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Despite national recycling campaigns, the amount of municipal solid waste (MSW) to be treated remains
very important in France with almost 39% of the waste produced going to landfills. Therefore with the
increasing concern over sustainable development and energy valorization, it seems essential to opti-
mize current treatment methods and develop new preparation techniques of the waste. Nevertheless an
important first step to take into account is to evaluate the waste using a different method than biogas
production. In this perspective, the leaching test (LT) could be used as a tool to evaluate the ability of
a waste to mobilize organic and mineral compounds. This research aims at optimizing a leaching test
protocol mainly adapted to organic waste in order to be used on MSW to assess the fractions of both fast
unicipal solid waste

eaching test
rganic matter
ractionation

and slow mobilized organic matter. Several leaching tests have thus been implemented, optimized and
compared in terms of accessible organic matter in the waste. Results have shown that the test conditions
have a great influence on the mobilization of pollutants. The duration of the test affects mainly the quan-
tity and quality of organic molecules extracted. The renewal of the eluent does not properly simulate the
conditions of a landfill. The results would be used to assess the performance and the efficiency of new
ways of waste pretreatment.
. Introduction

Municipal solid waste (MSW) production is estimated at
50 kg/year/person in France. In 2006, 26 million tons of MSW were
roduced and 39% were landfilled [1]. MSW landfilling remains
ne of the most common waste treatment processes and the final
tage of the integrated waste management scheme. Nevertheless,
andfills could be sources of toxic pollutants, produced through
he leachate and the biogas. Thus, landfills can present a potential
nvironmental threat over several years. Thus in this perspective,
he French legislation requires the monitoring and treatment of
eachate and biogas produced in landfills. In addition to that, new

aste management strategies are being actually imposed at the
uropean level such as the European Directive of April 26, 1999

99/31/EC). This directive requires the reduction of the amount of
iodegradable waste before landfilling. To answer such directives,
arious procedures could be available among which is waste pre-
reatment appears; the control of this phase is achieved through
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knowledge and characterization of the easily biodegradable organic
matter [2].

To sum up, waste characterization is essential whether the
objective is to provide information on what could be released from
the waste into the leachate during the process of biodegradation or
to suggest a waste pretreatment that better fits the waste profile.

In a waste, there are mineral (inorganic) and organic fractions
that are of interest and that require characterization. The inorganic
fraction comprises major mineral compounds in ionic form (Ca2+,
Mg2+, Na+, K+, NH4

+, Fe2+, HCO3
−, Cl−, SO4

2−) as well as other
compounds such as borates, sulphites. The other fraction is the
organic matter (OM). This latter consists of a complex and het-
erogeneous matrix that can be mobilized in soluble forms through
the leaching process. On site, this OM matter is mainly transferred
to the leachate during the degradation process. Thus, it under-
goes various transformations which make it a relevant indicator
of the different stages of degradation and stabilization of the waste
[3]. In a landfill, the evolution of the organic matter is relatively
complex and highly dependent on the environmental conditions

(humidity, temperature, etc.). This degradation always involves
the production of carbon dioxide (CO2) and later mainly methane
(CH4).

Despite this complex structure, organic matter can be classified
into three fractions [4]:

dx.doi.org/10.1016/j.jhazmat.2010.11.090
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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activity before analysis, all solutions are stored in glass bottles
at 4 ◦C and analysis are carried out promptly. Previous research
has shown that during storage the COD might show a decrease
of approximately 9% in 15 days [15]. Thus, tests were performed
within 24 h in triplicate.

Table 1
Composition of municipal solid waste.

Composition % (dry weight)

Organic waste 15.8
Paper/CARDBOARD 26.9
92 A. Parodi et al. / Journal of Haza

Simple compounds easily biodegradable and identifiable by
specific analyses (carbohydrates, fatty acids, amino acids and
alcohols, etc.).
Humic-like substances, which include humins, humic-like acids
and fulvic-like acids, are relatively rich in carboxylic and hydrox-
ylic groups.
Non humic-like substances generally called hydrophilic acids.

Humic-like acids are characteristic of a high humification stage;
hey are composed of high aromatic character which has required
dditional extraction protocols. One technique is adsorption on
oth ion exchange resins and non ionic macroporous resins that is
uccessfully used in natural media (aquatic or soils) and applicable
o leachate [5]. For this study, the organic matter is character-
zed by fractionation according to the hydrophobic character of the

olecules carried out using XAD and DAX resins.
In fact, several methods are available for laboratory tests in order

o determine this type of leached pollution: column experiments,
atch tests, tank tests or extractions [6,7]. However, depending on
he method employed, the results of the experiments are difficult to
ompare [8,9]. The parameters applied often fail to reflect natural
onditions and do not apprehend correctly the potential of degra-
ation of the waste. Leachability depends on a number of physical
arameters (homogeneity, particle size, porosity, permeability of
he solid phase, contact time between the liquid and solid phases,
nd temperature), as well as parameters such as the pH value, redox
onditions, chemical reaction kinetics and complexation with other
onstituents [10].

Batch tests are generally appropriate for the investigation of
eaching behavior of inorganic compounds [10]. Some studies used
atch tests to determine the quantity of pollutants able to be

eached by a stabilized waste [11]. These types of tests do not take
nto account the biological phenomena which can constitute a lim-
ting factor for estimating certain pollutants that evolve during the
hases of degradation [12].

In this perspective, leaching test (LT) can thus be used to eval-
ate the solubilisation of pollutants [12] and the follow-up of the
volution of the organic matter fraction. Test results are mainly
sed to answer questions such as: How much of the total content
f a pollutant can be released in leaching processes? What is the
ime-dependent release from the material by equilibrium or diffu-
ion controlled leaching? What changes will the material undergo
ith time by atmospheric impact or by leaching? [13]. In particular,

t has been proved that the type of pollutant leached depends on
he optimization of the liquid/solid ratio, the agitation, the sowing
nd the temperature [14].

Nevertheless, this test has often been criticized on its reliabil-
ty and its ability to reproduce in situ conditions. The standard
N12457/1-4 suggested a liquid/solid (L/S) ratio based on the parti-
le size but neither the contact times nor the frequency of renewal
f the extracting solution were provided. This test has been devel-
ped mainly for inorganic compounds. It does not take into account
he specific characteristics of organic compounds or the conse-
uences of a process of microbiological degradation. In fact, the
uropean legislation calls for this type of test to determine the
cceptability of a waste in landfill.

Therefore, this research aims at evaluating mainly the organic
atter released during the several leaching tests in order to opti-
ize leaching test protocol. In parallel, mineral compounds are

nalyzed to confirm that their evolution is not indicator of a state
f degradation. Leaching tests were conducted with a reconsti-

uted standard French waste. The analytical follow-up that provides
he characterization of the biodegradable and refractory fractions
f the organic matter mobilized in the liquid phase is presented.
he quantities of pollutants obtained by each leaching protocol are
ompared and discussed taking into account the conditions applied
Materials 186 (2011) 991–998

to each type of test. In a context of waste treatment processes, these
results could be used to assess the performance of either anaerobic
digesters or landfills of both untreated and pretreated waste.

2. Experimental study

2.1. Waste composition

Reconstituted municipal solid waste (MSW) shredded at 20 mm
is used to simulate a typical French waste (Table 1). The composi-
tion is based on the results of a national sorting campaign carried
out in France [1]. This reconstituted MSW has 33 ± 3% of mineral
content and 67 ± 3% of organic matter content [1] and has not been
degraded before its using for test.

2.2. Leaching test procedure

Leaching tests were carried out with a liquid/solid (L/S) ratio
of 10 during different durations with and without liquid renewal.
The L/S ratio of 10 is chosen after previous study (not presented
here) and is expected to promote appropriate contact between
the waste and the eluent [3]. Distilled water is used as the elu-
ent (pH = 5.8; resistivity = 18.2 M� cm) to achieve the leaching of
the stored pollution. Practically, 100.0 ± 0.1 g of dry reconstituted
waste are mixed with 1.00 ± 0.01 L of distilled water. The mixture
is agitated on a horizontal shaking system at 150 rpm. All experi-
ments were carried out at ambient temperature (20 ± 1 ◦C) in 2 L
glass bottles.

In total, 3 tests are performed:

(1) Leaching during 24 h corresponding to normalized operating
conditions (EN 12457/1-4) completed by a leaching test of 336 h
without eluent renewal and with sampling (5 mL) of the liquid
phase every 24 h.

(2) Leaching test with eluent renewal every 24 h during 336 h. At
each renewal, the volume of distilled water added is equal to
that of leachate recovered.

(3) Leaching test during 120 h with liquid and biogas analysis every
24 h without eluent renewal.

In order to have a representative sample in each bottle, an
important amount of waste properly shredded and mixed was first
prepared from which the smaller samples were taken. Thus, a rig-
orous quartering is done in order to have a homogeneous sample.
The leaching tests were conducted in triplicate.

2.3. Analytical procedure

The liquid fraction is separated from the solid fraction by cen-
trifugation at 10,000 g for 20 min. In order to limit any biological
Plastic 12.7
Glass 19.1
Metal 5.6
Textile 4.9
Other 15.0
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.3.1. Liquid analysis
The liquid phase resulting from the LT is characterized follow-

ng parameters related to the organic content: chemical oxygen
emand (COD), dissolved organic carbon (DOC), biological oxygen
emand (BOD) and specific UV absorbance (SUVA index). The SUVA

ndex (the ratio of the UV absorbance to the DOC) is used to estimate
he aromatic character of the organic molecules [16].

All analyses of the liquid phase are realized after filtration
hrough a 0.45 �m cellulose nitrate filter. DOC measurements are
arried out using a TEKMAR DOHRMANN (model Apollo 9000) car-
on analyzer. COD is measured using the closed reflux colorimetric
ethod (NFT 90-101). UV 254 nm is measured using a doubled-

eam spectrophotometer (SAFAS mC2) with 1 cm-long quartz cells.
OD has been carried out during 5 days using Oxitops® made by
TW (standard NFT 90-103) with inoculation by treated wastew-

ter. In addition to the conductivity, the major ions (Cl−, Na+, K+,
O4

2−, PO4
3− or NH4

+) are quantified by ionic chromatography
DIONEX DX-120). Results are presented in cumulated amounts
elative to the dry matter (DM) of waste.

.3.2. Organic matter fractionation
Organic macromolecules are characterized by fractionation

ccording to the hydrophobicity [17]. This fractionation follows the
ethod used for natural water and applied to leachate [17–19].

he fractionation protocol is based on the polarity of the molecules
nd leads to distinguish between different classes of compounds
hat are more or less hydrophobic. Because it uses non-ionic resins
n series (DAX-8, acrylic nature, slightly polar and XAD-4, styrene-
ivinylbenzene type, non-polar). The characteristics of these resins
o not change during the degradation.

In the first stage of the protocol, the sample is filtered through a
.45 �m cellulose nitrate filter to eliminate humins which are insol-
ble at any pH. In the filtrate, organic macromolecules like humic
cids, sugars or proteins are precipitated at pH 2 (C*) with a 37% HCl
olution. The sample is later filtered through a 0.45 �m membrane
o remove the precipitated humic-like acids (C*) and the second
ltrate is fractionated according to the hydrophobic character of
rganic molecules. Two resins are used to separate the remaining
rganic matter fractions into three distinct families of which the

tructure is not well defined: hydrophobic-like substances (HPO*),
ransphilic-like substances (TPH*) and hydrophilic-like substances
HPI*). The HPO* are adsorbed on the DAX-8 resin, then the TPH*

re adsorbed on XAD-4 resin and the HPI* remain in the liquid
hase. The relative concentration of each fraction was quantified

Fig. 1. Experimental results of the evolution o
Materials 186 (2011) 991–998 993

by measuring the DOC. The volumes of resin and sample used are
respectively 5 mL and 156 mL and the percolation flow is fixed at
50 mL/h [18].

This method of OM fractionation is thus indicative of the waste
transformation by showing the evolution of the different organic
fractions remobilized in the leachate. Indeed, the degree of humi-
fication is correlated with the state of waste degradation [17].

2.3.3. Gas analysis
During the leaching test (3), gas analysis is carried out in order

to estimate any possible biodegradation activity. On a daily basis,
the volume of the gas produced is measured by moving the volume
of water in a reversed test-tube (precision ± 0.2 mL). The quality of
the biogas (N2, O2, CO2 and CH4) is determined using a gas chro-
matograph (Girdel Serie 30 with catharometer detection).

3. Results and discussion

3.1. Influence of leaching test duration on the mobilization of
compounds

French legislation requires a period of 24 h of leaching for munic-
ipal solid waste. However, according to several authors, a period of
24 h is too short because it does not extract a sufficient and repre-
sentative quantity of compounds initially present in the waste [20].
The duration of the leaching should be long enough to allow the
establishment of a chemical equilibrium. Moreover, the influence
of reaction kinetics cannot be adequately assessed during this lim-
ited test time [10]. Thus, the impact of contact time is determined
by varying it from 24 to 336 h in order to determine its influence
on the mobilization of organic molecules of the solid phase to the
liquid phase (Fig. 1).

At 24 h of leaching approximately 50% of the amount of organic
compounds is mobilized into the solution compared to that after
336 h (Fig. 1); respectively 9.4 ± 1.6 g C/kg DM and 22.8 ± 2.3 g
O2/kg DM for DOC and COD. An important quantity of mineral com-
pounds is also leached in 24 h, about 8.3 g/kg DM of total ions. These
results are characteristic of a fresh waste [21]. Between 24 and
336 h of leaching, the evolution of both the DOC and the COD is

divided into 3 stages. A modeling of the behavior of the COD during
the leaching is shown in Fig. 2. During the first 120 h of leaching
(part I), the amounts of DOC and COD increase at a rate of 0.11 g
O2/kg DM/h for the COD (Fig. 2). In part II, a chemical equilibrium
seems to be established in the solution; the release of both DOC

f DOC and COD during 336 h of leaching.
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Fig. 2. Equation modeling phases of COD during 336 h of leaching.

Table 2
SUVA index values for leaching test without renewal (L/cm/g C).

a
l
b
t
n
fi
s
l
t
t
p

h
m
l
v
h
l

Leaching test 24 h 48 h

Without renewal 7.9 ± 0.1 7.7 ± 0.1

nd COD is very weak (less than 3 g O2/kg DM). In fact, a sufficiently
ong contact time of eluent with waste can lead to an equilibrium
etween the pollutant content in the solid matter and its concen-
ration in solution; in other words additional mass transfer does
ot takes place [10]. Nevertheless, this equilibrium can be modi-
ed by a biological activity. Beyond 240 h of leaching (part III), a
trong mobilization of organic matter is observed. It could be very
ikely due to the presence of microbial activity in the solution. The
ype of organic molecules extracted is also influenced by the con-
act time between the solid and liquid phases (Fig. 3). Results are
resented in percentage of each organic fraction.

After 24 h of leaching, the organic matter extracted is still weakly
umified. The molecules are mostly hydrophilic. Hydrophilic
olecules generally have a low aromaticity which is reflected by a
ow SUVA index: 7.9 ± 0.1 L/cm/g C (Table 2) [17]. The SUVA index
aries between 5 and 10 L/cm/g C for a leachate containing low
umified organic compounds but it can reach 100 L/cm/g C for a

eachate with mainly hydrophobic compounds [17].

Fig. 3. Fractionation of the organic matter in the l
120 h 240 h 336 h

7.6 ± 0.1 6.3 ± 0.1 5.0 ± 0.1

Organic compounds like C* that are highly present after 24 h
of leaching are replaced by organic molecules with a less impor-
tant degree of humification (Fig. 3). This result is confirmed by the
decrease in the SUVA index (5.0 ± 0.1 L/cm/g C).

The results obtained after 24 h of leaching provide information
on compounds quickly mobilized depending on the composition of
the waste. After 120 h of leaching, the transfer from the solid to the
liquid phase is weak as both the DOC and the COD do not increase
significantly. Thus, an equilibrium state is reached. After 240 h of
leaching, the evolution of the above parameters (COD and DOC)
reflects the beginning of a biodegradation under anaerobic condi-
tions (Fig. 1). Thus, the presence of methanogenic microorganisms
can be underlined by a detection of CH4 in the biogas produced.
Actually, the organic matter has evolved in the solution between

24 and 336 h; compounds have become more hydrophilic. Initial
molecules like C* (9.7%) corresponds to easily biodegradable matter
like sugars or proteins [17]. Therefore, they have been easily con-
verted into HPO* and HPI* in solution by specific microorganisms.

iquid phase after leaching without renewal.
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Fig. 4. Evolution of DOC during 336 h of leach

he amount of mineral species leached increases with the contact
ime but these mineral species are not indicators of the degrada-
ion of the waste because they will not depend on the activity of

icroorganisms. Their presence in the leachate is mainly due to
ashing and not to biodegradation [22].

.2. Impact of the eluent renewal on the mobilization of
ompounds

Renewing the eluent should provide an estimation of the waste
aximal release capacity. The use of distilled water will leach the
aximum compounds without saturating the solution. An impor-

ant amount of oxidizable organic matter is leached during the first
renewals (Figs. 4 and 5).

This organic matter corresponds to the quickly and easily mobi-
ized fraction (hydrosoluble). In fact, the residual organic matter
emains constant after 14 renewals and represents respectively
5.2 g C/kg DM and 37.9 g O2/kg DM in terms of DOC and COD. For

he same time of leaching, the protocol without renewal can extract

ore organic matter; respectively 22.9 g C/kg DM and 51.6 g O2/kg
M in terms of DOC and COD after 336 h of leaching.

Organic compounds like HPI* are released in the first renewals
Fig. 6). These compounds disappear in favor of molecules with a

Fig. 5. Evolution of COD during 336 h of leaching w
ithout or with renewal of solution every 24 h.

more important degree of humification like TPH* or HPO*. Humic
substances like C* are present starting from 24 h of leaching (20.5%).
This proportion of C* is a high value for a liquid phase resulting from
a leaching of a fresh waste. These molecules are not really humic-
like substances but substances which present the same properties
by the means of the protocol of extraction [17]. The degradation
of organic biopolymer and anthropogenic compounds can gener-
ate compounds comparable to humic substances [17,23]. These
molecules correspond to easily mobilized compounds like carbo-
hydrates, volatile fatty acids, sugars or proteins [17]. Moreover,
the SUVA index increases with the time of leaching reflecting the
presence of organic molecules with increasing aromaticity; respec-
tively 8.2 ± 0.2 L/cm/g C and 13.9 ± 1.2 L/cm/g C for 24 and 336 h of
leaching (Table 3).

In a leaching test with renewal, only 3–4 days are sufficient
to extract a significant amount of organic matter. The repeated
leaching solution causes the release of more aromatic organic com-
pounds. The transfer of these organic molecules into the solution is

forced by the renewal without complying with the chemical equi-
librium of the system.

These conditions of renewals are similar to those obtained in
a passive aerobic treatment of waste because waste is in constant
contact with oxygen. Without renewal, anaerobic conditions (with-

ithout or with renewal of solution every 24 h.
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Fig. 6. Fractionation of the organic matter in the liquid phase after leaching with renewal.

Table 3
SUVA index values for leaching test with renewal (L/cm/g C).

o
c
c
w
t

3
o

c
t
t
m
c
t

Leaching test 24 h 48 h

With renewal 8.2 ± 0.5 9.8 ± 1.2

ut oxygen) are more representative of those of a landfill. Prolonged
ontact with an unsaturated solution can also simulate the leaching
onditions of landfill. The proportion of organic matter mobilized
ith renewal is weaker than in the test without renewal where

here is high biological activity.

.3. Comparison of leaching test protocol and proposition of an
ptimal leaching test protocol: 120 h without renewal

This study helps in determining the influence of liquid/solid
ontact time on the mobilization of molecules from the solid to

he liquid phase. The saturation of the eluent is expected with
he establishment of an equilibrium state. A compromise between

aximum mobilization and minimum biodegradation should be
onsidered. Moreover, in view of the objective of this leaching test,
he establishment of a renewal of eluent does not seem necessary.

Fig. 7. Evolution of biogas composition in
120 h 240 h 336 h

10.3 ± 0.1 12.7 ± 1.0 13.9 ± 1.2

A period of 120 h of leaching appears suitable for the require-
ment of minimum degradation. No marked differences between the
composition of the organic matter between 24 and 120 h are high-
lighted. The compounds that are mobilized are good indicators of
what is leached. This period of leaching also appears adapted to a
maximum mobilization with a low biodegradation. Results show
that 21.81 ± 1.19 g C/kg DM of organic matter are extracted in the
form of DOC in 120 h of leaching. This organic matter does not corre-
spond to humic-like macromolecules substances; a high proportion
of hydrophilic compounds HPI* is leached (64.1 ± 1.9%).

Another test (without eluent renewal) is performed to val-
idate this period of 120 h. Leaching tests are realized with a

leaching time of 24–120 h with measurement of biogas and liq-
uid phases every 24 h. For this test, the evolution of the organic
matter reflects the beginning of the biodegradation that was
accompanied by a production of biogas under anaerobic conditions
(Fig. 7).

O2 and CO2 during 120 h of leaching.
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Fig. 8. Evolution of BOD5 of liquid phase obtaine

Without renewal, the evolution of the gas phase is character-
zed by a decrease of O2 content and a production of CO2 (until
0.11 ± 0.02%) which indicate the establishment of microbial activ-

ty under anaerobic conditions. It is important to note that with
luent renewal no biodegradation is observed in the solution.
n fact, the eluent is distilled water which stops and/or reduces
he biological activity. In addition to that, renewing the liquid
hase washes out the microorganisms present in the solution and
aintains aerobic conditions because bottles are opened for each

enewal. Only the microbial flora attached on the surface of the
aste is possibly maintained.

Furthermore, the beginning of this production of biogas in
naerobic conditions is correlated to the decrease of BOD5 mea-
ured in the liquid phase (Fig. 8). The BOD is performed during 5
ays on all the liquid phases: after 24 h, 48 h, 72 h, 96 h and 120 h
f leaching test. The value of the BOD5 is used to estimate the
iodegradability of the liquid phase and then can determine the
iodegradability of compounds leached during the test. The BOD
epresents the organic matter available to microorganisms. Defin-
ng the type of the organic matter (biodegradable or refractory)
resent is essential to evaluate the environmental impact.

During the first 48 h of leaching, the values of BOD5
13.17 ± 0.24 g O2/kg DM) reflect the presence of biodegradable
ompounds in the solution. Later BOD5 decreases (13.15 ± 1.65 to
.99 ± 0.42 g O2/kg DM). This evolution of the biodegradability of
he organic matter is consistent with the type of organic molecules
resent in the solution.

. Conclusion

A leaching test can be used to simulate the leaching phe-
omenon occurring in landfill. The leaching potential estimated
y leaching test depends on several factors related to solid, liq-
id or experimental procedure applied. Based on the type of
he leaching test, the mobilization of the OM, the type of com-
ounds to be quickly dissolved and their ability to be degraded
nd to produce biogas can be evaluated. The leaching behavior
f organic compounds is mainly controlled by dissolution and/or
orption/desorption processes related to the presence of dissolved

rganic matter [10].

In this study, 3 types of leaching tests were tested. The results
ave shown that in view of the objective of this leaching test, the
stablishment of a renewal of eluent does not seem necessary. For
same duration (336 h), the proportion of organic matter mobi-
r 24 h, 48 h, 72 h, 96 h and 120 h of leaching test.

lized with renewal (15.2 ± 1.6 g C/kg DM) is weaker than in the test
without renewal (22.9 ± 3.4 g C/kg DM) where there is high biolog-
ical activity. The organic matter easily mobilizable (24 h of contact)
is hydrophilic (low SUVA index) with an important potential of
biodegradation (BOD5 of 13.17 g O2/kg DM). Its evolution during
leaching indicates the presence of biological activity: consumption
of the more easily degradable compounds (decrease of BOD5).

An optimal leaching test was defined: duration of 120 h in batch
with a liquid/solid ratio fixed at 10 can be used to assess the mobi-
lization of organic matter and the type of compounds that can
be quickly mobilized. This L/S ratio of 10 is obtained by adding
100.0 ± 0.1 g of dry waste to 1.00 ± 0.01 L of distilled water. The
experimental setup is mixed with agitation on a horizontal shaking
system at 150 rpm. On a daily basis, determining the quality of the
gas produced in terms of O2 and CO2 can complete the test and help
observe the beginning of the biodegradation. In addition to that,
specific parameters like fractionation of organic matter according
to the hydrophobicity or evaluation of the SUVA index in the liquid
phase provide a typology of fractions readily mobilizable and non-
degradable. This test can help compare the behavior of the waste
and its ability to be degraded through the species mobilized into
the solution with a maximum of mobilization and a minimum of
biodegradation. Thus, the protocol defined can allow in a first time
to quantify the quantity of pollutant that could be mobilized. The
potential degradation of the waste may also be indicated through
the kinetics of biological activity.
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