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A B S T R A C T   

One of the effective reuse application for waste salt, sodium chloride (NaCl), from a near-zero discharge process 
is the production of sodium hydrate (NaOH) by ion-exchange membrane electrolysis. However, the organic 
contaminants must be effectively removed from the waste salt before reuse to prevent the rise of cell voltage. In 
this study, a low-cost near-zero discharge integrated process was proposed for purifying and reusing waste NaCl 
from the hydrazine hydrate (N2H4) manufacturing process. In the integrated process, water washing followed by 
activated carbon adsorption was applied to purify the waste salt to meet the requirements for NaOH production 
using ion-exchange membrane electrolysis. Washing the salt at a water/salt ratio of 5:8, 88.5% of dissolved 
organic carbon (DOC) was removed, with 25% loss of salt in water washing. Saturated salt solution prepared 
from the salt after water washing was treated with activated carbon at a dose of 500 mg/L to further remove 10% 
DOC. Then the salt in the washing wastewater was obtained through evaporation and crystallization and further 
purified using pyrolysis, with a DOC removal over 99.17% at a temperature >500 ◦C. Evaluation using an ion- 
exchange membrane electrolysis system running for 42 h showed, that the voltage in treating purified salt by 
water washing and activated carbon adsorption was almost the same as that for pure salt, suggesting that the 
substances causing the rise of cell voltage were mostly removed. Meanwhile, though direct pyrolysis exhibited a 
DOC removal rate as high as 99.29% at a temperature >500 ◦C, the treatment cost is estimated to be 500 RMB/t, 
while the integrated process treatment cost is estimated to be 224.38 RMB/t. This study proposes a feasible way 
to reuse the waste salt from N2H4 manufacturing process.   

1. Introduction 

The treatment of high-salinity wastewater, which is frequently 
generated by chemical industries, has been challenging. Despite the very 
high treatment costs, “zero-liquid discharge (ZLD)” processes, including 
concentration, evaporation, and crystallization, have been increasingly 
adopted to treat high-salinity wastewater to meet the increasing envi-
ronmental requirements (Muhammad and Lee, 2019). While water 

generated during the ZLD processes can be reused for industrial pro-
duction, dealing with waste salts has become a major issue (Tian et al., 
2018). For example, hydrazine hydrate (N2H4) manufacturing plants 
generate 4–5 t of waste sodium chloride (NaCl) salt in producing 1 t of 
product (Li et al., 2018). Because of containing high concentration im-
purities and pollutants, waste salts generated from chemical industries 
are classified as hazardous wastes in China (Jing Li et al., 2020), and 
their disposal costs are very high (around 3,000 RMB/t) (Hu et al., 
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2013). Waste salt is piled up and stored, which causes environmental 
risks and waste of resources (Ostendorf et al., 2006). Thus, reusing waste 
salt as a raw material is an ideal treatment method, and it is more 
cost-effective than treating it as a hazardous waste. 

As sodium hydrate (NaOH) is one of the most widely-used industrial 
raw materials, the best method to reuse waste NaCl is to produce NaOH 
through ion-exchange membrane electrolysis (Du et al., 2018). How-
ever, the organic contaminants in waste NaCl can easily contaminate the 
ion-exchange membranes, and rapidly increase the voltage in the elec-
trolysis cells (James et al., 2009). Thus, the requirement of low organic 
content in the salt in ion-exchange membrane electrolysis hinders the 
reuse of waste salt (Thiel et al., 2017). 

At present, several technologies have been used to purify waste salt, 
including washing (Liu et al., 2015), pyrolysis (Su et al., 2019), 
adsorption (Cataldo et al., 2016), and membrane separation (Lu and He, 
2015). Recently, aqueous two-phase system (organic solvent extraction) 
has also been proposed for the separation and removal of organics in 
waste salt (Jing Li et al., 2020). Among these methods, pyrolysis has 
been considered as the most reliable and high-efficient approach in 
practical applications because it can efficiently decompose organic 
pollutants at temperatures of 450–700 ◦C (Li et al., 2017). Pyrolysis has 
been widely used for the treatment of waste salts, such as, 
cyanide-containing waste salt (Jiang et al., 2020), pesticide waste salts 
(Li et al., 2018), and pharmaceutical waste salts (Dong et al., 2019). 
However, the high operational cost is the major drawback of this method 
(Li et al., 2019). In contrast, the washing method, which removes 
organic contaminants attached to the salt surface through rinsing with 
water or organic solvents, is more economical. When the by-product salt 
of cyanoacetic acid was washed with water, a DOC removal of 70% was 
achieved after optimizing the washing conditions (Liu et al., 2015). The 
purification efficiency, however, is dependent on the solubility of the 
organic contaminants in the solvents, and further treatment is generally 
required before applying ion-exchange membrane electrolysis (Du et al., 
2018). Activated carbon adsorption, which is very efficient in the ab-
sorption of organic contaminants, could be used for the removal of re-
sidual pollutants in salt (Cataldo et al., 2016). At the same time, the 
resulting washing wastewater, which contains very high concentrations 
of organic compounds and inorganic salts (Li et al., 2019), requires 
further treatment (e.g. pyrolysis). Therefore, the combination of water 
washing, activated carbon adsorption, and pyrolysis is a potential 
method to treat waste salt. 

In this study, waste salt containing 98.1% NaCl which is generated in 
the N2H4 production via the ketoneazide-process, was selected for the 
study. Reclamation of N2H4 waste salt has been focused because of the 
generation of huge amount of waste salt during the production of N2H4 

(Huang et al., 2021). Reuse of the N2H4 waste salt directly would lead to 
an immediate voltage rise in the ion-exchange membrane electrolysis 
cells because of the high concentration of dissolved organic carbon 
(DOC) in the salt (approximately 1000 mg/kg). Though waste salt 
generated from the urea-process N2H4 production was used for baking 
soda manufacturing after it was treated by washing and carbonation 
(Zhou et al., 2017). However, there are few studies on the treatment and 
reuse of waste salts generated from the ketoneazide-process N2H4 pro-
duction. Waste salts generated from the ketoneazide-process would 
contain more abundant organic by-products, such as, unsaturated ke-
tones, condensation products of ketones, etc. (Zhou and Shi, 2019), 
which makes it more difficult for the reuse of waste salts. 

In this study, a near-zero discharge process was proposed for the 
purification and reuse of waste NaCl from ketoneazide-process N2H4 
manufacturing, as shown in Scheme 1. The N2H4 waste salt was first 
purified by water washing to remove the major organic contaminants. 
Subsequently, the treated salt after water washing was formulated into a 
nearly-saturated solution for further purification using activated carbon. 
The feasibility of reusing the purified waste salt to produce NaOH was 
evaluated using an ion-exchange membrane electrolysis test. Simulta-
neously, the salt in the washing wastewater was obtained through 
evaporation and crystallization and treated by pyrolysis. In addition, the 
treatment cost and energy consumption of the integrated process were 
compared with the direct pyrolysis process in this study. Therefore, this 
study provides a process reference for the treatment and reuse of waste 
salts from N2H4 manufacturing process. 

2. Materials and methods 

2.1. Materials and waste salt 

All experimental reagents were of analytical grade, unless specif-
ically indicated. Ultrapure water was used to prepare the solutions. 
Coconut shell powder activated carbon (PAC; iodine value, 1000 mg/g; 
particle size, 3 mm) was purchased from Guanghua (Ningxia, China). 

The cation exchange membrane (CEM) used for membrane elec-
trolysis was a perfluorosulfonic acid membrane (Asahi Kasei Corpora-
tion, Japan). The CEM was stored in 0.4% NaOH before use. 

Waste salt samples were provided by a N2H4 manufacturing factory 
in Changzhi City, Shanxi Province, China, which adopts the ketoneazide 
method for production (Kuriyama et al., 1998). The N2H4 production 
process was shown in Fig. S1 of the Supporting Information. As shown in 
Table 1, ions were obtained by ion chromatography analysis, and the 
main component of the waste salt was NaCl with a high purity of 98.1%. 
The DOC content varied for each batch, as shown in Tables 1 and S1. The 

Scheme 1. Process flow chart for treatment and reuse of waste hydrazine hydrate salt.  
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fifth batch of waste salt sample was used for the purification experiment, 
as it had a DOC of 1010 mg/kg and UV254 value of 0.826 (in 300 g/L salt 
solution). 

2.2. Purification of waste salt 

2.2.1. Water washing experiment 
During each wash, 80 g of salt was weighed and placed in a funnel 

(150 mL) with filter paper (NEWSTAR, 12.5 cm, China). Waste salt was 
washed using ultrapure water with a water/salt mass ratio varying from 
2:8 to 8:8 at 25 ◦C. Water was added according to the water/salt mass 
ratio, and the washing wastewater was collected in an Erlenmeyer flask. 
The samples were allowed to stand for 5 min before drying at 110 ◦C for 
24 h. The dried salt was evenly crushed in a mortar, and a part of the 
purified salt was used to prepare a solution containing 300 g/L NaCl. 
This solution was filtered through a 0.45-μm filter membrane for further 
processing and analysis using activated carbon. 

2.2.2. Activated carbon adsorption experiment 
For the adsorption equilibrium experiment, PAC was added to 250- 

mL beakers containing 50 mL prepared salt solutions at doses of 0, 
100, 150, 200, 400, 500, and 1000 mg/L. The adsorption experiments 
were performed in duplicates. The flasks were then placed in a shaker at 
200 rpm for 4 h. Then, PAC was removed using a glass filter, and the 
filtrates were used for analysis. For the adsorption kinetic experiment, 
two PAC dosages (100 and 500 mg/L) were used, and the samples were 
collected at 1, 3, 10, 30, 60, 120, 180, 360, 720, and 1440 min. The 
remaining operations were the same as those used in the adsorption 
equilibrium experiment. 

2.2.3. Pyrolysis experiment 
Washing wastewater collected at a water/salt mass ratio of 5:8 was 

evaporated in a blast drying box for two days, and the temperature was 
maintained at 110 ◦C. The acquired solids were pyrolyzed in a rotary 
tube furnace using air as the carrier gas. The pyrolysis temperatures 
were set at 150 ◦C, 200 ◦C, 250 ◦C, 300 ◦C, 350 ◦C, 400 ◦C, 450 ◦C, 
500 ◦C, 550 ◦C, and 600 ◦C, and the heating rate was set at 10 ◦C/min. 
For each pyrolysis experiment, the furnace was maintained at the 
different pyrolysis temperatures for 30 min. As a comparison, a batch of 
N2H4 waste salts was treated by direct pyrolysis, and the operating 
conditions were consistent with the pyrolysis experimental conditions of 
the integrated process. 

2.3. Analytical methods 

DOC was measured using a Total organic carbon (TOC) analyzer 
(TOC-L/CPH, Shimadzu, Japan), which is specialized for analyzing so-
lutions containing high concentrations of NaCl. The instrument included 
a halogen remover (with an iron mesh). Each sample of 300 g/L salt 
solution was diluted with ultrapure water (1:10) before analysis. The 
Ultraviolet (UV) absorbance of the samples was analyzed using Ultra-
violet–visible spectrometry (UV–Vis) spectrophotometer (UV-2600, 
Shimadzu, Japan) equipped with two square quartz cells with a 10-mm 
path length in the wavelength range of 185–400 nm with a sampling 

interval of 0.5 nm (Song et al., 2020). UV254 absorbance was recorded 
using the same equipment. The experiment was performed in triplicates, 
the DOC and UV254 of each experiment were measured, and the average 
value was used as the final result. 

Fluorescence excitation emission matrix (FEEM) measurements were 
also performed using a fluorescence spectrophotometer (FP-6500, Japan 
Jasco). The scanning speed was 10000 nm/min, and the response rate 
was 0.1 s. The excitation (Ex) bandwidth was 5 nm, and the emission 
(Em) bandwidth was 3 nm (Li and Sun, 2014). The Ex wavelength was 
recorded from 220 to 420 nm, and the Em wavelength was recorded 
from 280 to 560 nm (Hu et al., 2020). 

A simultaneous thermal analyzer (TA-Q600, the United States) was 
used to conduct thermal analysis of the waste salt obtained by evapo-
rating the washing wastewater. A nitrogen atmosphere was used as the 
carrier gas, and the heating rate was 10 ◦C/min. The heating tempera-
ture ranged from 22 ◦C to 600 ◦C. Thermal analysis was performed in 
duplicates. 

The infrared spectra of the NaCl salt samples were measured using 
Fourier-transform infrared spectroscopy (FTIR; NEXUS-670, the United 
States). The NaCl salt samples and KBr were mixed evenly in the pro-
portion of 1–100, and these samples were uniformly ground in an agate 
mortar (Ni Guanhua et al., 2019). The transparent flakes thus obtained 
from the mixed powder were analyzed in the infrared spectrometer in 
the 500–4000 cm− 1 range, by scanning 32 times (Anju et al., 2020). 

2.4. Related calculations 

2.4.1. Removal efficiency of DOC 
The DOC removal rate was calculated as: 

Removal Rate (%) =
( C0 − Ct )

C0
× 100 (1)  

where C0 and Ct are to DOC values before and after treatment, 
respectively. 

2.4.2. Specific UV absorbance at 254 nm 
The specific UV absorbance at 254 nm (SUVA254, L⋅mg− 1⋅m− 1) was 

used to estimate the dissolved aromatic carbon content in the solution 
(Weishaar et al., 2003). SUVA254 was calculated as follows (Williamson 
et al., 2021): 

SUVA254 =
A

DOC
× 100 (2)  

where A and DOC are the absorbance at 254 nm and dissolved organic 
carbon, respectively. 

2.5. Ion-exchange membrane electrolysis test 

An ion-exchange membrane electrolysis test was used to evaluate the 
feasibility of the purified waste salt for producing NaOH. The principle 
of electrolysis is shown in the reactions, R1, R2, and R3 (Khasawneh 
et al., 2019). 

Overall : 2NaCl + 2H2O̅̅̅̅̅̅→
Electrolysis 2NaOH + H2↑ + Cl2↑ (R1)  

Anode : 2Cl− → Cl2↑ + 2e− (R2)  

Cathode : 2H2O + 2e− → H2↑ + 2OH− (R3) 

The setup of the membrane electrolysis system is illustrated in 
Fig. 1a, which included a membrane electrolysis membrane stack, direct 
current power supply (MAISHENG, China), anode solution tank (300 g/ 
L NaCl solution), cathode solution tank (30% NaOH solution), and 
peristaltic pumps (LONGER, China). 

The principle of the membrane electrolysis separation process is 
illustrated in Fig. 1b. The membrane electrolysis membrane stack 

Table 1 
Hydrazine hydrate waste salt compositions.  

Composition Content Composition Content 

DOC 427.3–1010 mg/kg UV254 0.439–0.998 cm¡1 

Na 374 mg/g Cl− 607 mg/g 
K <0.004 mg/g Ca 0.01 mg/g 
Mg <0.16 mg/g Fe <0.006 mg/g 
SO4

2- <0.004 mg/g PO4
3- 0.010 mg/g 

Note: The DOC and UV254 ranges were obtained after measuring six batches of 
waste salt. See Table S1 for specific values. 
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comprised one cathode chamber (224.4 cm2) and one anode chamber 
(224.4 cm2), separated by a layer of CEM (perfluorosulfonic acid 
membrane). The effective area of each chamber was 105 cm2. The 
cathode and anode chambers were made of polypropylene, while the 
anode and cathode electrode mesh plates were made of titanium and 
nickel (105 cm2), respectively. A DC power supply (MAISHENG, China) 
was used to record the cell voltage of the membrane electrolysis 
experiment conducted at a current of 20 A. The liquid flow rate was 5.04 
mL/min at the anode and 9.7 mL/min at the cathode. All experiments 
were conducted at 25 ◦C. 

3. Results and discussion 

3.1. Removal of organic contaminants by water washing 

The removal efficiencies of organic contaminants by water washing 
for different water/salt ratios are shown in Fig. 2a. The DOC and UV254 
removal rates were 78.3% and 84.3%, respectively, even at a low water/ 
salt ratio of 2:8 (by weight), and further increased to 89.0% and 95.0%, 
respectively, at a water/salt ratio of 8:8. This indicated that the con-
taminants may be attached to the surface of the salt and can be effec-
tively removed through water washing. Compared with the water 
washing (after optimization) treatment of cyanoacetic acid waste salt, 
the DOC removal rate from N2H4 waste salt was increased by approxi-
mately 10% (Liu et al., 2015), indicating that water washing treatment is 
a highly effective technology for removing DOC from this salt. To 
determine the change in the organic functional groups, FTIR spectra 
were analyzed for the residues with different water/salt ratios, and these 
are presented in Fig. 2b. The waste salt exhibited absorption bands at 
867 cm− 1 (C–H out of plane vibration), 1120 cm− 1 (aromatic ring C–H 
in-plane bending), 1159 cm− 1 (CH3 rocking modes), 1260 cm− 1 (C–N 
stretching vibration by amide II), 1460 cm− 1 (C–C stretching modes of 
the phenyl group), 1630 cm− 1 (-OH bending vibration in crystal water), 
2040 cm− 1 (C––N stretching), 2854 cm− 1 (C–H stretching), 2925 cm− 1 

(C–H stretching), and 3440 cm− 1 (free state –OH, N–H stretching) (Anju 
et al., 2020). Waste salt may contain nitrogen-containing heterocyclic 
organic compounds, such as pyridine and pyrrole, which are aromatic 
and easily soluble in water (Zhu et al., 2016). After the water washing 
treatment, all the above-mentioned characteristic absorption values 
decreased, and the decreasing trends of peaks at 1260 cm− 1, 1460 cm− 1, 
2040 cm− 1, and 2925 cm− 1 (corresponding to C–N, C–C, C––N, and C–H) 
were the most evident. However, the weight loss of salt increased from 
9.5% to 33.2% with an increase in the water/salt ratio, as shown in 
Fig. S2. The DOC removal did not increase significantly, and the weight 
loss increases with the increase in water/salt ratio. Therefore, there is no 

need to wash with a higher water/salt ratio. A ratio of 5:8 can be 
selected, in which situation 88.5% DOC can be removed with 25% loss of 
salt. 

The 3D FEEM spectra of different samples are shown in Fig. 3. 
Fluorescence has been classified into five areas using the fluorescence 
regional integration (FRI) method (Hu et al., 2020), and the area ranges 
are listed in Table S2. As shown in Fig. 3a, one primary fluorescence 
peak (Peak A; λex/em = 320/390 nm) was observed in the untreated 
waste salt solution, which is associated with humic acid-like substances. 

Fig. 1. Diagram of the membrane electrolysis system. (a) Experimental apparatus: (1) membrane electrolysis membrane stack, (2) direct current power supply, (3) 
cathode chamber feed tank, (4) anode chamber feed tank, (5) anode chamber discharge collecting tank, (6) cathode chamber discharge collecting tank, and (7–8) 
peristaltic pumps. (b) Membrane stacks and separation principles of membrane electrolysis. 

Fig. 2. (a) The effect of water/salt ratio on DOC and UV254 removal. (b) FTIR 
spectra of salt solution samples at water/salt ratio ranging from 2:8 to 8:8. 
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Simultaneously, Peak B (λex/em = 240/395 nm), which is attributed to 
fulvic acid-like substances, occurred weakly. After the water washing 
treatment (Fig. 3b–g), Peak B disappeared, while Peak A exhibited a very 
weak signal at a water/salt ratio of 2:8. The fluorescence intensities of 
areas III, IV, and V decreased by 66.36%, 83.80%, and 81.69%, 
respectively, indicating that the water washing treatment could effi-
ciently remove most fulvic acid-like and humic acid-like substances (as 
shown in Fig. S3). Both the peaks disappeared at a water/salt ratio of 
8:8. Furthermore, the UV–Vis spectra of the salt solution (NaCl, 300 g/L) 
before and after treatment are shown in Fig. S4. The absorbance in the 
250–300 nm range, which is associated with aromatic compounds (Song 
et al., 2020), evidently changed significantly with an increase in the 
water/salt ratio. Thus, both the UV–Vis and 3D fluorescence observa-
tions were sensitive to changes in the organic composition of the waste 
salt solution, and could be used as indicators of organic contaminants 
instead of DOC, which is difficult to measure for saline samples. 

3.2. Further treatment using PAC adsorption 

The kinetic experimental results are shown in Fig. S5. Both the DOC 
and UV254 removal results showed that PAC adsorption would be close 
to equilibrium within 2 h. The kinetic data were analyzed using the 
pseudo-first-order, pseudo-second-order, and intra-particle diffusion 
equations (Table S3) (Zhang et al., 2013), and the fitting results at a PAC 
dosage of 100 mg/L are shown in Table S4. The pseudo-second-order 
kinetic model well described the DOC adsorption by PAC in the waste 
salt solution (R2 = 0.997, k2 = 0.296 h− 1). 

The effects of PAC dosage on the removal efficiencies of DOC and 
SUVA254 are shown in Fig. 4a and b. At a PAC dosage of 500 mg/L, 10% 
DOC could be further removed. In Fig. 4b, SUVA254 is lower than 2 L 
mg− 1⋅m− 1, indicating that the organic matter in the solution has low 
aromaticity and low hydrophobicity (Weishaar et al., 2003). With an 
increase in the dosage, the reduction of SUVA254 revealed that the 
existing aromatic organic matter was removed by PAC adsorption. It was 
confirmed that PAC adsorption effectively removed organic pollutants, 
even at high salt concentrations of 300 g/L. However, a further increase 

Fig. 3. FEEM spectra of samples: (a) near saturated waste salt solution; near-saturated solutions of salt treated at water/salt ratio of (b) 2:8, (c) 3:8, (d) 4:8, (e) 5:8, (f) 
6:8, and (g) 8:8. 

Fig. 4. Effect of PAC dosage on (a) DOC removal efficiency and SUVA254, and 
(b) Wavelength scanning spectrum for different PAC dosages. 
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in PAC dosage did not significantly increase the removal rate. The 
Freundlich isotherm model (Zhang et al., 2013) well described the 
adsorption isotherm data based on DOC and UV254, respectively (R2

DOC 
= 0.851, R2

UV254 = 0.98), as shown in Table S5. The 1/n value of the 
adsorption isotherm based on DOC data fitting was 42.52, which is much 
higher than the 1/n value (usually 0.1–2) for the treatment of conven-
tional wastewater (Hernandez-Abreu et al., 2020). The 1/n of the 
adsorption isotherm based on UV254 data fitting was 3.77, which is close 
to the corresponding 1/n value of the adsorption isotherm for conven-
tional wastewater treatment using activated carbon (Dialynas et al., 
2008). Moreover, the residual aromatic substances in the waste salt 
could be effectively removed with activated carbon. Therefore, acti-
vated carbon could effectively remove UV254, but the removal of DOC 
was limited. In addition, to further understand the adsorption effect of 
PAC dosage on organic functional groups, UV–Vis spectra analysis was 
also conducted (Fig. 4c). It can be seen that the absorption in the range 
of 240–280 nm changed significantly, which indicated that the aromatic 
organic matter may be adsorbed and removed by the activated carbon, 
but the decrease in the absorption rate was low. 

3.3. Removal of organic contaminants in washing wastewater using 
pyrolysis treatment 

As previously described, approximately 25% of the salt was lost 
during water washing at a water/salt ratio of 5:8, resulting in washing 
wastewater containing high concentrations of salt and organic con-
taminants. The DOC in the salt produced through evaporation was 
2184.2 mg/kg, and the UV254 value in 300 g/L salt solution was 1.92. 

This salt sample was subjected to pyrolysis. The removal results are 
shown in Fig. 5a. Approximately 16.4% DOC removal was achieved at a 
pyrolysis temperature of 200 ◦C, and 92.08% of DOC was removed at 
450 ◦C. At a pyrolysis temperature of 550 ◦C, 99.17% DOC removal was 
achieved, with the UV254 of the nearly-saturated salt solution at a low 
value of 0.004 (Fig. 5a). This indicated that almost all the organic 
contaminants in the salt were removed. At such a high salt purity, this 
salt can be reused for sodium hydroxide production using ion-exchange 
membrane electrolysis. 

Thermogravimetric (TG) and derivative thermogravimetric (DTG) 
analyses were performed to study the pyrolysis characteristics and 
behavior of the waste salt obtained through evaporation of the washing 
wastewater (Zhang et al., 2019), as shown in Fig. 5b. Four stages were 
identified according to the TG/DTG curve. The first stage, occurring 
from 22 ◦C to 168 ◦C, was primarily attributed to dehydration with a 
mass loss of 8.87%. In this stage, free and bound water were almost 
removed, with the release of some light volatiles (Zhang et al., 2019). 

The second (168–348 ◦C) and third (348–449.5 ◦C) stages exhibited 
mass losses of 3.2% and 0.96%, respectively. The decomposition of 
organic contaminants should primarily occur in these two stages (Zhang 
et al., 2019). The fluorescence spectrum was almost not detectable at a 
temperature of 450 ◦C, which agreed well with the trend of DOC 
removal (Fig. S6). However, UV254 exhibited a different changing 
pattern, as it increased over a temperature range of 200–350 ◦C 
(Fig. 5a). This may be because some compounds with higher UV 
absorbance had formed in this temperature range. 

The fourth stage (>449.5 ◦C) was the fixed carbon combustion stage 
(Fig. 5b). The mass loss (0.93%) of the process could be due to the 
removal of residual organic volatiles and fixed carbon from the salt. At 
this stage, more organic contaminants present in the waste salt were 
removed. Therefore, during the pyrolysis of the waste salt with high 
organic concentration, which was obtained by evaporating and crys-
tallizing the washing wastewater, 500–550 ◦C was the most efficient 
temperature range for removing organic contaminants. The treated salt 
could be used as an industrial raw material after filtration and removal 
of impurities. 

3.4. Feasibility of reusing the purified salt as feed for ion-exchange 
membrane electrolysis 

In this study, a reusability evaluation analysis was performed for the 
purified salt after water washing and PAC treatment. The purified salt 
was used as a raw material in the ion-exchange membrane electrolysis 
simulation experiment, and its cell voltage during operation was 

Fig. 5. (a) DOC removal efficiency and UV254 absorbance of the solutions 
prepared using waste salt treated under different pyrolysis temperatures. (b) 
TG/DTG curve for the waste salt acquired by evaporating the 
washing wastewater. 

Fig. 6. Variations of membrane electrolysis cell voltages using different salt 
solutions as feed. 
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compared with the cell voltage of the fresh salt. 
As shown in Fig. 6, the waste salt solution exhibited a higher cell 

voltage (average voltage, 4.81 V; error, 0.0472), with an increasing 
trend (slope = 9.87%) compared to that of the fresh analytical grade 
(AG) salt (average voltage, 4.33 V; error, 0.0682). The cell voltage of the 
waste salt after water washing treatment was effectively reduced from 
4.81 V to 4.44 V (average voltage; error, 0.0608). The integrated process 
exhibited a similar cell voltage ((average voltage, 4.35 V; error, 0.0566) 
to that of the fresh AG salt (4.33 V) over a period of 42 h. Previous 
studies have shown that quaternary ammonium cations have a stronger 
adsorption effect on perfluorosulfonic acid CEM than Na+, thereby 
increasing the voltage drop across the membrane (Palomo, 2003). 
Therefore, the organic impurities in the waste salt might mainly exist in 
the form of ions in the solution. As shown in Fig. 2b, the organic im-
purities in the waste salt also possibly contained amine functional 
groups. During ion-exchange membrane electrolysis, the positively 
charged organics affected the cell voltage. These organic impurities are 
required to analyze in detail in further studies. The purified salt con-
tained a small amount of organic matter, which was slightly higher than 
that of the fresh salt. However, the major pollutants affecting electrolysis 
may have been removed by the treatments. Thus, through water 
washing followed by PAC adsorption, the purified salt could be used as 
the feed for membrane electrolysis to produce NaOH. In addition, in the 
actual chlor-alkali production process, pretreatment including floccu-
lation precipitation, nanofiltration and chelating resin adsorption is 
usually conducted before the salt solution enters the anode chamber to 
reduce the problem of membrane fouling (Khasawneh et al., 2019). It is 
assumed that such pretreatment could further reduce the contamination, 
which could ensure stable operation of the ion-exchange membrane 
electrolysis. 

3.5. Framework and cost estimation of hydrazine hydrate waste salt 
treatment and reuse 

The framework for the treatment and reuse of N2H4 waste salt is 
shown in Fig. 7. The DOC in the original waste salt was 1010 mg/kg, and 
the UV254 value in the 300 g/L salt solution was 0.826. The waste salt 
was first treated by water washing at a water/salt ratio of 5:8 to remove 
most of the organic contaminants. The washing time was adjusted ac-
cording to the processing volume. For example, the water flow required 
30 s to flush 100 g salt, and the treated salt could stand for 5 min. If the 
scale is expanded, the standing time could be 0.5–1 h. After water 
washing, DOC and UV254 were reduced to 116 mg/kg and 0.031, 
respectively, with a loss of 25% salt. Then, the salt was dissolved into a 
nearly-saturated salt solution, which was subjected to PAC adsorption at 
a dose of 500 mg/L to achieve pure salt for producing NaOH using ion- 
exchange membrane electrolysis. Simultaneously, the washing waste-
water containing 25% salt was subjected to evaporation and crystalli-
zation to produce salt crystals. The evaporation process was 
accompanied by a loss of 377 mg/kg DOC. This part of the waste salt 
(DOC = 2184 mg/kg; UV254 = 1.92) was subjected to pyrolysis treat-
ment for 0.5 h to remove organic contaminants at 550 ◦C, in which DOC 
and UV254 were reduced to 8.5 mg/kg and 0.004, respectively. The 
treated salt was also sufficiently pure to produce NaOH. Thus, almost all 
of the waste salt generated during the production of N2H4 could be 

returned to the production process, significantly reducing the genera-
tion of solid wastes. 

The approximate cost of the waste salt treatment process was esti-
mated, as shown in Table 2 and Table 3. The economic estimation is 
performed based on the plant capacity in this study, i.e., 200 t/d. The 
capital costs of the conventional process and the proposed integrated 
process in this study were 7,773,950 and 19,117,625 RMB, respectively 
(Table 2). However, the treatment cost of the proposed process will be 
only 55.1% of that of the conventional one (Table 3). The durations of 
the two processes would not be so different since the water washing, 
activated carbon adsorption and pyrolysis treatments could be operated 
simultaneously. 

Fig. 7. Schematic diagram of waste salt treatment and changes of organic contaminant contents during the process.  

Table 2 
Comparison of capital costs for the conventional process and the proposed in-
tegrated process.   

Item/process a Cost (RMB) Reference 

Conventional 
process 

1. Capital costs of 
units   
Pyrolysis 5,460,000 Riedewald et al. (2021) 

The processing capacity is 
25t each time. 

Total capital cost 
of units 

5,460,000  

2. Other costs   
Installation cost 2,000,000  
Miscellaneous 
items 

273,000 5% of total capital cost of 
units (Nadeem et al., 2019) 

Plant 
interconnecting 
piping 

13,650 5% of units and 
miscellaneous items 

Engineering 27,300 10% of units and 
miscellaneous items 

Total capital cost b 7,773,950    

Proposed 
integrated 
process 

1. Capital costs of 
units   
Water washing 1,850,000  
Activated carbon 
adsorption 

2,100,000 Zhang (2020) 
500 m3/d highly saline 
wastewater (solution 
concentration-300 g/L) 

Evaporation 3,940,000  
Pyrolysis 5,460,000 The processing capacity is 

25t each time. 
Total capital cost 
of units 

13,350,000  

2. Other costs   
Installation cost 5,000,000  
Miscellaneous 
items 

667,500 5% of total capital cost of 
units 

Plant 
interconnecting 
piping 

33,375 5% of units and 
miscellaneous items 

Engineering 66,750 10% of units and 
miscellaneous items 

Total capital cost b 19,117,625  

Note: a Calculated and estimated through Chinese market price. b Indirect costs 
(interest rate during construction, contingency, fees, project management, etc.) 
were not included in the total capital cost. 
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Pyrolysis, as a conventional process for waste salt treatment, costs at 
least 500 RMB/t. When N2H4 waste salt was directly subjected to py-
rolysis treatment, the DOC removal rate reaches 99.29% at a tempera-
ture >500 ◦C, which was in accordance with the UV adsorbance 
(Fig. S7). On the other hand, the fluorescence spectrum was almost not 
detectable at a temperature of 450 ◦C (Fig. S8), suggesting that the 
UV254 result matched DOC removal better. Detailed information is 
provided in the Supporting Information. In this study, washing and acti-
vated carbon processes were combined to reduce the pyrolysis treatment 
required. After improving the process, the processing cost decreased to 
224.38 RMB/t (Table 3). In future studies, the process can be further 
improved by using pyrolysis to treat only one-tenth of the waste salt, and 
the treatment cost can be reduced to below 150 RMB/t. 

Meanwhile, the proposed water washing based integrated process 
could reduce energy consumption. The energy consumption for water 
evaporation and pyrolysis is estimated to be 15.0 (Ye et al., 2017) and 
33.9 (Wu et al., 2020) kWh/t, respectively. The energy consumption of 
the conventional direct pyrolysis process is 33.9 kWh/t, as shown in 
Fig. S9. When 1 ton of waste salt is treated by the proposed process, 
0.625 t washing wastewater will be evaporated, consuming 9.375 kWh 
energy, and 0.25 t waste salt will be treated using pyrolysis, consuming 
8.48 kWh energy. The total energy consumption will be 17.86 kWh/t, 
which could reduce energy consumption by 47.4% in comparison with 
the conventional process. In addition, the waste heat generated in the 
pyrolysis stage could be utilized for the evaporation stage, which could 
further reduce the total energy consumption and carbon emissions. 

4. Conclusions 

A near-zero discharge process was proposed for the purification and 
reuse of waste NaCl generated during N2H4 production. The DOC of the 
waste salt was reduced from 303 mg/L (1010 mg/kg) to 28.31 mg/L by 
water washing at a water/salt ratio of 5:8, followed by activated carbon 
adsorption at a dose of 500 mg/L. The ion-exchange membrane elec-
trolysis with a 42 h test demonstrated that the purified waste salt could 
be reused for the production of NaOH. Approximately 25% waste salt 
was transferred to the washing wastewater. This salt, after evaporation, 
could be treated by pyrolysis at a temperature >500 ◦C to remove 
99.17% of DOC. The purified salt could also be reused for the production 
of NaOH. Additionally, though direct pyrolysis exhibited a DOC removal 
rate as high as 99.29% at a temperature >500 ◦C, the integrated process 
treatment cost was roughly estimated to be 55.1% less than that of the 
direct pyrolysis treatment. Thus, the integrated process in this study 
demonstrates almost all of the waste salt generated during the produc-
tion of N2H4 could be returned to the production process at a signifi-
cantly low cost. In future studies, the integrated process will be tested in 
pilot study to evaluate its practical feasibility. Meanwhile, the process is 
further improved to reduce the treatment cost to less than 150 RMB/t. 
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