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Abstract: The indigo dye found in wastewater from printing and dyeing processes is potentially
carcinogenic, teratogenic, and mutagenic, making it a serious threat to the health of animals, plants,
and humans. Motivated by the growing need to remove indigo from wastewater, this study prepared
novel fiber absorbents using melt-blow polypropylene (PP) melt as a matrix, as well as acrylic
acid (AA) and maleic anhydride (MAH) as functional monomers. The modification conditions
were studied to optimize the double-initiation, continuous-suspension grafting process, and then
functional fibers were prepared by melt-blown spinning the modified PP. The results showed that the
optimum modification conditions were as follows: a 3.5 wt% interfacial agent, 8 mg/L of dispersant,
80% monomer content, a 0.8 mass ratio of AA to MAH, a 1000 r/min stir speed, 3.5 wt% initiator
DBPH grafting at 130 °C for 3 h, and 1 wt% initiator BPO grafting at 90 °C for 2 h. The highest
grafting rate of the PP-g-AA-MAH was 31.2%, and the infrared spectrum and nuclear magnetic
resonance spectroscopic analysis showed that AA and MAH were successfully grafted onto PP fiber.
This modification strategy also made the fibers more hydrophilic. The adsorption capacity of the
PP-g-AA-MAH fibers was highly dependent on pH, and the highest indigo adsorption capacity was
110.43 mg/gat pH 7. The fiber adsorption capacity for indigo increased rapidly before plateauing with
increasing time or indigo concentration, and the experimental data were well described in a pseudo-
second-order kinetic model and a Langmuir isothermal adsorption model. Most impressively, the
modified fiber adsorption capacity for indigo remained as high as 91.22 mg/g after eight regeneration
and reuse cycles. In summary, the PP-g-AA-MAH fibers, with excellent adsorption-desorption
characteristics, could be readily regenerated and reused, and they are a promising material for the
removal of indigo from wastewater.

Keywords: suspension grafting; dual initiators; PP-based functional fiber; adsorption; indigo wastewater

1. Introduction

The textile industry produces large quantities of dyeing wastewater and is a major
source of environmental pollution [1]. Compared with other wastewater, printing and dye-
ing wastewater has the characteristics of difficult biodegradable and complex composition.
Generally, the pH of printing and dyeing wastewater is 6-10, CODc; is 400-1000 mg/L,
BODs is 100400 mg /L, SS is 100-200 mg/L, and the chromaticity is 100-400 times, and it
always contains a variety of dyes, which is difficult to treat [2,3]. Among dyes, indigo
is widely used and has also been identified as a potential carcinogen, teratogen, and
mutagen [4-6]. The enrichment of indigo in wastewater from the textile industry, there-
fore, poses a serious threat to the health of animals, plants, and human beings. Therefore,
effective treatment strategies that can remove indigo from textile and printing waste are
urgently needed.

At present, wastewater containing indigo is treated via coagulation precipitation [7]
and electrochemical [8], biochemical [9,10], membrane separation [11], or adsorption
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methods [12-14]. Physical methods, such as adsorption, recycle dyes from wastewater
without causing secondary pollution [15,16], making these strategies especially attrac-
tive. In particular, adsorption strategies are the treatment method of choice in sudden
environmental accidents [17].

While polypropylene (PP) is the most common synthetic material produced on in-
dustrial scales with excellent chemical and physical properties [18,19], it is non-polar and,
therefore, cannot be used in water treatment applications. To be able to extend the use of
PP to this application area, polar functional groups must be added to the PP to make it
more polar and more hydrophilic [20,21]. Stanislav Voronov [22] proposed the theory of
using a free-radical mechanism to covalently graft polymers in order to modify polyolefins.
Currently, most studies use graft polymerization to modify PP [23]. Among grafting poly-
merization methods, suspension grafting has the advantages of requiring low reaction
temperatures, it uses an easily degraded matrix, it can be well controlled, and it can be
used with simple post-treatment with water as suspension medium products [24], and as
result, it has attracted more research attention in recent years.

Combining the advantages of the aforementioned materials and methods, novel
PP-based materials were developed to remove indigo from wastewater in this study. Melt-
blown PP resin was used as a matrix, as it is cheap and readily available, and acrylic acid
(AA) and maleic anhydride (MAH) were used as functional monomers. The modification
conditions were optimized to improve the suspension grafting rate with dual initiators
containing 2,5-dimethyl-2,5-dihexane (DBPH) and benzoyl peroxide (BPO). The effects of
the amount of initiator, interfacial agent, dispersant, monomer, reaction time, and tem-
perature, as well as other process conditions, on the grafting reaction were investigated.
The modified PP was then used to prepare fibers via melt-blown spinning and used to treat
wastewater. The adsorption behavior of the fibers was also investigated.

2. Materials and Methods
2.1. Materials

PP melt-blown resin was purchased from Shanghai Expert in the Developing of New
Material Co., Ltd. (Shanghai, China). AA, MAH, DBPH, BPO, anhydrous ethanol, sodium
hydroxide (NaOH), hydrochloric acid (HCI), isopropyl alcohol, acetone, and all other
reagents were obtained from commercial sources and were of analytical grade.

2.2. Preparation of PP-g-AA-MAH Fibers

A predetermined amount of PP resin and xylene, the interfacial agent, was added to a
10-L magnetic-driven reactor. The temperature was then raised to 140 °C to fully dissolve
the PP resin in xylene. Subsequently, a predetermined amount of tap water was quickly
pumped into the reactor to quench the reaction mixture and disperse the PP particles,
and the desired amounts of AA and MAH monomers were added. The reactor was then
sealed, it was heated to 130 °C, and the mixture was incubated for 60 min to ensure that
the PP swelled. After the PP had swollen, the desired amount of DBPH initiator was
added through the pressurized feeding port. After the desired time, the reaction was
cooled to a set temperature, and the desired amount of BPO was added to continue the
grafting reaction. The reaction products were then recovered via centrifugation and dried.
The prepared PP-g-AA-MAH was then used to prepare fibers via melt-blown spinning.

2.3. Determination of Product Grafting Ratio and Monomer Grafting Efficiency

The PP-g-AA-MAH fibers were rinsed with pure water and then placed in a Soxhlet
extractor and extracted with acetone for 16 h. After drying, 0.5 g of the fibers were removed
and placed in a 250-mL round-bottomed flask. Xylene (100 mL) and a KOH/ethanol
solution (70 mL) were then added to the round-bottom flask, the mixture was heated until
it boiled, and the mixture was refluxed for 30 min. After the reaction, the mixture was
cooled to room temperature, and then 2-3 drops of thymol blue indicator were added.
The mixture was titrated with an HCl/isopropyl alcohol solution (0.05 mol/L), and the
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endpoint was defined as the drop-back volume at which the mixture turned egg-yellow.
The un-grafted PP was used as the control. The grafting rate (Gr, %) and monomer grafting
efficiency (Ge, %) were calculated according to Equations (1) and (2), respectively,

e~ (o= V1) x c:3>;(:18.06+72.06) < 100°% "

/ !/
Ge = "aa T Muatt 1000, 2)
maa + MpMAH

where V) (L) and V; (L) are the volumes of HCl/isopropyl alcohol solution consumed in
the titration of the blank and sample, respectively, ¢ (mol/L) is the concentration of the
HCl/isopropyl alcohol solution, m (g) is the sample mass, mg4 + M4y (g) is the amount
of AA and MAH added to the grafting reaction, m’ AA + m'MAH (g) is the content of AA,
and MAH in the product.

2.4. Characterization Methods

The functional groups present in the PP and PP-g-AA-MAH fibers were identified
using Fourier-transform infrared spectroscopy (FI-IR) (Nicolet IS 10). FT-IR data were
collected over a wavelength range of 400~4000 cm~!. The micromorphology of PP and PP-
g-AA-MAH fibers was observed via scanning electron microscopy (SU-8010, Hitachi (China)
Ltd., Beijing, China). Proton nuclear magnetic resonance spectroscopy (\H-NMR) data
were also collected on the PP and PP-g-AA-MAH fibers using an AVANCE500 instrument.
The wetting angle of the materials was measured via the capillary micropressure method
and calculated using the Washburn equation [25]. The test device and contact angle
correction are described in more detail in previous literature [26,27].

2.5. Adsorption and Regeneration of Indigo Using the PP-g-AA-MAH Fibers

The adsorption of indigo using the PP-g-AA-MAH fibers was investigated using static

adsorption experiments. For the adsorption experiments, simulated indigo wastewater was
placed in tapered bottles with plugs. A defined mass of PP-g-AA-MAH fiber was added
to the flask, and the flask was sealed with plastic wrap and placed in a 25 °C constant-
temperature oscillator. The fibers were removed from the solution at predetermined time
points, and the concentration of indigo in the solution was measured at 610 nm in a
UV-visible spectrophotometer [23]. The adsorption capacity (Q, mg/g) was calculated
using Equation (3).
(Co — Cl) xV
Q= ©)
where Cy (mg/L) and C; (mg/L) are the concentration of indigo in the solution before
and after the adsorption of the PP-g-AA-MAH fibers, V (L) is the volume of the solution,
and m (g) is the mass of the fiber as an absorbent.

To study the desorption of the indigo dye from the PP-g-AA-MAH fibers, fibers satu-
rated with dye were placed in an HCI (0.5 mol/L) solution and shaken for a predetermined
amount of time. The indigo concentration in the solution was then determined, and the
desorption rate (D, %) was calculated according to Equation (4).

_V2><C2
m X e

D x 100% (4)
where C; (mg/L) is the concentration of indigo in the eluent, V; (L) is the volume of the
eluent, m (g) is the mass of the fiber, and g. (mg/g) is the adsorption capacity. All the
experiments were performed in triplicate, and the presented results are the average values.
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3. Results and Discussion
3.1. Mechanism of Suspension Grafting Polymerization

Figure 1 shows a schematic illustration of the suspension grafting polymerization
reaction. Xylene and PP resin were added to a 10-L reactor, and the suspension was
magnetically stirred. The mixture was heated until the PP dissolved, and then water
was pumped into the reactor to quickly cool the PP. The quenching pretreatment step
was performed to increase the amount of amorphous PP in the sample, as well as to
increase the degree of swelling, and therefore the surface area of the sample, for the grafting
polymerization reaction because the small-molecule initiators and monomers could more
easily diffuse into voids on the surfaces of the swollen PP. Then, the PP particles, xylene,
water, and grafted monomer were fully mixed at high stir speeds to form many “reaction
bed” sites. The suspension—polymerization grafting reaction primarily occurred in the
amorphous regions of the PP particles.

pressurized
feeding port

molecular chains of
amorphous area

general
feeding port

Figure 1. Illustration of the suspension-grafting reaction system.

The mechanism of the suspension-grafting polymerization reaction is shown in
Figure 2. First, the initiator was decomposed into primary free radicals at high tem-
peratures (reaction 1). These free radicals then grabbed #-H on the PP backbone to form
a PP free radical (reaction 2). The PP free radical then reacted with monomers to initiate
the grafting polymerization reaction (reaction 3). With strong reactivity and providing
electrons for a reaction system, AA monomers were the first to react with the PP free
radicals, and the grafted AA groups increased the intermolecular interactions between the
polymer chains, thereby preventing the degradation of the PP and minimizing other side
reactions. The stably grafted AA groups then reacted with other AA or MAH monomers as
the reaction proceeded.

Figure 2. Suspension-grafting polymerization mechanism of AA and MAH monomers.
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3.2. Influence of Reagent Concentrations on the Grafting Reaction

Reagent concentrations significantly influence the effectiveness of suspension-grafting
polymerization. In this study, the relative amounts of the initiator, interfacial treatment
agent, and dispersant, the total dosage of the monomer, and the monomer ratio were
investigated as the main influencing factors. The results of these studies are shown
in Figure 3.
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Figure 3. The effects of DBPH (A), BPO (B), xylene (C), water (D), the monomer amount relative to
PP (E), and the ratio of AA to MAH monomers (F) on the grafting effectiveness.

It can be seen from Figure 3A,B that the concentration of both the DBPH and BPO
initiators significantly influenced the grafting reaction. As the amount of initiator increased,
the grafting ratio first increased rapidly and then increased more gradually until reaching
a maximum value and then decreasing. The same overall trends were also seen in the
monomer-grafting efficiency. Initially, increasing the initiator concentration increased the
number of free radicals that formed at the reaction temperature, which in turn initiated the
polymerization of more monomers and increased the grafting efficiency. However, as the
concentration increased further, the concentration of free radicals was too high, and side
reactions such as homopolymerization occurred [28,29]. The homopolymerization side
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reaction consumed a large amount of the monomer, resulting in less monomer grafted to
the PP branch chain, which resulted in a decrease in the grafting rate and grafting efficiency.

While most studies use a single initiator in grafting reactions, here, two initiators were
used to increase the grafting efficiency. In this unique strategy, the reaction temperature
was increased to allow for an appropriate amount of the DBPH initiator to decompose,
and then the temperature was lowered, and the BPO initiator was added. The cooling step
in the reaction was similar to the quenching pretreatment used to swell the PP particles.
After cooling, new active sites were generated, and the grafting polymerization continued,
which in turn improved the grafting ratio and grafting efficiency.

Since both the initiator and grafted monomer used in this study were oil-soluble,
xylene was chosen as the interfacial treatment agent. As can be seen from Figure 3C,
the grafting ratio increased with the xylene dosage, and the maximum grafting rate was
obtained using 3.5 wt% xylene relative to the PP. The increase in the grafting rate with the
xylene concentration occurred because the added xylene swelled the amorphous regions of
the PP, which promoted the diffusion of the initiator and monomer into the PP particles [30].
However, further increasing the xylene dosage above 3.5 wt% resulted in a slight decrease
in the grafting rate because, at excessively high loading, the xylene coated the particle
surface and prevented the diffusion of the monomers and initiators to the PP.

As can be seen from Figure 3D, the grafting ratio reached a maximum at 8§ mL/g of
dispersant to PP. A further increase in the amount of dispersant resulted in a slight decrease
in the grafting rate. At low loadings, the dispersant could not ensure that the particles were
well dispersed. During the reaction process, due to insufficient dispersion and adhesion,
an independent suspension-grafting reaction system could scarcely be formed, and there
were not enough sites for the reaction to occur. So, the grafting ratio was low at too-low
loadings. At too high of a dispersant concentration, the number of individual particles,
and therefore the reaction sites, was too high, and the relative concentration of the monomer
to PP particles decreased. Therefore, the grafting ratio decreased at too high a dispersant
concentration [31,32].

As can be seen from Figure 3E, both the grafting ratio and grafting efficiency increased
with the initial monomer concentration. The highest grafting ratio was achieved when
the total monomer dosage was 100% of the PP mass, while the highest grafting efficiency
was achieved with a monomer dosage of 80% relative to the mass of PP. The likelihood
of a monomer encountering a particle increased with the monomer concentration, which
increased the grafting rate and efficiency. However, at too high concentration, the active
sites on the main chain of PP that could participate in the grafting reaction were rapidly
consumed due to a higher concentration of the monomer. On the other hand, the likelihood
of a monomer encountering another monomer also increased, and therefore, the likelihood
of side reactions also increased, and the grafting ratio and grafting efficiency decreased.

As can be seen from Figure 3F, as the AA-to-MAH mass ratio increased, the grafting
ratio and grafting efficiency first increased and then slightly decreased. MAH struggles to
self-polymerize because of its large-volume steric resistance, and AA self-polymerizes more
easily. As the proportion of the AA monomer increased, the number of AA free radicals
increased, as well as the likelihood of the AA free radicals coming into contact with the
PP particles. The AA radical could also copolymerize with free MAH and then graft onto
PP chain segments, which was also conducive to improving the grafting ratio and grafting
efficiency. AA could also self-polymerize, and at too high an AA loading, the probability of
an AA radical encountering another AA radical and a subsequent coupling termination
reaction between AA radicals occurring also increased, resulting in an overall decrease
in the grafting ratio and grafting efficiency. Moreover, the highly active AA monomers
were more likely to react with the initiators at an excess AA loading, which reduced the
probability of the initiators reacting with the PP and, thus, affected the grafting reaction.



Polymers 2024, 16, 2144

7 of 16

3.3. Influence of Reaction Conditions on the Grafting Modification

In addition to the reagent dosages, the reaction conditions also significantly impacted
the grafting reaction. Therefore, this study also explored the effects of the reaction time,
reaction temperature, and stir rate on the grafting reaction, and the results are shown
in Figure 4.

30
22 | (A) (B)
20 m - 25
g 18 e
o
S 16F L oo =2
E 205
S 14t S
joli]
212r F15.5
S 0k &
s 10 —=— DBPH g
< 8 —A— BP0 L0 8
6 -
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 [

4
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 70 80 90 100 110 120 130 140
Reaction time (h) Temp (C)

30 50
© /QIQ
. 25 F 4 40 ;/
S20f ks
2 130 ©
=5k &
o 15 o
= 420
+~ o
‘E; 10 i
& S
5 L i —M— Grafting ratio 110 C:
—A— Grafting efficiency
0 1 1 1 1 1 1

0
200 400 600 800 1000 1200
stir rate (r/min)

Figure 4. The effects of the reaction time (A), the reaction temperature (B), and the stir rate (C) on the
grafting effect.

As can be seen from Figure 4A, the grafting ratio using either the DBPH or BPO
initiators increased rapidly and then more slowly with an increasing reaction time, and it
plateaued around 3 h and 2 h, respectively. As the reaction time increased, the number of
free radicals formed via decomposition of the initiators increased, and the grafting reaction
proceeded quickly. In addition, the relative monomer concentration was higher, which
further increased the grafting ratio. The grafting ratio plateaued at long times because,
once all of the initiators had decomposed and the concentration of active free radicals and
monomers decreased, the reaction rate plateaued.

As seen in Figure 4B, the optimum reaction temperatures using DBPH and BPO are
130 °C and 90 °C, respectively. The grafting ratio decreased to varying degrees with a
further increase or decrease in temperature. The nonmonotonic trend with temperature was
due to competing effects on the reaction efficiency. On one hand, increasing the temperature
promoted the swelling and dispersion of the PP particles, which promoted the suspension
grafting reaction. On the other hand, the reaction temperature also determined the de-
composition rate of the initiator [33]. The decomposition of the initiator was accelerated at
higher temperatures, and as a result, more free radicals were produced, and the grafting
reaction was faster. However, at too high a temperature, the initiator decomposed too
rapidly, and the free-radical-coupling-termination and monomer-homopolymerization side
reactions were more likely. Therefore, the grafting ratio decreased.

As can be seen from Figure 4C, the grafting ratio and grafting efficiency both increased
rapidly with the stir rate before plateauing at high speeds. Stirring promoted the dispersion
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of the PP particles, and it also increased the degree of mixing and ensured even heat
distribution, all of which promoted the grafting reaction. However, at very high stir speeds,
there were limited gains with a further increasing rate, and the grafting ratio and grafting
efficiency plateaued.

Based on the results presented above, the following were selected as optimum reaction
conditions: 3.5 wt% interfacial agent, 8 mg/L of dispersant, 80% monomer content, a
0.8 mass ratio of AA to MAH, a 1000 r/min stir rate for the reactor, 3.5 wt% initiator DBPH
grafting at 130 °C for 3 h, and 1 wt% initiator BPO grafting at 90 °C for 2 h, as summarized
in Table 1. These conditions resulted in the highest PP-g-AA-MAH grafting rate of 31.2%.

Table 1. Optimum process parameters for the suspension grafting reaction.

Monomers DBPH BPO Grafting
PP Xylene Water RPM .
AA MAH Amount Temp Time Amount Temp  Time Ratio
700 o o 1000 o
200 g 71g 89g L 7g 130 °C 3h 2g 90 °C 2h 1.6 L ¢/min 31.2%

3.4. Characteristics of the PP-g-AA-MAH Fibers
3.4.1. SEM Analysis of the Modified Fibers

SEM images of the fiber morphologies before and after the modification treatment
are shown in Figure 5. The fibers prepared with the unmodified PP had smooth surfaces
(Figure 5A), while those prepared with the modified PP-g-AA-MAH polymers had rough
and uneven surfaces (Figure 5B). The fiber diameter had clearly increased, and it was the
evidence of the grafted polymer on the modified fiber surfaces. It is observed that PP was
grafted with AA and MAH after suspension grafting polymerization.

[ [ LI [ 1 [ 1
SUB010 10.0kV 9.6mm x10.0k SE(UL) 5 sU8010 1 5.00um

Figure 5. The micromorphology of the fibers before and after the suspension-grafting modification.
(A) PP (B) PP-g-AA-MAH.

3.4.2. Fourier-Transform Infrared (FT-IR) Analysis of the Modified Fibers

Figure 6 shows the Fourier infrared spectra of the fibers prepared from either the
neat PP or PP-g-AA-MAH. Note that the spectrum of PP-g-AA-MAH fibers contained the
peaks characteristic of the PP fibers, as well as several new peaks. For example, the C-H
symmetric and asymmetric -CHj stretching vibration peaks at 2964 cm ! and 2838 cm ™!,
respectively, the bending vibration absorption peaks from the CH, groups at 1376 cm ™!,
and the absorption peaks characteristic of CH groups at 1460 cm ™! were present in both
spectra. The new peak at approximately 1709 cm~! in the spectrum of the PP-g-AA-
MAH fibers was assigned as the stretching vibrations of the C=0 in the carboxyl groups.
The appearance of this peak confirmed that AA and MAH were successfully grafted to PP
and that MAH was present as maleic acid.
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Figure 6. FT-IR spectra of the PP and PP-g-AA-MAH fibers.

3.4.3. Nuclear Magnetic Resonance ('H-NMR) Analysis of the Modified Fibers

Figure 7 shows the 'H-NMR spectra of the PP and PP-g-AA-MAH fibers. In the
PP-g-AA-MAH fibers, the carboxyl group was expected to be connected to -CH, and the
chemical shift of -CH containing carboxyl substituents should be seen at approximately
2.6 ppm. As expected, a peak at approximately 2.6 ppm [34] was seen in the spectrum of
the PP-g-AA-MAH fibers but not the PP fibers, which confirmed that the carboxyl groups
were successfully grafted onto PP.

i
A

S S S S S S S A B S A S S S/ppm
s/ppm

Figure 7. '"H-NMR spectra of the PP and PP-g-AA-MAH fibers.

3.4.4. Surface-Property Analysis of the Modified Fibers

In this study, the capillary pressure method was used to test the hydrophilic properties
of the product, first measuring the velocity of liquid penetration into the filling powder
and then calculating the dynamic liquid contact angle using the Washburn [26] equation.
The water contact angles were recorded using a micromanometer every 1 min. Curves
of AP? versus t for PP, PP-g-AA-MAH, and insoluble starch were recorded, as shown in
Figure 8, where the contact angle of starch was defined as 0°. Because PP was hydrophobic,
water did not penetrate into the capillary tube containing the PP powder, and no change
in pressure was recorded. Therefore, the measured AP? versus t was essentially constant.
Meanwhile, both the starch and PP-g-AA-MAH fiber were hydrophilic, so water penetrated
into the capillary, and the pressure changed over time. Based on these results, the water
contact angle on the PP-g-AA-MAH fibers was determined to be 56.65°.
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Figure 8. Measured (AP)? — t curves for the PP and PP-g-AA-MAH fibers.

3.4.5. Thermal Stability Analysis of the Modified Fibers

Figure 9 shows that the TG and DTG of PP and the graft product PP-g-AA-MAH fibers.
With an increasing temperature, the grafted products lost weight before PP due to the
exfoliation of AA and MAH copolymers on the product surface. Moreover, the maximum
degradation temperature of PP was earlier than that of PP-g-AA-MAH, indicating that the
grafting process had some cross-linking effect on the PP macromolecular chain. The maxi-
mum temperature of the melt-blown spinning process was 230 ° C, while PP-g-AA-MAH
had no obvious loss at 230 °C, indicating that the product had good thermal stability and
would not produce decomposition during the melt-blown spinning process.
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Figure 9. TG and DTG of PP and PP-g-AA-MAH fibers.
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3.5. Adsorption and Regeneration of Indigo Dye Using the PP-g-AA-MAH Fibers
3.5.1. Effect of pH on the Fiber Adsorption Capacity for Indigo

The pH of the solution can affect the surface charge and morphology of an adsorbent,
and therefore, it is an important factor that influences the adsorption performance of a
material. Therefore, the effects of the solution pH on the adsorption capacity of the PP-g-
AA-MAH fibers at a constant adsorption temperature and adsorption time, as well as the
initial concentration of the indigo solution of 25 °C, 2 h, and 200 mg/L, respectively, were
studied. The results are shown in Figure 10.
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Figure 10. Effect of solution pH on the fiber adsorption capacity for indigo.

As can be seen from Figure 10, the fiber adsorption capacity first increased and then
decreased with an increasing pH. The highest adsorption capacity of 110.43 mg/g was
measured for a solution pH of 7. The nonmonotonic trend with pH was because the charge
state of the fibers and dyes changed with the pH. At a low-solution pH, the fibers were
positively charged because of the high concentration of free HT in the solution, and the
indigo was only slightly soluble; therefore, the adsorption was not strong. The surface
charge of the fibers gradually decreased with an increasing pH, and therefore, the number of
-COO™ on the surface increased. These groups then interacted with the dye via electrostatic
and hydrogen-bonding interactions, which increased the adsorption capacity of the fibers
for the dye. At pH values greater than 7, the number of -COO™ groups on the fiber surface
increased, and the indigo was either singly or doubly charged gradually under the action
of insurance powder. The resulting electrostatic repulsion between the negatively charged
fibers and dyes, therefore, decreased the adsorption capacity of the fibers at high pH
values [26,35].

3.5.2. Adsorption Kinetics

At fixed conditions of an indigo solution concentration of 200 mg/L, a solution pH of
7, and a temperature of 25 °C, the adsorption kinetics were investigated. The measured
adsorption capacities over time were fit with both pseudo-first-order and pseudo-second-
order kinetic models [36], and the results are shown in Figure 11 and Table 2.

Figure 11 shows that the PP-g-AA-MAH fiber adsorption capacity for indigo first
increased rapidly before plateauing at long times. At early time points, there were many ac-
tive sites on the PP-g-AA-MAH fiber surface that could interact with the dye, and therefore,
the adsorption rate was fast. The number of available binding sites on the fiber surfaces, as
well as the concentration of free dye in the solution, decreased over time, and therefore,
the adsorption rate gradually plateaued at long times. At long times, the active site on the
surface of the fiber was saturated, and no additional dye could adsorb to the fibers.
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Figure 11. Adsorption capacity over time and (A) corresponding fits to pseudo-first-order and
pseudo-second-order kinetic models (B).

Table 2. Fit parameters for pseudo-first-order and pseudo-second-order kinetic models.

Kinetic Model qe (mg/g) K R?
Pseudo-first-order 92.45 0.062 0.9739
kinetic model
Pseudo-second-order 127.66 0.00078 0.9914

kinetic model

The R? of the fit of the pseudo-first-order kinetic model to the experimental data
was 0.9739, while that for the pseudo-second-order kinetic model was 0.9914, indicating
that the pseudo-second-order model better described the data. The better agreement with
the pseudo-second-order model suggests that the indigo dye adsorbed to the PP-g-AA-
MAH fibers via chemisorption, and the number of available active sites controlled the
adsorption rate.

3.5.3. Adsorption Isotherms

The effects of indigo concentration on the fiber adsorption capacity were investigated
at 25 °C, pH = 7 with an adsorption time of 2 h. The measured isothermal adsorption
isotherms were then fit with the Langmuir [37], Freundlich [38], and Temkin [39] adsorption
models, and the results are shown in Figure 12 and Table 3.
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Figure 12. The effect of initial indigo concentration on the fiber adsorption capacity (A) and corre-
sponding fits of the data to the Langmuir (B), Freundlich (C), and Temkin (D) models.
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As can be seen from the Figure 12, the adsorption capacity of the PP-g-AA-MAH fiber
for indigo increased with the initial dye concentration in the solution. The adsorption
capacity increased rapidly from 25.03 mg/g to 110.43 mg/g when the initial dye concentra-
tion increased from 50 mg/L and 200 mg/L. However, because there was a finite number of
adsorption sites on the PP-g-AA-MAH fibers, the amount of adsorbed dye increased until
the adsorption sites were saturated, at which point the amount did not increase further.

Table 3. Extracted parameters from fits to the Langmuir, Freundlich, and Temkin isotherm models.

Langmuir Freundlich Temkin
Qu/mglg  Kp R? n Kr R? Br Kr R?
111.74 1.72 0.9911 2.0253 5.2069 0.9703 289843  0.5369 0.8493

The linear correlation coefficient of the fit to the Langmuir isothermal adsorption
model (R? = 0.9911) was closer to 1 than that of the Freundlich model (R? = 0.9703) and
the Temkin model (R? = 0.8493). The best fit with the Langmuir isothermal adsorption
model suggested that the PP-g-AA-MAH fibers had a uniform adsorption surface and all
active sites had the same affinity for indigo. Moreover, the adsorption likely proceeded via
monolayer adsorption. The maximum theoretical adsorption capacity from the fit to the
data of 111.74 mg/g was also very close to the experimental value of 110.43 mg/g.

3.5.4. Adsorption Performance of Regenerated PP-g-AA-MAH Fibers

An ideal adsorbent has a high adsorption capacity for contaminants, but the con-
taminants can also be easily released (desorbed) from the material to reduce the material
costs. Therefore, the desorption of indigo and regeneration of PP-g-AA-MAH fibers were
investigated, and the results are shown in Figure 13.
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Figure 13. Effect of desorption time on the desorption rate of indigo (A); relationship between
adsorption capacity and the regeneration cycle (B).

As can be seen from Figure 13A, the amount of indigo released from the fibers increased
over time before plateauing at 90.05% after 40 min. These results showed that the addition
of a 0.5-mol/L HCI solution to the dye-saturated PP-g-AA-MAH fibers weakened the
electrostatic and hydrogen-bonding interactions with the dye, and the dye was readily
released back into the solution. Moreover, the PP-g-AA-MAH fibers were also highly
acid-resistant and could be treated with a strongly acidic solution to remove the dye.

Figure 13B shows the adsorption capacity of PP-g-AA-MAH fiber for indigo after
multiple adsorption/regeneration cycles. While the adsorption capacity decreased slightly
after multiple use cycles, the adsorption capacity remained as high as 91.22 mg/g, or 81.7%
of the original adsorption capacity, after eight use cycles. These results clearly show that the
PP-g-AA-MAH fibers could be readily regenerated and reused to treat indigo wastewater.
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3.5.5. Comparison of Adsorption Capacity with Other Adsorbents Comparisons between the
maximum adsorption capacities (qmax) of PP-g-AA-MAH fibers and other adsorbents for
indigo reported in the literature are presented in Table 4. The results show that
PP-g-AA-MAH fibers exhibit a reasonable capacity for indigo adsorption.

Table 4. Adsorption capacity of various adsorbents for indigo.

Adsorbents Qmax/mg-g~! Reference
Chitosan-modified flamboyant pods (CMFP) 22.45 [40]
Coriander seeds 124 [41]
Nanocelluloses using acid hydrolysis and oxidizing agents 39.7 [42]
A composite hydrogel (DMCHA) 306.08 [43]
Zizyphus joazeiro Mart peel (Z]P) 50 [44]
Natural clay (NC) 57 [45]
CaO nanoparticles made from eggshells 260 [46]
Carbonized sugarcane bagasse 8.88 [47]
Spirulina platensis 91 [48]

PP-g-AA-MAH fibers 110.43 This work

4. Conclusions

In the study presented here, modified PP-g-AA-MAH was prepared from PP melt-
blow resin using a continuous suspension grafting strategy with AA and MAH functional
monomers and a combination of DBPH and BPO initiators. Systematic experiments showed
that the optimum modification conditions were as follows: 3.5 wt% xylene as an interfacial
agent, 8 mg/L of water as a dispersant, 80% monomer content, a 0.8 mass ratio of AA
to MAH, a 1000 r/min stir speed, 3.5 wt% initiator DBPH grafting at 130 °C for 3 h, and
1 wt% initiator BPO grafting at 90 °C for 2 h. The highest PP-g-AA-MAH grafting rate was
31.2%, as confirmed with FTIR and 'H NMR. Importantly, the modification increased the
hydrophilicity of the fibers such that the water contact angle of the PP-g-AA-MAH fibers
was 56.58°.

The prepared PP-g-AA-MAH fibers were then used to remove indigo from simulated
wastewater from printing and dyeing processes. The solution pH value significantly influ-
enced the PP-g-AA-MAH fiber adsorption capacity, and the highest adsorption capacity
of 110.43 mg/g was measured at pH 7. The adsorption capacity increased rapidly with
time before plateauing, and the indigo adsorption to the fibers was well described with
a pseudo-second-order kinetic model and Langmuir isothermal adsorption model. Most
notably, the dye could be readily desorbed from PP-g-AA-MAH fibers, and the adsorption
capacity of the regenerated fibers reached 91.22 mg/g after 8 use cycles, which was 81.7%
of the original adsorption capacity. Together, these results highlight that the PP-g-AA-
MAH fibers prepared here, with excellent adsorption, desorption, regeneration, and reuse
properties, effectively and efficiently removed indigo from wastewater.
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