less than 0.4,
whereas the International Biochar Initiative only recommends
a maximum value of 0.7 for the H/C ratio, and does not give a
limit for the O/C ratio (Schmidt et al. 2012). In the present
study, the H/C ratio of MS300, SC300 and WP300 was far
above 0.6. A highH/C ratio suggests that biochar still contains
some amount of the original organic residues, such as poly-
meric CH2 and fatty acids, lignin (aromatic core), and some
cellulose (polar fractions) (Chen et al. 2008). In the present
study, however, the biochars pyrolysed at 300 °C had O/C
ratios within the recommended values.

Functional groups

The surface functional groups in the biochars were examined
with Fourier Transform Infrared spectroscopy (FT-IR)
(Fig. 2). In general, most of the spectra from the biochars were
fairly similar, but those from SC biochars had some marked
differences. The spectra from SC biochars also changed mark-
edly when the temperature of pyrolysis was raised from
300 °C to 600 °C, as discussed below.
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MS600 had a more pronounced aromatic character than
MS300. With MS300, a weak peak at 1560 cm−1 indicated
some aromatic C = O and C = C bonds, and a weak peak at
669 cm−1 showed the presence of some aromatic C-H bonds.
With MS600, a medium peak at 1563 cm−1 indicated an in-
crease in the amount of aromatic C = C bonds and C = O
bonds in the biochar, and the appearance of a medium peak
at 1250 cm−1 also showed the formation of aromatic C = O
bonds. Furthermore, weak to medium peaks at 651–870 cm−1

suggested an increase in the amount of aromatic C-H bonds.
Also with MS biochars, a medium peak at 1032 cm−1 with

MS300 and a strong peak at 1067 cm−1 withMS600 indicated
an increased amount of aliphatic C-O groups or Si-O bonds
after pyrolysis at the higher temperature. Several sources sug-
gest that these peaks could indeed be attributed to Si-O bonds.
Silica is an important component in plants that is responsible
for carbon stability (Wilding et al. 1969 cited in Jindo et al.
2014), and Masia et al. (2007) reported that ash from corn
straw contained almost 50 % SiO2. Similarly, Mahmoud et al.
(2011) obtained strong peaks at 1035 and 1091 cm−1 with
uncharred rice husks, and rice husk biochar, respectively,
and stated that the peaks indicated the presence of Si-O bonds.
Additionally, with MS300, weak peaks at 2922 cm−1

indicated aliphatic C-H bonds. With MS600, medium
peaks at 1399 cm−1 indicated the formation of aliphatic
CH3 groups.

The FTIR spectra from SC300 and SC600 differed mark-
edly. First, when the pyrolysis temperature was increased from
300 °C to 600 °C, the strong peaks at 2921 and 2852 cm−1

disappeared, and the medium peaks at 1457 and 1376 cm−1

were replaced by a weak peak at 1445 cm−1. Taken together,
these changes suggest a decrease in the amount of aliphatic –
CH3 and –CH2 groups. Second, a medium peak at 1099 cm−1

was visible with SC300, whereas a very strong peak at
1093 cm−1 was seen with SC600, probably indicating an in-
crease in the amount of inorganic Si-O bonds. The intensity of
this peak can be attributed to the fact that the SC biochars had
the highest content of ash (Table 2). Third, SC600 contained
more peaks at 694–887 cm−1 than SC300, which indicates the
presence of more aromatic C-H bonds and the greater aroma-
ticity of this biochar.

Aromatic C-O groups were detected in WP300, as shown
by a weak peak at 1156 cm−1. With WP300, weak peaks at
2923 cm−1 and at 1433 cm−1 were also detected indicating the
presence of aliphatic C-H bonds. A medium peak at
1591 cm−1 showed that aromatic C = O and C = C bonds were
present. Although WP biochars contained the least amount of
ash (Table 2), the strong peak at 1035 cm−1 (WP300) could be
related to Si-O bonds, as with MS and SC biochars. This is
because the WP used in the present study were produced from
oak and pine wood, and the ash of these species is rich in SiO2

(Vassilev et al. 2010). Weak to medium peaks at 666–
752 cm−1 (WP300) could be attributed to the presence of
aromatic C-H bonds. With WP600, there were no peaks indi-
cating aliphatic C-H bonds, but there were medium peaks at
1558 cm−1 (aromatic C = O and C = C bonds), at 1154 cm−1

(aromatic C-O bonds) and at 676–874 cm−1 (aromatic C-H
bonds).
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temperature indicate that they
differ significantly (ANOVA
followed by Tukey’s HSD test,
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The temperature of pyrolysis only slightly affected the con-
tent of functional groups in DR biochars. DR300 and DR600
contained both aliphatic C-O or Si-O bonds (peaks at 1056
and 1046 cm−1), aromatic C = C groups (1416 and 1402 cm−1)
and aromatic C = O and C = C bonds (1570 and 1560 cm−1).
In contrast to the other biochars, the spectra of DR300 had
some weak peaks at 3347 cm−1, indicating a trace amount of
hydroxyl groups. However, these groups disappeared when
the temperature of pyrolysis was increased to 600 °C.

Data from both FTIR and elemental composition indicated
an increased degree of condensation of biochars after charring
at higher temperature. Similarly, Novak et al. (2009) reported
that pyrolysis below 400 °C resulted in aliphatic C structures
for biochar, but when done above 400 °C gave poly-
condensed aromatic C-type structures.

CEC

A high CEC of biochar is desirable for immobilizing pollut-
ants. At both pyrolysis temperatures, SC biochars had a higher
CEC than all the other biochars (Fig. 3). Three trends were
noted: First, feedstocks with a higher CEC produced biochars
with a higher CEC.

Second, charring decreased the CEC of the feedstocks. The
decline in hydrolytic acidity (Kh) was generally larger than the
increase in exchangeable bases (S). These changes were more
pronounced after charring at 600 °C than after charring at
300 °C. With MS and SC biochars, the increase in S when
the pyrolysis temperature was raised to 600 °C was so large
that it led to higher CEC values after charring at 600 °C than at
300 °C. The decline in Kh and the resulting decrease in CEC is
likely due to the loss of oxygen-containing functional groups
during pyrolysis (Naeem et al. 2014). In the present study, this
was indicated by the molar ratios and the higher degree of
biochar aromaticity shown by FTIR. In contrast, the increase
in the exchangeable bases was a result of an increase in ash
content, especially in MS and SC biochars.

Third, MS600 and SC600 had a higher CEC than MS300
and SC300, whereas WP600 had a lower CEC than WP300.
DR600 and DR300 had similar CECs. Similarly, Jassal et al.
(2015) found that the CEC of biochar from poultry litter
remained at 48 cmol/kg despite an increase in the temperature
of pyrolysis from 400 to 600 °C.

Heavy metals

Heavy metal concentrations differed in the various feedstocks
and biochars (Table 3), but in all materials the individual metal
concentrations were below the permissible values for organic
fertilizers (OMARD 2004; OMARD 2008). SC and DR had
the highest total metal concentrations (as a sum), due to the
use of sewage sludge as a substrate for composting and maize
silage with animal manures for anaerobic digestion. In most of
the biochars, the concentrations of the individual metals were
higher than in the feedstock, except for Cd inMS, SC andWP
biochars, and Cu inMS biochar, in which concentrations were
lower than in the feedstocks.

To identify the degree of enrichment of metals in the bio-
chars and to reveal the volatility of metals, relative enrichment
factors (RE) were calculated (Table 3). The RE is defined as
the biochar yield multiplied by the ratio of the metal concen-
tration in the biochar to that in the feedstock (Hossain et al.
2011). An RE value above 1 indicates metal enrichment in the
biochar, whereas a value below 1 indicates metal volatiliza-
tion. Cd was volatilized to the greatest extent (RE < 0.1), and
other metals also demonstrated some volatility. Ni was vola-
tilized to the least extent, especially in MS300, SC300,
WP300 and WP600. These results confirm the tendency of
metals to volatilize, as also reported by Hossain et al. (2011)
and Luo et al. (2014); both groups of authors speculated that,
during pyrolysis, metals might be lost with vapor and bio-oil
phases. With DR biochars in the present study, Ni and Zn
volatilized to a lesser extent at 600 °C than at 300 °C, as
biochar yields were similar at both temperatures but the con-
tent of these two metals was higher at 600 °C.
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The effect of biochar amendment on soil properties

To further investigate the suitability of the biochars for amend-
ment of soil contaminated with heavy metals, the biochars
were added to soil contaminated by a copper smelter, and
changes in soil pH, OM and DOC were determined
(Table 4). Biochars did not significantly increase total metal
content in amended soil (data not shown) because their dosage
was 10 % (w/w).

One day after WP300 and WP600 were added to soil, the
pH was similar to that in the control, whereas with the other
biochars, especially those produced at higher temperature, the
pH was higher. During short-term incubation (30 d), the pH
increased more in amended than in unamended soil. However,
this increase was the smallest in soil amended with WP300
biochar. The change of pH in amended soil should affect metal
mobility.

One day after amendment with biochar, the soil samples had
increased concentrations of OM and DOC (Table 4). This
increase was especially pronounced after MS, WP and DR
biochars were added, which is due to the higher VM and
DOC content of these biochars compared to SC biochar. In the
amended soils, OM decreased slightly over the 30d of incuba-
tion, which is a further indication of the stability of the biochars.
In all samples, including the control, the concentration of DOC
decreased during the 30 d incubation. A decrease in DOC
concentration can lead to a decrease in metal mobility in soil.

The effect of biochar amendement on metal mobility

In the present study, metals were extracted from soil with
0.01 M CaCl2 to determine their mobility. The metals in the

CaCl2-extractable fraction are not only weakly bound to the
soil, but are also in equilibrium with the aqueous phase, which
makes them even more readily bioavailable (Houben et al.
2013). In unamended soil, the concentration of Zn and Cu in
the mobile fraction was greater than that of Pb (Fig. 4).
Although the concentration of Zn in the mobile fraction was
even higher than that of Cu, it was just as important to reduce
the mobility of Cu for two environmental reasons. First, the
total concentration of Cu in the soil was extremely high
(8109 mg/kg). Second, our previous research with soil from
this source found that nearly 76 % of Cu was in the exchange-
able and acid soluble fraction based on the BCR fractionation
procedure. Although most of the Zn was also in this fraction,
its total concentration was 16 times lower than that of Cu
(Gusiatin et al. 2014). The exchangeable and acid soluble
fraction includes metals co-precipitated with carbonates and
metals weakly adsorbed by relatively weak electrostatic inter-
actions, which are both susceptible to changes in pH. Thus,
there is a risk of Cu migration in this soil after altering soil
properties.

The mobility of Pb in soil, based on CaCl2 extraction, was
very low, as most Pb was associated with oxides in the reduc-
ible fraction (Gusiatin et al. 2014). In soil, Pb is usually asso-
ciated with oxides regardless of its total concentration.
Houben et al. (2013) revealed that the Pb content in the frac-
tion extracted with CaCl2 was only 0.1 % of its total concen-
tration (3110 mg/kg) in sandy loam (pH = 6.57) that had been
intensively subjected to atmospheric fallout from the adjacent
zinc and lead smelting plant. However, Pb is prone to release
when subjected to reducing conditions or soil acidification.

The effect of biochar on metal mobility in soil depended on
both the type of metal and the type of amendment. In amended

Table 4 Selected properties of soil alone and soils amended with
different biochars at the beginning and the end of immobilization
(values are given as means, n = 3, standard deviation in parentheses).
Significant differences between the control and soil with biochars
produced at different temperatures from the same feedstock on a single

day are indicated by using different letters from ‘a’ to ‘c’(e.g. S, S +
MS300, S + MS600 on day 1); significant differences between the
same variant at 1 and 30 days are indicated by ‘d, e’ (e.g. S + MS300 at
1 and 30 days) (ANOVA followed by Tukey’s HSD test, p < 0.05)

Sample type Immobilization time

pH OM (%) DOC (mg/kg)

1 day 30 days 1 day 30 days 1 day 30 days

S (control) 6.80 (0.20)a/d 7.05 (0.10)a/d 3.4 (0.3)a/d 3.5 (0.2)a/d 364.7 (20.5)a/d 140.7 (15.1)a/e

S + MS300 6.87 (0.15)a/d 7.42 (0.12)b/e 12.3 (0.3)b/d 10.8 (0.5)b/e 2613.5 (60.5)b/d 1803.0 (40.3)b/e

S + MS600 7.38 (0.11)b/d 8.12 (0.13)c/e 12.1 (0.2)b/d 11.6 (0.3)b/d 2502.4 (40.1)c/d 1777.0 (36.5)b/e

S + SC300 7.00 (0.10)a/d 7.87 (0.13)b/e 6.6 (0.1)b/d 5.9 (0.3)b/e 654.2 (18.6)b/d 276.6 (12.6)b/e

S + SC600 7.59 (0.11)b/d 8.08 (0.12)b/e 5.1 (0.2)c/d 5.0 (0.2)c/d 269.9 (14.5)c/d 126.2 (9.6)a/e

S + WP300 6.60 (0.21)a/d 6.94 (0.12)a/d 13.0 (0.4)b/d 12.4 (0.2)b/d 1605.6 (32.6)b/d 1210.0 (25.1)b/e

S + WP600 6.72 (0.15)a/d 7.08 (0.05)a/e 13.7 (0.2)b/d 11.8 (0.3)c/e 1216.0 (26.2)c/d 704.0 (19.1)c/e

S + DR300 7.24 (0.11)b/d 8.21 (0.14)b/e 10.7 (0.3)b/d 10.3 (0.1)b/d 1453.7 (40.8)b/d 1189.0 (25.4)b/e

S + DB600 7.41 (0.10)b/d 8.31 (0.12)b/e 10.4 (0.2)b/d 9.0 (0.4)c/e 1789.2 (30.5)c/d 1027.0 (27.4)c/e
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soil, most biochars better reduced the mobility of Cu and Zn
after pyrolysis at 600 °C than after pyrolysis at 300 °C (Fig. 4).
The most suitable biochars for this soil were SC300 and
SC600, which reduced Cu mobility similarly to DR biochars
on the first day after amendment and reduced Cu mobility the
most after 30 days of immobilization. These effects are due to
the fact that SC biochars had the lowest concentration of DOC
and the highest content of ash. Biochar ashes are rich in min-
eral salts (Gaskin et al. 2008). On the surface of the ash, the
functional groups are oxides, mainly SiO2. The oxygen atoms
that are bound to the silicon ions have a low basicity, which
causes the silica surface to act as a weak acid. Because the soil
was moist during immobilization, these oxygen atoms could
react with water to form silanol (SiOH) surface groups. At
high pH, these groups are negatively charged and have a high
affinity for metal cations, such as those of Zn, Cu and Pb
(Mohan and Gandhimathi 2009). In the present study, amend-
ment with SC biochars did not significantly affect the concen-
tration of Pb in the mobile fraction, but this value was already
low in unamended soil (Fig. 4c). Overall, these results indicate
that SC biochar can be a useful material for amendment of
industrial soil.

The second best biochar for reducing Cu mobility was DR
biochar (Fig. 4a). One day after amendment with DR biochars,
Cumobility was 64% lower (on average) than in the unamend-
ed soil. However, this measure had increased at the end of
immobilization, which could have resulted from the formation
of soluble complexes of Cu and DOC. Although DOC content
decreased in soil amended with DR biochars, it was relatively
high after 30 days of immobilization (81 % and 57 % of initial
DOC in S + DR300 and S + DR600, respectively).

In contrast, Zn mobility decreased by 98 % after the first
day of immobilization with the DR biochars, and this value
continued to decrease (Fig. 4b). This effect was probably

related to the high pH in the amended soil, which favors Zn
precipitation. These results suggest that DR is a promising
amendment for remediating soil contaminated with Zn. In
addition, DR300 and DR600 did not differ in their effective-
ness at immobilizing Zn, which suggests that it may be pos-
sible to save costs by producing DR biochar at lower temper-
ature. However, DR600 was better for reducing the mobility
of Pb than DR300 (Fig. 4c). This may be because Pb can
precipitate with phosphorus (P), and DR600 may have had a
higher P content than DR300. The content of P was not mea-
sured in the present study, but the digestate used for biochar
production came from anaerobic digestion of mixtures of cat-
tle manure, pig manure and maize silage, which could be rich
in P. Similarly, Cao and Harris (2010) found that biochar from
dairy manure was very effective for removing Pb, although in
this case the metal was removed from an aqueous solution.
The authors wrote that one of the possible reasons for this
could be that Pb precipitated with P, due to the high P content
in the biochar, and that P content increased from 0.9 to 2.7 %
when the pyrolysis temperature was increased from 100 to
500 °C.

In soil amended with MS300 andMS600, Cu mobility was
greater than in unamended soil, and this effect was more pro-
nounced with MS300 (Fig. 4a). However, amendment with
MS300 and MS600 reduced the mobility of Zn. This differ-
ence could be because Cu has a greater affinity for DOC than
Zn (You et al. 2001). The content of DOC in soil amended
with MS biochars was higher than in all other amended soils.
DOC usually contains low molecular weight organic com-
pounds (e.g. polysaccharides, polyphenols), which form com-
plexes with metals and increase their solubility. In this study,
MS600 biochar was especially effective for reducing Zn and
Pb mobility. Zn mobility was almost completely reduced after
the first day of immobilization (Fig. 4b), and that of Zn and Pb
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was completely reduced after 30 days (Fig. 4b-c). MS600 was
probably more effective than MS300 at reducing the mobility
of Zn and Pb because the pH was higher in soil amended with
MS600 (pH 8.12) than in soil amended with MS300
(pH 7.42), and higher pH favors precipitation of both metals.

Overall, the biochars produced from WP were the least
effective for decreasing the mobility of Cu and Zn. At the
beginning of immobilization withWP300, Cu and Zn concen-
trations extracted with 0.01 M CaCl2 from amended soil were
substantially higher than they were in the unamended soil.
After 30 days of immobilization, the Cu concentration in the
mobile fraction was still higher in the amended soil, whereas
the concentration of Zn was slightly lower (11.3 mg/kg) than
in the unamended soil (12.6 mg/kg). WP600 was somewhat
more effective at reducing the mobility of these metals, but
even after 30 days of immobilization it was still less effective
than SC300 and SC600 at reducing Cu mobility, and less
effective than all the other biochars at reducing Zn mobility.
The lesser effectiveness of WP biochars could be due to the
properties of these amendments. Compared to soils amended
with other biochars, the soil amended with WP300 had the
lowest pH throughout the immobilization process and a rela-
tively high concentration of DOC (Table 4). Beesley et al.
(2010) also found that Cu mobility increased in contaminated
soil amended with hardwood-derived biochar because the bio-
char increased DOC in soil-pore water. Finally, although the
WP biochars initially decreased the mobility of Pb when com-
pared to the control, this value had begun to increase after
30 days of immobilization.

Conclusions

This study examined how the type of feedstock and the tem-
perature of pyrolysis affect the physico-chemical properties of
biochar and its suitability for amendment of industrial soil that
is heavily contaminated with Cu, and also contaminated with
Zn and Pb. In general, the properties of all feedstocks im-
proved after pyrolysis, and were better after charring at
600 °C than at 300 °C. SC and DR biochars very effectively
reduced the mobility of Cu and Zn during short-term amend-
ment (30 d), most likely due their high pH, high ash content
and, in the case of SC biochar, very low DOC content.
Interesting, SC300 was almost as effective as SC600, proba-
bly due to the much higher ash content of both biochars,
which suggests that it may be possible to save costs by pyro-
lyzing SC at lower temperatures.
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