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Abstract: The oxidation-absorption technology of tail gas is perfect for natural gas purification
plants to ensure the up-to-standard discharge of sulfur dioxide emissions, but it can produce a
large amount of wastewater. In this paper, a facile and full-scale reuse treatment strategy based
on the sequential combination of disc tube reverse osmosis and low-temperature and low-pressure
evaporation desalination was proposed and studied. The produced light yellow wastewater was
acid sulfate-rich organic wastewater, in which sulfate ions (S04%7) existed up to 6479 mg/L, and the
chemical oxygen demand (COD), 5-day biochemical oxygen demand (BODs), total organic carbon
(TOC), ammonia nitrogen (ammonia-N), total nitrogen (TN) and suspended solid (SS) were 207, 71.9,
67.6,1.28,70.5 and 20.9 mg/L, respectively. After the reuse treatment, there was COD (6 mg/L), BODs
(1.4 mg/L), TOC (0.9 mg/L), TN (2.07 mg/L), SS (6 mg/L) and SO4%~ (90 mg/L) in permeated water,
and condensate water with COD (11 mg/L), BODs (2.3 mg/L), TOC (4.3 mg/L), SS (2mg/L) and
S042~ (1.2 mg/L) was obtained. Thereby, pollution indexes were reduced after the reuse treatment
so as to meet the water quality standard (GB/T18920-2022) in China, and the total water recovery
rate reached 98.2 vol%. Ultimately, the priority pollutant migration mechanism during the reuse
treatment process was determined.

Keywords: wastewater; reuse treatment; oxidation-absorption technology; sulfur dioxide emission;
natural gas purification

1. Introduction

Due to low carbon emissions and less air pollution, natural gas (NG) has been regarded
as a highly efficient and clean fuel; as a result, global NG consumption has grown signifi-
cantly in the past decade [1-3]. In fact, the raw NG consists of short-chain hydrocarbons
(e.g., methane, ethane, propane, butane, pentane, etc.) and trace impurities (for example,
hydrogen sulfide, carbon dioxide and nitrogen) [4]. Generally speaking, methane is a major
component of NG and its content is more than 85%. The other compositions of NG are
primarily dependent on NG reservoirs all over the world and NG wells within the same
reservoirs [1,2]. Hydrogen sulfide is one of the toxic acid gases [5], which not only causes
worse corrosion in NG transport pipes and NG storage tanks but also causes health issues,
such as paralysis and coma, and death [6,7]. To eliminate corrosion and health damages,
the sales NG specifications require that the hydrogen sulfide concentration of NG should
be limited to below 6 ppm in China; thus, it is essential that a hydrogen sulfide removal
process is adopted [8-11]. Afterward, the hydrogen sulfide is converted to sulfur using a
sulfur recovery unit in natural gas purification plants [12,13].
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Unlike other available capture, removal and conversion technologies, such as deep
eutectic solvents, ionic liquids, metal-organic frameworks, carbon-based materials, zeolites,
etc., [14,15] the Claus process is one of the most extensively applied sulfur recovery methods
in the world, which can convert hydrogen sulfide to sulfur [16-20]. In the sulfur recovery
unit, the Claus process contains thermal and catalytic sections. There is a Claus furnace
and a waste heat boiler in the thermal section, where one-third of the hydrogen sulfide is
converted to water and sulfur dioxide (See Equation (1)). Then, the oxidation-reduction
reaction of sulfur dioxide and unreacted hydrogen sulfide takes place with the aid of
alumina-based catalysts in the catalytic section (See Equation (2)). Sulfur steam is generated
through hydrogen sulfide pyrolysis in the thermal section and via the reaction of sulfur
dioxide and unreacted hydrogen sulfide in the catalytic section. However, because the
reactions are highly equilibrium-limited for Equations (1) and (2), the sulfur recovery
efficiency of the Claus process only reaches 94~97% [12]. Unfortunately, after sulfur steam
is condensed and separated, there still exists a large amount of unreacted sulfur dioxide and
hydrogen sulfide at levels beyond the approved emission limits in the tail gas of the Claus
process. Indeed, sulfur dioxide as a pollutant is not a component of the atmosphere, which
results in serious environmental problems, including haze and acid rain [21,22]. Besides,
sulfur dioxide pollution could cause respiratory diseases [22-24]. Moreover, it can increase
the incidence of lung cancer [22]. In 2017, the International Agency for Research on Cancer
of the World Health Organization confirmed that sulfur dioxide is a carcinogen. This has
attracted the attention of global governments. In China, it is worth noting that the national
government has promulgated many laws and policies, such as the Emission Standard of Air
Pollutants for Onshore Oil and Gas Exploitation and Production Industry (GB 39728-2020)
in order to decrease the sulfur dioxide emissions of natural gas purification plants.

H,S + %Oz — SO, + H,O )

2H,S + SO, — %sn +2H,0 @)

Reactions in the Claus process of sulfur recovery units.

In recent years, natural gas purification plants have been driven to lower sulfur dioxide
emissions of the tail gas in China. It is well known that sulfur dioxide and hydrogen sulfide
exceeding permissible emission limits, as well as hydrogen at low levels, can appear in the
tail gas of the Claus process. Meanwhile, the tail gas is free of oxygen. Generally, therefore,
a reduction—-absorption technology can decrease the sulfur dioxide emission (See Figure 1a),
in which all sulfur in the tail gas is converted to hydrogen sulfide. In short, a hydrotreatment
in the gas stream is utilized to convert sulfur dioxide to hydrogen sulfide, and then the as-
prepared hydrogen sulfide is scrubbed with an amine scrubber. The concentrated hydrogen
sulfide by-product forms with the treatment of amine regeneration, and it is returned to
the Claus process to produce elemental sulfur [12]. However, there are disadvantages
such as high energy penalties, cumbersome processes and complex operations for the
reduction—absorption technology. Fortunately, the oxidation-absorption technology of
tail gas as an efficient solution has been broadly used in non-ferrous industries to meet
sulfur dioxide emission targets (See Figure 1b). In essence, this technology is the basis for
amine-based absorbents, which can achieve highly efficient selective absorption of sulfur
dioxide [25]. The pure sulfur dioxide by-product can be recovered through steam stripping
with low-quality heat. More importantly, because amine-based absorbents are regenerable,
their capital costs are cost-effective. In addition, all the operations of this technology are
quite simple and easy. Nevertheless, a major flaw is that a large amount of wastewater
is produced during this process. On the other hand, as far as we know, few reports have
focused on the oxidation-absorption technology used in natural gas purification plants and
the wastewater that is produced.
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Figure 1. Block diagram of a typical reduction-absorption technology in natural gas purification
plants (a) and an oxidation-absorption technology in non-ferrous industries (b).

Herein, the oxidation-absorption technology and its produced wastewater from a
natural gas purification plant are described, and a facile and full-scale reuse treatment
strategy for the produced wastewater is proposed. Water quality was studied before and
after the reuse treatment of wastewater produced by the oxidation-absorption technology.
The salt byproduct was analyzed using Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). Finally, the
priority pollutant migration mechanism during the produced wastewater reuse treatment
process was determined.

2. Materials and Methods
2.1. Materials

Wastewater samples were obtained from a natural gas purification plant in Chonggqing,
China, and they were collected and stored in 5 L polyethylene barrels. Sodium sulfate
(AR) was obtained from Kelong Chemical Reagent Factory (Chengdu, China). Sodium
hydroxide solutions (30 wt%) were supplied by Chaoyi Chemical Co., Ltd. (Chongqing,
China). Amine-based sulfur dioxide absorbents were purchased from Shell (China) Limited
(Beijing, China). Demineralized water was homemade via a demineralizer consisting of
an ion-exchange resin pretreatment and a double-stage reverse osmosis in the natural gas
purification plant. The quality of this demineralized water was given as follows: its pH
was 7.7, conductivity was 44.18 uS/cm and total hardness was 0.02 mmol/L. Chemical
oxygen demand (COD), 5-day biochemical oxygen demand (BODs) and ammonia nitrogen
contents (ammonia-N) were not detected. Total nitrogen (TN) and total organic carbon
(TOC) were 0.13 and 1.00 mg/L, respectively. In addition, steam (160 °C, 0.40 MPa) was
manufactured using the gas-fired boiler of a natural gas purification plant.

2.2. Facile and Full-Scale Treatment System for Reusing the Produced Wastewater

Figure 2 illustrates a facile and full-scale treatment system for reusing the produced
wastewater from the oxidation-absorption technology in a natural gas purification plant in
Chongging, China. As shown in Figure 2, the wastewater reuse treatment system mainly
includes neutralization reaction, disc tube reverse osmosis (DTRO) [26-29], pH adjustment
and evaporation desalination at low temperatures and pressures [30,31]. The produced
wastewater was pumped into a neutralization reaction tank. Under stirring (200 rpm),
sodium hydroxide solutions (30 wt%) were added to the neutralization reaction tank at
30 °C, until the pH value of the produced wastewater was increased to 6.6. Afterward, to
concentrate the pretreated wastewater, a DTRO unit with a processing capacity of 1.3 m>/h
was employed, which was manufactured by Chengdu Sotec Environmental Technology
Co., Ltd. (Chengdu, China). In the DTRO unit, a quartz sand filter tower and an active
carbon filter tower were arranged in front of the DTRO module, where the flow rate of
the feed water was maintained at 1.0 m®/h. In addition, plate-and-frame type membranes
were applied to the DTRO module and their effective membrane area was 9.405 m?. The



Water 2023, 15, 2259

40f16

operating pressure was controlled at 3.5 MPa, and the feed water temperature remained
at 30 & 1 °C using a plate heat exchanger. After DTRO treatment, the permeated and
concentrated water was collected in a temporary storage tank and a pH adjustment tank,
respectively. Sodium hydroxide solutions (30 wt%) were added to the pH adjustment tank
with stirring at 200 rpm until the pH value of the concentrated water was increased to
7.5. After the pH adjustment, the concentrated water was further pumped into an LT-VR
1T evaporation desalination unit supplied by Kunshan WSD Environmental Protection
Equipment Co., Ltd. (Kunshan, China). In the LT-VR 1T evaporation desalination unit,
the processing capacity of the concentrated water was 1.0 m?/h, the operating vacuum
was maintained at —95 KPa using a jet device, the operating temperature was controlled at
37 °C using the steam of a gas-fired boiler (160 °C, 0.40 MPa) and the circulating cooling
water inlet temperature was below 20 °C.

i i Permeate water
Produced wastewater HNeut'rallzatlonﬁ DTRO.unit
reaction tank

Concentrated water

pH adjustment Eva_por_ation : Condensate. Temporary
tank > desalination unit water storage tank —> Water reuse

¥

Salts

Figure 2. Block diagram of a treatment system for reusing the produced wastewater from the
oxidation-absorption technology.

2.3. Analytical Methods

Water quality measurements were carried out as follows: The pH of the samples
was measured with a SevenGo Duo Pro pH meter (Mettler Toledo, Zurich, Switzerland)
at 25 °C. The conductivity of samples was quantified using a DDS-307 conductometer
(INESA & Scientific Instruments Co., Ltd., Shanghai, China) at 25 °C. Measurements of
COD, BODs, TOC, and suspended solid (SS) were carried out on the basis of the APHA
Standard Methods [32-34]. In addition, a UV7504 UV-Vis spectrophotometer (Shanghai
jingmi instrument Co., Ltd., Shanghai, China) was employed to measure ammonia-N and
TN. Wastewater samples were filtered with a 0.22 pum filter, after which an ECO ion chro-
matography with an 863 Compact IC Autosampler (Metrohm AG, Herisau, Switzerland)
was applied to detect the inorganic ions, such as sulfate ion (8042’), sulfite ion (8032’),
chloride ion (CI7), fluorion (F~) and nitrate ion (NO3; ™). Metal elements, such as sodium
(Na), potassium (K), magnesium (Mg) and calcium (Ca), were detected using a PinAAcle
900 atomic absorption spectrophotometer (PerkinElmer, Waltham, MA, USA), and then
trace analysis of other metal elements, such as aluminium (Al), barium (Ba), iron (Fe),
manganese (Mn), copper (Cu), etc., was performed using an Optima 8300 Inductively
Coupled Plasma Optical Emission Spectroscopy (PerkinElmer, Waltham, MA, USA).

2.4. Characterizations

A Nicolet 1705X infrared spectrometer (Madison, WI, USA) was employed to record
the Fourier transform infrared (FT-IR) spectra. According to a previous study [32], the
FT-IR spectra were recorded in an optical range of 400~4000 cm~! by averaging 16 scans
with a resolution of 4 cm~!. In addition, studies of scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDS) were conducted using a ZEISS Gmini 300 field
emission scanning electron microscope (Carl Zeiss Jena, Jena, Germany). In order to obtain
high-resolution images of SEM and EDS, an accelerating voltage of 10 kV was used.
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3. Results and Discussion
3.1. Oxidation-Absorption Technology of Tail Gas from Natural Gas Purification Plant

An oxidation-absorption technology of tail gases was developed and designed to
reduce the sulfur dioxide emission of natural gas purification plants, as shown in Figure 3.
The tail gases of the sulfur recovery unit containing hydrogen sulfide, sulfur steam, car-
bonyl sulfide (COS) and carbon disulfide (CS,) were oxidized in order to convert all sulfur
compounds to sulfur dioxide in a burner (See Equations (3)—(6)) [35]. In general, to guar-
antee that all sulfur compounds were converted to sulfur dioxide, the air distribution
of the burner was slightly excessive; thus, there was sulfur dioxide, water vapour and
sulfur trioxide in the flue gases of the burner. The high-temperature flue gases (220 °C)
were cooled with demineralized water in a Venturi scrubber, and the temperature of the
flue gases decreased to 50~55 °C. Unfortunately, a large amount of acid wastewater was
produced in the Venturi scrubber due to the existence of sulfur dioxide, water vapour and
sulfur trioxide.

H,S + %Oz — SO, + HO ©)

Sn +1n0; — nSO; 4

COS + %02 — SO, + CO, (5)

CS; + 30, — 250, + CO, (6)
= —
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Figure 3. Process flow diagram of an oxidation-absorption technology from a natural gas purification
plant in Chongqing, China.

Main reactions in the burner of the oxidation-absorption technology.

The low-temperature flue gases (50~55 °C) entered a wet electrostatic precipitator
to remove acid mist, and then sulfur dioxide of the flue gases was absorbed by using
amine-based sulfur dioxide absorbents, i.e., lean amine solution (See Figure 4) in a sulfur
dioxide absorber tower (See Equation (7)). The off-gases of the sulfur dioxide absorber
tower, including sulfur dioxide below 100 mg/Nm?, were further heated in a burning stove
and discharged with a flue-gas stack. On the other hand, the lean amine solution became a
rich amine solution in the sulfur dioxide absorber tower (See Equation (7)). To renew the
absorbed sulfur dioxide, the rich amine solution was pumped into a sulfur dioxide stripper
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tower and heated by using steam at 122 °C (See Equation (8)) [25]. The high-temperature
acid gases consisting of sulfur dioxide and water vapour were treated using an air-cooled
heat exchanger to produce pure sulfur dioxide. Meanwhile, hung acid water formed in
an acid gas knockout pot, as shown in Figure 3. However, moisture was introduced in the
lean amine solution; thus, some of the acid water was discharged to the Venturi scrubber
for maintaining an appropriate concentration of the lean amine solution.

H'RyN = NR; + S0, + HoO - H'RyN = NRyH" + HSO%~ (7)

H'RyN = NR,H' +HSO? 3 H'R;N = NR, + SO0, + H,0 )

Figure 4. Amine-based absorbents used in the sulfur dioxide absorber tower.

Main reactions in the sulfur dioxide absorber and stripper towers (R; and R, represent
alkyl groups).

In addition, there was still a small amount of sulfur trioxide that escaped from the
Venturi scrubber. Once the sulfur trioxide entered the sulfur dioxide absorber tower, a
side reaction occurred (See Equation (9)). As shown in Equation (9), sulfate was one of the
heat-stable salts that can form in the regenerative lean amine solution (See Figure 3), which
led to the performance degradation of sulfur dioxide adsorption. So, an amine purification
apparatus supplied by Wuhan Yida Water Treatment Engineering Co., Ltd. (Wuhan, China)
was applied to remove the sulfate for restoring the properties of the regenerative lean
amine solution (See Figure 5). When the sulfate adsorption saturation was attained on
the Purolite® A111 polystyrenic macroporous weak base anion resins (Purolite China Co.,
Ltd., Hangzhou, China), a washing operation was performed on the amine purification
apparatus. In order to renew the Purolite® A111 anion resins, demineralized water and
sodium hydroxide solutions (30 wt%) were utilized in this operation, but a large amount of
high-salinity organic wastewater was generated. In summary, the above acid wastewater
and high-salinity organic wastewater came together in the produced wastewater via the
oxidation-absorption technology.

THRYN = NR; +SO; + H,O — {HRIN = NR,H™ +S07~ + HT )
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Figure 5. Digital photo of amine purification apparatus.
Side reaction in the sulfur dioxide absorber tower (R; and R; represent alkyl groups).

3.2. Wastewater Produced by the Oxidation-Absorption Technology

All of the wastewater produced by the oxidation-absorption technology (hereafter
called raw wastewater) was collected and discharged into the neutralization reaction
tank. As shown in Figure 6a, the colour of the raw wastewater was light yellow, and its
pH was 3.8. Simultaneously, the water quality of the raw wastewater was investigated.
Figure 6b shows pollution characteristics of the raw wastewater, including COD (207 mg/L),
BODs (71.9 mg/L), TOC (67.6 mg/L), ammonia-N (1.28 mg/L), TN (70.5 mg/L) and SS
(20.9 mg/L). It is observed from Figure 6¢ that SO4%~ (6479 mg/L), NOs~ (218 mg/L), C1~
(11.6 mg/L), F~ (0.08 mg/L) and SO32~ (459 mg/L) were present in the raw wastewater.
Figure 6¢ shows that the raw wastewater was rich in SO42~. This is because the side reaction
resulted in the formation of sulfur trioxide (See Figure 3). Sulfur trioxide was captured
using the Venturi scrubber and wet electrostatic precipitator. Dilute sulfuric acid formed in
the Venturi scrubber (SO3 + HyO = Hy,SO4; Hy,SO, = 2H* + SO4%7). Meanwhile, to remove
the heat-stable salts of lean amine solutions (See Equation (9)), the SO42~ was captured
with the amine purification apparatus (See Figure 5) and discharged in the raw wastewater.
The sulfur dioxide was dissolved in the demineralized water (50O, + H,O = H,SOj3; H,SO;3
= 2H* + SO327) so that the SO32~ could be detected. Furthermore, it is shown in Figure 6d
that Ca (0.045 mg/L), Mg (0.061 mg/L), Ba (0.013 mg/L), Sr (0.022 mg/L), Na (28.6 mg/L),
K (30.1 mg/L), Fe (0.59 mg/L), Cu (0.024 mg/L) and Mn (0.009 mg/L) were present in the
raw wastewater. Therefore, it was concluded that the raw wastewater from the tail gas
oxidation-absorption technology was acid sulfate-rich organic wastewater.
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Figure 6. Digital photo (a), pollution characteristics (b), anions (c) and metal elements (d) of the
raw wastewater.

3.3. Facile and Full-Scale Reuse Treatment of the Produced Wastewater
3.3.1. Performance of DTRO Treatment

As illustrated in Figure 2, the DTRO treatment system was employed in this study (See
Figure 7a). The produced wastewater was neutralized using 30 wt% sodium hydroxide
solution with stirring at 200 rpm at 30 °C, and its pH was adjusted to 6.6 (Figure 7b). Then,
the neutralized wastewater as feed water was pumped into the DTRO treatment unit, and
feed water temperature and operating pressure remained at 3.5 Mpa and 30 °C, respectively.
To determine the performances of DTRO treatment, the pollution characteristics of the
neutralized wastewater, concentrated wastewater and permeated water (See Figure 7c) were
investigated. Furthermore, as shown in Figure 7b,d, the COD, BODs5, TOC, TN, ammonia-
N, SS and conductivity of the neutralized wastewater were 206 mg/L, 71.1 mg/L, 67 mg/L,
1.24 mg/L, 70 mg/L, 20 mg/L and 5066 uS/cm, respectively. By contrast, it can be seen
that the index concentration of concentrated wastewater, such as COD (970 mg/L), BODs
(393 mg/L), TOC (216 mg/L), TN (150 mg/L), ammonia-N (7.94 mg/L), SS (134 mg/L)
and conductivity (10,190 uS/cm), increased significantly, which is attributed to the efficient
interception of DTRO treatment for pollutants. More importantly, the COD (6 mg/L), BODs
(1.4 mg/L), TOC (0.9 mg/L), TN (2.07 mg/L), SS (6 mg/L) and conductivity (142 uS/cm)
of the permeated water were much lower than that of the neutralized wastewater and
concentrated wastewater, and ammonia-N of the permeated water was not detected because
its concentration was low enough. Hence, all evidence revealed that, with the help of DTRO
treatment, the pollutants of the permeated water corresponding to COD, BODs5, TOC, TN,
ammonia-N and SS were extremely low.
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Figure 7. Digital photo of DTRO treatment unit (a), pH and conductivity (b), digital photo (c) and pollu-
tion characteristics (d) of the neutralized wastewater, concentrated wastewater and permeated water.

Inorganic species, such as anions and metal elements, in the neutralized wastewater,
concentrated wastewater and permeated water were monitored. Figure 8 shows the index
concentrations of the anions and metal elements before and after the DTRO treatment. As
shown in Figure 8a, SO,42~ (6470 mg/L), NOs~ (217 mg/L), ClI~ (11.4 mg/L), F~ (0.07 mg/L)
and SO3%~ (416 mg/L) were present in the neutralized wastewater; SO4%~ (14400 mg/L),
NO;~ (181 mg/L), Cl~ (42.5mg/L), F~ (0.16 mg/L) and SO32~ (473 mg/L) were found in the
concentrated wastewater; and SO42~ (90 mg/L), NO3;~ (147 mg/L) and C1~ (0.66 mg/L) were
detected in the permeated water. In addition, F~ in the permeated water was not detected
because its concentration was much lower than the detection limits of the 863 Compact IC
Autosampler (Metrohm AG, Herisau, Switzerland). SO32~ was not tested in the permeated
water, and the SO32~ concentration of the concentrated wastewater was close to that of the
neutralized wastewater because SO32~ can be oxidized by exposure to air. On the other hand,
it can be observed from Figure 8b that Ca (0.04 mg/L), Mg (0.058 mg/L), Ba (0.012 mg/L),
Sr (0.02 mg/L), Na (3060 mg/L), K (29.8 mg/L), Fe (0.58 mg/L), Cu (0.022 mg/L) and Mn
(0.008 mg/L) were present in the neutralized wastewater; Ca (2.54 mg/L), Mg (0.53 mg/L), Ba
(0.025 mg/L), Sr (0.075 mg/L), Na (9330 mg/L), K (94 mg/L), Fe (20.8 mg/L), Cu (0.11 mg/L)
and Mn (0.477 mg/L) were found in the concentrated wastewater; and Ca (0.004 mg/L), Mg
(0.005mg/L), Na (48.1 mg/L), K (0.39 mg/L) were detected in the permeated water. Obviously,
the Na concentration was much higher than the other metal element concentrations, resulting
from the 30 wt% NaOH solution that was added to the produced wastewater to adjust the pH.
On the basis of the above results, it is concluded that the inorganic species have been captured
effectively using the DTRO treatment to obtain permeated water.
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Figure 8. Monitoring of anions (a) and metal elements (b) in the neutralized wastewater, concentrated
wastewater and permeated water.

3.3.2. Performance of Evaporation Desalination

To treat the concentrated wastewater, an evaporation desalination treatment was
conducted on an LT-VR 1T evaporation desalination apparatus (See Figure 9a) at —95 KPa
and 37 °C. After the evaporation desalination treatment, condensate water was collected
(See Figure 9b). The condensate water was colourless, and its pH was 7.2. The pollution
characteristics of the condensate water were determined, as shown in Figure 9¢. Figure 9¢
shows that the COD, BODs, TOC and SS of the condensate water were 11 mg/L, 2.3 mg/L,
43 mg/L and 2 mg/L, respectively. Meanwhile, ammonia-N and TN could not be detected
because their concentrations were below the detection limits corresponding to ammonia-
N and TN. These results indicate that the pollution indexes of the condensate water,
such as COD, BODg, TOC, TN, ammonia-N and SS, were much lower than those of the
concentrated wastewater. Moreover, the anions and metal elements in the condensate water
were explored, as shown in Figure 9d. Figure 9d shows that SO4>~ (1.2 mg/L) and Na
(0.47 mg/L) could merely be detected, revealing that the inorganic species of the condensate
water were effectively removed. This is in agreement with the change in the conductivity
(0.84 uS/cm). Therefore, all the results confirm that the water quality of the condensate
water became better than that of the concentrated wastewater.

3.3.3. Water Reuse Analysis

The produced wastewater from tail gas oxidation-absorption technology containing
pollution indexes, such as COD, BODs, ammonia-N, TN and inorganic species, was acid
sulfate-rich organic wastewater. The statistics of the full-scale reuse treatment showed
that the recovery rate of the permeated water was 80 vol%, and the recovery rate of the
condensate water was 18.2 vol%. There was a 98.2 vol% total water recovery rate, and water
losses were 1.8 vol% in this process. Generally, the reuse of recycled water should meet the
water quality standard for miscellaneous use (GB/T18920-2022) in China. The key pollution
indexes, i.e., BODs5 (<10 mg/L), ammonia-N (<8 mg/L), C1~ (<350 mg/L) and SO42~
(<500 mg/L), are required in the GB/T18920-2022. After the DTRO treatment, ammonia-N
was not detected in the permeated water, and BODs, C1~ and SO42~ of permeated water
decreased to 1.4 mg/L, 0.66 mg/L and 90 mg/L, respectively (See Figures 7 and 8). The
condensate water with less BODs (2.3 mg/L) and SO42~ (1.2 mg/L) was obtained after the
evaporation desalination treatment of the concentrated wastewater, in which ammonia-N
and Cl~ were not detected. In comparison with the requirements of GB/T18920-2022,
therefore, the water quality of the permeated water and condensate water was much better,
meaning that the full-scale reuse treatment was suitable for the produced wastewater.
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Figure 9. Digital photo of LT-VR 1T evaporation desalination apparatus (a), digital photo (b),
pollution characteristics (c) and inorganic species (d) of the condensate water.

3.4. Pollutant Migration Mechanism during Reuse Treatment Process

Salts that were produced by the evaporation desalination treatment were collected
(See Videos S1 and S2). Figure 10a shows the morphology of the produced salts. The
produced salts were brown solids and looked like pastes. In order to reveal the pollutant
migration mechanism during the reuse treatment process, it is necessary to characterize
the produced salts at the micro-scale. Consequently, the produced salts from evaporative
desalination were investigated using FI-IR, as shown in Figure 10b. Figure 10b presents
the FT-IR spectra of the produced salts and sodium sulfate (blank). In the FI-IR spectrum
of sodium sulfate, the asymmetrical stretching vibrations of SO42~ at 1126 cm ™! and the
symmetrical stretching vibrations of SO4>~ at 635 cm™! and 610 cm ™! can be observed. In
addition, the O-H stretching vibrations of water at 3437 cm~! were observed clearly, which
is because the sodium sulfate could absorb moisture from the atmosphere in the course
of the FT-IR measurement. Similarly, the asymmetrical stretching vibrations (1129 cm 1)
and the symmetrical stretching vibrations of SO42~ (635 cm~! and 610 cm™1), and the O-H
stretching vibrations of water (3437 cm~!) were expected to exist in the FT-IR spectrum
of the produced salts. It is worth noting, however, that the -CH stretching vibrations of
alkanes (2925 cm~! and 2885 cm 1), the stretching vibrations of N=N (1650 cm '), the in-
plane bending vibrations of ~C(CHj3), or -C(CH3)3 (1453 cm !, 1380 cm ! and 1359 cm ')
and the -CH out-of-plane bending vibrations (831 cm™!) existed. These absorption bands
should belong to the amine-based absorbents, so it is demonstrated that the produced salts
were mixtures including the sodium sulfate and amine-based absorbents.
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Figure 10. Digital photo (a) and FT-IR spectrum (b) of the produced salts from evaporative desalina-
tion. Subfigure (b) gives the individual characteristic peaks of the produced salts at 2925 em~!and
2885 cm 1.

The micromorphology of the produced salts was studied using SEM, as shown in
Figure 11. Figure 11a shows that the agglomerations of the produced salts were compact,
and salt crystals could not be observed at low magnification (x300). With the magnification
increasing (Figure 12b,c), it was found that a segment of salt crystals appeared within
the view of SEM observations. Therefore, the SEM results revealed that sodium sulfate
was crystallized in the produced salts, and the surface of the sodium sulfate crystals was
covered by amine-based absorbents.

Figure 11. SEM images of produced salts at X300 (a), x1000 (b) and %5000 (c).

To determine the elemental compositions of the produced salts, EDS measurements
were performed, as shown in Figure 12. Figure 12 shows the EDS profile and elemental
mappings corresponding to the surfaces of the produced salts. Certainly, it was confirmed
that the elemental compositions of the produced salts consisted of carbon (C), nitrogen (N),
sulfur (S), oxygen (O) and sodium (Na). Thus, the existence of C and N compositions in the
EDS elemental mappings supports the SEM analyses.

To evaluate the influence of organic compositions on the crystallized salts, the atomic
percentages of the produced salts involved in C, N, S, O and Na were quantified. Figure 13a
shows the EDS map sum spectrum of the produced salts. The atomic percentages of the
produced salts were analyzed according to the EDS map sum spectrum, as shown in
Figure 13b. It can be observed that among them, the C percentage of the produced salts
(49.91%) was much highest. This phenomenon could be mainly related to the existence
of amine-based absorbents on the surfaces of crystallized sodium sulfate. Thereby, the
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obtained information suggests that priority pollutants, i.e., the amine-based absorbents,
migrated to the salts produced during the reuse treatment process.

DEmEEEEm ¢ :

(b)
\ s
-

Figure 12. EDS profile (a) and corresponding elemental mappings (b) of produced salt surfaces.
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Figure 13. EDS elemental map sum spectrum (a) and atomic percentages (b) of produced salts.
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As a result, a priority pollutant migration mechanism of the produced wastewater
from the tail gas oxidation-absorption technology of a natural gas purification plant during
the reuse treatment process is proposed, as shown in Figure 14. In practice, the tail gas
oxidation-absorption technology lowered sulfur dioxide emissions below 100 mg/m3,
which is better than the sulfur dioxide emission standard of GB/T39728-2020 in China
(<400 mg/m?3). Unfortunately, however, a large amount of wastewater was produced by
the tail gas oxidation-absorption technology (See Figure 6). It is found, that the produced
wastewater was acid sulfate-rich organic wastewater, and thereby TOC, COD, BODs, TN,
ammonia-N, SS and inorganic species could be detected. High values of TOC and TN
revealed that the priority pollutants of the produced wastewater were related to amine-
based absorbents (See Figure 4). With our reuse treatment process (See Figure 2), the TOC,
COD, BODs, TN, ammonia-N, SS and inorganic species of the permeated and condensate
water were reduced significantly, and their water quality could meet the reuse requirements
of recycling water (GB/T18920-2022) in China (See Figures 7-9). In particular, the obtained
results of FI-IR, SEM and EDS demonstrated that the salts produced from the evaporative
desalination treatment of the concentrated wastewater were mixtures of sodium sulfate and
amine-based absorbents (See Figures 10-13). Indeed, priority pollutants in the produced
water were removed successfully during the reuse treatment process.

Figure 14. A proposed priority pollutant migration mechanism during the reuse treatment process.

4. Conclusions

In summary, the oxidation-absorption technology and its produced wastewater were
described, and then a facile and full-scale reuse treatment strategy based on the sequential
combination of disc tube reverse osmosis and evaporation desalination at low temperature
and low pressure was reported. The produced wastewater was acid sulfate-rich organic
light yellow wastewater with a pH of 3.8. The COD, BOD5, TOC, ammonia-N, TN and SS of
the produced wastewater were 207, 71.9, 67.6, 1.28, 70.5 and 20.9 mg/L, respectively. SO42~
(6479 mg/L) and SO32~ (459 mg/L) were found in the produced water. After the DTRO
treatment, there was COD (6 mg/L), BODs (1.4 mg/L), TOC (0.9 mg/L), TN (2.07 mg/L),
SS (6 mg/L) and SO42~ (90 mg/L) in the permeated water. In the condensate water,
COD (11 mg/L), BODs (2.3 mg/L), TOC (4.3 mg/L), SS (2 mg/L) and SO42~ (1.2 mg/L)
were detected after the low-temperature evaporation and desalination treatments of the
concentrated wastewater. Obviously, with our proposed reuse treatment, the pollution
indexes were reduced to meet the water quality standard (GB/T18920-2022) in China, and
the total water recovery rate reached 98.2 vol%. As a result, the priority pollutant migration
mechanism during the reuse treatment process was determined. It was confirmed that
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the priority pollutants of the produced water, i.e., the amine-based absorbents, migrated
to the produced salts, so the water quality of the permeated water and condensate water
was excellent. This study provides insights into a facile and full-scale reuse treatment
system to obtain zero liquid discharge of the wastewater produced from the oxidation-
absorption technology.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/w15122259/s1, Video S1: process of low-temperature and low-pressure
evaporation desalination; Video S2: salts produced from the evaporation desalination treatment.
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