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Figure 7. Changes of laccase activities of white-rot fungi. 

 

As illustrated in Figure 8, the growth rates of the fungi in the Pd+Q+I, 

N+Pd+Q+I, P+Pd+Q+I and N+P+Pd+Q+I conditions reached the 
maximum values of 0.106, 0.102, 0.100 and 0.085 g/d on the 2nd, 2nd, 

3rd and 2nd days, respectively. 

 

 

Figure 8. Growth rate of white-rot fungi biomass. 
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Figure 9 illustrates that the pH of the four systems in the first four days 

also changed similarly and then again reached the lowest values on the 

4-5th day. This drop in pH can be attributed to the degradation of phenol 
and indole and their intermediates. However, other aromatic acid based 

compounds present (the degradation products of the cellulosic 
components of culture media) also play an important role. It was 

observed that the pH of N+Pd+Q+I and N+P+Pd+Q+I systems after 
four days was comparatively higher than that of the other two. This may 

be caused due to the presence of a stable buffer system formed 
between ammonia nitrogen and aromatic acids after the concentration 

of ammonia nitrogen was stable, and showed weak alkalinity. 

 

 

Figure 9. Time dependent changes in the pH of the four systems. 

 

 

Treatment of Actual Coking Wastewater by White-Rot 
Fungi 

 

 

The degradation of actual coking wastewater was mainly dependent 
upon the role of divalent metal ions in the degradation of nitrogen 

heterocyclic compounds. In addition, other factors that influenced the 
process of degradation included the concentration of other major 

pollutants in coking wastewater and the biological characteristics of 
white-rot fungi in the four degradation systems (no metal ions (CK) / 
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Mg (II) / Cu (II) / Mn (II)). The reason behind the selection of Cu (II), 

Mn (II) and Mg (II) in the present study was the fact that these divalent 

ions exist in the actual coking wastewater and it was intended to 
elucidate the effects that their changing concentration may imply on the 

biological properties of white rot fungi and hence on the rate of 
degradation of the wastewater. Since COD of the substrate in the 

culture medium was known to be very high, which in turn had a 
profound influence on the determination of the COD of the system; it 

was not considered for analysis in the experiment. 

 

 

Effect of Divalent Metal Ion on the Removal of 
Nitrogen Heterocyclic Compounds 

 

 

According to the Figure 10, white-rot fungi were cultured for 15 days on 

solid medium, and the removal rates of quinoline in the four 

degradation systems were 65%, 76%, 65% and 78%, respectively. It 
was found that the addition of Mg (II) and Mn (II) promoted the 

degradation of quinoline by white-rot fungi and even improved (slightly) 
the removal rate of quinoline. On the other hand, Cu (II) was not found 

to have any significant effects on the degradation of quinoline by 
white-rot fungi. It could be seen from Figure 11 that the removal rate of 

indole in the system of Mg (II), Cu (II) and Mn (II) could reach more 
than 99%, while Figure 12 illustrates that the removal rates of pyridine 

in the four systems were 38%, 32%, 24% and 31%, respectively. It 
was also found that the divalent metal ions inhibited the degradation of 

pyridine, out of which the inhibition effect of Cu (II) was the most 
obvious. 
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Figure 10. Time dependent changes in quinoline concentration. 

 

 

Figure 11. Time dependent changes of indole concentration. 
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Figure 12. Time dependent changes of pyridine concentration. 

 

It could be seen from Figure 13 and Figure 14 that the change in 

ammonia nitrogen concentration also followed a similar trend. The 
fluctuation range during the 0-6th days was very less and further 

decreased during the 6-12th days. An increase in fluctuation was 
observed during the 12-15th days. The changes in ammonia nitrogen 

concentration were also found to be similar to that of the simulated 
wastewater, both of which go through the process of declining first 

followed by a systematic rise in the values. Due to the high 
concentration of indole and phenol in the simulated wastewater, the 

overall change in ammonia nitrogen concentration was mainly brought 
about due to degradation of indole and phenol. In the actual coking 

wastewater, the change of ammonia concentration is mainly related to 
the removal of phenol (phenol concentration is 323 mg/L, and indole 

concentration is small in the actual coking wastewater). Figure 13 
clearly demonstrates that phenol was removed significantly on the 6th 

day after which the ammonia concentration began to decrease. 

White-rot fungi were found to remove more than 99% of the phenol 
content in four of these systems. However, the initial degradation of 

phenol was slow, especially due to the inhibition of laccase secretion of 
white-rot fungi in the early stages, as the fungi were in its 

domestication stage. After five days, the fungi adapted to the actual 
coking wastewater environment, which led to an increase in the laccase 

enzymatic activity levels that further resulted in the rapid degradation 
of phenol. 
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Figure 13. Time dependent changes of ammonia nitrogen 
concentration. 

 

 

Figure 14. Time dependent changes of phenol concentration. 

 

 

Change in Biomass and Enzyme Activity Levels of 

White-Rot Fungi 
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It can be seen from Figure 15, that on the first five days, the laccase 
secretion of white-rot fungi was inhibited. The laccase activity levels 

were maintained at about 10 U/mL, which is due to the simultaneous 
presence of a variety of other toxic and harmful substances in coking 

wastewater that may play significant roles in inhibition of enzyme 

secretion in white rot fungi (Asif et al., 2017). After five days of 
domestication, the white-rot fungi supposedly adapted to the actual 

coking wastewater culture environment which subsequently led to an 
increase in the enzyme activity levels. Results obtained from the 

present experiment demonstrated that the laccase secretion of 
white-rot fungi in the CK system was similar to Mg (II) system and Mn 

(II) system. This indicated that the addition of 1.0 mM/L of Mg (II) and 
Mn (II) had no significant effects on the laccase secretion activities of 

the fungi. Furthermore, the enzymatic activity of the white-rot fungi in 
the Cu (II) system was the same as that of the other three systems, 

especially in the first five days. On the 6-12th day, the activity of laccase 
was found to increase slowly and the laccase secretion was still 

inhibited. On the 12-15th day, the activity of laccase was found to 
increase rapidly and reached the level of 412 U/mL on the 15th day. It 

was thus concluded that the presence of 1.0 mM/L Cu (II) could 

promote laccase secretion. 

 

 

Figure 15. Time dependent changes of laccase activity of white-rot 
fungi. 
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As is shown in Figure 16, the growth rate of white-rot fungi biomass in 
CK, Mg (II), Cu (II) and Mn (II) in the actual coking wastewater reached 

a maximum of 0.0166, 0.0238, 0.0111 and 0.0373g/d on 2nd, 1st, 1st 
and 1st day, respectively. It was thus concluded that the presence of 1.0 

mM/L Mg (II) and Mn (II) could promote the growth of white-rot fungi, 
due to which the fungi maintained a high biomass growth rate. In 

contrast to the influence on the laccase secretion of white-rot fungi, 1.0 
mM/L Cu (II) inhibited the development of white-rot fungi strains, and 

the growth rate of white-rot fungi biomass was low during the whole 
experiment. The two peaks of biomass growth rate that were observed 

during the experiment corresponded to the 1st day and the 6th day in the 

degradation system. 

 

 

Figure 16. Time dependent changes in the growth rate of white-rot 

fungi biomass. 

 

As that the straw filter medium was diluted twice caused the reduction 

of nutrient, while the actual coking wastewater composition is complex 
and toxic, in the actual coking wastewater culture environment, the 

growth rate of white-rot fungi biomass was found to be much lower than 
the simulated wastewater. 

 

 

Discussion 
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In the simulated wastewater, the addition of ammonia nitrogen and 
phenol affected the enzyme secretion and enzyme activity of white-rot 

fungi, especially in the Pd+Q+I degradation system. The addition of 
ammonia nitrogen provided a nitrogen-rich culture environment to the 

white-rot fungi, and the phenol structure (with phenolic hydroxyl) 

induced the laccase secretion of the white-rot fungi. It was also found 
that quinoline could be better degraded in neutral or acidic 

environments while the degradation rate declined rapidly in an alkaline 
environment (Thomsen et al., 1998). The addition of ammonia nitrogen 

increased the pH of the system and thus inhibited the degradation rate 
of quinoline. However, the addition of phenol reduced the pH of the 

system to promote the degradation of quinoline. It was observed that 
OH plays a significant role in quinoline degradation due to the fact that 

phenolic hydroxyl groups on phenol are less stable (Camarero et al., 
2010). They can thus attack the aromatic compounds, produce positive 

carbon ions and then induce a series of reactions that promotes the 
degradation of quinoline. On the other hand, the alcoholic hydroxyl 

groups on the ammonia nitrogen (ammonium tartrate) are relatively 
stable and have little effect on the degradation of quinoline. 

In the actual coking wastewater, presence of moderate concentrations 
of Mg (II) and Mn (II) could promote the growth of white-rot fungi, so 

that more laccase was secreted and the removal rate of quinoline was 
slightly improved (Baldrian, 2003). The rate of initiation of the laccase 

secretion of white-rot fungi in the actual coking wastewater 
environment was much slower than simulated wastewater. Laccase 

activity was maintained at a low level on 0-12 days, but this is not due 
to the fact that some metal ions in the solution causes fungi in oxidative 

stress (Galhaup et al., 2001). The lower enzyme activity is mainly due 
to the complex composition of the actual coking wastewater. Such 

wastewater contains a lot of toxic and harmful substances which inhibit 

secretion of laccase (Asif et al., 2017). On 12-15th day, the laccase 
activity in the actual coking wastewater of Cu (II) system was twice as 

much as the laccase activity in other systems. It has already been 
established that the activity center of white-rot fungi laccase 

constitutes of four Cu ions constitute (Strong et al., 2011; Baldrian et al., 
2006; Giardina et al., 2010). White-rot fungi allow direct passage of Cu 

(II) through its cell walls. Hence, the presence of Cu ions, even in 
concentrations of less than 1 mM/L can also act as an inducer and 

promote laccase secretion. Meanwhile, the presence of a variety of 
other aromatic and phenolic compounds induced continued 

maintenance of an activated state of the white-rot fungi which further 
promoted its laccase secretion activities (Tychanowicz et al., 2006). Cu 
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(II) can also directly activate the active site of extracellular laccase 

enzymes to improve its activity. 

 

 

Conclusion 

 

 

In simulated wastewater, ammonia nitrogen had an inhibitory effect on 
quinoline degradation, while the promoting effects of phenol on the 

same were even greater than the inhibition effect of ammonia nitrogen. 
White-rot fungi could remove more than 99% of indole only after three 

days. On the other hand, ammonia nitrogen and phenol had little effect 
on the degradation of indole, but they were beneficial for the 

degradation of pyridine and improving the peak of laccase activity. In 
actual coking wastewater, Mg (II) and Mn (II) promoted the 

degradation of quinoline and slightly improved the removal rate of 

quinoline. However, Cu (II) had no effect on the degradation of 
quinoline. It was concluded that the divalent metal ions had no 

significant effects on the degradation of indole, but they had a profound 
impact on the inhibition of the degradation of pyridine. Among all the 

metals studies, and the inhibition effect of Cu (II) was the most obvious. 
It is also important to note that though the addition of 1.0 mM/L Mg (II) 

and Mn (II) had no significant effects on the secretion of laccase, they 
could still promote the growth of white-rot fungi so that the fungi 

maintained high biomass growth rate. Conversely, 1.0 mM/L Cu (II) 
could promote the secretion of laccase, but inhibited the development 

of white-rot fungi. 
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Novelty Statement 

The negative effect of water allocation has been rarely evaluated for improving 

water resources use efficiency in canal well combined irrigation district. The 

results showed that more surface water irrigation could drive salinity leaching to 

the lower soil horizons while average TDS concentration of groundwater has been 

increased by 18.66% in the study area. We found that combined well canal 

irrigation could be of water allocation method due mainly to temporal and spatial 

regulation water resources and root layer soil desalination, however, the possible 

increasing of TDS in the groundwater may cause potential risk after long term 

implementing water allocation in a semi-arid area 

 

Abstract 

The influence of water resources allocation patterns on root layers soil 

desalination and groundwater quality were investigated by monitoring different 

irrigation area from People’s Victory Canal irrigation district in Huang Huai Hai 

plain China that had been conducted well canal combined irrigation patterns from 

1954. A typical area was chosen belong to the People’s Victory Canal irrigation 

district from 2013 to 2015. Precipitation of the area, surface water irrigation 

amount, groundwater consumption amount, salinity content in 0 to 100 cm soil 

layer and total dissolved solids in groundwater were monitored, the ratio of 

canal-well water (the ratio of surface water to groundwater irrigation amount, 

CWWR), soil salinity spatial dynamic, desalinization rate in 0 to 100 cm soil layer 

and sodium adsorption ratio (SAR) of groundwater were analyzed in the area. 

CWWR of Branch 1, Branch 2, and Branch 3 ranged from 0.72 to 1.03, 2.50 to 

2.63, and 0.65 to 1.26 in 2013 to 2015, respectively. The soil salinity contents for 

the top 100 cm horizons in the Branch 2 irrigation area decreased slightly by 1.63% 

to 8.90% compared with the values in the Branch 1 and Branch 3 irrigation 

districts while the water resources allocation patterns were conducted two years 

later. Compared with the area in the hydrological period in 2013, the area of 

average soil salinity exceeded 0.32 mS/cm for the top 20 cm horizons has 

decreased notably in 2014 and 2015. Compared with the values in 2014,  the 

average TDS concentration of groundwater increased by 18.66% in the study 
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Table 2. Salinity and salinity desalination rate in different soil layers. 

Soil 

Horizons 

(cm) 

Irrigation 

Area 

2013—2014 2014—2015 Desalination 

rate in 

2013-2015 

(%) 

Initial soil 

salinity 

(mS·cm-1) 

Final soil 

salinity 

(mS·cm-1) 

Desalinati

on rate 

(%) 

Initial soil 

salinity 

(mS·cm-1) 

Final soil 

salinity 

(mS·cm-1) 

Desalination 

rate (%) 

0-10 

Branch 1 0.4129 0.3535 14.40 0.3535 0.3459 2.15 16.24 

Branch 2 0.4034 0.3308 17.99 0.3308 0.2938 11.20 27.18 

Branch 3 0.4111 0.3375 17.90 0.3375 0.3368 0.20 18.06 

10-20 

Branch 1 0.3114 0.2578 17.21 0.2578 0.2819 -9.34 9.48 

Branch 2 0.3034 0.2024 33.28 0.2024 0.2494 -23.21 17.80 

Branch 3 0.3111 0.1980 36.35 0.1980 0.2794 -41.13 10.18 

20-30 

Branch 1 0.2194 0.1996 9.04 0.1996 0.2316 -16.04 -5.55 

Branch 2 0.2034 0.1835 9.78 0.1835 0.2107 -14.81 -3.59 

Branch 3 0.2111 0.1843 12.66 0.1843 0.2485 -34.82 -17.75 

30-40 

Branch 1 0.2178 0.1895 12.98 0.1895 0.2245 -18.46 -3.09 

Branch 2 0.2162 0.1938 10.33 0.1938 0.2206 -13.80 -2.05 

Branch 3 0.2122 0.2025 4.56 0.2025 0.2472 -22.09 -16.53 

40-60 

Branch 1 0.2399 0.1771 26.18 0.1771 0.2484 -40.30 -3.58 

Branch 2 0.2392 0.1989 16.83 0.1989 0.2513 -26.33 -5.07 

Branch 3 0.2512 0.2043 18.68 0.2043 0.2682 -31.27 -6.74 

60-80 

Branch 1 0.2569 0.1950 24.09 0.1950 0.2746 -40.83 -6.90 

Branch 2 0.2452 0.2070 15.57 0.2070 0.2542 -22.80 -3.67 

Branch 3 0.2633 0.2055 21.95 0.2055 0.2784 -35.49 -5.76 

80-100 

Branch 1 0.2737 0.2144 21.67 0.2144 0.2709 -26.32 1.05 

Branch 2 0.2868 0.2117 26.20 0.2117 0.2629 -24.19 8.34 

Branch 3 0.2819 0.2213 21.49 0.2213 0.2545 -14.99 9.72 

 

 

Spatial Dynamic of Soil Salinity with Irrigation Area 
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The spatial dynamics of soil salinity in 20 cm profile in 2013 to 2015 are shown in 

Figure 4. The EC values averaged for the top 20 cm horizons in 2013, 2014, and 

2015 were 0.3456, 0.2820 and 0.2991 mS/cm in the study area, respectively, 

whereas the standard deviations of the EC values were 0.071, 0.058 and 0.029. 

For the whole examined soil profile (0-20 cm), the area of EC value exceeded 

0.32 mS/cm (equal to 1.50 g/kg soil salinity) was calculated by Sufer 13.0 

(Golden Software, LLC ), 60.38%, 59.61% and 84.40% were presented 

respectively from Branch 1, Branch 2 and Branch 3 irrigation area in 2013. To 

2014, 25.99%, 0.94% and 41.87% were presented respectively from the above 

mentioned irrigation area, in comparison with 2013, the area of EC value 

exceeded 0.32 mS/cm from Branch 1, Branch 2 and Branch 3 irrigation district 

has been decreased by 56.95%, 98.42% and 50.39%, respectively. In addition, 

41.16%, 8.81% and 52.49% were obtained respectively from above mentioned 

irrigation area, in comparison with 2013, the area of EC value exceeded 0.32 

mS/cm from above mentioned irrigation district has been decreased by 31.83%, 

85.22% and 37.81%, respectively. 

 

 

Figure 4. Distribution of average soil salinity of 0 to 20 cm soil layer in research 

areas from 2013 to 2015. 

 

Compared with the area in the hydrological period in 2013, the area of average 

soil salinity exceeded 0.32 mS/cm for the top 20 cm horizons decreased notably 
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due to low salt precipitation leaching caused by the high rate of medium 

concentration water employed for irrigation in the study area (Li et al. 2016). In 

the present study, the area of average soil salinity exceeded 0.32 mS/cm for the 

top 20 cm horizons was a negative relationship with canal well water ratio, that is, 

on top 20 cm layers, average soil salinity content in higher CWWR irrigation area 

was lower as compared to content in soil from lower CWWR irrigation area 

(Ghazaryan et al. 2016). The results for the soil desalination rate for the top 100 

cm horizons showed that areas with higher CWWRs presented increased values 

at all sampled depths of the profile and the EC values declined with increasing 

CWWRs because under the high CWWRs, continual leaching of salts to lower 

layers occurs. In addition, irrigation with low-salt water caused a drop in the root 

layer salinity. No doubt, surface water application caused an appreciated 

decrease in soil salinity, which may eliminate the risk of crop salt stress (Dai et al. 

2015).  

 

 

Effect of Soil Profile Desalination with Branch Canal Irrigation 
Area 

 

 

The results from soil horizon desalination calculations of the branch canal 

irrigation area showed that irrigation by the water allocation patterns caused 

increases in salinity levels in the lower layer (20-80 cm), and decreased in 

salinity levels in the top layer (0-20 cm). It was observed that average EC value 

at all sampled depths of the profile in 2014 was lower than that of 2013, by 9.04% 

to 36.35%, while average EC value at examined soil profile (0-10, 10-20 and 

80-100 cm) in 2015 was lower than that of 2013, by 1.05% to 27.18%. 

Additionally, compared with Branch 1, Branch 3 irrigation district, soil 

desalination rate for top 20cm horizons in 2013 to 2015 in Branch 2 was 23.15%, 

increased by 73.65%, 57.86%, respectively. Furthermore, in comparison with 

2013, average EC values for 20-30, 30-40, 40-60 and 60-80 cm layer in 2015 has 

slightly accumulated, meaningfully, for the examined soil profiles (20-80cm), soil 

desalination in the Branch 2 irrigation area was -5.78%, which was higher than 

that in the Branch 1, Branch 3 irrigation area by 21.84% and 60.99%, 

respectively. 

 

 

Effect of Groundwater Hydro-Chemical Characteristics with 
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Branch Canal Irrigation Area 

 

 

The hydro-chemical characteristics of examined groundwater in Branch 1, 

Branch 2, Branch 3 irrigation areas are shown in table 3. The water types are 

generally distinct zones in which the cation and anion concentrations are 

described within the defined composition categories, and the dominant anion 

species of water changes systematically from HCO3
-, Cl- to SO4

2- along 

groundwater flow direction from the irrigation area (Wang et al. 2014, Reddy et 

al. 2012). The Piper diagram (Wen et al. 2005) in Figure 5 shows that the water 

type in above-mentioned irrigation areas had similar change trends as 

groundwater. That is, during the dry period (December, January and February), 

normal period (March, April, May, October and November), wet period (June, July, 

August and September), the cation types were Ca2+/Na+, Na+/Ca2+, Ca2+/Na+, 

respectively. This result indicates that groundwater type had an obvious alkaline 

trend because of cation change of Ca2+/Na+ in the dry period to Na+/Ca2+ in the 

normal period. Under certain conditions, groundwater hydro-chemical 

characteristics may be significantly impacted during winter wheat growth stage 

because under the high rates of phreatic evapotranspiration with unsuitable 

water allocation there would concentrate groundwater TDS (Rozema et al. 2008, 

Karmegam et al. 2011, Brunner et al. 2008). Additionally, in comparison with the 

dry period in 2014, average TDS concentrations of groundwater in 2015 were 

increased by 30.28%, 21.83%, 33.95% in Branch 1, Branch 2, Branch 3 

irrigation area, respectively. While the normal period in 2014, average TDS 

concentrations of groundwater in 2015 were increased by 13.35%, 27.88%, 

5.17%, and wet period, the increasing values of TDS in 2015 was 0.81%, 18.29% 

and 16.43% in the above mentioned area, respectively. It was observed that 

compared with 2014, average TDS concentration has been increased by 1.28, 

1.15, 1.12 fold in the dry period, normal period and wet period with study area. 

From normal period groundwater with Branch 2 irrigation area, in comparison 

with Branch 1 and Branch 3 irrigation area, value added of TDS was improved by 

1.23, 3.48 fold, respectively. No doubt, water allocation employed in the study 

area caused appreciable increased TDS in groundwater, which may improve the 

risk of groundwater irrigation occurring normal period. 

 

Table 3. Annual dynamics of groundwater hydrochemical characteristics of 

a typical branch canal irrigation area. 

Year Irrigation Water Ca2+ Mg2+ Na+ K+ CO3
2- HCO3

- Cl- SO4
2- TDS SAR 
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Area period (mg·L-1) (mg·L-1) (mg·L-1) (mg·L-1) (mg·L-1) (mg·L-1) (mg·L-1) (mg·L-1) (mg·L-1) 

2014 

Branch 1 

Dry 

period 
112.88 11.67 129.25 0.00 0.00 403.72 126.37 131.80 895.63 16.38 

Normal 

period 
83.56 23.38 167.18 0.00 0.00 412.91 126.38 156.55 947.41 22.86 

Wet 

period 
187.18 43.96 194.63 0.00 0.00 485.28 126.38 145.93 868.49 18.10 

Branch 2 

Dry 

period 
140.40 28.70 167.70 0.00 0.00 555.78 136.18 178.53 1113.43 18.24 

Normal 

period 
82.93 39.98 201.12 0.00 0.00 511.53 126.33 186.85 1009.83 25.66 

Wet 

period 
212.19 58.14 230.06 0.00 0.00 576.53 142.73 205.05 838.24 19.79 

Branch 3 

Dry 

period 
91.20 32.30 162.00 0.00 0.00 373.30 135.10 188.10 981.20 20.62 

Normal 

period 
101.87 45.17 259.13 0.00 0.00 519.83 165.57 330.20 1214.30 30.22 

Wet 

period 
222.68 75.13 233.50 0.00 0.00 647.05 174.33 234.73 814.67 19.14 

2015 

Branch 1 

Dry 

period 
130.86 18.71 149.25 0.00 0.00 488.97 133.55 209.33 1166.82 21.44 

Normal 

period 
111.35 34.58 185.41 0.00 0.00 496.35 119.46 162.86 1073.85 17.47 

Wet 

period 
234.12 33.74 182.68 0.00 0.00 371.11 140.07 112.28 875.51 15.79 

Branch 2 

Dry 

period 
135.42 28.47 157.24 0.00 0.00 609.87 151.12 211.70 1356.47 24.29 

Normal 

period 
138.31 49.90 219.89 0.00 0.00 630.44 128.03 187.46 1291.38 16.21 

Wet 

period 
233.45 41.55 208.41 0.00 0.00 416.89 166.13 123.40 991.53 17.77 

Branch 3 

Dry 

period 
144.00 32.52 143.09 0.00 0.00 564.11 156.13 223.53 1314.34 20.66 

Normal 

period 
166.28 39.88 194.06 0.00 0.00 642.88 177.58 187.43 1277.11 14.09 
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Wet 

period 
239.48 48.45 207.63 0.00 0.00 456.63 178.60 117.13 948.48 17.30 

 

 

Figure 5. Dynamics of groundwater hydrochemistry of typical areas under 

CWWs from 2013 to 2015. 

 

In comparison with that in the hydrological period in 2014, the average 

groundwater TDS concentration in 2015 was increased by 22.67% in the study 

area, which might be due to groundwater exploration as well as a preponderance 

of phreatic evaporation and subsequent irrigation leaching (Rao et al. 2008). In 

the present study, SARs of groundwater from Branch 1, Branch 2, Branch 3 

irrigation area in the normal period were greater than 18. According to the 

agricultural irrigation water alkalization classification standard (Li et al. 2013, 

Vasanthavigar et al. 2010), if SAR values of groundwater were exceeded 18, then 

it is not fit for irrigation. Additionally, compared with the values in 2014, the SAR 

values in the above-mentioned irrigation area decreased by 23.58%, 36.82%, 

53.37% in normal period, respectively. Furthermore, the SAR values in the above 

mentioned irrigation area were less than 18 in 2015. The groundwater SAR 

dynamics occurred largely as a result of the input of ions by surface irrigation, the 

leaching of ions by precipitation, or the evaporation of ions from groundwater. 

The decrease of groundwater SAR values in 2015 may have increased 

agricultural water resources and ensured the positive effect of water allocation 

(Chaudhuri et al. 2014, Huang et al. 2013).  
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Conclusions 

 

 

Larger CWWRs modify the accumulation of salinity in topsoil. Additionally, in 

comparison with areas exceeded 0.32 mS/cm in 0-20 cm soil profile in a lower 

ratio of canal well water irrigation district, the results showed that canal water 

irrigation caused decreased soil salinity to the depths of 20 cm in the study area. 

Compared with rates in the hydrological period in 2013, soil desalination rate to 

the depths of 20cm in 2014 and 2015 was notably increased, and the rates 

improved with the CWWR. For soil desalination to the depths of 100cm from 2013 

to 2015, larger CWWRs promoted salinity leaching to lower soil profiles and 

groundwater. Thus, water allocation employed in the study area might increase 

groundwater TDS concentration, which can result in alkalization trend of cation 

types in the normal period. A decrease in the sodium adsorption ratio was 

observed in the normal and wet period in 2015 compared with the value in 2014 

because of irrigation water recharge to groundwater caused by water with low 

TDS concentrations employed for irrigation in the study area. However, possible 

increases of TDS in the groundwater may cause potential risks after long term 

water allocation in the study area. Therefore, water allocation should be 

emphasized to maintain a healthy groundwater environment and sustainable 

stable yields of grain in combined canal-well irrigation areas. 
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Abstract 

To ensure safety standards of drinking water, it is essential to perform 

NO3 remediation in groundwater. Owing to the lack of organic carbon in 
groundwater, heterotrophic denitrification is not quite effective in 

groundwater. Few studies have reported how Chinese lignite can be 
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used as an organic carbon source for denitrification. In simulated 
conditions of groundwater, we determined whether the four lignite 

types (Lignite was obtained from Sanjitun, Lingshi, Wangniutan, and 
Zhaotong in China.) could be used as a solid-phase organic carbon 

source for denitrification; the analyses were performed in a test water 
column. For denitrification, the most effective carbon source was the 

lignite obtained from Wangniutan. It showed the highest efficacy of 34% 
in nitrate (NO3) removal for an influent NO3-N concentration of 30 

mg· L−1. The effluent NO3-N concentrations below 20 mg L−1 and the 
water samples showed no acute toxicity when they were subjected to 

luminescent bacteria test. We performed static carbon release test and 
infrared spectral analysis on all the four lignite types, and we found that 

there was a direct relation between NO3 removal and the lignite’s ability 

for static carbon release. When NO3 concentrations were high and the 
rate of static carbon release was low, the efficacy of denitrification was 

greater. This effect was achieved when the molecular structure of lignite 
contained small molecular organic compounds in free states; these 

compounds primarily included the following functional groups: alcohols, 
phenols, and organic acids. These compounds were primarily used by 

the denitrifying bacteria. 

Keywords: Carbon source, denitrification, groundwater, lignite, nitrate 
(NO3). 
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Introduction 

 

 

The concentration of nitrate (NO3) has increased tremendously in 
groundwater, causing incessant water pollution in China (Bi et al. 2010). 

In some regions, nitrate concentrations have soared to several hundred 
milligrams per liter (Zhang et al. 2012) in groundwater; such precarious 

concentrations are ten times greater than the Class III standards of 
Groundwater Quality Standards (GB/T 14848-93). Groundwater is one 

of the most important sources of drinking water in China; therefore, 

healthy humans would be adversely affected when they consume 
groundwater containing high levels of NO3, which is a major 

contaminant. In a chemically reductive environment, nitrate (NO3) 
compounds get easily converted into nitrite (NO2) compounds. 

Furthermore, NO3 and NO2 are important functional groups in various 
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nitrogenous organic compounds. In particular, NO3 and NO2 participate 
in various chemical reactions and form the following categories of toxic 

compounds: carcinogenic, and/or mutagenic N-nitroso compounds 
(Zhang et al. 2008; Li C et al. 2013). According to statistical data, it is 

dangerous to consume NO3 contaminated drinking water because it is 
closely linked to cancers of the stomach, intestine, skin, bone, and 

nervous system (Nathan S. Bryan et al. 2013; Yan 2013). To ensure the 
safety standards of drinking water, we need to carry out nitrate (NO3) 

remediation in groundwater. 

For NO3 remediation in groundwater, biological denitrification is one of 

the most suitable methods. Anaerobic denitrification is the most widely 
used process in the biological environment. In this process, 

heterotrophic denitrifying bacteria metabolize organic compounds, 
which are primarily carbon compounds. In such metabolic reactions, 

the NO3 radical is reduced and converted into free nitrogen under 
anaerobic conditions (Miso et al. 2014). Since groundwater lacks 

organic carbon, heterotrophic denitrification is not really effective in 
removing NO3 contaminants from groundwater. Several previous 

studies have reported that acetic acid, ethanol, wood chips, compost, 
cotton, wheat straw, and paper scraps are not adequate carbon sources 

for heterotrophic denitrification (S. Israel et al. 2009; Jin and Liu 2011; 
Jian et al. 2013; Li et al. 2014). In 2010, some scholars found that 

Canadian lignite can be a suitable source for solid-phase organic carbon, 

which would apparently achieve NO3 removal (Li 2010) more effectively. 
In another study, scholars reported that luminescent bacteria acute 

toxicity of Canadian lignite was low (Jiang et al. 2014). Lignite 
resources are abundant in China (Fu 2012). However, because of 

low grade coalification, the industrial application value of such lignite is 
poor (Shen et al. 2012). Therefore, scientific studies must be carried 

out to determine whether Chinese lignite can be used as an organic 
carbon source for denitrification of groundwater. Since very few studies 

have investigated the suitability of Chinese lignite for denitrification, we 
are not really sure whether Chinese lignite can be considered as a 

solid-phase organic carbon source. Moreover, very few studies have 
investigated the impact of Chinese lignite on human health; therefore, 

we cannot guarantee the safety standards of denitrification achieved by 
Chinese lignite. In this study, denitrification was performed on 

groundwater in simulated conditions using Chinese lignite as the 

organic carbon source. Lignite was obtained from the following places in 
China: Sanjitun, Lingshi, Wangniutan, and Zhaotong. The lignite 

samples of Wangniutan showed the highest efficacy (34%) in NO3 
removal process. By performing an acute toxicity test, we found that 

there was no toxicity in the lignite samples of Wangniutan. Furthermore, 
we investigated the preliminary mechanism through which lignite (the 

carbon source) initiated the denitrification process. For effective NO3 
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removal, the organic compounds must have the ability to release static 
carbon easily; moreover, small molecule organic compounds were used 

as the main carbon sources for denitrification. 

 

 

Materials and Methods 

 

 

Test System 

 

 

Polyvinyl chloride (PVC) columns (6.0 cm in internal diameter and 60 

cm length) were set up with the following components: a water 
distribution zone, a reaction zone, and catchment areas of 5, 50, and 5 

cm thickness, respectively. While designing the columns, we evenly 
spaced out four sampling ports along each column (Figure 1). The ports 

were installed at the following points: 15 (P1), 25 (P2), 35 (P3), and 45 
cm (P4) from the base of the column. They were fitted with a rubber 

septum, which enabled sampling through a syringe.  

Artificial wastewater was pumped into the column by a peristaltic pump 

(Figure 1), and samples were obtained from the sampling ports and 
catchment areas. These samples were subsequently analyzed with 

standardized techniques.  
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Figure 1. Scheme of the column setup. 

 

 

Fillers 

 

 

Fillers were prepared from various lignite types, which were obtained 
from the following places in China: Sanjitun (Heilongjiang Province), 

Lingshi (Shanxi Province), Wangniutan (Hebei Province), and Zhaotong 
(Yunnan Province). Typically, lignite material was dark brown in color. 

After grinding the lignite, we obtained rough, porous particles, with a 
particle size of 1–2 mm.  

 

 

Simulated Groundwater 

 

 

To prepare simulated groundwater containing NO3, we mixed 216 mg of 
KNO3 (AR, Xilong chemical plant, Guangdong, China) with 1 L of 

deionized water. The influent NO3-N concentration was 30 mg·L−1. By 
adding Na2CO3 into the simulated groundwater, we adjusted the pH to 

6.5–7.0. A UV/visible spectrophotometer (UV-1200, Mapada, Shanghai, 

China) was used to analyze the NO3-N and NO2-N concentrations in 
groundwater. 
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In the reaction chamber, we controlled the water temperature with a 
cooling liquid circulating system. As shown in Figure 2, the system 

included a plastic cooling hose and DLSB-10 (Low temperature cooling 
liquid circulating pump). During the experiment, the water temperature 

was in the range 12.0–16.0 °C in the column. 

The following parameters were measured primarily: NO3-N, 
permanganate index (CODMn), pH, water temperature, and microbial 

toxicity; the measurements were carried out using the methods 

described in the following reference books: Water and Wastewater 
Monitoring Analysis Method (fourth edition, 2002) and Water quality - 

Determination of acute toxicity - Luminescent bacteria test (GB/T 
15441-1995).  

 

 

Figure 2. Scheme of the water temperature control system. 

 

 

Test Method 

 

 

Start and Operation of the Reactor. The lignite was washed with 
distilled water and dried naturally. The column was filled with a 

suspension, which was obtained from the denitrification segment of a 
sewage treatment plant in Beijing (Gaobeidian plant). Denitrifying 

bacteria were then introduced into the column. In the beginning, the 
column reactor was operated for initial hydraulic retention time (HRT) of 

24 hours, with a flow rate of 0.5 m·d−1. Table 1 presents the operational 
parameters of the column reactor. The NO3 removal rate and other 
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related indicators were detected periodically. The porosity of the 
columns was detected by mercury intrusion porosimetry. 

 

Table 1. Operation parameters of the column reactor. 

Number Filler 

Filling 

volume 
(cm3) 

Porosity 
(%) 

Initial 

influent NO3 

concentration 
(mg L−1) 

Initial 

hydraulic 

retention 
time (h) 

R1 
Sanjitun 
lignite 

1.41 × 103 64.5 30 24 

R2 
Lingshi 
lignite  

1.41 × 103 64.9 30 24 

R3 
Wangniutan 

lignite 
1.41 × 103 63.8 30 24 

R4 
Zhaotong 

lignite 
1.41 × 103 64.6 30 24 

 

Static Carbon Release Test. After washing and drying all the lignite 

samples, we added 3.0, 7.0, and 12.0 g of lignite to three different 
conical flasks of 500 ml capacity. Then, 300 ml of deionized water was 

added into each conical flask, resulting in lignite concentrations of 10.0, 
23.3, and 40.0 g L−1. The lignite samples were soaked in the deionized 

water for 24 hours. For the analysis of CODMn, water samples from the 
conical flasks were taken after 0, 2, 6, 10, 16, and 24 hours. For CODMn 

analysis, water sampling was done every 3 hours. Finally, CODMn 
analysis was stopped when a stable value of CODMn was observed in 

water samples. To perform this test, the column water temperature was 
maintained in the range 13.0–15.0°C. 

To describe the release of static carbon, Higuchi model (Brazel and 
Peppas 2000) was used. In the test solution, the carbon emission was 

described by CODMn.  

 

                       𝑀𝑡  / 𝑀 =  𝑘 𝑡𝑛                           (1) 

 

where M (mg O2 L
−1) is the total carbon released theoretically; Mt (mg 

O2 L−1) is the carbon released at time t; k (mg mg−1 h−n) is the 

coefficient of carbon release rate; t is the carbon release time, and n is 
the characteristic parameter for carbon release. 

After taking the logarithm of the equation, we found a linear 
relationship between ln(Mt) and ln(t). The parameter n represented the 

slope of the line, and ln(k) was the linear intercept. For n < 0.45, the 
carbon release mechanism was Fick diffusion. For 0.45 < n < 0.89, it 

was a combination of diffusion and structure dissolution, and for n > 
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0.89, it was structure dissolution (Zhang et al. 2009). 

Analysis of the Lignite Molecular Structure. Lignite samples (2.0 g) 
were taken, washed, and radiosterilized by an ultraviolet radiator (TUV 

16W FA, Philips, Shanghai, China). After the treatment, lignite samples 
were air-dried. Then, the samples were ground to micron-sized 

particles with an agate mortar; these particles were tested by infrared 
microspectrometry (NICOLET iN10 MX, ThermoFisher, New York, USA). 

Table 2 presents the parameters of infrared microspectrometry. 

 

Table 2. Parameters of the infrared microspectrometry. 

Type 
Test range 

(cm−1) 
Detector  Beam splitter 

Scan 
times 

Resolution 
(cm−1) 

NICOLET 
iN10 MX 

4000–600 MCT/A KBr/Ge 64 8 

 

 

Results and Discussion 

 

 

Nitrate Removal 

 

 

At the beginning of the operation, the removal rate of NO3 compounds 
was unstable because of the following factors: microorganism growth 

and adsorption of the filler. The NO3-N removal rate became stable only 

after 15 days. Figure 3 illustrates the NO3-N removal rate in the column 
reactor average (R1–R4) during the period of stable operation. Figure 4 

illustrates the average concentration of NO2 effluents under similar 
conditions. 
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Figure 3. Column reactor average (R1–R4) of the NO3-N removal rate 
during stable operation conditions. 

 

As shown in Figure 3 and Figure 4, R3 had the highest NO3 removal 
efficacy (34%), with the effluent NO3 concentration being below 20 

mg·L−1. The NO3 removal rate of R4 was 28%. The NO3 removal rate 
was below 10% in other reactors: R1 and R2. Therefore, NO3 removal 

efficacies were significant in the reactors R3 and R4, which contained 
lignite from Wangniutan and Zhaotong, respectively. 

 

 

Figure 4. Column reactor average (R1–R4) of the effluent NO2 

concentration during stable operation conditions. 

 

In R1 and R3, the effluent NO2 concentrations were below 0.01 mg· L−1. 

In R2 and R4, the effluent NO2 concentrations were above 0.02 mg· L−1. 
This indicates that denitrification reaction was almost complete when we 

used Chinese lignite obtained from Sanjitun and Wangniutan. 
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The water samples of R1 and R3 showed no-toxicity when we 
performed an acute toxicity test; however, the water samples of R2 and 

R4 showed low-toxicity. This implies that lignite obtained from Sanjitun 
and Wangniutan is far more superior. They can be effectively used as 

organic carbon sources for reducing NO3 levels in groundwater (Tables 
3 and 4). 

 

Table 3. Acute toxicity evaluation standards of the luminescent 
bacteria test. 

Cytotoxical grade Relative luminance L (%) Results 

0 L > 90 No-toxicity 

I 70 < L ≤ 90 Low-toxicity 

II 50 < L ≤ 70 Middle-toxicity 

III 30 < L ≤ 50 Low-high toxicity 

IV 0 < L ≤ 30 Mid-high toxicity 

V L = 0 High-toxicity 

 

Table 4. Acute toxicity results of the luminescent bacteria test 

Water samples Relative luminance L (%) Results 

R1 93–95 No-toxicity 

R2 85–89 Low-toxicity 

R3 96–99 No-toxicity 

R4 75–80 Low-toxicity 

 

 

Static Carbon Release 

 

 

Figure 5 shows that the net carbon release was highest for the lignite 
obtained from Wangniutan; the CODMn values represented the net 

carbon release of various lignite types. When the lignite concentration 
was increased steadily, the net carbon release also increased 

proportionately. For lignite concentrations of 40.0 g·L−1, the net carbon 
release was 22.71 and 18.41 mg O2 L−1 for lignite obtained from 

Wandniutan and Zhaotong, respectively. 
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Figure 5. Net carbon release for the different lignite types. 

 

The carbon release mechanism of all lignites was structure dissolution 

(Table 5). For lignite concentrations of 10.0 g L−1, the coefficient of 
carbon release rate (k) was the highest for the lignite obtained from 

Sanjitun, followed by lignite obtained from Zhaotong, Lingshi, and 
Wangniutan. For lignite concentrations of 23.3 and 40.0 g L−1, the 

sequence was as follows: Sanjitun > Lingshi > Zhaotong > 

Wangniutan. 

 

Table 5. Results of the dynamic equation fitting for the carbon release. 

Type 
Concentration (g 

L−1) 

Linear fitting parameters Mechanis
m R2 n ln(k) k 

Sanjitun 10.0  
0.996

3  
1.0220  −3.4429  0.0320  

structure 
dissolution 

 23.3  
0.993

6  
0.9725  −3.4121  0.0330  

 40.0  
0.997

1  
0.9214  −3.0814  0.0459  

Lingshi 10.0  
0.998

3  
1.0808  −3.7804  0.0228  

structure 
dissolution 

 23.3  
0.997

7  
1.0952  −3.6801  0.0252  

 40.0  
0.996

5  
1.0231  −3.3479  0.0352  

Wangniuta
n 

10.0  
0.997

2  
1.6764  −5.5486  0.0039  

structure 
dissolution 

 23.3  
0.993

1  
1.5468  −5.0687  0.0063  

 40.0  0.994 1.4954  −4.8584  0.0078  
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8  

Zhaotong 10.0  
0.995

6  
1.1332  −3.7684  0.0231  

structure 
dissolution 

 23.3  
0.993

4  
1.2125  −3.9289  0.0197  

 40.0  
0.994

1  
1.1324  −3.7349  0.0239  

 

 

Lignite Molecular Structure 

 

 

For the lignite obtained from Sanjitun, Lingshi, Wangniutan, and 

Zhaotong, the infrared spectrum showed absorption peaks at 3600–
3200, 3000–2800, 1600 and 1440, and 1320–1210 cm−1, respectively 

(Figure 6). The absorption peaks at 3600–3200 cm−1 were produced by 
alcohol or phenolic hydroxyl groups, while those observed at 3000–

2800 cm−1 were attributed to alkane-CH groups. The absorption peaks 

at 1600 and 1440 cm−1 resulted from the vibration of the aromatic ring 
and carboxylic acid-CO group, respectively, while the peaks that 

appeared between 1320–1210 cm−1 were attributed to the carboxylic 
acid-OH group. For the lignite obtained from Lingshi, the infrared 

spectrum showed some characteristic absorption peaks at 3000–2800 
and 1600 cm−1; however, absorption peaks were not observed at 3600–

3200 and 1320–1210 cm−1. For the lignite obtained from Lingshi, 
Wangniutan, and Zhaotong, an absorption peak appeared at 1038 cm−1. 

This peak was probably generated from the vibration of the following 
functional groups: vibration of alkane-CH and anhydride-COC, the 

stretching vibration of sulfoxide-S=O, or a combination of the three.  
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Figure 6. Infrared spectra of the Sanjitun, Lingshi, Wangniutan, and 

Zhaotong lignite. 

 

 

Denitrification Effect 

 

 

Greatest amounts of NO3 were removed successfully when 

denitrification reaction was carried out using Chinese lignite obtained 
from Wangniutan and Zhaotong. For the lignite obtained from 

Wangniutan, the NO3 concentration was below 20 mg·L−1 in the column 
effluent; the corresponding NO2 concentration was below 0.01 mg·L−1. 

Thus, the NO3 and NO2 concentrations completely complied with the 
Class III water standards of the Groundwater Quality Standards (GB/T 

14848-93). For the lignite obtained from Wangniutan and Zhaotong, 
the net carbon release was high but the rate of static carbon release 

was low. This indicates that compared with the lignite obtained from 

Sanjitun and Lingshi, a slower rate of carbon release led to high NO3 
removal efficacy. By performing acute toxicity analysis, we found that 

there was low-toxicity in the effluent of the lignite obtained from 
Zhaotong. Moreover, there was no-toxicity in the effluent of the lignite 

obtained from Wangniutan. Therefore, the lignite obtained from 
Wangniutan was the best solid-phase organic carbon source for 
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denitrification in this study.  

 

 

Denitrification Mechanism 

 

 

While using lignite as a solid-phase organic carbon source, we found 

that NO3 removal was related to the carbon emission and the rate of 
static carbon release (Zhang et al. 2009). When the net carbon release 

was high and the rate of static carbon release was low, the 
denitrification process was more effective (Shao et al. 2011; Wang 

2013; Xie et al. 2013). For the lignite obtained from Sanjitun and 
Lingshi, the net carbon release was low and the rate of static carbon 

release was high. Therefore, there was a lack of total carbon release 
and excessive energy was released in a short time (Wang 2013). For the 

lignite obtained from Wangniutan and Zhaotong, the trend was 
completely opposite: the net carbon release was high but the rate of 

static carbon release was low. Thus, these lignite types showed a high 
NO3 removal rate. 

For the lignite obtained from Wangniutan and Zhaotong, we determined 
the molecular structure. Numerous small organic compounds, such as 

alcohols, phenols, and carboxylic acid, were detected in the molecular 
structure of these lignite types. These small organic compounds were 

the main carbon sources for denitrification, significantly improving NO3 
removal. Although numerous small organic compounds were detected 

in the molecular structure of lignite obtained from Sanjitun, the efficacy 
of NO3 removal was poor with this lignite type. This must have 

happened due to the existing form of small organic compounds. In the 
main molecular structure of the lignite obtained from Sanjitun, there 

were small molecule organic compounds, such as hydrocarbons and 

oxygen-containing compounds; these compounds existed in a 
microporous embedded state or network embedded states. Free 

organic compounds are released easily by lignite. However, it is difficult 
to release embedded organic compounds from the molecular structure 

of lignite because of various reasons, such as physical adsorption, van 
der Waals forces, hydrogen bonding, and weak complexing (Chen et al. 

2011; Han et al. 2014; Zhou et al. 2012). The small molecule organic 
compounds were mainly embedded in the molecular structure of the 

lignite obtained from Sanjitun. On the other hand, they were mainly in 
a free state in the lignite obtained from Wangniutan. As shown in Figure 

7, denitrifying bacteria are more likely to use small molecule organic 
compounds in free states; these bacteria are present on the lignite 

surface or in an aqueous solution. 
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Figure 7. Scheme of the biological denitrification mechanism using 
lignite as an organic carbon source. 

 

 

Conclusion 

 

 

We obtained four different lignite types from Sanjitun, Lingshi, 
Wangniutan, and Zhaotong in China. These four lignite types were used 

as the solid-phase organic carbon sources for denitrification. Compared 
to the three lignite types, the lignite obtained from Wangniutan was 

superior in terms of its efficacy in NO3 removal; it showed the highest 

efficacy (34%) in NO3 removal, with the following characteristic 
accomplishments: the effluent NO3 concentration was below 20 mg·L−1 

and the effluent NO2 concentration was below 0.01 mg·L−1; moreover, 
no-toxicity was observed in this lignite type when it was subjected to an 

acute toxicity test. Thus, the lignite obtained from Wangniutan is a safe 
organic carbon source for denitrification. 

While using lignite as a solid-phase organic carbon source, we observed 

that NO3 removal was related to the static carbon release from lignite. 
If the net carbon release was high and the rate of static carbon release 

was low, the denitrification process was better. From the lignite 

obtained from Wangniutan and Zhaotong, organic carbon was probably 
released to the groundwater at a slower rate; therefore, the NO3 

removal rates were much higher with these lignite types.  

Small molecule organic compounds are the main carbon sources for 
denitrification. By determining the molecular structure of the lignite 
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obtained from Wangniutan and Zhaotong, we observed numerous small 
molecule organic compounds, such as alcohols, phenols, and carboxylic 

acid, in the molecular structure. These small molecule organic 
compounds were more likely to be used by bacteria when they were in 

a free state. 

 

Acknowledgments 

This work was financially supported by the Survey and Assessment of 

the National Groundwater-based Environmental Project (1441100022) 
and the Study of Groundwater Pollution Prevention and Control 

Technology System in the North China Plain (201309004). 

 

References 

Bi, J. J., Peng, C. S. & Xu, H. Z. (2010). Review of Research on 

Groundwater Nitrate Pollution and Its Removal. Ground water, 32(01), 
97-102. 

Brazel, C. S. & Peppas, N. A. (2000). Modeling of drug release from 
swellable polymers. European Journal of Pharmaceutics and 

Biopharmaceutics, 49 (1), 47-58. 

Chen, D. R., Qin, Z. H., Chen, J., Hua, Z. Q. & Chen, D. M. (2011). Study 
on the model of coal structure and its prospects. Coal Chemical 

Industry, 39(04), 28-31. 

Fu, X. H., Lu, L., Ge, Y. Y., Tian, J. J. & Luo, P. P. (2012). China Lignite 

Resources and Physical Features. Coal Science and Technology, 40(10), 
104-107.  

Han, F., Zhang, Y. G., Meng, A. H. & Li, Q. H. (2014). FTIR analysis of 

Yunnan Lignite. Journal of China Coal Society, 39(11), 2293-2299. 

Jian, M. Z., Chuan, P. F., Si, Q. H. & Hui, L. H. (2013). Enhanced 

Heterotrophic Denitrification for the Treatment of Nitrate Contaminated 
Groundwater by Wheat Straw. Applied Mechanics and Materials, 

316-317, 625-628., 
doi:10.4028/www.scientific.net/AMM.316-317.625. 

Jiang, T. L., Li, D. & Wang, H. L. (2014). Study on the Selected Lignite 

Using as Organic Carbon in the Treatment of Nitrate Contaminated 
Groundwater. Applied Mechanics and Materials, 522-524, 652-655., doi: 

10.4028/www.scientific.net/AMM.522-524.652. 

Jin, H. & Liu, H. (2011). Carbon Source Study on Biological 

Denitrification in Groundwater. Journal of Jilin Institute of Chemical 
Technology, 28(09), 97-99. 

Li, C., Zhang, J. & Liang, S. (2013). Nitrous oxide generation in 

denitrifying phosphoru s removal process: main causes and control 



 
 

 
 
2019, Instituto Mexicano de Tecnología del Agua 
Open Access, license CC BY-NC-SA 4.0 
(https://creativecommons.org/licenses/by-nc-sa/4.0/) 

 

254 
Tecnología y ciencias del agua, 10 (4), 238-255. DOI: 10.24850/j-tyca-2019-04-12 

measures. Environmental Science and Pollution Research, 20 (8), 
5353-5360. 

Li, D. (September, 2010). 1st Conference on Environmental Pollution 

and Public Health. In Scientific Research. Denitrification of Groundwater 
Using Hat Creek Lignite as Solid Phase Organic Carbon Source. 

Engineering Information Institute, Wuhan. 

Li, X. L., Chen, Y. D. & Lin, P. (2014). The influence factors research of 

groundwater nitrate pollution removal with ethanol. Pearl River, 
35(03), 112-115. 

Miso, A., Ralf, K., Jože, U. & Frank, W. (2014). Determination of nitrogen 

reduction levels necessary to reach groundwater quality targets in 
Slovenia. Journal of Environmental Sciences, 26(9), 1806-1817. 

Bryan, N. S. & Grinsven, H. V. (2013). The Role of Nitrate in Human 
Health.  Advances in Agronomy, 119(119), 153-182. 

Shao, L., Xu, Z. X., Wang, S., Jin, W. & Yin, H. L. (2011): Performance of 

New Solid Carbon Source Materials for Denitrification. Environmental 
Science, 32(08), 2323-2327. 

Shen, J., Chen, P. N., Li, M. & Guan, W. L. (2012). Lignite utilization in 
our country and the economic analysis. Henan Chemical Industry, 

29(Z5), 6-8. 

Israel, S., Engelbrecht, P., Tredoux, G. & Fey, M. V. (2009). In Situ 
Batch Denitrification of Nitrate-Rich Groundwater Using Sawdust as a 

Carbon Source—Marydale, South Africa. Water, Air, and Soil Pollution, 

204 (1), 177-194. 

Wang, J. J. (2013). Slow-release carbon source carrier carbon of the 
regular and denitrification characteristics. Tang Shan: Hebei United 

University. 

Xie, L. H., Ding, S. L., Chen, X. J. & Wang, M. (2013). Study on releasing 

carbon performance of agricultural waste shells as solid carbon sources. 
Journal of Shanxi University of Science & Technology, 31(05), 39-44. 

Yan, L. J. (2013). The water nitrate pollution status, harm and removal 

technology. Energy Environmental Protection, 27(03), 39-42. 

Zhang, D. Y., Li, G. H., Wang, Y., Zhou, G. Z. & Zhang, W. J. (2009). 

Model and effect of slow-release organic carbon-source materials on 
carbon release and denitrification. Journal of Tsinghua University 

(Science and Technology), 49(09), 1507-1511. 

Zhang, Q. Y., Wang, H., Zhang, L. Q., Li, J. & Tang, X. Q. (2008). 
Influence on Nitrate Nitrogen Pollution to Health in the Drinkable Water. 

Ground water, 30(1), 57-60. 

Zhang, Z. J., Fei, Y. H., Guo, C. Y., Qian, Y. & Li, Y. S. (2012). Regional 

Groundwater Contamination Assessment in the North China Plain. 

javascript:void(0);
https://10times.com/organizers/engineering-information-institute
http://www.jesc.ac.cn/jesc_en/ch/reader/view_abstract.aspx?file_no=2014260906&flag=1
http://www.jesc.ac.cn/jesc_en/ch/reader/view_abstract.aspx?file_no=2014260906&flag=1
http://www.jesc.ac.cn/jesc_en/ch/reader/view_abstract.aspx?file_no=2014260906&flag=1


 
 

 
 
2019, Instituto Mexicano de Tecnología del Agua 
Open Access, license CC BY-NC-SA 4.0 
(https://creativecommons.org/licenses/by-nc-sa/4.0/) 

 

255 
Tecnología y ciencias del agua, 10 (4), 238-255. DOI: 10.24850/j-tyca-2019-04-12 

Journal of Jilin University (Earth Science Edition), 42(05), 1456-1461. 

Zhou, J. L., Zhang, S., Wang, Y. G., Lin, X. C., Wang, C. H. & Xu, D. P. 
(2012). Study on Analysis Method of Lignite Carbon Structure and 

Oxygen Functional Groups. Coal Science and Technology, 40(10), 
116-119. 


	Portada
	Página Legal
	Contenido
	Analysis of Rainfall Features and Calculation of Rainfall Pattern of Short Duration Rainstorm in Wuhan, China
	Temporal and Spatial Signatures of Sediment Transport at the Watershed Scale: An Approach to Understand the Behavior of the Watershed
	Brominated Flame Retardants in Edible Fishes from Three Gorges Reservoir, China
	Rationality Analysis of the Heihe River '97' Water Diversion Scheme under Changing Environment
	Influence of Environmental Variables on Benthic Macroinvertebrate Communities in a Shallow Eutrophic Lowland Lake (Ge Lake, China)
	Relationship between Gully Erosion and Agricultural Landscape Pattern in the Typical Black Soil Region of Northeast China
	Response of Benthic Invertebrate Communities in River-Changed Ponds to River Habitat Modification in Water-Deficient Area
	Granulation Process and Mechanism of Aerobic Granular Sludge under Salt Stress in a Sequencing Batch Reactor
	Multiple Spatial Scales Chaos Characterization in Runoff Series by the 0-1 Test Algorithm
	Treatment of Nitrogen Heterocyclic Compounds (NHCs) in Coking Wastewater by White-Rot Fungi
	Impact of Water Allocation on Soil Desalination and Groundwater Hydro-chemical Characteristics: A Temporal and Spatial Analysis of a Case Study Region in China
	Denitrification in Simulated Groundwater Using Lignite as a Solid-Phase Organic Carbon Source

