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Abstract: Porous magnetite Fe3O4 nano-spheres (PMNS) have been successfully produced and have
been demonstrated to be high-efficiency adsorbents. The PMNs have a spherical shape with an average
particle size of 25.84 nm. The BET surface area of PMNSs is 143.65 m?g, with a total pore volume of
0.16 cmig?t. As a result of CO2 adsorption and desorption features on dry PMNSs, this synthesized
material is projected to be exploited as possible CO, sequestration reservoirs to minimize greenhouse
gas emissions. CO; adsorption was best at low temperatures and with dry PMNs. PMNSs, on the other
hand, has a very high adsorption capacity of 0.96 mmol/g. According to the IUPAC categorization of
adsorption isotherms, all CO; adsorption isotherms of coal samples fall into type I, which most likely
indicates adsorption restricted to a few layers of molecules (micropores and mesopores). Langmuir,
Henry, Dubbin, Temkin, Toth, Harkin-Jura, Elovich, Redlich Peterson, and Josene models suit any
experimental adsorption data that best predict the heterogeneous surface features of PMNSs.
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1. Introduction

Global warming is primarily caused by the release of carbon dioxide (CO2) into the
atmosphere. CO- is a primary greenhouse gas produced by the electricity, gas, and refinery
industries, as well as the chemical and petrochemical, iron and steel, and cement industries.
While CO- levels rose from 315 parts per million in March 1958 to 398 parts per million in
January 2014, the global average temperature rose by 0.6 to 1 degree Celsius [1-4], according
to the Scripps Institute of Oceanography. By 2100, average CO2 concentrations might climb to
570 parts per million, resulting in global average temperature and mean sea level rises of 1.9
degrees Celsius and 3.8 meters, respectively, according to the International Panel on Climate
Change (IPCC) [5].

Because the surface area is intimately linked to performance in many applications, it is
one of the most important characteristics of porous materials. A few examples include gas
storage, separation, and catalysis. Brunauer-Emmett-Teller (BET) analysis based on nitrogen
or argon adsorption isotherms is the most common method for determining porous materials'
surface area and pore volume, including microporous and mesoporous materials. The porous
metal oxide, which contains pores dictated by the crystal structure, continues to draw much
interest, as indicated by the enormous number of evaluations it receives. As sorbent materials,
this is especially true with mesoporous metal oxide. Organic metal frameworks produced
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mesoporous metal oxide. MOFs have a variety of characteristics that make them a significant
part of the sorbent exploration process. Pores in MOFs are particularly interesting since they
become an integral component of the material's crystal structure and exhibit a degree of
homogeneity not seen in other sorbents[6,7].

Understanding CO> adsorption on PMNs during sequestration, as well as the
mechanism for CO> desorption from PMNSs via depressurization, is crucial. The difference
between hysteresis and adsorption and isothermic desorption of gases on porous materials is
known as adsorption and isothermic desorption of gases on porous materials[8,9]. Adsorption
and isothermic desorption of gases on mesoporous materials are the deviations that occur
between hysteresis [10,11]. CO2 sorption hysteresis is favorable for long-term CO2
sequestration. Several CO; sorption research studies on various coal specimens are currently
underway, not only to provide a realistic estimate of PMNSs bed gas capacity, but also to better
grasp the fundamental Gas Adsorption and Desorption Mechanisms[12,13].

This research looked into CO> adsorption and desorption on dry PMNs in subcritical
conditions. The experiment was conducted at 273 K with a CO; adsorption isotherm and 1 bar
of pressure. Meanwhile, by lowering CO pressure to 1 bar, desorption has been achieved.
Finally, to match the equilibrium adsorption data, isotherm adsorption models were
used[14,15].

2. Materials and Methods

2.1. Adsorbent.

The adsorbent was produced and characterized as previously described[16], and the
experimental approach was previously described[11].

3. Results and Discussion

When the temperature was raised to 273 K, the amount of adsorbed CO, on PMNs
increased. The experimental values of adsorbed CO, on PMNSs at 273K are depicted in Figure
1. 273 K is the total quantity of CO2 adsorbed on the PMNs in the sample. There is a lot of
adsorption on the surface of the PMNs because the sample is heterogeneous and has a small
specific surface area (143.65 m?/g). According to the IUPAC classification, all CO, adsorption
on PMNs follows type IV, which represents mono-multilayer adsorption, hysteresis loop Type
I11; at high pressure, the slope shows increased adsorbate uptake as the pores fill, with the
inflection point typically occurring near the completion of the first monolayer and capillary
condensation that occurs in mesoporous materials. Isothermic adsorption isotherms are higher
than desorption isotherms in reality. The desorption isotherm at 273 K was calculated from the
experience of depressurization after adsorption ended, and the total amount of CO> adsorbed
in the gas phase was more than the adsorption isotherm. Figure 1 shows hysteresis in the CO>
adsorption and PMNs desorption curves. COz absorption and evaporation In isotherm studies,
all PMNs samples demonstrate positive hysteresis between isothermic adsorption and
desorption.

https://biointerfaceresearch.com/ 6253


https://doi.org/10.33263/BRIAC125.62526268
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC125.62526268

T T T T T
= «n) & ZT3KAdsorption
= b ) ] J
- 8 273K Desorption i
= 1 &
=
© , i
=0 |

&
g ]
= &
g [ ]
W
o i
L] i
o~y
o s
o g &
-— &
(I

- 02 &
S i
s £
Zod o
g: v

T T T T T T

2 04 06
Pressure (bar)

Figure 1. CO; adsorption and desorption on PMNs were investigated at 273.15 K.
3.1. Adsorption isotherms.

Theoretical models of isothermic adsorption describe adsorption behavior in great
detail. These models explain how the adsorbent interacts with the adsorbent, as well as the
interaction’s existence and mechanism. They elucidate how the adsorbent interacts with the
adsorbent, as well as the role of the adsorbent in the existence and process of gas
adsorption[18]. Equilibrium isotherm data generated by models with two or three parameters
can be used to learn about adsorption mechanisms, surface properties, and adsorbent affinity.
As a result, ensuring that the experimental equilibrium curves are accurately correlated is
crucial for optimizing the parameters for designing adsorption systems. Langmuir, Henry,
Dubbin, Temkin, Toth, Herkin-Jurra, Elovich, Redlich Beterson, and Josene models were
employed to study adsorption behavior [20].

3.1.1. Henry’s isotherms.

The volume of the surface adsorbent is proportional to the partial pressure of the
adsorptive gas in this isothermic adsorption method. At low concentrations, this isothermic
model fits well, ensuring that all adsorbed molecules are segregated from their
neighbors[22,23]. The balance adsorbs concentrations in the liquid, and adsorbed phases are
coupled in this method by a linear expression:

Je = KHEPe (1)
where ge represents the amount of adsorbate at equilibrium (mmol/g), Kne represents Henry's
adsorption constant, and Pe represents the adsorbate on the adsorbent equilibrium gas
pressure.

3.1.2. Langmuir isotherms.

Langmuir adsorption was first devised to explain adsorption in the gas-solid phase
and is now used to assess and quantify the adsorption capacities of various adsorbents[24].
By balancing relative adsorption and desorption rates, the Langmuir isotherm accounts for
surface coverage (dynamic equilibrium).
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Figure 2. Isotherms by Henry (linearized plots of CO; sorption isotherms).

Adsorption is proportional to the amount of exposed adsorbent surface, while
desorption is related to the amount of closed adsorbent surface[25]. In linear form, the
Langmuir equation is:

Pe/Ge = 1/(gm KL )+Pe/Qm (2)

where the pressure of the gas and the pressure of the air are equal (bar). K. is a Langmuir
constant related to adsorption capacity (mmol/g) that can be linked to changes in the adsorbent's
correct area and porosity, meaning that a greater surface area and pore volume will result in
increased adsorption efficiency[28].

Ri= 1/(1+Po KL ) 3)
The Langmuir constant (mol/g) is K., while the starting pressure of the gas is Po (bar).
When Ry values are negative, the adsorption is unfavourable. R. > 1, linear when R, = 1,
favourable when 0 < R; <1, and irreversible when R, = 0 (Figure 3).
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Figure 3. Linear plots of CO; sorption isotherms (Langmuir isotherm).

3.1.3. Freundlich Isotherms.

For adsorption on heterogonous surfaces, the isotherm holds[29]. The surface
heterogeneity, as well as the exponential distribution of active sites and energy, are all
expressed by this isotherm. [30]. Figure 4 The Freundlich isotherm has a linear version[29,31]
as follows:

Log ge = log Kr+1/n logPe 4)
where Kr stands for adsorption capacity (mmol/g) and 1/n stands for adsorption intensity; it
also stands for energy distribution and adsorbate site heterogeneity.
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Figure 4. Linear plots of CO; sorption isotherms (Freundlich isotherm).

3.1.4. Dubinin-Radushkevich isotherm.

The Dubinin-Radushkevich isotherm model[32] is a popular empirical adsorption
model for describing adsorption mechanisms on heterogeneous surfaces with a Gaussian
energy distribution [33,34]. This isotherm is only useful for intermediate concentrations of
adsorbents since it has implausible asymptotic behavior and does not anticipate Henry's
equations at low pressure [35]. In the model, which is a semi-empirical equation, pore-filling
is accompanied by adsorption. It is a fundamental equation that quantitatively characterizes the
adsorption of microporous sorbents by gases and vapors and assumes a multilayer character
involving the Van Der Waal forces, and it is applicable to physical adsorption processes[13,36].

The physical and chemical adsorption of metal ions is usually distinguished. Because
the Dubinin-Radushkevich isotherm is temperature-dependent, all relevant data may be
acquired by graphing adsorption data as a function of the adsorbed sum logarithm versus the
square of potential energy at different temperatures[37].

Ln ge=In Qpr- Kpr &2 (5)

e=RT(1+1/P; ) (6)

where Kpr is the Dubinin-Radushkevich constant and is the Polanyi potential, T denotes
absolute temperature, and R denotes the gas constant (8.314 Jmol™ k') (Figure 5)
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Figure 5. Linear graphs of CO2 sorption isotherms (Dubinin-Radushkevich Isotherm).

3.1.5. Harkin-Jura Isotherm.

The Harkin-Jura isotherm model assumes multilayer adsorption on absorbent surfaces
with heterogeneous pore distribution (Figure 6). This model is expressed in the following way:
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where B and A are Harkin-Jura constants found by graphing 1/qe? against log Pe [38].
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Figure 6. Linear plots of CO; sorption isotherms (Harkin-Jura isotherm).

3.1.6. Temkin isotherm.

The Temkin isotherm model accounts for the impact of indirect adsorbing desorbing
interactions on the adsorption process, as well as the assumption that as surface coverage rises,
the adsorption heat (Hags) of all layer molecules reduces linearly [39] (Figure 7). The Temkin
isotherm is only valid for intermediate ion concentration ranges [40]. The linear form of the
Temkin isotherm model is as follows:

ge= BrinKr+ BrinPe (8)
Plotting the parameters and K yields the Temkin constants.
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Figure 7. Linear plots of CO; sorption isotherms (Temkin isotherm).

3.1.7. Elovich isotherm

The kinetic principle implies that adsorption sites expand exponentially with
adsorption, implying multilayer adsorption[41]. This model's equation is based on this concept.
The equation was originally designed to describe the kinetics of gas chemisorption on
solids[42,43].

The linear versions of the Elovich model are as follows[44]:
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Je e
q—m = KEPe eXp q_m
9)
The linear form, on the other hand, is as follows:
q
In E—e = InK, qy- —
e Im (10)

Elovich maximal adsorption capacity and Elovich constant may be calculated using the
slope and intercept of the In(ge/Pe) vs. ge plot (Figure 8).

In g.lp,

qe
Figure 8. Linear graphs of CO; sorption isotherms (Elovich isotherm).

3.1.8. Redlich-Peterson Isotherm.

The Langmuir and Freundlich isotherms are combined in the Redlich-Peterson
isotherm. The numerator is derived from the isothermic Langmuir equation, which benefits
from approaching the Henry zone at infinite dilution[45]. This isothermic model is an empirical
isotherm with three parameters. It combines elements of the Langmuir and Freundlich
equations, resulting in a mixed adsorption mechanism that differs from ideal monolayer
adsorption. [44]. This model is defined by the following expression:

— APe
Qe BP.P (1)
Where A is the Redich-Peterson isotherm constant, B is the constant, ge is the equilibrium
adsorbate loading on the adsorbent (mmol/g), Pe is the equilibrium pressure (bar), and is a
variable between 0 and 1. At large adsorbate gas-phase concentrations, the Freundlich
equation is reduced:

A
qe = EPel b
12)
where A/B = KF and (1-) = 1/n of the Freundlich isotherm model. when £ =1, (8) reduces
to Langmuir equation with b =B (Langmuir adsorption constant (mmol/g) which is related to

the energy of adsorption.

https://biointerfaceresearch.com/ 6258


https://doi.org/10.33263/BRIAC125.62526268
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC125.62526268

A = bgm where gml is Langmuir maximum adsorption capacity of the adsorbent
(mmol/g); when g = 0, (8) reduces to Henry’s equation with 1/(1 + b) representing Henry’s
constant.

The linear form of the Redlich-Peterson isotherm can be expressed as follows:

n Pe _BInP,-InA

The Redlich-Peterson constants can be determined by plotting In(Pe/ge) vs. In Pe,
where is the slope and A is the intercept (Figure. 9). This isotherm model has a linear
dependence on concentration in the numerator and an exponential function in the
denomination, which reflect adsorption equilibrium over a wide range of adsorbate
concentrations because of its adaptability. It works in both homogeneous and heterogeneous
environments [46].

In pe/ge
[ ]
| |

In Pe

Figure 9. Linear graphs of CO; sorption isotherms (Redlich-Peterson isotherm).

3.1.9. Toth isotherm.

The Toth isotherm is an empirical variant of the Langmuir equation designed to
minimize the difference between experimental and expected equilibrium data values. This
model excels at simulating heterogeneous adsorption systems that satisfy both the low and high
ends of the adsorbate concentration spectrum[47]. This is how the Toth isotherm model is
written:

9e KePe

I K P

(14)

KL is the Toth isotherm constant in (mmol/g), and n is the Toth isotherm constant in (mmaol/g).
When n =1, this equation reduces to the Langmuir isotherm equation. As a result, the parameter
n measures the heterogeneity of the adsorption system, and if it deviates from unity (1), the
system is considered heterogeneous. T, obtain a linear form, the Toth isotherm can be
rearranged as follows:

n

e _ nlnK; +nlnP,
n n

Im ~Ye (15)
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Using the origin software, the nonlinear curve fitting approach can be utilized to
evaluate the values of the Toth model parameters. When compared to the Freundlich model,
this isothermic model was utilized to simulate multiple multilayers and heterogeneous
adsorption systems, indicating that PMNSs have a heterogeneous surface (Figure 10).
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Figure 10. Linear plots of CO, sorption isotherms (Toth isotherm).

3.1.10. Josen isotherm.

A simple equation based on the energy distribution of adsorbate-adsorbent interactions
sites is used in adsorption. [48] This is predicted by the Jossens isotherm model. This concept
suggests that the adsorbent has a heterogeneous surface in terms of interactions with it. The
following is how the Jossen isotherm is expressed:

q
P = s exp Fq.P
H

(16)

where H is the Jossens isotherm constant (also known as Henry's constant), p is the Jossens
isotherm constant (which remains constant independent of temperature or adsorbent type), and
F is the Jossens isotherm constant (also known as Henry's constant) (Figure 11).

The equation becomes Henry's law when capacity is low. Rearranging the furniture,
however (17),

P
lnq_e: -InH +F q/P
© (17)

The values of H and F can be calculated using a plot of In(Pe/qe) vs ge using a least
square fitting method.

Lln p?'fqe._

de
Figure 11. Linear plots of CO2 sorption isotherms (Josenes isotherm).
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Table 1. Isotherms and their linear forms for the adsorption of CO, onto PMNSs.

Isotherm Value of parameters
Qm exp (mmol/g) 0.96
gm (mmol/g) 0.92
Henry Kne 0.9105
R? 0.9916
gm (mmol/g) 0.94
Langmnir KL (bar?) 0.652
RL 0.9
R? 0.971
Kk 0.15
Freundlich 1/n 0.833
R? 0.99871
Dubinin- Qor 0.248
Radushkevich |ROR 5.22E-07
R? 0.934
. B -0.267
Harkin A 0.0086
Jura R 0.6029
Br 0.28
Temkin Kt 17
R? 0.898
Om 0.95
Elovich Ke 0.6
R? 0.961
. B 0.166
e s
R? 0.968
n 0.6719
Toth KL 12
R? 0.62953
H 0.25
Josens F 0.179
R? 0.961

3.2. Adsorption kinetics and mechanism studies.

Figure 12 shows the time-quantity relationship for CO adsorbed. The rate of adsorption
reduces as the cycle lengthens until equilibrium is reached.

= = = = -
L] - o 2] =
L L 1 L 1

Quantity adsorbed (mmol. g

=
=
1

130

—
140

T T T T T
150 160 170 180
time (min.)

T T
19 200 20

Figure 12. At 273 degrees Celsius, CO adsorption vs. time.

The CO; absorption rate is determined via adsorption Kkinetics analysis, and this rate
precisely controls CO, uptake vs. time at the solid-gas interface. The degree of CO, removal
by adsorption was first high, then steadily declined until it reached an equilibrium, above which
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the rate of removal rapidly increased. It is the most adsorbent. After computing the ideal
adsorption, the time of balance was calculated to be 202 minutes.

3.2.1. The pseudo-first-order

According to the kinetic model equations, pseudo-first-order kinetic models were used
to fit the experimental data and track the adsorption kinetics of tested PMNs (Figure 13).
Pseudo-first-order devolped by Lagergren[49,50].
Log (ge-at )=10g ge-(K1/(2.303))t (18)
A straight line with a -Ky slope and intercept In ge emerges from the plot of In (ge - qr)
vs. t.

3.2.2. The pseudo-second-order.

A pseudo second order kinetic model[51] was used to connect the experimental data:
t/0t =1/(K2 ge? )+t/qe (19)
The values of K and ge for the quantity of CO> adsorbed were calculated using the
slope and linear plot intercept of t/q: vs. t. (Figure 13).

3.2.3. Webber (intraparticle diffusion)

Weber assumed an empirical connection with four parameters over a wide range of

adsorption systems, providing an excellent interpretation of the data pattern[52].
q= Ki t12 +X (20)

The Kair and C parameters were calculated using the g vs. t2 linear plot.

Only the early stages of adsorption (initial steep climb) are considered relevant for the
external barrier to mass transfer around the particles. The second linear segment, which is
controlled by intraparticle diffusion, covers the common adsorption processes. If the plots do
not pass through the origin, it means that pore diffusion isn't the sole rate-limiting step;
additional kinetic models, all of which can operate simultaneously, can also limit the adsorption
rate [53]. (Figure 13).

3.2.4. Elovich.

The equations that characterize this model are based on a kinetic principle that asserts
that the number of adsorption sites increases exponentially as adsorption occurs, implying
multilayer adsorption [41].

q= 1/B In(ap)+1/B Int (21)

A line plot of g: vs. In ¢ on the slope and intercept, respectively, yielded the constants
and (Figure 13).

The Elovich equation demonstrated that the active sites of the adsorbent are
heterogeneous, resulting in chemisorption activation energies that vary. As the amount of CO>
increased, the constant (which is linked to the rate of chemisorption) increased as well, whereas

the constant 3 (connected to the surface coverage) dropped.

Table 2 When the experimental CO> adsorption data are set to 273 k and air pressure
Kinetic models are employed, the values for their corresponding parameters are shown.
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Figure 13. Application of kinetic models to data collected from CO, adsorption on the surface of PMNSs yielded
the following results: (a)pseudo-first-order; (b) pseudo-second-order; (c) Webber intra-particle diffusion; (d)

Elovich model.

Table 2. Kinetic models.

Models Parameter PMNs
Pseudo-First-order Ki (min) 0.0086
Kinetic R? 0.8124
Pseudo-second-order | Ko (g mg! min") 0.1004
kinetic R? 0.438
. Ki (mgg'min®?) 0.0274
ol o -
R? 0.963
B (g/mg) 0.4166

Elovich o (mggt.min?) 5.84E-06

R? 0.94

The order in which the kinetic models were fitted to the experimental data is as follows:
Intra-particle diffusion > Elovich > pseudo first order > modified pseudo first order >

pseudo second order.

The intraparticle diffusion model provided the best fit for the experimental results.
Three steps are thought to be involved in the adsorption process:
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External surface adsorption, intraparticle diffusion, and the final balance define the
eventual balance. Figure 13(c) shows two linear stages corresponding to intraparticle diffusion
and the equilibrium plateau, while external diffusion is absent due to the CO. adsorption
process in the aerogels. The adsorption rate was fairly high because intra-particle diffusion
occurred in the mesopores in theory. At this moment, CO, and PMNs had reached an
equilibrium plateau, and the adsorption rate had slowed.

The second-best fit to the experimental data was supplied by the Elovich model,
showing that the surface adsorption sites were energetically heterogeneous. Because the other
models studied had a lower correlation coefficient, they couldn't explain the adsorption
processes as well. On the other hand, the pseudo-second-order model exhibited the worst
adjustment, indicating that chemisorption was not involved and that the interactions between
the adsorbate and the adsorbent were solely physical[54].

The o and B constants obtained by applying the Elovich model have units of (mgg™.min"
1y and (g/mg), respectively. The values of o determine the initial adsorption speed. Their values
were 5.84E-06 mgg™t.min™) for the materials PMNs indicating that the initial adsorption rate
is related to the capacity of CO2 adsorption under these conditions.

The value of the constant 3 presents the smallest value in the material. 0.42 g/mg; As a
result, because it possessed the most mesopores, this material had the largest capacity for CO»
adsorption [18].

Another study discovered that the pseudo-first-order and pseudo-second-order models
did not best fit data from CO, adsorption kinetics at solid surfaces.

3.3. Comparison with other adsorbents.

Tables 3 examine and contrast the optimum CO2 adsorption power of PMNs as an
adsorbent with that of the other adsorbents previously mentioned. This implies that both CO2
and PMNs have a high adsorption capacity. Tables 3 examine and contrast the optimum CO2
adsorption power of PMNs as an adsorbent with that of the other adsorbents previously
mentioned. This implies that both CO. and PMNs have a high adsorption capacity.

Table 3. Comparison of CO; adsorption by PMNs vs. other adsorbents.

Adsorbent gm (mmolg™) | Reference
Mesoporous TiO; bead

bentonite 0.41 [55]
Porous organic polymer 0.95 [56]
Bentonite 0.14 [57]

Acid treated bentonite 0.59 [58]
MOF-5 0.86 [59]
ZIF-8 30 [60]
SBA-15 0.48 [60]
APS-MCM-48 0.79 [61]

S3 0.73 [8]

PMNs 0.96 This work

4. Conclusions

A porous magnetite FezOs nanospheres (PMNs) sample was tested for CO:
adsorption/desorption at 273 K and 1 bar of pressure. The adsorption capacity of PMNs is 0.96
mmol/g. The CO; adsorption isotherm of PMNs matches type IV of the IUPAC adsorption
isotherm classification, which most likely indicates adsorption limited to a few molecular
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layers (micropores and mesoporous). The adsorption and desorption isotherms for PMNs
samples contain hysteresis, according to the results of the experiments. During CO2 adsorption
and desorption on PMNSs, the hysteresis loop was classified as Hz. Adsorption isotherm models
were found to fit experimental data, implying that adsorption takes place on a heterogeneous
surface with different affinities of adsorption sites. Stronger binding sites are occupied first
when a material's surface properties are predicted to be heterogeneous, and binding strength
declines as the degree of occupation increases. The intraparticle diffusion hypothesis best fits
the experimental results. This model was used to assess the rate data from the studies. Both the
intraparticle diffusion and equilibrium plateau models yielded values that were consistent with
the experimental results. According to the kinetic investigation, the Elovich model provides
the second-best match to the obtained data, resulting in an energy distribution throughout the
surface of the materials throughout the CO, adsorption process.
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