
Introduction

In China, sanitary landfills are one of the methods 
for municipal solid waste (MSW) disposal [1]. In a 
running landfill, the collected waste is landfilled in 
layers in a landfill unit according to landfill operation 
procedures. Microorganisms catabolize organic 
components of the landfill waste. In the unit, the 
decomposition of the filled waste goes through five 
phases: initial adjustment, transition, acidification, 

methane fermentation, and stationary phase [2]. The 
earliest filled waste at the bottom of the unit is generally 
in the methane fermentation and stationary phases, 
while the newly filled waste in the upper part is in the 
acidic phase [3]. 

The landfill waste contains moisture, and the organic 
components subjected to microbial decomposition 
produce additional water; hence, the waste body has 
high moisture content [4]. Leachate forms when the 
moisture content of the waste exceeds its field capacity. 
Leachate is a high-concentration organic wastewater 
with complex composition [5-7]. In order to prevent 
the leachate from polluting the groundwater and the 
environment, a leachate collection system (LCS) 
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consisting of gravel drainage layer and perforated 
drainage pipes is installed at the bottom of the sanitary 
landfill to discharge the leachate [8]. Because of 
biological, chemical, and physical effects, the leachate 
forms solids when flowing through the LCS. The solids 
include biofilm [9], inorganic precipitates (mainly 
CaCO3(s)) [10], and trapped suspended solids (SS) [11]. 
These solids deposit in the voids of the gravel drainage 
layer, causing clogging which leads to a reduced LCS 
service life [12].

The young leachate produced by the newly filled 
waste has high COD content, a pH of <7.0, and high 
content of Ca2+ and Mg2+ [13-14]. The old leachate 
produced in the earlier filled waste has lower COD 
content, lower Ca2+ and Mg2+ content, and a pH>7.0 
[15]. Because of the higher content of COD and Ca2+ in 
the young leachate, more biological clogging (biofilm) 
and chemical clogging (CaCO3(s)) occurs [16]. The old 
leachate with lower content of COD and Ca2+ causes 
less clogging when it flows through the gravel layer  
[15-16]. At the base of the landfill unit, the earliest filled 
waste is in the methane fermentation and stationary 
phases and rich in methanogenic microorganisms, 
which decomposes the COD in the young leachate 
from the upper layer and produces landfill gas (LFG) 
(mainly CH4(g) and CO2 (g)) [17-18]. The carbonate 
(CO3

2−) ionized by CO2(aq) reacts with Ca2+ in the 
leachate to form CaCO3(s), which causes an increase 
in the pH of the young leachate and a decrease in the 
biochemical oxygen demand (BOD) and Ca2+ content 
[19]. The properties of the young leachate are converted 
into those of the old leachate. When it enters the LCS, 
the leachate forms less precipitate and thus no longer 
causes clogging.

The young leachate in the running landfill is 
continuously produced in the newly filled waste. 
The landfill waste has porosity heterogeneity, which 
means the waste body has preferential flow channels  
[20-24]. These shorten the leachate drainage path  
and the hydraulic retention time (HRT) in the 
methanogenic waste layer, so that the young leachate 
from the new waste flows into the LCS and mixes with 
the old leachate [15]. Hence, the leachate existing in the 
LCS is actually a mixture of young and old leachate 
[25].

The mixed leachate has the properties of young 
and old leachate. The content of COD and Ca2+ is high, 
because the pH of the mixed leachate is generally >7.0, 
the volatile fatty acids (VFAs) are mostly in an ionic 
form, and the acid/base buffer system formed by VFAs 
in the leachate collapses [26].

Previous studies on the clogging of leachate in the 
gravel drainage layer found that most of the leachate 
used was leachate that had flowed through the gravel 
drainage layer or synthetic leachate [27-29]. The COD, 
Ca2+, and Mg2+ of this leachate have been treated using 
the microbial membrane of the gravel drainage layer, 
and the properties of the leachate have been found to 
change greatly [30]. Therefore, this does not accurately 

reflect the changes in properties of leachate flowing 
through the gravel layer. 

In this study, the mixed leachates formed by 
the mixture of young and old leachate were used as 
the research target, and a static anaerobic culture 
experiment was used to investigate the change in 
properties of the mixed leachate. The main indicators 
were COD, Ca2+, Mg2+, pH, ORP, and the composition 
of the formed solid. Our aim was to thoroughly study 
the changes in leachate properties of the gravel layer 
and to provide guidance and recommendations for 
the operational management of the landfill to control 
the clogging of the gravel layer. This work is part of 
a series of studies on the clogging of leachate in the 
gravel drainage layer.

Material and Methods

Materials

The leachate used in the experiment was a 
mixed leachate formed by the young leachate from a 
laboratory-filled MSW, and the old leachate was taken 
from a sanitary landfill leachate conditioning pool in 
Chengdu, China. The properties of the young and old 
leachate are shown in Table 1. The current landfill is 
generally a large landfill with a running period of 
more than 10 years and a landfill height of several 
tens of meters [31]. From the perspective of the entire 
operational period of the landfill, the proportion of old 
leachate is relatively large, and the proportion of young 
leachate flowing through the preferential flow channel 
to the gravel layer is not too high [23]. In order to better 
analyze the difference in properties of different ratios of 
mixed leachate under anaerobic culture, mixed leachates 
containing 10%, 20%, and 30% young leachate were 
prepared. The proportion of the young and old leachate 
is shown in Table  2, and the properties of the mixed 
leachate are shown in Table 3.

Experimental Design and Operation

The experimental device custom-built in the 
laboratory consists of an anaerobic culture flask 
equipped with a balance gas bag and a sampling tube 
(Fig. 1).

Table 1. Properties of young and old leachates.

Parameters Young leachate  Old leachate

COD (mg/L) 43542 16208

Ca2+ (mg/L) 4966 578

Mg2+ (mg/L) 319 159

pH 6.19 8.72

ORP (mV) 128 -300
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The volume of the anaerobic flask was 500 ml. 
At the start of the experiment, 450  ml of the mixed 
leachate was charged. In order to maintain the anaerobic 
state, the upper air was removed using N2(g), and 
the anaerobic flask was sealed by a cap with a Teflon 
gasket. Two needles of different lengths were inserted 
into the anaerobic flask. The long needle was inserted 
into the leachate and connected to the bolt through the 
soft rubber tube. This was used for taking leachate 
samples. Normally, the soft rubber tube is clamped 
by the butterfly clip for sealing. The short needle was 
not inserted under the liquid surface, but was instead 
connected to the balance bag by a soft hose, and a 
small volume of N2(g) was placed in the balance bag to 
prevent air from entering during sampling.

In the landfill, microbial decomposition of organic 
matter in the waste releases heat and raises the 
temperature of the waste and leachate. The internal 
temperature of the landfill can be as high as 60-90ºC 
[32]. In general, the medium temperature range of the 
landfill is between 34 and 45ºC, which is the most 
conducive to microbial decomposition of organic 
matter in the waste and the generation of landfill gas 
[33]. The main microorganism that decomposes organic 
matter in waste and produces landfill gas is anaerobic 
methanogenic bacteria. The 35ºC is one of the optimum 
growth temperatures for mesophilic methanogens 
[34]. In order to carry out the experiment better, 
we set the experimental temperature to about 35ºC. 
Static anaerobic culture was carried out in a constant-
temperature incubator with the temperature controlled 
at 35±1ºC. The samples were analyzed once a week. 
The analytical indicators were COD, Ca2+, Mg2+, pH, 
and ORP. At the end of the experiment, the solid at the 
bottom of the anaerobic flask was taken for analysis of 
its sediment properties.

Measuring Indices and Methods

COD was determined by the potassium dichromate 
digestion method. The Ca2+ and Mg2+ were determined 
using a Hitachi Z-5000 atomic absorption spectrometer 
after digestion with perchloric acid and nitric acid. 
The pH and ORP were determined by a pHS-3C pH 
meter. The water content and organic and inorganic 
components of the precipitate were determined by 
evaporation in a 105ºC oven and a 550ºC muffle furnace 
to constant weight [11]. The volatile fatty acids (VFAs) 
and ammonia nitrogen (NH3-N) of the mixed leachate 
were determined by distillation and acid-base titration. 
A Panalytical Empyrean X-ray diffractometer was used 
to analyze material composition of the solid.

Results and Discussion

Composition of Solids

The solid at the bottom of the anaerobic flask was 
yellowish brown. Diluted hydrochloric acid was added 
to the solids to produce a large number of odorless 
bubbles. The generated gas was detected using a wet 
lead acetate test paper, and the test paper did not change 
color, indicating that the generated gas contained no 
H2S (g). The basic properties of the solids obtained 
from the three mixed leachates are shown in Table 4.

Analyses showed that the solids contained high 
proportions of Ca2+ and Mg2+ carbonate precipitates. 
With the increase of young leachate content in the 
mixed leachate, the Ca2+ content in the leachate 
gradually increased, the VFAs content also increased, 
and the biodegradability of the mixed leachate became 
better, which would produce more CO3

2- and cations 
reacting to form carbonate precipitates [16]. The biofilm 

Table 2. Proportion of young and old leachates in mixed leachate.

No. Young 
leachate (%)

Total 
volume 

(ml)

Young 
leachate 

(ml)

Old 
eachate 

(ml)
1 10 450 45 405
2 20 450 90 360
3 30 450 135 315

Table 3. Properties of mixed leachate

Parameters 10% 20% 30%

COD (mg/L) 19782 24136 26411

VFAs (mg/L) 2892 4656 6216

Ca2+ (mg/L) 685 1077 1337

Mg2+ (mg/L) 191 205 222

NH3-N (mg/L) 1588 1642 1681

pH 8.70 8.55 8.58

ORP (mV) −320 −323 −312

Fig. 1. Schematic of the static anaerobic flask structure (not to 
scale).
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formed by the anaerobic microbial flora at the bottom 
of the bottle has a dynamic equilibrium property, 
and the content remains relatively constant [9]. The 
density of carbonate precipitation is much greater than 
that of biofilm. Therefore, the moisture content in the 
precipitated solids decreased with the increase of young 
leachate content; the Ca2+ content increased gradually, 
and the Mg2+ content gradually decreased in the solids. 
XRD analysis of the solids (Figs 2-4) showed that the 
dominant inorganic substances in the solids (dry mass) 
were magnesium-containing calcite and silica (SiO2). 

With an increase in the content of young leachate in the 
mixed leachate, the content of Ca2+ in the magnesium-
containing calcite increased and the content of Mg2+ 
decreased. The proportion of SiO2 in the solids 
gradually decreased.

Therefore, if the landfill waste contains more 
preferential flow channels, more young leachate flows 
into the gravel layer and forms a mixed leachate with 
the old leachate, which will cause more chemical 
deposits to form in the gravel layer (Ca2+ and Mg2+ 
carbonate precipitates ), causing clogging of the LCS.

Magnesium-containing calcite is a compound in 
which a part of Ca2+ in the crystal lattice is substituted 
with Mg2+ in the process of crystal formation of calcite 
[35-36]. Ca2+ and Mg2+ are the same type of cations, 
both of which tend to form a compound crystal with 
CO3

2−, and the solubility product of CaCO3 is less 
than that of MgCO3. In the mixed leachate, the Ca2+ 
content was much higher than that of the Mg2+, but 
the Mg2+ content was also high; therefore, when Ca2+ 
and CO3

2− formed a crystal precipitate, some Mg2+ 
formed a magnesium-containing calcite. In the mixed 
leachate, the Ca2+ content increased relative to the 
Mg2+ as the young leachate content increased, so in the 
formed magnesium-containing calcite, the Ca2+ content 
increased and the Mg2+ content decreased.

SiO2 is mainly formed by the deposition of 
inorganic substances contained in sand and silt particles 
suspended in the leachate [37]. In the mixed leachate, 

Table 4. Basic properties of the solids.

Parameters 10% 20% 30%

Moisture content (%) 87.34 70.60 61.53

Organic matter (%) 24.12 18.88 21.39

Inorganic matter (%) 75.88 81.12 78.61

Ca2+ (%) 24.14 26.77 28.29

Mg2+ (%) 4.00 3.25 2.81

Dominant inorganic precipitates Ca5.4Mg0.6C6.00O18.00SiO2 (Mg0.1Ca0.9)CO3 SiO2 (Mg0.06Ca0.94)CO3 SiO2

Fig. 2. XRD analysis of the 10% mixed leachate solid.

Fig. 3. XRD analysis of the 20% mixed leachate solid. Fig. 4. XRD analysis of the 30% mixed leachate solid.
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the Ca2+ content and the biodegradability of the leachate 
increased as the young leachate content increased, 
thus favoring the formation of carbonate precipitate. 
The proportion of carbonate precipitate in the solid 
component increased, and the proportion of SiO2 in the 
precipitates gradually decreased.

Analysis of COD Change of Mixed Leachates 
with Elapsed Time

During the static anaerobic culture period, the 
COD of the three mixed leachates decreased (Fig. 5), 
particularly in the 20% and 30% mixed leachates; the 
COD reduction rates were 38% and 24%, respectively. 
The 10% mixed leachate was reduced less, at 12%. 

This was because the 20% and 30% mixed leachates 
contained more COD, and the biodegradability was 
better than that of the 10% mixed leachate. This was due 
to higher levels of anaerobic microbial activity, which 
lead to more COD degradation and higher production 
of LFG. Therefore, in the operation of the landfill, it is 
necessary to control the formation of the preferential 
flow channels and the preferential flow of the leachate 
as much as possible. Otherwise, serious biological 
clogging (biofilm) and its accompanying chemical 
clogging (CaCO3(s)) may form in the gravel layer during 
long-term operation of the landfill. There was a sudden 
increase in COD content at one point (28 days of the 
experiment) in the 20% and 30% mixed leachates. This 
may be due to the high microbial content in the mixed 
leachate during the static anaerobic culture period. The 
microorganisms were suspended in the leachate, and 
some may have adhered to the sampled needle, which 
may have led to a high COD measurement. 

Analysis of Ca2+ Change in the Mixed Leachates 
with Elapsed Time

The Ca2+ content of the three mixed leachates was 
greatly reduced after a short time (within the first 
measurement period; Fig. 6). The mixed leachate had 

a high Ca2+ content (Table 3). The pH of the mixed 
leachate was alkaline and the CO2(aq) produced by 
the microbial decomposition of organic matter in the 
leachate was ionized into CO3

2−, which reacted with the 
Ca2+ at high concentration in the mixed leachate to form 
carbonate precipitate.

Because of the higher Ca2+ content, especially 
in the 20% and 30% mixed leachates, and the 
greater biodegradability of the leachate, microbial 
decomposition of organic matter in the leachate after 
a short time produced more CO3

2−, which reacted with 
Ca2+ in the leachate to form carbonate precipitate. 
Therefore, the content of Ca2+ in the 20% and 30% 
mixed leachate decreased more. If the young leachate 
in the upper layers of the landfill flows into the gravel 
drainage layer through a preferential flow channel 
and forms a mixed leachate with the old leachate, 
more carbonate precipitate forms in a shorter time. 
The insoluble carbonate is deposited in the voids of 
the gravel drainage layer, which reduces the drainable 
porosity and hydraulic conductivity of the gravel 
drainage layer and causes clogging in the long term. 

How to prevent and avoid preferential flow in 
landfills is a consideration for landfill managers and 
researchers, although maintaining the unsaturation of the 
gravel drainage layer to reduce the HRT of the leachate 
can reduce the degree of clogging of the gravel drainage 
layer [38]. However, if there is preferential flow of the 
young leachate to the gravel drainage layer, chemical 
precipitate forms in it, especially near the perforated 
collection pipes, and it more easily leads to clogging 
[39-40]. Therefore, under the premise of improving the 
performance of the anti-seepage layer, the leachate level 
of the gravel layer is appropriately increased, and the 
supersaturation state of the gravel layer is maintained 
to avoid the preferential flow of the young leachate [15]. 
Hence, the young leachate completely decomposes in 
the methanogenic phase waste, the properties are stable, 
and no obvious clogging occurs during flow through 
the gravel layer. It is an alternative way to operate  
the landfill.

Fig. 5. Variation in COD of the mixed leachates versus elapsed 
time.

Fig. 6. Variation in Ca2+ content in mixed leachates versus 
elapsed time.
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In the case of alkaline conditions and high PCO2, 
most of the Ca2+ in the solution should be precipitated 
[41]. Because of the complex composition of the 
leachate, however, Ca2+ exists not only in ionic form but 
also in the form of colloids, complexes, extracellular 
polymers, and complex ions [42-45]. This part of Ca2+ 
is not easily precipitated by carbonates. Thus, there was 
high Ca2+ content at the end of the experiment.

Analysis of Mg2+ Change in the Mixed Leachates 
with Elapsed Time

In the three mixed leachates, the Mg2+ content was 
reduced (Fig. 7). The 10% and 20% mixed leachates 
had more Mg2+ removal, while the 30% mixed leachate 
had less removal.

Variations in Mg2+ content of the three mixed 
leachates was small, and the Ca2+ content gradually 
increased in the mixed leachates (Table 3). In the 
formation of magnesium-containing calcite, the 
participation of Mg2+ decreases with the increase in 
Ca2+ content of the leachate, and so the removal of Mg2+ 
in the 30% mixed leachate was less, and that in the 
10%and 20% mixed leachates was more. 

Analysis of pH Change in the Mixed Leachates 
with Elapsed Time

The pH levels of the three mixed leachates were 
alkaline and there was little variation at the beginning 
of the experiment because the old leachate content 
was relatively high in the mixed leachate, even if a 
certain volume of young leachate having a pH of <7 
was added. After mixing, the leachate was still alkaline 
(Fig. 8). The pH of the three mixed leachates gradually 
decreased during the experiment, and the 30% mixed 
leachate decreased the most; however, the pH of the 
three mixed leachates remained alkaline to the end of 
the experiment.

Under alkaline conditions, the VFAs in the 
leachate mainly exist in the form of ions [46-47], and 
the carbonate buffer system is one of the main buffer 
systems. Because of the decomposition of organic 
matter by anaerobic microorganisms to CO2(g), the 
CO2(g) content of the gas phase is gradually increased, 
that is, the PCO2 is increased in the closed anaerobic 
flask. According to Henry’s Law, the CO2(aq) dissolved 
in the leachate also gradually increases. The CO2(aq) of 
leachate releases a large amount of H+ after dissolution 
and ionization, so that the buffer range of the carbonate 
buffer system moves to a pH close to 7, and the pH of 
the leachate gradually decreases.

The 30% mixed leachate contained a higher COD 
(Table 3), the biodegradability was good, and the 
microorganisms decomposed the organic matter to 
generate more CO2(g), more CO2(aq) dissolved in 
the leachate, and the pH decreased greatly. Since the 
CO3

2− reacts with Ca2+ and Mg2+ to form carbonate 
precipitates, the content of CO3

2− is lowered; that is, 
the alkalinity of the leachate is lowered, and the pH  
of the 30% mixed leachate has a greater decrease  
[48-49].

Fig. 7. Variation in Mg2+ of the mixed leachates versus elapsed 
time.

Fig. 8. Variation in pH of mixed leachate versus elapsed time.

Fig. 9. Variation of ORP of mixed leachate versus elapsed time.
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Analysis of ORP Change in the Mixed Leachates 
with Elapsed Time

The ORP of the three mixed leachates gradually 
increased with time (Fig. 9). The biodegradable 
reducing organic matters in the leachate were 
oxidatively decomposed by microorganisms [50-51],  
and the reducibility of the leachate was gradually 
weakened.

Conclusions

The static anaerobic culture experiments showed 
that the mixed leachates had higher COD content, and 
biodegradability was better. The COD content of the 
three mixed leachates decreased greatly; COD of 10%, 
20%, and 30% mixed leachate were reduced by 12%, 
38%, and 24%, respectively. As the content of young 
leachate in the mixed leachate increase, the amount 
of COD removed gradually increase, and microbial 
decomposition of COD produces more CO3

2-.
Since the mixed leachate contains high Ca2+ and 

Mg2+, the Ca2+ and Mg2+ combines with CO3
2- to form 

carbonate precipitates. Analysis by X-ray diffraction 
(XRD) showed that the main carbonate precipitate is 
magnesium-containing calcite, an isomorphous crystal. 
As the content of the young leachate in the mixed 
leachate increases, more carbonate precipitates formed, 
and the content of Ca2+ in the magnesium-containing 
calcite gradually increases, and the content of Mg2+ 
gradually decreases. Due to the high density of the 
carbonate precipitate, and the water permeability is 
poor, if it is deposited in the gravel drainage layer, it 
will cause serious clogging.

The pH of the three mixed leachates gradually 
decreased during the experimental period. As the 
content of the young leachate in the mixed leachate 
increases, the biodegradability gradually increases, and 
the more CO2 generated during anaerobic culture. The 
dissolution and ionization of CO2 will release more H+, 
the higher the content of young leachate in the mixed 
leachate, the more the pH was lowered.

The mixed leachate has good biodegradability, and 
the initial ORP was generally low at about -300mv. 
As the microorganism decomposes the biodegradable 
reducing organic matter in the leachate, the ORP of the 
leachate gradually increased and tended to be stable, 
indicating that most of the biodegradable reducing 
organic matter in the mixed leachates has been oxidized.

In summary, the mixed leachate has higher COD, 
Ca2+, Mg2+, better biodegradability, and pH>7, so it 
has stronger property of forming precipitates. If such 
leachate is present in the gravel drainage layer due to 
the preferential flow of the landfill for a long time, the 
leachate drainage system will cause serious clogging, 
which will affect the safe and stable operation of the 
landfill. Landfill managers should optimize engineering 
design and strengthen daily operational management to 

prevent and weaken the preferential flow of leachate in 
the waste body.

In the operation and management of landfills, we 
can take the following measures to prevent and weaken 
preferential flow channels and leachate in the waste: to 
prevent large pieces of wood waste from being buried 
in the landfill and strictly carry out the broken bag 
disposal of the waste; optimize the design of vertical 
gas guiding wells and weaken the leachate preferential 
flow channel function, such as laying a certain height 
of the methane fermentation phase waste layer at the 
bottom of the well to pretreat the leachate; strengthen 
inspection and maintenance of the flood drainage ditch 
and intermediate cover film of the landfill before the 
rainy season to prevent rain from flowing into the waste; 
and for landfills operated by leachate recirculation 
it is necessary to strengthen the management during 
recirculation to prevent the preferential flow of leachate 
caused by uneven water distribution.

This study provided some theoretical basis for fully 
understanding the property of the actual leachate in the 
gravel layer and an in-depth discussion for preventing 
and controlling the clogging of the leachate in the 
drainage system.
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