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solvent assisted waste-derived
cellulose/ MOF composite porous matrix for
efficient metal ion removal: comprehensive
analysis of batch and continuous packed-bed
column sorption studies†

Anil Kumar K.,a Mohan Jujaru,a Jitendra Panwar b and Suresh Gupta *a

The use of metal–organic frameworks (MOFs) for wastewater treatment in continuous operation is a major

challenge. To address this, the present study demonstrates the eco-friendly and economic synthesis of Ca-

MOF immobilized cellulose beads (Ca-MOF-CB) derived from paper waste. The synthesized Ca-MOF-CB

were characterized using standard analytical techniques. Batch sorption studies were performed to

check the effect of cellulose composition (wt%), Ca-MOF loading, contact time, and initial metal ion

(Pb2+, Cd2+, and Cu2+) concentration. Ca-MOF-CB beads exhibited outstanding equilibrium sorption

capacities for Pb2+, Cd2+, and Cu2+, with estimated values of 281.22 ± 7.8, 104.01 ± 10.58, and 114.21 ±

9.68 mg g−1, respectively. Different non-linear isotherms and kinetic models were applied which

confirmed the spontaneous, endothermic reactions for the physisorption of Pb2+, Cd2+, and Cu2+. Based

on the highest equilibrium sorption capacity for Pb2+ ion, in-depth parametric column studies were

conducted in an indigenously developed packed-bed column set-up. The effect of packed-bed height

(10 and 20 cm), inlet flow rate (5 and 10 mL min−1), and inlet Pb2+ ion concentration (200, 300, and

500 mg L−1) were studied. The breakthrough curves obtained at different operating conditions were

fitted with the empirical models viz. the bed depth service time (BDST), Yoon–Nelson, Thomas, and Yan

to estimate the column design parameters. In order to determine the financial implications at large-scale

industrial operations, an affordable synthesis cost of 1 kg of Ca-MOF-CB was estimated. Conclusively,

the present study showed the feasibility of the developed Ca-MOF-CB for the continuous removal of

metal ions at an industrial scale.
1. Introduction

The rapid expansion of emerging industries has resulted in an
urgent need for clean and potable water amidst severe envi-
ronmental challenges.1 The contamination of water by inor-
ganic pollutants, specically metal ions, poses a signicant
threat to the environment and human health. These pollutants
are highly toxic, non-biodegradable, and possess a high
aqueous solubility, making them difficult to separate from
water and prone to bioaccumulation in living organisms.2 In
order to ensure a safe and sustainable water supply, it is crucial
to develop effective solutions for removing these pollutants
from water sources.
Institute of Technology and Science, Pilani
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Adsorption technology has been recognized as an effective
process in treating industrial water and wastewater remediation
due to its simplicity, effectiveness, and exibility.3 The possible
regeneration of spent adsorbent makes this process eco-friendly
and economical in comparison to other remediation methods.4

Most adsorption studies have been conducted only in batch
mode and are difficult to operate in large-scale continuous
operations.5 The major issue with the continuous mode of the
adsorption process is the slow adsorption rate and higher
equilibrium time of reported adsorbents.6

Advancements in the eld of adsorption technology have
seen remarkable progress in recent times, leading to the
development of several types of adsorbents. A diverse array of
adsorbents, including mesoporous compounds, activated
carbon, zeolite, and metal–organic frameworks (MOFs), has
been utilized to mitigate and eliminate environmental pollut-
ants. Among these, porous MOFs have garnered signicant
attention and have been extensively applied due to their versa-
tile applications and exceptional physicochemical properties.7

These complex materials are made up of organic linkers and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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inorganic metal nodes, which offer high porosity, adjustable
pore size and structure, the ability to selectively target specic
metal ions, and a faster rate of adsorption.8 These featuresmake
MOFs an excellent option for water remediation applications,
particularly in removing heavy metal ions from wastewater.
Most MOFs are synthesized using transition and post-transition
elements (Zr, Fe, Co, Ni, Cu, Zn, etc.). Most water-soluble MOFs,
such as MOF-5, ZIF-67, HKUST-1, and ZIF-8, are unsuitable for
applications in aqueous settings due to their solubility, which
can lead to structural collapse and harmful by-products.9,10 In
order to overcome the disadvantages, Ca-MOFs will be a better
choice because: (1) of its superior hydrolytic stability compared
to other MOFs, making them more suitable for aqueous envi-
ronments.11 (2) Calcium ions form stronger bonds with
common organic linkers than other metal clusters like Cu2+,
Fe2+, and Zn2+.10 (3) The enhanced stability of Ca-MOFs which
makes them more viable for harsh environments.7 Ca-MOFs
offer specic advantages as sorbents, such as the abundance
of Ca2+ (3.4%), lightweight, non-toxicity, high thermal stability,
and strong ionic interactions with organic ligands, contributing
to their higher sorption capacity and faster kinetics making
them especially suitable for industrial effluent, biological and
gas adsorption treatments.12 Our previous study demonstrated
ecofriendly synthesis of calcium MOF (Ca-MOF) particles with
signicant sorption capacity to remove multiple metal ions
from aqueous solution in a batch study.13 Although MOF
microparticles have unique properties due to their high surface-
to-mass ratio, there are still important disadvantages, viz.
aggregation, difficulty in separation aer use, leaching, bio-
accumulation, difficulty in using free (non-immobilized) parti-
cles in batch and continuous mode wastewater remediation.14

To operate the adsorption process in continuous mode, the use
of a packed-bed (xed-bed) column is most suitable techniques.
In this method, the sorbent is packed into a fabricated column
and the adsorbate is passed through the column in an up-ow
or down-ow manner at a constant ow rate.15 However, the
utilization of non-immobilized microparticles as packing
material in packed-bed adsorber is not feasible due to the risks
of hydrodynamic pressure drop, ow obstruction, loss of
particles, dead zone formation, and channeling.16,17

To address the limitations of using non-immobilized parti-
cles, researchers have explored immobilizing particles within
various porous supporting materials such as calcium alginate,18

silica,19 polyacrylamide,20 glass beads,21 monoliths,22 and cellu-
lose beads.23 Among all these materials, cellulose beads stand
out as a promising choice due to its sustainability, biodegrad-
ability, non-toxicity, strength, versatility, and low cost. Cellulose
is a bio-polymer consisting primarily of covalently linked b-
glucopyranose repeating units by b-1-4-glycosidic bonds, which
can be modied into different morphological sizes and
shapes.24 It has been widely used as an sorbent to remove metal
ions and other contaminants from wastewater.25 Utilizing
cellulose-based matrix/beads as a sorbent carrier can provide an
additional advantage to the efficient sorption process and limit
the disadvantages of non-immobilized particles in packed-bed
column operations.23 Moreover, as cellulose is derived from
a renewable and abundant source, it is an environmentally
© 2024 The Author(s). Published by the Royal Society of Chemistry
friendly alternative to the petroleum-based polymer carriers. It
has been estimated that globally around 100 million tons of
paper waste generated annually.26 Improper disposal and lack
of recycling of paper waste can have severe consequences,
including water pollution and greenhouse gas emissions.
Additionally, it can lead to the potential spread of diseases into
the environment.27 This growing problem highlights the
importance of nding sustainable ways to manage the large
quantity of paper waste. Extraction of cellulose from paper
waste and its utilization as a sustainable alternative to
petroleum-based polymer carrier can mitigate the impact of
paper waste generation and deforestation.28

Cellulose-bead preparation methods oen involve the use of
certain derivatizing solvents, such as dimethyl sulfoxide
(DMSO), and toxic chemicals, such as carbon disulde, which
can negatively impact the environment.27,29 In order to address
this issue, researchers have turned to ionic liquids (ILs) for the
cellulose dissolution process. Among the reported ILs such as 1-
ethyl-3-methylimidazolium chloride (EMIMCl) and 1-butyl-3-
methylimidazolium chloride (BMIMCl), 1-allyl-3-
methylimidozoium chloride (AMIMCl) is oen used to
dissolve cellulose due to its good thermostability and higher
yield of conversion. AMIMCl is considered as green solvent to
dissolve cellulose at room temperature.29 It has an excellent
cellulose solubility of up to 14.8 wt% at 80 °C, low volatility, and
is easy to recycle.27 In addition, synthesizing in-house AMIMCl-
IL can be cost-effective in the long term, as the initial invest-
ment of raw materials can be offset by the ability to produce
a large quantity of AMIMCl-IL over time.

The present study demonstrates the sustainable synthesis of
Ca-MOF immobilized cellulose beads as a sorbent, suitable for
the batch and continuous removal of metal ions from waste-
water. The beads were synthesized using cellulose derived from
paper waste, its dissolution in an in-house synthesized green
solvent (AMIMCl-IL) and precipitation in double distilled water
followed by detailed characterization by means of a number of
techniques. Parametric batch studies were conducted to remove
multiple metal ions (Pb2+, Cd2+, and Cu2+). Furthermore,
a continuous study was conducted using Ca-MOF immobilized
cellulose beads as packing material to remove Pb2+ metal ions
(selected based on the batch sorption studies) using an indig-
enously fabricated packed-bed column. The column dynamics
were analyzed using mathematical and other column models.
Additionally, the recycling of the spent sorbent and the recovery
of the AMIMCl-IL were also investigated. Cost analysis was also
carried out for the commercial scale designed process of Pb2+

removal using Ca-MOF immobilized cellulose beads.

2. Materials and methods
2.1. Materials

The paper waste was collected from the Chemical Engineering
lab of BITS, Pilani, Rajasthan, India. All the reagents used were
of analytical grade (AR) with purity above 99%. The collected
paper waste, sodium hydroxide pellets (NaOH; Merck, India),
35–37% hydrochloric acid (HCl; Molychem, India), 1-methyl
imidazole (C4H6N2; Spectrochem, India), allyl chloride (C3H5Cl;
RSC Adv., 2024, 14, 20254–20277 | 20255
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Spectrochem, India), and dichloromethane (DCM) (CH2Cl2;
Spectrochem, India) were utilized for the treatment of paper
waste and the synthesis of AMIMCl-IL. Pure cellulose
[(C6H10O5)n; HCl; HiMedia, India] was used to compare the
cellulose derived from paper waste.

A synthetic aqueous solution (1000 mg L−1) of metal ions,
viz. Pb2+, Cd2+, and Cu2+ were prepared separately by dissolving
1.6 g lead nitrate [Pb(NO3)2; Rankem, India], 2.68 g cupric
chloride dihydrate (CuCl2$2H2O; SDFCL, India), and 6.84 g
cadmium nitrate tetrahydrate [Cd(NO3)2$4H2O; Rankem,
India], respectively, in Milli-Q water (Merck KGaA, Germany).
The Ca-MOF was synthesized as per our previous study and
utilized in the preparation of cellulose beads.13 Sodium chloride
[NaCl; SDFCL, India], magnesium chloride [MgCl$6H2O;
SDFCL, India], and calcium chloride dihydrate [CaCl2$2H2O;
Rankem, India] were used as coexisting ions for simulated
wastewater.
2.2. Preparation of cellulose beads derived from paper waste

2.2.1. Treatment of paper waste. The collected paper waste
was cut into small pieces and macerated by soaking in warm
distilled water under stirring at 2000 rpm (rotation per minute)
for about 2 h at 60 °C temperature to disperse the brous
materials. The obtained pulp was immersed in distilled water
and washed twice to remove the excess dirt and then ltered to
remove water. The ltered sample was soaked in 12% NaOH for
12 h at room temperature in order to remove the ink and disrupt
the hydrogen bonds of the cellulose chain. The resulting
cellulose pulp was collected aer ltration and subsequently
immersed in 1 M HCl solution at 80 °C for 2 h. Finally, cellulose
pulp was thoroughly washed with distilled water and dried in an
hot air oven at 80 °C over observation to get the constant weight
of dried cellulose.27,28,30

2.2.2. Synthesis of AMIMCl-IL. AMIMCl-IL was synthesized
by reacting 100 mL 1-methylimidazole and 200 mL allylchloride
Scheme 1 Synthesis reaction of room temperature AMIMCl-IL.

Scheme 2 Possible mechanism of cellulose dissolution in IL.

20256 | RSC Adv., 2024, 14, 20254–20277
at a molar ratio of 1 : 1.25 in a 500 mL round bottom ask tted
with a reux condenser for 8 h at 55–60 °C (Scheme 1).29 Aer
completion of the reaction time, the mixture was subjected to
vacuum distillation to remove unreacted reactants and other
impurities from the product. The thick liquid obtained from the
vacuum distillation was further washed twice with DCM to get
the pure AMIMCl-IL.

2.2.3. Preparation of cellulose beads. For preparation of
pure cellulose beads (CB), 150 mg of dried cellulose was dis-
solved in 5 mL of synthesized AMIMCl-IL at 100 °C with
continuous stirring until the appearance of a clear and viscous
solution (4 wt%) of light amber color. The schematic repre-
sentation of the cellulose dissolution process in AMIMCl-IL has
been shown in Scheme 2. One of the mechanisms by which ILs
can dissolve cellulose is through the disruption of inter- and
intra-molecular hydrogen bonding between the cellulose
chains.31 The cationic component of the AMIMCl-IL i.e., AMIM+,
has been found to play a crucial role in this process by attacking
the hydroxyl groups on the cellulose chains and free chloride
ions associated with the hydroxyl protons. The hydroxyl groups
are essential for forming hydrogen bonds between the cellulose
chains, which contribute to the stability of the cellulose struc-
ture.29 The obtained viscous cellulose solution was cooled up to
75 °C. 5 mL of viscous cellulose solution was loaded into
a 10 mL syringe and extruded through a needle into a coagula-
tion bath containing Milli-Q water. It resulted in instant stabi-
lization of droplet into a spherical shape and yielded∼330 CB of
∼2 mm size. The synthesized beads were thoroughly washed
with distilled water and stored in Milli-Q water for future use.
During preparation and storage, the beads gradually turned
white due to the replacement of AMIMCl-IL with water during
cellulose bead formation and washing, which restored the
hydrogen-bonding between cellulose chains (Fig. 1).32

Similarly, Ca-MOF immobilized cellulose beads (Ca-MOF-CB)
were prepared by adding a xed amount of Ca-MOF in 5 mL of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of cellulose bead preparation process using synthesized AMIMCl-IL and cellulose derived from paper waste.
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AMIMCl-IL. The remaining procedure to synthesize Ca-MOF-CB
was followed similar to the procedure followed for the synthesis
of pure cellulose bead. The loading of Ca-MOF to the cellulose
beads was determined using the relation given in eqn (1).

Ca-MOF loading in bead ¼

Total Ca-MOF added in the solution

Number of total beads produced
(1)

Fig. 1 schematically represent all the steps involved in the
synthesis of cellulose beads/matrix. Aer synthesis of beads the
coagulation bath utilized in the process mainly comprised
residual AMIMCl-IL and water.29 A recycling step (R) was
employed to recycle the AMIMCl-IL, as per details shown in
Fig. 1. It involved recovering the AMIMCl-IL from the coagula-
tion bath through evaporation of the water from the mixture
under reduced pressure. Prior to being used in the bead prep-
aration process again, the recovered AMIMCl-IL was subjected
to structural conrmation and purity characterization by 1H
NMR spectroscopy.
2.3. Characterization techniques

The surface characterization of cellulose obtained from paper
waste was carried out using Fourier Transform Infrared Spec-
troscopy (FTIR, model: Frontier Spectrum 100 Series, USA,
make: PerkinElmer). The molecular structural analysis of
synthesized AMIMCl-IL was analyzed using 1H Nuclear
Magnetic Resonance (NMR, model: AV NEO 400 MHz, make:
Bruker) and Attenuated Total Reectance Fourier Transform
Infrared Spectroscopy (ATR-FTIR, model: Frontier Spectrum 100
Series, USA, make: PerkinElmer). The phase purity and crys-
talline nature of beads before and aer sorption were recorded
at 5 to 70° using an X-ray Diffractometer (XRD, model: Miniex,
© 2024 The Author(s). Published by the Royal Society of Chemistry
make: Rigaku Corporation, Japan). FTIR analysis of synthesized
CB and Ca-MOF-CB was carried out to determine the changes in
their surface functional groups. The surface morphology and
elemental composition of beads were captured using Field
Emission Scanning Electron Microscopy (FE-SEM, model:
ApreoLoVac, make: FEI) equipped with Energy Dispersive
Spectroscopy (EDS, model: X-Max 80, make: Oxford Instru-
ments). The thermal stability analysis of pure CB and Ca-MOF-
CB was performed on a Thermo Gravimetric Analyzer (TGA,
model: TGA-4000, make: PerkinElmer). Solution pH was
measured using a pH meter (model: CyberScan pH1100, make:
Eutech instruments). The X-ray Photoelectron Spectroscopy
(XPS, K-Alpha, Thermo Fisher Scientic Pvt. Ltd UK) analysis
was performed using a monochromatic Al Ka X-ray source
operating at 1486.6 eV. The sample preparation procedures,
operating parameters, and procedures followed for analytical
instruments have been reported in our earlier studies.1,33

2.4. Parametric batch studies

The effect of cellulose composition (wt%), Ca-MOF loading on
the cellulose beads, contact time, and initial metal ion
concentration was studied by conducting batch sorption
experiments for Pb2+, Cd2+, and Cu2+ ions as per the details
given in Table 1. Initially, the effect of cellulose composition (1–
5 wt%) was investigated by adding 20 Ca-MOF-CB into 20 mL of
synthetic metal ion aqueous solution in an Erlenmeyer ask
with a xed initial metal concentration. To determine the
proportion of metal sorption by cellulose alone, the metal
sorption studies were carried out using 20 pure CB (without Ca-
MOF) inoculated in 20 mL of synthetic aqueous metal ion
solution in Erlenmeyer ask followed by incubation under
shaking conditions (150 rpm) at 25 °C for 90 min. The effect of
Ca-MOF loading in the cellulose beads on metal sorption
capacity was studied by incorporating 1, 1.5, 2, and 2.5 mg Ca-
RSC Adv., 2024, 14, 20254–20277 | 20257
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Table 1 Batch experimental parameters used for the metal ions removal by Ca-MOF-CBa

Evaluated
parameters

Constant parameters

Time
(min) pH Initial concentration (mg L−1)

Temperature
(°C)

Ca-MOF loading
(mg per bead)

Cellulose
composition
(wt%)

Agitation
speed
(rpm)

Cellulose
composition

90 NA Pb2+: 500, Cd2+: 500, Cu2+: 500 25 1.5 1–5 150

Ca-MOF mass
loading

90 NA Pb2+: 1000, Cd2+: 500, Cu2+: 500 25 1–2.5 3 150

Contact time 10–720 NA Pb2+: 1000, Cd2+: 500, Cu2+: 500 25 1.5 3 150
Initial
concentration

420 NA Pb2+: 100–1400, Cd2+: 100–1200,
Cu2+: 100–1200

25 1.5 3 150

Effect of solution
pH

420 2–
12

Pb2+: 10, Cd2+: 10, Cu2+: 10 25 1.5 3 150

a NA: not adjusted.
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MOF/bead. The Ca-MOF-CB (20 numbers) with varying Ca-MOF
loading were inoculated in Erlenmeyer ask containing 20 mL
of synthetic aqueous metal ion solution, while all other
parameters remained constant (Table 1). The impact of contact
time was investigated by varying the time between 10 and
720 min by keeping other parameters such as number of beads,
Ca-MOF loading, temperature, and shaking speed at 20, 1.5 mg
per bead, 25 °C, and 150 rpm, respectively.

The initial metal ion concentration was selected in the range
of 0–1400 mg L−1 for Pb2+ ion, and 0–1200 mg L−1 for Cd2+ &
Cu2+ ions for the equilibrium study while keeping all other
parameters similar to the contact time study. The impact of
solution pH (2, 4, 6, 8, 10, 12) on the sorption of metal ions
using Ca-MOF-CB was analyzed. This involved using 20 mL of
10 mg L−1 of specic metal ion solutions in 100 mL conical
asks, each with varying initial solution pH levels ranging from
2 to 12. Additionally, the initial pH of the metal solutions was
adjusted using 0.1 M NaOH and 0.1 M HCl solutions. 20 Ca-
MOF-CB beads were then added, and the asks were incu-
bated at 150 rpm and 25 °C for 420 min. Aer incubation, the
metal ion solutions were ltered to separate the beads. The
ltrate was collected, diluted to the appropriate detection range,
and analyzed for nal metal ion concentration using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES,
model: Avio 200, make: PerkinElmer, Inc., USA).

The maximum sorption capacity of pure CB/Ca-MOF-CB and
the percentage removal of metal ions were determined by eqn
(2) and (3), respectively.33

qe ¼ ðCo � CiÞv
m

(2)

% Removal ¼ Co � Ci

Co

� 100 (3)

where qe is equilibrium sorption capacity (mg g−1), Co is the
initial metal ion concentration (mg L−1), Ci is the nal
concentration of metal ions present in the aqueous solution
aer sorption (mg L−1), v is the volume of the heavy metal
solution (L), and m is the sorbent mass (g) used.
20258 | RSC Adv., 2024, 14, 20254–20277
Different non-linear isotherms [Langmuir, Freundlich,
Dubinin–Radushkevich (D–R), and Temkin] and kinetic models
(Pseudo-rst order and second-order) were adopted to analyze
the interactions between the Ca-MOF-CB and metal ions
present in the aqueous metal ion solution (Table S1†).1,33
2.5. Competitive batch sorption experiment

In a competitive batch sorption experiment, coexisting ions (Cl−,
Na+, Mg2+, Ca2+) were present alongside one of the cations (Pb2+,
Cd2+, and Cu2+) at a concentration of 10 mg L−1, while the
concentration of coexisting ions was maintained at 1, 5, and
10 mg L−1. Subsequently, 20 Ca-MOF-CB beads were introduced,
and the asks were incubated under shaking conditions (150
rpm) at 25 °C for 90 min. Aer the incubation period, the metal
ion solutions were ltered to separate the beads. The collected
ltrate was then diluted to within the detection range and
analyzed for the nal metal ion concentration using ICP-OES.
2.6. Studies using real-time effluent

For this study, the wastewater was collected from the secondary
clarier's discharge section of the sewage treatment facility of
Birla Institute of Technology and Science (BITS), Pilani, Rajas-
than, India. The collected sample was analyzed for metal
concentration using ICP-OES. Based on the acquired results of
ICP-OES, the collected effluent and modied effluent with an
increase in Pb2+ concentration up to 5 mg L−1 was treated with
Ca-MOF-CB. The study consisted of adding 20 Ca-MOF-CB to
a 100 mL Erlenmeyer ask containing 20 mL of the sample,
followed by incubation at 150 rpm and 25 °C for 90 min. Aer
the incubation period, the effluent was ltered to separate the
beads. The collected ltrate was then diluted and analyzed to
estimate the nal metal ion concentration using ICP-OES.
2.7. Column sorption studies

The highest sorption capacity for Ca-MOF-CB from batch exper-
iments served as the basis for the selection of the Pb2+ ion for in-
depth packed-bed column sorption studies. Cylindrical glass
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of packed-bed column setup.
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column varied in length from 10–20 cm with a diameter of 2 cm
was used. A schematic of the experimental setup used in the
column studies is shown in Fig. 2. To achieve tight packing, the
column was continuously shaked while packing with Ca-MOF-
CB. Synthetic aqueous solution of Pb2+ ions was used as the
feed solution. A peristaltic pump was employed to deliver the
feed solution to the bottom of a column (upow) to avoid the
channeling and uniform distribution of liquid to Ca-MOF-CB.

The parameters varied during column experiments include
packed-bed height (10 and 20 cm), inlet ow rate (5 and 10
mL min−1), and inlet Pb2+ ion concentration (200, 300, and
500 mg L−1), while all other parameters remained constant
(Table 2). The treated metal ion solution samples were
collected from the outlet (top side) of the column at various
time intervals. These samples were diluted appropriately and
analyzed using ICP-OES to determine the concentration of
Pb2+ ions. All the experiments were performed at room
temperature.

The nal Pb2+ ion concentration was plotted against time to
estimate the sorption capacity of the column. The breakthrough
time was calculated as the time required to reach the column
outlet concentration to its permissible limit (1–5% of initial
concentration).3 The obtained results were utilized for
Table 2 Continuous experimental parameters used for Pb2+ ions remov

Evaluated parameters

Constant parameters

Initial concentration (mg

Effect of packed bed height 500

Effect of inlet ow rate 500

Effect of inlet Pb2+ concentration 500
300
200

© 2024 The Author(s). Published by the Royal Society of Chemistry
estimating design parameters and column dynamics for effi-
cient and effective removal of targeted metal ions.

The total amount of Pb2+ ions sorbed (qt, mg) in the column
for the xed packed height (Z, cm) passed with different inlet
Pb2+ ion concentrations (C0, mg L−1) at a varied volumetric ow
rate (Q, mL min−1) was estimated using eqn (4).

qt ¼ QAC

1000
¼ QAC

1000

ðt¼ttotal

t¼0

Csbdt (4)

where AC is the area under the curve achieved by plotting Pb2+

ion sorbed concentration (Ct, mg L−1) versus time (t, min).
The total amount of Pb2+ ions passed to the column (mt) was

calculated using eqn (5).

mt ¼ C0Qtt

1000
(5)

where tt (min) is the time equivalent to the total capacity of the
packed-bed column.

The total Pb2+ ions removal percentage (R%) and equilib-
rium Pb2+ ions uptake or maximum sorption capacity (qeq, mg
g−1) were calculated using eqn (6) and (7), respectively.

R% ¼ qt

mt

100 (6)

qeq ¼ qt

W
(7)

where W is the total mass (g) of Ca-MOF immobilized in cellu-
lose beads.

The time required for a liquid to ll the empty column, also
known as empty bed residence time (EBRT, min), was calcu-
lated using eqn (8).

EBRT ¼ Bed volume

Q
(8)

The sorbent exhaustion rate (Ra, g mL−1) is the ratio of the
total mass of Ca-MOF used in the column (W, g) and the treated
liquid volume till the breakthrough point (Vtb, mL), and is given
by eqn (9).

Ra ¼ W

Vtb

(9)

where Vtb, can be calculated using eqn (10).

Vtb
= Q × t

b
(10)
al by Ca-MOF-CB

L−1) Flow rate (mL min−1) Bed height (cm)

5 10
20

5 20
10
5 20

RSC Adv., 2024, 14, 20254–20277 | 20259
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Where tb is the breakthrough time (min) based on 1% of initial
Pb2+ concentration at the outlet.

The fraction of unused packed bed length (y) was estimated
using eqn (11).

y ¼ 1� tb

tt
(11)

2.8. Modeling of continuous sorption process

The design of a xed-packed bed column is very complex by
normal means. Hence, adopting suitable mathematical models
for better understanding is foremost. Various column models,
such as the bed depth service time (BDST) model, Yoon–Nelson
(Y–N) model, Thomas model, and Yan model, were used to
analyze the behavior of the breakthrough prole for removing
Pb2+ ions using Ca-MOF-CB.3,5,34–37

The BDST model is helpful in evaluating the changes in
column parameters through mathematical modeling equations.
The model is based on the physical approach of measuring the
bed capacity at different breakthrough points. It states the service
time at breakthrough, t, as a xed function. The linear form of the
BDSTmodel, as adopted from the literature, is given in eqn (12).34

t ¼ N0

C0F
Z � 1

KaC0

ln

�
C0

Ct

� 1

�
(12)

where N0 is the sorption capacity (mg g−1), F is the inuent
linear velocity (cm min−1), Ct is the effluent/outlet concentra-
tion of Pb2+ ions in the liquid phase (mg L−1), and Ka is the rate
constant (L mg−1 min−1). The BDST model is reduced to the
simplest linear form and is given by eqn (13).34

t = aZ − b (13)

where,

a ¼ N0

C0F
b ¼ 1

KaC0

ln

�
C0

Ct

� 1

�
(14)

A linear t can obtain the slope a and intercept b to the
values of t versus Z.

The slope constant for varied ow rates is estimated by eqn
(15).

a
0 ¼ a

F

F
0 ¼ a

Q

Q
0 (15)

where a, a0, Q, and Q0 are the old slope, new slope, old volu-
metric ow rate, and new volumetric ow rate, respectively.

For varied inuent concentrations, the new slope and new
intercept can be empirically estimated by using eqn (16).

a
0 ¼ a

C0

C
0
0

b
0 ¼ b

C0

C
0
0

ln
�
C

0
0 � 1

�
lnðC0 � 1Þ (16)

where C0 and C
0
0 are the old and new inlet concentrations (mg

L−1), respectively.
The Y–N model is employed to evaluate the sorption and the

breakthrough trend of Pb2+ accumulation on Ca-MOF-CB. Y–N
model assumes that probability of sorbate sorption is
20260 | RSC Adv., 2024, 14, 20254–20277
proportional to the sorbate breakthrough on the sorbent. This
model does not require knowledge of the kind and qualities of
the sorbent or the physical properties of the sorption bed. The
empirical non-linear form of the Y–N model is given by eqn
(17).3,5

Ct

C0

¼ expðKYNt� KYNsÞ
1þ expðKYNt� KYNsÞ (17)

where KYN is the Y–N rate constant (min−1), s represents the
time required for 50% of Pb2+ breakthrough (min).

The Thomas model is widely used because of its simplicity
and applicability for various pollutants. It assumes pseudo-
second-order reversible reaction kinetics and Langmuir
isotherm equilibrium while ignoring internal and external
diffusion resistances. This model assumes mass transfer
controls the sorption process rather than the chemical reaction.
The empirical non-linear form of the Thomas model is given by
eqn (18).37

Ct

C0

¼ 1

1þ exp

�
KThq0W

Q
� KThC0t

� (18)

where KTh is the Thomas kinetic coefficient (mL min−1 mg−1),
q0 is the amount sorbed (mg g−1).

The Yan model, on the other hand, offers outcomes by
incorporation of some physical characteristics of the process,
allowing statistical analysis. It is better to explain the xed-bed
sorption process using this model as it provides the more
accurate description of full breakthrough curve. The non-linear
mathematical form of Yan model is given in eqn (19).3,5

Ct

C0

¼ 1� 1

1þ
�
0:001C0Qt

qmW

�a (19)

where a is the Yan constant, and qm denotes the maximum
concentration of Pb2+ ions in the sorbent.
3. Results & discussion
3.1. Characterization of Ca-MOF immobilized cellulose
beads

The cellulose obtained from paper waste was subjected to FTIR
analysis and compared with the commercially available cellu-
lose (Fig. 3). The broad and intense peak at 3344 cm−1 showed
presence of H–bonded O–H groups, which may be due to the
cellulose–hydrogen bonding.38 The characteristic peak at
2903 cm−1 attributed to the C–H symmetric stretching vibration
of alkyl groups in the aliphatic bond, and showed the presence
of glucose unit. The vibrational band appeared at 1644 and
1492 cm−1 can be assigned to C]O stretching bonds of
carboxylic acid and O–H–O bending of absorbed water. The
observed peaks at 1113 cm−1 and 1168 cm−1 showed the pres-
ence of glycoside ether (C–O–C) and C–C bands, respectively.39

These peaks are characteristic of cellulose content and observed
in both the treated paper and commercially available cellu-
lose.28 Functionalities such as ether and secondary alcohols in
the cellulose chain were observed at 1056 cm−1 (–C–O group).39
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of (a) treated paper waste and (b) commercial cellulose.
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The peak at 900 cm−1 was due to the deformation vibration of
C1–H. The treatment process of paper waste results in removal
of impurities such as lignin and hemicellulose from the cellu-
lose, which otherwise would have appeared around
1735 cm−1.28 The spectra of the treated paper waste (Fig. 3a)
showed no notable differences compared to the spectra of
commercially cellulose (Fig. 3b). These results conrmed that
the isolated cellulose from the paper waste can be used as
a precursor for further experiments. To synthesize cellulose
beads, AMIMCl-IL was utilized due to its exceptional capability
to dissolve cellulose. This ionic liquid, typically insoluble in
water, possesses strong solvation power and the ability to
disrupt cellulose's hydrogen-bond network.

The molecular structure of synthesized AMIMCl-IL was
evaluated using the ATR-FTIR and 1H NMR analysis in order to
determine its structural conrmation and purity (Fig. 4). In
ATR-FTIR spectra (Fig. 4a), the characteristic peaks located at
3051 and 1643 cm−1 attributed due to C–H and C]C allyl group
stretching. The peak observed at 1567 cm−1 showed the cationic
imidazole absorption peak. C–H bending vibration of C]CH2

were located at 1423 cm−1. In addition, the observed peaks at
1165 and 764 cm−1 were due to in-plane and out-of-plane C–H
bending vibration in the imidazole groups.40,41 The obtained 1H
NMR spectrum (Fig. 4b) was found to be consistent with an
AMIMCl-IL molecule that has a proton at d 3.66a (triplet, s)
corresponds to a methyl group, a proton at d 9.59 (singlet, s),
two protons at d 7.40 and 7.21 (doublet, t), corresponding to
imidazole groups. The protons observed at d 4.59 (doublet, d),
d 5.66–5.54 (multiplet, m), and around d 5.05–4.91 (multiplet,
m) were found to originate from the allyl group present in
AMIMCl. The recorded and analyzed protons matched with the
© 2024 The Author(s). Published by the Royal Society of Chemistry
literature and conrmed the purity and structural similarity of
synthesized AMIMCl-IL.42

Since the AMIMCl-IL and cellulose conrmation have been
done, the cellulose beads are synthesized from the freshly made
AMIMCl-IL. The synthesized spherical cellulose beads were
separated from a coagulation bath and the separated recycled
AMIMCl-IL was further analyzed for its structural conrmation
and purity analysis by 1H NMR spectroscopy (Fig. 4c). The
spectra of residual AMIMCl-IL showed no structural difference
in comparison to the fresh AMIMCl-IL, which suggest that
recycled AMIMCl-IL can be reutilized in cellulose beads
preparation.

The disruption of hydrogen bonding and molecular-level
alterations observed through FTIR are expected to impact the
crystalline structure signicantly. Therefore, XRD analysis will
be conducted on the cellulose beads to elucidate these struc-
tural changes. The phase purity and crystallinity of the synthe-
sized cellulose beads with and without immobilization of Ca-
MOF were examined using XRD spectroscopy (Fig. 5). The
treated paper waste, i.e., without dissolution and coagulation in
AMIMCl-IL and water, showed presence of crystalline cellulose
I, as indicated by recorded XRD patterns with 2q values of 14.8°,
16.5°, 22.7°, and 34.5° assigned to (110), (110), (200), and (004)
planes, respectively (Fig. 5a).43 The XRD patterns of synthesized
CB showed a low-intensity, broad peak at 2q value of 22.7°,
corresponding to the (200) plane of cellulose (Fig. 5b). This peak
was in contrast to the high-intensity peaks that were observed
for the cellulose crystals (cellulose derived from paper waste), as
illustrated in Fig. 5a.29 This phenomenon was observed due to
the dissolution of cellulose in AMIMCl-IL, and further coagu-
lation which resulted in crystalline cellulose transformation
from cellulose I into a more likely amorphous region (cellulose
RSC Adv., 2024, 14, 20254–20277 | 20261
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Fig. 4 (a) ATR-FTIR spectra of synthesized AMIMCl-IL, (b) 1H NMR spectra of freshly synthesized AMIMCl-IL, and (c) separated and recycled
AMIMCl-IL after preparation of cellulose beads.
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II). In contrast, cellulose crystallinity was disrupted by breaking
inter and intra-molecular hydrogen bonds and the unfavor-
ability of the cellulose crystallization during dissolution and
coagulation processes. Changes in FTIR peaks i.e., shiing of
the OH stretching peak can be correlated with changes in
crystallinity observed in XRD.29,43

The XRD spectrum of Ca-MOF showed characteristic peaks
at 2q values of 8.37°, 13.26°, 14.29°, 15.01°, 17.6°, 18.38°, 25.23°,
29.46°, 31.6°, 39.6°, 46.1°, and 49.9° correspond to (020), (110),
(011), (120), (130), (110), (200), (211), (042), (190), (11 01), and (1
11 0) planes, respectively (Fig. 5c). The XRD spectra of Ca-MOF-
CB exhibited many visible diffraction peaks due to the immo-
bilization of Ca-MOF particles (Fig. 5d). The distinct peak at the
2q value of 22.79° corresponds to cellulose, which was found to
be weakened and exhibited lower intensity than the without
immobilization of CB (Fig. 5b). These patterns match precisely
with the powder Ca-MOF patterns, conrming the immobili-
zation of Ca-MOF particles in the cellulose matrix.44,45 Addi-
tionally, no variations were observed in the Ca-MOF-CB patterns
compared to powder Ca-MOF patterns, which indicated that
there were no structural changes aer the immobilization of Ca-
MOF in the cellulose matrix (Fig. 5c and d).
20262 | RSC Adv., 2024, 14, 20254–20277
The FTIR spectra of synthesized CB and Ca-MOF-CB are
shown in Fig. 6. The characteristic peaks of synthesized CB were
found to be similar to the FTIR spectrum of cellulose derived
from paper waste (Fig. 6a), which signies that the dissolution
and coagulation processes have not degraded the main back-
bone structure of cellulose. The FTIR spectra of Ca-MOF-CB
beads was critically analyzed to see the variation caused by
the Ca-MOF immobilization in the cellulose matrix (Fig. 6b).
The peaks located at 3475 and 3302 cm−1 attributed to the
stretching of O–H and N–H, whichmay be due to the bonding of
water molecules on the bead surface and the residual solvent
molecules in the immobilized Ca-MOF particles, respectively.
Similarly, only O–H stretching was observed in CB without
immobilization (Fig. 6a). The residual undissociated water
molecules in the matrix showed a bending mode at 1620 cm−1.
The organic ligand (TPA) used in the structural formation of Ca-
MOF shows a symmetric and asymmetric stretching of carboxyl
group (C]O) and carbon-to-carbon groups peaks in the range
1300–1600 cm−1.46 The observed peaks between 1160 and
1000 cm−1 were due to the glycoside ether and C–C band in the
cellulose matrix, which were observed both in case of CB and
Ca-MOF-CB. The stretching vibration of Ca–O due to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD spectrum of (a) treated paper waste, (b) CB, (c) powder Ca-
MOF, and (d) Ca-MOF-CB (the Bragg's diffraction values are shown in
parenthesis).
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coordination of Ca2+ ions with cellulose matrix, water, and
terephthalate ligands was signied by the peaks at 867, 696, and
511 cm−1.47 Considering the FTIR spectra of Ca-MOF powder
reported in previous studies, the peaks observed for the Ca-
MOF-CB showed similar stretching with minor shiing along
with varied intensity.13,46,47 The obtained results conrmed no
signicant structural deformation of Ca-MOF aer immobili-
zation in the cellulose matrix, which suggested that the
synthesized Ca-MOF-CB beads can be used for the further
sorption studies.

To examine the surface features, including crystalline and
amorphous regions, FE-SEM was performed, and the ndings
were associated with XRD patterns. The morphological char-
acteristics observed in FESEM will be linked to the crystalline
structure identied by XRD. Smaller crystallites typically result
in a rough surface texture, while larger crystallites lead to
smoother surfaces. The FE-SEM analysis was performed to
evaluate the morphological and textural characteristics of the
CB and Ca-MOF-CB (Fig. 7). Images for both the CB and Ca-
MOF-CB have a relatively rough structure with an uneven
distribution of macro and micro pores throughout the cellulose
© 2024 The Author(s). Published by the Royal Society of Chemistry
matrix. In the case of the Ca-MOF-CB, the heterogeneous
immobilization of solid Ca-MOF particles in the cellulose
matrix resulted in a denser and tightly packed layered cellulose
structure (Fig. 7f and g). The dispersed Ca-MOF particles were
found to be present on both the interior and exterior cellulose
pore surfaces, which gives better accessibility to the adsorbate
species that come in contact with the surface of beads. The
acquired EDS spectra for the pure cellulose beads conrmed the
presence of carbon (C) and oxygen (O) elements with an atomic
percentage of 71.44 and 28.56%, respectively (Fig. 7d). However,
the obtained spectra of the Ca-MOF-CB (Fig. 7h) showed the
presence of the calcium (Ca) element, indicating that the Ca-
MOF particles were successfully immobilized in the cellulose
matrix. It has been conrmed that the highly porous surfaces
observed in FE-SEM correspond to the amorphous regions
identied in the XRD patterns.

TGA was performed to estimate the thermal stability of
synthesized CB and Ca-MOF-CB (Fig. 8). The highly porous
structures observed in FESEM for CB and Ca-MOF-CB show
different thermal degradation proles in TGA compared to less
porous structures. A noticeable loss in the mass of CB was
observed between the temperatures of 30 to 140 °C, which
corresponds to the loss of water from the cellulose beads
(Fig. 8a). In contrast, cellulose has six hydrophilic groups per
unit molecule, which enables to absorb water molecules. These
rmly bonded water molecules were released upon the dehy-
dration process of cellulose beads.48 Further, drastic weight loss
of CB mass was observed above 200 °C, which was due to the
signicant thermal decomposition of cellulose beads, in which
the beads decomposed into small molecules and gaseous
products, followed by residue char.49

The TGA analysis of Ca-MOF-CB showed initial 2% weight
loss during the rst stage change (from 30 to 80 °C), which
denes the removal of surface water molecules from the Ca-
MOF-CB (Fig. 8b). Further, 14.8% weight loss was observed in
the second stage between the temperature range from 80–180 °
C, which attributed to the evaporation of coordinated water
from the Ca-MOF-CB and partial removal of solvent molecules
from the immobilized Ca-MOF particles. The remaining
residual solvent molecules from the immobilized Ca-MOF
particles and thermal degradation of cellulose were observed
above 240 °C. Lastly, the nal decomposition of immobilized
Ca-MOF into calcium carbonate, carbon dioxide, and water was
observed up to 600 °C.45,50 The thermal stability analysis showed
that Ca-MOF-CB signify high thermal stability with a degrada-
tion temperature (Td) of 240 °C in comparison to raw cellulose
beads (Td: 170 °C). The phenomenon of high thermal stability
exhibited by Ca-MOF-CB beads was due to the chemical cross-
linking between Ca-MOF particles and the cellulose chains,
which limits the degradation of Ca-MOF-CB in comparison to
the only physical crosslinking present in the CB.
3.2. Parametric batch studies

3.2.1. Effect of cellulose composition in bead. The sorption
capacity of Ca-MOF-CB was investigated using beads containing
different cellulose compositions (1–5 wt%) (Fig. 9a). The
RSC Adv., 2024, 14, 20254–20277 | 20263
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Fig. 6 FTIR spectra of (a) CB and (b) Ca-MOF-CB.

Fig. 7 FE-SEM micrograph depicting (a) full view, (b) top-view, and (c) cross-sectional view of CB; (e) full view, (f) top-view and (g) cross-
sectional view of Ca-MOF-CB; EDS spectra showing elemental composition of (d) CB and (h) Ca-MOF-CB.
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sorption capacity was found to decrease from 184.92 ± 13.2 to
110 ± 10.25 mg g−1, 58.91 ± 8.95 to 33.5 ± 5.69 mg g−1, and
73.07 ± 8.45 to 36.18 ± 5.58 mg g−1, for Pb2+, Cd2+, and Cu2+,
respectively with the increase in cellulose composition from 2 to
4 wt%. This was attributed to the higher porosity of beads at
lower cellulose composition, which provided more voids and
facilitated diffusion of metal ions inside the pores with better
accessibility to the immobilized Ca-MOF particles.51 However,
the beads synthesized at lower cellulose concentrations
(<3 wt%) were observed to be less stable due to the decreased
binding capacity during bead formation. At higher cellulose
20264 | RSC Adv., 2024, 14, 20254–20277
composition (>4 wt%), the constant volume of the bead was
lled with more cellulose chains, resulting in high apparent
density, making it difficult to extrude through the syringe tip.
Hence, based on the better strength and sorption capacity,
beads with 3 wt% cellulose compositions were chosen for
further experiments. The percentage of Pb2+, Cd2+, and Cu2+

ions removed from the pure CB with a 3 wt% composition
(without Ca-MOF) was found to be 7.96 ± 2.1, 4.23 ± 1.5, and
3.07 ± 0.89 mg g−1, respectively, which indicated that the
majority of the sorption occurred due to the immobilized Ca-
MOF particles in the beads.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02566k


Fig. 8 TGA analysis of (a) CB and (b) Ca-MOF-CB.

Fig. 9 Effect of (a) cellulose composition (wt%), (b) Ca-MOF loading (mg per bead), (c) contact time, and (d) initial concentration on the removal
of Pb2+, Cd2+, and Cu2+ by Ca-MOF-CB.
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3.2.2. Effect of Ca-MOF loading into cellulose beads. The
impact of Ca-MOF loading into CB was investigated with varying
Ca-MOF loading (1 mg to 1.5 mg per bead). The obtained results
showed an increase in the sorption capacity by 179, 204, and
291% for Pb2+, Cd2+, and Cu2+, respectively, with the increase in
the Ca-MOF loading from 1 to 1.5 mg (Fig. 9b). This may be due
to the increased number of active sites available for metal ion
removal with an increase in the Ca-MOF loading.52 However, the
sorption capacity was found to decrease when the Ca-MOF
loading was further increased to 2.5 mg per bead, presumably
due to the aggregation of Ca-MOF particles or the insufficient
metal ions in the wastewater to support the increased active
sites.53 Therefore, the optimal Ca-MOF loading of 1.5 mg per
bead was selected for further parametric batch and column
studies.

3.2.3. Effect of contact time. Contact time is recognized as
the most important design parameter for the removal of
pollutants from wastewater. The effects of contact time on
metal ions sorption capacity of Ca-MOF-CB is illustrated in
Fig. 9c. During initial 120 min, approximately 60%, 61%, and
49% sorption of metal ions was achieved for Pb2+, Cu2+, and
Cd2+, respectively. This greater sorption rate during the initial
time was attributable to the higher initial concentration of
metal ions and the accessibility of higher sorption sites, which
enabled faster diffusion of metal ions into the sorbent. The rate
of metal sorption on Ca-MOF-CB was observed to be declined
aer 120 min, which was due to the slower diffusion of metal
ions into the sorbent because of internal resistance with in the
bead matrix. No appreciable decrease in the metal sorption
capacity was noticed aer 420 min of sorption. Thus, 420 min
was considered as equilibrium time for metal sorption on Ca-
MOF-CB.54,55 The highest equilibrium sorption capacity of Ca-
MOF-CB for the removal of metal ions was obtained as 312.07
± 11.25, 76.82 ± 9.86, and 110.14 ± 9.25 mg g−1 at 1000, 500,
and 500mg L−1 of initial concentration for Pb2+, Cd2+, and Cu2+,
Table 3 Isotherm constant and kinetic parameters for various sorption is

Model Parameters

Values

Pb2+

Isotherms
Langmuir qm (mg g−1) 348 � 21

b (L mg−1) 0.0061 � 1 × 10−4

RL 0.1–0.62
Freundlich n 2.7

Kf (mg g−1) (dm−3 mg−1)1/n 24.4 � 12
Temkin AT (L min−1) 0.052 � 0.01

B (J mol−1) 78 � 7
bT 31.76

D–R qm (mg g−1) 283 � 8
K (mol2 kJ−2) 0.0015 � 2 × 10−4

E (J mol−1) 18.25

Kinetic models
Pseudo-rst-order qe (mg g−1) 306 � 12

k1 (min−1) 0.0095 � 0.001
Pseudo-second-order qe (mg g−1) 351 � 14

k2 (g mg−1 min−1) 3.5 × 10−5 � 6 × 10−

20266 | RSC Adv., 2024, 14, 20254–20277
respectively. The variation in the equilibrium sorption capacity
can be attributed to the relative affinity and binding strength of
the respective metal ions present in the solution. Notably, Pb2+

exhibited a stronger binding strength and higher relative
affinity compared to Cu2+ and Cd2+.56

In order to understand the rate kinetics in terms of the rate
process and reactions involved in the sorption of Pb2+, Cd2+,
and Cu2+ by Ca-MOF-CB, the non-linear forms of the Pseudo-
rst and second-order equations were tted with the experi-
mental kinetic data1 (Fig. S1†). The obtained parameters of
kinetic models are depicted in Table 3. Experimental kinetic
data of metal ions sorption using Ca-MOF-CB showed good
agreement with the Pseudo-second-order based on the R2 value
of 0.97, 0.96, and 0.99 for Pb2+, Cd2+, and Cu2+ ions, respectively
(Table 3). In contrast, the values of equilibrium sorption
capacity (qe, mg g−1) obtained from the Pseudo-rst-order
kinetic model (Pb2+: 306 ± 12, Cd2+: 85 ± 06, and Cu2+: 108 ±

02 mg g−1) were found to be nearly similar with the experi-
mentally obtained sorption capacity (Pb2+: 312.07± 11.25, Cd2+:
76.82 ± 9.86, and Cu2+: 110.14 ± 9.25 mg g−1). Hence, the
sorption of Ca-MOF-CB is mainly due to Ca ion exchange by
Pb2+, Cd2+, or Cu2+ ions, respectively.57,58 In addition, the rate
constants k1 and k2 obtained from the kinetic models also
implied that the rate of metal ions sorption by Ca-MOF-CB was
quite high, with the order of affinity being Pb > Cu > Cd ions
(Fig. 9c).

3.2.4. Effect of initial metal ion concentration. Fig. 9d
depicts the effect of initial metal ion concentration on the
sorption capacity of Ca-MOF-CB. At a very low initial metal
concentration (0.1–1 mg L−1), the equilibrium concentration
aer adsorption was found to be negligible. Thereaer, it was
observed to increase up to 281.22 ± 7.8, 104.01 ± 10.58, and
114.21 ± 9.68 mg g−1 for Pb2+, Cd2+, and Cu2+ ions, respectively
from 10 to 1000 mg L−1. The sorption capacity was observed to
reach equilibrium beyond 1000 mg L−1 for all three tested ions.
otherms and kinetic models for the metal ions removal by Ca-MOF-CB

R2

Cd2+ Cu2+ Pb2+ Cd2+ Cu2+

152 � 18 125 � 7 0.96 0.94 0.97
0.0025 � 7 × 10−4 0.0143 � 0.002
0.25–0.8 0.05–0.41
2.04 4.76 0.82 0.83 0.75
3.65 � 2 27.4 � 8
0.018 � 0.003 0.28 � 0.19 0.95 0.95 0.93
38.2 � 3 21.5 � 3
64.85 115.23
107 � 2 110 � 2 0.97 0.98 0.96
0.0049 � 4 × 10−4 3.8 × 10−4 � 6 × 10−5

10.1 50.89

85 � 6 108 � 2 0.94 0.96 0.98
0.003 � 6 × 10−4 0.008 � 5 × 10−4

120 � 14 130 � 3 0.97 0.96 0.99
6 2.5 × 10−5 � 9 × 10−6 6.6 × 10−5 � 6 × 10−6

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02566k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/1
9/

20
26

 3
:0

1:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
At the lower initial concentrations, the fractional sorption was
independent of the initial metal ion concentrations in the
solution, which decreased competition between metal ions,
resulting in the complete sorption of metal ions for adequate
active sites.59 However, a further increase in the initial metal
concentration led to the saturation of limited active sites on the
Ca-MOF-CB surface, which resulted in an equilibrium between
the concentration of metal ions in the solution and the surface
of Ca-MOF-CB.55

Experimental equilibrium studies alone may not be suitable
to understand the sorption behavior of Ca-MOF-CB for
removing metal ions from the aqueous solution. The sorption
isotherms can better correlate themass of metal ions sorbed per
unit mass of Ca-MOF-CB and the nal concentration of metal
ions in the solution in order to understand the interactions and
mechanism of sorption. Moreover, it also provides crucial
parameters for designing and optimizing a continuous opera-
tion system. The results from the experimental equilibrium
studies were used to t the generalized non-linear forms of
sorption isotherms, such as Langmuir, Freundlich, Temkin,
and D–R (Fig. S2†). The parameters obtained are for each
isotherm are depicted in Table 3. The Langmuir and D–R
isotherm were best tted in most cases to the experimental data
with a high R2 value in comparison to the other analyzed
models. The maximum sorption capacity (qm, mg g−1) esti-
mated from Langmuir model was 348± 21, 152± 18, and 125±
7 mg g−1 for the removal of Pb2+, Cd2+, and Cu2+, respectively.
The observed difference inmaximum sorption capacity between
metal ions may be due to cationic radii disparity, the difference
in interaction enthalpy, and the affinity caused by each metal
ion present in the solution towards Ca-MOF-CB.60 The Lang-
muir constant b was used to calculate the separation factor (RL)
Fig. 10 Effect of solution pH on removal of Pb2+, Cd2+, and Cu2+ by Ca

© 2024 The Author(s). Published by the Royal Society of Chemistry
for each initial metal ion concentration (Co, mg L−1). All three
metal sorption processes had RL values between 0 and 1, which
suggested favorable sorption of Pb2+, Cd2+, and Cu2+ ions.

Freundlich constant Kf, which indicates the relative sorption
capacity of the sorbent related to the bonding energy obtained
by tting of Freundlichmodel, was found to be 24.4± 12, 3.65±
2, and 27.4± 8 (mg g−1) (dm−3 mg−1)1/n for Pb2+, Cd2+, and Cu2+

ions, respectively. The obtained Freundlich constant, better
known as sorption intensity (n), was found to be greater than 1
in all three cases, which contented the condition of a favorable
sorption (0 < n< 10) of metal ions on Ca-MOF-CB.

The heat of sorption (B) and the mean free energy (E) ob-
tained from Temkin and Dubinin–Radushkevich (D–R)
isotherms, respectively, provide insights into the nature of the
sorption process. The energy values greater than 8 kJ mol−1

indicate a chemisorption process, while values below 8 kJ mol−1

indicate a physisorption process.61 During the present study,
the obtained values of both B and E for the sorption of metal
ions (Pb2+, Cd2+, and Cu2+) on Ca-MOF-CB, were found to be less
than 8 kJ mol−1, suggesting physisorption as the predominant
sorption mechanism.33

3.2.5. Effect of solution pH. As pH signicantly affects the
uptake of cations from an aqueous solution, the dependence of
metal ions uptake on solution pH is examined (Fig. 10). Overall,
the removal efficiency increases in the basic region, while it
declines under acidic conditions. The maximum removal effi-
ciency of ∼99% was observed at pH 12 and an initial concen-
tration of 10 mg L−1 for Pb2+, Cd2+, and Cu2+ using Ca-MOF-CB,
respectively.62,63 It can be observed in Fig. 10 that the uptake of
metal ions increases from about 24 ± 8, 8 ± 2%, and 33 ± 4%
for Pb2+, Cd2+, and Cu2+ at pH 2 to about 94± 6, 55± 4.5, and 92
± 9% at pH 6, respectively. The weak uptake of metal ions in the
-MOF-CB.

RSC Adv., 2024, 14, 20254–20277 | 20267
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Fig. 11 Effect of coexisting ions on sorption of metal ions.
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acidic region occurs since metal ions are a less dominant
species compared to H+ ions. However, as it moves towards the
basic medium, the dominance of other species decreases.33,64

The obtained trend suggests that the basic condition is best to
achieve maximum sorption using Ca-MOF-CB.
3.3. Effect of coexisting ions

Sorption selectivity is a crucial factor for industrial applications.
Ions such as Cl−, Na+, Mg2+, and Ca2+, which are commonly
found in water, can impact the sorption process by competing
for available sorption sites on the sorbent.65 The inuence of
these ions on the uptake of metal ions (Pb2+, Cd2+, and Cu2+) at
concentrations of 1, 5, and 10 mg L−1 was evaluated, and the
results are presented in Fig. 11.

As illustrated in Fig. 11, there was a signicant decrease in
the sorption of metal ions by Ca-MOF-CB, suggesting that these
Table 4 Assessment of metal ions concentration in collected WW and t

Metal ions present in
collected WW

Concentration of metal
ions in WW (mg L−1) Treated WW (m

Pb 0.069 � 0.01 0.002 � 0.009
Cd 0.074 � 0.02 0.01 � 0.005
Zn 0.596 � 0.05 0.238 � 0.05
Co 0.087 � 0.01 0.052 � 0.01
Ni 0.097 � 0.05 0.097 � 0.01
Cr 0.02 � 0.009 0.02 � 0.01
Cu 0.624 � 0.05 0.001 � 0.0009
Fe 0.056 � 0.01 0.021 � 0.009
Mn 0.035 � 0.01 0.035 � 0.01
Al 0.1 � 0.01 0.1 � 0.09
Ca 82.9 � 5 90.2 � 7

20268 | RSC Adv., 2024, 14, 20254–20277
ions interfere with metal ion sorption. The sorption capacity
notably decreased as the salt concentration increased. Speci-
cally, as the salt dosage rose from 0 to 10 mg L−1, the sorption
capacity declined markedly: from 15 ± 2.1, 13.5 ± 2.1, and 14 ±

1.9 mg g−1 to 6± 2.1, 4 ± 2.5, and 5± 1.9 mg g−1 for Pb2+, Cd2+,
and Cu2+, respectively. This demonstrates that a higher
concentration of coexisting ions in wastewater results in a lower
uptake of metal ions by the active sites of Ca-MOF-CB.
3.4. Studies using real-time effluent

The applicability of the developed Ca-MOF-CB for the removal
of Pb from real-time effluent is evaluated. The properties of the
wastewater (WW) are outlined in Table 4, which demonstrates
the existence of different metal ions at a minimal concentra-
tion. The uptake of Pb2+ from wastewater using Ca-MOF-CB has
demonstrated commendable performance. The sorption of Pb2+
reated using Ca-MOF-CB

g L−1) Modied WW (mg L−1)
Treated modied WW (mg
L−1)

5.6 0.001 � 0.0001
0.074 � 0.02 0.025 � 0.009
0.596 � 0.05 0.0596 � 0.009
0.087 � 0.01 0.067 � 0.01
0.097 � 0.05 0.097 � 0.01
0.02 � 0.009 0.02 � 0.009
0.624 � 0.05 0.009 � 0.001
0.056 � 0.01 0.03 � 0.01
0.035 � 0.01 0.035 � 0.01
0.1 � 0.01 0.1 � 0.01
82.9 � 4 96.1 � 6

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with collected WW and modied WW with a concentration of
5 mg L−1 (Pb2+) showed ∼99% removal efficiency utilizing Ca-
MOF-CB in the presence of coexisting ions, highlighting the
sustainability and scalability of developed Ca-MOF-CB for the
sorption of metal ions in large-scale effluent treatment.
3.5. Mechanism of sorption by Ca-MOF-CB matrix

The diffusion of metal ions and their interaction with the active
sites of Ca-MOF-CB play a critical role in the sorption process.
However, this process may be limited by intraparticle and
external lm diffusion resistance. To better understand ion
transport and their interaction mechanisms on the Ca-MOF-CB
surface in an aqueous solution, intraparticle and external lm
(or liquid lm boundary layer) diffusion models were adopted
and analyzed.1,33 The surface composition and structural
changes of Ca-MOF-CB aer metal ion sorption were charac-
terized using SEM and XRD analysis.

The sorption process is primarily driven by electrostatic
forces of attraction, ion exchange, and coordination bonds
between metal ions and functional groups present on the bead
surface. The metal ions, namely Pb2+, Cd2+, and Cu2+, diffuse
from the bulk solution to the beads boundary layer through
external mass transfer.66 Further, the metal ions diffuse to the
bead surface and bind to anchoring groups viz. –OH, –COOH,
and open metal sites.67 The remaining metal ions then pass
through the beads pores to reach the interior surface-active sites
(intraparticle diffusion). While the interaction between metal
ions and the bead surface is crucial, understanding the ion-
transport system is equally important. External lm and intra-
particle diffusion models are commonly used to understand the
mechanism of ion transport through the surface of Ca-MOF-
CB.1,33

The experimental kinetic data were tted with the external
lm and intraparticle diffusion models (Fig. S3†) and the ob-
tained parameters are listed in Table 5. The intraparticle
diffusion model exhibited a higher R2 value (>0.9) in compar-
ison to the external lm diffusion model (R2 < 0.8), which sug-
gested that uptake of metal ions by Ca-MOF-CB was primarily
controlled by the intraparticle diffusion, with limited external
lm mass transfer or convective diffusion. The estimated
thickness of the boundary layer (I) was found to be 41 ± 13, ∼0,
and 4 ± 2 for Pb2+, Cd2+, and Cu2+, respectively. The obtained
low I value for all the metal ions suggested reduced external lm
mass transfer resistance. The obtained higher diffusion rate
(kdif) (3± 0.2 to 12± 0.8 mg g−1 min−1

2), which depicts metal ion
Table 5 Estimated parameters of intra-particle and liquid film
boundary layer models

Metal
ion

Intraparticle diffusion model
Liquid lm boundary
layer model

Kdif (mg g−1 min−1
2) I R2 R2

Pb2+ 12 � 0.8 41 � 13 0.93 0.83
Cd2+ 3 � 0.2 9 × 10−27 0.90 0.89
Cu2+ 4 � 0.3 4 � 2 0.93 0.81

© 2024 The Author(s). Published by the Royal Society of Chemistry
diffusion within the pores of Ca-MOF-CB indicated that intra-
particle diffusion was relatively fast and had less resistance,
which may be due to the smaller hydrated radius of metal ions
in comparison to the pore radius of cellulose beads.68

A divergence from the origin was visible in the tting of
kinetic data of the intraparticle diffusion model (Fig. S3†),
which suggests that intraparticle diffusion was not the only rate-
limiting step. This implies the existence of external lm diffu-
sion resistance, despite the fact that it had a minimal impact on
metal ion diffusion on the Ca-MOF-CB surface. Overall, the
present ndings indicated that metal ion diffusion onto Ca-
MOF-CB is largely unaffected by both intraparticle and surface
diffusion resistance.

Fig. 12 represents the probable mechanisms for the sorption
of metal ions (Pb2+, Cd2+, and Cu2+) by Ca-MOF-CB. The metal
ions from the bulk wastewater diffuse to the external surface
and internal voids of CB, where they further interacts with the
immobilized Ca-MOF particles' active sites (Ca2+, COOH) and
the surface functional groups (–OH) of the cellulose. The
experimental studies showed that the maximum sorption
capacity was found in the order of Pb > Cu > Cd. The ability of
metal ions to exchange cations with the Ca2+ node on the
surface of immobilized Ca-MOF was found to be positively
associated with their electronegativity (Pb: 1.90, and Cu: 1.87,
Cd: 1.65). Additionally, the degree of hydration and hydration
radius of the metal ions in the aqueous solution are equally
crucial for their sorption. Pb2+ has a greater ionic radius (120
pm) than Cd2+ (95 pm) and Cu2+ (73 pm), hence, saturates the
active site surfaces of Ca-MOF-CB more quickly.69 On the other
hand, the anchoring groups (–OH and COOH) present on the
surface of Ca-MOF-CB further promoted the sorption of metal
ions through the electrostatic force of attraction and coordi-
nation bonds.

EDS mapping of Ca-MOF-CB aer the sorption of metal ions
also revealed a difference in the elemental composition of Ca
and the presence of respective metal ions, indicating a potential
exchange of the Ca2+ node with the corresponding metal ions in
the aqueous solution [Fig. 13(I)].

Comparative analysis of XRD spectra of Ca-MOF-CB aer
sorption of Pb2+, Cd2+, and Cu2+ ions [Fig. 13(II)] with the
recorded XRD patterns of fresh Ca-MOF-CB revealed presence of
additional peaks at 2q values of 9.3°, 20.9°, 21.6°, 23.9°, 27.1°,
36.3°, & 37.7° for Pb2+; 10.2°, 16.2°, 18.3°, & 19.9° for Cd2+; and
15.8°, 19.7°, 23.2°, & 26.2° for Cu2+. These peaks attributable to
the sorption of Pb2+, Cd2+, and Cu2+ ions, were found to be in
agreement with the earlier studies with terephthalates based
Pb, Cd, and Cu MOFs.70–74 Careful comparison showed
a decrease in the intensity of the distinctive Ca-MOF-CB
patterns post-sorption of metal ions (Pb2+, Cd2+, and Cu2+).

To better understand the sorption mechanism, XPS analysis
was conducted to examine the changes in Ca-MOF-CB before
and aer the sorption of metal ions (Pb2+, Cd2+, and Cu2+). The
full-scale XPS spectrum of Ca-MOF-CB before sorption revealed
the presence of elements, including C 1s, O 1s, and N 1s, fol-
lowed by Ca 2p (Fig. 14a). Aer metal ions sorption, interactions
between the metal ions and Ca-MOF-CB resulted in a modest
shi in the binding energy of the C 1s O 1s, and N 1s peaks
RSC Adv., 2024, 14, 20254–20277 | 20269
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Fig. 12 Probable mechanisms for the removal of metal ions by Ca-MOF-CB.
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(Fig. 14b–d).45,75 These shis suggest that chemical bonding
between the metal ions and Ca-MOF-CB likely involves ion-
exchange, electrostatic, and hydrogen bonding, leading to
signicant alterations. Additionally, new peaks emerged in the
XPS spectra, specic to each metal ion, indicating the probable
exchange of Ca ions with Pb2+, Cd2+, and Cu2+. This was further
supported by EDS and XRD analysis. The changes in binding
energy and the appearance of new peaks indicate alterations in
the chemical states of the elements aer metal ion sorption.

The outcomes of batch experiments and the surface char-
acteristics of sorbents support the preference of removing Pb2+

ions from the aqueous solution over the other two metal ions
(Cd2+ and Cu2+). Hence, the column sorption studies were
focused on the removal of Pb2+ ions from aqueous water
utilizing Ca-MOF-CB.
3.6. Parametric column studies

Variables like packed-bed height (Z), ow rate (Q), and inlet Pb2+

ion concentration (C0) were investigated during the packed-bed
column studies (Table 2). Fig. 15 shows the experimental
studies conducted using an in-house fabricated column setup.
The breakthrough curves from the experimental ndings were
plotted, in terms of the ratio of the concentration at time (Ct) to
the initial concentration (C0) against time (t) (Fig. 16). The
breakthrough curves were utilized to estimate the design
parameters for sorption of Pb2+ ions on Ca-MOF-CB using eqn
(4)–(11) for which the breakthrough concentration was set at 1%
of the initial Pb2+ ion concentration. The effect of various
parameters on the breakthrough curve has been discussed
below.
20270 | RSC Adv., 2024, 14, 20254–20277
3.6.1. Effect of packed-bed height. Packed-bed height is an
essential parameter for the practical design of a column oper-
ation at an industrial scale. Fig. 16a shows the effect of packed-
bed height on the breakthrough curve while all other parame-
ters were constant (Table 6). The breakthrough time was found
to decrease from 320 to 10 min upon reduction in the height of
the packed bed (Ca-MOF-CB loading) from 20 cm (3.52 g) to
10 cm (1.8 g). In line with this, the amount of Pb2+ ions sorbed
decreased from 2377.8 to 932.5 mg with a decreased removal
efficiency of 49 to 26.67%. This may be due to the shorter bed
height, in which the contact time between the metal ions and
available active sites on the matrix surface would be limited for
the Pb2+ ions sorption on Ca-MOF-CB.76 Due to more axial
dispersion, the bed exhaustion rate (Ra: 36 g L−1) was higher at
a lower bed height in comparison to the 20 cm bed height (2 g
L−1).77 These ndings suggested that increasing the mass of Ca-
MOF-CB increased the sorbent bed's utilization up to the
breakthrough curve.

3.6.2. Effect of inlet owrate. The effect of inlet owrate on
the breakthrough curve for the removal of Pb2+ ions from
wastewater using Ca-MOF-CB is represented in Fig. 16b. Upon
increase in the ow rate from 5 mL min−1 to 10 mL min−1, the
breakthrough time for Pb2+ ions was found to decrease from 320
to 21 min (Table 6). Increasing the ow rate was expected to
reduce the lm mass transfer resistance and resulted in
increased mass transfer rate. Therefore, Pb2+ ions might not
had enough time along the bed to diffuse through the CB pores
and could not reach to immobilized Ca-MOF active sites, and
thus passed through the column before reaching equilibrium.3

Hence, the bed quickly exhausted at a greater ow rate (Ra:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 EDS spectra (I) and XRD spectra (II) of Ca-MOF-CB after sorption of (a) Pb2+, (b) Cd2+, and (c) Cu2+ ions.
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16.76 g L−1).76 As the ow rate increased from 5 to 10 mLmin−1,
the total amount of Pb2+ ions decreased from 675.5 to 600.47 mg
with a decreased Pb2+ removal efficiency of 49 to 30.1%. This
may be due to the decrease in residence time of Pb2+ with the
increased ow rate. These ndings indicated that low inlet ow
rate have higher bed usage and removal efficiency, which results
in a delay in the breakthrough values.

3.6.3. Effect of initial Pb2+ concentration. Fig. 16c repre-
sents the effect of inlet Pb2+ concentration on the breakthrough
© 2024 The Author(s). Published by the Royal Society of Chemistry
curve. For the inlet Pb2+ ion concentration of 200, 300, and
500 mg L−1, the breakthrough time was obtained as 870, 530,
and 320 min, respectively. The amount of Pb2+ sorbed on the
Ca-MOF-CB and removal efficiency was observed to decrease
from 3287 to 2377 mg and 81.9% to 49%, respectively, with an
increase in the inlet Pb2+ concentration from 200 to 500 mg L−1.
The Ca-MOF-CB exhaustion rate was found to be 0.8, 1.3, and
2 g L−1 for the inlet Pb2+ concentrations of 200, 300, and
500 mg L−1, respectively, indicating that the bed saturation was
RSC Adv., 2024, 14, 20254–20277 | 20271
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Fig. 14 XPS spectra of (a) Ca-MOF-CB and after sorption of (b) Pb2+,
(c) Cd2+, and (d) Cu2+ ions.
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attained more quickly at the higher initial metal ion concen-
trations. This was due to the higher driving force produced by
the increased metal ion concentration in the bulk solution,
which in turn increased the rate at which Pb2+ metal ions
diffused to the Ca-MOF-CB's surface-active sites from the bulk
Fig. 15 The photograph of (a) packed-bed column adsorption process

20272 | RSC Adv., 2024, 14, 20254–20277
solution. The breakthrough curve was found to be steeper at
higher inlet Pb2+ concentrations compared to the lower
concentrations. This can be attributed to the larger driving force
for mass transfer at higher inlet concentration leading to
quicker bed saturation.5
3.7. Mathematical modeling of continuous sorption process

BDST, Y–N, Thomas, and Yan models were used to predict the
breakthrough curve which helps in designing the column for
scale-up processes.

Fig. S4† illustrates the relationship between t versus Z at
various Ct/C0 (0.01, 0.1, 0.5, and 0.9). The calculated and pre-
dicted BDST model constants at different ow rate and
concentration are given in Table 7 and S2.† As the values of Ct/
C0 increase from 0.01 to 0.9, it was found that the rate constant
(Ka) was found to decreased from 3.06 × 10−5 to −2.9 × 10−5 L
mg−1 min−1, whereas the sorption capacity per unit bed volume
(N0) increased from 2.46 × 104 to 5.49 × 104 mg L−1. The
decrease in Ka with the gradual increase in Ct/C0 ratio suggests
that the eliminating Pb2+ ions requires a substantially longer
bed in order to prevent a shorter breakthrough value.78 The
BDST constants obtained at a ow rate of 5 mL min−1 and an
input concentration of 500 mg L−1 were used to predict the
sorption performance for the new ow rate of 10 mL min−1 and
inlet concentration of 300 mg L−1. Table 7 and S2† display the
breakthrough time (texp) and the predicted breakthrough values
(tpred), together with their respective percent error values (E).
The estimated E between the values of tpred and texp were found
to be higher for both the ow rate (∼10–59%) and the inlet
concentration (∼22–72%) for all values of Ct/C0. Due to higher E
values, BDST model and the estimated constants cannot be
utilized to predict the sorption performance and to design
column over a range of ow rates and inlet concentrations.

The rate constant and other kinetic parameters were deter-
mined by tting the non-linear, Y–N, Thomas, and Yan models
to experimental data of the breakthrough curve (Fig. 16) and are
listed in Table 8. The rate constant (KYN) and kinetic coefficient
(KTh) values increased from 1.9 × 10−3 to 4 × 10−3 min−1 and
0.37 to 0. 44 mL min−1 mg−1, respectively with the increased
setup and (b) in-house fabricated column.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Effect of (a) packed-bed height (Z: 10–20 cm; Q: 5 mL min−1; C0: 500 mg L−1), (b) inlet flow rate (Q: 5–10 mL min−1; Z: 20 cm; C0:
500 mg L−1), and (c) inlet Pb2+ ion concentration (C0: 200, 300, and 500 mg L−1; Q: 5 mL min−1; Z: 20 cm).

Table 6 Study parameters tested for removal of Pb2+ by Ca-MOF-CB matrix under different operating conditions

S. No. C0 mg L−1 Q mL min−1 Z Cm W g tt min tf min tb min qeq mg g−1 qt mg mt mg R% EBRT min Ra g L−1 y

1 500 5 10 1.8 1400 1500 10 518.06 932.5 3500 26.6 06.28 36 0.992
2 500 5 20 3.52 1940 2200 320 675.5 2377.8 4850 49 12.56 02 0.835
3 500 10 20 3.52 1400 2100 21 600.47 2113.6 7000 30.1 06.28 16.7 0.985
4 200 5 20 3.52 4010 4600 870 933.91 3287.3 4010 81.9 12.56 0.8 0.783
5 300 5 20 3.52 3310 3500 530 1000.3 3521.1 4965 70.9 12.56 1.3 0.839
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inlet concentration from 200 to 500 mg L−1. At the ow rate of
10 mLmin−1, the higher values of KYN (6 × 10−3 min−1) and KTh

(0.38 mL min−1 mg−1) were found comparable to 5 mL min−1

ow rate (KYN: 4 × 10−3 min−1; and KTh: 0.033 mL min−1 mg−1).
This phenomenon was attributed to increased driving force
resulting from higher concentration, and the reduced mass
transfer resistance due to a greater ow rate. These factors
facilitated in better uptake of Pb2+ ions by the active sites of Ca-
MOF-CB.79 The amount of Pb2+ sorbed (q0) onto Ca-MOF-CB was
found to be maximum (688 mg g−1) in case of 20 cm packed-bed
height, 5 mL min−1

ow rate and 300 mg L−1 inlet Pb2+ ion
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentration. The 50% breakthrough time (s) was reduced due
to the rapid saturation of the column bed with an increase in
inlet concentration and ow rate. However, an increase in bed
height from 10 to 20 cm led to an increase in s from 372 to
938 min. This indicated that an increase in the mass of sorbent
results in availability of higher number of active sites, thereby
delay the bed saturation.3 The values of s obtained from the Y–N
model and sexp experimental were in good agreement (R2 =

0.90–0.99), indicating the suitability of the Y–N model for the
Pb2+ sorption using Ca-MOF-CB (Table 8).
RSC Adv., 2024, 14, 20254–20277 | 20273
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Table 7 Calculated constants from the BDST model (C0; 500, Q; 5 mL min−1) and the predicted breakthrough points for different flow rate (10
mL min−1)a

Ct/C0 a (min cm−1) b (min) Ka (L mg−1 min−1) ×105 N0 (mg L−1) ×10−4

10 mL min−1

a0 (min cm−1) tpred. (min) texp. (min) E (%)

0.01 31 300 3.06 2.46 15.5 10 21 −52.38
0.1 38 300 1.46 3.02 19 80 60 33.33
0.5 60 270 0 4.77 30 330 300 10.00
0.9 69 200 −2.19 5.49 34.5 490 1200 −59.16

a E ¼ tpred � texp

texp
� 100.

Table 8 Parameters derived from the kinetic models for removing Pb2+ ions using Ca-MOF-CB matrix under different operating conditions

C0 (mg L−1) Q (mL min−1) Z (cm)

Yoon–Nelson model Thomas model Yan model

KYN (min−1) ×103 s (min)
sexp
(min) R2 KTh (mL min−1 mg−1) q0 (mg g−1) R2 q0 (mg g−1) a R2

500 5 10 5.4 372 � 8 340 0.97 0.44 12.5 0.97 420 1.8 0.97
500 5 20 4 938 � 7 940 0.99 0.033 156 0.99 630 3.4 0.99
500 10 20 6 321 � 10 300 0.94 0.38 14.3 0.94 380 1.4 0.99
200 5 20 1.9 3250 � 32 3450 0.92 0.37 21.3 0.92 940 8.6 0.90
300 5 20 2.6 2422 � 15 2425 0.98 0.012 688 0.98 1017 6.4 0.99
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Thomas model demonstrates a substantial inadequacy in
accurately reecting the entire breakthrough curve because the
predicted sorption capacities at various operating conditions
(Table 8) signicantly deviate from the experimental sorption
capacities (qeq) (Table 6).

The applicability of the Yan model on breakthrough curves
showed a high correlation (R2 > 0.9) between the experimental
values and the model (Table 8). The values of a and q0 were
observed to decrease from 8.6 to 3.4 and 640 to 630 mg g−1,
respectively, as the inlet concentration of Pb2+ ions increased
from 200 to 500 mg L−1. Moreover, the value of a and q0 were
found to increase from 1.8 to 3.4 and 420 to 630 mg g−1,
respectively, with the increase in the bed height from 10 to
20 cm. The sorption capacity q0 (mg g−1) values obtained from
Yan model (Table 8) were found to be consistent with the
calculated values from the experimental breakthrough values
(Table 6), thus, validating the applicability of Yan model for the
design of packed-bed column.

The obtained results suggested that Y–N and Yan models are
more suitable to scale-up the continuous Pb2+ sorption using
Ca-MOF-CB. The breakthrough curve's constants developed
from the laboratory-scale experimental data, can be used to
design columns and forecast sorption performance for a range
of practical process parameters.

3.8. Cost analysis of Pb2+ ion removal by Ca-MOF-CB

The packing material costs are crucial to determine the nan-
cial implications at large-scale industrial operations. Table 9
20274 | RSC Adv., 2024, 14, 20254–20277
provides the details of material costs (industrial grade) to
produce Ca-MOF-CB. The cost of preparing 1 kg of Ca-MOF-CB
from the industrial-grade chemicals has been estimated to be
INR 428.99 (5.18 USD$). Interestingly, the cost of Ca-MOF-CB
per gram of Pb2+ removal with a maximum sorption capacity
of 348 ± 21 mg g−1 has been estimated as INR 1.23 (0.015
USD$), which is found to be lowest in comparison to the other
MOF-based sorbent materials commonly used in wastewater
treatment.80 This lowest cost could be attributed to the possi-
bility of recycling AMIMCl-IL and the use of waste-derived
materials in the production of Ca-MOF-CB. Thus, Ca-MOF-CB
emerges as a highly effective low-cost sorbent for the removal
of Pb2+ ions from industrial effluent.

3.9. Comparison with other sorbents

Table 10 compares the maximum sorption capacity of the
developed Ca-MOF-CB for metal ions (Pb2+, Cd2+, and Cu2+)
with other reported sorbents in the literature. The results show
signicantly higher sorption values of 348 ± 21, 152 ± 18, and
125 ± 7 mg g−1 for Pb2+, Cd2+, and Cu2+, respectively, compared
to previously reported sorbents. This enhancement can be
attributed to the presence of micro and macropores, which had
minimal impact on metal ion diffusion to the active sites of Ca-
MOF-CB. Additionally, the anchoring groups (–OH and COOH)
present on the surface of Ca-MOF-CB further promoted the
sorption of metal ions. Furthermore, the high ion exchange
capacity of Ca-MOF immobilized in the Ca-MOF-CB facilitated
the higher uptake of metal ions present in the wastewater.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Cost analysis for preparing 1.0 kg of Ca-MOF-CBa

S. No. Components
Quantity required
to make 1.0 kg of beads

Unit cost (industrial
grade)/g or mL (INR) Make

Actual cost
(INR)

Total cost for
making 1.0 kg of beads (INR)

1 Ca-MOF 110.1 g — — — 428.99
2 TPA 118.18 g — — —
3 PET bottles 590.09 g — — —
4 NaOH 295.45 g 0.019 A B Enterprises, India 5.61
5 DMF 2.4 L 0.175 Gayatri Enterprises, India 420
6 HCl 0.11 L 0.005 Alpha Chemika, India 0.55
7 CaCl2 129.63 g — — —
8 Eggshell 2.5 kg — — —
9 HCl 0.29 L 0.005 Alpha Chemika, India 1.45
10 Cellulose 36.7 g — — —
11 Paper waste 51.38 g — — —
12 NaOH 44.04 g 0.019 A B Enterprises, India 0.83
13 HCl 0.11 L 0.005 Alpha Chemika, India 0.55
14 AMIMCl-IL 1.12 L — — —
15 1-

Methylimidazole
1.12 L 12.5 Kiama Research Labs, India 14 000

16 Allyl chloride 2.22 L 1.15 Abhinandhan Chemicals, India 2553
17 Dichloromethane 2.7 L 0.72 Shree Ganesh Chemicals, India 1944

a The cost analysis includes components with serial numbers 1–13. Serial numbers 14–17 were excluded as they comprise recyclable material.

Table 10 Comparision of maximum sorption capacity of various sorbents

S.
No Sorbent Metal ions Qmax (mg g−1) References

1 ZIF-8/PSF beads Pb2+ and Cd2+ 164−220 and 92−161 81
2 Magnetic ZIF-67 MOF@ aminated chitosan composite beads (Fe3O4/ZIF-67/

AmCS)
Cr(VI) 119.05 82

3 CS/Zn-MOF crosslinked with citrate beads Cr(VI) 225 83
4 Sulfur-functionalized MOF incorporated into Ca-alginate/polyacrylic (CPZ-

SH)
Cu2+ and Cd2+ 75.8 and 48.4 84

5 PAA@CA and Zr-MSA beads Pb2+ 88.49 and 157.37 85
6 MIL-121 into alginate beads Cu2+ and Cd2+ 232.8 and 92.3 86
7 Ca-MOF-CB Pb2+, Cd2+, and

Cu2+
348 � 21, 152 � 18 and 125 �
7
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study
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4. Conclusion

The present study demonstrates eco-friendly and cost-effective
synthesis of porous matrix of Ca-MOF-CB from paper waste
for the efficient removal of Pb2+, Cd2+ and Cu2+ ions from
wastewater. During the synthesis process in-house synthesized
1-allyl-3-methylimidozoium chloride (AMIMCl) was used to
dissolve cellulose instead of toxic solvents and subsequently
recycled for further utilization, making the process more
economical and environmentally benign. X-ray diffraction
analysis of Ca-MOF-CB conrmed that immobilization of Ca-
MOF in the cellulose matrix do not cause any structural defor-
mation. The optimum cellulose composition, Ca-MOF loading
and equilibrium contact time were obtained as 3 wt%, 1.5 mg
per bead, and 420 min, respectively. The kinetic studies sug-
gested that removal of Pb2+, Cd2+, and Cu2+ ions by Ca-MOF-CB
is more likely due to physisorption, with the affinity in the order
of Pb > Cu > Cd ions. The Langmuir isotherm effectively
depicted the equilibrium data, conrming a monolayer
© 2024 The Author(s). Published by the Royal Society of Chemistry
coverage of metal ions by an electrostatic force of attraction
offered by the uncoordinated oxygen of carboxylic group and
the complexation between the incompletely coordinated Ca-
nodes in the Ca-MOF structure over the Ca-MOF-CB surface.
The physical sorption of metal ions on the surface of Ca-MOF-
CB was also validated using the D–R and Temkin isotherm
models. XRD and SEM analysis of metal sorbed Ca-MOF-CB
revealed one of the mechanisms as the exchange of Ca2+

nodes of Ca-MOF with metal ions as a result of their great
electronegativity. Intraparticle and surface diffusion resistance
were found to have less effect on the diffusion of metal ions,
which suggest that Ca-MOF-CB could be used for continuous
sorption operations. The parametric column studies for Pb2+

ions were successfully conducted using an indigenously devel-
oped column set-up packed with Ca-MOF-CB. Based on the
maximum breakthrough time of 870 minutes, the best perfor-
mance was found at a bed height of 20 cm, an inlet Pb2+ ion
concentration of 200 mg L−1, and a ow velocity of 5 mL min−1.
Longer breakthrough time and higher removal efficiency of
RSC Adv., 2024, 14, 20254–20277 | 20275
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81.9% were achieved by lowering the ow rate, increasing
sorbate mass, and decreasing the inlet Pb2+ ion concentration.
The dynamic behavior of the column breakthrough curve was
well explained by the Y–N and Yanmodels, which can be used to
scale up the process at industrial scale. The estimated cost of
Ca-MOF-CB per gram of Pb2+ removal was i.e., INR 1.23 (0.015
USD$) is signicantly lower in comparison to the other regularly
used MOF-based sorbents. In conclusion, the developed Ca-
MOF-CB is very affordable and presents a viable low-cost alter-
native for the effective removal of Pb2+ ions from industrial
effluent.
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