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Abstract

In the present study, we investigated the potential for enhancing the desorption of cobalt contamination in a sandy silty-
clay soil contaminated with Cobalt(II)-chloride-hexahydrate. In soils containing silt-clay fractions, effective remediation
is primarily prevented by strong surface binding and adsorption processes. Overcoming these limitations requires the
establishment of favourable conditions for desorption. In contrast to industrial practices, the potential for desorption
was investigated under gradually alkalinizing and reducing conditions. Based on the results, the decrease in the ORP of
the saturated system, together with the increase in pH, initiated cobalt desorption. Consequently, within the range above
a redox potential from o mV to -8o mV and above pH 7.8, the [Co(H,0)s]?* cobalt-complex initially formed. Further al-
kalinization and decreasing redox potential led to the precipitation of the remaining contaminant as Co(OH), cobalt
hydroxide. As a result of treatment, an average of 7.33 mg of cobalt was desorbed from the silty-clay surface within 29 days
from the initiation of the desorption treatment, corresponding to about 12% of the contaminant present in the system.
Furthermore, a lognormal distribution-based prediction function series (average R? = 0.941) was fitted to the obtained
concentration data. The results indicate, that the applied procedure is capable of desorbing approximately 15% of cobalt
contaminant, which presumably indicates the desorption capacity of the system. The applied method is widely accessi-
ble, cost-effective, and environmentally friendly which qualities that are essential for industrial application. The pro-
posed novel approach represents an efficient and effective complementary technique for the future remediation of cer-

tain heavy metal compounds.
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1. Introduction

Due to intensive industrial activities over the past dec-
ades, substantial amounts of toxic heavy metal deriva-
tives have accumulated in subsurface environments. Re-
mediation of these contaminants — particularly in soils
with high silt and clay content — remains a major chal-
lenge, as it is a costly and complex process for which no
widely accepted and effective treatment method currently
exists. One of the primary obstacles to successful reme-
diation is the strong adsorption of contaminants onto soil
surfaces, which continuously replenishes groundwater
pollution through back-diffusion processes. The present
study aims to explore strategies for mobilizing cobalt ad-
sorbed onto soil surfaces and to identify conditions that
can enhance the extent of its desorption.

The present research focuses on cobalt, an inorganic
heavy metal component that, owing to its unique proper-
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ties, has become an indispensable element in certain mod-
ern industrial applications. However, when released into
the environment at high concentrations, cobalt is highly
toxic to aquatic organisms and poses a significant risk to
human health. This study presents the results of a novel
remediation approach aimed at enhancing cobalt desorp-
tion in soil with high clay mineral content, in sandy silty-
clay soil. Our hypothesis is that the combined effect of the
alkalinizing compounds added to the assembled column
system and the reductive shift of the medium facilitates
the transformation of adsorbed cobalt. Initially, this leads
to the formation of complex species, which ultimately
precipitate from the system. Finally, this section provides
an overview of the major soil components, highlighting
their key sorption characteristics, and outlines the princi-
pal physicochemical properties of cobalt that are relevant
to its environmental behaviour.

1.1. Soil properties significant in term of adsorption

The key properties influencing the interactions be-
tween soil and any contaminant include soil pH, the na-
ture and quantity of soil colloids, organic matter content,
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as well as soil structure and permeability (Filep et al.,
2002). Additional studies have identified several other
critical parameters, such as cation exchange capacity
(CEC), redox potential, moisture content, and specific
surface area of the soil, all of which collectively affect
the potential for removing adsorbed contaminants.

Adsorption, as the phenomenon responsible for con-
taminant retention, primarily occurs on the surfaces of
clay minerals and at the edges of their crystal structures,
the latter of which are referred to as active sites. In addi-
tion to mineral components, soil constituents within the
colloidal size range, such as the humus fraction, Fe—Al-
Mn (oxy)hydroxides, and silicate clay minerals, play a
particularly important role in determining the soil sur-
face characteristics. Most clay minerals and oxides are
present in the colloidal fraction of the soil, which strong-
ly influences its physical and chemical properties. They
are critically involved in ion adsorption and ion ex-
change processes, as well as in the adsorption of organic
matter. The environmental significance of the soil or-
ganic components of the soil manifests in their sorption
capacity and, in the case of heavy metals, their chelation
ability (Ertli, 2005).

Soil colloids represent the most active and reactive
components of the soil, typically falling within the parti-
cle size range below 0.002 mm. Colloidal mineral parti-
cles, including oxides and clay minerals, together with
the humic substances adsorbed onto their surfaces, form
the so-called clay—humus complex. Soil colloids possess
a high specific surface area and are key determinants of
interfacial sorption phenomena. Mineral colloids in-
clude clay minerals, iron-manganese and aluminum hy-
droxides and oxyhydroxides, as well as colloidal-sized
mineral fragments (Schaetzl et al., 2015).

1.2. Characteristics of Cobalt

Cobalt is chemically less reactive, yet it exhibits mod-
erate solubility in both acidic and alkaline media, typi-
cally forming various complex compounds in which it
can occur in multiple oxidation states.

Cobalt is widely utilized in industrial applications due
to its unique properties. The element plays a critical role
in the production of specialized metal alloys, which ex-
hibit exceptional heat resistance and wear resistance.
These cobalt-based alloys are highly resistant to elevat-
ed temperatures and corrosion, making them ideal for
industrial applications under extreme conditions. In re-
cent years, the demand for cobalt has significantly in-
creased, primarily driven by its use in battery manufac-
turing, particularly as a cathode material in lithium-ion
batteries. In aqueous media, cobalt compounds often
display a reddish colouration and are commonly em-
ployed in inks, paints, and varnishes. Biologically, co-
balt is an essential trace element that cannot be synthe-
sized by the human body. However, high concentrations
of dissolved cobalt are toxic to aquatic organisms, and

certain cobalt compounds are classified as carcinogenic,
potentially causing skin cancer and cardiovascular is-
sues in humans. Environmental contamination by cobalt
is largely a consequence of mining and industrial usage,
posing risks to ecosystems, wildlife, and human health
(URL1).

2. Methods

The soil sample used in this study was collected from
Aszdd, Pest County, Hungary. To assess the desorption
potential, it was considered essential to perform a de-
tailed geotechnical characterization of the silty-clay soil.
The qualitative analysis of the soil sample was refined
through sieving and hydrometer methods, determination
of consistency limits, and laser particle size analysis.

Prior to the experiments, the soil sample was appro-
priately prepared: it was dried in an oven at 105°C until
constant mass, then crushed in a hammer mill to a parti-
cle size of 2 mm, followed by sieving to obtain a uni-
form fraction (Szasz and T6th, 2024).

Since the soil sample is dominated by silt- and clay-
sized particles, a hydrometer analysis was also per-
formed to accurately determine the particle size distribu-
tion of the finer fractions (Lopez et al., 2021). In addi-
tion, soil mechanical analyses and laser (HORIBA
LA-950) particle size distribution measurements were
also performed. Based on the combined evaluation of
these analyses was classified as a clayey-silt soil and
some of its key properties are presented in Table 1. This
sample was homogenized with quartz-sand in order to
obtain a deposit with more favourable vertical permea-
bility for the experiments, thereby cutting the sampling
time. The applied medium-grained quartz-sand mixed
into the clay—silt sample was not examined separately, as
due to its physical properties, it participates in the ad-
sorption process only to a negligible extent compared to
the silty-clay fraction. However, it should be noted that
the soil sample used is very close to the clay-silt or silt-
clay boundary.

Table 1. Soil mechanical qualification of sample

Ip(%) | Wp (%)
25.53 17.32

Sample ID
Asz

Qualification

silty-clay

Subsequently, the organic matter content as well as
the quantity and type of clay minerals were determined,
as these properties play a crucial role in adsorption pro-
cesses. The mineralogical composition of the soil was
determined by X-ray diffraction-XRD analysis (see Ta-
ble 2) which provides a detailed and accurate evaluation
of the soil’s mineral constituents (Adams, 2005; Zhou
et al., 2018). The chemical constituents of Asz soil-sam-
ple can be found in Table 3 and Table 4 (LOI index) by
XRF analysis.

5 g portion of the finely ground sample was dried in
an oven at 120°C for 2 hours to remove all free water
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Table 2. Primary mineralogical constituents of soil-sample
Mineralogical composition (Wt%)
Sample ID Quartz | Calcite | Illite | Muscovite | Albite | Smectite | Kaolinite | Dolomite | Orthoclase Cll(ll(};lte
Asz (silty-clay) | 43.9 214 | 83 7.3 6.0 3.9 3.7 1.8 24 1.3
Table 3. Chemical constituents of soil-sample
Sample ID S0, | ALO, [ Mgo | CaO | Na,0 | K,0 | FeO,
Asz (silty-clay) 46.2 10.1 23 18.7 0.4 1.8 3.7
Sample ID MnO TiO, P,0, S F LOI TOTAL
Asz (silty-clay) 0.1 0.6 0.1 0.1 <0.3 15.9 99.9

Table 4. LOI (Loss on Ignition) value of Asz soil-sample

Parameter Measured value
LOI (m/m%) 15.9

a) Hygroscopic and interlayer water (%) 7

b) Total organic content (%) 3

¢) Carbonate decomposition - CO, (%) 5.9

present in the soil sample. Elemental calibration was
performed under a vacuum of 1.2-1.5 Pa using a
RIGAKU Supermini 200 WDXRF spectrometer,
equipped with LiF200, PET, and XR25 analyzer crys-
tals. From the dried sample, 1.6—1.8 g was placed into a
pre-heated and pre-weighed porcelain boat. The pre-
pared specimen was then heated to 1050°C at a con-
trolled rate of 10°C per minute and maintained at this
temperature for 15 minutes.

2.1. Parameters affecting adsorption

Adsorption is influenced by a range of physicochemi-
cal and environmental parameters. Redox potential ex-
erts a pronounced effect on pollutant behaviour. Under
strongly reducing conditions (Eh<-100 mV), the mobil-
ity of specific cations may be substantially constrained,
thereby influencing their availability and transport. Time
constitutes an additional factor, as extended contact pe-
riods typically enhance the extent of adsorption, reflect-
ing the progressive nature of sorption equilibria.

Soil pH is equally critical in regulating adsorption
processes. Under acidic conditions, the affinity of soils
for cations declines, which can result in increased con-
centrations of toxic heavy metals and organic hydrocar-
bon contaminants in the pore moisture. Other soil prop-
erties, such as cation exchange capacity (CEC) and soil
organic matter (SOM), further modulate sorption behav-
iour. Although these factors are recognized as influen-
tial, their roles are not addressed in detail within the
scope of this study.

2.2. Sorption tests

In this study, a hypothetical contamination event was
modelled, simulating the infiltration of cobalt pollution

into the subsurface through column experiments. The
tests were conducted in triplicate, with the inclusion of a
control column. The sample holders were cylindrical,
made of clear, transparent glass, with identical dimen-
sions and geometry (24/20 mm diameter, 400 mm
height). Each column was equipped with a filter stone at
the bottom, and sampling was facilitated via a teflon-
lined tap.

Following the assembly of the column system, a con-
taminant stock solution was prepared by dissolving 2.8 g
of Cobalt-chloride-hexahydrate (CoClz-6H20) in 1000
ml of distilled water. The initial pH of the solution was
adjusted to 7.7 at a temperature of 29°C. After assem-
bling the column systems, each sample holder was filled
with a thoroughly homogenized mixture of 35 g of silty-
clay and 35 g of medium-grained quartz sand. From the
prepared contaminant solution, 20 ml was applied to
each of the three column samples and saturated using a
vacuum pump operating at 0.9 bar. The system was then
allowed to stand until adsorption equilibrium was estab-
lished. In total, approximately 56 mg of dissolved cobalt
contaminant was introduced into each column. After
every sampling event, 20 ml of distilled water was
pumped through the system to flush out any residual,
non-adsorbed contaminants within the columns. This
procedure ensured that subsequent desorption enhance-
ment was solely attributed to the applied reagents. Dur-
ing the first five days of the experiment, three sampling
events confirmed the establishment of adsorption equi-
librium. The cobalt concentration in the effluent solution
was determined to be 0.0 mg/1 for all columns, indicat-
ing that the introduced contaminant had been completely
retained within the system. Adsorption occurred pre-
dominantly on the silty-clay particles, as the relatively
large particle size of the quartz sand (0.3-0.63 mm) did
not facilitate significant adsorption.

Once the adsorption equilibrium was established, a
desorption-enhancing treatment was initiated using a
mixture of 30% sodium-bicarbonate, 10% monocalci-
um-phosphate, and 25% sodium aluminum-sulfate, with
the remaining volume comprised of cornstarch-equiva-
lent to household baking powder. The treatment solution
was prepared by mixing 2 g of the additive blend with 60
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Figure 1. pH-value changes
during the whole measurement
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ml of distilled water, which was then applied in equal
one-third portions to the three treated columns. The
same treatment was administered three times throughout
the entire experimental period (on days 5, 8, and 11). In
total, 6 g of the dissolved mixture was introduced into
the system to enhance cobalt desorption. The initial pH
of the treatment solution was pH 8,44. The control col-
umn received no treatment, serving as a baseline for the
untreated condition. Throughout the experiment, pH,
oxidation-reduction potential (ORP), and temperature
were continuously monitored to assess temporal chang-
es in the system.

3. Results

To enhance desorption, it was considered essential to
shift the established sorption equilibrium toward desorp-
tion, which requires modifying the system conditions. It
is important to note that, alongside the triplicate column
tests, a control column was also included. This control
column contained the same amount of soil and cobalt
contaminant concentration as the treated columns, la-
belled Co1-Co3. Thus, the control column appropriately
represented the scenario in which the system is left un-
disturbed, without any external intervention.

Following the initiation of the experimental series,
adsorption equilibrium was confirmed in each column
by three consecutive measurements over approximately
five days. During sampling, the cobalt concentration in
the effluent, as well as the pH, oxidation-reduction po-
tential (ORP), and temperature, were continuously re-
corded as a function of time. The results are illustrated in
the series of figures presented below (see Figures 1-4).

In Figure 4, the cobalt desorption curve is presented
as a function of time. Following the complete adsorption

of the total cobalt introduced into the system, the desorp-
tion-inducing treatment solution was applied, which was
added on the 5" day. Based on the measurement results,
approximately six days were required for desorption to
commence due to the combined effect of the additives
and the alkalinization of the medium. Consequently, a
gradual increase in cobalt concentration was observed in
the effluent samples.

During the desorption phase, an average cobalt con-
centration of approximately 413 mg/L was determined.
It should be noted that, from the onset of desorption,
only four sampling events could be performed, as clog-
ging within the columns-caused by the geometry of the
applied cylinders-prevented further sampling. As long as
effluent samples from the parallel control column con-
sistently exhibited a cobalt concentration of 0.0 mg/L
throughout the measurement series following adsorp-
tion.

In order to determine the amount of desorbed cobalt
contaminant, the obtained concentrations were plotted
as a function of the sampling volume, as presented in
Figure S.

The amount of desorbed contaminant at the desorp-
tion phase points shown in Figure 5 was determined us-
ing the trapezoidal method. The area under the desorp-
tion curve was treated as a surface integral, allowing the
desorption period to be divided into four segments. The
mass of the contaminant within each interval was then
calculated according to the following relationship. As-
suming f(x) as a continuous function over the interval
[a,b], the definite surface integral can be approximated
as follows (Equation 1):

a+b

b
ff(x)dx=—2 dv (1)
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Where:
a — Cobalt concentration of sample-a (mg/dm?),
b — Cobalt concentration of sample-b (mg/dm?),
dV — Amount of sampling (cm?).

In summary, the average concentrations determined
during successive sampling periods were multiplied by
the corresponding sampling volume, and the resulting
values were summed to obtain the area under the curve
for the desorption phase, which corresponds to the total
mass of cobalt contaminant desorbed from the system.
The amount of cobalt released from the system is pre-
sented in Figure 6 and Table 5. It must be emphasized,
however, that due to colmatation in the sample holders,
calculations regarding the initial amount of desorbed

contaminant could only be performed based on the first
four points of the desorption curve.

The determined cobalt mass at the points of the des-
orption phase is shown cumulatively in Table 5.

4. Discussion

The evaluation of the experimental series begins with
the presentation of the measured pH and ORP values, as
well as the temperature changes.

The redox potential measured in the treated columns
was initially balanced, but during days 11-14 it dropped
sharply into the negative range, followed by a further
slow yet gradual decline. This trend reflects ongoing bi-
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ological activity within the system, during which bacte-
ria consume dissolved oxygen while degrading the or-
ganic matter of the silt—clay matrix. This process led to a
decrease in dissolved oxygen concentration, conse-
quently resulting in a reduction of the system’s ORP. We
have to mention that the addition of phosphate salts can
create a reductive environment, leading to anaerobic
conditions and a gradual decrease in ORP values. The
sodium bicarbonate (NaHCO,) caused a continuous in-
crease in the pH value of water, as higher pH levels ren-
der the system less oxidative due to the lower concentra-
tion of protons, which contributes to a decrease in redox
potential. Finally, the cornstarch present in the treatment
solution - which is a simple polysaccharide - has no di-
rect effect on either pH or ORP and is neutral, exhibiting

neither acidic or basic properties. However, its potential
indirect effect is that soil microorganisms may degrade
the starch, resulting in oxidation, which could slightly
further decrease the system’s ORP.

Furthermore, cobalt compounds exhibit strong affini-
ty for the hydroxyl groups (—-OH) present on the surfaces
of iron and manganese oxides involving the soil parti-
cles. Under the induced reductive conditions, the disso-
lution of these oxides (Fe** a Fe**, Mn*" a Mn?") releases
the cobalt species previously adsorbed or bound to them,
thereby enhancing cobalt desorption (Anthony et al.,
2010; Yan et al., 2011; Nicholas, 2013; Clare et al.,
1995).

Moreover, the applied silty—clay soil contains approx-
imately 3% organic matter and under increasingly re-
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ductive conditions, the organic colloids lose part of their
surface negative charge, which likewise promotes the
desorption of bound cobalt.

Continuing with the evaluation of the cobalt concen-
tration curve, it can be observed that following the estab-
lishment of sorption equilibrium (effluent cobalt concen-
tration: 0.0 mg/L), we initiated the enhancement of des-
orption. After treatment of the Col1-Co2-Co3 columns,
six days were required for the induced redox potential to
start the cobalt desorption process.

We examined the chemical forms of cobalt com-
pounds under the induced pH and redox potential condi-
tions, as illustrated by the Pourbaix diagram. This dia-
gram is one of the most important tools for understand-
ing adsorption and metal ion speciation in water-
-saturated systems. The combined effect of pH and re-
dox potential determines the redox state of the chemical
environment, indicating the types of electron transfer
processes occurring within the system. An aqueous solu-
tion of Cobalt(Il)-chloride-hexahydrate formed the
[Co(H,0)6]*" water complex (Equation 2) under modi-
fied medium parameters (decreasing ORP, higher pH) as
described by the following interpretation:

CoCl, 6H,0 - [Co(H,0)4]** + 2C1™ Q)

The resulting species remains as a dissolved complex
ion within this pH range (until 7,5) and ORP: -300 mV.
The effluent solution appeared slightly pink and was
clear and transparent. As the medium became increas-
ingly alkaline and reductive, and the pH exceeded a
value of 7.8, hydroxide ions (OH") became available,
leading to the precipitation of the remaining undesorbed

Table 5. Desorbed cumulative amount of cobalt (mg)

Sorption tests (mg)
Co2
7.07

Col
6.98

Co3
7.93

Co?"ions as cobalt(Il)- hydroxide, according to the fol-
lowing reaction (Equation 3):

[Co(Hy0)6]?* + 20H™ = Co(OH), + 6H,0  (3)

The initially precipitated cobalt contaminant exhibit-
ed a dark purple tone, which gradually oxidized in the
presence of oxygen from the ambient air, turning dark
brown as Co(OH), formed. Notably, from the second
sampling point of the desorption phase (t=25 days) on-
wards, the effluent appeared turbid with slight sedimen-
tation, further confirming the precipitation process.
Thus, cobalt ions remaining in the system above pH 7.8
did not remain in solution but precipitated. This observa-
tion is further supported by the fact that the measured
cobalt concentrations began to decrease. Although the
observed colour change and the decline in cobalt con-
centrations do not constitute direct evidence of precipi-
tation, but they strongly suggest that such a process has
occurred (Jing et al., 2009; Yanglong et al., 2005; Yang
et al., 2011). Moreover, the ions from dissolved salts al-
ter the structure of water molecules and the hydration
case of the dissolved cobalt ions, restricting their mobil-
ity. Consequently, sulfate and phosphate ions draw water
away from the hydration case of the dissolved species,
enhancing electrostatic interactions and reducing solu-
bility. The solubility product of cobalt hydroxide is ex-
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tremely low (5.92 x 10%), which further supports its
precipitation.

The results indicate that under moderately alkaline
conditions (pH>7.8), precipitation occurred which is
more likely than the previously assumed cation ex-
change. Cation exchange would require surface-ad-
sorbed Co*" to be replaced by another cation (e.g. Ca*"
Na"), but in alkaline conditions, the concentration of H*
is too low to displace Co*" from the soil surface. In sum-
mary, the speciation of the cobalt is governed by its de-
pendence on ORP and pH, as characterized using the
cobalt Pourbaix diagram (Ersin et al., 2016; Kamal et
al., 2014; Rou-Chen et al., 2020; Chivot et al., 2008).
This diagram illustrates the chemical forms in which co-
balt is stable under varying redox potentials and pH con-
ditions in an aqueous environment. Since the pH of the
assembled system continuously increased due to the re-
peated addition of carbonates, the chemical state of co-
balt also evolved in response to the rising pH. Initially,
shifting toward desorption equilibrium, cobalt remained
in a dissolved state, but subsequently precipitated from
the system. Moreover, the applied silty-clay exhibits a
strongly negative surface charge under alkaline condi-
tions, making it less capable of retaining Co?*. This dem-
onstrates that heavy metal remediation can be effective
not only in so in suitably alkaline environments. While
metal precipitation has been studied for pharmaceutical
industrial wastewater, its application for environmental
remediation has not yet been explored.

The addition of carbonates generated OH™ ions in the
saturated medium, thereby increasing its alkalinity. Het-
erotrophic catabolic processes produced CO: within the
system, which induced the formation of carbonic acid. It
dissolved the high calcite content of the soil sample, re-
sulting in the release of additional carbonate ions. The
combined effect of these processes led to a gradual in-
crease in pH. Due to the intensified treatment, the pro-
portion of carbonate ions in the system shifted, leaving
progressively less carbonic acid within the column.
Consequently, the escape of CO: reduced the amount of
carbonic acid formed, shifting the carbonate equilibrium
toward COs?", thereby increasing the pH of the soil solu-
tion (Choi et al., 1998). The following reaction (Equa-
tion 4) occurs as a result of CO- release:

2HCO3 = CO2™ + CO, + H,0 (4)

Furthermore, at the beginning of the measurement se-
ries, the acidic functional groups of the soil suppressed
the increase in soil-solution pH. As the treatment solu-
tion was repeatedly added, the soil’s buffering capacity
eventually became exhausted, allowing the pH of the
soil solution to gradually rise, approaching the initial pH
of the treatment solution. In other words, the applied al-
kaline treatment solution displaced the “acidic” cations,
leading to the neutralization of protons on the soil parti-
cles, which in turn resulted in an increase in the pH of

the effluent. To verify the progressively increasing pH
values, we performed a calculation to determine the al-
kalinity of the system, which is presented below.

The molar mass of the applied NaHCOs is 84.01 g/
mol (URL 2). In the treatment solution, a total of 0.6 g
NaHCOs was dissolved in 60 mL of distilled water,
which was added to the columns in three portions. Con-
sequently, each column received 0.2 g NaHCOs, corre-
sponding to 0.00238 mol. Since the treatment was ap-
plied three times, approximately 7.14 mmol NaHCO:s
was introduced into each soil sample during the meas-
urement series. The HCOs~ component can act as an acid
(pK2) by donating a proton or as a base (pK:) by accept-
ing a proton. The dissociation equilibria of the carbonate
ion can be expressed in two steps under standard condi-
tions (Lewis et al.,, 1999) at 25°C, as shown below
(Equation 5):

H,CO; = H* + HCO3 (pK))
HCO; = H* + €05~ (pK,) (5)

The dissociation constants of the carbonate system
(i.e. the acid-base equilibrium constants of carbonic
acid) express the extent to which carbonic acid (H2COs)
dissociates by proton donation into bicarbonate and car-
bonate ions in aqueous solution. The first and second
dissociation constants are as follows (Equation 6):

pK, = —logio Ky =
=6.35 — K,=4,3x107 (mol/dm?)

pK, = —log,0 Kz =
=10,33 — K= 4,8x10* (mol/dm?) (6)

We investigated the relationship between the system’s
alkalinity and pH. Alkalinity represents the solution’s
capacity to neutralize acidic conditions, that is, its basic
potential, and is composed of the following ions (Equa-
tion 7):

Alkalinity = [HCO5] + 2[C027] + [0H™] — [H*] (7)

which represent the equilibrium (Equation 8) concentra-
tions of the carbonates in the system as a function of pH:

HCO= _Kl[COZ] d [coz- _Kle[Coz] ]
[ 3] - [H+] an [ 3 ]_ [H+]2 ( )

By solving the above equations, we obtain that [H*] =
1.6x10~° M, which corresponds to a solution pH = —
logio[H'] = 8.8, in agreement with the soil-solution pH
values measured during the final stage of the experimen-
tal series. Finally, we verified by calculation whether the
specified initial pH of the applied treatment solution
(pH= 8.44) indeed corresponds to the equilibrium pH of
the system. The amount of NaHCO: in a single applica-
tion was 0.00238 mol, which considering the total added
amount, corresponds to a concentration of 0.119 M,
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yielding a calculated pH of 8.34. The discrepancy be- 1 (n(V) — p)?
tween the measured and calculated values arises from Clv) = - exp(— 252 )if V>0; (9)
environmental parameters and the difference of 0.1 is aven
considered as negligible. Where:
During the desorption process, only four samples C(v) — concentration as a function of volume (mg/
could be collected, due to column geometry and the re- dm’),
sulting colmatation, which prevented further sampling. V' —sampling volume (dm?),
Based on these data points, we attempted to predict the o0 —he standard deviation on the logarithmic time
likely endpoint of desorption by fitting a log-normal scale (indicates the curve’s width),
function to the desorption curve. u  — the logarithmic mean, which defines the loca-
The log-normal distribution is appropriate for model- tion of the peak of the curve on the log-time
ling the desorption process because it is influenced by scale.

multiple factors - binding forces, pore structure, diffusion,
pH, ORP - whose combined effect is multiplicative, natu-
rally leading to log-normal behaviour. The binding energy
on the soil particle surface is heterogeneous, allowing
some contaminant molecules to desorb more readily,
while regions with higher binding energy release mole-
cules more slowly. This heterogeneity results in the asym-
metric, elongated shape of the desorption curve. Addition-
ally, the desorption rate is not constant; it is initially rapid
and gradually slows over time. Consequently, the tempo-
ral distribution does not follow a normal distribution but
is better described as log-normal.

Thus, the desorption process can be accurately mod-
elled using a log-normal distribution, as illustrated by
the predictive curve in Figure 6. The log-normal fitting
equation (Equation 9) was determined according to the
method described by Limpert et al. (2001).

The measured cobalt concentration initially increases
slowly, followed by a sharp rise corresponding to the de-
sorption peak concentration, and is subsequently fol-
lowed by a longer declining phase. The temporal varia-
tion of the desorption concentration can be described by
the following mathematical relationship, as the process
involves the gradual release of the total contaminant
load:

For the modelling of the desorption process, the ap-
plication of a lognormal function fitting was found to
provide an excellent approximation. By solving the
mathematical formulation, the efficiency of the desorp-
tion process, as well as its potential completion, could be
predicted. In Figure 7, only the concentration values of
the Col—C02—Co3 columns were considered to which
the lognormal fitting was applied. In accordance with the
typical behaviour of a desorption curve, an asymmetric
pattern was obtained. The measurement points were ini-
tiated from a concentration of 0.0 mg/L, followed by a
steeply increasing section where the maximum concen-
tration was reached. This was succeeded by the peak
phase, during which the desorption rate attained its max-
imum, and subsequently by a prolonged, gradually de-
clining section, within which the desorbed cobalt pre-
cipitated. A purple dashed-line corresponding to 1.0
mg/L was also indicated on the curve, representing a re-
mediation threshold concentration calculated from an
assumed risk assessment.

Based on the lognormal prediction, it was observed
that in all three modelled cases the fitted curves showed
strong agreement with the measured data. The fitted
curves were found to closely follow the experimental
values, as demonstrated by R? values exceeding 0.99 for
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the Col and Co2 series and greater than 0.83 for the Co3
series. These results are considered to indicate a very
good fit, thereby supporting the applicability of the pro-
posed mathematical model.

With respect to the calculated desorbed mass, it was
determined that the amount of cobalt desorbed per col-
umn averaged 7.33 mg, which corresponded to approxi-
mately 12% of the introduced amount within 29 days. Ac-
cording to the predictive fitting, an additional sampling
volume of approximately 0.13 L was required for the Col
curve, and about 0.1 L for the Co2 and Co3 curves, in or-
der to reach the desorption capacity of the system, i.e. the
maximum desorbable amount of contaminant. In sum-
mary, when related to the adsorbed cobalt quantity across
the Col, Co2, and Co3 curves, the combined effect of the
applied additives was capable of desorbing, on average, a
maximum of approximately 15%.

5. Conclusions

To enhance desorption, it is essential to shift the es-
tablished sorption equilibrium toward desorption by al-
tering environmental conditions and applying newly in-
troduced compounds. The ions of the added salts modi-
fied the hydration shell of the dissolved cobalt ions and
restricted their mobility, thereby strengthening electro-
static interactions and significantly reducing the water
solubility of cobalt. By continuously alkalinizing the
column system, desorption was promoted under condi-
tions that have not previously been applied in environ-
mental remediation. Furthermore, cobalt compounds
exhibit a strong affinity for the hydroxyl groups located
on the surfaces of iron and manganese oxides coating
soil particles. Under the induced reductive conditions,
the dissolution of these oxides releases the cobalt spe-
cies previously adsorbed or bound to them, thereby en-
hancing cobalt desorption. Moreover, as the reducing
conditions intensify, organic colloids lose part of their
surface negative charge, which likewise promotes the
desorption of bound cobalt. In this scenario, the des-
orbed cobalt contaminant was initially released as a
complex species (up to pH 7.8), and with further pH in-
crease (>7.8), it precipitated assumably as cobalt hy-
droxide.

The predictive analysis of the desorption dataset dem-
onstrated that cobalt desorption was enhanced by the ap-
plied novel method, suggesting its applicability as an
effective supplementary approach in future remediation
technologies. Based on the mass balance calculations of
the desorbed contaminant, it was determined that nearly
15% of the introduced cobalt could be removed through
this procedure. The additives employed were found to be
available in industrial quantities, relatively cheap and ef-
fective in the examined soil medium. On the basis of
these findings, it can be concluded that the combined ap-
plication of the precipitation method and the alteration

or shift of environmental conditions, such as increasing
pH and decreasing ORP, may effectively support future
remediation technologies in the case of heavy metals.
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SAZETAK

Poboljsana desorpcija kobalta iz oneciscenih pjeskovitih muljevito-glinovitih tala

U ovoj studiji istrazena je mogucnost poboljsanja desorpcije kobaltnoga onecisc¢enja u pjeskovitome, muljevito-glinovi-
tom tlu oneci$¢enom kobalt(II)-klorid-heksahidratom. U tlima koja sadrZzavaju frakcije praha i gline u¢inkovitu sanaciju
ponajprije otezavaju jaki procesi povrsinskoga vezanja i adsorpcije. Prevladavanje tih ograni¢enja zahtijeva uspostavlja-
nje povoljnih uvjeta za desorpciju. Za razliku od uobic¢ajenih industrijskih praksi, potencijal za desorpciju istrazen je pod
postupno alkalizirajué¢im i redukcijskim uvjetima. Na temelju dobivenih rezultata, smanjenje ORP-a zasi¢enog sustava
zajedno s porastom pH potaknulo je desorpciju kobalta. Posljedi¢no, unutar raspona iznad redoks potencijala od o mV
do -80o mViiznad pH 7,8, u poéetku se formirao kobaltov kompleks [Co(H,0)¢]?*. Daljnja alkalizacija i smanjenje redoks
potencijala doveli su do taloZenja preostale one¢i$¢ujuce tvari kao Co(OH), kobaltova hidroksida. Kao rezultat tretmana
prosjecno 7,33 mg kobalta desorbirano je s povrsine muljevite gline unutar 29 dana od pocetka tretmana desorpcije, $to
odgovara oko 12 % onecisc¢ujuce tvari prisutne u sustavu. Nadalje, na temelju dobivenih podataka o koncentraciji prila-
goden je niz prediktivnih funkcija temeljen na lognormalnoj raspodjeli (prosje¢ni R? = 0,941). Rezultati pokazuju da je
primijenjeni postupak sposoban desorbirati priblizno 15 % kobaltnoga oneci$cenja, $to vjerojatno upuéuje na desorpcij-
ski kapacitet sustava. Primijenjena metoda $iroko je dostupna, isplativa i ekoloski prihvatljiva, $to su kvalitete klju¢ne za
industrijsku primjenu. PredloZeni pristup predstavlja u¢inkovitu i djelotvornu komplementarnu tehniku za buduéu sa-
naciju odredenih spojeva teskih metala.

Kljucne rijeci:
remedijacija, adsorpcija, desorpcija, pjeskovita muljevito-glinovita tla, kobalt
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