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Abstract: In this study, a composite material, Gr—Fe/Cu@BC (CPS), was syn-
thesized using biochar derived from coffee husks and Fe/Cu bimetallic zero-val-
ent nanoparticles for the treatment of water contaminated with As(V). The Fe/Cu
bimetallic zero-valent nanoparticles were synthesized via a green chemical
method employing concentrated Camellia sinensis extract as a reducing agent
for metal salts. A Box—Behnken experimental design identified optimal con-
ditions for As(V) removal, including a pH range of 5—7, metal/C ratio of approx.-
imately 12—13 %, CPS/As mass ratio from 1000 to 1250 and reaction time of
around 180 min. The maximum As(V) removal efficiency reached 91.64 % with
a maximum adsorption capacity (gmax) of 2.86 mg g'l. The adsorption kinetics
of As(V) on CPS followed a pseudo-second-order model, with a rate constant
(K3) 0f 5.96 g mg-! h!. Furthermore, the structural and surface properties of CPS
were characterized using advanced analytical techniques such as SEM, TEM,
BET, XRD and EDS, confirming the successful integration of Fe/Cu nanopar-
ticles onto the biochar matrix via complexation bonds. These findings highlight
the potential of CPS as an environmentally friendly, cost-effective material for
the treatment of As(V)-contaminated water and other heavy metal pollutants.

Keywords bimetallic; nanoparticles; water contaminated.

INTRODUCTION
Water contamination by toxic heavy metals, particularly arsenic, has become
a significant concern for both environmental safety and human health.!-3 Arsenic
is a toxic element that, upon prolonged exposure, can cause adverse effects on the
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nervous system, cardiovascular health, dermatological conditions, and liver func-
tion.*5 Arsenic pollution is now recognized as a global issue, with 21 countries
currently facing alarming levels of contamination.®” In particular, regions with
naturally elevated geogenic arsenic levels or influenced by anthropogenic act-
ivities, such as the Chaco-Pampean plain (Argentina), West Bengal (India), Bang-
ladesh, various parts of Southeast Asia and Limousin (France), have reported
serious arsenic contamination in both soil and groundwater sources.89 Inorganic
forms of arsenic commonly found in water include As(III) and As(V),!10 with
As(V) being highly soluble and mobile in aquatic environments!! posing sub-
stantial challenges to the development of effective remediation technologies. Sev-
eral conventional methods for arsenic removal have been employed, including ion
exchange, coagulation, membrane technologies and adsorption.!:12-14 Among
these, adsorption-based technologies for treating As(V)-contaminated water are
widely utilized due to their advantages, such as high removal efficiency, low cost
and operational simplicity.!3

Natural materials have attracted increasing interest as fillers in composite
materials due to their widespread availability, cost-effectiveness, straightforward
production processes and environmentally friendly nature.16:17 Coffee husks, a
major agricultural by-product of coffee production, represent approximately 30—
—50 % of the total weight of processed coffee.!8 Vietnam produces approximately
1.47 million tons of coffee annually (2023-2024), generating an estimated 600,000
to 735,000 tons of coffee husks. However, these husks are often underutilized, and
their disposal poses environmental challenges.!® Recent research highlights that
composites produced from waste coffee husks exhibit strong potential as adsorb-
ents for removing pollutants from wastewater.20

Bimetallic zero-valent nanoparticle systems have emerged as a focal point in
environmental remediation research due to their remarkable efficacy in addressing
heavy metal contamination.21-23 Among these, Fe-based bimetallic nanoparticles
are particularly noteworthy, offering distinct advantages such as cost-effective-
ness, facile synthesis and high catalytic activity. A growing body of evidence
underscores that bimetallic zero-valent nanoparticles exhibit superior catalytic
performance and enhanced pollutant removal efficiency compared to their mono-
metallic counterparts.2425 In recent years, the integration of bimetallic nanopar-
ticles into bio-based matrices has gained prominence as an innovative strategy for
nanocomposite synthesis. This approach not only mitigates nanoparticle aggregat-
ion but also capitalizes on renewable biomass resources. Shen et al.26 synthesized
Fe/Cu bimetallic catalysts supported on biochar derived from paper mill waste,
achieving efficient removal of thodamine B dye. Similarly, Ahmed et al.27 fab-
ricated green Fe/Cu composites using alginate and limestone as substrates for dye
degradation in aqueous systems. Additionally, Hoa et al?3 developed Fe/
/Cu@MCM-41 nanomaterials and demonstrated their efficacy in treating reactive
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COMPOSITE MATERIALS BASED ON BIOCHAR 197

red 195 dye. Collectively, these studies underscore the potential of bimetallic
nanocomposites as advanced materials for water treatment applications while
highlighting their broader applicability in modern environmental remediation
technologies.

This study aims to establish a synthesis protocol for composite materials based
on biochar (BC) derived from coffee husks and bimetallic zero-valent nanopar-
ticles Gr—Fe/Cu@BC (CPS). In this process, metal salts react with a concentrated
green tea extract (Camellia sinensis) as a reducing agent to generate nanoparticles
anchored onto the BC matrix. The removal of As(V) from water using CPS was
systematically investigated by evaluating key influencing factors, including pH,
component ratios and reaction time. Optimal conditions were determined using a
response surface methodology approach. The findings of this study provide a
foundation for harnessing the potential of CPS in wastewater treatment, particul-
arly for the remediation of heavy metal contaminants.

EXPERIMENTAL
Materials

The chemicals utilized in this study include iron(III) chloride hexahydrate (=99 %, Xilong,
China), copper chloride dihydrate (> 99 %, Xilong, China) and concentrated green tea extract
(~90 % polyphenols), which was synthesized in our previous study;?° sodium hydrogen
arsenate, Na,HAsO4-7H,0 (=99 %, Xilong, China); coffee husks collected from the Pak Lak
region of the Central Highlands, Vietnam (coordinates 13°06'15.1"N, 108°18'14.9"E), were
employed. Other analytical-grade chemicals were used for pH adjustment and desorption pro-
cesses as needed.

Synthesis of BC

BC was synthesized using a pyrolysis method. Coffee husks (or coffee shells) were
thoroughly washed and dried. Approximately 100 g of the coffee husks were placed in a per-
forated metal container with holes in the lid. The material was then pyrolyzed at 450 °C for
60 min, with the temperature precisely controlled in an SX2-5-12 muffle furnace (China) and
allowed to cool naturally. The resulting product was manually ground and sieved through a
mesh with a pore size of 0.14 mm to obtain fine powder-form BC (Fig. 1).

Coffee shell

Cool, grind, and sieve

= Calcine for 60 mins, 450°C

C—
E—s
= 1 |

@/ \ (e
L%
Fig. 1. Synthesis of carbon-based BC material from coffee husk.
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Synthesis of CPS

A specified amount of BC was weighed into a 250 mL glass beaker, to which 70 mL of
ultrapure water was added. The mixture was stirred at 300 rpm for 15 min at room temperature.
A solution of FeCl;-6H,0O and CuCl,-2H,0O was then gradually added to the beaker. Sub-
sequently, a green tea extract solution (green tea powder in water) was slowly introduced into
the stirring mixture. The optimal ratio of metal salts and green tea solution was previously
reported in our study.?’ The stirring speed was increased to approximately 600 rpm and
maintained for 2 h. Afterward, the stirring was stopped and the solution was allowed to stabilize
for 5-6 h. The solid product was then filtered, washed three times with 99 % ethanol and
transferred to a desiccator for vacuum drying. The final product was left to dry naturally for 8—
—12 h. The resulting material exhibited a black color and high porosity. The process is schem-
atically represented in Fig. 2.

Dropwise addition
sy P
E 3

FeCly.6H,0

- o A

CuCl,2H,0

Stir in 2h b Keep in 8-12h
—_— _— I

CPS

Vacuum suction

Fig. 2. Synthesis process of CPS composite.

As(V) removal experiment

A measured quantity of 0.5 g of CPS adsorbent material was placed into a 250 mL Erlen-
meyer flask. Subsequently, 100 mL of an As(V) solution with an initial concentration of 5 mg
L-! was added to the flask. The mixture was stirred using a magnetic stirrer at 300 rpm under
controlled conditions for the designated reaction time. Upon completion of the reaction, the
solution was filtered to separate the solid adsorbent and the residual As(V) concentration in the
filtrate was analyzed using inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7900, USA). To evaluate the comparative As(V) removal performance, identical experiments
were conducted using BC and mono-metallic Gr—12 %Fe/C (containing 12 wt.% Fe) under the
same experimental conditions. The removal efficiency of As(V) was calculated using the fol-
lowing formula:

R=1009"% (1)
€
where ¢ (mg L) is the initial concentration of As(V), ¢, (mg L!) is the residual concentration
of As(V) after treatment.

The post-reaction mixture was filtered to recover the solid material, which was then
subjected to desorption by drying at 70 °C for 8 h. This process was repeated over five con-
secutive cycles to evaluate the reusability of the CPS material.

The setting parameters for the ICP-MS analysis are presented in Table I.

The response surface methodology (RSM) was employed to evaluate the influence of
various parameters and optimize the removal efficiency of As(V) from water. A Box—Behnken
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experimental design was utilized, involving four independent variables and a fourth-order
regression model. The design comprised 30 randomized experimental runs, including five
replicates at the center point to ensure statistical reliability. Preliminary exploratory experiments
helped define the independent variables and their ranges for the optimization study: pH (X}, 3—
—11), reaction time (X,, 20—180 min), CPS/As mass ratio (X3, 500-1500), metal/C ratio (X, 11—
—15 %). These variables were coded according to:

4 4 4 4
Y=Bo+ X BXi+ 2 BiX? +zi—le—i+lﬂiinXJ @)

where Y is the predicted response, X; and X; are the coded levels of the independent variables,
Bo is a constant, B, B; and f;; are the model coefficients representing linear, quadratic and
interaction effects of variables.

TABLE I. Parameters of ICP-MS setting

Parameter Value
Forward power 1550 W
Plasma gas 15 L min™!
Kinetic energy discrimination (KED) 3V
Helium collision gas No gas
Integration time/point 0.2s
Replicates 3

Based on Design Expert 13 software, an experimental plan was developed based on the
parameters listed in Table II.

TABLE II. Scope of experimental planning of 4 factors

. . Level
Factor Unit Signal ) | 0 1 3
A: pH - X, 3 5 7 9 11
B: Reaction time min X, 20 60 100 140 180
C: CPS/As - X3 500 750 1000 1250 1500
D: Metal/C % Xy 11 12 13 14 15

Characterization of CPS

The CPS material with the highest As(V) removal efficiency was subjected to compre-
hensive characterization to assess its structural and compositional properties. The surface
morphology of the CPS was analyzed using a scanning electron microscope (SEM, Hitachi
S-4800, Japan) and high-resolution transmission electron microscopy (HR-TEM, JEM-2100,
Japan). The specific surface area and pore size distribution were determined through Brunauer—
—Emmett—Teller (BET) analysis (TriStar IT 3020, UK). Elemental composition was measured
using energy-dispersive X-ray spectroscopy (EDX, Shimadzu EDX-8000, Japan). Additionally,
X-ray diffraction (XRD, Panalytical, the Netherlands) was employed to examine the crystalline
structure and confirm the formation of crystal phases in the CPS material.
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RESULTS AND DISCUSSION

Optimization of As(V) removal conditions using CPS

The efficiency of As(V) removal from aqueous solutions was optimized using
a Box—Behnken experimental design. The removal efficiencies obtained under
various experimental conditions are presented in Table S-I of the Supplementary
material to this paper, ranging from 20.12 to 91.64 %. The highest removal effi-
ciency of 91.64 % was achieved under the conditions of pH 5, reaction time of 140
min, CPS/As mass ratio of 1250 and Fe/Cu ratio of 12 %. By applying multiple
regression analysis to the experimental data, the relationship between the response
variable (removal efficiency) and the independent variables was modeled using the
following second-order polynomial:

Y =-229.91782 — 6.45998 X, +1.56629.X, +0.182551.X; +23.76856 X4 —
~0.000952.X,.X —0.000510.X, X5 +2.38515X, X, —0.000193.X,.X; —

3
~0.054175X, X4 +0.006548 X3 X4 —2.12070.X% —0.001970.X7 — ©)

~0.000099.X7 —1.65733.X7

Table III presents the results of the analysis of variance (ANOVA) for the
quadratic model. The model exhibited an overall F-value = 17.23 and p-value
<0.0001, indicating its statistical significance at a high confidence level. However,
the lack of fit test yielded F-value = 12.93 and p-value = 0.0056, suggesting some
discrepancies between the model predictions and the observed data. The analysis
of individual factors revealed that pH, reaction time and the CPS/As ratio were the
most influential variables on the As(V) removal efficiency, with p-values < 0.0001.

TABLE III. Analysis of variance (ANOVA) for the regression equation

Source Sum of squares df  Mean square F-value p-value
Model 15112.48 14 1079.46 17.23 <0.0001
X;-pH 4124.36 1 4124.36 65.84 <0.0001
X>-Time 2762.84 1 2762.84 44.11 <0.0001
X3-VL/As 3889.84 1 3889.84 62.10 <0.0001
X4-%Fe/Cu 53.67 1 53.67 0.8569 0.3693

XX 0.0928 1 0.0928 0.0015 0.9698

XX 1.04 1 1.04 0.0166 0.8992

XXy 364.09 1 364.09 5.81 0.0292

XX 59.65 1 59.65 0.9523 0.3446

XXy 75.14 1 75.14 1.20 0.2907

X3 Xy 42.88 1 42.88 0.6845 0.4210

Residual 939.60 15 62.64

Lack of fit 904.62 10 90.46 12.93 0.0056

Pure Eerror 34.98 5 7.00

Cor total 16052.08 29
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Among these, pH was identified as the most significant factor, exhibiting the
highest F-value = 65.84. Conversely, the Metal/C ratio demonstrated a compar-
atively lower influence, with p-value = 0.3693. The interaction between X7 and Xy
was found to be statistically significant (F = 5.81, p =0.0292), indicating that their
combined effect contributed to the efficiency. However, this interaction was less
impactful compared to the primary effects of pH and reaction time. Other inter-
actions, including X1.X>, X1X3, XoX3, XoX4, and X3X4 were not statistically sig-
nificant (p > 0.05), suggesting that these factors largely influenced the response
independently rather than through synergistic interactions.

Fig. 3a—d presents the 3D response surface plots illustrating the interactive
effects of input factors on the removal efficiency of As(V). In Fig. 3a, the inter-
action between the metal/C ratio and pH indicates that the removal efficiency is
highest at a near-neutral pH (5-7). This aligns with the optimal condition to pre-
vent excessive agglomeration of Fe/Cu nanoparticles or reduced material activity
in strongly acidic or alkaline environments. Fig. 3b depicts the relationship
between CPS/As and pH, showing that increasing CPS concentration under neutral
pH conditions significantly enhances removal efficiency due to stronger adsorp-
tion capacity. Fig. 3¢ highlights the combined effect of metal/C and CPS/As, where
the removal efficiency peaks at an optimal metal/C ratio of approximately 12—13
%. This is consistent with the uniform surface structure and the enhanced catalytic
activity of CPS. The influence of pH and reaction time, as shown in Fig. 3d,
indicates that an optimal reaction time of approximately 180 min provides ideal
conditions for efficient adsorption and reduction reactions. Fig. 3e shows the
correlation between experimental and predicted values of As(V) removal effi-
ciency. The data points are closely aligned along the diagonal, demonstrating the
high accuracy of the regression model in predicting outcomes. Finally, the resi-
duals plot (Fig. 3f) reveals that residuals are randomly distributed around zero,
with no systematic deviation or trend. This ensures the validity of the statistical
model and confirms that the selected input variables are appropriately controlled.
In conclusion, the optimization results indicate that CPS performs most effectively
under neutral pH (5-7), a metal/C ratio of approximately 12—13 %, CPS/As from
1000 to 1250 and a reaction time of around 180 min. These findings demonstrate
the material’s potential as a promising solution for As(V) remediation in water.

Adsorption kinetics

The adsorption kinetics model was employed to describe the process of As(V)
adsorption onto the surface of CPS. Experimental data were utilized to evaluate
the applicability of different kinetic models, including the pseudo-first-order and
pseudo-second-order models. These models are mathematically expressed by the
following equations:

Pseudo-first-order: In(q, —g,) =Ing, — Kt 4
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1 1
Pseudo-second-order: L F+—t ®)]

q; que de

where ¢, and ¢, represent the amount of As(V) adsorbed at equilibrium and at time
t, respectively (mg g 1). K| and K, are the equilibrium rate constants for the
pseudo-first-order and pseudo-second-order kinetic models, respectively.

The results depicted in Fig. 4 indicate that the pseudo-second-order kinetic
model provides a better fit to the experimental data. This suggests that the adsorp-
tion efficiency is influenced by both the concentration of As(V) and the availability
of adsorption sites on the material's surface. The kinetic constants and half-ads-
orption times determined for the studied system are summarized in Table IV.

0.0

y=-0,14221 -0,69063x y =0,18009 + 1,03586x
021 R2=0,9324 301 R?=0,98916

0.4

Log(q.-q9)

0‘0 0‘5 1‘0 1'5 2'0 0:0 0‘.5 l.‘O lIS '_7'.0 ZTS 3f0
Time (h) Time (h)
(a) (b)

Fig. 4. a) Pseudo-first-order; b) pseudo-second-order kinetics.

The suitability of the pseudo-second-order model also indicates strong inter-
actions between As(V) ions and the surface of the adsorbent, consistent with a
chemisorption mechanism. This suggests that chemical adsorption is the dominant
process, overcoming the electrostatic repulsion barrier arising from the electro-
static forces between the composite and As(V) ions.30 The chemisorption mech-
anism has been attributed to the formation of surface complexes, where most
As(V) ions replace two singly coordinated surface OH groups to form binuclear
bridging complexes, specifically Fe~O—-AsO(OH)-O—Fe.31.32

TABLE IV. Kinetic parameters of As(V) adsorption reaction on CPS

Kinetic model K, tin R?
Pseudo-first-order 0.6906 ~lh 0.9324
Pseudo-second-order 5.96 gmg ' h! 10.44 min 0.9892

The adsorption isotherms serve to describe the interactions between CPS and
the adsorbed species, As(V), at equilibrium. In this study, equilibrium adsorption
data for As(V) onto CPS were analyzed using two widely employed two-parameter
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isotherm models, Langmuir and Freundlich. These models are mathematically
expressed as follows:

Langmuir isotherm: Lz ! + ! (6)

9e  dmaxK1Ce  Gmax

Freundlich isotherm: Ing, = 1 Inc, +In Ky @)
n

where gmax represents the maximum adsorption capacity (mg g!), K is the
Langmuir adsorption constant (L mg~1), K¢ denotes the Freundlich adsorption
constant, and n is the empirical parameter indicative of the adsorption intensity.
The results presented in Fig. 5 demonstrate that the adsorption of As(V) onto
CPS follows the Langmuir isotherm model, with a correlation coefficient R? =
=(.978, indicating that the predominant adsorption mechanism is monolayer ads-
orption. The maximum adsorption capacity gmax = 2.86 mg g~!, while the Lang-
muir adsorption constant K = 0.82 L mg~!, reflecting the affinity of CPS for
As(V). These findings suggest that the adsorption of As(V) occurs on a homogen-
eous surface of CPS, and the interaction between adsorbed molecules is negligible.

124

3 1.2 *

y =0.4274x + 0.3495
R?=0.978

y = 0.3844x + 0.1727
R?=0.9354

1/qe
Inq,

0.4

¢ |
02-

R e e e R MU . . . : . .
00 02 04 06 08 10 12 14 16 18 20 4o 05 00 05 10 15 20 25
1/Ce InC,

Fig 5. Langmuir and Freundlich isotherm models.

Characterizations of CPS-12%

The BC and composite sample with metal/C = 12 % (CPS-12%) were syn-
thesized and characterized to determine their surface properties. The results, shown
in Fig. 6, illustrate the surface morphology of the materials. The BC, after cal-
cination, exists in the form of flakes and relatively fine particles with an average
size of approximately 200 nm. The surface of CPS-12% reveals the dispersion of
nanoparticles with sizes < 50 nm, adhering to the BC substrate. The nanoparticle
distribution on the BC substrate is non-uniform, with some areas showing agglo-
meration, likely due to the reaction between Fe2", Cu2* and polyphenolic com-
pounds in the concentrated green tea solution. Additionally, some regions exhibit
large gaps between the particles. Analysis of the HR-TEM images of the CPS-12%
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sample (Fig. 6¢c and d) reveals a well-defined crystalline structure with distinct
lattice fringes, confirming the successful formation of Fe/Cu nanoparticles. The
presence of slightly disordered stacking layers (Fig. 6d) indicates a partially amor-
phous graphitic carbon support, which is commonly observed in high-surface-area
carbon-based materials. The absence of detectable impurity phases suggests that
the synthesis method effectively yielded a clean Fe/Cu bimetallic phase uniformly
dispersed on the carbon matrix, highlighting its potential for applications in energy
storage and catalytic processes. The agglomeration phenomenon in CPS-12% is
significantly reduced compared to nanoparticles synthesized via green methods in
previous studies by Fang et al. 33, and Peili et al.34

IMS-NKL 5.0kV 5.4mm x100k SE(M) i 500nm 5Smm x100k SE(M)

© - @

Fig. 6. SEM images of: a) BC from coffee grounds, b) CPS-12%; c,d) HR-TEM images of
CPS-12%.

The EDS spectrum results presented in Fig. 7a indicate that the main com-
ponent of the BC sample is carbon, with a content of 69.88 %, which reflects the
carbon-rich nature of the BC. Oxygen constitutes 20.48 %, suggesting the presence
of oxidized functional groups on the surface. Elements such as potassium account
for 5.08 %, while silicon, phosphorus and sulfur appear at trace levels (< 0.2 %),
which may originate from the biomass material or the thermal treatment process.
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These characteristics confirm that BC is a stable carbon-based substrate, with sur-
face chemical properties suitable for anchoring metal nanoparticles. The EDS
spectrum of the CPS-12 % sample, shown in Fig. 7b, reveals a significant change
in composition. The presence of Fe (4.36 %) and Cu (0.37 %) confirms the suc-
cessful attachment of Fe/Cu nanoparticles onto the BC. Additionally, elements
such as P and chlorine (Cl) are detected at low levels, which may be related to
impurities or side reactions during the synthesis process.

Element | Weight% | Atomic%
C 69.88 79.15
0] 20.48 17.41
Al 0.15 0.07
Si 0.18 0.09
P 0.28 0.12
S 0.15 0.06
Cl 0.22 0.08
K 8.08 2.81
Ca 0.58 0.20

Totals 100.00

Element | Weight% | Atomic%
C 67.05 75.75
0] 26.37 22.37
P 0.87 0.38
Cl 0.53 0.20
K 0.45 0.15
Fe 4.36 1.06
_ o @ Cu 0.37 0.08
S 7508 o Cursr 13235 hev 2t 5 | Totals | 100.00

Fig. 7. EDS spectra of: a) BC; b) CPS-12%.

The BET data presented in Fig. 8a—c demonstrate that both BC and CPS-12%
exhibit Type IV isotherms, characteristic of mesoporous materials. However, when
comparing the two samples, the incorporation of Fe/Cu onto the carbon substrate
leads to a slight decrease in specific surface area (from 118.32 to 115.26 m2 g 1),
while the pore volume increases (from 0.1026 to 0.1177 cm3 g-1). This can be
attributed to the deposition of Fe/Cu nanoparticles within the pores, which reduces
the average pore size from 50.94 to 44.80 A, while enhancing pore formation and
maintaining the porous structure. Despite these changes, the variation in specific
surface area between the two samples is minimal, indicating that the Fe/Cu nano-
particles deposited on the BC surface do not cause significant structural changes.
These alterations contribute to an increased surface interaction and enhanced cat-
alytic efficiency of CPS-12%.
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Fig. 8. BET isotherms of: a) BC and b) CPS-12%; c¢) BET characteristic parameters of BC and
CPS-12%; d) XRD of BC and CPS-12%.

As shown in Fig. 8d, the XRD pattern of the initial BC exhibits a broad peak,
indicating the amorphous nature of the carbon phase, with characteristic peaks pri-
marily representing the presence of lignocellulose structures.35:36 The XRD pat-
tern of CPS-12% reveals sharp diffraction peaks. The peak at 20 36.1° corresponds
to Cu(l) crystals, while the presence of Cu(0) is indicated by peaks at 26 43.1 and
50.4°.37:38 A faint and broad peak at approximately 26 44-45° suggests the pre-
sence of Fe(0). Additionally, the peak at 26 61.2° likely represents the Fe3C crys-
tals (JCPDS 35-0772),3° formed due to the interaction between Fe and carbon in
the BC substrate.

Comparison of As(V) removal efficiency and reusability of CPS

The results presented in Fig. 9a reflect the As(V) removal efficiency of three
samples: BC, Gr-12%Fe@BC and CPS-12%. The As(V) concentration remained
almost unchanged when using the pristine BC due to its limited properties, such as
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small pore size and low surface functionality. Pristine BC encountered perform-
ance limitations when not surface-modified.*0 Surface modification of BC with
single-metal Fe nanoparticles, as seen in Gr—12%Fe@BC, led to approximately 60
% As(V) removal at equilibrium. A notable increase in As(V) removal efficiency
was observed upon the incorporation of the transition metal Cu to form the Fe/Cu
bimetallic system. This enhancement can be attributed to the synergistic effect
between Fe and Cu. Pamela et al.#! assume the existence of Cu facilitated electron
transfer among Fe, Cu and As, which increased the adsorption rate, capacity and
intensity. O’Carrol et al.4? stated that the second metal, in this case Cu, acts as an
electronic mediator that catalyzes and increases the removal rates by bimetallic
nanoparticles by decreasing the activation energy of the reaction.

6 100
80
—=— Carbon —_
—4—Gr-12%F 8
1-12% Fe@BC [
—e—CPS-12% s 604
>
2
£
[
2
S 401
7]
<
20
— — — ——
0 20 40 60 80 100 120 140 160 180 0l
Time (Min) 1 2 3 4 5 Cycle
a) b)

Fig. 9. a) Comparison of As(V) removal efficiency by BC, Gr-12%Fe@BC and CPS-12%j;
b) As(V) removal efficiency of CPS-12% over 5 reuse cycles.

The decline in As(V) removal efficiency from 91.64 to 45.52 % after five
reuse cycles of CPS-12% is depicted in Fig. 9b. Catalytic activity declines prim-
arily due to oxide and hydroxide layers forming on the CPS surface after each
treatment cycle, which block Fe—O—As complex formation. Furthermore, partial
dissolution of Cu in the CPS under pH conditions of 5-7 (Cu + 2H" — Cu2* +
+ Hj). The depletion of Cu content reduces the electron transfer rate between Fe
and Cu, thereby diminishing the efficiency of the reductive reactions responsible
for As(V) removal .43

Comparison of As(V) removal efficiency with some other materials

The results in Table V demonstrate a range of removal efficiencies for arsenic
and other heavy metals using different materials under varying pH conditions.
Most materials achieved moderate efficiencies between 70 and 90 %, often requir-
ing acidic or slightly alkaline environments to perform optimally. In contrast, the
CPS material developed in this study exhibited a notably higher As(V) removal
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efficiency of 91.64 % at neutral pH, suggesting its superior potential for practical
water treatment applications without the need for extensive pH adjustment. This
highlights CPS as a promising and efficient alternative among existing materials.

TABLE V. Comparison of heavy metal removal efficiency by materials

No. Material Pollutants Removal efficiency Ref.

1 Fe;04/AC As 70 % at pH 8 Joshi et al.*

2 Bimetallic Fe 9Cug As(V) 75.223 % Septlveda et al.*!

3 Nano carbon with zirconium As 70-75 % atpH2-3  Mabhanta et al.®

4 Carbon/Fe;(Mn?")0, As(V) 70-90 % at pH 3 Gallios et al.

5 Nano bimetallic Cu-Ni Cd (11 70 % at pH 7 Harikumar et al.47

6 CPS As (V) 91.64 % atpH 7 This study
CONCLUSION

This study successfully demonstrated the green chemical synthesis of a com-
posite material, CPS, utilizing biochar derived from coffee husks and bimetallic
Fe/Cu nanoparticles. The adsorption kinetics were well-fitted to a pseudo-second-
-order kinetic model, indicating stable and rapid As(V) removal capabilities. Struc-
tural analysis confirmed the formation of Fe/Cu nanoparticles with sizes smaller
than 50 nm dispersed on the BC matrix. The optimization outcomes further rev-
ealed that CPS performs most effectively under near-neutral pH conditions (5-7),
with a metal/carbon mass ratio of 0.12-0.13, a CPS/arsenic mass ratio between
1000 and 1250, and a reaction time of approximately 180 min. These findings
highlight CPS as a low-cost, environmentally friendly adsorbent with significant
potential for applications in the treatment of As(V)-contaminated wastewater.
With its sustainability, high efficiency, and reusability over multiple cycles, this
research provides valuable insights into the development of advanced adsorbent
materials based on renewable resources and green technologies for environmental
remediation.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13238, or from the correspond-
ing author on request.
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H3BOJ

KOMITO3UTHU MATEPUJAJIN HA BA3U BUOYTJbA IOBUJEHOT Ol JbYCKE KA®E U
HAHO Fe/Cu YECTHULA HYJITOT BAJIEHTHOT CTAKBA: [IOTEHLIMJAJT 3A TPETMAH
BOIA KOHTAMUHUPAHHUX APCEHOM(V)

NGOC TOAN VU!, ANH PHU NGUYEN?, HONG SON NGUYEN!, VIET ANH PHAM!, DINH THAO VU?
1 QUANG MINH LE?

Institute of New Technology, 17, Hoang Sam, Nghia Do, Cau Giay, Hanoi, Vietnam, *Military Technical
Academy, 236, Hoang Quoc Viet, Bac Tu Liem, Hanoi, Vietnam u *Hanoi-Amsterdam High School for the
Gifted, 1, Hoang Minh Giam, Trung Hoa, Cau Giay, Hanoi, Vietnam

Y 0BOM HCTpakUBamby CUHTETH30BaH je KOMNO3UTHU MaTepujan Gr-Fe/Cu@BC (CPS)
ynotpedom Ouoyrba fodujeHor of JbyCKH Kade U SMMETaTHUX HYJATOBaJIEHTHUX HAHOUECTUIIA
Fe/Cu 3a TpermaH Boje KOHTaMHHHpaHe apceHoM(V). bumeTanHe Hy/nTOBaJeHTHE HaHOYeC-
tuue Fe/Cu cuHTeTH30BaHE Cy IPUMEHOM MeTofe “3eneHe” XxeMHje, KOpucrehu KOHLIEHTpO-
BaHU eKCTpakT Camellia sinensis kao pemyKIIMOHO CPEICTBO 3a MeTalHe COiu. [JU3ajH eKkcre-
pumeHTa 1o Box—Behnken monerny uneHTHGHKOBAO je ONTHMAaHE YCIIoBe 3a Ykiamame As(V),
yxpyuyjyhu pH y oncery on 5 o 7, MaceHH OfHOC MeTas/yribeHuk of npudnmwxuo 0,12-0,13,
macenu ogHoc CPS/As y pacnony og 1000 go 1250 u Bpeme peaxuuje oko 180 min. Makcu-
ManHa edukacHocT yknawama As(V) nocrurna je 91,64 %, y3 MakCHMallHH aICOPILIMOHU
KamanuTeT (gmax) 0O 2,86 mg g'. Kuneruka ancoprnuuje As(V) Ha CPS mparwia je monen
TICeyNo-IPYyTor pena, ca KoHCTaHToM Op3uHe (Kz) on 5,96 g mg! h!. CTpykTypHe 1 OBPLIHHCKE
KapakTepuctuke CPS marepujana okapakTepUCaHE Cy HAllpEJHUM aHAIUTUYKUM TEXHUKaMa
kao wro cy SEM, TEM, BET, XRD u EDS, unme je notBpheHa ycrneurHa uHTerpanyja HaHo-
yectua Fe/Cu y Matpuily duoyrka myTeM KOOpAUHALMOHUX Be3a. OBU pe3ynTaTH yKasyjy Ha
noreHuyjan CPS marepujana ka0 €KOJOUKH MPUXBAT/BUBOT U €EKOHOMUYHOT PEllerna 3a TPET-
MaH Bozie KoHTaMuHHUpaHe As(V), kao U Opyrux 3arahyiBaya TEIIKUM MeTaarma.

(ITpumibeHo 5. dhedpyapa, peBunvpaHo 6. Mapta, npuxsaheHo 27. anpuna 2025)
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