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Abstract: The present work elucidates the
utilization of activated carbon (AC) and activated
carbon loaded with silver nanoparticles (AgNPs-AC)
to remove tetracycline (TC) from synthetically
polluted water. The activated carbon was prepared
from tea residue and loaded with silver
nanoparticles. Scanning electron microscopy
(SEM), X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and Brunauer-
Emmett-Teller (BET) were used to characterize the
activated carbon (AC) and silver nanoparticles-
loaded activated carbon (AgNPs-AC). The impact of
various parameters on the adsorption effectiveness
of TC was examined. These variables were the initial
adsorbate concentration (Co), solution acidity (pH),
adsorption time (t), and dosage of the adsorbent.
The maximum TC removal percentage was (88%) at
pH = 9, time = 230 min, Co = 60 ppm, and dosage =
0.39 g/25 ml using AC as an adsorbent. Whereas the
maximum TC removal percentage was (98%) at pH
= 9, time = 46 min, Co = 60 ppm, and dosage =
0.0406 g/25 ml using AgNPs-AC. The isotherm
models were also studied. It was found that the
Langmuir isotherm model fitted well with the
experimental data. The adsorption kinetics study
showed that the pseudo-second-order accurately
describes the experimental results. The analysis of
the adsorption thermodynamics revealed that TC
adsorption on TAC and AgNPs-AC was endothermic
and spontaneous. The study aims to make activated
carbon from tea waste and load silver nanoparticles
on that activated carbon (AgNPs-AC). It also studies
how two adsorbents (activated carbon and activated
carbon loaded with silver nanoparticles) remove
tetracycline from artificially polluted water. Then,
the outcomes were compared.
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1. INTRODUCTION

Various pollutants are currently continuously
contaminating the Earth's ecosystem [1]. One of
the biggest environmental problems facing the
community is the harmful chemical
contamination of water resources, especially
when those resources are the sole reliable
source of drinking water [2, 3]. Pharmaceutical
products are among the most important
environmental pollutants discharged into water
systems in large quantities by various human
activities, including direct discharge from
companies and hospitals, home sewage,
effluents from water treatment facilities, and
sewage treatment facilities [4, 5]. Due to the
rising use of antibiotics, pharmaceutical
effluents containing antibiotics have recently
attracted a lot of interest [6, 7]. Extended
exposure to very small amounts of antibiotics
can develop antibiotic-resistant genes. The
usage of antibiotics has rapidly increased,
raising worries about their environmental
residues [8, 9]. Tetracycline antibiotics (TC) are
the second most commonly used antibiotics in
the world due to their low cost, broad-spectrum
antibacterial ~ activity, and  significant
therapeutic efficacy [10]. It is frequently used to
treat animal illnesses and is added to animal
diets to promote growth [11, 12]. Tetracycline is
commonly found in wastewater due to its
frequent use. Since TC is difficult to biodegrade,
it poses a serious risk to people and the
environment [13]. Therefore, removing TC
residues from effluents before releasing them
into the environment is required [14].
Tetracycline can be eliminated using various
techniques, including electrochemical
approaches, membrane filtration, reverse
osmosis, advanced oxidation, ozonation, and
biological therapies. Most of these techniques
are more expensive, resulting in the
development of by-products, or are less

effective. It is necessary to search for a more
suitable and practical strategy to remove
antibiotics [15]. Among the above methods,
adsorption technologies have been widely
applied. remove pharmaceuticals from surface
water; adsorption technology is a very effective,
user-friendly, and globally advanced treatment
approach. This technique of treatment uses
synthetic or natural materials (known as
sorbents, adsorbents, or biosorbents) to remove
pollutant molecules (also known as adsorbates)
from contaminated fluids [16]. Many porous
materials have been investigated for the
adsorption of tetracycline, including resin,
silica, clay, multi-walled carbon nanotubes,
zeolite, graphene oxide, chitosan, and activated
carbon [17]. Activated carbon effectively and
affordably adsorb various pharmaceutical
contaminants from wastewater due to its high
surface area, pore structure, and high capacity
adsorption [18, 19]. It contains a non-graphitic
and microcrystalline type of carbon. Non-
graphitic means a substance with a high
concentration of oxygen or a low concentration
of hydrogen in its structure. The structure of
activated carbon includes micropores,
mesopores, and macropores. These structures
greatly show how well-activated carbon works
as an adsorbent [20]. Commercial activated
carbon is one of the most frequently used
industrial adsorbents; however, it is expensive.
Therefore, to create inexpensive activated
carbons, researchers are looking for suitable
natural raw materials. These raw materials
must also be affordable and easily accessible.
Thus, by-products or residue from industry and
agriculture are the primary raw materials that
can be transformed into activated carbon [21]
because they are readily available, inexpensive,
and renewable, such as rice husk, sugarcane
bagasse, maize husk, residual oil fly ash, olive
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stones, banana stems, date stones, bamboo,
waste newspapers, coconut shells, and tea dregs
[22, 23]. Recently, using nanomaterials has also
substantially increased scientific interest.
Nanoparticles were employed as an effective
adsorbent to remove contaminants from water
and wastewater due to their very high surface
area. However, nanomaterials are expensive,
and their use in treating wastewater is fairly
limited. Therefore, research should concentrate
on combining nanomaterials with inexpensive
adsorbents to lower treatment costs, expand
using nanomaterials in removing contaminants
[24], and create a novel modified material for
removing pollutants from aqueous solutions to
increase the adsorption capacity of adsorbents.
Activated carbon doped with nanoparticles is a
useful material with several uses, mostly for
adsorption and antibacterial activity. For
greater adsorption capacity, nanoparticles can
improve the active sites of activated carbon
(AC) [25, 26]. The present study aims to
prepare activated carbon from tea residue and
load silver nanoparticles onto activated carbon
derived from tea residue (AgNPs-AC).
Additionally, it examines the activity of two
adsorbents (activated carbon and silver
nanoparticles-loaded activated carbon) in
removing tetracycline from synthetically
polluted water and compares the results.

2. MATERIALS AND METHODS
2.1.Materials

The tea residue was collected locally from
leftover tea used in homes. Tetracycline (TC)
was selected as the target adsorbate, provided
by the State Enterprise for Drug Industries and
Medical Appliances, Samara, Iraq. Tetracycline
was used directly without any further
treatment. Silver nitrate (AgNO,, purity >
99%), used as the precursor to create silver
nanoparticles, and potassium hydroxide
(KOH), employed as an activator, were
purchased from Merk (Darmstadt, Germany).
Borohydrate and starch were purchased from
Sigma-Aldrich, USA.

2.2.Preparation of Activated Carbon
Waste tea was rinsed multiple times with hot
distilled water until it was colorless, then dried
at 110 °Cin an air oven for 10 hours to eliminate
any remaining water-soluble components. The
raw material was then placed in a steel or
ceramic crucible and heated in a furnace to 350
°C for 30 minutes while exposed to a flow of N,
(150 cm3/min) for carbonization. The product
was then permitted to cool inside the furnace
while nitrogen gas continued to flow until the
temperature reached 100 °C before being
removed. The carbonized material was then
mixed with 30% KOH at a ratio of 2:3 w/w
(KOH: carbonized material) and agitated at 140
rpm for 30 minutes. The sample was

subsequently filtered to remove the base
residue and deposited in a closed crucible in a
muffle furnace at 900°C for one hour with a
nitrogen flow (150 cm3/min). The product was
then allowed to cool to room temperature under
the same nitrogen flow. The obtained activated
carbon (AC) was thoroughly washed with
distilled water until the solution became neutral
(pH = 7). The AC samples were dried at 110 °C
for 24 h, then crushed with a mortar and pestle,
and sieved to a particle size of 350 um or less.
The last AC particle samples were maintained
in a desiccator for the next batch of
experiments.

2.3.Synthesis of Silver Nanoparticles
The synthesis of silver nanoparticles was
conducted utilizing a hydrothermal technique
using silver nitrate (AgNO;) [27]. In the
experimental setup, a quantity of 0.2 grams of
starch was mixed with a volume of 100 mL of
AgNO; solution with a concentration of 0.001
M. Consequently, the starch solutions,
including Ag* ions' production, were observed.
Following this, the mixture underwent
extensive agitation (450 rpm) at a temperature
of 70 °C using a magnetic stirrer for 3 hr to
achieve a state of homogeneity. A 0.001 M
solution of sodium borohydride was gradually
added to a combination with a volume of 25 mL
while maintaining the solution temperature at
70 °C. The ultimate solution was allowed to cool
to ambient temperature to facilitate subsequent
utilization. Figure 1 shows the UV-vis
absorption spectra of the Ag nanoparticles at
different time intervals (10, 20, 30, 60, and 90
min). Typical AgNPs have A max values, which
are in the visible range of 400-500 nm [28]. The
absorption peak of obtained AgNPs is centered
around 410-430 nm. This observation clearly
indicates the successful reduction of Ag using
soluble starch. The weight percent of the
prepared Ag NPs in the solution was about
0.0136%. The Surface Plasmon peak observed
confirmed the influence of starch in reducing
Ag+ ions to Ag NPs from an aqueous AgNO,
solution. Forming AgNPs increased with
reaction time. A wide beak at a short reaction
time (10 min) was observed due to the presence
of a wide distribution particle size. A slight
modification in the size and shape of
nanoparticles gave a slight shift in the peak to a
shorter wavelength with increasing time [29].
From the figure, it is observed that the
absorption peak becomes sharp as the time
increases from 10-90 min, indicating the
formation of the poly-dispersed AgNPs initially
that become mono-dispersed spherical
nanoparticles with increasing reaction time.
Therefore, the mixing time at room
temperature is a key factor in determining the
size distribution of AgNPs.
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Fig. 1 UV-Vis Absorption Spectra of the Ag Nanoparticles.

2.4.Preparation of the AgNPs-Loaded
Activated Carbon

The technique of wet impregnation was
employed to load AgNPs onto tea-activated
carbon (TAC) [27]. In 250-mL Erlenmeyer
flasks, AgNPs and TAC were combined at a
mass ratio of 35 w/w. The flasks were then
shaken continuously for 24 hours at 120 rpm.
After impregnation, the wet particles were
filtered and dried for 2 h at 105 °C to produce
modified TAC (AgNPs-TAC). The AgNPs-TAC
was used in batch-mode adsorption
experiments to remove tetracycline from
aqueous solutions.
2.5.Characterization
Carbon

Different characterizations were conducted to
ascertain the properties of the activated carbon
(AC) and silver nanoparticles-loaded activated
carbon (AgNPs-AC). The scanning electron
microscopy (SEM) technique was employed to
examine the surface morphologies. (EDX)
analysis was used to determine the component
content of the absorbent. The specific surface
area and pore volume of the prepared
absorbent material were determined using a
Brunauer-Emmett-Teller (BET) method. X-ray
diffraction (XRD) was used to analyze the
crystalline structure of the adsorbent. Fourier
transform infrared spectroscopy (FTIR 8400s
Shimadzu) was used to examine the surface
functional groups of the adsorbent.
2.6.Adsorption Study

Adsorption studies were conducted with
activated carbon and silver nanoparticles-
loaded activated carbon to compare their
efficiency in the adsorption of tetracycline. The
batch experiments of tetracycline with activated

of Activated

carbon were implemented with different
contact times (20-300 min), initial
concentrations (30—150 mg/1), initial pH of the
solution (2-11), and sorbent dosages (0.05-0.5
g/ 25 mL). While experiments of tetracycline
with silver nanoparticles-loaded activated
carbon were implemented with contact times
(5-60 min), initial concentrations (30-—150
mg/1), initial pH of the solution (2-11), and
sorbent dosage (0.0125-0.05g/ 25 mL). To
conduct these experiments, a specific amount
of the adsorbent was added to 25 ml of the TC
synthetic solution contained in a 100 ml
Erlenmeyer flask. At 140 rpm, the mixture was
agitated using an Edmund Buhler SM25 Orbital
shaker (German). The concentration of
tetracycline in each sample was evaluated using
UV-visible absorption spectroscopy (PG
Instruments, Model UV T80, England)
following adsorption at various time intervals.
The tetracycline samples were filtered using
Whatman filter paper to separate them from
the AC residue and get a solution devoid of
carbon. The tetracycline removal efficiency and
adsorption capacity were determined using
Egs. (1) and (2) [30].
R% = [C"C C”] *100% (1)
0
qe = (Co—CV 2)

m
where R% represents the removal percentage.

C, and C, are initial and equilibrium
concentrations of tetracycline (mg/ L),
respectively. q. is (TC) adsorbed amount
(mg/g). Vis the sample volume (ml), and m is
the quantity of the adsorbent added (g).
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Fig. 2 Setup of Experimental Work.

2.7.Experimental Design

For modeling and analyzing systems in which a
variety of variables affect the response,
Response Surface Methodology (RSM) is a
widely wused statistical and mathematical
technique. It describes a set of statistical and
experimental approaches that deal with one or
more response variables. In this study, Central
Composite Design (CCD) was used to plan the
experiments, analyze, and study the effect of
factors on tetracycline removal, as well as
obtain an experimental model representing the
removal process.

Fig. 3 SEM Mcrographs ad EDX Anysis o he Pr

3.RESULTS AND DISCUSSION
3.1.Characterization of Adsorbent
3.1.1.Surface Morphology and
Elemental Composition

Scanning electron microscopy (SEM) with
energy dispersive X-ray spectroscopy (EDX)
was used to characterize the surface
morphological  pictures and elemental
composition of activated carbon and AgNPs-
loaded activated carbon, as shown in Fig. 3 (a,
b, ¢, and d).
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Figure 3 (a) illustrates that the surface of the
activated carbon exhibits a higher degree of
roughness and is characterized by numerous
holes, pores, cracks, and voids. These structural
features of (AC) are likely related to the release
of organic matter and utilization of carbon
atoms during the chemical activation process.
These results agree with Tao et al. [31], who
prepared activated carbon from tea residue by
NaOH activation. Figure 3 (c) displays the
scanning electron microscope (SEM) picture of
AgNPs-AC, revealing that the formation of
AgNPs on the AC was caused by the presence of
white beads on the surface of the AC, which is
evidenced by the presence of white beads on the
AC surface. The existence of these white beads
significantly impacted the surface morphology
of AgNPs-TAC. In scanning electron
microscopy (SEM) images of tea-activated
carbon (TAC), the white beads were not visible,
which is evidence that the surface of AgNPs-
TAC was coated with silver nanoparticles. The
findings of the structural (SEM) analysis
demonstrate agreement with the outcomes
published by Trinh et al. [32] and Sikdar et al.
[33]. EDX analysis was used to determine the
elemental composition of types of adsorbents:
activated carbon and activated carbon with
AgNPs, as shown in Figs. 3 (b) and (d). The
results showed that most of the total atomic
composition (TAC) consisted of carbon
(76.7%), oxygen (14%), calcium (5.9%), and
magnesium (0.9%), as shown in Fig. 1 (b). The
elemental composition of AgNPs-TAC, as
depicted in Fig. 1 (d), consisted of the following
proportions: carbon (91%), magnesium (0.5%),
calcium (4%), silicon (0.4%), and silver (2.9%).
These results show that the silver nanoparticles
were successfully attached to the surface of the
TAC material.

3.1.2.Brunaure, Emmett and Teller
(BET)

Based on the Brunauer-Emmett-Teller (BET)
analysis, the specific surface area of the
activated carbon (AC) was 746.951 m2/g, and
the pore volume was 0.447 m3/g. Upon loading
the silver nanoparticles, the surface area and
pore volume of the AgNPs-AC material
increased to 820.512 m2?/g and 0.524 m3/g,
respectively. Devi et al. [34] also found similar
results. They observed that the surface area of
AC was 570.67 m2/g and went up to 620 m2/g
when silver nanoparticles were added.
3.1.3.X-ray Diffraction (XRD)

The X-ray diffraction (XRD) investigation was
conducted to confirm the crystalline structure
of the particles present on the surface of the AC
material. As seen in Fig. 4 (a), the presence of
prominent X-ray diffraction (XRD) peaks at 32
and 44 degrees could potentially be ascribed to
the diffraction phenomenon arising from the
amorphous nature of AC. The diffraction peaks
observed in Fig. 4 (b), occurring at 20 angles of

38, 45, 65, and 78°, can be attributed to the
diffraction phenomena exhibited by the face-
centered-cubic silver planes denoted as (111),
(200), (220), and (311), respectively. This
observation provides evidence that the particles
adhered to the activated carbon (AC) surface
are composed of metallic silver (Age) particles.
In addition, it was observed that the peaks
corresponding to amorphous carbon did not
exhibit any shift, indicating that the loading
procedure did not induce any modifications to
the crystalline structure of the carbon material.
Tang et al. also reported comparable findings
[35].

3.1.4.Fourier Transform
Spectroscopy (FTIR)

The FTIR spectra of tea, activated carbon (AC),
and silver nanoparticles-loaded activated
carbon (AgNPs-AC) are depicted in Fig. 5. In
FTIR spectra of tea, the O-H stretching
vibration of the hydroxyl group was responsible
for the bandwidth at 3415.99 cm-. The peak at
2898.9 cm resulted from the C-H stretching of
the benzene ring. The presence of a methoxy
group band in the precursor is responsible for
the broadband at 2850.54 cm-. The bands at
1727.74 cm™ and 1639.24 cm were due to the
chemical formula C = O for carboxymethyl
cellulose [36]. The low absorption at 1524.37
cm was due to the oscillation of the aromatic
skeletal structure. The peak at 1458.07 cm™
represented the carboxylic groups [37]. The
bands between 1000 and 1300 cm™ were
produced by the C-C and C-O vibrations of
alcohols, phenols, and ethers. The band at
588.86 cm was caused by the Si-O-Si vibration
[38]. FTIR spectra of AC and AgNPs-AC, the
existence of the O-H stretch-bonded group is
evident in Fig. 3, as indicated by the peaks
observed at 3822, 3720, and 3406 cm-. The
findings align with the observations made by
Anisuzzaman et al. [39], wherein they noted
that the O-H group exhibited peaks within the
range of 3200—-3800 cm. The C=0 stretching
vibration in carbonyls, encompassing ketones,
aldehydes, lactones, and carboxylic groups, was
shown by a peak at 1669 cm-. Altintig et al. and
Anisuzzaman et al. [39, 40] reported
comparable findings. The peak corresponding
to the C=C stretching vibration in aromatic
rings was observed at a wavenumber of 1514
cm, as reported by Foo and Hameed in their
study conducted in 2009 [41]. The frequency at
the prominent peak of 1050 cm corresponds to
the C-O stretching vibrations observed in
carboxylic acids or lactone groups.
Additionally, the presence of aromatic C-H
bonds can be inferred from the peaks observed
in the range of 581-841 cm™. The findings
presented in this study exhibited a resemblance
to the outcomes reported in the studies
conducted by Anisuzzaman et al. [39], Altintig
et al. [40], and Lazim et al. [42].

Infrared
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3.2.Effects of Experimental Parameters
on the Adsorption Process

3.2.1.Effect of Contact Time

The influence of time on removing the pollutant
was examined using various time values,
ranging from 20 to 300 min when using AC as
an adsorbent and from 5 to 60 min when using
AgNPs-AC. Tetracycline removal efficiency on
AC, as shown in Fig. 6, increased with time until
it achieved a constant value (88% removal) at
230 min. Removal of tetracycline on AgNPs-AC
was comparable to that of TC on AC, and it was
noted that removal of 98.8% was achieved after
46 min. The reason was that the surface of the
adsorbent had many active sites available
initially, which caused the fast adsorption.
Adsorbate molecules filled more active sites as
the process of adsorption advanced, which
raised the resistance of tetracycline aggregation
to diffuse deeper into the adsorbent and
decreased the rate of adsorption until it reached
equilibrium removal. In addition, the reason for
the increase in removal rate when using AgNPs-
AC as adsorbent at a time lower than the time
when used AC as adsorbent was that the
massive availability of active sites on the
surface of AgNPs-AC than that found on the
surface of AC and the higher tendency of
AgNPs-AC toward binding TC through its
functional group. This behavior agrees with
Wong [43], who studied the removal of
acetaminophen by adsorption on activated
carbon synthesized from spent tea leaves. It was
found that the amount of removal increased
with time.

3.2.2.Effect of the Adsorbent Dosage

The effect of activated carbon and AgNPs-
loaded activated carbon on the adsorption
process was studied in the range of 0.05 — 0.5

0 10 20
100

30

and 0.0125-0.05 g per 25 ml of TC solution,
respectively. Figure 7 shows the influence of
adsorbent dose on TC removal percentage. As
the adsorbent quantity increases, more active
sites are exposed to TC molecules, and the
removal percentage rises. However, the
removal no longer increased after applying a
certain amount of adsorbent. This amount can
be considered the best adsorbent dosage, and it
was 0.39 g / 25ml when used with AC and
0.0406 g/25ml when used with AgNPs-AC.
These results conform with [41, 42].
3.2.3.Effect of pH

The effect of pH on the adsorption of
tetracycline on activated carbon and AgNPs-
loaded activated carbon was studied by varying
the pH value from 2 to 11. It is clear from Fig. 8
that, with an increase in pH from 2 to 9, the
removal efficacy significantly increased due to
the competitive adsorption between relatively
high concentrations of H+ ions and TC
behaviors as cationic properties at lower pH
values, which inhibits the adsorption of cationic
TC on AC. In contrast, the increase in TC
adsorption was attributed to the rise in the
negatively charged AC surface with increasing
OH concentration, enhancing the electrostatic
attraction  between  negatively charged
adsorbent and cationic TC molecules at higher
pH values. These results conform with [46]. It
was noticed that above pH 9, the efficiency of
adsorption decreased due to higher solution
pH, and the surface of the adsorbent was
negatively charged; therefore, an electrostatic
repulsion was formed between the surface of
the adsorbent and TC, reducing the TC
adsorption. This behavior is in agreement with

[47].
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Fig. 6 Effect of Contact Time on Removal of Tetracycline.
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3.2.4.Effect of Initial Adsorbate
Concentration

The initial TC concentration greatly affects the
adsorption onto AC and AgNPs-AC. The range
of initial adsorbate concentration values
examined was 30-150 ppm. Figure 9 displays
the impact of the initial concentration on TC
removal. When the initial concentration
increased from 30 to 60 ppm, the removal
efficiency increased, but after that, the removal
efficiency began to decrease. This phenomenon
can be elucidated by the observation that, at
lower concentrations of TC, the adsorption sites
were not fully occupied. However, as TC
increased, there was a greater chance that it
would interact with active adsorbent sites. As a
result, the higher TC content showed a larger
percentage of removal. On the other hand, with
a further increase in TC concentrations, the
active sites of the same amount of adsorbent
quickly got saturated, reducing the removal
percentage. This behavior is similar to that
observed by Adio [48], who investigated the
removal of mercury from gas condensate using

7 8 9 10 11 12

pH
Fig. 8 Effect of pH on Removal of Tetracycline.

silver nanoparticle-loaded activated carbon as
an adsorbent.

3.3.Central Composite Design Studies

In the present study, four important
parameters, initial concentration, adsorbent
dose, pH, and time, were chosen as the
independent variables, while the removal of TC
was selected as the response (dependent
variable). Table 1 presents the independent
factors with their actual levels selected for
process optimization. The obtained
experimental values were compared with the
predicted values using CCD. The results found
that the value of the adjusted coefficient R2 was
0.9373, whereas the predicted value of R2 was
0.8338. For the adsorption of TC on AgNPs-AC,
the value of the adjusted coefficient R2 was
0.9948, whereas the value that was predicted
was 0.9869, suggesting the quadratic
polynomial model is better than other models
that have been tested. The polynomial model in
quadratic form for the removal of TC on AC and
AgNPs-AC is represented by Egs. (3) and (4).
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Fig. 9 Effect of Initial Concentration on Removal of Tetracycline.
Table 1 Variables and Levels Considered for the Percentage of Removal of TC on AC and AgNPs-AC.

Independent factors
Contact time (A) H(B) Adsorbent dosage(C) Initial concentration(D)
(min) P (g/25 ml) (ppm)
Removal of TC on AC 20-300 2-12 0.05-0.5 30-150
Removal of TC on AgNPs-AC  5-60 2-12 0.0125-0.05 30-150
R% = —125.73328 + 0.339777 A + necessitates a longer absorption duration [49,
21.73328 B + 183.92869 C + 50].
1.20996D + 0.014021 A B — 150 Removal (%)
0.002659A D —8.23037 BC — —r
0.604944CD — 0.000541 A% — 135
1.19067 B2 — 150.34321 C% —
0.003503D? 3) 120
R% = 25.19019 + 0.573107 A + ~ 105
1.80789 B + 1755.81145 C + Ea
0.223061D + 0.107879 AB + Y
6.49697 A C + 138.07407BC — © 75
0.042778 B D + 12.84444CD —
0.016383 4% — 0.384691 B% — 60
57002.66667 CZ — 0.002442D? 1)

3.3.1.Interaction Between Adsorption
Time and Initial Concentration of TC

Figure 10 shows the contour response surface of
how adsorption time and initial TC
concentration interact. Figure 10 (a) shows the
interaction using AC as an adsorbent. From the
contour plot (see red dots in the figure), the
interaction area is enclosed in the rectangle
(60-120 ppm and 90-230 min). Increasing
contact time enhanced the removal percentage
of TC, while increasing the initial concentration
decreased the percent removal. The best values
of percent removal (88%) occurred at Co = 60
ppm and Time = 230 min. Using AgNPs-AC as
an adsorbent, the best value of percent removal
(98.8%) occurred at Co = 60 ppm and Time =
46 min, as shown in Fig. 10 (b). These results
show that adding silver nanoparticles to the
activated carbon significantly increased the
removal percentage of TC and cut down the
time it took to reach this removal value. This
observation can be attributed to the
relationship between concentration and
absorption time, where a higher concentration

45

30

20 55 90 125 160 195 230 265 300
Time (min)
Removal (%)

Co (mg/L)

5 19 33 46 60
Time (min)

Fig. 10 Contour Plots of Removal Percent (%)
of TC as a Function of Time (min) and Initial
Concentration of TC (ppm) of (a) AC and (b)

AgNPs-AC.
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3.3.2.Interaction
Adsorbent Dosage
Figure 11 displays the contour plot of the
interaction between pH and adsorbent dosage.
Figure 11 (a) shows the interaction using AC as
an adsorbent. From the contour plot (red dots
in Fig. 11 (a)), the interaction area is enclosed in
the rectangle (4 -9 pH and 0.16-0.39 gm / 25
ml). Increasing the pH and adsorbent dosage
increased the removal of TC until it reached a
maximum removal of 88% at pH = 9 and 0.39
g/25 ml. Using AgNPs-AC as an adsorbent, the
ranges of interacting variables were 4 -9 pH and
0.0219 - 0.0406 g/ 25 ml, as shown in Fig. 11
(b). The percent removal reached a maximum
of 98.8% at a pH of 9 and an adsorbent dosage
of 0.0406 g/25 ml. Loading Ag nanoparticles
on the activated carbon enhances the removal
of TC and decreases the amount of adsorbent
used. This behavior is in agreement with [51].
3.4.Adsorption Isotherms

The experimental data are investigated using
Freundlich and Langmuir isotherms to
characterize the equilibrium relationship
between adsorbent dosage and adsorbate
uptake with time. Langmuir's hypothesis posits
that adsorption occurs in a single layer on the
surface of an adsorbent material, where there is
no interaction between the adsorbate
molecules. Furthermore, this adsorption occurs
on a limited number of sites on the adsorbent,
which possess uniform energies. Equation (5)
represents the Langmuir isotherm model [52]:

1 + 1 1 )
9 @m  AnkKa C. >

where . is the amount of sorbent adsorbed per
unit mass at equilibrium(mg/g), qm is the
maximum adsorption capacity(mg/g), Ce is the
equilibrium adsorbate concentration (mg/1),
and K, is the equilibrium constant of adsorption
(I/mg). The Langmuir constants, qm, and K,
can be calculated from the slope and intercept
of the 1/qe against 1/Ce plot. Freundlich
isotherm adsorption assumes heterogeneous
surfaces and multi-layer adsorption. Equation
6 presents the Freundlich isotherm [53].

Inq, =InKy+ (1/n)InC, (6)
The Freundlich adsorption constant, denoted
as Ky, represents the adsorption capacity in

between pH and

a 0.12
[ ]

0.1

0.08

g.. 0.06

o4 y=0.3473x+0.0219

' R2=0.9936

0.02

0
0 0.05 0. 0.15 0.2

1
1/Ce

0.25

Lnqe

units of mg/g. The constant n is the Freundlich
adsorption constant, measured in 1/mg. The
values of Ky and n, which represent the
intercept and slope of the plot, respectively, can
be determined by graphing the natural
logarithm of g, versus the natural logarithm of
C,. The graphical representation of the
adsorption behavior of tetracycline on activated
carbon (AC) and activated carbon loaded with
silver nanoparticles (AgNPs-AC) can be
observed in Figs. 12 (a, b) and 13 (a, b),
respectively. The isotherm constants obtained

from these plots are presented in Table 2.

0,
0.50 Removal (%)

Dosage ((g/25ml))

0,
0.0500 Removal (%)
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Dosage Cgg/25m1)
2
5

0.0219

2 4 7 9 11
pH
Fig. 11 Contour Plots of Removal Percent (%)
of TC as a Function of pH and Adsorbent
Dosage of (a) AC and (b) AgNPs-AC.
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Fig. 12 A Linear form of the Isotherm Models for the Sorption of TC onto AC (a) Langmuir and (b)
Freundlich.
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Fig. 13 A Linear form of the Isotherm Models for the Sorption of TC Onto AgNPs-AC (a) LANGMUIR
and (b) Freundlich.

Table 2 Parameters of Langmuir and Freundlich Equations for Sorption of TC on AC and AgNPs-AC.

Adsorbent
Model Parameters AC AgNPS-AC
qm (mg/g) 45.662 5.682
Langmuir Ka (L/mg) 0.063 3.7
R2 0.9936 0.9952
Kr(mg/g) 1.644 1.29
Freundlich n 0.597 0.324
R2 0.9692 0.8595
It is observed from the data presented in Table 3.6. Thermodynamic Study

2 that the R? values of the Langmuir model
were greater than those of the Freundlich
model, indicating that the adsorption of TC on
AC and AgNPs-AC was better described by the
Langmuir model than by the Freundlich model,
indicating monolayer adsorption in a suitable,
homogeneous system.
3.5.Adsorption Kinetics
Several kinetic models are employed to describe
the adsorbents' characteristics and evaluate the
control mechanism. Two kinetic models,
pseudo-first-order and pseudo-second-order,
were used to examine the adsorption kinetics of
tetracycline onto AC and AgNPs-AC. Egs. (7)
and (8) express the pseudo-first-order and
pseudo-second-order models, respectively [54,
55].
In(q. — q,) = In(q.) + k4 @)
t 1 t

=t (8)

9 k9. q.
where g, is the amount of pollution adsorbed at
equilibrium(mg/g), k;(min~1) is the rate
constant of the pseudo-first-order adsorption,
k,(g/mg.min) is the rate constant of the
pseudo-second-order adsorption, and gq; the
amount of pollution adsorbed at time t (mg/g).
Figures 14 and 15 show the kinetic model for the
adsorption of TC on AC and AgNPs-AC. Table 3
shows all the factors and correlation
coefficients (R2) from the slope and intercept.
Based on the correlation coefficients (R?)
shown in Table 4, the pseudo-second-order
kinetic model best fits the experimental data for
the adsorption of TC onto AC and AgNPs-AC.

Understanding thermodynamic characteristics
is necessary to forecast whether the adsorption
process will be feasible at a particular
temperature. Three thermodynamic
parameters, including enthalpy change (AH"),
Gibbs free energy change (AG"), and entropy
change (AS°), were used to examine how TC
binds to AC and AgNPs-AC from a
thermodynamic  point of view. The
thermodynamic parameters can be determined
using Egs. (9) and (10) [56, 57].

AG’ = —RTInK, (9)
AS° AH°

InK;=——— (10)
R RT

In this context, the symbol T represents the
temperature in Kelvin, R (8.314 J /mol. K)
denotes the gas constant, and Kq represents the
thermodynamic equilibrium constant. The
value of Kq can be determined using Eq. (11):
Kq= % (11)
e

The variable qge is the amount of tetracycline
adsorbed per unit weight of activated carbon
(AC) and silver nanoparticles-loaded activated
carbon (AgNPs-AC) at the equilibrium
concentration, measured in milligrams per
gram (mg/g). Meanwhile, Ce denotes the
equilibrium concentration of tetracycline,
expressed in milligrams per liter (mg/L). The
Gibbs free energy change (AG") was determined
by calculations conducted at different
temperatures. The values of standard entropy
change (AS") and standard enthalpy change
(AH’) were obtained by utilizing the slope and
intercept of the natural logarithm of the
equilibrium constant In K,; plotted against the
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reciprocal of temperature (1/T), as depicted in

Fig.  16.

Table 4  summarizes the

thermodynamic parameters AG’,AH’,and AS’
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Fig. 14 Kkinetics Models for the Adsorption for Sorption of TC Onto AC, (a) Pseudo-First-Order and
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Fig. 15 Kinetics Models for Adsorption for Sorption of TC Onto AgNPs-AC, (a) Pseudo-First-Order

and (b) Pseudo-Second-Order.

Table 3 Parameters of Adsorption Kinetics for Sorption of TC on AC and AgNPs-AC.

Adsorbent
Model Parameters AC AgNPS-AC
K: (min~) 0.0007 0.1
Pseudo-first order qe (mg/g) 16.99 64.63
R2 0.9 0.9416
K. (mg/g min) 0.0018 0.0016
Pseudo-second order qe (Mmg/g) 4.86 43.103
R2 0.9752 0.9919
a 1.6 b 3.5
14 4 3 .
12 25
1
2
A
Q) 0.8 T 9 s
5 06 | y=-2566x+9.1089 o
= o R 0,954 I y=-3204.3x + 12.448
’ ' R2=0.9611
0.2 0.5
0 0
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Fig. 16 InK,4 Versus 1/T for the Adsorption of TC Onto (a) AC and (b) AgNPs-AC.
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Table 4 Thermodynamic Parameters for Sorption of TC on AC and AgNPs-AC.

Parameters AG° (Kk]/mol) AS® AH®
Temperature 30 °C 40 °C 50 °C 60°C kJ/mol K kJ/mol
AC -22.92 -23.68 -24.43 -25.19 75.73 21.333
Adsorbent AgNPs-AC -31.33 -23.68 -25.19 -8.038 103.49 26.64

The positive values of AH° indicate an
endothermic process, while the negative values
of AG° show a spontaneous and favorable
process. The entropy change AS° has a positive
sign, revealing that the randomness at the
interface of solid/liquid will increase during the
adsorption of tetracycline.

4.CONCLUSION

The main objective of this study is to examine
the sorption of TC from an aqueous solution
utilizing AC and AgNPs-AC as two new
environmentally friendly and nontoxic
adsorbents. Tea residue was successfully
transformed into activated carbon. Then, the
activated carbon was successfully loaded with
silver nanoparticles, which were used to
effectively adsorb tetracycline from an aqueous
solution. The adsorption of TC on the
adsorbents was investigated using a batch
method. The impact of several variables,
including pH, number of adsorbents employed,
contact time, and initial concentration, on the
removal percentage of TC on both adsorbents
was examined. It was found that the removal
percentage of AgNPs-AC was high and quick.
Compared to AC, the Ag-NP-AC had a high
surface area, requiring less time and a smaller
amount of adsorbent to remove. According to
the isotherm analysis, the sorption data
correlated well with Langmuir compared to the
Freundlich isotherm model with (R2= 0.9936)
and (R2 = 0.9952) for AC and AgNPs-AC,
respectively. The pseudo-second-order model
described the adsorption kinetics. Tetracycline
adsorption on AC and AgNPs-AC was
endothermic and spontaneous, according to a
thermodynamics study.
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