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Abstract

The chemical and physical properties of 20 biocparsluced at 350, 450, 550 and 6&0were
investigated to determine the key roles they playthe sorption and desorption of three
potentially toxic elements (Pb, Cd, As). Biocharfaces were studied using scanning electron
microscopy, Fourier transform infra-red spectrosgofray diffraction and X-ray photoelectron
spectroscopy. Organic functional groups (e.g. —CQO#D, C-X), inorganic minerals (CaGO
SiO,, CaSisO10- 3H:0) and cations (K C&*, Mg?*, Na") controlled PTE sorption significantly
while physical properties (morphology, surface psdaowed little influence on the sorption of
potentially toxic elements. Four major mechanismmsoanted for the exceptionally high Pb(ll)
sorption by all 20 biochars (97.5 - 99.8 %) whilé(ID) and As(lll) sorption (< 90 % and 42 %
respectively) were controlled by two mechanisme¢mitation and electrostatic attraction) only.
Thermodynamic studies suggested that Pb and Cdi@orpn a majority of biochars was
spontaneous and endothermic while As sorption Wss @ndothermic but not spontaneous.
Sorbed PTEs were observed to be very stable ovada range of pH values (3.5 - 9.5) with
desorption ranging from 0.2 - 16.5 %. Detailed ustéending of how biochar surface properties
interact with PTEs increases the possibility ofeleging cost effective and engineered biochars

with exceptional sorption characteristics.
Key words

Biochar property, Sorption capacity, Potentially toxic e ement, pH
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1. Introduction

As the search for affordable sorbents forepbally toxic elements (PTEs) such as Pb, Cd
and As becomes ever more important, biochars aed forption abilities have been under
increasing scientific investigation in recent yedihile much has been done to test the sorption
abilities of biochar including its redox potent{8aquing et al., 2016), a clearer understanding of
the properties of biochar that control its abilibysorb PTEs is yet to be established. Efforts are
still being made to understand these surface ptieperhow they bring changes to biochar

sorption behavior and how they can be optimizeehteance PTE sorption.

Biochar is the black, carbon-rich and porous makedbtained by heating any biomass at
elevated temperatures (> 25C) under limited oxygen conditions (a process knoas
pyrolysis) (Tan et al., 2015; Xiao et al., 2016;nYet al., 2014). During pyrolysis, biomass is
known to undergo chemical bond modification leadiagdehydration, conversion of aliphatic
bonds to aromatic bonds and the consolidation @atic bonds into stable graphene (Zhao et
al., 2016). The process changes the propertiegpoohér, and enhances its sorptive capacity for
PTEs both in soil and water (Khan et al., 2013;0X& al., 2016). Biochar’'s usefulness in
sorbing PTEs has been widely reported (Cernanslal. eP015; Tan et al., 2015; Xiao et al.,
2016)and supported for use to reclaim land contamindtgdmining activities by the US
environmental protection agency and other compaf@esnansky et al., 2015)ts usefulness
extends to soil improvement as it has the abilitymimobilize PTEs in soil and also create a
favorable environment for soil microbial commun{8un et al., 2008; Sun et al., 2014; Zheng et

al., 2013).
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PTE sorption onto biochar depends on several facsoich as, the affinity between the PTE
and biochar, the specific surface area of bioclkaoged to the PTE ions, the concentration of
the PTE/biochar in solution, the initial pH of stdun as well as the temperature of the system
(Chen et al.,, 2015; Higashikawa et al., 2016; Lggton, 2005)All these factors except
temperature may be affected by the surface presedi biochar such as its organic functional
groups, structure and porosity, elemental compmsittations exchange capacity (CEC) and the
point of zero charge. The surface properties mawrin influence the usefulness of biochar (for
remediation purposes) which is determined by thewhof contaminant (PTES) it can attract
and retain under prevailing environmental condgidnivingston, 2005). During sorption, PTEs
often bind strongly to active sites provided by diional groups (e.g. carboxyl, amines,
carbonyls, alcoholic and phenolic groups) whichéhbeen suggested to have an involvement in
PTE complexation (Ahmad et al., 2015; Uchimiya let 2012; Vithanage et al., 2015). Other
mechanisms of PTE uptake by biochar may includemated precipitation with inorganic
components, coordination wittielectrons (C=C) of carbon, and cationic exchangar(g et al.,

2015).

The sorption abilities of peanut shells (Ps), coabs (Cc) poultry manure (Pm), white
mulberry wood (Mw) and buckwheat husk (Bw) biochauay have been reported widely (Gai et
al., 2014, Yang et al., 2016). However, as far asknow, the key properties of these biochars
which govern their effectiveness in removing PTEmT solution (or soil) are still not well
understood. The present study focuses on biochdacsuproperties and their influence on
mechanisms driving the sorption of three PTEs (Bband As). To introduce a wide spectrum
of surface properties, 20 biochars produced frav@ fiiomass materials at different temperatures

(350, 450, 550 or 658C) were compared. The study lays emphasis on uadeiiag the nature
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of surface properties of biochar, how these progetiring changes to biochar sorption abilities

and how we might manipulate these properties fateb®TE sorption.

2. Materialsand M ethods

2.1. Reagents, quality control and data analysis

Analytical grade reagents (PBCCdChb-2.5H0 and NaAs@ were used to prepare Pb, Cd
and As aqueous solutions, respectively. All samplere dissolved in ultra-pure water (Milli-Q,
18.2 MQ cm, TOC 3 ppb) to obtain stock solutions that wieréher diluted to obtain working
solutions. All samples in the sorption isothernmstdavere prepared in duplicates. Controls were
made consisting of biochar only in milli-Q watefTE only in solution and neither biochar nor
PTE in solution. All sorption experiments were @adrout at room temperature with initial pH
controlled at 5.5 + 0.2 using 0.1 M HN®Or NaOH solutions (Uchimiya, 2014). OriginPro 8.5
(OriginLab, USA), was used for Fourier transfornfranred spectroscopy (FT-IR) and X-ray
diffraction (XRD) data analysis and CasaxXPS 2.3W&s used for X-ray photoelectron
spectroscopy (XPS) data analysis while sorptiondegbrption quantities and percentages were

calculated using Microsoft excel.

2.2. Biomass and biochar preparation

Biochars used in this study were prepared from @ifeerent biomass materials, namely,
buckwheat husiBw (Fagopyrum esculentum), corn cobs=c (Zea mays), mulberry woodvw
(Morus alba), poultry manurd®m and peanut shelBs (Arachis hypogae). Each biochar was
pyrolysed at 4 different temperatures (350, 45@) 8&d 650°C) using steel crucibles in a
Neytech Muffle FurnaceMulcan 3-1750A) and a near-zero oxygen supply (Agrafioti et al.,

2014; Nartey & Zhao, 2014; Woolf et al., 2014he resulting 20 biochars were coded as
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Bw350, Bw450, Bw550, Bw650, Cc350, Cc450, Cc550 Buaring pyrolysis, the temperature
was raised at the rate of 30 min* and maintained at the desired temperature forblowing
pyrolysis, all biochars were allowed to cool to motemperature. They were ground and sieved

to obtain a constrained particle size between 6d20a17 mm.

2.3. Physico-chemical analysis of biochar
The quantity of biochar produced from each biomrmaterial ield) and the quantity of ash

produced from each biochar were calculated fronatgas 1 and 2 (Gai et al., 2014).

M

% Yield = :; * 100 1)
MASH

o6 Ash = i 10C )

Where: Mgc = mass of biochar, Mgy = mass of biomass, Magy = mass of ash
Total C, H, N, and S were measured using an elemental analyzer (VaidllE and the O
content was calculated on percentage differends figs 100 - (%C + %N + %S + %H) = %0}
(Wang et al., 2015)The cation exchange capaci§EC) was assessed using the ammonium
acetate (NHOACc) method (Khan et al., 2013; Robertson et &99as detailed irsupporting
information. ThepH of all biochars was measured using a pH metert{&efoledo 320-S) by
treating biochar with deionized water in the rati@. Biochars were examined using a Field
Emission Scanning Electron MicroscopeE(SEM, SU8000) for structural characterization
before and after sorption. The SSA was measured Borption isotherms at 77 K using the
Surface Area and Porosity Analyze&xSAP, 2020 HD88). FT-IR spectroscopic technique was
used to determine organic functional groups (OFBsh as hydroxyls, carboxylates, carbonyls,
and amines on the surfaces of the biochars. TheBoientific Nicolet FT-IR spectrometer

(Nicolet 8700) was used to analyze biochar sammiegared in pellets of fused KBr within the

6



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

4000 — 400 ci regions. XPS was also used to measure the boediengjies of C, O, N, As, Cd
and Pb on the biochars before and after PTE sorplioee ESCALAB 250Xi XPS equipped with
monochromatic Al & radiation was used to produce survey scans ardrbegplution scans for
Cls, Ols, Pb4f, Cd3d and As3d. To identify minerghktals in the biochars before and after
PTE sorption, an XRD (X'pert Pro, Netherlands) wased equipped with a stepping motor and
graphite crystal. A Cu Kradiation source was used with scansdahzhe range - 90°.
2.4. Sorption and desor ption tests

Principal stock solutions (30,00d L™) of Pb(Il), Cd(ll) and As(lIl) were prepared from
PbCh, CdCb-2.5H0 and NaAs@respectively. Each stock solution was furthertdiiuto 1,000,
2,000, 3,000, 4,000 and 5,00 L™ for initial PTE solution concentrations in the jsiion tests.
These low initial concentrations were intended itautate the typical concentration of these
contaminants in water (or soil). Nazir et al. (2Dbbserved that the average concentration of
these PTEs in most soils and water in China fathiwithe chosen range. All solutions were
prepared with a background electrolyte of 0.01 MN®a to maintain ionic strength (Biswal &
Paria 2010, Mir 2010).

Sorption experiments were conducted by adding §.66biochar to 10 mL of Pb(ll), Cd(ll)
or As(lll) solutions. Before adding biochar the pHthe PTE solutions was adjusted to 5.5 *
0.2 by adding 0.1 M HN®or NaOH solutions (Uchimiya, 2014). Desorption eximents were
carried out using 0.05 g (dry mass) of PTE-loaded¢har and 10 mL of electrolyte solutions
made at pH 3.5, 5.5, 7.5 and 9.5. ICP-MS (7500dleAg Technologies, USA) was used to
determine the concentrations of PTEs in solutidter gorption and desorption. Details of the
methods in sorption and desorption tests and sorptiodels (Langmuir and Freundlich models)

are presented isupporting information. Acid demineralization of biochars was done bytirey
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1 g of biochar with 100 mL of 1 M HCI solution assgribed by Wang et al. (2015). All sorption
and desorption experiments were carried out inidaia.

Thermodynamic parameters including Gibbs free gnetgange AG°), enthalpy change
(AH°), and entropy changa$’) for Pb, Cd and As sorption on biochars were et from
equations 3 and 4 (Liu, 2009). All biochars pyrelysat 350 and 658C were used in this
experiment with solution temperatures ranging fradn- 45°C (298 — 318 K) while other

parameters like pH were kept constant.
AG°® = -RT LnK¢ 3

AGP® = AHC - TAS® (4)

Where: R = the universal gas constant (8.314 J mol' K™), K¢ = thermodynamic constant, T =
temperature (K)

K¢ is dimensionless and obtained by multiplying thangmuir equilibrium constant (K
(supporting information) by 55.5 (moles of water per liter of solution). likear plot of AG®
versus T in equation 4 gives valuesAt{® andAS® from the intercept and slopes respectively
(Liu, 2009).

3. Results and Discussion

3.1. Changesin biochar propertieswith changing pyrolysistemperature

As pyrolysis temperature increased from 350 to ®€50significant changes occurred both in
the chemical and physical structure of the biocleronfirmed by changes in the elemental
content Table 1), changes in organic functional groups (FT-IR gsigh-ig. 1 and XPS
analysisFig. 2) and changes in the concentration and occurrerfcéenarganic mineral
components (C§ ", PO, SO?) and cations (AT, C&*, Mg?*, Na"). Pyrolysis temperature is

therefore a key determinant of the physical andmb& properties of biochar which in turn,
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have a strong effect on their sorptive capacitiéang & Wang, 2016; Fang et al., 2013; Xiao et
al., 2014).

3.1.1. Changesin elemental content

While carbon content increased with increasing lygie temperatureFjg. S1), biochar
yield decreased as temperature increased fronf@%0 650°C (Table 1). Similar studies have
attributed decrease in biochar yield to dehydratmoa the loss of volatile matter and non-
condensable gases such a0, Hand CH (Ahmad et al., 2014; Gai et al., 2014; Tan et al.,
2015) while carbon content increased because ofastg carbonization at higher temperatures
(Ahmad et al., 2014). During pyrolysis, increasetémperature causes biomass to undergo
thermochemical decomposition with the formatiorsivbnger and more resistant graphitic bonds
as hemicellulose, cellulose and lignin break dowmgletely (Ahmad et al., 2014; Tan et al.,
2015). Biochar yield from poultry manure (Pm) wagngicantly higher (60 - 80 %) than other
biochars (21 - 56 %) with a relatively very low lsan content (23 - 24 %) compared to other
biochars (50 - 83 %)Hg. S1). This may be due to (i) the inability of Pm todengo
depolymerization due to lack of lignocellulosic quuands and (ii) the presence of inorganic
compounds such as Zn, P, Si, Mg, and K (Ahmad.ef@lL4). High inorganic mineral content
observed for Pm is supported by a relatively higbEEC (33.2 - 47.9 cmgkg™) and ash content
(71 - 79 %) compared to other biochars which rarfgmeh 10.1 - 23.3 cmelkg™ and 4 - 44 %,
respectively Table S2). The contents of C, H, N, S and O in biochars iadicators of
carbonization, hydrophobicity and polarity of thiedhar. Hydrogen and Oxygen contents with
their associated atomic ratios (H:C, O:C, and (Q&NYjlecreased with increasing temperatures
for all biochars Table S2). This decrease suggested dehydration and deoaiigerof biomass

with increasing temperatures (Ahmad et al.,, 20I4js means that the biochars became less
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hydrophilic with weaker polar groups as pyrolyssperatures increased. Apart from C, H, O,
N and S, mineral elements (Mg, Ca, K and P) orbibehars surfaces were also determined by
XPS analysis on Mw, Ps and Bw at 350 and 850Survey scans for Mw350 and Mw650 are
shown inFig. 2a and 2b while scans for the rest of the biochars can tem $e supporting
information (Fig. S7). Most of these minerals were scattered on thiases of the biochars with
high concentrations on biochars pyrolysed at higeemperatures due to increasing ash content
(Yang et al., 2016).

3.1.2. Changesin organic functional groups (OFGSs)

OFGs on the surfaces of biochar develop during Ipsi® ‘involving the cleavage of O-
alkylated carbons and anomeric O-C-O carbons intiaddto the production of fused-ring
aromatic structures and aromatic C-O groups (lalet2013). FT-IR analysis on all 20 biochars
indicated broad peaks between 3300 and 324¢ @Rig. 1) corresponding to O-H bond
stretching in alcohols and phenols (Trigoa et 2016; Wade, 2013). These bands greatly
weakened or disappeared at higher pyrolysis terhpesa(650°C). Major bands also occurred
between 2962 cthand 2823 cm which correspond to the vibrations of strong C-¢hdb in
methyl, alkanes or aldehydes (Wade, 2013). Theseltsewere confirmed by XPS analysis
which showed a strong peak at 284.7 eV on Mw350Mw650 corresponding to C-H, C-C and
C=C functional groupsHigs. 2a, 2b insets). All the biochars except Pm350, Pm450, Pm550,
Pm650 and Mw650, showed FT-IR peaks between 16I¥B0 cnt (Fig. 1) which corresponds
to esters and aromatic C=C or C=0 stretches inoggthtes (Chen et al., 2015). Most of these
bands also greatly dwindled or disappeared at hitgraperatures (> 558C) as C=0 easily
ruptures to form gases and liquids while esterg gray for the development of lactones (Chen

et al., 2015; Chun et al., 2004; Yang et al., 20I6ese results were also consistent with XPS
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analysis on Mw350 which returned a peak at 287.eivVesponding to C=0 functional group
(Fig. 2a inset). At higher temperatures (65C), the peak shifted to 288.1 eWi¢. 2b inset)
corresponding to C=0, C-F, O=C-OH or O=C-NH (Fahglg 2013). Other significant bands on
the FT-IR spectrum occurred around 1095, 787, &8dchi' (Fig. 1) representing ordinary C-X
stretching of halides or C-N stretches of aliphagimines and strong C-H stretches of
trisubstituted alkenes respectively (Wade, 2013)aiA, XPS analysis confirmed these results
with a peak at 293.3 eV for Mw350 which shifted2@3.4 eV in Mw650 all representing G-F
groups Fig. 2a and 2b insets respectively). The occurrence of fluorine on Mw hagher
temperature was unexpected but may have origiffedgdthe parent material.

3.1.3. Changes in cation exchange capacity (CEC)

The CEC, which slightly decreased with increadiegpperatures, varied among biochars
from different biomass materials but did not vaigngficantly among biochars from the same
biomass materialsT@ble 1). Bw had the lowest CEC ranging from 10.1 cigj” in BW550 to
11.7 cmal kg* in BW650 {Table 1). Pm had the largest CEC ranging from 33.2 grkgl" in
Pm650 to 47.9 cmgkg™ in Pm350 Table S2). The large CEC for Pm could be attributed to the
large amounts of inorganic minerals often addegbidtry feed.

3.1.4. Changes in mor phol ogy/specific surface area (SSA)

There was a significant increase in porosity of bi@chars as they passed from 3&0to
650 °C (Fig. $4). The specific surface area (SSA) for most of leehars also increased with
increasing pyrolysis temperature ranging from Ih’4y™* — 58.0 g™ in Bw350 and Mw550
respectively Table 1). The breakdown of aliphatic bonds and their gehdeonversion to
aromatic linkages with planar sheets of grapherteraperature rises from 350 to 65D may be

responsible for the increase in SSA of the biock@wsrentia et al., 2016; Tan et al., 2015). The
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SSA for Pm at all temperatures was relatively \@mall ranging from 3.33 fig™ - 8.97 nfg™ in
Pm350 and Pmb550 respectivelyrable S2). This could be attributed to the lack of
lignocellulosic compounds in Pm and the presendarge amounts of inorganic minerals (e.g.
Zn, P, Si, Mg, and K) which reduce porosity durpgolysis (Tan et al., 2015; Xu et al., 2013).
Pore number, pore size and pore volume often @ergositively with SSA of biochar with
increase in these factors leading to increase i &iochar (Nartey and Zhao, 2014; Tan et
al., 2015).

3.2. Theinfluence of biochar properties on PTE sorption

3.2.1. Pb(Il) sorption

Pb(Il) sorption on all biochars was exceptionalighh(> 97.5 %) Fig. S2). This could be
attributed to 4 main biochar properties: (i) orgafinctional groups, (ii) mineral content, (iii)
ionic content and (ivx-electrons.

Organic functional groups (e.g. C-H, —=COOH, —OH, C=0 and C-X) on the surfacé
biochars were detected by FT-IR and XPS analysiowing Pb sorption on Mw350 and
Mw650, deconvulated C1s scans showed few new sk86.2 eV and 286.1 eV respectively
(Figs. 2c, 2d) corresponding to C-O, C-OH, and C-O-C functiogalups (Fang et al., 2013).
The occurrence of fewer peaks suggested that mosttibnal groups were used up in
complexation reactions with Pb(ll). This was comi&d when biochar was de-mineralized by an
acid dipping method (Yang et al., 2016) and aftgrildration, a drop in solution pH from the
standard 5.5 to 3.8 on average confirmed that oewapibn processes, which often release H
took place during Pb(ll) sorption. FT-IR analysis Bm in particular, returned the smallest
number of peaks (3 on average) at all temperatsuggesting that limited polar groups were

involved in complexation reactions on the bioclHmwever a high sorption capacity for Pb on

12
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Pm was likely due to high ionic exchange and champececipitation resulting from its large
ionic content (Liu et al., 2016).

Inorganic minerals on the surfaces of biochars were identified by X&ialysis. Results are
presented ofrig. 3. Crystalline calcite (CaCf) Quartz (SiQ) and Gonnardite [(Na, Ca}Si,
Al)s0,0- 3HO] were the main inorganic minerals detected orhmaos before PTE sorptioRif).
34). These minerals released anions (e.gs"GC@nd PQ*) which bond with Pb(ll) to form
precipitates (Yang et al., 2016). Post-sorption Xpderns of Mw, Ps and Bw at 350 and 650
°C indicated peaks at 228, 3¢, 31°, and 38 (Fig. 3b) corresponding to PbGOPbCQ(OH),,
P(POy)2, Ply(POy)s, and PB(COs)2(OH), respectively (Xu et al., 2013)yhis large amount of
mineral precipitates suggested that precipitati@s Whe main mechanism driving Pb sorption.
XPS spectra (Pb4f scans) on biochars after Pbisorpiso showed peaks at 139.4 eV for
Mw350 indicating the deposition of Pb$@ig. 2c inset). At higher temperatures (65Q) this
peak shifted to 139.0 e\Fig. 2d inset) indicating the presence of PhCLiu et al., 2016)FT-

IR analysis of the post-sorption biochars also sstgyl the presence of precipitates with bond
stretches appearing at lower frequencies (< 1408) aorresponding to P® and CQ* (PH*-

phosphate or carbonate precipitation) (Yang etall6).

Coordination with delocalized-electrons (e.g. C=C, C=0) may have also playedlain
Pb(ll) sorption. Many more bond stretches appeadrmund 1500 cfhand 1400 cm after
Pb(ll) sorption Fig. 1b) was equally an indication that Phr-electrons interaction took place
during sorption.

The above results suggest that at least four sorptiechanisms driven by four main biochar
properties were responsible for Pb(ll) sorptiontlo® biochars. These sorption mechanisms may

have taken place simultaneously or supplementing ether. Similar studies also suggested that
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chemical precipitation with inorganic componentswiae dominant mechanism responsible for
Pb(ll) uptake on Ps (Inyang et al., 2012; Liu et2016; Wang et al., 2015;).

3.2.2. Cd(I1) sorption

Cd(Il) sorption mainly ranged between 50 and 90F¥y.(S2). There was no evidence of
complexation reactions during Cd(Il) sorption. Weli Pb(ll) sorption where solution pH
decreased after de-mineralizing biochar using the dipping method, there was no significant
drop in solution pH after Cd(ll) sorption suggegtithat functional groups did not play any
significant role in Cd(Il) sorption. After Cd(Ilosption, XRD patterns of Mw, Ps and Bw at 350
and 650°C showed peaks around®32nd 42 (Fig. 3c) corresponding to G(PQy)s and CdCQ@
(Otavite) respectively (Liu et al., 2016). The mnese of these precipitates was evidence that
mineral ions played a role in Cd(ll) sorption. Samistudies have also attributed Cd(Il) sorption
to surface precipitation by the formation of indm&icadmium compounds in alkaline condition,
and also ion exchange with exchangeable catioriseirbiochar (Chen et al., 2015; Uchimiya,
2014).

3.2.3. A(l1l) sorption

The uptake of As(lll) was < 42 % on all biack especially Mw. Like Cd(ll) sorption, de-
mineralized biochar equilibrated with As(lll) didbinshow any significant drop in solution pH,
suggesting that functional groups did not play esig in As(lll) uptake. XRD analysis on Mw,
Ps and Bw after As(lll) sorption did not show armgmwnpeaksKig. 3d) which was confirmation
that mineral ions did not interact significantlytiviAs(lll). Similar studies have ascribed As(lll)
sorption to weak electrostatic attraction and icchange which may confirm why As(lll)

sorption was the weakest in this study (Liu et2016).
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Throughout the study, there was no significavidence that physical sorption took place
between biochars and PTEs. This was supportedéyelatively poor correlation between the
SSA of biochars and sorption capacities.

3.2.4. Effects of initial solution concentration on PTE sorption

Results of the effects of initial solutionncentration on PTE sorption at 350 and 66are
presented orFig. 4. Complete results can be seensupporting information (Fig. S6). The
percentage of PTE removed from solution decreasealfanction of the initial amount of PTE
added to solution. This decrease could be asctibéie ratio of solute (PTE) in solution to the
available sorption sites. At lower initial concextion, this ratio is lower which influences PTE
uptake but at higher initial PTE concentration, tago is higher and the available sorption site
quickly becomes saturated which decreases PTE aigtakeola et al., 2012). Similar results
were reported by Mohanty and Boehm (2014) whilekimgy on E. coli removal by biochar. Pb
sorption on Cc at all temperatures dropped sigaifily at higher solution concentrations while
its sorption on Bw, Mw, Pm and Ps did not vary ¢desably across the five solution
concentrations (1,000, 2,000, 3,000, 4,000, an@(B0g L) (Fig. 4). This implies that while
initial solution concentration does not greatlyeatfPb sorption on Bw, Mw, Pm and Ps, lower
concentrations are preferable for its sorption an Eor Cd, solution concentration did not
significantly influence its sorption by Ps espdgiat 350°C and 450°C. However solution
concentration significantly influenced the sorpt@nCd on Bw, Cc, Mw and Pm with sorption
amounts varying considerably as temperatures isetefrom 350 — 658C (Fig. 4). Most of the
biochars had similar sorption behaviors on As(lifjen temperatures increased from 350 — 650
°C and across the five solution concentrations. Hewd&w had the least sorption capacity for

As(lll), which varied considerably as temperatureseased from 350 — 65C. The removal of
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As(lll) by Pm at lower temperatures and lower caricgions was poor but at higher
temperatures, the performance of this biochar wkasively good even at lower concentrations.

4. Sor ption characteristics

4.1. Sorption capacities

The effective removal of Pb(Il), Cd(ll) and (N from solution by biochars was expressed
in terms of percentage (%) removal and maximumtsorgapacity (Qay calculated from the
Langmuir model éguation S2). Qnax values for all 20 biochars are shown feig. 5 while %
removal is shown isupporting information (Fig. S2). All biochars significantly removed Pb(ll)
from solution with Qax ranging from 1,101 to 2,500 ug ¢97.5 - 99.8 %). The Qx of Cd(ll)
mainly ranged between 68 to 1,666 'g(§0 - 70 %) while As(Ill) was least sorbed (2 -858g
g') (< 42 %). The attraction between biochar and Raffnity) is often represented by the
Langmuir and Freundlich intensity constantsakd 1/n respectively. In this study, the sorption
processes of Pb(ll), Cd(ll), and As(lll) on all biwars were favorable with values of 1/n ranging
between 0.1 and T éble S1).

4.2. Sor ption ther modynamics
Calculated changes in Gibbs free energy’), enthalpy AH°), and entropyAS°) for the

sorption of Pb(ll), Cd(ll) and As(lll) on biocharare shown in Table 2. Additional
thermodynamics information is presentedsupporting information (Table S3). The sorption of
Pb(ll) on all biochars was feasible and spontanesuimdicated by negativeG® values (Table
2) while positive and negative values &H° and AS’ respectively (Table 2) suggested an
endothermic and less chaotic (random) sorptiorgs® at the solid-solution interface (Kizito et
al., 2015; Moyo et al., 2016). The sorption of @d@in a majority of biochars was feasible,

spontaneous, endothermic and less chaotic (Table/id& As(lll) sorption was not feasible and
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spontaneous on any of the biochars as indicategobitive AG® values. This result may also
explain why the sorption capacity of As(lll) on albchars was very low (< 42 %). Like Pb(lIl)
and Cd(ll), the sorption of As(Ill) on a majority the biochars was endothermic with lesser
movements at the solid-solution interface as irtditdy positiveAH® values and negativeS’
values respectively (Table S3). Pb(ll) sorptioratirbiochars was favored at higher temperatures
as the negativity oAG® values increased with increasing temperaturesl¢T2b(Moyo et al.,
2016). Higher temperatures did not favour Cd(ljpsion on a majority of the biochars A&°
decreased with increasing solution temperaturesewks(lll) sorption did not show any clear

dependency on solution temperature (Table S3)

4.3. Sor ption isotherms and models

Fig. S3 shows isotherm curves for all biochars at 350,, 45D and 650C. Isotherms are
used to describe ‘the relationship between theaaination of solute in solution and the quantity
sorbed at the solid phase at constant temperafiurehgston, 2005). Based on isotherms and

Qmax values of the biochars, the most effective andtleHective were:

Pb: Mw550>Mw350>Mw450>...... >Ps350>Ps550>Cc350

Cd: Ps350>Ps550>Ps450>...... >Cc350>Pm650>Bw350

As: Bw450>Cc450> Bw350>...... >Pm350>Mw350>Mw450

Two isotherm models (Langmuir and Freundliskere used to fit the data. Based oh R
values obtained from linear curves of the Langmand Freundlich modelsTéble S1), Pb
sorption on all biochars was best fitted using Eneundlich isotherm modeR{ = 0.88 - 0.99)
than the Langmuir modeR{ = 0.77 - 0.98). This implies that lead sorption wharacterized by
heterogeneous multilayer sorption with a distribatof sorption sites of different characteristic

energies. The Langmuir model provided a good fthesorption data of Cd on Bw, Cc, and Mw
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at all temperaturesRf = 0.72 - 0.99) while the Freundlich model providedetter fit to the
sorption data of Cd on Pm and B8 € 0.93 - 0.99). The Langmuir model assumes a nagyeol
sorption on a finite number of sites with homogareeenergy distribution where sorbed particles
have no mutual interaction (Zhou et al., 2013). Eer the sorption data on 14 biochars were
best fitted using the Langmuir mod&¥(= 0.60 - 0.99) while the Freundlich model provided
better fitting for 6 biocharsRE = 0.86 - 0.96) Table Sl). There was at least one biochar
(Mw650) where neither Langmuir nor Freundlich madited its sorption data for arseni?
0.60 and 0.29 respectively) while both Langmuir &rdundlich modelsR¢ = 0.99 and 0.99
respectively) provided good fits to the sorptiortadaf some PTEs like Pb on Bw350. This
suggests both monolayer and multilayer sorptiorcgsses were taking place under the test
conditions.
4.4. PTE desor ption and effects of pH

Following sorption, the stability of PTEs biochar was tested in desorption experiments.
Bw, Mw and Ps at 450 and 55C were used and the pH was varied at 3.5, 5.5a@c59.5.
Results indicated that PTE desorption decreasdd imiteasing pH from 3.5 to 9.5i@. 6). Pb
was the most stable PTE with a maximum percentagergdtion of 0.9 % on Mw550 whereas
Cd was the least stable PTE with a maximum pergendasorption of 16.5 % on Ps5%0(; 6).
While Pb was more stable on Mw450 than Mw550, Cdl As were more stable on Ps550 and
Bwb550 than Ps450 and Bw450 respectively. Howevér eimaximum percentage desorption of
16.5 % for all the tested biochars, sorbed PTE®wensidered very stable on the biochars over

a wide range of pH values.
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5. Conclusions

A deeper understanding of the propertiebiothar that control its ability to sorb PTEs is
promising for the development of cost effective andineered biochar composites with superior
sorption qualities in soil/water remediation pragsa The surface properties of biochars
produced from buck wheat, corn cobs, mulberry waadiltry manure and peanut shells at 350,
450, 550 and 656C, have a direct influence on sorption mechanismghvin turn determine
the sorption capacities of biochars. Pb sorptiorbmthars is controlled by multiple sorption
mechanisms while Cd and As sorption is controllad ttvo sorption mechanisms only.
Maintaining the pH of media (water or soil) at heglpH values is crucial in retaining sorbed
PTEs on biochars. When the pH is reduced, the I¢yalif the sorbed PTEs may be
compromised leading to increased desorption.
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533 Tables

s34 Tables

535 Tablel: Major physical and chemical properties of the bayshexamined in this study: C:N,
536 H:C, O:C, and (O+N):C ratios, oxygen functionalgpe (OFGSs), specific surface area (SSA),
537 cation exchange capacity (CEC, calculated fronttrgent of Na, Mg, Al and K) and

538  percentage sorption (%)

539  Table2: Estimated thermodynamic parameters for Pb sorptioBw, Mw and Ps at 35C and

540 650°C
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Tablel

Properties (n=2)

Sor ption (%)

Temp. Yidd Ash C H N S O SSA CEC
BC CIN H:C 0:C (0+N)C pH Pb Cd  As
°C) (%) () (%) (%) () (%) (%) (m?g?)  (cmolckg™)
350  46.3 402 701 444 092 013 244 889 0.76260. 027 11.40 11.2 923 99.7 109 379
Bw 450 423 254 765 3.63 099 012 188 90.6 0.57180. 0.20 10.72 11.5 9.70 996 60.8  39.3
550 342 580 828 275 090 012 134 107 0.40 20.1 0.13 17.02 10.1 100 998 581 396
650 285 331 839 181 0.89 010 133 109 026 20.1 0.13 17.80 11.7 914 998 509 3358
350 375 752 67.9 453 216 020 252 367 0.80280. 031 16.56 23.3 102 991 627 532
Mw 450 327 7.72 708 3.32 192 015 238 432 056250. 0.28 31.45 22.1 111 993 854  0.44
550 262 9.82 77.0 241 168 015 188 535 0.38180. 0.20 58.03 19.0 106 998 812 104
650 22.8 977 801 163 1.58 013 166 59.3 0.24150. 0.17 24.46 21.8 106 998 882 552
350 457 7.06 643 432 1.69 032 294 444 081340. 037 14.03 26.5 104 996 992 289
Ps 450 381 169 70.8 3.18 165 029 241 502 054260. 0.28 14.08 23.7 111 997 984 264
550 325 7.4 737 241 158 061 217 54.6 0.39220. 0.24 18.58 19.7 106 997 967 292
650 294 244 746 181 1.66 026 217 52.6 0.29220. 0.24 28.11 17.4 106 997 931 271
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Table2

Biochar T AG° AH° AS
(K) (kdmolY)  (kImalt)  (kImol?)

Bw350 298 -2.08 27.75 -0.1
308 -2.70
318 -4.07

Bw650 298 -5.03 43.2 -0.16
308 -6.60
318 -8.26

Mw350 298 0.99 19.46 -0.06
308 -0.01
318 -0.26

Mw650 298 -3.24 44.6 -0.16
308 -4.02
318 -6.43

Ps350 298 -2.84 18.8 -0.07
308 -3.71
318 -4.29
Ps650 298 -3.13 6.56 -0.03

308 -3.94
318 -3.79
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Figure 2
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Highlights

20 biochars from 5 biomass materials were used for Pb, Cd and As sorption in solution
Chemical properties (functional groups, ions, minerals) controlled sorption significantly
The number of mechanisms in sorption processes determine biochar sorption capacity
The stability of sorbed contaminants on biochar (in soil or water) is pH-dependent
Understanding biochar properties enhances its engineering for superior sorption qualities



