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Mesoporous materials have a broad range of applications in industry, and one of which is their po-
tential use in adsorptive separations. This research investigates the use of a secondary amine-
functionalized SBA-15 for the separation of a diazo dye, Congo Red (CR), from aqueous solutions. The
synthesized SBA-15 was modified with trimethoxy[3-(methylamino)propyl] silane by a post-grafting
method. The produced material was characterized using X-ray diffraction, N, physisorption, scanning
electron microscopy, and transmission electron microscopy. The hexagonal mesostructure was preserved
after functionalization; however, the specific surface area, pore diameter, and total pore volume of SBA-
15 silica decreased. The adsorption of the diazo dye reached equilibrium by 50 minutes, and the data fol-
lowed pseudo-second-order kinetics. While the yield increased with rising dosage and temperature, it de-
creased with CR concentration. The maximum adsorption capacity of functionalized SBA-15 (F-SBA-15)
for CR uptake was found to be 211.07 mg/g. Thermodynamic data and parameters indicated the potential
combination of physical and chemical interactions occurring during the adsorption process. The separa-
tion was endothermic and non-spontaneous; the equilibrium data fitted to the Freundlich adsorption iso-
therm at all tested temperatures. This study demonstrates that the secondary amine-functionalized SBA-
15 can be used for the elimination of a toxic anionic diazo dye from aqueous solutions.
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MNOAI'OTOBKA, KAPAKTEPU3ALIUJA U YIIOTPEBA HA SBA-15 ®YHKIIMOHAJIU3UPAH CO
TPUMETOKCH[3-(METUJIAMUHO)ITPOIIMJI|CUJIAH 3A AICOPBIIMJA HA KOHI'O IPBEHO

Me30mopo3HUTe MaTepHjaii IMaaT IMHPOK OICer Ha MPUMEHa BO MHAYCTpHjaTa, a eHa OJ HUB €
HUBHATA TMIOTEHIMjajHa yImoTpeba BO aTcopnTHBHH cemapaiun. OBa HCTpaXXyBame ja HCIUTYBA
ynorpebara Ha SBA-15 ¢yHKIMOHANIM3UpaH CO CEKyHOApEeH aMWH 3a M3IBOjyBamke Ha Jua30-0ojata
koaro mpeeHo (CR) om Bomuu pactBopu. Cuntermsupannor SBA-15 Oeme wmopuduimpan co
TpUMETOKCH[ 3 -(METHIIAaMUHO ))IIPOITIM |CHJIAH CO METOJA Ha IOCT-KajeMeme. [Ipon3BeneHnoT Martepujat
Oelle KapakTepu3MpaH CO MOMOII Ha Audpakipja Ha PEHATCHCKH 3pamy, (usucoprnudja Ha Na,
CKEHHpPAaYKa eJEeKTPOHCKAa MHKPOCKOIHja U TPAHCMUCHOHA eJIeKTpOHCKa MHUKpockomyja. LllecToaronnara
Me30CTpyKTypa Oeiie 3auyBaHa 1o (yHKIMOHANM3alMjaTa, Cemak, Ccrenu(puIHaTa TOBPIIUHA,
ZIFjaMeTapoT Ha IOPUTE M BKYITHHOT BOJXYMEH HAa MOpWUTE Ha criumuyMm nuokcua SBA-15 ce mamanmja.
ATtcoprijaTa Ha aua3o0-0ojaTa JHOCTHTHA pamMHOTEXa 32 50 MUHYTH, TPH IITO CJeenle KHHETHKA Of
nceB0-BTOp pen. Jloaeka IPHHOCOT CO 3rojieMyBameTo Ha J103aTa M TeMIepaTypara ce 3rojieMyBa, co
koHHeHTpanujata Ha CR ce HamanyBa. YTBp/AEHO € JeKa MaKCHMAaTHHOT KallallUTeT Ha aTCOPIIINja Ha
¢dyaknmonanusupannor SBA-15 (F-SBA-15) 3a BmuBame Ha CR e 211,07 mg/g. TepMoauHAMHUKHTE
MTOJATOIM ¥ TIAPaMETPH ja TIOKaXkaa MOTEHIHjalTHaTa KOMOMHAIIM]ja HA (PM3WYKU U XEMHUCKHA HHTEPAKIIUU
mITO C€ CIydyBaaT 3a BpeMe Ha MpOIecoT Ha aTcopruuja. Pa3mBojyBamero Oelne €HIOTEPMHO U
HECITOHTAHO; ITOJJATONMTE 3a PaAMHOTEXaTa ja ciieiea U30TepMara Ha arcopnuuja Ha OpojHIUINX HA CUTE
TectupaHu Temneparypu. OBaa cryamja mokaxxyBa neka SBA-15 ¢yHKImoHanM3upan co ceKyHIapHHOT
aMHH MOJKE J]a ce KOPHUCTH 32 eIMMHHAINMja Ha TOKCHYHATa aHjOHCKa JIna30-00ja 011 BOAHN PacTBOPH.

Kayunn 360poBu: SBA-15; n3orepma; kKnHETHKA; TEPMOAMHAMUKA,
TpUMETOKCH[ 3-(METHIIAMHIHO)TIP O | CHIIaH
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1. INTRODUCTION

Santa Barbara Amorphous-15 (SBA-15) has
significant advantages due to its distinctive proper-
ties, including small crystallite size of primary units,
thick framework walls, hydrothermal and mechani-
cal stability, and unique pore structure.! Further-
more, its high internal surface area enables its use in
various applications, including adsorption and ca-
talysis.? Several researchers have developed meso-
porous silica materials as adsorbents for environ-
mental remediation applications.®* The modification
of the SBA-15 surface with different functional
groups creates active sites, enhancing its adsorption
capabilities.* Various studies in the literature have
confirmed this tendency for the separation of heavy
metals,> ® synthetic dyes,**° and other pollutants.***?

Currently, due to accelerated population
growth and urbanization, environmental contamina-
tion problems caused by industrial effluent is in-
creasing and posing significant challenges in water
resource management.*® Industries such as textile,
painting, printing, and tanning generate wastewater
containing several types of toxic synthetic dyes.'**®
The effluents require remediation prior to discharge
into the environment.'® Even minimal doses of dyes
in water make it unsafe for living organisms.*’ Many
techniques, including coagulation, ultrafiltration,
photocatalytic degradation, and ozonation, have
been examined for the remediation of toxic pollu-
tants. Adsorption is recognized as a highly effective
method for wastewater treatment because of its effi-
ciency, simplicity, selectivity, cost-effectiveness,
and high recyclability.*®

Recently, SBA-15 modified with several
functional groups was evaluated for its efficiency
in removing colorants from aqueous-based media.
Melamine-based dendrimer amine-functionalized
SBA-15 was used to treat water containing 10 mg/I
methylene blue (MB). A removal efficiency of 98 %
was obtained at pH 10, with a 3 g/l adsorbent dose
at 25 °C, which were determined to be optimum
conditions.’® The performance of polypyrrole-
modified SBA-15 for the removal of MB and me-
thyl orange was assessed. The surface area de-
creased by ~37.5 % following modification, and
the maximum adsorption capacities (qmax) for each
dye were 58.8 and 41.7 mg/g, respectively.?’ In a
following study, MB removal efficiency was sig-
nificantly improved by modifying SBA-15 with
calcium alginate/amines.?* SBA-15 modified with
lignosulfonate/amino groups exhibited a maximum
uptake capacity of 62.9 mg/g for the same color-
ant.” The capacity of SBA-15 to remove Reactive
Blue 15, an anionic dye, was almost zero; howev-

er, it increased to 25.7 mg/g after the incorporation
of bridging polysilsesquioxane into the mesopo-
rous material.”®> The composite obtained from a
single-step modification of SBA-15 with iron and
y-chitosan was tested for the removal of MB. The
maximum performance (176.70 mg/g) of the syn-
thesized adsorbent was achieved at pH 9.% The
functionalization of SBA-15 with a tertiary amine
facilitated the elimination of Congo Red (CR),
with a maximum capacity (Qmax) of 186.4 mg/g.*
The study investigated the elimination of three an-
ionic dyes, namely, Acid Blue, Direct Black
ANBN, and Direct Yellow 12 from aqueous solu-
tion with chitosan-SBA-15-NH., achieving maxi-
mum adsorption capacities of 43.5, 200, and 40
mg/g, respectively.’

This study tested the trimethoxy[3-methyl-
amino)propyl]silane-functionalized SBA-15 for the
removal of a synthetic dye from aqueous-based
solutions. Numerous industries, from paper to
cosmetics, use Congo Red (CR), a carcinogenic
diazo dye that requires an efficient method for re-
moval from aqueous-based effluents.” According-
ly, we synthesized and modified SBA-15 using a
secondary amine and tested it as an adsorbent dur-
ing the separation of a toxic diazo dye, CR, from
model aqueous solutions. Prior to the adsorption
tests, the adsorbent material was characterized by
several techniques. The impacts of process varia-
bles such as contact time, dye concentration, tem-
perature, and adsorbent dosage were examined.
Moreover, the data were interpreted using several
Kinetic and isotherm models, and thermodynamic
constants were calculated.

2. EXPERIMENTAL

2.1. Materials

Pluronic P 123  (triblock  co-polymer,
PEO20PPO7PEO2, 96 %) and tetraethyl orthosili-
cate (TEOS, > 99.99 %) were supplied from Sigma
Aldrich and used with HCI (Isolab, > 37%) in the
synthesis of SBA-15. Trimethoxy[3-(methylamino)
propyl] silane (> 95 %) and toluene (> 99 %) were
used to functionalize SBA-15 and were obtained
from TCI and Merck, respectively. Congo Red (CR,
> 75 % dye basis) was provided by Merck Co. A
Millipore Direct-Q 3V system was utilized to pro-
vide ultra-high purity (UHP) water. Dye solutions
were prepared by dissolving CR in UHP water. An-
alytical-grade chemicals were employed in the trials
with pretreatment. The chemicals utilized in this
work are listed in Table 1.
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Table 1

The chemicals utilized in the present study

Compound Source CAS no. Purity (%)
Pluronic P 123 Sigma Aldrich 9003-11-6 96
Tetraethyl orthosilicate Sigma Aldrich 78-10-4 >99.99
Hydrochloric acid Isolab 7647-01-0 > 37
Trimethoxy[3-(methylamino)propyl]silane TCI 3069-25-8 >95
Toluene Merck 108-88-3 >99
Congo Red Merck 573-58-0 >75

2.2. Synthesis of amine-functionalized SBA-15
(F-SBA-15)

SBA-15 was synthesized as described previ-
ously.”® At ambient temperature, 4 g of Pluronic P
123 was added to 150 ml of 1.6 M HCI and mixed
for an hour. Following addition of 9 ml of TEOS,
the mixture was stirred at 35 — 40 °C for 20 hours.
After this, the solution was heated and maintained
at 85 °C for 24 hours, then filtered. The product
was obtained and then calcined in air flow at 500
°C for 5 hours.

To make the amine-functionalized or modi-
fied SBA-15 (F-SBA-15), 3.8 g of trimethoxy][3-
(methylamino)propyl]silane was mixed with a sus-
pension containing 2 g of SBA-15 in 100 ml of
toluene to modify the mesoporous material. Func-
tionalization was conducted at 65 °C under reflux.
The mixture was agitated for 12 hours and then
subjected to filtration and washing with toluene to
remove any residual amine. This step was repeated
a minimum of five times using a Nutsch filter with
a porosity of #4 under vacuum.

2.3. Characterization

The synthesized samples (SBA-15 and F-
SBA-15) were characterized via small-angle X-ray
scattering (SAXS), wide-angle X-ray diffraction
(WXRD), N2 physisorption, scanning electron mi-
croscopy (SEM, Zeiss), and transmission electron
microscopy (TEM, JEOL JEM-2100). XRD data
were obtained on a Rigaku-Miniflex diffractometer
utilizing Cu-K, radiation (1 = 1.5405 A) at a volt-
age of 30 kV and a current of 15 mA. Small-angle
XRD patterns were obtained within the 26 range of
0.5-5° with 0.005° steps and 0.2° data collection
per minute, while WXRD patterns were obtained
within the 26 range of 5.0-75.0° with 0.05° steps
and 1° data collection per minute. A Micromeritics
ASAP 2000 volumetric apparatus was employed to
determine the surface area and pore characteristics
of the synthesized silica samples using N, adsorp-
tion at 77 K. Prior to the analysis, the samples were
subjected to an 8-hour outgassing process at 363 K
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in a vacuum. The particle morphology of the pro-
duced adsorbent materials was assessed by SEM.
The mesoporous structure of the synthesized ad-
sorbents was examined with a JEOL JEM-2100
TEM instrument.

2.4. Adsorption procedure

In a previous study, the highest efficiency for
CR removal using amine-modified SBA-15 was
achieved at the original pH (8.8) of the model solu-
tion.'® In addition, 98 % efficiency was obtained in
the remediation of Brilliant Red by chitosan-SBA-
15 at pH 7.0 in 80 minutes.?’” Therefore, all adsorp-
tion experiments were performed at the original pH
values of the model solutions, ranging from pH 7.9
to 8.2, with a standard uncertainty of £+ 0.1.

Aqueous and solid phases were mixed in Er-
lenmeyer flasks. To separate the phases, the mix-
tures were centrifuged at 4600 g for two minutes.
Spectrophotometric determination of CR in the
aqueous phase was conducted on a Jenway 7205 at
the maximum absorbance for CR (Amax of 497 nm).
Adsorption yield (Y, %) and uptake or adsorption
capacity (qe) were computed by Egs. 1 and 2, re-
spectively; C, and C. are the initial and equilibrium
concentrations (mg/l) of CR, m is the mass (g) of
adsorbent (F-SBA-15), and V (l) is the volume of
the aqueous solution.

Ym)=(%c'f) x 100 )

9. =(57) xv @

Kinetic trials were conducted by contacting
the mesoporous adsorbent (2.5 mg of F-SBA-15)
with 10 ml (0.25 g/l dose) of CR solution (50 mg/l)
in a 50 ml Erlenmeyer flask at 303 K. The samples
were withdrawn at various intervals, centrifuged,
and the supernatants analyzed for CR concentra-
tion. The effect of temperature was probed in the
range of 303-323 K. Thermodynamic constants,
including changes in Gibbs free energy (AG°,
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kJ/mol), enthalpy (AH®, kJ/mol), and entropy (AS°®,
J/mol-K) were computed employing Egs. 3 — 5.

AG® = RxTxInKy 3)
Ky = % 4

_ _AH® | AS°
In(K)=-777% ©®)

In these equations, R is the gas constant
(8.314 J/mol-K), T is temperature (K), and K. is
the Langmuir equilibrium constant (I/mg). C. and
ge are the dye concentration (mg/l) in the solution
and adsorption capacity (mg/g) at equilibrium, re-
spectively. To observe the effect of F-SBA-15 dos-
age and CR concentration, trials were conducted at
0.25-0.75 g/l and 2575 mg/I, respectively.

3. RESULTS AND DISCUSSION
3.1. Characterization

Figure 1a displays the XRD patterns of SBA-
15 and F-SBA-15. Verification of their mesoporous

structures was conducted through small-angle XRD
scanning from 0.5° to 5° (Fig. 1a). The low-angle
XRD pattern of SBA-15 has a pronounced peak at 26
of 0.95° with two additional weaker peaks at 1.6°
and 1.8°. These peaks are assigned to the (100),
(110), and (200) planes in the low angle range and
characterize the highly ordered SBA-15 with hexa—
gonal p6mm structure.3" It was observed that F-
SBA-15 also exhibits an intense (100) peak and
weaker (110) and (200) peaks, according to its low-
angle XRD spectra. This indicates that modification
with trimethoxy[3-(methylamino)propyl]silane
groups does not disrupt the mesoporous structure of
pure SBA-15. However, compared to pure SBA-15,
the relative intensities of the characteristic diffraction
peaks decreased due to the incorporation of organic
components into the pore channels. This suggests that
functionalization of SBA-15 results in decreased
mesopore assembly.*>* Figure 1b depicts the wide-
angle XRD pattern of SBA-15 in the scanning range
10° to 80°. As shown, the XRD pattern of SBA-15
displays a broad peak at around 23°, confirming the
amorphous nature of the SBA-15.%%'

100

Intensity (a.u)

SBA-15
L_,¥ F-SBA-15
0 1 2 3 4 -]
':.
£
=
W SBA-15
10 20 30 40 50 60 70 80
20 (degree)

Fig. 1. (a) Small-angle XRD patterns of pure SBA-15 and F-SBA-15. (b) Wide-angle XRD pattern of SBA-15

Maced. J. Chem. Chem. Eng. 43 (2), xx—xx (2024)



Preparation, characterization, and use of trimethoxy[3-(methylamino)propyl]silane functionalized SBA-15 for Congo Red adsorption 5

The N adsorption-desorption isotherms
were conducted at 77 K to examine the porous
structure and textural parameters, such as the sur-
face area (Sger, m?/g), pore volume (V:, cm®g), and
pore diameter (Dp, nm) of SBA-15 and F-SBA-15.
Figure 2 reveals that the samples displayed a type
IV isotherm with an H1-type hysteresis loop, based
on the IUPAC classification.®® This observation
demonstrates the characteristics of a mesoporous
substance with elongated cylindrical channels and
homogenous pores.* Figure 2 clearly shows that
SBA-15 exhibits a significant rise in adsorption
when the relative pressure (P/P,) ratio is between

800

0.6 and 0.8. This suggests that SBA-15 has sub-
stantial mesopores and a narrow variation of pore
sizes.*** In the case of F-SBA-15, the type 1V iso-
therm with an H1 hysteresis was retained. However,
the functionalization of SBA-15 resulted in a de-
crease in the amount of adsorbed nitrogen, accord-
ing to the Brunauer-Emmett-Teller (BET) analysis.

Additionally, the isotherm inflection point
shifts to a lower P/P, ratio, indicating that incorpo-
ration of amino-silanes in SBA-15 leads to a de-
crease in pore size.?4%*t A summary of textural
parameters obtained by N adsorption/desorption is
given in Table 2.

700

600 |

Quantity Adsorbed (cm/g STP)

F-SBA-15 /

0 0.2 0.4

0.6 0.8 1

Relative Pressure (P/P,)

Fig. 2. N2 adsorption-desorption isotherms for pure SBA-15 and F-SBA-15

Table 2

Textural features of SBA-15 and F-SBA-15 determined by N, adsorption

Material Sget (M?/Q) Vi (cm®g) Dy (nm)
SBA-15 789.5 0.98 7.86
F-SBA-15 252.7 0.53 5.65

The morphology and mesoporous structure
of pure SBA-15 and F-SBA-15 were studied using
SEM and TEM. The SEM images show that pure
SBA-15 contains rod-shaped nanoparticles, and the
SBA-15 nanofibers have a relatively uniform hex-
agonal structure (Fig. 3a).*>* After amine func-
tionalization, more agglomerated particles were
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observed that are attributable to changes in the
symmetry of hexagonal mesopores after modifica-
tion (Fig. 3b). These findings are in line with the
outcomes of small-angle XRD and N adsorption-
desorption analyses, indicating that the ordering
and hexagonal symmetry of the mesostructure de-
creased after functionalization.®®** The mesostruc-
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ture of the modified SBA-15 sample was examined
using TEM. Figure 4 clearly verifies that F-SBA-15
retains the characteristic two-dimensional hexago-
nal structure commonly observed in SBA-15. After
functionalization with amine groups, the hexagonal

2 " | X P
FEan  EWT=1500k/ Sgnal A=SE Mag= 6300 <X 1 s
@ wWo=120mm | Jobe= 150 pA 9= &2t i_|

mesostructure is well-maintained, clearly indicat-
ing that the surface modification did not destroy
the mesostructure.**#>% The results are consistent
with the corresponding N2 sorption results in Fig-
ure 2.

y S
fe7a  EHT=1500k/ SignalA=SE1 Mag= 5000KK "
(\@i’ WD=120mm | Prebe= 150 pA GRS

Fig. 3. SEM images of (a) pure SBA-15 and (b) F-SBA-15

200 _nm

Fig. 4. TEM images of F-SBA-15 with different magnifications

3.2. Kinetics

Kinetic data examining the effect of contact
time on CR uptake are depicted in Figure 5. Initial-
ly, the adsorption available sites on the surface
were vacant and accessible for CR uptake. There-
fore, the process rate was very fast in the first 20
min. Over time, the rate slowed as these sites be-
came fully occupied due to diffusion of CR mole-
cules on the porous F-SBA-15 adsorbent.*” Ac-
cording to the data, the adsorption process reached
equilibrium by 50 min. Hence, solid and liquid
phases were brought into contact for about one
hour in all subsequent experiments.

To investigate the possible mechanism con-
trolling the rate of the removal process, pseudo-
first-order (PFO) and pseudo-second-order (PSO)

models were applied to the kinetic data.*** In their
expressions, ki (1/min) is the rate constant of PFO
kinetic model, while k2 (g/mg-min) is that of PSO
kinetic model. In addition, the Elovich kinetic
model, with the constants of o (initial adsorption
rate, mg/g-min) and B (desorption constant, g/mg),
and the intraparticle diffusion (ID) model were
used to elucidate the data.’®** Expressions for these
models are represented in Table S1. Figure 6 and
Table 3 demonstrate that the PSO kinetics yielded
the highest determination coefficient (R?, 0.999),
indicating that it is the most appropriate model for
interpreting the data. In the kinetic graphs, t is time
(min), while g: (mg/g) is the amount of CR ad-
sorbed per gram of adsorbent at time t. The uptake
capacity under the studied conditions was found to

Maced. J. Chem. Chem. Eng. 43 (2), xx—xx (2024)
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be 142.9 mg/g, which was essentially identical to
the experimentally determined value (g = 142.3
mg/g). The R? values obtained with the PFO and
Elovich kinetic models were comparatively low,
suggesting chemical or physiochemical interac-
tions between dye molecules and the adsorbent.>?
The first stage of the process appears to involve
chemical adsorption, and over time, the surface
sites that have the ability to interact with dye mol-
ecules become saturated. As a result, physical ad-
sorption becomes dominant, and electrostatic re-
pulsion occurs until equilibrium is reached.>® The
values of the boundary layer diffusion effect (I,

mg/g) and ID rate constant (Kis) were calculated
from the intercept and slope of the linear plot of q;
vs. t°°, respectively (Fig. 7 and Table 4). The line
did not intersect the origin; hence, it can be as-
sumed that the ID was not the only rate-controlling
step for the removal of CR by F-SBA-15. It is clear
from Figures 5 and 7 that the adsorption process
does not occur in a single step, but rather involves
the transfer of CR molecules from the bulk phase
to the surface of F-SBA-15. Then, CR ions diffuse
into the pores and reach a state of saturation at
equilibrium.*®

80 H
o-S-S S S S ©
60 A
S 40 -
>_
20 A
O CJ T T T T T T T 1
0 30 60 90 120 150 180 210 240
t (min)

Fig. 5. Impact of contact time on CR uptake onto F-SBA-15 ([CR]o: 50 mg/l; pH: 8.1; Dosage: 0.25 g/I; Temp.: 303 K)

1.8 -

1.5 1

1.2 -

0.9 -

0.6 -

t/q; (min-g/mg)

0.3 -

y =0.007x + 0.012
R2=1.000

0.0 T
50

100

150 200 250

t (min)

Fig. 6. Graph of the PSO model for CR uptake onto F-SBA-15 ([CR]o: 50 mg/l; Dosage: 0.25 g/l; Temp.: 303 K)
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Table 3

The constants and R? values obtained in kinetic analysis of data for CR uptake onto F-SBA-15.
(ICRJo: 50 mg/l; pH: 8.1; Dosage: 0.25 g/l; Temp.: 303 K)

q Pseudo-first-order Pseudo-second-order Elovich
T (K) (mg/S) k1 Ce,cal 2 ko Qe,cal 2 a 1) R2
(1/min) (mg/qg) (g/mg-min) (mg/qg) (mg/g-min) (g/mg
303 142.3 0.139 182.5 0.954 0.004 142.9 1.000 146.5 19.368 0.682

160 -
@) @)
120 + S
e o
(@]
£ 80 -
=
y =9.372x + 78.110
2 =
40 | R?=0.762
0 T T 1
2 4 6 8

Fig. 7. The plot of ID model for CR uptake onto F-SBA-15 ([CR]o: 50 mg/l; pH:8.1; Dosage: 2.5 g/l; Temp.: 303 K)

Table 4

The constants and R? values obtained with 1D model for CR uptake onto F-SBA-15
(ICR]o: 50 mg/l; pH: 8.1; Dosage: 0.25 g/l; Temp.: 303 K)

T(K) Kid (mg/g-min®%)

I (mg/g) R?

303 9.37

78.11 0.762

3.3. Thermodynamics

The experiments for the adsorption of CR on
F-SBA-15 were conducted at 303, 313, and 323 K
(Fig. 8a). It can be seen that the adsorption yields
are higher at elevated temperatures. This is due to
the increasing molecular motion at higher tempera-
tures, which allows molecules to enter the pores
more easily. The results show the endothermic
character of the process, which is consistent with
earlier studies.’® The data were used to determine
the thermodynamic parameters. The positive Gibbs

free energy (AG®°) confirms the non-spontaneous
nature of the process. AH® and AS° were computed
from the slope and intercept of the plots of In(KL.)
versus 1/T (Fig. 8b). The positive values of AH°
and AS° signify that the adsorption process is en-
dothermic and leads to an increase in disorder at
the solid-liquid interface, respectively (Table 5).
The magnitudes of the thermodynamic parameters
revealed the possibility of physisorption or the
combined influences of physical and chemical
forces in the process.**>
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100 A (a)
==-323 K
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A =©=-303 K
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Fig. 8. (a) Temperature effect and (b) graph of In KL vs. 1/T for CR uptake using F-SBA-15
([CRJo: 25—75 mg/l; pH: 7.9-8.2; Dosage: 2.5 g/l; Temp.: 303 — 323 K)

Table 5

Calculated thermodynamic constants for CR uptake onto F-SBA-15
(ICR]o: 25— 75 mg/l; pH: 7.9 — 8.2; Dosage: 0.25 g/l; Temp.: 303 — 323 K)

AG® AH®

AS°

T(K) (ki/mol) (ki/mol) (mol-K) R?
303 4.68+0.05
313 4544005  1538+0.16  35.08+0.35 0.940
323 3.97 +0.04

3.4. Initial CR concentration and F-SBA-15 dosage

It has previously been shown that pure SBA-
15 cannot adsorb synthetic dyes and that adsorp-
tion yields were significantly lower without modi-
fication with an appropriate functional group.®?®
Figure 9 illustrates the impact of the initial CR
concentration and the dose of F-SBA-15 on the
capacity and yield of adsorption. Depending on CR
concentration, the initial pH varied between 7.9-
8.2. The data illustrate that adsorption efficiency
significantly decreased with a higher CR concen-
tration and increased with a higher F-SBA-15 dos-
age (Fig. 9 and Table S2); however, this trend was
reversed for adsorption capacity. The yield in-
creased with the amount of F-SBA-15 due to the
enhanced surface area, but it decreased with higher
CR concentration, since the ratio of available bind-
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ing sites to solute molecules in the medium de-
creased.**®8 Within the tested parameter range, the
maximum uptake capacity and yield were calculat-
ed to be 211.1 mg/g (Fig. 9a) and 92.1 % (Fig. 9b),
respectively.

Table 6 shows that the maximum uptake ca-
pacity achieved with F-SBA-15 in this study is
within the range of values obtained using various
mesoporous adsorbents during the remediation of
CR.10305863 The adsorption process of CR on F-
SBA-15 involves the formation of hydrogen bonds
between the amino groups of the dye molecules
and the nitrogen of the secondary amine on the
surface of SBA-15. In addition, electrostatic attrac-
tion between the anionic dye and the protonated
amine may also play an important role in the pro-
cess. 5464
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Fig. 9. Impact of F-SBA-15 dose and CR concentration on the process performance
([CRJo: 25-75 mg/l; pH: 7.9-8.2; Dosage: 0.25-0.75 g/l; Temp.: 303 K)
Table 6
Maximum CR uptake capacities obtained by different mesoporous silica adsorbents
Adsorbents Omax (Mg/g) Reference
F-SBA-15 2111 This work
SBA-15 87.3 (Chaudhuri et al., 2015)%°
AF-SBA-15 186.4 (Zeidan et al., 2023)%°
SBA-15 -NH2 231 (Lu et al., 2005)%8
MCM -48-NH: 66.5 (Sholehah et al., 2021)%2
MCM-48 185.2 (Abdelkader et al., 2016)°*
P,P-bis (2-oxooxazolidin-3-yl)-N-(3-
(triethoxysilyl)propyl)phosphinic amide 518.1 (Zhang et al., 2019)%°
functionalized SBA-15
Zeolite A-modified hexadecyltrimethylammonium
o y 211 (Khalaf et al., 2021)F2
Acid activated red mud 7.1 (Xiaetal., 2011)%

3.5. Isotherm models

Adsorption isotherm models are very useful
for interpreting the affinity between an adsorbent
and adsorbate at liquid-solid interfaces. The type of
adsorption (chemical or physical), surface feature,
and capacity of the sorbent material can be esti-
mated using these models. Langmuir, Freundlich,
and Temkin are the most commonly used iso-
therms for modeling liquid-solid adsorption pro-
cesses.®® The equations of these models and their
linearized expressions are given in Table S3. Table
7 shows that the R? values with the Freundlich iso-
therm model were slightly higher than those ob-
tained with the other two models (Fig. 10), indicat-
ing the multilayer structure of CR on the heteroge-
neous surface of F-SBA-15. It was found that the

adsorption capacity of Freundlich isotherm model
(Ke, I/mg) increased with increasing temperature,
and adsorption was achievable at higher tempera-
tures. The values of adsorption intensity (n) lie be-
tween 1 and 10, indicating that the adsorption pro-
cess is favorable.%® In addition, the maximum ex-
perimental adsorption capacities (206.3, 213.2, and
218.1 mg/g) were in agreement with the values of
the theoretical maximum (Qmax, Mg/g), calculated
according to the Langmuir isotherm. They were
found to be 232.6, 243.9, and 243.9 mg/g at 303,
313, and 323 K, respectively (Table 7). Further-
more, the values of the dimensionless separation
factor, Ry, of the Langmuir isotherm were calculat-
ed to be in the range 0.01-0.20 (Table 7), indicat-
ing the favorable nature of the adsorption pro-
cess.” In the Temkin isotherm model equation, B
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(J/mol) and Kt (I/mg) are the Temkin equilibrium R? values of the Temkin isotherm suggest a uni-
binding constant and the constant related to the form distribution of the binding energy up to the
adsorption heat, respectively. The relatively high maximum value.”
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Fig. 10. Graphs of isotherm models for CR uptake onto F-SBA-15 (a) Langmuir, (b) Freundlich,
and (c) Temkin ([CR]o: 25-75 mg/l; pH: 7.9-8.2; Dosage: 0.25 g/I; Temp.: 303-323 K)
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Table 7

Constants and R? values calculated by isotherm models for CR uptake onto F-SBA-15
(ICR]Jo: 25— 75 mg/l; pH= 7.9 — 8.2; Dosage: 0.25 g/l; Temp.: 303 — 323 K)

Langmuir Freundlich Temkin
T(K)  Qmaxex Qmax KL R2 R 0 Ks R? n Ks R2
(mg/g)  (I/mg) (/mg) (/mg)
303 206.3 232.6 0.156 0.949 0.08-0.20 2.17 45.92 0.958 62.41 0.978 0.893
313 213.2 243.9 0.174 0.973 0.07-0.19 2.22 51.27 0.988 59.84 1.001 0.896
323 218.1 243.9 0.228 0.971 0.01-0.04 2.38 59.83 0.988 76.28 0.805 0.974
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