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ABSTRACT

Application of zinc-iron layered double hydroxide (ZnFe-LDH) and its composites with sin-
gle-wall carbon nanotubes (LDH/CNT) and biochar derived from orange peel biomass (LDH/
OPDb) for batch adsorption of Cu* was extensively studied. The X-ray diffraction (XRD) patterns
and energy-dispersive X-ray (EDX) analyses confirmed some chemical changes and successful
adsorption of Cu*. An equilibrium contact time of 60 min was adopted for the optimum removal
of the Cu* using all the adsorbents. LDH/OPb demonstrated a greater affinity for the Cu* than
LDH/CNT and ZnFe-LDH due to its large surface area. The adsorption capacity decreased with
increasing removal efficiency as the adsorbents dose increased from 0.2 to 0.9 g. However, both
the adsorption capacity and removal efficiency increased as pH increased from 2.0 to 5.0 with an
optimum pH of approximately 6.0. The removal efficiency decreased with a higher increase in the
sorption capacity of LDH/OPb than other adsorbents as the initial Cu* concentration increased
from 10 to 100 mg L. The Langmuir model demonstrated a better estimation and a better fit to
the adsorption data than the Freundlich and D-R isotherms. The pseudo-second-order kinetic

model demonstrated the best fitting to the adsorption data compared with other kinetic models.
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1. Introduction

The surge in the discharge of heavy metals ions into the
environment through natural and anthropogenic activities is
threatening the global health of the ecosystem. Heavy metal
ions are long-lasting, non-degradable, and toxic to living
beings. Among the most problematic heavy metal ions, the
elevated amounts of the copper cation (Cu*) in freshwater
reservoirs pose a serious health threat to the environmen-
tal ecosystem. Cu® is one of the prevalent metal ions in
electrical and electroplating industries and is also exten-
sively being discharged from the pulp, paper mills, and
petroleum refineries [1]. These discharged effluents possess
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very high concentrations of Cu* according to water quality
standards which stipulate 1.3 mg L™ of Cu* [2]. Therefore,
there is an urgent need to reduce the concentration of
Cu* and other hazardous pollutants in industrial waste-
water before been discharged into waterways or sewage
systems to sure a safe environment and human health.
Different technologies for wastewater decontamina-
tion such as ion exchange, phytoextraction, membrane
filtration, coagulation and flocculation, and chemical
precipitation have been explored to remove Cu®* from
industrial wastewater [3-5]. However, most of these tech-
nologies have some inherent advantages and limitations
in terms of their applications, operation cost, and average
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removal capacities [6]. Among the existing water remedi-
ation technologies, adsorption is considered the best due
to its lower cost, higher removal efficiency, applicability
to a wide range of contaminants, and simplicity in opera-
tion [7,8]. However, the selection of the most appropriate
and efficient adsorbent material for the removal of a par-
ticular contaminant demands crucial scrutiny. Continuous
and extensive efforts have been made to develop efficient
and low-cost adsorbent materials, like biochar pre-
pared from wastes of plant materials, for sustainable Cu?
removal from different environmental contaminants.

The layered double hydroxides (LDHs) are highly
ordered two-dimensional anionic clays and have attracted
considerable attention of researchers in the last decades
for the sorption capacity of heavy metals and other con-
taminants because of their high specific surface area, high
pH buffering capacities, good thermal stability, revers-
ibility of structure, and high adsorption capacities [9,10].
Nano-sized LDHs structural formula can be presented as
M3, M¥ (OH),]*" (A™),,. yH,O, where M* represents
divalent metal ions such as (Mg*, Zn*, Ni*, Co*, Ca%,
and Fe?), M® trivalent metal ions such as (Al*, Mn%,
Ga*, Fe*, and In*), and A" an intercalated anion such as
NO;, CI', COZ, and SOZ [2]. Part of the octahedral M*" cat-
ions is isomorphously substituted by M*" cations and the
excessive positive charges generated by this substitution
are compensated with the presence of anions in the inter-
layer space [11]. There are several methods to synthesize
LDHs such as hydrothermal reaction, rehydration, inter-
calation, co-precipitation, and pre-pillaring [12], and the
most frequently used is the co-precipitation method. The
efficiency of LDHs in removing Cu?* ions from wastewa-
ters has been reported by many researchers. For exam-
ple, Sun et al. [13] investigated the performance of Fe, O,/
MgAI-LDH nanocomposites for the removal of Cu* and
reported a maximum adsorption capacity of 64.66 mg g™
Yue et al. [14] also studied MgAIl-Cl LDH for Cu*" removal
and they realized 163 mg g™ adsorption capacity.

In recent years, scientists are trying to increase the effi-
ciencies of LDHs by developing their composites with other
carbonaceous materials. For instance, compositing LDHs
with biochar and/or carbon nanotubes (CNTs) can improve
the properties of LDHs resulting in higher sorption efficien-
cies. Biochar is a stable and high degree porous pyrogenic
black carbon derived from the pyrolysis of carbon-rich
materials under an oxygen-free environment. It is an excel-
lent adsorbent in terms of its high surface area and high
adsorption properties. There are abundant raw materials for
biochar production such as agricultural residues, municipal
solid waste materials, industrial wastes, and by-products
as well as many other non-conventional materials such as
papers, algae, bones, and waste tires [15]. 124.73 million
metric tons of citrus are annually produced worldwide
[16]. Its peel is an important by-product with a high con-
tent of lignin, cellulose, and hemicellulose [17]. Recycling
of orange peel waste to produce biochar has a double reme-
diation technique; reduction of surface pollution on one
hand and water decontamination on the other. Likewise,
CNTs demonstrate exceptional sorption capacities for a
range of environmental contaminants due to their hollow
and layered structure, thermal and chemical stabilities, large

surface area, and higher mechanical strength. However,
the poor degradability and toxicity of CNTs as well as the
removal of loaded CNTs are of important consideration.
The removal of loaded CNTs using conventional methods is
inefficient due to their micro-sized structure.

Therefore, we proposed that compositing the orange
peel derived biochar or CNTs with LDHs would produce
efficient and novel adsorbents for cost-effective and eco-
friendly removal of Cu?* ions from wastewater in water-
ways or sewage systems. Hence, the objectives of this study
were to synthesis and characterization of ZnFe-LDH and
its composites with CNT (LDH/CNT) and biochar pre-
pared from the waste of orange peels (LDH/OPb) through
co-precipitation method, investigation of the adsorption
behavior for Cu* onto the synthesized adsorbents through
equilibrium and kinetics sorption batches, and identification
of the sorption mechanism using different isotherm models.

2. Materials and methods
2.1. Chemicals/reagents and ZnFe-LDH preparation

The stock solution of copper nitrate [Cu(NO,), 2.5H,0;
AR grade Merck, Germany] was prepared using ultra-
pure water (Milli-Q integral water dispenser, resistivity:
18 MQ cm™) and diluted further to achieve the desired
initial concentrations of Cu®*" as required in the different
batch experiments. The pH was adjusted while preparing
the LDH and its composites, the solution pH in the differ-
ent batch experiments was adjusted using NaOH and HCI
solutions and measured using a microprocessor-based
pH meter (PHS-3CW, China). Also, iron(Ill) nitrate nona-
hydrate (Fe(NO,),9H,0) and zinc nitrate hexahydrate
(Zn(NQO,),-6H,0) were employed to prepare the ZnFe-LDH
with a Zn*/Fe® ratio of 1:2 using a simple co-precipitation
method. Both solutions were added to the distilled water
at a constant pH of 10.0 and ammonia was added drop-
wise with vigorous stirring for about 30 min to form a
precipitate.

2.2. Preparation of the biochar and composite adsorbents

Orange fruit peels were collected locally in Riyadh,
Saudi Arabia, and used for the preparation of OPb. First,
orange peel (OP) powder with an average particle size
less than 0.5 mm was prepared by crushing the oven-
dried (3 h at 70°C) biomass of cleaned and washed orange
peels. Calcination of the OP powder was performed at
800°C for 3 h using a box furnace (Nabertherm, B-150,
Germany) to obtain the OPb of average particle size in the
range of 50-75 pm, which was then washed with distilled
water to achieve a neutral pH and dried at 100°C for 12 h.
Composites of ZnFe-LDH with OPb and COOH function-
alized single-wall CNTs (D 1.5 L 1-5-COOH, NANO LAB)
were prepared by adding 5.0 g and 5.0 mL of OPb and sin-
gle-wall CNT solution, respectively, to 50 and 100 mL solu-
tions of both 0.5 M Zn(NO,),'6H,0 and 1 M Fe(NO,),-9H,0,
respectively. After the formation of the precipitate via
co-precipitation method, the slurry was filtered and
washed several times using deionized water to achieve the
neutral pH and subsequently oven-dried at 70°C for 15 h.
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2.3. Batch experimentation

An appropriate amount of LDH or its composites was
added to the metal solution of Cu* with different initial
concentrations in batch experiments to achieve the required
dose of the adsorbent. Samples in conical flasks (100 mL)
were agitated in a temperature-controlled shaker (Wise
Cube orbital, Wisd., ThermoStable 1S-20; Daihan Scientific
Co., Ltd., South Korea) for the required time at 30°C and
fixed speed of 220 rpm. 5 mL of the sample was analyzed
for the residual metal ion concentration using flame atomic
absorption spectrometry (FAAS, Thermo Scientific, ICE
3000 Series, Cambridge, United Kingdom) then filtered
using 0.45 um sieves. The adsorption capacities at any time
t (g, mg g™) and equilibrium (g, mg g™') were evaluated
using Egs. (1) and (2), respectively, while the percentage
removal of Cu* (R, %) was calculated according to Eq. (3).
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where C, C, C, are the initial, equilibrium, and variable
time f solution concentrations of Cu* (mg L), respectively,
m denotes the mass of the adsorbent, that is, LDH or its
composite (g), and V is the volume of the metal solution (L).

3. Results and discussion

3.1. Characterization of the ZnFe-LDH and its composites
with CNT and OPb

3.1.1. Fourier transform infrared and powder X-ray
diffraction analyses

The Fourier transform infrared (FTIR) spectra of ZnFe-
LDH and its composites before and after adsorption of
Cu? are presented in Figs. 1la and b. The intense broad
transmittance bands observed around 3,300-3,400 cm™
were attributed to O-H stretching vibrations arising from
metal-hydroxide groups and interlayer water molecules
especially in ZnFe-LDH and LDH/CNT composites while
the stretching vibrations almost vanished in LDH/OPb com-
posite spectra [18]. The broadness of this region here may
be due to hydrogen bridging [9]. Likewise, the sharp peak
around 1,615 cm™ was also due to the hydrogen bonded
layer hydroxyl group (H-O-H) of interlayer adsorbed
water [19-21]. However, the intensity of the H-bonded
hydroxyl group peak decreased gradually in the ZnFe-
LDH composite with CNT and almost disappeared in the
composite with OPb, indicating the reduction in numbers
of hydroxyl groups. Therefore, the decreased band inten-
sity of O-H groups around 3,300-3,400 and 1,615 cm™ after
compositing the OPb with CNTs could be due to surface

adsorption and diffusion of O-H into micro-pore structure
of CNTs and OPb [22,23]. Further, the complete removal of
O-H bands in the LDH/OPb was due to hygroscopic nature
of OPb. The observed band at 1,417 cm™ in the spectra can
be assigned as the ammonium (NH;) ions which could be
a residue from the ammonium hydroxide aqueous solu-
tion used to adjust the pH of the reaction media [24,25].
A band at 923 cm™ indicated metal-oxygen (Zn-O, Fe-O,
or Zn-O-Fe) vibration modes of LDH which suggested
chemical interaction occurrence [26,27].

After adsorption of Cu*" as shown in Fig. 1b, the prom-
inent stretching bands of the H-O-H groups at 1,615 cm™
shifted to 1,636 and 1,632 cm™ in ZnFe-LDH and LDH/CNT
composites, respectively, which could be due to the interac-
tion of Cu*" with hydroxyl ions. The band at 1,417 cm™ in
ZnFe-LDH slightly shifted to 1,414 cm™ but disappeared
in LDH composite with CNT after Cu* adsorption [24,25].
New bands at 1,131 and 1,110 cm™ were introduced in the
spectra of ZnFe-LDH (Cu?*) and LDH/CNT (Cu?), respec-
tively, suggesting metal (hydr)oxide (Fe-O and Fe-OH)
stretching [28-30]. A band at 923 cm™ was ascribed as
metal oxygen vibration (Zn-O, Fe-O, and Zn-O-Fe) was
slightly shifted to 920 cm™ [22,30-32], which could be owing
to the substitution of Fe or Zn metal with Cu* ions at O-
containing functional group. Therefore, the FTIR spectra
showed that CNTs and OPb were embedded in the LDH
structure, and post-adsorption FTIR spectra exhibited
successful loading of Cu*" onto the synthesized adsorbents.

Powder X-ray diffraction (XRD) technique was employed
to analyze the chemical interactions and surface changes
of ZnFe-LDH and its composites after adsorption of Cu®
(Figs. 2a and b). The sharp peaks appearing at 20 = 24.10°,
33.07°, 35.60°, 40.78°, 49.42°, 53.95°, 62.27°, and 63.94°, were
attributed to ZnO and ZnFe O, [33,34]. The XRD pattern
of ZnFe-LDH revealed good crystallinity compared to the
composite with CNT and OPb. For the XRD patterns of
ZnFe-LDH after adsorption of Cu* (Fig. 2b), the character-
istic diffraction peaks at 20 = 24.25°, 33.13°, 35.67°, 40.85°,
49.39°, 54.00°, 62.30°, and 64.03° were slightly shifted from
left to right compared to ZnFe-LDH before adsorption which
indicates successful adsorption of Cu*" on the LDH surface.

A strong broadband appeared at 20 = 30.00° in the
ZnFe-LDH with CNT and OPb after Cu* adsorption
demonstrating an amorphous nature, and the changes in
intensity revealed the formation of new compounds with
Cu?. According to the results of the characteristic peaks, it
can be deduced that Cu® infiltrated the layers of the absor-
bent material, got adsorbed, and then exuded according
to the material properties [35].

3.1.2. Field emission scanning electron microscopy and
energy-dispersive X-ray analyses

The field emission scanning electron microscopy
(FE-SEM) and energy-dispersive X-ray (EDX) images show
the surface morphology and qualitative elemental anal-
ysis of LDH and its composites. The FE-SEM images of
ZnFe-LDH before and after Cu*" adsorption along with the
EDX spectra are presented in Figs. 3a and b. The images of
ZnFe-LDH before adsorption (Fig. 3a) revealed very small
irregular flakes and plates-like structures of different sizes,
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Fig. 1. FTIR spectra recorded for ZnFe-LDH, LDH/CNT, and LDH/OPb (a) before and (b) after the adsorption of Cu?.
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Fig. 2. XRD spectra recorded for ZnFe-LDH, LDH/CNT, and LDH/OPDb (a) before and (b) after the adsorption of Cu*.

while whitish spots on the surface of the ZnFe-LDH were
evident after Cu* adsorption which was attributed to the
adsorbed Cu*" (Fig. 3b). The EDX spectrographs of ZnFe-
LDH before adsorption (Fig. 3a) revealed the presence
and percentage composition of the metal ions used in the
preparation of LDH such as Fe and Zn while after adsorp-
tion the existence of Cu* ions adsorbed by ZnFe-LDH was
expressed in the EDX spectrograph (Fig. 3b). Therefore,
from the EDX analyses, it can be concluded that some chem-
ical changes have occurred during the adsorption process
Similarly, the FE-SEM and EDX images of ZnFe-LDH com-
posite with CNTs before and after Cu* are presented in
Figs. 3cand d.

The aggregates or agglomerates of different sizes
and the EDX elemental distribution are well pronounced
before and after adsorption (Figs. 3c and d) suggesting a
successful formation of ZnFe-LDH composite with CNT,
and the presence of Cu* in the elemental analysis provides
the evidence of successful adsorption and some chemical
changes. Similarly, the FE-SEM and EDX images of ZnFe-
LDH composite with OPb before and after adsorption of
Cu* are presented in Figs. 3e and f. Before adsorption,
rough and porous surfaces of biochar and ZnFe-LDH

particles were evident in LDH/OPDb (Fig. 3e) and the EDX
elemental distribution revealed successful synthesis of
the composite. Also, in the LDH/OPb sample after Cu*
adsorption (Fig. 3f), the brighter surface of the biochar and
some particles can be attributed to Cu?*" metal ions adsorp-
tion. From the EDX elemental analysis, the presence of
Cu?* revealed successful adsorption occurrence.

3.1.3. Equilibrium contact time and optimization
of batch parameters

To investigate the influence of contact time on the
adsorption of Cu* and determine the equilibrium contact
time, 20, 40, and 60 mg L™ of the initial Cu* concentra-
tions were chosen with the solution pH and adsorbent dose
kept fixed at 5.0 and 0.5 g, respectively. The changes in the
sorption capacity and percentage removal of Cu* by ZnFe-
LDH and its composites with CNT and OPb over a contact
time of about 3 h are depicted in Fig. 4.

Although there is a continual increase in the adsorp-
tion capacity with increasing contact time, insignificant
changes (p = 0.01) were observed after a contact time of 30 or
60 min for both 20 and 60 mg L™ of Cu*". For the 20 mg L™ of
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Cu?, more than 90% removal efficiency was observed when
using LDH/OPb while LDH/CNT and ZnFe-LDH exhib-
ited about 65% and 40% removal efficiency, respectively,
after a contact time of 1 h. A similar trend was noticed at
60 mg L™, thus rendering 60 min to be chosen as the equi-
librium contact time for the optimum removal of the stud-
ied metal with all adsorbents. The quick adsorption of Cu?*
during the initial contact with ZnFe-LDH and its composite
adsorbents is attributed to the presence of unused active
sites on the surface of the adsorbents. LDH/OPb demon-
strated greater affinity toward the studied metal than LDH/
CNT by almost 20% which in turn exhibited better removal
efficiency (almost 20%) than ZnFe-LDH, as shown in
Figs. 4a and b. This was probably due to the larger surface
area of LDH/OPb (107 m? g™') than LDH/CNT (81 m? g™') and

ZnFe-LDH (69 m? g™!). The values of the maximum adsorp-
tion capacities obtained using all three adsorbents is pre-
sented in Table 1 and compared with various adsorbents
used in different studies for the adsorption of Cu*".

To optimize the dose of the adsorbent, an equilibrium
contact time of 60 min was adopted, as determined above,
while the initial solution pH and Cu* concentrations were
maintained at 5.0 and 20 mg L, respectively. The changes
in the sorption capacity and removal efficiency of Cu*" were
examined by selecting a variable dose of all the adsorbents
in the range of 0.2-0.9 g, as depicted in Fig. 5a. From the
Fig. 5, different trends were observed for the three adsor-
bents; insignificant changes in the adsorption capacity of
ZnFe-LDH within the dose range while a linear decreas-
ing trend in the adsorption capacity was observed as the
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Fig. 4. Variation in the sorption capacity of Cu* and removal efficiency using ZnFe-LDH and its composites at (a) 20 and
(b) 60 mg L Cu*.

Table 1
Comparison of adsorption capacities of various adsorbents for Cu* ions

Type of adsorbent Maximum adsorption Reference
capacity, mg g™

ZnFe-LDH 25

LDH/CNT 44 This study

LDH/OPb 68

Mg, Al-LS-LDH 64 [49]

MoS,-LDH 181 [50]

Hydrotalcite modified by tannin (TA-HTC) 81 [51]

Grape bagasse activated carbon 43 [52]

ZnAl-LDH intercalated with EDTA 71 [53]

Activated carbon thorough micro-nano spheres 42 [54]

MgAIl-LDH modified palygorskite (Pal/MgAl-LDH) 45 [55]

SC,A-NO,-LDH 8 [56]

Biochar/MnAIl-LDH 74 [57]
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dose of LDH/CNT or LDH/OPb varied within the range.
The removal efficiency, however, increased linearly for
the three adsorbents within the investigated dose range,
although insignificant changes were noticed for LDH/
CNT and LDH/OPb as their doses increased from 0.5 to
0.9 g. An increase in the dose of adsorbents corresponded
to abundant adsorption sites [36,37] which contributed
to the increased removal efficiency, while a fixed concen-
tration of Cu*" (20 mg L™) resulted in an agglomeration of
the adsorbent particles as evident from the insignificant
changes in the adsorption capacities.

The pH of the solution was optimized by adopting the
equilibrium contact time as 60 min, optimum dose of dif-
ferent adsorbents as 0.5 g, and initial metal concentration
as 20 mg L. Fig. 5b shows the changes in the adsorption
capacity and percentage removal of the studied metal using
all the adsorbents while performing the batch test in a pH
range of 2-5. For the LDH/OPD, exponential changes were
observed in both the adsorption capacity and removal effi-
ciency of about 36 mg g and 90%, respectively, as the pH
increased from 2.0 to 5.0. For ZnFe-LDH and LDH/CNT,
there was a linear increase in both the sorption capacity and
percentage removal up to a pH of 4 while an exponential
increase was observed with a further increase in the pH to
5.0. As shown in Fig. 5b, a two- and three-fold increase in
the sorption capacity and removal efficiency of Cu* were
observed in the pH range of 4.0-5.0 compared to the pH
range of 2.0-4.0 for LDH/CNT and ZnFe-LDH, respectively.
Thus, the effects of the degree of ionization and surface
charge on the surface of the adsorbent have been clearly
demonstrated with supportive evidence by changes in the
adsorption capacity and removal efficiency of Cu* with
varying solution pH [38-40]. The optimum pH value can be
considered to be 6 for all the adsorbents or even 5 for LDH/
OPb because there is only a minute difference in the sorption
capacity or percentage removal between both pH values.

Fig. 5c illustrates the changes in the sorption capacity
and removal efficiency within the investigated range of
the initial metal concentrations (10-100 mg L™). An equi-
librium contact time of 60 min and the optimum values
of the adsorbent dose and solution pH of 0.5 g and 5.0,
respectively, were adopted for the batch test. As depicted
in Fig. 5¢, an increasing trend in the sorption capacity was
observed for the three adsorbents as the initial Cu* con-
centration increased from 10 to 60 mg L while a further
increase in the initial Cu* concentration to 100 mg L
resulted in a decrease of the sorption capacity. The increase
in the sorption capacity of LDH/OPb, however, was two-
and three-folds higher than ZnFe-LDH and LDH/CNT,
respectively, emphasizing the preference for LDH/OPb
over LDH/CNT and/or ZnFe-LDH. Similarly, a uniform
trend for the three adsorbents was observed concerning
the decreased removal efficiency as the initial Cu* con-
centration increased from 10 to 100 mg L. A decrease
in the removal efficiency of about 70% and 40% was
noticed in LDH/OPb and ZnFe-LDH, respectively, as the
initial Cu*" concentration increased from 10 to 100 mg L™.

3.2. Two- and three-parameter isotherms models

The adsorption data obtained from the batch exper-
iments were analyzed using two- and three-parameter

isotherm models. The data for the batch experiments
were generated for different initial Cu* concentrations
(10-100 mg L) by maintaining the solution pH and tem-
perature at 5.0°C and 30°C, respectively while 0.5 g of the
adsorbent dose was employed for an equilibrium contact
time of 60 min. The two-parameter models employed in
this study were the Langmuir, Freundlich, and Dubinin—
Radushkevich (D-R) isotherms while the three-parame-
ter models included the Freundlich-Langmuir (F-L) and
Redlich-Peterson (R-P) isotherms. The correlation coef-
ficient (R?), maximum adsorption capacity to predict and
compare the biosorption performance, and other related
parameters were evaluated in each isotherm model and
their values are presented in Table 2. Eq. (4) expresses the
linearized Langmuir isotherm model, which is suitable for
a monolayer adsorption system. C, (mg L) and g, (mg g™)
are the solution concentration and adsorption capacity of
Cu” at equilibrium, respectively, while g (mg g™) and K|
(L mg™) are the maximum sorption capacity and Langmuir
constant, respectively. The shape of the isotherm was
described based on a separation factor R, [(1 + K,C )] [41].
The linearized form of the Freundlich isotherm model,
suitable for heterogeneous adsorption systems, is expressed
in Eq. (5) with K, (L g™") and 1/n representing the Freundlich
constant and favorability of the adsorption system, respec-
tively [42]. Eq. (6) shows the linearized form of D-R iso-
therm which is usually suitable for an intermediate range
of solvent concentrations with high solute activities [43].
The value of & (a parameter) was evaluated according
to Eq. (6a) with R (8.314 ] mol? K) and T (Kelvin) being
the universal gas constant and absolute temperature,
respectively. Furthermore, the slope of the linearized plot
(Ing, vs. &%), B, was employed to calculate the mean free
energy of adsorption, E (k] mol™), according to Eq. (6b),
which categorized the adsorption to be either physical
(E <8 k] mol™?) or chemical (E = 8-16 k] mol™).

1:1+[1]1 @

9 9 \9.K)C
1

logg, =logK, +—1logC, 5)
n

Ing, =Ing, —Be* (©)

2 1

e =RT lr{l-s-j (6a)
C€

E= L (6b)

N

The fitting of the adsorption data of Cu* (60 mg L™)
onto ZnFe-LDH and its composites for both the Langmuir
and Freundlich isotherm models is presented in Figs. 6a
and b, respectively. The values of the related constants
and parameters in both models were calculated according
to the linearized plots of 1/q, vs. 1/C, (Langmuir) and logg,
vs. logC, (Freundlich), and they are presented in Table 2.
Relatively higher R? values (0.95-0.99) in the Langmuir
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Fig. 5. Variation in the sorption capacity of Cu* and removal efficiency using ZnFe-LDH and its composites upon changing
the (a) initial Cu* concentration, (b) solution pH, and (c) dose of the adsorbent.

model than the Freundlich isotherm (0.75-0.91) indi-
cated better application of the former to adsorption data
than the latter. The highest value of K, (0.9 L mg™) was
observed for LDH/OPb while the lowest (0.13 L mg™) was
exhibited by ZnFe-LDH, as shown in Table 2. The values
of the separation factor, R, also lied within the favorable
range (0-1) for all adsorbents although the predicted max-
imum sorption capacity was slightly underestimated for
the composite adsorbents (LDH/CNT and LDH/OPb). In the
Freundlich isotherm model, LDH/OPb also exhibited the
highest value of K, (32.83 L g') while ZnFe-LDH demon-
strated the lowest (9.22 L g™), as shown in Table 2. Although
n (3.75-4.46) lied within the favorable range (2-10) in the
Freundlich model, the predicted maximum sorption capacity

was overestimated in the experimental values for all the
adsorbents (e.g., 82 against 68 mg g™ for LDH/OPb, Table 2).

There was a relatively good fit to the adsorption data
of the D-R isotherm model as reflected by high R* (0.90-
0.97, Table 2). The predicted maximum sorption capacity
was slightly less than the experimental value, specifically
for the composite adsorbents, as shown in Table 2 (e.g., 61
against 68 mg g™ for LDH/OPb). As indicated by the {3 val-
ues in Table 2, higher adsorption energy was observed for
ZnFe-LDH compared with the composite adsorbents,
while the highest mean free energy of adsorption, E, was
exhibited for LDH/OPb (50 k] mol™) with the lowest for
ZnFe-LDH (22.94 k] mol?). The studied three-parame-
ter isotherm models, namely the Sips and R-P isotherm
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models, combine both the Langmuir and Freundlich iso-
therms, and they are expressed according to Egs. (7) and (8),
respectively.

— qﬂ’K CZI
qe - (1 N IS<SC:) (7)
K,C,
g, = m 8)

In Eq. (7), K, (L g™') and n (dimensionless) represent the
energy of adsorption and degree of heterogeneity, respec-
tively. In Eq. (8), K, (L g™) represents the R-P constant
along with a (L mg™) and 3 (dimensionless, 0-1) [44,45].
The Sips model perfectly predicts the heterogeneous
adsorption systems [43] while the R-P isotherm is suitable
for both homogeneous and heterogeneous systems due to
its versatility [46]. As shown in Table 2, the R-P isotherm
model provided a better interpretation of the adsorption
data than the Sips isotherm based on higher R? values.
In both models, a better representation of the adsorption
data was observed for ZnFe-LDH compared to the com-
posite adsorbents. Additionally, ZnFe-LDH exhibited
more heterogeneity than LDH/CNT and LDH/OPb based
on the highest n values (1.55 for ZnFe-LDH).

3.3. Application of the kinetic models to the adsorption data

To determine the kinetics, three different initial metal
concentrations (20, 40, and 60 mg L) were selected with an

Table 2

adsorbent (ZnFe-LDH, LDH/CNT, and LDH/OPb) dose of
0.5 g at a solution pH of 5.0. The batch experimental data
of Cu* adsorption by ZnFe-LDH, LDH/CNT, and LDH/
OPb were modeled using various kinetic models, namely,
the pseudo-first-order (PFO), pseudo-second-order (PSO),
intraparticle diffusion, and Elovich kinetic models as
presented in Egs. (9)-(12), respectively.

k
log(q, —q,)=logg, - 303 )
LI S (10)
9, kg, 4,

q, =K t"”+C (11)
g, =BIn(t) + BIn(a) (12)

Eg. (9) is the linearized form of PFO with k, (h™) as the
rate constant while Eq. (10) represents the PSO with k, as
the rate constant (g mg™ min™). The intraparticle diffu-
sion model is expressed in Eq. (11) with K (mg g™ min'?)
as the rate constant while C (mg g™) is a measure of the
boundary-layer thickness. The Elovich kinetic model is
presented in Eq. (12), where o (mg g min™) denotes the
initial adsorption rate constant and (g mg™) the activa-
tion energy of chemisorption. Table 3 presents the esti-
mated values of the parameters as calculated from the
respective linearized plots.

Variables of the two- and three-parameter isotherm models for Cu* (60 mg L) adsorption onto LDH and its composites

Isotherm Parameter ZnFe-LDH LDH/CNT LDH/OPb
Dyoxp (MG 87) 25.74 447 68.14
0o (Mg g7 25.38 39.53 60.61

) K, (Lmg™) 0.13 0.34 0.9

Langmuir
R, 0.11 1 0.018
R? 0.96 0.95 0.99
q, (mgg?) 27.45 49.62 82.25

Freundlich K. (Lg" 9.22 19.83 32.83
n 3.75 4.46 4.46
R? 0.76 0.75 0.85
q, (mgg") 24.15 39.07 61.08

.. . B (mol kJ™)? 0.0039 0.0029 0.0024

Dubinin-Radushkevich E (kJ mol) 1132 13.13 14.43
R? 0.91 0.9 0.97
q, (mgg™) 23 39 62.48

Sips K, (Lmg™) 0.058 0.26 0.784
n 1.55 1.2 0.978
R? 0.85 0.82 0.93
Ky (Lg?) 1.9 6.7 40.3

. o (Lmg™) 0.0114 0.058 0.535

Redlich—Peterson B 143 1.5 1.05

R? 0.92 0.88 0.94
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As presented in Table 3, the PFO kinetic model
estimated significantly low values of R? for the adsorp-
tion of Cu® by the three adsorbents. The unsuitability of
PFO kinetic models was further proved by the extremely
lower calculated adsorption capacities (not shown) than the
experimental adsorption values (Table 3). Fig. 7 shows the
application of the PSO kinetic model to the adsorption of
Cu* using different initial Cu* concentrations (20, 40, and
60 mg L) with a solution pH of 5 and absorbents dose of 0.5 g.

The best fitting of the adsorption data was achieved
with the PSO model, as shown in Fig. 7, and was reflected
by a high value of R? (close to unity). This was true for the
three adsorbents with the used initial concentrations of
Cu?. The best-fit of this model was also proved by the close
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consistency of the calculated adsorption capacities with
the experimental values, though slightly overestimated,
as shown in Table 3. The application of this model helped
to conclude that the chemisorption is the rate-controlling
step during the adsorption of Cu?*. The initial adsorption
rate, i, in this model (k, * 42 mg g™ min™) was also esti-
mated and the highest values were observed for LDH/OPb
(at 60 mg L) which increased from 9 to 16 mg g min™ as
the initial Cu® concentration increased from 20 to 60 mg L,
as shown in Table 3. Furthermore, ZnFe-LDH possessed
the lowest initial adsorption rate (2.7-3.9) while LDH/CNT
exhibited the highest i values at 20 and 40 mg L™ (Table 3).

LDH/OPb exhibited the highest values of K_ (1-2.5
mg g min'?) compared to LDH/CNT and ZnFe-LDH

0.11 T T ™. . lh T T 2.0 1 T T v T T 1 T
o.10.] (@ Langmuir isotherm 1 19](b) Freundlich isotherm
1 y=03x+0.04 1 ] o ZnFe-LDH o - ]
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Fig. 6. Fitting of the linearized (a) Langmuir and (b) Freundlich isotherms to the adsorption data of Cu* (60 mg L™) onto LDH and

its composites.

Table 3

Parameters of the different kinetic models for Cu* adsorption onto LDH and its composites

Kinetic model = Parameter Initial Cu** concentration (mg L™)
ZnFe-LDH LDH/CNT LDH/OPb
20 40 60 20 40 60 20 40 60

Doexp (mgg™) 15.62 21.30 25.74 25.76 37.32 447 36.08 54.524 68.14
PFO k, (h) 0.0037  0.0056  0.0108  0.0055  0.0092  0.0113  0.0108 0.0143  0.0164

R? 0.42 0.29 0.69 0.0984  0.36 0.36 0.34 0.5 0.72

9, (Mg 8™ 18.35 25.77 30.30 27.03 41.84 48.54 39.68 69.93 75.19
PSO k, (g mg™ min™) 0.0081 0.0051 0.0042  0.0152  0.005 0.0055  0.0057  0.0014  0.0028

h (mg g™ min™) 2.74 3.40 3.897 11.07 8.67 13.05 8.99 6.87 15.798

R? 0.9957  0.9911 0.9957  0.9998  0.9966 09992  0.9994 09863  0.9986
Intraparticle K (mgg'min'?) 04354  0.6871 0.9217 05252  0.9578 0.9971 1.0848  2.5006 1.7316
diffusion C(mggh 12.226 16.173 17916 ~ 20958 29372 35929  26.622 35949  52.585

R? 0.95 0.96 0.98 0.7 0.85 0.92 0.81 0.93 0.96

o (mg g min™) 3,477 533 136 15,118 2,404 14,075 276 23 3,386
Elovich B (gmg™) 1.30 2.12 2.85 1.86 3.16 3.26 3.70 7.80 5.50

R? 0.83 0.91 0.93 0.87 0.93 0.97 0.95 0.94 0.95
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while the lowest values (0.4-0.9) were observed for the
simple ZnFe-LDH (Table 3) with the lowest R? values (0.7
at 20 mg L' of Cu®). The thickness of the boundary
layer was also higher in LDH/OPb (27-52 mg g™) while
the lowest values (12-18 mg g™') were observed in ZnFe-
LDH, as shown in Table 3. High R? (>0.9 except for LDH/
CNT and ZnFe-LDH at 20 mg L* of Cu*) indicated a
good fit of the Elovich model to the experimental data.
The initial adsorption rate was highest in LDH/OPb while
the lowest was displayed in ZnFe-LDH, as shown in
Table 3. A reverse trend was noticed for p with the high-
est values in ZnFe-LDH (3.7-7.8 g mg™, Table 3) and the
lowest values and extent of surface coverage observed in
LDH/OPb (1.3-2.85 g mg™). Hence, the chemisorption
onto the adsorbents’ surface with heterogeneous nature
was accurately proposed with the multistep adsorption
mechanism and dominating intraparticle diffusion [47,48].

4. Conclusions

In this study, ZnFe-LDH and its composites with
single-wall CNTs and biochar derived from OPb were
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synthesized successfully using a co-precipitation method.
The XRD patterns indicated that ZnFe-LDH exhibited
better crystallinity than the composite adsorbents, which
demonstrated amorphous nature and changes in inten-
sity due to the formation of new compounds after Cu®
adsorption. The aggregates or agglomerates of differ-
ent sizes and the EDX elemental distribution before and
after adsorption suggested the successful formation of
ZnFe-LDH composite with CNT. The brighter surface of
the biochar and some particles can be attributed to Cu®
adsorption as shown by the FE-SEM and EDX images of
ZnFe-LDH composite with OPb.

There was a continual increase in the adsorption
capacity and removal efficiency with increasing contact
time and 60 min was adopted as the equilibrium contact
time for the optimum removal of the studied metal by all
the adsorbents. LDH/OPb demonstrated a greater affin-
ity for the studied metal than LDH/CNT and ZnFe-LDH
due to its larger surface area (107 m? g') than LDH/CNT
(81 m? g') and ZnFe-LDH (69 m? g*). A linear decreas-
ing trend in the adsorption capacity was observed as the
dose of LDH/CNT or LDH/OPDb increased from 0.2 to 0.9 g.

12-5|'|'|'|'2+|'|'|'|'|' 8|'|'|'|'2|+'|||'||
(@) 20ppm Cu |(b) 40ppm Cu
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Fig. 7. Fitting of the PSO kinetic model to various initial solution concentrations of Cu* using LDH and its composites: (a) 20, (b) 40,

and (c) 60 ppm Cu*.
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A two- and three-fold increase in the sorption capacity
and removal efficiency of Cu*" were observed in the pH
range of 4.0-5.0 compared to the pH range of 2.0-4.0 for
LDH/CNT and ZnFe-LDH, respectively. The optimum pH
value was considered to be 6.0 (for all adsorbents) or 5.0
(for LDH/OPDb). The increase in sorption capacity, by
increasing the initial Cu*" concentration from 10 to 60 mg L7,
was two- and three-folds higher for LDH/OPb than
ZnFe-LDH and LDH/CNT, respectively, emphasizing the
preference for LDH/OPb over LDH/CNT and/or ZnFe-LDH.

The relatively higher R? values (0.95-0.99) in the Lang-
muir model than the Freundlich isotherm (0.75-0.91) sug-
gested a better application of the former to the adsorption
data compared with the latter. The D-R isotherm pre-
sented a reasonable good fit to the adsorption data with
the highest mean free energy of adsorption for LDH/OPb.
A good representation of the adsorption data was realized
for ZnFe-LDH compared to the composite adsorbents in
both three-parameter isotherm models. Among the kinetic
models, the PFO presented a poor representation of the
adsorption data while the best fitting of the adsorption data
was demonstrated by the PSO model, as indicated by the
high value of R? (close to unity), thus, helping to conclude
that the chemisorption is the rate-controlling step for the
adsorption of Cu*. The application of the Elovich kinetic
model suggested the heterogeneous nature of the adsor-
bents’ surface with a multistep adsorption mechanism
involving the chemisorption and dominating intraparticle
diffusion.
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