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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• h-BNs, two-dimensional materials, boast 
a large surface area and high stability. 

• Five types of h-BNs were utilized to 
investigate Cr(III) adsorption 
mechanism. 

• The presence of K and Mg showed min
imal impact on Cr(III) adsorption 
efficiency. 

• Humic acid enhanced the adsorption 
performance of Cr(III) by h-BN. 

• h-BN is an effective adsorbent for Cr(III) 
in groundwater treatment.  
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A B S T R A C T   

The feasibility of using hexagonal boron nitride (h-BN) to treat heavy metal Cr(III) from model contaminated 
groundwater was evaluated in this study by adsorption experiments and characterizations. To the best of our 
knowledge, this study is the first attempt to conduct the adsorption of Cr(III) by h-BN under various experimental 
conditions such as exposure time, ratio of adsorbates and adsorbents, solution pH, background ions with different 
ionic strength, and the presence of humic acids (HA) in model contaminated groundwater. The optimized h-BN 
showed excellent maximum adsorption capacity (i.e., 177 mg • g− 1) when the concentrations of Cr(III) and h-BN 
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were 10 and 10 mg • L− 1, respectively. Subsequently, we confirmed there was a negligible change in the 
adsorption performance of Cr(III) by h-BN in the presence of co-ions (i.e., K and Mg) in concentrations in a range 
from 50 to 1000 mg • L− 1. Furthermore, the adsorption performance of Cr(III) gradually improved with HA 
concentrations from 2.5 to 25 mg • L− 1. Interestingly, the maximum adsorption performance of Cr(III) by both 
HA and h-BN increased until 500 mg • g− 1 in the presence of 25 mg • L− 1 HA. The adsorption mechanism was 
clarified by Fourier-transform infrared spectroscopy and X-ray photoelectron spectroscopy. Additionally, we 
successfully confirmed that h-BN could be reused until five cycles. On the basis of the adsorption performance 
results and characterizations, h-BN can be utilized as an efficient and practical adsorbent to treat Cr(III) in 
groundwater treatment.   

1. Introduction 

Chromium is a general inorganic pollutant with different species of 
trivalent [Cr(III)] and hexavalent [Cr(VI)] states (Chen et al., 2015). It 
has been widely utilized in a variety of industrial activities including 
metallurgy, tanneries, batteries, pharmacy, and electroplating (Li et al., 
2014, 2018; Liu et al., 2021). Based on industrialization and urbaniza
tion activities in recent year, Cr(VI)-contaminated water has caused 
severe environmental problems (Huang et al., 2016). Recent research 
has showed the significance of Cr(III) and Cr(VI) in terms of animal and 
human health (Monga et al., 2022). Notably, Cr(VI) was classified as a 
Group 1 carcinogen by The International Agency for Research on Cancer 
(Manna and Sen, 2024). Even though Cr(VI) is ~500 times more toxic 
than Cr (III), natural oxidation of Cr(III) to Cr(VI) can take place in lake 
water as well as field soils (Kumar et al., 2009). For instance, leaching 
behavior of Cr(VI) into the groundwater by rain causes damage to the 
environment (Hashem et al., 2024b). Furthermore, the treatment of 
water containing Cr(III) is thus an important task, because Cr(III) 
accumulation in edible plants is a potential hazard to the health of both 
animals and humans (Li et al., 2014; Wang et al., 2021; Petrović et al., 
2023). Meanwhile, it is significantly important to determine purification 
strategies for treatment of various environmental contaminants to the 
life quality on earth planet (Padervand et al., 2020). 

Water incorporating Cr(III) has been treated by physico-chemical 
and biological methods, including (i) precipitation, (ii) membrane pro
cesses, (iii) biotechnology, (iv) electrochemical processes, and (v) 
adsorption processes (Crini and Lichtfouse, 2019; Liu and Yu, 2021; 
Lohrentz et al., 2023). Nonetheless, the aforementioned methods to treat 
water containing Cr(III) have the following critical disadvantages (Crini 
and Lichtfouse, 2019; Liu and Yu, 2021; Lohrentz et al., 2023; Hashem 
et al., 2024a, 2024b): (i) precipitation shows non-selective properties for 
metals and generates large amounts of chemical sludge; (ii) although 
membrane filtration produces small amounts of solid waste, it requires 
high energy and maintenance costs; (iii) with biological treatment 
processes it is very difficult to meet discharge standards for chromium 
due to the toxicity of Cr; (iv) electrochemical methods require high 
installation and operating expenses; and (v) regeneration of the used 
adsorbent is quite expensive in the case of adsorption processes. Among 
these methods, adsorption processes have been widely applied to treat 
water containing Cr due to their fast kinetics, low material and operating 
costs, and ease of operation (Yang et al., 2014; Jun et al., 2019b; Gon
salves and Nemade, 2024). 

The high efficiency of adsorption processes is directly correlated to 
the physico-chemical properties of utilized adsorbents, including (Jun 
et al., 2019a): (i) high chemical/thermal stability, (ii) large specific 
surface area, and (iii) easy regeneration. Hexagonal boron nitrides 
(h-BNs) are ideal candidate adsorbents to treat water including Cr, 
considering that BN-based adsorbents have been widely utilized to treat 
heavy metal-contaminated water on the basis of their excellent 
adsorption efficiencies (Li et al., 2013; Li et al., 2014; Li et al., 2017; 
Peng et al., 2018; Wang et al., 2018; Bangari et al., 2019; Liu et al., 
2019a; Liu et al., 2019b; Oh et al., 2019; Wang et al., 2019; Bangari 
et al., 2020; Han et al., 2020; Karthikeyan et al., 2020; Kumar et al., 
2020; Li et al., 2020; Wang et al., 2020; khan et al., 2021; Chen et al., 

2022; Lawal Usman et al., 2022; Song et al., 2023). To the best of our 
knowledge, nine papers related to the treatment of Cr-contaminated 
water using BN-based adsorbents have been published (Li et al., 2013, 
2014, 2017; Karthikeyan et al., 2020; Kumar et al., 2020; Chen et al., 
2022; Lawal Usman et al., 2022; Song et al., 2023; Waheed Kamran 
et al., 2023). Among them, six studies were related to the treatment of 
water including Cr(VI) (Karthikeyan et al., 2020; Kumar et al., 2020; 
Chen et al., 2022; Lawal Usman et al., 2022; Song et al., 2023; Waheed 
Kamran et al., 2023). Furthermore, in other publications (Li et al., 2013, 
2014, 2017), there was a lack of experimental data related to the effect 
of various background ions (e.g., groundwater conditions) on adsorption 
performance. In other words, environmental factors in the as-mentioned 
papers only included solution pH, temperature, and presence of anions. 
Thus, the present research is the first comprehensive study to clarify the 
adsorption of Cr(III) by h-BN under various operating conditions [e.g., 
presence of cations (co-ions) and natural organic matters] from practical 
and engineering perspectives. 

The main purpose of this research is to carry out a systematic 
investigation of h-BN as an adsorbent for Cr(III) in terms of its adsorp
tion mechanism, based on both adsorption experiments under various 
groundwater environmental conditions and characterizations [i.e., 
Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron 
spectroscopy (XPS)]. Specifically, we evaluated the adsorption perfor
mance of Cr(III) according to several experimental factors such as 
exposure time, ratio of adsorbates and adsorbents, solution pH, back
ground ions with different ionic strength, and the presence of humic 
acids (HA) in model contaminated groundwater. Furthermore, we car
ried out reusability tests of used h-BN until five cycles to clarify its 
feasibility from a practical perspective. 

2. Materials and methods 

2.1. Chemicals and materials 

Hydrochloric acid (HCl), potassium chloride (KCl), sodium chloride 
(NaCl), calcium chloride (CaCl2), magnesium chloride (MgCl2), chro
mium chloride (CrCl3), sodium hydroxide (NaOH), and humic acid (HA) 
were obtained from Sigma-Aldrich (St. Louis, Mo, USA). The obtained 
chemicals were used without further purification for preparation of 
synthetic groundwater to evaluate adsorption performance. We utilized 
a general water purifier to prepare all stock solutions in this study (Lee 
et al., 2023). 

2.2. Characterizations of h-BN 

Analyses of physico-chemical properties such as crystallinity, surface 
charge, surface area, surface morphology, and chemical structure were 
carried out through X-ray diffraction (XRD; D8 Discover, Bruker, Bill
erica, MA, USA), electrophoresis equipment (ELS-Z1000, Otsuka Elec
tronics, Tokyo, Japan), a porosimeter (Autosorb IQ, Quantachrome, 
Boynton Beach, FL, USA), scanning electron microscopy/transmission 
electron microscopy (SEM; S-4800; Hitachi, Tokyo, Japan/TEM; JEM- 
2100F, JEOL, Tokyo, Japan), and FTIR (Nicolet 6700, Thermo Scienti
fic, Waltham MA, USA), respectively, as clearly explained in our 
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previous study (Hailemariam et al., 2022; Jun et al., 2024). Further
more, the adsorption mechanism of Cr on h-BN was clarified by 
energy-dispersive X-ray spectroscopy (EDS) and XPS (PHI Quantera 
SXM; ULVAC-PHI, Inc., Osaka, Japan), as referenced from our previous 
studies (Jun et al., 2020a, 2020b). 

2.3. Evaluation of adsorption and desorption properties 

The base synthetic groundwater consisted of 50 mg • L− 1 Na+ and 
Ca2+ as representative monovalent and divalent ions to fabricate model 
groundwater, respectively, taking into consideration previously re
ported studies (Cruz and Andrade, 2015; Kovalenko et al., 2021; Shiyan 
et al., 2022; Hansson et al., 2023). The pH of the model groundwater 
was adjusted by 0.5 M HCl and NaOH stock solution through a pH meter 
(Orion Star A211, Thermo Scientific, USA). The adsorption capacity of 
Cr by h-BN at equilibrium (qe, in mg • g− 1) was analyzed by inductively 
coupled plasma–optical emission spectroscopy (Optima 2100DV, Per
kinElmer, UK) (Jun et al., 2019b). The adsorption of Cr by h-BN under 
various experimental conditions was investigated as follows: (i) a kinetic 
study as a function of exposure time from 0 to 1440 min, (ii) an isotherm 
study as a function of equilibrium concentration of Cr (Ce), (iii) studying 
the effect of solution pH on qe, (iv) assessing the effect of background 
ions (i.e., K and Mg) until 1000 mg • L− 1 on qe, and (v) evaluating the 
effect of HA until 25 mg • L− 1 on qe. Finally, sequence desorption 
properties were evaluated to confirm reusability, as referenced from our 
previous study (Jun et al., 2024). 

Several adsorption kinetic models have been utilized to explain the 
adsorption mechanism. The pseudo-first-order kinetic model is known 
as proper model for low concentration of solute. The linear form of the 
pseudo-first-order kinetic model is shown in Eq. (1). 

log(qe − qt)= log(qe) − k1t (1)  

where k1 is the rate constant for pseudo-first-order kinetic model. 
Furthermore, the rate of the pseudo-second order kinetic model (k2) 

does not depend on the concentration of the adsorbate, but on the 
adsorption equilibrium capacity, and the linear form of the kinetic 
equation is described in Eq. (2). 

t
qt
=

t
k2q2

e
+

t
qe

(2) 

The Elovich kinetic model is presented in Eq. (3). 

qt = b + a ln t (3)  

where a and b are the Elovich constants. 
Lastly, the intra-particle diffusion kinetic rate (ki) from the intra- 

particle diffusion kinetic model was explained by the Weber-Morris 
model using Eq. (4): 

qt = kit0.5 + C (4) 

The ratio of adsorbates and adsorbents were studied using various 
isotherm methods. The Langmuir and Freundlich isotherms describe a 
monolayer of adsorbate on the and multilayer adsorbate on the adsor
bent, respectively. The Langmuir and Freundlich equations are shown in 
Eqs. (5) and (6), respectively. 

Ce

qe
=

1
qmaxkL

+
Ce

qmax
(5)  

qe =KFC1/n
e (6)  

where qmax is the maximum adsorption capacity of adsorbents (mg •
g− 1) and KL and KF represent the Langmuir adsorption constant (L •
mg− 1) and Freundlich adsorption constant (mg • g− 1), respectively. The 
values of KL and qmax are obtained from the intercept and slope of the 
linear plot of Ce versus Ce/qe. In addition, n and KF can be calculated 

from the slope and intercept of the linear plot of ln(Ce) against ln(qe). 

3. Results and discussion 

3.1. Optimal h-BN for removal of chromium and its characterization 

The adsorption performance of target elements is highly related to 
physico-chemical properties of the adsorbents (Jun et al., 2021). In this 
study, five different commercial h-BNs were utilized as adsorbents for 
the treatment of Cr in model groundwater. Table 1 summarizes general 
information of the five h-BNs and their surface area and zeta potential. 

Fig. 1 provides a comparison of the five kinds of h-BN for the removal 
of Cr in terms of surface area and charge. Their adsorption performance 
decreased in the following order: h-BN-v > h-BN-iv > h-BN-iii > h-BN-ii 
> h-BN-i. Judging from the correlation coefficient between character
izations and qe, surface charge (R2 = 0.9168) was a more important 
factor compared to surface area (R2 = 0.4809). This result is consistent 
with a previous study, which focused on the removal of lead by a metal- 
organic framework (MOF) and graphene oxide (GO) (Jun et al., 2019b). 
Specifically, the MOF, which has larger surface area and lower surface 
charge, showed a smaller qe value than GO, which has smaller surface 
area and higher surface charge. Thus, electrostatic attraction by surface 
charge is the main adsorption mechanism to remove target heavy metals 
by h-BN. Based on having the highest qe, h-BN-v was utilized in further 
performance tests as an optimal h-BN hereafter. 

The surface charge of the optimized h-BN was measured by elec
trophoresis equipment, as shown in Fig. 2(a). The isoelectric point of h- 
BN was about 3.5, considering zeta potential values from pH 2 to pH 7. 

Table 1 
Surface area and zeta potential of the adsorbents used in this study.  

Adsorbents Supplier Country Particle 
size by 
supplier 

Surface 
area (m2 

• g− 1) 

Zeta 
potential 
(mV) at 
pH 5.5 

h-BN-i Tanyun 
Chemical 

China 8~12 μ 
m 

10.8 − 28.5 

h-BN-ii US Resesearch 
Nanomaterials 

USA 70~80 
nm 

38.2 − 34.0 

h-BN-iii skyspring USA ~500 
nm 

49.3 − 35.8 

h-BN-iv Naongrafi Germany 65~75 
nm 

57.6 − 36.3 

h-BN-v US Resesearch 
Nanomaterials 

USA ~500 
nm 

30.9 − 40.2  

Fig. 1. Comparison of five kinds of h-BN for the removal of chromium in terms 
of surface area and charge (Experimental condition: 10 mg • L− 1 Cr, 50 mg •
L− 1 Na, 50 mg • L− 1 Ca, and 750 mg • L− 1 h-BN at pH 5.5 with 4 h expo
sure time). 
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In order to clarify the. effect of solution pH on adsorption performance, 
we conducted four kinds of experiments (Experimental conditions: 10 
mg • L− 1 Cr(III) and 750 mg • L− 1 h-BN at pH 2.5, 3.5, 4.5, and 5.5). 
Adsorption performance (qe) increased with increasing solution pH as 
follows: 0.1 mg • g− 1 at pH 2.5 < 0.7 mg • g− 1 at pH 3.5 < 2.5 mg • g− 1 

at pH 4.5 < 4.2 mg • g− 1 at pH 5.5. This result is in good agreement with 
the interpretation in Fig. 1; surface charge is the most important factor 
to determine adsorption performance for the removal of heavy metals 
(Zhao et al., 2021). The crystallinity and chemical bonds of h-BN are 
summarized in Fig. 2(b) and (c), respectively. The experimental results 
related to XRD and FTIR closely matched those of h-BN-based adsor
bents previously reported elsewhere (Liu et al., 2019a; Oh et al., 2019; Li 
et al., 2020; Wang et al., 2020; Jun et al., 2024). In the case of XRD, the 
main diffraction peaks of the optimized h-BN were very similar with 
previous studies, based on the fact that the peaks were confirmed at (i) 
26.7 (002), (ii) 41.7 (100), (iii) 43.9 (101), (iv) 50.2 (102), and (v) 55.1◦

(004), which represent crystal planes due to the hexagonal symmetry 
structure, considering JCPDS [34–0421]. Meanwhile, in the case of 

chemical bonds of h-BN, we confirmed two sharp peaks at ~1400 and 
800 cm− 1, corresponding to in-plane stretching vibration of B–N and 
out-of-plane bending vibration of B–N–B bonds, respectively. In other 
words, the chemical bonds of h-BN were completely matched previously 
published h-BN-based adsorbents, as mentioned above. Lastly, Fig. 2(d) 
and (e) exhibit the morphology and elemental information of the h-BN, 
which were measured by SEM and TEM-EDS, respectively. The h-BN 
used in this study mainly consisted of N, O, and B elements; the 
adsorption mechanisms are further discussed in Section 3.3, based on 
elemental analyses via both FTIR and XPS techniques. 

3.2. Adsorption and desorption properties of Cr(III) under different 
environmental conditions 

3.2.1. Kinetic study 
The effect of exposure time range from 0 to 1440 min (24 h) on the 

adsorption of Cr(III) by h-BN was evaluated for an adsorption kinetic 
study, as shown in Fig. 3. Most adsorption of Cr(III) by h-BN proceeded 

Fig. 2. Characterizations to clarify physico-chemical properties of the optimized h-BN: (a) zeta potential, (b) XRD, (c) FTIR, (d) SEM-EDS, and (e) TEM-EDS.  
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within 4 h exposure time, followed by a slight increase until 24 h 
exposure time. This could be explained by a gradual decrease of rela
tively vacant sites of the adsorbent toward target elements until reach
ing the equilibrium state (Oh et al., 2019; Kumar et al., 2020). Thus, 
from a practical perspective, 4 h exposure time was selected as a further 
experimental condition. We also evaluated four kinetic models, 
pseudo-1st-order, pseudo-2nd-order, Elovich model, and intra-particle 
diffusion models, in order to clarify the adsorption mechanism. 
Among them, the pseudo-2nd-order kinetic model best explained the 
adsorption of Cr(III) by h-BN, on the basis of having the highest corre
lation coefficient, and this is in good agreement with other kinetic re
sults assessing the treatment of heavy metals by h-BN-based adsorbents 
(Peng et al., 2018; Bangari et al., 2019, 2020; Liu et al., 2019a, 2019b; Li 
et al., 2020). That is, main adsorption mechanism in the kinetic study 
was the chemisorption process between surface of h-BN and Cr(III) via 
electrostatic interactions. 

3.2.2. Isotherm study 
The ratio of adsorbates and adsorbents is one of the critical factors to 

determine the mass transfer rate between adsorbates and adsorbents 
(Huang et al., 2016; Jun et al., 2020a; Chen et al., 2022). The adsorption 
isotherm was therefore confirmed by the effect of the ratio of adsorbates 
and adsorbents from 1:1 to 1:125 on the qe, as shown in Fig. 4. The qe 
continuously increased as the ratio of adsorbates and adsorbents 
decreased from 1:125 to 1:1 (or increasing Ce), considering the decrease 
of relatively vacant sites of h-BN toward Cr(III) (Oh et al., 2019; Kumar 
et al., 2020). The Langmuir and Freundlich models were utilized to 
perform an isotherm study of Cr(III) adsorption by h-BN. The Langmuir 
model, which assumes homogeneous as well as monolayer surface 
adsorption between adsorbate and adsorbent, could better explain the 
isotherm model in this study, according to the inset figure in Fig. 4. The 
correlation coefficient of the Langmuir model (R2 = 0.913) was higher 
than that of the Freundlich model (R2 = 0.838), which assumes het
erogeneous as well as multilayer surface adsorption between adsorbate 
and adsorbent. These results are consistent with previous reports on the 
removal of heavy metals by the Langmuir model (Li et al., 2013, 2017; 
Peng et al., 2018; Wang et al., 2018, 2020; Bangari et al., 2019; Liu et al., 
2019a, 2019b). 

3.2.3. Effect of background ions and humic acids on adsorption 
The influences of background ions and HA on qe were assessed to 

study the adsorption mechanism of Cr(III) by h-BN, as shown in Fig. 5. In 
the case of background ions with different ionic strength, both the 
decrease of the surface charge density and the interference of co-ions 
contribute to the adsorption performance (Tan et al., 2015; Chu et al., 
2017; Karthikeyan et al., 2020). An investigation of Cr(III) adsorption 
with co-existing ions (i.e., K and Mg) was then conducted using three 
different ionic strengths, from 50 to 1000 mg • L− 1, considering common 
ions in ground water (Cruz and Andrade, 2015; Kovalenko et al., 2021; 
Shiyan et al., 2022; Hansson et al., 2023). Notably, the adsorption 
performance was negligibly affected in the presence of co-ions; thus, 
h-BN could be utilized for the treatment of Cr(III) in various types of 
groundwater. 

Fig. 5 summarizes the effect of the presence of HA on qe of Cr(III) by 
h-BN. The adsorption performance of Cr(III) gradually increased with 
HA concentrations from 2.5 to 25 mg • L− 1. Notably, HA consists of 

Fig. 3. Kinetic study of Cr(III) adsorption by h-BN with increasing exposure 
time. The inset figures exhibit several kinetic models to investigate the mech
anism of Cr(III) adsorption by h-BN (Experimental condition: 10 mg • L− 1 Cr, 
50 mg • L− 1 Na, 50 mg • L− 1 Ca, and 750 mg • L− 1 h-BN at pH 5.5 from 0 to 24 
h exposure time). 

Fig. 4. Isotherm study of Cr(III) adsorption by h-BN with increasing Ce. The 
inset figures exhibit two isotherm models to investigate the mechanism of Cr 
(III) adsorption by h-BN (Experimental condition: 10 mg • L− 1 Cr, 50 mg • L− 1 

Na, 50 mg • L− 1 Ca, and 10–750 mg • L− 1 h-BN at pH 5.5 with 4 h expo
sure time). 

Fig. 5. Effect of background cations and humic acids on Cr(III) adsorption by h- 
BN (Experimental condition: 10 mg • L− 1 Cr, 50 mg • L− 1 Na, 50 mg • L− 1 Ca, 
and 750 mg • L− 1 h-BN at pH 5.5 with 4 h exposure time). 
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plentiful aromatic rings with carboxylic acids and thus acts as multi
valent anions. In other words, HA can capture Cr(III) via electrostatic 
attraction. Furthermore, there exist hydrophobic interactions between 

HA and h-BN, which promotes an increase qe of Cr(III) by both HA and h- 
BN. Interestingly, qe of Cr(III) by both HA and h-BN increased until 500 
mg • g− 1 in an extreme case (experimental conditions: 10 mg • L− 1 Cr 
(III), 25 mg • L− 1 HA, and 10 mg • L− 1 h-BN at pH 5.5). The adsorption 
mechanism of Cr(III) by h-BN considering the experimental results is 
clarified by both FTIR and XPS characterizations in Section 3.3 below. 

3.2.4. Reusability testing 
A reusable property of h-BN is required for actual application to 

wastewater treatment. In order to confirm the reusability of h-BN, 0.1 M 
HCl (~pH 1) with 1 h contact time was applied to desorb Cr(III) from 
used h-BN, because the isoelectric point of the adsorbent was ~pH 3.5 
[Fig. 2(a)]. Fig. 6 summarizes the sequential desorption properties of h- 
BN during five adsorption-desorption cycles. The qe values of Cr(III) 
during five cycles were changed as follows: (i) 4.3 mg • g− 1, (ii) 4.1 mg •
g− 1, (iii) 4.0 mg • g− 1, (iv) 3.9 mg • g− 1, and (v) 3.7 mg • g− 1. That is, the 
slight decrease of the reusability within five cycles could be explained by 
(i) the loss of the h-BN during recovery and (ii) minimal residual Cr(III) 
on h-BN. These outcomes are consistent with previous reports (Liu et al., 
2019a, 2019b; Han et al., 2020). 

3.3. Plausible adsorption mechanism between h-BN and Cr(III) 

A plausible mechanism of Cr(III) adsorption by h-BN was clarified by 
FTIR spectra and XPS elemental results, as shown in Fig. 7. The main 
peaks of h-BN’s FTIR spectra consist of (i) B–N–B bending vibration at 

Fig. 6. Sequential desorption properties of h-BN (Experimental condition: 10 
mg • L− 1 Cr, 50 mg • L− 1 Na, 50 mg • L− 1 Ca, and 750 mg • L− 1 h-BN at pH 5.5 
with 4 h exposure time). 

Fig. 7. Plausible mechanism of Cr(III) adsorption by h-BN through FTIR and XPS results.  
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~800 cm− 1, (ii) B–N bending vibration at ~1400 cm− 1, and (iii) B–OH 
and B–NH2 stretching vibration at ~3600 and ~3400 cm− 1, respectively 
(Liu et al., 2019b; Oh et al., 2019; Li et al., 2020). In this study, we 
clearly confirmed two main peaks of B–N–B and B–N bending vibration 
at ~800 cm− 1 and ~1400 cm− 1, respectively, as seen in Fig. 2(c). 
Several studies have clarified peak changes of FTIR after the reaction 
between h-BN and heavy metals (Liu et al., 2019a, 2019b; Oh et al., 
2019; Bangari et al., 2020; Li et al., 2020); the FTIR results in Fig. 7 also 
exhibited slight peak shifts of B–N–B and B–N bending vibration after 
the reaction between h-BN and Cr(III) due to its electrostatic 
complexation. 

XPS analyses regarding Cr, B, and N elements were further carried 
out to confirm the adsorption mechanism between h-BN and Cr(III). 
First, Cr(III) 2p1/2 and 3/2 peaks at 586.7 and 577.3 eV newly appeared 
after the reaction between h-BN and Cr(III); thus, h-BN is chemically 
adsorbed Cr(III) via electrostatic attraction. Second, in the case of the B 
element, small shifts of B–O and B–N at 190.4 and 191.3 eV from 190.6 
to 191.5, respectively, were observed. Likewise, the peak of total N 
element was also shifted from 398.0 to 397.9 eV due to chemisorption, 
considering previously reported results (Peng et al., 2018; Liu et al., 
2019a; Li et al., 2020). Lastly, the peak of N–H was dramatically 
decreased by the adsorption of N and the target element, judging from 
deconvolution of N 1s before and after reaction between h-BN and Cr 
(III) (Peng et al., 2018). Based on the above explanation, high electro
static attraction as well as the ion exchange mechanism between 
hydrogen and target element mainly accounted for the adsorption 
mechanism of Cr(III) by h-BN. Finally, Table 2 summarizes a comparison 
of qe or qm for chromium ion between this study and the 

previously-reported h-BN-based materials. In other words, h-BN-based 
materials are suitable for treatment of chromium ion in contaminated 
groundwater, judging from the excellent adsorption performances in the 
presence of various environmental factors (e.g., co-ions, HA, and so on). 

4. Conclusions 

Thus far, no comprehensive study of the adsorption of Cr(III) by h-BN 
under various experimental conditions such as exposure time, ratio of 
adsorbates and adsorbents, solution pH, background ions with different 
ionic strength, and the presence of HA in model contaminated ground
water has been conducted. Five forms of h-BN as an adsorbent were 
applied to treat Cr(III) from model contaminated groundwater in this 
study. Among them, the optimized h-BN was selected based on having 
the highest qe due to its abundant negative surface charge. The opti
mized h-BN exhibited excellent maximum adsorption capacity (i.e., 177 
mg • g− 1) when the concentrations of Cr(III) and h-BN were 10 and 10 
mg • L− 1, respectively. The adsorption performance of Cr(III) by h-BN 
was enhanced with increasing solution pH because of increasing nega
tive surface charge. Subsequently, in terms of kinetic and isotherm 
studies, the adsorption mechanism of Cr(III) by h-BN tended to follow a 
pseudo-2nd-order kinetic model and Langmuir isotherm model, 
respectively. Meanwhile, we also confirmed there was a negligible 
change in the adsorption performance of Cr(III) by h-BN in the presence 
of co-ions varied from 50 to 1000 mg • L− 1 (i.e., K and Mg). The specific 
adsorption mechanism of Cr(III) by h-BN was clarified by FTIR and XPS 
characterizations, and electrostatic complexation and ion exchange 
were found to be the dominant adsorption mechanisms in this study. h- 

Table 2 
Comparison of adsorption performances of chromium ion by h-BN-based materials.  

Adsorbent Surface area 
(m2•g− 1) 

Experimental 
conditions 

qe or qm 

(mg•g− 1) 
Environmental factors Ref. 

h-BN 31 C0 = 10 mg L− 1 

Cr(III) C0 = 10 mg L− 1 

Temp. = 298 K 
pH = 5.5 

177.0 (qm) Cations (K+ and Mg2+ from 50 to 1000 mg 
L− 1) 
Humic acids from 2.5 to 25 mg L− 1 

This study 

Activated BN 1104 C0 = 52 mg L− 1 

Cr(III) C0 = 10 mg L− 1 

Temp. = 303 K 
pH = 5.5 

149.0 (qm) Solution temperature Li et al. (2014) 

Fluorinated activated 
BN 

1250 C0 = 52 mg L− 1 

Cr(III) C0 = 10 mg L− 1 

Temp. = 303 
pH = 5.5 

387.0 (qm) Solution temperature Li et al. (2014) 

Amine-functionalized 
BN 

342 C0 = 200 mg L− 1 

Cr(VI) C0 = 20 mg L− 1 

Temp. = 298 K 
pH = 2.0 

83.4 (qm) Solution temperature 
Solution pH 

Song et al. (2023) 

h-BN-Fe3O4 105 C0 = 200 mg L− 1 

Cr(VI) C0 = 20 mg L− 1 

Temp. = 323 K 
pH = 3.0 

208.6 (qm) Solution pH Lawal Usman et al. (2022) 

h-BN/CdAl2O4 N/A C0 = 500 mg L− 1 

Cr(VI) C0 = 15 mg L− 1 

pH = 3.0 

2.3 (qe) N/A Kumar et al. (2020) 

h-BN@5%Pani 264 C0 = 1000 mg L− 1 

Cr(VI) C0 = 100 mg L− 1 

Temp. = 323 K 
pH = 4.0 

133.4 (qe) Solution pH Karthikeyan et al. (2020) 

BN@ZVI 794 C0 = 500 mg L− 1 

Cr(VI) C0 = 50 mg L− 1 

Temp. = 298 K 
pH = 2.0 

349.0 (qe) Anions (Cl− , SO4
2− , H2PO4

− . And CO3
2− ) Chen et al. (2022) 

Activated BN 606 C0 = 1000 mg L− 1 

Cr(III) C0 = 40 mg L− 1 

Temp. = 298 K 
pH = 6.0 

423.2 (qm) N/A Li et al. (2017) 

BN nanocage N/A Computational 
calculation 

N/A N/A Waheed Kamran et al. 
(2023) 

Activated BN 2078 Cr(III) Ce = 50 mg L− 1 

pH = 6.0 
352.0 (qm) N/A Li et al. (2013)  
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BN presented good reusability, showing only a slight decrease in 
adsorption performance during five adsorption-desorption cycles. 
Finally, considering the experimental results using model Cr(III)- 
contaminated groundwater obtained in this study, including excellent 
adsorption performance and reusability, h-BN can be effectively applied 
to treat Cr(III)-contaminated groundwater containing several co-ions (e. 
g., K and Mg) and natural organic matters (e.g., HA). 
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Veljović, Đ., 2023. Removal of trivalent chromium from aqueous solutions by 
natural clays: valorization of saturated adsorbents as raw materials in ceramic 
manufacturing. Appl. Clay Sci. 231, 106747. 

Shiyan, L.N., Machekhina, K.I., Frantcuzskaia, E.O., 2022. Groundwater sources in the 
West Siberian region: chemical composition, analysis, and water treatment 
technologies. Clean. Eng. Technol. 7, 100441. 

Song, Z., Guo, K., Bai, W., Tang, C., 2023. Adsorption and removal of Cr(VI) from 
aqueous solution with amine-functionalized porous boron nitride. J. Solid State 
Chem. 317, 123720. 

Tan, L., Liu, Q., Jing, X., Liu, J., Song, D., Hu, S., Liu, L., Wang, J., 2015. Removal of 
uranium(VI) ions from aqueous solution by magnetic cobalt ferrite/multiwalled 
carbon nanotubes composites. Chem. Eng. J. 273, 307–315. 

Waheed Kamran, A., Zahoor, M., Ali, H., Khan, S., Abu-Farsakh, H., Ali, S., 2023. 
Chromate ions chemisorption over the exterior surface of pristine boron nitride 
(B12N12) nanocage: a computational study. Inorg. Chem. Commun. 148, 110370. 

Wang, H., Wang, W., Wang, H., Zhang, F., Li, Y., Fu, Z., 2018. Urchin-like boron nitride 
hierarchical structure assembled by nanotubes-nanosheets for effective removal of 
heavy metal ions. Ceram. Int. 44, 12216–12224. 

Wang, J., Zhao, S., Ling, Z., Zhou, T., Liu, P., Li, X., 2021. Enhanced removal of trivalent 
chromium from leather wastewater using engineered bacteria immobilized on 
magnetic pellets. Sci. Total Environ. 775, 145647. 

Wang, M., Bai, Y., Zhang, B., Zhong, B., Yu, Y., Zhang, J., Huang, X., Wen, G., 2019. 
Large scale fabrication of porous boron nitride microrods with tunable pore size for 
superior copper (II) ion adsorption. Ceram. Int. 45, 6684–6692. 

Wang, S., Jia, F., Kumar, P., Zhou, A., Hu, L., Shao, X., Wang, X., Sun, Y., Yin, G., Liu, B., 
2020. Hierarchical porous boron nitride nanosheets with versatile adsorption for 
water treatment. Colloids Surf. A: Physicochem. Eng. Asp. 598, 124865. 

Yang, S., Li, L., Pei, Z., Li, C., Lv, J., Xie, J., Wen, B., Zhang, S., 2014. Adsorption kinetics, 
isotherms and thermodynamics of Cr(III) on graphene oxide. Colloids Surf. A: 
Physicochem. Eng. Asp. 457, 100–106. 

Zhao, Z., Lanzarini-Lopes, M., Westerhoff, E., Long, X., Rho, H., Bi, Y., Ling, L., 
Westerhoff, P., 2021. Evanescent wave interactions with nanoparticles on optical 
fiber modulate side emission of germicidal ultraviolet light. Environ. Sci. Nano 8 (9), 
2441–2452. 

B.-M. Jun et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0045-6535(24)01433-4/sref38
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref38
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref38
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref39
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref39
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref39
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref39
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref40
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref40
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref41
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref41
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref41
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref42
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref42
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref42
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref42
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref43
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref43
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref43
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref44
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref44
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref44
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref45
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref45
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref45
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref46
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref46
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref46
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref47
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref47
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref47
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref48
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref48
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref48
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref49
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref49
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref49
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref50
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref50
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref50
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref51
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref51
http://refhub.elsevier.com/S0045-6535(24)01433-4/sref51
http://refhub.elsevier.com/S0045-6535(24)01433-4/optMyV52HbTuU
http://refhub.elsevier.com/S0045-6535(24)01433-4/optMyV52HbTuU
http://refhub.elsevier.com/S0045-6535(24)01433-4/optMyV52HbTuU
http://refhub.elsevier.com/S0045-6535(24)01433-4/optMyV52HbTuU

	Removal of trivalent chromium ions in model contaminated groundwater using hexagonal boron nitride as an adsorbent
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and materials
	2.2 Characterizations of h-BN
	2.3 Evaluation of adsorption and desorption properties

	3 Results and discussion
	3.1 Optimal h-BN for removal of chromium and its characterization
	3.2 Adsorption and desorption properties of Cr(III) under different environmental conditions
	3.2.1 Kinetic study
	3.2.2 Isotherm study
	3.2.3 Effect of background ions and humic acids on adsorption
	3.2.4 Reusability testing

	3.3 Plausible adsorption mechanism between h-BN and Cr(III)

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


