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Abstract

Waste shells can be used to treat wastewater, e.g., livestock and poultry wastewater, containing
heavy metals. Shells can be crosslinked with organic compounds to synthesize hydrates with
improved adsorption efficiency, which is difficult to separate from wastewater. Percolation membrane
and composite adsorbent were prepared using PVA and oyster shell as the main materials to construct
a membrane-adsorbent coupled system for the treatment of wastewater with heavy metals. During
the treatment process with the coupled system, the adsorbent was not in direct contact with wastewater
and could be easily separated. Shell-based adsorbents were less prone to clumping and loss with fluent.
The removal of heavy metal ions by modified adsorbent material in the dynamic running method was
more than 20 times higher than that of unmodified shell material in the static method. This may be
attributed to the surface modification, which improved the surface lubricity of the adsorbent material,
coupled with the dynamic adsorption method, which avoided the occurrence of agglomeration
of the adsorbent material and enhanced the external mass transfer process of heavy metals to modified
adsorbents. The coupled system and dynamic running method have potential applications in treating
heavy metal contamination in fecal wastewater in remote rural areas.
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modification
Introduction expanded based on decentralized breeding by small-
scale households. In 2020, the scale rate of livestock and
As a large livestock and poultry breeding country, poultry breeding in China has already reached 67.5%.
China’s livestock breeding has gradually developed and Pig breeding is an important part of China’s livestock

and poultry breeding [1]. In recent years, pig breeding
has been further scaled up and industrialized [1, 2],
but the proportion of large-scale breeding of 10,000
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or more pigs per year is only approximately 18%, and
retail breeding still occupies an important proportion of
China’s pig breeding industry [2].

Heavy metals and antibiotics are widely added to
feedstuffs to promote the growth of pigs and prevent
diseases. The absorption rate of heavy metals and
antibiotics by livestock is low. Hogs can only absorb
10%-20% of Cu and Zn in feed, and 30%-90% of
antibiotics cannot be absorbed and metabolized by
animals [3, 4]. As a matter of course, a large number of
additives are excreted in feces and urine. In particular,
certain farmers running small- or medium-scale farms
with poor farming techniques and skills may actively
overuse heavy metals and antibiotics in the farming
process, resulting in high levels of pollutants in the
discharged manure and increasingly severe pollution
[5]. As heavy metals have the characteristics of low
migration, difficult degradation, easy enrichment,
and great harm, they may have adverse effects on the
ecological environment, the safety of livestock and
poultry products, human health, and other aspects [6].
Therefore, it is of great significance to actively prevent
and control heavy metal pollution in pig production.

Large-scale hog farms can control the amount of
feces production and pollutant concentration through
advanced breeding techniques, management models,
and supporting waste treatment facilities and equipment
[5]. This can, to a certain extent, solve the problems of
feces treatment and resource utilization. However, in
China’s vast rural areas, there are still many pig farmers
with small farm sizes ranging from a few dozen to
more than a few hundred heads [2]. The distribution
of farms in rural areas is relatively decentralized, and
it is difficult to connect the feces waste discharged to
a unified wastewater and waste treatment system for
centralized treatment. In some areas, farmers, either on
their initiative or at the request of the management, have
constructed a multi-stage sedimentation tank outside
the piggery, where solid-liquid separation is performed
after feces discharge. The sludge at the bottom of the
sedimentation tank is cleaned out and stockpiled in the
field or discharged as organic fertilizer into farmland
and surrounding waters, becoming one of the sources of
agricultural surface pollution.

Adsorption is one of the commonly used techniques
in the field of wastewater treatment, with the advantages
of simple operation, multiple sources of materials, wide
range of concentration applicability, and good effect
[6-9]. As known, activated carbon is widely used in
a variety of wastewater treatments [10], nano-silica
adsorbents can be used for pharmaceutical and dyeing
wastewater [11, 12], and modified shells can be used to
treat heavy metal pollutants [6, 13-15]. There are some
practical problems in the removal of heavy metals with
shell-based adsorbents from feces wastewater, especially
from small-scale retail breeding. For example, to
improve the treatment effect of the adsorbent on heavy
metals, the adsorbent is usually put into the wastewater
or fermented marsh liquid directly in the form of powder

or mixed with excrement. It is difficult to recover the
powder adsorbent from the fecal mixture after treatment
[6, 13, 14]. As a result, the adsorbent enters the soil and
water with feces, and there is a risk that the adsorbed
heavy metal pollutants will re-enter the environment.

Shellfish aquaculture is also well-developed in China
and generates a huge amount of waste shells every
year [16, 17]. The main component of shells is calcium
carbonate. Shell powder is a common natural adsorbent
material with a large specific surface area, high porosity,
low cost, and good treatment effect on heavy metals [7].
Shell powder after acid treatment, heat treatment, or
grinding treatment, partially changes the composition
of the shell, or shell structure, or makes the porosity-
specific surface area increase, improving the adsorption
capacity of shell powder on heavy metals [7, 14, 15,
18]. To maximize the adsorption effect of shell powder,
the adsorbent is usually used in the form of powder to
obtain a large surface area and surface energy, but shell
powder is easily lost with water flow and difficult to
recycle and reuse [6, 14]. In addition, shell powder tends
to clump in water, which reduces the adsorption effect.
Modification of shell powder to integrate shell powder
into polymeric materials, such as polyvinyl alcohol,
and polyethylenimine, as fillers is a viable solution to
these problems [6, 9, 19]. Therefore, waste shells can be
modified and prepared into organic-inorganic composite
adsorbents for the adsorption treatment of heavy metals
or dye-polluted wastewater.

In some coastal rural areas, there are large
quantities of discarded shells, even forming serious
solid waste pollution. These shells and the modified
products can be used as potential adsorption materials
for farming wastewater. However, if only adsorbents
and conventional adsorption methods are used to treat
wastewater generated by small-scale retail farming,
heavy metals in feces, as well as in digested wastewater
and sludge formed by feces fermentation, may re-enter
the surrounding water and soil environment. Therefore,
it is necessary to develop a new adsorption method
to solve the problem of heavy metal pollution in farm
wastewater from rural non-centralized discharges.
Using the new way, is it possible to remove heavy
metal pollutants from feces without directly adding
the prepared adsorbent to the feces? This would create
good conditions for the subsequent resource utilization
of the manure. In addition, the waste shells can also be
resourcefully utilized to a certain extent.

Material and Methods
Material

Copper chloride (purity: 99%), =zinc sulfate
(purity: 99.5%), chromium chloride (purity: 99%),
and sodium silicate (purity measured as Na,O, w%:
19.3-22.8%), PVA (hydrolysis degree: 88%; purity: 99%;
molecular weight: 140000 g mol™), were purchased
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from Sinopharm Chemical Reagent Co., Ltd., Shanghai, . (mg-mp)

. . W=—=x%x100%
China. Oyster shells were obtained from the seafood mg (1)

market in Qingdao, Shandong Province, China.

Preparation of the Adsorbent
and the Percolation Membrane

Oyster shells were first crushed with a hammer and
then washed. The washed crushed oyster shells are put
into the ball mill tank and processed for 6 hours. The
oyster shell powders (OSP hereafter) were then oven-
dried at 70°C to constant weight and stored at room
temperature for further use.

A certain amount of PVA was soaked in deionized
water for 24 hours, then stirred and heated at 90°C for
dissolution. After the dissolving of PVA and naturally
cooling, deionized water was added to make a 5 wt%
PVA solution. Quantified OSP and sodium silicate were
added into the PVA solution, which was then vigorously
stirred at 90°C for 2 hours. After that, the mixtures
were continuously stirred at room temperature for two
hours and cooled. The mixture was left to stand, and
solid-liquid separation occurred. The lower solid layer
was modified shell powder (MOSP hereafter). The
supernatant was poured into Teflon Petri dishes and
dried at 40°C for 24 hours to obtain the percolation
membrane (PM hereafter).

Static and Dynamic Adsorption Experiments
with Membrane-Adsorbent System

A certain amount of OSP and MOSP were sealed
separately in PM to form an ‘outer PM bag-inner
adsorbent’ structure for following static adsorption
experiments. In addition to the PM bag, the PM obtained
from the supernatant was also made into fine tubes for
dynamic adsorption experiments. Pollution solutions,
which were used to simulate wastewater contaminated
with heavy metals (e.g. fecal effluent from livestock
farming), were prepared with CuCl, and ZnSO,.
The OSP, the MOSP, and the outer PM (including bags
and tubes) were collected separately at 7 different time
points over 12 hours. The collected materials were
soaked with hydrochloric acid to extract the heavy metal
pollutants, which were used to analyze heavy metal
concentrations and adsorption effects, and the associated
changes in adsorption data were fitted to different kinetic
models. The ion concentrations were measured by ICP-
OES (OPTMAS8000DV, PerkinElmer, Inc. USA). The
water absorption rate () of the PM was also measured,
as PM has a good water absorption capacity that may
affect the adsorption process. A certain mass of dried
PM sample (mass was recorded as m,) was plunged
into deionized water, removed from water at certain
intervals, the surface water was dried, and the sample
mass (m) was measured. The Equation for calculating
the water absorption rate is shown below:

Characterization of Adsorbents

The crystal structures data of the PM, the OSP, and
the MOSP were collected by an X-ray diffractometer
(TD-3700, Dandong Tongda Science & Technology
Co., Ltd., China) with the scanning range 26 = 10-80°
and the scanning increment of 0.02°. The chemical
structures of the samples were scanned by an FT-IR
spectrometer (Nicolet isl0, Thermo, the USA), with
frequencies ranging from 400 cm™ to 4000 cm™. The
surface morphologies of the adsorption materials and
membranes were determined using a Field Emission
Scanning Electron Microscope (Gemini 500, Carl Zeiss
Microscopy Deutschland GmbH, Germany).

Results and Discussion
XRD Analysis

The diffraction pattern of the pure PVA (Fig. 1(a))
indicates diffraction bands around 20 = 19.6° and 40.7°,
representing reflections from (101) and (111) [20]. It is
obvious from the XRD figures of PM (Fig. 1(b)) that
the relative intensities and areas of two characteristic
peaks of the PVA decreased after the embedding of
the OSP particles in the PVA matrix. The features
clarify a decrease in the crystalline phase of the PVA
matrix, implying that the reaction was likely to occur
in the hydroxyl groups of PVA. The XRD spectra of
the OSP (Fig. 1(c)) clearly show that these samples were
mainly composed of calcite, reflected by the diffraction
peaks assigned to the (012), (104), (110), (113), (202),
(018), and (116) crystallographic planes of calcite,
respectively [15]. The XRD pattern for the MOSP (Fig.
1(d)) is similar to that of the OSP, but there are some
differences in diffraction intensities and positions of
the characteristic peaks. Compared to the OSP, a new
small peak appeared in the MOSP around 26=19.9°
corresponding to reflections from (101), which might
be related to the incorporation of the hydroxyl group.
Main peaks assigned to calcium silicate hydrate were
observed around 20 = 29.9° (110), 32.0° (200), and 49.0°
(020), respectively [19].

FT-IR Analysis

Changes in the chemical interaction between the
components of the modified materials can be initially
investigated by FT-IR spectrometer. For the pure PVA
(Fig. 2(a)), the wide and intense band between 3000 to
3600 cm' was observed, which corresponded to the
existence of a hydroxyl group with intra- and inter-
molecular hydrogen bonding in the PVA chain [21, 22].
The OSP is mainly composed of calcium carbonate
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Fig. 1. XRD patterns of (a) the pure PVA, (b) the PM, (c) the OSP, and (d) the MOSP.

in the form of calcite with observed characteristic
peaks in Fig. 2(c) centering at 712 (in-plane bending),
873 (out-of-plane bending), and 1405 cm™ (asymmetric
stretching), corresponding different stretching vibration
peaks of O-C-O, respectively [23, 24]. From the
spectra of the PM, new peaks appeared around 2517
(hydrogen-bonded O-H stretch), 2159 (C=C stretch),
and 1560 (-COO stretch) cm™ in the PM (Fig. 2(a) and
2(b)). Moreover, the new peaks around 1977 and 2031
cm’' were a quartz matrix signature, indicating the
SiO, combination band [25-27]. The slightly broader
and more intense peak at 1405 cm’, referring to the
vibration modes of CO32', was detected, which was
likely to be related to the attendance of the OSP particles
coated on the surface of the PVA (Figs. 2(b)). Compared
to the OSP, the three characteristic peaks of the calcite
in the MOSP shrank significantly (Figs. 2(c) and 2(d)).
After modification treatment, some new strong peaks
appeared in the MOSP, as illustrated in Fig. 2(d). The
MOSP displays new adsorption bands at 1000-1156 cm™
(silicate Si-O stretching), which may be related to the
formation of new functional -Si-O-Ca- group [27]. The
formation of a hydrated calcium silicate structure has
excellent cation exchange capacity, which is conducive
to the removal of heavy metal ions. The absorption
peaks from 2984 to 3680 cm™' represent the hydroxyl
group (O-H, stretching vibration) and silanol groups (Si-
OH) mostly located at the surface of the OSP particles,
suggesting the combination of the hydroxyl group with
the OSP [28]. The new peak at 2917 cm™', assigned to
the C-H stretching vibration, the new peak at 1648 cm ™,
attributed to the C-C group based on intra- and inter-
molecular hydrogen bonding with the adjacent O-H

group, and the new peak at 1556 cm™ [25], associated
with the stretching vibrations of -COO~ [27], were
observed clearly. Those changes indicate that the OSP
and the PVA were successfully crosslinked.

SEM Analysis

The microstructures of the OSP and the

modified MOSP are significantly different in shape
and size of the observed parts (Fig. 3(a) and 3(b)). The
natural oyster shells are mainly composed of a large
number of prismatic layers (Fig. 3(a)). The OSP used in
the experiments was obtained by ball mill pulverization,
and thus both distinct rhombic and rounded portions
were present, forming an uneven composite surface
structure (Fig. 3(a)). After surface modification to
obtain the MOSP, the outer layer presents a reduced
overall particle size and some pores could be observed
(Fig. 3(b)). The adsorption capacity of heavy metal
ions is relatively low due to the fact that OSP tends to
accumulate together, thus preventing the full exchange
of heavy metal ions and Ca*. The stacking of flexible
organic components on the OSP surface by cross-linking
indicates that the OSP material was well modified and
might change the characteristics of the OSP, such as
water absorption, wettability, and aggregation. Heavy
metal ions could pass through the pores on the surface
of the organic components, which greatly increases
the contact opportunities with Ca?* and ultimately
improves the adsorption capacity of the composites
for heavy metal ions [14]. On the PM surface, some
prismatic OSP particles were deposited (Fig. 3(c)),
which might cover some small voids [19]. Due to the
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Fig. 2. FT-IR spectra of (a) the pure PVA, (b) the PM, (c) the OSP, and (d) the MOSP.

Fig. 3. The SEM micrographs of (a) the OSP, (b) the MOSP, (c) the PM before adsorption, and (d) the PM after adsorption.

aggregation of particles, some larger pores were created
[19]. After adsorption occurred, some heavy metal ions
were deposited on the OSP particles on the membrane
surface, which changed the appearance and shape of
the particles (Fig. 3(d)). In addition, the membrane
deformed after absorbing water, and the channel pores
on the membrane surface deformed as well (Fig. 3(d)).

Adsorption Kinetics and Mechanism

Adsorption is one of the most important methods for
eliminating heavy metals from water/wastewater [7, 29].
The adsorption kinetic can provide a theoretical basis
for adsorption reaction pathways to help understand
the relevant adsorption mechanisms [30, 31]. The
equilibrium adsorption processes are described by the
pseudo-first-order (Equation 2), pseudo-second-order
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kinetics (Equation 3), Elovich (Equation 4), and
intraparticle diffusion models (Equation 5) as follows:

qt:qe(l'e-kl t) ()
_ totag
9 L+kotq, 3)
1
thZln(lJrabt) 4
1
q=kietc 5)

where ¢_ and g, refer to the amount of heavy metal ions

adsorbed (mg g') at equilibrium and time t (min),

respectively; & (min™), k, (g mg' min') and ki
1

(g mg" min2) represent the pseudo-first-order, pseudo-
second-order, and intraparticle diffusion rate constants,
respectively; a is the initial adsorption rate constant of
the Elovich model (mg g! h'); b is the Elovich constant
(g mg"); and ¢ is the intercept [9, 30, 31]. Software
Origin (Originlab Corporation, Massachusetts, the USA)
was used for figure plotting and curve fitting to get each

parameter value.

If powdered adsorbents with a large specific surface
area, such as shell powder, are added directly to the
wastewater treatment system, it can easily lead to the loss
of the adsorption materials [6, 14]. There are many ways
to solve the problem of adsorbent loss, such as preparing
the adsorbent material as nanofiber material or filling the
adsorbent material to make a nanocomposite membrane
[20, 32, 33]. The solution proposed in this study is to
use the PM with good water absorption properties to
encapsulate different adsorbents, and to conduct the
adsorption process in different ways. The pollutants
should first pass through the percolation membrane
before coming into contact with the adsorbents for an
adsorption reaction. It could be deduced that 1) the
outer membrane PM could interact with heavy metal
ions in the aquatic environment, 2) the physicochemical
properties of the OSP and the MOSP (e.g. specific
surface area, surface chemical composition, surface
morphology, etc.) may influence the adsorption process,
and 3) the between/external/internal mass transfer
process involving both the PM and adsorption materials
could affect the adsorption rate of heavy metal ions onto
the adsorbents.

Before the heavy metal ions came into contact with
the mobile adsorption materials inside the membranes,
i.e. the OSP and the MOSP, they first passed through
the membrane PM. It should be noted that some of the
cationic ions would be trapped before passing through
the PM due to the deposition and/or cross-linking of
the OSP particles on the surface of the PM (Fig. 3(c)
and 3(d)). As shown in Fig. 4, the PM had a high water

absorption capacity. Water absorption increased rapidly
during about the first 100 minutes and then gradually
reached saturation (Fig. 4). The adsorption of Cu?*" and
Zn?" in the PM increased in the pre-adsorption period,
then gradually decreased, and finally reached a certain
equilibrium (Fig. 4). In the dynamic adsorption process,
the accumulation rate of heavy metal ions in the PM was
higher than that in the static adsorption process (Fig. 4).
The increase in the concentration of heavy metal ions
in the PM within a certain time range was likely to be
related to the water absorption and adsorption running
method of the PM.

The parameters of kinetic models as well as the
correlation coefficients (R?) values of the OSP and the
MOSP are presented in Table 1. Overall, the adsorption
capacity of the adsorbent materials (the OSP and the
MOSP) as well as the PM for copper were all slightly
stronger than that for zinc (Table 1; Fig. 4, 5, and 6).
In addition, the MOSP showed a stronger adsorption
capacity for heavy metals than the OSP (Table 1; Fig. 4,
5, and 6). In the pseudo-first-order model, the pseudo-
second-order model, and the intraparticle diffusion
model, the higher the rate constant k, the faster the
adsorption rate of heavy metal ions. The R? values of
the MOSP of the pseudo-second-order model are higher
than those of the pseudo-first-order model (Table 1),
suggesting the fact that the pseudo-second-order model
could predict the adsorption behaviors better throughout
the whole process with those adsorbents. As the common
empirical models, the pseudo-first-order and pseudo-
second-order kinetic models can often be used to model
the entire system and assume a constant concentration
of adsorbate in solution in a heterogeneous system [30,
31]. The constant concentration is of course only an
approximation since the concentration of adsorbate in
solution decreases as the amount adsorbed decreases.
The pseudo-first-order kinetic model is related to
the adsorption process being only dependent on the
adsorbate concentration-diffusion-controlled process
[34]. The pseudo-second-order kinetic model can fit
a large amount of kinetic data from different systems,
and the model is independent of the specific adsorption
mechanism [31].

Comparing the pseudo-first-order model as well as
the pseudo-second-order model with the Elovich model,
it is found that the R* values of the Elovich model were
greater than those of the kinetic models in the dynamic
adsorption process (Table 1). The Elovich model,
commonly used to describe the surface chemisorption
process of inhomogeneous adsorbents [30, 31], fits the
dynamic adsorption data better than the pseudo model.
The model assumes that the adsorption rate decreases
over time due to increasing surface coverage and is
applicable far from equilibrium [10].

By combining the continuous or segmented fitting
curves of the above four kinetic models as well as
relevant parameters, it is obtained that the adsorption of
both Cu*" and Zn*" by the OSP and the MOSP through
static and dynamic adsorption seemed to involve
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Fig. 4. Shown in the left Y-axis, the adsorption kinetics of Cu®* (a) and Zn>" (b) by the PM with the OSP (black square) and the MOSP
(black dot), respectively, as well as the fitting curves of static adsorption (green dashed line) and dynamic adsorption (blue dotted line).

Shown in the right Y-axis is water absorption of the PM (red triangle).

different steps. In the static adsorption processes, the
q, of the OSP increased rapidly in the first 60 minutes,
while the MOSP increased faster in the first 120 minutes
(Table 1; Fig. 6). For dynamic adsorption, on the other
hand, the adsorption rates of heavy metal ions by the
adsorbent materials were faster in the first 120 minutes
(Table 1; Fig. 6). Furthermore, the a values of the MOSP
obtained by the Elovich model fitting are marginally
higher than those of the OSP, and the a values of the
dynamic adsorption are much larger than those of the
static adsorption (Table 1), confirming that the MOSP
had a relatively faster initial adsorption rate than
the OSP, and the dynamic method was able to promote
the adsorption process.

In static adsorption, the membrane PM and the
adsorbent (i.e. the OSP and the MOSP) could be
considered as a whole for the adsorption reaction
because they are bound together. The overall adsorption
process involved not only rate-limited chemisorption
processes, such as interactions between the adsorbent
and the adsorbent, electron sharing, or substitution, but
also diffusion of the adsorbent through the permeable
membrane and into the interior of the adsorbent [13].
The concentration of heavy metal ions entering the
membrane at the beginning of the adsorption process
increased rapidly with the rapid water uptake by the
membrane, which might be related to the hydroxyl group
with hydrophilicity in the PM. However, the shell powder
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is liable to agglomerate and precipitate, which might
hinder the diffusion of heavy metal ions to the surface
of the adsorbent and the subsequent ion exchange [13,
14]. As a result, the adsorption capacity for Cu** and Zn**
is relatively low when using the OSP. The dispersibility
and hydrophilicity of the MOSP obtained by surface
modification of the OSP were greatly increased, which
improved the chance of an encounter between Ca®* and
the target ions, and ultimately increased the adsorption
of Cu** and Zn?* in the composites. In most adsorption
processes, the adsorption reaction on the active site is
relatively fast, and external/internal diffusion becomes
the rate-controlling factor [30]. The pseudo models are
generally used to discuss adsorption steps on the active
site, while the intraparticle model is used for considering
internal diffusion [35]. The kinetic models clearly
illustrate that the adsorption processes of each heavy
metal ion by different adsorbents have distinct stages,
especially the intraparticle model. In the static adsorption,
the rapid adsorption phase was relatively short. The shell
powder agglomerates formed contained a large number
of particles that did not undergo an adsorption reaction.
However, the process of pollutant ions entering the
interior structure of the agglomerates by diffusion was
blocked, thus the external particle mass transfer began to
slow down to gradually reach adsorption equilibrium.

When dynamic adsorption was performed, the
adsorbent material circulated inside the membrane
tube, and the heavy metal ions likewise passed through
the PM membrane and came into contact with the
adsorbent. As the adsorption materials underwent
cyclic flow inside the membrane tube, the aggregation
extent of the OSP decreased under mutual collision,
and the chance of heavy metal ions meeting with the
adsorbents was greatly increased. Therefore, the OSP
could better perform the adsorption effect. A similar
situation occurred with the MOSP. It can be explained
that the dynamic running method facilitated the process
of external substance mass transfer of pollutants to
the adsorbent surface. The external mass transfer step
plays an important role in the adsorption of pollutants
on microplastics, especially for the MOSP particles with
hydrate cover. Consideration from other perspectives,
according to Bernoulli’s principle, the flow of adsorbent
inside the membrane tube led to a pressure drop, which
might promote the mass transfer process of water and
heavy metal ions through the PM. Compared with static
adsorption, the OSP and the MOSP could provide better
contact with target ions during dynamic adsorption and
fully realize the adsorption effect. In other words, the
OSP and the MOSP used in this study were far from
saturated with adsorption, which may be the reason why
the Elovich model is better applied.

Conclusions

In this study, a dynamic utilization method based
on the modified adsorption material from waste shells

was developed, which provides a feasible way for the
application of oyster shell wastes for the remediation
of heavy metal pollution in rural livestock and poultry
wastewater. Fourier transform infrared spectroscopy
(FT-IR), X-ray diffraction (XRD), and Scanning Electron
Microscope (SEM) analyses showed that the modified
adsorbent was successfully prepared. The results showed
that the removal efficiency of heavy metal ions by the
modified adsorbent material in the dynamic mode of
operation was more than twenty times higher than that of
the unmodified shell material in the static mode. This may
be because surface modification improved the surface
lubricity of the adsorbent material and, together with the
dynamic adsorption method, avoided the occurrence of
agglomeration of the adsorption material and enhanced
the external mass transfer process. It should be noted
that dynamic and static treatment methods can be used
in conjunction with each other, e.g. dynamic treatment
is a good choice when rapid treatment is required, but
static adsorption can be used in the substrate for long-
term treatment. In this study, the adsorbent material was
collected directly to test the adsorption capacity, instead
of calculating the amount of adsorption by the traditional
way of collecting the supernatant. The reason for this
approach is that the membranes and modified materials
used have certain water absorption and the dynamic
operation method also causes water and heavy metal ions
to pass through the percolation membrane at different
rates, and the results obtained by taking the supernatant
directly are less accurate. Therefore, adsorption kinetics
were not calculated in this study, which is an important
issue to be addressed in future studies. Overall, the use
of adsorbent materials made from oyster shell waste and
dynamically operated adsorption as a cheap and easy-
to-use treatment method shows the possibility of solving
heavy metal pollution in livestock wastewater.
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