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A B S T R A C T 

Silica sand filters are usually employed for water treatment. Their capacity for removal of 4-

nonylphenol from the water streams is low. In addition, for using nano-adsorbents in the slurry 

mode, they should be removed at the end of the process. These problems in this study were 

solved by the immobilization of nanorods on silica particles. The acid-washed sand particles were 

mixed constantly with the garbage leachate on a heater so that they were covered completely 

with the garbage leachate. Then, the obtained particles were put in the furnace and pyrolyze (at 

varying temperatures in a range of 300 to 800 °C) for preparation of the nanocomposite. 

According to the scans from scanning electron microscopy and results of the Raman test, the 

nanotubes were formed on the silica surface. Furthermore, the EDS analysis results for carbon 

nanorods showed the existence of oxygen, silica, and a small amount of aluminium. The 4-

Nonylphenol adsorption was examined using a new nanocomposite under various operating 

circumstances (initial concentration, contact time, temperature). The isotherm, kinetics, and 

thermodynamics of the adsorption process were also studied. Following a different regeneration 

process, data indicated that the novel developed material is an appropriate recyclable adsorbent 

that can be used in water treatment. 
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1. Introduction 

According to the UN, almost four billion people are living in areas with water scarcity, and it is 

expected to reach six billion by 2050 [1]. In the late 2000s, studies on emerging pollutants started, 

and the research findings indicated that these pollutants exist in soil, sediments, and air, as well 

as sewage, water, and aquatic environments [2], [3], [4]. As these materials have low toxicity at 

very low concentrations and can cause disease, they are known as micropollutants (MPs) [5]. 

Also, projections of climate change modelling efforts indicate that the changing climate will 

impact each component of the climate system with regional differences and this will change 

patterns of climate variables such as temperature and precipitation which consequently will 

affect water resources [6], [7], [8], [9], [10]. Water contamination by emerging pollutants is a 

crucial environmental problem [11], [12], [13], [14]. These compounds create problems both in 

domestic wastewater and industrial wastewater [15]. Water and wastewater treatment plants 

often lack a process for removal of these pollutants [16]. Some of these MPs, like 4-

Nonylphenol(4-NP), Bisphenol A(BPA), and 4-Octylphenol(4-OP), have been identified as 

endocrine disrupters as they influence the endocrine system and recently have drawn 

considerable attention [17]. It is regarded as a critical hazard to the reproductive system and the 

organism’s growth ability [18]. Nonylphenol (NPs) can penetrate the human body via polluted 

foods and water. OP and NP exist in plastic containers as well as containers that can enter 

drinking water or food. In addition, they can also enter the human body via detergents and 

personal care goods and through spermicides in contraception. It is possible to detect the NP 

presence in the human body by human blood, urine, and milk [2]. As reported by the US EPA, the 

NP risks have been confirmed and the recommended concentration for freshwater is below 6.6 

mgL-1[19]. Thus, proposing sensitive and effective identification approaches for monitoring  4-

OP, 4-NP, and BPA in water samples is urgent [17]. The new solutions should be found for 

eliminating MPs – both from water and real wastewaters. These solutions should have chemical 

efficiency, technical feasibility, and economic viability, and be environment-friendly. For this 

purpose,  biologists, chemists, engineers, polymerizers, and microbiologists should adopt a 

multidisciplinary approach to work cooperatively toward a shared goal [2]. During the last 

decades, researchers have proposed different approaches, like oxidation, biological treatment, 



adsorption, etc. for the elimination of the NP [20]. Despite their high efficiency, these techniques 

are seldom utilized in water treatment plants. Its reason could be high operational costs, or 

probably due to the production of toxic products, like oxidation processes, because of their non-

diffusion at the surface scale [21]. Various therapeutic processes can be used for achieving 4-NP, 

including biotechnological-based techniques (immobilized enzymes, biofilms, etc.), biological 

(membrane bioreactors) or physical procedures (membrane filtration, e.g., nanofiltration), or use 

of absorption-oriented processes. The adsorption process was eliminated from the drinking 

water. Conventional adsorbents (activated carbon) or non-conventional adsorbents 

(cyclodextrin, clay, etc.), and oxidation processes (photo catalysis, sonochemistry, and 

photolysis) [22].  

Tro et al. in their study, eliminated NP from municipal wastewater using the constructed 

wetland. Their experimental findings indicated that 60-73% removal percentage was achieved 

[23]. Cheng et al. removed phenol by acid-washed zero-valent aluminium. Their experimental 

results showed that the phenol amount was reduced from 0.3 to 20 mg L-1[23]. Asmaly et al. 

investigated phenol removal by oxidized nanoparticles. According to their findings, the tested 

nanoparticles had the capability of removal of phenol [24]. The recent progresses in technologies 

have led to generation of other carbon structures, like Nano absorbent [25]. Nano absorbent with 

mesoporous structures has shown excellent potential in NP adsorption. It previously has been 

used for removal of organic matters, like pharmaceuticals, organic dyes,  pesticides, natural 

organic material (NOM), and aromatic amines [26]. Despite high potential of nano absorbent in 

removal of MP, it is problematic to use them in the slurry state since they need to eliminated 

removed in the final treatment. In addition, silica sand is a very good natural source to be utilized 

in filters of water treatment plants. Despite proved efficacy of rapid sand filters in removal of 

some pollutants, they fail to eliminate 4-NP. When silica sand is coated with nano absorbent, the 

problems at slurry state is solved and silica grain capability is enhanced, resulting in generation 

of novel adsorbent NRs. Though there is a long way for this technology to be practically used, it 

might be an efficient phase in the enhancement of silica grain [27]. For 4-NP determination, 

different analytic approaches have been presented. These approaches include Gas 

chromatography with mass spectrometry, liquid-chromatography, liquid-chromatography 



electrospray ionization mass spectrometry, etc. [18]. Collection and disposal of urban wastes are 

one of the major points in integrated management of municipal waste because of 

industrialization, population growth, and subsequently, increasing waste production per capita 

[28]. Garbage leachate composes a complicated matrix of different chemicals, including inorganic 

salts, dissolved organic matter, heavy metals, and organic trace impurities. Each of these 

chemicals has different concentrations because of the chemical, physical, and microbiological 

procedures that happen in the deposited waste [29]. The garbage leachate composition is 

affected by many factors, including deposited waste type, the way of landfill exploitation, and 

the oxygen availability, as well as the landfill age and hydrogeological conditions [30]–[32].  This 

issue has resulted in increased environmental and health hazards [8]. 

Nanorods immobilized on the silica surface were generated in the present study by the 

pyrolysis of garbage leachate on the sand particles. We dried the garbage leachate on the surface 

of acid-washed sand particles. Then, the pyrolysis was performed at varying temperatures. EDAX, 

FESEM, and ramen analysis were conducted for characterization of the nanocomposite. 

Afterward, the developed adsorbent’s performance was evaluated in terms of the 4-NP removal 

using the experiments at varying concentrations. Moreover, isotherm, kinetics, and 

thermodynamic adsorption tests were conducted. In the end, the desorption and adsorption rate 

of the adsorbents were examined for up to seven cycles. 

 

2. Materials and methods 

 

2.1. Chemicals 

 

4-NP, Nitric acid (HNO3Synth %65, hydrochloric acid, Synth% 37), Ethanol and Methanol, 

KNO3, Dichloromethane, KH2PO4, MgSO4, Acetonitrile, NaHCO3, and CaCl2 were prepared by 

Merck German dealers. Silica grains gifted by TSoil Mechanics Laboratory, Faculty of Engineering, 

University of Tehran. Based on the information provided by the manufacturer, these grains have 

%97.5 SiO2 plus other impurities, like MgO, Fe2O3, Al2O3, K2O, and CaO. Garbage leachate from 

Aradkoh Waste Processing and Recycling Complex of Kahrizak (located 23 km away from the old 



Tehran-Qom Highway and south of Kahrizak). We prepared a stock solution (1000 mg L-14-NP) by 

dissolving 4-NP in deionized water. 

 

2.2. Instruments 

 

In order to examine stability of NRs immobilized on the surface of silica particles, an 

ultrasound bath (HWASHIN, Seoul, Korea) was used.  

 

2.2. Preparation of Adsorbent 

 

For the preparation of NRs, the acid-washed sand particles were mixed constantly with the 

garbage leachate on a heater until the dried garbage leachate completely covered the sand 

particles. Then, the obtained particles were placed in the furnace and pyrolyze for preparation of 

the nanocomposite. Hence, firstly, 500 mL of diluted hydrochloric acid 37% with water in a 1:1 

ratio was added to 500 gr of silica sand. Next, the 100 ˚C temperature was applied for heating 

the resulting mixture for three hours. Later, it was rinsed with deionized water, and it was dried 

under a lab oven for 24 hours. Then, 500 mL of the garbage leachate was mixed with the acid-

washed sand and heated and concurrently stirred consciously so that the garbage leachate is 

completely coated on the sand. In the next step, the garbage leachate-coated sand was placed in 

the furnace, and it was programmed to reach 700 o C at 15 minutes. Next, it was stored at 700 o 

C for one hour. The generated nanocomposite was rinsed several times with distilled water for 

washing the additional salts from the surface of the sand particles. However, it should be 

mentioned that the temperature can be a factor affecting the formation of NRs. Thus, the 

pyrolysis temperature was done at varying temperatures with a range of 300 to 800 °C.  

 



2.3. Characterization of NRs 

  

For determination of chemical and physical characteristics of prepared NRs, SEM, EDS, and 

Raman spectroscopy were employed. SENTERRA 2009 (BRUKER, Germany) was used for Raman 

spectroscopic analysis. Field emission scanning electron microscopy was utilized to observe 

details of topography and structures of raw sand, NRs, and acid-washed sand. The EDS test was 

conducted using FESEM TESCAN with the French-made MIRA III SAMX detector. 

 

2.4. Determination of 4-NP 

 

HPLC (Agilent 1100) was used for the determination of the residual concentration of 4-NP, 

which was equipped with a UV detector and a C18 column (5 µm, 4.6 × 250 mm), used in isocratic 

elution mode. A constant composition of the mobile phase was observed in the isocratic mode. 

We used Acetonitrile: water (80:20) as the mobile phase with a 1 ml min-1 flow rate. Prior to 

injecting samples into the column, PTEF syringe filters (0.2 µm) were used for filtering them. 

  

2.5. Batch adsorption experiments 

 

For optimizing a process and predicting the experimental results in the past, many 

experiments were required to be conducted. During the experiments, one factor had a variable 

value, while the others have constant values. This optimization approach was called one-

parameter-at-a-time. Its main disadvantages are the requirements of a high number of 

experiments, and the conducting of experiments is costly and time-consuming. Besides, this 

approach failed to include the interaction between parameters. Some multivariate static 

methods were presented for overcoming these shortcomings. One of the famous techniques is 

the response surface methodology (RSM), which constitutes various statistical models, among 

which central composite design (CCD) is among the most effective ones [33]. 

Design Expert 10 Software (Stat-Ease Inc.) was employed for optimization of the CCD-based 

adsorption process to gain the minimum equilibrium concentration of adsorbate as the response 



that is a function of adsorbent loading, initial concentration, and contact time. The value ranges 

were allocated to effective parameters on the basis of the pre-tests. Real values were delivered 

into the dimensionless values using the relation below to be able to compare different factors 

with different units [34]. 
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Where Zi denotes a variable’s dimensionless value, Xi indicates the variable’s real value, ΔX 

indicates step change, Xo represents a variable’s real value at the centre point. The amount of α 

is associated with the number of variables, and it can be obtained using the relation below: 

( /4)2 k =  (2) 

Where k indicates the number of variables. When the ranges of variables were entered in the 

software, we designed 19 experiments (5 central points, 8-factor points, and 6 axial points) 

according to CCD for 4-NP adsorption (Table 1). The number of runs was given by: 

2
pN k 2k c= + +  (3) 

Where cp represents the replicate number of the central point, and k represents the number 

of independent variables. The software developed the quadratic equation for regression analysis, 

and the predicted response was presented as below: 
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(4) 

Where xi is independent variables, y represents the response value, β0 denotes the constant 

term, and ε represents the error, and βi, βii, and βij denote coefficients of linear, squared, and 

interaction effects [35]. A certain amount of NRs (0.1–5 gr) in all experiments was added to 100 

mL of a solution having 4-NP (0.1-2.0 mg L-1). A mechanical stirrer was utilizing for mixing (100–

120 rpm). All the tests related to the isotherm, kinetics, and thermodynamic were run 3 times 

and the mean values were expressed. In these experiments, the maximum variance coefficient 

was below 10%. 

 



Table 1. Design matrix experiments 

Ce 

 (mg L-1) 

Removal  

(%) 

C: adsorbent 

g L-1 

B: Time 

min 

A:4-NP 

mg L-1 
Run 

0.29 71.10 25.5 21 1.0 1 

1.50 25.16 1.0 2 2.0 2 

0.18 82.11 25.5 40 1.0 3 

0.53 47.32 25.5 2 1.0 4 

0.02 77.88 50.0 2 0.1 5 

0.04 58.32 1.0 40 0.1 6 

0.02 77.69 25.5 21 0.1 7 

0.12 93.78 50.0 40 2.0 8 

0.32 68.20 25.5 21 1.0 9 

0.69 65.31 1.0 40 2.0 10 

0.48 52.31 1.0 21 1.0 11 

0.91 54.37 50.0 2 2.0 12 

0.31 69.40 25.5 21 1.0 13 

0.29 71.21 25.5 21 1.0 14 

0.13 87.45 50.0 21 1.0 15 

0.76 62.11 25.5 21 2.0 16 

0.29 70.81 25.5 21 1.0 17 

0.06 37.16 1.0 2 0.1 18 

0.00 96.87 50.0 40 0.1 19 

 

2.6. Adsorption isotherms 

 

Isotherm models generally represent the adsorbate distribution between a solid phase at a 

constant temperature and the aqueous solution [36]. Five isotherm models (Freundlich, 

Langmuir, Radke- Prausnitz, Redlich-Peterson, Dubinin- Radushkevich, and UT (University of 

Tehran) were utilized for finding the best data fitting for representing the adsorption behavior. 

Langmuir is one of the most prevalent isotherm models, in which it is presumed that mono-layer 

adsorption occurs on the homogenous adsorbent surface, and the adsorption process stops after 

saturation [37]. The following equation represents Langmuir model: 
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 Where qm denotes the maximum adsorption capacity (mg g-1), qe denotes the adsorbed 

amount on the solid phase under the equilibrium (mg g-1), KL denotes the equilibrium Langmuir 

constant (mg L-1), and Ce indicates the equilibrium concentration (mg L-1). 

Some adsorption features can be inferred by calculating RL, as a dimensionless factor:  

0

1

1
lR
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=

+  

(6) 

Various amount of RL (RL>1, 0<RL<1, RL =1, and RL=0) suggest unfavourable, good, linear, and 

irreversible adsorption [38]. 

Freundlich isotherm presents a multilayer non-ideal adsorption on heterogeneous surfaces 

[30]. It is given by the equation:    
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Where nf and KF (mg g-1 (L mg) 1/n) are Freundlich constants.  

UT isotherm model [39] is independent of dose, and it has the capability of estimating the 

maximum adsorption capacity. The adsorption capacity that is given by the UT model is 

associated with multi-layer adsorption, whilst the adsorption capacity achieved by the Langmuir 

model is related to the monolayer adsorption on the adsorbent surface. 

Radushkevich (1965) and Dubinin (1945) presented an isotherm that corresponds to the 

porous structure of the adsorbent. The relation is expressed as follows: 

2ln lne sq q = −  
(8) 

 Where qs represents theoretical saturation capacity (mg g-1), β represents the Dubinin-

Radushkevich surface adsorption constant (mol2J2), and ε represents Dubinin–Radushkevich 

constant. β corresponds to the free mean energy that is the adsorption energy of one mole of 

adsorbate as it is adsorbed to the solid phase. It is given as below [40, 41]: 
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Where E corresponds to free energy (kJ mol-1). Polanyi potential ε can be written as follows [42]: 
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 Where T represents the absolute temperature (K) and R (8.314 J mol-1 K-1) denotes the 

universal gas constant. 

Redlich-Peterson model is composed of the properties of Freundlich and Langmuir isotherms 

and can be expressed by the equation below [42]: 
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Where Ce indicates the equilibrium concentration of adsorbate (mg L-1), α (L mg-1) and KR (L g-

1) are Redlich-Peterson constants, and g denotes the Redlich-Peterson exponent. Redlich-

Peterson combines Freundlich and Langmuir models and features both of these models. Redlich-

Peterson is approached to the Freundlich model at high concentration, and it approaches the 

Langmuir model at low concentration. 

 

2.7. Adsorption kinetics 

 

The kinetic analysis can be helpful for realizing the adsorption mechanism. In the present 

research, five kinetic models, including Pseudo-second order, Pseudo-first order, liquid film 

diffusion, Intraparticle diffusion, and Elovich were used.  

 The pseudo-first-order is a straightforward kinetic model for the reversible reaction between 

a liquid and a solid phase. It can be expressed mathematically as below:  

1log( ) log( )
2.303

e t e

k t
q q q− = −

 

(12) 

Where K1 denotes pseudo-first-order constant (min-1), and qe and qt represent the amounts 

of adsorbed material (mg g-1) at the equilibrium and at the time t. 

All adsorption steps are included in the pseudo-second-order model: adsorption, external film 

penetration, internal distribution, and it can be written as follows [42] : 
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 Where K2 represents pseudo-second-order constant (g mg-1min-1). 

Elovich is one of the commonly used kinetic models, which is based on adsorbing adsorbate 

without desorption, and the adsorbate thickness on the surface of the adsorbent increases over 

time. Therefore, the adsorption rate reduces [39,43]. The Elovich is expressed as:  

1 1
ln( ) ln( )tq t
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 Where α represents β indicates Elovich constant (g mg-1) and initial adsorption rate (mg g-1 

min-1). Exploring Intraparticle diffusion. Transport process during the adsorption of 4-NP on the 

adsorbent, Intraparticle diffusion model was employed. The model can be expressed as follows 

[44]. 

1/2
tq k t  Cp= +

 
(15)  

 Where C represents the intercept and kp indicates Intraparticle diffusion rate constant  

(mg g-1min-1/2)). 

The following equation expresses the liquid film diffusion model [45]: 

( ) fdLn 1 F k t− =−
 

(16) 

 Where F represents the fractional attainment of equilibrium at time t (𝐹 =
𝑞𝑡

𝑞𝑒
) and kfd denotes 

liquid film diffusion constant (min-1). 

 

 

2.8. Adsorption thermodynamic 

 

Thermodynamic parameters need to be determined for investigation of the thermodynamic 

behaviors of 4-NP on NRs. The following equations were used for estimating thermodynamic 

parameters: standard entropy change ΔS˚(J mol-1K-1), standard enthalpy change ΔH˚ (kJ mol-1), 

and Gibbs free energy change ΔG˚ (kJ mol-1) [46], where R indicates gas constant (8.314 J mol-1K-



1), T denotes absolute temperature, and kc denotes thermodynamic equilibrium constant of 

adsorption. The ΔS˚ and ΔH˚ values are measured from the plot intercept and slope in Kc against 

1.T. The negative ΔG˚ values in all temperatures proved the adsorption as a spontaneous and 

feasible process. In addition, the ΔG˚ spontaneous by increasing the temperatures suggest that 

high temperatures provide better states for absorption. That is, high temperatures are optimal 

and favorable [47]. The positive ΔH˚ value implies that the endothermic nature of the adsorption. 

The positive value of ΔS˚ implies increasing randomness degree at the solid-liquid interface [48]:  

𝑙𝑛𝐾𝑐 =
∆𝑆˚

𝑅
− 

𝛥𝐻˚

𝑅𝑇
 

(17) 

 

∆𝐺˚ = 𝛥𝐻˚ − 𝑇∆𝑆˚ (18) 

 

2.9. New adsorbent regeneration 

 

Regeneration as a critical parameter determines whether adsorbent is cost-effective or not 

[43]. Because of the expensiveness of Nano absorbent, the desorption of pollutants from 

absorbent surface is a crucial phase. For regeneration of the adsorbent, we added 2 mg L-1 of 4-

NP and 5 gr of adsorbent to 100 mL of distilled water, and it was stirred for 21 minutes using a 

magnetic stirrer.  HPLC determined the residue of 4-NP in solution. Next, the adsorbent was 

rinsed with methanol for removal of the adsorbates from the adsorbent surface, and it was 

reused. 

  

 

 

3. Results and discussions 

 

3.1. Manufactured NRs 

 



The adsorbent pyrolysis was performed at 300-800 °C. SEM results and absorption 

experiments showed the optimal temperature at 700 °C. Thus, the NRs generated at  

700 °C were utilized. 

 

3.2. Characterization 

  

SEM was utilized for morphological detection in raw sand and its possible alterations in acid 

sand, sand-covered with waste garbage leachate and sand-covered by carbon nanoparticles. 

Based on the SEM images (Fig.1. e and f), there is not any specific phenomenon in the raw sand 

and acid wash. However, short nanotubes are observed in the sand coated with carbon 

nanoparticles, and a critical alteration is seen in the structural integrity of the adsorbent. As 

shown in Fig.1. (g to l), the nanoparticles are generated at a temperature of 400 °C and are planar 

and progress to tabularization by increasing the pyrolysis temperature. 

  

Fig. 1. Silica grains: (a) raw silica sand, (b) acid-washed silica sand,(c) Sand covered with waste 
Garbage leachate, and (d) silica-coated with Nanoparticles (NRs); SEM images: (e)acid washed 
silica, (f)Silica covered with waste Garbage leachate, SEM images of Nano absorbent at (g) 
300 °C, (h) 400 °C, (i) 500 °C, (j) 600 °C, (k) 700 °C,  and (l) 800 °C 

 

In chemistry, for identifying molecules and studying intramolecular bonds and chemical 

bonding, Raman spectroscopy is employed. Given that vibrational frequencies are specific to the 

symmetry and chemical bonds of a molecule (the fingerprint region of organic molecules is in the 



500–1500 cm−1 wavenumber range) [36], Raman presents a fingerprint for identifying molecules. 

For example, IR and Raman spectra were utilized for determination of the vibrational frequencies 

of Si2O2, Si3O3, and SiO based on normal coordinate analyses [37]. In addition, Raman is 

spectroscopy employed for studying the addition of a substrate to an enzyme. In 

nanotechnology, a Raman microscope can be employed for the analysis of nanowires for a better 

understanding of their structures. The radial breathing mode of carbon nanotubes is usually 

utilized for evaluation of their diameter. The Raman test results are shown in Fig.2.a, where the 

sand is coated with garbage leachate. This figure shows different peaks, which can be attributed 

to the different elements available in the garbage leachate and their coverage at the sand 

surface. However, peaks demonstrate the formation of NRs on the sand surface at other parts. 

 

 

Fig. 2. (a)Raman test: Silica covered with garbage leachate and NRs (700°C), EDS test: (b) 

acid-washed silica, (c) silica-coated with NRs. 



EDS is an analytical approach that is employed the sample’s elemental analysis or chemical 

characterization. It is on the basis of the interaction of some X-ray excitation sources and a sample. 

Its characterization capacity is mainly because of the fact that the elements have a unique atomic 

structure, which provides a unique set of peaks on its electromagnetic emission spectrum [33] 

(that is the main principle of spectroscopy). Fig.2.b indicates the EDS analysis results for acid wash 

sand, which shows the presence of oxygen, silica, and a small amount of aluminum, Fig.2.c 

indicates the adsorbents prepared in this work. Several elements are coated on the sand surface 

because of the leaching of sand on the sand. 

 

3.3. Experiments of batch adsorption 

  

3.3.1. Statistical analysis 

 

Using ANOVA, the quadratic model’s adequacy is evaluated (Table 2). P-value and F-value 

determine insignificant and significant terms. The smaller P value and the larger F value suggest 

that the terms are more substantial terms [38], [39]. Hence, as observed in Table 2, A, B, C, AB, 

AC, and B2, for Removal% 4-NP were more important. In addition, based on Table 2, we have 

about Ce A, B, C, AB, AC, A2, and B2 for Output Concentration of 4-NP were more important. In a 

similar way, the p-values of the model were smaller than 0.05, so the model was significant 

statistically. Additionally, the high R2-values suggest a good agreement between the calculated 

and experimental data. Similarly, the difference between the predicted coefficient of 

determination (Pred. R2) and the adjusted coefficient of determination (Adj.R2) was below 0.2, 

which confirmed the model accuracy for 4-NP. Moreover, Adeq. Precision, specifying the signal 

to noise ratio, was above 4, which indicates an adequate signal [40]. 

 

Table 2. ANOVA for Removal% and Ce 4-NP 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F  

Value 

p-value 

Prob > F 
 

 R% Ce R% Ce R% Ce R% Ce R% Ce  



Model 
6004.7

6 
2.61 6 7 

1000.7

9 
0.37 268.43 1096.18 <0.005 <0.005 significant 

A: 4-NP 223.51 1.47 1 1 223.51 1.47 59.95 4315.75 <0.005 <0.005  

B: Time 
2402.6

5 
0.40 1 1 

2402.6

5 
0.40 644.42 1174.27 <0.005 <0.005  

C: adsorbent 
2951.3

1 
0.25 1 1 

2951.3

1 
0.26 791.58 750.25 <0.005 <0.005  

AB 192.02 0.31 1 1 192.02 0.31 51.51 885.61 <0.005 <0.005  

AC 58.44 0.14 1 1 58.44 0.14 15.67 422.066 <0.005 <0.005  

A2  0.011  1  0.011  31.62 <0.005 <0.005  

B2 173.84 0.005 1 1 173.84 0.005 46.63 15.90 <0.005 <0.005  

Residual 44.74 0.0038 12 11 3.73 0.0003    <0.005 <0.005  

Lack of Fit 37.92 0.0031 8 7 4.74 
0.0004

4 
2.77 2.56 0.17 0.190093 

not 

significant 

Pure Error 6.83 <0.005 4 4 1.71 <0.005         

Cor Total 6049.5 2.67 18 18            

Mean 66.77 0.37          

Std. Dev. 1.93 0.018          

R2 0.9926 0.9986          

Adj. R2 0.9889 0.9977          

Pred. R2 0.979 0.9955          

C. V. % 2.89 5.05          

Model Precision 63.83 124.94          

 

Fig.3. (a and b) indicates plotting the predicted values of equilibrium concentration versus the 

actual values. As observed, the predicted points show approximately a linear behavior, and they 

have a good agreement with experimental data. Besides, the studentized residuals (Fig.3. c and 

d) have a normal distribution, which presents an approximately linear behavior that suggests 

satisfaction of the normality assumption. The interaction between the parameters and their 

concurrent impact on the response is studied by perturbation (Fig.4. g and h) and 3D response 

surface graphs (Fig.4. e and f). Fig.4. g indicates that increasing the adsorbent dose and contact 

time reduces the equilibrium concentration of 4-NP. There are many adsorption sites at a high 

adsorbent dose. Besides, higher contact time could lead to higher 4-NP adsorption on the 



adsorbent surface. In addition, it is evident that decreasing 4-NP concentration reduces the 

amount of equilibrium concentration. 

 

 

Fig.3. a, b Plot of predicted values versus actual values. c, d Normal probability plot of external 

studentized residuals for Removal% 4-NP and Ce 4-NP 

 



 

Fig.4. Respectively.3D response surface graphs of 4-NP for (a) interaction between  Removal% 

and time, (b)  interaction between adsorbent and  Removal%, (c)interaction between time 

and Ce, (d)interaction between time and Ce  (e) Deviation from the reference point for  Re%, 

(f) Deviation from the reference point for Ce. 

 

3.3.2. Comparative study and impact of initial concentration and contact time 

 

A comparative analysis was performed on the acid-washed silica, initial silica, and NRs coated 

silica for determining the removal capacity of 4-NP. The results of various experiments showed 

that none of the acid-washed silica grains and the initial silica grains are able to eliminate 4-NP. 

Following these tests, it was indicated that the proposed adsorbent is highly capable of removal 



of 4-NP. Then, we investigated the impact of contact time (2–40 min), initial 4-NP concentration 

(0.1–2 mg L-1), and the amount of adsorbent (1-50 gr L-1). According to Fig.5, the 4-NP adsorption 

onto NRs (qe) had a rapid phase firstly, pursued by a slow phase until the equilibrium is achieved. 

The initial quick phase is associated with the fast adsorption of 4-NP on adsorption sites available 

on NRs. By occupation of these sites, the adsorption rate reduces. Previous researches reported 

similar findings [27]. Based on this figure, the equilibrium time for NRs is reached at almost 20-

40 minutes. In addition, the adsorption rate increases by the increase in the initial 4-NP to a 

maximum of 2 mg L-1, which might be attributed to the increasing collisions of adsorbate 

molecules with the adsorbent material. Moreover, the diffusion driving force of 4-NP across 

external surface of nano absorbent increases presumably by increasing the initial concentration. 

 

 

Fig.5. Adsorption time effect at varying concentrations of 4-NP. 

 

3.3.3. The results of the adsorption isotherms 

 

Table 3 gives the parameters and errors calculated by five isotherm models for 4-NP 

adsorption. Based on the error functions and R2 values, Langmuir isotherm and Redlich-Peterson 

model was the best one for explaining 4-NP adsorption process. As already noted, RL represents 

the adsorption nature. Regarding 4-NP, the RL was in 0.72-0.98 range (0<RL<1), indicating optimal 

adsorption.  



 

3.3.4. The results of the adsorption kinetics 

 

We used five kinetic models at three initial concentrations (0.1, 1, 2mg L-1). For determining 

the accuracy of the models, we calculated two error functions (chi-square test (χ2) and RMSE), 

the results of which are given in Table 4. All kinetics of the used models showed a good 

agreement, particularly at high pollutant concentrations. However, the intraparticle diffusion 

model and pseudo-second-order model indicated a large correlation coefficient and negligible 

amounts of error. 

 

Table 4. Kinetic parameters of 4-NP 

 

 Parameters 

 

Initial concentration (mg L-1) 

 0.1 1 2 

 qe (mg g-1) 0.06 0.62 1.36 

Pseudo-first-order 

( ) ( ) 1log log
2.303

− = −e i e

k t
q q q

 

 

 

 

R2 0.978 0.982 0.985 

χ2 0.083 0.443 0.911 

RMSE 0.021 0.186 0.356 

k1 : min-1 0.105 0.088 0.068 

qe(calc):mg g-1 0.043 0.532 1.34 

 

     

     

Pseudo-second-order 

2
2

1 1 
= + 

 i ee

t
t

q qk q  

R2 0.999 0.999 0.998 

χ2 0.00002 0.0006 0.0022 

RMSE 0.0004 0.0063 0.015 

k2 : g mg-1 min-1 3.504 0.158 0.036 

qe(calc):mg g-1 0.066 0.749 1.78 

 

 

 

     

Elovich R2 0.979 0.997 0.996 



( ) ( )
1 1

ln= +tq αβ ln t
β β

 

χ2 0.0001 0.0002 0.001 

RMSE 0.0007 0.0035 0.011 

α: g mg-1min-1 0.12 0.24 0.23 

β: g mg-1 102.86 6.68 2.4 

     

     

Intraparticle Diffusion 

0.5= +t pq K t C
 

R2 0.945 0.986 0.996 

χ2 0.0001 0.0009 0.0008 

RMSE 0.001 0.0082 0.0115 

kp : mg min-1/2g-1 0.004 0.065 0.18 

C : mg g-1 0.034 0.22 0.17 

     

     

Liquid Film Diffusion 

( )− =−Ln 1 F fdk t
 

R2 0.984 0.982 0.992 

χ2 0.0009 0.009 0.025 

RMSE 0.002 0.026 0.059 

Kfd : min-1 0.11 0.088 0.062 
 

 

 

Table 3. Isotherm parameters obtained by linear regression and error values for 4-NP  

adsorption on the adsorbent 

Isotherm Equation R2 RMSE χ2 Parameter Value 

Freundlich 
1

ln ln lne F e
F

q K C
n

= +

 0.9995 0.0183 0.0020 
nF 

1.055 

 

     KF: mg g-

1)(L.mg)1/n 

1.057 

 

      

Langmuir 
1e e

e L m m

C C

q K q q
= +

 
0.9999 5.22×10-5 2.11×10-8 qm: mgL-1 

6.447 

 

     KL: L mg-1 0.1887 

 
0

1

1
L

L

R
K C

=
+ 

 
   RL 0.72-0.98 

       

Radke-Prausnitz 
1 m

e e

e RP m m

C C

q K q q
= +

 

0.9995 0.0039 0.0001 m 0.0594 



     KRP: Lmg-1 51.9149 

     qm: mg g-1 1.0860 

       

UT Isotherm ln( ) ln lne d
m ead

me

C K
b C b C

CC
− =− +

 
0.9808 0.0046 0.0001 qm: mg g-1 1.4523 

     Kd: mg L 
0.0085 

 

     b 
0.1012 

 

     FCF 
0.0059 

 

       

Redlich-Peterson ln   1 ln lne
R e R

e

C
K g C

q


 
− = + 

   
0.9809 0.0046 0.0001 g 0.1018 

     KR: L g-1 84.5706 

     αR : (L mg-1)g 80.9357 

       

Dubinin-

Radushkevich 

2ln lne sq q = −
 

0.9805 0.0403 0.0109 qs: mg g-1 1.3158 

 
1

ln 1
e

RT
C


 

= + 
   

   β: mol2 J-2 

1.0968 × 10-7 

 

 

 
1

2
E


=

 

   E:kJ mol-1 
2135.0715 

 
 

 

 

3.3.5. The results of the adsorption thermodynamic 

 

We investigated five different temperatures (283, 293, 303, 313, 323°k) in this study for 

obtaining thermodynamic parameters. The negative values of ΔG˚ represent the adsorption 

process as a spontaneous and practical process. Furthermore, increasing the temperature 

decreased ΔG˚, which shows that high temperature would provide better states for 4-NP 

adsorption on NRs. In fact, it indicates the favorability of high temperature. In addition, positive 

ΔH (31.53 kJ mol-1) value shows that 4 -NP on NRs has a thermal nature, also revealing that ΔS˚ 



(122.37 J mol-1K-1) is positive. It indicates increasing the random degree at the liquid-solid 

interface (Fig.6).  

 

 

Fig.6. The thermodynamic plot for adsorption of 4-NP using NRs 

  

3.4. New adsorbent regeneration 

 

Because of the expensiveness of Nano absorbent, the 4-NP desorption from the NRs surface 

is a crucial phase. After seven reiterations of this procedure, the removal efficiency varied from 

80% to 41%, which is shown in Fig.7. Reduction of adsorption following regeneration can be 

attributed to incomplete 4-NP desorption from the NRs surface.  

According to the previous studies [43], “the unit cost of Nano absorbent is expected to be 

further decreased in the future. Thus, nano absorbents could become cost-effective sorbents. 

Hence, it is highly recommended to perform more researches on the elimination of other 

environmental pollutants using Nano absorbent.” 

 



 

Fig. 7. Regeneration and removal efficiency of 4-NP adsorption. 

 

4. Conclusions 

 

We generated a newly engineered adsorbent in this work by covering silica grains with 

Engineering nano absorbent prepared from waste Garbage leachate. NRs showed efficiency and 

practicality as the adsorbent for 4-NP removal from aquatic environments. There was such a 

strong chemical bonding between sand particles and NRs that NRs stayed on the surface of sand 

particles the following ultrasonication. Significant quadratic equations were gained by central 

composite design (CCD) for 4-NP. The contact time, initial concentrations of adsorbate, and 

adsorbent loading were the parameters that significantly affected the response. Different 

isotherms, i.e., Freundlich, Langmuir, Redlich-Peterson, UT, and Radke-Prausnitz, were studied in 

equilibrium studies. According to the results, the adsorption process showed the best fit with 

Redlich-Peterson and Langmuir isotherm. In addition, Kinetic studies were performed using such 

models as Pseudo-second-order, Pseudo-first-order, Elovich, and Intraparticle Diffusion. Based 

on the results of experiments, Intraparticle and Pseudo-second-order models were best fitted 

with experimental data. Moreover, the adsorption is an endothermic, optimal, spontaneous, and 



disorderly process at the liquid-solid interface. According to these experiments, the new 

adsorbent is highly capable of removing 4-NP with a simple regeneration process. 
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