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Abstract. The migration and transformation of heavy metal ions in environment, especially water bodies, have been a focal
research topicin environmental science. Particularly in alkaline environments, the mobility and bioavailability of Arsenic (As)
are relatively high, increasing the complexity of remediation. Activated carbon, owing to its rich pore structure and good
stability, is widely used in the remediation of heavy metal-contaminated water bodies. However, its ability to immobilize As
is limited by electrostatic repulsion caused by its surface negative charge. Studies have shown that introducing cations can
effectively enhance the immobilization capacity of activated carbon for As. Calcium (Ca) has become a key research focus
due to its high affinity for As. Nevertheless, the interaction mechanisms between different components of activated carbon
and As in the presence of calcium under alkaline conditions remain unclear, and the immobilization effects of activated
carbon loaded with different forms of calcium-based materials require further investigation. The main experimental results
showed that activated carbons, labeled BC and CBC, were prepared by pyrolysis of wheat straw without and with calcium
carbonate addition, respectively, at 850°C. Adsorption results indicated that the adsorption of As(V) by both BC and CBC
conformed to the Langmuir isotherm model, characteristic of monolayer adsorption, with theoretical maximum adsorption
capacities of 536.3 mg-g~' and 610.0 mg-g~", respectively. The adsorption kinetics for both followed the pseudo-second-order
model and were controlled by intraparticle diffusion. Thermodynamic analysis revealed that the adsorption processes of
As(V) onto BC and CBC were spontaneous, endothermic, and accompanied by an increase in entropy. Mechanistic studies
indicated that the removal of As(V) by BC and CBC primarily relied on co-precipitation.
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1 Introduction

Arsenic (As) exhibits high toxicity and strong carcinogenicity to organisms. The World Health Organization (WHO)
has listed As among the top ten chemicals of major public health concern [1]. Research indicates that arsenite
(As(lll)) can permeate into tissue cells of the liver, testis, and kidney through transporters of glucose and
aquaglyceroporins (such as GLUT1 and GLUT4), while arsenate (As(V)), due to the high structural and charge
similarity between the arsenate anion (AsO,3") and phosphate (PO,37), primarily enters cells via phosphate
transporters [2]. Long-term exposure to arsenic environments exceeding 10 pg/L increases susceptibility to liver
cancer, skin cancer, cardiovascular diseases, etc. [3]. For example, long-term consumption of water
contaminated with 50 pg/L arsenic increases lung cancer risk by 54%, with a further 0.032% increase in risk per
1 ug/Lrise in arsenic concentration [4]. Reducing arsenic in drinking water to below 1 ug/L could save 7.63-14.84
million annually in health-related costs [5]. Thus, controlling arsenic pollution is crucial for public health, and
effective remediation measures are urgently needed.

Activated carbon is a carbon-rich solid material that can be produced through natural processes or artificial
methods. Naturally formed activated carbon is mainly associated with forest and grassland fires, generated as
carbonaceous residues under oxygen-limited or low-oxygen conditions. These residues persist in soil long-term,
aiding in restoring soil structure, improving water retention, promoting microbial community succession, and
playing a significant role in the global carbon cycle [6-8]. In contrast, artificially produced activated carbon has a
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wide range of sources, primarily utilizing agricultural and forestry waste, plant residues, and animal manure as
raw materials. It is produced under controlled conditions using techniques like pyrolysis, gasification, and
hydrothermal carbonization, giving it advantages in pore structure, specific surface area, and chemical
composition, making it suitable for environmental remediation and agricultural improvement [9-10].

Activated carbon influences arsenic speciation transformation through multiple mechanisms, including
adsorption, precipitation, redox reactions, microbial regulation, and the action of dissolved organic matter. For
instance, under specific conditions, activated carbon can promote the formation of insoluble complexes
between arsenic and calcium or iron, thereby achieving precipitation. Additionally, activated carbon can act as
an electron shuttle in redox processes. For example, when activated carbon loaded with iron and manganese
forms oxygen-containing functional groups like Mn-O and Fe-O on its surface, Mn can oxidize As(lll) to the more
stable As(V) [11]. Microbial activity is also a key mechanism by which activated carbon affects arsenic
transformation. It can alter soil microbial community structure and regulate the expression of key genes,
promoting the arsenic reduction activity of bacteria such as Geobacter. In some cases, the synergy between
lactate and activated carbon can even stimulate the reduction of As(V) to As(ll1), increasing arsenic bioavailability
in soil [12]. The dissolved organic matter (DOM) released by activated carbon is rich in humic-like substances
and reactive oxygen-containing functional groups. These components create complexinteractions between solid
and liquid phases, altering arsenic speciation distribution through redox and complexation reactions, and
promoting the transformation of mineral-bound arsenic species [13]. The molecular composition of DOM,
particularly humic and lignin-like compounds, plays a decisive role in the redistribution of As(V) and can slowly
release arsenic from arsenic-bearing minerals under acidic conditions, further influencing its environmental
behavior [14].

Calcium ions (Ca®*), common cations in the environment, can significantly influence arsenic speciation
transformation and toxicity mitigation through various mechanisms. On one hand, calcium can promote the
binding of arsenic to mineral surfaces like iron oxides and aluminum oxides, leading to the formation of poorly
soluble precipitates, thereby reducing its solubility and mobility in water. Simultaneously, calcium can mineralize
with arsenic to form stable calcium arsenate minerals (e.g., calcium arsenate, apatite), further reducing its
ecological risk. For example, it was [15] found that at pH 6.5, activated carbon-enhanced calcium precipitation
increased the removal rate of As(lll) to 58.1%, forming Cas(AsO4)3OH precipitate, significantly reducing arsenic
solubility. On the other hand, calcium-modified materials (e.g., calcium-modified activated carbon) also possess
strong arsenic adsorption capacity and can promote the conversion of trivalent arsenic to pentavalent arsenic
[16], thereby reducing arsenic toxicity and mobility. Therefore, this study uses wheat straw with calcium
carbonate as raw materials to prepare calcium-rich modified activated carbon via co-pyrolysis, aiming to
efficiently remove As(V) from water bodies and expand the application potential of Ca-modified activated
carbon in treating arsenic contamination in alkaline environments.

2 Materials and Methods

2.1 Preparation of Activated Carbon

Calcium carbonate-modified activated carbon was prepared using calcium carbonate reagent as the modifying
material. The pretreatment was as follows: sieved wheat straw powder (through a 100-mesh sieve) was
uniformly mixed with calcium carbonate powder at a weight ratio of 1:1. The material was mixed in a tube
furnace and pyrolyzed under a N, atmosphere at a heating rate of 20°C-min~" to 850°C, holding for 2 hours. After
pyrolysis, the product was allowed to cool naturally to room temperature, then finely ground using an agate
mortar and uniformly sieved through a 200-mesh sieve. The final activated carbon products were named BC
(activated carbon) and CBC (calcium carbonate-modified activated carbon) based on the raw materials, and
stored sealed in clean centrifuge tubes to ensure material purity.

2.2 Isothermal Adsorption Experiments

Isothermal Adsorption Experiments: As(V) solutions with different concentrations (range 0-1000 mg/L) were
prepared. The initial pH of the As(V) solutions was adjusted to 11.0 + 0.1 using 1 mol-L™ HCl or NaOH. 0.1 g of
adsorbent was uniformly mixed with the different concentrations of As(V) solution and stirred at room
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temperature for 24 hours using a multi-point magnetic stirrer. The mixture after adsorption equilibrium was
filtered, and the supernatant was collected and stored in centrifuge tubes. The As(V) concentration in the
supernatant was detected to estimate adsorption capacity of biochar for As(V).

2.3 Kinetic Adsorption Experiments

An As(V) solution (700 mg/L) was prepared. And initial pH of adsorption was adjusted to 11.0 + 0.1. Besides, 0.1
g of adsorbent was fully mixed with the solution in a 100 mL beaker and placed on a multi-point magnetic stirrer
for the adsorption experiment. Samples were taken at different incubation times (10, 60, 120, 240, 480, 720,
1440 minutes), and the residual As(V) in the filtrate was detected to evaluate the adsorption capacity (q.) of the
modified biochar for As(V) at time t. Kinetic models were fitted to the data.

2.4 Effect of pH on As(V) Removal

At room temperature, 100 mg adsorbent was added to 100 mililiter of As(V) solution in a 100 mL beaker. Besides,
initial pH of As solution was adjusted to 7.0 £ 0.1, 8.0 £ 0.1, 9.0 £ 0.1, 10.0 £ 0.1, 11.0 £ 0.1, and 12.0 £ 0.1,
respectively. Effect of pH value on the adsorption efficiency of As(V) by the adsorbent was investigated, and the
adsorption capacity was calculated.

2.5 Effect of co-existing irons on As(V) Removal

A certain concentration of As(V) solution (reference from kinetic experiments) was prepared. Interfering ions
(SO4*7, HCO3™, NOs~, CI7, H,PO,47) at concentrations of 0.01 mol-L™ and 0.1 mol-L™" were added separately to
simulate real wastewater. The adsorbent dosage was set at 0.1 g, and the solution pH was adjusted to 11.0 +
0.1. The activated carbon and 100 mL of the mixed solution were added to a 100 mL beaker. The influence of
these interfering ions on the adsorption efficiency of arsenate by the adsorbent in aqueous solution was
investigated, and the adsorption capacity for As(V) was calculated.

2.6 Determination of Heavy Metal lons

Determination of Total Arsenic Concentration in Samples: 5 mL of filtered reaction solution was placed in a 25
mL colorimetric tube. 0.1 mL of 11% hydrochloric acid solution and 0.1 mL of 2 mmol-L™" potassium iodate
solution were added. After shaking and standing for 1 hour, As(lll) in the solution was oxidized to As(V). Then,
0.8 mL of prepared molybdenum-antimony reagent and 1 mililiter of freshly prepared As acid solution were
added, and the volume was made up to 10 mL with deionized water. After standing at room temperature for 1
hour, the absorbance of the solution was measured at a wavelength of 870 nm using a spectrophotometer, with
a blank experiment conducted simultaneously. After measuring the absorbance, a standard curve was
constructed, and the corresponding sample concentration was determined from the absorbance value on the
standard curve.

Determination of As(V) Concentration in Samples: The procedure was the same as for total As determination,
except that the 11% hydrochloric acid and potassium iodate solutions were not added. As(lll) concentration was
expressed as the gap between total As and As(V).

The concentration of Ca?* in this experiment was determined using flame atomic absorption spectrometry.

2.7 X-ray Diffraction (XRD)

XRD was characterized using a Bruker D8 Advance X-ray diffractometer (Germany) for phase analysis and
crystallinity determination. The experiment used a Cu Ka radiation source (A = 0.15418 nm), with operating
voltage and current set at 40 mA and 40 kV, respectively. The scanning mode was continuous step scanning with
a speed of 10 °min~, step size of 0.05 °, and the diffraction angle (28) scanning range set from 3° to 85°.

2.8 Fourier Transform Infrared Spectroscopy (FTIR)

Surface functional groups of the materials were characterized using a PerkinElmer Spectrum Two FTIR
spectrometer (USA). Samples were prepared using the potassium bromide pellet method, and full-spectrum
scanning was performed in the wavenumber range of 4000-400 cm™.
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2.9 SEM-EDS determination

Surface morphology of biochar were characterized by scanning electron microscopy (SEM-EDS, Hitachi su8100

cold field SEM) equipped with energy dispersive X-ray spectroscopy (EDS), HITACHI , Japan).

2.10 XPS determination

The thermal scientific escalab 250 Xi spectrometer was used for X-ray photoelectron spectroscopy measurement.
The binding energy of C 1s peak of exotic carbon was 284.8 EV when excited by Al K a X-ray.

3 Results and Discussion

3.1 Isothermal Adsorption of As(V) by Calcium Carbonate-Modified Activated Carbon

The adsorption behavior of BC and CBC under different initial As(V) concentrations is shown in Figure 1. For both
materials, the adsorption capacity enhanced remarkably with increasing initial As(V) concentration and gradually
reached equilibrium. For BC, when the initial concentration reached 600.0 mg/L, the adsorption capacity
stabilized at 536.3 mg/g, indicating that the material had reached saturation adsorption at this concentration.
In contrast, the adsorption equilibrium for CBC occurred at a higher initial concentration of 700.0 mg/L, with a
corresponding maximum adsorption of 610.0 mg/g, demonstrating a stronger As(V) removal capability
compared to BC, possibly due to its higher calcium oxide content [17].
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Figure 1 Isotherm fitting curve of As(V) on BC and CBC

3.2 Kinetics of As(V) Adsorption by Calcium Carbonate-Modified Activated Carbon

As shown in Figure 2, BC and CBC exhibited different kinetic characteristics for As(V) adsorption over different
time scales. In adsorption with an initial As(V) concentration of 600 mg/L, the adsorption capacity of BC
increased rapidly, showing an approximately linear growth within 0-10 minutes, and the adsorption process
tended to equilibrium at 120 minutes, indicating a relatively fast adsorption rate for As(V). In the experiment
with an starting As(V) concentration of 700 mg/L, the adsorption rate of CBC was relatively slower. Although the
adsorption capacity increased rapidly within 0-120 minutes, the equilibrium time was longer, with the
adsorption process stabilizing only after 480 minutes, suggesting some hysteresis in its adsorption kinetics.

Results of the kinetic models showed that the regression coefficient (R?) of the pseudo second order kinetic
model was greater than that of the first order model, indicating that the pseudo second order model more
accurately describes the As(V) adsorption process. According to adsorption theory for porous materials, the
second-order kinetic model assumes that the adsorption rate is determined by the square of the number of
unoccupied adsorption sites on the adsorbent surface, suggesting that the process is dominated by chemical
adsorption mechanisms, such as coordination bonding, ion exchange, or precipitation reactions. Since BC and
CBC possess a large number of calcium-based active sites, their adsorption process exhibits rapid reaction
characteristics, reaching equilibrium quickly. This is likely due to strong chemical interactions [18], particularly
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the formation of Ca-As precipitates, during As(V) adsorption by BC and CBC. However, it is noteworthy that the
first-order kinetic model still showed a relatively high fit, indicating that physical diffusion also plays a role in the
adsorption process. Specifically, physical-diffusion is primarily driven by van der Waals forces, a relatively weak
interaction suitable for explaining the initial adsorption of As(V) by the microporous structure of the activated
carbon surface. Therefore, overall, the adsorption of As(V) by calcium-modified activated carbon is a process
driven by both physical diffusion and chemical-adsorption, with chemical-adsorption being dominant, while
physical diffusion still significantly influences the adsorption rate [19].
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Figure 2 Kinetic fitting curve of As(V) on BC and CBC

3.3 Effect of pH on As(V) Adsorption by Calcium Carbonate-Modified Activated Carbon

Effect of starting pH on As(V) adsorption by the activated carbons is illustrated in Figure 3. Overall, the
adsorption of both BC and CBC peaked at pH=9 (571.3 mg/g and 635.0 mg/g, respectively). BC reached its lowest
value at pH=12 (552.5 mg/g), while CBC reached its lowest at pH=7 (603.8 mg/g). When the pH-value enhanced
from 7 to 9, the adsorption of both materials for As(V) increased. After pH 9, although CBC's adsorption capacity
showed a slight rebound at pH=11, the overall trend for both was decreasing. The dynamic change between
adsorption capacity and pH is likely influenced by As(V) speciation, activated carbon surface properties, and ion
competition in the solution. When pH is between 7 and 11.5, As(V) primarily exists as HAsO4*"; when pH
increases to 12, the proportion of AsO,3~ increases significantly. HAsO4,>~ might bind more easily with active sites
(e.g., Ca?*) on the activated carbon surface compared to AsO,3". Furthermore, the activated carbon is loaded
with CaO, which forms Ca(OH), in water, dissociating into Ca®* and OH™. Ca?* can react with arsenic anions to
adsorb As(V) via precipitation [20]. At pH=9, the Ca®* concentration is moderate, and the OH™ concentration is
not yet high enough to compete excessively, resulting in optimal adsorption. When pH increases (e.g., pH=10-
12), the OH™ concentration rises, potentially combining with Ca®* to form Ca(OH), precipitate, reducing the
available Ca®* for As(V) adsorption, thus decreasing the adsorption capacity. Additionally, the activated carbon
surface may become negatively charged at high pH, which is unfavorable for adsorbing negatively charged
arsenate anions, possibly contributing to the decreased adsorption at higher pH.
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Figure 3 Effect of pH-value on adsorption performance of BC and CBC

3.4 Effect of Co-existing lons on As(V) Adsorption by Calcium Carbonate-Modified Activated Carbon

The influence of co-existing ions on As(V) adsorption by the activated carbons is shown in Figure 4. Overall, the
trend of the effect of co-existing ions was consistent for BC and CBC. For BC, the adsorption was 536.3 mg/g
without coexisting ions, while for CBC, it was 610.0 mg/g. In the presence of Cl~ and NOs", the adsorption
capacity slightly decreased but remained near the original level, with little difference between the two
concentrations (0.01 mol/L and 0.1 mol/L). This might be due to weak interference from Cl~ in competing for
adsorption sites with As(V). The presence of SO4>~ had a greater impact on adsorption capacity [21], especially
at the 0.1 mol/L concentration, where the adsorption capacity increased significantly. This might indicate that
S04%" promotes As(V) adsorption through some synergistic effect, such as pH adjustment or changes in surface
charge. H,PO4~ had the most significant effect, causing a substantial decrease in adsorption capacity to
approximately 500-550 mg/g, with a more pronounced decrease at 0.1 mol/L. This suggests strong competition
for adsorption sites between H,PO,~ and As(V), as both are anions with similar chemical properties, likely sharing
common adsorption mechanisms. The presence of HCO3~ caused the adsorption capacity to drop almost to zero,
indicating a very strong inhibitory effect of HCOs;~™ on As(V) adsorption. This is probably because HCOs~
significantly alters the solution pH under alkaline conditions or greatly reduces As(V) adsorption efficiency by
competing for adsorption sites [22]. Regarding the concentration effect, for most ions (CI-, NOs~, S0427), the two
concentrations (0.01 mol/L and 0.1 mol/L) had a small and insignificant effect on adsorption capacity. However,
for HPO,~ and HCOs™, the inhibitory effect was stronger at 0.1 mol/L than at 0.01 mol/L, indicating more intense
competition for adsorption sites at higher concentrations of these ions.

(a) (b)
= B oo1M B 0.1 M = B 001 [ 0.1 M
E 6001 g 7004
Esoo- % 7% E
: |7 . 1
5400‘ /% /j §
= 7% 7
% £

S 200 9 7 ? s
Nl o 3
~1004 7 —~
= 100 5 / /?/‘ =
< ol 58 wa @8 <

’ None cr NOy SO}  H,PO; HCO, None cr NOy SO H,PO;  HCOS

Co-existing ion Co-existing ion

Figure 4 Effect of coexisting ions on As(V) adsorption by BC (a) and CBC (b)

3.5 Mechanism of As(V) Adsorption by Calcium Carbonate-Modified Activated Carbon

Figure 5 shows the SEM-EDS images of BC and CBC. After modification, the surface roughness of biochar
increased, more flake crystals appeared, and the specific-surface-area (SSA) of biochar was increased The
surface elements of CBC were analyzed by EDS, and it was found that CBC was rich in C and O elements, and its
atomic percentage and element mass ratio were 42.76% and 38.01%, respectively, and there were mg, Ca and
P elements The mass ratio of Ca element is 11.37%, which indicates that the iron modification of biochar is
successful BC and cwbc retain most of the biomass structure, and the surface is composed of many regular and
vertical strip-shaped porous structures. The pore structure is very rich and orderly, which is conducive to the
adsorption of pollutants BC and CBC are mostly irregular blocks, and the pore structure is honeycomb, which
provides rich sites for the adsorption of As.
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Figure 5 SEM-EDS images of BC and CBC

To investigate the specific changes during the adsorption of As(V) by calcium carbonate-modified activated
carbon, XRD characterization was performed on BC and CBC samples before and after adsorption (Figure 6a).
The figure shows that before As(V) adsorption, both BC and CBC contained highly crystalline calcium oxide, along
with a small characteristic peak of Ca(OH),. After As(V) adsorption, the intensity of the calcium oxide diffraction

peaks disappeared, and relatively distinct characteristic peaks related to Ca-As precipitation appeared due to
chemical reactions [23].
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Figure 6 XRD patterns (a) and FTIR spectra (b) of BC and CBC before and after As(V) adsorption

FTIR spectra of the materials are shown in Figure 6b. By comparing the spectral changes before and after
adsorption, new characteristic peaks appeared in the range of 2990-3100 cm™ after As(V) adsorption,
attributable to -OH functional groups. This might be related to hydroxyl groups in the Ca-As precipitates
containing hydroxide formed after the reaction between Ca?* and As(V), or to associated water molecules.
Additionally, a new vibration peak appeared at 1478 cm™, attributed to CO3*", indicating the involvement of
carbonate ions during the adsorption process. Furthermore, an As-O stretching-vibration peak was found at 811

cm™, and a Ca-O stretching-vibration peak was found at 629 cm™, further confirming the adsorption behavior
of As(V) on the material surface [24].
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Figure 7 XPS spectra of BC (top) and CBC (bottom) before and after As(V) adsorption: (a)(c) Full
spectrum, (b)(d) Ca 2p, (e) As 3d

XPS analysis of BC and CBC materials after As(V) adsorption is shown in Figure 7. After As(V) adsorption, an As
3d peak appeared in the full survey scans of the materials, showing that arsenic was adsorbed onto the modified
activated carbons [25]. The Ca 2p atomic orbital can be split into Ca 2p+/, and Ca 2ps/,, with corresponding peak
positions at 353.1 eV and 349.3 eV (Figure 6), indicating the presence of Ca-As precipitates in the materials.
Moreover, the As 3d spectrum showed that arsenic existed in the pentavalent state, indicating that no redox
reaction occurred during adsorption. It is noteworthy that some characteristic peaks of CaCO3 appeared in CBC,
which might be due to the higher concentration of Ca added in CBC [26].

4 conclusion

This chapter primarily investigated the adsorption effectiveness of calcium oxide-loaded activated carbons (BC
and CBC) modified with calcium carbonate on As(V), identified the optimal adsorption conditions, and conducted
fitting analyses using adsorption kinetics and isotherm models for the As(V) adsorption process by BC and CBC.
Furthermore, analyses were performed on the morphological characteristics, crystal structure, surface
functional groups, and changes in surface elemental valence states of the modified activated carbons before
and after adsorption to explore the underlying mechanisms. The main conclusions are as follows:

Isothermal adsorption fitting results indicated that the adsorption process of As(V) onto CBC conforms to the
Langmuir isotherm model, suggesting homogeneous monolayer adsorption. Kinetic adsorption fitting results
showed that CBC reached adsorption equilibrium for As(V) at 480 min, following the pseudo-second-order
kinetic model, controlled by chemical reactions, with intraparticle diffusion being the main rate-limiting factor.
Thermodynamic experiments revealed that the adsorption of As(V) by CBC is spontaneous, endothermic, and
accompanied by an increase in entropy. In the initial pH effect experiment, the adsorption capacity first
increased and then decreased with increasing pH. In the coexisting ions experiment, H,PO,~ and HCO;™ strongly
inhibited the adsorption of As(V). Characterization by XRD, FTIR, and XPS before and after As(V) adsorption on
BC and CBC indicated that the primary mechanism for As(V) adsorption by both BC and CBC is co-precipitation.
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