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Continuous and funnel-gate
configurations of a permeable
reactive barrier for reclamation
of groundwater laden with
tetracycline: experimental and
simulation approaches
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Saeed Al Marrié, Khalid Hashim?7*“, Mohammad Amir Khan® & Osamah J. Alsareji®**

The current study investigates removing tetracycline from water using batch, column, and tank
experiments with statistical modelling using ANN for continuous tests. An artificial neural network
(ANN) using the Levenberg-Marquardt back-propagation (LMA) training algorithm is constructed to
compare the effectiveness of Tetracycline removal from aqueous solution using the sorption technique
with prepared adsorbent. Several characterization analyses XRD, FT-IR, and SEM are employed for
prepared Brownmillerite (Ca,Fe,O,)-Na alginate beads. The operating conditions of batch tests
involved, contact time (0.1-3 h), initial of tetracycline () of (100-250 mg/L), pH (3-12), agitation
speed (50-250) rpm and dosage of adsorbent (0.2-1.2 g/50 mL). The outcomes of experiments have
demonstrated that the optimum conditions for the batch test to achieve the maximum adsorbent
capacity (q,,,, =7.845 mg/q) are achieved at pH 7, contact time 1.5 h, adsorbent dose 1.2 g/50 mL,
agitation speed of 200 rpm, and initial concentration of TC 100 mg/L. Minimum mean square error
(MSE) values of 7.09E-04 for 30 hidden neurons and 0.0029 for 59 hidden neurons in the 1D and 2D
systems are accomplished, respectively. The artificial neural network model has exhibited excellent
performance with correlation coefficients exceeding 0.980 for the operating variables, demonstrating
its accuracy and effectiveness in predicting the experimental outcomes. According to sensitivity
analysis, the influential parameter in the column test (1D) is the flow rate (mL/min), with a relative
importance of 32.769%. However, in the tank test (2D), time (day) is signified as an influential
parameter with a relative importance of 31.207%.

Keywords Adsorption, Artificial neural network, Brownmillerite compounds, Groundwater, Nanomaterial,
Permeable reactive barriers, Tetracycline

Groundwater is a major source of water in both arid and semi-arid areas'. It is an important source of residential,
industrial, and agricultural sectors>>. One of the most essential drivers of the nation’s sustainable progress is
confirming safe and renewable sources of groundwater for the sake of domestic purposes. Nevertheless, the
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groundwater quality is often threatened by urbanization, industrial activities, agricultural practices, and climate
changes. Toxic metals, hydrocarbons, trace organic compounds, pesticides, and other developing contaminants
all pose risks to the health of humans, ecological services, and even long-term socioeconomic developments*.
In reality, the quality of groundwater is a major environmental concern around the world, and it necessitates the
continuous monitoring of a wide range of physicochemical parameters, including cations and anions®.

Emerging contaminants such as pharmaceuticals and personal care products are making their way into
surface water and, to a lesser extent, into groundwater®. A wide range of pharmaceutically active compounds
(PhACs), including antibiotics, are usually produced and employed on a huge basis around the world. Because
pharmaceuticals are often detected in aquatic environments, it is important to evaluate both their harmful
impacts on the environment and humans. Antibiotics are among the medications with a high potential for harm
to the environment’-°.

Tetracycline antibiotics (TC) have been traditionally used for treating bacterial infections in humans and
animals due to their wide-spectrum bacterial action and low cost. A major characteristic of Tetracycline (TC) is
its somewhat high solubility in both methanol and ethanol; however, it has reduced solubility in organic solvents,
including ethyl acetate and acetone. About 80% of ingested TC has been discharged into environments from
human, and animal feces, and incompletely degraded products'"!2. Because of its widespread exploitation and its
high adsorption capacity, TC is often discovered in both surface and groundwater. On the contrary, wastewater
treatment facilities are not capable of removing such micro-pollutants from domestic sewage, which results in its
release into the environment'!. Antibiotic concentrations in the aquatic environment have been removed using
a variety of approaches, including bio-treatment and membrane technology, coagulation-flocculation, advanced
oxidation processes, wetlands and adsorption'*~!¢. Adsorption is considered an effective method, and it has
proven to be more efficient than several other wastewater treatment methods”.

Many adsorbents have been employed for the sake of removing TC from the aqueous environment, such as
carbon nanotubes!®, biochar', clay-biochar?’, raw bentonite?, Co0,0,/Fe,0, nanoparticles, GO/ MNPs-SrTiO322
and Graphene Sand Hybrid (GSH)?. Diverse nanoparticles are capable of purifying wastewater via several
techniques including the adsorption of different colours, heavy metals, pharmaceuticals, and other compounds.
Nanomaterials are manufactured in various forms and included in a range of composite materials to offer the
treatment that is required?*~26. Brownmillerites are also studied for their magnetic and electric properties due to
the possible applications of their ferroelectricity, piezoelectricity, and pyroelectricity. The use of natural resources
as chemical compounds for the preparation of nanomaterials was investigated?’.

Pump and treat (P&T), groundwater aeration gas, phase extraction, bioremediation, and in-situ chemical
oxidation are examples of traditional technologies that are useful in groundwater pollution remediation?.
“Pump and treat” (P&T) is a method in which the contaminated groundwater is pumped from the subsurface
and then treated before being discharged or reinjected into the aquifer. Despite its adaptability, groundwater
rehabilitation generally takes a long time and is unsustainable due to limits imposed by the hydrogeological
context and pollutant properties®. One of the major techniques being developed as alternatives to the pump-
and-treat approach for treating contaminated groundwater is permeable reactive barriers (PRBs)*'.

The PRB method, in conclusion, delivers economic rewards encouraging waste material reuse, thus
it introduces a big contribution to environmental sustainability. As a result, it has the potential to be a very
practical application in every way>!. PRBs have been identified as the most appropriate remediation technology
that can be utilized to remove pollutants such as heavy metals, chlorinated solvents, carbonates, and aromatic
hydrocarbons. The reactive media used to remove pollutants is the most important criterion for a successful
PRB?2 In comparison to traditional technologies, PRB is an important in-situ remediation technique for the
polluted groundwater that has been used for several decades. Low cost is needed for operating this technology,
which also can'’t require external power and ground space?*.

PRB is a revolutionary groundwater cleanup technology that is employed all over the world. To facilitate
waste disposal, this method combines adsorption, chemical precipitation, and degradation processes to induce
physical, chemical, or biological reactions between contaminants and reactive compounds included in barriers®*.
Because of the cheap operational cost, media longevity, and hydraulic performance, the in-situ application of
PRB has sparked a lot of attention®>. The longevity of the permeable reactive barrier can rise significantly with
thicker beds for low values of inlet concentration and water flow rate, according to research on the barrier’s
capacity to regulate pollutant migration®”.

Two configurations of PRB have been developed; the first and most common one is continuous PRB and
the other is funnel-and-gate. The funnel-and-gate system is constructed of a certain permeable gate (acting as a
reactive zone) positioned between a couple of impermeable walls, which drive the polluted plume in the direction
of the reactive zone, whereas the design of a continuous PRB is constructed of a single reactive zone spotted
across the contamination plume. The decision between the two designs is based on the site’s hydrogeological
parameters as well as the cost of reactive materials. The funnel-and-gate configuration is preferred when using
a high-cost reactive material because the reactive zone requires less material. To maintain utilization and aid
in consideration of the consequences for future groundwater supply, it is essential to construct a model for
predicting both the short- and long-term operation®. To provide a natural gradient for plume flow toward the
reactive barrier, these systems are passively operated. In order to optimize groundwater pollution plume capture,
funnel gate PRB may provide one or more sizable treatment regions due to certain unique contamination
features. The funnel-gate PRB has a small reacting zone and is less difficult to remove and replace when the
reactive PRB is clogged with sediments and fine soil particles. Furthermore, several funnel-gate PRB systems can
be installed continuously in parallel or in series, depending on the site requirements™.

On the basis of a thorough comprehension of the observed dynamic behaviour, traditional methodologies
like numerical and conceptual models of groundwater have typically been used to forecast the changing
hydrogeological state and processes. To define the models of forecast accuracy and reliability, adequate and
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appropriate data must be used for the hydrological system’s calibration and validation!’. The numerical
or conceptual models are applied for modelling hydrological so as to understand the particular system
characterizing, physical processes or for developing predictive tools to estimate appropriate solutions for
distributing water, landscape management, surface water-groundwater interaction, or the effects of the new
withdrawals of groundwater?!.

Optimization and modelling have become important for the management of contemporary environments.
The rising interest in balanced developments triggered different institutions dealing with environmental quality
to implement creative solutions for the minimization of energy and working costs. Numerical and statistical
methods are most commonly applicable for environmental research and for the comparison of empirical data*2.
Analytical models are applicable for solving simple and idealized contamination transport problems, while
numerical models deal with real-world contamination transport simulations*®. Application of ANN is achieved
in many fields, such as water quality modelling**, management of water quality*’, and nitrate concentration in
groundwater®.

The model representing an ANN can be considered as a driven data model for the simulation of the actions
corresponding to biological neural networks in the brain of the human being. An ANN contains a number of
variable elements, known as neurons, which can be linked through connections. An ANN is generally constructed
of three separated layers: the input layer, the hidden layer, and finally, the output layer. Each layer contains
neurons having similar properties*’~*°. The parallel distributed processor driving ANNs manages information
from input to output via a certain network of several interconnected nodes. The estimated data in both input and
output layers representing the network response as a result of the existing database are known as input patterns,
where the hidden or intermediate layer plays a significant role in both representing and estimating complex
associations between those patterns®. The ability of the ANN model to only learn the correlations between
variables; whether linear or non-linear, through a set of instances is its most crucial feature®!.

ANNGs have a variety of uses in the study of groundwater quality. In a previous study, an ANN model was
created to determine the extent of a polluted zone in an aquifer following an unplanned spill>2. The application
of ANN s has been increased in various fields of science and engineering. Many problems have been successfully
solved in groundwater studies using ANNs®*>*, The ANN models as “black box” models with specific properties
are significantly suited to the modelling of the dynamic nonlinear system®. The neural network has been adjusted
for solving a certain given problem through the process of learning, exploiting typical inducement and response
with the proper reaction, therefore, this differs from the classical modelling method, where it is important to
define a certain algorithm and create an appropriate program®®. Two reported ANN limitations included; (i) The
size of the network is suitable for a low-dimensional input pattern, such as multispectral data. The number of
input neurons increases with hyperspectral data, and an unfeasible number of weights will be assigned to each
input by each neuron, and (i) An ANN is able to process one-dimensional input. This solely refers to spectral
information for hyperspectral data. The image pixel data must be transformed into a 1D vector in order to be
used as the input for picture or patch recognition and labeling. There are a lot of input neurons in this instance.
Another disadvantage is that the classification is based solely on the scant spatial context information contained
in the patch or image®”.

The main objectives of the current study are (i) manufacturing of novel reactive material named Brownmillerite
(Ca,Fe,0O,)-Na alginate beads, (ii) finding the ability of such beads in the removal of TC from the contaminated
water by batch and continuous operational modes, and (iii) modelling experimental data from continuous
tests using ANN approach to predict the value of normalized concentration as function of time-based on the
continuous and funnel-gate configurations of PRB.

Experimental work

Chemicals and reagents

In this study, high-purity chemicals were used, which included ferric chloride anhydrous (FeCl,), hydrochloric
acid (HCl), sodium hydroxide (NaOH) pellets, calcium chloride (CaCl,) and sodium alginate (with molecular
weight 2.5 10° and supplied from Sigma Aldrich).

Materials and contaminant

Tetracycline (TC) (C,,H,,N,O,) was the intended contaminant. It was supplied from the Samarra drugs factory
- Iraq. Chicken bone wastes were used as a calcium source to synthesize Brownmillerite (Ca,Fe,O,)-Na alginate
beads. The wastes were collected from local restaurants and household wastes. The sandy soil was used to be an
aquifer in the tank tests, and the characteristics of (0.6-1) mmm particle size, porosity of 0.48, and specific gravity
of (1.36) were provided by the market. The present study used cement kiln dust (CKD) as an impermeable wall

in funnel and gate PRB configuration. The CKD was collected from the Al-Kufa Cement Factory - Iraq.

Preparing of Brownmillerite-Na alginate

Brownmillerite (Ca,Fe,O,)-Na alginate was prepared as a sorbent for TC elimination from water. Nanoparticles
of Brownmillerite can be obtained using the precipitation method®. For the preparation of nanoparticles, 250 ml
of calcium ions solution (extracted from chicken bone waste) was mixed with 250 mL of iron ions solution
(resulting from dissolution of FeCl,), molar ratio of (Ca/Fe=1). Mixing the two solutions is necessary, adjusting
the pH to 10 by NaOH (1 M), and stirring until heavy brownish precipitates are yielded. The precipitates must
be separated using Whatman filter paper No.1 and then dried at 85 °C for 12 h. Drying the resulting materials,
they must then be washed with DW (2-3) times to remove impurities. Thereafter, the materials were annealed
at 200 °C for 8 h and grounded manually to produce (Ca,Fe,O,) nanoparticles powder. For manufacturing
of Ca,Fe,0,-Na alginate, 2 g of Na-alginate can dissolve in 100mL of DW and the resulting solution must be
stirred using a magnetic stirrer for 24 h at room temperature. The prepared Ca,Fe,O. nanoparticles (5 g) were
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FeCl3 solution

NaOH (1M) +- | lé:
S : . Mixing

combined with Na-alginate solution. For beads polymerization and formation of Ca,Fe,O.-Na alginate beads,
the slurry was brought into a solution of (CaCl, with 0.1 M) using a 10 mL syringe. The beads were drying at
105 °C. Figure 1 illustrates the synthesis procedure for preparing Brownmillerite-Na alginate beads.

Batch experiments

The equilibrium of TC adsorption onto Brownmillerite (Ca,Fe,O.)-Na alginate beads was examined through a
series of batch experiments. The experiments are designed to detect the suitable values of operating parameters
including contact time, initial concentration (C)), initial pH, agitation speed and mass of adsorbent that is
necessary for removing the most molecules of TC for selected C . Several conical flasks (100mL) have been filled
with 50mL simulated from contaminated water (V). This water was mixed with different masses of prepared
adsorbent (m). The flasks must agitate for 3 h at 200 rpm. At ending of each test, filter paper should be used to
separate the adsorbent from the water, and the concentration of TC at equilibrium (C,) can be measured using a
UV spectrophotometer. Equation 1 can be applied to estimate the TC quantity retained on the adsorbent at the
equilibrium (g,) based on the values of C_and C,*. The operating conditions of batch tests involved contact time
(0.1-3) h, 1n1t1al of tetracycline (C ) of (100 250 mg/L), pH (3-12), agitation speed (50-250) rpm and dosage
of adsorbent (0.2-1.2) g/50 mL. Each point of sorption measurements that obtained in the batch study is the
average value for three readings.

= GGV (1)
m

Continuous experiments

Column operation mode (one dimension 1D)

The experimental setup employed for the simulation of TC migration that dissolved in water consisted of a
Perspex column, a water tank, a valve, a peristaltic pump and tubes. The column dimensions of 2.5 cm as inner
diameter, 35 cm as height, and 3 mm as wall thickness as it is obvious in Fig. 2. For reflecting the real conditions
in the packed column, TC migration was assumed to be in a single dimension within the column bed for the
sake of achieving uniformly moving water. The column was filled with 30 cm of beads to evaluate their efficacy
in reducing tetracycline concentration. The distilled water was pumped upward from the bed bottom to avoid
trapped air. The TC-contaminated water was added after that to the bed at 5, 10, and 15mL/min until reaching
the stage of saturation. The flow parameters of the groundwater have been determined to ensure that such a
flow is laminar. The ports P1, P2, and P3 of the columns are placed at 10, 20, and 30 cm, respectively, from the
entrance of the column. For measuring the TC concentrations, the samples of water were brought out of the ports
at certainly precise intervals. The initial concentrations of TC in the influent were 100, 150, 200, and 250 mg/L.

Tank operation mode (two-dimensional 2D)

In a two-dimensional tank, the simulated TC transport was carried out. This bench-scale model aquifer
is contained inside a rectangular Perspex glass tank that measures (100 cm X 40 cm X 10 cm) with
6 mm thick glass sheets. The tank’s entire outside was transparent to enable visual inspections. The
rectangular tank was divided into three parts: the middle compartment and the influent and effluent
chambers. Partitions were made by two perforated vertical boards covered with a filtration screen. The
partitions were considered as lateral boundaries of the middle compartment which had dimensions of
80% 40X 10 cm (Fig. 3). The purpose of the influent and effluent chambers was to regulate the water table’s
position inside the model aquifer that was deposited in the middle compartment as well as the moisture
of the aquifer mass. The dimensions of each chamber are 10 cm long, 40 cm wide, and 10 cm deep. Funnel

. Na-alginate
Calcium solution

ions solution g

(e
’ Brownmillerite Drop of mixture Brownmillerite
-wm-m (Ca2Fe205) in CaCI2 (Ca2Fe205)
nanoparticles; nanoparticles-Na

alginate beads

Fig. 1. Flowchart for preparing Brownmillerite (Ca,Fe,O.)-Na alginate beads.
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Fig. 2. Column setup used for monitoring of TC front in the one-dimensional operational mode.

Fig. 3. Tank setup used for monitoring of TC front in the two-dimensional operational mode of funnel and

gate configuration.
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and gate configuration was employed in two dimensions experiments. The dimensions of the reactive
gate are a length of 20 cm, a width of 10 cm and a depth of 5 cm. Two angles of the funnel were adopted
in this study (45° and 30°). The middle compartment consists of measuring from the left-hand side: (i)
sand with the dimension of (60 cm X 40 cm X 5 cm), (ii) reactive gate (20 cm X 10 cm X 5 cm) in addition
to funnel, and (iii) sand with dimension of (40 cm X10 cm X 5 cm). The sampling ports P1, P2, and P3
are set up at distances of 60, 65, and 70 cm, respectively (Fig. 4). Stainless syringes were used to collect
samples at scheduled intervals. The source of the contaminated solution was introduced to the middle
compartment through the influent chamber (10 cm X10 cmXx10 cm), which represented a continuing
discharge of contamination at rates of 500 and 1000 mL/min.

Results and discussion

Operating parameters in batch experiments

Various operating parameters were considered in batch tests including contact time, initial concentration of
TC, agitation speed, pH and mass of sorbent. The contact time is the crucial step in the determination of the
TC distributed between the solid and liquid phases in the batch experiments that can satisfy the equilibrium
condition. Figure 5(a) illustrated the variation of sorbed quantity (g,) as a function of contact time up to 3 h at
C, of 100 mg/L, pH 7, sorbent dosage of 0.5 g/50 mL and speed of 200 rpm. The TC adsorption capacity can
increase at a high rate at the beginning of the test, and this rate may reduce after 1.5 h because of the decrease in
the vacant sites®>®!. The outcomes show that the TC adsorption capacity was 5.151 mg/g at 1.5 h; however, there
is no notable increase in the sorbed quantity beyond this time till 3 h.

Figure 5(b) illustrates that the sorbed quantity of TC is affected significantly by the initial concentration
of TC (C,). The sorbed quantitates were substantially declined, from 5.151 to 3.887 mg/g when C, vary from
100 to 250 mg/L respectively at 1.5 h, pH 7, sorbent dose of 0.5 g/50 mL and agitation speed of 200 rpm. For
lower concentrations, it is expected that all TC molecules will interact with the available binding sites, which

g :
A ©=45 :
pil P2 |r3
Inlet 15 Outlet
§ § chamber = T 9 chamber
= - Sand Alginate
beads Sand
& e=45
w
- CKD
10em | 60 cm E‘"‘]SC"]E 10cm 10cm
(=) I 100 cm r | |
CKD
=
- ©=30
-
- = Inlet = Pl. P.Z .P3 outlet
= o chamber Sand = chamber
- - Alginate
beads Sand
= © =30
o
w
-l
CKD
10cm 60cm > €M Sem 10cm 10cm
b | |
( ) 100cm |
Fig. 4. Schematic diagram of funnel and gate applied in the PRB configuration.
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Fig. 5. Impact of operating parameters in batch tests; (a) contact time, (b) concentration of TC, (c) speed, (d)
pH (e) adsorbent dose.

will certainly result in a noticeable increment in the adsorbed quantity of TC; however, a large number of TC
molecules resulting from an increase in concentration with particular grams of sorbent may lead to decrease in
the sorbed quantity®>63.

Figure 5(c) shows the impact of agitation speed on the adsorbed quantity of TC. It is obvious that when the
agitation speed is increased, the adsorbed quantity of TC is increased. In fact, when the agitation speed is high,
it accelerates the diffusion of contaminants within the beads, which promotes a suitable interaction between the
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contaminant and binding sites. Additionally, it was determined from the data that an agitation speed of 200 rpm
was adequate to achieve maximum TC uptake and that there was no discernible difference in the removal after
this speed.

The pH of the solution is considered a significant factor in the TC sorption from aqueous solution. It affects
the adsorbent surface charge, functional groups dissociation and ionization degree. The adsorbed quantities of
TC are plotted versus different values of initial pH, ranged (3-12), as shown in Fig. 5(d). The adsorbed capacity of
TC was low (3.198 mg/g) at pH 3.0 because the H* ions may compete with TC antibiotic molecules. The sorption
capacity may be revealed to improve obviously as pH is closer to neutral, reaching values of 5.151 mg/g at pH 7.
The hydration of antibiotics and ionization may decrease when the condition is neutral, which may accelerate
sorption by promoting hydrogen bonding and n-m - stacking effect. The beads and TC are expected to be most
attracted to one another when the pH is neutral, which is congruent with TC’s maximum uptake at neutral
pH. The adsorbent will yield electrostatic repulsion with the TC when pH is more than 7, which eliminates the
adsorption performance. Consequently, electrostatic repulsion is the primary form of electrostatic interaction
between TC and beads. The adsorbed quantity decreases because of changes in the pH solution towards more
than 7. This is due to the generation of the OH ions, which leads to attenuation in the bonding of hydrogen.

The effect of beads amount on the TC adsorption was investigated in the range from 0.2 to 1.2 g per 50mL
of the contaminated solution in order to obtain the optimum dose for C_ of 100 mg/L, time 1.5 h, and pH 7 at
200 rpm. Figure 5(e) illustrates the variation of (g,) for TC as a function of adsorbent mass. It is obvious here that
the TC removal capacity may decrease with a greater mass of beads for the same TC initial concentration. This
can be justified by the condition that while the dosage of the alginate beads increased, the number of effective
areas and vacant sites built up. Consequently, a smaller adsorbent mass is capable of adsorbing more molecules
of tetracycline®*. The adsorbed quantity ranged from 7.028 mg/g at 0.2 g to 4 mg/g with 1.2 g of the beads. Table 1
compares prepared sorbent and others in the literature for removing TC.

Characterization analysis

The X-ray diffractometer (XRD) analysis is exploited to demonstrate obtaining the patterns of diffraction for
adsorbent created from oxides of both iron and calcium applied with 26 values ranging from 10° to 80°. Such
an analysis validated (Ca,Fe,O.) formation. This is due to the numerous diffracting reflections generated at
certain intensities of 27.575°, 29.475%, 31.775Y, 45.53°, and 56.73°. It is important to note that the active sites in
beads, which are able to remove TC out of an aqueous solution, have been depicted through such reflections.
The FT-IR spectra corresponding to the beads produced before and after the TC sorption are accomplished to
recognize primary functional groups and enhance antibiotic adsorption, as shown in Fig. 6. The test explains
that the amides and the (-OH) groups experience stretching vibrations that lead to the formation of bands
of high-intensity absorption. The peaks corresponding to alginate beads have demonstrated a strong and
wide absorption band at frequencies of (3550-3200 cm™!), which was stimulated via the stretching vibration
corresponding to hydrogen bonds and stretching mode created by OH groups. Peaks at 3431.71, 2924.52, and
2847.38 cm™ ! are corresponding to the stretching vibrations of OH and C—H, respectively. Peaks at 1628.51 and
1418.39 cm™! are directly related to the stretching vibrations of O-H and stretching vibrations corresponding to
-COO-(symmetric), respectively. Weak bands occurring at 1033 cm™ are related to the C-O stretching of both
COO- and the C-O-H groups”!. The stretching vibrations of Ca-O and Fe-O (including ferrite skeleton) bonds
correspond to the bands of absorption at 309.228, 442, and 564.077 cm™~!72. SEM graphs can be used to describe
the morphological characteristics of produced beads after and before contact with tetracycline, as illustrated in
Fig. 7a,b. The mean rod particle is shown in Fig. 7a, which shows that the prepared sorbent’s porous surfaces
have nonhomogeneous morphology at 200 nm magnification scales, this surface might be incredibly compact
and disordered. The beads’ surface appears to be macro-porous, allowing oxyanions to be absorbed. There are
noticeable morphological changes in the beads following the removal of TC when compared to the sorbent
before the sorption process.

Potential adsorption mechanism

Generally, many interactions improve TC adsorption in aqueous solution, including electrostatic interaction,
cation- 7 interaction, hydrogen bonding, and intra-particle diffusion. However, the pH solution and TC
concentration, characterization analysis of adsorbent have significant impact on the overall mechanisms
interaction of adsorption process. Prepared beads contain various functional groups which may have acidic
or alkaline properties. Based on the surface chemistry and sorbent structure, the most likely processes for TC

Adsorbents ?:ilg/g) Contact time (h) ﬁﬁg/L) PH | Ref.
ZnAl-LDH/BGC 41.98 2 25 6 05
NCPML 4.65 3 5 4 |66
Re-generable pumice 3345 |24 40 6 |
Fe-doped zeolite 200 24 6 |8

ATMa 1258 | 0.5 2 | @
PAM/CA@Cu 356.57 | - 100 5 70
Brownmillerite (Ca2Fe205)-Na alginate beads | 7.845 1.5 100 7 This study

Table 1. A comparison of prepared sorbent with other existing adsorbents for tetracycline (TC) removal.
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Fig. 7. SEM graphs for Brownmillerite-Na alginate beads before and after sorption.

adsorption onto beads have been identified using FT-IR spectra’?. The groups calcium (Ca-O) and (Fe-O) in the
beads may interact with the functional groups of the positively charged quaternary ammonium and negatively
charged phenolic diketone moiety corresponding to TC species’*. Hydrogen bonding may be removed
Tetracycline via surface complexation with hydroxyl groups (-OH) on beads. Surface complexes between Ca on
nanoparticles of beads and oxytetracycline with the constitution of the surface complexes between tetracycline
and Ca may have occurred. After the TC adsorption process, intensity variation of FT-IR spectra was showed
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with decreasing intensity of (C-O) and (Ca-O) on the surface, may be suggested that oxygen in the carbon and
calcium groups in calcium iron oxide could be considered as the favorite site for the adsorption of TC. Such
interactions include hydrogen bonding or electrostatic attractions between oxygen in calcium iron oxide and
amino groups (-NH2) that exist in TC”.

Developing and optimization of ANN model for continuous tests

A neural network model using the Levenberg-Marquardt backpropagation (LMA) training algorithm was
constructed to compare the effectiveness of Tetracycline removal from aqueous solution using the sorption
technique with beads in the one and two dimensions (Fig. 8). The neural network’s architecture was described,
specifying the number of layers, nodes within each layer, and the types of transfer functions employed. The
experimental data were classified as training, validation, and test subsets, accounting for 60, 20, and 20% of the
data, respectively. This partitioning of the original experimental data facilitated the modelling of the artificial
neural network (ANN) and was crucial for comprehending its architecture. The implementation of this approach
was carried out using the Matlab application, specifically version 7.10.0.499 (R2010a).

The neural network acquires knowledge of patterns present in the data by adjusting the network weights
based on the training data, which constitutes the largest subset. The validation data serves as a final evaluation
of the trained networK’s performance and ability to generalize, while the testing data is employed to evaluate
the overall quality of the network. In this study, a linear transfer function (purelin) was employed at the output
layer, while a tangent sigmoid transfer function (tansig) was used at the hidden layer. For the one-dimensional
system, the feed-forward neural network considered the input variables of initial concentration (mg/L), flow
rate (mL/min), time (min), and bed height (cm). In the case of the two-dimensional system, the input variables
included initial concentration (mg/L), flow rate (mL/min), duration (min), bed width (cm), and impermeable
wall (funnel) angle. The normalized concentration (C/C ) was chosen as the output variable in the experimental
study. The topology of ANN model was optimized using the least mean square error (MSE) for both the training
and prediction sets, as shown in Fig. 9. Initially, the model was built with two hidden neurons, but as more
neurons were added, the MSE values progressively decreased, leading to improved performance, as indicated
in Fig. 9.

The mean square error (MSE) of the 1D network varied between 0.0084 for 2 hidden neurons and a maximum
value of 0.0107 for 3 hidden neurons, as presented in Fig. 9(a). Once it reached its minimum value of 7.09E-04
with 30 hidden neurons, the MSE experienced a significant decline. This particular value was determined to be
the optimal choice for the specific scenario under investigation. Subsequently, the MSE increased to 0.0012 when
the number of neurons reached 35. This rise can be attributed to the characteristics of the input vector and the
MSE performance metric employed in the present study. The MSE of the 2D network varied between 0.0204 for
2 hidden neurons and a maximum value of 0.05 for 9 hidden neurons, as presented in Fig. 9(b). Once it reached
its minimum value of 0.0029 with 59 hidden neurons. Figure 10 clearly demonstrates a consistent relationship
between MSE and the number of hidden neurons for all considered scenarios.

The training process for the 1D and 2D Levenberg-Marquardt algorithms (LM As) was concluded after 43
and 44 epochs, respectively. This decision was made due to the growing discrepancies observed between the

System Input layer Hidden layer Output layer

Time (min)

Bed width (cm) &=

Flow Rate (mL/min)

One-dimensional system

Initial Concentration (mg/L) ]

Normmalized Concentration (C'C.)

Time (min)

Bed width (cm)
Two-dimensional system J

[ Flow Rate (mL/min)

Initial Concentration (mg/L)

Angle of funnel |

Fig. 8. The optimal architecture of the ANN.
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training error and validation error. The mean square errors for training, validation, and test sets are depicted in
Fig. 10. Additionally, Fig. 11 shows cases of the optimal regression achieved through the training, validation, and
testing phases using the Levenberg-Marquardt method. Correlation coeflicients for training, validation, testing,
and the entire dataset are illustrated in Fig. 11.

Breakthrough curves

Column tests (one-dimension system 1D)

The influence of inflow concentration on the spread of breakthrough curves for the adopted TC through the
bed at a constant flow rate of 5 mL/min is depicted in Fig. 12. Within the concentration range of 100-250 mg/L,
variations in the inflow concentration directly impact the spread of the breakthrough curves. The saturation rate
of the bed is subject to changes in the concentration gradient. At lower influent concentrations, the presence
of sluggish sorption can make the curve shape less discernible. However, increasing the influent concentration
can lead to a steeper slope in the curve, facilitating a quicker saturation of the sorbent. Furthermore, a low
concentration gradient results in an extended saturation period as it hinders the contaminant’s movement within
the pores, mainly due to a reduction in the mass transfer and/or the coefficients of diffusion®"7. This can impact
TC sorbed amounts within the bed at the point of breakthrough (q;) and the saturation point (q,). The values of
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C/ Cu, which represent the normalized concentration, reach 5% for breakthrough time ( th) and 95% for saturation
time (t). A decrease in the normalized concentration leads to an increase in these times””.

The sorption of tetracycline onto a bed was investigated using three different flow rates: 5, 10, and 15 mL/
min, with a constant influent concentration (C_) of 100 mg/L (Figs. 12 and 13). These figures illustrate the
breakthrough curves for the adsorption of TC at different locations within each packed bed, corresponding to
the respective flow rates. It is observed that increasing the flow rate leads to a decrease in the breakthrough time
(t,) and an increase in the curve’s steepness. This phenomenon suggests that the time of residence is insufficient
and hence the contaminated solution will exit before reaching equilibrium. The presence of a concentration
gradient within the layer of mass transfer surrounding the particles facilitates the transfer of mass from the liquid
phase to a solid matrix. Increasing the flow velocity can reduce the solute’s affinity for the sorbent, resulting
in a decrease in sorption efficiency’®. Figures 12 and 13 illustrated the impact of varying the bed depth (10,
20, and 30 cm) on the sorption process. The results demonstrated that a larger amount of sorbent enhances
the sorption capacity under the same operating conditions. As the bed depth increases, the formation of the
plume front takes longer, thus potentially extending the breakthrough time. These figures present a comparison
between the experimental data and the predictions obtained from the network model for TC concentrations at
different time intervals during pollutant transport, considering a specific initial concentration and flow rate. The
artificial neural network model exhibited excellent performance with correlation coefficients exceeding 0.98 for
the operating variables, demonstrating its accuracy and effectiveness in predicting the experimental outcomes.
This chemical could prove valuable in the development of treatment facilities designed to remove tetracycline
from wastewater, and it could also be employed as a reactive permeable barrier to remediate contaminated
groundwater.

Tank tests (two-dimension system 2D)

A two-dimensional method proves to be an effective and efficient approach for quantifying the distribution of
contaminants in both the PRB and aquifer systems. In the current study, where the influence of concentration,
flow rate, and the angle of the permeable reactive barrier in both the X and Y directions is considered, the
implementation of ANN to simulate this system is deemed appropriate. The anticipated results from this
statistical model show the behaviour of the PRB after 0.4 days for flow rates of 500 and 1000 mL/min. Figures 14
and 15 present the X-Y plane of the normalized concentration of TC throughout the laboratory’s 2D pack tank
in the presence of alginate beads. Both the magnitude and dispersion of the contaminant plume are significantly
affected by the applied flow rate (flow velocity). Consequently, the extent of the plume is larger in the longitudinal
(X) direction compared to the transverse (Y) direction, and the greatest concentrations are observed in the up-
gradient sand bed of PRB. These figures provide a comparison between the experimental data and the predicted
results at specific monitoring points during the migration of the TC plume at various time intervals for flow rates
of 500 and 1000 mL/min. The concentration levels at ports P1, P2, and P3 placed along with the centerline of the
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Fig. 11. The testing regression of training, validation and the Levenberg-Marquardt algorithm.

source region (Y =20 cm) exhibit consistent spatial and temporal concentration profiles. It is evident that the
PRB effectively slows down the migration of pollutants in its downward gradient side. However, over time, the
barrier’s performance is expected to decline due to the reduction in the retardation factor. Conversely, increasing
the thickness of the barrier enhances the retardation efficiency of the barrier.

Theoretical studies indicate that the removal efficiencies of the sodium alginate particles are not significantly
different from one another. The expected and experimental results demonstrate a reasonable level of agreement.
It is common practice to report calibration results by calculating the average discrepancy between the measured
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Fig. 12. Comparison between measurements of (1D) system and outcomes of ANN for TC sorption onto
adsorbent at different ports for flow rate=>5 mL/min and initial concentration =100, 150, and 250 mg/L.
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Fig. 13. Comparison between measurements of 1D system and outcomes of ANN for the sorption of TC onto
sodium alginate particles at different ports for initial concentration =100 mg/L, flow rate=10 and 15 mL/min.

and simulated concentration values. The correlation coefficients, which indicate the average difference
between the simulated and actual concentrations, were found to be higher than 0.98. This discrepancy can be
attributed to the computational model’s omission of salt sorption and its competition with the metal on the
surface. Salts such as calcite or carbonate, which can dissolve from groundwater and soil contact, were not
taken into account in the present computational model. Figures 14 and 15 display the breakthrough curves
illustrating the anticipated and the experimental normalized concentrations increase over time at the ports P1,
P2, and P3 placed along with the centerline of the source region (Y =20 cm) for a certain flow rate of 500mL/
min. Such a concentration of the solute exhibits a gradual rise until it reaches a steady-state asymptote. Such
curves demonstrate the variation in pollutant concentration between the up-gradient and down-gradient of
PRB, highlighting its potential effectiveness in the remediation process. Although, with time, the profiles of
concentration exhibit similar patterns as depicted in these figures, there are some discrepancies between the
anticipated and experimental results. These disparities can be attributed to several factors; Firstly, the neglect of
salt adsorption in addition to their competition for contaminant adsorption over the solid surface of the aquifer
could contribute to the observed differences, and Secondly, the rate of contaminant adsorption can be influenced
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Fig. 14. Comparison between measurements of 2D system and outcomes of ANN for the sorption of TC onto
sodium alginate particles at different ports for flow rate=500 mL/min, initial concentration = 100,150,200 and
250 mg/L and angle of impermeable walls =45°.

by different environmental factors during water flow through the porous media employed in the study, including
pH, contaminant affinity, and other relevant parameters. Considering these factors, it is understandable that
there may be variations between the expected and observed outcomes.

Figures 16 and 17 illustrate the distribution of normalized TC concentrations in the two-dimensional packed
tank in the presence of the PRB after 0.4 days for flow rates of 500mL/min and 1000 mL/min, respectively.
The concentration contours demonstrate that the barrier effectively prevents the contaminated plume from
spreading in both up-gradient and down-gradient regions. It is also evident that the applied flow rate plays
a significant role in the size and concentrations of the contaminated plume. However, the plume’s extent is
larger in the longitudinal (X) direction than in the transverse (Y) direction, which is consistent with the study’s
assumptions of unidirectional velocity. Moreover, it is evident that the sand bed, located up-gradient of the PRB,
accumulates the highest concentrations of contaminants. The greater penetration of the contaminated plume
highlights the potential decline in the barrier’s effectiveness with increasing flow velocity. In the industry, funnel-
and-gate layouts are commonly utilized for PRBs. This design involves placing a permeable gate between two
impermeable barriers to direct the contaminated plume into the reactive zone. The concentration distribution
is significantly affected by the concentration accumulation at a particular point, and the need to remove higher
concentrations as the angle of the impermeable walls increases. Continuous tests proved that the manufactured
sorbent can effectively limit the migration of TC front; consequently, it is recommended to apply the present
beads in the PRB technology on a field scale.

Sensitivity analysis
The relative significance of the input variables was assessed through sensitivity analysis using the neural network
weight matrix and the Garson (1991) equation:

=Nh wih
£ ( (ki) < wis))
k=Ni =Nh wih
—y {Z mel (W) X |Whe }

The sensitivity analysis was performed using the neural network weight matrix and the Garson (1991) equation,
where Ni and Nh represent the numbers of the input and the hidden neurons, respectively. Ws denotes the
connection weights. The superscripts i, h, and o correspond to the input, hidden, and output layers, respectively.

I; = (2)
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Fig. 15. Comparison between measurements and outcomes of ANN for the sorption of TC onto sodium
alginate particles at different ports for flow rate=500 mL/min, initial concentration =100,150,200 and
250 mg/L and angle of impermeable walls = 30°.
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Fig. 16. Comparison between measurements of 2D and outcomes of ANN for the sorption of TC onto sodium
alginate particles at different ports for flow rate =500 and 1000 mL/min, initial concentration =100 mg/L and
angle of impermeable walls =45°.

The subscripts k, m, and n refer to input, hidden, and output neurons, respectively. The I] represents the relative
importance of the jth input variable on the output variable. The proportional relevance of each input variable is
depicted in Fig. 18. It is evident that the flow rate (mL/min) and time (days) have the most significant influence on
sorption in the 1D and 2D systems, respectively. However, it is important to note that the range of experimental
values used in the model fitting can impact the importance of each variable and its influence on other variables,
as demonstrated by several studies.

Conclusions

PRB is an innovative groundwater-cleaning process that is widely used worldwide. The long longevity of the
barrier, low operating cost, and hydraulic performance of the barrier have made the in-situ application of PRB
quite popular. The outcomes revealed that the optimum parameters for batch experiments were pH 7, contact
time 1.5 h, adsorbent dose 1.2 g/50 mL, agitation speed of 200 rpm and initial concentration of TC 100 mg/L,
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Fig. 17. Comparison between measurements of 2D and outcomes of ANN for the sorption of TC onto sodium
alginate particles at different ports for flow rate=500 and 1000 mL/min, initial concentration =100 mg/L and
angle of impermeable walls =30°.
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Fig. 18. The sensitivity analysis via the Garson equation and artificial neural network.

which achieved the greatest adsorption capacity (7.845 mg/g) for the interaction of Brownmillerite-Na alginate
beads and TC-water. Minimum values of mean square error (MSE) of 7.09E-04 with 30 hidden neurons of
0.0029 with 59 hidden neurons for the 1D network and 2D network, respectively. The artificial neural network
model exhibited excellent performance with correlation coefficients exceeding 0.980 for the operating variables,
demonstrating its accuracy and effectiveness in predicting the experimental outcomes. According to sensitivity
analysis, the influential parameter in the column test (1D) is the flow rate (ml/min), which signifies the relative
importance of 32.769%. However, in the tank test (2D), time (day) is signified as an influential parameter
with a relative importance of 31.207%. Instead of statistical analysis, mathematical modeling using analytical
or numerical solutions for describing contaminant transport through PRB can be a good challenge for future
studies, especially since such models are good tools for decision-makers to specify the suitable remedial system.
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The datasets used and/or analysed during the current study are available from the corresponding author upon
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