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A B S T R A C T

This study investigates the influence of soil properties and biochar amendments on the transport behavior of 
chlorinated phenols (CPs) in alluvial soil systems. The primary focus was to evaluate the adsorption mechanisms 
governing CP mobility and retention, with particular attention to how the physicochemical properties of the 
native and biochar-amended soils interact with the molecular characteristics of CPs, such as hydrophobicity, 
molecular weight, and ionization potential. Therefore, column experiments with an alluvial soil and biochar 
amended soil were conducted to evaluate the transport of four types of CPs. The advection-dispersion equation 
(ADE) was used to calculate the retardation factor (Rd). The primary retention mechanisms identified in alluvial 
soils were hydrophobic, polar, and electron-donor-acceptor interactions, rather than charge-based attractions, 
though exceptions, such as for pentachlorophenol, were noted. The chemical properties of CPs, including acid 
dissociation constant (pKa), molecular weight, and hydrophobicity, played a crucial role in their transport 
behavior. The addition of biochar significantly enhanced CP retention, increasing breakthrough times by a factor 
of 12 to 40 and yielding Rd values between 42 and 155. A strong correlation was found between retention and 
molecular polarizability. Furthermore, addition of biochar into the soil modified the type of interaction from 
hydrophobic to polar impact on CPs retention during the transport. These findings underscore the potential for 
mitigating organic pollutant leaching by biochar amendment, highlighting that effectiveness depends on both the 
physical-chemical properties of the soil/amendment and the physicochemical characteristics of the pollutants. 
The research emphasizes biochar’s role in environmental remediation, particularly in controlling the migration 
of organic pollutants and protecting ground- and surface water quality. Additionally, the study evaluates bio
char’s structural and functional properties, underscoring its potential to immobilize hydrophobic and slightly 
polar contaminants.

Introduction

The increasing demand for clean drinking water, fueled by popula
tion growth and industrial expansion, underscores the urgent need for 
sustainable and cost-effective water treatment solutions. While 
advanced technologies such as adsorption, ion exchange, membrane 
filtration, and advanced oxidation processes are highly efficient, their 
adoption is often limited in developing regions due to the high costs 
associated with infrastructure and maintenance. In this context, River 
Bank Filtration (RBF) systems have emerged as a viable alternative. RBF 
leverages natural processes to enhance surface water quality by using 

soil and aquifer materials as natural filters, reducing the reliance on 
complex treatment systems (Kumar et al., 2018; Majeed et al., 2024).

At the core of RBF’s effectiveness is the process of geosorption, where 
pollutants are retained by geosorbents - a mix of mineral and organic 
components within the soils. The composition of these geosorbents plays 
a critical role in determining their pollutant retention capacity. The 
organic fraction of geosorbents primarily interacts with nonpolar pol
lutants like chlorinated phenols (CPs) through hydrophobic interactions. 
When the organic carbon content exceeds 0.2 %, it becomes the domi
nant factor in pollutant retention (Ehlers and Loibner, 2006). In 
contrast, the mineral fraction, consisting of oxides, hydroxides, and clay 
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minerals, predominantly retains polar or ionized pollutants via elec
trostatic and surface charge interactions, particularly when organic 
carbon levels are below 0.1 % (Otter et al., 2019; Worch, 2012).

CPs are a group of priority pollutants characterized by their toxicity, 
persistence, and resistance to biodegradation. These compounds are 
widely introduced into the environment through industrial effluents and 
the breakdown of pesticides such as 2,4-dichlorophenoxyacetic acid 
(2,4-D) and 2,4,6-trichlorophenoxyacetic acid (2,4,6-T), which degrade 
into 2,4-dichlorophenol (2,4-DCP) and 2,4,6-trichlorophenol (2,4,6- 
TCP). Other CPs, including 2-chlorophenol (2-CP) and pentachloro
phenol (PCP), are commonly used as pesticides, herbicides, and fungi
cides. Once introduced into the environment, these pollutants can 
accumulate in surface and groundwater systems, posing significant risks 
to both aquatic ecosystems and human health (Cavender and O’Dono
hue, 2012).

The fate and transport of CPs during RBF vary based on their mo
lecular structure. Polar CPs (e.g., with fewer chlorine atoms) are highly 
soluble, making them more mobile and prone to leaching into ground
water. In contrast, nonpolar CPs (e.g., with four or more chlorine atoms) 
tend to sorb onto soil particles, and therefore, reducing their mobility 
(Patil et al., 2024). This differentiation is crucial for predicting the 
behavior of CPs in RBF systems and for designing effective pollution 
mitigation strategies (Afridi et al., 2024). Despite RBF’s potential, the 
persistence of CPs in water bodies remains a global concern. Studies 
have detected CPs in major water sources, such as the Danube River, 
with concentrations ranging from 1.64 to 155 ng/L, and in drinking 
water supplies across Canada, Finland, and Germany. In Canada, PCP 
was found in 20 % of tested drinking water samples, highlighting the 
widespread presence and environmental risk posed by CPs (Apostolović 
et al., 2020; Czaplicka, 2004; WHO, 2017).

To improve the pollutant removal efficiency of RBF, researchers are 
exploring the use of biochar as a soil amendment. Biochar, a carbon-rich 
material derived from biomass, has shown significant promise in 
enhancing the sorption capacity of soils due to its large surface area, 
high porosity, and diverse functional groups. It not only increases the 
retention of both polar and nonpolar pollutants but also helps in carbon 
sequestration and improves soil health by retaining nutrients and 
enhancing soil structure (Isakovski et al., 2024; Wang et al., 2024). 
Additionally, biochar introduces new adsorption mechanisms, including 
π-π interactions and van der Waals forces, which can significantly reduce 
the bioavailability of contaminants, and therefore, mitigating their toxic 
impacts on ecosystems (Isakovski et al., 2020; Muoghalu et al., 2023).

There has been a substantial progress in recent years in the field of 
tailoring biochar with the aim to enhance removal of chlorinated and 
other organic pollutants from water. Modified biochars (by metal oxides 
or magnetic particles doping, co-doping strategies or surface activation) 
have shown high potential in water purification, the removal efficiency 
for various contaminants in aqueus systems reaching up to 95 % (Trivedi 
et al., 2025). In addition, funtionalization of biochar and biochar com
posite materials (such as biochar-clay, biochar with π-conjugated 
structures) is highly effective in treating chlorinated organic pollutants 
in soil and water purification processes (Song et al., 2024). At the same 
time, while the positive effect of RBF on the quality of groundwater is 
not questionable, research show that there are uncertainties in organic 
micropollutant removal, especially regarding the transport of com
pounds governed by heterogeneous travel times and interations with soil 
and water (Kondor et al., 2024). More recently, strategies coupling RBF 
with biofilm-regulated nanofiltration as an additional barrier have been 
proposed, resulting in enhanced performance in selectively removing 
natural organic matter and trace organic compounds (Li et al., 2025). 
Despite significant advances in this field, research linking biochar 
structural properties (surface area, functional groups) and soil proper
ties to the transport and retardation behaviour of chlorinated phenols in 
river alluvial soil is scarce, leaving a knowladge gap addressed in this 
study.

The primary aim of this study is to investigate the impact of soil 

properties and biochar amendments on the retardation and transport 
behavior of chlorinated phenols in alluvial soil systems. Specifically, the 
study focuses on elucidating the underlying adsorption mechanisms and 
exploring how these interactions influence CPs mobility and retention. 
By examining the physicochemical properties of the native and biochar- 
amended soils, the research aims to understand how soil and biochar 
properties interact with the molecular characteristics of CPs, including 
hydrophobicity, molecular weight, and ionization potential, to modu
late their transport dynamics.

This research addresses a critical knowledge gap by providing a 
mechanistic understanding of how biochar amendments alter the sorp
tion processes of CPs in soils. One of the study’s key innovations is the 
use of Principal Component Analysis (PCA) biplot analysis to investigate 
the complex interactions between soil/biochar properties and CP 
characteristics.

Furthermore, the study systematically evaluates biochar’s structural 
and functional properties, providing valuable insights into its optimi
zation for immobilizing both hydrophobic and slightly polar contami
nants. By demonstrating biochar’s potential to enhance the efficacy of 
riverbank filtration and other remediation strategies, the research 
highlights its role in sustainable soil management and pollutant miti
gation. The comprehensive analysis fills existing gaps in understanding 
how biochar’s properties—such as surface area, porosity, and functional 
groups - can be tailored to improve the retention of diverse organic 
contaminants in various soil matrices, offering new strategies for 
effective environmental remediation.

Materials and methods

Selected organochlorine phenols

Four chlorinated phenols - 4-chlorophenol (4-CP), 2,4-dichlorophe
nol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6-TCP), and pentachloro
phenol (PCP)—demonstrate distinct environmental behaviors due to 
variations in hydrophobicity, molecular size, and chlorine atom content 
(Table 1). As chlorine substitution increases, the n-octanol-water parti
tion coefficient (logKOW) rises, enhancing the compounds’ affinity for 
solid matrices like soils, sediments, and biological tissues.

The dissociation behavior of these phenols listed in Table 1 depends 
on the solution pH relative to their dissociation constant. Under the 
experimental conditions with a constant pH of 6.9, those phenols (4-CP, 
2,4-DCP, and 2,4,6-TCP) with pKa values of 7.42 to 8.85 predominantly 
exist in their associated (non-ionized) forms, while PCP (pKa = 4.74) is 
primarily dissociated. This differential ionization affects their mobility 
and interaction with the environment. The increasing chlorine substi
tution also amplifies the electron-accepting nature of these compounds 
by reducing electron density on the aromatic ring, which diminishes 
their electron-donating properties. Consequently, higher chlorination 
enhances interactions with electron-deficient substances, impacting 
persistence and bioaccumulation. PCP, in particular, is recognized as a 
priority hazardous substance due to its toxicity and carcinogenic po
tential. Regulatory measures, such as the EU’s environmental quality 
standards (EQS) (2013/39/EU), set strict limits for PCP concentrations 
in surface waters (AA-EQS: 0.4 µg/L; MAC-EQS: 1 µg/L) to mitigate 
risks. Recent research corroborates these findings, emphasizing the 
compounds’ environmental persistence and highlighting advanced 
remediation methods like bioremediation and photolysis (2000/60/EC).

Soil and biochar samples

A sampling of the alluvial soil of the Danube River was conducted at 
the "Petrovaradinska ada" drinking water source near Novi Sad 
(45.261437 N, 19.866364 E). The sampling was carried out following 
the ISO 10381-2:2002 and ISO 18512:2007 methods. For the sampling, 
an impact drilling set for heterogeneous soils manufactured by Eijkel
kamp Agrisearch Equipment (Giesbeek, Netherlands) was used.
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The sampling procedure involved extracting a vertical core/profile of 
the alluvial soil from a depth of 0–230 cm.

The first upper layer of the soil, from 0 to 50 cm, was discarded 
because it was determined that the characteristics of the surface layer 
are subject to significant changes due to external factors, primarily 
anthropogenic activities such as recreational use and natural processes 
like flooding, sedimentation, and riverbank erosion, and therefore, 
cannot be considered a representative sample. The remaining vertical 
profile, from 50 to 230 cm, was divided into layers of 20–30 cm thick
ness. In this way, six layers of alluvial soil were obtained, with their 
respective depths listed in Table S1 in the Supplementary materials.

The biochar used in the work is a commercially available product of 
the company Basna d.o.o. from Serbia and the methods used for the 
certification as well as the reported characteristics of this product are 
listed in Table 2.

Characterization of the soil layers and biochar

The characterization of alluvial Danube soil samples included satu
rated hydraulic conductivity (Ks), cation exchange capacity (CEC), 
organic matter (OM) content, total organic carbon (TOC) content, spe
cific surface area (SSA), pore diameter and pore volume (PV), point of 
zero charge (pHpzc), and elemental analysis. Particle size distribution 
(texture) was measured according to ISO 11277:2009, using a threshold 
of 63 µm as the lower limit for the sand fraction. Saturated hydraulic 
conductivity was assessed using EPA Method 9100 (US EPA, 1986a). 
CEC was determined following EPA Method 9080 (US EPA, 1986b) by 
sieving the sample (2 mm) and saturating binding sites with ammonium 

ions. OM was analyzed gravimetrically according to SRPS EN 
12879:2007. TOC was measured with a TOC analyzer (liquiTOCII, Ele
mentar, Germany) following ISO 10694:1995. SSA and pore volume 
(PV) were evaluated using nitrogen adsorption-desorption analysis 
(AutosorbTM iQ, Quantachrome Instruments, USA) at 77 K. SSA was 
calculated using the multi-point BET method, and mesopore volume 
with the Barrett-Joyner-Halenda (BJH) model. Micropore volume was 
derived using the V-t Method. pHpzc (point of zero charge) was deter
mined using the salt addition method (Shah et al., 2015) by preparing 
soil suspensions in 0.1 M NaNO3 and adjusting pH between 4 and 13. 
The pHpzc was identified as the initial pH where ΔpH = 0 after 24 h. 
Elemental analysis (C, H, N, S) was performed using a Vario EL III CHNS 
analyzer with oxygen content calculated by difference.

Parameters for biochar characterization are provided in Table 2, 
based on the corresponding certification and specified analytical 
methods.

In addition to the parameters from the certificate, the biochar 
characterization also included the determination of pHpzc (following the 
procedure described in the previous section) and the characterization of 
surface functional groups using Fourier-transform infrared spectroscopy 
(FTIR) (Nexus 670, Thermo Nicolet, USA).

Column experiments

Column experiments were conducted using stainless steel columns 
20 cm in length and 4 cm in diameter. A specified mass of dried 2 mm 
sieved alluvial soil was added to the column from the top. Deionized 
water was simultaneously introduced from the bottom using a peristaltic 
pump (MasterflexR, Cole-Parmer Instrument Company, USA) to ensure 
homogeneous packing without trapping air bubbles and to avoid soil 
layering (Worch, 2012). The flow rate for saturation was set between 
0.138 L/h and 0.576 L/h, with the flow directed from the bottom up
wards, allowing 24 h for complete soil saturation (Apostolović et al., 
2020; Isakovski et al., 2020 and 2024). These flow rates were deter
mined based on the objective of the column experiments, which was to 
simulate bank filtration under conditions as close as possible to field 
conditions. The flow through each column was adjusted to reflect the 
hydraulic conductivity of the tested alluvial soil layer, as determined 
during the characterization of these layers. This approach resulted in 
significant variations in flow rates across individual layers.

After 24 h, a solution of non-sorbing thiourea in a synthetic matrix (4 
mg/L) was passed through the column. This solution was used as a 
conservative tracer to assess the homogeneity of column packing and 
water flow through the soil columns. By using thiourea, which does not 
interact with the soil or its constituents, the movement of water can be 
tracked, and uniform saturation across the column can be confirmed. 
The tracer experiment was conducted at the same flow rate to maintain 
consistent conditions throughout the saturation and tracer application 
phases. By tracking the passage of thiourea, it is possible to evaluate 
whether the water is moving homogeneously through the soil columns 
or if there are preferential flow paths or heterogeneities. Drainage 
samples were collected at regular intervals to measure thiourea con
centration using a UV spectrophotometer (UV/VIS, model UV-1800 
Shimadzu, Japan) at 235 nm, until concentrations at the column 

Table 1 
Physico-chemical properties of chlorinated phenols taken from Apostolović et al. (2020).

Compounds MW logKOW Sw pKa Ai Bi Si p

4-CP 129 2.40 27.1 8.85 0.67 0.23 0.72 0.230
2,4-DCP 163 3.20 4.50 7.68 0.78 0.19 0.84 0.140
2,4,6-TCP 197 3.69 0.800 7.42 0.82 0.08 1.01 0.030
PCP 266 5.01 0.014 4.74 0.97 0.00 0.88 0.0002

MW (g/mol) – molecular weight, logKOW - n-octanol/water partition coefficient, Sw (g/L) – solubility in water, pKa - acid dissociation constant, Ai – electron-acceptor 
character of molecule, Bi – electron-donor character of molecule, Si – polarizability, p (mmHg) – vapor density. 4-CP = 4-chlorophenol, 2,4-DCP = 2,4-dichlorophenol, 
2,4,6-TCP = 2,4,6-trichlorophenol, and PCP = pentachlorophenol.

Table 2 
Methods and values obtained for biochar certification.

Parameter Method Unit Undried Dried

Specific surface area 
(BET)

DIN 66,137/DIN ISO 
9277

m2/g / 341

Density DIN 66,137/DIN ISO 
9277

g/cm3 / 1.7

Moisture DIN 51,718:2002–06 % (w/ 
w)

10.1 /

Ash content (550 ◦C) DIN 51,719:1997–07 % (w/ 
w)

5.8 6.4

C (total) DIN 51,732:2014–07 % (w/ 
w)

80.8 89.8

C (inorganic) DIN 51,726:2004–06 % (w/ 
w)

0.4 0.5

C (organic) Calculated % (w/ 
w)

80.4 89.3

H DIN 51,732:2014–07 % (w/ 
w)

0.8 0.9

N (total) DIN 51,732:2014–07 % (w/ 
w)

0.36 0.40

S (total) DIN 51,724–3:2012–07 % (w/ 
w)

<0.03 <0.03

O DIN 51,733:2016–04 % (w/ 
w)

4.1 4.5

H/Corg molar ratio) Calculated / 0.12 0.12
O/Corg molar ratio) Calculated / 0.038 0.038
pH (in CaCl2) DIN ISO 

10,390:2005–12
/ 9.1 /
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outlet matched the initial concentration (steady-state flow conditions). 
Afterward, a solution of chlorinated phenols with the biocide NaN₃ (400 
mg/L) was injected, with initial concentrations of 50 µg/L. pH was 
continuously measured at the outlet and was recorded as 6.9. The flow 
rate was directed from the bottom to the top and was consistent with the 
tracer experiments, ranging from 0.138 L/h to 0.576 L/h, depending on 
the layer. Drainage samples were collected at specific time intervals, and 
eluate concentrations were analyzed by GC after appropriate sample 
preparation, which included derivatization with acetic anhydride and 
hexane extraction. The analysis was conducted using a gas chromato
graph with a mass spectrometer detector (Agilent 7890A/5975C, USA), 
as detailed in the Supplementary Materials.

The experiments were repeated in the same manner as for the native 
soils to investigate the transport of chlorinated phenols through columns 
containing alluvial soil enriched with 0.5 % (m/m) biochar. These ex
periments were performed for all six layers.

Solute transport modelling

The mathematical transport model employed relies on the analytical 
solution of the advection-dispersion equation (ADE), which accounts for 
both sorption and biodegradation using a first-order decay. The 
analytical solution of the ADE is represented in the following Eqs. (1–4) 
(Worch, 2006): 

c(z, t) =
c0

2
exp

( vcz
2D∗

){

exp
[

−
z F

2 D∗

]

ercf
[

z − F t
2

̅̅̅̅̅̅̅̅̅
D∗ t

√

]

+ exp
[

z F
2 D∗

]

ercf
[

z + F t
2

̅̅̅̅̅̅̅̅̅
D∗ t

√

]}

(1) 

The following parameters, F, vc, and D*, are included in Eq. (1): 

F =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

v2
c + 4

λ
Rd

D∗

√

(2) 

vc =
vw

Rd
(3) 

D∗ =
Dax

Rd
(4) 

where c(z,t) represents the concentration at position z and time t, vc is 
the velocity of the transported substance, z is the spatial position, t is 
time, λ is the biodegradation rate, Rd is the retardation factor, vw is the 
pore water velocity, and Dax is the dispersion coefficient in the axial 
(longitudinal) direction.

Using this transport model, three key parameters were derived from 
each experimental breakthrough curve: Rd, λ, and αeff. The retardation 
factor (Rd) determines the temporal position of the breakthrough curve 
and reflects the sorption behavior of the substances. When biodegra
dation occurs, the outlet concentration does not reach the initial input 
concentration. Under the specified process conditions, the plateau con
centration level is governed by the biodegradation rate (λ). The effective 
dispersivity (αeff) influences the steepness of the breakthrough curve. 
The raw data used for parameter estimation via the ADE is publicly 
available and can be accessed through the provided DOI 10.5281/ 
zenodo.14135465.

Statistical analysis

The One-Way Analysis of Variance (ANOVA) was used to determine 
whether there were any significant differences between the replicates of 
the column experiments. For this analysis, all experiments were con
ducted in triplicates to ensure sufficient data for statistical comparison. 
The null hypothesis in the ANOVA test stated that there were no sig
nificant differences between the mean values of the replicates.

The statistical analysis was performed using Microsoft Excel with the 

Data Analysis Toolpak. After entering the data from the triplicate ex
periments, the One-Way ANOVA was applied to assess the variation 
between the replicate groups. A significance level of p > 0.05 was used, 
meaning that if the p-value exceeded 0.05, the null hypothesis could not 
be rejected, indicating no significant differences between the replicates.

Pearson’s correlation and Principal Component Analysis (PCA) were 
performed using PAST 3.22 (Hammer et al., 2001) to explore the re
lationships between the physicochemical properties of the soils and 
chlorinated phenols and their retardation coefficients in unamended and 
biochar-amended alluvial soils. In order to evaluate the linear re
lationships between the observed retardation coefficients and the mo
lecular properties of the studied compounds (MW, logKOW, Sw, pKa, Ai, 
Bi, Si, p), the Pearson’s correlation was performed on three observations. 
PCA incorporated 25 variables, including soil properties (%OM, %Clay, 
TOC, CEC, Ks, SSA, TPV, pore radius, pHPZC, %C, %H, %O, H/C, O/C, 
soil bulk density) and chlorinated phenols characteristics (MW, logKOW, 
Sw, pKa, Ai, Bi, Si, p), as well as the retardation coefficients obtained for 
all four chlorinated phenols, Rd (no BC) and Rd (with BC) derived from 
both experimental setups (unamended and amended soils, respectively). 
For the analysis, the Rd values obtained from the mean breakthrough 
curves of triplicate experiments were used. The primary objective of the 
PCA was to reduce the dimensionality of the data while retaining as 
much variance as possible, enabling the identification of key factors 
influencing chlorinated phenols retention mechanisms in soils amended 
with biochar. The resulting PCA biplot served as a visual tool to un
derstand the relationships between the various physicochemical prop
erties and their impact on CP retention.

Results and discussion

Detailed characterization of soil layers and biochar

The characterization of soil layers revealed a predominance of me
dium sand (0.2–0.8 mm, 70–93 %) across all layers, with fine sand 
particles (0.063–0.2 mm) comprising 5.5–18.2 % (Fig. 1). Layer 6 had 
the highest fine particle concentration, while coarse sand (<4 %) was 
more prevalent below 130 cm depth. Silt and clay contents were minor, 
with clay content ranging from 0.85 to 2.4 %, peaking in layer 6. These 
results confirm that the Danube alluvial soils are predominantly sandy, 
consistent with findings from studies by Sakan et al. (2010) and Kachova 
(2020). The Ks 2.90⋅10⁻³ to 1.31⋅10⁻² cm/s matches values typically 
found in sandy soils, facilitating high water movement (Schoeneberger 
et al., 2012; Zhang and Schaap, 2019). The surface layers (up to 150 cm) 
generally had lower clay content (under 2.5 %), except for layer 6, 
where clay content was higher at 2.4 %.

Clay content and soil texture have a significant impact on the cation 
exchange capacity, as finer particles with greater surface areas enhance 
the soil’s ability to retain cations. Across the sampled soil layers, CEC 
values ranged from 0.003 to 1.52 meq/100 g soil, with deeper layers 
showing higher CEC due to increased clay content (Table S2 in Sup
plementary Materials). Literature suggests that sandy soils typically 
have CEC values below 8 meq/100 g soil, while clay-rich soils often 
exceed 20 meq/100 g soil (Hendershot et al., 2007) pointing out that the 
sediments use here are in the low range of reported CEC values.

The bulk density of the soils was relatively homogeneous, ranging 
from 1.70 to 1.81 g/cm³ (Table S2 in Supplementary Materials). Organic 
matter was uniformly low across all layers, remaining below 1 %, while 
TOC ranged from 0.06 % to 0.23 % (Table 3), increasing with depth.

The specific surface areas and pore volumes indicated a mesoporous 
soil, with pore diameters between 64.1 Å and 78.8 Å. SSA values ranged 
from 0.76 to 2.14 m²/g (Table 3), with deeper layers exhibiting higher 
SSA due to increased clay and TOC content.

The point of zero charge of layers varied from 8.34 to 9.32 (Table S2 
in Supplementary Materials), decreasing with depth. At pH values below 
the pHpzc, soil particles are positively charged, attracting anions, while 
at higher pH, they carry a negative charge, favoring cation adsorption. 
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Under the experimental conditions (pH ~7), the surface exhibited a 
slight positive charge (Kosmulski, 2011; Worch, 2012).

Elemental analysis of the soils showed carbon content ranging from 
0.74 % to 1.84 % (Table 3), with higher levels in deeper layers, which is 
in line with higher OM or TOC contents at deeper layers. Hydrogen 
content varied between 0.08 % and 0.16 %, while nitrogen and sulfur 
levels remained below 0.02 %. Oxygen content was calculated based on 
CHNS data and ranged from 0.79 % to 3.36 % (Table 3). The H/C molar 
ratio (below 1.5) indicated a high degree of unsaturation and a pre
dominantly aromatic structure of the sediments, while the O/C ratio was 
higher in surface layers (0.75 to 1.56) compared to deeper ones (0.52 to 
0.59), reflecting the greater abundance of oxygen-containing functional 
groups near the surface (Table 3).

Biochar characterization revealed a high specific surface area (341 
m²/g) and low H/C and O/C ratios. The biochar’s high pHpzc (10.8) 
suggests a positively charged surface at pH 7, enhancing its interaction 
with soil species (Fig. 2a). The calculated H/C and O/C ratios were 0.12 
and 0.038, respectively, indicating a highly unsaturated, aromatic 
structure with minimal polar oxygen functional groups, similar to the 
findings of Park et al. (2019) for biochars produced from lignocellulosic 
biomass at high pyrolysis temperatures. These low H/C and O/C ratios 
suggest extensive carbonization and a high degree of aromaticity, which 
are characteristics of biochars optimized for adsorption applications.

FTIR analysis was conducted to identify the functional groups pre
sent on the surface of the biochar. The FTIR spectrum of the biochar is 
given in Fig. 2b FTIR analysis confirmed the presence of functional 

Fig. 1. Texture of the investigated soil layers.

Table 3 
Physico-chemical characteristics of investigated soil layers.

Layer Basic soil properties Physical properties Chemical properties, elemental analysis (%)

OM 
(%)

TOC 
(%)

SSA 
(m2/g)

Total pore volume 
(cm3/g)

Micropore volume (cm3/g) Av. pore diameter 
(Å)

C H S N O H/C O/C

1 0.81 0.09 0.89 0.003 n.d. 71.0 1.19 0.10 <0.02 <0.02 1.46 1.05 0.93
2 0.52 0.06 0.87 0.003 n.d. 75.4 0.74 0.08 <0.02 <0.02 0.93 1.35 0.94
3 0.29 0.08 0.76 0.003 n.d. 71.7 1.79 0.13 <0.02 <0.02 1.79 0.87 0.75
4 0.69 0.06 1.59 0.004 n.d. 78.8 1.61 0.13 <0.02 <0.02 3.36 0.99 1.56
5 0.53 0.13 2.14 0.006 n.d. 76.1 1.84 0.16 <0.02 <0.02 1.28 1.02 0.52
6 0.72 0.23 2.09 0.005 n.d. 64.5 1.79 0.14 <0.02 <0.02 0.79 0.94 0.59

OM – organic matter, TOC – total organic carbon, SSA – specific surface area.

Fig. 2. Characterization of biochar: (a) point of zero charge, (b) FTIR spectrum.
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groups like hydroxyls and aromatics, supporting strong adsorption 
properties (Machado et al., 2020).

A prominent band at approximately 3442 cm⁻¹ corresponds to the 
O–H stretching vibration of hydroxyl groups (Machado et al., 2020). 
Bands observed at 2921 cm⁻¹ and 2851 cm⁻¹ are attributed to the 
asymmetric and symmetric stretching vibrations of methylene groups, 
typical of aliphatic and cyclic hydrocarbons without strain.

The band at 1633 cm⁻¹ is indicative of C = C stretching vibrations 
within aromatic rings, signifying a strong aromatic structure within the 
biochar (Machado et al., 2020). This aromatic nature is further sup
ported by bands at 1432 cm⁻¹ and 875 cm⁻¹, corresponding to aromatic C 
= C structures and aromatic C–H out-of-plane bending, respectively 
(Peng et al., 2016). Additionally, a band at 1069 cm⁻¹ is assigned to C–O 
stretching vibrations in carboxyl groups and possibly the vibrational 
oscillation of hydroxyl groups (Machado et al., 2020).

The biochar’s experimentally determined point of zero charge was 
10.8, as shown in Fig. 2a. This high pHpzc indicates that, under the 
experimental conditions (pH ~7), the biochar surface carries a positive 
charge. This charge behavior is relevant to interactions with associated 
species in the soil environment, impacting biochar’s adsorptive 
properties.

Transport of chlorinated phenols through alluvial soil layers

For each experiment, transport experiments of a non-sorbing - and 
with respect to the short travel times - stable (conservative) tracer 
(thiourea), were conducted to assess the homogeneity of column pack
ing within the columns and to test homogeneity between replicates. 
After, the same columns were used for the transport experiments of the 
CPs. The flow rate for the CP experiments matched that of the tracer 
experiments, varying between 0.138 L/h and 0.576 L/h depending on 
the layer. The specific flow rates (Q) for each experiment are detailed in 
Table 4 and Table 5. Figures S1 and S2 in Supplementary Materials 

present the mean breakthrough curves from the triplicates of all CPs 
through the alluvial soil columns with and without the presence of 
biochar, respectively. Homogeneity between replicates was fulfilled as 
the results of a one-way ANOVA indicates no significant differences 
between the replicates (p > 0.05). The transport parameters are sum
marized in Table 4.

The breakthrough curves for thiourea across all six soil layers exhibit 
a symmetrical, sigmoidal shape. This behavior is characteristic of a non- 
sorbing substance and indicates the absence of physical non-equilibrium 
transport processes in the porous medium as suggested by Rahman et al. 
(2003). Likewise, Jellali et al. (2010) associated symmetrical break
through curves for non-sorbing substances with a lack of heterogeneous 
packing, reinforcing the notion that column homogeneity (within a 
single column) was achieved in this study.

In examining the transport and retention behavior of thiourea and 
CPs across the different soil layers, notable variations emerged in both 
pore water velocities (the rate at which water carrying the solute 
moves through the soil) and retardation coefficients (Rd). These var
iations were influenced by soil composition and the applied flow rates 
(Q) given in Table 4.

It is important to clarify that the flow rates were specifically adjusted 
for different soil layers based on their hydraulic conductivity, as deter
mined during the characterization process. Consequently, pore water 
velocities and solute transport behaviors inherently depended on these 
varying flow rates. Surface layers with high sand and low clay content, 
along with the deeper layer 6 (which exhibited similar permeability to 
the surface layers), were tested at elevated flow rates (ranging from 
0.204 to 0.576 L/h for layers at depths of 50–150 cm and 0.138 L/h for 
the 200–230 cm layer). This adjustment in flow rates was made to ac
count for the lower sorption capacities of these layers, which tend to 
have higher saturated hydraulic conductivity.

Although not all experiments were conducted under identical flow 
rate conditions, this intentional variation was introduced to simulate the 

Table 4 
Transport parameters for the investigated CPs through a column filled with alluvial soil.

Layer, depth (cm) Compound Q Vw Rd (-) α (-) λ (-) ρ ε (-) Kd

(L/h) (m/h) (g/cm3) (L/kg)

1 Tracer 0.576 1.32 / 0.002 0 1.74 0.347 /
4-CP 0.576 1.32 2.13 0.018 0 1.74 0.347 0.147
2,4-DCP 0.576 1.32 1.98 0.018 0 1.74 0.347 0.128
2,4,6-TCP 0.576 1.32 1.92 0.018 0 1.74 0.347 0.120
PCP 0.576 1.32 6.15 0.018 0 1.74 0.347 0.671

2 Tracer 0.564 1.28 / 0.001 0 1.73 0.350 /
4-CP 0.564 1.28 1.00 0.009 0 1.73 0.350 /
2,4-DCP 0.564 1.28 1.00 0.009 0 1.73 0.350 /
2,4,6-TCP 0.564 1.28 1.00 0.009 0 1.73 0.350 /
PCP 0.564 1.28 4.35 0.038 0 1.73 0.350 0.440

3 Tracer 0.378 0.938 / 0.002 0 1.81 0.321 /
4-CP 0.378 0.938 1.27 0.007 0 1.81 0.321 0.033
2,4-DCP 0.378 0.938 1.55 0.007 0 1.81 0.321 0.066
2,4,6-TCP 0.378 0.938 1,13 0.007 0 1.81 0.321 0.016
PCP 0.378 0.938 5.25 0.031 0 1.81 0.321 0.512

4 Tracer 0.546 1.27 / 0.002 0 1.75 0.343 /
4-CP 0.546 1.27 1.10 0.008 0 1.75 0.343 0.013
2,4-DCP 0.546 1.27 1.15 0.008 0 1.75 0.343 0.019
2,4,6-TCP 0.546 1.27 1.00 0.008 0 1.75 0.343 /
PCP 0.546 1.27 1.53 0.008 0 1.75 0.343 0.068

5 Tracer 0.204 0.446 / 0.003 0 1.70 0.364 /
4-CP 0.204 0.446 1.65 0.016 0 1.70 0.364 0.089
2,4-DCP 0.204 0.446 1.95 0.016 0 1.70 0.364 0.130
2,4,6-TCP 0.204 0.446 1.50 0.016 0 1.70 0.364 0.068
PCP 0.204 0.446 4.28 0.016 0 1.70 0.364 0.448

6 Tracer 0.138 0.316 / 0.003 0 1.72 0.348 /
4-CP 0.138 0.316 1.90 0.015 0 2.65 0.348 0.118
2,4-DCP 0.138 0.316 2.20 0.015 0 2.65 0.348 0.157
2,4,6-TCP 0.138 0.316 1.55 0.015 0 2.65 0.348 0.072
PCP 0.138 0.316 5.00 0.015 0 2.65 0.348 0.524

Q (L/h) - flow rate, Vw (m/h) - pore water velocity, Rd - retardation coefficient, α - dispersivity, λ - biodegradation rate, ρ (g/cm3) - bulk density, ε - porosity, Kd - 
sorption distribution coefficients.
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natural variability in water movement through soil layers with different 
hydraulic properties. As a result, breakthrough curves (BTCs) are 
expressed in pore volumes for each corresponding flow condition. For 
example, the breakthrough for thiourea ranged from 2.1 to 2.4 pore 
volumes for the unamended alluvial soils (Figure S3a in Supplementary 
Material), and 2.2 to 2.8 pore volumes for the biochar-amended alluvial 
soils (Figure S3b in Supplementary Material). The slightly higher 
retardation of the tracer compound in the biochar-enriched soil layers is 
reflective of the changes in the soil porosity after biochar addition and 
the subsequent increase in tortuosity resulting in the observed 
retardation.

Across all layers, 4-CP, 2,4-DCP, and 2,4,6-TCP exhibited transport 
patterns similar to thiourea, with relatively low Rd values, indicating 
limited retention. However, it is important to note that the Rd values for 
these compounds varied between layers, reflecting some variability in 
their retention. For instance, in layer six, 4-CP showed an Rd value of 
1.9, and in layer five it was 1.65 - both notably higher than the Rd values 
for thiourea. This suggests that, although these compounds generally 
exhibit low retention, some interaction with the soil matrix may have 
occurred, possibly due to weak binding forces, but to a lesser degree 
compared to more sorptive compounds. These variations in Rd could also 
be influenced by the differences in flow rates and the sorptive capacities 
of the individual soil layers.

In contrast, in layers like layer 2, the more polar compounds 4-CP, 
2,4-DCP, and 2,4,6-TCP demonstrated transport behavior comparable 
to the non-sorptive tracer thiourea, with Rd values close to 1. This sug
gests minimal interaction with the soil particles, likely due to the low 
organic and clay content in these layers, which limits the soil’s binding 
capacity. Although higher flow rates were applied to more permeable 
layers, the transport behavior of chlorinated phenols could still be 
accurately predicted, as it depends on a multifactorial combination of 
flow rate, sorption, and soil properties.

To further clarify the driving mechanisms for the sorption of CPs in 

the studied alluvial soil, retardation factors were correlated with CP 
properties, as presented in Fig. 3. The correlation analysis reveals 
distinct relationships between Rd and various molecular properties, as 
shown in the plot. The color of the circles indicates the direction of the 
correlation, with blue representing a positive correlation and red indi
cating a negative correlation. Additionally, the size and intensity of the 
color reflect the strength of the correlation, with larger and darker 

Table 5 
Transport parameters of chlorinated phenols through layers of alluvial soil with the addition of biochar.

Soil layer Compound Q Vw Rd (-) α (-) λ (-) Р ε (-) Kd

(L/h) (m/h) (g/cm3) (L/kg)
1 Tracer 0.570 1.47 1.00 0.003 0 1.84 0.309

4-CP 0.570 1.47 135 0.045 0 1.84 0.309 15.5
2,4-DCP 0.570 1.47 115 0.045 0 1.84 0.309 13.2
2,4,6-TCP 0.570 1.47 55.0 0.045 0 1.84 0.309 6.25
PCP 0.570 1.47 85.0 0.065 0 1.84 0.309 9.73

2 Tracer 0.558 1.33 1.00 0.006 0 1.78 0.333 ​
4-CP 0.558 1.33 142 0.035 0 1.78 0.333 17.6
2,4-DCP 0.558 1.33 98.0 0.055 0 1.78 0.333 12.1
2,4,6-TCP 0.558 1.33 52.0 0.055 0 1.78 0.333 6.38
PCP 0.558 1.33 94.0 0.055 0 1.78 0.333 11.6

3 Tracer 0.372 0.874 1.00 0.004 0 1.76 0.339 ​
4-CP 0.372 0.874 115 0.075 0 1.76 0.339 14.5
2,4-DCP 0.372 0.874 82.0 0.075 0 1.76 0.339 10.3
2,4,6-TCP 0.372 0.874 72.0 0.075 0 1.76 0.339 9.02
PCP 0.372 0.874 108 0.055 0 1.76 0.339 13.6

4 Tracer 0.552 1.42 1.00 0.004 0 1.84 0.310 ​
4-CP 0.552 1.42 120 0.045 0 1.84 0.310 13.9
2,4-DCP 0.552 1.42 92.0 0.045 0 1.84 0.310 10.6
2,4,6-TCP 0.552 1.42 45.0 0.075 0 1.84 0.310 5.13
PCP 0.552 1.42 80.0 0.075 0 1.84 0.310 9.20

5 Tracer 0.210 0.444 1.00 0.014 0 1.67 0.376 ​
4-CP 0.210 0.444 102 0.055 0 1.67 0.376 14.2
2,4-DCP 0.210 0.444 83.0 0.055 0 1.67 0.376 11.6
2,4,6-TCP 0.210 0.444 78.0 0.055 0 1.67 0.376 10.9
PCP 0.210 0.444 92.0 0.055 0 1.67 0.376 12.8

6 Tracer 0.138 0.261 1.00 0.009 0 1.72 0.421 ​
4-CP 0.138 0.261 155 0.035 0 1.72 0.421 24.4
2,4-DCP 0.138 0.261 108 0.055 0 1.72 0.421 17.0
2,4,6-TCP 0.138 0.261 56.0 0.095 0 1.72 0.421 8.73
PCP 0.138 0.261 74.0 0.095 0 1.72 0.421 11.6

Q (L/h) - flow rate, Vw (m/h) - pore water velocity, Rd - retardation coefficient, α - dispersivity, λ - biodegradation rate, ρ (g/cm3) - bulk density, ε - porosity, Kd - 
sorption distribution coefficients.

Fig. 3. Correlation between the retardation factor Rd for CPs in the alluvial soil 
and their physico-chemical properties (MW - molecular weight, KOW - n- 
octanol/water partition coefficient, Sw - solubility in water, pKa - acid disso
ciation constant, Ai - electron-acceptor character of molecule, Bi - electron- 
donor character of molecule, Si - polarizability, p - vapor density).
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circles representing stronger correlations.
The obtained Rd values were correlated with soil properties using 

Pearson’s correlation to assess how much influence individual soil 
characteristics have on CP retardation in the alluvial sediment. The Rd 
values showed no correlation with the physico-chemical characteristics 
of the soils with results showing no statistical significance (p > 0.05) and 
R2 values ranging from 0.01 to 0.29, (Figure S4 in Supplementary ma
terial) indicating that the retardation of CPs in the alluvial soil layers 
was not significantly influenced by the differences in soil properties.

Among CP properties, the acid dissociation constant pKa exhibited 
the strongest correlation with Rd values across all soil layers (R2=− 0.81) 
as shown in Fig. 3. CPs with lower pKa values, higher molecular weights 
(MW), higher hydrophobicity (expressed as logKOW), and higher elec
tron acceptor properties (Ai) were more effectively retained, indicating 
a positive relationship between Rd and these three CP characteristics. 
This suggests that hydrophobic partitioning and electron-donor acceptor 
interactions predominantly drive CP retention in the soil studied, as 
more hydrophobic and heavier CPs are less likely to be transported 
through the soil layers.

Electrostatic interactions appear to play a secondary role in CP 
retention as at the experimental pH of 6.9, most CPs exist in their non- 
dissociated form, reducing the impact of electrostatic attraction to soil 
particles. However, the soil surface is positively charged due to pro
tonated iron and silicon oxides, with a point of zero charge ranging from 
8.34 to 9.32 (Table S2 in Supplementary Materials). This charge facili
tates the adsorption of PCP, where electrostatic attraction could enhance 
its retention, especially given that pHpzc > experimental pH > pKa. This 
mechanism aligns with findings reported by Song et al. (2021), who 
emphasized surface charge heterogeneity as a key factor impacting the 
transport and retention of ionizable organic compounds in porous 
media. Overall, CP retention in alluvial soil is driven by hydrophobic 
and electron-donor acceptor interactions, with limited influence from 
charge-based attraction, except in specific cases like PCP. The same 
conclusions were observed by Sigmund et al. (2022) who highlighted 
that sorption and mobility of charged organic compounds depends on 
the pH of the environment that affects the charge density of soil, which 
in turn influences the sorption of ionized organic compounds.

Effect of Biochar-Amended Soil on the Transport of CPs
Breakthrough curves for the different soil layers with and without 

biochar (AS and AS+BC, respectively) are shown in Figures S1 and S2, 
respectively, in the Supplementary Materials, and clearly demonstrate 
the effect of biochar amendment on CPs transport. Incorporating biochar 
into the soil significantly slowed down the transport of CPs, preventing 
their fast movement through the soil layers. The BTCs from the biochar- 
amended soils exhibited much longer travel times compared to those 
from the native soil across all layers, highlighting biochar’s effectiveness 
in enhancing pollutant retention. Thus, the study investigated the 
impact of a 0.5 % biochar addition to the different alluvial soil layers on 
the retention and transport of the CPs. The mean values from triplicate 
measurements for transport parameters of CPs in biochar-enriched al
luvial soil are presented in Table 5.

The impact of biochar on transport is directly reflected in the 
transport parameters. The sorption distribution coefficients (Kd) for 
biochar-amended soils ranged from 5.13 to 24.4 L/kg, far exceeding 
those for soils without biochar, where Kd values were up to a thousand 
times lower (Table 4). This significant increase in sorption capacity 
underscores biochar’s role as an effective measure against CP migration 
through the soil, even under similar flow conditions. Consequently, the 
transport experiments with biochar were much longer, with travel times 
extended by factors of 12–40 (72–400 h) compared to the native soil 
(Figures S1 and S2 in Supplementary Material, Tables 4 and 5).

Many studies have reported similar findings, indicating that biochar 
amendments significantly affect the transport and retention of pollut
ants in soil (Gámiz et al., 2019; Isakovski et al., 2024; Masud et al., 2023; 
Twagirayezu et al., 2024), reinforcing the potential of biochar as an 
effective soil amendment for mitigating mobility of contaminants.

The observed retention patterns in biochar-amended soils suggest an 
interplay between the structural and chemical properties of the pollut
ants and the sorptive characteristics of biochar-enriched soils. Specif
ically, the relationship between the retardation factors and the physico- 
chemical properties of the compounds (Fig. 4) underscores the influence 
of molecular characteristics, such as polarity and hydrophobicity, on 
their interaction with the amended soil. Thus, retardation factors are 
further correlated with the structural and electronic properties of the 
CPs. The observed relationship between the retardation coefficient and 
the physico-chemical properties of CPs highlights how specific molec
ular features influence their retention in biochar-enriched soils.

In terms of negative correlations, Rd shows a strong negative relation 
with Si (polarizability), highlighted by a large, deep red circle, sug
gesting that more polarizable molecules tend to have lower retention, 
likely due to reduced interactions with the stationary phase. The weak 
negative correlation between Rd and molecular weight is reflected by a 
smaller red circle, indicating that larger molecules tend to exhibit lower 
retention in hydrophobic environments. Key factors such as polariz
ability, molecular weight, and electron-donor properties govern this 
interaction shown in Fig. 4. Analysis revealed a strong correlation be
tween CP polarizability and Rd, with R2 values ranging from 0.63 to 
larger 0.99 (Fig. 4), except for the third layer, where R2 dropped to 0.41. 
CPs with higher polarizability demonstrate strong π-π electron-donor- 
acceptor (interactions with biochar’s highly aromatic π-conjugated 
system (H/C = 0.12), enhancing retention. For instance, 4-CP shows the 
highest Rd values (102–155), attributed to its single chlorine substitu
tion, which maintains higher electron density and fosters strong π-π 
interactions. Conversely, CPs with increased chlorine substitutions, like 
PCP and 2,4,6-TCP, exhibit moderate Rd values due to reduced electron 
density, making their π-systems more electron-accepting. Additionally, 
conclusions are supported by electron-donor acceptor properties 
showing a positive correlation with Rd (large blue circles), indicating 
that molecules with stronger electron-donating abilities (high Bi such as 
4-CP of 0.230) tend to have higher retention. This suggests that electron- 
donor molecules may interact more strongly with the surface of biochar- 
amended alluvial soil, potentially through favorable π–π electron donor- 
acceptor (EDA) interactions. These interactions are particularly 
enhanced if the stationary phase, such as biochar, contains π-acceptor 
moieties that can interact with the electron-rich phenolic rings of CPs. 

Fig. 4. Correlations between the retardation factor Rd and physico-chemical 
properties of CPs in the biochar-enriched soil column (MW - molecular 
weight, KOW - n-octanol/water partition coefficient, Sw - solubility in water, 
pKa - acid dissociation constant, Ai - electron-acceptor character of molecule, Bi 
- electron-donor character of molecule, Si - polarizability, p - vapor density).
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The influence of such interactions has been extensively investigated by 
Xiao and Pignatello (2015), who demonstrated that the strength of EDA 
interactions depends on the difference in quadrupole moments between 
the donor and acceptor molecules. These quadrupole moments are 
influenced by ring substituents that either donate or withdraw electron 
density, particularly through the π system, as well as the polarizability of 
the donor’s π cloud, which directly affects the sorption behavior of ar
omatic compounds. Furthermore, Wu et al. (2018) observed that a 
reduction in sorption from single-ring to multi-ring aromatic compounds 
could be attributed to π-electron delocalization, which affects the for
mation and strength of EDA interactions. Together, these findings sup
port the conclusion that EDA interactions, governed by molecular 
electronic properties, play a critical role in the enhanced retention of 
CPs in biochar-enriched soils. These interactions highlight the ability of 
biochar to act as an effective sorbent for substituted aromatic pollutants.

For positive correlations, Rd shows a positive relationship with water 
solubility (Sw), represented by a large, deep blue circle, suggesting that 
retention increases with increasing solubility. This finding also supports 
the previous conclusion that more polar phenols, such as mono- and 
dichlorophenols with higher solubility, exhibit longer retention in 
biochar-enriched soil columns. Generally, water solubility and Rd are 
inversely related because highly water-soluble compounds tend to 
remain in the aqueous phase and interact less with the solid phase. 
However, in biochar-enriched soils, the polarity and structural proper
ties of biochar may facilitate specific interactions (e.g. π–π interactions) 
with polar compounds, such as mono- and dichlorophenols, despite their 
higher solubility. Wu et al. (2018) highlighted that the size and shape of 
aromatic compounds can significantly influence their sorption behavior. 
Large molecules with strong π-donor or π-acceptor properties are ex
pected to strongly interact with electron-deficient or electron-rich re
gions on surfaces. However, due to size exclusion at pore throats, these 
molecules are unable to penetrate the small pores of porous sorbents. 
Consequently, accurately predicting the sorption of aromatic com
pounds is challenging due to the multiplicity and complexity of influ
encing factors, warranting further investigation. Additionally, pKa 
exhibits a weak positive correlation with Rd, as shown by a smaller blue 
circle.

Beyond the π-π electron-donor acceptor (EDA) interactions, the 
positive surface charge of biochar under the experimental pH conditions 
(pHpzc~10) promotes the attraction of CPs, leading to stronger sorption 
and retention. This effect is particularly relevant for mono-, di-, and tri- 
chlorinated phenols, which remain largely non-dissociated at the 
experimental pH of ~7. Although non-ionized CPs are neutral, their 
functional groups are influenced by the electron-withdrawing effects of 
chlorine atoms and the hydroxyl group, which alter the molecule’s 
dipole moment. These molecular dipoles can, in turn, induce dipoles on 
the positively charged biochar surface, resulting in dipole-induced 
dipole interactions. As discussed by Wu et al. (2018), biochar’s surface 
charge, which is pH dependent, plays a significant role in its interaction 
with contaminants. Similarly, Sumaraj and Padhey (2017) and Sajjadi 
et al. (2019) highlight that surface charges, including those generated by 
functional group dissociation, strongly influence sorption behavior. For 
neutral CPs, the positive surface charge of biochar is therefore expected 
to enhance retention through dipole-induced dipole interactions. In 
addition, the electrostatic properties of the biochar, commonly 
expressed through zeta potential, are a key factor in the sorption of 
charged organic compounds such as CPs. Although zeta potential was 
not directly measured, the biochar’s high pHpzc indicates that its surface 
area exhibits a positive zeta potential under the near-neutral experi
mental conditions. This, as a result, contributes to the enhanced reten
tion of the partially ionized CP molecules, due to their interaction with 
the positively charged biochar surface, complementing π–π electron 
donor-acceptor and dipole-dipole interactions.

In the case of PCP, relevant mechanisms for retardation are elec
trostatic interactions between positively charged surfaces of the soil/ 
biochar mixture and negatively charged PCP. The combination of π-π 

EDA and electrostatic interactions bonds supports PCP retention within 
the biochar-amended soil. In summary, CP retention efficacy depends on 
the balance of chlorine content, polarizability, and formation of polar 
interactions with 4-CP showing the highest retention due to its single 
chlorine substitution and consequent stronger electron-donating ca
pacity. Therefore, adsorption of organic compounds on carbon-based 
materials such as biochar is driven by multiple mechanisms (Isakovski 
et al., 2024; Moreno-Castilla, 2004; Sadegh et al., 2024; Sajjadi et al., 
2019; Sumaraj and Padhye, 2017; Wu et al., 2018; Zhang et al., 2011). 
Additionally, Zhong et al. (2023) investigated CP adsorption on biochar 
and concluded that the interactions between the CPs and the biochar are 
mainly attributed to the chemical structure of the CPs.

Overview of retention mechanisms of CPs in alluvial and biochar-amended 
soils and insights from biplot analysis

A PCA was performed to elucidate the interplay of soil properties, 
biochar amendments, and CP characteristics on retardation, a critical 
factor in contaminant transport. The PCA biplot (Fig. 5) provides a vi
sual representation of these interactions, highlighting how soil amend
ments like biochar can modulate CP retention mechanisms through 
distinct physicochemical pathways. The analysis included Rd values 
obtained for all four CPs. The explanatory power of PC1 and PC2 
together is 64.2 %, as they collectively account for 33.3 % and 30.9 % of 
the total variance, respectively.

In the unamended alluvial soil, Rd exhibits strong positive correla
tions with several molecular parameters of CPs, including molecular 
weight (1), hydrophobicity (2), electron-acceptor properties (5), and 
polarizability (7). These correlations indicate that hydrophobic in
teractions dominate the retention process. For example, larger and more 
hydrophobic CPs such as PCP demonstrate higher Rd values than smaller 
and more polar molecules like 4-CP or 2,4-DCP. This trend underscores 
the pivotal role of molecular size and hydrophobicity in CP retention, as 
corroborated by finding reported in Endo and Matsuzawa (2024), who 
highlighted that molecular size was the most significant factor influ
encing sorption for both PFAS (Per- and polyfluoroalkyl substances) and 
a wide range of nonfluorinated surfactants. Furthermore, π-π electron 
donor-acceptor interactions significantly contribute to retention. The 
positive correlation between Rd and Ai (5) suggests that CPs with high 
electron-acceptor potential, such as 2,4,6-TCP and PCP, form π-π in
teractions with aromatic domains in soil organic matter. The presence of 
rigid, glassy aromatic moieties in SOM, as reflected by a 
hydrogen-to-carbon (H/C) ratio close to 1, aligns with the dual-domain 
model of SOM. This model posits that condensed aromatic domains 
interact more strongly with organic contaminants than expanded 
aliphatic regions (Ćwieląg-Piasecka, 2023).

Conversely, Rd shows negative correlations with water solubility (3), 
electron-donor properties (6), acid dissociation constant (4), and vapor 
density (8). These findings indicate that highly soluble and polar CPs, 
such as mono- and dichlorophenols, exhibit lower retention. The trend 
in solubility and electron-donor properties follows the order: mono-CPs 
> di-CPs > tri-CPs > penta-CPs, the trend in solubility and electron- 
donor properties follows the order: mono-CPs > di-CPs > tri-CPs >
penta-CPs suggesting that the higher values are obtained for hydro
phobic PCP. The negative correlation between Rd and pKa suggests that 
ionized CPs, present under experimental conditions where soil pH ex
ceeds the pKa of the compounds, are retained more strongly through 
electrostatic interactions. As pKa increases, the proportion of ionized 
species decreases, resulting in lower retention. This aligns with obser
vations that ionic interactions play a crucial role in ionized CP transport 
dynamics. Soriano-Meseguer et al. (2021) further support this hypoth
esis by investigating the retention of partially ionized acid-base com
pounds in reversed-phase liquid chromatography. They concluded that 
both hydrophobic and ionic interactions significantly influence reten
tion, with the balance between these forces depending on the com
pound’s molecular structure and the surrounding conditions. Their 
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findings highlight how variations in pH, ionic strength, and compound 
properties collectively shape retention behavior, emphasizing the dy
namic interplay between these factors.

The introduction of biochar significantly alters the retention dy
namics of CPs. In biochar-amended soil, Rd demonstrates strong positive 
correlations with SW (3), Bi (6), pKa (4), and p (8), indicating a shift 
toward more polar interactions. This suggests that biochar enhances the 
retention of polar CPs, such as 4-CP, by introducing abundant electron- 
acceptor sites facilitating the formation of dipole-induced dipole in
teractions, as evidenced by the positive correlation between Rd and pKa. 
This finding is consistent with research, which indicates that biochar 
exhibits a sorption affinity for CPs and related compounds as polar 
organic substances and concludes that pH significantly influences the 
adsorption capacity of these compounds (e.g., Choi et al., 2024).

Negative correlations between Rd and MW (1), logKOW (2), Ai (5), 
and Si (7) further support the influence of polar interaction in biochar- 
amended soils highlight a reduced influence of hydrophobic in
teractions. This shift favors the retention of smaller, more polar CPs over 
larger, hydrophobic molecules such as pentachlorophenol. The dimin
ished role of hydrophobicity, coupled with the enhanced importance of 
π-π electron donor-acceptor interactions, demonstrates biochar’s ability 
to modulate retention mechanisms. Polar interactions, including elec
trostatic attraction and π-π EDA interactions, arise from variations in 
electron density and charge distribution. These mechanisms enhance the 
retention of polar and semi-polar compounds, particularly under con
ditions that promote deprotonation and increase surface charge het
erogeneity. Additionally, surface charge heterogeneity introduces a 
variety of adsorption sites, including those that can engage in hydrogen 
bonding and π-π interactions. This diversity in binding sites allows the 
biochar to effectively capture and retain a broader range of polar and 
semi-polar compounds, enhancing its ability to immobilize such con
taminants in the soil. By leveraging these polar interactions, biochar 
enhances soil’s capacity to immobilize contaminants, proving to be an 
effective amendment for reducing the mobility of polar organic pollut
ants as already stated by Carlini et al. (2023). Additionally, Miao et al. 
(2017) investigated the adsorption of polar groups and aromatic mole
cules on biochar, highlighting the role of polar interactions. These 
groups facilitate hydrogen bonding and electrostatic attraction, 
enhancing retention as pH increases and deprotonation occurs. The 
study also concluded that π-π electron donor-acceptor interactions 

dominate the adsorption process.
Although, no direct correlations were found between Rd and soil 

physicochemical properties in unamended soils, slight positive correla
tions were observed with specific surface area, total pore volume, and 
bulk density. These findings suggest that pore trapping and surface in
teractions contribute indirectly to CP retention. Increased surface area 
and pore volume provide more sites for chemical interactions, thereby 
enhancing retention of hydrophobic organic contaminants as also stated 
by Ma et al. (2020).

In order to better understand the mechanism of CPs transport 
through alluvial soil, the observed transport behaviors were compared 
to literature findings for other soil types. In general, the transport 
behavior observed in the Danube alluvial soil is notably different from 
those found in soils with finer texture or rich in Fe. This can primarily be 
linked to the significant variations in organic carbon content, mineral 
composition and hydraulic properties of the observed soils. As reported, 
all layers of the investigated alluvial soil were characterized by high 
content of sand and low content of clay and organic matter; as a result 
low SSA and limited sorption capacities were observed. Reflecting these 
observations, and the highly permeable nature of the sandy soil, the low 
retardation coefficients were obtained (1–6.15), indicating weak CP-soil 
interactions and fast advective transport. These findings are consistent 
with those reported in sandy aquifer materials and sediments with low 
organic matter content, in which hydrophobic and electron donor- 
acceptor interactions are dominant over electrostatic binding (Yadav 
et al., 2023; Kondor et al., 2024). However, significantly higher retar
dation coefficients can be observed for Fe-rich soils with high clay 
content (Zhang et al., 2024; Zhou et al., 2023). This can be explained by 
the presence of reactive metal oxides and surface functional groups 
which can facilitate redox-driven transformation of CPs, and enhance 
soprtion. The absence of such mineral phases in the Danube alluvial soil 
likely contributes to its comparatively low sorption capacity. Moreover, 
CP mobility is controlled by soil organic carbon and redox potential 
(Emenike et al., 2024), further explaining the very low retention of CPs 
in the unamended alluvial soil, as both parameters were low. The sig
nificant increase in both retardation coefficients and sorption distribu
tion coefficients (Table 5) after the addition of biochar into the alluvial 
soil, highlights the key role of sorbent surface chemistry in regulating 
organic compounds transport through soil. As observed, biochar 
amendment into the alluvial soil compensated for the naturally low 

Fig. 5. PCA biplot of the chlorinated phenols molecular properties (MW (g/mol) – molecular weight, logKow - n-octanol/water partition coefficient, Sw (g/L) – 
solubility in water, pKa - acid dissociation constant, Ai – electron-acceptor character of molecule, Bi – electron-donor character of molecule, Si – polarizability, p 
(mmHg) – vapor density), and soil properties (%OM – organic matter content, %Clay – clay content, TOC – total organic carbon, CEC – cation exchange capacity, Ks – 
saturated hydraulic conductivity, SSA – specific surface area, TPV – total pore volume, pHpzc – point of zero charge, %C – carbon content, %H – hydrogen content, % 
O – oxygen content, H/C ratio, O/C ratio, soil bulk density) affecting the retardation coefficient in alluvial soil (no BC) and biochar-amended soil (with BC).
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sorption capacity, introducing high surface area, and an abundance of π 
structures and positively charged sites. This enhanced the retention of 
both polar and moderately hydrophobic CPs by facilitating π-π electron 
donor-acceptor and dipole-dipole interactions. The results confirm that 
the main limiting factors for CPs transport through soil are the physi
cochemical properties of the soil, particularly soil organic carbon con
tent, the presence of Fe/Al oxides and their abundance, and texture. 
Further, the results indicate that amending coarse-textured alluvial soils 
with biochar can shift retention mechanisms towards those typical of 
more reactive, fine-textured mineral soils.

The overall results highlight biochar’s potential as a soil amendment 
for environmental remediation by shifting retention mechanisms from 
hydrophobic to polar interactions. Additionally, biochar enhances soil’s 
capacity to immobilize a broader spectrum of contaminants. This 
increased versatility makes biochar an effective tool for managing 
pollution in diverse environmental settings.

Conclusion

The column experiments performed in this study evaluated the 
transport of chlorinated phenols through soil, both with and without 
biochar addition. In high-permeability layers, breakthrough curves for 
all four compounds appeared within 10 h, underscoring the rapid 
transport of CPs in these environments. The study identified the primary 
retention mechanisms of CPs in alluvial soils as hydrophobic, polar in
teractions, and electron-donor acceptor interactions, rather than charge- 
based attractions - though exceptions like pentachlorophenol were 
noted. The chemical properties of CPs, particularly pKa, molecular 
weight, and hydrophobicity, were critical in influencing their transport 
in the soil. The addition of biochar significantly enhanced CP retention, 
increasing breakthrough times by 12 to 40 times and yielding retarda
tion values Rd between 42 and 155. A strong correlation was observed 
between retention and molecular polarizability. The research provides 
valuable insights into the use of biochar in environmental remediation, 
particularly for controlling the migration of organic pollutants and 
mitigating contamination of subsurface water systems. Biochar’s ability 
to enhance retention mechanisms makes it a valuable tool in controlling 
the transport of organic pollutants and protecting subsurface water 
quality.

These findings reinforce the potential of riverbank filtration as a 
sustainable and cost-effective pre-treatment strategy for drinking water, 
particularly when biochar is used as a soil amendment. The study 
highlights that the success of such systems hinges on a nuanced under
standing of both the physical-chemical properties of the soil and the 
chemical characteristics of the contaminants.

Funding

This research was supported by the Science Fund of the Republic of 
Serbia, #6769, Natural based efficient solution for remediation and 
revitalization of contaminated locations using energy crops – ReNBES.

Data availability

The datasets used or analyzed during the current study are available 
from the corresponding author upon reasonable request. Additionally, 
the datasets are hosted in the Zenodo repository, doi:10.5281/zenodo 
.14135465.

CRediT authorship contribution statement

Tamara Apostolović: Writing – review & editing, Visualization, 
Formal analysis. Marijana Kragulj Isakovski: Writing – original draft, 
Methodology, Conceptualization. Marko Šolić: Methodology, Data 
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