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Abstract
A methodology involving rice husk (RH), rice husk charcoal (RHC), and activated rice husk charcoal (ARHC) as an effec-
tive adsorbent to eliminate malachite green dye from aqueous solution using adsorption process by varying the pH, initial 
dye concentration (mg/L), contact time, temperature, and adsorbent doses (g/L). The surface characteristics were observed 
under scanning electron microscopy (SEM), and Fourier transform infrared (FTIR) spectroscopy was used to identify the 
chemical bonds present on the adsorbent surface. Data obtained from adsorption system at equilibrium condition were fitted 
to isotherm models such as Langmuir and Freundlich model where it was found that unlike raw RH and RHC equilibrium, 
data for ARHC fitted best to Langmuir model with 1000 mg/g as maximum adsorption capacity at 303 K, indicating homo-
geneous monolayer adsorption by the mesopores. The adsorption kinetics for all three adsorbents were observed to fit the 
pseudosecond-order model better. The negative value of ΔH and ΔS obtained from the thermodynamic study indicates that 
the process is exothermic and involves an associative mechanism respectively. Boyd plot was used to understand the mass 
transfer mechanism. Moreover, fixed-bed column studies were performed using ARHC as the adsorbent. At different experi-
mental conditions such as inlet flow rate (Q), initial dye concentration (C0), bed height (Lb), and pH, it was observed that the 
adsorption capacity (kd*) of MG dye on ARHC in a fixed bed continuous flow in a column mode, ranged between 0.008 and 
0.177 (g/g). Present investigation and comparison with other reported adsorbents concluded that RH, RHC, and ARHC can 
be used as efficient and environment-friendly adsorbents for the removal of dissolved malachite green from contaminated 
water. However, ARHC was proved to be the best-suited candidate among the three adsorbents.

Keywords  Isotherm · Kinetics · Thermodynamics · Mass transfer · Fixed bed column · Mathematical modeling

1  Introduction

Industrial wastewater contains a wide variety of pollutants 
that can cause severe damage to the environment if dis-
charged into ponds, lakes, rivers, or seas without any treat-
ment. They not only pollute the water body or the aquatic 
environment but also deplete the groundwater table causing 
contamination in drinking water. Among such chemicals, 
dye is used in several sectors like textile, cosmetic, plastic, 
paper, leather, and pigment industries.

Synthetic dyes like alizarin, amaranth, Congo red, gentian 
violet, malachite green, methyl red, methylene blue, Sudan, 

tartrazine, and Tropaeolin are found to be harmful not only 
for aquatic species but also extremely toxic for humans. The 
toxicity of the dyes and their subsidiary chemicals extends 
from tropical irritation to carcinogenicity and mutagenicity, 
depending on the exposure[1].

Malachite green (MG) is used as a primary contami-
nant in this study. It is a commonly used dye for textile, 
paper, and fishery. It is a triphenylmethane dye. Oomycete 
Saprolegnia and Ichthyophthirius multifiliis are algae that 
infect fish eggs. MG is actively used to treat such algal con-
taminations in commercial aquaculture. Malachite Green 
also has effective antibacterial properties and is a popular 
treatment in freshwater aquaria. Application of malachite 
green in the aquaculture industry is illegal though it is an 
inexpensive and effective antibacterial, topical fungicide, 
and parasiticide. The reason being, malachite green is read-
ily absorbed by fish and metabolically reduced to lipophilic 
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leucomalachite green (LMG). The reduced form of mala-
chite green has a long residence time in fish tissues and is 
eventually introduced to the food chain causing bio magni-
fications. Moreover, this dye is also carcinogenic and may 
lead to organ damage on long-term exposure [2].

Treatments of industrial wastewater use various methods 
like filtration, precipitation, catalytic degradation, electro-
lytic separation, and many others [3]. Among such meth-
ods, adsorption is one of the most efficient and cost-effective 
methods owing to its cost-effectiveness and good capacity to 
remove the contaminant from industrial effluent [4].

The adsorption process is a less energy-intensive unit 
operation compared to others. It is an advantage process 
due to sludge-free operation and complete removal of con-
taminants. These factors make it one of the attractive options 
for the treatment of effluent in the industries. The adsorbents 
used to remove contaminants like metal ions and phenolic 
compounds; organic matter and harmful dyestuff may vary 
from materials like activated carbon, silica gel, zeolite, and 
alumina to renewable materials like biological and agricul-
tural wastes in different forms [5].

Unconventional approaches based on the use of natural, 
inexpensive biological, or agricultural materials for effluent 
treatment have been of great interest to researchers across 
the world in the recent past. Utilization of plant-derived 
materials like sunflower seed hull, banana pith, vine, euca-
lyptus bark, hazelnut shell, neem leaves, luffa cylindri-
cal fiber, soybean hull, neem sawdust, agricultural waste 
byproducts, and teak wood bark were used as adsorbents 
for the purification of wastewater [6]. Biochar derived from 
various agricultural wastes such as sugarcane bagasse [7], 
peanut shell [8], rubber wood sawdust [9], Periwinkle shell 
[10], Ceibapentandra hulls [11], and coir pith [12] has been 
reported to be a suitable candidate for effluent adsorption.

India is one of the leading producers of rice in the world, 
therefore generating a considerable amount of rice husk. 
According to recent USDA data, India produces approxi-
mately 120 million tons of rice from 44.5 million hectares. 
This leads to rich husk extraction of about 24 million per 
year. The majority of the husk is consumed by the rice 
mills to generate heat for the boilers leading to an enor-
mous amount of rice husk ash or rice husk charcoal [13]. 
Disposal of RHA is a matter of concern for the mills as 
unplanned dumping of RHA leads to leaching of various 
chemicals like silicon dioxide, iron, calcium oxide, sulfur 
trioxide, magnesium oxide, manganese oxide, and many oth-
ers to the groundwater table[14].

On the other hand, studies were conducted to see the effi-
cacy of rice husk as a usable adsorbent [15, 16]. Hence this 
study is focused on the adsorption technique using both raw 
rice husk and rice husk charcoal for decolorization of mala-
chite green dye contaminated effluent.

Raw RH facilitates dye adsorption through cumulative 
adsorption capabilities of cellulose, hemicellulose, lignin, 
and others. This adsorption capabilities of raw RH can be 
enhanced by the removal of all volatile matter through car-
bonization; leaving only fixed carbon matter behind.

The prime objective of this study was to assess the suit-
ability of raw rice husk (RH), charcoal obtained from rice 
husk (RHC), and activated rice husk charcoal (ARHC) for 
the removal of malachite green dye. Rice husk was chosen 
as the primary source of adsorbent because of its granular 
structure, local availability at very low cost, chemical stabil-
ity, biocompatibility, and biodegradability.

Moreover this study also aims at solution of waste man-
agement issues in rice production industry that can be sus-
tainably recycled to generate highly efficient adsorbents to 
treat waste water which was considered as one of the pri-
mary novelties of this study.

2 � Materials and methods

2.1 � Materials used

The malachite green dye of 99.99% purity used as a contam-
inant in this study was supplied by Loba Chemie. Sodium 
hydroxide (NaOH) was used to remove silica from RHC in the 
form of sodium silicate. Sodium hydroxide and hydrochloric 
acid (HCl) were also used to adjust the pH of the adsorption 
system. Both sodium hydroxide of 99.99% purity and hydro-
chloric acid of 37% concentration were supplied by Merck.

2.2 � Collection and treatment of raw rice husk (RH)

Rice husk used in this study was collected from farmers 
of the Medinipore district. In this study, raw rice husk of 
Swarna (IET 5656) variety was used. It was washed several 
times with distilled water and was filtered using a strainer. 
It was then oven-dried at 393 K or 120 °C and cooled. The 
washed rice husk was ground and sieved with 60 mesh size 
strainer, i.e., particle size ≤ 250 μm. The finely ground pow-
der was stored in a cool dry place in an airtight bottle.

2.3 � Preparation of rice husk charcoal (RHC)

Finely ground raw RH was charred at 673 K or 400 °C for 1 h 
in a ceramic crucible with N2 purging to avoid ash formation. 
The carbonization temperature of 673 K was finalized to avoid 
waste of energy as no remarkable weight loss was observed 
at temperature higher than 673 K.When cooled the obtained 
charcoal was ground and sieved using 60 and 100 mesh size 
strainer, i.e., particle size lesser than 250 and 150 μm, respec-
tively. Prepared adsorbents were stored in an airtight bottle.
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2.4 � Activation of rice husk charcoal

The creation of micropores by removal of the silica is the 
main principle behind the activation of rice husk charcoal. 
To activate the carbonized RH, RHC was optimized to be 
treated for 2 h with 4%w/w NaOH and heated to 393 K 
or 120℃ accompanied by vigorous stirring. The residue 
obtained is activated RHC (ARHC) and the filtrate obtained 
is sodium silicate, a byproduct that is a precursor in the pro-
duction of precipitated silica [17].

2.5 � Preparation of dye solution

Malachite green (MG) is a cationic dye. Various concentra-
tions of MG dye were used as wastewater for this study. 
Different concentrations of dye were prepared from a 
stock solution of 100 mg/L by dilution with distilled water. 
UV–Vis Spectrophotometer (Perkin Elmer Lambda 365) was 
used to determine the absorbance of the dye at 617 nm wave-
length (λmax). The standard calibration curve was plotted by 
fitting to Beer-Lambert’s law.

2.6 � Batch adsorption experiments

Equilibrium adsorption of the solute using raw rice husk 
(RH), rice husk charcoal (RHC), and activated rice husk 
charcoal (ARHC) were carried out in a set of 100  mL 
Erlenmeyer flasks at an agitation speed of 120  rpm, at 
varying temperature ranges (25 to 45° C), adsorbent dose 
(2 to 10 g/L) based on the dry weight of adsorbent, initial 
dye concentrations of (5 to 20 mg/l), and fixed pH of 7. 
Samples were collected at 15-min intervals until equilib-
rium was established. Collected samples were centrifuged 
at 10,000 rpm for 10 min. The supernatant was analyzed 
by UV–Vis Spectrophotometer for dye contents at 617 nm. 
Each experiment was conducted thrice and was expressed 
as the mean value of the obtained results. MG removal at 
any given time(t) and equilibrium conditions, respectively 
[7, 18, 19]:

where V (L) denotes experimental solution volume and 
W (g) stands for the weight of the adsorbent used. Co and 
Ct (mg/L) denote the initial dye concentration and the con-
centration of remaining dye at a given time, respectively. 
Ce stands for equilibrium concentration, where qt (mg g-1) 
and qe (mg/g) were denoted as MG removal on both RH 
and ARHC.

(1)qt = (C0 − C1) ×
V

W

(2)qe = (C0 − Ce) ×
V

W

The dye adsorption efficiency was determined by the fol-
lowing formula in terms of dye removal percentage [5].

2.7 � Adsorption isotherm

The batch adsorption data was modeled using Langmuir and 
Freundlich to identify adsorption behavior. The Langmuir 
isotherm model is expressed as [19]

where Ce is the concentration of adsorbate measured at 
the time of equilibrium condition and qe is adsorption capac-
ity (mg/g). kL is the Langmuir rate constant, and qm stands 
for maximum monolayer adsorption capacity (mg/g).

Freundlich isotherm is another popular model that is 
expressed as [19]:

where kF is the Freundlich isotherm rate constant and n 
is the empirical constant.

2.8 � Adsorption kinetics

Pseudofirst-order and second-order kinetic models were fit-
ted with the obtained adsorption data.

Following are the representation of both the kinetic model 
Pseudo 1st order [7]

where k1 is the first-order rate constant. Pseudo 2nd order 
can be expressed in linear form

Here, k2 is the second-order rate constant with the unit 
g/mg min.

2.9 � Thermodynamic experiments

All the thermodynamic parameters and the characteristics of 
the adsorption system were derived by the following empiri-
cal formula [20]:

(3)%Removal = (C0 − C1) ×
100

C0

(4)
Ce

qe
=

1

kLqm
+

Ce

qm

(5)logqe = logkf +
1

n
logCe

(6)log
(
qe − qt

)
= logqe −

k1t

2.303

(7)
t

qt
=

1

k2qe
2
+

t

qe

(8)Kc =
Ca

Ce
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where Kc is the distribution coefficient of adsorption, G is 
Gibb’s free energy difference, and S is the entropy variations. 
Similarly, H, R, and T symbolize enthalpy variation, ideal 
gas constant, and absolute temperature, respectively. Here Ca 
denotes the amount of dye adsorbed per unit mass of adsorbent.

2.10 � Mechanism and mass transfer experiments 
for batch adsorption

The resulted data from the batch study was fitted to the intra-
particle diffusion model proposed by Webber and Morris. 
This model suggests that adsorption of any material varies 
proportionally with √t, i.e., square root of time rather than 
with contact time t. The empirical formula used to obtain the 
model parameters is represented by Eq. (11)

where kam is the rate parameter and Cam is the constant 
defining boundary layer[20].

Moreover obtained data from batch adsorption studies 
were fit to Boy’d film diffusion model to identify the rate-
limiting step between film and intraparticle diffusion using 
the following Eq. (12) [7].

Here F(t) represents the fraction adsorption capacity and 
Bt denotes Boy’ds number, whereas qt and qe stand for the 
MG adsorption capacity on adsorbent at given time t and at 
time equilibrium condition (mg/g), respectively.

Here Bt is a function ofF(t).

From the plot of Bt vs t curves for various initial dye 
concentrations, it was inferred that the rate-limiting step for 
the adsorption process was primarily intraparticle diffusion 
that was driven by external mass transfer [21].

Effective diffusivity of dye across adsorbent particle 
(m2/s) was derived by Eq. (15) where r indicates the radius 
of the particle and De is effective diffusivity radius (m2/s).

(9)ΔG = −RTlnKc

(10)lnKc = −
ΔG

RT
= −

ΔH

RT
+

ΔS

R

(11)qt = kam

√
t + Cam

(12)F(t) = 1 −
6

�2
e−Bt

(13)F(t) =
qt

qe

(14)Bt = −0.4977 − ln(1 − F)

(15)Bt =
�2De

r2

With the assumption, such as intraparticle diffusion is 
negligible and isotherm is linear, the mass transfer charac-
teristics can be best described by the following equations [7].

where C0 and Ct represent the initial concentration (mg/L) 
of dye and at a given time (t), respectively. On the other 
hand, m indicates the adsorbent mass (g/L) and kL represents 
the model constant for Langmuir isotherm (L/g). Similarly, 
kF (cm/s) and Ss (L/cm) were represented as the mass trans-
fer coefficient and the outer surface area of the adsorbent per 
unit volume, respectively.

εp represents the void space fraction of adsorbent which 
was estimated by the following equation [22].

where ρp was the apparent density (g/L) and ρswas the 
solid density of adsorbent particle (g/L).

2.11 � Packed bed column experiments

A glass column of 50 cm height and 3 cm diameter was used 
to study the adsorption behavior of ARHC in a packed bed 
or fixed bed filtration column. The glass column was packed 
with ARHC of the required bed height. The adsorbent bed 
was enclosed by filter paper and glass beads of 1 cm height 
on the outlet end, whereas only glass beads of 1 cm height on 
the inlet end. The feed solution was supplied to the column 
using a peristaltic pump provided by Riviera. The variable 
experimental parameters such as; initial feed concentration 
(5, 10, and 20 mg/L), inlet feed flow rate (8, 12, and 16 mL/
min), ARHC bed depth (2, 4, and 6 cm), and pH of feed 
solution (3, 6, and 9) at 303 K or 30◦C. Outflow aliquots of 
2-ml treated dye solutions were collected after every 10 min. 
The remaining dye concentration was measured using UV-
spectroscopy at 617 nm wavelength. To perform the packed 
bed column experiments, ARHC of two different particle 
sizes, i.e., 150 µm and 250 µm, were used. However, a parti-
cle size of 150 µm was found unsuitable due to problems like 
clogging, channeling, and overflowing. Therefore 250-µm 
particle size was used for all column experiments.

2.12 � Breakthrough curve theory

The dynamic behavior of the adsorption characteristics of 
the packed bed column was established using breakthrough 

(16)

ln

(
Ct

C0

−
1

mkL + 1

)
= ln

(
mkL

1 + mkL

)
−

(
1 + mkL

mkL

)
kFSst

(17)Ss =
6m

2(1 − �p)dp�s

(18)�p = 1 −
�p

�s
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curves. The breakthrough curve helped us to optimize the 
breakthrough time (tb) i.e. the noted time when the first colored 
outlet effluent was observed. Moreover the nature of the plotted 
Ct/C0 vs. time, curve helped us to determine the efficiency of 
the packed bed column. Where Ct was the effluent concentra-
tion and C0 was the initial inlet feed concentration. The study 
was performed under variable experimental parameters like 
initial feed, i.e., inlet dye concentration, feed flow rate, pH, 
and ARHC packed bed height. Observations from the set of 
variable parameters help us to analyze the adsorption charac-
teristics that were estimated by the following equations.

The time equivalent to total stoichiometric capacity:

Time equivalent to usable capacity:

Total adsorbed mass of adsorbate:

Adsorbed mass of adsorbate corresponding to the 
breakpoint:

Here Q was indicated as the volumetric flow rate of the 
inlet solution. The total mass of adsorbate injected in the 
column:

where tf is the total adsorption time required to perform 
the column experiment. The removal efficiency was derived 
as:

Equilibrium adsorbate adsorption capacity:

Here ms represents the mass of adsorbent (g).

2.13 � Mathematical modeling for kinetic study 
of packed bed continuous flow column

The ARHC packed bed column is a continuous flow column. 
Yoon-Nelson and Thomas model are two popular kinetic 

(19)tt =

t=tf

∫
t=0

(
1 =

Ct

C0

)
dt

(20)tb ≈ tu =

t=tf

∫
t=0

(
1 −

Ct

C0

)
dt

(21)Stot = QC0tt

(22)Sb = QC0tu

(23)Mtot = QC0tf

(24)R =
Stot

Mtot

(25)Seq =
Stot

ms

models that were used to evaluate the adsorption behavior 
of MG dye on ARHC within the packed bed column. They 
also help to forecast the breakthrough curves which follow 
a general breakthrough equation of [23–25]

According to the models, the parameters can be defined 
as

which on rearrangement may be written as

Here τ is the dimensionless parameter of time for 50% 
of breakthrough and kYN is the model constant (L/min) that 
was calculated using Eq. (27). Similarly,

which on rearrangement may be written as [24, 25].

Here kTh is the model coefficient (mL/min mg) and q0 is 
ARHC fixed-bed adsorption capacity (mg/g) that was esti-
mated using Eq. (28).

2.14 � Analysis of kinetic and transport parameters 
of ARHC packed bed column

The flow of the effluent is unidirectional. However, on a 
molecular level, the effluent treatment process is composed 
of adsorption, advection, and dispersion. Moreover, there 
are biochemical and abiotic transformations that interfere 
with the overall removal process. These interferences can be 
differentiated through the following equation [26]

where C is the concentration of dye (mg/L), DL is the lon-
gitudinal dispersion coefficient (m2/s), and x is noted as the 
axial distance between the inlet and the column. On the other 
hand, u0 also known as mean velocity is defined as u0 = Q/
ϕA (m/s). Here ϕ stands for the porosity of the ARHC bed 
and A denotes the cross-sectional area of the column. For 
powdered amorphous charcoal used in the column has bulk 
density, i.e., represented as ρb. Biodegradation and abiotic 
transformation rate were denoted asrb and ra, respectively.

(26)
Ct

C0

=
1

1 + exp(a−bt)

Yoon − Nelson model ∶ a = kYN� and b = kYN

(27)
Ct

C0

=
1

1 + exp(kYN�−kYNt)

Thomas model ∶ a =
mkThq0

Q
and b = kThC0

(28)
Ct

C0

=
1

1 + exp
(
mkThq0

Q
−kThC0t)

(29)
dC

dt
= DL

(
d2C

dx2

)
− u0

dC

dx
−

(
�b

�

)
dS

dt
− rb − ra
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According to local equilibrium assumption, overall equi-
librium adsorption can be differentiated into small hyper-
local units or also known as pore scale. Thus equilibrium 
exists at every single adsorption point between the dis-
solved adsorbate and their corresponding adsorbed portion. 
The assumption remains valid at uniform bulk fluid flow 
rate and adsorbate concentration [26]. However local equi-
librium assumption may not hold strong when advective 
equilibrium may not be established rapidly due to a rate-
limiting process of diffusion. Non-equilibrium adsorption 
is considered to be a reversible reaction that belongs to 
first-order kinetics [26].

In a continuous flow column packed with ARHC, the 
mean pore velocity is not homogeneous due to irregular 
particle size. Moreover, overall pore velocity widely var-
ies from column wall to the core of the column due to 
channeling and particle aggregation [27]. In such a situ-
ation, abiotic transformation and biodegradation were 
considered to be negligible. Thus the adsorption process 
may be divided into two models such as type 1 wherein 
adsorption corresponding to first-order equilibrium rate 
expression (S1) Eq. (30,31) and type 2 wherein adsorption 
corresponding to non-equilibrium first-order rate expres-
sion (S2) Eq. (32) [27].

Here, f and Kd are respectively represented as the fraction 
of active sites that correspond to type 1 adsorption phenom-
ena and their partition coefficient (m3/g). On the other hand, 
the kinetic rate constant of non-equilibrium adsorption was 
represented as “a.” The total concentration of dye removal 
was described as S = S1 + S2.

Mass transfer behavior for two site adsorptions for linear 
equilibrium conditions and transfer kinetics for first-order 
non-equilibrium transfer may be described well by the fol-
lowing expression Eq. (33) [26]:

where retardation factor is represented by Rd and DL was 
denoted as longitudinal dispersion coefficient (m2/s) [26].

(30)S1 = fKdC

(31)
dS1

dt
= fKd

dC

dt

(32)
dS2

dt
= a

[
(1 − f )KdC − S2

]

(33)

(
1 − fRd

)
dC

dt
= DL

d2C

dx2
− u0

dC

dx
−

�b

�
a
[
(1 − f )KdC − S2

]

(34)Rd =
�bKd

�

Here, Dm is presented as molecular diffusivity (m2/s) of 
MG dye on ARHC, F indicates the intrinsic formation factor 
for fixed-bed continuous flow column, and aL was denoted as 
the length of longitudinal dispersion (m). Equation 33 can 
be transformed into the following expression in Eq. (36) by 
using dimensionless variables [26].

where is the dimensionless variables C* and τ and ξ can 
be expressed as C* = C/C0, τ = tu0/L, and ξ = x/L. Few other 
dimensionless parameters were represented as:

where Ped represents Péclet number, Da denotes the Dam-
köhler number, and λ is dimensionless feed concentration. 
Equations 33–37 are only satisfied under few assumptions 
such as

Equations 36 and 37 were evaluated with the continuous 
flow fixed bed data performed under different experimental 
conditions such as inlet flow rate (Q), initial concentration of 
dye(C0), bed height(Lb), and pH. The equations were solved 
using the variable separation technique. Calculated values of 
parameters obtained by applying initial and boundary condi-
tions as mentioned in Eqs. 41, 42, and 43 are presented in 
Table 7. Values of kd, f, and a were estimated using soft-
ware named Athena Visual Studio 14.2. The experimental 

(35)DL =
Dm

F�

+ aLu0

(36)

�
1 − fRd

�dC∗

d�
=

�
1

F�Ped

+
aL

⟨dg⟩

��
⟨dg⟩
L

��
d2C∗

d�2

�
−

�
dC∗

d�

�

−
Da

�

�
(1 − f )KdC0C

∗ − S2
�

(37)
dS2

d�
= Da

[
(1 − f )KdC0C

∗ − S2
]

(38)Ped = u0
⟨dg⟩
Dm

(39)Da =
aL

u0

(40)� = �C0�b

(41)� = 0;C∗(�, 0) = 0

(42)� = 0;C∗(�, 0) = 1;
dS2

d�
= 0

(43)� = 1;
dC∗

d�
= 0;

dS2

d�
= 0
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breakthrough curves were validated with numerically calcu-
lated adsorption values by a stochastic Bayesian estimator.

3 � Results and discussion

3.1 � Characterizations of carbon materials

The Fourier transform infrared (FTIR) characterization study 
of RHC and ARHC was performed using Perkin Elmer Spec-
trum Two. The samples were preheated at 353 K or 80 °C 
to remove excess moisture. Later they were mixed well with 
preheated potassium bromide (KBr) of 99.99% purity, pro-
vided by Merck. Adsorbent and potassium bromide mixture 
was pelletized at 125 kg/cm3 pressure for 3 min and tested 
for transmittance. Transmittance percentage (%T) vs wave-
number (cm−1) graph was plotted. As represented in Figs. 1(b) 
and 1(d), the FTIR data centered at a common point between 

1060 and 1083 cm−1due to C-O and C–C-O stretching [7, 
18, 19], whereas peak at 1615 cm−1 refers to C = C, char-
acteristic C–H stretching vibration around 2916 cm−1 and 
3425 cm−1correspondings to the presence of OH group in the 
form of moisture and silica. Later peaks were not observed in 
the case of ARHC. This proves that ARHC is a purer form of 
carbon physically modified to increase total internal surface 
area [4].

Figures 1(a) and 1(c) represent the SEM image of RHC 
and ARHC at 5KX and 10KX magnification respectively, per-
formed on Zeiss EVO MA10. Adsorbent samples were pre-
pared by coating them with titanium before analysis using the 
sputter coating method. As shown in Fig. 1(a), it was observed 
that multiple pores were distributed in a non-homogenous 
manner across the RHC particle, whereas in Fig. 1(c), it was 
observed that pores were homogenously layered on the surface 
of ARHC. It was found that due to activation of RHC into 
ARHC, the compact charcoal particles were broken down to 

Fig. 1   (a) SEM image of RHC. (b) FTIR of RH. (c) SEM image of ARHC. (d) FTIR of ARHC
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single-layered particles with increased numbers of pores. Such 
a phenomenon was suspected to occur due to the removal of 
silica present in rice husk.

3.2 � Batch adsorption experiments

3.2.1 � Effect of time

Contact period plays an important role in the adsorption 
process. During the contact period, the system is agitated to 
increase the interaction between the total adsorption surface 
area and the soluble dye molecules. In such a system, the 
batch equilibrium studies were performed at 2 g/L of adsor-
bent dosage to 50 ml of 20 mg/L dye solution at 7 pH and 
303 K temperature for a duration until it attained equilib-
rium. The flasks were agitated in a shaker at 120 rpm. Sam-
ples were collected at 15 min intervals up to 120 min and 
concentration was analyzed. In Fig. 2(a) it was observed that 
with the increase in time adsorption efficiency reduces as the 
remaining dye concentration reduces up to a certain time, 
also termed as equilibrium time and then became stable. The 
equilibrium time for raw RH, RHC, and ARHC were found 
at 75 min, 60 min, and 45 min, respectively. This phenom-
enon was assumed to be observed as a result of the increased 
active adsorption site of RH < RHC < ARHC. Higher the 
adsorption surface area, faster is the rate of adsorption lead-
ing to enhanced adsorption capacity. Amongst three adsor-
bents, ARHC developed the maximum total internal surface 
area creating a shorter equilibrium time. After equilibrium 
time no significant adsorption takes place as sorption sites 
are already occupied and no further sites are available for 
adsorption [28]. Moreover, on prolonged agitation, the sys-
tem demonstrated desorption.

3.2.2 � Effect of adsorbent dosage

The time-dependent adsorption process is also driven by the 
amount of adsorbent used or also termed as adsorption dos-
age. The effect of variable dosage on adsorption efficiency 
was studied using a fixed feed concentration of 20 mg/L. 
Adsorbent dosage was varied between 2, 6, and 10 g/L at 
303 K, 120 rpm, and pH 7 for 3 h. The experiment dis-
played an increase in removal efficiency at a higher dose 
of adsorbent. However, the adsorption efficiency widely 
varied among three adsorbents at any given dosage. It was 
observed that the remaining dye concentration reduced with 
the increase in the dosage from 2 g/L to 10 g/L. An increase 
in adsorbent led to the overall increase in total surface area. 

A larger surface area generated a higher density of active 
adsorption sites. Therefore at higher adsorbent dosage, the 
MG dye molecules have greater access to adsorption sites 
leading to increased percentage removal [28, 29]. The rate of 
adsorption was found to decrease for higher adsorbent dos-
age, owing to over clouding of adsorbent leads to agglom-
eration. Clumping of adsorbent reduces the concentration of 
active site. No remarkable increase in adsorption efficiency 
was observed. Therefore, it was decided to work with a 2 g/L 
dosage for further study to avoid wastage of adsorbents.

Comparing between three adsorbents, it was noticed that 
ARHC displayed maximum adsorption efficiency of 98.5% 
dye removal. It was followed by RHC and Raw RH with 
89.64% and 76.33% removal efficiency, respectively.

3.2.3 � Effect of pH

The pH value of the adsorption system was found to be 
the most important limiting factor as the pH of the solu-
tion modifies adsorption surface characteristics. Studies 
were performed at various pH conditions at a constant dye 
concentration of 20 mg/L, 120 rpm, and 303 K. The acidic 
condition was not favored as adsorption capacity was found 
to be reduced for all three adsorbents. At acidic conditions 
such as pH 2, the availability of excess H+ ions neutralizes 
the negatively charged active sites which were crucial for 
adsorption of the cationic dye [7]. It was also observed that 
adsorption efficiency improves at higher pH conditions such 
as pH 8. However, it was found that the cationic MG dye 
automatically decolorizes at basic pH without the adsorbent. 
Due to which at basic pH conditions it is difficult to distin-
guish between the amount of dye removed and the amount of 
dye decolorized. The malachite green solution has a neutral 
pH when dissolved in demineralized water. Therefore all 
further studies were performed at pH [29, 30].

3.2.4 � Effect of initial dye concentration

The concentration of dye solution was varied between 
5 mg/L and 20 mg/L or 5–20 ppm. The study was performed 
by adding 2 g/L adsorbent at 120 rpm, 303 K, and pH 6. It 
was observed that the removal efficiency gradually decreases 
at higher dye concentrations. This behavior is inversed to 
the adsorption behavior observed at higher adsorbent dos-
age. At constant dosage, increased dye concentration leads to 
competitive interaction between the dyes molecules to bind 
at the active site. ARHC displayed maximum adsorption 
efficiency or percentage removal of 98%, which was better 
than RH and RHC with 76% and 89% removal, respectively. 
This proves the high density of active adsorption sites avail-
able in ARHC. NaOH treatment of pyrolyzed rice husk was 
found to generate more mesopores by removal of SiO2 in 
the form of sodium silicate. However better adsorption was 

Fig. 2   (a) Effect of time on adsorption efficiency. (b) qt vs √t of intra 
particle diffusion model. (c) Bt vs t of Boyd plot for RH. (d) Bt vs t of 
Boyd plot for RHC. (e) Bt vs t of Boyd plot for ARHC. f Mass trans-
fer plot for dye adsorption on to prepared adsorbents

◂
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observed at lower dye concentration for all three adsorbents. 
On the contrary that at higher dye concentrations the active 
adsorption sites were occupied at a faster rate reducing the 
equilibrium time[28–30],the equilibrium conditions were 
reached within 1 h.

3.2.5 � Effect of temperature

Temperature parameters were varied between 303 and 318 K 
or 30℃ and 45℃ at 20 mg/L, 120 rpm, and dosage of 2 g/L. 
The adsorption efficiency was studied by determining the 
remaining dye concentration. It was observed that adsorp-
tion efficiency reduced with an increase in temperature. 
Compared to other adsorbents raw, RH displayed the least 
adsorption efficiency with 8.3 mg/L remaining dye concen-
tration, i.e., 58.5% removal at 318 K and maximum equi-
librium time of 70 min. An increase in system temperature 
aggravates molecular vibrations which further reduced the 
availability of active sites [7]. In addition to that increasing, 
the temperature may also increase the rate of desorption due 
to high molecular mobility. In the case of raw RH, it may 
also lead to a swelling effect [31]. On the other hand, adsorp-
tion efficiency of RHC and ARHC was found to reduce from 
90 to 71.3% and 98.5 to 80.55% with an increase in tem-
perature from 303 to 318 K, respectively. Therefore 303 K 
or 30℃ was considered to be the most feasible temperature 
for further studies.

3.2.6 � Evaluation of isotherm models

The estimated values of the Langmuir isotherm model were 
obtained by plotting 1/qevs 1/Ce, whereas log qe vs log Ce 
plot was used to obtain Freundlich constants. The values 
are represented in Table 1. It was observed that Raw RH 
and RHC were found to fit well to both Langmuir and Fre-
undlich isotherm models depending on the R2 value. This 
phenomenon can be described as the result of the increase 
in MG load per unit area of adsorption surface. At lower 
dye load, the pollutants underwent monolayer adsorption 
suitable to the Langmuir isotherm model, whereas at high 
dye concentration and longer treatment time deposition of 
MG on the adsorbent surface turned multilayer, hence favor-
ing Freundlich isotherm model [7]. On the contrary, ARHC 
was observed to best fit the Langmuir isotherm model. 
During the SEM characterization, it was observed that 

homogenously distributed pores were created on ARHC by 
the removal of silica from RHC. Such abundance of active 
adsorption sites facilitated monolayer adsorption of MG dye 
across the larger surface area of ARHC [7]. Therefore it 
was assumed that NaOH treatment of RHA extracted silica 
in a manner that the total internal surface area multiplied 
exponentially in ARHC. The maximum calculated adsorp-
tion capacity for RH, RHC, and ARHC were obtained to be 
4.05, 38.46, and 1000 mg/g, respectively.

3.2.7 � Adsorption kinetics for MG dye

Kinetic parameters were calculated by plotting log (qe-qt) 
vstime(t) and t/qtvs time(t) for pseudo 1st and 2nd order 
respectively. Equilibrium adsorption capacity qe and con-
stant K were determined from the slope and intercept. As 
represented in table (2) it was observed that 2nd order fits 
better than 1st order for all three adsorbents with a better 
R2value. It is also reflected by the disparity between the 
experimental value qe(exp) and the calculated value qe1(cal)of 
1st order model. On the other hand for 2nd order model dis-
played a minimum difference between the experimental and 
calculated value of equilibrium adsorption capacity. It was 
observed that the pseudo 2nd order model fits better in the 
case of low adsorbent concentration such as 20 mg/L i.e. 
used as maximum in this study Table 2.

3.2.8 � Thermodynamic study

Thermodynamic parameters like spontaneity (ΔG), enthalpy 
(ΔH), and entropy (ΔS) were obtained from the batch 
adsorption experiments where adsorption behavior of three 
different adsorbents such as Raw RH, RHC, and ARHC was 
studied at four different temperature conditions. As repre-
sented in Table 3; it was observed that ΔG for Raw RH is 
positive at a higher temperature which makes the reaction 
feasible at a lower temperature. Thus poor adsorption effi-
ciency was observed for Raw RH at a higher temperature. 
For RHC and ARHC, the reaction was found to be feasible 
as ΔG was negative. However, it was also observed that for 
all three adsorbent, ΔG increases with an increase in tem-
perature. This indicates the adsorption efficiency is better at 
a lower temperature of 303 K. Moreover, negative ΔH sug-
gested that the adsorption process was exothermic[32] and 
negative ΔS suggests that the adsorption process involves an 

Table 1   Calculated parameters 
of Langmuir and Freundlich 
isotherm

Adsorbent Temperature(oC) Langmuir isotherm Freundlich isotherm

kL (L/mg) Qmax(mg/g) R2 0 < RL > 1 kF (mg/g) N R2

Raw RH 30 2.872093 4.05 0.997 0.0069 2.870781 1.562915 0.999
RHC 30 0.213115 38.46 0.970 0.0857 6.637431 2.408014 0.999
ARHC 30 0.008475 1000 0.941 0.7023 16.03245 3.027367 0.871
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associative mechanism. Also, a negative value of ΔS reflects 
that no significant change occurs in the internal structures of 
the adsorbent during the adsorption process. Such adsorp-
tion phenomena are not favorable at high temperatures [5, 
7, 32, 33].

3.2.9 � Adsorption mechanism and mass transfer study 
for batch experiment

The adsorption mechanism of MG dye onto the adsorbents 
derived from rice husk was not very clear from the isotherm 
and the kinetic study. Thus intraparticle diffusion model 
based on the theory proposed by Webber and Morris (1962) 
was tested for all three adsorbents. According to this model 
qtvs√t graph was plotted. The rate parameter Kam was cal-
culated from the slope graphs represented in Fig. 2(b) and 
was found as 0.385, 0.281, and 0.331 mg/g√min for raw RH, 
RHC, and ARCH, respectively. Here the intercept (Cam) rep-
resents the thickness of the boundary layer, i.e., greater the 
intercepts; thicker would be the boundary effect which was 
found to be 3.85842, 6.24522, and 6.6745 for raw RH, RHC, 
ARHC, respectively [49]. It was observed that the graphs 
were not linear and did not pass through the origin. There-
fore it is suggested that intraparticle diffusion was not the 
only mechanism involved in adsorption [34]. It was assumed 
that interfacial surface diffusion played a vital role in asso-
ciation with particle diffusion [35].

Moreover, the Boyd plot of Bt vs. t at four different initial 
dye concentrations between 5 and 20 mg/L with 2 g/L 
adsorbent(Raw RH, RHC, ARHC) at 303 K and pH 6 is 
presented in Figs. 2 (c), 2(d), and 2(e). The obtained plots 
for all three adsorbents were found to be scattered. The lin-
earized plots did not pass through the origin, which suggests 

that the process of adsorption is strictly attributed to external 
mass transfer and the adsorption mechanism was limited to 
particle diffusion [36]. The values of the average effective 
diffusion coefficient (De) were found to be 5.388 *10–9 m2/s, 
4.324*10–9 m2/s, and 3.5404*10–9 m2/s for Raw RH, RHC, 
and ARHC, respectively. Here form the values of De, 
reduced rate of diffusion was observed for RHC and ARCH 
compared to raw RH. It was assumed that such phenomena 
were observed due to the increased availability of adsorption 
sites on the particles of RHC and ARHC. On the contrary, 
raw RH has a more complex composition, owing to which 
external mass transfer was diffusion-dependent [36].The 
values of mass transfer coefficient (Kf) were derived from 
the slope of ln

(
Ct

C0

−

(
1

1+mK

))
 vs. t curve as represented in 

Fig.  2(f). The computed values of Kf were 2.45*10–13, 
1.18*10–13, and 5.09*10−13 cm/s for raw RH, RHC, and 
ARHC, respectively, where it was observed ARHC dis-
played the maximum mass transfer. The study suggested that 
the mass transfer of MG dye on the active adsorption site 
was rapid. Thus all three adsorbents were proved to be suit-
able for dye adsorption with ARHC as the best performing 
adsorbent.

3.3 � Fixed bed continuous flow column experiments

3.3.1 � Effect of pH on column adsorption behavior

Previously during the parameter study of pH in a batch 
adsorption system, it was mentioned that pH 6 was con-
sidered as the most suitable condition to avoid ambiguity 
between the rate of adsorption and mere decolorization. 
During the batch adsorption study, it was observed that MG 
decolorizes at the basic pH range which was reversible by 

Table 2   Calculated parameters 
of pseudofirst- and second-order 
kinetics

Adsorbent Concentration qe(exp) Pseudo first order Pseudo second order

K1(l/min) qe1(cal) R2 K2 qe2(cal) R2

RH 20 mg/L 7.63 0.055 5.53 0.656 0.011 8.47 0.997
RHC 20 mg/L 8.96 0.034 1.24 0.385 0.022 9.43 0.998
ARHC 20 mg/L 9.85 0.034 1.06 0.455 0.021 10.31 0.997

Table 3   Thermodynamic parameters of dye adsorption

Temperature(K) Raw RH RHC ARHC

ΔG
(J/mol)

ΔH
(J/mol)

ΔS
(J/mol K)

ΔG
(J/mol)

ΔH
(J/mol)

ΔS
(J/mol K)

ΔG
(J/mol)

ΔH
(J/mol)

ΔS
(J/mol K)

303  − 1203  − 43,848  − 140.75  − 3689.7  − 65,797  − 205.52  − 8795.4  − 15,4923  − 485.37
308  − 469.5  − 2274.5  − 4733.0
313 172.24  − 1371.5  − 1371.5
318 929.21  − 578.49  − 1924.4
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readjusting the solution to neutral pH. On the other hand, 
the decolorized basic dye solution was subjected to adsorp-
tion on all of the three adsorbents. Then the treated solu-
tions were readjusted to neutral pH. It was observed that for 
a given combination of parameters, the removal efficiency 
remained similar to the non-adjusted solution with negligi-
ble deviation. However, the effect of pH on adsorption of 
MG on ARHA packed bed column was studied between 3, 
7, and 9 with inlet feed flow rate of 8 ml/min, bed height of 
2 cm, and initial dye concentration of 50 mg/L.

It was observed from Fig. 3(a) that breakthrough time 
gradually increased with an increase in the pH of the sys-
tem. The breakthrough time was noted to be 30, 150, and 

190 min for pH 3, 6, and 9, respectively. In acidic solution, 
MG adsorption on ARHC is suspected to reduce because 
of high H + ion concentration. On the other hand, better 
adsorption efficiency was observed at higher pH due to the 
deprotonation of the active sites [33].

3.3.2 � Effect of ARHC bed height on column adsorption 
behavior

In a fixed bed adsorption system, height of the adsorbent 
column plays a crucial role in the evaluation of adsorption 
efficiency. The height of the column facilitates intrinsic 
interaction between adsorbent and dye molecule. The study 

Fig. 3   (a) Effect of pH on breakthrough curve. (b) Effect of bed height on breakthrough curve. (c) Effect of flow rate on breakthrough curve. (d) 
Effect of dye concentration on breakthrough curve
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was conducted at different bed heights of 2, 4, and 6 cm at a 
feed flow rate of 8 ml/min with an initial dye concentration 
of 50 mg/L at pH 7.

As presented in Fig. 3(b), a longer breakthrough time 
was observed at a higher bed height. The breakthrough time 
observed was at 150, 185, and 230 min for 2, 4, and 6 cm bed 
height, respectively. An increase in bed height directly leads 
to an increase in adsorbent dosage. The increased amount of 
adsorbent expanded the total surface area of the adsorbent 
that generated more active sites for adsorption. Thus it was 
observed that at higher bed height, the interaction between 
MG dye molecule and active sites increased leading to better 
adsorption capacity [33].

3.3.3 � Effect of inlet flow rate on column adsorption 
behavior

Inlet feed flow rate influences the breakthrough parameters 
exponentially. The impact of flow rate on adsorption behav-
ior of the continuous flow fixed-bed column was studied by 
varying the inlet flow rate between 8, 12, and 16 mL/min at 
an initial feed concentration of 50 mg/L for bed height of 
2 cm and pH 7.

From the curves plotted by Ct/C0 vs time (Fig. 3(c)), it 
was observed that time required to attain breakthrough con-
siderably reduced from 150 to 75 min with an increase in 
inlet feed flow rate from 8 ml/min to 16 ml/m. It was from 
the parameters obtained from the fixed bed column study 
interpreted that an apparent decrease in adsorption capacity 
due to an increase in flow rate was attributed to increased 
availability of dye molecules per active site. It was also sug-
gested that a reduction in breakthrough time is observed 
due to an increased rate of active site saturation. This phe-
nomenon also supports the assumption of enhanced mass 
transfer rate with an increase in inlet feed flow rate, thereby 
increasing dye adsorption [7, 33].

3.3.4 � Effect of inlet dye concentration on column 
adsorption behavior

The study was conducted by varying initial feed concen-
tration of dye solution between 50 mg/L, 100 mg/L, and 
150 mg/L for a fixed bed of 2 cm height, with a feed flow 
rate of 8 mL/min.

In Fig. 3(d) it was observed that breakthrough time was 
attained faster at a higher concentration of feed solution 
[37]. A similar phenomenon was observed at a higher feed 
flow rate. The breakthrough time was noted to be 95, 115, 
and 150 min for 50, 100, and 150 mg/L dye concentration, 
respectively. Thus it was assumed that a lower feed concen-
tration rate of saturation is much lower than compared to 
high feed concentration or feed flow rate. From Fig. 3(d) it 
was also observed that the slope was steeper at higher feed 
concentration indicating a higher rate of adsorption, thereby 
shortening the breakthrough time [7]. Breakthrough param-
eters were evaluated as represented in Table 4.

3.3.5 � Kinetic modeling for MG adsorption on fixed bed 
continuous flow column

Yoon-Nelson model represented in Eq. (27) was evaluated 
by experimental data obtained from adsorption of MG dye 
on fixed bed continuous flow column at various column 
conditions. The theoretical breakthrough curves were pre-
dicted by solving the Avramiequation (44) using Microsoft 
Excel solver[38, 39]. The term kYNsymbolizes adsorption 
rate constant dependent on dimensionless time τ.The calcu-
lated values of kYN (L/min) and τ are represented in Table 4, 
where it was noticed that for the column conditions of bed 
height 6 cm, pH 6 and 8 ml/min the obtained kYN was noted 
to be equal to K2 = 0.021, i.e., pseudo 2nd order adsorption 
rate constant for ARHC. Therefore it was assumed that 
kYN and K2 are time-dependent and independent of MG 

Table 4   Calculated values of model parameters for MG removal on ARHC column

Experimental conditions Yoon-Nelson model Thomas model
Bed 
height 
(cm)

pH Concentration (mg/L) Flow rate 
(ml/min)

KYN (L/min) τ (min) R2 q0 (mg/g) KTH (× 10–3 L/mg min) R2

6 6 50 8 0.021 461.6 0.977 1.26 0.44 0.977
4 6 50 8 0.022 368.864 0.962 1.281 0.5 0.962
2 6 50 8 0.03 311.5 0.966 3.738 0.6 0.966
2 6 50 16 0.045 149.044 0.959 8.048 0.9 0.959
2 6 50 12 0.035 232.343 0.967 5.69 0.7 0.967
2 6 150 8 0.048 194.25 0.973 1.989 0.32 0.973
2 6 100 8 0.036 267 0.874 2.307 0.36 0.874
2 9 50 8 0.022 384.454 0.946 2.48 0.44 0.946
2 3 50 8 0.047 127.468 0.985 3.75 0.94 0.985
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concentration in the adsorption system. From Fig. 4 it was 
also observed that the calculated breakthrough graph was 
following the experimental Ct/C0vs τ graph[33].

where A was denoted as Avrami constant and T was the 
temperature in kelvin and t was time.

Thomas model was estimated using experimental data 
obtained from fixed-bed continuous flow column as rep-
resented by Eq. 28. Calculated values of Thomas kinetic 
parameters such as kinetic coefficient (kTh), dye adsorption 
capacity (q0), and regression coefficient (R2) at given experi-
mental conditions are shown in Table 4. The values of kTh 
and q0give us a clear idea about the adsorption rate con-
stant and adsorption capacity of ARHC at various column 
conditions.

It was inferred that the experimentally obtained data from 
fixed-bed continuous flow column adsorption fits both Yoon-
Nelson and Thomas models well as correlation coefficients 
range between 0.9 < R2 < 0.985.

(44)
Ct

C0

=
A

1 + exp(kYN�−kYNt)

3.3.6 � Estimation of transport and kinetic parameters 
for MG dye on ARHC column

Parameter values of the fixed bed continuous flow adsorption 
experimental system are presented in Table 5. Adsorption 
parameters were estimated as functions of dimensionless 
numbers (τ) (Eq. 28–42) are presented in Table 6. It was 
observed that for a given combination of fixed parameters 
including small bed height and low flow rate had reduced 
the chance of pore velocity fluctuations. It was observed 
that the distribution of dye feed solution was more stable 
and uniform across the fixed bed column at low flow rates. 
This facilitates better interaction between the adsorbent 
and dissolved dye molecules. A low flow rate was also 
found to established adsorption equilibrium over the maxi-
mum volumetric surface of the ARHC column at a cost of 
higher breakthrough time. The breakthrough curve at a low 
flow rate imitated the 1-site adsorption equilibrium model 
(Table 6) satisfactorily. On the other hand, at a higher flow 
rate and bed height adsorption mechanism was observed to 
colonize at separate non-interacting sites. This was assumed 
to cause due to fluctuation of pore velocity leading to the 
establishment of non-equilibrium and channeling of a col-
umn. Thus at a higher flow rate, the adsorption system 
fits the 2-site model better. The Damköhler number (Da), 
is defined as the ratio between times taken for convective 
flow and adsorption time. Convective flow refers to the flow 
behavior of the feed across a laminar cross-section of the 
column. In short slower the convective flow, the longer will 
the interaction time between dye and adsorbent. Thus in an 
ideal situation, the convective flow should be slower than 
the rate of adsorption. This study revealed that convective 
flow was faster than the rate of adsorption at higher flow 
rates. The kinetic parameter, ‘a’ depends on the adsorp-
tion kinetics and diffusive transfer of the dye molecule. The 
adsorption mechanism was revealed to be a combined effect 
of surface diffusion and intraparticle diffusion. Dissolved 
dye molecules from the bulk solution travel towards the 

Table 5   Experimental values of kinetic parameter

Parameters Value

D (cm) 3 cm
L 50 cm
Φ 0.45
ρb 317.4 × 103 mg/L
Dm 3.5404 × 10–5 cm2/sec
Lb 2 cm, 4 cm, 6 cm
dg 0.005 cm
aL 0.005 cm
C0 50 mg/L,100 mg/L,150 mg/L

Table 6   Evaluated parameters as functions of dimensionless numbers for ARHC column

u0 = Q/fi A (cm/min) Lb/D Ped λ = φC0/ρb ƒ kd(m3/kg) a
(1/min)

kd* = kd × C0 (g/g) Da = aL/u0

2.516316741 0.6667 5.922863569 7.08885E-05 0.903 1.293 0.0056 0.06465 0.11127375
2.516316741 1.3333 5.922863569 7.08885E-05 0.594 0.5724 0.0004 0.02862 0.007948125
2.516316741 2.00 5.922863569 7.08885E-05 0.504 0.8907 0.0004 0.04453 0.007948125
3.774475112 0.6667 8.884295353 7.08885E-05 0.57 3.5442 0.0008 0.17721 0.0105975
5.032633483 0.6667 11.84572714 7.08885E-05 0.51 1.8486 0.001 0.09243 0.009935156
2.516316741 0.6667 5.922863569 0.000141777 0.742 0.2166 0.0125 0.02166 0.248378906
2.516316741 0.6667 5.922863569 0.000212665 0.603 0.2259 0.0045 0.03388 0.089416406
2.516316741 0.6667 5.922863569 7.08885E-05 0.541 0.1664 0.0065 0.00832 0.129157031
2.516316741 0.6667 5.922863569 7.08885E-05 0.793 0.304 0.0095 0.0152 0.188767969
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adsorbent surface via diffusive transport. This leads to the 
formation of a boundary layer around the adsorbent’s outer 
surface [7]. Results revealed that values of “a” increased 
with a reduction in boundary layer thickness. Dimension-
less partition coefficient, Kd

∗ = Kd × C0 also represents the 
adsorption capacity of ARHC bed at saturated condition. 
Active pore sites were distributed heterogeneously due to 
an increase in ARHC column height, feed flow rate, and 
initial dye concentration. This leads to fluctuation in pore 
velocity and reduction in fractional equilibrium sites and 
therefore reduces the overall adsorption efficiency[26]. The 
adsorption capacity of the fixed bed column Kd

* was found 
to increase with the increase in dye feed concentration due 

to rapid adsorption and early attainment of saturation condi-
tions. It was also observed that experimental breakthrough 
curves were in agreement with the breakthrough curves that 
were predicted numerically as represented in Fig. 4.

4 � Comparison with other adsorbents

While comparing with other adsorbents for MG removal 
it was found that the present study takes place at a shorter 
treatment period and room temperature (Table 7).From the 
comparative study it was also observed that all the adsor-
bents used by researchers were not widely available with 
lower adsorption capacity compared to the adsorbents 

Fig. 4   Comparative representation between experimentally measured and numerically predicted breakthrough curves with respect to (a) pH of 
the dye solution, (b) column bed height, (c) feed flow rate, and (d) dye concentration
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used in the current study. The overall cost for production 
of ARHC was found to be Rs. 150.00/Kg. On this basis, it 
could be concluded that RH, RHC, and ARHC are economi-
cal, efficient, and effective adsorbents as compared to other 
adsorbents.

5 � Conclusion

The present work showed that raw rice husk and activated 
carbon derived from rice husk charcoal were reliable and 
promising adsorbents for the removal of Malachite Green 
dye over a wide range of concentrations. Between the 
three adsorbents, ARHC was found to be the best perform-
ing adsorbent. Data obtained from the adsorption system 
at equilibrium condition were fitted to isotherm models 
such as Langmuir and Freundlich model. From the batch 
adsorption experiments it was found that unlike raw RH 
and RHC equilibrium data for ARHC fitted best to Lang-
muir model. The adsorption kinetics for all three adsorbents 
were observed to fit the Pseudo second-order model better 
indicating that the overall rate of the adsorption process 
was controlled by both physisorption and chemisorptions 
that involve valency exchange between the sorbent and 
sorbate. The adsorption mechanism was mainly found to 
be surface diffusion along with intraparticle diffusion that 
was governed by external mass transfer. The negative value 
of ΔH obtained from the thermodynamic study indicates 
that the process is exothermic. Moreover, fixed-bed col-
umn studies were performed using ARHC as the adsor-
bent. At different experimental conditions such as inlet 
flow rate (Q), initial dye concentration (C0), bed height 
(Lb), and pH, it was observed that the adsorption capacity 
(kd*) of MG dye on ARHC in a fixed bed continuous flow 
in a column mode, ranged between 0.008 and 0.177 (g/g). 
The experimental breakthrough curve was in proximity to 
the predicted curve which proves that ARHC possesses a 

high adsorption capacity towards dissolved malachite green 
(MG) in wastewater. It was concluded that RH, RHC, and 
ARHC can be used as efficient and environment-friendly 
adsorbents for the removal of dissolved malachite green 
from contaminated water. However, ARHC was proved to 
be the best-suited candidate among the three adsorbents. 
During this present study, it was concluded that activated 
rice husk (ARHC) can be a packed in any adsorption col-
umn or cartridge that was suitable to treat dye-contaminated 
water in both domestic and industrial scale. Moreover the 
secondary product such as sodium silicate and precipitated 
bio silica obtained from rice husk charcoal are of great eco-
nomic value.
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