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ABSTRACT
In the present study, the removal of p-nitrophenol (PNP) by a newly designed mesoporous organocarbon, 
monolayers of ß-cyclodextrin (CD) on oxidized ordered nanoporous carbon (OX-ONC) via 1,4-phenylene 
diisocyanate (PDI) linking denoted as CD-ONC was optimized. Furthermore, Au-doped mesoporous 
carbon CMK-3 denoted as Au-OCMK-3 was synthesized by using SBA-15. Au-OCMK-3 has been studied 
for the removal of dibenzothiophene (DBT) and carbazole (CA) from n-hexane. Also, the functionalization 
of SBA-16 mesoporous with sulfonic acid for arsenic (As (V)) and copper (Cu (II)) removal was carried 
out (SBA-16-SO3H). The maximum absorption capacity of CD-ONC was 100 mg/g. Dubinin–Radushkevich 
isotherm was applied to describe the nature of PNP uptake and it was found that it occurred physically 
(E = 0.07 KJ/mol, CD-ONC). The value for Temkin’s heat of adsorption is positive for PNP (157.87 J/mol, 
CD-ONC). There are two physisorption models of PNP with the surface C=O groups of ONC (H-bond 
and dispersion effect between phenolic ring and π electrons). The overall PNP adsorption process was 
exothermic and spontaneous according to thermodynamics parameters (free energy (ΔGo), enthalpy 
(ΔHo), and entropy (ΔSo)). We demonstrate that functionalization of CMK-3 with gold is possible (qm 
value for DBT: 15.33 mg/g and for CA: 13.00 mg/g). The adsorption capacity for As (V) on SBA-16- SO3H 
reaches 92.63 mg/g. The high removal of As equilibrium time of 90 minutes can be explained in terms of 
a strong electrostatic attraction that occurred between the SO3H and As. Maximum absorption capacity 
was 92.63 mg/g for As(V) and 13.00 mg/g for Cu(II).
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INTRODUCTION
Various substances and materials are 

generated through industrial processes that can 
contaminate waters, which will negatively affect 
the environment and humans [1-4]. Phenols, 
due to being toxic even at low concentrations, are 
among the most common organic water pollutants 
[5]. The maximum concentration of phenol in 
drinking water is determined as 0.001 mg/L by 

WHO (1963). The p-nitrophenol (PNP) and its 
derivatives, usually found in the wastewater from 
dyes, textile, pesticides, plasticizers, and herbicides 
industries are all toxic and refractory pollutants 
[6]. Numerous physicochemical treatment 
technologies and materials have been used to 
decompose PNP and improve its biodegradation, 
including activated carbon, clay, Fenton reagent, 
nanosized nickel catalysts, ultrasound enhanced, 
and sonophotocatalytic process [7,8]. There are 

http://creativecommons.org/licenses/by/4.0/.
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alternative adsorbents such as biosorbents [9] 
zeolites [10] and resins [11]. However, at high 
concentrations of PNP and long purification 
times, these methods have disadvantages and 
limitations. There is a large amount of organic 
sulfur compounds with a concentration of 300 
and 500 ppm in commercial gasoline and diesel 
[12]. The sulfur compounds in oil can cause 
serious environmental problems by converting 
into SOx compounds during combustion. Thus, 
the desulfurization process appears to be a 
necessary procedure throughout the world, 
which has turned into a major unit operation 
in petroleum refining [13]. Dibenzothiophene 
(DBT) is a refractory species. In addition, due 
to the low reactivity rates, nitrogen-containing 
compounds such as carbazole act as inhibitors in 
various refinery processes. Arsenic compounds 
can cause short-term and long-term effects 
in humans, plants, and animals. The affected 
areas have arsenic levels much higher than the 
maximum allowed contamination level (0.01 
mg/L). The treatment of arsenic contamination 
is of irrefutable significance to lower floras and 
faunas, humanity, and their living ecosystem. 
Numerous technologies and materials have been 
used to decompose arsenic including adsorption, 
ion exchanges, electrokinetic processes, 
electrocoagulation, chemical precipitation, 
phytoremediation, membrane technology, and 
phytobial remediation [14]. Copper is required 
for humans, but if it exceeds the permissible limit, 
it causes many problems. In human beings, the 
major source of exposure to copper is via water 
that reaches through irrigation and underground 
water resources. Copper poisoning is referred to 
as “Copperiedus”. Gastric hemorrhage leading to 
evident paralysis and eventually death is one of 
the most common impacts of copper ingestion. 
Apart from that, exposure to skin leads to acute 
dermatitis in human beings [15]. According to 
the EPA, about 1.3 mg/L of Cu2+ ion in industrial 
sewages is permitted [16]. The biosorption process 
is useful in copper removal by employing the 
techniques of adsorption and precipitation [15]. 

Various methods have been used to remove 
environmental pollutants [17, 18]. Nanoparticles 
have been used as adsorbents to remove pollutants 
in various studies [19, 20, 21, 22]. Adsorption of 
pollutants by nanomaterials is a critical process 
in water and wastewater treatment. Due to 
their special properties, including high surface 

areas, regular frameworks, and narrow pore size 
distributions, ordered mesoporous silica (OMC) 
like MCM-48, Santa Barbara Amorphous-15 
(SBA-15) and SBA-16 have been considered by 
researchers. SBA-15 is a highly stable mesoporous 
silica sieve developed by researchers at the 
University of California at Santa Barbara. It gets 
its high hydrothermal and mechanical stability 
from a framework of uniform hexagonal pores 
that feature a narrow pore-size distribution and a 
tunable pore diameter of 5nm to 15nm. Ordered 
nanoporous carbons (ONC) can be synthesized 
by using OMS materials as hard templates. For 
example, MCM-48 mesoporous silica template 
leads to CMK-1 carbon [23] and CMK-4 [24]. 
Mesoporous carbon materials, which possess 
high surface area, large pore volume, and 
special physicochemical properties, have caused 
considerable attention in various fields. These 
features of mesoporous carbon not only provide 
a huge interface and large space to accommodate 
capacious guest species but also enable the specific 
binding, enrichment, and separation, meeting 
the requirements of excellent adsorbents. The 
SBA-15 template with the 2-dimensional (2-D) 
hexagonal structure is used to synthesize CMK-
3 (rod-type framework) [25] and CMK-5 (tube-
type) carbons [26]. 

The syntheses of ordered mesoporous solids 
are classified as endo template methods (“soft-
matter templating”). In exo template methods 
(“nanocasting”), a porous solid is used as the 
template in place of the surfactant. Thus, this 
method is also known as “hard-matter templating”. 
The hollow spaces that provide the exo template 
framework are filled with an inorganic precursor, 
which is then transformed (cured) under suitable 
conditions. In this way, the pore system of the 
template is copied as a “negative image”. After the 
removal of the now-filled exo template framework, 
the incorporated material is obtained with a large 
specific surface area. In a process called hard 
templating, carbon mesoporous can be produced 
by using silicate mesoporous as a hard mold and a 
carbon source (for example, sucrose).

Mesoporous silica particles have great potential 
as adsorbents due to the intrinsic merits of having 
a large BET surface area, high porosity, and 
controllable and narrowly distributed pore sizes. 
Using modified carbon nanoporous adsorbent, 
Zolfaghari et al. 2013[27] studied the adsorption 
of lead from water. Surface functionalization 
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of porous carbon materials is essential for 
changing the hydrophobicity and hydrophilicity 
characteristics of the materials' surface, making 
them available as proper adsorbents [28]. 
Cyclodextrins (CDs) as useful materials for 
functionalization are called Schardinger’s dextrins 
or cycloamyloses, which consist of 6, 7, and 8 
glucopyranose units called as α-, ß-, γ-CD [29].

In this study, highly ordered mesoporous 
carbon molecular sieves, ß-cyclodextrin (CD) on 
oxidized ordered nanoporous carbon (OX-ONC) 
via 1,4-phenylene diisocyanate (PDI) linking 
was synthesized to examine the adsorption 
of p-nitrophenols. Modification of carbon 
nanoporous with cyclodextrin is an innovative 
aspect of this study. To optimize the design 
parameters, the Taguchi robust design method 
has been modified since this systematic approach 
is capable of considerably minimizing the overall 
testing time and the experimental costs [30, 31]. 
SBA-15 was used as a hard template to prepare 
the CMK-3, while sucrose was used as the carbon 
source. Furthermore, CMK-3 was modified with 
HNO3 and functionalized with gold solution by a 
post-synthesis treatment. The Au-doped oxidized 
mesoporous carbon (Au-OCMK-3) was examined 
for the removal of dibenzothiophene and 
carbazole (CA) from the oil model. In addition, 
the SBA-16 mesoporous silica functionalized with 
thiol groups and oxidized the thiol to sulfonic acid 
groups. The nanostructure of SO3H-SBA-16 was 
used to remove As (V) and Cu (II) from water. To 
optimize the adsorption conditions of copper on 
SO3H-SBA-16, the Response Surface Methodology 
(RSM) has been used. In general, the feasibility of 
using modified nanoporous to remove pollutants 
is one of the main goals of this research, which 
has synthesized and modified several different 
mesoporous adsorbents and examined different 
conditions for removing pollutants.

 
TAGUCHI ROBUST DESIGN METHOD

Taguchi's robust design method [31, 32] 
was introduced in this paper to optimize the 
controllable factors of pollutant removal efficiency 
(PRE). Taguchi method uses orthogonal arrays 
(OAs) of experimental design theory to study a 
large number of variables with a small number 
of experiments [33]. Variability is a characteristic 
of the noise factor, which is difficult to control. 
Conversely, a factor that is easily controlled is 
called a control factor. The variability can be 

expressed by signal-to-noise (S/N) ratio. The 
experimental condition having the maximum 
S/N ratio is considered the optimal condition, 
as the variability of characteristics is in inverse 
proportion to the S/N ratio [34]. 

EXPERIMENTAL
Immobilization of β-cyclodextrin on nanoporous
1. Preparation of siliceous template (SBA-16)

We synthesized SBA-16 based on the 
instructions of other references [35]. We 
dissolved two poly(alkylene oxide)- type triblock 
copolymers, P123 and F127 together in the aqueous 
HCl solution. We then added tetraethoxysilane 
(TEOS) to the solution and the process of stirring 
with the magnet was continued. 

2. Synthesis of ordered nanoporous carbon 
(ONC)

The ordered nanoporous carbon was 
synthesized based on scientific references [36, 37]. 

3. Oxidation of ONC (OX-ONC)
The surface chemistry and texture of ONC by 

nitric acid (69%, Merck) were modified [38, 39]. 
First, 0.1 g of dried ONC powder was treated with 
15 ml of HNO3 solution (2 M) for 1 h at 80 ºC 
under refluxing. After oxidation, the samples were 
recovered and washed with DW until reaching 
pH 7. 

4. Monolayers of cyclodextrin on ordered 
nanoporous carbon (CD-ONC)

An amount of 1.0 g of OX-ONC was dried 
overnight at 125 °C and added into a round bottom 
flask containing 1,4-phenylene diisocyanate (PDI) 
(0.336 g). Under an inert Ar atmosphere, the N, 
N'-dimethyl formamide (DMF) was added to the 
mixture, and the reaction vessel was stirred at 
70 °C for 8 h. Then 50 ml of β-CD dissolved in 
the DMF was added dropwise to the reactor over 
one hour and stirred for 36 hours. The resulting 
mixture was washed with methanol for 48 hours 
in a soxhlet extraction process and then vacuum 
dried overnight at 60 °C. The final product was 
called CD-ONC.

Immobilization of gold on nanoporous
1. Preparation of SBA-15

The synthesis of SBA-15 was carried out 
according to the method mentioned by Colilla et 
al. [40].
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2. Synthesis and oxidation of CMK-3 (OCMK-3)
The synthesis of CMK-3 was carried out 

according to the method mentioned by Jun et al. 
[41]. We used nitric acid to oxidize the CMK-3 as 
described in section 3.1.3.

3. Au-doped mesoporous carbon (Au-OCMK-3)
Au-doped OCMK-3 was prepared 

by mixing 5000 ppm of HAuCl4 and 
OCMK-3 for 10 h. The solid was 
separated by filtration, washed, and vacuum-dried. 
These samples were reduced to form nanoparticles 
of Au using 0.1 M NaBH4 solution. Au-doped 
oxidized mesoporous carbon was studied as a nano 
absorbent for the removal of dibenzothiophene 
and carbazole from non-aqueous solutions. The 
product was denoted as Au-OCMK-3. Scheme 1. 
shows the preparation strategy of Au-OCMK-3.

Functionalization of SBA-16 with sulfonic acid 
groups 
1. Thiol-functionalized SBA-16 materials (SH-
SBA-16)

A value of 0.2 g SBA-15 was dissolved in 20 
g 0.1 M HCl aqueous solutions, followed by the 
addition of 3-mercaptopropyltrimethoxysilane 
(MPTMS) (molar ratios of MPTMS/SiO2 = 
0.13:1). Stirred for 7 h at the ambient temperature, 
the mixture was transferred into an autoclave and 
statically treated for 24 h at 100 °C. As described 

above, the solid products were then recovered.

2. Oxidation of thiol to sulfonic acid groups 
(SO3H-SBA-16)

First, 0.15 g SH-SBA-16 was dissolved in 20 
g 2M HCl aqueous solutions, followed by the 
addition of 0.75 g 30 wt% H2O2. Stirred for 5 
min at an ambient temperature, the mixture was 
transferred into an autoclave and statically treated 
for 6 h at 100 °C. As described above, the solid 
products were recovered [42]. The product was 
referred to as SO3H-SBA-16. Scheme 2. shows the 
preparation strategy of SBA-16, modification with 
the thiol group, and functionalization with SO3H-
SBA-16.

Characterization methods
We recorded the X-ray powder diffraction 

(XRD) patterns on a Philips 1830 diffractometer 
(in the 2θ range of 1–10). We measured nitrogen 
adsorption-desorption isotherms of the 
synthesized samples at 77 K on the Micromeritics 
model ASAP 2010 absorptiometer [43]. The 
surface area of the sample was also measured by 
the Brunaure-Emmet-Teller (BET) method. The 
morphology (SEM images) of the samples was 
examined using JEOL 6300F SEM. Raman spectra 
were obtained using an Almega Thermo Nicolet 
Dispersive Raman Spectrometer with a resolution 
(= λ/2) of 0.257 μm (laser spot size). 

Scheme 1. Preparation strategy of Au-doped mesoporous carbon: (1) the silica introduction into the surfactant; (2) 
removal of the surfactant template; (3) the carbon source introduction into the ordered mesoporous silica; (4) removal 
of the silica (CMK-3) and modification with acid (OCMK-3); and (5) Au-doped mesoporous carbon (Au-OCMK-3).
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Orthogonal array and experimental parameters
The S/N ratios were different 

according to the type of characteristic. 
Our main goal in the research design 
was to maximize the PRE, as the larger-the-better 
was required, as shown in Eq. (1):

             
(1)

In Eq. (1), n is the number of 
repetitions under the same experimental 
conditions, while PRE represents the 
measurements result (pollutant removal 
efficiency). The orthogonal array of the L16 (45) 
type was used. L and subscript 16 denote the 
Latin square and the repetition number of the 
experiment, respectively. A series of aqueous 
solutions of p-nitrophenol with an initial 
concentration of 50-200 mg/L, a temperature of 
20-80 ºC, a dose of 0.3-0.9 g/L, pH of 2- 10, and 
an agitation time of 60-240 were prepared. Eq. 
(2) was used to calculate the pollutant removal 
efficiency (PRE): 

                            
(2)

where C0 and Ce are the initial 
and equilibrium concentrations of 
solute (mg/L), respectively. Based on 
selection of the five factors with the four levels, the 
full factorial of this process has been calculated as 
Eq. (3):   

N=Lm    
where N is the number of possible 

designs, L number of levels for each 
factor and m is the number of factors. For 
this study N is 1024 (45) tests. In contrast, in Taguchi 
method chooses only 16 tests. Other tests based on 

these S/N ratios can be predicted as Eq. (4) [44]:

     
(4)

where (S/N)m is the total mean S/N ratio, (S/N)i is 
the mean S/N ratio at the predicted level, and n is the 
number of the main design parameters.

Adsorption studies
Table 1 shows some of the characteristics of 

pollutants being investigated. Distilled water 
has been used as a solvent for the preparation 
of p-nitrophenol, arsenic (V), and copper (II) 
solution (aqueous solution). We added 100 ml 
of p-nitrophenol solution with concentrations of 
50, 100, 150, and 200 mg/L to a flask and mixed 
them with 0.09 g (0.9 g/L) of mesoporous carbons 
(OX-ONC and CD-ONC). The experiments were 
performed using a stirrer at 150 rpm, 25 °C, 180 
min contact time, and pH 6. Hydrochloric acid 
and sodium hydroxide were used to control the pH 
and a digital pH-meter device was used to measure 
the pH (Metrohm, model 654). p-Nitrophenol 
concentration was measured using a UV-Vis Array 
Spectrophotometer (Photonix Ar 2015, Teifsanje 
Pishro Pajohesh Company, Iran) and to reduce 
the measurement error, each experiment was 
repeated three times. In these experiments, based 
on the standard calibration curve, a coefficient 
square (R2) of 0.99 was obtained. Carbazole and 
dibenzothiophene were removed with the Au-
OCMK-3 at room temperature and contact times 
of 30, 60, 120, 180, and 240 min, and then a UV-
Vis Spectrophotometer was used to measure the 
removal efficiency of these contaminants. In this 
study, n-heptane was used as a fuel model, which 
is a non-aqueous solution. The concentrations of 
pollutants were determined in the residual solution 

Scheme 2. Preparation strategy of SBA-16; modification with thiol group; and functionalization with SO3H-SBA-16.
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and the amount of adsorption at equilibrium, qe 
(mg/g) was calculated by Eq. (5):

                                       
(5)

where C0 and Ce (mg/g) are the initial and 
equilibrium liquid phase concentrations of PNP, 
respectively; V is the volume of the solution (L), 
and W is the mass of dry adsorbent used (g) [45]. 
The adsorption of arsenic on SO3H-SBA-16 was 
done at room temperature with the adsorption 
times of 30, 45, 60, 90, and 120 min. Arsenic stock 
solutions were prepared by dissolving sodium 
arsenate (Na3AsO4) in degassed pure water with 
a conductivity of 18 MΩcm. We determined the 
arsenic content in the samples by an internally 
accredited and validated Graphite Furnace Atomic 
Absorption Spectroscopy (GF-AAS) method. We 
used an Atomic Absorption Spectrometer GBC 
Scientific Equipment Ltd. coupled with a graphite 
furnace GF 3000. For copper (II) ion, a solution 
with a concentration of 500 mg/L was prepared 
by dissolving appropriate amounts of copper 
chloride salt in distilled water. To investigate 
the factors involved in the process of copper 
adsorption, 0.1 g of the synthesized adsorbent 
(SO3H-SBA-16) with 100 mL of copper solutions 
with concentrations of 10, 20, 30 and 40 mg/L by 
a mechanical stirrer was stirred at a speed of 150 
rpm. The copper concentration was measured 
using a UV-Vis Array Spectrophotometer at a 
maximum wavelength of 260 nm. The Response 
Surface Methodology is a set of statistical 
techniques used in the optimization of processes 
where the desired response is affected by several 
variables. By selecting five factors including 
temperature, pH, dose, pollutant concentration, 
and contact time, their simultaneous role in 
copper removal rate was investigated in a plan 
consisting of 32 experiments using Design Expert 

software. Adsorbent dose between 0.2 and 1 g/L, 
pH between 2 and 8, concentration between 10 
and 40 mg/L, temperature between 20 and 35 °C, 
and contact time between 15 and 90 minutes were 
considered.

RESULTS AND DISCUSSION
Characterization of synthesized nanomaterials
1. XRD patterns  

The XRD patterns of SBA-16, ONC, OX-ONC, 
and CD-ONC samples are shown in Fig. 1A. The 
XRD pattern synthesized SBA-16 shows two strong 
peaks in the 2θ of 0.50 and 1.28, and one weaker 
reflection at 2θ value 1.40. The body-centered 
cubic structure, which is represented by (110), 
(200), and (211) reflections (corresponding to a 
cubic structure [36], exists in the synthesized SBA-
16 sample. The XRD patterns show well-resolved 
reflections indicating that ordered nanoporous 
carbon nicely maintains its original structure even 
after the oxidation and β-cyclodextrin grafting 
[41]. The XRD patterns of SH-SBA-16 and SO3H-
SBA-16 samples are shown in Fig. 1B.

2. Nitrogen adsorption-desorption technique
After modification with nitric acid and 

functionalization with cyclodextrin, the obtained 
carbon retained isotherms type IV. This indicates 
that all the synthesized materials are mesoporous  
[46, 47, 48]. As can be seen in Table 2, OX-ONC 
has a lower surface area than ONC. The reason 
is the presence of carboxylic groups on the 
surface of OX-ONC. After the functionalization 
of the carbon cavities, the surface area and the 
pore volume of the functionalized carbons with 
cyclodextrin are reduced. The BET surface area 
and pore volume of CMK-3 and Au-OCMK-3 
were calculated, which are shown in Table 2. It 
is expected that the gold ions adsorbed on the 
carbon surface will bond with the mesoporous 
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carbon through oxygen atoms. In this case, the 
surface area of   Au-OCMK-3 may progressively 
enhance (914 m2/g) [49].

3. SEM/EDX analysis of nano adsorbents
The SEM image of ordered mesoporous 

carbon is shown in Fig. 2A. The cage-like ordered 
mesoporous carbon has a cubic structure with a 
body-centered-cubic arrangement of cages with 8 
apertures to the nearest neighbors as in the SBA-16 
[50]. The morphology of ONC was preserved after 
oxidation and cyclodextrin functionalization (Fig. 
3B). Fig. 2C shows the image of Au-OCMK-3; 
the carbon replica appears to have a wheat-like 
shape identical to the SBA-15. After oxidation 
and functionalization with gold, the CMK-
3 morphology was preserved. After MPTMS 
grafting and oxidation of thiol to sulfonic acid 
groups (SO3H-SBA-16), the morphology of SBA-
16 was preserved as seen in Fig. 2D. The energy 
dispersive X-ray spectroscopy (EDX) analysis of 
SBA-16 and SO3H-SBA-16 is shown in Fig. 2 (E 
and F). EDS, EDX, EDXS, or XEDS is an analytical 

method for chemical identification of samples. 
In this Fig., a peak of sulfur (S) corresponding 
to SO3H-SBA-16 can be seen. It is also possible 
to see the peak of carbon (C) which is caused by 
CH2CH2CH2SH groups.

4. Raman spectroscopy
In this study, the Raman spectroscopy 

technique was used to investigate the surface of 
mesoporous carbons (Fig. 3). As seen in Fig. 3A, 
regular nanoporous carbon has three D (1337 
cm-1), G (1599 cm-1), and D+G bands (2935 cm-

1). These bands are characterized by different 
structures and stretching modes. The vibration 
at 1337 cm-1 due to micro-sized crystalline or 
defective carbons indicates vibration from the 
disordered terminal carbon atom. The vibration 
at a high frequency of 1599 cm1 corresponds 
to the G band, which is seen as a fingerprint of 
the graphene structure [51]. Accordingly, the 
G band was assigned to the inter-plane sp2 C-C 
stretching. The intensity ratio of these bands (IG/

Fig. 1. A) XRD patterns of SBA-16, ONC, OX-ONC, and CD-ONC, and B) XRD patterns of SH-SBA-16 and SO3H-
SBA-16.
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Fig. 2. Images of synthesized samples: A SEM image of ONC, B SEM image of CD-ONC, C SEM image of Au-OCMK-3, 
and D SEM image of SO3H-SBA-16, and Energy dispersive X-ray spectroscopy (EDX): E SBA-16 and F SO3H-SBA-16.
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ID) or the ratio of their areas provides significant 
information about the “graphicity” or the absence 
of defects. The ratios of the areas of G/D for the 
ONC and functionalized ONC were equal to 
0.914 and 0.912, respectively. According to G/D 
intensity ratios, the unmodified mesoporous 
carbons appeared to be a little more graphitic than 
those of the CD-ONC. However, this indicated 

slightly further disordered structures of the CD-
ONC compared to the ONC. This was more likely 
due to the introduction of functional groups 
to the mesoporous carbon. The characteristic 
Raman shifts [52] for grafted ONC via PDI (Fig. 
3B) are O–H (3500 cm-1), –NH (3403 cm-1 from 
urethane), –CH2 (2971 cm-1 from β-CD), C=O in 
urethane (1780 cm-1), G band (1599 cm-1 from 

Fig. 3. A Raman spectra of ONC, B Raman spectra of CD-ONC, C Raman image of ONC, D Raman image of CD-ONC, 
and E FT-IR spectra of synthesized samples (SBA-16, SH-SBA-16, and SO3H-SBA-16). 
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ONC), D band (1344 cm-1 from ONC), and 
H2C–OH (1122 cm-1 from β-CD). The β-CD was 
found as an image of white aggregates that were 
grafted at the surface of ONC via PDI, whereas 
the surface of ONC was seen as black regions 
(images of C and D in Fig. 3). We used the FT-
IR technique to monitor changes on the surface 
of the functionalized SBA-16 with sulfonic acid 
groups and oxidation of thiol to sulfonic acid 
groups (Fig. 3E). We can attribute the absorption 
bands in the range of 3650–3200 cm−1 and 1260–
1000 cm−1 to Si-OH and Si-O coordination. 
The strong peaks at 2930 cm−1 and 2556 cm−1 

correspond to the asymmetric stretching of CH2 
and the stretching vibration of SH, respectively. 
The origin of peaks is more likely to be from 
CH2CH2CH2SH groups [53].

Taguchi's approach to the optimization of PNP 
adsorption
1. Analysis of variance (ANOVA)

In this study, analysis of variance was used 
to evaluate the optimal conditions. Equation 7 
shows how to calculate the standard deviation, 

where  is the average S/N ratio of factor 

I at level i:

   
(7)

The S/N response table was prepared and 
the optimal conditions were obtained. Then the 
experiments related to these optimal conditions 
were performed in the laboratory. The percentage 
contribution of each factor [54] is calculated by 
Eq. (8):
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(8)

In Eq. (8), SSF, SST, and DOFR represent the 
factorial sum of squares, total sum of squares, and 
degree of freedom of each factor, respectively. The 
degree of freedom for all factors is 3. 

2. Performing the experiment and optimum 
conditions

Using Eq. (2), we calculated the p-nitrophenol 
removal efficiency for experiments 1 to 16, which 
results are shown in Table 3. Using the results of 
the measurements (PRE) and Eq. (1), the S/N ratio 
(Table 3). The maximum value of the S/N ratio is 

shown in Table 3 in boldface.
 
(Table 3) 

shows the effect of each level of each factor on the 
response, independently. The bold items in Table 4 
refer to the values   of the maximum S/N ratios of a 
certain factor among the four levels, which show the 
optimal conditions. Contact time of 180 minutes, 
initial concentration of 200 mg/L, temperature of 
20°C, adsorbent amount of 0.9 g/L, and pH equal 
to 6 are the optimal conditions shown in Table 
4. The PNP removal rate was checked under the 
mentioned conditions. The pollutant removal 
efficiency was calculated (91.47%) and the S/N 
rate was obtained using it (39.25) (Table 4). As 
seen, the removal conditions were improved (the 
average of removal was increased to 8.97 % with 
a 0.3 smaller standard deviation) by substantially 
decreasing agitation time from 240 (in Test 16) 
to 180 min (under the optimum conditions). In 
Zhao et al.'s [55] study, steel industry sludge was 
used as a continuous bed column for the removal 
of p-nitrophenol. The results showed that the 
maximum adsorption capacity was at 298 K, pH 
of 7, initial concentration 100 mg/L, and dose 0.8 
g/L.

3. Effect of factors on the adsorption efficiency
The effect of the experimental conditions 

proposed by the Taguchi method is shown in Fig. 
4. Fig. 4A shows the effect of agitation time on 
the S/N ratio. In this study, the optimal adsorbent 
contact time to remove phenol was 180 minutes. In 
explaining this event, we can say that in the early 
moments, there were a lot of vacant surface sites to 
absorb. After three hours the adsorption decreases 
due to the desorption process. This is a significant 
result because equilibrium time is one of the 

economic parameters in water and wastewater 
treatment. To investigate the effect of initial 
concentration on removal efficiency, different 
concentrations of 50 to 200 mg/L were used. Fig. 
4B shows that as the concentration increases, the 
S/N ratio also increases. In batch experiments, it 
was shown that with increasing concentration, the 
PNP removal percentage increases. Therefore, it 
can be said that the removal percentage depends 
relatively on the initial concentration of the 
contaminant. Based on the experimental results, 
the equilibrium time for all initial concentrations 
was reported to be 180 minutes. In this study, 
we investigated the effect of temperature on the 
absorption of p-nitrophenol at temperatures of 20, 
40, 60, and 80 ºC. As Fig. 4C shows, with an increase 
in temperature of 20 to 80 ° C, the S/N ratio for the 
p-nitrophenol concentration decreases from 34.92 
to 32.81. Hence, the adsorption process seems to 
be exothermic.

The adsorbent dose seems to be an important 
parameter as it determines the adsorption 
capacity for a given initial concentration of the 
contaminant [56]. The removal efficiency of PNP 
in different doses of 0.3 to 0.9 g/L was investigated 
(Fig. 4D). Experimental results show that by 
increasing the amount of adsorbent from 0.3 
to 0.9 g/L, the removal of PNP increases. This is 
because as the weight of the adsorbent increases, 
the number of active sites increases, which in turn 
increases the removal of more contaminants. The 
highest removal efficiency of PNP was 91.47% at a 
dose of 0.9 g/L.

Fig. 4E shows that when pH changes from 
2 to 6, the S/N ratio also increases. There are 
various interactions between carbon and phenol. 
Sometimes there are electron donor-acceptor 
interactions between the carbon surface and 
phenol. There may also be a dispersion effect 
between the phenolic ring and the carbon π 
electrons. Electrostatic attraction and van der 
Waals interactions are also other interactions 
between carbon and phenol. In the near-neutral 
or weakly acidic states, the three interactions of 
electron donor-acceptor, dispersion effects, and 
electrostatic attraction may occur simultaneously. 
In acidic conditions, the phenolic ring is adsorbed 
to the carbon surface through carbon π electrons 
[57]. The favorable physisorption of PNP to the 
carbonyl groups of nanoporous carbon may occur 
at a pH less than 6 [58]. In the electron donating-
accepting mechanism of carbonyl groups, the 
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carbon surface acts as an electron donor, and the 
aromatic ring of PNP acts as an electron acceptor. 
At low pH (less than 3), dispersion effects are 
dominant. In this situation, the more polar the 
carbon surface is, the less PNP absorption will be, 
and water and PNP absorption will be competitive. 

At pH greater than 7, an electrostatic repulsion 
with the carbonyl groups of the ONC surface can 
be expected. In addition, the beta-cyclodextrin 
cavity can form a hydrogen bond with PNP [59]. 
In a study, Zargran et al. in 2021 [60] investigated 
synthesized Zn-based photocatalysts for the 

Level i
Factor I( / )

j
S N =

=   Level i
Factor I( )M =

=
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Fig. 4. The effect of time, concentration, temperature, dose, and pH on the S/N ratio for PNP adsorption onto CD-ONC. 
Circles on figures indicate optimum conditions for the adsorption process.
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removal of Rhodamine B. The UV-Vis absorption 
spectrum of Rhodamine B in aqueous solution in 
the presence of nanocomposites showed that with 
an increase in irradiation time for all samples, 
the absorption intensity of dye at 554 nm was 
decreased. PH affects the pollutant degradation 
rate.

4. Prediction of pollutant removal efficiency
In this study, the percentage contribution of 

each factor, RF, was determined. Fig. 5 shows that 
all parameters are important while the adsorbent 
dose is more important. We cannot ignore any of 
the factors because a contribution percentage of 
less than 5% can be ignored [61]. The full factorial 
of the tests for this study is equal to 1024 tests, 
of course, based on the Taguchi method, 16 tests 
were performed in the laboratory. Using Eq. (4), 
all experiments of this study (full factorial) were 
predicted. Also, using Table 4, the value of (S/N)

m was calculated, which is equal to 34.13. Now, for 
example, if we consider the optimal conditions 
(A/3, B/4, C/1, D/4, and E/3), the value of (S/N)
i for the mentioned modes are 34.99, 35.60, 34.92, 
35.24 and 35.02, respectively. Equation 4 can now 
be rewritten as follows:

(S/N)optimal = 34.13 [(34.99 − 34.13) (35.61 − 
34.13) (34.93 − 34.13) (35.24 − 34.13) (35.02 − 
34.13)]

Therefore, the (S/N)optimal value is 39.25. This 
value can be inserted in Eq. (1) to obtain the PRE 
value, which was equal to 91.79%. Looking at 
Table 4, we can see that the estimated absorption 
(91.79%) is close to the real values   (91.00 and 
91.95) with an error of 0.34%. Fig. 5B shows the 
comparison of experimental errors of 16 Taguchi 
tests with their predicted values. Also, for better 
validation of Eq. (4), some other laboratory 
conditions were also performed, which are 
shown in Table 5. Total experimental error and 
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total prediction error were 1.33% and 0.67%, 
respectively. Based on Table 5, it can be said that 
there is a good agreement between the predicted 
and real PRE. A comparison of the experimental 
standard deviation with the predicted standard 
deviation is also shown [36].

Equilibrium modeling for PNP adsorption on CD-
ONC
1. Langmuir model

Several adsorption models have been used in 
this study, one of which is the Langmuir isotherm 
[62], which is used to obtain the maximum 
absorption capacity. This model shows the 
complete monolayer coverage on the absorbent 
surface as shown in Eq. (12):

                         
(12)

where qe and Ce are the equilibrium 
concentrations of PNP in the adsorbed 
and liquid phases in mg/g and 
mg/L, respectively. To calculate the Langmuir 
constants (qm (mg/g) and b (L/mg)), it is necessary 
to show Ce/qe on the y-axis and Ce on the x-axis 
by drawing a graph. In the Langmuir model, 
qm is the maximum adsorption capacity of the 
monolayer and b shows the adsorption affinity to 
the adsorption sites. The maximum absorption 
capacity of CD-ONC was 100 mg/g. As Table 
6 shows, the absorption affinity of CD-ONC 
is higher than that of OX-ONC. There are two 
physisorption models of PNP with the surface 
C=O functional groups of ONC (H-bond and 
electrostatic repulsion).

2. Freundlich model
Another absorption model is the Freundlich 

model [62], which is presented in Eq. (13):

                    
(13)

In the mentioned equation, kf (mg/g)(L/mg) 
1/n and n (L/mg) show the sorption capacity and 
intensity, respectively. In addition, qe indicates the 
equilibrium dose in the adsorbed phase in mg/g 
and Ce indicates the equilibrium concentration 
in the liquid phase in mg/L. The correlation 
coefficients suggest that adsorption is more 
compatible with the Freundlich model than other 
models.

3. Temkin model
The heat of absorption is reduced with the 

surface coverage of the adsorbent [63, 64]. 
Equation 14 shows the Temkin adsorption 
isotherm:

qe=B ln kT + B lnCe                                                          (14)

In this equation, qe is the absorbed amount 
in equilibrium (mg/g) and Ce is the absorbed 
equilibrium concentration (mg/L). Also, B =, 
(J/mol) is related to the heat of adsorption and 
one of Temkin's constants, R is universal gas 
constant (8.314 J/mol.K), T is temperature at 
298K, bT is constant of Temkin isotherm, and kT is 
equilibrium binding constant of Temkin isotherm 
(L/g). In this study, parameter B, the adsorption 
energy of the Temkin equation for the adsorption 
of p-nitrophenol is positive (95.25 and 157.87 J/
mol for OX-ONC and CD-ONC, respectively), 
which means that the adsorption is exothermic.

4. Dubinin–Radushkevich model
Dubinin–Radushkevich (D–R) isotherm 

describes the adsorption on both homogeneous 
and heterogeneous surfaces. Thus, the 

Fig. 5. A SSF and percentage contribution of each factor, RF and B Comparing experimental errors with its prediction.
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corresponding adsorption isotherm can be set by 
Eq. (15):

ln qe= ln qm - ß Ɛ2
                                                         (15)

where qe is the amount of p-nitrophenol 
adsorbed onto CD-ONC (mg/g), qm is the 
theoretical monolayer sorption capacity (mg/g), 
ß is the constant of the sorption energy (mol2/J2), 
and Ɛ is Polanyi potential (J2/mol2) [65], which is 
described as Eq. (16):

Ɛ = RT ln ( )                                                                                           (16)

In the mentioned equation, T is the 
temperature of the solution in Kelvin and R is 
the gas constant. Polanyi's theory says that there 
is a constant volume of adsorption sites near the 
surface and the adsorption potential is on these 
sites. The adsorption potential is related to the 
adsorption energy. The D–R parameter ß as Eq. 
(17) is used to calculate the value of mean sorption 
energy, E (KJ/mol):

                                                             
(17)

The D-R isotherm provides major information 
by calculating the average adsorption energy. If 
the absorption energy is less than 8 KJ/mol, it 
indicates that the physiosorption mechanism is 
predominant. If the adsorption energy is between 

8 and 16 KJ/mol, the ion exchange mechanism 
is predominant. Finally, at adsorption energies 
higher than 16 KJ/mol, the adsorption mechanism 
is explained by the intraparticulate diffusion 
mechanism [66]. In the present study, the average 
free energy for OX-ONC and CD-ONC was 0.03 
and 0.07 KJ/mol, respectively, indicating the 
existence of a physisorption mechanism.

Adsorption kinetics of p-nitrophenol
In this study, pseudo-first-order equations 

(Lagergren equation) and pseudo-second-order 
equations were used to investigate the absorption 
kinetics [67, 68, 69]. The Lagergren equation is ln 
(qe-qt) = ln qe - k1t (Eq. 18), here the amount of PNP 
absorption in mg/g at the equilibrium time with qe, 
the amount of PNP absorption in mg/g at any time 
with qt, and the reaction constant is introduced by 
k1. Table 7 shows that the experimental qe values   
are not consistent with the calculated values   
obtained from the linear diagram.

The pseudo-second-order kinetic equation 
is as follows (Eq. 19), where k2 is the reaction 
constant. Table 7 shows that the adsorption of 
PNP onto CD-ONC follows pseudo-second-order 
kinetics [70].

t
qqkq

t
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Desorption of CD-ONC
The ß-cyclodextrin on ordered nanoporous 

carbon was regenerated in this study using 0.1 
M nitric acid. The CD-ONC was stirred with 
nitric acid for 2 hours at room temperature. The 
adsorbent and acid mixture was then filtered 
through the filter paper, rinsed, and dried in 
an oven. Having determined the amount of 
p-nitrophenol released in the aqueous solution 
(Cdes) and the amount of p-nitrophenol adsorbed 
on the CD-ONC (Cads), we managed to calculate 
the efficiency of p-nitrophenol recovery as follows:

                          
(20)

The regenerated CD-ONC was again used 
for the removal of p-nitrophenol at 20 °C, pH = 
6, with the adsorbent value of 0.9 g/L, and over 
180 minutes. This experiment was repeated 5 
times. As revealed by the results, no significant 

reduction was found in the adsorption capacity of 
nanoparticles.

Thermodynamic variables
The thermodynamic variables of adsorption 

were calculated at a concentration of 200 mg/L, 
pH = 6, and the value of 0.9 g of the adsorbent, 
during 180 minutes at temperatures of 293, 303, 
and 313 °K. The thermodynamic variables such 
as Gibbs free energy, enthalpy changes (ΔH), and 
entropy changes can be examined and calculated 
using changes in the equilibrium constant with 
temperature in the equilibrium state [70]. The 
Gibbs free energy variation of the adsorption 
reaction can be calculated by the following 
equation:

ΔG°= -RTLnKd                                                                                               (21)
where ΔG°=the standard free energy changes 

in joules per mol, R=universal gas constant with a 
value of 8.31 Joule per Kelvin.mole (J/K.mol), and 
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T=the absolute temperature in degree Kelvin (°K). 
The equilibrium constant is calculated using the 
following equation:

Kd = The amount of heavy metal adsorbed by the 
adsorbent ÷ The amount of heavy metal remained 

in the solution × 
 
                                                                 (22)

where, V=the volume of the solution in 
milliliters and m=the mass of the adsorbent 
in grams. Therefore, the standard free energy 
changes can be calculated by changing the 
temperature and measuring and calculating the 
equilibrium constant. On the other hand, the 
standard entropy changes of the adsorption and 
the standard enthalpy changes of the adsorption 
can be calculated by drawing a linear graph of the 
standard free energy changes with temperature 
with the help of Eq. (23):

ΔG°= ΔH° - T ΔS°                                                      (23)

According to the above equation, the entropy 
changes are calculated by drawing a linear graph 
of Gibbs free energy changes of the adsorption 
process with temperature using the slope of the 
line; the enthalpy changes are also calculated 
based on the vertical intercept (y-intercept). The 
Gibbs standard free energy decreased with the 
increased temperature. On the other hand, the 
variation of Gibbs standard free energy at different 
temperatures indicates that there is a linear 
behavior with a proper correlation coefficient 
between these two factors (R2 = 0.99). According 
to Table 7, the standard enthalpy changes and 
standard entropy changes (ΔS°) are equal to -19055 
J/mol and 6.1 (J/K.mol), respectively. The negative 
Gibbs standard free energy of the system indicates 
that the adsorption process occurs spontaneously. 
Also, the negative standard enthalpy changes of 
the adsorption reaction suggest that the process 
is exothermic. The positive standard entropy 
changes of the system also indicate an increase in 
irregularities in the interface of the solid/solution 

adsorption process.

Removal of dibenzothiophene and carbazole from 
oils

As mentioned earlier, this study seeks to remove 
hazardous substances from aqueous and non-
aqueous solutions. In the following studies, the 
performance of other types of carbon compounds 
in desulfurization and denitrogenation was 
investigated. Removal of dibenzothiophene and 
carbazole was performed at different times of 30, 60, 
120, 180, and 240 minutes, the results showed that 
the adsorption of DBT and CA on Au-OCMK-3 
was higher than the CMK-3 (Fig. 6). Au species 
contribute to an increase in the number of active 
centers, improving the adsorption of DBT and CA 
on the mesoporous carbon. Using mesoporous 
Au-OCMK-3 with various doses of 0.1, 0.2, 0.3, 
0.5, and 0.7 g/L in 500 mL bottles, containing 100 
mL solution of 50 mg/L dibenzothiophene and 
carbazole, the impact of adsorbent dose on the 
adsorption of dibenzothiophene and carbazole 
was examined. The test temperature was 25°C 
and the contact time was 180 minutes. Using the 
Langmuir and Freundlich models, the qm value for 
DBT was calculated as 15.33 mg/g and for CA as 
13.00 mg/g. As Table 6 shows, Langmuir isotherm 
is more suitable than Freundlich isotherm 
to describe the equilibrium of DBT and CA 
adsorption on Au-OCMK-3. Adsorption removal 
of carbazole from model esterified bio-oil using 
metal-organic frameworks functionalized with 
sulfonic acid both on metal and linker sites has 
been investigated in the study of Abul Hossain et 
al. in 2023 [71]. The results of this study showed 
that the synthesized adsorbent has a high ability to 
remove carbazole.

Removal of arsenic and copper using SO3H-SBA-16 
and resorption study

The arsenic adsorption tests were 
done at room temperature and adsorption 
times of 30, 45, 60, 90, and 120 min 
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(solutions concentration = 10 mg/L). The sorption 
of As (V) on SO3H-SBA-16 was more than SH-
SBA-16 (Fig. 6). 

Different doses of adsorbent were tested to 
investigate the absorption rate (0.1, 0.2, 0.3, 0.5, 
and 0.7 g/L). Since the amount of arsenic removal 
with SO3H-SBA-16 was higher than that of SH-
SBA-16, it can be concluded that the functional 
groups on the adsorbent surface are the most 
important factors in the adsorption capacity. 
The high removal of As (V) equilibrium time of 
90 minutes can be explained in terms of a strong 
electrostatic attraction that occurred between the 
SO3H and As (V). Scheme 3 shows the possible 
adsorption mechanism of As (V) onto the surface 
of SBA-16-SO3H mesoporous. The results of the 
studies of Langmuir and Freundlich isotherms 
show that the adsorption has better compatibility 
with the Freundlich model, as shown in Table 6. 
The results of the Temkin model for SO3H-SBA-16 
are shown in Table 6. From the linear plot of the 
D-R model (ln qe versus Ɛ2), the mean free energy 
for arsenic adsorption on SO3H-SBA-16 is equal 
to 0.01 KJ/mol. According to the Langmuir model, 
SO3H-SBA-16 nanosorbent can remove arsenic 
by 92.63 mg/g. The resorption of mesoporous 
SO3H-SBA-16 was studied by eluting them in 
different concentrations of HCL or HNO3 (0.5 to 
3 mol/L) and they were used again for adsorption. 
Nitric acid had better results. The maximum 
readsorption capacity of 92% was obtained 
with a 1.5 mol/L nitric acid solution. In a study 
conducted by Liang and Zou in 2020 on mercury 
adsorption with thiol-functionalized silica, the 
reabsorption rate was 89.6% [72]. In another study, 
two head-to-head comparisons were developed 
by Angotzi et al. [73] to highlight the As (V) 
adsorptive ability of mesoand macrostructured 
silica-based adsorbents. The results suggested 

that mesostructured materials are suitable for 
dispersing active phases as adsorbents for water 
treatment.

For copper adsorption on SO3H-SBA-16, 
the time required to reach equilibrium was 90 
minutes. A three-dimensional (3D) surface 
response plot was generated to investigate the 
effects of five process parameters, namely initial 
solution pH, initial Cu (II) concentration, 
temperature, adsorbent dose, and contact time on 
Cu removal. Fig. 7 shows the interaction effects 
of five different process variables on the response 
factor in the response surface plot in three 
dimensions. To determine the effect of dose on 
SO3H-SBA-16 absorption capacity, solutions with 
a range of 0.2 to 1 g/L were prepared. The results 
show that by increasing the amount of adsorbent 
up to 0.7 g, the percentage of removal increased, 
and adding more has no effect on the removal of 
copper ions. In another study, it was shown that 
at a higher amount of adsorbent, the absorption 
rate was significantly improved, probably due to 
the increase in surface area and the availability 
of emptier adsorption sites. At lower amounts 
of adsorbent, the percentage of removal is 
significantly reduced due to the high ratio of 
copper ions to vacant sites. [74]. To determine the 
effect of pH on the adsorption capacity of SO3H-
SBA-16, solutions with pH between 2 and 8 were 
prepared. The results showed that the adsorption 
of copper (II) ions strongly increases with the 
increase of pH from 2 to 4, and remains constant 
with the increase of pH from 4 to 5, finally, the 
adsorption decreases rapidly from pH 5 to 8. At 
this pH value, there is a competition for adsorbent 
active sites between Cu (II) ions and H+ ions from 
the solution. Therefore, the strong repulsive forces 
between the copper ion and the adsorbent lead to 
a decrease in the removal percentage. The sharp 



G. Zolfaghari / Highly Efficient Scavenging of Nitrophenol, Arsenic (V), Copper (II), Dibenzothiphene, and ...

J. Water Environ. Nanotechnol., 9(2): 149-172 Spring 2024 169

decrease in absorption at a pH above 8 can be 
attributed to the precipitation of copper hydroxide 
when the pH is higher than 8. Another parameter 
involved in the adsorption process is temperature. 
It was observed that the adsorption process is also 
affected by temperature and the highest amount 
of adsorption occurred at 35 °C. The increase in 
removal percentage with increasing temperature 
may be due to the endothermic nature of the 
adsorption process. The effect of solution 
concentration on the adsorption of copper species 
was studied at different concentrations of 10, 17.5, 
25, 32.5, and 40 mg/L of the initial solutions of 
the species. The results showed that the amount 
of adsorption increases with increasing the initial 
concentration of the solution. These results may 
be because by increasing the initial concentration, 
the access of the species to the active sites of 
the adsorbent increases and they adsorb the 
adsorbent faster and more. The results show that 
the initial adsorption rate is very fast due to the 
high available surface area and the adsorbent 
vacancies that increase the binding and driving 
force. RSM predicted that to achieve maximum 
efficiency, the optimal values   for adsorbent dose, 
initial concentration, pH, temperature, and 
contact time are 0.53 g/L, 30.71 mg/L, 5.2, 25.29 
°C, and 55.03 minutes, respectively. The results of 
the studies of Langmuir and Freundlich isotherms 
show that the adsorption has better compatibility 
with the Langmuir model, as shown in Table 
6. Thirupathi et al. [16] synthesized diamino 
pyridyl ligand groups integrated mesoporous 
organosilica hybrid nanoparticles adsorbent 
for copper removal from aqueous solution. The 
results showed that the high adsorption of copper 
is due to the presence of many sulfonic functional 
groups on the mesoporous silicate wall.

CONCLUSION
The treatment of p-nitrophenol by cyclodextrin 

on ordered nanoporous carbon provided a 91.47% 
reduction in the PNP of aqueous solution under 
optimum conditions. The removal of PNP was 
mainly influenced by dose (28.59%), initial PNP 
concentration (22.02%), temperature (21.32%), 
and the contact time (19.81 %), and the pH had 
the least effect (8.05 %) on % of pollutant removal 
rate. One can conclude that all factors are so 
important and dose is more important than others. 
In this study, the pollutant removal efficiency was 
predicted by the Taguchi method. Because the 

overall experimental error and prediction error 
are respectively equal to 1.33 % and 67%, the 
estimates made by the Taguchi method appear to 
be highly acceptable. There was a good agreement 
between the predicted and real observed PRE, 
and the prediction error was almost half of the 
experimental error. This suggests that the Taguchi 
method is a very useful tool for applications in the 
fields of environmental engineering and industrial 
wastewater treatment. We demonstrate that the 
functionalization of CMK-3 with gold is possible. 
Au species contribute to an increase in the number 
of active centers, which improves the adsorption 
of pollutants on mesoporous carbon. The study 
results suggest that well-designed carbon-based 
adsorbents, for the surface area, metal ion, and 
surface modification, can contribute to the 
production of clean fuels. Langmuir coefficient qm 
was 92.63 mg/g for SO3H-SBA-16. In this approach, 
a high content of organic ligand functional 
groups could be incorporated into the silica pore 
walls. The SO3H-SBA-16 adsorbent has a high 
complexation ability toward Cu (II) ions due to the 
high amount of sulfonic functional ligand groups 
integrated into the pore walls. For future studies, it 
is suggested to study the synthesized nanosorbents 
in a continuous column. In continuous reactors, 
it is possible to check the effect of flow rate and 
column height in a more realistic situation. The 
use of industrial wastewater instead of synthetic 
solutions in the adsorption process is important 
among other suggestions.
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