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Abstract

In this study, the thermal stability of a wood shaving biochar (WS, 650 °C), a
chicken litter biochar (CL, 550 °C) and an activated carbon (AC, 1100 °C) were
evaluated by combustion at 375 °C for 24 h to remove the labile non-carbonized
organic matter. Results showed that WS and CL biochars were not thermally stable
and can lose most of the organic C during combustion. The combusted WS and CL
biochars retained considerable amounts of negative charge and displayed higher
sorption for Cd (from 5.46 to 68.9 mg/g for WS and from 48.5 to 60.9 mg/g for CL).
The AC retained 76.5% of its original C and became more negatively chargely after
combustion, but its sorption for Cd slightly decreased (from 18.5 to 14.9 mg/g). This
study indicated that after potential burning in wildfires (200 - 500 °C), biochars could

have higher sorption capacity for metals by remaining minerals.
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1. Introduction

Engineered pyrogenic carbon, biochars, are carbon-rich products produced
through thermochemical processing of biomass under an oxygen-deficit environment
(Venegas et al., 2015, Lehmann and Joseph, 2015). In the attempt to identify solutions
to global environmental contamination issues, biochars from various sources have
been widely reported to effectively sorb heavy metals in waste water and
contaminated soils (Ahmad et al., 2014b, Qi et al., 2017b). For example, oak wood
biochar was found to reduce the bioavailability of Pb in.arms range soil (Ahmad et al.,
2014a) and broiler litter biochar showed effectiveness in Cd, Cu, Ni, and Pb
immobilization in water and soil (Uchimiya et al., 2010). Efficiency of metal removal
from solution from different sources. of biochars has also been demonstrated like
dairy-manure biochar for Pb, Cd, Cu and Zn (Xu et al., 2013, Cao and Harris, 2010),
municipal sludge biochar for Cd (Chen et al., 2014) and British broadleaf hardwood
biochar for Pb, Ni, Cuand Zn (Shen et al., 2015).

Sorption- properties of biochars for metals are dependent on their properties
including composition and stability. All biochars contain organic carbonaceous phases
(H, C, N, O, S) that are generally rich in surface functional groups and contribute
largely to the high pH, negative charge, the cation exchange and surface complexation
potential for metals (Mukherjee et al., 2011, Yuan et al., 2011). In addition to organic
components, biochars also contain mineral components such as quartz, calcite, sylvite,
periclase and whitlockite (Tsai et al.,, 2012, Cao and Harris, 2010). The mineral
components of biochars can work as additional sorption sites for metals through
electrostatic reaction and ion exchange (Xu and Chen, 2015, Zhao et al., 2015, Li et

al., 2017), surface complexation (Qian and Chen, 2013, Zhang et al., 2013) and



formation of metal precipitates by releasing soluble ions like PO,*, COs* and SO,*
(Inyang et al., 2012, Wang et al., 2015, Li et al., 2017).

When biomass is pyrolyzed in the aim of producing biochars, slow pyrolysis
with moderate temperature (350-800 °C) is normally adopted (Qi et al., 2017b).
Within this temperature range, most biochars are partially carbonized from biomass
feedstocks. Therefore, the organic phase of biochars normally consists of carbonized
organic matter that is more aromatic and more stable and non-carbonized organic
matter that is relatively more aliphatic and less stable (Joseph et al., 2010, Chen et al.,
2008). Biochar labile organic carbon phase can be easily oxidized during the biotic
and abiotic ageing processes while the oxidation of more aromatic phase takes place
more slowly (Mukome et al., 2014). Hence, the stability of biochars can influence
their compoistion and thereby the sorption capacity.

Combustion activities can occur in the environment during wildfires
(vegetation buring) and prescribed burnings (for agriculture and forest management),
introducing charcoal (a type of natural biochar) into soils (Qi et al., 2017b). Given the
widespread-occurrences of the natural combustion processes (Qi et al., 2017b), both
naturally produced and purposely amended biochars may be subjected to secondary
combustion in the field. During this combustion process, the thermal stability of
biochars can determine the compositional transformation and thereby the change of
soprtion behaviours for contaminants.

In this study, a thermal oxidation method involving combusting biochars at
375 °C for 24 h was adopted to simulate the natural combustion (wildfires) processes
(200 - 500 °C) (Raison, 1979). This method has been used to get rid of the non-

pyrogenic organic matter of soils in order to measure soil pyrogenic carbon (stable



aromatic organic carbon) (Agarwal and Bucheli, 2011, Qi et al., 2017c). In this way,
the proportion of the non-carbonized organic matter fraction and, therefore, the
(thermal) stability of biochar organic phase can be evaulated. The subsequent changes
of elemental composition, surface charge and sorption behaviours of biochars before
and after thermal treatment were investigated. Cadmium (Cd) was selected as the
model heavy metal due to its wide presence in agricultural soils caused by phosphate

fertilizer application (Qi et al., 2017a).

2. Materials and Methods

2.1 Biochar treatment

In this study, a wood shaving (WS, 650 °C) biochar, a chicken litter (CL,
550 °C) biochar and one activated carbon were obtained commercially. The biochars
were made by 16-minute slow pyrolysis (8 minutes in the drier, 8 minutes in the
pyrolysis chamber) in a continuous flow pyrolyzer. Biochar products were water mist
quenched immediately after pyrolysis, then additional water was hosed onto the bulk
product. After purchase, biochars were ground to pass through a 2-mm sieve and dried
before use. The activated carbon (AC, made from coal, steam activated 1100 °C) was
a fine powder and subjected to no further grinding. The biochars and AC were then
combusted in a porcelain plate at 375 °C for 24 h in a muffle furnace with air. Finally
the original chars (WS, CL and AC) and combusted residues (denoted CLC, WSC and

ACC, respectively) were ground and sieved to <150 um prior to further study.
2.2 Characterization of biochars and AC

2.2.1 Chemical analysis
The pH and electrical conductivity (EC) of the 6 (original and treated) biochars

and AC samples were determined using 1 : 20 solid to water ratio after shaking for



24h. The acid neutralization capacity (ANC) of biochar and AC samples was defined
as the quantity of acid or base (cmol kg™) required to shift the initial pH of the
material to a pH of 4 (Venegas et al., 2015) in a 1 : 300 solid : water ratio. Extractable
cations and anions of the 6 samples were extracted by shaking 0.1 g of samples in 20
mL Milli-Q H,O for 24 h before metal and anion analysis using inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 7900, USA) and ion chromatography
(Metrohm 790 Personal IC, Switzerland), respectively. The contents (wt%) of carbon
(C), hydrogen (H), nitrogen (N), sulphur (S) of biochars and AC were measured by a
CHNS analyzer (Vario Micro cube, Elementar, Germany). Ash content (%) was
measured by heating samples under 800 °C for 4 hin a muffle furnace. The weight

percent (wt%) of oxygen (O) was determined by mass difference (Chen et al., 2008).

2.2.2 Surface charge properties
Zeta (electrokinetic) potential represents the net charge between the surface
plane and slip plane of a colloidal particle (Zhao et al., 2015). The magnitude of its
electro-negativity reflects the value of surface negative charges (Zhao et al., 2015). In
this study, the surface charge characteristics of biochars and AC before and after
combustion (< 150 um) were estimated from their zeta potential values in aqueous
suspension (0.02%, w/v) at pH values ranging from 3 to 10. Zeta potential was
measured on Zetasizer Nano-ZS (Malvern ZEN3600, United Kingdom).
2.3 Batch sorption experiment for cadmium
2.3.1 Sorption methods
Cadmium (Cd) sorption was studied using a batch-type sorption experiments
by agitating 0.2 g of sample in 40 ml of 0.01 M NaNOj solution containing 0, 0.5, 1, 2,

3, 5 mM Cd(NO3), on a reciprocating shaker at 200 rpm for 24 h (25 °C). After



sorption, the suspensions were centrifuged at 3500 rpm for 30 minutes and filtered
through 0.22 um syringe filter after pH measurement. The filtrates were separated into
a few portions for different measurement. One portion was diluted and acidified
immediately with 1 M HNO; prior to determination of Cd, Na, K, Ca, Mg, Fe, Al and
Mn concentrations by ICP-MS (Agilent 7900, USA). Another portion was measured
for major anions (PO4>~ CI”, NOs~, SO,>) by ion chromatography (Metrohm 790
Personal IC, Switzerland). From another portion, the total dissolved organic carbon
(DOC) was analyzed by a total organic carbon analyzer (Multi N/C 3100, Analytik
Jena, Germany). The amount of Cd sorbed was calculated from the difference between
initial and final solution concentration. The analytical data, pH, DOC, anions, and
cations at the initial Cd concentration of 2 mM were used to simulate Cd species by
Visual MINTEQ 3.0. The effect of Cd on surface charge characteristics of biochar and
AC samples was also investigated by comparing zeta potential of suspensions with 0
mM and 2 mM Cd(NOg3),. The biochar and AC residues after sorption under 0 mM
and 4 mM Cd(NQg), were collected, washed with Milli-Q water and vacuum dried for
post-sorption characterization. Fourier Transformed Infrared Spectroscopy (FTIR,
Nicolet 1S10, Thermo Fisher, Waltham, MA, USA) spectra were collected to get
information on surface functional groups of biochar and AC samples. This was done
by applying the dehydrated KBr disc technique, where biochar and AC samples (<150
pm) were mixed with spectroscopic grade KBr at a ratio of 1:50 before scanning to
produce sufficient absorbance. Spectra over the 4000-400 cm™ range were obtained by
inclusion of 64 scans with a resolution of 4 cm™ and a mirror velocity of 0.6329 cm/s.
The X-ray diffraction (XRD) patterns of biochar and AC samples were derived using

a Philips X'Pert MRD X-ray diffractometer with 45 position sample changer/spinner,



Cu anode tube and Pixcel 1d detector (The Netherlands) at the EMXRAY unit at the
University of Newcastle. The mineral phases were identified by the X'Pert HighScore
Plus software using the International Centre for Diffraction Data (ICDD) database.
Sorption kinetics was studied by shaking 2mM Cd(NO3), with biochar and AC
samples for 10, 30, 60, 120, 240, 420, 630 and 1380 min on a reciprocating shaker at
200 rpm for 24 h at 25 °C. At the end of each equilibrium time, the mixtures were
centrifuged and filtered through 0.22 pm syringe filters followed by dilution,
acidification and detection of Cd by ICP-MS (Agilent 7900, USA). All sorption was
conducted in duplicate with background solutions without sorbents used as controls.

All results were expressed as an average of two replicates.

2.3.2 Sorption models
To evaluate and compare the sorption capacities and sorption features of Cd by
different biochars, a few well-studied isotherm and kinetic models were employed to

fit the sorption data.
Langmuir and Freundlich models were employed to describe the sorption
isotherms. The linear forms of the two models are shown in Eg. (1) and (2) (Yan et al.,

2015, Foo and Hameed, 2010):

Ce 1

. C
Langmuir model: =% = (1)
de Amax bamax

Freundlich model: log g, = log Kz +~-log C, )
where Ce (mg/L) and ge (mg/g) are the equilibrium concentrations of Cd in
solution and on sorbent samples, respectively. Langmuir constants gmax (Mg/g) and
b (L/g) represent maximum sorption capacity and sorption strength, respectively. The
parameters Kgand n are Freundlich parameters related to the sorption capacity and

sorption intensity, respectively.



To further understand the sorption types and mechanisms, Dubinin-
Radushkevich (D-R) isotherm model (Eqg. (3)-(5)) was applied to fit the sorption data

(Yanetal., 2015, Foo and Hameed, 2010).

Ing, = Ingq,, — Be* 3)
£=RTIn(1+-) (4)
E=—— (5)

where ge (mol/g) and C. (mol/L) are the equilibrium"Cd concentrations on
sorbents and in solution, respectively, gn (mg/g) is the theoretical saturation sorption
capacity, £ (mol/J?) is a constant correlated with the mean free energy of adsorption,
g is the Polanyi potential, R (8.3145 J/mol/K) is the universal gas constant, T (K) is the
absolute temperature in Kelvin, and E (J/mol) is the mean free energy of sorbing per
molecule of sorbate from infinity in the solution to the surface of the solid.

The sorption kinetic data were fitted with the pseudo-first order (Eq. (6)) and

pseudo-second order (Eq. (7)) kinetic models (Ho and McKay, 1999):
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in which ge (mg/g) and g: (mg/g) are the amount of Cd sorbed at equilibrium
and time t (min), k; (min™*) and k, (g/mg/min) are the rate coefficient for pesudo-first

order and pseudo-second order equation, respectively.

3. Results and Discussion

3.1 Stability and compositions of biochar and AC samples
Table 1 lists the properties of original and combusted biochar and AC samples.
Combsution treatment resulted in a considerable decrease in total carbon (C) content

of all original chars. The C content of the original CL biochar (33.7%) dropped to 0.68%



while that of WS biochar (75.6%) dropped to 33.8%. Since the inorganic carbon (ash)
fractions of the two biochars were significantly increased, the reduced C content
should be mainly from removal of the organic C phase. Hence, considering the
biochar organic fraction consists of carbonized organic matter and non-carbonized
organic matter, we defined carbonized organic matter as organic matter resisting
combustion at 375 °C resembling non-pyrogenic organic matter of soils (Agarwal and
Bucheli, 2011). The result from this study suggested the organic matter in our studied
biochars was of low stability and mostly belonged to the labile non-carbonized
organic matter fraction. This was implied by previous studies that char materials can
be completely oxidized by the CTO-375 method (Brandli et al., 2009, Qi et al., 2017a)
with no carbonized organic matter fraction observed. In contrast to biochars, AC, with
a C content of 67.5% after combustion, could endure thermal treatment much better
than biochars.

The ash content of WS, CL biochar and AC was 1.66%, 46.2% and 12.4%,
respectively (Table 1). Following combustion, the corresponding ash content
increased to 30.7%, 93.1% and 13.3% for WS, CL biochar and AC, respectively
(Table 1). The supporting information contains the major water extractable mineral
element levels of the 6 biochar and AC samples. The wood based WS biochar was
found to be rich in Mg, Al, Ca, Fe, the manure based CL biochar was rich in Mg, K,
Ca, P, while AC rich in Mg, Al, Ca, S. After thermal treatment, concentrations of
biochar mineral elements largely increased due to the mineral phase enrichment.
However, some elements like Ca and Mg in CL biochar and Al in AC declined after
combustion. This was likely due to formation of new insoluble phases during

combustion.
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The studied original CL biochar (7.69) and AC (8.65) were of alkaline nature
while WS biochar (4.20) was strongly acidic (Table 1). The CL biochar had a
significantly higher acid neutralization capacity (ANC 222 cmol H*/kg) compared to
WS biochar (2.00 cmol H*/kg) and AC (34 cmol H*/kg). After combustion, both pH
and ANC increased considerably for WS and CL biochars while that of AC dropped
(Table 1). This increase in pH and ANC for WS and CL biochars were attributed to
elevated levels of alkaline and alkaline earth elements (K, Ca, Na, Mg) (Mukome et

al., 2013, Yuan et al., 2011, Xu and Chen, 2014).

3.2 Electrokinetic charge

Figure 1 shows the measured zeta potential ({) values for biochar and AC
samples as a function of solution pH. The zeta potential of all samples decreased
consistently with increasing pH suggesting more net negative surface charge at higher
pH. Zeta potential of the two original biochar samples was negative within the entire
pH range investigated (3-10). This was reflected in findings by Yuan and Xu (2011)
who reported negative zeta potentials of all nine crop residue biochars within the pH
range of pH 3-7 and in that by Xu and Chen (2014) who noted that zeta potentials for
a series of rice bran biochars made at 300 or 700 °C were all negative within pH 3-10.
After combustion at 375 °C, both WS and CL biochars became less negatively
charged while AC became more negatively charged. Combusted CL biochar (CLC)
was still negatively charged within the pH range of 3-10. Combusted WS biochar
(WSC) became positively charged when the pH was below 5.5. These results suggest
that the mineral fractions of biochars contribute considerably to the negative charge,
which echoed the finding of Zhao et al., (2013, 2015) that mineral components in

biochars can contribute to the cation exchange capacity (negative charge). Meanwhile,
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the reduction of zeta potential after non-pyrogenic organic matter removal of both
biochars confirmed the contribution of the biochar organic phase to the negative
charge. Hence, our findings are consistent with previous studies in that biochar surface
charge was determined by both the organic components and the mineral fractions (e.g.,
calcite, albite and silicate) (Qian and Chen, 2014, Zhao et al., 2015, Xu and Chen,

2014).

3.3 Sorption properties
3.3.1 Sorption isotherms
Soluble heavy metal(loid)s of biochars and AC in water extract were
negligible (supporting information). Cadmium sorption isotherms by each of the
biochars and AC samples are shown in Fig. 2. According to the isotherm classification
by Limousin et al. (2007), CL biochars showed L type sorption where biochar
surfaces progressively became saturated by Cd and the ratio of solution phase Cd to
solid phase Cd decreased with increasing Cd loading. Combusted biochars WSC and
CLC showed an H-type sorption, which is a particular form of L-type sorption with a
high initial sorption affinity that the initial slope of the sorption isotherm approaches
infinity. Samples WS, AC and ACC had linear C type sorption isotherms, which
indicated the ratio of Cd concentration in solutions and on solid phases did not change
with initial Cd concentration.
The Cd sorption isotherms of char samples matched Freundlich (R*> = 0.86-
0.98) and Langmuir model well (R? = 0.81-0.99), except the WS biochar (R? = 0.06)
did not follow the Langmuir model (Langmuir qmax 0f WS biochar was still used for

comparison). Calculated parameters from the two isotherm models are listed in Table
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2. The Langmuir parameter gmax iS the monolayer adsorption capacity. Sorption
capacities (Qmax) of WSC (68.9 mg/g), CL (48.5 mg/g) and CLC (60.9 mg/g) were
much higher than that of AC (18.5 mg/g), ACC (14.9 mg/g) and WS (5.46 mg/g)-
Sorption capacity indicated by Freundlich constant K¢ led to the same conclusion as
that by qmax. After combustion, sorption capacity (Qmax) of WS increased by 12.6 fold,
that of CL increased by 1.26 fold while that of AC slightly decreased. The very low
sorption of the original WS samples compared to WSC may be due to the strong
acidity of WS biochar. The high sorption capacity of WSC suggested significant a
sorptive role of mineral fractions of WS biochar which should have been facilitated by
its alkaline nature. For CL biochar, removal of the organic fraction led to an increased
sorption capacity, suggesting a more important role of the ash/mineral fraction of CL
biochar on Cd sorption than the organic fraction. As for AC, the slight reduction in
sorption capacity may be caused by decreased pH (from 8.65 to 4.76) and decreased
organic C phase (Table 1).

Sorption strength b from the Langmuir model and n from Freundlich sorption
model are parameters that indicate whether sorption is favourable or not (Yan et al.,
2015). The value of 1/n were between 0-1 for all char samples except WS biochar (>1)
(Table 2), suggesting favourable sorption for Cd by all chars except WS biochar (Yan
et al., 2015). Values of b and n suggested increased sorption affinity for WS and CL
biochar and decreased sorption affinity of AC upon combustion.

3.3.2 Sorption Kinetics

The sorption Kinetics of char samples are shown in Fig. 3. The results showed

the sorption of Cd by WS was rapid and reached equilibrium within 10 min, and that

of WSC took 120 min. CL biochar needed 630 min to reach sorption steady state
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while its combusted counterpart CLC took only 240 min. Sorption of AC took 120
min to equilibrate while ACC was quicker and finished by 10 min. The limited
sorption capacity of WS and ACC (Xu et al., 2014) and acidic conditions may have
caused the rapid sorption process.

The results of model fitting showed that the sorption kinetics of the studied
biochar and AC samples fitted well with the pseudo-second order-model (R?*=0.99-
1.00) (Fig 3, Table 3). Kinetic data for WS, CL and AC can also be fitted to the
pseudo-first order equation (R?=0.43, 0.72 and 0.39, respectively), but the fits were
poor compared to the pseudo-second order model. According to Inyang et al. (2015),
the pseudo second-order model can describe most sorption processes of biochars for
metals within the whole equilibrating time range, while the pseudo first-order may
only apply for the initial 20-30 min. The review of previous sorption studies by Tan et
al. (2015) suggested that heavy metal removal processes by biochars followed pseudo-
second-order kinetics in most cases. Hence, our study was consistent with previous
findings. Complying with pseudo-second-order model suggested chemisorption was
the rate-limiting step of the sorption processes of our studied chars (Yan et al., 2015,
Inyang et al., 2015). This also implied that the fast sorption (10 min) of WS and ACC
char could be dominated by physisorption without the rate-limiting step.

3.3.3 Sorption mechanisms

The major physicochemical properties of biochars including BET specific
surface area (SAA), surface charge, elemental composition and surface functional
groups can influence the sorption process for metals. Heavy metals can be bound to
chars through (1) direct electrostatic interactions between cationic metal and

negatively charged carbon surfaces, (2) ionic exchange between metal ions and
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ionizable protons at the surface of acidic carbon, (3) specific binding of metals by
surface ligands (functional groups) abundant on biochar surfaces including proton
exchange with delocalized & electrons of basic aromatic carbon and coordination with
d-electrons, and (4) forming precipitants with soluble mineral ions or OH™ (Inyang et
al., 2015, Qi et al., 2017b).

In this study, the BET specific surface area of the studied biochars increased
after combustion (Table 1), which may have contributed to-the increased sorption
capacity of WS and CL biochar. Sorption capacity (gmax) Of the 6 studied samples for
Cd did not correlate with their specific surface area (data not shown), indicating
specific surface area was not the governing factor of Cd sorption in this study. This is
indicated by the fact that AC, which has smaller specific surface area than their
combusted counterpart (ACC), exhibited a higher sorption capacity.

The decrease of zeta potential after Cd loading (comparing 2 mM and 0 mM
Cd sorption systems) suggested the occurrence of electrostatic interaction between Cd
and negatively charged biochar and AC surfaces (Fig. 4) (Cui et al., 2016, Qian and
Chen, 2014, Qian et al., 2013). The degree of zeta potential drop (A zeta = zeta of 0
mM Cd — zeta of 2 mM Cd) should reflect the amount of Cd sorbed through
electrostatic interaction. The WS and CL biochar had higher A zeta values than WSC
and CLC, indicating more contribution of electrostatic reaction to Cd sorption of
biochars than their combusted counterparts. AC showed an opposite trend to WS and
CL biochar regarding this. Overall, the contribution of electrostatic reaction to total
Cd sorption (A zeta) was in proportion to total negative charge of each sorbent sample.
However, the sorption capacity (gmax) did not follow the same trend as the total

negative surface charge. Samples WS, CL and ACC had greater negative charge but
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displayed smaller sorption capacity. This indicated electrostatic reaction was not the
dominant process differentiating sorption capacity of the studied biochars and AC.

For active sorption sites occupied by alkaline and alkaline earth metal cations
(Na*, Mg?*, Ca**, K*), replacing these cations of biochar or AC samples is a common
mechanism for heavy metal immobilization (Uchimiya et al., 2010, Cui et al., 2016).
The cations release caused by Cd sorption (mmol/g, after subtracting the amount
released in the 0 mM suspensions from that released in 0.5, 1, 2, 3 and 5 mM sorption
system) were calculated (supporting information). The amount of Cd sorbed was
found to show a significant linear correlation with some of the cations, indicating
exchange of these exchangeable cations with Cd played a role in the sorption
processes (Cui et al., 2016). Among them, Na and Mg exchange contributed to
sorption of Cd by WS biochar (mainly organic phase), Ca and Mg for WSC (mineral
phase), Mg, Ca and K for CL (organic and mineral) and ACC (organic and mineral),
Ca, Mg, Na, K for CLC (mineral) and AC (organic and mineral). This finding
suggested both organic and mineral phases of biochars and AC can sorb Cd through
cation exchange.

Surface complexation by functional groups associated with biochar surfaces is
another key sorption mechanism for heavy metals (Sun et al., 2014, Cui et al., 2016).
We used FTIR (supporting information) to investigate the changes of functional
groups of biochar and AC samples after Cd sorption. Sample WS, WSC, CL, CLC had
a band at around 3450-3463 cm™ assigned as phenolic hydroxyl (-OH) groups (Tsai et
al., 2012), a band at 1590 - 1641 cm™ assigned to aromatic ring C=C functional
groups (Wang et al., 2011), a stretching at around 1436-1463 cm™ that was aromatic

carbonyl/carboxylic groups (-COO/C=0) (Guo and Chen, 2014, Yuan et al., 2011)
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and a peak at 1085-1110 cm™ which was attributed to aliphatic ether C-O stretching
(Tsai et al., 2012, Yang and Jiang, 2014). Similarly, AC and ACC had -OH, C=C and
C-O functional groups as evidenced by FTIR spectrums. After Cd loading, the peaks
either shifted to a new position or became stronger/weaker (except no change of C=C
in WSC) (supporting information), indicating surface complexation of Cd with these
functional groups. Since Cd** prefers to form soft-soft acid-base bonds, complexation
of Cd to carbonyl (C=0) (Harvey et al., 2011) and aromatic ring C=C (Uchimiya et al.,
2010, Xu et al., 2013) may have involved cation-n bonding with delocalized =
electrons of these surface functionalities (proton exchange). This confirmed both
organic and mineral phase of biochars can provide surface complexation sites for Cd.
The pH drop of the sorption systems with increased Cd loading (Fig. 5)
suggested proton release from proton exchange of Cd with dissociable proton sites
(Uchimiya et al., 2010) or forming Cd(OH), precipitates (Xu and Chen, 2014, Dong et
al., 2014, Inyang et al.; 2012) may have contributed to sorption of Cd in the studied
biochars and AC. Considering Cd(OH), precipitation can form when pH ranges from
810 9 (Zhao et al., 2016, Sun et al., 2014), formation of Cd(OH), may be a possible
sorption mechanism for WSC, CLC, AC given an initial solution pH of over 9.
However, the release of protons (calculated from the difference of protons in Cd
loaded and Cd-free systems, supporting information) was minimal, indicating a
minimal role of Cd(OH), precipitation or proton exchange in sorption of Cd. That may
be one of the reasons of undetectable Cd(OH), by XRD (data not shown) and Visual
MINTEQ modelling. Meanwhile, XRD analysis and Visual MINTEQ simulation (data

not shown) confirmed CdCO; precipitates in WSC, CLC and AC chars. Previous
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studies also detected formation of CdCO3 by XRD in biochar sorption systems (Cao et
al., 2009, Trakal et al., 2016).

The good fits of sorption data by the Dubinin-Radushkevich (D-R) model
(Table 2, R?=0.77-0.99) can aid in the further exploration of the sorption types and
sorption mechanisms of the studied biochar and AC samples. The sorption with E
(mean free energy of sorption) value < 8 kJ/mol indicates weaker physio-sorption
(Van der Walls interactions), sorption with E ranging within 8 - 16 kJ/mol is mainly
through ion exchange and sorption process with E > 16 kJ/mol is governed by stronger
chemisorption (Yan et al., 2015). However, there may be no absolute boundary of E
value between different types of sorption and transition zones may exist. Hence, our
results (Table 2) indicated Cd sorption by WS char (E=6.29 kJ/mol) was largely via
physio-sorption, char ACC sorption for Cd (E=8.13 kJ/mol) may cover both physio-
sorption and ion exchange but physio-sorption should be dominating. Sorption of CL
(E=15.9 kJ/mol) and AC (E=13.7 kJ/mol) for Cd may be governed by chemisorption
and ion exchange together, whereas chemisorption should have controlled the sorption
of WSC (E=17.6 kJ/mol) and CLC (E=19.8 kJ/mol). The sorption strength indicated
by the E value confirmed the increased sorption strength of WS and CL biochar and
slightly decreased sorption strength of AC after combustion, consistent with that
indicated by Langmuir and Freundlich models.

Regarding specific sorption mechanisms, electrostatic reaction should be the
main form of physisorption, cation exchange should be ion exchange and surface
complexation should be chemisorption. Hence, the dominant sorption mechanisms of
WS biochar and combusted AC is likely to be electrostatic reaction, and the mineral

and organic phase contaning CL biochar and AC were surface complexation and
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cation exchange (CdCOj; precipitation also existed for AC). The mineral dominated
WSC and CLC samples may have sorbed Cd mainly by surface complexation and
precipitation. This study indicates that the mineral phases of biochars can contribute to
the sorption of heavy metals such as Cd through direct electrostatic retention, ion
exchange, surface complexation as well as precipitation.
3.4 Environmental implications

This study simulated the changes of composition and sorption behaviours of
biochars in the field after being subjected to potential combustion by fires. Results
showed that after the combustion treatment (375 °C for 24 h), 2.29%, 50.0% and 74.3%
(w/w, noted as recovery rate R) of the original WS, CL biochars and AC were retained.
The Langmuir sorption capacity (gmax) (Table 2) of original and combusted biochar
and AC samples were noted as Qmaxo and Omax1, respectively. The contribution of
sorption capacity from combusted biochars and AC to their original counterparts (%)
was calculated from Qmax1 XR/0maxo*100. Results showed that after combustion, 28.9%,
62.9% and 60.2% of the sorption capacity was retained from the original WS, CL
biochar and AC, respectively. Hence, the absolute sorption capacity of WS and CL
biochars were reduced after removing the labile organic phase, but the sorption
affinity and sorption strength increased as indicated by Langmuir, Freundlich and
Dubinin-Radushkevich sorption models. This indicated that the sorption of combusted
biochars could be more stable and long-lasting. However, combustion was not
favourable for AC in terms of both sorption capacity and sorption strength.

The higher remaining sorption capacity (62.9%) of CL biochar was because of
the higher remaining mineral content (93.1%) while AC (60.2%) was due to more C

(76.6%) retained. Though sorption capacity was most notably increased for WS
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during combustion, the remaining WSC only contributed 28.9% of the original
sorption capacity of WS biochar due to a low recovery rate (2.29%). Hence, on one
hand, higher stability of biochars/AC does enhance its capacity to retain its original
sorption capacities for Cd after losing its labile organic phase by potential wildfire
burning in the natural environment. On the other hand, for biochars, it is.the mineral
fraction accumulated during combustion that contributed to the higher remaining
sorption capacity and sorption affinity for Cd. The importance of the mineral fraction
of biochars for metal sorption was also emphasized previously (Xu and Chen, 2014,
Zhao et al., 2015, Xu and Chen, 2015, Xu et al., 2014). Meanwhile, enhancing pH and
ANC of the sorption matrix is another important reason for mineral/ash fractions
contributing to sorption of Cd. This study implies that in some cases, organic fractions
of biochar (like WS and AC) may play a minor role in the sorption of metals,
especially at the acidic condition (WS biochar). Biochars rich in minerals (WSC, CL,
CLC) tend to be alkaline and can have a high and strong sorption for metals. Though
some biochars are easily burnt by fires in the natural environment, the remaining
mineral rich fractions can still hold a considerable proportion of surface negative
charges and dispalyed a higher and stronger sorption for Cd. However, since biochar
sorption capacity will be reduced after combustion in the field, the replenishment of
biochars may be needed based on the estimated reduction of sorption capacity. Overall,
manure-based biochars made from moderate temperates can be the priority option for
Cd retention in the natural environment, given the high sorption capacity both before

and after combustion as well as moderate cost to produce.
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4. Conclusions

Biochars produced from chicken litter (CL) and wood shavings (WS) at
moderate temperature (550 - 650 °C) had very low thermal stability and contained
mostly labile non-carbonized organic carbon (OC) and very small amounts of stable
carbonized OC. Hence, these biochars can readily lose the OC phase in wildfires (200
-500 °C) in the field leaving mostly the mineral components. Though not thermally
stable, biochars without labile organic phase demonstrated higher and stronger
retention of Cd due to the mineral phase. Mineral phases of hiochars can contribute to
Cd sorption by electrostatic reaction, ion exchange, surface complexation and
precipitation.

(E-supplementary data for this work can be found in e-version of this paper online)
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Fig 1. Zeta potential of biochar and activated carbon samples

Notes: WS, CL, AC- Wood shaving biochar, chicken litterbiochar and activated carbon, respectively;
CLC, WSC, ACC- Combusted wood shavingbiochar, combusted chicken litter biochar and combusted
activated carbon, respectively.
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Fig 2. Sorption isotherms of biochar and activated carbon samples
Notes: WS, CL, AC- Wood shaving biochar, chicken litterbiochar and activated carbon, respectively;
CLC, WSC, ACC- Combusted wood shavingbiochar, combusted chicken litter biochar and combusted
activated carbon, respectively.
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Table 1. Characteristics of biochar and AC samples

C H N S O Ash P"SsA EC? ‘ANC

Samples o0y (o5) (96) (%) () (6) (mig) PH (dsim)  (cmol He/kg)
WS 756 3.23 025 0.32 189 1.66 1.05 4.20 67.3 2.00
WSC 33.8 142 049 0.36 18.2 30.7 248 9.07 809 215
CL 33.7 241 381 0.40 135 46.2 6.97 7.69 1450 222
CLC 0.68 060 0.08 0.83 4.78 093.1 16.4 10.6 2770 464
AC 795 067 034 055 656 124 863 8.65 72.4 34.0
ACC 60.8 160 0.24 041 23.7 133 1020 4.76 245 10.0

Notes: *EC, pH were measured with 1g sample : 20 mL H,0; °SAA-specific surface area (BET);
°ANC- acid neutralization capacity; WS, CL, AC- Wood shaving biochar, chicken litter
biochar and activated carbon, respectively; CLC, WSC, ACC- Combusted wood shaving
biochar, combusted chicken litter biochar and combusted activated carbon, respectively.
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Table 2. Parameters of sorption isotherm models for biochars and AC

Langmuir Freundlich D-R model
Samples  Qmw(mMg/g) b(L/mg) R® 1n  Kg R? dm(mg/g)  E(ki/mol) R’
WS 5.46 0.004 006 1.02 0.013 0.95 69.6 6.29 0.94
WSC 68.9 0166 099 0209 242 098 101 17.6 0.99
CL 48.5 0134 099 0224 155 0.97 80.8 15.9 0.99
CLC 60.9 1.09 091 0159 314 0.72 99.3 19.8 0.77
AC 18.5 0019 091 0245 416 0.86 29.6 13.7 0.82
ACC 14.9 0004 081 0628 0277 098 51.2 8.13 0.95

Notes: WS, CL, AC- Wood shaving biochar, chicken litter biochar and activated carbon, respectively;
CLC, WSC, ACC- Combusted wood shaving biochar, combusted chicken litter biochar and combusted
activated carbon, respectively.
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Table 3. Parameters of sorption kinetics models for biochars and AC

Pseudo-second order model Pseudo-first order model
ge (mg/g) Ky (1/min) R? R?
251 0.71 0.99 0.43
42.0 0.000040 1.00 0.10
36.5 0.00034 0.99 0.72
44.6 0.000020 1.00 0.01
116 0.013 0.99 0.39
6.62 0.020 0.99 0.07

Notes: WS, CL, AC- Wood shaving biochar, chicken litter biochar and
activated carbon, respectively; CLC, WSC, ACC- Combusted wood shaving biochar,
combusted chicken litter biochar and combusted activated carbon, respectively.
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Highlights
» Moderate temperature (550-650°C) biochars contained mostly labile organic C
(OC).
» Biochar OC was not thermally stable and easily oxidized by wildfire (200 -500
°C).
» Combusted (375°C) biochars were mineral dominant and negatively charged.
» Biochar combustion residues showed a higher and stronger sorption capacity for

Cd.
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WS, CL biochars and AC Non-carbonized C removed

375°C, 24h

Combustion

!

Recovery Contribution of residues to

Gmaxo (R, %) from original sorption capacity Omax1

(mg/g) combustion (%, =Qmaxt/Amaxo™R*100) (mg/g)
WS 546 WS 2.29 28.9 WSC 689
CL 48.5 CL 50.0 62.6 CLC 60.9
AC 18.5 AC 743 60.2 ACC 14.9
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