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Abstract:

This work evaluated the novel application of biashaderived from potassium (K)-rich feedstock
(banana peels (BB) and cauliflower leaves (CB)} $brptive property of the produced biochars
was evaluated under multi-element [Copper (Cu(@gdmium (Cd(ll)) and Led (Pb(ll))]

sorption experiments. Morphologies of the pre- post-sorption samples were characterized
using SEM/EDS and XRD spectra analyses. The pratbioehar was further subjected to
mono-element sorption studies to explore the efiétte pH value of the sorbate solution on the
removal efficiency of Cu(ll), Cd(Il) and Pb(ll) isnBiochar productivity was noticeably high
(61.44 and 64.66% for BB and CB, respectively) tiuthe catalytic action of K during the
pyrolytic conversion of the feedstock. K-mineralsrevthe predominant on the XRD patterns of
both biochars. Metal sorption capacity of BB wasimgreater than that of CB due to its higher
electrostatic attraction, which was the predomimaethanism governed sorption process.
Sorption of metal ions onto BB and CB was pH-degemnas the sorption capacity increased
significantly with the increase of the pH valuesofbate solutions (6.0 with Cu(ll), Pb(Il) and
8.0 with Cd(lIl)). Dynamics of metal ions sorptionto biochars showed competitive sorption

following the order: Pb(ll) > Cu(ll) > Cd(ll).

Keywords: Vegetable biomass; food residuals; engineeredhbipgotassium-rick feedstock;
environmental remediation



1. Introduction

Unlike other anthropogenic-based pollutants, heagials are not degradable and show a high
tendency toward reaching the food chain (WuanaGikidimen, 2011). Aquatic environments,
especially rivers (Ali et al., 2016; Gao et al.180Varol andSen, 2012) and groundwater (Chen
et al., 2016; Nouri et al., 2008) are the primaansport medium for these metals. Therefore,
more emphasis is being placed for the treatmeabfaminated aqueous solutions before
reaching water reservoirs. Classical treatmentmi@ogies of heavy metals decontamination
such as bioremediation (Zeraatkar et al., 201@&ytal precipitation (Fu et al., 2012),
electrocoagulation (Al-Shannag et al., 2015), imohange resin (Edebali and Pehlivan, 2016),
membrane separation (Hebbar et al., 2016), adsarfiiua et al., 2012; Inyang et al., 2016),
photoreduction (Chowdhury et al., 2017), reducfiaret al., 2015), reverse osmosis (Li et al.,
2015), and solvent extraction (Ye et al., 2015yehlaeen widely investigated on aqueous
solutions. These methods have their own advantaggslisadvantages; however, most of them
are extremely expensive and inefficient at largenties (Mosa et al., 2011) .

In the last decade, attention has been drawn tousing) biochar for wastewater
decontamination based on its cost-efficiency, sengubcessing and eco-friendly. Biochar is a
charcoal-like material derived from the thermalqassing (e.g., pyrolysis) of carbon-rich
biomass (e.g. agricultural byproducts) under oxyigaited conditions (Inyang et al., 2016).
Unlike conventional feedstock-processing techn@sdge.g. combustion), pyrolysis based-
biochar is green (environmentally friendly), carbwyative (it stores carbon in the form of
stable charcoal) and produces flammable gases@uidd (e.g. syngas) (Lehmann, 2007).
Biochar has been credited with multiple environrakhenefits due to its high resistance against

microbial decay, and its high sorption capacityoois and molecules. In spite of its widespread



application in different fields including soil qutglenhancement (Chen et al., 2017; Suliman et
al., 2017) and carbon sequestration (Creamer,&C6; Creamer et al., 2014), biochar and its
derivatives (e.g. biofilters) had been intensivielestigated for wastewater decontamination
(Ding et al., 2016b; Inyang et al., 2014; Mosalgt2916).

Several feedstock materials had been investigatelidchar production. Among them,
agricultural byproducts, e.g. rice husk (Xu et 2013a), wheat straw (Xue et al., 2016),
sugarcane bagasse (Ding et al., 2014), tomatodgdia® et al., 2013), peanut hull (Xue et al.,
2012) and cotton wood (Zhang et al., 2012) werenthst widely engineered biomass. However,
there remains a great deal of uncertainty witheesfo the sorption capacity of pristine biochar
as compared with other conventional biosorbents éetivated carbon). Biochar activation,
therefore, is of great interest to improve the réiamon efficacy of the pristine biochar. Among
several activation methods i.e. (1) mechanicalatiin (e.g. ball milling), (2) physical

activation (e.g. steam activation and gas purgi®)impregnation with natural minerals (e.qg.
clay minerals and mineral oxides), and (4) magmatdification, chemical modification of
biochar (e.g. acid/base treatment, organic solvesdément, coating, and surfactant
modification) received much more attention dudgdigh efficiency toward biochar activation
(Rajapaksha et al., 2016). Chemical activation widtassium-based compounds (e.g. KOH and
K,CQy) is one of the most widely used chemical modifaramethods for increasing total
surface area, porosity and active functional graafghke pristine biochar (Dehkhoda et al., 2016;
Jin et al., 2016; Yu et al., 2016). Furthermoreyéhare recent reports highlighting its significant
catalytic effect during pyrolysis through loweritige initial pyrolysis restraining the formation

of volatile compounds; thus, decrease the weiglt tate and increase the biochar yield (Hao et

al., 2015; Nowakowski and Jones, 2008). Howeveretlare several drawbacks arise



surrounding chemical activation process includimgexcessive use of chemical compounds
involved in impregnation, neutralization and dryihgring or after pyrolysis process. This
excessive use of chemicals is associated with &tt@ious washing and recovery steps during
activation process. This will lead to generate haig@unts of hazardous chemical sludge, where
its disposal is mostly expensive and non eco-flier@onsequently, attention has been directed
toward considering the chemical constitution ofnéss as a crucial factor for biochar
production. A promising approach, mainly focusimgtbe exploitation of potassium-rich
biomaterials for the in-situ-self-activation of biar, is recently highlighted (Chen et al., 2012).
The scientific hypothesis of this approach dependsly on the inherent existence of
potassium-rich compounds in the feedstock (e.gabapeel and cauliflower leaves), which act
as in-situ chemical activators during pyrolysisqass.

Banana peel and cauliflower leaves are among tts¢ mghly produced wastes during
cultivation and industrialization of banana andldimwer food chain. Most of these wastes are
usually disposed through landfilling or stockpilimghere they are inappropriate to feed
livestock. These disposal systems, however, waad to tremendous environmental hazards
due to their abundance of organic matter and maistontents (Xu et al., 2017). On the other
hand, these wastes are scarce considered as fdefistbiochar production. Probably, due to
their high moisture content. Therefore, there isiggent need to optimize biochar production
through the thermal carbonization of these wastestd their rich-potassium content. Besides,
banana peel and cauliflower leaves contain aburatantnts of lignin, cellulose, hemicellulose,
pectins, starch, proteins and other phenolic comgsuwhich favored the formation active
functional groups on biochar surfaces (Branca andl&si, 2015; Huynh et al., 2016). This will

lead to maximize the sorption capacity of heavyahieins onto biochar.



The objectives of this study were as follows: tlidying the effect of the inherent high
potassium content of organic feedstock on biochadyrctivity and characteristics, (2) exploring
kinetic and isotherm models of the produced bioctmaler multi-element sorption experiments
(Cu(ln), Cd(I1) and Pb(ll)), (3) investigating thenderlying mechanisms contributed in sorption
of metal ions onto biochars, (4) studying the dftdqH value of the sorbate solution on
sorption capacity of the produced biochars undanarelement sorption experiments, and (5)
evaluating the competence of Cu(ll), Cd(Il) andIRkg¢ns toward sorption onto the produced
biochars.

2. Materials and methods

2.1. Chemical reagents

All chemicals of analytical-reagent grade includ@g(NGs)..3H,O, Cd(NQ)..4H,0, Pb(NQ),,
NaOH, HCI, HO,, and NaNQ were purchased from Fisher Scientific. Chemichltgms were
prepared with Deionized (DI) water (18Mcm).

2.2. Biochar preparation

Banana peels and cauliflower leaves were choppatidat 2-cm length, and oven dried at 70 +
5.0°C for 48 h until reaching weight constant. About3tbg of the dry sample was loaded in
tubular quartz reactors (6 cm diameter x 28 cmtlegtass cylinders), and inserted into a bench-
top furnace (GSL-1100X, MTI Corporation). Feedstaas converted into biochar through slow
pyrolysis at 606C for 2 h (Inyang et al., 2010; Inyang et al., 204@o0 et al., 2017), purged
with N, gas (10 psi). The furnace temperature was ras@0®C, and kept constant for 1 h.
Thereafter, temperature was increased at a ratd &€ min™ till reaching 600 °C, where it was
kept constant for 2 h. Collected biochars wereledsand sieved to obtain the uniform 0.452-1

mm-sized fraction.



2.3. Biochar characterization

Samples were analyzed for carbon (C), hydrogendit),nitrogen (N) determination using a
CHN Elemental Analyzer (Carlo-Erba NA-1500). Tdtadrganic elements of biochar was
determined using inductively coupled plasma optigaission spectrometer (ICP-OES, Perkin
Elmer Optima 2100 DV) after the modified dry-ashingthod (Enders and Lehmann, 2012).
The pH value of biochar was measured in 1:20 (idiwvater suspension (Sun et al., 2014). The
suspension was stirred for 1 h, and allowed todstan5 min before measuring by pH meter
(Fisher Scientific Accumet AB250). For measurintpzeotential {), biochar samples were
sonicated in DI water following the method desatiliy Johnson et al. (1996), and the charge
mobility was quantified on Brookhaven Zeta Plusd@haven Instruments, Holtsville, NY).
Specific surface areas of the biochar samples determined with a Quantachrome Autosorb-1
surface area analyzer, Borption isotherms were measured at 77 K, andpreted using
Brunauer, Emmet, and Teller (BET) theory.

The surface morphology of pre- and post-sorbedhaiosamples was investigated by field
emission scanning electron microscopy (Nova Nano3EM FEI Company, USA) at 15 kV
voltage. Energy Dispersive X-ray Spectroscopy (EREETEX ) equipped with SEM was used
simultaneously to quantify the composition of el@tseon biochars surface. Post-sorption
samples were prepared by shaking biochar with mexoé Cu(ll), Cd(ll) and Pb(ll) (0.2 mM for
each) at the rate @5:200 (w:v)for 24 h at room temperature (22 + 6. Post-sorption
samples were filtered through 0.28 pore size nylon membrane filters (GE cellulosiemy
membrane), washed three times with DI water, amhairied at 9%C for 24 h.

XRD pattern of pre-and post-sorption biochar sasiplas performed by using a computer-

controlled X-ray diffractometer (Philips APD 372&Quipped with a stepping motor and graphite



crystal monochromator. Post-sorption samples wexpgred by shaking biochars with either
mixture or individual Cu(ll), Cd(Il) and Pb(ll) ian(each at concentration of 0.2 mM) for 24 h at
room temperature (22 + 0°8). Samples were washed three times with DI watdrowen-dried
as stated earlier.

2.4. Sorption Kinetics and isotherms

Sorption kinetics of Cu(ll), Cd(Il) and Pb(ll) iomsito BB were determined by shaking 0.5 g of
biochar with 200 mL of a mixture containing 200026hd 600 mg & of Cu(ll), Cd(Il) and

Pb(ll) ions, respectively (i.e. 0.5:200 w:v) in @evashed glass bottles, without pH modification.
Similarly, 200 mL mixture of Cu(ll) (150 mgt), Cd(Il) (200 mg [*) and Pb(ll) (200 mg 1)

was shaken with 0.5g of CB. All samples contain®d ™M NaNQ solution as background
electrolyte. Biochar suspensions were shaken anh temperature (22 + 0%&), and samples
were withdrawn at different time intervals ranglmgfween 0.25-48 h. Blank corrections were
performed without the sorbent material to distisgubetween actual sorption mechanisms and
possible heavy metals precipitation. Samples wikratéd through 0.2%um pore size nylon
membrane filters (GE cellulose nylon membrane), methl ions concentration was determined
by ICP-OES.

Sorption isotherms were carried out on mixturesrgvarious concentrations of Cu(ll) (50-200
mg L™ for BB and CB), Cd(ll) (50-500 and 50-350 mg for BB and CB, respectively) and
Pb(Il) (100-1000 and 100-850 mg'tfor BB and CB, respectively) without any pH
modifications. All samples contained 0.01 M Naf\$dlution as background electrolyte. Sorbent
and sorbate (0.5:200 w:v) were shaken in polyprpyldigestion vessels (Environmental
Expres$following the same procedures of sorption kinet&amples were withdrawn at contact

time of 24 h.



2.5. Effect of the pH value of sorbate solution.

The effect of pH value on sorbent-sorbate inteoacivas studied under mono-element sorption
experiments at concentration of 200 my By using 0.1 M of either HCL or NaOH, the pH
value of sorbates was adjusted according to variatin critical pH values for metal ions
sorption (between 2-6 with Cu(ll) and Pb(Il) sodstand between 3-8 with Cd(ll) sorbates). BB
and CB biochars were mixed with sorbate solutidrtiarate of 0.5:200 (w:v), and shaken in
digestion vessels for 24 h at room temperature.pbhgalue of the sorbate solution was
readjusted following 2 h from the contact time. & were filtered, and the pH value was
measured before determination of metal ions conaton. All sorption studies were carried out
in duplicates, and additional analyses were perarmhenever two measurements showed a

difference of more than 5%.

3. Results and discussion

3.1. Physico-chemical properties of biochars used

Biochar production rate was very high (61.44 an®6% for BB and CB, respectively). This
low rate of weight losses during pyrolysis (38.56 85.34% for BB and CB, respectively) is
highlighting the valuable role of the naturally K features of banana peel and cauliflower
leaves. The inherent high K content of the orgéeécistock might have a catalytic action during
its pyrolytic conversion. According to Nowakowskia. (2007), K impregnation into willow
coppice reduced the average pyrolysis energy bytéibkJ/mol, and enhanced the produced
yield of biochar and methane. Another investigasbowed a pronounced reduction in the final
weight loss of pyrolyzed biomass due to K additib5%/°Cvs. 2.36%/°C for the impregnated

and the untreated biomass, respectively) (Hao e2@15).



CNH analyses revealed that both biochars have alinesame amount of C and H contents
(Table 1). N content was higher in CB (4.14%) amgared with BB (1.57%). This high content
of N in CB could have a functionalization effect tve sorptive properties of CB. Beside its
catalytic effect during pyrolysis, the high nitrageontent of CB might act as a precursor for
nitrogen-surface functional groups formation andedi@ping the microporous structure of the
carbonaceous lattice (Rybarczyk et al., 2015; Zledrad., 2016).

Elemental analyses of ICP showed biochars with Kigilontent (10.89 and 11.04% for BB and
CB, respectively). Calcium concentration was neatidg higher in CB (6.17%) as compared
with BB (0.59%). Concentrations of P, Mg, Fe, Zul &tn were relatively higher in CB as
compared with BB. The concentration of Pb(ll) wasyMow in both biochars. Meanwhile,
Cu(ll) and Cd(Il) concentrations were below theedé&bn limit in both biochars.

The pH value of both biochars was very high (1@&08 10.64 for BB and CB respectively),
which reflect their alkaline nature due to the hogimtent of alkaline minerals (K, Ca and Mg).
The N, surface area measurement of BB was relatively(kswf g*) as compared with CB
(12.5 nfg™). Zeta potentialg) of both biochar was negative, and BB has moretrelregativity
(-93.77 mV) as compared to CB (-36 mV).

The relatively low surface area of BB was furthenfrmed by the SEM micrographs, which
showed BB surfaces in a compact rigid structuré wmooth flacks (Fig. 1A). On the other
hand, CB surfaces appeared in a roughness shapeamitplicated network of micro-pores and
cracks (Fig. 1C). This micro-morphological struetaf CB could be the reason of its higher
surface area as compared with BB. The high comteltin both biochar was further confirmed
by the presented high peaks of K in the EDS sp€Etta 1a and 1c). Beside high peaks of K,

EDS spectra of both biochars showed the presen®e Gf, Cl, Si, P, Mg and Na peaks.
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Meanwhile, CB showed a high S peak, which was risted in BB. This could be attributed to
the high content of organosulfur compounds existezhuliflower and other Brassica vegetables
(Stoewsand, 1995).

The XRD patterns showed the excellent crystallinitypoth biochars (Fig. 2). Based on the high
content of K existed in the feedstock, K-mineratyevthe predominant on the XRD patterns of
both biochars. The broad diffraction peaks conegetr approximately between 12° and 66° 2-
theta in BB correspond mainly to Kalicinite (KHGPmonetite (CaHP%) and sylvite (KCI)

(Fig. 2e). The formation of Kalicinite in the carbped biomass may be derived frordO;
following the exposure to #0 and CQ during cooling and storage since KHO®ould expose

to decomposition in temperature higher than ¥D@Chen et al., 2012). On the other hand, the
elevated background between 28° and 74° 2-the@Bigorrespond to sylvite mineral (Fig. 2j).
The formation of K-minerals in BB and CB suggestsslin-situ-self-activation of biochars
during pyrolysis process. This formation of K-mialsrduring pyrolysis can contribute in
sorption process through precipitation onto theseerals or exchanging Kwith other Cu(ll),

Pb(ll) and Cd(ll) ions.

3.3. Sorption Kinetics.

Both biochars showed almost similar trends in mietad removal over the contact time (Fig. 3).
Apparent sorption was rapid during the first 5-1@ihd the equilibrium was reached at 24 h.
Sorption of metal ions onto BB was relatively fagtean CB during the initial time of contact.
This could be attributed to the higher electroneggsitof BB as compared with CB. This kinetic
sorption trend matched with most of biochar sorpkimetics, which showed that metal sorption
onto biochar is divided into a rapid initial phakeing the first initial time of sorption, and

another slow phase till equilibrium is reached n@et al., 2016a; Shi et al., 2009; Wang et al.,
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2015). The early initial sorption phase is domihaobntrolled through physisorption force
where metal ions are sorbed by the sufficient sampites on biochar surfaces. Chemisorption is
the dominant force controlling the other slow smmptphase until reaching equilibrium. In this
phase, metal ions are sorbed through the intrgpadiffusion into micropores and the interior
surfaces of biochar.

Pseudo-first-order (Lagergren, 1898), Pseudo-seoother (Blanchard et al., 1984), and Elovich
(Low, 1960) models were used to simulate the songtinetics of Cu(ll), Cd(Il) and Pb(ll) onto

BB and CB biochars:

First order At = g (1- e~1t) 1)
2

Second order q; = ;ji—qztt 2)
2Ye

Elovich q, = %ln(ﬁat +1) 3)

Whereqt (mg g*) andge (mg g') are the amounts of sorbent sorbed at tirved at equilibrium,
respectivelyK; (h") andK, (mg g* h") are the first-order and second order appareptisor

rate constants, respectively; anfing g* h™*) andg (mg g*) are the initial Elovich sorption and
desorption rate constant at titpeespectively. The Levenberg-Marquardt algorithaswsed to
estimate the value of the model parameters to neitme sum-of-the-squared differences
between model-calculated and measured kinetic data.

Pseudo-second-order was the best model descriténgptption of Pb(ll) and Cd(ll) onto both
biochars withR? > 0.94 (Table 2). This finding suggested that 8orpof Pb(Il) and Cd(ll) onto
BB and CB is mainly controlled by chemisorptionsotigh ion exchange, surface complexation
and/or precipitation. Several previous studies hiwstrated that Pseudo-second-order is better

for description of Pb(ll) and Cd(ll) sorption orttmchars as compared to Pseudo-first -order and
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Elovich models (Abdelhafez and Li, 2016; Ding et a016a; Kotodiiska et al., 2012).

However, Elovich model fitted the data of Cu(llystion better than other modeR*(> 0.95 for
both biochars), which support the participatiortlodémisorptions on the heterogeneous surfaces
through the complexation by active functional gr@op exchanging with sorbed cations (Jin et
al., 2016). Sorption capacities of heavy metal ionm® biochars calculated by Pseudo-second-
order model followed the order: Pb(ll) (241.94 d@f).69 mg d) > Cd(Il) (103.22 and 70.83

mg g*) > Cu(ll) (75.59 and 56.25 mg'yfor BB and CB, respectively.

3.4. Sorption isotherms.

As cleared in Fig. 4, the extent of metal ions Sorponto biochars increased rapidly as the
initial concentration increased in the sorbate tsmtu Thereatfter, this initial rapid sorption phase
became slow until sorption reached equilibrium ghd%e rapid sorption rate at the low sorbate
solutions is occurred due to the sufficient sompsdes on biochar surfaces. As the initial
concentration of metal ions increased, sorptiogssitre occupied till reaching saturation of all
sorption sites (equilibrium). The following isotinemodels were used to describe sorption of

Cu(ll), Cd(Il) and Pb(ll) onto biochars:

SmaxKC

Langmuir (Langmuir, 1918) S =" 4)
Freudlich (Freundlich, 1906) S = K C" (5)
Redlich-Peterson (Redlich & Peterson, 1959) § = 2me% (6)

whereSnax (Mg g*) is the maximum sorption capacity;(L g*) is the Langmuir and Redlich-
Peterson adsorption constant related to the irtterabbonding energies and (g™ Ln kg?) is
Freundlich equilibrium constar, (g L") is the equilibrium solution concentration of the

sorbate; and & r are the Freundlich and Redlich-Peterson lineaotystants, respectively. .
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The Levenberg-Marquardt algorithm was used to egérthe value of the model parameters to
minimize the sum-of-the-squared differences betwaedel-calculated and measured isotherm
data.

Sorption of Cu(ll) onto BB fitted better with Langiin and Redlich-Peterson models£R6%)

as compared with Freudlich mod@&P%) (Table2). For CB, Cu(ll) sorption best fitted with
Redlich-Peterson model $897%) as compared with Freudlich (94%) and Langmuir (20%
Sorption of Cd(Il) onto CB followed Langmuir modgith correlation coefficient 97%.
Meanwhile, this correlation coefficient value wasatively low (<78%) with all models
describing Cd(ll) sorption onto BB. Pb(ll) sorptionto BB fitted better with Freudlich and
Redlich-Peterson models ¥#90%) than Langmuir model (R85%). In this regard, sorption of
Pb(Il) onto CB fitted better with Redlich-Peterg#tf=96%) as compared with Langmuir (92%)
and Freudlich (91%) models.

Redlich-Peterson isotherm describes the fittingasfgmuir and Freundlich isotherm in a
combined model. It has one more fitting paramdtantthe Langmuir and Freundlich isotherms,
which may lead to better fitting (highef)Rhowever, the good fit of the Redlich-Peterson
isotherm can provide insight about the sorptiorcess. The linearity constant “of Redlich-
Peterson lies between 0-1. Sorption process isrtddted with Freundlich model when the
exponent is close to zero, which implies monolayer adsorptMWhen this constant is close to
1.0, this means that data fitted with Langmuirhgot model. In general, the obtained values of
“r’ constant were almost close to 1.0, which inditatiger fitting with Langmuir isotherm
model. The Langmuir maximum sorption capacity val(@a,) of BB was much greater than
those of CB. Sorption capacity of both BB and CB\Wwaher than many feedstock reported in

literature (Table 3). Overall, sorption capacitiidoed the order: Pb(ll) (247.145.177.82 mg
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gh) > Cd(Il) (121.31vs73.80 mg d) > Cu(ll) (75.99vs.53.96 mg &) for BB and CB,
respectively.

3.4. Sorption mechanisms.

The rapid initial phase pronounced by the kinetadeling of sorption data confirmed the
participation of physisorption mechanism in metels sorption onto biochar. This mechanism is
mainly governed by Van der Waals forces existed/eeh sorbent and sorbate. Due to its higher
electronegativity, this initial sorption phase agpel faster in BB as compared with CB.

For understanding chemisorptiomgchanisms responsible for Cu(ll), Pb(ll) and Qdgdrption
onto BB and CB biochars, the post-sorption sampkse subjected to nanosphere morphologies
SEM/EDS and XRD spectra analysis. Heavy metal deppa®re clearly observed on BB and

CB nanospheres, which appeared in the tubulartstescformation inside the complicated
network of micro-pores and cracks (Fig. 1B and Iie formation of heavy metal deposits was
further confirmed by EDS analysis. The EDS analg$§isost-sorption samples showed lowering
or disappearance of the high K-peak existed irptigtine biochar with appearance of other
elevated Pb(ll), Cu(ll) and Cd(Il) peaks (Figs.dd d). These findings suggested the
contribution of ion exchange (particularly with bed K ions), precipitation, outer-and inner-
sphere complexation mechanisms in the sorptionugfi}; Pb(1l) and Cd(ll) ions. Potassium is
easily exchanged with other metal ions sincerioisinvolved in the organic compounds of
feedstock (Marschner, 1995).

To understand mechanisms of precipitation forceséwption of Cu(ll), Pb(ll) and Cd(ll) ions,
XRD analyses were carried out on mono-element sorgind multi-element sorption
experiments (Fig. 2). The XRD spectra of the moleorent sorption experiments showed the

formation of precipitated minerals, which were agisted in the pristine biohar. XRD spectra of

15



Pb-loaded biochar samples revealed the formatic@eofissite (PbCg) on BB and
Hydrocerussite (P¥COs)2(OH),) on CB. The deposits of Cd-crystals were existe@tavite
(CdCQ) minerals formation in both biochars. Cu-loadeachar showed elevated weak peaks of
Cu-mineral in the form of Cuprite (@0) with BB and Posnjakite (GYOH)sSOy.H,0) with

CB. This obvious difference in precipitation formutd be attributed to the high S content of
CB, which favored Posnjakite formation. These fingdi confirmed the participation of
precipitation mechanism in the sorption of Cu(®p(ll) and Cd(ll) ions onto BB and CB.

Zeta potential{) values are used to describe the electrostatengiat of the sorbent material.
The density of this charge attracts the oppositeBrged ions (counter ions) and driving away
the like-charged ions (co-ions). As mentioned eaflianalysis revealed the high
electronegativity of biochars (-93.77 and -36 mYB® and CB, respectively). This is mainly
revealed to the high K content in the original &edk, and the dominance of K-ions onto BB
and CB surfaces. The valency and size of the couwmeaffect{ value and the surface adhesion
equilibrium through changing the thickness of tlexiical double layer and the exact location
of the outer Helmholtz plane (Kirby and Hasselbyid804). In this regards, there are several
reports cleared a reduction in zeta potential Wit valency ions (e.g. Al, C&* and Md*) as
compared with monovalent ions (e.g."Nad K) (Kara et al., 2008; SAKA and GULER, 2006).
Although CB exhibited higher surface area and aptmated network of micro-pores and
cracks, the higher sorption capacity of BB suggk#tat electrostatic attraction is the dominant
force for metal ions sorption onto biochar basedt®higher electronegativity.

3.5. Effect of pH

The pH value of the sorbate solution is one ofrtfaén factors affecting sorption process.

Sorption of Cu(ll), Cd(Il) and Pb(ll) ions onto loiwars increased with the increase of pH value
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of the sorbate solution (Fig. 5). This trend, hoarewas not the same with Pb(ll) sorption onto
CB as a slight reduction occurred in sorption cégaath increasing pH from 5.0 to 6.0. More
than 95% of the sorbed Cu(ll) onto BB and CB wexeoaplished at pH 4.0. This sorption
capacity increased to reach about 99% at pH 6.867ahd 78.6 mgwith BB and CB,
respectively). Sorption capacity of Cd(Il) ions @B and CB was also greater at high pH
values (8.0) with 74.14 and 73.20 m{ gespectively. Sorption of Pb(ll) onto biocharsigited
the same trend of Cu(ll) sorption with about 95%p#on capacity at pH 4.0, and about 99% at
pH 6.0. Unlike BB, CB showed a slight reductiorPib(ll) sorption with increasing pH value
from 5.0 (72.76 mgg to 6.0 (72.74 mg§. Numerous studies mentioned about the reduction
of sorption capacity at lower pH values (Ding et 2016a; Wang et al., 2016; Xu and Zhao,
2013). This pH-dependent sorption is mainly asgediavith protonation or hydroxylation of the
pH-dependent charges. The electrostatic repulsstnden Cu(ll), Cd(ll) and Pb(ll) ions and the
predominantly positively charged colloidal surfacasd the other competition between the
abundance Hions and those metal ions might reduce their Bmrgtapacity onto sorbent
materials at low pH values (<5.0) (Luo et al., 200a et al., 2016; Peng et al., 2016). With
increasing the pH of the sorbate solution, depration of different functional groups existed on
biochar surfaces might provide more negatively gbdrsites, which favored coordination with
positively charged metal ions (Ding et al., 2016alodynska et al., 2012; Li et al., 2016). For
example, at pH values ranged between 5.0 - 0.6s €xisted in the form Cd (OH) This might
cause an increment in its sorption onto biocharefll., 2016). Another mechanism for
sorption of Cd(Il) ions might arise with increasitige pH value (> 6.0) through precipitation in

hydroxide forms (Inyang et al., 2011; Wang et2015).
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The rich-K content of both biochars, which existedeveral K-minerals, led to increase the
final pH value of the sorbate solution althoughitiigal pH value was readjusted twice to acidic
values. This is mainly attributed to the buffercapacity of both biochars presented in its K-
minerals and active functional groups. In this rdg8&B showed high buffering capacity as
compared with CB. Presumably, due to the presehkKdrophosphate (monetite, CaHR@nd
bicarbonate (kalicinite, KHCg) forms in addition to the chloride form (sylvit€Cl). However,

K existed mainly as sylvite in CB. Sylvite is higtdoluble mineral, which could be easily
leached during sorption process. This might raauttinimizing the buffering action of K-
minerals. Furthermore, the precipitation of metalsi in carbonate or phosphate complexes onto
BB might cause a progressive increase in the ptieval the sorbate solution (Kotoelka et al.
(2012).

3.5. Effect of competitive sorption

Metal ions of Cu(ll), Cd(Il) and Pb(ll), each hagithe concentration of 0.2 mM, were further
subjected to multi-element sorption studies ontoaB CB (0.5:200 w:v). As previously found
in kinetic and isotherm experiments, sorption cégaxf BB was considerably higher than CB
(Fig. 6). Sorption dynamics of heavy metal ionsved a competitive sorption following this
order: Pb(ll) > Cu(ll) > Cd(ll). The removal effemcy of Pb(ll) by BB reached about 98.2%,
which was greater than those of Cu(ll) (46.4%) @ddll) (7.4%). However, these removal
efficiencies by CB recorded 74.6, 34.2 and 6.4%fofll) > Cu(ll) > Cd(ll), respectively. This
finding was in harmony with previous studies onchiar derived from canola and peanut straw
(Xu and Zhao, 2013), water hyacinths ((Ding et2016a) and rice husk and dairy manure (Xu
et al., 2013a). This finding was supported by Ep&ctra, which showed a high peaks of Pb(ll)

and Cu(Il) with a very low Cd peak with BB. ThisaaCd(ll) peak was not existed on CB.
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Further to this, XRD pattern confirmed this resulhich appeared through the presence of
participated Cerussite (PbGn BB and Sussanite (B04[/CO3],(OH),) on CB.

Competitive sorption of metal ions onto sorbentamats is influenced by a number of factors,
e.g. hydrolysis constant, radii of the hydratedsianetal electronegativity, and the charge they
carry (Shi et al., 2009). Having the same valesoyption of these metal ions might be governed
by their electronegativity and atomic radii. Theattonegativity of Cu(ll), Cd(Il) and Pb(ll) is
1.90, 0.69, 2.33, respectively. Accordingly, Pbidis with higher electronegativity (2.33) might
have sorption preferentially than Cu(ll) (1.90) add(11) (0.69). Beside the higher
electronegativity, the higher atomic radii, thereébg lower hydrated radii might maximize the
competitive sorption of Pb(Il) (ionic radius = 1@éh; hydrated radius = 261 pm) and Cu(ll)

(ionic radius = 72 pm; hydrated radius = 295 pm).

4. Conclusion

Chemical activation of biochar is widely used focrieasing its sorption capacity to be able to
compensate other conventional adsorbents. Sevanabdcks, however, arise surrounding the
excessive use of chemicals during impregnationtrakzation and drying of the activated
biochar including the extra laborious activationrkvand the generation of huge amounts of
hazardous chemical sludge. To overcome these egormith environmental drawbacks, this
work is highlighting the potential in-situ activaiti of biochar during pyrolysis through the
inherent K-compounds of the organic feedstock (baneeels and cauliflower leaves). The
inherent rich-K content exhibited a catalytic effdaring pyrolysis, and generated biochars (BB
and CB) with high electronegativity. BB showed reglorption capacity although CB recorded

higher surface area (<58.12.5 nf g*). Electrostatic attraction was the dominant meigran

19



controlling sorption process with partial contriluts of physisorption, ion exchange and
precipitation. This was confirmed by the highempgimn capacity of BB, which possess higher
value comparing with CB (-93.4%.-36.42 mv). Sorption of metal ions onto biochaesyH-
dependent, and showed the order: Pb(Il) > Cu(lDd¢ll). Further investigations are needed to
explore the effect of pyrolysis temperature on piaiiyity and sorption capacity of biochar

derived from K-rich feedstock.
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Figure Caption:

Figure 1: Scanning electron microscope (SEM) (ACBD) and respective energy dispersive X-
ray spectrometry (EDS) (a, b, ¢, d) results of Bl &B.

Figure 2. XRD analysis BB and CB impregnated wit(I, Cd(ll) and Pb(ll) in single and

binary system.
Figure 3. Kinatics of Cu(ll), Cd(Il) and Pb(ll) adption on BB and CB.
Figure 4. Isotherm of Cu(ll), Cd(Il) and Pb(ll) adgtion on BB and CB.

Figure 5. Effect of pH of initial solution on adption of Cu(ll), Cd(ll) and Pb(Il) by BB and
CB.

Figure 6. Removal (%) of Cu(ll), Cd(ll) and Pb(#tpm mixed solution by BB and CB.
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Table Caption:
Table 1: Selected physico-chemical properties othars used in current study.

Table 2: Kinetics and isotherm models and begidrameters for Cu(ll), Cd(Il) and Pb(ll)
sorption onto BB and CB.

Table 3: Comparison of BB and CB adsorption cagaxitCu(ll), Cd(ll) and Pb(ll) with other

biosorbents.
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Comment: this table is here just to keep the refees in “Reference list”
Table 3. Comparison of BB and CB adsorption capamitCu(ll), Cd(ll) and Pb(ll) with other

biosorbents.

) Sorption
Metal Biosorbents 1 Reference
(mgg-)

Cu Banan peels biochar 75.99 Current study
Cauliflower leaves biochar 53.96 Current study
Commercial powdered )

_ (Liu et al., 2014)
activated carbon (PAC)
Humic acid treated PAC 5.95 (Liu et al., 2014)
Green vegetable waste
_ _ 7 (Sabela et al., 2016)
derived activated carbon
Dairy manure biochar 54.4 (Xu et al., 2013b)
Grape stalk waste 15.9 (Villaescusa et al., 2004)
Tamarindus  indica seed
82.97 (Chowdhury and Saha, 2011)
powder
Cinnamomum camphora
16 (Chen et al., 2010)
leaves powder
Rose waste biomass 55.79 (Iftikhar et al., 2009)
Sour orange residue 21.7 (Khormaei et al., 2007)
Thermal power plants ash 5.75 (Tofan et al., 2008
Carrot residue 32.7 (Nasernejad et al., 2005)
Root of rose biochar 60.7 (Khare et al., 2013)

Cd Banan peels biochar 121.3 Current study

Cauliflower leaves biochar 73.8 Current study

Commercial activated carbon 8

Apricot  stone  activated

33.57
carbon
Dairy manure biochar 51.4
Bagasse fly ash 1.24

(Mohan et al., 2007
(Kobya et al., 2005)

(Xu et al., 2013b)
(Gupta et al., 2003)
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Pb

Root of rose biochar 66.36
Pine bark biochar 0.34
Water hyacinth biochar 77.5
Banan peels biochar 247.1
Cauliflower leaves biochar 177.8
Root of rose biochar 52.95
Pine bark biochar 3.0
Commercial activated carbon  30.11
Water hyacinth biochar 168

Apricot  stone activated22
carbon

Digested whole sugar beet

_ 40.82
biochar

Digested dairy waste biochar 51.38

(Khare et al., 2013)
(Mohan et al., 2007)
(Ding et al., 2016a)

Current study
Current study
(Khare et al., 2013)
(Mohan et al., 2007)

(Mohan et 0,72
(Ding et al., 2016a)

(Kobya et al., 2005)

(Inyang et al., 2011)

(Inyang et8l11)
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Table 1: Selected physico-chemical properties of biochars used in current study.

Biochars Pro?;cénon Elemental concentration (%, dry matter based) pH
(%) C H N P K Ca Mg Fe Al Zn Mn Cu Cd Pb
BB 61.44 513 1.62 157 047 1089 059 029 001 0004 0003 0002 'N.D. N.D. 0008 10.09
CB 64.66 502 153 414 181 1104 617 116 019 0.006 0.014 0.007 N.D. N.D. 0.0004 10.64

Surfacearea Zeta Potential

(m‘g?) (mv)
<5 -93.77
125 -36.42

* Not detected (below the detection limit)



Table 2. Kinetics and isotherm models and best-fit parameters for Cu, Cd and Pb sorption onto BB and CB.

BB CB
Element Models Model parameters Model parameters
Parameterl Parameter? R? Parameterl Parameter? R?
Kinetic models

First-order 0=72.91 g kg™ K=2.88 h' 0.46 ~50.93gkg™ K=0.59 h™* 0.71

Cu Second-order 0=75.59 g kg™ k,=0.07 kg g * h* 0.80 ~56.25gkg™ k,=0.01kgg*h? 0.80
Elovich 0=1189473 mg g* p=0.20g mg™* 0.96 0=203.88mgg" p=0.12gmg™ 0.95
First-order 0.=98.44 gkg* K=1.54 h* 0.88 ~61.60gkg™ K=0.24 h* 1.00

Cd Second-order 0.=103.22 gkg®* k,=0.02 kgg * h* 0.94 q~70.83 gkg®* k,=0.00kgg * h 0.99
Elovich 0=5250.42 mg g* p=0.09gmg™ 0.84 a=38.39mgg* p=0.07gmg™ 0.95
First-order 0=237.53 g kg* K=3.87 h* 081 q~97.98gkg™ K=5.73 h* 0.81

Pb Second-order 0=241.49 g kg* k,=0.05kg g *h! 0.99 ~100.69 g kg™ k,=0.14kgg* h' 0.97
Elovich 0=154 x 10®mgg* p=0.15gmg™ 0.70 0=4.72x 10°mgg* p=0.26gmg™ 0.63

Isotherm models

Langmuir Omax = 75.99mgg*  K=0.96L g* 0.96  Omax =53.96mg g* K=142L g* 0.90

Cu Freudlich n=0.17 K=3629g"" Lnkg? 079 n=0.15 K= 29.0 g*™ Lnkg* 0.94
Redlich-Peterson Omax =8349mgg”  K=081Lg' r=102 096 Qunx=36.35mgg" K=470Lg* r=090 097
Langmuir Omax = 121.31mgg*  K=1.18L g* 0.76  Qmex = 73.80mgg* K=038L g"* 0.97

Cd Freudlich n=0.17 K=56.49g%" Lnkg® 076 n=0.19 K= 30.4 g*™ Lnkg* 0.90
Redlich-Peterson Omax =8122mggt  K=3.09Lg"' r=091 078 Qm=230.40mgg” K=8710Lg* r=081 0.90
Langmuir Omax = 247.10mg g’ K=2.48L g* 085 Qmx=177.82mgg’ K=1.82L g"* 0.92

Pb Freudlich n=0.15 Ki=1201g"” Lnkg® 090 n=0.14 K=91.1¢g"" Lnkg* 0.91
Redlich-Peterson Omax = 120.00mg g  K=8710L g r=0.85 090 0Omn=11880mgg’ K=861Lg* r=0.92 096




Table 3. Comparison of BB and CB adsorption capacity of Cu(ll), Cd(Il) and Pb(Il) with other

biosorbents.
) Sorption capacity
Metal Biosorbents 1 Reference
(mgg")

Cu Banan peels biochar 75.99 Current study
Cauliflower leaves biochar 53.96 Current study
Commercid powdered )

_ 1.32 (Livetd., 2014)
activated carbon (PAC)
Humic acid treated PAC 5.95 (Liveta., 2014)
Green  vegetable  waste
_ _ 75 (Sabelaet d., 2016)
derived activated carbon
Dairy manure biochar 54.4 (Xuetal., 2013b)
Grape stalk waste 15.9 (Villaescusa et al., 2004)
Tamarindus indica  seed
82.97 (Chowdhury and Saha, 2011)
powder
Cinnamomum camphora
16.75 (Chen et dl., 2010)
leaves powder
Rose waste biomass 55.79 (Iftikhar et al., 2009)
Sour orange residue 21.7 (Khormae! et al., 2007)
Thermal power plants ash 5.75 (Tofan et ., 2008)
Carrot residue 32.7 (Naserngiad et a., 2005)
Root of rose biochar 60.7 (Khareet al., 2013)

Cd Banan peels biochar 121.3 Current study
Cauliflower leaves biochar 73.8 Current study
Commercid activated carbon 8 (Mohan et a., 2007)
Apricot  atone  activated

33.57 (Kobyaet d., 2005)
carbon
Dairy manure biochar 51.4 (Xuetal., 2013b)
Bagasse fly ash 1.24 (Guptaet al., 2003)
Root of rose biochar 66.36 (Khareet al., 2013)



Pine bark biochar

Water hyacinth biochar

Banan peels biochar

Cauliflower leaves biochar

Root of rose biochar

Pine bark biochar

Commercid activated carbon
Water hyacinth biochar

Apricot  atone

carbon

activated

Digested whole sugar beet

biochar

Digested dairy waste biochar

0.34
77.5

247.1
177.8
52.95
3.0
30.11
168

22.85

40.82

51.38

(Mohan et d., 2007)
(Ding et d., 2016b)

Current study
Current study
(Khareet al., 2013)
(Mohan et al., 2007)
(Mohan et a., 2007)
(Ding et a., 2016b)

(Kobyaet d., 2005)

(Inyang et al., 2011)

(Inyang et a., 2011)
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Figure 5.
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Title: Removal of Cu(ll), Cd(I1) and Pb(l1) ions from agueous solutions by biochars derived

from potassium-rich biomass

Highlights

1. The XRD patterns showed the excellent crystallinity of both banana peel biochar (BB)
and cauliflower leaves biochar (CB).

2. Apparent sorption of heavy metals was rapid during the first 5-10 h, and the equilibrium
was reached at 24 h.

3. Pseudo-second-order was the best model describing the sorption of Pb(11) and Cd(l1) onto
both biochars (R? > 0.94)

4. Sorption capacity (Sma) of heavy metal was higher in BB as compared to other biochar reported
in literature.



