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Abstract: The BIOTON® biochar, produced by a wood biomass pyrolysis process, usually applied
as a soil amendment, was investigated for a novel application, i.e. the adsorption of lead from
contaminated solutions. The experimental activity firstly included the physical-chemical
characterization of BIOTON®; SEM images were also obtained to highlight its internal structure.
The adsorption process was investigated through batch and column experiments. Adsorption
kinetics showed a very rapid achievement of the equilibrium conditions, i.e. at 2h and 4h for 50
mg/L and 100 mg/L initial Pb concentration, respectively. Complete removal also occurred within
the same time.
The Brunauer-Emmett-Teller model better fitted the equilibrium data for both Pb concentrations,
whereas the kinetics were best represented by the pseudo second order model.
The column tests showed that the addition of biochar as adsorbent media within the bed
significantly extended the time of breakthrough and exhaustion, with respect to the column filled
with soil only. The adsorption capacities of BIOTON® versus lead solutions was found to be
comparable to that reported for commercial adsorbents. Therefore, BIOTON® can be considered a
valid option, with the additional benefit to reduce the environmental impact since allows to recover
a residue which alternately would need to be disposed of.
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1. Introduction

Biochar obtained from the pyrolysis of woody biomass can be used for a number of purposes,
among which as soil amendment [1-4] and low cost adsorbent [5-10]. As far as the former
application is concerned, biochar has demonstrated to be able to improve soil properties [11-17] as
well as to reduce contaminant leaching [18-23]. As adsorbent, it represents a more economically and
environmentally sustainable alternative to commercial media because its use allows to avoid
industrial activities for adsorbent production as well as to reuse a waste that alternatively would
need to be disposed of.

As adsorbent, biochar can be applied to water and wastewater treatment, for a wide range of
pollutants such as lead arsenic, copper, cadmium, chromium, mercury, zinc and nickel [10,24-26].

Lead is in the list of dangerous substances as indicated by the ATSDR [27]. Due to the
associated risks, Italian legislation requires Pb concentration to be below 10 ug/L in groundwater
(Italian decree n. 152/06) and 0.2 mg/L in the streams released into surface waters [28].

High levels of heavy metals, and particularly of Pb, in soil and water occur worldwide in many
countries. Several are the sources of this contamination, such as the improper application of
industrial processes or the deposition of old lead-containing fuels on soil. Due to the harmful
consequences on human health, it is mandatory to avoid lead-contaminated soils and waters to enter
in the food chain.

Several technologies have been developed to intercept lead and prevent it from spreading into
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the environment. For instance, there are some substances, such as biochar, which can be applied to
contaminated soils to reduce metals mobilization. Indeed, heavy metals become bound to carbonates
and organic matter after biochar incorporation, which enhances the adsorption process due to
metals building bonds with oxygen, carbon and nitrogen containing functional groups [21,29,30]. In
addition, the high pH, CEC, microporous structure and excess of soluble salts on the biochar surface
increase the heavy metal immobilization through precipitation and surface adsorption [21,31,32].

Biochar is a substance that derives from the pyrolysis of selected plant biomass [33,34].
Currently, it is mainly used as a soil improver; however, its adsorbent properties suggest to use it
also for metal sequestering, thus reducing its mobility and danger. For instance, it has been
demonstrated that by applying biochar on soil, pH can be effectively modified and metal
solubilization be prevented [35-37].

Biochar has been investigated also as adsorbent for remediating water contaminated by heavy
metals [5,7,10,38-43]. Quality and properties of biochar depend on many factors [23]; it is essential to
identify characteristics of this adsorbent to predict its effectiveness towards the target contaminant.

Many biochars have a high adsorption capacity for metal contaminants because of the high
heterogeneous specific surface [44] and the well-distributed pore network that includes micropores
(<2 nm), mesopores (2- 50 nm) and macropores (> 50 nm) [45].

In the present study, a biochar produced in Italy as a soil improver was investigated for a
different application, i.e. adsorption of lead from aqueous solution. Kinetics and uptake capacity
were evaluated through batch tests, using two contaminated solutions, at 50 and 100 mg/L Pb,
respectively. Furthermore, column tests were conducted and breakthrough curves determined using
lab-scale plants filled with the same biochar and fed by a solution at 100 mg/L Pb.

It is noteworthy that this is the first application of the examined biochar as adsorbent,

particularly in a column plant, for lead removal from aqueous solution.
2. Materials and Methods

2.1. Biochar

BIOTON®, supplied by the LATERIZI REATO s.r.l.,, was the biochar used in the present
experimentation; it is produced by a wood biomass pyrolysis process, at a temperature below 750
°C, in a controlled atmosphere with low oxygen content. Due to process issues, semi-decorticated
and large-sized wood are used, in particular poplar, oak, robinia, platanus, willow, apple and pear
wood; not resinous like fir, larch, pine or conifers can be used. The biochar has a capacity of
imbibition above 250% by volume, a specific weight ranging from 0.125 to 0.150, evaluated on the
anhydrous product after the production process with a humidity less than 7%.

The Company who provided the biochar developed the technology for the extraction of syngas
from biomass: this consists of an open-core downdraft pyrolyser with continuous feeding

equicurrent, without water scrubber and with a high temperature filtration and separation system.

2.2 Analytical methods

Lead concentrations were determined wusing a Perkin Elmer atomic absorption
spectrophotometer with flame atomization (F-AAS) (Perkin-Elmer model 3030B), whose detection
limit was 0.1 mg/L. The calibration curve was determined using standard solutions at 2 mg/L and 4
mg/L Pb [46].


http://dx.doi.org/10.20944/preprints201810.0730.v1
http://dx.doi.org/10.3390/su10124440

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2018 d0i:10.20944/preprints201810.0730.v1

3of17

The biochar was chemically and physically characterized using the procedures described in the
literature [47-49]. Particularly, the following parameters were determined on representative samples
of biochar: bulk density, field capacity, porosity, moisture content, ash content, pH and pH point of
zero charge. Biochar samples were also analysed using a HR FESEM Zeiss Auriga (SEM; Rome,
Italy) at 3000x magnification and 10kV acceleration voltages, to provide the elemental analysis of the

surface (EDX) and to obtain a qualitative indication of the major components present in the material.

2.3 Chemical solutions

Lead solutions were prepared by adding a known amount of lead nitrate salt (supplied by
Carlo Erba) into ultrapure water in order to have final concentrations of 50 and 100 mg/L.

All reagents were of analytical grade and used without further purification.

2.4. Batch tests

Batch experiments were carried out using the jar-tester apparatus to determine the kinetic
characteristics and the isotherms of the adsorption process of lead onto the BIOTON® biochar. The
experiments were conducted at 50 and 100 mg/L of lead as initial concentrations. These values were
selected being very high and far above the limits posed by the Italian legislation (10 pg/L for
groundwater and 0.2 mg/L for release into surface waters), in order to test the adsorption capacity of
the media under severe conditions, as also reported by other studies [40]. In the batch tests, 1.25 of
biochar were added to 250 mL of Pb-contaminated solution, and maintained under mixing
conditions for 6 h, at 120 rpm constant stirring speed, taking samples at different times: particularly
at 5, 15, 30, 45 and 60 min in the first hour, and afterwards at 1 hour interval time until the end of the
tests.

Through the above batch tests it was possible to determine the equilibrium time of the
adsorption process. The kinetics data were analyzed using the following models: zero, first, second,
saturation, pseudo-first and pseudo-second order. The best fitting model between the experimental
and the modelled data was determined based on the value of the regression coefficient, R

Further batch tests were conducted with the aim to obtain the isotherms. To this purpose,
different adsorbents dosages of BIOTON® were added to 250 mL solution (at 50 and 100 mg/L Pb
concentration) and maintained under mixing conditions for a duration equal to the equilibrium time
previously determined.

At the end of the tests, liquid samples were collected and analysed for the residual Pb
concentration in the solution. The equilibrium data were fitted by the Langmuir, Freundlich and BET
isotherms models [50-52]. The best fitting model was determined based on the value of R2.

Lead percentage removal (R%), lead adsorbed per unit weight of adsorbent at time t (qt) and at
the equilibrium time (qe), were calculated using the following equations (1, 2 and 3, respectively),

obtained through the mass balance of lead between the liquid and the solid phases [53]:

R% = 2= 10094 )
0
Co—Cp)V
qe = @)
Co—Ce)V
qe = ©
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where V is the volume of the aqueous solution, m is the mass of BIOTON®, Co (equal to 50 and
100 mg/L Pb, respectively), Ctand C. indicate lead concentration in the liquid phase at time t=0, t and
at equilibrium, respectively. Batch experiments were conducted in duplicate and the results

obtained averaged.

2.5. Column tests

Biochar characteristics as adsorbent medium in a column plant were investigated using a
lab-scale apparatus. These tests were performed following the procedures outlined in a previous
paper by the same authors [54].

Laboratory columns were 18 cm high and 1 cm diameter.

The columns were filled by alternating layers of sand, biochar and soil. Particularly, a
previously sterilized quartz sand was placed on the bottom; a layer of BIOTON® (mass of 0.5 g) was
posed above, followed on the top by 1 g of agricultural soil (made by 29% clay, 28% silt, 43% sand
and 2% organic matter, by weight).

Particle sizes smaller than 2 mm were chosen for biochar and sand, in order to limit by-pass
phenomena along the column walls [55,56]. One more column, filled by soil only, was operated
under the same conditions as a control.

The lead contaminated solution, at a concentration Co=100 mg/L, was continuously fed to the
top of the columns through peristaltic pumps, at 60 mL/h flow rate. This high concentration for lead
was chosen to test the biochar adsorbent characteristics under severe conditions and to obtain a
rapid development of the breakthrough curve.

Volumes of eluate were collected from the bottom of the columns at prefixed times and
analyzed for the residual Pb concentration. Breakthrough curves were determined by recording Pb
concentration in the eluate versus cumulative solution volumes fed to the columns. These curves
allowed to determine the breakpoint and saturation times, which represent the time when the Pb
concentration in the eluate, C, starts to rise above 0 and when reaches the value in the influent, i.e.
Co, respectively. The experimental data of the column tests were fitted using Yoon-Nelson [57],
Thomas [58] and Bohart-Adams [59] models [60,61].

3. Results
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3.1. Biochar characterization

Initial characterization of BIOTON® provided the main physical and chemical properties as
listed in Table 1. In brackets are reported the references of the analytical method or the type of

analytical equipment used for the characterization.

Table 1. Main physical and chemical properties of BIOTON® (% on dry weight).

Physical and chemical Symbol Unit Values Methods and instruments
properties
Bulk density Ys g/cmd 1.98 [47,48]
Specific weight Yd g/cmd 0.235 [47,48]
Field capacity We ginl100 g 650 [47,48]
Porosity N % 88.14 [47,48]
Carbon C % 89.25 Zeiss Auriga
Oxygen O % 7.46 Zeiss Auriga
Potassium K % 1.22 Zeiss Auriga
Calcium Ca % 1.01 Zeiss Auriga
Magnesium Mg 0.37 Zeiss Auriga
Silicon Si 0.26 Zeiss Auriga
Sodium Na 0.20 Zeiss Auriga
Moisture content W % 29.11 [47,48]
Ash content cc % 60.91 [47,48]
Potential of Hydrogen pH - 10.4 [47,48]
Point of zero charge pHrzc - 10.5 [62]

Values of Table 1 of elemental analysis were obtained by the technical sheet of biochar, while
the other parameters were determined experimentally. Carbon and oxygen contents were similar to
those reported by [49] and [14], for pyrolysis of different feedstocks conducted at 700°C and 600°C,
respectively. The ash content, found to be about 60%, was probably due to the high pyrolysis
temperature (700°C). In a recent study, it was observed an ash content of about 40% at a pyrolysis
temperature of 500 °C [63]. In the same paper, the value reported for pHrzc is equal to that found in
the present study, i.e. 10.5.

The Scanning Electron Microscope (SEM) images of the surface of BIOTON® are shown in
Figure 1, at various magnifications: (A) 79 X; (B) 2.50 KX; (C) 2.00 KX; (D) 100.00 KX.
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Figure 1. Scanning Electron Microscope (SEM) images of the surface and image and colour coded
SEM/EDX dot maps of BIOTON®.

Particularly, (A) highlights the particle size, (B) the differents feedstocks used for biochar
production, (C) the trasversal cut cross-section and (D) the internal pores. Figure 1 shows also, below
the SEM images, the elemental maps of Carbon, Oxygen, Potassium, Calcium, Silicon, Magnesium
and Sodium, whose % content is reported in Table 1: amber colour is used for carbon, aquamarine
for oxygen, magenta for potassium, dark violet for calcium, green yellow for silicon, red for
magnesium and green for sodium.
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3.2. Batch tests

Figure 2 shows lead percentage removal versus time in the batch tests conducted at
concentrations of 50 mg/L and 100 mg/L Pb. The removal shows a common profile at these
concentrations: a rapid rate occurring in the first hour, which is followed by a much slower phase
that reaches equilibria in about 2h and 4h at 50 and 100 mg/L, respectively. Negligible variations are
observed afterwards. This result is consistent with the scientific literature: in [64], it is reported a
similar profile of adsorption of Pb at the same initial concentration onto biochar from pyrolysis of
pig and cow manure at 400°C and 600°C, although at a slower rate (equilibria is reached after 5h).
Another study [65] indicates equilibrium times after about 4h and 30 min for the adsorption of 50
mg/L Pb onto biochar made by a mixture of wood chips, green waste, rice hull, corn cob, nut shells
and husks, cotton gin trash and pomace. Therefore, different feedstocks for biochar production give
rise to change in the equilibrium time of the adsorption process of lead on this adsorbent.

The first removal phase can be attributed to a rapid occupation of the more easily accessible
external surface sorption sites, while the slower phase can be related to the formation of inner layer
complexes after saturation of outer sorption sites [64].

The linearized form of the equation of different kinetic models was used to find out the best
fitting of the experimental data. The pseudo-second order model provided the best agreement for
both Pb concentrations (higher R? value) [53]. Figure 3 shows the experimental and the modelled
data in terms of t/q: versus t. Through the slope and intercept of the regression line, it was possible to
determine the values of the pseudo second-order rate constant, ks, and of the amount of Pb adsorbed
at equilibrium per unit weight of BIOTON®, q¢, which are shown in Table 2. The same table reports
also the value of geex which represents the value of q experimentally calculated at t=300 min,
assumed to be the equilibrium time. It can be noted that the experimental and the modelled data do
not differ appreciably at both 50 mg/L and 100 mg/L Pb.

Table 2. Pseudo second order kinetic model and adsorption BET isotherm parameters.

Pseudo-second order kinetic model BET isotherm
CO qe,exp qe ks RZ qmax CBET RZ
(mg/L) (mg/g) (mg/g) (g/min) -  (mg/g) (L/mg) -
50 9.95 9.74 0.0049 0.9730 22.00 2530403.46 0.6952

100 20.30 20.08 0.0141 0.9993 168.98 373280.22 0.9981

Pseudo-second-order equation assumes that the rate of occupation of adsorption sites is
proportional to the square of the number of unoccupied activated sites on the surface of the
adsorbent [53].

It can be noted that the specific adsorption capacity, qe, increases more than double as the Pb
concentration rises from 50 to 100 mg/L.

Equilibrium data were best fitted by the BET isotherm model for both contaminated solutions
(higher R?). BET isotherm represents an extension of the Langmuir model to the case of
multimolecular adsorption [66]. This is generally applied to the case of physical adsorption, with the

formation of several layers of adsorbate on the surface of the adsorbent [51].
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Table 2 shows the values of the BET parameters, i.e. Cser which is a constant linked to the
energy of interaction between solute and adsorbent, Cs representing the solute saturation
concentration, and gmax which indicates the amount of adsorbate per unit mass of adsorbent at
equilibrium, corresponding to a complete monomolecular layer of adsorbate on the surface of the

adsorbent. Figure 4 shows the plots of Ce/qe(Cs-Ce) versus Ce/Cs, at both Pb concentrations.
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Figure 3. Experimental data and modelling by the linearized pseudo-second order kinetic equation
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Figure 4. Isotherm experimental data and modelling by the linearized BET equation.

Table 2 highlights the good agreement of the model with the experimental data obtained at 100
mg/L Pb. By contrast, the BET fitting was not as good for the solution at 50 mg/L; however, BET
model still provided a better fitting than Langmuir and Freundlich isotherms (R? = 0.4501 and R? =
0.2780, respectively).

In terms of implementation at full-scale, adsorbent with the highest value of the maximum
adsorption capacity, qmax, is the most desirable. The values found in the present study for BIOTON®
are within the ranges reported by the literature [7,38] for different biochars and Pb removal from
water [7,67-72]. [73], applying hydrochar produced from peanut hull to initial Pb concentration of 50
mg/L, found a value of the maximum lead sorption capacity very similar to that of the present study
(i.e., 22.82 mg/g and 22.00 mg/g, respectively). By contrast, using biochar derived from anaerobically
digested sugarcane bagasse and an initial Pb concentration of 100 mg/L, it was found a lower value,
i.e., 135.48 mg/g with respect to 168.98 mg/g, found in this work [67]. The differences are likely due
to the change in the operating conditions of the process (pyrolysis versus hydrothermal
carbonization) which are known to affect the porosity and microstructure of the adsorbents [73].

The ability of BBOTON® to remove lead as a function of the adsorbent mass is shown in Figure
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Figure 5. Percentage of lead removal in both contaminated solutions versus different BIOTON® dosage.

Figure 5 shows that removal percentage increases rapidly rising the dosage: R%=100% is
reached for 0.5 g/L and 1 g/L BIOTON®), at 50 mg/L and 100 mg/L Pb concentrations, respectively.
Above this dosage, further increases do not determine any appreciable improvement of R%.

With respect to the existing Italian legislation (which sets Pb maximum allowable concentration
for release into surface waters at 0.2 mg/L, respectively), these results indicate that a dosage of 1 g/L

of BIOTON® would be able to reduce contamination below this limit at both initial concentrations of

lead of 50 and 100 mg/L.

3.3. Column tests
Figure 6 shows the breakthrough curves obtained through the column tests. They are plotted e
in terms of the percentage of Pb concentration in the eluate with respect to the feeding concentration,

C/Co, versus time of operation of the column plant filled with soil only and soil and BIOTON®,

respectively.

The Figure 6 shows also two horizontal lines drawn at C/Co=5% and C/Co=95%, assumed to
represent the breakthrough and the exhaustion conditions, respectively.

The breakthrough curves obtained for soil and soil and biochar have approximately the same
shape: a rapid increase of C/Co after breakthrough, followed by a trend at a much slower rate

towards the exhaustion.
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Figure 6. Breakthrough curves for adsorption of Pb onto soil and soil and BIOTON®.

It is noteworthy that, although the same shape, in the column filled with soil only breakthrough
is reached more rapidly (about 2h versus 10h). Therefore, the presence of BIOTON® enhanced
significantly adsorption capacity of the column plant.

None reference could be found in the specialized literature on the application of biochar as
adsorbent media in a column plant for lead removal from water. Therefore, these data could not be
evaluated in comparison with other experimental studies.

By integrating the breakthrough curve between t=0 and t=50 h (end of the column tests), it was
possible to determine the experimental value of the adsorption capacity, which resulted to be
qexp=177.80 mg/g for the column filled with soil and BIOTON®. This value takes into account the
capacity of both media, which contributed for 67.07 mg/g and for 110.73 mg/g for soil and
BIOTON®, respectively.

Among the three mathematical models applied, the Thomas model showed to better describe
the experimental breakthrough curves [58] (R2=0.76) as compared to Yoon—-Nelson (R2=0.60) [57] and
Bohart-Adams (R2=0.61) [59]. The Thomas rate constant (kru) and the adsorption capacity (q0) were
obtained from the linearized form of the model equation, by plotting In(Co/C-1) versus t (not here
shown) e determining the intercept and the slope of the regression line. The values found were: ktu
=4.10x10-5 mL/min-mg and qo=270.57 mg/g.

This value is much higher than gex: the difference indicates that the media did not reach the
exhaustion condition at the end of the tests, i.e. at t=50h, and therefore it still possessed adsorption
sites to be occupied by the adsorbate. It is worth noting that in continuous flow column plant it is
expected an adsorption capacity higher than that measured under batch conditions due to the higher
driving force of the process.

Furthermore, very similar values to qo are found in the specialized literature for the maximum

adsorption capacity of Pb by column plants filled with adsorbents other than biochar [7,67-72].
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4. Discussion

BIOTON® biochar produced from various wood biomasses through a pyrolysis process
showed to be highly efficient as adsorbent for lead contaminated solutions at 50 mg/L and 100 mg/L.

The BET isotherm provided the best agreement of the experimental data of equilibrium, with
the BET constants and the maximum adsorption capacity equal to: Cser=2530403.46 L/mg and
gmax=22.00 mg/g at 50 mg/L Pb; Cser=373280.22 L/mg and qmax=168.98 mg/g at 100 mg/L Pb.

The better kinetic model was found to be the pseudo-second order at both concentrations, with
ks=0.0049 g/min and ks=0.141 g/min, respectively.

The column tests showed a significant extension of the breakthrough and exhaustion times in
the plant filled with soil and biochar with respect to the plant filled with soil only. The Thomas
model provided the best agreement of the experimental data, with the constant kru =4.10x10-5
mL/min'mg. The maximum adsorption capacity predicted by the model was found to be qo=270.57
mg/g, which is similar to the values of commercial adsorbent in column plants reported by the
literature for the adsorption of lead.

These results highlight that the use of BIOTON® as an adsorbent represents a valid option:
beside the high adsorption efficiency, its use could also lead to a reduction of the vegetable waste to
be disposed of and contribute to the virtuous cycle of waste recovery and reuse.

Further studies should be conducted to obtain a deeper characterization of BIOTON®
properties; besides, it should be evaluated the adsorption capacity in the presence of

multicontaminants solutions as occurring in many real cases.
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