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Bio-originated mesosilicate SBA-15:
synthesis, characterization, and
application for heavy metal removal
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In the path of walking on the road of sustainable and eco-friendly production methods for
manufacturing nanomaterials and utilizing them in environmental applications, this article deals with
the prosperous synthesis of a biogenic cyclam-functionalized homologous SBA-15 (BCFH-SBA-15).
For this purpose, the agricultural waste of the extensively consumed sorghum was used as a rich
source of silica in the preparation of BCFH-SBA-15 with a bimodal micro-mesoporous architecture
and a substantial surface area of 325m2 g–1 through a simple one-pot environmentally friendly
approach. The material was structurally characterized through the use of different instrumental
analyses such as XRD, FTIR, FESEM, TEM, and nitrogen adsorption/desorption isotherms. BCFH-
SBA-15 proved to be highly efficient in adsorbingNi(II) in aqueous solutions, as confirmed by themost
reliable classical models utilized for determining isotherm, thermodynamic, and kinetic adsorption
parameters. The Langmuir isotherm model provided the most accurate representation of the
experimental results, and it was used to calculate themaximumadsorption capacity of BCFH-SBA-15
under optimal conditions (pH = 6.0, adsorbent dose = 3.00mg, contact time = 20min). The maximum
adsorption capacity at four temperatures of 298, 303, 308, and 313 K was estimated to be 243.36,
253.87, 260.95, and 266.28mg g–1, respectively; surpassing most previously reported adsorbents for
Ni(II) adsorption. The thermodynamic data of Ni(II) adsorption on theBCFH-SBA-15 indicated a strong
chemisorption (4H°

ads: =+122.61 kJ mol–1) and spontaneous process (4G°ads:.=−29.161 to
−36.801 kJmol–1) with a low degree of randomness (4S°ads:. = 0.5093 kJmol–1 K–1).

Nanomaterials encompass a diverse range of structures, including nano-
porous silicates and carbon materials1, carbonaceous and non-
carbonaceous nanotubes2,3, metal oxides and metal hydroxides4, metal-
organic frameworks5, porous organic polymers6, as well as nanoparticle
reinforced polymer composites7. These materials have demonstrated
remarkable potential in a multitude of applications such as water
remediations8, extraction9, catalysis10, drug delivery11, tissue engineering12,
wound healing and self-healing intelligent composites13,14, electronic
devices15, etc. Both experimental and theoretical studies have contributed to
our understanding of thsee materials, driving advancement and innova-
tions. It is important to acknowledge that in the past years, special attention
has been paid to the further development of nanomaterials from the per-
spective of environmentally friendly synthesis and green chemistry, using
strategies in line with the concept of sustainable development16–18.

Silica is a very important and vital compound on our planet, traces of
which can be found in the mechanisms of life and living organisms, right
down to awide variety ofmineral structures and itswide application in the
modern world. It is worth mentioning that due to the abundance of silica
in the earth’s crust, its processability, and its non-toxicity for living
organisms and human beings, the use of silica compounds for the pre-
paration of practical materials, especially in the form of nanomaterials,
will attractmore andmore attention from research and industrial centers.
NSPs are among the most famous and applicable nanoporous materials
and have attracted a great deal of interest due to their excellent physico-
chemical properties such as high surface, large pore volume, tailorable
pore size, good hydrothermal-mechanical stability, and functionaliz-
ability. It is not surprising that these materials have found their applica-
tions in the fields of drug delivery, catalysis, adsorption/extraction,
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anti-corrosion materials, electronic devices, imaging agents, etc. during
the last four decades19–22.

However, providing the source of silica for the synthesis of the NSPs
family has remained a challenge from both environmental and economic
points of view. Alkyl orthosilicates, viz. tetraethyl orthosilicate, tetramethyl
orthosilicate, and polyethlydiorthosilicate, have been used as commercial
silica sources for the preparation of NSPs during the past few decades.
Nevertheless, researchers are looking to replace these synthetic silica sources
with greener and more environmentally friendly silica sources, or in other
words an eco-design for the sustainable production of silica23. The most
important andup-to-date alternative source is to use of agricultural residues
that contain silica in their herbal structure, and we call them sustainable
biobased (biogenic) silica gel (SBSG). However, there are still challenges in
the way of using SBSG as a green and environmentally friendly source for
the synthesis ofNSPs, including theneed for apure silica source formulation
and homogeneous composition for the synthesis of NSPs (because the
synthesis of NSPs strongly depends on the purity of the starting materials
such as silica source). Therefore, looking at a synthetic strategies based on
sustainable development and trying to reduce prices and increase produc-
tion both qualitatively and quantitatively in line with the use of SBSG as a
silica source, as well as increasing knowledge and skills to use renewable
herbal resources such as agricultural waste for the preparation of SBSG
should be prioritized.

Sorghum (Guinea corn) is the fifthmost important cereal crop (wheat,
rice, maize, pearl millet, and sorghum) with regard to both harvested area
and worldwide production, providing over half of the world’s food calories
(about 44%) consumed per capita globally24. Sorghum is more resistant to
high temperatures and drought conditions, two environmental factors in
the future that are expected to intensify gradually, in comparison to the
other four cereal crops25. Accordingly, the agricultural waste resulting from
the harvest of sorghum annually accounts for a significant amount, which
can be considered as a potential SBSG source for the preparation of NSPs,
which isnot onlymore affordable in termsof economyandproduction costs
but also in linewith environmental policies andgreen chemistryperspective.
The sorghum grasses have the capability to accumulate silica in the form of
silicic acid, which can be transformed into amorphous rigid silica with an
impressive purity of 95-96%, commonly known as micro-silica phytoliths,
through a chemical extraction process by using acid or base hydrolysis
under high-temperature pressurized condition followed by calcination26,27.

The utilization and valorization of sorghum agricultural residues have
attracted increasing interest in recent years owing to their potential as a
sustainable and renewable resource. These residues offer significant
opportunities for waste valorization and resource recovery, contributing to
the development of a circular economy16. However, the emphasis on the
utilization and valorization of sorghum agricultural residues for the pre-
paration of functionalized silica-based adsorbents has been lacking in pre-
vious studies. In this study, we aim to address this gap by investigating the
potential of sorghumagricultural residues as anadsorbent for the removal of
Ni(II) from contaminated water sources.

Ni(II) has emerged as a pervasive water pollutant in our locality, pri-
marily originating from industrial activities and anthropogenic sources.
Furthermore, Ni(II) exhibits unique characteristics that differentiate it from
otherHMs, including its ability to formstable complexes and itsmoderate to
high toxicity towards aquatic organisms. The choice of Ni(II) as the pol-
lutant of interest in our study is motivated by its significance as a water
pollutant in our region (Iran, Esfahan, Zayandeh Rood), its distinct recal-
citrance in water compared to other HMs (when compared to other HMs,
the concentration of Ni(II) and Cd(II) exceeds the EC standard)28, and the
presence of components within our adsorbent that have demonstrated a
high affinity and selectivity for Ni(II). By investigating the adsorption
behavior of sorghum agricultural residues towards Ni(II), we aim to con-
tribute to the development of efficient and selective adsorbents for the
removal of this pollutant, thereby addressing the challenges associated with
Ni(II) contamination in water sources.

Generally, to increase the efficiency of NSPs and improve their surface
properties, their surface structure is treated with chemical agents called
SCAs before use29. For surface modification, there are two general methods
called post-grafting and one-pot co-condensation (direct synthesis), in the
first one, the SCA is attached to the silica surface after the SNPs preparation
and in a separate step, and in the second method, SCA is added during the
SNPs preparation process. It is worth emphasizing that, to the best of our
knowledge, most of the reports related to the functionalization of NSPs and
SBSG-based NSPs have used the post-grafting method30. In other words,
most researchers have focused more on the use of different SBSG and less
attention has been paid to the type of functionalization method. Interest-
ingly, there are many reports regarding the importance of the modification
methods in preparation of various kinds of nanomaterials such asNSPs, and
their significant impact on the performance of the synthetic material
because of the influences that each method has on the physicochemical
features including surface area, pore accessibility, hydrothermal and
mechanical resistances as well as synthesis time (which in turn has a direct
impact on production costs)31,32. The utilization of NSPs as absorbents,
catalysts, or drug carriers poses a significant challenge, particularly when
striving to achieve a uniform surface functional group distribution, and it is
highly recommended to utilize NSPs possessing a surface featuring more
homogeneous functional groups.Oneof themaindisadvantages of thepost-
graftingmethod is theuncontrollabledistributionof the SCAson the surface
of the NSPs, which causes non-uniformity of the adsorption/active sites on
the surface33.

To address all the above propositions and consider an environmentally
friendly synthetic strategy, a green synthesis protocol for the preparation of
biogenic ordered NSPs with bimodal micro-mesoporosity and organo-
functionalized surface has been reported in which the source of silica is
provided by a simple green protocol from the sorghum husk ash (SHA)
within the context of sustainable chemistry. The synthesized biogenic
cyclam-functionalized homologous-SBA-15 (abbreviated as BCFH-SBA-
15) was fully characterized by different methods such as powder low-angle
XRD, FTIR, FESEM,TEM, andnitrogen adsorption-desorption andused as
a superior green adsorbent for the removal of Ni(II) as an example of toxic
heavy metals from aqueous solution. Cyclam is classified as an aza-crown
ether and was selected as a potential adsorptive functional group on the
surface of BCFH-SBA-15.

Results and discussion
Synthesis procedure
A schematic representation of the process for preparing the BCFH-SBA-15
adsorbent with Na2SO3 solution derived from SHA is given in Fig. 1. Sor-
ghum, being a highly cultivated agricultural product, generates a con-
siderable amount of agricultural waste, while simultaneously providing a
renewable source for silica preparation due to its rich silica content in its
plant structure. As depicted in Fig. 1, Na2SO3 solution was first prepared
through acid digestion of sorghum in a stainless steel autoclave under
relatively high pressure-temperature conditions followed by calcination of
SHA in an air atmosphere and, subsequently, the reaction of resulting
amorphous silica and NaOH. BCFH-SBA-15 was synthesized through a
facile one-pot synthesismethod inwhichP123,Na2SiO3, andHClwereused
as a soft templating agent, a sustainable silica source, and a hydrolyzing
agent, respectively. In this method, SCA-bearing cyclam, 1-(3-(trimethox-
ysilyl)propyl)-1,4,8,11-tetraazacyclotetradecane, is added to the reaction
mixture during the formation of the organic template. Upon the intro-
duction of acid to the aqueous solution containing the surfactant (P123,
templating agent) and the subsequent complete dissolution of the P123
molecules, the formation of cylindrical micelles of the template is initiated.
The positioning of the hydrophilic head group andhydrophobic tail of P123
molecules in a micelle is such that they are regularly aligned cylindrically
with the head group facing outward and the tail facing inward. Through the
addition of Na2SO3 and SCA-bearing cyclam, the density of the silica net-
work surrounding theorganic template increases as a result of thehydrolysis
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and condensation of these molecules during the hydrothermal treatment at
higher temperatures and pressures.

The one-pot surface modification technique presents a note-
worthy advantage over the post-grafting method, in that the SCA
molecules are allowed sufficient time to arrange themselves more
uniformly within the porous structure of NSPs. As a result, a uniform
functionalized surface is obtained throughout the pore structure34.

Furthermore, this method does not suffer from the pore-blocking
phenomenon that is typically observed during surface modification
using the first method35. This phenomenon is caused by the con-
densation and attachment of SCAs in the entrance of the channels and
pores during hydrolyzing and condensation process, leading to a
reduction in active surface area and decreased efficiency of SNPs as
adsorbents, catalysts, or carriers36.

Fig. 1 | Preparation and application of BCFH-SBA-15 for Ni(II) removal. Schematic figure of the preparation route of BCFH-SBA-15 from the one-pot synthesis method
using silica extraction from SHA and its application as an adsorbent for Ni(II) removal from the aqueous solution.
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Cyclam is a cyclicmolecule that is composed of four secondary amines
acting as donor centers with sp3 hybridization with a strong binding affinity
toward many transition metal cations such as Ni. The transition metal
cation that is chelated by cyclam is situated in the center of the cycle cavity
and is coordinated with the nitrogen atoms.

Structure characterization of BCFH-SBA-15
Figure 2a illustrates the XRD pattern of BCFH-SBA-15, which is char-
acterized by a distinct diffraction peak at 2θ = 0.9° and two less prominent
peaks at 1.5° and 1.7°, attributed to (1 0 0), (1 1 0) and (2 0 0) reflections,
respectively. These observations are indicative of a highly organized p6mm
2D hexagonal mesophase37. The XRD diagram obtained at higher 2θ values
did not display any reflections, implying that the BCFH-SBA-15 material
has an amorphous structure38.

The FTIR of the sample is depicted in Fig. 2b. All characteristic
absorption bands related to the inorganic moiety of BCFH-SBA-15 struc-
ture appeared at 804 cm–1 (symmetric stretching vibration of Si-O-Si,
medium intensity), 1068 cm–1 and 1220 cm–1 (asymmetric stretching
vibration of Si-O-Si, strong intensity), 965 cm–1 (symmetrical silanol, Si-
OH, medium intensity), 460 cm–1 (asymmetric bending mode of Si-O-Si),
and 1632 cm–1 (H-bonded silanol and adsorbed water O–H bending, weak
intensity). Furthermore, a broad absorption band between 3000 to
3500 cm–1 with a medium intensity is attributed to stretching vibrations of
–OH (from free silanols and surface adsorbed water) and –NH (from
cyclam) functional groups. The stretching mode of C-H bonds of CH2 and
CH3 groups of SCA-bearing cyclam and the remaining P123 organic chain
in the BCFH-SBA-15 structure is characterized by FTIR bands situated at
approximately 2880 cm–1 and 2975 cm–1 with weak intensity. The C–N

vibration with weak intensity at about 1605 cm–1 corresponds to the cyclam
ring containing C and N atoms indicating the successful grafting of SCA-
bearing cyclam to the surface of the silica network. These observations are in
complete accordance with the previous reports36,38–40.

Nitrogen adsorption-desorption of BCFH-SBA-15 shows type-IV
isotherm as given in Fig. 2c which exhibits a well-defined hysteresis loop
over the relative pressure range from 0.5 to 0.9, indicating capillary
condensation of nitrogen in the mesopores. The TPV of BCFH-SBA-15
was estimated to be 0.39 cm3 g–1 and the value of APD according to the
BJH model was calculated to be 2.38 nm. The value of SA (m2 g–1) of
BCFH-SBA-15 according to the BET, Langmuir, and t-plot models was
calculated to be 325, 224, and 306, respectively. Based on the data pre-
sented, it can be deduced that the available surface area of BCFH-SBA-15
is due to the presence of two specific types of pores - micropores (pores
with a diameter of less than 2 nm) andmesopores (pores with a diameter
ranging from 2 nm to 50 nm). The micropores, according to the t-plot
model, provide a greater surface area (approximately 306 m2 g–1) com-
pared to the mesopores within the material’s structure. Therefore,
concerning pore shape and structure, the synthesized material can be
identified as a homologous SBA-15, exhibiting a highly ordered p6mm
2D bimodal hexagonal micro-mesophase. This conclusion is further
supported by the PSD diagram (Fig. 2d), which is based on the 2D-
NLDFT calculations. Although the BJH model was once a popular
method for determining pore size in nanomaterials, particularly those of
the mesoporous variety, the 2D-NLDFT model now offers more precise
data regarding the APD of micro-mesoporous materials41,42. In this
study, the 2D-NLDFT model was utilized to conduct a more precise
calculation of the PSD while the BJH model was presented solely for

Fig. 2 | Textural analyses of BCFH-SBA-15.XRDpattern (a), FTIR spectrum (b), nitrogen adsorption-desorption isotherms (c), and PSD diagram calculated from the 2D-
NLDFT model (d) of the BCFH-SBA-15 sample.
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comparison. The PSD of investigated BCFH-SBA-15 reveals that the
material has two general distributions of micropores and mesopores
with APD of 2 nm and 4 nm, respectively, as shown in Fig. 2d. Here, we
suggest that the presence of the micropores within the BCFH-SBA-15
structure can be attributed to the attachment of SCA-bearing cyclam
molecules into the mesopores during surface modification and the for-
mation of the silica layers around themeso-sized hexagonal arrays of the
organic template and the reduction of the diameter of the mesopores. It
should also be noted that it has been reported that SBA-15 naturally has
micropores within walls43. The simultaneous presence of micropores
and mesopores in the NSPs, such as BCFH-SBA-15, presents a pro-
mising advantage that can improve the penetration phenomenon,
reduce the rate of blockage of pores and channels, and subsequently
amplify the efficiency of the material for being used in applications such
as adsorption, extraction, catalysis, and drug delivery40,44,45.

Figure 3 FESEM images of the BCFH-SBA-15 at four different mag-
nifications (3000x, 12,000x, 30,000x, and 100,000x) clearly show particles
with ahomogeneous sphericalmorphology and almost uniformparticle size
ranging from150 to 500 nm. The homogeneity and consistent quality of the
particles as well as the lack of impurities, which usually manifest in varying
sizes and shapes alongside the synthesized nanoparticles, indicate the high
purity of the silica source utilized in producing the substance. This assertion
can also be validated through FESEM-mapping analysis. The uniform
distribution of the constituent elements of the material, namely silicon,
oxygen, carbon, and nitrogen on the surface of the material is readily dis-
cernible as shown in Fig. 4, confirming the even distribution of the SCAs-
bearing cyclam on the surface and the successful completion of the one-pot
surface modification procedure.

The utilization of the TEM technique was imperative to visually
authenticate the porous structure of thematerial. As demonstrated in Fig. 5,
theBCFH-SBA-15material is comprised ofwell-orderedmicro-meso cavity
channels arranged in parallel rows. The exceptional consistency and con-
formity of the channels are indicative of the triumphant synthesis route and
highly pure silica source. This structure bears resemblance to previously
documented structures, which utilized tetra-n-alkoxysilane (such as TMOS,
TEOS, etc.) as laboratory silica sources for the synthesis of SBA-15 with
long-range ordered mesopores37,46.

Adsorption studies
Following the synthesis and structural characterization of the BCFH-
SBA-15, adsorption studies were conducted to evaluate its removal
performance toward Ni(II) from aqueous solutions. The adsorption
process was systematically monitored by examining the impact of
influential adsorption parameters such asW (g), pH, T (K),Ci (mg g–1),
and t (min). Various isotherm, thermodynamic, and kinetic equations
were utilized to investigate the adsorption mechanisms and the func-
tionality of the adsorbent. A comprehensive list of the adsorption
equations and parameters implemented in this study is provided in
Table 1. To ensure accurate analysis of isotherm and kinetic data, the
nonlinear forms of the equations were employed, which exhibit a
higher accuracy coefficient and substantially lower error compared to
linear equations47–51. Furthermore, the thermodynamic data derived
from adsorption isotherms were obtained using the most recent cor-
rection methods published in recent literature. Subsequently, the data
extrapolated from these equations will be thoroughly examined in the
following sections.

Fig. 3 | FESEM micrographs. FESEM images of
BCFH-SBA-15 (length of scale bars: first row,
left = 10 μm; first row, right = 2 μm ; second row,
left = 1 μm; second row, right = 200 nm).
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The effect of pH and adsorbent dose
Theparameter of pH iswidely recognized as a crucial factor in the process of
adsorption, as it has the capability to influence the adsorption intensity
through alterations in the physical and chemical characteristics of both the
adsorbent and the adsorption medium. Given that the quantity of this
variable differs betweennatural and industrialwater settings, it is imperative
to diligently track the transformations in adsorption levels corresponding to
pH fluctuations, to accurately simulate the adsorption process in such
environments.Thequantity of adsorbent dosage is a crucial economic factor
within the absorption process, primarily due to the direct correlation
between the amount of adsorbent employed and production costs. As a
result, less adsorbent usage can lead to a decrease in production costs.
Additionally, the quantity of secondary pollution and the expenses asso-
ciated with separating the process of adsorbent can be reduced based on the
amount of adsorbent utilized. Therefore, in this work, the simultaneous
effect of pH and the amount of adsorbent on the adsorption performance
under constant conditions (Ci = 10mg L–1,V=20mL, t =60min, T=298 K,
RPM= 180) was investigated. The outcomes displayed in Fig. 6(a)
demonstrate that as pH increased from 3.0 to 6.0, the adsorption capacity
increased for all levels of adsorbent. However, as the pH increased further to

7.0, there was no considerable shift in the adsorption capacity, and it
remained almost constant (only a slight decrease in adsorption capacity was
observed). Nevertheless, the adsorption capacity displayed a descending
trend in the subsequent stages as pH increased beyond 7.0. Also, in all
investigated pHs, with the increasing amount of adsorbent from 1.00 to
3.00mg, the amount of adsorption capacity increased with an almost
constant rate, but with a further increase of adsorbent dose up to 4.00mg,
this ascending slope decreased and no significant increase in the adsorption
capacitywas observed.Accordingly, pH = 6.0 andW=3.00mgwere selected
as optimum values for pH and adsorbent dose for further studies.W

The effect of initial concentration and temperature (isothermand
thermodynamic studies)
In order to investigate the isotherms ofNi(II) adsorption onBCFH-SBA-15,
the amount of changes inQe (mg g–1) values were investigated by increasing
theCi Ci (mg L–1) values from 1 to 200mg L–1 at four different temperatures
(298, 303, 308, and 313 K) under constant conditions (pH = 6.0,
W=3.00mg, V=20mL, t=60min, RPM= 180). It is of significance to
highlight that recent studies strongly recommend that themost optimal and
precise approach to investigate the thermodynamic data of an adsorption

Fig. 4 | FESEM-mapping images of the adsorbent. FESEM-mapping images of BCFH-SBA-15 along with showing the schematic structure of the material containing the
main constituent elements.

Fig. 5 | TEM micrographs. TEM images of BCFH-SBA-15 (length of scale bars, from left to right = 60 nm, 60 nm, 40 nm).
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process is to utilize a nonlinear form of isotherm models, such as the
Langmuir model, at varying temperatures52,53. So, at first, the effect of the
initial concentration of nickel on Qe (mg g–1) values at a constant tem-
perature was investigated, and then different isotherm equations, viz.
Langmuir54, Freundlich55, and R-P56, were fitted to the experimental data to
select the best isothermal adsorption behavior, and then isothermal para-
meters at four different temperatures were used in order to extrapolate
thermodynamic parameters includingH°

ads: (kJ mol–1), S°ads: (kJ mol–1 K–1),
and G°

ads: (kJ mol–1).
Figure 6(b) illustrates the alterations in the Qe values against the

increase in theCe (mgL–1) values of nickel (where eachCe value corresponds
to a particularCi value).Ce denotes the quantity of concentration left in the
solution and in the state of equilibrium, which was not adsorbed on the
surface of the absorbent. As depicted in Fig. 6b, an increase in the Ci values
(and therefore Ce values) from 1 to 20mg L–1 leads to a sharp rise in theQe
values, followedby a decrease in slopewithin theCi range of 20 to 50mg L–1,
and ultimatelyQe values reached a plateau in the range of 50 to 200mg L–1.
The same trend was observed in all four applied temperatures employed in
the study. Notably, theQm;exp : values recorded at temperatures of 298, 303,
308, and 313 Kwere 240.00, 253.33, 263.33, and 270.67mg g–1, respectively.
Also, with the increase in temperature, the adsorption rate increased, which
probably indicates the positive effect of temperature in increasing the
activity of the adsorbent and the affinity of Ni(II) cations to the surface
functional groups (active adsorption sites) of the adsorbent. However, the
increasing trend of Qe values with increasing temperature is characterized
by the following trend: (T = 298K → T = 303 K) > (T = 303 K →

T = 308 K) > (T = 308 K → T = 313 K). The aforementioned trend illus-
trates that augmenting the temperature to levels surpassing 313 K may not
manifest a noteworthy augmentation like the upsurge witnessed in lower
temperature intervals.

To gain a better insight into the adsorption behavior of Ni(II) on
BCFH-SBA-15, the nonlinear form of the Langmuir (Fig. 6(c)), the
Freundlich (Fig. 6(d)), and theR-P (Fig. 6(e)) isothermequationswerefitted
to the obtained experimental data. The numerical values of the isotherm
parameters of these equations were calculated by the nonlinear curve fitting
method and their values are listed in Table 2.

By comparing between Langmuir and Freundlich two-parameter
models, it can be seen that the Langmuir model shows a better fit to the
experimental data at four temperatures (based on R2

Adj: values). Further-
more, the results obtained from the Langmuir model reveal a significant
level of concordance between the calculated values ofmaximumadsorption
capacities (Qm;cal: = 243.36, 253.87, 260.97, and 266.28mg g–1) and experi-
mentally obtained values of maximum adsorption capacities
(Qm;exp : = 240.00, 253.33, 263.33, and 270.67mg g–1) at all four tempera-
tures. This is indicative of the superior efficacy of the Langmuir model over
the Freundlich model in characterizing the adsorption characteristics of
Ni(II) on the BCFH-SBA-15. In instances where a comparison between the
Langmuir and the Freundlich models is necessary, one can utilize the R-P
three-parameter equation and assess the g parameter’s numerical value. In
the R-Pmodel (Eq. (6)), the reduction of gRP parameter to one results in the
transformation of the R-Pmodel into the Langmuir equation. In doing so, it
can be inferred that the closer the value of gRP is to unity, the adsorption
behavior will demonstrate similarity to the Langmuir equation, and the
closer this parameter is to zero, the more consistent the model is with the
Freundlich model57,58. By calculating the values obtained for the gRP para-
meter, as given inTable 2, in theNi(II) adsorptionprocess at all four assessed
temperatures (gRP = 0.9905, 0.9198, 0.9584, and 0.9436 at 298, 303, 308, and
313 K), it can be concluded that their proximity to one is an additional
confirmation that the Langmuirmodel shows a betterfit to the experimental
data than the Freundlich model. Accordingly, the adsorption of Ni(II) on
the surfaceof the adsorbent is homogeneous (monolayer adsorption),where
the adsorbed layer consists of a single molecule in thickness. Also, Ni(II)
adsorption is limited to a finite and fixed number of definite localized sites
(cyclam groups) that are identical and equivalent in nature. Furthermore,
there is no lateral interaction and steric hindrance present between the
Ni(II) ions in the solution, even when situated on adjacent sites all cyclam-
adsorptive sites possess equal affinity toward the Ni(II)51,59.

Thermodynamic investigations of Ni(II) adsorption on the BCFH-
SBA-15 were carried out in order to gain further insights into the nature of
the adsorption process from the point of view of energy and the spontaneity
of the process. Leveraging the outcomes of earlier findings on the optimal
approach to compute the thermodynamic data of adsorption, the thermo-
dynamic formulae given inTable 1were employed to estimate thenumerical
values ofK°

e,4H°
ads:,4S°ads:, and4G°

ads:
60,61. Numerical values of4H°

ads: and
4S°ads: canbeobtained fromVan ‘tHoff equation (Eq. (7))—by constructing
a linear plot of lnK°

e versus 1/T , in which the changes in entropy and
enthalpy can be calculated from the intercept and the slope, respectively.
The valuesof4G°

ads: at a given temperature can easily be calculated fromEq.
(9). However, to determine the equilibrium constant (K°

e) for an adsorption
system, it is essential to acquire isotherms of adsorption at varied tem-
peratures through a proper methodology by using a nonlinear curve fitting
of isotherm data. In order to effectively apply Vant Hoff’s equation, the K°

e

parameter must be dimensionless. Therefore, the KL (L mg–1) constant is
typically employed in Vant Hoff’s equation. By plotting adsorption iso-
therms at four distinct temperatures (Fig. 6(b)), and nonlinear fitting of the
Langmuir equation (Fig. 6(c)) for all given temperatures, four numerical
values are obtained for the KL parameter at a given temperature. Subse-
quently, four different values forK°

e are obtained by inserting theKL values
into theVanHoff equation. Finally, a linear graph is constructed by plotting
lnK°

e versus 1/T as depicted in Fig. 6(f).
The calculated thermodynamic values are given in Table 3. The values

of 4H°
ads: and 4S°ads: for adsorption of Ni(II) cations on BCFH-SBA-15

were calculated tobe122.61 kJmol–1 and0.5093 kJ mol–1 K–1. Thenumerical
values of4G°

ads: at 298, 302, 308, and 313 K were calculated to be−29.161,
−31.708, −34.254, and −36.801 kJ mol–1, respectively, indicating that
increasing temperature has a positive impact on the adsorption process.
Also, the negative values of 4G°

ads: demonstrated that the adsorption pos-
sesses a spontaneous nature62. The elucidation of the positive4H°

ads: value is
indicative of the endothermic character of the adsorption. Moreover, the
positive value of 4S°ads: corroborates that the degree of randomness
increases at the interface of the solid-solutionduring the adsorptionprocess.

Table 1 | Adsorption equations and different theoretical
models used in this study

Name/Model Equations Refs.

General equilibrium aquations

(1) Removal percentage (%) %R ¼ ðCi � CeÞ× 100=Ci 16

(2) Adsorption capacity at
time t

Qt ¼ ðCi � CtÞ× ðW=VÞ 16

(3) Adsorption capacity at
equilibrium

Qe ¼ ðCi � CeÞ× ðW=VÞ 16

Isotherm Models

(4) Langmuir Qe ¼ ðQm; cal:�KL�CeÞ=ð1þ KL�CeÞ 54,86

(5) Freundlich Qe ¼ ðKF�C1=n
e Þ 55

(6) Redlich-Peterson Qe ¼ ðKRP�CeÞ=ð1þ αRP�CgRP
e Þ 56

Thermodynamic Equations

(7) Thermodynamic
equilibrium constant

K°
e ¼ 1000�KL�Mw

� �
× ½adsorbate�°=γ 52

(8) Van ‘t Hoff equation LnK°
e ¼ � 4H°

ads:=R�T
� �

þ ð4S°
ads:=RÞ 61

(9) Gibbs Free Energy 4G°
ads: ¼ 4H°

ads: � T�4S°
ads: 61

Kinetic Models

(10) PFO Qt ¼ Qe;cal:�ð1� e�k1�tÞ 69

(11) PSO Qt ¼ ðQ2
e;cal:k2�tÞ=ð1þ Qe;cal:k2�tÞ 87

(12) Elovich Qt ¼ ð1=βÞlnðα�βÞ�t 88

(13) IPD Qt ¼ kdiff:�t1=2 þ C 89
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Fig. 6 | Optimization and fitting studies for adsorption of Ni(II) using BCFH-
SBA-15. Simultaneous effect of pH and adsorbent dose on Ni(II) removal percen-
tage (a); the effect of changes inCe values onQe values at four different temperatures
(b); isotherm curves fitted to experimental data according to the nonlinear forms of

the Langmuir (c), the Freundlich (d), and R-P models at different temperatures (e);
linear diagram of LnK °

e versus 1/T (f); the effect of contact time on Qt and different
kinetic models fitted to the experimental data (g); linear diagram of IPD kinetic
model fitted to the experimental data (h).
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The low value of4S°ads: may suggest that there was no notable alteration in
entropy that transpired during the process of Ni(II) adsorption by BCFH-
SBA-15.

Previous reports have demonstrated that the numerical value of the
4H°

ads: (kJmol–1) and4G°
ads: (kJmol–1) parameters are indicative of the type

of interaction between the adsorbent and the adsorbate. In this regard, the
type of interaction can be placed in one of the following categories: chemical
adsorption (−400 <4G°

ads: <−80 or 4H°
ads: > 60), physical adsorption

(−20 <4G°
ads: < 0 or 4H°

ads: < 40), exchange of dentate (4H°
ads: ≈ 40),

hydrogen bonding forces (2 <4H°
ads: < 40), dipole-dipole interaction

(2 <4H°
ads: < 29), and van der Waals forces (4 <4H°

ads: < 10)
57,63,64.

According to this instruction and based on calculated values of
4H°

ads: = 122.61 kJ mol–1 and 4G°
ads: =−29.161 to −36.801 kJmol–1, the

adsorption of Ni(II) on BCFH-SBA-15 is in the range of chemical adsorp-
tion. This shows that the interaction between Ni(II) cations and cyclam
functional groups on the surface of the adsorbent in an aqueous solution is
strong.

The high strength of the bond between the centralNi(II)metal in a+ 2
oxidation state and the nitrogen groups in the cyclam ring (C-N) forms a
very strong and stable tetra-N-substituted complex. This claim is based on
the thermodynamic findings (strong chemical adsorption) of this research
and previous studies regarding the binding energy of Ni(II) in a C-N
complex confirmed by instrumental analyses and kinetic investigations65–68.
Considering that the catalytic properties of nickel have been previously
confirmed, particularly when coordinated with the cyclam ring with a+ 2
oxidation state65, its complex can be used as a catalyst after adsorbing Ni(II)
by BCFH-SBA-15. The prospect of using BCFH-SBA-15 as a catalyst can be
drawn in the continuation of its use as an adsorbent, which is beyond the
scope of this article and should be addressed in the future.

The effect of contact time and kinetic studies
Contact time is regarded as a significant aspect of the adsorption procedure,
serving as a utilitarian factor in the assessment of the efficacy of adsorbents.
Hence, the adsorbent can be deemedmore economically and operationally
efficient when the adsorption time is decreased. As can be seen fromFig. 6g,
the changes in adsorption capacity were tested within a 40-min duration
under constant conditions (Ci = 200mg L–1, W = 3.00mg, V = 20mL,
T = 298 K, RPM= 180), and it was observed that the adsorption profile
includes three general stages:with the initial 4minbeing characterized by an
intense increase in absorption, followed by a decrease in slope between
minutes 5 and 15, while the absorption rate remains elevated. After 20min,
the adsorption reached equilibrium and no change occurred in the
adsorption capacity of the adsorbent.

In order to investigate the kinetics of Ni(II) adsorption on the
BCFH-SBA-15, three prevalent nonlinear models, namely PFO (Eq.
(10))69, PSO (Eq. (11))70, and Elovich (Eq. (12))71, along with the linear
model of IPD (Eq. (13)) were used, and after fitting them to the
experimental data, the numerical values of the corresponding para-
meters are listed in Table 4.

In order to find the best-fitted kinetic model, it is essential to consider
the kinetic equation that exhibits the least deviation between the theoretical
(calculated) adsorption capacity (Qe;cal:) and the experimental adsorption
capacity (Qe;exp :), while also demonstrating the highest R2

Adj: This model is
deemed optimal for describing the kinetic suitable for the adsorption pro-
cess. Upon analysis, it has been determined that PFO
(Qe;cal: = 236.18mg g–1, R2

Adj: = 0.9886) and PSO (Qe;cal: = 268.99mg g–1,
R2
Adj: = 0.9841) models exhibit a superior level of fitting compared to the

Elovich (α = 208.6mg g–1 min–1, R2
Adj: = 0.9473) model to the experimental

data (Qe;exp : = 240.00mg g–1). Nevertheless, when comparing the two
models, it is apparent that thePFOmodeldisplays a slightly greaterdegreeof
agreement than the PSO model. This implies that the kinetics of nickel
adsorption on the BCFH-SBA-15 is a result of a combination of both PFO
and PSO models but with a greater percentage of participation from the
PFO model.

In order to investigate the number of adsorption steps involved in the
Ni(II) adsorption process, the IPD kinetic model was used. As shown in
Fig. 6(h), Ni(II) adsorption follows two main stages before reaching max-
imum adsorption at equilibrium at 20min.
1. The primary phase (IPD1) occurs within a range of 1 to 4min and

corresponds to the surface covering of metal ions.
2. The second phase of the process, referred to as IPD2, occurs

throughout 5 to 15min and is associated with the diffusion of ions into
the bimodalmicro-mesoporous structure. Thehydrated ionic radius of
Ni has been determined to be 0.404 nm72, a value significantly smaller
than the average pore size of the BCFH-SBA-15material. This suggests
that the adsorption process is not hindered by size exclusion effects.
Furthermore, the presence of numerous micropores affords a greater
internal space for the diffusion of heavy metal species.

Adsorption mechanism and removal behavior of Ni(II) on the
adsorbent
Based on our experimental findings, we can elucidate the mechanism of
Ni(II) uptake by the adsorbent as follows:

Cyclam groups. The adsorption of Ni(II) by the adsorbent involves
the interaction between Ni(II) ions and the cyclam groups present on
the adsorbent surface. Cyclam groups are known for their strong
metal-binding capability, and they form coordination complexes

Table 3 | The values of thermodynamic parameters

4H°
ads: 4S°

ads: 4G°
ads:

298 K 303 K 308 K 313 K

122.61 0.5093 −29.161 −31.708 −34.254 −36.801

Table 2 | The values of isotherm models’ parameters at
different temperatures

T 298 K 303 K 308 K 313 K

Isotherm model Qm;exp : 240.00 253.33 263.33 270.67

Langmuir Qm;cal: 243.36 253.87 260.95 266.28

KL 0.6921 1.1650 3.4095 6.7618

R2
Adj: 0.9448 0.9639 0.9828 0.9778

Freundlich n 4.718 4.994 5.379 5.737

KF 94.28 105.67 118.23 128.38

R2
Adj: 0.8837 0.8878 0.8773 0.8808

Redlich-Peterson αRP 6.085 5.130 5.904 17.25

KRP 935.89 912.73 1299.6 3657.3

gRP 0.9905 0.9198 0.9584 0.9436

R2
Adj: 0.9583 0.9673 0.9839 0.9830

Table 4 | The values of kinetic models’ parameters at 298 K

Qe;exp : PFO PSO Elovich

k1 Qe;cal: R2
Adj: k2 Qe;cal: R2

Adj: α β R2
Adj:

240.00 0.2795 236.18 0.9886 0.0012 268.99 0.9841 208.6 0.018 0.9473
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with Ni(II) ions. This coordination interaction between the
cyclam groups and Ni(II) contributes significantly to the adsorption
process.

Silanols. In addition to the cyclam groups, the silanol groups present on
the mesoporous silica surface of the adsorbent also play a role in Ni(II)
uptake. Silanol groups contain hydroxyl (-OH) functional groups, which
can participate in electrostatic interactions with metal ions, including
Ni(II). These interactions further contribute to the adsorption of Ni(II)
on the adsorbent surface.

pH influence. Our studies have shown that a pH range of 6.0 to 7.0 is
most suitable for achieving maximum adsorption of Ni(II). This
pH range is likely favorable for the formation of coordination com-
plexes between Ni(II) ions and the cyclam groups, as well as for
optimizing the electrostatic interactions between Ni(II) and the
silanol groups.

Isotherm and kinetic behavior. The adsorption isotherm analysis
indicated that the adsorption of Ni(II) by our adsorbent mostly followed
the Langmuir isotherm, suggesting monolayer adsorption with a finite
number of active sites. Additionally, the adsorption kinetics could be
described by both the PFO and PSO models, indicating that the
adsorption process involves both surface adsorption and chemisorption
mechanisms.

Intraparticle diffusion. The IPD model revealed that the adsorption
process consists of two phases. The initial phase corresponds to the
surface coverage of metal ions, where Ni(II) ions rapidly attach to the
available active sites on the adsorbent surface. The subsequent phase
involves the diffusion of Ni(II) ions into the pores of the adsorbent,
allowing for further adsorption.

Enthalpy change (4H°
ads:). The value of 4H°

ads: was determined to be
122.61 kJ mol–1. This positive value indicates that the adsorption of
Ni(II) onto our adsorbent involves a strong chemisorption process.
The positive 4H°

ads: suggests an endothermic nature of the adsorp-
tion, indicating that energy is required to break existing bonds
and establish new bonds between Ni(II) ions and the adsorbent
surface.

Gibbs free energy change (4G°
ads:). The values of4G°

ads: were calculated
to be in the range of−29.161 to−38.801 kJ mol–1. The negative values of
4G°

ads: indicate that the adsorption of Ni(II) onto our adsorbent is a
spontaneous process. The more negative the 4G°

ads: value, the more
favorable and spontaneous the adsorption becomes. Therefore, the
negative values obtained in our study suggest that the adsorption ofNi(II)
onto our adsorbent is energetically favorable.

Entropy change (4S°ads:). The value of 4S°ads: was found to be 0.5093,
indicating a low degree of randomness during the adsorption process. A
positive value of4S°ads: would suggest an increase in randomness during
adsorption, whereas a negative value would indicate a decrease in ran-
domness. In our case, the positive value of4S°ads: suggests a slight increase
in randomness during the adsorption process.

Comparison study
Table 5 shows a comparative study to show different adsorbents for the
adsorption of Ni(II), which includes the comparison of various parameters
such as adsorption capacity, pH, adsorbent dose, temperature, and
adsorption time.

According to a comparative analysis between BCFH-SBA-15 and
various adsorbents reported between 2001 to 2021, the BCFH-SBA-15
synthesized in this study demonstrated the highest level ofNi(II) adsorption
capacity as well as the shortest adsorption time. The outcomes suggest that
BCFH-SBA-15 exhibits a remarkable level of excellence when compared to
other adsorbents, which exhibit the subsequent characteristics:
– The highest adsorption capacity: Firstly, the bimodal micro-

mesoporous structure of the BCFH-SBA-15 provides exceptional
intraparticle diffusion pathways, leading to a heightened degree of
accessibility to the adsorption sites. Secondly, the high surface area of
the BCFH-SBA-15 (325m2 g–1) is directly proportional to the increase
in thenumber of adsorption sites (cyclamgroups) and the contact of the
adsorbent surface with the solution containing adsorbate. Finally, the
presence of abundant and uniform distributed cyclam adsorption sites
on the BCFH-SBA-15 surface with a strong propensity to adsorbNi(II)
cations also contributes to the superior adsorption capacity.

– The shortest adsorption time: the above reason canbe consideredoneof
the main reasons for the excellent adsorption kinetics of the BCFH-
SBA-15 (t = 20min), leading to a reduced adsorption time.

– The cost-effective and ecologically sustainable production of

Table 5 | Comparison table between Ni(II) adsorption capacities on different reported adsorbents along with important
adsorption parameters involved in the adsorption process

Adsorbent Qm;exp : (mg g –1) Qm;cal: (mg g–1) pH W (g L–1) T (K) t(min) year Refs.

BCFH-SBA-15 270.67 266.28 6.0 0.15 313 20 2024 This work

263.33 260.95 6.0 0.15 308 20

253.33 253.87 6.0 0.15 303 20

240.00 243.36 6.0 0.15 298 20

MWCNTs-KIAgNPs 164.26 174.78 6.0 0.4 318 60 2021 76

MPB - 155 7.0 1 298 60 2019 77

SiO2-(2) - 111.7 5.4 1 RT 1440 2020 78

NH2-SBA-15 - 90.1 5.0 1 333 60 2020 79

Ni(II)-IIP - 86.3 7.0 - 298 30 2018 80

Coirpith carbon 64.38 62.5 5.0 0.6 303 40 2001 81

HO-Fe3O4@SiO2-AP - 57.52 6.0 - 298 260 2021 82

HE-Fe3O4@SiO2-AP - 45.19 6.0 - 298 260

SA-2 - 49.75 7.0 2 318 480 2019 83

EDSG 19.3 18.3 3.0 2 RT 3000 2011 84

DTSG 20.4 17.5 3.0 2 RT

HLS 15.7 15.92 5.0 10 303 1440 2007 85
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BCFH-SBA-15: this is attributed to the biological origin of silica
(derived from sorghumagricultural waste) and its use as an inexpensive
and ubiquitous source of silica for the production of NSPs.

– Biodegradability: NSPs possess a notable benefit owing to their non-
toxic andbiodegradable structure,which renders themenvironmentally
friendly. This biodegradable nature is a crucial feature in the realm of
sustainable materials, and it provides a distinct advantage over other
alternatives.

Regeneration study
The ability to reuse adsorbents is a crucial factor in determining their
effectiveness. In this study, the stability and regenerative capability of
BCFH-SBA-15 as an adsorbent weremeticulously evaluated through a total
of five consecutive adsorption/desorption cycles under optimal conditions
obtained in the previous sections. To extract the previously loaded Ni(II)
ions, three cost-effective reagents, including HCl (0.01mol L–1), EDTA
(0.01mol L–1), and HNO3 (0.01mol L–1) were evaluated. In this specified
concentration, i.e., 0.01mol L–1, it has been reported that these eluents do
not inflict any damage or alteration to the chemical composition of a silica-
based absorbent73. After the adsorption process, the BCFH-SBA-15
underwent multiple washes utilizing DDW and was subsequently rinsed
with the eluent. Following this, the BCFH-SBA-15 was subjected to a
vacuum oven-drying process at a temperature of 333 K for a duration of
10 h. Finally, the adsorbent was reused under the same conditions for the
subsequent run.As indicated inFig. 7, EDTAproved tobe thebest eluent for
the desorption of Ni(II) ions from the adsorbent. As depicted in Fig. 7, it is
evident that the efficacy of the BCFH-SBA-15 adsorbent for Ni(II) removal
experiences a consistent declinewith a continuous increase in the number of
recycling cycles.Moreover, the order of effectiveness of acids in the recycling
procedure is found to be EDTA>HCl>HNO3. Although utilizing HCl and
HNO3 eluents may be more cost-effective compared to EDTA eluent, the
desorption data gathered suggests that the efficacy of EDTA for the deso-
rption of Ni(II) in the regeneration process is marginally superior to that of
HCl. This observation can be ascribed to the creation of a strong chelating
between EDTA andNi ions74. In the case of EDTA, the removal percentage
underwent a marked decrease from approximately 93% in the initial round
to roughly 51% in thefifth round. It is noteworthy, however, that in the third
round, the value still held a considerable magnitude of 72%.

This observation can be attributed to the profound affinity of cyclam
groups to retain nickel ions in the form of a strong cyclam-Ni(II), as sub-
stantiated by thermodynamic data, within the absorptive structure. The
outcome of this phenomenon is conspicuously reflected in the efficiency of

the desorption process. Based on these observations, it is suggested that the
adsorption of Ni(II) ions, in the form of cyclam-Ni(II) complexes, by the
BCFH-SBA-15 effectively transforms the BCFH-SBA-15 adsorbent into a
highly suitable substrate for a Ni-based catalyst that can be utilized in the
investigation of catalytic reactions. This intriguing notion warrants
further investigation, either by ourselves or by other interested parties in the
future.

Conclusion
In this article, we discussed the synthesis of a biogenic cyclam-
functionalized homologous SBA-15 (BCFH-SBA-15) as a step towards
sustainable and eco-friendly production methods for nanomaterials
and their use in environmental applications. The preparation of
BCFH-SBA-15 involved the utilization of agricultural waste from
sorghum, a commonly consumed crop, as a source of silica. The
resultant material exhibited a bimodal micro-mesoporous structure
and a significant surface area of 325 m2 g–1, all achieved through a
simple one-pot environmentally friendly process. Structural char-
acterization of BCFH-SBA-15 was carried out using a range of
instrumental analyses including XRD, FTIR, FESEM, TEM, and
nitrogen adsorption/desorption isotherms. The material was found to
be highly effective in adsorbing Ni(II) in aqueous solutions, with the
best fit to the experimental data being obtained using the Langmuir
isothermmodel. The maximum adsorption capacity of BCFH-SBA-15
in optimal conditions (pH = 6.0, adsorbent dose = 3.00 mg, contact
time = 20 min) and at four different temperatures (298, 303, 308, and
313 K) was calculated to be 243.36, 253.87, 260.95, and 266.28 mg g–1,
respectively, which is better than most previously reported adsorbents
for Ni(II) removal. Thermodynamic data indicated that Ni(II)
adsorption on BCFH-SBA-15 was a strong chemisorption process
(4H°

ads: =+122.61 kJ mol–1) that was spontaneous (4G°
ads: =−29.161

to −36.801 kJ mol–1) with a low degree of randomness
(4S°ads: =+0.5093 kJ mol–1). This study provides evidence that the
utilization of agricultural waste for the synthesis of nanomaterials can
be a sustainable and efficient approach towards environmental reme-
diation and BCFH-SBA-15 can function as a potent adsorbent for the
adsorption of Ni(II). Furthermore, it is recommended that the inves-
tigation of the post-adsorption characteristics of BCFH-SBA-15 as a
catalyst be explored in subsequent research endeavors, as a result of the
existence of cyclam-Ni(II) complexes within the catalyst’s porous
structure. Such studies may be pursued by ourselves or other scholars
in the future.

Methods
Chemicals
P123 (PEG20-PPG70-PEG20, average Mn ~5800), 1,4,8,11-tetra-
azacyclotetradecane (cyclam, 98%), 3-IPTMS (≥95%), Ni(NO3)2·6H2O
(≥99%), EDTA (≥99%), and anhydrous Na2CO3 (≥99%) were purchased
from Sigma-Aldrich (Germany). Acetonitrile (≥ 99.9%), ethanol, pentane
(>98%), NaOH (pellets, ≥97%), HNO3 (69%), and HCl (37%) were pur-
chased fromMerckMillipore (Germany). In this study, DDWwas used for
both the samples preparation procedure and the experiments involving the
adsorption of Ni(II).

Instruments
XRD analysis was conducted using a Philips X’pert MPD diffractometer
(Eindhoven, Netherlands). The measurements were performedwith Cu Ka
radiation (λ = 0.1542 nm) at 45 kV and 100mA, covering the 2θ range of
0.8° to 5.0° with a step size of 0.02° and a step time of 1 s.

FT-IR spectroscopy of the powdered samples, mixed with dried KBr,
was recorded at room temperature in the spectral region of 4000 to 400 cm–1

using an Avatar 370 instrument from Thermo Nicolet, USA.
Nitrogen adsorption-desorption isotherms were obtained at 77 K

using a BELSORP-mini II volumetric adsorption analyzer from BEL Japan
Inc., Osaka, Japan.

Fig. 7 | Regeneration performance of BCFH-SBA-15. The regeneration perfo-
mance of the saturated BCFH-SBA-15 adsorbent after 5 consecutive cycles in EDTA,
HCL, and HNO3 as cost-effective eluents.
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FESEM was performed using a MIRA3 TESCAN-XMU instrument
from Kohoutovice, Czech Republic to analyze of the sample’s morphology
and pore structure, while TEM was conducted using a Philips CM120
microscope from Eindhoven, Netherlands. The FESEM-mapping method
was employed to analyze the elemental distribution on the sample’s surface.

The trace concentrations of Ni(II) in aqueous solutions were deter-
mined using an inductively coupled plasma optical emission spectrometer
(ICP-OES) instrument (Optima 7300 DV) from PerkinElmer Co., USA.

Sonication was performed via SW3H ultrasonic cleaning system
working at a frequency of 37 kHz. The bottles in the adsorption tests were
shaken using a digital precise shaking water bath capable of adjusting time,
temperature, and rotation speed.

ChemBioDraw 20.0 software was utilized for drawing chemical
molecules and structures.Origin 8.6 software fromOrigin LabCorporation,
USA, was employed for the analysis and visualization of graphical data.
Particle size distribution (PSD) calculations for N2 adsorption were carried
out using SAIEUS software (Micromeritics Instrument Corp.) with
appropriate 2D-NLDFT models.

SBSG preparation from sorghum
The grass sorghum utilized in this study was obtained from a local post-
harvesting mill situated in Rehann, Esfahan province, Iran. The sorghum
underwent a series of preparatory steps, including rinsing with tap water to
eliminate dust and sand particles, followed by drying in an electric oven at
363 K overnight. Subsequently, the dried sorghum was mechanically cru-
shed into smaller size, subjected to multiple rinses with DDW, and then
dried once more at the temperature of 363 K for 12 h.

For preparing pure silica particles, a combination of crushed sorghum
(100 g) and hydrochloric acid (0.1 N, 500mL) was introduced into a 1000-
mL round-bottom flask and subjected to vigorous stirring under reflux
conditions for 6 hours at a temperature of 353 K, followed by ultrasonica-
tion for 30minat 323 K.The resultingmixturewas subsequently transferred
to a 1000-mL stainless steel autoclave reactor and maintained at a tem-
perature of 393 K under a pressure of 15 lbs for 2 h [16].

At the final stage, the acid-digested sorghum underwent repeated
rinsing with DDW to ensure complete removal of hydrochloric acid, fol-
lowed by drying in an oven at 363K. The sorghum was then placed in an
electricmuffle furnace andheatedunder an air atmosphere at a temperature
of 873 K for 2 h. By subjecting the purified silica particles (containing 93%
SiO2) to refluxing in a 2mol L–1 sodium hydroxide (NaOH) solution in
water at a temperature of 343 K for a duration of 24 h, a sodium silicate
(Na2SiO3) solution was successfully obtained.

Synthesis of BCFH-SBA-15
The synthesis procedure of SCA-bearing cyclam, 1-(3-(trimethox-
ysilyl)propyl)-1,4,8,11-tetraazacyclotetradecane, is according to the
method reported by Guilard and co-workers75. The typical procedure
for preparing BCFH-SBA-15 material is outlined as follows: In a
Teflon-lined container with a capacity of 1000 mL, a homogeneous
mixture of P123 (10.00 g) and HCl (1.6 mol L–1, 380 mL) was vigor-
ously stirred at 298 K for 20 min, while 200.0 mL of Na2SiO3 solution
obtained from SHA was added dropwise. Subsequently, the mixture
was supplemented with SCA-bearing cyclam, and the resulting
mixture was allowed to age for one day at 233 K, followed by heating
at 383 K for an additional day. Upon completion of the hydrothermal
process, the mixture was gradually cooled to room temperature, fil-
tered, and subjected to multiple washes with water and ethanol. It was
then dried in an oven at 333 K, resulting in a fine white powder. The
obtained powder was introduced into a round-bottom flask con-
taining an HCl/ethanol solution, and refluxed under an air atmo-
sphere with continuous stirring overnight. Finally, the resulting
mixture was filtered using a Buchner funnel, rinsed three times with
DDW and ethanol, and air-oven dried for one day at 333 K. The
purified BCFH-SBA-15 material was stored in a glass bottle sealed
with a screw cap.

Adsorption tests
The stock solution of Ni(II) (1000mg L–1) was prepared by dissolving a
known quantity of high-purity Ni(NO3)2·6H2O salt in DDW solvent. The
solution was prepared using volumetric techniques to ensure accuracy. The
concentration of the stock solution was determined based on the desired
concentration range for the adsorption experiments.

To obtain the desiredworking concentrations for the batch adsorption
experiments, appropriate dilutions were made from the stock solution. The
dilutionswere prepared bymeasuring specific volumes of the stock solution
and diluting them with DDW. The dilution process was carefully executed
to achieve the desired concentrations, and the final concentrations used in
the experiments were documented.

The adsorption testswere carried out by adding a certain amount of the
adsorbent (BCFH-SBA-15) into a 50-mL plastic bottle with a screw cap
containing 20.0 mL of Ni(II) solution. The solution temperature (T), con-
tact time (t), solution pH, and initial adsorbate concentration (Ci) were held
constant at specific values based on the type of adsorption test. The plastic
bottles were mechanically shaken at a fixed temperature for a given t at 180
RPM. After shaking, the solution was passed through a cellulose filter paper
(Whatman 0.45 μm) to separate the adsorbent particles, and the Ni(II)
concentrations in the filtrate were measured by ICP-OES instrument.

The percentage removal (Eq. 1) and adsorption capacity (Eqs. 2 and 3)
as well as equations regarding different isotherm models (Eqs. 4 to 6),
thermodynamics (Eqs. 7 to 9), and kinetic models (Eqs. 10 to 13) are all
given in Table 1. The adsorption data underwent three repetitions, and the
resulting averages were documented. Error bars were included in the
adsorption graphs to represent the measurement uncertainties.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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