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Abstract

Mercury (Hg?) contamination in acid mine drainage (AMD) remains a critical
environmental concern that requires cost-effective and sustainable treatment solutions. In
this study, phosphate-modified oyster shell (MOS) was synthesized and evaluated as a low-
cost biosorbent for Hg?* removal. Characterization results confirmed the successful
formation of calcium phosphate phases containing active PO,*" and OH™ groups, which
served as the primary binding sites for mercury. Batch adsorption experiments showed
rapid uptake, reaching equilibrium within 30 min, with removal efficiencies consistently
above 90% across initial concentrations of 5-30 mg.L. The optimal pH range was
determined to be 5-7, where reduced proton competition enabled effective ion exchange
and complexation with phosphate groups — conditions well aligned with partially
neutralized AMD. Adsorption capacity increased with MOS dosage, with an optimal range
of 1.0-1.5 g.L'. Regeneration experiments demonstrated that MOS retained significant
performance after multiple adsorption—desorption cycles, indicating good structural
stability despite the acidic environment. These results highlight MOS as a promising,
practical, and sustainable biosorbent for mercury removal in AMD treatment applications.

Keywords: Mercury adsorption; modified oyster shell; surface functional groups; adsorption
kinetic; adsorption isotherm.

1. Introduction

Heavy metal pollution in the aquatic environment is becoming a serious global
problem due to its negative effects on both ecosystems and human health [1], [2].
Among toxic metals, mercury (Hg) stands out due to its persistence in the environment,
bioaccumulation, and high toxicity even at very low concentrations [3], [4]. In recent
years, global monitoring programs have reported a continuous increase in mercury
release from mining, coal combustion and small-scale gold extraction activities, making
mercury one of the priority pollutants regulated by international guidelines such as
WHO and the US-EPA. In the form of Hg?' ions or organic compounds such as
methylmercury (CHsHg"), mercury easily enters the food chain, accumulates in
biological tissues, and poses long-term harm to human health. Studies have shown that
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exposure to mercury can cause damage to the central nervous system, kidney dysfunction,
circulatory system, and especially seriously affects fetal brain development [5], [6]. In
Vietnam, mercury contamination has been frequently detected in mine-affected basins,
particularly those influenced by sulfide-rich tailings, highlighting the urgent need for low-
cost and effective treatment technologies for acid mine drainage (AMD).

The sources of mercury in water are often related to mining, metallurgy, battery
production, coal-fired thermal power, chemical industry and natural weathering of
cinnabar (HgS)-containing minerals [2], [3]. Acid mine drainage is also a major source
of mercury release into the environment due to the oxidation of sulfide minerals [1], [7].
Acid mine drainage is characterized by extremely low pH, high concentrations of
dissolved metals, and strong competition among co-existing ions, which significantly
limits the performance of conventional adsorbents. According to Vietnamese standards
(QCVN 40:2025/BTNMT), the allowable limit of Hg in industrial wastewater is only
0.005-0.01 mg/L, and for domestic water (QCVN 01-1:2024/BYT) is 0.001 mg/L [5],
[6]. These values reflect the high level of biological hazard of mercury when present in
the environment.

Traditional mercury treatment methods such as chemical precipitation, ion
exchange, membrane filtration or electrochemical often have limitations such as high
cost, low efficiency at trace concentrations or sludge generation [8]-[10]. In this
context, adsorption has emerged as a potential solution due to its simplicity, efficiency
and environmental friendliness [11]-[13]. However, most previous studies indicate that
adsorption capacity expressed only as removal efficiency may not be sufficient for
scientific comparison; therefore, adsorption parameters such as q and ge are essential
for evaluating material performance more accurately. In particular, the use of low-cost
biological materials derived from agriculture and fishery by-products such as oyster
shells, biochar or hydroxyapatite is receiving attention due to their economic
advantages, recyclability and high Hg?* treatment efficiency [14], [15].

Among them, oyster shells, mainly composed of calcium carbonate (CaCQs3), can
be thermally or chemically modified into calcium phosphate-based structures with
abundant functional groups (PO43~, OH") that strongly bind Hg?* [16], [17]. Phosphoric
acid treatment promotes the formation of calcium phosphate phases that introduce
active POs*~ and OH~ functional groups, which are primarily responsible for Hg?*
binding, whereas Ca?* and COs?~ should be considered structural components rather
than active adsorption groups. Recent studies have confirmed that modified oyster shells
exhibit high stability and remarkable removal efficiency (> 90%) for mercury even
under acidic acid mine drainage conditions. For example, Zhao et al. [18] reported that
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phosphorus-loaded oyster shells efficiently removed Pb?* and Hg?* with over 90%
efficiency. Similarly, Zhou et al. [19] demonstrated that modified oyster shells could
simultaneously adsorb multiple heavy metals, including Hg?*, with stable performance
over several reuse cycles. In addition, Sanchez-Hernandez et al. [20] developed a
zeolite-based adsorbent capable of single and competitive removal of Pb?*, Cd?*, and
Hg?*, highlighting the potential of phosphate-treated materials for wastewater treatment.

Therefore, the objective of this study is to develop a biosorbent from modified
oyster shells for efficient removal of Hg?" from aqueous solution, focusing on the
interacting conditions, adsorption kinetics, and Hg?* adsorption isotherm model.
Particular attention is also given to evaluating the stability of MOS in acidic
environments and its feasibility for repeated regeneration cycles, which are critical
factors for practical AMD treatment.

2. Experiment

2.1. Material

Raw oyster shells were collected from seafood processing waste in Quang Ninh.
Analytical-grade mercury(ll) chloride (HgCl2) were purchased from Merck. Other
reagents, including hydrochloric acid (HCI), sodium hydroxide (NaOH), sodium
clodride (NaCl) and phosphoric acid (HsPOs), were of analytical grade.

2.2. Preparation of modified oyster shell biosorbent

The thermochemical modification of oyster shells followed the method outlined
by Nguyen et al. [21]. The collected oyster shells were thoroughly washed, dried at
105°C for 24 hours, and crushed into particles < 0.25 mm. The pretreated shells were
then subjected to thermal activation in a muffle furnace at 500°C for 2 hours. Chemical
modification was performed by immersing the calcined shells in 0.5 M phosphoric acid
solution at 65°C for 2 hours under agitation to induce partial phosphatization, forming a
calcium phosphate-carbonate hybrid structure. The modified material was then filtered,
rinsed with DI water until neutral pH, dried at 90°C for 4 hours, and stored in airtight
containers. The resulting material was labeled as MOS.

The physicochemical properties of the modified oyster shell biosorbent (MOS)
were characterized using several analytical techniques. Scanning electron microscopy
(SEM) was used to examine the surface morphology, while X-ray diffraction (XRD)
determined the crystalline phases present in the material. Fourier transform infrared
spectroscopy (FTIR) was used to detect the surface functional groups involved in metal
binding. The Brunauer-Emmett-Teller (BET) method provided information on the
specific surface area and pore size distribution was determined. Determination of the
point of zero charge (pHpzc) provided information on the surface charge of the material
at different pHs.
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2.3. Study on Hg?* adsorption

Hg?* adsorption was investigated in time periods of 5, 10, 15, 20, 25, 30 and 60
minutes, at different concentrations from 5-30 mg/L with MOS dosage varying from
0.25-1.5 g/L and pH environment varying at 3, 5, 7, 9, 11, stirring continuously at
150 rpm. Then, the solution was filtered into 50 ml aldon and the remaining Hg?*
concentration was measured by ICP-MS method. Conduct adsorption kinetics studies
and adsorption isotherm models. To investigate the regenerative properties of MOS
materials after adsorption by desorption with 50 ml of 0.1M HCI for 60 minutes. Then
filter, wash, and dry at 90 degrees for 4 hours. Investigate the properties of purMOS,
desMOS materials by FT-IR.
3. Results and discussion
3.1. Characterizations of biosorbent

Figure 1(a) shows the FT-IR spectra of raw oyster shell (ROS) and modified
oyster shell (MOS). According to FT-IR spectrum at Tab. 1, phosphate modification on
the oyster shell surface was successfully synthesized. The peaks at 1407.08, 875.01, and
712.62 cm™ correspond to the carbonate group (COsz?) vibrations in CaCOs. After
H3PO4 modification, MOS exhibits new bands, including 3479.18 cm™ (~OH stretching
in CaPO3(OH) and water), 1123.09 and 1056.19cm™ (P-O stretching), and
522.64 cm™ (O—P-0 bending), indicating phosphate group incorporation.

Tab. 1. The peaks in FT-IR spectra of oyster shell samples

Characteristic peak (cm™) Characteristic oscillation
ROS MOS
3160.64 3479.18 OH stretching vibration in CaPO3;(OH) and adsorbed water
OH bending vibration of water or weak hydrogen bond
- 1646.17 o
C=0 vibration

Symmetric bending vibration of CO3% in CaCOs or
carbonate group bonded to Ca?*

1123.09, Asymmetric P-O stretching vibration of PO.* in
1056.19 CaPO3(OH)

P—O symmetry vibration in PO4* or combined Ca-O-P

1407.08 1416.65

) 984.97 vibration
875.01 873.34 C-O out-of-plane vibration of CO3*

- 785.75 PO.* deformation vibration or carbonate ring vibration
712.62 - COs? out-of-plane bending vibration

i 599 64 O-P-0 bending vibration combined with Ca—O vibration in

CaPO3(OH)
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XRD patterns of ROS and MOS (Fig. 1(b)), the ROS exhibit distinct diffraction
peaks at 23.15° 29.5° 39.52° 47.59° and 48.63° corresponding to calcite (CaCOs),
indicating that the crystal structure of calcium carbonate remains largely intact even
after thermal treatment at moderate temperatures. In contrast, MOS shows new
diffraction peaks at 11.75° 21.05° 30.6°, and 34.23° attributed to brushite
[CaPO3(OH).2H20], confirming successful phosphatization and the formation of
calcium phosphate phases. The XRD patterns indicate that ROS primarily consists of
crystalline calcite (CaCOz - PDF 00-005-0586), as evidenced by the strong diffraction
peaks. Upon thermal treatment (TMOS), most calcite peaks diminish, indicating
decomposition, possibly forming amorphous calcium oxide or related phases. MOS
exhibits new peaks corresponding to CaPO3(OH).2H.O (PDF 00-009-0077), confirming
successful chemical modification with phosphate, while residual CaCO3 peaks remain,
suggesting partial conversion.

Importantly, the emergence of calcium phosphate phases after modification is
directly related to the enhanced Hg?* adsorption capacity of MOS. Brushite and other
Ca—phosphate structures contain abundant PO4%~ and OH™ functional groups, which act
as strong Lewis-base sites capable of coordinating Hg?* through inner-sphere
complexation and Ca?*/Hg?* ion exchange. The partial decomposition of CaCO3 during
thermal activation also increases surface reactivity and provides additional nucleation
sites for phosphatization. The coexistence of both phosphate and carbonate phases
creates a hybrid surface with multiple active binding mechanisms, explaining why MOS
exhibits significantly higher Hg?" adsorption compared to ROS. Therefore, the
structural transformations observed in XRD directly validate the formation of functional
phases responsible for effective Hgz* sequestration.
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Fig. 1. FTIR spectroscopy (a) and XRD patterns (b) of oyster shell samples.
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Figure 2 presents the SEM images of oyster shell samples at different stages of
modification: (a, b) finely raw oyster shell (ROS), and (c, d) modified oyster shell
(MQOS). In image (a, b), the ROS exhibits irregular, compact, and relatively smooth
plate-like particles with limited porosity, indicating the original dense structure of
untreated oyster shell. In (c, d), the MOS reveals a significant morphological
transformation, with the appearance of needle-like and flake-like crystal structures
embedded within the matrix, indicating successful chemical modification, likely the
formation of calcium phosphate phases. This progression in morphology confirms the
effectiveness of thermal and chemical treatments in enhancing the textural
characteristics and surface reactivity of the biosorbent for metal ion adsorption.

¢

Fig. 2. SEM of oyster shell samples:
Raw oyster shell (ROS) (a, b); Modified oyster shell (MOS) (c, d).

Figure 3, the MOS material has the highest BET surface area of 40.51 m?/g, BET
constant C = 11.75 and correlation coefficient R? = 99.95%. The isotherm of MOS
shows a clear increase in adsorption volume with increasing P/Po relative pressure,
while the expanded hysteresis loop indicates a well-developed mesoporous structure,
which facilitates the diffusion and binding of metal ions. The ROS sample has a BET
surface area of 22.15 m?/g, C = 3.71 and R? = 99.88%. Although the type IV isotherm is
still maintained, ROS has a significantly lower adsorption capacity than MOS,
reflecting the natural but not optimized pore structure. In contrast, TMOS has the lowest
surface area, only 17.09 m?/g, with C = 3.19 and R? = 99.80%. Figure 4 shows that the
adsorption curve of TMOS is the lowest among the three samples, clearly reflecting the
deterioration of the porous structure due to thermal sintering. The high-temperature
calcination process can cause the loss of bonds in the CaCO3 structure and lead to
particle collapse or agglomeration, reducing the number of adsorption sites.
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Fig. 3. N2 adsorption/desorption curve of of oyster shell samples.

The results of the pHpz survey of MOS materials are shown through a graph of
the relationship between the initial pH value and the pH change after 24 hours (Fig. 4).
The trend line shows clear linearity with a high correlation coefficient (R? = 0.99376),
indicating that the data is highly reliable and accurately reflects the nature of surface
charge changes according to the pH environment. From there, the pHp,c of MOS is
determined at 8.055, at pH < pHp — that is, under acidic conditions — the material
surface exists in the form of =MOH_" due to the protonation of hydroxyl and phosphate
groups, leading to positive charge, and at pH > pHpzc — that is, under basic conditions —
the surface exists in the form of =MO™ due to the deprotonation process leading to
negative charge.
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Fig. 4. The pHy.c of modified oyster shell sample.
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3.2. Hg?” adsorption on modified oyster shell

Figure 5 shows that pH strongly affects Hg?* adsorption through changes in
surface charge and competition with protons. At pH = 3, the removal efficiency was
about 89% because the MOS surface (pH < pHpzc = 8.054) is positively charged, leading
to electrostatic repulsion with Hg?* and strong competition from abundant H* ions,
which reduces the availability of -OH and PO43~ groups for binding.

When the pH increases to 5-7, the removal efficiency rises to 93-93.35%. In this
range, protonation decreases, functional groups become more available, and Ca?*/Hg?*
ion exchange and complexation with phosphate groups occur more effectively. This
balance explains why the adsorption process becomes more favorable despite the
surface still being below pHpzc. Importantly, this pH range also corresponds well to
AMD after partial neutralization, making it practical for real applications.

At pH > pHpze, the MOS surface becomes negatively charged, enhancing
electrostatic attraction with Hg?* or Hg(OH)* species. The maximum efficiency
(94.76%) at pH 11 may include contributions from surface adsorption and partial
Hg(OH). precipitation. However, very high pH is not realistic for AMD treatment, so
pH 5-7 is considered the optimal range, combining high efficiency with practical
applicability and a dominant adsorption mechanism.

96
95 -
94 -
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92 4
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Fig. 5. pH effect graph on Hg** adsorption by MOS.

Figure 6 illustrates the effect of time on the Hg?" removal efficiency of MOS. It
can be seen that the adsorption rate is very fast in the first 10 min, the efficiency
increases from nearly 0 to more than 74.36%, demonstrating that there are many active
sites available to bind with Hg?* ions. The adsorption rate then increases gradually and
reaches equilibrium after about 20-30 min with efficiencies of nearly 87.02-92.60%.
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The initial rapid growth is accounted for by the diffusion of Hg?* from the solution to
the outer surface of the material, while the slower stage is related to dissolution within
the particles and chemical interactions at specific active sites. The short equilibrium
time demonstrates that MOS has a strong and fast Hg?" retention capacity, suitable for
the application of acidic wastewater treatment characterized by high flow rates and high
metal concentrations. This result also implies that the adsorption mechanism not only
includes electrokinetic energy components but also includes the formation of stable
chemical bonds (Ca?*/Hg?* ion exchange, intragranular mixture with phosphate groups),
ensuring the treatment efficiency and stability in the short term. The main mechanism of
adsorption is the chemical interaction at the surface adsorption medium, while the
intragranular diffusion and complex formation only play a supporting role, in the fast
stage is the intragranular absorption, and the slow stage is the chemical interaction and
complex formation.

100 1
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Fig. 6. Effect of time on Hg®* adsorption by MOS.

Figure 7 shows the severe influence of the initial concentration of Hg?* (Co) on
the removal efficiency of MOS materials. It is seen that as C, increases from 5 to
30 mg.L?, the adsorption efficiency gradually decreases from about 99.26% to 93.58%.
This phenomenon can be solved by the increasing saturation of the secondary
adsorption sites on the material surface: at low concentrations, the number of quiescent
active sites is large, exceeding the amount of Hg?" ions in the solution, thereby
gradually removing the metal ion species. On the contrary, as the initial concentration
increases, the competing Hg?* ions decide which mode to use on the surface, resulting
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in a decrease in the removal efficiency. However, it is worth noting that even at the
highest temperature studied (30 mg.L?), the efficiency was still above 93.58%,
demonstrating that the MOS material without large active functional group (Ca?*,
PO43*", OH") could still perform strong enhancement towards Hg?* via ion exchange and
stable intranuclear oscillation mechanism.
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Fig. 7. Effect of initial Hg?* concentration on MOS adsorption.

Figure 8 shows the effect of MOS material dosage on Hg?" removal efficiency.
The results show that when the dosage increases from 0.25 to 1.5 g.L, the adsorption
efficiency gradually increases from about 90.64% to 95.21%. This increase is a direct
consequence of the addition of more surface active sites (PO4>, OH™, Ca?* functional
groups) that can bind and exchange ions with Hg?* in the solution. At low dosages, the
number of adsorption sites is limited, while the concentration of metal ions is quite
large, resulting in a low removal rate of Hg?*. As the dosage increases, the number of
active sites exceeds the number of Hg?* ions, thereby significantly improving the
treatment efficiency. Notably, the efficiency does not increase linearly but tends to
reach an asymptotic state when exceeding 1.2 g.L. This reflects the saturation
phenomenon in the adsorption system: when the number of adsorption sites is too large
compared to the amount of Hg?" in the solution, the removal capacity only improves
slightly, while the risk of material particle agglomeration may occur, reducing the
effective surface area. Therefore, although the dose of 1.5 g.L™! gives the highest
efficiency (95.21%), the dose of 1.0-1.2 g.L™* can be considered optimal, ensuring both
high treatment efficiency and economic and technical balance.
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Fig. 8. Effect of MOS dosage on Hg** adsorption.

Figure 9 and the data illustrate the reusability efficacy of MOS for the adsorption
of Hg?" during adsorption-desorption cycle. After desorption with 0.1 M HCI
(desMOS), most of the main peaks were restored to almost the original spectrum,
especially —OH and CO3?7, indicating that the Ca?*—PO4>"/CO3?~ framework structure
of the material was still stable. However, the intensity of the 1123.09, 1056.19 cm™ and
522.64 cm™ clusters was still lower than the original, proving that a part of the metal
ions were still tightly bound in the form of stable phosphate or carbonate, which was
difficult to completely remove. This confirmed that the adsorption mechanism of MOS
was based on the combination of ion exchange, surface precipitation and strong
chemical bonds, and the material had good regeneration ability after desorption.

purMOS

desMOS

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm!)

Fig. 9. FT-IR spectra of the material before adsorption (purMOS)
and after desorption (desMOS).
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4. Conclusion

This study evaluated the adsorption of Hg?* onto MOS to determine the priority
conditions for application in acid mine drainage processors. The quality characterization
determined that the phosphating chemistry introduced multiple functional groups (Ca?*,
PO4*, COs?", OH") and transformed the surface chemistry to provide site-specific
binding for Hg?*. The pHp. value of 8.054 indicated that the material surface was
positively charged under acidic conditions, but high removal efficiency was still
achieved by ion exchange and complexation with phosphate groups. The adsorption
performance was highly dependent on the operating parameters: the optimal pH range
was 5-7, adsorption equilibrium was quickly reached within 30 min, and removal
efficiencies consistently exceeded 90% even at high initial concentrations. Increasing the
adsorbent quality improved the performance, with an optimum at around 1.0-1.2 g.L%,
after which the performance reached a stable level. Regeneration experiments further
demonstrated that MOS retained significant adsorption capacity after several cycles,
confirming its stability and reusability. Overall, these findings emphasize that MOS
combines favorable surface chemistry with high adsorption efficiency, fast kinetics, and
good reusability, making it a promising low-cost and sustainable bioadsorbent for Hg?*
remediation in acid mine drainage. Its performance under various operating conditions
and its potential for utilization in aquaculture substrates promote its practical application
in the environment.
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LOAI BO THUY NGAN(II) TRONG NUGC THAI AXIT MO BANG
VAT LIEU HAP PHU SINH HOC TU VO HAU BIEN TINH

Lé Huynh Nhi!, Cao Phuong Anh?, Nguyén B4 Cuong®, Nguyén Thi Hoai Phuong?
'Khoa Héa — Ly K thudt, Truong Dai hoc Ky thudt Lé Quy Dén
2Trung tam Nhiét doi Viét — Nga

Tém tat: O nhidém thay ngan (Hg?*) trong nudc thai axit mé (AMD) van 1a mot van dé
mdi trudng nghiém trong, doi hoi cac giai phap xur 1y hiéu qua vé chi phi va bén viing. Trong
nghién ciru ndy, vo hau bién tinh bang phosphat (MOS) di dugc tong hop va danh gid nhu mot
chat hip phu sinh hoc gia ré dé loai bd Hg?". Két qua phan tich dic tinh d x4ac nhan su hinh
thanh thanh cong cac pha canxi phosphat chtta cdc nhom PO4*~ va OH™ hoat tinh, dong vai tro
1a cac vi tri lién két chinh véi thuy ngan. Cac thi nghiém hip phu theo mé cho thay sy hip thu
nhanh chéng, dat trang thai can bang trong vong 30 phut, v6i hiéu qua loai bo ludn trén 90% &
ndéng do ban dau tir 5-30 mg.L'l. Pham vi pH t6i wu duoc x4c dinh 13 5-7, noi su canh tranh
proton giam cho phép trao doi ion hiéu qua va tao phirc v&i cac nhom phosphat — cac didu kién
phti hop v6i AMD dugc trung hoa mot phan. Kha ning hp phu ting 1én theo liéu lugng MOS,
v6i pham vi t8i wu 14 1,0-1,5 g.L L. Céc thi nghiém t4i tao cho thdy MOS vAn giit dwoc hiéu suét
dang ké sau nhiéu chu ky hap phu-giai hap, cho thiy d6 6n dinh ciu truc t6t bat chap méi trudng
axit. Nhirng Kkét qua nay nhan manh MOS 132 mot chat hép phu sinh hoc déy trién vong, thiét
thue va bén vimng dé loai bo thuy ngan trong cac tmg dung xir Iy nudc thai axit mo.

Tir khéa: Hap phu thiy ngdn; vo hdau bién tinh; nhom chire bé mat; dong hoc hdp phu;
ddng nhiét hap phu.
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