Korean J. Chem. Eng., 39(1), 146-160 (2022)
DOI: 10.1007/s11814-021-0972-4

Date seed activated carbon decorated with CaO and Fe;O, nanoparticles
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Abstract—Activated carbon (AC) was produced from date seeds by a calcination process at 700 °C for 2 h and then its
surface was improved with CaO and magnetic nanoparticles. AC/CaO/Fe;O, nanocomposite was then employed to
remove formaldehyde jons from aqueous media. The structural characteristics of the materials were completely stud-
ied through FT-IR, XRD, SEM, EDX, Map, VSM, BET and TEM analyses. The results showed that the nanocomposite
has a mesoporous structure (average pore diameter~13 nm) with great sorption capability. Also, the utmost removal
efficiency of formaldehyde using AC, AC/Fe;O,, CaO/Fe;O, and AC/Fe;0,/CaO nanocomposite was 94.73, 95.67, 95.14
and 98.22%, respectively, indicating that the removal efficiency increases by improving the surface properties of the AC.
Moreover, the uptake of formaldehyde using AC/Fe;O,/CaO nanocomposite follows the Freundlich isotherm and
pseudo-2""-order kinetic models. Furthermore, the highest sorption capacity of AC, AC/Fe;O,, CaO/Fe;O, and AC/
Fe;0,/Ca0O nanocomposite using the Langmuir model was obtained 19.86, 24.21, 21.28 and 24.01 mg/g, respectively.
The thermodynamic study showed that formaldehyde sorption using all four adsorbents is exothermic and sponta-
neous. The reusability of the adsorbents was also evaluated after ten reuse cycles and the outcomes indicated that these
four adsorbents have significant reusability. Moreover, the impact of interfering ions (e.g., carbonate, sulfate, phosphate,
nitrate and chloride) showed that all of these compounds, except nitrate, had little competition with formaldehyde ions
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for adsorption on the nanocomposite surface.
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INTRODUCTION

Formaldehyde (CH,O) is the most toxic chemical among the
45 organic chemicals in industrial wastewater, with harmful effects
on the environment and humans [1]. It is a small chemical with
high solubility, which is produced as gas or water-soluble in differ-
ent industries [2,3]. Various industries, such as the production of
synthetic resins, the chemical and petrochemical industries, tex-
tile, aquatics industry, producing adhesives, disinfectants and pre-
servatives, paper, and wood manufacture use water-soluble formal-
dehyde containing almost 37% formaldehyde [4]. However, the
maximum allowable amount of formaldehyde in water sources
should be 1 mg/L. Therefore, the removal of formaldehyde from
the aquatic solutions is one of the major challenges in the field of
industrial wastewater treatment [5].
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Considering the physical and chemical nature of each contami-
nant, there are various methods for its removal, including physi-
cal, chemical, thermal and biological methods [6-8]. Among these,
biological process [9] and catalytic process [10,11] can be men-
tioned for the removal of formaldehyde in the gas form, and mem-
brane filtration [12], solar thermal electrochemical process [13]
and photocatalyst degradation using various nanoparticles [14,15].
A combination of ultraviolet ray and ferrate(VI) method [16] can
be used to eliminate formaldehyde in the form of gas and liquid.
Many of these technologies have high costs for design and imple-
mentation, but the uptake method, with low costs for design and
implementation, is considered as one of the cheaper methods [17-
19]. According to reports, the uptake procedure is cheaper, more
efficient, and much easier to implement than other methods. Also,
if the adsorbent is recyclable and inexpensive, costs will be remark-
ably decreased [6]. Carbon produced from human hair and sheep
wool [20] and activated carbon (AC) extracted from charcoal [21]
are low-cost and efficient sorbents to separate formaldehyde. Other
sorbents employed to eliminate formaldehyde include mesosphere
MIF zeolite [22], modified and natural zeolite [4], kaolin and ben-
tonite [23], zeolites [24], and activated carbon, zeolites, mesoporous
silica, and metal organic framework [25].

AC is the most abundant material in the literature utilized to sepa-
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rate pollutants from wastewater. Several materials can be applied to
improve the surface features of AC. Iron oxide is one of the most
critical materials for improving the AC surface [26,27]. CaO also
has many benefits, like low-cost, simple synthesis, high surface area
and significant capacity for separating contaminants [28].

In this study, formaldehyde was separated from aquatic solu-
tions through AC, AC/Fe;O,, CaO/Fe;O, and AC/Fe;O,/CaO nano-
composite. To this end, AC was produced from date seed and then
modified with Fe;O, and CaO. To specify the structural features of
the given adsorbents, different analyses like SEM, EDAX, Map, FT-
IR, XRD, and TEM were employed. Also, equilibrium, kinetic and
thermodynamic behavior of the sorption process was completely
studied. To the best of the authors’ knowledge, there is no pub-
lished work regarding the formaldehyde removal by these adsor-
bents. Also, a comparison was performed between these adsorbents
to remove formaldehyde. Moreover, the impact of interfering ions
on the formaldehyde removal using these adsorbents was investi-
gated.

EXPERIMENTAL SECTION

1. Materials

Sodium hydroxide (NaOH), formaldehyde (COH,), iron (III)
chloride (FeCl), iron (II) chloride (FeCl,) and calcium carbonate
(CaCO;) were purchased from Merck (Germany). NaOH and HCI
(1 molar) were used to regulate pH.
2. Synthesis of the Composite

The adsorbents used in this study are activated carbon prepared
from date seeds, AC/Fe;O, composite, and AC/Fe;0,/CaO com-
posite, which were synthesized using chemical coprecipitation (Fig.
1). To generate the activated carbon from date seeds, the seeds were
washed several times by water and completely cleaned by a knife.
The cleaned seeds were put in a furnace at 400 °C for 2h to dry,
then taken out and turned into powder. For activation, the result-
ing powder was put into the sodium hydroxide solution. Then, the
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Fig. 1. Schematic of the adsorbent synthesis.

activated carbon was separated from the solution and put in the
furnace at 700 °C for 2 h. Next, the activated carbon powder was
placed at room temperature to cool completely and washed with
distilled water several times until its pH reached 7 and was neu-
tralized [29,30]. To synthesize the AC/Fe;O, nano-composite, a
solution containing Fe’* and Fe’* with a molar ratio of 1 and 2 was
prepared and then 2 g of the activated carbon was added to the
ferrous solution and mixed by a magnet-stirrer. After 50 min, NaOH
solution was added to it dropwise and the magnetic composite
was separated from the solution using a magnet and washed sev-
eral times to neutralize its pH. It was placed in the oven to dry. To
put calcium oxide on the surface of the nano-composite, first, 2 g
of calcium carbonate (CaCO,) was added to water. Calcium car-
bonate is insoluble in water and the resulting solution is heteroge-
neous. Then, 1 g of magnetic nano-composite (AC/Fe;O,) was added
to it and the mixture were stirred using a magnetic-stirrer. The
resulting magnetic nano-composite was separated from the solu-
tion using an external magnetic field and dried inside the oven.
Next, it was placed in the furnace at 700 °C to convert CaCO; to
CaQ. Then, the resulting nano-composite was turned into powder
using a mill and applied as an adsorbent to adsorb formaldehyde.
3. Adsorption Experiment

The experiments of formaldehyde adsorption using AC, AC/
Fe;0, and AC/Fe;0,/CaO composite were discontinuously; in stages,
performed in the Erlenmeyer with a volume of 250 mL contain-
ing 100 mL of formaldehyde solution and the mixing rate of 500
rpm. To examine the impact of initial pH on the elimination effi-
ciency of formaldehyde, the initial pH of the suspensions was set
at the range of 2-10. Then, 0.2 g of adsorbent (2 g/L) was added to
100 mL of solution containing 1 mg of formaldehyde and mixed
by the magnetic stirrer at 25 °C for 100 min. The samples were fil-
tered and the solid phase (adsorbents) was separated from the lig-
uid phase and the remaining amount of formaldehyde in solutions
was measured by the spectrophotometer UV-vis (Varian, Cary
100) in the wavelength range of the ultraviolet light. The impact of
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Fig. 2. Proposed mechanism of formaldehyde removal using the AC/Fe;0,/CaO nanocomposite.

other factors like contact time (5-150 min), sorbent dosage (0.25-
5g/L), initial formaldehyde concentration (5-50 mg/L), and tem-
perature (25-50 °C) on the removal efficiency of formaldehyde was
investigated. After the final concentration of formaldehyde was
determined, the uptake efficiency (R) and uptake capacity (q,, mg/
g) were calculated as follows:

C.-C
R(%)=——="x100 (1)
C.-C
Q.= IW SxV 2)

where, C; and C, are the initial and final concentration of form-
aldehyde in the aquatic solution (mg/L), W is the mass of the ad-
sorbent (g), and V is the solution volume (L).

A proposed mechanism of the uptake process on the nanocom-
posite surface is illustrated in Fig. 2. As illustrated, the formalde-
hyde molecule attaches to the active sites on the nanocomposite
surface and this pollutant can be eliminated from the suspension.
The adsorption and desorption of formaldehyde involves two steps:
1) penetration of formaldehyde into the pores inside the AC/Fe,O,/
CaO nanocomposite; 2) adsorption of formaldehyde onto the AC/
Fe,0,/Ca0 nanocomposite with the help of functional groups on
its surface. To this end, weak chemical interaction occurs between
oxygen and carbon atoms in the formaldehyde molecule and the
Fe atom on the adsorbent surface. However, the interaction be-
tween the O atom in formaldehyde and the F atom at the Fe,0,
surface is predominant. Also, formaldehyde prefers to absorb on
the Fe atom to the O atom and pore sites [31]. Ca-O bond plays
an important role in the adsorption of formaldehyde. To do so, the
oxygen atom in formaldehyde may bind to the Ca-O bond [32].
Moreover, formaldehyde can be chemically adsorbed using the C
atom in activated carbon [33]. Therefore, Fe, C atoms and Ca-O
bond are effective elements in the AC/Fe;O,/CaO nanocomposite
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for the removal of formaldehyde from aqueous solution.
4. Equilibrium Study of the Uptake Process

Adsorption isotherms give critical information about the distri-
bution of contaminants (adsorbates) within the adsorbent pores
[34,35]. In this research, the equilibrium study of the uptake pro-
cess was investigated using known isotherm models such as Lang-
muir, Freundlich and Dubinin-Radushkevich (D-R). The uptake
process of formaldehyde was studied using the AC, AC/Fe;O, and
AC/Fe;0,/Ca0 nanocomposite in different formaldehyde concen-
trations. The nonlinear form of the Langmuir, Freundlich and D-
R models is presented in Egs. (3) to (5), respectively [36,37].

_ quLCe
L5 k,C, 3)
q.=kC,” @)
9.=q,,exp(- ART Ln(1+(1/C,))*) 5)

where, q,, C,, q» k;, ks n and Bare the amount of formaldehyde
adsorbed per gram of the adsorbent (mg/g), the formaldehyde con-
centration in the solution at equilibrium time (mg/L), the uptake
capacity (mg/g), the sorption energy, the Freundlich constant, the
Freundlich constant depending on the sorption intensity, and the
Dubinin-Radushkevich constant depending on the sorption energy,
respectively. To calculate the parameters of the Langmuir, Freun-
dlich and D-R models, q, and C, were determined for each exper-
iment and then the plot of q, against C, was drawn. Equilibrium
isotherms for the sorption of formaldehyde onto AC, AC/Fe,O,
and AC/Fe;O,/CaO nanocomposite were experimentally obtained
for different formaldehyde concentrations (5-50 mg/L). The Lang-
muir, Freundlich and D-R parameters were calculated using non-
linear regression analysis of the corresponding models. Microsoft
Excel solver and “trial and error” method were employed to calcu-
late the parameters of equilibrium isotherms and minimize the error
values [37].



Activated carbon/CaO/Fe;0, nanoparticles for removal of formaldehyde 149

The main characteristic of the Langmuir model can be calcu-
lated using a dimensionless constant (R;):

1
R =
L714K,C

. ©)
where K; and C; are the Langmuir constant and initial concentra-
tion of formaldehyde, respectively. If R;>1, R;=1, 0<R;<1 and R;=0,
the sorption process is defined as unfavorable, linear, favorable,
and irreversible, respectively [36].

Also, in the D-R model, the average sorption energy (E) gives
critical information about the sorption mechanism and is defined
to transfer 1 mole of the pollutant to the sorbent surface, which is
calculated as follows:

E=— (7)

If E<8 KJ/mol and 8 KJ/mol<E<16 KJ/mol, the sorption process
will be physical and chemical, respectively [36].
5. Kinetic Study

Kinetic parameters give important information for designing
and modeling the uptake processes. In this study, kinetic models
were used to examine the kinetic behavior of formaldehyde sorp-
tion using the AC, AC/Fe;O, and AC/Fe;O,/CaO nanocomposite.
Formaldehyde adsorption kinetics using the aforementioned ad-
sorbents is necessary to choose the best operational conditions for
the sorption process in industrial applications. Therefore, the for-
maldehyde sorption kinetics was examined using common kinetic
models such as pseudo-1"-order (Eq. (8)) and pseudo-2"-order
(Eq. (9)) as follows [38].

t.
1

q=q(1-¢ ) (8)

_ kzqit
4= 1+k,q,t

©

In these Eqs., q, and q, are the sorption capacity at time t and
equilibrium time (mg/g), respectively. Also, t, k, and k, are contact
time (min), the pseudo-1¥-order kinetic constant and the pseudo-
2"-order kinetic constant, respectively. Microsoft Excel solver and
“trial and error” were employed to calculate the parameters of
kinetic models and minimize the error values (Similar to isotherm
models).

6. Thermodynamic Study

Thermodynamic study of the uptake process is necessary to
determine whether the sorption process is spontaneous or not.
Gibbs free energy indicates the spontaneity of a chemical reaction
[39]. To this end, enthalpy changes (AH"), Gibbs free energy changes
(AG’), and entropy changes (AS°) were calculated to have a better
understanding of the sorption mechanism. The relationship be-
tween these parameters is defined as follows [40]:

48 sy

In(1,000xk )= R R \T (10)

AG’=-RT In(1,000xk,) 11)
-4

k.= c (12)

where, k, R and T are the distribution constant, the universal gas
constant (8314 J/mol-K), and the absolute temperature (K), respec-
tively [36].
7. Characterization of the Adsorbents

Various analyses were performed to investigate the sorbent prop-
erties. FTIR analysis was done using a Bruker Vector 22 machine
to specify functional groups in the adsorbents surface. To exam-
ine the surface changes of the adsorbents as well as the elemental
compositions in the adsorbents structure, SEM, EDX and Map
(SEM-TESCAN MIRA3-FEG) analyses were employed. XRD anal-
ysis (Philips PW 1730) was used to specify crystalline structure of
the AC, CaO, AC/Fe;O, and AC/Fe;0,/CaO. TEM analysis (Leo
906 model at the voltage of 80 KV) was used to evaluate the shape
and size of the particles in the structure of the AC, AC/Fe;O, and
AC/Fe;0,/CaO nanocomposite. VSM analysis was employed to
examine the magnetic characteristics of Fe;0,, AC/Fe;O, and AC/
Fe;0,/CaO composite. Furthermore, specific surface area and pore
volume are among the critical features of the adsorbents and the
sorption capacity depends on them. The specific surface area and
pore volume of Fe;O,, AC/Fe;O, and AC/Fe;0,/CaO were mea-
sured using BET analysis.
8. Desorption Experiments and the Effect of Interfering Ions

To study the desorption process, 1, 2 and 2.5g/L of AC, AC/
Fe;0, and AC/Fe;O,/CaO nanocomposite were in turn added to
the aqueous solution with the initial concentration of 5 mg/L. Then,
the solutions containing AC, AC/Fe;O,, and AC/Fe;0,/CaO nano-
composite then stirred using the magnetic stirrer for 120, 100, and
100 min, respectively (each adsorbent was separately examined).
After the due time was finished and the sorption process was done,
the above-mentioned adsorbents were separated from the aque-
ous solution and then added to 30 ml of H,SO, solution at con-
centrations of 0, 3 and 5 M and mixed with a magnetic stirrer for
150 min. The solution was filtered and the concentration of the
formaldehyde separated from the adsorbents was measured. The
desorption test was done up to ten steps and the desorption capa-
bility and reusability of the aforementioned adsorbents in the for-
maldehyde adsorption were investigated. The desorption percent-
age was calculated through Eq. (13).

amount of formaldheyde desorbed
amount of formaldheyde adsorbe

Desorption (%):( x100 (13)
The impact of interfering ions such as calcium carbonate, cal-
cium sulfate, calcium phosphate, calcium nitrate, and calcium chlo-
ride at a concentration of 3 molar on the sorption of formalde-
hyde was also studied. To investigate the impact of various anions
on the sorption efficiency of formaldehyde, the sorption process
was done under the optimized condition. Then, the residual con-
centration of formaldehyde in aqueous solution was measured.

RESULTS AND DISCUSSION

1. Characteristics of the Adsorbents

FT-IR analysis was applied to specify the functional groups in
the structure of the AC, AC/Fe,O,, and AC/Fe;O,/CaO nanocom-
posite, and the outcomes are demonstrated in Fig. 3(a). As can be
seen, in the structure of the AC, sorption peaks were observed at
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Fig. 3. The results of FI-IR (a) and XRD (b) analyses.

3,740, 3,614, and 3,434 cm™', which are attributed to the O-H and
hydrogen bonds in its structure. Also, some other sorption peaks
were observed at 1,539, 1,637, and 1,692 cm ™', which are related to
C=C bonds of alkene and aromatic [41]. In the AC/Fe;O, struc-
ture, the sorption peaks in the AC structure such as 3,740, 3,614,
and 3434 cm™" were shifted to 3,847, 3,741, and 3422 cm™, respec-
tively. The peaks at 1,539, 1,637 and 1,692 cm™" were transferred to
1,535, 1,638, and 1,695 cm™", respectively. A strong sorption peak
appeared at 574 cm™', which is attributed to the Fe-O vibrations
and confirms that Fe;O, nanoparticles are present in the structure
of the given composites [42]. A strong adsorption peak was seen
at 3,645cm in the structure of CaO, which can be due to the
OH bond of the hydroxyl groups (Ca-OH). Widespread adsorp-
tion peaks were observed at 1,420 and 1,472 cm™', which indicate
the presence of mono and pair carbonates in the CaQO structure
[43]. Another sorption peak was observed in the CaO structure at
876 cm™ ', which is attributed to the C-H bending aromatic bonds
[44]. After synthesis of AC/Fe;0,/CaO nanocomposite, the sorp-
tion peaks in the CaO structure were observed with slight changes
in intensity in the AC/Fe;0,/CaO structure. For example, two peaks
at 574 and 876 cm™" were shifted to 570 and 871 cm™, respectively,
and peaks of 1,420 and 1,472 cm™" were shifted to 1,419 and 1,513
cm’'. Furthermore, two peaks at 3,400 and 3,800 cm™ were ob-
served in the AC/Fe;O,/CaO structure, indicating that the AC/
Fe;0,/CaO nanocomposite is well synthesized and there are Fe;O,
and calcium oxide in the activated carbon structure.

XRD analysis was done to examine the crystal structure of the
AC, AC/Fe;0, and AC/Fe;0,/CaO in the range of 5 to 80° and
the outcomes are illustrated in Fig. 3(b). Regarding the findings,
some peaks with different intensities appeared in the structure of
AC, AC/Fe;0, and AC/Fe;0,/CaO, which shows crystalline and
semi-crystalline phases in the structure of the mentioned materi-
als. Therefore, it is concluded that the structure of all the men-
tioned materials is crystalline. In the AC structure, some peaks
were observed at 26 of 20.29 and 43.61°, which are attributed to
the crystalline phases of (002) and (001) and are related to the struc-
ture of the graphite [4546]. Other peaks were observed at 29.39,
36.04, 40.54, and 64.84, which are related to the crystalline phases
of (220), (311), (222), and (440), respectively [47,48]. In the struc-
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ture of AC/Fe;O, nanocomposite, several peaks were observed at
30.34, 35.84, 43.29, 53.79, 57.14 and 63.24°, which are attributed to
the crystalline phases of (220), (311), (400), (422), (511) and (440),
respectively, indicating that Fe,O, nanoparticles formed in the AC
are of reverse cubic spinel-type [49-51]. Furthermore, concerning
the XRD analysis for CaO, several peaks were observed at 26 of
17.99, 33.94, 34.29, 39.94 and 54.36°, which had been observed in
the structure of calcium oxide in the previous studies as well. Also,
in the structure of the AC/Fe;O,/CaO nanocomposite, some peaks
were observed at 20 of 18.79, 29.74, 34.29, 35.94, 43.49, 53.99,
57.54 and 63.29°, which indicate the presence of CaO in the struc-
ture of the AC/Fe;O, composite and formation of the AC/Fe;O,/
CaO nanocomposite [42,52].

Surface morphology and features, elemental compounds, and
their percentage in the structure of AC, CaO, AC/Fe;O, and AC/
Fe;0,/Ca0O composites were examined using SEM, EDX and Map
analyses, and the results are illustrated in Figs. 4 and 5. The per-
centage of elements in the structure of materials is given in Table
1. As can be seen, the activated carbon produced from date seed
has a flat and porous surface (Fig. 4(c)-(d)). After placement of
Fe;O, nanoparticles on the AC surface, some particles in different
sizes are observed that can result from the formation of Fe;O, nano-
particles on the surface of the AC, leading to surface changes and
unevenness (Fig. 4(d)). SEM analysis for CaO (Fig. 4(a)) shows
that there are many pores on its structure [48]. Moreover, surface
morphology of the AC/Fe;0,/CaO nanocomposite has surface
unevenness, high porousness and layered structures that can be
effective in the uptake process of various contaminants (Fig. 4(g)).
The results of EDX and Map analyses also confirm the placement
of Fe;O, nanoparticles and CaO on the AC surface. Elements of
carbon (74.58%) and oxygen (25.42%) were observed in the AC
structure. After the AC/Fe;O,/CaO nanocomposite was prepared,
the distribution of elements in the AC/Fe;0,/CaO nanocompos-
ite structure included carbon (22.53%), oxygen (29.62%), calcium
(5.67%) and Fe (42.19%), which demonstrate a proper distribution
of the elements.

In addition to SEM analysis, TEM analysis was also used to
investigate the morphology and structure of the date seed-derived
AC, CaO, AC/Fe;0, and AC/Fe;0,/CaO nanocomposite (Fig. 6).
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The findings indicate that AC and CaO have a very good, layered
surface, which is also proved in the results of SEM analysis (Fig. 4).

As shown in Fig. 6(d), the morphology of the AC/Fe,O, compos-
ite confirms that Fe;O, nanoparticles with a spherical structure are

Korean J. Chem. Eng.(Vol. 39, No. 1)
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Table 1. Distribution of elements in CaO, AC, AC/Fe;O, and AC/

CaO/Fe,0,

Bemeyt €0 AC AC/FeO,  AC/CaOfFeO,
W% wtd% Wt% Wt%

Ca 4341 - - 567

0 5659 2542 37.01 29.62

C - 74.58 30.04 22.53

Fe - - 32.95 42.19

Total 100 100 100 100

successfully distributed on the AC surface and have a suitable inter-
action [28]. After the formation of the AC/Fe;O,/CaO nanocom-
posite, the outcomes showed that there are Fe;O, nanoparticles,
AC and CaO in the composite structure (Fig. 6(d)) and is compat-
ible with the findings of SEM, analysis.

The magnetic characteristics of Fe;O, nanoparticles, AC/Fe;O,
and AC/Fe;O,/Ca0O nanocomposite were investigated using VSM
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analysis and the outcomes are illustrated in Fig. 7. As can be seen,
Fe;O, nanoparticles have higher magnetic saturation (80.63 emu/g)
than AC/Fe;O, composite (43.84 emu/g) and AC/Fe;0,/CaO nano-
composite (28.75 emu/g), which can be due to various factors such
as the size of particles, the existence of oxygen on the particles [53]
and non-magnetic materials such as activated carbon and calcium
oxide in the structure of AC/Fe;O, and AC/Fe;O,/CaO compos-
ites [49]. Also, the charts are s-shaped for all the four materials,
which signifies the paramagnetic feature of the mentioned materi-
als and confirms that they can be easily separated from the aquatic
solutions through an external magnetic field.

The results of BET analysis for the AC, CaO, AC/Fe;O, and
AC/Fe;O,/Ca0 nanocomposite are reported in Table 2. The spe-
cific surface area for the AC, CaO, AC/Fe;O, and AC/Fe,0,/CaO
was obtained 413.05, 2.459, 89.964, and 59.192 m’/g, respectively.
The specific surface area of AC was significantly higher than that
of other adsorbents, and this value was the lowest for CaO. The
mean pore volume for the AC, CaO, AC/Fe;O,, and AC/Fe;0,/
CaO was determined as 0.2, 0.017, 0211, and 0.193 cm’/g, respec-
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Fig. 6. The results of TEM analysis for (a) AC (b) AC/Fe;O, composite (c) CaO (d) AC/Fe;0,/CaO nanocomposite.
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Fig. 7. VSM analysis for Fe;O,, AC/Fe;O, and AC/Fe;O,/CaO nano-
composite.

tively. The specific surface area and pores volume are critical parame-
ters in the sorption process because they have a direct impact on
the sorption capacity of contaminants. As can be seen, these amounts
are appropriate for AC, AC/Fe;0, and AC/Fe;O,/CaO adsorbents,
which indicates the high uptake capacity of these sorbents.
2. Impact of Various Factors on the Uptake Process

Initial pH is one of the most important and effective factors in
the uptake of various contaminants [48]. Therefore, its impact on
the elimination efficiency of formaldehyde using AC, AC/Fe;O,,
CaO/Fe;0, and AC/Fe;0,/CaO nanocomposite was investigated
and the outcomes are illustrated in Fig. 8(a). As can be seen, as pH
increases from 2 to 7, the sorption efficiency of formaldehyde using
all the four adsorbents increases and then decreases from 7 to 11.
Therefore, the best pH for the formaldehyde uptake using the men-
tioned sorbents was 7. At pH<7, hydrogen ions (H") in the solu-
tion compete with formaldehyde ions, which leads to a decrease in
the removal efficiency of formaldehyde [54]. Also, the removal
percentage was decreased at pH>7, which is due to the competi-

Table 2. Surface characteristics of AC, CaO, AC/Fe;O, and AC/Fe;O,/CaO

Parameter AC CaO AC/Fe;O, AC/Fe;0,/Ca0O
BET surface area (m?/g) 413.05 2.459 89.964 59.192
Langmuir surface area (m?/g) 545.22 2798 82.098 59.917
Total pore volume (cm®/g) 0.2 0.017 0.211 0.193
Adsorption mean pore diameter (°A) 19.46 27.69 9.388 13.02
BJH Adsorption mean pore diameter (°A) 37.1 7.99 4.03 2.38
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Fig. 8. The impact of initial pH (a), adsorbent dosage (b), time (c), temperature (d), and formaldehyde concentration (e) on the uptake effi-
ciency of formaldehyde through AC, AC/Fe;0,, CaO/Fe;O, and AC/Fe;0,/CaO nanocomposite.

tion of hydroxide ions (OH") and formaldehyde ions for adsorp-
tion on the adsorbents surface [55].

Adsorbent dosage is another critical factor in the sorption pro-
cess and has an essential role in increasing its efficiency [56]. There-
fore, the sorption process of formaldehyde using AC, AC/Fe,O,,
CaO/Fe;0, and AC/Fe;0,/CaO composite was performed at pH?7,
initial formaldehyde concentration of 10 mg/L, temperature of 25 °C,
and contact time of 100 min. The outcomes are illustrated in Fig.
8(b). As shown, the uptake efficiency increased with increasing the
sorbent dosage as well as active sites of the sorbent [23,57]. The
sorption efficiency using the AC, CaO/Fe;0, and AC/Fe;O, in-
creased with increasing the dose of adsorbents up to 3 g/L and
after that, its value remained almost constant. According to the
results, the optimal adsorbent dosage for AC, CaO/Fe;O, and AC/
Fe,0, was determined as 3 g/L, and for the AC/Fe,O,/CaO nano-
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composite, the optimal adsorbent dosage was 2.5 g/L.

Contact time is also an effective parameter in the uptake pro-
cess and, in the present study, its effect on the formaldehyde uptake
process using the AC, AC/Fe,O,, CaO/Fe;O, and AC/Fe;0,/CaO
nanocomposite was examined. The tests were done at pH 7, ini-
tial formaldehyde concentration of 10 mg/L, temperature of 25 °C
and sorbent dosage of 3 g/L for the AC, CaO/Fe,O, and AC/Fe;O,
nanocomposite, and 2.5 g/L for the AC/Fe;O,/CaO nanocomposite.
The findings are illustrated in Fig. 8(c). As can be seen, the uptake
efficiency of formaldehyde ion using all adsorbents increases sharply
at the beginning of the sorption process (almost in the first 100
min), which is due to the large number of active sites on the adsor-
bent surface [23]. Then, as the contact time increases, the adsor-
bents are saturated by the formaldehyde molecules, and it can lead
to a decrease in the slope of the uptake efficiency. As a result, the
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equilibrium time was determined 100 min for the AC, CaO/Fe;O,
and AC/Fe;O, and 80 min for the AC/Fe;0,/CaO nanocomposite.

Temperature is one of the most effective factors in the sorption
efficiency [58]. The impact of temperature on the sorption effi-
ciency of formaldehyde using the AC, AC/Fe;O,, CaO/Fe;O, and
AC/Fe;0,/Ca0 was studied (Fig. 8(d)). As can be seen, the uptake
efficiency of formaldehyde using all the three adsorbents decreases
with increasing temperature. The highest sorption efficiency was
reached at ambient temperature and, consequently, for formalde-
hyde adsorption through these three adsorbents there is no need
to heat the process. It happens at the temperature of 25 °C with the
highest efficiency and it can play a very useful role in decreasing
the operational costs of formaldehyde adsorption using these ad-
sorbents.

The initial concentration of formaldehyde ion is one of the cru-

Table 3. The equilibrium models and their constants

cial factors in the adsorption process [20]. In present study, the
impact of initial formaldehyde concentration on the adsorption
efficiency was examined using activated carbon, AC/Fe;O,, and
AC/Fe;0,/Ca0O nanocomposite under optimal conditions (see Fig.
8(e)). By increasing the initial formaldehyde concentration from 5
to 50 mg/L, the uptake efficiency using AC, CaO/Fe;0O,, AC/Fe;O,
and AC/Fe;0,/CaO nanocomposite decreased from 94.73 to
83.21%, 95.14 to 85.17%, 95.67 to 87.58% and 98.22 to 90.54%,
respectively. Therefore, the maximum uptake efficiency was ob-
tained at a formaldehyde concentration of 5 mg/L. The reason for
this reduction for all adsorbents can be attributed to the satura-
tion of the active sites on the adsorbents surface at high concentra-
tions of formaldehyde [59].

According to the achieved results in examining various factors
in the uptake efficiency of formaldehyde, it is observed that AC/

Model Parameters AC AC/Fe;0, CaO/Fe;O, AC/Fe;0,/Ca0
q., (mg/g) 19.86 2421 21.28 24.01
. k; (L/mg) 0.281 0.236 0.267 0.563
Langmuir
R, 0.066-0.416 0.078-0.458 0.070-0.429 0.034-0.262
R’ 0.998 0.995 0.998 0977
n 1.842 1.613 1.749 1.921
Freundlich k, ((mg/g)-(L/ mg)” " 4.596 4.801 4.628 8.192
R’ 0.979 0.996 0.989 0.995
E (KJ/mol) 1.08 1.174 1.579 1.954
DR q, (mg/g) 12.83 13.34 13.19 15.66
£x107° (mol*/J) 0.427 0.363 0.419 0.131
R? 0913 0.891 0.903 0.879
20 i
; @) ®)
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Fig. 9. Isotherm charts for AC (a), AC/Fe;O, (b), CaO/Fe;0, (c) and AC/Fe;0,/CaO (d).
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Fe,0,/CaO composite has the highest uptake efficiency among the
four adsorbents. Also, the optimal values of adsorbent dose and
contact time in the adsorption process using the AC/Fe;0,/CaO
nanocomposite were less than the other two sorbents. The lowest
sorption efficiency in all experiments was obtained using AC.
Therefore, surface modification of AC by Fe;O, nanoparticles and
CaO/Fe;O, magnetizes it and makes it easy to separate from the
solution. It leads to a decrease in the contact time and adsorbent
dosage and also increases the uptake efficiency of formaldehyde.
Therefore, the surface modification of AC increases the uptake
efficiency of formaldehyde and decreases the operational costs of
the uptake process. A comparison between CaO/Fe;O, and AC/
Fe;0,/Ca0 indicates that the addition of activated carbon to the
CaO/Fe,0, structure increases the uptake efficiency of formalde-
hyde ion from 95.14% to 98.22%.
3. Equilibrium Study

In present study, the sorption isotherm was examined under

Table 4. Kinetic models and their calculated parameters

H. Khaleghi et al.

the optimized pH and the initial formaldehyde concentration in
the range of 5 to 50 mg/L. The results of adsorption isotherms are
presented in Table 3 and Fig. 9. The value of R; obtained by the
Langmuir model for the adsorbents was between 0-1 and the value
of n obtained by the Freundlich model was higher than 1, indicat-
ing that the formaldehyde sorption process using all four adsor-
bents is favorable and physical [29,60]. The value of parameter E
calculated by the Dubinin-Radushkevich model was less than 8,
indicating that the adsorption process is physical [43]. Moreover,
the maximum sorption capacity of AC, AC/Fe;O,, CaO/Fe;O, and
AC/Fe;0,/Ca0 nanocomposite using the Langmuir model was
obtained 19.86, 24.21, 21.28 and 24.01 mg/g, respectively, indicat-
ing that AC/Fe;O,/CaO nanocomposite has a higher sorption capac-
ity than other adsorbents. According to the correlation coefficient
(R?) obtained for all three models, the Freundlich was found to be
the best model for describing the formaldehyde sorption process
using the AC/Fe;O, and AC/Fe;0,/CaQ. Therefore, formaldehyde

Kinetic model Parameters AC AC/Fe;O, CaO/Fe;0, AC/Fe;0,/Ca0
Qe cu (mg/g) 0.310 0316 0314 0.387
Pseudo-1"-order k, (1/min) 0.028 0.038 0.032 0.047
R’ 0.996 0.955 0.988 0916
Qe.ca (mg/g) 0.393 0.374 0.385 0.444
k. -mi 0.071 0.123 0.090 0.142
Pseudo-2"-order zz(g/mg min)
R 0.994 0.98 0.994 0.959
ey (M) 0.305 0.321 0313 0.395
354 03 4
-~ o0
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Fig. 10. The chart of non-linear kinetic models for the formaldehyde sorption from aquatic solution using AC (a), AC/ Fe,0, (b), CaO/Fe;O,

(c) and AC/ Fe;0,/CaO (d).
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adsorption by these adsorbents takes place on the adsorbents’ het-
erogeneous surfaces. Also, the adsorption sites on the adsorbent's
surface have different adsorption energy [38,61]. Furthermore, the
findings showed that the formaldehyde sorption process using the
AC and CaO/Fe;0, follows the Langmuir model [60]. Thus, formal-
dehyde sorption takes place on the homogeneous surfaces of the
AC/Fe;O, composite and adsorption is monolayer.
4. Sorption Kinetics

In the present study, the pseudo-1"-order and pseudo-2"'-order
kinetic models were used to investigate the rate and kinetics of the
formaldehyde sorption process (Table 4 and Fig. 10). As can be
seen, the best model to express the kinetics of the formaldehyde
sorption process using the AC/Fe;O,, CaO/Fe;O, and AC/Fe;O,/
CaO composites was the pseudo-2""-order kinetic model. Also, the
value of the adsorption capacity obtained at the equilibrium time
utilizing the pseudo-2"-order kinetic model is closer to the experi-
mental data, which confirms the suitability of the pseudo-2-order
model [42]. The value of R’ for the pseudo-1*-order kinetic model
in adsorption of formaldehyde using the AC was higher than that
of pseudo-2™-order model, and the uptake capacity calculated from
that was closer to the experimental data. Therefore, the formalde-
hyde uptake process using the AC follows the pseudo-1"-order
kinetic model.

Table 5. The thermodynamic parameters of the formaldehyde uptake
process using the AC, AC/Fe;0,, CaO/Fe;0, and AC/Fe;O,/

CaO nanocomposite
T AG AH’ AS?
Adsorbent C)  (Kj/mol) (KJ/mol)  (J/mol-K)
25 —-7413
30 ~7.109
35 —6.969
A —-51.52 -22.79
C 40 —6.726
45 —-6.415
50 —6.068
25 -9.391
30 -9.093
35 —8.623
AC/E —88.76 —35.93
C/Fe;0, 40  -8106
45 —7.785
50 —7.164
25 —7.368
30 -7.319
35 —-7.227
E —35.28 —-92.52
CaO/ 6304 40 ~6.331
45 —5.838
50 —5.156
25 -10.87
30 -10.354
35 -9.273
AC/E —145.24 —54.21
C/Fe;0,/CaO 40 _8723
45 —-7.942
50 -7.350

5. Thermodynamic Study

Different thermodynamic parameters such as enthalpy changes
(AH"), Gibbs free energy changes (AG®) and entropy changes (AH’)
were studied on the formaldehyde adsorption process using the
AC, AC/Fe;0,, CaO/Fe;O, and AC/Fe;0,/CaO nanocomposite
(Table 5). For all 4 adsorbents, AH’ value was negative, which
implies that the uptake process using all adsorbents is exothermic.
Also, the value of AS’ for all four adsorbents was negative, which
indicates that the changes that happened in the adsorbents struc-
ture are not significant and the uptake process is physical. More-
over, the values of AG” were negative, which shows that the uptake
process in all the considered temperatures is favorable and sponta-
neous. Furthermore, the value of AG’ increased with increasing
temperature, indicating that at low temperatures, the sorption pro-
cess is more favorable and this was also observed in investigating
the impact of temperature on the uptake efficiency. All in all, the
examined thermodynamic parameters demonstrate that the afore-
mentioned adsorbents can be used in the formaldehyde uptake
process without needing any input energy and are suitable for
commercial applications [42].

6. Sorption/Desorption Study and the Effect of Interfering
Ions

The reusability of an adsorbent is a critical factor in its ability to
be industrialized and this parameter was evaluated for the AC,
AC/Fe;Q,, CaO/Fe;0, and AC/Fe;0,/Ca0. To do so, the solution
containing H,SO, with different concentrations was examined (Fig.
11(a)). As seen, the desorption percentage of formaldehyde using
all adsorbents increased with increasing the concentration of H,SO,,
but this increase intensified to a concentration of 2 molar but after
that, it was not significant. Then, to examine the desorption capa-
bility and the reusability of the four adsorbents, a 2 molar H,SO,
solution was used (Fig. 11(b)).

As can be seen, the adsorption percentage of formaldehyde
decreased using all adsorbents with increasing the adsorption/de-
sorption steps, which can be due to the damage and changes that
happened on the mentioned adsorbents’ surfaces during the sorp-
tion/desorption process. But as can be seen, the reduction in the
sorption percentage was small for all adsorbents. For AC, the reduc-
tion in the sorption percentage after five cycles was approximately
7% (from 94.34% to 87.54%), but for AC/Fe;O, (from 95.24% to
91.34%) and AC/CaQO/Fe;O, (from 97.67% to 93.82%), this value
is less than 5%. Also, the reduction in the adsorption efficiency for
CaO/Fe;O, composite after five cycles was 5.6% (from 94.85 to
89.54%). These findings show that all adsorbents have high reus-
ability for formaldehyde sorption. The outcomes show that the use
of CaO and Fe;0, nanoparticles increases the reusability of the ad-
sorbents, in addition to the increase in the sorption capacity observed
in the previous sections.

There are various ions in wastewater that sometimes compete
with the considered pollutant molecules and affect the uptake effi-
ciency. These jons have an interfering effect on the uptake process
[62]. To investigate the competition between these ions and form-
aldehyde for adsorption on the surface of adsorbents, solutions
containing formaldehyde and carbonate, sulfate, nitrate, and chlo-
ride ions were prepared. The impact of interfering ions on the
uptake of formaldehyde from water is illustrated in Fig. 11(c). As

Korean J. Chem. Eng.(Vol. 39, No. 1)



158 H. Khaleghi et al.

120

(a) BAC B AC/FesOs 120 2AC 2 ACFo0
€304
100 S e 100 (b) WCaO/FesO:  WAC/CaO/FesOs
~
80 )
=
2 g
% 60 £ 60
=) -
g 40 % 40
20 20
0 0
05 1 15 2 25 3 1 2 3 4 5 6 7 8 9 10
H,SO, Concentration cle number
2 4
120
(C) BAC B AC/FesOs
100 B CaO/FesOs B AC/CaO/FesOs
$%0 -
g
EGO E
<40 g
20
0 p

Control Carbonate Sulphate Phosphate Nitrate

Chloride
Ions

Fig. 11. The impact of H,SO, concentration on the formaldehyde desorption from the surface of the AC, AC/Fe;0,, CaO/Fe;O, and AC/
Fe;0,/CaO (a), the reusability of the adsorbents in the elimination efficiency of formaldehyde (b) and the impact of interfering ions

on the uptake efficiency of formaldehyde (c).

can be seen, all these ions, except for nitrate, have almost little
competition with formaldehyde to the extent that the reduction in
the sorption percentage of formaldehyde in their presence is less
than 3%. However, competition between nitrate jons and formal-
dehyde to be placed on the adsorbents surface has led to a 30%
reduction in the sorption efficiency of formaldehyde, which may
be due to the ionic interaction mechanism between nitrate and
formaldehyde [63] and also the electrostatic interactions of nitrate
ions with the given adsorbents.

Generally, the reusability of the aforementioned adsorbents was
studied after ten cycles of reuse and the results show that these four
adsorbents have significant reusability. Also, the impact of interfer-
ing ions (e.g,, carbonate, sulphate, phosphate, nitrate, and chloride)
shows that all these compounds except for nitrate, had almost lit-
tle competition with formaldehyde ion.

CONCLUSION

Formaldehyde is a toxic and carcinogenic compound found in
different concentrations in industrial wastewaters. In the present
study, the activated carbon produced from date seeds was modi-
fied by Fe;O, nanoparticles and calcium oxide and then used to
study the sorption process of formaldehyde from aquatic solu-
tions. The physical features of all the adsorbents (AC, AC/Fe,O,,
CaO/Fe;O, and AC/CaO/Fe;O, nanocomposite) were studied
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through FT-IR, XRD, SEM, EDX, Map, VSM, BET and TEM analy-
ses. The results showed that the optimized conditions for AC and
AC/Fe;0, composite were pH of 7, sorbent dosage of 3 g/L, con-
tact time of 100 min, initial concentration of 5 mg/L, and tempera-
ture of 25 °C. Also, the optimized conditions for the sorption of
formaldehyde using the AC/Fe;O,/CaO nano-composite were pH
of 7, sorbent dosage of 2.5 g/L, contact time of 80 min, initial con-
centration of 5 mg/L, and temperature of 25 °C. According to the
outcomes obtained from equilibrium and kinetic studies, the Fre-
undlich isotherm model and pseudo-1*-order kinetic model were
suitable to describe the uptake process using the AC. Also, the out-
comes showed that the formaldehyde sorption process using the
AC/Fe;0, and CaO/Fe;O, follows the Langmuir isotherm model
and pseudo-2"-order kinetic model. Furthermore, the formalde-
hyde sorption process using the AC/Fe,0,/CaO magnetic com-
posite follows the Freundlich isotherm model and pseudo-2™-
order kinetic model. Moreover, the thermodynamic behavior of
the formaldehyde sorption process using the adsorbents showed
that the uptake process is spontaneous and exothermic. The find-
ings also proved that modifying the activated carbon by magnetic
nanoparticles and calcium oxide has led to the ease of separation,
decrease in the process costs, and increase in the formaldehyde
sorption efficiency. The high reusability of these four adsorbents
proves their suitability for the industrial application of formalde-
hyde removal.
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