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Abstract

Chemical and metallurgical industries produce as well as discharge a huge quantity of effluents
containing free nitric acid along with different metal nitrates to the environment. Disposal of
such effluents with high nitrate ion concentration is a serious and global problem. Recovery
and reuse of free nitric acid present in such effluents may solve this problem to an extent.
Free nitric acid from aqueous solution can be recovered by solvent extraction. In previous
studies, such attempts were made and Tri-Butyl Phosphate (TBP) was used as solvent for this
purpose, but TBP has some limitations. In the present study performance of different solvents
viz. Methyl isobutyl ketone (MIBK), Di-2-ethylhexyl phosphoric acid (D2EHPA) and tetra-octyl-
di-glycol amide (TODGA) were investigated for the recovery of nitric acid from aqueous nitric-
acid solution in presence of various metal ions, which may be considered as simulated effluents
and the same has been compared with that of TBP. From the experimental results it was found
that TODGA is the best solvent among these four solvents viz., TBP, D2EHPA, MIBK and TODGA
for the extraction of nitric acid from effluents containing free nitric acid. Experimental details
and results are discussed in this paper.
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Introduction World Health Organization (WHO) has set the limit
of nitrate ion concentration in drinking water as 44
mg/| (ppm) whereas; the nitrate ion concentration
in the nitrate bearing effluents is of the order of
30-200 g/I. Regulatory boards in different names in
different countries; set the maximum permissible
limit for discharge of nitrate ion in effluent which
is the same order that set by WHO. In the United
States the discharge limit of nitrate is 44 mg/I, in
Europe this limit is 50 mg/l whereas, in India it is
44.3 mg/| for the inland surface water discharge

Nitrate contamination in drinking water is a seri-
ous and global problem. Nitrate has many harmful
effects as shown in Table 1 [1-8]. Nitrate contam-
ination of drinking water causes methemoglobin-
emia; a disease, which causes the reduction in ox-
ygen-bearing capacity of blood. As a result, when a
person is suffering from methemoglobinemia may
even die. Nitrate contamination in foods and drink-
ing water; beyond permissible limit causes cancer.
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Table 1: Bad effects of nitrates in human body and on environment.

Effects Brief description

Methemoglobinemia

(1,2]

Nitrate contamination in drinking water causes methemoglobinemia; a disease in which
oxygen-bearing capacity of blood is reduced. Haemoglobin in blood carries oxygen from
the lungs to all other tissues but methaemoglobin is incapable of carrying oxygen. Even,
formation of enough methaemoglobin (about 80% of total haemoglobin) causes death.
Mainly, new born babies and nursing mothers are prone to suffer by methemoglobinemia.

Carcinogenic

(1, 2]

Nitrates may cause carcinogenic effect in human body. Under abnormal circumstances
nitrate is reduced to nitrite in the stomach and from N-nitrosamine, a postulated cause of
stomach cancer.

Miscellaneous effects.

[4-7]

Nitrate contamination in drinking water also has a negative effect on the human's health,

which could result in many other diseases, such as birth defects, spontaneous abortion,
increased infant mortality, diarrhoea, abdominal pain, vomiting, diabetes, hypertension,
respiratory tract infections and changes in the immune system.

Environmental effects High nitrate concentration in closed water body promotes algal blooms and water pollution
[8] with eutrophication. Nitrate concentrations in surface waters are usually below 5 ppm, but
higher concentrations are often observed in groundwater in different places around the
world. Moreover, nitrate levels in drinking water in all developed countries are increasing

day by day, which is a global and serious issue.

and 88.6 mg/| for the marine coastal discharge [9].

Nitrate containing effluents are the major source
of nitrate contamination in drinking water [1,2].
Such effluents are produced from chemical as well
as metallurgical industries, which use nitric acid.
Generally, nitric acid is used as a dissolving agent
in these industries and normally which is used in
excess than the stoichiometric requirement. As a
result, effluents contain various metallic nitrates as
well free nitric acid. Since all nitrates are soluble
in water, it is not possible to separate nitrates by
precipitation. It is not possible to remove nitrates
by conventional effluent treatment processes viz.
coagulation, flocculation, lime softening or surface
adsorption, precipitation, adsorption and filtration.
Specialized processes viz. thermal decomposition,
biological and chemical process, etc. are need to be
used for removing nitrates from drinking water and
effluents.

Solid nitrates are decomposed at higher tem-
perature and in thermal denitration; nitrates pres-
ent in effluent first dried up by spraying in a flu-
idized bed reactor and thermally decomposed and
generate pollutant gases, viz. NOx [10-12]. Nor-
mally, these wastes contain free nitric acid of high
concentration. The same cannot be recycled due to
building up of radio-activity. In biological denitra-
tion process, nitrates are decomposed by using
bacteria and microbes. Various denitration pro-
cesses viz., biological, chemical, thermal and other

various miscellaneous processes, developed for the
removal of nitrate ions from water and effluents
along with their advantages and disadvantages are
discussed in details somewhere else [9]. A compre-
hensive review of nitrate removal techniques has
been published by Kapoor and Viraghaven [13].

In recent years; Various researchers attempted
to separate metal ions or recover nitric acid from
acidic effluent containing free nitric acid [12,14-
18]. Sato et al. [19] developed an adsorbent with
a phosphonic acid di-butyl ester-type group by
chloro-methylating styrene and di-vinyl-benzene
copolymer of different di-vinyl-benzene content
following phosphorylation for the preferential ad-
sorption of nitric acid from effluent in presence
of HCl, NaCl, copper sulphate and nickel sulphate.
They observed that nitric acid may be adsorbed up
to a concentration of 2M. Kulkarni [20] studied an
emulsified liquid membrane process using tri-n-oc-
tyl-phosphine oxide and sodium carbonate for the
preferential separation of uranium (VI) ions from
aqueous nitric acid solution in presence of Fe(+ll1),
Ca(+1), and Mg(+ll) ions. Stankovic et al. [21] used
calix-4-arene amide derivatives to separate silver
ion from nitric acid solution. Alcock et al. [22] mea-
sured the mutual solubility of TBP and water and in
the presence of nitric acid and of various inert dilu-
ents for the TBP. They had also studied the distribu-
tion of nitric acid in TBP and concluded that in the
process the most important compound formed is
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HNO,.TBP and this may be partly hydrated. Mishra
et al. [23] also studied the solubility of TBP in nitric
acid of various concentrations (0-14 M) in the tem-
perature range of 25 to 60 °C. They have calculat-
ed the concentrations of TBP dissolved in aqueous
phase, both free and bound to the acid due to the
formation of TBP complexes with nitric acid. They
have also studied the effect of temperature and
the presence of heavy metal ions such as zirconium
and ruthenium on the solubility of TBP in aqueous
phase. Shin et al. [15] developed a process to re-
cover nitric acid from the waste stream containing
acetic acid hydrofluoric acid, and silicon generated
from silicon wafer industry using solvent extraction
with Tri-Butyl Phosphate (TBP) [24]. Lan et al. [25]
used diffusion dialysis with homogenous anion ex-
change membrane for the recycling of spent aque-
ous nitric acid solution containing Li*, Na*, K*, Mg?
and Ca? ions. Biswas et al. [14] evaluated the use
of di-nonyl phenyl phosphoric acid (DNPPA) and its
synergistic mixtures with neutral oxo-donors for
extraction and recovery of uranium from aqueous
nitric acid solution.

Zhang and Muhammed [26] studied the ex-
traction of nitric acid from concentrated phos-
phoric acid solutions using methyl isobutyl ketone
(MIBK) dissolved in aromatic diluent. They found
that nitric acid can be effectively removed by MIBK
from the solutions containing 50-75% H_PO,. They
also found that with increasing the concentration
of either H,PO, or MIBK, the distribution coefficient
of HNO,, increases but the separation factor for
HNO,, against H.PO,, decreases and they conclud-
ed that, it is possible to achieve a complete remov-
al of HNO,, in a few of stages and the co-extraction
of H_,PO, can be limited to less than 1%. Mc Lachlan
et al. [27] studied extraction of nitric acid into the
single extractant systems (TODGA and TBP) and de-
rived equilibrium constants. They found some devi-
ations in equilibrium constant values at high nitric
acid concentration due to formation of mixed com-
plexes.

Tri-Butyl Phosphate (TBP) is generally used for
the purification of crude uranium, thorium and
plutonium from nitric acid medium by solvent ex-
traction [12]. It is known that TBP can extract ni-
tric acid from aqueous solution [1,17]. Hesford and
Mckay [28] reported that TBP extracts acids in the
order HF = HCIO,> HNO,> H_PO,> HCI > H,SO, in a
pure system.

Nitric acid completely dissociates in diluted
aqueous solution as shown in Reaction (1).

HNO,,, —H', +NO, (1)

3 aq
TBP extract nitrate acid from aqueous solution
as shown in Reaction (2).

H", +NO, ,+TBP — [TBP.HNO,]  (2)

a org.

3aq

Muhsan et al. [29] have studied the extraction
of nitric acid from aqueous solution, in presence
of presence of metal ions viz. Na*, Ca** and Mg*
and they have also compared with that of the ex-
traction and stripping behaviour in absence of
metal nitrates. They concluded that the nitric acid
removal from effluent stream is a sustainable pro-
cess to control the nitrate discharge and limiting
the consumption by its possible recovery and recy-
cling. The extraction of nitric acid may be enhanced
by the addition of H,PO, and nitrate salts in the
aqueous phase and the extraction of nitric acid is
reduced by increasing the concentration of fluoride
ions (e.g., HF, MgF, etc.) in the feed solution [30].

In all the previous studies the extraction of nitric
acid from aqueous solution using different extract-
ants other than TBP, viz. methyl isobutyl ketone,
di-2-ethylhexyl phosphoric acid, and tetraoctyl
di-glycol amide were not investigated. The purpose
of the present study is to find a suitable solvent
which can extract nitric acid from effluent contain-
ing free nitric acid in presence of various metal ni-
trates. This will solve nitrate contamination in the
environment and nitrate concentration in the efflu-
ent can be maintained below permissible limit as
well as nitric acid can be recovered and reuse. Ex-
periments were carried out with simulated effluent
using different solvents viz., Methyl-Iso-Butyl-Ke-
tone (MIBK), Di 2-Ethyl Hexyl Phosphoric Acid (D2E-
HPA) and N, N, N’, N'-Tetraoctyl-3-Oxapentanedi-
amide (TODGA) at different nitric acid concentra-
tions (1-4 M) for the recovery of nitric acid from
aqueous solution. The experimental with these
solvents have been compared with that with TBP.
The objective of the study is to find a better solvent
for the extraction of nitric acid from effluents con-
taining nitric acid which will solve the disposal of
nitrate waste. The experimental details and results
are discussed in this paper.

Distribution Coefficient

Distribution coefficient (D) is defined as the ratio
of the concentration of nitric acid in organic phase
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and the concentration of nitric acid in aqueous
phase, as shown in Eq. (3).
_ Concentration of nitric acid in organic phase

D= (3)

Concentration of nitric acid in aqueous phase

In Eq. (3), the organic phase indicates the sol-
vent diluted with a diluent. Dodecane was used as
diluent in all the experiments.

Stripping of Nitric Acid

The nitric acid extracted by solvent phase may
be easily recovered by a process called stripping,
which is just opposite of extraction. Acidified dis-
tilled water may be used to recover the extracted
nitric acid from the organic phase. Almost quantita-
tive stripping of nitric acid is possible in multi-stage
counter-current operations by using suitable vol-
ume ratio of organic to aqueous phases.

Materials & Methods
Materials

In the present study experiments were conduct-
ed to study the recovery of nitric acid (HNO,) from
aqueous nitric acid solution of different initial con-
centrations (1-4 M) and containing metal ions viz.
Na* (10 g/I) and Mg?* (10 g/l); By using four differ-
ent solvents viz., Methyl Iso-Butyl Ketone (MIBK),
Di-(2-EthylHexyl) Phosphoric Acid (D2EHPA), Tribu-
tyl Phosphate (TBP) and Tetra-Octyl-Di-Glycol
Amide (TODGA). 70% AR grade nitric acid (make:
Merck), AR grade sodium nitrate (make: Merck),
AR grade magnesium nitrate (make: Merck) and
distilled water were used to prepare feed solu-
tion. AR grades; MIBK (make: Sigma Aldrich), D2E-
HPA (make: Sigma Aldrich), TBP (make: Marc) and
TODGA (make: Sigma Aldrich) were used. Figure 1
shows the geometry of these solvents. Anhydrous
dodecane (> 99%, make: Merck) was used as dilu-
ent of these solvents.

Methods

In all the experiments were carried out with sol-
vents; Diluted with dodecane (10-80% by volume).
Initially, aqueous nitric acid solutions were pre-
pared using 70% AR grade nitric acid and distilled
water and concentrations were varied from 1-4 M
and each set of experiments. Sodium nitrate and
magnesium nitrate was dissolved in the aqueous
nitric acid solution and concentration of Na* (10
g/l) and Mg?* (10 g/l) maintained in each samples.
Solvent extractions experiments were repeated at
least three times. The concentration of nitric acid
in aqueous as well as in organic phases; in all the

Figure 1: Molecular structures of different solvents
used in the present study: a) TBP; b) MIBK; c) D2E-
PHA ; d) TODGA (in all the above figures, green co-
lour indicates carbon atom, off white indicate hydro-
gen atom, red colour indicate oxygen atom and blue
colour indicate phosphorous atom).

experiments were measured by titration using
standard 0.1M NaOH solution. The reproducibility
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of the results was within 1%. Equilibrium concen-
tration of the nitric acid in raffinate after extraction
was determined by titration with 0.1M NaOH solu-
tion.

In the present set of experiments, the stripping
of nitric acid from the extract was studied, except
few instances viz., extraction with TODGA. It was
found the stripping of nitric acid from the extract is
possible by using acidified distilled water.

Results and Discussions
Extraction with TBP

Reaction (1) and (2) shows the mechanism of ni-
tric acid extraction using TBM. Reaction (4) shows
the stripping of nitric acid to reuse from the extract,
which is the reverse of the extraction reaction.

[TBP.HNO,] ~— H", +NO,  +TBP

3 aq

(4)

Figure 2 shows the variations of the distribution
coefficient of nitric acid with mole-fraction of TBP
with initial concentrations of nitric acid in the range
of 1-4 M. It was observed that distribution coeffi-
cient (D) increases with increase of mole fraction of
solvent in organic phase. This due to the increase
in mole fraction of TBP in dodecane the uptake ca-

org.

pacity of nitric acid in organic phase increases, as a
result, the value of D increases. Moreover, it was
also observed that with the increase in nitric acid
concentration in aqueous solution, the distribu-
tion coefficient decreases with the mole-fraction
of solvent in diluent. According to the definition
of distribution coefficient (D) as shown in Eq. (3),
as the concentration of nitric acid in organic phase
increases or the same in aqueous phase decreas-
es, the value of D increases. Similarly, for any mole
fraction of TBP in dodecane, with increase in nitric
acid concentration in agueous phase, the denomi-
nator in Eq. (1) i.e., the concentration of nitric acid
in agueous phase increases, as a result the value of
D decreases, as shown in Figure 2.

Extraction with D2EHPA
The extraction mechanism of nitric acid from

aqueous solution using D2EHPA is shown in Reac-
tion (5).

(5)

Stripping of nitric acid from the extract using
aqueous acidic solution will be the reverse of the
extraction reaction as shown in Reaction (6).

H',

. tNO, , +D2EHPA , — [D2EHPAHNO,]
. - org.
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Figure 2: Variations of distribution ratio of nitric acid with mole-fraction of TBP, for different initial concentra-
tions of nitric acid in aqueous solution (1-4 M).
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Figure 3: Variations of distribution ratio of nitric acid with mole-fraction of D2EHPA with the mole fraction of
D2EHPA, for different initial concentrations of nitric acid in aqueous solution (1-4 M).

[D2EHPA.HNO,] ~ — H', +NO, ,, +D2EHPA,,

(6)

The variations of the distribution coefficient of
nitric acid with the mole-fraction of D2EHPA with
initial concentrations of nitric acid in the aqueous
phase in the range of 1-4 M are shown in Figure
3. It was found that, the distribution coefficient (D)
increases with increase in mole fraction of D2EH-
PA in organic phase i.e., mole fraction of D2EHPA
in dodecane-D2EHPA solution. The increase of the
value of D with increase in mole fraction of D2EH-
PA in organic phase is that, due to the increase in
mole fraction of D2EHPA in dodecane; the uptake
capacity of nitric acid in organic phase increases.
This observation is quite similar to that in the case
of TBP, as shown in Figure 2. Moreover, it was also
observed that with the increase in nitric acid con-
centration in aqueous solution; the distribution co-
efficient decreases with the mole fraction of D2EH-
PA in dodecane.

aq

For a particular value of mole fraction of D2EH-
PA in dodecane, the uptake capacity of nitric acid in
the organic phase is fixed, so with increase in nitric
acid concentration in aqueous phase, the denomi-
nator in Eq. (1) increases, as a result the value of D
decreases, as shown in Figure 3.

Extraction with MIBK

MIBK form complex during the extraction of ni-
tric acid from aqueous solution as shown in Reac-
tion (7).

(7)

Stripping of nitric acid from the MIBK-extract us-
ing aqueous acidic solution will be the reverse of
the extraction reaction as shown in Reaction (8).

H",

L+ NO,

3 aq

+MIBK,,, — [MIBK.HNO,]

[MIBK.HNO,] ~ — H™, +NO, , +MIBK,, (8)

Figure 4 shows the variations of the distribution
coefficient of nitric acid with the mole-fraction of
MIBK with initial concentrations of nitric acid in
the aqueous phase in the range of 1-4 M. It was
observed that distribution coefficient (D) increases
with increase of mole fraction of MIBK in organic
phase i.e. solution of MIBK in dodecane, similarly
in case of TBO and D2EHPA solution in dodecane
as shown in Figure 2 and Figure 3. This also due to
the increase in mole fraction of MIBK in dodecane
the uptake capacity of nitric acid in organic phase
increases, as a result, the value of D increases.
Moreover, it was also observed that with increase
in nitric acid concentration in aqueous solution the
distribution coefficient decreases for a constant
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Figure 4: Variations of distribution ratio of nitric acid with mole-fraction of MIBK for different initial nitric acid
(1-4 M) in aqueous solution.
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Figure 5: Variations of distribution ratio of nitric acid with mole-fraction of TODGA in dodecane for different
initial concentrations of nitric acid in aqueous solution (1-4 M).

mole fraction of MIBK in dodecane. At a particular  uptake capacity of nitric acid in the organic phase
mole fraction of MIBK in dodecane, the maximum is fixed, so with increase in nitric acid concentra-
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tion in aqueous phase, the denominator in Eq. (1)
increases as a result the value of D decreases, as
shown in Figure 4.

Extraction with TODGA

TODGA extract nitric acid from aqueous solution
by forming complex molecule as shown in Reaction

(9).

H',

. *NO,  +TODGA,, — [TODGA.HNO,] ~ (9)
. - org.

Similarly, the stripping of nitric acid from the
TODGA-extract using aqueous acidic solution will
be the reverse of the extraction reaction as shown
in Reaction (10).

[TODGAHNO,] —H", +NO, , +TODGA,, (10)

Experimental results with TODGA are shown in
Figure 5. It was observed that distribution coeffi-
cient (D) increases with increase of mole fraction of
TODGA in organic phase. This also due to same rea-
sons as discussed earlier i.e., with increase in mole
fraction of TODGA in organic phase the uptake of
nitric acid from aqueous solution to organic phase
increases, as a result, the value of D increases. It
was also found that for any particular value of mole
fraction of TODGA in organic phase, the value of D

decreases with increase in molarity of nitric acid.
This is due to the limitation of uptake capacity of
TODGA for nitric acid from aqueous solution.

Comparison of different solvents

The change in distribution coefficient of nitric
acid with mole-fraction of different solvents viz.,
TBP, D2EHPA, MIBK, and TODGA are shown in Fig-
ure 6 shows. Nitric acid concentration of the aque-
ous phase in these sets of experiments was 1M. It
was observed that, the distribution coefficient of
nitric acid is the highest in case of TODGA among all
these four solvents as shown in Figure 6. Thus, the
extractability of the nitric acid in TODGA is higher
than TBP, extractability of nitric acid in TBP is higher
than that in MIBK and same in MIBK is higher than
that in D2EHPA. From analysis of the COSMO-RS
generated data, it was noted that TODGA is better
solvent than the TBP. In fact, due to the geometry
of TODGA molecule as shown in Figure 1, it easily
dissolves in hydrocarbon diluent and it is behaving
as a good extractant of nitric acid compared to oth-
er ligands and nitric acid is easily extracted from
aqueous solution. It is believed that a fraction of
ligand is dissolve in aqueous solution, which form
complex molecule with nitric acid, then the com-

5 I Y T H T 5 I T : T I H T T T
__m--TBP B )
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=] "O"WBK 57 phase: 1 M |
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Figure 6: Variations of distribution ratio of nitric acid with mole-fraction of different ligands for initial concen-
trations of nitric acid of 1M.
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plex molecule come back to the organic phase and
the same process is continued, till the equilibrium
state reached.

After the experiments of extraction of nitric acid
from aqueous solution with four different solvents
discussed above, experiments were also carried
out on stripping to find the suitability of reuse of
solvent and recovery of nitric acid. Distilled water,
with nitric acid (0.001M) was used as a stripping
agent in all the cases. It was found that, and they
found that nitric acid was stripped from the load-
ed organic phase containing nitric acid and almost
guantitative stripping of nitric acid was possible in
case of all the four solvents.

Conclusions

From the experimental study discussed here,
it may be concluded that TODGA is the best sol-
vent among all the four solvents viz., TBP, D2EHPA,
MIBK and TODGA for the extraction of nitric acid
from effluents containing free nitric acid. The distri-
bution coefficient of nitric acid in TODGA is higher
than that in TBP. Similarly, the distribution coeffi-
cient of nitric acid in TBP is higher than that in MIBK
and same in MIBK is higher than that in D2EHPA.
From the experiments on stripping of the extract-
ed nitric acid, it was found that almost quantitative
stripping of nitric acid is possible in case of all the
four solvents.

It may be noted that TBP is the cheapest and
TODGA is the costliest among all the four solvents
discussed in this paper. However, cost is not very
important in the case of recovery of nitric acid by
extraction, because the same solvent can be re-
used, though some losses will be there due to the
solubility of solvent in water. The initial investment
due to the cost of solvent may vary depending on
the scale of production.

Other solvents better than TODGA may be avail-
able. Further screening of various solvents; Suit-
able for the extraction of nitric acid from aqueous
solution or acidic effluent containing free nitric acid
may be studied by using molecular modelling to
save time.
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