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SUMMARY 

Leachate issues are discussed here on the basis of data from landfills containing 
municipal solid wastes. The arguments presented will be relevant also for other types of 
landfills although the emphasis will shift depending on specific problems developing 
from different wastes. 

Landfill emissions are basically caused by concentration differences between the landfill 
and its surroundings. The pollution potential of the landfill will change as landfilled 
materials degrade, transform, and are emitted. The landfill will eventually stabilise and 
at some time their impact on their surroundings will be practically negligible. 

Leachate emissions will occur and may impact the surroundings for longer times than 
other emissions. Based on observed leaching rates at landfill and from physical landfill 
models, one can conclude that leachate treatment will be necessary for hundreds of 
years. In Sweden leachate from active landfills is usually collected and treated. The 
treatment is often done at municipal wastewater treatment facilities together with 
municipal wastewater, but treatment of solely leachates at landfills is also practised. 

The present leachate management is not sustainable, because of the extended treatment 
times needed and the obvious lack of available resources to perform such a long term 
treatment. In order to reach a sustainable leachate management one needs to regard both 
short and long term aspects of leachate management already in the landfill design and 
when planning landfill operations. 

Leachate composition is not constant. Factors such as waste composition, different 
degradation regimes and different leaching rates of various substances will cause 
qualitative differences and changes of leachate properties. Through the understanding 
of how leachate quality depends on different factors, measures to control the qualitative 
changes may be developed. Such measures have been discussed from both short and 
long time perspectives, and they include: 

• Separate placement of wastes with different properties. 

• Steering the landfilled wastes to different degradation phases. 

• Stabilising the landfilled waste through enhanced degradation and leaching. 

Active treatments during the operative life of a landfill must eventually be replaced by 
passive leachate treatment procedures, where the interaction between the landfill and its 
surroundings is of fundamental importance. This underlines the need of developing so 
called natural treatment systems and to plan for their long term function already when 
placing and designing landfills. 



SAMMANFATTNING 

Lakvattenfrågor diskuteras här med utgångspunkt från upplag innehållande 
hushållsavfall.  De  förda resonemangen är i grunden giltiga för alla typer av upplag,  
men  med varierande avfallssammansättning kommer olika  problem  att behöva 
fokuseras. 

Emissioner från avfallsupplag orsakas i grunden av att det råder 
koncentrationsskillnader mellan upplagen och deras omgivning. Upplagens 
föroreningspotential förändras i takt med att olika ämnen bryts ned, omvandlas och 
mobiliseras.  Man  kan säga att upplagen stabiliseras och vid någon tidpunkt kommer 
deras inverkan på omgivningen att vara praktiskt  taget  försumbar. 

Utsläpp med lakvatten är  den  påverkan på omgivningen som uppträder över längst tid. 
På grund av observerade utlakningstakter i upplag och fysiska upplagsmodeller kan  man  
dra slutsen att lakvattenbehandling kommer att behövas i hundratals år. I  Sverige  är det 
numera normalt att lakvatten från aktiva upplag samlas  in  och behandlas. Behandlingen 
sker ofta tillsammans med kommunalt avloppsvatten i reningsverk,  men  behandling sker 
även av lakvatten  separat  i behandlings-anläggningar på upplagen. 

Nuvarande lakvattenhantering är inte uthållig. Avsaknaden av långsiktig hållbarhet  har  
påvisats med hänsyn till såväl  den  långa tid som lakvattenbehandling normalt krävs 
(hundratals år) som att ekonomiska resurser inte finns aysatta för behandling  under  så 
lång tid. För att erhålla  en  på lång sikt hållbar hantering krävs därför att hänsyn tas till 
faktorer som påverkar  kort-  och långsiktig lakvattenhantering redan vid utformningen 
av upplag. 

Lakvattensammansättningen är inte  konstant.  Faktorer som påverkar lakvattnets kvalitet 
är  t ex  avfallets sammansättning, nedbrytningstillståndet i upplaget och olika 
föroreningars mobiliseringstakt.  Via  förståelsen över hur lakvattenkvaliteten påverkas 
av olika faktorer följer även möjligheten att bedöma vilka åtgärder som  skulle  kunna 
förändra kvaliteten. Sådana åtgärder  har  diskuterats ur ett  kort  såväl som ur ett långt 
tidsperspektiv. Åtgärderna gäller främst: 

• särdeponering av avfall med olika egenskaper 

• styrning till olika nedbrytningstillstånd. 

• påskyndad stabilisering, främst genom nedbrytning och utlakning.  

En aktiv  behandling  under  upplagets drifttid måste så småningom ersättas av  en passiv  
behandling där upplagets samverkan med  sin  omgivning är av avgörande betydelse. 
Detta accentuerar behovet av  en  utveckling av naturnära behandlingsmetoder och  en  
planering för deras långsiktiga funktion redan vid upplagets anläggande. 
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1. INTRODUCTION 

This thesis deals with the question of leachate quality and its long and short term 
implications for leachate management. Three papers published at international 
conferences and an extensive literature review form the basis for the following 
discussion. The papers are based on experimental research in laboratory and pilot field 
scale. The papers are: 

I 	Lagerkvist,  A. and Kylefors,  K.  (1993); Composition and treatment of leachates 
from different wastes. Sardinia 93: Fourth International Landfill Symposium, 
11-15 Oct. 1993, S. Margherita di Pula, Cagliari, Italy, Vol. 1, p.811-819. 

II 	Kylefors,  K.,  Grennberg,  K.  and  Lagerkvist,  A. (1994); Local treatment of 
landfill leachates. 4th International conference on wetland systems for water 
pollution control, 6-10 Nov. 1994, Guangzhou, Peoples republic of China, 
p.539-548. 

III 	Kylefors,  K.  and  Lagerkvist,  A. (1997); Changes of leachate quality with 
degradation phases and time. Sardinia 97: Sixth International Landfill 
Symposium, 13-17 Oct. 1997, S. Margherita di Pula, Cagliari, Italy. (accepted). 

The literature review deals with leachate quality and treatment. 

2. RESEARCH QUESTIONS 

In order to protect the quality of recipients, leachate management has become an 
established practice at landfills in the industrialised world. The development towards 
collecting and treating landfill leachate has only taken place over a few decades. This 
practice can, however, for the greater part of the landfills be regarded as an end of the 
pipe technology. The need of landfill leachate treatment is usually considered when 
designing landfills, but the landfill design, with regard to waste materials and processes, 
is rarely optimised for the needs of the leachate treatment either in a short or a long 
term perspective. This is also true for landfill gas utilisation and landfill management in 
general. Traces from the lately predominant strategy of insulating the waste from its 
environment - "the encapsulation strategy" - seem to be an obstacle against viewing 
landfills as changing systems. Landfills are however dynamic systems even if one tries 
to wink at it. 

To know how the dynamics of landfill processes should be considered and, when 
possible, taken advantage from with regard to leachate management, there is a range of 
topics that need to be better understood. In the following discussion three of the 
relevant themes will be focused on: 
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Is the leachate management of today sustainable? 

How will landfill design and processes affect leachate management? 

How to improve practices in order to approach a sustainable leachate 

management? 

These broad topic areas are further detailed and  demarked  in the following discussion. 

3. DISCUSSION 

3.1 Is the leachate management of today sustainable? 

To be able to judge whether a management is sustainable or not, there is a need to 
define sustainability. According to  Lagerkvist  (1996) one criteria of sustainability is not 
to cause an accumulation of environmental costs. Each generation should take care of its 
own waste and transform it to an environmentally harmless (stabilised) form. If this is 
possible with regard to the time required for leachate concentrations to reach discharge 
limits (within a generation) as well as the economical resources reserved for the active 
treatment will be discussed in the following. 

Values and intervals of critical factors will in the following mainly be chosen so that the 
time and the corresponding costs to reach a stabilised landfill will not be overestimated. 

3.1.1 Time 

Leachate treatment is required as long as the recipient cannot tolerate a leachate 
discharge without treatment. However, recipients have different sensitivity to additions 
of polluted "water. It can be useful for the discussion to have some general limits. The 
lowest discharge limits of some European countries (from lists in Kylefors &  

Lagerkvist  1996 and presented in paper no III) have been used here. The lowest present 
values were chosen as discharge limits have had a historic tendency to be adjusted 

downwards. 

The leachate quantity formed within the dominating leachate management of today 
depends mainly on the amount of water that infiltrate the landfills. By the use of e.g. 

designed covers the infiltrating quantity is often reduced. An infiltration of about 1/3 of 
the precipitation can be considered to be in the upper interval of the infiltration at 
typical Swedish landfills. This corresponds to about 150-300 mm of yearly infiltration. 

Before discharge limits for most components have been reached the liquid to solid  (LIS)  
ratios, i.e. the sum of infiltrated and added water over the total solids (TS) of the waste, 
will amount to about 10 (paper no III). With a waste load of 10 tonnes/m2  and a yearly 
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infiltration of 300 mm, it will take more than 300 years before the concentrations are 
below discharge limits. A typical exponential decrease in concentration is illustrated for 
nitrogen in Figure 1. Even if one could assume that passive treatment methods can be 
used for the last half of the  LIS  period (from L/S about 5), the required time for active 
leachate treatment will be more than 150 years. In other words: The landfill of today 
will need active leachate treatment several generations into the future, indicating a 
deficit of sustainability. 

3000 - 
y= 7463.5 * 10^(-0.34517x) 	12.2 = 0.825 

0 0 

0 0 
0 	C60  

0 

e  

2  3 4 
LIS 

Figure 1. 	Example of an exponential decrease in concentration. Here applied to 
nitrogen in acidogenic leachate (from paper no III). 

3.1.2 Cost cover 

According to the assumptions above, active leachate treatment will be needed while the 
first 5 m3  of water passes each ton of waste. A treatment cost of 5 SEK/m3  is in the low 
end of the cost range for leachate treatment. Thus without consideration of capital costs 
the treatment costs for active leachate treatment will amount to at least 25 SEK/ton of 
waste. 

A mean amount of about 15 SEK/ton of the waste landfilled in 1994 was at Swedish 
waste companies reserved for closure and future control of the landfill  (Johansson  & 
Retzner 1996). This amount of money is far below the minimum required 25 SEK/ton 
of waste and it includes costs for more than future leachate treatment. Interest on 
funded money may offset a part of the difference, but increase of prices, capital costs 
and operation costs of passive treatment will shift the balance in the reverse direction. 
There seems to be a problem with regard to economical sustainability as well. 
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3.1.3 Conclusions 

The leachate treatment of today does not seem to be sustainable. Each generation will 
accumulate environmental costs (pollution potentials) which remains to be taken care of. 
With the landfill design of today there may be a need for leachate treatment for more 
than 300 years. Most, if not all, waste companies probably lack sufficient economical 
resources to treat the leachate that long. 

3.2 How will landfill design and processes affect leachate management? 

To answer this question, factors that influences leachate quality and treatment will be 
discussed. Leachate quantity issues will not be discussed. 

3.2.1 Waste composition 

It is quite evident that the quality of a leachate is dependent on the waste composition. 
Industrial wastes can give very specific leachates. Examples to this can e.g. be found in 
(Bergman 1996). Even within municipal landfills there can be large differences between 
leachates from different wastes. The most studied wastes at municipal landfills are 
household wastes and ashes. 

Organic material 

A household waste is rich in easily degradable organic material and so is the 
corresponding leachate. Ashes, which are rich in easily soluble salts, will give leachates 
rich in these salts. These characteristics of the leachates have also been confirmed by the 

1. 2. 3. 4. 5. 
Compostable Residual Digested Wood and Dry and light 
fraction from fraction from sewage coal ash industrial 
households households sludge fraction 

Figure 2. 	Content of organic material in leachates from five different wastes 
common at municipal landfills. Derived from information in paper no I. 
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study of leachates originating from different wastes presented in paper no I. The low 
VS/TS ratio for ash leachate, as shown in Figure 2, confirm that the TS of ash leachates 
is dominated by inorganic salts. Leachate no 1, 2 and 5 have all rather high parts of 
organic material (VS/TS about 0.6). There is however a difference in the degradability 
of the organic material. This can be seen by differences in the BOD/COD ratio. 

The easy degradable organic material in household waste seem to originate mainly from 
the compostable part of the household waste. This can be seen as the degradability of 
leachate no 2, the rest fraction after source sorting of recyclable fractions, hazardous 
waste and compostable material from household waste, is low and the degradability of 
the compostable fraction is high. 

Both the rest fraction from household waste and the digested sewage sludge can be 
regarded as waste fractions where the main part of the easily degradable material has 
been taken away. The leachate quality reflects this fact, as the main part of the organic 
material in the leachates is not easily degradable (low BOD/COD ratio). 

Nutrients 

MSW (municipal solid waste) leachate often contain rather high nitrogen concentrations 
and there is often a lack of phosphorous when the leachate is aimed for biotreatment. 
From the results presented in paper no I the ratio N:P seems to show an excess of 
nitrogen and/or a lack of phosphorous in all the different studied leachates, Figure 3. 
This may at least be the case for the initial leachates from different municipal solid 
waste categories, and when the leachate is aimed for aerobic biotreatment (C:N:P about 
20:1:0.2 Tchobanoglous et al. 1993 and Metcalf & Eddy 1991) or for growth of  

1. 2. 3. 4. 5. 
Compostable Residual Digested Wood and Dry industrial 
fraction fraction from 

households 
sewage 
sludge 

coal ash fraction 

Figure 3. 	Nutrient content of leachates from five different wastes common at 
municipal landfills. Optimum lines have a birch specie as its object 
(Ingestad 1987). From paper no II. 
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vegetation in a natural treatment system as illustrated by optimal lines for a birch specie 
in Figure 3. The N:P ratio differs, however, between the different waste categories and 
is largest in leachate from sewage sludge. This may reflect that sewage treatment 
typically is designed to remove phosphorous and that the precipitated phosphorous 
seems to be strongly bound in the sludge. 

Ashes contain much salts. Most of the salts are easily leachable. In Figure 3 it can be 
seen that potassium dominates over nitrogen, and then also over phosphorous, as 
nitrogen dominates over phosphorous. Also other investigations have shown that ashes 
from different sources contain much of easily leachable salts. There is, however, a large 
difference in the part of easily leachable salts between bottom and fly ash. The fly ash 
contains more of the easily leachable salts (Hjelmar 1996). 

Metals 

The quality of leachates is different regarding hazardous elements. Of the studied 
wastes, sewage sludge and household waste seems to be those that generate leachates 
with the highest metal concentrations, Figure 4. This may at least be the case for 
leachates produced in the beginning of the leaching. 

120 

100 
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60 

40 

20 

II As 

LS Cu  

Zn  

 

1. 2. 3. 4. 5. 
Compostable Residual Digested Wood and Dry industrial 
fraction fraction from 

households 
sewage 
sludge 

coal ash fraction 

Figure 4. 	Concentration contrasts for three metals of leachate from different 
wastes compared to a moderate nutrient rich fresh water recipient. The 
chosen metals were the ones that occurred in highest concentration 
contrasts. Derived from information in paper no I. 

3.2.2 Degradation phases 

The dominating degradation phases in MSW landfills are the acidogenic and the 
methanogenic degradation phases. The acidogenic degradation generates leachates with 
rather low pH, typically about 5, and with high concentrations of easily degradable 
organic material. The characteristics of methanogenic leachates are pH about neutral 
and a moderate organic content of compounds not easily degradable. 
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The differences in leachate concentrations for nutrients are not as evident as the 
differences in concentrations for organic material and pH. As shown in paper no III the 
content of macro nutrients like nitrogen, phosphorous and potassium is higher in 
acidogenic leachate than in methanogenic leachate. 

It is reasonable that metals have higher concentrations in an acidogenic leachate than in 
a methanogenic leachate. This difference is mainly an effect of the lower pH and the 
increased potential for formation of organic metal complexes. According to paper no 
III this is true for most metals, but there may be some exceptions. In the study of 
acidogenic and methanogenic leachates, presented in paper no III, it was found that lead 
(Pb), copper (Cu) and barium  (Ba)  sometimes can behave differently. Formation of 
aluminium hydroxide and adsorption of metals to this hydroxide, may be the 
explanation to this behaviour. The aluminium hydroxide with adsorbed metals is at 
certain conditions found in the leachate to such an extent that it is possible to detect 
higher metal concentrations in methanogenic leachate than in acidogenic. 

3.2.3 Time 

Leachate quality changes with time. The mass flow of pollutants is dependent on the 
flow of water and its concentration in the leachate. The flow of water depends on 
infiltrating (dominating today) and added water. The concentration depends on the 
processes within the waste material, like degradation and leaching, which can be limited 
by the kinetics of the reactions. Factors limiting kinetics of degradation could be: water, 
nutrients, microflora, concentration of degradation products and contact area between 
waste and microflora. The simple leaching can also be restricted by equilibriums, i.e. 
high concentrations in the leachate can limit further mobilisation. 

As discussed above the leachate management of today is not sustainable and one reason 
for this is the long time required to reach discharge limits. To be able to estimate 
leachate quality in a long perspective one needs to look at laboratory experiments as 
data from full scale landfills are not available for more than about 20-25 years. Studies 
that have been performed at landfills often relate the development of leachate 
concentrations to the age of the waste. Studies performed in laboratory scale often 
relate the development of leachate concentrations to time (in days) from the start of the 
experiment. In some studies like the one performed by Ehrig (1988) assumptions have 
been made on the relation between the days in laboratory and the age of the waste. 
Other attempts to be able to relate the different scales of time have been done by e.g.  
Reitzel  et al. (1992). They made the ratio L/S (generated amounts of leachate/ input 
amount of solids). 

Leachate concentration of most substances will have an exponential decrease over time 
(Baccini et al. 1987, Belevi & Baccini 1989, Ehrig 1988,  Reitzel  et al. 1992, paper no 
III). The time required to reach discharge limits may, however, be long. Examples of 
estimated times are presented in Table 1. The times are converted from L/S ratios, 
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presented in paper no III, with the assumption of a landfill with 20 tonnes/m2  and 200 
mm yearly infiltration of water. Using the same assumptions, values calculated from 
results presented by  Reitzel  et al. (1992) results in similar times as presented in Table 1. 
According to paper no III there may also be a difference in the required time to reach 
down to discharge limits under different degradation phases. 

Table 1. Estimated time (years) required to reach discharge limits. Times are 
derived from paper no III. 

Substance acidogenic methanogenic  

C 	 -900 	-900  
N 	 -800 	-700  
P 	-1200 	-600 

The times to reach down to discharge limits are not correlated to the amount of leached 
substances. For example, the amount of leached phosphorous at discharge limits will be 
higher under acidogenic than under methanogenic conditions. 

3.2.4 Conclusions 

For most cases leachate quality is affected by the waste characteristics. There may 
however be exceptions. One example could be the high phosphorous content in sewage 
sludge, which is usually only slowly mobilised. 

Leachate quality is also strongly affected by the degradation processes occurring in the 
landfill. Higher concentrations and lower pH in acidogenic leachate compared to 
methanogenic leachate are normally the case. However, there may be some exceptions 
for some metals. The different characteristics put different demands on leachate 
treatment. Acidogenic leachate may, for example, need a methanogenic pretreatment. 

Leachate quality changes over time, both within a given degradation phase and 
generally. In general leachates have exponentially decreasing concentrations over time. 
Some exceptions may be found, e.g. in phosphorous. The time required to reach 
discharge limits can amount to several hundreds of years. It differs, however, between 
different substances and different degradation phases. This means that the composition 
(the ratios between different substances) of the leachate changes over time. 
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3.3 How to improve practices in order to approach a sustainable leachate 
management? 

There are two major problems with the leachate management of today: 

• The time required for active leachate treatment is too long. 
• The landfill design is badly adapted to an efficient leachate treatment, both in a 

short and in a long perspective. 

In this section possible techniques that can contribute to a more sustainable leachate 
management are discussed together with possible effects in a short and a long term 
perspective. 

3.3.1 Useful techniques 

Reduction of the time required for active leachate treatment 

The long time required for waste stabilisation constitutes a major problem. Enhanced 
stabilisation could offer possibilities to shorten the required time for active leachate 
treatment. 

The definition of stabilisation can be discussed, but the inward sense in the concept is 
that the pollution potential of the waste shall decrease. A minimum requirement is that 
the concentration in the leachate should be below a certain discharge limit. This is 
however not enough, as discussed in paper no III. There should also be some relation to 
the content of the waste. For most pollutants L/S ratio is important for the stabilisation 
of waste. To enhance the stabilisation the L/S ratio can be increased, i.e. water can be 
added. The time required for leachate treatment may then be shortened. 

Adaptation of landfill strategy to be able to get a more efficient leachate treatment 

There are mainly two ways that may improve the efficiency of the overall leachate 
treatment. Both are built on the strategy of separate collection of leachates with 
different characteristics: 

• separation of leachates due to waste characteristics 
• separation of leachates due to degradation phase 

As discussed above different waste categories at a municipal landfill will generate 
leachates with more or less different characteristics. There is of course not just one 
treatment method that is perfectly suited for all different kinds of leachates. It may be 
beneficial to keep wastes that generate leachates with different characteristics separated. 
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The overall active leachate treatment efficiency may gain on a separate collection and 
treatment of different leachates, as further discussed in section 3.3.2. 

In MSW the acidogenic phase will precede the methanogenic phase. The leachate quality 
will, as discussed above, depend on the degradation phase. The concentration of most 
substances in methanogenic leachate is normally lower than in acidogenic leachates. 
Most applied techniques try to enhance the establishment of methanogenic conditions. 
The techniques include e.g. aerobic pre-processing, landfilling in thin layers, addition 
of buffers, codisposal with sewage sludge and air injection. 

The technique of TSAAD (two step anaerobic degradation) takes advantage of the often 
easily developed acidogenic environment in MSW. The waste is put into a cell, which is 
turned acidogenic by massive infiltration of water. The acidogenic leachate is treated in 
a methanogenic filter. The separation of the two degradation phases may have its 
greatest benefit for the gas collection. The benefits for leachate management are mainly 
focused on metals. By the use of controlled acidogenic degradation there will be an 
enhanced leaching of most metals. The use of a small filter as the methanogenic step 
will give a better control over the metal retention. 

3.3.2 Effects on leachate treatment in a short term perspective 

In a short perspective only active leachate treatment will be discussed. 

The separation of leachates due to waste characteristics will give leachates that for 
optimal treatment effect may require different treatments. How far the separate leachate 
treatment should be driven in order to obtain the overall most efficient leachate 
treatment is not established. It may however be pointed out that leachate from e.g. 
household waste and ashes differs markedly in leachate quality. A cotreatment by 
biological degradation (reduction of organic material) may not affect the leachate part 
originating from the ashes. It would probably be more efficient to treat the organic 
contaminated leachate separately before mixing the leachates. 

The separation of leachates, due to its origin from different degradation phases, will 
give greater possibilities to optimise the effect of methanogenic degradation. The effect 
could be better reduction of organic material or more metals being trapped in the 
methanogenic filter. 

The enhanced stabilisation will mainly give effects on the time and resource 
requirements. 
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3.3.3 Effects on leachate treatment in a long term perspective 

During a large part of the period when leachate treatment is needed, the concentrations 
in the leachate will be rather low, however, over discharge limits. The required 
treatment will during this period be of a polishing kind. Natural (or passive) treatment 
systems are well suited for this kind of treatment. These systems utilise naturally 
occurring processes and rely mainly on renewable and naturally occurring energies like 
solar radiation, storage of potential energy in biomass and soils, and chemical-free 
energy of waters like rainwater, surface water and groundwater. 

The use of enhanced degradation in combination with separation of different leachate 
qualities, i.e. leachates from different wastes and wastes at different degradation phases, 
may lead to increased possibilities to steer the ratios between different substances like, 
e.g., nutrients. The ratio C:N:P are important for biological treatment and it can be 
important for the function of a passive treatment system. The C:N:P ratio seems to be 
possible to steer in a long term perspective, at least to some degree, by the use of 
acidogenic and methanogenic degradation (paper no III). Phosphorous seems to be 
leached faster under acidogenic conditions, even though discharge limit is reached faster 
under methanogenic conditions. There seems to be minor difference in leaching rate for 
nitrogen at the two degradation phases. When the switch between two step leaching 
(acidogenic + methanogenic steps) and single step leaching (methanogenic step) will take 
place can be crucial to the leachate composition in a long term perspective. 

Natural treatment method(s) may in the beginning function as polishing step(s). As the 
leachate concentrations decline, the natural treatment can gradually become the main 
treatment. In paper no II the sensitivity of germination of seeds and growth of birches 
have been investigated. It showed that raw leachates with low  redox  potentials and high 
ammonia concentrations may be detrimental to the function of a natural treatment 
system. 

3.3.4 Conclusions 

Techniques exist that can be used to separate leachates with different characteristics. For 
example separation due to waste characteristics or degradation phase. This may lead to 
an improved overall leachate treatment efficiency for the active treatment. 

Enhanced stabilisation by addition of water can shorten the time required for leachate 
treatment. In combination with separation due to waste characteristics or degradation 
phase, also the passive treatment could be improved. 

Natural treatment systems cannot be solely used at MSW landfills during the whole 
active treatment phase. 
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4. CONCLUSIONS 

• Landfill leachate management of today is not sustainable. 

• Landfill leachate management have to be more intimately incorporated in landfill 
process design, in order to get an overall more efficient leachate treatment as well as 
reasonable treatment costs. 

• Landfill leachate management needs to be considered both in a short and a long term 
perspective. 

5. FURTHER RESEARCH 

5.1 Long term leaching 

Laboratory studies have been made in order to find out the leaching behaviour of 
municipal landfills. However, the studies only cover the initial leaching and the leaching 
behaviour is seldom correlated to degradation phases. Will the trends of leachate quality 
that has been predicted really develop? There is a need to find out long term behaviour 
for leachates not only from municipal waste but from different wastes, including 
categories within the municipal waste. 

5.2 Leaching at the oxidation phase 

There will still be a lot of metals left in the waste matrix, when MSW have been 
stabilised with regard to organic material and nutrients. Metals may be leached if 
oxygen penetrate into the landfill. How will the leachate quality develop at the oxidation 
phase? Is it possible to enhance the oxidation phase and then shorten the time required 
to stabilise the landfill? 

5.3 COD analysis 

Discharge limits often include stringent demands on COD concentrations, which may be 
difficult to satisfy. There is a lack of lcnowledge of what is really included in the COD 
analysis and what the environmental impact of the residual COD really is. Even the 
analytical procedure may be questionable. For example acetic acid, which often 
dominates the organic material in the leachate from acidogenic degradation, may 
sometimes be badly incorporated in the COD results. Metals, on the other hand, may 
contribute to the COD results. In some leachates the information of such effects could 
be crucial to, e.g., the choice of treatment method or the requirement for treatment. 
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5.4 Natural treatment methods 

Natural treatment methods (defined in chapter 2.6 of the literature review) have mainly 
been applied to sewage treatment. Even within this category of water, the knowledge is 
limited. The knowledge is even more sparse for leachate treatment. As these methods 
are the only obvious alternative for the passive treatment there is a need of more 

knowledge about such methods. 
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1. LEACHATE QUALITY 

When, for instance, rain infiltrates a landfill, leachate is formed. Dissolved and 
suspended substances pollute the infiltrating water. The quality of the leachate can vary 
considerably. The causes of observed differences in quality between leachates are many 
and they can principally be divided into four categories depending on: 

• the waste: type of waste, grade of decomposition 
• the landfill environment: phase of degradation, humidity, temperature, etc. 
• the technique of landfilling: compacting, cover, height of landfill layers, etc. 
• sampling: method of analysis 

The first three categories can strikingly affect the observed quality, while the fourth 
category normally contributes to a less extent to the variations of the quality. 

It is not always easy to separate the different types of influence on the quality of the 
leachate, as the different categories affect each other. The technique of landfilling 
influences, for instance, the environment of the landfill, which in turn is dependent on 
the type of waste. The type of waste in combination with the aim of obtaining a special 
landfill environment can on the other hand direct the choice of technique for 
landfilling. 

To the above-mentioned four categories influencing the quality of the leachate, one can 
add time. The forming of leachate goes on over a long period of time. This may be the 
main reason why leachate is usually considered to be the most negative influence on the 
surroundings that a landfill can give rise to. The fraction of pollution from a municipal 
landfill present in gas and leachate respectively is illustrated in relation to time in 
Figure 1. In short this means that the production of gas gives rise to a significant part of 
the mass flow of pollution. In the long term the leachate predominates. The consequence 
will be that the landfill will probably need an active treatment of the leachate for at least 
one hundred years. In order to shorten the required time for active treatment one can 
try to enhance the stabilisation of the waste by, for example, water addition. 

In this chapter an attempt will be made to describe the influence of the four above-
mentioned factors and time on the leachate quality. Some conventional as well as 
recently developed landfilling techniques will also be discussed briefly. 
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Figure 1. 

[C]x = concentration or transport 
of substance  x.  

10 	100  I  1000  
i<____  stabilised landfill 

Outflow from a municipal landfill as a function of time. After (Belevi & 
Baccini 1989). 

Goal 
("harmless content") 

time (years) 

1.1 What is leachate composed of? 

The solids in leachate is mainly composed of substances dissolved in water. The content 
of suspended material is low. In analyses from Chian and DeWalle (1976), where 
leachate from twelve landfills were investigated, the amount of suspended material 
varied between 0.03% and 22% of the TS. Half of the number of landfills had a 
suspended solids content that represented less than 2.5% of the TS. A typical leachate 
from a household waste is expected to contain suspended material representing about 
2% of the TS, which means that 98% of the TS is dissolved material. 

1.1.1 Organic material 

The organic content in leachates from municipal landfills, i.e. landfills containing 
household waste, can vary within large boundaries. The amount as well as the 
composition of the organic material depends on the state of degradation in the landfill. 
The organic material in leachates could be divided into three principal groups 
(Christensen 1982): 

• Low molecular organic acids and alcohols 
• Humin material, carbohydrate resembling organic material with a high 

molecular weight 
• Fulvic acid resembling material with a medium high molecular weight. 

The first fraction is composed of lightly convertible, volatile organic acids and alcohols, 
mainly fatty acids. The volatile organic acids can amount to up to 90% of the organic 
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carbon in leachates from landfills where acidogenic degradation dominates. The most 
frequently occurring fatty acids are acetic acid, propionic acid and butanic acid. 

The second fraction constitutes between 0.5% (from methanogenic landfills) and 5% 
(from acidogenic landfills) of the organic content. This fraction belongs to hurnic 
substances, Figure 2, and consists of more stable organic compounds than the organic 
acids. One can suppose that the humin material originates from cellulose and  lignin.  

The third group, containing material resembling fulvic acid, is also mainly a part of the 
humic substances, Figure 2. The structure is relatively rich in carboxylic and 
hydroxylic groups. This third group of substances dominates in leachates from 
methanogenic landfills and they are difficult to degrade.  

C  HUMIC SUBSTANCES ) 

Fractionation on the basis of solubility 

 	Decreasing molecular weight 

	  Decreasing carbon content 

	  Increasing oxygen content 

Increasing acidity and  CEC  ** 

Decreasing nitrogen content 	 

Decreasing resemblance to  lignin  

Figure 2. Fractionation of humic substances, after Bolt & Van Riemsdijk (1987). 

The organic material in leachate contains, according to M6ndez et al. (1989) up to 15-

20% proteins in acidogenic as well as in methanogenic leachate. The content of protein 
is much higher in acidogenic leachate than in methanogenic, which is a consequence of 
generalised high contents of organic material in acidogenic water. 

Besides the frequently occurring organic substances there are also organic compounds 
which are present in small amounts. In general substances searched for are found. It 
happens, however, that substances cannot be detected. A list of organic compounds 
detected in leachates from municipal landfills has been compiled by  Öman  (1993). The 

list contains more than 250 different compounds. Among the compounds with the 
highest concentrations can be mentioned groups such as fatty acids, alcohols, amino 

acids,  bensenes  and halogenated compounds. Examples of intervals of concentration for 
some different groups of substances are shown in Table 1. 

-4 	 
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Table 1 	Examples of observed contents of different groups of substances in 
leachates from municipal landfills. 

Group of 
	

Concentration 	Type of leachate References 
substances 

Halogenated 	0.13-3.5 mg/1 
material (AOX) 
Oil and grease 	<0.5-3.3 mg/1 
Phenols 	<0.003-44. mg/1 

Robinson  and  Gronow  (1993)  

Öman  (1993)  

Mandez  et  aL  (1989)  

Mandez  et  aL  (1989)  

Harmsen  (1983)  

Shucicrow  (1980) from  Staubitz  et  aL  

(1988)  

Lagerkvist  (1995),  Ehrig  (1989)  

methanogenic Cuthill and Pepper (1994) 
Shuckrow (1980) from Staubitz et al. 

(1988), Ehrig (1989)  

Fatty acids 
Alcohols 
Proteins 

Amino acids 
Benzene 

963-22414 mg/1 
46.8 g/1 
0.5 g/1 
0 g/1 

264 mg/I 
<0.001-7.4 mg/1 

acidogenic 

acidogenic 

methanogenic  

1.1.2 Nutrient salt 

Of the nutrient salts nitrogen is the dominant one. The nitrogen occurs mainly as 
ammonium nitrogen and as organic nitrogen. The contents of oxidised nitrogen (nitrite 
and nitrate) are generally negligible. A rise in the contents of oxidised nitrogen can 
indicate an air transport into the landfill or aeration of a sample. 

Phosphorous is more like a deficiency product in biological treatment than it is a 
pollutant. Accessible phosphorous occurs as phosphate. Phosphate is, however, only a 
small part of the phosphorous present in leachates. The remaining phosphorous is 
probably sorbed to organic material or possibly bound to some other substance. 

Sulphur is mainly present in acidogenic leachates. The content of sulphate can in this 
case be relatively high. In a methanogenic environment sulphate will be reduced to 
sulphide which will be fixed mainly in the wastes. 

1.1.3 Metals 

The content of many metals in leachate varies strongly in accordance with the 
degradation phase. The metal concentrations are often higher in leachates from 
acidogenic landfills compared with methanogenic. Iron usually occurs in high 
concentrations. Manganese and zinc also exist in relatively high concentrations. In 
Tables 3 -5 different values of metal concentrations are shown. 
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1.2 The influence of waste composition on leachate quality 

Waste containing a significant amount of easily degradable material will generate 
leachates that mirror this content. Examples could be given for leachates from 
municipal landfills in general, whose characteristics are shown in Tables 4 - 7. More 
specific examples could be leachate from household waste and greasy sludges. 
Characteristics of leachate from greasy sludges are shown in Table 2. 

Table 2. Characteristics of leachates from greasy sludges and sewage sludge. The 
unit is mg/1 except for pH. 

Substance 	Greasy sludges* 	Sewage sludge- 

pH 	 4.9 - 7.8 	 6.6 

COD 	 2 600 - 54 000 	800 - 6 600 

TOC 	 1 120 - 17 620  

BOD 

N 110 - 2 700 	84 - 113  

P 7 - 390 	0.3 - 0.8 

34 - 1 160 

Fe 	 1.7 - 26.6 

Ca 	 7 - 930  

K 190 - 230  

Na 	 1 880 - 2 480 

Mg 	 20 - 150 

* 	Lab scale experiments (Kylefors 1992). 

Field experiments on sludge from aluminium-precipitated wastewater. The leachate passed a sand 

filter and was also to some degree diluted by rain water  (Hellström  & Kvamström 1997). 

Waste containing a significant amount of easily leachable salts will generate leachates 
with high contents of these salts. Examples of wastes with high contents of easily 
leachable salts are ashes. Between ashes there are also differences. Fly ash, for example, 
will contain more salts than bottom ash. This relation will also show in the leachates. 
This can be seen in Table 3, as chloride, calcium, sodium and potassium all occur in 
higher initial concentrations in leachates from fly ash than in leachates from bottom ash. 
Another example of a leachate with a relatively high content of easily leachable salt - 
sodium - is the leachate from the greasy sludges. This is probably due to the frequent 
use of salt (sodium chloride) in food processing (greasy sludges are mainly derived 
from food processing). 
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Table 3. 	Maximum concentration level of contaminants in leachates from various 
MSWI (municipal solid waste incineration) residues. From information 
compiled by Hjelmar (1996). 

Typical maximum levels of 

concentration in leachate 

MSWI bottom ash MSWI fly ash 

>100 g/1  CI,  Ca  

10-100 g/1  Na,  K,  Pb  

1-10 g/1  SO4,  Cl,  Na,  K,  Ca  7,n 

100-1000  mg/I NVOC, NH4-N NVOC, SO4  

10-100  mg/1  

1-10  mg/1  Cu,  Mo, Pb  Cu,  Cd,  Cr, Mo  

100-1000 µg/1  Mn, Zn  As 

10-100  µWI  As, Cd, Ni, Se 

1-10  µg/I Cr,  Hg, Sn  

< lttg/1  Hg  

NVOC: non-volatile organic carbon 

Regarding nutrients, the leachate quality may also reflect the nutrient content of the 
waste. But there are exceptions. Municipal wastewater is often rich in phosphorous. The 
phosphorous is to a large extent trapped in the sludge from precipitation. The sludge 
will, however, not generate leachates high in phosphorous, as can be seen in Table 2. 
This may be due to phosphorous being strongly bound in the sludge and it may not be 
leached directly. The long-term effect could, however, be another. 

In addition to municipal landfills there are industrial landfills. These landfills often 
contain a more homogeneous waste composition than municipal landfills. Leachates 
from such landfills may be very specific depending on the waste. Bergman (1996) has, 
for example, shown that spent pot lining from aluminium production, generates a 
leachate rich in cyanides. Another example from Bergman (1996) is an electrofilter 
dust from carbide manufacturing, that generates leachate with a high content of 
fluorides. The list of examples could be very long and no further examples are given 
here. 

1.3 The influence of the landfill environment on leachate quality 

Moisture content, temperature, pH and  redox  potential are all measures of the 
environment in a landfill. All these factors influence the degradation of organic 
material, e.g. without moisture no degradation will take place as the biochemical 
processes are dependent on a solvent (water). The rate of the degradation processes is 
temperature-dependent, and a moderate increase in temperature generally increases the 
rate of degradation. Mainly the pH and the  redox  potential set the conditions for the 
possible phases of degradation. 
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1.3.1 Phases of degradation 

The  redox  potential is of vital importance in that it controls which biological processes 
can take place. The biological processes in turn have a profound impact on the materials 
exchange between the landfill and its environment, especially concerning carbon and 
metals. In principle there are five phases of decomposition of the MSW in a landfill, 
characterised by differences in the  redox  potential and the intensity of the mobilisation 
of carbon and metals. The five different phases of decomposition are illustrated in 
Figure 3. 

The degradation of organic material dominates the landfill environment in the first 
three phases: the aerobic phase and the two subsequent anaerobic phases, i.e. the 
acidogenic- and the methanogenic phase. The name of the acidogenic phase reflects the 
low pH in this phase. At aerobic and anaerobic methanogenic conditions the pH is 
usually about neutral 	7). 

-  Redox  potential E  "Heavy"  metal emission 	Carbon emission  

High 

Low 

Aerobic 
	

Acidogenic Methanogenic Oxidation Weathering 

Degradation Phases 

Figure 3 
	

Phases of decomposition in MSW landfills, The phases succeed each 
other in the order given from left to right in the figure  (Lagerkvist  
1995). 

In addition to the first three phases, an oxidation phase can be defined. When the 
substrate for gas formation (the methanogenic phase) is depleted, the  redox  potential 
will increase as air enters the body of the landfill. Bacteria can now extract energy 
from the processes of oxidising reduced compounds, some of which have been reduced 
under the preceding anaerobic phases. Metal sulphides are examples of reduced 
compounds. The pH is expected to decrease as a consequence of the oxidation of 
sulphide and the appurtenant formation of sulphuric acid  (Lagerkvist  1995). A low pH 
can further increase the mobilisation of metals bound to carbonates and hydroxides. A 
high metal transport from landfills in the oxidation phase is therefore to be expected. 
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When all depots of energy in the landfill are depleted, there still remain differences in 
the concentration of many compounds between the landfill and its surrounding 
environment. The continued transport of compounds from the landfill is steered by 
weathering. The rate of the weathering is mainly a function of the prevailing climate. 

A reasonable estimate of the duration of the first three phases is months, years and 
decades for the aerobic, acidogenic and methanogenic phases respectively  (Lagerkvist  
1995). The fourth and fifth phases have not been observed in any "modern" landfill. 
The results from some laboratory experiments indicate that the oxidation phase will 
indeed occur (e.g. Mennerich 1984). This information is, however, not enough to make 
any estimates of the duration of an oxidation phase. Especially if the landfill is well 
capped and/or filled with water, the oxidation phase may be very long. 

The phases of degradation will never occur as distinctly temporally separated as they 
are described above. In reality, a landfill simultaneously holds niches that are dominated 
by different conditions for degradation. The consequence is that the quality of the 
leachates leaving the landfill will be a mixture of leachates produced at different 
degradation conditions. 

Under aerobic conditions most of the transformed organic material will leave the 
landfill as gaseous carbon dioxide. The production of leachate is low but the leachate 
that is formed is generally heavily polluted. 

Under acidogenic degradation conditions, organic material is mainly degraded to the 
following end products: volatile fatty acids, alcohols, carbon dioxide and hydrogen gas. 
These degradation products are to a large extent soluble in water, causing high loads of 
organic material in the formed leachates. The fatty acids will, by a lowering of the 
leachate-pH and by their capability of forming metal complexes, increase the mobility 
of many metals. Acidogenic degradation is self-constraining if the degradation products 
accumulate in such concentrations that the hydrolysing and fermenting bacteria no 
longer can gain energy from the transformation of organic material into fatty acids, etc. 
The degradation products can be removed by transport mechanisms or by further 
degradation. 

The methanogenic degradation is characterised by the gaseous carbon emissions 
methane and carbon dioxide. As a consequence of the consumption of fatty acids, the 
system pH increases. The pH will be buffered at about 7 by the dissolving of carbon 
dioxide in the leachate. The conditions that are established, i.e. a neutral pH in 
combination with a low  redox  potential, will promote the immobilisation of metals by 
easing the formation of metal hydroxides, sulphides and complexes with organic 
material. The transport of metals from the landfill will therefore be low during the 
anaerobic methanogenic phase. 
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1.3.2 A comparison of acidogenic and methanogenic leachates. 

The acidogenic and the methanogenic degradation conditions are the two most 
important conditions for the quality of the formed leachates. The short duration of the 
aerobic phase makes it less important for the mass flows. 

Organic material 

Leachates formed under acidogenic conditions are characterised by its low pH of about 
4-6. It is mainly the formation of VFA (volatile fatty acids) that causes the low pH. The 
VFAs are normally the main constituent causing the high organic content found in these 
leachates. The content of organic material in the leachate is often expressed in one or a 
combination of the sum variables  BOD,  COD and TOC. In order to decrease the effects 
of measuring on diluted leachates, the sum variables can be normalised to, e.g., the TS 
of the leachate  (Lagerkvist  and Chen 1993). Until now it has not been common to 
present data in this way. Some typical analytical results of acidogenic leachates are 
presented in Table 4. Also presented in the table are the contents of VFAs, recalculated 
as equivalents of COD and TOC. This clearly shows that the VFAs are the dominant 
constituents of the dissolved organic material in the acidogenic leachate (about 80 % of 
the COD and TOC). 

Table 4 	Leachate composition under acidogenic conditions. The results are 
presented in mg/1, except for pH and the BOD/COD ratio. The intervals 
are based on data from Ehrig (1989) and Robinson & Gronow (1993). 

Average 

Germany 

(Ehrig 1989) 

Average 

Great Britain  

(Robinson ez 

Gronow 1993) 

Average 

(Lagerkvist  

1994) 

Interval 

pH 6.1 6.7 5.6 4.5 - 7.8 

BOD5 13 000 18 632 19 940 * 4 000 - 68 000 

COD 22 000 36 817 31 710 6 000 - 152 000 

TOC - 12 217 9 690 1 010 - 29 000 

BOD/COD 0.58 0.51 ** 0.63 ** 

VFA (COD-ekv) - 25 000 - 

VFA (TOC-ekv) 8 197 7 860 963 - 22 414 

SO4 500 676 - <5 - 1 750 

Ca 1 200 2241 1 406 10 - 6 240 

Mg 470 384 204 25 - 1 150 

Fe 780 654 228 20 - 2 300  

Mn  25 33 20 0,3 - 164  

Zn  5 17 18 0,1 - 140  

x  BoD7 

** Derived from mean values of  BOD  and COD. 
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The leachate produced under methanogenic conditions contains less organic material 
compared with acidogenic leachates, see Tables 4 and 5. Most of the easily degradable 
organic material that is present under acidogenic conditions is further degraded under 
methanogenic conditions. The products are mainly methane and carbon dioxide. The 
remainder of the dissolved organic material is high molecular and not easily 
degradable. This can be seen in the low BOD/COD ratio (typically about 0.1) found in 
methanogenic leachates. 

The characteristics of a leachate often reveal that the leachate has originated in a 
mixture of acidogenic and methanogenic landfill conditions. The average values  
(Lagerkvist  1994) presented in Table 5 are from an experiment where the leachate load 
over a methanogenic filter was varied. The conditions of the filter were a mixture of 
acidogenic and methanogenic conditions, but with methanogenic conditions dominating 
the degradation. The BOD/COD ratio shows that there are still easily degradable 
components in the effluent leachate. This is confirmed by the elevated  BOD  value 
compared with "pure methanogenic leachates". The concentrations of  BOD  and COD 
and the almost neutral pH show, however, that the filter is dominated by methanogenic 
conditions. 

Metals 

In acidogenic leachates a low pH, in combination with dissolved organic matter that 
readily forms complexes with cations, contributes to a relatively high potential mobility 
of metals in landfills. Under methanogenic conditions, on the other hand, the 
immobilisation of many metals is promoted due to the pH,  redox  potential and a lower 
concentration of dissolved complexing agents in the leachate. The concentrations of 
many metals are usually higher in acidogenic leachates than in the corresponding 
methanogenic leachates, compare, e.g., the concentrations of iron, calcium and zinc in 
Tables 4 and 5. Table 6 gives additional examples of variations in metal concentration 
due to changing degradation conditions in landfills. 

It may be difficult to observe any differences in the concentrations of various metals 
when studying results from field studies of acidogenically and methanogenically 
conditioned landfills. This is probably an effect of landfills hosting several niches 
simultaneously, although being "classed" as either being in an acidogenic or a 
methanogenic state, depending on the dominant condition. As a consequence, the spread 
in analytical data for any given condition is large and partly overlapping. This is 
particularly obvious in an investigation by Ehrig (1989). When comparing leachates 
from fifteen landfills, he could not detect any significant differences in metal 
concentrations due to different degradation conditions. He observed a large spread in 
the data, however, see Table 6. 
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Leachate composition under methanogenic conditions. The results are 
presented in mgil, except for pH and the BOD/COD ratio. The 
intervals are based on data from Ehrig (1989) and Robinson & 
Gronow (1993). 

Average 

Germany, Ehrig 

(1989) 

Average 

Great Britain,  

Robinson & 

Gronow (1993) 

Average, 

Lagerkvist  

(1994) ° 

Interval 

pH 

BOD5 

8 

180 

7.5 

374 

7.1 

1 250 * 

6.8 - 9 

20 - 1 770 

COD 3 000 2 307 2 570 500 - 8 000 

'FOC 733 760 184 - 2 270 

BOD/COD 0.06 0.16 ** 0.49 ** - 

VFA (COD-ekv.) - 2 490 - 

VFA (TOC-ekv.) 18 820 <5 - 146 

SO4 80 67 <5 - 420 

Ca 60 151 309 20 - 600 

Mg 180 250 120 40 - 478 

Fe 15 27 39 1.6 - 280  

Mn  0.7 0.5 3.9 0.03 - 45  

Zn  0.6 1.1 0.2 0.03 - 6.7 

° Operation at 10°C. Includes some values where acidogenic characteristics dominate. 

* BOD7 

** Derived from mean values of  BOD  and COD. 

Table 6 	Metal concentrations in different leachates. The concentrations are given 
in ps/1. 

Average, 

Ehrig  

(1989) 

Acidogenic, 

Lagerkvist 

(1994) 

Methanogenic, 

Lagerkvist  

(1994) 

Acidogenic, 

Robinson & 

Gronow 

(1993) 

Methanogenic, 

Robinson & 

Gronow (1993) 

Interval 

Ehrig (1989) 

As 160 95 5 24. 34 5 - 1 600  

Cd  6 32 <6 20 15 0.5 - 140 

Co 55 163 56 4 - 950  

Ni  200 323 131 420 170 20 - 2050 

Pb 90 7 0.4 280 200 8 - 1020 

Cr 300 574 109 130 90 30 - 1 600 

Cu 80 17 40 130 130 4 - 1 400  

Hg  10 - 0.4 0.2 0.2 - 50 
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Nutrients and other compounds 

The differences in leachate composition between acidogenic and methanogenic 
degradation conditions are most obvious for organic material and some metals. 
Nutrients and other elements and compounds such as, e.g., sodium, chloride and AOX 
are not dependent to the same extent on the prevailing degradation conditions, see Table 
7 (Ehrig 1989). In contradiction with the findings of Ehrig, results from  Lagerkvist  
(1994) show large differences in phosphorous and AOX 

Table 7 
	

Average concentrations and observation intervals for some compounds in 
leachates that, according to Ehrig (1989), are not sensitive to degradation 
conditions. The data are given in mg/1, except for alkalinity, which is 
given in mg of CaCO3/1, and AOX, in 14 of C1/1. 

Average Interval  

Cl  2 100 100 - 5 000  

Na  1 350 50 - 4 000  

K  1 100 10 - 2 500 

alkalinity 6 700 300 - 11 500 

NH4-N 750 30 - 3 000 

orgN 600 10 - 4 250 

tot-N  1 250 50 - 5 000 

NO3-N 3 0.1 - 50 

NO2-N 0.5 0 - 25 

tot-P  6 0.1 - 30 

AOX* 2 000 320 - 3 500 

* Adsorbable halogenated organic material 

depending on the prevailing degradation conditions. The concentration of  P-tot, for 
example, decreased one order of magnitude in a leachate after a change from acidogenic 
to methanogenic conditions (from 34 to 3.2 mg/1). 

Development with time 

Acidogenic degradation conditions often dominate during the first few years of the 
landfill's life. After that, methanogenic conditions are gradually established during a 
transition period that usually lasts a few years and after which the methanogenic 
conditions usually dominate the landfill. The described succession of conditions varies 
within large time frames, however. 

It is possible to determine the degradation condition that is dominant in a landfill by 
studying the composition of the leachate of the landfill. Absolute concentrations or 
ratios of different substances can be used for the determination. Usually the methods are 
used complementary to each other. The ratio method is more reliable, because ratios 
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are less sensitive to, e.g., dilution and daily, weekly or seasonal variations of leachate 
production. From the study of existing landfills some general pattems have been 
identified in ratios between different substances in leachates as a function of the landfill 
age. See Figure 4, where initially the conditions are acidogenic. The conditions change 
to methanogenic at the end of the time scale. 

Time, years 	 Time, years 

Figure 4 Typical development for COD/TOC, BOD/COD, VS/FS, VFA/TOC in 
leachate dependent on landfill age. During the first few years the conditions 
are acidogenic and towards the end the conditions are methanogenic. The 
two conditions are separated by a transition phase. After Chian and DeWalle 
(1976). 

There is a trend of decreasing BOD/COD in leachates from ageing landfills. 'This shows 
that the degradability of the dissolved organic material tends to decrease with time. As a 
rule of thumb, a ratio of about 0.5 or above indicates that the organic material is 
readily degradable, and a ratio of about 0.1 or below indicates a high portion of poorly 
degradable organic material. 

The decrease in easily degradable organic material with time can be read from the 
BOD/COD. Similar information can be extracted using the portion of volatile fatty 
acids of the organic material (VFA/TOC). The obvious connection is that the  "BOD-
fraction" of the dissolved organic material in young leachates is mainly VFAs. 

The organic material decreases faster compared with the portion of inorganic 
substances in leachates. The decrease in organic material in leachates is partly caused by 
the formation of gaseous degradation end products and partly by flow transport. The 
reduction of inorganic substances is mainly caused by flow transport. As a consequence 
the ratio of organic material to inorganic material (roughly VS/FS - volatile solids to 
fixed solids) decreases as acidogenic conditions are replaced by methanogenic. This can 
be seen in Figure 4. In leachates from a landfill hosting acidogenic conditions the VS/FS 
ratio is typically about 2, and in the methanogenic leachate about 0.2. 
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In addition to studying ratios of different substance concentrations to determine the 
dominant degradation state, it is possible to use pH and the sulphate concentration for 
the same purpose. Under acidogenic conditions the pH is typically below 6 and under 
methanogenic conditions about 7 or above. Sulphates are present under acidogenic 
conditions, but under methanogenic conditions the sulphur is reduced to form, e.g., 
sulphides - sulphides that tend to precipitate in complexes with cations. 

1.4 The influence of filling techniques on the leachate quality 

The design and construction of a landfill can greatly influence conversion processes 
affecting the waste, and consequently the leachate quality. 

1.4.1 Composted bottom layer 

Methanogenic conditions can be provided from the start of filling through the 
application of a composted layer of solid waste at the bottom of a landfill. Leachate 
from added layers of waste will percolate through the methanogenic bottom layer and 
attain methanogenic leachate characteristics while passing this layer. This is illustrated 
with regard to  BOD  in Figure 5. 

100 200 300 400 500 600 700 800 900 1000 1100 
Time (days) 

Figure 5 Treatment effect of a 0.5 m thick composted layer at the bottom of a 
landfill, with regard to leachate  BOD.  From Damiecki (1987) in Doedens 
& Cord-Landwehr  (1989). 

1.4.2 Filling height 

The surface to volume ratio of landfills has a strong impact on fluxes to and from the 
landfill such as infiltration, heat transfer and gas exchange between the landfill and the 
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atmosphere. A typical Swedish landfill is built fairly flat, with a small filling height in 
relation to the landfill surface area. Because of the increasing scarcity of land and more 
expensive bottom liners, the tendency today is toward higher landfills, which will affect 
landfill processes in various ways. 

Meijer (1993) concludes from field measurements on a set of "flat" landfills in Southem 
Sweden that, after 5-6 years, the waste temperatures are only some or a few degrees 
higher than the soil temperature at corresponding depths. Kulander (1990) concluded 
from studies of leachate quality, that degradation processes were less intense in the 
landfills of the North of Sweden as compared with the South. One rnight expect that 
increased landfill height would tend to preserve the heat from degradation processes 
better and thus promote a more intense degradation. On the contrary, increased height 
may also lead to less specific air intrusion, which limits the influence of aerobic 
conversion and the associated heating effect. An increased landfill height may also lead 
to a less pronounced seasonal variation. The fluctuations of air temperature influence 
the waste temperature to a depth of several metres.  Lagerkvist  (1995) and Meijer 
(1993) have observed a variation of at least 2-3°C of the temperature of landfilled 
household waste at a depth of 3-4 metres. At the upper waste surface  Lagerkvist  noted 
yearly variations of temperature of 15-20°C below a one metre cap. 

Since a smaller specific landfill area (surface/volume) leads to less specific infiltration 
(leachate/mass of waste) the stabilisation time with regard to inorganic contaminants 
will increase (Meijer 1993), which was also observed from a field study at Trondheim 
by Wigdel (1982). Wigdel found that the leachate flux was the limiting factor for 
contaminant transport, whereas the contaminant concentration was fairly constant and 
appeared to be largely governed by other factors such as chemical equilibrium. 
Kulander (1990) made similar observations with regard to the concentrations of 
inorganic contaminants, failing to observe any differences between 5 and 12 metre high 
landfills. 

Besides the total height, the rate at which the height is reached affects the landfill 
processes. Ehrig and Scheelhaase (1993) claim that a placement of more than 4 metres 
per year will increase  BOD-  and COD-concentrations to an extent that the transition 
from acidogenic to methanogenic conditions will be delayed. This reflects the positive 
effect of pre-composting for the development of methanogenisis in landfills. However, 
if the waste is placed at lower densities, sufficient aerobic conversion can be achieved 
regardless of the rapid increase in the filling height. Moreover, as an additional benefit, 
the compost heat may be preserved in the landfill to a greater degree than would be 
possible with a slower height increase. This has been shown to promote rapid 
development of methanogenic conditions and lowered concentrations of organic 
contaminants in leachate  (Lagerkvist  et al. 1997). 
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1.4.3 Density. 

The placement density of the solid waste will affect the degradation processes in various 
ways. Placing wastes with low density means that more air is included in the landfill and 
a greater pore volume is achieved. This promotes a pronounced aerobic degradation 
phase, leading to a temperature increase as well as a conversion of the most easily 
degradable waste fractions. In turn this will be beneficial for the development of a 
methanogenic microflora, i.e. the development of a stable methanogenic degradation 
state, where the degradation rate is mainly controlled by the hydrolysis step and not by 
the methane production. However, if the aerobic phase is too extended, it might lead to 
drought and decreased degradation because of dryness. Another problem that can 
develop is fire. Results from the integrated Swedish test cell program indicate that 
lower placement densities lead to a swift and intense gas generation  (Lagerkvist  et al. 
1997). 

1.4.4 Enhanced stabilisation 

In order to shorten the time span in which active leachate treatment is needed, different 
techniques designed to intensify waste conversion processes occurring in the landfill 
may be applied. Among the factors that may need to be targeted in order to stabilise 
landfilled waste are: 

- lack of water 
- lack and poor distribution of nutrients 
- accumulation of degradation products 
- small contact area between waste, water and rnicrofiora 

The stabilisation may be promoted in two ways: 

• Pre-treatments like size reduction, mixing, pre-composting. 
• Using flow systems to influence the environmental conditions of the landfill. 

Through different measures it is possible to affect pH, temperature, leaching rates, 
degradation phases and other variables. 

Stabilisation through pre-treatment 

One common pre-treatment is particle size reduction, e.g. by milling or by compactor 
action. A smaller particle size results in better homogeneity and an increased contact 
surface for the interaction of solid waste, water and microorganisms. This will intensify 
any conversion process in the landfill. Typically it will shorten the aerobic degradation 
phase to begin with and after that it will serve to intensify the anaerobic degradation. 
Depending on the degradability of the waste and the moisture content, the anaerobic 
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degradation may either be acidogenic or develop to become methanogenic. Higher 

degradability and moisture content will tend to shift the balance over towards stable 

acidogenic conditions (Lagerkvist 1987). 

Another possible pre-treatment is to change the waste composition, either by removing 

some fractions or through additions. The most common intentional change of waste 

composition is the addition of material for pH-buffering or seeding, for example using 

alkaline ashes or digested sewage sludge. Both of these additions are meant to promote 

methanogenisis. According to Barlaz et al. (1990) there are several studies that show a 

positive effect on methanogenisis through the addition of digested sludge and a calcium 

carbonate buffer, whereas the sole addition of sludge may result in a negative effect. 

Mixing old waste with new is a well-established technique for stimulating the onset of 

methanogenic conditions, the effect of which may be understood as a combination of 

dilution of easily degradable material and seeding (Spendlin 1991). Soil cover materials 

used as daily cover may have a similar effect, depending on the soil type used and the 

amount. 

Stabilisation using flow systems 

After the placement of waste and support materials, further control of the 

environmental conditions of a landfill interior can be achieved via manipulation of the 

fluid phases, i.e. gas and liquid. Where available, the usual flow systems are a gas 

abstraction system or a leachate circulation system. A gas abstraction system typically 

consists of vertical and/or horizontal gas drains connected to a source of underpressure 

(a pump or fan). A leachate circulation system consists of a collection at the landfill 

base, collection tanks or ponds, pumps and a distribution system (usually horizontal 

drains) in the upper waste levels. In older leachate circulation schemes, leachate was 

often distributed on top of the landfill surface. 

Gas abstraction is used for other purposes than promoting the stabilisation of wastes, 

but it could have some stirnulating effect on the degradation under some conditions. One 

example is the forcing of excess air into superficial waste levels where the oxygen is 

consumed and heat is liberated, but the effect of this is not well documented. 

Leachate circulation is not as usual as gas abstraction, and it was traditionally a means to 

increase leachate evapotranspiration and thus reduce the leachate volume. It could also 

be employed as a method to equalise leachate flow, using the landfill body as a leachate 

storage facility. However, leachate circulation can affect waste stabilisation in several 

ways: 

- Degradation products are removed with the water phase.

- Nutrients can be added and distributed.

- Microorganisms can be added and/or distributed.

- Homogenisation of the landfill environment.
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TSAAD 

TSAAD (Two-Step AnAerobic Degradation) is a special case of the utilisation of flow 
systems for enhancement. It provides enhanced possibilities of controlling the material 
conversion of landfilled wastes in comparison with conventional landfilling. In contrast 
to conventional practice, the acidogenic degradation state is promoted and utilised as the 
first step of a treatment sequence. 

The possible advantages of TSAAD over conventional landfilling were sununarised by  

Lagerkvist  (1995) as: 

1 No or minimal methane emission from the landfill to the atmosphere during 
acidogenic degradation. 

2 	The formation of methane can be controlled, both with regard to where and 
when it should be formed. Also the production rate can be varied at will. 

3 Many hazardous compounds are mobilised during acidogenic conditions and 
are degraded or fixed during methanogenic conditions. This makes it possible 
to liberate a large waste volume from a share of its most harmful constituents 
and to concentrate these in a smaller volume.  

J,  Infiltration .1. 
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Figure 6 	TSAAD, (Two-Step AnAerobic Degradation). From  Lagerkvist  (1995). 

In Figure 6 the general design of a TSAAD is illustrated. The waste is placed in a cell 
(landfill part) where intense acidogenic conditions are promoted, chiefly through 
moisture addition and avoiding too much air contact. Under these conditions the 
development of a methanogenic microflora is suppressed by the low pH and high 
volatile acid concentration. In parallel a volume with stable methanogenic conditions is 
established. Because the main substrate of MSW is cellulose, whose degradation is 
limited by the initial hydrolysis step, the volume needed for the methanogenic step is 
smaller than that for the first step. If an MSW cell is used as the second step, a 
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reasonable volume may be about 1/10 of the acidogenic cell. Another alternative is to 
use high-rate reactors for the methanogenic step, in which case further volume 
reduction is possible. 

1.4.5 Bottom liners and top covers 

The landfills of today are often designed both with bottom liners, to protect 
groundwater quality, and top covers designed to limit infiltration and leachate 
generation. The requirements for bottom liners seem to be related to the importance of 
groundwater as a source for drinking water  (Lagerkvist  1994). In countries like 
Germany and the USA, where a large share of the drinking water is supplied from 
groundwater, stringent requirements for landfill liners were developed early. 

A bottom liner can either be built by using natural materials with low permeability, 
such as clays, often reaching a permeability of less than 10-9  rn/s. Synthetic materials are 
also used for lining, for example HDPE (high density polyethylene). Such materials of 
low permeability should be covered with a drainage level in order to secure a good 
barrier function for leachate transport. 

Top covers, or caps, may serve to slow down landfill processes, mainly because 
infiltration is limited, which can lead to drier landfills. The caps also affect the gas-
exchange between the landfill and the atmosphere and may, for example, lead to less 
aerobic degradation. Bottom liners and the drainage material may affect leachate 
quality, as  biofilms  may develop on the particle surfaces, especially if small particle size 
materials such as sands are used. 

1.5 Changes of leachate quality over time 

Time is not a variable, but a dimension. However, it is convenient to order the 
observable changes of leachate quality with time as they follow from landfill processes 
over time. 

1.5.1 Changes in concentrations 

Data from full-scale landfills may cover changes in leachate quality over a period of up 
to about 25 years, as modem landfills have not existed for longer periods. With regard 
to the time needed for the completion of waste conversion processes occurring in 
landfills, 25 years is only a short period. The changes observed in the quality of 
leachate from full-scale landfills cover mainly the transition between the introductory 
acidogenic degradation and the following methanogenic degradation. This transition has 
been discussed in the previous chapter 1.3 and is illustrated in Figure 4. 
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Also data from physical models mainly cover the two anaerobic degradation phases. 
During these phases an exponential decrease of the leachate concentration of many 
substances have been observed. Among these substances are carbon, chloride and 
nitrogen (Ehrig 1988, Baccini et al. 1987,  Reitzel  et al. 1992). Other substances are less 
easily mobilised and may also be retarded in the waste matrix by adsorption and 
precipitation, e.g. phosphorous and iron  (Reitzel  et al. 1992). 

1.5.2 Mobilisation rate of different substances 

Ehrig (1989) has estimated the part of different substances that may be leached at 
different times. He found that the main amount of carbon that may be mobilised can be 
transferred within a few decades. Nitrogen, metals and halogens may, however, give 
rise to polluted leachate that requires treatment for much longer periods. Several 
hundreds of years may be relevant for nitrogen and even longer periods of time for 
metals and halogens. Ehrig's method of interpreting days of laboratory data to years of 
landfill processes may be questioned, but the tendency of the results is still very clear, 
pointing to the fact that long leachate treatment times may be needed. 

The findings of Baccini et al. (1987), studying different sections of a landfill containing 
waste of different age, are in line with those of Ehrig's (1989). Only a minor part of 
most substances is emitted during the first 9.4 years of mean residence time of the 
landfilled waste, see Table 8. Within this initial, very bioreactive phase a large part of 
some emissions may also leave by gas. Metals were, however, mainly emitted by 
leachate and to a lesser extent than non-metals. The transfer coefficients for metals in 
gas are two or three orders of magnitude lower than those for metals in leachate. The 
only exception was mercury, which was transferred in equal amounts by gas and 
leachate. 

Table 8 
	

Emitted parts of different elements during a mean residence time of the 
landfilled waste of 9.4 years. Unit: parts of the initial content of the 
waste. Adapted from (Baccini et al. 1987). 

Substance Emitted by leachate Emitted by gas  

C 	 permilles 	 21 %  

N 	 5-6 To  

Cl 	 5-6 9.0 	 permilles 

F 	 percentages 

permilles 	permilles  

P 	 pennilles 	 none 

From observed exponential decreases in concentrations over time it may be possible to 
estimate the times required to reach certain discharge limits. The estimated times will 
probably be underestimated when data from the transition phase are used because of the 



Literature Review 
21 

very rapid decrease occurring in that period. Even so, the required times would be very 
long. Results from  Reitzel  et al. (1992) show that an L/S (generated amount of leachate 
to total solids of the waste) of at least 6 may be required to come close to some potential 
discharge limits for COD and ammonium. For a landfill with 20 tonnes of MSW per 
m2, an L/S of 6 will require about 600 years, if the annual infiltration is about 200 mm. 

1.6 The influence of sampling and analysis 

There are many factors of uncertainty involved in every analysis value. Amongst these 
factors of uncertainty are the conditions of both the sampling and analysis procedures. 

The sampling point is of great importance and has to be chosen carefully in order to 
achieve results reflecting the conditions which are supposed to be studied. Meijer (1993) 
showed changes of leachate quality in a leachate collection ditch. The major shifts in 
leachate quality occurred the first 10 - 20 metres from the outlet of the landfill - or, 
expressed in time, during less than one hour after the leachate had left the landfill. The  
redox  potential and the pH increased, while the content of free carbon dioxide and 
metals decreased. The changes are mainly due to increasing oxidising conditions. 
Swedish leachates are usually strongly influenced by processes taking place in collection 
ditches and they are most often very diluted by the influx of run-off water and 
groundwater. 

If it is not possible to analyse the samples immediately, they have to be stored in closed 
bottles. Loss of carbon dioxide to the atmosphere can lead to changes in the pH, which 
can influence the equilibrium, e.g. for metals. Moreover, samples should be stored in a 
cool place, if analyses cannot be performed without delay. However, a change in quality 
takes place even when precautions are taken and samples are stored in a cool place in 
closed bottles. In Figures 7 and 8 Chian and DeWalle (1976) illustrate the effect of 
sample storage in closed bottles at 5°C. It is seen that samples should be analysed within 
two days in order to avoid any risk of major changes in quality. From the figures it can 
be observed that changes in colour became considerable after two days. This coincides 
with a visual change of colour from light grey to dark brown. The change is due to iron 
oxidation from ferrous to ferric iron. Hereafter, the trivalent iron forms colloidal iron 
hydroxides, contributing to the brown colour and even to an increase in suspended 
solids. As a result even the turbidity increases. The decrease in COD and the increase in 
suspended solids mainly depend on the fact that the sample was exposed to oxygen 
during subsampling. 

During the analysis procedure random and systematic errors can arise. For example, all 
analyses that require dilution can involve a source of uncertainty. Analyses of highly 
loaded leachates often require high dilutions. Sometimes the reliability of an analysis 
can be checked by studying the relation to other analyses. One example concerns 
organic material analysed as COD and TOC. For soluble organic compounds the 
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COD/TOC ratio can theoretically reach a maximum value of 4.0. If the ratio exceeds 
this value one or both of the analyses can be called into question. 

Time (min.) 

Figure 7 
	

Changes in COD, turbidity, colour and conductivity for leachate stored in 
closed bottles at 5°C. From Chian and DeWalle (1976). (1 day = 1440 
minutes.) 

10 	100 	1000 	10 000 

Time (min.) 

Figure 8 	Changes in  redox  potential, pH and suspended solids (SS) for leachate 
stored in closed bottles at 5°C. From Chian and DeWalle (1976). (1 day = 
1440 minutes.) 
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1.7 Comparison with other kinds of water and criterions 

One needs references in order to conclude whether the contents in the leachates are high 
or low. These references could be normal contents in municipal wastewater, seas, lakes, 
rivers, groundwater and drinking water. Some tables follow showing different 
comparisons. 

1.7.1 Waste water 

Table 9 shows a comparison between untreated municipal waste water and median 
values of leachates from 26 Swedish municipal landfills. One should remember that the 
listed concentrations of leachates are relatively low. In spite of the low concentrations 
of the leachates it can be established that the organic content (measured as BOD7  and 
COD) 	i  s 	higher 	i  n 	leachates 	than 	i  n 	wastewater. 

Table 9 	Comparison between contents of leachates from Swedish landfills and 
untreated municipal wastewater. 

Substance 

(mg/1) 

Swedish landfills * Untreated municipal Quotient 

wastewater ** 	landfill/wastewater 

pH (units) 7.1 7.0  

Cl  500 - 
BOD7 600 200 3 

COD 800 450 1.8 

Tot-N  80 30 2.7 

N114-N  23 30 0.8 

NO3-N 0.6 0 

NO2-N - 0 

Org-N 

Tot-P  1.1 9 0.1  
K  

Ca 

Fe 30 2.7 11  

Mn  2.5 0.3 8  
Cd  (ppb) 5 6 0.8 

Cr (ppb) 50 10 5 

Cu (ppb) 50 300 0.2  
Ni  (ppb) 50 200 0.2 

Pb (ppb) 40 30 1.3  
Zn  (ppb) 600 800 0.8 

* 	Median values from 26 landfills; different ages, samples taken in ditches and magazines (Meijer 1980). 

** 	From SNV (1983). 
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The concentrations of nitrogen are also higher in leachates than in wastewaters. In case 
of phosphorous the situation is the reverse, i.e. higher concentrations in wastewater. A 
more concentrated leachate could give a content of phosphorous about the same as that 
in wastewater. However, the concentration of nitrogen in the leachate would then be 
even higher, and it is obvious that the proportions of nitrogen and phosphorous differ 
between municipal wastewater and leachate from municipal landfills. 

Regarding metals the difference in iron content between leachate and wastewater is 
remarkable. Leachates contain more iron than waste waters. 

1.7.2 Seas and fresh water recipients 

Table 10 Comparison between contents in leachate, sea water and fresh water. 

Substance 	Unit 	Leachate* 	Sea water ** 	Fresh water 0  

Gulf of Bothnia medium strength 

Suspended solids mg SS/1 	 5 

Conductivity 	mS/m 	340 	900 

COD 	 mg 02/1 	800 	 154  

BOD 	 mg 02/1 	600 

Tot-N 	mg N/1 	80 	0.2 	 0.6 

Ammonium 	mg N/1 	23 

Nitrate 	mg N/1 	0.6 

Phosphorous 	mg P/I 	1.1 	0.1 	 0.02 

Calcium 	mg Ca/1 	 70 

Magnesium 	mg Mg/1 	 190 

Sodium 	mg Na/1 	 1500 

Potassium 	mg K/1 	 60 

Iron 	 mg Fe/1 	30 	0.015 

Manganese 	mg Mn/1 	2.5 	0.007 

Cadmium 	jig CcV1 	5 	0.2 	 0.08 

Lead 	 1.1g Pb/1 	40 	0.8 	 2 

Zinc 	 pg Zn/1 	600 	8 	 8 

Copper 	µg  Cu/1 	50 	4 	 2 

Chromium 	1.tg Cr/1 	50 	 4 

Nickel 	 14 Ni/1 	50 	2 	 8 

Arsenic 	p.g As/1 	 3 	 2 

Fluoride 	mg F/1 	 0.2 

Chloride 	mg 0/1 	500 	2 800 

Sulphate 	mg  S/I 	 400 

Colour 	mg Pt/1 	 40 

Turbidity 	FTU 	 2.0 

* 	from Meijer (1980) 
	

0 from SNV (1990) 

** 	from Voipio (1981) 
	

# quality in unstratified lakes and running waters. 



Literature Review 
25 

Leachate generally contains higher concentrations of nitrogen, phosphorous and heavy 
metals than both sea and lake water do, which can be seen in Table 10. The total salt 
content in leachate is, according to the values of conductivity in the table, lower than in 
the Gulf of Bothnia. This is in accordance with the chloride contents, which are 
considerably higher in the sea water. One should however again remember that the 
listed concentrations in leachates probably are very diluted. Another comparison made 
by Christensen (1982) shows that the content of salts is about the same in sea water and 
leachate. The composition of salts can, however, vary. The salts in sea water are 
dominated by sodium, while the salts in leachates are more distributed between different 
substances. 

When discharging leachates into a fresh water recipient, the salt content can be a source 
of pollution. This must be kept in mind when calculating the retention times of the 
discharged substances in the recipient. 

In SNV (1990) there is a tabulation of the grade of influence on fresh water recipients. 
A discharge of leachate that will double the concentration of phosphorous or nitrogen in 
the recipient will, for instance, give a distinct to strong influence. Oxygen-consuming 
material (measured as CODmn) can, however, be raised ten times before an influence 
can be regarded as distinct to strong. To obtain the same influence on the recipient from 
metals, the contents of the metals have to be threefold. 

1.7.3 Requirements for discharge 

In Sweden there are no general limits for discharge of leachate. The requirements for 
discharge quality are separately examined at each landfill. This provides a great 
flexibility in taking the local conditions into consideration. For wastewater treatment 
plants there are certain limits for discharge:  BOD  15 mg/1, phosphorous 0.5 mg/1 and 
for treatment plants at the coast there are limits of 10 mg of nitrogen/I. 

Germany and some other European countries have had limits for discharge of leachates 
for periods of time. The limit values for direct discharge into a recipient are shown in 
Table 11. Most of the countries listed also have requirements for the quality of leachate 
discharged into a municipal wastewater treatment plant. The requirements are then less 
strict, but most often demand pretreatment of the leachate. Mainly the limits of COD 
and AOX discharge have directed the choice of treatment techniques in Germany 
towards technically advanced ones. Belgium has a more liberal limit for COD 
discharge, which is set at 450 mg/l. 
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Table 11 

Literature Review 

Different European limit values for direct discharge into recipients. From 

Doedens and Theilen (1992), ATV-arbeitsberichte (1993a) and  Jans  & van 
der Schroeff (1987). 

Substance 	Unit Germany Switzerland Italy 	Austria Netherlands 
(1989) 	(1988) 	(1976) 	(1981)  

COD 	mg/1 	200* 	# 	160 	75-90 	75-150 
BOD5 	mg/1 	20 	20 	40 	20-25 	7-20# 
SS 	mg/1 	20 	20 	80 	30  
Cl- 	mg/1 	 # 	1 200 	# 

S042- 	mg/1 	 300 	1 000 	# 	500 

TKN 	mg/1 	 - 	- 	18-15# 

NHI.-N 	mg/1 	50 	# 	12 	# 	4-8# 

NO3-N 	mg/1 	 # 	20 	# 

NO2-N 	mg/I 	(10) 	0.3 	0.6 	1.5 	1-4# 

Pb 	iign 	500 	500 	200 	1 000 	50  
Cd 	p.g/1 	100 	100 	20 	100 	2.5 
Cr(VI) 	pg/1 	 100 	200 	100 	75 
Tot-Cr 	PZ/1 	500 	2 100 	2 200 	2 100 	- 
Cu 	p.g/1 	500 	500 	100 	1 000 	50  
Ni 	pg/1 	500 	2 000 	2 000 	2 000 	100  
Hg 	Pg/1 	50 	10 	5 	10 	0.5 
Se 	 p.g/1 	 30 	- 	-  
Zn 	p.g/1 	2 000 	2 000 	500 	3 000 	200  
Sn 	1.1g/1 	 2 000 	10 000 	2 000 
Fe 	mg/1 	 2 	2 	2 
Heavy metals mg/1 	 - 	 0.01 

AOX 	pg/I 	500 

EOX 	14/1 	 - 	 5 
Phenol 	ptg/1 	 50 	500 	100 
Tot-HC 	mg/I 	 10 	- 
Fish toxicity 	class 	2 	0-5# 	2 	- 

* Alternatively: at contents of COD over 4000 mg/1 a minimum of 95% COD reduction. 

# Depending on the quality and the size of the recipient. 
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2. LEACHATE TREATMENT 

2.1 Introduction 

The choice of treatment method depends on a number of different factors, such as: 

1. quality of leachate input 
2. discharge limits or removal efficiency requirements 
3. residual products - quantity and management 
4. need of area 
5. economics 

Some short comments on each factor: 

1/ Heavily polluted water can arise if, e.g., the degradation of landfilled waste is 
stimulated. The initial treatment steps must therefore manage to treat leachate with high 
concentrations. The following treatment steps will be lower loaded, but there could still 
be a demand for tolerance of a high content of salts. 

2/ The German discharge limits for COD and AOX have, e.g., led to the installation of 
many expensive treatment plants with advanced technology. Reverse osmosis or 
ultrafiltration is used at 72% of these plants (ATV-arbeitsberichte 1993b). For 
moderately strong leachates it is not possible to reach down to discharge lirnits such as a 
COD of 200 mg/1 and an AOX of 0.5 mg/1 with just one single process (Kettem 1992). 

3/ All kinds of treatment generate some kind of residual product. Biological 
degradation and chemical precipitation generate a sludge. Adsorption generates a 
contaminated sorbent and other treatment methods generate a concentrate. All these 
residual products need to be managed. Many of the existing management approaches are 
not sustainable. 

4/ Some treatment methods require large areas, such as treatment with wetlands and 
irrigation, while others can be performed in compact plants. The latter are most often 
technically more advanced, more sensitive to variations in flow and require more 
maintenance than area methods demanding large areas. 

5/ The economics of leachate treatment includes investments and operational costs, as 
well as the need for staff. The investments also give rise to operational costs, since 

interest has to be paid. 
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2.2 Co-treatment with municipal wastewater (MWW) 

The present trend favours leachate treatment at the landfills, but the dominant practice 
(1997) is still to treat leachate together with MWW, at MWW plants. There are, 
however, very few studies performed on the effect of such co-treatment. Even so, it is a 
widespread opinion that the effect of this kind of treatment is poor. One reason for this 
assumption is, of course, the differences between leachates and MWW, both with regard 
to flow patterns and composition. 

2.2.1 Flow and quality variations 

A prominent difference between leachate and MWW is the variation of flow over the 
year. The generation of leachate varies much more over the seasons than that of MWW, 
thus the mix of leachate and MWW will not be constant. Further, in the case where a 
sewage system is poorly separated from surface runoff, critical hydraulic loads may 
coincide with high leachate fluxes, resulting in low retention times at the treatment 
plant. Another undesirable effect can be an over-flow of untreated water because of 
hydraulic overload. 

Overload of a treatment system can result from variations of the concentrations of 
different pollutants in the leachate. Variations occur over the age of a landfill, over 
seasons and even in response to short-time events like some days of intense infiltration. 
This is especially true of the organic content of younger landfills. 

These negative impacts can be controlled by the use of equalisation basins for the 
leachate. 

2.2.2 Ouality differences 

Leachate typically contains higher concentrations of COD, nitrogen (predominantly 
NH4+), iron, manganese and salts than MWW does. The opposite is usually true of 
phosphorus. For a further comparison consult section 1.7.1. 

The character of the organic pollutants in leachate and MWW is often quite different. 
Leachate from a methanogenic landfill may have a similar concentration of easily 
degradable organic material  (BOD)  to MWW, but typically a much higher fraction of 
the COD in the leachate will be less biodegradable organic materials. For the case of an 
acidogenic landfill, the character of the organic material will be more similar to MWW, 
but the difference in  BOD-concentrations will be larger and a leachate addition of only 
a few per cent of the total flux treated may change the organic loading considerably at 
the MWVV plant. 
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With regard to the metal content, the contrast between leachate from MSW landfills and 
MWW will be most pronounced when acidogenic conditions dominate. Under 
methanogenic conditions, most hazardous elements will occur in leachate at 
concentrations comparable to those in MWW or lower. 

A fair part of the incoming wastewater material is particulate to a degree. About 30 To 
of the total solids (TS) may be particulate, when 1.2 gm filters are used as a divider 
between particulate and dissolved material (Metcalf & Eddy inc. 1991). TS of fresh 
leachates typically contain only up to a few per cent particulate matter. 

2.2.3 Mechanical treatment 

Since fresh leachate contains very little particulate matter (the landfill may be regarded 
as a filter) traditional mechanical treatment can be assumed to have little impact. 
However, pre-treatment by aeration may improve the mechanical treatability 
considerably. 

2.2.4 The activated sludge process 

Organic material 

Easily degradable material, measured as  BOD,  does not pose any problems for the 
activated sludge process of MWW treatment, unless high organic loads occur, e.g. 
owing to fatty acids from acidogenic leachate. Organic loading of up to 0.6 kg of 
BOD5/kg of MLSS(mixed liquid suspended solids),d can usually be managed. At lower 
temperatures the treatment capacity will be lowered and overload has been observed to 
occur at 0.3 kg of BOD5/kg of MLSS,d (Ahnert & Ehrig 1992). The efficiency of the 
process can also be lowered by deficiency of phosphorus. The BOD/P ratio should not 
be higher than 200 (Ahnert & Ehrig 1992). 

The treatment effect on methanogenic leachates is inferior to that on acidogenic. For 
example, Knoch (1974) and Chian & DeWalle (1977b) could observe increasing COD-
concentrations in co-treated wastewater and leachate, proportional to the leachate 
addition. A sufficient COD reduction is also hard to achieve in activated sludge 
processes only treating leachate, in spite of the fact that the treatment can be optimised 
for the leachate, e.g. by adapting the retention time. 

Nitrogen 

Nitrogen compounds are prominent pollutants in leachate, often reaching levels of 0.5 
g/1 or higher. Since many Swedish MWVV treatment plants lack a nitrogen removal step 
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and the nitrogen demands of the sludge formation in the activated sludge step is already 
met by the MWW, leachate addition may result in higher nitrogen emissions. 

The rate of both nitrification and denitrification will increase in response to higher 
concentrations of the treatable nitrogen compounds. For this reason leachate promotes 
higher conversion rates. A mixture of leachate and MWW has been observed to give 
higher nitrification and denitrification rates than MWW alone (Cossu et al. 1993). 

To be able to obtain a stable process with respect to nitrification, the leachate addition 
should as a maximum result in an ammonium concentration of 100-150 mg/1 in the 
mixture of wastewater and leachate (Ahnert & Ehrig 1992). 

Denitrification can be achieved using MWW as a reducing agent. Ahnert and Ehrig 
(1992) have calculated that pre-settled MWW from about 700 people is needed to 

denitrify 1 m3  of leachate with a nitrogen content of 1 g/1 and low content of organic 
material (a methanogenic leachate). 

Metals 

Sewage sludge is often applied as a fertiliser and the metal content is a special source of 
concern in this practice. As discussed above the metal content of leachate will for 
methanogenic leachates (the most common) normally be below, or in the order of, that 
of MWW. Kelly (1987) has, however, observed markedly increased metal 
concentrations in sludge resulting from the addition of leachate (from a mainly 
methanogenic landfill) to MWW. The resulting metal concentrations were, however, 
still below limit values. The increased metal concentrations in the sludge may be due to 
the lack of easily degradable material in the leachate. As a result the sludge production 
will be low and hence the metal concentrations in the sludge may be increased. 

Sedimentation 

Poor sludge settling properties have been observed when methanogenic leachate has 
been treated by activated sludge (Chian & DeWalle 1977b). It has been suspected that 
the settlement properties of sludge from the treatment of MWW and leachate mixtures 
could be inferior to that of only MWW. Kelly (1987) could not find any such effect in 
pilot-scale experiments (in a 170-litre sedimentation tank) using a mainly methanogenic 

leachate. 

Addition of leachate may increase the sludge generation, in comparison to treating only 
MWW. This is particularly the case for acidogenic leachates, containing high 
concentrations of easily degradable organic compounds. Ahnert & Ehrig (1992) 
observed an increased settling rate after addition of acidogenic leachates to MWW. 
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2.2.5 Chemical precipitation 

The high alkalinity of methanogenic leachates may cause problems for the pH-
regulation needed in chemical treatments (Ettala 1989). The consumption of chemicals 
will increase and the performance of the treatment may be adversely affected by this. 

At a leachate addition of 5 % to MWW, both Damhaug (1982) and Ettala (1989) have 
observed an increase in the required aluminium sulphate dose by a factor of 1.5 - 2, 
when keeping the pH in the optimal range of 6.0- 6.5. 

Leachate addition will also increase the consumption of other coagulants. However, 
Damhaug (1982) noted a slightly lesser increase in the consumption of calcium 
hydroxides as compared to aluminium sulphate. 

Regardless of the coagulant used, the reduction of the organic load is fairly poor. 
Damhaug (1982) reached a reduction of 30 to 60% in lab-scale tests of co-treatment of 
leachate and MWW. It was observed that higher proportions of leachate in the mixture 
lead to poorer treatment performance (less overall reduction). The organic material and 
the nitrogen content of the leachate may not be affected by the chemical treatment 
(Damhaug 1982). 

2.3 Microbial leachate treatment 

Microorganisms can be used to degrade and convert pollutants. The main application 
for microbial treatment is the removal of organic material and nitrogen from leachate. 
As a side-effect, metals are also removed. Microbial leachate treatment can be divided 
into aerobic and anaerobic processes. For higher concentrations (>1  g  of BOD/1) of 
organic pollutants, the anaerobic microbial treatment is preferable, e.g. with regard to 
energy demand. 

Microbial treatment can either be performed by suspended or fixed film cultures, i.e. 
by organisms either suspended in a solution or fixed onto a surface. 

2.3.1 Anaerobic treatment 

The most common anaerobic treatment is methanogenic degradation, i.e. a complete 
degradation of organic material to mainly methane and carbon dioxide. The application 
of methanogenic treatment is primarily for acidogenic leachates, i.e. leachates 
containing high concentrations of organic acids. 

In addition to purification with regard to organic material, methanogenic treatment also 
has a good effect on metal removal. Sulphides, carbonates, hydroxides and organic 
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complexes are examples of possible metal binding complexes that can develop during 
methanogenic treatment  (Ecke  &  Lagerkvist  1993). 

In comparison with aerobic treatments, the removal of nitrogen and some other 
nutrients is fairly small in anaerobic treatments because of a relatively low sludge 
formation. An important exception is when incoming nitrogen is in the form of nitrate, 
in which case denitrification (formation of nitrogen gas) occurs. Other nutrients, such 
as phosphorous, sulphur, and several essential metals, are removed fairly well by 
methanogenic treatment. 

Environmental factors 

Anaerobic processes in general are influenced by a number of environmental factors, as 
illustrated in Figure 9. 

Moisture content 

Temperature 

Inhibitors  

Oxygen  content,  
redox  potential 

The "ecosystem" 
of the methanogens 

Nutrients 

Hydrogen 

pH, alkalinity 

Sulphate 

Figure 9 	Factors affecting methane generation. Modified after  Kjeldsen  & 
Christensen (1987). 

A few comments on the factors: 

- The moisture content is generally no problem in leachate treatment. 

- The absence of oxygen is a fundamental condition for methane formation. The 
presence of elemental oxygen as well as metal oxides, nitrates or sulphates (at relevant 
concentrations) will permit the development of a non-methane forming microflora that 
will outcompete the methanogens. 

- Anaerobic degradation follows a sequence where the interaction of several different 
organisms is needed, such as hydrolysing, fermenting, acetogenic and methanogenic 
microorganisms. The different groups of organisms consume the products of the group 
preceding it in the degradation chain. If, for some reason, an unbalance should develop 
between the groups or their activities, the degradation could be impaired. The most 
usual problem is the accumulation of organic acids and a lowered pH - a combination 
which may kill off methanogens and lead to further accumulation of organic acids and 
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increased concentrations of hydrogen gas. In order to achieve a good methane 
formation, the pH should be 6-8, i.e. about neutral. 

- The availability of nutrients, including trace elements, is usually no problem in 
leachate treatment (at MSW landfills). In some cases the addition of phosphorus may be 
necessary (Mennerich 1988). 

- A number of substances can impair anaerobic degradation processes at higher 
concentrations, e.g. ammonia (McCarty 1964). 

- Methane formation is possible at a wide range of temperatures as long as liquid water 
is available. The usual operating temperatures are around 35°C or 55°C, which are 
called the mesophilic and thermophilic temperatures respectively. 

Reactors 

Reactors for anaerobic leachate treatment are most often of the fixed film type, such as 
anaerobic filters. Such reactors are relatively insensitive to loading variations and 
standstills, and, since leachate contains relatively little particulate matter, the clogging 
of filters is not too fast. Examples of filter materials used are plastic, stone or solid 
wastes. 

However, in due time an anaerobic filter will clog, primarily due to the formation of 
calcium carbonates and other carbonate precipitates (Mennerich 1988). 

Effect of treatment 

The effect of the treatment depends on incoming concentrations, as well as the retention 
time. Thus, the loading rate is of fundamental importance for the treatment result. The 
upper loading limit of an anaerobic filter made of solid waste is not determined by the 
biological activity, but by the hydraulic conductivity of the waste matrix. A loading rate 
of up to about 17  g  of COD/1,d was achieved by Mennerich (1988) with a related COD 
reduction of about 75 to 90%. Due to the higher hydraulic conductivity of prefabricated 
filters, the loading rate could be up to 30  g  of COD/1,d with similar results as to those 
obtained for filters consisting of waste material. Usual loading rates in leachate 
treatment are, however, below 5  g  of COD/1,d. 

The retention time used in anaerobic filters is quite variable, but usually more than two 
days are needed (Mennerich 1988). 

The concentration of organic materials in the treated leachate is often fairly high. For 
example, McKinney (1983) shows results where the BOD5  concentration of treated 
leachate is higher than 0.5 g/1 at a high organic loading rate (10  g  of BOD/1,d), i.e. the 
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reduction is about 95%. Thus, anaerobic microbial leachate treatment will normally not 
suffice as the only treatment, but needs to be followed by other treatments. 

Residuals 

During anaerobic degradation the sludge generation is about 0.05-0.15 kg of TS/kg of 
CODdegraded (ATV-arbeitsberichte 1993a). An anaerobic filter also accumulates metals 

and some other compounds. As long as the filter is kept anaerobic the metals will be 
retained in the filter material and sludge. For long-term stability, this material should 
be disposed of in a stable reduced environment, such as a growing bottom sediment of 
some kind. 

Up to about 0.34 1 of CH4 will be formed per gram of CODdegraded, i.e. 1 kg of 

methane corresponds to 4 kg of COD. The gas may be utilised for energy purposes or 
need to be flared, since it is a powerful greenhouse gas. 

2.3.2 Aerobic treatment 

All kinds of aerobic treatment need oxygen, as this element is used as an electron 
acceptor in the metabolism of the involved organisms. Organic material is degraded to 
carbon dioxide and water, as well as a fairly large cell production - corresponding to a 
mass of up to about 40 % of the degraded substrate. Reduced forms of nitrogen are 
converted to nitrate by aerobic treatment, and sulphur and metals are oxidised, forming 
compounds with oxygen. A side-effect of aerobic treatment is the precipitation of many 
metals, for example as hydroxides, oxides and metal-metal complexes. 

Reactors 

As in the case of anaerobic treatment systems, there are reactors both for suspended and 
attached growth of microorganisms. For suspended growth facilities active oxygen 
addition is employed, e.g. using air compressors. Some examples of such plants are 
aerated lagoons, activated sludge and sequential biological reactors (SBR). The 
difference between these systems lies in the way in which the solids (sludge) retention 
time is controlled, which is often the most important design criterion with regard to the 
reactor volume. In an aerated lagoon, there is usually no sludge recycling. In order to 
reach a sufficient active biomass, the growth of bacteria must be as large as or larger 
than the amount of biomass which is lost with the water discharged from the lagoon. In 
an activated sludge system, the sludge retention time is regulated independently from 
the hydraulic retention time, by means of a sedimentation and sludge recycling 
procedure, see Figure 10. SBR is a batch process where the sludge settles in the reactor. 
An SBR treatment cycle consists of filling with aeration, continued aeration and 
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settlement without aeration, and finally discharge of supernatant. About a third of the 
water volume is exchanged in each cycle. 

The large sludge production creates clogging and other mass transfer problems for 
attached growth systems. A problem both for suspended and attached growth systems is 
the precipitation of inorganic solids. The proportion of inorganic particulates can reach 
concentrations that are so high that it becomes difficult to recycle enough biomass in an 
activated sludge system. More than 50 % of the TS can be inorganic, predominantly 
calcium, iron and manganese compounds (Robinson & Grantham 1988). In comparison 
sludge from activated sludge treatment of municipal waste water usually contains less 
than 10 % inorganics. Calciurn and iron precipitates are also notorious for clogging 
aerators and other equipment. 
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Figure 10 a) Aerated lagoon 	 b)  Activated sludge 

Two conunon types of attached growth reactors are the rotating biological contactor 
(RBC) and the trickling filter, see Figure 11. An RBC consists of discs or a cylinder 
with filling materials rotating around a horizontal axis. Typically 40 % of the reactor is 
submerged in the leachate. Aeration, mixing and sludge removal are achieved by the 
rotation. One possible operational problem is axis collapse because of material fatigue 
(Heidman et al. 1984). In a trickling filter the leachate is usually added on top of the 
filter and trickles down over the filter surfaces. Aeration is achieved by self-drought or 
by the use of blowers. When plastic filler materials are used (with large pore diameters) 
self draft is usually sufficient. One possible operational problem with trickling filters is 
freezing, when used outside in cold climates (Reed et al. 1986).  

'J  
'  
r-' I' 	' 

Figure 11 a) Rotating biological contactor (RBC)  b)  Trickling filter 
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Effects of treatment 

It is possible to reach discharge concentrations below 20 mg/1 for BOD5 and COD 
concentrations between 400 and 1500 mg/1 using aerobic microbial treatment methods. 

The treatment in aerated lagoons requires long retention times. Robinson and Grantham 
(1988) used 10 days as a minimum for a leachate from a landfill in a mixed acidogenic-
methanogenic degradation state (10  g  of BOD5/1). The largest loading rate employed 
was 1.01 kg of COD/m3,d. The discharge concentration of BOD5 rarely exceeded 18 
mg/1 and the treatment efficiency did not appear to be affected by low wintertime 
temperatures (2-3°C). 

To achieve a good treatment effect using activated sludge processes, the loading rate 
should not exceed 0.05 kg of BOD5/kg of TS,d for an acidogenic leachate and 0.01 kg 
of BOD5/kg of TS,d for a methanogenic leachate (ATV-arbeitsberichte 1993). At these 
maximum load, the degradation may proceed to and include some nitrification as well. 

Trickling filters are rarely attractive solutions for leachates containing high 
concentrations of organic matter (or precipitate-forming inorganic compounds), 
because of the large sludge production causing clogging of filters. 

2.3.3 Nitrification 

Nitrification is the term used for the biological processes that involve the oxidation of 
ammonium to nitrite and nitrate. Nitrification is an aerobic process and is performed by 
two different kinds of bacteria in co-operation. The oxidation of ammonium to nitrite is 
performed by Nitrosomonas and the oxidation from nitrite to nitrate is done by 
Nitrobacter. The simplified part-reactions are written as: 

NH4+ + 3/2 02 	---(Nitrosomonas)--> NO2-  + 2H+ + H20 	(1) 

NO2-  + 1/2 02  --(Nitrobacter)--> NO3- 	 (2) 

The overall reaction is: 

NH4+ + 2 02  ---> NO3-  + 2H+ + H20 	 (3) 

Each mole of ammonium is oxidised using two moles of oxygen gas, or on a weight 
basis 4,57  g  of 02/g of N114-N.  In the reaction hydrogen ions are released. In order to 
prevent a depression of the system pH, any leachate that is to be treated must have a 
sufficient pH-buffering capacity. Usually the bicarbonate buffer dominates:  

H+ + HCO3-  <----> H2CO3 	 (4) 
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Carbonic acid (H2CO3) is a weak acid (Ka  = 4.3*10-7). In a neutral to moderately 

alkaline range of pH the dominant species is HCO3--ions. The protons can then be 
neutralised during the formation of carbonic acid. The combined reaction of (3) and (4) 
can then be written as: 

NH4+ + 2 02  + 2 HCO3- 	> NO3-  + 2 H2CO3 + H20 	(5) 

Calculating mass balances using reaction (5) shows that 8.71  g  of HCO3-  /g  of NH4-N 
(=7.14  g  of CaCO3/g of NH4-N) are required to neutralise the acid formation from the 
oxidation of ammonium. In reality some biomass is also formed, but a net consumption 
of alkalinity of about 7  g  of CaCO3/g of NH4-N can be used as a rule of thumb. 

Environmental factors 

Nitrification is usually a zero order reaction, i.e. the concentration of ammonium 
decreases at a constant rate (e.g. Opatken and Bond 1991, Mena et al. 1992, Knox 
1985). The process and its reaction rate may, however, be influenced by different 
factors, such as the temperature of the leachate. The following factors influence 
nitrification: 

- The composition of the leachate: 

PH 
the amount of easily degradable organic material 
the concentration of ammonium 
the content of nutrients (especially phosphorous) 

- Physical factors: 
the temperature 
the amount of dissolved oxygen 
the amount of mixing 

- Time: 
process initiation 
the retention time 
the time needed for adaptation of biomass 

Some of the listed factors are commented on in the following. 

The dissolved oxygen should always be above 2 mg/1 in order to avoid rate limitations 
(Mennerich 1988). According to Mosey (1985) the dissolved oxygen can, however, be 
as low as 0.2 mg/1 without disturbing the process. 

Nitrifying bacteria are autotrophic. This means that they use inorganic carbon in their 
metabolism. The absence of inorganic carbon (CO2) is usually not a limiting factor for 
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nitrification in leachates. The amount of organic carbon, on the other hand, may limit 
the nitrification. If the content of organic material is too high, rapidly growing bacteria 
that degrade organic material can outcompete the nitrifiers. This can be seen in the 

overall composition of bacteria at different BOD5/TKN ratios. At a ratio of 0.5 the 

portion of nitrifiers is estimated to be about 35 % of the population and at a ratio of 5 
the portion is only around 5 % (Metcalf & Eddy inc. 1991). 

The nitrification is inhibited by a low pH in the system. The pH should be above 7.2 to 
obtain an effective nitrification. There are, however, examples where nitrification has 
been run at lower pH (Metcalf & Eddy inc. 1991). A temporary drop in pH will not 
kill, but rather inhibit the nitrifying bacteria, making the system somewhat robust for 
occasional disturbances. An upper limit to the pH is about 8.6 and depends on the 
concentrations of anrunonia gas solved in the leachate. 

The nitrification can be suppressed by high concentrations of ammonia (NH3) and nitric 

acid (HNO2). The concentrations of these species in the leachate are dependent on the 
leachate-pH and on the concentrations of ammonium and nitrite. Nitrobacter may be 

affected by ammonia at concentrations of as low as 0.1-1 mg/1 (Anthonisen 1976). At 
ammonia concentrations of 10-150 mg/1 the action of Nitrobacter and Nitrosomonas 

may be inhibited. Nitrobacter is more sensitive to changes in environmental conditions, 
and an accumulation of nitrite is a common response to process instability (Metcalf & 
Eddy inc. 1991). 

The temperature is important for the rate of nitrification. The Ahrenius equation 
expresses a relationship between system temperature and the rate of nitrification 
(Opatken and Bond 1991, Knox 1985, Steiner 1979):  

k= Ae-EiRT  

where  k=  coefficient for the reaction rate 
A= frequency factor  
E=  energy for activation, kJ/mol  
R=  the gas constant, 8.25 J/g,mol 
T= temperature,  °K  

The expression can be rewritten as: 

(6) 

In  k = -E/RT +  In A 	 (7)  

If ln  k  is plotted versus 1/T,  E  can be determined as the slope a in the linear expression 

y=ax+b. Some recorded values of  E  are 57.8 kJ/mole (Knox 1985), 51.5 kJ/mole 
(Steiner 1979 from Knox 1985). As an example of its influence a calculation shows that 

a rise in temperature from 10 to 20  °C  will increase the rate of nitrification about 2.3 
times. The nitrification is generally more sensitive to variations in the temperature of 
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the surroundings in trickling filters than in activated sludge reactors. The sensitivity 
depends on the flow of air through the reactors (Knox 1985). 

Nitrification can, as much as other biological processes, be inhibited by a shortage of 
nutrients. Sludge formed in nitrification holds concentrations of phosphorous of about 
2.5-3% on a weight basis. The amount of sludge formed in nitrification is in the order 

of 0.17  g  of VS/g of  N  (Mennerich 1988). The need for phosphorous in nitrification, is 
according to these figures, about 0.17*0.025= 4 mg of P/g of  N.  

Biological processes can adapt to given conditions. Leachate often holds high amounts 
of dissolved ion-salts. Mennerich (1988) has shown that it is possible to adapt nitrifiers 
to high ionic-strength-conditions: a sludge, adapted to concentrations of 40  g  of C1/1, 
gave a 100 % nitrification while a non-adapted sludge (run at concentrations of 3.3  g  of 

CM) only managed a 30 % nitrification at a concentration of 40  g  of Cl/1 

Reactors 

Nitrification is applied to most kinds of aerobic reactors. Processes using suspended 
biomass often face problems with loss of sludge. The poor sedimentation characteristics 
of biomass with a high proportion of nitrifiers may be the cause to this (Knox 1985). 
Another reason may be a lack of phosphorous (Mennerich 1988b). Experiences from 
several experiments show that a reactor with attached growth of biomass is generally 
more stable and easier to run compared with reactors with suspended growth (Knox 
1985; Mennerich and Albers 1988). 

The period of start-up for reactors for nitrification can be long. Mennerich and Albers 
(1988) needed several months before the maximum rates of nitrification had been 
reached in an RBC. This fact is believed to coincide with a slow population growth of 
nitrifiers. 

Effect of treatment 

According to ATV-arbeitsberichte (1993) it is rare that single-step treatment facilities 
can produce an effluent water with a concentration below 10 mg of NH4-N/1 all year 

around. 

ICnox (1985) observed concentrations that at all times were lower than 20 mg/1 and 
normally much lower. A pilot-scale (8 m3) activated sludge reactor that treated 
methanogenic leachate was monitored in the experiments. Effluent concentrations are 
dependent on the rate of nitrification. An increased rate of nitrification often results in 
higher effluent concentrations (Knox 1985). The rates of nitrification in  Knox's  reactor 
were 20-60 mg of N/g of VSS,day at temperatures below 10°C and as high as 130 mg of 
N/g of VSS,day at temperatures above 15°C. 
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The effluent concentrations from a multi-stage RBC can be very low and stable. 
Mennerich and Albers (1988) performed laboratory experiments using a four-stage 
RBC. A maximum observed rate of nitrification of 4.6  g  of NI-14-N/m2,d was found in 
the first stage. In the following three stages the load decreased, as did the maximum 
nitrification rate. The low loaded stages were, however, needed in order to obtain an 
effluent with low concentrations of ammonium. In order to obtain an effluent 
concentration below 0.5 mg of NO2-N/1 and 1 mg of NH4-N/1 the maximum load was 
determined to be 0.01  g  of N/m2,d. 

The recommendations for surface loading of trickling filters according to ATV-
arbeitsberichte (1993) are listed in Table 12. 

Table 12 	Recommendations for surface loading of triclding filters to obtain certain 
effluent concentrations (ATV-arbeitsberichte 1993). 

Load 
	

effluent NH4-N 	effluent NO2-N 

2  g  of N/m2,d 	< 30 mg/1 	< 2mg/1 

1  g  of N/m241 	<10 mgfl 	< 1 mg/I 

Boller (1986) recommends a surface load of 0.4  g  of NH3-N/m2,d in order to yield a 
complete nitrification at a process temperature of 10°C. Barnes and Bliss (1983) 
recommend a load of 0.5-1.0  g  of NH3-N/m2,d at temperatures of 10-20°C. 

2.3.4 Denitrification 

According to Tiedje (1988) the content of nitrate can be reduced in five different ways: 

1. Assimilatory nitrate reduction to organic nitrogen 
2. Dissimilatory respirative denitrification to N2 

3. Dissimilatory nitrate reduction to ammonium (DNRA) 
4. Nonrespirative production of N20 
5. Chemical denitrification to NO and N20 

Dissimilatory respirative denitrification is the process that normally is called 
denitrification. In the following the environmental conditions for the different methods 
will be briefly discussed. 

In an assimilatory process the nitrate-nitrogen is used for production of new cells. 
Dissimilatory processes on the other hand use only the energy from the reaction. In 
anoxic environments (no free oxygen) one out of the two dissimilatory processes 
normally dominates. In this environment there is generally an excess of nitrogen, as 
ammonium and organic nitrogen, as compared with the requirements for the production 
of new cells. Assimilatory nitrate reduction will then be of minor importance. Nitrate- 
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nitrogen is used as an electron acceptor in dissimilatory nitrate reduction to ammonium, 
as well as in denitrification. Both of these dissimilatory processes are inhibited by 
oxygen (Tiedje 1988). 

Nonrespiratory N20 production is performed by many different groups of organisms. 
N20 is the end-product and not N2. As denitrification also can give N20 as a product, it 
is difficult to judge whether a provable production of N20 originates from 

denitrification or from the nonrespirative process. There is little knowledge of the 
frequency of the nonrespirative process and its importance as a source of N20 to the 

atmosphere. If the process was of importance, it would probably dominate in aerobic 
environments, where denitrification is insignificant (Tiedje 1988). 

Chemical denitrification produces gas by the use of nonbiological catalysts. The most 
common reaction involves acid and may be significant at pH<5. The dominant gas 
produced in chemical denitrification is NO, a gas which is only produced in small 
quantities in biological denitrification (Tiedje 1988). 

Which of the two dissimilatory processes dominates? This is determined by the 
environmental conditions. Denitrifiers are basically aerobic bacteria which have the 
alternative capacity to reduce nitrogen oxides when oxygen becomes limiting. The 
DNRA-process is dominated by fermentative bacteria. There is consequently a basic 
difference between denitrification bacteria and DNRA-bacteria. Continuous anoxic 
environments support the DNRA-bacteria, while environments which change from 
aerobic to anaerobic support denitrification. DNRA-bacteria are favoured when the 
carbon content is high compared with the amount of electron acceptors (as e.g. nitrogen 
oxides). In opposite circumstances denitrification is favoured, as denitrifiers can utilise 
more energy, as  ATP,  per reduced molecule of nitrate (Tiedje 1988). 

The denitrifying capacity is spread among a wide variety of groups of microorganisms. 
The energy source of denitrifiers includes all three classes known to be used by 
microorganisms: organic (organotrophs), inorganic (lithotrophs) and light 
(phototrophs). The most common denitrifiers in nature are species of  Pseudomonas,  

followed by the closely related Alcaligenes. Of all the bacteria that grow in anoxic 
conditions, the denitrifiers are the ones with the highest growth (Tiedje 1988). 

Denitrification includes several part reactions and intermediate products. One 
description of the reaction sequence could be: 

NO3 ---> NO2  ---> NO --> N20 --> N2 

Intermediate products may accumulate. The most common factors influencing this 
accumulation are: 
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1 Too few electron donors (carbon source) in relation to electron acceptors 
(nitrogen oxides) (thus the reaction slows or stops at NO2 -  or N20). 

2 Too short incubation time in relation to the reaction rate. 
3 Production of toxic products inhibiting the process. 

Environmental factors 

The process of denitrification is very sensitive to the conditions in its environment. 
Some of the factors influencing the process of denitrification are: 

The leachate composition: 	pH 
the content of easily degradable organic material 
the concentration of nitrite- and nitrate-nitrogen 
the content of nutrients (mainly phosphorous) 

Physical factors: 	 the temperature 
the content of dissolved oxygen 
the frequency of stirring 

Time: 	 the retention time 
the time needed for adaptation of biomass 

Others: 	 the kind of reduction agent 

Some of the listed factors influencing the denitrification are corrunented on in the 
following. 

- A suitable pH-interval is between 6 and 8. Hydrogen carbonate is produced during 
denitrification. This will increase the alkalinity as well as the buffering capacity of the 
water. 

- There may be a lack of the nutrient phosphorous. The need for phosphorous depends 
on the production of biomass, as may be measured by the production of sludge. The use 
of methanol as a carbon source will stoichiometrically give 0.45  g  of VS/g of nitrate-N.  
With 2.5 weight-% phosphorous in the sludge there will be a phosphorous requirement 
of 11 mg/g of nitrate-N.  

- The effect of temperature on the rate of denitrification can, as for nitrification, be 
described by the Ahrenius equation. Results from Batchelor (1978) show similar values 
of the activation energy as for nitrification. 

- Oxygen inhibits denitrification. The oxygen may inhibit the activity of the necessary 
enzymes or at higher concentrations of oxygen the production of the enzymes may be 
inhibited. Of the three necessary enzymes N20-reductase will be inhibited first, 
followed by nitrite reductase and finally nitrate reductase (Tiedje 1988). The response 



Literature Review 
43 

of N20 to unstable conditions may be explained by the N20-reductase being the first 
enzyme to be inhibited. Inhibition of the activity of the enzymes can occur already at 
oxygen concentrations as low as 0.03 to 0.5 mg of 02/1 (Tiedje 1988). 

- Denitrification is a relatively fast process when there are enough easily accessible 
reduction agents. Too short a retention time can cause an increased concentration of 
nitrate in the effluent (Mena 1992). It can also cause an increased amount of N20 
emissions (Hong et al. 1993). Another cause of these effects may be a lack of reduction 
agents. 

- Adaptation of the microflora to the actual environmental conditions can cause a 
strikingly increased rate of denitrification. Mena (1992) has shown that adapted biomass 
can denitrify at a rate 3-4 times higher than biomass without adaptation. 

- There may often be a lack of easily degradable organic material in leachates (as most 
leachates are methanogenic), and such material is needed to supply the denitrification 
process with enough reduction agents. Generally the need for reduction agents and the 
need for a carbon source (for the production of biomass) will be combined, i.e. the 
reduction agent consists of organic material. There are several examples of carbon 
sources: 

• Solid materials: 

• Fluids: 

• Gas: 

cellulose (Anderson 1977) 
household waste (Knox & Gronow 1993) 
glucose and methanol (e.g. Manoharan et al. 1989) 
fluid waste products (Monteith et al. 1979, Skrinde & 

Bhagat 1982 and Rytterstedt 1995) 
methane (Mennerich 1986 and Werner & Kayser 1991) 

The reduction agents are in general fluids. The dominant reduction agent within 
municipal wastewater treatment is methanol. Many reduction agents are therefore 
compared with methanol. In order to obtain an effective denitrification process the 
COD:nitrate-N ratio ought to be about 3:1. Batchelor (1978) has shown, by the use of 
different compounds of sulphur, that it is possible to use inorganic reduction agents to 
support denitrification. 

Reactors 

The same kinds of reactors earlier described for application in nitrification can be used 
for denitrification with the exception that they must not be supplied with air. 

Within suspended methods it is common to combine denitrification and nitrification. 
The treatment of activated sludge is generally preceded by an anoxic step in.tended for 
denitrification. There is a recirculation flow from the nitrified effluent of the activated 
sludge to the anoxic step. The organic material of the leachate may then be used as a 
reduction agent. There may be a need for further additions of reduction agent. 
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Effect of treatment 

More than 80% reduction of nitrate should normally be the result in denitrification 
(Tiedje 1988). 

The suitable load in the anoxic step of an activated sludge plant depends on the 
temperature, ATV-arbeitsberichte (1993), Table 13. The loads for acidogenic and 
methanogenic leachates are the same when they are related to TS. The TS-content, 
however, differs between both of the leachates and so does the load related to volume. 

Table 13 	Suitable load in the anoxic step of an activated sludge plant (ATV- 
arbeitsberichte 1993). 

Load [kg of NOx-N/kg of TS,d] Kind of reduction agent 

< 0.07 * 1.1(T-15) 
	

leachate (acidogenic or methanogenic) 

< 0.11 * 1.1(T-15) 
	

easily available substrate like acetic acid 

Knox (1995) has reached rates of denitrification up to 30  g  of N/m3,d in a 
methanogenic filter consisting of solid waste. The rate depends, however, on the load. 
Even acidogenic waste material worked well as a filter for denitrification. The very 
degraded waste material could not support a significant denitrification. However, there 
was a significant reduction of the not easily degradable material and of the colour of the 
leachate. 

A summary 

A summary of some aspects of nitrification and denitrification processes is shown in 
Table 14. 

Table 14 	A summary of some aspects of nitrification and denitrification, as well 
as favourable levels of some environmental factors. 

Unit 
	

Nitrification 	Denitrification 

Substance to change 

End product 

Intermediate products 

pH 

Alkalinity 

Oxygen 

Organic material 

Phosphorous content 

Production of sludge 

Temperature 

NH4+ 
	

NO3- 

NO3- 
	

N2  

NO2- 
	

NO2-, N20 

7.5-8.6 
	

6-8 

mmol of HCO3-  /mg of  N  consuming 0.14 	producing 0.07 

mg of 02/1 	 > 2 (aerobic) 	< 0.5 (anoxic) 

mg of COD/mg of  N 	 3 

mg of P/g of  N 	 > 4 	 > 11 

g/gofN 	 0.17 	 0.45 

10  °C  increase gives about 2 times specific rate 
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2.4 Physical treatment 

2.4.1 Introduction  

Several different purification processes can occur during filtration: 

1. Mechanical separation of particles 
2. Sorption of dissolved contaminants 
3. Biological degradation 

The particulate portion of the TS is usually quite small in fresh leachate, thus the 
mechanical separation of filters used as a first treatment step will be low. However, 
there are some compounds that occur predominantly in particulate form, which could 
then be selectively removed. Some organic contaminants such as dioxins and PCB 
belong to this category (Carlsson and Hell 1994). The distribution of a compound 
between the particulate and the dissolved phase is decided by a number of 
environmental factors and inherent properties, such as the polarity of the substance 
(often measured as Kow  - the distribution coefficient between water and oktanoe, the 
amount of particulate matter available and its organic content, pH, etc. 

Filters can give a good mechanical separation of leachate where particles have been 
formed, e.g. through microbial or chemical treatments. 

Sorption includes both precipitation and adsorption processes that lead to a retention of 
different compounds in the filter. The retention can be of variable stability, depending 
on the sorption mechanism and environmental factors. An adsorption through the 
formation of surface complexes is generally more stable than an adsorption through 
electrostatic forces. Even a weak sorption may affect the retention time of a compound 
markedly. If a sufficient retention time is achieved, biodegradation of organic matter 
can occur. Given a well-functioning biodegradation of organic material, the primary 
dimensioning criteria for the loading rate will be the metal sorption. 

Among other things, adsorption depends on the surface area of the sorbent. A large 
specific surface area promotes adsorption. The most common sorbent is activated 
carbon. Among other useful materials there are different cokes, aluminium oxides, 
rosins and bentonite (ATV-arbeitsberichte 1993a). 
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2.4.2 Sand filters 

Material and function. 

Usually a sand filter is built of quarts sand ranging in particle size between 0.5 and 4 
mm. Usual filter heights are between 0.5 and 3 m. Sand filters function mainly as 
mechanical separators for particles larger than 10-5  m and up to about 10-3  m. Some 
separation of smaller particles is also achieved. 

Nilsson and Vanek (1992) have used a sand filter following long-time aeration. Most of 
the suspended material, such as metal precipitates, algae and bacteria flocks, was 
removed from the leachate. Some nitrification also occurred in the filter. 

Rönnols et aL (1996) claim that the filter grain size should be slightly smaller than what 
is used in wastewater treatment, arguing that a finer grain size leads to the precipitation 
of most of the iron in the uppermost part of the filter. This prolongs the lifetime of the 
filter, which can be regenerated by changing only a superficial layer of the filter 
material. 

Residuals 

The filter can be regenerated through backflushing. The required amount of flush water 
corresponds to about 1-10 go of the treated leachate volume (ATV-arbeitsberichte 
1993a) and can usually be concentrated using sedimentation. 

Another residual is the exchanged filter material, such as the iron-laden surface sand. 
Usually this is landfilled. 

2.4.3 Peat filter 

Material 

Peat is not a homogeneous material. The natural variation of peat composition is fairly 
large. The usual classification of peat is based on its botanical origin and on its degree 
of degradation (humification degree). Sphagnum-peat, which is common on Swedish 
wetlands, is, according to Bergner (1991, from Bergman 1991) the best peat to use for 
metal separation in liquids. It is mainly the capacity of retaining metals that makes peat 
interesting for filtration purposes. Both Bergman (1991) and Carlsson and Hell (1994) 
have reported bad results in attempts to retain organic substances and nutrients. It may 
appear surprising that peat is a weak trap for organic matter, considering that peat 
mainly consists of organic carbon, which is normally considered as a strong sorbent of 
organic material. One explanation that has been put forward by Carlsson and Hell 
(1994) is that the structure of the organic material in peat differs from that of, e.g., 
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activated carbon. Humic acids answer for a large portion of the adsorption capacity of 
peats. Dissanayake and Weerasooriya (1981) carried out a series of adsorption 
experiments on peat from which the humic acids first had been removed. Only half of 
the adsorption capacity remained compared with the untreated peat. 

Bergman (1991) found that granulated peat performed better as a filter material from a 
hydraulic/physical point of view than did fresh peat. 

Effect of treatment 

From a literature review mple by Bergman (1991), the maximum retention capacity of 
divalent cations in peat ranged from 100-600 mmol/kg of  DS.  The variation depends on 
variables like the quality of the peat, the quality of the leachate, the filter load and 
environmental conditions. The quality of the peat depends on the species, degree of 
humification, and any pretreatment of the peat. Some examples of pretreatment of peat 
are acid preparation, calcium preparation and heat treatment. Acid and calcium 
preparation increases the adsorption capacity of the peat, while heat treatment may have 
the opposite effect. 

Among the variables that influence the metal-retaining capacity of peat filters, the most 
important are pH, temperature, filter load, the concentrations of dissolved complex-
forming species in the leachates, the concentrations of the target cations and the ion 
strength of the leachate. 

Effluent concentrations in leachates from a peat filter are generally low and stable, i.e. 
not sensitive to sudden peaks in the concentrations of the leachate (Bergman 1991). 
McLellan and Rock (1988) state on the other hand, that a peat filter alone is not 
sufficient as a metal separator but should instead be used as a pretreatment step. 

Residuals 

Three alternative ways of handling the used peat filters have been put forward 
(Bergman 1991): 

- Re-generation using acid. An almost complete leaching of trapped metals can be 
achieved using a 3 M hydrochloric acid. 

- Incineration. The metals can be reclaimed from the ashes. 
- Landfilling. The trapped metals are largely immobilised at neutral pH. The 

mobility of the metal ions will, however, increase as the ionic strength and/or 
amount of dissolved complexing agents of the passing water increase. 
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2.4.4 Filters made of MSW 

Knox (1995) has studied household waste in three different degradation states, where 
the waste has been used both as a filter and as a source of reducing agents for 
denitrification. Acidogenic and methanogenic MSW had a good denitrifying effect, 
whereas post-methanogenic waste had a poor effect. 

However, filtering through the post-methanogenic waste gave a 50 % reduction of the 
recalcitrant (unaffected by long-time aerobic treatment) organic materials in the 
leachate. This also reduced the colour of the leachate markedly. 

Methanogenic waste can have a good treatment effect on easily degradable organic 
materials (e.g. those present in leachate from acidogenic landfills), and be useful for 
metal removal and reduction of sulphur and phosphorus. See, for example,  Lagerkvist  
(1995) and Mennerich (1988). 

2.4.5 Adsorption to activated carbon 

Material 

Activated carbon is used in the form of granular and pulverised material. The 
granulated carbon is applied in filters and the pulverised carbon is usually added in 
activated sludge or precipitation ponds. Pulverised carbon may have poor sedimentation 
characteristics after treatment (Knox 1983). 

Effect of treatment 

Adsorption to activated carbon is mainly employed to reduce the concentration of COD 
and AOX. When a reduction in COD is achieved there will usually be an equivalent 
reduction of AOX. Both fatty acids and large molecules like humic substances are 
adsorbed badly by activated carbon. The organic fraction which is mainly removed by 
adsorption is the fulvic acid fraction having a molecular weight between 100-10 000. 
This means that adsorption is best suited as a treatment after biological treatment 
(removal of fatty acids) and flocculation/precipitation (removal of large molecules like 
humic substances) (Ehrig 1989). More than 80 % of the full-scale plants also use either 
a physico-chemical or a biological pre-treatment (Bourke and Villers 1993). At the rest 
of the plants filtration is used as pretreatment in order to remove possible particulate 
matter. 

For leachate the adsorption capacity (mg of COD/kg of activated carbon) is usually 
described by means of Freundlich's adsorption isotherm: 
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where:  
X  = mass of adsorbed material 
M = mass of adsorbent  
K  = Freundlich's constant, at constant temperature  
C  = concentration in the liquid phase (at equilibrium) of the substance that shall 

be adsorbed.  
n  = constant, at constant temperature (value > 1) 

Usually, equation (a) is illustrated graphically in a  loglog  diagram. A linear relationship 
leads to the determination of the coefficients  K  and 1/n.  K  represents the intercept and  n  
the slope of the first order curve. Ehrig (1989) uses  C  as the effluent concentration. In 
this case equation (a) can be used to calculate the consumption of activated carbon. 

According to Cossu et al. (1992) a reasonable reduction in COD is in the range of 100 
to 400 mg/1, when 1-3  g  of pulverised activated carbon is added per litre. To achieve 
the same reduction by addition of granular carbon, a higher dosage is usually needed. 

An acidic pH will often favour the adsorption of organic material to activated carbon 
(Weber 1972 and Degiimont 1979 from Cossu et al. 1992). 

Residuals 

Spent activated pulverised carbon has to be dewatered first, in order to achieve a TS of 
20-25%. Then the carbon can be dried quickly to reach 60-70% TS. Subsequently there 
are two treatment options: combustion and landfilling (ATV-arbeitsberichte 1993a). 

The granular carbon can be reactivated thermally. Up to 30% of the granular carbon 
can be lost by this treatment (Kiefer 1993). 

2.4.6 Other filter material 

AVR sludge from paper production can function excellently as a filter material for the 
removal of metals (Bergman 1996). The sludge is a mixture of kaolinite, cellulose and 
aluminium sulphate. 

In filters with a poor sorption capacity but with a good hydraulic conductivity, 
additions of material can be made to increase the sorption capacity. Examples of 
admixtures are bentonite, stone dust and peat. 
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2.4.7 Membrane filtration 

Membrane filtration will, by means of pressure gradient, divide the leachate feed into a 
highly concentrated flux (concentrate) and a flux with low concentrations (permeate). 
The separation takes place with the help of a semipermeable membrane.  

Ultrafiltration  is a sub-type of membrane filtration. Membranes applied for 
ultrafiltration have pores. Colloids and large molecules, usually having a molecular 
weight greater than 5000, are separated.  Ultrafiltration  does not separate salts. 
Examples of applications are oil-water separation and the removal of turbidity caused 
by colloids. 

Membrane technology - 
pore size and application range 
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Figure 12 Application range of membrane filtration. After Jordain (1987) cited 
from Cossu et al. (1992). 

Reverse osmosis and nanofiltration are other sub-types of membrane filtration. The 
membranes applied have no pores and the principle of separation is diffusion. These 
membranes can separate salts. The membranes are relatively sensitive to disturbances, 
e.g. by colloids. 

Figure 12 shows the fields of application for membrane filtration. 

Reactors 

A membrane filtration unit consists basically of four components: 

• membrane 
• supporting structure for the membrane 
• vessel 
• high-pressure pump 

leisso  ved  
organics 
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Usually, the membranes consist of some kind of polymer. The supporting structure can 
have different forms, e.g.. 

- spiral-wound 
- tubular 
- hollow fibre 
- plate 

The choice of supporting structure depends mainly on the feed quality. Tubular or plate 
modules are generally used in the first filtration step, as these modules are not as 
sensitive to colloidal fouling of the membranes as others. If several modules are 
connected in-line, the second step is often a spiral-wound module. 

The flux capacity of a membrane filtration facility is set by 
• Ap  - A7C where  Ap=  applied external pressure over the membrane 

Alt= osmotic pressure over the membrane 
• the retention, i.e. the membrane's capability to hold pollutants. 

In reverse osmosis the operating pressures  (Ap-An) are in the 10 bar range, whereas 
for ultrafiltration, lower pressure is required. The limit to how concentrated the 
concentrate can be is, according to ATV-arbeitsberichte (1993a), set by the osmotic 
pressure of the concentrate and will be at an operation pressure of about 12-15 bar. The 
concentrate may then be up to three to six times stronger than the raw leachate. 

Effect of treatrnent 

Acidogenic leachate is poorly treated with regard to volatile fatty acids, as the 
membranes cannot hold these compounds (Ehrig 1987). 

For moderate to strong methanogenic leachates a good removal of several substances 
can be achieved. Table 15 presents the degree of removal for some different substances 
in methanogenic leachate. Krug and McDougall (1989) have in addition also proved 
membrane filtration to provide good metal removal. 

Table 15 
	

Degree of removal for reverse osmosis, nanofiltration and ultrafiltration 
of methanogenic leachates with moderate to high concentrations (ATV-
arbeitsberichte 1993a). 

Reverse osmosis 

removal (%) 

Nanofiltration  

removal (%) 

Ultrafiltration  

removal (%) 

COD 95-99 80-90 25-60 

NI-14(N), pH 6.5 90-98 80-90 <20 

AOX 95-99 70-90 30-60  

Cl-  90-99 40-90 <40 
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It can be problematic to reduce the concentration of ammonium sufficiently. By adding 
acid admixtures the pH of the leachates can be lowered to 6.5-6.8; thereby the chemical 
equilibrium is shifted from ammonia to ammonium. This is important, because only the 
latter is separated almost completely by the membranes of reverse osmosis (ATV-
arbeitsberichte 1993a). Another positive side-effect of the pH reduction is that the 
amount of carbonate precipitation is reduced. Carbonate clogging can cause great 
problems, e.g. increasing energy needs, shortened membrane life times, etc. 

To achieve a high-quality permeate, i.e. effluent, two-step facilities are often used. 

Residuals 

The generated concentrate amounts to about 20% of the feed (Kettem 1992). Today 
there is no sustainable solution to the problem of handling the concentrate. Some plants 
evaporate the concentrate prior to landfilling, while others do not. At two sites in the 
Netherlands reverse osmosis combined with a return of the concentrate to the landfill 
has been performed during a period of five years. After several years elevated 
concentrations especially of ammonium and other salts have been observed in the 
leachate  (Glas  et aL 1993). 

Maintenance 

For effective operation, reverse osmosis demands a high quality feed. Colloidal material 
as well as precipitation of, e.g., iron and manganese salts can cause fouling and clogging 
of the membranes. Firstly, fouling leads to an increase in osmotic pressure and secondly 
to an increase in hydraulic resistance; hence it leads to a rise in energy needs. The 
colloidal material can be removed by pre-treatment through combinations of different 
filtration techniques, e.g. ultrafiltration. In order to minimise the risk of fouling, the 
pH value can be adjusted to 4..0-7.5. Regularly, the membranes need to be cleaned 
chemically to maintain the flux capacity. According to ATV-arbeitsberichte (1993a) 
chemical cleaning is required once a week. In spite of such a cleaning the durability of 
the membranes is short. Experience shows that the membrane life time in the first step 
is 1-1.5 years and in the second step 1.5-2 years, according to Logeman and  Glas  (1990) 
(cited from ATV-arbeitsberichte 1993a). 

2.4.8 Evaporation 

Some have regarded evaporation as the solution of leachate problems. The leachate is 
separated into a clean, condensed water phase and a solid phase bearing all pollution. In 
practice this is not true. Firstly, it is difficult to achieve a solid phase and secondly, the 
condensate is laden with volatile, sometimes chlorinated organic compounds and 
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ammonium. The concentrations will often be so high that further treatment is required 
(Ehrig 1987). 

The problems which are related to evaporation of raw leachate can be summarised as 
(Cossu et al. 1992): 

- formation of foam, due to high organic content; 
- encrustation and corrosion, causing material damages in the facility; 
- fouling on the heat-transfer surface; 
- need for post-treatment of ammonium and halogenated organic material; 
- high energy costs. 

Subsequently, there are several negative effects related to evaporation of raw leachate. 
According to Cossu et al. (1992) the technique is, on the other hand, considered to be 
useful for the concentrate of reverse osmosis. 

Thin plastic film evaporation 

Ettala and Rossi (1995) tested a novel evaporation technique applying a thin plastic film 
as a heat-transfer surface. The leachate is acidified (pH<4) before feeding it to the 
evaporation facility. The leachate partly evaporates when it comes into contact with the 
heat-transfer surface and the generated vapour is compressed. The compressed vapour 
is fed to the other side of the heat-transfer surface and is used as a heat source. The 
evaporation is carried out in a vacuum and at a relatively low temperature (50-60°C). 
The technique has only been tested on the pilot scale using low-contaminated leachate. 

The concentrate is about 9% of the feed. The quality of the concentrate from the pilot-
scale experiments was good and no further treatment was required. Chloride and 
nitrogen remain almost completely, and the concentration of organic material in the 
condensate is very low. However, the total content of TS increases clearly and as much 
as 65% of the TS in the concentrate is caused by the addition of acid. The sulphate 
content in the concentrate is very high and exceeds the inhibiting concentration for 
methanogenic bacteria considerably. 

There is no sustainable handling of the concentrate. It is suggested that the concentrate 
should be returned to the landfill, however, after neutralisation. The neutralisation 
(with Na0H) involves further additions of elements to the landfill. Sodium may give 
negative effects if the leachate is used for irrigation purposes. 
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Residuals 

Landfills have been rejected as an alternative to residual handling, due to the crystal 
redissolution risks. Three different methods have been proposed by Tiefel (1989) (from 
Cossu et al. 1992): 

- upgrading and recycling of salts (principally NaCl, Na2SO4) 
- immobilisation 
- disposal in underground caverns. 

2.5 Chemical treatment 

All chemical and physical methods of treatment can be regarded as complements to 
biological treatment. Biological treatment should be of first priority as a real 
degradation of the organic material occurs, while other methods only result in 
separation and enrichment of pollutants. Other reasons may be the increase in the 
lifetime of filters/membranes or the reduced need for chemical doses that a biological 
pretreatment may lead to. 

2.5.1 Flocculation/precipitation 

Flocculation/precipitation involves the addition of chemicals to alter the physical state of 
dissolved and suspended solids and facilitate their removal by sedimentation. 

Effect of treatment 

Only organic material with high molecular weight, like humic and fulvic acid, is 
efficiently treated by flocculation/precipitation. The main part of the organic material 
that is difficult to degrade is composed of these acids and they can generally be reduced 
by over 50% (Ehrig 1987 in ATV-arbeitsberichte 1993a). 

Organic material with low molecular weight, such as fatty acids, cannot be precipitated 
(Narkis et al. 1980). Leachate with a large portion of easily degradable organic material 
(acidogenic leachate) should therefore be biologically pretreated. The inability of the 
precipitation chemicals to reduce the COD content in acidogenic leachate has been 
shown by, e.g., Ehrig (1989). In Figure 13, the COD reduction at different BOD/COD 
quotients is shown. Up to 60% of the COD may be reduced in a methanogenic leachate 
(BOD/COD<<0.1). A comparable reduction was also recorded for AOX (Ehrig 1989). 
The dosage of chemicals is of importance, as can be seen in Figure 13. An overdose 
may cause a restabilisation of substances, i.e. a redissolution. The concentration of 
pollutants will then not be reduced to the same extent as intended. 
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Figure 13 COD in leachate after flocculation versus the amount of flocculation 
agent, at different BOD/COD levels (1 mmol of Fe = 56 mg of Fe). 
From Ehrig (1989). 

Iron and aluminium salts are common flocculation agents and give comparable results. 
Iron salts are believed to give somewhat better results. The lowest solubility for metal-
organic compounds is within the pH interval 4-5.5. Iron operates best between pH 4.5-
4.8 and aluminium at pH 5-5.5 (Albers et al. 1991). To reduce the consumption of 
metal salts, the pH can be controlled with the help of acid addition. 

According to ATV-arbeitsberichte (1993a) lime shows clearly lower reductions of 
organic material than other metal salts. Knox (1983) showed a reduction of just 20% of 
the organic material (measured as TOC) in a methanogenic leachate. The results of nine 
studies compiled by Chian and DeWalle (1976) show comparable results - COD 
reductions of 0-29%. 

Lime may be used successfully for other purposes than organic material reduction. 
Knox (1983) obtained, for example, a reduction of colour by about 85% at a low 
dosage of lime (0.5 g/1). Lime has also an odour reducing effect as it raises the pH. A 
higher pH leads to a higher solubility of fatty acids and hydrogen sulphide. Evaporation 
of these substances is thus reduced (Knox 1984 in SNV 1992). Lime works well as a 
metal precipitation agent. Soda works in the same way, i.e. metals will precipitate as 
metal hydroxides. Soda is easier to handle and it generates a sludge easier to separate 
compared with the use of lime. However, lime is generally cheaper. 

The optimal pH value for the precipitation of metals as hydroxides differs depending on 
the specific metal. The pH of the process will be a compromise between the different 
metals. In a compilation of studies on lime precipitation a reduction of, e.g., iron by 
about 99% was reported by Knox (1984) (in SNV 1992). Due to the good separation of 
metals, Knox proposes that a chemical precipitation (especially with lime) may precede 
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a biological treatment. This could reduce the problems of clogging and accumulation of 
inorganic elements in the biological step. 

Metals can also be precipitated as carbonates or sulphides. Sulphide precipitation has not 
yet been utilised in leachate treatment, mainly because of the toxicity of sulphur-
containing gases (ATV-arbeitsberichte 1993a). Sulphide precipitation may be an 
interesting application for metal reduction in leachates, as the solubility of bivalent 
metal sulphides is very low and the content of metals in the water after precipitation 
may be very low (ATV-arbeitsberichte 1993a). 

Ammonium can precipitate as magnesium-ammonium-phosphate (MAP) 
(MgNH4PO4*6H20) by the addition of magnesium oxide (Mg0) and phosphoric acid 
(H3PO4) or magnesium phosphate. To obtain a good precipitation, the pH has to be 
between 8-9.5. Reductions of up to 98% and effluent concentrations of about 20 mg/1 
may be achieved according to ATV-arbeitsberichte (1993a). 

Residuals 

A sludge will be generated as a residual from flocculation/precipitation. The sludge will 
most often require dewatering before further handling, which in most cases means 
landfilling. MAP sludge may be used as a fertiliser. 

2.5.2 Chemical oxidation 

The molecular structure of the organic material is destroyed with the assistance of an 
oxidation agent. The biological degradability will then be improved. This can be noticed 
as an increase in the effluent  BOD.  

The main advantage of chemical oxidation is its ability to break compounds that are 
difficult to degrade and toxic substances (if they occur) such as  alkenes,  aromatic 
compounds and AOX compounds. 

The content of ammonium and other inorganic compounds will generally not be 
reduced by chemical oxidation. 

Compared with biological oxidation, treatment with chemical oxidation methods is 
costly (involving a high consumption of energy and/or demands for special 
management). Chemical oxidation may therefore not be a realistic alternative as a 
method for complete treatment of leachates. It is an alternative just in combination with 
other treatment methods. 
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Some available oxidation methods are: 

• hydrogen peroxide 
• ozone 
• chlorine, chlorine dioxide, hypochlorite 
• UV-radiation 
• wet oxidation 

The different oxidation agents have different efficiency. The oxidation potentials of 
different oxidation agents are presented in Table 16. 

Table 16 Oxidation potential for some oxidation agents. From Fraser and Sims 
(1984). 

Oxidant 	 Oxidation 

potential, volt 

Hydroxyl-radical 	OH +  H+  +  e  = H20 	 2.80 

Ozone 	 03 + 2H+ + 2e = H20 + 02 	 2.07 

Hydrogen peroxide H202 + 2H+ + 2e = 2H20 	 1.77 

Permanganate 	Mn04-  + 8H+ + 5e = Mn2+ + 4H20 	1.52 

Chlorine dioxide 	C102 +  e  =  Cl-  + 02 	 1.50 

Chlorine gas 	C12 + 2e = 2C1- 	 1.36 

Hydrogen peroxide 

Without activation, the oxidation potential of hydrogen peroxide is not enough to 
reduce the content of organic compounds, especially humic substances. A catalyst is 
needed. With the aid of the catalyst OH-radicals are formed from the hydrogen 
peroxide molecules. The radicals have a much higher oxidation potential than H202, see 
Table 16. 

Iron(II) salts or  uv-radiation are two possible catalysts in leachate treatment (Steensen 
1993). The addition of iron salt induces flocculation and sludge production. This does 
not happen with  uv-radiation. The production of radicals by  uv-radiation can be 
described as follow: 

H202  + uv-radiation  -->  2 OH' 

OH-radicals react very fast and in an unspecific manner with organic compounds. A 
simplified reaction of the oxidation process can according to Steensen (1993) be written 
as: 

OH• + organic compound +  uv-radiation --> H20 + CO2  + organic rest 
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The reaction rate may be reduced by "radical scavengers" such as carbonate/ hydrogen 
carbonate or alkyl compounds (Steensen 1993). It is therefore essential to maintain the 
concentration of these pollutants at a low level. At low pH, the carbonate concentration 
is reduced. In operation a pH of 3 is recommended by Steensen (1993). 

Energy is consumed by  uv-lamps. According to Steensen (1993) between 120 and 250 
kWh/kg of CODremoved are required. The energy requirement of a full-scale plant that 
will treat 100 m3/d with a COD-content of 1000 mg/1 (with an effluent concentration of 
200 mg/1) is huge - up to 360 kWh/m3, which is about 3.5 times more than the energy 
consumption to boil water (15°C). This high energy consumption is probably, according 
to Steensen (1993), the reason why almost no treatment plant uses the combination of 
hydrogen peroxide and  uv-radiation. 

Hydrogen peroxide can reduce COD, but it may also be used to oxidise sulphide, to 
degrade phenol compounds or cyanides (Fraser & Sims 1984). One of the problems 
with sulphide is unpleasant odours that can arise as leachates are stored in magazines. 
The problem with phenol and cyanides is their toxic characteristics. The optimal 
operational conditions vary and depend on the compound that is to be oxidised. The 
optimal p1-1 for phenol destruction is between 3 and 4 and for cyanides about 9. 

Hydrogen peroxide is relatively easy to handle, it is liquid and noncorrosive. It is easy 
to mix with water. 

Ozone 

The oxidation potential of ozone is generally enough for a direct transformation of 
organic material. With the aid of initiators, such as OW, H202 or certain organic 
substances (like humic substances present in leachate), reactive OH-radicals can be 
formed. 

As for peroxide/uv-radiation, high concentrations of "radical scavengers" such as 
carbonate/hydrogen carbonate can reduce the reaction rate. 

Ozone oxidation of organic material is a zero order reaction, i.e. the reaction rate is 
constant, until about 20 % of the initial amount is left. In experiments performed by 
Steensen (1993) using eight different leachates, the rates of reaction varied between 110 

and 300  g  of CODremoved/m3,h. The rate of the reaction can be increased by: 

- an increased pH 
- reduced concentrations of carbonate/hydrogen carbonate 
- additions of  uv-radiation or peroxide 
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The consumption of ozone, when only ozone is used, is estimated to be 2.3-3  g  of 
ozone/g of COD„,„.„d  by Steensen (1993). According to ATV-arbeitsberichte (1993a), 
the interval can be widened to 2-5  g  of 03/g of CODremoved• 

Ozone oxidation is only considered usable for leachates with low concentrations of 
oxidisable material. Enzminger et al. (1987) have given an upper limit of about 1% 
oxidisable material. The limitations are, among other things, due to the solubility and 
the cost of the production of ozone. 

Ozone is produced at the leachate treatment plant, which means that there are no 
problems with transport or storage. However, the handling of ozone requires special 
equipment and caution, as ozone is corrosive and even toxic to humans. 

Chlorine, chlorine dioxide, hypochlorite 

Chlorine, chlorine dioxide, hypochlorite are substances normally not used as oxidation 
agents, as toxic products of reaction may occur. 

Sodium hypochlorite (NaC10) has been used on the laboratory scale by Knox (1984) (in 
SNV 1992) in order to oxidise ammonium at low temperatures. The ammonium 
concentration was reduced from 160 mg/1 to 30 mg/1 by the addition of 115-186 mg of 
sodium hypochlorite (as C12)/1. 

UV-radiation 

UV-radiation can lead to a certain decomposition of organic material in the leachate. 
Oxygen donors already present in the leachate will assist the decomposition. To obtain a 
significant COD-reduction, a combination with ozone or hydrogen peroxide is required. 

Wet oxidation 

Wet oxidation occurs with oxygen as the oxidation agent. The reaction occurs at a high 
temperature, (175- 320°C) and high pressure (20- 200  atm)  for 1-2 hours. Due to the 
pressure, the leachate can be kept in a liquid phase and the concentration of the 
oxidation agent, dissolved oxygen, increases. Oxygen is added as high pressure air or 
pure oxygen. To avoid heating (incurring high energy costs) the leachate has to contain 
at least 10-20  g  of COD/1. Copper can be used as a catalyst. The oxidation products 
include carbon dioxide, alcohols,  ketons,  aldehydes, and carboxyl acids (Enzminger et 

al. 1987). 
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2.5.3 Chemical reduction 

Chemical reduction of organics may be accomplished by activated catalytic metals such 
as aluminium, zinc, and iron at room temperature (Sweeny 1981 in Enzminger et al. 
1987). An example of chemical reduction is dehalogenation of pesticides such as DDT. 
Other substances for catalytic reduction may be halomethanes, PCBs, atrazine, 
dimethylnitrosamine and dinitrophenols. The treatment sequence will normally include 
a neutralisation followed by a passage of the polluted water in a reductant bed with a 
retention time in the order of 5 minutes. The optimal pH is about 7. The metal 
concentration of the effluent will in general be so high that a metal treatment will be 
necessary. 

A step of chemical reduction may also be used to transfer heavy metals to a less toxic 
form. A filter of sulphur dioxide converts chromium(VI) to chromium(III), which can 
precipitate as chromium hydroxide by the addition of some hydroxide (Tucker & 
Carsen 1985 in Enzminger et al. 1987). 

2.5.4 Ammonia stripping 

Ammonia stripping is a method used to reduce ammonium in the leachate. 

The pH of the leachate is raised above 10.8 by the addition of chemicals, usually lye 
(sodium hydroxide) or calcium hydroxide. The equilibrium between ammonium and 
ammonia is then shifted towards ammonia. The dissolved ammonia of the leachate is in 
equilibrium with the ammonia gas in the air. Compared with other gases (e.g. oxygen), 
ammonia is very soluble in water. To effectively strip ammonia out of the water phase, 
an active aeration is required. The specific air consumption is high, normally more than 
2 m3/ litre of leachate (Damhaug 1982). 

The process is mainly influenced by pH and temperature. The pH is essential to the 
equilibrium of ammonium and ammonia. At a pH over 11, the effect of temperature on 
the equilibrium will be of minor significance. At a pH below 11, the temperature may 
be relatively important. The equilibrium will shift towards ammonia as the temperature 
rises. The temperature may also influence the solubility of ammonia gas. A lower 
temperature will lead to a higher solubility. It may then be more difficult to achieve a 
good treatment effect at low temperatures. 

Reactors 

There are two principle designs available. One design involves the water falling through 
a flow of air (stripping tower, sprinkling over ponds, etc.) and the other involves the 
air being transported as bubbles through the water. 
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According to Damhaug (1982) stripping towers are the most efficient reactors, as the 
water is distributed in very small droplets, which fall through an upward air flow. 
Stripping towers have low energy requirements. The problems that may occur are 
mainly ice formation in wintertime and depositions of calcium carbonate. 

The pond alternative is a simple construction. A large contact area between the air and 
water is achieved by sprinklers placed above the water surface. Meijer (1984) 
recirculated water over a pond by a sprinkler. In 10 days, the ammonium/ammonia 
content decreased from 350 mg/1 to 15-18 mg/1, which corresponds to a reduction of 

about 95%. 

Damhaug (1982) used aeration tanks in series and reached an ammonia reduction of 
about 90% and effluent concentrations of about 6-20 mg/1. 

The choice of pH adjuster can affect the treatment efficiency, according to Cossu et al. 

(1992). Lye (sodium hydroxide) may then give a considerably better ammonia 
reduction than lime slurry (calcium hydroxide). 

The consumption of pH adjuster may be reduced if the leachate is pre-aerated 
(Damhaug 1982 and Kettern 1992). The alkalinity is the main factor influencing the 
consumption of pH adjuster. The factors that contribute to the reduction of alkalinity 
may be CO2  emission, precipitation of calcium carbonate and iron hydroxide, and, in 
some cases, nitrification. Damhaug (1982) reduced the lye requirement to a third by a 
21-hour long pre-aeration. 

Residuals 

The stripped and collected ammonia gas may be oxidised to nitrogen gas by a thermal 
catalytic process. No residuals will be produced (with the exception of those produced 
through the energy consumption). The method requires high investments. According to 
Kiefer (1993) there is just one operating plant that uses this method. 

As an alternative the stripped and collected ammonia gas can be absorbed in sulphuric 
acid and recovered as ammonium sulphate, which can be used as a fertiliser. 

The filling of the stripping towers may have to be replaced. Suggestions for the 
management options of this material include incineration and landfilling (ATV-

arbeitsberichte 1993a) 

The treated leachate will at least require a neutralisation of the pH before discharging it 

into the recipient. 
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2.6 Natural systems for treatment 

According to Kadlec and Knight (1995) the natural treatment systems for wastewater 
management are differentiated from conventional systems based on the source(s) of 
energy that predominates in the two treatment categories. In conventional treatment 
systems non-renewable fossil fuel energies predominate in the treatment process. Even 
though conventional systems largely rely on naturally occurring biological pollutant 
removal, these processes are typically enclosed in concrete, plastic or steel basins and 
are powered by the addition of forced aeration, mechanical mixing, and/or a variety of 
chemicals. Natural treatment systems require the same amount of energy input for 
every kilogram of pollutant that is degraded as conventional biological treatment 
systems. However, the source of this energy is different in natural systems. Natural 
treatment systems rely (to a greater or lesser extent) on renewable, naturally occurring 
energy, including solar radiation, the kinetic energy of wind, storage of potential 
energy in biomass and soils and the chemical-free energy of waters like rainwater, 
surface water and groundwater. Natural treatment systems are land-intensive, while 
conventional treatment systems are energy-intensive. 

One or more of the following three active parts are used in natural treatment systems: 

• Soil particles which filter suspended solids and retain substances from the 
leachate by sorption and precipitation. 

• Soil organisms which degrade the organic content and transform nitrogen 
(nitrification and denitrification). 

• Plants which in natural treatment systems can have several functions: 
incorporation of nutrients in plants, 
filtering of particulate material, 

- carbon source in denitrification, 
- surfaces for bacterial growth, 
- aeration of the free water by photosynthesis of submerged plants, 
- aeration of the root zone by ventilation (specific wetland grasses), 
- wind protection. (The risk of troubled waters may decrease.) 

2.6.1 Irrigation 

An irrigation system consists of parts for collection, storage, pumping and distribution 
of the leachate over the treatment area. The treatment area could be located on a 
completed part of the landfill or on ground situated outside the landfill, like forests or 
meadow-land. The distribution of the leachate is most commonly achieved by sprinklers 
or by tubes lying above ground and furnished with slitses or adjustable valves at suitable 
distances. 
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The most common vegetation is different kinds of grasses and foliiferous trees. 
Common trees are within the family of Salix, which is usually included in the term 

energy forest or short-rotation tree plantations. 

Irrigation with leachate leads to a reduction of the leachate quantity through increased 
evaporation. Irrigation will also lead to a reduction of the nutrient content in the 
leachate, partly because of the incorporation of nutrients in vegetation and partly 
because of other processes in the soil. Nitrogen can be converted by 
nitrification/denitrification, and a major part of the phosphorous can be adsorbed in the 
soil. Organic material in low doses can be degraded by microorganisms. Metals can be 
oxidised and precipitated or be sorbed to the soil particles. 

A good irrigation area has a slope between 1:10 and 1:30. A steeper slope means an 
increased likelihood of surface runoff, which ought to be minimised. A flatter slope 
than 1:50 leads to the risk of puddle formation, which is negative especially for grass 
vegetation. The surface can be about horizontal when vegetation with trees and bushes is 
used, as long as plants with a low sensitivity to high water content in the ground are 

chosen. 

The possible hydraulic loading on an irrigation area is mainly dependent on the 
structure of the soil and the vegetation's tolerance of water saturation. With good 
conditions large amounts of water could be added. In favourable years there are 
examples of additions of up to 3340 mm. However, no attention has then been paid to 
the optimisation of evaporation or nutrient addition. A distribution of more than 500 
mm/year with a sprinkler system will, according to Ettala (1988), give growth 
damages. This is due to salt deposits on the leaves of the trees. The salt deposits are 
formed when the leachate gets in contact with the leaves. 

Leachate supply influences the ground environment. The leachate addition will, for 
example, cause a change in pH, concentrations of nutrients, and water and salt content. 

An increased pH will lead to an increased growth. Examples of this effect have been 

shown by Menser et al. (1979). They measured a higher growth on grounds that had 
been buffered with lime. 

The salt content can increase in the ground as an effect of irrigation. Cuthill & Pepper 
(1994) have ascertained such an increase. The chloride content of the soil water at 15 as 
well as 45 cm depth had increased ten times to 2 500 mg/l. No negative side-effects had, 
however, been seen due to the salt content. An example of salt tolerance has been given 
by Armstrong (1990) (in Robinson 1993): reeds can tolerate up to 12  g  of NaC1/1  for a 

healthy growth and up to 21  g  of NaC1/1 to survive. It is possible that the salts in the 
ground to a high degree will be washed away in Swedish climatic conditions. It is 
therefore possible that the content of salts in ground- and surface water could increase. 
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The composition and amount of microorganisms can be affected by the changes in the 
ground environment. Gordon et al. (1988) have, e.g., registered a decrease in the total 
biomass in the ground, when irrigating with leachate. 

The growth of vegetation is to some degree dependent on whether the relation between 
nutrients is optimal or distorted, and an optimal relation will give a better growth. 

Effect of treatment 

If one wants to optimise the evapotranspiration (evaporation and transpiration) and 
avoid leakage to the ground, it is not just the water transport capability of the soil and 
the vegetation's tolerance of water saturation that are of importance. The maximum 
evapotranspiration potential occurs during the summer months. The evapotranspiration 
is dependent on the surface of the plants, temperature, wind conditions, etc. Ettala 
(1988) claims that the evapotranspiration potential of Salix Aquatica irrigated with 
leachate is at least as large as the precipitation, in the climatic conditions of Lahti, 
Finland. The evapotranspiration at Lahti will then be at least 584 mm/year. 

Treatment of nutrients occurs to some degree by incorporation in vegetation. A flow of 
nutrients and to some extent also metals out of the treatment system occurs as the 
vegetation is harvested and transported away. This flow out of the system is one of the 
major reasons why the vegetation in the system is interesting. The growth of the plants 
can be significantly increased with leachate addition. An increase in growth of 4 to 6 
times has been observed by Cuthill & Pepper (1994) on leachate-irrigated areas 
compared with reference areas. A normal production of natural pasture (with no 
leachate irrigation) is, according to Nilsson &  Johansson  (1990), about 5 tonnes of 
TS/ha,year, and for energy pasture it is about 8-10 tonnes of TS/year. The production 
of leachate-irrigated biomass can for Salix Aquatica be up to 23 tonnes of TS/ha,year 
according to Ettala (1988). 

Residuals 

Harvested grass can according to  Hasselgren  (1992) be used in four ways: 

- energy recovery by incineration 
- energy recovery by anaerobic digestion 
- composting 
- forage 

Harvested trees and bushes can primarily be utilised for energy recovery by 
incineration. 
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2.6.2 Overland flow 

The conceptual basis for overland flow treatment systems is shown in Figure 14. 
Overland flow treatment systems consist of sloped terraces covered with vegetation, 
where polluted water is allowed to flow over the surface and through the vegetation. 
The system relies on low-permeability soils to restrict infiltration. In contrast to other 
up-land treatments, overland flow has a surface discharge. According to Kadlec and 
Knight (1996), the terraces will be sloped by 1 to 6 per cent and have a length of 30 to 
60 metres. 

Figure 14 	Diagram of a typical overland flow treatment system, from Kadlec & 
Knight (1996). 

The water is normally applied intermittently to the top of the terraces by gated pipes or 
by spray nozzles and allowed to flow by gravity down the slopes. The intermittent 
operation facilitates the oxygen supply for degradation of organic material and for 
nitrification. Within municipal wastewater treatment the wastewater application 
typically continues for 8 to 12h out of each 24h. The hydraulic loading is normally 1-10 
cm/d, which corresponds to a need for an area of 0.5 to 5 ha per 500 m3/d. 

No information has been found with a focus on nitrogen loading in overland flow 
treatment. The function is, however, in principal the same as the one for a trickling 
filter. An estimation of relevant loads could possibly be made by comparing the loads 
for trickling filters. 

Overland flow systems are suited to nitrify ammonia, and organic material in moderate 
concentrations may also be degraded. Phosphorous may be reduced by adsorption to 
soil particles and metals may be oxidised and precipitated. 

The possible operational problems that can arise are, according to Kadlec & Knight 
(1996), mainly: 
(1) the vegetation can die and 
(2) the discharge limit for suspended solids can be violated. 
Both of these problems can, according to Kadlec and Knight, be ascribed to the 
difficulty of sustaining an even sheetflow on these slopes. Ponding is likely to occur on 
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overland flow terraces with low slopes, resulting in oxygen depletion and the eventual 
death of desired vegetation. Alternatively, on higher slope terraces, erosion is likely to 
occur and result in high discharge concentrations of mineral sediments. 

Effect of treatment 

There is no information available on the effect of the treatment of leachate with 
overland flow. 

Residuals 

The vegetation (mainly grass) needs to be harvested. The alternative means of utilisation 
are described in chapter 2.6.1 (irrigation). 

2.6.3 Wetland with surface flow 

A treatment system using a wetland with surface flow often consists of ponds and 
channels with relatively impermeable ground, vegetation (plants growing from the 
ground and over the water surface) and a shallow depth of water of 0.1 to 0.6 metres. 
The principles of a system with surface flow are shown in Figure 15. Wastewater is 
most often applied continuously. The treatment takes place when the wastewater slowly 
flows through the roots and stems of the vegetation. 

Low Permeability Soil 

Figure 15. A wetland with surface flow. 

Common plants in natural as well as in constructed wetlands are grass, reeds 
(Phragmites), rushes (Scirpus) and cattails (Typha). Other species have also been used 
with success, but the above-mentioned are the ones most frequently used. Reeds have 
become the most common plant species in constructed wetlands in Europe. Cattails and 
bulrushes are, however, the dominant species in the USA (Brown 1994). 

Design criteria for constructed wetlands for treating municipal wastewater are shown in 
Table 17. The design criteria are not directly applicable for leachate, as the 
characteristics of leachate and wastewater differ too much. Wastewater should 
primarily be treated with respect to organic material while leachate applied to a 



Literature Review 
67 

constructed wetland normally needs treatment primarily with respect to ammonia 
nitrogen. 

Table 17 	Design criteria for constructed wetlands supplied with municipal 
wastewater. From Wood (1994). 

Factor 
	

Typical of 
	

Typical of 

surface flow 	subsurface flow 

residence time  (d) 	 5-14 	 2-7 

max.  BOD  load (kg/ha,d) 	 80 	 75 

depth (m) 	 0.1-0.5 	0.1-1.0 

hydraulic load (rnm/d) 	 7-60 	 2-30 

area requirement (ha/m3,  d) 	0.002-0.014 	0.001-0.007 

ratio length to width 	 2:1 till 10:1 	0.25:1 ti115:1 

mosquito control 	 need 	no need 

harvesting interval (year) 	 3-5 	 3-5 

Nitrate-nitrogen may be denitrified in constructed wetlands with surface flow. 
Ammonia nitrogen can be nitrified and further denitrified in special operational 
conditions. According to Wittgren (1994) there are three possible ways to design a 
constructed wetland with surface flow for nitrogen removal (nitrification - 
denitrification): 

• A wetland dominated by reed-like vegetation which is alternately filled and 
emptied. Anaerobic environments are formed during filling. Nitrate which was 
formed when the wetland was empty, can then be denitrified. Ammonia can be 
adsorbed at sediment surfaces and be nitrified in the next empty period. 

• A pond with a permanent water table and submerged vegetation. In the daytime 
the photosynthesis will generate oxygen that can be used for nitrification. At 
night the oxygen will be consumed and denitrification will be stimulated. 

• Nitrified water supplied to a perrnanent filled wetland with reed-like vegetation 
(denitrification). 

Organic material in moderate concentrations may be degraded by microorganisms in 
the wetland. Metals can be oxidised and precipitated. The metals may to a large extent 
be caught in sediments, as also phosphorus may be. The content of nutrients may be 
reduced when plants are a part of the system and if they are regularly harvested. 
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Effect of treatment 

The experiences from leachate treatment in constructed wetlands with surface flow are 
sparse. With respect to municipal wastewater the knowledge level has now reached so 
far that it is possible to avoid big mistakes and to predict approximate treatment 
capacities. 

The average discharge concentrations in the majority of wetland systems in the USA 
and possible discharge concentrations according to USEPA are shown in Table 18. The 
data mainly concern municipal wastewater. 

Table 18 	Discharge concentrations from wetland treatment systems, mg/I. 

substance 	mean database USA* possible according to 

USEPA**  

BOD 	 10.5 	 5 

SS 	 15.3 	 10 

NH3-N 	 4.2 	 2  

N 	 5.0 	 -  

P 	 1.9 	 - 

Faecal coliforms 	1224/100m1 	2 log reduction 

* from Knight et al. (1993) in Brown (1994) 

** possible concentrations according to a group of experts USEPA (1993) in Brown (1994) 

It may be possible to estimate the normal separation effects of nitrogen and phosphorus 
according to Table 19. No separation was done between surface and subsurface flow. 

Table 19 	Estimation of normal values of area loading and separation of 
phosphorus and nitrogen in wetlands receiving storm water and 
wastewater from small treatment plants. From Wittgren (1994). 

Kind of water 

Phosphorous 

Load 	Separation 

(kg/ha,year) 

Nitrogen 

Load 	Separation 

(kg/ha,year) 

Storm water 100 - 1 500 25 - 300 500 - 7 000 50 - 700 

Wastewater 

(mec-biol.-chem..) 

50- 100 25 - 75 2 000 - 3 000 500- 1 200 

Wastewater 

(mec-biol.-chem.-

nitr.) 

50- 100 25 - 75 2 000 - 3 000 1 000 - 1 500 

Wittgren (1994) has further referred to an investigation in New Zealand where a 
floating carpet of Glyceria maxima was used for denitrification of pre-nitrified water. 
The pilot plant showed an average use of oxidised nitrogen of 1.5 g/m2,d. The nitrogen 
reduction is temperature-dependent. The nitrogen reduction potential in wetlands with 
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surface flow in the south of Sweden may, with some caution, be at least 2000 kg of 
Ntha,year (Wittgren 1994). 

2.6.4 Wetland with subsurface flow 

Constructed subsurface flow wetlands consist of impermeable ground on which a filter 
material is placed, see Figure 16. The filter material generally consists of up to one 
metre of sand or gravel (Wood 1994). Plants grow in the filter media and water flows 
horizontally through the treatment plant. Microorganisms that help to clean the water 
can be found in the filter material. 

Distribubution Pipe 
Adjustable 
Stand Pipe 

7; 7-2•7 
Low Permeability Soil 

Figure 16. A wetland with subsurface flow. 

The most common plant species are the same as for surface flow systems. 

Subsurface wetlands have traditionally not been designed to treat nitrogen. It is doubtful 
whether an efficient nitrification can take place. The oxygen supply may be too low. 
Denitrification may, however, be possible. Phosphorous may be adsorbed and used by 
the vegetation. This may to some degree also be the case for metals. Organic material in 
moderate amounts could be reduced in subsurface wetlands. 

The experiences so far make it possible to avoid bigger mistakes when designing a 
subsurface flow wetland. One of the mistakes that have been made concerns the 
estimation of hydraulic conductivity. The hydraulic conductivity can be reduced fast in 
a wetland with subsurface flow. This can lead to problems with clogging and short 
circuits, which can lead to deteriorated effects of treatment. Staubitz et al. (1988) and 
Trautmann et al. (1988) have measured a halved hydraulic conductivity regarding 
leachate in constructed wetlands with subsurface flow. USEPA recommends that only 
10% of the hydraulic conductivity of the media should be used for design purposes. It 
should then be possible to avoid reduced treatment effects due to bad hydraulic capacity 
in the filter media. Other design criteria for wastewater are shown in Table 17. 

The occasional flooding of the filter bed can be used to avoid weeds (Robinson 1993). 
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Effect of treatment 

The average discharge concentrations of most of the wetlands in the USA and possible 
discharge concentrations according to USEPA are shown in Table 18. The data mainly 
concern municipal wastewater. 

The leachates that have been used in wetland treatment systems have in general been 
pre-treated aerobically. The organic content has been proportionately small, about 50 

mg of BOD5/1. For this kind of leachate is it reasonable that the BOD5  discharge content 

should be below 20 mg/l. Only a few observations of Robinson (1993), Birkbeck et al. 

(1990) and Mæhlum (1994) exceeded this value. 

Suspended solids (SS) should have a discharge concentration below 20 mg/l. Robinson 
(1993) has reached contents below this level for leachates with a content of 50-100 mg 

of SS/1 

2.6.5 Aquatic systems 

Aquatic systems consist of ponds with floating vegetation. Typical aquatic systems are 
presented in Figure 17. The aquatic ponds are deeper, normally between 0.5 and 1.8 m, 
than ponds with surface flow. Typical plant species that have been used in large-scale 
applications with municipal wastewater are water hyacinths (Eicchornea crassipes) and 

duckweed species (Lemna, Spirodela and Wolfiella) (Kadlec & Knight 1996). Water 
hyacinths do not grow in temperate climates. The floating aquatic plants release oxygen 
through photosynthesis above the water surface and they also restrict the atmospheric 
oxygen diffusion. Consequently, floating aquatic plant systems are oxygen-deficient, and 
aerobic processes are largely restricted to the plant root zone. The roots are essential 
for the microbiological transformation as they supply the microorganisms with surfaces 
for growth. The majority of the water columns in floating aquatic plant system are 
anaerobic, with the degree of oxygen depletion dependent on the organic loading rate. 

Treatment occurs in floating aquatic plant systems through three primary mechanisms: 
(1) metabolism through a mixture of facultative microbes on the plant roots, suspended 
in the water column and in the detritus at the pond bottom, (2) sedimentation of 
wastewater solids and of internally produced biomass (dead plants and microbes), and 
(3) incorporation of nutrients in living plants and the subsequent harvest. Floating 
aquatic plant systems are typically effective in reducing concentrations of  BOD  and 
suspended solids. Nitrate nitrogen may be removed by denitrification. Total nitrogen 
and phosphorous removal can be consistently accomplished if the plants are harvested 

routinely. 
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Figure 17. Diagram of typical aquatic plant treatment systems: (a) water hyacinth 
and  (b)  duckweed. 

The small size of duckweed makes systems with duckweed sensitive to winds. The use of 
floating barriers can overcome the effects of the wind sensitivity. Another potential 
weakness of floating aquatic plant systems is that they depend on one or just a few plant 
species. They are susceptible to catastrophic events which can kill part or all of these 
populations during a short period of time. Duckweed is less sensitive to cold weather 
and pests than water hyacinths, but duckweed can also be killed by winter conditions 
(Kadlec & Knight 1996). 

Effect of treatment 

Aquatic treatment systems have very sparsely been applied to leachate. In Florida, USA, 
such a system including both water hyacinths and duckweed has been used. The main 
purpose was, however, not to treat the leachate but to reduce the amounts of leachate by 
increased evaporation (Martin & Moshiri 1994). 

Bishop & Eighmy (1989) have studied the treatment effect of a specific species of 
duckweed, Lemna minor, compared with submerged plants. The treatment effect for 
organic material (BOD5), ammonia nitrogen and total nitrogen, i.e. substances that are 
treated by microbes, is dependent on the available surface for bacterial growth. The 
treatment effect was for these substances better with plastic submerged plants than with 
floating duckweed. The treatment effect for phosphorous, however, depends on the 
productivity of the plants, and the treatment effect was higher for duckweed than for 
the plastic submerged plants. 
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Residuals 

Harvesting should be done routinely. The harvested biomass may be used in composting 
or for  biogas  production. The solution at the plant planned for  Landskrona  will involve 
an addition of duckweed to a landfill cell (a so-called  biocell).  This solution was chosen 
as the metal content of the plants may be so high so that no external use (e.g. as a 
fertiliser) of the plants would be suitable  (Eriksson  1997). 
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COMPOSITION AND TREATMENT OF LEACHATES FROM DIFFERENT 
WASTES 

Anders  Lagerkvist  &  Katarina  Kylefors 

The Landfill Group,  Luleå  university of Technology, S-95I 87  Luleå  

SUMMARY: At Sobacken, the new landfill of  Borås  city in South-West Sweden, the 3S 
landfill strategy (steer, stabilise and store) is tried. Stabilisation generates leachates that 
are to be treated on site. Preliminary studies on the quality and treatment of some 
expected leachates are presented, it is concluded that the different leachate qualities 
generated from different wastes can motivate separate landfilling and leachate 
treatment. A treatment sequence is proposed. 

1. INTRODUCTION 

The usual solution of leachate treatment in Sweden is co-treatment with municipal 
waste-water. This practice is questionable from several aspects. The distance from 
landfills to a waste water treatment plant is often several Swedish miles (1 Swedish mile 

10 kilometres) which leads to large investment and maintenance costs for transports. 
It can also be questioned if the treatment process is adapted to treat landfill leachate 
efficiently. 

At Sobacken, the new landfill of  Borås  city in South-West Sweden, the 3S landfill 
strategy (steer (separate), stabilise and store) is tried. The over all aim is to create a 
residual landfill with a reduced risk of causing future pollution. Following this strategy 
the waste is to be treated (stabilised) during the active life of the landfill and since no 
generally useful treatments exists it follows that different materials will have to be 
steered to different treatments. The entire landfill will therefore be structured in cells 
and different methods to steer wastes is applied throughout the waste handling system - 
from different waste collection systems for the individual waste generator to direction 
of different waste transports within the landfill. The first option is always to reclaim 
materials, for materials that can not be reclaimed before or at the landfill, active 
stabilisation through biological processes are the preferred choice (the "reactor 
landfill"). Since stabilisation involves intense gas- and leachate generation one very 
important fundament for steering waste is the resulting leachate quality of different 
wastes. For example; if a waste generate leachates that can not be sufficiently treated (to 
be fed to the natural recipient), it should probably be steered to another treatment 
prior to the landfill or not be created in the first place. 

A research and development project called the Sobacken-project will accompany the 
establishment of the new landfill and treatment methods are developed parallel to their 
practical application. One part of the project concerns the development of local leachate 
treatment techniques. Some results from the first round of experimental investigations 
concerning this topic is presented here in a rather abbreviated form. The full report is 
to be published later this year (Assarsson et al. in press). During the coming three years 
additional studies will follow in laboratory, pilot scale and full scale. The preliminary 
studies were designed to indicate relevant problems and to help identify useful treatment 
techniques for further study. 
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The questions investigated so far concerns the storage of leachate in wastes, the 
qualitative differences of leachates from different wastes and the effect of some 
treatment techniques on the different leachates. Also the impact of different leachates on 
the germination of seeds from Lepidium sativum and the growth of Betula pendula 
plants were studied. 

A number of different constraints have to be considered when designing local leachate 
treatments. Besides the technical possibilities there are economic limitations. The most 
important measure to limit costs is probably to limit the volume of leachate to treat. 
This is also one reason for choosing a cellular design for the landfill. Since some 
leachates will require plant growth for removal of nutrients, buffer systems for 
seasonal leachate storage is also needed and the hypothesis is that waste cells can be used 
for this. Since the landfill is located in a fairly rain rich area (about 0.9 m 
precipitation/year) the filling technique will also be affected by the demand of storage - 
the volume to surface ratio of the cells will be adopted to the storage capacity of the 
different wastes in order to accommodate accumulated leachate. 

Another hypothesis is that different wastes will create leachates with differing 
properties and that efficiency gains can be obtained by treating these leachates - as 
concentrated as possible - according to their properties. 

2. MATERIALS AND METHODS 

From the wastes arriving at the landfill at present, five easily separated fractions were 
chosen for the preliminary investigations: 

- Wet, organic, household waste (source grouped, "compost fraction"). 

- Residual household waste (dry fraction, the remainder after removal of recyclable 
fractions, hazardous wastes and the wet organic material). 

- Stabilised (digested) municipal waste water sludge. 

- Ashes and slag from wood (80%) and coal (20%) incineration. 

- Dry industrial waste (mainly cardboard paper) 

The wastes and the leachates generated from these five wastes will be called by numbers 
1, 2, 3, 4 and 5 following the order of the list above. 

Gravel 
	 Geo-textile  

Figure 1. Section of container used to estimate water up-take and to obtain leachate 
samples. 
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To access characteristic leachate samples and to study the leachate up-take in the 
different wastes leaching experiments were performed. Waste number 1 have been 
leached in 2 100 1 physical models in the laboratory and the other four wastes have been 
leached at site in 5 containers (waste number 2 was leached with and without 
recirculation of leachate) The containers have a volume of about 6 m3  and are open,  i  
.e.  without a lid. The containers were filled with the different wastes chosen and a 
gravel cover as illustrated by figure 1. The generated leachates are constantly drained 
from all containers except for the one with leachate recycle. 

The containers were filled in June -92 and were weighted by a fork-lift mounted scale 
every fortnight. Initial densities and sample amounts are presented in table 1. 
Unfortunately for our study, the placement of the containers happened to coincide with 
a record breaking drought - no rain fell before the end of August. The leachate quality 
was monitored parallel to the weighing and showed a consistent rise in leachate strength 
in the following period. However the samples used for the treatment tests had to be 
taken already in November -92 and the leachates were still quite weak then. 

Table 1. Weight, volume and density of the wastes in the different containers at the 
start of the experiment (June 1992).  

Waste fraction 
	

Weight 	Volume 	Density 
(kg) 	(m3) 	(kg/m3) 

2 with leachate recycle 	820 	3,7 	220 
2 	 800 	4,2 	189 
3 	 5320 	4,8 	1106 
4 	 4910 	5,1 	960 
5 	 200 	2,1* 	97*  
* Volume was calculated from measurements done in January 1993. 

Laboratory tests of different waste-water unit operations were performed to study the 
characteristics and treat ability of the different leachates. The tested treatment methods 
are listed in table 2. 

Table 2 Treatments performed on the different leachates. 
Leachate  

1 2 3 4 5 
Methanogenic degradation 	 x x x x x  
Methanogenic degradation + adsorption 	 x  
Methanogenic degradation + filtration 	 x x x x x  
Methanogenic degradation + Aerobic degradation 	x  
Methanogenic degradation + Aerobic degradation +  x  
filtration 
Methanogenic degradation + Titration (basic and acidic)  x  
Methanogenic degradation + Titration (basic and acidic) +  x  
filtration 
Aerobic degradation 	 x x x x  
Aerobic degradation + filtration 	 x x x x  
Adsorption 	 x x x x  
Titration (basic and acidic) 	 x x x x  
Titration (basic and acidic) + filtration 	 x x x x  
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The tests were performed in a scale ranging from 0.1 litre to about 2 litres per 
treatment. 

Methanogenic treatment was performed at about 1 day retention time in one 0.7 litre 
filter for all leachates except leachate 1, which had a special filter due to its higher 
strength. The leachates were treated in the sequence 3, 2, 5, 4 with about 3 hours 
leachate being wasted between the samples. The small volumes used and the limited 
margins were caused by the previous delays due to slow leachate generation. 

Adsorption was tried by mixing 100  ml  of leachate with 50 mg of active carbon and 
shaking for one hour. After that the leachate was vacuum filtrated through a 0.45 gm 
glass fibre filter. 

Filtration was done as described in combination with adsorption. 

Aerobic treatment was performed in a 2 litre glass vessel. Air was pumped into the 
leachate through a submersed sand-filter. The aeration was continued at an oxygen 
concentration of at least 3 mg/1 during 14 days. 

Germination and growth tests were performed on untreated leachates with the exception 
of leachate from leachate number 1 which was treated in a methanogenic filter first. 

Titrations were made to pH 4 and 11.5 by additions of 1.0 M HC1 and 1.0 M NaOH 
respectively. The titrations were made in 2 litre glass vessels under continuos stirring, 
sample sizes used were between 0.6 and 1.8 litres. The pH-value was monitored 
constantly during the titrations and the rate of acid or base addition was varied with 
regard to the pH of the previous addition. 

Standard waste water methods were used for most of the analyses.  DS  was measured 
after pH-adjustment to about 9, elements were analysed on ICP-MS following the 
method described by Anonymous (1985) with slight modifications. 

3. RESULTS AND DISCUSSION 

3.1 Leachate up-take of the wastes 

Following the onset of rain towards the end of August -92, the weight of the containers 
rose rapidly and reached a maximum around the middle of October. After that the 
weight started to diminish, this tendency was most evident with the low density wastes 
(numbers 2 and 4). The reduction of weight coincided with settling and it is probably to 
a great extent caused by a reduction of pore volumes. The maximum water up-take 
(recorded on the 19:th of October) and "final" up-take after removal of treatment 
samples are presented in table 3. Waste number one, which was leached in laboratory 
scale, showed an increase of moisture content from about 58 to 75 % and the density 
was close to 1. 
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Table 3. Observed water up-take in the different wastes. 

Waste number Maximum 
Up-take 
kg/m3  

Final 
Up-take 

kg/m3  

Maximum 
Up-take 
kg/tonne 

Final 
Up-take 
kg/tonne 

2 + leachate recycle 340 160 1520 720 

2 310 160 1640 850 

3 90 -80 80 -80 

4 450 260 460 260 

5 410 190 4300 1950 

Of the studied materials, the sludge was the only one obviously lacking in water storage 
capacity. For the other materials it seems possible to design cells that can accumulate the 
leachate generated during the active filling phase. For the sludge (no 3) leachate storage 
must be external to the waste, most likely in a pond or in a filter. If the quality of the 
leachates permits it, storage may also be done in other wastes. The marginal difference 
between the parallels of dry residual household waste with and without leachate recycle 
(no 2) may seem strange, but the leachate recycle was inoperative during much of the 
test, at first due to the drought and later because of frost. The container experiments 
have been continued and at present (early spring -93) the container with recycle seems 
to be accumulating more leachate than its parallel. 

32 Leachate quality 

Some data on the generated leachates are compiled in table 4. Leachate from the wet 
organic waste, waste number 1, is shown before (0) and after treatment in a 
methanogenic filter (1). Since the obvious first treatment for this leachate is anaerobic 
digestion under methane production, this leachate was treated in a methanogenic filter 
prior to other treatments. 

However, regarding the differences between leachate 0 and 1 it is quite clear from the 
values shown in table 4 that the methanogenic treatment was not well functioning. The 
resulting leachate after methanogenic treatment is still quite influenced by the 
acidogenic conditions of the leaching experiment. In particular the organic content of 
the leachate is by far too high. This is assumed to be caused by contamination of the 
treated water with the feed through uneven filter flow. Unfortunately the leachate 
looked (and smelled) like a typical methanogenic leachate and this phenomenon was not 
discovered until after the leachate treatment tests. In particular one might expect that 
this will negatively affect the results of adsorption. 

The leachates from the containers at Sobacken did not reach particularly high strengths 
during the period preceding the treatment tests. For this reason the absolute 
concentrations should not be regarded as representative for the corresponding landfill 
leachates. 

Also the influence of air on the shallow waste layers of the containers is probably 
adding to the difference between the obtained leachates and real landfill leachates.  E. g.  
the high nitrate concentrations of some leachates may be interpreted as an effect of 
aeration. This may however reflect the leachate leaving the upper lift of an active 
landfill. 
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Table 4. Data on the generated leachates. 
Leachate  

Variable Unit 0* 1* 2 3 4 5 
pH  -  5,39 6,8 6,8 6,98 8,02 6,7  
Conductivity mS/m  3428 2180 165 452 525 19,9  
Turbidity NTU  0 6 49 2,5 4 
DS g/1 52,0 21,6 2,10 4,29 6,18 0,59 
VS g/1 32,4 12,9 1,36 1,99 0,36 0,39  
BOD7 mg/1  57000 24000 58 49 <3 46  
COD mg/1  69000 35000 668 1181 <30 165  
TOC** mg/1  24000 11200 (170) (375) (0,8) (44)  
Phosphate-P**  mg/1  120 22 (2,6) (0,41) (0,53) (0,003)  
Total-P**  mg/1  130 30 (4) (3) (0,56) (0,107)  
Ammonium-N**  mg/1  2200 1600 (32) (470) (0,13) (<0,08)  
Nitrite-N**  mg/1  (0,12) (17,6) (0,014) (0,015)  
Nitrate-N**  mg/1  (0,073) (200) (3,5) (0,008)  
Total-N**  mg/1  2700 2000 50 (51) 560(690) 4,6 (5,2) 17 (1,2)  
Ca mg/1  2340 1600 71,6 504 403 22 
Fe  mg/1  203 25,6 8,39 5,45 0,422 2,62 
K  mg/1  2320 2250 170 58,6 958 3,28 
Mg  mg/1  311 292 12,4 59,3 433 3,35  
Na  mg/1  1590 1380 226 93,3 246 31,7 
S  mg/1  268 54,5 23,6 482 1210 4,03 
Al 14/1 615 114 707 1230 184 203 
As  fig/1  232 80,9 10,9 20,6 18,1 2,38  
Ba  jag/1  11,3 91,4 81 127 63 148 
Cd 14/1 0,284 <0.125 0,331 0,63 0,229 0,063  
Co gg/1  139 37,2 8,36 38,6 1,77 2,33  
Cr  PS /1 54,4 41,3 68,9 5,01 9,09 2,18  
Cu  14/1 56,6 36,6 40,8 111 10,6 2,45 
Hg  jig/1  <3.27 <1.49 <0,652 1,68 <1,30 <0,652  
Mn  gg/1  30400 7130 805 6540 107 614 
Ni 14/1 1010 294 39,2 98,6 9,04 2,21  
Pb  14/1 3,66 3,07 8,41 13,9 1,66 2,47  
Zn  jig/1  2250 59,4 220 222 36 86,9  

* leachate from 100 litre physical models, ** 0 = samples taken 92-10-23, all other concentrations are 
from the waters used at the treatment tests, these samples were taken 92-11-09. 

Of more interest for the choice of leachate treatment is probably the relative 
concentrations of different constituents and apart from the effect of aeration the 
generated leachates may be more representative of "true" leachates on a this basis. Some 
comparisons are shown in table 5. It can be noted that the leachates differ quite 
markedly in some aspects that might be of relevance for their treatment. For example 
leachate number 4 shows a fairly low "heavy metal" content and a negligible organic 
contamination. This leachate can not be expected to improve much by biological 
treatment such as methanogenic degradation, but the high content of dissolved salts, 
including nutrients, indicate a problem (as well as a need) for treatment by plant up-
take. Leachates 2 and 5 have a negligible content of oxidised nitrogen species which 
may be indicative of the presence of easily degradable organic material in the leachate 
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and the leachates are also relatively reduced (as indicated by the COD/TOC). These two 
leachates as well as leachate number 1 should probably be treated by biological 
degradation processes to begin with. The relative high nitrogen concentration of 
leachate number 3 - both in relation to phosphorus as well as to organic carbon - 
indicate a need of special consideration. Probably the nitrogen concentration will have 
to be lowered by nitrification - de nitrification prior to treatment by plant uptake, or 
the leachate may be used after combination with other leachates such as number 4. On 
the one hand the relatively large proportion of oxidised nitrogen species indicate a low 
degradability of the organic content of leachate number 3, but on the other hand the 
relatively high content of hazardous elements (also mercury as can be seen in table 4) 
would merit a separation which could be obtained through methanogenic treatment. 

Table 5. Comparisons of some leachate constituents. 
Leachates  

1 2 3 4 5 
B  OD/COD  0,69 0,09 0,04  -  0,28  
COD/TOC  3,13 3,93 3,15 3,75  
N-tot/P-tot  66,67 12,8 230 9,29 11,2  
N-tot/TOC  0,18 0,30 1,84 6,50 0,03  
Conductivity/TOC  0,19 0,97 1,21 656 0,45  
DS/TOC  1,93 12,4 11,4 7720 13,4  
N-ox/N-tot  0,00 0,32 0,68 0,02  
l(Ca,  K, Mg, P,  S)/(DS-VS)  0,49 0,38 0,48 0,52 0,16 
1000  * 1,(Cd, Cr,  Hg,  Mn, Ni, Pb, Zn)/(DS-VS)  0,86 1,54 3,00 0,03 3,50  

Summoning the obtained leachate data it is clear that the different waste fractions 
generates leachates with quite differing qualities and it seems unlikely that a single 
treatment process would be optimal for all leachates. 

3.3 Leachate treatment results 

The treatment results concerning bulk parameters such as  DS  and VS were as indicated 
by the preceding discussion. Leachates number 1, 2 and 5 responded fairly well to 
biological treatments and the other two did not. In leachate 4 an elevated pH promoted 
flock formation which lowered the already low VS-content considerably. Leachate 
number 3 responded to some degree to biological treatments (also methanogenic). 

The relative concentrations of BOD7, total  N  and COD after treatment is shown in table 
6a - 6e. Initial concentrations are used as a scaling factor (= 1). For some treatments 
values higher than 1 was found, for example concerning aeration of leachate number 3 
and methanogenic treatment of leachate number 5. In the latter case as in other cases 
where methanogenic treatment caused increased concentrations the explanation is 
probably cross sample contamination, the increased contamination of sludge number 3 
during aerobic treatment may be explained by evaporation - about 40 % of the water 
was lost during the treatment. 



Paper no I 
8 

Table 6a. Relative residual concentrations of organic material and nitrogen after 
treatment of leachate number 1.  

Treatments BOD7  Tot-N COD 
Adsorption 0,28 0,87 0,72 
Filtration 0,55 0,70 0,82 
Aeration 0,07 0,52 0,30 
Aeration + Filtration 0,01 0,25 0,11 
Methanogenic 
Methanogenic + Filtration 

compare leachate 
see Filtration 

0 and 1 

pH 11,5 0,38 0,65 0,75 
pH 11,5 + Filtration 0,11 0,52 0,75 
pH 4 0,81 0,70 0,80 
pH 4 + Filtration 0,55 0,13  0,73 

Table 6b. Relative residual concentrations of organic material and nitrogen after 
treatment of leachate number 2.  

Treatments BOD7  Tot-N COD 
Adsorption 0,50 0,90 0,79 
Filtration 0,70 0,90 0,89 
Aeration 0,21 0,59 0,82 
Aeration + Filtration 0,11 0,68 0,82 
Methanogenic 0,64 3,60 0,80 
Methanogenic + Filtration 0,34 3,60 0,74 
pH 11,5 0,53 0,88 0,91 
pH 11,5 + Filtration 0,43 0,86 0,84 
pH 4 0,50 1,02 0,94 
pH 4 + Filtration 0,29 0,90  0,88 

Table 6c. Relative residual concentrations of organic material and nitrogen after 
treatment of leachate number 3.  

Treatments BOD7  Tot-N COD 
Adsorption 0,96 1,05 0,85 
Filtration 0,55 0,98 0,85 
Aeration 1,48 1,14 1,08 
Aeration + Filtration 0,89 1,12 1,05 
Methanogenic 0,88 0,98 0,74 
Methanogenic + Filtration 0,61 0,98 0,39 
pH 11,5 0,20 0,79 0,86 
pH 11,5 + Filtration 0,20 0,70 0,80 
pH 4 0,18 0,96 0,89 
pH 4 + Filtration 0,14 0,96  0,89 
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Table 6d. Relative residual concentrations of organic material and nitrogen after 
treatment of leachate number 4. 

Tot-N 	COD Treatments 	 B OD7  
Adsorption 0,96 
Filtration 0,96 
Aeration 1,04 
Aeration + Filtration 1,00 
Methanogenic 1,42 
Methanogenic + Filtration 1,37 
pH 11,5 0,94 
pH 11,5 + Filtration 0,96 
pH 4 0,98 
pH 4 + Filtration  0,98  

Table 6e. Relative residual concentrations of organic material and nitrogen after 
treatment of leachate number 5.  

Treatments BOD7  Tot-N  COD 
Adsorption 0,48 0,04 0,56 
Filtration 0,68 0,06 0,68 
Aeration 0,58 0,07 0,67 
Aeration + Filtration 0,10 0,06 0,81 
Methanogenic 1,29 6,06 1,54 
Methanogenic + Filtration 0,65 5,76 1,48 
pH 11,5 0,87 0,11 0,73 
pH 11,5 + Filtration 0,35 0,04 0,60 
pH 4 0,84 0,17 1,01 
pH 4 + Filtration 0,26 0,03 0,73 

Major constituents like dissolved organic material quantified as  BOD  and COD are 
basically affected in a similar fashion as  DS  and VS,  i  e  leachates 1, 2 and 5 show the 
greatest reduction from biological treatments, even adsorption and pH-shifts (with 
filtration) reduces the organic load of these leachates. In particular the  BOD  values are 
lowered. Even adsorption had an obvious effect in spite of the high strength of leachate 
no 1. Leachate no 3 appears to be most affected by pH-shifts, particularly in 
combination with filtration. Total nitrogen concentration is only markedly reduced in 
leachates number 1 and 5. In both cases this tendency was enhanced by different 
treatments being combined with filtration. These two leachates had the lowest N/C 
ratios of the studies leachates so one may assume that a substantial part of the nitrogen 
was organically bound. 
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Figure 2 Treatment effect on leachate 4 regarding nutrients and hazardous elements. 

The treatment effect on the leachates content of some nutrients and hazardous elements 
can be illustrated by the results for leachate 4 which are shown in figure 2. The 
reduction varies a lot between different methods and components and the pattern of 
variation is complex. Several of the treatments resulted in apparent concentration 
increases (especially concerning the second group of hazardous elements) this is not 
represented properly in the figure since the staples have been cut at about 1. At the 
same time a marked reduction of some components was evident. The apparent increases 
can be at least partly explained by the sampling and analytical uncertainty which is 
higher for the less concentrated leachates. The lowest reductions were consequently 
observed for the weakest leachate (number 5). In general the pH increase and 
methanogenic treatment seemed to affect the concentration of hazardous elements the 
most. The nutrients were only markedly reduced in leachate 1, 3 and 5 at high pH. The 
results should not be over interpreted but it may be concluded that a rather selective 
removal of some components could be possible. 

The germination and growth studies also showed fairly large variations between the 
different leachates, even for the same leachate the effect on germination is not 
necessarily the same as for growth. For several of the leachates a phosphorus deficiency 
seemed to limit the growth. 

4. CONCLUSIONS 

All the examined wastes except the digested sludge can probably be used for leachate 
storage during the construction of landfill cells. 

The different wastes will generate leachates with differing qualities that should be 
treated differently. For the investigated leachates from household wastes and industrial 
waste (1, 2 & 5) a relatively large fraction of their  DS-content is easily degradable 
organic material which suggests a biological treatment. Since their content of hazardous 
elements is fairly high the first biological treatment step should be methanogenic. The 
leachates from digested sludge and the incineration residuals (wastes 3 and 4) contain 
little degradable organic matter but much nutrients. They may be co-treated by 
physical/chemical treatments in combination with plant up-take of nutrients. However 
leachate number 3 may need special adjustments prior to this because of its high content 
of ammonia and hazardous elements. For several of the studied leachates a common 

ECr, Mn, Ni, Zn  
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sequential treatment system, schematically presented in figure 3, may be applied - 
where different leachates enter the system at different points. 

Storage (flow and 
quality equalization) 

 

Leachate  

 

Quality adjustment 	 Additions  (e g  of buffer ) or 
combination of leachates  

E g ; Acidogen, Methanogen,  
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>  Sludge to treatment or storage 
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Figure 3. Sequential on site leachate treatment 
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ABSTRACT 

Leachates from landfills are often cotreated with municipal waste water. This is a 
questionable practice in view of the quality differences between leachates and waste 
water. These differences can motivate a local treatment of the leachates at the landfill 
sites. Different wastes also generate different qualities of leachates, which will need 
different treatment. Keeping the wastes and the leachates separated can therefore 
facilitate a more efficent treatment. To use the nutrient content of leachates for local 
plant growth could be one part of a sustainable treatment method. Experiments were 
performed to evaluate the effect of different leachates on germination of garden cress 
(Lepidum sativum) and growth of birches (Betula pendula). The results indicated that 
diluted untreated leachates were not suitable for watering. Both germination and growth 
were negatively affected by leachates with anaerobic origin. It is therefore necessary to 
pretreat these leachates prior to watering. The nutrient balance differed between the five 
studied leachates. It may be possible to get a more optimal nutrient composition by 
mixing different pretfeated leachates. It is then necessary to keep the different wastes 
and leachates seperated. 

KEYWORDS 

Ashes, Compostable waste, Germination, Growth, Landfill, Leachate characteristics, 
Leachate treatment, Sludge, Waste. 

INTRODUCTION 

Leachates from landfills are a pollution problem in a long time perspective. Several 
hundreds of years may elapse before the leachates can be considered to have acceptable 
environmental effects and be directly discharged into a recipient (Baccini et al., 1992). 
The time perspective can be shortened by using an enhanced stabilisation technique. 
Examples of factors that can limit the stabilisation rate are: 
- too little water 
- not enough of available nutrients 
- too low transportation rates of degradation products 
- too small contact surfaces between waste and bacteria 
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The two principle ways to enhance the stabilisation of landfilled wastes in practice are: 
• Through pre-treatments such as grinding, mixing, additions of inoculum, nutrients, 
water etc. 
• By use of flow systems such as leachate recycling and gas abstraction, through which 
properties such as degradation state, pH and temperature can be manipulated. 

Enhancing the stabilisation of landfilled waste may give a more polluted leachate than 
that from a normal landfill and put higher demands on treatment. 

The observed quality of a leachate from a landfill depends on several factors, for 
example: 
• the type of waste 
• the climate 
• the landfilling technique 
• the degradation state of the waste 
• where and when the samples are taken. 

About 70% of the active landfills in Sweden (SCB, 1992) contains household waste. 
This waste is to a great part composed of easy degradable organic material. As a result 
of the oxygen consuming degradation of the material in combination with the use of 
compactors and the height of the landfills, the interiors of the typical Swedish landfill is 
predominantly anaerobic. The character of leachate and gas emissions is determined by 
the anaerobic decay of organic matter. 

The most common disposal method for leachates in Sweden (SCB, 1992) and in many 
other countries is by cotreatment with municipal waste water. However, the differences 
between leachates and waste water may be significant. Waste water contains, as an 
effect of its origin, much particulate and colloidal material. Leachates from landfills, on 
the other hand, have in principle passed a filter (the landfill) and contain predominately 
dissolved substances. Treatment methods aimed at removing particles from water may 
thus have little effect on leachates. 

Other differences in composition between waste water and leachates are indicated in 
Table 1. The organic content of an acidogenic leachate is about 50-100 times larger 
than that of a typical waste water. Even small admixtures of leachates to the waste 
water flow may give apparent effects on the organic content, which influences the 
function of the treatment plant. 

The part of easy degradable material is often larger in waste water than in a 
methanogenic leachate. The values in Table 1 gives a BOD/COD-quotient for waste 
water of about 0.4 and the methanogenic values from Ehrig (1989) gives a quotient of 
about 0.1. For methanogenic conditions the organic content as  BOD  is higher or in the 
same range as that of waste waters. The amount of organic material as COD is however 
larger than that of waste water. In order to generate the desired effluent quality, the 
retention times may not be enough in conventional waste water treatment plants. 

For most metals the concentrations are higher in an acidogenic leachate than in waste 
water. But for a methanogenic leachate compared to waste water the situation could be 
the adverse. This can be seen regarding nickel and  zink  when comparing values from  
Lagerkvist  (1994) with untreated waste water (Table 1). 
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TABLE 1. COMPARISON OF UNTREATED MUNICIPAL WASTE WATER AND 
AODOGENIC AND METHANOGENIC LEACHATES. 

Variable Untreated 
municipal waste 
water * 

Acidogenic 
leachate ** • 

Methanogenic 
leachate ** • 

PH 7.0 5.6 (6.1) 7.1 (8.0) 
cond.(mS/m) - 1510 950  
Cl  (mg/1) - (2100) (2100)  
BOD  (g/1)*** 0.20 19.9 (13.0) 1.25 (0.18) 
COD (g/1) 0.45 31.7 (22.0) 2.57 (3.0) 
Tot-N  (mg/1) 30 971 (1250) 998 (1250) 
NH4-N (mg/1) 30 (750) (750) 
NO3-N (mg/1) 0 (3) (3) 
NO2-N (mg/1) 0 (0.5) (0.5) 
Org-N (mg/1) - (600) (600) 
Tot-P  (mg/1) 9 34.2 (6) 3.2 (6)  
K  (mg/1) - 892 (1100) 690 (1100) 
Ca (mg/1) - 1406 (1200) 309 (60) 
Fe (mg/1) 2.7 228 (780) 39 (15)  
Mn  (mg/1) 0.3 19.6 (25) 3.9 (0.7)  
Zn  (mg/1) 0.8 18.2 (5) 0.18 (0.6)  
Cd  (14/1) 6 <6 (6) <6 (6) 
Cr (1.1.g/1) 10 574 (300) 109 (300) 
Cu (s41) 300 (80) (80)  
Ni  (µg/1) 200 323 (200) 131 (200) 
Pb (µg/1) 30 7.1 	(90) 0.4 (90) 
AOX (1.tg/l) - 920 (2000) 630 (2000) 

* 	Swedish values (SNV, 1983) 

** Average values from a test cell with household waste  (Lagerkvist,  1994). 

• Values in parantheses are average values from more than 15 landfills in Western Germany 

with mixed content (Ehrig, 1989). 

***  BOD  is given for 7 days, except for values from Ehrig (1989) which are given for 5 days. 

The concentrations of the nutrients in the waste water and in the leachates differ with 
regard to different components. Nitrogen for example occurs in leachates at strengths 
that are tens of times of that in waste water. This is the case for both acidogenic and 
methanogenic conditions. Phosphorus on the other hand occurs in the same 
concentration range in waste water as in leachates. The relation between phosphorus 
and for example organic material or nitrogen will then differ much between waste water 
and leachates. In Sweden waste water treatment plants are in most cases designed to 
remove phosphorus from the waters, as most recipients consists of fresh or brackish 
water. The compositions of leachates makes them unsuited to this kind of treatment. 
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Characterisation of different leachates 

The leachate characteristics are most often focused on landfills dominated by household 
waste. The quality of leachate and then also the need for treatment will differ depending 
on the waste deposited. Some preliminary investigations on leachates from different 
wastes have been performed in order to verify this  (Lagerkvist  and Kylefors, 1993). The 
origins of the leachates were: 
1. wet compostable fraction from source separation in households. 
2. dry residual fraction from source separation in households. 
3. digested municipal sludge from a waste water treatment plant. 
4. ashes from incineration of 80% wood and 20% coal. 
5. dry fraction from industrial waste, to a dominating part cardboard paper. 
The acidogenic leachate generated from compostable fraction was partly 
methanogenically treated and then designated as leachate number 1. Some components 
in these different leachates are shown in Table 2. 

TABLE 2. SOME DATA ON THE COMPOSITION OF THE LEACHATES. From  
(Lagerkvist  and Kylefors, 1993). 

Leachate number 
Variable 1 2 3 4 5 
pH 6.8 6.8 7.0 8.0 6.7 
Conductivity mS/m 2180 165 452 525 20 
Dry substance g/1 21.6 2.10 4.29 6.18 0.59 
Volatile solids g/1 12.9 1.36 1.99 0.36 0.39 
BOD7 mg/1 24000 58 49 <3 46 
COD mg/1 35000 668 1181 <30 165 
TOC mg/1 11200 170 375 0.8 44 
Phosphate-P  mg/1 22 2.6 0.41 0.53 0.003 
Tot-P  mg/1 30 4 3 0.56 0.107 
Ammonia-N  mg/1 1600 32 470 0.13 <0.08 
Nitrite-N  mg/1 0.12 17.6 0.014 0.015 
Nitrate-N  mg/1 0.073 200 3.5 0.008 
Tot-N  mg/1 2000 51 690 5.2 1.2 
Ca mg/1 1600 71.6 504 403 22  
K  mg/1 2250 170 58.6 958 3.28 
Mg mg/1 292 12.4 59.3 433 3.35 
S mg/1 54.5 23.6 482 1210 4.03 

As can be seen in Table 2 the concentrations of different components differed markedly 
between the waters. Many components varied about a hundred times in concentration. 
Leachate 1 was extremely strong for most components compared with the other waters. 
The strength was in the order of, or stronger than that in the acidogenic leachate in 
Table 1. This was an expected effect of the grinding of the waste that took place. The 
nitrogen content of leachate 1 was at least 60% higher than that of acidogenic leachate. 
The concentrations of leachate 2-5 should not be taken as typical values for leachates 
from the respectively waste categories, as the samples were taken before a 'steady state' 
concentration was reached. To look at the relation between variables is suggested as a 
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better way of characterising the leachates. Some such relations are shown in Table 3. 
These relations do not vary as much as the total concentration 

TABLE 3. QUOTIENTS FOR SOME STUDIED COMPONENTS OF THE 
LEACHATES (gram/gram). From  (Lagerkvist  and Kylefors, 1993). 

1 
Leachate number 

2 	3 	4 5 
AOX/TOC 0.008 0.003 0.27 0.003 
BOD7/COD 0.69 0.09 0.04 0.28 
COD/TOC 3.1 3.9 3.2 3.8 
N-tot/P-tot 67 13 230 9.29 11.2 
N-tot/TOC 0.18 0.30 1.8 6.5 0.03 
Cond/TOC 0.19 0.97 1.2 656 0.45 
DS/TOC 1.9 12 11 7720 13 
N-ox/N-tot - 0 0.32 0.68 0.02 
l(Ca,  K, Mg, P,  S)/FS  0.49 0.38 0.48 0.52 0.16 
1000  * 1(Cd, Cr,  Hg,  Mn,  Ni,  Pb, Zn)/FS 0.86 1.54 3.00 0.03 3.50 

FS= fixed solids  (DS-VS) 

The quality of leachates of different origins differ among other things in degradability 
of organic material, nutrient contents, salt contents and metal contents, as can be seen in 
Tables 2 and 3. The leachate from the compostable fraction (no 1) is mainly 
characterised by a high fraction of easy degradable material and much nitrogen 
compared to phosphorus. The leachate from ashes (no 4) on the other hand is mainly 
characterised by a high inorganic salt content, as can be seen from conductivity as well 
as  DS  compared to TOC. A low portion of the dried solids is metals in this leachate. 
Leachate from the digested waste water sludge (no 3) is mainly characterised by a high 
quotient between nitrogen and phosphorus and a relative high heavy metal content 
compared with the fixed solids. Waste water is distinguished from the studied leachates 
by for example the nutrient composition and degradability of organic material. The 
nitrogen to phosphorus quotient is much lower (3.3) than that of the leachates and the 
BOD/COD-relation is medium high (0.44). 

The relations between different nutrients from the different leachates are illustrated in 
Figure 1. The relations are given as mole to mole. A mole refers to the amount of 
substance divided by the molecular weight. No consideration have been taken to the 
occurrence of complex molecules. The relation between nitrogen and phosphorus is 
often too high to be used for the growth of plants. This was confirmed for all the 
studied leachates. The quotient between nitrogen and potassium was too high in some 
leachates and too low in others. In the leachate from ashes the quotient is a hundredth of 
the optimal. This makes the water very imbalanced according to nutrient content. By 
combining different leachates, of which some are pretreated, it may be possible to reach 
an optimal nutrient composition for growth of plants. Mixing the appropriate amounts 
of different waters will require that the different leachates can be kept separated when 
collected. 
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Figure 1. The relative content of nutrients in different leachates (mole/mole). The 
optimum relations (Ingestad, 1987) are given for the birch specie used in the growth 

experiments(Betu/a pendula). 

In order to establish a good local treatment of leachates it is important to be able to 
control the factors that influence the quality of the leachates. One of the most important 
factors is the composition of the waste. As a consequence for the steering of the 
leachate quality, different wastes should be kept separated as far as they generate 
leachates that differ in composition. The difference could be either in concentrations or 
in relations between different variables. For waste containing easy degradable material 
it is possible to steer its degradation state (acidogenic or methanogenic). In order to 
enhance the stabilisation rate and to have more control over the leachate quality the 
TSAAD (two step anaerobic degradation) technique could be used  (Lagerkvist,  1991). 

There are not only differences in composition of leachates but also in the appropriate 
treatment for different leachates, as shown by  Lagerkvist  and Kylefors (1993). 
Pollutants may be divided into four different groups; organic material, hazardous 
metals, xenobiotics and nutrients. Different leachates have in different degree, and 
according to their composition, a need of treatment with respect to the different 
pollutant groups. Treatments for organic material are rather well known. Metals can be 
removed to a high degree by a methanogenic filter or in some other kind of reduced 
sediment. Xenobiotics are very specific for different wastes and some of them will be 
degraded or transformed during a biological treatment. Nutrients (including micro 
nutrients) left after treatments of the other pollutant groups may be removed by 
chemical or physical methods, but these may be energy demanding and not directly 
compatible with using the fertilising value of the nutrients. To use the nutrients for local 
plant growth could be a part of a sustainable solution. 

In order to investigate if it is possible to use diluted raw leachates for watering, 
germination and growth tests were done using different leachates. It has been stated by 
for example (Reed et al., 1988) that the conductivity is crucial for the growth (Table 4). 
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TABLE 4. THE EFFECT OF CONDUCTIVITY ON GROWTH. From (Reed et al., 
1988). 

Conductivity 	Effect on growth 
(mS/m) 

<200 	No salinity problems 
200-400 	Restricts growth of very sensitive crops 
400-800 	Restricts growth of many crops 
800-1600 	Only salt-tolerant crops will grow 

>1600 	Very few salt-tolerant crops will grow  

The conductivity was therefore chosen as a basis for the comparison between the 
different leachates in the experiments. 

MATERIALS AND METHODS 

The production of leachates 

The leachates were produced in open 6 m3  containers with the exception for leachate 
number 1, which was produced in laboratory experiments in 100 litres scale. The 
containers were filled in the end of June and they were placed outdoors, allowing 
rainwater to infiltrate. After about four months samples were taken for characterisation 
and treatment tests. 

The origins of the leachates were as formerly described in the part 'Characterisation of 
different leachates'. The characteristics of the leachates are further described in Tables 2 
and 3. The five different leachates were used in the germination tests. 

Leachates used for the growth tests were 
• Leachate from source separated compostable fraction from households (leachate 
number 1). Three different types of the leachate were used; an unaerated type and two 
different phases of the leachate after one week of aeration. During the aeration a sludge 
was formed and enriched at the bottom of the vessel. In order to cover the possible 
different concentrations in the aerated phase both the supernatant and the bottom phase 
of the leachate were used. Three different concentrations were used for each leachate: 
1.4, 6.25 and 12.5% corresponding to the approximate conductivities of 20, 200 and 
400 mS/m. Nitrogen, phosphorus and the combination of these substances were added 
to the middle concentration in the same amounts as in the control. 
• Leachate from source separated dry fraction from households with conductivities of 
34 and 200 mS/m. 
• Leachate from digested municipal sludge with conductivities of 220 and 410 mS/m. 

Analyses 

Standard waste water methods were used for most of the analyses.  DS  was measured 
after pH-adjustment to about 9, elements were analysed on ICP-MS following the 
method described by Anonymous (1985) with slight modifications. 
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Germination tests 

Leachates with conductivities about 30, 200 and 400 mS/m and in some cases also 
higher conductivities were used. Deionised water and a commercial plant nutrient 
solution  ("Blomstra")  were used as controls. The  "Blomstra"  solution has a balanced 
nutrient composition for plants. 

Plastic dishes with 14 cm diameter and two cm height were filled with 150  ml  of 
washed and dried sand. The sand was washed over a sieve with a grid width of 0.25 
mm. The conductivity in the sand was after washings with deionised water about 1 
mS/m. 68  ml  of each leachate water were added to the dishes, 200 seeds of garden cress 
(Lepidum sativum) were thereafter spread on each dish. Each dish was covered with a 
plastic film with 40 holes. The dishes were placed in diffuse UV-light until the seeds 
had swollen and the first seeds had begun to germinate. Then the dishes were placed 
about 1 meter under UV-lamps  (OSRAM  Power Star HQQQQI-T 400W/DH). The 
lamps gave light 16 hours a day. After five days the germs were counted. 

Growth tests 

As plant for the tests a birch specie (Betula pendula) was chosen. The nutrients needed 
for maximum growth of birches are well documented (Ingestad, 1987). The growth and 
nutrient uptake of birch plants increase exponentially under optimal conditions until a 
so called self shadowing occur (Ingestad and Lund, 1986). 

The seeds were sown in quartz sand. When the plants were 20-30 mm in height they 
were planted four and four in pots with a surface area of one dm2  and a height of one  
dm.  A filter paper with high permeability was put in the bottom of each pot, which was 
filled with sand treated in the same way as that used in the germination experiments. 
Watering was first done with 200  ml  of the different leachates diluted to chosen 
concentrations with deionised water. The watering thereafter was done with deionised 
water in all pots when needed. Water that percolated through the pots were collected 
and reinfiltrated. The pots were randomly placed under the same UV-lamps as were 
used in the germination tests. The height of the plants was regularly measured until the 
growth stopped. 

The control used was a completely fertilised water that contained 171 mg NH4NO3, 
74.4 mg KC1, 44.8 mg Na2HPO4, 51.7 mg MgSO4*7H20 and 60 Ill of a micro nutrient 
solution. 

RESULTS AND DISCUSSION 

Germination experiments 

The results of the germination experiments are shown in Figure 2. The optimal 
germination was only obtained in deionised water. No explanation for the irregularities 
of the control experiments (control 1) which were done at the same time as the tests of 
the leachates have been found. The control experiments were repeated with a more 
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expected result (control 2). The optimal germination should be 85% according to the 
available information about the seeds. 

In the leachates from the compostable fraction and the digested sludge a smaller 
percentage of germinated seeds were obtained as the conductivity (and then also the 
different concentrations) increased. This decreasing tendency may be seen for the water 
from ashes when the conductivity was above 400 mS/m. 

o 
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Figure 2. Percentage germinated seeds in leachates of different origins and 
conductivities. 

In leachates from the compostable fraction and the digested sludge something else than 
just conductivity limited the germination. Practically no germination could be observed 
in samples with conductivities over 400 mS/m. When studying the different 
concentrations for each experiment no obvious variable could be seen to be responsible 
for the decrease in germination. Ammonia nitrogen can explain the decreasing trend for 
leachates from the compostable fraction and from the digested sludge. It can, however, 
not explain the poor germination for the leachate from the compostable fraction with 
the conductivity of 30 mS/m. High concentrations of ammonia nitrogen is a result of 
anaerobic degradation. Both the leachates that gave decreasing germination with higher 
conductivities had anaerobic origins. The occurrence of volatile fatty acids (VFA) are 
also typical for anaerobic environments. Both ammonia, VFA and the total organic 
carbon have been considered to be potential sources for the inhibition of germination in 
other experiments (Garcia et al., 1992). All these variables gives a contribution to 
lowering the  redox  potential. The  redox  potential may be a complementary 
measurement that can be performed in order to be able to consider if a water is 
inhibitory for germination and growth. Unfortunately no  redox  measurements have 
been performed during these experiments. 
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Growth experiments 

Some of the growth curves are presented in Figure 3. Leachate from digested sludge 
with a conductivity of 220 mS/m gave the best growth. Otherwise the growth was 
rather poor in the tested leachates. 

About the same growth was seen in all different concentrations and types of leachates 
from the compostable fraction (CF) when no additions were made. Additions of 
nutrients had little effect on the growth in the unaerated leachate. A more pronounced 
effect on the growth was seen in the aerated leachate when nutrients were added. The 
best effect on the growth was obtained in the bottom phase of this leachate. The bottom 
phase with nutrients (nitrogen and phosphorus) gave about 40% growth compared with 
the completely fertilised control (Figure 3). In all leachates from CF the growth curve 
had a tendency to accelerate in the beginning when phosphorus was added. In the end 
of the experiments the growth was generally about equal with the growth in leachates 
with only nitrogen addition. 

The bad growth may be explained by the presence of organic material. The organic 
content can cause lack of oxygen for the roots. The maximum organic content for 
leachates from digested sludge was about 60 mg of BOD7/1. For the leachate from the 
compostable fraction the minimum concentration of  BOD  was about 200 mg/l. Lack of 
oxygen in combination with the state of different components, is the most possible 
explanation for the bad growth . There is therefore a need to reduce the organic content 
and to oxidise components (as for example ammonia to nitrate) prior to watering. 

Figure 3. Growth of birches watered with leachates from digested sludge and aerated 
bottom phase from compostable fraction (CF) compared with a completely fertilised 

control. 
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CONCLUSIONS 

Leachates from different wastes differ in quality. The five studied leachates differ also 
in qualities compared to waste water. In order to get an effective leachate treatment it is 
therefore necessary to treat leachates locally at the landfill site, rather than treating them 
with municipal waste water. A more effective leachate treatment may be the result if 
leachates with different qualities can be treated differently. 

Dilution of the studied leachates that contained organic material is not a sufficient 
treatment before use in watering. Reduction of organic material and oxidation of 
compounds as ammonia to nitrate seem to be necessary. In many cases the salinity in 
the leachates is to high to be used for watering. Dilution may then be necessary as a 
final treatment step. 

To make the waters more balanced regarding the composition of the nutrients, different 
leachates may be mixed in appropriate parts. This is a reason why wastes of different 
kinds should be kept apart. 

The conductivity of the leachates is not alone a satisfactory tool for the evaluation of 
the effect on germination of seeds or growth of plants. 
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WITH DEGRADATION PHASES AND TIME  
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The Landfill Group,  Luleå  University of Technology, S-971 87  Luleå,  Sweden 

SUMMARY: The quality of leachates from the two dominant anaerobic degradation 
phases - the acidogenic and the methanogenic is discussed. Most substances occur at 
higher concentrations in leachate from acidogenic degradation. There are some 
noticeable exceptions for some metals. This paper also deals with the time (measured as 
L/S ratio) needed for landfills to stabilise, which is very long. All results are focused on 
municipal solid waste (MSW). 

1. INTRODUCTION 

Landfills have a pollution potential resulting from their qualitative contrasts to their 
surroundings. One usual landfill strategy of today implies total containment. This 
strategy implies the prevention of infiltration and percolation of water and, 
consequently, the generation and emission of leachate - as long as the containment 
system remains intact. As water is essential for degradation and important for pollution 
transport the pollution potential will be preserved as long as no water is allowed into 
the landfill. Later, when the containment fails, an uncontrolled pollutant release may 

follow. 

Enhanced stabilisation is an alternative landfill strategy. For this, an arsenal of 
techniques to control landfill processes is needed. Some techniques have already proven 
usable such as source-grouping, aerobic pre-processing, homogenisation, millfilling, 
codisposal with sewage sludge and air injection  (Ecke  &  Lagerkvist,  1997). The basic 

principle of enhancing the stabilisation of waste in the landfill is to promote natural 
processes, especially biological degradation processes. For anaerobic landfills with 
municipal solid waste (MSW) this means working with acidogenic and methanogenic 

degradation processes. 

The quality differences of leachates from acidogenic and methanogenic degradation 
phases are discussed in this paper as well as the time needed to stabilise a MSW landfill. 
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2. MATERIAL AND METHODS 

2.1 Studies 

2.1.1 	Lab scale experiments 

Data from three studies have been used: 

1. Degradation of halogenated solid waste mixed with household waste. Further 
presented in e.g.  (Lagerkvist  et al. 1993). (AOX 1) 

2. Investigation of enhanced degradation using enzyme addition. Further presented 
in e.g.  (Lagerkvist  & Chen 1993). (Enzyme-project) 

3. Degradation of halogenated solid waste mixed with household waste. Further 
presented in e.g. (Ejlertsson et al. 1996). (AOX 2) 

All of the projects have been running with reactors at the two main anaerobic 
degradation phases, i.e. both acidogenic and methanogenic reactors. For both 
degradation phases there has been control reactors. The reactors contained each about 
40-45 kg of fresh MSW (municipal solid waste) with a particle size of about 1 cm. 
Leachate samples have been taken out at weekly to monthly intervals. All analytes have 
not been determined in all samples.  

LIS  (liquid to solid) ratios were calculated for the different experiments. The mass of 
added water have been taken over the total solids (TS) of the wastes. Solid samples and 
solids in the leachate has been taken into consideration. 

All reactors were initially acidogenic. A period of air injection was used to start up the 
methanogenic reactors. In order to facilitate statistical treatments of the results, criteria 
have been defined for the different degradation states. Besides vigorous methane 
production, a reactor have been considered methanogenic when the trend for organic 
material, as COD (chemical oxygen demand) and VS (volatile solids), was still 
downwards and: 

pH > 7.0 
COD <6000 mg/1 
VS <6000 mg/1 

Metal analyses were only available for the A0X1 experiment and they were found in a 
rather short L/S interval (1.36 - 1.83). Very few metal analyses were available for 
leachate from the methanogenic degradation. 

2.1.2 Field experiments 

A pilot plant for Two Step AnAerobic Degradation (TSAAD) of MSW has been in 
operation since 1988 at Sunderby landfill,  Luleå,  Sweden. The two steps are: 
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1. An acidogenic cell 
2. A methanogenic filter 

The first part of the anaerobic degradation, i.e. the acidogenic degradation, was 
performed in the acidogenic cell, which contained 457 tons of MSW. The final part of 
the anaerobic degradation, i.e. the methane formation, took place in the methanogenic 
filter. The filter was much smaller than the acidogenic cell. It had a total volume of 
about 3 m3  and consisted of shredded MSW (particle size approximately about 1  dm).  

The plant is further described in e.g.  (Lagerkvist  1991;  Lagerkvist  1994). 

The initial operation of the methanogenic filter gave acidogenic leachate. The criteria to 
consider the leachate as methanogenic were the same as for the lab scale experiments. 
The methanogenic filter was exposed to different operation conditions. Leachate data 
from overloaded conditions have not been included in the evaluations presented in this 
paper. 

2.2 Basic statistical evaluation 

2.2.1 	Leachate from lab scale experiments 

The difference between acidogenic and methanogenic leachates have been statistically 
evaluated. For lab scale data acidogenic and methanogenic concentrations were 
compared using: 

- boxplots 
- unpaired comparison of averages by t-test 

paired comparison of averages at the same L/S-ratios  

Boxplots  were used as a first graphical tool to verify differences between the 
degradation phases. If the boxes were completely separated a difference was considered 
positive. 

An unpaired comparison of averages by t-test were performed for substances that had 
more than 30 observations at both acidogenic and methanogenic conditions. A 
difference was considered positive when it was verified at 5% significance level. The 
assumption of normal distribution is then, due to the central limit effect, considered fair 
even though the data are not normal distributed. The assumption of randomised and 
independent sampling were not fulfilled as the samples were taken in time series. When 
taking time correlation into consideration the significance level for the confidence 
intervals will be smaller. No correction for the time correlation has been done. For 
substances with less than 30 observations 95% confidence intervals have been calculated 
for acidogenic and methanogenic leachates separately. Then the two confidence intervals 
have been compared. If the confidence intervals did not overlap a difference between 
acidogenic and methanogenic leachate have been considered positive. 



2 3 4 

3000 
y=7463.5 10"(-0.34517x) 	R^2 = 0.825 

O CO 

2000 - 
O 0 0613 

O
ma 	rffl.  

1000 -  

Paper no III 
4 

Paired comparison of averages at the same  LIS  ratios by t-test were performed on all 
substances except metals. For metals there were a lack of data making a paired 
comparison impossible. The results were evaluated at 5% significance level. 

2.2.2 	Leachate  from the  TSAAD testcell  

For the TSAAD  testcell  data methanogenic and acidogenic leachate concentrations have 
been compared with 

- boxplots 
- unpaired comparison of averages by t-test 

Unpaired comparison of averages by t-test were made for the variables for which there 
was more than 30 observations at both acidogenic and methanogenic conditions. 

For variables with less than 30 observations 95% confidence intervals have been 
calculated for acidogenic and methanogenic leachates separately. Then the two 
confidence intervals have been compared. If the confidence intervals did not overlap a 
difference between acidogenic and methanogenic leachate have been considered positive. 

2.3 Estimation of  LIS  ratio 

2.3.1 	At discharge limit concentration 

For the sake of comparisons, limit values for acceptable leachate discharge quality was 
defined using different national standards, see table 3. The needed  LIS  ratio to reach the 
discharge limit concentrations through leaching have been estimated. An exponential 
curve regression was made for each substance versus  LIS  and used for the calculation. 
An example of such a curve is shown in figure 1. The exponential curves have values of 

L/S 

Figure 1. Exponential curve regression for the total nitrogen content in acidogenic 
leachate from the lab data. 
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degree of explanation (R2) between 0.32-0.86. The amount of leached substance at the 
point where the discharge limit will be reached was calculated by integration of the 
function. 

The calculations were mainly based on data from the laboratory experiments. For metal 
mobility at methanogenic conditions data from the field experiments were used. Data 
from the initial methanogenic phase of the filter operation were used (Nov. 1989 to 
Nov. 1990), corresponding to a maximum  LIS  ratio of 11.5. 

2.3.2 	To reach 80% leached material 

An alternative criteria of stabilisation can be based on the remaining pollution potential 
of the landfilled wastes. Many potential pollutants occur in about one order of 
magnitude larger concentration in MSW than in, for example, a typical cultivated soil. 
If 80 % of the materials considered were to be mobilised or degraded, it would leave a 
fairly low concentration gradient which would drastically limit the scope of future 
pollution. 

Data from lab experiment AOX2 has been used when possible, as this experiment have 
frequent analysis of most substances (except metals) and data extends over a rather long  
LIS  period (between 2.1-3.8 at methanogenic conditions and between 1.9-3.9 at 
acidogenic conditions). Data from A0X1 has been used for metals. The  LIS  period was 
rather short, between 1.4 and 1.7. However some trends could be seen. A summation of 
the actually leached amount of each substance were made up to the highest  LIS  ratios. 
Thereafter, at higher  LIS  ratios, the concentration has been considered constant. 

2.4 MVDA - multi variate data analysis 

MVDA is a discipline of statistics. It may be seen as an extension of univariate and 
bivariate analyses. In this study a PCA (principal component analysis) was performed 
on leachate data from the methanogenic filter at the test cell. A PCA is an 
interdependence model, i.e. simultaneously all variables are analysed as a single set in a 
data matrix  X.  The technique is used to analyse interrelationships among a large 
number of variables. The aim is to reduce the information in the original  X  space to the 
minimum number of dimensions, i.e. of principal components (PC), needed to describe 
the relevant information contained in the original observations (Wold, Esbensen et al. 
1987; Wold 1989). The principal components therefore contain information from all or 
almost all different variables. For our studies the number of extracted PCs was 
determined by the latent root criterion. Only PCs having an eigenvalue greater than 2 
were considered significant (Hair, Anderson et al. 1992). They were computed in order 
of descending eigenvalues. 
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The MVDA calculations were performed with a commercially available computer 
program (Umetri 1994). Results are displayed graphically. Thereby patterns of data, 
i.e. dominating factors, outliers, clusters and similarities, were clearly illustrated. 

2.5 Analyses 

Analyses have been performed on unfiltered samples. pH and conductivity have been 
measured at sampling. Most samples have been stored frozen at -20°C before additional 
analyses have been made. 

Analytical methods used: 

TS,  BOD,  COD, TOC,  N  and NH4-N were analysed according to Swedish standard 
methods. 

- TSLum were measured as TS but with pH adjusted to pH 9 with 0,1 M NaOH. 
- VS and VSLuTH have been performed on dried samples at 775°C for 1 hour. 
- Element analyses were performed with ICP-MS technique after pre treatment with 

HNO3. 
- VFA were analysed with gas chromatography by method described in Örlygsson et 

al. 
AOX were measured according to DIN 38409, part 14, on a Haberkom & Braun 
AOX system M 2000  C.  

3. RESULTS AND DISCUSSION 

3.1 Acidogenic and methanogenic leachate 

It is well known that leachate quality differs between acidogenic and methanogenic 
degradation phases. This is particularly true for organic material. The organic content 
in leachate from acidogenic degradation is usually much larger and more easily 
degradable than leachate from methanogenic degradation. 

Ehrig (1989) has shown that there are also concentration differences between other 
substances or groups of substances in leachates formed at the two degradation phases. 
He also showed a list of substances with no verified difference between the two phases. 
The findings of Ehrig are presented in table 1 together with our results. Some of the 
variables are highly correlated and to some degree measure the same thing. This is 
primarily the case for  BOD,  COD, TOC, VFA, TS and VS. The lab and test cell results 
are based on an unpaired comparison of averages, i.e. without consideration to 
differences depending on  LIS.  However, a paired comparison, i.e. differences between 
the phases at the same  LIS,  for the lab data verified the differences found with the 
unpaired comparison. 
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There are some interesting differences between Ehrigs observations and the 
observations from our investigation. First of all it can be verified that more substances 
than Ehrig noted are affected by the degradation phase and can be found at higher 
concentrations in acidogenic leachate than in methanogenic ditto. Among those 
substances are macro nutrients like nitrogen and phosphorous compounds, and elements 
like sodium, potassium and others. Average concentrations at both degradation phases 
from the lab scale experiments are presented in table 2 together with the  LIS  that made 
the basis for the calculations. The leachate concentrations from the test cell were in 
general lower than the ones from the laboratory experiments. 

Table 2. Average concentration and corresponding L/S interval for leachate 
substances that have differences between acidogenic and methanogenic 
phases. From lab scale experiments. Substances with bold text show higher 
values at methanogenic conditions. 

Parameter Methanogenic 

leachates 

LIS interval, 

methanogenic 

Acidogenic 

leachates 

LIS interval, 

acidogenic 

pH 7.1 2.1-3.8 5.5 1,4-5,8 
BOD  mg/1  980 2.7-2.9 38 500 1.4-2.5  
COD mg/1  2 200 2.1-3.6 43 300 1.4-3.8  
TOC mg/1  1 300 2.7-2.9 17 000 1.4-2.5  
VFA mg/1  1.1 2.8-2.9 28 1.4-2.2  

TSLuTH mg/1  6 000 2.1-3.9 27 400 1.4-5.8 
V  SLIITH mg/1  3 400 21... 

 20 100  

TS mg/1  4 700 2.1-3.8 18 900 1.9-5.8 
VS  mg/1  2 100  _It.. 

 11 700  

Conductivity mS/m  1 060 2.1-3.8 1 760 1.4-5.8 
Tot-N  mg/1  580 2.1-3.7 1 060 1.4-3.9  
NH4-N mg/1  335 2.1-3.8 610 1.9-3.9 
Tot-P  mg/1  19  _.,_  43 1.4-3.9  

AOX Tagfl  1 280 2.1-3.7 1 690  

Ca mg/1  230 2.8-2.9 2 510 1.4-1.7 
Fe  mg/1  40  _„_  650 1.4-2.2 

K  mg/1  950  _„_  1 090 1.4-1.7 
Mg  mg/1  90 170  

Na  mg/1  1 000 1 210  

S  mg/1  23  _„_  160  

Al 14/1 2 560 270 1.4-2.2 

As 141  40 83  

Ba  µg/I  430 130 1.4-1.7  

Co ligil  100 740 1.4-2.2  

Cu ug/1  690 58 21_  

Mn  lign  780 67 500 1.4-1.7  

Pb  µg/1 370 10 1.4-2.2  

Zn  ilga  1 960  _ „_  26 010 2/._ 
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Table 1. Statistically verified differences between acidogenic and methanogenic 
leachates. A: higher concentrations in acidogenic leachate, M: higher 
concentrations in methanogenic leachate, U: unverified differences, -: 
substance not subjected to statistic evaluation. 

Substance 	Lab scale Test cell 	Ehrig 

data 	data 	(1989) 

	

pH 	 M 	M 	M 

	

BOD 	 A 	A 	A  

	

COD 	A 	A 	A  

	

TOC 	A 	A 	- 

	

WA 	A 	A 	- 

	

TS 	 A 	A  

	

TSLuTH 	A 

	

VS 	 A 	A 	- 

	

VSLum 	A 	 - 

Conductivity 	A 	A 	-  

N A 	A 	U 

	

NI-14-N 	A 	 U 

P A 	A 	U 

	

S 	 A 	A 	- 

	

SO4 	 A  

	

Na 	 A 	A 	U 

K A 	A 	U 

	

Mg 	A 	A 	A  

	

Ca 	 A 	A 	A  

	

Sr 	 A  

	

Ba 	M 	U 

	

Fe 	 A 	A 	A  

	

Mn 	A 	A 	A 

	

As 	 A 	A 	U 

	

Al 	 M 	A  

	

Co 	 A 	A 	U  

	

Zn 	 A 	A 	A  

	

Cr 	 U 	A 	U 

	

Ni 	 U 	A 	U  

	

Cu 	M 	U 	U  

	

Pb 	M 	U 	U 

	

Cd 	 - 	U 

	

Hg 	 - 	U  

	

AOX 	U 	U 	U  

	

CN 	 - 	- 	U  

	

Phenols 	- 	- 	U  
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Most metals seems to appear in lower concentration under methanogenic conditions as 
compared to acidogenic conditions. This can be explained by the  redox  potential 
decrease and pH increase, which permits the formation of many solid complexes. Also 
the degradation of a large share of the potential organic  ligands  may contribute to a 
lowered concentration of metals in the leachate. However there are some noticeable 
exceptions, most apparent for lead, copper and barium: 

- from lab scale experiment these metals occur, together with aluminium, in 
higher concentration in methanogenic than in acidogenic leachate. 

- from the  testcell  operation a higher concentration of these metals in acidogenic 
than in methanogenic leachate cannot be verified. 

within the methanogenic leachate from the  testcell  lead and copper behave in the 
same way as aluminium. The behaviour is different than that of other metals. 
This can be seen as they are located in the same area on the multi variate 
loading plot, see figure 2. Barium was not included in this partial study. 

• Al  
•Pb 

• Cu  

•Zn 

• Mn 

• As 	•  P  
• •Fe 	eBOD 
Co 	TOC 

• , 
•Cr 	•.  

e0D 

• temp  

• PH  

• Ni 	• ilVS  
• TS  

• N e  Na  
K  

•cond 	°Mg  

-0,05 	000 	0,05 	0,10 	0,15 	0,20 	0,25 	0,30 

PC 1 

Figure 2. Loading plot from multivariate data analysis of the methanogenic leachate 
from the  testcell.  Principal component 1 (PC 1) versus principal 
component 2 (PC 2). 

The explanation for the behaviour of the mentioned metals was first sought for in 
sulphide formation. However, high concentrations of sulphur in the leachate did not 
coincide with high concentrations of lead, copper and barium. The high metal 
concentrations in the leachate might even be indirectly caused by a lack of sulphur (and 
corresponding metal-sulphide formation) in the waste matrix. Such a deficiency of 
sulphur in MSW have been noted by  Ecke  and  Lagerkvist  (1993). 

0,4 

0,2 

o 	0,0 

-0,2 

-0,4 
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An alternative explanation for the mobilisation of lead, copper and barium could be 
adsorption to aluminium hydroxide. This fits with adsorption orders on hydroxides and 
with correlations between leachate concentrations of aluminium and the mentioned 
metals. 

Aluminium hydroxide, Al(OH)3  (s), is most easily formed at pH between 6.5 and 7.5. 
The average pH in the methanogenic stage of lab scale experiments and the  testcell  are 
within this interval. 

The reason to why aluminium hydroxide will not be caught in the filter material is not 
established. Within water treatment aluminium hydroxide is widely used to remove 
turbidity. It settles quite well about one hour after flocculation has occurred and it can 
be readily filtered out by flow through porous media. Freshly precipitated aluminium 
hydroxide, however, is like a gel and will not settle easily. If the characteristics of 
aluminium hydroxide, at the environmental conditions of a methanogenic filter, are like 
those of freshly precipitated aluminium hydroxide it would explain why the precipitate 
is not caught in the filter material. 

The adsorption of metals to oxides, which most often turns to hydroxides in water (e.g. 
aluminium hydroxide) follows different orders. For alkali metals and alkaline earth 
metals the tendency to become sorbed increases with the ionic radius of the ion  (Stumm  
1992). Example for the alkaline earth metals: 

Ba2+ > Sr2+ > Ca2+ > Mg2+  

For transition elements, the electron configuration of the ions influences the adsorption 
affinity. The Irving-Williams order is often observed: 

Cu2+ > Ni2+ > Co2+ > Fe2+ > Mn2+ 

Dzombak and Morel (1990) (from  (Stumm  1992)) found the following order: 

Pb2+ > Cu2+ > Cd2+ >  Zn  2+ > Ni2+ 

A combination of the two orders for transitions metals will result in the following 
order: 

Pb2+ > Cu2+ > Cd2+ > Zn  2+  > Ni  2+  > Co2+ > Fe2+ > Mn2+  

The special behaviour of  Ba,  Pb and Cu could then be explained by adsorption to 
aluminium hydroxide. The aluminium concentration of the leachates from the lab scale 
experiments are statistically (at 5% significance level) higher in methanogenic than in 
acidogenic leachate. The opposite, i.e. higher concentrations in acidogenic leachate, is 
valid for the leachates from the  testcell.  This difference in aluminium concentration 
could explain why the differences in metal concentration between methanogenic and 
acidogenic leachate are statistically verified (maximum 5% significance level) for the 
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lab scale experiments but not verified at the same significance level for the  testcell  

leachates. 

The leachate concentration of aluminium in combination with neutral pH can give rise 
to increased concentration of some metals in the leachate. Lead is then the primary 
metal to be an indicator for adsorption phenomena. With high aluminium 
concentrations (and pH about neutrality) one can expect high concentrations of even 
more metals like copper, cadmium, zinc and so on. The adsorption effect on aluminium 
hydroxide may also be influenced by other factors like the availability of sulphides and 
organic material. A higher concentration of sulphides may reduce the effect of metal 
adsorption to aluminium hydroxide and then decrease the effluent concentration of 
metals in the leachate. 

The effect of metal transport with aluminium hydroxide could probably also be reduced 
by increasing pH. The largest effect of cotransport with aluminium should be about pH 
7. An increase to pH 8 will decrease the aluminium hydroxide concentration about ten 
times, and then also the concentrations of adsorbed metals. 

3.2 Changes of leachate quality over time 

When can a landfill be considered stabilised? Two alternative criteria could be: 

1. When the concentration of different components in the leachate are below some 
discharge limit. 

2. When a certain portion of the content in the solid waste has been leached. 

According to the 'Landfill dictionary' (Lagerkvist(ed.), in press) stabilisation is 
explained: "as applied to landfills this term, for example, includes the degradation of 
organic matter to stable products, and the settlement of the fill to its rest level". 

To be able to compare results from lab experiments with field data it is necessary to 
have a time dependent factor that can be used as a connection link and a base for 
comparisons. In this study the  LIS  (liquid to solid) ratio has been used. Compared with 
the use of the age of the waste, the effects of landfill height, density, quantity of water 
infiltration and so forth will be reduced. There are however limitations also with VS, 

as it e.g. does not take kinetics nor equilibriums into consideration. 

3.2.1 	Estimation of  LIS  ratios to reach down to discharge limits 

The  LIS  ratio required for leachate concentration to decrease to a proposed discharge 
limit and the part of different substances that are leached at this  LIS  ratio, are presented 

in table 3 and 4. Data are presented for each phase of degradation as a contrast to 
previous studies, where the estimations of required time or time related functions to 
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reach a more stabilised landfill cover the transition between the two degradation phases 
(e.g. (Baccini et al. 1987), (Ehrig 1988),  (Reitzel  et al. 1992)). 

Table 3. 	LIS  ratios to reach a certain discharge limit.  

Substance Proposed 

discharge 

limit* 

Unit 

LIS  

Methanogenic 

lab 

Methanogenic 

test cell 

Acidogenic lab 

VS 20 mg/1 9 34 9  

N  10 „ 7 24 8  

P  0.5 „ 6 32 12 

S 100 „ 3 

Fe 2 26 6 

Cu 50 ligil 3 1 

Cr 75 „ 5 1  

Ni  100 „ 2 3 

As basis for the estimation has mainly different European limit values been used. From lists in 
(Kylefors 8,4  Lagerkvist  1996). 

Table 4. 	The part of the MSW content that have been leached when the leachate 
concentrations have reached down to the proposed discharge limit. 

Emitted part (% of initial MSW content) 

Substance Content in Unit Methanogenic Methanogenic Acidogenic 

MSW* lab test cell lab 

VS 658-902 g/kgTS 32-44# 61-84# 21-29  

N  4-28 „ 38-270 18-125 34-235  

P  0.2-6.1 ,, 2-55 1-38 8-240 

S 1-10  tf  5-49 

Fe 20-50 „ 2-5 9-22 

Cu 120-3280 mg/kgTS <0.1 <0.1 

Cr 5-2810 If 
<11 <4  

Ni  15-58 IT  0.5-1.8 7-28 

90% of VS emissions are considered gas emissions 

* 

	

	Maximum and minimum content of MSW from different sources.  (Lagerkvist  1995),  (Halmø  1984) and 

lists in (Ehrig & Scheelhaase 1993). 

The used proposed discharge limits given in table 3 are the lowest limit values found 
among several European discharge limits. The lowest values were chosen, as discharge 
limits commonly will be lowered after some time. However, these values are set by 
humans and not by nature. They are not universal and they will not last forever, but 
they are a tool to estimate the generation of leachates that need some kind of treatment. 



y (lab) = 45,921 * 10^(-0,39650x) 	13^2 = 0,469 

y (test  cell)=  10,181 " 10^(-8,0352e-2x) 	1:1^2 = 0,615 
10 

12 

Paper no III 
13 

The data of table 3 and 4 are based on the lab scale experiments and in some cases on 
test cell .data. In table 3 it is possible to note a difference in required L/S between lab 
data and test cell data. A factor of about four differs. The slower decrease in 
concentration for the test cell data can for VS be seen in figure 3. Nitrogen and 
phosphorous show similar tendencies with a slower decrease from the test cell. For 
metals there were a lack of data for the lab experiments, so no visual comparison could 
be done. There are at least two possible explanations, which also may interact with each 
other, to the difference in the leaching rates. The first is the particle size of the waste. 
In lab scale experiments the MSW was fine ground (particle size —1cm) and in the 
methanogenic filter at the test cell the MSW was coarse ground (particle size —1  dm).  
The other explanation could be found in kinetics. The residence time was in general 
lower in the test cell than in the lab experiments. The combination of longer residence 
time and smaller particle size in the lab experiments promotes higher concentrations 
and this implies lower L/S ratios before the proposed discharge limit has been reached. 
The L/S data for the test cell might be more realistic than the lab data, when compared 
to the required L/S ratio at a full scale landfill. The L/S for the test cell might even be 
underestimated, due to a smaller particle size in the filter than in a full scale landfill. 
For the argument, the estimated L/S ratios for lab data in table 3 could therefore be 
considered as minimum levels of L/S ratios required to reach down to the proposed 
discharge limits.  

Figure 3. VS in leachate from methanogenic degradation versus L/S ratio. Data used 
are from lab studies and from the test cell. 

For both degradation phases the L/S ratio required to achieve the proposed discharge 
limits is rather small. However, it corresponds to a considerable time. A landfill with 
20 tons/m2  and a yearly infiltration of 200 mm will need about 800 years before a L/S 
ratio of 8 has been reached. The calculations are however sensitive to both the amount 
of waste per surface area as well as the infiltration rate. The estimated time is in the 
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range of what can be gathered from graphs for nitrogen presented by Ehrig (1988) - 
about 400-600 years to reach down to 10 mg N/1. 

For many components, a rather small portion of the content in the MSW has been 
leached when the concentrations of the leachate has reached down to the proposed 
discharge limits, see table 4. The pollution potential is then still high. The results of the 
calculations, presented in table 4, are sensitive to the contents of the solid waste. The 
contents of the solid waste are however difficult to analyse in a reliable manner. The 
contents of the solid waste used here mirrors a very wide interval. This is deliberately 
done in order to form an idea of the possible width of the leached parts of the solid 
waste contents. For some components, e.g. nitrogen, the upper end of the interval will 
then exceed 100%. This has no physical meaning, but it is an effect of the broad 
intervals of solid waste composition used in the calculations. For the argument, the 
lower end of the intervals are of greater interest. 

3.2.2 	Estimation of  LIS  ratios to leach a certain portion of content in the solid waste 

A better control of the pollution distribution from a landfill would most probable be 
achieved if the time could be shortened. In other words - there is a need for enhanced 
stabilisation. It may be possible to enhance the degradation at acidogenic as well as at 
methanogenic conditions. Here some differences between the required time for 
stabilisation at the two degradation phases will be discussed. 

L/S ratios related to MSW being leached to 80% (mentioned as stabilised below) are 
shown in table 5. Some comments need to be made about the content of this table, which 
is based on the lab scale data: 

• Organic material will be stabilised at a lower L/S in a methanogenic landfill than 
in an acidogenic. 

• Nitrogen release does not differ much between the different degradation states. 
• Phosphorous will be stabilised at a lower L/S in an acidogenic landfill. 
• Metals, in general, need high L/S ratios to be stabilised. 

The method of calculation of the required L/S is based on the assumption of constant 
concentrations after the actually measured period. This will lead to an underestimation 
of the required L/S to achieve 80% leached material. The presented L/S ratios can 
therefore be seen as a lower limit values for achieving a stabilised landfill. The L/S 
required to reach a stabilised landfill depends on many factors, e.g. the particle size of 
the waste, but for most cases it can be expected to be considerably higher than the 
values presented in table 5. 
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Table 5. 	LIS  ratios required to achieve 80% reduction of the components in MSW. 
Data from lab scale experiments. 

Substance Methanogenic 

degradation 

Acidogenic 

degradation  

N 12  -  76 8-53 

P 39-1220 4-18 

VS 36-49* 104  -  159 

Fe 24  -  59 

S 7-52  

Cr  101  -  56 200  

Cu  3 310  -  90 480 

Ni 17  -  60  

Pb  13 540  -  327 000  

Zn  20-102  

* 90% of VS emissions are calculated as gas emissions. 

The differences between times required for stabilisation, especially for the relation 
between organic material, nitrogen and phosphorous (C:N:P), can cause effects on 
leachate treatment and also the ability for continued degradation in the landfill. At 
acidogenic conditions there will be a faster leaching of nutrients compared to organic 
material. The organic content of the leachate might need a biological treatment. This 
can be difficult to achieve because of a lack of nutrients for this kind of treatment. At 
methanogenic conditions there will most likely be an excess of phosphorous when 
nitrogen and organic material have been stabilised. Consequently it could be most 
optimal (for the ratios C:N:P in the leachate) to have a certain period with acidogenic 
leaching followed by methanogenic leaching. At what L/S ratio the switch between the 
degradation phases should occur can not be determined from the available data. 

The  LIS  required for stabilisation of metals are generally very high. The required  LIS  
at methanogenic conditions can be expected to be even higher than the ones for 
acidogenic conditions, with some exceptions as discussed above. 

After organic material and nutrients like nitrogen and phosphorous have been leached 
there will still be a large pollution potential from metals and other elements left in the 
waste. At this stage it is likely that oxygen can penetrate into the landfill and the 
oxidation phase will start. The oxidation may cause a metal concentration peak in the 
leachate (Mennerich 1984), that will create a need for metal removal from the leachate. 
When this will happen is difficult to predict. To create a more controlled situation two 
alternative approaches to deal with the potential metal leaching could be: 

• to keep the landfilled waste reduced 

• to enhance the oxidation and leaching of the metals 
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The benefits of the different strategies will depend on local conditions. If it is possible 
to maintain a reduced environment, e.g. by raising the ground water table, this is 
probably the most convenient choice. If not, enhanced leaching of a dominant part of 
the metals in a short period of time could be necessary. This could be done with forced 
aeration of the landfill, perhaps using the gas collection system for air distribution. For 
a long term passive leachate treatment it will be necessary to create reduced 
downstream environments where metals can be retained. 

4 . 	CONCLUSIONS 

There is a significant difference between acidogenic and methanogenic leachate. Most 
substances occur at higher concentrations in acidogenic leachate than in methanogenic. 
This behaviour is typical for organic material, nutrients e.g. nitrogen and phosphorous 
and most elements. For some metals an opposite behaviour has been seen. These metals 
were lead (Pb), copper (Cu), barium  (B  a) and to some extent aluminium (AI). A 
possible explanation is the formation of and adsorption to aluminium hydroxide. This 
fits with adsorption orders found previously and with correlations between 
concentrations of aluminium and the mentioned metals. 

Leachate concentrations can reach down to discharge limits at rather low L/S (liquid to 
solid) ratios. A minimum level for most substances will be just below L/S 10. This 
usually corresponds to a considerable time, depending on the amount of waste per area 
of the landfill and the infiltration rate. When no enhancement of stabilisation is used, it 
can be expected to take several hundreds of years. This means that active leachate 
treatment need to be supplemented with passive treatment systems. 

The performance of a passive leachate treatment will probably gain if the stabilisation 
of MSW is enhanced by an acidogenic degradation followed by a methanogenic 
degradation. The ratios C:N:P in the passive phase leachate could then possibly be kept 
within limits fitting for biological polishing. 

The control of the high pollution potential of metals left in the landfill after leaching of 
organic material and nutrients needs to be addressed. Either the landfill should be kept 
reduced, e.g. by flooding the landfill, or the oxidation and leaching should be enhanced. 
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