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Abstract
This research work aimed to assess the adsorption efficiency of rice husk ash for removal of phenol from wastewater. 
The authors studied the morphology and characterization of rice husk ash using SEM, FTIR, XRD and BET analyzers and 
carried out the batch experiments to evaluate the removal percentage of phenol with variation of pH (3–11), adsorption 
time (30–270 min), adsorbent dose (0.5–4.0 gm/L), phenol concentration (5–20 mg/L) and temperature (25–35 °C). It was 
observed that the maximum removal reached as high as 95%. The testing of kinetic models showed that the second-
order model was better than the first-order model. Elovich model showed that the adsorption process was chemical, 
Reichenberg model showed that adsorption occurred because of film diffusion, Furusawa and Smith model showed 
that phenol moved faster from bulk to solid stage, Boyd model indicated that the process supported chemisorptions, 
and Fick’s model implied that film and intraparticle diffusion took 45 min and 135 min, respectively. Testing of isotherm 
models indicated that Langmuir, Freundlich and Temkin models were all supportive of equilibrium data. The Dubinin–
Radushkevich isotherm indicated that the process was explained by feeble physical adsorption. The isothermal study 
indicated that the process was random, endothermic and spontaneous. Although some studies had been done for 
removal of phenol using rice husk ash in the past, this research had covered the extensive works on the characterization 
of the adsorbent, extent of phenol removal with the variation of several process variables, and testing of several models 
in the areas of kinetics, isotherms, and thermodynamics. Further, the novelty of this research was that the experiments 
were carried out for treatment of wastewater exclusively with low initial phenol concentrations so that the results can be 
effectively applied in several small- and medium-scale industries at lesser costs, particularly in the Third World countries.
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1  Introduction

The phenol and its derivatives usually get introduced in 
the environment when the industrial effluents from the 
crude oil refinery, coal tar, plastic, disinfectant, rubber 
proofing, steel and pharmaceutical plants are discharged 
into surface water [11]. Some amounts of phenols are 
also released into the surface water when the domestic 
wastewater and agricultural runoff get mixed with the 
surface water. The content of phenols in such industrial, 

domestic and agricultural wastewaters may vary from 1 
to 6800 mg/L [5].

Phenols and its derivatives are environmental pol-
lutants of great concern because of toxicity. The health 
impacts caused by exposure to phenols mainly vary by 
the quantum of phenol and its duration. Phenol expo-
sure to human is one of the dangers in the wastewater of 
any refinery because phenol is highly toxic even at low 
concentration [30]. The exposure to phenol on human 
is also common because it is available in several con-
sumer products including gargles, mouthwash, lozenges 
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and creams. Inhalation, dermal and oral routes are also 
common ways of exposure. There are unusual cases of 
acute respiratory and acute renal failure following the 
accidental overdose of phenol [16]. The toxicity of phe-
nol results in various chronic human problems like diffi-
culty in swallowing, vomiting, kidney damage, anorexia, 
fainting, liver damage, headache and common mental 
diseases. The phenols also have several bad effects on 
the environment like impacts on soil due to the decrease 
in porosity and flocculation, impacts on plants due to 
reduced germination of seeds and impacts on ground-
water due to seeping of hazardous phenol through the 
soil [24]. The preventive measure against the exposure 
of phenols through surface discharge is therefore con-
sidered in this study to save the environment and human 
lives.

The Environmental Protection Agency (EPA), the USA 
has included phenols in the list of priority pollutants and 
has considered peak phenol value of 1 mg/L in the runoff 
of surface discharge. According to the regulations of Minis-
try of Environment, Forests and Climate Change (MOEFCC) 
of India, the maximum permissible limit of phenol in the 
discharge of industries is also considered at 1 mg/Lin line 
with the EPA standard [13]. The World Health Organization 
(WHO) has laid down the allowable value of 0.001 mg/L 
in the potable water. Therefore, it is required for phenol 
removal from industrial, domestic and agricultural waste-
waters to bring out the phenol content within the allow-
able limit [4].

Various removal technologies like flocculation, mem-
brane separation, solvent extraction, oxidation, photo-
degradation, electro-Fenton oxidation are available in 
the literature [36]. However, the adsorption technique is 
found to be very popular in wastewater treatment. The 
phenol removal techniques through adsorption are usu-
ally classified into three categories, viz. chemical, physical 
and biological adsorption [18]. The chemical methods are 
although useful but not preferred as they typically release 
further toxic compounds. The biological degradation 
methods are also not studied; however, they are gener-
ally quite sensitive to temperature [34, 35]. The physical 
adsorption methods are found to be very useful and are 
therefore widely used in the industry. However, physical 
adsorption methods using activated carbon are discour-
aged due to its high cost [34, 35]. The most effective and 
cheapest treatment method for the removal of phenol is 
probably through adsorption using various natural adsor-
bents [12]. Many researchers are in the hunt for cheap 
and readily available natural adsorbents [33]. Some of 
the important criteria for choosing the best adsorbents, 
however, are the surface area, pore sizes, structural char-
acteristics, adsorption capability, simple regeneration and 
numerous uses [7].

Usually, the natural materials available from the agri-
cultural wastes are likely to be chosen as good adsorbents 
primarily because of their low cost [29]. In this perspective, 
the rice husk, which is also an agricultural waste, can be 
considered to be an important source for the removal of 
phenol from wastewater. There is no regeneration issue of 
rice husk since they are plentifully available at almost no 
cost. The porous structure and chemical stability of rice 
husk are also very advantageous to work as a good adsor-
bent for phenol removals. Another benefit of rice husk is 
that it can easily be transformed into rice husk ash which 
contains activated carbon [27].

In this research work, rice husk ash is therefore applied 
as the natural adsorbent to remove phenol. The vast quan-
tities of rice husk ash are generated and dumped in rural 
areas of West Bengal after the uses of the rice husk as fuel. 
The rice husk is usually produced as a by-product from rice 
mills after the crushing of the paddy.

Rice husk ash predominantly contains silica, and its 
nature depends on the burning temperature [1]. The 
rice husk ash produced at the moderate temperature 
of 600–700  °C usually remains amorphous, while fur-
ther heating makes it crystalline [22]. When the physical 
adsorption occurs on the silica surface, it is observed that 
the infrared spectrum attributed to the phenolic hydroxyl 
group of adsorbate is disturbed and therefore the interac-
tion between adsorbent molecule and hydroxyl group of 
adsorbate becomes dominant. 

Si – O-------H – O 

Analytically, it is possible to calculate the adsorption 
energy to confirm that the adsorption takes place on the 
silica surface [19].

Several studies are already available with rice husk ash 
for phenol removal. However, most of them are carried out 
with the initial phenol concentration at moderate range. 
Therefore, there have been concerns for some of the small- 
and medium-scale industries which discharge wastewater 
with low phenol concentration to apply such technolo-
gies. Given that this research work emphasizes treatment 
of wastewater with low initial phenol concentrations usu-
ally observed in small- and medium-scale industries.

2 � Materials and methods

2.1 � Reagent and equipment

For the adsorption process, the standard phenol having 
99.99% purity from Merck, India in crystal form was used. 
The other reagents like NaOH, HCl and 4-aminoantipyrine 
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from Merck, India were also used in the experiments. The 
equipment used in the study was spectrophotometer from 
Hach Co., Germany, pH meter from Hach Co., Germany, 
scanning electron microscope from Hitachi, Japan, X-ray 
powder diffraction from Bruker, Germany, and Fourier-
Transform Infrared Spectroscopy from Thermo Fisher, the 
USA, and Brunauer–Emmett–Teller analyzer from NOVA, 
the USA. All chemicals and reagents applied in our study 
were arranged from a local shop in Kolkata. The equipment 
installed in the Chemical Engineering Department, Univer-
sity of Calcutta, was used for measurement of various data.

2.1.1 � Adsorbent preparation

Rice husk ash produced from rice husk was the adsorbent 
which was used in our research work. Rice husk was an off-
shoot of rice crop, primarily cultivated in the Asian regions 
and mostly used as fodders for animals or sometimes 
thrown out as waste because of its abundance [10]. For our 
research work, we had collected rice husk from a rice mill 
near Kolkata, India. Since this rice husk contained some 
dust and impurities like natural fat and wax, the collected 
material was washed with water thoroughly. Then, it was 
kept in the sun for a week and burnt at 600 °C for 4 h to 
form rice husk ash. The ash was sieved, and −44 + 52-mesh-
sized fraction was collected and stored inside desiccators.

2.1.2 � Adsorbent characterization

The morphology and characterization of rice husk ash 
were studied through SEM [Model S415A, Hitachi, Japan], 
XRD [Germany Model D8 Advance, Bruker, Germany] and 
FTIR [Model Nicolet™ 5 N, Thermo Fisher, USA] analyzers, 
and the surface area was assessed by means of BET ana-
lyzer (Model Quantachrome, NOVA 1000e, USA). The scan-
ning electron microscopy (SEM) of rice husk ash provided 
the variations in microstructures because of modification 
during heat treatment. The SEM result of the rice husk 
ash is shown in Fig. 1. The result showed that rice husk 
ash was extremely porous with large pore sizes. The X-ray 
diffraction (XRD) analysis was performed for determin-
ing total amorphous nature of silica (SiO2) present in rice 
husk ash, and the result is given in Fig. 2. The XRD inten-
sity was observed as a function of Bragg angle 2θ in the 
angular range of 10°–80°. The phase analysis was checked 
by comparing the values of d and peak values of intensity 
with the available data listed in the Joint Committee of 
Powder Diffraction Standards [21]. The XRD pattern of rice 
husk ash as given in Fig. 2 indicated the presence of quartz 
at 2θ peaks of 22.85°, 26.63° and 42.47°, the presence of 
cristobalite at 2θ peaks of 21.91°, 35.99° and 69.50° and 
the presence of anorthite phase at 2θ peaks of 27.91° and 
29.42°. The presence of quartz in rice husk ash prepared at 

600 °C triggered more porosity due to the evaporation of 
moisture content, and therefore, it would have more ben-
efit in adsorption compared to rice husk. The presence of 
crystal in rice husk ash resulted in maximum surface area 
which again would be more advantageous for adsorption 
[28]. The functional groups were determined as a func-
tion of the IR spectrum using Fourier-transform infrared 
spectrophotometer (FTIR) for rice husk ash, and the result 
is given in Fig. 3. The FTIR spectrum of the rice husk ash in 
Fig. 3 showed broadband near 1710 cm−1 and indicated 
the presence of aromatic overtones of ring bends. The 
stretching frequency of the aromatic C=C gave rise to the 
peaks at 1582 cm−1. The peak at 1093 cm−1 specified the 
very strong existence of alkyl fluoride (C–F), whereas the 
peaks at 796 and 591 cm−1 indicated strong existence of 
alkyl chloride (C–Cl) and alkyl bromide (C–Br). The peaks 
at 464 and 437 cm−1 indicated the strong presence of alkyl 
iodide (C–I). The surface area of rice husk ash was evalu-
ated by BET analyzer, along with the distribution of its 

Fig. 1   SEM topography of rice husk ash
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Fig. 2   Pattern of XRD of rice husk ash
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pore sizes. The results indicated that the adsorbent had 
honeycombed microstructure with high surface area. The 
surface area was estimated to be 57.5 m2/g. The composi-
tion and physical properties of rice husk ash are shown in 
Table 1 [2].   

2.1.3 � Adsorbate preparation

Aqueous phenol solution was the adsorbate which was 
used in our research work. Initially, 500 mL of stock solu-
tion of aqueous phenol was prepared by mixing 0.5 gm 

of phenol (Merck, Germany) in deionized water. The con-
centration of this solution was 1000 mg/L (1000 ppm). 
The variations of phenol concentration were carried out 
by dilution with distilled water, and their concentrations 
during the adsorption process were measured using spec-
trophotometer (DR 5000 Hach Co. Germany) by adding 
4-aminoantipyrine. The pH was calculated using a pH 
meter (Model Multi 304i, Hach Co., Germany).

2.2 � Adsorption experiments—batch studies

The studies were performed for assessing the adsorption 
efficiency of the phenol from its aqueous solution using 
rice husk ash. The experiments were carried out with the 
variation of process variable like initial phenol concentra-
tion, pH, contact time, temperature, etc. [34, 35]. The aque-
ous phenol solution (100 mL) was taken inside 250 mL 
stopper conical flasks. Dilution by adding distilled water 
was made as per the desired concentration of 5, 10, 15 and 
20 mg/L. The pH was changed from 3 to 11 by using NaOH 
and HCl. The necessary amount of rice husk ash from 0.5 
to 4.0 gm/L were mixed, and the solution was shaken from 
30 to 270 min in the electrically thermostatic shaker with 
120 strokes per minute. The experiments were performed 
at temperatures 25 °C, 30 °C, and 35 °C, respectively. At the 
end of specific contact time, the residue was filtered out 
while filtrate was examined for residual phenol concen-
tration in the spectrophotometer [6]. All the experiments 
were performed in triplicate to check reproducibility, and 
the average was used for better accuracy.

The percentage of phenol removal is derived from 
Eq. (1).

where C0 and Ct are phenol concentrations initially and at 
any given time (mg/L), respectively.

The amount of phenol adsorbed per unit quantity of 
rice husk ash is derived from Eq. (2).

where qt is phenol quantity adsorbed per unit weight 
of rice husk ash at any given time (mg/g) and ms is the 
amount of rice husk ash added in gram (gm/L). The experi-
ments were carried out with the various operating param-
eters, e.g., pH, contact time, adsorbent dose, initial phenol 
concentration and temperature.

(1)% removal of phenol =

(

C0 − Ct
)

C0
× 100%

(2)qt =

(

C0 − Ct
)

ms
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Fig. 3   FTIR spectra of rice husk ash

Table 1   Composition and physical properties of rice husk ash

Constituent % by 
weight 
(%)

Composition
Loss on ignition 12.3
Fe2O3 0.6
Al2O3 0.2
CaO 1.5
MgO 0.5
SiO2 84.4
Na2O 0.3
K2O 0.2
Physical properties
Bulk density (gm/cm3) 0.96
BET surface area (m2/g) 57.5
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3 � Results and discussion

3.1 � Variation of pH

The pH was expected to be a considerable factor since it 
affects adsorption [25]. Therefore, the experiment was car-
ried out with the variation of pH (3–11) at constant initial 
phenol concentration of 5 mg/L, at constant adsorbent 
dosage of 2 gm/L and at constant temperature of 35 °C 
for 180 min and was repeated in the similar way with 
the change of initial phenol concentration (5–20 mg/L). 
The plot of percentage removal of phenol versus pH in 
Fig. 4 showed that the percentage increased with the 
rise of pH from 3 to 9. However, with the further rise in 
pH, the removal efficiency decreased significantly. This 
observation was found irrespective of the initial phenol 
concentration. This phenomenon could be attributed to 
the amphoteric properties of the rice husk ash against the 
variation of pH. At low pH values, phenol removal was less 
due to the existence of the H+ ions suppressing ionization 
of phenol, whereas in high pH values, the phenol removal 
was high due to the existence of the OH− ions prevent-
ing uptake of phenolate ions. The lower phenol removal 
at further higher pH values might be due to the competi-
tion between the OH− ions and phenolate anions. In this 
research work, the point of zero charge (pHpzc) was meas-
ured by using the salt addition method [37] and was found 
to be 7.61. Therefore, it supported the general concept 
that the adsorption of phenol is superior at pH > pHpzc.

3.2 � Variation of contact time

The experiment was carried out with the variation of 
contact time (30–270  min) at a constant pH of 9, at a 

constant initial phenol concentration of 5 mg/L, at con-
stant adsorbent dosage of 2 gm/L and at constant tem-
perature of 35 °C and was repeated in the similar way with 
the change of initial phenol concentration (5–20 mg/L). 
The plot of percentage removal of phenol versus adsorp-
tion time in Fig. 5 indicated that the efficiency was quite 
high in the beginning and then the equilibrium reached at 
180 min. The faster adsorption at an initial period could be 
endorsed to the augmented number of the vacant sites on 
rice husk ash existing at the original phase [40]. It might be 
assigned that a tendency to reach equilibrium after a spe-
cific time occurred due to three consecutive mass transfer 
steps. The first one was film diffusion which meant solute 
migrated through the solution. The second one was pore 
diffusion which implied the solute moved from surface to 
interior and lastly the solute was adsorbed at the interior.

3.3 � Variation of adsorbent dose

The experiment was carried out with the variation of 
adsorbent dosage (0.5–4 gm/L) at a constant pH of 9 and 
at a constant initial phenol concentration of 5 mg/L, at 
constant temperature 35 °C for 180 min and was repeated 
in the similar way with the change of initial phenol con-
centration (5–20 mg/L). The plot of percentage removal 
of phenol versus adsorbent dose in Fig. 6 represented the 
equilibrium condition with the adsorption dose of 2 gm/L. 
The phenomenon suggested that the removal efficiency 
increased rapidly at first due to more surface area and 
additional adsorption sites and then remained steady due 
to reaching saturation or equilibrium which was compat-
ible with the results observed in the isotherm study.

2 4 6 8 10 12
50

60

70

80

90

100

Contact time : 180 min
Adsorbent dose : 2 gm/L
Temperature : 308 K
Symbol Phenol Conc. mg/L 

5 
10 
15 
20 

%,lonehpfolavomeregatnecreP

Initial pH

Fig. 4   Percentage removal of phenol versus pH

0 50 100 150 200 250 300
50

60

70

80

90

100

Initial pH : 9
Adsorbent dose : 2 gm/L
Temperature : 308 K
Symbol Phenol Conc., mg/L

5 
10 
15
20 

%,lonehpfolavo
mer

egatnecreP

Contact time, min

Fig. 5   Percentage removal of phenol versus contact time



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2019) 1:192 | https://doi.org/10.1007/s42452-019-0203-3

3.4 � Variation of initial phenol concentration

In our investigation, we had experimented with the 
variation of initial phenol concentration of 5, 10, 15 and 
20 mg/L, and for each experiment, removal percentage 
of phenol was studied at constant pH (9), constant time 
(180 min), constant adsorbent quantity (2 gm/L) and con-
stant temperature (35 °C). It was evident from Fig. 7 that 
at constant pH of 9, constant time of 180 min, constant 
dose of 2 gm/L and the constant temperature of 35 °C, 
the adsorption efficiency decreased with rising of initial 
phenol concentration. At high phenol concentration, the 
total adsorption sites were inadequate due to the accu-
mulation of the phenol particles on the adsorbent surface, 
thus causing in the reduction of removal percentage of 
phenol [14].

3.5 � Variation of temperature

The experiment was carried out with the variation of tem-
perature (25–35 °C) at a constant pH of 9, at a constant 
initial phenol concentration of 5 mg/L and at a constant 
adsorbent dose of 2 gm/L for 180 min and was repeated 
in the similar way with the change of initial phenol con-
centration (5–20 mg/L). The plot of percentage removal of 
phenol versus temperature in Fig. 8 represented that per-
centage increased with the increase in temperature from 
25 to 35 °C, indicating higher chemical interaction of the 
adsorbate with surface functionality of the rice husk ash. 
This result suggested that the adsorption process of phe-
nol by rice husk ash was a temperature-dependent process 
and since the extent of adsorption increased with the rise 
in temperature, the process would be endothermic.

3.6 � Kinetic study

The analysis of the experimental data concerning the 
kinetic models facilitates to study the adsorption rate and 
to predict the information about adsorbent/adsorbate 
interaction, i.e., physisorption or chemisorption. In this 
research work, seven different kinetic models were tested 
such as the pseudo-first-order, the pseudo-second-order, 
the Elovich, the Boyd, the Reichenberg, the Fick, and the 
Furusawa and Smith models.

3.6.1 � Pseudo‑first‑order model

This model is used by Lagergren [23] and expressed in 
Eq. (3).

(3)log
(

qe − qt
)

= log qe −
Kadt

2.303
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Fig. 6   Percentage removal of phenol versus adsorbent dose
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where qe and qt denote the quantity of phenol adsorbed 
(mg/g) at the equilibrium and at any given time, and Kad is 
pseudo-first-order rate constant (min−1). From the graph 
of log

(

qe − qt
)

 against t as shown in Fig. 9, it was observed 
that the curve was almost linear [37]. The correlation coef-
ficient (r2) and Kad were found to be 0.98295 and 0.01829 
(min−1), respectively. The support of the pseudo-first-order 
model represents that the adsorption process is physisorp-
tion and the adsorbent particles are homogeneous [9].

3.6.2 � Pseudo‑second‑order model

This model is expressed in Eq. (4).

where K’ is the pseudo-second-order rate constant (gm/
mg min). From the graph of t

qt
 versus t as shown in Fig. 10, 

it was observed that the curve was almost linear with the 
correlation coefficient (r2) as 0.99991 and K′ thus calculated 
from the slope was found to be 0.06321 gm/mg min. The 
support of the pseudo-second-order model represents 
that the adsorption process is chemisorption and the 
adsorbent particles are heterogeneous [9]. 

Table 2 shows good conformity between experimental 
and calculated q values for pseudo-second-order kinetics, 
and therefore, the pseudo-second-order kinetics was more 
relevant. This confirmed that the adsorbent particles were 
heterogeneous and the adsorption process was chemical.

3.6.3 � Elovich model

This model is usually applicable to chemisorptions and is 
expressed in Eq. (5).

where a1, b1 and t0
(

=
1

a1b1

)

 are Elovich constants. The 

graph qt against ln t as shown in Fig. 11 showed the high 
correlation coefficient (r2) of 0.96314, and therefore, it indi-
cated that the process of the adsorption was chemical [20].

3.6.4 � Boyd model

The Boyd et al. [8] model states that the diffusion rates in the 
adsorption process form Eq. (6).

Assuming the adsorbent as spherical, the Vermeulen 
approximates it as in Eq. (7).

(4)
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qt
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K �q2
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∑
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Fig. 9   Kinetic first-order model
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Table 2   Pseudo-first-order 
and pseudo-second-order rate 
constants and qe values

Co (mg/L) qe, exp (mg/g) Lagergren first order Pseudo second order

Kad (1/min) qe, cal (mg/g) r2 K′ (gm/mg min) qe, cal (mg/g) r2

5 2.355 0.01829 0.591 0.98295 0.06321 2.421 0.99991
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where Ra is the radius of rice husk ash particles (m), and De 
is an effective diffusion coefficient of the adsorbate in the 
adsorbent phase (m2/s). The graph of ln

[

1

1−F2(t)

]

 with t as 

shown in Fig. 12 was best fitted to a straight line with the 
correlation coefficient (r2) of 0.98603 with a slope of �

2

R2
a

Det . 

The value of diffusion coefficient (De) was calculated as 
1.182 × 10−9 m2/s. Since the value of De fell in the range of 
10−9 to 10−17 m2/s, it supported chemisorptions system 
[38].

3.6.5 � Reichenberg model

This model [32] is usually applicable to film diffusion inside 
micropores and is expressed in Eq. (8).

The above Equation is rewritten as in Eq. (9).

where F(t) is a ratio of phenol adsorbed per unit of rice 
husk ash at any time and equilibrium, and Bt is a time-
related constant. The graph of Bt and t as shown in Fig. 13 
indicated a higher correlation coefficient (r2) of 0.98309 
which signified that the adsorption was because of film 
diffusion.

3.6.6 � Fick’s model

Equation  (10) developed by Adolf Fick describes the 
diffusion of phenol on rice husk ash surface by film or 
intraparticle.

where q� (assumed as qe) is the quantity of phenol (in mg) 
per gram of rice husk ash at equilibrium. The graph of qt

q�
 

and 
√

t as given in Fig. 14 implied that first, second and last 
linear portions indicated film diffusion, intraparticle diffu-
sion and adsorption–desorption equilibrium, respectively. 
Figure 14 shows that the film diffusion and intraparticle 
diffusion took about 45 min and 135 min and their ratio is 
1:3.

3.6.7 � Furusawa and Smith model

This model for analyzing the effect of external mass trans-
fer on adsorption rate is explained by Eq. (11).

where C0 and Ct are phenol concentration (mg/L) in the 
beginning and at any time, M is the mass of rice husk ash 
per unit volume (gm/L), β is the mass transfer coefficient 
(cm/s), SS is the external surface area per volume (m−1), and 
Kbq is a mass transfer constant (L/g). The value of Kbq was 
evaluated by multiplication of b with qmax, where b means 
Langmuir constant connected to free energy of adsorption 
(L/mg) and qmax means the maximum adsorption capacity 
(mg/g), and both b and qmax were derived from Langmuir 
adsorption isotherm model). The plot of ln

(

Ct

C0
−

1

1+MKbq

)

 

against t as shown in Fig. 15 formed linear line with the 
correlation coefficient (r2) of 0.98329 with the slope of 
(

1+MKbq

MKbq

)

�SS in linear fitting. The value of the mass transfer 

(8)F(t) =
(

1 −
6

�2

)

e−Bt

(9)Bt = −0.4977 ln [1 − F(t)]

(10)
qt

q�
=

6

Ra

√

Det

�

(11)

ln

(

Ct

C0
−

1

1 +MKbq

)

= ln

(

MKbq

1 +MKbq

)

−

(

1 +MKbq

MKbq

)

�SSt
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coefficient (β) of 5.224 × 10−10 which was calculated using 
the value of the slope indicated that phenol moved faster 
from bulk to the solid stage.

The results of the above five statistical kinetic models 
tested in this research work are given in Table 3. Table 3 
shows good conformity for all the models due to high 
correlation coefficients.

3.7 � Isothermal study

The analysis of the experimental isotherm results was 
essential since it helped to develop an equation which 
was applied for the design purposes. Various isotherm 
models were available in the literature to analyze the 

experimental isotherm data, of which Langmuir, Freun-
dlich, Temkin and Dubinin–Radushkevich models were 
used in this research work.

3.7.1 � Langmuir isotherm

This model is given in Eq. (12).

where Ce is phenol concentration in solution at the equi-
librium (mg/L), qe is quantity of adsorbate (mg) adsorbed 
per unit of the adsorbent (gm) at the equilibrium, qmax 
(mg/g) and b are Langmuir constants linked to the maxi-
mum adsorption capacity (mg of solute per gm of the 

(12)
Ce

qe
=

1

qmaxb
+

Ce

qmax

Fig. 13   Reichenberg model
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adsorbent) and the free energy of adsorption (L/mg). From 
the graph of Ce

qe
 and Ce, the values of Langmuir constants 

qmax and b were derived [26]. The large value of qmax signi-
fied that amount of phenol adsorbed per unit of rice husk 
ash (gm) formed a complete monolayer and the large 
value of b signified that the strong bonding of phenol took 
place with rice husk ash [3]. The important characteristic 
of the Langmuir isotherm was evaluated in term of con-
stant separation factor (dimensionless) for equilibrium, RL, 
which is defined by Eq. (13).

Using the value of b, the values of RL at the initial phenol 
concentration of 5, 10, 15 and 20 mg/L were calculated as 
0.348, 0.174, 0.116 and 0.087, respectively. Since the val-
ues of RL lied within 0 and 1, the Langmuir isotherm was 
favorable within the experimental range [17].

3.7.2 � Freundlich isotherm

This model is specified in Eq. (14).

where Ce is phenol concentration in solution at the equi-
librium (mg/L), qe is the amount of the adsorbate (mg) 
adsorbed per unit of the rice husk ash (gm) at equilibrium, 
and Kf and n are Freundlich constants associated with 
adsorption capacity and adsorption strength in adsorption 
process, respectively. From the graph of log qe and log Ce, 
the Freundlich constants Kf and 1

n
 were derived [15]. The 

higher value of Freundlich constant Kf represented easy 
removal of phenol from the wastewater. The value of n 
which represented the intensity of adsorption followed 

(13)RL =
1

1 + bC0

(14)log qe = log Kf +
1

n
log Ce

the limit 
(

0 <
1

n
< 1

)

 and therefore signified that surface 

of rice husk ash was heterogeneous in nature [3].

3.7.3 � Temkin isotherm

This model is expressed in Eq. (15).

where Ce is phenol concentration at the equilibrium 
(mg/L), qe is the quantity of adsorbate (mg) adsorbed per 
gram of the adsorbent at the equilibrium, and B1 and KT 
are Temkin constants connected to heat of adsorption (J/
mol) and equilibrium binding (L/g), respectively. The graph 
of qe against ln Ce evaluated the Temkin constants B1 and 
KT. The values of B1 and KT signified that the adsorption 
process was chemical [39].

3.7.4 � Dubinin–Radushkevich model

This model for calculation of adsorption energy is given 
in Eq. (16).

where Cads is quantity of phenol adsorbed onto rice husk 
ash surface (mol/g), Xm is maximum adsorption capacity 
(mmol/g), � is a constant for adsorption energy (mol2/kJ2), 
and ε is the Polanyi potential (kJ2/mol2) which is calculated 
as � = RT ln

(

1 +
1

Ce

)

.

The graph for lnCads with �2 gave a line with the correla-
tion coefficient (r2) of 0.91996 from which � and Xm were 
derived as 0.10139 (mol2/kJ2) and 8.475 × 10−5 (mmol/g) 
respectively.

Adsorption energy is further calculated using �2 as in 
Eq. (17).

(15)qe = B1 ln KT + B1 lnCe

(16)ln Cads = ln Xm − ��2

(17)E =
1

√

2�

Table 3   Kinetic model results

Kinetic model Model equation Correlation 
coefficient

Result

Elovich model qt =
1

b1
ln(a1b1) +

1

b1
ln(t + t0) 0.96314 Adsorption is chemical

Boyd model ln
[

1

1−F2(t)

]

=
�2

R2
a

Det
0.98603 Supports for chemisorption

Reichenberg model Bt = −0.4977 ln [1 − F(t)] 0.98309 Adsorption is of film diffusion.
Fick model qt

q�
=

6

Ra

√

Det

�

1.0 The film diffusion and the intraparticle dif-
fusion take about 45 min and 135 min

Furusawa and Smith model ln
(

Ct

C0
−

1

1+MKbq

)

= ln
(

MKbq

1+MKbq

)

−
(

1+MKbq

MKbq

)

�SSt
0.98329 Phenol moves faster from bulk to solid 

stage
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where E means adsorption energy (kJ/mol) to adsorb 
1 mol of phenol from its solution. Since the value of E as 
calculated here was 2.2207 kJ/mol and was below 8, the 
adsorption was physical. However, it seemed to be weak 
since the value of the correlation coefficient was less.

The values of isotherm parameters as obtained from 
the isotherm graphs are shown in Table 4. Table 4 indicates 
that the Langmuir isotherm, the Freundlich isotherm and 
the Temkin isotherm were applicable with the experimen-
tal results because of the high correlation coefficients (r2) 
values. The monolayer adsorption capacity (qmax) from 
Langmuir isotherm model was assessed as 13.9821 mg/g.

3.8 � Thermodynamic study

The thermodynamic study was carried out to assess the 
feasibility of the adsorption process by evaluating the 
values of Gibbs free energy change, enthalpy change, 
and entropy change. While the Gibbs free energy change 
indicated whether the process was spontaneous or not, 
the enthalpy change suggested whether the process 
was endothermic or exothermic and the entropy change 
pointed out whether the adsorption process was physical 
or chemical. The Gibbs free energy, the enthalpy and the 
entropy are expressed in Eqs. (18) and (19), respectively.

where ΔG° is Gibbs free energy (kJ/mol), R stands for ideal 
gas constant 0.008314 kJ/mol K, Kc indicates equilibrium 

(18)ΔG◦ = −RT ln Kc

(19)ln Kc = −
ΔH◦

RT
+

ΔS◦

R

constant, ΔH° is Enthalpy (kJ/mol), and ΔS° is Entropy (kJ/
mol K). For rice husk ash, using the value of Kc in Eq. (18), 
the values of ΔG° for three different temperatures at 25 °C, 
30 °C and 35 °C were calculated. Using Eq. (19), from the 
graph of ln Kc against 1

T
 , the values of ΔH° and ΔS° were cal-

culated. The values of ΔG°, ΔH°, and ΔS° thus calculated are 
shown in Table 5. Here, the negative value of ΔG° implied 
that adsorption process was feasible and spontaneous, 
whereas positive values of ΔH° and ΔS° indicated that 
the adsorption process was an endothermic and random 
with the increased degree of freedom at the solid–liquid 
interface. The higher values of ΔG° at the higher tempera-
ture range (25–35 °C) were supportive of the experimen-
tal results which showed that the removal percentage of 
phenol increased with the increase in temperature. The 
endothermic nature of adsorption process by the posi-
tive value of ΔH° was also supportive of the experimental 
results which showed that the removal percentage of phe-
nol increased with the increase in temperature.

4 � Safe disposal of used adsorbent

The rice husk ash which was used as an adsorbent in 
this research was produced from rice husk by burning 
at 600 °C. There is no scarcity of this adsorbent since the 
rice husk is abundantly available in the Asian countries 
at almost free of cost. Therefore, the regeneration of the 
adsorbent was not essential. The used adsorbent can be 
disposed of safely or can be reused for road filling after 
incineration since the toxic effect of adsorbed phenol gets 
destroyed through incineration.

5 � Scale‑up design

The batch adsorption process is usually designed by con-
sidering adsorption isotherm [31]. It is assumed that when 
phenol is mixed with W mass of rice husk ash, the initial 
phenol concentration is decreased from C0 to Ct of the 

Table 4   Isotherm model 
parameters

Kinetic model Model equation Correlation 
coefficient

Isotherm constants

Langmuir isotherm Ce

qe
=

1

qmaxb
+

Ce

qmax
0.99494 qmax (mg/g) = 13.9821

b (L/mg) = 0.57524
Freundlich isotherm log qe = log Kf +

1

n
log Ce 0.98260 Kf = 5.26478

n = 1.83268
Temkin isotherm qe = B1 ln KT + B1 lnCe 0.98160 B1 (J/mol) = 2.97175

KT (L/g) = 6.06783
Dubinin–Radushkevich 

isotherm
lnCads = ln Xm − ��2

E =
1

√

2�

0.91996 Xm (mmol/g) = 8.475 × 10−5

E (kJ/mol) = 2.2207

Table 5   Values of ΔG°, ΔH° and ΔS°

T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol K)

298 − 4.04528 23.478 0.0923
303 − 4.47573
308 − 4.96923
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solution volume V at any time wherein the phenol quantity  
for each gram of the rice husk ash is altered from q0 to qt.

At time t = 0, q0= 0, mass balance Equation is expressed 
as Eq. (20).

At equilibrium Ct = Ce and qt = qe, Eq. (20) is modified as 
Eq. (21).

From the testing of isotherm models, it is found that 
Langmuir, Freundlich and Temkin models are applicable 
because of high correlation coefficients. Using the Freun-
dlich model, Eq. (21) is modified as Eq. (22).

Using Eq.  (22), the weight of the rice husk ash (gm) 
required for initial phenol concentration of 5 mg/L for a 
different volume of aqueous phenol solution (wastewater 
or effluent) from 2 to 10 L was evaluated and is given in 
Table 6.

6 � Conclusion

The efficiency of rice husk ash to adsorb phenol from 
wastewater was assessed in this research work. The adsor-
bent rice husk ash was at first characterized by using SEM, 
XRD, FTIR, BET analyzers. After that, the adsorption effi-
ciencies were studied with the change of pH, contact time, 
adsorbent dose, phenol concentration, and temperatures. 
The authors found that the equilibrium conditions were 
achieved at pH of 9, contact time of 180 min, the adsorbent 
dosage of 2 gm, while at these equilibrium conditions, the 
efficiency reduced with the rise of the initial phenol con-
centration and increased with the increase in temperature. 
Various models had also been applied in this study. The 
pseudo-second-order kinetic model was superior to the 
first-order model. The Elovich model indicated that the 

(20)V
(

C0 − Ct
)

= W
(

qt − q0
)

= Wqt

(21)W

V
=

(

C0 − Ct
)

qt
=

(

C0 − Ct
)

qe

(22)
W

V
=

(

C0 − Ct
)

qe
=

(

C0 − Ct
)

Kf − C
1∕n
e

adsorption process was chemical, while the Reichenberg 
model signified that film diffusion regulated the process. 
The Furusawa and Smith model for mass transfer analy-
sis suggested that adsorbate movement from solution 
to solid occurred reasonably fast, while the Boyd model 
with the value of diffusion coefficient of 1.182 × 10−9 m2/s 
suggested that the process was chemical. The Fick’s equa-
tion described that duration of the film diffusion was 
around 45 min followed by the intraparticle diffusion for 
the next 135 min, and finally, the adsorption–desorption 
equilibrium prevailed after 180 min. The test of isotherm 
models indicates that adsorption equilibrium data fit 
very well for Langmuir, Freundlich and Temkin models. 
The Dubinin–Radushkevich isotherm indicated that the 
process was explained by weak physical adsorption. The 
Gibb’s free energy suggested that the process occurred 
spontaneously, while enthalpy and entropy pointed out 
that process was endothermic and random. Thus, this 
study concluded that rice husk ash was a cheap and appro-
priate adsorbent for phenol removal from wastewater. The 
novelty of the research was that this study was carried out 
for the lower range of initial phenol concentration in the 
wastewater, so that this research work would be suitably 
applicable in the small- and medium-scale industries like 
suburban paints, papers and hardboard manufacturing 
plants.
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