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Abstract

In this work, experimental and modelling investigations were conducted on biochars pyrolyzed
at 350°C and 600°C, to determine the effect of pyrolysis temperature, hydrogen peroxide
activation and pH on copper and zinc removal, in comparison with commercially available
activated carbons. Characterization of biochars was performed by BET surface area, elemental
analysis and FTIR spectroscopy. Experiments results demonstrated that biochar pyrolyzed at
600°C adsorbed both copper and zinc more efficiently than biochar pyrolyzed at 350°C.
Chemical activation by H>O: increased the removal capacity of biochar pyrolyzed at 350°C.
All investigated biochars showed a stronger affinity for copper retention, with a maximum
adsorption capacity of 15.7 mg/g while zinc was 10.4 mg/g. The best adsorption performances
were obtained at pH 5 and 6. Langmuir adsorption isotherm described copper adsorption
process satisfactorily, while zinc adsorption was better described by Freundlich isotherm.
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1. Introduction

Environmental contamination by metals has become a serious problem due to their indefinite
persistence in the environment which lead to water, air and soil contamination and health risks
Metals can be released into the environment from several industrial processes such as mining,
metal processing, automobile manufacturing, refining of ores and combustion of fossil fuels
(Tchounwou et al., 2012; Margui et al., 2004). Copper and zinc are widely used for many
purposes like electrical appliances, electronics, automotive, paint and battery, as well as
compounds in fungicides, algicides, insecticides, fertilisers and pesticides. Given their toxic
effect, their discharge into the environment can pose risk for human health. The limits in
drinking water are 1 mg/L and 5 mg/L for copper and zinc, (Secondary Maximum Contaminant
Level) (EPA, 2016).

In the past years, methods such as Fenton- chemical precipitation (Fu et al., 2012), ionexchange
(Dabrowski et al., 2004), , membrane filtration (Malamis et al., 2011), electrocoagulation
(Akbal and Camci, 2011) and adsorption (Boudrahem et al., 2011; F Turan et al., 2011) among
the others, have been optimized to regenerate waters and industrial wastewaters contaminated
by heavy metals.

Boudrahem et al. (2011), studied modified activated carbons derived from coffee residue
through a chemical activation using zinc chloride and phosphoric acid, which led to a
modification of the pore structure and enhanced the adsorption capacity of the adsorbent.
Similarly, Trevino-Cordero et al. (2013), proved the suitability of fruits plant derived activated
carbons for the removal of contaminants in water and showed the positive effects of
impregnation with calcium salts on the surface of the activated carbons. Currently, adsorption
has been proved as one of the most promising techniques and activated carbon (AC) is currently

one of the most used adsorbents in such treatments. However, the necessity to find more



costeffective treatments have led researchers to explore the feasibility of low-cost materials as
metals adsorbent. Materials like zero valent iron, agricultural waste such as nut shell, fruit
bagasse, rice and coconut husk, egg shells, seafood waste and chitosan have been investigated
as material for the removal of metals and other pollutants from water (Lim and Aris, 2013).
Other researchers have investigated the production and use of biochar from feedstocks such as
plant residues (Chen et al., 2011; Yao et al., 2011), animal manures (Cao and Harris, 2010),
sewage sludge (Wang et al., 2011) and swine manure (Meng et al., 2014)

Biochar is a carbon rich material produced by combustion under reduced oxygen supply
(pyrolysis) of organic (plant, wood, agricultural waste, sludge, poultry litter) materials.
Miscanthus x giganteus is a plant grown in Europe and widely studied as energy crops
(Lewandowski et al., 2000; Brosse et al., 2012), crop for co-firing with coal to produce power
and reduce CO2 emission (Heaton et al., 2004; Clifton-Brown et al., 2007), feedstock for
second generation biofuels (; Melligan et al., 2012) and as soil amendment (; Kwapinski et al.,
2010 Houben et al., 2014). Despite Miscanthus x giganteus derived biochar has been proved
as a suitable soil amendment, and has shown good physical/chemical properties for metals
uptake (Mimmo et al., 2014), no studies have been conducted so far to test the capacities of
Miscanthus x giganteus derived biochar to adsorb metals from aqueous solutions. Mimmo et
al. (2014), pointed out the effect of pyrolysis temperature on biochar structure showing
physic/chemical changes of surface and porous structure, indicating 360°C as threshold above
which aromatic structures increase and O/C and H/C ratios decrease.

In this framework, this study investigated the capacities of a biochar derived from Miscanthus
X giganteus plant as copper and zinc adsorbent. Being adsorption influenced by many factors
including pH, pyrolysis temperature, and presence of oxygen-containing functional groups on

adsorbent’s surface, a comprehensive investigation on Miscanthus x giganteus derived biochar



under different operating conditions was conducted along with modelling studies through
equilibrium isotherm equations. Moreover, two types of activated carbons (AC Fluval and AC
Norit) were tested for comparison. Miscanthus x giganteus raw biomass, due to its low

performance was included in the study as a control.

2. Materials and Methods

2.1 Miscanthus x giganteus biochar

Feedstock for the biochar used in this study Miscanthus x giganteus, a perennial warm-season
(C4) grass, was sourced from Adare, Limerick, Ireland. Biochar was produced by pyrolysis in
a furnace at 250 atm at two different temperature, 350°C and 600°C (BC350 and BC600,
respectively) for 10 min using nitrogen gas to prevent complete combustion; then it was cooled

for 10 min in a tube under a nitrogen rich atmosphere.

2.2 Activated carbon

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

inorganic wastes and removes many other impurities from the water.

2.3 Chemical and physical characterisation of biochars
The specific surface areas (SA) were measured with N2 (g) adsorption at 77 K determined by a

Tristar 113020 surface area analyzer (Micromeritics Instrument Co., USA). Specific surface



areas (SBET) were taken from adsorption isotherms using the Brunauer, Emmett and Teller
(BET) equation (Brunauer et al., 1938). Elemental analysis of carbon (C), hydrogen (H),
oxygen (O) and nitrogen (N) was conducted by ThermoScientific Flash 2000 organic elemental
analyser. FT-IR analysis was conducted using a Perkin Elmer Spectrum RX1 FT-IR
spectrometer to establish the nature of the biochar and the changes to the structure as a

consequence of both pyrolysis and chemical activation.

2.4 Adsorption batch experiments

Batch experiments were performed to investigate the adsorption capacity of biochar and
activated carbon on copper and zinc metal ions from aqueous solutions. In each experiment,
an aliquot mass of 1 g of adsorbent was mixed with 50 mL of Cu?* (aq) and Zn?* (aq) solutions
at different initial concentrations (mg/L): 63.5; 158.5; 317.7; 635.4; 1,270.8 for copper
solutions, and 65.3; 163.4; 327; 653.8; 1,307.6 (mg/L) for zinc solutions in a 250 mL
Erlenmeyer flask. The Cu?* (ag) and Zn?* (aq) ions were introduced in the synthetic solutions
as copper sulfate (CuSO4+5H20) and zinc sulfate (ZnSO4+7H20). All chemicals used were of
analytical grade supplied by Sigma Aldrich. Solutions were prepared with ultrapure water
produced by Milli-Q gradient unit (Millipore). Initial tests showed that the amount removed
had stabilised after 1 hour (h), for this reason each experiment was carried out for 1 h. The
mixture was agitated at 120 rpm on a shaker at room temperature and samples were taken at
intervals of 15 min. The samples then were immediately filtered with 0.45 um Whatman filter
and the filtrates were analysed for residual metals concentrations in solution by Atomic
Absorption Spectroscopy (AAnalysist 200 Perkin Elmer Inc, Shelton CT, USA). All batch

experiments conducted in this work were conducted in a duplicate way.



2.4.1 Operative conditions

Different sets of experiments were carried on in order to optimize the adsorption process by

investigating the effect of pyrolysis temperature, pH value, modification by H20..

2.4.1.1 Pyrolysis temperature



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

2.4.1.2 Chemical activation by H20»

Biochars, BC350 and BC600, were both pyrolyzed at 350 and 600°C and chemically activated
using H20; as follows: A 3.0 g mass aliquot of BC was added to 40 ml of H.O2(aq) solution
(10 % wi/v) for 2hrs with continuous agitation at room temperature. After rinsing with de8

ionized water and drying at 80°C, the resulting activated BC350 and BC600 (BC350 ACT and

9 BC600 ACT) were stored in a sealed plastic container in a cold room at 4°C for later 10

experiments. The adsorption capacity of BC350 ACT and BC600 ACT was investigated in 11 batch

experiments and compared to BC350, BC600, AC norit and AC fluval. 12 2.4.1.3 pH value
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The effect of pH was studied by settling experiments at pH 4, 5 and 6. The pH during the
experiment was constantly monitored and kept constant by adding drops of NaOH and HCI 15

(0.1 M). Al batch experiments were conducted as described above in the section 2.4.

2.5 Model formulation and statistical analysis
Pseudo-first-order (Eq. 1) and pseudo-second-order (Eq. 2) models were used to simulate the

sorption Kinetics data (Lagergren, 1898; Ho and McKay, 1999):
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where gq: and qqee (Mg/g) are adsorbed copper and zinc amount at time t (h) and equilibrium,
KK1

(1/h) and KK2 (g/(mg h)) are the rate constant for the pseudo-first-order and pseudo-second-
order

adsorption kinetics, respectively. The linear plots of value log(qqgee —qq:t) against time, can
give the pseudo-first-order adsorption rate constant KK1 from the slope and ggee can be
calculated from the intercept. By plotting t/qq: against time t, the pseudo-second-order
adsorption rate constant KK2 and qqe. were determined from the intercept and slope of the
plot. The corresponding values of KK1, qqe. and R? are presented in Table 3 at tested metals
concentrations. Adsorption models 5 based on Langmuir and Freundlich equations were fitted
to the data. The Langmuir model

assumes monolayer adsorption onto a homogeneous surface with no interactions between the
adsorbed molecules. The Freundlich model is an empirical equation commonly used for

heterogeneous surfaces in the low to intermediate concentration range adsorption system

(Gerente et al., 2007;). The concentration of Cu?* (aq) and Zn?* (aq) sorbed onto BC was 10

calculated according to the following equation ():
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Qee=vv. (CCO9g—CCee) (3)

where Qe (mg/g) is the amount of Cu?*(aq) or Zn?**(aq) adsorbed at equilibrium. Co and Ce
(mg/L) are the initial and equilibrium Cu?*(ag) or Zn?*(ag) concentration in solution. g (gram)
14 is the mass of BC. The experimental data were fitted by Langmuir and Freundlich isotherms

15 according to the following equations:



17

20

21

22

23

24

1+KCee
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(4)

Where Qe is the amount of metal adsorbed per unit weight of adsorbent (mg/g), Ce is the 18

equilibrium concentration of solute bulk solution (mg/L), Qmax is the maximum monolayer 19

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

1

Freundlich Qee = KffCeenn_ (5)

Where Qe is the amount of solute adsorbed per unit weight of adsorbent (mg/g), Ce is the
equilibrium concentration of solute in solution (mg/L), Ks is the relative adsorption capacity
constant of the adsorbent (mg/g) and n is the Freundlich linearity constant and it is indicative
of bond energies between metal ion and the adsorbent. The Freundlich constants can be

obtained from the plot of Ln Qe against Ln C.. Statistical analysis was performed in R Statistical
Package v.2.12,% and comparison of the two models’ performance was conducted based on the

AIC model selection criterion (Fox, 2008) as provided in R. It was determined if the
coefficients in the equation were different from 0 and treatments were compared pairwise to 5
determine if the coefficients for the equations for different treatments were different from each
6 other. Separate pairwise comparisons were carried out between types of biochar or activated
7 carbon within each pH level, and between pH levels within each biochar/activated carbon. 8

Furthermore, a study of the adsorption selectivity of copper and zinc by the biochars was

9 conducted by analyzing the distribution coefficient (K¢ cm®/g). Kd is an indicator used for the 10

selectivity of the adsorbent to the particular ion in the presence of other ions (Lin et al., 2001):
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Kd = cco-
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_CCFfCCff * VVgg

where Co and Ct(mg/cm?) are the initial and equilibrium concentrations of a metal species,
13 respectively. V (cmq) is the volume of the solution, and g (gram) is the amount of

adsorbent. A

14 selectivity coefficient (o), (dimensionless), for the binding of a specific metal ion in the 15

presence of others is given by (Kang et al., 2004):
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(7)
where Kq(T) is the Kq value of the targeted metal (Cu?*(aq) ions in this case), and Kq(l) is the
18 Kg value of zinc. The greater the value of a, the better the selectivity toward copper over

zinc.

3. Results and discussion 21 3.1 Biochar characterization
The physico-chemical characteristics of biochars (both activated and non-activated) used in
this study are shown in Table 1. BET analysis showed that the pyrolysis temperature do not
remarkably affect the surface area, while the pore size of BC600 was about twice the size of

BC350. Chemical activation of biochar pyrolyzed at lower temperature (BC350 ACT) showed

10
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a significant increase in BET surface area from 0.71 to 6.50 m?/g relative to inactivated biochar
(BC350) (Table 1). However, a small increase from 0.72 to 0.95 m?/g was observed for
chemical activation of biochar (BC600 ACT) relative to the inactivated biochar (BC600)
(Table 1). The negligible increase in surface area for biochar pyrolyzed at higher temperature
could be due to the increase of volatile fractions which reduce the pores availability (Wang et
al., 2016). Chemical activation also increased the micropore volume for both biochars, while
had a negligible effect on the pore size for biochar pyrolyzed at lower temperature and
detrimental effect on biochar pyrolyzed at 600°C. The pH of the biochar samples treated with
H>0 was lower respect to the natural counterpart, which can be attributed to the presence of
carboxyl surface functional groups, as observed by other authors (Huff and Lee, 2016; Xue et
al., 2012). In addition, Huff and Lee (2016) also showed a higher cation exchange capacity
(CEC) after H.O> activation due to the addition of acidic oxygen functional groups on the
surface of the biochar.

Table 1. Physiochemical properties of biochars.

BET surface t-PLOT Micropore

Adsorbent pH area volume Pore size
' (m?g) (cmélg) (hm)
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 ratios are helpful indicators to provide biochars’
characterization. Results (Table 2) indicate that an increase of pyrolysis temperature reflected
a higher loss of oxygen and hydrogen content, while the carbon content increased. As a
consequence of dehydration and decarboxylation reactions which occur at higher temperature,
BC600 showed a decreased O/C and H/C ratios, leading to a more stable aromatic-like

structure. On the other hand, chemical activation had a noticeable effect on the oxygen content

11
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of BC350, resulting in the highest O/C ratio, highest oxygen percentage and lowest carbon 1
percentage for the substrate, due to an increase of the oxygen-containing groups and negative
2 charges(Table 2), as also observed by others (Wang et al., 2016).

Table 2. Elemental analysis of biochars.

Adsorbent N (%) C(%) H (%) O (%) o/C 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 (Figure 1) was used as an effective qualitative tool
in investigating functional group changes during the pyrolysis of biochars. For pyrolyzed
biochar the important stretching vibrations are the O-H at 3400 cm, the aliphatic C-H stretch
between 3000-2860 cm™, the aromatic C-H stretch at 3060 cm™, the carboxyl (C=0) stretch at
1700 cm®, aromatic ring stretching modes at 1590 and 1515 cm, the C-O-(C) stretch at 1275
cm™ and the C-O-(H) stretch at approx. 1050 cm™. According to Sun and Tomkinson, (2001)
and Bouwman and Freriks (1980), the spectral band at 1600 cm™ can be due to the aromatic
skeletal mode. BC350 and BC350 ACT spectra are similar to each other but more intense than
the BC600 and BC600 ACT spectra. Both BC350 and BC 350ACT are dominated by stretching
frequencies of the OH at between 3400 cm™ to 3600 cm™, the C-H stretching between 3000
cm® and 2800 cm™, aromatic skeletal mode at approx. 1600 cm™ and the C-O-(H) stretch at

approx. 1050 cm™™,

12
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Figure 1. FT-IR analysis of all biochars investigated.

The BC350 sample showed much larger absorption energies than the BC350ACT samples due
to O-H bond stretching at around 3300cm™, C-O *=C or C=0 stretches at 1600 cm™ and C-O
stretch at around 1100 cm™ than the BC350ACT samples.

Moreover, a decreased intensity related to an increased transmittance was observed for bands
associated with aromatic groups (1580-1600 and 3050-3000 cm™). These results are in
accordance with previous studies (Al-Wabel et al., 2013; Yuan et al., 2011; Novak et al., 2009),
which have shown that the presence of functional groups are associated with biochar pyrolyzed
at lower temperature (300-500°C) and are absent or negligible at higher temperature
(500700°C). These data are in accordance with those of the atomic ratios (Table 2) which
indicated a decrease of oxygen group and an increase of C-structure, leading to a decrease of
biochar’s polarity and to an increase of the aromatic structure at higher temperature. Similarly,
Huff and Lee (2016), observed changes between treated and untreated samples occurred at
1585 cm™ (C=C stretching), indicating that the H.O, treatment caused an alteration of the

aromatic carbon content. Conversely, the H2O- treatment caused an increase of the peaks (1315
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and 1700 cm™) correlated with the carboxylic functionality (Fig.1) as also observed by Huff
and Lee (2016). In the finger printing region (1100-500 cm™), higher temperature induced an
aromatic C-H deformation (850-800 cm™). Similar vibrations in the fingerprint region of
Mischantus x giganteus biochar pyrolyzed at different temperature were also observed by
Mimmo et al. (2014). In this region, also the H.O> treatment led to an increase in C-H stretching
probably due to conversion from aromatic C=C ring structure (Wang and Griffiths, 1985; Huff
and Lee, 2016). Biochar pyrolyzed at 600°C showed less intense infrared peaks due to an
increase in the carbon activity and with progression of the pyrolysis at 600°C there is evident
disappearance of O-H and C-H stretches mainly due to dehydration. It is possible at this stage
that the C-H peaks move from aliphatic to becoming aromatic C-H peaks and then disappear
as suggested by Cheng, et al. (2008). The BC 600 and BC 600 ACT spectra are similar and are
dominated by the stretching aromatic skeletal mode at 1600 cm™ and the C-O-(H) stretch at

1050 cm™,

3.2 Batch experiments results

3.2.1 Adsorption kinetics

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

reported in Table 3.
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Figure 3. Effect of contact time on zinc adsorption capacities at pH 6 for BC600 (A), BC350
(B), BC600ACT (C), BC350ACT (D), AC Fluval (E) and AC Norit (F).

Metals adsorption was fast, with more than 60-70 % of adsorption occurring within 15 min,
while after 30 min more than 90% of the total adsorption occurred. Similar results were also
observed from Mohan et al. (2007), with 40—70% of the total metal adsorption occurred within
the 60 min. Similarly to others (Moreira and Alleoni, 2010), the amount of adsorbed metal
increased as the initial concentration increased (Fig. 2 and 3), as well as the competition among
the metals for the adsorption sites. As matter of result, copper was preferentially adsorbed than
zinc onto the four different substrates. The higher affinity of copper over zinc and other metals
was also observed for other organic matrices by Fontes and Gomes (2003). Fontes et al. (2000),

pointed out that zinc is more influenced by electrostatic interactions with the active sites of the
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surface, whereas copper is more affected by covalent binding, and this is given by the higher
ionic potential (ratio between the charge and radius of an ion) of copper (5.48) respect to zinc
(5.33), confirming a greater ability of copper to bind through electrostatic interactions. Despite
related works (Xue et al., 2012), showed a faster adsorption after the modification by hydrogen
peroxide of peanut biochar, in this case, the modification of biochar by hydrogen peroxide did
not increase the adsorption rate, but an increased amount of metal removal was observed for
modified biochars pyrolyzed at lower temperature (Fig. 2D, 3D and Fig. 5). As showed in
Table 2, the enhanced adsorption capacity of oxidized biochar produced at lower temperature
is explained by the increase of O/C ratios, a greater drop of pH and by an increase of negative
charges on the biochar surface who lead to a higher attraction of positive charged metal cations
. Experimental results were fitted by pseudo-first-order and pseudo-second-order Kinetic
models to better describe the heavy metal adsorption mechanism. The values KK1 and KKz,
calculated gqe. values and the correlation coefficients R? are reported in Table 3.

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.

17



Initial  Pseudo-first-order  Pseudo-second-order Initial  Pseudo-first-order Pseudo-second-order

Adsorbent Metal pH  Conc. model model Metal pH  Conc. model model

Cu Zn
mg/L  Ki Qe R? K2 Qe R? mg/L K1 Qe R K Qe R?
BC600 ACT Cu 6 635 0.018 0.66 034 256 2.08 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 0.021 151 094 022 2.08 0.99
317.7 0.0076 3.31 0.22 031 435 0.99 327 0.012 047 042 011 122 0.87
635.4 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 1429 0.98 1,307.6 0.03 7.24 090 0.03 10.00 0.98
Cu 5 635 0.009 051 0.25 125 122 099 zZn 5 65.3 0.001 0.15 0.003 156 0.31 0.95
1585 0.022 129 0.88 0.33 213 0.99 1634 0.019 1.08 095 0.13 114 094
317.7 0.025 269 0.91 0.13 370 0.99 327 0.023 155 095 0.15 185 0.98
635.4 0.022 4.17 0.75 0.02 455 0.86 653.8 0.034 525 0.89 0.06 6.67 0.99
1,270.8 0.013 282 092 0.08 323 0.97 1,307.6 0.003 4.68 0.12 0.03 556 0.92
Cu 4 635 0.005 028 049 281 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 0.009 054 0.73 235 0.18 0.89
317.7 0022 182 078 012 278 0.98 327 0.014 245 092 021 263 0098
6354 0.0002 1.78 0.001 025 0.89 0.99 653.8 0.0012 2.09 0.002 0.03 294 0.76
1,270.8 0.0321 832 0.98 0.009 7.69 0.85 1,307.6 0.004 0.86 0.03 0.05 1429 0.99
BC350 ACT Cu 6 635 0018 132 088 028 196 0.99 Zn 6 653 0.017 106 084 035 156 0.99
1585 0.027 251 0.88 121 455 0.99 1634 0.021 174 0.83 028 3.13 0.99
317.7 0.0008 1.78 0.03 033 7.14 0.99 327 0.024 537 0.95 0.004 7.14 0.93
6354 0.029 1023 0.83 003 1429 0.99 653.8 0.033 692 097 002 714 0.90
1,270.8 0.031 1023 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 0.89 123 0.99 Zn 5 65.3 0.0018 0.13 0.01 3.88 0.81 0.98
1585 0.022 151 0.78 043 313 0.99 1634 0.021 234 0.97 005 217 0.90
317.7 0.024 339 094 0.10 5 0.99 327 0.0015 132 014 010 238 0.97
6354 0.023 646 096 0.05 83 0.99 653.8 0.028 537 091 010 833 0.99
1,270.8 0.034 1230 0.95 0.0001 333 0093 1,307.6 0.023 0.13 0.69 0.01 11.11 0.86
Cu 4 635 0.016 066 0.98 024 067 0.9 Zn 4 65.3 0.015 049 095 037 05 095
1585 0.016 095 089 228 113 0.99 1634 0.012 0.87 0.93 0.05 0.77 0.90
3177 0023 282 081 008 375 0.98 327 0.013 2.88 0.89 0.07 333 0097
6354 0.034 513 0.89 0001 1111 0.96 653.8 0.022 398 0.99 003 385 0.90
1,2708 0.028 794 091 0.03 696 0093 1,307.6 0.018 3.16 0.96 0.02 2.86 0.79
0.017 104 071 050 171 0.99 0.015 099 098 0.17 1.03 0.96
BC600 Cu 6 63.5 Zn 6 65.3

1585 0.028 479 0.95 0.06 531 0.98 1634 0.027 5.13 0.77 0.02 455 0.92
317.7 0.024 282 0.71 025 6.46 0.99 327 0.022 234 099 0.05 238 0.92
6354 0.03 794 081 004 1144 0.99 653.8 0.028 4.37 084 005 6.25 0.98
1,270.8 0.034 1148 0.69 0.01 1299 0.89 1,307.6 0.034 851 0.79 0.02 9.09 0.94
Cu 5 635 0.018 059 0.84 047 081 0.98 Zn 5 65.3 0.009 0.47 051 012 05 0.9
1585 0.014 092 056 050 147 0.99 163.4 0.02 1.38 098 0.07 137 0.88
3177 001 240 064 048 323 0.99 327 0.001 288 057 005 286 0.93
6354 0.025 479 086 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 4 635 0.0014 021 001 292 0.08 0.86 Zn 4 65.3 0.012 055 0.86 0.002 -1.38 0.90
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1585 0.0008 0.83 086 155 0.10 0.93 163.4 0014 049 084 001 090 0.95
317.7 0.021 240 093 027 323 099 327 0023 209 071 014 357 0.99
635.4 0.0074 3.16 0.93 0.0007 6.67 0.92 653.8 0.024 457 095 0.02 455 091
1,270.8 0.026 1047 094 0.007 125 0.86 1,307.6 0.027 11.48 0.91 0.003 10.00 0.90
0011 1.41 046 0008 244 0.99 0.004 099 0.12 009 08 0.89
BC350 Cu 6 635 Zn 6 65.3
1585 0018 148 055 016 256 0.98 1634 0012 148 091 015 1.64 0.98
317.7 0018 240 058 036 526 099 327 0016 120 073 007 149 091
635.4 0.017 347 049 048 833 099 653.8 0.013 2.63 063 015 4 099
1,270.8 0.0039 240 003 006 833 099 1,307.6 0.026 6.17 087 0.05 9.09 0.99
Cu 5 635 0017 032 042 034 054 091 Zn 5 653 0015 025 096 0.37 025 0093
1585 0018 0.83 065 012 118 0.89 163.4 0.008 158 0091 0.005 233 0.92
317.7 002 138 075 023 217 099 327 0005 355 090 006 222 094
635.4 001 162 025 087 323 099 653.8 0.025 5.89 090 0.07 833 099
1,2708 0.017 525 068 001 345 0.82 1,307.6 0.032 13.49 0.95 0.006 125 0.85
Cu 4 635 001l 050 095 00L 078 087 Zn 4 653 001 020 077 001 047 0.90
1585 001 0.6 096 077 014 087 163.4 0013 030 0.82 007 037 091
3177 001 257 083 011 278 098 327 0.033 282 098 009 313 098
6354 0008 132 095 006 097 091 653.8 0.025 282 099 006 3.13 0.96
1,270.8 0023 759 098 001 833 088 1,307.6 0.011 0.79 0.73 0.001 125 0.94
1
2  Continued
AC Norit Cu 6 635 0032 052 065 1.93 169 099  Zn 6 653 0012 045
008 023 1.15 095 1585 0.012 380 083 006 417 091
1634 0016 407 093 002 455 074 3177 0014 324 077 400 5
0.99 327 0012 251  0.950.003 417 078 6354 0.021 2.34
0.38 1.62 11 0.99 653.8  0.0073 1.95 011 007 58 094
1,2708 0011 692 042 213 125  0.98 1,307.6 0.018 631  0.713E-05 50
082 Cu 5 635  0.00430.68 015 076 050 092  Zn 5 653 0011 025
013 055 032 094 1585 0.013 282 071  0.09 114 087
1634  0.02 162 030 017 084 0091 3177 002 224 084 114 270
0.99 327 0022 240 062 009 238 095 6354  0.026  4.37
075 009 556 099 653.8 0021 468 068 009 909  0.99
1,270.8 0.026 955 094 0005 10 0.86 1,307.6 0.013 16.98 0.43 0.004 16.67 0.89
Cu 4 635 0023 069 055 007 045 076  Zn 4 653 0015 032 013
022 023 074 1585  0.0042 0.39 009 047 013 076 163.4
0012 033 021 013 056 072 3177 0023 661 08 002 58  0.85
327 0021 550 090 002 526 088 6354 0015 324 063
001 263 060 653.8 0028 6.61  0.690.008 435 083 1,270.8
0.0079 5.89 026 049 714 094 1,307.6  0.0093 9.33 0.23 2.45 1429  0.96
AC Fluval Cu 6 635  0.02 126 080  2.01 1.35 0.9 Zn 6 653  0.00350.11
0.006 11.9 075  0.99 1585  0.0089 2.29 0.67 169 256 097 163.4
0002 151 018 008 053  0.83 3177 0021 316 085 040 476  0.99
327 0.021 219  0.840.00057.69 0.87 6354 0025 537 082 025
10 0.99 653.8 0017 437 093 011 556  0.98 1,270.8 0.023
537 068  0.64 125  0.99 1,307.6 0.021 537 066  0.07 1111 0.99
Cu 5 635  0.00780.71 037 825 050 095  Zn 5 653 0013 047 022
030 023 087 1585 0011 166 093  0.17 145 0091 163.4
0014 145 082 002 147  0.89 3177 0011 129 036 081 278 0.9
327 0014 186 066 011 233 097 6354 0038 537 092
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0.08 4.55 0.98 653.8 0.03 8.51 0.99 0.03 10 0.97 1,270.8

0.035 8491 0.88 0.02 3.57 0.87 1,307.6 0.021 5.25 0.95 0.10 7.14 0.99

Cu 4 63.5 0.01 0.11 0.60 6.21 0.02 0.82 Zn 4 65.3 0.005 0.24 0.04

1.49 0.11 0.68 158.5  0.0097 0.32 0.20 1.46 0.10 0.91 163.4

0.005 0.59 0.24 1.23 0.29 0.81 3177 0021 182 0.44 0.15 3.33 0.99

327 0.028  3.55 0.70 0.06 3.57 0.96 6354 0015 1.23 0.47

0.10 1.19 0.84 653.8 0.023  3.89 0.76 0.002 6.67 0.77 1,270.8

0.013  3.16 0.53 0.17 6.67 0.98 1,307.6 0.02 3.24 0.40 0.16 1429 0.99

Biomass Cu 6 63.5 0.0063 0.84 0.48 1.15 0.77 0.87 Zn 6 65.3 0.0062 0.15 0.50
4.66 0.11 0.96 1585 0.018 1.95 0.70 0.11 0.8 0.92 163.4

0.012 0.1 0.39 13.2 0.92 0.96
317.7 0.017 2.57 0.96 0.05 1.30 0.85 327 0.0066 0.85 0.22 0.19 1.06 0.83 635.4 0.016 3.09 0.83 0.004 2.56 0.86 653.8 0.016 1.86 0.65 0.02 1.92
0.64 1,270.80.023 4.57 0.98 0.08 3.130.98 1,307.6 0.014 2.00 0.41 0.05 4.35 0.95

Cu 5 63.5 0.016  0.50 0.53 1.24 0.60 0.99 Zn 5 65.3 0.012 0.49 0.21
0.49 0.69 0.95 1585 0.018 1.35 0.62 0.25 1.25 0.95 163.4
0.018 0.90 0.37 0.26 1.01 0.94 317.7  0.027 275 0.88 0.07 2.04 0.90
327 0.0005 0.32 0.40 0.60 1.35 0.99

635.4 0.01 1.58 0.22 0.07 3.70 0.97 653.8 0.015 2.34 0.51 0.06 3.57 0.95 1,270.8 0.023 3.24 0.95 0.11 3.23 0.98 1,307.6 0.025 4.68 0.74 0.008
5.880.76

Cu 4 63.5 0.013 1.00 0.66 0.36 0.50 0.93 Zn 4 65.3 0.0022 0.22 0.31
1.24 0.26 0.91 1585  0.02 0.81 0.36 0.31 1.89 0.95 163.4
0.0004 0.18 0.20 0.39 0.49 0.90 317.7 0017 122 0.49 0.10 2.33 0.92
327 0.0027 0.26 0.01 0.41 0.93 0.95 635.4  0.0078 1.01 0.07

0.04 4.35 0.80 653.8  0.0058 0.46 0.05 0.28 1.27 0.99 1,270.8
0.012  1.66 0.32 0.03 5.26 0.85 1,307.6 0.012 1.32 0.35 0.06 1.92 0.83

1
2 According to the results, the correlation coefficients obtained by the pseudo-second-order

3 kinetic model as well as ggee Were higher than those of the pseudo-first-order kinetic model
(R®

4  <0.90), suggesting that the entire adsorption process was better described by a kinetic of a 5
second-order. The goodness of the pseudo-second-order kinetic towards the experimental 6

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

\l

at pH 4) obtained between Qe(exp) and Qe(cal) (Table S1), suggesting that the chemisorption
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process favored by covalent or valency forces, and sharing of electrons may be the rate-limiting

step (Ho and Mckay, 1999).

3.2.2 Adsorption isotherms

Langmuir and Freundlich estimated model parameters for all adsorbents investigated are given
in Table 4. According to the obtained correlation coefficient (R?) for copper, Langmuir model
fitted the experimental data better than Freundlich for the substrates investigated at different
pH values (higher average R?value nearly 0.90), confirming a strong copper-biochar’s surface
interaction. Moreover, Freundlich parameter (1/n) for copper adsorbed at pH 5 and 6 was below
one, confirming a Langmuir-type isotherm. On the other hand, as also observed by others
(Sheet et al., 2014), zinc showed a better correlation coefficient, 1/n and k parameter for
Freundlich isotherm, indicating that each metal possesses different mechanisms of adsorption.

Table 4. Langmuir and Freundlich Isotherms parameters for Cu and Zn adsorption onto
BC600ACT, BC350ACT, BC600 and BC350 at different pHs.
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Adsorbent Model Parameters Cu Zn
pH4 pH5 pH6 pH4 pH5 pH6
BC600ACT Langmuir Qmax 591 0.36 14.28 1.41 14 3.33
K 0.002 0.006  0.004 0.006 0.0006 0.006
R® 0.93
0.94 0.88 0.98 0.57 0.88
BC600ACT Freundlich Kt 0.07 1.92 2.02 0.05 0.93 0.25
1/n 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 . 6.17 8.87 19.72 2.88 23.58 7.38
Langmuir Qmax
K 0.002 0.006  0.004 0.003 0.0005 0.006
Rz 0.89 0.97 0.96 0.75 0.36 0.98
BC350ACT Freundlich Kt 1.05 2.18 2.56 1.01 1.03 1.26
1/n 0.56 0.43 0.65 0.30 0.75 0.72
R2 0.86 0.84 0.97 0.26 0.85 0.97
BC600 Langmuir Qmax 7.69 7.19 1451 2.02 22.22 11
K 0.002 0.003  0.005 0.008 0.0005 0.002
R2 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
1/n 191 0.43 0.77 191 0.76 1.48
R2 0.85 0.63 0.98 0.96 0.78 0.93
. 0.71 2.98 13.21 1.85 5.31 9.34
BC350 Langmuir Qmax
K 0.005 0.006  0.003 0.003 0.002 0.002
R2 0.94 0.94 0.94 0.88 0.93 0.85
BC350 Freundlich Kt 0.08 1.16 2.08 0.03 0.73 0.44
1/n 221 0.19 0.52 2.06 0.85 0.93
R2 0.78 0.13 0.90 0.96 0.85 0.94
. . 2.85 12.34  13.36 5.34 6.75 5.15
AC norit Langmuir Qmax
K 0.011 0.01 0.038 0.001 0.017 0.033
R2 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
1/n 1.326 0.70 0.57 2.05 0.92 0.39
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Ro 0.63 095 0092 089 066 0.56
AC fluval Langmuir Qmax 1.66 6.06  17.54 264 829 14.7
K 0017 0017 0022 0.0006 0.01 0.009
Re 0.99 098 084 079 076 0.31
AC fluval Freundlich Kr 0.14 106 1.74 0043  1.10 0.34
1/n 1.22 053  0.66 1.92 067 1.11
R: 0.71 091 0093 094  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 raw Miscanthus x giganteus biomass, BC
pyrolyzed at 350 and 600°C is shown in Figure 4. Experimental results showed a higher
removal capacity of BC600 respect to BC350 and raw biomass. Statistical analysis revealed a
significantly higher capacity of copper removal by BC600 compared to BC350, while for zinc
this difference was statistically reported to be non-significant. Similar tendencies were also

observed for both metals (Cu and Zn) at pH 4 and pH 5 (data not shown).

A B
14 14
—+—BC600 —e—BC600

12 1 —m-BC350 12 —m-BC350

10 | —i—raw biomass 10 | —d—raw biomass
oo T
@ 8 - o 8
£ £
A g °
o o

4 4
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Ceq(mg/L) Ceq (mg/L)

Figure 4. Uptake capacity of metals by BC600, BC350 and raw biomass for Cu (A) and Zn (B),

respectively at pH®6.

Figure 4 shows the impact of pyrolysis temperature on the removal capacity of biochar. This
trend is in line with the results illustrated in Table 1, which showed a higher pore size of
BC600 respect to BC350. As observed by others (Kim et al., (2012), during pyrolysis, the
possible loss of volatile matter fosters the removal of functional groups elements (H, O and N),
the atomic ratio reduces, amorphous carbon increase and microstructure develops (Table 1 and
2). These characteristics can favor adsorption processes by which van der Waals forces are
involved, while for BC350 cation exchange might be favored, due to the presence of carboxyl

functional groups. These results are in accordance with the elemental analysis results (Table 1)
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and FTIR results (Table 2), which showed a decrease of H, O and N elements with consequent

reduction of functional groups and the shift to an aromatic structure. Moreover, the

predominant aromatic structure of BC600 provides r-electron density, which is known to bond

metal cation to carbon, resulting in the formation of organometallic compounds (Harvey et al.,
2011). Similarly, other researchers ( Kolodynska et al., 2012), showed that biochars produced

at high pyrolysis temperature had higher metal adsorption capacities.

3.2.4 Effect of chemical activation by H20>

The chemical modification was investigated by using hydrogen peroxide. As a matter of fact,
being H202 a strong oxidizing agent (EOnz02120 = 1.78 V) it could provide enough oxidizing
power to transform hydroxyl and aldehyde groups into carboxylic ones, thereby enhancing the
coordination capability and, eventually, the sorption capacity. As illustrated in Figure 5, the
chemical activation by H2.O> showed two main results: BC600ACT did not show any enhanced
adsorption capacity respect to BC600, while BC350ACT showed an enhanced removal
capacity respect to BC350. Despite substantiation that the chemical activation by H>O> lead to
increase the oxygen-containing functional groups as indicated in Table 2 and metal-
complexing functional groups (Fig. 1), particularly carboxyl groups which enhance the metal
adsorption capacity (Xue et al., 2012), there are also examples that exhibit a lesser effect (Yin

et al., 2007).
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Fli_?éjre 5. Effect of H20, activation on BC600 and BC350 for Copper (A-C) and zinc (B-D) at
pH6.

The reduced adsorption capacity of BC600ACT respect to BC600 is given by a detrimental
effect of the chemical oxidation on the physical aspect of the biochar. Indeed, along with a
negligible change in BET surface area, BC600 ACT had a reduced pore size (Table 1) that may
be attributable to the destruction of porous structure and textural characteristic within BC due
to the severe oxidation (Yin et al., 2007). Moreover, due to an enhanced dehydration during
the pyrolysis, the biochar produced at 600°C had a lower content of electron-enriched
functional groups, thus resulting into a negligible chemical activation. Conversely, chemical
activation improved notably the physic-chemical characteristics of biochar pyrolyzed at lower
temperature, showing the highest BET surface area, highest oxygen content, highest O/C and
H/C ratios (Table 1 and 2), and increased intensity of the O-H stretching of the hydroxyl groups

at 3200-3400 cm™ (Fig. 1), reflecting in a higher adsorption capacity. The greater effect of
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oxidation on biochar pyrolyzed at lower temperature could be due to the lower degree of fused
aromatic C structures (Kim et al., 2011). The correlation between effectiveness of H20>
treatment and biochar pyrolysis temperature was also observed by Xue et al. (2012) and Wang
et al. (2016) which, respectively reported the positive effect of H>O> modification on biochar
pyrolyzed at 300° C and a non-relevant effect of H.O> activation on biochar pyrolyzed at 600°

C in terms of cations removal capacity.

3.2.5 Effect of pH

The effect of pH on the removal efficiency is shown in Figure 6. Given the higher hydrogen
ion competition at lower pH, both metals were adsorbed in larger extent at higher pH values.
Indeed, at higher pH values, the weakly acidic nature of the active sites (carboxyl groups) of
the biochar, favors the deprotonation process and increases the negative charge of biochar’s
surface, facilitating the metals cations uptake (Kolodynska et al., 2012)). Similar studies have
observed an increase of metals’ uptake with increasing the pH up to five, claiming as main
factor the competition between protons and metal cations for surface sorption sites on the
biochars (Chen et al., 2011; Liu and Zhang, 2009; Mohan et al., 2007). Moreover, the metals’
uptake increased with the metals’ concentration probably due to the fact that low copper and

zinc concentrations were not enough to consume the alkali ions released by biochar’s surface.
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3 Figure 6. Effect of pH value on the adsorption capacity of Miscanthus biochar: BC600 (A
and 4 B for Cu and Zn, respectively); BC350 (C and D for Cu and Zn, respectively); BC600ACT
(E5 and F for Cu and Zn, respectively); BC350ACT (G and H for Cu and Zn, respectively).

6

7 Under the pH range investigated in this study (4-6), maximum copper removal was at pH 6,

8  while zinc at pH 5. As reported by Harvey et al. (2011), heavy metals are predominately
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metal bonding by basic carbon are less favoured. At higher pH, electrostatic interactions are
favoured by active sites deprotonated, facilitating copper uptake (Mc Bride, 1994; Fontes et
al., 2000). However, despite the pH was kept under control during the experiments, it cannot
be excluded the formation of copper (hydr)oxide precipitation which may hinder the interaction
between zinc cations and biochar’s active site (Li et al., 2013). All biochars investigated
showed a preferential adsorption of copper at pH 6 while zinc at pH 5 (Figure 6). Among the
biochars investigated, the highest adsorption amount was obtained by BC350 ACT for copper
(15.7 mg/g), however for all biochars used copper showed a stronger affinity respect to zinc,
as well as demonstrated by other studies (Chen et al., 2011; Seco et al., 1997; ). Importantly,
biochars’ adsorption capacities were comparable with AC fluval and AC norit (activated
carbons) tested in parallel in this study (Table 5), and with other biochars reported in literature,
such as animal manure biochar, hardwood biochars and corn-straw derived biochar (between 5
to 6 mg/g, 12.51 and 6.79 mg/g, respectively) (Kolodynska et al., 2012; Chen et al., 2011),
confirming the effectiveness of Miscanthus x giganteous derived biochar to remove copper and
zinc.

Table 5. Copper and zinc adsorption (mg/g) for biomass, BC350ACT, BC600ACT, BC350
and BC600, AC Fluval and AC Norit GAC. Results show averages * standard error (n=2).
Adsorbent Cu (mg/g) Zn (mg/g)

pH 4 pH 5 pH 6 pH 4 pH5 pH 6
BC600 ACT 43+04 3.8+06 8.7x1.6 2.620.5 7.6+1.6 3.2+0.3
BC350 ACT 4.6+1.2 79+04 157+1.3 3.3+0.3 9.6+0.8 6.6+0.7

BC600 4.1+0.6 6.3+0.7 11.8+0.8 7.3+0.7 10.4+0.8 8+1.6

BC350 3+0.4 3.1+04 99+08 29+0.1 9.7+¥1.3 5.8+1
AC Norit 6.6+2.3 6.3+09 113+16 6.6+1 17.9+2.9 5+0.6
AC Fluval 5.5+0.9 4.7+0.1 11.1+0.7 3.2+0.6 8.8+0.2 7.2+1.1

Biomass 1.67£0.7 2.2+0.2 5+0.8 1.83+0.3 3.2+0.4 4+0.6

Given the pH-dependent metals’ uptake mechanisms involved for copper and zinc removal, a
study about the determination of the distribution coefficient (Kq) and the selectivity coefficient

(o) was conducted. As summarized in Table 6, the o values (a1) observed at pH 6 were at least
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3 times higher than those observed at pH 4 and 5, indicating a preferential adsorption of copper
to zinc at pH 6 for all biochars investigated. Conversely, according to the a» values, zinc
showed adsorption selectivity to copper at pH 5.

The preferential adsorption of copper to zinc could be explained by the capacity of copper to
form covalent bonds, and this ability can be related to ionization potential and ionic radius
(softness of a metal), as derived by Misono et al. (1967). Other researchers (Basta and
Tabatabai, 1992), reported that copper was preferentially adsorbed to zinc by soil on the basis
of softness parameter. McBride (1994), also explained the higher affinity and preferential
retention of metals by other parameters like electronegativity and ionic radii. However,
AbdElfaltah and Wada (1981), found that the metal retention could not be predicted only from
electronegativity and ionic radii. These controversial results suggests that the metal retention
affinity might involve both covalent and electrostatic bonds. Therefore, it can be concluded
that the higher affinity of copper respect to zinc for surface complexation and electrostatic
reactions can be explained by higher electronegativity (copper= 2.0; zinc= 1.6), larger softness
value (2.89 for copper and 2.34 for zinc) and hydrolysis constant (7.3-8.0 for copper and 9.09.4
for zinc) (Abd-Elfaltah and Wada 1981; Basta and Tabatabai, 1992; Misono et al., 1967,

Shaheen et al., 2012)).

4 9.21 20.35 0.45 2.20
BC600ACT 5 0.65 14.44 0.04 22.9
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60

6 41.87 25.09 1.66 0.59

4 9.61 22.53 0.43 2.32

Kd-Cu Kd-Zn
Adsorbent pH (L/g) (L/g) al Y

Table 6. Competitive binding behaviors of BC600ACT, BC350ACT, BC600 and BC350 for
Cu?* (aq), and Zn?* (aq) ions. o1: Selectivity of copper over zinc. o2: Selectivity of zinc over

copper.
BC350 ACT 5 8.26 17.84 0.46 2.16

6 50.27 2151 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 that Miscanthus x giganteus derived biochars effectively remove
copper and zinc from synthetic wastewater. The temperature of pyrolysis plays an important
role on the physic-chemical structure of biochar, affecting the metal removal capacity. Biochar
pyrolyzed at higher temperature showed an enhanced metal removal capacity for both copper
and zinc. The activation of biochar by H.O: resulted to be pyrolysis-temperature sensitive,
leading to enhanced metals removal capacity of the biochar pyrolyzed at lower temperature
(BC350 ACT) for both copper and zinc. The effect of pH revealed that zinc was predominantly
removed at pH 5 while copper at pH 6, opening new interesting scenarios about the possible
selective removal and recovery of these two metals by Miscanthus x giganteus derived biochar.
Biochars’ metals removal capacities resulted to be comparable with commercially available
activated carbons. Overall Miscanthus x giganteus derived biochar could be a valid alternative

to activated carbon for an efficient removal of metal ions.
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