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Abstract: This paper presents the methodology for the preparation of hydrochar obtained from
waste materials of natural origin and investigates its applicability for removing mercury ions from
aqueous systems. The sorption properties of the obtained hydrochar were investigated in a batch
and in a flow-through column system. The hydrochar material was obtained from apple pomace,
which was hydrothermally carbonized in 230 ◦C for 5 h in a hydrothermal reactor. The hydrochar
formed in the process was thermally activated with an inert gas flow—CO2. Obtained materials were
characterised with XRD, FTIR-ATR, SEM-EDS and nitrogen sorption (BET) analyses, which confirmed
the obtaining of a highly porous carbon material with a specific surface area of 145.72 m2/g and an
average pore diameter of 1.93 nm. The obtained hydrochar was analysed for sorption of mercury
ions from aqueous solutions. Equilibrium isotherms (Langmuir, Freundlich, Dubinin–Radushkevich,
Temkin, Hill, Redlich-Peterson, Sips and Toth) and kinetic models (pseudo-first order, pseudo-second
order, Elovich and intraparticle diffusion) were determined. The sorption process of mercury on
the obtained material is best described using the Freundlich isotherm and a pseudo-second-order
kinetic model. This indicates that the process is chemical in nature The sorption of mercury ions
from an aqueous solution with a concentration of C0 = 100 mg Hg/dm3 has been also carried out
in a flow-through column system. The data obtained from adsorption were fitted to mathematical
dynamic models (Bohart–Adams, Thomas, Yoon–Nelson, Clark, BDST and Yan) to illustrate the bed
breakthrough curves and to determine the characteristic column parameters. The Yan model has the
best fit across the study area, although the Thomas model better predicts the maximum capacity of
the bed, which is qmax = 111.5 mg/g.

Keywords: mercury; hydrochar; sorption; column sorption system; waste materials

1. Introduction

Mercury (Hg) is a chemical element that belongs to the transition metal group. It is the
only element that occurs in the liquid state under normal conditions. Initially, this element,
due to the lack of knowledge of its toxicity, was used as an ingredient in many products,
e.g., cosmetics, paints, and medicines [1–3]. Despite its many beneficial properties, it has
one major drawback which is its toxicity, which makes it impossible to use it in everyday
life. Since the 1970s, the recorded production of mercury has been reduced by almost an
order of magnitude to reach approximately 2000 t in the year 2000 [4]. The event that
triggered the introduction of all restrictions on emissions of mercury compounds into the
aquatic ecosystem, air and soil was the poisoning of the population of Minamata in Japan
in the 1950s [5]. The poisoning was caused by the consumption of fish, which accumulated
a particularly dangerous form of mercury—methylmercury—through environmental pol-
lution caused by industrial waste. Exposure to mercury was considered as a major public
health problem by the World Health Organization in 2007 and was updated in 2021, which
means that is still relevant [6,7]. The speciation of mercury in the environment results in
its global dissemination, which involves alternate reactions of oxidation and reduction [8].
The main sources of toxic mercury emissions to the environment are considered to be
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solid fuel combustion, coal mining and traditional mining. Hg is taken up by roots from
contaminated soils and then is transferred to the stem and leaves, finally entering into the
food chain, resulting in potential health and ecological risks [9]. Therefore, it is necessary to
carry out research aimed at reducing mercury emissions to the environment and to develop
methods for its effective removal.

The adsorption process is one of the most important, facile, convenient, and practical
technologies among the methods to remove Hg from wastewater and flue gas [10]. Several
carbonaceous adsorbents, such as biochar, activated carbon, and graphene oxide [11],
as well as banana peels [12], egg-shells nanoparticles [13], magnetite (Fe3O4) [14] and
molybdenum disulphide (MoS2) [15] have been used for the efficient removal of Hg.

Hydrochar, due to its highly developed porous internal structure and the presence of
numerous functional groups due to the activation process, is a good candidate for usage as a
sorption material. Hydrochar is obtained in the hydrothermal carbonization process, which
is based on the conversion of biomass into solid carbon. Hydrochar has been successfully
produced from pinewood [16], rice husk [17], pig manure [18] and food wastes (egg-shell,
fish residue, breadcrumb, cooked rice) [19].

This work presents a method for obtaining hydrochar from waste materials of natural
origin and the potential use of this material for the elimination of mercury ions from
aqueous solutions. Determination of sorption parameters in a batch and flow-through
fixed-bed column system is also presented.

2. Materials and Methods
2.1. Materials

The hydrochar was obtained from the pomace formed during the pressing of apple
juice on a slow-speed juicer. Mercury(II) chloride solutions HgCl2 (Sigma-Aldrich, ≥99.5%)
were used as a source of mercury ions. Deionized water was used in the study.

2.2. Methods
2.2.1. Preparation of Hydrochar

The apple pomace produced by squeezing the juice in a slow-speed juicer was dried
for 24 h at 105 ◦C. The dried apple pomace was ground. To obtain hydrochar, 40 g of
ground pomace and 350 cm3 of deionized water were placed in a hydrothermal reactor. The
carbonization process was carried out at 230 ◦C for 5 h at a fixed pressure of 27.5 bar. After
the process, the obtained material was filtered and dried at 80 ◦C for 12 h. The obtained
hydrochar was subjected to thermal activation at 800 ◦C for 3 h at an inert gas flow rate of
5 dm3 CO2/min.

2.2.2. Spectrophotometric Determination of Mercury Concentration

Mercury ions’ concentrations were determined by a spectrophotometric method using
the standard curve technique. For this purpose, an appropriate amount of 100 mg/dm3

mercury standard solution was added to 10 cm3 volumetric flasks so that the mercury con-
centrations in the flasks were respectively: 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, 4.0, 4.5 and 5.0 mg/dm3.
Then, 5 cm3 of 0.6 mol/dm3 SDS solution, 1 cm3 of 1 mol/dm3 H2SO4 solution and 2 cm3

of 0.01 mol/dm3 dithizone solution (in ethanol) were added to the flasks. Then, all of them
were topped up with deionized water to the calibration line and mixed thoroughly. The
solutions thus prepared were examined on a spectrophotometer at 490 nm, and a prepared
blank containing deionized water instead of mercury solution was used as a reference
solution. A calibration curve was plotted over the given concentration range (R2 = 0.9982).

2.2.3. Instrumental Analysis

The concentration of mercury was determined spectrophotometrically using a RayLeigh
UV-1800. The analysis of the concentrations of Hg ions before and after the sorption process
allowed for determining the sorption efficiency and equilibrium sorption capacity of the
obtained materials. The surface structure of the materials obtained has been analysed using
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an SEM technique with EDS analyser (Vegall-TescanCompany). Phase composition of the
materials was determined by X-ray diffraction (XRD) analysis in the range 10–60◦ 2θ (Philips
X’Pert camera with monochromator PW 1752/00 CuKα). The Fourier Transform Infrared
Radiation with Attenuated Total Reflectance (FTIR-ATR) method allowed the detection of
functional groups present in the obtained sorption materials. Measurements were carried out
in the range 4000–400 cm−1 (IRSpirit Shimadzu). Specific surface area, pore size, shape and
pore size distribution were determined by low-temperature nitrogen vapor sorption using the
BET technique (Micromeritics ASAP2010).

Kinetics models and adsorption isotherm models in batch and flow systems were
fitted to experimental data of the Hg(II) adsorption process using Matlab R2015a.

2.2.4. Sorption in Batch System

For the obtained hydrochar, the sorption parameters were studied by a batch process.
The process was carried out in room temperature with 50 mg of solid material and 20 cm3 of
mercury solution. To determine equilibrium parameters, the sorption process was carried
out with solutions of 50, 75 and 100 mg Hg/dm3 for 60 min, while to determine kinetic
parameters, the sorption process was carried out with a solution of 100 mg Hg/dm3 for
2, 5, 10, 15, 20, 30 and 60 min. After the set time, the suspensions were filtered and the
mercury concentration in the filtrates was analysed. All tests were performed in triplicate.
In order to determine the model best describing the sorption equilibrium, the coefficients
of determination—R2 and the root mean square error—RMSE were compared. The model
with the R2 value closest to 1 and the smallest RMSE error was referred to as the model
with the best fit.

Sorption Equilibrium

Based on the results obtained, the sorption capacities after time t (qt) and in equilibrium
(qe) were determined according to the following formulas:

qt =
(C0 − Ct)

m
·V (1)

qe =
(C0 − Ce)

m
·V (2)

qt—sorption capacity in time “t”
[

mg
g

]
,

qe—equilibrium sorption capacity
[

mg
g

]
,

C0—initial mercury concentration
[

mg
dm3

]
,

Ct—mercury concentration in time “t”
[

mg
dm3

]
,

Ce—mercury concentration in equilibrium
[

mg
dm3

]
,

V—solution volume [dm3],
m—the mass of the bed used in the sorption process [g].

Nonlinear equilibrium models of Langmuir, Freundlich, Dubinin–Radushkevich,
Temkin, Hill, Redlich–Peterson, Sips and Toth were determined.

• Langmuir isotherm model

Originally, the isotherm was developed for gas-solid phase adsorption on activated
carbon. The model is used to describe chemical adsorption that results in the formation of
a monomolecular sorbent layer. The Langmuir isotherm is considered the basic adsorption
equation, which is treated as the starting equation for other isotherm models [20];

• Freundlich isotherm model
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This is the earliest known relationship that describes non-ideal and reversible adsorp-
tion. It applies to multilayer physical adsorption, which occurs on microporous materials
with heterogeneous surfaces [21];

• Dubinin–Radushkevich isotherm model

The basic assumption of the Dubinin–Radushkevich isotherm is the occurrence of
multilayer adsorption, which involves van der Waals forces and is applicable to the physical
adsorption process [22];

• Temkin isotherm model

Temkin’s isotherm is described by a two-parameter equation of monolayer adsorption
on a heterogeneous surface. The model assumes that the adsorption energy decreases lin-
early with increasing sorbent surface coverage due to adsorbent–adsorbate interactions [23];

• Hill isotherm model

Hill’s isotherm analysis is about the explanation of different bindings on homogeneous
layers. The model assumes that the adsorption process is cooperative, and that the binding
capacity of ligands at a macromolecule site can affect different binding sites on the same
molecule [24];

• Redlich–Peterson isotherm model

The model consists of three Langmuir and Freundlich isotherm parameters. The
adsorption mechanism is hybrid and deviates from ideal monolayer adsorption. The
isotherm equation is valid for both homogeneous and heterogeneous systems analysis [25];

• Sips isotherm model

This isotherm model is used to describe a single-layer adsorption process. It is suitable
for analysing adsorption on inhomogeneous surfaces [26];

• Toth isotherm model

The Toth isotherm model is one of the modifications of the Langmuir isotherm model.
The main purpose of the modification is to reduce the error between the experimental
data and the predicted value. The isotherm can be used when analysing heterogeneous
adsorption systems [27].

The equations and parameters for these models are shown in Table 1.

Table 1. Equations and parameters of isotherm models.

Model Nonlinear Equation Abbreviations

Langmuir q =
qmax·KL·C
1 + KL·C

q—equilibrium sorption capacity [mg/g]
qmax—maximum sorption capacity [mg/g]

KL—Langmuir constant [dm3/mg]
C—concentration of adsorbate at equilibrium [mg/dm3]

Freundlich q = KF·C1/n KF—Freundlich constant [dm3/g]
n—adsorption intensity constant

Dubinin–Radushkevich q = qs· exp
(
−KDRε2) KDR—Dubinin–Radushkevich constant [mol2/kJ2]

qs—isotherm saturation capacity [mg/g]
ε—Polanyi potential [J/mol]

Temkin q =
RT
bT

ln(ATC) AT , BT—Temkin constants [dm3/mg]

Hill q =
qHCnH

KH + CnH

KH—Hill constant [mg/dm3]
nH—Hill cooperativity coefficient of the binding interaction

qH—Hill sorption capacity [mg/g]
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Table 1. Cont.

Model Nonlinear Equation Abbreviations

Redlich–Peterson q =
KR·C

1 + aR·Cg

KR—Redlich − Peterson constant [dm3/g]
aR—constant [dm3/mg]

g—Redlich Peterson exponent

Sips q =
Ks·Cβs

1 + as·Cβs

KS—Sips constant [dm3/g]
aS—Sips constant [dm3/mg]

βS—Sips exponent

Toth q =
KT ·C

(aT + C)
1
t

KT—Toth constant [mg/g]
aT—Toth constant [dm3/mg]
t—Toth heterogeneity factor

Sorption Kinetics

Based on the obtained results of sorption capacity over time (qt), nonlinear kinetic
models of pseudo-first-order, pseudo-second-order, Elovich and intramolecular diffusion
were determined.

• Pseudo-first-order model

This model describes adsorption in solid–liquid systems based on the sorption capacity
of the sorbent. It assumes that one ion is adsorbed on one independent adsorption site
on the sorbent surface. It takes the form of first-order irreversible reaction kinetics, while
assuming adsorption as a reversible and equilibrium process [28];

• Pseudo-second-order model

This model describes chemisorption from aqueous solutions. It describes systems
where, during the adsorption process, there is a linear relationship between the decrease in
the number of available adsorption sites and the decrease in the concentration of adsorbate
molecules. It takes the form of second-order irreversible kinetics [29];

• Elovich model

The Elovich model is based on a theory concerning the activation energy of sorption,
which it increases as sorption progresses, so that the rate of sorption decreases exponen-
tially [30];

• Intraparticle diffusion model

When analysing the adsorption process, the rate-limiting step can be related to in-
tramolecular diffusion. The model is used to identify the diffusion mechanism that occurs.
The process of intramolecular diffusion refers to molecules diffusing from solution to the
solid phase and describes adsorption on porous adsorbents [31].

The equations and parameters for these models are shown in Table 2.

Table 2. Equations and parameters of kinetic models.

Model Equation Abbreviations

Pseudo-first order dqt

dt
= kI(q − qt)

qt—sorption capacity in time t [mg/g]
t—time of sorption [min]

q—equilibrium sorption capacity [mg/g]
kI—adsorption rate constant of the pseudo − first order model [min−1]

Pseudo-second order
dqt

dt
= kI I(q − qt)

2 kII—adsorption rate constant of the pseudo − sec ond order model [g/(mg·min)]

Elovich dqt

dt
= α· exp(−βqt)

α—initial adsorption rate [mg/(g·min)]
β—adsorption rate constant [mg/g]

Intraparticle diffusion
(Weber–Morris) qt = kID(t)0.5 + I

kID—intraparticle diffusion constant [min−1]
I—coefficient related to mass transfer through boundary layers [mg/g]

The greater the I constant, the greater the boundary layer effect.
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2.2.5. Sorption in Flow-Through Column System

Adsorption of mercury from aqueous solution was studied in a flow column system.
Measurements were performed in room temperature in a three-column system with a
diameter of d = 0.6 cm and a height of H = 1.2 cm (three replications of the test system). A
vacuum pump was connected at the bottom to maintain a constant volumetric flow rate in
the column system, while an aqueous mercury solution of 100 mg/dm3 was continuously
fed from the top. Samples of the post-sorption liquid were collected at the bottom of the
column at equal time intervals of 2 min and analysed for mercury ion concentration. The
total running time of the process was 120 min. A scheme of the column system used for
mercury sorption is shown in Figure 1.

Figure 1. Scheme of the column system used for mercury sorption on prepared hydrochar.

Modelling of Continuous Adsorption Process

Designing a fixed bed adsorption column is a complex process. However, a well-
developed mathematical model characterised by a high fit to real conditions can help
propose a suitable design for a large-scale adsorption column. The performance of an
adsorption column is most often represented as a breakthrough curve i.e., a plot of the
adsorbate concentration at the outlet of the column versus time. The breakthrough time and
the shape of the curve are important parameters explaining the behaviour of an adsorption
column. The breakthrough time is the time after which the output concentration of the
pollutant reaches the desired limit value. Most often, it is in the range of 1–5% of the
feed concentration. Then, as the process runs, the impurity concentration increases from
zero/low to a concentration equal to that of the feed. The key factors affecting breakthrough
time are column capacity and height, flow rate and feed concentration. These parameters
are helpful in determining the total capacity of the column (Maheshwari and Gupta, 2016).

In a flow column system, the following was determined:
Total bed capacity qtot :

qtot =
Q·A
1000

=
Q

1000

∫ t=ttot

t=0
C(t) dt (3)

where:

Q—volumetric flow rate
[

cm3

min

]
;

A—column cross-sectional area
[
cm2];

C(t)—mercury ion concentration after time t.

Bed capacity converted to 1 g of sorbent:

qeq =
qtot

m
(4)

where: m—sorbent mass [g]
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Total mass of ions adsorbed by the column:

mtot =
C0·Q·ttot

1000
(5)

where: C0—initial mercury solution concentration, ttot − total sorption time
Total percentage of metal ion removal:

Y =

(
qtot

mtot

)
·100% (6)

It was assumed that bed saturation occurs when the mercury ion concentration reaches
90% of the initial concentration value of C0.

The analysis of sorption kinetics in a flow column system was performed on the basis
of mathematical models in nonlinear form: Bohart–Adams, Thomas, Yoon–Nelson, Clark,
BDST (bed—depth service—time) and Yan. In order to determine the model that best
describes sorption on a solid bed in a column, the coefficients of determination—R2 and
the root mean square error—RMSE of the analysed models were compared. The model
with the R2 value closest to 1 and the smallest RMSE error was referred to as the model
with the best fit.

• Bohart–Adams model

The Bohart–Adams model is based on the theory of reactions occurring on the surface
of the sorbent, and it assumes that the rate of adsorption is directly proportional to the
capacity of the sorbent, and that equilibrium is not reached instantaneously. The dynamics
of this model is applicable to the analysis of the initial phase of the breakthrough curve,
when the adsorbent has the most active sites [32].

• Thomas model

The Thomas model is used to determine the adsorption capacity of the adsorbent and
to analyse bed breakthrough curves. An important assumption of this dynamics model
is that the process follows pseudo-second-order kinetics and the equilibrium follows the
Langmuir isotherm. The Thomas model describes an adsorption process in which all
external and internal diffusion resistances are disregarded [33].

• Yoon–Nelson model

This model is characterised by the simplicity of the equation notation compared to the
rest of the mathematical models analysed. The main assumption on which Yoon–Nelson is
based is that the rate of adsorption decrease for an adsorbate molecule is proportional to
the adsorption of the adsorbate and the breakthrough of the adsorbent bed [34].

• Clark model

The basic assumption of the Clark model is based on the fact that the sorption process
follows the equilibrium describing the Freundlich isotherm. For this model, the shape of
the mass exchange zone is constant, and all adsorbents are eliminated at the end of the
column [35].

• BDST model (bed—depth service—time)

The BDST model is used to describe the behaviour of a column with a constant bed
height. The equation of the exploitation time of the deposit depth allows for plotting the
graph of the dependence of the exploitation time—t as a function of C/C0, so that the values
of the dynamic parameters of the BDST model can be determined [36].

• Yan model

The Yan model was developed to minimize the errors resulting from the application of
the dynamics model described by Thomas. This is particularly important when analysing
higher and lower period breakthrough curves [37].



Processes 2022, 10, 2114 8 of 21

The equations and parameters for these models are shown in Table 3.

Table 3. Equations and parameters of dynamic models of the process of sorption of mercury ions on
the column.

Model Nonlinear Equation Abbreviations

Bohart–Adams
C
C0

=
exp(kBA·C0·t)

exp
(

kBA·qmax·
H
u

)
− 1 + exp(kBA·C0·t)

C—effluent adsorbent concentration [mg/dm3]

C0—influent adsorbent concentration [mg/dm3]
t—breakthrough time [min]

H—fixed bed depth [cm]
u—linear flow velocity [cm/min]

kBA—Bohart–Adams rate constant model [dm3/(min·mg)]
qmax—maximum adsorption capacity [mg/g]

Thomas
C
C0

=
1

1 + e

(( kTh
Q
)
·qmax ·m−C0·kTh ·t

) kTh—Thomas rate constant [dm3/(min·mg)]
m—quantity of the adsorbent [g]

Q—flow rate [dm3/min]

Yoon–Nelson
C
C0

=
ekYN ·(t−τ)

1 + ekYN ·(t−τ)

kYN—Yoon–Nelson rate constant [1/min]
τ—the time required for 50% adsorbate breakthrough [min]

Clark C
C0

=

(
1

1 + Ac·e−r·t

) 1
nF−1

AC—Clark constant [−]
r—Clark constant [1/min]

nF—Freundlich adsorption intensity constant [−]

BDST t =
(

N0·H
C0·u

)
− 1

C0·kBDST
· ln
(

C0
C

− 1
)

kBDST—BDST rate constant [dm3/(min·mg)]
N0—adsorption capacity [mg/dm3]

Yan
C
C0

= 1 − 1

1 +
(

C0·k·t
qmax·m

)aY aY—Yan empirical parameter

3. Results and Discussion
3.1. Characterisation of Obtained Hydrochar

No crystalline structures are present in carbon materials such as the obtained hy-
drochar, as confirmed by the results of XRD analysis shown in Figure 2A. Obtained material
exhibits signals at approximately 2θ = 23◦ and 43◦, which can be indexed as the (002) and
(10) graphite-type reflections, respectively [38,39]. Figure 2B shows the results of ATR-
FTIR analysis. For spectra shown, characteristic bands can be seen for both the obtained
hydrochar and the material after the sorption process. The most intense signals with a max-
imum at 1130 cm−1 come from C-O bonds in the alcohol, ester, phenolic and acid groups.
Bands around 2300 cm−1 can be attributed to stretching of nitrile groups. Those groups
originate from the naturally derived material from which the hydrochar was obtained. Sig-
nals at 750–870 cm−1 show the presence of aromatic rings in carbon structures, while bands
at 1560 cm−1 are characteristic of stretching vibrations of C = C bonds present in these
rings. In the sample after the sorption process, a broad signal at around 2600–3700 cm−1

with a maximum at 2915 cm−1 is visible, originating from stretching vibrations in O-H and
C-H bonds [40–43].

In addition, the point of zero charge (PZC) at room temperature was determined
for the obtained material using the pH drift method. The PZC point determined by this
method is 7.3, by which it can be concluded that neither positive nor negative charges
dominate the surface. This result is similar to the result of 7.6 obtained by Oumabady et al.
for hydrochar obtained from paper board mill sludge [44].

BET analysis showed that the resulting hydrochar has a specific surface area of
145.72 m2/g and an average pore diameter of 1.93 nm. The pore size distribution illustrated
in Figure 2D shows that the material is dominated by pores of less than 1 nm in size, so
we are dealing with a microporous material. The isothermal adsorption/desorption curve
on the hydrochar obtained from apple pomace is shown in Figure 2C and follows a type I
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isotherm, while the hysteresis loop corresponds to an H4 type loop. The type I isotherm is
used to describe adsorption on microporous materials. It is characterised by monolayer
adsorption and shows a fairly rapid increase with pressure and eventually approaches a
limit at sufficiently high pressure. The absorption limit depends on the available volume of
the micropores [45,46]. The H4 type hysteresis loop is common in micro- and mesoporous
adsorbents and in materials having narrow gap pores [43,47,48].

Figure 2. (A) XRD diagram of activated hydrochar; (B) ATR–FTIR of hydrochar before and after the
mercury sorption process; (C) low temperature nitrogen sorption/desorption isotherm; (D) pore
size distribution.

SEM microphotographs before (Figure 3A) and after the sorption process (Figure 3B)
show the highly porous structure of the obtained hydrochar, and confirm its stability
during the dynamic sorption process. SEM-EDS analysis of the elemental content of the
studied surface and near-surface layers of the obtained hydrochar (Figure 3C) showed
the presence of trace amounts of elements such as copper, iron, aluminium and silicon.
EDS analysis of the material after the sorption process (Figure 3D) showed the presence
of mercury and chlorine ions, which are components of the solution used in the sorption
process, confirming their sorption on the surface of the material used. The multi-element
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mapping performed for the hydrochar after the sorption process (Figure 3E) shows the
presence of mercury in the near-surface structures of the material, which also confirms its
sorption. The uniform blue coloration seen in the mapping showing the distribution of
mercury (Figure 3F) proves that sorption occurs uniformly over the entire surface of the
applied material.

Figure 3. SEM microphotographs: (A) obtained hydrochar, (B) hydrochar after mercury sorption,
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(C) results of EDS analysis of obtained hydrochar, (D) results of EDS analysis of hydrochar after
sorption, (E) mapping of hydrochar after the sorption process, (F) mapping of mercury in hydrochar
after sorption process.

3.2. Adsorption Isotherm Models

Figure 4 shows the dependence of the sorption capacity on the time of running the
sorption process in a batch system. The obtained results confirm that the equilibrium state
is reached after 20 min of running the process. Based on the results obtained, nonlinear
models of adsorption isotherms were determined. The adsorption isotherm models act as
mathematical correlations and play an important role in the model analysis, operational
design and practical application of adsorption systems [49]. In order to describe the
processes taking place in the solid-liquid system, it is necessary to take into account a
number of equilibrium isotherm models. Therefore, in this study it was decided to use
two- (Langmuir, Freundlich, Dubinin–Radushkevich, Temkin) and three-parameter (Hill,
Redlich-Peterson, Sips, Toth) models describing both chemical processes and those taking
into account physicochemical interactions. The models are shown in Figure 5, while the
determined parameters are listed in Table 4.

After analysing the values of the root mean squared error—RMSE and the coefficients
of determination—R2 located in Table 4, the best fit of the sorption isotherm model was
determined. The highest values of R2 = 0.9918, while the smallest values of RMSE = 1.535 are
characterised by the Freundlich, Sips and Toth isotherm models. The Freundlich isotherm
describes the process of multilayer sorption on heterogonic surfaces. The parameter n
determines the inhomogeneity of the surface and the exponential distribution of active
sites and their energies. The resulting value of n > 1 (n = 2.791) indicates a more convex
isotherm, which is favourable for typical adsorption processes. Moreover, the model
assumes that the process involves multilayer physical adsorption, which is reversible
and occurs on microporous materials [50]. The Sips isotherm is a combination of the
Langmuir and Freundlich isotherms. This model is suitable for predicting adsorption on
heterogeneous surfaces, bypassing the limitation of increasing adsorbate concentration that
is usually associated with the Freundlich model [51]. Toth’s model describes heterogeneous
adsorption systems well, for both low and high adsorbate concentrations. The parameter T
characterizes the heterogeneity of the adsorption system, and if it deviates from unity (1), as
in the case of this work (T = 1.558) then this indicates the heterogeneity of the system [52].

Figure 4. Plot of sorption capacity versus time for a 100 mg/dm3 mercury solution.
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Figure 5. Nonlinear isotherm models: (A) Langmuir, (B) Freundlich, (C) Dubinin–Radushkevich,
(D) Temkin, (E) Hill, (F) Redlich-Peterson, (G) Sips, (H) Toth.
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Table 4. Parameters of the determined nonlinear equilibrium models.

Model Parameters Result

Langmuir

qmax [mg/g] 44.93
KL [dm3/mg] 5.613

R2 0.9650
RMSE 3.165

Freundlich

KF [dm3/g] 40.32
n [−] 2.791

R2 0.9918
RMSE 1.535

Dubinin–Radushkevich

KDR [mol2/kJ2] 0.02627
qs [mg/g] 40.31

R2 0.8783
RMSE 4.901

Temkin

AT [dm3/mg] 60.52
bT [dm3/mg] 256.8

R2 0.9415
RMSE 3.398

Hill

KH [mg/dm3] 1518
nH [−] 0.3585

qSH [mg/g] 6.13 × 104

R2 0.9835
RMSE 2.171

Redlich-Peterson

KR [dm3/g] 3.31 × 106

aR [dm3/mg] 82090
G 0.6417
R2 0.9835

RMSE 2.171

Sips

KS [dm3/g] 40.32
as [dm3/mg] 6.15 × 10−13

βs [−] 0.3583
R2 0.9918

RMSE 1.535

Toth

KT [mg/g] 40.32
aT [dm3/mg] 1.13 × 10−11

t [−] 1.558
R2 0.9918

RMSE 1.535

The high values of the coefficients R2 = 0.9835, and at the same time the low error values
RMSE = 2.171 of the Hill and Redlich-Peterson models demonstrate also a good fit of these
theoretical models to experimental data. Hill’s model describes adsorption as a cooperative
phenomenon, where adsorbed molecules on the surface of an adsorbent interact with other
active sites in the same adsorbent. The Redlich-Peterson model combines assumptions
from Langmuir and Freundlich isotherms and assumes mixed adsorption mechanisms. The
Langmuir model also shows a good fit achieving a determination coefficient of R2 = 0.965.
It describes systems where monolayer adsorption occurs on a homogeneous surface with no
interaction between adsorbed ions. In addition, the theoretical value of qmax = 44.93 mg/g
determined from this model is close to the experimentally obtained values of 39.82 mg/g.

Mercury forms monovalent and divalent compounds with fluorine, chlorine, bromine,
iodine, and sulphur, among others [53]. In addition, mercury, like other metals, especially
heavy metals, in ionic form has a high affinity for complex or chelate groups (such as
carboxyl groups, hydroxyl groups, etc. located on the surface of hydrocarbons) present
in systems, binding to it in the form of complexes [54]. This property is widely used in
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sorbent modifications that are able to immobilise metal ions and enable the removal of these
species from aqueous media. When chemical bonds are formed, covalent coordination
bonds are formed between metal cations and groups immobilised on the surface of the
adsorbent, acting as Lewis bases. Lewis bases (e.g., N-, O-, S-, P-containing groups, etc.)
have nonbonding electrons that can be shared with, for example, metal cations by means of
a covalent bond, thus guaranteeing stable immobilisation of metal species on the adsorbent.
In the case of physical processes, the simple formation of multi-layered cations is unlikely
due to positive charge repulsion. Alternate formation of cation and anion layers seems more
reasonable. As the surface of a material becomes saturated with metal ions, it becomes
intensely positively charged and an electrostatic imbalance is created in the aqueous
environment. Consequently, the positively charged particles of the material begin to adsorb
superior anions from solution through physisorption and become negatively charge.

In the presented study, the high degree of fit between several theoretical models and
the obtained experimental data demonstrates the presence of combined mechanisms of
mercury adsorption on the obtained hydrochar and proves the high complexity of the
process. The possibility of multilayers in the sorption of heavy metal ions, e.g., Cu(II) and
Cd(II), was confirmed by Jorgetto et al. The authors noted that the transition points between
monolayer and multilayer occur at different initial concentrations of metal ions and depend
on additional factors, including the ratio of deposit to ion, ion concentration in solution,
and type of ion. This can be explained by fundamentals in the ionic radii of metals. As
the ionic radius increases, the ions are affected by greater steric hindrance and the surface
of the material will reach saturation of the monolayer at a lower concentration compared
to ions of smaller size. These effects will be balanced by the slower arrival of ions at the
active sites resulting from the larger volume and mass of the molecules [55]. Imla Syafiqah
and Yussof compared the degree of fit of experimental data to Langmuir and Freundlich
adsorption isotherm models in the removal of mercury ions from aqueous solution using
modified palm oil fuel ash. The authors confirmed that the Langmuir model based on
adsorbate monolayer is only beneficial for a homogeneous surface. The Freundlich model
suggests neither homogeneous energy sites nor limited levels of adsorption. This means
that the Freundlich model can describe the experimental data of adsorption isotherms
regardless of whether adsorption occurs on homogeneous or heterogeneous surfaces and
is not controlled by monolayer formation [56]. In addition, the results of Mapombere
et al. show that mercury adsorption on Pterocarpus Anglolensis is best described by the
Freundlich isotherm [57], and the n value (2.93) was close to that obtained in the study
presented in this paper. Mohammadnia et al. performed mercury sorption on thiolated
Fe3O4/graphene oxide nanoparticles. The sorption process was best described by the
Langmuir model (R2 = 0.995). The maximum theoretical sorption capacity determined
from the Langmuir model was 129.7 mg/g, which is higher than the values obtained
experimentally (95.3 mg/g). At the same time, the Freundlich model also had a high degree
of fit (R2 = 0.982), which confirms that the process of mercury sorption on carbon materials
is a complex process and occurs on the basis of mixed mechanisms [58].

3.3. Adsorption Kinetic Models

Figure 6 shows the nonlinear kinetic pseudo-first-order, pseudo-second-order, Elovich
and intraparticle diffusion models, while the calculated parameters of the kinetic models
are summarised in Table 5. As in the case of the equilibrium analysis, the model with the
R2 value closest to 1 and the smallest RMSE error was referred to as the best-fit model. In
addition, in order to better understand the mechanics of the process taking place, a linear
interpretation of the intramolecular diffusion model was plotted, as shown in Figure 6D.
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Figure 6. Kinetic nonlinear models: (A) pseudo-first-order; (B) pseudo-second-order; (C) Elovich;
(D) linear model of intramolecular diffusion.

Table 5. Parameters of the determined nonlinear kinetic models.

Model Parameters Results

Pseudo-first-order

qmax [mg/g] 38.11
kI [1/min] 0.5882

R2 0.9789
RMSE 2.105

Pseudo-second-order

qmax [mg/g] 40.40
kI I [g/(mg·min)] 0.0255

R2 0.9965
RMSE 0.8600

Elovich

α [mg/(g·min)] 5040
β [g/mg] 0.2697

R2 0.9911
RMSE 1.368

Intraparticle diffusion

kID [1/min] 0.1003
I [mg/g] 27.88

R2 0.9881
RMSE 1.583

Experimental data qmax [mg/g] 39.82

Based on the analysis of the kinetic parameters in Table 5, the best fit of the kinetic
model occurs for the pseudo-second-order model. This model has the highest value of
the coefficient of determination (R2 = 0.9965) and the smallest value of the root mean
square error (RMSE = 0.8600). In addition, the theoretically determined sorption capacity
of 40.40 mg/g is close to the experimentally obtained result of 39.82 mg/g. According
to the assumptions of this model, the process is chemical in nature. This is due to the
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presence of functional groups on the surface of the material derived from the organic matter
from which the analysed hydrochar was obtained. A high degree of fit is also shown by
the Elovich kinetic models (R2 = 0.9911) and the pseudo-first-order model (R2 = 0.9789);
however, the RMSE errors for these models are higher than for the pseudo-second-order
model. Nevertheless, this indicates that the process follows mixed mechanisms, among
which there is not one definitely dominant one.

The kinetics of adsorption can be limited by the different steps of adsorption, so the
linear kinetic model of intramolecular diffusion was used to identify this issue in more
depth. The linear form of the intramolecular diffusion model revealed that the adsorption
process occurs in three steps. The first step is related to diffusion at the interface, where
diffusion of the adsorbate to the outer layer of the adsorbent takes place. The second step
involves diffusion into the pores of the adsorbent, while the final step is the deposition of
the adsorbate inside the structure of the material [59]. None of the determined straight lines
aim to intersect the beginning of the coordinate system, which means that intramolecular
diffusion is not the only limiting step in the adsorption process and diffusion in the
boundary layer can also affect the adsorption process [60]. The slope of the first curve
is much higher than that of the second curve, indicating a higher rate of the boundary
diffusion step compared to intramolecular diffusion. The intramolecular diffusion step
needs considerably more time due to the very slow diffusion of adsorbates from the surface
layer into the micropores, which are less accessible adsorption sites. The almost zero slope
of the curve in the third stage indicates that the adsorption equilibrium state has been
reached [61,62].

Additionally the comparison to other hydrochars obtained by scientists have been
conducted, which is concluded in Table 6.

Table 6. Comparison to other hydrochars available in the literature.

Source
Material

Hydrothermal
Process Conditions

Maximum Adsorption
Capacity Authors

Apple pomace
High-pressure hydrothermal reactor,

230 ◦C, 5 h,
Solid:liquid ratio 1:8.75

39.8 mg/g for Hg2+ (batch) This paper

Rice straw Microwave assisted process, 160–200 ◦C, 40–70 min,
solid:liquid ratio 1:10

112.8 mg/g for Zn2+

144.9 mg/g for Cu2+

222.1 mg/g for Congo Red
174.0 mg/g for berberine hydrochloride

48.7 mg/g for 2-naphtol

[63]

Palm kernel shells
High-pressure hydrothermal reactor,

200 ◦C, 4 h,
solid:liquid ratio 1:5

13.2 mg/g for diclofenac [64]

Bamboo + PVA
Electric furnace,

200 ◦C, 24 h,
solid:liquid ratio 1:5

259.0 mg/g for Methylene blue [65]

Rice straw Tubular sealed reactor, 200 ◦C, 3 h,
solid:liquid ratio 1:3

6.7 mg/g for Pb2+

2.7 mg/g for Cu2+ [66]

Avocado seed Hydrion Scientific reactor, 250 ◦C, 12 h,
solid:liquid ratio 1.5:1

20.5 mg/g for Ni2+

49.7 mg/g for Pb2+

12.7 mg/g for Cu2+
[67]

Corn cob straw Hydrothermal reactor, 200 ◦C, 30 min,
solid:liquid ratio 1:6

207.6 mg/g to Zn2+

56.1 mg/g to Cu2+ [68]

3.4. Fixed-Bed Column Modelling

In order to test the applicability of the obtained material also in flow processes, a
continuous sorption process was carried out on a solid bed column. Figure 7 shows
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the plot of C/C0 versus the time of conducting sorption on the column illustrating the
sorption dynamics models on the obtained hydrochar. The parameters determined from
the equations of the sorption dynamics models are summarised in Table 7.

Figure 7. Graphical representation of models describing sorption of mercury on a hydrochar bed
column system: (A) Bohart–Adams; (B) Thomas; (C) Yoon–Nelson; (D) Clark; (E) BDST; (F) Yan.

The coefficients of determination shown in Table 7 indicate that the Yan model
(R2 = 0.9976) best describes the breakthrough curves of the mercury sorption process on
the hydrochar-filled column. In addition, this model has the smallest RMSE error (0.0165),
so that the predictions of the Yan model are closer to the experimental breakthrough curves
compared to the other models. This is particularly evident in the lower and upper ranges
of the breakthrough curves, where the predictions of the other analysed models deviated
from the experimental values, while the curve determined from the Yan model predicts the
realistically obtained values very well. In the case of maximum adsorption capacity, the
value determined from the Thomas model (qmax = 111.5 mg/g) was closer to the experimen-
tally obtained results (qmax = 116.9 mg/g), compared to that obtained from the Yan model
(qmax = 102.8 mg/g). This means that the Thomas model can be used to determine the
maximum capacity of the bed with high accuracy, while the Yan model better represents the
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course of the sorption process carried out. The results obtained in this work are consistent
with the data available in the literature.

Table 7. Parameters determined for mathematical models describing mercury sorption on a hydrochar
bed column.

Model Parameter Results

Bohart-Adams

kBA [dm3/(min·mg)] 0.6635
qmax [mg/g] 31.25

R2 0.9710
RMSE 0.0579

Thomas

kTH [dm3/(min·mg)] 0.6660
qmax [mg/g] 111.5

R2 0.9710
RMSE 0.0579

Yoon–Nelson

kYN [1/min] 0.0643
τ [min] 43.16

R2 0.9710
RMSE 0.0579

Clark

Ac [−] 89.08
r [1/min] 0.0814

R2 0.9569
RMSE 0.0705

BDST

kBDST [dm3/(min·mg)] 0.6636
N0 [mg/L] 111.9

R2 0.9710
RMSE 0.0579

Yan

aY [−] 2.647
qmax 102.8
R2 0.9976

RMSE 0.0165

Ghasemi et al. performed mercury adsorption on magnetised single-walled carbon
nanotubes (SWCNTs) functionalised with polydopamine. Studies of isotherms and adsorp-
tion kinetics showed that the mercury sorption process follows the Freundlich adsorption
isotherm and pseudo-second-order kinetic model. The Thomas model proved to predict
more accurate results for the maximum adsorption of mercury ions. Based on the high
coefficients of determination of R2 = 0.946–0.978 for the Thomas model and R2 = 0.955–0.990
for the Yan model, respectively, both models were found to have a good fit to mercury
sorption data on a fixed bed reactor [69]. Hadavifar et al. performed mercury sorption on
multi-walled carbon nanotubes functionalised with amine and thiol groups. The obtained
nonlinear regression correlation coefficients from the Yan model (R2 = 0.957–0.999) com-
pared to those obtained for the Thomas model (R2 = 0.978–0.996) are slightly higher, except
in two cases. As in the case of this work, the obtained data were slightly better fitted by the
Yan model than by the Thomas model; however, the differences between the experimental
adsorption capacity and the values predicted by the Thomas model are smaller than in the
case of the Yan model [70].

4. Conclusions

The main objective of this study was to identify the possibility of using hydrochar
obtained from waste of natural origin to eliminate mercury ions from aqueous systems
in a batch and flow-through column system. The obtained material was characterised by
ATR-FTIR, SEM-EDS, BET and XRD analyses, which confirmed the obtaining of a highly
porous carbon material with a specific surface area of 145.72 m2/g and an average pore
diameter of 1.93 nm. Equilibrium and kinetic sorption parameters were determined for
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the obtained hydrochar using the batch sorption method, and a flow sorption process was
carried out on a solid bed column system. The sorption process of mercury on the obtained
material is best described using the Freundlich isotherm and a pseudo-second-order kinetic
model. This allows us to conclude that the process is mainly chemical in nature; however,
the high coefficients of determination also obtained for several other isotherms (Sips, Toth,
Hill, Redlich–Peterson and Langmuir) and kinetic models (Elovich and pseudo-first-order)
suggest that the sorption process occurs according to combined mechanisms and shows a
high level of complexity. Dynamics determined from column tests showed that the Yan
model has the best fit across the study area, although it is the Thomas model that better
predicts the maximum capacity of the bed. It can be concluded that the hydrochar obtained
from apple pomace by hydrothermal carbonisation and then activated by physical method
fulfils its role as a sorbent of Hg2+ ions from aqueous solutions, so that it can be used
for their reduction or elimination in both batch and flow-through processes on a solid
bed column.
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