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Abstract 

Thermoelectric fly ash was used as a micronutrient source for microorganisms in the 

anaerobic digestion process of thermally pretreated (1 hour, 120 °C) secondary sludge. 

The obtained results not only suggest that fly ash improves methane generation in the 

conversion of volatile fatty acids into methane, but also show a new observation, that 

the fly ash contributes in the particulate organic solubilization. The maximum methane 

production rate increased from 6.52 mL/L/d to 22.59 mL/L/d when fly ash was added 

at a dosage of 150 mg/L in biochemical methane potential tests compared with tests 

with no added ash. Additionally, the kinetic constants of the hydrolysis of particulate 

organic matter were obtained in both cases (with and without added ash) in batch 

reactors using a first-order kinetic model; in the case of no addition, the first-order 

kinetic parameter was 0.019 ± 0.002 d−1, while with ashes this value increased to 0.045 

± 0.000 d−1. Therefore, the addition of fly ash improves methane generation and 

hydrolytic kinetics in different orders of magnitude. 
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INTRODUCTION 

Secondary sludge or biosolids are a by-product of aerobic biological treatment systems 

found in wastewater treatment plants (WWTPs). In general, the management of this 

waste is a serious and difficult problem to solve because it has a slow rate of 

biodegradation, poor dewaterability, it produces odour issues and is generated in large 

quantity in aerobic reactors (Stamatelatou & Tsagarakis , 2015). In spite of these 

problems, this residue is an energy source in WWTPs when it is digested in an 

anaerobic reactor. Also, its treatment by anaerobic digestion (AD) reduces the sludge 

management costs for generating energy, improving dewaterability, reducing 

pathogen content and solving odour emissions problems. The improvement of this 

process with low-cost action strategies is an important challenge in order to decrease 

the energy demand and improve the cost balances in these plants.  

WWTPs have high energy requirements for removing pollutants. Given that activated 

sludge systems are used in WWTPs, large quantities of secondary sludge or biosolids 

are generated, which are generally used for agricultural purposes, composting, landfill 

or incineration. The treatment of these biosolids could represent up to 50% of the 

operating costs of these plants (Appels et al., 2008). Taking into account the high 

energy demand and the high management cost, AD technology provides a great 

contribution in this sense. Digesting the generated sludge by anaerobic processes, the 

total amount of solids to be disposed of and odour emissions are considerably 

reduced. Also, the use of the biogas generated can make the energy balance of this 

treatment system equal to zero, or even positive (Fernández-Polanco & Tatsumi, 

2016). 

AD is a natural process in which biodegradable organic matter is converted into biogas 

(mainly methane and carbon dioxide) by a group of microorganisms. In spite of the 

complexity of AD, it is always explained in three general steps: macromolecule 

hydrolysis in which the complex matter is converted into fermentable molecules, 

hydrolytic product acidification in which the previous molecules are transformed into 

volatile fatty acids (VFA) and, finally, a methanogenic step in which VFA are converted 

to biogas. Generally, the biogas is composed of around 75%–65% methane and 35%–

25% carbon dioxide with low levels of other gases, such as hydrogen sulphide or 

hydrogen. 
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The composition of the biogas generated is highly related to the macronutrients that 

are fed. In fact, there are strategies to estimate the composition of biogas based on 

the molecular formula of the substrate (van Lier et al., 2008). 

In addition, the application of AD to treat these biosolids is limited by high hydraulic 

retention times, 20–30 days, and low efficiency of solid degradation, 30%–50%. These 

limiting factors are associated with the hydrolytic step. For this reason, the secondary 

sludge AD is a biological process in which the hydrolytic stage is widely assumed to be 

a controlling step in the global stabilization process. There are physical and chemical 

strategies to improve the particulate matter solubilization like thermal and alkali 

treatments (Appels et al. 2008; García-Gen et al. 2015; Nava-Valente et al. 2016). 

Several authors (Tomei et al. 2008; García-Gen et al. 2015; Nava-Valente et al. 2016) 

have reported on how to model this limiting step by using a first-order kinetic equation 

despite the fact that there are other models with better statistical responses but that 

are more complex and less useful in practice. These complex models take into account 

parameters like biomass concentration inside the reactors. Biomass is a difficult 

variable to identify in continuous reactors, especially when they are digesting 

secondary sludge. Table 1 shows some values of the hydrolytic kinetic constant found 

by different authors (Tomei et al. 2008; García-Gen et al. 2015; Nava-Valente et al. 

2016). 

When comparing the values from Table 1 with 0.5 d-1 as the maximum specific growth 

rate for methane-forming archaea (Henze et al. 1997) it can be explained why the 

hydrolytic step is the controlling stage. In order to enhance hydrolytic kinetic 

behaviour, several methods have been proposed and tested at laboratory scale but 

few mechanical, thermal and thermochemical methods have been successfully applied 

at full scale as they have high cost and energy requirements (Ariunbaatar et al. 2014). 

The selection and success of any strategy is highly dependent on mass, energy and 

economically balances for the global process. 

 

Table 1. First-order kinetic constant values obtained in the AD of biosolids and other 
substrates by different authors. 

Substrate k (d-1) Temperature 
(ºC) 

Reference 

Primary sludge 0.25-0.40 35-55 Siegrist et al. 2002  
Waste activated sludge 0.12 35 Zhang et al. 2010 
Waste activated sludge 0.026-0.035 35 Tomei et al.2008 
Waste activated sludge 0.1-0.4 50-65 Ge et al.2011 
Waste activated sludge 0.106-0.215 40-70 Luo et al. 2012 
Carbohydrates 0.025-0.2 55 Chris et al. 2000 
Proteins 0.015-0.075 55 Chris et al. 2000 

 



 

Thermal pre-treatments are those where biomass or complex substrate is solubilized 

by applying heat. Their performance may be influenced by both temperature and 

exposure time. However, temperature seems to be the most influencing factor on 

biomass disintegration and anaerobic biodegradability. Temperatures ranging from 60 

C to 180 C are generally used for thermal pre-treatment, although a wide range of 

temperatures have been tested. The optimal temperature depends on the substrate 

characteristics (Carrère et al. 2010). 

On the other hand, the presence of micronutrients has more impact over the kinetic 

process. Several micronutrients are part of enzymes which play an important role in 

methanogenic metabolic routes (Romero-Güiza et al. 2016). Authors like Ma et al. 

(2009) and Huiliñir et al. (2015) give information about the importance of different 

metals which are used as parts of enzymes and other compounds in AD. Elements like 

Co, Ni and Fe are involved in the process of methane formation, and they are parts of 

enzymes that produce acetate in the acetogenic step or co-factors of some enzymes 

involved in the methanogenic step (Ma et al. 2009). The positive effect of metal 

addition in AD has been widely reported by some authors like Gonzalez-Gil et al. (1999) 

and Fermoso et al. (2008). They added metals like Ni and Co in their AD studies and 

found that the bioconversion was improved when metals were added, while their 

limitation caused deficient reactor performance and even failure by acidification. It is 

important to mention that these authors used salts as chlorides for their experiments; 

this fact makes it difficult to scale up their use as a supplement for their costs. Other 

authors used other sources of metals like modified zeolites and found an improvement 

in the methane generation from synthetic wastewater as well as with fatty acids as 

substrate (Milan et al. 2010). Lo (2005) studied the co-digestion of municipal solid 

wastes with ash from their incineration; they also improved the biogas generation with 

ash in batch processes. Romero-Güiza et al. (2016) performed an in-depth review of 

additives to anaerobic microorganisms; furthermore, they also report the inhibition 

effects of heavy metals; in general, there is a threshold beyond which the inhibition of 

anaerobic process occurs. Taking into account that each residue contains different 

concentrations of heavy metals and the capability of inhibition in the AD process by 

them above a certain threshold (different in each metal: Co, Ni, Cu), they give 

importance to previous experiments that define a stimulatory dosage in each residue, 

if any. In this sense, a protocol to find this dosage has not been defined up to now. 

According to the information presented, the main objective of this research was to 

study the possibility of improving methane generation from secondary sludge when 

this was thermally pre-treated at 120 C using added fly ash as a source of 

micronutrients. For this purpose, biochemical methane potential (BMP) tests with 

different fly ash dosages were made and compared. Once the stimulatory dosage was 

found, the hydrolytic kinetic behaviour was modelled and studied, comparing the 



results obtained with no added ash with those achieved when fly ash at the optimal 

dosage was added. 

 

MATERIALS AND METHODS 

Characteristics of the anaerobic inoculum, substrate and fly ash used 

The purge of an anaerobic mesophilic reactor property of sanitary WWTP ‘La Farfana’ 

in Chile was used as anaerobic inoculum. This reactor digests secondary sludge with 

13.3 ±2.4 g VSS (volatile suspended solids)/L and 23.5 ± 1.3 g TSS (total suspended 

solids)/L in the purge line. 

Secondary sludge was used as substrate. This substrate was collected from the purge 

line of an activated sludge reactor; this system belongs to a meat factory located in La 

Calera, Chile. At the moment of collection, the system was operated with 25 days of 

solid retention time. The substrate was thermally pre-treated at 120 ºC for one hour in 

an autoclave, as soon as the sludge was received at the laboratory from the factory’s 

WWTP (Table 2). This thermal treatment helps distinguish the concentration of VSS 

that belongs to the substrate, under the assumption of a constant biomass 

concentration during the batch assays. Another reason is to study how to improve the 

AD process using a common pre-treatment in the management of biosolids (Table 2). 

The fly ash used came from the Chilean thermoelectric plant ‘Guacolda Energía’. The 

mean particle size of the ash was 0.09 mm and its composition was determined by 

inductively coupled plasma (ICP) (Table 3). 

 

Table 2.  Characteristics of secondary sludge and thermally pre-treated sludge.  

Parameter  Mean value Error  

COD Total (mg/L) 14797 503 

 

Soluble 

(mg/L) 

230 58 

Solids  TSS (g/L) 12.66 2.54 

 

VSS (g/L) 10.11 1.05 

MSS (g/L) 2.55 1.48 

TS (g/L) 15.22 2.85 

VS (g/l) 10.9 1.9 



MS (g/L) 4.32 0.95 

 

Solids post thermal 

pre-treatment   

 

TSS (g/L) 

 

10.83 

 

2.54 

 

VSS (g/L) 8.47 0.84 

MSS (g/L) 2.36 0.42 

TS (g/L) 12.21 3.33 

VS (g/L) 8.77 2.22 

MS (g/L) 3.44 1.11 

pH 7.10 

COD total / N-total 15 

 

 

Table 3. Chemical composition of thermoelectric fly ash used 

Component Unit Value  

SiO2 % weight          29.06  

Ca % weight            1.07  

Fe % weight            5.50  

Ti mg/kg           4.33  

V mg/kg       356.6  

Cr mg/kg       131.0  

Mn mg/kg       554.2  

Co  mg/kg         70.6  

Ni mg/kg         52.8  

Cu  mg/kg       109.4  

Zn mg/kg         97.0  

Rb mg/kg         30.2  

Sr mg/kg       267.6  

Zr mg/kg       217.0  



Pd mg/kg       163.8  

Hg mg/kg           0.005  

Ba mg/kg           1.109  

 

 

Experimental procedure for determining the optimum fly ash dosage 

The cumulative methane production was measured in BMP tests. These assays helped 

to corroborate the improvement of AD after ash addition and to find the best ash 

dosage. These tests were similar to those done to determine the specific 

methanogenic activity values (van Lier et al. 2008). Each flask contained the same 

concentration of substrate (2 g COD/L) and inoculum (2.5 g VSS/L) but different 

concentrations of fly ash (0, 30, 90, 150, 180, 200 mg/L). These reactors were 

immersed in a thermal bath at 35 °C. All assays were carried out in triplicate. The 

reactors were operated without micronutrient supplement because the objective of 

the addition of ash was precisely to supply the micronutrients necessary for an optimal 

performance of the process. A phosphate buffer was used to fix the pH at 7.3. All 

changes were considered for the purpose of studying the methane generation rate 

from secondary sludge in common conditions of pH and unbalanced nutrients such as 

occur in industrial WWTPs. The methane produced was measured by displacement of a 

NaOH (2.5%) solution in an inverted graduated cylinder. 

The total volume of the glass flasks used was 250 mL with an effective volume of 200 

mL. The buffer solution, substrate, inoculum and corresponding amount of fly ash 

were introduced to the flasks. To ensure anaerobic conditions in each flask, nitrogen 

gas was introduced in each head space before closing it and starting the experiment. 

Each flask was manually shaken once a day. 

A mean cumulative curve was done with the triplicate values. The representation of 

mean data has been used as a visual criterion to find the stimulation effect on 

methane generation and to select the best dosage. Also, these data were correlated 

through linear regression; their slopes could be used to choose the best dosage with 

numerical criteria. The slope from regression lines represents the rate of methane 

generation, and it shows if the AD inside the flask was improved or if it deteriorated 

with respect to the flask with no added ash. This is the simplified proposed form for 

corroborating how to find the stimulation dosage and compare with the case of no ash 

addition. 

 

Kinetics and modelling of particulate organic matter hydrolysis 



Once the stimulation dosage was found and fixed, the degradation of organic 

particulate material with and without ash supplementation was studied. To estimate 

the particulate material in this research study, the volatile suspended solid content 

was used directly. The degradation of particulate organic matter over time was 

adjusted to a first-order kinetic model. Once the kinetic constants were obtained, it 

was easy to compare the improvement of biodegradation in terms of an increase in 

the rate constant. 

Starting at the same time, eight batch reactors were operated with the stimulatory 

quantity of ash and another eight batch reactors without them. At days 8, 19, 23 and 

27 of operation, the VSS contained in two reactors from each serial line (two with and 

two without ash) were analysed to determine the mean solid concentration reduction 

over time. In this way, the variation in organic particulate content over time from the 

substrate in anaerobic batch conditions with or without ash addition was obtained.   

High degradation implies more methane generation and less cost for biosolid  

management. The VSS concentrations were chosen as the response variable to 

develop the kinetic model. 

The AD of solid organic matter can be described by first-order kinetics (Christ et al. 

2000; Tomei et al. 2008; Ruiz-Hernando et al. 2014). There are authors that assume 

only first-order and divide the organic material degradation in two parallel reactions; 

rapidly degradable and slowly degradable material (García-Gen et al. 2015). In the 

present research study, the simplest first-order model was used (Equation (1)) to study 

organic matter degradation, in which k is the hydrolysis kinetic constant, X is the VSS 

concentration at any time, t is the time and X0 is the initial particulate substrate 

concentration: 

ln (X/X0) = -k · t     (1) 

According to Equation (1), a plot of ln (X/X0) versus t should give a straight line slope 

equal to k with intercept zero.  

The biodegradable fraction of VSS was estimated based on equations and tables for 

activated sludge systems that can be found in Von Sperling (2008) or Bolzonella et al. 

(2005). These equations depend on solid retention time, and, in this case, with 25 

days, this fraction was around 60%. Despite this, other authors like Luo et al. (2012) 

assume the totality of particulate matter and give no relevance to non-biodegradable 

fraction. 

 

Statistical analyses 



The variation in particulate organic solid concentration over time is described by 

Equation (1). The kinetic constants were determined through a linear regression 

analysis following the least squares strategy. 

A linear regression analysis helps to find easily the most important parameters for 

comparing slopes and arguing for a linear tendency; the slope represents the kinetic 

constant, while the standard deviation of the kinetic constant is also determined. The 

correlation factor is r, which informs the degree to which the experimental values fit 

the proposed linear model and also helps calculate the coefficient of determination 

(R2) by multiplying r by itself. The estimation of the coefficient of determination via the 

correlation coefficient can only be done in linear models like these; in other cases, 

different strategies should be used (Montgomery, 2012). 

 

Analytical procedures 

Total suspended solids (TSS), volatile suspended solids (VSS), total solids (TS) and total 

volatile solids (VS), mineral suspended solids (MSS), total mineral solids (MS) and pH 

values were determined according to Standard Methods (APHA/AWWA/WPCF 2012). 

Soluble and total chemical oxygen demand (COD) were determined according to the 

semi-micro method proposed by Soto et al. (1989). All analyses of solids and COD were 

carried out in triplicate. 

 

RESULTS AND DISCUSSION 

Selection of the better ash dosage 

Figure 1(a) and 1(b) show the variation in cumulative methane production over time 

for the different dosages (0, 30, 90, 150, 180 and 200 mg/L of ashes) assayed. As can 

be seen when comparing the experimental data plotted in Figure 1(a) and 1(b), the 

best stimulant dosage was found to be 150 mg/L. The slopes of the straight lines 

obtained by linear regression adjustment of the experimental points are equal to the 

maximum methane production rates. As can be observed, there was a trend to 

increase the methane production rate with increased dosages up to a maximum ash 

dosage of 150 mg/L. After this dosage, there was a decrease in the methane 

production rate compared with the above-mentioned maximum value. For the case in 

which there was no added ash, the maximum methane productivity was 6.52 mL/L/d 

while for the optimum case of 150 mg/L of added ash, the maximum methane 

production rate was 22.59 mL/L/d, which is three times higher than that obtained with 

no added ash (Table 4). 

 



Table 4 | Maximum methane production rates (slope: mL/L/d) from the BMP tests and 

values of determination coefficients of the linear regression fit 

Ash concentration (mg/L)   Slope    R2 

No ash       6.5192   0.9448 

30       15.324   0.9635 

90       15.619   0.9907 

150       22.592   0.9878 

180       11.766   0.919 

200       11.612   0.9438 

 

 



Figure 1 | 

(a) Variation in cumulative methane production over time in the BMP tests. Includes 

tests with no added ash (▲),  30 (X), 90 (O), 150 (♦) mg/L, (b) Variation in cumulative 

methane production over time in the BMP tests. Includes test with no added ash (▲), 

150 (♦), 180 ( * ), 200 (O) mg/L. 

 

 

Kinetic modelling 

There are some references in the literature in which AD is modelled with attention to 

different response variables; biogas production or substrate consumption are the most 

common response variables used to identify the model parameters (Tomei et al. 2008; 

Angelidaki et al. 2009; Donoso-Bravo et al. 2010; García-Gen et al. 2015; Huiliñir et al. 

2015). 

Based on previous results, choosing the optimal ash dosage of 150 mg/L, and taking 

account the literature references, a kinetic study was performed to compare the case 

of the highest stimulation in methane production with the case of no ash supply. Two 

batch reactor series were used only to measure the mean variation of VSS over time. 

Table 5 shows the mean variation of VSS concentration over time in these 

experiments. Two experimental series were performed; one with the optimal ash 

dosage (150 mg/L) and the other without ash addition. For the case in which ash was 

used, the percentage of VSS reduction was 25%, while in the other case, without ash 

supplementation, this percentage was 16% at the end of the experimental period 

tested. 

Equation (1) is the most commonly used model for anaerobic sewage sludge 

degradation. According to Tomei et al. (2008), this empirical equation could consider 

the cumulative effects of many processes. Although some practical cases show that 

degradation kinetics depend on the biomass concentration, the common practice of 

the use of Equation (1) to determine the kinetic constant could be attributed to the 

real difficulty in the AD of sludge to distinguish the active biomass from the sludge 

volatile solids representing the substrate (Tomei et al. 2008). 

 
Table 5. Experimental results for suspended volatile solids degradation modelling. 
 
Exp. 
day 

Without ash supply  With ash supply 

VSS, X 
(g/L) 

CI* (g/L) Ln (X/X0) 
 VSS, X 

(g/L) 
CI* (g/L) Ln (X/X0) 

0 6.31 
estimate

d 
0.00 

 
6.31 estimated 0.00 

8 6.05 0.21 -0.12  5.47 0.20 -0.46 

19 5.33 0.13 -0.56  5.01 0.23 -0.84 

23 5.83 0.20 -0.23  4.80 0.02 -1.08 

  27 5.30 0.17 -0.58  4.71 0.03 -1.20 



*CI: The values of the confidence interval (CI) allow the estimation of the confidence interval 
for the mean kinetic parameter. This number is the product of SD and the t-Student 
under 95% confidence. This number provides more information than ±SD, and makes it 
possible to compare k-values in order to ensure they are different or not. 
X: VSS concentration at any time. X0: the initial VSS concentration. 

 

Figure 2 shows the model and the experimental values of ln(X/X0) versus time 

according to Equation (1) to calculate the kinetic constants and obtain other statistical 

parameters. For the case without ash addition, the hydrolysis kinetic parameter was 

0.019± 0.002 d-1 with a correlation factor (r) equal to -0.939 and a coefficient of 

determination (R2) equal to 0.881; while in the case with ash supplementation, the 

kinetic constant value was 0.045± 0.000 d-1 with r equal to -0.998 and R2 equal to 

0.997. Therefore, when ashes were supplemented, the kinetic constant increased by 

2.3 times compared with the value obtained without ash addition. 

 

The fact that the correlation parameters (r and R2) are very high and close to 1 means 

that there is strong linear dependence among the experimental data given in Equation 

(1). Moreover, the intercept, in both cases, achieves a value very close to zero (-0.001). 

Thus, all these data support the suitability of the first-order kinetic model chosen. As 

can be seen in Figure 2, in the case of no ash addition two outlier points corresponding 

to 19 and 23 days are observed. If these two experimental points are not taken into 

account for calculations, the kinetic parameter would be 0.021 and R2 would be equal 

to 0.997; this means that these outliers do not generate a significant difference in the 

kinetic constant value, but they give a variance that the model cannot explain. This 

causes a value worse than the previous calculated R2 when all the experimental points 

are taken into account in the calculation. 

 

 

Figure 2 | Variation in the experimental values of ln(X/X0) versus time according to Equation (1) to 
determine the kinetic constants for the two cases studied: with ash addition (  ▄  ) at the optimum  
dosage (150 mg/L) and with no added ash (♦ ). 
 

 



The kinetic constant values obtained in the present study are lower than those 

obtained by other authors (Table 1) like Luo et al. (2012), which reported a value for 

the kinetic parameter of 0.17 d-1. However, the kinetic constant values achieved in the 

present research study are of the same magnitude as those achieved by Tomei et al. 

(2008) in the AD of untreated and previously sonicated sewage sludge, for which 

values of 0.026–0.035 d-1 with R2 of 0.97–0.84 were reported; in this case, the pre-

treated secondary sludge used by Tomei et al. (2008) had a high sludge age too 

(around 20 d). These authors explain that the low values of the kinetic parameters can 

be attributed to the high solid retention time in activated sludge; this fact makes sense 

due to the high sludge age, which implies high stabilization inside the aerobic reactor, 

where the secondary sludge is characterized by the presence of a high amount of 

slowly biodegradable matter (Bolzonella et al. 2005). Also, it is important to mention 

that Luo et al. (2012) reported kinetic constant values in secondary sludge hydrolysis 

between 0.10 and 0.40 d-1 at 55 ºC and 65 ºC, respectively; hence, it would be 

expected that at 35 ºC their values would be lower and close to the values obtained in 

the present study. 

Based on the obtained results the fly ash addition shows effects in different ratios over 

AD steps. The methane generation rate, which is related to the transformation of fatty 

acids into methane (Figure 1(a) and 1(b) and Table 4), was increased by three times 

(6.52 and 22.59 mL/L CH4/d), while the hydrolytic constants were improved by two 

times; constants related to the COD particulate solubilization. These observations 

suggest the addition of this ash improves not only methane generation, also the rate at 

which the solids are solubilized. The overall methane generation reported in the 

literature by Huiliñir et al. (2015) is around 43%, which is less than these present 

results. It is important to notice they used another substrate with different dosage 

requirements. But the improvement of the hydrolytic step has not been reported in 

the literature by addition of fly ash. 

 

CONCLUSIONS 

The addition of thermoelectric fly ash improved the anaerobic degradation of 

thermally pre-treated secondary sludge from two points of view: the methane 

generation rate and hydrolysis kinetics. The maximum methane generation rate was 

tripled, when compared with the BMP tests with no ash addition, passing from 6.52 

mL/L methane/d to 22.59 mL/L methane/d when an ash dosage of 150 mg/L was 

added. In the case of particulate organic matter degradation, the kinetic constant 

increased from 0.019±0.002 d-1 in the case of no addition to 0.045 ± 0.000 d-1 when ash 

was added at the optimal dosage (150 mg/L). 



The improvement of methanogenic activity and hydrolytic conversion makes the 

addition of thermoelectric ash a low-cost strategy to compensate for the lack of 

micronutrients and to achieve an economic and energy balance in WWTPs. The results 

obtained can be used to design anaerobic reactors in which the required volume is less 

for a higher percentage of solid removal if ash is used at the optimal dosage to 

compensate for micronutrient requirements. 
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