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Abstract
There is extensive literature on the use of adsorbents derived from waste to treat industrial effluents containing heavy 
metal ions. However, there is limited information on the use of adsorbent blends. This is applicable for treating effluents 
which contain a number of heavy metals, so any one single adsorbent may not be suitable for achieving high percent 
removal of all ions. The present work employs adsorbent blends to treat an electrochemical effluent in batch mode. This 
work aims to provide valuable insights on the interaction of heavy metals with the adsorbents in blends. Effluent from 
an electrochemical industry was treated with blends of calcium bentonite, fly ash and wheat bran in different composi-
tions to remove heavy metal ions (Fe, Ni, Cu, As, Zn, Cd) from an aqueous effluent solution. The optimal set of conditions 
identified were pH, 5–7; contact time, 60–90 min; agitation speed of 200 rpm; adsorbent dosage of 1 g/50 mL; and particle 
size of 150–300 μ. Metal ions arsenic, zinc and cadmium were completely removed. The percentage removal of (Fe, Ni, 
Cu) metal ions was in the order Fe(II)(96.73%) > Ni(II)(74.03%) > Cu(II)(70.70%) at optimum conditions in a short equilib-
rium time of 90 min. Batch experiments were conducted to determine the factors such as adsorbent composition, 
temperature, pH, agitation speed, dosage, contact time and particle size affecting adsorption, and all these parameters 
were found to strongly influence the adsorption. Experimental data were analyzed for Langmuir and Freundlich iso-
therms. Langmuir isotherm shows the maximum adsorption capacities were in order Fe(II)146.1  mg/g > Ni(II) 
115.9 mg/g > Cu(II) 74.5 mg/g. Freundlich parameter ‘n’ was found to be greater than 1 which showed that the adsorption 
is feasible for all three metals. Freundlich isotherm fit the data comparatively better, but neither of the two isotherms 
satisfactorily explained the adsorption, which indicated heterogeneity of adsorption. Kinetic studies were performed 
and analyzed for pseudo-first- and pseudo-second-order kinetics and the Weber–Morris intraparticle diffusion model. 
The adsorption data fit accurately to pseudo-second-order kinetic model with coefficient of correlation values greater 
than 0.99 for all three heavy metals. The kinetic constants were found to be 8.49 ∗ 10−3, 5.82 ∗ 10−3, 5.27 ∗ 10−3

g

mgmin
 

for Fe(II), Ni(II) and Cu(II), respectively. From the intraparticle diffusion model, it was inferred that there were different 
rate-limiting steps during the duration of the adsorption process, including intraparticle diffusion and boundary layer 
diffusion.

Keywords Heavy metal adsorption · Process standardization · Adsorption kinetics · Langmuir isotherm · Freundlich 
isotherm · Intraparticle diffusion · Batch reaction

1 Introduction

Water is one of the most essential elements for life on 
earth. But due to human activities, fresh water is getting 
polluted at an alarming rate. Rigorous studies were carried 
out all around the globe to study treatment of different 

contaminants in industrial effluents. Heavy metals are one 
of the most toxic pollutants. Some well-known toxic metal-
lic elements are arsenic, iron, chromium, cadmium, lead, 
nickel, copper, zinc and mercury. Heavy metals are toxic 
and non-biodegradable and can bio-accumulate in living 
cells [1]. Heavy metals not only damage human health 
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but also affect the environment and marine ecosystems 
and pose a significant health threat to aquatic life—most 
common being the damage of the gill of fish [2, 3]. Various 
methods to remove heavy metals exist such as chemical 
precipitation [4], membrane filtration [5], electrodialysis 
[6], photocatalysis [7], electrocoagulation [8] and adsorp-
tion [9]. Adsorption has been an important area of interest 
in the recent years, with majority latest research focused 
on identifying low-cost adsorbents [9]. Research work is 
also being done to synthesize new adsorbents with some 
recent advances in novel adsorbents which include using 
activated carbon synthesized from peanut shell [10], 
alizarin red-S-loaded amberlite IRA-400 anion exchange 
resin [11], starch/SnO2 nanocomposite [12],  Fe3O4 nano-
composites [13], MOF (metal organic framework)-based 
composites [14, 15], nickel ferrite bearing nitrogen-doped 
mesoporous carbon  (NiFe2O4-NC) [16], nanocomposite 
cation exchanger sodium dodecyl sulfate acrylamide Zr(IV) 
selenite (SDS-AZS) [17] for removing toxic heavy metals. 
Such adsorbents are specially tailored to give them favora-
ble properties like high adsorption capacity, regeneration 
capability, high surface area, mechanical and thermal sta-
bility [18, 19]. Currently, activated charcoal is the adsor-
bent of choice, but high costs are a concern [20]. There-
fore, cheap bio-derived materials of renewable sources 
are suitable alternatives [21, 22]. Some of the common 
bio-adsorbents, bio-derived and industrial waste products 
used as adsorbents are bacteria [23], fungi [24], algae [25], 
tea waste [26], rice bran [27], egg shell [28], fuller’s earth 
[29], fly ash [30] among others. The present study aims to 
use such low-cost adsorbents for treating a wide variety 
of heavy metals simultaneously. As we show in this work, 
these adsorbents are typically selective toward certain 
heavy metals and are not suitable for treating effluents 
with a number of different heavy metal ions. For such 
cases, it is proposed that a mixture of adsorbents be used 
to treat the effluent, so that all the ions may be removed. 
In this study, six adsorbents were used for initial screen-
ing, i.e., rice bran, wheat bran, sweet lime peel, egg shells, 
fly ash and Ca bentonite. At specified conditions, these 
adsorbents were employed to treat battery manufacturing 
effluent by batch adsorption. Among these adsorbents, 
three adsorbents, viz. wheat bran, fly ash and Ca bentonite, 
were selected based on their performance in the metal 
removal for further rigorous studies at the second level. 
Wheat bran is the shell of the wheat seed and is removed 
when processing wheat to flour [31]. Coal fly ash is an 
inorganic residue which is produced by combustion of 
coal and considered as an industrial waste and used as a 
filler in different applications [32, 33]. It has potential use 
in treating wastewater due to its chemical composition, 
i.e., silica, alumina, ferric oxide, magnesium oxide and cal-
cium oxide, and its physical properties like surface area, 

particle size and porosity [34]. Ca bentonite is clay which 
is in abundance in earth’s crust. In the present study, inves-
tigations were conducted in three phases—initial screen-
ing of adsorbents from six suitable candidates, rigorous 
standardization and characterization (FTIR and BET) stud-
ies using selected sorbents and their blends vis-à-vis vari-
ous critical process parameters like sorbent composition, 
contact time, dosage, agitation speed, particle size, pH and 
temperature to identify the optimal set of parameters to 
maximize the metal removal from the effluent and then 
finally fitting the experimental data to various adsorption 
isotherms like Langmuir and Freundlich and then estimat-
ing the kinetic parameters like reaction order, rate con-
stant by proposing various kinetic models and fitting the 
experimental data to each to find the most suitable model. 
The role of intraparticle diffusion on the adsorption kinet-
ics was studied by fitting the kinetic data to the Weber 
and Morris model. Thermodynamic parameters relating 
to adsorption of heavy metals were also calculated. It 
should be mentioned here that adsorbent blends are dif-
ferent from adsorbent composites. The adsorbent ‘blend-
ing’ in this work refers to simple mixing of the adsorbents 
in required weight ratio, while adsorbent ‘composites’ are 
made with the intent to improve the physical properties 
(thermal, mechanical, etc.) of the component adsorbents. 
Preparing these composites typically involve chemical 
reactions like cross-linking and surface treatment [35].

2  Materials and method

2.1  Materials

Materials used for the experiments are of analytical grades. 
Effluent was obtained from an electrochemical industry, 
and the adsorbent used for the experiments is sweet lime 
peel, egg shells, wheat bran, rice bran, fly ash and cal-
cium bentonite. All the adsorbents were procured locally 
from Hyderabad. Chemicals used were sodium carbon-
ate, sodium hydroxide, hydrochloric acid as buffer for pH 
adjustments. The effluent was analyzed using XRF, and the 
composition is given in Table 1. It had a pH of 0.4, TDS of 0 
and turbidity of 0.64.

2.2  Adsorbent preparation

Sweet lime peel was washed several times with deion-
ized water and dried first in sunlight and then in a hot air 
oven at 90 °C till they became crisp. The dry peel was then 
ground into fine powder and sieved through a 425-μ sieve. 
This powder was washed with deionized double distilled 
water (DDDW) till the washings were color free. After this, 
the adsorbent was dried in an air oven at 105 °C till dry 
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and crushed again [36]. Egg shells were washed with dis-
tilled water several times and then air-dried in a hot air 
oven at 40 °C for 30 min. They were then ground to powder 
[28]. Wheat bran was washed with DDDW water and then 
dried. After drying, wheat bran was ground to powder [31]. 
Rice bran was collected from a rice mill near Hyderabad. It 
was prepared for experiments after washing with DDDW 
water to remove dust and water-soluble impurities and 
then dried at 105 °C in an oven for 24 h and crushed to 
powder [27]. Sodium-activated bentonite was synthesized 
by treating Ca bentonite with 7.5% sodium carbonate 
according to Eq. (1). The settled clay was washed several 
times dried in an oven and stored in airtight bags [37]. Fly 
ash was dried at 110 °C for 2 h in an oven and stored in zip 
lock bags [30]. All the adsorbents were sieved to different 
fractions, viz. > 425, 425–300, 300–150,150–75, < 75 μ, and 
stored in zip lock bags for ready use.

2.3  Experimental setup and procedure

2.3.1  Initial screening

Experiments were carried out with six different adsor-
bents, i.e., sweet lime peel, wheat bran, rice bran, fly ash, 
egg shells and Ca bentonite, in batch adsorption method. 
The experimental conditions used are listed in Table 2. 
The basis for choosing the best adsorbents is the percent 
removal of different metals from solution.

(1)

Ca+
2
− bentonite + Na2CO3 → 2Na+ − bentonite + CaCO3

2.3.2  Characterization of adsorbents

The surface functional groups on the adsorbents were iden-
tified using Fourier transform infrared spectrometer Jasco 
FT/IR-4200 type A model in the wavenumber range of 
4000–400 cm−1 after preparing KBr pellets. The specific sur-
face areas of the adsorbents were measured by BET method. 
The degassing temperature and time were 150 °C and 3 h, 
respectively, for all samples.

2.3.3  Adsorbent blends

To further enhance the metal removal efficiency, the three 
best adsorbents were used to make blends of different 
compositions CB–WB–FA as 33.3–33.3–33.3, 40–40–20, 
20–20–60, 20–60–20, 20–40–40, 40–20–40, 60–20–20. Batch 
adsorption experiments were done with these blends with 
process conditions, viz. dosage as 1 g/50 ml solution, tem-
perature of 30 °C, pH of 5.5, contact time 90 min, particle size 
300–150 μ and 200 rpm agitation speed. The blend which 
gave maximum metal removal considering all metals was 
selected for further studies.

2.3.4  Process conditions to study effect of process 
parameters

Different process parameters, viz. contact time, pH, particle 
size, agitation speed, dosage and temperature, were consid-
ered for adsorption studies in metal removal. To study the 
effect of each of these parameters on adsorption, experi-
ments were done with conditions listed in Table 3.

2.3.5  Estimation of adsorption capacity

The amount of metal ions adsorbed was calculated by the 
difference in initial and final concentration of metal ions. The 
percentage removal (%R) was calculated using the following 
equation:

(2)%R =

C0 − Ct

C0
× 100

Table 1  Effluent metal ion 
composition

Metal ion Concentra-
tion (mg/L)

Fe(II) 931.8
Ni(II) 795.2
Cu(II) 578.3
Zn(II) 70.5
As(II) 4.9
Cd(II) 34.8

Table 2  Process conditions for adsorbents in the initial screening

Parameters (↓) /adsorbents (→) Sweet lime Egg shell Wheat bran Rice bran Fly ash Ca bentonite

pH 5 6 5 2 4 7
Temp (°C) 25 25 25 25 25 25
Agitation speed (rpm) 200 200 150 200 200 200
Dosage (g/100 mL) 0.2 1 2 2 2 0.5
Contact time (h) 3 1.5 1 1.5 1.5 1
Particle size (μ) 150–300 300–450 150–300 150–300 150–300 150–300
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And the adsorption capacity 
(

qt
)

 was calculated using 
Eq. 3.

where C0 is the initial concentration of metal ion (mg/L), Ct 
is the concentration of metal ion at time t (mg/L), Ce is the 
concentration of metal ion at equilibrium (mg/L), m is the 
mass of adsorbent (g), V is the volume of solution (L) and 
qt is the adsorption capacity at time t (mg/g).

3  Results and discussion

3.1  Initial screening

The adsorbents selected for initial screening, viz. sweet 
lime peel, egg shells, wheat bran, rice bran, fly ash and 

(3)qt =
(C0 − Ct)V

m

calcium bentonite, were used in a batch adsorption 
method for the metal removal (Table 2). Figure 1 shows the 
performance analysis of these adsorbents in terms of per-
cent removal of different metals from effluent. From the 
results, it is obvious that wheat bran (WB), fly ash (FA) and 
calcium bentonite (CB) exhibited better removal of heavy 
metals for most metals, and hence, these three adsorbents 
were chosen for making blends to achieve enhanced metal 
removal.

3.2  Adsorbent composition

To study the effect of adsorbent blend composition on 
percentage removal of different metal ions, experiments 
were done with specifications listed in Table 3. From the 
results that are depicted in Fig. 2 and Table 4, it is clear 
that the 33.33–33.33–33.33(CB–WB–FA) and the 60–20–20 
blends are the best out of all studied blends. These two 
blends removed Zn, As, Cd completely after 90 min. The 

Table 3  Process conditions used in experiments for each parameter studied

Parameters studied (↓) 
/process parameters 
(→)

Contact time (min) pH Particle size (μs) Agitation speed 
(rpm)

Dosage 
(g/50 ml)

Temperature 
(°C)

Contact time 2,5,10,15,30,40,60,90,120 5.5 300–150 200 1 30
pH 90 2,3.8, 5.5, 7 300–150 200 1 30
Particle size 90 5.5 600–425,425–300, 

300–150,150–75
200 1 30

Agitation speed 90 5.5 300–150 100,150,200,250 1 30
Dosage 90 5.5 300–150 200 0.2,0.5,0.7,1 30
Temperature 90 5.5 300–150 200 1 20,30,40,50
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Fig. 1  Percentage removal of metal ions using different adsorbents
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former removed more Cu(II), while the latter removed 
more Fe(II) and Ni(II). Out of these two, 60–20–20 blend 
was chosen for further studies as it showed higher removal 
for Ni(II) and Fe(II) ions, which are more in concentration as 
compared to Cu(II), thus giving it a higher total adsorption 
capacity. The optimal results shown in Figs. 1 and 2 were 
reproduced with very good accuracy within an error of 
less than 4%.

3.3  Adsorbent characterization

The FTIR spectra of the three adsorbents CB, FA and WB 
are shown in Fig. 3a–c, respectively. In Fig. 3a, the cal-
cium bentonite spectrum has peaks between 3200 and 
3617 cm−1 which are attributed to stretching of lattice 
OH (Si–OH, Al–OH) and of the adsorbed water. The pres-
ence of silica O=Si=O produces the peak at 1421.3 cm−1. 
The overtone of bending vibration of water is seen at 
1658.5  cm−1. The deep band at 1026.9  cm−1 in the 
stretching mode region is because of Si=O=Si stretch-
ing. Bands at 789.7 and 512 cm−1 in the stretching range 

are because of Si–O–Al and Si–O–Mg stretching and Si–O 
bending frequencies [37]. In Fig. 3b, the spectra of fly ash 
are shown. The peak at 3438.5 cm−1 is due to –OH groups 
on the surface of fly ash and also due to the stretch-
ing vibrations of –OH in water molecules adsorbed on 
fly ash. The peak at 2923 cm−1 is due to C–H stretching 
vibration of organic carbon. Peak at 1636 cm−1 is due 
to aromatic C=C stretching of organic carbon. The peak 
at 1084 cm−1 is due to Si–O/Al–O stretching vibration, 
while 459 cm−1 is due to them in plane bending vibra-
tion. The peak at 783 cm−1 is due to O–Si–O symmetric 
stretching. The peak at 553.5 cm−1 is due to octahedral 
linkage of Si–O–Al. In Fig. 3c, the spectra of wheat bran 
are shown. The peaks at 3511.7 cm−1 and 3263 cm−1 are 
due to –OH stretching and NH stretching, respectively. 
The –OH groups in question may be from adsorbed 
water, primary and alcohol groups in cellulose and 
hemicelluloses in bran. The peak at 2926.5 cm−1is due 
to CH stretching of methylene group in polysaccharides 
in bran [38]. The peak at 2400 cm−1 is because of  CO2 
in air, the medium in which the IR spectra were taken. 
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Fig. 2  Percentage removal of metal ions using different adsorbent blend compositions

Table 4  Percent removal of 
heavy metals using CB–WB–FA 
in different compositions at 
specified condition

Metals 33.3–33.3–33 40–40–20 20–20–60 20–60–20 20–40–40 40–20–40 60–20–20

Fe(II) 90.52 86.05 70.97 89.36 81.41 83.51 96.73
Ni(II) 69.96 47.14 13.94 41.87 10.31 61.9 74.03
Cu(II) 76.11 93.35 88.48 76.6 59.58 61.6 70.70
Zn(II) 100 100 68.51 79.43 56.59 87.23 100
As(II) 100 100 100 100 100 100 100
Cd(II) 100 40.80 10.34 37.06 20.11 100 100
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The band at 1655.6 cm−1 is due to conjugated C=O bond 
stretching. The peaks at 857.5 and 1420 cm−1 indicate the 
presence of  CH2 groups. The peak at 1155.2 cm−1is due 
to aromatic –OH bond, while the peak at 1241.9 cm−1 
is associated with  CH2OH group present in carbohy-
drates [39], as well as the C–O–H deformation. The peak 

at 1023  cm−1 could be because C–O–C group in raw 
bran [40]. The peak at 928.6 cm−1 is due to out-of-plane 
blending of C–H in cyclohexane [41]. The peak at 762.7 is 
because of –C–H deformation. The band at 708.7 cm−1 is 
probably because of =C–H bending. The peaks at 529.4 
and 576.6  cm−1 are probably because of cyclic C–H 

Fig. 3  a FTIR spectra of sodium-activated calcium bentonite, b FTIR spectra of fly ash, c FTIR spectra of wheat bran
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out-of-plane deformation. The weak band observed at 
431 cm−1 is probably due to Fe–O or Si–O bends [42]. The 
BET surface areas of sodium-activated calcium benton-
ite, fly ash and wheat bran were 95.4 m2/g, 0.4  m2g and 
0.3  m2g, respectively.

3.4  Process standardization

3.4.1  Effect of contact time

The effect of contact time on the adsorption of Fe(II), 
Ni(II) and Cu(II) ions from the multi-component solution 
was studied at various intervals between 1 and 120 min 
(Table 3). The results are summarized in Fig. 4a, and it is 
clear that the trend is similar for all three ions. It is evident 
that equilibrium is reached after 90 min for all three ions, 
which is relatively fast. The adsorption is fast initially and 
becomes slower (after 35 min) as it attains equilibrium. 
This can be explained by the availability of fresh/vacant 
binding sites and external surface area of adsorbent 
during initial stages, which get exhausted as adsorption 
proceeds [43]. The free ions in metal solution may also 
experience some repulsion with adsorbed ions which 

reduces further adsorption [37]. The percent removal 
values at equilibrium (t = 120 min) for metals ions Fe(II), 
N(II) and Cu(II) were found to be 96.93, 74.64 and 70.89, 
respectively. It has to be noted that segregation of adsor-
bents due to density differences was not observed in the 
adsorption vessel. This is attributed to the presence of the 
magnetic stirrer which improves mixing.

3.4.2  Effect of pH

The pH of aqueous solution is known to be an impor-
tant variable as it controls the uptake of metal ions at the 
water–sorbent interface. It directly influences the adsorp-
tion capacity and needs to be carefully optimized [18]. For 
investigating the same, pH was varied between 2 and 7 
(Table 3) and %R values were noted. It was observed that 
the percent removal increased with increasing pH for all 
three ions, as seen in Fig. 4b. At low pH, the lower percent 
removal is due to excess  H+ ions surrounding the binding 
sites and making them positively charged by protonation 
reaction [31]. This leads to repulsion of the metal ions from 
the adsorbent which makes adsorption unfavorable. The 
hydrogen ions also offer competition to the metal ions in 

Fig. 4  a Effect of contact time required for percent removal of metal ions, b effect of pH on percent removal of metal ions, c effect of particle 
size on percent removal of metal ions, d effect of agitation speed on percent removal of metal ions
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the solution [14]. At high pH, the presence of  OH− favors 
deprotonation reaction which reduces the positive charge 
density on the adsorbent, favoring adsorption of metal 
ions [30, 37]. For pH > 7, the metal ions in the effluent pre-
cipitated due to the formation of hydroxides [14], so inves-
tigation for basic range of pH was not done. For all other 
investigations, a pH of 5.5 was chosen as optimum as it 
gave higher %R value and was safely in the acidic region 
where precipitation of metal hydroxides does not happen.

3.4.3  Effect of particle size

Batch adsorption experiments with adsorbent in size 
ranges of 600–425,425–300,300–150, 150–75 μ (Table 3) 
were used to investigate the effect of particle size. The 
adsorbent blend was made by taking required weight 
fractions from appropriate size ranges of each adsor-
bent. It can be seen from Fig. 4c that the percent removal 
increases with decreasing particle size. This is because 
smaller particles have a larger specific surface area, which 
provide larger number of active sites for the metal ions 
to bind onto. A particle size of 150–300 μ was chosen as 
optimum for use in all experiments.

3.4.4  Effect of agitation speed

Agitation of the liquid phase is an important parameter in 
adsorption phenomena as it influences the mass transfer of 
metal ions from bulk liquid to surface of the adsorbent. To 
study the effect of the same, batch adsorption experiments 
were performed (Table 3) at four different speeds of 100 rpm, 
150 rpm, 200 rpm and 250 rpm. Results depicted in Fig. 4d 
show that as the agitation speed was increased, the  % 
removal of metal ions also increased. This trend was similar 
for all three ions studied. This is because with the increase 
in agitation speed the turbulence in liquid phase increases, 
which increases the external mass transfer coefficients and 
reduces the boundary layer effect [44]. This leads to faster 
adsorption as the external resistance decreases. At 200 rpm, 
the percent removal was Fe(II)(96.7%) > Ni(II)(74%) > Cu(II) 
(70.7%). Increasing the agitation speed above 200 rpm did 
not lead to a significant increase in  % removal, so this was 
chosen as the optimum value for all other experiments.

3.4.5  Effect of adsorbent dosage

The effect of adsorbent dosage was investigated by vary-
ing the dose between 0.2 and 1 g/50 ml (Table 3). The 
results are summarized in Fig. 5a, b. The percent removal 
increased with the increase in adsorbent dosage for all 
three ions. This is because at low dosages, the active sites 
available to the ions were limited, but with more dos-
age there is more area, and more active sites for the ions 

to bind to, which increases adsorption percentage. But 
the adsorption capacity decreased with the increase in 
dosage Fig. 5b. This is due to two reasons: (1) Increased 
adsorbent quantity decreases the saturation of active sites. 
This causes the number of covered sites per unit mass of 
adsorbent to fall, which leads to a fall in capacity, and (2) 
increase in concentration of adsorbent in solution causes 
particle agglomeration which reduces the specific surface 
area and increases diffusion path length, both of which 
affect adsorption capacity negatively [45].

3.4.6  Effect of temperature

The effect of temperature on adsorption onto the adsor-
bent blend was investigated at four different temperatures 
of 20 °C, 30 °C, 40 °C and 50 °C (Table 3). It can be seen 
from Fig. 5c that the percent removal of Fe(II) and Cu(II) 
increased with the increase in temperature, indicating that 
their adsorption onto adsorbents is endothermic [46, 47]. 
For Ni(II) however, the percent removal decreased, indicat-
ing exothermic adsorption of Ni(II) [37].

3.4.7  Adsorption kinetic models

For the kinetic study, batch experiments were con-
ducted with conditions: contact time 2–120 min at 30 °C, 
1 g/50 mL dosage of adsorbent, pH of 5.5, agitation speed 
200 rpm and particle size of 150–300 μ. To identify the suit-
able kinetic model, kinetic data for the adsorption of Fe(II), 
Ni(II) and Cu(II) ions were analyzed by pseudo-first-order 
(Eq. 4) and pseudo-second-order (Eq. 5) models where qe is 
the adsorption capacity at equilibrium, qt is the adsorption 
capacity at any time t, k1 is the rate constant for pseudo-
first-order kinetics  (min−1) and k2 is the rate constant of 
pseudo-second-order kinetics (g/mg min).

It was found that pseudo-first-order model (plots not 
shown here) did not fit well for the three metal ions. 
Pseudo-second-order model [15, 48] on the other hand 
showed good linearity as shown in Fig. 6a. The parameters 
for the pseudo-second-order model are listed in Table 5. 
The equilibrium adsorption capacity 

(

qe
)

 values decreased 
as Fe(II) > Ni(II) > Cu(II). The experimentally calculated qe 
and the theoretical qe value were very close to each other. 
This fact, together with R2 > 0.99, helps us conclude that 
the pseudo-second-order model describes the system well 
for all three ions.

(4)ln
(

qe − qt
)

= ln qe − k1t

(5)
t

qt
=

1

k2q
2
e

+
t

qe
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3.4.8  Intraparticle diffusion model

The pseudo-second-order kinetic model describes the 
overall adsorption kinetics satisfactorily, but it gives no 
information about the rate controlling steps. Adsorption 
of heavy metal ions onto porous sorbent particles can be 
described by four consecutive transport steps: (1) trans-
port of ions in the bulk solution; (2) diffusion across the 
boundary layer around the sorbent particles; (3) diffusion 
of ions within the pores of the sorbent particles, i.e., intra-
particle diffusion; and (4) adsorption of ions on the solid 
particle surface [49]. In porous adsorbents, intraparticle 
diffusion is known to play a prominent role, so to investi-
gate the same, kinetic data were analyzed with Weber and 
Morris intraparticle diffusion model [48, 50]. According to 
this model, the adsorption capacity 

(

qt
)

 is related to time 
(t) as shown in Eq. 6, where kid is the intraparticle diffusion 
rate constant (mg g−1·min−0.5) and intercept C is depend-
ent on the effect of diffusion across the liquid boundary 
layer. Larger the value of C, greater the effect of boundary 
layer diffusion.

(6)qt = kid ⋅ t
0.5

+ C

When intraparticle diffusion is the sole rate controlling 
step, Eq. 6 yields a straight line passing through the ori-
gin. A deviation from the origin, quantified by the inter-
cept C, indicates some level of control by boundary layer 
diffusion. Plots of qt versus t0.5 for the three metal ions 
are shown in Fig. 6b. It is apparent that the plot exhibits 
multi-linearity with three distinct linear regions of different 
slopes for all three metals. This indicates that in different 
time intervals, different steps are controlling the overall 
rate of adsorption. The initial region has the highest slope 
which is ascribed to the fast adsorption of metal ions 
onto the exterior surface of fresh adsorbent particles, as 
it would face only the boundary layer diffusion as rate-
limiting step. The second region has a lower slope, i.e., 
adsorption happens more slowly. This region describes 
the adsorption rates after all the external sites have been 
saturated. Now the metal ions have to diffuse through the 
intraparticle pores to adsorb onto the pore surface area of 
the particles, and intraparticle diffusion has become the 
rate-limiting step. This is considerably slower as compared 
to the first region where boundary layer diffusion (in an 
agitated liquid) was the rate-limiting step, hence the lower 

Fig. 5  a Effect of adsorbent dosage on percent removal of metal ions, b the effect of adsorbent dosage on adsorption capacity 
(

qe
)

 , c the 
effect of temperature on percent removal of metal ions
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slope. In the third region, the adsorption happens at a very 
low rate, quantified by the almost zero slopes. This is the 
phase after which almost all the active sites have become 
saturated and the system has reached equilibrium. Similar 
multi-linear behavior was reported by other authors [51]. 
The kid and C values calculated from each linear region 
for each metal ion, and the corresponding R2 values are 

summarized in Table 6. As is to be expected, the kid values 
followed the order kid1 > kid2 > kid3 for all the metal ions. 
The multi-linearity of the plot implies that intraparticle dif-
fusion is not the sole rate controlling step for adsorption 
of the metal ions on the adsorbents in the blend, but it is 
one of the rate-limiting steps along with boundary layer 
diffusion.

Fig. 6  a Pseudo-second-order kinetics plots for Fe(II), Ni(II) and Cu(II) ions, b intraparticle diffusion model plots, adsorption capacity versus 
t0.5 for Fe(II), Ni(II) and Cu(II)
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3.4.9  Adsorption isotherm

The experimental equilibrium data were collected at condi-
tions with different adsorbent dosages of 0.2, 0.5, 0.7, 1 g 
per 50 mL of effluent with condition of 5.5 pH, temperature 
303 K, agitation speed 200 rpm, particle size 150–300 μ 
and 90 min’ contact time. These data for the adsorption of 
Fe(II), Ni(II) and Cu(II) were analyzed with two equilibrium 
models: Langmuir and Freundlich adsorption isotherms. 
In linear forms, the Langmuir and Freundlich isotherms are 
represented by Eqs. 7 and 8, respectively, where qe is the 
amount of metal adsorbed at equilibrium (mg/g), b is the 
Langmuir constant related to affinity between adsorb-
ate and adsorbent (L/mg), qm is the maximum adsorption 
capacity (mg/g), Ce is the concentration of metal ions at 
equilibrium (mg/L) and KF and n are Freundlich constants 
and represent adsorption capacity and adsorption intensity, 
respectively. Langmuir model Eq. (7) assumes that there are 
a finite number of binding sites on the adsorbent which 
are homogeneously distributed over its surface and only 
a single monolayer is formed and there was no interaction 
between the adsorbed molecules. Once the adsorbent was 
covered with monolayer, the solute transport does not influ-
ence the sorption. Adsorption efficiency can be predicted by 
a dimensionless constant separation factor or equilibrium 
parameter RL Eq. (9) where Co is the initial metal concentra-
tion (mg/L) and b is the Langmuir constant (L/mg). If RL > 1, 
then the adsorption is unfavorable; if RL = 1, then the adsorp-
tion is linear; if 0 < RL < 1, then the adsorption is favorable; 
and if RL = 0, it is irreversible [11].

(7)
Ce

qe
=

1

qmb
+

Ce

qm

(8)log qe = log KF +
1

n
log Ce

Freundlich isotherm Eq. (8) is an exponential equation 
which states that the adsorbate concentration on surface 
of the adsorbent increases as the adsorbate concentration 
in the solution increases. Freundlich isotherm is an empiri-
cal equation which is used for heterogeneous systems. For 
testing the applicability of these models, linear plots of Ce

qe
 

versus Ce and log
(

qe
)

 versus log Ce were made. They are 
shown in Fig. 7a, b, respectively. The R2 values indicated 
that Freundlich isotherm fit the experimental data some-
what better compared to the Langmuir model. The param-
eters associated with the two models are tabulated in 
Table 7. For the Freundlich model, the values of KF (order) 
indicate that the preferential order of adsorption follows 
Fe(II) > Ni (II) > Cu(II). The values of n are greater than 1 for 
Fe(II), Ni(II) and Cu(II) which indicate favorable adsorption 
onto the blend [48]. From the Langmuir isotherm model, 
the qm values are in the order Fe(II) 146.1 mg/g > Ni(II) 
115.9 mg/g > Cu(II) 74.5 mg/g which are quite high. The 
high maximum adsorption capacity values prove the effec-
tiveness of blending different adsorbents in treating waste 
water. The RL values for all three metal ions lie between 0 
and 1, which imply favorable adsorption [14, 15, 48]. It was 
observed that neither Langmuir nor Freundlich isotherm 
fit the model perfectly. This is because the adsorbent 
(blend) being used is heterogeneous, and each adsorbent-
metal system follows a different adsorption isotherm, so 
the net effect cannot be explained by a single Langmuir 
or Freundlich model [52, 53].

3.4.10  Thermodynamics of adsorption

The thermodynamic parameter Gibbs free energy change 
(ΔG◦

) can be calculated by Eq. 10

where T is the absolute temperature in K, R is the universal 
gas constant (8.314 J/mol K) and Kd is the thermodynamic 
distribution coefficient calculated by Eq.  11. Kd values 

(9)RL =
1

1 + bCo

(10)ΔG◦

= − RT ln Kd

(11)Kd =

qe

Ce

Table 5  Pseudo-second-order kinetic parameters for all three metal 
ions

Metal Co (mg/L) K2 (g/mg.min) qe (cal-
culated) 
(mg/g)

qe (experi-
ment) 
(mg/g)

R2

Fe(II) 931.8 0.00849 46.97 45.07 0.9989
Ni(II) 795.2 0.00582 31.377 29.44 0.9972
Cu(II) 578.3 0.00527 22.37 20.445 0.9943

Table 6  Intraparticle 
diffusion model constants for 
adsorption metal ions onto 
adsorbent blend

Co in mg L−1, kid values in mg g−1·min−0.5

Metal Co kid1 C1 R2
1

kid2 C2 R2
2

kid3 C3 R2
3

Fe(II) 931.8 11 1.4832 1 5.685 18.495 0.995 0.2026 43.115 0.776
Ni(II) 795.2 3.8491 5.1888 0.982 2.1646 15.774 0.978 0.10279 28.521 0.907
Cu(II) 578.3 3.0483 0.74183 0.948 2.2246 6.0556 0.995 0.065298 19.798 0.976



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1021 | https://doi.org/10.1007/s42452-019-1057-4

were calculated by the equilibrium values of qe and Ce 
at different temperatures (293 K, 303 K, 313 K and 323 K) 
while all other parameters were constant (1 g per 50 mL 

of effluent maintained at 5.5 pH, temperature 303 K, agi-
tation speed 200 rpm, particle size 150–300 μ and 90 min’ 
contact time). ΔG◦ values were calculated using Eq. 10 at 

Fig. 7  a Langmuir isotherm plots for adsorption experiments for Fe(II), Ni(II) and Cu(II) ions and b Freundlich plots for the adsorption experi-
ments for Fe(II), Ni(II) and Cu(II) ions
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different temperatures. The calculated values are listed in 
Table 8. The negative value of ΔG◦ for Fe(II) at 303 K, 313 K 
and 323 K shows that the adsorption process is feasible 
and spontaneous at these temperatures [18], but at 293 K 
the ΔG◦ value was positive indicating non-spontaneous 
adsorption. For Ni(II) and Cu(II), the ΔG◦ values were found 
to be positive at all temperatures investigated, indicating 
non-spontaneous adsorption. For Fe(II), the free energy 
decreased (became more negative) with increasing tem-
perature, i.e., adsorption became more spontaneous. For 
Ni(II), the free energy became more positive with increas-
ing temperature, indicating decreasing spontaneity 
with increasing temperature. For Cu(II), the spontaneity 
increased with increasing temperature.

4  Conclusion

In the present study, the metal ions of Fe(II), Cu (II) and 
Ni(II) besides many others like Zn(II), As(II), Cd(II) were 
removed from an industrial effluent using various adsor-
bents from industrial and agricultural wastes. After the 
initial screening of the candidates, three best ones in 
terms of percent metal removal, viz. calcium bentonite, 
wheat bran and fly ash, were selected, and then, their 
possible blends were tried that could give the maximum 
metal removal under similar conditions. These three 
adsorbents were characterized with FTIR for identifying 
the functional groups and BET analysis to measure their 

specific surface areas. The best adsorbent composition 
which gave maximum metal removal for the effluent was 
60–20–20 wt% of calcium bentonite–fly ash–wheat bran. 
Various process parameters, viz. contact time, pH, sorb-
ent dosage, agitation speed and particle size, were found 
to affect the adsorption of metals Fe(II), Cu(II) and Ni(II) 
onto the adsorbent blend. These parameters were stand-
ardized rigorously to have the highest possible metal 
removal. The optimal set of conditions identified were 
pH, 5–7; contact time, 60–90 min; agitation speed of 
200 rpm; adsorbent dosage of 1 g/50 mL; and particle 
size of 150–300 μ. Kinetic studies were done at the opti-
mal conditions to estimate the kinetic parameters, using 
pseudo-first- and pseudo-second-order models. It was 
found that pseudo-second-order model could fit the 
data better that the pseudo-first-order model for all 
three metal ions. The kinetic constants were found to be 
8.49 ∗ 10−3, 5.82 ∗ 10−3, 5.27 ∗ 10−3

g

mg min
 for Fe(II), Ni(II) 

and Cu(II), respectively. Weber and Morris intraparticle 
diffusion model was used to analyze the kinetic data, 
and it was found that there are multiple rate-limiting 
steps during the adsorption process, including intrapar-
ticle diffusion. The equilibrium data were analyzed using 
Langmuir and Freundlich isotherm models. The maxi-
mum Langmuir adsorption capacity values of the three 
metals  for  the adsorbent  blend were Fe( I I ) 
146.1 mg/g > Ni (II) 115.9 mg/g > Cu (II) 74.5 mg/g. It was 
observed that neither Langmuir nor Freundlich models 
fit the experimental data satisfactorily. This is observed 
because the adsorbent used was heterogeneous (blend 
of three adsorbents), and each component shows differ-
ent isotherm behaviors. The thermodynamic feasibility 
and spontaneity of the adsorption process were studied 
by estimating the Gibbs free energy for each metal ion. 
For Ni (II) and Cu (II), the adsorption was found to be 
non-spontaneous at all temperatures studied. For Fe(II), 
the adsorption was spontaneous at all temperatures 
studied, except at 293 K. This work demonstrated the 
successful use of adsorbent blends to treat wastewater 
containing multiple heavy metals.

Acknowledgements The authors wish to thank HBL Power Systems 
Ltd., Hyderabad, for providing the effluent needed for our experi-
mental studies. We also thank Ms. Megha Gupta for her contribution 
in this work.

Table 7  Langmuir and 
Freundlich isotherm constants

Metal Langmuir isotherm Freundlich isotherm

qm (mg/g) b (L/mg) R2 RL KF (mg/g) n R2

Fe(II) 146.1155 0.0071 0.801 0.131 3.0198 2.8997 0.854
Ni(II) 115.9541 0.0018 0.898 0.411 1.0325 1.5711 0.925
Cu(II) 74.5045 0.0026 0.779 0.400 0.96118 1.5970 0.831

Table 8  Thermodynamic parameters for Fe(II), Ni(II) and Cu(II) ions

Metal Temperature (K) Kd (mg/L) ΔG◦ (KJ/mol)

Fe 293
303
313
323

0.3874
1.4823
1.5238
1.5618

2.309
− 0.991
− 1.096
− 1.197

Ni 293
303
313
323

0.1475
0.1424
0.1122
0.1027

4.662
4.909
5.692
6.110

Cu 293
303
313
323

0.092
0.120
0.1375
0.1375

5.809
5.326
5.165
5.328
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