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ABSTRACT

Until now, there is limited information about the waste produced from the maintenance of
the houses and or buildings central heatings. The quality of the wastewater has strong
relation with the quality of water used as well as from the years of maintenance. This kind of
waste is not covered by any legislation since now. The only treated methodology is the dis-
charge of that waste in the land close to the house where the maintenance takes place. The
paper describes the physicochemical characteristics of those wastewaters as well as potential
appropriate treatment processes using a combination of the membrane bioreactor and Fenton
oxidation techniques for the effluent discharge with the minimum environmental impact.

Keywords: Domestic heating; Central heating; Black wastewaters; MBR; Fenton; Chemical

oxidation

1. Introduction

The term central heating covers hydronic heating
systems with a central boiler or furnace either inside
the building being heated or in the immediate
vicinity. Heat is generated in the boiler. Pipes carry
the heated water to the building’s heat sources
(radiators) and return the cooled water to the boiler
again. Originally, many central heating systems were
designed to be self-circulating. However, very often
those systems require maintenance.

Family heating has always been of great concern
to people in the cold winter period. Central domestic
heating mode has been the main form of home-
heating in winter. Central heating systems have the
ability to provide comfort to the whole interior of a
building from one point to multiple rooms. Originally,
many central heating systems were designed to be

self-circulating. Now, a circulator is always used to
pump heat through the system. A central heating sys-
tem is a closed system with either an expansion tank
or open expansion vessel. A buffer tank may also be
installed in the system. A wide range of fuel types are
used in central heating. Coal, coke, wood, oil, gas,
wood chips and wood pellets have all proven ade-
quate fuel sources in central heating boilers (Fig. 1).

2. State of the art
2.1. Membrane bioreactor

Membrane bioreactor (MBR) technology is a prom-
ising method for water and wastewater treatment
because of its ability to produce high-quality effluent
that meets water quality regulations [1,2]. Due to the
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Fig. 1. Typical central heating system.

intrinsic complexity and uncertainty of MBR
processes, basic models that can provide a holistic
understanding of the technology at a fundamental
level are of great necessity. The MBR is a system that
combines biological treatment with membrane
filtration into a single process. The first reported
application of MBR technology was in 1969, when an
ultrafiltration membrane was used to separate acti-
vated sludge from the final effluent of a biological
wastewater treatment system and the sludge was
recycled back into the aeration tank [1,3]. Since then,
the MBR system has evolved, and research on MBR
technology has increased significantly, particularly in
the last fiveyears [1,4]. The advantages of the MBR
system over conventional biological treatment pro-
cesses spur the growing interest in MBR technology
for water and wastewater treatment. MBR treatment
of municipal wastewater yields high-quality water
with reported removal percentages of 95, 98 and 99%
(or greater) for chemical oxygen demand (COD),
biochemical oxygen demand (BOD) and suspended
solids (SS), respectively [1,2,5]. This is important as
water quality regulations have become increasingly
stringent. A MBR has greater (independent) control
over the suspended solids retention time (SRT) and
hydraulic retention time (HRT) because membrane
filtration rather than gravitational settling is used to
separate the biomass from the effluent. This allows for
operation at a longer SRT and at higher loading rates,
which results in less sludge production and shortens
the necessary HRT. The use of membranes to separate

Heater

the biomass from the effluent also eliminates the need
for large clarifying basins to settle out the biomass,
thus enabling the system to be more compact [1].

2.2. Oxidation using Fenton reactions

Fenton reaction was discovered about 100 years
ago, but its application as an oxidizing process for
destroying toxic organics was not applied until the late
1960s [6]. Fenton reaction wastewater treatment
processes are known to be very effective in the
removal of many hazardous organic pollutants from
water. The main advantage is the complete destruction
of contaminants to harmless compounds, e.g. CO,,
water and inorganic salts. The Fenton reaction causes
the dissociation of the oxidant and the formation of
highly reactive hydroxyl radicals that attack and
destroy the organic pollutants. Recently, advanced
oxidation processes (AOPs) have been proposed to
treat relatively low-strength industrial wastewaters
containing non-biodegradable substances toxic to
microorganisms. Among them, the Fenton method
is cost-effective, easy to apply and effective with rela-
tively low-strength wastewater containing organic com-
pounds and has been applied to the decolorization of
textile wastewater [6-12].

The Fenton method consists of four stages. First,
pH is adjusted to low acidity. Then, main oxidation
reaction takes place at pH value of 3-5. The wastewa-
ter is then neutralized at pH of 7-8 and finally precip-
itation occurs [11-13]. The oxidation mechanism in the
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Fenton process involves the reactive hydroxyl radical
generated under acidic conditions by the catalytic
decomposition of hydrogen peroxide, which reacts
unselectively within 1x10° s, with organic sub-
stances (RH), which are based on carbon chains or
rings and also contain hydrogen, oxygen, nitrogen or
other elements. The reaction mechanism is as follows
[11,12,14,15]:

Fe** + H,0, — Fe’" + OH™ + OH (1)
RH +OH — R + H,0 (2)
R+ Fe*" — product + Fe** (3)
Fe’* +OH — Fe** + OH~ (4)
Fe’" + H,0, — Fe*" + H" + HO, (5)

Only a few applications of Fenton oxidation to
high-strength wastewater such as effluent from a
baker’s yeast industry effluent or olive oil mill waste-
water have been reported [16].

The Fenton oxidative process is a method of chem-
ical oxidation and coagulation of organic compounds.
It is performed by the implementation of hydrogen
peroxide (H,O,) and a ferrous salt (Fenton’s reagent)
[14,17-19]. With the addition of Fenton’s reagent, first
soluble organics are successfully oxidized, and then,
with the coagulation procedure, insoluble organics are
successfully removed. Fenton’s reagent is suitable to
process a wide variety of effluents regardless of their
contaminant concentrations and nature. It is an eco-
nomical system characterized by its simple application
and possibility of using perfectly mixed tank reactors.
The system can also be adapted to different volumes
and conditions [13].

Compared to other AOPs, Fenton’s reaction pre-
sents several advantages. H,O, is environmentally
friendly, since it slowly decomposes into oxygen and
water. Besides, the abundance, lack of toxicity and
ease of removal from water make Fe* the most com-
monly used transition metal for Fenton's reaction
applications. Consequently, numerous research and
filed studies have been carried out to take advantage
of the potential benefits of the use of Fenton’s reaction
as a remediation process for the treatment water and
wastewater [15,20,21].

The paper focus on the physicochemical charac-
terization of unknown wastewater which is produced
from the maintenance of house heating as well as
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applied.

oxidation and MBR methodologies

3. Materials and methods
3.1. Processes description

In the last few decades, Cyprus had a record of
successful economic performance and reflected in
rapid growth, full employment conditions and exter-
nal and internal stability; characteristic of the post-
Independence period [22,23]. The underdeveloped
economy, inherited from colonial rule until 1960, has
been transformed into a viable economy with dynamic
services, industrial and agricultural sectors and
advanced physical and social infrastructure. In terms
of per capita, income is currently estimated in US
$13,000 during 2000 and $20,000 during 2008; it is
classified as the highest income country of all the
entering new EU members [22,23]. A typical house in
Cyprus is about 200+20m?® which includes usually
three bedrooms, two bathrooms, kitchen, living room
and office as well as storage areas and garage.
Approximately, up to 12-17 heat source is utilized
and somewhere of 300-350 metres of pipes (diameter
from 16-18 mm, producing approximately 1.2-2.5t of
liquid waste per maintenance year). Usually, the
water into the heat source never changes (as many
central heating systems were designed to be self-
circulating), although all the constructors mention that
this water must change every fiveyears in order to
retain their effectiveness. During the last 15 years, the
heat source changes from copper to iron. The only
treatment method that has been applied until now,
any time that a central heating is maintained, is
the disposal of this waste to the land or to a sewage
treatment plant if exist in the area.

3.2. Samples collection

The samples were collected from several houses.
Quantities of 25L were collected from new house
(which was fiveyears: H5), a house that was about
10years old (H10) and from two older ones (which
was more than 20years, Ha20 and Hb20). Houses H5,
H10, Ha20 were use still thermal body while Hb20
use a copper thermal body.

3.3. Samples analysis

All samples were analysed [24,25] in series of
parameters: pH, electronic conductivity (EC), salinity,
colour, turbidity, Specific weight, total solids (TS),
SS, dissolve solids (DS), total hardness, permanent
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hardness, transient hardness, alkalinity, carbonates
(CO3), bicarbonates (HCOj3), sulphates (SOy), chlo-
rides (Cly), nitrates (NOj), nitrites (NO;), phos-
phates (POy), ammonium (NH;"), total kjeldahl
nitrogen (TKN), COD, biological oxygen demand
(BODs), sodium (Na), potassium (K), magnesium
(Mg), calcium (Ca), Iron (Fe), cooper (Cu), zinc (Zn)
and chromium (Cr). The heavy metal concentrations
were measured by atomic absorption spectroscopy
using a Perkin-Elmer 2,380 spectrophotometer. Seed
germination and root length test were performed on
water extracts obtained by mixing 10g of each
sample with 20mL of dis-distilled water (DDW), for
2h. Suspensions were centrifuged at 5,000rpm for
30min before being filtered through Whatman No 1
filter paper. Then, 10mL of each test solution was
pipetted into a sterilized plastic petri dish. Also, one
blank with only DDW was carried out. Twenty
lettuce seed were placed in each petri dish and
incubated at 22°C in the dark for 7 days. The
Germination Index (GI) was calculated according to
the following formula, [26]:

%G)(%L)

_( _ ,
GI = 100 where %G = Grow index

(6)

(Root length of treatment)

#iL(Root length) = (Root length of control)

100

(7)

3.4. Treatment methodology

The proposed treatment methodology involves the
use of (a) MBR and (b) the implementation of Fenton
as decrypted below.

3.4.1. Membrane bioreactor
A Dbatch, cylindrical reactor combined with an

immersed membrane module, was employed in this
study. The batch reactor was made of plexiglass and

Balance
tank

Influent

Air ;- najn

Bioreactor

6955

the membrane module consisted of hollow fibres from
PVDF with a nominal pore size of 0.04 um and a total
membrane surface area of 0.047m? The experimental
apparatus is shown in Fig. 2. The membrane was
connected to a suction pump that operated under
constant suction pressure of -25kPa. Constant aeration
of 5L min"" was provided to the membrane module
in order to minimize fouling, while 8L/min of fine
bubble aeration was provided in order to maintain the
sample under suspension. The MBR system was
operated at steady state conditions with a HRT equal
with 7 days. The wastewater was placed into the batch
reactor from a balance tank (in order to have a stable
flow) and 45min of filtration was performed at a
constant suction pressure of -25kPa. Samples were
taken at intervals of 15, 30 and 45min for metal
determination. This experiment was repeated at least
three times. Prior to the conduction of each filtration
experiment, the membrane module was chemically
cleaned by placing the membrane module in
1000 ppm of NaOCl solution (as free Cl,) for at least
1h and the initial clean water membrane permeability
was determined.

3.4.2. Fenton Process

The aim of the experimental procedure was to
determine the influence of some basic process parame-
ters on the effectiveness of the oxidation treatment in
terms of colour removal and COD. These parameters
are dilution of wastewater, heptahydrated ferrous
sulphate concentration, H,O, concentration and
sulphuric acid concentration. These parameters are
referred to as “controlling parameters” of the system.
The effect of the controlling parameters on the optimi-
zation performance was estimated by performing a 24
factorial experiment. In general, by using a second
factorial design, n-controlling parameters interrelate to
an optimization parameter through an appropriate lin-
ear model. Their significance can also be estimated and

Fig. 2. Experimental procedure.
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Table 1

Controlling parameters and their levels in the factorial experiment.

Controlling parameters

Variation intervals

Units Representation as +1 Level 0 Level —1 Level
Wastewater dilution % Xq 0 10 25
FeSO4-7H,0O addition gL’ Xz 2.0 2.5 3.0
H,0, (30%) addition mLL™" X3 1.0 1.50 2.50
HNO; (98%) addition mLL™ X4 0.40 0.20 0.60

assessed [11,12,27,28]. Then, the most significant vari-
ables are altered stepwise, aiming at the determination
of the optimum experimental conditions. The levels of
the controlling parameters are given on Table 1. The
experimental area of the factorial design was predeter-
mined in previous preliminary trials. In the 24 factorial
designs, 16 experiments were carried out. Four extra
experiments in the centre of the design (level 0) were
also conducted for statistical purposes. Each experi-
ment was repeated three times and the results
presented are the mean values.

The wastewater was subject to Fenton oxidation
treatment. The oxidation was carried out batch wise at
25°C in an agitated (300rpm) glass reactor of 1L

capacity, equipped with temperature and pH control
for 90min. Next, HNO; (98%) and Fenton reagent
were added. When ferrous salt, FeSO,7H,0O, was
used, the H,O, was of 30% concentration. After
oxidation, vigorous stirring, neutralization with lime,
coagulation with a weak anionic polyelectrolyte (2,540
Praestol, 0.01%) and flocculation in a jar test appara-
tus, the sample was filtered and the supernatant
liquid was analysed in terms of colour and COD.

4. Results and discussion

Physicochemical characteristics of the central
heating wastewaters from the four houses and the

Table 2

Physico-chemical characteristics of the collected samples.

Parameter H5 H10 Ha20 Hb20 Water quality
pH 6.53+0.03 5.74+0.02 3.37+0.04 3.61+£0.04 7.52+0.02
EC, mS/cm 910+0.12 825+0.09 701+0.08 687 +0.10 950 +12
Salinity, ppm CaCOj; 412+0.11 386+0.10 342 +0.09 322 +0.09 415+7
Colour 7+1 13+1 23+1 22+1 0
Turbidity ftu 0.2+0.1 04+0.1 0.7+0.1 0.8+0.1 0

Specific weight, gr/ml 1.008 £0.018 0.994 +0.016 0.998 +0.051 1.108 £0.032 0.987 +0.011
TS, ppm 850 +27 975+49 1,050 £ 105 1,247 £ 69 *

SS, ppm 263 +35 274 +41 356 +50 405+ 36 *

DS, ppm 455+72 512+ 66 621+63 640 +42 *

Total hardness, ppm CaCOj; 31.4+5.18 70.8+7.3 110.8+14.3 108.1+14.3 342.2+12.3
Permanent hardness, ppm CaCOj; 17.9+4.23 8.09+2.1 15.1+4.1 172+72 220.5+9.1
Transient hardness, ppm CaCO; 13.1+£3.3 61.05+10.3 95.7+6.9 90.9+9.6 1145+7.9
Alkalinity in phenolophthalein, ppm 0 0 0 0 0
Alkalinity in methyl orange, ppm 25+2 50+3 71+5 75+6 70+2
CO;3, ppm 0 0 0 0 0

HCO;3, ppm 30.5+5.2 61.01+4.1 752+6.7 763+7.1 98.4+22
SO, , ppm 33.2+4.4 44.6+7.5 51.2+6.2 49.6+5.4 11.6+1.9
ClL, ppm 2542+21.9 270.6+22.1 238.8+18.9 217.5+17.3 287.6+4.3
NO;, ppm 0.04+0.01 2.2+0.08 45+1.6 51+1.1 6.6+0.8
NO,, ppm 0.01+0.005 0.02 +0.004 0.03 +0.006 0.01+0.005 0.01+0.005
PO, , ppm 0.02+0.005 0.07£0.01 0.08£0.01 0.07+£0.01 0.05+0.01
NH;, ppm 2.78+0.54 1.21+0.71 1.57+0.63 1.92+0.42 0.15+0.06
COD, ppm 110.2+7.9 248.4+15.7 2104 +7.8 208.7 +12.1 32112
BODs, ppm 22x09 3.6£1.2 3.01+0.91 35+14 0.7+0.1
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drinking water quality are presented in Table 2. pH
varies from 3.37+0.04 to 6.53+0.04. Samples from
Ha20 and Hb20 presented with pH 3.37 and 3.61
respectively. Conductivity presented to be low but
Hb20 has the lowest consecration up to 687 mS/cm.
Colour and turbidity are a very significant parameter
for those wastewaters. Ha20 and Hb20 presented with
high turbidity than the Hbas they had never be main-
tained. These impurities may include clay, silt, finely
divided inorganic and organic matter, soluble colour
organic compounds and plankton and other micro-
scopic organisms. COD for all the samples (expect
H5) is at the range of 200-250 ppm. H5 presented with
COD up to 110 ppm. Due to chemical used, the hard-
ness and the conductivity of the samples are lowest
from the water used.

Alkalinity and hardness are very high in the oldest
houses Ha20 and Hb20 than the new ones which seem
to be very logical as the equipment was never main-
tained in the past and the water never changed.
Nitrates, nitrites, phosphates and ammonium are very
low for all the samples and were attributed to the
drinking water quality of the city that has very low
content of these substances. It is obvious from Table 3
that Hb20 has higher concentration of Cu as the ther-
mal bodies used in the building were constructed
from cupper than iron used in the other houses. For
all the samples, there is a continuous increasing of
metals in the wastewater with the sample. Fig. 3
presents the GL The GI characterized the toxicity of
the wastewater when is intended to be used for
irrigation. It is important to mention that, if a sample
with a GI 0<GI<26 is characterized as very phyto-
toxic, when 27 <GI<66 the water is characterized as
phytotoxic, 67<GI<100 the sample is characterized
as non-phytotoxic and if the GI>101 then the sample
is characterized as phyto-nutrient according to Zorpas
[26]. In this study, GIs were higher than 150.

Turbidity is a principal physical characteristic of
water and is an expression of the optical property that

60

40
20 I

0
H5 H 10

Fig. 3. GI for wastewater samples collected from the
central heating system of four buildings in Cyprus.

Germination index

Ha 20 Hb 20

causes light to be scattered and absorbed by particles
and molecules rather than transmitted in straight lines
through a water sample. It is caused by suspended
matter or impurities that interfere with the clarity of
the water. Table 4 presents the results from the batch
experiment of the implementation of MBR. COD is
reduced up to 95%. Zhang et al. [28] mention that a
COD removal was up to 97% from the implementa-
tion of a stainless steel membrane module with a
0.2pm nominal pore diameter, in domestic sewage
treatment. MBR presented high efficiency in the
removal of heavy metals and nutrients: 100% removal
of Cr, Zn, Cu and Fe while the other metals vary from
80-97% or removal.

Fenton processes are suitable to treat a wide
variety of effluents irrespective of their concentration
and origin, and are characterized by their simple and
versatile operation. Usually, the application of Fenton
decreases the COD from 60-80% and the colour from
85-100%. Rivas et al. [29] estimated that the applica-
tion of Fenton in a heavy-polluted waste from olive
oil solid residue was up to 90% in residence times
between 1 and 8h. Zorpas and Costas [11] and Zorpas
and Inglezakis [12] found out that the application of
Fenton in a heavy-polluted waste from olive oil mills
reduces the COD up to 75% and the colour more than

Table 3

Trace elements and heavy metals.

Parameter H5 H10 Ha20 Hb20 Water quality
Na, ppm 170.1+£5.3 159.3+9.3 198.3+17.9 175.1+£12.3 195.7 +3.6
K, ppm 15.3+2.4 12.6+3.1 10.1+6.1 12.3+5.5 43+0.8

Ca, ppm 185+3.3 23.4+5.1 55.5+8.1 473+74 75.2+59
Mg, ppm 62+1.2 77+21 16.3+9.2 122+2.1 87x1.1

Fe, ppm 0.17 +£0.09 1.12+0.75 4.33+1.13 3.98+0.87 0.06 +0.01
Cu, ppm 1.66 +0.36 2.11+0.55 4.26+1.02 15.3+3.9 2.3+0.01

Zn, ppm 1.12+0.22 1.98 +0.41 3.09+0.78 3.14+1.21 1.09+0.02
Cr, ppm 0.032 +0.004 0.041+0.015 0.051+0.011 0.048 +£0.011 Not detected
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Table 4

Physico-chemical characteristics of treated wastes with MBR and MBR effectiveness.
Parameter H5

pH 7.02+0.03
EC, mS/cm 10.3+0.07
Salinity, ppm CaCOj; 54+041
Color 0
Turbidity, ftu 0

TS, ppm 2.05+0.09
SS, ppm 0.96 +0.06
DS, ppm 0.55+0.02
Total hardness, ppm CaCO; 271+12
Alkalinity in methyl orange, ppm 25+2
CO;37, ppm 0

HCO; ™, ppm 10.5+2.6
Cl,, ppm 25+0.7
COD, ppm 18.9+2.6
BODs, ppm 0.98+0.19

MBR efficiency for trace elements and heavy metals per each sample

Na 80%
K 97%
Ca 87%
Mg 98%
Fe 100%
Cu 100%
Zn 100%
Cr 100%
Colour 100%
COD 82%

H10 Ha20 Hb20
7.14+0.02 6.47 +0.04 6.59 +0.04
12.5+0.04 13.1+0.06 12.6+0.15
6.23+0.12 5.18+0.14 6.99+0.16
0 0 0

0 0 0
2.35+0.04 3.52+0.07 3.06 £0.06
0.88+0.05 0.94+0.03 0.99 +0.06
0.49+0.03 0.67 +0.05 0.46+0.03
50.8+3.9 78.9+4.1 67.1+3.9
50+3 71+5 75+6

0 0 0
23.2+1.9 32.8+35 29.4+39
4.8+2.1 31+13 42+1.1
31.8+4.6 26.9+35 29.6+3.3
1.1+0.51 1.24+0.77 1.14+0.56
82% 78% 81%

97% 97% 97%

86% 86% 85%

98% 98% 98%

100% 100% 100%
100% 100% 100%
100% 100% 100%
100% 100% 100%
100% 100% 100%

87% 87% 86%

70%. Table 5 presents COD and colour removal
efficiency results of the factorial experiments.

From our results, it is clear that Fenton has the
ability to treat this waste efficiency and reduces the
colour up to 100% and the COD (although it is not a
critical parameter for this waste) up to 84%. From this
data, a mathematical model was constructed. Its ade-
quacy was checked by the Fisher criterion. According
to the latter, the following ratio should follow the
F-distribution with level of importance p=5%:

_ Saa
5%

F (8)

where S? is the standard deviation, and S2, is the ade-
quacy deviation and is calculated by the following
equation:

Sy = o)

where Y; is the experimental i value, Y; is the esti-
mated I value from the model determined, f is the
number of degrees of freedom and N is the number of
trials.

As far as the determination of statistically impor-
tant parameters is concerned, the procedure mentioned
below was followed. The coefficient deviation is
defined as:

_5

S (b) =

(10)

where N is the number of trials.
The importance of the coefficient was checked by:
_ |y

F S0

(11)

where bj is the j linear coefficient. “t” should follow
the Student distribution for importance level p=5%
and degrees of freedom those of the deviation S*(Y).
After the mathematical model construction and the
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Per cent of COD and Colour removal efficiency results of the factorial experiment.

Trial X1 X2 X3 X4
1 + + + +
2 — + + +
3 + + +
4 — - + +
5 + + - +
6 — + — +
7 + - — +
8 — — — +
9 + + + —
10 — + + —
11 + - + —
12 - — + —
13 + + — —
14 — + — —
15 + - — 0
16 — 0
17 0 0 0 0
18 0 0 0 0
19 0 0 0 0
20 0 0 0 0

% COD efficiency Ha20 % Colour efficiency in Ha20

72.56 98
84.62 100
71.39 96
70.52 100
71.18 99
74.39 100
72.66 100
77.19 100
79.77 98
72.44 98
74.23 96
71.17 100
74.28 97
76.06 100
74.12 98
81.17 100
76.19 100
75.09 99
75.13 100
76.15 100

determination of statistically important parameters, an
effort to find the optimum conditions for the effective-
ness of the Fenton oxidation treatment of those y
wastewater was made. This was performed through a
steepest ascent method [11,12,27].

5. Conclusion

In conclusion, this study presents the characteristic
of unknown waste until now which is produced from
the houses’ central heating while they are maintained.
One of the most significant problems that it presented
in the central heating of the house is that the heating
loses its performance as the water which is into the
pipes and the thermal body never changes. Until now,
there is no any specific regulation that may cover those
kinds of wastes. Usually, those wastes have very dark
colour, low pH and high total solids. However, the
quality of those wastes has strong relation with the
town’s water. The waste can be characterized as
hazardous as the pH is low and the GI is less than 50.
Also, due to the fact that the water usually never
changes, some metal are extract from the equipment
and pass into the water. Ha20 and Hb20 indicated that
if the houses” domestic heating is not maintained, then
the waste is characterized as toxic and hazardous.
MBR technology is more promising than the applica-
tion of Fenton method for water and wastewater treat-

ment because of its ability to produce high-quality
effluent that meets water quality regulations. The
implementation of the MBR for the treatment of
those wastes seems to be promising methods and is
characterized with significant performance.
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