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a b s t r a c t
Bio-energy is an emerging field to address the energy crisis. The biomaterials used in bio-energy pro-
duction processes undergo various chemical/physical/biological treatments which lead to the activa-
tion of biomass. The exploitation of residual biomass of bio-energy processes for wastewater treatment 
is an attractive option. In this work, the de-oiled/residual biomass of an insect species; Trogoderma 
granarium (khapra beetle) which was neither previously exploited for biofuel production nor for 
wastewater treatment was tested for the adsorptive removal of Drimarine Yellow HF-3GL dye from 
aqueous solution. The study was designed in batch mode, and important influencing parameters have 
been optimized including pH, contact time, biomass dosage, temperature and initial dye concentra-
tion. The residual insect biomass depicted maximum adsorption capacity (481.9 mg/g) by keeping 
solution pH 2 and temperature at 30°C. Adsorption of Drimarine Yellow HF-3GL dye onto insect 
residual biomass was found to be a quick process and equilibrium was attained within 15 min. The 
adsorption mechanism was investigated by applying different equilibrium models. Thermodynamic 
study was also conducted to check out the feasibility of process. Different kinetic models have been 
applied on experimental results and pseudo-second-order kinetic model was found to be best fitted on 
the experimental results. The biomass was characterized by Fourier transform infrared spectrometer 
analysis, scanning electron microscope analysis and point of zero charge determination (pHpzc). The 
study results indicated that Trogoderma granarium de-oiled biomass has good adsorption potential and 
bio-energy process residues can be an attractive option for reducing the water pollution.

Keywords:  Trogoderma granarium (khapra beetle); Adsorption; Equilibrium study; Kinetic study; 
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1. Introduction

There are two major challenges which the people of this 
planet are currently facing: energy crisis and environmental 
pollution [1]. The requirements of transportation fuel are 
mostly fulfilled by fossil fuels globally [2]. The alternative 

energy resources have become an important strategic direc-
tion of global energy structure. This is majorly due to con-
tinuous consumption and depletion of fossil fuel reserves 
[3]. Researchers are attempting to explore novel biomateri-
als with good potential for biofuel production. The poten-
tial of insects for biofuels production is an emerging field. 
Trogoderma granarium (khapra beetle) is a serious pest of 
stored grains and a lot of studies have been reported on the 
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control measures of Trogoderma granarium with food safety 
point of view [4–9]. But it is a very potential option for bio-
fuel production with 53% fat content in its body. No study 
has yet been conducted to explore the potential of this pest 
for bio-energy production. Insects are most diverse group of 
organisms but no literature has been available which show 
the exploitation of insect biomass for wastewater treatment.

Water pollution is a serious concern for everyone because 
the availability of clean water resources is limited [10,11]. 
There is an increase in daily water consumption require-
ments due to rapid population growth. Faisalabad is the 
major textile city of Pakistan with large number of textile 
industries. Textile sector of Pakistan has major contribu-
tion in the economy of the country but along with this, it 
is also a major contributor of water pollution. Most of the 
textile industries are releasing their effluents without any 
treatment which contains high amount of synthetic dyes [12]. 
This colored effluent is creating aesthetic and health prob-
lems for human beings and aquatic organisms. The colored 
wastewater blocks the sunlight penetration into water which 
results in the decrease of photosynthesis by aquatic plant 
which ultimately results in disturbance of aquatic life.

Different techniques are adopted and tested by different 
scientists to suggest efficient and cost-effective way for reduc-
ing the water pollution. Adsorption has been found efficient 
for the treatment of wastewaters. The functional groups on 
the surface of biomass attach the contaminant molecules 
on its surface and decolorize the water. The exploitation 
of waste materials for this purpose is most suggested and 
attractive option. During bio-energy production processes, 
the biomaterials undergo various chemical, physical and bio-
logical treatments which lead to the activation of biomass. 
The left over biomass after biofuel production process can 
be exploited as a good adsorbent for wastewater treatment.

In adsorption process, the recovery and reuse of biomass 
is an important step for scale up applications. Immobilization 
of biomass on a suitable supporting matrix has also proved 
beneficial for scale up studies of wastewater treatment pro-
cess [13,14]. Moreover the immobilization of biomass also 
helps in the solid–liquid separation and minimizes the bio-
mass clogging issues in continuous flow systems. Different 
polymeric materials can be used for the immobilization of 
biomass, for example, alginate, chitosan, chitin and cellulose 
derivatives, etc. [15,16]. The present study was designed to 
evaluate the adsorption potential of Trogoderma granarium 
de-oiled biomass in free and immobilized forms for the 
removal of Drimarine Yellow HF-3GL dye from aqueous 
solution. Important influencing parameters have been opti-
mized during batch mode experimentation.

2. Materials and methods

2.1. Preparation of biomass

The Trogoderma granarium larvae were obtained from 
Insect biofuel Lab, Punjab Bioenergy Institute, University of 
Agriculture, Faisalabad. The insect larvae were put into hot 
boiling water for instant death. The dead insect larvae were 
oven dried at 103°C for 24 h. Dried biomass was subjected to 
fat extraction in Soxhlet extractor using n-hexane at 60°C. The 
extracted fat was tested for biofuel production. The de-oiled 

biomass left after fat extraction was washed twice with dis-
tilled water and dried in oven at 103°C for 24 h. The dried 
biomass was ground and sieved to 300 µm mesh size by 
using sieve shaker (OCT-DIGITAL 4527-01, Endecotts Ltd., 
London, England).

2.2. Surface modification of biomass

In surface modifications, 1 g of Trogoderma granarium 
de-oiled biomass was treated with 5% solution of HCl, H2SO4 
and NaOH. The chemical treatment was carried out in orbital 
shaker at 30°C and 120 rpm shaking speed for 1 h. Then, the 
modified biomass was washed with double-distilled water 
and filtered. The modified biomass was dried in oven at 
103°C for 24 h and grounded for experimental use [17].

2.3. Immobilization of biomass

Biomass immobilization is an important step in waste-
water treatment process because immobilized biomass helps 
in easy separation of adsorbent from the solution after com-
pletion of process. In the current study, sodium alginate was 
used to immobilize the adsorbent and the method used for 
immobilization of biomass was as reported previously by 
Bayramoglu et al. [16]. Brief description of this method is 
that in the first step, sodium alginate (2.0 g) was dissolved in 
100 mL of water by heating and then the solution was cooled 
down. Insect de-oiled biomass (1 g/100 mL) was added 
to above mixture and mixed until to form a homogeneous 
mixture. Then the mixture was dropped into a solution of 
0.1 M CaCl2 to form uniform beads of immobilized biomass 
and finally the beads were washed with distilled water and 
stored at 4°C in 0.05 M CaCl2 solution.

2.4. Preparation of aqueous dye solution

Drimarine Yellow HF-3GL dye was obtained from 
Clariant Pakistan Limited, Faisalabad, Pakistan. For the 
experimental work, stock solution 1,000 mg/L strength was 
prepared and the experimental solutions of different concen-
tration were made by further dilutions. Drimarine Yellow 
HF-3GL dye was anionic in nature and its λmax was 429 nm.

2.5. Batch experimental program

The batch mode study was conducted to optimize 
important influencing parameters which include pH, contact 
time, biomass dosage, initial dye concentration and tempera-
ture. The experiments were conducted with free and immo-
bilized form of biomass in order to compare the adsorption 
potential of biomass in both of these forms. The experiments 
were conducted in 250 mL conical flasks containing 50 mL of 
dye solution of known pH, dye concentration and biomass 
dose and were shaken in orbital shaking incubator (SI Series, 
Sheldon Manufacturing Inc., USA) at 120 rpm shaking speed. 
Classical approach was adopted in this study in which one 
parameter is optimized at a time by keeping all other vari-
ables constant. Blank solutions were run under same condi-
tions except the addition of biomass. pH of the solution was 
adjusted using 0.1 M HCl and NaOH solutions. All the exper-
iments were performed in triplicate and reported values are 
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mean ± SD. After certain time, the samples were taken out 
and centrifugation was performed at 5,000 rpm for 20 min 
and concentration of remaining dye solution was determined 
by using UV–Vis spectrophotometer (Schimadzu, Japan).

The amount of dye adsorbed, qe (mg/g), was calculated 
using the following relationship:

q
C C v
We

o e=
−( )

 (1)

where Co is the initial dye concentration (mg/L), Ce is the 
equilibrium dye concentration (mg/L), V is the volume of the 
solution (L) and W is the mass of the biosorbent (g).

2.6. Kinetic study

For the kinetic study of adsorption process, the 
experimental data obtained from the optimization of contact 
time parameter was used. The contact time was optimized 
by using two different biomass dosages (0.1 and 0.05 g). The 
flasks were agitated for various time intervals (0–240 min) 
on an orbital shaker at 120 rpm under constant temperature 
(30°C). The samples were taken at different time intervals, 
centrifuged and analyzed for remaining dye concentrations 
as described before. The kinetic data were analyzed using 
pseudo-first order [18], pseudo-second order [19] and 
intra-particle diffusion [20] kinetic models.

2.7. Equilibrium study

For the equilibrium study, the experimental data obtained 
from the optimization of initial dye concentration experiment 
were used. This experiment was conducted by using differ-
ent initial dye concentrations (10–1,000 mg/L) by dilution 
method. The experiments were carried out by taking known 
amount of Trogoderma granarium de-oiled biomass. The shak-
ing speed was set at 120 rpm keeping temperature constant 
(30°C). The most commonly employed adsorption isotherm 
models were applied on the experimental data including 
Langmuir [21], Freundlich [22], Temkin [23], Harkins–Jura 
isotherm model [24] and Dubinin–Radushkevich (D–R) 
adsorption isotherm model [25].

2.8. Thermodynamic study

The effect of temperature on the removal of dye by 
using insect de-oiled biomass was investigated by varying 
the reaction temperature from 303 to 343 K. On the basis of 
experimental results, different thermodynamic parameters 
such as enthalpy changes (ΔH), entropy changes (ΔS) and 
Gibbs free energy changes (ΔG) were determined.

2.9. Characterization of biomass

The chemical characteristics of insect de-oiled free and 
immobilized forms of biomass were analyzed and inter-
preted by Fourier transform infrared spectrometer (FT-IR) 
with the samples prepared as KBr discs.

The point of zero charge (pHpzc) was determined by 
solid addition method [26]. A series of 0.1 M KNO3 solutions 

(50 mL each) were prepared and their pH was adjusted in 
the range of 1.0 to 12.0 by addition of 0.1 N HCl and NaOH. 
To each solution, 0.1 g of biosorbent was added and the sus-
pensions were shaked manually and solution was kept for a 
period of 48 h with intermittent manual shaking. The final 
pH of the solution was recorded and difference between ini-
tial and final pH (ΔpH) (Y-axis) was plotted against initial 
pH (X-axis). The point of intersection of this curve yielded 
point of zero charge.

The surface structure of Trogoderma granarium de-oiled 
biomass was analyzed by JMT 300 scanning electron micro-
scope (SEM; JEOL, USA).

2.10. Desorption study

Sorption procedure was carried out by adding 0.1 g of 
biosorbent in 50 mg/L of dye solution at optimized pH and 
temperature for 3 h. The amount of dye sorbed (mg/g) was 
calculated. Then filtered the dye solution and dried the dye 
loaded biosorbent in oven at 60°C and studied desorption 
process by shaking the dried biomass with different con-
centrations of NaOH and HCl ranging from 0.2% to 1.0%. 
The amount of dye desorbed (mg/g) was calculated. The % 
desorption can be estimated by using the following equation:

Desorption
Amount of dye desorbed mg.g

Amount of 
%( )=

( )





−1

ddye sorbed mg.g−( )




×

1
100  (2)

3. Results and discussion

3.1. Fat extraction from Trogoderma granarium larvae

The fat extraction was carried out in Soxhlet apparatus 
using n-Hexane as solvent. The extraction was done at 60°C. 
The complete fat extraction was achieved in almost 90 min. 
The total fat content from Trogoderma granarium dried dead 
insect larvae was 53% which shows very high fat content 
as compared with fat contents in other insects reported by 
different researchers [27]. The fat content in the insect body 
is different in its different developmental stages. The larval 
stage was selected for the estimation of fat contents because 
some researchers have reported that the maximum fat con-
tent in insect body is higher in its larval and pupal stages [28]. 
The high fat content and shorter fat extraction time (90 min) 
of the Trogoderma granarium makes it a very potential and 
economical option for biofuel production.

3.2. Surface modification of Trogoderma granarium de-oiled insect 
biomass

The biomass of Trogoderma granarium left after fat 
extraction was utilized for the treatment of textile efflu-
ents. An experiment was conducted to check whether the 
de-oiled biomass needs some more surface modification in 
order to enhance its adsorption potential or not. For this 
purpose, the de-oiled biomass was treated with acids (HCl 
and H2SO4) and alkali (NaOH). Usually, the acid treatment 
results in remarkable enhancement of adsorption capacity of 
biomass [29]. Acid treatment results in the removal of impu-
rities from the surface of biomass which leads to enhanced 
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surface area and opening of binding sites [30]. The treated 
biomasses were tested for the removal of Drimarine Yellow 
HF-3GL dye. The experimental results indicated that the 
treatment of de-oiled Trogoderma granarium biomass with 
acids and alkali does not enhance its adsorption poten-
tial. 20.8 mg/g was the adsorption capacity by untreated 
de-oiled biomass. After treatment with HCl, H2SO4 and 
NaOH, the adsorption capacity was found to be 21.1, 20.6 
and 17.2 mg/g, respectively. These results clearly depict 
that after pretreatment with weak acidic and alkali solution, 
there is no remarkable change in the adsorption capacity of 
biomass. This might be due to the fact that the fat extraction 
process itself acts as a surface modification step for the insect 
larvae biomass. The insect biomass remains in contact with 
n-hexane for 90 min at 60°C which results in opening of all 
the binding sites present on the surface of biomass. All the 
fat content present in the insect biomass has been removed 
due to its solubility into organic solvent (n-hexane). The 
biomass active sites become exposed during fat extraction 
process and the biomass does not require any further sur-
face modification.

3.3. Characterization of biomass

FT-IR analysis gives us important information regarding 
the involvement of functional groups in the reaction/process 
studied. The FT-IR analysis of unloaded and Drimarine 
Yellow HF-3GL dye loaded Trogoderma granarium biomass 
(free and immobilized forms) is presented in Figs. 1 and 2, 
respectively. From Fig. 1(a), the presence of peak at 3,300 cm–1 
indicates the involvement of O–H group on the surface of bio-
mass. The peak at 1,650 cm–1 shows the presence of carbonyl 
group and peak at about 2,900 cm–1 is due to the C–H stretch-
ing. The disappearance of peak at 2,900 cm–1 was observed 
in case of immobilized biomass (Fig. 2(a)) which might be 
the reason of low adsorption capacity of immobilized form of 
biomass as compared with the free form of biomass. Due to 
specific interaction between biomass functional groups and 
dye molecules, a clear change in the % transmittance of peaks 
in dye loaded and unloaded spectra was observed. This 
interaction of functional groups and dye molecules resulted 
in vanishing and broadening of some peaks which confirms 
the involvement of these functional groups in adsorption 
process.

(a)

(b)

Fig. 1. FT-IR spectra of Trogoderma granarium de-oiled free form of (a) unloaded biomass and (b) Drimarine Yellow HF-3GL dye loaded 
biomass.
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pHpzc is an important characteristic of biomass which 
should be determined in order to investigate the mechanism 
of adsorption process. It is the pH at which biomass carries 
no charge. Above this pH, it will carry negative charge and 
below this, it will carry positive charge. Point of zero charge of 
de-oiled Trogoderma granarium biomass was also determined 
by the method previously described in methodology section. 
The pHpzc for free form of biomass was found to be 6.3 and for 
immobilized biomass, it was 7.0 (Fig. 3). This slight difference 
in the pHpzc of free and immobilized biomass is due to the 
involvement of immobilization matrix. Adsorption of cations 
is favored at pH > pHpzc while adsorption of anions is favored 
at pH < pHpzc. Below pHpzc, the functional groups present on 
the surface of biomass become protonated which facilitate 
the adsorption of anionic dyes on the surface of biomass [31].

The surface features and morphological characteristics 
of the de-oiled insect biomass were studied by using SEM. 
It is used to determine the particle shape and porous struc-
ture of biomass. Greater number of pores shows greater 
adsorption capacity of biomass. Typical SEM photograph 
of Trogoderma granarium de-oiled biomass is shown in Fig. 4 
which indicated the porous texture of the biomass with 
high heterogeneity that could contribute to the adsorption 
of the dye.

3.4. Batch adsorption study

3.4.1. Effect of pH

pH is a very influencing parameter in the adsorption 
process. The solution pH not only controls the availability of 
adsorbate molecules to the adsorbent but it also controls the 
activity of functional groups present on the surface of adsor-
bent [32]. To investigate the effect of this important parameter 
on the adsorptive removal of Drimarine Yellow HF-3GL dye 
by de-oiled biomass of Trogoderma granarium larvae, the solu-
tion pH was varied from 2 to 9. The experiment was performed 
with free and immobilized form of biomass to compare their 
adsorption potential (Fig. 5(a)). The results indicated that 
acidic range of pH was favorable for the removal of dye from 
aqueous solution. Maximum dye removal (20.2 mg/g) was 
achieved at pH 2 with free form of biomass. The adsorption 
potential of biomass was significantly reduced at higher pH 
values. This can be attributed due to the fact that at lower 
pH, the protonation of surface functional groups takes place 
which leads to the high attraction of biomass for the anionic 
dye molecules. At higher pH, the concentration of negatively 
charged species (OH–) increases in the solution which creates 
a competition between anionic dye molecules and OH–

 ions to 
adsorb on the surface of biomass. This factor overall results in 

(a)

(b)

Fig. 2. FT-IR spectra of Trogoderma granarium de-oiled immobilized form of (a) unloaded biomass and (b) Drimarine Yellow HF-3GL 
dye loaded biomass.
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decreased adsorption of dye molecules. The observed trend 
of favorable adsorption at acidic pH can also be confirmed 
by our results of pHpzc determination. Many studies have 

been reported by different researchers in which anionic dye 
 molecules show more adsorption onto the surface of  biomass 
in acidic range of pH [33,34].

3.4.2. Effect of contact time and biosorbent dose

To investigate the optimum time required for attainment 
of equilibrium in adsorption process, the experiment was 
conducted by varying the reaction time from 0 to 240 min. 
The trial was conducted by using two different biomass doses 
(0.05 g/50 mL and 0.1 g/50 mL). The experimental results 
indicated that the adsorption process was fast initially. With 
the progress of time, the rate of adsorption becomes slower. 
Overall, the equilibrium was achieved within 15 min. After 
15 min, no remarkable change in adsorption was observed. 
This might be due to the fact that in the start of reaction, large 
number of active sites is available for the adsorption of dye 
molecules. With the passage of time, the dye molecules get 
attached on the binding sites and active sites become satu-
rated [35]. When no more active sites remain available for 
further adsorption, the equilibrium is achieved. In this study, 
the equilibrium was achieved in 15 min. The results are 
shown in Fig. 5(b) which clearly indicates that free form of 
biomass shows more adsorption potential as compared with 
the immobilized form of biomass. This might be due to the 
fact that immobilization may result in the blocking of active 
sites and dye molecules become unable to reach the active 
sites [36]. In case of immobilization of biomass, the biosor-
bent particles exist inside the immobilization matrix and dye 
molecules face resistance to reach the binding sites. These 
factors lead to the reduced adsorption capacity with immo-
bilized biomass as compared with free form of biomass. 
The amount of biomass is also an influencing parameter as 
it helps in estimating the amount of biomass required for 
effective water treatment process. Among the two biomass 
dosages tested, the maximum dye removal was achieved 
with 0.05 g biomass. At higher biomass dosage (0.1 g), less 
removal of dye was observed. The decrease in the amount 
of dye adsorbed, qe (mg/g) with increasing amount of biosor-
bent is due to the split in concentration gradient between sol-
ute concentration in the solution and solute concentration on 
the surface of the biomass [37]. Another factor is that when 
biomass concentration increases it may lead to the aggrega-
tion of particles which result in decreased effective surface 
area available for adsorption of dye and an increase in diffu-
sion path length [38].

3.4.3. Effect of initial dye concentration

In the wastewater treatment process, the amount of 
pollutant in the aqueous solution also affects the overall 
treatment process. The higher amount of target pollutant 
provides a driving force to cope with the mass transfer resis-
tance between solid and aqueous phase. The experiment was 
conducted by varying the initial dye concentration from 10 
to 1,000 mg/L and results are shown in Fig. 5(c). The results 
indicated that with the increase in initial dye concentration 
of Drimarine Yellow HF-3GL dye, there was an increase in 
adsorption of dye onto the surface of de-oiled insect bio-
mass. A sharp increase in adsorption capacity of biomass was 
observed when the initial dye concentration was varied from 
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Fig. 3. Point of zero charge of (a) free and (b) immobilized 
de-oiled biomass of Trogoderma granarium.

Fig. 4. SEM analysis of Trogoderma granarium de-oiled biomass.



I. Naz et al. / Desalination and Water Treatment 102 (2018) 326–339332

10 to 600 mg/L. Above this concentration; the adsorption 
capacity further increased but not so remarkably as it was up 
to 600 mg/L. The maximum adsorption capacity was found 
to be 481.9 mg/g with free form of biomass and 328.1 mg/g 
with immobilized form of biomass. This shows that when the 
dynamic balance between dye concentration and biosorbent 
biomass surface takes place equilibrium is established [39]. 
The higher initial dye concentration results in boosting up 
the adsorption process.

3.4.4. Effect of temperature

Generally, the textile industries release the wastewa-
ter at higher temperatures hence the temperature of water 
can be an influencing parameter for the adsorption process. 

The experiment was conducted at different temperatures in 
order to see the effect of temperature on adsorption capacity 
of biomass. The range of temperature was selected from 
303 to 343 K and results are shown in Fig. 5(d). The results 
show that maximum dye removal was obtained at 303 K. 
This shows exothermic nature of adsorption process. When 
temperature increased, the dye uptake capacity of adsorbent 
decreased. The decrease in adsorption capacity of Trogoderma 
granarium de-oiled biomass at higher temperature might be 
due to the weakening of attractive forces which are respon-
sible for the attachment of dye molecules onto the surface 
of biomass [40]. Another reason can also be the deactivation 
of biomass active sites at higher temperatures which results 
in the decrease in adsorption capacity of biomass at higher 
temperatures [41].
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Fig. 5. Effect of (a) pH, (b) contact time and biomass dosage, (c) initial dye concentration and (d) temperature on the removal of 
Drimarine Yellow HF-3GL dye by using Trogoderma granarium de-oiled biomass.
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3.5. Kinetic study

The study of rate controlling steps is an important fac-
tor during the designing of wastewater treatment systems. 
Different kinetic models have been applied on the experi-
mental data to understand the kinetics of adsorption process. 
The applicability of kinetic models was determined by mea-
suring the correlation coefficients (R2).

Pseudo-first-order kinetic model is based on the fact that 
the change in dye concentration with respect to time is pro-
portional to power one. The pseudo-first-order model is gen-
erally expressed as:

log( ) log .
.

q q q K t
e t e− = − 1 2 303  (3)

where qe and qt are the adsorption capacities (mg/g) at equilib-
rium and time t, respectively, K1 is the rate constant (L/min) and 
t is the contact time (min). A graph is plotted between log(qe–qt) 
vs. t and the result of application of model on the experimental 
data is summarized in Table 1. By the application of this model, 
there is very poor correlation coefficient (R2) and there was also 
very weak correlation between the experimental and predicted 
adsorption capacities. So results indicate incompatibility of 
pseudo-first-order kinetic model to the kinetic data.

Pseudo-second-order kinetic model is mostly applied to 
understand the mechanism of adsorption over a complete 
range of contact time.

The following expression is used for the application of 
pseudo-second-order kinetic model:

t
q K q

t
qt e e









= +

1

2
2  (4)

A plot between t/qt vs. t gives the value of the constants 
K2 (g/mg h) and qe (mg/g). The pseudo-second order param-
eters K2, qe calculated, qe experimental and R2 for adsorption 
of Drimarine Yellow HF-3GL dye by Trogoderma granarium 
de-oiled biomass are presented in Table 1. Results indicated 
that the calculated and experimental qe values are closer to 
each other and the value of correlation coefficient (R2) is also 
very high. So, pseudo-second-order kinetic model show best 
fitness to the kinetic data and it is more appropriate and 
effective than pseudo-first-order kinetic model.

The adsorption process involves multiple steps starting 
from the movement of dye molecules in aqueous solution 
to the attachment of molecules onto the surface of biomass. 
Usually the batch systems involve fast and continuous 
stirring, so the rate controlling steps may involve the film 
diffusion, intra-particle diffusion or both. The intra-particle 
diffusion equation is written as follows:

q K t Ct pi i= +1 2/
 (5)

where Ci is the intercept which describes the boundary 
layer thickness and Kpi (mg/g min1/2) is the rate constant of 
intra-particle diffusion. The values of Kpi and Ci and R2 for the 
adsorption of Drimarine Yellow HF-3GL dye by Trogoderma 
granarium de-oiled biomass are given in Table 1. The 
intra-particle diffusion model implies that the plot of qt vs. t1/2 
should be linear. If the intra-particle diffusion is involved in 
the adsorption reaction, then a plot of the amount of the solid 
adsorbed per unit mass of adsorbent (qt) against square root of 
time (t1/2) should give a straight line and the particle diffusion 
would be the controlling step if this line passed through the 
origin [42]. The application of kinetic models on the exper-
imental data has also been shown in Fig. 6. The poor value 
of correlation coefficient (R2) indicates that the adsorption 

Table 1
Kinetic modeling of data for the adsorptive removal of Drimarine Yellow HF-3GL dye by using Trogoderma granarium de-oiled biomass

Kinetic model Free biomass 
(0.05 g) 

Free biomass 
(0.1 g) 

Immobilized biomass 
(0.05 g)

Immobilized biomass 
(0.1 g)

Pseudo-first order

K1 (L/min) 0.007 0.002 0 0.009
qe experimental (mg/g) 38.12 19.32 16.51 10.75

qe calculated (mg/g) 3.365 1.462 1.976 1.513

R2 0.211 0.040 0.015 0.453

Pseudo-second order

K2 (g/mg min) 0.02 0.41 0.10 0.09

qe experimental (mg/g) 38.12 19.32 16.51 10.75

qe calculated (mg/g) 38.46 18.51 14.70 10.63

R2 0.999 0.999 0.999 0.999

Intra-particle diffusion

Kpi 1.49 0.67 0.44 0.38

Ci 21.46 11.60 10.44 6.459

R2 0.448 0.356 0.239 0.382
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of Drimarine Yellow HF-3GL dye by Trogoderma granarium 
de-oiled biomass did not follow intra-particle diffusion model.

3.6. Equilibrium study

Different equilibrium models have been applied by 
different researchers to understand the mechanism of adsorp-
tion process. If the adsorption process obeys chemisorption 
then Langmuir adsorption isotherm will show good cor-
relation with the experimental results. The linear form of 
Langmuir model can be written as:

C
q q b

C
q

e

e m

e

m

= +
1

 (6)

Here qm is the maximum adsorption capacity (mg/g) and 
b is the value for Langmuir constant. This constant b gives us 
the information about the energy of adsorption (L/mg). These 
values can be obtained by plotting a graph between Ce/qe vs. Ce.

RL is also an important characteristic of Langmuir 
adsorption isotherm model. It is dimensionless and constant 
separation factor for equilibrium parameter. The significance 
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Fig. 6. Application of (a) pseudo-first order, (b) pseudo-second order and (c) intra-particle diffusion model on experimental data for 
removal of Drimarine Yellow HF-3GL dye by Trogoderma granarium de-oiled biomass.
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of this dimensionless constant is that its value can help in 
indicating whether the isotherm is favorable, unfavorable or 
linear as for favorable isotherm RL (0 < RL < 1), unfavorable 
(RL > 1), irreversible (RL = 0) or linear (RL = 1). It can be calcu-
lated as [43]:

R
bCL

o

=
+

1
1

 (7)

Co is the initial dye concentration and b is the Langmuir 
constant. The values of Langmuir constants and R2 for the 
adsorption of Drimarine Yellow HF-3GL dye by Trogoderma 
granarium de-oiled biomass are presented in Table 2 which 
shows best fitness of model for adsorption of dye onto both 
forms of biomass. Also there is a close relation between the 
experimental and calculated values of adsorption capac-
ities which also confirm the fitness of Langmuir model on 
the experimental results. This shows that the mechanism of 
Drimarine Yellow HF-3GL dye adsorption onto Trogoderma 
granarium de-oiled biomass is chemisorption and monolayer.

If the adsorption process obeys multilayered adsorption 
process which is due to physical adsorption then Freundlich 

adsorption isotherm model will show good correlation with 
the experimental results. Freundlich adsorption isotherm 
model assumes that the surface of biomass has heteroge-
neous nature. It deals with the interaction between adsorbed 
molecules and a non-uniform distribution of heat of sorption 
over the surface. Mathematically it can be expressed as:

log log logq K
n

Ce F e= +
1  (8)

where qe is the amount of dye adsorbed per unit of adsorbent 
at equilibrium time (mg/g), Ce is the equilibrium concentra-
tion of dye in solution (mg/L). The constant KF indicates the 
adsorption capacity. Another constant n helps to measure 
the deviation from linearity of the adsorption and is used to 
verify types of adsorption. It is suggested that if n is equal to 
unity, the adsorption is linear, n below unity indicates that 
adsorption is a chemical process; whereas, n above unity is 
associated with a favorable adsorption [44]. The experimen-
tal results for the application of Freundlich adsorption iso-
therm model are presented in Table 2 which shows poor fit-
ness of Freundlich model on the experimental results.

The Temkin isotherm model suggests an equal distribu-
tion of binding energies over the number of the exchanging 
sites on the surface of biomass.

The linear form of Temkin isotherm can be written as:

q B A B Ce e= +ln ln  (9)

where B = RT/b, T is the absolute temperature in Kelvin, 
b is the Temkin constant and R is the universal gas constant 
(8.314 J mol–1 K–1). A is the equilibrium binding constant and B 
is corresponding to the heat of sorption. These constants and R2 
values can be calculated by plotting graph between qe and lnCe. 
The value of R2 and other constants are presented in Table 2. 

The multilayered adsorption phenomena can be explained 
by Harkins–Jura isotherm model on the basis of heteroge-
neous pore distribution. The linear form of the Harkins–Jura 
isotherm model is presented in equation below:

1 1
2q

B
A A

C
e

e=


















− log  (10)

The values of Harkins–Jura constants are shown in Table 2.
The D–R isotherm model is used for estimation of 

the porosity apparent free energy. The linear form of D–R 
isotherm model can be seen below:

ln lnq qe m= −βε2
 (11)

where β is a constant corresponding to the adsorption energy, 
qm is the theoretical saturation capacity and ε is the Polanyi 
potential which is calculated from equation below:

ε = +RT
Ce

ln( )1 1
 (12)

Table 2
Equilibrium modeling of data for the adsorptive removal of 
Drimarine Yellow HF-3GL dye by using Trogoderma granarium 
de-oiled biomass

Equilibrium model Free biomass Immobilized 
biomass

Langmuir
qm experimental (mg/g) 481.9 328.1

qm calculated (mg/g) 555.5 454.5

b 0.013 0.004
RL 0.6 0.83
R2 0.99 0.97
Freundlich
KF 11.96 3.4
n 1.51 1.33
R2 0.93 0.95

Temkin
A 3.68 8.13
B 94.6 68.4
R2 0.94 0.93
Harkins–Jura
A 303 16.3
B 2.03 2.26
R2 0.4 0.36
Dubinin–Radushkevich
qm (mg/g) 180.4 159.6
β × 104 (mol2/kJ2) 0.002 0.009
E (kJ/mol) 15.8 7.45

R2 0.62 0.58
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where R (8.314 J mol–1 K–1) is the gas constant and T (K) is the 
absolute temperature. The mean free energy of adsorption E 
can be defined as the free energy change when 1 mole of ion 
is transferred from infinity in solution to the adsorbent. E can 
be calculated from the β value by the following relation:

E=1 2 1 2/ ( ) /β  (13)

E gives us information about adsorption mechanism. 
When 1 mole of ions is transferred, the value range 1–8 kJ/mol 
indicates physical adsorption [45], the value of E between 8 
and 16 kJ/mol indicates the adsorption process, followed by 
ion-exchange mechanism [46] while its value in the range 
of 20–40 kJ/mol is indicative of chemical adsorption [47]. 
The values of D–R parameters are presented in Table 2 and 
adsorption curves can be seen in Fig. 7.
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Fig. 7. Application of (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Harkins–Jura and (e) D–R model on experimental data for removal 
of Drimarine Yellow HF-3GL dye by Trogoderma granarium de-oiled biomass.
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3.7. Thermodynamic study

The experimental data obtained from the optimization of 
temperature were used for the thermodynamic study. As we 
know that:

∆ °=−G RT Kdln  (14)

where Kd = qe/Ce

∆ °=∆ ° − ∆ °G H T S  (15)

R is the gas constant (8.314 J/mol K) and T is the absolute 
temperature.
so it can also be written as:

ln( )K S
R

H
R Td =

∆ ∆
×

°
−

° 1
 (16)

The graph is plotted between lnKd and 1/T. The values of 
ΔH and ΔS are obtained from slope and intercept of graph. 
The result of thermodynamic study for the adsorption of 
Drimarine Yellow HF-3GL dye by Trogoderma granarium 
de-oiled biomass is summarized in Table 3. Negative value 
of ΔS indicates the decrease in entropy during adsorption 
process which is due to the shifting of randomly moving 
dye molecules from solution onto the adsorbate surface [48]. 
Hence adsorption reduces the overall entropy of system. The 
negative value of ΔG indicates that adsorption process is 
spontaneous and feasible. The exothermic nature of process 
is also confirmed by the negative value of enthalpy change. 
The overall results are compiled in Table 3.

3.8. Desorption study

Desorption study was conducted to check out the pos-
sibility of reuse of adsorbent and adsorbate. The regenera-
tion of biomass and adsorbate is environment friendly and 
it makes the adsorption process economical when applied 
on large scale. Desorption was checked by using HCl and 
NaOH. Desorption study was conducted with different acid 
and alkali concentrations ranging from 0.2% to 1%. Among 
the alkali and acidic solutions, the 0.4% NaOH solution was 
found to be favorable for desorption of 78.7% adsorbed dye. 
This might be due to the fact that anionic dye shows good 

attachment at acidic range of pH so in order to desorb the 
attached molecules, alkaline range of solution pH will be 
favorable.

4. Conclusion

The study was focused on the utilization of Trogoderma 
granarium de-oiled biomass for the removal of a synthetic 
dye (Drimarine Yellow HF-3GL) from aqueous solutions. 
Pretreatment of biomass was done in order to enhance the 
adsorption capacity of biomass but the residual biomass has 
not shown any remarkable change in its adsorption capacity 
after treatment with acids and base. The adsorption capacity 
of biomass was found to be 481.9 mg/g for Drimarine Yellow 
HF-3GL dye by keeping solution pH 2 and temperature 
30°C. Immobilized biomass has low adsorption potential as 
compared with free form of biomass. Langmuir adsorption 
isotherm was found to be best fit on the experimental data. 
The adsorption kinetics obeys pseudo-second-order kinetic 
model. Thermodynamic study showed that the process was 
exothermic in nature. The residual insect biomass has shown 
higher adsorption capacity as compared with various ligno-
cellulosic materials which have been reported earlier in liter-
ature for the treatment of textile effluents [11,49,50]. Overall, 
the study results indicated that the Trogoderma granarium 
de-oiled biomass can be used as a potential adsorbent for the 
wastewater treatment.

Closing remarks

In the field of bio-energy, the major focus of every 
researcher is to explore the sustainable and cheap alternative 
resources which can be converted into environment friendly 
and good quality biofuels. A lot of work has been done in 
this field but the major constraint in the commercialization 
of biofuels is their production cost. This high cost of biofuel 
production can be offset by using the residual biomass of 
bio-energy processes for some potential applications such as 
treatment of wastewaters.

Acknowledgment

The authors acknowledge the Government of Punjab, 
Pakistan, for providing financial and technical support under 
the project “Establishment of Punjab Bio-Energy Institute at 
University of Agriculture, Faisalabad Pakistan.”

Table 3
Thermodynamic study for the adsorptive removal of Drimarine Yellow HF-3GL dye by using Trogoderma granarium de-oiled biomass

Temperature(K) Free biomass Immobilized biomass
∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/mol/K) ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/mol/K)

303 –4.07 –15.23 –37.08 0.78 –10.3 –36.8
313 –3.50 1.31

323 –3.31 1.65

333 –2.77 2.02
343 –2.59 2.25
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