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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Eco-design of a highly efficient Cr(VI) 
adsorbent with bimodal micro-/meso
porous structure. 

• Green synthesis approach utilizing Sor
ghum waste as a sustainable silica 
source for the adsorbent. 

• A one-pot synthesis method led to ho
mogeneously distributed adsorption 
sites on the MI-Cl-FDU-12. 

• MI-Cl-FDU-12 demonstrated a high 
adsorption capacity of 416.9 mg g-1 at 
313 K for Cr(VI) 

• MI-Cl-FDU-12 adsorbent revealed 
excellent regeneration performance by 
six consecutive cycles.  

A R T I C L E  I N F O   

Keywords: 
Cr(VI) adsorption 
Eco-design 
One-pot synthesis 
Mesoporous FDU-12 
Sorghum waste 

A B S T R A C T   

This paper presents an eco-design approach to the synthesis of a highly efficient Cr(VI) adsorbent, utilizing a 
positively charged surface mesoporous FDU-12 material (designated as MI-Cl-FDU-12) for the first time. The MI- 
Cl-FDU-12 anion-exchange adsorbent was synthesized via a facile one-pot synthesis approach using sodium 
silicate extracted from sorghum waste as a green silica source, 1-methyl-3-(triethoxysilylpropyl) imidazolium 
chloride as a functionalization agent, triblock copolymer F127 as a templating or pore-directing agent, trimethyl 
benzene as a swelling agent, KCl as an additive, and water as a solvent. The synthesis method offers a sustainable 
and environmentally friendly approach to the production of a so-called “green” adsorbent with a bimodal 
micro-/mesoporous structure and a high surface area comparable with the previous reports regarding FDU-12 
synthesis. MI-Cl-FDU-12 was applied as an anion exchanger for the adsorption of toxic Cr(VI) oxyanions from 
aqueous media and various kinetic and isotherm models were fitted to experimental data to propose the 
adsorption behavior of Cr(VI) on the adsorbent. Langmuir model revealed the best fit to the experimental data at 
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four different temperatures, indicating a homogeneous surface site affinity. The theoretical maximum adsorption 
capacities of the adsorbent were found to be 363.5, 385.5, 409.0, and 416.9 mg g− 1 at 298, 303, 308, and 313 K, 
respectively; at optimal conditions (pH=2, adsorbent dose=3.0 mg, and contact time of 30 min), surpassing that 
of most previously reported Cr(VI) adsorbents in the literature. A regeneration study revealed that this adsorbent 
possesses outstanding performance even after six consecutive recycling.   

1. Introduction 

In our modern life, the increasing contamination of water sources 
with toxic hexavalent chromium (Cr(VI)) poses a significant threat to 
human health and the environment. Cr(VI) is a highly toxic form of 
chromium with detrimental effects on humans, animals, and plants. It is 
reported that the toxicity of Cr(VI) is 100 times that of Cr(III) because Cr 
(VI) can easily penetrate biological membranes, induce oxidative stress, 
and lead to respiratory system damage, carcinogenesis, genotoxicity, 
immunotoxicity, and reproductive toxicity in humans [1]. Animals 
experience gastrointestinal distress, kidney and liver damage, hemato
logical abnormalities, and neurotoxicity [2]. Plants suffer reduced 
growth, impaired photosynthesis, oxidative damage, nutrient uptake 
disruption, and death [3]. Hexavalent chromium generates reactive 
oxygen species, causes DNA damage, and is a known carcinogen, posing 
risks of lung, nasal, sinus, and gastrointestinal cancers. Its bio
accumulation potential disrupts ecosystems, necessitating monitoring, 
regulation, and effective remediation strategies for human, animal, and 
plant health protection. 

The remediation of Cr(VI) from aqueous solutions has become a 

pressing concern, spurring the development of efficient and sustainable 
removal methods. Among various removal methods for toxic organic 
and inorganic species, the adsorption technique has attracted a 
tremendous deal of interest due to its simplicity in design, versatility, 
ease of working conditions, lack of sludge problem, low energy con
sumption, and variety in design [4–7]. Table 1 represents the general 
methods alongside their advantages and disadvantages for the removal 
of Cr(VI) from the water environment. Additionally, adsorbents can be 
easily regenerated and reused, further enhancing their sustainability 
and economic viability. In this context, the concept of eco-design has 
gained considerable importance, aiming to synthesize adsorbents using 
environmentally friendly approaches and utilizing cost-effective 
renewable resources [8–10]. Nevertheless, it is necessary to mention 
that although low-cost bio-based materials (such as microalga, bone 
waste, etc.) have been reported as adsorbents for pollutants such as 
heavy metals and dyes [11,12], the importance of high adsorption ca
pacity, designability of the adsorbent, and ability to regenerate the 
adsorbent are of great importance. Designable biogenic adsorbents with 
nanostructures can be used to address this concern. 

The emergence of nanomaterials and their nanocomposites has 
revolutionized various fields such as catalysis [13], tissue engineering 
[14,15], adsorption and extraction [16], etc. Nanomaterials possess 

Nomenclature 

Symbols 
α The initial adsorption rate (mg g− 1 min− 1) 
β The Elovich adsorption constant (g mg− 1) 
bt Temkin isotherm constant related to the heat of adsorption 

(J mol− 1) 
Ce The concentration at equilibrium (mg L–1) 
Ci Initial concentration (mg L–1) 
Ct The concentration at any time t (mg L–1) 
KF Freundlich constant ((mg g− 1) (L mg− 1)1/n) 
KL Langmuir isotherm constant (L mg− 1) 
KT Temkin isotherm binding constant (L g− 1) 
k1 The PFO rate constant (min− 1) 
k2 The PSO rate constant (g mg− 1 min− 1) 
kAv. The Avrami kinetic constant (min− 1) 
nAv. The Avrami exponent (unitless) 
n Freundlich constant (unitless) 
Qe Adsorption capacity at equilibrium (mg g− 1) 
Qe,cal. Calculated equilibrium adsorption capacity (mg g− 1) 
Qe,exp. Experimental equilibrium adsorption capacity (mg g− 1) 
Qm,cal. Langmuir maximum adsorption capacity (mg g− 1) 
Qt Adsorption capacity at any time t (mg g− 1) 
R The universal gas constant (J mol− 1 K− 1) 
R2

Adj. The adjusted coefficient of determination 
t Time (min) 
T Temperature (K) 
V The volume of solution (mL) 
W Adsorbent dose (mg) 

Abbreviations 
BET Brunauer–Emmett–Teller 
2D-NLDFT PSD Two-dimensional nonlocal density functional 

theory pore size distribution 
CPTES 3-chloropropyltriethoxysilane 
CrO4

2− Chromate ion 
Cr₂O₇2− Dichromate ion 
DDW Double distilled water 
F127 Tri-block copolymer EO106PO70EO106 [where EO is poly 

(ethylene oxide) and PO is poly(propylene oxide)] 
FAO The Food and Agriculture Organization 
FESEM Field emission scanning electron microscopy 
FTIR Fourier transform infrared 
HCl Hydrochloric acid 
HCrO4

− hydrogen chromate ion 
ICP-OES Inductively coupled plasma optical emission spectrometry 
K2Cr2O7 Potassium dichromate 
KCl Potassium chloride 
min Minute/or minutes 
MI-Cl-FDU-12 1-methyl-3-(triethoxysilylpropyl) imidazolium 

chloride-functionalized FDU-12 
mL Milliliter/ or milliliters 
M− TESP− IC 1-methyl-3 (triethoxysilylpropyl)imidazolium 

chloride 
OMS Ordered mesoporous silica 
PP Polypropylene 
rpm Revolutions per minute 
SAMs Silica-based adsorbent materials 
SBET BET surface area 
SCAs Silane coupling agents 
Si–(OR)4 Tetralkylorthosilicate 
TMB 1,3,5 trimethylbenzene 
TPV Total pore volume (cm3 g− 1) 
TEM Transmission electron microscopy  
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unique properties such as high surface area and customizable surface 
properties, making them promising candidates for a broad range of 
applications. However, the field of adsorption, especially in the context 
of addressing environmental concerns, deserves more attention due to 
the urgent need for effective solutions to global environmental prob
lems. The properties of nanomaterials and nanocomposites have been 
extensively investigated both experimentally and theoretically [17], 
contributing to a deep understanding of their behavior at the nanoscale. 
This combined approach has significantly enhanced our knowledge of 
nanomaterials and their potential applications in various fields. 

SAMs have emerged as a compelling area of research in the field of 
removal technology. Among them, nanoporous SAMs have garnered 
considerable attention owing to their remarkable features and potential 
applications [18,19]. These materials exhibit remarkable features, 
including the ability to tailor their pore size, shape, particle morphology, 
particle size, and surface area, allowing for precise control and cus
tomization [20]. Additionally, their surfaces can be functionalized, 
enabling further versatility and adaptability for specific removal needs 
[19]. One of the key advantages of SAMs is the abundance of silica 
sources, making them readily available and economically viable. 
Moreover, these materials exhibit non-toxic characteristics, making 

them safer for both human health and the environment. Furthermore, 
the design flexibility of SAMs allows for the optimization of their per
formance, ensuring maximum effectiveness in specific removal sce
narios. Researchers and engineers can fine-tune the material properties 
to address diverse challenges and tailor the adsorbents to meet specific 
requirements. The environmentally friendly nature of SAMs aligns with 
the growing demand for sustainable technologies that minimize adverse 
impacts on ecosystems. 

Eco-design approaches in the synthesis of SAMs offer several ad
vantages over traditional methods that use synthetic and commercially 
available silica sources such as Si–(OR)4 and Na2SiO3 solution. Agri
cultural waste materials are abundant, renewable, and cost-effective, 
providing a sustainable alternative to conventional silica sources 
[21,22]. By utilizing sorghum waste, this study demonstrates the po
tential of integrating waste valorization and eco-design principles in the 
synthesis of adsorbent materials. This approach not only minimizes the 
ecological footprint but also fosters the advancement of a circular 
economy, wherein waste materials undergo a transformation into 
valuable resources. By utilizing renewable resources as starting mate
rials, such as sorghum waste as a green silica source in this study, the 
environmental impact of the synthesis process is significantly reduced. 

Table 1 
Reported methods for Cr(VI) removal.  

Treatments Explanations  

Adsorption Process details Adsorbents like activated carbon, zeolites, or nanoparticles are used to adsorb Cr(VI) ions from water 
Advantages High adsorption capacity, widely available adsorbents, relatively low cost, and can be regenerated and reused 
Disadvantages Adsorbents may need regeneration, adsorption capacity can be influenced by water chemistry, and disposal of used adsorbents can 

be a concern 
Chemical Reduction Process details Chemical reducing agents such as sodium bisulfite, ferrous sulfate, or sodium metabisulfite are added to water to convert Cr(VI) to 

less toxic Cr(III) 
Advantages Simple and cost-effective method, widely applicable 
Disadvantages May require pH adjustment, produces sludge or waste, and the effectiveness can be influenced by the presence of other water 

constituents 
Ion Exchange Process details Ion exchange resins are used to exchange Cr(VI) ions with less harmful ions, such as chloride or sulfate 

Advantages Efficient removal, selective for Cr(VI), can be regenerated and reused 
Disadvantages Expensive initial setup and operation, disposal of spent resins can be an issue, and may require pretreatment for high fouling 

potential 
Membrane Filtration Process details Reverse osmosis (RO) or nanofiltration (NF) membranes are used to separate Cr(VI) ions from water based on molecular size and 

charge 
Advantages Effective removal, suitable for a wide range of water qualities, and can be combined with other treatment methods 
Disadvantages High energy requirements, membrane fouling can occur, and higher capital and operational costs 

Electrocoagulation Process details Applying an electric current to electrodes in water causes the formation of coagulants that bind to Cr(VI) ions, forming larger 
particles that can be easily separated 

Advantages Effective for a wide range of water qualities, can remove other contaminants, and can be automated 
Disadvantages Requires a power source, may generate additional sludge, and electrode maintenance is necessary 

Biological Reduction Process details Microorganisms or microbial consortia are used to convert Cr(VI) to Cr(III) through biological reduction processes 
Advantages Environmentally friendly, low energy consumption, can be effective at low Cr(VI) concentrations, and can be integrated into 

existing wastewater treatment systems 
Disadvantages Slower treatment rates compared to some other methods, requires suitable microbial cultures, and can be influenced by pH, 

temperature, and nutrient availability 
Precipitation Process details Chemicals such as calcium hydroxide, ferrous sulfate, or aluminum sulfate are added to water to precipitate Cr(VI) as insoluble 

compounds that can be easily separated 
Advantages Relatively simple and cost-effective, effective at high Cr(VI) concentrations, and can be combined with other treatment processes 
Disadvantages Requires proper pH adjustment and settling/filtration steps, can generate large volumes of sludge, and the presence of interfering 

substances can reduce efficiency 
Photocatalysis Process details Semiconductor photocatalysts, such as titanium dioxide (TiO2), are used to generate reactive species that can oxidize or reduce Cr 

(VI) in the presence of light 
Advantages Potential for complete mineralization of Cr(VI), can be effective under mild conditions, and can degrade other organic pollutants 

simultaneously 
Disadvantages Limited by the availability of suitable photocatalysts, requires a light source, and may be influenced by water quality and the 

presence of competing substances 
Constructed Wetlands Process details Wetland systems are designed to utilize natural processes and vegetation to remove contaminants, including Cr(VI), through 

adsorption, precipitation, and microbial activity 
Advantages Sustainable and environmentally-friendly approach, long-term operation, cost-effective for large-scale applications, and can 

provide additional ecosystem benefits 
Disadvantages Requires adequate space, longer treatment times, effectiveness can be influenced by climatic conditions, and may require 

pretreatment for high Cr(VI) concentrations 
Biological Sorption Process details Living organisms, such as algae or macrophytes, are used to adsorb or accumulate Cr(VI) from water through sorption mechanisms 

Advantages Natural and eco-friendly approach, can be integrated with existing biological systems, and potential for simultaneous nutrient 
removal 

Disadvantages Limited capacity at high Cr(VI) concentrations, requires appropriate species selection, and potential release of Cr(VI) during 
biomass decay  
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Moreover, the integration of green chemistry principles ensures the use 
of non-toxic reagents and solvents, minimizing potential hazards to 
human health and the ecosystem. The emphasis on eco-design aligns 
with the growing global focus on sustainable development and provides 
a pathway for the production of environmentally friendly adsorbents for 
water remediation applications. The utilization of agricultural waste, 
such as sorghum, as a silica source in the preparation of silica-based 
adsorbents holds great promise. Sorghum (sorghum bicolor [L.] 
Moench) is ranked as the fifth most significant cereal crop globally, 
following corn, wheat, rice, and barley according to FAO report [23,24]. 
According to the FAO report, the leading countries in sorghum pro
duction are the United States, which cultivates sorghum on 2.0 million 
hectares and yields an annual grain production of 8.7 million tons. 
Nigeria follows closely, with 6.9 million tons of sorghum produced on 
5.4 million hectares. Ethiopia contributes 5.3 million tons from 1.9 
million hectares, while Sudan produces 3.7 million tons on 6.8 million 
hectares. [23,24]. 

Among different types of nanoporous SAMs, OMS materials possess a 
well-defined pore structure with fixed pore diameter, pore volume, and 
high surface area, providing a large number of active sites for adsorp
tion. The functionalizable surface of these materials allows for tailored 
modifications, enhancing their selectivity and adsorption capacity. 
Furthermore, mesoporous silicates exhibit excellent mechanical and 
chemical stability, ensuring their long-term performance in water 
treatment applications. Importantly, the non-toxic nature of the silica 
structure ensures that the adsorbents do not introduce additional con
taminants into the water during the remediation process. FDU-12, as a 
member of the family of OMS materials, offers distinct advantages over 
other well-known family members such as SBA-15, SBA-16, KIT-5, KIT- 
6, MCM-41, MCM-48, etc. One of the notable advantages is its larger 
pore diameter, which provides enhanced accessibility and facilitates 
efficient diffusion of target contaminants into the mesoporous structure, 
enabling rapid and effective adsorption [25]. Moreover, FDU-12 ex
hibits a relatively thicker wall thickness compared to other mesoporous 
silicates. This characteristic contributes to its improved mechanical 
stability and resistance to collapse or structural damage during 
adsorption processes. The thicker walls enhance the robustness and 
durability of FDU-12, making it suitable for various environmental ap
plications such as water remediation. 

In the synthesis of functionalized-SAMs/and OMSs, the choice of 
preparation method plays a crucial role in determining the material 
properties and performance. Generally reported, there are two modifi
cation methods for the preparation of functionalized mesoporous silica, 
namely (1) one-pot co-condensation (or direct) synthesis and (2) post- 
synthesis (or grafting) [26]. One-pot synthesis method, such as the 
approach taken in this work to synthesize MI-Cl-FDU-12 using sorghum 
waste, offers several advantages over post-synthetic method. One-pot 
synthesis allows for the simultaneous incorporation of functional 
groups during the synthesis process, ensuring homogeneous distribution 
and improved accessibility of the active sites. This method also sim
plifies the synthesis procedure, reducing the number of steps and reac
tion times, and thereby enhancing the efficiency of adsorbent 
production. 

In summary, this paper highlights the importance of eco-design in 
the synthesis of new adsorbent materials for the remediation of toxic 
hexavalent chromium. This paper investigates the synthesis and per
formance of a positively charged surface mesoporous silica FDU-12 
anion-exchange adsorbent, namely MI-Cl-FDU-12, highlighting the sig
nificance of eco-design in the Cr(VI) removal and the synthesis of novel 
adsorbents. Adsorption emerges as a favorable method for Cr(VI) 
removal, offering advantages such as high efficiency, versatility, and 
ease of regeneration. SAMs, exemplified by the mesoporous FDU-12 
material, exhibit exceptional properties, including large pore diam
eter, high surface area, and functionalizable surface, making them ideal 
for environmental applications. The one-pot synthesis method, 
employed to synthesize MI-Cl-FDU-12 using sorghum waste, showcases 

the advantages of this approach in terms of simplicity, efficiency, and 
homogeneous functional group distribution. The use of agricultural 
waste as a silica source further aligns with the principles of sustainability 
and waste valorization, contributing to the development of environ
mentally friendly adsorbent materials for water remediation 
applications. 

2. Materials and methods 

2.1. Chemicals 

Triblock copolymer EO106PO70EO106 (F127), K2Cr2O7 (≥99.9%, 
MW: 294.19 g mol− 1), CPTES (95%, MW: 240.80 g mol− 1), 1-MI (99%, 
MW: 82.106 g mol− 1), and TMB (98%, MW: 120.19 g mol− 1) were 
purchased from Sigma-Aldrich (Germany). KCl (MW: 74.55 g mol− 1), 
NaOH (pellets, ≥97%, MW: 40.00 g mol− 1), and HCl fuming (37%) were 
purchased from Merck Millipore (Germany). Ethanol (96%v/v) were 
obtained from Dr. Mojallali Chemical Lab. (Tehran, Iran). In this work, 
DDW was utilized throughout the preparation procedure of the samples 
as well as heavy metal adsorption experiments. 

2.2. Instruments and methods 

For visual observation of the sample’s morphology and pore struc
ture, FESEM and TEM techniques were conducted using a MIRA3 
TESCAN-XMU instrument (Kohoutovice, Czech Republic) and a Philips 
CM120 microscope (Eindhoven, Netherlands). The FESEM-mapping 
technique was used to determine the distribution of elements on the 
sample’s surface. 

The FTIR spectrum of the powdered sample, which was mixed with 
dried KBr, was recorded on an Avatar 370 instrument manufactured by 
Thermo Nicolet in the USA. The measurement was performed at room 
temperature, covering the spectral region from 4000 to 400 cm− 1. 

Nitrogen adsorption–desorption isotherms were obtained at a tem
perature of 77 K using a BELSORP-mini II volumetric adsorption 
analyzer manufactured by BEL Japan Inc. in Osaka, Japan. The BET, t- 
plot, and 2D-NLDFT methods were used for estimating the surface area, 
microporous volume, and pore diameter, respectively. 

The concentrations of Cr(VI) in aqueous solutions were determined 
using an ICP-OES model Optima 7300 DV manufactured by PerkinElmer 
Co. in the USA. The pH values of the solutions were adjusted using an 
Ohaus ST5000-F Benchtop pH Meter with Touchscreen. 

Sonication was carried out using an SW3H ultrasonic cleaning 
apparatus manufactured by Sonoswiss AG in Ramsen, Switzerland, 
operating at a frequency of 37 kHz. Mechanical shaking of the bottles in 
adsorption tests was performed using a digital precise shaking water 
bath manufactured by Daihan Scientific Co. Ltd. in Korea. This equip
ment allowed for adjustment of time, temperature, and rotation per 
minute (rpm). 

ChemBioDraw 20.0 software was utilized for drawing chemical 
molecules and structures. The graphical data were analyzed and visu
alized using Origin 8.6 software developed by Origin Lab Corporation in 
the USA. PSD (pore size distribution) calculations for N2 adsorption were 
carried out using SAIEUS software provided by Micromeritics Instru
ment Corp., employing appropriate 2D-NLDFT models. 

2.3. Preparation of Na2SiO3 solution from sorghum 

Grass sorghum samples were procured from a local post-harvesting 
facility located in Rehann, Esfahan province, Iran. The samples were 
subjected to a thorough rinsing process employing tap water to elimi
nate extraneous particulate matter such as dust and sand. Subsequently, 
the sorghum underwent a prolonged period of desiccation in an electric 
oven maintained at a temperature of 363 K. The desiccated sorghum was 
then mechanically disintegrated into smaller particles, which were 
subsequently subjected to multiple cycles of DDW rinsing and 
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subsequent drying in an electric oven at 363 K for a duration of 12 h. To 
obtain silica particles of high purity, a mixture consisting of crushed 
sorghum (100 g) and HCl solution with a concentration of 0.1 N and a 
volume of 500 mL was introduced into a round-bottom flask with a 
capacity of 1000 mL. The mixture underwent rigorous agitation under 
reflux conditions for a period of 6 h at a temperature of 353 K, followed 
by ultrasonication for 30 min at 323 K. The resulting mixture was sub
sequently transferred to a stainless-steel autoclave reactor with a ca
pacity of 1000 mL and maintained at a temperature of 393 K under a 
pressure of 15 lb per square inch (lbs) for a duration of 2 h. Finally, the 
acid-digested sorghum underwent repeated rinsing cycles with DDW to 
ensure complete removal of any residual HCl, followed by oven-drying 
at a temperature of 363 K. The sorghum was then placed in an electric 
muffle furnace and subjected to heating at a temperature of 873 K in the 
presence of an ambient air atmosphere for a duration of 2 h. By sub
jecting the resulting silica particles, characterized by a SiO2 content of 
93 %, to reflux conditions in a NaOH solution with a concentration of 2 
mol L–1 in water at a temperature of 343 K for a duration of 24 h, a 
solution of Na2SiO3 was obtained. 

2.4. One-pot synthesis of MI-Cl-FDU-12 

The synthesis procedure of MI-Cl-FDU-12 is similar to a previous 
report regarding the synthesis of FDU-12 with some modifications [25]. 
MI-Cl-FDU-12 was prepared by direct synthesis method through co- 
condensation of Na2SiO3 and M− TESP− IC in the presence of F127 in 
an acidic solution medium. M− TESP− IC was synthesized by reactions 
between CPTES and 1-MI under nitrogen atmosphere according to the 
synthesis protocol reported by Soltani and co-workers in 2020 [27]. 

In a typical experimental procedure for MI-Cl-FDU-12, a quantity of 
3.0 g of triblock copolymers EO106PO70EO106 (F127, as templating 
agent), along with 3.0 g of TMB (as swelling agent) and 7.5 g of KCl (as 
additive), were dissolved in 180 mL of 2 mol L− 1 HCl (as solvent/hy
drolyzing agent) and subjected to stirring for a duration of 24 h. Sub
sequently, certain amounts of Na2SiO3 (as silica source) and 
M− TESP− IC (as functionalization agent, SCA) were introduced into the 
resulting reaction mixture, which was allowed to undergo further stir
ring for an additional 24 h at a temperature of 313 K. The mixture was 
then transferred to an autoclave and subjected to heating at the desired 
temperature for a period of 72 h. The solid product obtained was 
collected by means of filtration and subsequently dried at room tem
perature under atmospheric conditions. The resulting fine white powder 
was then introduced into a round-bottom flask containing a solution of 
HCl and ethanol, and the mixture was subjected to refluxing with 
continuous stirring while exposed to air overnight. Eventually, the 
resulting mixture was filtered using a Buchner funnel, washed three 
times with DDW and ethanol, and then dried in an oven at a temperature 
of 333 K for a duration of one day. The purified MI-Cl-FDU-12 material 
was stored in a glass bottle with a screw cap. 

2.5. Adsorption tests 

The stock solution of 1000 mg L–1 Cr(VI) was prepared in DDW using 
K2Cr2O7. Working standards were prepared by diluting the stock solu
tion with DDW every day. To investigate the effect of pH and adsorbent 
dose (W) on the adsorption process, three different doses of the adsor
bent (1.0, 2.0, and 3.0 mg) were added in PP bottles containing a certain 
initial concentration (Ci=10 mg L− 1) of Cr(VI) solution at different pH 
range between 2.0 and 7.0. The solutions were then mechanically 
shaked at 298 K and 180 rpm for 40 min. Then the solutions were passed 
through Whatman 42 filter papers and the solutions and the filtrates 
were analyzed by ICP-OES in order to determine the concentration of the 
remaining total chromium ions. The same methodology was used for the 
kinetic and isotherm tests, with the exception that in the isotherm tests, 
the temperatures (T=298, 303, 308, and 313 K) and solution initial 
concentrations, Ci=1, 2, 3, 5, 10, 20, 50, 100, and 200 mg L− 1. Other 

experimental parameters where t=40 min, pH=3.0, dose=3.0 mg, 
V=25 mL, and agitation speed (180 rpm) were fixed. Ci for the kinetic 
study was 50 mg L− 1 and samples were taken at time intervals (t=1, 2, 3, 
4, 5, 10, 15, 20, 25, 30, and 40 min). All experiments were conducted in 
triplicate, and the outcomes were presented following the computation 
of the mean values. 

All equations used for adsorption studies in this work are given in 
Table 2. 

3. Results and discussion 

3.1. Synthesis procedure 

A well-ordered mesostructured material with face-centered cubic 
structure (Fm3m) symmetry designated as MI-Cl-FDU-12 can be syn
thesized using a straightforward, one-pot, and environmentally friendly 
hydrothermal approach. This method employs Na2SiO3 extracted from 
sorghum as a source of biogenic silica, triblock copolymer F127 
(EO106PO70EO106: PO is polypropylene oxide and EO is polyethylene 
oxide) as a template, TMB as a micelle expander or swelling agent, 
M− TESP− IC as a SCA or surface functionalization agent, KCl inorganic 
salt as an additive, HCl as a hydrolyzing agent, and water as a solvent. In 
the context of synthesizing mesoporous silica nanostructures, the one- 
pot co-condensation mechanism represents a notable strategy 
involving the simultaneous presence of an organic template, a SCA, and 
a silica source within the same aqueous solution, yielding advantageous 
outcomes. Specifically, the organic template, upon being dissolved in 
the solution, assumes a pivotal role in the generation of a mesoporous 
structure by providing a template or framework that determines the 
desired pore architecture. Concomitantly, the SCA and silica source 
experience hydrolysis within the aqueous milieu surrounding the 
organic template. The hydrolytic reaction entails the cleavage of 
chemical bonds present in the SCA and silica source molecules, facili
tated by the presence of water. Subsequently, the hydrolyzed silane 
coupling agent and silica source undergo condensation reactions, lead
ing to the formation of siloxane bonds, which act as linkages between 
the hydrolyzed species. Consequently, a cohesive silica network mate
rializes. During the hydrolysis and condensation processes, the organic 
template orchestrates the assembly of the silica species, exerting influ
ence over the ensuing mesoporous structure formation. 

The template molecules serve as a scaffold around which the silica 
species organize themselves, thereby engendering the creation of mes
opores with uniformity. The one-pot co-condensation mechanism be
stows several merits, including its simplicity, diminished synthesis 
duration, and the ability to achieve precise control over the resultant 
mesoporous structure. As such, it emerges as a versatile and valuable 
approach for synthesizing OMS materials, with a broad range of appli
cations spanning diverse domains such as adsorption, catalysis, drug 
delivery, and nanotechnology. 

Table 2 
Adsorption equations and different theoretical models used in this study.  

Name/Model Equations 

General equilibrium aquations 
(1) Removal percentage (%) Removal = (Ci − Ce) • (100/Ci)

(2) Adsorption capacity at time t Qt = (Ci − Ct) • (W/V)
(3) Adsorption capacity at equilibrium Qe = (Ci − Ce) • (W/V)
Isotherm Models 
(4) Langmuir Qe = (Qm,cal.•KL • Ce)/(1+ KL • Ce)

(5) Freundlich Qe = (KF • C1/n
e ) 

(6) Temkin Qe = (R • T/bT) • ln(KT • Ce)

Kinetic Models 
(7) PFO Qt = Qe,cal. • (1 − e− k1•t)

(8) PSO Qt = (Q2
e,cal.k2 • t)/(1+ Qe,cal.k2 • t)

(9) Elovich Qt = (1/β) • ln(α • β) • t 
(10) Avrami Qt = Qe,cal. • (1 − e(− kAv.•t)nAv.

)
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It has been observed that the leaf sheath epidermis of sorghum 
contains approximately 12 % ash and 88 % silica, making it an abundant 
and viable source of biogenic silica [28,29]. Accordingly, sorghum was 
selected as a potential alternative source of nanosilica to prepare an 
ordered mesoporous silica. The utilization of sodium silicate extracted 

from sorghum waste as a green silica source demonstrates the innovative 
use of sustainable materials in the synthesis process of silica-based 
nanomaterials. 

Unlike the post-grafting functionalization method, where a silane 
coupling agent is added after the preparation of nanoporous silica and 

Scheme 1. Schematic representation for preparation of MI-Cl-FDU-12 anion exchange adsorbent for removal of hexavalent chromium oxyanions.  
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the removal of the surfactant template, the one-pot synthesis method 
requires the addition of the functionalization agent prior to template 
removal and during the addition of the silica source. This is necessary to 
ensure the preservation of the functionalization agent’s integrity during 
the modified nanoporous silica preparation through one-pot synthesis 
protocol, as the organic moiety of silane coupling agents degrades when 
using the combustion surfactant removal method. To address this issue, 
an acid extraction method is employed to remove the organic template 
from the silica-surfactant composite precipitates while safeguarding the 
organic tail of the silane coupling agent. This approach offers two 

additional advantages over the post-grafting method using the com
bustion surfactant removal method: a shorter preparation time for 
functionalized nanosilica and the elimination of the furnace combustion 
stage, resulting in reduced electricity costs. It is reported that TMB is 
used as swelling agent to enlarge the entrance and cavity size in FDU-12 
[30]. 

Additionally, it can infiltrate the hydrophobic region of organic mi
celles, thereby augmenting the proportion of the hydrophobic core and 
inducing a transition from the body-centered cubic arrangement (Im3m) 
to a denser configuration (Fm3m) [31]. 

Fig. 1. FESEM images (first row), FESEM-Mapping images (second row), and TEM image of MI-Cl-FDU-12 (third row).  
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The reason for choosing M− TESP− IC as SCA is its excellent ability to 
anion exchange in aqueous media. During the adsorption process, 
chlorine anions adjacent to methyl imidazolium can be easily exchanged 
with chromium anions in a anion exchange process. A schematic rep
resentation for preparation of MI-Cl-FDU-12 anion exchange adsorbent 
for removal of hexavalent chromium oxyanions is illustrated in Scheme 
1. 

3.2. Structure characterization of MI-Cl-FDU-12 

FESEM and TEM analyzes were carried out to investigate the 
morphology of the adsorbent and its porous structure. As show in Fig. 1 
(first row, picture on the right), the FESEM image with a magnification 
of 5000 (5.00 kx) clearly shows the regular hexagonal prism 
morphology, which indicates the high degree of purity of the synthe
sized material. The distribution of structural elements is also shown in 
Fig. 1 (second row) indicating a homogeneous distribution of Si, O, C, 

and N on the surface of MI-Cl-FDU-12. The origin of N located on the 
surface of the synthesized material is nitrogen used in the imidazole ring 
of M− TESP− IC which is indicative of successful incorporation of SCA in 
the structure of anion-exchanger adsorbent. Also, the origin of Si and O 
is related to the Na2SiO3 extracted from sorghum. Most of the origin of C 
is related to the organic moiety of the SCA, and part of it can also be 
considered related to the remaining organic template and the swelling 
agent remaining in the adsorbent structure. The TEM image shown in 
the third row of Fig. 1 clearly shows uniform meso-sized pores in the 
adsorbent structure. These pores have a space group Fm3m with a face- 
centered cubic structure [25]. The TEM images provide a clear 
demonstration of the molecular sieve structure of MI-Cl-FDU-12, which 
is characteristic of well-defined OMS materials. 

To characterize the organic and inorganic functional groups of MI-Cl- 
FDU-12, FTIR spectrum of the sample was collected and shown in 
Fig. 2a. The appearance of characteristic absorption bands related to the 
vibrational modes at wavenumber (cm− 1) of 468 (Si-O-Si bending), 800 
(Si-OH bending, symmetric), 1000–1100 (Si-O-Si stretching, symmet
ric), 1050–1200 (Si-O-Si stretching, asymmetric), 1550 (C––N stretch
ing, imidazolium ring), 1580 (C––C stretching, imidazolium ring), 1600 
(H–O–H bending, surface adsorbed water), 2850–2900 (C–H 
stretching, propyl chain of SCA and remaining F127 chain), 3000–3100 
(C–H stretching, imidazolium ring), and 3250–3600 (Si-OH stretching) 
clearly demonstrated the successful formation of organic/inorganic 
hybrid structure of the MI-Cl-FDU-12 anion-exchanger adsorbent. 

The N2 adsorption–desorption isotherms of MI-Cl-FDU-12 is shown 
in Fig. 2b. The surface area of 672 m2 g− 1 and a total pore volume (TPV) 
of 0.725 cm3 g− 1 were calculated according to the BET model. The 
isotherms display a type IV shape, which is indicative of mesoporous 
structures with well-defined pore networks. The presence of a steep 
capillary condensation step suggests a uniform pore diameter within the 
material (larger cage-like mesopores), while the sharp capillary evapo
ration step at the lower end of the hysteresis loop indicates narrow pore 
entrances (window size). This observation aligns with the information 
obtained from the 2D-NLDFT PSD analysis (Fig. 2c), which identified 
two main pore size distributions at 1.2 nm (window size or entrance 
size) and 7.5 nm (pore size or cavity size). The decrease in pore size 
compared to previous reports (Table 3) is attributed to the incorporation 
of organic moieties inside the pores, leading to a natural reduction in 
pore size. However, the surface area and total pore volume of MI-Cl- 
FDU-12 are comparable to other FDU-12 samples reported in Table 3. 
The N2 adsorption–desorption isotherm of MI-Cl-FDU-12 demonstrates 
its well-defined pore structure decorated with 1-MI functional groups, a 
high surface area, uniformity, and the presence of distinct pore sizes, 
highlighting its potential for applications requiring controlled porosity, 
high surface area, and functionality. 

3.3. Adsorption studies 

To assess the adsorption performance of the adsorbent, a series of 
systematic adsorption experiments were conducted. These tests exam
ined the influence of various parameters, namely pH, adsorbent dose 

Fig. 2. FTIR spectrum (a), N2 adsorption–desorption isotherms (b), and PSD 
diagram using 2D-NLDFT model (c). 

Table 3 
Comparison between textural and structural features of MI-FDU-12 in this work and those for previously reported ordered mesoporous silica FDU-12.  

Name SBET(m2 g− 1) Window size (nm) Cavity diameter (nm) TPV (cm3 g¡1) Ref. 

MI-FDU-12 672 1.2  7.5  0.72 This work 
FDU-12–0 716 2.5  10.1  0.68 [32] 
FDU-12–373 712 ≈4  10.0  0.66 [25] 
FDU-12–393 569 5.3  11.0  0.73 [25] 
FDU-12–403 480 7.5  12.4  0.86 [25] 
FDU-12–100 899 3.9  6.0  0.73 [33] 
FDU-12–120 593 6.3  11.6  0.93 [33] 
FDU-12–120-NH2 326 6.1  10.2  0.63 [33] 
L-FDU-12–100 610 <5  23.7  0.73 [34] 
R-FDU-12–100 496 <5  16.7  0.69 [34]  
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(W, mg), solution temperature (T, K), initial concentration of the 
adsorbate (Ci, mg g− 1), and contact time (t, min). Additionally, the 
reusability of the adsorbent was investigated by monitoring its perfor
mance across multiple consecutive adsorption cycles. To gain insight 
into the underlying adsorption mechanism, several nonlinear isotherm 
models, including Langmuir [35,36], Freundlich [37], and Temkin 
[38,39], as well as kinetic models such as PFO [40], PSO [41], Elovich 
[42], and Avrami [43], were employed (as corresponding equations are 
given in Table 2). These models were fitted to the corresponding 
experimental data, and their parameters were compared and analyzed to 
determine the most suitable adsorption mechanism. 

3.3.1. The effect of pH and adsorbent dose 
Fig. 3 illustrates the combined influence of pH and adsorbent dose on 

the adsorption of Cr(VI). It is evident that the highest uptake of Cr(VI) 
occurs at pH 2.0 and 3.0, irrespective of the adsorbent dose. However, as 
the pH increases, there is a continuous decline in the removal efficiency. 
Concurrently, an increase in the dose from 1.0 mg to 3.0 mg resulted in 
an augmentation of the removal percentage across all pH values. Pre
vious studies have reported that employing a higher dose leads to a 
greater observed removal efficiency. This can be attributed to the fact 
that an increased dose, under constant adsorbate volume and concen
tration, enhances the number of active adsorption sites, subsequently 
promoting the adsorption of the adsorbate. Under constant conditions, 
the optimal pH of 3.0 and a dose of 3.0 mg resulted in the maximum 
removal efficiency of 100 %. Consequently, pH 3.0 and a dose of 3.0 mg 
were selected as the optimal parameters for the subsequent stages of the 
adsorption tests. 

In acidic environments, chromium exhibits the capability to generate 
several stable anionic species, whose stability and prevalence are 
contingent upon the specific pH range. For instance, CrO4

2- demonstrate 
stability within moderately acidic to mildly alkaline conditions, pre
dominantly manifesting in solutions with pH levels ranging approxi
mately from 5.0 to 9.0. These CrO42- oxyanions are characterized by 
their distinctive yellow tone. Conversely, under more acidic circum
stances, the CrO4

2- oxyanion has the potential to undergo protonation, 
resulting in the formation of HCrO4

- oxyanions. These HCrO4
- oxyanions 

exhibit stability at lower pH levels, generally within the pH range of 2.0 
to 6.0, and are discernible by their orange coloration. Lastly, Cr₂O₇2- 

oxyanions endure in highly acidic conditions, specifically in solutions 
with pH values below 2.0, and are notably prevalent within strongly 
acidic environments [44]. Cr₂O₇2- ions are visually striking with their 
clear orange appearance. Considering this information and the 

experimental conditions observed in the pH test, the dominant chro
mium species adsorbed by the MI-Cl-FDU-12 adsorbent at pH 3.0 is 
HCrO4

- . 
At this pH, the positively charged surface of MI-Cl-FDU-12 exhibits a 

strong electrostatic attraction towards these HCrO4
- oxyanions. This 

electrostatic interaction facilitates an anion exchange process, wherein 
the HCrO4

- anion interacts with adjacent chlorine anions placed to the 
positively charged methyl imidazolium ring of the adsorbent. As a result 
of this exchange, the chlorine anions are released into the solution. The 
anion exchange mechanism observed in this system is consistent with 
the principles of ion exchange, a well-established phenomenon in 
chemistry. Anion exchange involves the reversible exchange of anions 
between a solid phase and a liquid phase, driven by the difference in 
affinity between the exchanged ions and the solid surface. In the case of 
MI-Cl-FDU-12, the positively charged surface attracts and exchanges 
HCrO4

- anions with chlorine anions, leading to the liberation of chlorine 
into the surrounding solution. This anion exchange process facilitated by 
MI-Cl-FDU-12 demonstrates the material’s ability to effectively capture 
and remove HCrO4

- species from aqueous solutions under acidic condi
tions. It highlights the significance of surface charge interactions and ion 
exchange phenomena in the adsorption mechanism, providing insights 
into the underlying mechanisms governing the adsorption behavior of 
MI-Cl-FDU-12 as a potential Cr(VI) anion exchanger adsorbent. 

3.3.2. The effect of initial concentration and temperature and isotherm 
studies 

The graph in Fig. 4a presents the variation in the percentages of 
HCrO4

- removal in relation to the corresponding Ci. It is evident that as 
the Ci increases from 1 to 200 mg L− 1, the removal efficiency steadily 
decreases. However, for removal percentages, the rate of decrease in the 
Ci range of 1 to 50 mg L− 1 is lower than that beyond this range (50 to 
200 mg L− 1). Additionally, it was observed that higher temperatures 
result in increased removal efficiency at all initial concentrations. 
Consequently, elevated temperatures have a positive influence on the 
removal performance of HCrO4

- by MI-Cl-FDU-12 anion exchanger. For 
initial concentrations below 50 mg L− 1 and across all temperatures, 
removal percentages exceeding 80 % were observed. Therefore, it can be 
concluded that MI-Cl-FDU-12 demonstrates favorable adsorption per
formance for HCrO4

- oxyanions with Ci values up to 50 mg L− 1 within a 
temperature range of 298 to 313 K in aqueous solutions. 

To investigate the potential mechanism involved in the adsorption of 
HCrO4

- oxyanions by the adsorbent, the adsorption capacities corre
sponding to equilibrium concentrations need to be calculated. Fig. 4b 
depicts the relationship between changes in Qe and the corresponding Ce 

values. Nonlinear versions of three two-parameter isotherm models, 
namely Langmuir, Freundlich, and Temkin, were applied to fit the 
experimental data at four different temperatures, and their fitted dia
grams are displayed in Fig. 4c-f. It is acknowledged that nonlinear 
equations provide more precise data compared to their linear counter
parts, because the linearization process alters the relationship between 
independent and dependent variables [44]. This procedure can intro
duce errors to both the independent and dependent variables and may 
lead to inaccurate parameter estimations. To obtain consistent and ac
curate parameter estimations, a nonlinear method is recommended 
[45,46]. 

The obtained isotherm data following the analysis of nonlinear 
fitting are presented in Table 4. The analysis of the obtained data in
dicates that the Langmuir model exhibits the closest agreement with the 
experimental data at three temperatures among the isotherm models 
considered, as determined by the R2

Adj values. Specifically, the trend 
observed for the best-fitted model based on the R2

Adj values if Langmuir 
> Temkin > Freundlich models. Furthermore, the close agreement be
tween Qm,cal. values predicted by the Langmuir model and Qm,exp. values 
across all temperatures indicates the Langmuir model’s strong fit to the 
experimental data on HCrO4

- adsorption by the anion exchanger 
Fig. 3. The combined influence of pH and adsorbent dose on the adsorption of 
HCrO4

- under constant condition (Ci=10 mg L− 1, V=25 mL, W=3.0 mg, T=298 
K, t=40 min, agitation speed=180 rpm). 
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adsorbent. The calculated values of Qm,cal. at temperatures 298 K, 303 K, 
308 K, and 312 K are 363.5 mg g− 1, 385.5 mg g− 1, 409.0 mg g− 1, and 
416.9 mg g− 1, respectively. These results demonstrate a positive corre
lation between temperature and the adsorption capacity of HCrO4

- 

within the temperature range of 298 K to 313 K. According to the 
Langmuir model, the rates of adsorption and desorption on the surface 
are equal. Additionally, based on the assumptions of the Langmuir 

model, the adsorbed layer in the case of HCrO4
- adsorption consists of a 

single molecule (monolayer adsorption) occurring at specific localized 
sites. There is no steric hindrance or lateral interaction between adjacent 
adsorbed molecules. Moreover, the adsorption is characterized by ho
mogeneity, with each molecule possessing sorption activation energy 
and constant enthalpies. All sites exhibit equal affinity for the adsorbate, 
and there is no transmigration of adsorbate in the surface plane. 

Fig. 4. The combined influence of initial concentration of Cr(VI) (Ci=1 to 200 mg L− 1) and temperature (T=298, 303, 308, and 313 K) on the removal efficiency of 
HCrO4

- under constant condition (pH=3.0, W=3.0 mg, V=25 mL, t=40 min, agitation speed=180 rpm) (a). Qe changes vs corresponding Ce values at differetn 
temperatures (b). Isotherm models fitted to the experimental points at 298 K (c), 303 K (d), 308 K (e), and 313 K (f). 
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The Temkin isotherm model exhibits a linear decline in the heat of 
adsorption (ΔHads.) for all molecules within the adsorption layer, owing 
to the interactions between the adsorbent and the adsorbate. Another 
noteworthy characteristic of the Temkin model is its consideration of a 
homogeneous distribution of binding energies across all adsorption 
sites, while disregarding extremely high and low concentration values 
[47,48]. Consequently, this model is solely applicable within an inter
mediate concentration range. In the present study, the Temkin model 
demonstrates the exothermic nature of adsorption, as indicated by a 
positive value of parameter bT, which signifies the release of heat during 
the process. 

In the Freundlich model, the isotherm type is determined by the 
value of temperature-dependent n parameter. The value of 1/n repre
sents the surface heterogeneity or the intensity of adsorption. When 1/n 
is between zero and unity (0<1/n<1), the adsorption process is 
considered favorable. When 1/n is greater than 1 (1<1/n), the adsorp
tion process is unfavorable, and when 1/n equals 1, it is irreversible (1/ 
n=1). In Table 4, the 1/n values for the adsorption of HCrO4

- on the 
adsorbent range from 0.168 to 0.216, indicating a favorable adsorption 
process. 

3.3.3. The effect of contact time and kinetic studies 
The assessment of adsorbent efficiency for practical applications 

necessitates the consideration of adsorption time as a crucial determi
nant. A reduced adsorption time enhances the affordability and opera
tional efficiency of the adsorbent. To this end, alterations in the 
adsorption capacity of the adsorbent were examined over time, and the 
outcomes are presented in Fig. 5a (where solid squares denote the 
experimental data points). Following an initial 5-minute adsorption 
period, a rapid adsorption gradient was observed, succeeded by a 
gradual adsorption gradient until reaching the equilibrium point and 
attaining adsorbent saturation within 30 min. No significant alterations 
were observed beyond the 30-min mark. Thus, the optimal adsorption 
time for HCrO4

- oxyanions by the adsorbent was determined to be 30 
min. 

To investigate the adsorption kinetics involved in HCrO4
- ion removal 

by the adsorbent, four distinct kinetic models were employed. Subse
quently, the obtained parameters of these nonlinear models were fitted 
to the experimental data and compared with one another. The calculated 
kinetic data after nonlinear fitting are given in Table 5. Among the four 
models used, the Avrami model exhibited the best agreement with the 
experimental data based on R2

Adj. values, followed by the PFO, PSO, and 
Elovich models. However, in selecting the most suitable model, the 
proximity of the experimental adsorption capacity (Qe,exp.) to the theo
retical (Qe,cal.) values should be considered, in addition to the compari
son of R2

Adj. values. Comparing the Qe,cal. values and Qe,exp. (=343.3 mg 
g− 1) value, it is noted that the order of preference is PFO (=341.9 mg 
g− 1) > Avrami (=331.1 mg g− 1) > PSO (=403.0 mg g− 1). 

The PFO and PSO kinetic models effectively describe the correlation 
between the adsorbate in the solution and the occupation of the 

functional groups, also known as adsorbent active sites, involved in the 
adsorption process. Specifically, the PFO model accurately represents a 
limited number of surface-active site occupations, while the PSO model 
provides a depiction of a larger proportion of these occupations. How
ever, it should be noted that in actual adsorption processes, the 

Table 4 
The values of isotherm models’ parameters at different temperatures.   

T 298 K 303 K 308 K 313 K  

Qm,exp. 347.5 370.8 390.8 405.2 
Langmuir Qm,cal. 363.5 385.5 409.0 416.9 

KL 0.549 0.911 1.596 4.721 
R2

Adj. 0.9432 0.9561 0.9822 0.9726 
Freundlich n 4.626 4.969 4.766 5.964 

1/n 0.216 0.201 0.210 0.168 
KF 135.5 156.2 157.8 201.1 
R2

Adj. 0.8416 0.8249 0.7343 0.7684 
Temkin bT 0.024 0.026 0.020 0.025 

KT 77.25 170.1 53.27 643.9 
R2

Adj. 0.9322 0.9052 0.8646 0.8949  

Fig. 5. The influence of contact time (t=1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 40 min) 
on adsorption capacity of HCrO4

- under constant conditions (pH=3.0, W=3.0 
mg, V=25 mL, Ci=50 mg L− 1, agitation speed=180 rpm) and nonlinear kinetic 
models fitted to them (a). Qe changes vs number of recycle time under constant 
conditions (pH=3.0, W=3.0 mg, V=25 mL, Ci=50 mg L− 1, t=40 min, agitation 
speed=180 rpm) (b). 

Table 5 
The values of kinetic models’ parameters at 298 K.   

Parameters Values 

Models Qe,exp. 343.3 
PFO Qe,cal. 341.9 

k1 0.205 
R2

Adj. 0.9801 
PSO Qe,cal. 403.0 

k2 5.533 
R2

Adj. 0.9553 
Elovich α 177.9 

β 0.011 
R2

Adj. 0.9274 
Avrami Qe,cal. 331.1 

kAv. 0.232 
nAv. 1.394 
R2

Adj. 0.9913  
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occupations of the adsorbent active sites exhibit a higher level of 
complexity. For instance, during the initial stage of adsorption, only a 
few active sites are occupied, and this phenomenon can be effectively 
captured by the PFO model. Conversely, during the final stage of 
adsorption, a majority of the active sites become occupied, and the PSO 
model may offer a superior description of this process. Consequently, the 
PFO and PSO models exclusively address specific conditions within the 
adsorption process and do not encompass its entirety. 

The Avrami kinetic model is applicable in scenarios involving mul
tiple adsorption mechanisms and postulates that the adsorption mech
anism can follow multiple kinetic orders that undergo changes 
throughout the interaction between the adsorbate and the adsorbent 
[49,50]. Accordingly, in this particular study, the kinetics of adsorption 
of the HCrO4

- oxyanion can be described as a combination of the PFO and 
PSO models. During the initial stage, when the adsorption process is 
characterized by a rapid rate, the PFO model provides an accurate 
prediction of the adsorption behavior. Subsequently, as the rate of 
adsorption diminishes, the PSO model offers a better depiction of the 
adsorption behavior. Nevertheless, it is worth noting that the Qe,exp.

value and Qe,cal. value obtained from the PFO model exhibit closer 
agreement, suggesting that the PFO model slightly outperforms the PSO 
model in terms of predicting the adsorption behavior. 

3.3.4. Reusability performance of the adsorbent 
The evaluation of an adsorbent’s suitability for real-world applica

tions and large-scale usage critically hinges on its reusability, necessi
tating stability during recovery and the ability to be reused and 
regenerated after multiple successive uses. To adhere to established 
guidelines from prior study regarding the selection of an appropriate 
desorption eluent for Cr(VI) [27], a 0.1 mol L− 1 NaOH solution was 
employed. Following a 40-min exposure to an aqueous Cr(VI) solution, 
the MI-Cl-FDU-12 anion exchanger was subjected to subsequent cycles 
of Cr(VI) adsorption, with regeneration accomplished using 25 mL of 
0.1 mol L− 1 NaOH. The regenerated anion exchange adsorbent thus 
obtained was employed for successive adsorption of Cr(VI) under 
optimal experimental conditions, encompassing six consecutive 
adsorption–desorption cycles. It is noteworthy that the adsorbent sur
face was cleansed of unwanted ions by employing DDW water after each 
adsorption/desorption cycle. 

The Cr(VI) adsorption capacity of the adsorbent, as it underwent the 
six cycles, is illustrated in Fig. 5b. The observed constancy in the Cr(VI) 
adsorption capacity of MI-Cl-FDU-12 throughout the six cycles suggests 
the absence of irreversible adsorption sites on the surface of the anion 
exchange adsorbent. Thus, the MI-Cl-FDU-12 anion exchanger exhibits 
favorable recyclability. The regeneration of the adsorbent through 
treatment with NaOH implies that the adsorption of Cr(VI) by the 
adsorbent occurs via reversible anion exchange processes and electro
static interactions. Furthermore, the reduction in adsorption capacity of 
the reused adsorbent (from about 343 mg g− 1 in the first cycle to about 
305 mg g− 1 in the sixth cycle) can plausibly be attributed to the gradual 
loss of adsorbent mass over the course of the six consecutive adsorp
tion–desorption cycles. 

3.3.5. Comparison study 
Table 6 provides a comprehensive comparative analysis of recently 

reported adsorbents for Cr(VI), along with the corresponding optimal 
parameters. The data presented in Table 6 unveils noteworthy findings 
regarding the performance of various adsorbents in relation to Cr(VI) 
adsorption. Among these adsorbents, MI-CL-FDU-12 stands out as an 
exceptional candidate, exhibiting an outstanding adsorption capacity 
that surpasses that of most previously reported Cr(VI) adsorbents. Spe
cifically, the adsorption capacity of MI-CL-FDU-12 at 298, 303, 308, and 
313 K found to be 363.5, 385.5, 409.0, and 416.9 mg g− 1, respectively. 
Moreover, MI-CL-FDU-12 demonstrates a remarkably shorter adsorption 
time in comparison to the majority of adsorbents listed in Table 6. The 
adsorption time for MI-CL-FDU-12 was measured to be 40 min, whereas 

the average adsorption time reported for other adsorbents was between 
1 and 24 h. This shorter adsorption time indicates the rapid kinetics of 
the MI-CL-FDU-12 adsorbent, suggesting its potential applicability in 
real-world scenarios where time efficiency is crucial. The impressive 
adsorption performance and fast kinetics exhibited by MI-CL-FDU-12 
make it a promising candidate for practical applications in Cr(VI) 
removal. These results highlight the significance of MI-CL-FDU-12 as a 
highly effective and efficient adsorbent, paving the way for its potential 
utilization in various industries and environmental remediation 
processes. 

4. Conclusion 

In conclusion, this study introduces an innovative eco-design 
approach for the synthesis of a highly efficient Cr(VI) anion-exchange 
adsorbent, namely MI-Cl-FDU-12, by utilizing a positively charged sur
face mesoporous silica material. The synthesis method employed a one- 
pot synthesis protocol that incorporated environmentally friendly so
dium silicate extracted from sorghum waste as a green silica source and 
M− TESP− IC as a functionalization agent. The resulting MI-Cl-FDU-12 
adsorbent exhibited an well-ordered bimodal micro-/mesoporous 
structure with a high surface area of 672 m2 g− 1, window size of 1.2 nm, 
cavity diameter of 7.5 nm, and total pore volume of 0.72 m3 g –1, 
comparable to previous reports on FDU-12 synthesis. MI-Cl-FDU-12 
exhibited remarkable adsorption capabilities for the removal of toxic 
Cr(VI) from aqueous solution. The adsorption behavior of Cr(VI) on the 
MI-Cl-FDU-12 adsorbent was analyzed using various kinetic models (the 
effect of contact time) and isotherm models (the effect of initial con
centration of adsorbate) after optimization of pH and adsorbent dose. 
The Langmuir model provided the best fit to the experimental data at 
four different temperatures, suggesting a homogeneous surface site af
finity. The theoretical maximum adsorption capacities of MI-Cl-FDU-12 
were found to exceed those of most previously reported Cr(VI) adsor
bents in the literature, reaching values of 363.5, 385.5, 409.0, and 
416.9 mg g− 1 at 298, 303, 308, and 313 K, respectively, under optimal 

Table 6 
The comparison table regarding adsorption capacity of Cr(VI) of several adsor
bents under optimal conditions.  

Adsorbents Qm,cal.(mg 
g− 1) 

pH T(K) t(min) Year Ref. 

MI-FDU-12 363.5 
385.5 
409.0 
416.9 

3.0 
3.0 
3.0 
3.0 

298 
298 
298 
298 

40 
40 
40 
40 

2023 This 
study 

MCB-ECH-SH/ 
SO3H 

293.5 5.0 333 – 2023 [51] 

ANZ–Fe3O4 ~2.8 2.0 298 50 2022 [52] 
IIP@GO-Fe3O4 8.5 2.0 323 40 2021 [53] 
MgAl/LDH-PBC 177.9 2.0 308 180 2023 [54] 
MS-HMS-PL 257.7 4.0 293 90 2020 [55] 
MI-Cl-KCC-1 428.0 3.0–4.0 298 40 2020 [27] 
IIP ~1.3 2.0 313 30 2020 [56] 
MSP 53.6 2.0 298 120 2019 [57] 
PANI@NC 

nanocomposites 
198.0 1.0 298 480 2019 [58] 

IIP-ANZ ~4.4 2.0 303 30 2018 [59] 
NMA-LDOs 103.4 – 303 150 2017 [60] 
Fe3O4/GO 32.3 4.5 293 300 2013 [61] 
G–MgAl-LDH 

nanocomposite 
172.5 2.0 293 24 h 2013 [62] 

MHCSs 200 3.0 298 ~700 2013 [63] 
bismuth hollow 

nanospheres 
17.5 2.0 RT – 2012 [64] 

EMCMCR 51.8 2.0 293 6–10 2011 [65] 
MCS 200 natural 303 60 2011 [66] 
Chitosan flakes 102 3.0 293 – 2009 [67] 
magnetic poly 

(GMA–EGDMA) 
beads 

140.6 2.0 298 120 2008 [68]  
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conditions (pH=2, W=3 mg, and t=30 min). Furthermore, MI-Cl-FDU- 
12 exhibited excellent regeneration performance, retaining its 
outstanding adsorption properties even after six consecutive recycling 
cycles. This highlights the potential of MI-Cl-FDU-12 as a sustainable 
and durable adsorbent for Cr(VI) removal in water remediation appli
cations. Further research and optimization of the MI-Cl-FDU-12 adsor
bent could lead to its practical implementation in real-world water 
treatment systems, addressing the pressing challenges of water pollution 
and ensuring the availability of clean water resources. 
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