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A B S T R A C T

Groundwater contaminated by arsenic (As) presents an increasingly important challenge in many countries 
throughout the world because of the danger it poses to the health of humans, flora and fauna. The main challenge 
in research on removing As from groundwater is the need to test under several experimental conditions to 
optimise the parameters for adsorption column studies. This study aims to develop a robust mathematical model 
that enhances the operational conditions of dynamic adsorption columns based on limited laboratory experi
mental data. In this study, after batch experiments, two columns experiment with a synthesized layered double 
hydroxide (Mn/Mg/Fe-LDH) adsorbent were applied to investigate the adsorbent’s performance in removing As 
ions, specifically As(III) and As(V), from synthetic water. Using the same experimental conditions (filtration rate 
0.75 m/h, bed height 0.09 m, and inlet As concentration 0.33 mg/L), the exhaustion time for Mn/Mg/Fe-LDH in 
the removal of As(III) amounted to 280 days, which was longer than 180 days for As(V). The dynamic adsorption 
column model, which utilized the pore diffusion model (PDM) in conjunction with the Sips equation parameters, 
effectively simulated the breakthrough curves from the column experiments. The breakthrough curves were 
successfully simulated for a range of adsorption conditions such as bed height of 0.045–0.135 m, filtration rate of 
0.75–1.25 m/h, and initial As(V) concentration of 0.033–3.333 mg/L. Characterization of the Mn/Mg/Fe-LDH 
adsorbent before and after the adsorption process indicated that the main mechanisms for As(III) and As(V) 
removal included oxidation-couples adsorption and reduction-coupled oxidation, respectively.

1. Introduction

Arsenic (As) is recognized as a significant groundwater contaminant 
worldwide. Its occurrence in water bodies is attributed to both natural 
processes and human activities including geological weathering and 
volcanic activity, industrial practices (mining and non-ferrous metal 
smelting), and agricultural activities (developing and using pesticides, 
herbicides, insecticides) (Kim et al., 2012; Smedley and Kinniburgh, 
2002). According to reports by (Siddiqui and Chaudhry, 2017), in nat
ural water bodies, two inorganic species of As (As(V) and As(III)) have 
been reported as the most common toxic form. As(III) is considerably 
more dangerous and mobile than As(V) (Smedley and Kinniburgh, 

2002). The health risks associated with long-term contact with 
As-contaminated water are severe and well-documented. Prolonged 
consumption of such water can lead to numerous health problems, 
including skin diseases, tissue damage, and a heightened risk of various 
cancers (Jain and Chandramani, 2018). There is consequently a pressing 
need to effectively remove As from contaminated groundwater to ensure 
that communities have safe drinking water.

Several advanced and conventional treatment methods have been 
started and utilized to effectively remove As from aqueous environments 
(Singh et al., 2021; Weerasundara et al., 2021). The key technologies 
include adsorption, oxidation, phytoremediation, coagulation- 
flocculation, membrane filtration and ion exchange. Of these 
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technologies, adsorption is frequently considered the most effective 
option for decentralized water treatment systems because of its 
simplicity, inexpensiveness, straightforward design, ease of operation, 
and low waste production and maintenance requirements (Nguyen 
et al., 2020). Until now, various adsorbents have been explored for their 
capacity to adsorb As from aqueous solutions (Lata and Samadder, 2016; 
Nguyen et al., 2020; Pena et al., 2005). Among the publicly known 
adsorbents, layer double hydroxides (LDHs), referred to as a 
hydrotalcite-like adsorbent or synthesized clay, have proven to be 
particularly effective in removing As from the aqueous environment 
(Asiabi et al., 2017; Tran et al., 2019; Wang et al., 2018).

One of the LDHs’s properties is the different ionic layers it contains 
and these help this adsorbent to exhibit high and versatile adsorption 
capacity. They include the brucite-like layers with a positive charge and 
the interlayer region containing anions with a negative charge, sug
gesting that it can effectively remove both cationic and anionic ions. Our 
previous study noted that a novel layered double hydroxide, designated 
as Mn/Mg/Fe-LDH, was created by the simple co-precipitation method 
derived from three inorganic salts: magnesium nitrate (Mg(NO3)2), 
manganese nitrate (Mn(NO3)2), and iron nitrate (Fe(NO3)3) (Nguyen 
et al., 2022). The synthesized Mn/Mg/Fe-LDH demonstrated a highly 
effective capacity for adsorbing both As(III) and As(V) ions (Nguyen 
et al., 2022). The Langmuir maximum adsorption capacity (Qmax) of 
Mn/Mg/Fe-LDH conducted at pH 7.0 and 25◦C to As ions (As(III) at 
56.1 mg/g; As(V) at 32.2 mg/g), was noticeably greater than the values 
of other adsorbents documented in the literature (Kalaruban et al., 2019; 
Lin et al., 2017; Nguyen et al., 2020; Nguyen et al., 2020).

Investigating the performance of Mn/Mg/Fe-LDH in fixed-bed col
umn adsorption of As ions is very important because such experiments 
are conducted under dynamic conditions and generate useful informa
tion for practical applications. Examples here are the behavior of 
breakthrough curves and treatment performance statistics, which are 
critical for system design for the purpose of real-world applications. 
Thus, in this study, after batch experiments, two columns packed with 
Mn/Mg/Fe-LDH materials were employed to adsorb both As species [As 
(V) and As(III)] from synthetic water under dynamic conditions. 
Adsorption column experiments need to be executed under various 
operational scenarios to establish what are the best operational pa
rameters for desired performance. This means in effect, utilizing more 
time at great expense.

Simulating As removal through theoretical adsorption modelling to 
evaluate and optimize the expected performance of Mn/Mg/Fe-LDH in 
both batch and column adsorption tests is considered a useful and cost- 
effective approach. This is because theoretical modelling helps re
searchers reduce the number of experiments that need to be run to 
adequately provide the model with the information required to identify 
the optimum conditions for a column adsorption test. Moreover, models 
can help researchers develop significant improvements in design for 
practical applications to be more cost-effective. In fact, a wide range of 
adsorption models have been developed to describe the behavior of 
adsorbents during the As adsorption process. Among these, the Lang
muir, Freundlich, pseudo-first-order and pseudo-second-order, and 
Thomas, Bohart–Adams, and Yoon–Nelson models are commonly used 
for analyzing adsorption equilibrium, predicting adsorption rates and 
mechanisms, and for analyzing the adsorbent’s behavior in fixed-bed 
adsorption systems, respectively (Asiabi et al., 2017; Luengo et al., 
2023; Nguyen et al., 2022; Samsuri et al., 2013; Vancea et al., 2023). 
Vancea et al. (2023) used these models to determine the adsorption 
behavior and mechanism of unconventional material with iron content 
in removing As. However, the conventional kinetic models like the 
pseudo-first-order and pseudo-second-order help describe adsorption 
rates. Nonetheless they often oversimplify real systems by ignoring 
simultaneous processes such as film diffusion or surface reactions. 
Similarly, fixed-bed models like Thomas, Bohart–Adams, and 
Yoon–Nelson are easy to apply but rely on ideal assumptions, making 
them less accurate under varying conditions (initial concentration, flow 

rate, and bed height of column).
In contrast, the pore diffusion model (PDM) offers greater flexibility, 

as parameters like film mass transfer and pore diffusion coefficients - 
once determined – can serve to predict system performance under 
different concentrations and flow rates, reducing the need for repeated 
experiments. Despite the potential benefits of PDM models, it is worth 
noting that only a few studies applied the PDM model to determine and 
predict the performance of LDHs adsorbents for As removal under dy
namic conditions (Lu et al., 2015). Moreover, there is a significant lack 
of studies that employ this mathematical model for analyzing the 
breakthrough curves of an adsorbent and the adsorbent’s behavior in 
removing of both As(III) and As(V) in column adsorption tests. In light of 
this discrepancy, the present study seeks to apply a mathematical model, 
namely PDM, that simulates As removal from aqueous environments 
using Mn/Mg/Fe-LDH calibrated with results from a limited number of 
laboratory experiments.

2. Materials and methods

2.1. Materials and chemicals

Mn/Mg/Fe-LDH was prepared via the co-precipitation method using 
a metal molar ratio of 1:1:1. A solution containing 0.04 mol of Mn 
(NO3)2, Mg(NO3)2•6H2O and Fe(NO3)3•9H2O in 60 mL was added 
dropwise to another 60 mL solution consisting of 0.022 mol of Na2CO3 
and 0.336 mol of NaOH and subjected to continuous stirring (Nguyen 
et al., 2022). The mixture was subsequently aged at a controlled tem
perature of 45◦C for 3 h while maintaining pH 12 ± 0.2 so that the 
required precipitates could be obtained. The precipitated powder was 
filtered to isolate it from the mixture solution and thoroughly washed 
with DI-water when the pH of filtrated solution approached 7.0. 
Following this, the resultant substance was dried in an oven for 48 h at 
80 ◦C before being transferred to an airtight container for storage.

2.2. Adsorption experiments

2.2.1. Equilibrium study
Adsorption isotherm analyses were conducted with initial As(V) and 

As(III) concentrations of 0–270 mg/L maintaining an initial pH of 
7 ± 0.2, a temperature of 25 ◦C and adsorbent dosage of 0.5 g/L. These 
experiments were performed in triplicate, and the mean values with 
standard deviations are reported in Figs. 1 and 2. After 24 h shaking, the 
equilibrium adsorption capacity of Mn/Mg/Fe-LDH, can be computed as 
follows: 

Qe =
V(Ci − Ce)

m
(1) 

where: Qe represents the amount of As adsorbed onto adsorbent (mg/g); 
m represents the mass of used adsorbent (g); Ci and Ce represent As(V) 
and As(III) concentrations at initial and equilibrium conditions (mg/L), 
respectively; and V represents the total volume of As(V) or As(III) so
lutions (L). Sips adsorption isotherm equation served to characterize the 
adsorption process (Kim et al., 2015) and is written as follows: 

Sips equation : Qe =
QmbCe

1/n

(1 + bCe
1/n)

(2) 

where, Qe represents the Mn/Mg/Fe-LDH capacity to adsorb As at 
equilibrium conditions (mg/g) and Qm represents the Sips maximum 
removal capacity (mg/g). In the Sips isotherm model, the parameter b is 
a constant (L/mg) that reflects the binding sites’ affinity, while the 
parameter dimension-less 1/n refers to the surface heterogeneity.

2.2.2. Kinetic study
Kinetic batch experiments were undertaken at various time intervals 

in the 1–1440 mins range, using initial concentrations of As(V) 
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(74.35 mg/L) and As(III) (70.47 mg/L). The experiments were under
taken at room temperature and at pH = 7 ± 0.2 and a solid-to-liquid 
ratio of 0.5 g/L was used. Similarly, with the equilibrium adsorption, 
experiments were conducted in triplicate, and the results were shown as 
mean values with error bars. Kinetic adsorption parameters were 
examined using the pore diffusion model (PDM). The absorbate mass 
transfer equations used in PDM are described below and they are based 
on the subsequent presumptions (Ponnusami et al., 2010): 

i) The adsorbent particle is globular.
ii) The work solution is diluted and in local equilibrium state.

iii) The adsorption operates isothermally.

εp
∂Cp

∂t
+ ρp

∂Q
∂t

=
εp

r2
∂
∂r
(r2Dp

∂Cp

∂r
) (3) 

kf (C − Cs) = εpDp
∂Cp

∂r
atr = Rp (4) 

∂Cp

∂r
= 0atr = 0 (5) 

Cp = Cp0, q = q0att = 0 (6) 

While the pore diffusion model (PDM) was selected for its suitability 
in capturing intraparticle diffusion mechanisms, the comparative 
modeling with alternative approaches (e.g., LDFA or surface diffusion 
models) may offer additional insights. Future studies will explore such 

comparisons to further validate and refine the model’s robustness.

2.3. Characterization of adsorbent

The scanning electron microscope (SEM) integrated with energy- 
dispersive X-ray spectroscopy (EDS) helped to establish the adsor
bent’s morphology and main elements using Quanta-650 machine. The 
X-ray Diffractometer (XRD) and Fourier transform infrared spectrometer 
(FTIR) were employed to detect the adsorbent’s crystalline structure and 
primary functional groups existing on the external surface of adsorbents, 
using Rigaku MiniFlex 600 and Jasco-4600 machines, respectively.

2.4. Column study

Column adsorption studies employed four glass columns with a total 
height of 0.11 m and an inner radius of 4.5 mm. These columns were 
tested to evaluate the adsorption behavior of both As ions under 
controlled and consistent experimental conditions. Master flex L/S at a 
steady 0.75 m/h filtration rate pumped the 0.33 mg/L feed solution in 
upward flow modus through a vertical column. The bed-column was 
filled with 5 g of Mn/Mg/Fe LDH which achieved a bed height of 
0.09 m. The acrylic beads and cotton balls of 1.0 mm were then posi
tioned at the bottom and top of the column to retain the packed 
adsorbent intact.

The column adsorption experiments were carried out over an 
extensive period lasting 320 days. Effluent samples were taken for 
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Fig. 1. Adsorption isotherm modeling for As(V) and As(III) adsorption onto Mn/Mg/Fe-LDH.

Fig. 2. Kinetic adsorption and prediction curves by PDM on Mn/Mg/Fe-LDH.
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weekly monitoring until the As concentration returned to the initial 
level. Then - using 0.45 µm filters - the samples were filtered, and the 
resulting effluents were examined for As via an inductively coupled 
plasma mass spectrometry (ICPMS-NexION 2000, US).

Three models, namely Bohart-Adams, Thomas and Yoon-Nelson, can 
describe adsorption behavior in the fixed-bed system and their 
simplicity explains their widespread usage (Brion-Roby et al., 2018; 
Chu, 2020). Despite the fact that they fit well with breakthrough curves 
observed in a column, when it runs out from the asymptotic limit, what 
becomes more important is the mass transfer control and axial disper
sion. Much effort is required to calibrate the model parameters for dy
namic models, for instance the mass transfer model and dispersed plug 
flow model (Inglezakis et al., 2018). According to Cruz-Olivares et al. 
(2013), for this reason, it is appropriate to simulate a fixed-bed experi
ment loaded with Mn/Mg/Fe-LDH when assuming the following: 

i) The column system operates under isothermal conditions.
ii) The Mn/Mg/Fe-LDH adsorbent is sphere-shaped and homoge

neously filled in the column.
iii) The adsorbent is characterized by homogenous pore size distri

bution and having a uniform pore structure.
iv) Radial concentration gradients are considered negligible.
v) The physical characteristics of fluid utilized in the fixed-bed 

column are constant.
vi) The flow pattern is a distributed plug flow moving at a steady 

linear pace.
vii) The gradient of the concentration inside the particle echoes the 

parabolic shape.

PDM is the column model employed and it originates from the energy 
equation and mass balance. A two-dimensional PDM model can estimate 
the spread of the breakthrough curve. The model is referred to as two- 
dimensional due to its treatment of both axial transport in the packed 
bed and radial diffusion within the adsorbent particles, consistent with 
intraparticle mass transfer representations. The global mass balance of 
axial dispersed plug flow is described by the following (García-Mateos 
et al., 2015): 

− DL
∂2C
∂z2 +

∂(vC)
∂z

+
∂C
∂t

+

(
1 − ε

ε

)
∂q
∂t

= 0 (7) 

where, ε is the porosity of column, v denotes the fluid superficial speed, 
C represents As(V) concentration (mg/L), and DL stands for the axial 
dispersion coefficient (m2/s).

The conditions of initial and boundary are (Lin et al., 2017; Sulay
mon et al., 2009): 

C = C0, z = 0, t = 0                                                                       (8)

C = 0, 0 < z ≤ L, t = 0                                                                   (9)

DL
∂C
∂z

= − v(C0 − C), z = 0, t > 0 (10) 

∂C
∂z

= 0, z = L, t ≥ 0 (11) 

where L represents the column length (m).
According to Aguilera and Gutiérrez Ortiz (2016) and da Luz et al. 

(2018) the external film mass transfer coefficient (kf) was estimated as 
follows: 

kf =
Dm

2Rp
(2.0+ 1.1Re0.6Sc0.33) (12) 

Re =
2RPvsρf

μ (13) 

Sc =
μ

Dmρf
(14) 

where, Sc is the Schmidt number and Re is the Reynolds number. ρf , μ, 
and vs represent density, viscosity, and fluid superficial velocity, 
respectively. Dm, or molecular diffusivity was estimated as follows 
(Miyabe and Isogai, 2011): 

Dm = 7.4 × 10− 8(∅Mb)
0.5T

μVa
0.6 (15) 

where, Va is the solute’s molecular volume at its typical boiling tem
perature while T represents the temperature (K). Two parameters, ∅ and 
M, are the solvent and molecular weight-related parameters, respec
tively. Va is computed as follows (Gomaa et al., 2017): 

Va =
M
ρ −

(ρ − ρ0)

mρρ0
(16) 

where, m is the solute’s relative molar mass (kg/mol) and M is the solute 
molarity (mol/kg) of adsorbate. Meanwhile, ρ represents the solution’s 
densities (g/cm3) and ρ0 stands for the densities (g/cm3) of solvent.

3. Results and discussion

3.1. Batch adsorption studies

3.1.1. Equilibrium
Individual equilibrium adsorption experiments were conducted to 

assess the performance of the prepared Mn/Mg/Fe-LDH for adsorbing As 
(V) and As(III) ions. These experiments were carried out at 25 ± 1 ◦C 
and a constant pH of 7.0 ± 0.2 over a duration of 24 h. Although 
adsorption is a temperature-dependent process, this study focused on 
concentration-driven modeling under isothermal conditions. The model 
was designed to firstly validate concentration-dependent transport 
behavior, while future work will incorporate the temperature effects 
through thermodynamic parameter coupling. The Mn/Mg/Fe-LDH ex
hibits a heterogeneous surface (Section 3.2.1.2), making the Sips model 
suitable for analyzing its adsorption behavior. The Sips isotherm pa
rameters calculated from As adsorption process by Mn/Mg/Fe-LDH are 
listed in Table 1, which including both process of As(V) and As(III). The 
results revealed that the Sips isotherm model exhibited an excellent fit to 
the experimental data, as evidenced by the high R2 values (0.99) (Fig. 1). 
The respective maximum adsorption capacities of Mn/Mg/Fe-LDH for 
As(V) and As(III) were 42.88 and 66.55 mg/g. Notably, the adsorption 
capacity for As(III) was 35 % greater than that for As(V) when using Mn/ 
Mg/Fe-LDH. This trend agrees with findings reported in previous 
research (Guo et al., 2007; Kim et al., 2012; Martinson and Reddy, 2009; 
Samsuri et al., 2013). However, a contrasting trend was observed by 
Choong et al. (2021) and Bagherifam et al. (2014) using Mg/Fe-LDH 
modified with polymers and SO4

2--intercalated Zn/Al-LDH in removing 
As(V) and As(III). Their findings indicated that these LDH-based mate
rials demonstrated a higher adsorption capacity for As(V) compared to 
As(III). This discrepancy may be attributed to the different adsorption 

Table 1 
Sips isotherm constants of Mn/Mg/Fe-LDH for As(V) and As(III) adsorption.

Contaminant Parameter Unit Value

As(V) Qm mg/g 42.88
b L/mg 0.20
n ​ 1.92
R2 ​ 0.99

As(III) Qm mg/g 66.55
​ b L/mg 0.12
​ n ​ 1.48
​ R2 ​ 0.99
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mechanisms employed by LDH-based materials for removing As(V) and 
As(III). In this study, if anion exchange is the primary mechanism in the 
adsorption process, then Mn/Mg/Fe-LDH was expected to adsorb more 
As(V) anions than As(III) due to their exchange with host anions in the 
interlayer. However, the calculated maximum adsorption capacity (Qm) 
for As(III) is greater than that for As(V). This suggests that other pro
cesses, particularly inner-sphere complexation, could significantly 
contribute to the uptake of As(III) by Mn/Mg/Fe-LDH, beyond the 
simple mechanism of anion exchange when part of As(III) is oxidized to 
As(V).

3.1.2. Adsorption kinetics
Single component kinetic adsorption experiments were undertaken 

at pH = 7.0 ± 0.2, and at 25 ± 1◦C, with samples collected at various 
time intervals. The pore diffusion model (PDM) was applied to analyse 
the As(V) and As(III) kinetic adsorption. The Crank-Nicolson method 
was chosen to solve the differential equations associated with the PDM 
because it is stable and covers a broad spectrum of time and spatial 
discretization (Shirani et al., 2010).

The process of Mn/Mg/Fe-LDH adsorbing both As ions occurred 
within 2 h of the experiment’s commencement (Fig. 2). The PDM 
adsorption parameters are summarized in Table 2. The obtained film 
mass transfer coefficients (kf) for As(V) and As(III) were 4.00 × 10− 4 

and 5.00 × 10− 4, respectively. The values of Dp for both adsorbates were 
the same at 2.50 × 10− 8. As well, Fig. 2 illustrates the prediction curves 
under varying conditions, specifically different adsorbent doses vary 
from 0.50 to 1.00 g/L. Under these conditions the PDM successfully 
predicted the kinetic adsorption and as depicted in Fig. 2, the adsorption 
phenomenon can be estimated without conducting actual experiments. 
Unlike conventional empirical kinetic models (e.g., pseudo-first-order 
and pseudo-second-order), which are typically constrained to 
describing adsorption profiles over time under a single condition, the 
PDM enables broader prediction capabilities. Once parameters such as 
the film mass transfer coefficient (kf) and pore diffusion coefficient (Dp) 
are estimated from a base-case experimental dataset (e.g., at 0.5 g/L), 
they can be applied to simulate system performance under varying 
initial concentrations and flow rates. This transferability makes PDM 
particularly advantageous in modeling adsorption behavior without 
requiring extensive experimentation for every new scenario. These co
efficients would be used for the simulation of adsorption in the column 
experiment (Section 3.2.3). The coefficient of determination (R²) func
tioned as the primary metric for model fit assessment due to its clarity 
and widespread acceptance. The consistently high values obtained (R² =
0.99) across conditions indicate excellent agreement between the 
experimental and modeled data, supporting the model’s applicability. 
While additional error metrics (e.g., RMSE, χ²) could offer further 
insight, the predictive performance demonstrated across multiple sce
narios was deemed sufficient for this study.

3.2. Column adsorption studies

3.2.1. The properties of Mn/Mg/Fe-LDH

3.2.1.1. Crystal structure. After the column adsorption study, the 

structure’s information of both pristine and As-laden Mn/Mg/Fe-LDH 
were examined using X-ray powder diffraction (XRD) techniques. As 
shown in Fig. 3, there is a visible change in the crystalline structure of 
As-laden Mn/Mg/Fe-LDH adsorbent after both As(III) and As(V) column 
adsorption processes differentiated to the pristine Mn/Mg/Fe-LDH. 
Remarkable changes were observed at 11.68◦, 23.4◦, and 29.4◦. 
Firstly, the prominent diffraction peak observed at 29.4◦ was attributed 
to the forms of mineral nitrate (NaNO3) in the pristine Mn/Mg/Fe-LDH, 
which was absent in the arsenic-laden Mn/Mg/Fe-LDH. This finding 
agrees with observations made in our previous study (Nguyen et al., 
2022), where As-laden Mn/Mg/Fe-LDH was similarly analyzed after 
batch test. In the case of As(V)-laden Mn/Mg/Fe-LDH, the disappear
ance of the nitrate peak can be explained by the reaction between NO3

– 

and As(V) anions via the anion exchange mechanism. Interestingly, the 
crystalline structure of As(III)-laden Mn/Mg/Fe-LDH closely resembles 
that of the As(V)-laden Mn/Mg/Fe-LDH. This means that As(III) oxidizes 
to As(V) before anion exchange between host anions NO3

– and oxidized 
As(V) actually happens. Thus, the main mechanisms for removing As(III) 
using Mn/Mg/Fe-LDH were oxidation along with anion exchange, also 
known as oxidation coupled adsorption (Nguyen et al., 2022).

The presence of two peaks at 11.68◦ and 23.4◦ for the pristine 
adsorbent strongly suggests that Mn/Mg/Fe-LDH was successfully pre
pared using the process of co-precipitation from three commercial ni
trate salts, namely Mn, Mg, and Fe (Pavlovic et al., 2016; Zhang et al., 
2022). Yet, following the column adsorption the disappearance of these 
two diffraction peaks was recorded. This outcome indicates a significant 
alteration in the crystalline structure of Mn/Mg/Fe-LDH after the col
umn adsorption process. This finding is consistent with results which 
were reported in earlier batch adsorption studies (Nguyen et al., 2022). 
The results noted the loss of the original crystalline structure in 
arsenic-laden Mn/Mg/Fe-LDH adsorbents. Fig. 3 also shows that the 
exchanged As anions in the adsorbent’s interlayer space reacted with 
cations in the brucite-like layer (Fe), disfiguring the primeval structure 
of the adsorbent.

The remarkable similarity in the characterization of As-laden ad
sorbents after both column test and batch experiments suggests that the 
main mechanisms whereby Mn/Mg/Fe-LDH removed both As(V) and As 
(III) species were probably reduction-coupled adsorption and oxidation- 
coupled adsorption, respectively. Here, the reduction of As(V) to As(III) 

Table 2 
Kinetic parameters regarding As(V) and As(III) on Mn/Mg/Fe-LDH based on the 
PDM.

Adsorbate Parameters Value

As(V) kf, m/s 4.00 × 10− 4

Dp, m2/s1 2.50 × 10− 8

R2 0.99
As(III) kf, m/s 5.00 × 10− 4

Dp, m2/s1 2.50 × 10− 8

R2 0.99

Fig. 3. XRD pattern of (1) pristine Mn/Mg/Fe-LDH, (2) As-laden Mn/Mg/Fe- 
LDH after As(III) column adsorption test, and (3) As-laden Mn/Mg/Fe-LDH 
after As(V) column adsorption test.
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could have occurred. These findings, which align with our earlier 
research (Nguyen et al., 2022), highlight the complexity of the in
teractions between As species and the Mn/Mg/Fe-LDH structure. 
Consequently the dual roles of reduction and oxidation in enhancing 
adsorption efficiency are underscored. Moreover, a birnessite-type 
MnO2 was found in both pristine Mn/Mg/Fe-LDH and As-laden 
Mn/Mg/Fe-LDH adsorbents (a peak at approximately 36.2◦). The pres
ence of MnO2 in the LDH is also responsible for Mn/Mg/Fe-LDH 
removing As(V) and As(III) (Nguyen et al., 2022).

3.2.1.2. Surface functionality. FTIR analysis served to identify the pri
mary functional groups that exist on the surfaces of both pristine and As- 
loaded Mn/Mg/Fe-LDH. Several significant bands on the adsorbent 
surface are illustrated in Fig. 4, including the band at around 3430 cm–1 

(the OH groups), 594 cm–1 (the Fe–O groups), 420 cm–1 (the M–O and/ 
or M–OH groups; where M presents Mg, Mn, and Fe). Notably, a well- 
identified band at about 1384 cm− 1 has been credited to C––O over
lapping with N = O, which is derived from CO3

2– and NO3
– ions, respec

tively. These functional groups are representative of the host anions 
found in the interlayer areas of the pristine Mn/Mg/Fe-LDH surface. 
Notably, this peak vanished from the surface of As-laden Mn/Mg/Fe- 
LDH once the column adsorption process was completed. Strongly 
indicated by this disappearance is that the anion exchange mechanism 
between As ions and anions in the adsorbent’s interlayer regions is 
crucial for the effective uptake of As from aqueous environments by Mn/ 
Mg/Fe-LDH. This finding for surface functional group of As-laden Mn/ 
Mg/Fe-LDH after the column adsorption test is consistent with the batch 
experiment results concerning As-laden Mn/Mg/Fe-LDH (Nguyen et al., 
2022).

3.2.1.3. Surface morphology. The morphology and main elemental 
components of both pristine and As-laden Mn/Mg/Fe-LDH were exam
ined by SEM integrated with EDS (Fig. 5). As indicated in Fig. 5, the Mn/ 
Mg/Fe-LDH adsorbents revealed a heterogeneous surface. As expected, 
the EDS analysis further confirmed the presence of essential elements 
(Mn, Mg, and Fe) on the pristine surface of Mn/Mg/Fe-LDH. This data is 
consistent with the XRD data, suggesting that Mn/Mg/Fe-LDH was 
successfully prepared from three commercial reagents via the co- 
precipitation method. Moreover, the EDS data of As-laden Mn/Mg/Fe- 
LDH adsorbents after As(III) and As(V) adsorption confirmed the pres
ence of As, functioning as a significant component on As-laden Mn/Mg/ 
Fe-LDH. This means that As(III) and As(V) ions were successfully taken 

up on the surface of Mn/Mg/Fe-LDH adsorbents.

3.2.2. Breakthrough curves
Mn/Mg/Fe-LDH’s capacity to adsorb As ions from synthetic water 

was rigorously examined under continuous column conditions. The 
breakthrough curves for the adsorption process of As(V) and As(III) were 
plotted by measuring the output concentration ratio at a given time t (Ct) 
to the input concentration (Co) on the Y-axis versus time on the X-axis 
(Fig. 6). The modeling of breakthrough curves of the adsorption for As 
(V) and As(III) ions over 320 days were simulated successfully by the 
PDM incorporating the Sips equation (Fig. 6). The axial dispersion co
efficient, DL, was calculated as 2.00 × 10− 6 for both breakthrough 
curves of As(V) and As(III) adsorption (Table 3). The As(V) break
through curves were steeper compared to those for As(III) ions. This 
indicates that As(V) underwent faster mass transfer and reached the 
saturation of the LDH adsorption sites more rapidly than As(III). This 
behavior could be attributed to the negatively charged As(V) species (e. 
g., H₂AsO₄⁻, HAsO₄²⁻), which exhibit stronger interactions with the LDH 
surface compared to the neutral As(III) species (Nguyen et al., 2020). 
Although the external film mass transfer coefficient for As(III) (kf =
5.00 ×10− 4) is higher than that for As(V) (kf = 4.00 ×10− 4) (Table 2), 
the neutral As(III) species in solution were oxidized to As(V) upon initial 
contact with the LDH material. Following this oxidation process, both 
the oxidized As(V) and the remaining As(III) were effectively removed 
from the solution via adsorption onto the LDH surface. Moreover, 
Nguyen et al. (2022) analyzed the adsorption kinetics of the LDH 
adsorbent for As(V) and As(III) using the pseudo-first-order and Elovich 
models. The results demonstrated that the initial adsorption rate con
stant for As(V) was nearly twice as high as that for As(III), indicating that 
the adsorption of As(V) began more rapidly. This contributed to a higher 
overall mass transfer rate for As(V) compared to As(III).

Obviously, the saturation time for Mn/Mg/Fe-LDH when adsorbing 
As(III) adsorbate was 280 days, which was longer than the 180 days for 
As(V). These results are consistent with the higher value of the Sips 
maximum adsorption capacity (Qm) of Mn/Mg/Fe-LDH for As(III) ob
tained in the batch adsorption experiments. The Qm of Mn/Mg/Fe-LDH 
toward As(III) was 66.55 mg/g, representing a 35 % increase compared 
to Qm for As(V) (42.88 mg/g). The experimental data confirmed that the 
residual concentrations of As(V) and As(III) in the filtered water 
exceeded the WHO recommended limit for As in drinking water 
(0.01 mg/L) after 30 and 40 days, respectively. These results strongly 
suggest that, in field applications, filter replacement is necessary before 
these time points are reached to ensure As concentrations are within the 
permissible limits of water safety.

While the model captures the overall trend of breakthrough 
behavior, some deviations were observed between experimental and 
simulated results, particularly an earlier-than-predicted breakthrough 
inflection for As(III) (Fig. 6b). This discrepancy may be attributed to 
physical phenomena not fully captured by the model, such as minor 
packing inconsistencies, adsorbent aggregation, or flow channeling, 
which could reduce the effective contact time between the adsorbate 
and adsorbent. Additionally, the film mass transfer and pore diffusion 
coefficients used in the model were estimated from batch conditions and 
assumed to remain constant; however, these parameters may vary under 
long-term flow operation. Finally, the assumptions of ideal plug flow 
and uniform adsorbent properties may oversimplify the actual behavior 
in the fixed-bed column, especially over extended durations. Despite 
these limitations, the model: firstly, demonstrates strong predictive 
capability; and secondly, highlights the importance of validating dy
namic models under realistic column conditions.

3.2.3. Model predictions of breakthrough curves
Simulating the breakthrough curves in the column adsorption study 

for both As(V) and As(III) was carried out under the following conditions 
- length of bed (0.045 – 0.135 m), superficial filtration rate 
(0.75–1.25 m/h), and initial concentration (0.033–3.333 mg/L) - to 

Fig. 4. FTIR spectrum of (1) pristine, (2) As-laden Mn/Mg/Fe-LDH after As(III) 
column adsorption test, and (3) As-laden Mn/Mg/Fe-LDH after As(V) column 
adsorption test.
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assess the model’s accuracy and overall performance. These factors were 
estimated through the mathematical column adsorption dynamic model 
incorporating the Sips isotherm parameters to demonstrate the adsorp
tion behavior in the adsorbent’s fixed bed adsorption column system 
(Naja and Volesky, 2006).

The curves in Fig. 7-(a) and (d) were simulated under conditions of 
0.333 mg/L of feed concentration and 0.75 m/h of filtration rate and for 

varying column lengths. The data show that breakthrough times double 
and triple with an increase in the bed length which corresponds to the 
depth and amount of packed adsorbent. The superior adsorption effi
ciency and longer breakthrough time were obtained for 0.135 m bed 
length. This can be attributed to the adsorbent’s increased specific sur
face area and a larger number of available binding sites at higher bed 
heights, which led to a corresponding increase in the total adsorbed As 
ions. Furthermore, as the bed depth increased, the mass transfer zone 
widened, resulting in moderately steeper breakthrough curves. With 
increased bed depth, diffusion mass transfer became the dominant 
mechanism, overshadowing the axial dispersion phenomenon. As a 
result, a significant increase in breakthrough time was observed. As 
reported by Riazi et al. (2016), higher bed heights in a fixed-bed column 
are beneficial for improving performance because they provide more 

Fig. 5. SEM micrographs and EDS results of (1) pristine, (2) As-laden Mn/Mg/Fe-LDH after As(III) column adsorption test, and (3) As-laden Mn/Mg/Fe-LDH after As 
(V) column adsorption test.

Fig. 6. Single component breakthrough prediction curves of (a) As(V) and (b) As(III) adsorption on Mn/Mg/Fe-LDH.

Table 3 
Column adsorption parameters.

Adsorbate Parameters Unit Value

As(V) DL m2/s 2.00 × 10− 6

As(III) DL m2/s 2.00 × 10− 6
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active binding sites for metal ion adsorption.
The effect of the filtration rate is shown in Fig. 7-(b) and (e) for As(V) 

and As(III) column adsorption simulation results. These simulation 
conditions were for 0.09 m of column length and 0.333 mg/L of feed 
concentration. Rapid flow of the feed not only shortens the break
through time but also makes the breakthrough curves steeper. This 
implies that the concentration gradient is a major factor influencing the 
time of breakthrough and the saturation limit (García-Mateos et al., 
2015).

The last two graphs (Fig. 7-(c) and (f)) illustrate the simulation re
sults for varying feed concentrations at 0.09 m bed length and 0.75 m/h 
filtration rate. Interestingly, the breakthrough curves at 0.0333 and 
0.333 mg/L inlet concentrations show relatively similar profiles despite 
the 10-fold increase in influent concentration. This can be explained by 
the low-concentration curvature of the Sips isotherm, where adsorption 

capacity increases sub-linearly due to limited site occupancy. The 
driving force for mass transfer remains low in this range, resulting in a 
relatively slow-moving mass transfer zone. In contrast, at 3.333 mg/L, 
the inlet concentration lies in the nonlinear regime of the isotherm, 
where the available adsorption sites are rapidly saturated, leading to a 
much faster breakthrough.

4. Conclusions

This study has used the pore diffusion model (PDM) incorporated 
with the Sips equation model, in an attempt to rate the ability of Mn/ 
Mg/Fe-LDH to uptake As ions (As(III) and As(V)) from synthetic water 
in batch and fix-bed column experiments. Results from analyzing the 
adsorbent’s characterization suggested that the oxidation - coupled 
adsorption and reduction-coupled oxidation were probably the primary 

Fig. 7. Breakthrough curves simulation of single component for (a to c) As(V) and (d to f) As(III) in terms of length of bed (m), (b) filtration rate (m/h) and (c) initial 
feed concentration (mg/L).
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As(III) and As(V) ions adsorption mechanisms, respectively. Addition
ally, the results indicate that the equilibrium and kinetic processes of the 
Mn/Mg/Fe-LDH adsorption toward As(III) and As(V) were effectively 
fitted by the Sips equation and PDM model, respectively. The co
efficients including pore diffusion (Dp) and mass transfer (kf) derived 
from the PDM model were instrumental in simulating the column 
adsorption behavior. The experimental data calculated from the column 
adsorption test confirmed that the As(V) and As(III) breakthrough 
curves were satisfactorily represented by the PDM integrated with the 
Sips equation. Furthermore, the models that were deployed successfully 
predicted the breakthrough curves for a range of adsorption settings, for 
example bed height of 0.045–0.135 m, filtration rate of 0.75–1.25 m/h, 
and input As(V) concentration from 0.033 to 3.333 mg/L. These findings 
demonstrated that the modelling and simulating the breakthrough 
curves of adsorbents in removing As contaminants bring significant 
advantages and can be applied in the water treatment industry. The 
model could be able to predict the breakthrough curves in water filter 
systems which is essential for designing and operating filter systems 
efficiently. The ability to accurately simulate adsorption behavior under 
different operational conditions such as initial contaminant concentra
tions and flow rates will help engineers reduce extensive experimental 
requirements and costly trials. This will finally lead to improved oper
ational efficiency and lower treatment costs.
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