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Abstract: Sulfur compounds are removed from petroleum by the addition of sodium hydroxide at
a very high concentration. As a result, a residue called spent soda or spent caustic is generated,
being extremely aggressive to the environment. In this work, the chemical properties of this residue
are described in detail. The sodium hydroxide remains that have not reacted, sulfur compounds,
and organic matter are the primary pollutants reported. Additionally, the main characteristics of the
methods of treatment used to reduce them are described. This review comes from comprehensive
and updated research and bibliographic analysis about the investigation on the topic. The advantages
and disadvantages of the different treatment methods are highlighted. We established some criteria
to set out when assessing the application of each one of these treatments is considered.
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1. Introduction

Petroleum is around 85% carbon and 12% hydrogen, while in the remaining 3%, we find several
elements that consist mainly of oxygen, nitrogen, and sulfur. The sulfur compounds limit the direct
use of petroleum in any of its forms, such as liquefied petroleum gas (LPG), due to its odorous,
corrosive, and environmentally harmful characteristics. Different techniques or methods are necessary
for the reduction of these compounds in petroleum. Among these sulfur compounds are mercaptans
and sulfides. Mercaptans are thiols containing the functional group formed by a sulfur atom and a
hydrogen atom (-SH). This functional group is called the thiol or sulfhydryl group. Examples of these
compounds present in LPG are methylmercaptan (H3C-SH) and ethylmercaptan (H5C,-SH).

The technology used globally for mercaptan removal content in the oil industry is the mercaptan
oxidation (MEROX) process [1,2]. It is a catalytic conversion process in which mercaptans react to
produce disulfides. It is promoted by a catalyst which activates the oxidation at room temperature,
using atmospheric oxygen according to the following reactions:

Mercaptan + NaOH to form sodium mercaptan:

RSH + NaOH — RSNa + H,O 1)
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Mercaptan oxidation to form disulfides + NaOH:

RSNa + }Loz + %HZO — RSSR 4+ NaOH @)

As sodium hydroxide depletes as it reacts, its ability to remove sulfides and mercaptans also
decreases. When the disulfides accumulate to a few milligrams per liter, the OH™ content falls below 5%,
whereby this depleted soda solution is purged. Other causes of sodas depletion are the accumulation
of mercaptans, Na,S, phenolic compounds, emulsified naphthalenes, thiosulfates, carbonates, and Fet?
precipitates [2]. The H,S and CO, that are also present in the medium to be oxidized react with the
caustic soda according to the following competitive reactions [3]:

H,S + 2NaOH — NajS + 2H,0 3)

CO; 4+ 2NaOH — Na,CO3; + H,O 4)

These side effects can cause several problems, such as the irreversible consumption of caustic
soda, low absorbing mercaptans by the presence of sodium salts, and the precipitation of solid due
to the accumulation of salt in the caustic solution. That is why a caustic solution purge and a fresh
soda replenishment are provided to prevent salt accumulation (Nay;S/Nay;CO3) from restoring the
appropriate NaOH concentration. Spent caustic (SC) is the name of the solution obtained once the
mercaptans react with NaOH. Without adequate treatment, SC can cause environmental problems.

The main focus of this comprehensive review is to expose different techniques released and
mentioned in the literature, to process the SC. The first approach is a brief description of its characteristics
that explain the environmental problems caused by SC. Following, the main body of this paper has a
series of processes that help neutralize sodas and allow their subsequent biological treatment. There is
no review published before or paper that reports this relevant information that could help engineers to
make better decisions in the petroleum industry. The analysis included information and results from
reports, theses, and research articles published recently.

2. SC Characteristics

SC is classified into three types [4]: sulfidic (SSC), cresylic (SCC), and naphthenic (SNC).
The composition of this type of waste is highly variable as can be seen in Table 1. SC solutions
are characterized by high pH (pH > 12) [5] and high sodium concentrations up to 2%-15% (w/w).
Conner et al. [6] also found that spent sulfidic caustics contained hydrosulfides (HS™) and sulfides?~
greater than 2%-3% (w/w).

Table 1. Main chemical components present in spent sodas.

Parameters SMC Sulfidic Cresylic Naphtenic Reference
- 11-12.5 - - [7]
- 12-135 - - (8]
- 13.1-135 - - [9]
7.5-13 - - - [10]
oH - 11.2-13 - - [5]

- 12-14 12-14 12-14 [11]
- 13.1-13.5 - - [12]
- 13-14 12-14 12-14 [13]
- 13-14 12-14 12-14 [14]
- 11.6-12.5 - - [15]
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Table 1. Cont.

Parameters SMC Sulfidic Cresylic Naphtenic Reference
- 7.5-60 - - [7]
60.3-68.1 - - [16]
100-200 - - [8]
20-60 - - [17]
13.1-98.8 - - - [10]
COD - 62.7 - - [18]
(g O2/L) 4931 - - - [18]
74 - - - [18]
261 - - - [19]
- 5-90 50-100 150-240 [20]
- 66.7-156.5 - - [15]
114 - - - [21]
- 6-20 - - [17]
1.6-23.6 - - - [10]
TOC 92 - - - [19]
(g C/L) - 7.6 - - [18]
- 1-1.6 - - [12]
- 2-3 24-60 10-24 [20]
BODs - 5000-10,000 - - [17]
(g Oy /1) - 18,100 - - [18]
20,100 - - - [18]
- 5000-20,000 - - [7]
- 80-90 - - [8]
34,500 - - [17]
6500-22,500 - - - [10]
- 5100-7700 - - [7]
Sulfides - 17,800 - - [18]
(mg/L) 8040 - - - [18]
- 15,200-17,600 - - [12]
- 2000-52,000 0-63 <1 [20]
- 0-1 0.1 [14]
30,600-66,800 - - [15]
24,000 - - - [21]
- 1-4 - - [17]
- 0.5-4 0-1 0-0.1 [11]
14 - - - [19]
Sulfides B ggj 0-4 0-0.1 [[144]]
(% w/w) i 05 i i 7]
- 2-300 - - [8]
- 0-2000 - - [17]
1.6-20 - - - [10]
19901 - - - [18]
6110 - - - [18]
I?Ifgn/f)s ) 1.8-33.8 ; - [12]
540 - - - [21]
- 0-30,000 - - [8]
Mercaptans ) 0.1-4° ) ) [17]
- 9800 - - [18]
(mg/L) 1800 - - - [18]
(% whw) 2
- 0-30,000 0-5400 <30 [20]




Processes 2020, 8, 425 4 0f 23

Table 1. Cont.

Parameters SMC Sulfidic Cresylic Naphtenic Reference
- 47-780 - - [7]
Benzene (mg/L) - 7.8-63.1 - - [12]
- 600 - - [15]
Toluene - 0.2-7.8 - - [12]
(mg/L) - 360 - - [15]
S - - 10-25 0-3 [11]
Cre(izlg /Zf)‘ds - 0-4 2-25 0-3 [4]
- - 2-25 0-3 [14]
Napthenic - - - 2-15 [11]
acids 19,700 1P - - - [18]
(% w/w) - - - 2-15 [4]
(mg/L) P - - - 2-15 [14]
- 4-5 - - [8]
- 7.5 - - [17]
NaOH 2-29 - - [10]
(% who) - 11.1 - - [3]
- 2-10 10-15 1-4 [11]
- 2-10 1-15 1-4 [4]
- 2-10 1-15 1-4 [14]
2-29 - - - [10]
Carbonates - 04 0-0.5 - [11]
(% w/w) - - 0-0.5 - [4]
- 04 0-0.5 - [14]

1 napthenic + cresylic; ? % w/w; b mg/L.

Often plants do not have the facilities to segregate the soda solutions used in these three types of
classifications. Therefore, a spent mixed caustic (SMC) is usually produced. The latter is considered
the fourth type of depleted or spent soda.

Processes of fuel gas, liquefied petroleum gas, and gasoline treatment generate sulfidic soda [13].
This depleted soda has a high concentration of sulfide and also a terrible smell. This type of waste can
not only be treated but could also be a reactant for the cellulose pulping process. Nevertheless, the cost
of transport generally discards this possibility [13].

The washing of the diesel and the fractions of jet fuels generate the exhausted naphthenic soda.
It contains very few sulfides, being mainly naphthenic acids. Naphthenes generally do not impart
unpleasant odors or toxicity to the caustic sodas, being partially soluble in sodas by increasing the
total organic carbon considerably in SC. Naphtenes is a general term used for cyclic alkanes or
non-aromatic hydrocarbons called cycloalkanes. Refinery naphthenes typically include cyclopentanes
and cyclohexanes as compounds of this group. This type of waste can also be sold if it is kept
insufficiently in pure form. However, processing at the same plant is most often the best option.

The exhausted cresylated soda (often called phenolic) is generated from the washing of gasoline
fractions and is composed mainly of aromatic, acid oils, cresols, and other organic acids. Cresylates
are a form of phenols containing a methyl group (CHj), often called phenolics as a family or group
of compounds. In their three forms, ortho, meta, and para cresol, they are not as toxic as phenols.
However, the cresylates have relatively high concentrations, between 1% and 35%. Cresylates or
cresylic acids, often referred to as acid oils, are solubilized at high pH, but readily separated at low pH.
It is not a question of eliminating these compounds from petroleum since they increase the amount
of octane in the final fuel; however, these are present in different concentrations in the depleted
sodas. The number of phenols in spent soda is the factor to consider it as a reagent for the production
of phenolic compounds. Otherwise, the low amount of oily acids drastically increases the costs of
transportation and its treatment in the plant is the best option.
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Due to the high content of organic matter, in addition to sulfur compounds, phenols, and
mercaptans, the depleted sodas are a liquid residue tough to treat [2,17], with a series of related
problems with their treatment of depleted among those highlights [2]:

e  Strong odors of sulfides and mercaptans: the odor traces of these compounds are in the order of
parts per billion. As is known, these compounds are highly toxic even at minimal concentrations.

e High phenol concentrations: phenol is a highly inhibiting compound of biological activity.
Deficient concentrations of phenol have been shown to inhibit the biological removal of
organic matter.

e High concentrations of bio-refractory material: the presence of cresylic and naphthenic acids,
which are difficult to biodegrade, is another problem associated with SC. Naphthenic acids
facilitate foaming formation.

Shailja Singh and Shikha [22] mentioned the primary pollutants found in the effluent from various
processes in refineries. The liquid effluents generated in the oil refineries differ from one industrial
plant to another due to the variation in the configuration of the plant and in particular, to the type of
petroleum processed. For example, ammonia and hydrogen sulfide are the main substances present
in the wastewater from the isomerization process; meanwhile, the alkylation produces hydrofluoric
acid. Other processes in this industry such as fluid catalytic cracking, crude desalting, catalytic
hydrocracking, coking, distillation, catalytic hydrotreating, lubricating oil manufacture, sulfur removal,
catalytic reforming, and thermal cracking are summarized in the same publication.

In general, liquid petrochemical residues contain significant concentrations of suspended solids
(SS), chemical oxygen demand (COD), biochemical oxygen demand (BOD), oils and fats, sulfides,
ammonium, phenols, hydrocarbons, benzene, toluene, ethylbenzene, xylene, polycyclic aromatic
hydrocarbons, and heavy metals [23-26].

In order to avoid or reduce the environmental problems caused by SC, a series of processes have
been proposed that help neutralize sodas and allow their subsequent biological treatment.

3. Treatment Methods of SC

3.1. Initial Considerations

In general terms, the treatment of spent sodas is carried out in two types of processes in series;
the first one considers the removal of sulfides, phenols, and other compounds that can inhibit the
biological processes. These are later applied in order to remove the organic matter present in this
residue. The spent sodas cannot be directly biotreated for different reasons:

e The presence of phenols inhibits, at a specific concentration, the healthy metabolism of the
microorganisms that operate in the biological process.

e Spent sodas contain some low biodegradable compounds, such as naphthenic acids.

e  The presence of naphthenic acids may result in operational issues in aerobic processes through
foam formation.

e The high COD concentration in SC makes impossible their direct treatment.

e  They have a high pH, which is not adequate for the development of microorganisms.

3.2. Wet Air Oxidation (WAO)

In practice, this is the most widely used chemical treatment applied to spent sodas. This process
has been executed on several occasions as a pilot [27] at a plant [21,28-32] and laboratory level [33,34],
in addition to the diverse industrial plants [35] that have implemented the WAO system. It is basically
the oxidation of the soluble and suspended compounds that are present in this residue using oxygen
or air as an oxidant [21]. The oxidation is carried out at very high temperatures and pressures,
which depend on the strength of the material to be oxidized in the process and the quality required
from the final effluent.
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In the WAO process, several chemical reactions take place, such as:

Organics + Oy — CO, + H,O + RCOOH ®)
Sulphur species + O, — SOﬁ_ (6)
Organochlorides + Oy — CI™ + CO, + RCOOH ?)
Organic nitrogen + O, — NH3 + CO; + RCOOH 8)
Phosphorus + O, — POZ‘ 9)

Three ranges divide the operational conditions: low, medium, and high-temperature systems [36].
Oxidation takes place at temperatures of 200 °C and 27.5 bars in low-temperature systems. This system
partially oxidizes sulfides into sulfates and thiosulfates [37]. In medium temperature systems, oxidation
takes place in the range of 200 °C and 27.5 bars to 260 °C and 86 bars. The ideal supply for this system
is naphthenic caustics sodas. Sulfides react to sulfates, and the mercaptans are also destroyed [38].
The high-temperature systems oxidize the cresylic caustics at a range from 240 °C and 55 bars to 260
°C and 85 bars. Complete oxidation of sulfides, mercaptans, and other organic compounds can be
carried out, such as cresylic acids [39]. The typical industrial WAO systems can work with spent sodas
flows between 1 and 50 m3/h and with a COD between 10,000 and 100,000 mg/L. However, for COD
levels above 50,000 mg/L, dilutions with water or fresh caustic solution are required. Diluted caustic
solutions help to reach different goals, among them, avoiding diluted salts concentrations below the
solubility levels in order to prevent incrustations. The other reason is to guarantee that alkalinity is not
consumed by oxidation when acid effluents could damage the construction materials of the system.
Finally, the addition of the caustic solution can help the oxidation of contaminants according to the
reactions that are described below [36].

Sulfide.
NaSH + 2 O; + NaOH — NaySO4 + H,O (10)
1 1
NaSH + O; — E NayS,03 + E H,O (11)
Thiosulfate.
NayS,03 + 2 Oy + NaOH — 2 NaySO4 + H,O (12)
Mercaptan.
NaSR + ; 0O, — RSO3 — Na (13)
Cresylic acid.
Ce¢H50 —Na +7 Oy + 11 NaOH — 6 Nap,CO3 + 8 H,O (14)
Ce¢H50 —Na + 5 O, + 8 NaOH — 4 Nap,CO3 + CH3;COO — Na + 8 H,O (15)
Naphthenic acid.
67 45
Na - C1pH» O, + va O, +23 NaOH — 2 Na,CO3 + ? H,O (16)
59 39
Na — C1pH» O, + Z 0O, + 20 NaOH — 10 NaCO3 + CH3COO — Na + 7 H,O (17)

The WAO process can treat liquid currents containing cyanide, several heterocyclic compounds,
industrial sludge, and spent coal from adsorption processes [40]. Several industrial residues apply
this process, such as paper manufacture, textile sludge, among others. Figure 1 shows an outline of a
typical WAO process.
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Figure 1. Typical outline of a wet air oxidation (WAO) system.

As can be seen in Figure 1, fresh soda or freshwater dilute the spent soda. The dilution ratio
depends on the strength of the spent soda. Then, the diluted spent soda is pumped at 27.5-85 bars
through a high-pressure pump. The addition of compressed air to the diluted spent soda is required in
order to supply the needed oxygen for the oxidation reaction. A heat exchanger preheated the mixture
at 200-260 °C. The reactor must operate for a sufficient residence time that allows high oxidation of
the organic matter contained in the spent sodas (COD disposal). Since the reaction is exothermic,
the reactor’s effluent has a high temperature, so it can be used to preheat the diluted spent sodas
before entering the reactor [21]. Subsequently, the effluent coming out of the heat exchanger is cooled
and depressurized before being sent to a gas-liquid separator. Then, the separated liquid goes to
biological treatment. The effluent gas has 5%-21% of oxygen and some volatile organic compounds.
In Table 2, the values of a sample of the operational conditions of a WAO system from the Oil Refinery
of Manguinhos, S. A. in Rio de Janeiro, Brazil, are presented.

Table 2. Operational conditions of the WAO system in Manguinhos, Brazil [21].

Parameters Supply Effluent
Residence time (h) - 1
Oxidation temperature (K) - 533
COD (g/L) 114 ~23
Sulfides (g/L) ~24 <0.001
Total phenols (g/L) ~0.45 <0.002

As can be observed, despite obtaining a removal percentage of 80% of COD, measured from
organic matter, it is still very high. This concentration is required to be reduced until reaching the
possible values to discharge it into a receiving current or another place for its final disposal. It could be
carried out through a biological process that can be done in this case, provided the low levels of sulfides
and phenols in the WAO effluent since the two chemical species were reduced in the process by almost
100%. Additionally, most of the remaining COD in the treated effluent comes from aliphatic acids
of low molecular weight, which can be biologically oxidized [37]. The oxidation pressure is directly
related to the oxidation temperature. The oxidation pressure is responsible for keeping the reaction in
the liquid phase. In this way, as the pressure increases, the oxidation pressure rises to keep the reaction
in the liquid phase. The WAO processes typically operate with hydraulic residence times of 45-120
min, the oxidation degree that takes place within the reactor affecting this parameter. Each WAO
system uses different hydraulic residence times to reach the degree of COD reduction required. The
selection of the construction material is critical in the WAO system, considering that the operation
takes place at a high temperature and pressure. Thus, the materials used must be appropriate for these
conditions. The WAQO system presents some disadvantages and difficulties, among which the initial
investment cost stands out. This cost depends mainly on the operating conditions, which, at the same
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time, are related to the strength of the residue to be treated. As this strength increases, more severe
operating conditions are required, which increases the cost of the plant.

Tests and research are still carried out in order to improve this system, as well as combining this
process with others. A way of reducing the severe operating conditions is the use of solid catalysts in
the WAO to accelerate the reactions, and there are reports of cases where catalysts have been used
in this process [8,41]. This innovative technique is referred to as catalytic wet air oxidation (CWAO).
In recent years it has been studied in order to increase the efficiency to treat pollutants in industrial
effluents [42]. The studies have been developed to remove individual toxic substances and to expose
the best selection of metal catalyst-based support at lab scale. In general, the catalytic activity of
transition metal such as Vanadium, Ferrum, Nickel, Copper and others have been chosen as the most
common option.

Otherwise, researchers are still looking for better conditions of the process to treat most pollutants
in spent caustic using this technology.

Nunez et al. [43] added silver to Al,O3-ZrO, mixed oxide to reduce p-cresol at 160 °C and 15 bar
of O, pressure, showing faster oxidation associated with more selectivity of this metal compared to the
test without it. Additionally, it reported that the highest concentration (20%) of ZrO, in the catalyst
removed 50% and 96% for TOC and p-cresol, respectively.

Jagushte and Mahajani [34] studied the effect of the heterogeneous copper catalyst in the kinetics
of Equation (12) mentioned above at the lab-scale. As a result, the catalyst reduced the temperature
and time process to 30 °C from 150 °C and 4 min from 12 min, respectively, in a conversion of 99% of
the pollutant in alkaline conditions. It is remarkable to say that the batch experiments were carried
out at low temperatures and 0.69 MPa of oxygen partial pressure, showing first and 0.5 kinetic order
concerning thiosulfate and oxygen, respectively. Additionally, this study explained a strategy to
treat spent caustic under its results associated with the enhanced effect of phenols in the oxidation
of thiosulfate.

A similar study was reported by Zermefio-Montante et al. [44]. In this case, copper catalyst
in a silica support material achieved the complete sulfide oxidation at 70 °C in 20 min. It showed
better results than a similar experiment with Vanadium/Clinoptilolite just for 6 min latter. Both cases
enhanced the WAO process for this pollutant. This report explained some of its results from Jagushte
and Mahajani [34],

Recently, Barge and Vaidya [45] experimented with ferrous sulfate to eliminate sodium sulfide.
That study innovated using a cheap and abundant catalyst, destroying 94% of COD at 100 °C and
0.69 MPa of oxygen partial pressure within 1 h. It is remarkable to say those authors exposed the
Langmuir-Hinshelwood as the kinetic model to oxidize the reactant. These same authors, Barge and
Vaidya [46] used Graphene oxide (GO) and Ruthenium (Ru) as a catalyst in WAO for the treatment of the
cresylic spent caustic, obtaining the best results at 175 °C and 0.60 MPa of O, pressure, with removals
of 54.9%, 48.9%, and 61.2% as TOC, for 0-cresol, m-cresol, and p-cresol, respectively, in the typical
WAO. Meanwhile, when the Ru/GO catalyst was used for the same operating conditions, the removals
obtained were 66.4%, 53.4%, and 73.9%, as TOC, for O-cresol, m-cresol, and p-cresol, respectively.

3.3. Acid Neutralization

In this type of process, alkaline caustic solution traps the acid components released from
acidified spent sodas [36]. This action results in sulfides and mercaptans being released as acid gases,
and naphthenic acids come to form some oil layer. One of the most significant differences between acid
neutralization and the WAO process is that the acid components of spent sodas are removed but not
destroyed, for example, phenols. In some cases, this entails the requirement of additional treatments
for the acidification effluents, for example, gas ignition or methods for sulfur recovery. In other cases,
this allows for any component present in spent sodas to be captured and reused.

As phenols are highly soluble in water, they are complicated to acidify. However, acidification
eliminates the trend of the formation of foam, similar to the one obtained in the WAO process at high
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temperatures. The cause of this is mainly the fact that the naphthenic compounds that tend to form
foam move to an insoluble phase and, even though they are not eliminated, they reduce their trend
to form foam. Additionally, some alkaline compounds that could form foam are acidified, reducing
this trend.

In some cases, acidification as a pretreatment for oxidation processes has been studied. Sheu and
Weng [47] treated the spent sodas from olefin plants containing a considerable amount of H,S and
some mercaptans, phenols, and crude oils undergo a process of acid neutralization before a process
with Fenton reagent. Using sulfuric acid with a pH of up to 5, and 70 °C, a little more than 90% of the
dissolved H,S changes to the gas phase. From this pH, the conversion to dissolved sulfide (S?) is
minimal [48]. These authors were the first to report this pretreatment process.

Nuriez et al. [49] showed a reduction of 71% and 82% of COD in two batch experiments using
this procedure, under conditions of pH below 4. In this context, only the sulfide content was reduced
by pH reduction, the phenol concentration not being affected. The removal percentages were lower,
considering the analysis made by Sheu and Weng [47] and it was attributed to the use of synthetic and
real samples used. The last type has other substances that could inhibit the pH reduction to oxidize
the reactants.

In summary, acid neutralization or acidification reduces most of the COD and the trend to form
foam removing the naphthenic acids. Sulfuric acid is the chemical agent used in most cases in these
processes, due to its strength and lower price in comparison with other acids [50].

3.4. Advanced Oxidation Process (AOP)

These processes are defined as the processes that involve the formation of radical hydroxyls
(OH) that oxidize both organic and inorganic contaminants present in water and wastewater [51].
These radicals are the second most potent oxidants after fluorides [52]. Unlike the physical process
such as adsorption, filtration, and air stripping, the AOPs can destroy the contaminants rather than
transferring them from one medium into another [53]. The AOPs can be used to treat wastewater with
high COD and low biodegradability [54]. With these processes, complete oxidation of residues can be
reached, converting contaminants into water, CO,, and innocuous inorganic products. However, it is
expensive and impractical to use these processes for the complete mineralization of compounds since
there are intermediate products that are resistant to chemical oxidation. A practical solution is to
use these processes as a pretreatment for biological treatments. The partial mineralization produced
by the AOPs generates intermediates with higher biodegradability and lower toxicity, which makes
them available for biological oxidation. It is very important to determine the quality of the residue
before selecting any AOP process, since this factor will affect the efficiency of the process, for example,
residues with high alkalinity have an excess of carbonate and bicarbonate compounds, which may
interfere with the oxidation reactions of hydroxyl radicals. These radicals react with those compounds
forming weaker radicals resulting in lower efficiencies of the minor oxidation processes [55]. This issue
can be solved by reducing the alkalinity to make sure there is no excess of these compounds in the
residues, which can be achieved in a relatively simple way by lowering the pH. Nitrates and nitrites can
also affect the efficiency of the AOP processes, which use UV light to generate hydroxyl radicals. These
compounds can absorb UV light and, thus, reduce the generation rate of free OH radicals. The turbidity
has the same effect over the efficiency of the AOP processes as nitrates and nitrites. Turbidity reduces
the production of hydroxyl radicals, since it acts as a barrier against UV light, which cannot penetrate
through the residue to be treated.

The AOP reaction systems consist of a catalyst and an oxidant. The catalyst task is to form hydroxyl
radicals from oxidants. There are several means to form these radicals, which can be photochemical,
photo-catalyzed, ultrasonic, and chemical oxidations.

The photochemical processes include UV radiation. Some studies mention the use of this
technology individually. Gurol and Vatistas [56] irradiated by UV a mixture of various phenolic
compounds, using 16 low-pressure mercury lamps, each of which emitted 2.2 Watts of radiation at
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254 nm. The results showed a faster initial rate remotion of phenol at pH 2.5 than p-cresol and xylenol
at the same condition. The duration of the experiments was 100 min, starting in 50 mg/L of the three
substances and achieving remotions in the range of 20%-30%. Neutral and basic (pH 9) conditions did
not exhibit significant changes in the initial rate remotion, observing the same removal efficiency for
those compounds at the same time. The authors concluded that the understanding of the reaction
mechanism at low-pH irradiation requires further research.

Spent caustic from the ethene plant were irradiated with UV by Yu et al. [57]. The results showed
low-efficiency COD removal (under 10%) in 180 min using an ultraviolet light source of 254 nm
wavelength. The high content of several persistent pollutants in spent caustic is not affected when this
technology is used by itself. That is why the UV radiation has not attracted industrial applications and
also lab-scale studies, and this is the evidence of a few reports about it.

Other photochemical technologies like ozone systems (UV/O3) and (UV/O,) systems have been
reported. Photo-catalysis includes photo-Fenton, while chemical oxidation includes O3/H,0O, and
HzOz/ Fe3+.

3.4.1. Ozone and UV Radiation (O3/UV)

Ozone in water is an unstable compound, dissociating in alkaline water and forming free radicals
according to the following mechanism [58]:

O3 +OH™ — O; + OH~ (18)
0; >0, +0° (19)
O +H" - OH (20)

The pH increase promotes the formation of hydroxyl radicals. The main disadvantage of using
only ozone is that the number of radicals produced is low, so in order to increase the efficiency of
the ozone, it is combined with other physical methods, such as UV rays, ultrasound or chemicals,
like hydrogen peroxide and Fenton reagent.

The photolysis of O3 starts the advanced oxidation processes with O3 and UV according to the
following reaction:

O3 + H,0 S H,0, + 0, 21)

The hydrogen peroxide formed reacts then with the ozone to produce the free radical according to:
03 + HyOp; —» 20H: 43 O,. (22)

Ozone photolysis occurs when UV radiation (wavelength of 254 nm) is applied to ozone-saturated
water [59]. According to Equations (21) and (22), in order to produce 1 mol of hydroxyl radical,
the consumption of 1 mol of ozone and half a mol of hydrogen peroxide is required. In this system,
contaminant degradation can occur due to the chemical oxidation of hydroxyl radical, the direct
oxidation of ozone, as well as the photolysis caused by the UV.

Two essential parameters considered those systems: the UV dose and the ozone concentration.
The UV dose required per ozone is responsible for the formation of radicals and it depends on the
strength of the water to be treated. Other important parameters to be considered in order to guarantee
efficient operations of these systems are the pH and the cleaning system of the radiation lamp [60].
The pH can influence the hydrogen peroxide generation. For a pH of less than 1.8, the photolysis
requires 1 mol of ozone to react with 1 mol of hydrogen peroxide. However, as the pH increases,
this ratio decreases. Cleaning the lamps is very important in order to avoid their siltation. The cleaning
frequency depends on the concentration of the compounds that can produce siltation, such as iron,
calcium, and magnesium.
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Gurol and Vatistas [56] also studied this technology. Atlower pH 2.5, selective removal of phenols,
p-cresol, and xylenol were shown compared to neutral and alkaline conditions using ozone doses of
3.8 mg/L. Otherwise, a direct relation between pH and pollutant removal was reported. These three
substances were completely reduced at 100 min and pH 9. Therefore, this research exposed an additive
effect of the O3/UV system compared to its use individually.

Results for spent caustic from the ethene plant also were reported by Yu et al. [57]. They showed
COD removal and BOD/COD ratio improvement with the increase of ozone dosage in this technology.
An optimum of 3.3 g of COD removal per gram of O3 at a low dosage (0.6 g Os/L) was found.

The advantages of these systems are the high removal that ozone and UV radiations produce since
more free radicals are produced than with other AOP systems. The main disadvantage of this system
is that ozone has to be disseminated through the liquid, which may be limited by the mass transfer in
the medium. The low stability of ozone in water can result in a higher energy demand, which increases
the capital and operational costs of the system. The last statement is part of the conclusions in the
paper mentioned before.

3.4.2. Hydrogen Peroxide and UV Radiation (H,O,/UV)

In this system, hydroxyl radicals are formed through two mechanisms: hydrogen peroxide
photolysis and hydrogen peroxide decomposition [61]. The formation of hydroxyl radicals from
hydrogen peroxide photolysis is shown in the following reaction:

H,0, ¥ 2 HO. (23)

The wavelength for this reaction is 250 nm. This reaction depends on the pH and, as it increases,
the number of hydroxyls also raises, and so does the number of hydroxyl radicals. The propagation
reactions of hydrogen peroxide are the following:

H,O, + HO- —» HO,- + H,O (24)
H,O, + HO;- —» HO- + O, + H,O (25)
2HO,- - H,Op + Oy (26)

Finally, the chain reaction finishes:
2HO: — H202 (27)

Hydrogen peroxide follows two paths: the path of radiation and the path of decomposition.
However, the path of radiation is more efficient as more free radicals are formed, consuming fewer
peroxides. Itis vital to keep the amount of peroxide as low as possible since this is an expensive material.
Some of the critical parameters of this system are the intensity of the UV lamp, the contact time within
the reactor, the operating pressure and temperature, and the dose of hydrogen peroxide. The intensity
of the lamp is necessary to form hydroxyl radicals and is, mainly, a residue strength function.

The main advantage of this AOP system is that it reaches a higher removal of contaminants than
the UV or HyO; systems individually. However, as previously mentioned, the presence of a certain
degree of turbidity harms the efficiency of the process. The non-contaminant compounds present in
the treated medium can also absorb UV, reducing the efficiency of the process.

The use of hydrogen peroxide and UV radiation to treat ethene spent caustic also has been reported
by Yu et al. [57]. The experiments showed almost 70% of COD removal efficiency when the ratio of
0.8 by H,O,/COD was used. This article mentioned a direct relation of H,O, dosage with removal
efficiencies of COD, but it reported the ratio amount mentioned before as the optimum condition.
While the hydroxyl radicals from the photolysis of H,O, reacts with COD, a higher amount of H,O,



Processes 2020, 8, 425 12 of 23

inhibits this system. Additionally, it mentioned that the combination of HyO; and UV showed better
results than the use of these individual technologies.

In summary, this technology has not been widely studied and reported to treat spent caustic,
even when it is cheaper than the O3/UV system when it was compared in textile effluent [62].

3.4.3. Ozone with Hydrogen Peroxide

The addition of H,O; to the system improves the production rate of hydroxyl radicals, as shown
in Section 3.4.1, according to Equation (22). This system is similar to the UV-hydrogen peroxide system.
However, the residue characteristics, such as the turbidity, influence the ozone-hydrogen peroxide
system less [62]. No information reported means that further research using this technology must be
studied to treat spent caustic.

3.4.4. Ozone, Hydrogen Peroxide and UV Radiation (O3/HyO,/UV)

This system uses two oxidants, O3 and HyO,, in order to increase the formation of hydroxyl
radicals. At lab-scale Yu et al. [57] reported the optimum loaded of H;O, and O3 as 0.8 and 0.6
g/L, respectively, to reach 76% COD removal in the treatment of spent caustic from the ethene plant.
This research mentioned the improvement in the BOD/COD ratio from 0.22 to 0.52 when this technology
is used, compared to the HyO,/UV system. Even though the removal of the contaminants is increased
in the same way, the treatment costs also rise rapidly due to the use of two oxidants [62].

3.4.5. Ozonation and Ultrasound

Ultrasound is used to form hydroxyl radicals [63]. Ultrasound waves are transmitted and
introduced into the wastewater in alternate cycles of compression and expansion. This process
creates microbubbles when the amplitude of the expansion cycle is big enough to increase the
molecular distance to a distance higher than the required to remain in the liquid phase. The following
compression cycle makes the microbubbles collapse, producing extremely high temperatures and
pressures, which causes the breakdown of molecular water producing hydroxyl radicals. Several factors
influence the ultrasound systems, among which are the ultrasound frequency and the temperature
and pressure of the dissolved gas. The intensity of the ultrasound is related to the formation rate of
hydroxyl radicals. Higher ultrasound frequencies reduce the microbubbles’ collapse time resulting in a
very low possibility of recombination of hydroxyl radicals, which entails a higher generation rate of
hydroxyl radicals.

Occasionally, ozone is used along with an ultrasound to promote the formation of hydroxyl
radicals and improve the removal of contaminants [51].

The reaction produced between ozone and ultrasound in order to generate hydroxyl radicals is as

follows:
ultrasound

H,O =" H-+ OH- 29
0; 15" 0, + 0(°p) *)
O(P) + H,0 — 2 OH. (0)
O, + H- - HOy- S

O3 +HO, — 2 0, + OH: (32)
Os + HOy+ — 2 Oy + OH- (33)
OH-: + OH: —» H,O, (34)
HO;- + OH: —» HO + O, (39)

The main advantage of this system is that the energy required to form the hydroxyl radicals
is lower than the other AOPs, especially the ones that use UV, reducing the operational costs. The
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main disadvantage is that the amount of oxidant required, either ozone or hydrogen peroxide, is high,
which raises the operational costs [63]. There is no information reported about this system, meaning
that further research using this technology must be studied to treat spent caustic.

3.4.6. Fenton Reagent

The AOP system uses hydrogen peroxide as an oxidant agent and mixes it with a catalyst, which
is ferrous ion [64]. The reaction of hydrogen peroxide and ferrous ion is called Fenton chemistry. Its
practical application was carried out until the 60s [65], and it was used for the treatment of textile liquid
residues, liquid effluents, pulp and paper liquid effluents, and acid waters of petroleum refineries [66].

The main advantages of this AOP system are its high efficiency and capacity to treat several
contaminants. Some organics of low molecular weight, such as paraffin, chlorinated alkanes, and some
short-chain carboxylic acids, are resistant to Fenton’s oxidation.

The reactions involved in this system for the formation of hydroxyl radicals are the following:

Fe>* + H,0, — Fe3* 43 OH: + OH"~ (36)

This is the initial reaction of the Fenton reaction. The formation of hydroxyl radicals is developed
through a complex chain reaction. Once the ferrous ion is formed, it can react with the hydrogen
peroxide according to:

Fe3t 4+ H,0, & Fe — OOH?T + H* (37)

Fe-OOH?* is an intermediate that is decomposed to form HO, radicals according to the
following reaction:
Fe — OOH?** — HO,- + Fe** (38)

HO,; can oxidize contaminants, however, its oxidation power is much lower than other radicals.
Other chain reactions that occur in this system are the following:

Fe?* + HO,- — Fe** + HO* + OH" (39)
Fe?* + HO,- — Fe?t + 0, + HY (40)
OH: + H,O;, - H,O 4+ HO»- (41)

Finally, the last step is carried out through the following reaction:
OH.: + Fe?T — OH™ + Fe** (42)
The global reaction can thus be formulated as:
2Fe’T + H,0, + 2H' — 2 Fe*T + 2 H,0 (43)

As it can be observed, the Fenton reaction requires an acid medium for it to occur. Once the
hydroxyl radicals are formed, the oxidation of contaminants takes place. If the oxidation is complete,
the contaminants can decompose in water, CO;, and some innocuous inorganic salts [67].

The hydroxyl radicals can oxidize organic radicals (RH) through the removal of the organic radical
protons that form organic radicals, for example, according to:

RH + OH- — H,0 + R- (44)

This reaction is a chain propagation reaction. Once the organic hydroxyls are formed, the
subsequent oxidation can occur [68].

R + H,0, — ROH + OH- (45)



Processes 2020, 8, 425 14 of 23

R:- 4+ O, — ROO- (46)

Organic radicals can follow other paths. They can be oxidized with ferrous ions, reduced with
ferrous ions, or two radicals can be dimerized, as shown below:

Oxidation
R+ Fe*™ - Rt 4 Fe?t (47)
Reduction
R- +Fe?t - R™ 4+ Fe?* (48)
Dimerization
2R- > R-R 49)

In addition to the oxidation of the contaminants through the Fenton reagent, this method can show
coagulation effects. Adjusting the pH in the 5-7 range, the precipitation of dissolved ferrous particles
can be achieved. The precipitated ferrous particles are combined to form flocs that can contribute to
the removal of the dissolved solids. As a result, in this system, it is possible to obtain the treatment of
residues by chemical oxidation and coagulation [69]. The chemical oxidation prevails when the ratio
of hydrogen peroxide:ferrous salts is above 2. On the other hand, the coagulation effect prevails when
this ratio is below 0.2. It is essential to select the appropriate ratio correctly in order to guarantee the
destruction of the contaminants since the goal of this system is to destroy the contaminants and not
just physically separate them.

Other essential parameters in the Fenton reaction that are to be assessed are pH, temperature,
ferrous salts concentration, and reaction time [70,71]. The typical values of pH are within the 3-5 range.
Regarding temperature, it is necessary to know that this reaction is exothermic.

Ferrous salts (ferrous sulfate) are responsible for the generation of hydroxyl radicals, which convert
the ferrous ion to ferrous particles, known as coagulant agents. As the concentration of ferrous salts
increases, the coagulation is incremented. The reaction time is crucial in order to guarantee a sufficient
residence time that allows oxidation to be completed in the required degree. Once the Fenton reaction
is completed, high strength contaminants are oxidized into organic acids of low molecular weight,
which are easily treated in biological treatments.

The main advantage of this process is its capacity to treat residues with different flows and
organic contents. Another advantage is the COD removal that can generally reach up to 95%, which is
higher than other AOP processes. The system also can destroy some pollutants such as sulfides and
mercaptans. In contrast, the process has low capital costs and is relatively easy to install.

3.5. Electrochemical Processes

Recently, some methods based on electrochemistry have been studied for the treatment of
different residues, including the liquid residues produced in the oil industry [72,73]. In these methods,
electric power is produced from a global reaction of oxidation-reduction (a half-reaction of oxidation
that occurs in the anode and another of reduction, which occurs in the cathode), as shown in Figure 2.
The three operational parameters that are always present in these methods, regardless of the modality
applied, are the current density used, the sulfide load applied to the system, and the time used in
the process.

Electrocoagulation is a variant of the electrochemical process that has been studied for the
treatment of liquid effluents [74,75]. In this method, a flocculating agent is generated in the anode, at a
certain pH, which allows removal of the sulfides, among other soluble materials, as in this case, since the
hydroxyl ions produced in the cathode increase the pH in the medium and cause the precipitation
of the sulfides [76]. Hariz et al. [17] obtained sulfides and organic matter removals over 80% in a
simple electrocoagulation system, while operating with subsequent electrocoagulation, they reached
removal efficiencies of over 95% for both contaminants, operating at pH 9 and 21.2 mA/cm? with initial
concentrations of 34,517 mg/L and COD of 72,450 mg/L for 30 min.
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Figure 2. Chemical species of hydrogen sulfide in an aqueous medium according to pH.

Other electrochemical methods studied for the SC treatment are based on electrodialysis (ED),
which consists of extracting ionized substances dissolved in an aqueous dissolution through selective
membranes of ion exchange [77]. Based on this principle, the electro—electro-dialysis (EED) has been
developed, which combines water electrodialysis and ions transport through selective membranes
of ions exchange [78]. A more advanced electrodialysis process is the so-called bipolar membrane
electro-dialysis (BMED), where a bipolar membrane is used to separate the water in H" and OH™,
producing caustic flows with acids [79]. This process adjusts the pH of a solution without adding acids
or bases. In this case, the polarity of the electrodes is inverted periodically exchanging the outputs of
the membrane accumulator of the freshwater produced and residual water. The ions are transferred
in opposite directions through the membranes, which contributes to breaking the incrustations and
washing and outside exiting of sludge and other deposits of the cells. In a research study, EED and
BMED were applied for the regeneration of sodium hydroxide present in SSC [80]; and it was found that
BMED was more efficient in terms of caustic soda recovery, consuming little more energy than in EED.

As it was described in Section 3.4.6, the system based on the Fenton reaction has been successfully
applied for the removal of SSC. However, for this reaction to occur, it is necessary to add H,O,,
in order to avoid this inconvenience. Hydrogen peroxide can be formed through an electrochemical
process called electro-Fenton [81]. Davarnejad et al. [82] applied an electro-Fenton process to SSC.
They assessed the effect of the operational parameters that influenced the removal of hydrogen sulfide:
pH, current density, reaction time, among others, finding that, in order to have optimal operating
conditions, at pH of 2.87 a reaction time of 65.52 min and a current density of 55.47 mA/cm? was
required. The removal percentages were 81% and 100% for COD and sulfides, respectively.

As shown in Section 3.4, the use of UV rays in the AOP contributed significantly to the formation
of free radicals that react and oxidize the sulfides and organic matter present in SCC. This is why,
in the electro-Fenton process, applying UV increases the formation of free radicals. In this sense,
Esfahani et al. [7] reached COD removals of 97%, operating at 4.5 pH at 60 °C for 80 min and a current
density of 16.6 mA/cm?.

Microbial fuel cell (MFC) is a process based on the fundamentals of electrochemistry, where the
energy that contains the organic matter can be captured in the form of electricity from the work of
microorganisms [83]. In this case, the movement of the electrons is produced through bacterial metabolism,
where the electrons are transferred from a substrate to an electron acceptor at a higher redox potential, this
means that while substrates are oxidized, the microorganisms produce protons and electrons, and their
transfer to the cathode produces electricity [84,85]. Fazli et al. [86] operated an MFC with SSC at different
retention times and suspended solids concentrations (SS), obtaining the higher efficiencies of COD and
sulfides removal of 98% and 99%, respectively, for 9 days of retention time. The optimal concentration of
SS for the MFC process was of 1500 mg/L, reducing COD and sulfides by 94.07% and 89.01%, respectively.
The higher voltage for the same retention time was 82.1 mV.
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The possibility to recover NaOH from an electrochemical process, in this case, electro-dialysis and
electro-deionization, was proven by Keramati et al. [87].

3.6. Biological Processes

In general, the biological methods are environmentally more beneficial and more economical
than the physic-chemical ones for most of the industrial processes, including residue treatment [87].
However, one of their limitations is that the microorganisms that operate in these processes can
stand limited concentration levels of several substances, such as sulfides [88]. In order to overcome
this limitation, several studies applied biological methods to SSC. De Graaf et al. [89] operated
aerobic gas-lift reactors with retention times of 3.4-3.7 days with extremophile bacteria extracted
from lake sediments with high levels of alkali to treat SC with 160-240 mM of sulfide contents.
However, this concentration was reduced when mixing SSC with sodium carbonate solution at pH
9.5. Complete removal was reached up to 27 mM S/L-day through the conversion into sulfide by the
halo-alkaline bacteria Thioalkalivibrio, also obtaining the removal of 93% of benzene. De Graff et al. [5]
assessed a system in two aerobic stages, the first abiotic and the second with halo-alkaline bacteria
inoculum, obtaining high removal rates of 33 mM/L-day operating the first reactor with 2 days of
retention time and the second one with 3.5 days. The affluent to the first reactor was a synthetic
solution simulating diluted SSC.

The microorganisms work correctly at absolute pH values depending on the specific species to be
treated. For example, it has been determined that one of the few reported microorganisms known for
the elimination of sulfides of SSC is Thiobacillus denitrificans, which operates correctly around neutral
pH [90]. Considering the high values of pH of SSC, the dilution of these residues is required so they
can be biologically treated. The use of the Aspergillus sp. mushroom has also been assessed for the SSC
treatment, previously diluted, obtaining COD removals, total diluted solids, and sulfites, after 10 days,
of 16%, 10%, and 55%, respectively [91].

3.7. Other Processes

Ionic liquids (ILs), also called green solvents, have been described by several authors as ionic
salts and their melting point is less than 100 °C [92]. Due to these characteristics, however, they have
been recently determined as a substitution alternative to organic solvents for the extraction of phenols
and several organic compounds in aqueous systems [93]. Two quaternary ammonium-based ILs were
applied to SSC, reaching in both cases efficiencies of 99% for the removal of phenols and mercaptans [16].

The treatment with oxidant agents such as sodium hypochlorite and spent sulfochromic mixtures
have been assessed at a laboratory scale [94]. The reactions involved in these processes are the following;:

HS™ +4 NaOCl — 4 NaCl +SO3™ + H" (50)

29 H' +3HS™ +4 Cr,03 — 3503 + 8 Cr’" + 16 H,0 (51)

With hypochlorite, no elemental sulfur was formed, reducing the COD by over 99%. The oxidation
of organic matter explains why the consumption of sodium hypochlorite was higher (*20%) than the
stoichiometric amount required to oxidize all the HS™ ions.

The sulfochromic mixture also annihilated 99% of the COD discoloring the spent sodas solution.
The free acidity was dramatically reduced from 8 to 0.5 mol/L (6% of the initial value).

In both cases, an effluent of those treatments without SH™ was obtained. It had to be neutralized
with sulfuric acid at pH 7 before being ultimately arranged and, also, a residue with a high content of
Na,SO,4 remains.

The precipitation of insoluble sulfurs begins by obtaining precipitates of iron and manganese
hydroxide precipitates, which can be obtained from the NaOH existent in the refinery according to the
following reactions [94]:

FeCl; + 3 NaOH — Fe(OH); | +3 NaCl (52)
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FeSO,4 + 2 NaOH — Fe(OH), | +3 NazSO4 (53)
MnCl, + 2 NaOH — Mn(OH), | +2 NaCl (54)
In this last case, some drops of HyO, (30%) are added, and the Mn(II) oxidizes to Mn(IV) according to:

Mn(OH), + H,O, — MnO(OH), | +H,0 (55)

Thus, the reactions involved are:

2 Fe(OH), + 3 NaSH — 2 FeS | 48 | +3 NaOH -+ 3 H,0 (56)
Fe(OH), + NaSH — FeS | +NaOH + H,0 (57)
MnO(OH), + NaSH — Mn(OH), + S | +NaOH (58)
Mn(OH), + NaSH — MnS | +NaOH + H,O (59)

According to the stoichiometry of Equation (56), Fe(IlI) can react with 50% more SH™ ions than
Fe(Il) when compared with Equation (57). The experimental data shows that Fe(OH);3 treats 45% more
spent sulfidic sodas than Fe(OH),. However, Mn(IV) was more efficient than Fe(IIl). MnO(OH), treated
more spent sulfidic sodas than Fe(OH);, which is due to the higher oxidation state of manganese.
Even though the sulfur components were removed, 10% of the COD remained in the spent sulfidic
caustic soda treated. The solids produced, FeS or MnS, can be oxidized with hydrogen peroxide or
hypochlorite at 25 °C in an alkaline medium allowing the recovery of manganese and iron hydroxides
according to the following reactions:

4 NaOH + 2 FeS | 49 HyO, — 8 HyO + 2 NapSO; + 2 Fe(OH), (60)
H,0 + 4 NaOH + 2FeS | +9NaOCl — 9NaCl + 2Na,SOy + 2Fe(OH), (61)
2 NaOH + 2 MnS | +5H,O, — 5 HyO + 2 NaySOy + 2 MnO(OH), | (62)

2 NaOH 42 MnS | 45 NaOCl — 5 NaCl + 2 NaySOy4 + 2 MnO(OH), | (63)

For these reactions to occur correctly, the addition of oxidants must be slow and under stirring.

The treatments based on precipitation may be of interest, as they enable the reuse of treated
sulfidic sodas, which reduces the formation of effluents and the consumption of water and chemical
reagents. However, considerable amounts of chemical sludges (precipitated) are produced, which are,
in general, hard to dispose of.

The use of exchange resins to treat spent sulfidic sodas is very limited, although, successful results
have been obtained in the treatment of SSC [94]. The application of two sturdy anion exchange resins
was studied, with a matrix of styrene-divinylbenzene. The behavior of both resins was very similar
to the adsorption of 21.0-22.5 g S*7/L. The robust anion exchange resins hold tightly the S*~ ions,
which are not moved by the OH™, even in high alkaline mediums. The pH adjustment to lower values
is not a good practice since H;S is released when the pH is adjusted under 9. Although the results
were positive, the initial costs of investment must be seriously considered, as well as the maintenance
costs due to the resin dirt. It would imply a process of regeneration of the resins with frequency, and,
therefore, a relatively short duration time, incurring replacement costs for these materials.

Considering the diverse possibilities of use of treatment methods for spent sodas, in Figure 3 a
summary is presented with the main possibilities of application of these methods according to the
origin or characteristics of spent sodas.
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Figure 3. Application of diverse processes of spent sodas.

For the specific application of each of these methods, the subsequent biological treatment to which
their effluent will be submitted is to be considered. It is essential to reconfirm that the direct application
of these biological processes to the spent sodas cannot be carried out without the appropriate dilution
of them.

4. Conclusions

The characteristics of spent sodas depend on the process where they are formed. High pollutant
potential of these residues is caused by high pH and remarkable concentrations of sulfide compounds,
mainly as a reduced form like sulfides and mercaptans. Additionally, organic compounds such as
petroleum oils, phenols and benzenes, and significant amounts of salts are reported.

Wet air oxidation (WAOQ) is considered the safest, more resistant, and thoroughly proven technology
applied at the laboratory, pilot, and plant level. The application of any of its alternatives at low, medium,
and high temperatures, depends mainly on the characteristics of the spent sodas to be treated, i.e.,
sulfidic, naphthenic, cresylic, or a mixture of them. However, their high investment and operational
costs have driven several types of research and specialists to seek other technological alternatives for
the treatment of SC.

One of the technological alternatives is the Fenton process applied to refineries, as it is an option
to be considered in the second level of applicability. Otherwise, acid neutralization could be applied in
some cases due to the simplicity of the system. It brings advantages for low naphthenic acid content in
spent sodas, for example they are separated in the process and not destroyed, as in the WAO process.
A combination of this method with an advanced oxidation process or WAO at low temperatures should
be assessed to replace the WAO that operates at high temperatures.

The application of processes to SC as they are produced is not possible due to its toxic characteristics.
However, a combination of the correct degree of dilution and these processes is more environmentally
friendly than the physical-chemical processes. Therefore, the alternative of a mixture with other waste
should always be considered.

Other treatments of SC have been studied, such as electrochemical processes, precipitation, resins,
and ionic liquids; they have several limitations on a real scale. Among these processes, the application
of the so-called “Green Solvents” presents a new outlook. Their recovery after the treatment is still a
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problem to be solved in order to reduce the costs and residues. The electrochemical processes with
membranes have also shown very positive aspects regarding their applicability for the treatment of SC.
However, there are still technical scenarios to be studied in more detail and depth.
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