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Abstract

In this work, experimental and modelling investigas were conducted on biochars
pyrolyzed at 350°C and 600°C, to determine theceféd pyrolysis temperature, hydrogen
peroxide activation and pH on copper and zinc reaham comparison with commercially
available activated carbons. Characterization oflars was performed by BET surface area,
elemental analysis and FTIR spectroscopy. Expetisnegsults demonstrated that biochar
pyrolyzed at 600°C adsorbed both copper and zine refficiently than biochar pyrolyzed at
350°C. Chemical activation by.B, increased the removal capacity of biochar pyralyae
350°C. All investigated biochars showed a strongnity for copper retention, with a
maximum adsorption capacity of 15.7 mg/g while awas 10.4 mg/g. The best adsorption
performances were obtained at pH 5 and 6. Langadsorption isotherm described copper
adsorption process satisfactorily, while zinc agson was better described by Freundlich
isotherm.

Keywords: Biochar; metal adsorption; isotherms; adsorbewpper; zinc
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1. Introduction

Environmental contamination by metals has becomeriaus problem due to their indefinite
persistence in the environment which lead to waerand soil contamination and health
risks Metals can be released into the environmemh fseveral industrial processes such as
mining, metal processing, automobile manufacturiredining of ores and combustion of
fossil fuels (Tchounwou et al., 2012; Margui et ab04). Copper and zinc are widely used
for many purposes like electrical appliances, etgits, automotive, paint and battery, as
well as compounds in fungicides, algicides, inggd#is, fertilisers and pesticides. Given their
toxic effect, their discharge into the environmeah pose risk for human health. The limits
in drinking water are 1 mg/L and 5 mgfar copper and zinc, (Secondary Maximum
Contaminant Level) (EPA, 2016).

In the past years, methods such as Fenton- chemiealpitation (Fu et al., 2012), ion-
exchange (Dabrowski et al., 2004), , membraneafiin (Malamis et al., 2011), electro-
coagulation (Akbal and Camci, 2011) and adsorpfigsudrahem et al., 2011; F Turan et al.,
2011) among the others, have been optimized tcezgte waters and industrial wastewaters
contaminated by heavy metals.

Boudrahem et al. (2011), studied modified activatadoons derived from coffee residue
through a chemical activation using zinc chlorided gohosphoric acid, which led to a
modification of the pore structure and enhancedatti®orption capacity of the adsorbent.
Similarly, Trevino-Cordero et al. (2013), provede tisuitability of fruits plant derived
activated carbons for the removal of contaminamtsater and showed the positive effects of
impregnation with calcium salts on the surfacehef activated carbons. Currently, adsorption
has been proved as one of the most promising tgebsiand activated carbon (AC) is
currently one of the most used adsorbents in seatments. However, the necessity to find

more cost-effective treatments have led researctieesxplore the feasibility of low-cost
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materials as metals adsorbent. Materials like zatent iron, agricultural waste such as nut
shell, fruit bagasse, rice and coconut husk, egtlsstseafood waste and chitosan have been
investigated as material for the removal of me#aid other pollutants from water (Lim and
Aris, 2013). Other researchers have investigatedpttoduction and use of biochar from
feedstocks such as plant residues (Chen et all; 2o et al., 2011), animal manures (Cao
and Harris, 2010), sewage sludge (Wang et al., 2&id swine manure (Meng et al., 2014)
Biochar is a carbon rich material produced by costibn under reduced oxygen supply
(pyrolysis) of organic (plant, wood, agriculturalaste, sludge, poultry litter) materials.
Miscanthus x giganteus is a plant grown in Europe and widely studied as gnem@ps
(Lewandowski et al., 2000; Brosse et al., 2012)pdor co-firing with coal to produce power
and reduce CPemission (Heaton et al., 2004; Clifton-Brown et @007), feedstock for
second generation biofuels (; Melligan et al., 20412d as soil amendment (; Kwapinski et
al., 2010 Houben et al., 2014). Despitiescanthus x giganteus derived biochar has been
proved as a suitable soil amendment, and has slgoad physical/chemical properties for
metals uptake (Mimmo et al., 2014), no studies hlbgen conducted so far to test the
capacities ofMiscanthus x giganteus derived biochar to adsorb metals from aqueous
solutions. Mimmo et al. (2014), pointed out theeetffof pyrolysis temperature on biochar
structure showing physic/chemical changes of sarfaw porous structure, indicating 360°C
as threshold above which aromatic structures iseread O/C and H/C ratios decrease.

In this framework, this study investigated the aajpes of a biochar derived froMiscanthus

X giganteus plant as copper and zinc adsorbent. Being adsorptituenced by many factors
including pH, pyrolysis temperature, and preserfaxggen-containing functional groups on
adsorbent’s surface, a comprehensive investigationMiscanthus x giganteus derived
biochar under different operating conditions wasdited along with modelling studies

through equilibrium isotherm equations. Moreovevp ttypes of activated carbons (AC
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Fluval and AC Norit) were tested for comparisbfiscanthus x giganteus raw biomass, due

to its low performance was included in the studgp asntrol.

2. Materialsand Methods

2.1 Miscanthus x giganteus biochar

Feedstock for the biochar used in this stitigcanthus x giganteus, a perennial warm-season
(C4) grass, was sourced from Adare, Limerick, mdlaBiochar was produced by pyrolysis in
a furnace at 250 atm at two different temperat@6€)°C and 600°C (BC350 and BC600,
respectively) for 10 min using nitrogen gas to pravcomplete combustion; then it was

cooled for 10 min in a tube under a nitrogen ritha@sphere.

2.2 Activated carbon

Two types of commercially available activated carlgdC norit and AC fluval) were used in
this study. AC norit, a granular activated carboodpiced by steam activation of coal, has an
average diameter of 1 mm, is suitable for potabédewprocessing and industrial process
liquids. Fluval carbon, a pure activated carbouasied in both fresh and salt water treatments.
The inner matrix structure provides a large porarea that permanently traps organic and

inorganic wastes and removes many other impuiftees the water.

2.3 Chemical and physical characterisation of biochars

The specific surface areas (SA) were measuredMd(lg) adsorption at 77 K determined by
a Tristar 113020 surface area analyzer (Micromesiinstrument Co., USA). Specific surface
areas (SBET) were taken from adsorption isothersisguthe Brunauer, Emmett and Teller
(BET) equation (Brunauer et al., 1938). Elementadlgsis of carbon (C), hydrogen (H),

oxygen (O) and nitrogen (N) was conducted by Th&amentific Flash 2000 organic
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elemental analyser. FT-IR analysis was conductatyus Perkin EImer Spectrum RX1 FT-
IR spectrometer to establish the nature of theHaip@and the changes to the structure as a

consequence of both pyrolysis and chemical actwaati

2.4 Adsor ption batch experiments

Batch experiments were performed to investigate a@tisorption capacity of biochar and
activated carbon on copper and zinc metal ions fagoeous solutions. In each experiment,
an aliquot mass of 1 g of adsorbent was mixed ®W@hmL of Cd* (aq) and ZA" (aq)
solutions at different initial concentrations (mp/l63.5; 158.5; 317.7; 635.4; 1,270.8 for
copper solutions, and 65.3; 163.4; 327; 653.8)L&(mg/L) for zinc solutions in a 250 mL
Erlenmeyer flask. The Gli(ag) and ZA" (aq) ions were introduced in the synthetic soliugion
as copper sulfate (Cug®GH,0) and zinc sulfate (ZnSgYH,0). All chemicals used were of
analytical grade supplied by Sigma Aldrich. Solosowere prepared with ultrapure water
produced by Milli-Q gradient unit (Millipore). Indl tests showed that the amount removed
had stabilised after 1 hour (h), for this reasocheaxperiment was carried out for 1 h. The
mixture was agitated at 120 rpm on a shaker at r@onperature and samples were taken at
intervals of 15 min. The samples then were immedjatiltered with 0.45 pm Whatman
filter and the filtrates were analysed for residomgtals concentrations in solution by Atomic
Absorption Spectroscopy (AAnalysist 200 Perkin Eiree, Shelton CT, USA). All batch
experiments conducted in this work were conduatead duplicate way.

2.4.1 Operative conditions

Different sets of experiments were carried on itleorto optimize the adsorption process by
investigating the effect of pyrolysis temperatyd, value, modification by pD».

2.4.1.1 Pyrolysis temperature
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The effect of the pyrolysis temperature on the gutgmn capacity of biochar was investigated
by comparing samples BC350, BC600 and mdvechantus x giganteus. Batch tests were
conducted as described above.

2.4.1.2 Chemical activation by H,O,

Biochars, BC350 and BC600, were both pyrolyzed 30 &nd 600°C and chemically
activated using pD, as follows: A 3.0 g mass aliquot of BC was addedd® ml of
H,0O»(aq) solution (10 % w/v) for 2hrs with continuougitation at room temperature. After
rinsing with de-ionized water and drying at 80°ke tesulting activated BC350 and BC600
(BC350 ACT and BC600 ACT) were stored in a sealldtiz container in a cold room at
4°C for later experiments. The adsorption capacftyBC350 ACT and BC600 ACT was
investigated in batch experiments and comparedx858, BC600, AC norit and AC fluval.
2.4.1.3 pH value

The effect of pH was studied by settling experirseait pH 4, 5 and 6. The pH during the
experiment was constantly monitored and kept cohdig adding drops of NaOH and HCI

(0.1 M). All batch experiments were conducted ascdbed above in the section 2.4.

2.5 Modd formulation and statistical analysis
Pseudo-first-order (Eq. 1) and pseudo-second-@Etgr2) models were used to simulate the

sorption kinetics data (Lagergren, 1898; Ho and Ei¢KL999):

2.303

log(q. — q¢) = logq, — (1)

t 1 t

+— (2)

ac  K2Q2 e

whereq; andq, (mg/g) are adsorbed copper and zinc amount at ttith and equilibrium,
K; (1/h) andK, (g/(mg h)) are the rate constant for the pseud-@irder and pseudo-

second-order adsorption kinetics, respectively. liear plots of value log( —q;) against
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time, can give the pseudo-first-order adsorptida censtank; from the slope and, can be
calculated from the intercept. By plottinggt/against time t, the pseudo-second-order
adsorption rate constait, andq, were determined from the intercept and slopehefgdot.
The corresponding values &, g, and R are presented in Table 3 at tested metals
concentrations. Adsorption models based on Langamdr Freundlich equations were fitted
to the data. The Langmuir model assumes monolalgarption onto a homogeneous surface
with no interactions between the adsorbed molecdles Freundlich model is an empirical
equation commonly used for heterogeneous surfactsilow to intermediate concentration
range adsorption system (Gerente et al., 2007 cbncentration of Gli(aq) and ZA' (aq)

sorbed onto BC was calculated according to thewoilg equation ():

_ V(Co—Ce)
g

Qe 3)

where Qe (mg/g) is the amount of aq) or ZA'(aq) adsorbed at equilibriumo@nd Ce
(mg/L) are the initial and equilibrium &{§ag) or ZA*(ag) concentration in solution. g
(gram) is the mass of BC. The experimental dateeviitted by Langmuir and Freundlich

isotherms according to the following equations:

KQmaxCe-
1KC, ()

Langmuir: Q, =
Where Q is the amount of metal adsorbed per unit weighadgorbent (mg/g), Ce is the
equilibrium concentration of solute bulk solutiomd/L), Qnax iS the maximum monolayer

adsorption capacity (mg/g) and k is the constdated to free energy.

Freundlich Q, = KfCe% (5)

Where Q is the amount of solute adsorbed per unit weidhadsorbent (mg/g), Ce is the
equilibrium concentration of solute in solution (fog K; is the relative adsorption capacity
constant of the adsorbent (mg/g) and n is the Fiamlinearity constant and it is indicative

of bond energies between metal ion and the adsorfiése Freundlich constants can be
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obtained from the plot of Ln Qagainst Ln @ Statistical analysis was performed in R
Statistical Package v.2.12and comparison of the two models’ performance emsiucted
based on the AIC model selection criterion (FOXQ@0as provided in R. It was determined if
the coefficients in the equation were differeninfr® and treatments were compared pairwise
to determine if the coefficients for the equatidmsdifferent treatments were different from
each other. Separate pairwise comparisons wergedaout between types of biochar or
activated carbon within each pH level, and betwgldrievels within each biochar/activated
carbon. Furthermore, a study of the adsorptioncteity of copper and zinc by the biochars
was conducted by analyzing the distribution coffit (Ky cm’/g). Kd is an indicator used

for the selectivity of the adsorbent to the patdcuon in the presence of other ions (Lin et

al., 2001):
_co-—cf Vv
Kd ===+ - (6)

where G and G (mg/cn?) are the initial and equilibrium concentrationsaofnetal species,
respectively. V (cr) is the volume of the solution, and g (gram) is &mount of adsorbent.
A selectivity coefficient ¢), (dimensionless), for the binding of a specifietal ion in the

presence of others is given by (Kang et al., 2004):

_ Kd(T)
T Kd(D)

(7)
where Ky(T) is the K value of the targeted metal (€(aq) ions in this case), andi{ is the

Kg value of zinc. The greater the value igfthe better the selectivity toward copper over

zinc.

3. Resultsand discussion
3.1 Biochar characterization
The physico-chemical characteristics of biochamth(lactivated and non-activated) used in

this study are shown in Table 1. BET analysis shibthat the pyrolysis temperature do not
8
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remarkably affect the surface area, while the pmre of BC600 was about twice the size of
BC350. Chemical activation of biochar pyrolyzed latver temperature (BC350 ACT)
showed a significant increase in BET surface areanf0.71 to 6.50 ffg relative to
inactivated biochar (BC350) (Table 1). Howevernaab increase from 0.72 to 0.95 %y
was observed for chemical activation of biochar BC ACT) relative to the inactivated
biochar (BC600) (Table 1). The negligible increassurface area for biochar pyrolyzed at
higher temperature could be due to the increasmlatile fractions which reduce the pores
availability (Wang et al., 2016). Chemical actieatialso increased the micropore volume for
both biochars, while had a negligible effect on ploee size for biochar pyrolyzed at lower
temperature and detrimental effect on biochar pyed at 600°C. The pH of the biochar
samples treated with J@, was lower respect to the natural counterpart, whgan be
attributed to the presence of carboxyl surfacetfanal groups, as observed by other authors
(Huff and Lee, 2016; Xue et al., 2012). In additidtuff and Lee (2016) also showed a
higher cation exchange capacity (CEC) afte©Hactivation due to the addition of acidic
oxygen functional groups on the surface of the leoc

Table 1. Physiochemical properties of biochars.

BET surface t-PLOT Micropore

Adsor bent pH area volume Pore size
' (m?g) (cmlg) (nm)

BC350 8.30 0.71 0.000701 5.78

BC600 5.97 0.72 0.000334 11.48

BC350 ACT 5.82 6.50 0.0024 6.43

BC600 ACT 5.40 0.95 0.0014 5.40

Elemental analyses as well as O/C and H/C ratiealpful indicators to provide biochars’
characterization. Results (Table 2) indicate timainarease of pyrolysis temperature reflected
a higher loss of oxygen and hydrogen content, wthike carbon content increased. As a
consequence of dehydration and decarboxylation tiogsc which occur at higher

temperature, BC600 showed a decreased O/C and &ti@s,rleading to a more stable
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aromatic-like structure. On the other hand, chehactivation had a noticeable effect on the
oxygen content of BC350, resulting in the highe&E @atio, highest oxygen percentage and
lowest carbon percentage for the substrate, duantencrease of the oxygen-containing
groups and negative charges(Table 2), as alsowwabby others (Wang et al., 2016).

Table 2. Elemental analysis of biochars.

Adsor bent N (%) C(%) H (%) 0 (%) oIC H/C
BC350 0.77 64.48 3.85 14.82 0.22 0.05
BC600 0.30 73.99 2.23 6.91 0.09 0.03

BC350 ACT 1.07 62.4 3.74 20.19 0.32 0.05
BC600 ACT 0.38 77.79 2.40 6.01 0.07 0.03

The Fourier transform infrared spectroscopy (Figliyevas used as an effective qualitative
tool in investigating functional group changes dgrthe pyrolysis of biochars. For pyrolyzed
biochar the important stretching vibrations are@hkl at 3400 cr, the aliphatic C-H stretch
between 3000-2860 chthe aromatic C-H stretch at 3060 tnthe carboxyl (C=0) stretch
at 1700 crit, aromatic ring stretching modes at 1590 and 15t3, ¢the C-O-(C) stretch at
1275 cm' and the C-O-(H) stretch at approx. 1050°crccording to Sun and Tomkinson,
(2001) and Bouwman and Freriks (1980), the spebmat at 1600 cthcan be due to the
aromatic skeletal mode. BC350 and BC350 ACT speuteasimilar to each other but more
intense than the BC600 and BC600 ACT spectra. @850 and BC 350ACT are
dominated by stretching frequencies of the OH aween 3400 ci to 3600 crit, the C-H
stretching between 3000 &nand 2800 cifl, aromatic skeletal mode at approx. 1600*cm

and the C-O-(H) stretch at approx. 1050°cm

10
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Figure 1. FT-IR analysis of all biochars investigated.

The BC350 sample showed much larger absorptiongersethan the BC350ACT samples
due to O-H bond stretching at around 3308¢c@-O =C or C=0 stretches at 1600 ¢rand
C-O stretch at around 1100 ¢rthan the BC350ACT samples.

Moreover, a decreased intensity related to an asa@ transmittance was observed for bands
associated with aromatic groups (1580-1600 and -3080 cm'). These results are in
accordance with previous studies (Al-Wabel et 2013; Yuan et al., 2011; Novak et al.,
2009), which have shown that the presence of fanatigroups are associated with biochar
pyrolyzed at lower temperature (300-500°C) and abmsent or negligible at higher
temperature (500-700°C). These data are in accoedaith those of the atomic ratios (Table
2) which indicated a decrease of oxygen group antherease of C-structure, leading to a
decrease of biochar's polarity and to an increabeghe aromatic structure at higher
temperature. Similarly, Huff and Lee (2016), obselrechanges between treated and untreated
samples occurred at 1585 ¢rC=C stretching), indicating that the®} treatment caused an

alteration of the aromatic carbon content. Convgrskee HO, treatment caused an increase

11



10

11

12

13

14

15

16

17

18

19

20

21

22

of the peaks (1315 and 1700 ¢ncorrelated with the carboxylic functionality (Fly as also
observed by Huff and Lee (2016).

In the finger printing region (1100-500 & higher temperature induced an aromatic C-H
deformation (850-800 ct). Similar vibrations in the fingerprint region ®ischantus x
giganteus biochar pyrolyzed at different temperature wers abbserved by Mimmo et al.
(2014). In this region, also the,B, treatment led to an increase in C-H stretchindalody
due to conversion from aromatic C=C ring struct(ang and Griffiths, 1985; Huff and
Lee, 2016). Biochar pyrolyzed at 600°C showed ileense infrared peaks due to an increase
in the carbon activity and with progression of thgrolysis at 600°C there is evident
disappearance of O-H and C-H stretches mainly duakelydration. It is possible at this stage
that the C-H peaks move from aliphatic to beconarmgmatic C-H peaks and then disappear
as suggested by Cheng, et al. (2008). The BC 66B&nh600 ACT spectra are similar and
are dominated by the stretching aromatic skeletalerat 1600 cihand the C-O-(H) stretch

at 1050 cnt.

3.2 Batch experimentsresults

3.2.1 Adsorption kinetics

The effect of the contact time on the adsorptiorcabper and zinc (at pH 6) was studied
(Fig. 2 and 3, respectively). Pseudo-first-orded gseudo-second-order models where
applied to describe the copper and zinc kinetiosonaal and the obtained kinetics parameters

were reported in Table 3.

12
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Figure 2. Effect of contact time on copper adsorption capeiat pH 6 for BC600 (A),
BC350 (B), BC600ACT (C), BC350ACT (D), AC Fluval&nd AC Norit (F).
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Figure 3. Effect of contact time on zinc adsorption capasitié pH 6 for BC600 (A), BC350
(B), BC600ACT (C), BC350ACT (D), AC Fluval (E) a#dC Norit (F).

Metals adsorption was fast, with more than 60-70f%dsorption occurring within 15 min,
while after 30 min more than 90% of the total apgon occurred. Similar results were also
observed from Mohan et al. (2007), with 40-70% g total metal adsorption occurred
within the 60 min. Similarly to others (Moreira aAdleoni, 2010), the amount of adsorbed
metal increased as the initial concentration irseda(Fig. 2 and 3), as well as the
competition among the metals for the adsorptiomessitAs matter of result, copper was
preferentially adsorbed than zinc onto the foufedént substrates. The higher affinity of
copper over zinc and other metals was also obsdovaesther organic matrices by Fontes and

Gomes (2003). Fontes et al. (2000), pointed outzime is more influenced by electrostatic

14
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interactions with the active sites of the surfagkereas copper is more affected by covalent
binding, and this is given by the higher ionic puial (ratio between the charge and radius of
an ion) of copper (5.48) respect to zinc (5.33pfcming a greater ability of copper to bind
through electrostatic interactions. Despite relateaks (Xue et al., 2012), showed a faster
adsorption after the modification by hydrogen pé&lexof peanut biochar, in this case, the
modification of biochar by hydrogen peroxide didt macrease the adsorption rate, but an
increased amount of metal removal was observednfmtified biochars pyrolyzed at lower
temperature (Fig. 2D, 3D and Fig. 5). As showedlable 2, the enhanced adsorption
capacity of oxidized biochar produced at lower terapure is explained by the increase of
O/C ratios, a greater drop of pH and by an incredsegative charges on the biochar surface
who lead to a higher attraction of positive chargegtal cations . Experimental results were
fitted by pseudo-first-order and pseudo-second+fokaieetic models to better describe the
heavy metal adsorption mechanism. The valjesand K,, calculatedg, values and the
correlation coefficient&” are reported in Table 3.

Table 3. Parameters of pseudo-first-order and pseudo-geocater kinetics models for
copper and zinc adsorption onto BC600 ACT, BC350rABC600 and BC350.

15



Adsorbent Metal pH Igc')tn'gl Pseudo-fir st-or der Pseudo-second-or der Metal pH lgcl)tr:il Pseudo-first-order Pseudo-second-order
cu model model 7n model model

mg/L K, Qe R° K, Qe R mg/L Ki Qe R K, Qe R
BC600ACT Cu 6 635 0.018 0.66 0.34 256 208 0.99 Zn 6 653 0.0073 0.79 0.15 095 1.15 0.97
1585 0.0028 1.11 0.88 0.28 455 0.99 1634 0.021 1.51 0.94 0.22 2.08 0.99
317.7 0.0076 3.31 0.22 0.31 4.35 0.99 327 0.012 0.47 0.42 0.11 122 0.87
6354 0.012 3.80 0.98 0.04 10.00 0.99 653.8 0.022 3.02 0.75 0.06 4.00 0.96

1,270.8 0.0039 1.11 0.82 0.02 14.29 0.98 1,3076 0.03 7.24 0.90 0.03 10.00 0.98
Cu 5 635 0.009 051 0.25 1.25 122 0.99 Zn 5 65.3 0.001 0.15 0.0031.56 0.31 0.95
1585 0.022 1.29 0.88 0.33 2.13 0.99 163.4 0.019 1.08 0.95 0.13 1.14 0.94
317.7 0.025 2.69 0.91 0.13 3.70 0.99 327 0.023 155 0.95 0.15 1.85 0.98
6354 0.022 4.17 0.75 0.02 455 0.86 653.8 0.034 5.25 0.89 0.06 6.67 0.99
1,2708 0.013 2.82 0.92 0.08 3.23 0.97 1,307.6 0.003 4.68 0.12 0.03 556 0.92
Cu 4 635 0.005 0.28 0.49 2.81 0.08 0.89 Zn 4 65.3 0.006 0.19 0.85 0.67 0.13 0.80
1585 1.E-05 1.26 0.0001 1.01 0.09 0.98 1634 0.009 0.54 0.73 2.35 0.18 0.89
317.7 0.022 182 0.78 0.12 2.78 0.98 327 0.014 2.45 0.92 0.21 2.63 0.98
6354 0.0002 1.78 0.001 0.25 0.89 0.99 653.8 0.0012 2.09 0.0020.03 2.94 0.76

1,270.8 0.0321 8.32 0.98 0.009 7.69 0.85 1,307.6 0.004 0.86 0.03 0.05 14.29 0.99
BC350ACT Cu 6 635 0.018 1.32 0.88 0.28 196 0.99 Zn 6 65.3 0.017 1.06 0.84 0.35 1.56 0.99
1585 0.027 2.51 0.88 1.21 455 0.99 1634 0.021 1.74 0.83 0.28 3.13 0.99

317.7 0.0008 1.78 0.03 0.33 7.14 0.99 327 0.024 5.37 0.950.004 7.14 0.93
6354 0.029 10.23 0.83 0.03 14.29 0.99 653.8 0.033 6.92 0.97 0.02 7.14 0.90
1,270.8 0.031 10.23 0.74 0.03 16.67 0.99 1,307.6 0.0048 1.20 0.03 0.01 125 0.92
Cu 5 635 0.006 0.66 0.19 0.89 1.23 0.99 Zn 5 653 0.0018 0.13 0.01 3.88 0.81 0.98
1585 0.022 1.51 0.78 0.43 3.13 0.99 163.4 0.021 2.34 0.97 0.05 2.17 0.90
317.7 0.024 3.39 0.94 0.10 5 0.99 327 0.0015 1.32 0.14 0.10 2.38 0.97
6354 0.023 6.46 0.96 0.05 8.3 0.99 6538 0.028 5.37 0.91 0.10 8.33 0.99

1,2708 0.034 12.30 0.95 0.0001 33.3 0.93 1,307.6 0.023 0.13 0.69 0.01 11.11 0.86
Cu 4 635 0.016 0.66 0.98 0.24 067 0.95 Zn 4 65.3 0.015 0.49 0.95 0.37 05 0.95
1585 0.016 0.95 0.89 228 1.13 0.99 1634 0.012 0.87 0.93 0.05 0.77 0.90
317.7 0.023 2.82 0.81 0.08 3.75 0.98 327 0.013 2.88 0.89 0.07 3.33 0.97
6354 0.034 5.13 0.89 0.001 11.110.96 653.8 0.022 3.98 0.99 0.03 3.85 0.90
1,270.8 0.028 7.94 0.91 0.03 6.96 0.93 1,307.6 0.018 3.16 0.96 0.02 2.86 0.79
BC600 Cu 6 635 0.017 1.04 0.71 050 1.71 0.99 Zn 6 65.3 0.015 0.99 0.98 0.17 1.03 0.96
1585 0.028 4.79 0.95 0.06 5.31 0.98 163.4 0.027 5.13 0.77 0.02 455 0.92
3177 0.024 282 0.71 0.25 6.46 0.99 327 0.022 2.34 0.99 0.05 2.38 0.92
6354 0.03 7.94 0.81 0.04 11.440.99 653.8 0.028 4.37 0.84 0.05 6.25 0.98
1,270.8 0.034 11.48 0.69 0.01 12.99 0.89 1,307.6 0.034 8.51 0.79 0.02 9.09 0.94
Cu 5 635 0.018 059 0.84 0.47 081 0.98 Zn 5 65.3 0.009 0.47 0.51 0.12 05 0.90
1585 0.014 0.92 0.56 0.50 1.47 0.99 163.4 0.02 1.38 0.980.07 1.37 0.88
3177 0.01 240 0.64 0.48 3.23 0.99 327 0.001 2.88 0.57 0.05 2.86 0.93

6354 0.025 4.79 0.86 0.06 6.67 0.98 653.8 0.027 6.46 0.78 0.06 11.11 0.99

1,270.8 0.0085 0.68 0.15 0.00 7.69 0.90 1,307.6 0.027 8.13 0.87 0.03 11.11 0.98

Cu 4 63.5 0.0014 0.21 0.01 292 0.08 0.86 Zn 4 65.3 0.012 0.55 0.86 0.002 -1.38 0.90
1585 0.0008 0.83 0.86 155 0.10 0.93 1634 0.014 0.49 0.84 0.01 0.90 0.95
317.7 0.021 2.40 0.93 0.27 3.23 0.99 327 0.023 2.09 0.71 0.14 3.57 0.99
6354 0.0074 3.16 0.93 0.0007 6.67 0.92 653.8 0.024 4.57 0.95 0.02 455 0.91

1,270.8 0.026 10.47 0.94 0.007 125 0.86 1,307.6 0.027 11.48 0.91 0.003 10.00 0.90
BC350 Cu 6 635 0.011 141 046 0.008 244 0.99 Zn 6 65.3 0.004 0.99 0.12 0.09 0.8 0.89
1585 0.018 1.48 0.55 0.16 256 0.98 1634 0.012 1.48 0.91 0.15 1.64 0.98
317.7 0.018 2.40 0.58 0.36 5.26 0.99 327 0.016 1.20 0.73 0.07 149 0.91

6354 0.017 3.47 0.49 0.48 8.33 0.99 653.8 0.013 2.63 0.63 0.15 4 0.99
1,270.8 0.0039 2.40 0.03 0.06 8.33 0.99 1,307.6 0.026 6.17 0.87 0.05 9.09 0.99
Cu 5 635 0.017 0.32 0.42 0.34 054 0.91 Zn 5 65.3 0.015 0.25 0.96 0.37 0.25 0.93
1585 0.018 0.83 0.65 0.12 1.18 0.89 163.4 0.008 1.58 0.910.005 2.33 0.92
3177 0.02 138 0.75 0.23 217 0.99 327 0.005 3.55 0.90 0.06 2.22 0.94
6354 0.01 162 0.25 0.87 3.23 0.99 653.8 0.025 5.89 0.90 0.07 8.33 0.99

1,270.8 0.017 5.25 0.68 0.01 345 0.82 1,307.6 0.032 13.49 0.95 0.006 125 0.85
Cu 4 635 0.01 050 0.95 0.01 0.78 0.87 Zn 4 65.3 0.01 0.20 0.770.01 0.47 0.90
1585 0.01 0.16 0.96 0.77 0.14 0.87 1634 0.013 0.30 0.82 0.07 0.37 0.91
3177 0.01 257 0.83 0.11 2.78 0.98 327 0.033 2.82 0.98 0.09 3.13 0.98
6354 0.008 1.32 0.95 0.06 097 0.91 653.8 0.025 2.82 0.99 0.06 3.13 0.96

1,270.8 0.023 7.59 0.98 0.01 8.33 0.88 1,307.6 0.011 0.79 0.730.001 125 0.94

1
2 Continued
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AC Norit

AC Fluval

Biomass

Cu

Cu

Cu

Cu

Cu

Cu

Cu

6 63.5
158.5
317.7
635.4
1,270.8
5 63.5
158.5
317.7
635.4
1,270.8
4 63.5
158.5
317.7
635.4
1,270.8

6 63.5
158.5
317.7
635.4
1,270.8
5 63.5
158.5
317.7
635.4
1,270.8
4 63.5
158.5
317.7
635.4
1,270.8

6 63.5
158.5
317.7
635.4
1,270.8
5 63.5
158.5
317.7
635.4
1,270.8
4 63.5
158.5
317.7
635.4
1,270.8

0.032
0.012
0.014
0.021
0.011
0.0043
0.013
0.02
0.026
0.026
0.023
0.0042
0.023
0.015
0.0079

0.02
0.0089
0.021
0.025
0.023
0.0078
0.011
0.011
0.038
0.035
0.01
0.0097
0.021
0.015
0.013

0.0063
0.018
0.017
0.016
0.023
0.016
0.018
0.027

0.01
0.023
0.013

0.02
0.017

0.0078
0.012

0.52
3.80
3.24
2.34
6.92
0.68
2.82
2.24
4.37
9.55
0.69
0.39
6.61
3.24
5.89

1.26
2.29
3.16
5.37
5.37
0.71
1.66
1.29
5.37
8.91
0.11
0.32
1.82
1.23
3.16

0.84
1.95
2.57
3.09
4.57
0.50
1.35
2.75

1.58
3.24
1.00
0.81
1.22
1.01
1.66

0.65
0.83
0.77
0.38
0.42
0.15
0.71
0.84
0.75
0.94
0.55
0.09
0.85
0.63
0.26

0.80
0.67
0.85
0.82
0.68
0.37
0.93
0.36
0.92
0.88

0.60
0.20
0.44
0.47
0.53

0.48
0.70
0.96
0.83
0.98
0.53
0.62
0.88
0.22
0.95
0.66
0.36
0.49
0.07
0.32

1.93
0.06
4.00
1.62
2.13
0.76
0.09
1.14
0.09
0.005
0.07
0.47
0.02
0.01
0.49

2.01
1.69
0.40
0.25
0.64
8.25
0.17
0.81
0.08
0.02

6.21
1.46
0.15
0.10
0.17

1.15
0.11
0.05
0.004
0.08
1.24
0.25
0.07
0.07
0.11
0.36
0.31
0.10
0.04
0.03

1.69
4.17

11
12.5
0.50
1.14
2.70
5.56

10
0.45
0.13
5.88
2.63
7.14

1.35
2.56
4.76

10
12.5
0.50
1.45
2.78
455
3.57

0.02
0.10
3.33
1.19
6.67

0.77
0.8
1.30
2.56
3.13
0.60
1.25
2.04
3.70
3.23
0.50
1.89
2.33
4.35
5.26

0.99
0.91
0.99
0.99
0.98
0.92
0.87
0.99
0.99
0.86
0.76
0.76
0.85
0.60
0.94

0.99
0.97
0.99
0.99
0.99
0.95
0.91
0.99
0.98
0.87

0.82
0.91
0.99
0.84
0.98

0.87
0.92
0.85
0.86
0.98
0.99
0.95
0.90
0.97
0.98
0.93
0.95
0.92
0.80
0.85

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6

65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6

65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6

0.012 0.45
0.016 4.07
0.012 2.51
0.0073 1.95
0.018 6.31
0.011 0.25
0.02 1.62
0.022 2.40
0.021 4.68
0.013 16.98
0.015 0.32
0.012 0.33
0.021 5.50
0.028 6.61
0.0093 9.33

0.0035 0.11
0.002 1.51
0.021 2.19
0.017 4.37
0.021 5.37
0.013 0.47
0.014 1.45
0.014 1.86
0.03 851
0.021 5.25
0.005 0.24
0.005 0.59
0.028 3.55
0.023 3.89
0.02 3.24

0.0062 0.15
0.012 0.81
0.0066 0.85
0.016 1.86
0.014 2.00
0.012 0.49
0.018 0.90
0.0005 0.32
0.015 2.34
0.025 4.68
0.0022 0.22
0.0004 0.18
0.0027 0.26
0.0058 0.46
0.012 1.32

0.08
0.93

0.95 0.003

0.11

0.71 3E-05

0.13

0.23
0.02

0.07

0.55

0.30 0.17

0.62
0.68

0.43 0.004

0.13
0.21
0.90

0.69 0.008

0.23

0.09
0.09

0.22
0.13
0.02

2.45

0.006 11.9

0.18

0.840.0005

0.93
0.66
0.22
0.82
0.66

0.08

0.11
0.07
0.30
0.02
0.11

0.99 0.03

0.95
0.04
0.24
0.70

0.76 0.002

0.10
1.49
1.23
0.06

0.40 0.16

0.50
0.39
0.22
0.65
0.41
0.21
0.37
0.40
0.51

0.74 0.008

0.31
0.20
0.01
0.05
0.35

4.66
13.2
0.19
0.02
0.05
0.49
0.26
0.60
0.06

1.24
0.39
0.41
0.28
0.06

1.15
4.55
4.17
5.88
50
0.32
0.84
2.38
9.09
16.67
0.23
0.56
5.26
4.35
14.29

0.75
0.53
7.69
5.56
11.11
0.23
1.47
2.33
10
7.14
0.11
0.29
3.57
6.67
14.29

0.11
0.92
1.06
1.92
4.35
0.69
1.01
1.35
3.57
5.88
0.26
0.49
0.93
1.27
1.92

0.95
0.74
0.78
0.94
0.82
0.94
0.91
0.95
0.99
0.89
0.74
0.72
0.88
0.83
0.96

0.99
0.83
0.87
0.98
0.99
0.87
0.89
0.97
0.97
0.99
0.68
0.81
0.96
0.77
0.99

0.96
0.96
0.83
0.64
0.95
0.95
0.94
0.99
0.95
0.76

0.91
0.90
0.95
0.99
0.83

According to the results, the correlation coefintge obtained by the pseudo-second-order

kinetic model as well ag, were higher than those of the pseudo-first-okdeetic model

(R < 0.90), suggesting that the entire adsorptioress was better described by a kinetic of

a second-order. The goodness of the pseudo-secdad-kinetic towards the experimental

results was further confirmed by the smaller cagrfice intervals (with few exceptions for

tests at pH 4) obtained between Qe(exp) and Qe(dable S1), suggesting that the
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chemisorption process favored by covalent or valdorces, and sharing of electrons may be

the rate-limiting step (Ho and Mckay, 1999).

3.2.2 Adsorption isotherms

Langmuir and Freundlich estimated model paramei@mrsall adsorbents investigated are
given in Table 4. According to the obtained cotielacoefficient &) for copper, Langmuir
model fitted the experimental data better than kdéah for the substrates investigated at
different pH values (higher averad® value nearly 0.90), confirming a strong copper-
biochar’'s surface interaction. Moreover, Freundlparameter (1/n) for copper adsorbed at
pH 5 and 6 was below one, confirming a Langmuirtigotherm. On the other hand, as also
observed by others (Sheet et al., 2014), zinc si@naetter correlation coefficient, 1/n and k
parameter for Freundlich isotherm, indicating tsath metal possesses different mechanisms
of adsorption.

Table 4. Langmuir and Freundlich Isotherms parameters fora@d Zn adsorption onto
BC600ACT, BC350ACT, BC600 and BC350 at differentspH

18



Adsor bent M odel Parameters Cu Zn
pH4 pH5 pH6 pH4 pH5 pH6
BC600ACT Langmuir Qmax 5.91 0.36 14.28 1.41 14 3.33
K 0.002 0.006  0.004 0.006 0.0006 0.006
R’ 0.94 0.88 0.93 0.98 0.57 0.88
BCB600ACT Freundlich K 0.07 1.92 2.02 0.05 0.93 0.25
1n 2.20 0.65 0.62 1.81 0.57 1.19
R’ 0.70 0.82 0.96 0.96 0.59 0.91
BC350ACT Langmuir Qmax 6.17 8.87 19.72 2.88 23.58 7.38
K 0.002 0.006  0.004 0.003  0.0005  0.006
R’ 0.89 0.97 0.96 0.75 0.36 0.98
BC350ACT Freundlich Ks 1.05 2.18 2.56 1.01 1.03 1.26
Un 0.56 0.43 0.65 0.30 0.75 0.72
R’ 0.86 0.84 0.97 0.26 0.85 0.97
BC600 Langmuir Qmax 7.69 7.19 14.51 2.02 22.22 11
K 0.002 0.003  0.005 0.008  0.0005  0.002
R’ 0.20 0.88 0.98 0.93 0.73 0.89
BC600 Freundlich K¢ 0.02 1.45 1.88 0.05 1.07 0.19
Un 1.91 0.43 0.77 1.91 0.76 1.48
R’ 0.85 0.63 0.98 0.96 0.78 0.93
BC350 Langmuir Qmax 0.71 2.98 13.21 1.85 5.31 9.34
K 0.005 0.006  0.003 0.003  0.002 0.002
R’ 0.94 0.94 0.94 0.88 0.93 0.85
BC350 Freundlich K 0.08 1.16 2.08 0.03 0.73 0.44
Un 2.21 0.19 0.52 2.06 0.85 0.93
R’ 0.78 0.13 0.90 0.96 0.85 0.94
AC norit Langmuir Qmax 2.85 12.34  13.36 5.34 6.75 5.15
K 0.011 0.01 0.038 0.001  0.017 0.033
R’ 0.97 0.99 0.96 0.94 0.86 0.98
AC norit Freundlich K, 0.14 0.87 2.38 0.03 0.76 1.90
Un 1.326 0.70 0.57 2.05 0.92 0.39
R’ 0.63 0.95 0.92 0.89 0.66 0.56
AC fluval Langmuir Qmax 1.66 6.06 17.54 2.64 8.29 14.7
K 0.017 0.017  0.022 0.0006 0.01 0.009
R’ 0.99 0.98 0.84 0.79 0.76 0.31
AC fluval Freundlich K 0.14 1.06 1.74 0.043  1.10 0.34
Un 1.22 0.53 0.66 1.92 0.67 1.11
R’ 0.71 0.91 0.93 0.94 0.69 0.95
1
2
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3.2.3 Effect of pyrolysis temperature

The adsorption of copper and zinc at pH 6 by Migcanthus x giganteus biomass, BC
pyrolyzed at 350 and 600°C is shown in Figure 4pdfxnental results showed a higher
removal capacity of BC600 respect to BC350 andb@mass. Statistical analysis revealed a
significantly higher capacity of copper removal BC600 compared to BC350, while for
zinc this difference was statistically reportedo® non-significant. Similar tendencies were

also observed for both metals (Cu and Zn) at pHd#pH 5 (data not shown).

A B
14 14
——BC600 —+—BC600

12 1 —m-BC350 12 ~m-BC350

10 | —&—raw biomass 10 | —A—raw biomass
I )
w8 - W 8
E £
T 6 T 6
[)) ()
o o

4 4

2 2

0 T T T 0 L T U

0 500 1,000 1,500 0 500 1,000 1,500
Ceq(mg/L) Ceq (mg/L)

Figure 4. Uptake capacity of metals by BC600, BC350 and raanhss for Cu (A) and Zn
(B), respectively at pH6.

Figure 4 shows the impact of pyrolysis temperaturéhe removal capacity of biochar. This
trend is in line with the results illustrated inbla 1, which showed a higher pore size of
BC600 respect to BC350. As observed by others (Kimal., (2012), during pyrolysis, the
possible loss of volatile matter fosters the renh@fdunctional groups elements (H, O and
N), the atomic ratio reduces, amorphous carboreas® and microstructure develops (Table
1 and 2). These characteristics can favor adsorptiocesses by which van der Waals forces
are involved, while for BC350 cation exchange migbkt favored, due to the presence of

carboxyl functional groups. These results are inoetance with the elemental analysis
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results (Table 1) and FT-IR results (Table 2), whghowed a decrease of H, O and N
elements with consequent reduction of functionadugs and the shift to an aromatic
structure. Moreover, the predominant aromatic stinec of BC600 providest-electron
density, which is known to bond metal cation tobcer, resulting in the formation of
organometallic compounds (Harvey et al., 2011).il&nhy, other researchers ( Kolodynska et
al., 2012), showed that biochars produced at higiolysis temperature had higher metal

adsorption capacities.

3.2.4 Effect of chemical activation by H,0O»

The chemical modification was investigated by usigdrogen peroxide. As a matter of fact,
being HO, a strong oxidizing agent (g&2n20= 1.78 V) it could provide enough oxidizing
power to transform hydroxyl and aldehyde groups icarboxylic ones, thereby enhancing
the coordination capability and, eventually, thepion capacity. As illustrated in Figure 5,
the chemical activation by 4, showed two main results: BC600ACT did not show any
enhanced adsorption capacity respect to BC600,ewBL350ACT showed an enhanced
removal capacity respect to BC350. Despite subatart that the chemical activation by
H,0, lead to increase the oxygen-containing functiagraups as indicated in Table 2 and
metal-complexing functional groups (Fig. 1), partazly carboxyl groups which enhance the
metal adsorption capacity (Xue et al., 2012), theme also examples that exhibit a lesser

effect (Yin et al., 2007).
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Figure 5. Effect of HO, activation on BC600 and BC350 for Copper (A-C) amt (B-D)

at pHe6.

The reduced adsorption capacity of BC600ACT resfe®&C600 is given by a detrimental
effect of the chemical oxidation on the physicglexd of the biochar. Indeed, along with a
negligible change in BET surface area, BC600 ACd aaeduced pore size (Table 1) that
may be attributable to the destruction of porowscstire and textural characteristic within
BC due to the severe oxidation (Yin et al., 200Vpreover, due to an enhanced dehydration
during the pyrolysis, the biochar produced at 6062@ a lower content of electron-enriched
functional groups, thus resulting into a negligibleemical activation. Conversely, chemical
activation improved notably the physic-chemicalrelateristics of biochar pyrolyzed at lower
temperature, showing the highest BET surface dighgest oxygen content, highest O/C and
H/C ratios (Table 1 and 2), and increased intensitythe O-H stretching of the hydroxyl
groups at 3200-3400 ¢m(Fig. 1), reflecting in a higher adsorption capaciThe greater

effect of oxidation on biochar pyrolyzed at lowemiperature could be due to the lower
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degree of fused aromatic C structures (Kim et aDl11). The correlation between
effectiveness of kD, treatment and biochar pyrolysis temperature wss albserved by Xue
et al. (2012) and Wang et al. (2016) which, respelst reported the positive effect of,8,
modification on biochar pyrolyzed at 300° C andoa4nelevant effect of D, activation on

biochar pyrolyzed at 600° C in terms of cations ogat capacity.

3.2.5 Effect of pH

The effect of pH on the removal efficiency is showrFigure 6. Given the higher hydrogen
ion competition at lower pH, both metals were aldedrin larger extent at higher pH values.
Indeed, at higher pH values, the weakly acidic reatif the active sites (carboxyl groups) of
the biochar, favors the deprotonation process aokases the negative charge of biochar’s
surface, facilitating the metals cations uptakel@dgnska et al., 2012)). Similar studies have
observed an increase of metals’ uptake with inangathe pH up to five, claiming as main
factor the competition between protons and metabmrs for surface sorption sites on the
biochars (Chen et al., 2011; Liu and Zhang, 2008hah et al., 2007). Moreover, the metals’
uptake increased with the metals’ concentratiomaioty due to the fact that low copper and

zinc concentrations were not enough to consumalitad ions released by biochar’s surface.
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Figure 6. Effect of pH value on the adsorption capacity asdéanthus biochar: BC600 (A
and B for Cu and Zn, respectively); BC350 (C andfdd Cu and Zn, respectively);

BC600ACT (E and F for Cu and Zn, respectively); BGRCT (G and H for Cu and Zn,
respectively).

Under the pH range investigated in this study (4r@ximum copper removal was at pH 6,

while zinc at pH 5. As reported by Harvey et al012), heavy metals are predominately

adsorbed via electrostatic interactions, while otfmechanisms such as ion exchange and
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Crn—metal bonding by basic carbon are less favouredhigher pH, electrostatic interactions
are favoured by active sites deprotonated, fatiiacopper uptake (Mc Bride, 1994; Fontes
et al., 2000). However, despite the pH was kepteurmbntrol during the experiments, it
cannot be excluded the formation of copper (hyddexyprecipitation which may hinder the
interaction between zinc cations and biochar’'svacsite (Li et al., 2013). All biochars
investigated showed a preferential adsorption ppeo at pH 6 while zinc at pH 5 (Figure 6).
Among the biochars investigated, the highest adior@amount was obtained by BC350
ACT for copper (15.7 mg/g), however for all biochaised copper showed a stronger affinity
respect to zinc, as well as demonstrated by otieies (Chen et al., 2011; Seco et al., 1997,
). Importantly, biochars’ adsorption capacities @&geomparable with AC fluval and AC norit
(activated carbons) tested in parallel in this gt(ichble 5), and with other biochars reported
in literature, such as animal manure biochar, hadatlvbiochars and corn-straw derived
biochar (between 5 to 6 mg/g, 12.51 and 6.79 mg&pectively) (Kolodynska et al., 2012;
Chen et al., 2011), confirming the effectivenesMiscanthus x giganteous derived biochar

to remove copper and zinc.

Table 5. Copper and zinc adsorption (mg/g) for biomass, B2 T, BC600ACT, BC350
and BC600, AC Fluval and AC Norit GAC. Results shewerages + standard error (n=2).

Adsorbent Cu (mg/g) Zn (mg/g)
pH 4 pH 5 pH 6 pH 4 pH 5 pH 6

BC600 ACT 4.3x0.4 3.8£0.6 8.7+1.6 2.6x£0.5 7.6+1.6 3.3+0.
BC350 ACT 4.6x1.2 7904 15.7+1.3 3.3+0.3 9.6+0.8 6.6+0.

BC600 4.1+0.6 6.3+ 0.7 11.8+0.8 7.3+0.7 10.4+0.8  .8*1

BC350 3+0.4 3.1+04 9.9+0.8 2.91+0.1 9.7t1.3 8#
AC Norit 6.6+2.3 6.3+0.9 11.3+1.6 6.6+1 17.9+2.9 #0586
AC Fluval 5.5+£0.9 4.7+0.1 11.1+0.7 3.2+0.6 8.8+0.2 1.2+

Biomass 1.67+0.7 2.2+0.2 5+0.8 1.8340.3 3.2+0.44+0.6

Given the pH-dependent metals’ uptake mechanisumdvied for copper and zinc removal, a
study about the determination of the distributionefticient (Ky) and the selectivity
coefficient () was conducted. As summarized in Table 6, otlvalues ¢) observed at pH 6
were at least 3 times higher than those observgiHa# and 5, indicating a preferential
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adsorption of copper to zinc at pH 6 for all biochmvestigated. Conversely, according to
thea;, values, zinc showed adsorption selectivity to et pH 5.

The preferential adsorption of copper to zinc cdugdexplained by the capacity of copper to
form covalent bonds, and this ability can be relate ionization potential and ionic radius
(softness of a metal), as derived by Misono et(H67). Other researchers (Basta and
Tabatabai, 1992), reported that copper was pretiatigradsorbed to zinc by soil on the basis
of softness parameter. McBride (1994), also explhithe higher affinity and preferential
retention of metals by other parameters like etetgativity and ionic radii. However, Abd-
Elfaltah and Wada (1981), found that the metalntgd@ could not be predicted only from
electronegativity and ionic radii. These controiareesults suggests that the metal retention
affinity might involve both covalent and electrdgtebonds. Therefore, it can be concluded
that the higher affinity of copper respect to zfoc surface complexation and electrostatic
reactions can be explained by higher electronegaticopper= 2.0; zinc= 1.6), larger
softness value (2.89 for copper and 2.34 for zamg) hydrolysis constant (7.3-8.0 for copper
and 9.0-9.4 for zinc) (Abd-Elfaltah and Wada 19B&sta and Tabatabai, 1992; Misono et

al., 1967; Shaheen et al., 2012)).

Table 6. Competitive binding behaviors of BC600ACT, BC350A@IC600 and BC350 for
CU** (aq), and Zf'" (aq) ions.os: Selectivity of copper over zinouy: Selectivity of zinc over
copper.

Kg-Cu Kg-Zn
Adsor bent H a a
P (L/g) (L/g) ! 2
4 9.21 20.35 0.45 2.20
BCG600ACT 5 0.65 14.44 0.04 22.9
6 41.87 25.09 1.66 0.59
4 9.61 22.53 0.43 2.32
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BC350 ACT 5 8.26 17.84 0.46 2.16

6 50.27 21.51 2.34 0.43
4 15.31 31.86 0.48 2.08
BC600 5 9.41 18.50 0.51 1.97
6 55.71 35.60 1.56 0.64
4 10.05 26.49 0.38 2.64
BC350 5 1.82 18.06 0.10 9.93
6 44.44 15.31 2.90 0.34

4. Conclusions

This study demonstrated thitiscanthus x giganteus derived biochars effectively remove
copper and zinc from synthetic wastewater. The tFatpre of pyrolysis plays an important
role on the physic-chemical structure of biochdfeding the metal removal capacity.
Biochar pyrolyzed at higher temperature showed r@meced metal removal capacity for
both copper and zinc. The activation of biochaHa{, resulted to be pyrolysis-temperature
sensitive leading to enhanced metals removal capacity ofbibehar pyrolyzed at lower
temperature (BC350 ACT) for both copper and zirtee Effect of pH revealed that zinc was
predominantly removed at pH 5 while copper at pHbfening new interesting scenarios
about the possible selective removal and recovérthese two metals bwliscanthus x
giganteus derived biochar. Biochars’ metals removal capesitiesulted to be comparable
with commercially available activated carbons. @ieMiscanthus x giganteus derived

biochar could be a valid alternative to activatathon for an efficient removal of metal ions.

Acknowledgements
This study was supported by an International Fedlup funded by the University of Rome
“La Sapienza” and by the Short Term Scientific Mdss(CSCM) within the COST scientific

programme on Biochar as an option for sustainaseurce management. The authors would

27



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

like to acknowledge the School of Chemistry and drtsyof University of KwaZulu-Natal

(Westville campus) for FT-IR, BET and elementallgsia.

References

Abd-Elfaltah, A., Wada. K., 1981.“Adsorption ofal&, copper, zinc, cobalt and cadmium by
soils that differ in cation exchange materialsil Soi. 32, 271- 283.

Al-Wabel, M.l., Al-Omran, A., El-Naggar, A.H., Nadm, M., Usman, A.R.A., 2013.
Pyrolysis temperature induced changes in charatitriand chemical composition of
biochar produced from conocarpus wastes. Biore§amahnol. 131, 374-379.

Akbal, F., Camci, S., 2011. Copper, chromium arakeliremoval from metal plating
wastewater by electrocoagulation. Deatibn 269 (1-3), 214-222.

Basta, N.T., Tabatabai, M.A., 1992. Effect of crimgpsystems on adsorption of metals by
soils. lll. Competitive adsorption. Soil Sci. 1581-337.

Bradl, H. B., 2004. Adsorption of heavy metal i@mrssoils and soils constituents. J. Colloid
Interface Sci. 277, 1-18.

Brosse, N., Dufour, A., Meng, X., Sun, Q., Ragasska, 2012. Miscanthus: a fast-growing

crop for biofuels and chemicals production. BiofBeprod. Bior. 6(5), 580-98.

Brunauer, S., Emmett, P.H., Teller, E., 1938. Agton of Gases in Multimolecular Layers.

J. Am. Chem. So&0 (2), 309-319.

Boudrahem, F., Soualah, A., Aissani-Benissad, 6112 Pb(ll) and Cd(ll) removal from
aqueous solutions using activated carbon develdmed coffee residue activated
with phosphoric acid and zinc chloride. J. Cheng.Bpata. 56 (5), 1946-1955.

Bouwman, R., Freriks, I.L.C., 1980. Low-temperatweidation of a bituminous coal.
Infrared spectroscopic study of samples from a poeal Fuel 59 (5), 315-322.

Cao, X., Harris, W., 2010. Properties of dairy-m@aderived biochar pertinent to its

potential use in remediation. Bioresour. Techn0ll,15222-5228.

28



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Chen, X.C., Chen, G.C., Chen, L.G., Chen, Y.X.,rhahn, J., McBride, M..B, Hay, A.G,,
2011. Adsorption of copper and zinc by biocharsdpoed from pyrolysis of
hardwood and corn straw in aqueous solution. Bare$echnol. 102, 8877-8884.

Cheng, C.H., Lehmann, J., Engelhard, M.H., 2008uid& oxidation of black carbon in soils:
Changes in molecular form and surface charge aoclgnosequence. Geochimica et
Cosmochimica Acta. 72, 1598-1610.

Clifton-Brown, J.C., Breuer, J., Jones, M.B., 200@arbon mitigation by the energy crop,
Miscanthus. Glob Change Biol. 13(11), 2296-307.

Dabrowski, A., Hubicki, Z., Podkoscielny, P., Robeit., 2004. Selective removal of the
heavy metal ions from waters and industrial wastewgaby ion-exchange method.

Chemospere. 56, 91-106.

EPA, 2016. Secondary Drinking Water Standards: &wed for Nuisance Chemicals.
https://www.epa.gov/dwstandardsregulations/secgndanking-water-standards-
guidance-nuisance-chemicals

Fontes, M.P.F. Matos, A.T., Costa, L.M., Neves,.lJ,C2000. Competitive adsorption of
zinc, cadmium, copper and lead in three highly-twesdd Brazilian soils. Commun.
Soil Sci. Plant Anal. 31, 2939-2958.

Fontes, M.P.F., Gomes, P.C., 2003. Simultaneougpebtive adsorption of heavy metals by

the mineral matrix of tropical soils. Appl. Geochel8, 795-804.

Fox, J., 2008. Applied regression models and gémedalinear models (2nd ed.). Thousand
Oaks, CA: SAGE.

Fu, F., Xie, L., Tang, B., Wang, Q., Jiang, &12. Application of a novel strategy-
Advanced Fenton-chemical precipitation to the treatt of strong stability chelated

heavy metal containing wastewater. Chem. Eng. 3-190, 283-287.

29



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Gerente, C., Lee, V.K.C., Le Cloirec, P., Mckay, @007. Application of Chitosan for the
Removal of Metals from Wastewaters by Adsorption—eNBnisms and Models
Review. Critical Reviews in Environ. Sci. and Techr87, 41-127.

Gregorich, E.G., Carter, M.R., 1997. Soil Qualiby €rop Production and Ecosystem Health.
Developments in Soil Science. 25, 1-448.

Harvey, O.R., Herbert, B.E., Rhue, R.D., Kuo, L2D11. Metal interactions at the biochar-
water interface. Energetics and structure-sorptigationships elucidated by flow
adsorption microcalorimetry. Environ. Sci. Techrt8.(13), 5550-5556.

Heaton, E., Long, S., Voigt, T., Jones, M., CliflBrown, J., 2004. Miscanthus for renewable
Energy generation: European union experience aogegtions for illinois. Mitig
Adapt Strateg. Glob Change. 9(4), 433-51.

Houben, D., Sonnet, P., Cornelis, J.T., 2014. Biodhom Miscanthus: a potential silicon
fertilizer. Plant Soil. 374:871-882.

Ho, Y.S., Mckay, G., 1999. The kinetics of sorptiohdivalent metal ion onto Sphagnum
moss peat. Water Res. J.. 34(3), 735-742.

Huff, M.D., Lee, J.W., 2016. Biochar-surface oxygeon with hydrogen peroxide. J.

Environ. Manage. 165, 17-21.

Kang, T., Park, Y., Yi, J., 2004. Highly Selectidesorption of Pt and Pd" Using Thiol-

Functionalized Mesoporous Silica. Ind. Eng. Chers.R3, 1478-1484.

Kim, P., Johnson, A., Edmunds, C.W., Radosevich, Wbgt, F., Rials, T.G., Labb’e, N.,
2011. Surface functionality and carbon structuregnocellulosic-derived biochars

produced by fast pyrolysis. Energy Fuels. 25, 48983.

30



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Kotodynska, D., Waetrzak, R., Leahy, J.J., Hayes, M.H.B., Kwagki, W., Hubicki, Z.,
2012. Kinetic and adsorptive characterization othar in metal ions removal. Chem
Eng J. 197, 295-305.

Kim, H. K., Kim, J.-Y., Cho, T.S., Choi, J.W., 2D1Influence of pyrolysis temperature on
physicochemical properties of biochar obtained fittwa fast pyrolysis of pitch pine
(Pinus rigida). Bioresour. Technol. 118, 158-162.

Kwapinski, W., Byrne, C.M.P., Kryachko, E., WolfrarR., Adley, C., Leahy, J.J., et al.,,
2010. Biochar from biomass and waste. Waste Bioaks. 1(2), 177-89.

Lagergren, S., 1898. About the theory of so-cadldsorption of soluble substances.

Kungl. Sv. Vetenskapsakad. Handlingd.1.

Li, N., Bai, R.B., Liu, C.K., 2005. Enhanced, se¢iee adsorption of mercury ions on
chitosan beads grafted with polyacrylamide via aeefinitiated atom transfer radical
polymerization. Langmuir. 21, 11780-11787.

Li, M., Liu, Q., Guo, L.J., Zhang, Y.P., Lou, Z.JVang, Y., Qian, G.R., 2013. Cu(ll)
removal from aqueous solution by Spartina alteoréflderived biochar. Bioresour.
Technol. 141, 83-88.

Lim, A.P., Aris, A.Z., 2013. A review on economilgahdsorbents on heavy metals removal

in water and wastewater. Environ. Sci. Biotechd8l.163-181.

Lin, Y. H., Fryxell, G. E.. Wu, H., Engelhard, M2001. Selective Sorption of Cesium Using
Self-Assembled Monolayers on Mesoporous Suppontwir&. Sci. Technol. 34,

3962-3966.

Liu, Z., and Zhang, F.S., 2009. Removal of leadnfreater using biochars prepared from
hydrothermal liquefaction of biomass. J. Hazardtévlal67, 933-939.
Lewandowski, 1., Clifton-Brown, J., Scurlock, J.uidman, W., 2000. Miscanthus: European

experience with a novel energy crop. Biomass Biggnel9(4), 209-27.

31



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Malamis, S., Katsou, E., Haralambous, K.J., 201adyof Ni(ll), Cu(ll), Pb(ll), and Zn(ll)
removal using sludge and minerals followed by ME/MFater Air Soil Pollut. 218(1-
4), 81-92.

Margui, E., Salvado, V., Queralt, I., Hidalgo MQ@. Comparison of three-stage sequential
extraction and toxicity characteristic leachingtdeto evaluate metal mobility in
mining wastes. Anal. Chem. Acta. 524, 151-159.

McBride, M.B., 1994. Environmental Chemistry of SoiOxford University Press, New
York, NY, USA.

Melligan, F., Dussan, K., Auccaise, R., NovotnyHE.Leahy, J.J., Hayes, M.H.B., 2012.
Characterisation of the products from pyrolysisredidues after acid hydrolysis of
Miscanthus. Bioresour. Technol. 108, 258-63.

Meng, J., Feng, X., Dai, Z., Liu, X., Wu, J., Xu, 4014. Adsorption characteristics of Cu(ll)
from aqueous solution onto biochar derived fromn@amanure. Environ. Sci. Pollut.
Res. 21, 7035-7046.

Mimmo, T., Panzacchi, P., Baratieri, M., DaviesAC.Tonon, G., 2014. Effect of pyrolysis
temperature on miscanthugliécanthus x giganteus) biochar physical, chemical and
functional properties. Biomass and bioenergy. @3-157.

Misono, M., Ochiai, E., Saito, Y., Yoneda, Y., 196¥ new dual parameter scale for the
strength of Lewis acids and bases with the evalnatf their softness. J. Inorg. Nucl.
Chem. 29, 2685-2691.

Mohan, D., Pittman, C.U., Bricka, M., Smith, F.,n¢éay, B., Mohammad, J., Steele, P.H.,
Alexandre-Franco, M.F., Gomez-Serrano, V., Gong, 24007. Sorption of arsenic,
cadmium, and lead by chars produced from fast pgi®lof wood and bark during

bio-oil production. J. Colloid. Interface Sci. 3BY—-73.

32



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Moreira, C.S., Alleoni, L.R. F., 2010. Adsorptioh@d, Cu, Ni and Zn in tropical soils under
competitive and non-competitive systems. Sci. Ag(Riracicaba, Braz.). 67, 301-
307.

Novak, J.M., Lima, I., Xing, B., Gaskin, J.W., Ster, C., Das, K.C., Ahmedna, M.A.,
Rehrah, D., Watts, D.W., Busscher, W.J., Schombdrg2009. Characterization of
designer biochar produced at different temperataneistheir effects on a loamy sand.
Ann. Environ. Sci. 3, 195-206.

Seco, A., Marzal, P., Gabaldén, C., Ferrer, J.,719%dsorption of heavy metals from
agueous solutions onto activated carbon in singlead Ni systems and in binary
Cu—Ni, Cu-Cd and Cu-Zn systems. J. Chem. Techmate&nol. 68, 23— 30.

Shaheen, S.M., Derbalah, A.S., Moghanm, F2B12. Removal of Heavy Metals from
Aqueous Solution by Zeolite in Competitive Sorpt®ystem. International Journal of
Environ. Sci. Deve. 3 (4), 362-367..

Sheet, I., Kabbani, A., Holail, H., 2014. RemowélHeavy Metals Using Nanostructured
Graphite Oxide, Silica Nanoparticles and Silicaa@rite Oxide. Composite Energy
Procedia. 50, 130 — 138.

Sun, R.C., Tomkinson, J., 2001. Fractional sepamaéind physico-chemical analysis of
lignins from the blackliquor of oil palm trunk fibrpulping. Sep. Purif. Technol.
24(3), 529-539.

Tchounwou, P., Yedjou, C.G., patlolla, A.K., Sutt@hJ., 2012. Heavy metals toxicity and
the environment. EXS. 101, 133-164.

Trevino-Cordero, H., Juarez-Aguilar, L.G., Mend®&astillo, D.l., Herndndez-Montoya, V.,
Bonilla-Petriciolet, A., Montes-Moran, M.A., 2013Synthesis and adsorption

properties of activated carbons from biomass ofm&sudomestica and Jacaranda

33



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

mimosifolia for the removal of heavy metals and dif\gom water. Ind. Crops Prod.
42, 315-323.

Turan, N.G., Elevli, S., Mesci, B., 2011. Adsorptiof copper and zinc ions on illite:
Determination of the optimal conditions by the istatal design of experiments.
Appl. Clay Sci. 52, 392-399.

Wang, S.H., Griffiths, P.R., 1985. Resolution erdeanent of diffuse reflectance Ir-spectra of
coals by fourier self-deconvolution: 1. C-H stretghand bending modes. Fuel. 64,
229-236.

Wang, X.J., Liang, X., Wang, Y., Wang, X., Liu, Min, D.Q., Xia, S.Q., Zhao, J.F., Zhang,
Y.L., 2011. Adsorption of copper (Il) onto activdtearbons from sewage sludge by
microwave-induced phosphoric acid and zinc chloadgvation. Desalination. 278,
231-237.

Wang, B., Lehmann, J., Hanley, K., Hestrin, R., &sdA., 2016. Ammonium retention by
oxidized biochars produced at different pyrolygmperatures and residence times.
RSC Adv. 6, 41907-41913.

Xue, Y., Gao, B., Yao, Y., Inyang, M., Zhang, M.inm#nerman, A. R., Ro, K.S., 2012.
Hydrogen peroxide modification enhances the abdilftipiochar (hydrochar) produced
from hydrothermal carbonization of peanut hull ®@move aqueous heavy metals:
Batch and column tests. Chem. Eng. J. 200-202,68(8—

Yao, Y., Gao, B., Inyang, M., Zimmerman, A.R., CXo, Pullammanappallil, P., Yang, L.,
2011. Removal of phosphate from aqueous solutionblmchar derived from
anaerobically digested sugar beet tailings. J. HiaMat. 190, 501-507.

Yin, C.Y., Aroua, M. K., Wan Daud, W. M. A., 200Review of modifications of activated
carbon for enhancing contaminant uptakes from aggiesolutions. Sep. Purif.

Technol. 52, 403—-415.

34



1 Yuan, J., Xu, R., Zhang, H., 2011. The forms ofahtkin the biochar produced from crop
2 residues at different temperatures. Bioresour. fielcli02, 3488-3497.

3

35



Table 3. Parameters of pseudo-first-order and pseudo-second-order kinetics models for copper and
zinc adsorption onto BC600 ACT, BC350 ACT, BC600 and BC350.

'&',tr',ij Pseudo-first-order  pgaydo-second-or der '&',tr',ij Pseudo-first-order Pseudo-second-or der
Adsorbent Metal pH g oddl model Metal pH g model mode
Cu Zn
mgL K; Qe R K, Qe R mg/L Ki Qe R K, Qe F
BC600ACT Cu 6 635 0018 066 0.34 256 208 099 Zn 6 653 00073 079 015 095 115 097
1585 0.0028 1.11 088 028 455 099 1634 0021 151 094 022 208 0.99
317.7 00076 331 022 031 435 099 327 0.012 047 042 011 122 0.87
6354 0.012 380 098 004 10.00 0.99 653.8 0022 302 075 0.06 4.00 0.96
1,270.8 0.0039 111 082 0.02 1429 0098 1,3076 0.03 7.24 0.90 0.03 10.00 0.98
Cu 5 635 0009 051 025 125 122 099 Zn 5 65.3 0.001 0.15 0.003 15 031 095
1585 0022 129 0.88 033 213 0.99 1634 0019 1.08 09 013 114 094
3177 0.025 269 091 013 370 0.99 327 0.023 155 09 015 185 0.98
6354 0.022 417 0.75 0.02 455 0.86 6538 0.034 525 0.8 006 6.67 0.99
1,270.8 0.013 2.82 0.92 0.08 323 0.97 1,3076 0003 4.68 012 0.03 556 092
Cu 4 635 0005 028 049 281 0.08 0.89 Zn 4 65.3 0.006 019 085 0.67 013 0.80
1585 1E-05 126 0.0001 1.01 0.09 0.98 1634 0009 054 073 235 018 0.89
3177 0.022 182 078 012 278 0.98 327 0.014 245 092 021 263 098
6354 0.0002 1.78 0001 025 089 0.99 653.8 0.0012 2.09 0002 0.03 294 0.76
1,270.8 0.0321 832 098 0009 7.69 0.85 1,3076 0004 0.86 003 0.05 1429 0.99

BC350ACT Cu 6 635 0018 132 083 028 19 099 Zn 6 65.3 0.017 106 084 035 15 099

1585 0027 251 088 121 455 099 1634 0021 174 083 028 313 099

317.7 00008 178 003 033 714 099 327 0.024 537 0.95 0004 7.14 093

6354 0.029 1023 083 003 1429 0.99 6538 0033 692 097 002 714 090

1,2708 0.031 1023 074 003 16.67 0.99 1,307.6 0.0048 1.20 0.03 0.01 125 0.92

Cu 5 635 0006 066 019 089 123 0.99 Zn 5 653 0.0018 013 0.01 388 081 098
1585 0022 151 078 043 313 099 1634 0021 234 097 005 217 0.90

3177 0.024 339 094 010 5 0.99 327 00015 132 014 010 238 097

6354 0.023 646 096 0.05 83 099 6538 0028 537 091 010 833 099

1,270.8 0.034 1230 0.95 0.0001 333 0093 13076 0.023 013 069 001 1111 0.86

Cu 4 635 0016 066 098 024 067 095 Zn 4 65.3 0.015 049 095 037 05 095
1585 0016 09 089 228 113 0.99 1634 0012 087 093 005 0.77 090

3177 0023 282 081 008 375 098 327 0.013 288 0.89 0.07 333 097

6354 0.034 513 089 0001 1111 0.96 6538 0022 398 099 003 385 0.90

12708 0028 794 091 003 696 0093 1,3076 0.018 316 096 002 28 0.79



BC600

BC350

Cu

Cu

Cu

Cu

Cu

Cu

63.5
158.5
317.7
635.4

1,270.8

63.5
158.5
317.7
635.4

1,270.8

63.5
158.5
317.7
635.4

1,270.8

63.5
158.5
317.7
635.4

1,270.8

63.5
158.5
317.7
635.4

1,270.8

63.5
158.5
317.7
635.4

1,270.8

0.017
0.028
0.024
0.03
0.034
0.018
0.014
0.01
0.025
0.0085
0.0014
0.0008
0.021
0.0074
0.026

0.011
0.018
0.018
0.017
0.0039
0.017
0.018
0.02
0.01
0.017
0.01
0.01
0.01
0.008
0.023

1.04
4.79
2.82
7.94
11.48
0.59
0.92
240
4.79
0.68
0.21
0.83
240
3.16
1047

141
1.48
240
3.47
240
0.32
0.83
1.38
1.62
525
0.50
0.16
2.57
1.32
7.59

0.71
0.95
0.71
0.81
0.69
0.84
0.56
0.64
0.86
0.15
0.01
0.86
0.93
0.93
0.94

0.46
0.55
0.58
0.49
0.03
0.42
0.65
0.75
0.25
0.68
0.95
0.96
0.83
0.95
0.98

0.50
0.06
0.25
0.04
0.01
0.47
0.50
0.48
0.06
0.00
2.92
155
0.27
0.0007
0.007

0.008
0.16
0.36
0.48
0.06
0.34
0.12
0.23
0.87
0.01
0.01
0.77
0.11
0.06
0.01

171
531
6.46
11.44
12.99
0.81
147
3.23
6.67
7.69
0.08
0.10
3.23
6.67
125

244
2.56
5.26
8.33
8.33
0.54
1.18
217
3.23
3.45
0.78
0.14
2.78
0.97
8.33

0.99
0.98
0.99
0.99
0.89
0.98
0.99
0.99
0.98
0.90
0.86
0.93
0.99
0.92
0.86

0.99
0.98
0.99
0.99
0.99
0.91
0.89
0.99
0.99
0.82
0.87
0.87
0.98
0.91
0.88

Zn

zn

Zn

Zn

Zn

Zn

65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6

65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6
65.3
163.4
327
653.8
1,307.6

0.015
0.027
0.022
0.028
0.034
0.009
0.02
0.001
0.027
0.027
0.012
0.014
0.023
0.024
0.027

0.004
0.012
0.016
0.013
0.026
0.015
0.008
0.005
0.025
0.032
0.01
0.013
0.033
0.025
0.011

0.99
5.13
2.34
4.37
8.51
0.47
1.38
2.88
6.46
8.13
0.55
0.49
2.09
457
11.48

0.99
1.48
1.20
2.63
6.17
0.25
1.58
3.55
5.89
13.49
0.20
0.30
2.82
2.82
0.79

0.98
0.77
0.99
0.84
0.79
051
0.98
0.57
0.78
0.87
0.86
0.84
0.71
0.95
0.91

0.12
0.91
0.73
0.63
0.87
0.96
0.91
0.90
0.90
0.95
0.77
0.82
0.98
0.99
0.73

0.17
0.02
0.05
0.05
0.02
0.12
0.07
0.05
0.06
0.03
0.002
0.01
0.14
0.02
0.003

0.09
0.15
0.07
0.15
0.05
0.37
0.005
0.06
0.07
0.006
0.01
0.07
0.09
0.06
0.001

1.03
4.55
2.38
6.25
9.09

0.5
137
2.86
1111
11.11
-1.38
0.90
3.57
455
10.00

0.8
1.64
1.49

9.09
0.25
233
222
8.33
125
0.47
0.37
3.13
3.13
125

0.96
0.92
0.92
0.98
0.94
0.90
0.88
0.93
0.99
0.98
0.90
0.95
0.99
0.91
0.90

0.89
0.98
0.91
0.99
0.99
0.93
0.92
0.94
0.99
0.85
0.90
0.91
0.98
0.96
0.94




Table 4. Langmuir and Freundlich Isotherms parameters for Cu and Zn adsorption onto
BC600ACT, BC350ACT, BC600 and BC350 at different pHs.



Adsor bent M odel Parameters Cu Zn
pH4 pH5 pH6 pH4 pH5 pH6
BC600ACT Langmuir Qmax 5.91 0.36 14.28 1.41 14 3.33
K 0.002 0.006 ' 0.004 0.006  0.0006  0.006
R 0.94 088 093 0.98 0.57 0.88
BC600ACT Freundlich K 0.07 1.92 2.02 0.05 0.93 0.25
Un 2.20 0.65 0.62 1.81 0.57 1.19
R’ 0.70 0.82 0.96 0.96 0.59 0.91
BC350ACT Langmuir Qmax 6.17 8.87 19.72 2.88 23.58 7.38
K 0.002 0.006  0.004 0.003  0.0005  0.006
R’ 0.89 0.97 0.96 0.75 0.36 0.98
BC350ACT Freundlich K 1.05 2.18 2.56 1.01 1.03 1.26
Un 0.56 0.43 0.65 0.30 0.75 0.72
R’ 0.86 084 097 0.26 0.85 0.97
BC600 Langmuir Qmax 7.69 7.19 14.51 2.02 22.22 11
K 0.002 0.003  0.005 0.008  0.0005  0.002
R’ 0.20 0.88 0.98 0.93 0.73 0.89
BC600 Freundlich K 0.02 1.45 1.88 0.05 1.07 0.19
Un 1.91 0.43 0.77 1.91 0.76 1.48
R’ 0.85 0.63 0.98 0.96 0.78 0.93
BC350 Langmuir Qmax 0.71 2.98 13.21 1.85 5.31 9.34
K 0.005 0.006  0.003 0.003  0.002 0.002
R’ 0.94 0.94 0.94 0.88 0.93 0.85
BC350 Freundlich K 0.08 1.16 2.08 0.03 0.73 0.44
Un 221 0.19 0.52 2.06 0.85 0.93
R’ 0.78 0.13 0.90 0.96 0.85 0.94
K 0.011 0.01 0.038 0.001  0.017 0.033
R’ 0.97 0.99 0.96 0.94 0.86 0.98
AC norit Freundlich K, 0.14 0.87 2.38 0.03 0.76 1.90
Un 1.326 0.70 0.57 2.05 0.92 0.39
R’ 0.63 0.95 0.92 0.89 0.66 0.56
K 0.017 0.017  0.022 0.0006 0.01 0.009
R’ 0.99 0.98 0.84 0.79 0.76 0.31
AC fluval Freundlich K 0.14 1.06 1.74 0.043 1.10 0.34
Un 1.22 0.53 0.66 1.92 0.67 111
R’ 0.71 0.91 0.93 0.94 0.69 0.95






