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a b s t r a c t

In the present study, the protonated Gracilaria corticata (PGC) biomass has been successfully used 
as biosorbent for the removal of malachite green (MG) from aqueous solution. The biosorbent 
was characterized by scanning electron microscopy (SEM), Fourier transform infrared spec-
troscopy (FTIR), elemental analysis, pHpzc, and Boehm titration, respectively. The degree of MG 
biosorption was investigated as a function of pH, adsorption time, biosorbent concentration, initial 
dye concentration, agitation rate and temperature. The maximum biosorption of MG was observed 
at the biosorbent concentration of 0.1 g/L, initial pH 10, temperature 30°C, agitation rate 150 rpm, 
and initial dye concentration of 100 mg/L. Various isotherm models were used to evaluate the 
equilibrium data obtained. The equilibrium data best fitted with Langmuir model with highest coef-
ficient of determination 0.994. The Langmuir monolayer biosorption capacity was recorded as 100 
mg/g. In addition, study of RL, the dimensionless factor revealed the favorability of the isotherm. 
The kinetic data were well described using pseudo-second-order kinetic model. Thermodynamic 
profile indicated the biosorption of MG is favorable and spontaneous in nature. The reusability of the 
PGC biomass was investigated using 0.1 M HCl. Attempts were also made to study the continuous 
biosorption in up-flow packed bed column. Overall, the present study proved that, PGC biomass can 
be effectively used as biosorbent for the removal of MG bearing wastewater.
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1. Introduction

Today, control of pollution has become a major con-
cern among the society. There are various reasons by which 
water gets polluted. One among them is pollution by the 
release of dyes and dye stuffs from various process indus-
tries. Several industries make use of dye which includes 
textile, leather, cosmetics, printing, paper, pharmaceuticals, 
food processing, and so on to add color to their products. 
Textile dye is rated as the utmost dye stuffs produced which 
records two third of the total outcome of the dye stuffs 
[1,2]. The effluents released from these industries will be 

moreover partially treated or untreated wastewater may 
perhaps create a severe problem to the environment [3]. 
About two third of the total dye stuff produced is utilized 
alone in textile industries and 10%–15% released out as 
effluent. These dye contaminants affect the aesthetic value 
of water system by imparting the color in the receiving 
streams. Color mainly interferes the penetration of sunlight 
into water which retards the photosynthesis and in turn 
inhibits the growth of aquatic species [4]. Harmful carcino-
genic metabolite products derived from dye stuffs which 
have mutagenic, carcinogenic and teratogenic effects. Fur-
thermore, the release of such waste contaminated water 
into municipal water plants results in the development of 
serious diseases among the public. The ETDA (Ecological 
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and Toxicological Association of the dyestuff) survey has 
reported that 90% of the dye stuffs have LD50 values greater 
than 200 mg/kg. Among these dyes, basic and diazo direct 
groups are identified to have high rates of toxicity [5]. 

Malachite green (MG) is a N-methylated diaminotriph-
enylmethane dye most widely used for coloring purposes 
among all dyes [6,7]. It has a wide application in cotton, 
wool, paper, silk, leather, jute, and distillery industries. The 
basic cationic dyes are used as therapeutic agent (fungicide, 
ectoparasiticide) and as antiseptic. Oral consumption is 
restricted because of the toxicity and carcinogenicity but can 
be used as external agents for healing of wounds and ulcers. 
The release of such a harmful pollutant into the streams 
will have deleterious effect on aquatic life. In humans, MG 
causes respiratory tract irritation and gastrointestinal tract 
if ingested. Various other diseases caused by MG in humans 
are skin irritation, eye injuries, tumor and so on. Even 
though, MG has toxicological effects, still they are used in 
aquaculture and other industries.

The Central Pollution Control Board (CPCB), New 
Delhi, India, has developed Minimum National Standards 
(MINAS) for various manufacturing industries. Accord-
ing to the standards, the release of colored product is not 
permitted. Hence, the decolorization of the effluents has 
become mandatory before their discharge into land. There 
are various physical and chemical methods for the treat-
ment of dye laden waste water namely flocculation, elec-
tro-floatation, precipitation, electro-kinetic coagulation, ion 
exchange, membrane filtration, electrochemical destruction, 
irradiation, ozonation and so on [4]. However, these meth-
ods have been failed due to high capital cost and less effec-
tiveness. Adsorption technique has widely accepted method 
for the treatment of dye bearing effluent because of ease of 
operation, less cost, simple design, less sensitivity to toxi-
cological substances. Activated carbon is the successfully 
implemented adsorbent for the adsorption process because 
of greater surface area, enhanced adsorption capacity and 
so on [8–11]. But the application has been limited due to its 
high cost [12]. This lead the researchers to search for cheaper 
substituting material. Several agro wastes have been used 
for the biosorption process such as wheat straw [13,14] 
durain peel [15], rice husk [16], orange peels [17]. In addition 
to the agro wastes, a number of biosorbents including bac-
teria [18], fungi [19], yeast [20] and algae [21,22] have been 
utilized. Algal biosorption has gained attention due to their 
significant adsorption behavior. Particularly, marine algae 
have been chosen by several authors to treat the metal/
dye bearing wastewater due to various advantages such as 
high mechanical stability, macroscopic structure, low cost 
and variety of binding groups [23,24]. G. corticata possesses 
unlimited amount of chemical groups such as carboxyl, sul-
phonate, hydroxyl and amino groups which is the salient 
feature of this kind of seaweed. Thus, in the present inves-
tigation, G. corticata marine red alga is selected as a biosor-
bent for the removal of basic cationic dye, MG from aqueous 
solution. The main objective of the study was to evaluate 
the biosorption potential of G. corticata as a function of var-
ious operating conditions such as pH, initial dye concentra-
tions, agitation and biosorbent dosage. The equilibrium and 
kinetic data were described using different isotherm and 
kinetic models. The morphological features of the biosor-
bent were characterized by various analytical techniques. 

2. Materials and methods

2.1. Reagents and chemicals 

MG dye was purchased from Nice Chemicals, India. 
The dye is used in the form of oxalate form is commercial 
grade with 70 % purity. All other chemicals were purchased 
locally with at least 98% purity and used without any fur-
ther purifications. All solutions were prepared using dis-
tilled water.

2.2. Preparation of biosorbent

Gracilaria corticata, a red marine alga, was collected in 
Mandapam, Tamilnadu, India. It was washed with running 
tap water and then sun dried. The fine dried biomass was 
ground to an average particle size of 0.7–1.0 mm and then 
protonated using 0.1 M HCl for 3–4 h. The biomass was 
washed with distilled water to remove the excess of HCl and 
dried at 60°C in hot air oven overnight. The dried algal bio-
mass was subsequently used for the biosorption experiment.

2.3. Dye solution and determination of dye concentration 

MG is a basic cationic dye of to triphenylmethane 
group. Stock solution of the dye was prepared and diluted 
to various concentrations with distilled water. The solution 
pH was adjusted with 1 mol/L of NaOH or HCl. A standard 
calibration curve was generated by measuring the absor-
bance at 617 nm.

2.4. Characterization of biosorbent

2.4.1. SEM, FTIR and CHNS analysis

The surface morphology of the biosorbent was visual-
ized using the scanning electron microscopy (SEM) (JSM–
6390LV, JEOL, USA) which shows the changes in the surface 
texture before and after biosorption of dye. Fourier trans-
form infrared spectroscopy (FTIR) reveals the involvement 
of functional groups in the biosorption of dye. Therefore, 
spectra of PGC before and after biosorption were collected 
500–4,000 cm–1 using FTIR spectrophotometer (Nicolet Ava-
tar 370, Thermo Scientific, India). Furthermore, to know 
the percentage of elements C, H, N and S in the protonated 
Gracilaria corticata (PGC), biomass was analyzed using C-H-
N-S Analyzer (Vario EL III, Elementar, Germany).

2.4.2. Determination of point of zero charge (pHpzc)

The point of zero charge characteristics of PGC biomass 
was checked out in an array of Erlenmeyer flask of 250 mL 
capacity. In each of the flask, 100 mL of 0.01 N KMNO3 solu-
tions were transferred. A different solution pH of 3 to 10 
was prepared by using 0.1 M HCl and 0.1 M NaOH and it is 
designated as pH0. To each of the flask, 0.1 g of respective 
adsorbents was added and agitated for 48 h at room tem-
perature. After the contact time, the final pH of the samples 
was analyzed. The difference between the initial and final 
pH values (ΔpH = pH0 – pHf) was plotted against the pH0, 
and the point of intersection of the curve at which ΔpH is 
zero gave the pHPZC.
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2.4.3. Boehm titration

The PGC biomass was characterized using Boehm 
titration method [25] to study the amount of functional 
groups present. 500 mg of PGC biomass was transferred to 
250 mL flask containing each containing 100 mL of 0.05 M 
NaHCO3, 0.05 M Na2CO3, 0.05 M NaOH and 0.05 M HCl. 
Each of the flasks was agitated for 24 h at room temperature. 
After 24 h, the supernatant was separated and titrated 
against 0.1 M NaOH or 0.1 M HCl depending on the ini-
tial salt solution used. The amount of functional groups 
was calculated based on the assumptions that: NaHCO3 
neutralizes only carboxylic groups, Na2CO3 neutralizes 
carboxylic and lactonic groups, and NaOH neutralizes 
carboxylic, lactonic and phenolic groups, while HCl 
neutralizes basic groups [26].

2.5. Batch biosorption experiment

Biosorption of MG using PGC biomass was studied 
by performing a batch experiment in an Erlenmeyer flask 
of 250 mL with 100 mL of dye solution and agitating in a 
rotary incubatory shaker (OSI-24C; Labline, India). The 
various operation parameters such as pH, contact time, 
biomass dosage, agitation rate, temperature, initial dye 
concentration were determined for the removal of MG 
form aqueous solution. The supernatant was removed and 
subsequently used for the analysis of residual dye content 
using double beam UV-visible spectrophotometer (2201; 
Systronics, India) at 617 nm. The amount of dye adsorbed 
by PGC biomass at equilibrium, qe (mg/g) was calculated 
using the following equation:

q
C C V

Me
e=

−( )0  (1)

where V is the solution volume (L), M is the mass of the 
biosorbent (g) and C0 and Ce are the initial and equilibrium 
dye concentrations, respectively.

The rate of biosorption was calculated by conducting 
a batch experiment in an Erlenmeyer. PGC Biomass was 
added to the solution at different concentrations (20 mg/L 
to mg/L) of MG dye and the samples were withdrawn at 
periodic time intervals and subsequently analyzed for the 
dye concentration. The dye uptake at time t, qt (mg/g), was 
estimated using the mass balance,

q
C C V

Mt
t=

−( )0  (2)

2.6. Desorption and regeneration studies

The reusability of biosorbent with efficient elution of 
adsorbate is an important for any potential application of a 
biosorbent. To assess the biosorption capacity of spent bio-
sorbent, the MG laden PGC biomass was subjected to the 
consecutive biosorption-desorption process. A maximum 
of three cycles of biosorption-desorption process was car-
ried out. The spent PGC biomass was regenerated using 
0.1 M HCl, where dye laden PGC biomass was agitated 

at 150 rpm, 30°C in Erlenmeyer flask containing 100 mL 
of 0.1 M HCl for 60 min. The supernatant was subjected to 
U-V analysis and the dye uptake was determined.

2.7. Column studies

The column study was carried out to investigate the 
practical application of biosorption process. The continuous 
flow experiment was conducted in packed bed glass column 
with an id 1.5 cm and 20 cm in length. A layer of glass beads 
was placed at the bottom of the column to provide uniform 
inlet flow of dye solution into the column. Followed by the 
glass beads, a 0.5-mm glass wool serves as the supporting 
bed for the resting of the PGC biomass. A dye solution 
(pH 10) of 5 mg/L was fed into the column with a flow 
rate of 10 mL/min using a peristaltic pump (Rivotek-50171 
002; Riveria, India). The effluents were collected at different 
fractional volume and subjected to the U-V analysis 
using double beam UV-visible spectrophotometer (2201; 
Systronics, India) at 617 nm. The operation was stopped 
when the effluent concentration exceeded a value of 
99.5 mg/L or higher.

3. Results and discussion

3.1. Characterization of biosorbent

3.1.1. SEM analysis

SEM images of PGC before and after biosorption are 
shown in Fig. 1. The PGC biomass without contact with dye 
solution is more fibrous and compact with various macrop-
orous surface as shown in Fig. 1(a). However, after contact 
with dye, the pores on the surface of PGC biomass van-
ished due to the occupation of the adsorbate into the pores 
[27] and cavities filled with the dye as shown in Fig. 1(b), 
which further allows the diffusion of the dye into the vari-
ous pores of the PGC biomass. Therefore, after biosorption, 
a smooth morphology was observed in the PGC biomass 
(Fig. 1(b)). A similar kind of observation was made during 
the biosorption of MG onto brown seaweed and epicarp of 
Ricinus communis [21,28].

    

(a) (b)

Fig. 1. Scanning electron microscopy images of PGC biomass 
(a) before MG biosorption and (b) after MG biosorption.
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3.1.2. FTIR analysis

FTIR technique was used to examine the surface func-
tional groups of PGC biosorbent and to identify the func-
tional groups responsible for the biosorption [29]. Therefore, 
the dye-free PGC biomass and dye-laded PGC biomass were 
subjected to FTIR analysis and the spectra was recorded in 
the range between 4,000 and 500 cm–1. Fig. 2(a) shows the 
FTIR vibrational spectra before biosorption and Fig. 2(b) 
shows the FTIR vibrational spectra after biosorption. The 
resultant peaks at 3,415.03 cm–1 are assigned to OH-bond 
stretching in the dye loaded PGC biomass (Fig. 2(a)). 
The other absorption bands 2,939.24 cm–1; 1,637.72 cm–1; 
1,075.80 cm–1; 632.23 cm–1 indicated the presence of CH2, 
C=O, C-O and C-H groups. Among these, OH-bond and 
CH2 group play an important role in the biosorption of MG. 
PGC biomass is very special class of biosorbent and has an 
array of functional groups on the surface. These functional 
groups bear surplus active sites. These functional groups 
are available in the form of amino acids. The PGC is red 
algal biomass, which contains starch and polysaccharides. 
These polymeric carbohydrate molecules are composed of 
long chains of monosaccharide units bound together by 
glycosidic linkages. Thus, PGC biomass seems to possess 
heterogeneous class of functional group over the surface 
which helps in the mission of biosorption of the malachite 
dye. The polarities of the groups also tend to influence the 
sorption process [30]. In the present study, the biomass is 
protonated in order to remove the irrelevant ions present in 
the biomass. Hence, there will not be any hindrance during 
the dye biosorption. This enables good binding of the adsor-
bate to the active binding groups in the biosorbent [31]. 

3.1.3. CHNS analysis

Generally, the red marine alga contains sulfated poly-
saccharide carrageenan in the amorphous sections the cell 
wall. These carrageenan molecules made up of repeating 
galactose units and 3,6 anhydrogalactose (3,6-AG), both 
sulfated and nonsulfated. The units are joined by alter-
nating α-1,3 and β-1,4 glycosidic linkages. The biosorbent 
PGC used in the present study is red algae (Rhodophyceae). 
From the CHNS analysis, it was observed that the PGC bio-
mass was rich with carbon molecules. Table 1 shows the 
amount of carbon and other elements present in the PGC 
biomass. From Table 1, it was confirmed that PGC has a 
complex mixture of functional groups in the biomolecules, 
which facilitate a better binding for the biosorption dyes.

3.1.4. Point of zero charge

The charge over the surface of the PGC biomass was 
determined through Point of zero charge methodology. It 
gives an idea that at which pH value the charge of acidic 
and basic groups are equal. Fig. 3 shows the pHPZC plot for 
PGC biomass. From the plot, it was found that the PGC had 
a pHPZC value of 7.01, indicating the excessive presence 
of acidic groups on the biosorbent. Therefore, when the 
solution pH is greater than 7.01, the PGC biomass surface 
becomes more negatively charged, and favors the biosorp-
tion of cationic MG due to the electrostatic force of inter-
action. Hence, in the present study, the solution pH was 
adjusted above the pHPZC value. A similar kind of result 
was reported in biosorption of MG using pomelo (Citrus 
grandis) peels [32].

  (b) 

  (a) 

Fig. 2. (a) FTIR spectra of PGC biomass and (b) FTIR spectra of 
dye-laden PGC biomass.

Table 1
Elemental analysis of PGC biomass

Element Percentage (%)

C 36.48
H 6.34
N 1.87
S 1.82

Fig. 3. The determination of the point of zero charge (pHPZC).
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3.1.5. Functional group analysis

The PGC surface chemistry was characterized through 
Boehm titration method and found that acid sites were 
predominantly occurs on the surface of the biomass with 
17.61 mg/g. On the other hand, only 0.525 mg/g of basic 
site was observed on the PGC biomass. It shows that acidic 
functional sites were found to play a significant role in the 
biosorption of MG. Carboxylic (–COOH) which is found 
to be involved in the sorption process. Also, the titration 
results are in agreement with pHPZC. Thus, PGC biomass 
seems to possess infinite number of carboxylic groups from 
the carbohydrate molecules. 

3.2. Effect of pH

pH is a very important factor in the adsorption process 
especially for dye biosorption [33]. The Initial experiments 
pertaining to the effect of equilibrium pH on MG removal 
revealed that alkaline conditions found to be most excellent 
for the maximum and effective removal of MG from aque-
ous solution. At alkaline condition, the positive charge at 
the solution interface decreases and the adsorbent surface 
appears negative. According to the above theory, at pH 10.0, 
there was maximum MG uptake of 66 mg/g as shown in 
Fig. 4. Solution pH influenced both carbon surface dye 
binding sites and dye chemistry in water. Hence, when the 
pH of the solution is decreased, there is a reduction in the 
dye uptake. At lower pH values, the carbon will have a net 
positive charge because at lower pH, the protonation occur 
on the cell wall of the biomass, that is, formation of positive 
charged ions (H+) which competes with cationic dye; there-
fore, the sorption of dye is decreased [24]. 

3.3. Effect of biosorbent dosage

The effect of biosorbent dosage on the removal of MG by 
PGC biomass at initial concentration of 100 mg/L is shown 
in Fig. 5. It was observed that as biosorbent concentration 
increased, there was a negative influence in the uptake 
of the dye. The biosorption capacity of the PGC biomass 
decreased from 66 to 9.45 mg/g for MG due to increase in 
biosorbent dosage from 0.1 to 1.0 g/L. At higher biosorbent 
concentration, the sorbate species compete the occupation of 
active sites available in the PGC biomass. This phenomenon 
can be explained on the basis of splitting effect. The split-
ting effect exerted a flux (concentration gradient) between 
the sorbent and sorbate [34]. Nevertheless, the percentage 
of dye removal was found to increase. It was due to the 
rapid superficial adsorption accomplishment put forth onto 
the PGC biomass [35,36]. 

3.4. Effect of initial dye concentration and contact time

Generally, the initial dye concentration influences the 
biosorption process. Therefore, the effect of initial dye 
concentration on MG biosorption was investigated by 
varying the dye concentration between 20 to 100 mg/L. 
A plot of dye uptake q versus time t at various initial dye 
concentrations is shown in Fig. 6. The biosorption capacity 
was found to increase with an increase in the initial dye 

concentration; perhaps it was due to an increase in the 
driving force between the adorbate-adsorbent. At earlier 
stage, surplus amount of active binding sites are available 
in the PGC biomass. This serves as the ground factor for the 
increased biosorption capacity. Also, the uptake was rapid 

Fig. 4. Effect of pH (V: 100 mL; C0: 100 mg/L; M: 0.1 g; Temp: 30°C).

Fig. 5. Effect of biomass loading (V: 100 mL; C0: 100 mg/L; 
Temp: 30°C; pH: 10).

Fig. 6. Biosorption kinetics for malachite green PGC biomass 
(V: 100 mL; M: 0.1 g/100 mL; Temp: 30°C; pH: 10.0).
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at the external surface of the PGC biomass and later the sor-
bate diffuse into the pores by an internal diffusion which 
is the rate controlling step. Due to the excess of MG ions, 
repulsion found to occur that results in the prolongation of 
equilibrium time [19]. Therefore, maximum initial dye con-
centration will possess larger ions, thus have a greater com-
petition for the active sites present on the PGC biosorbent, 
and lead to the larger biosorption capacity. 

3.5. Effect of agitation

In the batch biosorption systems, agitation plays a 
significant role in the biosorption process by affecting the 
external boundary film layer and inhibiting the distribu-
tion of the solute molecules in the bulk liquid phase. Hence, 
the effect of agitation was studied by varying the agitation 
speed from 50 to 200 rpm using 1 g/L of biosorbent and 
100 mL of 100 mg/L of dye solution at pH 10.0. An uptake 
of 14.5 mg/g was recorded at a lower agitation of 50 rpm. 
However, when the agitation speed was increased from 
50 rpm to 150 rpm, there was a substantial amplification in 
the biosorption capacity of the dye from 14.5 to 66.5 mg/g, 
respectively, as shown in Fig. 7. There is couple of reasons 
for the increase in biosorption of dye at higher agitation: 
(1) rapid migration of adsorbate molecules from the bulk 
solution to the surface of the adsorbent; (2) migration fol-
lowed by intraparticle diffusion into the interior pores of 
the adsorbent. Due to the increase in turbulence, the rate 
of diffusion of dye molecules from bulk liquid to the liquid 
boundary layer surrounding the particle becomes higher 
and decreased thickness of the liquid boundary layer. In 
addition, the external sorption kinetic control plays a sig-
nificant role [37]. However, further increase in agitation 
resulted in the decrease of biosorption capacity. It is due 
to the collision of sorbate molecules which enhanced the 
desorption tendency of dye. Thus, higher agitation resulted 
in elevated shear force which attributed in the breakage of 
bond between MG and PGC biomass [19].

3.6. Biosorption isotherm

The biosorption isotherm indicates the distribution of 
adsorption molecules between the solid and liquid phase 
when the sorption system is at equilibrium state. The selec-

tion of suitable isotherm model for the design of adsorption 
system is basic criterion in the biosorption isotherm. This is 
accomplished by the data analysis in which the experimen-
tal isothermal data are fitted to different isotherm models 
[38]. It gives an idea about the interaction of solute with 
biosorbents.

In the present investigation, three different isothermal 
models were used to study the biosorption process namely 
Langmuir, Freundlich, and Temkin isotherm models [39]. 
The R2 was taken into account for predicting the applica-
bility of the isotherm model for the biosorption of MG onto 
PGC biomass.

3.6.1. Langmuir model

Langmuir model [40] is described based on the assump-
tion that accumulation of saturated monolayer on the 
surface of the biosorbent corresponds to the maximum bio-
sorption, and there is no further interaction between the 
adsorbed species. The Langmuir model is expressed by the 
following equation: 

q
K q C

K Ce
L e

L e

=
+

max

1
 (3)

where, qe (mg/g) is the amount of dye adsorbed per unit 
mass of the biosorbent and Ce (mg/L) is the unadsorbed 
dye concentration in solution at equilibrium, qmax is maxi-
mum amount of dye adsorbed per unit mass of the biosor-
bent in order to form solute monolayer on the surface of 
algal biomass at an equilibrium concentration, and KL is a 
binding affinity constant related to the affinity towards the 
sorbate (L/mg). The linearized form of Langmuir isotherm 
equation is as follows:

1 1 1 1
q K q C qe L e

=








 +

max max

 (4)

If the plot of specific adsorption (1/qe) against the equi-
librium concentration (1/Ce) is linear, then it is concluded 
that particular adsorption system obeys the Langmuir 
model. The Langmuir constants qmax and KL were deter-
mined from the slope and intercept of the plot and are pre-
sented in Table 2.

The most essential characteristics of the Langmuir iso-
therm can be described in terms of a dimensionless Lang-
muir separation factor RL and is presented in the following 
equation [41].

R
K CL

L

=
+

1
1 0( )

 (5)

where C0 is the maximum initial concentration of adsorbate 
(mg/L), and KL (L/mg) is Langmuir constant.

The separation factor RL can be described on the shape 
of isotherm either unfavorable (RL > 1), linear (RL = 1), 
favorable (0 < RL < 1), or irreversible (RL = 0). In the case of 
favorable isotherm, the RL values are between 0 and 1. In 
the present study, biosorption of MG onto PGC biomass, 
the RL value was found to be 0.246 (Table 3). Therefore, the 
adsorption is favorable.

Fig. 7. Effect of agitation rate on biosorption of malachite green 
by PGC biomass (V: 100 mL; M: 0.1 g/100 mL; Temp: 30°C; 
pH: 10.0).
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3.6.2. Freundlich isotherm

Freundlich isotherm [42] is an empirical relation 
assumes heterogeneous adsorption due to the diversified 
distribution of adsorption sites on the surface of the biosor-
bent. The Freundlich equation is expressed as follows:

q K Ce F e
n= 1/  (6)

From the Freundlich equation, KF (mg/g) is the 
biosorption capacity of the sorbent and n represents the 
biosorption favorability. The Freundlich isotherm model 
is used to determine deducible constants. The degree of 
exponent, 1/n describes the favorability of biosorption 
process. Suppose, n > 1, then it naturally reflects that 
adsorption is favorable. A plot of ln(qe) against ln(Ce) derived 
from linearized Freundlich equation is used to determine 
the constant values KF and 1/n.

ln ln lnq K
n

Ce F e= +
1

 (7)

From the slope and intercept values of the plot, n and KF 
are calculated and tabulated in Table 2.

3.6.3. Temkin isotherm

Temkin and Pyzhev described the interaction between 
the adsorbate and adsorbent interactions on adsorption 
isotherms. It assumes that the heat of adsorption decreases 
linearly on a surface [43] and the molecules adsorbed over 
the surface is epitomized with consistent binding energies 

up to a notable maximum value. As a result, Temkin and 
Pyzhev suggested that due to the effect of indirect interac-
tion of sorbate molecules, there is a significant reduction in 
the heat of adsorption of the sorbate on the surface of the 
adsorbent. The general Temkin isotherm is presented as 
follows:

q
RT
b

Ce e= 





 (ln )

 (8)

Eq. (8) is linearized and written as follows:

q Ce e= BlnA+BIn  (9)

where B = RT/b, b is the Temkin constant related to heat of 
sorption (J/mol); A is the Temkin isotherm constant (L/g), 
R the universal gas constant (8.314 J/mol K) and T the abso-
lute temperature (K).

Therefore, by plotting qe versus ln Ce the constants A and 
B are determined and the constants A and B are listed in 
Table 2.

The experimental data were analyzed using Langmuir, 
Freundlich, and Temkin isotherms. Langmuir isotherm 
model was found to fit well with the experimental data 
obtained from biosorption of MG onto PGC biomass due to 
larger R2 value of 0.994 as shown in Table 2. It confirms the 
experimental data into Langmuir isotherm equation. Hence, 
it indicates the homogeneous nature of PGC biomass sur-
face, that is, each dye molecule/PGC biomass adsorption 
had equal binding energy. The maximum Langmuir bio-
sorption capacity was found to be 100.00 mg/g. The results 
also demonstrated the formation of monolayer coverage of 
MG on the surface of PGC biomass. Table 4 compares the 
bisorption capacity of different types of adsorbent used for 
removal of MG. The value of qmax in this study is larger than 
those in most of previous works. This suggests that MG 
could be easily adsorbed on surface of PGC biomass.

3.7. Biosorption kinetics

In biosorption process, kinetic study plays an import-
ant role in the design of an appropriate sorption treatment 
system [52,53]. It predicts the minimum time required for 
the uptake of dye on to the surface of the biosorbent from 
an aqueous solution. Therefore, it enables to determine the 
residence time of the biosorption process. In the present 
study, pseudo-first-order and second-order kinetic models 
are adopted to examine the mechanism of the biosorption 
process [54]. It is written as follows:

Table 2
Langmuir, Freundlich, and Temkin isotherm model constants 
and correlation coefficients for adsorption of MG onto PGC 
biomass

Isotherm Parameters

Langmuir

qmax 100.00

KL 0.0306

R2 0.994

RMSE 3.745

Freundlich

KF 4.375

n 1.414

R2 0.986

RMSE 2.226

Temkin

A 0.305

B 22.21

R2 0.919

RMSE 3.456

Table 3
Langmuir separation factor for PGC biomass

Initial MG dye concentration (mg/L) RL

20 0.620
40 0.449
60 0.352
80 0.290
100 0.246
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dq
dt

k q qt
e t= −1( )

 (10)

Integrating this for the boundary conditions from t = 0 
to t = t and from qt = 0 to qt = qt, gives the following equation:

log( )
log

.
q q

q k t
e t

e− =
− 1

2 303  (11)

where k1 is the rate constant (1/h), qe the solute uptake on 
the biosorbent surface at equilibrium (mg/g), qt the amount 
of solute adsorbed at any time (mg/g). A plot of log (qe − qt) 
versus t gives the value of the biosorption rate constant (k1) 
for MG sorption by PGC biomass. The pseudo-first-order 
model parameters are summarized in Table 5. Generally, 
Lagergren’s first-order equation is not relevant to the whole 
period of adsorption process. However, it is only applica-
ble in the initial stage of biosorption process. In the pres-
ent study, the R2 values obtained were comparatively small 
and the experimental qe values were not predicted from 
the linear plots (Table 5). Therefore, it is suggested that 
the biosorption of MG on PGC biomass is not likely to fol-
low the pseudo-first-order at initial MG concentrations as 
examined [55].

The next model used for the kinetic data analysis is the 
pseudo-second-order model. The equation is written based 
on equilibrium adsorption [56] and is expressed as follows:

t
q k q

t
qt e e

= +
1

2
2

 (12)

where (qe) equilibrium adsorption capacity and k2 (g/mg h). 
The second-order rate constant can be determined from the 
plot of t/qt versus t. The values of k2 and qe were computed 
from the model and are presented with their respective 

coefficient of determination in Table 5. Table 5 indicates the 
applicability of this model to describe the adsorption pro-
cess of MG onto PGC biomass. 

In pseudo-second-order model, it is assumed that the 
sorption capacity is proportional to the number of active 
sites occupied on the sorbent; hence the kinetic rate law [56] 
can be written as Eq. (13):

t
q h

t
qt e

= +










1 1

 (13)

where h = k2 / qe
2 . The values 1/h and qe can be determined 

from the intercept and slope, respectively, from a linear plot 
of t/qt and time. 

Weber and Morris proposed a model based on the intra-
particle diffusion theory [57]. It was used to describe the 
diffusion mechanism in the biosorption process. It can be 
written as follows:

q K t Ct id= +1 2/

 (14)

where C and kid are intercept and the intraparticle diffu-
sion rate constant (mg/g h1/2), respectively, which can be 
evaluated from the plot qt versus t1/2 and the correspond-
ing values are listed in Table 5. The boundary layer effect 
explains the rate controlling steps. The intercept of the plot 
represents the boundary layer effect. Larger the intercept, 
greater the contribution of the surface sorption in the rate 

Table 4
Comparison of biosorption capacities of various adsorbents for 
Malachite Green

Adsorbents qmax (mg/g) T (°C) Reference

PGC biomass 100.00 30 This study
Treated ginger 
waste

84.03 30 [44]

Raw S. swartzii 
biomass

76.92 30 [21]

Turbinaria 
conoides

66.6 30 [45]

Rattan saw dust 62.71 30 [46]
Lemon Peel 51.73 32 [47]
Caulerpa 
racemosa 

25.67 30 [48]

Saccharomyces 
cerevisae

17 35 [49]

Arundo donax 
root carbon

9.35 40 [50]

Tamarind fruit 
shell

1.95 30 [51]

Table 5
Kinetic parameters for the MG biosorption onto PGC biomass

Kinetic model Parameters

Pseudo-first-order

K1(1/min) 0.0276

qe,cal (mg/g) 64.60

R2 0.922

RMSE 0.384

Pseudo-second-order

K2 (g/mg min) 0.0042

h (mg/(g min) 18.86

qe,cal (mg/g) 66.67

R2 0.997

RMSE 0.481

Intraparticle diffusion

Kid (mg/g h1/2) 5.473

C 16.81

R2 0.752

External diffusion

Kext (1/min) 0.002

R2 0.912
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controlling step. If the plot of qt versus t1/2 is linear and the 
regression of the line passes through the origin, one can say 
that rate-limiting step is governed by intraparticle diffu-
sion. However, in the present study at various concentra-
tions, an absolute linearity was not obtained hence they did 
not pass through the origin. This clearly illustrated that the 
intraparticle diffusion was not only the sole rate controlling 
step. It may be due to the differences in the mass transfer in 
the initial and final stages of adsorption process. 

The external diffusion model or boundary model [58] 
is based on the assumption that the solute concentration 
is negligible at time, t = 0 and as a result, the intraparticle 
diffusion is negligible. The external diffusion model can be 
written as follows:

In
C
C

k tt
ext

0

= −
 (15)

A plot of ln(Ct) versus time gives a linear relationship 
for external diffusion model from which the model param-
eters are calculated and presented in Table 3.

From Table 5, it is observed that the experimental data 
fitted well with pseudo-second-order model when com-
pared with pseudo-first-order model, intraparticle diffu-
sion model and external diffusion model (boundary model). 
Hence, the pseudo-second-order model better represented 
the adsorption kinetics.

3.8. Thermodynamic studies

The thermodynamic study is based on the assumption 
that in an isolated system, energy cannot be lost or gained, 
where change in entropy acts as the driving force [59]. 
The Gibbs free energy change is related to the equilibrium 
constant for biosorption of MG onto PGC biomass and is 
expressed as follows:

∆ ° = −G RT cIn K  (16)

where G° is the standard free energy change (J mol−1), 
T the absolute temperature (K) and R gas constant 
(J mol−1 K−1), K (L g−1) an equilibrium constant (Kc) obtained 
by multiplying the Langmuir constants qm and KL.

Vant Hoff’s equation gives a general relation between 
the standard enthalpy change and standard entropy change 
which is expressed as follows:

ln K
H

RT
S
Rc =

−∆ °
+
∆ °

 (17)

where Kc is equilibrium constant for sorption, R gas con-
stant (J mol−1 K−1), T temperature (K). The value of ΔH° was 
calculated from the slope of the linear regression of ln Kc 
versus 1/T. The Kc value was determined by the relation 
given as follows:

K
q
Cc

e

e

=
 (18)

where qe denotes the quantity of MG adsorbed on PGC 
biomass at equilibrium (mg/L), Ce is the MG in solution at 
equilibrium concentration (mg/L).

The various thermodynamic parameters obtained for 
the biosorption of MG by PGC biomass are given in Table 6. 
The negative value of ΔG° indicates the feasibility of the 
sorption process and the spontaneous nature of the bio-
sorption of MG onto PGC biomass. Hence, it confirmed 
the affinity of PGC biomass for MG sorption. The positive 
value of ΔH° implied that the adsorption phenomenon is 
endothermic in nature. The ΔS° is positive and revealed 
that there is an increase in randomness at the solid–liquid 
interface during the sorption of MG onto the surface of PGC 
biomass.

3.9. Regeneration studies

In the biosorption technology, regeneration and recy-
cle of the spent biosorbent are most important and advan-
tageous to reduce the cost for the large scale operation. 
Desorption process can be used for the regeneration of the 
exhausted biosorbent. From Fig. 4, it is observed that acidic 
condition was unfavorable for the biosorption of MG on 
PGC biomass. Therefore, acidic treatment can be used for 
the efficient desorbing agent for the successive usage of 
biomass. PGC biomass was effectively utilized for the bio-
sorption of MG. From this study, it was observed that the 
biosorption capacity of PGC biomass tends to decrease after 
each cycle of operation viz. 57.72 mg/g, 53.56 mg/g and 
47.5 mg/g, respectively. However, there was only a small 
decrease in the biosorption capacity. Thus, it is understood 
that APC biomass has good biosorption capacity due to the 
presence of large number of functional groups which are 
safely preserved in the PGC biomass. Hence, the acid treat-
ment eliminates the sorbates and other metal ions and cre-
ates vacancy of active binding sites in the biomass surface. 

3.10. Column studies

The process parameters were optimized from batch 
experiments and proved that PGC biomass has an excellent 
biosorption capacity. Therefore, the same biosorbent was 
used in a fixed-bed column to treat the MG bearing waste-
water for continuous operation (Fig. 8). The breakthrough 
curve while passing the MG dye solution through the PGC 
biomass is shown in Fig. 9. Due to the accumulation of MG 
ions in the PGC biomass, there is no vacant space for occu-
pying the adsorbate molecules. Therefore, both the outlet 
and inlet concentrations are consistent. Hence, no more bio-
sorption is possible on to the PGC biomass. Thus, it was 
re-utilized after the successful regeneration process. In the 

Table 6
Thermodynamic parameters of PGC biomass at different 
temperature

Temp. 
(K)

KC ΔG° 
(kJ/mol)

ΔH° 
(kJ/mol)

ΔS° 
(kJ/mol/K)

303 1.639 –1,246.23

313 2.333 –2,205.17

323 3.073 –3,015.44 25,557.23 88.541

333 4.128 –3,925.85



M. Jerold et al. / Desalination and Water Treatment 66 (2017) 251–262260

present study, ~60 mL of aqueous dye solution was treated 
in a fixed bed column packed with PGC biomass. Thus, 
PGC biomass can be effectively used as biosorbent for the 
treatment of aqueous MG bearing wastewater.

4. Conclusion

The biosorption capacity of PGC biomass for the removal 
of cationic dye MG from the aqueous solution was analyzed 
in the present investigation. The removal of MG by PGC 
biomass was classically optimized and investigated under 
different process conditions. Equilibrium results were well 
correlated with Langmuir isotherm in comparison with 
other isotherm models. The pseudo-second-order model 
was found to fit well with dynamic adsorption behavior. 
The thermodynamic parameters such as ΔH, ΔG and ΔS 
showed that the biosorption of MG ions onto PGC biomass 
was spontaneous, endothermic and increased randomness 
under the present experimental conditions. The regenerated 
PGC biomass has an appreciable dye uptake capacity. The 
dried PGC biomass was shown to have a fine mechanical 

stability, flow permeability and MG uptake capacity in col-
umn operations. Therefore, the present study proved that 
PGC biomass has an excellent dye removal capacity. Hence, 
PGC biomass can be used as a promising biosorbent for the 
removal of MG from aqueous phase.

Symbols

A — Temkin isotherm constant, L/g
B — Temkin isotherm constant, L/g
b —  Temkin constant related to heat of sorption, 

J/mol
C — Intercept
C0 —  Maximum initial concentration of adsorbate, 

mg/L, initial dye concentration, mg/L
Ce — Dye concentration at equilibrium, mg/L
ΔG° — Gibb’s free energy 
ΔH° — Enthalpy change
KF —  Adsorption capacity of the sorbent mg/g, 

L/mg
Kid —  Intraparticle diffusion rate constant, mg/g h1/2

KL —  Langmuir constant related the binding site 
affinity towards the sorbate, L/mg

M — Mass of the biosorbent, g/L
k2 — Second-order constants, g/mg h
n —  Represents the favorability of the adsorption 

process
qmax —  Maximum dye uptake per unit mass of the 

biosorbent to form monolayer, mg/g
qe — Equilibrium adsorption capacity, mg/g
qt — Dye uptake at different time, mg/g
R — Gas constant, 8.314 J/mol K 
RL — Langmuir separation factor
ΔS° — Entropy change
T — Adsorption temperature, K
V — Volume of dye solution, mL
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