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Abstract: The Cu(ll) adsorption from aqueous solutions by magnetic biochar obtained from
pine needles has been studied by means of batch-type experiments. The biochar fibers have
been magnetized prior (pncm: carbonized-magnetized pine needles) and after oxidation (pncom:
carbonized-oxidized-magnetized pine needles) and have been used as adsorbents to study the
presence of carboxylic moieties on the magnetization and following adsorption process. The effect
of pH (2-10), initial metal concentration (107°-9:1073 mol-L™!) and contact time (0-60 min) has
been studied by varying the respective parameter, and the adsorbents have been characterized
by Fourier transform infrared (FTIR) and X-ray diffraction (XRD) measurements prior and after
Cu(Il)-adsorption. FTIR measurements were performed to investigate the formation of surface
species and XRD measurements to record possible solid phase formation and characterize formed
solids, including the evaluation of their average crystal size. The data obtained from the batch-type
studies show that the oxidized magnetic biochar (pncom) presents significantly higher adsorption
capacity (1.0 mmol g~!) compared to pncm (0.4 mmol g~!), which is ascribed to the synergistic
effect of the carboxylic moieties present on the pncom surface, and the adsorption process follows
the pseudo-second order kinetics. On the other hand, the FTIR spectra prove the formation of
inner-sphere complexes and XRD diffractograms indicate Cu(II) solid phase formation at pH 6 and
increased metal ion concentrations.

Keywords: copper adsorption; magnetized pine needle biochar; isotherms; kinetics; FTIR and
XRD studies

1. Introduction

The presence of toxic metal ions in wastewaters is a major environmental issue due to their toxicity,
which may harm the environment and affect human health. Therefore, the treatment of contaminated
wastewaters before disposal into environmental compartments such as soils and natural water systems
is a vital necessity. There are many techniques used for the decontamination of the wastewater
from toxic metals/metalloids, such as precipitation and flocculation using chemical reagents, flotation
techniques, ion exchange procedures, and membrane filtration processes [1].

Adsorption-based remediation technologies are of particular interest because of the existing
know-how and their relatively simple and effective application in waste water treatment. Recently,
there have been several studies related to abundant and low cost biomass by-products [2], including
biochars [3]. Activated carbon and biochar materials are used in many technological applications
and analytical processes because of their high affinity for metal/metalloid ions and organic pollutants,
which is associated with their large surface area and the presence of active surface groups, particularly
after appropriate chemical modification [4-9].
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The application of activated carbons (AC) to treat large volumes of wastewater produced by
domestic water use and industry is restricted due to its relatively high production costs. More
specifically, the biochar and AC cost is $350-$1200 and $1100-$1700 per tonne, respectively [10].
Moreover, AC materials are produced from non-renewable coal and are thermally activated to
improve/promote their adsorption characteristics [10]. On the other hand, biochar materials can be
produced from biomass by-products and are also applied as soil amendments to enhance soil carbon
sequestration and improve soil productivity [11]. In wastewater treatment applications, biochars are
usually chemically modified to increase their adsorption capability and selectivity towards specific
pollutants [12]. These techniques include physical activation (steam, gas), chemical activation (alkali
and acid treatments) and impregnation methods or combined methods [12].

Hence, modified biochar materials are very attractive adsorbents because they could effectively
be used for the removal and recovery of precious and industrial metals from process solutions and
wastewaters, and they could replace activated carbons widely used in the treatment and purification
of waters. Generally, all types of biomass could be converted into biochar. However, lignocellulosic
biomasses are much better precursors because of their higher density and hardness. In addition, the
adsorption capacity and selectivity of the biochars towards cations can be significantly increased after
chemical oxidation of their surface, which results in the formation of oxygen-containing moieties
(e.g., hydroxyl and carbonyl groups) [4,13,14]. Moreover, deposition of metal oxides (e.g., MnO, and
Fe304) on the biochar surface may further enhance the adsorption capacity and selectivity of the
material towards certain metal ions. Moreover, magnetization of the material allows easy separation of
the adsorbed contaminants using an external magnetic field [6,7,15].

This study aims at investigating the adsorption and removal of Cu(ll) from water solutions
using magnetized biochar adsorbents. Aliquots of the biochar carbonized pine needles (pnc), which
has been obtained from pine needles, were chemically oxidized (pnco) and both materials pnc
and pnco were magnetized resulting in pncm (carbonized-magnetized pine needles) and pncom
(carbonized-oxidized-magnetized pine needles), respectively. Cu(Il) has been used as adsorbate as
it can be easily measured using the Cu(ll) ion selective electrode, has low toxicity for humans, and
could be a good analogue for Cd(Il) and Pb(II). The fibrous structure of the pine needles, which is an
abundant and otherwise useless biomass, is expected to remain in the derived biochar resulting in
a robust, high surface biochar, which is further modified by precipitating iron-oxides on its surface
and forming a magnetic biochar composite, with desired properties such as magnetism and enormous
external surface due to the presence of iron-oxide nanoparticles. The study is based on the investigation
of physicochemical parameters such as pH, copper concentration and contact time, which affect the
Cu(II) removal by means of batch-type experiments. Moreover, Fourier transform infrared (FTIR) and
X-ray diffraction (XRD) measurements are performed to understand the adsorption mechanism, which
is of fundamental importance for the development of water treatment processes regarding the removal
and recovery of precious and toxic metals/metalloids.

2. Experimental

2.1. Materials

The experiments were carried out under ambient conditions. The Cu(Il) stock solutions were
prepared by dissolution of CuSO;-5H,0O (Merck, >98%, Darmstadt, Germany). The needles were
obtained from a domestic pine tree (Pinus brutia Pegeia, Cyprus) and after cleaning and washing,
the needles were carbonized and oxidized as previously described [8] to produce the carbonized
pine needles (pnc) and following the chemically oxidized pine needle (pnco) biochar. Iron(Il) sulfate
heptahydrate, FeSO,-7H,O (Sigma-Aldrich, 99%, St. Louis, MO, USA) and anhydrous iron(IIl) chloride,
FeCls (Merck, 98%, Darmstadt, Germany) were used as received. The corresponding magnetic biochars
(pncm and pncom) were produced according to Oliveira et al. [16]. Specifically, certain amounts of
FeSO4-7H,0 (3.89 g) and FeCl; (4.54 g) were mixed together with biochars (9.72 g) (weight ratio 3:1)
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and deionized water (400 mL), at 70 °C, under constant stirring. Then, 100 mL of 5 M NaOH (Merck,
Darmstadt, Germany) was dropwise added to the mixture in order to precipitate the iron oxides on the
biochar surface. Finally, the products were filtered using a glass frit funnel and washed with distilled
water until nearly neutral pH and dried overnight in a vacuum-oven at 110 °C. The materials were
characterized by Fourier transform infrared spectroscopy (FTIR, spectrometer 8900, Shimadzu Europa
GmbH, Duisburg, Germany)) and powder X-ray diffraction (XRD 6000, Shimadzu Europa GmbH,
Duisburg, Germany) before and after Cu(Il) adsorption.

2.2. Adsorption Experiments

The study of the Cu(Il) adsorption by pncom and pncm was performed by investigating the effect
of pH (2-10), the initial copper concentration (107°-9-1073 mol-L™!) and the adsorption kinetics (0-60
min). The batch-type experiments were carried out in 50 mL polyethylene beakers under ambient
conditions as described elsewhere [8]. Specifically, the initial volume of the aqueous suspensions of
magnetic biochars was 30 mL and the adsorbent mass 0.01 g. The effect of the studied parameters was
investigated at constant total copper concentration 5-10~* M (except of the experiments related to the
initial copper concentration) at pH 3 and pH 6 (except of the pH experiments). The pH was controlled
by addition of NaOH and/or HCIOy (0.01 to 1 M, Merck, Darmstadt, Germany). To reach equilibrium,
the samples were placed in a thermostatic orbital shaker (100 r/min, Gallenkamp) for three days. The
Cu(II) ion concentration was determined potentiometrically using a Cu(Il) ion selective electrode as
described elsewhere [4,5,9]. Graphing and data analysis were carried out using Kaleidagraph (4.5.2,
Synergy Software, Reading, PA, USA, 2014).

The amount of copper adsorbed at time ¢, 4; (mg/g), was evaluated using the Equation (1):

g = GGV 1)

m
where C; (mg/L) is the initial Cu(II) concentration in solution, C; (mg/L) is the final Cu(Il) concentration
in solution at time ¢, V (L) is the solution volume, and m (g) is the dry weight of the modified biochar.

3. Results and Discussion

3.1. Effect of pH

The pH is a crucial factor regarding Cu(II) speciation in solution and the deprotonation of the
acidic surface moieties (e.g., carboxylic-, phenolic-, hydroxy- groups) and determines the surface charge
of the biochar materials. Generally, at relatively low Cu(Il) concentrations ((Cu(Il)) < 1 mmol) and up
to pH 6, Cu(Il) is present in solution mainly as Cu®* cations and hydrolysis becomes predominant in
near neutral and alkaline solutions. The surface charge of pncm is basically related to the point of zero
charge (pzc) of the magnetite present on the biochar’s surface, and because the pzc of magnetite is
3.8 [17] for pH > 3.8 the negative charged moieties are expected to dominate on the pncm surface. On
the other hand, the surface charge of the oxidized biochar composite (pncom) depends on both, the
deprotonation of the hydroxyl groups, which are present on the magnetite surface, and the carboxylic
moieties present on the surface of oxidized composite [8,16].

According to Figure 1 there are significant differences regarding the adsorption behavior of pncm
and pncom, basically in the acidic pH range (pH < 6). In contrast to Cu(Il) adsorption on pncom, which
increases linearly with pH and reaches maximum relative adsorption values (~100%) at pH 5, the Cu(II)
adsorption reaches a plateau (~35%) at pH values between 4 and 5 and then increases steeply and
reaches the maximum relative adsorption values (~100%) for pH > 6. The difference in the adsorption
behavior between pncm and pncom in the acidic pH range is ascribed to the presence of the carboxylic
groups on the pncom surface, which present increased chemical affinity for Cu(Il) ions even in the
acidic pH range [4,5]. On the other hand, the sharp increase of the relative adsorption observed for
pncm at near neutral pH values could be attributed to solid phase formation and surface precipitation
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of copper salts (e.g., Cu(OH);), which is corroborated by XRD measurements, as discussed in more
detail below.
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Figure 1. The pH effect on the adsorption efficiency of the magnetic biochar composites pncm
(carbonized-magnetized pine needles) and pncom (carbonized-oxidized-magnetized pine needles) for
Cu(II). The experiments were performed under ambient conditions and (Cu(II))¢ot = 51074 M.

3.2. XRD Measurements

Figure 2 shows the diffractograms of adsorbent aliquots corresponding to Cu(Il) adsorption by
magnetic pine needle biochar composites pncm and pncom at pH 3 and pH 6 and different Cu(II)
concentrations. According to the diffractograms of samples corresponding to experiments performed
at pH 3 there is no formation of copper solid phases, because under such acidic conditions the Cu(II)
concentrations in solution are below the Cu(Il) concentration determined by the formed solid phase.
Nevertheless, the diffractograms include a peak at 20 = 36°, which corresponds to magnetite [18].
Interestingly, the magnetite peaks corresponding to the pncm samples are very small compared to the
peaks in the diffractograms of pncom, indicating that on the oxidized biochar surface the magnetite
formation was more effective and has resulted in the formation of larger particles.

On the other hand, the XRD diffractograms of the samples corresponding to experiments performed
at pH 6 include after a certain Cu(II) concentration sharp peaks, which correspond to Cu(II) solid
phases [19]. Notably, the Cu(Il) concentration above which the solid formation is observed is for pncm
1 x 107 M and for pncom 1 x 1073 M total Cu(II) concentration, clearly indicating the higher Cu(II)
adsorption capacity of pncom compared to the adsorption capacity of pncm for the same metal ions. It
should be clear that when solid phase formation and surface precipitation occurs the corresponding
data are useless regarding the evaluation of the maximum monolayer capacity of the adsorbents.
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(a) X-ray diffraction (XRD) diffractograms of pncm (b) pncom corresponding to Cu(Il) at pH 3

Figure 2. Cont.
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(c) X-ray diffraction (XRD) diffractograms of pncm (d) pncom corresponding to Cu(ll) at pH 6
Figure 2. X-ray diffraction (XRD) diffractograms of adsorbent aliquots corresponding to Cu(II)
adsorption by the magnetic biochar composites pnecm and pncom at two different pH values and
different Cu(II) concentration.

3.3. Adsorption Data

In order to determine the maximum monolayer adsorption capacity, the experimental data were
fitted with the Langmuir [20] adsorption model (Equation (2)).

e = qm% 2
where C, is the concentration (mg/L) of Cu(II) in solution at equilibrium, g, is the amount of the Cu(Il)
adsorbed per mass adsorbent (mg/g) at equilibrium, g,, is the maximum monolayer adsorption capacity
(mg/g) and K|, is an equilibrium constant associated with the energy of adsorption. The model has been
applied only to data obtained from experiments at pH 3 (Figure 3), because at pH 6 surface precipitation
of Cu(II) solids occurs and only at very low Cu(Il) concentration the Cu(Il) adsorption by the magnetic
biochars is the dominating surface-related process. The value maximum adsorption capacity evaluated
applying the Langmuir adsorption model has been found to be gqx = 0.40 mmol-g~! (25.4 mg-g~1)
and gpay = 1.0 mmol-g~! (63.5 mg-g~!) for the Cu(Il) adsorption by pncm and pncom, respectively.
This values are in the range of values determined for Cu(II) adsorption by magnetized and chemically
modified biochars [15,21-24].
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Figure 3. Experimental adsorption data and fitted curves evaluated using the Langmuir isotherm
model for the Cu(Il) adsorption by the magnetic biochar composites pnecm and pncom. The adsorption
experiments were performed under ambient conditions and pH 3.
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3.4. FTIR Measurements

Figure 4 shows FTIR spectra of solid samples corresponding to experiments performed at pH 3
and pH 6, and different Cu(II) concentrations. The FTIR spectra and particularly those corresponding
to pncom show significant changes in the carbonyl range indicating also the participation of the
carboxylic groups, which are present on the biochar composite surface and bind Cu(lI) [4,5].

On the other hand, the additional peaks around 3500 cm™~! and between 1100 cm~! and 500 cm ™!
observed in the FTIR spectra of the solid samples corresponding to experiments performed at pH
6 are attributed to the formation of the Cu(Il) solid phase (e.g., Cu(OH),) [19]. These results are in
agreement with the results obtained from XRD measurements of the corresponding samples and prove
the solid phase formation and surface precipitation of Cu(OH); at increased pH values, which favor
the Cu(Il) hydrolysis [25].
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(a) Fourier transform infrared (FTIR) spectra of (b) pncom corresponding to Cu(ll) at pH 3
pncm
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(c) Fourier transform infrared ( ) spectra o (d) pncom (right) corresponding to Cu(ll) at pH 6
pncm
Figure 4. Fourier transform infrared (FTIR) spectra of adsorbent aliquots corresponding to Cu(II)
adsorption by the magnetic biochar composites pncm and pncom at two different pH values and
different Cu(II) concentrations. The spectra have been obtained in the wavenumber (WN) range
between 4000 and 500 cm™!.

Generally, Cu(II) binding by magnetized biochars can occur through pi-cation interactions and
complex formation between the carboxylic moieties [26], which are present on the surface of oxidized
biochar composite and the metal cations, as well as surface complexation of Cu(Il) cations by the
hydroxo groups [26] present on the magnetite particle surface (Figure 5).
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Figure 5. Schematic illustration of the different binding modes of Cu(II) cations by magnetized biochars.

3.5. Kinetic Studies

The effect of contact time was examined in a range between 0 and 60 min at two different pH
values. The adsorption was found to be relatively fast and Cu(Il) was adsorbed almost quantitatively
in the first 10 min. The estimation of copper uptake is an essential parameter for the development of
an effective and accurate design for large scale adsorption processes.

For this purpose the experimental kinetic data were fitted with the pseudo-first-order (Equation
(3)) [27] and pseudo-second-order kinetic (Equation (4)) models [28,29], in their linearized form:

In(ge — q¢) = In(ge) — kyt 3)
t 1 1
— = — 1 —t @
g kog: g

where g, (mg g~!) and g; are the amounts of adsorbed Cu(II) on the biochar at the equilibrium and
at any time ¢, respectively. For the pseudo-first-order kinetic model the g, and k; can be calculated
from the slope and intercept obtained from the plots In(ge — g¢) versus t. For the pseudo-second-order
kinetic model the g, and k; can be calculated from the slopes and the intercept of the plot + versus .

The constants of the kinetic models are summarized in Table 1. According to Table 1, the
experimental data are well fitted with the pseudo-second order kinetics and the associated curves are
shown in Figure 6. The pseudo-second order kinetics is characteristic for magnetic biochar adsorbents
and the evaluated k; values are similar to corresponding literature k; values [15,21-24,30].

Table 1. Kinetic parameters evaluated for the Cu(II) adsorption by pnem and pncom at pH 3 and
pH 6, and evaluated by fitting the experimental data with the pseudo-first and pseudo-second order
kinetic models.

Pseudo-First-Order

Pseudo-Second-Order

pncm pncom pncm pncom
kq kq ks k2
R
pH (min—1) R (min—1) R (gmg1-min-1) R (gmg~1-min-1)
3 0.199 0.583 0.002 0.187 1.525 0.998 3.525 0.996
6 0.001 0.126 0.001 0.992 0.939 0.999 0.746 0.999
300 80
pH 3 -#— pncom -#— pncom
-8— pncm ~®— pnem
225+ 60 - °
— -
— . -~ o -~ 4 ~n
=150 ,,';'/ ¥ S 40 IRt s
/‘, - Ji P | -
75+ T - 20 e & .
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Figure 6. Kinetic experimental data and fitted curves using the pseudo second kinetic model for the
Cu(Il) adsorption by the magnetic biochar composites pncm and pncom. The adsorption experiments

were performed under ambient conditions and two different pH values.
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4. Conclusions

The conclusions that can be drawn from the present study are: (a) Biochar magnetization after
oxidation results in significantly higher adsorption capacities due to the synergistic effect of the
carboxylic moieties, which favor iron oxide deposition on the biochar surface and complex Cu(ll) ions
even at low pH (pH < 4); (b) The adsorption process follows the pseudo-second order kinetics; and
(c) FTIR measurements denote the formation of inner-sphere complexes and XRD data show Cu(II)
surface precipitation at pH 6 and increased Cu(Il) concentration. Generally, magnetisation of biochar
results in better adsorption capacity and desired properties regarding magnetic-based separation.
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