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Abstract Flue gases proved to have several human and environmental problems. Although they

are many, SOX and NOX are the most famous, due to their direct human, animal, and plant effect.

Thus, their removal represents one of the main concerns worldwide. Whereas there are several avail-

able techniques for this task, herein we applied a unique method through the white/yellow phospho-

rus (P4). Our target was to achieve the simultaneous removal together with obtaining the complete

fertilizer Nitrogen, Phosphorus, Potassium (NPK). The removal efficiency investigated with and

without the ozone, SOX and NOX removal reach 100% at a faster time with the ozone existence.

Also, examining the optimal P4 weight that was 0.5 g, furthermore, the optimum stirring intensity

proves to be 1083 rpm, additionally, the optimum temperature was 55 �C, finally, it was compared

with the most famous absorbers. The system efficiency was tested in a special experiment, further-

more, the reaction mechanism was identified together with testing the solid precipitate using Raman

spectroscopy and X-Ray Diffraction (XRD).
� 2021 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, fossil fuel combustion had increased severely in dif-
ferent aspects, which represent the main SOX and NOX emis-

sions source, typically, the fossil fuel plants are responsible
for 87% of the SOX emissions, and 67% of the NOX emissions.
They are gaining increasing attention because they can be sus-

pended in the atmosphere, therefore, causing several problems,
such as acid rains, fog, photochemical smog, and several
human respiratory problems (Hsu et al., 2007; Joseph

Alcamo, 1987; Bernard, 2001).
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Normally, SOX removed using Flue Gas Desulfurization
(FGD) techniques, which apply limestone to neutralize SOX

to sulfur compounds and produce gypsum as a byproduct.

On the other hand, for NOX the FGD isn’t effective, rather
the Selective Catalytic Reduction (SCR) is applied for it. Tra-
ditionally, the simultaneous removal for both of them,

obtained through installing FGD and SCR units in series,
but recently the research is directed toward one unit that does
the simultaneous removal. As SO2 represents 95% to 98% of

SOX and NO represents 90% to 95% of NOX, usually, SO2

and NO refer to SOX and NOX respectively. Generally, the fos-
sil fuel burning is through the air as O2 carriers, but it also
means 79% of the air which is N2 will emerge out as a bypro-

duct, therefore, NOX always the biggest amount and the main
burden. Moreover, the majority of the techniques are using
water, consequently, solubility is an important factor. Herein,

as SO2 is soluble, NO isn’t and needs to be oxidized then
absorbed later. This can be achieved in several ways, such as
oxidants (H2O2, O3, KMnO4, etc.), Iron Ⅱ chelates, or other

oxidation methods. Although there are numerous techniques
available for the simultaneous removal, the widest is the Wet
Oxidation Absorption WOA, in which the NO is oxidized then

absorbed at the same time with SO2 (Liu and Chang, 1991;
Shuai Li, 2018).

Yellow phosphorus is one of the promising elements for
SOX and NOX simultaneous removal, which has the ability

to generate ozone that can oxidize NO, hence get rid of the oxi-
dants and their cost. Moreover, it offers excellent SOX abate-
ment (Hsu et al., 2007). While for all of the previous work it

was difficult to obtained high NOX removal efficiency, as it’s
for SOX, thus, extra attention has been directed to NOX.
Nonetheless, there are several applicable absorbers, mean-

while, they represent one of the main elements in the reactor,
and will directly be derived in the final byproducts (Choi,
2014; Mumford et al., 2012; Wei et al., 2012). Herein we

applied a potassium source absorber that was KCl. Practically,
the potassium content measured as K2O and/or K content for
that element, KCl is one of the highest among several candi-
dates, such as MOP Potash, SOP Potash, KNO3, etc., where

KCl has 60–62.5 K2O, and 49.8–51.9 K (GC Mgbeze, 2010;
Hussain, 2015).

The whole previous work was only speaking about remov-

ing SOX and NOX, due to their harmful effects while spending
a lot of money on it. We’ve put the cornerstone in opening a
new direction of changing them into other useful products.

Which were the complete fertilizer Nitrogen N Phosphorus P
Potassium K (NPK), which was our main target to obtain
from those toxic gases abatement. Furthermore, all the useful
byproducts are sellable. While keep in mind using available

and cheap equipment, to diminish the need for a giant fund
to remove those gases, while getting benefits from the
byproducts.

2. Material and methods

2.1. Materials

2.1.1. Chemical

Red phosphorus (purity of >99%), KCl (purity of >99%),
deionize water, silica gel, cotton, H2SO3 (purity of >99%),

SO2, and NO gases (purity of >99%).
2.1.2. Tools

2.1.2.1. Yellow Phosphorus preparation. Alcohol burner, ring
stand, test tubes and caps, clamp, water heater, bucket.

2.1.2.2. Gas testing. Gas analyzer, model Seitron C600,
designed by Seitron Co., Italy. pH meter, model PHS-3E,
designed by Shanghai INESA Scientific Instrument Co.,

Ltd., China. Deionized water. Stirrer. Buchner flask, model,
SHUNU, GG-17, 1000 Ml, designed by Hangzhou Beibang
Technology Co., Ltd. Digital heater magnetic stirrer mixer,

model DF-101S, designed by Shanghai Yingdi Instrument
Equipment Co., Ltd. O3 generator. Two Ion Chromatography
(I.C.) devices, model Thermo Scientific Dionex Aquion IC sys-

tem and model Dionex DX-600, Designed by Thermo Fisher
Scientific, USA, and Thermo Fisher Scientific, USA. X-ray
diffractometer (XRD), model Rigaku, D / Max-2550 PC.
Designed by, Rigaku, Tokyo Japan. RAMAN spectroscopy

device. Modele inVia-Reflex, Designed by RENISHAW U.S.
A.

2.2. Methods

2.2.1. White/Yellow phosphorus preparation method

Balance 1–5 g of the red phosphorus depending on the test
tube specification, avoid the huge amount as the accumulated
gas will increase the pressure and make it explodes, seal the test

tube very good because white phosphorus will react with the
oxygen, heat the test tube while it slides down in the horizontal
axis (minus 10–30�), to force the gas to flow down and not to
accumulate at the same place of the red phosphorus. At the

same time cool down the gas side of the test tube with cooling
water, avoid splashing the water on the hot side because it will
make the test tube explode. After ensuring all the red phospho-

rus converted to white phosphorus, carefully heat all the test
tube for a few seconds to liquefied all the white phosphorus
(not important), transfer it to a hot water pool, and if neces-

sary break the test tube. Cool down the water to solidify the
White/Yellow phosphorus. Weigh the sample, typically the
yield is 80–95%.

2.2.2. Gas removal process

The simultaneous removal of SOX and NOX was done for a
bench-scale experiment. In the typical experiment we used

2900 ppm SO2, and 550 ppm NO, they were bubbled in a 1L
Buchner flask contains 1L deionize water, 30 g KCl, and
0.5 g yellow phosphorus (P4). While the operating temperature
was 55 �C, with vigorous stirring. The dust and moisture

removal part contains cotton wools and silica gel respectively.
Furthermore, the gas was measured continuously using the gas
analyzer, while the pH and temperature were measured con-

tentiously. A CFT-5G Ozone generator was used once for
comparing the system efficiency with and without O3. Whereas
the solid content has been filtered and tested using RAMAN

spectroscopy and XRD. On the other hand, the liquid was
tested for the anions using the Thermo Scientific Dionex
Aquion Ion Chromatography system uses 30 mM NaOH elu-

ent, and for the cation using Dionex DX-600 uses 5 mM
Methane sulfonic acid as eluent.

Further attention was given to NOX, consequently, we also
studied NOX removal in bench-scale using 1L Buchner flask,

1L deionize water, 550 ppm NO, 0.5 g yellow phosphorus
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(P4), and 30 g KCl, while stirring magnetically and heating to
55 �C. In the meantime, the exhaust gas was measured using
the gas analyzer, while the pH meter and the thermometer were

for measuring the pH and temperature respectively. Addition-
ally, the final P4 ions and NO2

–/NO3
– were tested using a Dionex

Aquion Ion Chromatography system.

Lastly, the reaction stoichiometry and effectiveness for NO
and SO2 removal were tested in a closed system. Typically, 1L
three necks round bottom flask have been evacuated. Firstly,

filled with NO. Secondly, with NO and H2SO3 as SO2 carrier.
Using 900 ml deionized water, 0.21 g P4, 2 g KCl, the reaction
stirred magnetically and carried out at 55 �C. The reaction
tested regularly for 5 h using Ion Chromatography (see Fig. 1).

The removal efficiency for each of SOX and NOX was cal-
culated as

gSOX ¼ ðSO2Þ1� SO2ð Þ2½ �
ðSO2Þ1 � 100 ð1Þ

(SO2)1 = Input SO2 ppm, (SO2)2 = Exhaust SO2 ppm

obtained by the analyser.
gSOX = The process removal efficiency

gNOX ¼ NOð Þ1� NOð Þ2½ �
ðNOÞ1 � 10 ð2Þ

(NO)1 = Input NO ppm, (NO)2 = Exhaust NO ppm
obtained by the analyser.

gNOX = The process removal efficiency (Cheng, 2018; Liu
and Chang, 1991; Liu and Chang, 1990).

3. Results and discussions

3.1. SOX and NOX simultaneously removal with and without O3:

The simultaneous removal achieved using the conditions in
Section 2.2.2 for the simultaneous removal, where the phos-
Fig. 1 Detailed experimental sections were; 1. SO2, 2. NO, 3&4 Flo

Stirrer, 8. Heating and stirring device, 9. pH meter, 10. Thermometer, 1

Separator, 15. Acids tank, 16. NPK elements.
phorus slurry (P4) actively oxidizes NO into one of the soluble
forms NXOY, which can be absorbed together with SO2. To do
so we applied KCl as an absorber, whereas P4 has a low reac-

tion rate with SO2 (Liu and Chang, 1991; Chang, 1992) the
absorber can do so and neutralize it. Furthermore, the oxygen
is an important factor for the removal, because it will be con-

verted to ozone when reacts with the phosphorus emulsion as
in Eqs. (5)–(7) below. Besides, it will oxidize NO into one of
the more soluble forms such as NO2 or generally NXOY.

Meanwhile, we’ve tested the ozone O3 effects on the removal
process using an external ozone source, from Fig. 2 using the
ozone we directly got 100% SOX removal, and after 2 h for
NOX removal. Meantime, without the ozone existence, we

can get it after 3 h. Thus, O3 didn’t have a huge difference,
therefore, it will be an energy waste and will represent extra
expenses (Liu and Chang, 1991).

In addition, a white fume formed, that depends on the oxy-
gen content. It can damage the gas analyzer if didn’t remove
(Shuai Li, 2018). Thus we used the gas tail removing system

for it, which contains silica gel and cotton wool. This fume
resulted from the P4 incomplete oxidation, it will decrease as
the oxygen, the pH decline, and/or the ozone O3 concentration

increase, consistent with P4 conversion to P4O6 or the more
oxidized state of P4O10, then absorb the moisture to form
H2PO2, H2PO3, and H2PO4 (Li et al., 2018).

Finally, about the NPK production claims, as we already

have NO2
–/NO3

– they will spontaneously convert to NH4
+ as

the pH goes down, the medium is phosphorus which contains
all the required phosphorus ions, and KCl has high potassium

content, and will appear in the final products, that is clearly
proving the production. Furthermore, all the Nitrogen N,
Phosphorus P, and potassium K elements (NPK) fertilizer

have been proved through the specified tests, either for the liq-
uid ions, or for the solid precipitate, nonetheless, also their
amount was identified. On the other hand, SOX’s existence will

end up as K2SO4, which is also a rich potassium source. Fur-
wmeters, 5. Gas mixing tank, 6. Oxidation absorption reactor, 7.

1. Silica gel in U tube, 12. Cotton in U tube, 13. Gas analyzer, 14.



Fig. 2 Detailed close system experimental sections were; 1.

Stirrer, 2. Solution emulsion, 3. Sample taking tube, 4. pH meter,

5. Thermometer, 6. 1L three necks round bottom flask as a

reactor, 7. Reaction Temperature Controller, 8. Reaction Stirring

Controller, 9. Heating and stirring device.

Fig. 3 SOX and NOX simultaneous removal with and without

ozone.

Fig. 4 Oxygen change for NOX removal.
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thermore, the extra produced acids are separated in a different

tank, and the final NPK elements are extracted alone as final
products in a different container (Jason C. Willett, 2004;
Production and Use of Potassium, 1998).

Usually, the sulfur’s emissions are treated either pre-
combustion or by applying low sulfur emission compounds,
which lead to minimizing the sulfur emissions, besides for

SOX removal it’s easier to reach 100%, which makes the sulfur
becomes a minor problem. On the other hand, for the Nitrogen
Oxides NOX has low solubility and high availability, thus, fur-
ther tests were done focusing on NOX removal investigation,

and study the process feasibility under certain considerations.

3.2. Oxygen change with time:

For the previous P4 studies they applied an increasing O2 con-
centration of 4% to 20% that results in increasing NOX

removal efficiency, meanwhile, the white fume becomes lighter

with the increase as the phosphorus reach the complete oxida-
tion (Shih-Ger Chang, 1992; ShihGer Chang, 1994; Shuai Li,
2018). But none of them studied the practical oxygen con-

sumption within the removal efficiency. Fig. 3 shows the oxy-
gen change as the reaction goes with time, it was clear the
oxygen is consuming as the reaction continues. The main fac-
tors affecting the oxygen are, the temperature, stirring, P4 con-

centration, and the dispersion medium (Khoo, 2006). Whereas
the oxygen consumed to produce the ozone (O3), consequently,
those factors will also affect the amount of the produced ozone

production. Furthermore, the oxygen O2 will be consumed to
oxidize NO, and P4, therefore, reduce the oxygen amount in
the reactors. Moreover, K reacts with O2 to produce potassium

oxide K2O, which is the main potassium source as fertilizer.
While comparing SO2 and NO simultaneous removal with
only NO removal reveal that more oxygen is being consumed,
resulting from the extra oxygen consumed to oxidize SO2 to
SO3
2� and SO4

2� as in Eqs. (20) and (21) or assist in converting
it to H2SO4 (Li et al., 2014; Li et al., 2018) (see Fig. 4).

3.3. Yellow phosphorus weight change effects

Likewise, in the literature it was reported from 0.25%w up to

3.5%w (Liu and Chang, 1991; Shih-Ger Chang, 1992; ShihGer
Chang, 1994), accordingly was for small scale, herein we did
for higher concentration. In a typical experiment, we add

0.125 g, 0.250 g, and 0.5 g of yellow phosphorus and
550 ppm NO in Buchner flask, contains 1L deionized water
and 30 g of KCl, at 55OC for 200 min, and 25 degrees at the
stirring scale which is 1080 rpm (each scale is 43.33). After

NO bubbled into the reactor a white mist formed, which is
phosphoric acid that becomes denser as the stirring and tem-
perature change. Additionally, it can be controlled by chang-

ing the pH and/or O2 content of the reactor, meanwhile,
only 10% to 15% can instantly be absorbed by the emulsion,
and the remaining can be absorb using 40% to 60% concen-

trated phosphoric acid (Chang, 1992; Shih-Ger Chang, 1992;
ShihGer Chang, 1994). Whereas for the specified case P4 con-
centration consumed with time, thus NOX removal efficiency.
Nonetheless, the P4 utilization rate is expressed using the P/N



Fig. 6 NOX removal efficiency as the stirring intensity change.
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ratio as described below. From Fig. 5, it was clear as the P4

weight increase NOX removal efficiency will increase, this
increase stated to the ozone generated due to the P4 weight

increase, then more NO is oxidized to NO2 and become easier
to absorb by the medium. Furthermore, increasing the P4

weight, not only will increase the O3 generation rate but will

also guarantee a better mixing between P4 and the NOX, there-
fore, better removal efficiency (Liu and Chang, 1991; Pham &
Chang, 1994).

3.4. Changing the emulsion stirring intensity effects

It was reported for a low impeller speed of 100 to 500 rpm,

where the removal efficiency increased with the stirring
increase, furthermore, increasing NO concentration for the
same stirring intensity increases NO removal efficiency from
500 to 800 ppm (Hsu et al., 2007; Chang, 1992; Shuai Li,

2018). Herein, as it was for smaller intensity, we used higher
intensity. Typically, we used 15, 25, and 35 degrees on the scale
of the device (each degree on the scale equal to 43.33 rpm)

which is equal to 650, 1083, and 1517 rpm. With 1L deionized
water, 30g KCl, 0.5 g P4, and 55 �C for 6.7 hrs. From Fig. 6, as
the stirring intensity increase the removal efficiency increase,

because, increasing the stirring intensity will raise the yellow
phosphorus emulsion dispersion, additionally, it will increase
the gas–liquid transfer rate, moreover, will increase the oxygen
dispersion and holdup within the contact surface (Khoo,

2006). Meanwhile, the decrease stated to the increased interfa-
cial area, thus, decreases the mass transfer resistance, besides
the P4 consumption (Hsu et al., 2007; Chang, 1992; Shuai Li,

2018).

3.5. Emulsion temperatures differences

Most importantly the emulsion temperature, which is a critical
factor for the removal efficiency, through controlling the O3,
whereas increasing the temperature from 45OC to 65OC

increases O3 concentration from 50 mg/m3 to 280 mg/m3, but
have a reverse effect after this limit (Liu and Chang, 1991;
Shuai Li, 2018). Although there are several studies, they were
only for the maximum conditions, consequently, we investi-

gated the changes in the removal efficiency when the tempera-
Fig. 5 Yellow phosphorus weight change effects on NOX

removal efficiency.
ture is constant during all the reactions. For this experiment,

we used 1L deionized water, 0.5 g P4, 550 ppm NO, and 30 g
KCl, for different temperatures of 45 �C, 55 �C, and 65 �C.
We can see from Fig. 7, NOX removal efficiency depends on
the emulsion temperature, as the temperature increases NOX

removal efficiency increases (Li et al., 2018). The removal effi-
ciency for those temperatures was interestingly different, where
NOX removal efficiency decreased from the reaction beginning

for the 45 �C, 55 �C, it was increasing for 65 �C, then sharply
decreases due to the yellow phosphorus P4 rapid consumption,
which attributed to the increase in P4 vapor concentration,

then its shortage with the higher consumption rate. Meantime,
the yellow phosphorus can spontaneously ignite at 85 �C or
after it (Liu and Chang, 1990; Shuai Li, 2018), therefore, the

main experiment was conducted at 55 �C for its stable removal
efficiency. Furthermore, the elevated temperatures will con-
sume the phosphorus content quickly and will make the ozone
decompose and lost, besides, it will reduce NO gas solubility as

it’s inversely proportional to the temperature, nonetheless, it
will increase the temperature will increase P4 vapor concentra-
tion in the absorber (Wei et al., 2003; Wu et al., 2005).
Fig. 7 NOX removal efficiency as the emulsion temperature

change.



Fig. 9 Comparing NOX removal using KCl with CaCO3 and

phosphate rock.
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3.6. The reaction pH effects

It was reported for 3, 7, and 9, where the removal was higher at
low pH and continue, but after a longer time, it will reverse,
where the higher will achieve lower removal efficiency (Liu

and Chang, 1991; Liu and Chang, 1990; ShihGer Chang,
1994). Nevertheless, none have investigated the actual system,
and pH change, herein we did for the actual experiment, using
1L deionized water, 550 ppm NO, 30 g KCl, 0.5 g P4, and

55 �C. For the pH change effects on NOX removal efficiency,
it’s clear from Fig. 8 the pH change lead to different NOX

removal efficiency. Where the pH change as the reaction goes

with time, starting from the neutrality where the absorber has
a higher ability for absorbing a higher amount of the acidic
gases, thus has higher NOX removal efficiency, or SOX and

NOX simultaneous removal efficiency. This removal decrease
with time as it becomes more acidic, due to the formed acids,
which decrease the removal efficiency of the reaction goes with

time, in order to achieve constant or a higher removal effi-
ciency, an alkali may be added to change the pH toward more
alkali, and also the reaction time. The pH change was different
for the two cases of, only NOX or the simultaneous SOX and

NOX, due to the formation of sulfuric acid, together with the
other acids in case of only NO including HCl, HNO3,
HNO2, and H3PO4 (Nimmo, 2006; Song et al., 2003; Wei

et al., 2003).

3.7. Comparing NOX removal using KCl with CaCO3 and the
phosphate rocks

We make a comparison for NOX removal using our newly
reported KCl with the most famous absorbers for the P4 appli-
cation, where were Calcium Carbonate and Phosphates Rocks

(Wei et al., 2003; Wen, He, & Costello, 2002). Using 1L deion-
ized water, 0.5 g yellow phosphorus, 55OC, 550 ppm NO, stir-
ring for 1083 rpm, and 30g of KCl, 30g of phosphate rock, and

30g of CaCO3. From Fig. 9 as we can see, CaCO3 have stable
NOX removal at around 95%, followed by the phosphate
rocks that decline at the early stage and become stable at

around 85%, lastly, our KCl is also declined at the beginning
and quickly stable around 80%. Whereas the reaction of NO
Fig. 8 pH change for NOX removal.
and P4 produces nitric acid and phosphoric acid, those acids
react with the calcium carbonate to produce gypsum and other
byproducts, which neutralize the medium and make it accept-

able for more of the acidic gases NOX. Thus, they have higher
removal efficiency (Caillahua, 2018; Clamp, 2008; Dallas
Burtraw, 2010). While the phosphate rocks contain some of
the appetites like fluorapatite Ca5(PO4)3F and hydroxyapatites

Ca5(PO4)3OH or Ca5(PO4)6(OH)2, P2O5, Minerals, and Oxi-
des, which can do the same for the acids, better neutralize
the generated acids (Azhar Hussain, 2015; Cheng, 2018;

Renmin Li, 2018; Xinglei Zhao, 2009). Meantime, comparing
the KCl, to several absorbers, they are either having lower
removal efficiency, or if it was higher, it will be unstable

removal efficiency, and quickly drop down, besides, if both
are okay then it will be expensive. Nonetheless, here we can
see KCl has 80% removal efficiency, stable for 5.3 hrs., and
also has a very cheap price. Accordingly, it makes our detected

KCl a very strong alternative for both, as well as for other
available absorbers (Hsu et al., 2007; Khoo, 2006; ShihGer
Chang, 1994; Song et al., 2003).

3.8. Reaction stoichiometry for only NOX removal and SOX and

NOX simultaneous removal

We investigate this process removal efficiency, and the P4 uti-
lization rate, using a close system experiment. Where we used
1L 3 necks rounded bottom flask contains 900 ml of deionized

water, 0.2 g of P4, 2.0 g of KCl, at 55OC, and 1083 rpm for 5 h,
once with 500 ppm NO, and later using NO and 0.92 mM
H2SO3 equal to 3000 ppm SO2. We have tested the samples
each 1 hr., using two Ion Chromatography (I.C.) described

in section 2.2.2, Testing the emulsion seeking all the ions inside
the system, whereas NO exist mainly as NO2

– and smaller
amount as NO3

–. Also, P4 exists as H2PO2
�, H2PO3

�, and com-

monly as H2PO4
�. While the sulfur exists as SO3

2� and SO4
2�.

Additionally, for KCl together with the potassium ions, Cl�

ions were also clearly identified by the I.C., which reviled the

separation of the two ions. Hence K is undergoing other reac-
tions (Hsu et al., 2007; Shih-Ger Chang, 1992; Yunxiang Nie,



Fig. 10 (A) P/N for NOX removal; (B) P/N + S for SOX and NOX removal, and NOX removal change with time.
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2018). Nevertheless, the other IC proved the K+ and the
NH4

+, and the results are in Figs. 11–14 below.
Meanwhile, the efficiency and P4 utilization investigated

using P/N + S and P/N stoichiometric ratio, which represents
the number of P mole required to remove 1 mol of N + S or
only N. Which expressed by the;

P/N=([H2PO2
�] + [H2PO3

�] + [H2PO4
�])/([NO2

–] + [NO3
–]) ð3Þ
Fig. 11 Anions for (A) NOX removal; and
P/N + S=([H2PO2
�] + [H2PO3

�] + [H2PO4
�])/[([NO2

–]

þ ½NO3
–�Þ þ ð½SO3

�� þ ½SO4
��Þ�

ð4Þ
The main data plotted in Fig. 10, where P/N and P/N+ S

are shown during the actual removal process. Meantime, com-
paring the system differences with and without the SO2 exis-

tence, reviled the P/N higher for NOX removal alone and it
(B) SOX and NOX simultaneous removal.



Fig. 12 Cations change for (A) SOX and NOX simultaneous removal, and (B) NOX removal.

Fig. 13 I.C graph for the Anions for (A) NOX removal; and (B) SOX and NOX simultaneous removal.
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also continues to increase, while the simultaneous is increasing

then decreasing. Moreover, the P/N stoichiometric ratio
founded to be affected by the same factors affecting the
NOX removal including O2, temperature, and P4 weight. For

instance, the oxygen existence results in complete oxidation
and utilization of P4, which will result in a lower P/N ratio.
In addition, those temperatures, P4 content, and O2 concentra-

tion are affecting each other in opposite ways. Therefore, dur-
ing the experiment, it’s normally compromised between high
NOX removal efficiency or low P/N ratio. Typically, during
the real operation, it’s to obtaining higher NOX removal effi-

ciency while keeping a lower P/N ratio (Andrews, 1988;
Pham and Chang, 1994; Chang, 1992).

Whereas, the P4 amount will affect NO final products,

when the P4 amount is greater than NO, the majority of the
products are in form of NO3

– (Liu and Chang, 1990; Chang,
1992; Shih-Ger Chang, 1992), while if the P4 amount is equal

to or less than NO, the majority in form of NO2
–. Meanwhile,

the phosphorus ions are constant in the form of H2PO4
� >

H2PO3
� > H2PO2

� independent of P4 amount. Additionally,



Fig. 14 I.C graph for the Cations for (A) SOX and NOX simultaneous removal; and (B) NOX removal.

Fig. 15 RAMAN test for the solid precipitate.
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SO2 was presented in the form of SO4
2� and fewer amounts

than SO3
2� (Chang, and Lin, 1982). Nevertheless, as we used

P4 greater than NO, we’ve got more NO3
– than NO2

–, which
can be seen in Fig. 11. Furthermore, the I.C. proves all those

ions including H2PO2
�, H2PO3

�, H2PO4
�, NO2

–, NO3
–, SO3

2�
,

and SO4
2�, as in Figs. 11–14 below.

In addition, for the simultaneous removal NOX recovered
as NO2

– and NO3
– represents �50%, the rest are in form of sev-

eral Nitrogen and Sulphur compounds (Liu and Chang, 1990;
Chang, 1992; Shih-Ger Chang, 1992), with the majority in
form of the Hydroxyimidodisulfate (HIDS) and imidodisulfate

(IDS) at the slightly acidic environment, those HIDS and IDS
compounds can be Hydrolyzed to NH4

+ when the pH at
around 2. The I.C. test for the cations in Figs. 12 and 14 has

proved NH4
+ existence, as it also proved the existence of potas-

sium ions K+
. Lastly, the cations investigation has proven the

latest element of the NPK complete fertilizer to exist within the
final products, while for the solids it proved to have P2O5 and

PO4 that are part of P in the NPK fertilizer. As in the XRD
and RAMAN spectroscopy describe below (Li, Loh,
Matsushima, Nishioka, & Sadakata, 2002; Wen et al., 2002).

4. Solid precipitate investigation

4.1. Raman spectroscopy

Raman spectroscopy is a powerful technique for chemical

structure identification, herein we investigated the solids pre-
cipitated crystals obtained from the reaction (using an inVia
Raman microscope, designed by Renishaw in U.K.) as shown

in Fig. 15, the main obvious peaks of the Raman bands were
360 cm�1, 460 cm�1, and 600 cm�1 that represent the majority
and refer to the Phosphate PO4, while a smaller amount exists
at 1230 cm�1 in form of P2O5 crystals. It also indicates as the

P2O5 is an intermediate state for the phosphorus oxidation it
will finally stable at PO4, thus represent the majority. How-

ever, both of them are rich phosphorus sources, while ammo-
nia and potassium together with some other phosphorus are
mainly in the liquid form (Lei Zhang, 2017; McManus 2012).

4.1.1. XRD test

The morphology and microstructure of the solid precipitated
samples were also investigated using X-Ray Diffractometer

XRD (Rigaku, D/Max-2550 PC Tokyo Japan). The XRD
spectra are shown in Fig. 16, where the peak at 2b= 21�
the diffraction peak, represents the majority of the residue,
which is assigned to the Phosphate PO4 crystals. Additionally,

the remaining peaks are minor and they represent a mixture of
the Phosphate PO4 and the Phosphorus pentoxide P2O5 and
some amorphous, although several factors may affect the crys-

tallinity, from all the experiments the precipitated crystals have
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almost the same size and white color. These results support
that one of the Raman for the solid precipitates. Furthermore,

it was compared with the XRD for the pure KCl that has
shown beside it, where no peak was coexisting at the same
peak (Kumar, 2007; Tea-Sung Kang, 2017).

4.2. Reaction mechanism of the process

The reaction of P4 and O2 can take place in both the aqueous

phase and the gas phase. Whereas the liquid one occurs on the
surface of the P4 globule, hence will be affected by the reactor
design, liquid/gas ratio, temperature, all the parameters that

can change the dispersion of the melted phosphorus, and all
the additives that may change the dielectric constant of the
medium. On the other hand, the gas phase occurs between
O2 and the liberated P4 from the emulsion at high temperatures

(Bailar, 1973). The reaction between P4 and O2 produces O3

and O atoms with an almost equal reaction rate. Where O2

normally higher in the flue gas, thus O3 production represent-

ing the main reaction path (Qian, 1995), the inferred equations
are as following.

P4 + O2 ! P4O + O ð5Þ

P4O + nO2 ! P4O10 + mO ð6Þ

O + O2 + M ! O3 + M ð7Þ
M is another molecule that won’t change during the

reaction.
The basic reactions between the ozone and NO to produce

the more soluble NO2 will be affected by the oxidizing agent
whether it was O or O3. The produced NO2 can react with

NO to produce N2O3 or dimerize to N2O4.

NO + O3 ! NO2 + O2 ð8Þ

NO + O + M ! NO2 + M ð9Þ
NO + NO2 + M ! N2O3 + M ð10Þ

NO2 + NO2 + M ! N2O4 + M ð11Þ

NO2 + O3 ! NO3 + O2 ð12Þ

NO + NO3 ! 2NO2 ð13Þ

NO2 + NO3 ! N2O5 ð14Þ
M is another molecule that won’t change during the

reaction.
The produced NO2 and the other intermediates will form

nitrous and nitric acid, by the direct reaction with water.

2NO2 + H2O ! HNO3 + HNO2 ð15Þ

N2O3 + H2O ! 2HNO2 ð16Þ

N2O4 + H2O ! HNO3 + HNO2 ð17Þ

N2O5 + H2O ! 2HNO3 ð18Þ

2HNO2 + O2 ! 2HNO3 ð19Þ
it’s clear now why oxygen is important for the reactions,
whereas it’s required in most of the reactions. Additionally,

increasing P4 content will increase NO removal. While the
phosphorus intermediate compound PO, PO2, P2O, and P4O
that result from P4 and O2 won’t be shown up here

(Andrews, 1988; H. Cordes, 1965).
If SOX is added as SO2, the reaction mechanism is as the

following (Christopher H. Nelli, 1998; David Littlejohn,
1986; Jetawattana, Spring 2005; Anglada, 2019).

2SO2 + O2 ! 2SO3 ð20Þ

2SO3 + O2 ! 2SO4 ð21Þ
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SO4 + 2H2O + 2 M ! H2SO4 + 2MOH ð22Þ

SO3 + H2O ! H2SO4 ð23Þ

SO2 + H2O ! H2SO3 ð24Þ

2H2SO3 + 2H2O + 2M ! 2H2SO4 + 2H2M ð25Þ
M is another molecule that won’t change during the

reaction.
In fact, the majority is found to occur through the NO/SO2

producing HADS, which is generally expressed as Eq. (26):

NO2 + SO3
2�/HSO3

�!NO2
–+SO3

�/HSO3 ð26Þ
Actually, the existence of SO3

�/HSO3 in greater than

1 mM can derive reaction (26) to occur, which is typically
happening as the following (David Littlejohn, 1986;
Anglada, 2019).

NO2
–+2HSO3

� ! HON(SO3)2
2–+OH– ð27Þ

Nevertheless, the HADS goes through sulfonation and/or

hydrolysis to form N-S compounds, the overall reactions can
be summarized as the following:

NO2
–+3HSO3

�+H2O ! NH4
þ+SO4

2�+Hþ ð28Þ
The removal process is mainly done by KCl, which will

react with the final products from all of the above reaction,

as follows:

KCl + HNO3 ! KNO3 + HCl ð29Þ

KCl + H2SO4 ! K2SO4 + 2HCl ð30Þ
Finally, the reaction of nitric acid and KCl will produce

KNO3 if only NO was added or KNO3 and K2SO4 if the

SO2 and NO were added together, KNO3 is a source of potas-
sium for fertilizer which contain 44% K2O and 36.5% K.
Meanwhile, if SO2 is presented then we will get H2SO4 and

thus finally we will obtain K2SO4 which also contains 50–52
K2O and 41.5–43.2 K (Liu et al., 2001; Production and Use
of Potassium, 1998; Wei et al., 2003; Wen et al., 2002).
5. Conclusion

In the present study, we investigated SOX and NOX simultane-
ous removal, and the possibility to obtain the complete fertil-

izer NPK, using the yellow phosphorus P4 and KCl.
After series of optimization experiments, the removal effi-

ciency under the optimum conditions of a temperature of

55 �C, P4 weight of 0.5 g, stirring intensity of 1083 rpm, and
varying O2 and pH, where the simultaneous removal for
550 ppm NOX and 2900 ppm of SOX reach 100% in 2 hrs.

using O3, and after 3 hrs. without it. Nevertheless, comparing
to the most famous two absorbers, revile it’s the best available
alternative for both and the strongest competitor. Meantime,

the IC proved all the claimed ions quantitatively and qualita-
tively, therefore, indicates all the NPK ions and confirms their
existence. Besides, the inferred reaction mechanism. And
finally, the solid investigation proves the precipitated crystals

are rich in phosphorus ions.
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