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Abstract

Biochar has attracted significantly growing attention due to its effectiveness in terms of both cost and environmental safety
in removing trace metals from soil and water. Its metal sorption capacity depends on its properties, which are in turn gov-
erned by pyrolysis temperature and type of biomass. Therefore, this study examines the role of pyrolysis temperature and
biomass in biochars sorption capacity of Pb**, Cu?* and Zn**. Biochars produced by pyrolysis of maize (Zea mays L.) cobs
at different temperatures were used to assess the effect of temperature, whereas evergreen oak (Quercus ilex L.) pyrolyzed at
500 °C was used to assess the effect of biomass. Sorption isotherms were constructed by batch method and compared with
Langmuir and Freundlich models. Most of the sorption isotherms displayed irregular curves and not all of the isotherms fit-
ted the models. Therefore, sorption distribution coefficients and metal removal percentages were used to determine sorption
capacities biochars for studied metals. Accordingly, Quercus ilex L. was most effective in sorbing all studied metals, which
indicates the role of biomass. The maize biochar pyrolyzed at 500 °C was most effective among maize cob biochars, which
revealed the influence pyrolysis temperature. The concentrations of added sorption solutions also played significant role in
sorption, and consequently biochar pyrolyzed 350 °C was least effective. The targeted metals also affected the sorption as
they compete for sorption sites. Thus, their selective sequence was in the order of Pb*"~ Cu®*~ Zn**.
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Introduction Trace metals such as copper, lead, and zinc are among the

metals found in soils and known to pose human health and

Soil pollution by metals is a global concern because of their
persistence and toxic nature even in their low concentrations,
and they are not biodegradable unlike organic pollutants.
The problem is exacerbated because of rapid industrializa-
tion (Ayangbenro and Babalola 2017; Barakat 2011; Cetin
2016) and application of agrochemicals (Qu et al. 2016).
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environmental threats (Kumar et al. 2014; Swartjes 2011;
Téth et al. 2016).

The use biochar as sorbent is one of the most effective
methods employed to remove metals from contaminated soil
and water (Ahmad et al. 2016; Beesley and Marmiroli 2011,
Puga et al. 2015; Qian et al. 2015). Biochar (B) is a carbo-
naceous product obtained by pyrolysis of feedstock under
limited oxygen (Ahmad et al. 2012; Inyang et al. 2016). The
feedstock can be sourced from wide range of plants, ani-
mals and industrial wastes (Elzobair et al. 2016; Inyang et al.
2016; Rosales et al. 2015). As a result, biochar has attracted
substantial attention for its role in removing metals from soil
and water, increasing crop yield as it increases soil fertility
by retaining nutrients, co-composting and carbon sink over
the years (Forjan et al. 2016; Rodriguez-Vila et al. 2018;
Sanchez-Monedero et al. 2018; Zhou et al. 2018).

Metal sorption process by biochar involves varies mecha-
nisms. These mechanisms include electrostatic interaction
between the binding sites on the surface of biochar, cation
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exchange between elemental components in biochar and metals,
metal complexation with functional groups of biochar, crystal-
lization as a result of metal precipitation and reduced metal ions
that can be sorbed onto the sorption sites (Ahmad et al. 2014;
Dong et al. 2011; Inyang et al. 2016; Tan et al. 2015).

The physicochemical properties of biochar determine its
sorption capacity. These properties include high pH, electrical
conductivity (EC), cation exchange capacity (CEC), the elemen-
tal composition, surface charge, and functional groups (Klasson
2017; Liet al. 2017; Tan et al. 2015).

Zhao et al. (2020) reported physicochemical properties of
biochar highly depend on feedstock types and their pyrolysis
temperature. Additionally, the pyrolysis conditions such as heat-
ing rate, holding time and preparation of biomass for biochar
production play great roles both in quantity and in quality of pro-
duced biochar (Kloss et al. 2012; Sohi et al. 2009Steiner 2016).
The increase in pyrolysis temperature enhances properties of
biochar such as surface area, porosity, stability, pH, organic mat-
ter, and electrical conductivity (Forjan et al. 2016; Kupryianchyk
et al. 2016). Different studies (Chen et al. 2011; Kupryianchyk
et al. 2016; Melo et al. 2013) have demonstrated the increase of
biochar metal sorption capacity with the increase of these prop-
erties. However, there are certain cases where the contrary was
demonstrated. Uchimiya et al. (2012) reported that lead sorption
was greater at 350 °C compared to 650 °C for biochar produced
from poultry litter. This confirms that the sorption mechanisms
depend on feedstock material, pyrolysis temperature, pyrolysis
condition, and targeted metal among other factors.

Therefore, the objective of this study is to determine Cu**,
Pb?* and Zn** sorption capacity of maize (Zea mays L.) cob
biochars (MB) pyrolyzed at different temperatures and bio-
char produced from different biomass feedstock evergreen oak
(Quercus ilex L.) biochar (QB) in mixed metal solutions of
different concentrations. This allows us to analyze the role of
pyrolysis temperature in the case of maize cob biochars and the
feedstock biomass by comparing biochars sourced from different
biomass and pyrolyzed at the same temperature.

Materials and methods
Material

Shelled maize cobs collected from Galicia, northwest of Spain
were air-dried in the storage of Centro De Valorizacién Ambien-
tal Del Norte SL. Touro, A Coruiia, Spain. The maize cobs were
pyrolyzed under selected conditions. The Horbesal furnace was
preheated at 105 °C with a heating rate of 20 °C/min. In each
pyrolysis, round 2000 g of maize cob was charred at three dif-
ferent temperatures 350 °C, 500 °C, and 650 °C with the same
heating rate under limited oxygen presence. The residence time
for each biochar was 105, 74, and 38 min for 350 °C, 500 °C, and
650 °C pyrolysis temperatures, respectively. These biochars are
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designated as MB350, MB500 and MB650 with numbers corre-
sponding to pyrolysis temperature. As the pyrolysis temperature
increased, the amount of biochars produced from the biomass
decreased which indicates the inverse relationships between
the amount of biochar produced and pyrolysis temperatures.
Consequently, 20.6% of biomass was lost for MB350, whereas
33.44% and 44.1% were lost for MB500 and MB650, respec-
tively. The Quercus ilex L. biochar was purchased from Piro-
eco Bioenergy, S.L., Malaga, Spain and designated as QB500.
Many studies have reported higher pyrolysis temperature results
in higher sorption capacities (Hotova and Slovak 2015). On the
other hand, Intani et al. (2018) recommended optimal pyrolysis
at 588.42 °C for maize cob biochar. The novelty of this work is
to determine the sorption capacity of biochars produced both
below and above the stated ideal pyrolysis temperature.

Methods

Moisture content (MC) was determined by oven drying the bio-
chars at 110 °C to constant weight. Biochars pH was determined
with a pH meter electrode in 1:2.5 biochar/water extracts (Li and
Xu 2015). The cation exchange capacity (CEC) was calculated
by summation of cations (Ca**, Mg 2*, K *, Na*) extracted by
0.1 M BaCl, following Hendershot and Duquette method (1986)
and analyzed by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) in a Perkin Elmer Optima 4300 DV
device. Pseudototal metal concentrations of each biochar were
obtained from extracts of 3:1 HCI/HNO; aqua regia acid diges-
tion in a microwave oven (Milestone ETHOS 1) and the extracts
were analyzed by an ICP-OES (Forjan et al. 2016).

Batch sorption experiment

Batch sorption experiment was conducted according to the
methods employed by Alberti et al. (1997) and Gomes et al.
(2001), as modified by Harter and Naidu (2001). Biochar sam-
ples (1.5 g) were shaken with 25 ml metal solution prepared
using mix of Cu®*, Pb>", and Zn?" nitrates (0.1, 0.5, 1, 2, and
3 mmol L") with electrolyte background of 0.01 M NaNO;
in polyethylene tubes on a plane shaker for 24 h at room tem-
perature (Vega et al. 2008). The samples were then centrifuged
10 min at 3000 rpm and the supernatants were filtered through
millex syringe filter (pore size 0.45 pm). To determine the con-
centrations of studied metals in each solution, the filtrates were
analyzed by ICP-OES. The concentrations of each metal (Qe)
that had been sorbed onto each biochar were determined by sub-
tracting concentrations of equilibrium solutions (after shaking
with biochar) from blank solutions (without biochar) (Eq. 1).

C.—C,)V
0 =M (D

¢ w



International Journal of Environmental Science and Technology (2022) 19:11857-11866

11859

where C; and C, are the initial and equilibrium metal con-
centration (mg/L), w is the weight of dry biochar (g) and V
is the volume of the added solution (mL).

The sorption isotherms were constructed for each metal
by plotting the concentration of sorbed metal (umolg™' of
dry biochar) against the concentration of the metal in solu-
tion at equilibrium (pmol L™1).

The sorption isotherm parameters were obtained from
Langmuir (2) and Freundlich models (3).

Langmuir model: = = CK, p; (1 + CK) @)
m

x: quantity of sorbed metal (pmol). m: quantity of sorbent
(). C: Solution concentration at equilibrium (pmol L™1). K;:
Langmuir constant (L pmol L™1). B high sorption capacity
(pmol g~).

Freundlich model:

X
Loga = 1/nlogC + logKy. 3)

x: quantity of sorbed metal (pmol). m: quantity of sorbent
(g). C: Solution concentration equilibrium (pmol L™1). Ky
Freundlich constant (Lg™"). n: dimensionless. n> 1, sorption
favorable.

The sorption distribution coefficients (K;) for the metals
in each biochar at equilibrium were calculated from the ratio
of concentration of metal sorbed (umol g~!) and concentra-
tion of metal in solution (umol L™1).

Concent ration of metal sorbed

Distribution coefficients (Kd) = - - -
Concentration of metal in solution

“

The combined distribution coefficients were calculated

for each biochar according to the procedure by Kaplan et al.

(1995) and Covelo et al. (2007) to determine the overall
sorption capacity of biochar.

CMx biochar

Kd¥sp= ————
P CMx solution ) ©)

where CMx, biochar and CMx, solution are the concentra-
tions of metal x in the biochar (umol g~!) and its solution
(umol L"), respectively.

Finally, the percentage of metal removal (%MR) was cal-
culated according to Desta (2013) using Eq. (6).

%MR = « 100% (©)

(Ci— Ce)
Ci
where C; and C, are the initial and equilibrium metal con-

centration (mg/L), respectively.

K, values were used for estimation of the overall sorp-
tion capacity and the percentages of metals removal (%MR)
were used to demonstrate the actual percentage of metals

removed by the dosage of biochar (1.5 g) used in this study
from added metal solution.

Statistical analyses

All the analytical tests were performed in triplicate, and the
obtained data were statistically analyzed using SPSS version
24.0 for windows. Analysis of variance (ANOVA) and test of
homogeneity of variance were carried out. In case of homo-
geneity, a Post Hoc least significant difference (LSD) test
was carried out. If there was no homogeneity, Dunnett’s T3
test was performed. Significant differences among biochars
based on pyrolysis temperatures were determined using one-
way analysis of variance (ANOVA). Independent t-test was
performed to compare the roles of biomass between MB500
and QB500.The relationship among biochar parameters were
determined by Pearson correlation analysis.

Results and discussion
Biochar characterization

The physicochemical characteristics of maize biochars used
in this study are presented in Table 1. These properties var-
ied based on the pyrolysis temperatures.

The pyrolysis temperature significantly influenced phys-
icochemical characteristics of biochars (p <0.05). The pH
increased with increasing pyrolysis temperature (Table 1).
This agrees the results obtained by Novak et al. (2009);
Rafiq et al. (2016); Liu et al. (2014) and Wang et al. (2015a).

However, the pH values were not significantly different
for MB500 and MB650, whereas they are significantly dif-
ferent from MB350 at p <0.05 (see Table 1). The pH plays
vital role when biochar is used to remove metals from aque-
ous solution. Solution pH highly affects the surface charge
of biochar. When solution pH is greater than the point zero
charge (pH,,,.) of biochar, i.e., solution pH at which its sur-
face net charge is zero, biochar is negatively charged and
vice versa. A negatively charged surface of biochar binds
with cations and contributes to metal sorption. It also affects
complexation of functional groups, which is one of metal
sorption mechanisms by biochar (Li et al. 2017).

Carbon content also increased with the pyrolysis tempera-
ture and they were significantly different from each other
at (p <0.05). Similarly, pyrolysis temperature significantly
increased EC Table 1. The CEC of MBC first increased and
then decreased with increasing pyrolysis temperature. As
shown in Table 1, CEC of MBC is significantly different
from each other at p <0.05.

The pyrolysis temperature also influenced the exchangea-
ble cations concentration (Ca**, K*, Mg?*, and Na™) showed
varying results. Accordingly, Ca** and Mg?* decreased with
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Table 1 Physicochemical

R . Parameters MB350 MB500 MB650
characterization of biochars
based on pyrolysis temperature Biochar
pH 8.87+0.03b 10.26 +£0.04a 10.29+0.07a
EC mS/cm 1.31+0.29¢ 2.23+0.23b 2.98+0.16a
C % 60.19+0.18c 64.55+0.37b 74.32+0.55a
N 0.54+0.01a 0.34+0.04b 0.45+0.08a
C/N 111.49+1.97b 193.81+25.20a 168.29 +26.65a
Pseudo total
Cu?* (mgkg ™) 7.68+0.56¢ 10.44+0.39b 13.14+1.75a
Pb** wl wl ul
Zn>* 75.17+£23.20a 131.10+£27.48a 119.84 +7.70a
Extractable
Cu?* (mgkg ul u.l u.l
Pb** ul ul ul
Zn>* 0.51+0.03¢c 1.28+0.17b 1.55+0.17a
CEC (cmol kg™h 15.23+1.98c 50.54+4.73a 31.99+3.49b
Ca** 0.30+0.07a 0.17+0.02b 0.11£0.01b
K* 14.00+1.70c 49.50+4.65a 31.21+3.41b
Mgt 0.68+0.18a 0.29+0.02b 0.23+0.03b
Na*t 0.25+0.03b 0.58+0.05a 0.44+0.04a

For each row, different letters in different samples mean significant differences (n=3, p <0.05) u.l. unde-

tectable level

the increase of pyrolysis without significant difference at the
two higher temperatures (p <0.05), whereas Na* and K*
first increased and then decreased with increasing pyrolysis
temperature with no significant difference at the higher tem-
peratures. Compared to other studies, these results suggest
considerable variation of pyrolysis temperature influence
on these cations. For example, Rafiq et al. (2016) reported
increase in all four cations for corn stover biochars as pyroly-
sis temperature increases. On the other hand, Chen et al.
(2014) reported increase of Ca’* and Mg?* and irregular
trends of K* and Na* in relation to pyrolysis temperatures.

In addition to the parameters in Table 1 influencing the
sorption mechanisms, they also influence each other. The
CEC of MBC showed significantly positive correlation with
K*, Na* and pH (r=1.00, r=0.99 and r=0.81, respectively;
p<0.01) and non-significant negative correlation with Mg>*
(r=-0.67) and non-significant positive correlation with
Ca’* (r=0.47) (Table 2).

These parameters can also play crucial role indirectly
through their influences on each other. For instance, the high
concentrations of Na* and K* in the studied biochars are the
main reasons behind high pH (with a significantly positive
correlation of r=0.85 and r=0.82; respectively; p <0.01).
Various studies (Chen et al. 2014; Jin et al. 2016; Wang et al.
2015a) explained the reasons for pH increases with pyrolysis
temperature. The first study attributed the increase of pH as
pyrolysis temperature increase to the release of alkali salts
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from pyrolytic structure whereas the latter studies indicated
the cause to be the ash contents.

The high pH of biochar prompts the CEC and in turn
increase electrostatic interaction which reduce bioavail-
ability of metals (Forjan et al. 2018; Tomczyk et al. 2019).
Each biochar also reduced the available Cu”" to below detec-
tion level and greatly for Zn>*. This in agreement with that
have been demonstrated by other studies (Forjan et al. 2018;
Karami et al. 2011).

Regarding the biochars produced from two different bio-
masses at the same temperature and condition, the param-
eters were significantly different from each other except for
EC extractable Zn>* (Table 3). The role of biomass in sorp-
tion capacity of the biochars is discussed in the following
section by comparing the two biochars pyrolyzed at the same
temperature.

Sorption isotherms

The accuracy of sorption processes is determined by suc-
cessful modeling and interpretation of sorption isotherms.
There are numerous sorption isotherm models and they
function based on various assumptions. The selection and
configuration of models are determined by estimation
of model parameters. The accuracy of a given model is
determined by statistical error measures. The coefficient
of determinations (R?) is one of common error measures
(Ayawei et al., 2017; Bharat, 2017). Both Langmuir and
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Table 2 Pearson correlation
N % C% C/IN pH ECmS/cm Ca K Mg Na Temp Zn2 CEC Cul
N %
C% -0.20
C/N —0.96™ 043
pH -0.72" 075" 0.84"
ECmS/cm -0.38  0.92° 051 0.87"
Ca 0.50 -0.85" -067" -087" -083"
K —0.90"  0.30 0.89™  0.82™  0.50 -0.55
Mg 0.63 -0.74"  —075" -090" -0.74" 097"  -0.68"
Na -0.89" 037 091™  0.85™ 0.8 -0.58 099  —0.69"
Zn2 -059  0.85" 074" 0957 087" —0.87"  0.66 -0.88" 070" 0.93™
CEC -0.89" 0.27 0.88  0.81™  0.50 -0.54  1.00" —-067 0997 047  0.65
Cul -025 0917 048 0.82"  0.90™ —0.88™  0.44 —0.80" 049 093" 0867 043
Zn 1 -0.77" 047 0.82"  0.79" 0.60 -0.82" 071"  —085" 071" 061 065 070" 0.6

**Correlation is significant at the 0.01 level (2-tailed)

*Correlation is significant at the 0.05 level (2-tailed)

Table 3 Physicochemical characterization of biochars based on feed-
stock biomass

Parameters Biochar P
MB500 QB500
pH 10.26+0.04a 8.84+0.02b ok
EC mS/cm 2.23+0.23a 2.11+0.23a n.s
C % 64.55+0.37b 70.99+£0.23a  kE*
N 0.34+0.04b 0.65+0.04a ok
C/N 193.81+£25.20a 108.90+6.17b **
Pseudo total
Cu?* (mgkg™) 10.44+039b  18.72+047a %
Pb?* ul ul
Zn>* 131.10+27.48a 66.53+11.68b *
Extractable
Cu?* (mgkg™) u.l ul
Pb>* ul ul
Zn** 1.28+0.17a 0.24+0.11a ok
CEC (cmol (,, kg™ 50.54+4.73a 24.57+327b  **
Ca’* 0.17+0.02b 10.99+1.58a  ***
K* 49.50+4.65a 5.13+0.53b ok
Mgt 0.29+0.02b 8.14+1.14a oAk
Na* 0.58+0.05a 0.31+0.04b *ok

For each row, different letters in different samples mean significant
differences (n=3, p<0.05, p<0.01, p<0.001 for *, **, *** respec-
tively), n.s. nonsignificant, u.l. undetectable level

Freundlich models are popularly used models in batch
sorption experiments (Forjan et al. 2016; Rodriguez-Vila
etal. 2018).

The goodness of fit (R?) values were used to select most
suitable model for isotherm parameters. The corresponding

values are presented below both for Langmuir and Freun-
dlich models in Table 4. However, not all isotherms fitted
the Langmuir or Freundlich model. As shown in Table 4,
the sorption isotherms of Cu?* fitted the Langmuir model,
except for MB500. Regarding Freundlich model, the sorp-
tion isotherms of Cu?" fitted only for QB500 and MB350.

The sorption isotherm of Pb" fitted the Langmuir model
except for MB650. The sorption isotherm of Pb>* did not fit
the Freundlich model except for QB500. The sorption iso-
therms of Zn>" fitted the Langmuir model for all biochars.
The sorption isotherms for Zn>* did not fit the Freundlich
model, except for QB500. Since the isotherms did not fit
neither the Langmuir model nor the Freundlich for some bio-
chars, it is impossible to use the models’ outputs to compare
sorption capacity of biochars. Therefore, sorption distribu-
tion coefficients (K,) were calculated to estimate the sorption
capacity of studied biochars. The K} is also an important
parameter in describing the mobility of metals in the soil
(Park et al. 2016; Yaacob et al. 2008).

Estimation of the sorption capacity using
the distribution coefficient K, and %MR

The sorption curves were irregular except for QB500. This
is because metals such as Cu®*, Pb**, and Zn>* are known to
usually coexist (Chen et al. 2011; Uchimiya et al. 2010) and
they compete for sorption sites leading to irregular sorption
isotherms (Cerqueira et al. 2011; Park et al. 2016; Vega et al.
2006). The sorption coefficient of distribution (K;) and of
percentage of metal removal (%MR) given in Table 5 show
the sorption capacities of biochars used in this study.
Metals sorption can be distributed among different mech-
anisms such as metal exchange with cations, complexation

(]
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Table 4 Langmuir and

Rt Langmuir Freundlich
Freundlich isotherms
parameters Metal Biochar R? A Ky R? n Kz (Lg™h
(umolg™") (x10° Lumol™")
Cu*t QB500 0.89 69.44 250.43 0.90 1.428 12.703
MB350 0.98 29.851 14.00 0.40 1.904 2.072
MB500 0.03 149.25 2.24 0.31 1.677 2.010
MB650 0.72 69.44 5.11 0.76 2.653 2.288
Pb** QB500 0.99 42.372 11,800 0.81 3.11 33.23
MB350 0.99 22.67 64.06 0.33 6.09 14.79
MB500 0.82 10.62 —421.21 0.09 —-6.41 35.60
MB650 0.18 29.58 41.49 0.57 3.94 3.84
Zn*t QB500 0.99 41.15 55.75 0.83 2.34 3.62
MB350 0.94 1.22 —-6.33 0.35 5.78 4.66
MB500 0.97 16.66 —16.52 0.56 3.85 4.04
MB650 0.95 10.22 —13.23 0.06 —11.66 5.14
Table 5 Kd values and metal removal percentage were dominantly removed by chemical precipitation as their
Metal Biochar MR K, (Lke™) solubility decre?ses (Malamis et al. 201 1).2
Rodriguez-Vila et al. (2018) reported Cu®** and Zn** sorp-
Cu* QB500 99.82 13,961.10a  tion exponentially increased as C/N ratio decreased. How-
MB350 81.37 343.54b ever, our result is contrary to their findings. This is prob-
MB3500 91.88 982.30b ably due to difference in feedstock biomass used to produce
MB650 90.58 624.41b biochar. The sorption distribution coefficients of studied
Pb>* QB500 99.96 93491.19a  biochars corresponded with C/N ratio except for Zn>* as
MB350 83.11 1019.93b shown in Tables 1 and 5. The correlation coefficients of C/N
MB500 95.54 3606.09b and K, which were 0.97, 0.98, and 0.90 for Cu**, Pb**, and
MB650 96.72 3247.64b Zn**, respectively, further demonstrated this correspond-
Zn*t QB500 94.71 3679.35a ence. However, the C/N ratio did not have any statistically
MB350 51.85 200.71c significant impact (p < 0.05), as the order of sorption capac-
MB500 73.40 563.19b ity was the contrary to the suggestion above. The other phe-
MB650 70.35 619.49b nomena we observed was the influence of the concentrations

Different letters indicate significant differences within the same col-
umn corresponding to metals at p value <0.05

with functional groups and surface precipitation (Zhou et al.
2019). In-depth analysis of sorption mechanisms is beyond
the scope of this study. However, literature shows how these
mechanisms differ depending on the metals and types of bio-
char (Li et al. 2017; Lu et al. 2012). According to Lu et al.
(2012), cation exchange with Ca** and Mg?* accounted for
40-52% of whereas K™ and Na™ contributed for 4.8-8.5% for
Pb** sorption by biochar produced from sludge. The same
study reported 38—42% of lead was removed by complexa-
tion with carboxyl and hydroxyl groups. Ding et al. (2014)
also attributed 62% of Pb>* sorption by bagasse biochar to
cations exchange. Li et al. (2017) explained the role of these
cations, i.e., Ca>* Mg?" Na* and K* and other minerals such
as phosphorous as they can either exchange or precipitate to
reduce the metal availability. At pH>7 Cu®*, Pb*" and Zn>*

]
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of added metals. The competitions for sorption sites were
more pronounced between Cu?* and Zn>*. However, it is
interesting to note their competition was significantly small
at the lower concentration compared to swift competition at
higher concentrations (> 1 mM, Fig. 1). This is most prob-
ably because at lower concentration they were sorbed onto
different abundantly available sites (Chen et al. 2011; Wang
et al. 2015b). Song et al. (2019) demonstrated the influence
of ionic strength on metal sorption by biochar where the
influence on copper was greater than influence on chromium.
The variations among the biochars used in this study are
explained below.

Metal removal capacities of maize biochars in each con-
centration for each metal were also evaluated. At lower
concentrations (0.1-1 mM), Pb?* and Cu** were sorbed
the most by MB350 followed by MB650. However, at the
two higher concentrations (2 and 3 mM) the trend switched
to MB500 > MB650 > MB350 (Fig. 1). Statistically, Cu**
removal by MB350 at 1 mM was significantly different for
all concentrations whereas the two lower concentrations
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(0.1 and 0.5 mM) did not have significant difference at
p <0.05. Similarly, the two higher concentrations were not
significantly different from each other but different from
the rest at p < 0.05. The same trends were observed for
Pb%* except 0.5 mM which was not statistically different
from any concentration at p <0.05. The studied biochars
wise, Pb>* and Cu* removals by MB350 was different
from MB500 and MB650 except at 1 mM for both and
0.5 mM for MB650 at p <0.05. The other two maize bio-
chars (MB500 and MB650) were not significantly different
from each other except for Cu®* at 3 mM at p <0.05. The
individual %MR for each concentration shows the differ-
ence in sorption behavior at the lower and higher con-
centrations (Fig. 1). This is important to select the ideal
biochar metal sorption. In this study, MB650 had higher
%MR at lower concentrations, but MB500 was more effec-
tive in terms of overall sorption capacity and had higher
%MR at higher concentrations (Fig. 1).

The removal of Zn* followed MB650>MB500> MB350
sequence order at lower concentrations except the sequence
at 0.5 mM was MB350 >MB650 > MB500. They were

not significantly different from each other except 0.5 mM
for MB500 at p <0.05. At the two higher concentrations
(2 and 3 mM), MB500 removed more Zn>* than the other
two maize cob biochars. Statistically, MB350 was signifi-
cantly different from both except from MB650 at 0.5 mM,
whereas MB500 and MB650 were significantly different
only at 2 mM at p <0.05. The MB350 was not only the
least, but %MR dropped from 97.43% at 0.1 mM to 2.23%
at 3 mM for Zn** (Fig. 1). Similarly, %MR by MB350 at two
higher concentrations decreased from 98.95% to 50.3% and
96.28% to 52.4% for Pb** and Cu®* at 0.1 mM and 3 mM,
respectively. Zn>" removal also decreased significantly in the
MB650 and MB500 at the higher concentrations compared
to the other two metals. Generally, competitions for sorption
sites were stronger in maize cob biochars than in Quercus
ilex L. biochar. The competition was more intense at higher
concentrations for Zn>* and MB350 for all the three metals
Fig. 1. However, there were certain cases where less met-
als were removed at lower concentrations in MB500 and
MB650. These are due to the same reason explained above
for isotherm curves irregularity.

Despite being most effective sorbent as shown by K; and
%MR in Table 5, the QB500 biochar did not have the highest
value for each parameter shown in Table 3. This indicates
the role of feedstock biomass in sorption capacity of biochar
when pyrolyzed at the same temperature.

Biomass with a high C/N ratio often suggests the pres-
ence of high amount of lignin and cellulose. This affects
sorption capacity negatively when combined with low level
of nitrogen (Rodriguez-Vila et al. 2018). These author’s gen-
eral suggestion is that Cu>* and Zn>* sorptions are enhanced
as C/N decreases. Although MB350 comparatively had the
lowest C/N ratio, it was the least favorable biochar for sorp-
tion of all studied metals. This could be due to different bio-
mass they used and the lowest pyrolysis temperature which
plays critical role which was far below the suggested optimal
pyrolysis temperature for cob biochar is 588.42 °C (Intani
et al. 2018). Regarding the role of feedstock material QB500
had the least C/N among four types of biochar, yet it had
highest %MR and K.

The other important factor that favors sorption of Cu** over
Zn?* is the higher electronegativity of Cu?* and its greater
charge to radius ratio (McBride, 1994) and this results in a
greater bond of Cu?* with functional groups of the biochar
(Rodriguez-Vila et al. 2018). Our results agree with this expla-
nation based on the overall sequence of studied metals sorp-
tion which correspond to their degree of electronegativity.

Chen et al. (2011) explained the effect of pyrolysis tem-
perature to be greater than the biomass feedstock on sorption
curves and structural characteristics. On the other hand, Sun
et al. (2014) highlighted the difference in sorption capacity
of biochars pyrolyzed under the same condition but different
biomass. In our study, two biochars pyrolyzed at the same
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temperature (500 °C) which were sourced from Quercus ilex
L. and Zea mays L. cob exhibited clearly different character-
istics (Table 3). For biochars pyrolyzed under the same con-
dition, the biochar original raw material composition played
a major role in determining the biochars sorption capacities.
Consequently, QB500 had a higher %MR and K; compared to
MB500 pyrolyzed under the same condition and temperature.
Therefore, we attribute their difference to biomass feedstock.
It is also important to take into consideration the optimal
pyrolysis temperature for a given biomass feedstock. When
a given biomass is pyrolyzed at the right temperature, it will
result in biochar with a higher sorption capacity. This was
confirmed based on the sorption capacities of MB500 and
MB650.

Selective sequences of studied metals

The overall selective sequences of each metal for every bio-
char in this study are established using sorption distribution
coefficient (K,). The sequences follow Pb** >Cu?* >Zn** in
all biochars. Consequently, Pb** was more favorably sorbed
than the other two metals by all biochars (p <0.05). It is inter-
esting to note Pb*" is the most competitive among the three
metals (Table 5). This has been the case even when different
amendments were used (Covelo et al. 2007; Forjan et al. 2016;
Maradona et al. 2020). These studies attributed the phenom-
ena to the high organic matter content as a reason of why Pb**
was the most competitive.

Our results indicate the competition for sorption sites
affected the sorption of Zn** more than Pb?* and Cu?*. This
shows Zn** can be easily exchanged and replaced by either of
the two metals. Park et al. (2016) reported the same regard-
ing the selective sequence of Pb>* and Cu** against Cd** and
Zn**. Furthermore, Zn>* had little effect on sorption of Cu?*
even at a higher concentration (Chen et al. 2011). The lower
K, values of Zn”* indicate that it was easily exchanged with
and replaced by Pb*" and Cu®* This result agrees with the
findings by Covelo et al. (2007), Deng et al. (2017) and Park
et al. (2016).

Conclusion

The results of this study indicate the sorption behavior of met-
als varies based on feedstock biomass, pyrolysis temperatures
and the corresponding concentration of sorption solutions.
These underlying mechanisms are important serving as a
guideline starting from biochar production under desirable
conditions to their application for removal of targeted metals.

Accordingly, the K, values of QB500 are 13,961.1,
93,491.19, and 3679.35 Lkg_l compared to 982.3,
3606.09, 563.19 Lkg™! of MB500 for Cu**, Pb** and Zn*",

* @ Springer

respectively. This indicates the role of biomass for biochars
pyrolyzed under the same conditions. The impact of pyrolysis
temperature on biochar characteristics and sorption capacity
is conspicuous. However, it is important to pyrolysis them at
the optimum temperature to obtain desirable quality. Among
maize cobs biochars, biochar pyrolyzed at MB500 was more
effective than MB350 and MB650 having higher K, values
except for MB650 for Zn>* which is 619.49 Lkg~! compared
to 563.19 Lkg™' for MB500. This indicates the importance
of biomass pyrolysis at the right temperature, which is below
600 °C to produce ideal maize cob biochar.

Finally, it is important to consider the metal removal per-
centage differences in combination of pyrolysis temperature
and metal concentrations. The metal removal percentage dif-
ferences among biochars at lower concentrations of added
metal solutions were very low compared to higher concentra-
tions where competitions for sorption sites are greater.
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