
Introduction

In recent years, with increasing human activities and 
the discharge of industrial sewage, heavy metal pollution 
in the water environment has become more and more 
serious [1]. Heavy metals have caused great harm to 
ecosystems and human bodies due to their self-toxicity 
and refractory properties. At present, the methods for 
treating heavy-metal-contaminated sewage include 

electro-coagulation, ion exchange, membrane filtration, 
and adsorption [2]. Among these methods adsorption has 
attracted much attention due to its simplicity, low cost, 
and efficiency for wastewater treatment, making it is the 
most economical solution [3]. 

Lead (Pb) is one of the heavy metals widely 
present in industrial effluents. Pb can be assimilated 
and concentrated in animal tissues via the food chain, 
then injure the nervous, blood, and digestive system 
[4]. Biochar, nanomaterials, and biomass waste have 
been used to adsorb Pb in aqueous solutions [5, 6]. The 
hydroxyl, carboxyl, carbonyl, alcohol, phenol, and other 
surface oxygen-containing functional groups (OFGs) 
contained in these biomass waste have a particularly 
high affinity for adsorbing Pb2+. The adsorption 
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mechanism involves physical and chemical adsorption, 
including surface adsorption, pore size diffusion, 
intermolecular force, ion exchange, functional group 
complex, and precipitation, etc. [7, 8]. At present, the 
sorbent preparation for adsorbing Pb2+ from biomass 
waste processing materials has become one of the 
research hotspots.

Sorghum vinasse (SV) is the final by-product of 
the grains (sorghum, corn, or wheat) distillation for 
ethanol production. The yield of SV is 3.0 × 107 tones 
of 2014 in China and shows an increasing tendency year 
by year [9]. Only a tiny amount of SV is disposed of 
feeding animals, while most SV are discarded with no 
management. This will cause serious environmental 
problems such as uncontrolled decomposition, rotting, 
fetor, spreading bacteria and viruses, and leakage of 
percolate. Therefore, appropriate reuse of SV will help 
for protecting the local environment, and contribute 
to the sustainable development of the liquor industry. 
There is plenty of organic matter, potassium ion, 
cellulose, hemicellulose, and lignin contained in SV 
[10], thus having abundant OFGs including carboxylate, 
aromatic carboxylate, phenolic hydroxyl, hydroxyl, etc. 
[11]. These OFGs have a particularly high affinity for 
binding heavy metal ions [11]. Therefore, it is speculated 
that SV has a specific adsorption performance for Pb 
ions, but the adsorption characteristics and mechanisms 
are currently unclear.

Given the above consideration, this study aims to 
(1) identify the adsorption behavior of Pb2+ by SV under 
the conditions with different solution pH, SV dosages, 
contact time, or initial Pb2+ concentrations, (2) elucidate 
the adsorption mechanism through analyzing the 
adsorption kinetics, isothermal adsorption model, and 
the roles of SV microstructure in adsorption processes. 
The results can provide research bases for SV applying 
in the processes of leaded wastewater decontamination.

Material and Methods 

Chemicals and Materials 

SV was obtained from a brewhouse located in 
Renhuai, Guizhou Province, China, the primary raw 

materials of which were sorghum and wheat. SV was 
ground and sieved to 100 mesh (0.15 mm) after washing 
with deionized water (resistivity >18.2 MΩ cm-1), 
then dried at 80ºC to a constant weight. The standard 
reserving solution for Pb2+ was prepared by dissolving 
solid Pb(NO3)2 (GR, Guoyao, China) in deionized 
water (resistivity >18.2 MΩ cm-1) to be 1000 mg L-1, 
which is diluted to the required concentrations for 
experiments.   

Experiment Design and Characterization  
Methods

According to the experiment design presented in 
Table 1, a certain amount of SV and leaden solution were 
orderly added into Teflon centrifuge tubes. Hydrochloric 
acid (1 M, GR, Guoyao, China) and sodium hydroxide 
solution (1 M, GR, Guoyao, China) were used to adjust 
the pH values. The Teflon centrifuge tubes (with cover) 
were placed on a thermostatic oscillation incubator 
and shaken at a constant speed (120 rpm) for 1440 
min under the room temperature of 25ºC. Supernatants  
were extracted by centrifugation under 5500 r min-1 
for 5 min, and carefully filtered with 0.25 μm 
polyvinylidene fluoride membrane (Millipore, USA). 
The flame atomic absorption spectrometry (Aanalyst 
400, PerkinElmer, USA) was employed for determining 
the Pb2+ contents in supernatants. All adsorption 
experiments were conducted in triplicate. The 
triplicate analysis for all samples, certified reference 
material (GBW (E) 083779), and method blanks were 
completed for the quality assurance of analyzing Pb2+. 
The detection limits were measured to be 0.01 mg L-1 
for Pb2+ in solution. The method blanks were taken 
regularly with more than 15% of the total samples. 

The surface morphology of the SV before and 
after adsorbing Pb2+ was characterized by scanning 
electron microscopy with an energy dispersive 
spectrometer (SEM-EDX, FEI Quanta 250 FEG, USA). 
The crystalline forms of chemical precipitates were 
determined by X-ray diffraction (XRD, Hermofisher 
K-Alpha, USA). The functional groups of SV were 
determined by fourier transform infrared spectroscopy 
(FTIR, FTIR-650, China). The surface area to volume 
ratio was determined by Brunauer-Emmett-Teller (BET, 

Table 1. Details of experimental design. 

Experimental No. Investigate factor Other factors Objectives

1 pH = 2, 3, 4, 5, and 6 m a = 0.1 g, C0 
b = 400 mg 

L-1, t c = 1440 min Identify the effects of pH

2 m = 0.025, 0.05, 0.1, 0.15, 
and 0.2 g

C0 = 400 mg L-1, pH = 5 ± 
0.03, t = 1440 mins Clarify the effects of the SV dosage applied

3 t = 10, 30, 60, 120, 240, 360, 
480, 720, and 1440 mins

m = 0.1 g, C0 = 400 mg L-1, 
pH = 5 ± 0.03, t = 1440 mins

Investigate the adsorption characteristics at 
various contact times

4 C0 = 10, 50, 100, 200, 300, 
400, 500, and 600 mg L-1

m = 0.1 g, C0 = 400 mg L-1, 
pH = 5 ± 0.03, t = 1440 mins

Identify the effects of initial concentration of 
Pb2+

Annotation: a m is the SV dosage, b C0 is the initial concentration of Pb2+, and c t is the contacting time.
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Quantachrome NOVA1994-2007, UAS) under nitrogen 
atmosphere.

Data Analysis

The adsorption capacities and removal rate of Pb2+ 
adsorbed on SV were calculated using Eq. (1) and Eq. 
(2), respectively.  

 

                        (1)

                    (2)

Where Qe is the equilibrium adsorption capacity (mg 
g-1); C0 and Ct is the respective concentrations of Pb2+ at 
time 0 and t in supernatants (mg L-1); V is the solution 
volume (L), m is the mass of adsorbent (g); W% is the 
removal rate of Pb2+. 

The Langmuir isotherm (Eq. (3)) and Freundlich 
isotherm (Eq. (4)) models were employed to simulate 
the sorption isotherms [12].

                 (3)

            (4)

Where Ce is the equilibrium concentrations of Pb2+ 
(mg L-1); Qe and Qmax is the equilibrium and maximum 

adsorption capacity (mg g-1), respectively; Kl and Kf is 
the Langmuir and Freundlich constant, respectively. 

Pseudo-first-order (Eq. (5)) and Pseudo-second-order 
(Eq. (6)) kinetic models were both applied to analyze 
the sorption kinetics of Pb2+ on SV [12]. 

           (5)

                     (6)

Where t is the adsorption time (min); Qe 
is the equilibrium adsorption capacity (mg g-1); Qt 
is the adsorption capacity at time t (mg g-1); K1 and K2 
is the Pseudo-first-order and Pseudo-second-order rate 
constant, respectively. 

Results and Discussion

Effects of Initial pH

The adsorption capacity for Pb2+ on SV was 
5.55±1.49 mg g-1 when pH = 2, then it increased 
with the increasing pH and reached a maximum 
value of 68.42±1.42 mg g-1 when pH = 6 (Fig. 1a). 
This suggests that the initial pH plays a key role in affecting  
the adsorption process of Pb2+ on SV. It had reported 
that the initial pH of the reaction solution could 
significantly influence the adsorption capacity of metals 
on absorbents via the pathways affect the distribution 

Fig. 1. Influences of solution pH a), SV dosage b), contact time c), and initial Pb2+ concentration d) on adsorbtion process.



Zhao T., et al.3450

of surface charge and the speciation of heavy metals in 
the solution [13]. There were large amounts of H+ in the 
reaction solution when pH = 2-4. The H+ was adsorbed 
onto the SV surface and competed with Pb2+, resulting in 
the adsorption of Pb2+ on SV being inhibited. With the 
initial pH value of the reaction solution increased, the H+ 
amount in the solution decreased simultaneously; thus 
the surface OFGs of SV become deprotonated, which 
is more favorable for binding Pb2+. When the pH>5, 
the Pb2+ would coordinate with hydroxyl ion (OH-), 
then Pb(OH)+ and Pb2(OH)3+ were formed, which could 
enhance the adsorption of Pb2+ on SV. The precipitates, 
Pb(OH)2, could be generated and adsorbed onto SV 
when the pH≥6, causing the adsorption capacity of 
Pb2+ on SV to increase significantly. Under the natural 
aquatic environment, Pb2+ and Pb(OH)+ are the dominate 
species of Pb when pH≤5.5, and Pb(OH)2 is generated 
when pH = 5.5-12.5 [14,15]. The coordination of Pb2+ 
with OH- can decrease the concentration of free Pb2+ in 
solution. Thereby, the real adsorption capacity of Pb2+ 
on SV is difficult to estimate. Therefore, for avoiding 
the influence of the coordination of Pb2+ with OH- and 
generating precipitation, pH = 5 was determined as the 
optimal value for researching the adsorption processes 
of Pb2+ on SV. 

Effects of Adsorbent Dosage

With the SV dosages ranging from 0.0250 to 0.2000 
g, the adsorption capacity of Pb2+ on SV decreased 
from 55.59 to 44.84 mg g-1, and the removal rates 
of Pb2+ increased from 13.52% to 91.14% (Fig. 1b). 
With the increasing of the SV dosage, the adsorption 
site increased simultaneously, while the initial Pb2+ 
concentrations were constant, resulting in the adsorption 
processes changing from saturation to unsaturation [16, 
17]. Therefore, the SV dosage has significant effects on 
the adsorption processes.

Effects of Contact Time

The contact time had essential effects on the 
adsorption process of Pb2+ on SV (Fig. 1c). The 
adsorption capacity of Pb2+ on SV was calculated to be 
51.47 mg g-1 at the 10th min, which was 95.4% of the 
maximum adsorption capacity (53.95±2.88 mg g-1).
Then the adsorption capacity increased slowly 
concerning contact time and reached equilibrium at 
the 360th min. The removal rate of Pb2+ in equilibrium 
was 53.96%. These results indicate that Pb2+ is quickly 
adsorbed via physical adsorption once the SV is added 
into the reaction solution. The total active adsorption 
sites on SV were constant when 0.1 g of SV was 
spiked into the reaction mixture. It’s hypothesized that 
each active site can absorb one Pb2+ via monolayer 
adsorption. Thereby, the adsorption processes will 
be quickly within 10 min. Then the number of active 
adsorption sites decreased with reaction time, resulting 
in the adsorption rates decreased. In the present 

study, the adsorption capacity was calculated based 
on the concentrations of Pb2+ in the reaction solutions. 
Actually, they are net results because the adsorption and 
desorption processes co-occur. Although the adsorption 
processes had approximately reached the equilibrium 
at the 360th min, the 1440th min was chosen as the 
optimum contact time in all experiments to research the 
adsorption characteristics because it should be assured 
that the adsorption and desorption processes completely 
reached the equilibrium. 

Effects of Initial Pb2+ Concentration

As the increasing of initial Pb2+ concentrations, the 
equilibrium adsorption capacity of Pb2+ on SV could 
be divided into two phases (Fig 1d). The first phase 
was when the initial Pb2+ concentrations <400 mg L-1, 
the adsorption amount of Pb2+ enhanced quickly as 
the increasing initial Pb2+ concentration. The SV can 
provide enough active adsorption sites for absorbing 
Pb2+; consequently, the equilibrium adsorption capacity 
of Pb2+ on SV increased with increasing initial Pb2+ 
concentrations. Therefore, the initial Pb2+ concentration 
is the main factor affecting adsorption process at this 
phase. When the initial Pb2+ concentrations surpassed 
400 mg L-1, the active adsorption sites for absorbing Pb2+ 
were occupied completely, showing that the adsorption 
capacities reached equilibrium. During the adsorption 
processes, different Pb2+ concentrations could provide 
various driving forces to surmount the resistance 
between the solid and liquid phases [15]. Therefore, the 
slowly increasing adsorption capacity at high initial Pb2+ 
concentration can be attributed to the elevated driving 
forces between the solid and liquid phase provided by 
Pb2+, which inhibit the adsorption process [18].

Adsorption Kinetics

According to the coefficient of determination  
(R2 = 0.99, Fig. 2(a-b)), the adsorption kinetics of Pb2+ 
on SV could be well illustrated by the pseudo-second-
kinetic model. Besides, the theoretical adsorption 
capacity (53.99 mg g-1) obtained from the pseudo-
second-order kinetic model is approximately equal to 
the experimental data. This means that the adsorption 
of Pb2+ on SV may be a chemical process, which is 
involved in affecting valence force via sharing or 
exchange of electrons between SV and Pb2+ [19]. 

Sorption Isotherms

The sorption isotherms and possible adsorption 
mechanism were described by Langmuir and Freundlich 
isothermal adsorption model (Fig. 2(c-d)). The modeling 
maximum adsorption capacity (62.66 mg g-1) obtained 
from the Langmuir model was close to the experimental 
data (57.13 mg g-1). In addition, the coefficient of 
determination from the Langmuir model (R2 = 0.98) 
was much higher than that from the Freundlich model 
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(R2 = 0.76), suggesting that the adsorption process 
of Pb2+ on SV was better illustrated by the Langmuir 
model. This demonstrated that the adsorption process of 
Pb2+ on SV was mainly monolayer adsorption [20].

Rise of the Microstructure of SV 
in Adsorption Processes

The surface area to volume ratio and porosity is 
the dominant physical properties that can affect the 
adsorption capacity of metals by absorbents. The 
surface micrographs of SV display a fine claviform 
structure with inner porosity, and the surface area to 
volume ratio is 1.602 m2 g-1. After the SV adsorbed 
Pb2+, the fine claviform became coarse and piled layered 
on the surface of SV (Fig 3). The inner porosity was 
disappeared, and the surface area to volume ratio was 
3.294 m2 g-1. The increasing of surface area to volume 
ratio might be attributed to that Pb2+ was adsorbed on 
the surface and inner porosity, resulting in the inner 
porosity being blocked. Consequently, the surface 
area to volume ratio increased after adsorption, which 
meant that the physical absorptions occurred during the 
adsorption process. 

The EDX spectra show that alkali metals (K, 
Ca, Na, Mg) can be detected before adsorbing Pb2+ 
(Fig. 3a), and cannot be detected after adsorption  
(Fig. 3b), demonstrating that the alkali metals are 

released during the adsorption process. This is mainly 
caused by that alkali metals have high activity and 
mobility, and can be exchanged with Pb2+ as Eqs (7) 
and (8) [21]. Therefore, we can conclude that ion-
exchange between alkali metals and Pb2+ are involved in 
the adsorption process.

SV-Ca2+ + Pb2+→SV-Pb2+ + Ca2+         (7)

SV-Mg2+ + Pb2+→SV-Pb2+ + Mg2+        (8)

Before absorbing Pb2+, the characteristic diffraction 
peaks of SiO2 (2θ = 20.6°, 26.3°, 50.1°, and 59.8°) 
and CaAl2SiO8•4H2O (2θ = 26.4°, 28.9°, 36.3°, 42.6°, 
50.3°, and 60°) were observed. After loading with Pb2+, 
the intensities of diffraction peaks at 26.3° decreased 
significantly, and the characteristic diffraction peaks  
of CaAl2SiO8•4H2O were not observed. Meanwhile, a 
new characteristic diffraction peak of Pb(ClO4)•3H2O 
(2θ = 30.3°) was found (Fig. 4a). It had been reported 
that Pb2+ could be removed by absorbent through surface 
precipitation because Pb2+ could react with H2O and 
CO2 to generate PbO, PbCO3, and Pb(OH)2 [22]. In the 
present study, XRD analysis did not find these species 
of Pb, which suggested PbO, PbCO3, and Pb(OH)2 were 
not formed and deposited on the surface of SV under 
acidic conditions (pH = 5). By combining these results 
with the EDX spectra, it was concluded that surface 

Fig. 2. The fitting results of the pseudo-first-order a), pseudo-second-order kinetic b), Langmuir c), and Freundlich d) models of SV 
adsorbing Pb2+.
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precipitation was not the governing mechanism for 
removing Pb2+ by SV, and the predominant pathway was 
ion exchange.

The OFGs, including acidic group, carboxyl, and 
hydroxyl on the adsorbent surface, can be complexed 
with Pb2+, which is of great importance for absorbing 
Pb2+ [23]. FTIR spectroscopy was thus recorded 
(Fig. 4b) to identify the change of OFGs of SV before 
and after absorbing Pb2+. In the spectrum of SV before 

absorbing Pb2+, the band at 3334 cm-1 was assigned 
to the structural -NH2 and -OH stretching vibration, 
which appeared in low intensity after absorbing Pb2+ 
[24]. This was caused by that Pb2+ superseded -H in 
these OFGs, revealing that ion exchange was presented 
in the adsorption process (Eq. (9)). As for SV, before 
absorbing Pb2+, the absorption at 2925 and 2852 cm-1 
came from the stretching vibration of -CH3 and -CH2 
(the characteristic absorption of methyl and methylene), 

Fig. 4. The XRD a) and FTIR b) of SV before and after absorbing Pb2+.

Fig. 3. The SEM and EDX of SV before a) after b) absorbing Pb2+.
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respectively. After absorbing Pb2+, these vibrations 
shifted to 2925 and 2853 cm-1, suggesting that chemical 
reactions were involved in adsorption processes.  
The C=O stretching vibration in carboxylic acid at  
1741 cm-1 and -COO- antisymmetric stretching 
vibration in organic carboxylate at 1654 cm-1 decreased 
drastically after absorbing Pb2+. This is caused by that 
carboxyl groups on the surface of SV can react with 
Pb2+ to generate SV-CO-Pb+ and (SV-CO)2Pb as Eqs 
(10) and (11) [25]. The adsorption at 1043 cm-1 came 
from the stretching vibration of Si-O, the intensity of 
which decreased after absorbing Pb2+. This implies that 
SiO2 has a strong affinity to Pb2+, which is similar to the 
previous study [26]. These FTIR analyses indicated that 
the hydroxyl group (-OH), amino group (-NH2), carboxyl 
functional group (-COOH), and other aromatic groups 
from cellulose, lignin, and semi-fiber on the surface of 
SV can absorb Pb2+ through complexation. Based on the 
above analysis, it can be seen that the adsorption of Pb2+ 
on SV mainly via physical absorption, ion exchange, 
surface complex with OFGs, and chemical reactions.

(SV-OH)2 + Pb2+ → (SV-O)2Pb + 2H+       (9)

SV-COOH + Pb2+ → SV-CO-Pb+ + H+    (10)

(SV-COOH)2 + Pb2+ →  (SV-CO)2Pb + 2H+ (11)

Comparison of Adsorption Characteristics of Pb(II) 
by Various Absorbents

The isothermal adsorption model, kinetics, 
and adsorption capacity by various absorbents are 
summarized in Table 2. The Langmuir adsorption 
model can well illustrate the adsorption processes 
of Pb2+ by different biosorbents, suggesting that the 
adsorption process of Pb2+ by different biosorbents are 
mainly monolayer adsorption. The adsorption kinetics 
of Pb2+ by different biosorbents can be described by 
the pseudo-second-order kinetic. This indicates that the 
adsorption of Pb2+ by biosorbent is a chemical process, 
which is involved in affecting valence force via sharing 
or exchange of electrons between biosorbents and Pb2+. 
The biosorbent, SV, is neither the best nor the worst 

because the adsorption capacity of Pb2+ on SV we 
obtained is within the general broad reported by others. 
This implies that the SV has a particular application 
prospect in Pb cations  removal of wastewater.

Conclusions

Sorghum vinasse (SV) is applied as biosorbents for 
removing the Pb2+ in aqueous solutions. The adsorption 
Pb2+ on SV can be significantly affected by the solution’s 
initial pH, SV amount, reaction time, and the initial Pb2+ 
concentration. The adsorption of Pb2+ on SV is a quick 
and physical process. The adsorption capacity of Pb2+ on 
SV increased simultaneously with the increasing of the 
initial solution pH. In contrast, the adsorption capacity 
of Pb2+ on SV decreased with increase SV dosage. The 
adsorption capacity increased quickly when the initial 
Pb2+ concentrations were lower than 400 mg L-1, then it 
did not vary significantly with the increasing initial Pb2+ 
concentrations.

The adsorption process of Pb2+ on SV can be well 
illustrated by the pseudo-second-order kinetic model, 
indicating that the adsorption of Pb2+ on SV is a chemical 
process. The Langmuir model can well illustrate the 
adsorption process of Pb2+ on SV, suggesting that the 
adsorption process of Pb2+ on SV is mainly monolayer 
adsorption and a spontaneous process. The SEM, 
EDX, XRD, and FTIR were employed to investigate 
the adsorption mechanism of Pb2+ on SV. Overall, the 
adsorption of Pb2+ on SV occurs mainly via physical 
absorption, ion exchange, surface complex with OFGs, 
and chemical reactions. 
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