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Highlights

* A novel multi-metal binding biosorbent (MMBB) watudied.

« The biosorption of Cd, Ci#*, P¥ * and ZrA  on MMBB was evaluated.

» Hydroxyl, carbonyl and amine groups are involuedetal binding of MMBB.
* Equilibrium data were presented and the bestditnodels were identified.

» The obtained results recommend this MMBB as fahy low-cost biosorbent.

Abstract

A breakthrough biosorbent namely multi-metal bindiniosorbent (MMBB) made from a
combination of tea wastes, maple leaves and mangagls, was prepared to evaluate their
biosorptive potential for removal of Cd(ll), Cu(llPb(ll) and Zn(ll) from multi-metal
aqueous solutions. FTIR and SEM were conductedyréefnd after biosorption, to explore
the intensity and position of the available funcibgroups and changes in adsorbent surface
morphology. Carboxylic, hydroxyl and amine group®rev found to be the principal
functional groups for the sorption of metals. MMEBRhibited best performance at pH 5.5
with maximum sorption capacities of 31.73, 41.06.2% and 26.63 mg/g for Cd(ll), Cu(ll),
Pb(ll) and Zn(ll), respectively. Pseudo-first arsepdo-second-order models represented the
kinetic experimental data in different initial metoncentrations very well. Among two-



parameter adsorption isotherm models, the Langraguration gave a better fit of the
equilibrium data. For Cu(ll) and Zn(ll), the Khasotherm describes better biosorption
conditions while for Cd(ll) and Pb(ll), the Sips ded was found to provide the best
correlation of the biosorption equilibrium data.eThalculated thermodynamic parameters
indicated feasible, spontaneous and exothermicolptisn process. Overall, this novel
MMBB can effectively be utilized as an adsorbenteamove heavy metal ions from aqueous
solutions.

Keywords: Heavy metal; Biosorption; Isotherm; Kinetic; Themtlyoamics; Lignocellulosic
waste

1. Introduction

Heavy metals are discharged to aquatic environnfemts various industries such as paper,
textile, plastic, ceramic and cement manufacturimgning and electronics plating. These
poorly biodegradable pollutants are harmful forpddints, animals and human life due to high
environmental mobility in soil and water and alssteong tendency for bioaccumulation in
the living tissues along the food chain (Vargase@aret al.,, 2012, Akar et al.,
2012 and Bulut and Tez, 2007). In order to remediatluted water and wastewater streams,
a wide range of treatment technologies are emplay@udustry (e.g. chemical precipitation,
extraction, ion exchange, filtration, reverse osisjosmembrane bioreactor and
electrochemical techniques) (Santos et al., 201doRth et al., 2014a, Montazer-Rahmati et
al.,, 2011 and Fu and Wang, 2011). Nonethelesse thethods are not effective enough in
low concentrations and might be very expensive assalt of high chemical reagent and
energy requirements, as well as the disposal pmolaetoxic secondary sludge (Bulut and
Tez, 2007 and Sud et al., 2008).

Therefore, introducing a properly eco-friendly asubt effective technology for wastewater
treatment has provoked many researchers into tatteemin recent decades (Abdolali et al.,
2014b, Tang et al., 2013, Fu et al., 2013, Kumaalgt2012, Hossain et al., 2012, Witek-
Krowiak et al., 2011, Gadd, 2009, Volesky, 2007 &tan et al., 2007) to use cheap agro-
industrial wastes and by-products as biosorberdmeSof these materials include sawdust
and wood waste (Wahab et al., 2010, Bulut and Ze@7 and &ban et al., 2007), sugarcane
bagasse (Homagai et al., 2010, Martin-Lara et2@ll0 and Khoramzadeh et al., 2013),fruit
rind, pulp and seeds (Martin-Lara et al., 2010;let al., 2012, Pehlivan et al.,
2012 and Schiewer and Patil, 2008), wheat or batiyv, rice husk, hull and straw (Asadi et
al., 2008), and olive pomace and stone (Blazquet. 2010, Bldzquez et al., 2009 and Fiol
et al., 2006).

All of the previous attempts have been made toystheé agro-industrial wastes and by-
products individually. The novelty of the presemriwis using combination of selected agro-
industrial multi-metal binding biosorbents for remab of cadmium, copper, lead and zinc
ions from synthetic aqueous multi-metal solutiofifie significant difference between

previous studies and current work is gaining theaathges and also using the biosorptive



potentials of various biosorbents in a combinatidime purpose of blending different
lignocellulosic materials is having all potentiaté biosorbents for heavy metal uptake
(Abdolali et al., 2014a, Martin-Lara et al., 20X@aartin-Lara et al., 2010). Also these
wastes were selected because of the good resptiged in other literatures for heavy metal
removal (Abdolali et al., 2014a, Feng et al., 2ah#l Amarasinghe and Williams, 2007).
Additionally, they are properly available in Audiaaand also all over the world.

Firstly, the adsorption studies were carried ousétect the best combination of different
biosorbents, as mentioned hereinabove. Then theriexgnts were continued to compare the
effect of different contact times, pH, initial metncentration, temperature, and biosorbent
dose and particle size on biosorptive potentiakelected combination. The results were
mainly evaluated by two popular kinetic models stpdo-first-order and pseudo-second-
order correlations and three two-parameter andethiheee-parameter adsorption models
(Langmuir, Freundlich, Dubinin—Radushkevich, KhaBips and Redlich—Peterson). In
addition, thermodynamic parameters were determfoedhe sorption of all metal ions to
explain the process feasibility.

2. Material and methods
2.1. Preparation of adsorbents and heavy metal-comining effluent

The stock solutions containing Cd, Cu, Pb and Zmewwepared by dissolving cadmium,
copper, lead and zinc nitrate salt, Cd@OtH0O, Cw(NO),-3H0O, Pb(NQ), and
Zn(NGs),-6H0 in Milli-Q water. All the reagents used for arsil/ were of analytical
reagent grade from Scharlau (Spain) and Chem-SupplyLtd. (Australia). The metal
concentration was analyzed by Microwave Plasma-Atdfmission Spectrometer, MP-AES,
(Agilent Technologies, USA).

The biosorbents were applied in metal removal geder selecting the best ones in term of
biosorption capacity sawdust (SD), sugarcane (8@xcob (CC), tea waste (TW), apple
peel (AP), grape stalk (GS), palm tree skin (P&a#/ptus leaves (EU), mandarin peel
(MP), maple leaves (ML) and garden grass (GG). Adisorbents were collected from
Sydney area or local markets. After using or remg\their useable parts, they were washed
by tap and distilled water to remove any dirt, cado impurity and then dried in the oven
(Labec Laboratory Equipment Pty Ltd., Australia)l@6 °C overnight. Having ground and
sieved (RETSCH AS-200, Germany) to different sigeg5um, 75-15Qum, 150-30Qum
and >30um), the natural biosorbents were kept in a desiccptior to use in future
experiments.

2.2. Biosorption studies in batch system

The tests were performed with synthetic multi-medimick solution with concentration of
3000 mg/L for each metal, prepared by dilution iflliNQ water. Solution pH was adjusted
with 1 M HCl and NaOH solutions.



A known weight of adsorbent (5 g/L) was added tsedes of 200 mL Erlenmeyer flasks
containing 50 mL of metal solution on a shaker @RaAustralia) at room temperature and
the flasks were shaken at 150 rpm for 3 h. Aftesildayation, to separate the biomasses from
solutions, the solutions were filtered by Whatma@3FE/C-47 mm/circle (GE Healthcare,

Buckinghamshire, UK) filter paper and final conaatibn of metal was measured using MP-
AES. All the experiments were carried out in duplés. The statistical analysis was
performed by analysis of variance (ANOVA).

The amount of heavy metal ion adsorbed, q (mg/g) eeéculated from the following Eq.(1):

V(G -Cy)
== 1)
where,C; andC; (mg/L) are the initial and equilibrium metal contmtions in the solution,
respectivelyy (L) the solution volume anih (g) is the mass of biosorbent.

2.3. Characterization of adsorbents by FTIR and SEM

To determine the functional groups involved in bigdion of Cd(ll), Cu(ll), Pb(ll) and
Zn(ll) onto MMBB, a comparison between the Fourieansform Infrared Spectroscopy
(FTIR) before and after meal loading was done uShgnadzu FTIR 8400S (Kyoto, Japan).
Metal-loaded biosorbent were filtered and driedhia oven. The small amount of samples
was placed in the FTIR chamber on the KBr platasafmalyzing the functional groups
involving in biosorbent process by comparing wittused multi-metal biosorbent.

Scanning Electron Microscopy (SEM) of the free dodded MMBB was performed on
ZEISS EVO | LS15 (Germany) at an accelerating geltaf 10 kV and with the working
distance of 1um for MMBB to observe the porous properties of i@sorbents.

2.4. Influence of pH

In order to study the effect of pH on heavy metidaption, the initial pH of the solutions
varied from 2 to 5.5, by adding appropriate amowidtdlaOH or HCI solutions. The batch
procedure at each pH was followed as above descuiseng an initial concentration of
50 mgl/L.

2.5. Influence of contact time

The contact time varied from 15 min to 5 h for thesorption of Cd(ll), Cu(ll), Pb(ll) and
Zn(ll) adsorption on MMBB at different initial coratrations of 50 mg/L and room
temperature with similar procedures explained above

2.6. Influence of adsorbent dose



The dependence of Cd(ll), Cu(ll), Pb(ll) and Zn(#Ysorption on biosorbent dose was
studied at room temperature and optimum pH by warygiosorbent doses (0.2, 1, 2, 5, 10
and 20 g/L).

2.7. Influence of particle size

In order to study the effect of particle size ors@gtion, batch experiments as above
described were carried out using the biosorbertt different particle sizes of < 4bn, 75—
150um, 150-30Qum and > 30@um and an initial metal concentration of 50 mg/Lr@m
temperature.

2.8. Influence of temperature

The effect of temperature on the Cd, Cu, Pb, andd&orption was investigated in the range
298-323 K (25-50 °C) in batch experiments alreagiscdbed and initial concentration of 1—
50 mgl/L.

3. Results and discussion
3.1. Selection of adsorbents

Eleven different natural biosorbents, namely sawdsisgarcane, corncob, tea waste, apple
peel, grape stalk, palm tree skin, eucalyptus leav&ndarin peel, maple leaves and garden
grass, individually were compared in regard to lifesorption capacities for Cd(ll), Cu(ll),
Pb(ll) and Zn(ll) uptake in Fig. 1. The resultsicate TW, ML and MP showed satisfying
biosorptive capacity for all heavy metal ions (caadm copper, lead and zinc). SD and CC
had quite less biosorptive potential in compariggin GG and GS and PS.AP, SC and EU
results for Pb, Zn, Cd and Cu were very unsatisfgcthat this type of waste will not be
considered for study in combination with other bitents. TW:ML:MP combination was
selected to apply for further batch experiments.
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Fig. 1. Biosorption capacity of different agro-irstitial wastes and by-products.
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The effect of proportions for each biosorbent (TW.:MP) for heavy metal removal was

carried out with the different ratios tabulatedtive Fig. 2. All materials were separately
weighed and mixed for removing any error and inemcyl To test the significance and
adequacy of the model, statistical testing of thedeh in the form of analysis of variance

(ANOVA) was done.
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Fig. 2. Effect of ratio of tea waste: maple leavasndarin peel on Cd(ll), Cu(ll), Pb(Il) and
Zn(ll) adsorption(initial pH 5.0-5.5 + 0.1; roomntperature, 22 + 1 °C; contact time: 24 h;
initial metal conc.: 50 mg/L; biosorbent dose: b;gbtary speed: 150 rpm).

Apparently, there are no significant differencesnen the equal proportions of 1:1:1 and
the others, especially for lead and copper. This despite the fact that ANOVA results for
each metal indicated the rejection of the null higpsis due to P value was less than 0.05.
The observed data are inconsistent with the assomphat the null hypothesis is true.
Moreover, the ratio of 3:2:1 for TW:ML:MP showedethighest metal biosorption capacity.
This is illustrated in Fig. 2 and will be referread MMBB, hereinafter. The pH, moisture
content (%), loss of mass and bulk density (gjcoi MMBB were 4.97, 18.86, 0.93 and
0.36, respectively.

3.2. Characterization of adsorbents by FTIR

The FTIR spectrum of MMBB exhibited a large numbémbsorption peaks, indicating the
complexity in nature of this adsorbent. It also foomed changes in functional groups and
surface properties of MMBB. The shift of some fuacal groups bands and their intensity
significantly changed after heavy metal biosorpiidable 1).

These shifts may be attributed to carboxylic{C @{l &ydroxylic (O—H) groups on the
MMBB's surface. They were dominantly active groupsCd(ll), Cu(ll), Pb(ll)and Zn(ll)
biosorption process, suggesting that acidic grougzpoxyl and hydroxyl, are main
contributors in the complexation of metal catiomsl aon exchange processes. Amine and
amide groups were found between medium intensiakpén the frequency range of 1640—
1560 with 132.13 cit shift after biosorption process. The peaks detewtespectra were
laid between 1320 and 1000 chwhich is related to £. O stretch in amides, ketpnes
aldehydes, carboxylic acids and esters (Hossaah,e2012 and Feng et al., 2011). A shift of
32.79cm'was in the range of 1500-1450, and is attribu@dCt- C-C asymmetric
stretching aromatic rings. In addition, a big cheuf@8.12 crm') occurred on the biosorbent
after metal loading. This is reflected in the sg@nd broad band present between 3500 and
3200 cm *. This may be assigned to complexation of metas ivith the ionized O—H groups

of polymeric compounds (i.e. alcohols, phenols eadboxylic acids) of cellulose and lignin
of lignocellulosic materials (Hossain et al., 2@t Feng et al., 2011). The changes of peaks
in the range of 30002850 crhand 3100-3000 cht indicated the involvement of H-C—H
asymmetric and symmetric stretch and C—H stretadraatic rings, respectively, which can
be found in the molecular structure of MMBB. Thaert detected peaks represent existence
of H-C— O:C—H stretch in aldehydes in the range &®&700 cm’.



Table 1. FTIR spectra and SEM images of (a) unldadel (b) metal loaded-biosorbents.

Frequency (cnmi %) Transmittance (%) ) }
Bond/functional group SEM images
Unloaded Loaded Unloaded Loaded
514.05 510.19 21.469 16.457 C-Br stretch/Alkyl dedi
C—= 0 stretch/alcohols, carboxylic acids,
1005.92 1007.85 84.401 76.065 esters and ethers
1491.04 1458.25 83.572 74.933 C—C stretch (in-famgjnatics
1590.38 1458.25 84.227 74.933 N-H band/1° amindsanides
1654.03 1654.03 78.747 72.344 == C- stretch/alkanes
2721.68 2820.05 85.77 77.181 H==  O: C-H stretchiyidies
H-C-H asymmetric and symmetric
2958.93 2957 83.061 75.485 stretch/alkanes
3096.85 3096.85 82.54 75.043 C—H stretch/aromatics
3348.57 3230.91 81.419 74.193 = C—H: C-H stretcjriak

3482.63 3404.51 81.609 74.247 O-H stretch, H-boadtezhols and phenols




3.3. SEM analysis

From Table 1, SEM depicts the morphology changesindbaded and loaded biosorbent.
After biosorption of heavy metal ions, the surfd@Eame smoother with less porosity with
probable metal entrapping and adsorbing on biostrbEhe SEM/EDS was reported in
previous study (Abdolali et al., 2015).

3.4. Effect of different physico-chemical parametes
3.4.1. Influence of pH

Fig. 3(a) represents the effect of pH of the adsmmpof cadmium, copper, lead and zinc
altering in the range of 2.0-5.5.
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Fig. 3. Effect of (a) initial pH of solution, (b)ootact time, (c) biosorbent dose and (d)
biosorbent particle size on Cd(ll), Cu(ll), Pb(dhd Zn(ll) adsorption (room temperature,
22 £ 2 °C; initial metal conc.: 50 mg/L).



The initial pH values above 5.5 are not preferahle to the observed presence of metal
hydroxide precipitation, so as the experiments werteconducted beyond pH 5.5. Although

all metal adsorption followed a similar patterng thdsorption capacity of Cu and Pb

increased significantly by an increase in pH valbsch are 1.30 to 6.90 mg/g and 4.51 to
10.84 mg/g, respectively, while Cd and Zn uptakeadgally increased up to 3.28 and

2.83 mg/g for Cd and Zn, respectively. The resulicated that the optimum pH value was

5.5 for all metals.

3.4.2. Influence of contact time

It is evident from Fig. 3(b) that the rate of matptake was very fast within first 30 min as a
result of the exuberant number of available acsites on adsorbent surfaces and then
decreased until equilibrium was reached. Biosorptiapacity leveled off at equilibrium state
within 180 min. Therefore, the biosorption time vga$ to 180 min in each experiment.

3.4.3. Influence of adsorbent dose

Biosorption capacity was also affected by biosorptiose and amount of available active sites
and this effect is shown in Fig. 3(c). The experntaé results indicate that the percentage
removal of all metal ions on MMBB represents anildgiium pattern for biosorbent amounts
of 5 g/L and more. Furthermore, the removal efficie decreased by increasing initial metal
ion solution with similar trends. The highest remlogfficiencies changed in the range of 70%,
84%, 98% and 61% for Cd, Cu, Pb and Zn, with ataintoncentration of 50 mg/L, on 5 g/L
MMBB.

3.4.4. Effect of biosorbent particle size

The effect of particle size of biosorbent was caned for 5 g/L adsorbent dose and an initial
concentration of 50 mg/L. The results of differpatticle sizes of < 7hm, 75-15Qum, 150—
300um and > 30@um are shown in Fig. 3(d). It was found that biosiorp capacity did not
significantly change by varying particle sizes. Treason was that these particle size
distributions were very small (less than 300). The smaller biosorbent size exhibits better
performance in regard with metal removal due taghdr surface area for metal adsorption;
however the mechanical stability reduces partitpliarcolumn (Liu et al., 2012).

3.5. Adsorption kinetics

A kinetic investigation was carried out to quantithe adsorption rate controlling steps in
Cd(n, Cu(l, Pb(l) and zn(ll) uptake on MMBB. He pseudo-first-order and pseudo-
second-order kinetic models were applied for kmstudy (Febrianto et al., 2009).

The pseudo-first-order kinetic model known as thgérgren equation and takes the form as:



qr = q.[1—exp(—Kjt)] )

where,q;andge are the metal adsorbed at titrend equilibrium, respectively, akd
(min~ %) is the first-order reaction rate equilibrium ctamg.

The pseudo-second-order kinetic model considerdisrstudy is given as:

B qugf
1+ Kag,t (3)

t

where,K, (g mg * min ) is the second-order reaction rate equilibriumstant.

The experimental data and obtained parameters e$ethmodels were measured by
MATLAB® and summarized in Table 2. These kineticdals were exploited to describe the
probable mechanism of biosorption. As shown in &all with comparison between
adsorption rate constants, the estimageednd the coefficients of correlation associatedwit
the Lagergren pseudo-first-order and the pseudorskorder kinetic models at room
temperature for MMBB, it is obvious that both kiletnodels well described all metal
biosorption. However, the coefficients of corredati(R) of pseudo-second-order kinetic
model were slightly larger than those of pseudsiHorder kinetic model for Cu in all initial
concentrations. For lead and zinc ions, the Lagergpseudo-first-order described
equilibrium state and experimental data better tharother kinetic model. In addition, while
pseudo-first-order kinetic model well fit the lomeadmium concentrations, pseudo-second-
order kinetic model outlined better description fagher Cd concentrations. Totally, the
kinetic models indicated that chemical reaction lddae presumably the rate limiting step of
Cd, Cu, Pb and Zn biosorption on MMBB.

3.6. Adsorption isotherm

The correlation between the adsorbed and the agueetal concentrations at equilibrium
has been described by the Langmuir, Freundlich,irikRadushkevich, Sips, Redlich—
Peterson and Khan adsorption isotherm models. #dl model parameters which were
evaluated by non-linear regression using MATLABGftware are presented in Table 3.
Furthermore, residual root mean square error (RM®Epr sum of square (SSE) and
correlation of determination fRwere used to measure the exactness of fitting.

The Langmuir equation describes the equilibriumdition better than the other models?(R
0.99 and small RMSE values). The maximum amountsasforption capacity by monolayer
adsorption assumption for Cd, Cu, Pb and Zn obtiafrem Langmuir equation are 31.73,
41.06, 76.25 and 26.63 mg/g, respectively. Furtibeemt was understood that the Langmuir
isotherm corresponded to a dominant ion exchangdamsm while the Freundlich isotherm
showed adsorption—complexation reactions takinggp&t the outer heterogeneous surface of
the adsorbent (Asadi et al., 2008 and Kazemipoat.£2008).



Among three-parameter isotherm models, for Cu(fijl &n(ll), Khan isotherm describes
biosorption conditions moderately better than Zipd Redlich—Peterson models, while for
Cd(Il) and Pb(ll), the Sips model was found to pdevthe best correlation of the biosorption
equilibrium data. The foregoing analysis of isothemodels shows that the better fit for
Cd(In, Cu(l, Pb(ll) and zn(ll) biosorption is pduced by three-parameter isotherm models
rather than two-parameter isotherm models.

Table 2. Adsorption rate constants, the estimgiemhd the coefficients of correlation
associated with the Lagergren pseudo-first anddussecond order, kinetic models.

Metal Kinetic models Parameter Metal concentration
10 mg/L 2C mg/L 5C mg/L 10C mg/L
Cd Experimen ge (mg/g) 1.6¢ 2.9z 3.3C 5.4C
Pseud-1st-order ge (mg/qg) 1.62 2.9z 3.3¢€ 5.2¢
Ky (hh 12.66 8.55 10.70 10.57
2§ 0.997 0.999 0.990 0.990
SSE 0.00¢t 0.001 0.104 0.24¢
RMSE 0.01¢ 0.00¢ 0.08¢ 0.13:
Pseudo-2nd-order ge (mg/qg) 1.63 2.94 3.40 5.34
K, (mg/gh) 55.25 12.24 11.08 7.355
R? 0.99¢ 0.997 0.99¢ 0.99¢
SSE 0.004 0.022 0.04¢ 0.12¢
RMSE 0.018 0.043 0.058 0.098
Cu Experiment ge (mg/qg) 1.35 4.30 6.40 7.16
Pseud-1st-ordel ge (mg/g) 1.34 4.24 6.3¢ 7.1¢€
K, (h™Y 8.5C 11.7: 8.041 9.0z
R? 0.993 0.999 0.999 0.999
SSE 0.011 0.009 0.005 0.174
RMSE 0.02¢ 0.027 0.00¢ 0.11¢
Pseud-2nc-ordel ge (mg/g) 1.3t 4.2¢ 6.3¢ 7.2C
K, (mg/gh) 2.09 221 3.32 5.99
R? 0.996 0.998 0.999 0.996
SSE 0.00¢ 0.02¢ 0.532 0.17¢
RMSE 0.021 0.04¢ 0.00¢ 0.11¢
Pb Experiment ge (mg/Q) 1.81 4.15 9.02 13.58
Pseudo-1st-order ge (mg/qg) 1.81 4.14 9.06 13.76
Ki(h™h) 9.27 15.2¢ 8.9¢ 7.17
R? 0.98¢ 0.99¢ 0.99¢ 0.99¢
SSE 0.046 0.001 0.354 0.109
RMSE 0.059 0.009 0.165 0.091
Pseud-2nc-ordel ge (mg/qg) 1.8C 4.1¢ 8.9¢ 13.57
K, (mg/gh 1.22 0.7¢ 0.7z 1.21
R? 0.976 0.999 0.985 0.971
SSE 0.073 0.021 1.149 5.081
RMSE 0.07¢ 0.01: 0.297 0.62¢
Zn Experimen ge (mg/qg) 1.3¢ 2.4% 2.8¢ 3.7z
Pseudo-1st-order ge (mg/qg) 1.32 2.43 2.64 3.77
Ky (min %) 9.05 8.25 5.17 12.78
R? 0.98¢ 0.99¢ 0.99¢ 0.99¢
SSE 0.01¢ 0.00¢ 0.007 0.04:
RMSE 0.035 0.012 0.024 0.057
Pseudo-2nd-order ge (mg/qg) 1.32 2.45 2.68 3.79
K (mg/c min) 0.7t 0.2¢ 0.0¢ 0.3C
R? 0.98: 0.99¢ 0.98¢ 0.99¢
SSE 0.028 0.021 0.076 0.023
RMSE 0.046 0.042 0.76 0.42




Table 3. Isotherm constants of two- and three-patammodels for Cd(ll), Cu(ll), Pb(Il) and
Zn(Il) adsorption (initial metal conc.: 10-500 my/L

Models Metal
Cadmium Copper Lead Zinc
Two-parameter models
Langmuir
QmbrCe
e = Topcc
Om,. (MQ/Q) 31.7¢ 41.0¢ 76.2¢ 26.6°
b, (L/mg) 0.005 0.010 0.034 0.050
SSE 35.74 62.35 13.50 0.84
R? 0.9¢ 0.9¢ 0.9¢ 0.9¢
RMSE 3.4F 4.5¢ 2.1z 0.5z
Freundlich Qo= K:C)/"
Ke 0.92 1.64 7.80 0.46
n 1.88 1.96 2.38 1.80
SSE 50.37 44 .37 50.11 2.92
R? 0.7¢ 0.92 0.9¢ 0.97
RMSE 4.09 3.84 4.08 0.98
Dubinin—Radushkevich Qe =(p-REXP ('BD—Rgf)-R)
Oor (MQ/g) 22.78 32.17 56.32 12.19
Bpr 0.07¢ 0.04: 0.01¢ 0.067
SSE 13.94 32.99 33.5 7.81
R? 0.96 0.94 0.87 0.92
RMSE 2.15 3.31 10.57 1.61
Three-parameter models
Khan AmxbkCe
qe = (14bkCe)K
Om.x (Ma/g) 21.53 43.04 85.43 16.30
ak 0.01: 0.2z 0.0¢ 0.6¢
by (L/mg) 0.00¢ 0.097 0.00¢ 0.00<
SSE 15.2 1.02 28.66 1.39
R? 0.95 0.99 0.96 0.99
RMSE 2.74 0.71 3.7¢ 0.8¢
Redlich—Peterson KgpCe
BRrE 0.21 3.03 0.81 0.44
Kge (L/g) 0.08 0.20 4.17 0.18
arr (L/mg) 0.67 0.02 0.1¢ 0.41
SSE 66.3¢ 27.4¢ 1.02 3.91
R? 0.79 0.95 0.99 0.97
RMSE 5.76 3.70 0.71 1.21
Sips KsCS
q(’ 14 asC‘;S
Bs 3.56 1.80 0.77 1.13
Ks (L/g) 0.028 0.017 4.457 0.051
ac (L/mg) 1.2¢ 5.14 0.0t 0.0z
SSE 7.5¢ 15.01 0.4z 1.4t
R? 0.97 0.97 0.99 0.98
RMSE 1.95 2.74 0.46 0.85

Various kinds of agro-industrial wastes and by-picid were studied for heavy metal
removal. A comparison between maximum adsorptiyEciiies of MMBB and some other



adsorbents is shown in Table 4. These study reatdt€ompatible with other adsorbents by
higher or at least equal sorption potential forvyemetal removal from aqueous solutions.
Furthermore, combination of several types of lowtcagro-industrial waste might provide
more selectivity as a result of increase in differeffective functional groups involved in

metal binding. Hence, this kind of adsorbent wi# becommended for its significant

advantages.

Table 4. Biosorption capacities of various adsorfen

Adsorbent Adsorbate Omex (MQ/Q) Reference
MMBB Cd(n) 31.73 Present study
Cu(ln 41.06
Pb(lI) 76.28
Zn(ll) 26.6:
Cashew nut shell Zn(11) 24.9¢ Kumai etal. (2012
Rice straw Cd(n) 13.8¢ Ding et al. (2012
Sugarcane bagasse Cd(n) 69.0¢ Gar¢etal. (2008
Sawdust Cu(ll) 6.88 Siban et al. (2007)
Zn(Il) 0.96
Cd(ln 0.15
Olive stone Pb(Il) 92.6 Fiol et al. (2006)
Cd(ln 77.3
Ni(Il) 21.3
Cu(ll 20.2
Orange peel Pb(Il) 113.t Fencetal. (2011
Cd(ln 63.3¢
Ni(Il) 9.82
Tea waste Cu(ll 48 Amarasingh anc Williams (2007
Pb(lI) 65

3.7. Biosorption mechanism

The main mechanisms known for metal sorption ondagllulosic biosorbents are chelating,
ion exchanging and making complexion with functiogeoups and releasing fB]" into
agueous solution. lonic exchange is known as a amesim which involves electrostatic
interaction between positive metallic cations ané hegatively charged groups in the cell
walls. The ion exchange reaction could be represeas (Fiol et al., 2006):

=S - M n(s)+I\/le2'(aq)<:>ES—I\/l (S)+%Mz'(aCI)

where M represents K Mg?* or C& *and Mé * is heavy metal ions like BB, Cd*, Ni**,
and Cd"*. On the other hand, many characterization stud@girmed that ion exchange
mechanism was included in heavy metal biosorptimtegss rather than complexation with
functional groups on the biosorbent surface and stowed the role of sodium, potassium,
calcium and magnesium present in the adsorberdninekchange mechanism (Ding et al.,
2012 and Akar et al., 2012).



The amount of adsorbed heavy metal ions and relezikali ions (N&, K*, Mg? " and C&")
concentration (mg/L) is shown in Fig. 4. Apparentiyetal adsorption on biosorbent surface
made N3, K*, Mg?"and C&" ions release in aqueous medium. It confirmed thesipility

of ion-exchange mechanism in biosorption processdmiparing total amount of adsorbed
heavy metal ions (1.43 mmol/L) and released alkalis (1.51 mmol/L) which were
approximately equal.

50 =
3 45 1 (a)
$ . (b)
?\.' 40 )
- 35 A 2
=
55 301 o 1.51
£ 1.43 :
8 ] ®
= 20 - p
v - 1
g 15 S
= 10 S
2
z 5
o ] ‘ ' 0 R —
Zn Cd Cu Pb Mg Ca Na K Total heavy Total metal
metal adsorbed released
(mmol/L) (mmol/L)

Fig. 4. Comparison of (a) individual and (b) totaktal ions adsorbed and released in
biosorption process (initial heavy metal conc.na@/L).

In a previous study on this MMBB (Abdolali et €015), SEM/EDS analysis confirmed that
the variance in intensity of K, Na and Ca peakshinizp due to ion-exchange mechanism of
metal uptake.

R
In addition, the mean free energy of adsorpt_. v2Bprz Icutated from Dubinin—
Radushkevich isotherm can evaluate sorption priggednd main mechanism. Based on
hypothesis of Dubinin—Radushkevich isotherm, itesicluded thaE values between 8 and
12 kJ/mol mean chemical adsorption wherfeaslues less than 8 kJ/mol means physical
adsorption or ion exchange process at the celasarfHence, according to calcula&o-—
Rfor Cd, Cu, Pb and Zi& values show physical adsorption or ion exchangddor metal
removal process whose calculated values are 2.88, 3.59 and 2.73 kJ/mol for Cd, Cu, Pb
and Zn respectively which are all less than 8 kl/mo

With respect to kinetic modeling, it also estal#idiihat metal uptake by the micro-organisms
takes place in two consecutive stages: a passivegaick uptake that follows by an active
and very slow uptake. The first step is regardeta@hysical adsorption or ion exchange
(Witek-Krowiak, 2012) which was well representedgseudo-second-order kinetic model.



3.8. Adsorption thermodynamics

The biosorptive potential of MMBB for Cd(ll), CujJIPb(Il) and Zn(ll) removal was studied
at the temperatures of 25, 30, 40 and 50 °C.

Table 5. Thermodynamic parametea;° (kJ/mol), AH® (kJ/mol) andAS°® (kJ/mol K), for
adsorption of Cd(ll), Cu(ll), Pb(Il) and Zn(ll) aniption.

Metal T (K) Om,. (Mg/g) ke = 0/Ce AG® AH° AS°
Cd 298 2.93 1.14 -17.44 -4.11 0.87
30¢ 3.1¢ 1.07 -17.5i
31z 3.1¢ 1.0C -17.9¢
323 3.40 0.90 -18.27
Cu 298 10.00 0.59 -15.81 - 15.45 2.75
30z 7.4¢ 0.5€ - 16.0%
31z 11.0¢ 0.5t -16.4Z
323 10.11 1.3 -19.25
Pb 298 10.47 8.29 -22.35 -11.93 0.90
30z 7.74 6.91 —22.2i
31z 12.67 6.8¢ -23.0(
323 11.35 10.43 - 24.85
Zn 298 3.75 0.23 -13.47 - 3.64 -0.54
30z 3.7¢ 0.2¢ -13.7(C
31z 3.61 0.2z -14.0¢
323 4.05 0.2 —14.23
Metal T (K) Om, (Mg/g) k. =1b, AG® AH° AS°
Cd 298 2.93 2.97 -19.81 - 10.06 0.61
303 3.15 3.24 - 20.36
31z 3.1¢ 3.2¢ -21.0%
32z 3.4C 3.5€ - 21.9¢
Cu 298 10.00 14.29 -23.70 -18.30 2.58
303 7.48 17.01 —24.54
31z 11.0¢ 30.77 - 26.8¢
32z 10.11 25.51 - 27.2¢
Pb 298 10.47 1.13 -17.41 -12.65 1.65
303 7.74 1.12 -17.70
31z 12.67% 2.4¢ -20.34
32z 11.3¢ 1.4z -19.5(
Zn 298 3.75 5.32 -21.26 -17.72 2.62
303 3.76 13.00 -23.86
31z 3.61 11.72 —-24.3¢
32z 4.0¢ 13.2¢ - 25.4¢
Metal T (K) Oy (Mg/g) k.= K" AG® AH° AS°®
Cd 29¢ 2.9: 1.01 -17.1% -6.9¢ 0.0z
303 3.15 0.98 -17.34
313 3.18 0.98 -17.92
32z 3.4C 1.01 -18.5%
Cu 29¢ 10.0¢ 0.37 - 14.6¢ -16.5¢ 3.2C
303 7.48 0.45 -15.40
313 11.08 0.37 -15.42
32z 10.11 1.0C - 18.5¢
Pb 29¢ 10.47 14.3¢ -23.71 -12.6¢ 0.9z
303 7.74 14.92 -24.21
313 12.63 18.25 - 25.53
32z 11.3¢ 17.6% - 26.2¢
Zn 29¢ 3.7t 0.3¢ -14.3¢ -2.57 -0.91
303 3.76 0.22 -13.55
313 3.61 0.23 -14.13

328 4.08 0.24 - 14.6¢




The experimental results indicated dependency sbriaidion on the temperature and are
listed in Table 5. The thermodynamic parameterstiier adsorption process such as free
energy changeAG°), enthalpy changeAH°®), and entropy change&G°) were calculated to
evaluate thermodynamic feasibility of the sorptimocess and to confirm its nature. The
Gibbs free energy indicates the degree of sportta¢isorption process, and the higher
negative value reflects a more energetically fabvieraorption. AH® andAS° were obtained
from the slop and intercept of the Van't Hoff pl¢fsg. 5). The negative values afG°) for

all metal ions indicate the spontaneous nature etihbiosorption on MMBB. The negative
value of AH° showed that the sorption process was exothemmature.

Except for zinc, calculatedS° values for cadmium, copper and lead were pesiteflecting
the increased randomness at the solid/solutiomfad®e during sorption. It also indicates an
affinity of the sorbent towards Cd, Cu and Pb idnsaddition, the low value oAS° may
imply that no remarkable change in entropy occudedng the sorption of Cd, Cu, Pb and
Zn ions on MMBB.
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0 0
3.0 3.1 3.2 33 3.4 3.0 3.1 3.2 3.3 34
/T (x107), 1/K T (x1079), I/K
12 12
10 A A A o 10
S Lo < o S = o S = S
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—— - S 2
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'; 6 £ 06 . 6
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4 4 Zn-k=1/b
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OPh- k S s &
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Fig. 5. Van't Hoff plots for Cd(ll), Cu(ll), Pb(lland Zn(Il) adsorption(initial pH 5.5 + 0.1;
initial metal conc.: 1-50 mg/L; contact time: 3dipsorbent dose: 5 g/L).



4. Conclusions

The present work explores a new economical andctsede lignocellulosic biosorbent
containing tea waste, maple leaves and mandaris psean alternative to costly adsorbents
for the removal of Cd(ll), Cu(ll), Pb(ll) and Zn)llons. The low cost, rapid attainment of
phase equilibrium (within 3 h) and high sorptiorpaeity values may be cited among the
main advantages. Adsorption kinetics follows a psesecond-order kinetic model and
negative values ofAH° and AG° prove the exothermic and spontaneous naturehef t
biosorption phenomenon. Hence, this novel MMBB dan a promising adsorbent to
eliminate heavy metal ions from aqueous solutions.
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