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Abstract

The primary aim of this study is to develop a membrane from treated
waste hemp fibers using a dimethyl sulfoxide/tetra-n-butylammonium hydroxide
(DMSO/TBAOH) solvent system and citric acid (CA) as an efficient adsorbent for
the removal of cations and cationic dyes from water. The bio-renewable membrane
(cHM) was prepared at the appropriate molar ratio of functional groups, which pro-
vided multiple functionalities for the effective removal of cationic pollutants. The
formed lignocellulosic cHM adsorbent was characterized in terms of its physico-
chemical, structural, and morphological properties through point of zero charge
(pHpyc), porosity, Scanning Electron Microscopy (SEM), and Attenuated Total Re-
flectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) measurements. Pore
size was determined using image analysis and the dry-wet weight method. The
effects of pH, initial concentration, temperature, and contact time on adsorption
were studied in batch adsorption experiments. The membrane demonstrated high
adsorption capacities for cationic pollutants, with values of 398.7 mgg™! for Safra-
nine O (SO), 370.60mgg ' for Methylene Blue (MB), and 445.4mgg™" for Crystal
Violet (CV), following Langmuir model fitting at 25 °C. The adsorption process was
found to be endothermic, spontaneous, and efficient, highlighting the membrane’s
potential for water purification. The kinetic parameters of the adsorption process
were fitted to both pseudo-first-order and pseudo-second-order models. The five
adsorption-desorption cycles yielded effluent waters rich in desorbed pollutants.
Photocatalytic degradation of the desorbed dyes using commercial TiO, as a cat-
alyst, along with the chemical precipitation of cations into solid form, resulted in
treated water that met current legislative standards. Biodegradability tests of the
spent membrane confirmed its environmentally safe disposal after 85% degrada-
tion. This work demonstrates the application of green chemistry in transforming
waste biomass into a high-performance adsorbent for wastewater treatment, offer-
ing an eco-friendly technology for water purification.

Keywords: hemp fibers, cationic pollutants, sustainable technology, adsorption
process, biodegradability

1. INTRODUCTION

In the modern aspect of the environment, the search for
sustainable and efficient solutions for waste management
represents the biggest challenge. One of the most press-
ing global issues is the effective management of industrial
and urban wastewater, which is often laden with vari-
ous pollutants, including toxic cationic dyes. The grow-
ing demand for innovative, sustainable solutions to ad-
dress these pollution challenges drives research towards

more environmentally friendly and cost-effective tech-
nologies. Among these, the application of natural and
waste-derived materials for pollutant removal stands out
due to their easy accessibility, low cost, biodegradability,
and minimal environmental footprint (Perkumiené, Ata-
lay, Safaa, & Grigiené 2023).

Hemp fibers, as an agricultural byproduct, have re-
cently garnered significant attention for their potential
in environmental remediation. The use of waste hemp
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fibers, chemically modified to enhance their adsorption
properties, aligns with the principles of green chemistry,
which aims to reduce the use of hazardous substances
and encourage the use of renewable resources. Specifi-
cally, the synthesis of membranes from hemp fibers for
the removal of cationic pollutants, such as organic dyes
like Safranine O (SO), Crystal Violet (CV), and Methylene
Blue (MB), marks a significant step forward in addressing
water pollution issues. These dyes, widely used in textile
and industrial processes, are not only visually unappeal-
ing but are also toxic and persistent in aquatic ecosystemes,
posing significant health and environmental risks.

The main objective of this research is to explore how
waste hemp fibers, treated and modified through environ-
mentally friendly processes, can be transformed into high-
performance adsorbents. The study demonstrates the in-
tegration of green chemistry principles to convert these
waste biomaterials into effective membrane filters capable
of capturing cationic pollutants. This approach highlights
the potential of such membranes for wastewater purifica-
tion processes, offering a sustainable and scalable alterna-
tive to conventional treatment methods that often rely on
synthetic and nonrenewable materials.

A critical aspect of this study is the treatment of
waste hemp fibers using the dimethyl sulfoxide/tetra-
n-butylammonium hydroxide (DMSO/TBAOH) system
(Sirvio & Lakovaara 2021), which facilitates delignifica-
tion of the fibers. This treatment increases the surface
area of the fibers and improves their adsorption proper-
ties, making them more effective in capturing cationic pol-
lutants. Following this, the fibers were treated with citric
acid, allowing them to be formed into membranes. Cit-
ric acid (CA), a natural crosslinking agent, not only en-
hances the durability of the membranes but also intro-
duces carboxyl groups that can interact with pollutant
molecules, thus improving the adsorption capacity. In
a batch adsorption system, kinetic and equilibrium stud-
ies of SO, MB, and CV dye removal were performed un-
der varying conditions such as adsorbent dosage, tem-
perature, contact time, and pH. The adsorption process
was analyzed using several isotherm models, including
the Langmuir and the Freundlich models (Hamdaoui &
Naffrechoux 2007) to better understand the adsorption
mechanisms and the capacity of the hemp membranes.
To ensure the longevity and reusability of the developed
membranes, desorption cycles were conducted, followed
by photocatalytic degradation of the effluents containing
cationic dyes. TiO, catalysts were employed for this pur-
pose, an established technology known for its efficiency
and environmental compatibility in wastewater treatment
(Murgolo, De Ceglie, Di Iaconi, & Mascolo 2021). This ad-
ditional step further emphasizes the sustainable nature of
the approach, as it not only extends the life of the adsor-

bent but also ensures that harmful pollutants are broken
down into less hazardous substances.

Furthermore, the membrane biodegradability was as-
sessed after their exhaustion, providing additional evi-
dence for the environmental sustainability of this tech-
nology. By ensuring that the exhausted materials can de-
grade naturally without contributing to long-term envi-
ronmental waste, this research underscores the potential
for a fully circular wastewater treatment process. Addi-
tionally, the transformation of cationic pollutants in the
effluent water through chemical precipitation into solidi-
fied form contributes to the overall reduction of environ-
mental harm, making the treated effluents safer for dis-
posal or reuse. In summary, this research not only ad-
vances the field of membrane technology by demonstrat-
ing the effective use of waste hemp fibers for cationic pol-
lutant removal but also highlights the importance of nat-
ural materials in the development of sustainable waste
management practices. By utilizing renewable resources,
environmentally benign processes, and focusing on pol-
lutant recovery and material biodegradability, this study
contributes to the growing body of knowledge aimed at re-
ducing the environmental impact of industrial processes.

2. EXPERIMENTAL PART
2.1. Materials

All the chemicals used in this study were of analytical
grade and used as received. The following chemicals
were supplied from Sigma Aldrich: dimethyl sulfoxide
(DMSO), tetra-n-butylammonium hydroxide (TBAOH),
citric acid (CA), and sodium chloride (NaCl). The dyes:
Methylene Blue (MB), Crystal Violet (CV), and Safra-
nine O (SO) were purchased from Merck. Adjustment of
pH was accomplished with 0.1 M NaOH and 0.1 M HNO,
(Sigma Aldrich). Waste hemp fibers were obtained from
KONOBETON, Novi Sad, Serbia.

2.2. Chemical modification and characterization of
hemp membrane

After washing the fibers in distilled water (HF), a chemi-
cal modification was performed using the DMSO/TBAOH
system to defibrillate and form a membrane (cHM) by
cross-linking using citric acid in a mass ratio of 1:0.45
(100g cHM:450 mL of CA solution) according to our
research (Knezevié¢ et al. 2023). The treated material
was pressed between porous aluminum plates (pore size
0.2mm) in a press-cast assembly with a load of 20kN
to (numerical range) 30kN and reheated (100 °C) for 4h
to obtain a compact material (thickness 4 mm, mass
380 mg) as a result of cross-linking reactions.
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The structural and morphological characterization of
nontreated fibers and the synthesized membrane was in-
vestigated by recording the FTIR spectra and SEM micro-
graphs.

2.3. Adsorption-desorption experiments

Data on the adsorption isotherm were obtained by per-
forming the following experiment: by varying the mass of
cHM (from 1mg to (numerical range) 10 mg) was mixed
with a solution of dye with an initial concentration of
45mgL™! to (numerical range) 50 mgL™" in a volume of
10 mL at three temperatures (25 °C, 35 °C, and 45 °C) for a
maximum of 120 min. The concentration of dye solutions
was determined at 590nm for CV, 525nm for SO, and
664 nm for MB using a UV-Vis spectrophotometer 1800,
Shimadzu, Japan. The adsorption capacity was calculated
using the methodology given in the work Knezevi¢ et al.
(2023).

To evaluate the efficiency of the adsorption process,
desorption of the used sorbent was conducted over 5 cy-
cles. The desorption test was performed by immersing
400 mg of sorbent in 100 mL of 0.5 M NaCl solution. Each
cycle lasted 120 minutes. The resulting effluent was an-
alyzed using a UV-Vis spectrophotometer (Blanco et al.,
2023).

The pHpy was obtained following the procedure in
our previous work (Knezevi¢ et al. 2023).

The disposal of the dye solution after desorption was
achieved by photodegradation, facilitated by a commer-
cial TiO, catalyst, in the final stage of disposal, follow-
ing the procedure from the literature (Knezevi¢ et al.
2024). Subsequently, the exhausted membrane under-
went biodegradability testing, further substantiating the
sustainability of the developed technology. A soil sample
was collected from an agricultural field in the village of
Beémen, Surdin.

3. RESULTS AND DISCUSSION
3.1. Characterization of materials

The morphology of HF, cHM, and catalyst TiO, was exam-
ined using Scanning Electron Microscopy (SEM), Figure 1
(a—c).

In Figure 1(a), one can observe the ordered struc-
ture of the nontreated fibers, which were then treated
with DMSO/TBAOH and CA to obtain a greater number
of active sites for contaminant binding. The effect of CA
is reflected in the twisting, distortion, and tight binding
of fibers, generally changing the morphology of the fiber.
SEM analysis of the membrane Figure 1(b) provides evi-
dence of the successful production of the membrane, with

the formation of bonds between the pretreated fibers. Fig-
ure 1(c) depicts a picture of the previously synthesized
catalyst used in the photocatalytic process (Dey & Mehta
2020).

The image analysis (Image-Pro Plus software) and
the result of the dry-wet weight method (Perendija et al.
2020) revealed very similar porosity results. The obtained
porosity value was about 61.3%, with an average pore di-
ameter of about 6.2 pm.

The Fourier Transform Infrared Spectroscopy (FTIR)
was used to follow the success of membrane preparation,
Figure 2. Both HF and cHM samples on FTIR spectra in-
clude a wide band, about 3326 cm™! as a result of hydroxyl
group stretching vibrations. The symmetric and asymmet-
ric stretching vibrations of the C-H bond in the methyl
and methylene groups of the lignocellulosic structure
appeared at 2910cm™! to (numerical range) 2848 cm™*
(Vukcevic et al. 2023), while bending vibration appeared
between 1423 cm™ and 1317 cm ™.

Methoxy group vibrations of syringyl and guaiacyl
molecules from lignin are responsible for a small band at
1365 cm™!. Stretching vibration of the C=0 ester groups
in hemicellulose and lignin was found at 1731cm™! in
the spectrum of dHF (Viscusi, Barra, & Gorrasi 2020).
Cross-linking with citric acid leads to peak shifting to
1709 cm™! in the spectrum of ¢cHM (Pimpang, Sumang,
& Choopun 2018). The small peak at 1647 cm™! can be
attributed to O-H bending vibration in cellulose. The
intensive band at 1610cm™! in spectrum HF and bands
about 1500 associated with C=C stretching vibrations of
the aromatic ring from lignin. The symmetric/asymmetric
vibrations of C-O-C, C-O, and C-O groups in cellu-
lose, hemicellulose, and lignin appeared in the 1247 cm™
to (numerical range) 1020 cm™! region. From the spectra
of cHM after dyes adsorption, significant amount of both
dyes adsorbed, which are deduced from increase intensity
of and small shift peaks at 1594-1500 due to introduction
NH groups from dyes as well as =CH out-of-plane defor-
mation vibrations between 876 cm™! to (numerical range)
500 cm ™! region were observed.

3.2. Adsorption-desorption studies

The pHpy value of cHM is 6.9, indicating that at this pH,
c¢HM has an equal amount of negative and positive surface
groups, resulting in a neutral net surface charge. This bal-
ance suggests that cHM will exhibit minimal electrostatic
interactions with charged species in solution around this
pH, making it an important parameter for understanding
its adsorption behavior in different environments.

The cHM adsorption capacity at different tempera-
tures was determined using the adsorption findings. Ta-
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Figure 1. SEM micrographs of (a) HF, (b) cHM, and (c) TiO,.
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Figure 2. FTIR spectra of nontreated fibers (HF) and
synthesized membrane (cHM).

ble 1 presents the findings from the Freundlich and Lang-
muir model equations given in the work KnezZevi¢ et al.
(2023).

From the data in Table 1, all adsorbents showed
high adsorption capacities. With increasing temperature,
an increase in adsorption capacities was observed for all
dyes. The strong interactions between functional groups
on the surface of the adsorbent and the adsorbate were
confirmed by high values of the Langmuir constant (K, ).
The Freundlich constant (K;) and the value of parame-
ter n confirm good adsorptivity and indicate high reac-
tivity of the adsorption sites of cHM. For cHM, the Fre-
undlich model shows a better linear fit with higher R?
values from 0.991 to 0.997, indicating that sorption oc-
curs in multiple layers on a heterogeneous surface. Based
on the Langmuir model, maximum adsorption capacities

at 25°C were determined, with values of 398.7mgg™!
for Safranine O (SO), 370.60mgg ™! for Methylene Blue
(MB), and 445.4mgg ' for Crystal Violet (CV). During
the 120 minute investigation of the adsorption properties
of the cHM sorbent, each dye reached equilibrium after
a certain period. The dye CV achieved its maximum ad-
sorption capacity after 30 minutes, MB after 60 minutes,
and SO after 90 minutes.

Thermodynamic parameters Gibbs free energy
(AG®), enthalpy (AH®), and entropy (AS®) (Table 2)
obtained by using van’t Hoff equations (Knezevi¢ et al.
2023) represent an important step in the understanding
of the adsorption process. The negative value of AG® and
positive values of AH® and AS® indicate that adsorption
is spontaneous and endothermic.

The thermodynamic data reveal that the processes of
dye removal are spontaneous with the pronounced dis-
order at the adsorbent/adsorbate surface. The differ-
ences in AH® arise mainly from structural characteristics,
charge distribution, and availability of positive charges
for interaction with negatively charged adsorption sites
at cHM.

The results of kinetic parameters, adsorption rate
and constants, were determined using pseudo-first-order
(PFO; Lagergren model) and pseudo-second-order (PSO)
equations (Knezevi¢ et al. 2023) by the linear least-
squares method. The coefficient of determination (R?)
analysis indicates that the PSO model was the most suit-
able for describing the kinetic data (Table 3), suggest-
ing that the adsorption is controlled by chemical inter-
action (Benjelloun, Miyah, Akdemir Evrendilek, Zerrougq,
& Lairini 2021).

Examining the effect of temperature change on the
kinetics of adsorption processes, the activation energy
(E,) obtained for the adsorbed dyes is 5.135kJmol™!
for CV, 4.041kJmol™* for MB, 5.853kJmol™! for SO.
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Table 1. Obtained parameters for Langmuir and Freundlich adsorption isotherm for all pollutants adsorption onto cHM

Pollutant T (°C) Langmuir Freundlich
K; (dm®*mg™) ¢, (mgg?) R*> Ky(@dm®mg') 1/n R?
SO 25 1.370 398.7 0.939 214.9 0.625 0.991
35 1.375 408.3 0.929 222.7 0.6334 0.992
45 1.381 412.8 0.922 226.6 0.639  0.992
MB 25 1.542 434.9 0.961 222.4 0.541 0.996
35 1.665 436.9 0.961 232.8 0.540 0.996
45 1.811 438.7 0.960 244.4 0.540 0.996
Ccv 25 2.192 445.4 0.977 231.2 0.409 0.997
35 2.323 445.6 0.978 235.8 0.407 0.997
45 2.451 446.0 0.979 240.4 0.406 0.997
Table 2. Thermodynamic parameters of pollutants removal using cHM
Pollutant AG® (kJmol™) AH® (Wmol™) AS® Umol 'K}  R?
25°C 35°C 45°C
SO -42.41 -43.83 -45.21 0.32 143.2 0.827
MB -42.45 -44.07 -45.72 6.36 163.7 0.997
(0 -43.93 -45.55 -47.17 4.40 162.1 0.999
These results indicate that the rate depends on adsorbate
and surface functionalities concentration, while the low
E, values (<40kJ/mol) indicate the physisorption and
diffusion-controlled processes (KneZevic¢ et al. 2023).
The desorption results showed a high desorption
power of this pollutant when using NaCl as a desorption 100 _Eel L v
agent. The highest degree of desorption was recorded |
with CV, namely 85.76% after the third cycle. After the
five cycles, the maximum desorption was: 76.2% for MB, S Uy
72.2% for SO, and 81% for CV (Figure 3). = 1
o
Z 604
:
3.3. Stabilization of desorbed pollutants 8 1
Gy
The success of the biodegradability test (Soil Burial Test; —;: 401
AATCC Test Method 30-1993) of the exhausted mem- «;Lj 1
brane is reflected in its complete decomposition after 85 M504
days. The mass of the membrane varied from day to day. ]
In the beginning, the decrease was slower, but at 85 days
the mass decreased by 93.9%, which can be considered as 0- | III .

a completely degraded membrane (Figure 4). Number of cycle

According to photodegradation studies, MB, SO,

and CV virtually completely degraded in 90, 95, and Figure 3. Reusability study of cHM in five cycles for cationic

. _ )
110 minutes, respectively. When the catalyst was used, pollutants removal (C; = 40mgL™",
desorption time: 120 min).

the dyes degraded at rates of 70.5%, 68.5%, and 62.1%
after 30 minutes for MB, SO, and CV dyes, respectively,
and nearly completely at 96% after 90 minutes for MB,
94.1% after 95 minutes for SO, and 92% after 110 minutes
for CV (Figure 5).

T =25°C,
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Table 3. PFO and PSO model parameters and activation energy (E,) for the adsorption of pollutants onto cHM at 25 °C

Adsorbate Model parameters Pseudo-first order Pseudo-second order

SO g, mgg™) 11.94 282.8

k; (min™1); k, (gmg ! min™1) 0.0422 0.0049

R? 0.392 0.999

MB q, (mgg™) 46.09 366.5

k; (min™1); k, (gmg ! min™1) 0.0663 0.0026

R? 0.789 0.999

cv q. (mgg™) 105.35 420.05

k; (min™Y); k, (gmg ' min™!) 0.1546 0.0031

R? 0.963 0.999

Figure 4. Biodegradability test of cHM before and after 85 days.
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Figure 5. Photodegradation of SO, MB, and CV dyes under
optimal conditions.

4. CONCLUSION

A treatment process involving dimethyl sulfoxide/tetra-
n-butylammonium hydroxide (DMSO/TBAOH) achieved
defibrillation, thereby increasing the surface area of the
sorbent. Analysis of the structure, morphology, and sur-
face chemistry of cHM, in addition to its porosity (61.3%)
and pore size, indicates its suitability for cation removal.
Exceptional adsorption capacities were observed for a va-
riety of pollutants, with the Langmuir model fitting the
experimental data well. The Freundlich model shows a
better linear fit with higher R? values, indicating that sorp-
tion occurs in multiple layers on a heterogeneous surface.
Furthermore, the efficient applicability of cHM in water
treatment, together with its low endothermic and sponta-
neous equilibrium, highlights its potential to address wa-
ter pollution challenges. The study also highlights the use
of TiO, as a catalyst for photocatalytic degradation (95%;
90min) which further improves water quality. More-
over, the biodegradability test confirms an environmen-
tally friendly solution for membrane disposal. Overall,
this study highlights the application of green chemistry in
the transformation of waste biomaterial into an effective
adsorbent for water treatment.
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