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ABSTRACT

The current study aims to valorize C. demersum, a common aquatic plant in lakes, ponds, and quiet streams with
little use. FeCl,-impregnated C. demersum was directly pyrolyzed to yield iron oxide-loaded biochar (IO/BC).
Analytical results revealed that 3.19 wt% Fe existed in the resulting composite, including predominant hematite
(a-Fe,0,) and minor magnetite (Fe,0,). Moreover, the total pore volume (V,_ ) and the specific surface area (S,,)
of IO/BC were 0.091 cm?/g and 113 m?/g, respectively. IO/BC was subsequently explored for catalytic rhodamine
B (RhB) degradation using H,O,. At pH 3.0, 30 °C, 1.00 g/L IO/BC partly eliminated 18% RhB (20 ppm), cor-
responding to an adsorption capacity of 3.6 mg/g. Upon the addition of 120 ppm H,O,, total RhB removal reached
92% after 90 min. Furthermore, RhB treatment was consistent with the pseudo-first-order kinetics. The rate con-
stant (k) at 30 °C was 0.0260 min", and the activation energy (E,) was 72 kJ/mol. Overall, the findings highlighted

the catalytic potential of IO/BC prepared from C. demersum for Fenton-like degradation of RhB.
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INTRODUCTION

Nowadays, various human activities and in-
dustrial processes release considerable quantities
of diverse organic pollutants, notably pharmaceu-
ticals, pesticides, and dyes, into water environ-
ments (Chen et al., 2023; Lu and Astruc, 2020).
These pollutants can poison aquatic organisms, re-
duce biodiversity, and pose health risks to humans
(Mukhopadhyay et al., 2022; Titchou et al., 2021).
Although some pollutants degrade rapidly, others
endure and accumulate in the food chain, neces-
sitating effective remediation efforts (Filote et al.,
2021). For that purpose, Fenton and Fenton-like
reactions are widely used, thanks to their high effi-
ciency, simplicity, and ability to operate under am-
bient conditions (Liu and Wang, 2023; Novia et al.,
2023). These processes convert eco-friendly and
cost-effective but low-reactive hydrogen peroxide

(H,O,) into highly reactive hydroxyl radicals
(*OH) for degrading organic contaminants (Shokri
and Fard, 2022). The Fenton reaction utilizes Fe**
ions, whereas Fenton-like processes involve the
use of Fe** or other metal ions (Wang et al., 2016).
To minimize sludge formation, solid catalysts
have been interested (Nguyen et al., 2024). Iron
oxides like magnetite (Fe,0,), hematite (a-Fe,0,),
and maghemite (y-Fe O,) are preferred for Fenton
and Fenton-like processes due to their effective
hydroxyl radical generation, stability, reusability,
cost-effectiveness, and environmental compatibili-
ty (Pouran et al., 2014; Zhu et al., 2019). However,
iron oxide particles have the tendency to form ag-
glomerates during their use (Gutiérrez et al., 2019).
This phenomenon can affect their catalytic activity
and overall efficiency (Rusevova et al., 2012). To
prevent agglomeration, iron oxide particles can be
immobilized onto proper supports.
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Biochar (BC) is a carbon-based material pro-
duced from biomass pyrolysis in oxygen-limited
conditions (Gupta et al., 2022; Qin et al., 2022).
It has garnered significant interest as a support
for metal oxides in various applications, particu-
larly in environmental remediation (Weidner et al.,
2022; Zhao et al., 2021). The porous structure of
BC provides ample space for the uniform distribu-
tion of metal oxides, enhancing their reactivity and
stability (Pereira Lopes and Astruc, 2021). Com-
pared with activated carbon and other supports,
BC is inexpensive, making it an economically vi-
able option for large-scale applications (Masud et
al., 2023). To facilely load iron oxides within BC,
direct pyrolysis of FeCl,-impregnated biomass has
been applied in recent years (Qu et al., 2022; Yi
et al., 2020). Based on pyrolysis conditions, FeCl,
can be converted into Fe,O,, Fe,O,, and even Fe
(Bedia et al., 2020; Nguyen et al., 2023). These
iron-based particles can be immobilized within the
BC structure, enhancing the stability and reusabil-
ity of the resulting IO/BC composite (Feng et al.,
2021). Furthermore, FeCl, can play an activation
role to improve porous properties of BC support
(Bediaetal., 2020; Zeng and Kan, 2022). Owing to
these advantages, the above-mentioned approach
was used to fabricate IO/BC from biomass.

According to Do et al. (2022), biomass re-
sources have significant influences on differ-
ent properties and catalytic performance of 10/
BC products. More importantly, the investiga-
tion of untapped biomass resources could pro-
vide additional scientific knowledge for the ex-
panded selection of proper I0/BCs in later re-
search and industrial uses. Hence, unnoticed C.
demersum was selected for investigation in this
study. This species, also referred to as coontail or
hornwort, is a submerged, free-floating aquatic
plant (Polechonska et al., 2018). C. demersum
is a global species that is found in slow-moving
streams, marshes, ditches, lakes, and ponds in
both temperate and tropical regions (Keskinkan et
al., 2004). It features thin, dark green to blackish
stems with whorls of finely divided leaves (Qadri
et al., 2022). In regards to its ecological role, C.
demersum provides habitat and oxygenation for
aquatic life, competes with algae, and offers cov-
er for fish and invertebrates (Wang et al., 2023).
This plant also acts as a biofilter, enhancing wa-
ter quality. Although C. demersum is popular in
aquariums and garden ponds for its aesthetic ap-
peal and water-clarifying properties, this demand
is minimal. According to Mokrzycki et al. (2021),
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C. demersum can be considered an aggressive
aquatic weed because of its rapid growth. Con-
sequently, the abundant, available, and underuti-
lized C. demersum becomes a promising biomass
resource for the preparation of I0/BC. The as-
prepared material was accordingly explored as a
potential Fenton-like catalyst to eliminate RhB, a
synthetic dye widely used in a variety of indus-
tries (Ghibate et al., 2024).

EXPERIMENTAL

Raw material and chemicals

Fresh C. demersum was gathered from a ditch
in Can Tho province, Vietham. The biomass was
initially cleaned with fresh water and then with tap
water to effectively remove almost all dust and soil.
C. demersum was dried at 105 °C for 24 h in a lab-
oratory oven before being crushed into a fine pow-
der by an electric grinder. The biomass was then
stored in a closed jar for further use. FeCl,-6H,0
(= 99.0%), HNO, (65.0~68.0%), H,SO,
(95.0~98.0%), NaOH (= 96.0%), Na,HPO,-12H,0
(= 99.0%), and H,O, (= 30.0%) were bought from
Xilong Scientific Co., Ltd. KH,PO, (= 99.5%),
and Na_S,0,-5H,0 (= 99.0%) were received from
Guangdong Guanghua Sci-Tech Co., Ltd. Rhod-
amine B was obtained from Shanghai Zhanyun
Chemical Co., Ltd.

Preparation of 10/BC

The methodology for preparing I0/BC from
C. demersum was modified from previous stud-
ies on other biomass resources (Do et al., 2022;
Nguyen et al., 2023). First, 4.00 g of C. demer-
sum powder was added to 100 mL of a solution
containing 0.80 g of FeCl, in a 200 mL beaker.
The mixture was magnetically stirred for 15 h
and dried at 105 °C for 24 h in the aforemen-
tioned oven. Subsequently, FeCl,-impregnated
C. demersum was put in a vertical tubular reac-
tor, which flowed continuously with nitrogen gas
(250 mL/min). An electric oven was used to in-
crease the temperature of the reactor from room
temperature with a heating rate of 5 °C/min. Py-
rolysis was then conducted at 600 °C for 60 min.
The obtained solid was rinsed meticulously with
distilled water and subjected to drying at 80 °C
for 24 h in a laboratory oven, creating IO/BC. In
the same procedure, BC was prepared from C. de-
mersum without FeCl, impregnation.
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Characterization of I0/BC

Crystalline structures of BC and IO/BC were
determined by X-ray diffraction (XRD) using a
D2 phaser diffractometer (Cu-Ka radiation) over
a 20 range of 5-80°. To analyze the Fe content in
10/BC, the material was first immersed in con-
centrated HNO, at 50 °C for 1 h. The obtained
solution was then quantified by a Perkin Elmer
Optima 7300 DV ICP-OES system. Nitrogen ad-
sorption and desorption isotherms of BC and [0/
BC were studied by a surface area and pore size
analyzer (Quantachrome Nova 4000e) at 77 K.
Two samples were outgassed at 300 °C for 5 h.
S, Was determined using the BET Equation,
whereas V= was calculated at P/P_ of 0.99.
Lastly, scanning electron microscopy (SEM) im-
ages of IO/BC were obtained from a JEOL JSM-
IT200 instrument.

Fenton-like degradation of RhB
catalyzed by 10/BC

The catalytic performances of BC and I0/BC
were assessed via RhB degradation using H,O,.
The experimental procedure was referenced from
prior research (Nguyen et al., 2021). The treat-
ment included two steps: adsorption and oxida-
tion. First, a certain catalyst dosage was introdu-
ced to 100 mL of RhB solution (20 ppm) in a 200
mL beaker. The mixture was mechanically stirred
during the treatment. For specific temperatures,
heating and cooling apparatuses were used. The
initial pH was changed by 0.1 M H,SO, and 0.1
M NaOH solutions. After 30 min of adsorption, a
certain H,0O, dosage was swiftly added to the mix-
ture for the oxidation step. Withdrawn samples
were promptly added to solutions containing both
phosphate buffer and Na S, O,. The catalysts were
removed by centrifugation, and the remaining
RhB concentrations were measured by a spectro-
photometer at 553 nm. For the adsorption step,
RhB removal (%) and adsorption capacity (mg/g)
were computed by the following Equations:

Adsorption capacity (mg/g) = 207 (1)
Ca
20-Cy
RhB removal (%) = YR 100% (2)

where: C, (g/L) was labeled for BC or IO/BC dos-
ages. The initial RhB concentration was
20 ppm, whereas C, (ppm) was the RhB
concentration after 30 min of adsorption.

For the oxidation step, total RhB removal was
calculated as follows:
Total RhB removal (%) = 2%

o < 100% 3)

where: C,, (ppm) was the remaining RhB con-
centration after 90 min of oxidation.

RESULTS AND DISCUSSION

Properties of 10/BC

XRD patterns of BC and IO/BC are presented
in Figure 1. In both materials, highly noisy base-
lines are observed, possibly due to the amorphous
phases of BC and iron-based components. No-
tably, BC from C. demersum contains peaks of
quartz crystals (Si0,). Naturally, C. demersum is
an aquatic plant that could absorb minerals from
soil and water. Compared with BC, 10/BC con-
tained peaks of not only quartz but also a-Fe,O,
and Fe,O,. As indicated by the difference in the
height of the main peaks, a-Fe O, was the ma-
jor Fe-based product, while Fe,O, was the minor
one. In addition, quantitative analysis revealed
that 3.19 wt% Fe was present within I0/BC (Ta-
ble 1). Based on prior studies (Bedia et al., 2020;
Nguyen et al., 2023), the formation route of these
oxides is suggested as follows:

C.demersum - C,C0,,H,0 4)

+H,0
FeCly;——— FeOOH — 5)

+C +C
- Fe,0; —— Fe;0, —— Fe

During pyrolysis, the biomass could be de-
composed into carbon, steam, and other gas-
es. Then, FeCl, could be hydrolyzed to create

% Si0, Vo-Fe,0, <Fe,0,

v

v
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Figure 1. XRD patterns of BC and I0/BC
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a-Fe,0, as the main iron-based component in
I0/BC. Due to the limit on H,O release, only a
portion of FeCl, could be converted. The remain-
ing FeCl, was removed during the cleaning step.
Under the existence of carbon and other potential
reducing agents, a certain part of a-Fe,O, could
be converted into Fe,0,.

The porous properties of BC and 10/BC were
studied by nitrogen adsorption and desorption
(Figure 2). For both samples, the adsorbed vol-
umes gradually increased when P/P_augmented
from 0.009 to 0.99. These results demonstrated
that BC and IO/BC contained wide ranges of
pore sizes. These findings are further illustrated

Table 1. Properties of BC and I0/BC

Material Fe (wt%) S, (M) | V., (cm3/g)
BC - 21 0.042
10/BC 3.19 113 0.091

V (cm®/g)

Figure 2. Nitrogen adsorption and
desorption isotherms, along with BJH pore
size distributions of BC and I0/BC

by BJH pore size distributions. BC had a typical
pore size of 1.9 nm, while that of IO/BC was 3.5
nm. As provided in Table 1, BC only possessed a
Vi 0£0.042 cm¥/g and a S of 21 m*/g. With
FeCl, addition, V_ and S, of IO/BC were en-
hanced to 0.091 cm?/g and 113 m%/g, respectively.
Undoubtedly, FeCl, could activate the porous
system of BC (Bedia et al., 2020). Although iron
oxide particles may obstruct certain pores, newly
created pores or extended existing pores through
activation might be superior.

SEM images of IO/BC are depicted in Fig-
ure 3. The material includes microscale frag-
ments with different shapes and sizes. These
fragments have rough surfaces and sharp
edges. With its soft structure, C. demersum
was crushed into a fine powder, which might
drastically affect the morphology of 10/BC.

Fenton-like degradation of RhB
catalyzed by 10/BC

10/BC was explored as a catalyst for RhB deg-
radation by H,O,. BC was also used as a reference
sample. All experiments were divided into two
steps: initial adsorption lasting 30 min, followed by
a 90-min oxidation. The obtained results are shown
in Figures 4-8 and Table 2. In general, the adsorp-
tion processes reached almost equilibrium within
30 min, and 6-27% RhB was removed. Because
only small parts of RhB were removed in the ad-
sorption step, the catalytic performance of [O/BC
in the oxidation step could be evaluated accurately.

As presented in Figure 4 and Table 2, the ad-
sorption capacity of I0/BC (3.6 mg/g) exceeded
that of BC (2.6 mg/g) in the first step. Compared
with BC, I0/BC had higher S, and V__, possi-
bly resulting in its better adsorption performance.
As H,0, was introduced, BC hardly improved
RhB removal. Conversely, IO/BC exhibited a high
RhB degradation rate. Total RhB removal reached

Figure 3. SEM images of IO/BC
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92% after 90 min. These results prove that cata-
lytic components mainly come from iron oxides
rather than BC. IO/BC contains a-Fe,O, and Fe,O,
crystals, which could provide catalytic Fe(Il) and
Fe(Ill) sites for the formation of *OH radicals
from H,O,. According to prior research (Garrido-
Ramirez et al., 2010; Thomas et al., 2021), the pos-
sible catalytic mechanism is outlined as follows:

Fe(Il) + H,0, - Fe(Ill) + ¢OH + OH™ ()

Fe(IIl) + H,0, » Fe(Il) + H* + «00H (7)

20k H,0, Oxidation
15} | BC
|
’g 1
s Adsorption
10} !
Q |
m 1
|
5 |
1
1
X I0/BC
ol |
1 1 1 1 1 1 1 1 1
30 15 0 15 30 45 60 75 90

Time (min)

Figure 4. RhB degradation catalyzed by BC and I0/BC
(1.00 g/L catalyst, 120 ppm H O,, pH 3.0, 30 °C)
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®0OH + RhB — Intermediates = CO, + H,0(8)

The influence of IO/BC dosage on RhB deg-
radation is depicted in Figure 5. Without IO/BC,
H,0, did not directly degrade RhB during 90 min
of treatment. In contrast, high RhB degradation
rates were observed as different IO/BC dosages
were used. These results highlighted the impor-
tant role of the IO/BC catalyst in RhB degrada-
tion with H,O,. In addition, increasing 10/BC
dosage from 0.25 to 1.00 g/L generally enhanced

Oxidation  without 10/BC

20 -

15+

Adsorption
10 -

RhB (ppm)

15 30 4 60 75 90

Time (min)

Figure 5. Effect of IO/BC dosage on RhB
degradation (120 ppm H,O,, pH 3.0, 30 °C)
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Table 2. Data summary for RhB removal using H,O, catalyzed by BC and I0/BC

Adsorption (after 30 min) Oxidation (after 90 min)
Catalyst Catalyst pH H,O, dosage | Temperature -
dosage (g/L) (ppm) (°C) RhB removal (%) Adsprptlon Total RhB
capacity (mg/g) removal (%)
BC 13 2.6 24
1.00 3.0 120 30
10/BC 18 3.6 92
Not used - - 1
0.25 6 5.0 46
10/BC 0.50 3.0 120 30 13 5.1 62
1.00 18 3.6 92
1.50 27 3.6 88
2.0 18 3.6 100
3.0 18 3.6 92
10/BC 1.00 120 30
4.0 13 2.5 79
6.0 12 2.3 42
Not used 19 3.8 19
60 17 3.4 70
10/BC 1.00 3.0 30
120 18 3.6 92
240 15 2.9 90
20 17 3.4 61
I0/BC 1.00 3.0 120 30 18 3.6 92
40 12 2.5 99
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RhB degradation rate. However, not much dif-
ference in RhB degradation rate was recorded
between 1.00 and 1.50 g/L 10/BC. Higher 10/
BC dosages could offer more catalytic sites for
faster RhB degradation. However, an abundance
of Fe(Il) sites has the potential to deplete *OH
radicals (Zhang et al., 2019), as illustrated in the
below Equation:

Fe(Il) + «OH - Fe(II) + OH™  (9)

pH strongly affected RhB degradation cat-
alyzed by 10/BC (Figure 6). At pH 2.0, RhB
degradation occurred rapidly, nearly com-
pletely within 40 min of H,O, addition. De-
spite this, a highly acidic environment may
transform iron oxides in I0/BC into aqueous
Fe* and Fe*' ions, deteriorating the stability
of IO/BC. When pH increased from 2.0 to 6.0,

20} H,0, Oxidation
15 F
oL
— 1
E : % pH 6.0
10} !
Q |
n: 1
|
1
° | O pH 4.0
1
| 0 pH 3.0
ol | O pH 2.0
30 15 0 15 30 45 60 75 90
Time (min)
Figure 6. Effect of pH on RhB degradation
o
(1.00 g/L 10/BC, 120 ppm H,0,, 30 °C)
20 QY H,0, Oxidation
o Without H,0,
L | k¢
15+ I
|
’E\ 1
s Adsorption |
210} !
Q |
m 1
1
! QO 60 ppm
5| : ppl
1
I ~_~240 ppm
| 1120 ppm
0FfF 1
1 1 1 1 1 1 1 1 1
30 15 0 15 30 45 60 75 90

Time (min)

Figure 7. Effect of H,0, dosage on RhB
degradation (1.00 g/L IO/BC, pH 3.0, 30 °C)
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RhB degradation became slower. In fact, high
pH could not only decrease the redox potential
of *OH but also promote H,O, decompositi-
on into O, rather than *OH (Babuponnusami
and Muthukumar, 2014). Additionally, high
pH may create Fe(Il) and Fe(I1I)-derived pre-
cipitates on the I0/BC surface, reducing the
interaction between catalytic sites and species
in aqueous media. As a result, pH 3.0 was fa-
vorable for Fenton-like processes catalyzed by
I0/BC, similar to other iron-based materials
(Wang et al., 2016).

Figure 7 illustrates the influence of H,0O, dos-
age on RhB degradation. As previously stated,
I0/BC without H,O, only removed a little RhB
due to adsorption. When H,O, dosage increased
from 60 to 120 ppm, RhB degradation became
more rapid. High H O, dosages could acceler-
ate the formation rate of *OH radicals. However,
RhB degradation was not improved by increas-
ing H,0, dosage from 120 to 240 ppm. Exces-
sive H,0, dosage not only causes waste but also
eliminates *OH radicals, as described in Equa-
tions 10—12 (Nguyen et al., 2021).

*OH + H,0, - ¢00H + H,0 (10)
*OH + @00H - 0, + H,0 (11)
eOH + «0OH - H,0, (12)

As depicted in Figure 8, RhB degradation
was boosted as temperature increased from 20
to 40 °C. After 90 min of oxidation, total RhB
removals at 20, 30, and 40 °C were 61, 92, and
99%, respectively. High temperatures might
enhance electron transfer between 10/BC and
H,0, as well as mass transfer. In addition,

20} H,0, Oxidation

g. Adsorption
210}
m
L
4

20°C

30°C
40°C

15 30 45 60 75 90

' Y i

Time (min)

Figure 8. Effect of temperature on RhB degradation
(1.00 g/L I0/BC, 120 ppm H,O,, pH 3.0)
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ok 20°C
0.0084 min™
R2=0.997
30°C
2L -
0.0260 min
R? = 0.995
QO 4
e 40°C
0.0547 min™
E, =72 kJ/mol R2 = 0.994
_6 L 5
3.2 33 3.4
1000/T (K"
_8 L

0 15 30 45 60 75 90
Time (min)

Figure 9. Pseudo-first-order kinetics of
RhB degradation at different temperatures
and the Arrhenius linear plot

RhB degradation at different temperatures was
well fitted with the pseudo-first-order kinetics
(Figure 9). Indeed, the degradation rate con-
stants at 20, 30, and 40 °C were 0.0084 (R? =
0.997), 0.0260 (R* = 0.995), and 0.0547 (R? =
0.994) min’, respectively. Applying the Arrhe-
nius equation, the estimated E_ was 72 kJ/mol,
which could be comparable with 82.53 kJ/mol
from rice hull-based silica supported iron cata-
lyst (Gan and Li, 2013) or 83.5 kJ/mol from
Cu-embedded alumina (Sheng et al., 2018).
Thus, I0/BC proved its catalytic potential in
activating H,O, for RhB degradation.

CONCLUSIONS

Iron oxide-loaded biochar was prepared
successfully from abundant and neglected C.
demersum and FeCl, via one-pot pyrolysis.
The XRD results showed that the iron oxides
formed included o-Fe O, as the main crystal
and Fe,O, as the minor one. Total iron content
fixed in IO/BC was 3.19 wt%. Furthermore, 10/
BC possesseda V, 0f0.091 cm*/ganda S,
of 113 m?%/g. In the later application, IO/BC re-
moved RhB through adsorption and oxidation
manners. In the first step, at pH 3.0, 30 °C, and
1.00 g/L 10/BC, 18% RhB (20 ppm) was elimi-
nated, corresponding to an adsorption capac-
ity of 3.6 mg/g. In the oxidation step, a total
of 92% RhB was treated after 90 min of H, O,
(120 ppm) addition. In detail, RhB degradation
obeyed the pseudo-first-order kinetics and had

an estimated E_ of 72 kJ/mol. Altogether, this
study not only valorized C. demersum but also
demonstrated the catalytic potential of low-
cost IO/BC for RhB degradation with H,O,.
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