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Abstract

Thermochemical conversion of garden waste to biochar was carried out to prepare a green adsorbent for the removal of Cs,
Cu, Ni, and Pb, which was characterized by XPS, SEM-EDX, and FT-IR analyses. The biochar’s adsorption capacity was
20.5(Cs), 25.2(Cu), 12.4(Ni), and 45.9(Pb) mg g~! and demonstrated satisfactory performance for different pH values. The
kinetics data evaluation revealed that besides chemisorption, intraparticle diffusion contributes to metal removal. Moreover,
the physical and structural properties of biochar play an important role in adsorption. Results indicate the suitability of using
GW biochar as an alternative sorbent for both radionuclides and metal extraction.

Keywords Biochar - Garden waste - Radiocesium - Heavy metals - Adsorption

Introduction

In the last years, increasing pressure has been raised for
sustainable solutions to environmental problems. Biochar
has gained considerable attraction as an inexpensive mate-
rial that complements the green paradigm for a number of
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possible applications, including soil improvement [1, 2],
sequestration of carbon [3], and wastewater treatment [4, 5].

Among the various specific processes for the treatment of
metal and radionuclide-polluted effluents, adsorption using
activated carbon is the most commonly applied for water
treatment in chemical engineering [6, 7]. As a wastewater
adsorbent, biochar from lignocellulose waste biomass is con-
sidered an option for activated carbon for the elimination of
a variety of pollutants involving radionuclides ('*’Cs, Sr,
U) [8-10], and metal cations such as Cd**, Cu’*, Mn2*,
Ni%*, Pb**, and Zn?* [11-14]. A meta-analysis reported by
Alhashimi and Aktas [15] found that biochar as a sorbent has
a lower global warming potential impact (—0.9 kg CO,eq
kg™! vs. 6.6 kg CO,eq kg™1), a lower energy requirement
(6.1 MJ kg™! vs. 97 MJ kg™!), and a lower environmental
impact in comparison to activated carbons. Authors also
found that the biochar adsorptive capacities for toxic metals
can be comparable to or higher than the adsorption capacity
of activated carbon. As was pointed out by several authors
[16, 17], the biochar adsorptive capacities and the adsorption
mechanism of toxic metals and radionuclides are predomi-
nantly affected by the raw material employed for biochar
preparation and production conditions. Therefore, one way
to achieve acceptable adsorption performance without the
need for biochar post-production modification (which com-
promises sustainability) is to search for a suitable and widely
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available feedstock that can maximize metal and radionu-
clide adsorption efficiency by biochar.

Garden waste is a less exploited resource from green
areas and is steadily increasing as a result of the extension
of urban and green areas [18]. Thermochemical conversion
of garden waste consisting of a variety of plant residues (e.g.
leaves, branches, cuttings, and grass clippings) into biochar
overcomes the problems caused by their composting, land-
filling, and incineration [16]. The use of green waste biochar
as a high-value-added product for water purification has not
been intensively investigated so far [4, 19], whereas a few
studies were focused on its use as soil amendment [18, 20].

Therefore, in the present research, thermochemical con-
version of garden waste (GW) biomass to biochar was car-
ried out to prepare green adsorption material for both heavy
metals (Cu, Ni, Pb) and radionuclides (137Cs). The biochar-
based adsorbent was precisely characterized (SEM, EDX
elemental mapping, XPS, FT-IR), used to adsorb Cs, Cu, Ni,
and Pb cations from aqueous solutions, and the equilibrium
and kinetic behavior were systemically evaluated using batch
adsorption experiments. Moreover, the impact of biochar
characteristics on Cs, Cu, Ni, and Pb removal was discussed.

Experimental
Biochar production and characterization

Garden waste (mainly woody and leaf biomass) was
obtained from the Austrian Institute of Technology (Tulln,
Austria), shredded into small pieces (<2 cm), and pyrolyzed
in a modified laboratory reactor applying a slow pyrolysis
process in a batch mode at a maximal working temperature
of 500 °C. The required temperature was maintained for 2 h
and inert conditions were provided by N, as a purge gas.
After pyrolysis, GW biochar was rinsed in Milli-Q-grade
water (<0.4 pS cm™!, Millipore, USA), dried (90 °C) to a
constant weight, and ground. After sieve analysis fraction
0,5-1 mm was selected for adsorption tests.

A combustion-type elemental analyzer (Carlo Erba
Instruments) was applied to determine the total C, H, N,
and S contents of GW. The chemical properties of biochar
(cation exchange capacity CEC, electrical conductivity EC,
and pH) were determined by standard approaches. Before
measuring pH, biochar and deionized water were mixed
(ratio 1:2.5) for 60 min and then stabilized for 60 min. The
BaCl, method was applied to measure the CEC value of
GW biochar. The biochar point of zero charge (pH,,.) was
measured employing the drift method [21]. The BET surface
area of GW biochar and pore properties were analyzed by N,
gas sorption using a Quantachrome Nova analyzer.

EDX microanalysis and inspection of the microstructure
and morphology of the biochar sample were performed using
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a JEOL JSM7600F scanning electron microscope (Japan)
at 20 kV in secondary electron mode. Infrared absorption
spectra (within the range of 4000400 cm™") of biochar sam-
ples before and after Cs, Cu, Ni, and Pb adsorption were
measured using the Nicolet iS50 FTIR spectrometer with
ATR module. The biochar surface chemical analysis was
realized using an XPS analyzer (SPECS GmbH, Germany)
with PHOIBOS 100 SCD and a non-monochromatic X-ray
source according to the procedure described in detail in our
previous work [4].

Metal adsorption experiments

The working solutions of Cu, Ni and Pb (300 mg L") used
in all adsorption tests were prepared from CuSO, « 5H,0
(Mikrochem, Slovakia), Pb(NO;), (Mikrochem, Slovakia),
and NiSO, « 7H,0O (Acros Organics). The batch adsorption
trials were realized in Erlenmeyer flasks (0.25 L), by add-
ing GW biochar (0.1 g) to 50 mL of a corresponding metal
solution with an initial concentration ranging from 10 to
300 mg g~ ! and pH from 2.0 to 8.0. Erlenmeyer banks were
agitated in an orbital shaker ES-20/60 (Biosan, Latvia)
at 25 °C and 200 rpm. At the end of the experiments, the
suspensions were filtered and the metal contents remained
in the solution were measured using an atomic absorp-
tion spectrometer with acetylene—air flame atomization
(AVANTA Z, GBC Scientific, Melbourne, Australia). The
GBC Avanta v.2.0 software was applied for data processing.
Standard Cu, Ni, and Pb solutions (Specpure) were applied
to regularly monitor the response of the instrument. The
adsorption capacity Q (mg g~!) was calculated according
to Eq. (1):

co—c )V
0= —( 0=¢) (H
m
where c, is the concentration of metal in the time ¢ (mg L7h,
¢, is the initial metal concentration (mg LY, Vis the vol-
ume of solution (L), and m weight of biochar in solution (g).

Radiocesium adsorption experiments

The working Cs solution was prepared in deionized water
from CsCl (analytical grade; Sigma- Aldrich, USA). The
batch adsorption trials were realized by suspending 0.1 g of
GW biochar in cesium solution labeled with '*’CsCl (CsCl
20 mg L™'in 3 g L' HCI, 5.406 MBq mL~!; Czech Met-
rological Institute, Czech Republic) at the starting concen-
tration from 13 to 400 mg L~! and pH from 2.0 to 8.0. The
contents of the flasks were stirred on a reciprocal shaker
(200 rpm, 25 °C). After 24 h or after the necessary exposure
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time in the case of kinetics assays, the suspensions were
filtered with a 0.45 um filter and '*’Cs radioactivity in both
biochar and filtrates was quantified. The radiometric analy-
sis was conducted using 54BP54/2-X scintillation gamma-
spectrometer with a well-type Nal(T1) detector (Scionix, The
Netherlands) and ScintiVision-32 software (Ortec, USA)
was applied for data processing. Characteristic y-ray peak
for 1¥7Cs (E,=661.64 keV) was chosen for energy and effi-
ciency calibration. A standard '*’CsCl solution with known
radioactivity was used for calibration along with the radio-
nuclide half-life ("*’Cs T,,=30.17 y). The amount of Cs*
adsorbed Q (mg g~!) was calculated by Eq. 1.

Data modeling

The isotherm and kinetic tests were realized to under-
stand the thermodynamic adsorption behavior of biochar.
Obtained dynamics data were evaluated by both reaction-
controlled kinetics and diffusion-controlled kinetics models,
namely the pseudo-second-order model (PSO) [22] given by
non-linear Eq. (2):

Q, = (Q2kyt) /(14 k,0,1) )

where k, is the pseudo-second-order rate constant (g
mg~! min™"), Q, and Q, are the amount of Cs, Cu, Ni, and
Pb (mg g~!) adsorbed at any time 7 (min) and equilibrium,
respectively, and intraparticle diffusion model (IDM) [23]
given by Eq. (3):

Q, =kt +1 &)

where k; is the intraparticle diffusion rate constant (mg
g~ min™%%), Q, is the amount of Cs, Cu, Ni, and Pb (mg
g_l) adsorbed at time 7 (min), and / represent a constant that
reflects the thickness of the boundary layer (mg g~!).

Equilibrium data were fitted with Langmuir monolayer
adsorption isotherm (4) [24], and experimental Freundlich
(5) isotherm [25]. The non-linear equations are given as
follows:

Q _ meaxCe
T 14bC, “)
Q, = KC!" )

where b is constant referring to the affinity of binding sites
(L mg™"), 0, indicates the maximum adsorption capacity
of GW biochar (mg g~!), Freundlich constant K [(mg g™ ")
(L mg™1!""] referring adsorption capacity and 1/n is non-
dimensional constant referring to the adsorption intensity.
The parameters of PSO and isotherm models were cal-
culated using the non-linear regression analysis (OriginPro

2016, OriginLab Corporation, USA). The chemical equilib-
rium software Visual MINTEQ (version 3.1) was used for
the calculation of Cs, Cu, Ni, and Pb speciation in solution
[26].

Results and discussion
General properties of biochar

The basic physicochemical characteristics of biochar pro-
duced by the slow pyrolysis of garden waste (woody and
foliar biomass) are given in Table 1. GW biochar was char-
acterized by the high C content (80.5%), whereas the level
of H, N, and S was as expected low (1.64, 0.65, and 0.13%).
The biochar chemical composition is highly depended on the
pyrolysis conditions, and the low H/C atomic ratio (0.245)
is due to structural transformations of cellulose, hemicel-
luloses, and lignin and the loss of hydrophilic surface func-
tional moieties [27] which occurs at 500 °C in association
with an increased aromaticity and condensation degree. Pro-
duced biochar had slightly higher electrical conductivity and
was alkaline in nature (pH =9.10). The considerable alka-
linity is explained by the presence of inorganic constituents
in the biochar (see results below), especially salts of alkali
(K) and alkaline earth elements (Ca and Mg). The cation
exchange capacity (CEC) was 125 mmol kg~! indicating the
good ability of GW biochar to hold metal cations. The BET
surface area was 6.69 m* g~!. As shown by several authors,
BET area increases with elevating the temperature of pyroly-
sis, and in general biochar prepared at temperatures below
500 °C has a specific surface area of less than 10 m*> g~! [27,
28]. The total pore volume was 0.010 cm® g~! and as can
be seen from Table 1, a significant part was represented by
mesopores (0.007 cm® g71).

The example SEM image in Fig. 1a highlights the struc-
ture and morphology of biochar produced from garden waste
namely leaf and wood biomass. It is obvious that biochar
exhibits an uneven surface with a pore structure that dis-
plays residual anatomical characteristics and morphology

Table 1 Basic physicochemical and pore characteristics of GW bio-
char

Parameter Parameter

pH (H,0) 9.10+0.11  H/C ratio 0.245
CEC (mmol kg™ 125 CaCO; (%) 6.60+0.25
EC (dS m™}) 1.15+0.02  Density (kgL™))  0.34

C% 80.5 Ve (€m® g7 0.007

H% 1.64 Voo €m® g7 0.003

N % 0.65 Vipore (cm® g7h) 0.010

S % 0.13 SSAger (m?g™)  6.69
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Fig.1 Scanning electron microscopy micrographs a, EDX b images, and elemental composition of GW biochar. The EDX maps of elemental
distribution depict the elemental composition (C, O, Si, Al, K, P, and Ca) of the regions enclosed by the yellow and red lines in panel B

of feedstock biomass. Among others, tracheids and lateral
communication between tracheids are widely observed. The
slit-shaped pores from vesicles formed during pyrolysis at
500 °C are also well visible (Fig. 1a). EDX elemental map-
ping also showed the occurrence of K, Ca, Mg, P, Si, and Al
(Fig. 1b), besides the major bulk biochar elements (C, H, O).
Inorganic particles measuring 10—15 pm are present on the
surface (Fig. 1b) or can be trapped in the pores. In biochar,
these mineral constituents are often present as oxides (e.g.
quartz SiO,), phosphates (hydroxyapatite (Ca,; PO,)s(OH),),
carbonates (calcite CaCO;) [29] or alumosilicates (e.g. feld-
spar) [30] and, as discussed in our previous work [4, 31] can
significantly affect the biochar adsorption properties.

XPS analysis gives information on the composition and
chemistry of biochar surfaces. The XPS survey spectrum of
GW biochar is shown in Fig. 2a. A characteristically robust
carbon signal at 284.0 eV (C 1 s) was noticed for GW bio-
char, as expected, together with a significant amount of oxy-
gen identified at a binding energy of 532.5 eV (O 1 s). In
addition, the investigated biochar showed a relatively high
abundance of Si (2.24%) and the presence of other elements
(Ca, Mg, and N) in amounts below 1% was also confirmed.
To investigate the nature of oxygen species on biochar sur-
faces, high-resolution O 1 s and C 1 s XPS spectra were
characterized. The O 1 s band of GW biochar was decon-
voluted to these peaks: (i) peak at 529.4 eV representing O
atoms in carboxyl groups; (ii) peak at 530.9 non-carbonyl
O in anhydrides and esters, and (iii) peak at 532.9 eV
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presenting oxygen atoms in carbonyl oxygen in anhydrides
and esters and in hydroxyl groups [32-34] (Fig. 2b). The
deconvolution of the C 1 s spectra yielded three peaks: (i)
peak at 284.36 eV corresponds to graphitized carbon; (ii)
peak at 285.54 eV represents carbon in alcohol, phenolic,
and ether groups and (iii) peak at 287.72 eV presents carbon
in quinine or carbonyl groups (Fig. 2¢). The content and
types of oxygen functional moieties indicate that biochar
produced from garden waste will be a promising adsorbent
for both radionuclides and heavy metal ions.

Mid-infrared region (4000400 cm™") spectral analysis
of the garden waste-derived biochar was conducted to deter-
mine the main surface functional moieties. Figure 3 shows
typical ATR-FTIR spectra of raw and metal-loaded biochar.
It is apparent that O—H groups vibrations (3600-3200 cm™")
and aliphatic C—H stretch vibrations (2925 cm™!) are absent
as a consequence of the slow pyrolysis of the feedstock at
500 °C during which dehydration and lignin demethyla-
tion and demethoxylation occurred [35]. Nevertheless, the
aromatic ¥(C =C) band at 1573 cm™! and the out-of-plane
bending vibrations of the aromatic C—H bond at 875, 809,
and 750 cm™! have considerable intensity in the GW biochar
(Fig. 3). The peaks at 1027 and 1693 cm™' correspond to
stretching vibrations of C—O and v(C=0) from carboxylic
acids of undecomposed cellulosic and ligneous carbon [36],
suggesting the existence of O-containing moieties on the
surfaces of GW biochar. The low intensity of these peaks
is in agreement with the observations of other authors, who
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Fig.2 Survey XPS spectra a and high-resolution O 1 sband C 1 s ¢
spectra of GW biochar

describe that in the case of biochar prepared at tempera-
tures above 500 °C there is a significant reduction of O-con-
taining functional moieties [37]. The contributions of bio-
char mineral fractions to the spectra are also present in the
bands between 1500 and 750 cm™!. The band at 1401 cm™!
could be attributed to carbonates (CO32‘), and the band at
1027 cm™! to the P-O bond of phosphates. The bandwidth of
1200 to 1100 cm™! could be attributed to v(Si-O) of associ-
ated clay minerals.

Determination of garden waste-derived biochar point of
zero charge (pH,,.) was carried out using the pH drift pro-
cedure. From plotted graph (Fig. 4), the pH,,. value of 7.2
is clearly identified by crossing the final vs. the initial pH.
Atsolution pHs > pH,,. biochar outer and inner surfaces are
negatively charged as a consequence of deprotonating reac-
tions and the attraction of positively charged metal species
can take place and contribute to Cs, Cu, Ni, and Pb removal
(see discussion below).

The above physicochemical and surface properties indi-
cate an excellent possibility for the separation of radioce-
sium and Cu, Ni, and Pb ions from contaminated water
streams using biochar produced from garden waste.

Adsorption kinetics of Cs, Cu, Ni, and Pb

The Cu, Ni, and Pb adsorption capacities at different times
were investigated. The time progression of adsorption is
plotted in Fig. 5, and in all cases, a similar trend of a rapid
enhancement in adsorption capacities within the first min-
utes of the experiment is observed, with a subsequent slow-
down in growth and finally a stabilization of the adsorption
equilibrium after 24 h. In the case of Cs* ions, the driving
force is also higher in the initial phase (0.5-3 h) and Cs™*
ions bind to the external surfaces with subsequent diffusion
of Cs* through the pore texture and subsequent physical and
chemical adsorption into the networks of biochar fissures
and pores. Palansooriya et al. [9] using the same initial Cs
concentration (100 mg L~!) obtained identical kinetics pro-
gression of Cs adsorption by biochar from wood and bio-
char from a mixture of wood (40%) and food waste (60%).
It is evident that the adsorbed amounts for individual ions
decrease in the order Pb> Cu> Ni > Cs, indicating a much
stronger adsorption capacity for lead (Table 2). A similar
kinetic profile for Pb adsorption by the banana stem and
leaf biochar was described by Liu et al. [38] with equilib-
rium attained after 16 h. Mahdi et al. [39] observed that the
removal kinetics of Cu by date seed biochar is much faster
than Ni, which confirms our data.

To quantitate the initial fast and slow adsorption of Cs,
Ni, Cu, and Pb and to identify the adsorption performance,
the dynamic data were evaluated by reaction-driven kinet-
ics (PSO, Eq. 2) and diffusion-driven kinetics (IDM, Eq. 3)
models. The fitting outputs given in Table 2 and Fig. 5
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confirm that the PSO model can be considered as the appro-
priate model describing kinetics adsorption process of Cu,
Ni, and Pb onto GW biochar with theoretical Q, values
of 9.43, 8.38, and 34.6 mg g~! and indicate that chemical
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reaction (adsorption) participate on metal removal. Based
on the recent literature review, the PSO model appeared to
best describe the adsorption uptake rate of Pb>* and Cd**
on biochar surface from banana leaf and stem [38], Zn** on



Journal of Radioanalytical and Nuclear Chemistry (2023) 332:4141-4155 4147
Fig.5 Application of PSO 40 -
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Cs 5.09 PSO 0,=4.65+0.20 k,=0.073+0.031 0.690
IDM k;;=0.16+0.02 1,=2.90+0.13 0.961
ki»=0.02+0.01 LL,=441+0.26 0.881
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rice straw biochar [40], Cd?** ions on biochar based carbon
fertilizer [41] which also confirms that chemical reactions
primarily controlled the adsorption of metal ions by biochar
and were affected by the functional group distribution on
the biochar outer and inner surfaces (see section General
properties of biochar and discussion below). In the case of
the analysis of Cs adsorption kinetics by the PSO model,
we obtained the lowest value of the correlation coefficient
(R?=0.690), the reason is mainly due to the low affinity of
the monovalent ions for the negatively charged functional
groups of the GW biochar.

0.5)

Additionally, the multilinear relationship in the plot of
0, vs %3 over a wide range of reaction times is clearly vis-
ible (Fig. 6), indicating bulk diffusion and diffusion in the
aqueous film around the particles of biochar, succeeded
with diffusion in the macro-/meso- and micropores. Two
linear regimes during the adsorption of Cs*, Cu?*, Ni**, and
Pb%* were observed and in all cases, the first step showed
a steeper slope than the second step. Instantaneous adsorp-
tion or external surface adsorption of metal ions appeared
during the first regime, and 78% of Cu (k;; =0.30+0.07),
54% of Ni (k;; =0.43+0.08), 85% of Pb (k;; =0.84+0.48),
and 83% of Cs (k;; =0.16 +0.02) was rapidly uptake by the
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outer surfaces of the biochar. The second regime describes
slow equilibrium attainment due to intraparticle diffusion
and was represented by the slow metal ions diffusion rates
and only a minor fraction of Cs*, Cu®>*, Ni**, and Pb>* ions
was retained by GW biochar. Similarly, Soudani et al. [42]
concluded that the migration of Cd**, Cu®*, and Zn** ions
from solution to the outer surfaces of the oak fruit shell bio-
char occurs rapidly at the onset of adsorption (first regime)
and the last linear parts with lower slopes suggest that the
intraparticle diffusion rate of metal ions decreases and the
equilibrium is reached gradually.

Effect of pH and metal speciation

The effect of initial pH on Cs, Cu, Ni, and Pb adsorption by
biochar is depicted in Fig. 7A-D together with the results of
metal speciation modeling. It is evident that the adsorption
of studied metal ions is a pH-dependent process since the
biochar surface charge, as well as Cu, Ni, and Pb speciation,
are strongly impacted by the solution pH. The pH (and H*)
play a multiple role in metal adsorption. First, the solution
pH affects oxygen-containing functional moieties (particu-
larly carboxyl and hydroxyl) dissociation on the surfaces of
biochar [43]. Second, pH value strongly influences solution
chemistry and metal speciation. Third, the H* ion can com-
pete with metals for biochar binding sites.

The Cu removal efficiency gradually increased from 6.7
to 27.9% with increasing initial pH of the solution from 2.0
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to 5.0 followed by a sharp increase at pH 6.0, when the max-
imum removal efficiency (56.8%) was observed (Fig. 7A). In
the case of Pb adsorption, removal efficiency significantly
increased from pH 2.0 to 3.5, and then modestly increased
from 4.0 to 5.0. A further steep rise in Pb adsorption was
observed above pH 5.0 with maximum removal efficiency
at pH 6.5 (84.8%) (Fig. 7B). Ni removal efficiency sharply
increased to 9.2% at pH 3.5, stayed stabilized up to pH 7.5
and then again slightly raised. Maximum efficiency (21.5%)
was reached at pH 8.5 (Fig. 7C). Cesium adsorption effi-
ciency progressively enhanced with increasing pH at the
range of 2.0-4.0 and then remained unaffected up to pH
8.0 (Fig. 7D). Lower adsorption at pH 2.0-3.0 is clearly
associated with the protonation of biochar functional moi-
eties, leading to intense competition for adsorption sites
between Cs*, Cu?*, Ni**, Pb?>* and H* ions. As the pH of
the solution increases, a gradual deprotonation occurs (acid
alcohols and carboxylic acids lose protons) and the surface
of the biochar becomes more negatively charged, resulting
in a gradual increase in metal removal efficiency [44]. The
reduced removal efficacy at lower pH values may be also
ascribed to the electrostatic repulsion between the positively
charged GW biochar (pH,,.=7.2) and Cs*, Cu**, Ni**, and
Pb** ions.

The copper speciation as a function of pH in single
adsorption system (Fig. 7A) indicates that hydroxide
complexes become important with increasing pH values
(Cu,(OH),**; Cu(OH);~; Cu,(OH),**; Cu(OH),(aq)) and

pzc
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Fig.7 Effect of initial pH on equilibrium sorption of Cu, Pb and Ni (100 mg L™!) and Cs (66 mg L™!) by GW biochar and predicted Cu, Pb, Ni,

and Cs speciation in aqueous solution as a function of pH at 25 °C

the precipitation of copper starts at pH > 6.0. The Cu** ions
exist mostly at pH 2.0 to 5.5 (92 to 84%). The speciation of
lead is shown in Fig. 7B. Under low-pH conditions (2.0-6.0)
lead is dominantly present as a divalent cation. Hydroxide
complexes (Pb(OH);~; Pb(OH)*; Pb;(OH),>*) become
important with increasing pH values and precipitation as a
result of Pb(OH), formation starting at pH > 7.0. Figure 7C
illustrates Ni speciation as a function of pH for a single
adsorption system. Nickel is predominantly available as
Ni** ions (93-87%) under low-pH conditions (2.0-7.5).
The formation of insoluble hydroxides (Ni(OH), (aq))
starts at pH > 8.0. Further ionic species such as Ni(OH)*,
and Ni(OH);™ are available in solution at pH 8.0-12.0. It is
evident that the presence of cationic hydroxides of Cu and
Pb and the formation of precipitates affected the adsorption
process (Fig. 7A, B). Cesium exists in solution predomi-
nantly as Cs* ion (99%) (Fig. 7D) indicating that Cs specia-
tion has no significant effect on Cs adsorption.

Considering the occurrence of alkali constituents in GW
biochar pyrolyzed at 500 °C the solution equilibrium pH
rose after the adsorption, for instance from the initial val-
ues 3.0, 4.0, 5.5, and 6.5 t0 5.5, 6.5, 6.7, and 7.2 (Ni), 4.6,

5.5, 6.1, and 7.1 (Pb), and 4.3, 5.0, 5.3, and 6.7 (Cu). In
cesium sorption, the initial pH shifted from 2.0, 3.0, 4.0, and
5.0t03.2,5.2, 6.5, and 7.3. Significantly higher Cu and Pb
removal efficacy observed at pH;, 6.0 and 6.5 respectively is
presumably also due to high inner pH in the pore structure
of biochar which results in both Pb and Cu microprecipita-
tion directly on biochar outer and inner surfaces. Nzediegwu
et al. [45] revealed that biochars and hydrochars with low
pH values (< 5.0) are the least effective in the removal of Pb
and conversely, as the pH of biochars increases (> 8.0), their
ability to adsorb lead increases significantly. According to
Wei et al. [46] the increase in biochar pH is conductive to
Cu precipitation. Using the XRD analysis revealed the for-
mation of langite (Cu,(SO,)(OH), - 2H,0) at the surface of
biochar from artichoke stalks produced at 500 °C.

Adsorption equilibrium of Cs, Cu, Ni, and Pb
Equilibrium adsorption trials were conducted in batch mode
(Come 10-300 mg L™"; C, 13-400 mg L™"; initial pH 6.0;

equilibrium time 24 h; particle size 0.5-1.0 mm; 25 °C)
to determine the removal capacities of Cs, Cu, Ni, and Pb

@ Springer
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Fig.8 Langmuir and Freundlich

isotherm for Cs, Cu, Ni, and
Pb adsorption by GW biochar L
(Initial Cu, Ni, Pb concentra-
tion 10-300 mg L', initial Cs
concentration 13-400 mg L
pH 6.0, biochar dosage 2 g
L particle size: 0.5-1.0 mm,
25 °C)

Q,, (mgg™)

A Pp
m Cu
® Nij
Cs
—— Langmuir
—— Freundlich

using the garden waste biochar. Isotherm models according
to Langmuir's (Eq. 4) and Freundlich's (Eq. 5) were adopted
to obtain quantitative information on the adsorption of stud-
ied metals. Figure 8 depicts the nonlinear fitting results, and
Table 3 lists the isotherm parameters acquired. Adsorption
of Ni and Pb by GW biochar provides a saturation shape of
the curve (Langmuir-type isotherm), whereas the Freundlich
model was well fitted to Cs and Cu adsorption data (slopes
decrease when both Cs and Cu concentrations increase). The
Freundlich constant 1/n was < 1, stating that the adsorption
isotherm belongs to the L type. The 1/n value is between
0.1 and 0.7, suggesting that the adsorption of both Cs and
Cu on the surface of GW biochar was facile. Higher R* val-
ues for the Langmuir model imply that the adsorption of
both Ni and Pb is attributable to the Langmuir mechanism
of surface adsorption. The calculated maximum adsorption
biochar capacity Q,,,,. for Ni, gained from the Langmuir
model was 12.4+0.93 mg g™, for Pb 45.9+2.1 mg g~!, for

T T T T
150 200 250 300

C., (mgL™)

T
100

350

Cu25.2+2.1 mg g~!, and for Cs 20.2+2.8 mg g~!. The
affinity parameter b refers to the initial gradient implying
the affinity of GW biochar at lower concentrations of Cu,
Cs, Ni, and Pb [43]. A higher affinity parameter responds to
the stronger initial gradient. Clearly, lead isotherm is sharper
at low Pb equilibrium concentrations compared to the iso-
therms attained for Cs, Cu, and Ni (Fig. 8). Reflecting b val-
ues, GW biochar exhibited a considerably elevated affinity
for Pb (0.31 L mg‘l) in comparison with Ni (0.089 L mg‘l),
Cu (0.085 L mg™}), and Cs (0.001 L mg™!).

It is apparent from Table 4 that the Langmuir adsorption
capacities of GW biochar for Cs, Cu, and Pb are compara-
ble to other biochars produced from different feedstocks.
The observed adsorption capacity for Ni is noticeably lower
compared to other biochar. However, it must be stressed here
that it is difficult to equate the effectiveness of biochar-based
adsorbents since, as can be seen from Table 4, the biochar
preparation and experimental conditions vary considerably.

Table 3 Adsorption isotherm

Metal Langmuir Freundlich
parameters (+ SD) for Cs, Cu,
Ni, and Pb adsorption by GW O b R? K 1/n R
biochar [mg g™ [L mg™!] [mg g~! (L mg™")""]
Cu 252+2.1 0.085+0.041 0.940 6.80+1.40 0.25+0.04 0.955
Ni 12.4+0.93 0.089+0.037 0.928 370+ 1.72 0.22+0.10 0.736
Pb 459+2.1 0.31+0.08 0.979 15.1+3.75 0.23+0.06 0.919
Cs 20.5+2.8 0.005 +0.001 0.986 0.37+0.04 0.62+0.02 0.998
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Table 4 Comparison of Langmuir maximum adsorption capacities (Q,

ferent feedstocks

max:

) of GW biochar for Cs, Cu, Ni, and Pb versus other biochars from dif-

Metal Biochar feedstock Temperature (°C)/ Concentration Contact time (h) Adsorption capac- Ref.
Residence time (h) range (mg L) ity (mg g7

Pb>* Fallen leaves 450/1 0-1000 2 37.40 [47]

Pb** Fallen leaves + Fe solution 450/1 0-1000 2 44.62 [471

Pb>* Fallen leaves of Platanus sp. 500/4 2.3-300 24 83.30 [16]

Pb>* Tire rubber ash 500/2 100400 1,5 22.40 [48]

Pb>* Corn straw 500/2 5-50 1 28.99 [49]

Pb>* Canola straw 500/2 50-200 24 58.00 [50]

Pb>* Garden waste 500/2 10-300 24 459 This study
Cu®* Corn straw 600/2 20-250 24 12.52 [51]

Cu** Hardwood 450/< 1 20-250 24 6.79 [48]

Cu** Tire rubber ash 500/2 50-200 2 34.40 [48]

Cu** Almond shell 650/n. s 50-200 0.5-4 20.00 [12]

Cu** Algae sp. 600/0.5 5-400 12 14.83 [11]

Cu** Cedarwood 700/1 20-5000 24 28.65 [14]

Cu?* Farmyard manure 450/1 20-5000 24 35.84 [14]

Cu** Rice straw 600/n. s 30-150 24 19.57 [52]

Cu** Pulp mill sludge 600/n. s 30-150 24 39.37 [52]

Cu*t Garden waste 50072 10-300 24 252 This study
Ni%* Lotus stalks 400/1 20-80 48 29.90 [53]

NiZt Pulp mill sludge 600/n. s 30-150 24 58.48 [52]

Ni** Rice straw 600/n. s 30-150 24 54.95 [52]

NiZ+ Garden waste 50072 10-300 24 12.4 This study
Cst Mesquite wood 900/3 20-2000 24 32.2 [9]

Cst Mesquite wood +food waste 900/3 20-2000 24 41.0 [9]

Cst Corn cobs 460/2 13-800 24 2.75 [8]

Cst Walnut shell 500/2 13-800 24 6.26 [8]

Cs*t Japanese oak 600-800/n.s 1-33 24 2.26 [54]

Cs* Garden waste 50072 13-400 24 20.5 This study

High adsorption capacities are sometimes only achieved
by using very high initial metal concentrations (e.g. 2 or
5¢g L~!: Table 4), which are rarely found in contaminated
environments. The efficiency of these sorbents is typically
substantially reduced at lower metal concentrations.

Impact of biochar characteristics on Cs, Cu, Ni,
and Pb removal

Recently, several mechanisms have been postulated for the
removal of heavy metals by biochar-based adsorbents (see
e.g., review by Ambaye et al. [44]). Our data indicates that
the removal of Cs, Cu, Ni, and Pb by GW biochar is con-
trolled by multiple mechanisms whereby the characteristics
(physical and structural properties) of prepared biochar play
an essential role.

Oxygen-containing functional moieties

The types and content of oxygen functional moieties on bio-
char surfaces obtained by analysis of the O 1 sand C 1 s
XPS high-resolution spectra (Fig. 2b and c) points to their
important role in metal bonding. The association of Cs* ions
with the carboxyl functional moiety (—C—O-Cs) deproto-
nated under the given experimental conditions, is mainly
assumed. There is also the potential for additional stabiliz-
ing coordination to the electron pair donors or association
in a cavity that contains several neutral oxygen functional
moieties existing on the surface of biochar. For divalent
cations, we anticipated simultaneous association of the two
carboxylate anions with Me** ions or further stabilizing
interactions with the electron pairs of oxygen functional
moieties [4]. This was supported by FTIR analysis (Fig. 3).
After Cu?*, Ni**, and Pb** adsorption the peaks of carbon-
ylic and carboxylic moieties at 1693 cm~! weakened and
shifted to higher wavenumbers (1698 cm™!) confirming the
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involvement of carboxylate anion in the bonding of metal
cations. Similarly, Wang et al. [55] describe the role of
O-containing moieties of walnut shell biochar in coordina-
tion with Pb>* due to the surface complexation with —COOH
and —OH groups. After Cs™ adsorption, the peaks of car-
bonylic and carboxylic groups (1684 cm™!) shift to higher
wavenumbers (1694 cm™?).

Aromatic biochar carbon

The presence of polycondensed aromatic structures in bio-
chars produced at higher pyrolysis temperatures (our GW
biochar at 500 °C) enables the existence of electron-donor
acceptor (EDA) interactions and the ability of aromatic ring
to engage in adsorption processes. The slight shifts from
875 cm™! to 869 cm™! (Fig. 3) and changes in peak inten-
sities (out-of-plane bending vibrations of aromatic C—H
bond) may be ascribed to the interactions between Cu?*,
Ni?*, and Pb>* ions as m-acceptors and polycondensed aro-
matic structures of GW biochar as n-donor [56]. Moreover,
the aromatic (C=C) bands at 1573 cm™! changed after both
Cs™ and Me*" sorption confirming the role of Me™-n EDA
interactions in Cs* adsorption and Me?"-1 EDA interactions
in Cu*, Ni** and Pb** ions adsorption (Fig. 3). Khandaker
et al. [57] confirmed that beside O-functional moieties,
Cs™-r interaction among the aromatic n-system in the acti-
vated wood carbon samples and Cs in aqueous solution are
involved in Cs uptake.

Mineral constituents of the biochar

The slow pyrolysis at 500 °C results to the generation of
pyrolysis product that contains a variety of inorganic ele-
ments (see EDX elemental mapping on Fig. 1b which are
frequently found in the form of carbonates, oxides, and
phosphates. As reported, sylvite (KC1), calcite (CaCOs),
hydroxyapatite (Ca;(PO,);(OH), amorphous silica, and
quartz (SiO,) represent the most abundant minerals in bio-
chars [58]. Those minerals might act as additional sites
for studied metals on the biochars because of their strong
adsorption affinity for Cu®* [59], Ni** [60], and Pb>" ions
[61, 62]. Variations in peak intensities at 1401 cm™! (carbon-
ate groups) and 1027 cm™! (P-O bond of phosphates) after
adsorption of Cu and Cd suggested precipitation between
Cu** and Pb*" ions and CO,>~ or PO,*~ (Fig. 3), and peaks
appearing at 710 cm™' are likely due to the formation of
copper and lead precipitates. Zhang et al. [63] confirmed
that Cd precipitated as CdCO;, Cd;(PO,),, and Cd;P, on
the surface of water hyacinth-derived biochar. After Cs
adsorption, significant changes were observed in the region
of bandwidths 1200 to 1100 cm™! (1(Si-O) of associated
clay minerals) also indicating the participation of biochar
mineral fraction on Cs sequestration. Palansooriya et al. [9]

@ Springer

confirmed that crystalline mineral phases of biochar (cal-
cite, quartz, aragonite, coeruleolactite, Ca(OH),, and CaO)
facilitated Cs adsorption. It is therefore clear that inorganic
particles (Fig. 1b) present on the surface or trapped in the
porous structure of GW biochar contribute to metal ions
adsorption. We propose the involvement of several mecha-
nisms in the removal of Cs, Cu, Ni, and Pb related to the
mineral constituents of the biochar: (i) ion exchange of bio-
char-associated mineral ions (K*, Na*, Ca®* or Mg?") with
Cs™ and Me*™; (ii) electrostatic attraction among negatively
charged minerals and metal ions; (iii) internal complexation
and co-precipitation metal ions with biochar mineral oxides,
and (iv) co-precipitation of Cs*, Cu®*, Ni**, and Pb** ions
with SO,?~, OH™, CO,>~, SiO,* or PO,*~ anions released
from the minerals in biochar.

From the available measurements (FTIR, XPS, and
SEM-EDX), we concluded that both the mineral and carbon
fractions of GW biochar contribute to the adsorption of Cu,
Ni, and Pb. In addition, except outer biochar surfaces, Cs,
Cu, Ni, and Pb can be adsorbed to the pores, slits, and fis-
sures and pores which constitute the complex biochar inner
microstructure (Fig. la, b) and physisorption (porosity of
biochar) as further removal mechanism of metal ions cannot
be ignored.

However, it must be stressed here that a number of
synthetic and modified adsorbents with superior selectiv-
ity and excellent adsorptive capacities have been studied
for the removal of Cs [6], and other toxic metals. Large-
scale applications utilizing such materials, however, can be
restricted by their poor availability and comparatively high
price. We, therefore, suggest that the first option could be
readily obtainable sorbents for Cs and toxic metals with ade-
quate adsorptive capacity, such as biochar, which could be
employed in the form of reactive filters and barriers to avoid
dispersion of the contamination. The use of biochar in the
in situ decontamination of metals and radionuclides might
be a more viable approach than the application of the more
costly activated carbon. Nevertheless, more investigation is
required to optimize the application of GW in large-scale
remediation and post-treatment stabilization of biochar after
the clean-up operation.

Conclusions

Garden waste was thermochemically converted into bio-
char material, characterized using SEM-EDX, XPS, and
FT-IR analyses and used for Cs, Cu, Ni, and Pb removal
from aqueous solutions. Adsorption of Ni and Pb by GW
biochar provided Langmuir-type isotherm, whereas the
Freundlich isotherm was well fitted to Cs and Cu adsorp-
tion data. The biochars capacity (Langmuir Q,,,.) to adsorb
metal ions was 20.5 (Cs), 25.2 (Cu), 12.4 (Ni), and 45.9
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(Pb) mg g~! and indicated well performance for a range of
pH values (3.0-6.0). EDX elemental mapping and FT-IR
analysis confirmed the impact of biochar characteristics on
Cs, Cu, Ni, and Pb removal. The adsorption proceeds via the
formation of complexes between O-containing functional
moieties, Me*-r and Me2*-x EDA interactions with the bio-
char electron-deficient aromatic structures, and interactions
between the mineral components of biochar and metals. In
conclusion, the fast adsorption kinetics and adequate adsorp-
tion capacity for the tested metal ions indicate the suitability
of employing biochar from garden residues as an alternate
sorbent for large volumes of wastewater polluted with heavy
metals and radionuclides.
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