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Chlorophyll-a as pigments, exist in the green organelles for plants that act in photosynthesis.
Different studies were considered with demonstration of an effective separation technique of
Chlorophyll-a without decomposition; however, the reported methods were disadvantageous with
expensiveness and low quantum yield. The current work uniquely represents an investigative method
for the separation of Chlorophyll-a from spinach extract using cellulosic hybrids based on ZIF-8 @cellu
losic fibers (Zn-zeolitic imidazolate frameworks@cellulosic fibers) as a cost effective and recyclable
absorbents. To obtain hybrids, ZIF-8 was in-situ prepared over the cellulosic fibers (bamboo, modal
and cotton). The untreated and treated fibers were well characterized via FTIR, SEM, EDX, XRD, in
order to approve the successive impregnation of ZIF-8. Whereas, the microscopic images showed
that, microcrystalline ZIF-8 rods with length of 1.3-4.4 pm were grown over the cellulosic fibers. The
obtained hybrids and the untreated fibers were exploited in the separation of Chlorophyll-a via the
adsorption/desorption process. The chlorophyll-adsorption was followed Langmuir isotherm and
pseudo-second order model. The Langmuir maximum capacities of Chlorophyll-a onto hybrids were
followed the order of ZIF-8 @cotton (583.6 mg/g) >ZIF-8@modal (561.3 mg/g) >ZIF-8@bamboo
(528.7 mg/qg). After incorporation of ZIF-8, the maximum adsorption capacities of cellulosic fibers
were enhanced by 1.4-1.9 times. Adsorption of chlorophyll onto the applied hybrids was lowered by
27-28%, after five repetitive washing cycles. The data summarized that; chlorophyll was effectively
separated by the synthesized ZIF-8 @cellulosic fibers hybrids, whereas, the prepared hybrids showed
good reusability for application on wider scaled purposes.

Chlorophyll-a are pigments exist in green organelles for plants! to be mainly responsible for processing the
photosynthesis. The entire composition of chlorophyll-a and b were investigated by Fischer and Wenderoth?.
Mainly the difference between chlorophyll-a and b is their role in photosynthetic process, whereas, chlorophyll-
a is the principal pigment that is involved in the photosynthetic process, while, chlorophyll b is the accessorial
pigment, that act in collection of energy for passing into chlorophyll-a®. Both of chlorophyll-a and b are com-
posed of chlorin ring, whereas, 4 nitrogen atoms are surrounding a Mg?* ions, and different side chains and
hydrocarbon tails are also bonded to the chlorin ring, however, C7 in chlorin ring is bonded to CH; group in
case of chlorophyll-a, but, in case of chlorophyll b, C7 position of the chlorin ring is attached to CHO group*.
The purpose for separation of chlorophyll is to help in capturing a bit more of the spectra, plants have accessorial
pigments known as carotenoids that could reflect the yellow, orange, and red light, absorbing a portion of the
green light of spectrum, however, chlorophyll-a tends to mask the most of these pigments in plants, so to see
these pigments, an effective method for their separation is considerably required.
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Tswett® was reported the first successful separation technique for chlorophyll-a via the modern chroma-
tography. Different chromatographic techniques like conventional column®, paper’, high-performance liquid
chromatography® and thin-layer® were investigated and applied for the analysis and separation of Chlorophyll-a.
In addition to the susceptibility of chlorophyll-a to some of chemical transformation reactions that might be
occurred through the extraction, the as-mentioned techniques were disadvantageous with low quantum yields. In
recent years!?, the counter-current chromatography (CCC) technique is exploited for separation of chlorophyll-a
from spinach leaves.

It must be considerably taken in mind that; it is essential to exploit separation techniques with minimum
effect of decomposition for the extractants. Adsorption is demonstrated as a favorable technique of separation,
as it can be proceeded at ambient condition to be advantageously characterized with cost effectiveness'!-°.
Various approaches were concerned with exploiting the membrane and sorption methods for extraction and
purification!*""”. Activated carbon and weakly polar or nonpolar porous polymers were ascribed as the most
commonly applicable adsorbents'*!8-2!. Considerable attention must be taken in account within processing the
adsorption technique for the granular size, pore and surface area of such adsorbents®, in addition to the reaction
temperature*>?*, Numerous researching reports also confirmed that the composition of the adsorbents could be
significantly affect the adsorption performance'*?>%. It was also reported that, the adsorption could be improved
through - (stacking) and Van der Waals interactions with the aromatic moieties of the adsorbents**?’.

Metal-organic frameworks (MOFs) are ascribed as a highly applicable microporous inorganic- organic coor-
dinative polymeric matrices that are advantageous, due to, low density, tunable constructions and high surface
area. These superiorly applicable matrices exhibit high potency in the adsorption®!, hydrogen storage****, and
catalysis®®*%. Zeolitic imidazolate frameworks (ZIFs) as one of the highly applicable MOFs, are porous matrices
that contain divalent metal and coordinately bonded with imidazole ligand. ZIF exhibits specific characters like
high thermal stability compared to the other zeolites®.

ZIFs composed of cations such as zinc or cobalt that are coordinately bonded with nitrogen atoms by di-topic
imidazolate moieties (im") to give up a highly stabilized framework**#°-#2, Each zinc cation is coordinatively
bonded to four imidazolate moieties, whereas, the building units [Zn** (im~),] seem to look like silicon dioxide
tetrahedron in zeolites, with bond angle of 145° for zinc-imidazolate-zinc that is closer to that of silicon-oxy-
gen-silicon. Guest-free ZIFs are advantageously characterized with high pore volume and surface area as classical
metal organic frameworks**'~#. Attributing to these advantages, ZIFs exhibit the great potentiality for the gas
storing and separation®®#-%,

ZIF-8 as a type of Metal-organic frameworks (MOFs) is categorized as a tremendous porous coordination
polymeric matrix that is successfully exploited in many purposes; attributing to the controllability of pores and
high specific surface area. ZIF-8 is one type of ZIFs that considerably attracted the attention of researchers owing
to its SOD (Sodalite framework) of crystal topography, with pore size of 11.6 A%. ZIF-8 has Lewis acid-base char-
acters, as Lewis acid is acquired from Zn?*, whereas Lewis base from nitrogen atoms in the imidazole moieties.
This explains that ZIF-8 has potency as a heterogeneous catalyst, as it was reported to be applicable as a catalyst
in Knoevenagel reaction®"*2. Some approaches were studied the modification of ZIF-8 in order to enhance their
characters and applications. Li et al.> exploited nickel nanoparticles and ZIF-8 to improve the catalytic affinity
in the Ammonia boran hydrolysis. Zahmarikan et al.>* studied the combination of Iridium nanoparticles and
ZIF-8 to accelerate the rate of cyclohexane hydrogenation.

Consequently, the current study concerned with the separation of chlorophyll from spinach extract by using
the synthesized ZIF-8@cellulosic fibers hybrid. The point of novelty in the current approach is to investigate
the affinity of different cellulosic fibers to act as a supporting template for uploading ZIF-8 in order to be easily
applicable as recyclable hybrid for separation of Chlorophyll-a. Firstly, ZIF-8 was in-situ synthesized over differ-
ent cellulosic fibers (bamboo, modal and cotton) to obtain ZIF-8@cellulosic fibers hybrids. The prepared hybrids
were characterized by different characterization tools including; scanning electron microscope, X-ray diffraction
and infrared spectroscopy. Separation of Chlorophyll-a from spinach extract was systematically studied by using
the obtained hybrids. Adsorption kinetic and adsorption isotherm of Chlorophyll-a were both investigated.
Chlorophyll-a desorption as well as recyclability of the applied hybrids were studied.

Results and discussion

Characterization of ZIF-8 @cellulosic fibers hybrids. ZIF-8@cellulosic fibers hybrids were obtained
by in situ preparation of ZIF-8 in presence of the cellulosic fibers. ZIF-8 was synthesized and directly incorpo-
rated within the fibers as presented in Fig. 1. The cellulosic fibers were interacted with the ZIF-8 via formation
bonds between hydroxylic groups of cellulose and zinc in ZIF-8. The hydrogen atoms in hydroxyl groups were
substituted by zinc forming ZIF-8@cellulosic fibers hybrids with Zn-O-C bridge. Moreover, the un-substituted
hydroxyl groups in fibers may form coordination and/or hydrogen bonding with -NH and/or Zn in ZIF-8,
respectively®>°.

SEM. The morphological and the surface characteristics of the obtained ZIF-8@cellulosic fibers hybrids
(ZIF-8@bamboo, ZIF-8@modal and ZIF-8@cotton) were presented as micrographs in Fig. 2. As a compari-
son, the micrographs and elemental analysis spectra for untreated fibers (bamboo, modal and cotton) were
also shown. Smooth and clean surface of untreated cellulosic fibers was observed and the elemental analysis
showed only the signals of carbon and oxygen which are related to cellulose backbone. For the synthesized
hybrids, microcrystalline ZIF-8 particles were obviously grown over the cellulosic fibers. Compared to bamboo
and modal fibers, the cotton fibers were densely covered with ZIF-8 particles which may be due to its higher
reactivity. Regardless to the nature of cellulosic fibers, ZIF-8 with rod-like structure was viewed onto the applied
fibers. The length of ZIF-8 rode particles onto fibers was ranged in 1.3-4.4 um. Based on the literature, there
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Figure 1. Synthesize scheme of ZIFs-8@cellulosic fibers hybrid.

were different geometrical shapes for ZIFs-8 represented in hexagonal, spherical and octagonal according to the
used experimental conditions®~¢!. In the present work, epitaxial growth of ZIF-8 (in rod-like structure) over the
fibrils and hence similar shape for fibers was produced, as all hybrids were prepared under the same experimen-
tal conditions. The elemental analysis spectra confirmed that the all of the prepared hybrids showed the signals
of nitrogen and zinc which characterized for ZIF-8, besides those of carbon and oxygen for cellulose.

XRD. Diffractograms of the synthesized hybrids and the untreated fibers were shown in Fig. 3. For the
untreated bamboo and modal fibers, three diffractions were recorded at 20 =14.5°, 16.6° and 25.8°. While for
the untreated cotton, four diffractions at 20 =14.4°, 16.5°, 22.8° and 25.8° were clearly observed. The recorded
diffractions are characterized for the crystalline cellulose in the fibers. The four main diffractions of ZIF-8 at
20=7.2°,10.2°, 12.7° and 18.0°°7°%%* were appeared for all synthesized ZIF-8@cellulosic fibers hybrids beside
those of cellulose. These recorded diffractions are corresponded to the crystalline lattice (110), (200), (211) and
(222) for the formed ZIFs-8°%°%6>%4 Compared to that were estimated for bamboo and modal, the intensity of
ZIF-8 diffractions was high in case of cotton, due to, higher ZIF-8 amount onto fibers as viewed from micro-
graphs. These diffractions are in harmony with the micrographs observations and further confirmed the forma-
tion of ZIF-8@cellulosic fibers hybrids.

FTIR. The spectral data of the infrared were measured for the untreated fibers (bamboo, modal and cotton)
and the synthesized hybrids (ZIF-8@bamboo, ZIF-8@modal and ZIF-8@cotton) and the obtained spectra were
collected in Fig. 4. Regardless to the type of fibers, the untreated cellulosic fibers exhibited five main absorb-
ance peaks at the wavenumber of 3268-3292, 2848-2866, 1604-1627, 1306-1378 and 992-998 cm™! which are
characterized for their cellulosic backbone®. The highlighted peaks are attributed to the vibration of hydroxyl
group, asymmetric of C-H aliphatic, carbonyl group, bending of C-H and the bending of C-C, respectively.
For the obtained hybrids, all the characteristics peaks of the cellulosic fibers were appeared. Besides, four new
peaks were observed at 1424/1305 cm™!, 1165 cm™ and 748 cm™ which are corresponding to the amide groups,
C-N, and imidazole ring for the ZIF-8, respectivelyﬁo'“. Additionally, the absorption peaks of N-H (3182 cm™),
aliphatic C-H (29 cm™), imidazole ring (1583 cm™) for the ZIF-8 were overlapped with the absorption peaks
of O-H, aliphatic C-H and C=O0 for cellulose. The peak of Zn-N bond was red shifted (lower wavenumber)
attributing to the formation of coordination bonding with the cellulose. The observed spectral data are showed
the interaction between ZIF-8 and fibers to consequently confirm the successful formation of ZIF-8@celluosic
fibers hybrids.

Separation of Chlorophyll-a. The obtained hybrids (ZIF-8@bamboo, ZIF-8@modal and ZIF-8@cotton)
were applied in Chlorophyll-a separation from the spinach extract. The untreated cellulosic fibers were also
used in Chlorophyll-a separation for the real comparison with hybrids. Selectivity of ZIF-8@cellulosic fibers was
approved via HPLC analysis (Supplementary data, Fig. S1). The separation of Chlorophyll-a was performed by
adsorption onto fibers followed by separation from fiber surface through desorption process. The chlorophyll-
adsorption onto the applied fibers/hybrids was studied as function of the contact time and Chlorophyll-a con-
centration. The absorbance spectra for the residual Chlorophyll-a in the tested solutions were exported and
presented in Fig. 5. From the showed spectra, the concentration of Chlorophyll-a in the residual solution was
significantly diminished by increment in the adsorption time which declares the increment in Chlorophyll-a
adsorption onto the applied hybrids. The residue concentration of Chlorophyll-a was detected by estimating
the absorbance peak intensity at 663 nm. Consequently, the adsorbed Chlorophyll-a amount was evaluated and
sketched with the contact time as kinetics (Fig. 6, kinetic) and chlorophyll concentration as isotherm (Fig. 7).
As notified from Fig. 6, the adsorption behavior of Chlorophyll-a onto the all-applied materials (fibers and
hybrids) was identical and the Chlorophyll-a adsorption was progressively increased with the adsorption time.
Chlorophyll-a adsorption was rapid in the first hour and slowed down in the next 2 h. This may be demonstrated
by the higher freely accessible active sites at the beginning of adsorption which were conquered and became
unavailable by time. The results declared that the hybrids showed significantly higher adsorption capacities
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Figure 2. Micrographs & EDX analysis for the obtained ZIFs-8@cellulosic fibers hybrid; (A) ZIF-8@bamboo
fibers, (B) ZIF-8@modal fibers and (C) ZIF-8@cotton fibers.
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Figure 2. (continued)

rather than the untreated cellulosic fibers. The adsorption capacity of Chlorophyll-a onto the applied fibers and
hybrids was followed the order of cotton < modal <bamboo and ZIF-8@cotton > ZIF-8@modal > ZIF-8@bamboo,
respectively. The highest adsorption capacity for ZIF-8@cotton could be attributed to the highest loaded ZIF-8
amount on cotton fibers compared to the other fibers.

Within the first 30 min, the adsorption capacity of Chlorophyll-a onto the untreated fibers was 218, 266 and
294 mg/g for cotton, modal and bamboo fibers, respectively. While the adsorption capacities onto hybrids were
considerably increased to 429, 458 and 473 mg/g for ZIF-8@cotton, ZIF-8@modal and ZIF-8@bamboo, respec-
tively. After 360 min, Chlorophyll-a adsorption capacities were 298.6, 327.5 and 345.9 mg/g for cotton, modal
and bamboo and 592.8, 578.8 and 541.7 mg/g for ZIF-8@cotton, ZIF-8@modal and ZIF-8@bamboo, respectively.
After incorporation of ZIF-8 within cellulosic fibers, the adsorption capacity of Chlorophyll-a was significantly
enlarged by 2, 1.8 and 1.6 times in case of bamboo, modal and cotton fibers, respectively.

In order to investigate the adsorption kinetic of Chlorophyll-a onto the applied materials (untreated fibers
and hybrids), the non-linear fitting of adsorption data was implemented to pseudo-first order and pseudo-second
order model (Fig. 6). All parameters of kinetic (Q,, K;, K,, R*) were summarized in Table 1 and the chi-squared
test (x?) as fitting analysis was calculated and inserted. For the all-applied hybrids, the experimental adsorption
capacities (Q.y,) Were quite similar to that theoretically estimated for the pseudo-second order model. Moreover,
the calculated x? values were smaller in case of pseudo-second order compared to that of pseudo-first order.
Subsequently, Chlorophyll-a adsorption onto the applied ZIF@cellulosic fibers hybrids ZIFs-8 was kinetically
followed to the pseudo-second order model. The estimated reaction rate (K,) for chlorophyll-adsorption was
1.23x107% 1.58 x 10~ and 1.89 x 10~* L/mg min for cotton, modal and bamboo and 2.14x 107, 2.85x 10~ and
3.12x107* L/mg min for ZIF-8@cotton, ZIF-8@modal and ZIF-8@bamboo, respectively. This means that, the
incorporation of ZIF-8 resulted in accelerating the adsorption of chlorophyll-and the fastest rate of adsorp-
tion was recorded for the ZIF-8@cotton fibers hybrid. The basis of pseudo-second order kinetic is declared
that the rate of chlorophyll-adsorption onto ZIF-8@cellulosic fibers hybrids was depended on Chlorophyll-a
concentration.

To study the adsorption isotherm, the adsorption capacity of Chlorophyll-a was drawn with the initial concen-
tration of Chlorophyll-a (1-9 mg/L) as given in Fig. 7. It was found that, the adsorption capacity of Chlorophyll-a
onto the applied materials (untreated fibers and hybrids) was gradually grown up with the initial concentration
until attain the plateau at the optimal concentration of 3 mg/L. After the optimal concentration of Chlorophyll-
a, marginal increment was recorded in the adsorption capacity. The isotherm for Chlorophyll-a adsorption was
checked for the non-linear fitting to Langmuir and Freundlich model (Fig. 8) and the all parameters of isotherm
(n, Kp Qn» K, R?) as well as x? values were all collected in Table 2. Owing to smaller values of x? and higher values
of R?, the adsorption isotherm data of Chlorophyll-a are very suitable to the Langmuir model. Consequently, the
chlorophyll-adsorption onto the untreated fibers and hybrids was performed by formation of the monolayer?$¢57,
The estimated maximum capacity of Chlorophyll-a adsorption onto cotton, modal and bamboo was 311.8, 359.8
and 371.9 mg/g, respectively, and onto ZIF-8@cotton, ZIF-8@modal and ZIF-8@bamboo was 583.6, 561.3 and
528.7 mg/g, respectively. After the incorporation of ZIF-8 within the cellulosic fibers, the estimated maximum

Scientific Reports |

(2023) 13:15208 | https://doi.org/10.1038/s41598-023-42151-9 nature portfolio



www.nature.com/scientificreports/

(a) ————
ZIF-8@Bamboo-
3
E/ -
2
£ i
c
2 Bamboo -
£ .
1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45
(b) ———
ZIF-8@Modal
5
s
2
‘B
C
8
£
(c) T T T T T T T T T T T T T T T T T T T
ZIF-8@Cotton 7]
e ]
)
2 i
B
C
E Cotton

5 10 15 20 25 30 35 40 45 50
2 Theta degree

Figure 3. XRD for the synthesized ZIFs-8@cellulosic fibers.

capacities of chlorophyll-adsorption were significantly enlarged by factor of 1.4-1.9. Moreover, according to the
estimated elemental analysis (Table S1), ZIF-8@cotton fibers hybrid, to exhibit the highest maximum capacity
of Chlorophyll-a adsorption from spinach extract owing to the highest ZIF-8 content (8.51 +0.92). Whereas,
cotton with the highest cellulose content compared to modal and bamboo, so as, cotton is exhibited with more
of accessible functional groups that could successively bonded with more of ZIF-moieties, resulting in higher
amounts of adsorbed chlorophyll. Moreover, for more affirmation, the metal content was estimated to be the
highest estimated value in case of ZIF-8@cotton compared to the other hybrids.
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Figure 4. IR spectra for the synthesized ZIFs-8@cellulosic fibers.

Chlorophyll-a adsorption onto the applied hybrids materials (untreated fibers and ZIF-8@fibers hybrids) was
further affirmed by the infrared spectra for the adsorbents after the adsorption step as shown in Fig. 5. Chloro-
phyll exhibited five main spectral absorption peaks at 3338, 2911/2844, 1702/1604, 1383 and 1016 cm™. These
highlighted peaks are corresponded to the O-H group, CH,/CH, aliphatic, C=O/C=C aromatic, C-N and C-O,
respectively as recorded in literature®®-"°. After adsorption of Chlorophyll-a, the absorption peaks of C=C, C-N
and C-O for Chlorophyll-a were detected for the applied fibers and hybrids which confirmed the adsorption of

Chlorophyll-a onto the fibers and hybrids.
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Figure 5. IR spectra for ZIFs-8@cellulosic fibers after chlorophyll adsorption.

The Langmuir maximum adsorption capacity for the ZIF-8@cellulosic fibers hybrid (544-596 mg/g) was com-
pared with that obtained in literature for several adsorbents as reported in Table 3. Adsorption of Chlorophyll-a
from diverse sources including spirulina (benzene extract), rapseed oil, rice brain oil, olive oil and model oil
(xylene solution) was previously studied in literature. Very low adsorption capacities of Chlorophyll-a were
obtained (0.1-10.2) by applying silica gel, acid activated speiolite, acid activated montmorillonite clay, acid
activated bentonite and activated earth, as adsorbent material’'~””. Using of folded-sheet mesoporous material
exhibited moderate adsorption capacity of Chlorophyll-a from spirulina and the capacity reached 292.0 mg/g”".
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Figure 6. Absorbance spectra for the chlorophyll after adsorption onto the synthesized ZIFs-8@cellulosic fibers
as function of time; (a) ZIF-8@bamboo fibers, (b) ZIF-8@modal fibers and (¢) ZIF-8@cotton fibers.

Rational high Chlorophyll-a adsorption was achieved from olive oil with capacity of 472.6 mg/g functionalized
mesoporous silica’®. Based on the summarized data from literature, the all presently synthesized ZIF-8@cellulosic
fibers hybrids exhibited extremely higher maximum adsorption capacities of Chlorophyll-a than the functional-
ized mesoporous silica. Consequently, the analogical results recommended that the synthesized hybrids can be
effectively applied in the chlorophyll-adsorption from the extract.

The adsorption of Chlorophyll-a onto the applied cellulosic fibers (bamboo, modal and cotton) and hybrids
(ZIF-8@bamboo, ZIF-8@modal and ZIF-8@cotton) was performed through physical and chemical pathways
as shown in Fig. 9. In the physical pathway, Chlorophyll-a was basically deposited within the inner spaces of
the fibers and/or pores of porous ZIF-8. However, the chemical pathway is the most probable rather than the
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Figure 7. Adsorption kinetic for chlorophyll adsorption onto the synthesized ZIFs-8@cellulosic fibers; (a)
pseudo-first order and (b) pseudo-second order.

Pseudo-first-order Pseudo-second-order

Samples Q.exp. (mg/g) | Q. (mg/g) |K;x107 (minute’) |R? x2 Q. (mg/g) | K,x10™* (L/mgmin) |R? x>

Cotton 298.6 292.1 45.7 0.98 701.9 | 304.2 1.23 0.99 21.0
ZIF-8@cotton 592.8 474.1 56.1 0.99 2428.9 |597.9 2.14 0.98 248.2
Modal 327.5 311.1 62.1 0.98 278.1 323.8 1.58 0.99 117.5
ZIF-8@modal 578.8 559.4 55.1 0.96 2459.8 583.4 2.85 0.99 251.1
Bamboo 3459 340.3 70.1 0.99 96.8 |350.2 1.89 0.99 18.7
ZIF-8@bamboo 541.7 519.1 56.5 0.95 8170.9 | 541.1 3.12 0.98 268.9

Table 1. Kinetic parameters for adsorption of chlorophyll-a on the synthesized ZIF-8@cellulosic fibers
hybrids.

physical pathway. Based on the chemical structure of Chlorophyll-a, three chemical interactions can take a place
between the applied materials and Chlorophyll-a during the adsorption process. Coordination bonds may be
formed between Zn of ZIF-8 in hybrids and O of Chlorophyll-a”. Hydrogen bonds can be formed between O
and H of cellulose in fibers/hybrids and H and O in Chlorophyll-a. An electrostatic interaction occurs between
the negatively charged cellulose surface and the positively charged Chlorophyll-a®-#!. Additionally, the imidazole
rings of ZIF-8 can easily form n-m interactions with the azole rings of Chlorophyll-a®>*. Due to its active sites
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Figure 8. Profile of isotherm for chlorophyll adsorption onto the synthesized ZIFs-8@cellulosic fibers; (a)
Langmuir model and (b) Freundlich model.

Freundlich Langmuir

Samples n | Kg R? X2 Q,, (mg/g) | K x102 |R? x2

Cotton 51 |201.1 |0.98 2484 | 311.8 199.7 0.99 9.9
ZIF-8@cotton 6.5 | 4829 |0.96 |2317.0 |583.6 1729.2 0.99 | 100.4
Modal 44 | 2101 |0.94 954.2 | 359.8 137.8 0.98 |250.8
ZIF-8@modal 6.5 | 4644 |0.97 |1761.3 |561.3 1747.2 0.98 | 141.2
Bamboo 51 |242.6 |0.95 905.4 | 3719 215.7 0.99 | 1059
ZIF-8@bamboo 8.1 |448.7 |0.94 |2549.8 |528.7 3192.0 099 |181.3

Table 2. Isotherm parameters for adsorption of chlorophyll-a on the synthesized ZIF-8@cellulosic fibers
hybrids.

(pores and functional groups), insertion of ZIF-8 in the cellulosic fibers significantly improved the Chlorophyll-a
adsorption. Comparing to the other hybrids, ZIF-8@cotton fibers hybrid showed the highest adsorption capacity
of Chlorophyll-a which is explained by the higher ZIF content.
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Adsorbent Chlorophyll source Maximum capacity (mg/g) | Reference number
ZIF-8@cotton fibers Spinach 583.6 Current work
Silica gel Spirulina (benzene) 7.0 71

Acid activated sepiolite Rapeseed oil 0.4 72
Acid-activated montmorillonite calys Rapeseed oil 1.1 73
H,SO,-activated bentonite Olive oil 0.1 74
H,SO,-Activated bentonite Model oil (xylene and edible oil solution) | 3.9-7.4 75
Acid-activated bentonite Model oil (xylene solution) 9.7-10.2 76

Activated earth (Tonsil Supreme 110 FF) | Rice brain oil 1.3-1.8 77
Folded-sheet mesoporous material Spirulina (benzene) 40.0-292.0 71
Functionalized mesoporous silica Olive oil 90.4-472.6 78

Table 3. Adsorption capacities (Q,,) of chlorophyll-a onto different adsorbents from literature.

OH HO
Q HO
O%O O
HO 0 o
3 o,

Figure 9. Plausible mechanism of chlorophyll adsorption onto ZIFs-8@cellulosic fibers.

Desorption, release and recyclability. To achieve the separation of Chlorophyll-a from spinach extract,
desorption of the adsorbed Chlorophyll-a was investigated. For desorption of Chlorophyll-a, the applied chloro-
phyll@ZIF-8@cellulosic fibers were placed in acetone at different time. UV-Vis spectra for the desorbed chloro-
phyll-a was mapped to be presented in supplementary data (Fig. S2). To optimize the best desorption conditions,
the release of Chlorophyll-a was systematically studied with different kinetic models including Higuchi and
Krosmeyer-Peppas as showed in Fig. 10.

The profile of Chlorophyll-a release from the applied hybrids was estimated by release percentage (Fig. 10A)
and release amount (Fig. 10B). Regardless to the hybrids used, the release profiles were similar. Chlorophyll-a was
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Figure 10. Cumulative release-time relationship of the chlorophyll from the fibers and ZIFs-8@cellulosic
fibers hybrids: (A) release percentage, (B) amount of chlorophyll released, (C) Higuchi model for kinetic of the
chlorophyll release and (D) Korsemeyer-Peppas model for kinetic of the chlorophyll release.

progressively released by the time, while the release was quite fast in the first hour. The released Chlorophyll-a
was high in case of hybrids rather than untreated fibers which are logically due to the higher adsorbed Chloro-
phyll-a onto hybrids. The data declared that, Chlorophyll-a was fully released after 6 h. Higuchi (Fig. 10C) and
Korsmeyer-Peppas (Fig. 10D) as two different kinetic studies were performed for the investigation of the release
of Chlorophyll-a to understand the mechanism of release. The kinetic parameters of Chlorophyll-a release was
presented in Table 4. According to the Korsmeyer-Peppas, the release of Chlorophyll-a was mainly depended
on the amount of chlorophyll-adsorbed. n values in Krosmeyer-Peppas are higher than 0.5, which confirmed
that the release is not performed through diffusion. The data showed good linearity for Higuchi modeling which
resulted in the proportional relationship between Chlorophyll-a release and surface area of hybrids.

Higuchi Korsemeyer-Peppas
Samples Kx10?2 |R? n [Kx102 |R?
Cotton 499.3 092 |1.1 |362.4 0.94
ZIF-8@cotton 654.8 0.99 0.5 |630.6 0.99
Modal 587.7 093 0.8 |4955 0.95
ZIF-8@modal 607.2 099 (0.7 |523.1 0.99
Bamboo 677.9 095 0.5 |627.7 0.95
ZIF-8@bamboo 629.4 0.97 0.7 |547.7 0.98

Table 4. Kinetic parameters for the release of chlorophyll-a from the fibers and hybrids.
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The kinetic of release summarized that the released (desorption) of Chlorophyll-a from hybrids is depended
on the amount of adsorbed chlorophyll-and is functional of the surface area. For completely release of Chloro-
phyll-a from the applied adsorbents, 6 h is required. Consequently, for study the recyclability, the applied adsor-
bents were immersed in acetone for 6 h. The reusability of the applied ZIF-8@cellulosic fibers hybrids was studied
through investigation of the recyclability to optimize the reusing of hybrids in adsorption of Chlorophyll-a several
cycles. After Chlorophyll-a desorption, the applied hybrids were submerged in the acetone for 6 h to complete
Chlorophyll-a removal. After desorption, the applied adsorbents (untreated fibers and hybrids) were air dried and
then reuse in the higher adsorption cycles. The reusability was investigated up to 5 cycles by repeating the sorp-
tion/desorption process for 5 repetitive cycles. According to Fig. 11, the adsorption capacities of Chlorophyll-a
onto the applied adsorbents were reduced after recycling, whatever the used adsorbent. Within 5 reusing cycles,
the adsorption capacity of Chlorophyll-a was decreased from 541.1 to 389.0 mg/g for ZIF-8@bamboo, from 583.4
to 420.8 mg/g for ZIF-8@modal and from 597.9 to 431.3 mg/g for ZIF-8@cotton. In case of untreated cellulosic
fibers, the adsorption capacities were diminished from 304.2-350.2 mg/g to 211.6-249.7 mg/g after 5 cycles. The
data summarized that, the adsorption of Chlorophyll-a onto untreated cellulosic fibers and ZIF-8@cellulosic
fibers was lowered by 29-33% and 27-28%, respectively after 5 consecutive cycles. Moreover, the surface area
and metal content before and after repeated adsorption cycles were estimated (Table S2), whereas, the surface
area and metal content is maximized in case of ZIF-8@cotton even after four adsorption cycles to be 558 m*/g
(before adsorption 610 m?/g) and 7.19 mg/g (before adsorption 8.51 mg/g), respectively. This approves that, the
synthesized ZIF-8@cellulosic fibers hybrids exhibited superior reusability in the Chlorophyll-a adsorption and
consequently the hybrids could be applied in large scale for separation of Chlorophyll-a.

Experimental section

Materials. Zinc nitrate hexahydrate (Zn (NO,),"6H,0, CAS No.: 10196-18-6, 98%), 2-methylimida-
zole (C,H(N,, CAS No.: 693-98-1, 99%), Methanol (CH;OH, HPLC, CAS No.: 67-56-1,>99.9%), Ethanol
(CH;CH,O0H, CAS No.: 64-17-5, 99.8%) and Acetone (CH;CH;CO, ACS reagent, CAS No.: 67-64-1,>99.5%)
were all purchased from Sigma-Aldrich and were used as received.

Three different cellulosic fibers were used namely; bamboo, modal and cotton. The bamboo fibers with linear
density of 1.3/1.4 denier/dtex and average length of 38.0 mm were purchased from East Asia Textile Technology
Limited—Shanghai, China. While, the modal fibers with linear density of 1.3/1.5 denier/dtex and average length
of 36.0 mm were supplied as gift samples from Lenzing Fibers Grims by Limited—United Kingdom. Cotton
fibers with linear density of 2.3/2.6 denier/dtex and average length 33.8 mm were supported as gift sample from
Misr Company for Spinning and Weaving, El-Mahalla El-Kobra-Egypt.

Processes. Preparation of hybrids. The hydrides of ZIF-8@cellulosic fibers (ZIF-8@bamboo, ZIF-8@mod-
al and ZIF-8@cotton) were synthesized via in-situ technique, while, the crystalline ZIF-8 were epitaxial formed
over the fibers. In brief, 2-methylimidazole (3.3 g) and zinc nitrate (1.5 g) were separately dispersed in 100 mL
of ethanol under continuous stirring at room temperature for one hour. Subsequently, 1 g of the cellulosic fibers
(bamboo, modal and cotton) was gently submerged in the solution of zinc ions under the continuous stirring.
After 1 day, the solution of ligand (2-methylimidazole) was sweetly added onto the mixture. The reaction of
mixture was further continued for one hour. The hybrids (ZIF-8@cellulosic fibers) were removed, gently washed
with methanol and finally dried at 60 °C under vacuum prior to characterization and applications. The obtained
hybrids were labeled as ZIF-8@bamboo, ZIF-8@modal and ZIF-8@cotton fibers.

I Cotton

B zIF-8@Cotton
I Vodal

B zIF-8@Modal

I Bambo

Il 2/F-8@Bambo

600

500 —

400

300

Q, (mg/g)

200

100
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Figure 11. Effect of reusability for ZIFs-8 on the chlorophyll adsorption.
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Extraction of Chlorophyll-a. ~ Spinach as Chlorophyll-a source, was picked from the market and cut into small
slices. Chlorophyll-a was extracted from the spinach leaves using sonication and maceration at room tempera-
ture. The spinach leaves were submerged in 80% ethanol/water mixture using solid/liquid ratio was 1/2 for
1 h. The plant cellular membrane was disrupted by action of sonication and using nonpolar solvents that is
specified for the extraction of Chlorophyll-a. The extracted Chlorophyll-a with dark green color were filtered
and centrifuged to remove the coarse particles. For analyzing of Chlorophyll-a, UV-Visible spectrophotometer
(Shimadzu, Japan, Model UV-160A) was used.

Characterization. The morphological features of the synthesized hybrids (ZIF-8@bamboo, ZIF-8@modal
and ZIF-8@cotton) were investigated under high-resolution scanning electron microscope (HRSEM Quanta
FEG, 250 FEI Company). The untreated cellulosic fibers (bamboo, modal and cotton) were also examined as
blank samples. Additionally, the elemental analysis and composition were measured by using the energy disper-
sive X-ray analyzer (EDX, AME-TEK analyzer) which attached with the microscope. X-ray diffractions for the
untreated cellulosic fibers and the prepared hybrids (ZIF-8@bamboo, ZIF-8@modal and ZIF-8@cotton) were
measured by using Philips X’Pert MPD diffractometer (A=1.5406 A). The infrared spectra were measured for
the untreated cellulosic fibers, the synthesized hybrids (ZIF-8@bamboo, ZIF-8@modal and ZIF-8@cotton) and
the synthesized hybrids after adsorption of Chlorophyll-a. The attenuated total reflection-Fourier transform
infrared spectroscopy (ATR-FTIR) were performed by using JASCO FT/IR-4700 spectrophotometer, (Japan).
The absorbance spectra were collected in the wavenumber range of 400-4000 cm™ with 1.0 cm™ interval and
repetitive scans of 64. The stability of MOFs within the treated fibers via analyzing surface area and metal content.

Chlorophyll-a separation. Separation of Chlorophyll-a from spinach extract was systematically studied
by adsorption onto the untreated fibers (bamboo, modal and cotton) and the synthesized hybrids (ZIF-8@bam-
boo, ZIF-8@modal and ZIF-8@cotton). Selectivity of ZIF-8@cellulosic fibers was approved via HPLC analysis,
whereas, Analysis was carried out in an Agilent 1100 Model HPLC instrument (Agilent Technologies, Santa
Clara, CA, USA) and a UV-Vis detector (Santa Clara, CA, USA). The total run time of the analysis was 20 min.
The flow rate was 0.90 mL min™!, and 20.00 uL of the sample were injected into the HPLC system. Compounds
present in the elution were monitored at 450 nm using a UV-vis detector. Peaks were identified by their retention
time, and were compared to the authentic standard of chlorophyll-a.

Adsorption experiments of Chlorophyll-a were carried out in 15 mL glass flask under different experimental
conditions including reaction time and concentration. In the adsorption experiments, 30 mg of the adsorbent
(fibers or hybrids) was immersed in 10 mL of chlorophyll extract (2 mg/L) and the mixture was stirred at 30+ 3 °C
for up to 8 h. At the end of experiment, the mixture was centrifuged, filtered and Chlorophyll-a concentration was
evaluated by using UV-Visible spectrophotometer (UV-160A, Shimadzu, Japan) and the capacity of adsorption
was subsequently estimated. The absorbance of Chlorophyll-a was recorded at A =663 nm and the concentration
of Chlorophyll-a solution before and after the adsorption were detected by the peak area and standard curve. To
study the adsorption kinetics, samples were periodically withdrawn from the reaction at different intervals. In
case of study the isotherm, the chlorophyll concentration in the extract was used in the range of 1-9 mg/L and
the experiments were performed at 30 +3 °C for 1 h. For each experiment, three independent replicated were
carried out and the average values were conducted.

Desorption and recyclability. Chlorophyll release was investigated herein through removal of chlo-
rophyll from the applied adsorbents as desorption process. After the adsorption of chlorophyll, the applied
adsorbents (untreated cellulosic fibers and ZIF-8@cellulosic fibers hybrids) were transported to 100 mL flask
containing 50 mL from acetone (80%) and then the flask was located for 6 h in the shaking water bath at 70 rpm.
The total concentration of Chlorophyll-a inside the solution was evaluated by UV-vis spectrophotometer (UV-
160A, Shimadzu, Japan). The kinetic study of Chlorophyll-a release was illustrated in order to optimize the best
desorption conditions. Subsequently, the recyclability of the applied materials in Chlorophyll-a separation from
spinach extract was performed via investigation the adsorption/desorption. After Chlorophyll-a desorption,
the renovated adsorbents were applied in the next adsorption cycle and current process (adsorption/desorp-
tion) was consecutively repeated five times. The mechanism of adsorption was approved via elemental analysis,
whereas, the percentage calculated from EDS and the results are expressed as mean + SD for determination of 10
points. C, H, N percentages were measured triplicate.

Statistical analysis. All adsorption data presented in the current work were conducted in the means for
three independent replicates and error bars/standard deviations were included in all data. All parameters of kinet-
ics and isotherms and all presented Figures were obtained and drawn by using Origin 8 program, respectively.

Conclusion

Separation of Chlorophyll-a from spinach extract by using ZIF-8@cellulosic fibers hybrids was currently
investigated. Hybrids were synthesized by directly preparation of ZIF-8 in presence of the cellulosic fibers
(bamboo, modal and cotton). Crystalline rods of ZIF-8 were observed over the cellulosic fibers with length
of 1.3-4.4 um. The adsorption of Chlorophyll-a onto the obtained hybrids was fit to pseudo-second order and
Langmuir isotherm. The adsorption capacities on to hybrids were followed the order of ZIF-8@cotton > ZIF-8@
modal > ZIF-8@bamboo. The maximum capacities were enlarged from 304.2 to 350.2 for untreated cellulosic
fibers to 528.7-583.6 mg/g for ZIF-8@cellulosic fibers hybrids. Chlorophyll-a was almost released from hybrids
within 6 h. Within 5 repetitive washing cycles, the adsorption capacity of hybrids towards Chlorophyll-a was
reduced by 27-28%. It could be hypothesized that, the adsorption of Chlorophyll-a on the hybrids was proceeded
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via physically with deposition in pores and/or chemically via n—m and electrostatic interaction. The obtained
results showed that, the most effective separation of Chlorophyll-a could be performed via the exploitation of
ZIF-8@bamboo even after five washing cycles. As analogous with literature, the synthesized hybrids exhibited
several advantages represented in the remarkable capacity towards chlorophyll-and recyclability.

Data availability

The all data generated or analyzed during the current study are included in this manuscript.

Received: 26 May 2023; Accepted: 6 September 2023
Published online: 14 September 2023

References

1. Vernon, L. P. & Seely, G. R. The chlorophylls (Academic Press, 2014).

2. Fischer, H. & Wenderoth, H. Chlorophyll XCIX optically active hemotricarboxylic imides from chlorophyll. Annalen 545, 140-147
(1940).

3. Pinnola, A., Staleva-Musto, H., Capaldi, S., Ballottari, M., Bassi, R. & Polivka, T. Electron transfer between carotenoid and chloro-
phyll contributes to quenching in the LHCSR1 protein from Physcomitrella patens. Biochim. Biophys. Acta - Bioenerg., 1857(12),
1870-1878 (2016).

4. Kriedemann, P. Chlorophyll absorption and photosynthetic action spectra. In Plants in Action Adaptation in Nature, Performance
in Cultivation (eds Atwell, B. . et al.) (Macmillan Education Australia Pty Ltd., 2010).

5. Tswett, M. Adsorptionsanalyse und Chromatogra-phische Methode. Anwendung auf die Chemie des Chlorophylls Ber. deutsch. bot.
Ges. 24, 384-393 (1906).

6. Omata, T. & Murata, N. Preparation of chlorophyll a, chlorophyll b and bacteriochlorophyll a by column chromatography with
DEAE-Sepharose CL-6B and Sepharose CL-6B. Plant Cell Physiol. 24(6), 1093-1100 (1983).

7. Sestak, Z. Paper chromatography of chloroplast pigments (chlorophylls and carotenoids). III, (1980).

8. Jefrey, S., Wright, S. & Zapata, M. Recent advances in HPLC pigment analysis of phytoplankton. Mar. Freshw. Res. 50(8), 879-896
(1999).

9. Sestak, Z. Thin layer chromatography of chlorophylls Photosynthetica (1982).

10. Jubert, C. & Bailey, G. Isolation of chlorophylls a and b from spinach by counter-current chromatography. J. Chromatogr. A
1140(1-2), 95-100 (2007).

11. Talukder, M. E. et al. Chitosan-functionalized sodium alginate-based electrospun nanofiber membrane for As (III) removal from
aqueous solution. J. Environ. Chem. Eng. 9(6), 106693 (2021).

12. Talukder, M. E. et al. Ag nanoparticles immobilized sulfonated polyethersulfone/polyethersulfone electrospun nanofiber membrane
for the removal of heavy metals. Sci. Rep. 12(1), 5814 (2022).

13. Pervez, M. N. et al. Fabrication of polyethersulfone/polyacrylonitrile electrospun nanofiber membrane for food industry wastewater
treatment. J. Water Process Eng. 47, 102838 (2022).

14. Soto, M. L., Moure, A., Dominguez, H. & Parajd, . C. Recovery, concentration and purification of phenolic compounds by adsorp-
tion: A review. J. Food Eng. 105(1), 1-27 (2011).

15. Kammerer, D. R., Kammerer, J. & Carle, R. Resin adsorption and ion exchange to recover and fractionate polyphenols. In Poly-
phenols in Plants 219-230 (Elsevier, 2014).

16. Kammerer, J., Carle, R. & Kammerer, D. R. Adsorption and ion exchange: Basic principles and their application in food processing.
J. Agric. Food Chem. 59(1), 22-42 (2011).

17. Martin, J., Diaz-Montafia, E. J. & Asuero, A. G. Recovery of anthocyanins using membrane technologies: A review. Crit. Rev. Anal.
Chem. 48(3), 143-175 (2018).

18. Buran, T. J. et al. Adsorption/desorption characteristics and separation of anthocyanins and polyphenols from blueberries using
macroporous adsorbent resins. J. Food Eng. 128, 167-173 (2014).

19. Zhao, Z. et al. Adsorption and desorption studies of anthocyanins from black peanut skins on macroporous resins. Int. J. Food
Eng. 11(6), 841-849 (2015).

20. Wang, W, Deng, J., Shi, X. & Liu, Y. Isolation, purification and structure identification of anthocyanins from Vitis davidii Foex
skin. Trans. Chin. Soc. Agric. Eng. 32(4), 296-301 (2016).

21. Zhang, P, Wang, L. & Fang, S. Modeling of the adsorption/desorption characteristics and properties of anthocyanins from extruded
red cabbage juice by macroporous adsorbent resin. Int. J. Food Eng. https://doi.org/10.1515/ijfe-2018-0239 (2019).

22. Soto, M. L., Moure, A., Dominguez, H. & Parajo, J. C. Batch and fixed bed column studies on phenolic adsorption from wine
vinasses by polymeric resins. J. Food Eng. 209, 52-60 (2017).

23. Yang, Y., Yuan, X,, Xu, Y. & Yu, Z. Purification of anthocyanins from extracts of red raspberry using macroporous resin. Int. J. Food
Prop. 18(5), 1046-1058 (2015).

24. Haddad, M., Oie, C., Duy, S. V,, Sauvé, S. & Barbeau, B. Adsorption of micropollutants present in surface waters onto polymeric
resins: Impact of resin type and water matrix on performance. Sci. Total Environ. 660, 1449-1458 (2019).

25. Ulbricht, M., Ansorge, W., Danielzik, I, Kénig, M. & Schuster, O. Fouling in microfiltration of wine: The influence of the membrane
polymer on adsorption of polyphenols and polysaccharides. Sep. Purif. Technol. 68(3), 335-342 (2009).

26. Caetano, M., Valderrama, C., Farran, A. & Cortina, J. L. Phenol removal from aqueous solution by adsorption and ion exchange
mechanisms onto polymeric resins. J. Colloid Interface Sci. 338(2), 402-409 (2009).

27. Dabrowski, A., Podkoscielny, P., Hubicki, Z. & Barczak, M. Adsorption of phenolic compounds by activated carbon—A critical
review. Chemosphere 58(8), 1049-1070 (2005).

28. Abdelhameed, R. M. & Emam, H. E. Design of ZIF (Co & Zn)@ wool composite for efficient removal of pharmaceutical intermedi-
ate from wastewater. J. Colloid Interface Sci. 552, 494-505 (2019).

29. Emam, H. E., Ahmed, H. B,, El-Deib, H. R, El-Dars, F. M. & Abdelhameed, R. M. Non-invasive route for desulfurization of fuel
using infrared-assisted MIL-53 (Al)-NH2 containing fabric. J. Colloid Interface Sci. 556, 193-205 (2019).

30. Thallapally, P. K. et al. Flexible (breathing) interpenetrated metal-organic frameworks for CO, separation applications. J. Am.
Chem. Soc. 130(50), 1684216843 (2008).

31. Yazaydin, A. O. et al. Screening of metal-organic frameworks for carbon dioxide capture from flue gas using a combined experi-
mental and modeling approach. J. Am. Chem. Soc. 131(51), 18198-18199 (2009).

32. Ma, L, Lee, ]. Y, Li, J. & Lin, W. 3D metal—-organic frameworks based on elongated tetracarboxylate building blocks for hydrogen
storage. Inorg. Chem. 47(10), 3955-3957 (2008).

33. Morris, R. E. & Wheatley, P. S. Gas storage in nanoporous materials. Angew. Chem. Int. Ed. 47(27), 4966-4981 (2008).

34. Hu, Y. H. & Zhang, L. Hydrogen storage in metal-organic frameworks. Adv. Mater. 22(20), E117-E130 (2010).

35. Abdelhameed, R. M., El-Shahat, M. & Emam, H. E. Employable metal (Ag & Pd)@ MIL-125-NH2@ cellulose acetate film for
visible-light driven photocatalysis for reduction of nitro-aromatics. Carbohyd. Polym. 247, 116695 (2020).

Scientific Reports|  (2023)13:15208 | https://doi.org/10.1038/541598-023-42151-9 nature portfolio


https://doi.org/10.1515/ijfe-2018-0239

www.nature.com/scientificreports/

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.
48.

49.

50.

. Emam, H. E., Ahmed, H. B., Gomaa, E., Helal, M. H. & Abdelhameed, R. M. Doping of silver vanadate and silver tungstate nano-
particles for enhancement the photocatalytic activity of MIL-125-NH2 in dye degradation. J. Photochem. Photobiol. A 383, 111986
(2019).

Emam, H. E., Ahmed, H. B., Gomaa, E., Helal, M. H. & Abdelhameed, R. M. Recyclable photocatalyst composites based on Ag;VO,
and Ag,WO,@MOF@ cotton for effective discoloration of dye in visible light. Cellulose 27(12), 7139-7155 (2020).

Emam, H. E., El-Shahat, M. & Abdelhameed, R. M. Observable removal of pharmaceutical residues by highly porous photoactive
cellulose acetate@ MIL-MOF film. J. Hazard. Mater. 414, 125509 (2021).

Park, K. S. et al. Exceptional chemical and thermal stability of zeolitic imidazolate frameworks. Proc. Natl. Acad. Sci. 103(27),
10186-10191 (2006).

Wang, B., Coté, A. P, Furukawa, H., O’Keeffe, M. & Yaghi, O. M. Colossal cages in zeolitic imidazolate frameworks as selective
carbon dioxide reservoirs. Nature 453(7192), 207-211 (2008).

Hayashi, H., Cote, A. P, Furukawa, H., O’Keeffe, M. & Yaghi, O. M. Zeolite A imidazolate frameworks. Nat. Mater. 6(7), 501-506
(2007).

Emam, H. E,, Darwesh, O. M. & Abdelhameed, R. M. Protective cotton textiles via amalgamation of cross-linked zeolitic imidazole
framework. Ind. Eng. Chem. Res. 59, 10931-10944 (2020).

Banerjee, R. et al. High-throughput synthesis of zeolitic imidazolate frameworks and application to CO, capture. Science 319(5865),
939-943 (2008).

Wu, H., Zhou, W. & Yildirim, T. High-capacity methane storage in metal-organic frameworks M2 (dhtp): the important role of
open metal sites. J. Am. Chem. Soc. 131(13), 4995-5000 (2009).

Pérez-Pellitero, J. et al. Adsorption of CO,, CH,, and N, on zeolitic imidazolate frameworks: experiments and simulations. Chem.
Eur. J. 16(5), 1560-1571 (2010).

Venna, S. R. & Carreon, M. A. Highly permeable zeolite imidazolate framework-8 membranes for CO,/CH, separation. J. Am.
Chem. Soc. 132(1), 76-78 (2010).

Krishna, R. & van Baten, J. M. In silico screening of zeolite membranes for CO, capture. J. Membr. Sci. 360(1-2), 323-333 (2010).
Huang, A., Bux, H,, Steinbach, F. & Caro, J. Molecular-sieve membrane with hydrogen permselectivity: ZIF-22 in LTA topology
prepared with 3-aminopropyltriethoxysilane as covalent linker. Angew. Chem. 122(29), 5078-5081 (2010).

Abdelhameed, R. M., Alzahrani, E., Shaltout, A. A. & Emam, H. E. Temperature-controlled-release of essential oil via reusable
mesoporous composite of microcrystalline cellulose and zeolitic imidazole frameworks. J. Ind. Eng. Chem. 94, 134-144 (2021).
Huang, L. et al. Synthesis, morphology control, and properties of porous metal-organic coordination polymers. Microporous
Mesoporous Mater. 58(2), 105-114 (2003).

51. Tran, U. P, Le, K. K. & Phan, N. T. Expanding applications of metal— organic frameworks: Zeolite imidazolate framework ZIF-8
as an efficient heterogeneous catalyst for the knoevenagel reaction. ACS Catal. 1(2), 120-127 (2011).

52. Cravillon, J. et al. Formate modulated solvothermal synthesis of ZIF-8 investigated using time-resolved in situ X-ray diffraction
and scanning electron microscopy. CrystEngComm 14(2), 492-498 (2012).

53. Li, P-Z., Aranishi, K. & Xu, Q. ZIF-8 immobilized nickel nanoparticles: Highly effective catalysts for hydrogen generation from
hydrolysis of ammonia borane. Chem. Commun. 48(26), 3173-3175 (2012).

54. Zahmakiran, M. Iridium nanoparticles stabilized by metal organic frameworks (IrNPs@ ZIF-8): Synthesis, structural properties
and catalytic performance. Dalton Trans. 41(41), 12690-12696 (2012).

55. Emam, H. E. & Abdelhameed, R. M. Anti-UV radiation textiles designed by embracing with nano-MIL (Ti, In)-metal organic
framework. ACS Appl. Mater. Interfaces. 9(33), 28034-28045 (2017).

56. Emam, H. E., Abdelhamid, H. N. & Abdelhameed, R. M. Self-cleaned photoluminescent viscose fabric incorporated lanthanide-
organic framework (Ln-MOF). Dyes Pigm. 159, 491-498 (2018).

57. Yang, S. et al. Facile synthesis of a zeolitic imidazolate framework-8 with reduced graphene oxide hybrid material as an efficient
electrocatalyst for nonenzymatic H,O, sensing. RSC Adv. 9(27), 15217-15223 (2019).

58. Rosler, C. et al. Hollow Zn/Co zeolitic imidazolate framework (ZIF) and yolk-shell metal@ Zn/Co ZIF nanostructures. Chem. Eur.
J. 22(10), 3304-3311 (2016).

59. Sun, W,, Zhai, X. & Zhao, L. Synthesis of ZIF-8 and ZIF-67 nanocrystals with well-controllable size distribution through reverse
microemulsions. Chem. Eng. ]. 289, 59-64 (2016).

60. Adnan, M., Li, K., Xu, L. & Yan, Y. X-shaped ZIF-8 for immobilization rhizomucor miehei lipase via encapsulation and its applica-
tion toward biodiesel production. Catalysts 8(3), 96 (2018).

61. Wu, C. et al. Fabrication of ZIF-8@ SiO, micro/nano hierarchical superhydrophobic surface on AZ31 magnesium alloy with
impressive corrosion resistance and abrasion resistance. ACS Appl. Mater. Interfaces. 9(12), 11106-11115 (2017).

62. Shahrak, M. N., Ghahramaninezhad, M. & Eydifarash, M. Zeolitic imidazolate framework-8 for efficient adsorption and removal
of Cr (VI) ions from aqueous solution. Environ. Sci. Pollut. Res. 24(10), 9624-9634 (2017).

63. Sann, E. E,, Pan, Y., Gao, Z., Zhan, S. & Xia, F. Highly hydrophobic ZIF-8 particles and application for oil-water separation. Sep.
Purif. Technol. 206, 186-191 (2018).

64. Schejn, A. et al. Cu**-doped zeolitic imidazolate frameworks (ZIF-8): efficient and stable catalysts for cycloadditions and condensa-
tion reactions. Catal. Sci. Technol. 5(3), 1829-1839 (2015).

65. Emam, H. E. & Bechtold, T. Cotton fabrics with UV blocking properties through metal salts deposition. Appl. Surf. Sci. 357,
1878-1889 (2015).

66. Abdelhameed, R. M., Shaltout, A. A., Mahmoud, M. H. & Emam, H. E. Efficient elimination of chlorpyrifos via tailored macropo-
rous membrane based on AI-MOF. Sustain. Mater. Technol. 29, €00326 (2021).

67. Abdelhameed, R. M., Taha, M., Abdel-Gawad, H. & Emam, H. E. Purification of soybean oil from diazinon insecticide by iron-
based metal organic framework: Effect of geometrical shape and simulation study. J. Mol. Struct. 1250, 131914 (2022).

68. Rosana, N. M., Amarnath, D., Anandan, S. & Saritha, G. Environmental friendly photosensitizing materials for harvesting solar
energy. J. Mater. Environ. Sci. 6, 2053-2059 (2015).

69. Ahmed, J. K., Amer, Z. ]. A. & Al-Bahate, M. ]. M. Effect of chlorophyll and anthocyanin on the secondary bonds of poly methyl
methacrylate (PMMA). Int. J. Tech. Res. Appl. 2(6), 73-80 (2014).

70. Setyawati, H. et al. Effect of metal ion Fe (III) on the performance of chlorophyll as photosensitizers on dye sensitized solar cell.
Results Phys. 7, 2907-2918 (2017).

71. Itoh, T., Yano, K., Inada, Y. & Fukushima, Y. Stabilization of chlorophyll a in mesoporous silica and its pore size dependence. J.
Mater. Chem. 12(11), 3275-3277 (2002).

72. Sabah, E. Decolorization of vegetable oils: Chlorophyll-a adsorption by acid-activated sepiolite. J. Colloid Interface Sci. 310(1), 1-7
(2007).

73. Mokaya, R., Jones, W,, Davies, M. E. & Whittle, M. E. The mechanism of chlorophyll adsorption on acid-activated clays. J. Solid
State Chem. 111(1), 157-163 (1994).

74. Pradas, E. G., Sanchez, M. V., Viciana, M. S. & Campo, A. G. Adsorption of chlorophyll-a from acetone solution on natural and
activated bentonite. J. Chem. Technol. Biotechnol. Int. Res. Process Environ. Clean Technol. 61(2), 175-178 (1994).

75. Tong, J., Wu, Z., Sun, X., Xu, X. & Li, C. Adsorption kinetics of beta-carotene and chlorophyll onto acid-activated bentonite in
model oil. Chin. J. Chem. Eng. 16(2), 270 (2008).

Scientific Reports|  (2023)13:15208 | https://doi.org/10.1038/541598-023-42151-9 nature portfolio



www.nature.com/scientificreports/

76. Wu, Z. & Li, C. Kinetics and thermodynamics of p-carotene and chlorophyll adsorption onto acid-activated bentonite from Xinjiang
in xylene solution. J. Hazard. Mater. 171(1-3), 582-587 (2009).

77. Pohndorf, R., Cadaval, T. Jr. & Pinto, L. Kinetics and thermodynamics adsorption of carotenoids and chlorophylls in rice bran oil
bleaching. J. Food Eng. 185, 9-16 (2016).

78. Ahn, Y. & Kwak, S.-Y. Functional mesoporous silica with controlled pore size for selective adsorption of free fatty acid and chlo-
rophyll. Microporous Mesoporous Mater. 306, 110410 (2020).

79. Emam, H. E. & Abdelhameed, R. M. Separation of anthocyanin from roselle extract by cationic nano-rode ZIF-8 constructed using
removable template. J. Mol. Struct. 1267, 133607 (2022).

80. Nazri, N. A. A. et al. Chlorophyll detection by localized surface plasmon resonance using functionalized carbon quantum dots
triangle Ag nanoparticles. Nanomaterials 12(17), 2999 (2022).

81. Murata, S., Hata, H., Kimura, T., Sugahara, Y. & Kuroda, K. Effective adsorption of chlorophyll a by FSM-type mesoporous silica
modified with 1,4-butanediol. Langmuir 16(18), 7106-7108 (2000).

82. Gao, Y. et al. A comparative study of rigid and flexible MOFs for the adsorption of pharmaceuticals: Kinetics, isotherms and
mechanisms. J. Hazard. Mater. 359, 248-257 (2018).

83. Yu, R. & Wu, Z. High adsorption for ofloxacin and reusability by the use of ZIF-8 for wastewater treatment. Microporous Mesoporous
Mater. 308, 110494 (2020).

Author contributions

All authors conceived of the presented idea. Dr. R.A., M.E-S. and H.A. carried out the experimental work and
performed the analytic calculations. Dr. R.A., Dr. H.A. and Dr. H.E. discussed the results and presented the data.
Dr. H.A. and Dr. H.E. supervised the findings of the work and wrote the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-42151-9.

Correspondence and requests for materials should be addressed to H.E.E., H.B.A. or RM.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:15208 | https://doi.org/10.1038/s41598-023-42151-9 nature portfolio


https://doi.org/10.1038/s41598-023-42151-9
https://doi.org/10.1038/s41598-023-42151-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Selective separation of chlorophyll-a using recyclable hybrids based on Zn-MOF@cellulosic fibers
	Results and discussion
	Characterization of ZIF-8@cellulosic fibers hybrids. 
	SEM. 
	XRD. 
	FTIR. 
	Separation of Chlorophyll-a. 
	Desorption, release and recyclability. 

	Experimental section
	Materials. 
	Processes. 
	Preparation of hybrids. 
	Extraction of Chlorophyll-a. 

	Characterization. 
	Chlorophyll-a separation. 
	Desorption and recyclability. 
	Statistical analysis. 

	Conclusion
	References


