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Abstract. In the zero-discharge treatment processes of high-salt wastewater, calcium ions, magnesium ions 
and silica can lead to scaling problems in membrane equipment and pipelines. When fouling is difficult to 
remove completely, it eventually leads to deterioration in the performance of the wastewater treatment system. 
In order to ensure the long-term stable operation of the zero-discharge process for high-salt wastewater, 
hardness and silica must be effectively removed in the pre-treatment section of high-salt wastewater. In 
addition, the current zero-discharge pre-treatment process for high-salt wastewater has disadvantages, such 
as long processes, poor system stability, large floor space and high operating costs. In response to the above 
problems, this paper designs and processes an integrated dosing coagulation-tubular microfiltration process 
for hardness and silica removal based on dosing coagulation experiments with high-salt wastewater from a 
typical coal-chemical plant, and conducts the tests of wastewater hardness and silica removal. In the 
experiment, the removal rate of calcium ions, magnesium ions and total silicon were close to 90%, the 
turbidity of the effluent was less than 1NTU, all suspended solids (SS) were removed, and the recovery rate 
of wastewater was close to 100%. 

1. Introduction 
High-salt wastewater is generally defined as wastewater 
with a total salt mass fraction (in terms of NaCl) of 1% or 
more, mainly from coal and chemical plants, printing and 
dyeing plants, leather manufacturing plants, pesticide 
plants, antibiotic pharmaceutical plants and oil and gas 
gathering. Currently, high-salt wastewater is being 
generated on a larger scale, accounting for about a quarter 
of the total industrial wastewater volume. Untreated high-
salt wastewater contains large amounts of inorganic salt 
ions such as sodium, potassium, calcium, magnesium, 
ammonium, chlorine, phosphate, nitrate and pollutants 
such as COD, silica and organic halogens [1-5]. If large 
quantities of high-salt wastewater are discharged directly, 
they will pollute surface water and seep down to 
contaminate groundwater, causing serious environmental 
pollution. In 2015, China introduced the “ The Action Plan 
for Prevention and Treatment of Water Pollution”, 
referred as “Ten-point Water plan”. In order to 
systematically promote water pollution prevention and 
control, water ecology protection and water resources 
management, it is required that wastewater from high 
water-consuming enterprises be treated and reused in 
depth, and the high-salt wastewater is conducted zero-
discharge treatment [6,7].  

At present, the zero-discharge process for high-salt 
wastewater is basically mature, and that for wastewater in 
general industry is consisted of three parts: pretreatment, 
nanofiltration (NF)/reverse osmosis (RO) concentration, 

evaporation and crystallization [8-10]. The zero-discharge 
treatment of high-salt wastewater not only reduces 
wastewater pollution, but also plays an important role in 
water conservation and recycling of water resources. 
However, there are still many problems in the operation of 
zero-discharge wastewater process, among which the 
scaling problem of RO and evaporation crystallisation 
equipment is the most serious. The Scaling problem 
caused by hardness (Ca2+, Mg2+) in wastewater is 
currently considered a major problem in industry, with 
common scaling compounds including calcium carbonate, 
calcium sulphate and magnesium hydroxide 11. Reducing 
alkalinity by acidifying the wastewater can prevent the 
formation of calcium and magnesium precipitates. But 
acidification treatment can lead to more serious silica 
scaling problems [12,13]. Silica scaling is difficult to remove 
completely from reverse osmosis membranes, and it 
ultimately leads to deterioration in wastewater treatment 
system performance, such as reducing reverse osmosis 
efficiency and system operating life. Although strong 
cleaning agents such as diammonium fluoride (NH4HF2) 
and hydrofluoric acid (HF) can be used to remove silica 
scale, but they can also lead to equipment damage and 
cause problems such as environmental contamination 
[14,15]. 

Therefore, to avoid the scaling problem of membrane 
equipment and pipelines, and to ensure long-term, stable 
operation of the zero-discharge process, calcium ions, 
magnesium ions and silica must be removed in the pre-
treatment section of high-salt wastewater. Conventional 
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zero-discharge pretreatment processes of wastewater 
mostly use the traditional chemical reaction + high density 
pool + multi-media filtration + ultrafiltration process flow, 
which has long processes, poor system stability, large 
occupies area and high operating costs [9,16,17]. In this paper, 
we take the high-salt wastewater of typical coal chemical 
industry as the subject, design and process an integrated 
dosing coagulation-tubular microfiltration process to 
remove hardness and silica by using chemicals screened 
from previous dosing coagulation experiments on high-
salt wastewater, and conduct experimental studies to 
verify the effect of the integrated dosing coagulation-
tubular microfiltration operation process to remove 
hardness and silica. 

2. Experimental part  

2.1. Experimental device and materials  

Reagents: sodium hydroxide (AR), sodium bicarbonate 
(AR), hexamethylenetetramine (AR), catechol violet (AR), 
sodium carbonate (AR), magnesium chloride (AR), 
sodium meta-aluminate (AR), etc. 

Experimental device: UV spectrophotometer T6-
1650E (Beijing Puxi General Instrument Co., Ltd.), water 
quality analyzer XZ-041 (Shanghai Haiheng 
Electromechanical Instrument Co., Ltd.), etc.  

2.2. Wastewater quality analysis  

The high salt wastewater used in the experiment was taken 
from a coal chemical plant, and the determination of each 
water quality parameter was completed in strict 
accordance when the high salt wastewater was taken back 
within one week with the above determination method. 
The test results are shown in Table 1. 

Table 1. Measurement results of water quality parameters for high salt wastewater  
Serial number Project Unit Result 

1 pH No dimension 8.31 
2 Electrical conductivity μS/cm 52312.25 
3 Suspended solids mg/L 20.24 
4 Calcium ions mg/L 440.88 
5 Magnesium ions mg/L 121.22 
6 Turbidity NTU 5.80 
7 Silicon dioxide (calculated by total silicon) mg/L 197.32 

 

2.3. Process description and design  

The traditional operation process of the removal of 
hardeness and silica for wastewater is a combination of 
dosing coagulation and gravity sedimentation. The 
clarification section is commonly used to set up a 
sedimentation tank, which separates the solids and liquids 
in the wastewater by gravity settling, and the supernatant 
of the sedimentation tank is pre-filtered by a multi-media 
filter. After passing through the security filtration 
equipment, hollow fiber ultrafiltration is used for further 

turbidity removal, and finally enters the membrane 
separation and other units for desalination and 
concentration, and the produced water returns to the main 
system. The whole treatment process is long, unreliable, 
with high investment, large floor space and high operating 
costs. In the traditional process, the solid-liquid separation 
stage requires the addition of flocculants, which indirectly 
brings greater negative impacts to subsequent equipment 
such as hollow fibre ultrafiltration and reverse osmosis, 
for example, fouling clogs which are difficult to recover 
from and broken filaments. The process flow is shown in 
Fig. 1. 

 
Figure 1. Flow chart of traditional dosing coagulation-free sedimentation 

In order to shorten the traditional process of hardness 
and silica removal and ensure the stable operation of the 
subsequent wastewater treatment equipment, an 
integrated dosing coagulation-tubular microfiltration 
process for hardness and silica removal is designed and 

adopted. The process can be simply described as a two-
step process of chemical dosing + TMF (tubular 
membrane filtration), shortening the traditional process 
flow. And the solid and liquid in the wastewater can be 
separated by filtration without adding flocculant after the 
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In order to shorten the traditional process of hardness 
and silica removal and ensure the stable operation of the 
subsequent wastewater treatment equipment, an 
integrated dosing coagulation-tubular microfiltration 
process for hardness and silica removal is designed and 

adopted. The process can be simply described as a two-
step process of chemical dosing + TMF (tubular 
membrane filtration), shortening the traditional process 
flow. And the solid and liquid in the wastewater can be 
separated by filtration without adding flocculant after the 

hard and silicon removal by one-time dosing, effectively 
protecting the subsequent recovery reverse osmosis unit 

and improving its recovery rate and operational stability. 
The process flow is shown in Fig. 2. 

 
Figure 2. Flow chart of dosing coagulation-tubular microfiltration integration  

The dosing coagulation-tube microfiltration process is 
equipped with two dosing reaction tanks, the first reaction 
tank is equipped with silicon removal agent, and the 
second reaction tank is equipped with hardness removal 
agent. A buffer sedimentation tank is set behind the dosing 
reaction tank to preliminarily settle the wastewater after 
dosing, and then the wastewater enters the tubular 
membrane system through the circulating water pump for 

solid-liquid separation. The wastewater filtered and 
treated by the tubular membrane system enters the 
subsequent reverse osmosis equipment, and the separated 
sediment enters the buffer sedimentation tank through the 
sludge discharge pipe. TMF (tubular membrane) used in 
dosing coagulation-tube microfiltration process is 
produced by Porex Company of the United States, and the 
membrane performance parameters are shown in Table 2. 

Table 2. Main performance parameters of tubular membrane 
Main project Technical parameter 

Membrane type MME2005301VP 
Effective filtration area 0.035m2 

Filter pore size 0.05μm 
Number of membrane cores 1 

Core size 1.27cm 
Component length 91.4cm 

Component diameter DN32 
Interface diameter at concentrated water side DN32 
Interface diameter at water production side DN20 

Maximum operating membrane permeability differential 
pressure 0.2MPa 

Maximum inlet water pressure 0.4MPa 
Maximum inlet water temperature 40℃ 

pH 0~14 
 

2.4. Experimental method  

2.4.1. Experimental method for the removal of 
hardness and silica by dosing coagulation The 
dosing and coagulation experiment is carried out to 
remove hardness and silica from high-salt wastewater by 
using a double-alkali method and aluminium-based 
coagulants. The experimental procedure is as follows: take 
several copies of 250mL water samples of high salt 
wastewater in a beaker, adjust the temperature, add the 
hardness and silica removal agent step by step, stir at a 
constant speed of 150r/min for 20min. After standing at a 
constant temperature for 1h, remove an appropriate 
amount of water samples at 2cm below the liquid surface, 
filter the removed water samples through 0.45μm filter 
membrane and determine the residual amount of calcium 

ions, magnesium ions and total silica, and calculate the 
corresponding removal rate. 

2.4.2. Test method for hardness and silicon 
removal by dosing coagulation-tubular 
microfiltration A dosing coagulation-tubular 
microfiltration process is used to carry out the hardness 
and silica removal test. In the test, the optimum dosage of 
hardness and silicon removal agent is calculated according 
to on the treatment of water volume, and add the agent to 
the first and second reaction pools respectively. Using a 
circulation pump to pass the treated high-salt wastewater 
into the reaction pools in turn, with a residence time of 
20min in each pool. The wastewater after dosing and 
coagulation is pumped into the tubular microfiltration 
membrane system through the circulating pump. The inlet 
flow is changed by adjusting the inlet pressure, and 
calculating the performance parameters of the tubular 
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Post-treatment concentration reduction 

 

Solid-liquid separation filtration and 
turbidity removal process unit 
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microfiltration membrane system, such as the stable 
operation time, outlet pressure, outlet flow, wastewater 
recovery rate, membrane flux. 

3. Results and discussion  

3.1. Test of dosing coagulation to hardness and 
silica removal  

The water quality parameters of high-salt wastewater are 
measured after the addition of hardness and silica removal 
chemicals (NaOH 450mg/L, Na2CO3 1100mg/L, NaAlO2 
600mg/L), and the results of test are shown in Table 3. 

Table 3. The results of water quality parameters of high-salt wastewater after hardness and silicon removal  
Number Project Unit Result 

1 pH - 11.29 
2 Conductivity μS/cm 56215.61 
3 Suspended solids (SS) mg/L 2581.8 
4 Calcium ions mg/L 37.47 
5 Magnesium ions mg/L 11.97 
6 Silicon dioxide (calculated by total silicon) mg/L 19.53 
7 Calcium ions removal rate (%) - 91.5 
8 Magnesium ions removal rate (%) - 86 
9 Silica removal rate (%) - 90 

10 Turbidity NTU 952.5 
 

Table 3 shows that calcium ions and magnesium ions 
and silica in the high-salt wastewater are removed 
efficiently after the addition of hardness and silica 
removal agents, with removal rates of 91.5%, 86% and 90% 
respectively. However, the content of suspended solids 
(SS) and turbidity in the wastewater rise rapidly after 
dosing. In order to ensure the normal operation of the 
subsequent equipment such as nanofiltration reverse 
osmosis, the precipitates need to be separated from the 
wastewater. 

3.2. Test of dosing coagulation-tubular 
microfiltration integrated to hardness and silica 
removal  

In the test of dosing coagulation-tubular microfiltration 
integrated hardness and silicon removal, the designed 
water volume for treating high-salt wastewater is 50L. 
After adding a quantitative hardness and silicon removal 
agent, the single-tube operating performance parameters 
of the tubular microfiltration membrane system are shown 
in Table 4. 

Table 4. Performance parameters for single-tube operation of tubular microfiltration membrane systems 

 
Table 4 shows that the removal rate of calcium ions 

and magnesium ions and silicon dioxide by the dosing 
coagulation-tube microfiltration process is basically the 
same as that of the previous hardness and silicon removal 
experiment. Under different influent flows, the turbidity 
of effluent is less than 1 NTU, and suspended solids (SS) 
is completely removed, with excellent solid-liquid 
separation effect. With the increase of influent flow, the 
running time of the system is significantly reduced, the 
membrane flux is greatly increased, and the wastewater 
recovery rate is close to 100%. In order to further shorten 

the running time of the system and improve the efficiency 
of high-salt wastewater treatment, the operation 
performance parameters of the tubular microfiltration 
membrane system are investigated by using the multi-pipe 
paralleling water inlet mode. The performance parameters 
of multi-tube tandem operation are shown in Table 5. 

 
 
 
 

Main project Inlet flow（L/h） 
2500 3000 3500 4000 

Inlet water pressure (kg/cm2) 0.4 0.9 1.2 1.7 
Output water pressure (kg/cm2) 0.25 0.5 0.7 1 

Flow rate of discharge water (L/h) 22.39 26.32 36.06 60 
Running time (min) 40 34 25 15 
Recovery rate (%) 97.2 97.2 96.8 96 

Calcium ions removal rate (%) 90.2 90.4 90.8 89.11 
Magnesium ions removal rate (%) 88.1 88.2 88.2 87.9 
Silicon dioxide removal rate (%) 89.92 90.1 88.91 88.81 
Turbidity of effluent（NTU） 0.51 0.4 0.71 0.55 

SS（mg/L） 0 0 0 0 
Membrane flux（L/m2·h） 639.71 752 1030.29 1714.29 
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It can be seen from Table 5 that when using a multi-

tube tandem inlet mode, the removal effect of dosing 
coagulation-tube microfiltration process on calcium ions 
and magnesium ions, silica, turbidity and SS is basically 
the same as that of the single-pipe system, and the 
wastewater recovery rate is slightly decreased. At the 
same inlet flow rate, the running time of the system is 
significantly shorter than that of the single-pipe system. 
However, when the inlet flow rate is 4000L/h, the inlet 
and outlet water pressure fluctuates, and the circulating 
pump appears to be idling, resulting in the unstable 
operation of the system. Through comprehensive analysis, 
the multi-pipe tandem system can effectively improve the 
efficiency of wastewater treatment, but it also needs to 
control the inlet water flow in combination with the 
treatment water volume to maintain the stable operation of 
the system. 

4. conclusion  
⚫ By using the dosing coagulation method and 

adding hardness and silica removal agents 
(NaOH 450mg/L, Na2CO3 1100mg/L, NaAlO2 
600mg/L) to the high salt wastewater, calcium 
ions and magnesium ions and silica in the 
wastewater can be removed efficiently, with the 
removal rates of 91.5%, 86% and 90% 
respectively. However, after dosing treatment, 
the suspended solids (SS) and turbidity content 
in the wastewater rises rapidly. In order to ensure 
the normal operation of the equipment such as 
nanofiltration reverse osmosis in the subsequent 
process of zero-discharge wastewater, the 
precipitates need to be separated from the 
wastewater.  

⚫ The integrated coagulation-tubular 
microfiltration process can remove calcium ions 
and magnesium ions and silica from the 
wastewater with high efficiency, and the 
turbidity of the effluent is less than 1NTU at 
different influent flows, the suspended solids (SS) 

is removed completely and the wastewater 
recovery rate is close to 100%, with excellent 
solid-liquid separation. The process can provide 
reference for the development of wastewater 
hardness and silica removal and subsequent zero-
discharge process. 
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