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Abstract

Urease is a key enzyme affecting microbial metabolic activity, and its activity is affected by 
various pollutants,and pollutants have more complex effects on the activity of microbial urease.  
This study researched the effect of calcium and magnesium ions in landfill leachate on urease activity 
of anaerobic microorganism according to designing three kinds of calcium and magnesium ion mixtures 
with different concentration ratios by direct average ray method, investigating the concentration-effect 
curves of calcium and magnesium ions by BiPhasic and Logistic functions, analyzing the interaction 
relationship between calcium magnesium ions and microbial urease activity by equivalent line graphic 
method. The results indicated that with the increase of calcium concentration, the inhibitory effect of 
urease activity showed a trend of falling first and then rising, and the inhibitory effect of magnesium 
ions on urease activity increased with the increase of magnesium concentration. The inhibitory effect 
of calcium magnesium ions on urease activity was obviously time-dependent. The interaction of 
calcium magnesium ions mixed pollutants on urease activity was synergistic in the 1-4 reaction cycles,  
and the interaction was antagonistic in the 5 reaction cycles according to the equivalent line diagram. 
This paper provided support for further study on the action mechanism of pollutants on microbial urease 
by studying effect of calcium and magnesium ions in landfill leachate on urease .
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Introduction

Landfill leachate, as a high-concentration polluted 
organic wastewater, has extremely complex components. 
Different landfill leachates have different components, 
but they all contain different concentrations of calcium 
and magnesium ions [1]. Calcium and magnesium ions 
are necessary elements in the biological treatment 
of landfill leachate, which promote the synthesis of 
enzymes needed in the process of microbial metabolism 
[2]. Appropriate amount of calcium and magnesium 
ions is beneficial to the production of intracellular 
enzymes in microorganisms, but excessive calcium 
and magnesium ions interact with related functional 
groups after entering cells, changing the structure and 
function of proteins [3] and replacing essential metals at 
some metabolic sites [4], thereby inhibiting the enzyme 
activity of microorganisms. Urease, a key restriction 
enzyme, is widely present in various microorganisms 
and plays an important role in the nitrogen cycle. 
Nitrogenous substances in the environment are first 
decomposed into amino acids and nucleotides, which 
are further degraded into urea and then hydrolyzed 
into ammonia by urease before they can be used by 
plants and soil microorganisms, and is a key enzyme 
affecting the metabolic activity of microorganisms [5, 
6]. Therefore, it is of great significance to study the 
effect of calcium and magnesium ions on urease activity 
in anaerobic biological treatment of landfill leachate.

The intracellular urease activity of microorganisms 
is affected by calcium and magnesium ions in different 
environments. The results showed that in the treatment 
of high calcium wastewater, when calcium ions were 
less than 1320 mg · L-1 or 1720 mg · L-1~1920 mg · L-1,
calcium ions inhibited urease activity; When the 
concentration of calcium ions were between 1320 mg L-1

and 1720 mg L-1, calcium ions could promote the urease 
activity of microorganisms to some extent [7]. It was 
found that when the mass fraction of magnesium ion 
in soil was 0.6%, the urease activity in soil was the 
highest, but with the increase of magnesium ion content, 
the urease activity gradually decreased, indicating 
that the influence of magnesium ion on urease activity 
changed with the change of magnesium ion [8]. It can be 
seen that calcium ions or magnesium ions with different 
concentrations have different effects on urease activity. 
However, it is not comprehensive to study the effect of 
single calcium ion or magnesium ion on urease activity, 
and the concentration of calcium and magnesium ion 
is mainly below 2000 mg L-1. Usually, calcium and 
magnesium ions exist in landfill leachate in a mixture 
of different concentrations, ranging from several 
hundred to several thousand mg liters [9]. Studies have 
shown that mixed pollutants tend to have more complex 
effects than single pollutants [10-12]. Therefore,  
it is more practical to study the effect of calcium and 
magnesium ion mixture on microbial urease activity. 
However, the effect of calcium and magnesium mixed 
ions on microbial urease activity in landfill leachate 

has been rarely reported. Therefore, we should not only 
pay attention to the influence of single calcium ion or 
magnesium ion on microbial urease activity, but also pay 
attention to the influence of calcium and magnesium ion 
mixture on microbial urease activity and the interaction 
relationship between calcium and magnesium ions.

In this study, anaerobic sequencing batch activated 
sludge reactor were constructed to treat landfill leachate. 
The concentration of calcium ions, magnesium ions and 
their mixture were changed, to investigate the effects 
of them on the activity of anaerobic microbial urease 
and the change law of anaerobic microbial urease 
activity and reveal the combined effect and interaction 
relationship among calcium magnesium ions and urease. 
Direct average ray method [2] was adopted to design 
calcium and magnesium ion mixtures with different 
concentration ratio. BiPhasic function [13] and Logistic 
function [14] were used to nonlinear fit the concentration 
and its effect, and the concentration-effect curve was 
obtained to explore the effects of different concentrations 
of calcium and magnesium on microbial urease activity 
and its change law. Equivalent line graphic method 
[15] was used to study the change rule with time of the 
relation ship between calcium magnesium ion mixture 
with different concentrations and microbial urease 
activity, in order to provide support for the study of 
the mechanism of the influence of calcium magnesium 
mixed pollutants on urease activity.

Experimental  

Materials and Methods

Experimental Setup

Landfill leachate was taken from the regulating 
tank of a landfill leachate treatment plant in Hefei. 
Fourteen 500 mL anaerobic sequencing batch activated 
sludge reactors, operated under the stirring frequency 
140 rpm·min-1, the reaction temperature about 35ºC, 
and the microbial concentration about 13440 mg · L-1, 
were set up to treat landfill leachate. The reactor cycle 
was determined to be 36 h, in which the influent time, 
reaction time, settling time and effluent time were 1, 
34.6, 0.2 and 0.2 h, respectively. Calcium magnesium 
ions and urease activity were detected by inductively 
coupled plasma emission spectrometry and sodium 
phenol colorimetry, respectively. 

Experimental Methods

Adding calcium magnesium ions and their mixture 
to the reactor, taking the samples from the reactors 
every 36 hours to detect the urease activity of anaerobic 
microorganisms, and calculate the inhibition rates of 
calcium ions, magnesium ions and their mixture with 
different concentrations on anaerobic microorganisms. 
The inhibition rates is calculated by Eq. (1).
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where E is the inhibition rate of calcium ions, magnesium 
ions and their mixtures with different concentrations 
on anaerobic microorganisms; C0 is the activity of 
microbial urease in the blank control group, mg · L-1; 
C is the activity of microbial urease affected by of 
calcium ions, magnesium ions and their mixtureswith 
different concentrations, mg · L-1.

BiPhasic function can be used to fit the nonlinear 
curve of J-type concentration-effect test data. 
The concentration-effect data obtained from the 
experimental results are fitted by BiPhasic function, 
and then the concentration-effect curve is drawn.  
The BiPhasic function formula is shown in Eq. (2).
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where E is the inhibition rate; X is the concentration 
of calcium ion, magnesium ion or mixture, mg L-1; 
Amin is the lowest inhibition rate (i.e. The lowest 
point of concentration-effect curve, which is also the 
maximum promotion effect point); AMAX1 is the 
highest inhibition rate before Amin; AMAX2 is the 
highest inhibition rate after Amin; X01, X02, H1, H2 are 
function parameters.

Logistic function can be used for nonlinear fitting 
of S-type concentration-effect experimental data. 
The concentration-effect data obtained from the 
experimental results are fitted by Logistic function, 
and then the concentration-effect curve is drawn. The 
Logistic function formula is shown in Eq. (3).
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where E is the inhibition rate; Xmax is the maximum 
inhibition rate of calcium and magnesium ions or their 
mixture with different concentrations on microbial 
urease activity; X0 is the inhibition rate of blank control 
group; α is the potential inhibitory capacity constant of 
the substance; C is the concentration of calcium ion, 
magnesium ion or mixture of calcium and magnesium 
ion, mg L-1; C0 is the half effective concentration of 
calcium ion or magnesium ion, mg · L-1.

Calcium and Magnesium Ion Concentration Design 

The content of calcium and magnesium ions 
in different landfill leachate is different, and the 
concentration of calcium and magnesium ions is 
generally several hundred to several thousand mg liters 
[8]. In order to more systematic research, three kinds 

of calcium and magnesium ion mixtures with different 
concentration ratios (L1, L2, L3) were designed by direct 
equalization ray method. The specific concentration 
ratios can be determined as that the calcium ion 
concentration accounts for 0.27, 0.52 and 0.77 in the 
mixed pollutants respectively (Fig. 1). 13 groups of 
calcium and magnesium ion mixtures with different 
concentration combinations were set on each ray. The 
dilution factor method was used to design the mixture of 
calcium and magnesium ions, as shown in Eq. (4).
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Where: F is the dilution factor; CL is the lowest 
concentration, mg L-1; CH is the highest concentration, 
mg L-1; N is the number of test concentration points.

Fourteen groups of calcium and magnesium ion 
mixtures with different concentrations were designed by 
dilution factor method, which were 0 mg/L, 8000 mg/L, 
6400 mg/L, 5120 mg/L, 4096 mg/L, 3277 mg/L,  
2621 mg/L, 2097 mg/L, 1677 mg/L, 1341 mg/L,  
1073 mg/L, 858 mg/L, 686 mg/L and 549 mg/L 
separately.

Analysis of Interaction Relationship between Calcium 
and Magnesium Ion Mixture 

Equivalent line graphic method can be used to judge 
whether the interaction between calcium magnesium 
ions with different concentration ratios and urease 
activity is synergistic, additive, partial additive or 
antagonistic.

When calcium ions and magnesium ions act lonely 
to reach a certain same effect, the corresponding 
concentration values are point A and point B, 
respectively, connecting point A and point B, which 
is called AB concentration summation line. The line 
segment indicates that if the concentration point falls 
on AB, the interaction between calcium magnesium 

Fig. 1. Design of three kinds of calcium and magnesium ion 
mixtures by direct equalization ray method.
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ions mixed pollutants and urease activity is additive. If 
the concentration point of the mixture falls below the 
concentration sum line, it means that the interaction 
between calcium magnesium ions mixed pollutants 
and microbial urease activity is synergistic. If the 
concentration point falls on the two right-angle lines 
(independent lines) of AC and BC, it shows that the 
effect of mixed pollutants on urease is only related 
to the concentration of calcium ions or magnesium 
ions. If the concentration of the mixture falls below 
the independent line and above the concentration 
summation line, it shows that the mixed pollutants of 
calcium and magnesium ions have synergistic effect; 
if it is distributed outside the independent line, it is 
indicated as antagonism.

Results and Discussion

Results and Discussion 

The Regularity of Inhibitory Effect of Calcium Ions 
with Different Concentrations on Urease Activity 

Varying with Cycles

The inhibitory effect of calcium ions with different 
concentrations on anaerobic microbial urease in landfill 
leachate is shown in Fig. 3. As can be seen from Fig. 3, 
the inhibition effect of calcium ions on urease showed 
a trend of first decreasing, then increasing and finally 
tending to be flat, and fitted the J-typecurve with 
the increase of calcium ions concentration. Calcium 
ions promoted the activity of urease to some extent 
at the 800 ~ 1100 mg L-1 calcium ions concentration. 
The growth rate of inhibition effect was gradually flat 
at more than 3300 mg • L-1 calcium ions concentration.
The maximum inhibition effect of calcium ion on urease 
activity reached 90%with the concentration of calcium 
ions reaching 8000 mg • L-1. Fig. 3 also showed that 
the inhibition effect of calcium ions increased with the 
increase of reaction period at the same calcium ions 
concentration, indicating that the extension of reaction 

time improved the inhibition effect of calcium ions, and 
the promotion effect of calcium ions on urease activity 
gradually changed into inhibition effect.

The Regularity of Inhibitory Effect of Magnesium Ions 
with Different Concentrations on Urease Activity 

Varying with Cycles 

The inhibitory effect of magnesium ions with 
different concentrations on anaerobic microbial urease 
in landfill leachate is shown in Fig. 4. It can be seen 
from Fig. 4 that the inhibitory effect of magnesium ions 
on urease activity showed an increasing trend with the 
extension of reaction periodunder certain concentration 
conditions.The inhibitory effect of magnesium ionson 
urease was smallat the 500~1000 mg L-1 magnesium 
ions concentration, but the inhibitory effect of 
magnesium ions on urease activity increases obviously 
with the increase of magnesium ions concentration, 
which indicated that high concentration of magnesium 

Fig. 2. Schematic diagram of equivalent line diagram.

Fig. 3. Inhibitory effect of calcium ion on urease activity.

Fig. 4. Inhibitory effect of magnesium ion on urease activity.
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activity was more obvious than the other two ratios at 
the 0.5 calcium ionsproportionin mixed pollutantsunder 
the same concentration of mixed pollutants [16].

Inhibitory Effect and Interaction of Calcium Magnesium 
Ions Mixed Pollutants on Urease Activity 

The regularityof the interaction relationship of 
calcium magnesium ions mixed pollutants with three 
different concentration ratios varying with cyclesby 
equivalent line diagram method is shown in Fig. 6.  
In the first reactioncycle, it can be seen from  
Fig. 6 (a, b) that when the inhibition effect of calcium 
magnesium ions and their mixed pollutants on urease 
was 10% and 20%, the concentration points of the 
mixed pollutants with three different concentration 
ratios dropped below the concentration sum line, 
which indicated that the inhibition effect of calcium 
magnesium ions on urease activity was synergistic 
[17]. In the 2nd~4th reaction cycle, it can be seen from 
Fig. 6 (c-g) that the concentration points of mixed 
pollutants all fell below the concentration summation 
line, which indicated that the interaction of the mixed 
pollutants of calcium magnesium ions with three 
concentration ratios on urease activity was synergistic 
in three reaction cycles. As can be seen from  
Fig. 6 (h, i), in the fifth reactioncycle, when the 
inhibitory effect of mixed pollutants on urease was 
70% and 80%, and the proportion of calcium ions in 
mixed pollutants was 0.2 and 0.5, the inhibitory effect 
of calcium magnesium ions on urease activity was 
synergistic [18]. The concentration of mixed pollutants 
fell outside the independent line at the 0.8 calcium 
ionsratio, which indicatedthat the inhibition effect of 
mixed pollutants of calcium magnesium ions on urease 
activity was antagonistic [19].

Comparing the interaction of calcium magnesium 
ions mixed pollutants with different ratios on urease 
activity, it can be seen that when the proportion of 
calcium ions in mixed pollutants is 0.2 and 0.5, (i.e. 

ions had obvious inhibitory effect on urease activity. 
The inhibition rate of magnesium ions on urease activity 
increased from 36% in the first cycle to over 80% in 
the fifth cycle at the 8000 mg L-1 magnesium ions 
concentration, which indicated that the inhibition effect 
of magnesium ions on microorganismsurease activity of 
increased obviously with the increase of reaction cycle 
at the same concentration, and the inhibition effect of 
magnesium ions on microorganismsurease activity of 
had obvious time dependence.

The Regularity of Inhibitory Effect of Calcium  
and Magnesium Ions with Different Concentrations 

Ratios on Urease Activity Varying with Cycles 

Fig. 5 showed the inhibitory effect of calcium and 
magnesium ions with different concentrations ratios 
on urease activity. (a), (b) and (c) showed that the 
ratios of calcium and magnesium ions were 0.2, 0.5 
and 0.8, respectively. It can be seen from Fig. 5 that 
the concentration-effect curves of the three mixed 
pollutants of calcium and magnesium ions with different 
concentrations ratios on urease action were all J-shaped, 
that is, the inhibition effect of urease activity showed 
a trend of first decreasing, then increasing and finally 
tending to be flat with the increase of concentration. The 
inhibitory effect of mixed pollutants decreased with the 
increase of reaction period at the less than 680 mg • L-1 
mixed pollutants concentration. The inhibitory effect 
of mixed pollutants was the lowest at the 680 mg • L-1 

mixed pollutants concentration. The inhibitory effect 
of mixed pollutants gradually increased and then tends 
to be flat with the increase of reaction period at the 
more than 680 mg • L-1 mixed pollutants concentration. 
The mixed pollutants with low concentration of calcium 
and magnesium ions promoted urease activity in the 
first cycle by comparing the figures (a), (b) and (c).  
The inhibitory effect of mixed pollutants was increasing 
with the increase of reaction period. In the same cycle, 
the inhibitory effect of mixed pollutants on urease 

Fig. 5. Inhibitory effect of calcium and magnesium ions mixed pollutants on urease activity: a) when the proportion of calcium ions in 
mixed pollutants is 0.2, b) when the proportion of calcium ions in mixed pollutants is 0.5, c) when the proportion of calcium ions in 
mixed pollutants is 0.8.
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low the proportion of calcium ions) magnesium ions 
react with negatively charged functional groups on the 
surface of microorganisms [20, 21], calcium ions react 
with carbon dioxide or carbonate ions in wastewater 
to form precipitates on the surface of microorganisms, 
which together inhibit the metabolic activities of 
microorganisms, and the interaction between the two 
ions is synergistic. When the concentration of calcium 
ions in mixed pollutants is increasing, more calcium 
carbonate crystals will be generated, while the existence 
of magnesium ions will hinder some calcium ions 
from precipitating, and the synergistic effect between  
the two ions will decrease. With the increase of the 
proportion of calcium ions, the antagonism between 
calcium and magnesium ions will become stronger and 
stronger.

Conclusions

(1) The inhibitory effect of single calcium ions on 
urease activity first decreased and then increased with 
the increase of reaction cycle. The inhibitory effect of 
single magnesium ions on microbial urease activity 
increased gradually with the extension of time, and the 
dependence on time was obvious. The inhibitory effect 
of calcium magnesium ions on microbial urease activity 
was obviously time-dependent.

(2) The inhibition curves of the mixed pollutants on 
microbial urease activity all showed J-shaped curves, 
showing a trend of first increasing, then decreasing and 
finally tending to be flat at three different ratios calcium 
magnesium ions. The inhibitory effect of calcium and 
magnesium ions mixed pollutants with different ratios 
was enhanced with the increase of the concentration 
of mixed pollutants. At the same concentration,  

Fig. 6. Interaction between calcium and magnesium ions mixed pollutants with different ratios and urease activity: a) Cycle1-EC10,  
b) Cycle 1-EC 20, c) Cycle 2-EC 30, d) Cycle 2-EC 40, e) Cycle 3-EC 50, f) Cycle 4-EC 60, g) Cycle 4-EC 70, h) Cycle 5-EC70,  
i) Cycle 5-EC80.
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the longer the reaction time, the stronger the inhibitory 
effect of mixed pollutants, and the inhibitory effect of 
mixed pollutants on microbial urease activity was most 
obvious at the 0.5 calcium ions ratio. The inhibitory 
effect of mixed pollutants on microbial urease activity 
was obviously time-dependent.

(3) When the reaction was in 1~4 cycles, the 
combined effects of three mixed pollutants of calcium 
magnesium ions with different concentrations ratios on 
microbial urease activity were synergistic. In the fifth 
cycle of the reaction, When the concentration of calcium 
ions in the mixed pollutants was 0.8, the combined 
effect of calcium magnesium ions on microbial urease 
activity showed antagonism at the 0.8 calcium ions ratio. 
It shows that the synergistic inhibition effect of calcium 
magnesium ions on mixed pollutants will gradually 
weaken with the increase of the proportion of calcium 
ions, and finally the synergistic effect of calcium 
magnesium ions will become antagonistic effect.
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