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A B S T R A C T

Uranium contamination resulting from nuclear waste disposal poses significant environmental and health risks, 
necessitating the development of effective remediation strategies. In this study, we investigate the use of biochar- 
based adsorbents derived from coffee waste for the removal of U(VI) from acidic effluent produced by real 
uranium-contaminated soil through acid leaching, providing a novel solution to real-world contamination. Two 
biochars—pristine and ZnFe-modified—were synthesized, and their U(VI) adsorption performance was evaluated 
through a comprehensive analysis of their physicochemical properties. The biochar’s adsorption performance 
was assessed under diverse experimental conditions, examining its isotherm, kinetic, and thermodynamic 
characteristics. Additionally, its behavior was analyzed in the presence of background cations, anions, and humic 
acid within a real acidic effluent containing U(VI). Despite the significantly larger surface area of ZnFe-modified 
biochar (1218.4 m2/g vs. 40.8 m2/g for pristine biochar), pristine biochar exhibited superior U(VI) adsorption 
capacity at pH 4. This enhancement was attributed to its negative surface charge, which promotes electrostatic 
interactions with the positively charged U(VI) ions. Conversely, the positive surface charge of ZnFe-modified 
biochar hindered U(VI) adsorption efficiency under similar conditions. Machine learning models, including 
Random Forest, XGBoost, and LightGBM, were employed to predict adsorption capacity and analyze key oper
ational parameters. SHapley Additive exPlanations analysis identified initial uranium concentration, exposure 
time, and pH as the most critical factors. These findings underscore the novelty of using real uranium- 
contaminated soil effluent and highlight pristine biochar as an effective, sustainable material for U(VI) removal.

1. Introduction

The use of nuclear energy to satisfy global energy demands has 
grown owing to its sustainability and cost-effectiveness [1]. Uranium 

(U) is a critical component of nuclear power production; however, U- 
containing nuclear waste poses a critical threat to soil condition because 
it has increasingly returned to soil systems [2,3]. Production of U via 
mining/milling harm ecosystems due to the improper way to dispose 
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radioactive waste [4]. Moreover, the health risks of uranium to humans 
are significant owing to its toxicity, which affects the cells, bones, and 
kidney [5–7]. Thus, proper uranium-removal methods for contaminated 
waste are required to promote public health sustainability [8,9].

Radioactive waste, including contaminated soil, is produced at 
various sites, such as electrochemical plant facilities, decommissioned 
plants, and mineral regions [10–12]. To date, contaminated soil reme
diation has included either physical separation or chemical extraction 
methods [12–14]. Physical separation, such as magnetic, attrition 
scrubbing, and electrokinetic separation, is generally ineffective for el
ements that are strongly bound to soil particles [14,15]. Chemical 
extraction methods include the eluent/chelant extraction, use of redox 
agents, and surfactant-based solubilization [12–14]. Chemical extrac
tion, particularly acid leaching, is an effective method for removing 
target elements, such as uranium, from contaminated soils [11,16,17]. 
As an extension of the previous research [18], this study was conducted 
to treat the waste effluents generated during acid-based remediation. 
Therefore, we aim to define the scope of this research using the acidic 
effluent.

Radioactive wastewater containing uranium can be treated using 
various methods, including (i) physical methods such as membrane 
separation, evaporation, precipitation, and adsorption, (ii) electro
chemical techniques, and (iii) biological methods [17,19–23]. Each 
method has its own advantages and disadvantages, including environ
mental friendliness, cost-effectiveness, kinetic properties, byproduct 
generation, and target selectivity. Among them, adsorption is particu
larly suitable for treating U(VI)-contaminated water owing to its cost- 
effectiveness and reusability. Based on the development of novel ad
sorbents with high adsorption performance, numerous studies have been 
published on using adsorption to remove U(VI) from real or simulated 
wastewater [4,24–26].

Biochar-based materials possess numerous oxygen functional groups, 
exhibit thermal stability and environmental friendliness, and have a 
porous structure [27–29]. They have been successfully used to treat 
either real or simulated radioactive U(VI)-contaminated wastewater 
using adsorption, as presented in approximately 30 published papers 
[24,25,27–52]. However, these studies lacked insights into the effects of 
impurities co-leached during acid leaching and did not explore the use of 
machine learning (ML) to identify key factors influencing uranium 
adsorption performance, which hinders the development of effective 
adsorbents for uranium remediation. The practical research scope is 
different for uranium-contaminated wastewater than that of soil because 
acidic effluents from uranium-contaminated soil contain high concen
trations of impurities, such as Fe2+, Al3+, and Si2+. Notably, only one 
study has employed ML models to interpret the U(VI) adsorption results 
using biochar-based adsorbents [46]. From this perspective, the main 
research question of this study is whether biochar-based materials can 
effectively treat waste effluents generated from uranium-contaminated 
soil and yield meaningful results through machine learning analysis.

This study used biochar-based adsorbents for the removal of U(VI) 
via acid leaching from U(VI)-contaminated soil for the first time. 
Meanwhile, as referenced in a previous study [53], ZnFe-modified bio
char offers the advantages of increased surface area and ease of recov
ery. If these characteristics can be effectively utilized, it becomes more 
meaningful from a practical standpoint. Therefore, comparing raw 
biochar with ZnFe-modified biochar is the novel and significant aspect 
of this study. Two types of biochar-based adsorbents were synthesized, 
and their effectiveness in treating U(VI) was compared based on their 
physicochemical properties. Subsequently, the adsorption performance 
of the biochar was evaluated under various experimental conditions, 
revealing its isotherm, kinetic, and thermodynamic properties, and 
under the presence of background cations/anions and humic acid (HA) 
in a real acidic effluent containing U(VI). Reusability tests were con
ducted to elucidate the adsorption–desorption behavior of biochar for 
practical applications. Furthermore, a feature importance analysis was 
performed using three types of ML models to elucidate the process 

mechanisms and optimize the control conditions, offering practical 
methods to develop eco-friendly ways for remediation of U(VI)- 
contaminated environments. Finally, a removal mechanism between 
biochar and U(VI) was proposed, judging from the adsorption results, 
characterizations, and comparisons with previous researches on U(VI) 
adsorption using biochar-based materials.

2. Materials and methods

2.1. Evaluation of adsorption and desorption performances

Preparation of biochar-based materials and their characterizations 
were described in supplementary materials in S1.1 and S1.2, respec
tively. To treat soil contaminated with U(VI), acid leaching was per
formed using a 1 M HCl or H2SO4 solution with a liquid (acids)-to-solid 
(soil) ratio of 3:1 with 4 h exposure time. The U(VI)-containing waste
water was recovered via centrifugation, and the solution pH was 
adjusted by a 1 M NaOH solution. A mixture containing 1,000 and 100 
mg•L–1 of adsorbent and U(VI), respectively, with 4 h reaction time was 
used for all the experiments. To elucidate the adsorption isotherms, 
initial U(VI) concentrations (30, 60, 75, 100, 150, 250, and 350 mg•L–1) 
were selected. Five recycling tests were conducted using 0.1 M HCl to 
desorb U(VI) from the as-conducted biochar, and the regenerated bio
char was separated via centrifugation.

2.2. Implementing ensemble ML models

This study aimed to implement ML models to classify the biochar- 
based adsorption capacity (qe) of U(VI) using experimental data. Three 
ML algorithms, random forest (RF), extreme gradient boosting 
(XGBoost), and light gradient boosting machine (LGBM), were 
employed and compared to determine an optimal model for classifying 
qe levels. These models are based on an ensemble (alternatively called 
tree-based) algorithm and make predictions by collecting each result 
from a decision tree unit [54]. Although they have the same underlying 
mechanism, their performance can differ according to the types of target 
systems (or datasets) to be observed [55–57]. Therefore, the perfor
mances of the ensemble models must be investigated to select the best 
model for classifying qe levels.

Before model implementation, the input (feature) and target data for 
the ML models were preprocessed. In this study, the feature and target 
datasets were preprocessed following the steps introduced in our pre
vious study [58]. Using preprocessing, the feature data had an ordinal 
format, such as “0,” “1,” “2,” and “3” for 10, 50, 100, and 500 mg L− 1 

background ion concentrations, respectively, while the target data came 
to range from 0 to 1 due to normalization. Target data ranging from 0 to 
1 (normalized target data) were grouped (stratified) into N-class ordinal 
forms for the classification task of ML models; this step is called “data 
stratification.” N denotes the degree of stratification, and the target 
dataset that passed the data stratification contained N data classes. For 
example, if N was set to five, the target dataset had five integer data: 
from “1,” corresponding to 0 in a normalized target dataset, to “5” for 1 
in the normalized target dataset. During ML modeling, N ranged from 3 
to 10 to observe changes in model performance following its variation.

2.3. Shapley additive exPlanation (SHAP) analysis

Among the three ML models, the one with the highest accuracy was 
selected as the surrogate for feature importance analysis, which de
termines the influence of input variables on the target variable in ML 
models. This study conducted a feature importance analysis via SHAP. In 
ML communities, the SHAP analysis is a widely used technique for 
determining the importance of features. This technique is closely asso
ciated with game theory and Shapley values, thereby enabling the 
interpretation of ML models [59]. The SHAP analysis for ML model 
classification provides two critical insights: rankings of the total feature 
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importance and feature performance in individual classes. The ranking 
of the total feature importance represents the extent to which a specific 
feature influences the target data, regardless of the data classes or 
stratification degrees. This attribute indicates the total contribution of 
an input variable to the target data. However, the feature importance 

ranking for each individual class reveals how the features affect each 
class. Thus, a model configured with N data classes results in rankings 
for N classes. In this study, the effects of the individual features on the 
target variables were explored using these two rankings.

Fig. 1. Various characterizations of the (i) biochar and (ii) ZnFe-biochar in this study: (a) SEM (b) TEM, (c) XRD, and (d) zeta potential.
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3. Results and discussion

3.1. Characterization of the biochar-based adsorbents

The micro-morphologies of the pristine and ZnFe-modified biochars 
were examined using SEM and TEM. The SEM images [Fig. 1(a.i and ii)] 
revealed that the biochar structures possessed irregular and wrinkled 
pore shapes. In contrast, the TEM images demonstrated that the biochar 
structures had smooth surfaces, as illustrated in Fig. 1(b.i and ii). This 
morphology was consistent with those of several synthesized biochar 
samples reported in previous studies [27–29,34].

Subsequently, the XRD patterns of both the pristine and ZnFe- 
modified biochars were recorded and are illustrated in Fig. 1(c.i and 
ii), respectively. According to the ICDD related to biochar [53], the 
primary diffraction peaks for biochar appear at approximately 23◦ and 
43◦, which are indicative of amorphous carbon. For the ZnFe-modified 
biochar, the main diffraction peaks were observed at approximately 
45◦, with additional peaks at 30◦, 35◦, 43◦, 57◦, and 63◦ corresponding 
to Fe0 and Fe3O4 [53]. These crystallinity results and the dimensions of 
the biochar-based materials aligned with findings from previous studies 
[36,37,39,53].

The specific surface area and surface charge of the pristine and ZnFe- 
modified biochars were confirmed using a porosimeter and zeta poten
tial analyzer, respectively. Determined using the BET method, the spe
cific surface areas of the pristine and ZnFe-modified biochars were 40.8 
and 1218.4 m2•g− 1, respectively (Table 1). The pH of the isoelectric 
point for pristine and ZnFe-modified biochars was approximately 3.0 
and 4.5, respectively [Fig. 1(d.i and ii)]. These characterizations were 
important for this study because both the surface charge and area were 
key factors in determining qe [58,60]. Based on these characterizations, 
we performed adsorption tests using two types of soil washing agents 
with different pH values to evaluate the effectiveness of U(VI) removal 
by pristine and ZnFe-modified biochars, as described in Section 3.2.

3.2. Evaluation of the adsorption and desorption properties

3.2.1. Comparison of biochar-based adsorbents under different soil- 
washing agents

Fig. 2 presents a comparison of the biochar-based adsorbents for the 
adsorption of U(VI) in four different conditions of wastewater. The 
adsorption tests used a mixture of 100 and 1,000 mg • L− 1 of U(VI) and 

biochar with a 4 h reaction time. In every experiment, the pristine 
biochar exhibited a higher qe than the ZnFe-modified biochar. This 
observation aligned with the interpretation of Fig. 1(d.i and ii), indi
cating that the surface charge was a crucial factor in determining the 
adsorption performance of the biochar for U(VI) removal. Furthermore, 
using HCl as a soil-washing agent resulted in a higher qe value for both 
types of biochar at pH values of 3 and 4 compared to H2SO4. This finding 
supported the significance of electrostatic attraction as a primary 
mechanism for U(VI) removal by the adsorbents. For example, the 
interruption of electrostatic interactions resulted from competitive in
teractions between the negatively charged biochar and divalent sulfate 
anions [58,61]. Moreover, small amounts of U(VI) were captured even 
though the biochar had an almost neutral surface charge at pH 3 [Fig. 1
(d.i)]. The surface complexation between U(VI) and the O/N functional 
groups of the biochar could have occurred [36,49], facilitating the 
removal of U(VI). Therefore, pristine biochar and HCl (at pH 4) were 
selected as the adsorbent and soil-washing agent, respectively, for sub
sequent U(VI) treatment in the following sections.

3.2.2. Isotherm, kinetic, and thermodynamic studies
The adsorption isotherms were elucidated by examining the 

adsorption performance relative to the initial adsorbate concentration 

Table 1 
Comparison of adsorption capacity for U(VI) by biochar used in this study and by reported biochar-based adsorbents.

Adsorbent Surface area 
(m2•g− 1)

Parameters Adsorption performances 
(mg•g− 1)

Models Ref.

Ash-poor corn cob biochar >500 Sorbent = 2,500 mg•L-1 

U(VI) Con. = 25 mg•L-1 

pH = 6.0

163.0 
(Maximum)

Pseudo-second-order kinetic 
Langmuir

[45]

Iron oxide-rice husk biochar 109.7 Sorbent = 200 mg•L-1 

U(VI) Con. = 60 mg•L-1 

pH = 4.0

52.6 
(Maximum)

Pseudo-second-order kinetic 
Langmuir

[51]

Si-biochar@Fe 62.9 U(VI) Con. = 0.5 mg•L-1 

pH = 6.0
138.9 
(Maximum)

Pseudo-second-order kinetic 
Langmuir

[24]

δ-MnO2 modified biochar 550.8 Sorbent = 500 mg•L-1 

U(VI) Con. = 50 mg•L-1 

pH = 5.0

61.5 
(Maximum)

Pseudo-second-order kineticFreundlich [34]

Iron oxide-bamboo biochar 129.8 Sorbent = 1,000 mg•L-1 

U(VI) Con. = 300 mg•L-1 

pH = 4.5

70.5 
(Equilibrium)

Pseudo-second-order kinetic 
Langmuir

[38]

Biochar 40.8 Sorbent = 1,000 mg•L-1 

U(VI) Con. = 100 mg•L-1 

pH = 4.0 (HCl)

57.5 
(Equilibrium)

Pseudo-second-order kinetic 
Langmuir

This study

Biochar 40.8 Sorbent = 1,000 mg•L-1 

U(VI) Con. = 350 mg•L-1 

pH = 4.0 (HCl)

96.3 
(Equilibrium)

Pseudo-second-order kinetic 
Langmuir

This study

ZnFe-biochar 1218.4 Sorbent = 1,000 mg•L-1 

U(VI) Con. = 100 mg•L-1 

pH = 4.0 (HCl)

11.2 
(Equilibrium)

− This study

Fig. 2. Comparison of biochar-based adsorbents for the adsorption of U(VI) in 
four different types of wastewater.
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[61]. Fig. 3 illustrates the isotherm study of biochar for U(VI) over an 
initial concentration range of 30–350 mg•L− 1. The adsorption capacity 
qe of U(VI) onto the biochar increased with the initial concentration of U 
(VI). The Isotherm models were utilized to assess the homogeneous and 
heterogeneous surface adsorption [61], as depicted in the inset images 
of Fig. 3. The Langmuir model exhibited a higher correlation coefficient 
(R2 = 0.993) than the Freundlich model (R2 = 0.984), indicating that U 
(VI) adsorption onto the biochar was consistent with monolayer 
coverage. Previous studies reported similar results for the Langmuir 
isotherm model of the biochar-based adsorption of U(VI) [24,32,37,51].

Adsorption kinetics are crucial for determining the optimal and 
practical operation conditions [4]. The impact of exposure time on the 
adsorption of U(VI) by biochar was assessed over 0–1,440 min, as 
depicted in Fig. 4. Notably, the adsorption reached equilibrium within 
240 min. The inset images in Fig. 4 present the results of the various 
kinetic models used to elucidate the mechanism of U(VI) adsorption by 
biochar. Among them, the pseudo-second-order model exhibited the 
highest correlation coefficient (R2 = 0.999), outperforming the pseudo- 
first-order (R2 = 0.865), Elovich (R2 = 0.934), and intraparticle diffu
sion models (R2 = 0.784). Therefore, the adsorption process of U(VI) by 
biochar was predominantly governed by chemisorption [58,62]. This 
finding aligned well with other studies that investigated U(VI) adsorp
tion using biochar-based adsorbents [25,31,38,48,50]. The kinetic pa
rameters for U(VI) adsorption by biochar that were derived from these 
models are summarized in Table S1.

The influence of temperature on U(VI) adsorption by biochar was 
investigated over the temperature range of 293–313 K. The qe of U(VI) 
by biochar was 57.5, 59.3, and 60.2 mg• g− 1 at 293, 303, and 313 K, 
respectively. The ΔG values for U(VI) were − 0.74, − 0.95, and − 1.08 
kJ• mol− 1 when the solution temperature was 293, 303, and 313 K, 
respectively (Table S2). Moreover, the ΔH and ΔS values for U(VI) were 
4.24kJ• mol− 1 and 0.02kJ• mol− 1 K− 1, respectively, indicating that the 
adsorption process was both spontaneous and endothermic process and 
that randomness increased as the temperature increased (Table S2). 
These findings were consistent with those of previous studies on the 
adsorption of U(VI) by biochar-based adsorbents [29,36,43,48].

3.2.3. Effect of co-cations/anions and HA on adsorption
The effects of background ions and natural organic matter (NOM) on 

the adsorption capacity qe of U(VI) by biochar were evaluated to 
determine the key parameters for effective adsorption, with a focus on 
engineering and practical applications. Common background solutions, 
such as NaCl and MgCl2, were evaluated at concentrations ranging from 
50 to 1,000 mg • L− 1. Additionally, based on previous studies, iodide 
ions and HA were chosen as examples of radioactive background co- 
cations/anions and NOM, respectively [58,63]. Fig. 5 illustrates the 
influence of background co-cations/anions and HA on U(VI) adsorption 
by biochar. Notably, varying the NaCl and NaI concentrations from 50 to 
1,000 mg • L− 1 minimally impacted the adsorption capacity qe of U(VI), 
despite the occurrence of electrostatic shielding between U(VI) and 
biochar due to the increased ion concentrations [64]. For MgCl2, the qe 
of U(VI) slightly decreased from approximately 58 to 52 mg • g− 1, which 
was likely due to competition between U(VI) and Mg2+ [61]. In contrast, 
HA, which carries a negative charge under mildly acidic conditions, 
enhanced the electrostatic interaction between the biochar and U(VI), as 
depicted in Fig. 5. Experimental findings with H2SO4 as the acidic agent 
(Fig. 2) showed that the hydrophobic aromatic structure of HA enhanced 
π–π interactions with biochar, thereby enhancing the adsorption of both 
U(VI) and biochar. Thus, the decreased net positive surface charge 
improved the removal efficiency of U(VI) by biochar and HA, which 
aligned well with the results of previous studies [61,65]. The mechanism 
driving U(VI) removal was primarily attributed to electrostatic in
teractions, as evidenced by the influence of cations and HA on U(VI) 
removal.

3.2.4. Sequential adsorption–desorption cycles
The reusability of adsorbents is a critical parameter from a practical 

standpoint [53]. To assess the regeneration capability of the biochar, 
0.1 M HCl with a 1h reaction time was used to elute U(VI). This approach 
was based on the observation that biochar showed extremely low 
removal performance at less than pH 3 (Fig. 2) and had a positive surface 
charge <pH 3.0 [Fig. 1(d.i) and 1(d.ii)]. Fig. S1 shows the results of the 
five sequential adsorption–desorption cycles for U(VI) removal. The 
adsorption capacity qe of U(VI) by biochar decreased from 57.5 to 50.3 

Fig. 3. Isotherm analysis of U(VI) adsorption relative to exposure time. Inset figures demonstrate the findings of isotherm models to interpret U(VI) adsorption 
by biochar.
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mg • g− 1 over the five adsorption/desorption cycles. This slight reduc
tion in qe indicated that the biochar maintained a reasonable and 
comparable reusability performance to other biochar-based adsorbents 
[24,30,37,40,44], rendering it suitable for removing U(VI) in real 
wastewater applications.

3.3. Selecting the optimal ML classification model

Using the biochar experimental data, the ML classification models 
were trained and tested with a dataset split of 70 % and 30 % for training 
and testing, respectively. Each dataset was shuffled 100 times with 

different random seeds for each model and classification-degree pairs to 
ensure robustness. The final model performance was determined by 
averaging the results obtained from all the random seeds. Two perfor
mance metrics for the ML models, prediction accuracy (PA) and F1-score 
(F1), were used because they represent the accuracy of an ML classifi
cation model. However, F1 is often preferred for imbalanced datasets 
with uneven class distributions [66]. Thus, this study simultaneously 
considered PA and F1 for a detailed comparison of the model perfor
mances. Fig. 6 illustrates the performance variations of the ML classifi
cation models employed in this study: red, blue, and green for RF, 
XGBoost, and LGBM, respectively. As shown in Fig. 6a, the PA values of 
the ML models gradually decreased as the stratification degree (N) 
increased and temporarily increased only when N was set to 6. This 
increase was attributed to the distribution of the target dataset for N = 6, 
in which most of the data points belonged to a specific class (Fig. S2 and 
Section S2.1). Moreover, this temporary increase in accuracy at N = 6 
resulted in a sharp decrease in performance at N = 7 in most models 
(Table S3). Therefore, lower degrees of stratification were generally 
better for model performance based on PA. Fig. 6b also presents similar 
trends for F1.

Among the models, RF consistently outperformed the others, 
achieving the highest accuracy in terms of both PA and F1. This superior 
performance was consistent with that of a previous study on U(VI) 
adsorption [58], supporting RF as the most suitable model for this sys
tem. Conversely, LGBM exhibited the lowest performance for both PA 
and F1 among the three models selected in this study. In particular, the 
F1 values of LGBM were significantly lower than those of the other 
models (Fig. 6b). The significant difference in performance between RF 
and LGBM underscores the importance of model comparison when 
selecting an optimal ML model for a specific purpose, even when the 
underlying algorithms share similarities. Table S3 summarizes the re
sults of the ML model implementation. RF with N = 3 was the most 
appropriate model and degree of classification for the U(VI) adsorption 
system; therefore, it was selected as the final model for further analysis. 
The contributions of the features to the target data (qe) were subse
quently examined using the SHAP analysis.

Fig. 4. Kinetic analysis of U(VI) adsorption relative to exposure time. Inset figures demonstrate the findings of kinetic models to interpret U(VI) adsorption 
by biochar.

Fig. 5. Influence of co-cations/anions and humic acids on U(VI) adsorption 
by biochar.
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3.4. Feature importance analysis using SHAP

An RF model with N = 3 was applied to the SHAP analysis to 
investigate the feature contributions to the predicted qe levels of the 
biochar-based materials. In this study, the feature data used for the 
SHAP analysis were subjected to the variable inflation factor (VIF) test to 
ensure the absence of multicollinearity. As a result, all features 
employed in this study were found to have low VIF values (VIF < 2), 
confirming low multicollinearity; see S2.2 and Table S4. Fig. 7 illustrates 
the SHAP analysis results, illustrating the weights of the individual 
features to qe. In Fig. 7a, the ranking for the total feature importance is 
depicted with “mean (|SHAP value|)” on the horizontal axis. A larger 

mean (|SHAP value|) indicates that a feature has a greater effect on the 
target data. The total feature importance ranking illustrated in Fig. 7a 
was segmented into three categories corresponding to the different 
levels of normalized qe: dark pink for low qe (0 ≤ normalized target data 
< 1/3), blue for modest qe (1/3 ≤ normalized target data < 2/3), and 
olive for high qe (2/3 ≤ normalized target data ≤ 1). As illustrated in 
Fig. 7a, the initial uranium concentration (U conc.) was the most 
influential feature, followed by exposure time and organic concentra
tion. Thus, the qe level was primarily determined by “U conc.” and 
“exposure time” with respect to the overall dataset. However, the 
feature importance rankings in individual classes were significantly 
different. “Exposure time” became the most influential feature for the 

Fig. 6. The performance variation of implemented ML classification models in terms of (a) prediction accuracy (PA) and (b) f1-score (F1): note that RF (red), 
XGBoost (blue), and LGBM (green) stand for the random forest, extreme gradient boosting, and light gradient boosted machine, respectively.

Fig. 7. The results of Shapley additive explanation (SHAP) analysis: (a) a figure illustrating a ranking for the total feature importance; ranking for the features’ 
importance in the (b) ‘low qe level,’ (c) ‘modest qe level,’ and (d) ‘high qe level’ classes.
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low qe while “U conc.” maintained its dominance at modest and high qe 
levels (individual bars in Fig. 7a). This variation highlighted the dy
namic relationship between the features and their impact on different 
adsorption levels. Other features, such as monovalent ion concentration 
and pH, also shifted in importance across the different classes, under
scoring the need to contextually consider feature importance. Fig. 7b–d 
provide a more detailed view of the influence of each feature on the 
model output classes. Unlike that shown in Fig. 7a, several groups of 
dots represent the impact of each feature on the qe levels. The dots 
shown in Fig. 7b–d correspond to data points, and their colors indicate 
the actual magnitude of the feature data value (color bar on the right
most side). As the value of the feature data increased, the dots turned red 
(positive feature data), whereas the color turned blue when it decreased 
(negative feature data). The correlation between each feature and target 
data could be understood based on this attribute. For example, if a red 
dot was on the positive side of the horizontal axis (SHAP value), it could 
be interpreted as “the target data increased when the feature value was 
high.” In this case, the features and target data were positively corre
lated. Conversely, the feature and target data were negatively correlated 
if the dot was red and on the negative side of the horizontal axis. This 
concept could also be applied to the blue color. Moreover, “exposure 
time” considerably contributed to lowering the qe level by exhibiting a 
strong negative correlation with the low qe (Fig. 7b). “U conc.” also 
exhibited a strong influence on low qe with a middle (purple) negative 
correlation. In contrast, the complexion of the modest qe was completely 
opposite to that of the low qe (Fig. 7c). “U conc.” was selected as the most 
influential feature and exhibited a moderately positive correlation with 
the qe level. “Exposure time” was also positively correlated with the 
modest qe, unlike the low qe. For the high qe, “U conc.” became the only 

high-impact feature because “exposure time” marked the fifth place. 
Except for “U conc.” and “exposure time,” the other features negligibly 
impacted the target data. Only “organic conc.” contributed slightly to 
the modest and high qe levels.

The results of the SHAP analysis implied that feature importance 
rankings could vary greatly depending on the viewpoint. Moreover, an 
analysis such as that represented in Fig. 7a would be sufficient to 
interpret an overall system. However, in-depth analyses are required, 
and point-by-point investigations, such as those shown in Fig. 7b–d, 
must be executed to understand the detailed feature contributions to 
each class. Therefore, researchers should determine the appropriate 
depth of analysis based on study objectives to provide comprehensive 
and meaningful insights.

3.5. Adsorption mechanism

The adsorption mechanism of U(VI) by biochar was proposed based 
on the experimental results and further characterization, including FTIR 
and XPS analyses, of the pristine and ZnFe-modified biochars (Fig. 8). 
Since our institute (Korea Atomic Energy Research Institute) was limited 
to removing samples from radiation-controlled areas, we could not 
consider FTIR and XPS analyses before and after the reaction. Thus, our 
proposed adsorption mechanism between biochar and U(VI) was based 
on (i) the differing experimental results between the pristine and ZnFe- 
modified biochars, (ii) adsorption performances under various condi
tions, (iii) pristine characterizations, and (iv) correlation with previous 
studies.

First, the pristine and ZnFe-modified biochars were successfully 
synthesized, as demonstrated by the FTIR and XPS analyses (Fig. 8). 

Fig. 8. Proposed mechanism for U(VI) adsorption by biochar-based adsorbents.
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Biochar comprises carbon-based substrates with O/N functional groups, 
including C–N, C–O, C=O, N–H, N–C, and O–H bonds. As illustrated in 
Fig. 2, pristine biochar consistently demonstrated a higher qe than ZnFe- 
modified biochar, even though the surface area of ZnFe-modified bio
char is 30 times larger than that of pristine biochar. Thus, micropore 
filling and a larger surface area were not the primary factors deter
mining the adsorption mechanism between U(VI) and biochar; rather, 
electrostatic interactions were the primary contributors [Fig. 1(d.i and 
ii)]. This was demonstrated by the significant decrease in qe due to the 
hindrance of electrostatic attraction when H2SO4 was used as a soil- 
washing agent, as well as by the desorption properties observed under 
acidic conditions (0.1 M HCl). Even though the surface charge of the 
biochar was nearly neutral at pH 3, small amounts of U(VI) were still 
captured [Fig. 1(d.i) and 2]. Therefore, surface complexation likely 
occurred between U(VI) and the O/N functional groups in the biochar. 
Several studies have described the adsorption mechanism through O/N 
functional group-based surface complexation using FT-IR and XPS an
alyses, further supporting our hypothesis [28,36,42,43,49,51]. In 
conclusion, the primary adsorption mechanism for U(VI) capture by 
biochar was driven by electrostatic interactions, while surface 
complexation and micropore filling played minor roles, as summarized 
in Fig. 8.

4. Conclusions

In this study, pristine and ZnFe-modified biochars were used to 
investigate the adsorption mechanism of U(VI). The microstructures of 
both biochars were examined using SEM and TEM for morphology and 
XRD for crystallinity. The adsorption behavior of pristine biochar fol
lowed pseudo-second-order kinetics and the Langmuir isotherm model 
based on the influence of contact time and initial U(VI) concentration on 
qe, respectively. Furthermore, the adsorption process was spontaneous 
and endothermic, with increasing randomness as temperature increased. 
To better understand the process and optimize the experimental con
ditions, a further analysis using ML models (RF, XGBoost, and LGBM) 
was successfully performed, revealing the relationship between the 
adsorption performance and several parameters. Finally, the primary 
removal mechanism of U(VI) on biochar was proposed by integrating the 
experimental differences between pristine and ZnFe-modified biochar, 
the adsorption performance across different conditions, material char
acterization, and comparisons with previous studies. The surface charge 
was identified as a key factor in determining the adsorption capacity 
(qe). Table 1 presents a comparison of the U(VI) adsorption capacities of 
the biochars used in this study and previously reported biochar-based 
adsorbents. Our study indicates that biochar is an effective material 
for U(VI) removal from wastewater because the qe values were compa
rable to those of other adsorbents, even when accounting for the surface 
area differences among the materials. Meanwhile, based on previous 
studies, evaluating practicality through research related to energy 
analysis, life cycle assessment, and emissions social cost would be a 
highly relevant topic for future studies [67–70].
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