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ABSTRACT
The effective management of sewage sludge materials in an environmentally and economically
acceptable way is through the pyrolytic conversion of the sludge to biochar and its use for agricultural
purposes. The aims of this work were: (1) to assess the effect of biochar prepared from sewage sludge
at two different temperatures (350 oC and 650 oC) on the adsorption/desorption capacity of Pb (II) in
two different Iranian soils (acidic and alkaline soils), and (2) to investigate the adsorption/desorption
isotherm. The results indicated that with increasing pyrolysis temperature, the soil pH, ash content,
aromaticity, BET, and total heavy metal concentration increased. On the other hand, the pyrolysis
yield, percentages of H, N and O, atomic ratios, CEC and polarity of biochar decreased. The
adsorption and desorption of Pb was more accurately described by the Langmuir isotherm than the
Freundlich isotherm The maximum adsorption capacity of biochars increased for alkaline and acidic
soils when pyrolysis temperatures increased, suggesting that high temperature pyrolysis led to the
biochars having high Pb adsorption capacity. The desorption of pre-adsorbed Pb (II) by NaNO3

decreased in soils incorporated with biochars.
Keywords: soils, sewage sludge, environmentally

Introduction
Sewage sludge is a residual material from

wastewater treatment process. Iran currently
produces more than 25 million tons of sewage
sludge (moisture of 80%) from wastewater
treatment plants, thereby entailing a great
environmental responsibility for plant owners
and local officials.1 High concentrations of
heavy metals in soils may pose long term risks
to ecosystems and humans. Heavy metals
introduced into soils are persistent and difficult
to remove or decompose. In addition, pollution
of heavy metals (e.g., Pb-II) is also of great
concern due to their adverse effects on human
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and aquatic life.1 Lead (II) is a toxic metal ion
present in acid mine drainage, and its
management and remediation from soils is a
research focus of many environmental
communities.2 Many techniques have been
developed to remediate soils polluted by heavy
metals.3 Lime and red-mud,4 and chicken
manure compost,5 which are reported as
adsorbents of heavy metals, can have large
surface areas, many functional groups or high
pH values, and thus can effectively fix heavy
metals in contaminated acid soils. For example,
importation of modifiers,6 electro kinetic
remediation (a recently used method for
remediation), 7,8 biological remediation, 9,10 and
combination of remediation technologies.11

Modifiers operate quickly to change the
properties of heavy metals or soils, and thus
decrease the mobility and bioavailability of
metals. Accordingly, the effects of minerals and
organic matter as modifiers of mobility and
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bioavailability of heavy metals have been
studied extensively.6 The pyrolysis process
tends to reduce the volume of biosolids,
eliminate pathogens, and change the organic
matter into bio-fuel, bio-oil and biochar.12 The
biochar pyrolyzed from sewage sludge is rich in
elemental carbon, nutrients and surface
adsorption sites, and it is proved to be effective
in removing contaminants from wastewater 13

and improve soil fertility.14,15 The pyrolysis
process of sewage sludge and the sludge-derived
biochar are gaining more and more attention.16

In the partial or total absence of oxygen, the
thermal decomposition of plant-derived
biomass (oxygen-limited pyrolysis) can be
manipulated to yield a solid carbon-rich residue
generically referred to as biochar, in addition to
gaseous components including carbon dioxide,
combustible gases, volatile oils and tarry
vapors.17 Biochar can also be obtained from the
by-products of bio-oil production.18 Biochar has
many positive properties as an adsorbent: large
specific surface area, microporous structure, and
active functional groups.19 Biochar has
considerable adsorption capacity for heavy
metals, such as Cu(II) and Pb(II),20-22 and can be
used to remove heavy metals from waste
water.23 In recent years, the adsorption of Cu
(II), Pb (II) and Cd (II) by biochar has been
investigated by several authors.24-26 The
adsorption mechanisms for these metals by
biochar comprise electrostatic attraction,
formation of complexes between metals and
functional groups on biochar, and precipitation
on biochar.16, 27 Fourier transforms infrared
spectroscopy (FTIR), equilibrium and kinetic
adsorption data showed that the black carbon
derived from wheat residue has a high affinity
for heavy metals.28 Pyrolytic biochar has a large
adsorption capacity for copper [Cu (II)], lead
[Pb (II)] and cadmium [Cd (II)] from aqueous
solutions, and can be used to remove these
metals from water.20, 22 Adsorption of heavy
metals such as Cu (II) from soils was also
enhanced by the incorporation of biochar via
cation exchange mechanisms and the
complexation of Cu (II) with surface functional
groups.29 In weathered acidic soils, the
stabilization ability of heavy metals, especially

Cu (II) and Pb (II), was directly correlated with
the amount of oxygen functional groups in
biochars.30 The aims of this work were (1) to
assess the effect of biochar prepared from
sewage sludge at two different temperatures
(350 ºC and 650 ºC) on Pb (II)
adsorption/desorption capacity in two different
Iranian soils (acidic and alkaline soils), and (2)
to investigate the adsorption/desorption
isotherm.

Materials and Methods
Soil characterization

Two composite soil surface samples (0-30
cm soil depth) were taken from Gorgan (alkaline
soil) and Lahijan (acidic soil) located in
northern Iran. The soil samples were taken to the
laboratory, air-dried, and passed through a 2-
mm sieve. The pH and electrical conductivity
(EC) were determined in a 1:2.5 (g/mL) soil:
water ratio using a pH meter (Mettler Toledo
Delta 320) 31 and electrical conductivity meter
(DDS-307A),31 respectively. The cation
exchange capacity (CEC) was determined by
using NH4OAc/NaNH4OAc at 7.0.32 The
organic matter (OM) was determined with the
Walkley-Black method.33 Finally, the soil
texture was determined by using the Bouyoucos
method.34 All the analyses were performed in
parallel and in triplicates, and the results are
listed in Table 1.

Sewage sludge and biochar preparation and
characteristics

The sludge used for pyrolysis treatment in
this study was collected from the Kordkuy
sewage sludge treatment plant (Golestan
Province, Iran). The biochar was produced by
pyrolyzing the biomass at various temperatures
under O2-limited conditions. The dried sewage
sludge was collected from Gorgan, and the
sewage sludge was pyrolyzed in a closed
ceramic pot under O2-limited conditions at 350
°C and 650 °C for 3 hours.35, 36 The pH, EC, and
CEC of the biochar and sewage sludge were
determined and analyzed with the same methods
as mentioned above for soil testing. The total C,
N, hydrogen (H), and oxygen (O) content of the
sewage sludge and biochars were determined
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using the EA3000 Element Analyzer (Euro
Vector, Italy).The yield of biochar was
determined as follows:
Biochar yield (%) = (W2/W1) * 100 (1)
where W1 is the dry weight of the sewage sludge

sample prior to pyrolysis, and W2 is the biochar
weight. The biochar yield was calculated by
subtracting the chemical reagent weight from
the produced biochar mass.
Ash was separated by placing the biochar or

Table1. Some selected characteristics of the studied soils

sewage sludge sample in a nickel crucible and
heating it at 700 °C for 2 hours under air.37 The
ash content was calculated as follows:
Ash content (%) = (M Ash/M Biochar or sewage
sludge) * 100                                                 (2)
where M Ash was the mass of ash, and M
Biochar or sewage sludge was the mass of
biochar or sewage sludge. Finally, the surface
area of the biochar and sewage sludge was
measured using the Brunauer, Emmett, and
Teller (BET) method that measured N2 gas
sorption (0.162 nm2) at 77 K. Approximately,
200 mg of ground biochar was outgassed at 120
°C for 16.5 hours, and then analyzed by an
Autosorb-1 Surface Area Analyzer
(Quantachrome Instruments). Five data points
with relative pressures of 0.05−0.3 were used to
calculate the surface area.37 Based on ASTM
D2216-98,38 the moisture content was found by
oven drying the sewage sludge at 110 °C until
fixed weight. All the analyses were performed
in triplicates and in parallel, and the results are
listed in Table 2.

Determination of heavy metals contents in
sludge and biochar

Aqua regia (a mixture of HF, HClO4,
HNO3, and H2SO4 acids in the same ratio) was
used to determine the total content of heavy
metals.39 The heavy metal content of the
digestate was then measured with an atomic
absorption spectrophotometer equipped with a
graphite furnace (Analytik Jena, AAS6 Vario).
This experiment determined the Cd, Cu, Ni, Pb,
Cr, Co, and As contents of the sludge and the
biochar. All the analyses were performed in
triplicates, and the results are listed in Table 4.

Incubation experiments
Air-dried soil samples of 200 g were placed

in polythene cups, and then biochar was added

at 0%, and 5% w/w rates. The biochar was
thoroughly incorporated into the soil, and then
wetted with distilled water up to 70% of field
capacity (FC) (pressure plate method). All the
cups were covered with a plastic lid, and a small
hole was made to allow gas exchange as well as
to minimize moisture loss, and then incubated at
a constant temperature of 25±1 °C. The cups
were weighed after every five days, with water
added to maintain constant moisture content
throughout the incubation period. After 90 days
of incubation, the soil samples were removed
from the cups.40, 41 Then, the samples were air-
dried and ground to pass through a 60-mesh
sieve for the adsorption experiments.

Batch adsorption and desorption experiments
A stock solution containing Pb (NO3)2 0.1

M was prepared by using reagent-grade
Pb(NO3)2. A 1000-mL aliquot of NaNO3 1 M
40,42 solution as well as appropriate quantities of
0.1 M Pb(NO3)2 solution and deionized water
were added into 1000-mL volumetric flasks to
obtain a mixed solution with 0.001 M NaNO3

and various concentrations of Pb(NO3)2 (0,25,
50, 100, 250, 500, 1000 or 1500 mg/l for the
isotherm experiments). These concentrations
were selected on the basis of the severity of lead
pollution of the soils in the country.40, 41 NaNO3

(0.01 M) was used as the supporting electrolyte
to maintain a constant ionic strength in the
adsorption experiments. The solution pH was
adjusted to the target values with either HNO3

or NaOH. Samples of 1.0 g of soil in duplicates
were weighed in 80-mL polyethylene bottles.
Each bottle with a soil sample was weighed as
W1 (g). Then, 25 mL of the Pb(NO3)2 solution
with varying concentrations was added into each
bottle. The suspensions were shaken in a
constant-temperature water bath at 25 ± 1 °C for

Location pH
EC
(dS m-1)

CEC
(cmol(+)kg-1)

Clay
(g kg-1)

Silt
(g kg-1)

Sand
(g kg-1)

FC
(% vol)

OM
(%)

Lahijan (Acidic soils) 4.1 0.1 35 550 220 230 35.2 5.2
Gorgan (Alkaline soil) 7.8 0.88 20 339 461 200 37.5 1.8
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1 hour, and then allowed to stand overnight to
reach reaction equilibrium. The supernatant was
then separated from the solid phase by
centrifugation at 4500 rpm for 5 minutes. The
bottle, containing the soil sample and the
residual solution together, was then weighed as
W2 (g). To desorb the pre-adsorbed Pb(II), 25
mL of NaNO3 1.0 M was added into each
bottle.42 The suspensions were shaken for 1
hour, and the solutions were then separated by
centrifugation at 3000 rpm for 10 minutes. The
Pb(II) concentration in the solutions was
determined by using atomic absorption
spectroscopy (AAS).43 The Pb(II)-containing
solutions were diluted appropriately with HNO3

to make a final HNO3 concentration of 0.08 M.
The standard Pb(II) solution series (0.01–0.05
mM) were similarly prepared with Pb(NO3)2.
The amount of adsorbed Pb(II) was calculated
from the difference between the total amount
added and the amount remaining in the bulk
solution. The amount of Pb(II) desorbed by
NaNO3 [i.e. (Pb(II)des)] was calculated by the
following equation:
Pb(II)des (mg kg-1) = { Pb(II)Na × (25+W2 – W1)
- Pb(II)ad ×( W2 – W1 )}×1000                         (4)
where Pb(II)Na is the concentration of Pb(II) in
the equilibrium solutions after desorption (M),
Pb(II)ad is the concentration of Pb(II) in the
equilibrium solution after adsorption (M), W1

(g) is the total weight of the soil sample and the
bottle, and W2 (g) is the total weight of the soil
sample and the bottle together with the residual
solution after the adsorption experiment.

Results and Discussion
Sewage sludge and biochars characterization

The properties of the sewage sludge and
biochars, including yield, ash content, pH, CEC,
moisture, hydrophobicity, EC, and BET, are
summarized in Table 2. The biochars yield
decreased with increasing pyrolysis temperature
from 48.1 % at 350 °C to 28.5 % at 650 °C,
which was in accordance with the results
obtained by Mendez et al., 2013.36 In contrast to
the biochar yield, the biochar ash content
increased with increasing pyrolysis temperature.
This was in line with findings of other studies.36,

44 The percentage of ash content increased from

59.45 % for sewage sludge to 64.2%, and 68.5%
for biochar pyrolyzed at 350 °C and 650 °C,
respectively. Pyrolysis also increased the pH as
a result of the polymerization/condensation
reactions and the acidic surface groups released
during the pyrolysis process.36 The EC, a
parameter used to estimate the amount of total
dissolved salts in a sample, was 4.2 dS m−1 for
the raw sewage sludge, while it decreased with
pyrolysis to 2.4 and 1.9 dS m−1 for the biochar
at 350 °C and the biochar at 650 °C,
respectively.36 With respect to CEC, its value
decreased with the pyrolysis temperature from
23.1 cmol(+) kg−1 for sewage sludge to 21.2 and
18.5 cmol(+) kg−1 for the biochar at 350 °C and
the biochar at 650 °C, respectively. These
results are in agreement with those obtained by
Mendez et al., 2013.36 The decrease in CEC with
the pyrolysis temperature could be due to the
release of functional groups during the pyrolysis
process.36 The SSA (specific surface area) is one
of the important parameters to evaluate if
adsorption is involved in the distribution of pore
structure.45 It was seen that the BET surface area
of the biochar increased as the pyrolysis
temperature increased, as reported by others.36,

46 The BET surface area of the biochar obtained
at 650 °C (65.3 m2/g) was larger than that of the
biochar at 350 °C (34.2 m2/g). The elemental
content changes in C, H, O and N are listed in
Table 4.

As expected from the pyrolytic process for
the biochar, the C content increased, while the
H, N and O contents decreased with increasing
pyrolytic temperature. The increase in carbon
content with temperature is due to the increasing
degree of carbonization. However, the decline in
O and H elements may be attributed to the
breaking of weaker bonds in the biochar
structure and highly carbonaceous materials
with increased temperature. The N content of
biochars reduced with increased temperature,
which may be attributed to the volatilization of
nitrogen during pyrolysis.45 The calculated
atomic ratio of O/C, H/C and (O+N)/C are
presented in Table 3. The atomic ratio of
elements, which estimates the aromaticity (H/C)
and polarity (O/C, (O+N)/C) of the biochars and
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sewage sludge, were affected by the pyrolysis
temperature.37 The results revealed that sewage
sludge had the highest values of these ratios,
whereas these ratios tended to decrease with the
pyrolysis temperature. The decline in the O/C
ratios with temperature is due to dehydration
reactions, and result in less hydrophilic biochar
surface.46, 47 In addition, the decrease in the H/C
ratio is associated with the degree of
carbonization. The lowest H/C ratio (0.019) at
650 °C suggests that the biochar is highly
carbonized, indicating the highest aromaticity in
the biochar at 650 °C compared to the biochar at

350 °C and the sewage sludge. These results are
in agreement with those obtained by.47 The
molar (O+ N)/C ratio, similarly to the tendencies
of O/C and H/C, decreases with increasing
pyrolysis temperature, suggesting that the
surface functional group of the biochars has
reduced (46).The highest ratio of the (O + N)/C
and polarity were found for the sewage sludge
compared to the biochar at 350°C and the
biochar at 650 °C, suggesting an increase in
aromaticity and a decrease in polarity of the
biochar produced at a temperature of 650 °C.47

Table 2. Basic characterization of the sewage sludge and biocharspyrolyzed at 350 and 650 °C

Treatments
Moisture
(%)

Yield
(%)

Ash
(%)

pH
EC
(dSm-1)

C
(%)

O
(%)

H
(%)

N
(%)

CEC
cmol(+)

(kg-1)

BET
(m2/g)

Sewage sludge 84.1 - 44.45 6.3 4.2 25.23 19.48 5.14 5.70 23.1 1.1
Biochar (350 ºC  ) - 48.1 60.2 7.9 2.4 26.42 8.3 1.1 3.98 21.2 34.2
Biochar (650 ºC) - 28.5 68.5 8.8 1.9 27.24 0.81 0.53 2.92 18.5 65.3

Table 3. Effect of pyrolysis temperature on the atomic
ratios of biochar

Treatments
Atomic ratios
O/C H/C (O+N)/C

Sewage sludge 0.77 0.203 0.90
Biochar (350 ºC) 0.31 0.041 0.465
Biochar (650 ºC) 0.029 0.019 0.136

Heavy metal content of sewage sludge and
biochars

The heavy metal contents of the sewage
sludge and the biochars are presented in Table
4. In the present study, due to the domestic
origin of the sludge, the amount of trace
elements was less than the EPA thresholds for
sewage sludge land application.48

Table 4. Heavy metal analysis of the sewage sludge and biochars
Heavy metals (mg/kg)
Cd Cu Ni Pb Cr As Co

Sewage sludge 2.2 54.4 62 92.1 28.9 a BDL a BDL
Biochar (350 ºC) 3.9 99.5 113 158.7 53 a BDL a BDL
Biochar (650 ºC) 4.15 125.8 155.4 227.8 65 a BDL a BDL
US EPA., 1993 85 4300 420 840 3000 75 50
a BDL stands for “Below Detection Limit”

Sorption/desorption isotherm studies
The simulation of sorption isotherms of

Pb(II) on the two biochars derived from
different pyrolysis temperatures and two soils
were based on the Langmuir and Freundlich
models. The Langmuir model reflects the
standard equilibrium process behavior assuming
that the adsorbent has a constant number of
adsorption sites, and that the sorption on the

adsorbent surface is a monolayer. It also
assumes that the adsorbent surface is
homogeneous, and there is no interaction
between the adsorbed molecules. The Langmuir
model is described by Equation (5):= (5)

where qe (mg/g) is the amount of metal
adsorbed per unit weight of the adsorbent, Ce

(mg/L) is the equilibrium solution concentration
of the adsorbate, Q (mg/g) is the maximum

amount of adsorbed metal ions needed to form a
monolayer on an adsorbent surface, and b
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(L/mg) is the Langmuir adsorption constant
related to binding energies. On the other hand,
the Freundlich model assumes that the adsorbent
surface is heterogeneous, and that the sorption
on its surface is multilayer (Equation. (6)).
qe =KCe1/n (6)
where qe (mg/g) is the amount of metal
adsorbed per unit weight of the adsorbent, Ce
(mg/L) is the equilibrium solution concentration
of the adsorbate, K ((mg/g) (l/mg) 1/n) is a

constant related to the adsorbent’s maximum
adsorption capacity, and 1/n is a constant
measuring the strength of adsorption.
The linear adsorption isotherm equations of the
Langmuir and Freundlich models were fitted to
the measured adsorption data. The
corresponding constants and correlation
coefficients of the Langmuir and Freundlich
equations are shown in Table 5. All the sorption
isotherms were of L-type (Figure 1).49

Table 5. The adsorption isotherm models and its coefficients

Treatments Langmuir model Freundlich model
Q b r2 k n r2

Acidic soils- control 5 0.0103 0.96 779.8 3.87 0.95
Acidic soils- Biochar (350 ºC) 16 0.0357 0.98 1288 2.237 0.97
Acidic soils- Biochar (650 ºC) 20 0.0416 0.99 1698 2.241 0.97
Alkaline soils- control 10 0.0106 0.98 1095 3.85 0.96
Alkaline soil- Biochar (350 ºC) 20 0.045 0.99 1864 2.467 0.98
Alkaline soil- Biochar (650 ºC) 22 0.083 0.99 2328 2.340 0.95

The linear desorption isotherm equations of the
Langmuir and Freundlich models were fitted to
the desorption data. The corresponding

constants and correlation coefficients of the
Langmuir and Freundlich equations are shown
in Table 6.

Table 6. The desorption isotherm models and its coefficients

Adsorption in acidic soils

Ce
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Adsorption in alkaline soils
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Fig. 1. The relationship between the amounts of qe (mg g–1) of the adsorbed Pb onto the soils
and their concentration in the equilibrium solution Ce (mg/L) for studying soils.

Isotherms of Pb adsorption
As shown in Figure 1, the amount of

adsorbed Pb increased with the increase in its
initial solution concentrations, but this trend was

Treatments Langmuir model Freundlich model
Q b r2 k n r2

Acidic soils- control 16.5 0.05 0.97 616.5 2.79 0.79
Acidic soils- Biochar (350 ºC) 20 0.0116 0.97 357.27 2.553 0.95
Acidic soils- Biochar (650 ºC) 33 0.0069 0.92 23.1 1.364 0.95
Alkaline soils- control 3.3 0.125 0.97 645.6 3.14 0.81
Alkaline soil- Biochar (350 ºC) 16.6 0.0231 0.99 371 1.94 0.84
Alkaline soil- Biochar (650 ºC) 25 0.021 0.99 158.1 1.91 0.82
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most pronounced for the biochar at 350 ºC and
the biochar at 650 ºC probably due to the high
affinity of Pb to adsorb onto the biochar surface.
As shown in Table (5), the adsorption of Pb onto
different biochars and soils are well described
by the Langmuir and Freundlich models. The
results indicated that the Langmuir model (r2 =
0.96 to 0.99) fitted the adsorption data slightly
better than that of the Freundlich model (r2 =
0.95 to 0.98), implying a monolayer coverage of
Pb on the surface of the biochars.50 The
Langmuir maximum adsorption capacity Q0 of
the biochars increased for the alkaline and acidic
soils when the temperatures for biochar
production increased, suggesting that the high
temperature pyrolysis induced the biochar with
a capacity for high Pb adsorption. These results
are in agreement with,46 who found higher
sorption capacities of Cu and Zn from aqueous
solution in corn straw biochar produced at 600
ºC compared to that of hard wood biochar at 450
ºC. This result could be attributed to the higher
surface area, pH, aromaticity and porosity of the
biochar formed at the higher temperature.

Isotherms of Pb desorption
As shown in Table 6, the Pb desorption

from different incorporated biochars and soils
were well explained by the Langmuir and
Freundlich models. The results indicated that
the Langmuir model (r2 = 0.97 to 0.99) fitted
slightly better than the Freundlich model (r2 =
0.79 to 0.95).

Effect of biochars on adsorption
The adsorption of Pb (II) on both soils

increased significantly with biochar
incorporation for initial Pb (II) concentration
>100 mg/l, and the Pb (II) adsorption capability
of biochar increased with an increase in
production temperature (Table, 7). For Pb (II)
1000 mg/l, the adsorption in the alkaline soil
was 27%, 70.14% and 75.13% in the control, for
the biochars at 350ºC and 650ºC treatments,

respectively. The adsorption of Pb (II) in the
acidic soil was 19.7%, 62.5% and 71% in the
control, for the biochars at 350 ºC and 6500C
treatments, respectively. Biochar has many
functional groups (e.g. –COO_ and –OH) on its
surface.51 The functional groups can form
surface complexes with Pb (II), and hence
increase the specific adsorption of Pb (II) in
soils incorporated with biochar. This is
consistent with previous observations reported
for Pb (II) adsorption by biochars derived from
different feedstocks.52, 27 The sorption of metal
ion from soil is generally governed by the
surface chemistry and surface area of the
sorbent or by the precipitation reactions.20 The
Pb sorption capacity of the biochar at 650 ºC was
the highest among all the other treatments
(Table 5) despite its lowest CEC (Table 2),
suggesting that the Pb sorption by the biochar
was controlled by its surface area and pH.

Effect of biochars on desorption
The desorption of the pre-adsorbed Pb (II)

by 1.0 mole l-1 NaNO3 also decreased in soils
incorporated with biochars (Table 8). For
instance, for an initial Pb(II) concentration of
1500 mg L-1, the desorption in alkaline soil were
53.9 %, 25.74 % and 16.78 % in the control, for
the biochars 350 ºC and 650 ºC treatments,
respectively. The desorption of Pb (II) in acidic
soil were 40.4%, 27.7% and 19.57 % in the
control, for the biochars at 350 ºC and 650 ºC
treatments, respectively. Obviously, the soil
incorporated with biochars (obtained at 350 ºC)
exhibited a greater desorption of the pre-
adsorbed Pb (II) than with biochars produced at
650 ºC. This is consistent with previous
observations reported for Pb (II) desorption on
bagasse biochar.53 This result could be
attributed to the higher surface area, pH,
aromaticity and porosity of the biochar formed
at the higher temperature.

Effect of acidic and alkaline soils on
adsorption/desorption

Soil pH is a major factor that affects the
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adsorption/desorption of heavy metals in soils. The adsorption of Pb (II) increases
with increasing soil pH. The increase in pH
reduces the solubility of most Pb minerals, and
increases the adsorption affinity of Pb (II) for
organic matter, iron oxides and other adsorptive
surfaces. This increases the retention of cationic
heavy metal on soil surfaces via adsorption,
inner-sphere surface complexion, precipitation,
and multinuclear type reaction.21 The effects of
acidic and alkaline soils on Pb (II) adsorption
and desorption of the pre-adsorbed Pb (II) from
both soils are presented in Tables 7 and 8. The
results indicated that the adsorption capacity of

the alkaline soil was higher than that of the
acidic soil (Table 5). This is consistent with
previous observations reported for Pb(II)
adsorption in biochars derived from different
feedstocks.52,27 The desorption amount of Pb II
for acidic soil followed the order: control >
biochar 350 ºC > biochar 650 ºC treatments.
Similar results were observed for the alkaline
soil.41 This suggests that the Pb
adsorption/desorption by the biochar was
controlled by its surface area and pH.

Table 7. The percentage of adsorption Pb (II) on two soils

Treatments
Different initial concentration of Pb II (mg/L)
0 25 50 100 250 500 1000 1500

Acidic soils- control - 98.6 95 65 36 28 19.7 15.3
Acidic soils- Biochar (350 ºC) - 98 98 97 92 87 62.5 52.6
Acidic soils- Biochar (650 ºC) - 99.6 99.5 99.5 96 95 75 58.8
Alkaline soils- control - 99 99 80 50.4 39 27 19.4
Alkaline soil- Biochar (350 ºC) - 99 99 98 94 89 71 56
Alkaline soil- Biochar (650 ºC) - 99 99 99 96 95 75 58.8

Table 8. The percentage of desorption Pb (II) from two soils

Treatments
Different initial concentration of Pb II (mg/L)
0 25 50 100 250 500 1000 1500

Acidic soils- control - 5 6.5 8.9 15.7 38.9 43.2 53.9
Acidic soils- Biochar (350 ºC) - 3.6 4.4 4.55 5.47 12.76 19.11 27.72
Acidic soils- Biochar (650 ºC) - 2.2 2.23 2.34 2.92 5.007 12.40 19.57
Alkaline soils- control - 4.4 5.6 6.8 10.9 26.6 30.2 40.4
Alkaline soil- Biochar (350 ºC) - 3.12 3.25 3.16 3.88 8.9 16.2 25.74
Alkaline soil- Biochar (650 ºC) - 1.67 1.95 2.05 2.69 4.26 10.43 16.78

Conclusion
Pyrolysis temperature has a significant

effect on the chemical and physical properties of
the biochar produced from sewage sludge. The
results indicated that increasing the pyrolysis
temperature, increased the pH, ash content,
BET, aromaticity, and total concentration of
heavy metals. On the other hand, the pyrolysis
yield, percentages of H, N and O, atomic ratios
and polarity of biochars, decreased.
Furthermore, the adsorption potential of both
soils increased with the application of biochars.
The adsorption and desorption of Pb was better
described by the Langmuir equation than the
Freundlich equation. The biochar produced
from sewage sludge offers a solution for

minimizing waste volume as well as producing
potentially valuable biochar adsorbents. The
environmental risk of sewage sludge biochar
can be minimized and managed by controlling
the source of feedstock and pyrolysis
temperature. Further studies are underway to
test the impact of the best-selected biochar on
metal adsorption and soil amelioration.
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