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ABSTRACT

This study tested the ability of maple leaf pow(MLP) to reduce the level of Pb(ll) ions in
aqueous solutions. As a biosorbent, MLP has afamecific surface area (10.94/g) and
contains Pb(ll) binding functional groups. The t@ghPb(ll) removals were achievedét of
6.2, particle size of less than @5 dose of 0.5 g, initial concentration of 10 mgitia
equilibrium time of >15 minutes. Thermodynamic désindicated that the Pb(Il) adsorption
process was spontaneous and exothermic. MLP biesbdould be reused for five cycles after
successfully recovery by 0.1N;8I0,. Both adsorption and desorption data fit well with
Langmuir and Sips isotherm modef€ & 0.961—1.00). The Pb(ll) adsorption and desorption
capacities ) of MLP were up to 50.27 mg/g and 40.06 mg/g, eesipely, for a 1 g dose at
room temperature. Kinetics processes were rateaiting step and showed good fitness with
the pseudo-second order and intraparticle diffusimdels. Results suggest that multiple
mechanisms (chelating bond, physisorption and cbenpiion) are involved to adsorb the
Pb(Il) ions on to MLP. Higher Pb(ll) removal revedlthe practical applicability of MLP in
water and wastewater treatment systems.
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INTRODUCTION
Lead smelting, mining, ceramics and glass prodocteaded gasoline and batteries, and the

printing, tanning, plating and finishing industrieffluents are sources of Pb(Il) contamination



of water bodies and other natural environmentslPédversely affects terrestrial and aquatic
biota and threatens human health (El-Ashtousihgl. 2008; Santorufet al.2012). Exceeding
the permissible limit of Pb(ll) in drinking wated.05 mg/l) may cause adverse reaction with
‘mercapto group’ and ‘phosphate ion’ of enzymegartids and biomolecules, inhibit the
biosynthesis of haeme units, affect the membranmagebility of kidney, liver and brain cells,
and ultimately results in either reduced functignam complete breakdown of these organs
(Okoyeet al.2010). It is essential to eliminate Pb(ll) from e&nd wastewater prior to
discharge into natural environments.

Several conventional methods (e.g., chemical pitagipn, ions exchange,
ultrafiltration, etc.) are employed to remove Ppfibm water and wastewater, but they do so
incompletely, need large quantities of reagentsearagy, and generate toxic sludge that
requires expensive disposal (Amuda & Alade 200&)s@&ption is an innovative and
developing technology using living or dead bio-miale to reduce toxic heavy metals in
aqueous solutions. The key advantages of biosorpgichnology are its effectiveness in
reducing the concentration of heavy metal ionseiy Vow levels and its use of inexpensive
bio-materials (Volesky & Holan 1995). A wide vagiaif agricultural waste materials, such as
modified palm oil empty fruit branch (Ibrahiet al.2010), meranti sawdust (Rafatullahal.
2009), olive tree pruning waste (Blazquetzal.2011), Nordmann fir (Kagt al.2009),
groundnut hull (Qaisest al.2009), green algaJ{va lactucg biomass (Sar1 & Tuzen 2008),
cotton waste biomass (Riatz al.2009), modified peanut sawdust @tial.2007), grape stalks
(Martinezet al.2006), activated carbon prepared from apricot s{gobyaet al. 2005) and
coconut shell (Sekaat al.2004), are already used as low-cost biosorbentB8kidt) removal
from water. In addition, the lignocellulosic solidstes generated in the agricultural, plantation
and forestry sectors have been proposed as analter potential biosorbent for the removal
and recovery of heavy metal ions water and waswwBtemirbas 2008). The maple tree is
commercially, environmentally and aesthetically artpnt in many temperate and polar
regions of the world (Rahman & Islam 2009; Witeletiak et al.2010).

Maple wood is in great demand for flooring, furmépinterior woodwork, veneer and
small woodenware due to its hardness, toughnessthed properties, and maple trees are
frequently grown as roadside decoration (Witek-Kiedwet al. 2010). Consequently, a huge
amount of maple leaves are produced every yeatiogea waste management problem in
many regions. To date, no commercially viable usanaple leaves have been reported.

In this article, steps were taken to describe ahuation of the capacity of maple leaves
to adsorb Pb(Il) ions from aqueous solutions. I$ wiaaracterised by FTIR, BET, SEM and X-



ray mapping. It also studied the effects of contiace, thepH of the solution, the initial
concentration of Pb(ll) ions and dosage of the dmsas, particle sizes and temperature on
removal of Pb(ll) ions by MLP. This research alseestigated the adsorption and desorption
isotherms of Pb(Il) and the probable mechanismbxgflPbiosorption, and determined the
kinetics characteristics of Pb(ll) adsorption aedatption on the surface of maple leaves.
MATERIALS AND METHODS

Materials

One kilogram of maple leaves were collected fropfaatation in Oswald Reverse, Oswald
Street, New South Wales, Australia between MayJma 2012. The leaves were washed to
remove impurities such as sand and twigs, and #shed leaves were chopped and then dried
at 105 °C for 24 hours in an oven. The dried leaveie then removed and ground in a coffee
grinder. The resulting powder was sieved and graated<75um 75um 150pumand 30Qum
sizes. A stock solution of lead nitrate (Pb@ipPwas prepared by dissolving an accurately
weighed amount (1.598 g) of the salt in 1 litrévbfli-Q water to prepare 1 litre of 2000 mg/l
solution. Experimental solutions were prepared ibytidg the stock solution with distilled
water.

Methods

BET specific surface area

The BET surface area of the MLP was determined fpradsorption isotherm by Nano
Porosity System (Micrometrics ASAP 2020, MiraelStrea).

Fourier transforms infrared (FTIR) spectroscopy

The FTIR spectra of the MLP were recorded on a FSgBctrometer (Shimadzu FTIR 8400S,
Kyoto, Japan) to elucidate the functional groupsspnt.

Scanning electron microscope

SEM was used to examine the surface morphologgeoMLP and obtained images on JEOL
(JSM-35CF, UK). Elemental mapping was conductedgian energy-dispersive X-ray
spectrometer attached to the SEM.

Effect of particle sizes

Experiments were conducted in Erlenmeyer flaskaiairig 100 ml water with 1 to 500 mg/
of Pb(ll) concentration; 0.5 g of MLP of each paldisize were added to each experiment. The
Erlenmeyer flasks were shaken at 120 rpm and at temnperature for 2 hours. The water
samples were filtered with Whatman™ filters (GF/@vn circle; GE Healthcare,
Buckinghamshire, UK) and the filtrates were anadylsg atomic absorption spectrometer
(AAS) (ContraOAA 300, Analytikjena, Germany).



Effect of biosorbent doses

Batch adsorption tests were conducted with dos&4.éf from 0.01 g to 3.0 g per 100 ml
solution of 1-15 mg/I of Pb(ll) ion g@H 6.0, for a contact time of 120 min at room
temperature. The samples were shaken at 120 rprilteneld with Whatman filters, then the
filtrates were analysed by AAS.

Effect of solution pH on biosorption

The effect ofpH on the adsorption capacity of MLP was investigateitg a 100 ml solution
of 10 mg/l of Pb(ll) ion and pH range of 2.0 to 7.0 at room temperature. Experismeould
not be performed at highpH value due to hydrolysis and precipitation of Phighs.
Erlenmeyer flasks were shaken for 120 min to enthatequilibrium was reached. The
mixtures were then filtered using Whatman filtems ghe filtrates were measured by AAS.
Desorption experiments

Desorption experiments were performed to exploegpibssibility of repeated use of the
biosorbents. After biosorption experiments, thellptdaded biosorbent was washed and
transferred to 100 ml of eight types of eluent:wagter, milli-Q water, distilled water, 0.1N
H,SOy, 0.1N HCI, 0.1N HN@, 0.1N NaOH and 0.1N G&OOH. The Erlenmeyer flasks with
samples were agitated at 120 rpm and at room texyerfor 3 hours. Samples were filtered
with Whatman filters and Pb(ll) ions desorbed ie fittrate were determined. The eluted
adsorbent was washed repeatedly with Milli-Q w#teremove any residual desorbing solution
and placed into metal-containing water for the raggorption cycle. Adsorption and
desorption cycles were run six times with the lebstnt under the same conditions.

Kinetics and effect of initial Pb(ll) concentration

Kinetic experiments were carried out by agitatin@0D ml of Pb(ll) solution of concentration
ranging from 10 to 200 mg/l with 5 g of MLP in adber at room temperature and an optimum
pH of 6.0 at a constant speed of 120 rpm for 180 ®amples (5.0 ml) were pumped by
syringe at different time intervals, filtered by INiore filter and the concentration of Pb(ll)
analysed by AAS. The quantity of Pb(ll) ions re&dnn the biosorbent phasg, (mg/g) was
calculated by the following expression:

g ={C2GN ®
whereCy is the initial concentratiorG; is the concentration of the Pb(ll) at time t (MM is
the water volume (l) andrf is the mass of the biosorbent (g).

The filtrate powder was washed with Milli-Q waterremove any residual desorbed

Pb(Il) and used for desorption kinetics with bdgeat. The kinetics data for adsorption and



desorption were fitted to the pseudo-first-ordeeymo-second-order and intraparticle diffusion
models. The parameters of the models were optintigetbn-linear analyses. The relationship
between experimental and model-predicteq was determined by the coefficient of
determination®?) (Hossairet al.2012). The degree of fitness of kinetics models alss
judged by two non-linear errors: the normalisedidsad deviationNSD) and average relative
error ARE (Hossairet al.2012).

Equilibrium studies

A volume of 100 ml of Pb(ll) solution with a rangé1 to 500 mg/l was placed in 150 ml of
Erlenmeyer flasks (16 for each dosepHt6—6.5. Accurately weighed amounts (0.05, 0.5 and
1g) of MLP were added to separate flasks. The Br&yer flasks were shaken at 120 rpm and
at room temperature for 120 min, then the MLP vemgarated by Whatman filters. The
filtrated MLP was washed with Milli-Q water to ren@any residual desorbing Pb(ll) and
used for desorption equilibrium in 100 ml of bdskeat. The filtrate was analysed for the
remaining Pb(ll) concentration by AAS. Adsorptiamdadesorption capacitiege] were
calculated as:

q = (Co -Ce).\/ )

m

where,ge is the equilibrium adsorption/desorption capagityg/qg); C, andC. are the initial and
equilibrium Pb(Il) concentrations in the water (thgéspectivelyV is the volume of used
solution (I); andm’ is the mass of used biosorbent (g). The equilibrilata for adsorption and
desorption were fitted with Langmuir, Freundlicrde®IPS isotherm models. All equilibrium
model parameters were evaluated and optimised nsindinear regression in MATLAB
(R2010b). The model's fitness was verified by theficient of determination/é; shows
closeness of experimentgland model predictioge), the residual root mean square error
(RMSB and the chi-square tegf) (Hossairet al.2012).

RESULTS AND DISCUSSION

Influence of pH

The pH value strongly influences the adsorption of mitas from aqueous solutions. The
influence ofpH on the adsorption of Pb(ll) ions was is presemdeigure 1(a). The uptake of
Pb(ll) ions increases with increasipgl. Similar results have been reported for different
biomass (Anwaet al.2010). A sharp increase in biosorption occurreth@pH range 2.5 to
4.5. The maximum biosorption was 98.5% for Pb@hs atpH 6.3; therefore, all biosorption
experiments were carried out withl of 6.0—6.5. AtpH values higher than 6.0, metal ions

precipitated and biosorption studies at th@devalues could not be performed (Rometal.



2008). The decrease in removal efficiency at pivcould be due to the fact that the mobility
of the hydrogenH") ions is higher than that of the metal iond£oreacts with active sites
before adsorbing the metal ions (Akledmal. 2010).

Influence of biosorbent amount

Optimising the doses of biosorbent for adsorptibRla(ll) ions was accomplished with five
initial Pb(ll) concentrations (1-15 mg/l) and 01013 g doses of MLP. Figure 1(b) shows the
results for Pb(ll) adsorption. For the five initRb(Il) concentrations, 10 mg/l removed more
Pb(ll) ions (98.2%) than other concentrations. Amtre doses, 0.5 g posed higher removal
for Pb(ll) ions. Therefore, 0.5 g MLP was adoptedtee dose for 100 ml of water and 10 mg/I
of Pb(ll) for the other studies.

Effect of contact time and initial concentration

The contact time affected the extent of adsorpaiotme Pb(Il). Figure 1(c) shows the variation
in the extent of adsorption capacity (mg/g) of Bigh MLP at room temperature over time for
five initial Pb(Il) concentrations. As Figure 1@&h)ows, the amount of the Pb(ll) adsorbed onto
the MLP increases with time and initial Pb(Il) centrations, but eventually no more Pb(ll)
ions are removed from solution. The time requiedttain equilibrium is termed equilibrium
time; the amount of Pb(ll) adsorbed at equilibritime reflects the maximum adsorption
capacity of the adsorbent under those operatinditons. Rapid adsorption was observed in
the initial stage; this may be explained by a raldorption on the outer surface of the MLP,
followed by slower adsorption inside the pores. $aeond stage was much slower than the
first, and equilibrium was reached after 5, 5, %ahd 20 min for 10, 25, 50, 100 and 200 mg/I
Pb(ll) concentrations, respectively. This rapidetios has important practical implications for
the development of a metal biosorption system witiple leaves.

Effect of particle size

The effect of varying MLP patrticle sizes on the IBkEdsorption rate is shown in Figure 1(d).
Smaller particles (<7am) have greater Pb(Il) removal capacity. This is hpwsbably due to

an increase in total surface area, which provideserhiosorption sites for the metal ions
(Schiewer & Volesky 2000). For large sized parsclbe diffusion resistance to mass transport
is relatively high and relatively less of the imtak surface of the particle can be utilised for
adsorption; consequently, the amount of Pb(ll) gatsan is relatively small (Patét al.2011).
Similar trends have been observed in adsorptianasfls onto other biosorbents available in
the literature (Anwaet al.2010).

Regeneration of maple leaves



The regeneration of biosorbents is a crucial stepe reprocessing of biosorbents and
recapture of valuable metals. It is also a fagtaeducing operating costs for any type of water
treatment. Regeneration experiments were condudgtaceight eluents. The results of batch
desorption and six adsorption/desorption cycleshosvn in Figure 2. The 0.1N,80, and

0.1N HNG; eluents enabled the highest Pb(ll) recovery 88%6and 97%, respectively (Figure
2(a)). Adsorbed lead ions (Phonto MLP surface could be replacedHblreleased from

acids in the desorption systems and recover Pifnkasiet al. 2005). Six adsorption and
desorption cycles were run with 0.1N30, (Figure 2(b)). It was found that the MLP could be
reused for five cycles with only minor loss of aggmn efficiency.

Biosorption thermodynamics

Energy changes occur during biosorption procesiehs free energfAG®) can be calculated

as follows:

AG® =-RTInK,, 3)

whereT is the absolute temperature (°K) aitlis the gas constant (8.314 J/mol K). In the
biosorption of heavy metals, the equilibrium consia defined as:

~ G
K= (4)

whereqe is the concentration of adsorbed Pb(ll) ions anlitosorbent at equilibrium, afg} is
the Pb(Il) concentration in the solution at equilim. Determination of the equilibrium
constant depends on the isotherm equation useetdéondine the equilibrium constant of Pb(ll)
biosorption by maple leaves.

Langmuir isotherm equatioeq.9 was used to calculakeqvalues from the
biosorption of Pb(Il) ions on MLP and the correspiog values oAG® of biosorption were
determined at different experimental temperatu288{343 °K). The degree of spontaneity of
the biosorption process was judged from the coarging Gibbs free energy; a higher
negative value reflects a more energetically fagble biosorption. In addition, the equilibrium
constant can be expressed in terms of enthalpygehainbiosorptionAH®) and entropy change
of biosorption 4S°) as functions of temperature, following the vaiff equation:
InK,, = As - ARHT (5)
whereAH® andAS’ are obtained from the slope and intercept of & Wwff plot of In(Keg)
versusl/T.

Table 1shows the thermodynamic values for the Pb(ll) drip8on process using the

Langmuir isotherm for determinirigeq values. The negative value A&° showed the



spontaneous nature of Pb(ll) biosorption onto MLRe negative enthalpy (-0.321 kJ/mol)
AH° suggested the exothermic nature of biosorptioereds positive values (8.0735 kJ/mol
K) of AS’ showed the increasing randomness at the MLP-Pdxliition interface during the
biosorption process (Dursun & Kalayci 2005).

Biosorption kinetics

The parameters of the biosorption models were ohétexd by non-linear regression for kinetic
tests performed under different initial Pb(ll) centrations (10, 50 and 100 mg/I@t 6.0-6.5
— see Figure 3); they are presented in TablzZonfirm these results, pseudo-first-order,
pseudo-second-order and intraparticle diffusion el@avere used to calculate the specific
Pb(ll) adsorption from the aqueous solution. Treults, depicted in Figure 3, clearly show
that the initial sorption of Pb(Il) ions occurredry rapidly in all biosorption experiments, with
most of the Pb(ll) uptake occurring within the fifsw minutes of contact, and reached
equilibrium after 20—30 minutes, suggesting thailable sites on the biosorbent are the
limiting factor of the biosorption process. Theidhkinetics observed for Pb(Il) removal by
MLP has substantial practical importance, becausdinetics will facilitate smaller reactor
volumes, ensuring efficiency and economy (Guletgl. 2007).

Table 2 shows the predicted kinetic parameter®bgi) adsorption and desorption
processes for three models. The adsorption andptesokinetics data were well fitted with
all models R > 0.923, Figure 3). Specifically, the adsorptionl @esorption data showed
better fitness with the pseudo-second-order mduel the pseudo-first-order model (Table 3),
implying Pb(I1) ion adsorption was the rate-coritrg step (Ho 2004). Higher fitness (hif
and lowNSDandAREvalues) for the pseudo-second-order model (Taple2ained from
both adsorption and desorption process for theetRiEIl) concentrations (10, 50 and 100
mg/l), also reinforced the proposition and argundartved from FTIR spectra. Experimental
and calculated values of equilibrium adsorptionddetion capacitiesgg) from the pseudo-
second-order model are more similar than those franpseudo-first-order model.
Significantly, lowNSDandAREvalues (Table 2) were obtained from pseudo-secodédr
models for both adsorption and desorption proce3sesse results suggest that the
adsorption/desorption system follows the pseudossgorder kinetics, which further implies
that adsorption is the rate-controlling step (HO420

Multi-linear plot was found for both adsorption aselsorption of Pb(ll) onto the MLP
biosorbent (Figure 4). Two clear steps were founthé plots which are definitely a general
type of intraparticle diffusion type plot (shownsigaight line in Figure 4). The first stage

could also be recognised as boundary layer diffysidnile the second stage might be due to



intraparticle diffusion effects (Srihari & Das 2Q0& the present study, the rate constég)t (
for adsorption (2.089 to 16.983 mgfgin) and desorption (1.377 to 14.299 mirfdn)
increased with increased initial Pb(Il) concentrat{Table 3). Therefore, the slope of the
linear portion in the second stage may be descalsagirate parametdg,) and a characteristic
of the adsorption and desorption rate in the re§idrere intraparticle diffusion occurs) which
has previously been reported in the literaturegtdhie rate-limiting factor (Hanafiadt al.
2006).
Biosorption equilibrium
Equilibrium isotherms are used to calculate theimam capacity of the biosorbent (MLP) for
Pb(ll) ions. The Langmuir, Freundlich and Sipsl&oims are three of the most common types
of equilibrium isotherms for describing adsorptaystems.
Langmuir isotherm
The most widely used adsorption isotherm is thegbauir model. A basic assumption of the
Langmuir theory is that adsorption takes placeatsic homogeneous sites within the
adsorbent. The saturated monolayer isotherm caefdresented as (Langmuir 1918):

K.C
%=1 K.C. ©)
whereC. is the equilibrium concentration (mg/) is the amount of metal ion adsorbed
(mg/g),am is thege for a complete monolayer (mg/g) and a constaated|to adsorption
capacity, andK, is the constant related to the affinity of theddiny sites and the energy of
adsorption (I/mg).
Freundlich isotherm
Freundlich devised an empirical model based onratisa on a heterogeneous surface and
multilayer adsorption, which is given by (Thometsal. 1997):
g = KC" (7)
whereqe is the quantity of metal ions adsorbed per unissrat the adsorber, the
equilibrium solution concentration, akg andn are Freundlich equilibrium coefficients. For
favourable adsorption, Or< 1, whilen > 1 represents unfavourable adsorption, mrdl
indicates linear adsorption. f= 0, the adsorption process is irreversible (AbiAsuquo
2006).
Sips isotherm
An empirical isotherm equation was proposed by ,Sitsch is often expressed as (Sips 1948):

_ KL
Qe = B.
1+a C

(8)



wherege is the amount of metal ions adsorbed per unit roaa#se adsorben€. the
equilibrium solution concentration ang; and/; is the Sips constants.

The equilibrium data at 0.05, 0.5 and 1 g/100nViaP are shown in Figure 5 for both
adsorption and desorption. A non-linear regressiodel was used to determine the best-
fitting isotherm. The Langmuir, Freundlich and Sgasameters at different initial Pb(ll)
concentrations, including their coefficients ofefetination R, ¥* andRMSE presented in
Table 3, demonstrate that the Langmuir equatioxipes the best fithess of the experimental
data. The monolayer capacity of the MLP was 50.8&rfrom this isotherm while its
desorption capacity was 60.26 mg/g for 1 g doshs.rionolayer capacityy, for Langmuir
increased from 22.79 to 27.41 mg/g for an incréaselution temperature from 25 to 60 °C.

The other mono-component Langmuir constipf.indicates the affinity for the
binding of Pb(ll) ions. The essential characterstf the Langmuir isotherm are described by
the separation factor or equilibrium constBntwhich is defined aB_ = 1/(1+K_C,) (where
C, is the initial concentration of Pb(ll), akd is its Langmuir constant). This indicates the
nature of adsorption & > 1 (unfavourable), O R_< 1 (favourable)R_ = O (irreversible),
andR_ =1 (linear).

The values oR_in the present investigation were below 1.0 fahkedsorption and
desorption of Pb(Il) from MLP biosorbent, showitgt the adsorption/desorption of Pb(ll) is
very favourable. The values dfn from Freundlich models were also found to be thas
unity for both adsorption and desorption processbgh suggests favourable adsorption and
desorption behaviours of Pb(Il) onto MLP.

As Table 3 shows, the Sips isotherm exhibits higtig0.998—0.994) values and lower
x* andRMSEvalues, viewing that this model fitted consideyatbétter than the Freundlich and
Langmuir isotherms. Similar results were found frdesorption of Pb(ll) from MLP.
Therefore, the Sips isotherm can also be usedefseribing the biosorption and desorption
behaviour of Pb (Il) ions on MLP. However, thistlserm contains three parameters and the
values off%s are close to 1, which confirms its tendency towdhe Langmuir isotherm. In
Table 3, the calculated monolayer capadityfrom the Sips isotherm was compared with
those of the other models prediction and this vaduewer than experimental and predicted
values of other models (Table 3).

Biosorbent characteristics and biosorption mechanis for Pb(ll)
It is thought that various metal-binding mechanistresinvolved in the biosorption process,
including chemical or physical biosorption, ion baage, surface adsorption and adsorption

complexation (Sangdt al.2008). The MLP-Pb(ll) adsorption mechanisms asseditor



higher Pb(ll) removal are explained here on thesbalsFTIR, SEM, X-ray mapping and the
results obtained from equilibrium and kinetic sedi

FTIR spectra show (Figure 6) that MLP has diffefeinictional groups. These groups
are ionisable and can react wih or cations in aqueous solution (Gulretzal. 2005). The
major functional groups found from spectra (FigByevereO-H stretch-free hydroxyl for
alcohols/phenols (3624.54 & O-H stretch for carboxylic acids (between 3,300 asd@,
cm™), C-N stretch for aliphatic amines (1024.258mC-O stretch for alcohols/carboxylic
acids/esters/ethers (between 1,320 and 1,000,er8-H bend for alkanes (between 1,000 and
650 cm') andC-H “OOH” for aromatics (817.85 cf) (Ponset al.2004). Functional groups,
such as hydroxyl and carboxyl groups, are ablertd with Pb(ll) ions (Ricordett al.2001).

The metals adsorption capacity, surface propewdiets/e functional groups of
biosorbent can be explored from characterisatibhe.surface properties of the MLP
biosorbent were examined by the BET test and medsurface properties are tabulated in
Table 1. The BET surface area of the MLP biosoriet6.94 g, which is comparable with
the measurements for the biosorbents produceddgrmoultural wastes for Pb(Il) removal
(Table 4). The total pore volume of the MLP biosarbwas 0.02 cffg and most of the pore
volume was mesopore (100%). In addition, the me&nomore and mesopore sizes of the
MLP biosorbent were 8.71 A and 41.46 A (Table dypectively, suggesting that this
biosorbent falls within the mesopore region basetd i°AC classifications.

The surface structure of the MLP biosorbent wadyaed using a SEM before and
after Pb(lIl) ion adsorption (Figure 7). The micragins clearly reveal the presence of
asymmetric pores and particles in the MLP biosarligure 7(a)), which signifies high
internal surface area that could be responsiblaifgr Pb(ll) adsorption. After Pb(ll)
adsorption, the micrographs show (Figure 7(b)) thatpores were filled and dense in structure
— probably due to adsorbed Pb(ll) on the interagts of particles of MLP. The X-ray
mapping of the maple leaves (Figure 7(c)) showedtiesence of adsorbed Pb(ll) ions in the
surface of the biosorbent, similar to the findingspectral analysis (Figure 6). The XRD
spectrum of maple leaves (Figures 7(d) and 7(eywstihe constituent elements of maple
leaves.

Contrasting to hints of FTIR analysis and activa@mergy evaluation, the higt, x*
andRMSEvalues for the Langmuir isotherm and high NSDandAREvalues for the pseudo-
second-order kinetic model advise reasonable fueddes for MLP’s Pb(ll) biosorption, which
could correspond to a chelating bond between tife) ftn and carboxylic groups. However,

the highR? values of the Freundlich isotherm suggest otheshmeisms (such as physisorption



or chemisorption) are involved, and that a degfdesterogeneity is possible for ionic species
involved in the solution and on the surface. Thaefthe analyses of the results make it very
difficult to assign a definite mechanism for thepgimn of Pb(ll) ions onto maple leaves. It is
possible that a combination of adsorption mechasi@helating bond, physisorption or
chemisorption) is involved in the uptake of Pbidils onto maple leaves.
Comparison of adsorption capacity
The Pb(Il) adsorption capacities of MLP and 11 ptmsorbents were compared; the results
are shown in Table 5. The Pb(Il) adsorption cagafitMLP is higher than all other tested
biomass, with the exception of tea leaves. Nevirtisethe adsorption capacity of MLP can be
increased by activating the adsorbent.
CONCLUSIONS
Maples leaves are feasible and effective biosortmerihe removal of Pb(Il) from aqueous
solutions in the context of efficiency, availalyilih some cold countries and low cost, although
these are laboratory findings. Biosorption kinefigllows a pseudo-second-order model, and
the Langmuir isotherm model best reproduces theraxental data. SEM and X-ray mapping
confirmed the presence of Pb(ll) ions on the MUBiamass surface. Thermodynamic
properties indicate that the Pb(Il) biosorptiong@ss is spontaneous and exothermic in nature.
Experimental results suggest tipht, doses, initial Pb(ll) concentration, contact tiamel
particle affect the biosorption process. Smalliprsize (<751m) confers higher Pb(ll)
biosorption than larger sizes. Quick equilibriumei (5-20 mins) for different initial Pb(ll)
concentrations suggests maple leaves have praptitattial as an alternative metal adsorbent.
The MLP biosorbent was successfully used in fivecessive adsorption/desorption cycles.
MLP’s monolayer capacity of Pb(ll) biosorption isnaparable to those of other biosorbents
reported in the literature.
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Table 1| Thermodynamic parameters for the adsorptiorb@fi Poy maple leaves

Temp. (°K) gm (Mg/g)  Ke 4G° AH° 48
(kJ/mol) (kJ/mol) (J/mol°K)

293 7.138 1.908 -1.574 -0.321 8.0735

303 5.774 1.691 -1.324

313 5.893 1.896 -1.665

323 1.229 2.749 -2.716

343 1.753 2.708 -2.841




Table 2| Kinetics modelling of Pb(Il) adsorption and dggmn onto maple leaves

Adsorption Desorption
Pb(ll) concentration Pb(ll) concentration
Kinetic models Parameters 100
10 mg/l. 50 mg/l 100 mg/l 10 mg/l 50 mg/I
mg/|
Experimente 0 (Ma/g) 1.99¢ 9.72( 18.95¢ 1.21¢ 6.31: 13.57:
1. Pseudo-1st-order:  ge (Mg/g) 2.033 9.897 19.132 1.177 6.599 13.149
g =g, - qe™
ki (I/h) 1.000 1.000 1.000 3.175 3.550 4173
2§ 0.924 0.930 0.987 0.953 0.976 0.988
NSC 10.99¢ 10.71¢ 5.64¢ 8.43( 5.421 3.94¢
ARE 1.1814 1.180 0.814 -0.658 -0.297 -0.155
2. Pseud-2nd ordel Oe (9/mg.min’ 2.02i 9.75( 19.19( 1.19¢ 6.61¢ 13.17:
q = kact
1+ ak;t)
ko (I/h) 3.000 2.000 0.177 2.000 3.000 2.000
R? 0.99¢ 0.99¢ 1.00C 0.93¢ 0.97¢ 0.987

h = kg (mg/g.min)  12.326  190.11 65.062  2.875 131.25  347.00

NSC 4267 0.59¢ 0.557 9.75¢ 5.62: 4.111
ARE 0.013 -0.004 -0.007 -0.731 -0.309 -0.162
3. Intraparticle kp(gm/g.mir%) 2.08¢ 1.837 16.98: 1.37i 7.24¢ 14.29¢
diffusion
q= kpto.5+c
C -0.408 -0.251 -0.376 -0.441 -0.425 -0.422
R 0.997 0.785 0.987 0.969 0.981 0.993
NSC 2.23¢ 53.80¢ 5.44i 6.75¢ 4.92: 2.95¢

ARE -1.840 48.955 -0.399 -1.008 -0.341 -0.086




Table 3| The prediction of isotherm models for adsorpaow desorption of Pb(ll) on maple

leaves
Adsorption Doses Desorption Doses
Isotherm models Parameters
0.05¢g 0.5g 19 0.05¢g 0.5g 19
Experimental gm(mg/g) 125.95 66.722 50.267 150.68 60.26 40.056
1. Langmuir Om 165.0¢ 85.99: 43.85’ 136.84( 82.12: 50.0¢
q = a4.K . C,
1+ K. C,
K. 0.094 0.013 0.073 0.016 0.003 0.001
R 0.02-0.99 0.27-0.98 0.12-0.97 0.98-0.99 0.84-0.9983-0.99
R? 0.96¢ 0.99: 0.99¢ 0.99¢ 0.99¢ 0.997
A°G -5.75 -10.55 -6.371 -10.12 -14.27 -17.44
b% 282.0% 0.84¢ 1.011 0.004! 0.007¢ 0.000:
RMSE 12.47 2.060 1.212 0.1591 0.268 0.5624
2. Freundlich Ke 44.66: 3.581 5.687 2.00¢ 0.29¢ 1.07¢
A, = K C."
n 4.29: 1.81( 2.24i 1.00(¢ 1.10¢ 1.79¢
R 0.963 0.982 0.962 1.000 0.998 0.917
)(2 58.615 12.795 17.671 1.52 x40 0.284 14.781
RMSE 13.001 3.207 2.961 2.11 x10 0.239 2971
3. SIPS Ks 45.44; 2.01¢ 3.62( 2.00¢ 0.25z2 0.13¢
_ kgt
%= 1rach
Os 0.2118 0.0179 0.079 0.000 0.003 0.001
Ps 0.478: 0.804¢ 0.07¢ 1.00(¢ 0.91: 0.92¢
R? 0.991 0.98¢ 0.99¢ 1.00( 1.00( 1.00C
)(2 8.192 1.656 1.253 1.8xf0 0.012 0.005
RMSE 0.644 0.069 0.231 1.4x1d 0.004 0.014




Table 4| BET characteristics biosorbent produced fromlmbgaves

Parameter of maple leaves Methods Values
1. Surface are BET surface are 10.94 n’lg
Langmuir surface ar -38.12 n?lg
2. Pore area
i. Micropore are DR methot 3.53 /g
t-plot (statistical thickness = -2.36 nf/g
3.5017.00)
Horvath-Kawazoe method 0.5y
ii. Mesopore are BJH adsorptio 14.88 n“/g
BJH desorption 26.31 %y
3. Pore volume
i. Micropore volum DR methot 0.00 cn’/g
t-plot (statistical thickness = -0.00 cnilg
3.50017.00)
Horvath-Kawazoe method 0.00 ¥m
ii. Mesoport volume BJH adsorptio 0.02 cn’/g
BJH desorption 0.04 city
4. Pore size
i. Micropore sizi DR methot 8714
t-plot (statistical thickness = 36.14 A
3.50017.00)
Horvath-Kawazoe method 14.38 A
ii. Mesopore siz BJH adsorptio 41.46 £
BJH desorption 32.44 A




Table 5] Comparison of Pb(ll) removal by various low cadsorbents

E3

Adsorption capacity Co
Name Reference

dm (MY/Q) (mg/l)
Normal powder form
Maple leaves 50.267 6-6.5 1-500 This study
Modified empty fruit brunch ¢ 46.7: 5.5 5-10C (Ibrahimet al. 2010
palm oil
Meranti sawdust 34.24 6.0 1-200 (Rafatukatal. 2009)
Olive tree pruning was 33.3¢ 5.C 1C-100C (Blazquezet al. 2011
Nordmann fir 29.35 6.0 5-100 (Kay al. 2009)
Groundnut hu 31.5¢ 5.C 1G-100C (Qaiseret al 2009
Green algaUlva lactuci) biomas  34.7 5.C 1G-40C  (Sari & Tuzen 200¢
Cotton waste biomass 196.07 5.0 25-800 (Ria al.2009)
(Gossypium hirsutum
Modified peanut sawdust 29.1 4.0 5-50 €éLal. 2007)
Grape stalks 49.7 5.5 5-500 (Martimezl. 2006)
AC* form
AC (apricot stone) 22.85 6.0 1-200 (Kolstaal. 2005)
AC (coconut shel 26.5(C 4. 1G-50 (Sekaret al. 2004,

* Co: initial Pb(ll) concentration; *AC = activated ¢am



a. Effect of pH on bioasorption of lead

b. Influence of doses of maple leaves
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Figure 1 Effects of experimental conditions on Pb(ll) remidvam water by maple leaves.



b. Adsorption(A)-Desorption(D) cycle of leac

a. Desorption of lead from maple leaves

onto maple leaves
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Figure 2 Regeneration of maple leaves from Pb(ll) adsorpdioth Adsorption-Desorption

cycle



a. Adsorption kinetics for 10 mg/l lead concentratin

b. Desorption kinetics using 10 mg/l lead concentt®n

25 15
2 A A\ P A A\ 1.2 _‘QQ Q PAY &> > @
= = <&
Q15 Do
£ 1 <& Experiment —s— Pseudo 1st order ‘%0.6 < Experiment —=— Pseudo 1st order
E‘-O.S —a— Pseudo 2nd Order 0'0.3 —— Pseudo 2nd Order
0® L L L L L L 0 L . L
1
0 50 OOCOnta]éEl_’)?ime, ¢ grgi%s) 250 300 3! 0 50 Contact tirgﬁggt (mins) 150 200
12 c. Adsorption kinetics for 50 mg/I lead concentratn 8 d. Desorption kinetics using 50 mg/l lead concenttimn
10 6
o8 B
E 6 < Experiment —s— Pseudo 1st order E 4
54 = < Experiment —s— Pseudo 1st order
2 —— Pseudo 2nd Order 2 —a— Pseudo 2nd Order
0 (€3 1 1 1 1 1 1 O ) N )
0 50 100 Contg'c?(t)ime, t%nqgs) 250 300 8 0 50 Contact tiﬂh%(,)t (mins) 150 200
25 e. Adsorption kinetics for 100 ma/l lead concentrabn 20 . Desorption kinetics using 100mgl lead Conc.
20 15
G) 5 ——w & ®
215 2
2 Bio
;’-_10 < Experiment —s— Pseudo 1st order g < Experiment —s— Pseudo 1st order
5 —4— Pseudo 2nd Order 5 —a— Pseudo 2nd Order
0® L L L L L L 0 ) ) )
0 50 100 150. %00 250 300 3 0 50 150 200
Contact time, t (mins)

Contact ti%]%?t (mins)

Figure 3 Kinetics modelling of adsorption and desorptiorPbf{Il) onto maple leaves with
different doses (Co: 10, 50, 100 mg/l; d: 0.5 @ k:pH: 6-6.5; rpm: 120; T: 20°C)



b. Desorption of lead from maple leaves
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Figure 4 Plots of intra-particle diffusion kinetic model ofaple leaves for adsorption and
desorption (Co: 10, 50, 100 mg/l; d: 0.5 g; t: 2dH: 6-6.5; rpm: 120; T: 20°C)
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_ b. Desosrption of lead from maple leaves (0.05g)
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Figure 5 Isotherm modelling of adsorption and desorptioRlofll) onto maple leaves with

different doses (Co: 1-500 mg/l; d: 0.05-1 g; h:H: 6-6.5; rpm: 120; T: 20°C)
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Figure 6 The FTIR spectra of maple leaves



Full Scale=51766 Ca Full Scale=1482002

200

Figure 7 SEM micrograph 150 (HWOF=600um) of (a) Maple leaves (b) Maple leaves
exhausted with Pb(ll) (c) X-ray mapping of maplaves exhausted with Pb(ll) (d) Spectra of
maple leaves (e) Spectra of maple leaves exhaustiedPb(Il)



