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a b s t r a c t
The seed hulls of sunflower (Helianthus annuus L.) treated with H2SO4 were used as biosorbent to 
remove Pb ions from aqueous solutions. The acid-treated biomass was characterized by Brunauer–
Emmett–Teller surface area analysis, scanning electron microscopy, Fourier-transform infrared 
spectroscopy. Optimum conditions for Pb(II) removal from aqueous solutions using the acid-
treated biomass was determined with the help of the Taguchi experimental design approach. The 
results were analysed using a signal-to-noise ratio and analysis of variance. The sorption capacity 
for the optimum levels of process parameters was 33.10 mg·g–1. The initial Pb(II) concentration of 
the solution and the acid-treated biomass dose was the most contributing factors to the perfor-
mance with 39.30% and 36.96%, respectively, while the agitation rate was the least contributing 
factor. The Dubinin–Radushkevich adsorption model estimated the mean sorption free energy 
to be 8.639 kJ·mol–1, with a fit ratio of R2 = 0.968. The kinetic model describing the time dependent 
relationship between Pb(II) ions and the acid-treated biomass with the highest agreement was the 
pseudo-second-order approach. According to these results, chemisorption was assumed to be the 
main mechanism controlling Pb(II) ion adsorption onto the treated biosorbent.
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1. Introduction

As well as natural ways, lead is also released from many 
anthropogenic activities, including mining, smelting, coal 
burning, battery industry waste, automobile exhaust, metal 
plating, leather tanning and finishing processes, fertilizers, 
pesticides, gasoline, pigment additives, solder, and fire-
arms [1,2]. Lead is a toxic heavy metal that can enter the 
human body through inhalation and food chain from var-
ious sources such as air, water, soil and food. It has been 
reported that after it is taken into the body, it spreads to 
various organs with blood cells and poses a risk to the car-
diovascular system, central nervous system, kidneys and 
reproductive system, affects cognitive function, postnatal 
development and hearing ability in infants and children, 

and also causes delays in puberty [3,4]. The World Health 
Organization (WHO) requires that it should not exceed 
10 µg·m–3 in drinking water [5].

In order to remove Pb ions from wastewater, coagulation 
[6,7], electrocoagulation [8], membrane separation [9], ion 
exchange [10,11], adsorption/biosorption [12–14], electro-
dialysis [15], oxidation [16] or reduction [17] etc. processes 
are widely used. The adsorption/biosorption process is a 
proven technology for the removal of heavy metals [18–21] 
from aqueous solutions because it is an economical and effi-
cient approach, as well as being environmentally friendly 
and free of toxic by-products. Both a conventional adsor-
bent with a relatively high production cost such as acti-
vated carbon, as well as graphene oxide, bentonite, biochar 
and many low-cost organic or inorganic materials and their 
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modified forms have been used for the removal of heavy 
metals from aqueous solutions [12–14,22].

For any adsorption process carried out under equi-
librium conditions, various parameters such as the initial 
concentration of the adsorbate, the adsorbent dose, the 
temperature at which the process is carried out, pH and 
contact time are very important on the process efficiency. 
Therefore, these parameters need to be individually opti-
mized for maximum process efficiency. Experimental stud-
ies are usually conducted to optimize one parameter level 
for one factor at a time, as one-factor-at-a-time (OAT or 
OFAAT) [23,24]. This methodology increases the time and 
cost required to run tests and also overlooks the interac-
tive effects of process parameters on the process. Taguchi’s 
orthogonal arrays (OAs), based on fractional factorial 
design, is a methodology that reveals the effects of mul-
tiple factors and the potential interactions between these 
factors with effective time and cost management [25]. This 
optimization tool, which provides an easy, efficient and 
systematic approach, has been successfully used in many 
sorption studies for the removal of dyes [26–28] and heavy 
metals [29–32] from aqueous solutions.

Googerdchian et al. [31] selected ball milling time, the 
initial concentration of lead ions, initial pH of the solu-
tion and the adsorbent dosage as process parameters in 
their study investigating the adsorption of Pb(II) ions on 
nanohydroxyapatite. As a result of the studies carried out 
using the L16 design array, they reported that the removal 
efficiency of lead ions mainly depends on the adsorbent 
dose. In another study, Taguchi experimental optimization 
approach was used for the adsorption of Pb(II), Cu(II) and 
Cd(II) ions from aqueous solutions using artichoke as the 
agro-industrial waste biomass [33]. As controllable factors, 
pH, temperature, sorbent dosage and initial metal concen-
tration were investigated at three levels in an L9 array. In a 
study using the Taguchi design for the optimization of the 
cadmium adsorption process on deposited silt, the effect of 
its parameters on the removal efficiency was reported as pH 
of the solution > stirring time > dose of deposited silt > ini-
tial concentration of Cd metal ions [30]. Taguchi method was 
used for process optimization of Ni(II) removal from waste-
water with calcined oyster shell powders. It is discussed the 
pH, temperature, Ni(II) concentration, adsorbent dose, and 
contact time as the controllable factors in an L18 orthogonal 
array. As a result, they found that pH was the parameter 
that contributed the most for removal efficiency [32].

Agricultural waste-based biosorbents can be pre-treated 
using different acids (HNO3, HCl, H2SO4, C4H6O6 and 
C2H4O2S), bases (NaOH, KOH, Ca(OH)2) or other chemi-
cal compounds (Al2O3, Fe2O4, KCl, C8H4O3 etc), and can be 
chemically modified. Chemical modification: it is a simple 
and effective process to improve the adsorptive proper-
ties, surface active sites and mechanical strength of the raw 
biosorbent. The surface of the raw biosorbent treated with 
acids and bases is oxidized, and depending on the chemi-
cal structure of the biosorbent and the modification agent 
used, it can form functional groups that can increase the 
sorption capacity [34]. The density and adsorption perfor-
mance of these functional groups may not always be pre-
dictable due to many variables such as the complexity of the 
natural chemistry of the raw biosorbents, the parameters of 

the pre-treatment applied and the oxidation ability of the 
modification agent used.

In this study, performance of removing Pb(II) ions from 
aqueous solutions of the sunflower seed hulls treated with 
H2SO4 was tested. Taguchi’s experimental design approach 
was used for the optimization of the parameters of the 
process carried out under equilibrium adsorption condi-
tions. Adsorption isotherm models were applied to the 
experimental data and kinetics were calculated.

2. Materials and methods

2.1. Preparation of biosorbent

Agricultural waste biomass consisting of the seed 
hulls of the sunflower (Helianthus annuus L.) plant grown 
in Pasinler, northeast of Turkey, was used. After the peels 
were physically weed out, they were washed with distilled 
water and dried at 60°C for 24 h. They were then ground in 
a household grinder and treated with H2SO4. In a 1 L round 
reaction vessel, 500 mL of acid solution was added to 100 g 
of shells and kept in a water bath at 40°C for 24 h, so that 
the shells were thoroughly wetted with the acid solution. 
Then, acid and agricultural waste were allowed to react for 
2 h at 100°C on a heating plate with magnetic stirrer and 
temperature control. After cooling to room temperature, it 
was filtered, washed with double distilled water until pH 
values were 5.00 and dried at 60°C for 24 h. 1 M (approxi-
mately 10% (w/w)) H2SO4 solution was used to activate the 
shells. The dried activated shells were passed through a 
no. 30 (600 µm) sieve.

2.2. Characterization of biosorbent

The surface properties and textural structure of raw 
and activated shells were characterized using several tech-
niques. The morphology and superficial structure were 
observed by field-emission scanning electron microscopy 
with a ZEISS, Sigma 300 VP Instrument. Energy-dispersive 
X-ray analysis (EDX) was used to examine the surface ele-
mental composition before and after adsorption. Surface 
functional groups of raw and activated shells were inves-
tigated using Fourier-transform infrared (FTIR) spectros-
copy (BRUKER, Tensor II); the FTIR spectra were recorded 
in the range 400–4,000 cm–1. Finally, the surface areas, pore 
volumes and pore sizes of the adsorbent materials were 
analysed using the Brunauer–Emmett–Teller (BET) tech-
nique with isothermal nitrogen gas (N2) adsorption on the 
Micromeritics Brand Gemini VII 2390t device.

2.3. Chemicals and reagents

Stock lead solution (1,000 mg·L–1) was prepared by dis-
solving the calculated mass of Merck grade lead nitrate 
[Pb(NO3)2] in double distilled water. Then, the stock solu-
tion was diluted in certain proportions in accordance with 
the required concentrations to be used for the experiments. 
The H2SO4 used for the activation of agricultural waste 
was Merck brand with a purity of 95%–97%. NaOH and 
HNO3 solutions were used to adjust the initial pH values of 
Pb(II) solutions. Double distilled water was used for all the 
experiments.
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2.4. Process optimization and statistical analysis

Taguchi’s experimental design approach was used for 
the optimization of the process parameters. Process param-
eters were determined in accordance with many studies 
[14,30,31,35] for heavy metal removal from aqueous solu-
tions under equilibrium adsorption conditions. The tests 
were conducted for the parameter levels given in Table 1 
and in accordance with the design matrix given in Table 2. 
The experiments were repeated two times.

The Taguchi experimental design matrix is a fractional 
orthogonal design that considers a balanced subset of com-
binations of all levels of all factors. Orthogonal arrays as a 
type of general fractional factorial design; it considers all 
levels of all factors equally and enables the determination of 
the best combination [25]. Controllable process parameters 
(factors) considered in this study are T; process temperature 
(°C), pH, C0; initial Pb(II) concentration (mg·L–1), t; mixing 
time (min), agitation rate (rpm), and m; the treated biomass 
dose (the adsorbent dose) (g·L–1). They are denoted by A, B, 

C, D, E, and F, respectively. The L16 (4422) design matrix was 
applied at the parameter levels shown in Table 1. The agi-
tation rate and the adsorbent dose were considered at two 
levels, while other factors were considered at four levels. 
pH values were chosen to ensure that lead ions are in the 
form of Pb(II) in aqueous solutions. Preliminary experiments 
were performed to determine other parameter levels. The 
sorption experiments were carried out in accordance with 
the design matrix (Table 2), and the adsorption capacities 
(qt) were recorded as “response” (Ri).

The methodology uses signal-to-noise ratio (S/N) as a 
statistical performance measure to analyse experimental 
results. Depending on the desired response performance in 
the process, the S/N ratio can change as “nominal better”, 
“smaller better”, and “larger better”. Since optimum condi-
tions were determined to maximize Pb(II) removal from the 
aqueous solution, the “larger better” quality characteristic 
given by Taguchi was calculated [25]:
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In addition, a statistical analysis of variance (ANOVA) 
was conducted to show the effects of process parameters 
on Pb(II) removal efficiency. Minitab 20.3 software was 
used to create the Taguchi experimental design matrix and 
evaluate the results.

2.5. Sorption tests

The sorption tests were carried out for optimization, 
isotherm and kinetic modelling of the process of remov-
ing Pb(II) from aqueous solutions with the biomass 
treated with H2SO4 under equilibrium adsorption conditions.

The sorption tests were carried out using 100 mL of 
Pb(II) solution in 250 mL flasks in a shaker adjustable to 
constant temperature and stirring speed. The necessary 
amount of the treated biomass was added to the solutions 
with the initial Pb(II) concentration and initial pH value, 
and they were shaken for the required time at constant the 
temperature and the agitation rate. After the mixing time 
was completed, the solution was centrifuged for solid–liq-
uid separation. The solution was then analysed by atomic 
absorption spectrometry (PerkinElmer – AAnalyst 400 AAS) 
to determine the Pb ions concentration. The lead removal 
capacity qt was calculated according to the Eq. (2):

q
C C V
Mt

t�
�� �0  (2)

2.6. Isotherm and kinetic studies

For equilibrium isotherm and kinetic studies, tests were 
carried out at 25°C. The initial pH of the solutions was 
adjusted to 5, the treated biosorbent dosage of 2 g·L–1 and 
the agitation rate of 600 rpm. Solutions with different the 
initial Pb(II) concentrations in the range of 75–300 mg·L–1 
were selected for isotherm tests. Equilibrium Pb ions con-
centrations were analysed in the centrifuged solutions 
after 120 min.

Table 1
Controllable factors and their levels for the L16 (4422) orthogonal 
array

Factors Parameters of 
description

Levels

L1 L2 L3 L4

A T (°C) 20 25 30 35
B pH 2 3 4 5
C C0 (mg·L–1) 80 120 160 200
D t (min) 30 60 90 120
E Agitation rate (rpm) 300 600 – –
F m (g·L–1) 2 4 – –

Table 2
Design of experiments using L16 (4422) orthogonal array

Run Factors

A B C D E F

1 1 1 1 1 1 1
2 1 2 2 2 1 2
3 1 3 3 3 2 1
4 1 4 4 4 2 2
5 2 1 2 3 2 2
6 2 2 1 4 2 1
7 2 3 4 1 1 2
8 2 4 3 2 1 1
9 3 1 3 4 1 2
10 3 2 4 3 1 1
11 3 3 1 2 2 2
12 3 4 2 1 2 1
13 4 1 4 2 2 1
14 4 2 3 1 2 2
15 4 3 2 4 1 1
16 4 4 1 3 1 2
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In tests carried out for kinetic studies, the initial Pb(II) 
concentration was determined as 200 mg·L–1. The tests 
were carried out for 10 different adsorption times in the 
range of 5–120 min. At the end of the specified time, the 
concentrations of Pb ions in the centrifuged solutions 
were analysed.

The results of the equilibrium ion adsorption tests were 
compared with the Langmuir, Freundlich, Temkin and 
Dubinin–Radushkevich isotherm models and the results 
of the kinetic tests were compared with the pseudo-first- 
order, pseudo-second-order, Elovich and intraparticle dif-
fusion models. The non-linear and linear forms of these 
models are given in Table 3. Model parameters were cal-
culated from the slope and cut points obtained from the 
graph drawings based on linearized equations.

3. Results and discussion

3.1. Characterization of biosorbent

3.1.1. BET surface area and porosity

Raw and the treated biomass were characterized in 
terms of surface properties such as surface area and pore 
size. Surface area in biosorbents is a microgeometry depen-
dent property of powdered and porous materials and 
can provide important information about their sorption 

properties. It is preferred that the sorbents have a larger 
specific surface area to provide greater sorption capacity.

The surface area, total pore volume, micropore volume 
and mean pore diameter of the raw and the treated biomass 
were determined. The results are shown in Table 4. The BET 
surface area and total pore volume of the raw biomass are 
19.34 m2·g–1 and 18.70 × 10–3 cm3·g–1, respectively. Both of 
these values were reduced by acid treatment. The micro-
pore volume that was not detected in the raw biomass was 
measured as 8.31 × 10–4 cm3·g–1 in the treated biomass. The 
treated and the raw biomass have mesopores (2–50 nm) [36] 
and their mean pore diameters are close to each other.

In a study on the adsorptive properties of agrifood pro-
cessing wastes, the surface characterization of citrus waste, 
artichoke agro-waste and olive mill residue were investi-
gated [37]. Their BET surface areas were recorded as 1.804, 
0.913 and 3.727 m2·g–1 for the citrus waste, artichoke agro-
waste and olive mill residue, respectively. Also, their total 
micropore volumes were 0.0019, 0.0015 and 0.0048 cm3·g–1, 
respectively.

3.1.2. Scanning electron microscopy observations

Scanning electron microscopy (SEM) was used to deter-
mine the morphological differences between the raw, the 
treated biomass and after Pb(II) adsorption. After all samples 

Table 3
Linear equations and the parameters for isotherm and kinetics models [52]

Non-linear form Linear form Plot
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were dried and covered with gold, SEM images were taken 
at different magnifications between 50x and 10Kx. Fig. 1 
shows the differences between the 100x and 5Kx magni-
fied surface images of the raw and the treated biomass. 
SEM shows a raw vegetative structure of sunflower seed 
hull powder (Fig. 1a1 and a2) consisting of fine particles 
that do not have a regular, fixed shape and size. The par-
ticles are of various sizes and have a rough appearance on 

the outer surface with many cracked edges and twists. This 
can be attributed to the presence of impurities spread over 
the surface [38]. These impurities can be removed by acid 
treatment as indicated by the morphologies of the biomass. 
The surface of the acid-treated biomass given in Fig. 1b1 
and b2 is cleaner and smoother than the raw one.

Relatively open channels and macropores are seen on 
the raw biomass surface (Fig. 1a1) but lack pores in its micro 
geometry (Fig. 1a2). However, after activation with H2SO4, 
micropore formation (Fig. 1b2) is observed in the biomass 
structure and it has a more closed surface morphology 
with less impurities as seen in Fig. 1b1. These results are 
consistent with the results from the BET analysis.

Essentially, treatment with H2SO4 did not produce a 
major structural change. The fact that lignin-dependent 
morphological features of sunflower seed hulls do not 
change significantly after acid treatment is consistent with 
the literature [39].

The EDX spectra of the raw, the treated and Pb(II) 
adsorbed the treated biomass are presented in Fig. 2. The 
EDX spectrum of the raw biomass (Fig. 2a) agrees with 
previous studies [35]. The S content of the treated bio-
mass (Fig. 2b) is 12.80 wt.% and the Pb content after the 

Table 4
BET surface area and porosity of the raw and the treated 
biomass

Property raw biomass Treated 
biomass

BET surface area (m2·g–1) 19.34 ± 0.29 10.87 ± 0.10
External surface (m2·g–1) 26.46 14.31
Micropore surface area (m2·g–1) Not detected 1.44
Micropore volume (cm3·g–1) Not detected 8.31 × 10–4

Total porous volume (cm3·g–1) 18.70 × 10–3 9.80 × 10–3

Pore diameter (nm) 3.86 3.59

(a1) 

(a2) 

(b1) 

(b2) 

Fig. 1. Scanning electron microscopy images of the raw (a) and the treated (b) biomass (magnification of 100x (a1,b1) and 
5Kx (a2,b2).
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adsorption of Pb(II) ions (Fig. 2c) is 32.03 wt.%. It can be 
seen from Fig. 2 that the physico-chemical properties of the 
raw biomass become more complex than before after the 
acid treatment and the adsorption processes.

3.1.3. FTIR analysis

FTIR spectra of the raw, the treated biomass and after 
the adsorption are shown in Fig. 3. The broad band in the 
wavelength range of 3,200–3,400 cm–1 are assigned to the 
presence of hydroxyl stretches of alcohols and phenols [40] 
in the structure. The –OH group in the raw and the treated 
structures can be identified at wavenumbers of 3,292 and 
3,336 cm–1, respectively. The treated biomass has lower peak 
intensities of –OH groups than the raw. For the raw bio-
mass the double peaks at 2,923 and 2,853 cm–1 and for the 

treated biomass at 2,919 and 2,853 cm–1 represent symmet-
ric and asymmetric stretching of C–H, respectively, and 
their bending vibrations are at wavenumbers of 1,366 and 
1,317 cm–1 [40,41]. These peaks are mostly are sharply for the 
raw structure than the treated. After adsorption of Pb ions 
these peeks shifted to 2,916 and 2,858 cm–1, respectively.

At a wavenumber range of 1,750–1,500 cm–1, it has 
observed for the raw treated biomass in comparison to 
the treated biomass, sharper peaks. The absorption band 
at 1,744 and 1,710 cm–1 in the raw biomass spectra and at 
1,737 (after the adsorption at 1,734) and 1,713 cm–1 (after the 
adsorption at 1,717) in the treated biomass spectra may be 
related to C=O stretching of aldehydes, ketones and carbox-
ylic acids. The peaks are at 1,633 and 1,641. They are due 
to stretching vibration of C=O [42]. The peaks observed at 
1,597 cm–1 in the treated, at 1,536 in the raw could be due to 

  

   

(b) (a) (c) 

Fig. 2. Scanning electron microscopy images of the raw biomass (a) the treated biomass (b) and the Pb(II) ions loaded the treated 
biomass (c) with energy-dispersive X-ray spectrum.

 

Fig. 3. Fourier-transform infrared spectra of the raw, the treated biomass and Pb(II) ions loaded the treated biomass.
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the stretching vibration of C=C and primary amide groups 
in aromatic rings [40,43]. It has been reported that the wave-
length of around 1,510 cm–1 is a constant peak for lignin 
esters [44]. The band at 1,454 cm–1 in the spectra of the raw 
biomass may be associated with CH3, CH2, aromatic rings 
caused by the bending vibration of C–H and the stretching 
vibration of aromatics [41]. This band shifted to 1,452 cm–1 
for the treated biomass. The width at 1,239 cm–1, which 
appears more sharply in the raw biomass, could be due to 
the vibration of the carboxylic acids.

The band at wavenumber of 1,158 cm–1 are considered to 
occur due to C–O stretching of lipids and bending of alco-
hol groups. The band at 1,035 cm–1 for the raw biomass and 
shifted to at 1,028 cm–1 for the treated biomass is related to 
primary and secondary alcohols and to stretching of ester 
groups [41]. After adsorption of Pb(II) this band shifted to 
1,029 cm–1. Also, the spectrum of the treated biomass shows 
that new absorption bands appear at 896 and 832 cm–1 (after 
the adsorption at 816 cm–1) in the spectrum of the treated 
sample compared to the raw. These vibrational bands at 
about 900–800 cm–1 can be assigned to the stretching vibra-
tions of SO2 due to sulphur absorption, and the presence 
of surface SO2 complexes [35]. The band at 522 cm–1 for the 
raw biomass and shifted to at 522 cm–1 for the treated bio-
mass is assigned to halo compounds although this may also 
be represented to an interaction between metal ions and 
N-containing bioligands [42].

The FTIR spectra of the treated biomass show appre-
ciable change respect the raw biomass. It is expected that 
the surfaces of the treated biomass will be cleaned and the 
organic structure will be charged with protons. As can be 
seen in Fig. 3, the density of single C–O bonds between 1,100 
and 1,000 cm–1 increased relatively after the treatment and 
the peak sharpened around 1,030 cm–1. In this case, it can be 
expected that functional groups such as primary, secondary, 

tertiary alcohols and esters will increase. On the other hand, 
the disappearance of the peaks in the 3,000–2,800 cm–1 and 
1,700–1,200 cm–1 bands can be explained that the acids 
destroyed many bonds in the aliphatic and aromatic com-
pounds in present the raw biomass. Essentially, hydroly-
sis would be expected to improve sorption by replacing 
functional groups attached to the raw biomass and form-
ing new functional groups such as carboxyl, carboxylate, 
and alcohol [45].

3.2. Taguchi optimization

The effects of the initial pH of the solution, the initial 
Pb(II) concentration, the process temperature and time, the 
agitation rate and adsorbent dose on the removal of Pb(II) 
from aqueous solutions were investigated using the L16 (4422) 
orthogonal array. The response values (qt) determined from 
the experiments carried out in accordance with the experi-
mental design matrix (Table 2) followed in the experimental 
studies are given in Table 5. Each experiment was repeated 
twice and the average sorption capacity was recorded as 
the response value. In addition, the values of the S/N ratios 
calculated with Eq. (2), which are focused as a quality char-
acteristic in the evaluation of experimental results in the 
Taguchi method, under the ‘larger better’ conditions are 
also given in Table 5. The S/N ratio was found to be 29.98 
and 21.53 with the highest (run 10) and lowest (run 16) 
ratios, respectively. Again, the mean removal capacity for 
these runs was 31.57 and 11.93 mg·g–1, respectively.

3.2.1. Main effect plot for S/N ratio

According to the larger better-quality characteristic, 
the optimal level of process parameters is the level corre-
sponding to the largest S/N ratio. The response curves for 

Table 5
Design of experiments using L16 (4422) orthogonal array, the removal capacity and the S/N ratio

Run Parameters Response (qt, mg·g–1) S/N 
ratioT (°C) pH C0 (mg·L–1) t (min) Agitation rate (rpm) m (g·L–1) R1 R2

1 20 2 80 30 300 2 12.31 11.83 21.64
2 20 3 120 60 300 4 14.90 14.99 23.49
3 20 4 160 90 600 2 28.56 28.04 29.04
4 20 5 200 120 600 4 20.61 20.66 26.29
5 25 2 120 90 600 4 12.86 11.48 21.71
6 25 3 80 120 600 2 17.93 18.69 25.25
7 25 4 200 30 300 4 22.16 21.88 26.86
8 25 5 160 60 300 2 28.79 29.20 29.25
9 30 2 160 120 300 4 12.31 12.53 21.88
10 30 3 200 90 300 2 31.72 31.41 29.98
11 30 4 80 60 600 4 13.01 12.92 22.26
12 30 5 120 30 600 2 22.11 22.42 26.95
13 35 2 200 60 600 2 22.29 22.13 26.93
14 35 3 160 30 600 4 17.43 17.80 24.92
15 35 4 120 120 300 2 24.51 24.18 27.73
16 35 5 80 90 300 4 12.03 11.82 21.53
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the individual effects of Pb(II) adsorption process param-
eters on sorption capacities (qt) and their correspond-
ing S/N ratios are shown in Fig. 4. The figure also shows 
the true error bars for the mean qt values. The changes in the 
mean response and the S/N ratios against the levels of the 
parameters can be seen from these curves. The S/N ratio, 
the delta and the ranks values for each factor and its levels 
are given in Table 6.

The delta value for any factor is determined by the dif-
ference between the highest and lowest mean S/N ratio. 
The delta measures the magnitude of the impact and 
shows its relative impact. Therefore, the larger the delta, 
the more intense the effect is expected [25]. The rank value 
allows factors to be defined directly according to the effect 
size they have.

The removal capacity is strongly influenced by the 
parameter levels. The biggest factor affecting the S/N ratio 
was the initial Pb(II) concentration. The agitation rate 
was seen as the factor with the least impact. The optimum 
the S/N ratio the value for each factor is indicated in bold 
in Table 6. Process parameters that maximize optimum Pb 
ions removal were determined as at the level 2 (25°C) for the 
temperature, at the level 3 (4) for the initial pH solution, at 
the level 4 (200 mg·L–1) for the initial Pb(II) concentration, at 
the level 3 (90 min) for the proses time, the level 2 (600 rpm) 
for the agitation rate, and the level 1 (2 g·L–1) for the adsor-
bent dose. Therefore, the optimum combination of process 
parameters was T2, pH3, Co4, t3, agitation2 and m1.

3.2.2. Implementation of ANOVA

ANOVA was conducted to investigate to what extent the 
process parameters affect the mean removal capacity and 
to determine the percentage contributions of the parame-
ters at the 95% confidence level. ANOVA analysis is also 
important for the reliability of the observed results [46].

ANOVA results are given in Table 7. According to the 
table, the contribution percentage of the errors (0.211%) was 
much smaller than 50%, which means that the experiments 
were carried out under controlled conditions [31]. It has 
been seen that the initial Pb(II) concentration of the solution 

and the adsorbent dose have very close values according 
to the contribution percentages in the adsorption of Pb(II) 
on the treated biomass. pH follows with an additive ratio 
of 22.39%. On the other hand, the process temperature, 
time and the agitation rate have been seen as factors with 
relatively less effect.

 

Fig. 4. Main effects of factors on qt (with true error bars) and S/N ratio for Pb(II) ion adsorption.

Table 6
Response table of the S/N ratios for Pb(II) removal (larger is 
better)

Level T (°C) pH C0 
(mg·L–1)

t (min) Agitation 
rate (rpm)

m 
(g·L–1)

1 25.11 23.04 22.67 25.09 25.29 27.10
2 25.77 25.91 24.97 25.48 25.42 23.62
3 25.27 26.47 26.27 25.56 – –
4 25.28 26.00 27.52 25.29 – –
Delta 0.65 3.43 4.85 0.47 0.12 3.48
Rank 4 3 1 5 6 2

Table 7
Analysis of variance for the means

Source DOF Sum of 
squares

Variance F-ratio Contribution 
(%)

T (°C) 3 0.963 0.321 1.52 0.73
pH 3 29.341 9.781 46.41 22.39
C0 (mg·L–1) 3 51.499 17.166 81.45 39.30
t (min) 3 0.536 0.179 0.85 0.41
Agitation 
rate (rpm)

1 0.062 0.062 0.29 0.05

m (g·L–1) 1 48.444 48.444 229.86 36.96
Error 1 0.211 0.211 – 0.16
Total 15 131.056 100.00
R2 0.998
Adj. R2 0.976
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According to Fig. 4, the S/N ratio increased as the ini-
tial Pb(II) concentration increased from 80 to 200 mg·L–1. 
According to the larger better-quality characteristic analy-
sis (Table 6) and ANOVA results (Table 7), the most import-
ant factor contributing to the removal performance of Pb(II) 
ions was the initial Pb(II) concentration. These results are 
agreed with similar studies in the literature [33]. The dif-
ference in Pb ions concentration between the biomass and 
solution is used as the driving force for transport from 
the bulk solution to the treated biomass surface. At high 
Pb(II) ion concentrations in the bulk, it is expected that 
the sorption performance will increase due to the easier 
and more convenient transport of these ions to the active 
sites on the biomass, but when the initial concentration 
is excessively high, the active sites will saturate faster, 
which prevents further ion uptake [47].

Adsorbent dosage is another important factor that 
directly affects the metal removal capacity of biosorbents 
from aqueous solutions. According to the results given in 
Tables 6 and 7, the dosage of treated biomass significantly 
affected the removal of Pb(II) ions from the aqueous solu-
tion. Despite the increased dosage of treated biomass, the 
Pb(II) adsorption capacity and the decrease in the S/N ratio 
(Fig. 4) can be explained by particle aggregation. Since the 
increase in the amount of biosorbent provides more avail-
able adsorption sites for the metal ions in the solution, the 
amount of biosorbent is generally considered as a parame-
ter that increases the adsorption capacity. However, since 
excessive biosorbent dosage will lead to particle agglom-
eration, it may play a role that reduces the active surfaces 
and therefore reduces the adsorption capacity [48]. Similarly, 
in the optimization study of Srivastava et al. [29], regard-
ing the biosorption of Pb(II) ions on artichoke agro-waste 
biomass, higher S/N ratios were observed at low biomass  
dosages.

In the removal of heavy metals from aqueous solu-
tions, the pH values of the solutions are a basic operational 
parameter that affects the process, as it can affect the sur-
face charge of the adsorbent, the distribution of metal spe-
cies and the functional group separation in the active sites 
[49]. Edokpayi et al. [50], who studied lead adsorption on 
the mucilage leaves of the Dicerocaryum eriocarpum plant, 
stated that the Pb(II) removal capacity increased from solu-
tions up to the initial pH value of 4, and the capacity began 
to decrease after this value.

As a result of the optimization experiments, it was 
observed that the larger is better quality characteristic 
reached the largest S/N ratio (Fig. 4) for the temperature 
value of 25°C. After this value, it is seen that the adsorption 
removal efficiency and S/N ratio decrease at 30°C and 35°C 

process temperatures. In an adsorption process, tempera-
ture is an important parameter that affects both the solu-
bility and the interaction between the ion/molecule to be 
removed from the solution and the sorbent. This effect may 
vary depending on whether the process is endothermic or 
exothermic. In the literature, there are studies in which the 
adsorption of heavy metals by carbon-based compounds 
is exothermic, thus increasing the temperature causes a 
decrease in the adsorption capacity [47,51].

The parameter with the lowest effect on Pb ions treated 
biomass was the agitation rate. However, the S/N ratio 
was observed to be relatively larger for the 600 rpm the 
agitation rate level. It can be said that it provides a homo-
geneous bulk solution in terms of the agitation rate levels 
chosen in the process, and appropriately disperses Pb(II) and 
treated biomass [43].

3.2.3. Confirmation experiments

In the Taguchi process optimization approach, valida-
tion experiments should be performed for optimum qual-
ity characteristics. Two validation experiments were per-
formed at optimum conditions estimated from the S/N ratio 
results. The mean S/N value was determined and compared 
with the predicted values. According to the results given 
in Table 5, the optimal qt and S/N ratios calculated with the 
software were 32.46 mg·g–1 and 31.05, respectively. In the 
average results obtained from the confirmation experiments 
given in Table 8, these values were observed as 33.10 mg·g–1 
and 30.40, respectively, and both results were within the 
95% confidence and prediction intervals. This indicates a 
good agreement between expected and observed results 
under optimized conditions and that the experimental 
results are reproducible.

When the predicted results of the linear regression model 
based on all the tests included in the L16 design matrix are 
compared with the observed results, this agreement is seen. 
All observed and predicted results in the model graph 
given in Fig. 5 can be defined with a line with intercept 
0 ± 0.4323 and slope 1 ± 0.0210 (R2 = 0.993) within the 95% 
confidence interval.

Certainly, these optimal values are valid for the spec-
ified ranges of process parameters and any extrapolation 
or interpolation needs to be verified by additional experi-
ments to be carried out separately.

3.3. Adsorption isotherms and kinetics

The correlation between the concentration of Pb ions 
in solution at equilibrium and the concentration of Pb ions 

Table 8
Confirmation experiments of the process optimization

Optimal levels of process parameters Predicted optimal values Average of confirmation tests Confidence intervals (95%)

T2, pH3, Co4, t3, agitation2, m1

qe (mg·g–1) 32.46 33.10
CI: 7.95; 56.97
PI: –2.77; 67.69

S/N 31.05 30.40
CI: 25.51; 36.56
PI: 23.09; 38.98
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in the treated biomass was determined using adsorption 
isotherms. Langmuir, Freundlich, Temkin and Dubinin–
Radushkevich equilibrium adsorption isotherm models 
were used to evaluate the adsorption equilibrium.

While the Langmuir isotherm model accepts that 
adsorption occurs at one molecular thickness and at 
certain active localized regions of the adsorbent, the 
Freundlich isotherm describes the monolayer adsorption 
model when there is chemisorption, and the multilayer 

adsorption model when there is physiosorption [52]. 
Unlike the Langmuir and Freundlich isotherm models, the 
Temkin isotherm model considers the adsorbent–adsor-
bate interaction. The Temkin isotherm, ignoring very high 
and low concentration values, assumes a uniform distribu-
tion of binding energies [13]. The Dubinin–Radushkevich 
isotherm model, based on Polanyi theory, considers the 
structure of the pores in the adsorbent and is used in het-
erogeneous environments. The mean sorption free energy 
(E) value obtained from this model indicates whether 
the adsorption process is chemical (8 < E < 16 kJ·mol–1) or 
physical (E < 8 kJ·mol–1) [52,53].

The coefficients and degrees of fit found from the lin-
earized equation graphs drawn (in the supplementary file, 
Fig. 1) for these models are given in Table 9. According to 
the R-square values, the Langmuir model is the isotherm 
model with the highest compatibility. This was followed by 
Temkin, Freundlich and Dubinin–Radushkevich models, 
respectively. The observed and the estimated values from 
the isotherm models and their residuals are given in Fig. 6.

The process can be considered as a chemisorption, 
especially since the experimental results show the high-
est agreement with the Langmuir isotherm and the mean 
sorption free energy (8.639 kJ·mol–1) calculated from the 
Dubinin–Radushkevich isotherm model is in the range of 
8 < E < 16 kJ·mol–1.

adsorption kinetics can show the relationship between 
Pb(II) ions and the treated biomass as depend of time. For 
this purpose, the widely used pseudo-first-order model, 
pseudo-second-order model, Elovich model and intrapar-
ticle diffusion model have been examined. The linearized 
equation graphs drawn for these models are given in the 
supplementary file Fig. 2. The coefficients found and the 

 
Fig. 5. Linear regression model compared with between 
observed (mean) and predicted results at 95% confidence 
interval for Pb(II) ion adsorption.

Table 9
Estimated parameters of isotherm and kinetic models for the adsorption of Pb ions onto the treated biomass

Intercept Slope Parameters R-square Adj. R-square

Equilibrium adsorption isotherm models

Langmuir 0.359 0.040
qmL 24.938 mg·g–1

0.999 0.998
KL 0.112 L·mg–1

Freundlich 1.106 0.122
nF 8.203

0.988 0.986
KF 12.750 mg0.732·L0.268·g–1

Temkin 10.961 2.490
bT 1,005.066 J·mol–1

0.995 0.994
KT 4.402 L·mg–1

Dubinin–Radushkevich 3.177 –0.007
qm 23.963 mg·g–1

0.968 0.962KD 6.700 × 10–3 mol2·J–2

E 8.639 kJ·mol–1

Kinetic models

Pseudo-first-order 3.302 –0.039
k1 0.039 min–1

0.968 0.964
qe 27.165 mg·g–1

Pseudo-second-order 0.931 0.028
k2 8.7 × 10–4 g·mg–1·min–1

0.988 0.987
qe 35.170 mg·g–1

Elovich equation –9.381 7.844
Α 2.372 mg·g–1·min–1

0.982 0.979
Β 0.127 g·mg–1

Intraparticle diffusion 0.241 2.760
KD 2.760 mg·g–1·min–1/2

0.938 0.930
C 0.241
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degree of fit are given in Table 9, and the observed and the 
estimated values from the models and their residuals are 
given in Fig. 7.

The results show that the pseudo-second-order model is 
better fitted because there is a high agreement (0.988) between 
the predicted equilibrium capacities and the experimentally 
observed equilibrium capacities, and relatively lower mean 
relative errors were calculated. Experimental results show 
the second highest correlation with the Elovich equation. 
This was followed by the pseudo-first-order model.

Pseudo-first-order and pseudo-second-order models are 
adsorption – reaction models [52]. The pseudo-first-order 
model based on Lagergren’s kinetics defines the adsorption 
process as a physio-sorption, while the pseudo-second- 

order model defines adsorption as a chemisorption pro-
cess. The Elovich equation does not predict any precise 
mechanism, but is useful in describing adsorption on het-
erogeneous adsorbents such as treated sunflower seed hull. 
The applicability of the Elovich equation shows that the 
adsorption of Pb(II) on the treated biomass is predominantly 
of a chemical nature [54].

The intraparticle diffusion model follows the Weber–
Morris model and explains pore diffusion in adsorp-
tion processes [13,55]. Experimental results provided the 
lowest agreement with the intraparticle diffusion model 
with a correlation coefficient of about 0.94.

In fact, due to the larger size of the liquid molecules, 
the adsorbents used for the adsorptive removal of metal 

 
Fig. 7. The observed and the predicted values from the kinetic models (a) and the residues (b) for Pb(II) ions adsorption on the 
treated biomass.

 
Fig. 6. The observed and the predicted values from the isotherm models (a) and the residues (b) for Pb(II) ions adsorption on the 
treated biomass.
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ions from the liquid phase should predominantly have 
mesopores in their structure [56]. Acid treatment caused 
the formation of new micropores in the structure of the 
raw biomass, but did not cause a significant change on the 
total volume and surface area of the mesopores. As such, 
the results can be considered to be consistent with the 
BET analysis results.

For the adsorption of Pb(II) ions, a maximum adsorp-
tion capacity of 31.10 mg·g–1 was obtained in this study. A 
comparison of the adsorption capacity of the acid-treated 
sunflower seed hulls and the capacities of some other 
biomass-based biosorbents is presented in Table 10. The 
sunflower seed husks can be considered as a potential 
biosorbent for Pb(II) removal in water and wastewater, as 
it is a light, brittle and easily processable material and has 
a higher adsorption capacity than many biosorbents pre-
sented in the table.

4. Conclusions

The use of lignocellulosic biomass (raw or modified) 
obtained from agricultural wastes as an environmentally 
friendly alternative sorbent for the removal of heavy metals 
from aqueous solutions has been studied in many studies 
and continues to be investigated. In this study, sunflower 
seed hulls, an agricultural industry waste biomass, were 
modified by treatment with H2SO4 and showed that the 
treated biomass could be an effective biosorbent for removal 
of Pb(II) ions from aqueous solutions. The FTIR spectrum 
and the SEM images showed that acid treatment removed 
impurities from the raw structure of agricultural waste, 
consisting of groups such as C–H, C=O, C–C, aromatic 
C–H and amine.

Taguchi experimental optimization design and ANOVA 
analysis proved to be a reliable tool to examine the effects 
of the solution initial pH, the initial Pb ions concentration, 
the process temperature and time, the agitation rate, and 
the biomass dosage on the adsorptive removal of lead ions 
by the treated biomass. Under optimum operating condi-
tions, the treated biomass showed the adsorption capacity of 
33.10 mg·g–1 for removal of Pb(II) ions. With qt as response, 

all factors considered in the experimental design are sta-
tistically significant at the 95% confidence level.

The Langmuir model showed the highest agreement 
among the four equilibrium adsorption isotherm models 
studied. According to the Dubinin–Radushkevich equi-
librium adsorption model, the mean sorption free energy 
is greater than 8 kJ·mol–1, and also the pseudo-second- 
order kinetic model was the best kinetic model to explain 
the sorption behaviour of Pb(II) ions. For these reasons, the 
process of adsorption of Pb(II) ions onto the treated biomass 
can be a chemisorption.

These results show that biomass obtained from the 
acid-modification of the sunflower seed hull, which is locally 
available almost free of charge, may be a suitable alterna-
tive for the removal of Pb(II) ions from aqueous solutions.

Symbols

bT — Temkin isotherm constant, J·mol–1

C0 —  Initial lead concentrations in the aqueous solu-
tions, mg·L–1

Ce —  Lead concentrations in the aqueous solutions at 
equilibrium, mg·L–1

Ct —  Lead concentrations in the aqueous solutions at 
time, mg·L–1

CI — Confidence interval
PI — Prediction interval
E —  Mean sorption free energy from Dubinin–

Radushkevich isotherm, J·mol–1

k1 — Pseudo-first-order rate constant, min–1

k2 —  Pseudo-second-order rate constant, g·mg–1·min–1

ki —  Intraparticle diffusion rate constant, 
mg·g–1·min–1/2

KL — Langmuir equilibrium constant, L·mg–1

KF —  Freundlich equilibrium constant, mg1–c·Lc·g–1 
(c: 1/nF)

KT — Temkin equilibrium constant, L·mg–1

KD —  Dubinin–Radushkevich isotherm constant, 
mol2·J–2

M — Mass of the treated biomass, g
nF —  Heterogeneity factor from Freundlich isotherm 

equation

Table 10
Comparison of the maximum adsorption capacity of Pb(II) ions by various biosorbent

Biomass Treatment Adsorption capacity (mg·g–1) References

Melia azedarach L. leaves
NaOH 35.1

[57]
HCl 28.5

Peanut shell activated carbon HNO3 35.5 [58]
Tea factory waste No treatment 22.1 [59]
Sporopollenin HNO3 6.1 [60]
Peels of banana No treatment 5.7 [61]
Walnut shell No treatment 9.9 [62]
Dicerocaryum eriocarpum No treatment 41.5 [51]
Mango seed integuments NaOH 49.9 [63]
Caryota urens seeds carbon HNO3 42.9 [64]
Olive tree pruning No treatment 27.1 [42]
Seed hulls of sunflower H2SO4 33.1 This study
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n —  Total number of experiments for Taguchi design
qe — Adsorption capacity at equilibrium, mg·g–1

qm —  Dubinin–Radushkevich isotherm saturation 
capacity, mg·g–1

qmL —  Langmuir constant for monolayer capacity, 
mg·g–1

qt — Adsorption capacity at time, mg·g–1

R — Universal gas constant, 8.314 J·mol–1·K–1

T — Temperature, °C
t — Adsorption time, min
V — Aqueous volume of solution, L
α — Elovich constant, g·mg–1

β — Initial adsorption rate, mg·g–1·min–1

ε —  Adsorption potential from Dubinin–
Radushkevich isotherm

Abbreviations

D–R — Dubinin–Radushkevich
DOF — Degrees of freedom
S/NLB — Signal-to-noise ratio for “larger better”
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Fig. S1. Linearized equation graphs for the isotherm models.
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Fig. S2. Linearized equation graphs for the kinetic models.
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