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Abstract: Two laboratory tests were carried out to verify the suitability of an Italian commercial
biochar as an adsorbing material. The chosen contaminant, considered dissolved in groundwater,
was As. The circular economic concept demands the use of such waste material. Its use has been
studied in recent years on several contaminants. The possibility of using an efficient material at
low cost could help the use of low-impact technologies like permeable reactive barriers (PRBs). A
numerical model was used to derive the kinetic constant for two of the most used isotherms. The
results are aligned with others derived from the literature, but they also indicate that the use of a
large amount of biochar does not improve the efficiency of the removal. The particular origin of the
biochar, together with its grain size, causes a decrease in contact time required for the adsorption.
Furthermore, it is possible that a strong local decrease in the hydraulic conductibility does not allow
for a correct dispersion of the flow, thereby limiting its efficiency.

Keywords: arsenic; biochar; breakthrough curve analysis; continuous-flow systems; contaminated
groundwater; numerical model

1. Introduction

Aquifers are the largest freshwater reservoir in the world, accounting for over 97% of
all freshwater on Earth [1]. For many years, groundwater has been contaminated by an
increasing number of chemicals produced by human activities such as agriculture, indus-
trial procedures, and waste disposal [2]. Many solutes introduced into the hydrological
environment are reported as contaminants, whose concentrations reach levels that are
considered harmful [3].

Several aquifers (first and/or second aquifer) from which drinking water is drawn are
contaminated by arsenic worldwide [4–9]. Arsenic is a metalloid which can be found into
two different forms: amorphous yellow and crystalline gray/metallic [10].

Arsenic is a natural contaminant in the form of arsenates (As+5) and arsenites (As+3) [11].
Both forms are toxic, non-biodegradable, and can travel through the food chain [12]. Ar-
senite is more dangerous than arsenate, and can have serious carcinogenic effects. Long
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periods of exposure can lead to tumors of the skin or of internal organs such as the liver,
colon, or brain [13].

In order to prevent these effects, water is often treated to reduce the arsenic concentra-
tion to below the maximum admitted limit for drinking water, which has been set at below
10 µg/L by the World Health Organization (WHO) [14].

In the literature, different technologies for the removal of the As forms are reported [15–21].
The technologies are mainly based on oxidation/reduction [22], precipitation/dissolution [23],
ion exchange [24], adsorption/desorption [25], and membrane filtration (e.g., nanofiltra-
tion) [19]. Adsorption is the most used technology [26–28]. It is based on the capacity of
a surface (adsorbent) to retain molecules, atoms, or ions of substances in solid, liquid, or
gaseous states (adsorbate) [29,30].

In many studies, different adsorbents have been investigated for arsenic removal
from contaminated water, such as iron hydroxide [31], activated carbon [32], and active
alumina [33]. In Table 1, their concentration ranges and theoretical adsorption capacities
are shown.

Table 1. Adsorbent materials investigated for arsenic adsorption from contaminated water.

Adsorbent Media
As

Concentration
(µg/L)

pH (-) Average Size
(mm)

Specific
Surface (m2/g)

Adsorption
Capacity
(mg/g)

References

Alumina APS
Alumina AMESO

Alumina APS-TiO2
250 ◦C

Alumina APS-TiO2
450 ◦C

400–600 6.5–7.0

0.106
0.020
0.106
0.106

155
110
155
155

8.310–9.223
19.800

9.162–10.448
8.500

[34]

Granular ferric
hydroxides 20 7 ± 0.1

0.930
0.600
1.400

120–200
300
300

0.431
0.250
0.286

[35]

Magnetite
nanoparticles 10,000 6.0 9 × 10−6 n.r. 8.25 [36]

PAC-CeO2 330 7.8 n.r. 1050 ~12.000 [37]

GAC
GAC-Fe 100 6.0 300–600 × 10−3 1124

876
0.180–0.130
0.300–0.440 [38]

These adsorbents generally provide a high level of removal efficiency; however, they
are expensive and often require regeneration phases or final disposal. In this study, biochar
was utilized as an alternative adsorbent material to remove arsenic from contaminated
water [39].

Biochar is a vegetable carbon obtained from the pyrolysis of different types of veg-
etable biomass or green waste [40]. It is a low-density, carbonized material produced by
the combustion of biomass at low temperatures (between 450 ◦C and 550 ◦C) with mini-
mal oxygen content [41]. Initially associated with the issue of waste management [42,43],
interest in this material has grown enormously due to its ability to improve the physical,
chemical, biological, and mechanical characteristics of soil [44,45].

Furthermore, its application to soils is practiced in order to achieve two other objec-
tives: to increase soil fertility [46] and to contribute to the mitigation of climate change
through the reduction of CO2 and N2O emissions [47,48].

The production costs are negligible, the raw material is recovered at a minimal cost as
waste material [49,50], and the pyrolysis is almost completely self-powered by the syngas
produced by the same plant, ensuring minimum energy and economic consumption [51,52].
Thus, biochar may represent a sustainable material [53–55]. It can be used for various
purposes, such as remediation of contaminated sites [56] or water treatment as a low-cost
adsorbent [57].



Water 2021, 13, 915 3 of 12

This paper describes the results of an experimental and numerical study carried out to
evaluate the suitability of using virgin coniferous wood biochar as an adsorbent medium.
Two column tests were performed in continuous flow condition to investigate the capacity
of commercial biochar to adsorb dissolved arsenic from contaminated groundwater.

An implemented, one-dimensional numerical model was also used to simulate the
interaction between biochar and arsenic. The numerical model was conducted in order to
investigate the influence of different operative parameters, such as the flow and the arsenic
concentration in the contaminated water, on the effectiveness of the technology.

2. Materials and Methods
2.1. Materials Used for the Laboratory Tests

The laboratory tests were performed using a solution of arsenic and biochar mixed
with different percentages of quartz sand. The used biochar consisted of virgin woody
biomass (mainly pine wood) [58] derived from forest management activities (forestry) with
a predefined grain size obtained by mechanical treatment (chipping).

The material complies with quality classes A1/A2 of UNI EN ISO 17225-4:2014 and
the steps of the production process are described in a recently published paper [59]. The
producer company carried out the chemical–physical characterization of the raw material
in order to verify the necessary requirements for the request of the Italian certification as a
soil improver, according to the Italian Law n. 75/2010.

The grain size of the sand was estimated by laboratory measurements [60,61] and the
hydraulic conductivity was evaluated using the formula proposed by Hazen.

Table 2 reports the values of the measured chemical–physical parameters of the two
materials and the analytical methods or reference laws used for the characterization.

Table 2. Main physical and chemical properties of the biochar and the quartz sand.

Material Parameter Unit Value Method

Biochar

Apparent bulk density kg/L 0.142 UNI EN 13040:2008compacted in the laboratory

pH - 12.4 ± 0.46
UNI EN 13040:2008 + UNI EN

13037:2012

Electric conductibility mS/m 802 ± 13
UNI EN 13040:2008 + UNI EN

13038:2012
Humidity % m/m 5.3 ± 0.53 UNI EN 13040:2008

Ash content (550 ◦C) % m/m 31.26 ± 3.13 UNI EN 14775:2010
Particle-size fraction < 5 mm % m/m s.s. 100 ± 10 UNI EN 15428:2008
Particle-size fraction < 2 mm % m/m s.s. 97 ± 10 UNI EN 15428:2008

Particle-size fraction < 0.5 mm % m/m 70 ± 7 UNI EN 15428:2008

Quartz Sand

Dry density kg/L 2.65 UNI EN 13242
Medium grain size d50 µm 700 UNI EN 13242
Medium grain size d10 µm 450 UNI EN 13242
Medium grain size d60 µm 800 UNI EN 13242
Hydraulic conductivity m/s 3.0 × 10−3 -

The arsenic solution used for the tests was obtained from a stock solution contain-
ing 3.125 g/L of As(V). It was prepared by dissolving sodium arsenate heptahydrate
(Na2HAsO4·7H2O) [62], which has a solubility of 39 g/100 mL, into Milli-Q water at a
temperature (T) of 21 ± 0.1 ◦C.

Proper dilution of the stock solution in fresh water allowed us to obtain the required
arsenic concentration of 1 mg/L for the experimental tests. The arsenic solution was stored
at T = 4 ◦C before use.
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2.2. Experimental Apparatus and Test Procedure

The column tests were carried out using the experimental apparatus described in [63,64].
It was composed of a Pyrex glass column with an internal diameter of 8 cm and a length of
60 cm, a peristaltic pump, and a tank to stock the inflowing solution.

The column was filled with different elements, as shown in Figure 1a. The reactive
zone, composed of a biochar and sand mixture, was in the middle of the column, while a
filter zone was situated at either end of the column (one at the top and one at the bottom).
The filter zones were composed of two layers: glass beads and quartz sand. The bottom
filter was used to prevent the materials from escaping from the column outlet [65], and the
upper filter to assure the best distribution of the inlet solution.

Figure 1. (a) Identification of the layer thicknesses of the elements within the column; (b) arrangement
of the four column sample ports.

Two tests were carried out using different volume ratios of biochar and sand in the
reactive zone. In Test 1, a biochar–sand volume ratio of 7:100 was used, while in Test 2, a
ratio of 3:100 was used.

The column was equipped with sample ports positioned along the reactive zone and
at the outlet in order to monitor the process inside the column (Figure 1b).

The column tests were performed following the procedure described by the authors
of [66,67]. Firstly, the column was saturated with deionized water, then a solution contain-
ing 1 mg/L of As (at pH 7.5) was continuously fed into the top of the column through the
peristaltic pump with a constant flow rate equal to 5 mL/min.

During the tests, water samples were collected from the ports in order to monitor
the arsenic concentration along the column over time. The samples were filtered by 1 µm
and 0.45 µm syringe filters (25 mm FLL/MLL Acrylic Yellow and white membranes, GVS
Filter Technology, Morecambe, UK) [68] and analyzed for the residual As concentration in
the solution. The total arsenic concentration in the aqueous phases was determined using
mass spectrometry with an inductive plasma source (Perkin-Elmer® Model NexION 300x
ICP-MS, Waltham, MA, USA), whose detection limit was 1 µg/L.

The calibration curve was determined using Standard Methods 3125 [69] and total
arsenic solutions at four concentrations (0, 10, 50, and 100 µg/L As tot).
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2.3. Numerical Model

A numerical model was conducted in a MATLAB environment to reproduce the
laboratory tests. To simulate the solute transport through the saturated porous media, the
model utilizes the classical advection–dispersion equation (1):

∂C
∂t

+ ui
∂C
∂xi

=
∂C
∂xi

(Dij
∂C
∂xj

) (1)

where C is the solute concentration (M L−3), t is the time (T), xi are the axes (L), ui are
the components of velocity vector (L T−1), and Dij is the hydrodynamic dispersion tensor
(L2 T−1).

Equation (1) can be considered as one-dimensional because the length of the column
used for laboratory tests is much larger than its diameter, so the motion mainly occurs
along the x-axis. Furthermore, for the characteristics of the prepared filling material, the
sample can be considered homogeneous, so, porosity as well as hydrodynamic dispersion
are constant along the whole column.

The motion in the column was assured from a pump connected to the exit of the
column, in this way the seepage velocity (u) was calculated from Equation (2):

u =
Q

A × p
(2)

where Q is the solution flow rate (equal to 5 mL/min), A is the column section, and p is
the porosity.

The value of the hydraulic dispersion coefficient (that coincides with mechanical
dispersion) was calibrated, and the dispersivity value (D) was determined for the two tests
by means of (3):

D =
αLu2

|u| (3)

The estimated value of αL is 1.3 × 10−2 for Test 1 and 1.5 × 10−2 for Test 2. The
obtained values are in accordance with the values estimated using the relation proposed
by Pickens and Grisak [70].

In order to consider the affinity of the solute for adsorption onto solid particles of
biochar, the adsorption term is incorporated into the advection–dispersion Equation (1) [71]
as follows:

ρb
p

∂S
∂t

+
1
p

∂C
∂t

=
D
p

∂2C
∂x2 −

u
p

∂C
∂x

(4)

where S is the amount of solute absorbed on the biochar particles, p is the porosity, and ρb is
the bulk density (M L−3). In order to investigate the most suitable isotherm [72] to describe
the contaminant partition (adsorbed/dissolved), linear and Langmuir [73] isotherms were
implemented in the numerical model. The two isotherms are respectively expressed as:

S = KdC (Linear) (5)

S =
qmax KL C
1 + KL C

(Langmuir) (6)

where C is the concentration of As in solution (M L−3) at equilibrium, qmax is the maximum
As uptake per unit of adsorbent (M M−1), KL is the Langmuir equilibrium constant related
to the free energy of adsorption (L3 M−1), and Kd is the adsorbent coefficient (L3 M−1).

Equation (4) is numerically solved using the explicit finite difference technique pro-
posed by Karahan [74]. The technique is based on the Saulvey scheme [75] and it gives
highly accurate results even for high values of the Courant number.
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The one-dimensional simulation domain was divided into a regular grid with defined
spacing (Dz). As boundary conditions, the Dirichlet (top) and the Neumann (bottom)
conditions were used.

3. Results and Discussion

Experimental data collected during the two column tests were compared to investigate
the suitability of biochar to remove arsenic from water.

In this investigation, the influence of the biochar quantity on the removal process
(Figure 2) was considered.

Figure 2. Breakthrough curves for Test 1 (a) and Test 2 (b) with respective biochar–sand volume ratios of 7:100 and 3:100.

The pH and the redox potential (ORP, mV) are the most important factors for control-
ling the speciation of arsenic [76].

In fact, within the samples collected during all the tests, the pH and the ORP were
constant at 7.5 ± 0.2 and 800 ± 100 mV, respectively. Therefore, it is evident that arsenates
(HAsO4

2−) remained dominant [77].
Concerning this point, to our surprise, the breakthrough curves of the tests show

a higher adsorption of As in Test 2 (biochar–sand volume ratio of 3%) than in Test 1
(biochar–sand volume ratio of 7%).

This result is surely related to the extremely small biochar grain size leading to a
smaller porosity, and therefore a lower availability, of the active sites of the material.

This effect causes the generation of zones with lower permeability, which probably
reduces the overall surface of the biochar available to interact with the solute. In addition,
the higher effective velocity in Test 1 (due to the lower porosity) reduces the contact time
between the biochar and the dissolved arsenic.

The numerical model validates the results of the laboratory tests when comparing the
breakthrough experimental curves with the numerical ones (Figures 3 and 4). Linear and
Langmuir isotherms were implemented in the model in order to evaluate their ability to
reproduce the experimental data.

A preliminary calibration phase was carried out to estimate the values of the isotherm
coefficients by minimizing the mean square error (MSE) [78,79] between measured and
calculated data. MSE is described by the following equation (7):

MSE =
1
n

n

∑
i=1

[
ycal − yexp

]2
i (7)

where ycal is the calculated concentration by the numerical model, yexp is the measured
concentration, and n is the number of the experimental data point. Values of porosity
and bulk density were calculated using the volume of the column part filled with the
biochar–sand layer, and the masses and densities of the two materials. In addition, values
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of seepage velocity (u) were estimated for each test using the solution flow rate, the column
section, and the porosity.

The values of the parameters used for the simulation of the two column tests are
reported in Table 3.

Figure 3. Comparison between the experimental data and the numerical ones obtained using linear isotherm for Test 1 (a)
and Test 2 (b). The experimental and simulated data were normalized by the respective highest concentration value for
both columns.

Figure 4. Comparison between the experimental data and the numerical ones obtained using Langmuir isotherm for Test 1
(a) and Test 2 (b). The experimental and simulated data were normalized by the respective highest concentration value for
both columns.

Table 3. Values of the parameters used for the simulation of the two column tests.

Parameter Unit
Value

Test 1 Test 2

p - 0.25 0.30

Dz m 1.4 × 10−2 1.4 × 10−2

u m min−1 4.0 × 10−3 3.3 × 10−3

D m2 min−1 5 × 10−5 5 × 10−5

ρb g cm−3 1.6 1.6 g

qmax mg g−1 2.6 4.0

KL L mg−1 9 × 10−1 9 × 10−1

Kd L mg-1 1.6 1.8



Water 2021, 13, 915 8 of 12

The comparison between the MSE values calculated for each test (Figures 3 and 4)
demonstrate the similar suitability of both the linear and Langmuir isotherms for simulating
the experimental data.

The calibrated values of Langmuir isotherm parameters are comparable to the values
reported in the literature for biochars similar in terms of composition to the investigated
biochar (Table 4).

Table 4. Values of Langmuir isotherm parameters for different types of biochar reported in the literature.

Adsorbent Media
As Conc. Langmuir Isotherm

References
(mg L−1) qmax (mg/g) b (L/mg)

Biochar produced from municipal
solid wastes 5–400 18.06–24.49 7.2 × 10−2–7.8 × 10−2 [80]

Cattle bone char 0.10–1.00 0.399 1.04 × 10−3 [81]

Perilla leaf biochar 0.05–7.00 3.85–7.21 1.08 × 10−3–2.14 × 10−3 [82]

Peanut shell biochar 5.00 7.94 2.17 × 10−3 [83]

Virgin coniferous wood biochar 1.0 1.8 9 × 10−2 This study

Further numerical tests have been carried out with the aim of testing the sensitivity
of the model to a change in the inlet flow (for the residence time effects) and arsenic
concentration (for an evaluation of the adsorption effects).

The response of the linear isotherm is predictable, so only the Langmuir isotherm
results are reported in the paper. The results show the breakthrough curves of the column
(Figure 5).

Figure 5. The breakthrough curve obtained by numerical simulations increasing the As concentration (a) and the flow of
the inflowing solution (b).

It is possible to show, as expected, that when increasing the solute concentration,
the capacity of the column diminishes rapidly and the breakthrough of the column is
reached more quickly. The same considerations can be derived from the analysis of the
data collected with the flow enhancement. The column is not long enough to hold the
entire volume of the contaminant.

4. Conclusions

Adsorption of arsenic using a virgin coniferous wood biochar in a fixed bed column
was investigated in two ways. Firstly, by preliminary laboratory tests, and secondly by
using a numerical model for the calibration of the kinetic parameters and for a short
sensitivity analysis.

The column tests measured As removal from contaminated aqueous solutions with a
C0 of 1 mg/L by varying the weight and volume ratio of the biochar in the column system.
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The results show that in this case, both the isotherms can be used to describe the
behavior of the biochar as an adsorbent of As in dissolved form.

We should note that the extremely small dimension of the material means that the use
of large amounts may be unsuitable because zones of low permeability create sub-optimal
conditions for contact between the dissolved substance and the active site of the biochar,
reducing removal efficiency. It is therefore advisable to conduct lab-scale investigations
into the optimal ratio between the filling and adsorbent materials. For this, numerical
modeling can contribute to the design aspects.

Virgin coniferous wood biochar is a promising material for use as an adsorbent
medium for removing contaminants from groundwater. It is low-cost, and may also
contribute to a circular economy due to the fact that is it a waste material

Starting from these preliminary results, further experiments will be conducted. The
results could be useful in implementing the large-scale use of biochar in water treatment
or as a remediation technology, i.e., as an adsorbent media of a permeable reactive barrier
(PRB), for heavy metal removal from contaminated groundwater.
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