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Abstract
A novel greenness and low-cost biosorbent was prepared by polyethylene polyamine-modified waste biomass of sugarcane 
bagasse in this study, which was used to remove molybdenum(VI) from aqueous solution. The structural properties and 
adsorption mechanism of this amine-functionalized sugarcane bagasse adsorbent (SCB-A) on Mo(VI) were investigated 
by SEM–EDS, BET, TG, FTIR, XPS, and batch adsorption experiments. The results show that the adsorption reaction 
between SCB-A and Mo(VI) was a spontaneous endothermic process, and its theoretical maximum adsorption capacity was 
about 231.48 mg/g. The adsorption capacity was 8.93-fold compared to that of pristine sugarcane bagasse. This adsorption 
process was more consistent with the Langmuir model and pseudo-second-order kinetics model, indicating that this process 
was monolayer adsorption on a homogeneous surface and the adsorption rate was controlled by the chemisorption process. 
SCB-A possessed great reusability, maintaining a stable adsorption capacity after five recycles. For the adsorption toward 
Mo(VI), SCB-A also exhibited superior selectivity in a multi-ion coexistence solution. Therefore, SCB-A has tremendous 
potential in the economically and feasible removal of Mo(VI) from wastewater.
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Introduction

Molybdenum, a rare and valuable metal with a high melt-
ing point, good conductivity and wear resistance, and low 
thermal expansion coefficient, has been widely applied in 
crucial areas such as alloys, catalysts, and medicine [1, 2]. 
The recovery of molybdenum from various sources and 
the reduction of environmental problems aroused more 
and more attention from metallurgists with the increasing 
demand continuously for molybdenum globally. Although 
molybdenum is a necessary microelement for plants and 
animals, it can cause environmental problems and many 
diseases such as anemia, delayed growth, and even death 
with high concentrations of molybdenum [1, 3]. Molyb-
denum forms ions in different oxidation states, and the 
oxyanion MoO2−

4
 (Mo(VI)) is the main form of soluble 

molybdenum in environmental pollution [1]. The allow-
able concentration of molybdenum(VI) in potable water 
should be below 0.07 mg/L [4]. Thus, the selective rec-
ognition and removal of molybdenum(VI) from aqueous 
solution is essential.

Several methods, such as solvent extraction [5], ion 
exchange [6], chemical precipitation [7], and adsorption 
[8], have been used for removing metal ions from aqueous 
solution. Solvent extraction has the advantage of excellent 
selective recognition, high extraction capacity, and sim-
ple operation. However, the organic phase used in solvent 
extraction is usually toxic, flammable, and detrimental to 
the environment. The advantage of ion exchange is good 
reusable, excellent removal capacity, and simple device, 
but it has some drawbacks such as poor selectivity and a 
large amount of wastewater. The merits of chemical pre-
cipitation are low cost and simple process, but it possesses 
the possibility of secondary pollution. Adsorption is an 
economical and effective method to recover trace molyb-
denum from aqueous solution due to its high efficiency, 
simple operation, and no secondary pollution. Thus, 
adsorption is applied for the selective recognition and 
removal of molybdenum(VI) from aqueous solution in this 
study to reach the purpose of high efficiency, greenness, 
and sustainability. Various adsorption materials have been 
used for removing metal ions, including activated carbon, 
silica gel particles, and alumina. However, some draw-
backs, such as expensive cost, long adsorption time, low 
selectivity, and poor recyclability, must be considered in 
these adsorbents from actual applications. Thus, it is sig-
nificant to synthesize adsorbents with low cost, selectivity 
recognition, recyclability, high adsorption capacity, and 
rapid adsorption–desorption to remove molybdenum(VI) 
from aqueous solution.

Biosorbents as efficient and economical have obtained 
more and more attention for removing heavy metals in 

wastewater, especially low-cost agricultural waste such as 
sugarcane bagasse [9–11]. The sugarcane bagasse consists 
of 50% cellulose, 27% polyose, and 23% lignin and is one 
of the best waste materials of lignocellulosic with low cost 
and large quantities [10, 12]. In the previous report, the 
surface modification by amine groups could modify the 
adsorbent property and enhance its adsorption capacity 
for metal ions due to the specific surface charge of amine 
groups [10, 11]. For instance, the adsorption capacities 
of ethyl cellulose film increased by hyperbranched pol-
yethylenimine-functionalized [13]. Although multiple 
researches on lignocellulosic waste modification have 
been published around the world in this field, sugarcane 
bagasse modification for removing molybdenum(VI) has 
rarely been conducted, and no studies on extending poly-
ethylene polyamine-grafted sugarcane bagasse to remove 
molybdenum(VI) have not been reported.

Herein, an amine-functionalized sugarcane bagasse 
adsorbent (SCB-A) was synthesized by using polyethylene 
polyamine to reach selectivity recognition and removal of 
molybdenum(VI) from aqueous solution in this work. Poly-
ethylene polyamine was immobilized on sugarcane bagasse 
substrates to explore the adsorption property of the polyeth-
ylene polyamine structures on molybdenum(VI). The superi-
ority of synthesized SCB-A for molybdenum(VI) adsorption 
was proved by adsorption isotherm, regeneration, and com-
petitive adsorption experiments. Furthermore, the structural 
properties and possible adsorption mechanism of SCB-A for 
molybdenum(VI) were analyzed by using different charac-
terizations and batch adsorption experiments under differ-
ent conditions. This work aims to supply useful references 
to develop a more economical and feasible material for the 
removal of Mo(VI) from wastewater.

Experimental

Materials

The sugarcane bagasse used in this work was collected 
from the Guangxi Sugarcane Mill. Polyethylene polyamine 
(C2nH5nNn, CAS: 68131-73-7) was supplied by Aladdin. 
Ammonium molybdate (CAS: 12054-85-2) was afforded 
from the Tianjin Chemical Plant. Nitric acid (HNO3, CAS: 
7697-37-2) and sodium hydroxide (NaOH, CAS: 1310-73-
2) were purchased from Shanghai Chemical Company. 95% 
ethanol (CAS: 64-17-5), 50% Mangan nitrate water solu-
tion (CAS: 10377-66-9), and cadmium nitrate (CAS: 10325-
94-7) were provided by Tianjin Kemiou Chemical Reagent 
Co., Ltd. Copper(II) nitrate trihydrate (CAS: 10031-43-3) 
and nickel(II) nitrate hexahydrate (CAS: 13478-00-7) were 
provided by Xilong Scientific. De-ionized water was used 
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in each experiment. All reagents used in this work were of 
analytical grade.

Preparation of SCB‑A

Amine-functionalized sugarcane bagasse adsorbent (SCB-A) 
was synthesized by the sugarcane bagasse and polyethylene 
polyamine. Firstly, the waste sugarcane bagasse was used as 
the raw material to prepare the sugarcane bagasse substrates 
(SCB) as follows: The waste sugarcane bagasse was washed 
sequentially with de-ionized water and ethanol solution until 
the sugars were removed. After washing, sugarcane bagasse 
was dried in a hot air oven at 60 °C for two days. Then, 
the drying sugarcane bagasse after crushing was marked as 
SCB.

The synthesis protocol for the synthesis of SCB-A from 
SCB is displayed in Fig. 1. Briefly, 5 g SCB was dissolved in 
300 ml 1 mol/L NaOH solution and agitated for 2 h at 45 °C 
in a water bath pot at 150 rpm, and then filtered. Secondly, 
grafting was achieved by adding 20 mL epichlorohydrin 
and 100 ml ethanol solution, followed by stirring for 4 h 
at 60 °C. The sugarcane bagasse of grafting epichlorohy-
drin was washed twice with ethanol solution by stirring for 
10 min each at 40 °C. Next, 20 mL polyethylene polyamine 
and 100 ml ethanol solution were added by stirring for 5 h 
at 80 °C, and then filtered. Finally, the resulting amine-func-
tionalized sugarcane bagasse (SCB-A) was washed sequen-
tially with the ethanol solution at 40 °C for each 20 min and 
de-ionized water until the pH of the washings reached neu-
trality, and then dried in a hot air oven at 60 °C for 2 days.

Instruments

The concentrations of metal ions in solution were deter-
mined using Inductively coupled plasma atomic emission 

spectrometry (ICP-OES) (Avio200, PerkinElmer, Ameri-
can). The samples were characterized by using Scanning 
electron microscopy (SEM, Tescan Mira Lms, Czech Repub-
lic) and energy-dispersive spectroscopy (EDS), Thermo-
gravimetric analyzer (TGA 2, Mettler Toledo, Switzerland), 
Automatic Specific Surface and Porosity Analyzer (BET, 
Micromeritics ASAP 2460, American), Fourier transform 
infrared spectroscopy (FTIR, Nicolet iS10, ThermoFisher, 
American), and X-ray photoelectron spectroscopy (XPS, 
Thermo Scientific K-Alpha, American).

Adsorption Experiments

Mo(VI) solution at different concentrations was prepared by 
ammonium molybdate. The Mo(VI) solution and quantita-
tive adsorbent (SCB-A) were mixed in conical flasks and 
thus placed in a constant temperature water bath shaker 
under different conditions for batch adsorption experiments. 
The separation of solution and adsorbent after adsorption 
(SCB-A-Mo(VI)) was used by the funnel. The concentra-
tion of Mo(VI) in the solution was determined by using 
ICP-OES.

In the preliminary experiments, the effects of different 
initial pH values (from 1 to 6) and adsorbent dosages (from 
0.5 to 2.5 g/L) on the Mo(VI) adsorption were evaluated 
under corresponding conditions. The adsorption kinetics 
experiments were carried out in the range of 5–300 min at 
pH = 2 and 298 K. The equilibrium adsorption isotherms 
of Mo(VI) at 298 K, 308 K, and 318 K of temperature and 
initial concentration range of 100–500 mg/L were investi-
gated with pH 2. The competitive experiment was carried 
out using a multi-ion coexistence solution (Cd, Cu, Mn, Ni, 
and Mo) at 298 K for 3 h to evaluate the selective perfor-
mance of SCB-A for Mo(VI). The regeneration experiment 
was performed by different eluents (NaOH, EDTA, and 

Fig. 1   Schematic diagram for 
the preparation of SCB-A from 
SCB
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HNO3) at 298 K for 3 h to evaluate the regeneration ability 
of SCB-A. The SCB-A was washed to neutral with distilled 
water before each adsorption cycle.

The adsorption capacity (qe) and adsorption efficiency (E) 
of SCB-A were calculated as Eqs. (1) and (2), respectively 
[14].

where qe is the adsorption capacity (mg/g); C0 is the initial 
concentrations of metal ions (mg/L); Ce is the equilibrium 
concentrations of metal ions (mg/L); V is the volume of solu-
tion (mL); m is the adsorbent weight (mg); E is the adsorp-
tion efficiency (%).

The selective performance for target metal ions was eval-
uated by the distribution coefficient (Kd) and selectivity coef-
ficient (K), which are calculated as Eqs. (3) and (4) [14, 15].

where qe represents the adsorption capacity (mg/g); Ce is the 
equilibrium concentration of metal ions (mg/L); Kd is the 
distribution coefficient; K is the selectivity coefficient; X is 
the Cd, Cu, Mn, and Ni.

Results and Discussion

Characterization

SEM‑EDS Analysis

The SEM-EDS analysis was carried out to study the sur-
face morphology and compositional distribution of SCB, 
SCB-A, and SCB-A-Mo(VI). As presented in Fig. 2a1 and 
a2, the surface of SCB exhibited a smooth cellulose struc-
ture. The surface of SCB-A was observed as a wrinkle-like 
microstructure, as shown in Fig. 2b1 and b2, indicating the 
successful modification. The rough cellulose structure was 
found in the SEM of SCB-A-Mo(VI) as shown in Fig. 2c1 
and c2, which is possibly caused by the successful adsorp-
tion of Mo(VI) with SCB.

To further prove whether polyethylene polyamine was 
successfully grafted onto sugarcane bagasse, EDS was used 
to conduct the elemental quantitative analysis. As shown 

(1)qe =
(C0 − Ce) × V

m
,

(2)E =
(C0 − Ce)

C0

× 100%,

(3)Kd =
qe

Ce

,

(4)K =
Kd - Mo(VI)

Kd - X

,

in Fig. 2a4 and b4, the contents (wt%) of N in SCB and 
SCB-A were 0.00 and 0.67%, respectively. In contrast, the 
nitrogen content of SCB-A is higher than that of SCB, indi-
cating the successful grafting of polyethylene polyamine 
onto sugarcane bagasse [15]. As shown in Fig. 2c3, Mo(VI) 
(wt% 34.26%) was distributed on the surface of SCB-A uni-
formly, demonstrating the successful adsorption of Mo(VI) 
with SCB-A.

BET and Thermogravimetry Analysis

The BET isotherms and physical parameters such as BET 
surface area and pore volume of SCB and SCB-A were stud-
ied, as shown in Fig. 3a and b and Table 1. Results show 
that the pore volume BET and surface area of SCB-A were 
0.0045 cm3/g and 1.8102 m2/g, respectively. SCB-A had a 
lower pore volume (0.0045 cm3/g) compared to SCB (0.0050 
cm3/g). The possible cause is owing to the production of 
smaller pores in SCB-A after the graft of polyethylene 
polyamine. The BET surface area of SCB-A (1.8102 m2/g) 
was found to be smaller than that of SCB with the value of 
1.9341 m2/g. BET surface area and pore volume of SCB-A 
decrease compared to SCB, demonstrating the success of 
polyethylene polyamine-grafted on sugarcane bagasse [8, 
13].

The thermostability of adsorbent before (SCB-A) and 
after adsorption (SCB-A-Mo(VI)) was investigated by ther-
mogravimetric (TG) and their differentials (DTG) analysis. 
The experiments were carried out by temperature range from 
30 to 800 °C with a heating rate of 20 °C/min. Figure 3c 
shows the relationship between the mass loss of SCB-A 
and temperature, indicating the decomposition of SCB-A 
can be divided into three stages. In the first stage, 10% of 
the mass loss at the temperature from 50 to 170 °C, aris-
ing from the evaporation of moisture. The mass loss in the 
second stage occurs at the temperature range from 170 to 
410 °C is about 75%, which corresponds to the decomposi-
tion of organic molecules in SCB-A. In the last stage, the 
final mass loss above 410 °C was due to charring [16, 17]. 
Besides, the overall mass loss of SCB-A-Mo(VI) was 32.2% 
up to 800 °C, higher than that of SCB-A (8.2%). The result 
demonstrates the good thermal stability of SCB-A and its 
successful adsorption of Mo(VI) [18].

Batch Adsorption Experiments

Effect of Initial pH Value

The pH value of the solution is one of the most critical 
factors in the absorption process that affects both the 
distribution of molybdenum ion species and the surface 
performance of the adsorbent [14, 19]. To explore the 
influence of pH on the adsorption behavior of SCB-A for 
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molybdenum(VI), the adsorption experiment was car-
ried out under different pH values (from 1 to 6), with 
results shown in Fig. 4a. It was observed that the adsorp-
tion capacity of SCB-A exhibited a trend of increasing 
first and then decreasing as pH increases. For an initial 

molybdenum(VI) concentration of 300 mg/L, the adsorp-
tion capacity (qe) increased from 18.9 to 208.1 mg/g, 
as the pH value increased from 1.0 to 2.0, respectively. 
Beyond this point, a decrease was noted between pH 2.0 

Fig. 2   SEM-EDS a: SCB, b: SCB-A, c: SCB-A-Mo(VI)
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and 5.0. Obviously, at a lower pH value (pH 2), the maxi-
mum adsorption capacity of SCB-A was achieved.

A possible explanation is the different potential states of 
groups on the adsorbent surface, species of molybdenum ions 
in solution and ability of competitive adsorption between 
-OH in aqueous solution and molybdenum anion with the 
change of pH value. At low pH, the amine groups ( -NH2 ) 
of SCB-A were protonated to form -NH+

3
 groups, which 

would endow the adsorbent with more positive charges [20]. 
Moreover, the principal forms of molybdenum(VI) cationic 
MoO+

2
 are converse to anion H3Mo7O

3−
24

 and then to various 

Fig. 3   BET isotherms of a SCB and b SCB-A; c TG and DTG curves 
of SCB-A before (1, 3) and after (2, 4) adsorption

Table 1   The physical parameters of SCB and SCB-A

Type BET surface area
(m2/g)

Total pore volume
(cm3/g)

Average 
pore diam-
eter
(nm)

SCB 1.9341 0.0050 10.2580
SCB-A 1.8102 0.0045 9.8923

Fig. 4   Effect of initial pH value (a: [Mo] = 300  mg/L, t = 5  h, 
T = 25 °C) and adsorbent dosage (b: pH = 2, [Mo] = 300 mg/L, t = 5 h, 
T = 25 °C) on the adsorption capacity of SCB-A for Mo(VI)
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anions with pH from 1.0 to 2.0 and then increase, respec-
tively [21]. The molybdenum(VI) anions could be absorbed 
by positive charges of the adsorbent SCB-A surface via elec-
trostatic absorption. With the number of molybdenum(VI) 
anions increased with the pH value from 1.0 to 2.0, the 
ability of electrostatic absorption between the SCB-A and 
molybdenum(VI) increased, causing an increase in the 
adsorption capacity of the adsorbent. However, after the pH 
value exceeded 2, the poor adsorption capacity was probably 
caused by the decreased number of protonated -NH+

3
 groups 

on SCB-A to reduce the ability of electrostatic absorption 
and the competition absorption between -OH in aqueous 
solution and molybdenum(VI) anions with SCB-A. There-
fore, the optimal pH in the molybdenum(VI) adsorption of 
SCB-A is 2, which was suited for subsequent studies.

Effect of Adsorbent Dosage

The adsorption performance was also influenced by the 
adsorbent dosage, which was correlated with the econom-
ics. The influence of adsorbent dosage (from 0.5 to 2.5 g/L) 
on the adsorption capacity of molybdenum(VI) was studied, 
and the results are shown in Fig. 4b. The adsorption capacity 
decreased from 231.4 to 115.2 mg/g and the removal effi-
ciency increased the with increasing adsorbent dosage from 
0.5 to 2.5 g/L. A higher dosage increased the total number 
of available adsorption sites, thus improving the removal 
efficiency. The reason is that the unsaturated sites increased 
with increasing adsorbent dosage, causing a reduction in the 
adsorption capacity of adsorbent per unit weight [22]. How-
ever, superfluous dosage may cause a reduction in adsorption 
capacity and an increase in resource consumption. There-
fore, in synthetically considering, 1 g/L of the adsorbent 
dosage was selected for further experiments.

Adsorption Kinetics

Adsorption kinetic depicts the solute uptake rate govern-
ing the contact time of the sorption reaction. It is a pro-
cess of the adhesion and accumulation of metal ions to the 
adsorbent surface and one of the significant characteristics 
that define the sorption efficiency [14, 19]. The kinetics 
of molybdenum(VI) adsorption by SCB and SCB-A were 
investigated in the range of 5–300 min, and results are pre-
sented in Fig. 5 and Table 2. Results show that the adsorp-
tion capacity of SCB-A was significantly higher than that of 
SCB (about 8.93 times), indicating the polyethylene poly-
amine-grafted success and the adsorption capacity of sugar-
cane bagasse after modification was significantly improved. 
The adsorption capacity of SCB-A is rapidly increased 
with increasing time, and then the adsorption capacity 
increases slowly and tends to equilibrium. The removal of 
molybdenum(VI) is highly rapid in the beginning adsorption 

Fig. 5   a Effect of time on the adsorption capacity on Mo(VI); b Fit-
ting data with the pseudo-first-order kinetic model; c Fitting data with 
the pseudo-second-order kinetic model; (pH = 2, [Mo] = 300  mg/L, 
t = 5 h, T = 25 °C)
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process because of a large number of active sites and small 
mass transfer resistance on the surface of SCB-A. However, 
fewer active sites could be available and the adsorption rate 
reduced as the coverage of SCB-A by molybdenum(VI) ion 
increases, until reaching an equilibrium status [8].

To elucidate the controlling mechanisms in the adsorption 
process, the kinetic data were analyzed using two kinetics 
models, such as the pseudo-first-order (Eq. 5) and pseudo-
second-order kinetics (Eq. 6) [23]. The determination coef-
ficient (R2) and kinetic parameters of two kinetic equations 
are summarized in Table 2. The pseudo-second-order of 
SCB-A (the correlation coefficients R2 = 0.971) exhibited 
a relatively better consistency with the sorption data than 
the pseudo-first-order (R2 = 0.957). Besides, the adsorption 
capacity value calculated through the pseudo-second-order 
kinetics model is approximately the same as the experi-
mental value. These often demonstrate that the adsorption 
process of SCB-A for molybdenum(VI) can be more prop-
erly described by the pseudo-second-order kinetics model, 
indicating that the adsorption rate was mainly controlled by 
the chemisorption process, and a chemical or electrostatic 
attraction between the adsorbent and the adsorbate possibly 
[24–26].

where t is contact time (min); qt is adsorption capacity at 
time t (mg/g); qe is the adsorption capacity at equilibrium 
(mg/g); k1 is the rate constant of pseudo-first-order adsorp-
tion (min−1); k2 is the rate constant of pseudo-second-order 
adsorption (g/(mg⋅min)).

Adsorption Isotherms and Thermodynamics

Adsorption isotherm could be applied to elucidate the 
adsorption characteristics of molybdenum(VI) onto the SCB-
A, i.e., the interactions between molybdenum(VI) and sorp-
tion sites, and the maximum adsorption capacity [14]. For 
this purpose, the adsorption isotherms of molybdenum(VI) 
by the SCB-A were investigated in various initial concen-
trations of molybdenum(VI) (100–500 mg/L) at different 
temperatures (298 K, 308 K and 318 K), as shown in Fig. 6 

(5)ln(qe − qt) = ln qe − k1t,

(6)
t

qt
=

1

k2q
2
e

+
t

qe
,

and Table 3. Results show that the adsorption capacity of 
SCB-A for Mo(VI) increased with the increasing initial 
content of molybdenum(VI) in the solution. The possible 
reason is that SCB-A has more unsaturated adsorption sites 
under low initial content of molybdenum(VI), and then 
the adsorption capacity of SCB-A for Mo(VI) gradually 
increases and reaches equilibrium with the initial content of 
molybdenum(VI) increasing.

The experimental data were analyzed using Langmuir 
and Freundlich isotherm models, as shown in Fig. 6b and c. 
The Langmuir equilibrium model supposes that monolayer 
adsorbate is adsorbed on the surface of the adsorbent when 
saturated, and each active site is equivalent. The Freun-
dlich model predicts that infinite adsorption will happen, 
and allows the second layer of the adsorbate to form before 
monolayer adsorbate is filled, and thus the adsorbate concen-
tration adsorbed by the adsorbent rises exponentially with 
increasing the adsorbate concentration [27]. The nonlinear 
forms of the Langmuir and Freundlich are given in Eqs. 
(7) and (8), respectively [14, 23]. As presented in Fig. 6b 
and c, the result of the Langmuir model was fitted better 
than the Freundlich model, and the obtained isothermal 
adsorption parameters are listed in Table 3. The high R2 
values further indicated that molybdenum(VI) adsorption on 
SCB-A was consistent with the Langmuir model, indicating 
that molybdenum(VI) adsorption by SCB-A was monolayer 
adsorption on the homogeneous surface [28].

where qe is the equilibrium adsorption capacity (mg/g); 
Ce is the equilibrium concentration (mg/L); qm is the theo-
retical maximum adsorption capacity (mg/g); KL is Lang-
muir constant (L/mg); KF and 1/n are Freundlich constants 
(L1/n

⋅mg1−1/n/g).
The thermodynamics parameters of adsorption were usually 

used to elucidate the adsorption behavior, including the stand-
ard Gibbs free energy change (ΔG0, kJ/mol), enthalpy change 
(ΔH0, kJ/mol), and entropy change (ΔS0, J/mol·K) (Table 4), 
as expressed in Eqs. (10) and (11), respectively. With this pur-
pose, the adsorption experiments were carried out using the 

(7)
Ce

qe
=

Ce

qm
+

1

qmKL

,

(8)ln qe = lnKF +
1

n
lnCe,

Table 2   Kinetics parameters of 
Mo(VI) adsorption

Ci (mg/L) pseudo-first-order pseudo-second-order

k1
(min−1)

qe
(mg/g)

R2 k2
(g/mg·min)

qe
(mg/g)

R2

SCB 300 1.40E−02 10.97 0.809 2.47E−03 23.88 0.999
SCB-A 300 1.98E−02 156.83 0.957 2.25E−04 213.22 0.971



1300	 Journal of Sustainable Metallurgy (2024) 10:1292–1305

initial concentration of 500 mg/L at temperatures from 298 
to 318 K. Virtually, the thermodynamics parameters can be 
acquired from the coefficient of thermodynamic distribution 
(K0), i.e., equilibrium constant of the adsorption process [8]. 
According to the Van't Hoff equation (Eq. 11), the values of 
ΔH and ΔS can be calculated from the slope and intercept 

of the thermodynamic graph of lnk0 versus 1/T, as shown in 
Fig. 6d.

(9)k0 =
C0 − Ce

Ce

×
V

m
,

Fig. 6   a Effect of temperature on the adsorption capacity of SCB-A for Mo(VI) (pH = 2, t = 3 h); b Langmuir model; c Freundlich model

Table 3   Isotherm parameters 
of Mo(VI) adsorption on the 
SCB-A

T(K) Langmuir Freundlich

qexp (mg/g) qm (mg/g) KL (L/mg) R2 Kf n R2

SCB-A 298 200.01 221.73 0.03 0.999 32.73 3.05 0.916
308 204.14 231.48 0.03 0.997 30.46 2.85 0.887
318 207.70 224.72 0.04 0.999 43.31 3.45 0.905

Table 4   Thermodynamics 
parameters of Mo(VI) 
adsorption on the SCB-A

C0 (mg/l) T (K) k0 lnk0 ΔG0

(kJ/mol)
ΔH0 (kJ/mol) ΔS0 (J/mol·K)

300 298 1.28 0.25 − 0.61
300 308 1.37 0.32 − 0.81 6.49 23.78
300 318 1.51 0.41 − 1.09
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where C0 is the initial concentration of the adsorbate in 
solution (mg/L); Ce is the equilibrium concentration of the 
adsorbate in solution (mg/L); k0 is the distribution coeffi-
cient at each temperature (mL/g); V is the volume of solution 
(mL); m is the adsorbent weight (mg); ΔG0 is the standard 
Gibbs free energy change (kJ/mol); R is the universal gas 
constant, (8.314 J/mol·K); T is the adsorption absolute tem-
perature (K).

As shown in Table 4, the adsorption capacity raised from 
200.01 mg/g to 207.70 mg/g when the temperature increased 
from 298 to 318 K, indicating molybdenum(VI) adsorption 
as an endothermic process. The negative ΔG0 indicates that 
molybdenum(VI) adsorption on SCB-A was spontaneous 
in the research range. The positive ΔS0 can be explained 
through the increase in randomness during the adsorption 
process, which can be related to the release of hydrogen 
ions or orderly structured hydration water. Also, the positive 
ΔH0 demonstrates the endothermicity of molybdenum(VI) 
adsorption by SCB-A again. Therefore, the positive enthalpy 
(ΔH0) change and the entropy (ΔS0) increase collectively 
contribute to the strong spontaneous molybdenum(VI) 
adsorption by SCB-A [14].

Competitive Adsorption

The selective effect for target metal ions is a crucial factor 
in assessing the performance of the adsorbent. To evaluate 

(10)ΔG0 = −RT ln k0,

(11)ln k0 =
ΔS0

R
−

ΔH0

RT
,

the selective performance of SCB-A, a multi-ion coexistence 
solution (Cd, Cu, Mn, Ni, and Mo) was used in the competi-
tive experiment. As shown in Fig. 7, the adsorption capacity 
of SCB-A is about 178 mg/g on Mo, and both below 15 mg/g 
for other metal ions. In addition, the distribution coefficient 
(Kd) of SCB-A for Mo exceeded other metal ions evidently, 
indicating the excellent adsorption selectivity of SCB-A on 
Mo adsorption at pH 2.0. Therefore, SCB-A displays the 
ability of highly selective recognition of molybdenum from 
aqueous solution.

Regeneration Experiment

The regeneration ability is a significant factor in evaluat-
ing the suitability for actual applications of adsorbent [13]. 
The desorption effect for Mo(VI) in different eluents was 
investigated, as shown in Fig. 8a. The results show that 
both 10 mL 0.1 mol/L NaOH or EDTA exhibited higher 
desorption capacities for Mo(VI) in 20 min, but lower des-
orption capacities for Mo(VI) with HNO3 as eluent under 
the same condition. This indicates that electrostatic absorp-
tion plays a primary part in SCB-A for Mo(VI) adsorption 
and 0.1 mol/L NaOH as eluent is used in the follow-up 

Fig. 7   Effect of coexisting metal ions on Mo(VI) adsorption (pH = 2, 
[Cd]o = [Cu]o = [Mn]o = [Ni]o = [Mo]o = 200 mg/L, t = 3 h, T = 25 °C)

Fig. 8   a The desorption of Mo(VI) in different eluents (Desorption: 
Eluent as 0.1 mol/L 10 mL NaOH, EDTA and HNO3, t = 20 min); b 
The adsorption reusability of SCB-A for Mo(VI) (Desorption: Eluent 
as 0.1 mol/L 50 mL NaOH); (Adsorption: pH = 2, [Mo]o = 100 mg/L, 
t = 3 h, T = 25 °C)
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desorption experiments. As shown in Fig. 8b, the adsorp-
tion capacity of SCB-A adsorbent decreased slightly after 
the five recycles of absorption–desorption. Results show that 
SCB-A has excellent performance in adsorption stability and 
recycling and has economic potential in the water treatment 
process.

Possible Adsorption Mechanisms

Fourier Transform Infrared Spectroscopy Analysis

To explore the adsorption behavior of Mo(VI) on the amine-
functionalized sugarcane bagasse (SCB-A), the differences 
of SCB, SCB-A, and SCB-A-M in FTIR spectra are shown 
in Fig. 9. In the FTIR spectrum, the peaks appearing at 
3415.9 cm−1 and 3236.6 cm−1 and 2939.5 cm−1 correspond 
to the –O–H and –N–H and –C–H bonds, respectively [12, 
29, 30]. After the amination of SCB with polyethylene poly-
amine, the peak of –N–H bonds at 3236.6 cm−1 in SCB-A 
is shifted to 3238.4 cm−1 in SCB-A-Mo(VI), and this blue 
shift where the stretching frequency increases and the bond 
length decreases was observed, which is probably attrib-
uted to the successful adsorption of Mo(VI) onto SCB-A 
[31, 32]. The peak at 1250  cm−1 in SCB is assigned to 
the C–O stretching vibration of secondary alcohol from 
cellulose and hemicellulose or guaiacyl unit from lignin, 
and this peak at 1250 cm−1 disappears in SCB-A, indicat-
ing the functionalization of amine on SCB [29]. The peak 
at 1720.5 cm−1 disappeared in SCB-A, which is probably 
due to the replacement of the acetyl group in hemicellulose 
with amine [29, 33]. All these changes give evidence of suc-
cessful functionalization of the amine group on the bagasse 
surface. Compared with the spectra of the SCB-A to the 
SCB-A-M, the new band at 947 cm−1 in the spectrum of 

SCB-A-Mo(VI) is due to the Mo=O [34], demonstrating the 
successful absorption for Mo(VI) onto amine-functionalized 
sugarcane bagasse (SCB-A).

X‑ray Photoemission Spectroscopy (XPS)

To investigate the composition and distribution of elements 
in SCB-A before and after adsorption, the XPS analysis 
was carried out, as displayed in Fig. 10 and Table 5. In the 
full-scan spectrum of the SCB-A before adsorption, three 
principal peaks corresponding to C 1 s, N 1 s, and O 1 s are 
observed in Fig. 10a. The typical peaks of Mo 3d appeared 
in the SCB-A spectrum after adsorption, indicating that 
Mo(VI) in aqueous solution was successfully absorbed by 
the SCB-A.

The Mo 3d spectra displayed that the two doublets 
can be divided, wherein one doublet with Mo 3d5/2 
(232.94 eV) and Mo 3d3/2 (236.04 eV) peaks is ascribed 
to Mo–O bond of MoO3 (Mo(VI)), respectively, and the 
other doublet with Mo3d5/2 (231.79  eV) and Mo3d3/2 
(234.75 eV) peaks is ascribed to Mo–O bond of MoO2 
(Mo(IV)), respectively [35, 36]. The coexistence of both 
Mo(VI) and Mo(IV) reveals that a part of Mo(VI) has been 
transformed into Mo(IV) during the adsorption reaction 
[37]. This was possibly related to the redox reaction in 
the adsorption process. The C1s spectrum reveals that the 
peaks of C–C, C–N, and C=O, shifted from 284.81 eV, 
286.47  eV, and 287.99 to 284.88  eV, 286.51  eV, and 
287.97 eV after adsorption, respectively [29, 38]. The 
O1s spectra show three peaks located at 531.29  eV, 
532.18 eV, and 534.31 eV, corresponding to C=O, C–O, 
and O–H, respectively, shifted to 530.94 eV, 532.97 eV, 
and 534.20 eV after adsorption [38, 39]. The possible 
explanation for this phenomenon is the adsorption function 

Fig. 9   FTIR spectra of the sugarcane bagasse (SCB), amine-functionalized sugarcane bagasse before (SCB-A) and after adsorption (SCB-A-
Mo(VI))
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of O–H in SCB-A for Mo(VI). The N1s spectrum dis-
plays two peaks at 399.38 eV and 400.94 eV, correspond-
ing to C–NH2 and C–NH, respectively. After adsorption, 
the peaks of C–NH2 and C-NH shifted to 398.84 eV and 

401.93 eV, and a new peak of 402.47 eV was exhibited 
(Corresponding to C–NH + 3) [29, 38].

At pH 2.0, H3Mo7O3− 24 as the main species of molyb-
denum in aqueous solution [21] can interact with –NH + 3 
on the surface of SCB-A electrostatically, which leads to 
the deposition of the negatively charged H3Mo7O3− 24 on 
the positively charged surface of SCB-A. Mo(VI) is subse-
quently reduced to Mo(IV) by –NH + 3, thereby exhibiting 
the coexistence of both Mo(VI) and Mo(IV). Results dem-
onstrate that Mo(VI) was successfully adsorbed with proto-
nated amine groups on SCB-A by electrostatic interaction. 
In conclusion, the possible mechanism for the adsorption of 
Mo(VI) with SCB-A is shown in Fig. 11.

Conclusions

In this work, the amine-functionalized sugarcane bagasse 
adsorbent (SCB-A) has been synthesized by the sugar-
cane bagasse with polyethylene polyamine-grafted, and 
its adsorption behavior on Mo(VI) was explored. The 
SEM–EDS, BET, TG, FITR, and XPS analysis indicated 
the successful grafting of polyethylene polyamine onto sug-
arcane bagasse and its successful adsorption for Mo(VI). 
Besides, the thermogravimetry analysis confirmed the good 
thermal stability of SCB-A. 1 g/L of the adsorbent dosage at 
pH 2.0 was selected for further experiments by synthetically 

Fig. 10   XPS full-scan spectrum (a) and high-resolution spectra of Mo 3d (b), C 1 s (c), N 1 s(d), and O1s (e) of SCB-A before and after adsorp-
tion

Table 5   Binding energies and composition for SCB-A before and 
after adsorption

Band Bond Before adsorption After adsorption

Binding energy (eV)
C 1 s C–C 284.81 284.88

C–N 286.47 286.51
C=O 287.99 287.97

O 1 s C=O 531.29 530.94
C–O 532.18 532.97
O–H 534.31 534.20

N 1 s C–NH2 399.38 398.84
C–NH 400.94 401.93
C–NH + 3 – 402.47

Mo 3d MoO3 – 232.94, 236.04
MoO2 – 231.79, 234.75

Atomic surface composition (%)
C 1 s 64.68 52.23
O 1 s 31.91 36.33
N 1 s 3.40 9.16
Mo 3d – 2.28
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considered. Adsorption isotherms and kinetics show that this 
adsorption reaction is a spontaneous endothermic process, 
and its theoretical maximum adsorption capacity is about 
231.48 mg/g. The adsorption capacity was 8.93-fold com-
pared to that of pristine sugarcane bagasse. This adsorption 
process was more consistent with the Langmuir model and 
pseudo-second-order kinetics model, indicating that this pro-
cess was monolayer adsorption on a homogeneous surface 
and the adsorption rate was controlled by the chemisorption 
process. SCB-A exhibits high adsorption capacity and great 
selective recognition properties toward Mo(VI) in a multi-
ion coexistence solution. Moreover, SCB-A possesses excel-
lent performance in adsorption stability and recycling, and 
it has tremendous potential in the economically and feasible 
removal of Mo(VI) from wastewater.
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