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a phosphate-rich polyacrylonitrile
fiber surface microenvironment for efficient
purification of crystal violet wastewater†

Gang Xu, *ab Mengcan Jin,ab Fangjia Wang,a Yusef Kianpoor Kalkhajeh,ab

Qizhong Xiong,ab Liangliang Zhang,ab Minli Tao*c and Hongjian Gao*ab

Wastewater purification using fibrous adsorbents has received much attention due to their high efficiency,

low cost, and recyclability. In this work, phosphate modified polyacrylonitrile fiber (B-PANEAPF) was

prepared and used to remove cationic dyes. The B-PANEAPF showed the best adsorption capacity for

crystal violet (CV) when compared with rhodamine B, methyl green, Victoria blue B, methylene blue, and

neutral red. The adsorption tests revealed that the fiber possessed high adsorption efficiency and

achieved semi-saturated adsorption within 15 min. The maximum adsorption capacity of 354.46 mg g�1

as calculated by the Langmuir adsorption model was higher than many other adsorbents. Furthermore,

the B-PANEAPF was used to remove 210 mL of CV in a continuous-flow process with a high removal

efficiency over 90%. Besides, the phosphate functionalized fiber could easily decrease the concentration

of CV to below 0.5 mg L�1 which is below the maximum effluent discharge standard of 15 mg L�1

prescribed in China. It could also be fully recovered and easily separated from the solution to achieve re-

use 10 cycles. Moreover, the adsorption mechanism indicated that the adsorption process of the fiber

for CV was mainly attributed to electrostatic interaction and hydrogen bonding. In conclusion, the results

suggested that the B-PANEAPF characterized by its simplicity, efficiency, eco-friendliness, and reusability,

could be a promising candidate for CV removal.
1. Introduction

Crystal violet (CV) is widely used as a coloring agent, chromo-
tropic indicator, bacteriostatic agent as well as in food and
cosmetics industries.1 To date, increasing industrial demand
and unreasonable consumption of dyes have become a serious
environmental problem threating both human health and
ecosystems.2 For example, CV contains triphenylmethane with
high chemical resistance that can result in kidney failure and
vision injuries.3 Wastewater containing dyes is also a kind of
visual pollution.4 Furthermore, cationic dyes are more toxic
than anionic ones because they can easily interact with cell
membrane surfaces and concentrate in the cytoplasm.5 Besides,
it is known that about 12% of the dyes are lost during produc-
tion and processing, and 20% of this enters the water envi-
ronment,6 resulting in the waste of resources and
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environmental pollution. Hence, it is necessary to develop
effective methods for the enrichment, purication, and recovery
of CV in wastewater.

To purify the dyes contaminated water, many techniques
such as chemical precipitation, reverse osmosis, membrane
ltration, solvent extraction, photocatalytic degradation and
adsorption method have been well attempted.7–11 Among which,
adsorption method becomes one of the most effective
methods.12 Especially, the introduction of functional groups on
the surface of solid supports to prepare novel supported
adsorbents has attracted widespread attention for its compel-
ling advantages including low-cost, good stability, simple
operation process, and high efficiency.13 Recently, various solid
supports such as minerals like zeolite,8 silica,14 carbon mate-
rials,15 magnetic nanocomposites,16 biomass carriers,17 and
polymers18 have been used to remove CV together with fruitful
achievements. On the basis of practicality, however, the degree
of modication for some supports like minerals is low affecting
the removal efficiency. The cost of some nanomaterials is high,
and the nanomaterials may also cause secondary pollution in
water and soil environments with complex removal operation.
These defects inevitably limit their practical applications.
Therefore, new supports to fabricate functionalized materials
with more excellent absorption ability have received major
attention but challenges still remain.
This journal is © The Royal Society of Chemistry 2019
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Organic textile bers are widely used in people's daily life.
Nowadays, the preparation of new functionalized bers
through surface modication is becoming a hot topic in
current research. Different functionalized polyacrylonitrile
ber (PANF), polypropylene ber, cotton ber etc. are used as
emerging class of water pollutant scavenger with many
advantages of being easily modiable and separable, and
excellent reusability and environmental friendly proper-
ties.19–22 Among which, PANF is one of the most promising
bers due to its low-cost, high strength and appropriate
hydrophilicity etc. Chemical modication of PANF is simple,
which can be modied by conversion of surface functional
groups or photochemical graing.23,24 Moreover, PANF is
known for its merits for heavy metals' removal.25 Until
recently, the application of functionalized PANFs to remove
organic pollutants in water has gradually drawn people's
attention.26–28 Our previous work also showed that PANF is an
ideal support to prepare novel ber catalysts29–32 and heavy ion
colorimetric sensors.33 It is found that the modication of the
ber is a deep-seated with high-density modication to
construct the specic ber surface microenvironment consti-
tuted by ber polymer block and modied functional mole-
cules.29 More distinctively, the special microenvironment is
proved to enrich organic compound impressively in aqueous
solution.31,34 Inspired by these ndings, the functionalized
ber may show better removal capacity for dye in water than
traditional adsorption materials. It is worth mentioning that
the use of PANF in organic dye removal has been very rare35,36

especially no functionalized PANF has been reported for the
removal of CV. Hence, it is necessary to use new functionalized
PANFs for the removal of CV.

Anionic groups such as carboxylic ion, sulfonate anion, and
phenoxy anion have been proved to be effective ways for
removing cations dyes.37–39 However, the purication of
cationic dyes by phosphate has been rarely reported.40 Phos-
phorus compounds containing Brønsted acidic (P–OH) and
Lewis basic (P]O) sites are powerful groups characterized by
their stability, high efficiency, and eco-friendliness. Various
phosphorus compounds functionalized SBA-15, carbon bers,
and nano diamond have been reported and made important
progresses in catalytic, adsorption of metal ions, and electro-
chemistry.41–43 In this work, phosphate functionalized poly-
acrylonitrile ber (B-PANEAPF) is prepared by chemical graing
via stable covalent bond. The anionic surface micro-
environment is formed on the surface of the bers which
would interact well with cationic dyes. The B-PANEAPF was rst
used to remove cationic dyes. It is easy to modify the ber with
high density, which is benecial to improve its adsorption
performance. In addition, the simple preparation method,
economical raw materials and excellent reusability and recy-
clability of the functionalized ber make it have high potential
in dye purication. The present study tested the adsorption
performance of phosphate functionalized ber for cationic
dyes a (Fig. 1). And the adsorption behaviors such as temper-
ature effect, time behavior, reusability and adsorption mech-
anism etc of the B-PANEAPF for CV were studied in details.
This journal is © The Royal Society of Chemistry 2019
2. Materials and methods
2.1 Reagents and instruments

The details of reagents and instruments can be seen in the
Section 1 of ESI.†

2.2 The synthesis of B-PANEAPF

The preparation of the functionalized bers is as follows:
Step 1: the hydroxyethylation of PANF.
A mixture of 4.0 g PANF, 60 mL of H2O and 40 mL of 2-

aminoethanol were placed in a three-necked ask (250 mL). The
above reaction mixture was heated to reux and reacted for 4
hours. Aer cooling to room temperature, the functionalized
ber was taken out and washed with warm H2O repeatedly.
Then the prepared hydroxyethylation ber (PANEAF) was put
into the oven drying at 60 �C for 8 h.

Step 2: the phosphorylation of PANEAF.
Amixture of 1.0 g PANEAF, 20mL of CH3CN and 2mL of POCl3

were placed in a three-necked ask the above mixture was heated
at 80 �C for 4 h. Aer cooling the mixture to room temperature,
the ber was taken out and put into ice water. Aer the ber was
stirred for one hour, it was ltered out again and washed with
warmH2O repeatedly, then the ber was dried at 60 �C over night
to get phosphorylated ber PANEAPF. Then the ber PANEAPF was
treated with 0.1 M NaOH, then it was washed with H2O and dried
at 60 �C overnight to obtain the B-PANEAPF.

2.3 Dyes adsorption capacities of B-PANEAPF

First, 10 mg dried ber was placed in 20 mL dye solution (1 �
10�3 mol L�1), the pH of the different dye solutions were adjusted
to 5. Then the above solution was stirred using electromagnetic
stirring for 4 h at room temperature. Then, the ber was taken out
with tweezers. In this work, the concentrations of dye aer
adsorption weremeasured by UV-vis spectrometer, before testing,
the pH of dye solution was adjusted the same as that of standard
curve, all adsorption tests were performed in triplicate.

2.4 Adsorption kinetics and isotherm experiments

The adsorption kinetics and isotherm experiments were carried
out in 50 mL bottle with screw cap containing 20 mL CV solu-
tion (pH ¼ 6) and 10 mg of B-PANEAPF. For the kinetics studies,
B-PANEAPF was soaked in a 1 � 10�3 mol L�1 CV solution. Aer
stirring for the desired time, the ber was ltered out and the
CV concentration in the remaining solution was measured by
UV-vis spectrometer. In the adsorption isotherm tests, the
initial CV concentrations were varied from 0.05 to 1 mmol L�1,
the different CV solution was stirred for 3 h to guarantee the
adsorption equilibrium had reached. Then the concentration of
CV in each solution was measured by UV-vis spectrometer.

2.5 Desorption test

Dried ber (100 mg) was immersed in 20 mL CV solution
(0.2 mmol L�1, pH ¼ 6). The solution was stirred for 1 h at room
temperature. The ber was taken out with tweezers and washed
with deionized water. Then the CV adsorbed ber was put into
RSC Adv., 2019, 9, 37630–37641 | 37631
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50 mL 0.2 M HCl solution stirring for 2 h. Aer desorption, the
ber was taken out and washed with 0.1 M NaOH solution and
deionized water, respectively. Then, it was used for the next
circulate. The CV concentrations aer adsorption (Ce) and
desorption (Cd) were determined by UV. The desorption percentage
D (%) was calculated from: D¼ (V2� Cd)/[V1� (C0 � Ce)]� 100%,
and the removal efficiency was calculated from: R¼ [(C0 � Ce)/C0],
where C0 is the initial concentration of CV, V1 and V2 are the
volumes of adsorptive solution and eluent solution, respectively.
2.6 The adsorption of B-PANEAPF for CV under continuous-
ow process

B-PANEAPF (300 mg) was lled into a silicone column with
length of 100 mm and inside diameter of 5.6 mm. The ow rate
of the continuous-ow device was adjusted to 1 mL min�1, then
a CV solution (C0¼ 0.2 mmol L�1, pH¼ 6) was pumped through
the silicone column. The receptor liquid was collected in the
ask and then the concentration of CV in the receptor uid was
determined by UV-vis spectrometer.
3. Results and discussion
3.1 The preparation and characterization of the ber

3.1.1 The synthesis of phosphate functionalized ber. Our
previous work showed that the PANEAPF could be effectively
Fig. 1 Phosphoric acid functionalized fiber PANEAPF as recyclable adsor

Table 1 The weight gain of functionalized fibers and their P content, ac

Entry Fiber Weight gaina (%) P contentb (mmol g�1) Acid con

1 PANF — 0 0
2 PANEAF 15.7 0 —
3 PANEAPF 18.6 1.72 2.93
4 B-PANEAPF — 1.64 0

a Weight gain ¼ [(M2 � M1)/M1] � 100%, where M1 and M2 are the we
c Determined by acid–base titration. d Based on PANF ¼ 100%.

37632 | RSC Adv., 2019, 9, 37630–37641
modied onto the surface of PANF via a simple two-step strategy
(Fig. 1). Furthermore the characterization technologies of
elemental analysis, FTIR, XPS, solid-NMR, SEM, XRD, BET, and
mechanical properties etc. were used to verify the success of
graing process.31 Based on previous research, phosphate
functionalized ber B-PANEAPF was easily prepared by alkali-
zation treatment of PANEAPF. The degree of modication of the
functionalized bers were expressed by weight gain and phos-
phorus content, respectively. As shown in Table 1, the weight
gain of the hydroxyethylated ber PANEAF (Table 1, entry 2) is
15.7% based on PANF, and the OH content of the PANEAF is
calculated as 2.34 mmol g�1 according to the weight gain. For
the phosphorylated ber PANEAPF, the weight gain easily
reached to a high level of 18.6% (Table 1, entry 3), and the P
content measured by ICP-OES and the acid content determined
by acid–base titration were 1.72 mmol g�1 and 2.93 mmol g�1,
respectively. It is obvious that the modication degree of the
ber is high (>1 mmol g�1), which will help to improve its
adsorption capacity. The mechanical properties of the bers
were also tested and the results are showed in Table 1. The
breaking strengths of PANEAPF and B-PANEAPF decreased
slightly from 11.21 cN to 9.21 cN and 9.03 cN which all kept over
80.5% strength of the PANF. Overall, the results indicated that
the phosphorylated ber with high degree of modication and
excellent strength is a potential adsorbent for water treatment.
bent for CV.

id content, and mechanical properties

tentc (mmol g�1)

Mechanical properties

Breaking strength Retention of breaking strengthd

11.21 cN 100%
9.94 cN 88.6%
9.21 cN 82.2%
9.03 cN 80.5%

ights of original ber and modied ber. b Determined by ICP-OES.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The SEM images of (a) PANEAPF, (b) B-PANEAPF, (c) B-PANEAPF-CV, (d) B-PANEAPF-1, (e) B-PANEAPF-10.

Table 2 The elemental analysis data

Entry Sample C (%) H (%) N (%)

1 PANF 66.19 5.98 24.38
2 B-PANEAPF 50.87 5.41 17.09
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In addition, the specic surface area of the PANF and func-
tionalized bers are shown in Table S1†. The bers contain
nanometer sized pores with average pore diameter between 2.2
and 2.8 nm. The specic surface area of B-PANEAPF is 10.2 m2

g�1, the specic surface characteristics of B-PANEAPF may be
benecial to its adsorption capacity.

3.1.2 Surface topography. The SEM images of PANEAPF, B-
PANEAPF, B-PANEAPF-CV (CV adsorbed ber), B-PANEAPF-1 (one
adsorption–desorption cycle), and B-PANEAPF-10 (the tenth
adsorption–desorption cycle) are illustrated in Fig. 2. When the
images are enlarged 200 times all of the bers were continuous
and showed good integrities, which indicates that the structures
of the bers were well maintained. Aer the SEM images were
magnied to 2000 times, the surface of the PANEAPF was smooth
and uniform (Fig. 2a). Aer treatment with dilute NaOH, the
surface of the B-PANEAPF was not destroyed obviously, just
slightly rougher than PANEAPF (Fig. 2b). In the SEM image of B-
PANEAPF-CV (Fig. 2c), no obvious particles can be found through
the high magnication (2000 times), and the phenomenon
This journal is © The Royal Society of Chemistry 2019
indicated that the CV dye was adsorbed onto the ber by
chemical interactions rather than simple physical attachment.
Aer ten repetitions (Fig. 2e), the surface of the ber had no
signicant changes compared with B-PANEAPF showing the
excellent recycling ability of the phosphorylated ber.

3.1.3 Composition and structure analysis. In this work, the
composition and the structure analysis of the B-PANEAPF before
and aer use were illustrated by elemental analysis, FTIR, 13C
solid-state NMR, solid UV-vis, and XRD. Firstly, the elemental
analysis data of PANF, B-PANEAPF and B-PANEAPF-CV are pre-
sented in Table 2. The nitrogen (17.09%), carbon (50.87%) and
3 B-PANEAPF-CV 55.59 6.19 16.95

RSC Adv., 2019, 9, 37630–37641 | 37633
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hydrogen (5.41%) contents of the B-PANEAPF were all decreased
due to the modication of new phosphorous-containing func-
tional groups. Aer adsorption of CV, the carbon (55.59%) and
hydrogen (6.19%) contents of the B-PANEAPF-CV increased and
the nitrogen content (16.95%) decreased as expected. This can
be the cause of higher carbon (73.5%) and hydrogen (7.4%)
contents and lower nitrogen content (10.3%) in adsorbed CV
molecule. Hence, it is speculated that the CV was adsorbed on
the ber adsorbent which can also be proved by the ber
photographs before and aer adsorption as shown in Fig. S1.†
The color change of the B-PANEAPF from light yellow to purplish
blue further manifests the success of adsorption process.

The FTIR spectra of the bers are shown in Fig. 3A and S2.†
The FTIR spectra of PANF (Fig. 3A, trace a) showing the
absorption peaks at 2242 cm�1 (C^N) and 1733 cm�1 (C]O),
indicating the existence of the acrylonitrile and methyl acrylate
units in the co-polymer of PANF. The wider absorption band of
PANEAF (Fig. 3A, trace b) between 3600 and 3100 cm�1 is
attributed to the stretching vibration of the O–H and N–H
groups, and the C]O stretching vibration of PANEAF red shis
from 1733 to 1680 cm�1, which is also due to the formation of
amide bonds (O]C–NH). Aer phosphate modication, the
absorption peaks at 976, 1073, and 1172 cm�1 of the B-PANEAPF
were corresponded to the stretching vibration of P–OH and PO2

(ref. 44) suggesting that the phosphate groups were successfully
modied in the ber surface (Fig. 3A, trace c). Aer adsorption
of CV, a new absorption peak of B-PANEAPF-CV at 725 cm�1 was
assigned to the out-of-plane bending vibration of phenyl moiety
Fig. 3 (A) The FTIR spectra of (c) B-PANEAPF, (d) B-PANEAPF-CV, (e) B-PA
(C) the solid UV-vis spectra of the different fibers; (D) XRD patterns of the
10.

37634 | RSC Adv., 2019, 9, 37630–37641
evidencing that the CV with aromatic structure was successfully
adsorbed by B-PANEAPF (Fig. 3A, trace d). Furthermore, when
the ber was reused for 1 and 10 times, the spectra of B-
PANEAPF-1 and B-PANEAPF-10 were almost the same as that of B-
PANEAPF, indicating that the ber had high stability and excel-
lent reusability (Fig. 3A, traces e and f). The successful adsorp-
tion of CV can also be demonstrated by 13C solid-state NMR
(Fig. 3B). The 13C solid-state NMR of PANF and B-PANEAPF
(Fig. 3B, traces a and b) had similar signal peaks at 29.7, 122.1,
and 176 ppm which can be assigned to the backbone carbon,
ester carbonyl carbon, and cyano group carbon, respectively.45

The 13C solid-state NMR spectra of the bers are shown in
Fig. 3B. The spectra of the bers show signals at 29.7, 122.1 and
176 ppm, which are ascribed to backbone carbon, cyano group
(CN) and carbonyl (C]O), respectively. In the 13C solid-state
NMR spectrum of B-PANEAPF-CV (Fig. 3B, trace c), the new
signal peak from N(CH3)2 at 45 ppm appeared because the
adsorbed CV contains N(CH3)2 groups46 in its chemical struc-
ture (Fig. 1). The result was further proved by the solid UV-vis
(Fig. 3C). When the functionalized ber B-PANEAPF-CV adsor-
bed CV, its spectrum showed a strong absorption band centered
at 595 nmwhich is consistent with themaximumUV absorption
wavelength of CV (Fig. S3†).47 X-ray powder diffraction (XRD)
was used to illustrate the crystalline structure of the bers
(Fig. 3D). In the XRD spectrum of PANF, the sharp diffraction
peak at 17� is the characteristic peaks for (100) crystallographic
planes of PANF.48 It is obvious that the spectra of B-PANEAPF, B-
PANEAPF-CV, B-PANEAPF-1, and B-PANEAPF-10 were rather
NEAPF-1 and (f) B-PANEAPF-10; (B) the
13C solid-state NMR of the fibers;

(a) B-PANEAPF, (b) B-PANEAPF-CV, (c) B-PANEAPF-1 and (d) B-PANEAPF-

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The thermogravimetric analysis of (a) PANF, (b) PANEAF, and (c)
B-PANEAPF.

Fig. 5 The adsorption capacities of the B-PANEAPF for different dyes.
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similar to one of raw PANF (Fig. 3D, traces a–d). This nding
suggests that the modication of the ber mainly occurs in the
surface layer of the ber and it does not destroy the ber
structures. Aer repeated use, the ber structure is still well
maintained, which is consistent well with the results of SEM
and FTIR, showing excellent stability of the functionalized ber.

3.1.4 Thermal stability analysis. The thermal stability of
the ber within 800 �C were tested by thermogravimetric anal-
ysis in nitrogen atmosphere. As shown in Fig. 4, the weight loss
before 100 �C is mainly caused by water evaporation. It's worth
mentioning that there was no signicant weight loss before 300
degrees, showing the high thermal stability of the functional-
ized bers. The thermal decomposition of bers were mainly
between 300 to 500 �C, and the B-PANEAPF still showed high
weight remaining of 40% at 800 �C, the result indicates that the
application of phosphate functional ber in practical water has
high stability.
3.2 Comparison of adsorption capacities for different dyes
by B-PANEAPF

The adsorption capacity of the ber at equilibrium and a given
time (qe and qt, mmol g�1) were utilized to evaluate the
adsorption performance. The formulas are shown as follows:

qe ¼ ðC0 � CeÞ � V

m
(1)

qt ¼ ðC0 � CtÞ � V

m
(2)

where C0, Ce and Ct (mmol L�1) are the concentrations at initial,
equilibrium and a given time t (min), respectively, V is the
solution volume (mL) and m is the mass of the ber (g).

Various dyes such as methyl orange, rhodamine B, methyl
green, Victoria blue B, methylene blue, neutral red, and crystal
violet were used to test the adsorption capacities of the B-
PANEAPF. To prevent precipitation, the pH of all dye solutions
was adjusted to 5. The results are shown in Fig. 5, as expected,
the B-PANEAPF had almost no affinity for anionic dyes such as
This journal is © The Royal Society of Chemistry 2019
methyl orange due to the strong charge repulsion. Nevertheless,
the adsorption capacity of B-PANEAPF for cationic dyes signi-
cantly increased with the highest adsorption capacity of
0.75 mmol g�1 for CV. Furthermore, the B-PANEAPF had higher
adsorption capacity for CV, neutral red, and methylene blue
than that of rhodamine B, methyl green, and Victoria blue B
(Fig. 5). This is probably due to the large steric hindrance of
rhodamine B and Victoria blue B that can prevent their
adsorption onto the ber surface, and methyl green containing
two positive centers which repel each other and lead to lower
removal efficiency than that for CV. Furthermore, the adsorp-
tion capacity of neutral red is slightly higher than methylene
blue due to the lower steric hindrance. Hence, the above
mentioned results show that the B-PANEAPF is an excellent CV
adsorbent. And the CV is selected as the research object to
conduct the following researches.
3.3 Adsorption performance of the B-PANEAPF for CV

3.3.1 Effect of pH on adsorption capacity. It was reported
that the solution pH not only affects the ionization degree of
a dye, but also affects the surface charge of a adsorbent.6

Therefore, the CV adsorption by B-PANEAPF was studied in
details within the pH ranged from 3 to 9 (Section 2 in ESI†). Zero
charge (pHPZC) is reported at the pH in which the initial pH
equals the nal pH.41 As shown in Fig. 6a, the pHPZC of B-
PANEAPF is equal to 7.8. At pH < pHPZC, the adsorption capac-
ities of B-PANEAPF increase with the increase of pH values from
3 to 6. However, the adsorption capacities had no signicant
change when the pH was greater than 6 (Fig. 6b). This might be
due to the occurrence of negative charges on the surface of ber
with increasing pH. And the positively charged CV dye showed
a little competition with H+ at higher pH values. Hence, the
interaction between anions and cations was more intense
resulting in better B-PANEAPF removal of CV. In addition, the
pKa values of the three nitrogen contained functional groups for
CV are 3.29, 3.78 and 4.26, respectively.47 Hence, when the pH
was above pHPZC, the surface of the ber was completely
deprotonated so that the further increase in pH had little effect
RSC Adv., 2019, 9, 37630–37641 | 37635
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Fig. 6 (a) Relationship between pH initial and pH final; (b) the effect of pH on the adsorption of CV by B-PANEAPF.
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on the adsorption of the ber. This work suggests the pH 6 as
the optimal pH value for future studies.

3.3.2 The determination of the adsorption limit of B-
PANEAPF for CV. It is very important to reduce residual
concentration of the CV solution by adsorbents to safety stan-
dard values in real applications.49 This work investigated the
effect of adsorbent dosage for determination the limit of
adsorption (Fig. S4†). The initial concentration was as high as
204 mg L�1. An adsorbent dosage of 0.5 g L�1, decreased the
solution concentration to 30.6 mg L�1. Increasing the adsorbent
dosage to 1 g L�1 decreased the residual concentrations of the
solutions to below 2.3 mg L�1 with high removal efficiencies of
above 98% which were within the wastewater discharge stan-
dards of 15 mg L�1 stipulated by China. This is likely due to an
increase in adsorption dosage which, in turn, can enhance the
specic surface area and the availability of adsorption sites on
the ber surface.50 Furthermore, the decrease in the concen-
tration CV was not obvious with further increase of the dosage.
It's worth mentioning that the concentration of the CV can be
reduced to as low as to 0.5 mg L�1 in the range of this study
showing a very low limit of adsorption. A lower dosage of 1 g L�1

was observed for ber adsorbent compared to the biomass
combustion residue.51 And the former had higher removal
efficiency than the reported adsorbents. For example, sawdust
Fig. 7 (a) Equilibrium adsorption capacity of B-PANEAPF at different con

37636 | RSC Adv., 2019, 9, 37630–37641
and magnetic nanoparticles had lower maximum removal effi-
ciency of 95.58% and 80.4%, respectively.52,53

3.3.3 Adsorption kinetics. Adsorption is a time determined
process, the adsorption capacity increases gradually with time
until the adsorption equilibrium is reached. The temporal
behavior of B-PANEAPF for CV adsorption was studied and the
results are shown in Fig. 7. As presented in Fig. 7a, the
adsorption rate began very fast within the rst 40 min, and then
gradually slowed down as the contact time increased until the
adsorption equilibrium was reached. The ber took about
15 min to reach over the half saturated adsorption and 60 min
to reach the equilibrium adsorption (0.91 mmol g�1). This is
due to the initial existence of free adsorption sites on the B-
PANEAPF which can interact with cationic dye CV. With the
prolongation of adsorption time, the free adsorption sites of B-
PANEAPF gradually decreased, leading to a lower adsorption rate
until equilibrium. The result revealed that the B-PANEAPF can
rapidly and efficiently remove CV from wastewater.

The adsorption process was analysed by different adsorption
kinetic models. In this work, the pseudo rst-order (3) and
pseudo second-order (4) kinetic models were used to gain the
rate constant and equilibrium adsorption of B-PANEAPF,54 the k1
(min�1) and k2 (g mmol�1 min�1) are the rate constants.

logðqe � qtÞ ¼ log qe �
�

k1t

2:303

�
(3)
tact time of CV, (b) pseudo second-order adsorption kinetic.

This journal is © The Royal Society of Chemistry 2019
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t

qt
¼ 1

k2qe2
þ t

qe
(4)

Previous works have shown that if the adsorption process is
more in line with the second-order kinetic model, it is more
likely to be a chemical adsorption, while the rst-order kinetic
model is more inclined to physical adsorption.55 The tting
results are shown in Fig. 7b and S5,† the adsorption kinetics
constants are summarized in Table S2.† The adsorption of CV
by B-PANEAPF was more consistent with the pseudo second-
order kinetics model (R2 ¼ 0.994) rather than the rst-order
kinetics model (R2 ¼ 0.976) indicating a chemical interaction
between CV and phosphate anion rather a physical interaction.

3.3.4 Adsorption isotherm. The maximum adsorption
capacity of adsorbents is affected by the initial concentration.
Generally speaking, with the increase of initial concentration,
the adsorption capacity of adsorbents increases until the
maximum adsorption is achieved. As shown in Fig. 8a, the B-
PANEAPF could adsorb most of the CV at a low concentration of
CV. Nevertheless, there were many free active sites which could
not bind CV resulting in a lower adsorption capacity. Due to the
higher driving force for mass transfer, the adsorption capacity
of B-PANEAPF increased along with increasing CV concentration.
The maximum adsorption capacity could reach 0.95 mmol g�1

within the range of experimental concentrations which was
higher than zeolite47 (0.30 mmol g�1), rice husk6 (0.10 mmol
g�1), and chitosan56 (0.19 mmol g�1) etc. functionalized
adsorbents.

The adsorption process of B-PANEAPF for CV was further
investigated by adsorption isotherm. The data of adsorption
isotherm were analyzed by Langmuir57 (5) and Freundlich
isotherm58 (6) models:

Ce

qe
¼ Ce

qmax

þ 1

Kl � qmax

(5)

log qe ¼ log Kf � log Ce

n
(6)

where n is the heterogeneity factor, Kl is the Langmuir adsorp-
tion constants (L mmol�1) and Kf is the Freundlich adsorption
constant (mmol g�1).
Fig. 8 (a) Equilibrium adsorption capacity of B-PANEAPF under different

This journal is © The Royal Society of Chemistry 2019
It was reported that Langmuir adsorption isotherm model is
more suitable for single-layer adsorption, while Freundlich
adsorption model is more inclined to multi-layer adsorption.59

The tting results are shown in Fig. 8b and S6,† and the
isotherm constants are summarized in Table S2.† The adsorp-
tion isotherm date tted best with the Langmuir adsorption
model when the R2 values were compared. The results showed
that the removal of CV by B-PANEAPF tend to be monolayer
adsorption process, it also indicated that the adsorption sites
on B-PANEAPF were uniform and energetically identical.

3.3.5 Thermodynamic studies. The thermodynamic
studies of B-PANEAPF for CV was studied at 283, 293, and 303 K.
As shown in Fig. S7,† increasing trend in CV adsorption capacity
with an increase in the temperature indicated the process to be
endothermic. The temperature dependence of adsorption is
associated with different thermodynamic parameters such as
standard enthalpy (DH�, kJ mol�1), standard entropy (DS�, J
mol�1 K�1), and Gibbs free energy (DG�, kJ mol�1) which can be
calculated by the following equations:60

KC ¼ CAe

Ce

(7)

DG� ¼ �RT ln KC (8)

ln KC ¼ DS�

R
� DH�

RT
(9)

where KC is distribution coefficient, CAe is the amount of CV
adsorbed on B-PANEAPF (mmol L�1), R is the gas constant (8.314
J mol�1 K�1), T is the temperature (K).

As shown in Table S3,† the positive values of DG� and DS�

indicate that the adsorption of CV on the B-PANEAPF is a non-
spontaneous and an entropy-driven process. And the positive
value of DH� (13.90 kJ mol�1) for CV adsorption by B-PANEAPF
indicates the endothermic adsorption process, it also shows
that chemisorption process is the rate controlling step.61 The
activation energy (Ea) is the minimum kinetic energy required
by the CV to react with the active sites on the B-PANEAPF, which
can be obtained by the Arrhenius equation. In general, when the
value of Ea is higher than 8 kJ mol�1, it can be attributed to
a chemisorption.62 The Ea value calculated from the slope of the
initial concentration of CV, (b) Langmuir adsorption isotherm.

RSC Adv., 2019, 9, 37630–37641 | 37637
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Fig. 9 (A) XPS survey spectrum of (a) B-PANEAPF and (b) B-PANEAPF-
CV, (B) high resolution Na 1s spectra of the fibers.
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plot of ln k2 vs.1/T (Fig. S8†) is 11.46 kJ mol�1, which is
consistent with the proposed mechanism of chemisorption.
Fig. 10 The recycling ability of B-PANEAPF for CV.
3.4 Possible adsorption mechanism of B-PANEAPF for CV

According to the above observations, the possible adsorption
mechanisms of B-PANEAPF for CV removal were shown in
Fig. S9.† It is known that the structure of the adsorbate and the
surface properties of the ber are the most important key points
to understand the adsorption mechanism. For instance, CV can
dissociate into CV+ and Cl� in aqueous solution.6 In the litera-
ture, the adsorption of cationic dyes by different adsorbents
carries out by the electrostatic interaction and hydrogen
bonding force.6,14,63 The ber adsorbent B-PANEAPF has also
similar adsorption forces in the adsorption process. When the
pH value of CV solution is around the pHpzc of B-PANEAPF, the
adsorption of CV by B-PANEAPF mainly relies on the strong
electrostatic attraction due to the large amounts of anions on
the surface of ber. Additionally, numerous amide amide N–H
bonds on the surface of bers are good hydrogen-bonded
37638 | RSC Adv., 2019, 9, 37630–37641
donors which can interact with tertiary amine N of CV
through the weak hydrogen bonds interaction. According to the
kinetic characteristics of chemical adsorption discussed above,
it can be concluded that the adsorption mechanism is mainly
chemical interactions between anions and cations, and the
interfractional hydrogen bonding force.

In order to further verify the adsorption mechanism of CV by
B-PANEAPF, the X-ray photoelectron spectroscopy (XPS) of B-
PANEAPF before and aer the absorption of CV was tested. The
results are shown in Fig. 9 and the corresponding atomic
compositions are given in Table S4.† As shown in Fig. 9A, the B-
PANEAPF contains C, N, O, P and Na, which indicates that the
surface layer of the B-PANEAPF has sodium phosphate func-
tional groups. Before adsorption of CV, the atomic percent of Na
in B-PANEAPF is 1.5% (Table S4,† entry 1), while the content of
sodium atom decreased obviously to 0.5% aer adsorption of
CV (Table S4,† entry 1), the result shows that the Na+ on the
surface of B-PANEAPF reacts with the CV+ in the solution by ion
exchange, proving the chemisorption mechanism of B-PANEAPF
for CV.
3.5 Desorption and reusability or the B-PANEAPF

Recycling ability is an important index for supported adsor-
bents. It was reported that the cationic dyes could be desorbed
from the adsorbents using acid solution.35 Inorganic acids such
as HCl have the apparent advantages of low-cost, high effi-
ciency, and environment-friendly properties. Hence, it was
selected as the eluent in this study. As shown in Fig. 10, the B-
PANEAPF possessed high reusability of more than 10 times with
high removal efficiency of above 99%. The high desorption
percentage of over 95% indicates that most of the adsorbed CV
could be desorbed from the ber surface which also can be
proved by the ber pictures before and aer adsorption (Fig. 1).
The initial ber B-PANEAPF was beige, aer adsorption of CV the
color of the ber turned dark blue showing the successful
adsorption process. It is worth mentioning that the color of the
ber was very close to the initial ber aer desorption.
Furthermore, ber was fully recovered by the tweezers
This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Breakthrough curves of B-PANEAPF for CV solution.
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possessing irreplaceable advantages over the powder or nano-
carrier materials.64
3.6 Use of PANEAPF in a ow process

Functionalized polyacrylonitrile bers have the characteristic of
so, continuous and easy to knit, which is very suitable for
continuous ow application in lled columns.29 Our previous
work has shown the application potential and merits of the
PANEAPF in catalytic organic reactions.31 For the purpose of
practical application, the removal of CV by B-PANEAPF under
continuous-ow conditions was studied (Fig. S10†). The
breakthrough curve of B-PANEAPF for CV (0.2 mmol L�1) is
illustrated in Fig. 11. The concentration of CV in the column
effluent increased with the accumulation of effluent volume.
When the volume of effluent does not exceed 210 mL, the
removal efficiency of B-PANEAPF for CV was as higher as over
90%. The result show that the continuous ow device is simple
and efficient for CV remediation practically. Therefore, the
continuous ow device of ber can effectively reduce the dye
pollution of water body when it is placed at the sewage outfall.
3.7 Comparison of the adsorption capacities for CV by
various supported adsorbents

Finally, the removal ability for CV of recently used supported
adsorbents was compared with the ber adsorbent presented in
Table 3 The removal performances for CV by various supported adsorb

Entry Adsorbent pH T (�C)

1 Multi-walled carbon nanotubes — —
2 k-Carrageenan-g-poly (methacrylic acid) 7 20
3 NaOH-modied rice husk — 20
4 ZSM-5 zeolite 7.5 45
5 Montmorillonite, K10 5.9 30
7 Modied magnetic nanoadsorbent 6 —
8 SiO2@MgO 6.5 45
10 Chitosan hydrogel beads — 30
11 CarAlg/MMt0.5 6.4 25
12 B-PANEAPF 6 30

This journal is © The Royal Society of Chemistry 2019
this work (Table 3). Firstly, we compared the adsorption
capacities of different adsorbents. It is noteworthy that the B-
PANEAPF exhibited higher removal capacity (354.46 mg g�1)
than many mineral, carbon materials, biomass, and metal
oxides etc. modied adsorbents. Furthermore, the recyclability
of B-PANEAPF is better than many other adsorbents. Overall, the
many advantages of low-cost, excellent cyclicity and the removal
of CV under continuous-ow conditions of the ber is an
attractive approach for practical application.
4. Conclusion

In this study, we used polyacrylonitrile ber, a nontoxic and
inexpensive support, to synthesize a phosphate functionalized
ber adsorbent B-PANEAPF for the removal of CV. The B-
PANEAPF showed higher selectivity and adsorption capacity
(354.46 mg g�1) for CV over many other cationic dyes, viz.
rhodamine B, methyl green, Victoria blue B, methylene blue,
and neutral red. The adsorption performance tests showed that
the residual concentrations of the CV solutions were below
2.3 mg mL�1 with high removal efficiency of 98% when the
adsorption dosage of ber was as low as 1 g L�1. The ber could
also easily decrease the CV below 0.5 mg L�1 which is
substantially lower than 15mg L�1 maximum effluent discharge
standard in China. Furthermore, the B-PANEAPF exhibited high
adsorption efficiency with semi-saturated adsorption of 15 min.
The adsorption data tted better with the pseudo second-order
kinetic and Langmuir adsorption model indicating the mono-
layer chemisorption between CV and adsorption sites in the
ber surface. Moreover, the phosphate functionalized ber can
be applied in a continuous-ow system for CV adsorption with
high removal efficiency of 90% when the effluent volume is less
than 210 mL. In addition, the ber can be easily recovered and
separated from the solution showing excellent reusability for 10
times. The adsorption mechanisms revealed that the electro-
static interaction between cationic dye and cationic active sites
and hydrogen bonding force of amide N–H played the key role
in adsorption process. In summary, the B-PANEAPF character-
ized by its simplicity, efficiency, eco-friendliness, and reus-
ability is an attractive adsorbent for CV removal in wastewater
treatment.
ents

Isotherm model qmax (mg g�1) Run Reference

Langmuir isotherm 100 — 1
Langmuir isotherm 28.24 — 65
Langmuir isotherm 44.87 — 6
Langmuir isotherm 141.8 — 47
Langmuir isotherm 400 — 66
Langmuir isotherm 166.67 — 53
Langmuir isotherm 2244.85 5 64
Langmuir isotherm 76.9 — 56
Langmuir isotherm 88.8 — 67
Langmuir isotherm 354.46 10 This study
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