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Abstract Pine needle biochar produced via oxygen-limited pyrolysis at 800 �C for 2 h was used for

removing aqueous hexavalent chromium [Cr(VI)] from water. The optimality of the pseudo-second

order kinetic model indicated the chemisorption dominated the removal process. Strong acid envi-

ronment (pH= 2.0) was more conductive to Cr(VI) removal. The functional groups (C–O, O–C–O,

C = O) on biochar contributed to Cr(VI) elimination from aqueous solution. The governing

removal mechanisms involved electrostatic attraction, reduction, and complexation. Especially,

confocal micro-X-ray fluorescence (l-XRF) mapping indicated that Cr ions and functional groups

were primarily distributed on the surface of biochar. This study firstly provided a deep interpreta-

tion of Cr speciation and spatial distribution on pine needle biochar, which provided important

information on removal mechanisms of Cr(VI) by pine needle biochar.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hexavalent chromium [Cr(VI)] contamination detected in electroplat-

ing, printing, leather tanning, and mining industries has been recog-

nized as one of the main severe environmental issues (Lin et al.,

2019; Liu et al., 2020a). Compared to trivalent chromium [Cr(III)],

Cr(VI) poses more negative impacts on human health and ecosystem

attributed to its higher toxicity, carcinogenicity, and bio-

accumulation (Cheng et al., 2010; Zhang et al., 2018a). Therefore,

the efficient detoxification of Cr(VI) from water should be considered

as a priority for environmental protection. Varieties of methods have

been conducted for purifying Cr(VI)-polluted water, including adsorp-
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tion, chemical precipitation, membrane separation, and ion exchange

(Godlewska et al., 2017; Liu et al., 2019). Among them, adsorption

has been identified as the most convincing method on Cr(VI) elimina-

tion ascribed to its effectiveness, maneuverability, and low-cost (Zhang

et al., 2019; Shi et al., 2020).

Biochar is defined as the cabonaceous solid which obtained from

diverse feedstocks including agricultural residues, manure, and sewage

sludge, etc. (Zhang et al., 2017; Awasthi et al., 2020; Wang et al., 2020)

via thermal decomposition under anaerobic condition at temperatures

varying from 300 to 800 �C (Palansooriya et al., 2019). Biochar, as an

outstanding sorbent for Cr(VI) treatment, has arose much attention

based on its cost-effectiveness, ease of operation, and sufficient capac-

ity (Tan et al., 2015). The properties of biochar and its removal perfor-

mances on contaminants are also significantly affected by pyrolysis

temperature (Qin et al., 2020; Ma et al., 2022) and feedstocks

(Ippolito et al., 2020). The high pyrolysis temperature can promote

the formation of biochar with stable C compounds (Cantrell et al.,

2012); wood-based feedstock contains more C and is favorable for

high-yield biochar production (Zhao et al., 2017). Biochar derived

from various wood-feedstocks have been served as restoration materi-

als in Cr(VI) treatment and presented outstanding performances

(Mohan et al., 2011; Liu et al., 2020b).

As a wood biomass, pine needle is abundant in lignocellulose,

including lignin, cellulose, and hemicellulose, which are conducive to

the synthesis of biochar with higher carbon contents (Cantrell et al.,

2012). Besides, pine needle is one major by-product of pine tree which

usually considered as a common forestry waste. The environmental

and efficient disposal of pine needle by means of biochar production

has been regarded as a promising way for the achievement of waste

to treasure as well as the promotion of waste rational utilization. Stud-

ies have used pine needle biochar as sorbent for removing Pb, As

(Ahmad et al., 2016; Choudhary et al., 2020), trichloroethylene

(Ahmad et al., 2013), nonpolar and polar aromatic contaminants

(Chen et al., 2008), and as conductive material for methanogenesis pro-

motion (Mohan and Annachhatre, 2022), while no study has been con-

ducted for Cr(VI) removal.

Confocal micro-X-ray fluorescence (l-XRF) mapping is superior in

the elemental spatial distribution analysis, due to its higher precision

with deep detection depth of 600 lm, and can be utilized for three-

dimensional depth profile acquirement. Confocal l-XRF mapping as

a novel analytical technique has been used in a wide variety of appli-

cations including geology (Vekemans et al., 2004), environmental

science (Liu et al., 2018), and biology (Tsuji et al., 2007). For example,

Liu et al. (2019a) mapped the spatial distribution of Cr element on oak

wood biochar, and found that Cr was mainly distributed on the surface

of bulk sample. Perez et al. (2010) reported the confocal l-XRF map-

ping of Cu and Zn on the aquatic macrophyte Spirodela polyrhiza L.,

the results confirmed the applicability of confocal l-XRF mapping in

bioremediation by aquatic plants. X-ray absorption near edge struc-

ture spectroscopy (XANES) is a valuable and precise tool for elemen-

tal speciation determination ascribed to its strong penetrability for

inner analysis. There might be two pathways for Cr(VI) removal by

biochar: (1) Cr(VI) is directly bound on the surface of biochar or

reduced to Cr(III) by surface functional groups and further existed

as the form of surface-Cr on biochar; (2) Cr(VI) is diffused into the

internal pore structure and directly bound as Cr(VI) or reduced to

Cr(III) by inner functional groups and further existed as the form of

inner-Cr on biochar. The combination of confocal l-XRF mapping

and XANES analysis can provide information on the speciation and

spatial distribution of Cr on biochar, which is helpful in gaining

insights into the removal mechanisms and the effectiveness of biochar

in environmental remediation and management. The result of Cr(VI)

reduction to Cr(III) by biochar has been obtained to a great extent

(Guo et al., 2020a; Li et al., 2022; Ma et al., 2022). However, rare study

has focused on the speciation and spatial distribution of the reacted-Cr

on pine needle biochar.
In this work, biochar derived from pine needles was prepared and

used to remove Cr(VI) from water. The removal kinetics, effects of

solution pH and initial Cr(VI) concentration were systematically inves-

tigated and discussed. Furthermore, Cr(VI) removal mechanism and

the potential stability of pine needle biochar were revealed through

the combination of various techniques including Brunauer-Emmett-

Teller (BET) method, SEM, Energy dispersive spectroscopy (EDS),

Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron

Spectroscopy (XPS), confocal l-XRF mapping, and XANES. These

observations will provide a new insight into the potential application

of pine needle biochar on Cr(VI) removal.

2. Materials and methods

2.1. Materials

The precursors of biochar were obtained from a university

campus of Changchun, Jilin, China, washed using ultra-pure
water to remove the dust, dried at 80 �C, and finally cut to
< 2 mm before pyrolysis. In addition to the superior nitric
acid (HNO3) (65–68%, 16 M) obtained from Sinopharm

Chemical Reagent Co., Ltd., other reagents of analytical
grade, including sodium hydroxide (NaOH), potassium
dichromate (K2Cr2O7), and calcium carbonate (CaCO3), were

purchased from Beijing Reagent Co., Ltd..

2.2. Biochar preparation

Dried pine needles sticks were placed in a tube furnace, heated
to the desired temperature of 800 �C, and carbonized for 2 h
under N2 stream (heating rate: 10 �C min�1). The pine needle

biochar was passed through the mesh sieves to obtain a size of
0.5–2 mm, then was rinsed three times using ultra-pure water
and vacuum dried.

2.3. Cr(VI) removal experiments

Saturated CaCO3 ultra-pure water (pH= 8.1) was prepared as
a background solution following Liu et al. (2020b). Concen-

trated HNO3 and 0.2 mol L�1 NaOHwere utilized for adjusting
solution pH. For Cr(VI) removal kinetic experiments, 50 mg
L�1 Cr(VI) was exposed to 10 g L�1 biochar under pH of 2.0

and sampled at specific time intervals of 0.5, 1, 3, 6, 12, 24, 72,
120, and 168 h. The influencing factors analysis were conducted
by varying the solution pH values from 2.0 to 8.1 and initial Cr
(VI) concentrations from 1 to 600 mg L�1, respectively, with a

consistent biochar dosage of 10 g L�1 and sampling time of
168 h. The 50 mL centrifuge tubes with 40 mL suspensions were
shaken at room temperature. At each sampling time, biochar

was separated from the supernatant using 0.22-lm membrane
filters. For further characterization of biochar, the recovered
solid was washed three times and vacuum-dried. The total

amount of Cr and Cr(VI) were quantified via atomic absorption
spectrophotometer (AAS) (6000CF, Shimadzu, Japan) and
DR3900 spectrophotometer (Hach, USA), respectively. All

experiments were conducted duplicated.
Cr removal percentage (R, %) was determined by employ-

ing Eq. (1):

R ¼ C0 � Ct

C0

� 100% ð1Þ
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in which, C0 presents the initial Cr(VI) concentration at
time 0 (mg L�1), Ct is the Cr(VI) concentration at time t (mg
L�1). The removal capacity of biochar (q, mg g�1) was deter-

mined by Eq. (2):

q ¼ ðC0 � CtÞ � V

m
ð2Þ

in which, v and m relate to the volume of reaction system

(L) and mass of pine needle biochar (g), respectively.

2.4. Kinetic models

A better understanding of the kinetic data is conductive for a
clearer explanation of the removal mechanism. Pseudo-first
order (PFO), pseudo-second order (PSO), intra-particle diffu-

sion (IPD), Elovich, and modified Freundlich models were uti-
lized and the details of these five models were expressed as
follows:

The PFO model (Guo et al., 2020a):

ln qe � qtð Þ ¼ lnqe � k1t ð3Þ
The PSO model (Guo et al., 2020a):

t

qt
¼ 1

k2q2e
þ t

qe
ð4Þ

The IPD model (Zhang et al., 2018c):

qt ¼ k3t
0:5 ð5Þ

The modified Freundlich model (Liu et al., 2020b):

qt ¼ k4C0t
1=m ð6Þ

The Elovich model (Liu et al., 2020b):

qt ¼
1

b

� �
ln abð Þ þ 1

b

� �
lnt ð7Þ

where qe and qt (mg/g) denote the treated Cr(VI) mass per
unit mass of biochar at equilibrium and time t (h), respectively;

k1 (L h�1), k2 (g mg�1h�1), k3 (mg g�1h�1/2) and k4 (L g�1h�1)
are the rate constants of PFO, PSO, IPD, and the modified
Fig. 1 Variations of Cr concentration as a function of time [initial C
Freundlich models, respectively; a (mg g�1h�1) and b (g
mg�1) are the Elovich constants; m is the modified Freundlich
constant.

2.5. Characterization

Surface morphology was characterized by JSM-5600 SEM

(JEOL, Japan), and the energy dispersive spectrometer
(EDS) spectra was utilized as an auxiliary tool and collected
for the elemental varieties and content identification.

Fourier-transform infrared spectroscopy (FTIR) spectrometer
(Nicolet iS5, Thermo Fisher, USA) was conducted for the vari-
eties of biochar surface functional groups determination. A

BET analyzer (ASAP 2020, Micromeritics, USA) was carried
out to obtain the surface area, pore volume, and pore size of
biochar and Cr(VI)-biochar. The elemental compositions and
speciation analysis were achieved via an ESCALAB 250 Al

K-ɑ spectrometer (Thermo Fisher Scientific, Waltham,
USA). The determination of the zeta potential of biochar
was determined by Malvern zeta potential analyzer.

2.6. Confocal l-XRF mapping analysis

Confocal l-XRF mapping was utilized to provide the fine

structures of biochar and Ca, K, and Cr distribution which
can offer the evidence for the potential application of biochar.
The measurement was performed at Sector 20-ID at the
Advanced Photon Source (APS) of Argonne National Labora-

tory (ANL) in the USA. The confocal l-XRF mapping data
was obtained and corrected according to the methods
described by Liu et al. (2017). Shortly, the mapping was con-

ducted at the incident beam energy of 7.6 keV and the beam
size of 2 � 2 lm2. The completion of the confocal geometry
was achieved by installing an optic in front of the detector.

2.7. Cr XANES

The reacted biochar particles were analyzed using XANES

method for Cr speciation determination. The Cr K-edge
r(VI) concentration = 50 mg L�1, pH = 2.0, dosage = 10 g L�1].



Fig. 2 Kinetic study of Cr(VI) removal based on (a) PFO model, (b) PSO model, (c) IPD model, (d) modified Freundlich model, and (e)

Elovich model [initial Cr(VI) concentration = 50 mg L�1, pH = 2.0, dosage of biochar = 10 g L�1].
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XANES spectra were recorded at sector 20-BM of ANL. Ref-

erence materials including K2Cr2O7 and Cr(OH)3 were intro-
duced to distinguish the existing form of Cr on biochar.
ATHENA software was utilized for the collected data stan-
dardization (Ravel and Newville, 2005). The first derivative

smooth spectra were obtained after linear combination fitting
(LCF) and the Cr speciation was determined through compar-
ing with the reference spectra.



Table 1 The parameters of five kinetic models fitted to Cr(VI)

removal by pine needle biochar.

Models Parameters R2

PFO model k (L h�1) 0.990

0.0236

PSO model k (g mg�1h�1) 0.998

0.0591

IPD model k (mg g�1h�1/2) 0.999

0.0155

Modified Freundlich model k (L g�1h�1) m 0.989

0.0395 6.806

Elovich model a (mg g�1h�1) b (g mg�1) 0.964

39.28 2.364
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3. Results and discussion

3.1. Cr(VI) removal experiments

3.1.1. Kinetic study

The kinetic study was performed to evaluate the performance
of pine needle biochar for Cr(VI) removal (Fig. 1). In the first
12 h, total Cr and Cr(VI) concentration rapidly decreased with

increasing of Cr(III), which was attributed to the availability
of the unoccupied active sites of biochar (Aljeboree et al.,
2017). The removal rate slowed down with the reaction time,

ascribing to the consumption of biochar binding active sites
in the initial stage. After the equilibrium (t = 168 h), 83.6%
of Cr(VI) was removed and 50% of the aqueous Cr existed

as Cr(III), illustrating the conversion of Cr(VI) to less toxic
Cr(III) by pine needle biochar.

The plots and kinetic parameters of five kinetic models for

Cr(VI) removal were depicted in Fig. 2 and Table 1, respec-
tively. The PSO mode was preferable to simulate the kinetic
data than the other four models in terms of the greatest corre-
sponding meter (R2) of 0.999. Besides, the obtained removal

capacity of 4.21 mg g�1 from PSO model was also consistent
with the theoretical removal capacity of 4.18 mg g�1, indicat-
ing the removal mechanism of Cr(VI) by pine needle biochar

dominantly was chemical sorption between Cr(VI) ions and
active sites of biochar (Shi et al., 2013). The optimality of
PSO model for Cr(VI) treatment was also observed in other

studies (Miretzky and Cirelli, 2010). The Elovich model pos-
sessed a larger a value (39.28) and a smaller b value (2.364)
was also appropriate for Cr(VI) removal representation
(R2 = 0.964), which demonstrated the heterogenous surface
Table 2 Comparisons of Cr(VI) removal performance of pine need

Materials Initial Cr(VI)

(mg L�1)

Oak bark biochar 60

Oak wood biochar 60

Melia azedarach wood biochar 10

Oily seeds of Pistacia terebinthus L. biochar 25

Landfill leachate sludge biochar 50

Pine needle biochar 50
of biochar and the occurrence of electron transfer between bio-
char and Cr(VI) ions (Aljeboree et al., 2017). For intra particle
diffusion model, three rate-limiting stages were depicted in

Fig. 2c, including external mass transfer (the first stage), intra
particle diffusion (the second stage), and internal surface
adsorption (the third stage) (Guo et al., 2020b). Besides, the

intercepts of these lines were greater than 1.5 mg g�1 instead
of zero, providing the key insights that the intra particle diffu-
sion was not the only rate-limiting phase (Li et al., 2015).

The comparisons of Cr(VI) removal capacity of pine needle
biochar with several other reported biochar were showed in
Table 2: 3.40 mg g�1 for oak bark biochar (Mohan et al.,
2011), 4.10 mg g�1 for oak wood biochar (Mohan et al.,

2011), 2.00 mg g�1 for Melia azedarach wood biochar
(Zhang et al., 2018c), 3.53 mg g�1 for oily seeds of Pistacia
terebinthus L. biochar (Deveci and Kar, 2013), and 3.90 mg g�1

for landfill leachate sludge biochar (Li et al., 2022). By con-
trast, the pine needle biochar prepared in this study exhibited
better performance than other reported biochars.

3.1.2. Effect of pH

As depicted in Fig. 3a, the solution pH notably influenced
removal capacity of pine needle biochar. Cr(VI) removal effi-

ciency sharply decreased with increasing pH from 2.0 to 8.1.
pH of 2.0 appeared to be the optimal pH for Cr(VI) removal.
This phenomenon could be ascribed to the high dependence of

aqueous Cr(VI) species and biochar surface charge on solution
pH (Guo et al., 2018). As pH below 2.0, Cr(VI) existed in the
forms of HCrO4

� and Cr2O7
2� (Huang et al., 2016). The zeta

potential of pine needle biochar was 3.83 (Fig. 3b), indicating
that biochar surface was positively charged at pH below 3.83,
and therefore, it was preferred to attract negative Cr(VI) ions.
While at higher pH, biochar possessed negative charge and the

resulting electrostatic repulsion would cause the low affinity of
Cr(VI) to biochar. In addition, strong acidic condition was tes-
tified to be favorable for Cr(VI) reduction (Zhang et al., 2018b;

Liu et al., 2020b). The exhibition of neglectable performance
of biochar on Cr(VI) removal under high pH conditions coin-
cided with previous studies (Zhou et al., 2016; Liu et al.,

2020b).

3.1.3. Effect of initial Cr(VI) concentration

Cr(VI) concentration is varied in different environment; there-

fore, initial Cr(VI) concentration is a decisive factor on Cr(VI)
removal. As initial Cr(VI) concentration < 25 mg L�1, the
removal efficiency of Cr(VI) was 99.9% (Fig. 4). This could

be attributed to the adequate active sites of biochar for Cr
(VI) with relatively low concentration elimination from solu-
le biochar with other materials.

Dosage

(g L�1)

Removal capacity

(mg g�1)

Refs

10.0 3.40 (Mohan et al., 2011)

10.0 4.10 (Mohan et al., 2011)

5.0 2.00 (Zhang et al., 2018c)

2.0 3.53 (Deveci and Kar, 2013)

10.0 �3.90 (Li et al., 2022)

10.0 4.18 This study



Fig. 3 (a) Effect of pH on Cr(VI) removal [initial Cr(VI) concentration = 50 mg L�1, dosage of biochar = 10 g L�1, time = 168 h] and

(b) zeta potential of pine needle biochar.

Fig. 4 Variations of Cr(VI) removal efficiency and pine needle biochar capacity as a function of Cr(VI) concentration (pH = 2.0,

time = 168 h, dosage of biochar = 10 g L�1).

Table 3 BET characteristics of biochar before and after the

reaction.

Specific surface

area

(m2 g�1)

Pore

volume

(m3 g�1)

Pore

size

(nm)

Before the

reaction

53.03 0.022 2.27

After the reaction 24.91 0.019 2.23
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tion. The occupation of the available active sites resulted in the
sharp decrease in removal efficiency at higher initial Cr(VI)

concentrations. In contrast, accompanying with the enhance-
ment of the initial Cr(VI) concentration from 0 to 100 mg
L�1, Cr(VI) removal capacity of biochar increased. This phe-

nomenon might be attributed to the fact that the higher Cr
(VI) concentration, the stronger driving force between Cr(VI)
and biochar, which was conductive for Cr(VI) transferring to
pine needle biochar (Albadarin et al., 2011; Shakya and
Agarwal, 2019).

3.2. BET analysis

As presented in Table 3, the specific surface area and pore
characteristics of pine needle biochar varied after Cr(VI) elim-

ination from aqueous solution. The decreases in the specific
surface area (28.84 m2 g�1), pore volume (0.003 m3 g�1), and
pore size (0.04 nm) were observed compared to the raw bio-

char, which could be ascribed to the blockage of biochar pores
by Cr.

3.3. FTIR analysis

The comparison of FTIR spectra of unloaded and Cr(VI)-
loaded biochar was depicted in Fig. S1. The biochar exhibited
abundant functional groups including C = C, �OH, C�H,



Fig. 5 SEM images and EDS spectra of pine needle biochar before (a, c) and after Cr(VI) removal (b, d).
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C = O, and C�O group. After Cr(VI) elimination, these func-

tional groups varied a lot. In detail, the intensities of C�H
stretching vibration at 2920 cm�1 (Mohammed et al., 2018)
and 2851 cm�1 (Wang et al., 2017) increased, the biochar peak

at 1075 cm�1 according to C�O became sharp and exhibited a
right shift to 1050 cm�1 (Meng et al., 2013), with the enhance-
ment of C = C or C = O band at 1636 cm�1 (Li et al., 2016a).
The loss of C�O group and the generation of C = O could be

ascribed to the occurrence of the oxidation–reduction process
between C�O group and Cr(VI) ions (Shakya and Agarwal,
2019). The C = O group was also verified to be responsible

for Cr(III) stabilization (Liu et al., 2020b). Overall, the FTIR
results verified that Cr(VI) removal by pine needle biochar was
primarily caused by the participation of functional groups.

3.4. SEM/EDS analysis

The performance of biochar was also affected by its surface
properties. From Fig. 5a, biochar exhibited structured and

smooth surfaces with a few relatively large pores. However,
for Cr-reacted biochar (Fig. 5b), the surface became rough
and the pores were filled with irregular tiny particles which

were supposed to be the fixed Cr. The distinguishment in the
elemental composition between unreacted and Cr-reacted bio-
char was depicted in Fig. 5c and 5d. The appearance of an

obvious Cr peak was observed in EDS spectra of Cr-reacted
biochar, illustrating the combination of Cr with biochar after
the reaction.
3.5. XPS analysis

The variations in the functional groups of biochar, species and
contents of Cr after the reaction were recorded in XPS spectra

(Fig. 6). The C 1 s and O 1 s spectra further confirmed the exis-
tence of abundant functional groups on biochar, which coin-
cided with the FTIR results. As depicted in Fig. 6a, the C

1 s spectra were deconvoluted into five peaks at 284.0, 284.4,
285.4, 286.2, and 288.1 eV corresponding to C = C (Yang
et al., 2010), C–C (Goswami et al., 2020), C–O (Liu et al.,

2013), C–O–C (Xiao et al., 2021), and C = O (Chen et al.,
2018) group, respectively. After Cr elimination, the proportion
of C–O and C–O–C in pine needle biochar reduced from
28.24% and 17.88% to 22.21% and 11.87%, respectively,

whereas the C = O group intensity increased. For O 1 s spec-
tra (Fig. 6b), the variations of oxygen-containing functional
groups were consistent with that of carbon-based functional

groups. The C–O at 533.5 eV (Parayil et al., 2015) and O–
C = O at 532.5 eV (Kim et al., 2019) declined 1.85% and
4.98%, respectively with the generation of 2.04% in C = O

group at 531.4 eV (Peng et al., 2019). These phenomena further
confirmed the reduction ability of biochar on Cr(VI) removal,
which mainly depended on the reducing functional groups (C–
O, C–O–C, O–C= O). Besides, peak representing Cr–O group

(531.0 eV) in Cr2O3 (Seal et al., 2002) or Cr(OH)3 (Surviliene
et al., 2015) was depicted in the reacted-biochar, illustrating
Cr(III) was formed through reduction reaction and then

bound on biochar through complexation with C = O groups.



Fig. 6 XPS of (a) C 1 s, (b) O 1 s, and (c) Cr 2p spectra for pine needle biochar.
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From Cr 2p spectra (Fig. 6c), the peaks representing Cr(VI) at
579.2 eV (Li et al., 2016b) and Cr(III) at 578.5 eV (Molodkina

et al., 2020) and 577.5 eV (Shee and Sayari, 2010) were
observed simultaneously, and only 24.63% of the combined
Cr existed in the form of Cr(VI). This result further elucidated

the reduction and stabilization roles of biochar for Cr contam-
inant removal.

3.6. Confocal l-XRF mapping and XANES analysis

The spatial distributions of elements Ca (green), K (red), and
Cr (blue) were depicted in Fig. 7a. Ca and K, the common
source materials of biochar, were utilized as reference elements

for pine needle biochar structure and properties identification.
In the confocal l-XRF mapping of Ca and K elements, neatly
structured biochar with low porosity was observed (Fig. 7a). In

the confocal l-XRF mapping of Cr element (Fig. 7a), different
from the apple wood biochar we studied before (Liu et al.,
2020b), Cr was unevenly distributed on the biochar and pri-

marily near the edge of pine needle biochar, indicating that
the functional groups of pine needle biochar were mainly
existed in the form of surface-functional groups and played a
key role in Cr stabilization. XANES data collected at the Cr

K-edge spectra were shown in Fig. 7b. Compared with the ref-
erence compounds, weak Cr(VI) peak and intense Cr(III) peak
were both observed in Cr XANES spectra of the reacted-

biochar, indicating the coexistence of Cr(VI) and Cr(III) on
biochar with a higher content of Cr(III). This fact was further
proved by the LCF results (Table 4) with accurate contents of

Cr(VI) (76.6%) and Cr(III) (23.4%). The combined results of
confocal l-XRF mapping and XANES illustrated that Cr(VI)
was primarily removed through reduction and immobilization
by biochar.

3.7. Integration of removal mechanism

The observation of aqueous Cr(III) and the best fitting of PSO

model indicated the occurrence of Cr(VI) reduction to Cr(III).
The results from FTIR and XPS analysis demonstrated the
critical role of functional groups on Cr(VI) reduction and Cr

(III) complexation. The XPS and XANES spectra showed that
Cr(VI) and Cr(III) were coexisted on biochar, and � 76% of
Cr was presented in the form of Cr(III). The confocal l-
XRF mapping revealed the distribution of Cr on biochar sur-
face. Based on the kinetic studies and solid characterization
analysis, the mechanism of Cr(VI) treatment by biochar was
proposed. As shown in Fig. 8, firstly, in an acid environment,

aqueous Cr(VI) was attracted to the protonated biochar sur-



Fig. 7 (a) Confocal l-XRF mapping of Ca (green), K (red), and Cr (blue) distribution on the reacted-biochar and (b) Cr K-edge

XANES spectra of Cr-loaded biochar.

Table 4 LCF results for XANES spectra of Cr(VI)-reacted biochar.

Percentage (%) R-factor Reduced x2

Cr(VI) Cr(III)

Cr(VI)-reacted biochar 23.4 76.6 0.0456 0.018

Fig. 8 The proposed removal mechanisms of Cr(VI) by pine needle biochar.

Molecular-level investigation on removal mechanisms 9
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face under the electrostatic attraction (Guo et al., 2020a).
Then, the reducing process of Cr(VI) to Cr(III) occurred,
where the surface functional groups (C–O and C–O–C, and

O–C = O) served as the electron donors (Choudhary et al.,
2017). Finally, large proportion of Cr(III) was stabilized on
biochar by complexation with C = O group, and the remain-

der was re-released into the solution (Zheng et al., 2021).
4. Conclusions

This investigation utilized the waste pine needle as precursor for bio-

char preparation and evaluated the performance of pine needle biochar

on Cr(VI) removal. Pine needle biochar exhibited a satisfactory perfor-

mance to remove Cr(VI) with concentrations < 25 mg L�1. The suit-

ability of PSO and IPD kinetic models indicated that Cr(VI)

elimination from aqueous solution was predominantly controlled by

chemisorption. The increasing pH was unfavorable to Cr(VI) removal

and the optimal treatment was achieved at pH of 2.0. The pine needle

biochar can be applied in acid Cr(VI)-containing wastewater treat-

ment. After the pH of groundwater is adjusted to 2.0 following with

extraction, the pine needle biochar is also suitable for ex-situ remedia-

tion of Cr(VI) contaminated groundwater. FTIR and XPS techniques

demonstrated the key role of functional groups (C–O, C–O–C, and

C = O) of pine needle biochar on Cr(VI) removal. The results from

liquid phase and solid phase analysis indicated the removal process

was combined by electrostatic attraction, Cr(VI) reduction, and Cr

(III) complexation with C = O group. Confocal l-XRF mapping

revealed that Cr and functional groups of biochar were distributed pri-

marily on the surface of biochar. This technique provided the crucial

information that we can optimize pore structure and inner functional

groups of pine needle biochar for developing new pine needle

biochar-based materials with improved performance on Cr(VI)

removal. Confocal l-XRF mapping can also be conducted to identify

the spatial distribution of Fe element in Fe-modified biochar or S ele-

ment in S-modified biochar, which can provide insights into the extent

and mechanisms of the modified processes. This study provided a deep

understanding on the potential application of pine needle biochar, as

well as the guidance for optimization of pine needle biochar properties.
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A., Suchodolskis, A., Karpaviciene, V., 2015. Annealing effect on

the structural and optical properties of black chromium electrode-

posited from the Cr(III) bath. Chemija 26, 244–253.

Tan, X.F., Liu, Y.G., Zeng, G.M., Wang, X., Hu, X.J., Gu, Y.L.,

Yang, Z.Z., 2015. Application of biochar for the removal of

pollutants from aqueous solutions. Chemosphere 125, 70–85.

Tsuji, K., Nakano, K., Ding, X., 2007. Development of confocal micro

X-ray fluorescence instrument using two X-ray beams. Spectrochi-

mi. Acta, Part B 62, 549–553.

Vekemans, B., Vincze, L., Brenker, F.E., Adams, F., 2004. Processing

of three-dimensional microscopic X-ray fluorescence data. J. Anal.

At. Spectrom. 19.

Wang, H.B., Cai, J.J., Liao, Z.W., Jawad, A., Ifthikar, J., Chen, Z.L.,

Chen, Z.Q., 2020. Black liquor as biomass feedstock to prepare

zero-valent iron embedded biochar with red mud for Cr(VI)

removal: Mechanisms insights and engineering practicality. Biore-

sour. Technol. 311, 123553.

Wang, X.H., Liu, N., Liu, Y.G., Jiang, L.H., Zeng, G.M., Tan, X.F.,

Liu, S.B., Yin, Z.H., Tian, S.R., Li, J., 2017. Adsorption removal
of 17beta-Estradiol from water by rice straw-derived biochar with

special attention to pyrolysis temperature and background chem-

istry. Int. J. Environ. Res. Public Health 14.

Xiao, Y., Jiang, M.X., Cao, M.H., 2021. Developing WO3 as high-

performance anode material for lithium-ion batteries. Mater. Lett.

285, 129129.

Yang, Y., Tsui, C.P., Tang, C.Y., Qiu, S., Zhao, Q., Cheng, X., Sun,

Z., Li, R.K.Y., Xie, X., 2010. Functionalization of carbon

nanotubes with biodegradable supramolecular polypseudorotax-

anes from grafted-poly(e-caprolactone) and a-cyclodextrins. Eur.
Polym. J. 46, 145–155.

Zhang, H., Chen, C., Gray, E.M., Boyd, S.E., 2017. Effect of feedstock

and pyrolysis temperature on properties of biochar governing end

use efficacy. Biomass Bioenergy 105, 136–146.

Zhang, X., Fu, W.J., Yin, Y.X., Chen, Z.H., Qiu, R.L., Simonnot, M.

O., Wang, X.F., 2018b. Adsorption-reduction removal of Cr(VI)

by tobacco petiole pyrolytic biochar: Batch experiment, kinetic and

mechanism studies. Bioresour. Technol. 268, 149–157.

Zhang, X., Lv, L., Qin, Y., Xu, M., Jia, X., Chen, Z., 2018c. Removal

of aqueous Cr(VI) by a magnetic biochar derived from Melia

azedarach wood. Bioresour. Technol. 256, 1–10.

Zhang, W., Zhang, S.L., Wang, J., Wang, M., He, Q.L., Song, J.Y.,

Wang, H.Y., Zhou, J.P., 2018a. Hybrid functionalized chitosan-

Al2O3@SiO2 composite for enhanced Cr(VI) adsorption. Chemo-

sphere 203, 188–198.

Zhang, W., Wang, H.Y., Hu, X.L., Feng, H.J., Xiong, W.Q., Guo, W.

B., Zhou, J.P., Mosa, A., Peng, Y.Z., 2019. Multicavity tri-

ethylenetetramine-chitosan/alginate composite beads for enhanced

Cr(VI) removal. J. Cleaner Prod. 231, 733–745.

Zhao, S.X., Ta, N., Wang, X.D., 2017. Effect of temperature on the

structural and physicochemical properties of biochar with apple

tree branches as feedstock material. Energ. 10.

Zheng, C., Yang, Z., Si, M., Zhu, F., Yang, W., Zhao, F., Shi, Y.,

2021. Application of biochars in the remediation of chromium

contamination: Fabrication, mechanisms, and interfering species. J.

Hazard. Mater. 407, 124376.

Zhou, L., Liu, Y.G., Liu, S.B., Yin, Y.C., Zeng, G.M., Tan, X.F., Hu,

X., Hu, X.J., Jiang, L.H., Ding, Y., Liu, S.H., Huang, X.X., 2016.

Investigation of the adsorption-reduction mechanisms of hexava-

lent chromium by ramie biochars of different pyrolytic tempera-

tures. Bioresour. Technol. 218, 351–359.

http://refhub.elsevier.com/S1878-5352(23)00428-8/h0225
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0225
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0225
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0225
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0230
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0230
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0230
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0235
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0235
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0235
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0245
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0250
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0250
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0250
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0250
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0255
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0255
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0255
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0260
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0260
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0260
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0260
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0260
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0265
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0265
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0265
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0270
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0270
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0270
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0275
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0275
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0275
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0280
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0280
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0280
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0280
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0280
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0285
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0285
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0285
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0285
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0285
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0290
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0290
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0290
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0290
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0295
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0295
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0295
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0295
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0295
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0300
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0300
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0300
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0305
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0305
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0305
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0305
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0310
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0310
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0310
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0315
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0315
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0315
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0315
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0315
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0315
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0315
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0320
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0320
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0320
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0320
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0325
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0325
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0325
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0330
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0330
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0330
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0330
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0335
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0335
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0335
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0335
http://refhub.elsevier.com/S1878-5352(23)00428-8/h0335

	Molecular-level investigation on removal mechanisms of aqueous hexavalent chromium by pine needle biochar
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Biochar preparation
	2.3 Cr(VI) removal experiments
	2.4 Kinetic models
	2.5 Characterization
	2.6 Confocal μ-XRF mapping analysis
	2.7 Cr XANES

	3 Results and discussion
	3.1 Cr(VI) removal experiments
	3.1.1 Kinetic study
	3.1.2 Effect of pH
	3.1.3 Effect of initial Cr(VI) concentration

	3.2 BET analysis
	3.3 FTIR analysis
	3.4 SEM/EDS analysis
	3.5 XPS analysis
	3.6 Confocal μ-XRF mapping and XANES analysis
	3.7 Integration of removal mechanism

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	ack25
	Acknowledgement
	Ethics approval
	Consent to participate
	Consent to Publish
	Funding
	Availability of data and materials
	Appendix A Supplementary data
	References


