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 Phenols and their derivatives are aromatic compounds containing hydroxyl or 

sulfonic groups attached to a benzene ring structure. Even in low 

concentrations, phenols are hazardous pollutants posing a threat to living 

organisms. This study explored the removal of phenol utilizing nano clay 

modified with hexadecyltrimethylammonium (HDTAM) cations. The research 

was conducted in three phases. The first phase involved batch experiments to 

eliminate phenol from aqueous solutions. In the second phase, modified nano 

clay was applied in a continuous system for practical purposes, investigating 

the impact of varying clay concentration and weight in the adsorption 

column. The third phase focused on studying the performance of columns in 

series. The results from the initial phase indicated equilibrium between the 

solution and adsorbent after approximately one hour, a significant reduction 

compared to the unmodified nano clay. Increasing the initial concentration 

of phenol from 50 to 800 milligrams per liter led to enhanced adsorption 

capacity but decreased removal efficiency from 70% to 45%. Kinetic studies 

revealed a pseudo-second-order adsorption process; isotherm studies 

indicated adherence to both the Langmuir and Freundlich models, with 

greater conformity to the Freundlich isotherm. The adsorption-separation 

model derived from the experiments suggested surface adsorption as the 

primary process at low concentrations, transitioning to dominant separation 

with increasing concentration. The second phase demonstrated the effective 

performance of modified clay in continuous processes, with higher flow rates 

resulting in reduced efficiency and adsorption capacity of phenol. Utilizing 

the modified clay in the adsorption column increased the phenol adsorption 

capacity and efficiency from 14.5% to 27%. Finally, employing two columns in 

series in the third phase boosted adsorption capacity from 37% to 50%. 
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1. Introduction 

One of the consequences of rapid industrial 

development is the production of large volumes of 

wastewater, resulting in the contamination of 

surface and groundwater resources with various 

organic and inorganic chemical substances, such 

as phenolic compounds, dyes, and heavy metals 

[1,2]. Phenol, in particular, is considered one of the 

most common organic pollutants due to its 

toxicity, even at low concentrations, and its 

potential to form byproducts through oxidation 

and other processes during wastewater treatment. 

Approximately six million tons of phenol are 

produced each year globally. Phenol and its 

derivatives are aromatic molecules that contain 

hydroxyl, methyl, amide, or sulfonic groups 

attached to a benzene ring structure [3,4]. Phenol 

is classified as an important pollutant in 

wastewater treatment due to its abundant use in 

various industries, including refineries, steel 

manufacturing, and petrochemical, ceramic, and 

phenolic resin industries [5]. These resins have a 

wide range of applications in the production of 

automotive materials, epoxy resins, adhesives, and 

polyamides. Phenol and its derivatives are present 

in wastewater from various industries, such as resin 

and plastic, olive oil production processes, textile 

and leather factories, casting processes, paper and 

pulp mills, and rubber recycling factories [6–8]. 

Phenol is primarily discharged into the environment 

through the wastewater of these industries and 

can have harmful effects on human health and the 

environment due to its toxic nature. Phenol is 

soluble in water and can easily migrate, which 

increases the likelihood of its entry into 

downstream water sources [9,10]. The use of 

phenol-contaminated water can lead to protein 

degradation, tissue corrosion, central nervous 

system impairment, as well as damage to the 

kidneys, liver, and pancreas [11]. Therefore, the 

issue of phenol-containing wastewater has become 

a challenging problem in water and wastewater 

treatment due to its high volume and pollution load 

[12,13]. Even at low concentrations, phenol and 

phenolic compounds pose a significant risk to living 

organisms and are classified as hazardous 

pollutants according to EPA and WHO standards 

[14,15]. The permissible limit for phenol 

concentration in drinking water is less than 1 

milligram per liter. Reported concentrations of 

phenol around 2 mg/L have caused fish toxicity, 

and concentrations ranging from 10 mg/L to 100 

mg/L have resulted in the death of aquatic 

organisms within 96 hours [16,17]. Furthermore, 

phenol has high solubility, low ionization capacity, 

and low vapor pressure. After oxidation and 

polymerization, phenol can exist as humic acid in 

aquatic and soil environments, complicating water 

and soil treatment processes [18–20]. 

In recent years, significant attention has been 

given to removing phenol and phenolic compounds 

using various organic compounds. Today, various 

treatment methods have been developed for the 

removal of phenol from polluted waters: surface 

adsorption; chemical, photocatalytic, and 

electrochemical oxidation; and biological and 

ozone processes [11,21–23]. Adsorption-based 

processes are one of the common methods for 

phenol removal. Although they have some 

drawbacks like other methods, they have 

advantages, such as low initial cost, simple design, 

easy operation, and insensitivity to toxic 

substances [24,25]. Currently, adsorption 

processes are widely used in water and wastewater 

treatment in many countries. In recent years, clay 

minerals have gained significant attention from 

researchers as adsorbents due to their 

affordability, abundance, and environmental 

compatibility [26]. Clays play an important role in 

controlling pollution caused by a wide range of 

pollutants due to their adsorption capacity and 

immobilization of contaminants [27–29]. The 

important properties of clay minerals, such as high 

specific surface area, layered structure, and 

swelling capacity, have made these materials 

beneficial in environmental remediation [30,31].  

In this research, an attempt has been made to 

modify the structure of clay minerals to convert 

them into suitable adsorbents for the adsorption of 

non-ionic nonpolar organic compounds (NOCs). 

Nano clays have been extensively utilized due to 

their widespread availability, affordability, 

excellent adsorption capabilities, and efficiency in 

removing impurities. Numerous researchers have 

endeavored to enhance the adsorption 

characteristics of bentonite by optimizing its 

surface area, pore size, and pore volume while also 

considering the advantages and disadvantages of 
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other types of clay minerals. The improvement 

techniques typically involve acid treatment, 

treatment with both organic and inorganic 

compounds, and calcination, which effectively 

boost the surface area, porosity, and adsorption 

capacity of the nano clay. Nano clay is broadly 

classified into two, three, and four layers. The 

unique features of clay are high surface area, high 

stability, porosity, ion exchange capacity, good 

thermal properties, and good adsorption power.  

Because of these properties, clay has been 

exploited in many fields as catalysts and 

adsorbents. On the other hand, the nano clay 

particles can be separated by gravity procedures 

after the adsorption process and will no longer be 

stable. With the ultimate aim of enhancing the 

adsorption characteristics of nano clay, the main 

objective of this study was to investigate the use of 

modified nano clay (organic clay) as an adsorbent 

for phenol removal from aqueous solutions. In the 

first phase, phenol removal was examined using a 

batch method to understand the kinetics and 

isotherm of phenol adsorption by nano clay. Then, 

based on the information obtained from the first 

phase, the conditions of sand-clay filtration were 

determined in the second phase, and the phenol 

removal process was studied in a continuous 

system. The aim of this phase was to observe the 

performance of nano clay in treating phenolic 

solutions. In the third phase, considering the results 

of the second phase, a series system consisting of 

two identical columns containing the same 

amount of adsorbent was used for phenol removal. 

The objective of this phase was to compare the 

performance of single systems with series systems. 

2. Materials and method 

2.1. Instrumental analysis 

The instruments used for measuring variables and 

material properties in this study included an SM 

shaker, a Hettich/EBA21 centrifuge, an 

HACH.DR4000 spectrophotometer, and a Siemens 

D5000 XRD for system agitation in batch 

experiments, removal of suspended particles, 

measurement of colorant concentration, and 

characterization of adsorbent morphology, 

respectively. The phenol used in the experiments 

was manufactured by Merck, Germany. Some 

specifications of the phenol used are presented in 

Table 1. 

2.2. Theory and method 

 The measurement of phenol concentration in this 

study was performed using a spectrophotometer 

based on the Stoller light absorption method. 

According to the Beer-Lambert law, the absorption 

is proportional to the concentration, meaning that 

as the phenol concentration increases, the light 

absorption also increases. The Beer-Lambert law 

[32] is expressed by Equation 1. 

log
Iin

Iout
= ABS = εLC    (1) 

where Iin is the incident radiation, Iout is the 

transmitted radiation, ABS is the absorption at the 

phenol's wavelength (λm), ε (epsilon) is the molar 

absorptivity, L is the path length of the cell (cm), 

and C is the concentration of the substance 

(molarity (M)). Assuming L is constant, meaning 

the path length of the cell is constant, the equation 

can be expressed as Equation 2. 

ABS = KC (2) 

In this equation, K is a constant value [33]. 

Therefore, the calibration formula for phenol could 

be derived by preparing several samples containing 

specific concentrations of the colorant and using 

the measured absorption values obtained by the 

spectrophotometer. The maximum wavelength of 

phenol, λm, was equal to nm270, which was 

obtained using the HACH DR/4000 

spectrophotometer located at Amirkabir 

University. The pH range within the measured 

limits did not have an effect on the value of λm. 

Therefore, the absorption measurements of all 

samples were performed at λm. Based on this 

information, the relationship between the phenol 

concentration (mg/L) and light absorption (ABS) 

was determined using several samples containing 

specific concentrations of phenol.  

Table 1.  Specifications of the phenol. 

Density pKa Max Wavelength Solubility in Water Chemical Formula Chemical Name 
31.07 g/cm 9.95 270 nm 83 g/L OH5H6C Phenol 
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The amount of phenol absorbed by the adsorbent 

in batch experiments (qe) was calculated using 

Equation 3 [34]. 

qe =
(C0 − Ce)V

m
 (3) 

where C0 (mg/L) represents the initial 

concentration of phenol, Ce represents the 

equilibrium concentration of phenol, V (L) 

represents the volume of the solution, and m 

represents the mass of the adsorbent. 

Equation 4 can be used to determine the 

partitioning and surface adsorption coefficients KP 

and 

 Koc, respectively, and to obtain the fractional 

uptake: 

QP = KocfocCe    or    QP = KpCe (4) 

The amount of uptake resulting from surface 

adsorption can be calculated using Equation 5: 

QP = a ln Ce + b − KpCe (5) 

In order to investigate the effects of changing 

conditions on the phenol removal behavior by the 

modified nano clay, certain quantities need to be 

calculated, which will be discussed below. To 

calculate the maximum adsorption capacity of 

phenol in the column, Equation 6 can be used: 

qtotal = ∫ (C0 − C)dV
V=total

V=0

 (6) 

where C0 represents the initial concentration, C 

represents the effluent concentration, and qtotal is 

the maximum adsorption capacity. The equilibrium 

adsorption concentration, which is the amount 

adsorbed per unit weight of adsorbent (mg/g), can 

be calculated using Equation 7: 

qeq =
qtotal

X
 (7) 

where X is the total weight of the dry modified 

nano-clay (g). The total amount of passed phenol, 

Wtotal, through the column can also be calculated 

using Equation 8: 

Wtotal = C0 ∗ Vtotal (8) 

where Vtotal is the total volume of the passing 

flow. The removal efficiency of phenol in the 

continuous system can also be calculated using 

Equation 9: 

Y =
qtotal

Wtotal
× 100 (9) 

The successful design of a continuous system 

requires predicting the concentration-time profile 

or breakthrough curve of the effluent flow. The 

Thomas model is one of the most widely used 

models by researchers for predicting the 

breakthrough curve. It is used to calculate the 

adsorption constant and the solid-phase 

concentration of adsorbed phenol in the 

continuous system. This model is based on second-

order reaction kinetics and assumes the Langmuir 

isotherm. The Thomas equation 10 is expressed as 

follows [35]: 

Ct

C0
=

1

1 + exp (
kTh
Q

)(q0X − C0Veff)
 

(10) 

In this equation, kTh represents the Thomas 

constant (mL/min.mg), q0 is the maximum 

adsorption capacity of phenol (mg/g), and Veff is 

the effluent flow volume in liters. The linear form of 

the Thomas equation 11 can be rewritten as follows: 

ln (
C0

Ct

− 1) =
kThqoX

Q
−

kThC0Veff

Q
 (11) 

According to Equation 11, kTh and q0 can be 

obtained by plotting the ln(C0/Ct-1) against Veff.  

2.3. Correction of nano clay 

The correction of nano clay was performed to 

enhance its water repellency and increase its 

adsorption capacity for NOCs. To initiate the 

correction process, bentonite was prepared using 

the hydrocyclone method based on sequential 

sedimentation. After drying, it was milled and 

sieved to obtain a 200-mesh size for correction. For 

the correction process, montmorillonite clay was 

dispersed in deionized water and mechanically 

agitated using a mechanical stirrer. A solution 

containing active organic cations, equivalent to 

twice the clay's capacity, was gradually added to 

the clay suspension. The agitation was continued 

for six hours, followed by three rinses with distilled 

water. The resulting mixture was then dried and 

milled. 

According to research conducted by scientists, it 

has been determined that hexadecyl trimethyl 

ammonium bromide (HDTMA) exhibits a greater 

tendency to exchange with existing cations in clays 
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compared to other substances. Therefore, this 

substance is among the most commonly used 

surfactants in scientific studies [36,37]. 

Consequently, the cation used for correction in this 

research is hexadecyl trimethyl ammonium 

bromide (HDTMA). After the correction of the clay, 

X-ray diffraction (XRD) analysis was employed to 

measure the changes in the morphological 

properties of the clay before and after correction. 

Figure S1 (Supplementary Information) represents 

the XRD pattern of the uncorrected nano clay and 

its constituent materials. 

Batch adsorption kinetics experiments were 

conducted to determine the adsorption kinetics of 

phenol using the corrected clay. For this purpose, 

Erlan CC100 vials containing the required amount 

of phenol solution at a specific concentration were 

utilized along with a predetermined quantity of the 

adsorbent. The suspension was mixed using a 

shaker to ensure proper mixing. Subsequently, the 

suspension was centrifuged at 4000 rpm for 30 

minutes using a centrifuge. Following 

centrifugation, the phenol concentration was 

measured using a spectrophotometer. 

2.4. Batch adsorption isotherm experiment 

In order to determine the adsorption isotherm in 

the laboratory, environmental parameters, such as 

temperature (within the range of 3±25 degrees 

Celsius), were kept constant. The following steps 

were followed to obtain the equilibrium adsorption 

data:  

1- Preparation of phenol solutions with specific 

concentrations ranging from 50 to 1000 

milligrams per liter. 

2- Adding a predetermined and equal amount of 

the adsorbent to all solutions.  

3- Agitating all mixtures under consistent 

environmental and time conditions.  

4- Separating the adsorbent from the suspension 

and analyzing the sample. 

After completing the aforementioned steps and 

obtaining the equilibrium concentrations, 

adsorption isotherm plots were constructed. Then, 

adsorption isotherm models were fitted to the 

data, and adsorption parameters were 

determined. In this study, two isotherm models, 

namely Langmuir and Freundlich, were utilized. 

2.5. Continuous flow experiment  

To investigate phenol removal in a semi-industrial 

continuous flow system, a column with a diameter 

of 10 centimeters and a length of 0.5 meters was 

utilized. In this system, a centrifugal pump was 

used for injecting the solution into the column. 

Flow rate and pressure control within the column 

were achieved using a flowmeter and a pressure 

gauge, respectively. For each experiment, the 

column was packed with a mixture of sand and 

gravel in a ratio of 1:10. Additionally, all 

experiments were conducted at ambient 

temperature within the range of 2±25 degrees 

Celsius. It is worth mentioning that experiments 

were also conducted to assess the adsorption of 

phenol by the sand, which indicated the lack of 

phenol adsorption by the sand. 

2.6. Investigation of parameters affecting the 

phenol removal efficiency 

In this section, the phenol removal efficiency using 

organic modified nano clay and the factors 

influencing it in the batch process will be 

investigated. One parameter was varied while the 

others were kept constant to investigate the effect 

of different parameters on the adsorption process. 

Furthermore, the kinetics and isotherms of 

adsorption were examined. The aim of this phase 

was to understand the performance of modified 

nano clay in relation to phenol removal. For this 

purpose, the factors that needed further 

investigation in the next phase were studied. 

3. Results and Discussion 

3.1. Clay modification 

Figure S2 (Supplementary Information) illustrates 

the XRD analysis of the nano clay before (a) and 

after (b) modification. As shown in Figure S2, the 

XRD peak has shifted towards the left, ranging 

from an angle of 7 degrees to 2.3 degrees. 

According to Table S1 (Supplementary 

Information), the interlayer spacing has increased 

from 12 angstroms to 37 angstroms.  

It should be noted that the substituting cations can 

arrange themselves in four different configurations 

within the interlayer spacing, depending on the 

degree of increase in the interlayer spacing. This 

arrangement of cations in the interlayer space is in 

a paraffinic manner. Furthermore, the surface 
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characteristics of the nano clay also changed after 

modification, transitioning from water-friendly to 

water-repellent. 

3.2. Effect of contact time on phenol removal 

To observe the effect of contact time on phenol 

removal, 50 mL of phenol solution (100 mg/L) was 

placed in contact with 0.25 g of modified nano clay 

in a 100 mL Erlenmeyer flask. The suspension was 

shaken using a shaker apparatus. It should be 

noted that the initial pH was 7.6. Figure 1 illustrates 

the effect of contact time on phenol removal 

efficiency. According to the figure, with an 

increase in contact time, the concentration of 

phenol in the solution decreased, and on the other 

hand, the removal efficiency increased. 

Furthermore, the adsorption process reached 

equilibrium with more than 80% removal efficiency 

in less than 1 hour. The optimal time for phenol 

removal could be considered to be approximately 1 

hour. The high initial adsorption rate in the early 

minutes was due to the abundance of adsorption 

sites and the high driving force.  

 Banat  et al. [36] investigated the adsorption of 

phenol by untreated clay. According to their 

reports, it took about six hours to reach equilibrium 

in the phenol adsorption process using untreated 

clay. However, based on the results obtained in this 

study with the modified clay, this time has been 

reduced to approximately one hour. 

3.3. The effect of initial concentration on phenol 

removal efficiency  

To investigate the effect of initial concentration on 

phenol removal efficiency, 50 milliliters of phenol 

solution with concentrations ranging from 50 to 

800 mg/L were brought into contact with 0.25 

grams of modified nano clay. The results are shown 

in Figure 2; the phenol removal efficiency 

decreased with an increase in the initial 

concentration. At an initial concentration of 50 

mg/L, the process efficiency was over 70%, while at 

an initial concentration of 800 mg/L, the process 

efficiency dropped to less than 50%. This trend can 

be attributed to the saturation of active sites for 

adsorption at higher concentrations and a higher 

ratio of adsorption sites to adsorbate molecules at 

lower concentrations. Additionally, the increase in 

concentration led to an increase in the amount of 

phenol adsorbed per unit mass of adsorbent (Q). 

This increase was due to the higher driving force at 

higher concentrations, resulting in more phenol 

being adsorbed by a fixed mass of the adsorbent. 

Studying the effect of initial phenol concentration 

in the adsorption process could provide an 

estimation of the adsorbent capacity for treating 

industrial wastewater effluents.  

Banat  et al. also conducted studies on phenol 

removal using unmodified clay, indicating a 

decrease in phenol removal efficiency with an 

increase in the initial phenol concentration. 

However, the slope of the reduction in phenol 

removal efficiency decreased with the 

modification, indicating an enhanced adsorption 

capacity of the modified clay for phenol removal 

[36]. 

 
Fig. 1. The effect of contact time on adsorption of phenol 

by modified nano clay with (HDTMA). 

 

Fig. 2. The effect of initial concentration on phenol 

removal efficiency by HDTMA-modified nano clay. 
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3.4. Kinetics of phenol removal by modified nano 

clay with (HDTMA) 

 To investigate the kinetics of phenol removal, 

several samples of 50 mL phenol solution with a 

concentration of mg/L 100 were mixed with 0.25 g 

of modified nano clay, and the suspensions were 

analyzed at different time intervals. Pseudo-first-

order, pseudo-second-order, and intraparticle 

diffusion models were fitted to the experimental 

data. The results are presented in Figure S3 

(Supplementary Information) and Table 2. The 

pseudo-first-order and pseudo-second-order 

kinetic models were unable to identify intraparticle 

diffusion. Therefore, in general, the transfer from 

the liquid phase to the solid phase in the adsorption 

phenomenon could occur through mass transfer, 

external mass transfer, intraparticle diffusion, or a 

combination of these processes [38]:  

1- Transfer from the liquid phase to the external 

surface of the adsorbent material. 

2- Infiltration of the fluid into the defects and 

micropores of the adsorbent at the external 

surface.  

3- Adsorption from the liquid phase on the 

internal surfaces, pores, and cavities of the 

adsorbent. 

In this model, the intercept from the origin, 

denoted as I, represents the presence of other 

processes controlling the reaction rate in addition 

to intraparticle diffusion. If I is equal to zero, then 

only intraparticle diffusion is the controlling rate 

process [39,40].  

Based on the R2 values, it could be concluded that 

the adsorption frequency follows pseudo-second-

order kinetics. On the other hand, considering the 

value of parameter I in the intraparticle diffusion 

model, it could be inferred that other processes, in 

addition to intraparticle diffusion, affected the 

adsorption of phenol by the modified nano clay, 

although the results showed a weak adherence to 

this model due to the R2 values.

Table 2. Kinetic parameters of phenol adsorption by modified nano clay. 

kinetic model Model parameter experimentalq calculatedq 2R 

Pseudo-first-order 

kinetics 
1-=0.0071s1K 11.9 2.7 0.97 

Pseudo-second-

order kinetics 

 

=0.089 2K
1-(mg/g.min) 

 

11.9 

 

12.5 

 

0.99 

 

Interstitial diffusion 

kinetics 
Ki=0.327, I=5.49 11.9 - 0.57 

Table 3. Parameters of phenol adsorption isotherm by modified nano clay with (HDTMA) 

Langmuir   Freundlich 

qmax 

)mg/g( 
Kl 𝑅𝑙 𝑅2 

 
n 

𝐾𝑓 

(L/g) 
𝑅2 

111.1 0.004 0.21 0.973 1.52 1.08 0.996 

 

3.6. Isotherm of phenol adsorption by modified 

nano clay with (HDTMA)  

To study the adsorption isotherm of phenol by 

modified nano clay, solutions containing phenol 

with concentrations ranging from 50 to 800 mg/L 

were mixed with a constant amount of 0.25 grams 

of the adsorbent. In order to design a continuous 

system, the required parameters could be obtained 

by fitting two models: Langmuir and Freundlich. 

These two models have been widely used in previous 

studies, and they were also employed in this 

research to investigate the adsorption isotherm of 

phenol. The experimental data were fitted to the 

Langmuir (A) and Freundlich (B) isotherm models, 

and the results are presented in Table 3 and Figure 

S4 (Supplementary Information). Based on the 

values of R² and Figure S4, it could be concluded 

that both models effectively described the 

adsorption process. The conformity of these two 

models indicated the presence of both monolayer 

adsorption and heterogeneous surface adsorption 

under the experimental conditions. However, the 

adsorption isotherm of phenol by modified nano 
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clay showed a better fit to the Freundlich model. 

According to the dimensionless constant of the 

Langmuir model (Rl), the reaction could be 

classified into four situations: 0 < Rl < 1: In this case, 

the adsorption process was desirable. Rl > 1: In this 

case, the adsorption process was undesirable. Rl = 

1: In this case, the adsorption process was linear. Rl 

= 0: This indicated an irreversible adsorption 

process. The obtained value of Rl was 0.21, 

indicating the suitability of the Langmuir isotherm 

to describe the process. On the other hand, 

according to the maximum adsorption capacity 

(qmax) from Table 3, the modified nano clay 

showed a high adsorption capacity. The maximum 

adsorption of phenol by modified nano clay was 

found to be 111 mg/g, which was 65 times higher 

than the capacity of unmodified nano clay 

reported in previous studies by Banat et al. [36]. 

In the Freundlich model, the constant "n" 

represents the deviation of the adsorption process 

from linearity. If "n" is equal to one, the dominant 

adsorption process is chemical in nature. However, 

based on the values in Table 2, where the constant 

"n" is less than one, it could be concluded that the 

dominant adsorption process was physical. On the 

other hand, according to the studies conducted by 

Banata et al. [36], the dominant process in phenol 

adsorption by unmodified clay was both chemical 

and surface adsorption. Considering these results, 

it could be inferred that the modification of clay 

with organic cations led to the predominance of 

the physical adsorption process. 

Clay minerals modified with short-chain organic 

cations (C<10) are often referred to as adsorbent 

complexes. In these types of adsorbents, surface 

adsorption is the dominant chemical process, 

which is why they have limited adsorption capacity. 

On the other hand, clay minerals modified with 

long-chain organic cations (C>10) are often 

recognized as adsorbent complexes in which the 

dominant adsorption process is physical. Therefore, 

these modified clays do not have the limitations of 

the previous group.  The obtained results also 

confirmed this observation. Based on the above 

information, it could be concluded that clays 

modified with long-chain organic cations have a 

high capacity for adsorbing nonpolar non-ionic 

pollutants due to the predominance of the physical 

adsorption process, which is unlimited in nature. 

3.7. The adsorption/partitioning model 

 The partitioning and surface adsorption 

coefficients (KP and Koc) for phenol adsorption by 

organic nanoclay were determined using the values 

provided in Table 4. 

Table 4. Linear isotherm and partitioning coefficients for phenol adsorption by organic nanoclay. 

Pollutant Fitted Linear Equation R2 
Saturation Adsorption Capacity 

(mg/g) 
f % Koc KP 

phenol QT=0.12Ce +19.58 0.988 11.58 20.8 0.059 125 

 

Table 5. Equations for surface adsorption and fractionation uptake of phenol by organic modified nano clay. 

Pollutant 

Equation for Fractionation 

Uptake 

mg/g 

Equation for Surface Adsorption 

mg/g 

phenol QP=0.12Ce QA=18.97lnCe -55.17-0.12Ce 
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Fig. 3. Plots of the contribution of fractionation uptake 

and surface adsorption to the total phenol adsorption by 

organic modified nano clay 

The equations related to the contribution of 

fractionation uptake and surface adsorption are 

presented in Table 5. The plots of QT, QA, and QP 

against Ce based on the model equations for 

phenol adsorption are shown in Figure 3. 

Based on Figure 3, fractionation uptake increased 

linearly with increasing concentration, while 

surface adsorption increased nonlinearly with 

increasing concentration. Furthermore, surface 

adsorption was the dominant uptake process at 

low concentrations, but its rate decreased with 

increasing concentration. On the other hand, due 

to the limited fractionation uptake capacity, its 

effect gradually became more significant with 

increasing concentration and became the 

dominant process in uptake. It is clear that at low 

concentrations, total uptake was mainly 

influenced by surface adsorption, while at high 

concentrations, fractionation uptake had a 

significant impact. 

3.8. Evaluation of phenol removal efficiency in the 

continuous system (second phase) 

In the second phase, the phenol removal process 

was investigated in a continuous system. In this 

phase, the effect of factors, such as flow rate and 

sand-to-clay ratio in the sand-clay filter, on the 

phenol removal process was examined. The design 

of continuous industrial systems requires 

information such as concentration-time 

breakthrough curves under different conditions. 

Additionally, parameters such as maximum 

adsorption capacity, percentage removal, etc., 

need to be determined. Therefore, the behavior of 

the modified nano clay in phenol adsorption should 

be studied under various conditions, such as 

changes in flow rate and other factors that may 

affect adsorption in the continuous system. 

Table 6. Calculated parameters and Thomas constants at different flow rates (adsorbent weight g20, phenol solution 

concentration mg/L50). 
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Fig. 4. The effect of flow rate on the breakthrough curve 

(adsorbent weight 20 g, phenol solution concentration 

50 mg/L). 

3.9. Effect of flow rate on phenol removal 

efficiency 

In order to investigate the effect of flow rate on the 

removal efficiency of phenol, a phenol solution with 

a concentration of 50 mg/L was injected into a 

column containing 40 grams of modified nano clay 

and 400 grams of sand at flow rates ranging from 

8 to 23 L/h. The concentration-time profiles of the 

effluent are presented in Figure 4. As shown in 

Figure 4, the concentrations of all the curves 

increased with time and flow volume, following a 

similar trend. Moreover, with increasing flow rate, 

the concentration of the effluent increased, and 

the curve shifted to the right. This occurred 

because reaching the equilibrium state between 

the adsorbent and the phenol solution required 

approximately one hour (based on the in-situ 

experimental results). Therefore, increasing the 

flow rate reduced the contact time between the 

adsorbent and the adsorbate, resulting in a 

leftward shift of the curve. On the other hand, 

increasing the flow rate led to a higher volume of 

fluid passing through the column per unit time, 

causing the column to reach saturation faster due 

to the faster occupation of the adsorption sites. 

According to Figure S5 (Supplementary 

Information), the Thomas model was fitted to the 

experimental data obtained from column tests. 

Based on the R2 values, the Thomas model 

effectively described the adsorption process. 

Additionally, all three curves exhibited similar 

changing patterns. Using the equation of the fitted 

line derived from the Thomas model, the model 

parameters and constants were calculated for 

different flow rates and are presented in Table 6. 

As shown in Table 6, an increase in the flow rate 

resulted in a decrease in the removal efficiency of 

phenol from 38% to 16% in the system. This 

decrease in efficiency was due to the reduced 

contact time between the adsorbent and the 

pollutant caused by the shorter residence time in 

the column. On the other hand, a decrease in the 

flow rate led to an increase in the total amount of 

phenol adsorbed due to the longer hydraulic 

retention time in the system. Furthermore, 

according to Table 6, the value of the Thomas 

constant (kTh), which represents the flow rate per 

unit time and mass, increased with the increase in 

flow rate. Additionally, by changing the flow rate, 

the maximum phenol adsorption capacity 

predicted by the Thomas model was also affected. 

Furthermore, the predicted values of the maximum 

adsorption capacity by the Thomas model are 

slightly lower than the experimental results, which 

could be attributed to the presence of a separation 

mechanism in phenol adsorption. The HETP (Height 

Equivalent to a Theoretical Plate) also decreased in 

the system due to the swelling of the modified nano 

clay caused by phenol adsorption, and an increase 

in the flow rate further amplified this effect. 

3.10. The effect of the dose of modified nano clay 

on phenol removal efficiency  

The effect of different doses of the modified nano 

clay within the range of 20 to 60 grams was 

examined. In this study, a phenol solution with a 

concentration of mg/L50 and a flow rate of L/h15 

was injected into the column. The results of this 

investigation are presented in Figure 5. Increasing 

the weight of the modified nano clay in the clay-

sand mixture influenced the treated flow volume 

significantly, leading to an increase in the treated 

volume with higher weight. Additionally, as the 

weight of the clay in the clay-sand mixture 

increased, the adsorbent volume and the length of 

the adsorption column in the cylinder increased. 

Consequently, the concentration of the effluent 

decreased significantly with an increase in the 

weight of the clay in the column.  

For further analysis, the Thomas model was fitted 

to the data obtained from this part of the study, as 
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shown in Figure S6 (Supplementary Information). 

Based on the R2 values, the Thomas model 

effectively described the phenol adsorption process 

in the continuous system. However, as depicted in 

Figure S6 (a), the model failed to predict the 

adsorption process in the continuous system 

containing 20 grams of adsorbent. This could be 

attributed to the decreased contact time between 

the solution and the adsorbent in the column due 

to the reduced length of the clay-sand column in 

the cylinder. Furthermore, the plots exhibited 

similar trends for different doses. The parameters 

and constants of the Thomas model were 

calculated for different doses and are presented in 

Table 7. 

According to Table 7, the removal efficiency of 

phenol increased from 14% to 27% with an increase 

in the weight of the modified nano-clay in the 

column. The results still indicated a high adsorption 

equilibrium capacity in all three experiments. The 

maximum adsorption capacity of phenol (q0, qeq) 

was influenced by the change in the weight of the 

organic nanoclay in the column and increased with 

an increase in the weight of the nano-clay. 

Additionally, there was some discrepancy between 

the predicted values of the model and the 

experimental values, where the experimental 

values exceeded the predicted values of the model. 

It is worth noting that the model failed to provide 

accurate predictions at a dosage of 20 grams. 

Furthermore, it can be observed in Table 7 that the 

value of kTh decreased with an increase in the 

weight of the organic nano-clay in the column, 

which can be attributed to the increase in column 

length and adsorbent weight. On the other hand, 

the pressure drop (head loss) in the system 

increased with an increase in the amount of 

organic nano-clay. 

 

Fig. 5. The effect of adsorbent dosage on different 

breakthrough curves (flow rate: 20 L/h, initial phenol 

concentration: 50 mg/L). 

 

Table 7. Calculated parameters and Thomas constants at different dosages (Flow Rate: L/h15, Phenol 

Concentration: mg/L50). 

R2 
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pressure 

(mmHg) 
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pressure 
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qtotal 
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qeq 
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Efficiency 

(%) 

kTh 

(mL/min.mg) 

q0 

(mg/g) 

Adsorbent 

Weight 

(g) 

- 15 80 1500 215 10.7 14.5 - - 20 

0.98 35 110 2000 493 12.34 24 0.54 5.8 40 

0.92 50 140 3000 791 13.2 27 0.45 9.5 60 

 

 

Table 8. The calculated and experimental values of the adsorption parameters for phenol in a series column 

configuration. 
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Fig. 6. The effect of absorbent dosage on various 

breakthrough curves (flow rate: 15 L/h, phenol 

concentration: 50 mg/L). 

 

3.11. Phenol removal in continuous series systems 

(Phase 3) 

In the third phase, continuous series systems 

consisting of clay-sand filters were used to 

investigate the performance of the system in 

phenol removal. The results obtained from column 

studies were utilized to develop a practical system. 

For this purpose, two columns containing 40 grams 

of organic nano-clay and 400 grams of sand were 

connected in series. A phenol solution with a 

concentration of mg/L50 and a flow rate of L/h15 

was injected into the columns. The results of this 

study are presented in Figure 6. Figure 6 clearly 

demonstrates that phenol was effectively removed 

in the series system, and the concentration of the 

effluent stream reached an acceptable range. 

Additionally, the first column reached saturation 

faster than the second column, which could be 

attributed to the higher concentration of the 

influent flow entering the first column. On the 

other hand, the saturation of the second column 

took longer. Furthermore, when the first column 

became saturated, the saturation rate of the 

second column increased.  

Figure S7 (Supplementary Information) shows the 

fitting of the Thomas model to the data obtained 

from the series system. Based on the R2 values, the 

Thomas model successfully described the 

continuous adsorption process of phenol by organic 

nano-clay. The calculated values of adsorption 

parameters and Thomas model constants are 

presented in Table 8. According to Table 8, the 

removal efficiency of the series columns was higher 

compared to the single column mode. Additionally, 

the adsorption equilibrium capacity of phenol 

increased in the series system. The maximum 

adsorption capacity (q0) was higher in the larger 

series columns. Moreover, the predicted values by 

the model were closer to the experimental values in 

the series mode. Furthermore, the value of kTh in 

the series columns was lower than in the single 

column. Overall, the results indicated that the 

series system of clay-sand filters exhibits improved 

performance in phenol removal. The adsorption 

capacity, removal efficiency, and agreement 

between the model and experimental values were 

all enhanced in the series configuration. 

4. Conclusion 

In this study, the removal process of phenol using 

modified bentonite nanoparticles was investigated 

in three phases. In the first phase, the performance 

of the modified bentonite nanoparticles in the 

phenol removal process was examined in a batch 

system. Then, a column containing a mixture of 

modified bentonite nanoparticles and sand was 

used to study the performance of the nanoparticles 

in phenol removal in a continuous process. Finally, 

in order to achieve a more efficient system, a 

continuous series system with two adsorbent 

columns was utilized. The results obtained from the 

experiments indicated that the removal efficiency 

of phenol significantly increased with increasing 

contact time. After approximately one hour, the 

adsorption rate decreased and reached a nearly 

constant value. This time was about 1.6 times 

longer than the time required for unmodified 

bentonite adsorption. Furthermore, the results 

showed that an increase in the initial concentration 

of phenol led to an increase in the amount of 

adsorbed material per unit adsorbent mass (Q), 

reaching a maximum value of 111 mg/g. On the 

other hand, an increase in the initial concentration 

resulted in a decrease in the removal efficiency of 

phenol, ranging from 71% at a concentration of 50 

mg/L to 40% at a concentration of 800 mg/L.  

The analysis of the results related to the pseudo-

first-order and pseudo-second-order kinetics and 

intraparticle diffusion revealed that the adsorption 

process followed pseudo-second-order kinetics. 

0

10

20

30

40

50

60

0 20 40 60 80

C
o

n
c
e

n
tr

a
ti

o
n

(m
g

/l
)

Volume(l)

series column first column



E. Nabavi et al./ Advances in Environmental Technology 10(3) 2024, 202-217.                               214 

Additionally, based on the intraparticle diffusion 

model, it was determined that processes other 

than intraparticle diffusion also affected the 

reaction rate. The adsorption isotherm of phenol 

removal by modified bentonite nanoparticles was 

investigated using the Freundlich and Langmuir 

models. The results indicated a better fit to the 

Freundlich model. Moreover, the obtained qmax 

value from the Langmuir model indicated the 

successful modification of bentonite 

nanoparticles. On the other hand, based on the 

parameters of the Freundlich model, it was 

determined that the physical process was 

dominant in phenol adsorption. 

 The examination of the surface and pore diffusion 

contributions showed that at low concentrations, 

the surface diffusion contribution was higher than 

the pore diffusion contribution. However, with an 

increase in concentration, the surface diffusion 

contribution decreased until the pore diffusion 

became the dominant process in adsorption.  The 

results of the flow rate variations showed that an 

increase in the flow rate led to a decrease in the 

removal efficiency of phenol from 38% to 16%. 

Additionally, with an increase in the flow rate 

through the column, the qeq (mg/g) value 

decreased. The Thomas model was used to 

investigate this process, and the results confirmed 

the experimental findings. 

 The weight variations of the modified bentonite 

nanoparticles in the sand-bentonite mixture 

resulted in an increase in the phenol removal 

efficiency from 15% to 27%. Furthermore, an 

increase in the weight of the modified bentonite 

nanoparticles in the mixture led to an increase in 

qeq (mg/g) from 10 to 13.5 mg/g. Moreover, an 

increase in the weight of the bentonite 

nanoparticles in the column also increased the 

treated flow volume. In this stage, the Thomas 

model was also employed to verify the obtained 

results.  In both conducted studies in the second 

phase, the head loss in the system increased over 

time. The results obtained from using two 

continuous adsorption columns resulted in the 

reduction of phenol concentration to zero. 

Moreover, the qeq (mg/g) value increased in the 

second column compared to the first column. 

Additionally, the phenol removal efficiency in the 

second column was 1.5 times higher than in the 

first. Furthermore, the results indicated that with 

the saturation of the first column, the saturation 

rate of the second column increased. 
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