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ABSTRACT

The innovative aspect of this study is synthesis of a novel sorbent (Ag/Fe — nanoparticles — sodium alginate beads)
that can be employed for treating simulated groundwater polluted with amoxicillin (AMX) antibiotic in perme-
able reactive barrier (PRB) — continuous configuration. The beads are prepared using solid residues, especially the
peels of pomegranate and leaves of sesban tree, to satisfy the sustainability concepts. The sorbent was prepared
through manufacturing of nanoparticles from silver and iron layered double hydroxides and; then, immobilization
the nanoparticles with sodium alginate. The particles have been manufactured through mixing silver — iron ions
obtained with peels of pomegranate and leaves of sesban tree respectively via precipitation method. The suitable
conditions for bead preparation to obtain maximum removal efficiency of AMX are molar ratio (Ag/Fe) = 0.5,
solution pH = 9, and silver to iron nanoparticles dosage = 7 g per 100 mL of sodium alginate. The characterization
tests of beads prove that nanoparticles can support antibiotic sorption. Results certified that PRB can restrict the
migration of AMX and its longevity is correlated directly with the thickness of beads; in addition, it is inversely
correlated with inlet concentration and water flowrate. The measurements of continuous tests for removing of
AMX have fitted with “Bohart-Adams”, “Yan”, “Belter-Cussler-Hu” and “Clark” models. Such models have been
plotted the “breakthrough curves” for contaminant transport along the packed beads. Belter-Cussler-Hu is more

suitable model in the description of the outcomes obtained from continuous tests.

Keywords: antibiotic, fixed bed column, alginate, sesban tree leaves, pomegranate peel.

INTRODUCTION

Groundwater, which is essential to both
aquatic and terrestrial ecosystems, is considered
the most precious and easily accessible freshwa-
ter natural resource (Faisal and Ahmed, 2014;
Ibreesam and Faisal, 2020). Up to 2 billion people
receive drinking water from aquifers, and agricul-
tural regions irrigated by groundwater are respon-
sible of producing forty percent of food in the
world (Thiruvenkatachari et al., 2008). Environ-
mental contamination is one of the most important
problems resulting from human development in
the present century. Groundwater and water bod-
ies may be polluted due to the spillage of indus-
trial wastewater that contains organic chemicals,
heavy metals, and radioactive species. According-
ly, the aquatic systems and health of people may
be seriously threatened by this pollution (Faisal

et al., 2021; Yang et al., 2017). Pharmaceuticals
are well-known organic substances found in wa-
ter streams that were identified as contaminants
in the 1980s (Abed and Faisal, 2023a; Ghattas et
al., 2017). The modern community’s increased
use of these substances to enhance living qual-
ity may result in hazardous pollution for ambi-
ent environment (Abed and Faisal, 2024; Rive-
ra-Jiménez and Hernandez-Maldonado, 2008).
Cosmetics, fragrances, antibiotics, sweeteners,
agrochemicals, veterinary drugs and pesticides
are examples of such contaminants. Tetracycline
(TC) and amoxicillin (AMX) are antibiotics that
have long-lasting biological and structural activ-
ity. These compounds can harm microorganisms
or even result in the emergence of new bacterial
and viral strains (Faisal et al., 2024b; Tijani et al.,
2016). More than one hundred thousand tons of
the mentioned antibiotics are annually consumed
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in worldwide, according to previous studies
(Kummerer, 2003).

Amoxicillin, is semi-synthetic drug belonging
to the class of Penicillins from f - lactam antibi-
otic family that has high stability in water. AMX,
which has the molecular formula C H /N.O.S, is
a white or nearly white powder that is compatible
with citrate, phosphate with slight sulfurous odor,
and borate buffers as well as available in three dif-
ferent forms: anhydrous, sodium and trihydrate.
This antibiotic has lowest solubility for pH range
from 4 to 6 (Al-Hashimi et al., 2023, 2021; Hom-
sirikamol et al., 2016).

To remove antibiotics from environmental me-
dia, a number of treatment approaches have been
proposed. As significant technologies, adsorption,
membrane separation, oxidation, coagulation, and
biological degradation are employed. In the water
treatment process, adsorption is flexible, inexpen-
sive, and simple to use (Li et al., 2021; Peng et
al., 2016; Shabani and Dinari, 2022; Tkaczyk et
al., 2020). Synthesis of efficient materials to ob-
tain suitable remediation of water- chemical com-
pounds is a suitable solution for the contamination
problem (Karaman et al., 2022; Karimi-Maleh et
al., 2022; Qiu et al., 2022). Since the appearance
of the PRB technique in the early 1990s, its long-
term performance and capability to retain a wide
range of contaminants from groundwater has been
thoroughly examined (Abdul-Kareem and Faisal,
2020; Alquzweeni and Faisal, 2020; Faisal et al.,
2018; Rashid and Faisal, 2019). Therefore, the
PRB technique is introduced as a proper alterna-
tive to the traditional “Pump and Treat” approach,
especially when the reactive materials of barrier
can be prepared from solid wastes discarded to the
environment (Qiu et al., 2022).

LDHs are considered a category of ionic la-
mellar compounds composed of layers having
positive charges similar to brucite and interlayer
containing solvation molecules and charge com-
pensating anions. The granular structure of such
compounds can limit its capacity for sorption
because it is led to dense multi-layered stacking.
The magnetic biochar can be utilized as immo-
bilized material for loading LDH, thereby high
contaminant removal may be achieved (Abed and
Faisal, 2023b; Yang et al., 2020).

According to previous studies, the contami-
nation of water resources by effluents containing
AMX cannot be denied. To deal with this issue,
remediation technologies must be continuous-
ly updated. As a result, the production of new
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sorbents for PRB allowing for groundwater move-
ment while retaining the chemicals may serve as
a sound justification for present investigation.
The creation of new reactive material from solid
wastes to remediate the AMX-water is the core of
present work. This requires the mixing of silver
(prepared with pomegranate peels) and iron (ex-
tracted with leaves of sesban tree) to form LDH
nanoparticles which immobilized as beads using
sodium alginate. A set of batch — continuous ex-
periments were conducted to identify the ability
of the aforementioned beads and suitable opera-
tion conditions in the reclamation of AMX-water.

METHODOLOGY IN THE LABORATORY

Contaminant

To investigate the ability of water reclamation
using prepared beads, the AMX antibiotic was
chosen in the batch and continuous tests. A 1 L
water plus 1000 mg AMX were mixed together to
form stock solution of 1000 mg/L which could be
diluted to achieve the required concentration. The
acidity of the room-temperature stock solution
needed to be gradually adjusted by drops of NaOH
or HCI as needed. A “UV-visible spectrophotom-
eter” (Varian Cary 100 conc., England) set to 230
nm was used to measure the antibiotic concentra-
tion (Ataklti et al., 2016; Wang and Jian, 2015).

Preparation of silver ions

Pomegranate peels were used to help in pro-
ducing silver ions. The peels were first removed
from other components, including fruit, mem-
branes, seeds and they were then washed by “dis-
tilled water, DW” as well as air dried for enough
time to eliminate any remaining moisture before
being ground into tiny bits. Five grams of these
fragments were combined with one hundred mil-
liliters of DW, and the mixture needed to be heat-
ed to 60 degrees Celsius for fifteen minutes. In the
following stage, this combination had to be run
through a filter paper with a “0.45 um pore size”
in order to be used as fresh extract. After dissolv-
ing 2.2 g of silver nitrate in 250 ml of DW without
illumination, it was heated to 60 °C while being
stirred. Lastly, a burette was used to add the 50 ml
of pomegranate peel extract drop by drop while
stirring 100 ml of deionized water. After adding
50 milliliters of diluted pomegranate peel, the
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mixture was stirred. Drops of 0.1 M HCI had to be
added to verify the conversion of Ag” to Ag"; the
appearance of white precipitates meant that the
Ag*was still present. Consequently, pomegranate
peels were added until no white precipitate was
seen. The process of extracting silver ions from
pomegranate peels is shown in Figure 1.

Preparation of iron ions

The leaves of sesbania tree were washed with
DW and; then, they had to be converted to fine
powder after being dried for five days to elimi-
nate any remaining moisture. Next, 100 milliliters
of DW had to be combined with five grams of
sesbania powder. The liquid was heated to 60 °C
for fifteen minutes and then had to be passed on
the “0.45 pum pore size” filter paper. It was neces-
sary to dissolve 2.16 grams FeCl, in 83.3 ml DW
at 40 °C with agitation. Thereafter, 50 ml of ex-
tract was diluted with DW to 100 ml, then added
drop by drop using a burette while being stirred
and heated to 40 °C. The process of extracting iron
ions from sesbania leaves is described in Figure 1.

Manufacture of Ag/Fe composite

The 100 milliliters of silver solution had to
be added to 100 milliliters of iron solution. The
resultant mixture was agitated at 250 rpm for 3 h
using a magnetic stirrer. After that, the resulting
material could be filtered out of the aqueous solu-
tion, but it had to remain at 60 °C overnight. Poly-
mer matrix of sodium-alginate (supplied from
China having 2.5 x 10 g/mol) was applied to
immobilize the silver-iron nanoparticles to obtain
the LDH beads. Figure 1 provides an illustration
of alginate beads manufacturing process. Three
values of pH, specifically around 7, 9 and 11 for
mixture were adopted to find its effect on synthe-
sis process for 3 h agitation at 250 rpm. The rise
of pH is very important to support the preparation
of nanoparticles.

The same process outlined in previous sci-
entific papers was used to produce sodium al-
ginate. Therein, 2-gram sodium-alginate were
dissolved in 100 milliliters of DW as part of this
procedure. Using a stirrer, the solution was thor-
oughly mixed for 24 hours at room temperature.
Preformed nanoparticles at varying quantities
were added to a sodium alginate solution. The
0.1 M CaCl, solution, which can be made by
dissolving 1 gram of CaCl, in 100 milliliters of

DW, had to be mixed with the slurry. This was
done using a 10-milliliter syringe to start the po-
lymerization process and produce beads. The 4
mm-diameter beads had to be dried at 105 °C.
After an hour of immersion in this solution, the
beads were washed with DW and kept for lat-
er use at 4°C in a five mM solution of CaCl,
(0.278 grams of CaCl, dissolved in 500 milli-
liters of DW). The appropriate parameters for
bead preparation, such as the silver/iron ratio,
nanoparticle dosage, and pH of solution, were
identified using the AMX elimination efficiency
as an indicator. The removal efficiency (R) of
AMX on the prepared beads is illustrated below:

— (Co_Ce)
R = — x 100 (1)

o

Pomegranate peels

Mixing

NaOH + Filtration

Na-alginate

Ag/Fe LDH heads

Figure 1. Schematic methodology for preparation of
LDH alginate beads
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Column tests

A Perspex column supplied with peristaltic
pump, water storage tank, tubes and valve repre-
sented the components of experimental setup (Fig.
2) used for modeling the migration of AMX dis-
solved in water. The dimensions of column were
inner diameter 2.5 cm, height 50 cm and wall thick-
ness 3 mm. For uniform water movement to match
the actual situation in the packed beds, antibiotic
migration through the column was considered to
be one-dimensional. Only 40 cm Ag/Fe LDH al-
ginate beads were added to the column in order to
test its ability in the capture of AMX molecules. To
avoid entrapped air, DW at room temperature had
to be pumped through the aforementioned bed in
the shape illustrated in Figure 2. At saturation state,
the AMX-water was pumped to the bed of beads at
1,2.5, and 5 mL/min with specific hydraulic gradi-
ent. The flowrates were selected to obtain the lami-
nar flow in the packed beads (number of Reynold
must less than 1) which simulate the situation of
groundwater (Delleur, 1999). From Darcy’s law,
the coefficient of permeability for packed beads
is calculated. The P1-P4 were ports positioned at
1040 cm, respectively. To measure the AMX con-
centration, samples of water were taken from P1
and P4 at predetermined intervals. The AMX con-
centrations in the influent for the continuous test-
ing were 50, 100, and 150 mg/L.

MODELING OF COLUMN TESTS OUTPUTS

The C/C versus elapsed time (“breakthrough
curves”) could be measured by experiments at
specific locations along the one dimensional

packed column and these curves could be sim-
ulated by a set of mathematical models. The
“breakthrough curve” can be used as an efficient
method to design of PRB in field scale. The de-
scribed curve can be plotted as “S-shaped” for
constant continuous influent concentration. The
“breakthrough point” is a unique property that
can be specified by “breakthrough curve”. This
point represents the outlet concentration that
satisfied the water purifying objective. Analyti-
cal solution can be derived for simple problems
to solve the equation of solute transport to plot
the breakthrough curves; however, such a solu-
tion cannot be developed for complex situations.
Therefore, development of empirical approxi-
mations and semi analytical solutions with aid
of computer were implemented. In comparison
with numerical solutions, the application of such
tractable and simpler models to describe the
contaminant transport in the reactive bed with
acceptable accuracy was required (Chu, 2004).
Table 1 lists the empirical and theoretical mod-
els applied in this study.

RESULTS AND DISCUSSION

Beads manufacturing

Specifying the synthesis parameters of pro-
duced beads for sorbing AMX from water was the
main goal of the preparation experiments. The Ag
to Fe ratio, the amount of nanoparticles, and the
initial pH of the water are the main manufactur-
ing parameters adopted in this study. The higher
AMX elimination corresponds to the optimal val-
ue of each condition.

Peristaltic
pump

Figure 2. Column set-up for testing the propagation of AMX along the alginate beads
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Table 1. Models for formulating of continuous measurements from column tests

Model Formula

Reference

(o 1

Co 1+exp(KNo§—1<cot)

Bohart-Adams

(Chatterjee and Schiewer, 2011; Yan et al.,

@ 2001)

Cc 1

1-—

Yan

1_'_((0.001><C><Q/%M)Xt))

a (3) (Kafshgari et al., 2013)

c (t—to) exp(—a(
—=1+erf

Belter-Cussler-Hu

)

(Chu et al., 2011)

Co V2at,

(4)

Clark

c\*1 1
(C_o) T 1+Ae Tt

(5) (Clark, 1987; Medvidovic et al., 2008)

To identify the pH impact on the efficacy of
the sorbent synthesis, the pH values were 7, 9 &
11 with 1 for Ag/Fe ratio and 5 g/100 mL dos-
age of nanoparticles. Using 1 gram of beads per
50 milliliters of solution, 100 mg/L of AMX-wa-
ter, pH 7, and 250 rotations per minute for three
hours, tests successfully identified the removal
process. The influence of pH on the ability of so-
dium alginate to remove AMX during the produc-
tion process is shown in Table 2. With a value of
35%, the maximum efficiency of removing AMX
was noted at pH 9. Because of the increased di-
ameter of the nanoparticle, changes in acidity
may result in a notable reduction in percentage of
removal. As a result, pH 9 can be adopted during
the manufacture process.

An experiment at pH 9 can be applied to evalu-
ate the effect of Ag to Fe ratio in the range (0.5-3) on
the creation of beads. Five grams of (Ag/Fe)-LDH
nanoparticles were added for every 100 milliliters.

The findings (Table 2) showed that a molar ratio of
0.5 was necessary to attain the greater efficiency
(38%). The structural disorder of LDH or the shift
in the radius difference between Fe-Ag can result
in the efficiency drop when compared to the maxi-
mum level (Milagres et al., 2017).

At best pH and molar ratio (i.e. 9 & 0.5 respec-
tively), the effect of nanoparticle mass (1-7 g/100
mL) on bead manufacturing can be examined.
The findings are displayed in Table 2. The results
provide an explanation for the notable increase in
AMX removal efficiency. The efficacy of AMX re-
moval can increase to 58.05% when the quantity of
alginate beads is raised from 1 to 7 grams.

Bead characterization

X-ray diffraction (XRD) analysis was uti-
lized for identification the crystalline structure of
the materials employed in the production of the

Table 2. Influence of synthesis parameters on the AMX removal percentage using manufactured beads for sorption
tests conducted at (3 h, AMX=100 milligram per liter, beads=1 gram per 50 milliliters, 250 rpm, pH 7)

Synthesis parameter Removal efficiency (%) Values of other parameters
7 31
Ag/Fe=1
pH 9 35 Ag/Fe-LDH=5 g/100 mL
11 29
0.5 38
1 35 -
Ag/Fe pH_ 9
2 32 Ag/Fe-LDH=5 g/100 mL
3 30
3 25
4 32
Ag/Fe LDH 5 38 pH=9
(g/100 mL) Ag/Fe=0.5
6 44
7 58
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present beads. This structure is plotted in Figure
3 for a) Ag, b) Fe, and ¢) Ag/Fe-LDH. At par-
ticular intensities, a number of diffraction reflec-
tions (Fig. 3) are discernible, as indicated by 26 at
13.4, 20.5, 32.3, 43.5, and 45.2. The active sites
in charge of removing AMX from water are rep-
resented by the reflections. “Joint Committee on
Powder Diffraction Standards (JCPDSs)” states
that the reflections are corresponding silver-iron
nanoparticles that prove the effectiveness of syn-
thesis (Ruan et al., 2011; Szabados et al., 2018).
To determine the functional groups that im-
proved AMX sorption, infrared absorption spectra
of produced beads were obtained for both before
and after AMX sorption. NAH (amides) and -OH
(hydroxyl) groups are present in the particles. The
wide peak of the alginate beads indicated a broad
and strong absorption band in the 3415-3392 cm!
frequency range. The NAH and OH groups, the
stretching of H bond, or the creation of inter-layer
molecules of water all contribute to this absorption.
The peaks at 851 cm! show the Ag-OH bending and
the Ag-O lattice vibrations. The spectrum signifies
the presence of distinctive peaks that range from
1626 to 647 cm! and are equivalent to the stretch-
ing of CO, in the generated beads. The bands are
the result of the asymmetric and symmetric stretch-
ing vibration of the carboxylate (-COQO) group.
Two weak bands of absorption were also visible in
the spectra, originating from the -CAC- and -CAO
bonds at 1025 and 1127 cm!, respectively. Follow-
ing the AMX sorption process, a noticeable peak
is seen at 1053 cm', which indicates that the OH

group is vibrating and stretching. Therefore, with
the help of the previously described groups, AMX
antibiotic can be effectively eliminated (Chen et al.,
2018; Faisal et al., 2024a).

The morphological properties of the Fe and
Ag elements were shown in Figure 4(a & b). Both
elements had a spherical form. Furthermore, as
shown in Figure 4(c & d), scanning electron mi-
croscopy (SEM) can be used to examine the prop-
erties of produced beads both before and after
AMX-interaction. Figure 4(c & d) shows that the
morphology of the manufactured sorbent is het-
erogeneous, with rod particles at 200 nm and 200
pum. Also, the surfaces of beads are likewise quite
compact and disorganized. Large pores on the
surface of the beads seem to permit the sorption
of oxyanions. Compared to their alginate bead
counterpart, the Ag and Fe-based beads show a
fragmented surface, suggesting a lesser degree of
mechanical strength. After AMX sorption, sodium
alginate exhibits observable morphological altera-
tions in comparison to the beads before sorption.

The Brunauer-Emmett-Teller (BET) deter-
mines the specific surface area and total pore vol-
ume of the sorbent. The surface areas of the pro-
duced beads and silver-iron nanoparticles were
15.21 and 19.52 m?%/g, respectively. The average
pore volume of beads was 5.518 cm?/g, while that
of nanoparticles was 6.333 cm?/g. The “mean pore
size” of beads and nanoparticles was calculated
using the Barrett-Joyner-Halenda (BJH) method,
which yielded values of 0.0163 and 0.0178 nm,
respectively.
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Figure 3. Crystalline structure of alginate beads using XRD analysis
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Figure 4. Images of SEM for different materials used in the preparation of beads

Regeneration

A number of experiments were conducted
to find whether exhausted beads could be used
to remove AMX antibiotic. The performance of
adsorption-desorption cycles determines the re-
sults of these tests. Using a 0.5 M HCI solution
to desorb antibiotic from the exhausted beads is
necessary for regeneration. According to the re-
sults, the efficiencies for cycles 1, 2, 3, 4, 5, and
6 were 95, 93, 91, 86, 81, and 76%, respectively.
It is clear that efficiency decreased with the num-
ber of recycling procedures, and after five cycles,
over 80% of antibiotics could be removed. The
regeneration of exhausted beads is considered a
feasible solution to reuse of such sorbent in the
extraction of AMX from water, especially in field
applications.

Continuous outputs

Migration of AMX through a column setup
was tested using prepared beads as PRB. The pur-
pose of monitoring was to find the performance
of PRB in the capture of adopted antibiotic from
water while keeping the hydraulic conductivity
within an acceptable range. The flowrate of wa-
ter, AMX concentration and bed depth are popular
factors that are adopted to explain: (1) variation
of C/C, for AMX at ports P1 and P4 as function

of time, and (2) simulation of measured break-
through curves mathematically by Bohart-Adams,
Yan, Belter-Cussler-Hu and Clark models.

The effects of C at 50, 100, and 150 mg/L for 1
mL/min on the AMX front propagation for P1 and
P4 are clearly seen from the breakthrough curves
in Figures 5 and 6. These figures demonstrate how
the sorbent will quickly become saturated with
pollutant when the influent concentration rises.
This caused by the fact that a high gradient of con-
centration produces a higher driving force for the
chemical transfer, which accelerates the exhaus-
tion of adsorption sites (Liao et al., 2013).

The “breakthrough time” that corresponds to
5% C/C_ for AMX antibiotic may be calculated
from the breakthrough graphs. Such time is re-
flected the “bed longevity” essential to maintain
the chemical content in the effluent below the per-
missible limit regulation. From Figure 5, “break-
through time” for 10 cm beads (P1) is 2.75 days
where flowrate 1 mL/min and C, 50 mg/L and;
this value is considerably lowered to 1.4 days
with C_ 150 mg/L. The relation between this time
and C_ for P4 exhibits a similar pattern; at 1 mL/
min, longevity can vary from 7 to 3.25 days for C_
50 and 150 mg/L, respectively.

Effect of flowrate on the C/C front at P1 and
P4 for 50, 100 and 150 mg/L are depicted in Figs.
5 and 6. For these figures, the variation in flowrate
from 1 to 5 mL/min will speed up the AMX front’s
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appearance, shorten the “breakthrough time”, and
make the “breakthrough curves” steeper due to
contaminant leaving the beads before reaching
the equilibrium (Ko et al., 2000). The higher dis-
charge can also desorb a large number of adsorbed
molecules from the surface of sorbent especially
for weak and reversible bonds. Accordingly, the

19 ) P1, Q=1 mL/min, C;= 50 mg/L

“breakthrough time” was decreased due to the
rising effluent concentration. For example, the
“breakthrough time” can decrease from 7 to 2.5
days if the flowrate is raised from 1 to 5 mL/min
for 50 mg/L at P4. The AMX front appearance
is significantly delayed by the increased sorbent
depth, as shown in Figs. 5 and 6, suggesting that
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Figure 5. Measured and calculated breakthrough graphs for propagation of AMX front at P1
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the bed depth may influence the spread of the con-
taminant front. When molecules of AMX have
enough time to diffuse into the beads pores at the
deeper bed, the adsorption process is improved.
For 1 mL/min and C_ 50 mg/L, the “breakthrough
time” increases from 2.75 to 7 days when beads
thickness is changed from 10 to 40 cm; however,

the “saturation time” can be observed to increase
from 16.75 to 22 days. It is clear that the higher
bed depth will improve the adsorption capacity
of such bed for same C_ due to the raising surface
areas at thicker depths. The outcomes proved that
the hydraulic conductivity coefficients remain ap-
proximately constant at around 2.6 x 10 cm/s.

17 2)P4, Q=1 mLimin, Co= 50 mg/L el
0.8 1
_0.6 1
~ 0.4 4 I - Experiment
Bohart-Adams model
02d 0 T e Yan model
- --= -~ Belter-Cussler-Hu model
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0 - T T T T T 1
0 4 8 12T ime (day) 16 20 24 28
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0.8 4
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Figure 6. Measured and calculated breakthrough graphs for propagation of AMX front at P4
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Table 3. Values of coefficients for models applied to formulate AMX breakthrough curves at P1 and P4 for different
C, at I mL/min

P1 P4
Model Parameter
Co,=50 100 150 50 100 150
KC, 0.308 0.411 0.466 0.303 0.319 0.379
I(’NoE 2.943 2.933 2.932 4.510 3.991 3.655
Bohart-Adams u
R? 0.991 0.992 0.988 0.992 0.992 0.988
SSE 0.153 0.094 0.088 0.168 0.136 0.147
0.001QC
p IV? 50x10° 8x10® 15%10° 7.6x10°® 8.3x10°® 9.7x10°®
[
Yan a 171.62 1483.75 848.50 682.68 745.49 859.88
R? 0.968 0.969 0.964 0.907 0.912 0.942
SSE 1.299 1.002 0.779 3.504 2.564 1.655
t 18.546 14.289 12.262 23.781 20.542 16.538
o 0.525 0.542 0.527 0.401 0.421 0.450
Belter-Cussler-Hu
R? 0.981 0.978 0.986 0.983 0.990 0.985
SSE 0.241 0.204 0.096 0.286 0.153 0.158
A 0.213 0.262 2.265 6.556 10.013 4.857
r 0.218 0.295 0.368 0.233 0.263 0.301
Clark n 1.041 1.049 1.311 1.288 1.479 1.364
R? 0.995 0.994 0.989 0.993 0.992 0.990
SSE 0.140 0.084 0.081 0.167 0.133 0.141

Table 4. Values of coefficients for models applied to formulate AMX breakthrough curves at P1 and P4 for different
Q at 50 mg/L

P1 P4
Model Parameter
Q=1 2.5 5 1 2.5 5
KC, 0.308 0.455 0.531 0.303 0.364 0.378
KN, z 2.943 3.163 3.074 4.510 3.663 3.258
Bohart-Adams Y
R? 0.991 0.992 0.990 0.992 0.991 0.989
SSE 0.153 0.096 0.078 0.168 0.094 0.088
0.001QC
7 MQ 50x10° 7.6x10°° 1.6x10° 7.6x10°® 9.7x10°® 6.3x10°°
[
Yan a 171.62 1595.57 780.41 682.68 828.52 1498.88
R? 0.968 0.967 0.968 0.907 0.937 0.951
SSE 1.299 0.958 0.688 3.504 1.691 1.145
t, 18.546 13.255 10.987 23.781 17.400 15.633
o 0.525 0.513 0.512 0.401 0.454 0.484
Belter-Cussler-Hu
R? 0.981 0.979 0.983 0.983 0.989 0.990
SSE 0.241 0.169 0.100 0.286 0.112 0.081
A 0.213 3.028 3.317 6.556 5.209 3.810
r 0.218 0.361 0.428 0.233 0.291 0.303
Clark n 1.041 1.338 1.376 1.288 1.378 1.377
R? 0.995 0.994 0.992 0.993 0.992 0.990
SSE 0.140 0.095 0.074 0.167 0.084 0.078
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Accordingly, the pores remain accessible during
water movement (contaminant’s migration). The
proper permeability for PRB is higher than 2.1 x
102 cm/s (Bear and Cheng, 2010).

The aforementioned models were fitted with
experimental data obtained from continuous test-
ing of the column for the removal of AMX. The
breakthrough curves for AMX transport at P1 and
P4 along the column can be plotted using these
models. Understanding the rate at which the con-
taminant front will spread along the packed bed
depends on the curves of the aforementioned
models. The fitted parameters of models (Tables
3 and 4) proved that increasing the bed depth (i.e.
alginate beads) greatly enhances the adsorption
capacity for AMX.

The parameters of models listed in Tables
3 and 4 were determined from nonlinear fitting
by applying Solver Excel spreadsheet tool. The
familiar statistical tools (sum of squared errors,
SSE, and coefficient of determination, R?) were
calculated to identify the concurrence between
measurements and models, consequently, speci-
fying a more adequate model that can be adopted
for estimating the breakthrough point on the plot-
ted curves of Figures 5 and 6. The Belter-Cussler-
Hu model, with R?> > 0. 97 and SSE < 0.286, was
the appropriate choice for representing the mea-
surements at P1 and P4.

CONCLUSIONS

Ag/Fe-LDH nanoparticles were successfully
synthesized through combination of silver ions
solution and iron ions solution extracted with aid
of solid wastes, specifically peels of pomegranate
and leaves of sesban tree, respectively, via pre-
cipitation method. The synthesized nanoparticles
had to immobilize by Na-alginate to produce an
innovative sorbent named Ag/Fe-LDH — sodium
alginate beads — PRB for reclamation of con-
taminated groundwater. This work considered the
real application for sustainable development due
to use the solid wastes in the production of such
bead sorbent. The appropriate parameters for syn-
thesis of beads require Ag to Fe = 0.5, pH =9 and
particles dosage = 7 g/100 mL. The character-
ization analyses certified that nanoparticles had
formed inside the manufactured sorbent and may
facilitate the sorption of AMX, particularly when
the main component of particles was (Ag/Fe-
LDH). The findings for the effectiveness of PRB

to limit AMX migration prove that the lower inlet
concentration, lower water flowrate, and higher
beads quantity can increase the PRB longevity.
Hence, the highest values for breakthrough time
and saturation time were equal to 7 and 22 days
achieved at lowest flowrate (1 mL/min), concen-
tration (50 mg/L) and higher depth equal to 40
cm. Belter-Cussler-Hu model is an appropriate
model for formulating the data of column tests.
With an average coefficient of permeability 2.6
x 102 cm/s, the results showed that the voids in
the packed beds are still capable of transporting
polluted water.
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