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This study reports the synthesis of a novel, low-cost sorbent prepared from readily
available industrial byproducts, namely Ca/Al LDH nanoparticles immobilized in sodium
alginate beads (Ca/Al nanoparticles@Na-alginate beads). The sorbent was designed for
continuous treatment of amoxicillin (AMX)-contaminated groundwater using a
permeable reactive barrier (PRB). The beads were manufactured from byproducts,
mainly waterworks treatment sludge (WTS), which resulted in huge quantities from the
activities of the water supply treatment system, and cement kiln dust (CKD) resulting
from the production of cement, to fulfill the sustainability requirements. The sorbent was
made by creating nanoparticles from layered double hydroxides (LDHs) of calcium and
aluminum, which were subsequently immobilized using sodium alginate. The
precipitation process was used to create these particles. The molar ratio (Ca/Al) = 1:1,
solution pH = 10, and Ca to Al nanoparticle dose =5 g per 100 mL are the ideal conditions
for bead preparation to achieve maximal AMX removal efficiency. Material
characterization confirmed successful incorporation of the nanoparticles into the beads,
which enhanced antibiotic sorption. PRB performance was positively correlated with bed
thickness (60 cm) and negatively correlated with flow rate (2 mL/min) and influent AMX
concentration (10 mg/L). The Bohart—-Adams, Thomas—BDST, Yan, Belter—Cussler—Hu,
and Clark models were fitted to the experimental breakthrough data for AMX removal.

1. INTRODUCTION

One of the most common sources of water is groundwater,
which is more reliable for a variety of applications than surface
water [1, 2]. Because the majority of pollutants emitted from
anthropogenic and/or natural activities are harmful and have
both acute and long-term toxicity effects, the pollution of this
resource is a serious environmental problem [3-8]. The United
States Environmental Protection Agency (EPA) figures show
that the cleaning of over 217,000 contaminated sites cost 190
billion dollars [9].

The idea behind the technology of pump-and-treat (P&T) is
to extract contaminated groundwater so that it can be
remediated at the ground surface by traditional techniques.
The resulting water may be dumped into a sewer system,
injected into the subsurface, or released into a surface water
stream. For a number of years, this method has been
extensively employed at numerous contaminated locations.
Unfortunately, there is evidence that this approach is
frequently inappropriate for ongoing cleanup of contaminated
areas. Although the pump-and-treat approach was successful
in the early stages, data gathered from these sites showed that
its efficacy was significantly low in the long run [10, 11]. As
a result, researchers developed the permeable reactive barrier
(PRB) as a substitute way to address the flaws and limitations
of the P&T approach. The PRB must be positioned
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perpendicular to the contamination plume routes and consists
of a trench filled with the proper reactive material. The
contamination molecules are either sorbed or decomposed
when polluted water seeps through the wall. In order to ensure
that the entire contamination plume is intercepted and to
provide sufficient residence time for efficient remediation, the
wall design must be carefully examined for its proportions. A
suitable reactive medium must also be carefully chosen in the
interim [12]. Activated carbon [13], zeolite [14], and zero-
valent iron are just a few examples of the various materials that
can be found in PRBs for both organic and inorganic
contaminants [15]. Olive pips [16], cement kiln dust (CKD)
[17], waterworks treatment sludge (WTS) [18], waste foundry
sand [19, 20], sewage sludge [21, 22], zero-valent
iron/aluminum [23, 24], iron slag [25, 26], and other sorbents
[5, 27-30] were among the industrial byproducts that were
used as reactive materials in many prior studies. The new
approach taken in recent investigations was the synthesis of
novel sorbents from byproduct wastes. Humic acid, for
instance, is collected from the sludge of sewage and
accommodated on the surfaces of sand [31]. Hydroxyapatite
(HAP) is made from leftover eggshells because of its high
calcium content, affordability, and accessibility [32, 33]. The
chemical structure of calcium hydroxyapatite (Ca-HAP),
which has a compatible nature, is Caio(PO4)s(OH), [34]. It is
a biologically friendly inorganic substance [34].
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Due to widespread use and incomplete removal,
pharmaceuticals have emerged as contaminants of emerging
concern in aquatic environments. Many pharmaceuticals,
including antibiotics, chemotherapeutic agents, antipyretics,
contraceptives, antidepressants, medications, and analgesics,
are likely released into aquatic systems during production and
usage without any adequate remediation [35]. Among these
medications, antibiotics are widely used as veterinary, clinical,
and animal growth-promoting medications. The frequent use
of various antibiotics has resulted in a huge increase in
pathogens that are resistant to common antibiotics, which is a
serious threat to human health as well as other organisms [36,
37]. This is one of the main concerns regarding rising rates of
antibiotic tolerance to various kinds of bacteria. A common
medication for animals, amoxicillin (AMX), can be discharged
and build up in natural water resources, posing a major risk to
the aquatic environment and human health. The removal
methods used to successfully remove AMX technologies were
examined [38, 39]. The most common techniques for getting
rid of pharmaceutical effluent are chemical and biological
procedures. When it comes to removing AMX from
wastewater, advanced oxidation, electrochemical degradation,
and electrocoagulation techniques are all reasonably
successful [40, 41].

The nature of the changes that occur on the surface of the
(Ca/Al)-LDH-alginate beads due to interaction with AMX
antibiotic plays a major role in the adsorption mechanisms in
the prepared adsorbent. Aluminum and calcium ions dominate
the adsorption properties, as it is characterized by the presence
of positive surface charges in addition to internal anionic
charges [42]. The study confirmed that the removal is most
efficient at pH 3, then the formation of zwitterion will occur,
carrying both positive charge by the amine and negative
charge by the carboxyl. At this pH, the LDH will carry a
positive charge on its surface. As a result, the process will
include two mechanisms: the first is the chemical bonding of
carboxyl groups with the positively charged surface,
associated with aluminum and calcium ions. The second
mechanism includes the ion exchange of negative charges with
the anions in the LDH structure. Furthermore, the hydrogen
bonding and adsorption on the surface are minor suggested
mechanisms [43]. Based on the fact that adsorption follows the
pseudo-second-order, the first mechanism is the governing
mechanism.

Previous research indicated that the ambiguity in the
practical sector cannot be explained by the cost, effectiveness,
and stability of the specified approaches. On the other hand,
adsorption emerged as a method that is simple to implement,
inexpensive, adaptable, and capable of treating a variety of
contaminants; hence, this approach may be more appropriate
for handling such a situation [41]. Water contaminated with
organic contaminants can be cleaned up using a variety of
adsorbents, including fly ash, sawdust, clay, activated carbon,
polymers, and materials coated with nanoparticles [37, 44, 45].
Lately, research has focused on producing LDHs for use in the
realms of electrochemistry, magnetization, and the
environment. The relationship between metal ions in the
presence of anions is the foundation of LDHs.

The current study's objectives are to: i) determine whether
waterworks sludge (as Al source) and CKD (as Ca source)
may be used as low-cost sorbents in PRBs to remove AMX
from contaminated groundwater; and ii) identify the governing
mechanisms in charge of the removal process.
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2. METHODOLOGY OF LABORATORY WORK
2.1 Instrumentation

X-ray Diffraction (XRD) pattern was recorded on a
Shimadzu-7000, Japan, in the range 20 = 5-80°. Scanning
Electron Microscopy (SEM) images were acquired using an
Oxford model, using the gold coating method for the
preparation of the sample. Transmission Electron Microscopy
(TEM) images were obtained using a JEOL TEM. A drop of
the nanoparticle suspension was deposited onto a carbon-
coated Cu grid and dried at room temperature.

UV-Vis was used to monitor the AMX concentration after
each experiment using a device with a model of Shimadzu
1800, Japan, at a wavelength of 227 nm.

The "state company for the Drugs Industry and Medical
Appliances" in Samarra, Iraq, provided AMX. It was chosen
to mimic the pharmaceutical organic contaminant
contaminating groundwater. To achieve the necessary
concentrations, a 1000 mg/L aqueous solution of AMX
(C16H19N305S) was produced and diluted. The solution pH
was changed with sodium hydroxide or 0.1 M hydrochloric
acid.

In order to manufacture (Ca/Al)-LDH nanoparticles, CKD
was collected at the Kirkuk Cement Factory in Iraq. By "Le
Chatelier flask and ASTM C188-95 (Standard Test Method
for Testing Density of Hydraulic Cement)", CKD specific
gravity was found to be 2.77. Due to the wide variety of
particle sizes found in its particle size distribution curve, this
dust is categorized as a heterogeneous substance [46].

The waterworks sludge used in the current studies came
from the AL-Weihdaa water treatment plant in Baghdad, Iraq.
To clean the raw water, alum salts are constantly supplied to
the sedimentation tank. The sludge was crushed, allowed to air
dry for several days, and then ground into a powder.

2.2 Manufacturing of sorbent

LDHs were prepared via a co-precipitation route conducted
at room temperature. Calcium and aluminum ions were
obtained by acid extraction as follows:

Step one: 140 mL 25% (v/v) HCl and 10 g CKD (containing
CaO = 44.47%) were added to 1000 mL of distilled water
(DW). The mixture was stirred at 250 rpm for 30 min at room
temperature and then filtered, yielding a Ca?*'-containing
filtrate and a solid residue (filter cake). The mass of CaCl.
obtained was 8 g, corresponding to an extraction efficiency of
90.90%.

Step two: 20 g of WTS (containing Al,O3 = 20.31%) was
used for the extraction of Al* by following the same
procedure described in step one. The mass of AICls obtained
was 17.67 g, corresponding to an extraction efficiency of
88.35%.

To create the primary liquid for the necessary ions, the clear
solutions of Ca™ and Al" from steps (1) and (2) were
combined in a beaker with a molar ratio of 1:1 (5 g of CaCl,
and 6 g of AICl3) while being vigorously stirred for 15
minutes.

Tween 18 (polysorbate) was added, and 0.5 mL of NaOH (1
M) with a flow rate of 0.1 mL/min was utilized to raise the pH
to 8 to form a (Ca/Al)-LDH, and the flasks must be agitated at
700 rpm for 1 h. NaOH addition was stopped once the mixture
became gel-like.

After centrifuging the resultant mixture for five minutes at



4000 rpm, it was washed with hot water, centrifuged until the
pH reached 7.5, and dried overnight at 50 °C in an oven. The
same process was used with two different Ca:Al ratios: 0.5:1
and 2:1.

Dissolving 2 g of Na-alginate in 100 mL of distilled water
for 24 hours at room temperature while vigorously stirring
with a magnetic stirrer. Various amounts of (Ca/Al)
nanoparticles were mixed with this solution. Using a 10 mL
syringe, dissolve 1.11 g of CaCl, in 100 mL DW to create 0.1
M of CaCl, for polymerization and bead production. The
beads, which have a diameter of about 4 mm, were stored in

Extracted Al+3

Tween +NaOH

l

Mixing

Extracted Ca+2

0.0050 M of CaCl, (0.278 g CaCl, was prepared by dissolving
in 500 mL DW) at 4 °C for later use after being cured in this
solution for 24 hours. Figure 1 illustrates this process.

The AMX removals (R) are suitable measures to identify
the proper parameters for bead manufacture, including the
Ca/Al ratio, nanoparticle dosage, and pH of solution.
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Figure 1. Steps for preparation of Ca/Al nanoparticles and sodium alginate beads
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Figure 2. Physical apparatus for monitoring the propagation
of amoxicillin (AMX) along the Ca/Al alginate beads

2.3 Column operation mode

A Perspex column, a tank, a valve, a peristaltic pump, and
tubes are the main components of the experimental apparatus
prepared to study the AMX-water migration. As Figure 2
makes clear, the column's measurements are 2 cm for inner
diameter, 70 cm for height, and 3 mm for wall thickness. In
order to achieve uniformly moving water, AMX propagation
occurs in 1-D through the bed, reflecting the actual conditions
in the packed column. The effectiveness of the beads in
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lowering the concentration of AMX was assessed by filling the
column with 60 cm of them. To prevent trapped air, DW must
inject in the upward direction. After that, the bed was filled
with AMX-contaminated water at intervals of 2, 5, and 10
mL/min until saturation was reached. To guarantee that such a
flow is laminar, the groundwater flow characteristics have
been established. The columns' ports P1 and P2 are positioned
10 cm from the column entrance, while P3 and P4 are
positioned 20 cm. Samples of water have been taken from the
ports at exact times in order to determine the AMX contents.
The influent's initial AMX concentrations were 10, 50, 100,
150, 200, and 250 mg/L.

2.4 Models for measurements

The C/C, with elapsed time (“breakthrough curves”) can be
measured experimentally at selected ports in the packed
column, and a set of mathematical models could simulate these
curves. PRB may be effectively designed on a field scale using
the "breakthrough curve." For a constant, continuous influent
concentration, the mentioned curve can be plotted as "S-
shaped." The "breakthrough curve" can be used to define the
"breakthrough point," a special characteristic. The output
concentration that met the water purification goal is
represented by this point. For straightforward issues, the
equation of solute transport can be solved analytically to plot
the breakthrough curves; however, complex circumstances
cannot be solved in this way. As a result, computer-assisted
semi-analytical solutions and empirical approximations were
developed. Applying such tractable and simplified models was



necessary to characterize the AMX migration with a
satisfactory level of accuracy as compared to numerical

solutions [47]. The empirical and theoretical models used in
this investigation are listed in Table 1.

Table 1. Models for the description of experimental outputs

Model Formula Reference
C 1
Bohart-Ad [ 48
ona ams Co 1+exp (KNo * % - KCot) (48]
c L 1
Yan Co cxQy. ) [49]
1+(1 <(0.001 X8 )xt
t
t—ty)exp| —ol(—
Belter-Cussler-Hu L1t erf(( o) p< (to)>) [50]
Co (VZot,)
C (n-1)
Clark (C—) =1/(1+Axelmt) [51]
[
c 1
Thomas-BDST Co (MqoKrn) KrnCot [52]
1+exp [ -
Q 1000

3. RESULTS AND DISCUSSION
3.1 Beads manufacture

The primary objective of the preparation experiments was
to specify the bead preparation conditions for the sorption of
AMX. The primary production parameters used in this
investigation were the Ca:Al ratio, the quantity of
nanoparticles, and the water's starting pH. Each condition's
ideal value is correlated with a higher AMX elimination. The
pH values were 7, 10, and 12 with a Ca/Al ratio of 1:1 and a
dosage of 20 g/100 mL of nanoparticles in order to examine
the pH effect on the effectiveness of sorbent formation. Tests
were effective in identifying the removal process using 2
grams of beads per 50 mL, 100 mg/L of AMX-water, pH 7,
and 250 rpm for 3 h. Table 2 illustrates how pH affects the
Ca/Al sodium alginate's capacity to eliminate AMX during the
manufacturing process. The highest AMX removal
effectiveness was recorded at pH 10, with a value of 51%,
because the optimal LDH required basic conditions. Changes
in acidity may induce a significant decrease in the percentage
of removal due to the larger diameter of the nanoparticle.
Therefore, pH 10 can be used in the production process. The
influence of a Ca to Al ratio between 0.5 and 2 on the
formation of beads can be assessed at pH 10. For every 100
milliliters, two grams of (Ca/Al)-LDH nanoparticles were
introduced. A molar ratio of 1 was required to achieve the
higher removal (43%), according to the results (Table 2).
When compared to the maximum level, efficiency can
decrease due to either the LDH structural disorder or a change
in the radius difference between Ca and Al [48]. The impact
of particles grams (5—50 g/100 mL) on sorbent production may
be investigated at optimal molar ratio and pH (i.e., 10 & 1,
respectively). The significant improvement in AMX removal
efficiency is explained by the findings. When the beads are
varied from 5 to 50 grams, the effectiveness of AMX
elimination may be 45%. The removal of AMX by Ca/Al-
LDH-alginate beads is mainly governed by chemisorption, as
indicated by the pseudo-second-order kinetic model, and
involves electrostatic interactions and surface complexation
between the carboxyl groups of AMX and the positively
charged Ca?" and AI** sites on the LDH surface. In addition,
the layered structure of LDH allows interlayer anion exchange
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with AMX species, while hydrogen bonding may contribute as
a secondary interaction. These mechanisms have now been
briefly explained in the discussion section to provide a clearer
interpretation of the adsorption process.

Table 2. Effect of synthesis factors on the removal
percentage of amoxicillin (AMX) for tests of sorption at (50
mg/L AMX, beads 0.5 g, 60 min, 25 °C, pH=7, 250 rpm)

Synthesis Removal
Parameter (%) Other Parameters
pH 170 ‘5? Ca/Al-LDH =20 g/100
12 51 mL, Ca/Al =1
0.5 37 3 B
Ca/Al 1 43 pH =7, Ca/Al-LDH = 20
2 31 g/100 mL
5 21
10 39
fa}/ﬁﬁjﬁ 20 44 pH =7, Ca/Al = 1
s 40 45
50 45

3.2 Bead characterization

For CKD and LDH, an XRD test was performed to assess
the type of compound generated and its purity. The location
and number of the peaks indicate whether the compound is
crystalline or amorphous. With peaks at 23, 29.5, 36.5, 39.5,
43.0, and 48.5°, Figure 3 demonstrated that CKD is composed
of CaCO3, which is consistent with JCPDS Card No. 05-0586
[40]. In accordance with JCPDS Card No. 37-1496 [39], the
anhydrite (calcium sulfate) displayed peaks of low intensity at
25.25, 31.5, 37, 36.5, 41.0, and 45.5°. Quartz and portlandite
(calcium hydroxide) were identified as the other secondary
compounds, which had peaks at 27.1 and 34.0 degrees. This
outcome is in line with the chemical analysis inserted in Table
1. Six peaks at 11.4, 22.9, 31.32, 32.05, 55.2, and 56.8° were
identified as belonging to the 002, 004, 110, 112, 030, and 032
crystal planes, respectively, which are the same as the
compound made in the study [49].

The size and morphology were measured using SEM and
TEM for LDH beads. SEM in Figure 4(a) explained the
existence of nano-sheet-like particles with a thickness from 50



to 56 nm in addition to the nano-rod structures with a diameter
of 98-100 nm, indicating the formation of the LDH [50].
Compared to the previous studies, the sheet percentage was
greater than the rod percentage; this could improve the
dispersing agent's effectiveness.

Because the rod's diameter reached 20 nm and the sheet's
thickness did not surpass 13 nm, the distinct forms are more
visible as distinct particles in TEM analysis. The size is
reduced when compared to the SEM result, suggesting that
these particles are nano-aggregates in SEM, which were more
precisely photographed in TEM (Figure 4(b)). As seen in
Figure 4(c), the sorbent shape clearly changes as a result of the
attachment of contaminant molecules upon interaction with
AMX antibiotic.
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Figure 3. Description of prepared beads and cement kiln dust
(CKD) by X-ray Diffraction (XRD)
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Figure 4. (a) Scanning Electron Microscopy (SEM) for
virgin prepared beads, (b) Transmission Electron Microscopy
(TEM) for virgin prepared beads, and (c) SEM for
amoxicillin (AMX)-loaded prepared beads

3.3 Continuous outputs

Prepared beads were used as a PRB to evaluate the
migration of AMX through a column configuration [51].
Monitoring was done to evaluate how well PRB performed at
removing adopted antibiotics from water while keeping
permeability within a reasonable range [52]. Conditions used
to express (1) the change of AMX C/C, at P1 and P4 with time
and (2) the mathematical formulation of breakthrough curves
by Bohart-Adams, Thomas-BDST, Yan, Belter-Cussler-Hu,
and Clark models are water flow rate, AMX concentration, and
bed depth. The curves in Figures 5 and 6 clearly show the
impacts of C, at 10, 50, 100, 150, 200, and 250 mg/L for 2
mL/min at P1 and P4. These graphs show how, as the influent
concentration increases, the beads will be rapidly saturated
with AMX. This is because the high concentration gradient
increases the driving force for chemical transfer, hastening the
depletion of adsorption sites [53].

The breakthrough graphs can be used to determine the
"breakthrough time" for the AMX antibiotic that corresponds
to 5% C/C,. The "bed longevity", which is necessary to keep
the contaminant in the effluent less than the allowable limit,
reflects this time. According to Figure 5, the "breakthrough
time" for P1 at a flow rate of 2 mL/min and C, 10 mg/L is 3.5
days; with C, 250 mg/L, it is reduced to 0.75 days. This time
with C, for P4 shows a similar pattern; longevity can range
from 11.5 to 4 days for C, 10 and 250 mg/L, respectively, at 2
mL/min. Figures 5 and 6 show the impact of flow rate on the
C/C, front at the same ports for 10, 50, 100, 150, 200, and 250
mg/L. According to these results, the change in flow rate from
2 to 10 mL/min will decrease the "breakthrough time",
enhance the appearance of the AMX front, and steepen the
"breakthrough curves" because contaminants will leave the
beads before they achieve equilibrium [53-56].

Large numbers of adsorbed molecules can also be desorbed
from the sorbent's surface by the increased discharge,
particularly for weak and reversible bonds. As a result of the
increasing effluent concentration, the "breakthrough time" was
shortened. For instance, increasing the flow rate from 2 to 10
mL/min for 10 mg/L at P4 can reduce the "breakthrough time"
from 11.5 to 7.25 days. As seen in Figures 5 and 6, the higher



sorbent depth considerably delays the development of the
AMX front, indicating that the bed depth may affect the
contaminant front's spread. The adsorption process is
enhanced when AMX molecules have sufficient time to
permeate into the deeper pores of the bed. When the thickness
of the beads is adjusted from 10 to 60 cm, the "breakthrough
time" increases from 3.5 to 11.5 days for 2 mL/min and C, 10
mg/L; meanwhile, the "saturation duration" increases from

19.5 to 28 days. Because of the increasing surface areas at
thicker depths, it is evident that a deeper bed will increase its
adsorption capacity for the same C, [57]. The results
demonstrated that the hydraulic conductivity coefficients stay
roughly constant at 2.6 x 10 cm/s. As a result, during water
movement (the migration of contaminants), the pores are still
accessible. PRB should have a permeability greater than 2.1 x
102 cm/s [54].

1 (1 N
Port 1, Q=2 ml/min, Co= 10 mg/L Port 1, Q=2 ml/min, Co= 150 mg/L
08 0.8
0.6 0.6
8 S
B S
04 0.4
. Exp. . Exp.
—&— Bohart-Adams Model —&—Bohart-Adams Model
O Yan Model O Yan Model
0.2 0.2
+  Belter-Cussler-Hu Model +  Belter-Cussler-Hu Model
—— Clark Model Clark Model
. Thomas-BDST Model + Thomas-Bdst Model
0 0 i
0 2 4 6 8 10 12 14 16 18 20 22 4 2 4 6 8 10 12 14 16
Time(day) \_ Time(day)
1 Y 1
Port 1, @=2 ml/min, Co= 50 mg/L Port 1, Q=2 ml/min, Co= 100 mg/L
0.8 0.8
0.6 06
g 8
%) D
04 04
. Exp. « Exp.
—&— Bohart-Adams Model —&— Bohart-Adams Model
O Yan Model O YanModel
0.2 02
+  Belter-Cussler-Hu Model + Belter-Cussler-Hu Model
—— Clark Model ——Clark Model
+ Thomas-Bdst Model + Thomas-Bdst Model
0 A L CECETE
0 2 4 6 8 10 12 1 16 18 20 o z 4 6 8 10 12 14 16 18
" Time(day) )\ Time(day) y.
! Frro== ! tIT7
2 ml/min, Co= 200 mg[[ Port 1, Q=2 ml/min, Co= 250 mgIL
0.3 4 0.8
0.6 4 0.6
8 8
5 o
04 4 04
. Exp. . Exp.
—&— Bohart-Adams Model —5— Bohart-Adams Model
O YanModel O YanModel
0.2 4 02
+  Belter-Cussler-Hu Model + Belter-Cussler-Hu Model
Clark Model —— Clark Model
u ¢ Thomas-Bdst Model a + Thomas-Bdst Model
o o
0 0 e
0 2 a 6 8 10 12 14 0 2 2 6 8 10 12
Time(day) L Time(day) J

676




0.8

0.6

Cc/Co

0.4

0.2

Port1,

—&— Bohart-Adams Model

0O YanMadel

+  Belter-Cussler-Hu Model
—— Clark Model

. Thomas-BDST Model

0.8

0.6

C/Co

0.4 o

02

4 6 8 10 12 13

Time(day)

16 18 20

Exp.
—&— Bohart-Adams Model

O Yan Model

+  Belter-Cussler-Hu Model
—— Clark Model

. Thomas-BDST Model

2 0 2 4 6 8 10
\_ Time(day)

12

14 16 18

Figure 5. Breakthrough graphs at P1 for the amoxicillin (AMX) propagation

(1 1
Port 4, ml/min, Co=50 mg/L
0.8 0.8
0.6 0.6
3 o
< 3
v )
04 04
. Exp.
. Exp.
—&— Bohart-Adams Model
—&—Bohart-Adams Model 02
02 - O Yan Model
O Yan Model
+  Belter-Cussler-Hu Model +  Belter-Cussler-Hu Model
——Clark Model —— Clark Model
4 Thomas-BDST Model . Thomas-BDST Model

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0 2 4 6 8 10 12 u 16 13 20 22 24 26 28
\
'
0.8
0.6
g
04
. Exp.
&
4+t —&— Bohart-Adams Model
¥
¥
oz T B oz + O Yan Model
i —&— Bohart-Adams Model ) +  Behter-CusslerHu Model
++# O YanModel er-Cussler-Hu Moael
+'F" +  Belter-Cussler-Hu Model —— Clark Model
ﬁ,,gr'*p Clrk Madel
" Thomas-BDST Madel * Thomas-BDST Model
0 T T T T T T T T T 0 T T T T T T T
0 2 4 8 10 12 14 16 18 20 2 24 26 28 30 32 0 2 4 6 8 10 12 14 16 18 20 2
\_ Time(day) JN Time(day)

677




0.8

e
o

c/Co

0.2

Port 4, Q=2 ml/min, Co= 250 mg/L

0.8

4
o

C/Co

. Exp.
—&— Bohart-Adams Model

O YanModel

+  Belter-Cussler-Hu Model

——Clark Model

0.2

+ Thomas-BDST Model

Time(day)

20

Port 4, Q=2 ml/min, Co= 150 mg/L

LB
—&— Bohart-Adams Model

O Yan Model

—— Clark Model

+  Belter-Cussler-Hu Model

.

Thomas-BDST Model

12 14
Time(day)

20 22

e
@

cfco

08

- Exp.

—&— Bohart-Adams Model
O Yan Model
+  Belter-Cussler-Hu Model
Clark Model
* Thomas-BDST Model

0.2

Time(day)

13 20

22 24

26

J A

—&— Bohart-Adams Model

O YanModel

+  Belter-Cussler-Hu Model

Clark Model

+* Thomas-BDST Model

14 16
Time(day)

20 22 24 26

28

Figure 6. Breakthrough graphs at P4 for the amoxicillin (AMX) propagation

Table 3. Coefficient values for models used to create AMX breakthrough curves at P1 and P4 for various C, at 2 mL/min

P1 P4
Model Parameter Co = Co = Co = Co = Co = Co = Co = Co = Co =
Co=10 G=50 4y 150 200 250 10 ©=50 0 150 200 250

KC, 03068 03162 03225 03332 03534 03973 04102 03580 03432 03390 03412 03438
Bohart-  KNoZ/U  3.0286  2.6557 24856 22426 18732 16231 7.1333 57159 4886 42091 36045 32324
Adams R 09402 09882 09839 09797 09622 09669 09903 09949 09948 09935 09900  0.9875
SSE 06614 01089 01229 01254 01826 01175 00336 00570 00805 01042 01360 0.1391
0.001QC/q  5.972x10 o 40x10T 5A4x10T 62x10°  77x10° 77x10  139x10  1.6x10° 2.1x10°  23x10°  7.6x10°

oM 5 7.7x10 6 6 6 6 K] g 6 6 6 5
Yan a 13325 14539 22‘136‘ 233359' 255187‘ 255187' 22300 22300 22300 24339 30720 682.68
R 09179 09705 09752 09748 09663 0958 09152 09380 09384 09492 09592 09664
SSE 13906 07335 05624 03740 02392 01659 08185 13931 13947 3504 13314 11097
o 20103 20968 16337 109 3268 11289 32620 307658 2018 26304 23.189  20.842

Belter- 5 1 5 1 6
Cussler- o 04935 05507 05781 06116 06716 07243 02375 02872 03311 03818 04429 04871
Hu R? 09135 09621 09843 09822 09697 09744 07780 08366 08713 08980 09322 09529
SSE 16598 10993 01164 01110 01446 00888 17116 23137 28442 28914 20515 12350
A 25142 01843 10175 0.9240 0'031 9B 00250 00109 001506 00387 00304 00481 00582
Clak r 02374 02248 02485 02600 02621 02990 02159 02056 02110 02193 02299 02366
n 13209 1.0439 12168 12297 10077 10114 10034 10008 10028 10030 10066  1.0099
R? 09404 09907 09865 09822 09657 09657 09976 09982 09975 09964 09939 09918
SSE 06457 00730 01035 01113 01679 01238 00072 00101 00186 00326 00562 00716
KTCo 0306 03162 03225 03332 03534 03973 04102 03580 03432 03390 03412 03438
Thomas KTqM/Q  3.0286  2.6557 24856 22426 18732 16231 7.1333 57150 4886 42091 36045 32324
_BDST R? 09402 09882 09839 09797 09622 09669 09903 09949 09948 09935 09900  0.9875
SSE 06614 01089 01229 01254 01826 01175 00336 00570 00805 01042  0.1360  0.1391
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Table 4. Coefficient values for models used to create AMX breakthrough curves at P1 and P4 for various Q at 50 mg/L

P1 P4
Model Parameter Q=2 Q-5 Q=10 Q-2 0-5 Q=10
KCo 03162 03162 03079 0.3580 0.3406 03377

Bohart-Adams KNo Z/U 2.6557 22814 2.0333 5.7159 4.8473 4.1094
R2 0.9882 0.9845 0.9804 0.9949 0.9950 0.9926

SSE 0.1089 0.1079 0.1158 0.0570 0.0706 0.1052
0.001QC/qoM 7.7%105  9.59x10° 8.78x10°6 1.39x107 1.6x106  2.2x10%

van a 1453.9 12384.1 14630.4 22300 22300 24295

R? 0.9705 0.9765 0.9743 0.9380 0.9360 0.9459

SSE 0.7335 0.4185 02793 13931 1.3599 1.4604

to 20.968 182311 17.8331 30.7658 27.5599 24.401

Belter-CusslerIi - 0.5507 0.6127 0.6488 0.2872 0.3330 0.3903
R? 0.9621 0.9790 0.9778 0.8366 0.8957 0.9315

SSE 1.0993 03721 0.3330 23137 23962 2.0229

A 0.1843 1.4727 12056 0.01506 0.02875 0.0233

r 0.2248 0.25484 0.2499 0.2056 0.2089 0.2194

Clark n 1.0439 13219 13172 1.0008 1.0022 1.0025

R? 0.9907 0.9865 0.9824 0.9982 0.9976 0.9959

SSE 0.0730 0.0953 0.1058 0.0101 0.0132 0.0328

KTCo 03162 03162 0.3079 0.3580 0.3406 03377

KTqM/Q 2.6557 22814 2.0333 5.7159 4.8473 41094

et R 0.9882 0.9845 0.9804 0.9949 0.9950 0.9926
SSE 0.1089 0.1079 0.1158 0.0570 0.0706 0.1052

Experimental data from ongoing column testing for AMX
removal were used to fit the aforementioned models at P1 and
P4. The models' fitted parameters (Tables 3 and 4)
demonstrated that the adsorption capacity for AMX is
significantly increased with higher alginate beads [58-64].
Using the Solver Excel spreadsheet tool, nonlinear fitting was
used to find the coefficients of the models as inserted in Tables
3 and 4. A suitable model that can be adopted to estimate the
"breakthrough point" on the plotted curves was specified by
calculating "sum of squared errors, SSE" and "coefficient of
determination, R?". The measurements at P1 and P4 were best
represented by the Bohart-Adams, with R? > 0.98 and SSE <
0.15.

4. CONCLUSIONS

Using a combination of calcium ion solution and aluminum
ion solution extracted using the precipitation method, Ca/Al-
LDH nanoparticles were successfully created. In order to
create a novel sorbent called Ca/Al-LDH—beads—PRB for
the treatment of contaminated groundwater, the produced
nanoparticles needed to be immobilized by Na-alginate.
Because of the utilization of byproducts in the manufacturing
of such bead sorbent, this work examined the actual step in the
sustainable development. Ca to Al = 1, pH = 10, and particle
dosage = 45 g/100 mL are the proper parameters for bead
synthesis. The characterization investigations confirmed that
nanoparticles had developed within the produced sorbent and
might aid in AMX sorption. The results of PRB's ability to
prevent AMX migration demonstrate that PRB lifetime can be
increased by lowering the inlet concentration, lowering the
water flow rate, and increasing the quantity of beads.
Therefore, at the lowest flow rate (2 mL/min), concentration
(10 mg/L), and higher depth (60 cm), the greatest values for
breakthrough time and saturation time were 11.5 and 28 days,
respectively. The Bohart-Adams model proved suitable for
creating the column test data. In this model, K typically
decreases as C, increases, reflecting that higher C, leads to
faster saturation of adsorption sites and a lower apparent
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adsorption rate per unit concentration. Similarly, other
parameters vary with C, or q. to reflect changes in bed
capacity, mass transfer, and overall adsorption dynamics. The
results demonstrated that the voids in the packed beds are still
able to carry water, with a permeability coefficient of 2.6 x 10
Zcm/s.
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Latin symbols (Dimensional)

A Empirical constant in Clark model,
dimensionless
C Concentration of amoxicillin at time t, mg/L
Initial concentration of amoxicillin (influent
Co .
concentration), mg/L
Ce Equilibrium concentration of amoxicillin, mg/L
C Outlet/effluent concentration of amoxicillin,
© mg/L
D Diameter of column, cm
DW Distilled water
H Height of column, cm
Adsorption rate constant, various units
K .
depending on model
Adsorption rate constant with respect to
Kc concentration in Bohart-Adams model,
L/(mg-min)
Adsorption rate constant in Bohart-Adams
KN, .
model, L/(mg-min)
K Adsorption rate constant in Thomas-BDST
model, mL/(pug-min)
M Mass of adsorbent (beads) in column, g
n Empirical constant in Clark  model,
dimensionless
Q Volumetric flow rate, mL/min
R Removal efficiency or removal percentage, %
r Reaction rate constant in Clark model, min!
t Time, min
% Characteristic time in Belter-Cussler-Hu
model, min
U Superficial velocity or flow velocity, cm/min
Z Bed depth or column height, cm
a Empirical constant in  Yan  model,
dimensionless
Maximum adsorption capacity of adsorbent,
QP mg/g
Greek symbols
s Dispersion parameter in Belter-Cussler-Hu

model, dimensionless
Dimensionless groups and ratios

Normalized concentration or breakthrough

C/Cy . .
ratio, dimensionless
Molar ratio of calcium to aluminum in layered
Ca/Al . . .
double hydroxide, dimensionless
Erf Error function, dimensionless
Exp Exponential function, dimensionless

Subscripts and superscripts

Ooro Initial or inlet condition

E Equilibrium condition

C Related to concentration

No Related to the Bohart-Adams model parameter
Th Related to the Thomas-BDST model parameter
+2 Divalent cation charge (e.g., Ca*?, Al™3)

+3 Trivalent cation charge



Abbreviations and acronyms

AMX Amoxicillin (Ci6H19N305S)
Ca-HAP  Calcium hydroxyapatite (Caio(POs)s(OH)2)

CKD Cement kiln dust

DW Distilled water

HAP Hydroxyapatite

HCl Hydrochloric acid

LDH Layered double hydroxide
Na- Sodium alginate
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alginate
NaOH
P&T
PRB
Rpm
SEM
TEM
WTS
XRD

Sodium hydroxide
Pump-and-treat technology
Permeable reactive barrier
Revolutions per minute

Scanning electron microscopy
Transmission electron microscopy
Waterworks sludge

X-ray diffraction
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