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 Primary sludge (PS) is the principal residue that is generated by wastewater 
treatment. In all wastewater treatment, this by-product is removed from the 
treatment train. The sand, rubbish and coarse organic matter are deposited in 
pipes and then deteriorate the treatment equipment. This biosolid is obtained 
after one or two days of sedimentation by the water that enters the wastewater 
treatment plant (WTP). For its microbiological, chemical and physical 
environment, the PS generates an imminent problem. The aim of the present 
study was to design and build a horizontal bioreactor of continuous motion 
(HBCM) for reducing the amount of organic matter that is present in the PS as 
volatile suspended solids (VSS). In addition, this research studied the behaviour 
of parameters, such as chemical organic demand (COD), humidity, among 
others. Three mud samples were taken, the first presents a COD equal to 216 
mg/l; the last two have CODs of 1161 and 1114 mg/l, respectively. The maximum 
percentage of organic matter removal that was reached by this bioreactor was 
93.38%. 
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INTRODUCTION  
 
Contaminated water which enters a wastewater treatment 
plant (WTP) is forwarded to a primary clarifier and is then 
temporarily stored in a container with retention times 
ranging up to two days, according to the rules applied by 
the wastewater treatment plant. Then, a device sweeps 
the bottom of the primary sedimentation tank and the 
solid particles are deposited on the bottom of a lift station. 
This set of solid particles is given the name, primary 
sludge (PS). After the aforementioned time period, the 
PS is pumped into drains, rivers or pipes where it will be 
directed to a final depositing place. At that point, the 
excess water of the sludge is removed and is then finally 
sent to dumps or landfills. The concentration of organic 
matter and pathogens that are susceptible to this type of 
sludge fermentation is the most damaging. In this 
process, it is  obtained  from  150  to  250  g/m

3
  of  solids  
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(Moeller et al., 2008).  
The remaining water in the primary clarifier passes to 

the biological reactor, where it will undergo an extended 
aeration in order to carry out the endogenous respiration. 
The digested liquid is transported to a second clarifier 
where the secondary sludge is removed; the said sludge 
is composed primarily of biomass in excess. The typical 
amount of solids is 50 to 90 g/m

3 
(Moeller et al., 2008).  

There are several forms of treatment of sludge, 
including anaerobic digestion and aerobic digestion. 
Treatment with aerobic reactors is the most commonly 
used method, so that any technological innovation to 
such systems represents a breakthrough, and certainly in 
the development of treatment systems for sludge. There 
are horizontal reactors at the pilot level, for treating 
hydrocarbon contaminated sites that have shown 
progress in the efficiency of removal of these compounds 
for the remediation of contaminated sites, as noted by 
Manilla et al. (2004). However, to the best of our 
knowledge, there is no evidence in the body  of  literature  



 

 

 
 
 
 
that this type of system is applied for the treatment of 
residual sludge from treatment plants.  

Oropeza (2006) notes that aerobic treatment is the 
most used treatment for the stabilisation of organic matter 
besides being the constructive process that is the 
cheapest and also not so vulnerable to the changing 
loads that enter the reactor. Aerobic digestion would 
appear to be the best environmental option for sludge 
stabilisation, having lower capital costs and simpler 
operational control requirements. It is more flexible in 
operation, less prone to process failure and has a low 
odour potential compared to anaerobic digestion.  

Aerobic digestion is performed by a prolonged aeration 
process that induces growth of microorganisms until the 
period of synthesis is exceeded. In turn, the retention 
time relates to process kinetics, specifically the kinetics of 
bacterial growth, and thus is the primary factor that 
should be used for sizing digesters. In this regard, 
conventional aerobic digestion still requires large 
digestion tanks due to its relatively long retention time 
(15–30 days) (Jin et al., 2009).  

Residual sludges that are generated during wastewater 
treatment should be stabilised sufficiently in order to 
reduce their organic content, pathogen contamination 
and odour problems prior to ultimate disposal (Vlyssides 
and Karlis, 2004).  

The main objective of this research was the design of a 
horizontal bioreactor of continuous motion (HBCM) for 
the stabilisation of primary sludge from a wastewater 
treatment plant. A residue was stabilised according to 
Official Mexican Norm NOM-004-SEMARNAT (2002), 
ensuring that the residual sludge is considered as 
stabilised waste if it ensures a 30% reduction of the 
organic matter. Likewise, the same process of 
stabilisation included the dewatering process on the 
excess water, providing a degree of sludge equalisation 
as well as a more uniform product and allowing better 
control of the residual sludge. 
 
 
MATERIALS AND METHODS 
 
The experiment was conducted in the sanitary 
engineering laboratory of the Escuela Superior de 
Ingeniería y Arquitectura (ESIA) in Zacatenco, Mexico 
City.  

The HBCM was designed while considering an 
operation mode that is based on aerobic metabolism. The 
principal characteristics were the following: the volume of 
the container was 8 L, and there was a horizontal cylinder 
with continuous movement in the axis using stainless 
steel blades at a speed 10 rpm. The conceptual design 
was based on the research of Dr. Josefina Barrera 
Cortes (Real et al., 2012). However, the configuration 
and the continuous movement in the axis were based on 
the rotator RBC, and the technical specifications such  as  
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volume and residential times were obtained as functions 
of numerical models based on Tchobanoglous et al. 
(2003).  

The construction process of HBCM was conducted in 
two stages: for the first stage, the materials used were: 
Acrylic, shafts of plastic, shaft of stainless steel and as a 
rotor, a motor of low speed was used (10 rpm). In Figure 
1, the first stage is shown. In the second stage, the 
material used was mainly brush bristle, hose of 5 mm 
diameter and an air pump 120 V ELITE 801 (Figure 2).  

In the second stage, the blades were provided with 
bristles on all sides, and in the bottom of the reactor, an 
air pumping system using hoses was arranged (Figure 3). 
After the first and second stages for the reactor 
construction, tests were performed to check the air 
tightness, the mixing and aeration. Potable water and 
adamantine were used as tracers. Adamantine was 
considered in order to have particles of uniform 
configuration which are made of polyethylene and with 
sizes of 1 mm diameter and whose density is lower than 
the density of water. In addition, a third test with PS was 
made, but only to observe the physical behaviour that the 
HBCM would present (Figure 4).  

The sludge was obtained from the purge that is 
performed every 24 h, directly from the secondary 
clarifier effluent and before the disinfection process by 
chlorine gas, in the WTP (PTAR) in San Juan de Aragon, 
Mexico. During this process, three point samples were 
taken, of which the last two were taken when the 
wastewater treatment plant received leachates from the 
Bordo de Xochiaca landfill site in the Valley of Mexico, 
Mexico. The process was operated with an average 
temperature of 22°C and an atmospheric pressure of 585 
mmHg. The primary sludge was analysed according to 
the aforementioned norm, NOM- 004-SEMARNAT-2002.  

Constrained by technical-economic limitations, tests of 
the reactor were reduced to a single replica. Hence, it is 
recommended that in future tests, three replicates 
(minimum) should be made for measurement of standard 
deviation and error test.  

Four different operation conditions were performed, 
which were named C1, C2, C3 and C4. In the case of C1 
and C2, they were performed for observing the operation 
modes “semi-continuous and batch” in order to identify 
the most appropriate condition for this type of reactor. 
These conditions were based on the model of first-order 
reaction which was based on substrate consumption 
measured as COD removal conditions existing at low 
concentrations of substrate for heterogeneous popu-
lations of microorganisms. The first condition was tested 
in a semi-continuous operation mode. The crude sludge 
was intermittently added at 55, 72, 98, 146, 158 and 177 
h. The second condition was used in batch operation 
mode. With the results, it was decided that conditions 
three (C3) and four (C4) were to be implemented, 
following the batch operation mode.  



 

 

Melendez-Estrada et al.          48 
 
 
 

 
 
Figure 1. First stage of horizontal bioreactor of continuous motion. 

 
 
 

 
 
Figure 2. Second stage of horizontal bioreactor of continuous motion. 
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Figure 3. Aeration system. 

 
 
 

 
 
Figure 4. Primary sludge test. 

 
 
 

In condition 3 (C3), the reactor content was not altered 
by the sampling, since the main purpose of this condition 
was to measure the evaporation that occurred during the 
digestion process. In condition 4 (C4), the  samples  were 

collected every 24 h in order to monitor the established 
parameters. The rate constant “k” was calculated from 
the data of rate of consumption of COD and by 
considering complete mixing.  
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Figure 5. Leak testing and mixing. 

 
 
 

The observed parameters were dissolved oxygen, 
electrical conductivity (Ec), total dissolved solids (TDS), 
temperature (°C) and pH, as kinetic parameters. In 
addition, COD, total solids (TS), VSS, fixed suspended 
solids (FSS) and evaporation were analysed (Campos et 
al., 2009). 
 
 
RESULTS AND DISCUSSION  
 
No pre-treatment was applied in order to facilitate the 
bioavailability of sludge by chemical oxidation tests, 
mechanical destruction or thermal stabilisation, as 
explained by Abe (2011). During all of the treatment, as 
Bernard and Gray (2000) describes, no particular odour 
was produced in the reactor during the experimental 
period. The results of the first stage of construction 
showed that up to 10 rpm was not enough to keep the 
tracer (adamantine particles) in suspension, besides 
which no turbulent flux was observed.  

In stage two, different adaptations in the design and 
construction were made in order to achieve the desired 
homogenisation and aeration. The same tests with water 
and tracer were repeated, and it was observed that the 
modified  aeration  system  distributed the  air  throughout 

the reactor base. The blades were equipped with bristles 
that sweep the bottom and do not allow the settling of 
particles (Figure 5), besides which the bristles also 
extracted the diamantine particles of water, whereby 
greater aeration was achieved.  

With regard to sewage sludge testing, it was observed 
that the mixing and aeration worked properly in the early 
hours of testing. However, problems of settlement in 
sludge were presented on the banks where the bristles 
did not reach. With all this, a considerable clarification 
was observed within three days. After 12 days, the 
treated sludge changed to clearer colour (Figure 6).  

The conditions that occurred during digestion are 
presented in Table 1, where an increase in electrical 
conductivity is observed. This is attributed to the amount 
of liquid in the system, which is decreased due to 
evaporation and, consequently, increasing the concen-
tration of salts.  

With respect to dissolved oxygen (DO), it is observed 
that in C1 the DO increases rapidly due to the adequate 
aeration, however, the stabilisation of this parameter 
happened within 30 h. Aeration ranges were located 
between 1.8 and 6.8 mg/L. Moreover, the volume 
reduction of PS, and the decreasing of the DO 
concentration   to   zero   are    observed.   The    average  
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Figure 6. Primary sludge after the test. 

 
 
 
Table 1. Kinetic conditions in the four digestions. 
 

C1 C2 C3 C4 

Time 
(h) 

O2 
(ppm) 

Ec 
(µS/cm) 

TDS 
(ppm) 

Temp
(°C) 

pH 
Time 
(h) 

O2 
(ppm) 

Ec 
(µS/cm) 

TDS 
(ppm) 

Temp 
(°C) 

pH 
Time 
(h) 

O2 
(ppm) 

Ec 
(µS/cm) 

TDS 
(ppm) 

Temp 
(°C) 

pH 
Time 
(h) 

O2 
(ppm) 

Ec 
(µS/cm) 

TDS 
(ppm) 

Temp
(°C) 

pH 

0 0 0.95 1910 19.5 7 0 0 2.29 1130 22.6 7.4 0 0 2.29 1120 22.7 7.8 0 0 2.29 1130 17 9.4 

0.33 3.7 1.03 2060 21.9 7.4 0.1 4.56 2.33 1170 21.4 7.4 0.1 0.88 2.4 1200 21.9 8.2 12 2.32 2.81 1280 17 9.4 

15 6.8 1.07 2060 17.7 7.1 0.15 5.64 2.31 1160 21.3 7.8 0.3 2.01 2.38 1180 21.9 8.6 24 2.48 2.83 1420 22.1 9.3 

24 7.4 1.09 2190 18.2 7.3 0.3 6.18 2.33 1170 21.4 7.5 12 2.67 2.35 1180 17.3 9 48 3.99 3.03 1490 17.3 9.5 

37 4.3 1.18 2360 19.4 7.3 4 6.41 2.29 1140 22.2 7.9 24 2.71 2.46 1220 22.1 9.0 72 3.13 3.53 1770 20.9 9.5 

48 3.6 1.29 2590 17.6 7.2 8 7.35 2.28 1140 21.2 7.6 48 3.29 2.49 1100 22 9.8 96 3.18 3.73 1960 20.4 9.5 

55 2.71 1.34 2690 19.4 6.8 20 6.92 2.21 1100 22.7 9 72 3.65 3.07 1120 17.6 9.8 120 3.3 3.09 1920 20 9.8 

55 0 1.36 2730 19.4 7.2 30 7.43 2.18 1090 24 7.6 84 3.44 3.3 1710 25 9.3 144 3.13 4.92 2360 16.5 9.8 

72.3 4.46 1.37 2740 20.9 7 40 7.09 2.19 1080 24.2 8.9 96 3.83 3.95 1970 19.9 9.4 
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Table 1. Contd. 
 

72.3 0 1.36 2330 19.8 7.2 50 7.55 2.18 1090 25.9 8.9 120 3 7.53 3780 22 9.5 
      

98 4.47 1.37 2670 20.8 7.1 70 6.83 2.23 1080 25.5 9.0 
            

98 2 1.2 2410 21.9 6.9 80 6.55 2.23 1120 25.5 8.9 
            

110 2.64 1.08 2160 18.8 7.2 90 6.27 2.3 1140 25 9.0 
            

134 4.12 1.08 2140 20.6 7 110 8.05 2.35 1190 25 9.2 
            

141 4.24 1.07 2150 21.4 7.2 122 8.19 2.47 1220 25.7 9.2 
            

146 4.53 1.07 2130 19.6 7.4 168 8.15 2.67 1350 27 8.3 
            

146.5 1.94 1.08 2150 20.3 7.3 216 8.67 2.65 1330 23.8 7 
            

158 4.56 1.06 2130 19.9 7.4 
                  

158.5 9.8 1.08 2160 18.5 7.3 
                  

166 4.63 1.08 2150 21 7.4 
                  

177 4.4 1.08 2180 18.8 7.5 
                  

177.5 1.8 1.09 2200 19.6 7.3 
                  

 
 
 

Table 2. Re-motion of solids and COD during treatment with HBCM. 
 

Condition COD initial COD final Efficiency % 

C2 216 53 0.755 

C3 1161 253 0.78 

C4 1114 625 0.43 

 
 
 
concentration of DO for conditions C2 and C3 
were at 2.55 and 2.7 ppm. This situation is not the 
cause of decreased metabolic capacity of 
biomass since the DO supply was constant. 
Bernard and Gray (2000) report that in their 
reactors, in order to degrade domestic sewage 
sludge and pharmaceuticals via the aerobic 
pathway, the DO was maintained above 2.0 mg/L 
for all domestic sludge trials. In the condition 
which was operated in batch mode, a steady 
increase in DO, which favours the stabilisation of 
the organic matter, was observed.  

The TDS increases in all cases, because the 
organic matter present in the sludge is crushed by 
the bristles, which increases the contact surface 
between microorganism-oxygen-organic matter. 
High pH values were reported. These conditions 
produce mortality in the biomass, but were 
characteristics to which the biomass was adapted. 
Bernard and Gray (2000) established that the 
initial pH was about 8 in the aerobic digestion of 
pharmaceutical and domestic wastewater sludge. 
The temperature warns of a mesophilic behaviour 
that was observed,  which  remains  constant  (18-

22°C). Table 2 shows the behaviour of solids and 
COD during treatment with HBCM.  

An important factor that was identified in the first 
two conditions was the reduction of sludge volume 
due to the evaporation. In order to meet the 
quantity of evaporated sludge at a specific time, at 
the third condition the intermediate samples were 
not taken, in order to determine solids and COD. 
Rate constant k was calculated at 0.02848 hr

-1
. 

According to Ramalho (2003), bacteria contain a 
great variety of enzymes, each of them being 
responsible  for  a  small  stage   in   the   complex  



 

 

 
 
 
 

Table 3. Remained volumes of sludge during C3. 
 

Time (h) Volume (L) 

0 7.00 

12 5.50 

48 4.00 

72 2.20 

168 0.60 

 
 
 
Table 4. Removal efficiency of VSS. 
 

 VSS C3 (mg/L) VSS C4 (mg/L) 

Initial 16,620 16,620 

Final 2,820 1,100 

Reduction % 83 93 

 
 
 
process of biologic metabolism. Table 3 shows the 
variation of remained volumes as an indirect measure of 
sludge volume that was evaporated, as did occur in a 
time period of nine days, with a maximum daily 
temperature of 22°C. The residence time depends largely 
on this factor because, after this time there is not much 
PS left to be treated.  
Table 4 shows the values obtained upon removal of 
organic matter as VSS. A reduction of 93% of this 
parameter can be observed in condition 4 (C4). Coupled 
with this, the Official Mexican Norm NOM-004-
SEMARNAT (2002) indicates that reducing the organic 
fraction present in the primary sludge by more than 38%, 
permits to obtain a stable residue. It is for this reason that 
the continuous motion of the HBCM stabilises the 
residual sludge from a primary clarifier of a WTP. 
 
  
Conclusion  
 
The importance of designing and operating reactors for 
the treatment or stabilisation of PS or biosolids, is the 
need to use simple bioreactors to reduce the hydraulic 
residence time, as well as operation-maintenance costs 
and acquisition costs. This was demonstrated with the 
development of HBCM because, apart from producing an 
organic residue that is completely stabilised for possible 
reuse at specific times, the operation allowed an efficient 
removal of organic matter which was quantified as 
volatile suspended solids, since the optimal levels 
allowed the meeting of the regulations based on Official 
Mexican Norm NOM-004-SEMARNAT (2002) standard 
for organic matter.  

In addition, a decrease in water content in the PS 
occurred, and this dewatering in the operation process  is  
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beneficial, due to providing a degree of sludge 
equalisation as well as a more uniform product, and due 
to allowing a better control of the residual sludge, and 
likewise represents an added value to the operation of 
the bioreactor. 
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