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ABSTRACT: Several methods have been implemented to eliminate antibiotics from wastewater.
Serious issues are associated with the disposal of antibiotics into the aqua resources, resulting
in the contamination of these systems. The utilization of natural adsorbents, like clays and naturally
derived adsorbents, have been tried to solve this problem. Red mud was examined as an adsorbent
for multiple pollutants in this regard. This work reports the utilization of the Iragi red mud as a priceless
and effective adsorbent for eliminating the Rifampicin antibiotic from its aqueous solution after being
activated with 10 % HCI to enhance its surface area. BET surface area, Field Emission Scanning
Electron Microscope, Fourier Infra-Red spectroscopy, Energy Dispersive X-ray, and X-ray
Diffraction of both the raw mud and its activated sample were determined. The BET surface area
of the Iragi red mud raised from 30.99 m?/g to 60.96 m?/g because of the acid treatment. The influence
of the adsorption operative factors, including the solution pH, Rifampicin initial concentration,
adsorbent dosage, temperature, and contact time, on Rifampicin elimination by the activated red mud,
was inspected. The typical adsorption capacity of Rifampicin by the activated red mud was 217.93 mg/g
utilizing 0.20 g of the activated red mud at 328 K for 180 minutes contact time in an acidic medium
(pH = 4.0). The Langmuir model best described the adsorption behavior of Rifampicin over
the activated red mud due to its higher correlation coefficient value (R> = 0.9928) than that
of the Freundlich model (R? = 0.9117). Rifampicin adsorption by the activated red mud followed
the pseudo-second-order kinetic model. Thermodynamic analysis revealed that the adsorption of
Rifampicin favored high temperatures, suggesting that the adsorption is endothermic in nature and
spontaneous. Finally, the activated red mud is an eco-friendly and reusable adsorbent to remove
antibiotic pollutants.
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INTRODUCTION

Pharmaceutical Drugs (PDs) have been widely
exhausted to guarantee a healthy state for individuals and
vetenery[1]. Recently, discharging PDs into the
environment, particularly into the aqua-resources, has
increased. The entry of these organo-compounds into the
aqua system, namely freshwater bodies, is associated with
a series of environmental concerns due to their long-term
influences on the aquatic environment[2]. Antibiotics,
painkillers, analgesics, and hormonal drugs, are the most
PDs that might be occurred in water. The sewage systems
of hospitals, drug manufacturing units, and private
households, are the primary sources for the PDs in water
[3-5]. The presence of these chemicals in the aquatic
environment, even though in low concentrations, causes
a real probable long-term danger for marine and global
creatures, because they aren't implemented in the
metabolism, and thus, excreted to the eco-system, leading
to the contamination of both ground and surface water
resources[6].

Antibiotics (ABs) are among the most effective PDs
employed as a medicine for humans and veterinary,
to inhibit and treat infections, are antibiotics (ABS).
The production of ABs worldwide increased and reached
up to 11100 per year in 20 countries[2]. ABs are employed
as a growing aspect of fish farms and livestock. They are
also utilized for killing target microorganisms, even when
utilized in low doses. It was reported that the number
of ABs kinds used in human and veterinary medicine
had exceeded 250[7]. Due to their weakly absorption
by the human body, ABs are either converted or unaffected
and finally excreted in faeces and urine[8]. Classification
of ABs was performed based on their mechanism of action
or chemical composition[9]. The concentration of ABs
in wastewaters reached up to 400 mg/L[2].

Their high resistance to biodegradation encouraged the
application of varied techniques to remove ABs from
wastewaters, including photo-degradation, photophenton,
electrocoagulation, ozonation/H,0, membrane
technologies, and adsorption [4,10-14]. Nevertheless,
adsorption is the most widespread technique employed to
eliminate ABs from wastewaters due to its efficiency and
simplicity. Furthermore, it is easy to work and measure,
eco-friendly, does not cause secondary contamination,
and also cheap[15-17]. Multiple adsorbents, such as
carbon-based adsorbents [18-22], molecular imprinted

140

Altamer D.H. et al.

Vol. 42, No. 1, 2023

polymers[23], metal oxide [24], minerals and clay[25],
chitosan and gels[26], and synthetic resins[27,28] have
been utilized in eliminating various ABs and other
pollutants from wastewaters.

The utilization of natural clays (NCs), such as
bentonite, kaolinite, illite, and montmorillonite as
adsorbents in eliminating the organic contaminants from
wastewaters was achieved due to they owned many merits
over other adsorbents, including availability, non-toxicity,
porosity, high prospective for ion exchange, significant
adsorption feature, pH, the possibility of surface
modification, besides their low price[29,30]. Also, these
NCs can eliminate numerous impurities from wastewater
either through adsorption or by ion-exchange or both[31].

Numerous natural clays (NCs) and modified clays
have been employed as adsorbents for ABs elimination
from wastewater. Farajfaed et al. [32] investigated
the elimination of levofloxacin and gemifloxacin from
their aqueous solutions using the granular silica pillared
clay. The adsorptive removal of metronidazole overlay
aggregate covered by MgO nanoparticles was established
inthe literature [33]. Verde-lodo bentonite clay was implemented
as an adsorbent to eliminate Ofloxacin from its aqueous
solution in the batch and fixed-bed systems [34]. Finally,
thermally modified bentonite clay was utilized
as a priceless adsorbent for ciprofloxacin removal from
the aqueous solution[35].

Among the semi-synthetic ABs is Rifampicin (RIFA).
This antibiotic possesses a complicated structure, and it
composes of an aliphatic bridge linking two non-adjacent
locations of an aromatic nucleus. RIFA is the chief
medicine for curing tuberculosis, necessitating a long-term
cure (6-9 months) with high dosages. It was also employed
for curing immunosuppressed patients, and therefore,
it is a potential drug for essential health care. When RIFA
is utilized as a drug, its remaining is discarded by humans
through urine, which is, in turn, ejects into the wastewater
[36-38].

Among the NCs that were widely employed for the
adsorption of various pollutants from wastewater is, red
mud (RM). It is one of the most famous available and
priceless NCs. It can occur in rocks as crystalline structures
worldwide. The kaoline RM essentially composes of
kaolinite, besides some other minerals, including mica
and quartz. The kaolinite surface is characterized by bearing
a fixed structural negative charge originates from the
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isomorphous replacement of Si** by Al*3 in the silica layer,
which acts as the energetic site to adsorb the organic
and inorganic pollutants [39,40]. It was widely
implemented as a priceless adsorbent for removing various
contaminants from contaminated waters. The Iragi RM
kaolinite was implemented as a cheap adsorbent in methyl
blue elimination from its aqueous solution [39]. The
Algerian kaolinite was tried as a priceless adsorbent
to remove methylene blue from wastewater [41]. Xing et al. [42]
inspected the red loess to eliminate heavy metals from the
polluted waters. The natural and activated forms of the RM
were implemented as a low-cost adsorbent for eliminating
heavy metals, including Pb, Cd, and Zn, from their
aqueous solution [43].

Investigations related to the adsorptive removal of RIFA
using different adsorbents are limited. Henrique et al. [44]
used calcined Mytella falcata shells as a priceless sorbent
for excluding RIFA from its aqueous solution. The adsorptive
elimination of RIFA by iron nanoparticles synthesized
by a tea extract was also established in the literature [38].
Recyclable nano-FesOs4 was inspected as a sorbent to
adsorb RIFA from its aqueous medis [44]. However,
implementing the RM or the activated RM in ABs
elimination or RIFA from the contaminated waters are
infrequent. Therefore, this paper explores the possibility
of examining the Acid-Activated Iragi Red Mud (AIRM)
as a possible adsorbent in removing RIFA from synthetic
wastewater. After the acid activation of the IRM, it
was identified by several techniques, and then employed
in RIFA elimination from its aqueous solution. The influence
of adsorption operative factors, like solution's pH, initial
concentration of RIFA, sorbent dosage, temperature, and
the adsorption duration on RIFA adsorption by the AIRM,
was investigated. Diverse kinetic and isotherm models for
RIFA adsorption onto the sorbent were examined and
discussed.

EXPERIMENTAL SECTION
Chemicals and materials

Analytical grade hydrochloric acid (HCI, 37.0%) and
sodium hydroxide (NaOH, pellets, 99.9%) were purchased
from Scharlau chemicals, Spain. Rifampicin (RIFA,
Ca3HsgN4O12) with a purity of 97% was acquired from
MEDOCHEMEI, LIMASSOL, CYPRUS. The Iraqi Red
Mud (IRM) samples were brought from the Al-Abassiyah
region, northwest Mosul city, Nineveh Government, Iraq.
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All experiments were accomplished utilizing De-ionized
Water (DW).

Preparation of adsorbent

The IRM samples were mixed, pulverized, and
then sieved by a 0.074 mm sieve. The clay particles
were then mixed with a solution of 10% HCI. The mixture
was refluxed with stirring for 5h at 600 rpm stirring rate.
By the end of the reflux, the mixture was left to cool,
filtered, and washed with boiled DW until neutral water
was attained. Next, it was dried at 110 °C until reaching
a fixed weight. Finally, the Activated Iraqi Red Mud (AIRM)
was sieved to obtain a uniform particle size and kept
in a tight container for further identification and use.

Characterization of the AIRM

Divers techniques were employed to diagnose the
parent IRM and the AIRM. The samples’ morphological
characteristics, along with their elemental analysis, were
achieved by Field-Emission  Scanning  Electron
Microscope-Energy Dispersive X-ray analyzer (Tescan
Mira 3 LMU FESEM-EDX, France, 2018). The BET
surface area (SAger), N2 adsorption/desorption isotherms
at 77 K, and the pore volume of the IRM and AIRM were
determined on a BELSORP MINI 11, Japan, surface area
and porosimetry analyzer. The crystallinity of the samples
was inspected by a high-resolution X-ray diffractometer
system (Malvern Panalytical X-ray diffraction, UK) with
Cu ko radiation (A) of 0.154 nm at 40 kV and 20 mA in the
26 range of 10 ° to 90 °. The characteristic functional
groups on the IRM and AIRM surfaces were determined
on a Fourier Transform Infra-Red spectrophotometer
(FTIRJASCO V-630, USA) at a wavelength of 4000 —400 cm™*
employing KBr pellets at a resolution of 4 cm™ and 32 cm™
scans. The point of zero charges (pHpzc) for the AIRM
adsorbent was determined following the procedure given
elsewhere [45].

Adsorption studies

Batch experiments were accomplished to analyze the
influence of diverse experimental conditions on the
amount of RIFA adsorbed by the AIRM. A pre-determined
amount of the adsorbent was added into a 250 mL- glass
bottle containing al00 mL of the effluent solution.
The mixture was then agitated until attaining equilibrium.
The effect of the effluent pH was inspected by changing
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the pH from 2.0 to 10.0 by the drop-wise addition
of 0.10 M HCI or 0.10 M NaOH, using a stock solution
of 300 mg/L, 0.15 g of the adsorbent at 35 °C for 180 min.
The influence of RIFA initial concentration (50-300) mg/L),
AIRM dosage (0.1 — 0.30 g), contact time (30-210 min.),
and temperature (35 °C, 45 °C, and 55 °C) on the amount
of RIFA adsorbed were investigated. The sorbent particles
were separated from the solution by centrifugation,
and the residual RIFA concentration in the supernatant
was sepcifed by UV-vis spectrophotometer at 475 nm.
Each experiment was repeated at least twice, and the value
was presented as the meant SD. The initial and final
concentrations of RIFA were measured. The amount of
adsorption at equilibrium, ge (mg/g), was calculated
utilizing the following formula:

(Co—Co)V
Q= S
where, C, and C. are the initial and equilibrium
concentration of RIFA (mg/L), V represents the volume
of the solution, and W refers to the mass of the AIRM
utilized (g). The removal percentage of RIFA (RIFA %)

was determined as follows:

(Co - Ce)

RIFA(%) = ——
o]

X 100 2)

Adsorption isotherms

The adsorption data of RIFA by the AIRM were fitted
to the Langmuir formula, which suggests monolayer
adsorption and also to Freundlich model, which refers
to multilayer-adsorption. The Langmuir linearized forms
of the adsorption formulas were applied to express
the monolayer adsorption, which demonstrates the existing
steps about randomly adsorbing RIFA molecules onto
the AIRM surface[46]. The following formula expresses
the linear form of the Langmuir model:

C_ 1 C
de quL Om

3)

Where, Ce (mg/L), ge (Mg/g), qm (Mg/g), and K are the
RIFA equilibrium concentration (mg/L), amount of RIFA
adsorbed per gram of the AIRM (mg/g), amount of RIFA
needed to form a mono layer on the AIRM surface (mg/g),
and the Langmuir constant (L/mg), respectively. Plotting
Ce (mg/L) versus Ce/ge (L/g) will give gm and K.
The separation factor (R.), which offers the Langmuir
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isotherm characteristic, can be determined utilizing
the following expression:

1

R,=——
LT 140K,

4

The Freundlich experimental equation refers to multi-
layer adsorption, suggesting that the adsorption positions'
heterogeneity is located on the adsorbent surface[46].
The basis of the linear form of the Freundlich model
of adsorption is given in the following equation:

1
Ing. = InKg +Hln Ce (5)

Where, Kg represents the adsorption capacity (mg/g),
while 1/n relaates to the adsorption intensity (g/L).
The constants n, and Kr could be deduced from the slope
and intercept of the Freundlich isotherm's liner plot.

Adsorption Kinetics

The adsorption kinetic mechanisms, namely the
pseudo-first-order and pseudo-second-order models of
RIFA adsorption by the AIRM have also investigated.
The pseudo-first-order kinetic equation is given in Eq. (6):

In(ge —q¢) =In(ge) — k.t (6)

Where, gt (mg/g) and ge (mg/g) are the adsorbed
amount of RIFA at the equilibrium time (t.), respectively,
while k (min™) is the pseudo-first-order rate constant,
respectively. The linear expression of the pseudo-second-
order kinetic model is illustrated in Eq. (7):

1 t
+— (7
Je

qt B kzqez

Where, k2 (g/mg.min) is the pseudo-second-order rate
constant.

RESULT AND DISCUSSION
Characterization of IRM and AIRM

The IRM before and after the acid treatment was
identified by several techniques to detect the alteration
occurred in its chemical and textural features as a result of
the acid treatment.

The elemental analysis determined by the EDX
technique of the authentic IRM before and after the acid
treatment are given in Fig.1. The results exhibited that Mg,
Al, Si, Ca, Fe, and K were the main elements forming
the IRM. After the acid treatment, the concentration of Mg,
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Table 1: BET surface area and pore volume of the RM and AIRM.

- Property IRM AIRM )
BET surface area (m%g) 30.99 + 1.50 60.96 + 1.50
Langmuir surface area (m%g) 31.89+1.00 63.45+1.50
t-Plot micropore area (m?/g) 27.36 +1.50 55.14 +1.50
Viotal (€M g1 0.0949 + 0.0004 0.1621 + 0.0011
\_ Mean pore diameter (nm) 12.26 +0.25 10.63 +0.27 )

Fig. 1: EXD analysis of the IRM and AIRM.

Al, Si, K, and Fe increased, while the Ca concentration
diminished from 8.27% to 0.32% as a consequence
of the amorphization of the clay mineral because of pre-tretment
with acid resulting in the formation of more amorphous
silica[47].

Table 1 offers the SAger and pore volume of the IRM
and its activated sample. The SAger of the pristine IRM
was 30.99 m?/g. This value is higher than that reported
for the Algerian kaolin clay 21.27 m?/g[41] and the Indian
kaolin clay 13.69 m?/g [48]. After the acid activation,
the SAger raised to 60.96 m?/g. This finding may ascribe
to the elimination of some metal oxides during the acid
treatment, such as the CaO, which its concentration
declined from 8.27% to 0.34%[47].

The pore volume reduced from 12.26 nm for the IRM
to 10.63 nm for its activated sample. Furthermore, the IRM
has a mesoporous structure according to IUPAC
classification [49]. The N, adsorption/desorption isotherm
of the samples are illustrated in Fig. 2. Following
the IUPAC classification, the N adsoprtion-desoption
isotherms are related to the typical type IV with a type H1
hysteresis loop as a result of the mesoporous structures
of both samples[39].
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The crystal phase patterns of the IRM before and after
modification, have been determined by the XRD, and
the results are displayed in Fig.3. It was found that hematite
(0-Fex03), goethite (o -FeO(OH)), gibbsite (y-Al(OH)s),
calcite (CaCOg), rutile/anatase (TiO2), and quartz (SiO,),
are the main mineral phases that forming the IRM and its
modified sample. Nonetheless, after treating the IRM with
acid, Calcite was nearly removed along with other
components, which in turn raised the SAger of the attained
acid modified sample.

Fig.4 illustrates the FT-IR spectrum of IRM and
the AIRM. The spectrum shows that the sharp absorption
bands at 3700-3600 cm™ in pre and post adsorption
indicate the stretching vibrations of water hydroxyl (O-H)
groups in magnesium, iron, aluminum, and silica
oxide/hydroxide besides the molecular water adsorbed
on their surface. The bands at 1641 cm™ attribute to the
hydroxyl group bending modes of the inter-layer adsorbed
molecules of H,O. The bands observed in the range of
1006-873 cm™* are connected to the Si-O-Si bond stretching
vibrations[50-52].  Similarly, the bands observed
in the range of 80land 873 cm™ relate to the stretching
vibrations in Fe-OH and CaO, respectively[50-52].
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Fig. 2: N2 adsorption/desorption isotherms of N2 gas over the IRM and AIRM.
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Fig. 3: The XRD patterns of the IRM and AIRM.

The absorption peaks at 1423-1458 cm™ ascribe to (O—-C—
0) asymmetric stretching vibrations[48]. The broad peak
fixed at 997 cm™ was assigned to the asymmetric
stretching vibration of Si—-O[53]. The bands at 875 cm™
and 779 cm™ are attributed to the presence of calcite[43].
Two bands in the regions of 685 cm™ and 557 cm™ were
due to the symmetric and bending vibration of Si—-O-Al
framework, respectively[50], which confirmed the
presence of Na—zeolite in IRM. Moreover, the appearance
of a peak at 460 cm™ was ascribed to stretching vibrations
of the Fe—O bond in hematite[48].

The FESEM technique was implemented to examine
the surface morphology and microstructure of the raw IRM
and its modified adsorbent.

It is notable from Fig.5, which illustrates the FESEM
image of the IRM surface that its surface composes of
multiple-size hexagonal flakes besides fragmented edges.
After the acid treatment, pores with various sizes and shapes
were formed. Also, some flakes were also seen on the acid-
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treated IRM surface. In addition, there were some whilst
deposited on those flakes, which may belong to the oxides
of magnesium, sodium, calcium, potassium, iron, etc[47].

Adsorptive removal of removal of RIFA by the AIRM

The adsrorptive elimiantion of RIFA by the AIRM was
investigated through inspecting varibels affecting its removal
effecncy, like the solution initial pH, RIFA initial
concentration, AIRM amount, tmperautre, and contact time.

The adsorption of RIFA by the AIRM was investigated
at various pH in the range of 2.0 to 9.0 using 100 mL of
(300 mg/L) RIFA concentration at 308 K and an adsorbent
dosw of 0.25 g. Fig.7 illustrates that lessening the solution
pH caused an enhancement in the amount of RIFA
adsorbed. The highest adsorption capacity of RIFA
achieved at a pH of 4.0. The higher values of pH lessened
the RIFA adsorption capacity. This result may ascribe
to the fact that increasing the solution pH results in
a reduction in the positive charges on the RIFA molecules,
leading to a decline in the electrostatic attraction between
the RIFA molecules and the adsorbent surface. So,
the RIFA adsorption deminished[53]. The RIFA adsortion
capaity declined as the pH exceeded 4.0, because of
the increment of the OH~ions concnetration in the solution
as well as the nageagive charge raising on the AIRM
surface. This will lead to a a negative interaction betwenn
the RIFA ions and the AIRM surface, resulting in a
prohibition of RIFA adsorption[44].

The AIRM possessed a pHpzc value of 7.60 as depicted
in Fig.7. Overall, when the pH value exceeds the pHpzc,
the AIRM surface will cary negative charges, and thus
causing a strong electrostatic attraction between negative
surface charge of sorbent and the RIFA cations.
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Fig. 4: The FT-IR spectra of the IRM and AIRM.

Fig. 5: FESEM images of the IRM and AIRM.
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Fig. 6: Effect of pH on the adsorptive elimination of RIFA by
the AIRM.

On the contrary, if the pH value is below the pHpzc,
the AIRM surface will carry a portive charges, which
results in a repusion among the RIFA cations and the positive
charge of the sorbent surface, causiing a deminish
in the RIFa removal %[54].

The initial concentration of the adsorbate offers
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Fig. 7: The pHpzc of of the AIRM.

a significant motivating force to bypass the mass transfer
oppositions of the adsorbate molecules between the
aqueous and solid phases. Thus, the adsorption enhances
with the increment of the initial concentration of
the adsorbate[54]. The influence of the RIFA initial
concentration (50-300 mg/L) on its adsorbed amount
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using 100 mL of RIFA solution, 0.10 g of the AIRM at 308 K
and a pH of 4.0 was examined. Fig. 8 revealed that
the amount of RIFA adsorbed (qge) increased from
25.0 mg/g to 150.0 mg/g as the RIFA initial concentration
raised from 50 mg/L to 300 mg/L. This outcome ascribes
to the fact that increasing the RIFA initial concentration
will increase the concentration difference between
the solution and the absorbent surface. It also raises
the driving forces responsible for the mass transfer,
causing the adsotion of more RIFA molecules[55].

Investigating the impact of the amount of the AIRM
utilized on the adsorption capacity of RIFA was inspected
by testing various doses of the AIRM in the range of 0.10 g
to 0.30 g. These experiments were accomplished
using 100 mL of 300 mg/L RIFA initial concentration
at 308 K and a pH of 4.0. The consequences offered in
Fig.9 illustrates that the adsorbed amount of RIFA
increased with increasing the AIRM dose. This outcome
suggests that the higher doses of the AIRM provide much
greater total surface area as well as more active sites for
attracting RIFA molecules[44,54]. Nonetheless, amounts
over 0.20 g had an insignificant impact on the adsorptive
capacity of RIFA due to the removal of most of RIFA
molecules by the typial amount of the AIRM. Thus,
an amount of 0.20 g was chosen for subsequent experiments.

The impact of temperature on adsorption uptake of
RIFA using the AIRM was inspected in the temperature
range of 308 K — 328 K. The experiments were completed
using 100 mL of 300 mg/L RIFA initial concentration
at a pH of 4.0 and 0.20 g of the AIRM. Fig.10 implies that
RIFA adsorption has increased with rising temperature.
This is mainly because increasing temperature increases
the system entropy, causing more collisions among
the RIFA molecules and the adsorbent particles, resulting
in an enhancement in activities at the interface between
the adsorbent and adsorbate[56]. Moreover, increasing
the process temperature decreases the solution's viscosity,
making the collisions among the adsorbate molecules
and the adsorbent particles easier, leading to better
removal of the pollutant[56]. The increment of RIFA
adsorption by the AIRM assures the endothermic nature
of the adsorption process.

The contact period effect on the adsorptive capacity
of RIFA by the AIRM was studied at various time intervals
in the range of 30 —180 minutes, as also illustrated in Fig.10.
The adsorption experiments have been performed
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Table 2. Langmuir and Freundlich constants of RIFA adsorption by the AIRM at various temperatures.

@ Langmuir Freundlich A
Temperature ( K)
gm (Mg/g) K. (L/mg) RL R? n Kr (mg/g) R?
308 160.97 0.0531 0.0590 0.9844 2.43 111 0.8712
318 195.69 0.0411 0.0411 0.9921 2.18 1.08 0.9619
\_ 328 217.93 0.0451 0.0451 0.9931 2.28 1.16 0.9117 )
v a,.o 044 R'so
W 308K > - ® 308K A
R¥*=0.9021 { A wivo va1e
A ® 318K o 118K 9
o8 128K }/?. R*w0.0932 ! A 28 A //&,‘ s
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Fig. 11: Langmuir adsorption isotherm of RIFA adsorption
by the AIRM.

at the optimal conditions obtained previously. The results
exhibited that the adsorptive capacity of the RIFA
increased with increasing the contact period so that
the RIFA adsorption by the AIRM was good at the first
30 min., suggesting that it is spontaneous. This outcome
ascribes that the adsorption is very fast in the early stages
because of the larger surface area of the adsorbent
accessible to adsorb the RIFA molecules. The equilibrium
was attained after 180 minutes. When the balance is
attained, the active sites will be occupied by RIFA
molecules, and the active positions will be entirely
unavailable. They may create a repulsive force between
the adsorbate on the adsorbent surface and in the bulk
phase[46].

Adsorption equilibrium

Adsorption isotherms are commonly utilized to
inspect the equilibrium parameters and the adsorption
features besides providing an insight into the nature
of interactions between the adsorbent and the
adsorbate[37]. The Langmuir and Freundlich isotherms,
which are respectively illustrated in Fig.11 and Fig.12),
were applied to explain the adsorption data of RIFA
by the AIRM.
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Fig. 12: Frendlich adsorption another of RIFA adsorption
by the AIRM.

The slope and intercept of plotting Ce/ge vs. Ce gives
the Langmuir constants gm and Ky, respectively, while
the slope and intercept of plotting In (Ce) vs. In (qe) yields
the Freundlich constants, n and K, respectively.

Analyzing those models' correlation coefficient (R?)
suggested that the adsorption is monolayer as it obeyed the
Langmuir model rather than the Freundlich model. This
conclusion was drawn following the R? values, which was
higher for the Langmuir model than that of the Freundlich
model [38]. The constants relating to the Langmuir and
Freundlich isotherms, which are offered in Table 2
exhibited that the R, value of the Langmuir model of
adsorption suggests that RIFA adsorption onto the AIRM
is favorable due to its value, which was 0 < R. < 1.0. The
value of n in the Freundlich isotherm was above 1.0,
suggesting that the adsorption of RIFA over the AIRM is
beneficial.

Kinetic studies of RIFA adsorption over AIRM

The adsorption kinetics of RIFA antibiotic by the
AIRM was examined by analyzing the adsorption data
following the pseudo-first-order and pseudo-second-order
models of kinetics, as shown in Fig.13 and Fig.14,
respectively.
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Table 3: Pseudo-first-order and pseudo-second-order kinetic models constants of RIFA adsorption by the modified AIRM
at various temperatures.

@ Pseudo-first-order model Pseudo-second-order model A
Temperature ( K)
ke Qe1 (Mg/g) R? k2 Gez (MY/g) R?
308 0.0115 1.59 0.8728 0.00010 181.18 0.9523
318 0.0083 1.42 0.9779 0.00013 200.23 0.9935
\_ 328 0.0090 6.53 0.9730 0.00015 227.79 0.9902 )
B 08 |
4 i . = e x A //
oS . 2 S o -
. T ‘ ‘ A 228K /‘ P
o 3 ~ ; _-_A
= —_
g 3 o9 . - /’; /; g
E . il . » //:,/
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Fig. 13: The pseudo-1%-order kinetic model of RIFA adsorption
by the AIRM.

The kinetic studies were investigated at a temperature
range of 308 -328 K. The kinetic model outcomes
disclosed that the pseudo-second-order model could better
explain the RIFA adsorption onto the AIRM due to its R?
value (0.9902), which was above that obtained for the
pseudo-first-order (0.9730). The consequences are in line
with those announced for RIFA adsorption by the iron
nanoparticles synthesized by a tea extract [38] and
recyclable nano-Fe;04[44]. As the pseudo-second-order
model postulates that chemisorption is the rate-limiting
step, it could be said that the interaction between the
antibiotic molecules and the modified AIRM are either by
charge neutralization or electrostatic attraction[38,44].
Table 3 offers the constants related to the pseudo-first-
order model and pseudo-second-order model.

Adsorption thermodynamics

Thermodynamics functions (AH, AS, and AG) of RIFA
adsorption by the AIRM at 300 mg/L initial concentration
of RIFA were determined by batch studies at diverse
temperatures (308 K,318 V, and 328 K). Calculating
thermodynamic functions was accomplished using
the following equations [57-60]:
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Fig. 14: The pseudo-2" -order kinetic model of RIFA
adsorption by the AIRM.

iy = Ao _ BH ®
M) =R " RT

Qe

(Ce) = K, )
AG, = —RTInK (10)

Where, AS, (kJ/mole K), AH, (kJ/mole), AG,
(kJ/mole), K, and R are the standard change in entropy,
change in enthalpy, and Gibbs free energy, equilibrium
coefficient, and the universal gas constant (8.314 J/mol),
respectively. The liner plot of 1/T vs. In ge/Ce gives AH,
and AS,, which could be calculated from the slope and
intercept of the plot. The thermodynamic functions values
presented in Table 4 specified that the adsorption of RIFA
by the AIRM was endothermic (AH, =7.57 kJ/mole),
suggesting that the RIFA adsorption by the AIRM is
temperature-dependent, and also spontaneous due to
the negative value of AG,.

Comparison of RIFA adsorption with other adsrobents
Table 5 lists a comparison of RIFA adsorption

outcomes by the AIRM with those established for its

adsorption by other adsorbents in the literature as well
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Table 4: Thermodynamic parameters for RIFA adsorption on AIRM.

( AG, (kJ/mole) \
AH, (kJ/mole) AS, (kJ/mole K)
308 K 318K 328K
K 7.57 8.16 -0.1732 -0.4150 -0.6940 j
Table 5: Comparison of RIFA adsorption capacity by different adsorbents.
/ Adsorbent Amount of RIFA adsorbed (mg/g) Reference \
Hybrid rGO@Fe/Pd nanoparticles 90.09 [61]
Cocoa shells 26.66 [49]
Nano-Fe 107.70 [38]
Calcined Mytella Falcata Shells 10.00 [37]
AIRM 227.79 This work
\ Raw IRM 87.22 This work J

as the authentic IRM. It can be seen from Table 5 that
the AIRM had the highest adsorptive capacity for RIFA
in comparison with different adsorbents. This variation
in the adsorbed amount of the antibiotic could ascribe
to various factors, such as the surface area and pore volume
of the adsorbent, types of functional groups that occurred
onto its surface, the initial concentration of the antibiotic,
amount of the adsorbent used, as well as the type of the
adsorption mechanism.

For comparison, the authentic IRM was tried as an
adsorbent for the elimination of RIFA from its aqueous
media by applying the optimal conditions obtained using
the AIRM (100 mL of 300 mg/L RIFA, 0.20 g of the
adsorbent, pH of 4.0 at 328 K for 180 minutes contact
time). The outcomes exhibited that RIFA elimination by
the AIRM was better than the pristine IRM. This variation
in the adsorptive capacities between the two sorbents
is expected because the higher SABET of the AIRM than
the prestine IRM.

Adsorption mechanism

Varied influential adsorption positions like the
aluminol (—-Al-O—H), as well as the silanol (- Si-OH) and
the hydroxyl (—O—H) groups on the mineral edges, could
be occurred on the AIRM surface [38]. The presence of
theoe effective groups have bee confirmed by the FT-IR
spectra,as illustrated in Fig.4. Additionally, these groups
play a vital role in the adsorptiv eliination of RIFA by the
AIRM. Many mechanisms could participate in the
interactions between the RIFA molecules and the AIRM

Research Article

surface. Following the adsorption kinetics and isotherms
results, the adsorption of RIFA occurs predominantly
through the chemical interaction because of the attachment
of the RIFA active groups with the AIRM surface groups.
As the RIFA adsorption is pH-dependent (maximum
adsorption was at pH= 4.0), the RIFA is found in
a zwitterionic form. The electrostatic interaction is another
probable mechanism between the RIFA cations and the
negative charges over the AIRM surface. The H-bonding
interactions could be another possible mechanism that
could be happened between the H atom existing on
the AIRM surface (Al-O-H, — Si-O-H, and (-O-H) and
the N atom in the RIFA molecules. The last probable
mechanism is the n-t interaction, which arises from
the delocalization of the oxygen atoms pair electrons into
the t orbital of the RIFA aromatic rings[45]. Therefore,

it can be said that the RIFA adsorption by the AIRM
was influential in the presence of the above interaction
mechanisms. Fig.15 illustrates the proposed mechanism
for RIFA adsorption by the AIRM.

Reusability study

One of the essential criteria that encourages the
practical exploitation of an adsorbent is its recyclability.
Here, the spent AIRM was treated with ethanol in
a Soxhlet extractor, washed with deionized water, and then
activated at 110 °C for 5h. The regenerated samples
were implemented in removing RIFA under the optimal
conditions obtained previously (100 mL of 300 mg/L, 0.20 g
of the AIRM at 328 K for 180 minutes and a pH of 4.0).
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Fig. 15: The proposed mechanism for RIFA adsorption by the AIRM.
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Fig. 16: Effect of reusability of ARM on RIFA adsorption.

The consequences showed that the regenerated sample
effectively eliminated the antibiotic with a good
adsorption capacity even after 5 cycles, suggesting that it
is highly reusable. Fig.16 demonstrates the impact of the
reusability of the AIRM on RIFA adsorption.

CONCLUSIONS

The current investigation indicated that the acid
treatment of the raw IRM increased its surface area from
30.99 m?/g to 60.96 m?/g. Besides, the utilization of the
AIRM has proven its ability on removing RIFA antibiotics
from its aqueous solution with a maximum removal
capacityof (217.93 mg/g) at an initial pH of 4.0 using
0.20 g of the AIRM at 328 K for 180 minutes contact time.
The Langmuir adsorption isotherm was best fitted
to the sorption data of RIFA by the AIRM than
the Freundlich model due to the higher R? value of
the former (R? =0.9902) than that of the latter (R = 0.9730).
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In addition, the adsorptive elimination data of RIFA by the
AIRM were best described by the pseudo-second-order
kinetic model than the pseudo-first-order kinetic model
because of the higher R2 value of the former (R? = 0.9902)
than that of the latter (R? = 0.9730). The adsorption of
RIFA by the AIRM was spontaneous due to the negative
value of AG, which its values were between — 0.1732 and
— 0.6940 kJ/mol at various temperatures. Besides,
chemisorption was the dominant adsorption mechanism.
Finally, the reusability examination of the regenerated
AIRM showed that the sorbent effectively adsorbs RIFA
for 5 cycles with a good capacity.
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