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Abstract

The MCM-41 adsorbent was derived from Iranian natural pumice as source of silica
for the first time and highly grafted with APTES for anchoring cephalexin (CEX)
molecules. The parent MCM-41 had a specific surface of 913 m?*/g while the value
decreased to 819 m?%g after grafting with 6.52 pmol APTES per square meter of
adsorbent surface. Batch adsorption data were best fitted onto various kinetic and
isotherm model with higher correlation coefficient and lower residual sum of squares
for pseudo-first-order kinetic model and Langmuir isotherm model. In this regard,
amine-grafted MCM-41 (N-MCM-41) showed an excellent adsorption capacity of
56.31 mg/g according to Langmuir model. Removal efficiency was decreased by
50% in the presence of coexisting ions. Nonlinear Thomas model best fitted onto
breakthrough curves at various experimental condition. For synthetic solution and
at moderate condition, about 41.53 mg/g of CEX was adsorbed in continues experi-
ment. For simulated samples, 19.74 mg/g adsorption capacity was achieved under
dynamic condition. Thermal destruction method was used to recover the spent
adsorbent and after six cycle adsorption—desorption, adsorption capacity decreased
from 41.53 to 8.72 mg/g. Overall, the present study proposed N-MCM-41 prepared
from natural pumice for effective adsorption—desorption of CEX, which could be a
guidance for antibiotics adsorption.
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Introduction

The exploration of the M41S materials in the early 1990s introduced new appli-
cation of highly ordered mesoporous silica-based molecular sieves in the field
of photonic, drug deliver, adsorption and as well as catalyst [1]. Mobil composi-
tion of matter (MCM)-41, most widely studied of this family of materials, has
attracted extensive attention due to their high specific surface area, the narrow
and well defined pore size distribution [2]. Besides that, the hydroxyl functional
groups (Si—-O-H) on the surface of MCM-41 could be modified with various
functional groups through O-H bands and consequently develops its utiliza-
tion [3]. In conventional method, organosilanes such as tetramethylorthosilicate
(TMOS) and tetraethylorthosilicate (TEOS) are used as silica source. However,
high cost and toxicity of alkoxides limit the large scale production of MCM-41
materials [4]. To address these problems, researchers used sodium silica solu-
tion derived from natural materials instead of alkoxides. Pumice is a volcanic
rock mainly composed of SiO, (65%) that can be used as an inexpensive source
of silica for manufacturing sodium silicate [5]. However, due to the presence of
hydroxyl bonds and an ethereal linkage, silica-based materials have an isoelectric
point below 3.5 and therefore are suitable for attracting electron-deficient species
such as neutral and cationic compounds [6]. To address these issues, the hydroxyl
functional groups (Si—O—H) on the surface of MCM-41 could be modified with
compounds containing amine functional groups to expand isoelectric point up to
7. The 3-aminopropyl triethoxysilane (APTES), due to the its fast hydrolysis rate,
containing three ethoxy groups per molecule and forming oligomers and poly-
mers of silanes which accelerate its bonding to the silica surface, is a good can-
didate for surface modification of silica-based materials to present a highly pow-
erful adsorbent for capturing both negatively and positively charged pollutants
[5]. Cephalosporins antibiotics are the most assured and effective broad-spectrum
bactericidal antimicrobial agents, being the most prescribed of all antibiotics [5].
Cephalexin (CEX), belong to the first-generation cephalosporin antibiotics with
the same fundamental structural as penicillin, is the most widely used antibiotic
for treatment of infections caused by gram-positive and gram-negative bacte-
ria in human or animal due to its extensive bactericidal activity [7]. Cephalexin
molecules contains both acidic (COOH) and basic (NH,) functional groups on
its structure and depending on solution pH, it present amphoteric properties in
aqueous solution. In this regard, cephalexin would have positive charge in acidic
solution (pH <2.56) due to the protonation of NH, group, carrying negative and
positive charge in pH between 2.56 and 6.88 and negative charge in pH > 6.88
due to the deprotonation of COOH group [8, 9]. Various methods such as adsorp-
tion [7-9], photocatalytic reduction [10, 11], electro-oxidation process [12], bio-
logical process [13], ultrasonic process [14], membrane process [15] and so on
have been investigated for CEX removal. However, the cost and complexity of
advanced oxidation process and membrane filtration, less efficiency, production
of secondary sludge and sensitivity of activated sludge to pharmaceuticals, and
the limitations of electrochemical process in field application, have resulted in
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limited application of these techniques for effective removal of antibiotics [16].
On the contrast, adsorption-based processes are simple, relatively inexpensive,
and not sensitive to water pollutants and considered as more established (in field
application) and highly efficient processes for removal of wide range of pollutant
from contaminated water sources [17]. Based on the above-mentioned facts, the
present work was scheduled to prepare: (I) high purity MCM-41 from abundant
and inexpensive pumice by adding ion exchange step after sodium silicate prepa-
ration, (IT) grafting of MCM-41 with APTES in the presence of tetraethyl ortho-
silicate (TEOS) to extended high-density and strength amine group on MCM-41
surface, (III) investigate the capture of cephalexin molecules from aqueous solu-
tion in batch and dynamic mode by amine modified MCM-4 (N-MCM-41), (IV)
determining the adsorption mechanism by various two- and three-parameter iso-
therm and kinetic models and (V) regeneration and real sample test.

Materials and methods
Chemicals

All chemical was analytical grade and used without further purification. Natural
pumice samples were obtained from an open area in Tikmeh Dash, East Azer-
baijan, Iran. Cetyl trimethyl ammonium bromide (CTAB), ammonia solution,
hydroxybenzaldehyde (Salicylaldehyde, purity>99%), tetraethyl orthosilicate
(TEOS), ethanol (99.9%), NaOH powder and hydrochloride acid were purchased
from the Merck Company (Germany). Cephalexin powder (97% purity) and
Amberlite@IR120 hydrogen form resin were procured from the Sigma-Aldrich
Corporation.

Synthesis of MCM-41

Sodium silicate solution was prepared as our previous work [5]. To remove the
excessive cations such as sodium ions, the prepared silicate sodium solution was
mixed with Amberlite @IR120 hydrogen form resin with a ratio of the resin to
solution was 1:1 (v/v). The suspension was mixed until the pH was reached to
8.5. The obtained solution was used as silica source. To prepare MCM-41, 2.3 g
of cetyltrimethylammonium bromide was added to 53 mL of as prepared sodium
silicate solution and mixed slightly to get a homogenous solution. As suspension
was stirred, 21 mL of ammonia solution was added drop wise to the suspension
until a white gel was obtained. The obtained white gel was stirred for 3 h and then
aged in a mixture of ethanol/water (1:1 ration) for 24 h at room temperature. After
aging, the white was washed with distillated water until the recorded pH reached
to 7.5. The unused CTAB was removed by heating the white get at 550 °C for 6 h.
Finally, the calcined MCM-41was used in future experiments.
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Modification of MCM-41

MCM-41 was functionalized with 3-aminopropyl triethoxysilane (APTES) to extend
the positive charge on its surface. To do that, 2.5 g of as prepared MCM-41 was
added to 100 mL dried ethanol and stirred to obtain a homogenous suspension.
About 2 mL of TEOS was added to suspension and stirred for 2 min. During stir-
ring, 2.5 mL of APTES solution was added dropwise and mixed for next 10 min.
The suspension was then refluxed at 70 °C for 30 min and then cooled to room tem-
perature. Finally, the suspension was filtered, washed with deionized water and dried
at 80 °C for 24 h. the final product was labeled as N-MCM-41 and used in adsorp-
tion experiment [5]. Schematic of MCM-41 synthesis and modification is depicted
in Fig. S1.

Material characterization

The MCM-41 and N-MCM-41 were characterized by several techniques to deter-
mine their textural properties, surface morphology and functional groups. The crys-
talline phase of MCM-41 and N-MCM-41 was determined by an X-ray diffractom-
eter (XRD, PHILIPS-model PW-1730, Netherlands), using CuKa radiation (wave
length of 1.54056 A with a step width of 0.02°, and a scan rate of 1°/s) operated at
40 kV and 30 mA. The surface morphology of MCM-41 and N-MCM-41 samples
were investigated by field emission scanning electron microscopy using a FESEM-
ESCAN device (model Mira III, Czech Republic) equipped with energy dispersive
X-ray spectroscopy (EDX). Fourier transform infrared spectroscopy (Perkin Elmer-
spectrum 65, USA) was used to identify the functional group type of the prepared
adsorbents at wave number range 400-4000 cm™~! using KBr disks (samples to KBr
ratio of 1:7). The adsorption—desorption test was conducted at 77 K (Belsorp mini,
Japan). Before analysis, the sample was degassed at 150 °C for 4 h, under vacuum.
The point of zero charge of the MCM-41 and N-MCM-41 was determined by adding
0.1 g of adsorbents into 6 Erlenmeyer flasks filled with 50 mL of 0.1 M NaCl solu-
tion, where the initial pH was adjusted to 2-12 using 1 M NaOH or 1 M HCI solu-
tions. Then, the flasks were agitated at 300 rpm for 2 days, and the final pH results
were recorded. The pH .. of the adsorbent represents the intersection point between
the final and initial pH curves [5].

Amine leachate test

The stability of the amine groups on the surface of N-MCM-41 was tested by the
Schiff base reaction [18]. For do this, 2.5 g of N-MCM-41 was added to 100 mL
ethanol in a polypropylene flask, mixed for 2, 4, 6, 8 and 10 h at 350 rpm using a
shaker (Hanna-Hi 190 M, Singapore). After time elapsed, the samples were filtered
to remove the solid phase and supernatant was used to investigate the leached amine.
To do that, about 0.5 mL salicylaldehyde was added to a 5 mL of filtrate; resulting
in a bright yellow color that could be analyzed at 404 nm using a spectrophotometer
(Shimadzo-1700, Japan).
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Batch adsorption experiment

The stock CEX solution was prepared by dissolving the appropriate amount of
powdered CEX in solution containing 950 mL deionized water and 50 mL 1 M
NH,OH and kept in glass container at room temperature. Batch adsorption exper-
iments were conducted in 250 mL polyethylene flasks by varying one parameters
and keeping other parameters constant. Experimental parameters were solution
pH (4-8), N-MCM-41, reaction time (10-150 min) and initial CEX concentra-
tion (5-25 mg/L). In all experiments 0.2 g/l N-MCM-41 was used. The initial pH
of the working solutions was adjusted by addition of 0.1 M NaOH and/or H,SO,.
After each experiments, the absorbance of remained CEX was measured using UV/
VIS spectrophotometer (model 1700, Shimadzu, Japan) at the wave length peak of
261 nm. After optimizing the experimental parameters, the time-solute concentra-
tion was utilized for kinetic modeling. To determine isotherm parameters, various
CEX concentration ranging from 2 to 20 mg/L at optimal pH was shacked with
0.2 g/ of N-MCM-41 until equilibrium time reached. The obtained data were then
analyzed by various two- and three-parameter isotherm models. To test the ability
of N-MCM-41in real condition, a solution containing of various ions such as phos-
phate (1 mg/L), hardness (80 mg/L), sulfate (30 mg/L), fluoride (0.5 mg/L), chloride
(30 mg/L) aluminum (0.1 mg/L), copper (0.1) and nitrate (10 mg/L) was prepared.
After adding appropriate amount of CEX and 0.2 g/l N-MCM-41 to each solution,
the solution was shacked until equilibrium time reached.

Column adsorption experiment

A Plexiglass column with 15 cm length and 1 cm inner diameter was used to study
the dynamic adsorption of CEX onto N-MCM-41 (Fig. S2). The adsorbent was
grinded and sieved to 104 pm (mesh 140) and packed to column according to stud-
ied length. Different concentration of CEX solution (2, 10 and 20 mg/L) was pre-
pared and passed through the column at different flow rate (5, 10 and 15 mL/min)
and column length (5, 10 and 15 cm) using peristaltic pump (Longer basic model) to
determine the breakthrough point of column. In the present work, the breakthrough
point refers to a point in which the effluent concentration reaches to about 5% of
influent concentration. CEX solution of known concentration was continuously
pumped into the column upward at room temperature. The samples from outlets at
different height were analyzed for the final concentration. The schematic of present
setup is shown in Fig.S2. Similar to batch adsorption experiment, simulated CEX
solution was prepared by adding appropriate amount of coexisting ions to CEX solu-
tion and passed through the column at optimal condition.

Regeneration of N-MCM-41

Thermal method was used to investigate the reusability of exhausted N-MCM-41.
To do this, the exhausted N-MCM-41 from column experiment was collected and
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refluxed at 80 °C in deionized water for 2 h. Finally, the recovered adsorbent was
dried at 105 °C for 24 h and used in column mode to investigate the regeneration
efficiency. The regeneration-reusability cycles were repeated until the adsorbent
loosed 30% of initial capacity.

Results and discussion
Material characterization

Natural pumice sample is composed mainly SiO, (i.e., 63.45%) and Al,0; (i.e.,
17.24%), resembling natural zeolite composition and good candidate as silica
sources in preparing silicates compound. The XRD, XRF, SEM and FTIR prop-
erties of natural pumice has been presented in our previously published work [5,
19]. Figure 1 shows the small angle XRD patterns of the MCM41 and N-MCM-
41. Three dominant peaks at 20=1.90°, 3.60° and 4.30° corresponded to (100),
(110) and (200) diffractions could be observed (100) is attributed to the hexagonal
structure of prepared MCM-41 [4]. For N-MCM-41, the intensity of peak (100) still
remained; demonstrating the higher hexagonal mesoporous structure of sample after
APTES grafting. However, the lower intensity of (100) and inappreciative peaks of
the higher odder (110) and (200) diffractions implied a poorly ordered structure of
the functionalized adsorbent and evidence of successfully APTES grafting on the
mesoporous channel surface [1].

The nitrogen adsorption—desorption isotherm and pore size distribution of MCM-
41 and N-MCM-1 samples are depicted in Fig. 2. Both adsorbent exhibited a Type
IV isotherm model with H3 hysteresis loops and steep increase in the nitrogen
uptake at P/P, ~0.40 associated with characteristic feature of highly mesoporous
substances according to the IUPAC classification [20]. The parent sample (Fig. 2a)
had a specific surface of 913 m%/g, pore volume of 0.97 cm®/g, and the average

(100)

5
8
>
S (110)
S (200)
€ —— MCM-41
o
=
©
[0}
14
——N-MCM+41
T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 1

2 Theta (Degree)

Fig. 1 XRD patterns for the MCM41 and N-MCM-41
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Fig.2 Nitrogen adsorptions—desorption isotherm and pore size distribution of MCM-41 (a) and
N-MCM-41 samples (b)
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diameter of pore of 8.78 nm. When the APTES was grafted on mesoporous chan-
nel surface of MCM-41, specific surface, pore volume and average diameter of
N-MCM-41 were decreased to 819 m%/g, 0.62 cm?/g, 6.43 nm, respectively. This
phenomenon is due to the occupancy of structural channels by amino groups [6].

The FTIR spectra of the MCM-41 and N-MCM-41 samples are depicted in
Fig. 3. In both sample, a broad band observed at 3410 cm™! can be assigned to the
H-bonded silanol groups (Si—~OH) corresponding to the physisorbed water mole-
cules [21]. Typical characteristic peaks of silica observed at 459, 795 and 1080 cm™!
which can be assigned to the vibrations of the Si—O-Si symmetric bond, Si—~OH
stretching bond and Si—O-Si asymmetric bond, respectively [22]. In N-MCM-41
sample, a narrow and weak peak was observed at 2937 cm™! that can be assigned
with CH, groups present in the hydrocarbon chain of amino silane compounds [2].
In addition, the peak at 678 and 1640 cm™' can be attribute to the bending vibration
of C-N and symmetric bending vibration of NH2 groups of in the N-MCM-41 sur-
face [23].

The microstructure, surface morphology and EDX results of MCM-41 and
N-MCM-41 samples are illustrated in Fig. 4. FESEM image of parent MCM-41
(Fig. 4a) revealed a regular surface and uniform distinct spherical pieces with par-
ticle diameter in the range of 20-100 nm. After APTES grafting (Fig. 4b), the par-
ticles show some agglomeration and accumulation due to the formation of a bridge
between the mesoporous MCM-41 structure and APTES molecules [24]. According
to EDX results (Fig. 4c) main components of MCM were silicon (41.52%w) and
oxygen (58.48%w), which demonstrating the successful ion exchange occurring in
the initial sodium silicate. The main components of N-MCM-41 (Fig. 4d) were sili-
con (25.14%w), oxygen (49.18), nitrogen (17.14%w) and carbon (8.54%w) accord-
ing to the EDX results. The increase in components of N-MCM-41 demonstrate the
incorporation of APTES in MCM-41 structure. In addition, elemental mappings of
N-MCM-41(Fig. 4e) confirmed the presence of nitrogen in sample structure.
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Fig.3 FTIR spectra of MCM-41 and N-MCM-41
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According to Fig.S3, surface of parent MCM-41 was negatively charged at
pH>3.20 due to the presence of Si—OH groups. Therefore, parent MCM-41 surface
is not suitable for capturing negatively charged molecules at pH>3.20. By grafting
of amine group on parent MCM-41, the zero-point charge of sample increased to
8.30; implies that N-MCM-41 will be positively charged at pH below 8.30 and nega-
tively charge at pH above 8.30. This phenomenon is mainly due to the replacement
of the silanol groups with amine groups, which tends to gain protons and renders a
net positive charge on the modified sample surface [25].

Figure 5 represents the thermo-gravimetric analysis (TGA) of prepared samples.
MCM-41 sample showed a 1% weight loss below 100 °C which can be attributed
to molecules of adsorbed water being release from the surface of the sample. From
100 to 900 °C, no change is observed in sample weight which demonstrate the high
thermal stability of MCM-41 [21]. For N-MCM-41 two distinct mass losses was
observed. First, negligible mass losses observed below 200 °C, caused by molecules
of physisorbed amino silane moieties. The second one was a sharp weight loss from
250 to 700 °C and reached a plateau around after 700 °C. Such sharp weight loss
is mainly due to the decomposition of the APTES molecules incorporated to the
N-MCM-41 sample [26].

Aminosilanes can significantly enhance the adsorption of biomolecules on sili-
cates surfaces via introducing positive charge or electron-rich nitrogen atoms into
the structure [27]. However, the physicochemical stability of the grafted aminosi-
lanes on aerogel surface is not studied clearly. Three different types of bonds are
involved in grafting of aminosilanes on silica-based surfaces [28] including: (a)
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Fig.5 The TGA curves of MCM-41 and N-MCM-41
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hydrogen bonding of aminosilanes with surface hydroxyl groups on silica surfaces,
(b) ionic bonding which may occur when a proton from silanol group is reacted
with the basic amine function of the modifier, and (c) covalent interaction where
the silanes react with silanol groups on silica surface. It is well known that the cova-
lent and ionic bonded amines are more stable than the hydrogen bonded amines.
It has been shown that the hydrogen bonded amines can be desorbed from silica
surface by ethanol solution [18]. Figure 6 shows the UV/VIS spectra of pure 2.50%
APTES solution and the filtrate of N-MCM-41 sample after reacting with 0.5 mL
salicylaldehyde. As indicated in Fig. 6a, the value of absorbance of 2.50% APTES
solution at 404 nm was 3.84 in comparison to 0.098, 0.153, 0.245, 0.431 and 0.439
(Fig. 6b) for the filtrate of the N-MCM-41 samples after 2, 4, 6, 8§ and 10 h reacting
with ethanol, respectively. In complete monolayer grafting, each APTES molecule
occupies about 50 square angstrom corresponded to 3.32 pmol/m?. On the other
hands, 2.50% APTES solution is corresponds to 6.52 pmol APTES per square meter
of adsorbent surface. According to Fig. 7b, more than 0.025%, 0.039%, 0.064%,
0.112% and 0.114% of grafted APTES was leached during 2, 4, 6, 8 and 10 h react-
ing with ethanol, respectively. This mean that more than 89% of APTES was grafted
onto N-MCM-41 which is corresponds to 6.13 pmol APTES per square meter of
sample surface [18]. Based on the Schiff base reaction, lower absorbance is cor-
related with lower amount of amine in solution as well as with the higher stability
of tested samples in water/aqueous solution. Such higher grafting rate resemble the
multilayer APTES coverage on N-MCM-41 surfaces [29]. Therefore, the Schiff base
reaction results confirmed higher stability of multilayer grafted APTES on N-MCM-
41 surfaces. Grafting condition has important role in bonding of APTES molecules
on silicates surface. First, ethanol would prevent fast hydrolysis and condensation of
APTES, decreasing agglomeration of APTES oligomers, and eventually increases
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Fig.6 V/VIS spectra of 2.5% pure APTES solution (a) and UV/VIS spectra of N-MCM-41 filtrate after
reacting in ethanol (b)
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Fig. 7 Effect of solution pH and CEX concentration on removal efficiency (adsorbent 0.2 g/L and 90 min
contact time)

the reactivity of APTES to join on the N-MCM-41 surface [30]. Second, chemi-
cal interaction between the chains of Si—~O-Si and APTES and also between two
neighboring APTES (horizontal polymerization) will accelerate at higher tempera-
ture [31]. In addition, at higher temperature the hydrolysis of APTES would increase
and lead to more available ethoxy groups to react with the hydroxyl groups on the
N-MCM-41 surface. Finally, the presence of a co-hydrolyzer such as TEOS will
enable a fast and stable grafting process [22]. By such grafting condition, high den-
sity of the amine was grafted on the MCM-41 if compared with previously studied
methods [32-34]. Taken together, these findings demonstrate that the APTES can be
successfully loaded on pumice derived MCM-41 with a negligible leaching and high
stability by grafting methods used in this study.

Effect of solution pH and CEX concentration

Solution pH and solute concentration have significant role in adsorption of CEX on
N-MCM-41 surface. Solution pH can influence the surface charge of the adsorbent
and solute molecules. As indicated in Fig.S3, the pH,,. of N-MCM-41was 8.30, thus
the net surface charge of the adsorbent remains positive at pH <8.30 and negative
at pH > 8.30. On the other hands, the pH of solution will affect the degree of ioniza-
tion and speciation of solute. Cephalexin is a zwitterionic molecule with pK, val-
ues of 2.56 (carboxylic acid group) and 6.88 (weakly basic aminothiazole group).
Therefore, CEX is anionic charged at pH 6.88 and above, at pH values below 2.56 it
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is cationic, existing as a zwitterion species between both pK, values [35]. Figure 7
shows the effect of solution pH and initial CEX concertation on removal efficiency.
As indicated, removal efficiency was increased with increase in solute concentra-
tion. This fact can be explained by considering the higher driving at higher solute
concentration. Higher solute concentration increases the driving force from the solu-
tion toward the adsorbent to overcome the mass transfer resistance at higher solute
concentrations, which resulted in higher removal efficiency [9]. In addition, CEX
was removed at all studied pH with higher removal at pH 6 and hampered adsorp-
tion process beyond and below pH about 6. This phenomenon can be explained by
different species of solute at different pH values. At 2.56, both adsorbent and CEX
surface is occupied with positive charge, thus CEX may adsorbed via n-n interac-
tion. As pH increased from 3 to 6, adsorbent surface is still positively charged while
CEX is in its zwitterion form. Therefore, electrostatic interaction will be the pre-
dominant adsorption mechanism. At pH 6 and above repulsion between negatively
charged adsorbent surface and anionic form of CEX will decrease the adsorption
rate [36]. Our result is in good agreement with previously published work. Accord-
ingly, in adsorption of CEX by walnut shell-based activated carbon and Octenyl
Succinic Anhydride starch [7, 37] higher removal efficiency has been reported at
pH 6 and higher solute concentration. However, higher removal efficiency of CEX
by zirconium-based metal-organic frame work due to the coordination interactions
between the inorganic clusters of MOFs and the organic groups of cephalexin at
higher pH value has been reported [38].

Kinetic of CEX adsorption

In the present work, the nonlinear form of pseudo-first-order, pseudo-second-order
and intra-particle diffusion model have been used to describe the adsorption of CEX

Table 1 Parameters of kinetic models used for Cephalexin adsorption by N-MCM-41

Kinetic model Parameters 10 mg/L 20 mg/L
Pseudo-first order: % =ki(g. —q) ky(1/min) 0.014 0.014
Ge-Exp 9.60 19.17
Ge-Cal 11.43 2342
R? 0.97 0.96
RSS 3.26 21.45
Pseudo-second order: % = ky(q. — q,)° ky(g/mg min) 0.006 0.003
Ge-Exp 9.60 19.17
Ge.Cal 16.84 34.94
R? 0.96 0.95
RSS 4.34 27.22
Intra-particle diffusion: g, = k;1* k(mg/g/min®3) 1.02 2.17
R? 0.94 0.92
RSS 6.72 39.13
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on N-MCM-41 adsorbent. Fig.S4 shows the fitting of time-concentration profile onto
used kinetics models and related parameters are collected in Table 1. As evidence
from Table 1, the kinetic data at two different concentrations were best fitted onto
all studied models with higher correlation coefficient (R?) and lower residual sum of
squares (RSS) onto pseudo-first order. The closeness of g,.gy, 0 ¢.cy from pseudo-
first-order model demonstrating the ability of the model in more accurate prediction
of equilibrium adsorption capacities. The pseudo-first-order kinetic model assumes
that one solute molecule is adsorbed onto one sorption site on the adsorbent surface
and then, describes sorption in solid—liquid systems based on the sorption capacity
of solids [39]. On the other hands, for process obey pseudo-first-order model, the
variation in adsorption rate should be proportional to the first power of solute con-
centration [40]. However, if the relationship between the solute concentration and
the adsorption rate is not linear, pore diffusion can limit the adsorption process. For
present work, the variation in adsorption rate was proportional to the initial CEX
concentration; therefore, the pore diffusion is not the limiting step. Based on this
finding, the used CEX concentration was not high enough. According to pseudo-
second-order model, adsorption rate decreased to half when solute concentration
exceed twice. Intra-particle diffusion model is another kinetic model which is usu-
ally used to determine the rate-limiting. Based on this model, film diffusion is neg-
ligible and intra-particle diffusion is the only rate controlling step. Therefore, the
amount of adsorbed solute is proportional to the square root of contact time and the
straight line of logg,vs.0.5logt should pass through the origin with a positive inter-
cept. The plot of intra-particle diffusion model did not pass through the origin and
hence intra-particle diffusion was not the rate-determining step; as demonstrated by
the pseudo-first-order model. Based on our finding, bulk movement of solute to the
external surface of the adsorbent and formation of solutes bond around active sorp-
tion site may limits CEX adsorption onto N-MCM-41.

Equilibrium modeling

Several two and three-parameter models were used to describe the relationship
between the amount of adsorbed CEX on the adsorbent and the concentration of
dissolved CEX in the liquid at equilibrium state. Theoretical aspect of used equilib-
rium equation has been reported in our previous work in details [5]. Fig.S5 shows
the nonlinear fitting of equilibrium data on two- and three-parameter isotherm
models and the related data are collected in Tables 2 and 3. As illustrated in Fig.
S4 and evidence from Tables 2 and 3, equilibrium data were best fitted onto all used
model with higher correlation coefficient and lower RSS (residual sum of squares)
for Langmuir isotherm model. Langmuir isotherm model assume that all adsorp-
tion sites have equal energy for solute molecules and the adsorption at one site does
not affect the adsorption of molecules at an adjacent site. As a result, in a mon-
olayer adsorption, the maximum adsorption capacity is determined by the number
of adsorption sites. The maximum adsorption capacity of N-MCM-41 adsorbent
was 56.31 mg/g. Based on this model and pseudo-first order, monolayer adsorption
of CEX onto N-MCM-41 approved. According to Freundlich model, the value of
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Table2 Two-parameter

. 2
isotherm models used for F reundhclll n Ky n R RSS
Cephalexin antibiotic adsorption ~ 9e = K C. 6.72 1.50 0.98 15.68
by N-MCM-41 Langmuir I B R? RSS
— ImPC.
e = e, 5631 0.13 099  7.38
Temkin B Aq R? RSS
RT
ge = (&) xIn(kC,)
1 9.11 2.06 0.93 53.20
Elovich Ky I R? RSS
4 — KECee am
n 0.011 14.63 0.98 9.56
Dubinin-Radushkevich qs K, R? RSS
g = (g,)eK) 2881 7.09 091 7235
Jovanovich Ginax k; R’ RSS
e = Gmax (1 —e(’“*))
¢ 1463 001 099 968
Table 3 Three-parameter 5
isotherm models used for Khin by C. Im by R R RSS
Cephalexin antibiotic adsorption ~ % = (145, CH)™ 64.73 0.18 10.62 0.99 8.15
by N-MCM-41 Toth ky ar t R RSS
g, = ‘ImTCcl
€ e
(ar+C)" 4087 2103 150 098 896
Hill X dy iy Kp R? RSS
g = qHCc“
¢ KpCH 5629 117 8.82 099 838
Sips Gins k ms R? RSS
g, = Ik ‘ ‘
¢ ke 53.17  0.12 1.03 098  9.34
Redlicl;—Peterson Ky ag g R? RSS
= LSRG
e = Trapct 6.37 0.11 0.89 099 938

constant n was 1.5, indicating the favorable adsorption mechanism and heterogene-
ity of the adsorbent surface. In addition, higher value of tendency factor (K; = 6.72)
is a sign of high affinity of CEX molecules toward N-MCM-41 surface. From Tem-
kin model, a high value of b, and k, imply a fast sorption of solute at initial stage
and strength bonding of solute onto the N-MCM-41 surface. Based on this model
the higher values of b, and k, demonstrating the highest adsorption of cefixime at
initial stage and strength bonding with adsorbent surface. The Elovich equation is
derived from adsorption kinetic and assume that the adsorption sites increase expo-
nentially with adsorption and which is an indicative of the multilayer adsorption.
Nevertheless the higher correlation coefficients and lower RSS, the value of ¢, from
Elovich equation was than lower those calculated from Langmuir. This indicate that
a multilayer adsorption was not occurred in the studied concentration range. How-
ever, the heterogeneity of the N-MCM-41 surface can be deduced from this model.
The Dubinin—Radushkevich isotherm is similar to Langmuir isotherm model and
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has not the limitation of Langmuir equation such as equipotential of sorption sites,
absence of steric hindrances between adsorbed and incoming particles, and surface
homogeneity on microscopic level. The value of g, from Dubinin—Radushkevich iso-
therm was 28.81 mg/g, which was about half of the Langmuir constant (gq,,). The
values of mean free energy (E) from Dubinin—Radushkevich isotherm was 0.27
(kJ/mol) which is an indication of physico-sorption nature of CEX by N-MCM-41
adsorbent. Nevertheless, Dubinin—Radushkevich model best describe the equilib-
rium data when intermediate ranges of solute concentrations are used. In the present
work, lower correlation coefficient and higher RSS values Dubinin—Radushkevich
isotherm may be due to the investigated CEX concentration. Jovanovich isotherm
model is a derivation of the Langmuir model with considering some mechanical
contacts between solute and adsorbent surfaces. The value of maximum sorption
capacity obtained from the Jovanovich equation was 14.63 mg/g, which was half
of value obtained from Dubinin—Radushkevich model (g,) quarter of the Langmuir
constant (g,,,). Among three parameters isotherm model, equilibrium data were best
fitted onto Khan equation. This model is a combination of Langmuir and Freun-
dlich type. It is useful for describing both multicomponent and single component
adsorption systems. According to Khan equation, adsorption of CEX onto N-MCM-
41 is a combination of monolayer and multilayer phenomena. However, the maxi-
mum adsorption capacity calculated from Khan model was close to obtained value
from Langmuir model, the correlation coefficient and RSS was higher than Lang-
muir model. The Toth isotherm model is developed empirically to improve Lang-
muir isotherm and reduce the error between experimental data and predicted value
in porous adsorbents. This model is useful for describing heterogeneous adsorption
systems and accurately best fit both low- and high-end boundary of solute concen-
tration. The Toth model is reduced to the Langmuir isotherm equation when param-
eter ¢ is equal to unity. The more the parameter ¢ deviates from unity, the more het-
erogeneous is the system. The maximum adsorption capacity from Toth model was
40.87 mg/g. Parameter ¢ was higher than unity which is as indication of heterogene-
ity of the adsorbent surface. The Hill isotherm model was developed to describe
the binding of different species onto homogeneous substrates. This model assumes
that adsorption is a cooperative phenomenon and the bonding of one solute at one
site influencing the other bonding sites on the same adsorbent. The value of maxi-
mum adsorption capacity from Hill model was 56.29 mg/g which was very close to
Langmuir and Khan values. The ny; was higher than unity; demonstrating the pres-
ence of positive cooperativity of one CEX molecules on other CEX molecules. The
Sips isotherm model has been developed to recognize the problem of the continuing
increase in the adsorbed amount with an increase in concentration of the sorbate
in the Freundlich equation. Similar to the Freundlich equation, Sips model predicts
a monolayer sorption capacity for high sorbate concentrations and reduces to Fre-
undlich equation for lower sorbate concentrations. According to the Sips isotherm
model, the maximum sorption capacity was 53.17 mg/g, which was very close to
obtained values from Langmuir, Khan and Hill isotherm models. According to this
model, monolayer sorption approved as demonstrated from other investigated mod-
els. The Redlich-Peterson (R-P) isotherm is developed by combining the Lang-
muir and Freundlich isotherms to amends the inaccuracies. This model assume that
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the adsorption mechanism is unique and does not follow ideal monolayer adsorp-
tion. The ration of Ky to ap which indicate the maximum adsorption capacity was
57.90 mg/g; in accordance to values obtained Sips, Langmuir, Khan and Hill iso-
therm models. The values of g was close to unity which reduce the Redlich—Peter-
son (R—P) isotherm to Langmuir model at studied concentration range. Overall, the
results of equilibrium study well demonstrated the monolayer adsorption of CEX
onto N-MCM-41 heterogeneous surface with about 55 mg/g maximum adsorption
capacity. Table 4 presents the maximum adsorption capacity of various used adsorp-
tion in removal of CEX. As clear from Table 4, the present N-MCM-41 adsorbent
showed good results if compared with previously investigated ones.

Effect of coexisting ions

To overcome the limitation of real sample, effect of various coexisting ions was inves-
tigated. In addition, to investigate the possible co-precipitation, complex formation and
adsorption between CEX molecules and adsorbent, a solution containing CEX and
coexisting ions was prepared and shacked in the absence of adsorbent until equilibrium
time reached. The results are shown in Fig. 8. As clear from Fig. 8a, no co-precipita-
tion, complex formation and adsorption between CEX molecules and adsorbent was
occurred as the UV/VIS spectra of CEX did not changed in the presence of co-ions.
Figure 8b shows the removal efficiency of CEX in the presence of co-ions and 0.2 g/L
of adsorbent at pH about 6.50. In the absence of coexisting ions, the removal effi-
ciency was 98% (“Effect of solution pH and CEX concentration” section), while, in the
presence of foreign anions the removal efficiency decreased to 93%, 88%, 83%, 81%,
79%, 65%, 57% and 51% for hardness, fluoride, sulfate, nitrate, chloride, phosphate,
aluminum and copper ions, respectively. Various phenomena such as changes in ionic
strength, changes in solution pH and competing of foreign ions with CEX to adsorb
on adsorbent may be involved in the reduction of removal efficiency. Salts are strong
electrolytes that completely dissociate into ions in water and then will affects the pH
and ionic strength of a solution. However, the used salt concentration was not so high
to change the ionic strength remarkably, but removal efficiency was decreased. This

Table 4 maximum adsorption capacity of various adsorbent in removal of CEX

Adsorbents Adsorption capacity Reusability Refs
(mg/g)

Activated carbon 17.40 - [41]
Bentonite 10.40 - [41]
Natural zeolite 16.1 - [35]
Fe;0, coated zeolite 24.9 - [35]
MnO, coated zeolite 24.5 - [9]
Alligator weed-activated carbon 45 - [42]
Aloe vera leaf waste (Av-S-Ac) 25.56 - [43]
Aloe vera leaf waste (Av-N-Ac) 26.34 - [44]
N-MCM-41 55 6 Present work
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Bl Cephalexin (20 mg/L) A
I Phosphate (1 mg/L)
Bl Hardness (80 mg/L)
Bl suifate (30 mg/L)
I Fluoride (0.5 mg/L)
B Chioride (30 mg/L)
B Aluminum (0.1 mg/L)
I Copper (0.1 mg/L)
I Nitrate (10 mg/L)

B
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Interfering ions

Fig.8 UV/VIS of CEX after reacting with coexisting ions in the absence of adsorbent (a) and removal
efficiency of CEX in the presence of adsorbent (b)

phenomenon may be due to the competing of anions and cations of salts with CEX ions
to adsorb onto N-MCM-41 [44]. In addition, the formation of inner-sphere complex or
outer-sphere complex may influence the ions sorption rate in the presence on foreign
ions. The former is a complex in which ligands replace water molecules from the inner
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coordination sphere and form bonds directly to solute ions. The latter is a complex in
which there are no bonds between ligands and solute ions. For inner-sphere complex
forming ions, increasing in ionic strength may increase the adsorption capacity or has
no effect on adsorption capacity. On the other hand, outer-sphere complex forming ions
leads to a decrease in the adsorption capacity for increasing ionic strength. The latter
complex is formed mainly by electrostatic interactions and usually contains more than
one water molecule between the solute and adsorbent functional groups [45]. There-
fore, the decrease in CEX adsorption in the presence of interfering ions may be due
to the formation of outer-sphere complex between CEX and N-MCM-41 adsorbent or
competing effect of anions and cations of salts. The effect of salts on solution pH is
another routes which influence the adsorption rate. The resulting salt solution may be
neutral, but often it is acidic or basic. According to the Brgnsted—Lowry concept of
acids and bases, some ions can act as acids or bases. In this regard, sulfate, nitrate, chlo-
ride and phosphate was the anions of strong acid and thus will not affect the solution
pH. These anions will reduce removal efficiency by competing with CEX to adsorb
onto N-MCM-41. Removal of CEX decreased in the presence of highly charged metal
cations such as aluminum, copper and hardness since they act as Brgnsted—Lowry acid
and therefore, decrease solution pH by producing hydronium ions in solution. Fluo-
ride is anion of weak HF acid and therefore produce a basic solution. Therefore, the
decreases in the removal efficiency of CEX in the presence of studied foreign anions
may be due to the completing effect of anions, decrease on increase in solution pH and
ionic strength [44].

Column adsorption study

In the present work, the nonlinear form of bed-depth-service-time (BDST) model
which is known as the Thomas model (Eq. 1) was used to explain the dynamic
adsorption of CEX onto N-MCM-41:

C 1

Co 1+exp[<%€) —kThCOI] M

where kp, (mL/min mg) is the Thomas rate constant, g, (mg/g) is the equilibrium
solute uptake, C, (mg/L) is the influent solute concentration, C, (mg/L) is the effluent
solute concentration at time ¢, x (g) is the mass of adsorbent and Q (mL/min) is the
flow rate. The empty bed contact time (EBCT) and carbon usage rate (CUR) could
be calculated from Eqs. 2 and 3 as follow:

Vi

EBCT = )

CUR =

<IR o

3)

where Vj is the volume of adsorbent (mL), Q(mL/min) is the flow rate, M is the
adsorbent mass (g) and V is the volume of flow (mL). The effect of flow rate, column
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Fig. 9 Breakthrough curves expressed as C/C, versus time for the sorption of CEX onto N-MCM-41 at
different flow rates (initial concentration =10 mg/L; bed height= 10 cm; adsorbent mass=9.3 g)
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Fig. 10 Breakthrough curves expressed as C/C, versus time for the sorption of CEX onto N-MCM-41 at

different bed heights (initial concentration =10 mg/L; flow rate = 10 mL/min)
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Fig. 11 Breakthrough curves expressed as C/C, versus time for the sorption of CEX onto N-MCM-41 at
different initial concentrations (bed height=10 cm; flow rate =10 mL/min)

1.0 4
0.8 -
0.6 e Experimental Data
. Thomas model
Q ]
o
0.4 -
0.2 -
Breakthrough
point=60 min
0.0 +—2— T T T T T T T T T ?
0 50 100 150 200 250
time (min)

Fig. 12 Breakthrough curves expressed as C/C, versus time for the sorption of CEX onto N-MCM-41
using the simulated sample (initial concentration= 10 mg/L; bed height= 10 cm; flow rate =10 ml/min)
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height, initial CEX concentration and competing ions on breakthrough curves are
shown in Figs. 9, 10, 11 and 12. The parameters of nonlinear Thomas model are
collected in Table 5. The breakthrough time was the time when C/C,=0.05 and
the column exhaust time was the time C/C,=0.90. From Table 5, breakthrough
curves fit well with Thomas model; demonstrating a good agreement of predicted
breakthrough curves with experimental data for all studied parameters. The break-
through point time was increased with decreasing flow rate (Fig. 9). With increasing
flow rate from 5 to 15 mL/min the value of g, decreased from 51.47 to 24.87 mg/g.
This phenomenon can be attributed to the lower mass transfer time for adsorption of
CEX onto binding sites at higher flow rate. Controversially, the rate constant (K;,)
of Thomas model was increased as flow rate increased; demonstrating lower mass
transfer resistance at higher flow rate [46]. Another important factor that affect CEX
adsorption is column heights which is directly proportional to the mass of adsorbent
in the column [47]. The breakthrough point time increased from 90 min to 210 with
increasing bed heights from 5 to 15 cm and corresponding rate constant (Kryy,) val-
ues decreased (Fig. 10). Accordingly, adsorption capacity increased from 27.58 to
62.17 mg/g. The reason for higher adsorption capacity at elevated column heights
is due to the more available adsorption sites for solute adsorption [33]. By varying
the initial CEX concentration from 2 to 20 mg/L breakthrough point time occurred
faster, while adsorption capacity increased from 24.52 to 57.43 mg/g (Fig. 11).
This is due to the increase in driving force from solution to adsorption sites which
resulted higher adsorption capacity at higher solute concentration [48]. Finally, to
investigate the capability of prepared adsorbent in real condition, simulated sam-
ple (“Batch adsorption experiment” section) was passed from column (Fig. 12).
In this regard, adsorption capacity was the lowest (19.74) and breakthrough point

Table 5 Parameters of Thomas model for CEX adsorption by N-MCM-41 in a fixed bed column

Parameters
K, (mL/mg min) EBCT CUR qe R?
(min) (g/L) (mg/g)

H=10cm 5 mL/min 0.0024 1.57 4.65 51.47 0.99
C,=10 mg/L 10 mL/min 0.0035 0.78 3.32 32.46 0.98
Adsorbent=9.3 g 15 mL/min 0.0054 0.52 3.26 24.87 0.99
Flow = 10 ml/min 5cm 0.0042 0.39 1.92 27.58 0.99
C,= 10 mg/L 10 cm 0.0033 0.78 3.1 41.53 0.98

15 cm 0.0022 1.18 445 62.17 0.98
Flow =10 mL/min 2 mg/L 0.0053 0.785 2.06 24.52 0.99
H=10cm 10 mg/L 0.0037 0.785 2.44 32.34 0.99
Adsorbent=9.3 g 20 mg/L 0.0031 0.785 3.44 57.43 0.99
Simulated Sample 0.00125 0.78 3.87 19.74 0.99
Flow =10 ml/min
H=10cm
C,= 10 mg/L

Adsorbent=9.3 g
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time occurred faster if compared with synthetic solution. The reason for the lowest
adsorption capacity and breakthrough point time in simulated sample is due to the
competing effect of foreign ions with CEX molecules to adsorb on adsorption sites
and sample condition (pH and ionic strength) as explained in Sect. “Effect of coex-
isting ions.”

Regeneration of N-MCM-41

To investigate the reusability of exhausted N-MCM-41, regeneration test was con-
ducted on spent adsorbent from column study. Thermal destruction method was
selected to regenerate the used adsorbent since CEX destruction rate increased line-
arly as temperature increased [48]. To do this, solution containing 10 mg/L CEX was
passed from 10 cm column with flow rate of 10 ml/min. The exhausted N-MCM-41
from such column experiment was collected and refluxed at 110 °C in deionized
water for 2 h. Finally, the recovered adsorbent was dried at 105 °C for 24 h and used
in column mode to investigate the regeneration efficiency. The regeneration-reusa-
bility cycles were repeated until the adsorbent loosed 30% of initial capacity. Fig.S6
shows the regeneration cycle and loosed adsorption capacity of recovered adsorbent
during six cycles. Adsorption capacity decreased from 41.53 to 8.72 mg/g at the end
of six cycle regeneration. This is due to the detachment of amine functional group,
filling of pores on the surface of adsorbent by small fraction of CEX fragments and
adsorbent loses during regeneration experiment which ultimately resulted a reduc-
tion in adsorption capacity.

Conclusions

High specific surface area MCM-41 adsorbent was derived from Iranian natural
pumice as an abundant, accessible, and inexpensive source of silica for the first
time and highly grafted with APTES for anchoring cephalexin molecules. The par-
ent MCM-41 had a specific surface of 913 m*/g while the value decreased to 819
m?/g after with grafting 6.52 ymol APTES per square meter of adsorbent surface.
The XRD, FTIR, TGA and FESEM-EDX- Elemental mappings approved the amine
group in the structure of adsorbent. According to Schiff base reaction, strong bond-
ing of amine functionalization was achieved in the presence of TEOS as co-hydro-
lyzer and elevated temperature as accelerator of APTES hydrolyze. The N-MCM-41
showed excellent adsorption capacity for CEX in batch and dynamic condition. In
this regard, 56.31 mg/g and 41.53 mg/g adsorption capacity was achieved in batch
and dynamic condition, respectively. Removal efficiency was decreased by 50% in
the presence of coexisting ions and simulated sample. Facile thermal destruction
method demonstrated the regeneration of spent adsorbent for about six cycle. Over-
all, the present work could be used as an index for preparation of mesoporous silica-
based adsorbent, grafting with amine group and used as antibiotics adsorbent.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00289-023-04685-w.
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