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ARTICLE INFO ABSTRACT
Keywords: As a prominent global producer of coconut (Cocos nucifera L.), Indonesia yields an annual output above 6 million
Coconut husk waste tons of coconut husk waste (CHW). This research uses CHW to fabricate the cellulose nanofibers (CNF) / copper-

Drug carriers

Cellulose nanofiber/Cu-BTC composite
Comparative study

Curcumin uptake/release
Sustainability

1,3,5-benzene tricarboxylate (Cu-BTC) composite to address the generated environmental issue using in-situ and
ex-situ synthesis. The impact of different synthesis methods on composite properties and curcumin uptake/
release performance is examined. The isolated CNF exhibits a fibrous morphology with a ca. 10 — 100 nm
diameter, while the Cu-BTC particles are cubical with a side length of 4.1 um. All CNF/Cu-BTC composites,
resulting from the in-situ synthesis (C1) and ex-situ synthesis (with the crosslinkers of (1) triethylamine (C2); (2)
citric acid (C3); (3) glutaraldehyde (C4)), display a flower branch-like topography, with Cu-BTC surrounding the
CNF matrix. The C1 shows better dispersity of Cu-BTC on the CNF surface, while the two seem to aggregate in C2,
C3 and C4. The curcumin uptakes of CNF, Cu-BTC, C1, C2, C3, and C4 are observed at 40.77 mg/g, 150.67 mg/g,
386.03 mg/g, 688.71 mg/g, 347.35 mg/g, and 294.84 mg/g, respectively. Among the composites, C2 exhibits
higher uptake capabilities. This is due to the presence of triethylamine as an organic linker in C2, which provides
more binding sites. Compared with the single component (CNF and Cu-BTC), the enhanced curcumin uptake of
composites is credited to their three-dimensional interior structure, which increases the number of binding sites.
The uptake performance of all composites follows a modified pseudo-first-order law and multilayer mechanism.
The curcumin and composite interactions are driven by Van Der Waals interaction, hydrogen bonding for the first
layer, and ion exchange for the upper layers. The release study of curcumin from composites shows slow release,
and C2 has the highest release, with 36.7 % at pH 7.4 and 39.1 % at pH 5.5.

1. Introduction body. Studies show that DDS can improve outcomes in many ways,
including enhanced therapeutic efficacy, reduced toxicity, increased

A drug delivery system (DDS) is defined as a controlled system and a patient compliance, enabling entirely new medical treatments, and
formulation enabling the introduction of medicinal products into the controlling the rate, time, and target release (Adeosun et al., 2020; Gao
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et al., 2023; Mallakpour et al., 2022). The critical characteristics in
designing drug carriers are their biocompatibility, high loading capac-
ity, and controlled release (Mallakpour et al., 2022). However, research
has recently pointed out that drug carriers with additional features, e.g.,
nano-size and good antimicrobial performance, are preferable, as the
two give a combined function of the improved delivery system and
antimicrobial activity (Mallakpour et al., 2022).

Metal-organic frameworks (MOFs) are porous and nano-sized ma-
terials that have various active sites and exceptional characteristics, e.g.,
chemically and thermally stable, wide surface area, tunable pore size,
and facile surface modification, making them ideal candidates for drug
carrier (Li et al., 2023; Tu et al., 2022; Zhao et al., 2019). They are
well-known for their tunability and versatility to be composited with
other materials as previously studied, e.g., MIL-53-NH2@natural fabric
to remove liquid-fuel nitrogenated contaminants (Abdelhameed et al.,
2018), Zn-MOF@cellulosic fiber for selective separation of chlorophyll
(Emam et al., 2023), mesoporous composite of microcrystalline cellu-
lose and zeolitic imidazole frameworks for
temperature-controlled-release of essential oil (Abdelhameed et al.,
2021), IRMOF-3/MIL-68-NH,/cotton for fuel purification (Emam et al.,
2022), Cu-BTC@natural fabrics for the release of insect repellent (Emam
and Abdelhameed, 2017), and cellulose microfiber @ZIF-8 composite for
curcumin delivery (Wijanarko et al., 2023). Several metal ions synthe-
sizing MOFs, e.g., Ag", Fe®*, Zn?", and Cu®", are essential in inducing
antimicrobial activities (Li et al., 2023). Cu-BTC was selected for this
research due to the presence of coordinatively unsaturated metal sites
(Cus) with antibacterial properties. Copper is also known to have lower
toxicity than other metals. The study conducted by Liang et al. (2022),
which investigates the potential use of curcumin-loaded Cu-BTC/car-
boxymethyl starch-based composite for food preservation, reported that
Cu-BTC acts as a curcumin carrier and forms synergistic antibacterial
with curcumin, which indicates its potential as the application of a drug
(Li et al., 2023; Liang et al., 2022). Moreover, Cu-BTC can control drug
release, as Chen et al. (2017) reported (Chen et al., 2017). However,
Cu-BTC has drawbacks such as instability in water and ease of aggregate,
which are fundamental flaws that pose significant challenges to its uti-
lization in drug delivery (Tu et al., 2022; Zhang et al., 2021).

To mitigate the drawbacks, biocompatible cellulose, in the form of
cellulose nanofiber (CNF) or cellulose nanocrystal (CNC), is an ideal
candidate to be combined with Cu-BTC because of its active group of
polymers (Huo et al., 2022; Zhang et al., 2021). The CNF gives more
advantages than CNC because it provides a larger specific area, better
mechanical stability, stronger tensile strength, and surface charge den-
sity; moreover, the carboxylate content in CNF increases the adsorption
ratio (Isogai et al., 2011). Besides, for long-term drug storage, the CNF’s
nanofiber-nanofiber interaction and high crystallinity give
oxygen-sensitive drugs oxidative stability, providing oxygen barrier
properties at low humidity. Due to its distinctive 3D nanofibrous
network structure, the unique characteristics of CNF, including hydro-
philicity, biodegradability, non-toxicity, pH sensitivity, high modulus,
and tensile strength, may promote cell penetration and proliferation.
However, CNF alone has poor drug release in drug delivery applications,
as reported by several studies (Kolakovic et al., 2013, 2012; Lobmann
etal., 2017; Svagan et al., 2017). Therefore, combining CNF and Cu-BTC
may improve the drug uptake/release performance (Sarkar et al., 2017).

Generally, cellulose and MOF composite can be fabricated using the
in-situ and ex-situ growth methods. Among the three popular types of in-
situ growth techniques (one-pot, step-wise, and layer-by-layer
methods), the step-wise synthesis method is suitable for in-situ growth
of CNF/Cu-BTC because Cu-BTC growth on CNF is heavily affected by
the order of mixing procedures (da Silva Pinto et al., 2012). Some ad-
vantages of in-situ synthesis are as follows: (1) the distribution and
uniformity of MOF on the surface of CNF are easily optimized, and (2) a
higher MOF load can be achieved due to the presence of multiple crys-
tallization nucleation sites, which allows adequate interaction between
cellulose fibers and MOFs (Zhang et al., 2021).
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Meanwhile, the ex-situ growth process implies that MOF crystals are
formed before the fabrication of the composite (Tu et al., 2022). This
research uses the direct mixing technique, adding organic crosslinkers to
bridge the interaction between Cu-BTC and CNF (Abdelhameed et al.,
2016). Compared with the in-situ synthesis, ex-situ synthesis has defects
— MOF tends to agglomerate during the process, which is unavoidable,
and the affinity between MOF and cellulose is weak. Despite its draw-
backs, the advantage of using ex-situ synthesis is controllable MOF
loading. In addition, the ex-situ technique helps CNF avoid harsh MOF
synthesis conditions during composite formation (Tu et al., 2022; Zhang
etal., 2021). In typical ex-situ synthesis, to improve the binding between
CNF and MOF, the crosslinking agent addition might help to enhance its
uptake and release capabilities. Triethylamine (TEA), citric acid, and
glutaraldehyde are chosen for comparison studies based on their overall
charges and affinity.

In this study, coconut (Cocos nucifera L.) husk waste (CHW), a sig-
nificant solid waste in Indonesia, is selected as the cellulose source due
to its high content of a-cellulose (26.6 %) (Sangian and Widjaja, 2018).
Using CHW may be an opportunity to reduce the masses of solid waste
and, at the same time, to increase its economic value. This work employs
chemical oxidation using 2,2,6,6-tetramethylpiperidinyloxy (TEMPO)
to reduce the size of the cellulose into CNF. Introducing TEMPO helps to
oxidize the hydroxyl groups in anhydroglucose units to a carboxyl group
and create repulsion in each fiber (Shih et al., 2020). Therefore, the
TEMPO-oxidized cellulose gives well-separated nanofibers and is deco-
rated with the carboxylate groups, which enables interaction with the
positive charge of metal and strengthens the metal binding, hence
increasing the chance of Cu-BTC to be attached to CNF (Isogai et al.,
2011; Zhu et al., 2020). With the complementary properties of CNF and
Cu-BTC, this research studies (1) the characterization of CNF/Cu-BTC
composites obtained from the in-situ and ex-situ methods, (2) their
performances on the curcumin uptake, and (3) the release behavior of
the composites obtained from the in-situ and ex-situ syntheses.

2. Research methodology
2.1. Materials

The CHW is obtained from a local supplier in Bandung, Indonesia,
while curcumin is purchased from PT. Javaplant Indonesia. All reagents
are procured from Merck (Germany) and are of analytical grade;
therefore, they are used without further purification.

2.2. Preparation of CHW-based CNF

Initially, CHW is dispersed in a two percent NaOH solution for two
hours at 100°C to remove impurities and waxy materials covering the
surface of fiber cell walls (Dinand et al., 1996), then washed and filtered.
The cleansed CHW is subjected to an alkali pretreatment (with the mass
ratio of NaOH solution (20 %) to fiber = 30:1) for two hours and dec-
anted to separate fibers from the supernatant. The procedure is repeated
twice to obtain the delignified fibers (DF). DF is then hydrolyzed using
NacClO solution (12 %, 100 mL) and acetic acid (99 %, 12 mL) for two
hours at 100°C. About 200 mL of cold water is added to the solution to
stop the reaction. The suspension is subsequently filtered to separate the
solid from the supernatant. The hydrolysis process is repeated two times
before being water-washed until the pH reaches 7.0 and oven-dried for
12 h to obtain hydrolyzed cellulose (HC).

In the typical synthesis of CNF, 1 g of HC is initially dispersed in a
phosphate buffer saline (PBS) solution (90 mL, pH = 6.8). Then, about
1.13 g of NaClO; and 0.016 g of TEMPO are added to the HC-PBS
mixture. A 0.1 M NaClO solution is prepared in a separate system by
diluting 12 % NaClO using PBS (pH = 6.8) solution as a solvent. Sub-
sequently, 0.5 mL of the prepared NaClO solution is added to the HC-PBS
mixture to initiate the TEMPO oxidation. The system is then stirred and
sonicated simultaneously for four hours at 60 °C. Once the reaction
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completes, the system is cooled down to room temperature and water-
washed two times. This procedure is repeated twice to obtain TEMPO-
oxidized CNF, hereafter referred to as CNF.

2.3. Synthesis of CNF/Cu-BTC Composite

The in-situ synthesis of CNF/Cu-BTC composite occurs at room
temperature and follows the procedure proposed by Hao et al. (2022)
(Hao et al., 2022) with slight modification. Initially, 2.42 g of Cu
(NO3)2.3H50 are dissolved in 30 mL water and stirred for 30 min (So-
lution A). Then, 0.17 g of CNF is added to solution A and mixed for 24 h.
The ligand solution (solution B) is prepared by dissolving H3BTC (2.1 g)
in 15 mL DMF and 15 mL ethanol with continuous stirring for 15 min.
The two solutions are mixed and homogenously agitated at constant
rotational speed (600 rpm) for 30 h. The resulting solid is sequentially
washed with DMF and methanol twice (so-called methanol exchange)
and dried using a vacuum oven at 200 mbar and 60°C; the resulting
product is denoted as C1.

The ex-situ synthesis of the CNF/Cu-BTC composite follows similar
procedures as in the in-situ synthesis; however, without adding CNF to
solution A. Consecutively, solution B is added dropwise to solution A,
stirred for 30 h, washed using dimethylformamide and ethanol twice,
and vacuum dried (200 mbar, 60°C). The newly formed Cu-BTC particles
are subsequently mixed with the CNF solution (1 g CNF in 120 mL
water), during which 6 mL of crosslinkers is added dropwise while
stirring for two hours. Several crosslinkers are used in this experiment, e.
g., TEA, citric acid, and glutaraldehyde — whose composite products will
be denoted as C2, C3, and C4, respectively. The resulting solid cake is
collected by centrifugation, washed repeatedly using DMF, activated via
methanol exchange, and vacuum dried (200 mbar and 60°C) to obtain
C2, C3, and C4 powders.

2.4. Characterization of CNF, Cu-BTC, and CNF/Cu-BTC composites
(C1, C2, C3, and C4)

The surface morphologies of CNF, Cu-BTC, C1, C2, C3, and C4 are
characterized using scanning electron microscopy (SEM) (JEOL JSM-
6500F, Jeol, Ltd., Japan) at an accelerating voltage of 5 — 10 kV. The
elemental mapping of C1 — C4 is conducted using the EDX feature in the
SEM instrument. Meanwhile, the transmission electron microscopy
(TEM) images of C1 — C4 are taken using Hitachi HT7700 (Hitachi, Ltd.,
Japan) at 120 kV. The X-ray Powder Diffraction (XRD) analysis (XPERT
Panalytical Pro X-ray diffractometer, Philips-FEI, Netherlands) at 20 = 5
- 60°, tube current = 40 mA, running voltage = 40 kV, and constant Cu
Ky radiation, . = 1.542 A is carried out to determine the crystal
structure of CNF, Cu-BTC, C1, C2, C3, and C4. The FTIR spectra are
acquired using Shimadzu FTIR 8400 s from 400 to 4000 cm !, The
textural properties of CNF, Cu-BTC, C1, C2, C3, and C4 are measured
using a Micromeritics ASAP 2010 sorption analyzer (Micromeritics In-
strument Corporation, USA) at 77 K after degassing the sample for two
hours at 423 K. Last, the surface charge of all samples is determined by
PHp,c analysis using the drift method.

2.5. Curcumin uptake

The uptake study of curcumin to CNF, Cu-BTC, C1, C2, C3, and C4
composites compares their performance and, at the same time, de-
termines the suitable synthesis technique of the CNF/Cu-BTC composite.
All experimental runs start by adding 0.4 % (w/v) carrier to a 100 mL-
ethanolic curcumin solution (1000 mg/L). The mixture is then agitated
at room temperature for 24 h. After the adsorption completes, the su-
pernatant is collected and analyzed using a spectrophotometer UV-Vis
2600 (Shimadzu, Japan) at A = 429 nm to determine the loaded cur-
cumin (Q, mg/g) in all samples. Further, the statistical t-test using a
95 % confidence level is employed to determine whether the uptake
capacity among all materials is statistically significant.

Industrial Crops & Products 222 (2024) 120048

The uptake capacity at a specific time (Q) and equilibrium (Q.) are
computed using the following equations to study the behavior of the
curcumin loading, where Co, C;, and C. respectively represent the cur-
cumin concentration at t = 0, t = t, and t = t,q (mg/L), m. corresponds to
the loaded mass of solid (g), and V equals to the volume of curcumin
solution. The temperature is maintained at three levels (T = 30, 40,
50°C).

(Co — C))V

Q= T €))
Co — Ce
Q.= ("mi)v @)

All the data are then fitted to several kinetic (pseudo-first-order
(PFO), pseudo-second-order (PSO), Elovich, modified PFO, modified
PSO, mixed pseudo order (MPO), and pseudo-n-th order (PNO)) and
isotherm (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich (D-R),
Brunauer-Emmett-Teller (BET)) plots, as summarized in Table S1 and
Table S2, to understand the uptake behavior. The obtained isotherm
parameters are further analyzed to determine Gibbs free energy (AG®),
enthalpy (AH®), and entropy (AS°).

2.6. Curcumin release

In the typical release method, the curcumin-loaded CNF/Cu-BTC
(Cur@CNF/Cu-BTC) composites are immersed in pH-adjusted PBS so-
lution for 96 h with varied sampling time intervals. Initially, 200 mg of
Cur@CNF/Cu-BTC is introduced into a membrane containing 5 mL of
phosphate buffer saline (PBS) ethanolic solution (with the volume ratio
of ethanol: water = 7:3 (George et al., 2019)). Then, the membrane
containing the particles is immersed in 500 mL of PBS solution while
constantly stirred. The five-milliliter solution is withdrawn at various
release intervals (10 min to 96 h). Subsequently, the solution taken
during sampling is replaced with a fresh PBS solution to maintain con-
stant release volume. The withdrawn samples are analyzed using Shi-
madzu UV-Vis spectrophotometer 2600 (Shimadzu, Japan) at A =
429 nm. The release system is adjusted to pH = 5.5 and pH = 7.4 to
mimic the blood plasma condition. The release behavior is studied using
several kinetic models, including Higuchi, Hixson-Crowell, and
Korsmeyer-Peppas, as summarized in Table S3.

3. Results and discussions
3.1. Characterization of CNF, Cu-BTC, and their composites

The CNF is successfully derived from CHW, with a substantial yield
of 25.1 %. The cellulose content present in CNF is observed at 79.44 %,
while the remaining are hemicellulose (7.70 %), hot water soluble
(5.17 %), lignin (7.68 %), and ash (0.01 %). Fig. 1a presents the SEM
image of CHW-based cellulose with a bulk fiber diameter of 9 pm. One
cellulose fiber possesses a stacked and twisted rod configuration with an
individual fiber diameter of ca. 10 — 100 nm. This finding suggests that a
suitable treatment may disentangle the stacked and twisted structure,
reducing the fiber size to the nanometer scale.

Fig. 1b—c shows the morphology images of CNF, which is derived
from the cellulose through the TEMPO-oxidation procedure. The SEM
image (Fig. 1b) reveals the mean diameter of CNF at ca. 20 nm
(measured using ImageJ version 1.5k), confirming the presence of
nanofibers. Further, the TEM analysis (Fig. 1¢) supports the existence of
nanometer-size fibrous structures within the examined sample; the
diameter of the fiber is found at ca. 8 nm. Meanwhile, Fig. 1d-f corre-
sponds to the morphological shape of Cu-BTC after the methanol ex-
change, which is cubical. Before the methanol exchange (Figure S1), the
irregular surface of Cu-BTC particles exhibits the presence of impurities
surrounding the primary object, hindering the visibility of its cubical
forms. Particle aggregation is also detected, which could worsen the
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Fig. 1. Morphological structures of (a) cellulose, (b-c) CNF, and (d-f) Cu-BTC.

textural properties of Cu-BTC. In contrast, the SEM image of Cu-BTC
after methanol exchange demonstrates a cubical structure character-
ized by a side length of 4.1 um. The development of a cubical shape
arises from the coordination bonds between particles. Feng et al. (2019)
discuss the influence of the copper precursor on Cu-BTC morphology in
their review paper (Feng et al., 2019). Applying preformed copper
paddlewheel secondary building units, particularly copper acetate, as a
metal source enhances growth along the (111) lattice plane, leading to
the development of cubic morphologies (Diring et al., 2010; Umemura
et al., 2011). Gautam et al. (2022) reported that Cu-BTC with cubical
morphology exhibits a greater surface area than the commonly found
octahedral form (Gautam et al., 2022).

The morphology images of C1 to C4 are presented in Fig. 2a-c,
Fig. 2g-i, Fig. 2m-o, and Fig. 2s-u, revealing a flower branch-like
morphology in which a CNF matrix surrounds the Cu-BTC particles.
While C1 shows a greater dispersity in the distribution of Cu-BTC par-
ticles on the surface of CNF, the other three composites (C2, C3, and C4)
seem to have their cellulose and Cu-BTC agglomerate with each other
(seen in Fig. 2g-i, Fig. 2m-o, Fig. 2s-u). It supports the theory that the
uniformity of the composite can be easily achieved in the in-situ

synthesis. The elemental mappings of C1 to C4 (Fig. 2d-f, Fig. 2j-,
Fig. 2p-r, and Fig. 2v—x) present that in-situ and ex-situ composites
exhibit a high presence of Cu-BTC, as indicated by the signal detection of
copper clusters. However, a stronger signal of copper is monitored in ex-
situ synthesis (Fig. 21, Fig. 2r, and Fig. 2x) than in in-situ synthesis
(Fig. 2f), indicating that a higher amount of Cu-BTC is attached to the
surface of CNF. The high intensity of carbon and oxygen signals in all ex-
situ syntheses (Fig. 2j-k, Fig. 2p—q, Fig. 2v—w), compared with that in in-
situ, implies that both Cu-BTC and cellulose matrix are equally dominant
on the surface of ex-situ — proving the ability of the ex-situ synthesis to
control the proportion of MOF during the synthesis. However, fewer
copper clusters were detected in C3 among the ex-situ synthesized
composites. Given that the overall charge of citric acid is neutral
compared with CNF, the attachment of this crosslinker to the fibrous
matrix is less sturdy, resulting in less Cu-BTC attached on the surface of
the CNF (He et al., 2021; Mali et al., 2018; Mikusova and Mikus, 2021).

The presence of cellulose matrix on the surface of C2 is also sup-
ported by the XRD spectra (Fig. 3), where a cellulose hump (20 = 22.4°)
is seen in C2. Meanwhile, the non-appearance of cellulose diffraction
peaks in C1, C3, and C4 can be attributed to the Cu-BTC formation in

0
T Lm 'OKal

Tam

Fig. 2. Various surface characterizations of (a—f) C1, (g-1) C2, (m-r) C3, and (s—x) C4.
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Fig. 3. The diffraction spectra of CHW-based CNF, Cu-BTC before- and after methanol exchange, C1, C2, C3, and C4.

conjunction with cellulose, possibly covering the whole surface of cel-
lulose with Cu-BTC.

Fig. 3 also shows eight strong diffraction peaks for both Cu-BTC
particles before- and after methanol exchange at 20 = 6.9°, 9.7°,
11.8°, 13.5°, 17.5°, 19.2°, 26.1°, and 29.5°, which correspond to the
lattice planes 200, 220, 222, 400, 511, 440, 731, and 110, respectively
(Chen et al., 2018; Gautam et al., 2022). The crystal structure of the
synthesized Cu-BTC is consistent with the simulated Cu-BTC, indicating
a successful synthesis using the current method. A significant peak in-
tensity at 20 = 7.8° observed in Cu-BTC before methanol exchange
potentially indicates the presence of unreacted copper metal precursor
trapped within Cu-BTC (Chen et al., 2018). The absence of this peak
after the solvent exchange implies a successful removal of impurities
from Cu-BTC particles. Three fingerprint peaks of Cu-BTC at 20 = 6.7°,
9.5°% and 11.6° are all observed in C1, C2, C3, and C4, implying the
successful impregnation of Cu-BTC on the surface of the composites. The
peak consistency with the XRD analysis of a single Cu-BTC denotes no
significant change in the morphology of Cu-BTC crystals attached to the
composites. A crystallinity degree of 51.6 % is achieved for the CNF
solid.

Fig. 4 summarizes the FTIR analysis of the single materials (CNF and
Cu-BTC) and their composites (C1 — C4). The CNF exhibits distinct peaks
in the FTIR analysis within the range of 3500-3300 cm ™', 2895 cm 2,
1633 cm™}, and 1078 em™!. The broad peak at 3500-3300 cm™! cor-
responds to the strong hydrogen bonding (O-H) in the CNF matrix, meso

Cu-BTC, and adsorbed water. As CNF and Cu-BTC surfaces possess many
O-H groups, combining the two materials via in-situ synthesis (C1) in-
creases the peak transmittance of the hydrogen bonding. In contrast, the
reduced peak transmittance at 3500-3300 cm ™~ is observed for C2 — C4,
which is likely because the crosslinkers used during the ex-situ synthesis
may replace the O-H group in CNF and Cu-BTC. The C-H stretching vi-
bration of the methyl and methylene groups is observed at 2895 cm ™.
The peak at 1633 cm ™! is associated with the O-H bending of absorbed
water in the matrix and a double bond between carbon and oxygen
(-C=0). Finally, the peak at 1078 cm™! signifies the carbon bonding
with oxygen (C-O) (Setyaningsih et al., 2018). The FTIR analysis of
Cu-BTC indicates the presence of specific peaks at 732cm”},
1370 cm™1, 1645 cm ™!, and 3450 cm 1. These peaks correspond to the
bending and stretching vibrational modes of Cu-O, the vibrations of the
carboxylate group (C-O and -C=0) to Cu ions, and the presence of
surface-absorbed water and OH group in Cu-BTC, respectively. The
bending vibration of the aromatic ring induces small peaks at 660 and
732 cm™! (Liu et al., 2022).

Meanwhile, similar profiles are observed throughout C1 to C4. The
peak at 470-730 cm ! denotes the presence of Cu-O, indicating that Cu-
BTC particles are incorporated into the composites. Several other peaks
are also detected in these composites: 1100 em! (C-0), 1375 em!
(vibration of the carboxyl group with Cu ions), 1644 cm™! (O-H
bending; -C=0), 2931 cem ! (C-H stretching), and 3419 cem ! (O-H),
which are also present in both CNF and Cu-BTC. The analysis shows no
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significant changes in the functional group during the synthesis of C1 to multilayer mechanism, indicating the possible existence of multilayer
C4. adsorption. This phenomenon is also verified by the steep increase in the
The surface charges of all materials are measured using pH,,. anal- adsorption profiles of all samples at P/P, = 0-0.1 and 0.8 — 1.0. The first

ysis, and the results are depicted in Fig. 5a-d. The pHp,. of CNF in- sharp increase between P/P, 0 — 0.1 indicates that the adsorbed mole-
tersects at pH = 6.8, while it is found at pH = 4.4 for Cu-BTC cules start to fill the pores, while the P/P, values between 0.2 — 0.7

(Peedikakkal and Aljundi, 2020). These findings imply that both mate- exhibit a steady gradual increase — marking the completion of mono-
rials have a mild acidic character, with a positive charge below the layer adsorption. The second sharp increase between P/P, = 0.8 — 1.0
intersection point and a negative charge above the intersection. indicates a significant amount of overlapped monolayer and the onset of
The intersection points for C1, C2, C3, and C4 are observed at pH = multilayer adsorption (Thommes et al., 2015). An anomaly is seen in the
3.8, 2.8, 3.9, and 3.8, respectively. Based on the experimental results, CNF’s desorption graph, which is lower than its adsorption counterpart —
the neutral charge of CNF shifts from pH = 6.77 (neutral) to acidic when this may be attributed to some structure in CNF or impurities being
combined with Cu-BTC. This shift is attributed to positive ions in Cu-BTC vacuumed during the Ny sorption analysis, resulting in the possible
(copper sites), indicating that Cu-BTC is the dominant factor even after structure defect and loss of mass. The difference between adsorption and
being composited with CNF (Peedikakkal and Aljundi, 2020). The pHp,c desorption is negligible for CNF, Cu-BTC, C1, and C4.
value of C2 is monitored to be lower than the others. The observed In contrast to the other three materials, C2 and C3 exhibit a bottle-
phenomenon may be credited to the alterations in the electrochemical neck form in the desorption graph, showing the H3 hysteresis loop. This
properties of the material, mainly due to the existence of TEA as a hysteresis usually implies the plate-like particles with a grooved-pore

crosslinker for C2. The present findings align with the results reported network (Thommes et al., 2015; Yurdakal et al., 2019). The observed
by Li et al. (2019), which demonstrate that modifying Cu-BTC with TEA open-loop hysteresis of all samples, except Cu-BTC, is caused by the

leads to changes in its electrochemical properties (Li et al., 2019). swelling of the polymer-polymer interaction. Since there is no thermo-
A visual inspection of both materials reveals that the C1 composite dynamic explanation for the adsorbate to desorbed at low relative
exhibits degradation during the pHp,. analysis, characterized by the pressure, the expansion of already-existing pores and the creation of new
formation of black floc solid, within 24 h at pH = 12. Conversely, the C2, ones in the restricted-access (extremely narrow) openings will inversely
C3, and C4 composites reveal no degradation at similar conditions. This cause the adsorbed component to be retained inside, resulting in
occurrence of the black solids might be due to the detachment of the BTC incomplete desorption. The addition of hydrogen bonding caused by the
ligand from the copper metal, followed by the attachment of the metal to interaction between the cellulose matrix and Cu-BTC makes it harder for
NaOH solution, which produces CuO (black floc solid). The results the matrix to return to its original shape after desorption (Jeromenok
confirm the findings of Abdelhamid et al. (2022); this study highlights and Weber, 2013; Weber et al., 2011).
the use of metal in combination with free oxide to form ZnO before The textural properties of all materials are summarized in Table 1.
reconstructing itself to become ZIF-8 (Abdelhamid et al., 2022). The composite of C2 indicates the highest textural properties, possibly
The N, adsorption-desorption profiles of CNF, Cu-BTC, C1, C2, C3, caused by using TEA as crosslinkers. (Zhang and Pinna, 2024) reported
and C4 (Fig. 6) follow the isotherm profile type II, indicating micropo- that TEA may slowly deprotonate the ligand, opening more pores and
rous or non-porous material. The CNF exhibits non-porous and has no giving CNF more access to interconnecting with the Cu-BTC. This phe-
identifiable monolayer formation, while Cu-BTC, C1, C2, C3, and C4 are nomenon increases the pore diameter of C2, allowing higher capacity of
microporous. The type II isotherm is commonly associated with a curcumin loading.
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Fig. 6. The N, adsorption-desorption profiles of (a) CNF, (b) Cu-BTC, (c) C1, (c) C2, (e) C3, and (f) C4.

Table 1
The textural properties of CNF, Cu-BTC, C1, C2, C3, and C4.
Material® Surface Area Pore diameter Pore Width
(m*/g) (nm) (nm)
CNF 36.7 4.2 6.6
Cu-BTC 41.9 5.2 10.6
C1 43.6 7.2 10.7
Cc2 143.3 46.2 13.3
Cc3 17.4 12.6 13.8
Cc4 7.4 10.5 11.7

@ C1: CNF/Cu-BTC composite fabricated using in-situ technique; C2, C3, C4:
CNF/Cu-BTC composite synthesized via ex-situ method using triethylamine,
citric acid, and glutaraldehyde, respectively.

3.2. Initial performance comparison of CNF, Cu-BTC, and composites on
the curcumin uptake

The initial performance of all samples on the uptake of curcumin is
conducted; the results are summarized in Fig. 7. The adsorption capac-
ities of CNF, Cu-BTC, C1, C2, C3, and C4 are found at 40.77 mg/g,
150.7 mg/g, 386.0 mg/g, 688.7 mg/g, 347.4mg/g, 294.8mg/g,
respectively. The significant difference in the curcumin uptake perfor-
mance between the single component (CNF and Cu-BTC) and the com-
posites (C1, C2, C3, and C4) shows that the material’s interior structure
and functional groups are essential in increasing the performance. The
role of cellulose as a matrix for the distribution and deposition of Cu-BTC
hinders the aggregation of these particular MOF particles, creating more
significant numbers of binding sites for curcumin. The mechanism of
curcumin adsorption to the CNF/Cu-BTC composites (C1, C2, C3, and
C4) is predicted to be driven by the presence of hydroxyl (-OH) and enol
groups in curcumin, which are connected to the composite, which also
possesses a hefty number of -OH groups and oxygen, coming from
TEMPO oxidation; creating hydrogen bonds between the composite and
the drug. Theoretically, the presence of TEA, citric acid, and glutaral-
dehyde as organic linkers provides a more significant number of binding
sites (-OH groups and oxygen) in C2, C3, and C4. However, C2 achieves

688.7
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294.8
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Fig. 7. The curcumin uptake capacity of CNF, Cu-BTC, C1, C2, C3, and C4
(solid loading = 0.1 %, C, = 1000 mg/L, t = 24 h, pH = 7, T = 25°C).

the highest adsorption capacity in this work compared with the other
composites. This might be due to the formation of a three-dimensional
matrix promoted by TEA, which increases surface availability [32,40].
Meanwhile, the uptake capacity of C4 is the lowest, which is attributed
to the solid aggregation in C4 (as seen in SEM images — Fig. 2). This
particle agglomeration significantly lowers the active area for binding,
which contributes to the low uptake capabilities (Mahmoodi and Abdi,
2019). The citric acid-crosslinked composite, C3, shows a considerably
lower uptake capacity than C1 and C2. Mali et al. (2018) studied that the
overall neutral charge owned by citric acid may hinder the adsorption
(Mali et al., 2018).

The statistical t-test of the curcumin uptake capacity of all materials,
presented in Table 2, is conducted to determine the p-value using a 95 %
confidence level. The p-value lower than 0.05 (p < 0.05) indicates that
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Table 2
The statistical t-test result of CNF, Cu-BTC, C1, C2, C3, and C4.
1st material® 2nd material® p-value
In-situ composite Ex-situ composites 1.2 x107° Significant
Cl c2
c3 1.9 x1072 Significant
c4 3.9 x107° Significant
Ex-situ composites Ex-situ composites
c2 c3 2.6 x107° Significant
c4 5.2 x107° Significant
c3 c4 2.1 x1072 Significant
Ex-situ composite Single component
c2 CNF 1.3 x10°° Significant
Cu-BTC 9.3 x107® Significant

# C1: CNF/Cu-BTC composite fabricated using in-situ technique; C2, C3, C4:
CNF/Cu-BTC composite synthesized via ex-situ method using triethylamine,
citric acid, and glutaraldehyde, respectively.

the comparison between the composite materials is statistically signifi-
cant. As seen from Table 2, the uptake capacities of ex-situ composites
are significantly higher than that of C1, with C2 being the highest. This is
likely due to the hefty CHy groups in the TEA linker, increasing the
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ability of electron transfer between curcumin and the surface of C2.
Moreover, a significant difference in the curcumin uptake capacity is
also observed when C2 is compared with its single constituting materials
(CNF and Cu-BTC). A more elaborate study to compare the performance
and behavior of all composites is discussed in the following sections.

3.3. The pH influence on the curcumin uptake of various composites

Fig. 8 shows that the pH condition on the curcumin uptake of various
composites does not give any significant changes, indicating that the
adsorption behaviors of the composites do not depend on the surface
charge. The highest uptake performance of curcumin is monitored at C2,
likely due to the higher number of CH; groups — originating from TEA
compared with other crosslinkers. The CH, interaction of composites
and curcumin follows the Van Der Waals principle. According to Li et al.
(2019), adding TEA to Cu-BTC significantly influences the particles’
electron transfer ability and active response, resulting in higher uptake
performance than other composites. In addition, the TEA structure
consists of nitrogen and methyl groups, which can assist in the attach-
ment of curcumin to C2.
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Fig. 8. The influence of pH on the curcumin uptake performance: (a) C1, (b) C2, (c) C3, (d) C4 (composite loading = 0.1 %, C, = 1000 mg/L, t = 24 h, and T = 25°C).
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3.4. Behavioral studies of curcumin uptake by CNF/Cu-BTC composites

The kinetic profile of various composites can be seen in Figure S2 to
study the behavior of the curcumin uptake into various composites, and
the fitted parameters are summarized in Table S4. Figure S2 shows a
rapid increase in the adsorption of curcumin at the first 100 min and
reaches equilibrium at 1440 min for all composites. The loading ca-
pacity escalates when the temperature increases from 30°C to 50°C,
showing an increase in the diffusion rate of curcumin across all com-
posites. Based on the computed parameters (Table S4), the experimental
data show a better fit to PSO than PFO, suggesting the governing
mechanism is mainly chemical interaction. However, since the general
PFO and PSO equation does not take account of the boundary layer or
external resistance, the chemical interaction is not necessarily the rate-
limiting step of the adsorption since a good fit does not determine the
fundamental nature of the rate-limiting step. Adding half-time () in the
equation (to become modified PFO and modified PSO) may improve the
accuracy of determining the rate-limiting step as described by (Hu et al.,
2022). The changes in good fitting from PSO to PFO across all com-
posites suggest that the adsorption mechanism is closer to physisorption.
These findings are further described by the adsorption mechanism of the
composites, which is hydrogen bonding between the phenyl group from
curcumin and the OH group from Cu-BTC.
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Further, the curcumin adsorption to the composites does not change
the chemical structure of the composites, which is in line with previous
studies (Liang et al., 2022; Munasinghe et al., 2023). The employed MPO
model supposedly shows the linear combination of first- and
second-order, resulting in various intermediate behaviors between the
PFO and PSO models. However, due to the unfitting of the PSO model,
the MPO model cannot be calculated further, confirming the
non-existence of PSO as the rate-limiting step. The n-value on the
calculated PNO model of all composites is obtained at n = 0.3, indicating
that the order of PNO is near to the first order and confirms the phys-
isorption nature of adsorption. Using the modified PFO model as the best
fit, the calculated equilibrium capacity in all composites shows the
tendency to escalate with the increase of temperature, implying the
endothermic nature of the adsorption. The calculated activation energy
is obtained at 29.90 kJ/mol for C1, —12.07 kJ/mol for C2, 0.13 kJ/mol
for C3, and 1.44 kJ/mol for C4.

The Webber-Morris model is employed to elaborate further on the
adsorption steps in this study. The fitted data are presented in Fig. 9,
while the calculated parameters are summarized in Table 3. The
migration of curcumin from the bulk solution into the pores of the
composites can be described in several steps, which are represented by
the dashed line in Fig. 9: (1) The rapid transfer of curcumin from the
bulk solution to the surface of the composites; (2) the curcumin slowly
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Fig. 9. The Weber-Morris fitted data of various composites: (a) C1, (b) C2, (c) C3, and (d) C4 (solid line represents non-linear Weber-Morris; dashed line represents

linear fitting of each stage).
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Table 3
The calculated adsorption kinetic parameters by the Weber-Morris model.
Material® Parameters T
(9]
30 40 50

c1 Kipa (mg/g.min’%) 9.18 10.76 10.63
Kipd1 1.58 1.62 1.70
Kipdz 0.18 0.1 0.17
Kipds 0.04 0.24 0.15
¢ 51.50 32.20 40.19
R? 0.94 0.94 0.94

c2 Kipa (mg/g.min"%) 17.93 19.44 19.04
Kipa1 1.13 1.19 1.27
Kipdz 0.37 0.54 0.50
Kipds 0.24 0.03 0.02
¢ 8.9 x1071° 8.9 x10°% 45.9
R? 0.98 0.97 0.96

c3 Kipa (mg/g.min®%) 8.19 9.23 9.26
Kipa1 0.76 0.77 0.82
Kipdz 0.14 0.13 0.13
Kipds 0.08 0.14 0.14
C 46.13 43.85 43.80
R? 0.94 0.95 0.95

C4 Kipa (mg/g.min’%) 6.88 6.98 6.98
Kipa1 0.74 0.77 0.77
Kipdz 0.07 0.07 0.07
Kipds 0.11 0.11 0.09
¢ 55.05 59.33 63.80
R? 0.90 0.89 0.89

# C1: CNF/Cu-BTC composite fabricated using in-situ technique; C2, C3, C4:
CNF/Cu-BTC composite synthesized via ex-situ method using triethylamine,
citric acid, and glutaraldehyde, respectively.

diffuses from the boundary layer to the pores of the composites; and (3)
the physical binding of curcumin molecules to active sites of the com-
posites via hydrogen bonding. The fitted adsorption constants for each
stage (Kipd1, Kipd2, and Kipa3) from Table 3 demonstrate that kipq; is more
remarkable than other parameters, and all composites exhibit a similar
pattern. These findings suggest that the rate-determining phase appears
to be the diffusion of curcumin molecules from the bulk solution to the
surface of composites. It is followed sequentially by the gradual intra-
particle diffusion and the chemical binding of curcumin to composites.
The results above are supported by Elovich’s theory, which states that
the adsorption rate dropped exponentially as the amount adsorbed
increased. The endothermic nature of the uptake is verified by the
calculated parameters of kipq, which proportionally inclines along with
the temperature.

Figure S3 presents the isotherm profile of the curcumin uptake by
various composites, and the calculated parameters are outlined in
Table S5. The isotherm profiles of all composites reveal the presence of
two stages: (1) the first stage at a low concentration of bulk curcumin
solution (0-500 mg/L) shows a tendency to monolayer adsorption, and
(2) the higher concentration of curcumin exhibits an aptitude to
multilayer adsorption. The findings elaborate that curcumin undergoes
competitive adsorption (CoA) at low concentrations where the existing
curcumin molecules compete to bind onto the surface of composites.
Meanwhile, during the increased concentration of curcumin, the stron-
ger affinity between attached curcumin and free curcumin in bulk so-
lution leads to the occurrence of cooperative adsorption (CA), resulting
in the expansion of cluster, creating layers on the surface of the com-
posites, which supports the multilayer concept that was previously
observed in the Ny sorption results.

During the first CoA stage, the equilibrium data better fit the Lang-
muir model than the Freundlich model. These results suggest that cur-
cumin adsorption in this stage follows a monolayer mechanism and
happens homogeneously within the surface of composites. However, the
opposite occurs during the second stage, where the Freundlich model
best fits the equilibrium data, implying the multilayer adsorption in all
composites. The increasing value of qp,.1, in the first stage is observed in

10
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all composites, which signifies their endothermic natures. It is also
supported by the enhanced Temkin constant (Kt) and temperature. The
Temkin’s heat of sorption (Et) values at the first and second stages are
observed below the minimum energy threshold for chemisorption at
20 kJ/mol (Atkins, 1999), implying the physical interaction between
adsorbate and adsorbent. Meanwhile, the D-R’s mean sorption energy
(Epr) values of all composites in the first stage are found below
8 kJ/mol, indicating the physisorption. In the second stage, all Ep g
values are higher than 8 kJ/mol, revealing that the chemical ion ex-
change mechanism drives the interaction between the first curcumin
layer and the free curcumin.

Further investigation for the multilayer adsorption is conducted
using the BET model, as the model can describe the nature of the first
and upper layers of the adsorption. The thermodynamic behavior will
also be discussed using the resulting parameters. The computed ther-
modynamic properties (Gibbs free energy (AG®), enthalpy (AH°), and
entropy (AS°)) are given in Table 4. The negative values of AG® in all
composites indicate that curcumin’s adsorption on composites happens
spontaneously and favorably. At T ranging from 30°C to 50°C, AG®
values consistently demonstrate stability, signifying the enduring af-
finity of curcumin to composites amid temperature fluctuations. The
positive values of AH° in C1 and C4 are positive in the first layers, which
exhibit a constant endothermic nature. However, C4 experiences ther-
modynamic instability in the upper layer because it changes to
exothermic. Conversely, the AH® values are negative in the first layer of
C2 and C3 and positive in their upper layers, also referring to the change
of thermodynamic behavior during the uptake. The entropy (AS°) of all
composites shows a decreasing value from the first layer to the upper
layer, implying a decrease in randomness on the surface of the com-
posites at different layers.

3.5. The curcumin release performance and kinetic behavior

The curcumin release from various composites is conducted for 96 h

Table 4
The thermodynamic parameters of the curcumin uptake onto C1, C2, C3, and C4.
Material® T AH° AS° AG®
Q) (kJ/mol) (kJ/mol.K) (kJ/mol)
C1 First Layer 30 9.11 0.99 —292.3
40 —302.2
50 —-312.3
Upper Layer 30 9.15 0.08 —15.41
40 —16.22
50 —17.03
C2 First Layer 30 —165.4 0.43 —297.2
40 —-301.6
50 —-305.9
Upper Layer 30 5.78 0.07 —-16.74
40 —17.48
50 -18.23
C3 First Layer 30 —36.42 0.85 —294.4
40 —-302.8
50 —311.4
Upper Layer 30 7.34 0.07 —14.81
40 —15.54
50 -16.27
C4 First Layer 30 31.06 1.08 —297.4
40 —308.3
50 -319.1
Upper Layer 30 —0.38 0.05 —14.67
40 —15.14
50 —15.61

# C1: CNF/Cu-BTC composite fabricated using in-situ technique; C2, C3, C4:
CNF/Cu-BTC composite synthesized via ex-situ method using triethylamine,
citric acid, and glutaraldehyde, respectively.
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at pH 5.5 and 7.4 to mimic the blood plasma condition. The release data,
plotted in Fig. 10, reveals the slow release behavior of all composites
between the first minute of release and 600 min, followed by a constant-
rate release to achieve maximum cumulative release. This behavior is
beneficial because the drug is released in a controlled manner. The
likelihood of adverse consequences from an abrupt burst release may
likewise be decreased, if not eliminated, by such a gradual release.
Additionally, it can potentially have a long-lasting, consistent thera-
peutic effect.

Fig. 10 illustrates that the release of C1 is 23.20 % at pH = 7.4 and
increases to 26.30 % at pH = 5.5. For C2, the release is 36.70 % at pH
7.4 and rises to 39.10 % at pH 5.5. Meanwhile, C3 shows a release of
30.20 % at pH 7.4, increasing to 35.28 % at pH 5.5, and lastly, C4 has a
release of 22.10 % at pH 7.4 and decreases to 19.50 % at pH 5.5. The pH
responses at acidic conditions for composite material provoke the metal-
ligand framework to degrade; hence, it is beneficial to prevent prema-
ture curcumin release. Among all composites, the lowest cumulative
release happens in C1, the CNF/Cu-BTC composite synthesized via in-
situ technique. The lack of linkers in C1 is predicted to be the main
reason for this low cumulative release, as linkers generally initiate the
degradation of the composites and increase the release capacity.

Meanwhile, the highest release is observed in C2. It can be attributed

Industrial Crops & Products 222 (2024) 120048

to the basic nature of TEA, which is more sensitive to acidic environ-
ments and leads to electron exchange. The interaction causes the com-
posite structure to be readily degraded and more prone to release the
confined curcumin, resulting in a higher release than the other com-
posites. Unlike TEA, both citric acid and glutaraldehyde are weak acids —
in acidic conditions, both components are harder to degrade and,
instead, retain their structures (He et al., 2021; Mali et al., 2018;
MikusSova and Mikus, 2021).

To further understand the release mechanism of C1, C2, C3, and C4,
several release kinetic models, e.g., Higuchi, Hixson-Crowell, and
Korsmeyer-Peppas, are fitted to the data, and the results are presented in
Table S6. Among the three models, the Korsmeyer-Peppas model is well-
fitted to the release data of all composites with R? >0.84, followed by
Higuchi - suggesting the slow diffusion rate. According to the literature,
the release mechanism of any polymer material generally follows one of
two pathways: chemical (solute diffusion, degradation of material) or
physical (swelling of polymer) routes (Korsmger et al., 1983), and is
indicated by the n value (the transport constant or the release exponent)
of Korsmeyer-Peppas model. Table S6 shows that the n values in all
materials are less than 0.5, indicating the curcumin release via a
chemical pathway — where the degradation of the material’s structure
due to pH sensitivity and subsequent solute diffusion from the matrices
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happens during the release.

The release rate constant of Korsmeyer-Peppas (Kgp) shows that a
higher Kgp value indicates fast release, while a lower Kyp value indicates
low transport kinetic. The Kgp values of C2 — C4 are between the highest
(0.034) and the lowest (0.013), implying a sustained release compared
to C1. A non-linear trend of Hixson-Crowell is observed in all materials,
suggesting that curcumin release is oppositely proportional with a sur-
face area of C1-C4 (Abdelhameed et al., 2017; Ani Jose, 2018; Emam
and Mohamed, 2021; Emam and Shaheen, 2022; Wu et al., 2019). Based
on the results, it can be concluded that the drug transport mechanism
follows (1) the Quasi-Fickian diffusion, (2) the first-order transport, and
(3) the non-swellable mechanism.

4. Conclusions

This study compares the curcumin uptake capabilities of CNF/Cu-
BTC composites synthesized using in-situ (Cl) and ex-situ (C2)
methods. The maximum curcumin uptake of C1, C2, C3, and C4 at the
respective values of 386.0 mg/g, 688.7 mg/g, 347.4 mg/g, and
294.8 mg/g is significantly higher compared with that of CNF
(40.77 mg/g) and Cu-BTC (150.7 mg/g). The enhanced uptake capacity
of C1, C2, C3, and C4 can be ascribed to the composite materials’ three-
dimensional structure, increasing their textural properties. Moreover,
the dispersity of Cu-BTC on the surface of CNF creates a more significant
number of binding sites for curcumin - heightening the uptake perfor-
mance. The uptake behavior of curcumin follows the modified PFO
model with half-time (1) with CoA adsorption (monolayer mechanism)
at low curcumin concentration and CA adsorption (multilayer aptitude)
at high concentrations of curcumin. The interaction for all composites is
governed by hydrogen bonding, where the hydroxyl (-OH) and enol
groups of curcumin bind the -OH groups and oxygen owned by the
composites. The release performance for all composites is slow and
controllable. The cumulative release is higher for C2 than the other
composites due to C2’s crosslinker (TEA) sensitivity to the acidic envi-
ronment. All composites (C1, C2, C3, and C4) show better performance
in the uptake/release of curcumin than the single CNF and Cu-BTC
materials, with excellent uptake/release capabilities in C2. Therefore,
the valorization of CHW to CNF/Cu-BTC composite will prominently
reduce waste and, at the same time, offer a better route for waste
circularity, as it may benefit the pharmaceutical and health sectors.
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