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INTRODUCTION

This paper introduces the technique that can be used to produce liquid fuel in high quantity,
and the technique is called co-pyrolysis technique. Co-pyrolysis is a process which involves
two or more materials as feedstock. To the best of my knowledge, there have not been any
research about the co-pyrolysis of Jatropha seed cake with tyre waste. The feedstock materials
were Jatropha cake and tyre waste. The characterization of the feedstock materials were carried
out based on proximate and ultimate analysis. The Jatropha cake with tyre waste were in parti-
cle form and were pyrolyzed in an externally heated fixed bed reactor with nitrogen as an inert
gas. The reactor was heated by means of electrical furnace. The products of the experiment
were: liquid fuel, char and gas. The ratio of jatropha cake to tyre waste materials were 1:1, 1:2
and 1:3 respectively. The parameters that has more influence on the production of liquid fuel
yields includes: feed ratio, temperature and reaction time. The maximum liquid yield obtained
from the co-pyrolysis of Jatropha cake with tyre waste was 68.0 wt% (that is at the parameters
of: feed ratio 1:1, temperature 500°C and reaction time of 45 minutes).

Cite this article as: Babajo SA. Production of liquid fuel from co-pyrolysis of jatropha cake
with tyre waste. Environ Res Tec 2022;5:2:111-118.

Biomass receives more attention in the utilization of en-
ergy source in Nigeria, contributing about 78% of Nige-

Fossil fuels such as petroleum and natural gas are predict-
ed to phased out after 2042, and only the coal reserves that
will be available until at least 2112 [1]. This effect has made
some researchers to put more effort in order to find solu-
tions by utilizing alternative energy. Biomass is very abun-
dant worldwide and can be easily found in diverse forms
such as agricultural residues, wood residues, dedicated en-
ergy crops, and municipal solid waste [2]. Biomass based
on its availability and its status as a waste product is one of
the prime sources of renewable energy worldwide.

*Corresponding author.
*E-mail address: bbjosul@gmail.com

ria’s primary energy supply [1, 3]. Biomass originates from
plants or their by-products that are produced completely
or partly by photosynthesis such as forestry residues, ag-
ricultural bi products or animal wastes that can be used
as a source of energy [4]. The use of biomass as an energy
fuel source also helps the environment because it has been
recognized as a carbon neutral energy source. The con-
version of biomass sources into energy fuels was achieved
in several ways, such as thermal, biological, and physical
methods. In thermal conversion, pyrolysis is the most

Published by Yildiz Technical University Press, Istanbul, Turkey
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promising processes that can convert biomass to various
types of products such as liquid, char and gas. This tech-
nique is widely recognized as an environmentally friendly
method, because no wastes are produced during the pro-
cess. The process has also received more attention because
it can produce liquid yield of up to 75 wt% with conditions
of moderate temperature (500°C) and short hot vapor resi-
dence time [2]. The liquid fuel obtained from the pyrolysis
process has the potential to be used as fuels or feedstock
for many commodity chemicals. The research to produce
liquid fuel via the pyrolysis of biomass has been conducted
since the last four decades. In 1972, the energy crisis has
pushed researchers to put more attention to maximize the
production of pyrolysis oil by minimizing the byproducts
of char and gases [5]. One of the best use of pyrolysis was
achieved in the 1980s [6]. This co-pyrolysis technique has
successfully led to several improvements, such as the high
yield of liquid fuel production. Although the issue asso-
ciated with liquid fuel quantity has been addressed, the
improvement in liquid fuel quality still requires further re-
search. Currently, many researchers put efforts in finding
the suitable technique to produce high-grade pyrolysis oil
and to explore more new variations of biomass that can be
used as feedstock in the pyrolysis process. The liquid fuel
produced from the pyrolysis of biomass contain high level
of oxygen content and can cause many problems, such as
low calorific value, high viscosity and corrosion problems.
The current research finding showed that the technologies
to eliminate the oxygen content are still expensive and can
cost more than the oil itself [7]. Therefore, the sustainabil-
ity of this research seems necessary to overcome this cost
and to improve the quality of pyrolysis oil that is expected
to compete with fossil-based liquid fuel.

Around 1.5 billion tires are produced worldwide every year,
which will eventually be categorized or interpreted as waste
tires [8, 9]. Waste or scrap tires are known to have a sig-
nificant impact on the increasing the urban waste stream
and it has become a major threat to the environment. Ap-
proximately 64% of waste tires are sent to landfill or ille-
gally dumped or stockpiled, with only 13% of them being
recycled [10]. In landfills, the waste or scrap tires are not
easily degraded, but tend to float to the top over time due to
the trapped gases contained, thus breaking landfill covers.
The incineration of waste or scrap tires requires the more
expensive control system of air emissions because this pro-
cess produces toxic gases, which contain carcinogenic and
mutagenic chemicals. More attention and treatment were
needed to tackle waste or scrap tires, and pyrolysis has been
found to be a technically feasible way to treat tires and re-
cover valuable products. According to Abnisa et al. [11],
palm shell and tyre waste materials were mixed in a ratio of
1:1. The palm shell material alone was heated at a tempera-
ture of 500°C, the liquid fuel and calorofic value obtained
from the palm shell alone was 46.13 wt% and 11.94M]/Kg.

The second experiment was conducted by mixing the two
materials and heated at same temperature of 500°C, the lig-
uid fuel yield and calorific value obtained were 61.63 wt%
and 38.01M]J/Kg respectively.

Alias et al. [12] carried out an experiment on pinewood
and tyre waste materials, the pinewood material alone
was heated at a temperature of 500°C. The liquid fuel and
the calorific value obtained from the pinewood alone was
32.00 wt% and 21M]/Kg respectively. While the mixture
of pinewood and tyre waste materials were mixed in a ra-
tio of 1:1 and were also heated at same temperature, the
liquid fuel yield and the calorific value obtained were 53
wt% and 45M]/Kg respectively.

According to Cao et al. [13], Waste tyres without wire steel
were mixed with empty fruit bunches with a ratio of 1:1.
The experiment was performed using a fixed bed reactor.
Co-pyrolysis was carried out under a nitrogen atmosphere
at a temperature of 500°C. Pyrolysis oils were collected in a
condenser. The products of liquid obtained was 42.80 wt%.
The liquid product was significantly decreased when the
empty fruit bunches were pyrolyzed alone without being
mixed with waste tyre. These showed that an increase of
tyre waste in biomass during pyrolysis increases the liquid
fuel yield and the calorific value of the fuel.

Wastes of tires are considered to be potential sources to use
as a co-feed in co-pyrolysis to produce liquid fuel [14-16].
The materials having much energy content, the sources
were specifically easy to find and readily available in huge
amounts in all countries around the world. Pyrolysis of tire
waste with other biomass (Jatropha cake) wastes will en-
courage the creation of innovative new concepts in waste
management, energy security enhancement, and environ-
mental concerns. Therefore, it is significant to note that, the
development of the co-pyrolysis technique to produce lig-
uid fuel is applicable in most countries of the world.

There is growing interest among researchers in the use of
waste tyres as a fuel source through the process of pyrol-
ysis. As a research output, several comprehensive reviews
on various aspects of waste tyres pyrolysis for liquid pro-
duction have been published [17]. In co-pyrolysis, many
studies of pyrolysis of waste tyres mixed with other ma-
terials have been carried out. However, studies which fo-
cused on the pyrolysis of waste tyre/woodbased biomass
blends are currently still limited. Therefore, some effort
should be made to examine the existence of synergistic ef-
fects when employing various pyrolysis conditions for the
pyrolysis of waste tyre/biomass.

The aim of this study is to produce liquid fuel from jatro-
pha cake with tyre waste via co-pyrolysis technique. Jatro-
pha normally grows in an arid land that means it can grow
in area where there is no sufficient or lack of availability
of water. Many researchers tried to find alternative fuels by
converting jatropha oil to biodiesel for several purposes.
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Jatropha cake is non edible materials which are produced
in large quantities while producing biodiesel. The jatropha
cakes were dumped as a waste after producing the biodiesel.

MATERIALS AND METHODS

Materials
The materials used in this research study includes;

i. Jatropha Curcas Seed Cake: Jatropha curcas seed cake
was selected for this study. It was obtained at Technol-
ogy Business Incubation Center (TBIC), Kano, in Kano
state. It was used as one of the feed stock in this research.

ii. Shredded rubber tire was selected as tire waste in this
study. It was used as one of the feed stocks in the co-py-
rolysis process because of its availability, and are not
easily degraded, which may become a major threat to
the environment. It was obtained at Kofar Wambai,
Kano market, Kano state. The waste or scrap tire was
shredded into smaller sizes using an iron saw and the
iron reinforcement content in the tire was removed. The
sample was allowed to dry. The passenger car tire was
used as scrap tire in this study.

iii. Thermocouple: This is a sensor that is used to measure
temperature of a sample. The thermocouple is a sensing
device that detects the temperature inside the reactor
produced by the electric heater. The thermocouple used
for this research study was for measuring the tempera-
ture inside the reactor. The thermocouple comprises of
a wire which was placed in the fixed bed reactor in order
to detect the temperature inside the reactor. The model
of the thermocouple used was PSI-TTM 1 model.

iv. Temperature Controller: A temperature controller is
a device that controls the temperature of the electric
heater. It was used to control the temperature inside the
fixed bed reactor. The model of the temperature con-
troller used in this research was TEC201 Model.

v. Test Sieves: The test sieve that was used for this study
was a standard sieve that will sieve the particle of the
material or feed stock of not more than 2 mm. It was
used for sieving the feed stocks to a desired particle size.

vi. Weight Balance: This is a device to measure weight. The
type of weight balance that was used for this study was
Digital of (TCS-100-ZE11) model. It was used for deter-
mining the weight of the material or feedstock.

Vii.

=

Stop Watch: The type of stop watch that was used for this
research was Digital Stop watch of N1280 model. The
stop watch was used for measuring or determining the
time that will take a feedstock materials to pyrolyzed.

Methods
Jatropha seed cake and tyre waste were sorted, sun dried
and shredded into smaller size. Proximate and ultimate

analysis of a sample of the prepared feedstock was under-
taken based on American Society for Testing and Mate-
rials (ASTM).

Proximate Analysis of the Feedstock Materials

The proximate analysis is defined as the loss in weight of
the feedstock materials (Jatropha curcas seed cake and tyre
waste) in terms of moisture content, ash content, volatile
matter and fixed carbon. The proximate analysis was car-
ried out in accordance with ASTM D3172-73 [18].

Determination of Ash Content (ASTM D 2939-07)

The samples (Jatropha curcas seed cake and tyre waste)
were weighed and burnt in a furnace at 350°C and was left
for some time in the furnace and the ash was later weighed.
The ash content was determined on dried basis as follows:

Ash content (wt %) = ( W3_W1) X 100 (1)

Wo-W;
Where W =weight of empty crucible, W,=weight of cru-
cible and sample and W, =weight of crucible and sample
after heating.

Determination of Moisture Content (ASTM D 4643-18)
Percentage of moisture content (MC) of the samples was
determined by calculating the loss in weight of sample us-
ing oven drying at temperature of 105°C-115°C until the
weight of the sample was constant, after 60 minutes oven
dried weight was obtained. Moisture content was then de-
termined as thus;

Calculation;

Ws—Ws

—Ws_m) X 100 (2)
Where W =weight of empty crucible, W_=weight of cruci-
ble and liquid fuel, and W =weight of crucible and liquid
fuel after heating.

Moisture content (wt %) = (

Determination of Volatile Matter (ASTM E897-88)
Percentage of volatile matter (VM) of the samples was de-
termined by calculating the loss in weight of sample using
electrical furnace at temperature of 500°C-550°C, until the
weight of the sample was constant, after 10 minutes to ob-
tain dry weight, by weighing the dried sample after been
cooled. Volatile matter was then calculated as thus;

% VM= (52) x 100 3)
Where W_=weight of empty crucible, W =weight of cru-
cible and sample and W =weight of crucible and sample
after heating.

Determination of Fixed Carbon (ASTM E-870)

This was calculated by subtracting the sum of % of moisture
content, volatile matter (VM) and % of ash content (AC) of
the samples from 100.

%FC = 100 — (% MC + % AC + % VM) .. (4)
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Figure 1. Conceptual representation of co-pyrolysis system.

Ultimate Analysis of the Feedstock Materials

The purpose of the test was to determine element percent of
carbon, hydrogen, nitrogen, oxygen and sulphur content in
the feedstock materials. The ultimate analysis was conduct-
ed according to ASTM standards E777-17a, E-778-15 and
E-711-15. This is the estimation of the important chemical
elements present in the feed stock materials of this study.
The composition of the elements are percentage of carbon
(C), hydrogen (H), Nitrogen (N,), Sulphur (S).

Determination of Oxygen Content (ASTM D 7607)
Oxygen was determined by calculation

Oxygen (%) = 100 — (%C + %H + %N + %S) (5)
Where C=Carbon, H=Hydrogen, N=Nitrogen and S=Sulphur

Determination of Calorific Value (ASTM D2015-96)

The gross calorific value was determined using a bomb
calorimeter model (CAB 101). Approximately 0.8 g fuel
sample was weighed in a bomb crucible. The bomb cup
was placed on its stand provided with the outfit. Firing
nickel wire piece was stretched between the electrodes of
the bomb (ASTM E-711). A wicking cotton thread, 9 cm
long was tied to the stretched wire and the end dipped
into the sample in the crucible. The crucible was then
placed on a support ring. Exactly 1 ml of distilled water
was pipetted out into the body of the bomb and then filled
with 3.0 x 106 N/m? of oxygen gas. Calorimeter was filled
with distilled water until a weight of 3 kg (water plus the
can) was obtained to submerge the bomb completely. The
bomb was placed on the three supports in the calorimeter
vessel and checked for leakage (it was confirmed by ab-
sence of bubbles). Cooling water was adjusted to flow at
rate of 300 ml per minute. The water jacket was covered

with thermometers and stirrer was lowered and circuit
completeness tested by firing circuit test plug. The tem-
perature of the calorimeter vessel was allowed to stabilize
and the initial temperature taken at +0.001°C, the fire
switch was then pressed for 2 seconds to ignite the sample.
The final temperature of the apparatus was taken after 10
minutes at £0.001°C. Readings were taken after sequential
3 minutes until the reading was found to be within a range
of £0.002°C. The final temperature was recorded. Rise in
temperature was calculated as a difference from initial to
final temperature reading. Each sample was tested three
times and the average values of weight of sample and tem-
perature rise taken for the final determination of total heat
released from the sample. The gross heat released was cal-
culated using the equation 6:

cvAT — 0.12600

- (©)

Calorific Value =
Where;

H=Calorific value, C=Heat capacity of apparatus (10.380
J/°C) and 0.12600 J=Constant heat gain. AT=Change in
Temperature in °C, M=mass of the sample in (g).

The Co-pyrolysis System

Pyrolysis can be defined as the thermal decomposition
of feedstock materials at higher temperatures in an inert
atmosphere (absence of oxygen).The byproducts of py-
rolysis process includes; liquid, gas and char. The main
objective of this co-pyrolysis system is to produce liquid
fuel. The main components of the system are the reactor
and the condenser.

Figure 1 shows the conceptual representation of the pyrol-
ysis system and Figure 2 depicts the co-pyrolysis system for
the production of liquid fuel.
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Figure 2. Co-pyrolysis system.

Experimental Procedure

Dried and weighted Jatropha curcas seed cake with tyre
waste of (1:1) of particle size of 1.5 mm was fed into the
fixed bed reactor for pyrolysis. The sample was taken in the
stainless steel reactor for each run and placed in an elec-
trically heated furnace. The experiments were conducted
at various temperatures of 450°C, 500°C and 550°C with
a heating rate of 20°C min™ and kept at constant till the
reaction completes in 30 minutes. A nitrogen flow rate of
2 L/min was employed in other to purge air out of the sys-
tem which prevent it from secondary cracking. The vola-
tiles contents emanating from the reactor were channeled
to the water cooled condenser and the non-condensable
gases were flared into the atmosphere. The condensed oil
was collected in a liquid collector, and weighted. The re-
maining residue (char) and the gases that escaped to the
atmosphere were regarded as byproduct in theis study. The
experiments were conducted three times and the average
values were recorded and reported. The liquid fuel yield
was collected after it was condensed and was recorded
carefully kept (separately) in well-sealed containers under
room temperature. This procedure was repeated for the
following feed ratios of 1:2 and 1:3 (i.e Jatropha cake with
tyre waste) and the temperatures of 500°C and 550°C, with
the reaction time of 45 and 60 minutes.

Optimization Using Taguchi Design of Experiment

The Taguchi method is a structured approach for determin-
ing the best combination of inputs to produce a product or
service. Design of experiment is an important tool for design-
ing processes and products. It is a method for quantitatively
identifying the right inputs and parameters levels for making
a high quality product or service. It is also a statistical or en-
gineering methodology that aim at reducing the performance
“variation” of a system [19]. In this study contains 3 param-
eters which are feed ratio, temperature and reaction time,
and three levels for each. Meaning the feed ratio levels of 1:1,
1:2 and 1:3, the temperature has levels of 450°C, 500°C, and
550°C, and the reaction time has levels of 30 min, 45 mins and
60 min. By inputting the parameters and levels on taguchi de-
sign of experiment, Table 1 would be generated automatically.

Table 1. Co-pyrolysis of jatropha cake with tyre waste

Experinment Parameters Liquid fuel
no (% wt)

Feed  Temp Reaction

ratio (°C) time (min)
1 1:1 450 30 63.0
2 1:1 500 45 68.0
3 1:1 550 60 60.0
4 1:2 450 45 57.3
5 1:2 500 60 58.2
6 1:2 550 30 53.0
7 1:3 450 60 52.0
8 1:3 500 30 53.0
9 1:3 550 45 50.3

Table 2. Proximate and ultimate analysis of jatropha cake

Proximate analysis (% wt)

Moisture content 0.76
Volatile matter 78.30
Ash content 1.80
Fixed carbon 19.14
Ultimate analysis (% wt)

Carbon 57.20
Hydrogen 8.30
Nitrogen 6.10
Sulphur 0.5

Oxygen 27.90
Calorific value (M]J/Kg) 25.47

. AT—0. .
ICalorific value=22T=2126%0  ywhere, C=Heat capacity of apparatus,

AT=Change in temperaMture in °C, M=mass of the sample in (g).

It would come up with the minimum number of experiment
to be conducted/performed. Both the means and delta values
are automatically generated from the minitab version 18 soft-
ware, and the delta is calculated as the difference between the
maximum and the minimum of each column.

RESULTS AND DISCUSSION

Results
Table 2 shows the results of proximate and ultimate analysis
of Jatropha Cake.

Proximate analysis (Table 2) shows that the sample (Jatro-
pha cake) had high concentration of volatile matter
(78.30%). The inherent moisture content of the sample was
0.76%. The ash and fixed carbon content contains 1.8% and
19.14% respectively.
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Table 3. Proximate and ultimate analysis of tyre waste

Proximate analysis (% wt)

Moisture content 0.76
Volatile matter 78.30
Ash content 1.80
Fixed carbon 19.14
Ultimate analysis (% wt)
Carbon 83.20
Hydrogen 5.52
Nitrogen 1.50
Sulphur 0.20
Oxygen 9.78
Calorific value (M]J/Kg) 30.47

. AT=0.12 .
*Calorific value=Z2T=212690 " ywhere; C=Heat capacity of apparatus,

AT=Change in temperature in °C, M=mass of the sample in (g).

Ultimate analysis data (Table 2) indicates that the sam-
ple contains high proportion of carbon of 57.20%, with
relatively low concentrations of sulphur (0.5%), nitrogen
(6.10%), and hydrogen (8.30%). The oxygen content of
the sample was found by calculation (27.90%). The cal-
orific value or energy content of the sample was deter-
mined to be 25.47 MJ/kg.

The Table 3 depicts the results of proximate and ultimate
analysis of tyre waste.

Proximate analysis (Table 3) shows that the sample (tyre
waste) has high content of volatile matter (55.95%). The in-
herent moisture content of the sample was 0.57%, however,
the sample contains 15.30% of ash content. The fixed car-
bon obtained from the sample by calculation was 28.18%.

Ultimate analysis data (Table 3) indicates that the tyre waste
contains high proportion of carbon of 83.0%, with low sul-
phur contents of (0.2%), nitrogen (1.50%), and hydrogen
(5.52%). The oxygen content of the sample was found by
calculation (9.78%). The calorific value or energy content of
the sample determined was 30.47 MJ/kg.

The Table 1 depicts the results of liquid fuel produced via
co-pyrolysis of Jatropha cake with tyre waste operating un-
der various conditions using Taguchi’s design of experiment.

It can be observed that from Table 1, at constant feed ratio of
1:1, as the temperature and the reaction time increases, the
liquid yield produced decreases with the exception of the
reaction temperature of 500°C and reaction time of 45 min-
utes, which had liquid yield of 68.0 wt%. It can also be ob-
served that, at constant feed ratio of 1:2, as the temperature
increases and the reaction time decreases, the liquid yield
produced also decreases with the exception of the reaction
temperature of 500°C and reaction time of 60 minutes,
which had liquid yield of 58.2 wt%. It can also note that,

Main Effects Plot for Means
Data Means
Feed Ratio Temperature (oC) Reaction Time (Min)
64 L
62 i
é 60 °
= 58 G
5 SO " A S _—
c ®
5 56 ° =
=
54 L ]
52 e
50
11 12 13 450 500 550 30 45 60

Figure 3. The graph of mean of means versus feed ratio,
temperature and reaction time.

Table 4. Response table for means

Level Feed ratio Temperature Reaction time
(A) (0 (min)

1 63.67 57.43 56.33

2 56.17 59.73 58.53

3 51.77 54.43 56.73

A 11.94 5.30 2.20

Rank 1 2 3

at constant feed ratio of 1:3, as the temperature increases
and the reaction time decreases, the liquid yield produced
also decreases with the exception of the reaction tempera-
ture of 500°C and reaction time of 30 minutes, which had
liquid yield of 53.0 wt%. The percentage wight of the liquid
fuel obtained from pure jatropha cake and pure tyre waste
were 22.6 wt% and 38.4 wt% respectively which are in con-
sonance with the study of [1, 16-18]. As the waste tyre was
added to the biomass as feedstock material, the liquid fuel
yield increases so also the calorific value of the liquid fuel
compared to that of pure jatropha cake or pure tyre waste.

Maximum Process for the Co-pyrolysis of Jatropha Cake
with Tyre Waste

The Figure 3 shows the results of the optimization process
for the co-pyrolysis of Jatropha cake with tyre waste.

It can be observed that from Figure 3, as the feed ratio of
the samples decreases the liquid yield increases, and the lig-
uid fuel yield was optimum at the feed ratio of 1:1. Further-
more, the reaction temperature and the reaction time that
produces high liquid fuel yield was at 500°C and 45 minutes
respectively. So the parameters that can yield maximum lig-
uid fuel was at a feed ratio of 1:1, reaction temperature of
500°C and reaction time of 45 minutes. The result (liquid
fuel) obtained at that conditions was 68.0 wt%. The Table 4
demonstrates the results of response table for means.
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The results from the Table 4 shows the effect of each pa-
rameter or factor in the liquid fuel production. It showed
that the feed ratio has the greatest effect on the produc-
tion of liquid fuel, followed by temperature, and then
reaction time.

CONCLUSION AND RECOMMENDATION

Conclusion

The findings of the characterization study using proxi-
mate and ultimate analysis indicate that, the Jatropha
cake and tyre waste has a potential source of liquid fuel
production. It was inferred from the Taguchi analysis
that the combination of feed ratio of 1:1, reaction tem-
perature of 500°C and the reaction time of 45 minutes
was the optimal setting for obtaining maximum liquid
fuel for the co-pyrolysis of Jatropha cake with tyre waste.
The maximum liquid yield obtained from the co-pyroly-
sis of Jatropha cake with tyre waste was 68.0 wt%. It can
also concluded that, the ratio of feed stock material has
greatest influence on the production of the liquid fuel
compared to reaction temperature and reaction time.

Recommendations

i. Proximate and ultimate analyses showed that, the
jatropha cake and the tyre waste materials has high
content of carbon and hydrogen with low oxygen
content and has potentitals for the production of
qualitative liquid fuel. Considering the results ob-
tained, the liquid fuel from Jatropha cake and tyre
waste can be used as an alternative fuel.

ii. Other materials like HPDE (High density Polyeth-
ylene) and LDPE (Low density Polyethylene) and
biomass mixtures should be researched upon to de-
termine the synergy effect between them via co-py-
rolysis technique. Because these materials has high
carbon and hydrogen content. When mixed together
with biomass will produce more content of pyrolytic
liquid fuel.

DATA AVAILABILITY STATEMENT

The author confirm that the data that supports the findings
of this study are available within the article. Raw data that
support the finding of this study are available from the cor-
responding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

ETHICS

There are no ethical issues with the publication of this man-
uscript.

REFERENCES

[1] S.A Babajo, J. S. Enaburekhan, and I. A. Rufai, “De-
sign, fabrication and performance study of co-pyrol-
ysis system for production of liquid fuel from jatro-
pha cake with polystyrene waste,” Journal of Applied
Sciences and Environmental Management, Vol. 25,
pp. 407-414, 2021. [CrossRef]

[2] T. Bridgewater, “Biomass for energy,” Journal of the
Science of Food and Agriculture, pp.1755-1768,
2006. [CrossRef]

[3] B. Sulaiman, and A. Abdullahi, “A optimum condi-
tions for maximizing pyrolysis liquid of oil palms
empty fruit bunches,” Energy, Vol. 36(5), pp. 2352-
2359, 2011. [CrossRef]

[4] F G. Hasan, “The production and evaluation of
bio-oils from the pyrolysis of sunflower -oil cake,”
Biomass and Bioenergy, Vol. 23, pp. 307-314, 2002.
[CrossRef]

[5] B. Antal, and G. Gronli, “The art, science and tech-
nology of charcoal production,” Industrial and Engi-
neering Chemistry Research, pp. 1619-1640, 2003.

[6] G. Vamvuka, “Bio-oil, solid and gaseous biofuels
from biomass pyrolysis processes; An overview, In-
ternational Journal of Energy Research, Vol. 35(10),
pp- 835-862, 2011. [CrossRef]

[7] D. M. Zheng, M. Liu, and Y.-X. Chen, “Study on the
catalytic cracking of waste plastics and waste lubri-
cating oil for producing fuel oil,” Modern Chemical
Industry. Vol. 31(8), pp. 47-49, 2011.

[8] P T. Williams, “Pyrolysis of waste tyres: A review,
Waste Management. Vol. 33, pp. 1714-1728, 2013.
[CrossRef]

[9] M. Hita, M. Arabiourrutia, J. Olazar, J. M. Bilbao,

P. Arandes, and A. Castano, “Opportunities and

bar-riers for producing high quality fuels from the

py-rolysis of scrap,” Renewable and Sustainable

Energy Reviews, Vol. 56, 745-759, 2016. [CrossRef]

W. C. Wang, C. ] Bai, C.T.S. Lin, and S. Prakash, “Al-

ternative fuel produced from thermal pyrolysis of

waste tires and its use in a DI diesel engine,” Applied

Thermal Engineering, Vol. 93, pp. 330-338, 2016.

[CrossRef]

E Abnisa, W. Wan-Daud, M. Ramalingam, S. Azemi,

and J. Sahu, “Co-pyrolysis of palm shell and tyre

waste mixtures to synthesis liquid fuel,” Fuel, Vol.

108, pp. 311-318, 2013. [CrossRef]

R. Alias, K. Hamid, and K Ismail, “Co-pyrolysis and

catalytic copyrolysis of waste tyres with oil palm

empty fruit bunches,” Journal of Applied Sciences,

Vol. 11(13), pp. 2448-2451, 2011. [CrossRef]

Q. Cao, L. Jin, W. Bao, and Y. Ly, “Investigations

into the characteristics of oils produced from co-

pyroly-sis of biomass and tire,” Fuel Processing

Technology, Vol. 90(3), pp. 337-342, 2009. [CrossRef]

(10]

(11]

(12]

(13]


https://doi.org/10.4314/jasem.v25i3.15
https://doi.org/10.1002/jsfa.2605
https://doi.org/10.1016/j.energy.2010.12.067
https://doi.org/10.1016/S0961-9534(02)00053-3
https://doi.org/10.1002/er.1804
https://doi.org/10.1016/j.wasman.2013.05.003
https://doi.org/10.1016/j.rser.2015.11.081
https://doi.org/10.1016/j.applthermaleng.2015.09.056
https://doi.org/10.1016/j.fuel.2013.02.013
https://doi.org/10.3923/jas.2011.2448.2451
https://doi.org/10.1016/j.fuproc.2008.10.005

118

Environ Res Tec, Vol. 5, Issue. 2, pp. 111-118, June 2022

(14]

(15]

(16]

(17]

D. Demirbas, “Pyrolysis mechanism of biomass ma-
terials,” Energy Sources, Part A:Recovery Utilization
and Environmental Effects, Vol. 31(13), pp. 1186-
1193, 2009. [CrossRef]

S. A Babajo, “Effect of pressure variation on perfor-
mance characteristics of jatropha biodiesel - kero-
sene blends used for cooking application,” African
Journal of Renewable and Alternative Energy, Vol
5(1), pp. 20-33, 2020.

B. Zhang, and E. Mei, “Upgrading of bio-oil from
biomass pyrolysis in China: A Review,” Renew-
able and Sustainable Energy Reviews, pp. 66-72,
2013. [CrossRef]

S. A. Babajo, J. S. Enaburekhan, and I. A. Rufa’i, “Re-

(18]

(19]

view on production of liquid fuel from co-pyrolysis
of biomass with scrap/waste tire,” Journal of Applied
Sciences and Environmental Management, Vol.
23(8), pp. 1475-1482, 2019. [CrossRef]

AOAC Association of Official Analytical Chem-
ists. “Official Methods of Analysis of Association of
Official Analytical Chemists,” 19" ed. Washinfton
D.C.: Association of Official Analytical Chemists,
2010.

K. Senthilkumar and PS. Sirinivasan, “Application
for taguchi method for the optimization of system
parameters of centrifugal evaporative air cooler,
Journal of Thermal Science Vol. 19(5), pp. 473-479,
2010. [CrossRef]


https://doi.org/10.1080/15567030801952268
https://doi.org/10.1016/j.rser.2013.03.027
https://doi.org/10.4314/jasem.v23i8.10
https://doi.org/10.1007/s11630-010-0411-z

Environ Res Tec, Vol. 5, Issue. 2, pp. 119-127, June 2022

1911

Environmental Research and Technology
https://ert.yildiz.edu.tr - https://dergipark.org.tr/tr/pub/ert
DOI: https://doi.org/10.35208/ert.1027553

Environmental
Research &Ted:nalagy

Research Article

Reverse osmosis treatment system for landfill leachate:
Operation conditions, advantages and challenges

Aysun Derya TOPAL®, Ayse Dilek ATASOY"

Department of Environmental Engineering, Harran University Engineering Faculty, Sanlwrfa, Tiirkiye

ARTICLE INFO ABSTRACT

Article history

Received: 24 November 2021
Revised: 25 January 2022
Accepted: 02 April 2022

Key words:

Contamination; Membrane
filtration; Solid waste; Waste
management

Landfill leachate treatment by Reverse Osmosis (RO) system was evaluated in this study. Op-
erational conditions of sand filters, sulfuric acid dosing and pH adjustment, cartridge filters
and cat pumps, and membrane modules were discussed in detail. Advantages and challenges
of RO for leachate treatment in developing countries handled with sustainability logic. The
system has been successfully applied in leachate treatment with high removal rates as 98%
of COD, 99% of total Nitrogen and suspended solids and substantial heavy metal removal.
However, high costly operating expenses, dependency on the manufacturers for membranes,
chemicals and other materials indicated the system unsustainable. Especially high-strength
characteristic of leachate, high energy consumption of RO process, difficulty to struggle with

scaling problems, limited lifetime of membranes and management/treatment of concentrate
were expressed as the constraints of the system.

Cite this article as: Topal AD, Atasoy AD. Reverse osmosis treatment system for landfill leach-
ate: Operation conditions, advantages and challenges. Environ Res Tec 2022;5:2:119-127.

INTRODUCTION

Landfilling with the feature of being a short-term solution
alternative is preferred widely by the municipalities for dis-
posing the industrial and municipal solid wastes (MSW)
owing to its low capital costs and minimum technology
being practiced. A major issue arising from solid waste
landfilling is intense impact of landfill leachates on the en-
vironment [1-3]. Leachates are high-strength wastewaters
formed as a result of percolation of rainwater and moisture
through waste in landfills [4, 5]. MSW landfill leachate var-
ies widely in composition and needs to be treated effectively
before being discharged into the environment. To maximise
resources recycling with the least negative environmental

*Corresponding author.
*E-mail address: adilek@harran.edu.tr

impacts, regulations on both landfill management and
leachate discharge are becoming more stringent through-
out the world [6].

Landfill leachate must be appropriately treated and man-
aged, maximizing the recovery and minimizing the waste
disposals. In particular, standalone on-site treatments are
more effective on unstable characteristics of leachate. Raw
leachate from young landfills contains most of organic sub-
stances in biodegradable form thus can be easily treated by
biological processes. For old landfills, most of the leached
organic compounds are hardly or non-biodegradable forms
and they should be treated by physico-chemical processes
or a combination of biological and physico-chemical pro-
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Table 1. Specific parameters of leachate

Parameters Quantity
Flowrate of leachate 180 m*/day
Chemical oxygen demand (COD) 35.000 mg/L
Suspended solid 1.000 mg/L
Conductivity 30.0/cm

cesses [7]. On the other hand, the use of membrane tech-
nologies allows stable quality of the permeate that can be
locally reused or discharged in water bodies. Reverse Os-
mosis (RO), as single post-treatment step has shown to
be an indispensable means of achieving high purification,
removal of hazardous metals and potential water recovery
[8]. RO process was studied for treatment of landfill leach-
ate within two decades from its discovery and was reported
to be the most effective method for treating leachates [9-
14]. By the mid-1980s, RO systems had already penetrat-
ed significantly into the market of leachate treatment [15].
However, RO concentrate is difficult to deal, the specific
energy consumption of RO process is much higher than
other treatments and it is difficult to struggle with signif-
icant scaling problems. Additionally, the frequent cleaning
and strong demand of acid and alkali limits the continuous
operation of the system and dramatically increases the run-
ning costs [6]. It is a controversial issue that the reverse os-
mosis system is a sustainable method in leachate treatment.

In this context, our study aims to evaluate the operational
conditions of reverse osmosis system with interpreting its
advantages and challenges for a landfill leachate treatment.

MATERIALS AND METHODS

Landfill Leachate

The amount of leachate is directly related to precipitation,
population, features of the landfill and the waste source of
the city where it is located. The amount of leachate is calcu-
lated by Equation 1.

C=Prx(1-R) - AS-Ev (1)

C is total amount of leachate (mm/year), Pr is precipitation
(mm/year), R is runoff coefficient, AS is amount of accu-
mulated water in landfill area and Ev is Evaporation from
landfill surface (mm/year). Although the amount of leach-
ate in landfills depends on many factors such as the rain-
fall in the region, the moisture content of the solid waste
and the age of the landfill area, the daily amount of leachate
from unit area of the landfill is generally considered to be
8.6 m*/ha.day. Specific leachate parameters for study area
are presented in Table 1.

Reverse Osmosis System

Design criteria of RO system for the treatment of landfill
leachate located in Gaziantep, Turkey was presented in Ta-
ble 2. In the facility designed using reverse osmosis system,

Table 2. RO treatment design criteria for max and average annual flow rates

Rate (%) Max annual value Average annual value

L/h m?*/day m®*/year L/h m®/day m®*/year
Raw leachate 100.00 11.57 277.80 101.39 10.42 250.00 91.25
Concentrate 34.30 3.97 95.40 34.81 3.58 85.80 31.33
Permeate 65.70 7.60 182.40 66.70 6.84 164.20 59.92
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Figure 1. RO treatment plant membrane design and disc membranes.
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vertical modeling system and disc membranes were used.
The manufacturer is PALL Company and it is located in
Germany. The reverse osmosis is a 2-stage system operating
for an average pressure of 75 bar. Disc membrane technolo-
gy was preferred for the treatment (Fig. 1). The facility used
100 modules 21.000 disc membranes in the 1% stage, and 18

modules 3.780 disc membranes in the 2™ one. The system
is completely assembled on a portable base. It can be easi-
ly commissioned with water and energy connections. The
system is fully equipped with pH, conductivity, antiscalant
dosage control and chemical cleaning equipment.

Analysis of Leachate Parameters

The leachate flow was measured continuously by the Bur-
ket brand flow meter at the entrance of the facility. Mon-
itoring of conductivity and pH value was made with LTH
conductivity/pH meter. Oil and grease were measured by
the method of SM 5520 D. Total Cyanide and Fluoride (F)
were analyzed by the methods of SM 4500 CN C E and SM
4500 F B D, respectively. Total Kjeldahl N, Total P, chemi-
cal oxygen demand (COD), and suspended solids (SS) were
measured using SM 4500 Norg B, SM 4500 P B E, SM 5220
B, SM 2540 D, respectively. Cr, Cu, Zn, Fe, Cd, Pb were an-
alyzed by EPA Method 200.7.

RESULTS AND DISCUSSION

Operation of RO Treatment System

The schematic figure for process flow chart is represented
in Figure 2. A cartridge filtration is applied at the inlet of
the system and pH adjusted pre-treated water is fed to the
system with antiscalant dosage. The concentrate is taken to
a lagoon to be used in order to humidify the landfill area.
Excess water is transferred to lagoon 1. Permeate is taken
to a tank with a volume of 15.000 L to be used for water
utilization for afforestation and similar purposes (Fig. 2).
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Figure 5. Tank 3 for pH adjustment.

Sand Filters

Leachate from the solid waste landfill enters the lagoon with
its own attraction and passes to water intake structure to be
stored in tanks. The leachate transmitted to the tank 1 must
be delivered to the electrocoagulation (EC) unit positioned
in the project. Due to the failure of the EC unit the tank 2 is
used as a backup of the tank 1 (Fig. 3). The system has three
sand filters (fiberglass reinforced PE filter) in series with 2.7
m®. Average capacity is 13 m’/h. Sand filters alleviate the
load of leachate before the reverse osmosis and increase the

membrane lifetime (Fig. 4). Since the system works contin-
uously, both blower and backwash are applied to the sand
filters in each shift to protect the sand filter environment
life. However low pH in the concentrate due to returning
of diluted leachate to the system with recirculating shortens
the sand filter media life and causes encrustation problem.

Sulfuric Acid Dosing and pH Adjustment
Leachate after sand filters is taken into tank 3 for pH ad-
justment before its transferring to membranes. 98% pure
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Figure 7. Pump center.

sulfuric acid is circulated with leachate in tank 3 to set pH
as 6.4 (Fig. 5). Thus, desired pH value in membranes is
achieved. The water that comes out of the tank 3 is deliv-
ered to the cartridge filters.

Cartridge Filters and Cat Pumps

Total of 21 cartridge filters consist of 3 modules and 7 in
each module (Fig. 6). Cartridge filters prevent the entrance
of >10 pum particulates to membrane filter. Andiscalant dos-
ing is applied into the system to prevent any silica forma-
tion which causes calcification in the lines. Dydo et al. [16],
have declared a similar problem on the examined leachate.
They indicated that the wastewater was almost saturated
with calcium sulfate, thus causing serious scaling problem.
Furthermore, there was a large extent of sulfate ions over
stechiometric CaSO4 composition. Also, they claimed that
the large amount of magnesium ions could not be ignored
for high pH conditions.

Pre-treated leachate from cartridges is transmitted to pis-
ton pumps called cat pump. Piston pumps raise the water to
pressure of 65 bar. Since the basic logic of reverse osmosis
is the pressure purification method, these pumps constitute

the most important part of the system. In addition, these
pumps require the most serious investment in maintenance
and repair costs.

There are 3 cat pumps on the system. Two of them transmit
the water to the 1* stage and one to the 2" stage. Leachate
pressurized by cat pump is transmitted to horizontal pumps
ensuring the water access to modules (Fig. 7).

Membrane modules

Facility is operated as 2-stage system. 1°* stage consists of
100 modules and 21.000 (100x210) disc membranes and it
is divided into 4 sections as unit 11/1, 11/2, 11/3 and 11/4
(Fig. 8). The leachate is first taken to the membranes in unit
11/1. The water treated in unit 11/1 is transferred to unit 21
(Fig. 9), and the untreated part to unit 11/2 and this pro-
cess continues until the 1* stage is completed. The treated
leachate in 1 stage is filtered again in unit 21 to get a bet-
ter-quality effluent (Fig. 10). Unit 21 contains 18 modules
and 3.780 (18x210) disc membranes. In this way, permeate
and concentrate are produced as a result of the treatment
process. Membrane-based treatment processes, including
reverse osmosis generate a large volume of membrane con-
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Figure 8. Schematic representation of modules and disc
membranes.

centrate (MC) [17]. The concentrate that can no longer be
treated in unit 11/4 is sent to concentrate lagoon. Leachate
from lagoon is transferred back to the landfill through the
pipes and the pumps to distribute the water with jets over
the field as ensuring its evaporation and to dilute it by mix-
ing with fresh leachate. The treated leachate from unit 21 is
stored in permeate tanks. Caustic is dosed to permeate for a
further pH adjustment as 6.9-7.0 and it is discharged into a
stream bed by its own attraction.

Operating Problems/Challenges of Reverse Osmosis
System for Leachate Treatment

The leachate has the potential to cause serious harm to hu-
man health and the environment. High removal of contam-
inants such as COD, SS, Total N, color, oil/grease, and heavy
metal has been achieved using reverse osmosis process (Ta-
ble 3). It is seen that the effluent discharge parameters are
comply with the receiving environment discharge criteria.
However, reverse osmosis is difficult process in terms of
both operating cost and operating conditions.

Alkaline and acidic cleaning to protect the disc mem-
branes increases the operating costs. Cartridge filter is
a consumable with a certain lifetime. Time to change
cartridge filter is monitored when the pressure differ-
ence reaches 1 bar in the scada system. In addition, an-
discalant is dosed to prevent any silica formation in the
system. Dydo et al. [16], concluded that the most reason-
able method to mitigate scaling problem during reverse
osmosis of the examined leachate is chemical softening
pretreatment with sodium carbonate and sodium hydrox-
ide mixture. Sodium carbonate will behave as the calcium
while sodium hydroxide as magnesium precipitants. At

Figure 10. Raw leachate (on the left) and permeate (on the right).

the same time these precipitants will shift the examined
leachate pH to the level desired for further treatment.

Before the raw leachate is taken into the membranes, sul-
furic acid is added to provide the desired pH value in the
media. In order to meet the pH discharge criterion, caus-
tic dosing is applied in permeate tank to increase the pH
which is reduced at the beginning of the system. The disc
membranes used in the system have also a limited lifetime
and the membranes constitute approximately 50% of the
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Table 3. 3-years (2016-2018 years) averages of influent and effluent parameters of leachate and removal rates by reverse osmosis system

Parameters Influent water (mg/L) Effluent water (mg/L) Removal rate (%)
Chemical oxygen demand (COD) 6464.17 153.17 97.63
Suspended solids (SS) 429.43 <6 98.84
Total kjeldahl nitrogen 1495.90 17.87 98.81
Total phosphorus 10.71 6.00 43.98
Oil and grease 561.83 35.70 93.65
Color (Pt-Co)* 3355.04 142.09 95.76
Total chromium (Cr) 1.05 0.01 98.92
Chromium (Cr+6) 0.39 0.03 91.72
Fluoride (F) 3.04 0.48 84.20
Copper (Cu) 0.03 0.02 46.00
Zinc (Zn) 0.27 0.06 78.75
Iron (Fe) 2.33 0.25 89.43

*Unit of color is (Pt-Co).

Table 4. Consumable quantities reflected in operating expenses

Consumption during the operation =~ Consumable amount

Sulfuric acid 1872 kg/day
Andiscalant 3.12 L/day
Caustic 156 L/day

Alkaline cleaning chemical 125 L/per cleaning

Acidic cleaning chemical 75 L/per cleaning

Used cartridge filters 21 cartridges/per change

plant investment cost. Due to the sensitivity of the mem-
brane structure and in case of insufficient pre-treatment
processes, the membrane life will be completed in a short
time. Renou et al. [18], argued that there were important
limitations to this process. They stated that high salinities
of the leachates caused high osmotic pressures, which re-
quired working at high pressures and low conversion rates.
Chemical consumption is presented in Table 4 considering
the facility as operating at full capacity for 312 m?/day. The
RO process is also strongly limited by the irreversible mem-
brane fouling, which requires frequent chemical cleaning of
the membranes [18].

Among the constant problems encountered in the system,
there is also the corrosion problem of electronic equipment
caused by the H,S in the leachate content. To prevent cor-
rosion, the facility should be located away from lagoons. In
this case, the pump and the electricity cost of the equipment
will also create a disadvantage for the system. While making
cost calculations at the project stage of the reverse osmosis
system, operating expenses should also be taken into ac-
count in this direction. Operation of more costly filtration
technologies is more complex and requires the experienced

teams. That's why problems occur in the leachate treatment
plants due to the lack of trained personnel and an efficient
treatment process cannot be provided.

The most important factors affecting the feasibility of mem-
brane applications are formation, management, and treat-
ment of the concentrate. Li et al. [11], Liu et al. [12], Renou
et al. [18, 19], and Talalaj and Biedka [20], expressed the
recirculation of concentrated leachate as one of the most
debated options for RO treatment. Especially concentrate
removal expenses constitute a significant part of the op-
erating cost of the membrane processes. The rejection of
the membrane processes generates a significant volume
of membrane concentrate (MC) [21]. The MC is enriched
with large quantities of refractory organics and salinity
from leachate and is a particularly problematic issue in
waste management. Therefore, there is a clear need to ex-
plore a scientific and rational route for MC, preventing it
from severe environmental contamination.

Although good quality effluent is obtained in the leachate
treatment; high costly operating expenses suggest the sys-
tem is unsustainable. Once the reverse osmosis system is
established, municipalities are financially dependent on the
manufacturers for membranes, chemicals and other mate-
rials that are consumable during operation. Therefore, it is
not an acceptable way for developed countries to exploit
the financial resources of developing countries to sell their
technologies with high operating costs. Similar approach-
es should be avoided in order to consider the savings and
to offer more scientific solutions. For sustainable leachate
treatment solutions, methods with lower initial investment
and operating costs and, processes requiring a small num-
ber of technical staff support should be investigated in de-
veloping countries.
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CONCLUSIONS

Leachate treatment is one of the most crucial tasks in mu-
nicipal solid waste management. Reverse osmosis was as-
signed as an effective method for treating leachate in this
study. The RO system has been successfully applied in
leachate treatment with high removal rates as 98% of COD,
99% of total Nitrogen, 99% of suspended solids, 94% of oil/
grease, 96% of color and substantial heavy metal removal,
respectively. The system has sand filters which reduced the
load of leachate before the reverse osmosis and increased
the membrane lifetime. pH adjustment on leachate was
performed before its transferring to membranes. A car-
tridge filtration was applied at the inlet of the system and
pH adjusted pre-treated water was fed to the system with
antiscalant dosage. The leachate was taken to the mem-
branes that was operated as 2-stage system. 1 and 2" stages
consisted of 100 modules and 21.000 and 18 modules and
3.780 disc membranes, respectively. Permeate and concen-
trate were taken to a lagoon to be used in order to humidify
the landfill area and for afforestation, respectively. Despite
the advantages of system, challenges such as high costly
operating expenses, dependency on the manufacturers for
membranes, difficulty to struggle with scaling problems,
high energy consumption, limited lifetime of membranes
and management/treatment of concentrate were clarified as
the constraints of reverse osmosis.
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INTRODUCTION

ABSTRACT

The utilization of powdered photocatalysts can cause problems such as agglomeration and
difficulty in separation in conventional applications. In this work, deposition of photocatalyst
particles on a co-polymeric network was suggested to solve this issue. For this purpose, fer-
rite type perovskite BiFeO, particles were immobilized on the sulphonated polystyrene-divi-
nyl benzene seeds via a facile impregnation process and the heterostructured catalyst (BFO@
co-STR/DVB) exhibited boosted removal performance towards tetracycline antibiotic. The
co-polymer itself showed attractive adsorption (93% removal) towards tetracycline due to the
robust -7 stacking or hydrophobic relationship. The photocatalytic performance of optimal
BFO@co-STR/DVB catalyst had the greatest value of apparent rate constant (0.037 min™),
which was 6.16 times higher than that for bare BiFeO, (0.006 min™). Moreover, the hetero-
structured photocatalyst displayed the highest catalytic efficiency as 98.5% which was mainly
assigned to the synergetic effect of adsorption and photocatalysis. Therefore, detailed adsorp-
tion mechanism was examined by applying three kinetic models and the pseudo-second order
model (q,=88.9 mg/g; R?=0.993) was fitted well describing well the adsorption. The impact of
perovskite amount on the polymer structure was also investigated. Apart from tetracycline
molecule, the photocatalytic activity of the heterostructured catalyst with respect to different
pharmaceutical (isoniazid) was also investigated and the adsorptive removal of isoniazid over
the co-STR/DVB polymer was calculated as 80.0% while it significantly increased to 98.2% in
the BFO@co-STR/DVB photocatalytic system. This study demonstrated the effective utiliza-
tion of the perovskite deposited co-polymeric network in the field of “photocatalysis”.

Cite this article as: Bilgin Simgek E, Balta Z. Investigation of synergetic effect of adsorption
and photocatalysis for the removal of tetracycline by BiFeO, immobilized on copolymer seeds.
Environ Res Tec 2022;5:2:128-136.

bismuth ferrite (BiFeO,) has been a great interest, because
of its high chemical stability, magnetoelectric and optical

In recent years, ferrite type perovskite materials have at-
tracted great attentions due to their excellent characteris-
tics in the field of photocatalysis. Among these perovskites,

*Corresponding author.
*E-mail address: esrabilgin622@gmail.com

properties [1]. The rhombohedral distorted BiFeO, struc-
ture has been investigated as multiferroic material which
have ferroelectric (T.=1103 K) and antiferromagnetic
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(T =643 K) characteristics over a wide temperature range
[2]. The band gap of BiFeO, (2.1-2.6 eV) lying in the visible
region of the solar spectrum enables it to be applied as pho-
tovoltaic cell and photocatalyst [3]. Additionally, BiFeO,
has been also used as Fenton-catalyst which can effectively
catalyze the decomposition of H,O, into «OH for the degra-
dation of organic pollutants in heterogeneous processes [4].

However, the powder forms of the perovskites can bring
some drawbacks such as agglomeration and difficulty in
separation which strongly restricts their catalytic activi-
ties as well as industrial utilizations. In addition, the bulk
perovskites show relatively low surface areas, limiting
their interaction with the target molecules. To address
these problems, the usage of supporting materials for per-
ovskite oxides has been concerned as an effective strategy.
The selection of support is essential as the physicochem-
ical features and catalytic activities of the photocatalysts
are closely associated with the type and nature of the ma-
trix. For example, Wu et al. [5] investigated the effect of
various supports (ALO,, TiO,, CeO,, and SiO,) for the
LaFeO, particles and applied for the degradation of Acid
Orange 7. Authors stated that the perovskite supported on
Al O, exhibited the highest catalytic activity ascribed to its
large surface area, oxygen vacancies, suitable redox prop-
erty, and fast electron mobility. Li et al. [6] tested different
mesoporous silica supports for LaFeO, for the catalytic
oxidation of rhodamine B and concluded as the roles of
the support were absorbing dye molecules from solution
to the pores (i) and then transferring them from the pores
to the active site (ii). Alpay et al. [7] demonstrated that
the commercial polystyrene based resin (Diaion™ HP21)
served as a well matrix for the deposition of LaFeO, per-
ovskites and the composite catalyst displayed improved
visible light absorption as well as high photocatalytic, deg-
radation activity towards many dyes and antibiotics.

Porous polymeric materials with tunable pore size and con-
trollable morphology have been effectively used as matrices
for the deposition of fine particles [8, 9]. It is well known
that the styrene-divinylbenzene co-polymers are mechani-
cally and chemically stable as well as they have high adsorp-
tion abilities towards many organics [10, 11]. Also, their
distinct features of including abundant surface functional
groups enable them to be applied as efficient adsorbents for
binding organic molecules [12]. Besides, the sulphonated
aromatic polymers have higher ion exchange capacity and
water absorption features, and they can be effectively uti-
lized in wastewater treatment owing to their abundant sul-
phonic acid groups [13, 14]. The cross-linked polystyrene
co-divinyl benzene has many phenyl rings which can be
easily functionalized with sulfonated groups [15]. There-
fore, it was hypothesized that the sulfonated styrene-divi-
nylbenzene co-polymers can be a good candidate for the
adsorption of the organics and can serve as a matrix for the
immobilization of perovskite particles.

Inspired by these perspectives, in this work, BiFeO, per-
ovskite particles were immobilized over the co-polymer
surface through wet impregnation method. To the best of
our knowledge, there has been no study reported yet about
deposition of BiFeO, particles over polymeric substances
which might be ideal support for powdered photocatalysts.
The as-prepared heterostructure catalyst was applied to the
photocatalytic degradation of tetracycline antibiotic under
visible light illumination. The enhancement of the pho-
tocatalytic activity was attributed to the synergistic effect
of adsorption and photocatalysis. In addition, the loading
amount of BiFeO, over the resin was investigated. Besides,
the photoactivity was tested towards another pharma-
ceutical namely isoniazid which is known as a persistent
drug. We report for the first time on the facile fabrication
of co-polymer supported BiFeO, perovskites, integrating
both adsorption and photodegradation to simultaneously
improve elimination of pharmaceuticals from water media.

MATERIALS AND METHODS

Materials

Bismuth (III) nitrate pentahydrate (Bi(NO,).5H,0%98)
and iron (IIT) chloride (FeCl,-6H,0, 99%) were purchased
from Sigma-Aldrich and Lab-Scan Analytical Sciences,
respectively. Styrene (Fluka), divinyl benzene (Aldrich),
chlorosulfonic acid (99%, Fluka) were purified before use.
All other chemicals used in the studies were of analytical
reagent grade.

Preparation of Raw BiFeO, Perovskite

Perovskite type BiFeO, particles were prepared by using pre-
cipitation method. First, defined amount of Bi(NO,),5H,0
was dissolved in 2.5 M HNO, solution. Meanwhile, equal
molar amount of FeCl,.6H,O was prepared in deionized
water. Then, both solutions were mixed and magnetical-
ly stirred for 30 min. The solution pH was adjusted to 10
by adding NaOH (6 M) and kept stirring for 24 h at room
temperature. At the end of the period, the precipitate was
filtered and dried 90 °C for 4 h. Finally, the powder was cal-
cined at 600 °C for 3 h. Final product was coded as BFO.

Preparation of co-Polymer

Styrene-divinyl benzene (STR/DVB) co-polymer beads
were synthesized with 50% of cross-linking divinyl ben-
zene. In a typical synthesis, styrene and divinyl benzene
were first dissolved in toluene. Alumina and gum arabic
emulsifier were prepared in a three-necked round-bot-
tomed flask under nitrogen gas. Then, the mixture of sty-
rene-divinyl benzene was added to the above solution. The
polymerization reaction was allowed to continue for 4 h
under continuous stirring at 75 °C. The obtained seeds were
washed with excess water and dried at 60°C for overnight.
The sulphonation procedure was followed according to the
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procedure described in the literature [16]. 10 mL of chloro-
sulfonic acid was poured into a solution of formamide un-
der constant stirring at 0 °C and the cross-linked polymer
beads (2 g) was added to the mixture and kept stirred under
reflux conditions for 5 h. The resultant resins were filtered
and washed with cold water and acetone. The final seeds
were labelled as co-STR/DVB.

Immobilization of BiFeO, Over co-Polymer Structure

The immobilizing of BiFeO, particles on co-STR/DVB
structure was performed via impregnation method. Brief-
ly, 5 mg BFO particles mixed with 50 mg of co-STR/DVB
seeds (0.2 g). The suspension was mixed at orbital shaker
for 48 h. Then, the brown seeds were collected, washed with
de-ionized water and subsequently dried at 60 °C overnight.
The product was coded as BFO@co-STR/DVB (1:10). In or-
der to examine effect of perovskite ratio, the amount of BFO
particles were changed as 10 and 25 mg; the resultant sam-
ples were coded as BFO@co-STR/DVB (2:10) and BFO@
co-STR/DVB (5:10), respectively.

Characterization Tests

The surface morphology and elemental analysis were inves-
tigated by scanning electron microscopy (FEI Inc., Inspect
S50 SEM, EDAX Octane Prime). The Fourier transfer in-
frared (FTIR) spectra were obtained on Perkin Elmer Spec-
trum One using attenuated total reflectance method. X-ray
powder diffraction (XRD) data were collected using CuKa
radiation (Panalytical X’Pert PRO Model).

Adsorption and Photocatalytic Degradation Studies

In order to examine the adsorptive removal of TC-HCI
over co-STR/DVB seeds, the adsorption kinetic tests were
performed with initial concentration of 10 mg/L at 298 K
and pH 6.5. Photocatalytic decomposition of tetracycline
(TC-HCI) was investigated under visible light irradiation
by using a square-shaped photochemical reactor coupled
with two visible metal halide lamps (A: 400-800 nm). The
fan at the bottom of the system was used to decrease the
temperature to ambient conditions. For each test, 0.01 g of
catalyst was dispersed with 50 mL TC-HCI solution with
an initial concentration of 10 mg/L. After 30 min of dark
adsorption period, the mixture was exposed to light, and
aliquots were taken at time intervals. The residual TC-HCl
concentration was analyzed by UV-vis spectrophotometer
at the wavelength of 360 nm. The degradation efficiency
was calculated by Eq.(1):

Degradation%= [(CO—C)/CO] x100 (1)

In order to examine the photocatalytic performance of
the as-synthesized catalyst towards different pharmaceu-
tical, the degradation of isoniazid was also investigated
under similar conditions and the equilibrium isoniazid
concentration was determined by UV-Vis spectropho-
tometer at 262 nm.

BFO
——BFO@co-STR/DVB
= co-STR/DVB e

3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600
Wavelenght (cm”)

Figure 1. FTIR spectra of BFO, BFO@co-STR/DVB and co-
STR/DVB samples.

RESULTS AND DISCUSSION

Characterization

In order to examine the surface functional groups after im-
mobilization, FTIR spectra of BFO, BFO@co-STR/DVB and
co-STR/DVB samples were obtained, and the results were
shown in Figure 1. In the spectrum of bare BFO perovskite,
the presence of nitrate ions was observed at nearly 1450
cm™ [17] while the absorption bands at 800-900 cm™ were
assigned to the symmetric stretching vibrations of O-Bi-O
in the BiFeO, structure [18]. The FTIR spectra of as-synthe-
sized co-polymers confirmed the presence of aromatic ring
features of skeletal C=O and C=C in plate-stretching vibra-
tions at 1601 and 1450 cm™, respectively. The peak at 701
cm! was assigned to the bending vibration of the substitut-
ed benzene ring (C-H) [19]. The sulfonation was verified
from the peaks in the range of 1000-1130 cm™. The band
at 1126 cm was ascribed to the presence of -SO,H groups
while the band at 1006 cm™ indicated the vibrations of the
aromatic ring released from the para-substituted sulfonic
acid [19, 20]. The O-H stretching vibration of water was
observed at about 2900-3400 cm™. The peaks at 700 and
831 cm™ were assigned to the aromatic ring C-H bend and
stretching vibration of C-O-C bonds, respectively. After
immobilization of BiFeO, particles on co-STR/DVB sur-
face, the peak intensities slightly decreased but the charac-
teristic peaks were still observed confirming that the incor-
poration of perovskites did not alter the functional groups
of bare co-STR/DVB.

X-ray diffraction (XRD) was employed to detect the crys-
tallinity of bare BiFeO, perovskite. As shown in Figure 2b,
the diffraction peak was well indexed to the standard XRD
data of rhombohedral BiFeO, (JSPDS file No. 86-1518), in-
dicating successful synthesis of crystal perovskite. Regard-
ing the peak intensities, the sharp peaks at 260=23.2, 30.2,
32.2,40.9, 45.0, 50.0, 51.0, 54.2, 55.0 and 67.3° were related
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Figure 2. (a) SEM image (a) and XRD spectrum of raw BFO.
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Figure 3. SEM images of raw co-STR/DVB (a), BFO@co-STR/DVB (b, ¢) and EDS spectrum of BEFO@co-STR/DVB com-
posite catalyst.

to their Miller indices (012),(104),(110),(202),(024), perovskite exhibited irregular polyhedral structure which
(116),(122),(018),(214), (220), respectively. was in accordance with previous studies [21]. The raw co-
Scanning electron microscope (SEM) images of bare BFO, ~STR/DVB sample indicated smooth spherical shape (Fig.
co-STR/DVB and BFO@co-STR/DVB catalysts were pre- 3a) enabling active surface sites to promote the adsorption
sented in Figure 2a, Figure 3. It could be seen that bare BFO  and degradation towards the tetracycline molecule. After
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Figure 4. (a) TC-HCI adsorption kinetics, Pseudo-first order (b), Pseudo-second order (c) and Intra-particle diffusion

kinetic modelling over co-STR/DVB.

immobilization of BiFeO, perovskites over the co-polymer
structure, the spherical shapes morphology of the polymer
was not altered (Fig. 3b, c). It was clearly observed that the
surface was fully covered with BiFeO, perovskite particles.
The particle diameter of the heterostructured catalyst was
nearly 100 um, which was decreased from 200 pum reveal-
ing that the impregnation route might impact the particle
size of the polymer seeds. The EDX elemental distribution
demonstrated the presence of Bi, Fe, O, C and N elements
in the composite catalyst verifying effective immobiliza-
tion of BNQD:s into the perovskite framework. The weight
ratio of Bi, Fe and O elements were estimated as 14.8%,
10.6% and 15.4%, respectively.

Adsorption Kinetics Over co-STR-DVB

The kinetics of adsorption over co-STR/DVB seeds were
studies to ensure the required time for equilibrium as well
as to find the rate limiting steps of the process. As seen in
Figure 4a, at the end of 90 and 120 min, the TC-HCI re-
moval percentages of raw co-STR/DVB were achieved as
93% and 98%, respectively. This robust interaction could

be attributed to the predominant n—-m stacking or hydro-
phobic relationship between tetracycline and the co-poly-
meric structure [11]. The adsorption kinetic data were
applied to three kinetic models namely, pseudo-first or-
der, pseudo-second order and Weber-Morris intra-parti-
cle diffusion. Table 1 shows the kinetic model parameters
with their related correlation coefficients (R?).

The pseudo-first-order kinetic equation is based on the sur-
face physisorption mechanism, and it is defined as:

log(q,-q)=log qe-(zzﬁ)t (2)
where q_ and q, are the amounts of adsorbed TC-HCI
(mg/g) at equilibrium and at time t (min), respectively,
and k, is the rate constant of pseudo-first-order mod-
el (min') which was determined from the plots of log
(q,-q,) vs. time (Fig. 4b). From Table 1, the correlation
coefficients (R?) for the pseudo-first model were found
slightly lower indicating the model is not fitted well the
adsorption kinetics of TC-HCI over co-STR/DVB seeds,
revealing physical forces were not involved in the adsorp-
tion process.
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Table 1. Adsorption kinetic model constants of co-STR/DVB

q, (mg/g) 78.54
Pseudo-first order
q, (mg/g) 64.01
k, (min™) 0.082
R? 0.988
Pseudo-second order
q, (mg/g) 88.92
k, (g/mg min) 0.00014
h (mg/g min) 1.160
R? 0.993
Weber-Morris intra-particle diffusion
k,, , (mg/g min®?) 6.749
R? 0.822
k,,, (mg/g min®?) 2.434
R? 0.972

The pseudo-second-order kinetic model is generally utilized
to explain the adsorption mechanisms driven by surface
chemisorption process and the model is shown as Eq. (3):
r_ 1 41

@ ka? ' g (3)
where k, is the second-order rate constant (g/mg min).
The k, and q, values are evaluated from the intercept and
the slope of the plot t/qt versus t. Initial adsorption rate (h,
mg/g min) is calculated from Eq. (4):

h = k,q? 4)
According to the obtained R* value and second order rate
constant, the second-order model displayed high correla-
tion coefficients (R?=0.993) for of TC-HCl adsorption over
co-STR/DVB sample (Fig. 4c). Moreover, the theoretical
and experimental adsorption capacities of the pseudo-sec-
ond-order model were found nearly identical, indicating
that this model was more proper for describing that the TC-
HCl adsorption was mainly occurred through on n-r stack-
ing interactions. Similar observation was reported by Yang
et al. [22] and they underlined the fact that electrostatic in-
teractions played minor role in the tetracycline adsorption.

The intra-particle diffusion model was also applied to de-
termine the rate determining step. The model is shown as:

Qe = kiat®™> +C (5)
where g, is the amount of adsorbed TC-HCI at the time
(mg/g); k, (mg/g min®?) is the Weber-Morris intra-parti-
cle-diffusion rate constant; t is the time (t); C is intercept
(mg/g). The intra-particle-diffusion model parameters in-
cludingk, , k , ,and R* were listed in Table 1, and the plots
were shown in Figure 4d. The plot of this model exhibit-
ed two linearity, verifying the existence of two adsorption
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Figure 5. Photocatalytic degradation curves and related ki-
netic constants of BFO and BFO@co-STR/DVB catalysts.

states (phase I-fast adsorption and phase II-slow adsorp-
tion) of mass transport. The first linearity is related with
macropore/mesopore diffusion while the second line deals
with the micropore diffusion [23]. In the first step, approx-
imately 48% TC-HCI was removed by co-STR/DVB within
30 min which was attributed to the fast utilization of the
most active adsorptive areas on the co-polymer surface.
Then, 83% of TC-HCI was eliminated within 60 min. The
kinetic rate constant of first step (k, =6.749 mg/g min®?)
was found much higher than the second step of adsorption
(k,,,=2.434 mg/g min®®). Furthermore, R* values of the
phase I were higher than the phase II suggesting that the
external mass transfer could be the rate-limiting step in the
adsorption process.

Photocatalytic Performance Tests of BFO@co-STR/DVB
Heterostructure Catalyst

The photocatalytic activities of the BFO@co-STR/DVB
heterostructured catalysts were evaluated towards tetracy-
cline degradation from 50 mL of 10 mg/L aqueous solution.
Figure 5 revealed the TC-HCL elimination over the pho-
tocatalysts, in which the degradation degree of bare BFO
was found low (76.9%) even after 240 min of visible irra-
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Figure 6. Photocatalytic degradation and adsorption curves
of towards isoniazid molecule.

diation. This could be owing to its limited light absorption
and high recombination of electrons and holes. Moreover,
the photodegradation rates over the BFO@co-STR/DVB
catalysts increased for the increasing BiFeO,: co-STR/DVB
ratios of (1:10) and (2:10). Notably, the BFO@co-STR/DVB
(2:10) photocatalyst displayed the highest catalytic efficien-
cy as 98.5% while that of for BFEO@co-STR/DVB (1:10) was
determined as 94.5% at the end of 90 min of irradiation.
However, the increasing perovskite content over the het-
erostructure led to decrease in the removal efficiency and
78.6% photodegradation was calculated for BFO@co-STR/
DVB (5:10) catalyst. This could be explained as the incre-
ment of the perovskite particles on the surface significantly
inhibited the interaction and adsorption of target antibiotic
molecules with the co-polymer surface, resulting decrease
in the adsorption performance. To confirm this theory, the
adsorption performances were also compared. At the end
of dark period of 30 min, 24.4%, 25.3% and 13.2% adsorp-
tive removal percentages were observed for BFO@co-STR/
DVB (1:10), (2:10) and (5:10) catalysts, respectively, verify-
ing the fact that the interaction of antibiotic molecules was
restricted by increased BiFeO, particles on the co-polymer
surface. Similar phenomenon was observed by Phan et al.
[24] who deposited LaFeO, particles on acid-modified nat-
ural zeolite for the Rhodamine B degradation.

To further elucidate the photodegradation efficiency
of the composite catalysts, the degradation kinetic data
were applied to the pseudo-first order kinetic equation
In (C/Cy)=k_ *t, where k  shows the apparent first-or-
der reaction rate constant (Fig. 5). The photodegradation
performances of the as-prepared samples were quantita-
tively compared according to the k_ values. It was ob-
served that the BFO@co-STR/DVB (2:10) catalyst had
the greatest value of k_~ (0.037 min"); in contrast, the
rate constants for bare BiFeO, was calculated as 0.006

min™', implying that the photodegradation activity of the
heterostructured catalyst was 6.16 times higher than that
for bare BiFeO,, demonstrating that the as-prepared het-
erostructure can be effectively used as a high-efficiency
photocatalyst for antibiotic elimination.

Investigation of Photocatalytic Activity Towards Different
Pharmaceutical: Isoniazid Degradation

The synergetic adsorption and photocatalytic removal effi-
ciency of the as-prepared composite catalyst was investigat-
ed towards another pharmaceutical isoniazid (C,H,N,O)
which is often used as a first-line drug in the prevention
and treatment of tuberculosis disease [25]. In literature, few
studies showed that this persistent drug could be degraded
by using TiO,, ZnO, Bi,O, type catalysts under light illumi-
nation [26]. Therefore, it is essential to examine the removal
of these kinds of pharmaceuticals from aqueous media. In
this work, the adsorptive removal of isoniazid by the raw
co-polymer seeds was also examined under dark condi-
tions. According to the obtained results shown in Figure 6,
the adsorptive removal of isoniazid over the co-STR/DVB
polymer was calculated as 80.0% at the of 120 min. The high
adsorptive behavior could be related with the interaction
of carbonyl groups of isoniazid molecule with the sulfonat-
ed aromatic co-polymer structure. It was reported that the
hydrogen bonding interactions through the ring nitrogen,
the amino nitrogen, and the carbonyl oxygen groups of iso-
niazid played a dominant role in its adsorption mechanism
[27]. Moreover, the isoniazid molecule might be adsorbed
on co-STR/DVB through n—m stacking effects. On the other
hand, raw BFO perovskite showed low degradation efficien-
cy towards isoniazid molecule and only 26% degradation
was occurred after 120 min of UV-A light irradiation. In-
terestingly, the BFO@co-STR/DVB (2:10) catalyst exhibited
relatively higher removal rate as 98.2% thanks to the syner-
getic effect of adsorption and photocatalysis.

Cost Estimation of TC Removal in BFO@co-STR/DVB
Photocatalytic System

Since cost of the wastewater treatment is a significant fac-
tor for photocatalytic and adsorption processes, an eco-
nomic estimation of applied BEO@co-STR/DVB catalytic
system was developed for the tetracycline elimination by
considering industrial grade prices of reagents used in the
preparation of photocatalyst. The optimum degradation
percentage as 98%over BFEO@co-STR/DVB was selected
with the volume of 50 mL. Table 2 represents the total
cost of the reagent consumptions of BFEO@co-STR/DVB
system which was calculated as $12.87/m°. The cost of the
wastewater treatment in this system was calculated much
lower than treatment of pharmaceutical wastewater with
Fe-TiO, system ($71/m’) [28] and caffeine degradation
with fenton oxidation process on zeolite supported iron
particles ($23.2m°) [29].
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Table 2. Cost of wastewater treatment per cubic water with
BFO@co-STR/DVB system

Quantity Unit cost Total cost
consumed ($/kg) ($/m?3)
for 1 m3
(kg/m?)
Bi(NO,),5H,0 0.22 35 7.7
FeCl3.6HZO 0.154 20 3.08
NaOH 2.64 0.15 0.39
co-STR/DVB 0.17 10 1.7
Total 12.87
CONCLUSION

In this study, perovskite type BiFeO, particles were success-
fully immobilized over copolymer styrene-divinyl benzene
surface through simple impregnation method. SEM images
with EDX spectrum demonstrated the presence of BiFeO,
particles on the copolymer surface. FTIR analysis indicat-
ed that the deposition did not alter the surface functional
groups of co-polymer network. The adsorption abilities of
the raw co-polymer were investigated in dark conditions by
performing kinetic tests and the results revealed that the ro-
bust adsorption occurred between the antibiotic and func-
tional groups of co-STR/DVB structure. The as-prepared
composite catalyst showed outstanding removal perfor-
mance towards tetracycline molecule via synergetic effect
of adsorption and photocatalysis. The increasing perovskite
ratio on the polymer first increased the removal rate while
after certain amount the removal was decreased due to the
hindered interaction and adsorption of antibiotic mole-
cules with the co-polymer surface. The composite catalyst
was also utilized in another pharmaceutical namely isoni-
azid and effective adsorptive and photocatalytic behavior
was assigned to the mutual effect of carbonyl groups of iso-
niazid molecule with the sulfonated aromatic co-polymer.
This study showed efficient utilization of highly adsorptive
co-polymer structure in heterogeneous catalytic processes.
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INTRODUCTION

ABSTRACT

Incineration is a common technique worldwide for treating Municipal Solid Waste (MSW).
However, incineration residues (e.g., bottom and fly ash) require special treatment to prevent
environmental risks due to the high content of heavy metals. The present study evaluated the
stabilization degree of Pb, a toxic heavy metal in MSW incineration fly ash (IFA) treating by
size-fractionated natural fishbone (FB) hydroxyapatite (HA). Bones from various fish species
were used at different size fractions (<600 um, 600 pm-2 mm, and 0-2 mm). The effect of
different fishbone hydroxyapatite (FB-HA) sizes was studied by batch tests under the FB/IFA
ratios of 0.0 and 1:10 (wt.), the contact or settling time of 6, 12, 24, and 672 hours, and the fixed
W/S ratio of 1.5 mL/g. Using only 10% FB, Pb stabilization efficiency after 672 hours obtained
95.55% and 94.24% for FB sizes <600 um and 600 pum-2 mm, respectively, and about 86.1% for
non-fractionated FB (0-2 mm). The results indicated that contact time was the most critical
factor for enhanced Pb stabilization. The FB particle size of 0-2 mm was deemed appropriate
for Pb immobilization in short and long time settling periods. The adsorption isotherms were
fitted well with the Langmuir and Freundlich models. The R, values of the Langmuir model
were less than one and the n values of the Freundlich isotherm lie between 3 and 5, conferring
the favorable adsorption of Pb to FB-HA for all size fractions.

Cite this article as: Nag M, Saffarzadeh A, Shimaoka T, Nakayama H. Degree of Pb stabiliza-
tion in MSWI fly ash using size-fractionated natural fishbone hydroxyapatite. Environ Res Tec
2022;5:2:137-147.

Furthermore, because of the high content of heavy metals
(Zn, Pb, Cd, Cu, Cr, Sb, etc.), chlorine, soluble salts, organic

Incineration is a common technique worldwide for treat-
ing municipal solid waste (MSW), because it shrinks the
volume and weight of waste by about 90% and 70%, respec-
tively [1]. In Japan, the solid waste incineration percentage
was almost 75% in 2013 [2]. However, producing markedly
huge amounts of solid remnants (e.g., bottom ash and fly
ash) is one of the limitations of incineration technology.
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compounds, and particles fineness, the incineration fly ash
(IFA) is classified as a hazardous waste [3]. Therefore, IFA
requires appropriate treatment to prevent environmental
risks before utilization or landfilling [4]. MSWI fly ash is
treated through various methods, such as chemical stabi-
lization by reagents (i.e., chelate compounds), cement or
geopolymer solidification, advanced separation, thermal
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treatment via melting, treatment by synthetic phosphate
(phosphoric acid), and hydrothermal techniques [5, 6].

Soluble phosphate has been widely used as a chemical treat-
ment to convert heavy metals into insoluble compounds.
Usually, phosphoric acid, potassium phosphates, sodium,
and ammonium react with multivalent cations to com-
prise insoluble orthophosphates [7]. An insoluble metal
phosphate produced through the reaction between soluble
phosphate and the metal ions resembles a naturally growing
mineral, which is geologically stable. In addition, various
hydrogen and dihydrogen phosphates have also been ex-
plored for removing soluble heavy metals from toxic envi-
ronments [7].

One of the typical examples of lead phosphate with a very
low solubility (K =5x10"") in a wide pH range, is pyro-
morphite, Pb,(PO,),Cl [8]. Another frequently used phos-
phate is the apatite family, with hydroxyapatite (HA), which
forms the principal member [Ca, (PO,),(OH),] of a large
category of substituted compounds with resembling com-
positions. Solid compounds may be formed with an exten-
sive range of divalent or trivalent metals substituting flu-
orine, calcium or chlorine for hydroxyl ions, carbonates,
vanadates, or arsenates found in place of phosphate [7].

Fishbones and mammal’s skeletons contain calcium phos-
phate that highly resembles to HA. HA, such as synthetic
HA, bones, and bone char have been explored for their high
absorption capacity for removing heavy metals from aque-
ous solutions [9]. Therefore, HA can also be effectively used
for the stabilization of heavy metals in contaminated waste
materials. Compared to other phosphate sources, biogenic
apatite (e.g., fishbones) has less initial contamination with
heavy metals than processed or mined phosphate rocks and
fertilizers. In addition, its high solubility allows it to trap
metals easily and release phosphate slowly, thus allowing for
long-term stabilization [10]. Many studies have been per-
formed on the efficiency of phosphates and particularly ap-
atites [M, (PO,),(OH),, M: Metal], and the mechanisms in-
volved in immobilizing heavy metals in contaminated soil,
wastewater, groundwater, and dredged sludge [7, 11, 12].

Phosphation or phosphate treatment is also a promising re-
mediation technique applied to IFA, BA and scrubber resi-
dues for heavy metal stabilization [13]. Assessing the effects
of the fishbone (a natural phosphate) on heavy metal stabi-
lization in MSW IFA is one of the principal objectives of the
present study. Previous researches [14-16] have shown that
the fishbone hydroxyapatite (FB-HA) is an effective stabiliz-
er of heavy metals in IFA by considering various parameters
such as modified fishbone, varied fishbone species, reaction
time, fishbone dosage, and W/S ratio. In this study, size-frac-
tionated natural FB-HA was used to enhance the degree of
Pb stabilization in IFA. Therefore, three different sizes of FB-
HA were used, and the effect of each size on Pb stabilization
was investigated. The mechanism of Pb adsorption by FB-

HA and relevant adsorption isotherms were also studied.
FB-HA can help reduce the need for disposal of fishbone
waste, increase its recycling, reduce secondary contamina-
tion, and provide a low-cost and environmentally friendly
technology for stabilizing heavy metals in MSWI fly ash.

MATERIALS AND METHODS

Collection and Preparation of Fishbone and Fly Ash

Waste fishbone from miscellaneous species of fishes (salm-
on, fly fish sea bream, horse mackerel, mackerel, yellowtail,
lizardfish, and Japanese amberjack) was collected from local
fish markets in Japan. Fishbones except heads and tails were
boiled for about 40 minutes. Upon completion of boiling, the
flesh, spinal cords, and soft tissues were cautiously dispelled
from bones and rinsed. Afterward, the bones were dipped
in a detergent solution and boiled for 1 hour on low heat.
The water to detergent ratio was 5:1. Again the bones were
rinsed and dipped for 24 h in a hydrogen peroxide (30%
H,0,) solution. The water to H,O, ratio was maintained
at 5:1. Next, the bones were throughly rinsed and dried
for 24 hours at room temperature (under the dry mode of
the air-conditioning system). Finally the dried bones were
ground by a kitchen blender. The sieving method was used
to separate the ground fishbone into three particle size frac-
tions (<600 um, 600 um-2 mm, and 0-2 mm). The details of
the fishbone processing have been explained elsewhere [17].

Untreated IFA sample was collected from a WtE facility (S)
in Fukuoka, Japan, and stored in hermetically sealed con-
tainers. Here “untreated” IFA means that the IFA was not
stabilized with any stabilizing agents (such as chelate) in
the facility before collection. The IFA sample was directly
used for conducting metal stabilization and leaching ex-
periments in the laboratory without any pretreatment. For
bulk mineralogical and compositional analyses, IFA was
manually ground in an agate mortar.

Characterization of Fishbone and Fly Ash

The chemical composition of the bulk IFA sample was
measured with the technique of X-ray fluorescence (XRF).
Elemental concentration in the leachate from batch leach-
ing tests was analyzed with the inductively coupled plas-
ma optical emission spectroscopy (ICP-OES). The mineral
phases of IFA ash and FB-HA were analyzed with X-ray
diffractometry (XRD). Before and after the experiments,
the compositions of both IFA and fishbone were measured
by the scanning electron microscope coupled with an en-
ergy dispersive X-ray (SEM-EDX) detector in the mode of
backscattered electron (BSE). Fourier Transform Infrared
(FT-IR) Spectroscopy tests were performed on IFA samples
(with and without FB-HA treatment) with an instrument
of Infrared Spectrophotometer JASCO FT/IR-4200. Details
of QA/QC for instrumental analysis has been provided in
Supplementary Materials (Appendix 1, 2).
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Table 1. Chemical composition of MSWI fly ash

Components (%) CaO Cl Na,O SiO, K,0 ALO, MgO Zn S PO,
35.70 21.07 9.31 9.39 4.06 3.52 2.93 0.06 2.73 2.08

Components (%) Fe,O, TiO, Pb Sb Cu Ba Cr Cd Others LOI
1.40 0.14 0.06 0.07 0.04 0.096 0.02 0.01 7.03 6.50

Pb Stabilization Experimental Method

Two different size ranges of FB (<600 pm and 600 pm-2 (a) EDS Quantitative Results

mm) and bulk (0-2 mm) were selected to stabilize Pb in g

IFA. Tests were conducted by batch experiments with 250 —_ S

ml polypropylene bottles at room temperature. In each bot- & e

tle, 20.0 g of IFA, 2.0 g of FB (10% of IFA weight), and de- Z ax v 53

ionized water were added to maintain the initial W/S ratio % Cak Jgifg 2%-2;

at 1.5 mL/g. Bottles were settled for 6, 12, 24, and 672 h (28 k= WK 147 0.79

days) in the ambient condition. Deionized water was added Sk 223130

to each bottle to increase the total leachant to 200 mL after

each settlement period and the admixtures were subjected

to a standard Japanese leaching test (JLT-46). Bottles were ¥ VY A )

centrifuged for 20 min at 3000 rpm to obtain the leachate.

The liquid and solid parts were separated by vacuum filtra- | (b)

tion through the 0.45 pm pore-size membrane. Every test
was done in duplicate, and the results were conferred as
mean values with standard errors.

The removal efficiency of Pb was calculated using Equation 1:
C

Pbyops (%) = (1 = C—t) x 100 1)
c

where PbrefF:Pb removal efficiency; Ct=Pb concentra-
tion in the test group; and C =Pb concentration in the
control group.

The competency of using FB-HA for stabilizing a target
heavy metal (here Pb) was calculated using Equation 2 as
the amount of metal stabilized by the unit mass of FB-HA.

Stabilization capacity of Pb (%) = (C,~C;) xv/mass (FB—HA) (2)

where C_and C, are the concentrations of Pb in the control
and test groups, respectively, and v is the volume of leachant
(i.e., 100 mL).

Calculation of Adsorption Isotherm Constants

The sorption data were applied in two widely used sorp-
tion isotherm models such as the Langmuir and the Fre-
undlich isotherms. The equilibrium data for Pb cation
over the concentration of 48.5 mg/L at room temperature
has been correlated with the Langmuir isotherm, follow-
ing Equation 3.

Lge = l/Qmax + 1/1;-@-1/08 (3)
where C =equilibrium concentration, g,=number of metal
ions sorbed onto FB-HA, Q and b are Langmuir constants

related to the sorption capacity and energy, respectively.
The linear plot is obtained when 1/C, is plotted against 1/g,.

The Freundlich adsorption isotherms were also applied to

DS Quantitative Results
Element Wt At%

CK 36.61 54.85
NK  8.22 10.56
0K 10.52 11.83
Mgk 0.22 0.16
PR 19.36 11.25
Sk 1.80 1.01

Intensity (a.u)

Cak 22.41 10.06
Fek 0.86 0.28

Figure 1. The BSE images and detailed composition of (a)
fly ash S and (b) yellowtail fishbone.

investigate the removal of Pb by the size-fractionated natu-
ral fishbone, FB-HA using Equation 4.

logqe = logKs + 1/ logC, (4)
K_and n are the Freundlich adsorption equation constants,
where K_is the adsorption capacity. The constants K, and n
were determined by plotting logg, vs logC..

RESULTS AND DISCUSSIONS

Chemical Composition of Fly Ash and Fishbone

The major elements of the IFA sample analyzed by XRF were
Ca, Cl, Al, Zn, K, Mg, Na, Si, Ti, P, and S. Among all heavy
metals, Pb and Zn were found remarkably higher than other
elements as shown in Table 1. Detailed phase analysis was
done by SEM-EDX technique. Figure la and 1b exhibit the
BSE images and detailed composition of an IFA particle
(from source S) and the FB-HA, respectively. As shown in
Figure 1b, FB-HA presents a coarse and porous texture.
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Figure 2. The XRD patterns of (a) fly ash (S) and (b)
size-fractionated fishbones.

Mineralogy of Fly Ash and Fishbone

The existing mineral phases in the IFA sample (S) are shown
in Figure 2a. Sylvite (KCl) and Halite (NaCl) have found the
major mineral phases, since the main sources of Cl is nota-
bly high in the IFA (Table 1). A series of Ca-rich minerals
such as calcite (CaCO,), lime (CaO), anhydrite (calcium
sulfate: CaSO,), and mayenite (Ca,,Al ,O,,) were identified,
which can elucidate the high concentration of Ca in IFA.
It should be noted that IFA is not a completely crystalline
material, but contains amorphous phases that cannot be de-
tected directly using XRD technique.

The mixed fishbone meal consisting of various fish species
was divided into three different size fractions (<600 pum,
600 pm-2 mm, and 0-2 mm) and analyzed by XRD pat-
tern, which showed similar patterns. As shown in Figure
2b, hydroxyapatite (HA) with the chemical formula of Ca
(PO,),(OH), is the only typical crystalline phase detected in
all fishbone fractions.

Effects of Fishbone Hydroxyapatite on Pb Stabilization
Pb stabilization in MSWTI fly ash was primarily pursued at
few selected settling periods and a fixed W/S ratio. The tests

= B <600pm = FB 600pum-2mm
= FB 0-2mm —©-FB <600um
- ——FB 600pm-2mm  -8-FB 0-2mm 50

Initial Pb Conc. 48.5 mg/L

Pb concentration (mg/L)

Pb removal efficiency (%)

6h 12h

24h 672h

Contact time (h)

Figure 3. The removal efficiency and the concentration of
Pb with different FB-HA sizes.

were conducted on the batch-scale with fishbone/fly ash
ratios of 0 (control group) and 1:10 (test groups), settling
times of 6, 12, 24, and 672 h (28 days), and a W/S ratio
of 1.5 mL/g. The effects of FB-HA on Pb stabilization were
characterized by the decrease of Pb concentration in the
leachate with contact time and removal efficiency.

The results in Figure 3 show that the decreasing trend is
similar for Pb with different size-fractions of FB from the
initial Pb concentration (48.5 mg/L) in IFA. Up to 24 h of
contact time, the concentration of Pb in the separated sam-
ples was higher than the mixed fishbone meal (0-2 mm).
However, the Pb concentration in the size-fractionated
samples (<600 um and 600 pm-2 mm) decreased signifi-
cantly after 28 days, and the removal efficiency exceeded
95%. It was observed that even at the shortest contact time
(6 h), the mixed FB (0-2 mm) achieved about 77.5% PDb sta-
bilization, reaching a maximum value of about 86.08% after
28 days when only 10% (w/w) of FB was used.

The results show that FB immobilized a significant amount
of Pb leached from fly ash within the first few hours. After
adding FB to fly ash, hydroxyapatite can stabilize Pb and
control its stability over time. Although Pb in IFA can be
stabilized with a shorter settling time, the highest Pb sta-
bilization was achieved at a longer period (28 days) in all
cases. This implies that in addition to the dissolution-pre-
cipitation mechanism, reaction time is a crucial factor in
reaching equilibrium during the settling stage.

A slight decrease in removal efficiency was observed be-
tween 6 to 12 hours of settling. Therefore, desorption
mechanism may have occurred following the initial 6-h
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Figure 4. Pb stabilization competency with different sizes
of FB-HA.

adsorption. High sorption of Pb onto FB-HA was achieved
in the first 6 hours. However, shortly after that, the de-
sorption process likely enhanced the amount of soluble Pb
in the process.

It was presumed that sufficient time was needed to reach
equilibrium. The results suggested that fishbone particles
size in the range of 0-2 mm, there is no significant change
in Pb stabilization, even with short or long settling periods.
However, if the variation in fishbone particle size is relative-
ly small, i.e., <600 pm or 600 um-2 mm, Pb can be stabi-
lized significantly (>95%).

Competency of Fishbone Hydroxyapatite for Pb
Stabilization in Fly Ash

As shown in Figure 4, the mixed particle size of FB (0-2
mm) was about 1.5 times more competent than frac-
tionated FB-HA (<600 um and 600 pm-2 mm) for sta-
bilizing Pb with a settling time of 6 hours. However, the
size-fractionated FB (<600 pm and 600 um-2 mm) com-
petitively promoted Pb stabilization after 28 days. Pb sta-
bilization capacity obtained 4.57 and 4.63 mg/g in <600
pum and 600 pm-2 mm FB sizes, respectively, while 0-2
mm reached 4.18 mg/g.

Table 2. Adsorption isotherm constants

¢ Calcite CaCO;

@ Gehlenite Ca,Al(AlSi)O,

m Vaterite CaCO,

¥ Bassanite 2CaS0,.(H,0)

& Hydroxypyromorphite (HPM)

“ A Halite NaCl
* Lime CaO

Intensity (a.u)

20

20°

Figure 5. The XRD pattern of fly ash after treatment with
FB-HA (0-2 mm).

Adsorption Isotherms

The Langmuir model was effectively narrated the sorp-
tion data with all higher values of R? and the R, values lie
in 0<R <I. This indicates that the isotherm is favorable
according to Table 2. The R values are calculated by fol-
lowing Equation 5:

R=1+K,C, (5)
where C, (mg/L) is the initial metal concentration and K,
(L/mg) is the Langmuir constant related to adsorption en-
ergy. The R, value indicates that the shape of the isotherm
is unfavorable (R >1), linear (R =1), favorable (0<R,<1), or

irreversible (R,=0).

One of the most extensively used mathematical descriptions
is the Freundlich isotherm. This isotherm can be applied to
experimental data for a wide range of metal concentrations.
The Freundlich isotherm provides an expression that en-
compasses the surface heterogeneity and the exponential
distribution of active sites, and their energies.

Table 2 shows the Freundlich adsorption equation constants
(kf and n) for metal cations at different fishbone sizes. An n
-value in the range of 2-10 exhibits good adsorption, but
n<1 slightly inhibits the adsorption capacity at lower equi-
librium concentrations. In case of different fishbone sizes,
the calculated n values between 3 and 5, indicate favorable

FB sample Langmuir isotherm Freundlich isotherm

Sizes Q b R? R, K, n R?
<600 um 5.50 19.76 0.97 0.001 6.20 3.45 0.96
600 pm-2 mm 4.99 28.21 0.99 0.001 5.40 5.03 0.99
0-2 mm 5.24 27.29 0.99 0.001 6.97 3.77 0.98
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adsorption of Pb on to FB-HA. According to literature [18],
illimitable surface coverage is reckoned mathematically,
which specifies the multilayer sorption on the surface as
because this isotherm cannot predict any saturation of the
sorbent by the sorbate. Apatite in fishbone is comparable to
hydroxyapatite based on Ca content and is therefore suit-
able for removing heavy metal ions from IFA. In addition
to synthetic hydroxyapatite, bones from fish waste have
been studied as a potential source of calcium phosphate for
heavy metal stabilization [19-22]. Hydroxyapatite is superi-
or to apatite ore because of its purity and much less unwant-
ed metal substitution.

The ion-exchange and dissolution-precipitation pro-
cesses are the two most common mechanisms proposed
in capturing heavy metals with HA [23]. Through an
ion-exchange mechanism, the metal adsorbs to the sur-
face of HA or diffuses inward, releasing Ca by expelling
more insoluble endogenic Ca ions. The low solubility of
heavy metal phosphates drives the exchange reaction to-
wards the release of Ca ions. In the dissolution—precipita-
tion mechanism, Ca is first dissolved with phosphate ions,
and heavy metal ions precipitate by uniform (in solution)
or non-uniform (on the remaining solid HA) nucleation
[24, 25]. Both mechanisms can explain that the certainty
of the sorption reaction is notably retarded since the ini-
tiatory HA surface is covered with less soluble phosphate.
Following the ion exchange, a new sparingly soluble met-
al phosphate builds a casing that confines the subsequent
dissolution of the underlying Ca ions and interrupts the
exchange reaction. It resembles the effect of heavy met-
al phosphate casing of HA particles due to non-uniform
precipitation [26]. Depending on the degree of crystal-
linity, specific surface area, density, and composition of
hydroxyapatite certain amounts of heavy metal ions re-
moved in each mechanism [27]. The parameters, such as
pH, initial metal concentration, rate of addition, and tem-
perature, also play a substantial role [28-32]. In general,
both of the above mechanisms are strong evidence of Pb
precipitation and the formation of hydroxypyromorphite
(HPM), a very stable Pb compound in the environment as
shown in Equation 6.

€ay9(P0,)6(0OH); + xPb?* - (Caso—xPby)(P0,)(0H), + xCa?* (6)

The sorption mechanism on this topic has been reviewed
details in elsewhere [17, 33].

Cheung et al. [22] used bone char to absorb heavy metals
in solutions. Bone char is mainly comprised of HA and
also contains 9-11% (by weight) carbon, accounting 50%
of the total specific surface area of 100 m* g'. The sorption
mechanism could be imposed to at least three pathways
that found by their observations: i) ion exchange of diva-
lent metal ions with HA; ii) sorption of metal ions onto
HA surface trellis; and iii) sorption of metal ions onto the
surface of carbon.

Calcium compounds in fishbone are mainly in the form of
hydroxyapatite with low solubility. Furthermore, hydroxy-
apatite is embedded in the collagen matrix [34], making
contact with the solution very difficult. Therefore, calcium
in fishbone is very difficult to dissolve in water or acidic
solutions. Calcium solubility in the solution increases as the
particle size of the fishbone decreases. This may be due to
the increased specific surface area and destruction of the
collagen matrix. Therefore, it was suggested that reduced
particle size in fishbone might promote metal absorption.
Similar results were also obtained in this study with an FB
particle size of less than 600 pm.

Figure 5 shows the mineral composition of a fly ash sam-
ple treated with mixed particle size FB-HA (0-2 mm).
After treatment with FB-HA, the XRD pattern confirmed
the occurrence of primitive HPM. However, since IFA has
various principal mineral phases, the HPM peaks were not
clear. Calcite (CaCO,) and halite (NaCl) as major phases
were confirmed in the IFA treated with FB-HA. Other
minor or trace mineral phases, such as basanite (2CaSO,.
H,0), vaterite (CaCO,), and lime (CaO), were also detect-
ed. Sylvite (KCI) disappeared in the treated fly ash (Fig. 5),
due to its high solubility, and new phases, such as bassanite
[2CaSO,.H,0], vaterite (CaCO,), and HPM, were devel-
oped in the system. Gehlenite [Ca,Al(AlISi)O,], a common
Ca-rich mineral in incineration residues, was also detected.

The distribution of major elements in the fly ash treated
with FB-HA (28 days) was determined using the elemental
mapping technique. Ca, Si, and P (infer to bound with O)
are the major elements extensively exist in the IFA particles.
Despite the presence of hydrate phases in fly ash, light el-
ements like hydrogen (H) cannot be directly measured by
the EDX technique. Pb and Zn (Fig. 6) were found to be
homogenously distributed in the treated IFA particles. It is
difficult to detect the newly-constituted compounds in the
host medium, particularly the immensely scattered or as ul-
trafine aggregates [17].

Figure 7 shows the FT-IR spectrums of selected sample of
fly ash S, before and after treatment with FB-HA (28 days) in
the 400-4000 cm™ scanning range. Compared to the origi-
nal fly ash sample S, the IR spectra suggested that no other
phases developed after heavy metal stabilization. Stretching
and bending vibrations of silicates were observed around
910-1020 and 400 cm’, sulfate anions around 1100-1150
and 600-650 cm™ and carbonate anions around 870 cm™
and 1420 cm. The variation peaks of phosphate (PO,*)
were prominent around 541 cm™, 592 cm™, and 1100 cm-1.
The bands of resembling intensities were ascribed to anhy-
drite (CaSO,) at 596, 617, 675, 1118, and 1157 cm™* of wave-
lengths. Formation of anhydrite caused by the dehydration
of gypsum, basanite, or both [35]. The IR spectra also con-
firmed the existence of gehlenite (485, 815, 860, 980, 880,
and 922 cm), basanite (1154 cm™), and calcite (1442 cm!
and 874 cm™) in fly ash sample (S).
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Figure 6. The BSE image (a) and characteristic X-ray images (b to g) of different elements in fly ash treated with FB-HA (0-2 mm).
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Figure 7. FT-IR spectra of fly ash before and after treatment
with FB-HA (0-2 mm size) (28 days).

Utilizing waste fishbone for metal stabilization from in fly
ash can reduce the use of chelate, a complex and expensive
chemical [36]. Thus, the technique has prospects as a cheap
and environmentally friendly approach. In this study, a low
dosage of FB-HA was used. Therefore, the amount of ulti-

mate mixture (fishbone and fly ash) would be lower than
the amount of cement-treated fly ash, which can decelerate
the occupation of landfill space. Furthermore, this study
demonstrated that fishbone stabilized heavy metals such as
Pb as one of the main hazardous heavy metals in fly ash,
though the application is case-dependent. Additionally, the
reuse or recycling of waste fishbone will be enhanced and
therefore reduce the need for its disposal.

There are several advantages to using fishbone HA. Hy-
droxyapatite can sequester heavy metals and precipitate as
minerals that are not biological. HA is considered the ideal
non-specific surface sorbents for species that do not precip-
itate separately and the most economical reactionary medi-
um for many metals [7].

CONCLUSIONS

This study revealed that size-fractionated fishbone (<600
pm and 600 um-2 mm) was individually more efficient
in Pb stabilization than non-fractionated FB (0-2 mm)
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over longer contact periods. The finer fishbone fraction
achieved the highest Pb removal efficiency (94-96%) over
long settling periods due to the uniformity of the fishbone
particles and possibly the extensive surface area. Fishbone
particles in the size range of 0-2 mm are considered suit-
able for stabilizing Pb in both short (78%) and long (86%)
settling periods. Under any circumstances, Pb stabilization
was achieved using only 10% FB-HA. In addition, the use
of waste fishbone can increase its recycling rate and reduce
the need for disposal. Thus, this technique is expected to
be a cheap and environmentally friendly approach. In-
stead of using a wide size range of FB (0-2 mm), size-frac-
tionated FBs (<600 um and 600 pm-2 mm) can be used
to achieve significant Pb immobilization (>95%) at longer
contact time between IFA and FB. Equilibrium adsorption
data were best fitted with both Langmuir and Freundlich
isotherm models. The R, values of Langmuir isotherm in
the present investigation were less than one and the n val-
ues of Freundlich isotherm lie between 3 and 5, suggesting
the favorable adsorption of Pb onto FB-HA. The findings
also suggest that fishbone meal, a locally attainable and an
inexpensive adsorbent, is technically feasible for stabilizing
heavy metals in MSWI fly ash.
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APPENDIXS

Appendix 1. Definition of analytical quality control samples used in laboratory analysis

QC type Definition Frequency Used to evaluate Limits Corrective action
Performance test Certified reference ~ Per analytical Accuracy, precision  Per manufacture's Affected samples
standard (PT) standard method or specifications and associated
manufacturer's quality control
specifications must be reanalyzed
following successful
instrument
recalibration
Continuing Standard solution Every 10 samples Accuracy, 80-120% Analysis cannot
Calibration (CC) at a concentration comparability proceed unless CCs
in the center of the pass. All samples/
calibration curve QA after the last
passing CC must be
re-analyzed
Laboratory Control ~ Standard solution Every analytical Accuracy, 80-120% Perform instrument
Sample (LCS) from a different batch or 20 comparability maintenance
vendor than that samples, whichever and prepare new
of the calibration is more frequent standard solution if
standard spiked necessary. Samples
with compounds of and associated QA
interest into a clean must be re-analyzed
water matrix
Instrument or Clean water matrix, Every analytical Accuracy Measured value less  In some cases,
Analytical Blank free of analyte. batch or 20 than MDL® or RL®  target compound
(Lab Blank) Analyzed in same samples, whichever values may be
manner as samples  is more frequent subtracted out,
in other analyses
target compounds
present in blank
must be flagged
as contamination
and may not be
subtracted out
Laboratory Analytical duplicate  Every analytical Comparability, RPD* <25% Rerun sample.
Duplicate (Lab batch or 20 precision (n/a if native If second result

Dup)

samples, whichever
is more frequent

concentration of
either sample <RL

is not within
limits, report with
qualifier

a: MDL: Method detection limit; b: RL: Reporting limit; c: RPD: Relative percent difference.
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Appendix 2. Summary of laboratory QA/QC for analyzed samples

QA/QC test Fly ash, fishbone Flyash Fly ash, fishbone Fly ash, treated fly JLT-46,
XRD XRF SEM-EDX ash samples FT-IR treated samples ICP

Total number of samples analyzed* 10 2 6 4 26
Completeness of samples collected (%) 100 100 100 100 100

Samples completed on time (%) 100 100 100 100 100

CC's (%) 100 100 100 100 100

LCS passing (%) 100 100 100 100 100

Lab dup passing (% ) 100 100 100 100 98.5

Lab blanks passing (%) 100 100 100 100 100

Overall (%) 100 100 100 100 99.8

*: Including duplicates.
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INTRODUCTION

ABSTRACT

In this study, solid waste characterisation of high-income, middle-income, low-income re-
gions and market areas in Tekirdag Metropolitan Municipality was carried out in winter and
summer, 2016. As a result, the amount of organic wastes (kitchen wastes, park and green
wastes) and packaging waste (paper, cardboard, bulky cardboard, plastics, glass, metals and
bulky metals) in Tekirdag were determined as 41.02% and 32.4% respectively, by waste sam-
pling. When waste characterisation was analysed based on the districts, it was seen that paper
and plastic waste is mostly produced from the Corlu district. The reason for this could be the
high level of welfare of the citizens living in Corlu and the high number of working people
compared to other districts due to the high density of industrial facilities. It was also seen that
the ash percentage of waste is high in the districts of Hayrabolu, Sarkdy, Muratli, Marmaraer-
eglisi, Malkara and Saray, which are the districts not covered by natural gas distribution grid.
Waste samples were characterised in the Tubitak Energy Institute Laboratory to determine
the moisture content, calorific value and glow loss. The results showed that there is a high
moisture and organic matter in the wastes, which makes the incineration method not suitable
for the treatment of solid wastes in Tekirdag. The results of this study highlighted that there is
a potential for introducing recycling schemes especially in high income regions in Tekirdag.
To initiate such programmes, collected municipal waste could be separated in two streams in
place; organics and co-mingled dry-recyclables.

Cite this article as: Giines E, Giimiis Bayindir K, Aydin N, Cifci DI. Characterisation study of
solid wastes: A case of districts in Tekirdag. Environ Res Tec 2022;5:2:148-154.

As it is known, solid waste generation rises in parallel with
increasing population, living standards and technological

For the robust management of solid wastes, it is very im-
portant to properly characterise wastes and obtain accurate
data about their composition. These data are used to de-
termine the appropriate disposal methods, collection and
separation systems for solid wastes [1].

*Corresponding author.
*E-mail address: nesli.ciplak.aydin@gmail.com

developments, especially in cities [2]. Similarly, an increase
is observed in the amount and type of solid waste generated
in Tekirdag [3, 4]. The inadequacy of solid waste manage-
ment in the province has led the local government to seek
for new solutions [5].
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Characterisation studies guide the determination of alter-
native methods for the treatment and disposal of wastes.
For instance, solid waste was characterised in Lagos, Nige-
ria for decision making and planning [6]. Similarly, it was
determined that there is a high proportion of non-bio-
degradable wastes in Covenant University, Nigeria and
requirements of alternative waste management solutions
for a more sustainable and environmentally friendly waste
management system were determined [7]. Importantly, it
was reported that there is a high percentage of putresci-
ble matters and plastics in the composition of the waste
stream in Reunion Island, France and a life-cycle analysis
identified the most favourable waste management option
in the region as a multiple waste-treatment process [8].
Another characterisation study was also conducted to
determine various physico-chemical parameters of the
waste, which was dumped at Gazipur landfill site in Delhi,
India and results showed a high fraction of degradable or-
ganic components in the waste [9]. It was also determined
that the main waste components in Lagos, Nigeria, are
food, metal and plastic and a high power potential could
be obtained by adopting incineration [10]. In Tekirdag,
there has been no published study so far investigating par-
ticularly the characteristics of the municipal solid wastes
produced from the province, which were collected by the
district municipalities and brought to the transfer stations
to be disposed of to the Demirli Landfill Site.

This study aims to produce a data set based on the char-
acterisation of the solid wastes generated in the summer
and winter periods in the districts of Tekirdag to develop
a technically and economically feasible solid waste man-
agement system. In this context, the solid waste char-
acterisation analyses of Silleymanpaga, Hayrabolu and
Muratl districts were carried out in Demirli Landfill Fa-
cility, which is the only landfill site in the province and
the analyses for other districts (Malkara, Sarkdy, Marma-
raereglisi, Corlu, Cerkezkoy, Kapakli, Saray and Ergene)
were carried out in the districts. The waste samples taken
for the characterisation study were also sent to the Tubi-
tak Energy Institute Laboratory to determine moisture
content, calorific value and glow loss. Within the scope
of this study, waste samples were taken from all districts
to determine the composition of solid wastes generated
in Tekirdag. Considering the income level of the people
living in the districts, four regions were defined as low,
medium, high-income regions and market areas.

MATERIALS AND METHODS

The equipment used for the characterisation study is given
in Figure 1. A scale was used to weigh the waste. The fixed
volume container (1 m x 1 m x 0.5 m) was used to ensure
that the waste streams to be characterised were equal. A
plastic cover (5 m x 10 m) was also laid on the floor to pre-

Figure 1. Equipment used for waste characterisation.

vent any loss from the waste samples. Component contain-
ers were used as discriminating containers on which the
names of the waste groups (plastic, metal, glass, etc.) were
noted. Shovels, rakes and brooms were also used for laying
and filling waste. The sieve was used to shift waste piles.

The steps for the characterisation process are summarised
below;

1 Each waste bag was emptied and levelled with a shovel
and rake.

2 The fixed volume container was filled with the waste
samples taken from different points of the waste pile,

3 After the fixed volume container was filled and then
emptied on the plastic cover, the waste was separated
and filled into component containers,

4 The waste containers were tared and absolute weight of
the waste was recorded.

5 In the sieving step of the waste characterisation in win-
ter, it was observed that the amount of ash contaminated
and adhered to other wastes was negligibly low. For this
reason, after each category was determined, the waste
pile remaining on the ground was sieved through a 1 cm
sieve. The part remaining under the sieve was defined as
ash. Although there is no specific definition for size dis-
tribution of ash in municipal waste stream, it is known
that it refers to remaining incombustible residues. Ash
is a biologically inert material that can be managed in a
more environmentally sound way [11]. The use of bot-
tom ash in municipal solid waste incinerators, for ex-
ample, could be used as a part of cement raw material or
road base [12, 13].

6 2 kg solid waste samples were taken from each district
and sent to the Tubitak Marmara Research Centre-En-
ergy Institute Laboratory to determine moisture con-
tent, calorific value and glow loss.

For moisture determination, the samples were dried in an
oven at 105°C for 24 hours and their water content was
measured. The dried samples were processed by coarse and
fine grinders in series. The product from the grinders was
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Figure 2. Seasonal characterisation of solid wastes in the districts of Tekirdag.
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Figure 3. Solid waste characterisation by income level in districts of Tekirdag.

sent for analyses. The calorific value of the wastes was deter- RESULTS AND DISCUSSION

mined based on the principle of calculating the mass of the
substances released as gas by burning the dry waste sample =~ General Evaluation of Solid Waste Characterisation

at 550°C for at least 60 minutes [14]. The results of the characterisation study based on the
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districts are given in Table 1. It is seen that the high-
est percentage of kitchen waste was produced in Corlu,
Cerkezkoy and Siileymanpasa districts. It is estimated
that due to a large number of industrial facilities in Corlu
and Cerkezkdy and the cooking activities taking place in
the cafeterias located there, the kitchen waste component
(53.59% in Corlu and 48.67% in Cerkezkdy) was compar-
atively high.

It is also seen that the highest (7.585%) and lowest per-
centage (3.365%) of the paper waste is produced in Corlu,
and Hayrabolu, respectively. The high income citizens liv-
ing in Corlu and number of working people compared to
other districts, because of industrial activities in the dis-
trict, may have resulted in Corlu having the highest share
of the paper waste.

When the generation rate of plastic wastes is investigated,
it is seen that this rate is higher in Marmaraereglisi, Sarkoy
and Cerkezkoy with 19.175%, 17.85% and 17.19%, respec-
tively. It is also seen that the highest percentage of ash waste
comes from these districts, which are located out of natural
gas distribution grid. Therefore, the use of coal continues
and the ash component of the waste is significant.

Table 2 shows the moisture content, calorific value and
glow loss of solid wastes generated in the districts of
Tekirdag. According to the results of the analysis con-
ducted in Tubitak, the waste with the highest percent-
age of humidity is collected from in Malkara, Hayrabo-
lu and Sarkoy districts, respectively (Table 2). It is also
seen that the district with the highest percentage of dry
matter is Cerkezkdy, while the district with the lowest
percentage is Malkara.

In addition, the highest glow loss at 550°C was detect-
ed in waste produced from Marmaraereglisi, Corlu and
Sarkdy. It is estimated that this is due to contamination
related to waste fractions. As it is known, flexograph-
ic inks, adhesives, wires, staples in papers and types of
polymers in plastics could cause loss of heat depending
on humid weather conditions and cross contamination
of waste. The glow loss, which is an indicator of the per-
centage of volatile organic substances in the waste, was
measured as 80.3% in Tekirdag. It is advantageous if the
waste has a high glow loss in terms of both thermal and
biological methods.

It is seen that the district with the highest upper calorif-
ic value and the lowest calorific value is Marmaraereglisi.
The lower calorific value is an important indicator in terms
of deciding whether thermal methods are efficient. For the
treatment of wastes in incineration technology without us-
ing external additional fuel, a calorific value of waste must
be at the level of a minimum of 1,500-1,600 kcal/kg waste
[15, 16]. The low calorific value of combustible components
and the high moisture value of the waste have a negative
effect on combustion efficiency.

Seasonal Variation in Waste Characterisation in Tekirdag
The seasonal variation of different waste categories is shown in
Figure 2. It is seen that, kitchen waste has the largest percentage
regardless of the season. It is also seen that kitchen and park
-green waste increase relatively in summer. The main reason
for this is the increase in consumption of thick-skinned fruits
and vegetables such as melons and watermelons in summer.

There is a considerable increase in packaging waste such
as glass and metals in summer (Fig. 2). It is expected that
the reason for this is the high consumption of beverages in
summer because of the hot and humid weather. It is also
seen that the ash is produced relatively high in districts
without natural gas (Hayrabolu, Sarkéy, Muratli, Marmar-
aereglisi, Malkara and Saray). This is caused by the burning
of charcoal for heating in the districts not covered by nat-
ural gas distribution grid, and as a result, the ash produced
from the houses is mixed with municipal waste.

Waste Characterisation by Income Levels in the Districts
Solid waste characterisation by income levels in the dis-
tricts is shown in Figure 3. It is seen that kitchen waste has
by far the largest share in all of the income levels. Figure 3
also shows that kitchen waste production rate is the high-
est (51.52%) in middle-income regions. However, as stated
in the section above, there are a large number of industri-
al facilities in Corlu and Cerkezkoy and cooking activities
take place in the cafeterias located in Stileymanpasa. The
tendency to consume more packaged materials in these
districts causes high proportion of kitchen and packaging
waste to occur at the same time from high-income regions.
This is reflected to Figure 3 which shows a higher propor-
tion of packaging waste (38.14%), such as paper (7.97%),
cardboard (1.09% and 4.31% for bulky cardboard), glass
(7.99%), metals (1% and 0.56 for bulky metals) and plastics
(15.22%), are produced in high-income regions compared
to middle-income regions where packaging waste is only
28.99% [paper (4.94%), cardboard (0.94% and 2.83% for
bulky cardboard), glass (4.51%), metals (0.86% and 0.42 for
bulky metals) and plastics (14.49%)].

It is seen in Figure 3 that the category of paper-cardboard
waste production is low in low-income regions in compar-
ison to the other regions. In general, it is estimated that the
consumption of packaged food, and so the production of
packaging waste (such as paper and cardboard waste), is
higher in high-income regions. However, there is no signif-
icant difference in the percentage of plastic wastes among
high, medium, low income regions and market areas.

The other combustible materials category in Figure 3 in-
cludes diapers. The use of diapers seems to be widespread
for every income group. This rate is higher in low-income
regions than in other regions. This could be due to higher
birth rates in low-income areas. The percentage of ash waste
is also high in low-income regions where the use of natural
gas is not widespread.
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Waste characterisation provides useful information to city
authorities in terms of planning to reduce waste, set up re-
cycling programmes and hence, to protect resources. In this
way, landfill diversion could also be maximised and recycla-
ble waste could be captured and beneficially reused. The re-
sults of this study highlight that there is a potential for intro-
ducing recycling schemes especially in high income regions
in Tekirdag. To initiate such programmes, municipal waste
could be separated in two streams, organics and co-mingled
dry-recyclables at homes. Dry recyclables could further be
segregated and reproduced as a secondary product by any
proposed materials recycling facility in the province [17].

CONCLUSION

In this study, solid waste characterisation based on different
income levels (low, middle, high-income regions and market
area) in the districts of Tekirdag was conducted in the sum-
mer and winter periods and moisture content, glow loss and
lower-upper calorific value of the waste were determined.

As a result of this characterisation study, the rate of organic
wastes (kitchen wastes, park and green wastes) and pack-
aging waste (paper, cardboard, bulky cardboard, plastics,
glass, metal and bulky metal) were determined as 42.02%
and 32.4% in Tekirdag, respectively. This shows similarity
with the study conducted in Corlu, which resulted that 170
tonnes of domestic waste are generated daily and 30% of
this waste is recyclable materials [18]. In another study, it
was found that almost 70% household waste in Eskisehir
was food waste, while 20% of it was recycling waste includ-
ing paper—-cardboard, metals, glass and plastics [19]. It was
also noted that the effects of socio-economical changes on
waste composition plays a crucial role. High content of re-
cyclables in waste stream was found significant in terms of
pioneering on-site recycling schemes for residents. For in-
stance, it was found that more than 65% of municipal wastes
in the Campus Mexicali, Mexica are recyclable or potential-
ly recyclable. This highlighted the feasibility of waste segre-
gation and recycling in the campus and attracted recycling
companies which could absorb all of these wastes [20].

It was also determined that the district with the highest
production of kitchen and paper waste is Corlu, because of
the high level of welfare of the citizens living in the district
and the high number of working people compared to oth-
er districts depending on the density of industrial facilities.
It was also observed that the ash percentage is high in the
districts of Hayrabolu, $arkoy, Muratli, Marmaraereglisi,
Malkara and Saray, which are the districts not covered by
natural gas distribution grid.

As a result of the analysis conducted in Tubitak, the hu-
midity and dry matter was obtained as 75.1%, 24.9% in
Tekirdag, respectively. The glow loss at 550°C was measured
as 80.3%. Upper and lower calorific values were determined
as 3691 cal/g. and 479.72 cal/g. This shows similarity with

the outcomes of the study which presents that approximate-
ly 54% of domestic waste was organic in nature and average
moisture content of samples was 62.41% in Istanbul [21].
These results indicate that incineration is not a suitable
method for the solid wastes produced in Tekirdag.
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from Wukari-Ibi plant by assessing water samples before and after treatment and comparing
Key words: results to national and international drinking water standards. Forty water samples were col-
Contaminants; Efficiency; Water lected and selected physical and biological parameters were determined according to standard
quality; Water treatment; Water laboratory procedures. The results indicated that after treatment, turbidity (6.74 NTU) and
treatment plant coliform count (17 cfu/100 mL) were still significantly greater than standard guidelines, which
suggest that the treatment plant is unable to reduce the concentration of these contaminants to
a safe level for consumption. Furthermore, assessing water at consumer taps indicated that bro-
ken distribution system is likely serving as a potential pathway for contamination. The plant re-
moval efficiency of colour, turbidity, Total Dissolved Solids, hardness, and coliform count was
computed as 74.7%, 66.57%, 32.58%, 30.11%, and 59.88% respectively. Overall, the removal ef-
ficiency was 52.77% which is considered unacceptable for the supply of potable drinking water.
The study concludes that cost and poor skilled personnel are the major factors in the inefficient
treatment and therefore we suggest a low-cost treatment using activated carbon from locally
sourced plants to be incorporated for effective removal of contaminants. There is also a need
for government to invest in infrastructure and equipment so as to upgrade the treatment plant.
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INTRODUCTION water, it has not been available when and where it is needed,

and when it does, it is always not of sufficient quantity and
Next to oxygen, water is considered one of the most precious quality for consumption [2-4]. This is particularly due to
commodities for human survival. Therefore, without water,  the unprecedented increase in population, accompanied by
it is safe to say that the existence of life is impossible [1].  the increase in agricultural and industrial activities, which
Despite the fact that around 70% of the earth is covered by  gives rise to waste generation and indiscriminate disposal
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Figure 1. Schematic diagram of the treatment plant showing the various section.

into water bodies and the environment. Consequently, this
has increased the rate and types of contaminants that are
now identified in the environment [5-7]. These contami-
nants have been found in surface and groundwater and
pose serious health concerns especially to rural people and
areas where there are no water treatment facilities [8-11] or
where the treatment facilities have either broken-down or
are ineffective in removing contaminants.

Although pure water does not exist in its natural state due
to the presence of gasses, dissolved and suspended solids,
anthropogenic activities is now considered the biggest
source of surface and groundwater pollution in many de-
veloping countries. Water quality has been identified as
one of the key environmental indicators especially in areas
susceptible to water contamination. Therefore, drinking
water must be free from impurities and other hazardous
chemicals and microorganisms that may adversely impact
human health [7, 12-15]. This has led to the development
of water treatment facilities across many communities for
the provision of potable drinking water [12, 16]. However,
even though the provision of safe, accessible, affordable,
and sufficient drinking water is considered a fundamen-
tal human right [17], many communities still lack the
facilities and infrastructure necessary for the treatment
and distribution of adequate, safe, and sufficient water
for all [3, 18, 19]. These communities are often in rural to
semi-urban areas where there are engaged in large scale
agricultural activities which contributes significantly to
the high levels of nutrients, hormones, metals, and other
chemicals found in drinking water [9, 20].

The Ibi-Wukari treatment plant uses the conventional co-
agulation and filtration process to treat and distribute water
to consumers. The conventional treatment process involves
the collection of raw water (from surface water sources),
which is aerated, coagulated, filtered, and disinfected be-
fore distributed to consumers for consumption (Fig. 1).
These processes however have been questioned due to poor
maintenance and lack of monitoring of the water treatment
and its infrastructure [3, 19]. There have been reports from
residents who are often dissatisfied with the water from the
treatment plant and hence result to water vendors as an al-
ternative means of water supply [21]. This necessitates the

need to assess the efficiency of the treatment plant in re-
moving the various contaminants, particularly those relat-
ed to the aesthetics and biological properties of water.

MATERIALS AND METHODS

Water Quality Indicators

Physical and biological indicators were selected to assess
how effective the treatment plant is in removing these
parameters. The physical indicators assessed include pH,
colour, turbidity, total dissolved solids (TDS), and total
hardness while total coliform count was used to assess the
removal of biological contaminants. These parameters were
selected according to the Nigerian drinking water quality
guidelines [22].

Sample Collection

Water samples were collected before treatment (raw water
from the river source), after treatment (within the reser-
voir at the treatment plant), and at consumer taps with-
in Wukari township. A total of 40 sampling sites (10, 15
& 15 sites before & after treatment and at consumer taps
respectively) were randomly identified and water samples
were subsequently collected. Water samples were collect-
ed in triplicates and the average was used to compute for
both descriptive and inferential statistics. Water samples
were collected in pre-treated 50cl bottle containers and
pre-treatment was done by washing the bottle containers
with 0.05M HCI and then rinsed with distilled water as
specified by [23]. Furthermore, before collection, sample
bottles were rinsed 3 times with the water samples before
they were collected and subsequently transported to the
laboratory in ice coolers under 4°C.

Sample Analysis

Temperature, pH and turbidity were measured using mercu-
ry thermometer, pre-calibrated digital electrode pH meter
and turbid-meter respectively. Other physical and biologi-
cal parameters comprising of colour, TDS, total hardness,
and total coliform count were analysed in the laboratory
according to standard laboratory procedures stipulated by
[23, 24]. Colour was determined using the Hazen meth-
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Table 1. Descriptive statistics of water samples before treatment

Parameters NIS/WHO standards Mean St. Dev SE mean Range P-values

Min Max

Temperature (°C) Ambient 20.276 0.335 0.0749 19.80 21.1 WR
pH 6.5-8.5 6.365 0.236 0.053 6.00 6.80 0.010***
Colour (TCU) 15 54.135 2.455 0.549 50.10 58.80 0.000***
Turbidity (NTU) 5 20.165 3.376 0.755 13.20 25.70 0.000***
TDS (mg/L) 500 633.38 25.27 5.65 588.70 684.20 0.000***
Hardness (mg/L) 150 212.81 16.30 3.65 182.50 241.00 0.000***
Total coliform (cfu/100 mL) 10 42.35 7.88 1.76 30 56.00 0.000***

Min: Minimum; Max: Maximum; St. Dev: Standard deviation; SE mean: Standard error mean; ***: Significantly exceeds WHO drinking water standard;

*: Within WHO drinking water standard; WR-within stipulated range.

Table 2. Descriptive statistics of water samples after treatment

Parameters NIS/WHO standards Mean St. Dev SE mean Range P-values
Min Max
Temperature (°C) Ambient 21.93 0.50 0.113 21.00 22.8 WR
pH 6.5-8.5 7.5 0.18 0.041 7.10 7.8 *
Colour (TCU) 15 13.7 1.41 0.315 10.30 16.1 1.000*
Turbidity (NTU) 5 6.74 1.02 0.227 5.30 8.60 0.000***
TDS (mg/L) 500 427.02 13.95 3.12 400.10 448.8 1.000*
Hardness (mg/L) 150 148.73 5.38 1.20 140.00 158.2 0.847*
Total coliform (cfu/100 mL) 10 17 4.10 0.918 11.00 26.00 0.000***

Min: Minimum; Max: Maximum; St. Dev: Standard deviation; SE Mean: Standard error mean; ***: Significantly exceeds WHO drinking water standard;

*: Within WHO drinking water standard; WR: Within stipulated range.

od, while TDS and total hardness were measured using the
gravimetric methods and Winkler’s titration method as de-
scribed by [23, 24]. The total coliform count was determined
using membrane filtration techniques with the aid of Eosin
Methylene Blue Agar (oxoid), by incubating at 37°C since
coliform bacteria is known to thrive well at 37°C [23].

Statistical Analysis

Descriptive and inferential statistics were used to draw con-
clusions and inform the discussion of this paper. Minitab
statistical software version 20.0 was used to analyse the data
and the mean, standard deviation, minimum and maxi-
mum values were tabulated and presented. A 1-sample stu-
dent T-test was used to compare the result to the WHO/NIS
guidelines to identify samples that failed to conform to the
stipulated standards while Analysis of Variance (ANOVA)
was used to indicate differences between water samples be-
fore treatment, after treatment, and at consumer taps during
distribution. In addition, a 2-Sample T-test was also used to
assess the difference in water quality after treatment and at
consumer taps. This was done in order to assess the impact
of broken distribution systems (pipes) on water quality.

RESULTS AND DISCUSSION

Comparing Results to WHO & NIS Stipulated Standards
The descriptive statistics of the results is shown in Table
1, 2 and 3 respectively. The results shows that the samples
had a mean temperature of 20.3°C, 21.9°C and 21.5°C
before, and after treatment and at consumer taps respec-
tively. The sample pH before treatment was slightly acidic
(6.4) but appears to be adjusted after treatment (7.5) and
at the consumer taps (7.4). Comparing pH of samples at
the various stages indicates that the water samples before
treatment appears to be below the stipulated guideline
of 6.5-8.5. This suggests acidity and acidity in water can
aid dissolution of minerals which can likely influence
the total dissolved solids (TDS) and colour of water [25].
Water samples before treatment generally showed high
levels of contaminants above the stipulated drinking wa-
ter guidelines with colour (54.13TCU), turbidity 20.16
NTU), TDS (633.38 mg/L), total hardness (212.81 mg/L)
and total coliform count (42.35 cfu/100mL) significantly
exceeding the drinking water guidelines. This was con-
sistent with findings from similar studies [3, 10, 26] and
was expected because surface water particularly in close
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Table 3. Descriptive statistics of distributed water samples

Parameters NIS/WHO standards Mean St. Dev SE mean Range P-values
Min Max

Temperature (°C) Ambient 21.49 0.49 0.111 20.60 22.20 WR
pH 6.5-8.5 7.4 0.23 0.052 7.0 7.8 WR
Colour (TCU) 15 14.93 1.35 0.302 12.10 17.30 0.590*
Turbidity (NTU) 5 7.80 1.51 0.338 5.30 10.80 0.000***
TDS (mg/L) 500 496.58 23.89 5.34 450.10 535.70 0.735%
Hardness (mg/L) 150 150.88 10.00 2.24 130.10 168.5 0.350*
Total coliform (cfu/100 mL) 10 23.55 7.43 1.66 9.00 37.00 0.000***

Min: Minimum; Max: Maximum; St. Dev: Standard deviation; SE Mean: Standard error mean; ***: Significantly exceeds WHO drinking water standard;

*: Within WHO drinking water standard; WR: Within stipulated range.

Figure 2. Broken pipes indicating potential contamination pathways within the city.

proximity to agricultural and residential areas is highly
susceptible to contamination. In addition, studies by [2,
9] showed similar findings along the upstream of the case
study area which indicates that high concentrations of
contaminants have been recorded along the river which
feeds the treatment plant.

However, the result after treatment showed a signif-
icant reduction and removal of some of the contam-
inants (Table 2) when compared with the samples
before treatment. Findings indicates that the pH was
improved from 6.4 to around 7.5 after treatment. In
addition, colour (13.9 TCU), TDS (427.02 mg/L), and
total hardness (148.73 mg/L) have been reduced sig-
nificantly and are now within the stipulated drinking
water guidelines. Although, turbidity (6.74 NTU) and
total coliform count (17 cfu/100 mL) were still above
the stipulated standards even after treatment, they were
significantly reduced during the treatment process. The
removal indicates that the treatment plant is effective
in reducing some of the contaminants but not to the
desired level stipulated by the WHO and NIS drinking
water guidelines.

Water samples at the consumer’s taps shows that although
some of the parameters were significantly removed, there
appears to be an increase in some parameters. For instance,
colour which was 13.7 TCU after treatment increased to
14.93 TCU at the consumers tap within Wukari township.
The same was noticed with turbidity (from 6.74 to 7.8
NTU), TDS (from 427.01 to 496.58 mg/L), total hardness
(from 148.73 to 150.88 mg/L) and coliform count (from 17
to 23.55 cfu/100mL). This suggests that there was a source
of contamination either within the distribution system or
at the consumers tap. However, a site visit revealed broken
pipes (Fig. 2) which not only accounts for loss of water but
serves as a medium for contamination flowing back into the
pipes. This could likely be the cause of disparity between
the water samples after treatment and at the consumers tap.

Analysing Difference Before and After Treatment and at
Consumer Taps

Analysing the differences in water quality before treatment,
after treatment and at the distribution point showed that
there were significant differences in the means of param-
eters which suggests that the treatment plant is removing
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Figure 3. Boxplot showing significant difference in (a).
Colour, (b). Turbidity, (c). TDS, (d). Total hardness & (e).
Total coliform count, before & after treatment and at con-
sumer taps.

the contaminants. However, the removal may not be to the
desired level especially since there are still parameters that
were not removed to conform to the stipulated drinking
water standards. Analysis of variance (ANOVA) showed
that the means of all parameters were significantly different
(Table 4), particularly the means of samples before treat-
ment and after treatment (Fig. 3). However, the means of
samples after treatment and at consumer taps appears to
be insignificant, a 2-sample test needs to be carried out to
assess the difference in samples after treatment and during
distribution at the consumer taps.

Analysing Difference Between Water After Treatment
and Water at Consumer Taps

The results from a 2-Sample T-test indicates that there were
significant differences between colour after treatment and
at consumer taps with a p-value of 0.008. Similarly, the re-
sults for turbidity (p=0.014), TDS (p=0.000), and coliform
count (p=0.002) were also found to be significant (Fig.

Table 4. ANOVA for difference in water before and after treat-
ment and at consumer taps

Parameters P-value  F-value R-Sq (%)
Colour (TCU) 0.000 322.19 99.12
Turbidity (NTU) 0.000 227.03 88.85
TDS (mg/L) 0.000 471.09 94.30
Total Hardness (mg/L) 0.000 201.27 87.60
Total Coliform (cfu/100 mL) 0.000 77.43 73.09

4a-c, e). However, total hardness showed no significant
difference (p=0.406) between water after treatment and at
consumer taps (Fig. 4d). This analysis suggests that the rate
of contamination of water during distribution is significant
and can likely pose a serious health concern. Although the
parameters that exceeded the standard after treatment,
remained the same parameters that exceeded standard at
the customer taps, the increase in concentration may like-
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ly impact vulnerable children, elderly people and visitors
who have not been exposed to such level of contaminants.
The difference may likely be due to broken pipes (Fig. 2) at
various point in the distribution system. The findings of the
study corroborate with findings from [19] which indicates
that leakages from pipes can severely impact water quality.

Implication of Broken Pipes on Water Quality

Historically, the provision of piped water within homes
have been associated with improve sanitation and hygiene
and a significant decrease in water related diseases [19,
20]. However, with continuous stress, poor maintenance
and ageing of water infrastructure, water distribution sys-
tems are likely to become vulnerable to contamination.
The loss of water along the distribution system accounts
for a substantial volume of water and energy annually,
and although the water pipe system in the study area is
not metered, and therefore water loss cannot be account-
ed for (Fig. 5), but however, the risk to water contami-

nation through these leaking pipes has been identified.
Materials used in water distribution systems (including
pipes) have different life span and therefore require mon-
itoring to ensure that they do not deteriorate to the point
that they pose severe risk to the quality of water that is
being distributed [19].

Efficiency of the Treatment Plant
The efficiency of the treatment plant was computed based
on the removal efficiency (RE) of each of the parameters
assessed. The efficiency is computed and expressed as a per-
centage using the formula:

influent — ef fluent X 100

Removal ef ficency = e Tuent

(1)
The RE was computed and tabulated in Table 5. The com-
putation indicates that colour had a removal efficiency of
74.69%, turbidity (66.57%), TDS (32.58%), total hardness
(30.11%), and coliform form count (59.88%). The study
result is in conformity to findings from [10, 11, 13]. This
suggests that the treatment plant is indeed removing the
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Figure 5. Water loss during pumping due to broken pipes within the city.

Table 5. Removal efficiency of the treatment plant

Parameters Influent Effluent R.E (%)
Colour (TCU) 54.14 13.7 74.69
Turbidity (NTU) 20.17 6.74 66.57
TDS (mg/L) 633.38 427.02 32.58
Total Hardness (mg/L) 212.81 148.73 30.11
Coliform count (cfu/100 mL) 42.35 17 59.88

R.E: Removal efficiency expressed as percentage.

contaminants but however not to the desired level. For in-
stance, in a study by [27], the removal of colour should be at
least around 86% to ensure water is aesthetically acceptable
by most consumers. This however indicates that all though
colour in our study was removed to conform to drinking
water standards, the RE was not adequate.

This can be seen in our study results indicating colour
with mean value of 13.7 TCU at a RE of 74.7%. A further
increase in RE to the minimum 80% suggested by [27] will
likely decrease colour to under 12TCU. Similarly, the re-
moval of turbidity at 66.6% was not sufficient to reduce
turbidity to conform to drinking water standard. More so,
findings from [28] suggests a RE of over 90% to adequately
reduce turbidity which will increase the removal of bacte-
rial contaminants. Total hardness and TDS having a low
RE indicating failure of the plant in effectively removing
contaminants. Ineffective removal efficiency of dissolved
solids can suggest poor removal of metals and other chem-
ical contaminants in water. Consequently, there was a low
RE of biological contaminants which also suggest risk to
public health particularly because coliform count was sig-
nificantly greater than the stipulated drinking water stan-
dards. The treatment plant showed an overall efficiency of
52.77% (Fig. 6) which is not sufficient especially to service
two local government areas with large scale agricultural
activities. The study outcome therefore suggests the need
to assess each stage of the treatment plant process to un-
derstand how each stage performs.

Overall Plant Efficiency (%)

47.234 52.77

= Efficiency of the plant = Deficiency of treatment

Figure 6. Overall treatment plant efficiency and deficiency (%).

A study by [19] showed that there could be improper dosage
of coagulant and disinfectants during the treatment process.
This can explain the inefficient removal of turbidity and bacte-
riological contaminants in water. A site visit indicates that the
water treatment plant lacks a functional laboratory for testing
and analysing water before and during every treatment stage.
The addition of coagulating agents plays a key role in the re-
moval of solids, colour and turbidity while disinfecting agents
eliminates bacteriological parameters. Dosing these agents in
the treatment plant requires adequate computation to ensure
the right dosage is used at any given point. The findings sug-
gests that these treatment agents are underutilised, probably
because of poor funding or due to unqualified personals.
There is therefore the need for adequate monitoring of water
at every treatment stage to ensure that water leaving one stage
for another is effectively treated before it gets to the final stage
of disinfection and subsequent distribution.

Proposed Approach to Improve Water Treatment Using
Low-cost Activated Carbon

Some of challenges confronting Ibi drinking water treat-
ment plant is high treatment costs. Thus, there is dire need to
explore alternatives ways to reduce costs without negatively
affecting the quality of water delivery [21]. In this section,
sustainable methods of improving drinking water proper-
ties using novel bio sorbent material developed from bio-
mass waste as suggested by [29] is proposed. This will open a
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new way of water treatment in Ibi by using low-cost activat-
ed carbon made from locally available organic waste and at
the same time expand waste management options for these
readily available biomass materials. Ibi climatic condition
are conducive for cultivation of a large variety of biomasses.
Due to the richness of the minerals in the parent rock; these
soils are generally well suited for rice, maize, guinea corn
likewise arable farming and tree crops production. Accord-
ing to [30], utilizing local residual biomass as a raw material
for removal of organic micropollutants in water treatment
plants may be advantageous in terms of sustainability.

It has been observed that state government resources and in-
terventions towards sustaining water supply in Ibi town and
environs have been insufficient [21]. The result has been con-
stant water crisis and shortages over the years. This study rec-
ommends a paradigm shift from the use of conventional and
costly coal-derived activated carbon to activated developed
from green sources. In the literature, green activated carbon
materials have been used extensively in drinking water treat-
ment in various roles, including removal of colour, turbidity
and micro-pollutants [31]. New materials have also been dis-
covered in the world of natural coagulants and adsorbents [32,
33] to improve drinking water properties. Granular activated
carbon (GAC) media [34, 35] of various origins coal, coconut
shell [36] and bovine bone) and providing a range of physical
characteristics with reference to pore size, have been appraised
with reference to their capacity for natural organic matter [37].

CONCLUSION

The water quality before and after treatment was assessed and
compared with the stipulated drinking water standard. The
study showed that the treatment was not effective in remov-
ing some parameters and hence require further assessment.
The overall efficiency was below expectation which could po-
tentially impact public health. Additionally, dilapidated water
distribution infrastructure is now a potential source of con-
tamination which needs to be addressed in order to supply
potable drinking water to the inhabitants of Ibi and Wukari
town. Furthermore, low-cost activated carbon was proposed
to compliment the conventional treatment process for effec-
tive removal of contaminants. In addition, the government
needs to invest in infrastructure, skilled personal and oper-
ational inputs such as diesel and water treatment chemicals.
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INTRODUCTION even more demanding if it was to be considered in

healthcare facilities such as hospitals where health-de-
The microbiological quality of water is a crucial criteri-  fected populations might be exposed to external sources
on that must be met for safe human use and consump-  of microbes and it is a subject of concern for interna-
tion of city water as could be concluded from previous tional health organizations such as World Health Orga-
researchers' work [1]. This characteristic would become nization (WHO) [2].
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Biological stability is one of the important properties of the
municipal water distribution system as could be demonstrat-
ed by Gauthier et al. [3]. This stability ensures the predictable
quality and consistency of the delivered water to the final
consumers as could be demonstrated according to WHO
(2017) [4]. Saha and Donofrio work showed a microbiologi-
cal study of the metalworking which might lead to a concern
that any uncontrolled excursions in the bioburden could lead
to undesirable consequences, especially with significantly
variable microbiological properties [5]. Several control tech-
niques such as exposure to Ultraviolet (UV) irradiation and
application of biocidal agents have been used [5, 6].

When considering a large amount of data gathered for mi-
crobiological trends of water distribution networks, the
implementation of the multivariate analysis should be con-
sidered to analyze the biological quality of this type of com-
plex system. Principal component analysis (PCA) is a mul-
tivariate data analysis tool commonly used to reduce the
dimension (number of variables) of many interconnected
variables while retaining as much information (variation)
as possible. PCA calculates a set of uncorrelated variables
(components or PCs). These components are ordered so
that the first few hold the most variability that is present in
all the original variables [7-10].

The present study aimed to investigate the microbiologi-
cal stability of municipal water distribution network sys-
tems using a multivariate analysis approach. The study
focused on the use of total bioburden count parameter
in water examination as an indicator for the biological
stability of city water. This work investigated the variabil-
ity and the association in the microbiological quality be-
tween different sections of the water distribution system.
Based on the outcome of the research herein, further in-
vestigation might be extended to cover other quality in-
spection criteria such as objectionable microorganisms’
trend with dissemination profile, Total Organic Carbon
(TOC) and conductivity.

MATERIALS AND METHODS

Long-term data collection - for 45 successive months - was
performed for regular monitoring of the investigated sub-
ject for Multivariate Analysis (MVA) study following a dis-
cussion by Great Learning Team [11].

Subject Study

Healthcare facility with distribution water network sys-
tem that gained its feed supply of city water from a mu-
nicipal line was studied following the method described
by Ainsworth [12]. The distribution of the piping network
supplied different compartments in the plant and each sec-
tion has its own sampling port from which routine samples
of city water were collected for analysis.

Collection of Samples

Water samples were collected aseptically in sterile bottles
from each functioning point-of-use after prior allowance for
appropriate flushing as described by Essam Eissa and EMSL
Analytical [13, 14]. Well-closed sample bottles were submitted
for analysis immediately within two hours so that the asepti-
cally collected samples would be analyzed freshly as soon as
possible to avoid any variations from the original microbial
count. The guidance provided with appropriate modifications
were done following United States Environmental Protection
Agency (USEPA) (2016) [15]. Storage of water bottles in re-
frigerator (2-8°C) was ensured for about eight hours, if sam-
ples would not be treated at once in the laboratory [15].

Microbiological Testing of Water Samples

Water samples were tested microbiologically using aseptic
tools and techniques to avoid extraneous contamination.
Sterile, single-use and 0.45 pm disposable membrane filters
were used to collect microorganisms in a definite volume
of water sample through a vacuum filtration system where
filters were transferred aseptically over agar media for de-
tection of coliforms and enumeration of the Total Viable
Aerobic Count (TVAC) following method given by Eissa
(2018a) [13]. The plates were incubated and counted for de-
termination of the number of Colony Forming Unit (CFU)
per unit volume of water and for detection of the charac-
teristic appearance of the pathogen colonies. Francy et al.
and Ngwa et al. [16, 17] had provided guidance for micro-
biological testing of water samples. Confirmatory biochem-
ical tests were conducted for any suspicious colonies using
appropriate identification kits such as API following Gram
staining technique.

Data Collection and Processing

All observations of the results were recorded in the col-
umns of the worksheets of commercial statistical software.
Goldwater demonstrated the use of Excel program for data
analysis [18]. Datasets were arranged in chronological or-
der with all use points identification codes assigned for each
column in GraphPad Prism program [19]. Each sampling
port had a “C” letter followed by its serial number for lo-
cation identification i.e. C1, C2, C3, ...... etc. The processed
database was subjected to statistical analysis and multivar-
iate study using Principal Component Analysis (PCA) as
could be described earlier by Eissa and colleagues [20].

RESULTS AND DISCUSSIONS

The present study covered the long-term trend monitoring
of the total microbiological plate count of the city water in
a limited location of the distribution network system in a
selected healthcare facility over 45 months of regular sam-
pling and analysis which was done as previously performed
by similar work in other circumstances [13]. No objection-
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Table 1. Eigen analysis of the Correlation Matrix for sampling
ports from C1 to C13 of water distribution system

Table 2. Multivariate analysis of municipal water network of
the first three principal components (PCs)

PCA of Correlation-Type Matrix*

Dimensionality reduction*

Component Latent roots® Proportion Cumulative
number®

1 6.0278 0.464 0.464
2 1.5004 0.115 0.579
3 1.1142 0.086 0.665
4 1.0200 0.078 0.743
5 0.8159 0.063 0.806
6 0.6216 0.048 0.854
7 0.5429 0.042 0.896
8 0.3502 0.027 0.923
9 0.2740 0.021 0.944
10 0.2477 0.019 0.963
11 0.2156 0.017 0.979
12 0.1651 0.013 0.992
13 0.1044 0.008 1.000

¥: Computation was done using Minitab® 17.1.0.0; £: Characteristic values:
The variances of the principal components; € The components were stud-
ied as a linear combinations of the originally recorded variables.

able or pathogenic microorganisms were detected which
followed the same working principle as done by Essam Eissa
but with different outcome [21]. A low level of the microbial
count was observed in most samples with all representative
use points — for the different sections of water lines — were
significantly (p=0.05) lower in bioburden content than the
reference of the maximum threshold acceptance criterion
of 100 CFU/mL which was similar in the outcome as in the
previous work. A possible explanation for the observed low
level of the microbial count could be attributed to the pres-
ence of the residual amounts of the sanitizing agent in the
municipal water to deliver water with acceptable microbio-
logical quality for human consumption.

Multivariate analysis using PCA in Table 1 showed Eigen
values and the proportion of each component along with
the cumulative contribution using the correlation-type of
the matrix [22]. The first, second and third components
contributed 46.4%, 11.5% and 8.6% of the variance that
they could explain, respectively. Based on the selection for
the Pareto principle of 60/40, the first three components
would explain more than 66% of variations in the database
[23]. Dimensionality reduction was ensured by including
the highly influential and acceptable number of the prin-
cipal components that could account for most of the vari-
ability [24]. With this respect, the fifth component was the
first component number that yielded a characteristic value
lower than unity with the cumulative contribution of the
first five PCs above 80% from the total computed factors as

Variables® PC1 PC2 PC3

C1 0.305 0.307 -0.136
Cc2 0.279 0.347 -0.171
C3 0.303 0.347 -0.171
C4 0.172 0.332 0.693
C5 0.304 -0.297 0.214
Cé6 0.262 -0.254 0.470
C7 0.304 -0.171 -0.132
C8 0.333 -0.030 -0.331
C9 0.253 -0.116 0.178
C10 0.301 -0.263 -0.049
Cl1 0.307 -0.286 -0.131
Cl12 0.303 0.065 -0.141
C13 0.054 0.373 0.065

¥: Calculation was done using Minitab® 17.1.0.0; €: PCA was used to re-
duce the datasets into a smaller number of components.

Scree Plot of Station 1to 13

Eigenvalue
w

3 4 5 6 7 8 9 10 1 12 13
Component Number

Figure 1. Scree diagram showing that the first five compo-
nents could explain more than 80% of data variability.

could be seen in Figure 1. Based on the Kaiser criterion, PCs
with latent values greater than one should be considered in
the analysis [24]. Nevertheless, the scree graph started to
form an almost straight line after the third component with
a transition elbow curve between the second and the third
components could be detected.

From the previous argument, the three first PCs would be
considered in the present study for simplification and insight
into data visualization. Table 2 showed the coefficient for
each component calculated for each contributing variable
i.e. use points representing different parts of the municipal
water distribution system [24]. The greater the absolute fig-
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Figure 2. Loading diagram showing the influence of differ-
ent points-of-use in the water distribution network on both
the first and second components.

Figure 3. Score diagram showing data distribution, trend
and pattern surrounding the reference zero point, in addi-
tion to the detection of outliers and clustering tendency.

Table 3. Aberrant values detection and removal statistically using ROUT method

ROUT' (Q=1.000%)**

Method* Distribution points in facility Overall
network
Number of points C1 C2 C3 C4 C5 Ceé C7 C8 C9 C10 Average
Analyzed 59 59 59 59 59 59 59 59 59 59 59
Outliers® 12 6 12 8 9 11 8 10 6 11 7

*: Q is the maximum False Discovery Rate (FDR); **: Computation was done using GraphPad Prism for Windows version 6.01; ¥: Robust regression and

Outlier removal combination technique; €: Aberrant values extracted from a non-linear regression.

ure of the coefficient, the more influential the corresponding
water distribution section is in calculating that component.
From Table 2, the descending order for the effect of points-
of-use on the first component was as the following: C8, C11,
C1,C5,C7,C3,C12,C10,C2, C6,C9, C4 and C13. Concern-
ing the second component, the decrease in the coefficient
was as the following: C13, C3, C2, C4, C1, C12, C8, C9, C7,
C6, C10, C11 and C5. Finally, the last component showed
the following descending order: C4, C6, C5, C9, C13, C10,
Cl11, C7,Cl, C12, C3, C2 and C8. A more in-depth focus on
the first two components was desired since these two PCs
only accounted for about 58% of the variability in the data-
base of the total microbiological water plate count.

The loading plot in Figure 2 showed the contribution of each
section of the municipal water distribution network on the
first two principal components that demonstrated the main
impact on the data variability of microbiological plate count
[25]. The first component appeared to be affected by the mi-
crobiological density expressed as CFU/mL where all points
were located at the positive side of the x-axis (PC1). Accord-
ingly, monitoring ports C13 and C4 showed a lower trend in
HPC. PC2 likely added another dimensionality of the relative
locations for different lines with respect to the feeding source

[25]. Thus, the microbial burden in water over the length of
the water line might determine a positive quality (+y-axis)
versus negative municipal water quality (-y-axis), a marker
that could be used as one of the indicators for microbiologi-
cal stability through the facility network system. This mark-
er would explain bioburden quality as total microbial count
over distance from the reference entry point of the distribu-
tion water section. Moreover, the graph demonstrated cor-
related points at minor and gross levels [26]. Normally, the
biological quality of the feeding source influences that of the
distribution network. However, at a smaller scale the micro-
biological quality level would be affected by the flow pattern
of water in different sections, in addition to the state of the
distribution system at different affected sections ex. corro-
sions. Other factors such as hygiene level, microbial sources
and human population density cannot be ruled out as pos-
sible influential factors in the observed microbial trend. At
a gross level, three groups were identified C1>C4, C55>C12
and solitary C13 that stands alone. On the other hand, small-
scale correlation showed a closer association between C5.
C6, C10 and C11 following GraphPad Software LLC guiding
manual [27]. In the same line, a binary closer correlation was
found between C1 and C3, in addition to C7 and C9.
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Figure 4. Outlier diagram showing outlier values due to un-
usual high values in microbiological count data.

The score plot was used as a scatterplot charting for the
first component against the second one. There was a shred
of strong evidence for clustering tendency that could be ob-
served in the left side of the y-axis in the score plot in Figure
3. Moreover, outlier values could be expected also as some
remote and isolated values were spotted toward the edges at
the right position above and below the +x-axis [20, 26, 28].
Sporadic high values in the database records were detect-
ed, despite no Out-Of-Specification (OOS) results could be
detected as all results were below the regulatory acceptance
specification limit of 100 CFU/mL. In addition, Points were
not randomly dispersed in the graph [25]. Accordingly, data
did not show the expected behavior of the normal distribu-
tion spreading with possible skewness would be expected due
to solitary excursions in the microbial count of water samples.

Since aberrant values could be spotted in the preceding sec-
tion, the presence of excursion would be analyzed. Possible
reasons for such abnormal results include the quality state
of the piping system and the nature of water circulation and
flushing, in addition to the design geometry. Also, the pres-
ence of dead ends and/or stagnant spots cannot be ruled out.
A preliminary analysis for detection of the excursions was
done using ROUT method - at recommended Q=1.000% -
in GraphPad Prism version 6.01 [29]. The results obtained
in Table 3 showed the following ascending order of the out-
lier rates (expressed as percent): (C2, 10.17%), (C9, 10.17%),
(C4, 13.56%), (C7, 13.56%), (C12, 13.56%), (C5, 15.25%),
(C8, 16.95%), (C13, 16.95%), (C6, 18.64%), (C10, 18.64%),
(C1, 20.34%), (C3, 20.34%) and (C11, 22.03%). The rate of
the emergence of the aberrant values for the mean of all
distribution points for the overall facility assessment was
0.1186. The outlier plot displayed the Mahalanobis distance
in Figure 4 for all observations, in addition to a reference
line to identify outliers. The Mahalanobis distance is de-
fined as the distance separating each data point from the
centroid of multivariate space (in layman's term: the overall

mean) [25]. Examining Mahalanobis distances was viewed
as a more powerful mean for discovering the outliers better
than looking at a single variable at a time because it took
into consideration the diverse scales between the variables
and the correlations between them.

CONCLUSIONS

In conclusion, multivariate analysis was surfaced in this
study when we aimed to measure the microbiological qual-
ity (in terms of TVC) of the city water within a specific fa-
cility. The first dimension was the degree of the stability of
microbial count over a certain time for each water line in
the plant. The outlier rate of the HPC results — even there
was no OOS - over a specific period might indicate a state of
abnormal variation in the quality of water which should be
investigated and eliminated. The second one could be found
through the PCA where the position of each segment of the
water network showed considerable variation in the average
total microbial count from the neighbor lines with clustering
tendency was obvious indicating a significant association be-
tween the correlated points that formed grouping environ-
ment. The first PC demonstrated the imparted difference in
the bioburden associated with each use point. Moreover, the
tested sampling ports showed unique PC2 because of its ex-
pected link to the relative location of each point-of-use from
the source feed to a great extent. No doubt that the original
quality of the municipal water was basically affected by the
feeding source from the supplementing city water station.
However, it was out-of-scope in this study and would be
evaluated in another future analysis. Nevertheless, the distri-
bution network system within a specific facility had its influ-
ential contributing factor over water quality before reaching
the consumers. Importantly, it was the methodology and the
findings herein which could find their room in broader ap-
plications likewise such as different types of water including
purified water and Water for Injection (WFI), in addition to
the inspection of other quality characteristics of water such
as Total Organic Carbon (TOC) and conductivity.
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ARTICLE INFO ABSTRACT
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Received: 07 March 2022 Houses are the places where people spend most of their time. That is why indoor air quality

Revised: 19 April 2022 at home is essential for public health. Sufficient ventilation is the factor to avoid accumulation
Accepted: 30 April 2022 of pollutants in indoor air, which include microorganisms, such as SARS-CoV-2. Therefore,
adequate ventilation is needed to provide good indoor air quality for human health and re-
Key words: duce infection risk at home. There are no reports of residential ventilation rates in Turkey.
Air exchange rate; Building In this study, CO, concentrations were measured in two residences in Izmir, Turkey. Three
monitoring, CO, concentration; experiments were conducted to determine background concentrations and the rate of natural
Infiltration rate; Ventilation rate ventilation with infiltration and opening windows. Results show that air exchange provided by
infiltration is low for both case rooms, while adequate ventilation could be achieved with natu-
ral ventilation under the studied conditions. Infiltration provided air exchange and ventilation
rates of 0.18 h™ and 5.9 m*/h for Case 1 and 0.29 h' and 8.23 m’/h for Case 2, respectively. Air
exchange and ventilation rates were increased to 2.36 h™ and 76.9 m*/h for Case 1 and 1.2 h'!
and 34 m’/h for Case 2, respectively, by opening the windows. Although ventilation can be
provided by opening the windows, the other factors that determine its rate, e.g., meteorologi-
cal variables, cannot be controlled by the occupants. Consequently, people cannot ensure the
good indoor air quality in bedrooms and sufficient reduction in transmission of pathogenic
microorganisms; therefore, risk of spreading diseases such as COVID-19 at home.
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INTRODUCTION The accumulation results in indoor air pollutant concentra-

tions of 2 to 5, and sometimes 100 times, higher than those
Ventilation is the key to good indoor air quality in any built  outdoors. Indoor sources of pollutants include people. In
environment. When a space lacks it, there starts an accu-  cases when there is a respiratory infection, people become a
mulation of — especially indoor-generated — pollutants [1].  source of pathogenic microorganisms. When this occurs in
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a space that lacks sufficient ventilation, there starts accumu-
lation and transmission of the microorganisms, including
SARS-CoV-2, the virus that causes COVID-19 disease [2—
5]. Therefore, the ventilation rate or fresh air exchange rate
becomes a significant factor for public health for indoor air
quality and associated human health risks [2, 6].

Houses are the built environments where the most time is
spent in a day. Family members sharing the same house reg-
ularly interact with each other while doing everyday activ-
ities such as watching TV, eating, or using the same bath-
room. Itis challenging to act by social distance rules at home;
therefore, if any family member gets infected, this increases
the probability of transmission to the other family members.
Like all built environments, houses need to be resilient due
to many anticipated pandemics and climate change.

Ventilation at home is essential to ensure good indoor air
quality and a reduced risk of pathogenic microorganism
transmission [7]. Although natural ventilation plays an ac-
tive role in improving indoor air quality, the rate of fresh air
exchange it provides is not controlled by people. It gener-
ally cannot provide adequate outdoor airflow in residences
[8]. The average air exchange rate (AER) was reported to
be 0.64+0.30 h™! in apartments and 0.45+0.22 h™! in houses
in Europe [9], in which AER <0.5 h occupants are more
likely to experience non-specific symptoms.

Although there is no worldwide standardized definition of
indoor air quality, various standards have been published
in different countries. For example, EN 15251, one of the
most widely used standards, is the first European standard
to include criteria for four indoor environmental factors:
thermal comfort, air quality, lighting, and acoustics. Turkey
has no national ventilation standard, but the EU standard,
EN 15251 is valid as TS [10]. ASHRAE 62.2 [11] specifies
the minimum ventilation requirements for acceptable in-
door air quality in residences in USA, applicable to both
new and existing homes (Table 1).

The literature shows that indoor air quality and occupant
health can be improved by retrofitting a mechanical ventila-
tion system [12]; Kang et al. [13] studied 40 homes in Chica-
go and showed that putting an HVAC system into operation
resulted in significant reductions in CO,, NO,, PM,, PM, ,
and PM,  concentrations with an average between 33 and
42%. In Portugal, indoor air quality of 10 residences was in-
vestigated for suitability of the ventilation during the sleep
period [14]. AER was measured using CO, as the tracer gas,
which the occupants emit. It was determined that all bed-
rooms had average AERs greater than the minimum value of
0.7 h'! [15]. Pollutant concentrations indoors and outdoors
of 40 typical residences in the temperate climate zone in Aus-
tralia were measured [16]. Energy-efficient designs of new-
er, more airtight homes generally result in high indoor air
pollutant concentrations as they trap the pollutants indoors.
Therefore, a negative correlation was observed between res-

Table 1. Ventilation rate recommended for residences by
ASHRAE [11]

People outdoor Area outdoor

air rate (Rp) air rate (Ra)
Building type Cfm/person (L/s) x person Cfm/ft* L/sxm?
Residential 5 2.5 0.006 0.3

idential age and selected indoor air pollutants. In addition,
pollutant concentrations found during the study were lower
than those found in other Australian and overseas studies.

Although there are many studies abroad in the literature,
three of which are exemplified above, there are no reports
of ventilation rates in houses in Turkey. This study aimed
to determine the ventilation rate by measuring CO, as the
tracer gas in two residential dwellings in Izmir, Turkey. Re-
al-time monitoring of CO, levels was conducted for three
days indoors and outdoors with two ventilation scenarios.

MATERIALS AND METHODS

Residences

The Case 1 building is located in the Karsiyaka district
of Izmir, at 38°27'54.2" North and 27°06'03.7" East. It is a
ground + 4 apartment building with five apartments, occu-
pying 140 m? areas on the ground floor. The building has a
double facade, North and South. There are three bedrooms
on the South facade. There is a kitchen and a living room
on the North facade. A 9-meter-long balcony connects
these. There is a distance of 10 m between the North facade
(i.e., the main facade facing the road) and the neighbor-
ing building opposite it. Therefore, it can be said that it is
highly hindered in terms of wind and daylight, especially
since it is on the North side. There is a neighboring build-
ing on the east side of the building. There is a distance of
two meters between the West facade and the neighboring
building. Despite this, the absence of any windows on the
West facade indicates that the land on which this building
is located is an adjacent array according to the regulation.
The examined apartment has a gross area of 120 m?. It is a
3+1 apartment with three rooms facing South and a kitch-
en and living room facing North. The room in which the
experiment was conducted in the family room facing the
South. The gross floor area of the room is 14.42 m?, and
the net floor area is 11.41 m>. In addition to floor areas, the
total volume of the family room is calculated as 41.10 m?,
and the net volume is 32.52 m®. There are two windows and
one door in the case room.

The Case 2 building is a dwelling located in the Ornekkdy
neighborhood, Kargtyaka, Izmir. The coordinates are 38°29'
2" N 27°6' 9" E, and the elevation above the sea level is 94.1
meters. The building is located in a housing complex with
two buildings. The case building is constructed with two
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Figure 1. Left: Case 1 floor plans of case buildings and case rooms indicated with red color hatch. Right: Case 2 floor plans
of case buildings and case rooms marked with red color hatch.

different entrances and two other cores, but the roof and
walls are typical. There are nine flats, and each flat has two
apartments. On the ground floor, there is one apartment, so
the entire building has 10 stories. The surrounding of the
building is quite empty. It is located next to a small hill. The
case building is oriented to the North at 21° degrees. The
gross dwelling area is 155 m?, the net usable space is 122.20
m?, and the total volume is 387 m®. The dwelling contains
three bedrooms, one kitchen, one living room, two bath-
rooms, and two balconies. The case room is a bedroom that
is not being used. The case room's gross and net floor areas
are 13.5 m” and 11.3 m*. The gross volume is 36.45 m?, and
the net volume is calculated as 28.25 m®. There is a balcony
door and a room door in the case room. The floor plans of
the two cases are presented in Figure 1.

Monitoring

A monitoring device (Testo 400) was used to measure the
indoor and outdoor CO, levels of case rooms (Fig. 2). The
device was located in the center of the room and placed
on a chair. It was set to a 10-minute recording interval for
three days. On the first day, outdoor CO, concentration
levels were measured, and indoor CO, level was moni-
tored for 12 hours representing the general (background)

conditions. On the second day, 500 gr amount of dry ice
was located in the room, and a monitoring process was
conducted for 24 hours. Windows and the room door
were kept closed to measure ventilation by infiltration. Af-
ter 24 hours, CO, concentration levels were decreased to
the general condition levels. Then, the door and windows
were opened to reduce the concentration to the outdoor
levels. On the last day, 250 gr of dry was located in the
case room. After two hours of the monitoring process, the
windows were opened to increase the natural ventilation.
During monitoring with dry ice, a fan was used to obtain
better mixing in the room. The range and accuracy values
of the monitoring device are shown in Table 2.

Ventilation Rate Estimation

CO, is an important indoor air pollutant frequently used
in such studies to investigate indoor air quality. CO, in the
outdoor air varies between 330 and 500 ppm depending
on the characteristics of the environment. The CO,-based
method is divided into three segments. The first is the oc-
cupancy phase or the concentration trend into build-up,
the second is the steady-state, and the third is the decay (or
"step-down") phase [17]. When an area is populated with
people and then emptied (or when a controlled loading is
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Figure 2. Testo data-logger placement.

Table 2. Indoor-outdoor monitoring equipment specifications

Sensor Measuring range

Resolution

Accuracy

Testo 400 data-logger 0-10,000 ppm 1

+(50 ppm+3% interval value) (0-5,000 ppm)
(100 ppm+5% measurement value) (5,001-10,000 ppm)

done and left to monitor), or if there is a gradual decrease
in occupancy, it makes sense to use decay or reduction to
estimate the ventilation rate of the environment. The decay
method is a technique that uses tracer gas dilution to deter-
mine the air exchange of a single zone with the outside en-
vironment induced by weather conditions. This test meth-
od is not limited to any single tracer gas [18]. The associated
data analysis assumes that a single value can characterize
the tracer gas concentration within the zone. Dry ice was
used in this experiment to increase the CO, level in the in-
door environment. In experiments, occupant density in the
room could also be used for CO, production since people
give CO, to the indoor environment due to breathing. A
person engaged in a typical job produces 20 liters (0.02 m?)
of CO, per hour [19]. For this experiment, 21 people were
required for 1 hour in a room with a volume of 30 m® for a
CO, level of 10,000 ppm. Therefore, dry ice was preferred
for ease of testing.

The monitoring results were imported to MS Excel for anal-
ysis. Equation-1 was used to calculate the air exchange rate
in the room. In this equation, AER is the air exchange rate,
and it is calculated by using duration and indoor and out-
door CO, concentration levels (Eq. 2). ¢ is defined as the
period during measurement. C, and C, are measured CO,
concentrations over the decay period (ppm). C_, is CO,
concentrations level (ppm) outdoors [19]. Although there
is no exact value as the limit for CO, concentration, 1,000
ppm is the most commonly used value [11, 20] since Pet-
tenkofer first proposed it in the 1800s. Therefore, the ac-
ceptable limit value of carbon dioxide in the room for this
experiment was set as 1,000 ppm.

AER=Q/V (1
AER=t" x In((C -C_)/(C-C*) 2)
where AER is Air Exchange Rate, t is the period between
measurements (h), C and C, are the measured CO, concen-

trations (ppm) over the decay period, and C_, is outdoor
CO, concentration (ppm) [17].

Q (m?/h)=AERxroom volume (m?) (3)

ext

where Q is ventilation rate.

RESULTS AND DISCUSSION

Experiments were conducted in two residential cases, i.e.,
Cases 1 and 2. Three experiments were conducted in each
house. Firstly, indoor CO, levels were monitored for 12
hours without any dry ice or potential CO, source to assess
the background concentration levels. In the second experi-
ment, dry ice was placed in the room to increase CO, levels.
Doors and windows were kept closed to measure ventila-
tion by infiltration. In the last experiment, windows were
opened after CO, levels exceeded a specified level, to mea-
sure an increased natural ventilation rate.

Background Concentrations

Indoor air CO, concentration levels were monitored for 12
hours. This experiment aimed to estimate general (back-
ground) CO, levels of the indoor environment without any
potential CO, source. For the first case, the concentration
levels varied between 437-562 ppm with an average value
of 479 ppm (Fig. 3). For the second case, concentration lev-
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Figure 3. CO, concentrations measured during the experiments: (a) background, (b) infiltration, (c) natural ventilation.

els varied between 491-764 ppm with an average value of
584 ppm. It can be seen that CO, concentration decreases
during nighttime. Variation in concentration was probably
caused by occupant activity in the remainder of the house
and the decrease during nighttime may be related to re-
duced activity. For both of the cases, indoor CO, levels have
never exceeded the threshold level of 1,000 ppm.

Concentrations During Experiments

In the infiltration experiment, 500 grams of dry ice was in-
cluded in the rooms. A fan was used during the experiment
to distribute the emitted CO, by the dry ice homogeneously
throughout the room. Windows and doors were kept closed
throughout the experiment. In this process, the change in
the mass of solid dry ice was observed and the increase in
the CO, level was monitored. Throughout this time, the
CO, level reached its maximum level, and then it started
to decrease gradually. For the first case, the maximum level
for CO, concentration was recorded as 10,510 ppm, and it
took 1 hour to reach this level. After 23 hours of reaching
the maximum level, the concentration level was decreased
to 457 ppm. During this 24-hour experiment, the average
concentration was recorded as 2,925 ppm.

In this experiment, 72% of the measured levels were above
the 1,000-ppm threshold. However, after 17 hours and 20
minutes, CO, concentration was decreased back to below
1,000 ppm. For the second case, the highest level of CO,
concentration was recorded as 6,392 ppm, and it took 5
hours to reach this level. After 18 hours and 50 minutes of
reaching the highest level, the concentration level was de-
creased to 531 ppm. The average value was 2,363 ppm. Fifty
percent of the measured values were >1,000 ppm threshold
level. After 12 hours and 10 minutes, CO, concentrations
were decreased back to background levels.

In the natural ventilation experiment, 250 grams of dry ice
was included in the rooms. Similarly, a fan was used during

the experiment to homogenize CO, levels throughout the
room. The different aspect from the first experiment was
that windows were opened when the CO, concentration
reached its maximum level. This experiment aimed to es-
timate the effect of opening the windows on the natural
ventilation rate. For the first case, the peak level for CO,
concentration was recorded as 4,537 ppm. After 4 hours
and 50 minutes of reaching the highest level, it decreased
back to 417 ppm. During this 6-hour experiment, the av-
erage concentration was 1,302 ppm, in which 22% of the
recorded concentrations were above the threshold level.
However, CO, concentration levels were decreased back to
below 1,000 ppm in just 1 hour and 20 minutes. The high-
est CO, concentration was recorded as 2,453 ppm for the
second case. After 4 hours and 40 minutes of reaching the
highest level, it was decreased to 372 ppm. The average val-
ue was 631 ppm. Nine percent of the measured concentra-
tions were above the threshold level. However, after only 30
minutes, CO, concentration levels were decreased back to
below 1,000 ppm-level.

Air Exchange Rates

Figure 4 shows the calculated air exchange rates for the two
case houses during the infiltration and natural ventilation
experiments. The infiltration rate was relatively stable in
Experiment-2 in Case-1 at about 0.15 h™', while it fluctuated
in the 2™ house roughly around 0.3 h'. In Experiment-3,
it is seen in the graph that the air exchange rate started to
increase when the windows were opened. However, due to
concentrations reducing back to background levels relative-
ly quickly, the time was insufficient to observe a stabilized
AER, especially for Case-2. In contrast, for Case-1, an AER
of 2 h' could be assumed based on values at 100, 110, and
120" minutes. Both cases show that opening windows had
a critical effect on the air exchange rate during the meteoro-
logical conditions of the time of the experiments.
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Figure 4. Plot of calculated air exchange rate (AER) values during the experiments.

When the two case houses are compared, it is seen that the
maximum CO, values in the rooms did not reach the same
concentration level, although the same amount of dry ice
(500 gr) was used. In the second case, the infiltration rate
was higher. This may depend on the height of the house, the
number of windows, and the number of leakage areas other
than the meteorological conditions outside, e.g., wind speed
and direction. The results of the third experiment gave in-
creased natural ventilation by opening the windows. As soon
as the windows were opened, we observed sharp changes in
the air exchange rate due to increased natural ventilation.
While the high CO, level in Case 1 fell below 1,000 ppm
in 1 hour and 30 minutes, it happened in an hour in Case
2. This shows the effect of increased natural ventilation for
both cases compared to low AERs provided by infiltration.

Figure 5 shows the difference between the two case houses'
infiltration and windows-open ventilation rates as boxplots. In
both cases, estimated ventilation rates were increased consid-
erably by window opening compared to the ventilation pro-
vided by infiltration. Many studies monitored CO, concentra-
tions in the literature, as shown in Table 3. The literature shows
that CO, concentration levels can be a useful indicator of the
building's overall performance, affecting occupant health [14].

It was reported that CO, levels considerably relate to indoor
air quality [21]. There is a correlation between indoor CO,
level, building airtightness, and energy efficiency [16]. In

*

Case2VR

M Case 1 VR (Infiltration) [l Case 1 VR(natural Ventilation) [l Case 2 VR (Infiltration)
(Natursl ventilation)

Figure 5. Variation in the estimated ventilation rates.

this study, the indoor CO, level was measured to be below
the acceptable level of 1,000 ppm (Table 4). In the first and
second cases, average indoor CO, levels were 479 and 584
ppm. However, these levels were consciously increased to as-
sess the buildings' air exchange and ventilation rates. In the
second experiment average air exchange rate was calculated
as0.18and 0.29 h™' for Case 1 and 2, respectively. The average
ventilation rate was 5.9 m*/h and 8.23 m*/h for cases 1 and 2.
Both of the cases are newly constructed buildings located in
the same district of Izmir. However, the second case is locat-
ed on a higher sea elevation and exposed to an intense wind
load, resulting in a higher infiltration potential. According
to the results of the second experiment, in the second case,
average air exchange rate and ventilation rate due to infil-
tration was calculated to be higher than the first case. The
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Table 3. Comparative literature review

Year Authors Location Building type Ventilation type Tools Findings
2012 Bulut [20] Undefined Residential, Natural Real-time The relationship between CO,
office, and Natural monitoring, concentrations and other parameters
education numerical (i.e., temperature, humidity, etc.) is
building Natural methods discussed. There found a correlation
between CO, levels and humidity
with particulate matter concentration.
2012 Molloyetal. [15] Australia Residential Real-time Energy-efficient designs of newer,
monitoring more airtight residences can result
in high concentrations of pollutants
indoors, as they trap pollutants
indoors. Therefore, a negative
correlation was observed between
residential ages and selected indoor
air pollutants.
2020 Canhaetal. [13] Portugal Residential Real-time Air exchange rates are insufficient
monitoring, to provide good indoor air quality

tracer gas method during sleep by reducing the dilution
rate of emitted pollutants, even
though they are always above the set

guideline (0.7 h").

Table 4. Comparison of experimental results

Experiment Data Casel Case2
Experiment 1 Average background CO, (ppm) 479 584
Experiment 2 Average air exchange rate (h™) 0.18 0.29
Experiment 3  Average air exchange rate (h')  2.36 1.2

third experiment aimed to estimate natural ventilation AER
achieved by opening the windows. The average AER was de-
termined as 2.36 h'! and 1.2 h! while the average ventilation
rate was calculated as 76.9 h™ and 34 h™' for cases 1 and 2,
respectively. The lower rate estimated for Case-2 than that
of Case-1 may have occurred due to not reaching a similar
peak concentration before gradual decrease, meteorological
conditions, and the window opening area. While the ratio of
opening area to volume in 1* case is calculated as 0.085 m*/
m?, it is calculated as 0.067 m*/m’ in the second case. In the
second experiment, different levels of CO, were obtained de-
spite adding the same amount of dry ice. This was due to the
different infiltration levels of the rooms. Since higher CO,
concentration occurred in the first case, the air exchange rate
was lower. This experiment shows the importance of win-
dows on ventilation and indoor air quality. The results of this
study are found to be consistent with those reported in the
literature. Buildings' air leakage potential, thus infiltration
and thermal performance, closely relates to indoor air qual-
ity [16]. The literature also clearly concluded that indoor air
quality is strongly related to the spread of various diseases
through ventilation rate [14]. This study shows that AERs
due to infiltration were very low and can be considerably

increased when natural ventilation was acquired by open-
ing the windows. Therefore, natural ventilation can play an
essential role in maintaining a better indoor air quality and
decreasing the risk of virus and disease spread indoors.

CONCLUSIONS

The effect of natural ventilation on reducing the indoor CO,
concentration is apparent when the two experiments are com-
pared. Factors such as housing type, sea-level elevation, loca-
tion, window size, airtightness, the number of outdoor facing
facades, and window size may determine its rates through in-
filtration and opening windows. Both case rooms are between
the minimum and maximum ventilation rates specified in
ASHRAE [11] and contribute to indoor air quality. However,
the rates estimated in this study are relatively low and natural
ventilation is a result of factors that cannot be controlled by
the occupants, which is uncertain to supply a sufficient de-
crease in the risk of infection spread, e.g., COVID-19.
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In this study, we aimed to systematically optimize the operating parameters in the degrada-
tion and mineralization of tetracycline by Fenton process. For this purpose; optimum values
were found for Fe?* concentration, H,0, concentration and pH, reaction time, sedimentation
times which are effective operating parameters in Fenton process. In this study where initial
tetracycline concentration was used as 100 mg/L; optimum values were found as 4 for pH, 30
mg/L for Fe’* concentration, 100 mg/L for H,O, concentration and 10 min for reaction time
and 90 min for sedimentation time. Under these conditions, the TC degradation was 100%,
while the COD removal efficiency was approximately 94%. As a result of kinetic studies, BMG
is the most suitable kinetic model in terms of tetracycline degradation, while it is seen that the
most suitable kinetic model for tetracycline mineralization in terms of COD is the first-order
kinetic model. The cost of removing 1 kg of tetracycline from the unit costs of chemicals and
energy used in the Fenton process was found to be 1.527§.

Cite this article as: Giirtekin E, Celik M, Aydin E, Celik A. Degradation and mineralization of
tetracycline by Fenton process. Environ Res Tec 2022;5:2:181-187.

INTRODUCTION

Tetracycline (TC) antibiotics are a group of broad-spec-
trum synthetic antibiotics against a wide range of Gram
positive and Gram-negative bacteria, so they are widely
used in human and veterinary medicine for controlling
diseases and promoting growth [1]. Tetracyclines are the
second largest group of antibiotics in terms of production
and use [2]. A very small amount of tetracycline taken into
human and animal bodies is metabolized or degraded, the
remaining tetracycline being excreted into the environment
in active form through humans and animals feces or urine
[3]. The release of antibiotics to the environment promotes
the proliferation of antibiotic-resistant bacteria and genes,

*Corresponding author.
*E-mail address: egurtekin@firat.edu.tr

and consequently affects human health and ecosystem [4,
5]. Although conventional biological wastewater treatment
has advantages such as low cost, high stability and easy
operation; tetracyclines cannot be effectively removed be-
cause of its chemical stability and biological resistance [6,
7]. Therefore, effective and environmentally friendly alter-
native technologies are required to effectively degrade and
remove these compounds [2]. Advanced oxidation pro-
cesses are efficient alternative methods for treating organ-
ic wastewater pollutants with low biodegradable and high
toxicity. Advanced oxidation methods such as Fenton, pho-
to-Fenton, ozonation, electrochemical oxidation and photo
catalysis are commonly used in the removal of recalcitrant
and non-biodegradable organic contaminants in wastewa-
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ter [8]. Fenton process, which is one of the advanced oxi-
dation processes, is one of the most widely used processes
for removing of a wide variety of non-degradable organic
contaminants because it has advantages such as high per-
formance, technology simplicity, low cost and low toxicity
of the chemicals used [8, 9]. The Fenton process involves
the formation of hydroxyl radical formed by the catalytic
reaction between hydrogen peroxide and iron ions (Eq. 1).
The hydroxyl radical has an oxidation potential of 2.80 V
and can degrade and mineralize a wide range of organic
matter [10]. The Fenton process is influenced by H,0, and
Fe?* and pollutant concentrations. In addition, other factors
such as reaction time, pH, temperature are important oper-
ating parameters in the Fenton process.

Fe**+H,0,—Fe**+ OH+OH" (1)

There are many studies using the Fenton process for the re-
moval of different drugs [11-16]. Also, different processes
such as UV, UV/H,O,, UV/persulfate, photo-Fenton, solar
photo-Fenton, sono-Fenton, ozonation have been tried in
tetracycline removal [17-22]. In this study, it was aimed to
systematically optimize the operating parameters such as
pH, Fe** concentration, H,0, concentration, reaction time
and precipitation time in the degradation and mineraliza-
tion of tetracycline by Fenton process. The kinetics of tetra-
cycline degradation and mineralization by Fenton process
were determined. The cost of tetracycline removal by Fen-
ton process was calculated.

MATERIALS AND METHODS

Experimental System

All experiments were performed in amber colored glass
bottles with a total volume of 250 mL to minimize light
effect (Fig. 1). Stirring was done with a magnetic stirrer.
The pH was initially adjusted with the aid of the Thermo
Scientec brand pH meter and no further pH adjustment
was made during the reaction. The desired concentrations
of Fe** and H,0, were added to the tetracycline solution
prepared at a specific concentration for each experiment.
H,SO, and NaOH were used for pH adjustment. At the end
of the reaction, the pH was adjusted to 9-10 and the reac-
tions were stopped and settled for 90 min. At the end of
sedimentation time, clear liquid was removed from the top
of the reactor and tetracycline and COD were analyzed.

Reagents

Tetracycline (TC) hydrochloride salt (CAS No. 64-755)
was purchased from Sigma-Aldrich and 35% purity Hy-
drogen peroxide (H,0,) was purchased from Merck.
Iron sulfate heptahydrate was obtained from Biochem.
The pH of the solution was initially adjusted with dilute
98% sulfuric acid (0.2 and 0.02 N H,SO,) and sodium
hydroxide (0.2 N NaOH).

FeS04.7H20

R &

Reactor

H202 Tetracycline

/ Mixer \

Figure 1. Experimental setup.

Analytical Methods

To determine the performance of Fenton process, tetracy-
cline and COD analyzes were performed on the samples
taken at the end of the sedimentation period. Determi-
nation of tetracycline was performed by Shimadzu brand
High Performance Liquid Chromatography (HPLC). As
the mobile phase, a mixture of 20 mM (NH,) H,PO, and
HPLC grade acetonitrile with pH adjusted to 2.45-2.55 was
used and the flow rate was adjusted to 1.2 mL/min and the
injection volume to 100 pL. The determination of COD was
made with Merck code 114895.

RESULTS AND DISCUSSIONS

Effect of pH

Tetracycline is an amphoteric compound containing two
acidic (tricarbonyl amide and phenolic diketone) and one
basic functional groups (dimethyl amine) in its structure.
Therefore, different forms of TC will occur in the environ-
ment depending on the pH. At pH <3.30 (pKal), TC mol-
ecules are available as TC* form; at 3.30 <pH <7.68 (pKa2)
TC molecules available as TC® at 7.68 <pH <9.70 (pKa3)
TC molecules are present as TCH, and at pH> 9.70, TC
molecules are present as TC* [23]. In the Fenton process,
the pH value has an important effect on the formation of
hydroxyl radical and therefore on the oxidation efficiency
[24]. Hence, pH is important in terms of both tetracycline
and Fenton process. Experimental studies were carried out
at pH 2, 3 and 4 to determine the effect of pH in Fenton
process. Initial TC concentration, Fe** concentration and
H,0O, concentration were selected as 100, 30 and 300 mg/L,
respectively. At all pH values, the effluent TC concentra-
tion were found to be 0 mg/L and the corresponding TC
removal efficiencies were 100% (Fig. 2). The COD removal
efficiencies were 81%, 74% and 94% mg/L at pH 2, 3 and
4, respectively. Compared to pH 4, the efficiency of COD
removal is lower at pH 2 and 3. Because it is stated that TC
molecules have hydroxyl groups in ring 1 in undissolved
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Figure 2. TC and COD removal efficiency at different pH
values (TC: 100 mg/L, Fe’*: 30 mg/L, H,O,: 300 mg/L).

form at pH <3.3, while hydroxyl groups in ring 1 in the
structure of TC molecules dissolve at pH> 3.3. These exper-
imental results were evaluated and the optimum pH value
was selected as 4 in terms of TC and COD removal and pH
4 value was used in the rest of the study. The results of this
study were similar with the results of the study in which the
degradation of tetracycline with ozonation was investigated
[17]. In addition, in the literature, it is stated that the low
removal rate in the Fenton process at pH 1 and 2 is due to
hydroxyl radical reacting with H* ions. Furthermore, H,0,
can be dissolved at a high H* ion concentration to form an
oxonium ion. An oxonium ion makes it electrophilic to
increase the stability of hydrogen peroxide and reduces its
reactivity with iron ion. On the other hand, it is stated that
the oxidation efficiency decreases due to the precipitation
of dissolved iron at pH> 4 and the decrease in the disinte-
gration of H O, to hydroxyl radical [7]. The optimum pH
value found in this study was consistent with the pH range
in the literature [7, 25].

Effect of Fe’* Concentration

Increased iron concentration leads to the formation of
more hydroxyl radical and accelerates the redox reaction.
Experimental studies were carried out at 0, 20, 30 and
40 mg/L concentrations in order to determine the effect
of Fe** concentration on TC and COD removal efficien-
cy. Figure 3 shows the TC and COD removal efficiency
at different Fe** concentration. The highest TC and COD
removal was achieved at a Fe** concentration of 30 mg/L,
where the removal efficiencies were 100% and 97%, respec-
tively. However, there was a decrease in COD removal in
Fe** concentration of 40 mg/L. The use of a much higher
Fe?* concentration causes scavenging of ‘OH, resulting in
a decrease in the rate of degradation and mineralization.
Furthermore, the use of a lower iron concentration in the
Fenton process will result in reduced sludge volume and

Figure 3. TC and COD removal efficiency at different Fe**
values (TC: 100 mg/L, pH: 4, H,0,: 300 mg/L).
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Figure 4. TC and COD removal efficiency at different H,O,
values (TC: 100 mg/L, pH: 4, Fe**: 30 mg/L).

treatment costs [26]. Therefore, it was seen that Fe?* con-
centration of 30 mg/L was the most appropriate value. Sim-
ilarly, it was obtained complete degradation of amoxicillin
(AMX) at a concentration of 30 mg/L Fe?** for an initial con-
centration of AMX of 10 mg/L [16].

Effect of H,0, Concentration

Figure 4 shows the TC and COD removal efficiency at dif-
ferent H,0, concentrations. Based on TC and COD remov-
al efficiencies, 100 mg/L H,O, concentration could be con-
sidered as the optimum value. The TC and COD removal
efficiencies at this H,0, concentration were 100% and 94%,
respectively. When the optimum H,O, concentration was
evaluated in terms of TC and COD removal efficiencies;
higher H O, concentration was not necessary. In the liter-
ature, it is stated that the rate of degradation increases as
H,0O, concentration increases until critical H,O, concentra-
tion is obtained. The reduction in the rate of degradation at
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Figure 5. TC and COD removal efficiency at different reac-
tion time (TC: 100 mg/L, pH: 4, Fe**: 30 mg/L, H,0,: 100
mg/L).

Figure 6. TC and COD removal efficiency at different sedi-
mentation time (TC: 100 mg/L, pH: 4, Fe**: 30 mg/L, H,0O,:
100 mg/L, Reaction time: 10 min).

Table 1. The parameters of kinetic models and correlation coefficients (R?) for the degradation of tetracycline

First-order kinetic model Second-order kinetic model BMG kinetic model

k, (1/min) R? k, (L/mg.min) R? 1/m 1/b R?
RTC 0.6989 0.57 3.0014 0.88 Undefined 1.0 1.00
COD 0.422 0.99 0.0342 0.83 1.1 1.0395 0.95

higher concentrations results from both the recombination
of hydroxyl radical and the scavenging effect of the *OH of
H,0, [27]. However, such a critical H,O, concentration val-
ue was not found in this study. In another study, the opti-
mum H,O, concentration was found to be 375 mg/L in the
degradation of amoxycillin (initial concentration: 10 mg/L)
with Fenton process [16].

Effect of Reaction Time

As could be seen in Figure 5, the degradation of tetracycline
was completed in 10 min. The tetracycline removal efficien-
cy was increased until the reaction time of 10 min. In the
Fenton process, it can be said that the effect of the reac-
tion time on the process efficiency is important since the
degradation efliciency increases with increasing reaction
time [8]. However, the further increase in reaction time
(>10 min) did not show a positive effect on the efficiency
of the Fenton process. Besides, the increase in reaction time
would increase the operating cost. So, the reaction time of
10 min was considered optimum. In a similar study, com-
plete degradation of amoxycillin by the Fenton process took
place at a reaction time of 12 min [16].

Effect of Sedimentation Time
The TC and COD removal efficiency depending on the sed-
imentation time is given in Figure 6. The TC removal effi-

ciencies were found to be 100% after 15, 30, 60 and 90 min
of sedimentation time. The highest COD removal efficiency
was obtained at the end of the 90 min of sedimentation time
which has a value of 94%. Therefore, the sedimentation
time of 90 min was found to be the optimum value when
the COD removal efficiencies were considered. The reason
why the COD removal efficiency is lower than the TC re-
moval efficiency is due to the formation of intermediates
and the incomplete mineralization of TC and intermediates
to CO, and H,0.

Kinetic Study

The kinetics of the degradation of tetracycline with Fenton
process was evaluated using first-order, second-order and
Behnajady-Modirshahla-Ghanbery (BMG) [28]. For this
purpose, the change in tetracycline concentration and the
value of tetracycline in terms of COD depending on the
reaction time was investigated. Kinetic calculations were
made according to the reaction time of 10 minutes. R? val-
ue is taken into account in determining the suitability of
the kinetic model. For the tetracycline concentration, the
R? value for the first-order was 0.57, the R? value for the
second-order was 0.88, and the R* value for BMG was 1
(Fig. 7 and Table 1). In the degradation of tetracycline in
terms of COD, R? value is 0.99 for first-order, R* value is
0.83 for second-order and 0.95 for BMG. When R? values
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Figure 7. (a) First-order, (b) second-order, (¢) BMG kinet-
ics of the degradation of tetracycline with Fenton process.

are taken into consideration, when mineralization is evalu-
ated in terms of COD concentration, it is seen that it fits the
first-order kinetics. In terms of tetracycline concentration,
it is seen that the BMG kinetic model is suitable. This is
due to the fact that the tetracycline concentration decreas-
es very quickly at the beginning and then slows down. The
fact that the decrease in tetracycline in terms of COD con-
centration corresponds to first-order kinetics is due to the
intermediate products originally formed during oxidation.
It has been reported that the degradation of tetracycline in
the schorl/H, O, system fits first-order kinetics [1].

1.8

12 1

Cost, §

0.8 |
0.6
0.4
0.2
0 : .
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Figure 8. The operating cost in Fenton process (in $ per kg
tetracycline removal).

Operating Cost Analysis

The factors affecting the operating cost in Fenton process
are chemicals and the energy cost spent for the mixer.
The calculation was made by taking FeSO,.7H,O cost
as 0.28%/kg, H O, cost as 0.4$/kg and mixer power as
3 W and unit energy cost as 0.071$. For 1 kg tetracy-
cline removal, FeSO, cost was calculated as 0.417$, H,0,
cost was 0.4$ and energy cost was 0.71$. The total cost
is 1.527$ (Fig. 8). In the study in which phenol removal
was done with the Fenton and electro-Fenton method,
the calculation using the same numbers found that the
removal cost of 1 kg phenol was 1.337$ with the Fen-
ton process [29]. It was stated that the operating cost for
1 kg of tetracycline removal was 330.06$ for the ozone
method, 405.59$ for the ozone+ultrasound method,
193.63$ for the ozone+Fenton method, and 229.71$ for
the ozone+ultrasound+Fenton method [30]. It was seen
that the Fenton process had lower operating costs com-
pared to other methods.

CONCLUSIONS

Experimental study results showed the optimum values
for pH, Fe*, H,O,, reaction time and sedimentation time
in Fenton process were found to be 3, 30 mg/L, 100 mg/L,
10 min and 90 min, respectively. Under these conditions,
TC degradation is 100%. The COD removal efficiency was
about 94%. As a result of kinetic studies, it was the most
appropriate kinetic model BMG in tetracycline degrada-
tion and first-order in tetracycline mineralization. The
cost of tetracycline removal by Fenton process was calcu-
lated as 1.527$ per 1 kg. The operating cost of the Fenton
process for tetracycline removal was lower compared to

other methods.
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INTRODUCTION

In this study, it is aimed to determine the irrigation water required due to solar radiation in
high technology greenhouses where soilless cultivation is carried out according to TS825 stan-
dards, and to determine the annual water consumption and storage capacity with the harvested
rainwater. As a result of the calculations made for Turkey Mediterranean region, it has been
determined that if 90% of the rainfall in the western Mediterranean region is harvested, 72%
of the annual water consumption can be met, and 45% in the eastern Mediterranean region. In
the inner regions where the terrestrial climate is dominant, 22%-32% of the annual water con-
sumption can be met with 90% of the rain harvested depending on the amount of rainfall. The
required storage volume in the western Mediterranean is 0.420 m®.m?, while it is 0.096 m’.m~in
the eastern Mediterranean and 0.044 m>.m? in Kirsehir, where the continental climate prevails.

Cite this article as: Baytorun AN, Zaimoglu ZB, Erkurt FE, Balc1 B, Yesiltas HK. Calculation
of rainwater harvest in greenhouses for semi-arid and continental climate zones. Environ Res
Tec 2022;5:2:188-196.

of the most effective ways to increase production and effi-
ciency is to increase the yield per unit area of land. This is

The increasing need for food in parallel with the population
growth in the world increases the demand for agricultural
products as well. It is estimated that by the year 2026, the
world population will have reached 8.3 billion, with an in-
crease of 35% compared to 2000 [1]. In order to ensure the
food security of the growing population in our country, it is
necessary to increase agricultural production and produc-
tivity in agricultural production. It is not possible to say that
our country has sufficient land and water resources, which
are the two main elements of agricultural production. One

*Corresponding author.
*E-mail address: zeynepzaimoglu6@gmail.com

possible by using new technologies in agriculture and in-
creasing irrigated areas.

According to the State Hydraulic Works (DSI), average
annual precipitation in Turkey is 574 mm. The average
above ground and underground water potential of Tur-
key is 112 billion m? per year [2]. Turkey's current water
consumption is 44 km’.year'. 74% of this water is used in
agriculture while 15% is consumed as domestic water and
11% is used in the industrial sector [3]. When water use
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in our country is analysed by sectors, it is seen that the
agricultural sector has the highest share. The pressure on
resources in order to meet the increasing requirements of
Turkey shows an upward trend [4].

Irrigation is the agricultural activity that has the highest
effect on the yield increase in crop production. Water use
efficiency (WUE), which is the ratio of yield to irrigation
water usage, is generally used as a measure of water use
in irrigation systems. Due to diminishing water resourc-
es, increasing water use efficiency is of great importance.
WUE values in tomato production using greenhouses
vary between 20.47 kg.m” and 47.7 kg.m? [5-7]. A sig-
nificant amount of water is consumed in vegetative pro-
duction in greenhouses. The ratio of tomato production in
Turkey’s under cover vegetative production is 48%. Stud-
ies have shown that 193 litters of water are consumed for 1
kg of tomato production [8]. This reveals that water saving
should be especially taken into consideration in the com-
ing years in order to benefit more from the water resourc-
es that have diminished due to global warming.

Studies are being carried out to establish an optimum irri-
gation program for vegetables grown in greenhouses with
medium technology on the Mediterranean coastline. In
these studies, generally open water surface evaporation is
used to determine the water requirement [9]. In their study
on watering tomatoes in a glass greenhouse on the Mediter-
ranean coastline, Tari and Sapmaz (2017) took advantage
of the Class A-Pan evaporation vessel and determined the
water consumption to be 1.8 mm.day’ in January-April,
3.33 mm.day" in May and 5 mm.day’ in June [10]. Us-
ing the FAO-Penman Monteith equality, Zabeltitz (2011)
has determined the values as 0.86-3.5 mm.day" for Janu-
ary-April, 4.75 mm.day ! for May and 5.9 mm.day' for June
in his calculations of water consumption in Antalya, based
on average daily temperatures [11].

Irrigation scheduling determines the amount of water ap-
plied to the plant (irrigation dose) and the application tim-
ing (irrigation frequency). Irrigation scheduling is made
one in two different ways, depending water budget based
on climatic data or soil and plant sensors [12].

In Turkey, irrigation for soilless agriculture production in
high technology greenhouses established in recent years
is scheduled according to the intensity of solar radiation.
In soilless culture, normal planning for irrigation accord-
ing to solar radiation intensity is one irrigation applica-
tion per 80 J.cm™. In this method, plants can be directed
towards the desired growth characteristics by decreasing
or increasing irrigation intervals. Increasing the irriga-
tion interval can increase salinity in the growing medium,
which increases fruit sugar and generative growth as it in-
creases plant stress [13].

Rainwater harvesting is the collection and accumulation
of the portion of the rainwater that passes to the surface

flow and the provision of water necessary for plant and an-
imal production as well as domestic consumption [14]. The
biggest problem that global climate change will create in
terms of sustainable agriculture in the future will be water
scarcity. In the future, in areas where water resources are
not sufficient, it will be of great importance to collect rain-
water and use it for greenhouse irrigation. However, under
these conditions, the gutters collecting rainwater and their
storage volumes water should be calculated based on the
amount of rainfall and daily water consumption [11].

In storing rainwater, the factors to be taken into consider-
ation when determining the storage capacity are the area
of the greenhouse area and the size of the storage area, the
distribution of rainfall, the total amount of rainfall, the wa-
ter requirement of the plant grown, and whether the storage
tanks to be planned will be used only for storing rainwater
or for a mixture made with waste or salt water [11]. In large
greenhouse enterprises with high technology, storage struc-
tures are constructed by taking into account the daily max-
imum water consumption during the production period.

This study aims to determine storage capacity for different
harvest rates and determine the rates of meeting water con-
sumption requirements with harvested rainwater by taking
into account the monthly rainfall and daily water consump-
tion for tomato production in high technology greenhous-
es in three different climate zones in Turkey, established in
compliance with TS 825 standards.

MATERIALS AND METHODS

In this study, the calculations are based on high technology
greenhouses in Turkey in different provinces set in compli-
ance with T'S 825, where greenhouse cultivation is common
and the daily solar radiation in these provinces: Antalya,
Mersin and Adana in Region I, Denizli, Yalova and Sanlur-
fa in Region II, Kirsehir and Kiitahya in Region III where
there are geothermal resources.

Determining Plant Water Consumption

Daily water consumption in greenhouses where soilless ag-
riculture is carried out has been determined according to
the intensity of solar radiation. In Table 1, monthly average
solar radiation values for the 2004-2018 (kWh.m?day)
provided by the General Directorate of Meteorology for
provinces located in different climatic regions are given. In
the calculation of daily water consumption depending on
the months, based on the values given in Table 1, 3 mL.m"*
irrigation water was calculated for 1 J.cm? radiation energy.

Determining Storage Pool Capacity

In determining the accurate rainwater storage capacity,
daily repetitions of rainfall are used. However, since these
values are not known for many areas, in this study monthly
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Figure 1. Amounts of water consumption based on monthly rainfall and intensity of solar radiation in Antalya, where green-
house cultivation is intensively carried out, and in Kirsehir, where geothermal greenhouse cultivation has become a practice.

rainfall amounts were used in order to determine the stor-
age capacity. The monthly amount of rainwater that can be
stored was calculated with Equation 1 [11].
CV_=Pre*R _ (L.m”month) (Equation 1.)
In the equation;

CV_: Amount of water harvested (L.mmonth™), R : Water
harvest rate (%), Pre: Monthly precipitation (mm.month).
In the calculations made, the R . value was taken as 40-90%.

Storable monthly rainfall was calculated with the help of
Equation 2:

STP =CV, -CWR -EV .
In the equation:

STP_: Monthly stored rainfall (Lm?month”), CWR :

Monthly plant water consumption (L. m?month™), EV,
Evaporation losses in the storage pool (L.m?month™)

(L.m?month?)  (Equation 2.)

ond”

In the calculations made, evaporation losses from the stor-
age pool were taken as 0, assuming that the pool surface
is covered with PE plastic. As a result of the calculations,
when the monthly storable precipitation amount (STP ) is
positive, the pool is filled, and when STP_ is negative, the
water in the pool decreases.

Storable annual precipitation depending on the stored rain-
fall per month was determined with Equation 3:

STPy:Z(+)STPm (L.m?month?)
The annual deficit due to plant water consumption was cal-
culated with Equation 4:
DefY:E(—)STPm (L.m?month™)
The stored annual precipitation amount was calculated with
Equation 5:

STBy=STPy—DefY (L.m?month)

While determining the storage capacity, the following con-
ditions were taken into account [15].

(Equation 3.)

(Equation 4.)

(Equation 5.)

1- When STB >0 or STP >Def the amount of stored water
will meet the water needs of the plants during the produc-
tion period. In this case, the storage capacity should be tak-
en as VST=Defy (Lm?).

When the precipitation changes over the months are large,
the storage volume should be increased. In this case, the
storage volume should be taken as VST=DefY (1+V )(L.m?).

2- If STBy<0 or STPy<Defy then stored rainfall is not suf-
ficient for irrigation. In this case, two conditions must be
considered:

(a) If the amount of stored rainfall is greater than the
monthly maximum rainfall collected (STP >CV_ ) then
the storage volume should be VST=STP, "and when the
precipitation variation due to months is large, it should be
determined asVST:STPy (1+V)).

(b) If the amount of stored rainfall is less than the month-
ly maximum rainfall collected (STP <CV__ ) then the
storage volume should be VST=CV_mmax, and when the
precipitation variation due to months is large, it should be
determined as VST=CV___ (1+V ).

FINDINGS

The plant water requirements calculated based on solar ra-
diation in soilless agriculture practices in high technology
greenhouses established in provinces located in different
climatic regions according to TS 825 are given in Table 2.
As can be seen from the Table 2, the highest daily water
requirement in all three climatic regions is in July.

The plant production period in greenhouses varies depend-
ing on the climate of the region. The production in high tech-
nology greenhouses in the provinces within Region I starts in
the last week of August and continues until the end of June.
The water consumption amounts during the production pe-
riod depending on the daily total radiation intensities of the
Antalya province located in Region I are given in Table 3.
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Table 4. The monthly rates of meeting water requirement and the required storage capacities in Antalya climate conditions when

90% of rainwater is harvested

Month Pre Cv_ d, CWR, CWR STP STP w_

mm/m’mon. mm/m’mon. L/m*day L/m’mon L/m’mon. L/m’mon. L/m?
January 242.1 217.9 31 2.3 71.3 146.6 359.5 0.0
February 154.4 139.0 28 2.8 78.4 60.6 420.0 0.0
March 97.2 87.5 31 4.7 145.7 -58.2 361.8 0.0
April 50.4 45.4 30 5.9 177.0 -131.6 230.2 0.0
May 32.1 28.9 31 6.9 213.9 -185.0 452 0.0
June 10.9 9.8 30 7.5 225.0 -215.2 -170.0 170.0
July 4.5 4.1 0 7.2 0.0 4.1 4.1 0.0
August 4.6 4.1 0 6.6 0.0 4.1 8.2 0.0
September 18.1 16.3 30 5.6 168.0 -151.7 -143.5 143.5
October 72.1 64.9 31 4.2 130.2 -65.3 -208.8 65.3
November 133.6 120.2 30 2.7 81.0 39.2 39.2 0.0
December 265.3 238.8 31 2.1 65.1 173.7 212.9 0.0
Total 1085.3 976.8 1355.6 378.8
Rate of meeting irrigation water 0.72

If it is assumed that there is no vegetative production in
the greenhouse due to the high temperature during July
and August in Antalya climatic conditions, the amount
of water consumed during the production period is 1.356
m’.m~?a’. According to different resources, the average
water requirement in greenhouses for summer months
can be taken as 5 L.m plant area per day or 0.15 m*m"
*month™. The annual requirement is 0.8-2.0 m>.m™>. An-
nual water requirement in irrigation with fogging method
can be 3 m*/m? or more [15].

The fact that Turkey has different climate zones leads to
different temperatures and different quantities of rainfall.
In Figure 1, monthly water consumption amounts in the
greenhouse based on monthly rainfall and intensity of solar
radiation have been given. The values are given for Antalya,
where greenhouse cultivation is a common practice and for
Kirsehir, where geothermal greenhouse cultivation has be-
come widespread in recent years.

In Antalya, where greenhouse cultivation is a common
practice, the amounts of rainfall in November-February pe-
riod exceed the water required for the plant production in
the greenhouse (Fig. 1). In the case of harvesting and stor-
ing rainfall during this period, a significant part of the plant
water required in the following months will be met.

Inner parts of Anatolia are insufficient in terms of rainfall.
When the rainfall and water consumption are examined in
Kirsehir, which is located in Central Anatolia and where
geothermal greenhouse cultivation has gained momentum
in recent years, it is seen that in the case of storing monthly
rainfall, a very small part of the monthly water consump-

tion can be met, yet this amount is not for storage (Fig. 1).
In Kirsehir, while rainfall cannot fully meet the water con-
sumption of the greenhouse in any month, it does not pro-
vide any possibility for storage.

The required storage capacities and the rate of meeting
irrigation water with rainfall according to the water con-
sumption quantities calculated depending on the monthly
amount of precipitation and intensity of solar radiation in
Antalya are given in Table 4. The highest precipitation in
Antalya climate conditions falls is observed in December
and the total annual precipitation is 1085.3 mm.m™> Con-
sidering that 90% of the rainfall on the greenhouse cov-
er surface is harvested, the amount of rainfall that can be
stored is 976.8 mm.m?year.

Under the climatic conditions of Antalya, when it is con-
sidered that greenhouse cultivation starts in the last week
of August and ends at the end of June, 8.2 L.m™? water can
be stored by collecting the rainfall in the months of July and
August. Assuming that 90% of the rainfall in September is
collected (16.3 L.m?month’) and that 8.2 1. m? water kept
in the tanks is used, only 14.6% of the 168 . m?month™* wa-
ter requirement in September will be met by precipitation.
The remaining amount of the irrigation water required in
September (143.5 L.m?month™) must be met from differ-
ent sources. While the amount of required irrigation based
on solar radiation decreases in October, with the increasing
amount of rainfall, the amount of irrigation water needed
from external sources is 65.3 L. m?month™.

In Antalya climate conditions, the collection of rainwa-
ter starts in November. As can be seen from Table 4, the
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Table 5. The monthly rates of meeting water requirement and the required storage capacities in Kirsehir climate conditions when

90% of rainwater is harvested

Month Pre Cv,_ d, CWR, CWR STP STP w_

mm/m’*mon. mm/m’mon. L/m*day L/m’mon L/m’mon. L/m’mon. L/m?
January 48.4 43.6 31 1.9 58.9 -15.3 28.4 0
February 35.2 31.7 28 2.6 72.8 -41.1 -12.8 12.8
March 39.3 354 31 4.2 130.2 -94.8 -107.6 94.8
April 41.5 37.4 30 52 156 -118.7 -226.2 118.7
May 44.8 40.3 31 6.6 204.6 -164.3 -390.5 164.3
June 34.6 31.1 30 7 210 -178.9 -569.4 178.9
July 8.3 7.5 31 6.9 213.9 -206.4 -775.8 206.4
August 7.9 7.1 31 6.3 195.3 -188.2 -964.0 188.2
September 12.9 11.6 30 52 156 -144.4 -1108.4 144.4
October 26.7 24.0 31 3.7 114.7 -90.7 -1199.1 90.7
November 36.4 32.8 30 2.2 66 -33.2 -1232.3 33.2
December 48.5 43.7 0 1.7 0 43.7 43.7 0
Total 384.5 346.05 1578.4 1232.4
Rate of meeting irrigation water 0.22

amount of irrigation water required due to the decreas-
ing solar radiation in November is 81 L.m?month* and
the amount of rainwater collected is 120.2 L.m™?month™'.
Under these conditions, the remaining 39.2 L.m?month™
of the collected rainfall can be stored. In the case of col-
lecting 90% of the rainfall after November in Antalya, it
is possible to meet the irrigation water in the greenhouse
without the need for water supply from external sources
until the end of May.

The water requirement and storage capacity calculated
based on monthly amounts of rainfall and water consump-
tion in Kirgehir, a province in Central Anatolia, are given
in Table 5. As can be seen from the Table 5, in the case of
greenhouse cultivation all year under Kirsgehir climate con-
ditions, planting in the greenhouse starts in the last week of
December and continues until the first week of December
of the following year. Under these conditions, the storage of
the rainfall in December takes place, and the storage capac-
ity of 43.7 L/m? is sufficient as the rainfall in the following
months meets only a small part of the monthly water re-
quirement. When 90% of the precipitation is harvested in
Kirsehir climate conditions, only 22% of the annual water
consumption can be met.

The rates of meeting irrigation water requirement with
rainwater depending on different rainwater harvest rates in
provinces located in different climatic zones according to
TS 825 standards are given in Table 6. By harvesting 90% of
rainwater in Antalya climate conditions, 72% of the annual
water requirement can be met. In the event that harvest rate
drops to 70%, this rate drops to 56%.
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40% e Anitalya
30% Adana
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10%
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Figure 2. Rates of meeting irrigation water requirement in
different provinces according to TS 825 based on rainfall
harvest rates.

As can be seen from Table 6, the rates of meeting irri-
gation water with harvested rainwater show significant
differences in the provinces located in Region I. If the
rainwater harvest rate is 90% in Antalya, the irrigation
water is met 72%, while this rate is 47% in Adana and 42%
in Mersin. This shows that the rate of meeting irrigation
water requirement is influenced by the amount of precip-
itation rather than the temperatures in different regions.

In Figure 2, the rates of meeting the irrigation water with
rainwater for different rainfall harvest rates are given for
the provinces of Antalya, Adana and Mersin, which are
located in Region I according to TS 825 standards and
where greenhouse cultivation is intensely carried out. As
can be seen from the figure, depending on the increase
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Table 6. Rates of meeting irrigation water requirement with rainfall in different climatic regions according to ts 825 based on

rainfall collection rates

TS825 region Region I Region II Region II1
Provinces Antalya Adana Mersin Yalova Denizli Sanlurfa Kiitahya Kirsehir
Rainfall (mm/m?) 1085 671 616 757 572 464 562 385
Harvest rate (%)

90 72 47 42 54 40 32 32 0.22

80 64 42 37 48 35 29 29 19

70 56 37 32 42 31 25 25 17

60 48 31 28 36 26 21 22 15

50 40 26 23 30 22 18 18 12

40 32 21 18 24 18 14 14 10

Table 7. Storage volumes based on rainwater harvest rates in different climatic regions according to TS 825 (L.m?)

TS825 region Region I Region II Region II1
Provinces Antalya Adana Mersin Yalova Denizli Sanlurfa Kiitahya Kirsehir
Rainfall (mm/m?) 1085 671 616 757 572 464 562 385
Harvest rate (%)
90 420.0 95.9 95.9 117.7 36.9 28.3 76.4 43.7
80 340.5 64.0 70.1 89.1 20.8 11.5 62.5 38.8
70 261.0 40.1 44.3 60.3 18.2 3.8 54.7 34.0
60 182.3 16.3 18.7 37.2 15.6 3.2 46.9 29.1
50 117.4 10.0 9.3 17.1 13.0 2.7 39.1 24.3
40 66.5 8.0 7.4 12.7 10.4 2.2 31.2 19.4
30 15.8 6.0 5.6 9.5 1.6 23.4

in rainwater harvest rate, irrigation water coverage rate
increases linearly. Among the provinces located in Region
L, the highest rainfall occurs in Antalya, while the amount
of rain decreases from the western Mediterranean to the
eastern Mediterranean. When 90% of the rainfall is col-
lected in Adana climate conditions, 47% of the irrigation
water need can be met, while this value is 42% in Mersin.

The rate of meeting irrigation water requirement from
rainwater is the lowest in Kirsehir, which is located in
Region III. Table 6 shows the percentages of meeting irri-
gation water requirements at different rainfall collection
rates in provinces located in different climatic zones.

It is necessary to know the volumes calculated according
to the monthly rainfall and water consumption in order
to resize the tanks to be established for storing rainwa-
ter. In Table 4, the storage volumes calculated depend-
ing on the monthly rainfall and plant water requirement
in Antalya climatic conditions are given. As can be seen
from the calculations made, if 90% of the rainwater is
harvested, the highest storage volume is in February
with 420 L.m?month'.

When the rainfall harvested in the regions with low amount
of rainfall covers some of the water consumption, storage can-
not be made. As can be seen from the calculations in Table 5
made for Kirsehir, where rainfall amounts are low, rainfall is
not stored as the monthly rainfall amounts meet only a small
part of the water consumption. Since irrigation water is not
needed only in December, when planting is carried out, it is
possible to store rainfall in this month.

Storage volume varies depending on harvested rainfall and
water requirement. In Table 7, the maximum storage volumes
calculated based on different rainwater harvest rates in prov-
inces in different climatic zones according to TS 825 standards
are given. As can be seen from the Table, depending on the
amount of rainfall, the highest storage volume occurs in Anta-
lya, while the lowest storage volume is calculated for Kirsehir,
where geothermal greenhouse cultivation is practiced.

CONCLUSION AND EVALUATION

74% of Turkey's current water consumption is in agricul-
ture while domestic use and industrial use are 15% and 11%



Environ Res Tec, Vol. 5, Issue. 2, pp. 188-196, June 2022

195

respectively. Turkey's growing need for water has increased
the pressure on resources. Global climate change and the
gradual reduction of water resources may put the sustain-
ability of agricultural production, which has important con-
tributions to human nutrition, at risk in the coming years.

Reducing water consumption in agriculture will be possible
by increasing water use efficiency (WUE). In Turkey, which
follows Spain in Europe in terms of greenhouse area, in-
creasing water use efficiency will be possible by collecting
the rainwater that reaches greenhouse surface and using it
for irrigation rather than implementing water constraints.

For harvesting and storing the rain water reaching the
greenhouse cover surface, it is necessary to resize the wa-
ter gutters in the greenhouse structures and to accurately
determine the storage volumes to be installed. When deter-
mining an accurate storage volume, daily rainfall and daily
water consumption quantities should be known. However,
it is not possible to obtain the daily amount of rainfall for
every location. For the stated reason, monthly total precipi-
tation is taken as a basis in determining the storage volume.

Along the Mediterranean coastline, where greenhouse cul-
tivation is a common practice, rainfall shows significant dif-
ferences. While the annual precipitation amount in Antalya
is 1085 mm.year, it is 671 mm.year' in Adana and 616
mm.year” in Mersin. In the case of harvesting 90% of rain-
water in the production under cover in Antalya, 72% of the
annual water consumption can be met, while in Adana and
Mersin the rates are 47% and 42%. In the case of harvesting
90% of rainwater, the required storage volume in Antalya is
420 L.m?, while it is 96 L.m™ in Adana and Mersin.

In areas where terrestrial climate is dominant and geother-
mal greenhouse cultivation is carried out, the amount of
rainfall is considerably low. Total annual precipitation in
Kiitahya is 562 mm.year’, and in Kirgehir it is 385 mm.
year. In the study conducted, it has been shown that in the
case of harvesting 90% of the rainwater in Kiitahya climatic
conditions, 32% of the annual water consumption can be
met, while only 22% of it can be met in Kirsehir.

In order for the irrigation water in the greenhouses to rest
and not to risk the product in the greenhouse, the water
tanks installed should be of a sufficient size to meet the irri-
gation water need for at least two days. Considering that the
effective size of greenhouses established as large enterprises
is 20160 m? the maximum water requirement in June in
the Mediterranean region and in July where the continental
climate prevails is 150 m®.day”. In this case, the capacity
of the water tank to be installed should be at least 300 m>.
Whenever possible, the tanks to be established for storing
rainwater should be built in a closed area within a green-
house tunnel. Under these conditions, evaporation of water
is prevented during hot periods, and frostbite can be pre-
vented during cold periods. The diameter of the pipes that
will carry the water to the collection tanks varies depending

on the greenhouse floor area. The diameter of the collecting
pipe should be 125 mm if the area where the rainwater will
be harvested is 400-700 m* and 150 mm when the collec-
tion area is 700-1200 m? [11].
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