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ABSTRACT

In the present study, two different by-products, pecan shells, and sawdust obtained from
the region of Chania, Crete, Greece, were subjected to slow pyrolysis over a temperature
range of 250-550°C, for the production of biochar. The quality of the produced biochars was
assessed by evaluating their main properties, namely pyrolysis yield, pH, volatile matter
and char content, surface area, and C, H, S, N content. Thermogravimetric analysis, Fourier
transform infrared spectroscopy, X-ray diffraction, and scanning electron microscopy were
used for the identification of the morphology and structure of the produced biochars. The
potential of selected pecan shells and sawdust biochars to adsorb Pb and Cu from synthetic

solutions was also assessed.
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1. Introduction

Biochar is a carbon rich, solid, and porous material
produced after heating of biomass at moderate tem-
perature under limited or oxygen free atmosphere.
The thermochemical processes used for its production
involve slow or fast pyrolysis, conventional or flash
carbonization, and gasification. Slow pyrolysis, which
involves thermal treatment of biomass by slow heating
at low to medium temperatures (350-650°C) in a low
oxygen atmosphere, has the advantage of retaining
almost half of the feedstock carbon in stable biochar
[1]. Other products that may result from pyrolysis of
biomass include syngas or pyrolysis gas, which can be
used as fuel source, as well as bio-oil which can be
used as substitute to fossil fuels [2,3].

*Corresponding author.

The chemical and physical properties of biochars
are greatly affected both by the composition of the
feedstock as well as by the process followed. The most
important characteristic of biochar is its porous struc-
ture which plays a significant role in its use as soil
amendment by increasing its surface area and reten-
tion of soil water. Moreover, biochar is a very promis-
ing alternative for carbon sequestration, mitigation of
global warming, renewable energy generation, and
adsorbent for the removal of organic and inorganic
contaminants from wastewaters, soils, and hazardous
wastes [4-6].

Biochar exhibits increased chemical and biological
stability, and when applied to soils, due to its notice-
able adsorption potential, it may improve soil fertility,
acting as slow release fertilizer, and inhibit mobiliza-
tion of organic and inorganic contaminants toward
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deeper soil horizons, thus preventing contamination of
groundwater [7-9].

Biochar can be produced in every country using
various raw materials including energy crops (e.g. corn,
cereals, wood pellets, and oilseed rape), agricultural
wastes (e.g. manure, wheat straw, rice husk, waste
wood, pistachio, peanut, and hazelnut shells) and other
wastes including sewage sludge [10-13].

In the present paper, biochars produced after slow
pyrolysis of pecan shells and sawdust have been char-
acterized by evaluating the main properties such as
pyrolysis yield, pH, volatile matter, char content, sur-
face area, and C, H, S, N content. Analytical tech-
niques, namely TG, FTIR, XRD, and SEM have been
used for the identification of their morphology and
structure. The potential of selected pecan shells and
sawdust biochars to adsorb Pb and Cu from synthetic
solutions was also assessed.

2. Materials and methods

In the present study, two different raw materials,
pecan shells (Pe) obtained from trees cultivated in the
region of Chania, Crete, Greece, and sawdust (Sd)
obtained from a local carpentry, were subjected to
slow pyrolysis for the production of biochar.

Pyrolysis of small quantities, e.g. 30 g of each raw
material, was carried out in a modified laboratory fur-
nace, N-8L SELECTA, at temperatures varying
between 250 and 550°C, using porcelain capsules.
Nitrogen was fed in the oven at a rate of
100 mL min~"' for 60 min to remove air. The heating
rate was maintained at 10°C min~' and the retention
time of the feedstock in each temperature was 60 min.

Pyrolysis yield (yp) was determined for all biochars
produced from the % weight loss after heating. In raw
materials and biochars, pH and oxidation-reduction
potential were measured using a solid:liquid ratio of
1:10 with a Hanna 211 pH/Eh meter while electrical
conductivity (EC) with a Hanna EC215 conductivity
meter. Surface area was measured using NOVA sur-
face area analyzer (Quantachrome instruments). The
elemental C, H, S, and N analysis was carried out in a
flash 2000 elemental analyzer thermo scientific cali-
brated using BBOT standards (2,5-Bis(5-tert-butyl-2-
benzo-oxazol-2-ylthiophene) containing carbon; the
oxygen content was subsequently calculated as the
difference.

Biochars were subjected to thermogravimetric anal-
ysis using a differential thermogravimetric analyzer
Diamond DTA-TG of Perkin Elmer (temperature mea-
surement precision of +2°C, microbalance sensitiv-
ity <5 ug). The rate and % weight loss for each sample
were determined continuously as a function of time or
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temperature, under dynamic conditions, in the range
of 40-850°C. The experiments were carried out at
atmospheric pressure, under nitrogen atmosphere,
with a flow rate of 100 mL min~" and a heating rate of
10°C min~". Volatile matter (VM) and char content
were also determined. All experiments were carried
out in duplicate.

Fourier transform infrared spectroscopy (FTIR)
analysis of samples was carried out using a Perkin
Elmer spectrum 1000 (USA); for the production of the
pellets, each sample was mixed with KBr at a ratio
1:100 w/w. X-ray diffraction (XRD) analysis was per-
formed using a Bruker D8 advance diffractometer
with a Cu tube and a scanning range from 3° to 70° 26
with a step 0.03° and 4 s/step measuring time. Quali-
tative analysis was carried out using the diffracplus
software (Bruker AXS) and the PDF database. Scan-
ning electron microscopy (SEM) analysis was carried
out with a JEOL 6380LV SEM equipped with an EDS
INCA microanalysis system with low vacuum,
pressure 30 Pa, voltage 20 kV, and 10-12 mm sample
distance (working distance) from the detector.

Adsorption experiments were carried out using
pecan and saw dust biochars prepared after pyrolysis
at 350°C for 60 min (Pe350 and Sd350, respectively).
Two solutions of 100 mg L™ Pb and 100 mg L™ Cu
were prepared by dissolving the required quantities of
Pb(NO3); and Cu(NO3);-3H,O, respectively, in dis-
tilled water. For each solution the adsorbent concen-
trations used was 5gL™". After equilibrium at 24 h,
desorption experiments were carried out over a period
of 24 h using 0.1 N HNO; and 0.1 N HCI. Adsorption
and desorption experiments were successively carried
out until equilibrium was reached. Agitation took
place on a Vibromatic rocking mixer at 350 rpm and
room temperature. Pb and Cu concentrations were
determined using a Perkin Elmer Analyst 100 flame
atomic absorption spectrophotometer. All tests were
carried out in triplicate.

3. Results and discussion
3.1. Characterization of raw materials and biochars

Table 1 shows the characterization of pecan shells
(Pe), sawdust (5d), and the biochars produced at 250,
350, 450, and 550°C (Pe250, Pe350, Pe450, Pe550 and
5d250, Sd350, Sd450, Sd550, respectively).

The quality of biochars produced is quite similar
for both by-products used. As temperature increases
from 250 to 550°C, the pyrolysis yield decreases from
74.2 to 21.7% for pecan shells while a more noticeable
decrease from 77 to 7.8% is shown for sawdust. For
both Pe and Sd, the low pyrolysis yield obtained at
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Table 1
Characterization of Pe, Sd, and the biochars Pe250-Pe550, and Sd250-Sd550

Pe Pe250 Pe350 Pe450 Pe550 Sd Sd250 Sd350 Sd450 Sd550
yp, % - 74.2 44.5 30.3 21.7 - 77.0 30.6 13.8 7.8
pH 5.8 49 49 6.3 6.8 5.7 44 3.8 5.0 6.6
EC, mS em™! 0.32 0.28 0.22 0.66 0.80 0.38 0.17 0.20 0.22 0.42
VM, % 71.3 56.2 40.9 37.4 23.0 89.6 67.2 429 38.5 35.7
Char, % 28.7 43.8 59.1 62.6 77.0 104 32.8 57.13 61.5 64.2
Surface area, m*g ' - 3.2 3.2 165.4 298.7 - 25 26 66.8 84.6
% C 474 54.6 65.6 74.8 76.4 46.7 52.3 63.2 66.8 68.0
% H 5.39 432 3.01 2.08 1.94 5.81 3.54 2.09 1.88 1.51
% N 0.63 0.61 0.60 0.57 0.55 0.51 0.46 0.32 0.19 0.14
% O 46.58 40.47 30.79 22.55 21.11 46.98 43.7 34.39 31.13 30.35

temperatures higher than 350°C is due to the conden-
sation of aliphatic compounds and loss of CHy, Hy,
and CO. The pyrolysis yield of several other biomass
feedstocks, namely oak wood, pine wood, olive husk,
corncob, and straw is in the same range [3,14].

pH drops during pyrolysis up to 350°C and
increases when higher temperatures (up to 550°C) are
used. Thus, biochar produced at low temperatures
may be used as amendment in alkaline soils, while
biochar produced at higher temperatures may buffer
pH in slightly acidic soils. A similar trend is shown
for EC. In other studies, pH values up to 8.6 have
been reported for biochars produced after pyrolysis of
other agricultural wastes at 500°C [15].

Increased pyrolysis temperature (from 250 to
550°C) results in substantial decrease in the volatile
matter (VM) content (from 71.3 to 23% for Pe and 89.6
to 35.7% for Sd). At higher temperatures, aliphatic-C
structures are affected thus enhancing the potential of
biochar as soil amendment. Increase in pyrolysis tem-
perature results also in increased char content reach-
ing 77 and 64.2% at 550°C, for Pe and Sd, respectively.

High surface area values are shown when biochars
are produced at temperatures higher than 450°C
reaching 298.7 and 84.6 m” g™, respectively, for Pe550
and Sd550. Similar results have been also reported in
other studies [16,17].

For both Pe and Sd biochars, increase in pyrolysis
temperature from 250 to 550°C results in increased total
carbon content and decreased hydrogen, nitrogen, and
oxygen content. Comparable results are reported by
Gaskin et al. [18], indicating that the carbon content of
biochars produced from pine chips, peanut hulls, and
switchgrass at 400-500°C was close to 80%.

3.2. TG and DTG analysis

Fig. 1 shows the TG (weight loss) and DTG
(weight loss rate) curves versus temperature, for Pe

and biochars Pe350 and Pe550 (Fig. 1(a) and (b),
respectively) as well as for Sd and biochars Sd350 and
5d550 (Fig. 1(c) and (d), respectively). The noise
shown in some parts of the curves is due to instru-
mental difficulties.

The total calculated weight loss decreases when
pyrolysis temperature increases and reaches 73, 44,
and 23% for Pe, Pe350, and Pe550, and 89, 49, and
43% for Sd, Sd350, and Sd550, respectively. A sharp
weight loss is shown for Pe and Sd, while the weight
loss is smooth for biochars produced at 550°C.

DTG curves in Fig. 1(b) and (d) shows that the major
weight loss was initiated at around 300°C as confirmed
by the respective TG curves (Fig. 1(a) and (c)). In the
DTG curve of Pe (Fig. 1(b) two distinct peaks, typical
for lignocellulose materials, are clearly shown. The first
peak at around 300°C represents the decomposition of
hemicellulose which decomposes at 150-350°C. The
second peak at around 350°C, which is also shown in
the DTG curve of Sd (Fig. 1(d), corresponds to the
decomposition of cellulose which usually takes place in
a relatively narrow temperature range of 275-350°C.
The presence of cellulose is also confirmed by the XRD
analysis, as discussed below. The gradual decomposi-
tion of lignin over a wider temperature range (usually
at 275-500°C) is represented by the flat section shown
in Fig. 1(b) and (d) [19-21].

3.3. FTIR analysis

Fig. 2 shows the FTIR spectra of pecan shells (Pe),
sawdust (5d), and selected biochars (Pe350, Pe550,
5d350, Sd550), while the FTIR spectra band assign-
ments are presented in Table 2. Both Sd and Pe spec-
tra are characteristic of a generic oxygenated
hydrocarbon due to its cellulose content. As pyrolysis
temperature increases FTIR spectra show a loss of
chemical diversity compared to the raw materials (Pe
and Sd) and major bands disappear.
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Fig. 1. TG and DTG curves versus temperature, for Pe and

5d350, 5d550 ((c) and (d)).
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Fig. 2. FTIR spectra of Pe and biochars Pe350 and Pe550,
as well as Sd and biochars Sd350 and Sd550.

The broad bands seen for raw materials, Pe and
Sd, at around 3,430 cm™! indicate the presence of free
and intermolecular bonded hydroxyl group (—OH)
stretching. In biochars, produced under pyrolysis at
350 and 550°C these bands have disappeared, indicat-
ing the absence of hydroxyl content and increase in
hydrophobicity of biochars. The peaks at 2,950, 2,900,
and 2,882 cm ™!, seen only in Pe and Sd, are due to ali-
phatic C-H deforming vibration. The small band at
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2398 cm™' is due to the presence of atmospheric
carbon dioxide.

The band at around 1,800 cm ™! seen in all samples,
is assigned to v(C=O) vibration in carbonyl group or
the presence of carboxylic bonds. The intensity of
these bands decreases slightly at higher temperatures
due to the decomposition of carbonate compounds.
The bands at around 1,600 cm™" are due to the pres-
ence of aromatic C=0 ring stretching (likely -COOH)
or C=C stretching of aromatic groups in lignin imply-
ing the presence of residual lignin after decomposi-
tion. These bands are also strong in the spectra of
biochars. The ratio of these peaks has been also found
to reflect the degree of charring of cellulose.

The characteristic group of peaks which appears at
1,400-1,500 cm ™ * only in raw materials Pe and Sd and
disappear in all biochars is attributed to C6 ring
modes. The intense bands occurring at 1,020 and
1,050 cm™ !, for Sd and Pe, respectively, are characteris-
tic of a C-C-O or C-O—C asymmetric stretch or due
to aliphatic ether, alcohol C-O or aromatic stretching,
O-H deformation vibrations or b-glycosidic bonds in
cellulose and hemicelluloses. These peaks disappear
in all biochars indicating the decomposition of
hemicellulose and cellulose.
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Table 2
FTIR spectra band assignments corresponding to Fig. 2
Band number, cm™! Assignment Refs.
3,400 Hydroxyl group (—OH) stretching [22,23]
2,950, 2,900, 2,882 Aliphatic C-H deforming vibration [17,24]
2,398 Atmospheric carbon dioxide [25]
1,800, 1,746 v(C=0) vibration in carbonyl group or presence of carboxylic bonds [26,27]
1,640, 1,580 Aromatic C=O ring stretching (likely <COOH) or C=C stretching [28-31]
of aromatic groups in lignin
1,500-1,400 C6 ring modes [14,32,33]
1,310 0(C=H) vibration in alkanes and alkyl groups [32]
1,050, 1,020 Aliphatic ether, alcohol C-O or aromatic stretching peak, [14,31]
O-H deformation vibrations, b-glycosidic bond in cellulose and hemicellulose
796 C-H stretching vibrations [24]
554 —OH out of plane bending modes [17]

Biochar Pe350 shows also three small peaks: at
1,310 cm ! due to 8(C=H) vibration in alkanes and
alkyl groups, at 796 cm ™' attributed to aromatic and
heteroaromatic compounds confirmed by C-H stretch-
ing vibrations and also at 554 cm™' due to —OH out of
plane bending modes.

3.4. XRD analysis

The XRD pattern of pecan shells (Pe) and biochars
produced by pyrolysis of pecan shells at 350 (Pe350)
and 550°C (Pe550), are shown in Fig. 3. The XRD pat-
tern of sawdust (5d) and biochars Sd350 and Sd550,
are presented in Fig. 4. In both raw materials (Pe and

C
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Sd), the characteristic amorphous peaks of cellulose,
which is one of the important structural components
of the primary cell wall of green plants, are detected.
However, after pyrolysis these peaks are quite lower.
The XRD patterns of Pe350 and Pe550 as well as
5d350 and Sd550 are quite similar and are character-
ized by the elevated background between 16° and 26°
2-theta, due to the presence of organic matter [27].

The peaks of residual inorganic phases, calcite,
quartz, and whewellite in biochars, are more easily
detected by XRD as a result of decomposition of
organic phases in temperatures higher than 350°C.
Their presence is due to impurities, such as atmo-
spheric deposition of dust which may be present on
trees as also reported elsewhere [34,35].
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Fig. 3. XRD pattern of pecan shells (Pe) and biochars produced by pyrolysis of pecan shells at 350 (Pe350) and 550°C
(Pe550) (Ce: cellulose (CgH1¢Os5)n, C: calcite CaCOs, W: whewellite CaC,0O4-H50).
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Fig. 4. XRD patterns of sawdust (Sd) and biochars produced by pyrolysis of sawdust at 350 (Sd350) and 550°C (5d550)

(Ce: cellulose (CsH1¢Os5)y, C: calcite CaCOjz, Q: quartz SiO,).

3.5. SEM analysis

In Figs. 5 and 6, SEM backscattered electron
images (BSI) of Pe and biochars Pe350 and Pe550 as
well as of Sd and biochars Sd350 and Sd550 are
shown, respectively. It is seen from Fig. 5 that the
matrix of raw Pe is quite homogeneous. When Pe is
pyrolized for the production of biochar at 350°C
(Pe350) or 550°C (Pe550) a microporous structure is
formed, due to the release of volatiles, with particle
size varying between 7 and 18 pm. Increase in pyroly-
sis temperature from 350 to 550°C also results in
increased pore diameter and the development of new
pores.

According to Fig. 6, the fibrous structure of saw-
dust (Sd) is slightly altered when pyrolysis takes place
at 350°C (5d350) or 550°C (Sd550). The increase in
pyrolysis temperature from 350 to 550°C also increases
pore diameter from 9-16 um (micropores) to 21-48 um
(mesopores), respectively, as a result of the continuous

release of other high-molecular-weight volatiles. It is
evident that when the pyrolysis temperature is
increased from 350 to 500°C, very fine and oriented
cellular mesopores with sharp and curvy edges are
formed, suggesting clear development of pore
structure.

It is reported by Gray et al. [30] that as tempera-
ture increases porosity increases as well due to the
transformation of aliphatic C structures to aromatic C
structures. The formation of new and well structured
pores may contribute to the use of biochar as soil
amendment as it can provide habitats for symbiotic
micro-organisms [36].

The EDS analysis (not shown) carried out on the
surface of samples reveals only the presence of impu-
rities such as Al due to the use of ultra-fine corundum
powder for polishing of the samples during prepara-
tion for SEM analysis, as well as Ca due to the pres-
ence of dust during raw material collection. These

Fig. 5. SEM-BSI images of the Pe (x250), Pe350 (x500), and Pe550 (x500) structures (left to right).
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micropores

Fig. 6. SEM-BSI images of the Sd (x200), Sd350 (x300 and x2,000), and Sd550 (x500 and x1,000) structures (left to right).

findings are also confirmed by the XRD patterns
discussed previously.

3.6. Pb and Cu adsorption potential of biochars

Fig. 7 shows the % Pb and Cu adsorption of bioch-
ars Pe350 and Sd350 when various adsorbent concen-
trations (0.1, 0.5, 1 and 5 gL_l) are used in solutions
containing 100 mg L' Pb or Cu. From Fig. 7 it can be
deduced that for both biochars, Pb is adsorbed more
efficiently compared to Cu. The Sd350 biochar shows
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better adsorption behavior for both Pb and Cu,
compared to Pe350 biochar.

For both heavy metal ions and biochars, the high-
est % adsorption is shown when the highest adsor-
bent concentration of 5gL™' is used. The %
adsorption of heavy metals decreases with gradual
decrease in the adsorbent concentration from 5 to
0.1 gL™". According to Fig. 7(a) for 5gL™" biochar
Pe350, the highest % adsorption of Pb (95%) is
obtained after 6 h, while the highest % adsorption of
Cu is 14% (Fig. 7(c). Regarding Sd350, the highest %
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Fig. 7. % Pb and Cu adsorption of biochars Pe350 and Sd350 when various adsorbent concentrations (0.1, 0.5, 1, and
5g L) are used in solutions containing 100 mg L™! Pb ((a) and (b)) or 100 mg L™ Cu ((¢) and (d)).
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Table 3
Pb adsorption and desorption efficiency of biochars Pe350 and Sd350

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Adsorption Desorption ~ Adsorption Desorption ~ Adsorption Desorption ~ Adsorption

Pb adsorbed Pb desorbed Pb adsorbed Pb desorbed Pb adsorbed Pb Pb adsorbed

mgg ' % % mgg ' % % mgg ' % desorbed % mgg™! %
Pe350* 17.9 952 86.6 11.2 60.3 53.2 7.1 372 283 46 24.2
Pe350** 17.7 94.1 65.0 9.8 51.6 35.6 5.2 254 113 4.1 213
Sd350* 18.3 973 94.0 17.6 947 847 12.3 64.8 56.7 7.6 39.8
Sd350**  18.2 96.6 90.7 17.5 942 79.7 10.3 55.2 425 6.4 31.7

*Desorption with HCL.
**Desorption with HNO;.

adsorption of Pb and Cu are 97 and 35% after 6 h
(Fig. 7(b) and (d), respectively).

In Tables 3 and 4, the Pb and Cu adsorption and
desorption efficiency (in mgg ' and %) of biochars
Pe350 and Sd350 in solutions containing 100 mg L™" of
Pb and Cu, respectively, after a number of cycles
using the optimum adsorbent concentration of 5 g L™,
is presented. The % Pb and Cu adsorption efficiency
of biochars Pe350 and Sd350 is also presented in
Fig. 8(a) and (b), respectively.

From the data presented in Tables 3 and 4 and
Fig. 8, it is shown that:

e Pb is adsorbed more efficiently compared to Cu
on both biochars.

The Sd350 biochar shows better adsorption effi-
ciency for both Pb and Cu compared to Pe350
biochar. This conclusion is more noticeable for
Cu for which the adsorption efficiency of Sd350
biochar is almost two times higher than that of
Pe350 biochar.

The highest % adsorption of Pb (almost 95 and
97% for Pe350 and Sd350, respectively) and Cu
(almost 14 and 35% for Pe350 and Sd350,
respectively), is shown in the first cycle, while

thereafter a gradual decrease in the adsorption
efficiency is shown.

e Higher % desorption efficiency is shown when
0.1 N HCl is used compared to 0.1 N HNO;,

The adsorption of heavy metals on biochars may
be related to the ionic radius of each metal ion studied
(1.19 A for Pb** and 0.73 A for Cu*). Thus, the higher
% adsorption is seen for Pb which has larger ionic
radius than Cu. The adsorption efficiency of biochars
may be also related to the carbon content, while the
most probable mechanisms involved are electrostatic
attraction and complexation [37-39]. Electrostatic
attraction occurs between the biochar surface and
Cu”* and Pb** ions present in solution. On the other
hand, surface complexes may be formed on biochars
as a result of interactions between heavy metal ions
and surface functional groups (e.g. carboxylate, hydro-
xyl) present in biochars, as also confirmed by FTIR
analysis in the present study. Furthermore, it is also
mentioned that the presence of surface polar
functional groups and the hydrophobic nature of
biochars, depends on the molar ratios of O/C and
[(O+N)/C] (0.21 and 0.18 for Sd350 and Pe350,
respectively, according to the data shown in Table 1).

Table 4
Cu adsorption and desorption efficiency of biochars Pe350 and Sd350

Cycle 1 Cycle 2

Adsorption Desorption Adsorption

Cu adsorbed mg g~ % Cu desorbed % Cu adsorbed mg g %
Pe350* 2.7 14 88.9 1.8 9.4
Pe350** 2.6 13.6 80.8 14 7.1
5d350* 6.8 35.2 82.4 6.1 32
Sd350** 6.6 34.8 65.2 5.5 27.8

*Desorption with HCI.
**Desorption with HNO;
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Fig. 8. % Pb and Cu adsorption efficiency ((a) and (b), respectively) of biochars Pe350 and Sd350 in solutions containing

100 mg L™ Pb or Cu (desorption with *HCI or *HNO3).

4. Conclusions

Pecan shells and sawdust may be effectively used
for the production of biochar when subjected to slow
pyrolysis over a temperature range of 250-550°C. Bio-
char properties are significantly affected by pyrolysis
temperature. Increased temperature results in
decreased yield mainly at temperatures higher than
350°C due to condensation of aliphatic compounds,
while the char and the volatile matter content
increases or decreases, accordingly. DTG confirms the
pyrolysis of lignocellulose materials. Aromatic C=O or
C=C stretching groups in lignin and other spectra
characteristic of cellulosic materials are confirmed by
FTIR. The characteristic amorphous peaks of cellulose
are shown in XRD patterns of biochars. SEM analysis
provides information about the microstructure and
porosity of biochar; pore diameter increases when
pyrolysis temperature increases from 350 to 550°C.

Biochars produced from pecan shells and sawdust
after pyrolysis at 350°C for 60 min, may be used for
the removal of heavy metals from solutions. Pb is
adsorbed more efficiently compared to Cu on both bi-
ochars, while Sd350 biochar shows better adsorption
efficiency for both heavy metal ions compared to
Pe350 biochar. The most probable metal ion removal
mechanisms are electrostatic attraction and complexa-
tion as a result of the presence of surface functional
groups at the surface of biochars.
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