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ABSTRACT: This study looked at the doxorubicin hydrochloride  0.58gagN0, 1.64 ¢ 2 methylimidazole - I

(DOX) anticancer drug’s adsorption characteristics on a silver- W z'l’ly':;'“‘:;:‘d':';';i;:" = 8 b

based metal—organic framework (Ag-MOF). X-ray diffraction *x, i =" ' .lz

(XRD), scanning electron microscopy (SEM), and X-ray photo- “t J t /" 7 i
X : ’ acuum drying

electron spectroscopy (XPS) were used for the characterization of *Mm“on T

Ag-MOF. The pore volume and surface area of Ag-MOF were

determined through Brunauer—Emmett—Teller (BET) testing at 77 ~ Mixing for

K to be 0.509 cm®/g and 676.059 m*/g, respectively. Adsorption at “l %';z

pH 6 was established to be the best for DOX compared to alkaline ‘ g

solution. Ag-MOF has a good capacity for eliminating DOX (1.85 ““"“’“‘"“‘““‘ '4’1 e

mmol/g), according to adsorption experiments. From the T l l Centiifigation
emuision

adsorption results, we can find that Langmuir is the most fitted
adsorption isotherm model and the pseudo-second order model
best fitted the adsorption kinetics. The energy of activation for adsorption, which was determined to be 15.23 kJ/mol, also supported
a chemisorption process. The mechanism of adsorption was evaluated, and details of all possible interactions between DOX and Ag-
MOF were illustrated. On the other hand, while examining the impact of temperature, we identified the thermodynamic constraints
as AG®, AH®, and AS° and confirmed that the reaction was an endothermic one and spontaneous. Even after numerous reuse cycles,
the efficiency remained constant. The synthetic adsorbent was remarkably recyclable at a rate of more than 91.6%. By using the
MTT assay, the cytotoxicity of the tested Ag-MOF and DOX@Ag-MOF against human breast cancer cells (MCF-7) was evaluated
in vitro. The in vitro antimicrobial activity of Ag-MOF and DOX@Ag-MOF was also tested.

1. INTRODUCTION

Environmental chemistry has recognized the incidence and
distribution of pharmaceutically active chemicals in the aquatic
environment as one of its developing problems. Pharmaceut-
icals are constantly entering the situation and are now present

pharmaceuticals for the environment.” Doxorubicin hydro-
chloride (DOX), an antibiotic with an anthracycline ring, is an
extremely potent anti-neoplastic drug used in the management
of leukemia.’ The blatantly hazardous side effects of DOX,
including cardiotoxicity, vomiting, baldness, stomatitis, and

at small amounts, which can impair water quality and possibly
have an 1mpact on drinking water sources, ecosystems, and
human health." The human society and aquatic life are
seriously at risk from synthetic chemical pollution of water
habitats, which is being caused by expanding manufacturing
technology. Many of these kinds of pollutants, sometimes
referred to as microcontaminants, show dangerous character-
istics even at very low concentrations.”” Two instances of
potentially hazardous compounds that can be discovered in
rivers, sediments, lakes, and ground water resources are
hospital wastewaters and pharmaceutical factory effluents.”
These substances include radionuclides, metabolites, endocrine
disruptors, and organic chemicals.

The fact that cytostatic chemotherapeutic medications have
the potential to be cancerous, mutagenic, and genotoxic, even
at low levels, makes them a particularly problematic class of
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leucopenia, have made it difficult to use it effectively. In order
to reduce side effects without reducing treatment strength,
DOX is often encapsulated within drug delivery vehicles that
can protect the target molecule and target-specific sections
while not adversely affecting the surrounding tissues.”

DOX, a potent anticancer agent, is a member of the
Adriamycin (ADM) family of medicines, which is frequently
used alone or in combination with other medications to treat
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Figure 1. Diagram illustrating the procedures needed to make Ag-MOF.
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cancer.® The therapeutic index of DOX is limited by
undesirable significant side effects such as myelotoxicity and
cumulatlve cardiotoxicity that occur during the injection of the
drug” In order to minimize the negative effects on healthy
organs, the nanopartlcle drug delivery system has gained a lot
of attention.” A number of nanoparticles have been developed
in conjunction w1th DOX to address this issue and get the best
therapeutic results.'” The removal of pharmaceutical residues
in wastewaters has been attempted using a number of
treatment techniques, such as membrane techniques, photo-
lytic degradation, improved oxidation, and hybrid techni-
ques.'' Furthermore, secondary contaminants still persist in
aqueous solutions as a result of the intricate structures and
diverse physicochemical characteristics of DOX.'” Therefore, a
more effective DOX treatment must be developed."
Recently, materials for metal—organic frameworks (MOFs)
have received a lot of attention as a result of the wide range of
potential uses, which include drug delivery, nonlinear optics,
magnetlc conductance, gas storage, catalysis, and lumines-
cence."* In addition, MOFs are crystalline solids.'> Further-
more, MOFs based on polyhedral coordination cages are
attracting a lot of attention, not just because of their aesthetic
appeal but also because the restricted cavities that they provide
(i) can be used as a molecular flask to enclose visitor species in
a protective shell to prevent chemical reaction, (ii) it is
possible to separate and store gases using them, and (iii) it is
possible that they will have magnetic and catalytic properties
that are uncommon. Based on flexible and porous shape,
MOFs’ guest ions and molecules, with such metals, can
infiltrate into the wholesale material, whereas this guest ions or
molecules can be selectively adsorbed due to the shape and
size of the pores.'® Because of their distinct qualities, MOFs
are suitable sorbents for removing heavy metals from solid
phases by isolating them from other solid phases.'” In the
method of solid phase extraction, however, there is limited
knowledge regarding MOFs. Due to the capacity of Ag" ions to
permeate cell membranes and interact with thiol containing
proteins and DNA, silver was known to be the most excellent
antibacterial metal before the development of antibiotics.'®
The increased adsorption capacity and quicker adsorption
kinetics of Ag-MOF make it preferable over other MOFs for
the elimination of doxorubicin (DOX). The silver ions in Ag-
MOF increase the electrostatic contacts between the MOF and
the DOX molecules, leading to this the case. Ag-MOF’s ability
to adsorb materials is further enhanced by the ability of the
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silver ions to establish coordination bonds with the functional
groups in DOX. Additionally, Ag-MOF has been demonstrated
to be stable across a broad pH range, which is critical for real-
world applications. Strong metal—ligand interactions between
the silver ions and the organic ligands that make up the MOF
framework are thought to be the cause of Ag-MOF’s stability.

Ag-MOF is also an attractive contender for medicinal
applications including drug administration and cancer treat-
ment due to its shown low toxicity and biocompatibility.
According to reports, the silver ions in Ag-MOF have
antibacterial and antifungal properties that may possibly be
useful in biological applications. All things considered, these
benefits make Ag-MOF an attractive choice for the removal of
DOX and other medicines from wastewater and other
environmental matrices. However, as with any treatment
approach, the choice of MOF will be based on the particular
application requirements and the characteristics of the
intended pollutant."’

In this study, Ag-MOF nanoparticles were created and
described in a novel and straightforward manner that produced
high-surface-area nanoparticles with a density of 676.059 m*/g
and efficiently removed 1043.52 mg/g doxorubicin from
wastewater. Even after numerous reuse cycles, this perform-
ance remained constant. The adsorbent that was artificially
created was remarkably recyclable more than 91.6%. The DOX
adsorption on Ag-MOF, which confirmed that the reaction was
a chemisorption process and endothermic, was also examined
for its kinetic, isothermal, and thermodynamic properties. It
was found that the removal efficiency increased as the
temperature was increased.

2. RESOURCES AND TECHNIQUES

2.1. Supplies and Characterization. All of the chemicals
and equipment’s utilized for the elucidation were previously
covered in detail (Supporting Information)."

2.2. Ag-MOF Nanoparticle Synthesis. Complementary
silver-based metal—organic frameworks were created by
dissolving 1.64 g of 2-methylimidazole in 20.0 mL of
ammonium hydroxide 25% and 0.58 g of AgNO; in 5 mL of
distilled water. The two separate solutions were mixed for 12 h,
followed by a conventional hydrothermal synthesis procedure
following full dissolution.”” The resulting mixture was heated
for 36 h at 100 °C (5 °C/min heating rate) in a Teflon
autoclave with a 100 mL wall. The material was centrifuged
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Figure 2. Nanoparticles of Ag-MOF captured via SEM.
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after cooling, thoroughly cleaned twice with deionized water,
and then vacuum-dried at 80 °C overnight (Figure 1).

2.3. Studies on Batch Adsorption Experiment Design.
The Ag-MOF samples were dispersed in all batch adsorption
trials (adsorbent amount = 0.02, 0.0S, 0.10, 0.15, and 0.20 g)
in 25 mL of DOX solution (concentration = 2.76 X 10™* to 2.2
X 107* mmol/L), allowing them to react at a range of
temperatures (293 to 323 K) and pH values (3 to 10). All of
the investigations have been carried out in a thermostatic
shaker for the water bath with the reaction vessel spinning at
100 rpm.”" The adsorbed Ag-MOF samples were acquired
using a centrifuge after a predetermined adsorption time, the
supernatant was filtered, and the DOX level was measured at
380 nm by UV—vis spectroscopy. The equilibrium period of
adsorption for DOX on Ag-MOF was determined by these
tests to be 100 min. To avoid DOX from photodegrading
throughout the batch tests, sample flasks and tubes were
covered through aluminum foil.”*** To determine the
extraction yield and amount of DOX adsorbed on Ag-MOF,
eqs 1 and 2 were used (Table S1) (Supporting Information).

Co (1)

L=y @)

R% =

3. RESULTS AND DISCUSSION

3.1. Description of Ag-MOF. 3.1.1. X-ray Diffraction
(XRD) Patterns. A quick analytical method for determining the
crystal structure, phase purity, and chemical make-up of an
unidentified material is X-ray diffraction (XRD). The Ag-MOF
material’s as-prepared XRD pattern is shown in Figure S1
(Supporting Information).”*”> The synthesized Ag-MOF’s
solidity was examined using XRD, which shows the XRD
patterns of Ag-MOF acquired at a scan range of 5—70° (Figure

S1). The XRD pattern of Ag-MOF displayed strong and sharp
peaks at 26 values of 16.22, 16.78, 20.02, 27.89, 28.55, 29.778,
and 23.80°, indicating a high degree of crystallinity. According
to simulations made with the help of the Foolproof and Check
Cell software, the Ag-MOF’s crystal systems has a monoclinic
crystal structure within the space group P2,/C. The following
calculations were also used for determining the degree of
crystallinity: a = 12.22 A, b =628 A, c = 1091 A, a = 90°, B =
114.45°, and y = 90°. Table S2 gifts the Miller indices (hkl)
and interplanar spacing (d,;) of Ag-MOF. Our findings further
show that the Ag-MOF nanospheres’ diffraction peaks were
preserved after adsorption, suggesting that their crystal
structure is quite strong (Table S2).

The XRD measurements demonstrate that the Ag-MOF has
a substantially crystalline form (Figure S1) (Supporting
Information). This is corroborated by the formation of a
noticeable peak at 28.16°, which is characteristic of
coordination compounds with an Ag-organic component.
Minor peaks were also visible at 10.9, 11.8, 13.04, 17.1, and
33.97°. The peaks of the face-centered cubic crystal planes of
Ag-MOF nanoparticles appeared at 39.16, 43.84, and 65.31°
withzig the (111), (200), and (220) peaks, respectively (Table
S2).

3.1.2. Brunauer—Emmett—Teller (BET). N, adsorption—
desorption isotherms were created to measure the pore volume
and the surface area of the Ag-MOF pore before and after
DOX adsorption (Figure S2a) (Supporting Information). Our
results support the synthesis of a Ag-MOF adsorbent having
microporous holes and the formation of DOX@Ag-MOF upon
DOX adsorption. The type II feature of adsorption/
desorption isotherms exhibits sharpness and aids in the
creation of microporous materials. Hysteresis loops are
classified as type H3 loops. As indicated in Figure S2b, the
pore size of Ag-MOF was decreased after adsorption of DOX
from 1.609 to 1.572 nm. Our results after adsorption presented
that the surface area of Ag-MOF meaningfully decreased. The
surface area of the Ag-MOF was estimated to be (482.650)
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m?*/g following DOX adsorption, which is smaller than the
676.059 m*/g of pure Ag-MOF.”"*

3.1.3. SEM Examination. A scanning electron microscopy
(SEM) picture was used to inspect the crystal particle sizes and
shapes as a result of the reaction circumstances. The
distribution and adsorption of DOX depends greatly on the
surface area and shape. The SEM analysis proved that Ag-
MOF on average represented a nanoparticle with its diameter
extending from 24.83 to 53.63 nm (Figure 2). This result
demonstrated how clusters of small nanoparticles might
develop. Considering the number of Ag-MOF pores, it is
likely that DOX adsorption will get trapped there.' ™’

3.1.4. XPS. The 6-phase of Ag-MOF is more thoroughly
studied with the aid of a supplementary method like X-ray
photoelectron spectroscopy (XPS). Considering the oxidation
states and chemical relationships between the elements, this
can provide crucial information. Figure S3 (Supporting
Information) displays the Ag 3d, C 1s, N 1s, and O s states
of the pure Ag-MOF at various core energy levels. Two peaks
in the Ag 3d spectrum that correspond to the Ag 3d;,, and Ag
3d,,, core energy levels have been seen (spin—orbit coupling),
whose binding energies are 368.47 and 374.4 eV, respectively
(Figure S3).

Two peaks at 531.2 and 532.4 eV energy sites in the O 1s
spectrum (Figure S3) represent oxygen in the O=C—OH and
C—O phases, respectively.” Our primary conclusion from the
XPS data is that the core energy stages of Ag-MOF (Figure S3)
appeared at a slightly higher affinity energy than those stated in
the literature.”” This disparity results from the difficulties in
comprehending X-ray emission from metals because the d
energy bands are situated a few electron volts slightly below
the Fermi energy level. The core energy peaks indicated a shift
to the more energetic side after combining Ag-MOF (Figure
S3). This demonstrates that the electron density at an atomic
site is lower than that of simple ionic substances. It is observed
that the Ag-d-band of MOF photoemission spectra is narrower
than that of regular Ag (Table S3) (Supporting Information).””

The accumulation of positive charges left behind via
photoelectrons produced by the sample surface shifts the
binding energy of photoemitted electrons. To charge-correct a
spectrum, one employs the reference binding energies of
carbon and, more typically, silver. The typical uncharged BE of
C 1s is 284.8 and is used as a reference because C exists as
adsorbed carbon on each XPS specimen that we evaluate. It
implies that the BE along axis has to be charge-corrected using
the C 1s peak at 284.8 eV and then adjusted. The corrected
peaks of all other peaks in the same spectrum are identical.
Applying the C 1s shift to other peaks is all that is necessary,
like the one in our example, in an alternate spectrum, 284.8 —
284.47 = 0.33 eV. It should be moved by 0.33 eV to account
for all peaks.”

3.1.5. Point of Zero Charge. The point of zero charge
(PZC) in the elimination of DOX was used to assess the
charge on the Ag-MOF surface. According to our studies, the
pHp,c for the Ag-MOF was 4.9.°" The pHpyc is shown in
Figure 3 with the initial pH on the X-axis and the pHg,,; —
PHinisa difference on the Y-axis.

3.2. Experiments with the Batch Process. 3.2.1. Impact
of pH. In general, the process is examined through the pH of
an aqueous solution, and it can have a direct impact on the
adsorbent’s ability for DOX with concentration 1.7 X 1072
mol/L. The adsorption of DOX in water by Ag-MOF at
various pH levels is presented in Figure S4 (Supporting

2.2 4.4 6.6 8.8 11.0

Figure 3. Ag-MOF point of zero charge (pHpyc).

Information). Therefore, pH directly influenced the Ag-MOF
DOX’s adsorption ability. The best clearance of DOX was 1.38
mmol/g at pH 6. Since the zero-charge point (pHpyc)
occurred at pH 4.9, Ag-MOF is negatively charged at pH > 4.9
and therefore electrostatic interactions helped to favorably
adsorb positively charged DOX, resulting in the greater
elimination efliciency at pH 6 that was found. This increased
the adsorption effectiveness by increasing the amount of
interaction between both the negatively charged Ag-MOF and
the positively charged DOX ions. This data revealed that
electrostatic interactions in these pH ranges are incapable of
explaining the adsorption mechanism.”

3.2.2. Influence of Adsorbent Dose. The results of the
investigation into the dose effects of Ag-MOF on DOX
adsorption are shown in Figure 4. DOX adsorption is

1.36 -
~ 1.02 1
o
©
£
£ 0.68 -
o
o

0.34 1

0.00

0.00 0.08 0.15 0.23
Dosage (g)

Figure 4. Amount of Ag-MOF utilized affects the adsorption of DOX:
absorption capacity vs SD (conc. 1.77 X 10~ mmol/L, temp. 25 °C,
dose 0.02 to 0.25 g, volume 25 mL, pH 6, and time 45 min).

influenced by the amount of Ag-MOF utilized: (i) absorbent
capacity vs standard deviation and (ii) adsorbent dose ws
comparative remaining concentration (C/C,). The g, of Ag-
MOF rapidly reduced from 1.38 to 0.11 mmol/L, while the
amount of Ag-MOF was raised from 0.02 to 0.25 g. Increasing
Ag-MOF dosages resulted in more readily available reactive
groups, which boosted DOX’s ability to adsorb in an aqueous
solution. However, too much adsorbent effectively restricted
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the usage of adsorption sites, making them undesirable. This
led toward the conclusion that the ideal dosage for the
adsorption experiments was 0.02 g of Ag-MOF.”

3.2.3. Impact of DOX Concentration. The original DOX
concentration also affects how well the removal works using
different DOX doses at pH 6. Along with an increase in DOX
quantity, the drug adsorption sites grew. As the concentration
rises, more molecules come into contact with the Ag-MOF
surface, increasing the amount of DOX that can be adsorbed.
The fact that there were a large number of potential adsorption
sites on the adsorbent that were sufficient to totally successfully
absorb DOX at the lower initial DOX concentration resulted in
notable removal rates.** However, DOX concentrations
increased, less adsorption sites were relatively accessible on
the substance’s surface, and those that were still there were not
enough to successfully bind DOX. A lot of these locations were
rapidly filled.

3.2.4. Contact Time Effect. The effect of the contact time,
which extended from S to 100 min, on DOX adsorption was
studied (Figure S5) (Supporting Information). According to
our findings, DOX removal increased over time and saturated
at 100 min. According to our results, the DOX sorption degree
is fairly high inside the first hour of adsorption, which might be
owing to Ag-MOF’s large surface area and availability of active
centers. This efficient adsorption is also caused by these
properties. The pores of Ag-MOF and active sites were
depleted, which caused the DOX sorption rate to stabilize
(Figure 5).35
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Figure 5. UV spectrum of DOX adsorption at different time intervals
(conc. 1.9 X 107 mmol/L, dose 0.02 g, volume 25 mL, temp. 25 °C,
pH 6, and time 45 min).

3.2.5. Temperature Effect. When the temperature rises from
20 to 45 °C, more DOX is adsorbing against Ag-MOF (q,,
mmol/g) (Figure S6) (Supporting Information). Our results
imply that the elimination process is endothermic because the
amount of DOX adsorbed onto Ag-MOF rises with rising
temperature. As the temperature increases, there was an
increase in DOX diffusion over surface sites and inside Ag-
MOF pores.

3.2.6. Adsorption Isotherms. It is an essential technique for
analyzing how such an adsorbate disperses from the liquid to
the stationary surface up to equilibrium under predetermined
(measured) parameters. Diverse adsorption isotherms have
been used to explore the isotherm kind, the adsorption
process, the adsorbent sensitivity, the type of interaction

(monolayer or multilayer), and the optimal adsorption ability.
Six models, namely, Langmuir,36 Freundlich,>” Dubinin—
Radushkevich (D—R),*® Redlich—Peterson,” Harkin—Jura,
and Temkin, were used.*® Several methods were used to fit
the experimental results (Table 1). The Langmuir model is
predicted based on three factors: single-layer adsorption,
equivalent adsorption sites, and the adsorption of each
molecule on the adsorbent active sites occur regardless of
the total occupancy of that molecule. Defiantly, under the
Freundlich model, an experimental equation proposed that the
active places of the adsorbent are heterogeneous and that
multilayer construction is likely. The Temkin model implies a
linear fall in adsorption energy, which is the opposite of what
the Freundlich isotherm model predicts (Figure 6). The
Dubinin—Radushkevich model may be able to determine this
sort of adsorption procedures because of the form of the
porous Ag-MOF and the quantity of energy required. The
result of this isotherm reveals that, the means values of
sorption's energy is 15.25 kJ/mol. The characteristics of the
Langmuir and Freundlich isotherms are combined in the
Redlich—Peterson (R—P) model. Redlich—Peterson recom-
mended a three-parameter adsorption isotherm calculation
where K (L/g), a, and n characterize the Redlich—Peterson
coeflicients and 7 displays a factor that is between 0 and 1. The
Langmuir isotherm, which enjoys infinite dilution and
approaches the Henry zone, acts as the numerator’s
foundation. This empirical isotherm model has three variables.
By mixing components of the Langmuir and Freundlich
formulas, it produces a varied adsorption process that varies
because of perfect monolayer adsorption. This isotherm model
suggests adsorption equilibrium more than a broad range of
DOX concentrations because it is adaptable and has a linear
relation on concentration in the fraction and an exponential
meaning in the quantity. It works well in both consistent and
varied environments. A different hypothesis is that multilayer
adsorption occurs on the surface of absorbents consuming
heterogeneous pore delivery according to the Harkin—Jura
isotherm equation.

In every instance, the fitting coefficients mirrored the
following pattern: R;? > Rg> > R¢? > Ry? > Rp? > Ry It was
determined that the Langmuir model was best suitable. A
single layer was where the majority of the adsorption took
place. The separation influence, R, (dimensionless), may have
been used to assess whether an adsorption mechanism was
fitting for a Langmuir isotherm model. A value of R, = 0 is
evidence that the adsorption was permanent, 0 < R < 1
demonstrates that it was an excellent candidate for adsorption,
Ry = 1 means that a straight line was followed during the
adsorption, and R; > 1 signifies that there was no way for
adsorption to occur in the arrangement. As shown in Table 1,
the Ry standards (0.006—0.050) were all inside the range of 0—
1, demonstrating that the adsorption procedure was effective.
In the Freundlich model, n is a variable that changes with
temperature, and the anisotropic influence is 1/n. A value of 0
< 1/n < 1 preferred the DOX elimination, 1/n = 1
demonstrates that there remained no interaction among the
adsorbate and adsorbate during the adsorption process, and 1/
n > 1 implies a difficult adsorption process. Table 1 shows the
results; the values of 0 < 1/n < 1 confirmed that the adsorption
occurred without effort, and this matched the Langmuir
model’s findings. Temkin’s isotherm makes use of the
connections between the adsorbate and the adsorbent and
accepts a linear decrease in adsorption heat. The Temkin
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Table 1. Isothermal Conditions for DOX Adsorption over Ag-MOF at 2§, 35, and 45 °C

25 3s 45
models linear nonlinear linear nonlinear linear nonlinear

Langmuir I exp (mmol g™*) 1.316 1.564 1.85

4 (mmol g™") 1.338 1.37 1.59 1.62 1.88 1.841

Ky (L mmol™) 237,898.1 127,895.34 236,973.58 247,862.71 64,084.33 74,633.46

Ry (0.015-0.002) (0.015-0.0023) (0.05—0.007)

R? 0.9994 0.97 0.9995 0.92 0.9991 0.987
Freundlich n 5.07 223 3.95 2.12 3.73 6.17

Kg (mmol g™")(L mmol™)'/"  6.83 6.48 13.56 12.86 15.79 8.9

R? 0.686 0.731 0.773 0.68 0.774 0.856
Dubinin—Radushkevich ~ Qpg 1.047 0.962 1.45 1.12 1.5§ 2.6

Kpr (J* mol™2) —1.76 x 107° —1.86 X 107°  —2.349 x 107° —226x 1077 —2349 x 1077 —2.29 X 107

E, (kJ mol™) 15.25 14.62 14.84 14.12 14.58 13.8

R? 0.982 0.991 0.843S 0.822 0.863 0.82
Temkin by (L mol™) 14,660.2 18,782.05 10,237.6 11,328.7 8736.51 8842.71

Ar (KJ mol™) 16.15 11.62 14.822 13.99 14.31 13.68

R? 0.778 0.997 0.84 0.881 0.923 0.954
Harkin—]Jurra A 59.5 68.33 0.1623 2.4 0.588 0.62

B —322.62 -292.6 —-0.29 —-0.18 -3.5 -32

Ry 0.333 0.509 0.37 0.74 0.41 0.74
Redlich—Peterson B 0.77 0.69 0.7958 0.72 0.8426 0.822

A 11.47 10.88 8.58 7.86 49 43

Ry? 0.949 0.886 0.949 0.82 0.955 0.96

constant by was 9067 L/mol and A was 14.089 kJ/mol, and it
is confirmed that the adsorption mechanism is physiochemical
in character. Depending on the R? values, Temkin’s isotherm
did not fit the data that was gathered and reviewed. The
application of Langmuir and Freundlich is advantageous for
both homogeneous and heterogeneous mechanisms, and a
distinct model (Redlich—Peterson isotherm) is a better version
of this concept. As a result, Table 1 shows that the Freundlich
isotherm model is confirmed if the value of the exponent By
tends to 0, while the Langmuir isotherm is followed if the
exponent value of f is within 1. The calculated value of fy
designed for the adsorption of DOX on Ag-MOF also serves as
confirmation that the adsorption favors the Langmuir isotherm
model.”>*!

Finally, while these models can be useful in describing
adsorption processes, it is significant to be aware of their limits
and to use them appropriately. It is also important to consider
other factors that may affect adsorption, such as the surface
chemistry of the adsorbent, the morphology of the adsorbent,
and the nature of the adsorbate. Additionally, it may be
necessary to use more complex models or combinations of
models to accurately represent adsorption under certain
conditions. Ultimately, the choice of model should be based
on a careful consideration of the specific experimental
conditions and the goals of the study. And on other hand,
the adsorption isotherm was fitted to Langmuir at linear and
nonlinear forms (Figure 7).

3.2.7. Adsorption Kinetics. Intended for a complete
considerate of the sorption procedure from the perspective
of design, adsorption kinetics studies are necessary. These
studies define the adsorption reaction pathway, equilibrium
(saturation) time, and all of the processes in the liquid—solid
interface that can regulate the DOX and Ag-MOF interaction.
They help researchers by laying the foundation for creating
commercial adsorption systems. The resulting data was
examined using four commonly used kinetics models in
instruction to construct the most suitable kinetics model
encompassing the kinetics adsorption characteristics: the

pseudo-first-order rate equation (PFORE),* pseudo-second-
order rate equation (PSORE),” intraparticle diffusion
(IPDE),* and Elovich models.*

Table 2 shows the DOX adsorption kinetics for Ag-MOF
along with model constants and correlation coeflicients.
According to Figure 8, the PSORE kinetic model was found
to be the most successful of the kinetic models investigated.
The model with the greatest degree of correlation (R,,4* >
R;?) and the best fit to the experiment’s information.
Furthermore, these results demonstrated that DOX adsorption
at Ag-MOF was mostly carried out through chemical
adsorption between Ag-MOF and DOX molecules employing
valence forces, such as electron sharing or exchange. The
intraparticle diffusion model was used to fit all of the data and
characterize the diffusion of DOX inside Ag-MOF. As shown
in Figure 8, the DOX adsorption by Ag-MOF might be
evidently divided into three linear zones with different slopes.
The fact that the appropriate lines did not cross at zero further
suggests that the adsorption mechanism involves many
steps.”*™* Throughout the first phase, boundary layer
diffusion quickly transferred the DOX to the Ag surface of
MOFs.”* However, the DOX molecules kept moving into the
Ag-MOF holes that were being exploited as adsorptive sites
during the second step. During the final phase, adsorption
equilibrium was reached (Figure 9).

The PFORE, PSORE, IPD, and Elovich models were used
to evaluate the interaction time impact and its order in the
setting of adsorption kinetics in an attempt to accurately
portray the DOX speed of diffusion and their governing stage,
considering that the rate of the adsorption process is directly
proportionally influenced by the difference between g, and g,
In the meantime, PSORE proposed that the adsorption
procedure is governed by a chemisorption mechanism
including the exchange or transfer of electrons among the
adsorbent surface and adsorbate. The linearized fitting was
used to fit the data as shown in Figure 8, and nonlinear
reversion was utilized to carefully assess the model’s suitability
(Figure 9). It is straightforward to conclude that the results of
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Figure 6. Models for the linear form of the adsorption isotherm of DOX onto Ag-MOF. (Conc. 2.76 X 107~ to 2.2 X 1073 mmol/L, dose 0.02 g

volume 25 mL, temp. 25 °C, pH 6, and time 4S5 min).

DOX adsorption onto Ag-MOF were fitted with PSORE and
are more reliable to be corresponding with the PSORE model
by associating the considered (R*) values given in Table 2 for
both cited models.*”°

Theoretically, the adsorbate needs to pass through three
major stages in order to migrate the bulk solution into the
adsorbent (solid) surface (Figure 10): (i) Film dispersion is
the external transport of DOX molecules across the bulk

30380

solution toward the Ag-MOF surface. (ii) Ag-MOF pores allow
DOX molecules to diffuse across and occupy the adsorptive
locations (intraparticle dispersion). (iii) Once DOX molecules
are evenly dispersed on the surface of the positively charged
Ag-MOF, they bond to it strongly. Utilizing the IPD model,
the rate-limiting phases in the DOX adsorption method were
investigated. The mass is transferred through the exterior
liquid film of the adsorbent, and then adsorbate molecules are
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Figure 7. Models for the nonlinear form of the adsorption isotherm of DOX onto Ag-MOF. (Conc. 2.76 X 107 to 2.2 X 10™* mmol/L, dose 0.02
g, volume 25 mL, temp. 25 °C, pH 6, and time 45 min).

Table 2. Adsorption of DOX onto Ag-MOF Adsorbent Kinetic Parameters at 25, 35, and 45 °C

temp 25 °C 35°C 45 °C
expt data q. (exp) (mmol g™") 1.35 1.57 1.848
model parameters linear nonlinear linear nonlinear linear nonlinear
pseudo-first-order kinetic K, (min™") 0.0144 0.011 0.0152 0.11 0.528 0.68
q. (mmol g™') 0.536 047 0.18 0.17 0.528 0.638
R? 0.898 0.973 0.892 0.92 0.899 0.923
pseudo-second-order kinetic K, (g mg™" min™") 0.97 0.904 0.36 0.902 0.16 0.12
q. (mmol g™") 1313 1.315 1.49 1.505 1.8 1.793
R 0.999 0.987 0.999 0.956 0.999 0.834
intraparticle diffusion K; (mg g"'min'’?) 0.00228 0.07 0.053 0.058 0.09 0.092
X (mg g™ 112 0.732 1.04 0.996 0.935 0911
R? 0.995 0.462 0.996 0.862 0.995 0.557
Elovich B (g/mg) 4.16 412 7 7.8 16.7 15.12
a (mg ¢! min™") 1.89 1.82 2.39 2,08 2.82 39
R? 0.926 0.982 0.927 0.931 0.928 0.98
30381 https://doi.org/10.1021/acsomega.3c03523
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Figure 8. Adsorption kinetics of DOX onto Ag-MOF (linear form). (Conc. 1.9 X 10~ mmol/L, dose 0.02 g, volume 25 mL, temp. 25 °C, pH 6,

and time 4S5 min).

transported inside the particles. Many phases in the adsorption
procedure on a porous adsorbent culminate in adsorption
upon the internal or exterior sites of the adsorbent via physical
or chemical bonding. Assuming that the final step is a rapid
procedure, film or intraparticle diffusion is projected to have
the biggest impact upon the adsorption rate. In order to
understand the mechanism adsorption procedure, the IPD was
adjusted by graphing q, vs t*°. The adsorption regulatory
mechanism is IPD only if the mathematics equal to zero (i.e.
passes through the origin) on depicted line. On the other hand,
additional processes, such as liquid film diffusion, could be
utilized to control the adsorption procedure if it fails to diffuse
through the source. The Elovich equation was developed to
demonstrate how the heterogeneity of the adsorptive sites
affects the variance in adsorption energies across them.*
3.2.8. Adsorption Thermodynamics. For the practical usage
of adsorbents, it is imperative to comprehend how temperature
affects adsorption. The adsorption testing was done at
temperatures between 20 and 45 °C (Figure S7) (Supporting
Information). The capability of Ag-MOF to absorb DOX
became more effective from 0.6 to 0.8 mmol/L as the
temperature increased from 20 to 45 °C, as a result.”’
Through considering the thermodynamic values of parameters,
comprehensive and insightful observations on the thermody-
namic properties, particularly spontaneity, are made. It is easy
to research the viability and reaction type, whether exothermic

or endothermic.”” Change in free energy of adsorption (AG®)
is calculated using the following equation

AG® = AH® — TAS® 3)
Consequently, the van’t Hoff equation is eq 4
—AH® = AS°
+ _
RT R (4)

In Keq =

Our results could be clarified by the detail that when the
temperature rises, the mobility and rate of diffusion of DOX
molecules through the surface of the adsorbent increase. Table
3 displays the conclusions of the analyses of the key
thermodynamic parameters. The endothermic nature of the
adsorption mechanism is confirmed by the positive value of
AH®, and the negative value of AG®° suggests a spontaneous
adsorption response. The growth in the negative value of AG®
as the temperature rises approves that the viability of the
reaction increases with temperature, and the fact that AS® is
positive shows that the system gets more randomness following
DOX adsorption. The range of the adsorption temperature can
be expected using the temperature where the standard free
energy is zero (T,). The lowest temperature needed for the
mechanism to spontaneously operate might be found. The
designed value of T, was 286.68 K. The low T, value shows
that the examined adsorbents are capable of DOX adsorption
at very low temperatures (eq S).
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Figure 9. Adsorption kinetics of DOX onto Ag-MOF (nonlinear form). (Conc. 1.9 X 107> mmol/L, dose 0.02 g, volume 25 mL, temp. 25 °C, pH

6, and time 45 min).
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3.2.9. Interaction Mechanism. The method of adsorption
in the present study is normally anticipated based on the
results of the evaluation of the kinetic and isotherm studies.
According to the best fits of the pseudo-second kinetics and
Langmuir isotherm models, it has been demonstrated that

DOX absorption and removal by the adsorbent entail a
significant chemisorption sorption process. A much more
electronegative N atom may result in a reduction in the
amount of 7 electrons present on the adsorbent’s surface,
enhancing Ag-MOF’s ability to receive electrons and making
DOX elimination easier. To enhance adsorption, DOX
interacts with Ag-MOF as a n—r electron donor—acceptor.
Due to its enrichment of electrons, DOX is frequently regarded
as a 7 donor. Furthermore, the greater surface area and pore
volumes of Ag-MOF greatly aid in the adsorption of DOX via a
pore-filling procedure (Figure 11).*7>*

3.2.10. Ag-MOF Recycling for DOX Elimination. Every
substance with porosity, including MOFs, ought to be reusable
for practical use. An adsorbent is considered cost-effective if it
can be used repeatedly while maintaining its ability to remove,
separate, and recover DOX after regeneration. Adjusting the
pH is the most typical technique for desorbing DOX. Ag-MOF
was carefully rinsed with 0.1 M HCI or 0.1 M NaOH several
times until the pH of the detergent mixture reached 7 in order
to refresh the sample sorbent. The adsorbent was then

Table 3. DOX Adsorption on the Ag-MOF Adsorbent is Subject to Thermodynamic Restrictions

—AG° (kJ/mol)

T, (K)
286.68

AH° (kJ/mol)
19.89

AS° (J/mol-K)
74.04

293 K 298 K 303 K 308 K 318 K
1.80 2.17 2.54 2.90 3.65
30383 https://doi.org/10.1021/acsomega.3c03523
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Figure 11. How Ag-MOF eliminates DOX from an aqueous solution
through adsorption.

repeatedly cleaned with distilled water and methanol.>*>® After
being roasted for 4 h at 60° C, the clean Ag-MOF was
obtained. The adsorbent was employed in the subsequent
DOX adsorption experiment after becoming regenerated. The
adsorbent’s regeneration effectiveness was found to be 98.2%
for every adsorption/desorption cycle (Table 4). A minor

Table 4. After Five Cycles, DOX is Adsorbed and Then
Desorbed from the Ag-MOF Adsorbent Surface

q. (adsorption) g, (desorption) des.

adsorption/desorption cycle (mmol/g) (mmol/g) (%)
cycle 1 1.32 1.3 97.16
cycle 2 1.3 1.24 94.1
cycle 3 1.24 1.18 93.9
cycle 4 1.18 1.1 92.04
cycle § 11 0.9 86.17

reduction in regeneration efficacy can be attributed to blocked
Ag-MOF sites for adsorption (Figure 12). The chemical
stability of the adsorbent was checked by applying PXRD
before and after regeneration. The resultant peak did not
change, indicating that the stable crystalline nature of the
absorbent. The regeneration effectiveness was determined by
eq 6

regeneration effectiveness (%)
amount of desorbed DOX into the elution solution
amount of adsorbed DOX (mmol)

X 100 (6)

3.2.11. Ag-MOF Adsorbent Testing Using a Sample of
Wastewater That Was Not Treated. In Egypt’s Port Said
industrial district, a sample of raw sewage was obtained from
the effluent of a local dyeing plant. Table 5 shows the results of

Table 5. Process of Removing Color from Actual
Wastewater Samples Using an Ag-MOF Adsorbent

before after %
parameter unit adsorption adsorption removal
pH 6.7 6.9
conductivity ~ ps cm™! 882 836 5.21
color NTU 996 18 98.2
COD 348 22 93.56

the sample’s chemical analysis. The experiment was carried out
under ideal conditions with no specimen pretreatment. The
COD and color were evaluated both before and after the
adsorption procedure. The averages from each of the
adsorption experiments were kept after being repeated three
times.”> The viability of Ag-MOF was tested by removing the
color from a genuine sample of textile dyeing wastewater to
demonstrate its feasibility in a practical setting. Ag-MOF has
an excellent color capture capacity, as demonstrated in Table 5
(~98.2% of color elimination). In addition, the COD
concentration decreased from 340 to 19 mg/L. Last but not
least, these results are optimistic because the evaluated
adsorbent’s satisfactory performance (percentage of color
removed) confirms our predictions for its effectiveness in
applications for wastewater treatment.

3.2.12. Influence of lonic Strength. The influence of ionic
strength on Ag-MOF efficiency against DOX was systemati-
cally projected to examination of Ag-MOF efficiency waste-
water treatment. The quality of DOX is meaningfully
influenced by the amount of other competing ions present in
the aqueous solution (Figure S8) (Supporting Information).
With a slight decrease in Ag-MOF loading capacity, the

100
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Figure 12. (a) PXRD of Ag-MOF before and after regeneration and (b) reusability efficiency of Ag-MOF.
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participant’s density has increased (ie., CI7). Adsorption
abilities of the adsorbent for DOX are still outstanding at 1.8
mmol/g (R% = 85.9%). Viewing things broadly, the little
discrepancy can be understood as following. DOX molecules
engage on the Ag-MOF adsorbent surface as a result of the
escalating conflict among negatively charged anionic ions
(CI") and negatively charged anions (DOX). In addition,
protecting the Ag-MOF surface and reducing the adsorption
process were attained by increasing the electrolyte counterion
absorption.*® Furthermore, the double electric layer contracted
as the salinity of the solution increased, generating a repulsive
force between the DOX and the adsorbent surface.

3.2.13. Evaluation in Relation to Other Adsorbents. Table
S4 (Supporting Information) uses Ag-MOF as the adsorbent
for the comparison of its superior DOX adsorption capacity
with the remaining adsorbents.”” This suggests that DOX has a
sizable capacity for Ag-MOF adsorption.

3.3. Biological Activity. 3.3.1. Cytotoxicity Activity. By
using the MTT technique, the cytotoxicity of the investigated
Ag-MOF and DOX@Ag-MOF toward human breast cancer
cells (MCF-7) was evaluated in vitro. Using various sample
concentrations (7.8, 15.6, 31.25, 62.5, 125, 250, and 500 ug/
mL) and cell viability (%), the inhibitory efficacy against breast
cancer cells (MCF-7) was discovered. The ICs, of the
investigated substances was determined at 540 nm utilizing a
reader for microplates (Table 6).°”® The ICy, was found to be
216.8 and 58.6 ug/mL for Ag-MOF and DOX@Ag-MOF,
respectively (Figure 13).>%%

Table 6. Cytotoxicity of Ag-MOF DOX@Ag-MOF against
Human Breast Cancer (MCF-7) Cell Lines

cell viability (%)

conc. pug/mL Ag-MOF DOX@Ag-MOF
7.8 100 100
15.6 99.8 99.6
31.25 98.23 90.2
62.5 88.6 75.9
125 71.7 52.6
250 522 33.1
500 39.7 12.2
100 4 —&— DOX@Ag-MOF
—Q@—- Ag-MOF
80 4
—
X
> 60
=
o)
S 40
>
20 4
0

T T T T T
100 200 300 400 500
Concentration (ug/mil)

o4

Figure 13. Proportional viability of tumor cells at different Ag-MOF
and DOX@Ag-MOF concentrations.

3.3.2. In Vitro Antimicrobial Activity. The ethanol extracts
from Ag-MOF and DOX@Ag-MOF are tested using a well-
diffused approach for their antifungal and antibacterial effects
toward ethanol extracts from Candida albicans, Staphylococcus
aureus, and Escherichia coli. The compounds show strong
effecétos,é 1especially DOX@Ag-MOF (Table SS and Figure
14).%%

16
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Figure 14. Correlation of the antimicrobial activity results of Ag-
MOF and DOX@Ag-MOF toward C. albicans, E. coli, and S. aureus.

4. CONCLUSIONS

The effective synthesis of silver metal—organic frameworks
(Ag-MOF) permits for the development of a straightforward
but highly effective adsorbent for pharmacological antitumor
doxorubicin (DOX) from aqueous solution. XRD, SEM, XPS,
BET surface area, and pHp, were used to characterize the
adsorbent. Ag-MOF has a high surface area of 676.059 m?/ g as
shown by the BET test results. Experimentally, the adsorptive
removal of DOX by Ag-MOF as a model example was
investigated using a variety of operating settings. At pH = 6,
the results revealed that Ag-MOF had a high clearance of 1.33
to 1.85 mmol/g according to the temperature of the
adsorption process from 25 to 45 °C. The DOX process for
adsorption over Ag-MOF was fitted using the PSORE model,
and it was comparable to Langmuir hypothesis. The activation
energy of the adsorption, 15.23 kJ/mol, indicates that it is
subject to the chemisorption mechanism. The reaction was
confirmed to be endothermic and spontaneous by a study of
the temperature’s effect. The following mechanisms of sorption
could be at play: (i) electrostatic forces, (ii) hydrogen bonds,
and (iii) n-stacking affinity. Because of charge screening and
chloride ion competition, the addition of NaCl has a negligible
impact on the adsorption capacities (up to S0 g/L).
Additionally, after six consecutive adsorption/desorption
periods, Ag-MOF’s intended desorption effectiveness was
>91.6%. The study’s findings provide new information on
the prospective application of Ag-MOF for the highly effective
removal of an anticancer medicine (DOX) from wastewater.
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