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Abstract: Textile printing and dyeing wastewater has complex water 

quality and causes great harm. As a common pollutant, the cationic 

methylene blue dye is harmful to health. Therefore, adsorption technology 

plays a crucial role in wastewater treatment. To study the application of 

hemp/polyacrylonitrile nanocomposite fiber membranes in dye adsorption, 

this study employed electrospinning technology. This study used 

electrospinning to prepare hemp/polyacrylonitrile nanocomposite fiber 
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membranes for dye adsorption. Hemp fibers were dissolved in LiCl/DMAc, 

blended with polyacrylonitrile solution, and electrospun after single - factor 

optimization. The results show that the hemp/polyacrylonitrile composite 

fiber membrane has a uniform diameter distribution, good hydrophilicity, 

and excellent mechanical and physical properties. The particulate matter 

filtration test reveals that the membrane's filtration efficiency can reach 

99.97 %. The adsorption of methylene blue by the hemp/polyacrylonitrile 

composite fiber membrane is more consistent with the pseudo - second - 

order kinetic model and the Langmuir adsorption isotherm model, indicating 

that it is mainly dominated by chemical adsorption. The adsorption process is 

a spontaneous endothermic reaction, and a higher temperature is more 

conducive to adsorption, with an adsorption capacity of up to 75.85 mg/g. 

The simple method yielded membranes with excellent dye adsorption and 

particulate filtration performance.

Keywords: Hemp fibers; Polyacrylonitrile; Electrospinning; Membrane; 

Methylene blue 
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1. Introduction

With the continuous industrial development, a large volume of 

wastewater is generated in the textile printing and dyeing industry[1-3]. 

Textile printing and dyeing wastewater is notoriously difficult to degrade. Its 

organic matter content and water temperature are also elevated. Additionally, 

its pH value fluctuates significantly. Its harmful impacts mainly include 

polluting water bodies, contaminating soil and posing substantial risks to 

human health and ecological security[4-8]. Cationic methylene blue (MB) dye 

is one of the most prevalent pollutants in textile printing and dyeing 

wastewater. It exhibits excellent stability and reducibility. It is widely used 

for dyeing various materials, it can also stain biological tissues and bacterial 

cells, thereby endangering human health. Excessive exposure may lead to 

disorders of the digestive and nervous systems, and it also carries a certain 

carcinogenic risk[9].

In the treatment of textile printing and dyeing wastewater, adsorption 

technology plays a crucial role. Adsorption technology has the advantage of 

effectively removing pollutants such as organic substances, chromaticity, and 

heavy metals in wastewater, which is beneficial for enhancing the overall 

treatment efficiency. Additionally it features simple operation, low equipment 

investment and reduced operation costs, demonstrating strong applicability 

in practical engineering[10,11]. Electrospinning technology enables the 

fabrication of nanofiber membranes with diverse structures and properties. 
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Electrospun nanofiber membranes are characterized by a large specific 

surface area, high porosity, and excellent mechanical properties. As a result, 

they are widely applied in multiple fields[12]. Sopan et al. investigated the 

application of electrospinning technology in the field of drug nanofibers. 

Their results indicated that electrospun nanofibers are a key carrier for 

enhancing drug efficacy and safety, with distinct advantages: strong loading 

capacity to improve drug storage stability; support for multi-component 

loading and precise controlled release of drugs; and the ability to enhance 

drug solubility and bioavailability, thereby reducing the required dosage and 

medication risks[13]. Li et al. investigated the antibacterial application of 

electrospinning. Focusing on electrospinning technology, they prepared 

nanofibers composited with antibacterial materials (synthetic organics, 

inorganic particles, etc.) and characterized their properties. The results 

confirmed that the antibacterial activity of nanofibers is structure-dependent, 

with diverse antibacterial mechanisms and significant advantages in multiple 

fields like wound dressings and water purification[14]. Notably, electrospun 

nanofiber membranes also exhibit remarkable adsorption capacities for dyes, 

particularly reactive dyes such as MB. For instance, Cen[15] et al. prepared a 

zinc-based metal-organic framework/titanium dioxide nanocomposite via 

electrospinning. This composite maintained a high photocatalytic 

degradation efficiency of 88.7 % even after five cycles. Zhang[16] et al. 

fabricated a cellulose acetate/chitosan/titanium dioxide fiber membrane via 
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electrospinning, which achieved efficiently removal of humic acid through 

the synergistic effects of adsorption and photocatalysis. 

Hemp cellulose, as a typical biomass material derived from renewable 

agricultural resources, exhibits remarkable environmental value and 

sustainability advantages. It is biodegradable, low-cost, and abundant in 

nature, which aligns with the global pursuit of green and circular economy 

development. Compared with synthetic adsorbents, biomass-based materials 

like hemp cellulose not only reduce environmental pollution caused by 

non-degradable waste but also realize the high-value utilization of natural 

resources, making them promising candidates for environmental remediation 

applications[17,18]. Hemp cellulose inherently possesses a porous structure. 

Materials fabricated from cellulose offer advantages such as low density, 

high porosity, and a large specific surface area[19,20]. Polyacrylonitrile 

exhibits good mechanical and physical properties, a large specific surface 

area, and high chemical stability, thus being widely utilized in the textile 

industry[21,22]. By integrating the unique properties of hemp and 

polyacrylonitrile, a hemp/polyacrylonitrile composite fiber membrane can be 

fabricated via electrospinning, leveraging the membrane separation and 

adsorption mechanism. This endows the membrane with significant potential 

for application in the dye-adsorption field.

Currently, research on the dye adsorption performance of 

hemp/polyacrylonitrile (PAN) composite fiber membranes remains relatively 
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limited. In this study, a hemp/PAN composite fiber membrane was fabricated 

via electrospinning technology, using a hemp solution and PAN as raw 

materials. The effects of electrospinning process parameters on the 

structural and functional properties of the composite membranes were 

systematically investigated. Subsequently, the membrane was applied to the 

adsorption of dyes in simulated textile printing and dyeing wastewater 

containing MB, offering certain technical support for clean production. 

2. Experimental

2.1 Materials

The hemp (10 g/5 m) was obtained from Tailai Xiangze Limited Company. 

All solution preparation were distilled water (18.2 MΩ cm) without further 

purification. The hemp solution and polyacrylonitrile (PAN, 150,000 

molecular weight) come from the laboratory. Anhydrous lithium chloride 

(analytically pure AR) was purchased from Sinopharm Chemical Reagent Co., 

Ltd. N, N-Dimethylacetamide (AR) was purchased from Sinopharm Chemical 

Reagent Co., Ltd. Sodium hydroxide (AR) was purchased from Liaoning 

Quanrui Reagent Co., Ltd. Hydrogen peroxide (30 % mass fraction, AR) was 

purchased from Tianjin Kaitong Chemical Reagent Co., Ltd. Hydrochloric 

acid (AR) was purchased from Liaoning Quanrui Reagent Co., Ltd. Methylene 

blue (AR) was purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd.

2.2 Experimental Methods

2.2.1 Activation of Hemp Fibers
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To improve the dissolution efficiency of hemp fibers, activation 

pretreatment was conducted first: a certain amount of hemp fibers was 

added to a 100 mL conical flask containing DMAc and oscillated at 35 °C for 

2 h (120 r/min) to enhance reagent penetration, followed by heating at 

140 °C for 2 h in a water bath to break partial hydrogen bonds. After suction 

filtration, the samples were dried at 60 °C to constant weight. 

2.2.2 Dissolution of Hemp Fibers

Hemp fibers were dissolved using a LiCl/DMAc solvent system. 

Single-factor experiments were conducted to optimize the dissolution 

process, with the mass fraction of LiCl, solid-liquid ratio (hemp fibers to 

LiCl/DMAc), heating temperature, and heating time as the key variables. The 

optimized dissolution parameters were determined as follows: LiCl mass 

fraction of 12%, solid-liquid ratio of 1:180 (g:mL), heating temperature of 

120 °C, and heating time of 3 h. After dissolution, the mixture was stirred 

continuously at room temperature to obtain a homogeneous hemp solution 

with a cellulose content of 89.95%.

In the LiCl/DMAc system, LiCl dissociates into Li and Cl ions, which 

disrupt the hydrogen bond network within hemp fibers, weaken the 

intermolecular forces between cellulose chains, and increase the polarity of 

the solvent system. This process facilitates the complete dissolution of hemp 

fibers, providing a homogeneous solution for subsequent blending with the 

PAN solution. 
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2.2.3 Preparation of Hemp/Polyacrylonitrile Nanofibers by Electrospinning 

Method 

A 15% (mass fraction) PAN solution was prepared by dissolving PAN in 

DMAc under magnetic stirring. The optimized hemp solution was then 

blended with the PAN solution at a specific ratio to form the electrospinning 

dope. Single-factor experiments were further conducted to optimize the 

electrospinning process, with the mass fraction of the hemp solution in the 

blend, receiving distance, applied voltage, and solution feed rate as the 

optimization variables.

2.2.4 Investigation on the Dye Adsorption of Hemp/Polyacrylonitrile 

Composite Fiber Membrane

A 50 mg sample of the prepared hemp/PAN composite fiber membrane 

was placed in a conical flask containing 150 mL of MB solution with a 

specific concentration (10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L). The conical 

flask was then placed in a gas-bath constant temperature oscillator. Set the 

temperature at 20 ℃, 30 ℃, 40 ℃, and sample at different time intervals 

within the range of 0 to 360 minutes to observe the adsorption effect of the 

nanofiber membrane on the dye. The mass of the fiber membrane is 50 mg. 

Observe the adsorption effect of the nanofiber membrane on the dye. 

2.3 Characterization

2.3.1 Fourier transform infrared spectroscopy (FTIR)

To elucidate the chemical structures of the two fiber membranes, a 
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Spectrum One infrared spectrometer manufactured by PerkinElmer Inc. 

(USA) was used for their characterization. The variation trends of functional 

groups in the two membranes were explored through the analysis of infrared 

spectra. The testing conditions were set as follows: the wavenumber 

scanning range was 4000 - 400 cm⁻¹, the resolution was set at 4 cm⁻¹, and 

the number of scans was 30. 

2.3.2 X-ray diffraction (XRD)

The crystallization states of the two fiber membranes were characterized 

by a D8 X - ray diffractometer (Bruker, Germany). The testing conditions 

were as follows: the scanning rate was 10 (°)/min, the voltage was set at 40 

kV, the current was set at 200 mA, the 2θ range extended from 3° to 90°, and 

the scanning step size was 0.01°. 

2.3.3 X-ray photoelectron spectroscopy (XPS)

An ESCALAB250Xi X - ray photoelectron spectrometer (Thermo Fisher 

Scientific Inc., USA) was utilized to analyze and test the two fiber 

membranes. The purpose was to examine the chemical composition of the 

sample surfaces and analyze the differences in elemental content and 

distribution on the surfaces of the two nanofiber membranes. 

2.3.4 Scanning electron microscope (SEM)

The surface morphology of the fiber membrane was characterized with 

an S - 3400 scanning electron microscope (Hitachi, Japan). The testing 

conditions were as follows: the voltage was set at 10 kV, the ambient 
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temperature was maintained at 15 ± 5 °C, and the ambient humidity was 

kept at 50 ± 3 %.

2.3.5 Porosity 

The porosity of the fiber membranes was characterized and calculated by 

the immersion method. First, the membrane was cut into a circle with a 

diameter of 0.9 cm. The area of the membrane was calculated. The thickness 

of the film was measured with a thickness gauge, and the membrane mass 

(M1) was recorded using an analytical balance. Then, the membrane was 

immersed in an n - butanol solution for 2 h and taken out. After using filter 

paper to blot the excess liquid on the surface of the fiber membrane, weight 

it and record the weight as M2. The calculation formula for the porosity P is : 

                        P = M2−M1
ρ0ST × 100%                           (1)

In the formula: S: The area of the membrane, cm2; ρ0: The density of 

n-butanol, and its value is 0.81 g/cm3; T: The thickness of the membrane.  

2.3.6 Particulate Matter Filtration Efficiency

The filtration efficiency of the prepared fiber membranes was tested with 

a particulate matter filtration efficiency tester. The gas temperature was set 

at 20 °C, and the gas flow rate was set at 5 L/min. The aerosol source was 

dry and stable compressed gas. The particulate matter counting efficiencies 

were 50 % for 0.3 μm particles and 98 % for 0.5 μm particles. The number 

concentration of particulate matter was in the range of 65536/0.1 L. The 

resistance test range was 0 - 2000 Pa with a resolution of 0.1 Pa, and the test 
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was carried out 20 times. The calculation formula for the filtration efficiency 

is as follows : 

                         E = A1−A2
A1

× 100%                          (2)

In the formula: E: The filtration efficiency, A1: The number of particulate 

matters before filtration, A2: The number of particulate matters after 

filtration. 

2.3.7 Mechanical and Physical Properties

The breaking tenacity and elongation at break of the nanofiber 

membrane were tested with an LLY - 06E electronic single - fiber strength 

tester (Laizhou Electronic Instrument Co., Ltd.). The testing conditions were 

as follows: the ambient temperature was set at 15 °C, the ambient humidity 

was set at 40 %, the linear density was 7.67 dTex, the gauge length was 20 

mm, and the stretching rate was 30 mm/min. The nanofiber membrane had a 

length of 60 mm and a width of 15 mm. After all the samples were tested, the 

average values were calculated. 

2.3.8 Water Drop Contact Angle

The contact angle of the hemp/PAN composite fiber membrane was 

measured with a fully - automatic JY - 82C video contact - angle measuring 

instrument (Chengde Dingsheng Testing Machine Inspection Equipment Co., 

Ltd.) to assess its hydrophilicity. The composite fiber membrane was cut into 

pieces measuring 40 mm in length and 20 mm in width. The testing 

environmental conditions were as follows: the ambient temperature was set 
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at 20 °C and the ambient humidity was set at 60 %. 

2.3.9 Test of the standard curve of MB

The absorbance of pre - prepared MB solutions with different 

concentrations was measured using an ultraviolet - visible 

spectrophotometer. The maximum absorption wavelength of MB was 

determined to be 664 nm. The concentration and absorbance were 

designated as X and Y respectively, the standard curve of MB is y = 0.1098x 

+ 0.566, with a correlation coefficient of R2 = 0.9714.

2.3.10 Adsorption Rate of the Fiber Membrane

An ultraviolet spectrophotometer was used to measure the mass 

concentration of the MB solution before and after the fiber membrane's 

adsorption. The removal efficiency of the fiber membrane was calculated 

according to the following formula[23]:

P = C0−Ce
C0

× 100%                               

(3)

In the formula, P: The removal efficiency, %; C0: The initial mass 

concentration of the dye, mg/L; Ce: The mass concentration at equilibrium 

after adsorption, mg/L. 

2.3.11 Adsorption Kinetics

MB solutions with mass concentrations of 15 mg/L, 30 mg/L, and 45 

mg/L were respectively prepared. A 50 mg fiber membrane was added to 

each solution. At different time intervals within the range of 0 to 360 minutes, 

a certain volume of the solution was sampled. After centrifugation, the 
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supernatant was taken. The mass concentration of the MB solution in the 

supernatant was measured using a JC - T6000 IoT intelligent ultraviolet - 

visible spectrophotometer (Qingdao Juchuang Environmental Protection 

Group Co., Ltd.). The adsorption capacity of the fiber membrane was 

calculated according to the following formula[24]:

q = (C0−Ct)V
m                                 (4)

In the formula, C0: The initial mass concentration, mg/L; Ct: The mass 

concentration at the time interval t, mg/L; V: The total volume of the solution, 

L; m: The mass of the adsorbent, g. 

The formula of the pseudo-first-order kinetic model[25] :

ln(qe−qt) = ln qe−k1t                           (5)

The formula of the pseudo-second-order kinetic model :

t
qt

= 1
k2q2

e
+ t

qe
                                     

(6)

The formula of the internal diffusion model :

qt = Kt
1
2 +c                                     (7)

In the formula, k1: The pseudo - first - order kinetic constant, min⁻¹; k2: The 

pseudo - second - order kinetic constant, g/(mg·min); qe: The adsorption 

capacity of the fiber membrane at adsorption equilibrium, mg/g; qt: The 

adsorption capacity of the fiber membrane at time t, mg/g; K: The diffusion 

rate constant, g/(mg·min⁰.⁵); c: The boundary layer thickness. 

2.3.12 Adsorption Isotherm

The temperature of the water - bath constant - temperature shaker was 
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set at 20 °C, 30 °C, and 40 °C, while the shaking speed was set at 200 r/min. 

For each temperature setting, 150 mL of MB solutions with different mass 

concentrations were taken, and a 50 mg fiber membrane was added to each 

solution for shaking adsorption. After the adsorption equilibrium was 

reached, the solution was centrifuged. The supernatant was then taken and 

its absorbance was measured. The obtained isotherm data were fitted with 

the Langmuir model and the Freundlich model. The formula of the Langmuir 

model[26] :

Ce
qe

= Ce
qm

+ 1
qmb                                   

(8)

The formula of the Freundlich model[27]:

log2 qe = log2 KF + 1
nlog2 Ce                            

(9)

In the formula: qm: The maximum adsorption capacity, mg/g. b: The 

equilibrium constant of the Langmuir model, L/mg. Ce: The mass 

concentration of MB at adsorption equilibrium, mg/L. KF: The adsorption 

equilibrium constant of the Freundlich model, (mg/g)/(mg/L)
1
n. n: The 

adsorption intensity constant of the Freundlich model.

3. Results and Discussion

3.1 Study on the Influencing Factors of the Electrospinning Process 

of Hemp/Polyacrylonitrile Composite Fiber Membranes

In the investigation of the electrospinning process of hemp/PAN 

composite fiber membranes, key factors significantly influencing the 
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electrospinning process were comprehensively discussed. These factors 

included the mass fraction of the cellulose solution (8 %, 10 %, 12 %, 14 %), 

the receiving distance (10 cm, 15 cm, 20 cm, 25 cm), the voltage (18 kV, 20 

kV, 22 kV, 24 kV), and the liquid - pushing speed (0.5 mL/h, 1 mL/h, 1.5 mL/h, 

2 mL/h). By employing a scanning electron microscope and taking the fiber 

diameter as well as the mechanical and physical properties as evaluation 

indexes, the experimental results are presented in Fig. 1.

Fig. 1. (a), (b), (c) and (d) are the scanning electron microscopy images and 

fiber diameter diagrams of cellulose solutions with different mass fractions, 

receiving distances, voltages and pushing liquid speeds respectively. (e) 

Mechanical physical property diagrams for cellulose solutions with different 

mass fractions, receiving distances, voltages, and syringe pump speeds. 

As depicted in Fig. 1 (a) (b) (c) and (d), when the mass fraction of the 

cellulose solution is 10 %, the fiber diameter predominantly ranges from 250 
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to 350 nm. The fiber diameter exhibits a uniform distribution, the surface of 

the fiber membrane is smooth, and the differences among the fibers are 

diminished. In contrast, when the mass fraction assumes other values, the 

gaps between fibers are non-uniform. The surface appears rough rather than 

smooth, with beads forming and bending phenomena occurring. When the 

receiving distance is 20 cm, the fiber diameter mainly spans from 180 to 260 

nm. The distribution of the fiber diameter is relatively concentrated, the fiber 

surface is smooth, and there are no occurrences of knotting or bending. 

Overall, the electrospinning effect is favorable. Conversely, when the 

receiving distance takes on other values, the fiber surface is not smooth, and 

bending phenomena arise. The gaps between the fibers are larger compared 

to when the receiving distance is 20 cm, and the distribution range of the 

fiber diameter is relatively broad. The study revealed that as the receiving 

distance varies while the voltage remains constant, the intensity of the 

electric field gradually declines, which in turn causes a change in the 

frequency - distribution state of the fiber diameter. Selecting a receiving 

distance that is either too short or too long may result in the formation of 

beaded fibers. When the voltage is 20 kV, the fiber diameter is concentrated 

within the range of 160 - 300 nm. The fiber distribution is relatively 

concentrated, and the surface uniformity is good. When the voltage assumes 

other values, the distribution of the fiber diameter is relatively dispersed and 

cannot be concentrated within a narrow range. At this point, the gaps 
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between the fibers are relatively large, and the diameters are generally 

larger than those in the previous case. When the liquid - pushing speed is 1.5 

mL/h, the fiber diameter mainly ranges from 200 to 280 nm. The fiber 

diameter is smaller than that at the previous two liquid - pushing speeds, and 

the uniformity is good. When the liquid - pushing speed takes on other values, 

the distribution range of the fiber diameter is relatively wide, the gaps 

between the fibers are large, the uniformity is mediocre, and the 

electrospinning effect is poor. The hydroxyl groups in the hemp cellulose 

form hydrogen bonds with the functional groups in the polymer. This 

interaction contributes to the good orientation of the fibers in the membrane, 

resulting in uniform fiber arrangement and no obvious aggregation. In 

addition, there is good compatibility between hemp fibers and PAN. This 

compatibility ensures that during the electrospinning process, the composite 

solution can be spun into fibers with a more consistent diameter and fewer 

defects. If the compatibility is poor, as seen when the mass fraction of the 

hemp solution is too high, the film-forming property is poor, and the 

mechanical and physical properties are also affected. The SEM images 

clearly show that when the compatibility is good, the surface of the fiber 

membrane is smooth, while poor compatibility leads to a rough surface with 

uneven fiber distribution. Fig. 1 (e) further confirms, which presents the 

mechanical and physical test results, the thickness of the fiber membrane 

during the test was measured as 0.094 ± 0.003. By selecting a cellulose - 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



solution mass fraction of 10 %, an optimal receiving distance of 20 cm, a 

voltage of 20 kV, and a liquid - pushing speed of 1.5 mL/h for blending with 

the PAN solution, a better electrospinning effect can be achieved. 

3.2 Testing and Analysis of Hemp/Polyacrylonitrile Nanofiber 

Membranes

To clarify the structure-performance relationship of hemp/PAN composite 

membranes, multi-dimensional characterization (contact angle, FTIR, XRD, 

XPS) and functional tests (porosity, filtration efficiency) were carried out, 

with results discussed as follows.

3.2.1 Characterization and Analysis of Water Drop Contact Angle, Structure, 

and Composition of Hemp/Polyacrylonitrile Composite Fiber Membrane

If the water drop contact angle is greater than 90°, it indicates that the 

material is hydrophobic; if the water drop contact angle is less than 90°, it 

indicates that the material is hydrophilic[28]. The water drop contact angle 

test results of the hemp/PAN composite fiber membrane are shown in Fig. 2 

(a). Considering that PAN is hydrophobic and hemp is hydrophilic, a water 

drop contact - angle tester was used to drip a drop of water onto the surface 

of the hemp/PAN composite fiber membrane. The shape of the water drop 

was observed 1 second after dripping, and the corresponding contact angle 

was measured. The first image depicts the morphology of the water droplet 

before it lands on the membrane surface; the second image shows the state 

of the water droplet on the membrane surface one second later, at which 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



time the water droplet has partially infiltrated the membrane surface; the 

third image represents the state after a certain period of time (before the 

water droplet is completely absorbed). The hemp fibers contain numerous 

hydrophilic hydroxyl groups, and their hydrophilicity is retained in the 

composite membrane. The average water contact angle was 14.51°, 

indicating good hydrophilicity. Due to the nanopores, the water drop was 

completely absorbed within 2 s. 

The characterizations of Fourier transform infrared spectroscopy (FTIR), 

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) for the 

PAN fiber membrane and the hemp/PAN composite fiber membrane are 

shown in Fig. 2 (b) (c) (d). The hydroxyl groups in the cellulose of hemp 

fibers can form hydrogen bonds with the functional groups in the PAN 

polymer. This hydrogen bonding interaction promotes the uniform dispersion 

of hemp cellulose in the PAN matrix. Analyze the changes of various 

characteristic absorption peaks, crystalline regions and the contents of 

surface fiber elements. In the infrared spectrum of the hemp/PAN composite 

fiber membrane. The peak formed at 3401 cm⁻¹ is the characteristic 

absorption peak of the -OH stretching vibration in the cellulose 

component[29]. The peak appearing at 2929 cm⁻¹ belongs to the 

characteristic absorption peak of the C-H stretching vibration of lignin[30]. 

The peak formed at 1731 cm⁻¹ is attributed to the characteristic absorption 

peak of the C=O stretching vibration of the carboxylic acid and its esters in 
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xylan. The peaks at 1452, 1359, 1142, 1066 and 1029 cm⁻¹ are related to the 

characteristic absorption peaks of cellulose[31-33]. These spectral 

characteristics confirm the existence of strong interactions between hemp 

and PAN. And the composite membrane retains the structural properties of 

the natural polymers in hemp fibers. The absorption peaks in the infrared 

fingerprint region (1300 - 400 cm⁻¹) of the composite membrane show a high 

degree of similarity to the standard spectrogram of hemp fibers, indicating 

that the composite process with PAN has not significantly changed the 

chemical structural framework of the original cellulose. The van der Waals 

forces between the hemp cellulose and PAN polymer also influence the 

morphology. By comparing the spectral characteristics of the composite 

membrane with those of PAN and hemp fibers, the chemical adsorption 

mechanism can be indirectly verified. The peak at 3401 cm⁻¹ in the 

composite membrane is broader and weaker than that in pure hemp fibers, 

indicating that hydroxyl groups are involved in interactions with MB (such as 

hydrogen bonding or complexation). Additionally, the characteristic peak of 

the cyano group (-CN) stretching vibration at 2243 cm⁻¹ in PAN slightly 

shifts to a lower wavenumber (2238 cm⁻¹) in the composite membrane, 

which may be attributed to the interaction between the nitrogen-containing 

groups in PAN and MB molecules. These spectral changes, combined with 

the fitting results of the pseudo-second-order kinetic model and the 

Langmuir adsorption isotherm model, collectively confirm that the 
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adsorption process is dominated by chemical adsorption. The XRD spectrum 

of the hemp/PAN composite fiber membrane shows characteristic diffraction 

peaks at 2θ=21°~24°, corresponding to the (002) crystal plane of cellulose I 

structure, while retaining some PAN diffraction peaks. Compared with pure 

PAN membranes, the composite membrane's crystal structure changes due 

to van der Waals forces between hemp cellulose and PAN, evidenced by 

similar diffraction peaks at 2θ=3°~20°[34-37]. XPS analysis shows binding 

energies at 285.08 eV (C1s), 398.08 eV (N1s), and 531.08 eV (O1s), with 

stronger peak intensities in the composite membrane, indicating increased 

contents of C, O, and N elements after hemp-PAN blending.

Fig. 2. (a) Effect Diagram of the Water Drop Contact Angle of the 

Nanofiber Membrane. (b) FTIR of PAN and Hemp/PAN Composite Fiber 

Membrane. (c) XRD Patterns of PAN Fiber Membrane and Hemp/PAN 
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Composite Fiber Membrane. (d) XPS Patterns of PAN Fiber Membrane and 

Hemp/PAN Composite Fiber Membrane.

The differences in C1s, O1s, and N1s contents shown in Fig. 3 provide 

direct evidence for the interfacial compatibility of hemp/PAN composite 

membranes: the surface C and N contents of pure PAN membranes are 77.7% 

and 15.7% respectively, while those in composite membranes increase to 

77.83% and 16.63%, and O element also shows a characteristic signal due to 

the introduction of hemp cellulose. This change stems from two aspects: first, 

hemp cellulose takes C as the core element (C accounts for more than 44% in 

the molecule), and its uniform dispersion slightly increases the C content on 

the membrane surface; second, the hydroxyl groups of cellulose form 

hydrogen bonds with the cyano groups (-CN) of PAN. This strong interaction 

promotes the oriented arrangement of PAN molecular chains on the surface 

of hemp components, reducing the burial probability of N elements and 

leading to a significant increase in surface N content. The synergistic change 

of element contents breaks the limitation of "easy delamination in physical 

blending", confirming that there is a stable interfacial bonding between 

hemp and PAN matrix rather than simple mechanical mixing, which also lays 

a structural foundation for the improvement of subsequent adsorption 

performance and mechanical stability of the composite membrane.
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Fig. 3. Proportions of the Contents of Three Elements, C1s, O1s and N1s, in 

the Two Kinds of Fiber Membranes.

3.2.2 Porosity Analysis

The porosities and thicknesses of the two kinds of fiber membranes are 

shown in Fig. 4. Data in Fig. 4 show that the porosity of the hemp/PAN 

composite fiber membrane is slightly higher than that of the pure PAN fiber 

membrane. This phenomenon is not only attributed to the natural porous 

structure of hemp cellulose, but also closely related to the "phase separation 

effect" during the blended spinning process — the branched hydroxyl groups 

on hemp cellulose molecular chains form local hydrogen bonding with the 

cyano groups of PAN molecular chains. This heterogeneous interfacial 

interaction breaks the tight packing mode of PAN molecular chains, leading 

to the formation of micro-pores at the two-phase interface when the spinning 

solution solidifies into a membrane. Combined with the inherent porous 

characteristics of hemp cellulose, a more abundant hierarchical pore 

structure is co-constructed; the high porosity provides a "fast channel" for 
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the mass transfer of MB dye molecules, which not only reduces the diffusion 

resistance of molecules in the membrane, but also fully utilizes the 

adsorption sites (such as hydroxyl and cyano groups) on the membrane 

surface and inside, avoiding the problem of "surface adsorption saturation 

and internal site idleness" in pure PAN membranes due to low porosity. 

Ultimately, the adsorption performance is improved through the synergistic 

effect of "structure-mass transfer-adsorption" [38].

Fig. 4. Porosities and Thicknesses of the Two Kinds of Fiber Membranes.

3.2.3 Particle Filtration Efficiency Analysis

The particle concentrations and numbers of the fiber membranes are 

shown in Table 1. 

Table 1. The test data of the particles in the fiber membrane.

PM1.0 PM2.5 PM10 Number of Particles
No Concentrationμg/m3 0.3μm 0.5μm

Before 

Filtrati

on

After 

Filtra

tion

Before 

Filtrati

on

After 

Filtra

tion

Before 

Filtrati

on

After 

Filtra

tion

Before 

Filtratio

n

After 

Filtra

tion

Before 

Filtrati

on

After 

Filtra

tion

1 9 0 9 0 9 0 3552 0 963 0
2 10 0 10 0 10 0 3819 0 1033 0
3 15 0 15 0 15 0 5883 0 1605 0

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



4 17 0 17 0 17 0 6708 0 1860 0
5 22 0 22 0 22 0 8553 0 2370 0
6 39 0 39 0 39 0 15144 0 4282 0
7 61 0 61 0 61 0 23157 4 6605 3
8 71 0 71 0 71 0 27030 7 7688 5
9 80 0 80 0 80 0 30786 9 8711 6

10 86 0 86 0 86 0 33561 6 9433 4
11 87 0 87 0 87 0 34119 5 9597 2
12 79 0 79 0 79 0 32070 10 8856 2
13 74 0 74 0 74 0 30408 6 8344 2
14 67 0 67 0 67 0 28605 9 7776 3
15 59 0 59 0 59 0 25431 5 6879 1
16 54 0 54 0 54 0 23535 5 6373 3
17 53 0 53 0 53 0 23034 3 6231 2
18 52 0 52 0 52 0 22923 3 6183 1
19 51 0 51 0 51 0 22530 4 6078 2
20 49 0 49 0 49 0 21444 2 5788 1

Averag
e Value

51.75 0
51.7

5
0

51.7
5

0
21114

.6
3.9

5832
.8

1.8
5

Filtratio
n 
Efficien
cy

99.97 %

Upon observing Table 1, it can be noted that the data prior to filtration 

are relatively large, whereas those after filtration are relatively small. This 

indicates that the fiber membrane prepared in this study demonstrates 

excellent filtration performance when used to filter particulate matter in the 

air. Through calculation, the filtration efficiency is found to reach 99.97 %. It 

is noteworthy that the high porosity of the composite fiber membrane is the 

core linking factor for its excellent particulate matter filtration efficiency and 

dye adsorption performance. From the perspective of functional synergistic 

mechanism: on one hand, the high porosity and uniform fiber diameter 

distribution provide sufficient retention space for air particles, achieving 

99.97% high-efficiency filtration through mechanisms such as interception 
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and inertial impaction; on the other hand, the well-developed porous 

structure not only increases the specific surface area of the membrane but 

also provides more diffusion channels and adsorption active sites (e.g., 

cellulose hydroxyl groups, PAN nitrogen-containing groups) for MB dye 

molecules, promoting the rapid penetration of dye molecules into the 

membrane and chemical adsorption. This "porous structure-dual function 

synergy" characteristic endows the composite membrane with unique 

multifunctional advantages in complex application scenarios (such as 

integrated waste gas purification and wastewater treatment in printing and 

dyeing workshops), expanding its practical application scope.

The high porosity of the composite membrane is the core structural basis 

for achieving the synergy of high-efficiency filtration and high-efficiency 

adsorption: On one hand, the uniformly distributed nano-scale pores and 

fiber diameters provide sufficient retention space for air particles, achieving 

a filtration efficiency of 99.97% through mechanisms such as interception 

and inertial impaction; On the other hand, this hierarchical pore structure 

also provides rapid diffusion channels for MB dye molecules, reducing the 

mass transfer resistance of molecules in the membrane, so that the 

adsorption active sites on the membrane surface and inside can be fully 

utilized, avoiding the problem of 'surface adsorption saturation and internal 

site idleness' in pure PAN membranes due to low porosity. In addition, the 

good hydrophilicity of the composite membrane not only accelerates the 
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penetration of dye solution in the membrane, but also improves the 

wettability and stability of the membrane during filtration, further enhancing 

the synergy of the two functions.

3.3 Study on the Influences of Relevant Factors on the Adsorption 

of Dyes by the Hemp/Polyacrylonitrile Composite Cellulose 

Membrane 

In the study of the adsorption of dyes by the hemp/PAN composite fiber 

membrane, the key factors such as the mass fraction of the hemp solution 

(8 %, 10 %, 12 %, 14 %), the heating temperature (20 °C, 30 °C, 40 °C, 

50 °C), the concentration of MB (10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L), the 

pH value (3, 5, 7, 9), and the heating time (5 h, 7 h, 9 h, 11 h) were deeply 

explored for their influences on the adsorption rate of the composite 

cellulose membrane. Taking the adsorption rate of MB dye as the evaluation 

index, the experimental results are shown in Fig. 5. 
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Fig. 5. Influence of Different Factors on the Dye Adsorption of the Fiber 

Membrane.

Fig. 5 reveals the regulatory mechanisms of key parameters on MB 

adsorption by composite membranes via the single-factor method, thereby 

determining the optimal conditions: Cellulose proportion (Fig. 5a) requires 

balancing adsorption sites and membrane performance — 10% is optimal (14% 

causes 32% lower membrane strength due to agglomeration, and the 

adsorption difference between 10% and 12% is <2%); Temperature (Fig. 5b) 

peaks at 40 ℃: heating accelerates MB diffusion to enhance adsorption 

before 40 ℃, while exceeding 40 ℃ destroys hydrogen bonds and triggers 

desorption; MB concentration (Fig. 5c) is optimal at 20 mg/L (10 mg/L leaves 

sites idle, >30 mg/L saturates sites); pH=9 (Fig. 5d) strengthens membrane 

surface negativity (Zeta potential 18 mV lower than pH=7) to improve 

adsorption via electrostatic attraction; Heating time (Fig. 5e) reaches 

equilibrium at 9 h, and prolonged heating oxidizes hydroxyl groups to reduce 

activity. In conclusion, the optimal combination (10% cellulose, 40 ℃, 20 

mg/L MB, pH=9, 9 h) lays a foundation for subsequent optimization.

3.4 Experimental Results and Discussion of the Response Surface 

Methodology

Based on the results of the single - factor experiments, the optimal 

experimental ranges of the significant factors were selected. Then, response 

surface analysis was conducted with the adsorption rate of the dye as the 
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optimization objective. The experimental design table for the Box Behnken 

design is presented in Table 2, and the experimental results of the response 

surface are shown in Table 3. 

Table 2. Box-Behnken Experimental Design with Three Factors and Three 

Levels.

Level
Heating 

Temperature 
(℃)

Methylene blue 
concentration 

(mg/L)

Oscillation 
Time (h)

1 35 15 6
2 40 20 8
3 45 25 10

Table 3. Experimental Results of the Box-Behnken Response Surface 

Methodology.

Experimental 
Number

Heating 
Temperature 

(℃)

Methylene 
blue 

concentration
(mg/L)

Oscillation 
Time (h)

Adsorption 
Rate (%)

1 45 25 8 53.27

2 35 20 9 73.4
3 35 25 8 55.24
4 45 20 9 95.05
5 35 15 8 52.44
6 40 25 9 50.68
7 40 20 8 83.6
8 40 20 8 86.1
9 40 15 9 54.2

10 40 20 8 86.95
11 45 20 7 77.95
12 40 20 8 79.65
13 40 25 7 38.27
14 35 20 7 73.4
15 45 15 8 83.8
16 40 20 8 90.31

17 40 15 7 69.07

3.5 Analysis of Variance of the Quadratic Regression Model
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To accurately quantify the influence of heating temperature (A), MB 

concentration (B), and shaking time (C) on the adsorption rate of hemp/PAN 

composite membranes and optimize the process parameters, this study 

established a quadratic regression model of adsorption rate based on 

Box-Behnken design, whose statistical characteristics and practical 

application value can be deeply interpreted through the data in Table 4: the 

coefficient of determination R² of the model is 0.9742, meaning the model 

can explain 97.42% of the adsorption rate variation, which is much higher 

than the fitting requirement of general regression models (usually R²≥0.95 is 

considered excellent fitting); the synergistic results of extremely significant 

model P-value <0.0001 and non-significant lack-of-fit term P=0.4314>0.05 

not only confirm that the model equation has extremely high statistical 

reliability within the experimental range, but also indicate that the model 

does not miss key influencing factors, which can effectively avoid the 

interference of experimental errors on parameter optimization[39,40]; from the 

perspective of factor significance ranking reflected by F-value (B>A>C, i.e., 

MB concentration > heating temperature > shaking time), MB concentration, 

as the most critical influencing factor, has a much stronger regulatory effect 

on adsorption rate than shaking time, and this law is highly consistent with 

the essence of adsorption kinetics — MB concentration directly determines 

the saturation degree of adsorption sites on the membrane surface: when the 

concentration is low, sufficient sites lead to an increase in adsorption rate 
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with concentration; when the concentration is high, site saturation reduces 

the adsorption rate, while shaking time only indirectly affects the adsorption 

process by influencing mass transfer rate, so its regulatory priority is lower. 

This conclusion provides a clear direction for process optimization: the initial 

MB concentration should be prioritized to be controlled at around 20 mg/L 

(the optimal value of single-factor experiment), and then the heating 

temperature should be adjusted to 45℃ and shaking time to 9 h in 

coordination, so as to achieve the maximum adsorption rate of 95.05%. This 

model-based precise regulation scheme is more scientific and operable than 

traditional single-factor optimization, avoiding cost waste caused by blind 

experiments.

Table 4. Establishment of the Response Surface Regression Model and 

Significance Analysis.

Project
Sum of 
Squares

Freedom
Mean 

Square
Varianc
e Ratio

P Value
Significa

nce

Model 4449.69 9 494.41
29.379

9
<0.000

1
Yes

A 386.28 1 386.28
22.954

4
0.0020

B 481.28 1 481.28
28.599

3
0.0011

C 26.79 1 26.79 1.5920 0.2475

AB 277.72 1 277.72
16.503

4
0.0048

AC 73.10 1 73.10 4.3440 0.0756

BC 186.05 1 186.05
11.055

8
0.0127

A2 8.02 1 8.02 0.4767 0.5122

B2 2741.06 1
2741.0

6
162.88

51
<0.000

1
C2 191.97 1 191.97 11.407 0.0118

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



6
Residual 117.80 7 16.83
Misfittin
g Term

54.52 3 18.17 1.1490 0.4314 No

Pure 
Error

63.27 4 15.82

Total 
Deviatio

n
4567.49 16

R2 0.9742

R2
Adj 0.9411

In order to further confirm that the fitting regression equation of the 

response surface design experiment is of significant significance, a multiple 

regression was carried out, and the obtained quadratic regression equation 

is :

Y = −3.20105A + 41.69235B + 48.386C−0.3333AB + 0.855AC          
(10)

+1.364BC + 0.05521A2−1.02059B2−6.75225C2−480.727

Response-surface and contour plots based on the regression equation 

showed the effects of heating temperature, MB concentration, and shaking 

time on the nanofiber membrane's adsorption rate. The optimal conditions 

were determined as: heating temperature 45 °C, MB concentration 20 mg/L, 

shaking time 9 h, yielding a maximum adsorption rate of 95.05 %. 

Substituting into the regression model gave a predicted value of 93 %, with a 

2 % deviation. With R²=0.9742, the model results were within the error 

range, indicating good fitting between predicted and experimental values.

Fig. 6 (a) shows the interactive effect of heating temperature and MB 

concentration on dye adsorption rate. With constant shaking time, the 
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adsorption rate first increases then decreases as both factors rise. Fig. 6 (b) 

depicts the interaction between heating temperature and shaking time: at 

fixed MB concentration, adsorption rate gradually increases with both 

factors, though the significance index P > 0.05 indicates no significant effect. 

Fig. 6 (c) illustrates the interaction of MB concentration and shaking time: at 

fixed heating temperature, adsorption rate first increases then decreases as 

both factors rise. 

Fig. 6. (a) (b) and (c) are the response surface plots of the influences of the 

interactions between the heating temperature and the concentration of MB, 

between the heating temperature and the shaking time, and between the 

concentration of MB and the shaking time on the adsorption rate of the dye, 

respectively.  

3.6 Analysis of adsorption kinetics and adsorption isotherms for 

hemp/polyacrylonitrile composite fiber membranes

Fig. 7 (a) (b) (c) shows the adsorption kinetics model of the hemp/PAN 

composite fiber membrane. As shown in Table 5, the pseudo-second-order 

kinetics model has a better fitting performance with R² closer to 1, signifying 

a higher linear correlation between the dependent and independent 
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variables[41]. The adsorption of MB by the membrane follows the 

pseudo-second-order model, suggesting dominant chemical adsorption. The 

-OH groups in hemp cellulose and nitrogen-containing groups in PAN form 

chemical bonds or strong interactions with MB, leading to the slow 

adsorption process described by this model. Based on the material 

composition and adsorption characteristics, the types of chemical 

interactions are inferred as follows: (1) Hydrogen bonding: The hydroxyl 

groups (-OH) in hemp cellulose form hydrogen bonds with the lone-pair 

electrons on the nitrogen atoms of MB; the amino groups (-NH₂) generated 

by the hydrolysis of cyano groups (-CN) in PAN can also bond with the 

aromatic rings of MB, enhancing the adsorption force. (2) Electrostatic 

attraction: Under the alkaline condition of pH=9, cationic MB carries a 

positive charge, the carboxyl groups (-COOH) in hemp cellulose dissociate to 

carry a negative charge, and the weakened protonation of amino groups in 

PAN renders the membrane surface weakly negatively charged, enabling 

rapid adsorption through electrostatic attraction. (3) Complexation: The 

hydroxyl groups in hemp cellulose and the nitrogen atoms in PAN act as 

coordination atoms, forming weak complexes with the metal ions (if present) 

or aromatic rings of MB to stabilize the adsorption system. These multiple 

interactions collectively dominate the adsorption process, which is consistent 

with the fitting result of the pseudo-second-order kinetic model (controlled 

by chemical adsorption). The electrospun membrane's large specific surface 
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area and high porosity enable rapid initial physical adsorption via van der 

Waals forces, while chemical adsorption becomes the rate-determining step 

as sites saturate. Fig. 7 (c) and Table 6 show the adsorption process 

involves three diffusion stages (surface > mesopore > micropore) with K₁ > 

K₂ > K₃, meaning surface diffusion > mesopore diffusion > micropore 

diffusion, which indicates that the adsorption rate of the fiber membrane is 

governed by internal diffusion[42,43].

The adsorption isotherm reflects the equilibrium relationship between 

adsorbent capacity and adsorbate concentration at a given temperature, 

aiding in understanding adsorption mechanisms and determining maximum 

adsorption capacity, which is crucial for evaluating adsorbent performance in 

practical applications like printing and dyeing wastewater treatment[44-47]. 

Table 7 and Fig. 7 (d) (e) (f) show the adsorption isotherm parameters and 

models of the hemp/PAN composite fiber membrane. As shown in Fig. 7 (d), 

the adsorption capacity for MB increases with temperature, reaching 76.97 

mg/g at 40°C[48]. The Langmuir model fits better (higher R² in Table 7), 

indicating the membrane has a uniform surface and undergoes monolayer 

adsorption.

The adsorption thermodynamics analysis is used to determine whether 

the entire adsorption reaction is a spontaneous reaction. The formulas are as 

follows[49]: 

                  ∆G = ∆H−T∆S                                  
(11)
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ln qe
Ce

= ∆S
R0

− ∆H
R0T                                 

(12)

∆G = −R0ln qe
Ce

                                 

(13) 

∆G0 = −RTInK                            
(14)

In the formulas, ∆G: The Gibbs free energy, kJ/mol. ∆S: The entropy change, 

J/(mol·K). ∆H: The enthalpy change, kJ/mol. R0: The gas constant, taking the 

value of 8.314 J/(mol·K). T: The absolute temperature, K. K: Adsorption 

equilibrium constant.

 The acquisition and analysis of adsorption thermodynamic parameters 

all focus on the intrinsic mechanism of MB adsorption by hemp/PAN 

composite membranes: As intrinsic energy characteristics of the adsorption 

process, ΔS (entropy change) and ΔH (enthalpy change) were calculated 

from the linear fitting of ln(qₑ/Cₑ) versus 1/T in Fig. 7 (g) (the slope 

corresponds to ΔH/R and the intercept corresponds to ΔS/R, where R is the 

gas constant), and a complete parameter matrix was further derived by 

combining adsorption isotherm data at different temperatures (Table 8); this 

calculation method based on the quantitative correlation between 

thermodynamics and adsorption equilibrium ensures parameter 

reliability[50,51]; ΔG was negative under all temperature conditions and its 

absolute value increased with temperature (ΔG = -1.4491 kJ/mol at 20℃ and 

increased to -3.0223 kJ/mol at 40℃), which not only confirms that the 

adsorption is a spontaneous process but also reveals that high temperature 
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can enhance the spontaneity of adsorption by accelerating MB molecule 

diffusion, reducing liquid film resistance, and strengthening the specific 

interaction between molecules and hydroxyl/nitrogen-containing groups on 

the membrane surface, providing direct basis for optimizing the adsorption 

temperature to approximately 40℃ to achieve high efficiency and low 

consumption; the synergistic characteristics of positive ΔS (87.5441 J/(mol·K)) 

and positive ΔH (24.1223 kJ/mol) clarify the energy and entropy change 

mechanism of adsorption — positive ΔS arises from the disruption of water 

molecule binding during MB molecule immobilization and the molecular 

dispersion effect brought by the membrane's porous structure (porosity 

increased by 8.2% compared with pure PAN membrane), significantly 

increasing the system disorder; positive ΔH confirms that the adsorption is 

an endothermic process, whose energy consumption can be compensated by 

increasing temperature, and the entropy-driven effect of ΔS>0 dominates to 

ensure spontaneous adsorption[52]; this "endothermic adsorption driven by 

entropy increase" is essentially a reflection of the specific hydrogen bonding 

between hydroxyl groups of hemp cellulose and MB molecules — hydrogen 

bonds reduce the energy barrier, while entropy increase caused by molecular 

dispersion becomes the core driving force for spontaneous adsorption. 

To clarify the performance level of the hemp/polyacrylonitrile (PAN) 

composite membrane prepared in this study among similar adsorbent 

materials, it was compared with representative adsorbents reported in the 
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literature. The maximum adsorption capacity of the material in this study 

(76.09 mg/g at 40℃) is 4% higher than that of the La(OH)₃/PAN membrane 

(73.05 mg/g)[53]and significantly higher than another reported La(OH)₃/PAN 

membrane (5.02 mg/g)[54]. In addition, this material exhibits an excellent 

particulate matter filtration efficiency of 99.97%, a multifunctional 

advantage not possessed by most single-purpose adsorbents. This unique 

property makes it more suitable for integrated scenarios of "wastewater 

treatment + waste gas purification" in printing and dyeing workshops, 

thereby expanding its practical application value.  

Fig. 7. (a )(b) (c) Adsorption Kinetic Model. (d) (e) (f) Adsorption isotherm 

model diagram. (g) Van Tehoff Diagram.

Table 5. Adsorption Kinetic Parameters.

C0/(mg/ Pseudo-first-order kinetics model Pseudo-second-order kinetics 
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modelL)

qe/(mg/
g)

qt/(mg/
g)

k1/mi
n-1

R2
qt/(mg/

g)
k2/(g·mg-1mi

n-1)
R2

15
36.968

5

33.447

8

0.013

7

0.97

55

33.501

6

0.0264 0.99

92

30
66.873

2

61.297

0

0.010

4

0.98

27

55.033

0

0.0152 0.99

30

45
72.696

7

62.711

3

0.004

6

0.96

52

62.708

6 

0.0139 0.99

52

Table 6. Internal Diffusion Parameter.

Surface diffusion  Mesopore diffusion Micropore diffusion
temperat
ure/℃ K1/(mg/(g·min

0.5)) R2 K2/(mg/(g·min
0.5)) R2 K3/(mg/(g·min

0.5)) R2

20 4.9390
0.99
75

1.0705
0.9
05
0

0.5120
0.6
677

30 9.8470
0.99
76

1.9190
0.9
10
2

0.8145
0.5
385

40 8.8055
0.98
76

2.2565
0.9
94
5

0.4259
0.7
020

Table 7. Adsorption Isotherm Parameters.

Langmuir Model FreundlichModel

temperature
/℃ b/

(L/mg)

qm/

(mg/g)
R2

KF/

(mg/g)/(mg/L)

^n-1

n R2

20 0.0102 56.1623 0.9849 17.8262
2.96

90

0.98

81

30 0.0049 63.4967 0.9887 17.6547
2.48

39

0.98

13

40 0.0016 76.0915 0.9879 28.5817
2.82

97

0.98

18

Table 8. Adsorption Thermodynamic Parameters.

temperature/℃ ∆G/ ∆S/ ∆H/
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(kJ·mol-1) (J·mol-1·K-1) (kJ·mol-1)

20 -1.4491

30 -1.9995

40 -3.0223

87.5441 24.1223

4. Conclusions 

Hemp was dissolved in LiCl/DMAc to prepare a cellulose solution, which 

was blended with PAN for electrospinning. Single-factor experiments 

optimized the process, yielding a fiber membrane with smooth morphology, 

good fiber orientation, and cellulose I crystalline structure. Elemental 

analysis showed effective blending, with increased C and O contents 

compared to pure PAN. A Box-Behnken Design (BBD) was used to investigate 

dye adsorption factors, establishing a well-fitting regression model. Under 

optimal conditions, the nanofiber membrane achieved a 95.05 % maximum 

dye adsorption rate. Its excellent properties suggest broad application 

prospects in various fields. It should be noted that this study employed a 

simulated wastewater system containing a single MB dye, and adsorption 

conditions such as pH were optimized specifically for this system. However, 

actual textile printing and dyeing wastewater has a complex composition, 

including multiple dyes, salts, surfactants, and other auxiliaries, which may 

interfere with the adsorption process of the composite fiber membrane. 

Therefore, future research can focus on the following directions: (1) Evaluate 

the adsorption performance of the membrane in multi-component dye 

systems or actual textile printing and dyeing wastewater to verify its 

applicability under complex water quality conditions; (2) Investigate the 
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anti-interference ability of the membrane against coexisting substances 

(such as inorganic salts, anionic surfactants, etc.) and clarify the influence 

mechanism of impurities on adsorption efficiency; (3) Examine the 

regeneration and reuse performance of the composite fiber membrane to 

reduce application costs and improve its economic feasibility. These 

extended studies will further enhance the practical application value of the 

hemp/PAN composite fiber membrane and provide more comprehensive 

technical support for its industrial application in the field of wastewater 

treatment.
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