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ABSTRACT: Ammonium removal from wastewater has been of considerable concern 
for several decades. This study focused on nitrogen removal by Ceratophyllum demer-
sum. Treatments included raw municipal wastewater (RMW), treated municipal waste-
water (TMW), and diluted fresh latex (DFL). Results showed the Ceratophyllum demer-
sum reduced ammonium and nitrate more than 62% and 41.66%, respectively, from 
three treatments in the first six days of non-aeration. Results showed that in aeration 
conditions the concentration of ammonium and nitrate were increased in aquatic solution 
after a second and third six day period of aeration, because Ceratophyllum demersum 
uptake 100% of lead from solution.

INTRODUCTION

ONE of the most well-understood consequences 
of human pollution associated with the environ-

ment results from eutrophication [8,17]. Nitrogen (N) 
contained in agricultural effluents and industrial waste-
waters are mainly responsible for eutrophication [41]. 
Ammonium nitrogen is one of the essential nutrients 
that can lead to water eutrophication when present in 
excess amounts [28]. 

There are many different kinds of human activi-
ties that generate wastewater with large quantities of 
ammonium: petrochemical, pharmaceutical, fertilizer 
and food industries, leachates produced by urban solid 
waste disposal sites, and waste from pig farms. Dis-
posal of this type of waste is a serious environmental 
problem because free ammonia, diluted in water, is one 
of the worst contaminators for aquatic life [10].

The main problem with biological treatment of high 
strength industrial wastewater is that high concentra-
tions of ammonium, or nitrite, inhibit nitrification [2]. 
Biological nitrification-denitrification is the most com-
mon process for nitrogen removal from wastewater 
and especially for municipal wastewater. The nitrifica-
tion process involves biological oxidation of ammonia 
(NH4-N) to nitrite (NO3-N) by two genera of autotro-

phic bacteria. This process is simultaneous with the 
removal of biodegradable organic compounds such as 
biochemical oxygen demand (BOD) and chemical oxy-
gen demand (COD) by heterotrophic bacteria [4,5,21]. 

Nitrifying bacteria have specific growth rates much 
slower than heterotrophic bacteria in activated sludge 
processes. Nitrifying bacteria are also very sensitive to 
factors such as pH because of modification of the acid–
base equilibrium, temperature, and toxic compounds 
including both heavy metals and xenobiotic organic 
chemicals [9,16,24].

Lead (Pb) is a major pollutant in both aquatic and 
terrestrial ecosystems. In many forest ecosystems in 
Europe and North America Pb has accumulated to high 
levels [12,26]. Uptake of mineral nutrients has been 
shown to be depressed by Pb. In Phaseolus vulgaris, 
Pb treatment lowered the Zn level in leaves. In Cucu-
mis sativus seedlings, Pb decreased the uptake of K, 
Ca, Mg, Fe, and NO3 [6,7], and in Zea mays the uptake 
of Ca, Mg, K, and P [44]. 

Nitrate ( )NO3
−  contamination of groundwater is a 

worldwide problem. Nitrate in drinking water is regu-
lated by environmental agencies around the world. A 
high concentration of nitrate may cause health prob-
lems (methanoglobanemia) in infants.

Nitrate contamination of aquifers is often linked to 
agricultural (chemical fertilizer, manure, and animal 
feed lots) and nonagricultural (wastewater and solid 
waste disposal) sources [39,45].*Author to whom correspondence should be addressed.  
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Most nitrogen in domestic wastewater is the product 
of our eating habits and food preparation, body exu-
dates washed off in the bath or shower, and products 
washed from clothes. Cleaning chemicals also contrib-
ute organic compounds in varying amounts. These or-
ganic compounds require microbial activity to degrade 
them [35].

Biological [27] and physicochemical treatment 
methods are conventionally used strategies for ammo-
nium nitrogen removal. The biological process is eco-
nomical for wastewater treatment, but it is often not 
effective for high concentrations of ammonium nitro-
gen removal due to a shortage of carbon sources for 
denitrification. Various methods of physico-chemical 
processes can be applied to treat high concentrations 
of ammonium nitrogen such as air stripping [30], ion 
exchange [20], membrane separation [36], and chemi-
cal precipitation [15,38,50].

Submerged aquatic vascular plants are known to 
absorb nutrients such as nitrogen (N) and phosphorus 
(P) and far in excess of their normal metabolic require-
ments [48]. Thus, considerable amounts of nutrients 
can be stored in plant dominated littoral areas of aquat-
ic ecosystems. Nutrient uptake and storage by aquatic 
plants is an integral part of the biogeochemical cycle 
of both natural wetland ecosystems [32] and treatment 
wetlands [22,37]. Because some species of submerged 
aquatic vegetation assimilate nutrients directly from 
the water column, this community may play an impor-
tant role in maximizing nutrient removal for treatment 
wetlands [14].

Iamchaturapatr et al. (2007) researched nutrient re-
movals for 21 aquatic plants and said that aquatic plants 
could remove nitrogen and phosphate from wetlands. 
Additionally, the physiology of plants such as height of 
plant and the shape of leaves also affect overall nutri-
ent removals in aquatic plant treatment systems.

Ceratophyllum demersum is a completely sub-
mersed plant and commonly seen in ponds, lakes, 
ditches, and quiet streams with moderate to high nu-
trient levels [19]. It does not produce roots. Instead it 
absorbs all the nutrients it requires from the surround-
ing water. When growing near the lake bottom it will 
form modified leaves which it uses to anchor to the 
sediment. However, it can float free in the water col-
umn and sometimes forms dense mats just below the 
surface [25].

C. demersum (Coontail or hornwort) an aquatic 
plant that may absorb high concentrations of most of 
the elements such as phosphorous and nitrogen from 
solutions in non-aeration conditions [11]. 

The aims of current study are (1) to investigate max-
imum nitrogen absorption by C. demersum during two 
different conditions, non-aeration during 18 days and 
aeration during 18 days immediately following non-
aeration and (2) to investigate absorption capacity of 
nitrogen in aeration conditions after non-aeration con-
ditions by C. demersum. 

MATERIALS AND METHODS

Ceratophyllum demersum is an aquatic plant found 
in rivers. These aquatic plants were collected from 
the Zayandehrud River located at Esfahan-Iran in the 
spring season. Plants were thoroughly washed with 
tap water to remove any sediment particles attached to 
their surfaces and then were placed in three treatments 
with four replications. These three treatments includ-
ed monocultures raw municipal wastewater (RMW), 
treated municipal wastewater (TMW), and diluted 
fresh latex from industrial compost of Esfahan (DFL). 
They were poured into three pots with 4 replications 
(volume 6 L). Each microcosm was planted with 100 g 
(fresh weight) of C. demersum. The air temperature at 
Khorasgan University during this study was between 
28 and 32°C. However, the temperature of wastewa-
ter plants were located in was between 24 and 26°C. 
Experiments were performed in an outdoor area under 
natural daylight for 18 days of non-aeration conditions 
and after the 18 days with aerated conditions. Losing 
volume from each pot due to evapotranspiration was 
compensated by adding distilled water to the original 
level every 6 days of the period. After 18 days non-
aeration, samples for the three treatments and sub-
merged plants were collected and parameters such as 
macronutrients in solution and plants were measured 
at the laboratory. Preliminary tests were accomplished 
for the three treatments (TMW, RMW, and DFL) at the 
beginning of the experiment and after 18 days of non- 
aeration conditions (Table 1).

After the first experiment which took 18 days of 
non-aeration conditions, air circulation was added to 
create an aeration condition for all treatments. The new 
experiment continued like the first experiment for 18 
days. Samples were collected 4 times over an 18-day 
period, on days 0, 6, 12, and 18. At the end of the first 
experiment C. demersum was sampled for measuring 
absorption of macronutrients such as nitrogen. Nitrate 
and ammonium of samples were measured according 
to standard methods [23].

Collected plants were thoroughly washed in dis-
tilled water and oven dried at 80°C. Dried plant mate-
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rials were powdered and wet digested in HNO3:HClO4 
(3:1, v/v) at 70°C [49]. Total Nitrogen (TN) was deter-
mined by the Kjeldahl digestion, distillation, and titra-
tion method [34].

All data collected was analyzed with the Statistical 
Package for the Social Sciences software (SPSS) (ver-
sion 16.0) and compared with Duncan’s multiple range 
tests.

RESULTS AND DISCUSSION

Table 1 shows results for the three treatments (TMW, 
RMW, and DFL) at the beginning and end of 18 days 
non-aeration.

Investigating NH4
+  and NO3

−−  Under Non- Aeration 
Condition 

Foroughi et al. (2010) explained that ammonium 
(NH4+)  and nitrate ( )NO3

−  were removed from waste-
water by Ceratophyllum demersum completely. C. de-
mersum accumulated high amounts of NH4+  and NO3

−  
in its tissues. Concentrations of ammonium and nitrate 
in solutions were reduced from all treatments in the 
non-aeration experiment after 18 days (Table 2). Ac-
cording to this table, maximum percent reductions of 
NH4+  and NO3

−  from the solutions were found after 
the first 6 day period. 

Performing the aeration experiment after the non-
aeration experiment for 18 days showed that percent 

reduction of ammonium and nitrate from solutions 
decreased. Unrooted submerged vegetation such as C. 
demersum require nutrient uptake from the water [33]. 
Tracy et al. (2003) showed that C. demersum is a nitro-
phile that can tolerate high nitrogen concentrations and 
has a very good removal effect on nitrogen in the water 
column. Aquatic macrophytes have been widely used 
to remove nitrogen from both wetlands and wastewater 
[29]. It has now been well documented in studies by 
Allen (1971), McRoy et al. (1972), Wetzel and Manny 
(1972a, b), and Wetzel and Allen (1972) that appre-
ciable amounts of dissolved organic matter (DOM), 
including soluble nutrients, are continuously being ex-
creted by living aquatic vascular plants. Indeed, certain 
researchers support the point of view that macrophytes 
can constitute an important part of the mechanism reg-
ulating the metabolism of an aquatic ecosystem [47].

Investigating NH4
+  and NO3

−−  Under Aeration 
Conditions 

C. demersum continued its life in aeration condi-
tions for 18 days after living in non-aeration condi-
tions. Results from the new conditions indicate that 
when all treatments were subjected to aeration condi-
tions, ammonium concentration of solutions continued 
to decrease for the first 6 days after the aeration experi-
ment (Figure 1). However, after 12 days and 18 days 
in the aeration experiment, all three treatments (TMW, 
RMW, and DFL) showed that concentrations of NH4+  
were increasing instead of decreasing (Figure1).

Figure 2 indicates variations of NO3
−  in all treat-

ments (RMW, TMW, and DFL) under aeration condi-
tions. Detection of NO3–N in the plant cultures indi-
cated that nitrification occurred in these treatments, 
whereby ammonia was oxidized to NO3–N by nitrify-

Table 1. Results of Three Treatments (TMW, RMW, 
and DFL) Under Non-aeration Conditions.

Parameters at the  
Beginning of Experiment

Treatments of Non-aeration  
Experiment

TMW RMW DFL

TP (mg/l) 4.48 13.68 1.2
NH4 (mg/l) 90 135 60
NO3 (mg/l) 60 60 90
Pb (mg/l) 0.58 0.59 0.58
COD (mg/l) 260 664 728

Parameters at the End of 
Experiment TMW RMW DFL

TP (mg/l) 0.53 1.15 0.21
NH4 (mg/l) 16.66 29.16 16.11
NO3 (mg/l) 26.19 27.5 25.55
Pb (mg/l) 0 0 0
COD(mg/l) 64.5 152.75 189.5
pH 7.83 7.9 7.52
TP =  total phosphorus, NH4 = ammonium nitrogen, NO3 = nitrate nitrogen, Pb = lead, 
COD = chemical oxygen demand.

Table 2. Ammonium and Nitrate Reduction for Three 
Treatments (TMW, RMW, and DFL) Under Non-

aeration Conditions.

Parameters

Ammonium Reduction (%) 

First 6 Days Second 6 Days Third 6 Days

RMW 62.96 55 33.33
TMW 69.44 54.54 20
DFL 62.5 40 1.26

Parameters

Nitrate Reduction (%) 

First 6 Days Second 6 Days Third 6 Days

RMW 66.66 26.66 9.09
TMW 41.66 38.57 6.97
DFL 69.44 13.45 3.57
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ing bacteria [42]. Evaluating the results of NH4+  and 
NO3

−  variations in treatments showed that the releas-
ing amount of NO3

−  in aquatic solution were higher 
than the releasing amount of NH4+  in aquatic solution. 
One assumption that may demonstrate why different 
amounts are released between NO3

−  and NH4+  is that 
nitrification converts ammonium to nitrate.  

Nitrogen Concentration in Plants Under  
Non-Aeration and Aeration Conditions 

Potential removal of nitrogen by plants depends 
upon growth rate and tissue nitrogen content. Nitrogen 
(N) content of plants varies. It depends on factors such 
as plant species, plant age, and the parts which samples 
are excised from the plants. Initial absorption tests to 
determine nitrogen by Ceratophyllum demersum under 
non-aeration conditions showed that this plant could 
absorb high concentrations of nitrogen from treat-
ments. However, after 18 days under aeration condi-

tions the capacity of C. demersum to remove nitrogen 
from aquatic solution declined (Figure 3). 

There are some assumptions that could explain 
why after 18 days of aeration C. demersum has a low 
uptake rate of nitrogen. Godbold and Kettner (1991) 
revealed that lead absorption by plant reduces uptake 
and transportation for some nutrients. Saygideger et al. 
(2004) indicated that particularly at a pH of 5.0 and 9.0 
reduction in the uptake and transportation of nitrogen 
to plants occurred. Another argument that could sup-
port this situation is the age of the aquatic plant. Young 
plants, rather than older ones, are efficient in removing 
nutrients. If plants were not harvested at an appropri-
ate time, nutrients from the plants leach back into the 
water [3]. 

CONCLUSIONS 

In this study, nitrogen was removed from all treat-
ments under non-aeration conditions. However, creat-
ing aeration conditions after non-aeration conditions 
indicates that concentrations of nitrogen in aquatic solu-
tion increased because aquatic plants released nitrogen 
into solution. Possible reasons  plants release nitrogen 
are (1) plants become old and nutrients from plants are 
leached back to solution and (2) in all treatments plants 
absorb high concentrations of Pb during the 18 days of 
non-aeration conditions that inhibit uptake of nitrogen 
during the 18 days of aeration conditions. At the same 
time, plants release small proportions of nitrogen into 
the solution causing higher nitrogen concentrations in 
solution. In conclusion, use of Ceratophyllum demer-
sum is one of the best biological methods for refining 
wastewater in a short time period with high efficiency. 
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ABSTRACT: The objective of this study was to evaluate the fate of infectious prions 
during various stages of municipal waste treatment. Specifically mesophilic (35°C) and 
thermophilic (50°C) anaerobic digestion of sewage sludge (biosolids) and lime stabiliza-
tion of Class B biosolids were evaluated. Standard scrapie cell assay which includes the 
ELISPOT (Enzyme Linked Immuno-Spot) reaction was utilized to quantitatively deter-
mine prion infectivity. A 4.2-log10 decrease was observed under mesophilic conditions 
after 21 days of digestion, while thermophilic digestion resulted in a 4.7-log10 decrease. 
When Class B mesophilically digested biosolids were treated with lime, a 2.9-log10 re-
duction of infectious prions was observed within the first two hours. Overall these results 
suggest that infectious prions are reduced significantly by either anaerobic digestion 
and/or lime treatment, and subsequent land application of biosolids is not a viable route 
of human exposure to prions.

INTRODUCTION

TRANSMISSIBLE SPONGIFORM ENCEPHALOPATHIES 
(TSE) are a group of neurological prion diseases of 

mammals which in humans include Kuru, Creutzfeldt-
Jakob disease (CJD), sporadic Creutzfeldt-Jakob dis-
ease (spCJD), and variant Creutzfeldt-Jakob disease 
(vCJD) [1]. In animals, TSE results in scrapie in sheep 
and goats, bovine spongiform encephalopathy (BSE) 
in cattle, and chronic wasting disease (CWD) affect-
ing deer, elk, and moose [1]. In the United Kingdom, 
vCJD was reported to cause an epidemic in the 1990’s 
transmitted by bovine spongiform encephalopathy pri-
ons [2]. Once vCJD is orally ingested by humans they 
can subsequently be seen in organs such as the spleen, 
appendix, tonsils, and eventually the brain after being 
adsorbed mainly through the Peyer’s patches of intes-
tines. [3,4]. Although research has identified a number 
of key details about prions since that time there are still 
many questions remaining about its resistance to treat-
ment processes, and its persistence in the environment. 
Prions have been reputed to be able to survive even 
the most extreme physical (e.g., irradiation, dry heat, 

and autoclaving) and chemical (e.g., acids, bases, al-
kylating agents, halogens, organic solvents, oxidizing 
agents, proteolytic enzymes, and more) means of disin-
fection [5]. Therefore, disease-causing prions, hereafter 
termed infectious prions and referring to any prion that 
is infectious, may still enter the food chain undetected, 
escaping barriers in place while subsequently expos-
ing humans to infectious prions. One route of exposure 
through which infectious prions may enter the food 
chain is through animal rendering and meat processing 
operations of raw wastewater that may contain prion 
infected cattle or sheep. There is also the possibility 
that urine and feces contaminated infectious prions are 
discharged into source water by animals [6–8]. Nichols 
et al. (2009) demonstrated the infectious prions could 
be detected at low concentrations in water runoff and at 
a water treatment facility.

At many wastewater treatment (WWT) facilities an-
aerobic digestion is a very common treatment method 
to reduce mass and volume of primary sludge and ac-
tivated sludge biomass production. However, recently 
it was reported that mesophilic anaerobic digestion did 
not sufficiently reduce infectious prion numbers due 
to the extreme resistant properties of infectious prion 
proteins [10]. Infectious prions have also been shown 
to be partitioned out into sewage sludge known as bio-*Author to whom correspondence should be addressed.  
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solids generated during treatment of domestic sewage 
[10]. Since biosolids are routinely applied to land for 
agricultural uses, this could be a potential route for hu-
man and animal exposure to infectious prions.

There are a limited number of studies that have 
explored infectious prions in wastewater sludge [10–
12]. Both Hinckley et al. (2008) and Kirchmayr et al. 
(2006) found that following mesophilic anaerobic di-
gestion there is a very small reduction, if any, of in-
fectious prions in activated sludge solids. On the other 
hand, samples under thermophilic conditions declined 
by 20–40% of initial values [11]. In contrast, Maluquer 
de Motes et al. (2008a) demonstrated in a regression 
model there should be a 90% reduction of infectious 
prions within 13 days at 20°C which is fifteen degrees 
lower than standard mesophilic digestion conditions. 

Once biosolids are produced, they can be land ap-
plied and thereafter mixed into the top layer of soil in 
an agricultural field or pasture situation. Studies have 
shown mobility of infectious prions depends on the 
soil matrix, and that mobility decreases as inorganic 
matter content increases [13–15]. Due to high affinity 
of soil for prions it has been proposed that soils may 
be an infectious prion reservoir [16]. These observa-
tions indicated there was a potential risk of infectious 
prion ingestion by animals or even humans in horizon-
tal transmission of TSE via land application of biosol-
ids posed by grazing or from eating crops from home 
gardens [17]. 

Gale and Stanfield (2001) conducted a quantitative 
risk assessment for infectious prions in sewage sludge 
concluding that exposure to humans through vegetable 
crops grown by biosolids was low at 1.32 × 10–9 infec-
tions/year. While this calculated risk to humans is ac-
ceptably low, risks to cattle are greater because they are 
exposed to soil over a longer time period during graz-
ing [18]. Though this risk assessment did not directly 
quantify the actual quantity of infectious prions found 
in wastewater sludge, it indicated possibility of waste-
water sludge becoming contaminated and ultimately 
creating a reservoir of contaminated land applied bio-
solids for livestock to ingest. However, more recently, 
Miles et al. (2011) utilized the standard scrapie cell 
assay for infectious prions to demonstrate a reduction 
of infectious prions within mouse brain homogenate 
in Class B biosolids. Specifically, a 99% reduction 
of infectious prions infectivity after 15 days at 37°C, 
and a 99.9% reduction after 10 days at 60°C were ob-
served. To further understand the fate of infectious pri-
ons in wastewater, the objective of this study was to 
quantitatively evaluate survival of infectious prions in 

wastewater during anaerobic digestion treatment under 
mesophilic and thermophilic conditions. Additionally, 
the influence of lime treatment of Class B biosolids to 
produce Class A biosolids was also evaluated. Unlike 
similar studies that assessed presence of prions qualita-
tively via immunochemistry or transmission of infec-
tious prions via animal bioassays, the standard scra-
pie cell assay was utilized to detect the infectivity and 
quantity of infectious prions in samples.

MATERIALS AND METHODS

Biosolid and Sludge Samples

Primary sludge and Class B biosolids were collected 
from the Ina Road Wastewater Treatment Plant locat-
ed in Tucson, Arizona. Total suspended solids (TSS) 
content was 3.7% and 7% of wet weight, respective-
ly. Anaerobic digested sludge samples were obtained 
from two different wastewater treatment plants. A me-
sophilic anaerobically digested sewage sludge sample 
was obtained from the Ina Road Wastewater Treatment 
Plant located in Tucson, Arizona. A thermophilic an-
aerobically digested sewage sludge sample was pro-
vided by Los Angeles County Sanitation District mu-
nicipal WWTP in Whittier, CA. Total suspended solids 
content of the sludge samples were 1.6 and 1.4% of the 
wet weight for mesophilic and thermophilic anaerobi-
cally digested sewage sludge, respectively. All samples 
were stored at 4°C before use.

Source of Infectious Prions

The Rocky Mountain Laboratory scrapie strain  
(PrPSc) adapted to the CD1 mouse is the source of infec-
tious prions used in this study [20]. The infected mouse 
brain was homogenized at 10% w/v with a phosphate 
buffer saline (PBS) at pH 7.4 on ice. It was passed 
through needles of decreasing sizes from 18, 20, 22, 
24, and 28 gauges. The mouse brain homogenate was 
aliquoted into 500 µL volumes and frozen at –80ºC. 
The mouse brain homogenate was a gift from Weiss-
mann lab Scripps Research Institute, Jupiter, Florida.

Extraction of Infectious Prions from Wastewater 
or Biosolids

Urea concentration and temperature of the extrac-
tion method from Miles et al. (2011) was further opti-
mized to 2 M urea at 70°C. Thereafter, the 1 mL or 1 g 
of sludge or biosolids containing infectious prions was 
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centrifuged at 8,000 × g for 7 minutes at room tem-
perature. The supernatant was removed and the sedi-
ment fraction was resuspended in 1 mL of 2 M urea 
(pH 9). Vials were vortexed and then heated at 70°C 
for 10 minutes. Samples were subsequently vortexed 
and centrifuged at 8,000 × g for 7 minutes at room tem-
perature. The supernatant was transferred to a pre-wet 
centrifugal filter device to remove urea and centrifuged 
at 3,500 × g for 15 minutes. Thereafter, 1 mL of PBS 
(pH 7.4) containing 10% of penicillin/streptomycin 
was added to the centrifugal filter device (Amicon Ul-
tra-15 10 kDa, Millipore, Billerica, MA). The centrifu-
gation step was repeated two more times. The superna-
tant was transferred to a 1.5 mL microcentrifuge tube 
and PBS containing 10% penicillin/streptomycin was 
added to adjust the total volume to 1 mL. Samples were 
stored at –80°C.

Survival of Infectious Prions during Mesophilic 
and Thermophilic Digestion

Mesophically digested and thermophically digested 
sludge were used as inoculants for the primary undi-
gested sludge. For each condition, 100 µL of 10% brain 
homogenate suspended in PBS was re-homogenized 
by passage through a 28-gauge needle and added to 10 
mL samples (7 mL primary sludge as substrate and 3 
mL anaerobic digested sludge as inocula) of sludge in 
a 25 mL anaerobic tube. To simulate anaerobic diges-
tion, miniature anaerobic digestion tubes were sealed 
and shaken at 120 rpm on a shaking incubator (Labnet 
International Inc, Edison, NJ) in a dark climate-con-
trolled room at 35 ± 2°C and 50 ± 2°C for mesophilic 
and thermophilic anaerobic digestion, respectively. 

The efficacy of these miniature anaerobic digest-
ers was determined by digestion activity, monitoring 
volatile fatty acids, and methane during anaerobic in-
cubation. Various controls including endogenous con-
trols lacking substrates, and controls inoculated with 
heat-treated sludge were utilized in each experiment. 
Endogenous samples lacking substrates were included 
to measure endogenous production of methane in order 
to properly account for methane formation generated 
during sludge digestion. Heat treated sludge samples 
were also prepared by autoclaving inoculum with sub-
strates for 20 min at 121ºC for three consecutive days. 
This was performed to inactivate microorganisms and 
thereby enabling evaluation the influence of microor-
ganisms on infectious prions. All treatments were con-
ducted in triplicate. Digestion for all conditions was 
incubated for a period of 21 days and samples were 

collected for volatile fatty acid production, methane 
production, infectivity of PrPSc, and quantity of infec-
tious prions for each sample after 0, 1, 2 and 3 weeks. 
Samples containing infectious prions were then stored 
at –80°C prior to further use.

Volatile Fatty Acids and Methane Determinations

Volatile fatty acids including acetic, propionic, 
and butyric acid; concentrations in liquid samples; 
and methane concentration from the headspace for 
the batch bioassays were determined by gas chroma-
tography using an HP5290 Series II system (Agilent 
Technologies, Palo Alto, CA) equipped with a flame 
ionization detector. The gas chromatograph was fit-
ted with a Nukol fused silica capillary column (30 m 
length × 0.53 mm ID, Supelco, St. Louis, MO). The 
carrier gas was helium at a flow rate of 30 mL/min 
and a split flow of 84 mL/min. For volatile fatty ac-
ids measurements, the temperatures of the column, 
the injector port, and the detector were 140, 250, and 
275°C, respectively, and the injection volume was 
5 μL. For methane, the temperatures of the column, 
injector port, and the detector were 140, 180, and 
250°C, respectively. Samples for measuring methane 
content (100 μL) in the headspace were collected us-
ing a pressure-lock gas tight syringe (1710RN, 100 
μL (22s/2″/2), Hamilton Company, Reno, Nevada 
USA). Other analytical determinations (e.g., pH, total 
suspended solids, and more) were conducted according 
to Standard Methods [21].

Lime Treatment

Lime treatment is a common alternative for patho-
gen reduction in Class B biosolids to achieve Class A 
standards [22]. To determine survival of prions dur-
ing lime treatment, 20 µL of 10% brain homogenate 
suspended in PBS was re-homogenized by passage 
through a 28-gauge needle and added to one g of Class 
B biosolids treated with Ca(OH)2 resulting in a pH of 
12.9. The lime treated biosolids were incubated for 12 
hours at 52°C and samples were assayed for infectious 
prions after 0, 2, 8, and 12 hours. Samples were per-
formed in triplicate. A positive control that did not in-
clude lime treated biosolids was assayed for infectious 
prions at the beginning of the experiment to confirm 
initial concentration. After each incubation period, in-
fectious prions were immediately extracted from sam-
ples to separate from Ca(OH)2 treated biosolids and 
stored at –80°C.
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Figure 1. Efficacy of miniature laboratory anaerobic digesters as 
indicated by methane formation under mesophilic (35°C) conditions.

Quantitative Analysis of Infectious Prions

Infectious prions were detected by the standard scra-
pie cell assay which includes in-vitro cell culture and 
enzyme linked immunospot assay (ELISPOT) [23]. 
Briefly, ten-fold serial dilutions of each sample were 
made in OBGS (Opti-MEM, Invitrogen, Carlsbad, 
CA), 9.1% bovine growth serum (HyClone, Logan, 
UT), 1% Penicillin- 10,000 IU/mL, Streptomycin- 
5mg/mL (MP Biomedicals, Solon, OH), and then 200 
µL of each dilution was added to wells of a 96-well 
cell culture plate. Approximately 5,000 CAD2A2D5 
(CAD5) cells (a gift from Weissmann lab at the Scripps 
Research Institute) were suspended in 90 μL of OBGS 
and added to the wells. After four days of incubation 
at 37°C with 5.0% CO2 the confluent monolayer was 
suspended by gently pipetting up and down. Approxi-
mately 20,000 infected CAD5 cells were transferred 
into each well of the ELISPOT plate and subsequently 
the ELISPOT assay performed. 

RESULTS AND DISCUSSION

To investigate survival of infectious prions during 
anaerobic digestion, miniature laboratory anaerobic 
digester tubes were utilized to simulate performance 
of mesophilic and thermophilic anaerobic digestion 
processes. To determine efficacy of these miniature an-
aerobic digesters, the anaerobic digestion activity was 
monitored using methane production as the indicator of 
performance under mesophilic (35°C) and thermophil-
ic (50°C) digestion over 21 days as shown in Figures 
1 and 2, respectively. Production of methane expressed 
as mg chemical oxygen demand (COD) L–1

liq account-
ed for 75.9 ± 1.9% and 59.9 ± 3.3% of the theoretical 
initial COD added at the beginning of incubation under 
mesophilic and thermophilic conditions, respectively. 
In comparison, low levels of methane production were 
observed in either endogenous controls lacking sub-
strates, or controls inoculated with heat treated sludge. 
In addition, production of volatile fatty acids was mea-
sured to determine transformation products from an 
anaerobic digestion process. During the incubation pe-
riod, negligible volatile fatty acids (expressed as COD) 
accumulated under both mesophilic and thermophilic 
conditions (date not shown). As a result, the laboratory 
simulated anaerobic digesters performed well because 
the CH4 production falls in the typical range of 50–
75% with negligible volatile fatty acids accumulation 
observed in the biological treatment.

Consequently, to understand the role of anaerobic 

digestion processes on fate of infectious prions dur-
ing anaerobic digestion concentration of prions were 
monitored under both mesophilic and thermophilic 
conditions for 21 day incubation periods. In the first 
week there was a 1.0-log10 decrease under mesophilic 
conditions, and a corresponding 5.0-log10 decrease un-
der thermophilic conditions (Figure 3). After 21 days 
there were 4.2 and 4.7-log10 reduction under meso-
philic and thermophilic conditions, respectively (Fig-
ure 3). Infectious prions inoculated in sterile sludge 
with no microbial activity under mesophilic conditions 
was also anaerobically incubated. Although initial 
concentration in this sample was lower than for other 
samples, which could be due to recovery or degrada-

Figure 2. Efficacy of miniature laboratory anaerobic digesters as in-
dicated by methane formation under thermophilic (50°C) conditions.
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tion, the sample demonstrated that there was at least a  
1.4-log10 reduction after 21 days (Figure 3). These re-
sults suggest the difference in reduction of infectious 
prions during anaerobic digestion with raw and sterile 
wastewater could be due to microbial activity. Other 
studies that involved mesophilic anaerobic digestion 
[10–11] reported that there was very little if any reduc-
tion of infectious prions in their studies, most likely 
because they did not use an infectivity assay. The im-
munoblot method they used could only determine pres-
ence of intact prions and not infectivity. In contrast, a 
previous study using the Western blot method reported 
infectious prions were degraded by ruminal and colon-
ic microbiota once ingested by sheep and cattle, since 
infectious prions were not detected in the Western blot 
method [24–25]. However, after further investigation 
via animal bioassays, Scherbel et al. (2006) discovered 
that although prions levels were undetectable by West-
ern blot infectivity still remained when animal bioas-
says were conducted. 

Kirchmayr et al. (2006) found a decrease by 20–
40% of that detected by an immnoblot assay during 
thermophilic anaerobic digestion. A decrease of infec-
tious prions was also seen in Maluquer de Motes et al. 
(2008a) using a western blot assay, and a regression 
model estimated a 99% reduction of infectious prions 

ranging between 22.4 and 51.2 days of incubation at 
20°C. In another statistical model, Maluquer de Motes 
et al. (2008b) calculated a possible 99% reduction of 
infectious prions by ELISA and western blot assays in 
63 to 82 days in raw wastewater and also at 20°C. 

Lime treatment is a common method for reducing 
pathogenic microorganisms in biosolids [22]. In this 
study, the initial concentration at 1.2 × 105 TCID50/mL 
of infectious prions decreased by 2.9-log10 within the 
first two hours of lime treatment (pH of 12.9 at 52°C) 
to 1.4 × 102 TCID50/mL. In sample hours two through 
twelve, infectious prions were below the limit of de-
tection. Although this method suggests that it is effec-
tive as demonstrated by the marked reduction, it does 
not take into consideration the mobility of prions once 
biosolids are applied to land. Ma et al. (2007) sug-
gested that common disposal practices such as a lime 
treatment that is applied to landfills would elevate pH 
increasing the mobility of infectious prions due to in-
creased pH and a decrease in ionic strength. Reduction 
due to lime treatment seen in this current study how-
ever, resulted in at least a 99% decrease which reduces 
risk considerably. For example, Maluquer de Motes et 
al. (2008b) estimated that if wastewater was contami-
nated with one infected cow at a slaughterhouse the 
concentration would be lower than 0.6–26 × 10–4 cattle 

Figure 3. Reduction in infectious prions during anaerobic digestion under mesophilic and thermophilic conditions.
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oral ID50 per liter. Risk decreases as water travels to the 
treatment plant. 

Additionally, when biosolids are mixed with soil 
when applied to land, studies have shown that prions 
adsorb to soil thus reducing mobility [13,15,28]. Ja-
cobson et al. (2009) conducted a study evaluating po-
tential for transport of infectious prions in biosolids, 
composting materials, and soil. Results show that in-
fectious prions could in fact be transported in biosolids 
and composting material, but were retained in quartz 
sand and fine-textured burial soil [13]. Similarly, Ja-
cobson et al. (2010) showed that infectious prions were 
not mobilized in five characteristically different soils 
with high sand or silt contents. Adsorption may also 
depend on the matrix where it has been shown that ad-
sorption depends on infected tissue concentration that 
enters the soil [28]. Low tissue concentration appears 
to adsorb freely, whereas high tissue concentration 
results in competition with other proteins decreasing 
their affinities to the mineral content within the soil 
matrix [28]. Thus, these studies suggest that if infec-
tious prions in biosolids survive lime treatment mobil-
ity of infectious prions can be significantly reduced in 
the presence of soil. 

CONCLUSION

This study demonstrates normal holding time for 
anaerobic digestion at mesophilic and thermophilic 
temperatures results in a significant decrease of infec-
tious prions within 21 days. Reduction occurred rap-
idly at a higher thermophilic incubation temperature 
of 50°C. It also appears microorganisms may influ-
ence prion reduction during anaerobic digestion since 
sterile wastewater resulted in only a modest decrease 
when compared to non-sterilized raw wastewater. Fi-
nally, lime treatment of Class B biosolids was shown 
to significantly reduce infectious prions within 2 hours. 
Hence, these data suggest there is a reduction of infec-
tious prions during wastewater treatment and that land 
application of biosolids is not a likely route for human 
prion exposure. 
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Laboratory Determination of Selected Properties of  
Activated and Return Activated Sludge

L. HOUDKOVÁ*
Institute of Process and Environmental Engineering, Brno University of Technology, Czech Republic

ABSTRACT: Results are presented from laboratory measurements of viscosity and 
density of activated and return activated sludge. Solubility of oxygen in sludge liquor 
was measured and results were compared to solubility of oxygen in pure water. Viscos-
ity measurements show that sludge containing up to 1% dry solids can be considered a 
Bingham fluid and sludge with dry solids content above 1% should be described using 
the Herschley-Buckley model. Sludge density is only slightly higher than water density 
and with increasing dry solids content increases negligibly. The amount of air dissolved 
in sludge liquor can be calculated using Henry's Law constants for water because the 
solubility of oxygen in water and sludge liquor differs minimally.

INTRODUCTION

DESIGN of technology-oriented processes should 
be based on specific material properties that are 

being processed in facilities. Regarding wastewater 
treatment design, a problem is that some features of 
wastewater or sludge are not available. Properties of 
pure water or designer experiences are used often. This 
paper describes properties of activated sludge (AS) and 
return activated sludge (RS) measured for needs of a 
flotation unit design and its CFD model. 

Flotation as a separation technology was original-
ly used for processing mined ore and rock and later 
found its use in water treatment and wastewater treat-
ment plants. Solids or a liquid are divided by flotation 
from a liquid that is usually water based on differences 
in density (e.g., sedimentation). Unlike sedimenta-
tion, the separated lighter particles rise to the surface 
where they are skimmed off. In the case of particles 
with higher density the establishment of agglomerates 
with bubbles of gas is necessary. Diameter of 40 to  
100 μm is recommended [1] and these “microbubbles” 
are formed in various ways which divide flotation types 
into the following catergories [2]:

 • mechanical flotation (air is blown into a flotation 
tank using aeration systems like a perforated grate),

 • dissolved air flotation (air is dissolved in liquid un-

der high pressure and a subsequent decrease in at-
mospheric pressure is eliminated in the form of very 
fine bubbles),

 • vacuum flotation (flotation similar pressure when 
the liquid is saturated with air at atmospheric pres-
sure and then reduced and vacuum released from the 
liquid fine air bubbles),

 • electroflotation (bubbles of gas, mostly oxygen, are 
released at the appropriate electrode), and

 • biological and chemical flotation (gas bubbles are 
created by the activities of microorganisms or chem-
ical reactions).

Flotation of activated or returned activated sludge 
can be used at wastewater treatment plants (WWTP) 
for its thickening versus gravity or mechanical thick-
ening. Dissolved air flotation is the most common type 
of flotation used for wastewater treatment. The air can 
be dissolved directly in the sludge or in a recirculation 
fluid (i.e., usually sludge liquor). The pressure is rec-
ommended to be 0.2 to 0.5 MPa to obtain bubbles of a 
diameter of 40 to 100 μm [2,3].

Within the frame of a Ministry of Industry and Trade 
of Czech Republic project, “Innovative Approach to-
ward Cleaning of Waste Water—KUNST Flotation 
Unit” (searched with companies KUNST, s.r.o., and 
SIGMAINVEST), a new flotation unit with innova-
tive components was designed. The pilot scale unit 
(see Figure 1) was realized at a WWTP in the town of 
Hranice which is why sludge samples were collected 
there. In addition to flotation unit design, measured *Author to whom correspondence should be addressed.  
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data where used to CFD model the designed flotation 
tank and especially for density of sludge and diameter 
of flocs.

MATERIALS AND METHODS

Samples of activated sludge and returned activated 
sludge were taken from the WWTP in Hranice and then 
stored in a refrigerator for a maximum of four days at 
5°C. For determination of total solids (TS) influence 
samples were decanted and then diluted with a sludge 
liquor prepared from strain off. 

The density was measured by density bottles (50 
ml) from 5 to 30°C. Viscosity was measured using a 
rheometer RheolabQC with a measuring system CC39 
and tempered chamber. Viscosity was measured from 
5 to 30°C and at a shear rate up to 1000 s–1. Diameter 
of sludge flocs was determined using an optical micro-
scope Padim. Pictures of sludge flocs were scanned by 
digital camera Moticam and evaluated using Motic Im-
ages Plus software. Solubility of oxygen in sludge li-
quor was measured using a WTW MultiLine 3420 with 
a probe FDO 925. Total solids were determined by dry-
ing at 105°C. Suspended solids (SS) were determined 
using vacuum filtration with a glass fibres filter with 
pores of 1.0 μm and drying at 105°C. Volatile solids 
(VS) were determined by combustion at 550°C.

RESULTS AND DISCUSSION

Approximately ten samples of AS and RS were 
taken from the period of January 2011 to April 2012. 
Average total solid and volatile solids of samples are 
provided in Table 1. Average values measured at the 
WWTP in Hranice during 2011 are also presented.

Density

Density of sludge samples with the above mentioned 
TS content is only slightly higher than the density of 
water. This can be seen in Figure 2.

Total solids influence on density of activated and re-
turned activated sludge was determined using samples 
with content of TS at 0.63, 0.83, 1.06, and 1.29 wt % in 
samples of AS and at 0.66, 0.86, 1.08, and 1.61 wt % 

Figure 1. Pilot flotation unit. 

Table 1. Content of TS and VS in Sludge Samples.

Activated 
Sludge  
(wt %)

Returned 
Sludge  
(wt %)

Total solids (collected samples) 0.35 ± 0.05 0.68 ± 0.17
Volatile solids (collected samples) 60.60 ± 2.95 63.10 ± 3.59
Total solids—average of 2011 0.34 ± 0.04 0.76 ± 0.12
Volatile solids—average of 2011 63.25 ± 6.60 66.38 ± 3.63
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in RS samples. Density was measured at 10 and 20°C. 
It may be seen in Figure 3 that influence of TS is in the 
presented range. 

Operational data from the WWTP in Hranice show 
TS content does not exceed 0.44 wt % for AS or 1.15 wt 
% for RS. 

Viscosity

Sewage sludge is generally considered a non-New-
tonian fluid with yield stress. The Bingham model 
[4,5,6], the Herschel-Buckley model [4,5], or the Os-
wald model [4] is usually used for activated sludge 
behaviour description. Behaviour of non-Newtonian 
fluids is described by rheograms where dependence of 
shear stress on shear rate is given. The equation for vis-
cosity calculation is as follows:

η
τ
γ

=
�

Viscosity of sludge depends on temperature and to-
tal solids content. Viscosity decreases with increasing 
temperature. Viscosity increases with increasing TS 
content. It may be found in the literature sludge with 
TS up to 2 wt % behaving as a Newtonian fluid. Yet, 
Figure 4 and Figure 5 display a slight dependence of 
apparent viscosity on shear rate for sludge with TS less 
than 1 wt %.

Ratkovich et al. [7] summarized the published data 
and showed sludge behaviour is usually studied in a 
wild range of shear rates at temperatures of 20 or 25°C 
and with a wild range of TS content. Most common 
ranges for shear rates are from 0 to 100 s–1 or from 0 
to 1000 s–1. Here shear stress (apparent viscosity) was 
measured in the range of shear rates from 0 to 1000 s–1. 
The most important area is from 0 to 100 s–1 from an 
operational point of view. Measured data are divided 
into two graphs for each type of sludge. Graphs in Fig-
ures 4 and 5 show the effect of temperature on sludge 
viscosity. Graphs in Figures 6 and 7 show the effect 

(1)

Figure 2. Density of AS (TS 0.32 wt %) and RS (TS 0.46 wt %).

Figure 3. Dependence of density of AS and RS on the TS content.
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Figure 4. Dependence of apparent viscosity of AS (TS 0.32 wt %) on shear rate and temperature.

Figure 5. Dependence of apparent viscosity of RS (TS 0.46 wt %) on shear rate and temperature.

Figure 6. Dependence of shear stress of AS on shear rate and TS at 10°C.
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of TS content and are focused on an important area of 
shear rates. 

The effect of a TS content up to 1 wt % on sludge 
viscosity is only negligible. This may be seen in Fig-
ures 6 and 7. Apparent viscosity of AS and RS is ap-
proximately the same for the same TS content. 

Design parameters for the pilot scale flotation unit 
allow the shear rates in the pipes to range from 10 to 
100 s–1. The difference between the Newtonian flu-
id and the sludge samples is more noticeable in the 
lower range of shear rates as seen in Figures 6 and 7. 
Samples with TS less than 1 wt % can be described by 
a Bingham model with linear Equation (2). Samples 

with TS more than 1 wt % are better described by a 
Herschel-Buckley model with the power law Equa-
tion (3).

τ τ η γ= 0 p �

τ τ γ= +0 K n( )�

where τ (Pa) is shear stress, τ0 (Pa) is yield stress, ηp 
(Pa.s) is plasticity (Bingham´s viscosity), �γ  (s–1) is 
shear rate, K is the consistency coefficient, and n is the 
power-law index. A good agreement of aforementioned 
models and measured data is seen in Figure 8. Sludge 

Figure 7. Dependence of shear stress of RS on shear rate and TS at 10°C.

Figure 8. Mathematical models for behaviour of sludge samples at low shear rates.

(2)

(3)
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samples of AS and RS with TS more than 1 wt % are 
described using a Herschel-Buckley model. Samples 
with TS less than 1 wt % (return activated sludge with 
0.66 wt %) are described both with the Bingham and 
the Herschel-Buckley models. It is possible to see the 
Bingham model is less accurate than the Herschel-
Buckley, but for technical calculations it is sufficient. 

Sludge Flocs Size

The size of sludge flocs was important information 
regarding preparation of the CFD model for the flota-
tion unit. For this purpose, micro photos of sludge flocs 

were taken and size was measured using the software 
Motic Images Plus. Average dimensions of activated 
sludge flocs were 600 × 400 μm and shape was usually 
rectangular. Average dimensions were 350 × 250 μm 
for return activated sludge flocs with shape being cir-
cular more often. Pictures of the sludge flocs are seen 
in Figures 9 and 10.

Solubility of Oxygen in the Sludge Liquor

Solubility of gases in liquids is described by Henry´s 
law, see Equation (4), and it depends on temperature 
and pressure. 

Figure 9. Flocs of AS: (a) magnification 40x and (b) magnification 100x (floc dimensions 673 x 465 μm).

Figure 10. Flocs of RS: (a) magnification 40x and (b) magnification 100x (floc diameter 720 μm).
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x p
Ki
i

H i
=

,

where xi (–) is the mole fraction of gas dissolved in 
a solution, KH,i (Pa) is Henry´s constant for a couple 
solvent-gas, and pi (Pa) is partial pressure of gas above 
the solution. 

Solubility of air in water was calculated for several 
pressures and temperatures based on data published in 
[8]. It was considered a simplified air composition of 
21 vol % O2 and 79 vol % N2. Graphical representation 
for these results are seen in Figure 11.

Sludge liquor produced by flotation is used as a re-
cycle stream saturated by air. The liquor contains both 
suspended solids (SS) and dissolved solids (DS) and 
may decrease concentration of dissolved gas within the 
liquor. This is why dissolved oxygen was measured in 
sludge liquor from activated and return activated sludge 
and pure water. Results of measurements are shown in 

Figure 12. The measurement was taken at 98 kPa. It is 
obvious that SS and DS decrease solubility of oxygen 
only negligibly. The activated sludge liquor contains 
26 mg/l of SS and 450 mg/l of DS and return activated 
sludge liquor contains 43 mg/l of SS and 470 mg/l of 
DS. A bigger deviation is clear at higher temperatures, 
but because the temperature of sludge at the WWTP 
in Hranice is from 10 to 20°C the solubility of air in 
sludge liquor can be calculated based on data tabulated 
for pure water.

CONCLUSION

Only some properties of activated and return acti-
vated sludge with total solids content less than 1 wt % 
can be substituted by pure water properties. Samples of 
sludge from the WWTP in Hranice (CZ) were studied 
for the purpose of flotation unit design and its CFD 
model preparation. 

The biggest difference is between rheological be-

(4)

Figure 11. Solubility of air in water calculated based on tabulated values of KH.

Figure 12. Dissolved oxygen measured in AS liquor and RS liquor and measured and calculated in pure water (at the pressure 98 kPa).
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haviour of water and sludge. Although, TS content was 
only about 0.3 wt % for AS or 0.8 wt % for RS. Sludge 
must be described using the Bingham or the Herschel-
Buckley model. Its apparent viscosity is higher than 
viscosity of water. Regarding density, substitution of 
density of sludge with density of water for technical 
calculations (e.g., pump design) is possible. Accurate 
data should be used for CFD model development.

In addition to sludge properties, the solubility of ox-
ygen in sludge liquor was measured. The solubility of 
oxygen is the same in the sludge liquor from both AS 
and RS and in pure water at low temperatures (i.e., about 
10°C). Increasing temperature only slightly reduces the 
amount of oxygen dissolved in sludge liquor versus wa-
ter. Therefore, to calculate the amount of dissolved air in 
sludge liquor data tabulated for water may be used. 
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ABSTRACT: The aim of this study was to determine effects on methane potential and 
overall sludge quality from two different sludge pre-treatment technologies (ozonation 
high/low dosage and thermal treatment 55/70°C). In general both treatments produced 
increased methane potential. Thermal treatment resulted in higher chemical oxygen 
demand (COD)-solubilisation, while the highest volatile fatty acids (VFA) increase was 
obtained with ozonation. Sludges had inhibiting effects in a barley seed germination 
assay and a yeast oestrogen screen both before and after pre-treatment, but inhibition 
was reduced by ozone treatment and digestion. No statistical significant reduction in 
concentrations of included pharmaceuticals could be observed.

INTRODUCTION

IMPLEMENTATION of the European urban waste-
water directive (91/271/EEC) yields more sludge 

as connectivity to sewer systems increases and treat-
ment further generates sludge in EU member coun-
tries. Today the common sludge management para-
digm involves reduction of volume by thickening 
and dewatering and at many places also stabilization 
by anaerobic digestion. The anaerobic digestion step 
not only reduces organic content by degradation but 
also contributes to energy production in form of bio-
gas that may be used for heating, electricity, or as fuel 
to replace fossil fuels. Today about 50% reduction of 
volatile solids during anaerobic digestion of sewage 
sludge is possible with traditional mesophilic diges-
tion. However, it has been shown that increased deg-
radation and biogas production may be achieved using 
pre-treatment methods that degrade particulate matter 
and hardly biodegradable compounds [1,2,3]. Studies 
have also shown that some sludge treatment methods 
could affect toxic compounds in a positive way lead-
ing to improved sludge quality [4,5,6]. As a result the 
possibility for nutrient recirculation by using sludge as 
a fertilizer will increase and risk of bringing toxic com-
pounds to farmlands will decrease. The sewage sludge 
directive (86/278/EEC) focuses on protection of the 

environment when sludge is used in agriculture and 
also encourages use of sludge. It is also acknowledged 
that sewage sludge has valuable agronomic properties 
(86/278/EEC). 

Many studies have focused on technologies for in-
creased biogas production and reduced sludge volume 
[1,2] but not together with effects on toxicity of the 
final sludge. The aim of this study was therefore to 
determine which pre-treatment had both beneficial ef-
fects on methane potential and overall sludge quality 
assessed using chemical analyses and bioassays. Dif-
ferent pre-treatment technologies, ozonation with high 
and low dosage and thermal treatment at 55 and 70°C, 
were therefore applied to municipal sewage sludges 
from two wastewater treatment plants (WWTPs) in 
a comparative study. Sludges were mixes of primary 
sludge (PS) and waste activated sludge (WAS) in dif-
ferent proportions and with different characteristics.

MATERIALS AND METHODS

Sludges and Treatments

Sewage sludges were collected from two different 
municipal wastewater treatment plants in Southern 
Sweden. First, there was Öresundsverket (Oer) in Hels-
ingborg with 130,000 person equivalents (PE) + indus-
tries connected and operated by NSVA with biological 
phosphorus removal (i.e., no precipitation chemicals). 
The second was Sjölundaverket (Sj) in Malmö with *Author to whom correspondence should be addressed.  
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300,000 PE connected and operated by VA SYD with 
phosphorus removal by pre-precipitation with FeSO4. 

Raw sludge was in both cases a mix of waste ac-
tivated sludge and primary sludge. Inoculum used in 
the biogas test was digested sludge from the Sjölun-
da wastewater treatment plant. Characteristics for the 
sludges are seen in Table 1. 

Thermal treatments were conducted by placing 
sludge in bottles in a heated water bath at controlled 
temperatures. Sludges were heated up to 55 or 70°C 
for 30 min and were then kept at 55 ± 1°C for 6 hours 
or at 70 ± 1°C for 1 hour. Ozonation was performed in 
two dosages using an ozone generator (O3-Tech model 
1330) and an ozone analyser (Ebara Jitsugyo Co model 
EG-2001R). Gas flow rate was set to a low of 17 l/h 
and a high of 36 l/h with an ozone low concentration 
of 85 g/m3 and ozone high concentration of 130 g/m3. 
The time needed to obtain 20 mg O3/g TS and 125 mg 
O3/g TS was 25 min and 45 min, respectively. The low-
est dosage of 20 mg O3/g TS was also tested in [4]. 
Equipment was limited to treating batches of 700 ml 
sludge at the time. Three batches were therefore treated 
and then mixed together for each treatment and each 
sludge type. Raw sludge was kept at 20°C while the 
other treatments where occurring.

Samples were also taken out for heavy metal analy-
sis and bioassays.  They were frozen before transporta-
tion and thawed before analysis. 

Physical and Chemical Analyses

Total solids (TS) and volatile solids (VS) were de-
termined by weighing samples before and after drying 
at 105 ± 1°C for 48 h and ignition at 550°C for 2 h. The 
pH was measured with a PHM 210 Standard pH me-
ter. Ammonium (NH4) and chemical oxygen demand 
(COD) were determined spectrophotometrically us-
ing a DR Lange, Lasa 100, LCK 303 (NH4) and LCK 
114 (COD) after centrifugation (Centronix Microcen-
trifuge, Model RPM × 1000) and filtration (Cellulose 
filter Munktell 1002 with filtering rate at 250 ml/min). 
Propionate and acetate (filtrated samples) were deter-
mined by GC (Agilent 6850 Series) using a HP-FFAP 

column (30 m/0.53 mm/1 µm). Samples for metal anal-
ysis were dried at 105°C for 48 h and then digested 
by a HNO3/H2O2 mixture according to EPA 3050. Ex-
tracts were analysed by ICP-OES. Methane production 
was monitored by a GC (Agilent 6850 series equipped 
with flame ionisation detector (FID) and a column  
30 m length/0.32 mm diameter/0.25 μm film).

Bioassays

For the barley seed germination inhibition test 
sludge samples were centrifuged at 2,000 rounds per 
min (rpm) for 10 min, decantered, and the sedimented 
sludge was dried for 48 h at 50°C. Dried sludge was 
mortled with sand (washed and dried sand 00; 0.32–
0.71 mm) in the ratio of < 10% sludge and > 90% sand 
in triplicates. Samples were moisturized with demin-
eralised water (6.25 ml/100 g) and germination inhibi-
tion was assessed according to US EPA seed germi-
nation test [7] using barley (hordeum vulgare) seeds 
and incubated for 7 days at 20 ± 0.5°C. Ecological 
(KRAV-labelled) planting soil was included as a nega-
tive control (triplicates) and 8 controls of 100% sand 
were included. 

For yeast oestrogen screen (YES) sludges were 
freeze-dried and 0.5 g aliquots were extracted se-
quentially by methanol and acetone and subsequently 
subjected to silica gel cleanup according to [8] before 
transfer into ethanol. Ethanol extracts were utilised 
for YES [9] where genetically modified yeast cells 
were incubated for 3 days at 32°C, and the response 
was measured as absorbance at 540 and 630 nm. A 
reagent blank and sample blank were included, and 
the calibration curve ranged from 0.03 µg/l to 60 µg/l. 
Spiked samples of oestradiol (E2) +6 µg/l were in-
cluded.

Methane Potential Tests

Methane potential for the sludges was tested in 
triplicate using the laboratory-scale anaerobic batch 
method described in [10]. The test was performed in 2 
L glass bottles containing an amount of test substrate 

Table 1. Characteristics of Raw Sludges and Inoculums Used for Digestion Experiments.

Substrate pH CODfil (mg/l) TS VS Acetate (mg/l) Propionate (mg/l) Biosludge Primary Sludge

Öresund- raw sludge 5.77 1,710 4.5% 77% 426 297 70% 30%
Sjölunda – raw sludge 5.07 2,960 4.0% 82% 954 662 10% 90%
Inoculum 7.60 903 2.4% 60% < 20 <20

fil = filtered (Munktell 1002, 110 mm, 6–10 µm)
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representing 40% of the total volatile solids in each 
bottle as well as 400 ml of inoculum. The reactors were 
kept at mesophilic temperature of 35°C and methane 
production was monitored by a gas chromatograph 
until gas production ceased. The method provides an 
easy-to-operate and fast means of measuring methane 
potentials in test substrates. Reference substrate in the 
form of cellulose was used to test function of the in-
oculums used in the test. 

Pharmaceutical Residues

All sludges were freeze-dried and 0.1 g (dry weight) 
sample aliquots were used for extraction to which in-
ternal and surrogate standards were added before ex-
traction. Sequential extraction was performed using 
ethyl acetate and methanol (1:1) followed by methanol 
and water (7:3) with 5% triethylamine. Samples were 
homogenized for four minutes at 42,000 oscillations 
per minute using a Mini Beadbeater (Biospec. Bartles-
ville, USA) with zirconium beads and then centrifuged 
at 14,000 rpm for 10 min. This protocol was done for 
both eluent mixtures and supernatants were combined, 
evaporated to 20 µL, and reconstituted in 1 ml water 
and acetonitrile (95:5 mixture) with 0.1% formic acid.

All pharmaceuticals were analyzed with the same 
methodology as reported in [11]. In short, a triple stage 
quadrupole MS/MS TSQ Quantum Ultra EMR (Ther-
mo Fisher Scientific, San Jose, CA, USA) coupled with 
an Accela LC pump (Thermo Fisher Scientific, San 
Jose, CA, USA) and a PAL HTC autosampler (CTC 
Analytics AG, Zwingen, Switzerland) were used as the 
analytical system. Twenty µL of the sample was loaded 
onto a Hypersil GOLD aQ TM column (50 mm × 2.1 
mm ID × 5 µm particles, Thermo Fisher Scientific, San 
Jose, CA, USA) preceded by a guard column (2 mm × 
2.1 mm i.d, 5 µm particles) of the same packing mate-
rial and from the same manufacturer.

Both heated electrospray (HESI) and atmospheric 
pressure photoionization (APPI) in positive and nega-
tive ion modes were used for ionization of target com-
pounds. The same method was used to investigate the 
fate of APIs in wastewater treatment by [12] and [13] 
and a full method evaluation and detailed description 
is given in [11]. 

RESULTS AND DISCUSSION

Results from measurements of pH, TS, phosphorus, 
metals and trace elements in all samples before and af-

Table 2. Sample Matrix, Sample Number, Pre-treatment Type, and Results from Measurement of pH, TS, and P. 

WWTP
Sludge 
Type Pretreatment pH

TS  
(%)

VS 
(% of TS)

P 
(% of TS)

COD filt 
(mg/L)

NH4-N
(mg/L)

1 Oer Raw None 5.59 5.52 77.2 2.1 1710 n.d
2 Sj Raw None 5.15 4.86 82.4 1.1 2960 n.d
3 Oer Raw Thermal 55°C 5.82 5.78 76.8 2.2 8310 n.d
4 Oer Raw Thermal 70°C 5.73 5.43 77.6 2.3 8660 n.d
5 Oer Raw Ozone (low) 5.59 6.58 77.4 2.1 3350 n.d
6 Oer Raw Ozone (high) 5.50 6.15 76.7 2.3 5600 n.d
7 Sj Raw Thermal 55°C 5.34 5.05 78.8 1.2 7890 n.d
8 Sj Raw Thermal 70°C 5.29 6.50 82.9 1.2 6970 n.d
9 Sj Raw Ozone (low) 5.19 4.98 81.7 1.2 5180 n.d
10 Sj Raw Ozone (high) 4.95 6.52 81.6 1.4 6570 n.d
11 Sj Inoculum Inoculum/None 7.66 2.35 60.1 3.3 903 n.d
12 Oer Digested Thermal 55°C 7.71 2.51 53.8 3.5 1890 1525
13 Oer Digested Thermal 70°C 7.74 2.07 55.6 3.8 1850 1590
14 Oer Digested Ozone (low) 7.73 2.60 57.1 3.6 1760 1450
15 Oer Digested Ozone (high) 7.69 2.77 53.0 3.6 1640 1410
16 Sj Digested Thermal 55°C 7.76 2.58 52.3 3.4 1520 1460
17 Sj Digested Thermal 70°C 7.56 2.99 57.7 3.4 1500 1490
18 Sj Digested Ozone (low) 7.72 2.91 55.6 3.4 1480 1450
19 Sj Digested Ozone (high) 7.68 2.72 53.7 3.4 1490 1425
20 Sj Digested Inoculum/Dig. 7.75 2.61 56.3 3.5 2020 1300
21 Oer Digested None 7.67 3.30 59.7 3.7 1630 1450
22 Sj Digested None 7.56 2.54 55.9 3.2 1650 1430
n.d. – not determined



Å. DAVIDSSON, E. ERIKSSON and J. FICK88

Table 2. Heavy Metal and Trace Elements (mg/ kg TS) in All Samples Analysed. 

WWTP
Sludge 
Type Pretreatment As Cd Co Cr Cu Mn Ni Pb Se Si Zn

1 Oer Raw None 5.3 0.5 2.7 11.6 406 193 31.1 11.8 <QL 169 476
2 Sj Raw None 3.5 1.1 2.9 9.8 315 112 19.4 46.2 n.d. 114 490
3 Oer Raw Thermal 55°C 4.4 0.6 2.6 13.4 436 201 43.8 15.5 <QL 143 527
4 Oer Raw Thermal 70°C 6.7 0.6 3.5 12.3 407 196 28.3 12.8 1.1 128 495
5 Oer Raw Ozone (low) 4.4 0.5 3.3 13.3 429 193 32.3 16.0 1.5 97.9 514
6 Oer Raw Ozone (high) 9.2 0.6 2.9 13.8 445 204 28.6 15.0 1.1 122 531
7 Sj Raw Thermal 55°C 3.3 1.2 3.3 10.1 330 115 38.0 50.1 <QL 166 509
8 Sj Raw Thermal 70°C 7.8 1.0 3.2 9.9 311 114 18.6 46.6 1.8 101 480
9 Sj Raw Ozone (low) 2.8 1.1 2.9 8.5 322 94.9 10.1 48.6 <QL 80.2 472
10 Sj Raw Ozone (high) 2.8 1.3 2.7 10.7 361 79.1 11.7 55.2 0.9 66.6 494
11 Sj Inoculum Inoculum/None 4.8 1.1 8.1 22.4 543 326 20.5 33.7 n.d. 130 733
12 Oer Digested Thermal 55°C 7.2 1.1 6.7 22.3 590 333 18.1 31.7 n.d. 124 770
13 Oer Digested Thermal 70°C 11.3 1.1 7.5 23.6 597 342 24.6 32.0 n.d. 153 793
14 Oer Digested Ozone (low) 7.1 1.1 7.4 22.9 591 338 18.1 33.8 1.1 101 770
15 Oer Digested Ozone (high) 9.9 1.1 7.3 22.2 595 343 17.6 32.1 n.d. 118 785
16 Sj Digested Thermal 55°C 9.7 1.4 8.3 24.4 612 342 17.5 49.3 n.d. 90.2 851
17 Sj Digested Thermal 70°C 8.6 1.4 8.1 23.0 614 335 17.9 53.1 n.d. 118 864
18 Sj Digested Ozone (low) 5.5 1.3 7.3 23.3 598 332 16.4 48.2 <QL 160 837
19 Sj Digested Ozone (high) 5.8 1.3 8.3 24.2 596 340 18.3 46.0 <QL 142 827
20 Sj Digested Inoculum/Dig. 9.0 1.1 8.4 23.4 564 342 18.7 36.6 <QL 134 770
21 Oer Digested None 6.1 1.0 7.4 21.9 597 344 17.5 34.2 <QL 112 799
22 Sj Digested None 11.4 1.2 7.7 21.7 561 318 16.1 46.4 n.d. 117 800
n.d < 0.3; <QL < 0.9

ter pre-treatment and anaerobic digestion are presented 
in Tables 2 and 3 together with sample numbers. 

For metals and trace elements it is clear that anaero-
bic digestion significantly reduced the TS content and 
thus the calculated metal concentration (mg/kg TS) in-
creases accordingly. 

Sludge Treatment

All treatments resulted in increased levels of dis-
solved COD for both sludge types (Figure 1). The rela-
tive increase in dissolved COD was higher for all treat-
ments of sludge from Öresundsverket. It could be seen 
that thermal treatment resulted in higher hydrolysation, 
measured as dissolved COD, than ozonation. 

The VFA-content (as acetate + propionate) was also 
measured before and after the treatment (Figure 1). 
Results show that both acetate and propionate levels 
increase for both sludge types after all kinds of treat-
ment which is logical since some of the dissolved COD 
consists of VFA. Similar to the COD increase, the rela-
tive increase of VFA is higher after treatment of sludge 
from Öresundsverket. In contrast to COD which in-
creased the most after thermal treatment, the highest 
VFA increase is obtained when treating sludge with the 

highest dose of ozone. This was seen for both sludge 
types.

Methane Potential

In total the batch digestion experiment was conduct-
ed over a 43 day period. Measurement of accumulated 
methane produced in relation to organic content in vola-
tile solids (VS) after 43 days is presented in Figure 2 for 
both sludges. All treatments except one result in higher 
methane potentials (6–14% higher) compared to un-
treated sludge in both cases, Oer and Sj. Ozonation with 
a high dose of Sj-sludge resulted in a lower methane po-
tential than without treatment. This might be a result of 
oxidation by ozone of easily degradable organic matter 
or that ozonation of organic matter might lead to degra-
dation products that could inhibit methane production.

Bioassays

All sludges inhibited barley seed germination at the 
mixing ratio < 10, whereas negative control stimulated 
germination during the same conditions. Combination 
of pre-treatment and anaerobic digestion, especially 
ozonation (Oer 14 low and Oer 15 high), was found 
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favourable for sludge from Öresundsverket as inhibi-
tion was reduced and growth enhanced (Figure 3). In-
hibition from the Sj-sludge (Sjölundaverket) was only 
slightly reduced by treatments. High variation within 
triplicates was seen for some of the samples, especially 
Sj8 (an outlier according to Grubbs test). 

Sludge extracts spiked with 6 µg/l of E2 did not 
result in the same positive response as the standards. 
Thus, the extracts contained unknown substances that 
inhibited estrogenic responses. Therefore, no conclu-
sions of the estrogenic effect from the sludge on the 
yeast can be drawn. Inhibition was substantially larger 
for Sj than for Oer so Sj is considered more toxic but 
this is not an end-point in the test [15]. 

Reduction of Pharmaceutical Residues

Many of the 101 pharmaceutical substances ana-
lysed in the sludges before pre-treatment, after pre-
treatment, and after anaerobic digestion in batch tests 
were not considered detectable since their concentra-
tions were below the limits of quantification. Substanc-
es occurring in highest concentration in both Oer- and 
Sj-sludge before any pre-treatment were performed 
and are presented in Figure 4. 

Reduction of substances occurring in highest con-
centration in untreated sludge after pre-treatment was 
calculated from data on concentrations before and after 
pre-treatment and by considering eventual changes in 
TS content. However, no statistical significant reduc-
tion in concentration of pharmaceuticals in general 
could be seen after pre-treatment. Calculated reduc-
tions of substances occurring in highest concentration 
before ozonation are seen in Figure 5. As seen there are 
results that indicate reduction. There is also negative 

Figure 2. Accumulated methane potential after 43 days of digestion 
in a batch laboratory experiment. (Average values of triplicate reac-
tors with standard deviation indicated.)

Figure 1. Dissolved COD and VFA (Acetate and Propionate in mg COD/l) in samples before (raw sludge) and after treatment.
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reduction (higher concentration after pre-treatment) 
which could to some extent be explained by deconju-
gation [14]. However, this also indicates there are un-
certainties in the analysis method and that sludge is a 
complex matrix. No conclusions regarding influence of 
the anaerobic treatment can be drawn since concentra-
tions of pharmaceuticals are low and tested sludges are 
mixed with a considerable amount of inoculum.

CONCLUSIONS

Different pre-treatment technologies: (1) ozonation 
with high and low dosage and (2) thermal treatment at 
55 and 70°C were applied to municipal sewage slud-
ges. Both ozone treatment and thermal treatment cre-
ate increased methane potential for municipal sewage 
sludges. Thermal treatment results in higher COD-sol-
ubilisation while the highest VFA increase is obtained 
with ozonation. 

Also, sludges had inhibiting effects in a barley seed 
germination assay and a yeast oestrogen screen both 
before and after pre-treatment. Inhibition was reduced 
by ozone treatment and further by anaerobic digestion. 

Finally, no statistical significant reduction in con-
centration of pharmaceuticals could be seen after pre-
treatment. Some pharmaceuticals could even be detect-
ed in higher levels after pre-treatment. 
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ABBREVIATIONS

 Sj = Sludge from Sjölunda wastewater treatment 
plant (Malmö)

 Oer = Sludge from Öresundsverket wastewater treat-
ment plant (Helsingborg)

 PS = primary sludge
 WAS = Waste activated sludge
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ABSTRACT: The objective of this work was to measure the modification taking place in 
particle size distribution during the course of batch digestion experiments of primary and 
secondary sludge and also to evaluate the effect of ultrasound pre-treatment on second-
ary sludge. Sewage sludge used in this study was obtained from the WWTP of León. 
Secondary sludge was pre-conditioned applying ultrasound at different energy ranges 
in order to investigate behavior of sludge in the anaerobic biodegradation process with 
respect to particle size and pretreatment. Pre-treatment of secondary sludge resulted 
in a decrease of mean particle size and enhanced biogas production at sonication with 
2500 kJ/Kg ST when compared to digestion results obtained from secondary sludge. 
Application of an elevated range of energy resulted in a decrease of biogas production.

INTRODUCTION

TODAY, one of the most important issues consider-
ing environmental and economic factors is man-

agement of sludge. Concern society is experiencing 
for this issue is related to the large amount of sludge 
produced daily from municipal wastewater treatment 
plants. Actually, there are several processes for sludge 
handling: anaerobic digestion, incineration, compost-
ing, disinfection, thickening, and thermal drying. 

Anaerobic digestion is a technique usually used as 
an efficient technology for treatment of sludge. It plays 
an important role in transforming organic matter into 
biogas which can be valorised for obtaining energy and 
also it is capable of reducing the amount of solids and 
pathogens originally presented in the sludge [1]. 

Sludge can comprise primary sludge which is sepa-
rated from wastewater during pre-settling and biologi-
cal excess sludge from the activated sludge system (de-
noted also as secondary sludge) [2]. Secondary sludge 
is usually difficult to digest because it is mainly com-
posed of microorganisms and organic and inorganic 
compounds agglomerated in polymeric substances. 
This results in the limiting rate of the hydrolysis step 
[3] and after this first step these complex structures are 
subsequently converted into simple compounds.

Pre-treatment of secondary sludge might be required 
to increase digestibility, minimise time needed for di-
gestion, and maximise biogas production. Various al-

ternative methods have been proposed to improve 
anaerobic digestion of sludge including chemical (ad-
dition of acids and surfactants) [4], thermal [5–7], and 
mechanical methods like ultrasonication. This method 
has been reported to be an efficient process for sludge 
disintegration and thus increases biodegradability [8]. 
Some authors have studied application of pre-treat-
ment with ultrasounds with specific energies ranging 
from 1,000 to 10,000 kJ/kg TS obtaining as a result 
increased biogas production [3,9–11]. Ultrasound pre-
treatment leads to breakdown of flocs, cell walls, and 
bacterial membranes enhancing hydrolysis of volatile 
solids in the sludge [10].

Various studies have reported ultrasonication has dif-
ferent effects. It may enhance biogas production. How-
ever, if it is too intense many fine particles are produced 
that may not be beneficial for sludge conditioning.

During the digestion process changes can occur 
that influence fundamental sludge characteristics like 
particle size or organic solids content which directly 
affect biodegradability of sludge over time. The pres-
ent study was conducted to assess variation in particle 
size distribution and investigate the effect of ultrasonic 
conditioning during sludge digestion. 

MATERIAL AND METHODS

Sewage and digested sludge used was obtained from 
the WWTP of the city of León. Primary and second-
ary sludge (PS and SS) were used as substrates for di-
gestion experiments under batch conditions. Chemical 
characteristics of the sludge are seen in Table 1.*Author to whom correspondence should be addressed.  
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Pre-treatment Experiments

Disintegration by ultrasound of secondary sludge 
was performed with an ultrasonic processor UP400S 
(Dr. Hielscher, Germany) operating at a nominal 
power of 300 W and 24 kHz. The sonotrode had a 
diameter of 22 mm [10]. Samples of SS (500 ml) were 
prepared in Erlenmeyer flasks of 1,000 ml and mixed 
prior to sonication. Applied ultrasonication energy (Es) 
is given by:

Es
TS

=
×

×
P t
V 0

Where P is ultrasonic power, t is application time, 

V is sample volume, and TS0 is initial concentration of 
TS. This parameter was controlled in our experiments 
by adjusting ultrasonication time [11]. Sonication was 
performed for 2 min (SS_2m) and 4 min (SS_4m) cor-
responding to different energy inputs ranging 2,500–
5,000 kJ/Kg ST.

Batch Digestion

Batch experiments were performed to determine 
biochemical gas potential of substrates used in this 
study. Experiments were carried out until cessation of 
gas production was observed. Batch reactors (Erlen-
meyer flasks of 250 mL) were filled with inoculum and 
a corresponding amount of substrate in order to attain 
the desired proportion of VS between substrate and 
inoculum. Tap water was added to complete a 250mL 
volume in all batch reactors. 

Two reactors were used for measuring gas produc-
tion and composition. A batch reactor containing only 
inoculum was used as a blank. Biogas produced by 
this reactor was subtracted from the corresponding 
tests. Temperature of digestion was 34°C, this being 

(1)

Figure 1. Particle size distribution of sludge initial samples.

Table 1. Solid Content of Sludge Used.

TS (g/l) VS (g/l)

PS 25.5 17.9
SS 18.2 13.9
SS_2500 19.4 15.4
LS_5000 19.7 15.4
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controlled by a water bath. Agitation was provided by 
means of magnetic stirrers. Gas volumes were mea-
sured using bottle gasometers and corrected to standard 
temperature and pressure (STP), 0ºC and 760 mmHg, 
respectively.

The proportion of VS between inoculum and sub-
strate for this experiment was 1:1. Digestion systems 
were denoted according to the substrate used, either PS 
or SS.

Analytical Techniques

TS, VS, and pH were determined in accordance with 
APHA Standard Methods (1989) [12] and were regu-
larly monitored during the digestion process. 

Composition of biogas was analysed using a gas 
chromatograph (Varian CP3800 GC) equipped with 
a thermal conductivity detector. A packed column 
(HayeSep Q 80/100; 4 m) followed by a molecular 
sieve column (1 m) was used to separate CH4, CO2, N2, 
H2, and O2. Carrier gas was helium, and columns were 
operated at a pressure of 331 kPa and at a temperature 
of 50°C [13].

Particle Size Analysis 

Particle size analysis was carried out using a Laser 
Diffraction Particle Size Analyser LS 13 320 Beck-
mann Coulter (stirrer speed = 350; pump speed = 500; 

and ultrasonic = off). Ror analysis each sample was 
diluted in tap water before being analysed 10 times 
[14].

RESULTS

Figure 1 shows particle size distribution (PSD) by 
volume between 0.45–2,000 µm for PS and SS as well 
as for pre-treated SS samples. 

Peak particle size for volume distribution was in the 
range at 5–100 µm. However, the PSD of the PS sam-
ple also showed a pronounced peak at 300–1300 µm. 
In the case of pre-treated SS samples with ultrasonica-
tion, it was observed that peak distribution of particles 
is directed towards smaller particle sizes when energy 
of ultrasonication is increased. Area corresponding to 
the base of the curve is increased with an increase in 
sonication energy applied to the sample. The widening 
of the base of the peak corresponding to the PSD as 
expressed in percentage of volume may indicate that 
disruption of the cell is taking place and thus obtaining 
a different fraction of variable size. 

PSD of samples represented by number are seen 
in Figure 2. The majority of particles are in the range 
of 0.4–10 µm. According to other authors [15], it is 
around the size of a single bacteria cell. No significant 
differences are observed from this graphic. Thus, it in-
dicates that although size of particles is similar in all 
samples, particles of greatest size report a significant 
fraction when considering the volumetric fraction fig-
ure.

Table 2 shows a comparative particle size analysis 
of secondary sludge after sonication at two different 
energy inputs. From this table it is observed that the in-
crease in sonication energy results in smaller particles 
being obtained in the sludge and hence lower d10, d50, 
and d90 values were obtained. This values indicate 
that 10, 50, and 90% of particles measured were less 
than or equal to sizes stated. Results confirm that the 
application of the ultrasonication process results in a 
breakdown of flocs decreasing the average size of floc. 
In addition, the decrease of the size of particles is re-
lated to an increase in superficial area. This increase 

Figure 2. Number based particle size distribution of sludge before 
anaerobic digestion.

Table 2. Volume Statistics of Secondary Sludge (Calculations from 0.375 µm to 2000 µm).

Amount (%) Mean (µm) S.S.A (cm2/mL) d10 (µm) d50 (µm) d90 (µm)

SS 100 44.2 ± 3.32 2845 ± 156 14.8 ± 0.732 36.6 ± 2.23 78.5 ± 7.96
SS_2 m 100 41.5 ± 3.26 3136 ± 190 13.5 ± 0.77 33.5 ± 2.89 73.6 ± 7.51

SS_4 m 100 37.4 ± 3.03 3704 ± 224 11.2 ± 0.65 30.4 ± 2.02 66.9 ± 7.11
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Figure 3. Gas production from batch digestion test of sludge.

should be related to a greater area for microbial attack 
now being available which should speed up microbial 
degradation.

Results obtained from batch digestion assays are 
presented in Figure 3 for PS and SS systems. When 
considering the degradation pattern of PS, an initial 

slow rate of gas production which is significantly in-
creased about day 10 of digestion is observed. The 
wide base of PSD obtained from this PS sample may 
indicate that although large volume particles may 
present a complex degradation pattern, most of these 
particles are finally degraded resulting in high biogas 
production.

Ultrasonic pre-treatment did not produce a sig-
nificant increase in biogas production. Destruction 
of flocs and reduction of mean average size did not 
result in a high increase of methane yield. The value 
reported was only 13% higher than that obtained from 
digestion of secondary sludge. Sonication of too in-
tense of energy produced a disintegration of flocs in 
many fine particles which was not beneficial to bio-
logical degradation of this sludge decreasing biogas 
yield 15%.

Seen in Figure 4, variation in PSD is experienced 
by different samples during the course of digestion. 
Modifications observed from the PS system indicate a 
decrease in content of those particles with higher di-
ameter. Application of pre-treatment to SS led to for-
mation of particles that although with a higher specific 

Figure 4. PSD obtained at different digestion times for samples.
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Table 3. Volume Statistics of Secondary Sludge (Calculations from 0.375 µm to 2000 µm).

Mean (µm) S.S.A (cm2/mL) d10 (µm) d50 (µm) d90 (µm)

Primary Sludge

Initial 44.7 ± 2.82 3508 ± 92.95 11.0 ± 0.27 32.6 ± 0.93 85.9 ± 3.74
7th day 39.8 ± 1.27 4202 ± 136.1 9.20 ± 0.34 30.3 ± 1.06 73.9 ± 2.49
14th day 35.9 ± 1.57 4123 ± 157.8 9.83 ± 0.42 28.7 ± 1.15 62.9 ± 2.87
Final 36.8 ± 1.99 3714 ± 153.4 11.3 ± 0.45 29.9 ± 1.29 63.7 ± 4.48

Secondary Sludge

Initial 44.2 ± 3.32 2845 ± 156.0 14.8 ± 0.73 36.6 ± 2.23 78.5 ± 7.96
7th day 43.9 ± 1.20 2873 ± 77.11 14.3 ± 0.37 35.8 ± 0.89 79.3 ± 2.19
14th day 43.0 ± 5.24 3328 ± 230.9 12.4 ± 0.80 33.7 ± 2.68 81.0 ± 14.28
Final 36.3 ± 1.57 3755 ± 152.4 11.1 ± 0.44 29.6 ± 1.26 64.6 ± 3.26

SS_2m

Initial 41.5 ± 3.26 3136 ± 190.4 13.5 ± 0.77 33.5 ± 2.11 66.9 ± 7.51
7th day 38.7 ± 1.76 3117 ± 136.1 11.1 ± 0.41 30.8 ± 1.24 72.9 ± 3.53
14th day 41.6 ± 5.08 3182 ± 238.6 13.2 ± 0.90 33.9 ± 2.89 67.4 ± 13.44
Final 37.9 ± 2.5 3578 ± 174.9 11.8 ± 0.53 30.2 ± 1.58 55.2 ± 5.41

SS_4m

Initial 37.4 ± 3.03 3704 ± 224.9 11.2 ± 0.65 30.4 ± 2.02 66.9 ± 7.11
7th day 40.3 ± 1.46 3326 ± 105.9 12.2 ± 0.37 32.4 ± 1.04 72.9 ± 2.83
14th day 38.2 ± 2.78 3390 ± 171.4 12.5 ± 0.57 31.8 ± 1.69 67.4 ± 6.36
Final 31.3 ± 0.88 4695 ± 115.4 8.86 ± 0.22 24.5 ± 0.60 55.2 ± 1.85

surface were not available to microorganisms when 
energy was applied too intense. In this sense, modifica-
tions experienced in PSD over the course of digestion 
are the less significant.

Table 3 presents results from digestion tests at dif-
ferent times over the course of the degradation process. 
From this table it was observed that there is an increase 
in surface area with time of digestion for all samples. It 
is of particular relevance that decrease is experienced 
by these samples as the digestion process takes place. 
Evolution of the size of the particles may have an im-
portant influence on availability of these particles to 
microorganisms.

CONCLUSION

Pre-treatment of secondary sludge with ultrasounds 
show a decrease of particle size and also enhances bio-
gas production at sonication energy of 2,500 kJ/Kg ST. 
It was demonstrated that particle size plays a relevant 
role in the availability of this material to microbial deg-
radation when compared with results obtained from 
secondary sludge samples. Application of an elevated 
range of energy resulted in a decrease in biogas pro-
duction.
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ABSTRACT: Trace metallic element behaviour was investigated for activated, thick-
ened, digested, and composted sludge. Cadmium and copper competitive biosorption 
and desorption were carried out during batch tests. Isotherms were modelled to deter-
mine sorption parameters in relation with sludge characteristics. Metals sorption/desorp-
tion behaviour were related with biochemical sludge composition. Indeed, sorption was 
more effective and desorption less effective for digested and composted sludge which 
presented an important part of humic substances and polysaccharide compounds re-
sponsible for interaction with the metallic element. Although cadmium and copper were 
concentrated in digested sludge, the composting process reduces metals bioavailability 
thanks to metal complexation with humic substances.

INTRODUCTION

IN recent years development of analytical devices 
led to detection of organic and mineral micropol-

lutants in different compartments of the environment 
such as in waste or natural waters. Removal of these 
compounds in a wastewater treatment plant is not com-
plete. About 80% of micropollutants were removed by 
conventional activated sludge plants, but about two-
thirds of removed substances were mainly transferred 
to sludge [1]. Sludge sorption was due to hydrophobic 
interactions, cation exchange, cation bridging, surface 
complexation, and hydrogen binding [2]. Micropol-
lutant sludge sorption is highly dependent upon their 
physico-chemical characteristics. Major routes for 
sludge management are land application, composting, 
incineration, and landfill [3]. However these routes are 
subject to various environmental, social, and economic 
problems, especially for application of sewage sludge 
as fertilizer to agricultural land. As protection against 
potential adverse effects of sewage sludge constituents, 
such as heavy metals, the European Union Directive 
91/271/EEC plans to limit the amount of micropol-
lutants released to the environment by sewage sludge 
disposal [3]. Metals defined by the Water Framework 
Directive as priority substances are generally found in 

sludge at levels below 15 mg/kg of dry matter for cad-
mium and mercury and from 5 to 250 mg/kg of dry 
matter for nickel and lead [4]. However, metals content 
depends on type of wastewater.

One major problem hindering the disposal of ex-
cess sludge is heavy metals content which is of great 
concern due to their high toxicity if rejected in the en-
vironment. 70 to 90% of metals contained in waste-
water are retained on sludge during treatment [5,6]. 
However, distribution varies according to the nature of 
the metal. Cadmium and copper were chosen in this 
work because they are among metals defined by the 
Water Framework Directive and found in sludge at 1 
to 10 mg/kg of dry matter and 100 to 1,000 mg/kg of 
dry matter for cadmium and copper, respectively [1]. 
Sorption of heavy metals onto sludge depends on their 
constituents which are mainly proteins, carbohydrates, 
and phenolic compounds which contain functional 
groups such as carboxyl, hydroxyl, and amine. These 
functional groups are responsible for binding of met-
als ions. Therefore, identification of these compounds 
and the number of binding sites is of interest for un-
derstanding the way metals interact with sludge before 
landspreading.

Application of organic wastes to farmland has in-
creased over the years as it contributes to the preserva-
tion of the environment and results in an improvement 
of chemical, biochemical, and physical properties of 
soil. Although, there is an increased risk of soil and *Author to whom correspondence should be addressed.  
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ground water being contaminated by pollutants. Sew-
age sludge may contain heavy metals whose presence 
in soil may reduce enzyme activities and affect mi-
crobial communities in soil. They accumulate in soil 
and are taken up by crop plants posing a health hazard. 
The purpose of this study is to assess potential hazards 
linked to landspreading in relation to sludge origin and 
characteristics. Sorption and desorption tests were per-
formed with cadmium and copper on different kinds of 
sludge to compare their behavior in regards to sludge 
composition.

METHODS

Sludge Samples

Activated, thickened, and digested sludge samples 
were obtained from the municipal wastewater treat-
ment plant (WWTP) of the city of Limoges (France, 
285,000 inhabitant-equivalent, influent composed 
of 85% v/v domestic, and 15% v/v slaughterhouse 
wastewater) and stored for a maximum duration of  
24 h at 4°C before use. Composted sludge was obtained 
from the composting platform of Berneuil in Limousin 
which collects sewage sludge from the WWTP of Li-
moges. Average characteristics of samples were as fol-
lows in Table 1.

Chemical and Biochemical Composition

Sludge characteristics measurements were tripli-
cated. Measurements of total and volatile solids were 
performed on total sludge after desiccation at 105°C 
for 24h (total solids) followed by 2h at 550°C (volatile 
solids). They also were done on centrifugation pellets 
(6,000 g, 20 min, 4°C) which allowed for the determi-
nation of total suspended and volatile suspended solids 
(TSS and VSS) according to the normalized method 
[7]. Standard deviation for triplicate samples was be-
low 2%.

Chemical Oxygen Demand (COD) was measured 
with cuvette tests (HACH LANGE). Polysaccharides 

were determined using the colorimetric method of Du-
bois et al. [8]. Proteins and humic like substances were 
determined using the method of Lowry et al. [9] modi-
fied by Frølund et al. [10]. These measurements were 
done on both total and soluble fractions of sludge. The 
soluble fraction is defined here as the fraction result-
ing from filtration of the samples through a cellulose 
nitrate membrane of 0.45 µm pore size. For all colori-
metric methods used in this study the standard devia-
tion for triplicate samples was 1–8% and 5–20% for 
soluble and total fractions, respectively.

Determination of Ionizable Functional Groups and 
Acidity Constants (pKa)

In order to assess chemical differences and evolu-
tion during stages of sludge treatment, potentiometric 
titrations were carried out with an automatic titrator 
Metrohm 716 Titrino on the different sludge samples 
to determine pKa values and proton binding site con-
centrations for both floc surface and soluble phase. 
Data interpretation using a non-electrostatic model of 
proton adsorption was performed using the software 
PROTOFIT [11] which allowed for both number and 
acidity constant of the different functional groups to 
be determined. Sample preparation and measurements 
were done in accordance with protocols describe in 
Laurent et al. [12].

Cadmium and Copper Biosorption Tests

Cadmium and copper behavior towards activated, 
thickened, digested, and composted sludge was evalu-
ated by batch biosorption tests conducted at a constant 
pH level of 7 as described in other studies [12,13]. 
As total solids concentrations were different for each 
sludge sample and in order to compare the behavior of 
metals, the same total solid concentration was used for 
each sample (i.e., the lowest from all). Sludge samples 
were diluted with 0.02 M NaCl [14]. Sorption iso-
therms were obtained using 50 mL of sludge sample 
spiked with seven different initial metal concentrations 
ranging from 0 to 1 mg/L and 0 to 50 mg/L for Cd and 
Cu, respectively. The bottles were then shaken at 180 
rpm on a rotary shaker at ambient temperature. Once 
equilibrium was reached, the sludge suspension was 
centrifuged and then filtered through a cellulose nitrate 
membrane of 0.45 µm pore size. The filtrate was acidi-
fied with a few drops of concentrated HNO3 and stored 
at 4°C until analysis. 

Desorption tests were performed on centrifugation 

Table 1. Characteristics of Sludge Samples.

Sludge
Total Solids 

(TS)
Volatile Solids/total Solids 

(VS/TS)

Activated sludge 3.5 g/L 67%
Thickened sludge 51.4 g/kg 74%
Digested sludge 31.5 g/L 64%
Composted sludge 427.3 g/kg 61%
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pellets obtained with sorption tests for each sludge. 
Pellets were resuspended with 0.02 M NaCl then bot-
tles shaken at 180 rpm on a rotary shaker at ambient 
temperature. Once equilibrium was reached, the sludge 
suspension was centrifuged then filtered through a cel-
lulose nitrate membrane of 0.45 µm pore size. The fil-
trate was acidified with a few drops of concentrated 
HNO3 and stored at 4°C until analysis.

Cd and Cu concentrations were determined in the 
filtrate of both sorption and desorption tests by a graph-
ite furnace atomic absorption spectrometer (FAAS) 
(Varian 880Z). Particulate Cd and Cu concentrations at 
equilibrium (Qeq) were determined by differences be-
tween the aqueous added and the residual equilibrium 
concentrations (Ceq) according to Equation (1). Rela-
tive standard deviation was always below 5% when 
measuring metal concentrations by FAAS.

Q
Ci C
TSeq

eq=
−

With Qeq = particulate metal concentration (mg/g 
TS), Ci = added metal concentration (mg/L), Ceq = 
aqueous metal concentration (mg/L), and TS = sludge 
total solids concentration (g/L).

RESULTS AND DISCUSSION

Sludge Biochemical Properties

Biochemical composition (polysaccharides, pro-
teins, and humic substances) of both soluble and par-
ticulate fractions was measured in the different sludge 
sample.

Figure 1 showed that the soluble fraction was main-
ly constituted of humic substances. However, for the 

total fraction the part of polysaccharides and proteins 
increased during sludge treatment until digestion from 
30 to 90 mg/g of TS and 30 to 70 mg/g of TS for poly-
saccharides and proteins, respectively. The part of 
humic like substances and polysaccharides was more 
important in composted sludge probably due to com-
posting process characteristics. The part of humic like 
substances and polysaccharides was more important in 
composted sludge probably due to composting process 
characteristics.

Metal behaviour during sludge treatment is linked to 
specific interactions between active sites in the sludge 
matrix and metallic species in solution. Functional 
groups involved in metal biosorption were character-
ized by acid-base properties. Amine, carboxyl, hydrox-
yl, and phosphate groups originating from proteins, 
polysaccharides, and phospholipids are responsible for 
the sorption. According to the pH of the medium these 
groups are able to dissociate and generate a negative 
surface charge on the sludge. This leads to attraction 
and interaction of positively charged metallic species.

Assessment of Soluble and Particulate  
Functional Groups

Potentiometric titration data were modeled with 
PROTOFIT software which allowed for the determi-
nation of acid-base properties for both particulate and 
soluble fractions of sludge. According to the typical 
pKa values of functional groups present on the bacte-
rial surface [15], pKa values obtained via PROTOFIT 
using a four acidic sites model were linked to the na-
ture of functional groups and are presented in Figure 2.

In soluble and particulate fractions, activated, thick-
ened, and digested sludge showed four pKa values: 
3.62–4.13 (pKa1), 5.01–6.24 (pKa2), 6.41–7.18 (pKa3), 

(1)

Figure 1. Biochemical composition of soluble (a) and total (b) fraction of activated, thickened, digested, and composted sludge.
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Figure 2. Relative contributions of the four sites concentrations associated with their pKa values to the total site concentration for particulate 
(a) and soluble (b) fraction of sludge.

and 8.55–11.38 (pKa4). Each pKa values can be as-
similated into a group of components: pKa1 and pKa2 
to a carboxylic group, pKa3 to a phosphoric group, 
and pKa4 can be attributed to amine and/or hydroxyl 
groups.

In the soluble fraction of thickened, digested, and 
composted sludge, amine and hydroxyl groups were 
predominant from 50 to 80%. For the activated sludge 
soluble fraction, the part of the carboxyl group was 
about the same as the part of amine and/or hydroxyl 
groups. However, in the particulate fraction of thick-
ened, digested, and composted sludge carboxyl groups 
were predominant. In the particulate fraction of acti-
vated sludge, the part of amine and hydroxyl groups 
was more important than the part of carboxyl groups. 
Carboxyl groups can be linked to proteins, humic like 
substances, and uronic acids. Amine groups are mainly 
present in proteins whereas hydroxyl groups originate 
essentially from polysaccharides and humic like sub-

stances. Consequently, the observed composition of 
particulate and soluble fractions was consistent with 
biochemical composition previously established.

Metals Sorption and Isotherms Modeling

Sorption isotherms for the four different sludge 
samples for cadmium and copper are represented in 
Figure 3. Isotherms were drawn based on equilibrium 
cadmium and copper concentration. All experiments 
were carried out at pH = 7 and initial concentration 
ranged from 0 to 1 mg/L and from 0 to 50 mg/L for 
cadmium and copper, respectively. Each of the sludge 
samples were spiked with both cadmium and copper 
solution to reach 10 fold the regulation at the maxi-
mum with each metal analyzed separately.

For cadmium, sorption was the most effective on 
digested sludge and composted sludge compared to ac-
tivated and thickened sludge. Indeed for the first one 

Figure 3. Comparison of cadmium (a) and copper (b) sorption isotherms for each type of sludge. Sludge concentration was 4 g/L.
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the maximum released concentration was 0.021 mg/L 
compared to 0.052 mg/L for the second one at 1 mg/L 
of spiked cadmium concentration (0.23 g/kg TS sorbed 
Cd). For copper, sorption was the most effective on di-
gested, composted, and activated sludge.

Given the shape of sorption isotherms, different 
models have been tested to determine different pa-
rameters. Freundlich and Langmuir models fitted well 
with cadmium sorption but not with copper. Therefore, 
another model, the Langmuir-Freundlich model [16] 
described by Equation (2) has been used for cadmium 
and copper sorption. 

Q Q
C
Ceq max
eq

eq
=

+

L
L

n

n1 ( )

where Qeq = sorbed metal concentration at equilibrium 
(mg/kgTS), Qmax = limited adsorption capacity (mg/
kg), Ceq = total aqueous metal concentration (mg/L) at 
equilibrium, and L = affinity constant (L/mg).

This model was chosen because it is adapted for 
competitive sorption and has an ability to predict sorp-
tion behavior at the saturation limit. Model parameters 
were determined from experimental data by a non-lin-
ear regression algorithm and are presented in Tables 2 
and for cadmium and copper, respectively.

The main useful information provided by these pa-
rameters was the maximum adsorption capacity. In the 
case of cadmium sorption, Qmax reached the highest 
values for digested and composted sludge. However, 
for copper sorption, composted sludge showed the 
lowest maximum adsorption capacity.

This result could be linked to the high humic like 
content in the soluble phase of the composted sludge. 

As reported in the literature [17, 18, 19], Cu has a high 
binding ability with humic acids. This complexation to 
soluble organic matter probably limited copper sorp-
tion onto the particulate fraction of composted sludge.

Globally, metals were concentrated during digestion 
and composting process. These results were in accor-
dance with studies of Karvelas et al. [6] and Liu et al. 
[20] which showed on the one hand that high levels of 
metals were found in digested sludge due to reduction 
of dry matter during the process and on the other hand 
that metals distribution during the composting process 
depends on different parameters such as organic matter 
content. Moreover humic substances mainly consist-
ing of humic acids and fulvic acids are known for their 
significant influence on mobility and phyto-availability 
of heavy metals in soils [21] and generally binding of 
metal ions to humic acids reduces their bioavailabil-
ity, mobilization, and transport capability in soil [17]. 
Results showed that it was possible to predict metal 
binding ability from sludge sample biochemical char-
acteristics.

Metals Desorption

Metal ability to desorb from sludge was assessed in 
order to quantify potential metal release when sludge 
was used for agricultural land for example. Figure 4 
displays desorption efficiency of cadmium and cop-
per for activated, thickened, digested, and composted 
sludge. 

Cadmium desorption efficiency showed the highest 
value for activated sludge (until 2% against 0.4% for 
digested and composted sludge). Copper desorption ef-
ficiency decreased when initial concentration of copper 

Table 2. Cadmium Biosorption Parameters for  
Sludge Samples.

Sludge Model Parameters R²

Activated sludge Langmuir-Freundlich
L 21.6

0.99Qmax 4820.9
n 1.8

Thickened sludge Langmuir-Freundlich
L 10.1

0.99Qmax 804.3
n 1.03

Digested sludge Langmuir-Freundlich
L 0.75

0.98Qmax 10618
n 0.84

Composted sludge Langmuir-Freundlich
L 2.79

0.99Qmax 9985
n 1.24

Table 3. Copper Biosorption Parameters for  
Sludge Samples.

Sludge Model Parameters R²

Activated sludge Langmuir-Freundlich
L 0.46

0.99Qmax 2683
n 3.08

Thickened sludge Langmuir-Freundlich
L 0.11

0.99Qmax 7812
n 1.32

Digested sludge Langmuir-Freundlich
L 0.69

0.96Qmax 4437
n 2.26

Composted sludge Langmuir-Freundlich
L 0.32

0.98Qmax 874.6
n 3.42

(2)
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spiked in the sludge and for the highest copper concen-
tration used in this study desorption was less effective 
with digested and composted sludge. Results were in 
line with those obtained for sorption because sludge 
samples for which sorption was most effective are those 
for which desorption was less effective. Metal desorp-
tion from digested and composted sludge was less ef-
fective so bioavailability was reduced. Although desorp-
tion efficiency was higher for activated and thickened 
sludge, the sludge at this stage of treatment would not 
be used for agriculture in this state. Further stabilization 
treatment such as composting could be realized before 
land application. These results were encouraging for the 
potential to recycle sewage sludge safely.

CONCLUSION

Sorption and potential release of heavy metals in 
different sludge samples collected at different locations 
of sludge treatment in relation with their biochemi-
cal characteristics was evaluated. Soluble fractions of 
sludge samples mainly constituted of humic like sub-
stances. However, polysaccharides and proteins were 
predominant in total fractions except for composted 
sludge which contained more humic substances. Dif-
ferent metal sorption capacities and desorption effi-
ciencies were observed between the four sludge sam-
ples. Indeed, cadmium sorption was the most effective 
on digested and composted sludge but copper sorption 
onto composted sludge showed the lowest maximum 
adsorption capacity due to high humic content. More-
over, metals desorption from digested and composted 
sludge was less effective and therefore bioavailability 
was reduced.

Results clearly demonstrated that an increase of hu-

mic substances in composted sludge increased binding 
ability of metal ions, particularly copper, to humic ac-
ids. This could reduce their bioavailability, mobiliza-
tion, and transport in soil when sludge is used for land 
application. 
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