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Abstract

In the present study, the adsorption behavior of copper-based metal organic framework (Cu-MOF) in the removal of cadmium
ion (Cd**) from aqueous solution was investigated. The Cu-MOF prepared by solvothermal method was characterized by
BET, FTIR, SEM and EDX techniques. Effect of adsorption parameters such as initial Cd** concentration (20100 mg/L),
contact time (20—-60 min) and adsorbent dosage (0.1-0.5 g) on the removal efficiency and equilibrium adsorption capacity
was investigated at fixed pH and temperature. The results obtained from the batch mode adsorption studies revealed that
at initial Cd** concentration of 20 mg/L, contact time of 60 min and adsorbent dosage of 0.5 g, the removal efficiency and
equilibrium adsorption capacity of Cd** from the process were 98.62% and 1.9724 mg/g, respectively. The experimental
data were evaluated by Langmuir and Freundlich isotherm models. The data fitted well with the Langmuir isotherm, and
monolayer adsorption capacity of the Cu-MOF was 219.05 mg/g. The kinetic data were analyzed by using pseudo-first-order,
pseudo-second-order and intraparticle diffusion models. The kinetic studies showed that pseudo-second-order model exhib-
ited high correlation coefficients for all the initial Cd>* concentrations studied, thus indicating that the theoretical amount

of Cd** adsorbed agreed to the experimental values of Cd** adsorbed.
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Introduction

Persistence increase in concentration of heavy metals in
water bodies has been attributed to population explosion and
proliferation of industries. Heavy metals are toxic, persis-
tence in nature and highly soluble in water. The destructive
effects of toxic heavy metals on humans are well known. For
instance, cadmium ion (Cd**) is one of the most toxic heavy
metal ions to which man can be exposed in the environ-
ment (Bernard 2008). Cd** causes lung cancer, proteinuria,
kidney failure and osteomalacia (Ekanem 2017). There-
fore, there is need to treat heavy metal-contaminated efflu-
ent before its release into water bodies. Various treatment
methods such as reverse osmosis, ion exchange, coagulation,
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electrocoagulation, electrochemical, precipitation and
adsorption have been used for the removal of heavy metals
from aqueous environment (Kamaraj et al. 2013; Vasudevan
et al. 2010; Osasona et al. 2018). Among the aforementioned
techniques, adsorption has been widely accepted because
it is cheap, simple, effective and environmentally friendly
(Gorzin and Abadi 2017; Osasona et al. 2018).

Adsorption is a percolation process in which a fluid is
passed through porous material (adsorbent) which has the
affinity to alter the concentration of the fluid. Various adsor-
bents such as activated carbon (Osasona et al. 2018), zeolite
(Kussainova et al. 2018), molecular sieve (Rao et al. 2015),
silica gel (Tzvetkova and Nickolov 2012) and so on have
been used for the removal of heavy metals from aqueous
environment. However, these adsorbents are less effec-
tive due to their low surface area and adsorption capaci-
ties. In recent time, researchers have centered their studies
on the development of adsorbent with better properties. In
particular, a highly active and porous synthetic material
such as metal organic frameworks (MOFs) is still ongoing.
Numerous researchers have synthesized MOFs from differ-
ent sources and applied them in gas separation and storage
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(Senkovska and Kaskel 2008), sensing devices (Chen et al.
2008), catalysis (Lee et al. 2009), drug storage and deliv-
ery (Horcajada et al. 2008), as electrode material for super-
capacitor (Liu et al. 2010), liquid and gas adsorption (Ahmed
et al. 2013) and many more. MOFs are referred to as porous
crystalline materials in which both metal ions and ligands
are linked together (Abassi et al. 2017). Many studies on the
use of MOFs as adsorbents to remove inorganic and organic
contaminants from wastewater have been conducted and
documented (Bakhtiari et al. 2015; Abassi et al. 2017; Lin
and Hsieh 2015). Shooto et al. (2017) studied the adsorption
behavior of iron-based MOF for removal of lead ion from
aqueous solution. Maleki et al. (2015) synthesized cobalt-
based MOF and employed as adsorbent to separate hexa-
valent chromium from aqueous solution. A MOF-derived
nanoporous carbon adsorbent was synthesized by Bakhtiari
et al. (2015) for removing copper ions from simulated solu-
tion. However, the literature survey reveals that few studies
on the use of MOFs as adsorbents for removing heavy metal
ions from aqueous solution have been reported. Moreover,
to the best of our knowledge, detailed kinetic study on Cd>*
adsorption by MOF has not been reported.

In the present study, copper-based metal organic frame-
work which is referred to as Cu-MOF was synthesized via
solvothermal method, characterized and employed as adsor-
bent to remove cadmium ion (Cd**) from simulated solution.
The effects of variables affecting adsorption process such as
the initial Cd** concentration, contact time and adsorbent
dosage were investigated. Equilibrium adsorption isotherm
and kinetic models were applied to evaluate the acquired
experimental data.

Experimental
Material

Copper nitrate trihydrate [Cu(NO;),3H,0, BDH], cadmium
nitrate tetrahydrate [Cd(NO;),*4H,0], benzene 1,3,5-tri-
carboxylic acid [C4H5-1,3,5-(COOH); (H;BTC), 98%]
and methanol (CH;0H, 99.5% synthesis grade) were all
purchased from Nizo chemical enterprise, Lagos, Nigeria.
All the chemical compounds were used as received without
subjecting them to further purification.

Preparation of Cu-MOF adsorbent

The procedure employed to prepare Cu-MOF adsorbent in
this study was reported by Vakiti (2012). Cu(NO;),*3H,0
(0.25 g, 1.03 mmol) was dissolved in 10 mL of distilled
water, and H;BTC (0.10 g, 0.53 mmol) was dissolved in
10 mL of methanol. The two resulting mixtures were vig-
orously mixed and 5 mL of deprotonating agent (Trethyl
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amine) was added. The slurry was then refluxed at 130 °C
for 2 h under constant stirring. The light blue crystals
obtained were filtered, washed with methanol severally until
clear crystals were obtained, after which it was dried in an
oven at 55 °C for 30 min and employed immediately as an
adsorbent for Cd** removal from aqueous solution.

Characterization of Cu-MOF adsorbent

The properties of the as-synthesized Cu-MOF adsorbent
were determined using Brunauer—Teller—Emmett (BET) sur-
face area measurement, Fourier transform infrared (FTIR)
spectroscopy and scanning electron microscopy-energy-
dispersive X-ray (SEM-EDX). The textural characteristics
of the as-prepared adsorbent were determined by a Quan-
tachrome instrument (NOVA station A, version 11.03, USA)
based on the principle of adsorption/desorption of nitrogen
at 77 K and 60/60 s (ads/des) equilibrium time. The FTIR
spectrophotometer (IR Affinity-1S, Shimadzu, Japan) was
employed to determine the surface functional groups of the
Cu-MOF adsorbent, and the IR spectra of the sample stud-
ied were collected in the range of 4000—-400 cm™!, while
SEM image of the prepared adsorbent was viewed through
a microscope (SEM, JEOL-JSM 7600F) in order to exam-
ine its surface morphology. The elemental composition of
the Cu-MOF adsorbent was also evaluated by the micro-
scope equipped with EDX analyzer.

Preparation of cadmium ion solution

Stock solution of Cd** was prepared by dissolving 1.85 g
of Cd(NO;),»4H,0 in 1 L of distilled water. From the stock
solution, 20, 40, 60, 80 and 100 mg/L, the initial Cd** con-
centration was made by dilution method and subsequently
used for batch adsorption experiment.

Batch adsorption experiment

The adsorption studies were conducted via batch mode by
charging required quantity of adsorbent into 250-mL conical
flasks containing 50 mL of Cd** solution. The mixture of
Cu-MOF adsorbent and Cd** solution contained in a set of
each conical flasks was placed and agitated in a temperature-
controlled water bath shaker (SearchTech Intrument SHZ-82
Thermostatic, India) operated at a constant stirring speed of
150 rpm. The process was conducted by considering various
adsorption conditions as follows: the initial Cd>* concentra-
tion (20-100 mg/L), contact time (20—-60 min) and adsorbent
dosage (0.1-0.5 g). All the adsorption experiments were car-
ried out at fixed pH and room temperature of 4.0 and 30 °C,
respectively.

After the attainment of the equilibrium, each sample
was centrifuged at high speed for 10 min and decanted.
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The concentration of Cd>* left un-adsorbed in the collected
solution was determined by atomic absorption spectropho-
tometer (AAS, Buck Scientific 210VGP, USA). The cd*
removal efficiency, R (%), and amount of Cd>** adsorbed per
unit mass of Cu-MOF, g, mg/g, are calculated by Eqgs. (1)
and (2), respectively.

R= (G -¢) 100% 1

= X A (H
(Cy—C)V

= 2

4. W )

where C, and C, (mg/L) are the initial and equilibrium con-
centrations of Cd** in aqueous solution, V (L) is the volume
of the Cd* solution and W (g) is the weight of the Cu-MOF
sample used.

Equilibrium adsorption isotherm

The correlation between the amount of Cd** adsorbed onto
Cu-MOF and the equilibrium concentration of Cd** in the
aqueous phase was evaluated using two-parameter isotherm
models. The experimental data acquired were analyzed by
Langmuir and Freundlich models.

The Langmuir isotherm model is employed based on
monolayer adsorption of adsorbate on homogeneous active
sites, and thus, saturation is attained, beyond which no fur-
ther attachment of adsorbate on adsorbent takes place. It
also operates with the principle that there is no interaction
between the adsorbed molecules on adjacent sites (Oye-
doh and Ekwonu 2016). The nonlinear model which was
described by Langmuir (1918) is presented in Eq. (3).

g. = dmaxbCe
©(1+0bC,) @)

where ¢, (mg/g) is the amount of Cd>* adsorbed at equilib-
rium, C, (mg/L) is the equilibrium concentration of Cd** in
aqueous solution, gmax (mg/g) is the maximum adsorption
capacity and b is the Langmuir equilibrium constant.

The separation factor (R;) whose value determines the
nature of the isotherm shape is the important feature of the
Langmuir isotherm. It can either be favorable (0 <R < 1),
unfavorable adsorption (R > 1), linear (R =1) or irrevers-
ible adsorption (R =0). The dimensionless parameter is
given by Eq. (4).

1
R = —
"7 (1+bC,) @

where C, (mg/L) is the maximum initial Cd** concentration
and b (L/mg) is the Langmuir equilibrium constant.

The Freundlich isotherm is the two-parameter model
which is applied based on multilayer adsorption on heteroge-
neous surface and is expressed as follows (Freundlich 1906):

1
qde = kFCe /n (5)

where C, (mg/L) is the equilibrium concentration of Cd** in
solution, k;; (mg/g(L/mg)""") indicates the adsorption capac-
ity of the adsorbent and n is a Freundlich exponent.

Adsorption kinetics

Kinetic data provide adequate information regarding the
adsorption mechanism that is important for the process effi-
ciency. A kinetic model is a mathematical representation of
the rate at which physical or chemical process takes place.
However, the rate at which adsorption mechanism occurs
varies from very rapid to very slow stage (Owabor and
Oboh 2012). In the present study, three different adsorption
kinetic models, namely pseudo-first-order, pseudo-second-
order and intraparticle diffusion, were applied to evaluate the
extent of utilization of the adsorption capacity with respect
to contact time between the cadmium ions (adsorbate)
and the Cu-MOF (adsorbent). The linearized forms of the
pseudo-first-order (Langergren 1898), pseudo-second-order
(Ho and Mckay 1998) and intraparticle diffusion (Wu et al.
2009) models are expressed in Egs. (6)—(8), respectively,
as follows:

kl
log (g, — q,) = logq, — 7303 )" (6)
t_ 1 ( 1 >t )
- = T 5 - a
4 kq? qe
h = kyq? (7b)
g, = kpt'* + C 8)

where g, and ¢, are the amount of Cd** adsorbed (mg/g) at
time t in min and at equilibrium, respectively. k; (min~!) and
k, (g/mg min) are the rate constants for pseudo-first order
and pseudo-second order, respectively. h is the initial sorp-
tion rate (mg/g min). kp is the intraparticle diffusion rate
constant (mg/g min®3), and C is the intercept.

Modeling of batch adsorption system

A batch mode adsorption system shown in Fig. 1 is to be used
to separate cadmium ions from effluent containing volume (V)
of Cd** solution with the initial concentration C, mg/L. The
concentration of Cd>™ after equilibrium is to be reduced to C,
mg/L in the process. In the treatment process, W (g) Cu-MOF
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Fig. 1 A single-batch adsorp-
tion system

V (L), G, (mg/L)

V (L), Ce (mg/L)

is fed into the adsorber containing the effluent and the amount
of Cd** adsorbed at equilibrium changes from g, (it is zero
initially) to g..

The total material balance around the batch mode adsorp-
tion system is given by

VC, +q,W=VC,+q. W 9)

v(C, - C.) = W(g. —4q,) (10)
Since g, is zero at the initial stage of the treatment, Eq. (10)
reduces to

=2~ (11)
9

w (Co - Ce)
v

If the adsorption of Cd** onto Cu-MOF is assumed to be
well predicted by the Langmuir isotherm model, then g, in
Eq. (11) can be replaced by Eq. (3) and adsorbent mass (W)/
solution volume (V) ratio for the single-stage batch adsorption
system is obtained as:

(CO - Ce)(l + bCe) 1
B dmaxbCe (12

4 (Co - Ce)

14 9.

where C, and C, (mg/L) are the initial and equilibrium con-
centrations of Cd** in aqueous solution, V (L) is the volume
of the Cd** solution and W (g) is the weight of the Cu-MOF
sample used.qmax (mg/g) is the maximum adsorption capac-
ity and b is the Langmuir equilibrium constant.
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q, (mg/g), W (g)

q. (mg/g), W (g)

Results and discussion
Characterization of prepared Cu-MOF adsorbent
Textural properties determination

The specific surface area of the prepared adsorbent was
evaluated using multipoint BET method, while total
pore volume and pore diameter of the adsorbent were
determined by Barrett—Joyner—Halender (BJH) method.
The detailed results are presented in Table 1. The BET
surface area, pore volume and pore diameter of the Cu-
MOF adsorbent before adsorption were determined to be
1057 m%/g, 0.207 cm®/g and 2.137 A, respectively. The
BET surface area of the Cu-MOF studied can be com-
pared to those values reported by Lin and Hsieh (2015)
for Cu-MOF and Tranchemotagne et al. (2008) for MOF-
74. Meanwhile, the textural properties of Cu-MOF dimin-
ished after adsorption due to coverage and saturation of
the adsorbent surface by Cd** (adsorbate). Nevertheless,
the Cd**-loaded Cu-MOF adsorbent still possessed better
textural properties, thus indicating that the surface of the
active sites can still accommodate more adsorbates.

Table 1 Textural properties of Cu-MOF adsorbent before and after
adsorption

Sample BET surface Total pore vol-  Average pore
area (m?%/ 2) ume (cm’/ 2) diameter (A)
Cu-MOF 1057 0.204 2.137
Cd** loaded 219 0.0172 0.864
Cu-MOF
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FTIR analysis

In order to evaluate the Cd>* adsorption mechanism and
also identify the various functional groups on the prepared
Cu-MOF adsorbent, the FTIR analysis was performed. The
FTIR spectra of the adsorbent before and after adsorption
of Cd*" are depicted in Fig. 2 and Table 2. It was revealed
that those functional groups found on the prepared Cu-
MOF adsorbent include alcohol (O—H), saturated aliphatic
25
20

0
0
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101
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Fig.2 FTIR spectra of the prepared MOF a without Cd** adsorption
and b with Cd** adsorption

(C-H), unsaturated aliphatic (C=H and C=C), carboxylic
acid (C-0, C=0 and O-H), carbonyl (C=0 and C-O-H),
amine (N—H and C-N) and phosphine (P-H). The presence
of carboxylic groups (C—O and C=0) on the as-synthesized
Cu-MOF was attributed to the use of H;BTC as ligand (Lin
and Hsieh 2015). Some peaks were shifted, disappeared
and new ones were developed after adsorption. Those shifts
observed in some FTIR absorption bands after Cd>* adsorp-
tion onto Cu-MOF indicated that no force of attraction was
between the surface of the adsorbent and the adsorbed sol-
ute (Osasona et al. 2018). Meanwhile, formation of those
new peaks as can be seen in Table 2 is an indication that
those functional groups found on the surface of the adsor-
bent were actively involved in adsorption process (Hameed
et al. 2009).

SEM-EDX analysis

The SEM image of the as-synthesized Cu-MOF adsorbent
in Fig. 3 showed irregular clusters of spherical particles
fused together. At magnification of 10,000, agglomeration
of small particle was clearly seen; thus, better adsorption
behavior is anticipated for the as-prepared adsorbent. The
EDX spectrum of Cu-MOF (Fig. 4 and Table 3) confirmed
the presence of copper (Cu), oxygen (O) and carbon (C). The

Table2 FTIR of Cu-MOF

IR band Wavenumber (cm™") Assignment/vibration mode
adsorbent
Without Cd>* adsorption With Cd**
adsorption
1 3499.74; 3126.12 3556.73 O-H stretching vibration
2 - 2736.68 CH stretching modes
3 2591.03 - NH stretching modes
4 2477.04 2480.21 NH stretching
5 - 2397.89 P—H stretching
6 - 2353.56 P-H stretching
7 2021.11 - C=C stretching
8 - 1764.64 C=0 stretching
9 1717.15 1707.65 C=O0 stretching
10 - 1628.50 C=O0 stretching or NH, deformation
11 - 1558.84 NH deformation
12 1441.69 - CH; antisym deformation
13 1397.36 1368.87 C-O stretching
14 1239.05 1242.22 C-0 stretching
15 1185.22 1178.89 C-O-H stretching
16 1109.23 1109.23 —C-NHj; primary aliphatic amines
17 1039.58 - P-O-C antisym stretching
18 966.75 - =CH out-of-plane deformation
19 887.60 890.77 CH out-of-plane deformation (two bands)
20 - 824.27 CH out-of-plane deformation
21 745.12;732.45 738.79 CH out-of-plane deformation
22 691.29; 624.80 - C-O-H bending
ﬁf&ﬁmﬁﬁw @ Springer
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Fig.3 SEM image of as-synthesized Cu-MOF adsorbent

percentage composition of the elements contained in the Cu-
MOF was found in the following order: C> O > Cu. As can
be seen in Table 3, C and O constitute a larger content. How-
ever, detected elements in the EDX spectrum indicate that
the Cu-based MOF was successfully synthesized and these
elements would constitute active sites on the surface of the
prepared adsorbent, thus resulting in electrostatic interaction
between the adsorbent and adsorbate (Shooto et al. 2017).

Effects of various variables studied
during adsorption process

Effect of the initial Cd?* concentration

The effects of the initial concentration (20-100 mg/g) on
the removal of Cd** from aqueous solution via batch mode
adsorption were studied. As shown in Fig. 5, the removal
efficiency of Cd** decreased from 98.77 to 92.65%, while

Fig.4 EDX spectrum of Cu-
MOF adsorbent

Table 3 Elemental composition

Element Composition (%)
of Cu-MOF adsorbent
Carbon (C) 47+3.24
Oxygen (O)  39.33+3.57
Copper (Cu) 13.67+0.67
100 10
g 99 ——R qe 9 =
= 8 W
= 98 £
= 7
[ T
g7 6 2
S 9 s 8
©
3 o 4 8
c
5 3 8
+ 94 o
E) 2 s
Y 93 . B
<
92 0
0 20 40 60 80 100 120

Initial Cd?* concentration, C, (mg/L)

Fig.5 Effect of the initial Cd** concentration on the adsorption
of Cd** onto Cu-MOF at adsorbent dose=0.5 2/50 mL, contact
time =60 min, pH=4.0 and temperature =30 °C

the equilibrium adsorption capacity increased from 1.98
to 9.27 mg/g by increasing the initial adsorbate concen-
tration from 20 to 100 mg/L. This finding could be attrib-
uted to the fact that the same molecular adsorption sites
on the adsorbent surface were available for the increasing
adsorbate concentration, thus resulting in overloading of
the adsorption sites on the Cu-MOF adsorbent. The same
results were also reported for Cd** adsorption onto acti-
vated carbon derived from brewery waste' (Osasona et al.
2018) and Cd** adsorption onto wheat straw (Muhamad
2008).
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Fig.6 Effect of contact time on the adsorption of Cd** onto Cu-
MOF at adsorbent dose=0.5 g/50 mL, initial Cd** concentra-
tion=20 mg/L, pH=4.0 and temperature =30 °C

Effect of contact time

The effect of varying the contact time (20—-60 min) was also
investigated with Cu-MOF adsorbent. As shown in Fig. 6,
both the Cd** removal efficiency and adsorbent loading
capacity increased as the contact time increased. The reason
for this observation might be attributed to the large surface
area of the Cu-MOF, which was available throughout the
adsorption process. This is corroborated by BET surface
area analysis and is the main reason why Cu-MOF adsor-
bent exhibited better performance. A similar observation
was reported by Gaur et al. (2018) for the adsorption of lead
and arsenic ions on soya bean adsorbent.

Effect of adsorbent dose

The influence of adsorbent dose on the adsorption of Cd** on
Cu-MOF adsorbent was investigated at fixed pH and tempera-
ture of 4 and 30 °C, respectively. Figure 7 reveals that Cd**
removal efficiency increased with the increase in the quantity of
Cu-MOF adsorbent, while the adsorption capacity of Cu-MOF
decreased from 8.91 to 1.99 mg/g when the adsorbent dosage
increased from 0.1 to 0.5 g. The reason for this behavior was
due to availability of enough active sites on the surface of adsor-
bent, which remained unsaturated during the Cd** adsorption
process. The result obtained herein followed the same trend
with the one reported by Osasona et al. (2018) for adsorption of
Cd*" onto activated carbon derived from brewery waste.

Equilibrium adsorption isotherm

An adsorption isotherm was studied in order to examine the
correlation between the quantity of Cd>* adsorbed and its
concentration in the liquid phase. Since the adsorption iso-
therms help in describing the interaction of adsorbate with
the adsorbent, it is highly important for the modeling of

102 10

B3 100 ——R qe 9 =
[ g D
3‘ 98 £
8 T
o >
£ 9 6 £
[}] 5 ©
-_— Q
© [v]
g 94 4 g
£ 3 8
g 92 i

% 2 3

90
© 1 2
88 0
0 0.1 0.2 0.3 0.4 0.5 0.6
Adsorbent dosage, w (g)

Fig. 7 Effect of adsorbent dosage on the adsorption of Cd** onto Cu-

MOF at initial Cd** concentration =20 mg/L, contact time =60 min,
pH=4.0 and temperature=30 °C

adsorption system. Accordingly, two-parameter isotherm
models, namely Langmuir and Freundlich, were employed
to study the interaction between adsorbate and adsorbent.
Another experimental runs were conducted at the optimum
conditions (contact time =60 min, adsorbent dose =0.5 g,
pH=4.0 and temperature =30 °C) and at different initial
Cd?* concentration of 20, 40, 60, 80 and 100 mg/L.

Figure 8 shows the nonlinear plots of Langmuir and Fre-
undlich models, g, (mg/g) versus C, at fixed temperature
of 30 °C. The values of constant parameters contained in
Langmuir (gyax and b) and Freundlich (ki and n) models
were all determined from the plots. The values of the mod-
els constants are presented in Table 4 with their correlation
coefficients (R?). The best model was selected based on the
R? value, and it was found that Langmuir model provided
the best fit with the experimental data. This indicates that the
Cu-MOF adsorbent surface is dominated by the monolayer
and homogeneous active sites. A similar result was reported
for Cd** removal from aqueous solution by treated rice husk
(Kumar and bandyopadhyay 2006), wheat straw (Muhamad
2008) and activated carbon made from spent brewery bar-
ley husks (Osasona et al. 2018). The value of R; (0.012) as
indicated in Table 4 is less than 1, which suggests favorable
adsorption process. This is confirmed by the magnitude of
Freundlich exponent n (2.68) which also indicates favorable
adsorption condition, because n is greater than 1.

In order to ascertain the efficiency of the as-synthesized
Cu-MOF adsorbent, a comparison of the Cd** adsorption of
this present study and other similar studies is reported. The
maximum adsorption capacity (gmax) 1S the most important
parameter used for the comparison. Table 5 lists a comparison
of maximum monolayer adsorption capacity (gmax) of Cd*t
on different adsorbents. Cu-MOF adsorbent is found to pos-
sess a relatively large adsorption capacity of 219.05 mg/g,
and this implies that the adsorbent is highly effective for the
treatment of water and wastewater containing heavy metals.
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Fig. 8 Two-parameter isotherm models for adsorption of Cd** onto
Cu-MOF adsorbent at 30 °C
Table 4 Two-parameter Isotherm Value
isotherm constants and
correlation coefficients for Langmuir
adsorption of Cd>* onto
Cu-MOF adsorbent dmax (mg/g) 219.05
b (L/mg) 0.968
R? 0.9958
R, 0.012
Freundlich
ki (mg/g(L/mg)'™) 451
n 2.68
R? 0.9773

Kinetic modeling

In this current study, three different kinetic models were
applied to evaluate the experimental data obtained at various
initial Cd** concentrations from 20 to 100 mg/L.
Pseudo-first-order model was initially used to analyze the
obtained experimental data. The plot of log (g, — g, ) versus t

shown in Fig. 9 gave a straight line at different initial adsorb-
ate concentrations from which ¢, and k; were evaluated. The
values of the pseudo-first-order kinetic parameters (g, and
k;) computed at different adsorbate concentrations are pre-
sented in Table 6. The results revealed that the predicted g,
values did not agree with the experimental g, values at all
adsorbate concentrations studied with low correlation coef-
ficients. Thus, the experimental data could not be predicted
by the pseudo-first-order model and further kinetic analysis
was conducted using pseudo-second-order model.

The values of pseudo-second-order model parameters (g,
and k,) (Eq. 7a) are evaluated from the plot of #/g, versus ¢
shown in Fig. 10, and the results are presented in Table 6.
The values of calculated g, at various adsorbate concentra-
tions were found to be approximately equal to the experi-
mental values of g, with high coefficients of correlation (R%
in the range 0.9973-1.00. The R? values for the pseudo-
second-order model were relatively larger than those of the
pseudo-first-order model for the various adsorbate concen-
trations. The obtained results indicate that the adsorption of
Cd** onto Cu-MOF adsorbent could be well predicted by the
pseudo-second-order model.

Furthermore, high linearity of Fig. 10 is an indication that
the pseudo-second-order kinetic model agrees reasonably
well with the chemisorption as a rate determining step and
it can be deduced that the role of the chemisorption in the
rate controlling step cannot be ignored (Lim and Lee 2015).
In addition, it was observed that there was decrease in values
of the initial rate of adsorption (%) with an increase in the
cadmium ions concentration as depicted in Table 6. These
results imply that there was rapid movement of adsorbate
from the bulk fluid with lower initial concentration to the
surface of the adsorbent due to the concentration gradient
(Hameed et al. 2009).

In order to further analyze the experimental data and
evaluate the diffusion mechanism, the intraparticle diffu-
sion model (Eq. 8) was employed. The plot of g, versus '/2
shown in Fig. 11 gave a straight line at different adsorbate
concentrations from which k and C were obtained as slope
and intercept, respectively. The computed values for intra-
particle diffusion constants (kp, and C) and R? are presented

Table 5 Comparison of
monolayer adsorption capacities
of different adsorbents for Cd**

Adsorbent

Maximum adsorption
capacity (mg/g)

Operating tempera- References
ture (°C)

removal from aqueous system Spent brewery barley husks

Brewer’s yeast

Nalco plant sand
7r0,/B,0;
Cu(BTC),-SO;H
Salicylic acid-type chelate
Cu-MOF

6.64 35 Osasona et al. (2018)
10.17 25 Cui et al. (2010)

58.13 45 Mohapatra et al. (2009)
109.90 - Yalcinkaya et al. (2011)
88.7 25 Wang et al. (2015)

120 - Anetal. (2011)

219.05 30 Present study
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Fig.9 Pseudo-first-order model for adsorption of Cd** onto Cu-MOF
at different initial concentrations

in Table 6. The linearity of the plots implies that the intra-
particle diffusion played a significant role in the adsorption
of Cd** from aqueous solution by Cu-MOF. However, since
the R? values for the intraparticle diffusion model were lower
than those of pseudo-second-order model for the various
initial Cd** concentrations, the intraparticle diffusion kinetic
model could not be regarded as a rate-limiting step. This fact
was affirmed by the fact that the plots did not pass through
the origin. Hence, the obtained experimental data were well
predicted by the pseudo-second-order kinetic model.

Modeling of batch adsorption system

Depicted in Fig. 12 is a series of plots of adsorbent dose
against volume of Cd** solution at different removal effi-
ciencies. The obtained data points were evaluated from the
model equation (Eq. 12) describing the adsorption of Cd>*
by Cu-MOF in a single-stage batch adsorber in which dif-
ferent volumes (1, 2, 3, 4 and 5 L) of cadmium solution with

35 + 20 mg/L
30 40 mg/L
60 mg/L

25
x 80 mg/L

20 100 mg/L

15

10
5 /
0 20 40 60

t/q, (min.g/mg)

0
80

t(min)

Fig. 10 Pseudo-second-order model for adsorption of Cd** onto Cu-
MOF at different initial concentrations

10
+ 20 mg/L
9
40 mg/L
8 X
60 mg/L X
7 X
x 80 mg/L
@ 6
% 100 mg/L x’/_/’/
g€ 5
T 4
3
2 — - .
1
0
0 2 4 6 8

t1/2 (min1/?)

Fig. 11 Intraparticle diffusion model for adsorption of Cd** onto Cu-
MOF at different initial concentrations

Table 6 Kinetic models and

. Kinetic model Parameters Initial Cd** concentration (mg/L)
parameters of adsorption of
Cd** onto Cu-MOF adsorbent 20 40 60 80 100
Pseudo-first order q. (exp) (mg/g) 1.975 3.947 5.822 7.614 9.265
k; (min~1) 0.091 0.041 0.045 0.073 0.068
q. (cal) (mg/g) 1.510 1.774 2.201 2.769 3.033
R? 0.9861 0.9792 0.9866 0.9747 0.9695
Pseudo-second order k, (g/mg min) 1.107 0.791 0.091 0.041 0.021
q, (cal) (mg/g) 1.988 3.967 5.999 8.00 10.09
h (mg/g min) 4.377 3.945 3.272 2.633 2.101
R? 0.9999 0.9995 1.000 1.000 0.9973
Intraparticle diffusion kyy (mg/g min®) 0.024 0.014 0.199 0.382 0.626
C 1.812 3.842 4.435 4.941 4.852
R? 0.4799 0.6768 0.8273 0.8517 0.8791
aﬁ#’iﬁﬁ'ﬂw @ Springer
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Fig. 12 Adsorbent dose (W) against treated Cd** solution volume (V)
at different removal efficiencies

the initial concentration of 20 mg/L were charged. The quan-
tity of Cu-MOF needed for the 60% uptake of Cd** from
aqueous solution was 6.19, 12.37, 18.56, 24.74 and 30.93 g,
respectively, for Cd?* solution of volumes of 1, 2, 3, 4 and
5 L. It can be deduced from Fig. 12 that the amount of Cu-
MOF required for the effective removal of Cd>" in a single-
stage adsorber depends on the aqueous solution volume.

Conclusions

The adsorption capacity of Cu-MOF adsorbent in the
removal of Cd** from aqueous solution had been investi-
gated. The synthesized adsorbent possessed large BET sur-
face area and pore volume with active functional groups
on its surface as revealed by the FTIR analysis. EDX result
showed that Cu-MOF comprised of Cu, C and O, which
might facilitate formation of charges and functionalities on
the adsorbent surface. The amount of Cd** adsorbed onto
Cu-MOF adsorbent was found to increase with the increase
in contact time, initial concentration and adsorbent dose.
Equilibrium adsorption isotherm analysis showed that the
Langmuir isotherm best fitted with the experimental data
(R*=0.9958), thus indicating a monolayer adsorption of
Cd** on homogeneous active sites of the Cu-MOF adsor-
bent. Analysis of kinetic data showed that pseudo-second-
order model provided the best fit with the experimental data.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
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