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most common byproducts of the paint manufacture, dye-
ing, cosmetics, textile, paper, leather, and other industries, 
and it can poison the environment and endanger the safety 
of drinking water and foodstuffs [5,6]. Therefore, removal 
of organic dye from water is a major project for the devel-
opment of a sustainable society [7].

Adsorption is recognized as one of the most promising 
methods because of its high effectiveness, low cost, and 
popularity [8,9]. Polymeric adsorbents are widely used as 
materials for the removal of organic or inorganic contami-
nants from water or air because of their advantages such as 
high flexibility in the design of structures and properties; 
chemical stability in harsh environments, including strong 
acidic, alkaline, salty, and oxidizing solutions; feasible re-
generation; and thermal durability [9–11].  Polyethylen-
imine (PEI) has a high amine density and accessible pri-
mary amine sites on the chain ends, which act as desirable 
building blocks for the construction of adsorbents. For in-
stance, many excellent CO2 adsorbents have been prepared 
by integrating PEI into porous materials, including silica 
[12], mesoporous carbon [13], titanate [14], polymeric 
supports [15], and other metal oxide nanocomposites [16]. 
In addition, because of the high positive charge density on 
the protonated PEI backbone or side chains, PEI-based 
adsorbents exhibit good adsorption capacity for acidic 
gas or anionic materials such as polyanions and negatively 
charged organic or inorganic matter, including various an-
ionic dyes [16–19].

Electrospinning is an effective approach to prepare ul-
trafine fibers; it uses an electrostatic force from an exter-
nal high-voltage electrical field between a spinneret and a 
grounded collector to draw very fine (typically micro- to 
nanoscale) fibers from a liquid droplet [20]. The ultrafine 
fibers produced by electrospinning have very high specific 
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(PVDF) blend. The electrospun nanofibrous adsorbent was 
confirmed to be a nanoscale, porous material with a positively 
charged surface; these characteristics are quite beneficial for 
anionic contaminant adsorption. Experimental adsorption of 
  an anionic dye,  methyl orange (MO), demonstrates that this 
adsorbent can rapidly remove MO from aqueous solution; its 
maximum adsorption capacity was 633.3 mg g−1, which is much 
higher than that of previously reported adsorbents. After im-
mersion in a basic solution, the adsorbent was well regenerated 
and showed good recyclability. The adsorption performance 
of the nanofibrous adsorbent is greatly influenced by the tem-
perature, initial MO concentration, and pH of the solution. We 
further found that MO adsorption onto the adsorbent can be 
described well by the pseudo-second-order kinetic model and 
Langmuir isotherm model. Weber-Morris plots suggested that 
the adsorption of MO onto the nanofibrous mat was affected 
by at least film diffusion and intraparticle diffusion. This study 
indicates that nanofibrous PEI composite mats could be prom-
ising for treatment of wastewater containing anionic dye.
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INTRODUCTION
Industrial wastewater, a legacy of the industrial revolu-
tion and its conflict between environmental capacity and 
human expansion, continues to be a problem for govern-
ments, businesses, the scientific community, and ordinary 
people worldwide [1,2]. Reducing wastewater discharge 
and decontaminating water resources are the two acknowl-
edged strategies for prevention and remediation of water 
pollution, respectively [3,4]. Technology for removing 
contaminants from water is crucial to the success of either 
strategy. Wastewater containing organic dyes is one of the 
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surface areas. Visual microscopy also reveals many meso-
pores and micropores over an assembly of ultrafine fibers 
(the so-called electrospun mat). These structural features 
make electrospun materials quite suitable for activities that 
require a high degree of physical contact such as providing 
active sites for physicochemical interactions (e.g., catalysis 
and adsorption) [21–23] or the capture of small particu-
late materials by physical entanglement (i.e., air filtration) 
[24–26]. In our previous work, we prepared a nanofibrous, 
porous amidoxime-based adsorbent by electrospinning for 
uranium extraction from seawater and successfully im-
proved the utility of the functional group, amidoxime, for 
coordination with uranyl ions [27].

Here, we present a simple route to prepare a cationic 
nanofibrous adsorbent by electrospinning using branched 
PEI (b-PEI) as the starting material for the removal of an-
ionic dyes from water. Because of its excellent water solu-
bility and poor mechanical properties, b-PEI was modified 
by introducing a methacrylate group via a ring-opening 
reaction between the primary amine of b-PEI and epoxy 
of glycidyl methacrylate (GMA) before electrospinning. It 
was then blended with polyvinylidene fluoride (PVDF) in 
N,N-dimethyl formamide (DMF) to provide the feed solu-
tion for electrospinning. The modified PEI, methacrylated 
polyethylenimine (m-PEI), could be cross-linked by UV 
light irradiation during electrospinning, which provides 
the m-PEI fibers with good water resistance [28]. In addi-
tion, PVDF could provide admirable mechanical strength 
to the resultant nanofibrous adsorbent, namely, the m-PEI/
PVDF composite mat. In this study, a typical anionic dye, 
methylene orange (MO), was used as the target pollutant 
of water. The MO removal performance was explored by 
adsorption batch assays. The influence of the temperature, 
initial MO concentration, and pH of the solution on MO 

adsorption was also evaluated together with the relation-
ship between the MO adsorption capacity and adsorption 
time. Further, the kinetic behavior of MO adsorption on 
the PEI-based nanofibrous adsorbent was studied to de-
termine the removal rate and rate-controlling step of the 
adsorption process.

EXPERIMENTAL SECTION

 Materials and reagents
DMF, MO, sodium hydroxide (NaOH), hydrochloric acid 
(HCl), and other chemicals of analytical grade were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., Chi-
na. b-PEI (molecular weight, MW 10,000) and GMA were 
purchased from Sigma-Aldrich Co., Ltd., USA. PVDF 
powder (MW 420,000) was purchased from Solvay Chem-
icals Co., Ltd., Belgium. All chemicals were used without 
further purification.

Synthesis of methacrylated polyethylenimine (m-PEI) 
The m-PEI was synthesized following a previous report 
[28]. The detailed procedure is as follows. The b-PEI was 
dissolved in DMF in a glass vial that was bathed in ice wa-
ter during the reaction. 4-Methoxyphenol was added to 
the b-PEI solution at 10 mmol L−1 to prevent homopoly-
merization of GMA, and GMA was added dropwise to the 
b-PEI solution under magnetic stirring. Then the mixture 
was continuously stirred and shielded from light during 
synthesis. The reaction of b-PEI with GMA is shown in 
Scheme 1. After 24 h, the methacrylated b-PEI was then 
precipitated from the DMF by n-hexane, leaving the free 
and self-polymerized GMA in solution. The white residue 
was washed with n-hexane three times and then vacuum 
filtered, dried, and characterized by Fourier transform in-
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Scheme 1  Schematic diagram of the ring-opening reaction between b-PEI and GMA.
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frared (FT-IR) spectroscopy and thermogravimetric anal-
ysis (TGA). 

Preparation of m-PEI/PVDF nanofibrous mats
Purified m-PEI is very easily cross-linked, which makes it 
difficult to re-dissolve it in DMF to prepare the feed solu-
tion for electrospinning. To avoid this situation, the above 
synthesis mixture was immediately mixed with various 
amounts of PVDF solution in DMF after reaction without 
any purification and subsequently electrospun under the 
following conditions: a feeding rate of 0.3 mL h−1, a volt-
age of 17 kV, and a distance of 10 cm between the needle 
and the rotating drum collector. Electrospinning was per-
formed at room temperature under illumination by an en-
ergy-saving lamp. The resultant fibrous mat was dried in 
vacuum at 40°C overnight to remove residual solvent. To 
remove the unmodified b-PEI from the fibrous mat, the 
mat was immersed in abundant pure water at 40°C for 48 h 
and then dried in vacuum at 40°C.

The m-PEI content o f the m-PEI/PVDF composite mats 
was determined by microwave digestion in a MARS 6™ 
Microwave Digestion System, which was reported in our 
previous work [27]. The actual m-PEI content of the mats, 
x (%), can be calculated as follows:

      o d o/% 100%x W W W ,        (1)

where Wo   (g) and Wd (g) are the weights of the m-PEI/
PVDF composite mats before and after microwave diges-
tion, respectively. Three composite mats were prepared 
with various ratios of PVDF and m-PEI in the mixed solu-
tion. After water immersion and oven-drying, the m-PEI 
contents of these composite mats were 35.8%, 41.9%, and 
49.5%, respectively. The weight change of these composite 
mats and a contrasting sample (b-PEI/PVDF mat) are list-
ed in Table S1 (Supplementary information), which con-
firms that cross-linking of the GMA modifier immobilizes 
PEI on the mat and enhances its water stability.

Porosity testing of m-PEI/PVDF composite mats
Brunauer-Emmett-Teller (BET) nitrogen adsorption and 
mercury porosimetry are generally the most popular 
methods of characterizing the porosity of porous materials. 
Owing to the special features of the pore structure, these 
two methods are not suitable for determining the porosi-
ty of electrospun mats [29,30]. Here, an alternative meth-
od based on the inherent densities of m-PEI and PVDF, 
and the apparent density of the m-PEI/PVDF composite 
mats, is applied [27,31]. The inherent densities of m-PEI 
and PVDF can be obtained by measuring the volume and 
weight of dense films of m-PEI and PVDF, respectively. 

Similarly, the apparent density of the m-PEI/PVDF com-
posite mats can be calculated by measuring the weight and 
volume of the mats. Therefore, the porosity p (%) of the 
electrospun m-PEI/PVDF composite mats was calculated 
using the following equation through derivation:

 i F i M M F i

i F

(%) 100%
x ( )p =       

 
  

 ,  (2)

where ρi and ρF represent the inherent densities of m-PEI 
and PVDF, respectively, and ρM is the apparent density of 
the m-PEI/PVDF composite mats.

Adsorption experiments
The obtained m-PEI/PVDF composite mats were applied 
to batch adsorption experiments in aqueous MO solution. 
An initial solution with an MO concentration of 1000 
mg L−1 was prepared and diluted to different concentra-
tions for the adsorption experiments. The effects of the ini-
tial concentration and pH value of the MO solution and the 
adsorption temperature on the adsorption performance of 
the composite mats were investigated under the following 
conditions: 0.5 g L−1 of mat in solution, thermostatic wa-
ter bath, and a shaking speed of 120 rpm. The adsorption 
kinetics was studied by adding the composite mat to MO 
solutions (50 mg L−1) shaken continuously for 7 h in a ther-
mostatic water bath oscillator at 25°C and 120 rpm until 
equilibrium.

The concentrations of residual MO in the solutions 
were determined by a spectrophotometric method using a 
U3900 UV-vis spectrophotometer. Because the maximum 
adsorption peak appears at 464 nm, we measured the ab-
sorbance at 464 nm of MO standard solutions with concen-
trations ranging from 0.25 to 12 mg L−1 and plotted a linear 
calibration curve (see Fig. S1 in Supplementary informa-
tion) to determine the residual MO concentration of the 
solutions after adsorption. Considering the concentration 
range for the linear curve, all the sampling solutions were 
diluted to a suitable concentration before measurement. 
Thus, the amount of MO adsorbed per unit of adsorbent 
at instant time (qi) or equilibrium (qe) (i.e., the adsorption 
capacity of the mats) was calculated as follows:

 qi = (Co − Ci)V/W,   (3)

 qe = (Co − Ce)V/W,   (4)

where Co, Ci, and Ce are the concentration of the initial MO 
solution and the MO concentration at instant time and ad-
sorption equilibrium, respectively. V (L) is the volume of 
MO solution, and W (g) is the weight of the adsorbent.
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Desorption and recyclability of composite mats
Desorption of the m-PEI/PVDF composite mats was per-
formed by one-step, two-step, and three-step methods. The 
one-step method was performed as follows. After adsorp-
tion in 100 mL of MO solution (50 mg L−1), the m-PEI/
PVDF nanofibrous mat (50 mg) was immersed in 100 mL 
of 0.1 mol L−1 NaOH solution for 1 h, and the MO concen-
tration in the leaching solution was determined to evaluate 
the desorption ratio. 

In the two-step method, the 100 mL of NaOH solution 
(0.1 mol L−1) was split into two equal volumes, and the 
adsorbed mat was immersed in the first 50 mL of NaOH 
solution for 30 min and then immersed again in a fresh 
50 mL of NaOH solution for 30 min. The MO concentra-
tions of the leaching solutions used in each step were also 
determined to evaluate the desorption ratio. Similarly, in 
the three-step method, the 100 mL of NaOH solution (0.1 
mol L−1) was trisected, and the mat was immersed sequen-
tially in these three equal volumes of NaOH solution for 20 
min each. 

The recyclability test was performed as follows. A 50 mg 
composite mat sample was added to 100 mL of 50 mg L−1 
MO solution for 7 h and then taken out, rinsed thrice with 
pure water, and desorbed in 100 mL of NaOH solution (0.1 
mol L−1) for 1 h. Subsequently, the desorbed mat was re-
moved from the desorption solution, added to 100 mL of 
50 mg L−1 MO solution for 7 h, and desorbed again as de-
scribed above. The recycling experiment was repeated ten 
times.

Characterization and method
The FT-IR spectra of b-PEI, m-PEI, PVDF, and an m-  PEI/
PVDF composite mat were obtained using a Bruker Optics 
TENSOR 27 FT-IR spectrometer over a range of 4000–600 
cm−1 in attenuated total reflection (ATR) mode. TGA was 
performed on a Q500 Thermogravimetric Analyzer (TA 
Instruments, USA). The samples were heated from 50 to 
700°C at a rate of 10°C min−1 under a nitrogen atmosphere. 
The morphology of the composite mats was characterized 
using scanning electron microscopy (SEM; JSM-6700F, 
JEOL, Japan) after they were sputtered with a 10-nm-thick 
gold layer in vacuum. The zeta potential was measured on 
a Delsa™ Nano Zeta Potential and Submicron Particle Size 
Analyzer (Beckman Coulter Inc., USA) to study the sur-
face potential of m-PEI/PVDF composite mats in solutions 
with different pH values. The composite mats were posi-
tioned in a flat flow cell with a groove. Sodium phosphate 
buffer solutions with different pH values were injected into 
the cell using disposable syringes. After the air bubble was 
expelled, the cell was placed in the analyzer, and the zeta 

potential was determined. Before each measurement, the 
electrophoresis cell was thoroughly washed and rinsed 
with deionized water.

RESULTS AND DISCUSSION

Preparation of m-PEI/PVDF nanofibrous adsorben ts
Fig. 1a shows that a very obvious new peak around 1720 
cm−1 (indicating the carboxyl group) appears in the FT-IR 
spectrum of m-PEI but not in that of pristine b-PEI. This 
result confirms that GMA was introduced on the b-PEI 
chains successfully. In addition, the broad bands around 
1590 and 1640 cm−1, which correspond to N–H deform  a-
tion vibration and primary amine, respectively, and the 
peak at 1469 cm−1, which is assigned to the stretching vi-
bration absorption of C–N bonds [32,33], still appear in 
the FT-IR spectrum of the electrospun m-PEI/PVDF com-
posite mat, which was purified by abundant pure water. 
This result indicates that the modification of b-PEI was 
effective for enhancing its water resistance and immobi-
lizing the PEI chains in the composite mat. Regarding the 
weak peak due to carboxyl groups in the FT-IR spectra of 
the m-PEI/PVDF mat, the carboxyl group signal is thought 
to have decreased dramatically because of massive PVDF 
blending. In light of the sampling thickness in ATR mode, 
it could also be attributed to inward   migration of hydro-
phobic GMA and outward migration of PEI chains during 
water immersion of the composite mat.

Fig. 1b shows the thermal decomposition behavior of 
m-PEI, PVDF, and m-PEI/PVDF nanofibrous mats with 
different m-PEI contents. Owing to the good hygroscop-
icity of PEI, considerable weight loss occurred between 
100 and 175°C, which can be ascribed to vaporization of 
water contained in m-PEI [34], although it was dried in 
an oven. The sharp weight loss of m-PEI between 260 and 
392°C is ascribed to decomposition of PEI [35]. The weight 
loss from 392 to 439°C can be attributed to random chain 
scission of the cross-linked GMA on the end of m-PEI 
[36]. The onset pyrolysis temperature of PVDF is as high 
as 400°C [37], and when it was blended with m-PEI and 
electrospun into m-PEI/PVDF nanofibrous mats, its ther-
mal stability clearly declined. The decomposition of PVDF 
would start at about 280°C. Similarly, the decomposition 
of PEI chains also occurred early, starting at 185°C. This 
is probably because the nanoscale structure of the m-PEI/
PVDF nanofibrous mats is much smaller than the parti-
cle sizes of m-PEI and PVDF powder; thus, it enhances the 
thermal transmission to molecules and the volatility of the 
pyrolysis products, easily changing the thermal composi-
tion of the mats. This phenomenon has also been found 
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in the thermal decomposition of polyvinyl alcohol (PVA)/
chitosan and PVA/cyanobacterial extracellular polymeric 
substance blended nanofibrous membranes [38]. The deg-
radation profiles of the three nanofibrous mats with differ-
ent m-PEI contents are very similar except for the residual 
weight loss.

The micromorphology of three nanofibrous mats with 
different m-PEI contents was investigated by SEM. Fibers 
with diameters of 50–200 nm were interwoven in a nanofi-
brous network with many mesopores and micropores (Figs 
1c–e, S2). Spindles consisting of concatenated nanofibers 
were also found in the network, and the spindle size and 
content increase with increasing m-PEI content, especially 
in the nanofibrous mat containing 49.5% PEI. In fact, the 
viscosity and surface tension of the low-molecular-weight 
b-PEI (MW 10,000) used here are insufficient for electro-
spinning to form fibers even after modification with GMA. 
Therefore, blending with PVDF in solution is performed 
to increase the surface tension and chain entanglement. 
Figs 1c–e suggests that the PVDF content should exceed 
50 wt.% in order to achieve fine m-PEI/PVDF blend fibers. 

Additionally, cross-linking of GMA on the side chain of 
b-PEI is also helpful for enhancing the water resistance of 
m-PEI and explains why m-PEI remains in the mats after 
abundant water immersion for 48 h.

The porosities of the m-PEI/PVDF composite mats were 
calculated using Equation (2) with the inherent density of 
m-PEI and PVDF and the apparent density of the mats 
[27,31]. The porosities of m-PEI/PVDF composite mats 
containing 35.8%, 41.9%, and 49.5% PEI are 86.6%, 89.1%, 
and 64.4%, respectively. These results show excellent agree-
ment with the micromorphological features of the compos-
ite mats in Figs 1c–e.

Adsorption ability of m-PEI/PVDF nanofibrous mats
Fig. 2a shows the UV-vis absorption spectra and color 
change of the MO solution at different adsorption times. 
The absorbance at the 464 nm peak decreased with increas-
ing adsorption time, and almost no absorbance remained 
after 180 min. Further, the color of the MO solution grad-
ually became lighter with increasing adsorption time and 
finally became pellucid, which was consistent with the 
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UV-vis absorption spectra. Fig. 2b illustrates that the con-
centration of the residual MO solution is nearly zero after 
180 min of adsorption, and the removal ratio of MO is al-
most 100% after 180 min. These results demonstrate that 
the m-PEI/PVDF nanofibrous mat is a good adsorbent for 
rapid removal of MO from water.

To assess the adsorption ability of m-PEI/PVDF nano-
fibrous mats with different m-PEI contents, the mats were 
added to MO solutions with initial concentrations of 200, 

500, and 1000 mg L−1 for 24 h (Fig. 2c). Because MO is prone 
to precipitation in solutions with high concentration and 
low pH, these experiments were conducted in solution at 
pH 7. All of the mats present a high maximum adsorption 
capacity of more than 250 mg g−1. Further, the adsorbent 
with 35.8% m-PEI content reaches approximately the same 

adsorption capacity for all of the MO solutions, but those 
with 41.9% and 49.5% m-PEI content reach much higher 
adsorption capacities of 425 and 633 mg g−1, respectively, in 
the 1000 mg L−1 MO solution, which is much higher than 
that of many novel adsorbents previously reported (see Ta-
ble 1). Mats with a higher m-PEI content have more active 
sites for MO adsorption, but considering that the difference 
in m-PEI content is relatively small and the porosity of the 
mats is inversely proportional to the m-PEI content, there 
should be another reason for the outstanding adsorption 
ability of composite mats containing 49.5% m-PEI. PEI is 
known to be a hydrophilic and water-soluble macromole-
cule. After modification with GMA, the m-PEI can remain 
in water and keep its location on the fibers, but is still easily 
swollen. This structure under aqueous conditions is high-
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ly favorable for diffusion and adsorption of MO onto the 
mats. Therefore, the porosity of the nanofibrous mats de-
termined under dry conditions could not indicate the real 
adsorption performance of the adsorbents.

A series of systematic experiments were performed to 
examine the MO adsorption on the m-PEI/PVDF nanofi-
brous mats in aqueous solution. Fig. 3a shows the effect of 
the initial MO concentration on the adsorption kinetics of 
the mats at pH 3 and a temperature of 25°C. The adsorp-
tion capacity of the dye on the mat increases with increas-
ing initial dye concentration. The reason is the increase 
in the driving force of the concentration gradient with in-
creasing initial dye concentration. Fig. 3a also shows that 
most of the MO is adsorbed to achieve equilibrium adsorp-
tion within 180 min, which indicates excellent adsorption 
performance and rapid removal of MO from water. The ad-
sorption experiments were conducted at four different tem-
peratures (25, 35, 45, and 55°C), and the results are shown 

in Fig. 3b. The adsorption capacity did not increase with 
increasing temperature because the maximum capacity of 
the mat greatly exceeded the amount of MO in solution. 
However, the system reached equilibrium more quickly at 
higher adsorption temperatures. This result indicates the 
endothermic nature of the adsorption reaction of MO onto 
t  he m-PEI/PVDF nanofibrous mats.

The effect of the pH on adsorption of MO onto the 
nanofibrous mats at 25°C was examined. The study was 
done at different initial pH values ranging from 3.0 to 9.0 
for a 50 mg L−1 MO solution. The result (Fig. 3c) shows that 
the amount of MO adsorbed on the mat decreases as the 
pH value of the solution increases. Additionally, the time 
required to reach adsorption equilibrium was also reduced 
by decreasing the pH valve of the solution (Fig. S2). The 
effect of the pH on the zeta potential of the m-PEI/PVDF 
nanofibrous mats also exhibits the same tendency as the 
adsorption capacity. These results confirm that adsorp-

Table 1  Comparison of the maximum adsorption capacity of MO onto various adsorbents

Adsorbent qmax (mg g−1) pH Temperature (K) Dosage (g L−1) Ref.
Mg-Al LDH 148.3 6.5 298 0.4 [39]
NH2-MWCNTs 185.5 2 273 0.2 [40]
Activated carbon 238.1 natural pH 283 1 [41]
rGO-  CNT-PPD hybrid 294 3 298 0.1 [42]
Core–shell Cu@Cu2O 344.84 5.67 293 0.16 [43]
Chitosan/Al2O3/magnetite 416 natural pH 298 0.4 [44]
H-δ-MnO2 nanoparticles 427 natural pH 293 0.2 [45]
m-PEI/PVDF nanofibrous mat 633.3 natural pH 298 0.5 Present work

Abbreviations: LDH, layered double hydroxide; rGO, reduced graphene oxide; CNT, carbon nanotube; MWCNTs, multi-walled CNTs; PPD, 
p-phenylenediamine. 
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Figure 3  (a) Effect of initial MO concentration on the adsorption of MO onto m-PEI/PVDF nanofibrous mat (adsorbent dosage: 0.5 g L−1, temperature: 
25°C, pH 3); (b) effect of temperature on the adsorption of MO onto m-PEI/PVDF nanofibrous mat (initial MO concentration: 50 mg L−1, adsorbent 
dosage: 0.5 g L−1, pH 3); (c) effect of pH on the adsorption of MO on m-PEI/  PVDF nanofibrous mats and zeta potential of m-PEI/PVDF nanofibrous mat 
in solutions at different pH (i  nitial MO concentration: 50 mg L−1, adsorbent dosage: 0.5 g L−1, temperature: 25°C, time: 2 h).
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tion is driven by the surface charge of the adsorbent. PEI 
is a cationic active polymer at low pH, and the isoelectric 
point is about 6.5. Thus, the protonation of PEI in low-pH 
solution causes the surface of the composite mat to be pos-
itively charged and enhances the electrostatic interaction 
between MO and the nanofibrous mat [17].

Desorption and regeneration experiment
Because the positive charges on the nanofibrous mat drived 
the MO adsorption, MO was desorbed from the mat using 
a NaOH solution, which can neutralize the positive charge 
of PEI chains and reduce the electrostatic interaction be-
tween the MO and nanofibrous mat. In 0.1 mol L−1 NaOH 
solution, the MO adsorbed on the nanofibrous mat can be 
rapidly leached when it was immersed for only a moment 
(see Video S1 in Supplementary information). As Fig. 4a 
shows, 80.8% of the MO adsorbed on the m-PEI/PVDF 
nanofibrous mat is leached into the NaOH solution. The 
color of the mat changed to bright red after adsorption and 

faded to yellow after desorption. The desorbed mat was 
put into another MO solution (50 mg L−1) and removed 
almost 100% of the MO in solution. After 10 cycles, the 
desorbed m-PEI/PVDF nanofibrous mat was still able to 
remove most of the MO from solution (Fig. 4b). This re-
sult demonstrates that the m-PEI/PVDF nanofibrous mat 
is potentially an effective and renewable adsorbent for MO 
removal. Multi-stage operation is generally favorable for 
enhancing the efficiency of mass transfer processes such as 
desorption. Therefore, two-step and three-step desorption 
of MO from the m-PEI/PVDF nanofibrous mat were stud-
ied by halving and trisecting, respectively, the total volume 
of NaOH solution and the desorption time used in the one-
step method. Fig. 4c shows that the desorption efficiency 
in the two-step and three-step desorption experiments is 
86.7% and 87.5%, respectively, which both exceed that of 
the one-step method. This result demonstrates that the 
two-step desorption process would be optimum for accept-
able efficiency and a moderate amount of labor.
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Figure 4  (a) Results of desorption experiment in 100 mL of 0.1 mol L−1 NaOH solution; (b) regeneration and recycling adsorption experiment (initial dye 
concentration: 50 mg L−1, adsorbent dosage: 0.5 g L−1, temperature: 25°C, contact time: 7 h); (c) comparison of removal efficiency in one-step, two-step, 
and three-step desorption experiments.
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Adsorption kinetics
The pseudo-first-order and pseudo-second-order rate 
equations were employed to study the adsorption kinet-
ics of MO on the nanofibrous mat. The linear form of the 
pseudo-first-order equation can be given as [39]

 1
e elog( ) log

2.303t
k tq q = q  .  (5)

The linear form of the pseudo-second-order kinetic 
model is expressed as [41]

 2
e2 et

t 1 t= +
q qk q

,  (6)

where qe (mg g−1) and qt (mg g−1) are the amounts of MO 
adsorbed at equilibrium and at time t (min), respectively; 
k1 (min−1) and k2 (g mg−1 min−1) are the pseudo-first-order 
and pseudo-second-order rate constants of adsorption, re-
spectively.

The rate constants (k1 and k2) and corresponding lin-
ear regression correlation coefficient values (R2) for both 
models were calculated using the intercept and slope of the 
two plots shown in Figs 5a and b and listed in Table 2. The 
R2 values of the pseudo-first-order model are lower than 

those of the pseudo-second-order model in the entire con-
centration range. Moreover, the experimental equilibrium 
adsorption capacities (qe,exp) are much larger than the cal-
culated (qe,cal) values obtained from the pseudo-first-order 
model but are very close to the calculated (qe,cal) values ob-
tained from the pseudo-second-order model. The adsorp-
tion kinetics is clearly modeled better by the pseudo-sec-
ond-order kinetic model, which has higher correlation 
coefficient values (R2 > 0.998) and theoretical equilibrium 
adsorption capacities closer to the experimental values in 
MO solutions with different initial concentrations. Similar 
kinetic behavior was also observed in adsorption of dye 
onto other adsorbents such as layered double hydroxide 
(LDH) [39], mesoporous silica [46], activated clays [47], 
and carbon [41]. It is also found that k2 decreases with in-
creasing initial MO concentration. This is attributed to the 
fact that the number of surface active sites on the nanofi-
brous mat is well in excess of the number of MO molecules 
at lower concentrations, and when the MO concentration 
is increased, the competition for surface active sites is in-
creased, resulting in lower adsorption rates [48].

The Arrhenius activation energy of MO adsorption onto 
the m-PEI/PVDF nanofibrous mats was estimated using 

Table 2  Kinetic parameters of adsorption of MO onto m-PEI/PVDF nanofibrous mats in aqueous solution at different initial concentrations

C0 
(mg L−1)

qe,exp 
(mg g−1)

Pseudo-first order Pseudo-second order Intraparticle diffusion model

qe, cal (mg g−1) k1 (min−1) R2 qe, cal (mg g−1) k2 (g mg−1 min−1) R2 kid,1 (mg g−1 min−0.5) kid,2 (mg g−1 min−0.5)

10 19.56574 14.5912 0.015315 0.99042 21.08815 0.001716 0.99892 2.24699 0.34345

25 49.59356 30.5288 0.017157 0.98094 52.21932 0.001063 0.99927 4.11768 0.41295

50 99.00186 78.0046 0.015045 0.99201 106.8376 0.000344 0.99826 9.58127 1.12490

100 198.8707 184.3954 0.017180 0.99559 216.4502 0.000147 0.9982 10.60933 1.22308
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Figure 5  (a) Pseudo-second-order, (b) pseudo-second-order, and (c) intraparticle diffusion kinetic models for MO adsorption at different initial MO 
concentrations.
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the Arrhenius equation [49]:

 a
2ln ln

E
k A

RT
   ,          (7)

where R is the ideal gas constant (8.314 J mol−1 K−1), T is 
the absolute temperature (K), Ea is the activation energy 
(kJ mol−1), and A is the Arrhenius factor. The adsorption 
data for MO at different temperatures (25, 35, 45, and 
55°C) (Fig. 3b) were linearly plotted as lnk vs. 1/T (Fig. S3). 
According to the obtained slope, −Ea/R, the activation en-
ergy Ea is 34.7 kJ mol−1, which indicates that the MO was 
adsorbed physically onto the nanofibrous mats [49].

To identify the diffusion mechanisms and rate con-
trolling steps of MO adsorption onto the nanofibrous 
mat, the intraparticle diffusion kinetics model, which is 
proposed by Weber and Morris and is common to most 
adsorption processes, was also tested [50]. This functional 
relationship can be expressed as the following linear equa-
tion [39]:
 0.5

t idq = k t +C ,          (8)

where kid is the intraparticle diffusion rate constant (mg g−1 
min−0.5), and C is the intercept, which represents the thick-
ness of the boundary layer.

Fig. 5c shows the Weber-Morris plots for the kinetic 
model of MO adsorption at different initial MO concentra-
tions; two linear regions were observed for all of the initial 
concentrations. This result indicates that the adsorption of 
MO onto the nanofibrous mat is affected by more than one 
process, not only by intraparticle diffusion. According to a 
previous report, the first linear region represents diffusion 
of the adsorbate through the solution to the external sur-
face of the adsorbent (film diffusion), and the second linear 
section corresponds to the diffusion of the adsorbate from 
the external surface to the internal pores of the adsorbent, 
which is called intraparticle diffusion [41]. Moreover, there 
is no line passing through the origin, which also reveals that 
intraparticle diffusion was not the only rate-controlling 
step in the entire adsorption process [39]. The kid,1 and kid,2 
values calculated using the intraparticle diffusion kinetics 
model are listed in Table 2. The kid,1 values are greater than 
the kid,2 values, which suggests that film diffusion is an im-
portant step in adsorption of MO onto the m-PEI/PVDF 

nanofibrous mat. Both kid,1 and kid,2 increase with increas-
ing initial MO concentration owing to the growing effect 
of diffusion as the driving force at both the external and 
internal surfaces of the adsorbent.

Adsorption isotherm
The adsorption isotherms of MO onto the m-PEI/PVDF 
nanofibrous mats were investigated using the Langmuir 
and Freundlich isotherm models, which are expressed by 
the following equations [42]:

 e e

e m m

1C C
q bq q

  ,  (9)

 e F e
1ln ln lnq K C
n

  ,  (10)

respectively, where qe (mg g−1) is the amount of MO ad-
sorbed at equilibrium, Ce (mg L−1) is the equilibrium con-
centration of MO in solution, qm (mg g−1) is the maximum 
adsorption capacity, b (L mg−1) is the Langmuir constant 
related to the adsorption energy, and KF and n are the Fre-
undlich constants, which represent the adsorption capacity 
and adsorption intensity, respectively.

The Langmuir and Freundlich isotherm parameters are 
listed in Table 3, and the plots are shown in Fig. 6. As we 
know, the Langmuir adsorption isotherm model assumes 
that adsorption occurs at a specific homogeneous range of 
sites within the adsorbent on a monolayer surface and no 
interaction occurs between adsorbed species, so it is suit-
able for physical adsorption [47]. In contrast, the Freun-
dlich isotherm generally describes adsorption occurring 
on a heterogeneous adsorbent surface that has unequal 
available sites with different adsorption energies; it can be 
applied to physical adsorption and chemical adsorption 
[47]. The correlation coefficient of the Langmuir isotherm 
is clearly much higher than that of the Freundlich isotherm 
in Table 3, and the maximum adsorption capacity of MO 
calculated by the Langmuir model is 625 mg g−1, which 
is very close to the experimental maximum adsorption 
capacity (633 mg g−1). Therefore, the Langmuir isotherm 
model, which describes physical adsorption on a monolay-
er surface with homogeneous adsorption, is more suitable 

Table 3  Langmuir and Freundlich isotherm parameters for adsorption of MO onto electrospun m-PEI/PVDF nanofibrous mats

Langmuir model Freundlich model

qm,cal (mg g−1) b R2 KF n R2

625 0.03831 0.98778 94.561 3.2113 0.83507
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for describing the MO adsorption behavior onto m-PEI/
PVDF nanofibrous mats.

CONCLUSIONS
Composite nanofibrous mats with nanoscale, porous 
structure were successfully prepared by electrospinning 
a methacrylated b-PEI and PVDF mixture solution. Fur-
ther, the composite mats can remove an anionic dye (MO) 
effectively from aqueous solution; they showed an excel-
lent maximum adsorption capacity of 633 mg g−1 for MO 
and retained good adsorption ability after being reused 10 
times. A batch adsorption experiment confirmed that the 
adsorption performance of the m-PEI/PVDF nanofibrous 
mats was affected by the temperature, initial concentration, 
and pH value of the MO solution. The pseudo-second-or-
der kinetic model is more appropriate for describing the 
adsorption behavior of MO onto the mats because of its 
higher correlation coefficient values (R2 > 0.998) and cal-
culated equilibrium adsorption capacities that are closer to 
the experimental results for MO at different initial concen-
trations. Kinetic analysis using the intraparticle diffusion 
model demonstrates that adsorption of MO onto the nano-
fibrous mat is affected by more than one process, including 
at least film diffusion and intraparticle diffusion. Further, 
film diffusion is an important step in adsorption of MO 
onto the m-PEI/PVDF nanofibrous mat. An investigation 
of the adsorption isotherms demonstrates that the Lang-
muir isotherm is more suitable for describing MO adsorp-
tion onto the m-PEI/PVDF nanofibrous mats. This work 
indicates that the m-PEI/PVDF nanofibrous mats could 
potentially be used as an adsorbent for removal of anion-
ic dyes in wastewater treatment, and it is also expected to 
inspire the preparation of high-performance nanofibrous 

functional materials by electrospinning.
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聚乙烯亚胺纳米纤维吸附剂用于高效吸附水溶液中的阴离子型染料
马垚, 张伯武, 马红娟, 虞鸣, 李林繁, 李景烨

摘要    本文通过静电纺丝法将聚甲基丙酸缩水甘油酯(GMA)修饰的支化聚乙烯亚胺(b-PEI), 即改性PEI(m-PEI)与聚偏氟乙烯(PVDF)混合溶液
制成m-PEI/PVDF纳米复合纤维毡, 并用于吸附去除水溶液中阴离子型染料. 通过SEM、ζ-电位等表征手段证明该纳米纤维毡的纤维直径在百纳
米级, 且纤维毡为多孔状, 表面带正电荷, 具有吸附阴离子型污染物的性能特征. 通过研究其对阴离子染料—甲基橙(MO)的吸附性能, 我们发现
该吸附剂可快速从水溶液中去除甲基橙且最大吸附容量达633.3 mg g−1, 大大优于已报道的相关吸附剂. 而且, 该吸附剂在NaOH溶液中浸泡可
快速再生, 表现出良好的重复利用性. 本文进一步研究了温度、初始浓度和溶液pH值对甲基橙在该吸附剂上的吸附行为的影响, 并证明该吸附
剂吸附甲基橙的行为符合准二级动力学模型和Langmuir吸附等温模型. Weber-Morris模型则表明甲基橙吸附到m-PEI/PVDF纳米纤维毡的过
程, 受液膜扩散和颗粒内扩散的控制. 此研究结果表明, m-PEI/PVDF纳米纤维毡有望应用于处理含阴离子染料或污染物的废水.
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