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The adsorption process was adopted to separate SO, from surface modified haematite / Ill-ferric oxide with
highly positive nano-particles. Ferric oxide was produced by precipitation at a different temperature rate.
Adsorption of SO, was performed in a dual packed bed column with different process parameters such as
temperature, adsorbate rate to achieve balance of isotherm. Characteristics of adsorption have been studied such
as concentration gradient, exhaustion time Ty g5, mass transfer zone length (Lytz), breakthrough time T o5 and
constant rate. Chemisorption between the surfaces of ferric oxide activated and the targeted adsorbate SO, were
strongly influenced between 45 and 50 °C. The adsorbent was analysed before and after the adsorption process
using the X-Ray Diffraction Method (XRD), Atomic Adsorption Spectroscopy (AAS) to investigate adsorption
properties such as porosity, specific surface area (152 m?g '), adsorption capacity and characterization. The
study showed that the activated ferric oxide surface affects the adsorption process capacity more than other
metal oxide surfaces. Higher specific surface area (558 m?g ') of ferric oxide activated adsorbed more SO, than

non-activated ferric oxide at room temperature.

1. Introduction

Globally, six common air pollutants have been identified as major
pollutants, which includeSO,, carbon monoxide, lead, nitrogen dioxide,
carbon and dust (Eugene et al., 2007). According to the Environmental
Protection Agency, scientists from universities around the globe have
said that India has surpassed the United States in 2010 and has become
the world's second-largest emitter of SO, after China. China has suc-
cessfully lowered SO, emissions in its chemical industries through the
use of various technologies (Fereshteet al., 2018). The combustion of
fossil fuels in chemical industries, power plants and individual homes
emit such enormous quantities of dangerous SO, into the atmosphere,
creating acid rain and causing human respiratory problems.

Short-term SO, exposure can lead to chest pain, shortness of breath
and wheezing. Long-term exposure to SO, gas in combination with
enormous quantities of particulate soot can lead to worsening of es-
tablished cardiovascular disease, lung alterations and respiratory dis-
ease (Michael et al., 2019).Burning fossil fuels in chemical industries
such as biomass, brown coal, gasoline, and natural gas is causing dust
particulates, nitrogen oxides, and sulphur oxides to pollute the en-
vironment. It is doubtful that the use of such non-renewable energy
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sources in industries and the everyday life of humans is now impossible
(Prabhat KRai, 2016). The best solution to limit SO, emissions is
therefore the acceptable application of technologies and the elimination
of environmentally hazardous equipment substances resulting from the
complete combustion of unwanted gasses (John et al., 2019). It is the
worst precursor for a form of suspended particles that can affect the
microphysical and optical properties of condensed nuages in the at-
mosphere. Emission of SO, particulates can be diluted and released into
the atmosphere using stacks of tall flue gas and thereby producing acid
rain. Immediate release of SO, into the atmosphere (Wei Lv et al., 2018)
by the use of a large flue gas stack can be transformed into other
compounds, which can damage the environment.

Treatment of SO, gas emissions has been attracted and increased
focus has been given to chemical engineers as revised environmental
issues impose high stringent regulations and therefore many ap-
proaches have been addressed to reduce SO, gas particulate emissions.
Chemical manufacturing industries engaged in processes such as
roasting, sulphide ores processing, smelting and power plants engaged
in the combustion of large amounts of sulphur coal, fossil fuels and
natural gas are the main sources of SO, gas emissions (Reinhold et al.,
2013) and the greatest problem for chemical engineers is how to

Received 20 February 2020; Received in revised form 12 June 2020; Accepted 25 June 2020
1026-9185/ © 2020 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/10269185
https://www.elsevier.com/locate/sajce
https://doi.org/10.1016/j.sajce.2020.06.008
https://doi.org/10.1016/j.sajce.2020.06.008
mailto:maheshgpillai@vit.ac.in

A.S. Jeyapaul and M. Ganesapillai

effectively reduce SO, emissions in large industries. The biggest chal-
lenge for chemical engineers and industrialists is how to economically
reduce SO, gas emissions in power plants and other chemical in-
dustries. There were several chemical processes approached to reduce
emissions of SO, gases in industries based on research over a period of
time. Such approached approaches for reducing SO, emissions were
focused either on pollution preventiveness or on stopping long pipe
handling of flue gases.

In small-scale industries, the handling of flue gas treatment is quite
impractical and can lead to zero emissions of SO,, instead of sulphur con-
taining fuels, clean fuels should be used to achieve zero emissions of SOy:

M Full sulphur separation from fuel: Hard coal should be thoroughly
washed before it can be used in industrial combustion portion.
Although there are many methods available for removing sulphur
from fuel in the industries, the best method is desulphurizing and it
should be done before firing in industries.

l Consume pure fuel: There are two methods of consuming pure fuel
in industries; the first is to reduce the sulphur content to an rea-
sonable value before it is combusted, and the second is to reduce the
use of sulphur containing fuel in industries that are impossible now
or in the near future, because industries mainly rely on sulphur-
containing fossil fuels.

M Limit production and emit of SO, while combustion in industries:
There have been many strategies, methods and procedures devel-
oped and introduced in industries to reduce SO, emissions, but very
few of them are sold that are not environmentally friendly
(Smith et al., 2005).

The surface area of an adsorbent can change the capacity of ad-
sorption and can generally be defined as quantity if adsorbed on the
adsorbent unit surface. a-Ferric oxide(a-Fe,O3) was selected as an ad-
sorbent in this review, and the removal or separation of SO, is a polar
and hydrophobic form of adsorbent (Bharat et al., 1996).

Analysis of engineering papers notes that chemical engineers, re-
searchers, scientists and technologists have the authority to educate basics,
methods, techniques and practical aspects of adsorption processes and help
the environment to restrict the emission of SO, from combustion of fuels
and flue gas in the chemical industries. The activated carbon fibre has
tremendous potential to adsorb SO, due to its adsorption ability. In the
chemical industry SO, gas has been used to adsorb fly ash as solid state
adsorbent air defence technologies. Zeolites can be derived from fly ash,
and use of solid waste from chemical industries was one of the effective
techniques (Debora et al., 2017). Those zeolites of fly ash should be used to
reduce SO, emissions. In this work, precipitation and thermal decomposi-
tion process provided SO, and ferric oxide to perform efficient adsorption
processes with different parameters. After activation of ferric oxide, these
adsorbents were used in dual bed columns to enrich base activities on the
ferric oxide surface. In a dual packed bed, equilibrium isotherm was in-
vestigated to give more contact time between the adsorbent and the ad-
sorbate. Following a tremendous adsorption process, adsorbent was ana-
lysed to know that adsorption capacity and balance was achieved on the
ferric oxide surface (Shivaji Sircar, 1984).

2. Materials and methods
2.1. Sulphur dioxide preparation

Small quantities of sodium sulphite were taken and weighed to
measure the quantity of restricted reactant needed for the production of
SO, gas. The calculated sodium sulphite quantity was moved into
conical flask and its mouth was closed with a rubber cork. The rubber
cork had two open and the first open was connected to a conical funnel
while another was connected to a pipe line to allow the gas produced to
pass to another conical flask already filled with a solution of hydrogen
peroxides. The pipe line connecting the second conical flask should be
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submerged in a solution diluted with hydrogen peroxide to produce
79 °C sulphuric acid (Schroeter, 2014). Second conical flask which has
hydrogen peroxide temperature was maintained throughout the ex-
periment by electrical heater which has inbuilt of magnetic stirrer. The
second conical flask hydrogen peroxide solution was stirred till the
completion of reaction between sodium sulphite and hydrochloric acid.
Prepared diluted hydrochloric acid was transferred to the first conical
flask containing sodium sulphite as a thin layer in order to prevent
laboratory accidents and gradually full reaction.

The first conical flask was placed in a magnetic stirrer and the stirrer
was turned on as soon as hydrochloric acid was introduced to initiate
the reaction, and was allowed to rotate until the reaction was com-
pleted. When the reaction started by adding hydrochloric acid to so-
dium sulphite, SO, gas was released Shanthi et al., 1994) and the gas
produced was transferred to another conical flask containing a solution
of hydrogen peroxide via a pipe line connecting two conical flasks.
Created gasses, using rubber cork, were not allowed to escape from the
conical flask. With the help of hydrogen peroxide at 79 °C, it was
converted into sulphuric acid to analyse generated quantity of SO,.
After completion of the reaction pipe lines were dismantled and sam-
ples were taken from second conical flask to analyse the production of
SO, using acid-base titration method. The below mentioned reactions
((1) and (2) were used to produce and analyse SO,.

Na,SO3; + 2HCl — 2NaCl + SO, + H»O (€D)]

SOZ + 2H202_> H2804 + 2H20 (2)

2.2. Analysis of sulphur dioxide

The method of acid-base titration was used to analyse the quantity
of sulphur dioxide released. Acid was the second conical flask sample,
and the base was a solution of sodium hydroxide. Methyl red was used
as a titration measure. Indicator from second conical flask was added
into the sample, and the sample solution transformed into pale pink
colour. Sodium hydroxide solution was titrated to coloured solution
Flavia et al., 2019). As soon as the required amount of sodium hydro-
xide was added to the sample, pink colour disappeared, which means
the sample became neutral. After titration calculation part was per-
formed to know the quantity of SO, generated as shown below ((3)

NaOH volume X Normality of NaOH
Volume of sulphuric acid solution
3

In order to know the quantity of SO, present in the sample, the total
quantity of SO, output, and the normality of extracted sulphuric acid
was determined. The procedures were repeated with the same steps
with full SO, reaction.

Normality of produced H,SO, =

2.3. Ferric oxide preparation and activation

The process of thermal decomposition was employed to manu-
facture ferric oxide from ferrous sulphate heptahydrate. Sodium car-
bonate was the limited reactant which can react with ferrous sulphate
heptahydrate to produce ferric oxide. Initially ferrous sulphate hepta-
hydrate solution was prepared by adding distilled water to the known
quantity of ferrous sulphate heptahydrate in a conical flask with con-
stant stirring. The sodium carbonate salt was taken and diluted into a
second conical flask. This diluted solution is preheated to 71 °C
(Dong Fu et al., 2008) and kept temperature until reaction between
reactants is completed. Pre heated diluted solution stock was put into
the first conical flask that had the ferrous sulphate solution and started
reaction.

The first conical flask was put in a magnetic stirrer and turned on as
soon as the sodium carbonate in the first flask was added. Using a pH
metre, pH was measured in order to know the completion of the
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reaction. Sodium carbonate was sent as thin layer into the first conical
flask and constantly stirred until pH reached 9.5. Precipitation was
formed and this semi-solid material was filtered from the required solid
content to separate the sodium sulphate solution (Meng et al., 1995).
Solid content was washed thoroughly with distilled water, and the solid
content was transferred to silica crucible. In order to obtain ferric oxide
it was put in muffle furnace to do calcinations operation. Three dif-
ferent heating rates were introduced to ensure the quality of the ferric
oxide by repeating the same procedure. When muffle furnace reached
500 °C, the calcination process was stopped.

The calcined material was thoroughly washed with distilled hot
water to remove undesirable excess material and kept it in the muffle
furnace to reach 110 °C, and the temperature was maintained for six
hours to modify the haematite surface. Produced ferric oxide with
mixture of sodium hydroxide and ethanol solution was allowed to en-
rich the pH at 80 °C. On the other hand, sodium sulphate solution was
transferred to another conical flask, and evaporation process started to
obtain sodium sulphate salt crystals. The production of ferric oxide by
thermal decomposition process is one of the main advantages
(National Center for Biotechnology Information, 2020). Below is the
flow sheet for processing the ferric oxide. Fig. 1 shows the pictorial
representation for the ferric oxide preparation cycle.

2.4. Ferric oxide analysis

Prepared ferric oxide by thermal decomposition process was sent to
X-Ray Diffraction (XRD) method for analysing the purity of ferric oxide
and Atomic Absorption Spectroscopy (AAS) for knowing the percentage
of iron content in ferric oxide. The ferric oxide was activated with a
mixture of sodium hydroxide and ethanol solution after study by XRD
(Azza et al., 2019) and AAS to enrich pH at 80 °C. After activated with
chemicals pH was measured to know the activation capacity to capture
SO,.
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2.5. Adsorption of sulphur dioxide in dual packed bed

Arrangement to perform SO, adsorption in dual packed bed column
is very simple and is shown in Fig. 2 below. Prepared diluted hydro-
chloric acid was connected to the suction of a constant flow pump, and
the pump delivery was linked to a two open conical flask that ahs so-
dium sulphite within. A tube was attached between the bottom of the
adsorption column and the conical flask mouth. The top of the ad-
sorption column was attached to a wire, resulting in a dip in the solu-
tion of hydrogen peroxide to trap excess SO, from the column of ad-
sorption.

Adsorption column had double packed bed filled with activated
ferric oxide produced. Adsorptions were performed in dual packed bed
on the surface of ferric oxide, and excess SO, after adsorption went to
the absorption section where hydrogen peroxide was placed. The main
purpose of using dual-packed bed column is to reduce the escape of SO,
from adsorption and the arrangement provides greater contact time
between adsorbent and adsorbent. Excess quantity of SO, was con-
verted into sulphuric acid and the quantity was analysed using titration
method and measured to know the ability of activated ferric oxide to
adsorb (Jun et al., 2009).

2.6. Mass transfer zone

Adsorption mass transfer zone is gradient high in adsorbate con-
centration between inlet and outlet, and at the end there will be almost
no mass transfer zone, which means that the adsorbent has reached
equilibrium. Therefore there was no more porous media available to
adsorb SO, on the activated ferric oxide surface (Jian et al., 2019). Here
in this research exhaustion time (T gs) and breakthrough time (T os)
was measures and calculated to know mass transfer zone. Mass transfer
zone length (Lytz) was calculated from Eq. (4).

FeS0,.7H;0O Na,CO;
v v
Reactor
¥ g
Cake Filter Filtrate
FE‘CO;.?H;O Na1804
Y r
Futtiaoe Concentrator
500°C
¢ Hot Water X
Evaporator

Washing

Furnace |
160°C

Na;S0;, (S ah)

:-4bFE_‘.O3

Fig. 1. Process flow diagram of ferric oxide preparation.
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Fig. 2. Schematic flow diagram of adsorption process.

_ (Toos — Toos) X L

L =
M2 T (Tyos + Toos)/2 )

The measuring unit for mass transfer zone length in cm, and min are
used for breakthrough and exhaust time. Breakthrough time for single-
phase gas adsorption in dual-packed bed column is given below in
Eq. (5).

Co—Co.05
~ Py X WX ln( Coss )

CoX K ()

Ferric oxide bulk density (p,) was measured several times in gem ™3

and average was taken into account to calculate breakthrough time.
Adsorption capacity (W) was calculated by knowing the quantity of SO,
gas adsorbed on surface of ferric oxide in relation to known quantity of
ferric oxide placed in the dual packed bed. After the breakthrough time
calculation a graph was diagrammed between the length of the mass
transfer zone (Moamen S Refat, 2014) and the breakthrough time to
know the adsorption rate constant (K) specification from the graph
slope.

2.7. Specific surface area of ferric oxide and activated ferric oxide

A known quantity of ferric oxide was taken in clay bowl and cal-
cinated for two hours at 300 °C in the presence of atmospheric air (Ru-
Ling Tseng, 2007) and mixed with 5 percent of sodium hydroxide and
ethanol solution by weight. The mixture is placed in the same clay bowl
and left natural for a night to evaporate excess solvents. The prepared
material is called activated ferric oxide and XRD analysed the sample to
determine the specific area of the surface. The Sauter's (M Streat et al.,
2008) Eq. (6) is used to calculate the particular ferric oxide surface
area.

6000
p X D

Specific surface area =

(6)

3. Results and discussion
3.1. Ferric oxide density
A known quantity of water was poured into a measuring cylinder

and weighed quantity of activated ferric oxide prepared placed in the
same flask. Once ferric oxide was added to the water content, small
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volume changes were observed and the density of ferric oxide was
measured (Farah et al., 2011) using the following Eq. (7).
weighed quantity of ferric oxide

chage of volume

Density =
(7)

The calculated density of activated Fe,O3 is 5.10 g cm ™2 and this
value is almost equivalent to theoretical density of the same. The
average activated ferric oxide density was calculated by repeating same
procedure with different heating rates in the calcinations section in

thermal decomposition process and the value was 5.13 g cm ™3,

3.2. Consequences of reaction analysis
The theoretical and experimental analysis of materials used in the

production of ferric oxide was based on the following chemical reac-
tions (8,9,10 and 11) and method

FeSO4*7H,0 + NayCO3— FeCO37H30 + NaySO4 8
FeCO3*7H,0 — FeO + 7H,0 + CO, (C)]
3FeO + H,O — Fe304+H, (10)
4Fe304 + O,— 6Fey03 an

The main excess reactant for producing ferric oxide by thermal
decomposition method is sodium carbonate, and the quantity required
was calculated based on the above mentioned reactions and produced
ferric oxide. In addition, pH analysis was performed to determine the
completion of the chemical reaction. Acid-base was the type of reaction
between the ferrous sulfate heptahydrate and sodium carbonate.
Therefore, pH was controlled for each and every small quantity of di-
luted sodium carbonate applied to the ferrous sulphate heptahydrate
solution to be able to complete the reaction (Juana et al., 2016). Here
ferrous sulphate heptahydrate served as acid and the base was sodium
carbonate. When the theoretical amount of sodium carbonate needed
was added into ferrous sulphate, the solution mixture did not reach an
equivalent level, so there was a delay.

A particular reason for the lag in reaction between strong acid and
weak base was conjugate base production since the base used was weak
in ferric oxide production (Kakavandi et al., 2013). The lag was ba-
lanced with a little more over reactant added. A graph (Fig. 3) was
plotted between observed pH changes in the mixture, while the reaction
and quantity of the sodium carbonate solution added to the limited
reactant was identified and the completion of the reaction at the
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4 —o—pH

1 3 5 7 9

Volume (ml)

11 13 15

Fig. 3. Reaction analysis between ferrous sulphate heptahydrate and sodium
carbonate.

equivalent point was identified.

3.3. Analysis by atomic absorption spectroscopy

Atomic absorption spectroscopy has been used to analyse elements
present in the prepared ferric oxide and to learn the iron content in it
based on the law of Beer-Lambert. In order to know the iron con-
centration in the normal and unknown ferric oxide solution was made
in the same way and kept in spectroscopy. Based on the observance of
the AAS study (Lancok et al., 2009), Fig. 4 is plotted and it represents
the graph between iron particle concentration and absorption from the
unknown solution and projected iron concentration in ferric oxide.

The concentration of iron presented in the prepared ferric oxide was
observed from an AAS analysis. Based on the linearized equation from
the plotted graph, iron quantity present in the ferric oxide was 66.8%.

3.4. X-Ray diffraction analysis

Crystallinity of ferric oxide thin film has been calculated from X-Ray
Diffraction (XRD) analysis. The prepared ferric oxide structure was
hexagonal, and polycrystalline was the nature of the ferric oxide. The
natural structure was very clear when temperatures increased while
ferric oxide was being prepared in a muffle furnace.

Intensity and peak angle were observed from XRD analysis (S
Veena et al., 2015), and a graph was plotted between them, shown in

0.01 -
y=0.0022x - 0.0039
R>=0.9864

0.008 ~

0.006 -

0.004 -
== Absorbance

Absorbance of iron

0.002 4

Linear (Absorbance)

0 T T T )
0 2 4 6 8

Concentration of iron (mg L-!)

Fig. 4. Analysis of iron content in ferric oxide by Atomic Absorption
Spectroscopy (AAS).
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Fig. 5. XRD analysis of ferric oxide under the arc current of 32 A and tem-
perature 25 °C.

Fig. 5 to understand ferric oxide properties such as purity and particle
size. A lot of sharp peaks appeared in the graph and it means there was
no defeat in the ferric oxide crystals. The average crystal size of the
ferric oxide was determined by the equation described below (12)

091
B cos6

12

The range of size of the ferric oxide crystal was between 20 and
22 nm. XRD found the specific area of ferric oxide and activated ferric
oxide and used the equation to calculate the specific area of the surface
(13).

6000

Specific surface area =
pecific surf o x D

13)
The specific surface area of ferric oxide and activated ferric oxide
was found to be was 152 and 526 m?g ™! respectively.

3.5. Analysis of reaction time to produce sulphur dioxide

The known quantity of sodium sulphite is reacted with hydrochloric
acid to obtain SO, gas. The produced quantity of SO, was analysed and
calculated for every 5 min of the reaction. The first three experiments
were conducted in five min intervals and the last three experiments
were carried out in 15 min intervals. Acid-base titration method was
used to analyse produced SO, content and observations were plotted in
graph.

In experiments and graph the reaction time was estimated from the
observation. Fig. 6 shows that the reaction time is between 10 and
15 min, so experiments should be repeated between 10 and 15 min at
1 min intervals to find exact reaction time. The experiment provided
maximum amount of SO, at 523 ppm.

The completion of the sodium sulphite and hydrochloric reaction
was approximately 14 min since the graph shows the constant line after
14 min and the maximum amount of SO, released by the experiment
was 522 ppm. The full exact reaction time is estimated in Fig. 7.
Nevertheless, the same experiment should be repeated to know every
single SO, output. Similar amount of SO, was sent to the adsorption
column to adsorb the ferric oxide surface.

3.6. Sulphur dioxide adsorption on surface of ferric oxide

Three separate adsorption column SO, inlet concentrations were set
as 152.5, 130.4 and 112.8 ppm and adsorption on the activated ferric
oxide surface was carried in the adsorption column of dual packed beds.
The height of the first double bed was 5 cm and the distance between
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Fig. 6. Completion of reaction analysis of SO,.
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Fig. 7. Exact completion of reaction analysis of SO,.

0.4 -

Concentraion gradient

0.2 4

Duration (min)

Fig. 8. Adsorption of SO, on 5 cm height of dual packed bed of ferric oxide.

the two beds was 5 cm. Observation on adsorption has been used to plot
a graph between duration of the reaction and concentration gradient as
depicted in Fig. 8.

Observation of SO, adsorption was used to plot a graph between the
length of the reaction and the concentration gradient at the height of
the dual bed and the distance between the dual beds was 5 cm. The high
ferric oxide surface area allowed large amounts of adsorption when the
concentration of SO, at the inlet was also high. As there was no change
in temperature and pressure (Hoghong et al., 2019) during the process,
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the concentration gradient was gradually raised to 5 min.SO, adsorp-
tion on activated ferric oxide was high between 5 and 20 min and the
break-through started in 6 min and reached a balance of 15-17 min
(Fig. 8). Adsorbent sample was sent to the section of analysis after the
adsorption phase to know the adsorption power. The procedure was
repeated with all three concentrations of the same SO, inlet and sent to
another adsorption column, which had a dual packed bed of 10 cm in
length. The distance between the columns of the packed beds was also
5 cm in length.

The height of packed bed is changed from 5 to 10 cm and notified
adsorption of adsorption. Based on observation a graph was drafted
between the length of the reaction and the concentration gradient. The
same gap 5 cm is maintained between the packed bed columns.
Although the process procedure was identical, different concentration
gradients were identified and equilibrium was achieved between 23
and 25 min, meaning mass transfer zone length (Lyz) was delayed to
nearly zero (David et al., 2015). Since the size and capacity of the ad-
sorption column was adsorbed on the activated ferric oxide surface
little more than the previous huge amount of SO,. Procedures were
repeated with 15 cm long dual packed bed and noticed changes on
equilibrium curves (Fig. 9).

SO, adsorption observation was used to plot a graph (Fig. 10) of
15 cm between the duration of the reaction and the concentration
gradient with the height of the dual bed and 5 cm between the dual
beds. In the third dual bed, SO, diffused more and almost all quantities
were adsorbed by activated ferric oxide since the height of the packed
bed is more compared to the previous two. This is the main advantage
and significance of the column of dual packed bed adsorption and it
gave more contact time to the adsorbent and adsorbate. Instead of of-
fering more retention time to efficiently adsorb SO, this structure is
useful for efficient handling of SO, adsorption. As soon as concentration
expanded adsorption capacity also expanded which added benefit to
the process. Breakthrough was started late and equilibrium often de-
layed as a result. In Fig. 10, high adsorption capacity was noticed in the
overall adsorption process as soon as the achievement of equilibrium
delayed a little in the column.

The higher dual packed bed column showed little pressure drop and
it could be one of the reasons for delay in achieving equilibrium. Based
on the observation duration of the mass transfer zone (Fig. 11), the
mass transfer zone was found to decrease as soon as the breakthrough
period was delayed.

3.7. Temperature effects on SO, adsorption

Initially, SO, concentration of 200 ppm was fed into the adsorption
column where ferric oxide was kept in a packed bed and room tem-
perature throughout the adsorption process was maintained. Full fusion

1 -

N o e
~ =)} 0
| L I

Concentration gradient

e
o
|

0 ‘ ‘ ‘ ‘
0 10 20 30 40
Duration (min)

Fig. 9. Adsorption of SO, on 10 cm height of Ferric oxide dual bed.
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Fig. 10. Adsorption of SO, on 15 cm height of Ferric oxide dual bed.
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Fig. 11. Breakthrough time with respect to dual packed column length.
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Fig. 12. Effect of temperature on SO, adsorption by activated ferric oxide.

of SO, and ferric oxide was observed when relatively higher tempera-
tures and rapid equilibrium were reached.

Specific temperature levels were inserted into the adsorption
column and found that comparatively higher temperatures than room
temperatures (Fig. 12) play a major role in achieving rapid equilibrium,
however, the temperature between 45 and 50 °C is sufficient to achieve
an equilibrium which is the best parameter to adsorb SO, and the
complete adsorption process may not require additional heat energy to
achieve adsorption equilibrium. Compared to other metal oxides such

South African Journal of Chemical Engineering 33 (2020) 95-102

as zeolite, Al,O5 (Diana et al., 2008) and activated carbon, activated
ferric oxide can achieve equilibrium at relatively low temperatures,
which is an added advantage for process industries, making it possible
to adsorb lower concentrations of SO, at relatively low temperatures.

4. Conclusions

Adsorbent, ferric oxide was prepared by thermal decomposition
process, which helped to remove excess acidity and then activated with
help of sodium hydroxide and ethanol solution. Physical properties of
prepared ferric oxide were investigated with the help of X-Ray
Diffraction analysis and concentration of presents in the produced ferric
oxide was found by atomic absorption spectroscopy. Each gram of
modified prepared ferric oxide helped quickly to adsorb 220 ppm of
SO,, thus breakthrough delayed. However, modified ferric oxide en-
riched the capacity of adsorption, equilibrium attained very fast in the
range of 10-20 min though length of dual packed bed is more. Dual
packed bed has given more contact time between SO, and ferric oxide
and it was one of the reasons why exhaustion time delayed quietly.
Length of mass transfer zone (Lytz) was decreased as soon as SO,
concentration increased from 220 ppm to 520 ppm. XRD shown that the
crystallography of produced activated ferric oxide was clear and there
was less bias in particle size. The average size of produced ferric oxide
was 20-25 nm and it shows that the produced ferric oxide is belongs to
a-Fe,O3z(haematite) which is strong in stability and hydrophobic. Inlet
concentration and rate of SO, played a main role in throughout ad-
sorption process. Effects of inlet concentration, temperature effects and
length of dual packed bed column on SO, adsorption were studied, and
noticed that the best parameter to perform SO, adsorption is relatively
moderate temperature between 45 and 50 °C and initial inlet con-
centration should be lower than 200 ppm. This adsorption method and
production of ferric oxide could be useful to chemical industries to limit
SO, emission completely when the concentration of SO, is low.
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