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INTRODUCTION

Groundwater is the essential component and form of the

ABSTRACT

Groundwater is regarded as an important supply of drinking water, as well as for agricultural
and industrial purposes. Groundwater pollution worsens as a result of several contaminants
such as industrial, urban, and agricultural activities, and the difficulty is to select appropriate
groundwater remediation methods. This research develops a technique for assessing the sustain-
ability of groundwater remediation methods by integrating the Multi-Criteria Decision Making
(MCDM) method with a Fuzzy Inference Engine. A standard approach for assessing the sustain-
ability of groundwater remediation systems has been developed, consisting of four major crite-
ria: economic, technical, environmental, and social. Following the calculations and determining
the priority of all the criteria and techniques based on the weights, the results show the sequence
of technologies in which Pump and Treat is the best with 7.83, followed by air stripping with
7.04, and monitored natural attenuation and permeable reactive barrier were the last with 3.70
and 3.19, respectively. The criteria that give P&T the most weight is both the technical and social
criterion, with a weight of 8.18, while the criterion with the lowest weight was the economic
criterion, with a weight of 4.22. The technical, environmental, and social aspects of P&T were all
high, making it the optimum technology where the decision-maker or stakeholder can deal with
the decline in the economic component, which is also proof of P&T's preferability and the most
sustainable one, and It was also feasible to examine all options to determine which factors are
reducing their sustainability and which should be addressed in order to enhance sustainability.

Cite this article as: Idris SS, Topuz E. Developing an approach for the sustainability assess-
ment of groundwater remediation technologies based on multi criteria decision making. En-
viron Res Tec 2021;4:4:293-307.

second biggest freshwater resource after polar ice caps.
Groundwater is created by Karst formations from the dis-
solution of soluble rocks such as limestone, dolomite, and

world's freshwater resources (about two-thirds); it is the gypsum and is found in pore spaces in the ground [1].
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Groundwater is more valuable than surface water since it
is utilized for solely practical needs such as drinking and is
rarely used in situ for non-consumptive goals; however, it is
now used for irrigation in some areas. Groundwater bodies
differ from surface water bodies, as evidenced by the fact
that they are used differently [2]. Unfortunately, ground-
water resources are polluted or contaminated because of
anthropogenic activities [1]. A deterioration of the phys-
ical, chemical and biological characteristics decreases the
water quality [3]. Groundwater pollution occurs due to the
high amount of contaminant brought to the groundwater
through filtration, sorption, chemical processes, microbio-
logical decomposition, or dilution. Groundwater pollution
can affect or could be affected by many factors including
environmental deterioration [4], global warming [5, 6],
depletion of the ozone layer [6], impacts on the health of
living organisms [3] and reduced efficiency or infertility
of farmlands and crop fields [7]. Pollution of groundwater
can lead to health concerns, degradation of the ecology, and
shortages of water. Health issues may include minor con-
ditions such as nausea, vomiting, irritation of the eyes and
nose, diarrhea, or chronic conditions, such as cancer, hep-
atitis, kidney damage, anemia, nervous system problems,
circulation problems, bone conditions, hair loss, and prob-
lems with reproduction. It might lead to serious illness, and
in rare circumstances, it could lead to death. Water scar-
city can happen due to high dependence of the people on
groundwater in their daily life [3].

Treatment aims to preserve the health, environment,
and agricultural lands of humans and remove hazardous
products, components, or pollutants which affect soil and
groundwater or reduce the risk of pollutants [8] and make
groundwater clean and appropriate for use in humanity and
agriculture [9]. Also, It can be used in aquifers to increase
the water level. In addition to reducing water pollution lev-
els and diluting water composition. So, groundwater may
be used to preserve resources in the groundwater [10].

Many pollutants affect the soil and the groundwater with
harmful impacts such as different industrial wastes and
processes [9, 11], pesticides and organic and non-organic
pollutants [12], mineral oil and heavy metals [8] such as
Arsenic [13], grey water footprint (GWF) which contain
Nitrate, and Arsenic [10].

Groundwater must be cleansed before it can be used as a
water resource, and the purification process is known as
remediation. Technical concepts for remediation can be di-
vided into physical, chemical, biological, stabilization, and
thermal treatment procedures; depending on the site, these
remediation methods might be in-situ or ex-situ. Contain-
ment, pump-and-treat, extraction, stabilization/solidifica-
tion, soil washing, air stripping, precipitation, vitrification,
thermal desorption, and bioremediation are the most wide-
ly employed methods [14]. These technologies each have

their performance and preferences in a variety of areas;
thus, stakeholders or decision-makers must assess and pick
the appropriate technology to fulfill their goals. This option
is hard to make owing to the challenges of remediation,
such as significant expenses [3], presence of the chemical
compounds, which makes it a challenge to remove them
from the surrounding soil and the groundwater itself [15].
Furthermore, unlike surface or air pollution, the primary
difficulty is that it is below ground and undetectable; de-
cades might pass before it is ever recognized. Because it is
subterranean and three-dimensional, quantifying and map-
ping is difficult. As a result, several costly cores may need to
be drilled to determine their location, and even then, some
educated guesswork is required. Furthermore, groundwater
does not stay in one location for long, allowing pollutants to
enter drinking water aquifers and necessitating costly pu-
rifying operations [16]. After identifying the source of the
groundwater contamination, the requirement for remedi-
ation remains an impediment to selecting the appropriate
technology to provide the greatest treatment. In terms of
sustainability, there are numerous uncertainties connected
with the choice of groundwater remediation techniques.
Regulatory, political, and legal concerns can all be stum-
bling blocks. If the party responsible for the pollution is not
readily identified or is no longer in business, responsibility
may be determined in court prior to the commencement
of the cleanup procedure. When remediation work does
begin, ground conditions and the components inside the
earth may have changed from when the initial assessment
was made [1]. The nature of the technology is almost all
under the barriers of technological change and innovation
in general, so spending a long time to choose the best tech-
nology can be harmful, not beneficial because every day
a new update could occur, and more impact is happening
[15]. Diseases are widespread among many populations or
the impact of plants and animals from the pollution [2, 3].
Factory owners and facilities close to groundwater sites do
not agree to stop work until the problem is solved and are
not excluded from being a party to pollution until this is
proven [17].

Sustainability assessment can be used to pick the right tech-
nology in groundwater remediation among many choices;
to achieve the target or the goal of the stakeholders or the
decision-makers. Sustainability assessment examines the
performances of different alternative technologies based on
their economic, technical, social, and environmental [11],
[18]. Political aspects are also included in sustainability as-
sessment in some studies [11]. These aspects include sev-
eral criteria that should integrate into the groundwater re-
mediation technologies' sustainability assessment [11, 18].

Multi-Criteria Decision Analysis (MCDA) is a method for
making the decision process in a structured and well-orga-
nized way, thus providing decision support when there is
a large amount of detailed information. MCDM is widely
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used in management and decision-making, particularly in
environmental and energy problems [11, 18, 19]. MCDM
has many methods that are used in the determination and
weighting the best alternative and the most useful criterion,
such as Hierarchy Process (AHP), PROMETHEE (Prefer-
ence Ranking Organization Method for Enrichment Eval-
uation), TOPSIS (Technique for Order Preference by Sim-
ilarity to an Ideal Solution), and Analytic Network Process
(ANP) and fuzzy-AHP. AHP is the most frequently used
method in many environmental studies [11, 18].

There are previous studies in the literature, including the
evaluation of groundwater remediation technologies. There
is an integration between formulation and computation
methods in the earlier studies; however, their computation
efficiency is still open to improvement because of uncer-
tainties in many techniques used in groundwater remedi-
ation. Other alternatives should be added, like genetic al-
gorithm methods as mentioned in [1]. In [3], dealing with
multiple uncertainties in real-world cases was shown, scores
were evaluated based on economy and technology with
four-time periods only using AHP. Some studies focused
on specific pollutants for selection remediation technolo-
gies like [13] that focused solely on removing the arsenic
compounds from the groundwater or criteria for selecting
technologies were very limited [19]. Another practice for
sustainable remediation for contaminated groundwater is
based on Decision Making Trial and Evaluation Labora-
tory (DEMATEL) and Analytic Network Process (ANP).
Although these methods were beneficial, it is limited to ex-
ecute for remediation measurement. Therefore, it is needed
to propose an approach that can tolerate the uncertainties
related to the implementation of remediation technologies,
count all sustainability aspects including technical, eco-
nomic, social, and environmental, and be used for all types
of groundwater remediation projects independently from
pollutant or location.

In this study, the main goal is to develop a novel framework
for the sustainability assessment of groundwater remedia-
tion technologies by using AHP through the combination
of Fuzzy Inference Engines (FAHP). Because searching for
the most sustainable technology for groundwater remedi-
ation demands multiple decision criteria that may contain
environmental, technical, economic, and social aspects.
A fuzzy inference engine can provide tolerance for the
uncertainties related to the implementation of remedia-
tion technologies since the expert opinions can be quan-
tified. Our approach aims to support decision-makers in
selecting the most appropriate groundwater technology
for their cases based on sustainability since this approach
can serve for any kind of groundwater pollution in any
place. Sustainability assessment for groundwater remedia-
tion technology has four main criteria: Economic criteri-
on, which means all economical and cost belongings. The
technical criterion used generally with the field relates to

technology. The environmental criterion means a most of
most negative impact on the environment. The social cri-
terion studies the maximization of the social welfare of
people. Every criterion has its sub-criterion, and all will
be explained in detail [11, 18-20].

MATERIALS AND METHODS

Proposed Sustainability Assessment Approach for
Groundwater Remediation Technologies

An approach for the sustainability assessment of ground-
water technologies using AHP and a fuzzy inference engine
was proposed in this study. AHP includes a set of criteria,
and the evaluation of these criteria relies heavily on pre-
vious reviews and/or the opinions of experts and surveys.
If the decision-maker is in a state of ambiguity and, then
fuzzy logic is the ideal technique in this case. AHP method
is not very efficient when a user preference cannot define
intelligibly since it cannot reflect vague human thoughts.
Therefore, using the fuzzy inference engine instead of an
averaging technique provides expert opinions for quan-
tification. Fuzzy numbers can include the scoring step of
AHP methodology, and the fuzzy inference engine can be
adapted to the last calculation step of AHP. This combined
version of AHP can be called FAHP. AHP establishes the
hierarchy, and the fuzzy set concept makes the scoring and
comparison process resilient and eligible to expound ex-
perts’ preferences. The score of each criterion and the com-
parison values are given by three numerical values, triangle
fuzzy sets [22]. And final quantification is made using fuzzy
inference engine rules.

Developing the Hierarchy For AHP

The first procedure is building a hierarchy for the deci-
sion. The AHP problem hierarchy contains a goal (deci-
sion to be made), various alternatives for getting that goal,
and insignificant criteria on which the other options can
be judged that connect to the purpose. The first level of the
hierarchy is the target; in our case, the goal was to assess
groundwater remediation technologies' sustainability. The
second level in the hierarchy is setting the main criteria:
sustainability assessment criteria, Economic, Technical,
Environmental, and Social. The third level is to determine
sub-criteria. Considering those requirements, a combined
simplified decision hierarchy to pick out an appropriate
technology for the groundwater remediation process, [22]
as shown in Figure 1. Fourth level is the alternatives which
are selected among the most commonly applied ground-
water remediation technologies [11, 19, 23] to demon-
strate the application of the proposed approach consists
of; Pump-treat (P&T), Monitored natural attenuation
(MNA), Permeable reactive barriers (PRB), and Air sparg-
ing (AS). Users of this approach are free to select their al-
ternatives for their cases.
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Pump-Treat (P&T)

Monitored Natural
Attenuation (MINA)

Permeable Reactive

Barriers (PRB)

Air Sparging (AS)

Figure 1. Proposed hierarchy for the sustainability assessment of groundwater remediation technologies.

Table 1. Criteria and sub-criteria for sustainability assessment for groundwater remediation technologies

Criteria Sub-criteria Abbreviation Reference
Economical 1. Capital Cost. E1l [8], [9], [11], [19], [21]
2. Operation and E2 [11], [19], [21]
Maintenance Cost.
3. Detection and E3 (11, [19], [23]
Analysis Cost.
Technical 1. Effectiveness. T1 [11],[19], [25]
2. Time for Remediation. T2 [11], [19], [23]
Environmental 1. Effect of Pollution. \2! [9], [11], [23]
2. Production of CO2. V2 [12], [26], [27],
3. Land Use. V3 [91, [25], [28]
Social 1. Public Health. S1 [81, [9], [11], [19]
2. Public Acceptance. 52 [8], [9], [19], [25]

Environmental sustainability is accountable interaction with
the environment to evade depletion or regression of nature
resources (in our case is groundwater) and permit for long-
term environmental quality. Many criteria influence the sus-
tainability of remediation technology. In this study, ground-
water remediation technologies' sustainability was evaluated
using four sets of criteria classified as economic, technical,
environmental, and social. Used current knowledge and
previous data in the remediation of groundwater from con-
taminations to determine the criteria. Split economic crite-
ria into the next three sub-criteria were made: Capital cost,

Operation and Maintenance cost, and Detection and Anal-
ysis Cost. Technical criteria were divided into effectiveness
and time for remediation. Effect of pollution, Production of
CO,, and Land use were taken as sub environmental criteria.
Finally, public health and Public acceptance were evaluat-
ed as sub-social criteria. All these criteria are illustrated in
Table 1. These criteria are composed in the context of this
study and their necessity is explained with the scientific ref-
erences below. Users of this proposed approach are free to
disclude any criteria that are not relevant to their cases or to
include any criteria that are needed for their cases.



Environ Res Tec, Vol. 4, Issue. 4, pp. 293-307, December 2021

297

Table 2. Sustainability variables and their membership functions (economical,

technical, environmental, social)

Aspect Definition Fuzzy scale
Very Low This criterion has no effect on sustainability (0,0,2.5)
Low This criterion has a small effect of sustainability (0,2.5,5)
Medium This criterion has a medium effect on sustainability (2.5,5,7.5)
High This criterion has a high effect + (5,7.5,10)
on sustainability
Very High This criterion has an extreme effect on sustainability (7.5,10,10)

Economic Criterion

Capital Cost: The capital cost indicates the establishment
of plants and facilities for groundwater remediation [8, 9,
11, 18, 20].

Operation and Maintenance Cost: The operation and main-
tenance costs are linked to the outlays of operation and
maintenance of the plants and facilities for groundwater
remediation [11, 18, 20].

Detection and Analysis Cost: The detection and analysis costs
contain all the outlays for analysis and detection when utiliz-
ing the technologies for groundwater remediation [11, 18, 22].

Technical Criterion
Effectiveness: It means the effectiveness of remediation for
waste removal from groundwater [11, 18, 23].

Time for remediation: The time for remediation represents
the needed time for groundwater remediation [11, 18, 22].

Environmental Criterion

Effect of pollution: It measures the integrated environmen-
tal impacts when applying the technologies for groundwa-
ter remediation [9, 11, 22].

Production of CO,: This criterion refers to the total amount
of CO, emissions that should be avoided if the groundwater

remediation or the mechanisms leads to it [12, 25, 26].

Land use: This criterion is used to analyze the land that will
be used for the groundwater remediation process [9, 26, 27].

We have to mention that, In recent years, global warming
has become an environmental challenge as a result of green-
house gas emissions (GHEs), and both are severe issues.
GHE:s are released from carbon dioxide (CO,), methane
(CH4), and nitrous oxide (N20) [28-31], as well as water
vapor, ozone, chlorofluorocarbons, and sulfur hexafluoride
[28], all of which are generated by wastewater treatment
plants (WW'TPs) [28, 29].

There are two types of WWTPs sources. On-site or direct
source emissions from fossil fuel burning, methane emis-
sions, and process emissions of other greenhouse gases
[28], collection system emissions [29], emissions related to
the biochemical treatment process, and microbiological ac-
tivity in wastewater [31] are among them.

Off-site or indirect sources are emissions from electricity
use in the plant [28, 30, 31], heat, air consumption, trans-
portation, chemical use, and sludge stabilization and dis-
posal and reuse processes [29, 31].

CO, was the most significant greenhouse gas released as a
result of the biodegradation of organic and inorganic com-
pounds [28, 31].

As a solution to this hazardous problem of reducing GHG
emissions from various industrial facilities, we may min-
imize energy consumption, which will also improve the
economics [28] and process equipment (with the majority
focused on biological processes including activated sludge,
stabilization ponds, and aerobic reactors) [31], biogas re-
covery decreased greenhouse gas emissions as well [29].

Social Criterion

Public health: It measures the effect on the residents' health
when applying the technologies for groundwater remedia-
tion [8, 9, 11, 18].

Public acceptance: This including the acceptance of the
technologies for the groundwater remediation process [9,
18, 24], also it is the acceptance of the land that will use [8],
furthermore it indicates that citizens accept all the effects of
starting a project such as noise, turbulence, road blocking,
and odors if there is [24].

Create the Scale

Sub-criteria in the hierarchy were scored to assign the
degree of its importance for the groundwater remedia-
tion process's sustainability. The scale for the scoring in
this study is given in Table 2. To deal with the suspicion
of information in real problems, the fuzzy sets theory was
progressed by [32]. It is natural that the scores “excellent”
and “very good” may have some snarl in concepts. If it is
the case, the overlap can be described using fuzzy sets in
the grade definitions. Membership functions are used for
the quantifications of fuzzy set grades. The other scoring
step in the FAHP method is performing the priority evalu-
ation of criteria using pairwise comparison. The triangular
fuzzy number was defined with three parameters as (I, m,
u) where, respectively, “I” denotes the smallest possible val-
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Table 3. The pairwise comparisons scale of criteria with related to goal with fuzzy

numbers [34]

Judgement value AHP scale Fuzzy scale
Equally preferred 1 (1,1,1)
Moderately preferred 3 (2,3,4)
Strongly preferred 5 (4,5,6)
Very strongly preferred 7 (6,7,8)
Extremely preferred 9 9,9,9)
Intermediate values 2,4,6,8 (1,2,3), (3,4,5), (5,6,7), (7,9,9)

ue, “m” indicates the most promising value, and “u” denotes
the most considerable potential value to describe a fuzzy
event. To determine the relative importance for two criteria
in fuzzy AHP-matrix, Triangle Fuzzy Scale was used [33],
as shown in Table 3.

Identification of Alternatives

Groundwater pollution is one of the most significant risks
because the danger is not limited to the environment only.
Still, it is considered a substantial threat to a large class of
people who relies on this groundwater as a source of life.
The contaminant that leads to groundwater pollution is
sourced from different cases, including from factories or a
problem with oil pipelines, and many others. In this study,
the goal remains to assess the most sustainable remediation
technology to refine groundwater and make it suitable for
its beneficial use. Four alternatives have been found that can
all perform the process of technology and treatment. Still,
the choice remains among them linked to certain criteria,
and these criteria are economic, technical, environmental,
and social, which include several sub-criteria as well.

The method used is FAHP, which they use to set the pro-
portional of the alternatives with consideration to each cri-
terion for sustainability assessment and for calculating the
weight coeflicients of the criteria in the final hierarchy and
ranking the sustainability gradation of the alternative tech-
nologies for ground-water remediation.

The alternative technologies are selected among the most
commonly used ones in the literature to demonstrate the
application of the approach. The users of this approach can
determine their alternatives for their cases.

(1) Pump-treat (P&T): This method is the most used,
this technology contains pumping out contaminated
groundwater with the utilize of a submersible or vacu-
um pump, and it can make the removed groundwater be
purified on the surface of the ground.

(2) Monitored natural attenuation (MNA): This technology
is a technique utilizing to observe or examine the prog-
ress of natural processes that can decay contaminants in
groundwater, consisting of biological degradation, vola-
tilization, dispersion, dilution, radioactive decay, etc.

(3) Permeable reactive barriers (PRB): The emplacement of
a permeable barrier performs this technology include
reactive materials across the flow path of the contam-
inated groundwater to intercept and treat the contami-
nants as the plume flows through it under the influence
of the natural hydraulic gradient.

(4) Air sparging (AS): This method encompasses air injec-
tion under pressure into saturated zone soils. The inject-
ed air dislodges water and creates air-filled porosity in
the saturated soils, volatilizes and takes dissolved and
adsorbed phase Volatile Organic Compounds (VOCs),
and transfers oxygen into the groundwater [11, 18].

Scoring Step

After explaining the sustainability criteria and giving the
scoring scales for applying the proposed fuzzy-AHP ap-
proach for selecting the most suitable groundwater re-
mediation technology, the first step is to evaluate each
alternative according to each criterion in Figure 1. Using
Fuzzy-AHP is considered among the best ways to handle
complex structures such as sustainability assessment, a
complex multi-criteria problem. It is affected by multiple
factors and needs more analysis to reach, define and assess
factors in a systematic manner. Decision-maker asks the
question that could determine the criteria for measuring
the sustainability performance of the groundwater remedi-
ation technologies. In this study, Fuzzy AHP has been used
to determine the best sustainable alternative for groundwa-
ter remediation. After developing the hierarchy and scale
for scoring, each criterion in the hierarchy is scored based
on their contribution to sustainability. It is worth pointing
out that the users are allowed to add more or delete some
criteria for the sustainability assessment of groundwater
remediation technologies according to their actual condi-
tions and stakeholders' preferences [11, 18]. Scoring can be
made by literature review or/and expert opinion, which can
be asked by the questionnaire, E-mail, or meetings. Here,
in the absence of data, the evaluation was made by the au-
thor's opinion based on the (if-then) rule. The numbers or
the score was taken with fuzzy numbers, as a quantitative
domain of linguistic expression which is transferred unified
trapezoidal fuzzy number (STFN) shown in Table 4. These
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Table 4. Scores that are given for each alternative in fuzzy numbers transferred standardized

trapezoidal fuzzy number (STFN)

Criteria (P&T) (MNA) (PRB) (AS)

CAPITAL COST (E1) 2 4 7 9 5 7 4 6

ECO O&M COST (E2) 3 7 9 6 8 4 6
D&A COST (E3) 6 8 7 9 7 9 8 10
EFFECTIVNESS (T1) 8 0 2 4 4 6 71 9

TEC TIME F REM (T2) 2 4 1 3 7 9 4 6
EFF OF POL (V1) 6 8 7 9 4 6 2 4

ENV CO2 PRO (V2) 5 7 7 9 6 8 5 7
LAND USE (V3) 2 4 5 7 4 6 3 5

PUP HEAL (S1) 7 9 4 6 4 6 3 5

SOC PUP ACC (S2) 8 10 1 3 5 7 5 7

trapezoidal membership functions can be shown as A= (al,
a™, a”, a%), then numbers will be converted into STFN as
a™=a", a numerical range correlate to al=am and an=au. If
we assume the STFN values were expressed by a‘j:(a‘ij, a”,
a”;, a",), then to find a, values, we have to find them using

the following Equation 1:

1 m n u
_ aii+2*(aij +aij)+ai]-

ay = —— 0 (1)

1) 8

Economical Criterion

The main question is, what is the degree of sustainability of
the alternative in terms of economic criteria? If the technol-
ogies' costs concerning these criteria are small, the technol-
ogies will be less sustainable in terms of economic criteria.
Scoring of the alternatives was made using linguistic vari-
ables in Table 2, and the literature review given in Table 1
was considered for scoring. They were assigned from “Very
Low” to “Very high” considering sustainability principles'
costs. Economic criterion contains Capital Cost, Operation
and Maintenance Cost, and Detection and Analysis cost.
The scoring was made based on the references and author’s
opinion as shown in Table 4 [11, 18]. for cost in general,
P&T has the highest cost because it has the lowest scores, we
can see that in the capital cost, which is the highest among
the other alternatives, according to that the preferability will
be low, so, that mean the high price leads to low sustainabil-
ity. Operation and maintenance cost is also the highest due
to the number of occupational and facilities. The number
of wells that make all these facilities need more price, the
same is here, the increase in operation and maintenance cost
means to decrease the sustainability. As we mentioned, the
number of facilities and the large used spaces needs efforts
and money to prepare, detect and analyze them, so detection
and analysis cost. However, it is not the highest, still has an
effect on sustainability and decrease the preferability as well.
So, P&T has the most increased cost, but to take the final de-
cision, all factors will be studied, not only the cost. AS is the
second-highest cost, then PRB, and the lowest cost is MNA.

Technical Criterion

The technical aspects also significantly impact sustainability,
not only on groundwater remediation, but it considers a suf-
ficient criterion in most sustainability systems. So, the sustain-
ability will be high if the quality of the alternatives' technolog-
ical aspects is high because it is a benefit type. The technical
criterion includes the effectiveness of the remediation process
for contaminated groundwater and soil surrounding it and
the duration of groundwater's remediation process. Linguistic
variables in Table 2 were used. The scoring was made consider-
ing the literature's knowledge and author’s opinion [11, 18, 34].

Starting with efficiency, which means the quality of removal
of pollutants, P&T is the most efficient alternative; this ef-
ficiency leads to high sustainability and high preferability,
so it has the highest scores. Looking at the time of remedia-
tion, the time in P&T is mostly long, it takes years, and this
time will affect sustainability, which leads sustainability to
decrease. So, the time of remediation is the longest, and it
takes the lowest scores. AS, PRB and MNA arranged gradu-
ally from highest to lowest, as shown in Table 4.

Environmental Criterion

The environment is the groundwater source, so preserving
from any contaminations or pollution is the main goal. if its
sub-criterions' values are low, that means the sustainability
will be low, as shown in Table 3.

Environmental criterion consists of Effect of pollution, Pro-
duction of CO,, and land use. They measure the integrated
environmental impacts when applying the technologies for
groundwater remediation and the maximum possible area
that will be used. The soring was made by considering the
knowledge in the literature shown in Table 1.

When we look at the environmental factors in P&T, AS, and
PRB, the scores are almost low, or medium, which means
their sustainability is somewhat low; even if the difference is
so slight, it is still low. Except for MNA because it is a mon-
itoring method more than a remediation method.
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Table 5. Pairwise comparison of sub-factors factors and their converted numbers in STEN

E1 E2 E3
E1 1 1 1 1 1 1 3 3 2 2 4 4
E2 1 1 0.33 0.33 1 1 1 1 1 1 1 1
E3 0.5 0.5 0.25 0.25 1 1 1 1 1 1 1 1
T1 T2
T1 1 1 1 1 6 6 8 8
T2 0.1666 0.1666 0.125 0.125 1 1 1 1
\2! V2 V3
Vi 1 1 1 1 2 2 4 4 7 7
V2 0.5 0.5 0.25 0.25 1 1 1 1 4 4 6 6
V3 0.2 0.2 0.142 0.142 025 0.25 0.166 0.166 1 1 1 1
S1 S2
S1 1 1 1 1 4 4 6 6
S2 0.25 0.25 0.1666 0.1666 1 1 1 1

The Effect of pollution on P&T and its environmental im-
pact is medium, which could mean medium preferability
and sustainability. Also, the Production of CO, is medi-
um, also AS, but comparing with PRB, so its sustainability
is better than PRB. The land used for both AS and P&T
is low sustainable due to low scores and big used lands.
So, in environmental factors, the results are almost close
except MNA.

Social Criterion

Social aspects are considered significant in terms of sustain-
ability, as they are the first and last beneficiaries of resourc-
es. A class of society uses these resources as the primary
source of their lives; therefore, it is essential to follow these
sources and their validity. If the value of public health is
high and the people's acceptance, that means sustainabili-
ty will be better. So, the measure of social aspect is based
on investigating the effect on public health, which mea-
sures residents’ health when applying the technologies for
groundwater remediation.

Linguistic variables in Table 2 were used, and scoring was
made by using the literature knowledge given in Table 1.
Public health and public acceptance have somehow high
scores, which means the acceptance of people was high. The
effects of P&T on their health were low or medium, which
means when the people's acceptance is high, sustainability
is high, and when public health is not affected too much or
not be affected, that also means the sustainability is high, as
shown in Table 4.

Compare Factors Pairwise and Conversion to STEN

Each sub-criterion is compared to the other sub-criteria
under the same group's main criterion based on its relative
contribution to the sustainability assessment. Chang’s 1-9

scales are used for double comparison [33]. Significance
ranges from the number 1, which is equal in importance, to
the number 9, representing the most important. If there are
slight differences between the factors, scales (2, 4, 6, and 8)
are used (Saaty, 2001), as shown in Table 3. Experts can give
their scores on a fuzzy scale if necessary, but the pairwise
comparison was based on previous data. The next step is
to convert scores to STFN. Since the scores for measuring
a factor index and even pairings are in different forms, it is
necessary to convert them into a familiar model before per-
forming the calculations. STFN and conversion equation is
preferred for this study. The trapezoidal organic function
can be transformed in the form A= (al, a™, a" a“). In trian-
gular fuzzy numbers are converted into STFN as a™=a", a
numerical range coincides with a'=a™ and a"=a", in Table 5
all this data was shown [11, 18, 35, 36].

Calculate Priority Weights
To calculate priority weights (w,) of criteria in comparison
matrix Table 6, Arithmetic

the averaging method is given in Equation 2:
ajj

k=1 akj

)

Which aij is the defuzzied form of a score that is given for
the comparison of F, and F. agent in the same level in which
there are n agents. If total STEN is shown as aij:(alij, a”, a”,
a“,), the crisp value of a, can be calculated by using defuzzi-
fication Equation 1 above.

i .
w; = ;Z?:l L] = 1,2, W, N
J

W' or the weight of factor index in the hierarchy. W (i) sec-
tion points to the priority weight of i section above.

Factor index in the case of being t level above it which is
given in Equation 3:

€)

wi = w; * [, w® section
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Table 6. Priority weights of sub-factors which are calculated by using Equation 1,2, 3

E1 E2 E3 W
CAPITAL COST (E1) 1 1.2 1.8 0.48802
O&M COST (E2) 0.4 1 1 0.27394
D&A COST (E3) 0.225 1 1 0.23804
TOTAL 1.625 3.2 3.8 1
w
EFFECTIVNESS (T1) 1 42 0.86362
 TIMEFREM(T2) 00875 1 013638
TOTAL 1.0875 5.2 1
W
EFF OF POL (V1) 1 1.8 3.6 0.61405
CO2 PRO (V2) 0.225 1 3 0.30202
LAND USE (V3) 0.10286 0.125 1 0.08392
TOTAL 1.32786 2.925 7.6 1
W
PUP HEAL (S1) 1 3 0.81944
PUP ACC (S2) 0.125 1 0.18056

The priority weights of the Factor index of factors in the
comparison matrix were shown in Table 6.

In economic factors, high importance or preferability
was given for the capital cost. If the capital cost is high,
that means this project is hard to start from the begin-
ning. The lowest is detection and analysis because it is
possible to find multiple ways to detect or analyze. Still, it
is not easy to provide capital and operational and main-
tenance costs; it is the project's foundation. In technical
factors, efficiency is the most important factor more than
the time of remediation. The efficiency determines if
this project is useful to solve the problem or not, or how
much good is it, through making the desired result. In
environmental factors, the aim is to keep the environ-
ment clean as possible. So, the impact of pollution and
production of CO, have more importance than the land
used. However, we consider it an effective factor because
if the land is bigger the possibility of pollution is high.
There is no doubt about the importance of public health
in social factors than public acceptance because this
project aims to maintain the public's health by remediat-
ing the contaminant water.

So, after all the calculations, we found that the economic
factors have the highest importance. Social is the lower im-
portance. We can consider that the project's adequate finan-
cial support gives the community a good impression when
providing the correct and appropriate atmosphere for work.
The quality of equipment and work maintains the health
and safety of them surrounding the project. Calculate The
Factor Index (FI):

The factor index can calculate by Equation 4, where P, is the
STEN form of the score that masters give to the bottom lev-
el sustainability factors in the hierarchy, n means the num-
ber of bottom-level sustainability agents in the hierarchy
which belongs to a specific primary sustainability source, as
shown in Table 7 [36].

Fl =Y B s Wil = 1.2 ccssesss 11 4)
Convert STFNs to Fuzzy Sets

The next step is Fuzzy inference which converting STFNs
to fuzzy sets. It is necessary to transform the economic,
technical, environmental, and social scores of P&T and the
other alternatives to fuzzy sets. The crossing points between
STFN forms of economic, technical, environmental, and
social scores and their particular membership functions
give the membership degrees of those agents in the corre-
sponding fuzzy set, which is shown in Figure 2 for clarifica-
tion of scenario execution. In this step, intersection points
of economic, technical, environmental, and social scores
with fuzzy membership positions were found to fulfill this
main factor's classes and membership degrees. In Figure 2,
the economic, technical, environmental, and social mem-
bership functions were shown. In P&T economic, techni-
cal, environmental, and social STEN is between Medium,
High, and Very High classes.

In economic which in grey color = (3.22; 3.22; 5.22; 5.22),
Then the technical STEN in yellow color = (7.18; 7.18; 9.18;
9.18). For environmental STFN in the red color = (5.36;
5.36; 7.36; 7.36). Finally, for social STEN in the green color
=(7.18;7.18; 9.18; 9.18).
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Table 7. Factor Index of the alternative technologies calculated using Equation 4 (PI: Factor

value for the criteria and W: priority weight)

PI*W  (P&T) PI*W (MNA) PI*W  (PRB) PI*W (AS)
0976 1952 3416 4392 2440 3416 1952 2928
0821 1369 1917 2465 1.643 2191  1.095 1.643
1428  1.904 1.666  2.142 1.666 2142 1904 2380
6.908  8.636 1.727 3454 3454 5181 6045 7772
0272 0545  0.136 0409  0.954 1227 0545 03818
3.684 4912 4298 5526 2456 3.684 1228 2456
1510 2114 2114 2718 1.812 2416 1510 2114
0.167 0335 0419 0587 0335 0503 0251 0419
5736 7375 3277 4916 3277 4916 2458  4.097
1444 1805 0180  0.541 0.902 1263 0902 1263

Table 8. The matrix of fuzzy inference engine for P&T. (Values in the parenthesis are showing
the membership degrees for the classes (VL: Very low; L: Low, M: Medium, H: High, VH:
Very high, ECO: Economical, TECH: Technological, ENV: Environmental, SOC: Social)

socC
ECO TECH ENV M(0.13) H0.67)  VH(0.67)
L(0.29) M(0.13) M(0.85) M(0.13) M(0.13) M(0.13)
M(0.92) H(0.67) H(0.05) M(0.05) H(0.05) H(0.05)
H(0.92) VH(0.67)  VH(0.05) H(0.05) H(0.05) H(0.05)
L(0.29) M(0.13) M(0.85) M(0.13) M(0.13) M(0.13)
M(0.92) H(0.67) H(0.05) M(0.05) H(0.05) H(0.05)
H(0.92) VH(0.67)  VH(0.05) H(0.05) H(0.05) H(0.05)
L(0.29) M(0.13) M(0.85) M(0.13) M(0.13) M(0.13)
M(0.92) H(0.67) H(0.05) M(0.05) H(0.05) H(0.05)
H(0.92) VH(0.67)  VH(0.05) H(0.05) H(0.05) H(0.05)

Therefore, corresponding fuzzy set for:

Econ ={(Low, 0.29), (Medium, 0.92), (High, 0.92)}.

Tech ={(Medium, 0.13), (High, 0.67), (Very High, 0.67)}.
Envi ={(Medium, 0.85), (High, 0.05), (Very High, 0.05)}.
Soc = {(Medium, 0.13), (High, 0.67), (Very High, 0.67)}.

Fuzzy Inference System

The following step is a fuzzy inference which If-then rules
are used to achieve Sustainability Magnitude (SM) by com-
bining economic, technical, environmental, and social
components. Fuzzy crossing (minimum) operation pro-
vides combining economic, technical, environmental, and
social composition parameters with “and” laborer, leading
to getting amputate fuzzy SM results. Therefore, a fuzzy as-
sociation (maximum) operation is used for getting a single
fuzzy membership function.

Based on the data in Table 8 and Figure 2, according to fuzzy
inference steps, and fuzzy rule base that was contagious by

using fuzzy classes of agents for all of the combinations of
them. As an expert if the economy is low (0.29), technical
is medium (0.13), environmental is medium (0.85). social
is a medium (0.13), then SM is medium (0.13). Because if
most of the factors have a medium performance, the SM ac-
cordingly will have a medium class, and the cost-effective-
ness is too small or negligible. Another explanation is if the
economy is medium (0.92), the technology is high (0.67),
the environment is high (0.05), and the social is very high
(0.67). SM is high (0.05) because most of the factors are in
the high class, and comparing with three essential factors,
the cost will follow their class. Still, another decision-maker
could decide it to be medium (0.05), and also, it is right.

Economic, technical, environmental, and social criteria
were composed using “And” laborer to achieve SM. The
membership degree of that medium SM is 0.05, which
considers the minimum membership degree among eco-
nomic, technical, environmental, and social criteria com-
bined. Membership degrees of SM are inferred using a
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Table 9. The sustainability sequence of the four technologies

P&T MNA PRB AS
FINAL 7.83 3.70 3.19 7.04
WEIGHT
THE ORDER 1 3 4 2
FUZZY SETS FUZZY MEMBERSHIP FUNCTION OF SUSTAINABILITY
—4—Eco&Tech&Env&Soc Score Eco TECH —%—ENVI —e—SOC ASSESSMENT
P 2 2 ——Vlew ~=—Low Medium High —#-P&T —#—MNA ——PRB ——AS
1 » P—
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Figure 2. Fuzzy sets of Factor Index for P&T and fuzzy sets
for the scales of main criteria [VL: Very low; L: Low, M: Me-
dium, H: High, VH: Very high, ECO: Economical, TECH:
Technical, ENVI: Environmental, SOC: Social, (here Soc
and Tech have the same values)].

fuzzy union maximum operator and shown in red color
sells in Figure 2. The maximum membership degree for
the significant combination in the rule base is 0.13, so a
high SM membership degree is 0.13. Membership degrees
for other sustainability classes (medium, low, and very
low) were obtained analogously.

Defuzzification
This step is based on the previous step in which member-
ship degree for sustainability assessment was obtained, de-
fuzzied calculation has been held in Equation 5:
G = Qr1H0x4+0.134740.05+10

0+0+0.13+0.05
SM = 7.83

(5)

Defuzzified sustainability magnitude 7.83 was drawn on the
fuzzy membership function of sustainability assessment to
attain actual class and membership degree of sustainability
assessment. In Figure 3, SM is in the high group, where the
high group starts from 7, meaning that P&T groundwater
treatment techniques belong to the high class, also AS be-
longs to the same class. For the other three alternatives, the
same steps and calculations were made, and the results were
for sustainability class and membership degrees.

RESULTS AND DISCUSSION

Multi-criteria decision analysis is an efficient methodolo-
gy to set the most sustainable technology for groundwater

Figure 3. Determination of classes and membership de-
grees of sustainability magnitude for groundwater remedi-
ation techniques.

remediation because it includes all required realistic con-
ditions due to its systematic and flexible nature and the
decision-maker's predilection. Owing to the hierarchical
structure of AHP, the necessary criteria are easily orga-
nized. When there was replication or lack of required cri-
teria during the development of hierarchy, it was easily no-
ticed, and hierarchy was modified easily to the final version
in Figure 1. Ten criteria used in this study for sustainability
assessment of groundwater remediation technologies were
the economic, technical, environmental, and social condi-
tions for this study. The proposed approach is very flexible
for adding new criteria when needed for different cases.
According to the results of the demonstration for this ap-
proach, final weights given in Table 9, P&T is the best tech-
nology, followed by AS, MNA, and PRB.

Take Pump and Treat that all the calculations were made for
it. The technical and socials factors have the highest score
evaluation with 8.181, 8.180, respectively then the environ-
mental with 6.362, and last the economic factor with 4.226,
as shown in Figure 4. Technical and social factors have close
scores evaluation to each other. The difference between them
is about 0.001, so we can consider the technical as a second
factor and social as the first, which changes according to the
decision-maker and the circumstances and preferences.

When we look at all the results from all previous work-
ing, we found P&T had the preference on working steps,
although the presence of some weak points, such as the
highest cost, still has the best performance, which the effec-
tiveness is the best in P&T; also the public acceptance and
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Figure 4. Factors priority.

the public health has good scores, at to that comparing with
other technologies the environmental factors also was ac-
ceptable after MNA technique, furthermore P&T through
working on the matrix of fuzzy sets. Fuzzy inference engine
was the only technique that did not have a very low, low
among the others, and three of the factors among medi-
um, high, very high classes, which means the literature and
the author/ decision-maker have near or the same opinion
about using this technology.

Comparing with the other technologies, the depth in P&T
and AS is the best which these technologies could go down
for long distances, then MNA, PRB is the last. Then for the
permeability of the groundwater, it is suitable for P&T com-
paring with the others. Form the most critical factors are
pollution, which considers light for AS and MNA, and the
heavy in P&T and PRB, which is hard to remove. The ma-
turity and effectiveness are high for all technologies except
PRB are medium or weak. The cost is low or acceptable for
all, but too high for P&T. Another comparison item is the
land use, which affects the other factor is medium for AS
and small for MNA, and very big for the others. The time
for remediation is long for P&T, acceptable for AS and PRB,
and short for MNA.

So, to analyze every technique separately, starting with As,
the advantages are that it is easy to install, has small land
uses and requires no storage, removal, treatment, low cost,
short treatment time, and minimal disturbances. While the
disadvantages are needed to test, lack of information and
data, in some cases could be no effective process, and the
processes inside could be interacting with each other [37].
The second technique is P&T; the advantages are: decon-
tamination of pumped groundwater could be designed ac-
cording to the present contaminant, and it is advantageous.
While disadvantages include the long average treatment
time (from years to decades, especially for highly hetero-
geneous aquifers, and the contamination caused by poorly
soluble compounds); the inability to target the source of
contamination, the necessity for treatment to remove con-
tamination from water, the higher energy demand, and the

associated costs [38]. The third technique is MNA, and its
advantages are lower cost, small land use, low risk, and no
waste. Disadvantages are less effective, change groundwa-
ter geochemistry, take a long time, and need more control
and monitoring performance [37]. The last technique is
PRB, and it has many advantages such as This approach is
more successful for treating many types of contaminants
in groundwater and is considered a sustainable treatment
method. It also conserves groundwater resources, is under-
ground, and has little interaction with surface development.
PRBs reduce the amount of groundwater and soil that must
be treated; moreover, this technology has minimal mainte-
nance and operating expenses, and PRBs' lifetime may be
prolonged for decades. This technique also has many dis-
advantages such as long periods were necessary to manage
and monitor the dangers posed by a persistent pollutant
source, also underground structures, geological conditions,
and site characterization are all frequent constraints to this
technology's development, and Reactive media are fre-
quently removed or replaced after a process [39].

As a decision-maker and according to these advantages and
disadvantages, we found the most effective method is P&T,
add to that fundamental characteristic that allows different
designs according to the pollutants. Simultaneously, AS
could be less effective, and the data could be not available,
so, compared with the disadvantages of P&T, AS is not ac-
ceptable to all the decision-makers.

Removing more pollutants and get very clean groundwa-
ter is the primary goal of all these processes. Paying on the
project and use excellent quality material and good workers
make the sustainability high; because using the low budget
to solve the problems resulted in making all the projects not
suitable. So, economic and technical factors play a sensitive
role in increasing effectiveness and getting a good project.

The environmental impacts are no less significant than the
technical and economic aspects, as these three factors com-
plement each other. Using the right equipment can protect
the environment and people from the risk of pollution. In
the effect of the Environmental factors of pollution and
CO, productions, all that makes this factor has high scores
because the protection from any pollutant what makes this
factor has high scores and increase the sustainability and
makes the decision-makers satisfied.

The social side is also essential because the successful proj-
ect gets approval from the surrounding society, ensures a
good chance for working, benefits from the project, and
protects them from the harmful impacts.

To put the criteria in order from Figure 5, the effectiveness
has the highest weight, public health, effect of pollution,
and capital cost. That supports that the four criteria are no
less important than each other even if the weight changed
based on another decision-maker; that does not mean any
criteria is not essential.
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Figure 5. Weights of sub-criteria relative to main criteria.

If we said, these last criteria are in the first stage, according to
Figure 5, CO, production, and operation and maintenance
cost in the second stage in order. In the third stage, detec-
tion and analysis cost, and public acceptance which most
part is their acceptance of the technologies that will use in
groundwater remediation, and guarantee that will not affect
the society by any means, as the use of the best equipment
and maintenance of devices periodically protect from the
occurrence of hazards, pollution, or harmful emissions that
threaten the health and safety of society, which in turn can
cause lack of approval from the community, So, detection
and analysis cost and public acceptance have somehow a
medium evaluation because the process of detection and
analysis may be simple, available and low-cost, or it may
be complex and challenging to complete, depending on the
site, the polluter, the nature of the work, and other factors.

As for public acceptance, it is one factor that cannot guar-
antee it due to the change of public opinion or their di-
vision of several opinions. The land used and the time of
remediation complements the other criteria; compared to
different criteria, it had a somewhat lower evaluation, but at
the same time, we cannot consider it as an inevitable factor,
and its affection on the project does not make significant
which could stop the project. As shown in Figure 5, only
land use had deficient weight scores, which could consider
as the main cause to make the sustainability in high class, so
we have to foe solutions that could increase the low and the
medium in the next studies.

In order to accept the public, for example, the public must be
aware of the duration of the project, and all matters related
to it, in terms of possible inconvenience, noise, smells, and
blocking roads, as well as the benefits resulting from the proj-
ect such as decontamination or increased flow of freshwater
to them or the establishment of a project because of this wa-
ter. This new project may provide them with job opportuni-
ties and other things, which increases their acceptance of the
project. The cost of data and its analysis may be less because
it has been accessed and well known through public help,
this can also facilitate and give the decision-maker an initial

idea about the technique that can be used in groundwater
remediation, and it can facilitate the process of determining
the required time for the remediation process.

Results obtained from the demonstration of the proposed
approach in this study clearly show the benefits of the pro-
posed approach. Firstly, the results of the proposed ap-
proach support decision-makers for listing the alternative
remediation technologies for their cases owing to the quan-
tified sustainability scores calculated with a fuzzy inference
system. Secondly, decision-making supporters can easily
analyze their suggestions in terms of sustainability aspects
by using the priority weights and uncertainty tolerance ow-
ing to fuzzy scoring. Finally, demonstration of the proposed
approach clearly shows the flexibility of the proposed ap-
proach for application to any remediation project.

CONCLUSIONS

In this study, an approach for the sustainability assessment
of groundwater remediation techniques was proposed, and
the benefits of the proposed approach were demonstrated
with a case project. Alternatives were evaluated and their
sustainability was quantified owing to the combination
of AHP and Fuzzy Inference Engine in the proposed ap-
proach. Quantification provided the listing of the alterna-
tives according to their sustainability. P&T has the highest
sustainability weight with 7.83 over 10 for the case project.
The other techniques are AS, then MNA, and in the last
PRB with 7.04, 3.7 and 3.19, respectively. Another benefit
of the proposed approach, if there are any doubts about the
project or in case there are any updates, the decision-maker
could easily examine the criteria since their contribution to
the decision is quantified as priority weights. Moreover, the
proposed approach provides easy communication between
stakeholders. Adding another main or sub-criteria may be
more helpful in determining the best alternative, as it may
be possible to add political criteria that are concerned with
regulations and laws or some other criteria that correspond
to the status and location of the site, pollutants, conditions,
and the decision-makers vision and others.
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INTRODUCTION tains a high content of organic matter, nutrients, and

metals. The lack of proper treatment for the effluent can
Agribusiness is one of the most important sectors of the contaminate water bodies, soil, and the atmosphere [2].
Brazilian economy. Among the many sectors in it, pig  Because manure treatment is required, covered lagoon di-
farming plays a prominent role [1]. Confined animal gesters have been widely used in Brazil as an alternative
breeding produces high volumes of manure, which con- treatment on pig farms [3].
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Figure 1. Aerial photography from the studied pig farming.

In Brazil, the covered lagoon digesters (CLD) are widely used
to treat manure in pig farms and their use has many bene-
fits such as lower implementation and maintenance costs as
well as biogas energy recovery [4]. The use of mathematical
modeling is an important tool for estimating the volumetric
production of biogas. Among the models, kinetics have been
widely used to assist in understanding about the breakdown of
organic matter, to estimate biogas production, and to provide
data for projects, operation, and control of the performance
of the anaerobic digestion [5]. According to Neto [6], kinet-
ic studies are aimed at evaluating a phenomenon or process,
through the quantification of parameters as time and substrate
concentration in a gradual process to obtain a known product.

The use of kinetic models to estimate methane produc-
tion for different types of manure has been done by sev-
eral authors on a laboratory-scale. Zhang et al. [7] used
the first-order kinetic model and the modified Gompertz
model to estimate the methane production through the
co-digestion of pig manure with dewatered sewage sludge
in batch reactors. Nguyen et al. [8] evaluated four kinetic
models (Cone model, a first-order Kinetic model, modified
Gompertz model, and dual pooled first-order kinetic mod-
el) to obtain the model that best fits the methane production
from nine different types of manure. Yang et al. [9] applied
the Chen-Hashimoto model, modified the Stovere-Kincan-
non model, and Deng model in the treatment of swine ma-
nure using batch anaerobic reactor in laboratory-scale. The
Chen-Hashimoto model exhibited well-fitting results.

The kinetic studies are in its majority, used in controlled
conditions by laboratory-scale. It is possible to identify the
existence of some gaps related to the application of these
kinetic models on a full scale, particularly when using cov-

ered lagoon digesters. In this way, assure the reliability of
kinetic models to methane production can contribute to the
improvement of energetic sustainability in the farms. This
study aimed at evaluating and comparing the fit of kinetic
models to estimate methane production in pig farming with
covered lagoon digesters. The differential of this study is the
proposal to transition from the laboratory-scale to full, con-
sidering the use of kinetic models from the use of an oper-
ational parameter with easy determination (volatile solids).

MATERIALS AND METHODS

Study Area

Monitoring was carried out on a pig farm located in Teixei-
ras (State of Minas Gerais/Brazil) (Fig. 1). The farm works
in a complete cycle system for the raising of animals in con-
finement, from birth to completion. The unit has an average
of 10,695 animals, of which 1,631 are sows and 14 boars.

The effluent treatment system consists of an equalization
tank that receives the manure by the gravity action. Then
the influent is pumped in a semi-continuous manner and
applied in two CLD operating in parallel. After the treat-
ment in the digesters, the effluent is sent to a stabilization
pond, being used after treatment as organic fertilizer in pas-
ture areas on the farm.

The digesters were built in trenches, inverted pyra-
mid-shaped trunks covered on the bottom and walls with
flexible PVC geocomposite and covered with another blan-
ket of the same material, forming the dome (biogas reser-
voir). Each anaerobic digester has a volumetric capacity of
1.250 m>. The details of the main dimensions of the digest-
ers are shown in Figure 2.
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Figure 2. Details of the external and internal dimensions of the digesters.

The biogas produced by the anaerobic process inflates the
dome of the digester where it remains stored. Then, the bio-
gas is channeled to a temperature meter and later converted
into electricity in a generator engine model GMWM120
with a power of 120 kVA.

Monitoring of the Covered Lagoon Digesters

The monitoring was carried out from September 2018 to
August 2019. The parameters methane composition, tem-
perature of the substrate, chemical oxygen demand (COD),
and volatile solids were analyzed, which are the main input
parameters of the evaluated methodologies (Fig. 3). The in-
fluent samples were collected weekly.

The monitoring of the temperatures in the digester was
obtained from the generation of a database with average
temperature values collected every 15 min. Then, the tem-
perature data were organized into daily averages, followed
by monthly averages.

Quantification of the biogas composition (around 10 li-
ters) was performed using a gas analyzer (Online Infra-
red Gas Analyzer, model Gasboard, # 3100). The manure
campaigns were carried out on a weekly basis and the
results were analyzed following the procedures described
in Standard Methods for the Examination of Water and
Wastewater APHA [17]. The monthly water consump-
tion and a coefficient of 65.0% were used to determine
the manure flow [18]. The hydraulic retention time
(HRT) was calculated using manure flow and digester
volume ratio.

Mathematical Models to Estimate the Volumetric
Methane Production

After a comprehensive evaluation, the most useful kinetics
models to estimate the biogas production in covered lagoon
digesters were selected, as follows: Chen-Heshimoto [10],
First-order [11], Cone [12], modified [13], Modified Sto-
ver-Kincannon [14] and Deng [15]. Table 1 shows the input
data of the mathematical models evaluated in terms of vol-
umetric methane production. These methodologies have
not yet been evaluated jointly considering input data from
full-scale plants in pig farms.

Chen-Hashimoto Model

__Bo xVS _ K
B= HRT * (1 pm HRT—1+K) 1)
in which

B - methane production (m* CH, kg VS);

BY - ultimate methane yield (0.36 m* _, kg' VS m’ CH,
kg! VS);!

VS - volatile solids in the influent (kg VS m~)

HRT - hydraulic retention time (d);

pm - maximum specific growth rate (d);

K - indicator for the overall performance.
K=0.6+0.006e®1185xVS) 2)
um=0.013 T-0.129 (3)

' 10.36 m* CH, kg' VS - 25 °C [15].
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Points 1 and 2 - sensors of biomass temperature.

Figure 3. Schematic representation of the treatment system in the pig farm. Lopes et al. [29].

Table 1. Input dada of the mathematical models to estimate the potential of CH4 production

Kinetic parameters reported in the literature

Kinectic models Scale/Reactor Influent Organic Reaction T (°C) Source

type volumetric time (d)
load
Anaerobic
Chen-Hashimoto _ igestersof — Swine - 13-65 =5 45 3049 10
laboratory and ~ manure kgsvm
pilot-scale
First-order Anaerobic
Cone biodigester of Swine 16.12 +
. laboratory manure  0.16 kgsv 26 55+2 [8]
NG?dlﬁe:: scale, in solids m3
i batches
Anaerobic
biodigester of
laboratory Swine 1.21-3,87
Deng scale, in wastewater kgst m d-! LBER L5 [15]
sequential
batches
An;;:rgblctﬁlter 4.41— 441—
Modified Stover-  © 200 soybean 2225 2225
Kincannon experiment, . tewater kgpoo m?  kgpgo m™ 436 [16]
pilot, and full & &
scale
in which First-Order Model
— __ (-k*HRT)
T - biomass temperature (°C). B=Bx(1—e ) (5)
e, =Bx X VS 6
QCH4=BX Q x VS (4) Q 4 Q ( )
in which
in which . .
B, - ultimate methane yield (0.369 m* _,, kg' VS m* CH,
Q - effluent flow (m? d'); kg' VS);

Qcn, - methane production (m* CH, d). k - indicator for the overall performance (0.113 d).
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Cone

_ Bo
T 1+(k«TRH™ D) ®)

in which
B, - ultimate methane yield (0.376 m* _, kg VS);
k - indicator for the overall performance (0.168 d');

n- shape factor (1.56).

QCH4:BX Q x VS (6)
Modified Gompertz

B = Byxexp {— exp [% (A—HRT) + 1]} (7)
in which

B, - ultimate methane yield (0.327 m* _, kg™ VS);

R__ - maximum methane production rate (0.034 m” kg™

ma

d);
\ - lag phase time (0.531 d).

QCH4: Bx Q x VS (8)
Deng
R — Rpmax

p 1+ e®LR-LD) 9)
in which

Rp - volumetric yield of methane production (m’_,, m*d™);*

R - maximum volumetric yield of methane production

pm:

(m3 , m>d")
K, - constant of saturation (kg,, m?d™");’

Lr - organic volumetric loads (kg VS m~ d™).2

R ,.=2.760-7.181 0D (10)
K'=3.469-13.676 et>101'D (11)

_ sVxQ
lr == (12)
in which
V - digester volume (m™).
QCH4:RPXQ (13)
Modified Stover-Kincannon

Mmax X Qx%
=—v " (14)
MB X Q Xv

in which

M - yield methane production (m* m=d™*);

M, - maximum methane production (19.23 m’ m* d");

M, - constant (53.46 kg m~ d).

QCH 4=M xV (15)
The actual methane production (Pactual) from September
2018 to August 2019 was determined using the equivalent

of electricity production in an internal combustion engine
as shown in Eq 16-.18.

_ E
P= m x24 ( 16)
in which

P - available electric power (kW);

E - the amount of electricity produced per month, obtained
from energy bills (kWh);

m - the number of days in the calculated month (d);

24 - number of hours the generator runs in one day (h);

PCLy = PExPCLxX —>
3.600

(17)
in which
PCL, - lower caloric potential available (kWh m™);

PE - specific weight (kg Nm™) (interpolated values accord-
ing to Zilotti [19];

PCL - lower caloric potential (kcal kg!) considering inter-
polated values according to Avelar [18];

4.19/3,600 - conversion factor from kcal to kWh.

P
PTB = PClg xEfx% ~ 24 (18)

in which

PTB = Total amount of produced methane (m* _,, d");
Ef= worldwide efficiency of thermal machines (0.25);
%CH, = Percentage of methane in the biogas;

24 - conversion factor h d.

The P, and the mathematical models were compared by

using a T-test for a significance level of 1%, the comparison
was carried out using monthly average values. The methane
production in all cases was estimated considering the mod-
els and their input data as they were conceived.

RESULTS AND DISCUSSION

Monitoring of Covered Lagoon Digesters
Over the experimental period, the manure flow ranged
from 98.0 to 107.2 m® d! with an average of 102.3 m* d™'.

2

RP and L : according to [15].
3 R

pmax

and K, : according to [16].
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Figure 5. Monthly average of the percentage of methane in biogas and internal temperature.

In pig farms, the manure flow, COD, and volatile solids
could have been influenced by several factors such as the
number of animals, environmental conditions as well as
pig handling [20].

The COD concentration in the influent and effluent
ranged from 23.0 up to 35.5 kg m™ and 14.3 a 28.0 kg
m?, respectively (Fig. 2). The COD efficiency was around
30.6%, which is compatible with the results pointed out
by Fernandes et al. [21] (28.0% and COD affluent of 30.0
kg COD m™). Biogas production has a direct correlation
to COD removal efficiency and volatile solids compound
in anaerobic digestion. However, variations of manure
flow can influence the COD removal and then the bio-
gas production. The organic component of manure is as-
sociated with VS and contributes to biogas production.
According to Figure 4, the VS ranged from 8.0 to 22.3 kg
m™. Veloso et al. [22] obtained 9.9 kg m~ on average of

VS, in turn, Silva et al. [23] obtained an average of 18.9 kg
m™, both in accordance with the monitoring data in the
pig farm evaluated.

Figure 5 shows the methane composition in biogas. The
values ranged from 43.6 to 81.9%. A downward trend was
observed after March (beginning of winter). In addition,
the biomass temperature inside the CLD varied from 20.1
to 26.8 °C. The decrease of methane composition over the
period could be associated with operational variances as
well as the hydraulic retention time, pH, and alkalinity [24].

Comparison of Kinetic Models by Considering the
Methane Production

The methane production mean (actual and simulate data)
according to the kinetic models are shown in Figure 6. The
volumetric methane production ranged from 470.8 to 560.9
m’ CH, d', while the actual data was 405.0 m* _ d.
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Figure 6. Box plot of methane production for evaluated models and the monitored system (P

) (Sep. 2018 - Aug. 2019).

actual:

Table 2. Statistical analysis of methane production for the models

Models

Average methane (e

Production (m* ,, d)

Chen-Hashimoto
First-order Kinetic

Cone

Modified Gompertz

Deng

Modified Stover-Kincannon

470.8 -0.1ns
543.2 0.718s
532.1 0.6
512.4 0.4ns
560.9 1.2ms
558.2 0.8 18

HO: B1 =1 (umodel = p real data) and H1: B1 # 1 (pmodel # p real data); *: Difference between each value with
significantly level of 1%,; ns: No difference between each value; ttab 1%(11) 3.11.

The mathematical model results (Fig. 4) indicate the simi-
larity of the results and the real data. However, all models
overestimate the methane production value. The smallest
difference was obtained for the Chen-Hashimoto model
(higher than 16.3%), while the highest gap was higher than
38.5% obtained for the Modified Stover-Kincannon model.

Yang et al. [9] compared some kinetic models
(Chen-Hashimoto, modified Stover-Kincannon, and Deng)
with the actual methane production in batch digesters
treating swine manure, operated in laboratory-scale with
controlled temperature. The authors reported that for the
range of 20-30 °C, the three models used to estimate the
methane production presented a determination coefhi-
cient higher than 0.96. On the other hand, at 15 °C, only
Chen-Hashimoto could predict methane production.

Several studies at laboratory-scale when comparing the
Cone model, the first order and the modified Gompertz
for different types of manure, such as, swine manure [8],
fruit residues [25], co-digestion of chicken, dairy, and pig
manure with durian shell [26] reported high determina-
tion coeflicients. Table 2 shows the statistical analysis of the
mathematical models in comparison with the methane pro-
duction measured from the pig farm.

It can be seen in Table 2 that there were no statistical
differences between the real data (monitored system)
and the simulated data. The models based on volatiles
solids present a strong association with biogas produc-
tion [27, 28]. According to Mito et al. [28], the kinetic
models best fit the monitored data in comparison with
other mathematical models based on operation condi-
tions (IPCC). The study was carried out on a pig far-
mand aimed at evaluating models to estimate methane
production in CLD.

All assessed methodologies were reliable to estimate the
methane production in CLD. Further studies are suggested
to consider kinetic coefficients that best fit the operational
conditions of tropical countries, despite the reliable results
showed by the evaluated models.

CONCLUSIONS

The kinetic models evaluated to estimate the methane
production did not differ statistically from the the ac-
tual production observed in full-scale covered lagoon
digester.
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The kinetic models stands out as interesting and reliable
tools to estimate methane production, which is obtained
from an operational parameter with easy determination
(volatile solids).

The use of mathematical models to estimate methane pro-
duction may be a useful tool for energy sustainability stud-
ies and contributes to the decision-making in pig farming.
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INTRODUCTION

ABSTRACT

In this study, it was investigated the capability of new generation Sb-SnO,/Ti anodes, which
are well known with their promising results in ozone generation and stability, to remove ce-
furoxim (CXM) antibiotic from aqueous solution. Comparison of different electrolyte types
were performed for this purpose; NaCl and KCl. KCl increased the conductivity and caused
to the formation of important oxidants and thus, affected electrochemical oxidation reactions
more positively than NaCl. It was obtained that, pH parameter has a very important effect on
the removal efficiencies in this process and higher efficiencies were obtained at the natural pH
value (pH 7) of the aqueous solution. It was thought that, this was probably because the reac-
tions occured in aqueous solution mostly instead of anodic surface. Furthermore, the removal
efficiencies increased with current density increase and the best results were obtained at 50
mA/cm?2 current density. As a result of the study, at the end of 60 min of reaction, the aqueous
solution containing cefuroxime antibiotic was completely treated without any toxic interme-
diate product formation with 750 mg/L KCl addition, at pH 7 and 50 mA/cm? current density.

Cite this article as: Kurt A. Cefuroxime oxidation with new generation anodes: Evaluation of
parameter effects, kinetics and total intermediate products. Environ Res Tec 2021;4:4:317-328.

The risk of contamination of them to the receiving envi-
ronment is high due to the high rates usage of antibiot-

For many years, antibiotics have been used widely in treat-
ment of bacterial infectious diseases, fish farm practices
and animal breeding applications [1, 2]. However, these
compounds are considered as the most dangerous types of
pharmaceutical pollutants because they cause to the mi-
croorganism resistance in the environment and, have some
toxicological properties. However, bacteria with antibiotic
resistance genes can spread easily and thus, threaten envi-
ronment and human health, seriously [3].

*Corresponding author.
*E-mail address: kurtayse1987@gmail.com

icsand the lack of treatment technologies and insufficien-
cy of the existing technologies. In this regard, advanced
oxidation processes are very advantageous and are one
of the most common types of treatment processes those
are particularly promising. Because they can eliminate
non-biodegradable organic compounds and color and
reduce organic pollution and toxicity without producing
any process waste [4].
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However, human and veterinary applications of antibiotics
are much more higher in Turkey than in northern Euro-
pean countries. Consumption of cephalosporin antibiotics
were found very high in Turkey According to the Interna-
tional Medical Statistics (2013-2014) [5, 6]. This group of
antibiotics are of a broad spectrum semi-synthetic antibiot-
ic series [7, 8]. Cefuroxime (CXM) is the second generation
type of antibiotic belonging to the cephalosporins [9].

Cefuroxime was first patented in 1971 and later used for
medical treatment applications in 1977 [10]. However, it
became the 291 most prescribed drug in the US in 2016
(more than a million prescriptions) [11]. Chemically, it
is originate from 7-aminocephalosporanic acid (7ACA)
[12]. International Union of Pure and Applied Chemis-
try (IUPAC) name is: (6R,7R)-3-(carbamoyloxymeth-
y1)-7-[[2-(furan-2-yl)-2-methoxyiminoacetyl]ami-
noJ-8-oxo-5-thia-1azabicyclo[4.2.0]oct-2-ene-2 car-boxylic
acid. The molecular formula is defined as: C _H, N,O,S [13].
The chemical structure of it is given in Figure 1, 2D and 3D.
The occurrence of cephalosporin antibiotics has been re-
ported in wastewater at pg L' and ng L levels [14, 15]. It
is known that 66-100% is excreted into the recieving en-
vironment with urine without any change [16]. Further-
more, they cannot be treated efficiently with conventional
treatment plants [17, 18]. For the removal of these synthetic
antibiotic compounds from wastewaters, it is necessary to
use advanced treatment processes (AOPs) such as Fenton,
UV, activated sludge carbon nanotubes, nanofiltration and
electrochemical processes [19]. Recently, most of the re-
searchers have shown great interest to the electrochemical
oxidation processes to remove toxic organic compounds
from wastewaters [20, 21].

The main reason for studying with Sn/Sb/Ni-Ti anode is its
use on electrochemical ozone generation, commonly and
intensely. In general, ozone generation is carried out by
CCD (cold corona discharge). However, current efficiency
is between 2-4% in ozone production by cold corona dis-
charge method [22]. However, 37% current efficiency is
possible with Sn/Sb/Ni-Ti to perform ozone production at
room temperature [23]. It is seen the ozone reactions oc-
curred on Sn/Sb/Ni-Ti anode at equation 1 and 2. Further-
more, the cathode reaction is stated at eq. 3 for the electrol-
ysis of water for the electrochemical ozone generation [24].
Ozone could be formed on the anode surface and in water
by preventing the oxygen formation (electrochemical oxy-
gen formation occurs at lower voltages) [25, 26]. This is only
possible with stable anodes such the Sb-doped SnO, anodes.

Ozone reactions on anode
O,+6H"+6 e - 3 H,O
O,+2H"+2 e «» H,0+0,
H, formation on cathode

2H'+2¢ o H, 3)

E=151V (1)
E;=2.07V (2)

(3D-CXM]

Figure 1. The chemical structure of cefuroxime as 2D and 3D.

Among the factors affecting the electrochemical reactions,
anodic material is one of the most important parameter
besides, electrolyte, anodic potential and temperature [27].
New anode materials have been investigated include pla-
tinium, titanium oxide, graphite, boron-doped diamond,
glassy carbon, activated carbon, f-PbO,, IrO_/Ti etc. [28-
30]. However, most of these anode materials are not useful
due to having toxicity, instability, and high costs. Howev-
er, Sb-doped SnO, anodes are very useful instead of other
type of anodes that having stability, lower costs and non-
toxic properties. Furthermore, these type of anodes have
shown promising results in electrochemical oxidation
processes and ozone production [31-35]. Therefore, it was
aimed to investigate the removal of cefuroxime antibiotic
from synthetic wastewater with a concentration 50 mg/L
CXM with using novel Sb-doped SnO,-Ni anodes. Trovo et
al. (2011) [36] reported photo Fenton oxidation of amoxi-
cillin with 50 mg/L conc. in synthetic wastewaters. Elmolla
and Chaudhuri (2011) experienced UV/TiO,/H,O, oxi-
dation of amoxicillin and cloxacillin antibiotics with 138
mg/L and 84 mg/L concentrations, respectively in pharma-
ceutical wastewaters [37].

This study is unique because there is no such a study on
electro-oxidation of CFR with these anodes. Most of the
studies have focused on fluoroquinolone, trimethoprim,
sulfonamide and macrolide group antibiotics for the re-
moval technologies from wastewaters, while, just a lit-
tle of them have been made for cephalosporin antibiotics
[38-41]. However, there are only a few studies about the
cefuroxime antibiotic.

MATERIALS AND METHODS

Chemical Agents and Materials

In this study, the removal of cefuroxime (CXM) was investi-
gated by electrochemical oxidation method using new gen-
eration Sb-SnO,-Ni anodes. Chemicals and materials used
in this study are shown in Table 1.
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Table 1. List of chemicals and materials used in this study

Chemical agents/materials Chemical formula Trade mark
Cefuroxime (CXM) Ci6H17N304S CXM (Sigma-Aldrich)
Titanium mesh Ti 3Ti7-077FA mesh, Dexmet, USA
NRK Electroch
Platinized titanium cathode PtTi DuPont Cegrp(?f:Ue;;
Antimony (III) oxide Sb203 Alfa Aeser Company
Tin (IV) chloride pentahydrate ~ SnCy4.5H20 Alfa Aeser Company
Nickel (II) oxide NiO Alfa Aeser Company
Potassium chloride KCl Alfa Aeser Company
Sodium chloride NaCl Alfa Aeser Company
Methanol CH3;0H Alfa Aeser Company
Formic acid CH:02 Emsure
Ethanol C2HsOH Merck
Hydrochloric acid HCl1 Merck
Sulfuric acid H2S04 Merck
Oxalic acid C2H204 Merck
Ultra pure water H20 Millipore Milli-Q
+ DC Power
Electrolyte addition Supply
@
Synthetic
) / wastewater
containing CXM
R y
Sn/Sb/Ni-Ti . Platinized
anode - o » . <« S Titanium
\_—/ cathode
Magnetic stirrer

Figure 2. Configuration of the electrochemical reactor.

All of the chemicals were at the purity of 298% and were
used without purification. Aqueous antibiotic solutions
were prepared at 20+5 °C. The initial concentration of the
CXM was 50 mg/L.

Production of Anodes

Titanium meshes were cut into the dimensions of 2.5 cm x
2.5 cm for the anode preparation. The titanium anode mate-
rials were then treated with acetone to remove oil and dirty
residues, then they were boiled in 10% oxalic acid (CH,0)
solution for at least 30 min until their color turned to the
brown, and then they were left to cool at room tempera-

ture. The cooled titanium meshes were then sonicated for
3 cycles of 15 minutes and dried at room temperature for
an hour. Sn/Sb/Ni pyrolysis solution was prepared in the
ratio of 500/8/1 according to the prescription of Wang et
al. (2005) [42]. Kurt (2020) [43] used Sn/Sb/Ni anodes hav-
ing 500/8/1 molar rate for anodic oxidation of cefaclor in
aqueous solution. The previously prepared titanium mesh-
es were placed into the beaker so that they were all in the
solution and the electrodes were started to be coated. One
of the most important parameters affecting the tempering
process of electrodes is the process temperature. The elec-
trodes were dried in a way that no bubbles were left in the



320

Environ Res Tec, Vol. 4, Issue. 4, pp. 317-328, December 2021

50
40 —e— 1000 mg/L ——1500 mg/L
—&— 2000 mg/L —>— 2500 mg/L
30
=)
ob
£5
o
(@]
O
10
0 i = ]
0 10 20 30 40 50 60 70 80 S0 100

Time (min)

1,2

—e— 1000 mg/L
—a&— 2000 mg/L

——1500 mg/L
—%— 2500 mg/L

100

Figure 3. Effect of sodium chloride addition on COD (mg/L) and COD/COD  decay (pH 7 and current density: 50 mA/cm?).

gaps of the titanium mesh and kept in an oven heated to
105 °C. In this study, the voltage was kept between 3V and
4V. The distance between the anode and the anode was kept
between 1 and 2 cm.

Electrochemical Oxidation Reactor Set-up

In the experiments of electrochemical oxidation process-
es, a mechanism was created where the anode and cathode
are mounted with beakers containing cefuroxime aqueous
solution. The anode and cathode were connected to the
current supply, Extech, US, DC power supply (Fig. 2).

Analytical Procedure and Equipment

pH values of the samples were measured by a pH meter (Cy-
berscan, UK). COD measurements were made according
to the APHA (2005) Standard Methods [44]. Total organic
carbon (TOC) analysis were performed by a TOC analyzer
(TOC-L, Shimadzu, Kyoto, Japan). The residual CXM was
determined by Photodiode Detector (PDA) and Ultra Per-
formance Liquid Chromatography (UPLC) (Thermo-Sci-
entific, Massachusetts, USA). 254 and 270 nm wavelengths
were selected for the working range of detector. Properties
of column used for UPLCare: Hypersil GOLD, C-18 (50 x
2.1 mm; 1.9 um) (Thermo-scientific, Massachusetts, USA).
The column temperature was 35 °C. The mobile phase solu-
tion was prepared with water containing 0.1% formic acid
and methanol, [MeOH:H,O]: 40:60 (v/v)]. The analytical
process was carried out at a flow rate of 0.2 mL/min. All of
the measurements were performed in triplicate.

RESULTS AND DISCUSSION

Effect of Sodium Chloride Addition

The results of this research has shown that salt addition
increases conductivity and affects the electrochemical oxi-
dation process positively. However, extra salt addition may

25

2 2
20 ——1000 mg/L 51500 mg/L g0

—#&—2000 mg/L =>—2500 mg/L

R?=0,9598

ks (1/MiN)

R?=0,9749

R?=0,9516

0 10 20 30 40 50 60 70 80 90 100
TIME (MiN)

Figure 4. Variation of k, values with NaCl dose (pH 7 and
current density: 50 mA/cm?).

Table 2. Relationship of NaCl doses with first order kinetic values
(pH 7, current density: 50 mA/cm?* and 60 min reaction time)

NaCl doses (mg/L) kd (1/min) R?
1000 2.4651 0.9516
1500 3.2189 0.9749
2000 11.5129 0.9598
2500 13.8155 0.9999

cause to the environmental problems and increase costs at
the same time [45, 46]. NaCl was added to the samples at
a concentration of 1000 mg/L, 1500 mg/L, 2000 mg/L and
2500 mg/L, and the electrochemical oxidations were per-
formed at natural pH values of the solution (pH 7) and at a
current density of 50 mA/cm?. As a result, it was observed
that with the increase of salt addition, COD removal effi-
ciencies increased (Fig. 3). However, COD/COD, values
decreased in parallel with COD values.

However, the amount of NaCl was much higher than KCl
needed to removal of COD, thus, there was no need to con-
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Figure 5. Effect of potassium chloride addition on COD (mg/L) and COD/COD, decay (pH 7 and current density: 50 mA/cm?).

tinue to study with this salt type. And thus, there was no
need to determine NaCl effect on cefuroxime degradation.
For this reason, COD parameter chosen as the main param-
eter in this study, because it is a clearer and more traditional
parameter.

In the experiment performed with addition of 2000 mg/L
NaCl, COD value decreased to the 2,4 mg/L at the end of
30 min, and it was completely consumed at the end of 60
min (Fig. 3) at the solution’s natural pH value (pH 7) of the
solution and 50 mA/cm? current density. In Table 2, it was
shown the relationship of different NaCl doses with first or-
der kinetics for the electrochemical oxidation of CXM. In
Figure 4. it was given k, values depending on COD variation
with NaCl doses (pH 7 and current density: 50 mA/cm?).

According to the results, it was seen that the most efficient
electrochemical oxidation processes was found with addi-
tion of 2000 mg/L and 2500 mg/L NaCl.

Effect of Potassium Chloride Addition

KCI was added to the samples at a concentration of 250
mg/L, 500 mg/L, 750 mg/L and 1000 mg/L. The electro-
chemical oxidations were performed at natural pH values
of the solution (pH 7) and at a current density of 50 mA/
cm?® According to the Figure 5 it was seen that the COD
value decreased to the 3,4 mg/L just after 30 min reaction
and reached to the zero after 60 min with 750 mg/L KCl
addition. However, it reached to the zero after 30 min with
1000 mg/L KCI. Although a better efficiency was possible
with excessive amounts of the electrolyte, the use of excess
chemicals may increase the savings. Thus, the optimum
amount of KCl was found to be 750 mg/L. As a result,
it was observed that with the increase of salt addition,
COD removal efficiencies increased, and at the same time
COD/COD, values decreased in parallel with COD values
(Fig. 5). With the increase of salt amount, resistance of
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Figure 6. Variation of k, values with KCI dose (pH 7 and
current density: 50 mA/cm?).

Table 3. Relationship of KCI doses with first order kinetic values
(pH 7, current density: 50 mA/cm? and 60 min reaction time)

NaCl doses (mg/L) kd (1/min) R?
250 2.6593 0.9714
500 3.3524 0.9538
750 6.9078 0.9551
1000 13.8155 1

the solution decreases. As a result of resistance decrease
higher potential difference occured on the electrodes and
the antibiotic compounds were degraded faster [47]. Fur-
thermore, hypochloric acid and chlorine gas increase with
increase of salt [46].

In Table 3, it was shown the relationship of different KCI dos-
es with first order kinetic values for the electrochemical oxi-
dation of CXM. In Figure 6. it was given k, values depending
on COD (assumed as major parameter) variation with KCl
dose (pH 7 and current density: 50 mA/cm?). According to
the kd values stated in Figure 6, it was seen that KCl addition
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Figure 7. Effect of potassium chloride addition on TOC (mg/L) and residual CXM conc. (mg/L) decay (pH 7 and current den-

sity: 50 mA/cm?).

affected the electrochemical oxidation processes significant-
ly, due to increase of conductivity and thus, hypochlorid acid.
According to the results, it was seen that the most efficient
CXM oxidation was carried out with 750 mg/L and 1000
mg/L KCl addition, at pH 7 and 50 mA/cm? current density.

As it is seen in Figure 7, TOC decreased to at the end of 30
min to 0,78 mg/L with the addition of 750 mg/L KCl, and it
was completely consumed at the end of 60 min. According
to these results, it was accepted that the most efficient treat-
ment was carried out in 60 min with 750 mg/L KCl, at pH
7 (natural pH value) and 50 mA/cm? current density (Fig.
7). Tu et al. (2015) [48], compared the removal efficiencies
for the removal of antibiotic active substance with NaCl and
Na,SO, and it was obtained much better results with NaCl.
However, in this study, it was observed that the addition of
KCl increased conductivity and caused to the formation of
important oxidants such as chloride gas and hypochloric
acid, affecting electrochemical oxidations more positively
than NaCl addition [46].

pH Optimization

The pH parameter plays an important role in electrochem-
ical oxidation processes. However, it was observed that, in
electrochemical oxidation processes, the reactions are af-
fected positivelysometimes at acidic and sometimes at al-
kaline conditions [49]. Formation of ozone, hydroxyl radi-
cals and chlorine gas bounded to the electrolyte and related
oxidants may cause to this result, while the formation of
hydrogen peroxide and related oxidation reactions may oc-
cur as a result of cathodic reactions at basic pH values [49].

It was carried out in the pH range of 3-9. In the experiment
performed at neutral pH value, 7 with 750 mg/L KCI salt
addition, COD value decreased to 3.4 mg/L at the end of

30 min, and was consumed completely at the end of 60 min
(Fig. 8). COD/COD, values decreased in parallel with COD
values (Fig. 8).

In Table 4, it was shown the relationship of different pH
values with first order kinetic values for the electrochemical
oxidation of CXM. In Figure 9, it was given the k, values
depending on COD variation with pH variation. According
to the results, it was seen that the most efficient CXM oxida-
tion was obtained at natural pH value, 7 of the soution (KClI
conc.: 750 mg/L and current density: 50 mA/cm?).

It has been observed that pH has a very important effect on
the removal efficiency of the process and higher efficien-
cies were obtained at the natural pH (pH 7) of the solution
with addition of 750 mg/L KCI and at 50 mA/cm? current
density (Fig. 8-10). This is probably because the reactions
occured in the solution mostly instead of anodic surface.

Wang et al. (2016) [50] investigated the removal of cip-
rofloxacin with a Sb-doped SnO,/Ti anode and they saw
that, the removal rates were higher at higher pH values.
Sivrioglu and Yonar (2016) studied treatment of textile
wastewater with Sn/Sb/Ni anode and they obtained that,
the COD and colour removals were found to be 98% and
99%, respectively at pH 3. Although pH 7.2 showed rela-
tively lower efficiency compared to acidic conditions, pH
7.2 was chosen as the optimum value to avoid extra pH
adjustment step and cost. Kurt (2020) [43] investigated
the electrochemical oxidation of cefaclor with Sn/Sb/Ni
anode, and pH 7 was obtained as the best. Jojoa-Sierra et
al. (2017) [51] reported the electro-oxidation of norfloxa-
cin with Ti/IrO, anode at different pH values and the re-
moval efficiencies of the process followed the pH values of
9.0>7.5>6.5>3.0. At alkaline conditions, the potential of
chlorine gas and hypochloride ion formation could sup-
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Figure 8. Effect of pH variation on COD (mg/L) and COD/COD, decay (KCl conc.: 750 mg/L and current density: 50 mA/cm?).

port the removal efficiencies [52, 53]. However, according
to some of the researchers, acidic pH values could be ef-
ficient. Under acidic conditions, chlorine gas is exposed
that is able to generate HOCI and elimination of -OH
scavengers could be possible at acidic conditions.

Determination of Optimum Current Density

Current density is the another important parameter for
electrochemical processes because it has have an active role
in reaction kinetics [53]. It is one of the factors affecting
decomposition rate positively as well as the operating cost.
However, it may affect the strength of the anode and cath-
ode negatively in case of presence very high values. In our
study, it was observed that the anodes with a current den-
sity of 75-100 mA/cm? could not withstand high current
levels and they were broken. Thus, it was studied between
10-50 mA/cm? current densities.

In a study of Sivrioglu and Yonar (2016), it was obtained
that the current density strongly affected COD and color
removal with Sn/Sb/Ni anodes, but it was observed that in-
creasing of the current density caused to the energy loss.
While it was expected high efficiency at high current values,
the durability of the anodes were decreased [54].

Figure 11 shows the effect of current density on COD and
COD/COD, parameters at the optimum pH value and
KCl concentration. According to the Figure 11. COD/
COD, values decreased in parallel with COD values. In
the experiment performed at neutral pH value with 750
mg/L KCl addition, COD value was consumed completely
at the end of 60 min.

In Figure 12 and Table 5 it was given the kd values depend-
ing on current density variation. According to the results, it
was seen that the most efficient CXM oxidation was found at
50 mA/cm? current density (pH 7 and KCl conc.: 750 mg/L).

——pH3 —@—pH4 —A—pHS5 —¢—pH6 —¥—pH7 pH 8 pHO
20
R?=0,9567
18 4]

16 - R*=09631

14 /
12

Ko (1/MiN)
5

R*=0,9766  c2_ 9686

__;)l/‘fw = 0,688

R?=0,9723 R?=0,9658

0 10 20 30 40 TIM!:SHVIIN) 60 70 80 90 100

Figure 9. Variation of k; values with pH variation (KCl
conc.: 750 mg/L and current density: 50 mA/cm?).

Table 4. Relationship of pH variation with first order kinetic values
(KCl conc.: 750 mg/L and current density: 50 mA/cm?* and 60 min
reaction time)

NaCl doses (mg/L) kd (1/min) R?
3 1.5371 0.9658
4 10.5966 0.9567
5 1.9310 0.9686
6 2.1628 0.9688
7 10.5966 0.9631
8 2.3538 0.9766
9 1.7148 0.9723

Figure 13 shows the effect of current density on TOC and
residual CXM conc. at the optimum pH and KCl concentra-
tion. According to the graphs in Figure 13 it was observed
that the removal efficiencies increased with current density
increase and the most efficient results were obtained at 50
mA/cm? current density.
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Figure 11. Effect of current density variation on COD (mg/L) and COD/COD, decay (pH 7 and KClI conc.: 750 mg/L).

Wang et al. (2005) investigated electrochemical ozone
production at Ni-Sb-doped SnO, anode in acidic aqueous
solution at room temperature with a current efficiency up
to 35%, after a short time, it was reported current efficien-
cies up to 50 % confirmed by Christensen et al. (2009) [34,
42]. Researches continue to try and find more active and
efficient anodes generating ozone that can be operate at
room temperature with low cell voltages; therefore, Wang
etal. (2005) proved the studies at Hong Kong University are
newsworthy [42].

Total Intermediate Products Evaluation

The use of KCI or NaCl as the additional electrolyte may
cause to the occurance of chlorinated intermediates, as
mentioned by Sirés et al. (2014) [55]. At this study, HPLC
chromatograms of the samples taken during electrolysis
showed the gradual disappearance of CXM antibiotic, and
the formation of a series of organic/aromatic intermediates
with chromatogram peaks formed at different retention
times. At this way, it was calculated the total intermediate
products from the peaks formed at different retention times.
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According to the Figure 14, toxic intermediate formation
ended at the end of 30 min reaction time with the addi-
tion of 1000 mg/L KCI and at the end of 60 min with the
addition of 750 mg/L KCl at pH 7 and 50 mA/cm? current
density. However, while the formation of organic/aromatic
intermediates ended just after 60 min of electrochemical
reaction time at pH 4 and pH 7, it continued throughout
the reaction at pH 3, pH 8 and pH 9. It was thought that
increase of the formation of «OH radicals in water under
the acidic and alkaline conditions may lead to the increase
of toxic organic intermediates formation. Low current
densities (10 and 25 mA/cm?) resulted in incomplete ox-
idation of organic compounds and the formation of new
intermediates. As a result, at the end of 60 min reaction
time synthetic wastewater containing cefuroxime antibi-
otic was completely treated without any toxic intermediate
product formation with the addition of 750 mg/L KCI, at
pH 7 and 50 mA/cm? current density.

Table 5. The relationship of current density variation with first
order kinetic values (pH 7, KCI conc.: 750 mg/L and 60 min
reaction time)

Current density (mA/cm?) kd (1/min) R?
10 1.8643 0.9691
25 2.5257 0.9670
50 10.5966 0.9631

Duan et al. (2020) [56] reported electro-oxidation of
ceftazidime antibiotic in real municipal wastewaters
with PbO,-Ce and SnO,-Sb anodes. While 99.37% of
ceftazidime degradation and 95.52% COD removal was
achieved with Ti/SnO,-Sb anode, 75.15% ceftazidime
degradation and 83.54% COD removal was obtained
with Ti/ PbOZ—Ce anode, under 4 mA cm™ current. Yahya
et al. (2016) [57] investigated the ability of Electro-Fen-
ton process with carbon-felt cathode and Pt anode for
degradation and mineralization of levofloxacin (LEV) in
aqueous solution. The absolute rate constant was found
to be (2.48+0.18)x10° M s71. 400 mA current value and
0.1 mM catalyst Fe** loading were observed to be opti-
mum. Chemical oxygen demand and mineralization de-
gree was reached to >91% at the end of 6 h. A number of
intermediate products were identified using HPLC and
LC-MS. N atoms in LEV were released as NH** and NO-
ions. Nitrogen atoms mainly transformed into NH*
rather than in NO. The concentration of NH* reached
0.28 mM at 300 min, while that of NO- reached to the
zero at 300 min. The nitrogen loss could be explained
by the formation of volatile nitrogen compounds and the
presence of oxamic acid that is hardly oxidizable by hy-
droxil radicals.
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CONCLUSIONS

In this study, it was investigated the removal of cefuroxim
(CXM) from aqueous solution with novel Sb-SnO,/Ti an-
odes. Comparison of different electrolyte types were made
(NaCl and KClI). KCl increased the conductivity and caused
to formation of important oxidants such as chloride gas and
hypochlorite acid and affected the reactions more positive-
ly than NaCl addition. The optimum results were observed
with 750 mg/L KCl addition. KCI was found as the optimum
electrolyte type affecting the electrochemical reactions pos-
itively the most even in lower concenrations. Thus, it could

be possible to obtain higher removal efficiencies with real
wastewaters assuming they include Cl ions highly, without
addition extra chemicals. pH has a very important effect on
the removal efficiencies and pH 7 was considered as the opti-
mum, which is the natural pH value of the solution. This was
probably because the electrochemical oxidation reactions
occured in the aqueous solution mostly instead of on the
anodic surface. As a result of the study, it could be possible
to operate process easier and more economically by working
at neutral pH values, due to there is no need to chemical
addition and extra cost. However, the removal efficiencies
increased with current density increase and the optimum re-
sults were obtained at 50 mA/cm? current density. Because
active oxidants occured increasingly at higher values.
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INTRODUCTION

ABSTRACT

Ibuprofen metabolites can form in humans as a result of metabolic activities or can be pro-
duced by microorganisms in wastewater treatment plants and receiving environments, which
increases their likelihood of being present in the environment. In this study, various experi-
ments were conducted to determine the removal degree for ibuprofen, ibuprofen carboxylic
acid (IBU-CBX), and 2-hydroxylated ibuprofen (IBU-2-OH) metabolites with an activated
sludge reactor. Furthermore, the pseudo-first-order biodegradation rate constant (k) (17.76
L/gSSday) was calculated to determine the decomposition degree of ibuprofen in the batch
activated sludge system. The effects of different ibuprofen concentrations (8.2, 5.6, 3.2, 1.51
mg/L) at constant biomass concentration (3 g/L) on the biodegradation mechanism were
investigated. In addition, IBU-2-OH and IBU-CBX were tested in a batch activated sludge
reactor with a volume of 2 L individually at 100 ug/L with activated sludge containing 3 g/L
biomass. It was observed that ibuprofen had a removal efficiency of more than 90%. IBU-CBX
and IBU-2-OH were removed at approximately 27-91% and 18-82%, respectively. In abiotic
conditions, the removal of ibuprofen was found to be 7.07%. It was confirmed that the removal
of ibuprofen largely depended on biological degradation. This study enabled us to know which
metabolites are involved in the biodegradation process of ibuprofen in batch experiments with
the activated sludge process.

Cite this article as: Ozgiiven A, Oztiirk D, Bayram T. An investigation based on removal of
ibuprofen and its transformation products by a batch activated sludge process: A kinetic study.
Environ Res Tec 2021;4:4:329-341.

usually detected in wastewater and surface water. As a result
of human consumption and veterinary usage, pharmaceu-

Due to the rapid increase in the human population and
technological developments, toxic substance concentrations
discharged to the receiving environment increase day by
day. Industrial wastewater may contain various organic or
inorganic contaminants [1]. Pharmaceutical compounds
and their metabolites are subclasses of organic pollutants

*Corresponding author.
*E-mail address: ayseozguven@yyu.edu.tr

tical compounds are found in wastewater treatment plant
effluents, in aquatic environments such as rivers and surface
waters, and the potential for these substances to cause ad-
verse effects in the aquatic environment has raised increas-
ing concern [2-6]. The most common way medicines are
transmitted to aquatic environments is by discharge from
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the body due to human consumption, reaching the sewage
system and then wastewater treatment plants and from there
to drinking water [7]. Many pharmaceutical compounds
found in wastewater and processed in wastewater treatment
plants are converted into metabolites or are eliminated at
low rates or not at all due to their chemical structure [8, 9].

Ibuprofen is one of the most commonly used oral analge-
sics and antipyretics and is widely used to treat rheumatic
disorders, pain, and fever [10, 11]. Moreover, up to 85% of
ibuprofen taken into the body is excreted through urine and
faeces without being metabolized [12]. It has slight solubility
in aqueous solutions and high mobility in the marine envi-
ronment [13]. It was reported that ibuprofen was detected
in wastewater treatment plant effluents at concentrations be-
tween 60 ng/L and 100 pg/L in different countries [10, 14].
Therefore, there is increasing research interest in the bio-
transformation of ibuprofen during biological wastewater
treatment processes [15, 16]. Many methods are used for the
removal of pharmaceutics from aquatic environments, such
as anaerobic digestion [17], phytoremediation [18], biodeg-
radation by pure cultures [19], moving bed biofilm reactor
(MBBR) [20], and adsorption [21, 22]. Also, advanced oxi-
dation methods [23] are used, such as electro Fenton [24]
and photodegradation [25]. Physicochemical methods have
disadvantages such as high operating costs and the forma-
tion of secondary pollutants [26]. Although biological treat-
ment processes have some disadvantages, such as the adap-
tation of microorganisms to the environment and the need
for long hydraulic retention times for the biological degrada-
tion of pharmaceuticals, it is considered an environmentally
friendly option due to its low-cost operating requirements
and harmless end products generation [27].

The main mechanisms in biological removal are biotrans-
formation, degradation, and adsorption [28-30]. It is pos-
sible to examine the mechanism in biological processes
with kinetic models. Some studies investigated the bio-
transformation removal data with pseudo-first-order and
pseudo-second-order kinetic models [31, 32]. For bio-
degradation processes of pharmaceutical compounds in
activated sludge, it was proposed to use pseudo-first-or-
der reaction kinetics and biodegradation reaction rate
constants (k,, ) [33]. Due to biodegradation and sorption
processes, ibuprofen has a high removal efficiency (about
90%) in wastewater treatment plants [34]. Many studies
investigate ibuprofen biodegradation in wastewater treat-
ment plant inlet and outlet waters and lab-scale batch ex-
periments [35, 36]. 2-hydroxy ibuprofen (IBU-2-OH) and
carboxyibuprofen (IBU-CBX) are the main ibuprofen me-
tabolites in humans. 1-hydroxy ibuprofen (IBU-1-OH),
3-hydroxy ibuprofen (IBU-3-OH) and phase II metabo-
lites can be found at low concentrations in urine. Zwiener
et al. (2002) [35] reported that ibuprofen converts to IBU-
CBX and IBU-2-OH under oxic conditions and only IBU-
CBX under anoxic conditions in their study. Quintana et

Table 1. Physico-chemical properties of ibuprofen, IBU-2-OH,
and IBU-CBX [40]

Compound Structure pKa LogKow
o
Tbuprofen o . 491 3.97
e .
My
IBU-2-OH o * 4.55 2.69
» o
cy
[BU-CBX o o 3.97 2.78

al. (2005) [37] found that IBU-2-OH was produced be-
fore IBU-1-OH in a membrane bioreactor, and both were
quickly removed from the bioreactor. This study aims to
investigate the removal of different concentrations of ibu-
profen and its metabolites in a batch activated sludge pro-
cess, which is widely used for organic matter removal. Not
only ibuprofen but also its metabolites were monitored
during the biodegradation process by liquid chromatog-
raphy-mass spectrometry/mass spectrometry (LC-MS/
MS) chromatography. Moreover, the data obtained were
used with the well-known kinetic models to examine the
removal mechanism of ibuprofen during the activated
sludge process.

Some studies have mentioned the toxic effects of ibuprofen
and its metabolites. It has been reported that ibuprofen may
cause acute toxicity to aquatic organisms at various concen-
trations and may cause a long-term ecological impact on
non-target organisms if discharged continuously into the
receiving environment [38]. It has also been reported that
the excretion product may contain both ibuprofen and its
metabolites, and its metabolites may be more toxic than its
parent molecule [39]. To the authors' best knowledge, stud-
ies supporting the biodegradation of high concentrations of
ibuprofen and its conversion products (TPs) are limited and
need further investigation.

MATERIALS AND METHODS

Chemicals and Compound Selection

NaOH (CAS Number: 1310-73-2) and HCI (CAS Num-
ber: 7647-01-0) were purchased from Sigma-Aldrich
and used in pH settings through the trials. Sodium azide
(NaN,) was purchased from Sigma-Aldrich (CAS Num-
ber: 26628-22-8) and used to inhibit the activated sludge
activity. Ibuprofen, IBU-2-OH, and IBU-CBX were sup-
plied by Sigma Aldrich, and HPLC grade was provided
by Merck (Germany). Physicochemical properties of the
pharmaceutical compounds should also be considered
to estimate their biodegradation potential. Calibration
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Table 2. Gradient conditions for IBU-2-OH and IBU-CBX (a- Solvent Composition b-Timetable)

a) Solvent Composition

Chanel Ch.1 Solv. Name 1 Used Percent
1 A 100% Water 0.1 Ammonium Formate Yes 90%
(pH:5.5, Formic Acid)
2 B 100% Methanol Yes 100%
3 C No
4 D 0.1% Formic Acid No
b) Timetable
Time(min) A B C D
1 1 90% 10% 0% 0%
2 1.10 0% 100% 0% 0%
3 4.00 0% 100% 0% 0%
4 4.10 90% 10% 0% 0%

standard solutions were prepared by diluting the stock
solution of the target compounds appropriately in metha-
nol-water (10:90, v/v). Table 1 shows the physicochemical
properties and molecular structures of ibuprofen and its
metabolites [40].

Analytical Methods

Solid-phase extraction (SPE) was applied to samples taken
from batch-operated reactors using a method developed by
Gros et al. (2012) [14]. For the solid phase extraction pro-
cess, 60 mg OASIS HLB (Waters, USA), cartridges with 5
mL of methanol and 5 mL of ultrapure water pH adjusted
to 4.5 were pre-conditioned. Afterward, 30 mL of wastewa-
ter was loaded into the cartridge at a 10 mL/min loading
rate. The cartridge was washed with 3 mL of 2% methanol
solution at a 5 mL/min rate to separate the substances likely
to adhere to the pharmaceutical compound from the car-
tridge and then dried under vacuum for 15 min. Finally, the
recovery process was applied with methanol at a rate of 1
mL/min. Both biodegradation and adsorption of ibuprofen
in aqueous environments were analyzed by Agilent 1100
Model HPLC device. In the HPLC analysis, a chromacil
100-5-C18 column with 250x4.6 mm, 4 um particle diam-
eter was used, and the flow rate was determined as 1.0 mL/
min. The mobile phase was separated with a binary mobile
phase at a 0.4 mL/min flow rate using pH=8 (A) and 5 mM
of methanol (B) and ammonium acetate. The analysis was
carried out at 220 nm wavelength and 25 °C separation
temperature. Chromatographic separation for biological
degradation of IBU-2-OH and IBU-CBX was performed

with Agilent Technologies 1290 Infinity model UPLC
equipped with a quaternary pump system (Mildford, USA)
using a Zorbax Eclipse C18 column (50 mm x 2.91 mm id
1.8 um). Agilent Technologies 6460 Triple Quad LC-MS/
MS system was used as the detector. Sample injection vol-
ume was determined as 5 pL. Gradient conditions for IBU-
2-OH and IBU-CBX are given in Table 2. System efficien-
cy was calculated with chemical oxygen demand (COD)
removal during the acclimatization of activated sludge to
ibuprofen. The COD value of the wastewater was analyzed
with a spectrophotometer (WTW spectroflex 6100, at 600
nm wavelength) according to the closed reflux colorimetric
method [41].

Synthetic Wastewater and Acclimation Period

Activated sludge was aerated to maintain aerobic condi-
tions by feeding it with synthetic wastewater prepared ac-
cording to ISO11733 standard (Table 3) [42]. The pH was
adjusted to about 7.0 with 0.2 M HCl or 0.2 M NaOH. The
wastewater fed into the system for one day after a 12-day
acclimatization period. In order to acclimatize the acti-
vated sludge biomass, ibuprofen active ingredient was fed
into activated sludge for 12 days with synthetic wastewa-
ter containing 550 mg/L COD. It is provided COD / N /
P as 100 / 5/ 1 to allow the growth of microorganisms.
During the studies, the wastewater was prepared daily to
prevent changes in the composition of synthetic domes-
tic wastewater. After acclimatization, COD removal was
determined as 90% that showed activated sludge and bac-
teria adapt to the new environment. Sludge retention time
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Table 3. Synthetic wastewater composition prepared according to ISO11733 Standard [42]

Content

Peptone 192 mg/L
Meat extract 138 mg/L
Glucose monohydrate 19 mg/L
Ammonium chloride (NH4ClI) 23 mg/L
Anhydrous potassium monohydrogen phosphate (K2HPO4) 16 mg/L
Disodium hydrogenphosphate dihydrate (Na2HPO4.2H20) 32 mg/L
Sodium hydrogen carbonate (NaHCO3) 294 mg/L
Sodium chloride (NaCl) 60 mg/L
Iron (III) chloride hexahydrate (FeCls.6H20) 40 mg/L

(SRT) was operated for 10 days and hydraulic retention
time (HRT) 24 h in the activated sludge reactor. During
the acclimation period, ibuprofen at a concentration of
Img/L was given to the batch activated sludge process
with synthetic wastewater, and the MLSS concentration
was kept at 3 g/L.

Biodegradation Studies

To investigate the biodegradation and removal of ibupro-
fen and its metabolites, a study was carried out in a system
operated intermittently in the laboratory with activated
sludge from a domestic wastewater treatment plant. Acti-
vated sludge used in the study was taken from the Edremit
Municipality domestic wastewater treatment plant operat-
ing in Van province in Turkey. Edremit advanced biological
wastewater treatment plant is designed to serve an equiv-
alent population of 100,000 people and a maximum flow
rate of 21.840 m?/day. It is located between 345904 latitudes
and 4253273 longitudes. The treatment plant is operated as
HRT 48 hours and SRT 20 days.

Batch experiments were carried out in 3 batch reactors
(250 mL glass flask) with continuous stirring at room
temperature (20 °C * 2 °C), keeping dissolved oxygen
constant at approximately 6.4 mg O,/L and filled with 100
mL of activated sludge. These values appear to be signifi-
cantly higher than the dissolved oxygen measured in the
actual WWTP activated sludge process. Because dissolved
oxygen is kept at this value to eliminate the decrease in
non-aerated areas in lab-scale activated sludge processes.
Other studies keep dissolved oxygen levels close or higher
than in this study. To prevent anaerobic reactions, the dis-
solved oxygen concentration should be kept above 2 mg/L
[43, 44]. Ferrando-Climent et al. (2012) [40] kept the dis-
solved oxygen level constant at 7.5 mg/L in their study in
batch activated sludge reactors.

After the biomass acclimatization process, pharmaceutical
compounds were added to the synthetic wastewater at dif-
ferent concentrations for a period equal to SRT 10.

Biodegradation rates may vary depending on differences in
initial charge of the compound or sludge composition and
experimental conditions [31]. To determine the k,  coeffi-
cient, samples were taken at 20 min intervals for 1 h, and
the inlet and outlet concentrations were determined. The
k., values of the activated sludge process generally vary be-
tween 9-35 L/gSSday [45].

Experiments were carried out in two sets. The first ex-
periment set investigated the effect of different ibupro-
fen concentrations (8.2, 5.6, 3.2, 1.51 mg/L) at constant
biomass concentration (3 g/L). In a second experiment
set, IBU-2-OH and IBU-CBX were added separately at
100 pg/L to another activated sludge reactor containing 3
g/L biomass. The system was operated at room tempera-
ture. 10 mL samples were taken at different time intervals
(0.83,0.25,0.5,1,2,3,4,5,6 h) from each reactor, and after
centrifugation (10 min at 5000 rpm), the supernatant liq-
uid was stored in a refrigerator at 4 °C. Before analysis, liq-
uid samples were homogenized using a vortex. Ibuprofen
concentration was determined using Agilent 1100 Model
HPLC and 1290 Infinity model UPLC and its metabolites
were determined using Agilent Technologies 6460 Triple
Quad LC-MS/MS.

Adsorption and Kinetic Studies

Adsorption trials with inactivated sludge were carried out
to investigate the removal of ibuprofen under abiotic con-
ditions. The experiments were performed in triplicate. In
visualized data error bar shows the standard deviation with
three replicates. Inactivated sludge was used to understand
the role of the adsorption process, as well as biodegrada-
tion, in the ibuprofen removal mechanism. The activity
of activated sludge was inhibited using NaN, (0.1%, w/v)
[46]. The samples taken at different time intervals (5-1440
min.) under abiotic conditions were analyzed for ibuprofen
removal. Batch reactors were wrapped in aluminum foil to
prevent photodegradation of pharmaceutical compounds
and placed in a shaker at 200 rpm.
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Contact time is critical to discuss the adsorption mecha-
nisms [47] and equilibrium time in more detail. This study
investigates the effect of contact time depending on the re-
lationship between the inactivated sludge and the ibupro-
fen. Kinetic studies were carried out at an initial ibuprofen
concentration of 8.2 mg/L for 5 to 1444 min, inactivated
sludge dose (m) of 2 g, and volume of 100 mL, the tem-
perature of 25 °C, 200 rpm stirring speed, and wastewater
pH (natural) of 7.35. The experimental data obtained were
applied to well-known kinetic models represented by Egs.
(1), (2), (3), and (4) to define the degree of adsorption, such
as intraparticle diffusion, Elovich, pseudo-first-order, and
pseudo-second-order [48, 49].

1
qr = kigtz +C 1)

k, refers to the intra-particle diffusion rate constant
(mg/g.min*?). The slope of the line obtained from the
graph of g, against t"” gives k,, and the intersection gives
C. C gives the experimenter an idea of the boundary layer

thickness [50].

B (g/mg) and a (mg/g.min) represent Elovich rate constants
and can be calculated from the intersection point and slope
of the line 8 and « by plotting g, against 2.

11 B+11 t )
gt = 5lnaf +=l1n

B B

log( )=1 K t

08(ge — q¢) = logge — 50 (3)
t 1 +(1)t @
qt k;q3 \qe

g, and g, are the amount (mg/g) of ibuprofen adsorbed at
t and equilibrium, respectively. k, (min™) is the first-or-
der adsorption rate constant and k, (g/mg.min) is the sec-
ond-order adsorption rate constant. From the line obtained
by plotting ¢ against log (g, - g,), k, and q, values can be
calculated from slope and intersection, respectively. From
the slope and intersection of ¢ ‘against #/q,, k, and g, can be
calculated, respectively.

RESULTS AND DISCUSSION
Biodegradation studies

Biodegradation of Ibuprofen in Batch Activated Sludge
System

Since ibuprofen has a low Henry constant (6.10E—-06 atm
m?/mol), the loss due to evaporation is negligible [51]. The
most important degradation mechanisms for ibuprofen are
sorption into sludge and biodegradation. Aerobic batch ex-
periments were performed in an activated sludge reactor
containing different concentrations of ibuprofen and con-
stant biomass. The time-dependent variation of the differ-
ent ibuprofen concentrations is shown in Figure 1.
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Figure 1. Time-dependent variation of different ibuprofen
concentrations in the batch activated sludge reactor.

As the enzyme concentration will increase at high biomass
amounts such as 3 g/L, the reaction rate depends on the
enzyme concentration; the substrate/enzyme ratio will de-
crease as the amount of enzyme increases with the fixed
substrate value [7]. Suarez et al. (2010) [52] worked in 2 L
bioreactors and achieved removal efficiency above 80% in
aerobic conditions and below 20% in anoxic conditions. As
seen in Figure 1, it was observed that ibuprofen at differ-
ent concentrations was removed at approximately the same
time (2 h). Similar to these results, Collado et al. (2012)
[31] found that the degradation efficiency for ibuprofen
was higher when the same initial biomass concentration
was used and at low ibuprofen concentrations. Further-
more, Quintana et al. (2005) [37] observed that ibuprofen
biodegradation was rapid, which is in good agreement with
our results. This study investigated the effectiveness of ibu-
profen active substance added to synthetic wastewater in
different concentrations. It was observed that ibuprofen
was removed at 90-95% in approximately 24 h (Fig. 1). As
can be seen from the trials conducted at a constant biomass
concentration of 3 g/L, 90% removal is possible in 12.5 h
(0.52 day), and ibuprofen removal efficiency was observed
at up to 95% in 14-24 h (0.6-1 day). In this case, although
0.7 mg/L ibuprofen was used during the 12-day acclimati-
zation period, microorganisms in the wastewater success-
fully tolerated the applied ibuprofen concentrations. Hi-
josa-Valsero et al. (2010) [53] reported 40% efficiency for
ibuprofen in the activated sludge system. Furthermore, in
another study using a sequential batch membrane bioreac-
tor, removal efficiency in the range of 50-90% was reported
for ibuprofen [54].

Calculation of the Biological Degradation Constant
(k)

Kinetic modeling should be considered to develop appro-
priate mathematical models to predict the performance of
treatment systems. One of the most important ways to un-
derstand the removal mechanism better is to evaluate the
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Figure 2. Change in biodegradation of ibuprofen versus
time during batch experimental studies.

kinetic data. To understand the mechanism controlling the
biological process, a pseudo-first-order kinetic model that
aims to examine the removal process of ibuprofen was used.
Since pharmaceutical compounds are present in very low
concentrations, a first-order model is used that the biomass
concentration and the soluble concentration of the pollut-
ant affect the rate of biodegradation.

The change in biodegradation of ibuprofen obtained in ex-
perimental studies over time is shown in Figure 2.

The concentration of a pharmaceutical compound in waste-
water can be modelled according to the pseudo-first-order
kinetic model as follows [33, 36].

G _ e~ Kbiol*SS*HRT — g—Kpio*SP+SRT (5)
Co
Where;

C: Inlet ibuprofen concentration (ug/L)
C : Output ibuprofen concentration (pg/L)

HRT: Hydraulic retention time for the entire reactor or du-
ration of the batch reactor (day)

SP: Specific sludge production per volume of treated waste-
water (gSS/m’ wastewater)

SS: Suspended solids concentration

SRT: Sludge age (day)

k. ; Pseudo-first-order degradation constant

Converting Eq. (5) to linear form gives Eq. (6).

ln% = —kpio * SS * HRT (6)
The slope of the line obtained by plotting the In (C/C) val-
ue against time will give -k_ * SS value.

k,,, is a vital parameter widely used in the literature to com-
pare the removal efficiency of compounds in many micro-

pollutant classes such as ibuprofen [55]. In aerobic batch
experiments, studies were conducted to establish a rela-
tionship between pharmaceutical compounds' biological
kinetic degradation coefficient and removal capacity. The
following information gives this relation [56].

« Ifk,, <0.1[L/gSS.day]: No removal (less than 20%)
+ If0.1 <k, <10: partial removal up to 20-90%

+ k,,,>10: More than 95% removal due to biodegradation
and largely reactor configuration.

To calculate k| (L/gSSday), the slope of the line in Figure 2
was divided by the MLSS concentration of activated sludge
and multiplied by 24 h. MLSS was used as an estimate of the
biomass concentration found in the activated sludge reac-
tor. The MLSS concentration of the batch activated sludge
reactor is 3 g/L on average.

In this study, the k| value obtained for ibuprofen was ob-
tained as 17.76 L/gSSday. The biodegradation mechanism
seems to be essential for the removal of ibuprofen, depend-
ing on the kbiol value. In other words, it can be said that
the removal of ibuprofen is between 90-95% by biological
degradation. A similar result was reported by Smook et al.
(2008) [36]. Moreover, Kruglova et al. (2014) [57] found the
k,. , value for ibuprofen was 10 L/gSS day. Based on this val-
ue, he interpreted that ibuprofen is an easily biodegradable
chemical substance [57]. The comparison of the k value
calculated in this study and the literature is given in Table 4.
According to Table 4, the k| value we obtained for ibupro-
fen was found to be similar to some experimental studies,
and ibuprofen can be considered as a biodegradable phar-
maceutical due to its high k,  values [57]. The difference
between these experiments and those reported in the liter-
ature is the pharmaceutical compound concentration. This
difference in biodegradation constant is likely due to differ-
ences in wastewater and wastewater treatment plant, such
as sludge age, wastewater inlet characteristics, flow chart
of the relevant treatment plants, and experimental meth-
ods used. The k,_ values obtained in this study are lower
than those found in the literature. The lower k| values in
laboratory-scale plants compared to full-scale plants can be
explained by a lower SRT. In other words, as the biomass
concentration decreases, the k value decreases [31].

High removal efficiencies were observed with increasing
SRT in general [59]. However, compounds with high k_ |
values, such as ibuprofen and paracetamol can be nearly
removed entirely by biodegradation independently of SRT
and HRT [60]. SRT is an important parameter for both
sorption and biological degradation. In this study, SRT was
selected as 10 days and HRT as 24 hours. Longer SRTs (>15
days) may increase removal efficiency for some contami-
nants and allow slower growing bacteria (i.e., nitrifying
bacteria) to form, providing a more diverse microorganism
community. At the same time, metabolic and co-metabol-
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Table 4. Bio-kinetic degradation coefficient (k,, ) values for activated sludge in
domestic wastewater treatment plants reported in the literature

Pharmaceutical k.
active matter

biol
(L/gSS.day)

SRT
(day)

Reference

0.107
0.32
Ibuprofen 30

Naproxen

Diclofenac

5-25 [58]

Paracetamol 58-80

10 [45]

Ibuprofen 16 +2

14-20 [47]

02
<0.5

Carbamazepine

Diclofenac

10-12 [57]

Ibuprofen 17.76

10 This study

ic enzymes promoting mineralization of persistent com-
pounds also improves processes [61, 62]. However, the
removal efficiencies of some pollutants are independent of
SRT. It was stated that some pollutants were absorbed into
the sludge in wastewater treatment plants operated with
SRT of 10 days [63]. Stasinakis et al. (2010) [64] found the
highest biodegradation rates for endocrine disruptors at
3-day low SRT. Gaulke et al. (2009) [65] reported that het-
erotrophic bacteria capable of degrading pharmaceutical
compounds were found at low and high SRTs.

Biodegradation of IBU-20H and IBU-CBX Metabolites in
Batch Activated Sludge System

The change in IBU-20H and IBU-CBX concentrations ac-
cording to time is shown in Figure 3. During the biological
degradation process, metabolite concentrations gradually
decreased over time. The removal efficiency of IBU-CBX
from the environment after 5-400 min was higher than
the two hydroxylated metabolites. Therefore, IBU-CBX
and IBU-20H are considered to be produced differently
with different methods of biodegradation. To clarify these
assumptions, IBU-2-OH and IBU-CBX were added sepa-
rately at 100 pg/L to activated sludge containing 3 g/L bio-
mass, which was identified as the second experiment set.
Total removal for all metabolites was achieved after 6 h (Fig.
3). Complete removal of pharmaceutical compounds may
depend not only on the biological degradation process but
also on the co-effect with the sorption processes. This situ-
ation was supported by a study where high concentrations
of ibuprofen (43.2-117 ng/g) were found in sludge from
wastewater treatment plants [34]. In a study [40], concen-
trations of ibuprofen and its metabolites were found in river
and surface waters changing from 0.7-55.4 ng/L and, an-
other study [66] reported that they could be found in high
levels (14.6-31.3 pg/L) in activated sludge systems.

The batch activated sludge system results for the removal of
ibuprofen, and its metabolites showed that the removal effi-

_-
=
s S

Removal Efficiency (%)
>

D OsE & ®
=3

S
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200 300
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Figure 3. Time variation of 2-OH IBU and IBU-CBX con-
centrations in experiments performed in batch activated
sludge system (100 pg/L metabolite concentration; 3 g/L
biomass concentration).

ciencies of ibuprofen, IBU-CBX, and IBU-2-OH were about
90%, 27-91%, and 18-82%, respectively.

However, it was observed that IBU-2-OH and IBU-CBX
are the main metabolites in the biodegradation process of
ibuprofen from the data obtained from the studies carried
out in the wastewater treatment plant inlet and outlet wa-
ters, and this is consistent with the findings obtained in
the batch studies conducted in this study. Other studies
identified two hydroxy-ibuprofen isomers (IBU-2-OH and
IBU-1-OH) as intermediates in ibuprofen mineralization
by microorganisms, and they concluded that both interme-
diates degrade or disappear rapidly in the bioreactor [67].
Metabolites excreted from the body as a result of metabolic
activity in humans and the activities of microorganisms in
wastewater are the main reasons for the occurrence of these
metabolites in wastewater.
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Figure 4. Diagram of possible intermediates formed during 0.00 - T - T - - - -
the biodegradation of IBU by activated sludge (Figure 5 210 415 620 825 1030 1235 1440
adapted from [35, 37, 67-69]). Time (min.)

Diagram of possible intermediates formed during the bio-
degradation of ibuprofen by sludge (Fig. 4). Murdoch and
Hay (2015) [67] showed that ibuprofen could convert to
carboxylic group by methylation or acetylation of -OH and
—-COOH group in activated sludge. Many studies have re-
ported that carboxy-ibuprofen (CBX-IBU), 2-hydroxy-ibu-
profen (2-OH-IBU) and 1-hydroxy-ibuprofen (1-OH-IBU)
compounds can be formed throughout the biodegradation
of IBU by activated sludge [31, 40]. The metabolic mech-
anism consists of hydroxylation, methyl groups oxidation
to alcohols, esterification of aldehyde, acidic groups and
carboxylic acid after hydroxylation and decarboxylation
processes [68].

Adsorption Study
According to the results, approximately 4% of ibuprofen
adsorption occurred within the first 20 min and about 6%

Figure 5. The ibuprofen adsorption over time.

within 240 min (Fig. 5). At the end of this period, the ad-
sorption rate gradually decreased, and maximum removal
efficiency (7.07%) was achieved in 1440 min. It can be said
that there is a low affinity between the inactivated sludge
and the ibuprofen.

From the plot of the intra-particle diffusion diagram (data
not shown), it was observed that the line passing through
the t? and g, points did not cross the origin. Singh et al.
(1998) [70] stated that this is a sign that the control mech-
anism is not only pore diffusion. Another explanation was
made by Lakshmi et al. (2009) [71]. They reported that this
may be due to the mass transfer rate differences between
the last and first adsorption periods.

The comparison of the kinetic model coefficients obtained
in this study and the literature is given in Table 5. As seen

Table 5. Comparison of kinetic model coefficients in this study and literature for ibuprofen adsorption

Kinetic model This study [73] [74] [77]
Intraparticle C :0.18 C :6.221 kig :9.62 C :0.008
diffusion kia :0.0076 kia :0.223 (ng/g min'’2) kia :4.178

(mg/g min'?) (mg/g min'’?) R? :0.987 (mg/g min'’?)

R? :0.596 R? :0.923 R? :0.899
Elovich o :0.09 o :2.975 o :25.7 o :2.5

(mg/g min) (mg/g min) (1g/g min) (mg/g min)

B :16.67 B :1.58 B :0.055 B :3.831

(g/mg) (g/mg) (ng/g) (g/mg)

R2 :0.903 R2 :0.960 Rz :0.999 R? :0.893
Pseudo-first- ki :0.0032 ki :0.00737 ki :0.094 ki :0.011
order (min-1) (min'!) (g/mg min) (min!)

qQ :9.83 qQ :3.207 qQ :555 qQ :438

(mg/g) (mg/g) (ng/g) (mg/g)

R2 :0.634 Rz :0.898 R? :0.999 Rz :0.891
Pseudo- k, :0.14 k, :0.0464 k, :0.021 k, :0.133
second-order (g/mg min) (g/mg min) (g/mg min) (g/mg min)

qQ :04 qQ 8217 g :555 g :4.804

(mg/g) (mg/g) (ng/g) (ng/g)

R? :0.999 R? :0.999 R? :0.995 R? :0.999
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in Table 5, ibuprofen adsorption best fits the pseudo-sec-
ond-order model with 0.999 R% Based on the fit to the
pseudo-second-order kinetic model, it can also be said
that adsorption may be dominated by electron sharing or
exchange between ibuprofen and dead bacteria [72]. The
data obtained are in good agreement with the literature
[73, 74]. Streit et al. (2021) [75] used an adsorbent derived
from sludge for ibuprofen removal. They reported the pseu-
do-second-order kinetic model was more suitable for the
removal of ibuprofen and the equilibrium time was 180
min. They attributed the adsorption balance in 180 min
to the great affinity between ibuprofen and the adsorbent.
Correlation coeflicients for other kinetic models are exam-
ined in Table 5. It appears that ibuprofen adsorption does
not fit well the models except for the pseudo-second-order
model. From these data, it can be concluded that the ad-
sorption mechanism may be predominantly non-physical,
not controlled by the internal surface adsorption and liquid
diffusion process. Other studies in the literature [76, 77]
have shown that ibuprofen adsorption is more suitable for
the pseudo-second-order kinetic model.

When compared the results of biodegradation and ad-
sorption studies under the same initial ibuprofen concen-
trations (8.2 mg/L), it can be said that removal of ibupro-
fen with biodegradation (95%) more than abiotic sorption
process (7.07%). Moreover, lower removal of ibuprofen
was observed in abiotic controls, confirming that the re-
moval is mainly dependent on biological activity. Previous
studies showed that ibuprofen is generally removed by bi-
ological degradation and adsorption is lower, and volatil-
ization appears negligible, and this is in good agreement
with our results [55, 78].

CONCLUSIONS

In this study, using a sensitive analytical method based on
the UPLC-QqLiT system, the removal efficiency of ibu-
profen, IBU-CBX, and IBU-2-OH metabolites were de-
termined in a batch activated sludge process. Ibuprofen
had a removal efficiency of over 90%, while IBU-CBX and
IBU-2-OH were removed at efficiencies approximately
27-91% and 18-82%, respectively. The k. value obtained
for ibuprofen was 17.76 L/gSSday. Also, up to 7.07%, ibu-
profen removal was observed under the abiotic condition,
showing a low affinity between the inactivated sludge and
the ibuprofen. The ibuprofen removal best fitted the pseu-
do-second-order kinetic (R*=0.99). Per gram inactivated
sludge adsorbed 8.217 mg ibuprofen. The ibuprofen can
be successfully removed from aqueous environments, and
IBU-CBX and IBU-2-OH metabolites can partially re-
move with an activated sludge process. The findings can
contribute to further studies about the removal of ibupro-
fen transformation products (TP) and TP formation ki-
netics from aqueous environments.
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INTRODUCTION

ABSTRACT

Water hyacinth (Eichhornia crassipes) is an aquatic weed that is causing numerous adverse effects
on freshwater bodies. Developing countries are still battling on how to control the growth of this
weed without damaging other aquatic lives important to man. Literatures have revealed that most
developing countries are still discharging untreated sewage containing heavy metals into waterbod-
ies due to economic and technical constraints in handling conventional methods of treating heavy
metals. Hence, the research investigated the possibility of using water hyacinth to adsorb heavy
metals (Ni*" and Cr**) from sewage before discharging into waterbodies in order to solve two major
problems faced in the aquatic environment, at minimal cost. This was achieved by using the said
weed (water hyacinth) to treat Ni** and Cr** solutions prepared in the lab. Results showed that the
adsorption process for both ions occurred on heterogeneous surfaces while the mechanism of ad-
sorption followed Pseudo 2™-order kinetics. The Freundlich, Langmuir and Temkin adsorption ca-
pacities for Ni** are 19.6925l/g, 0.74701/mg and 1.10931/mg respectively while for Cr** are 16.814l/g,
0.70111/mg and 0.96231/mg respectively. However, the heat of sorption for Ni** is 96.906KJ/mol
while that of Cr** is 98.749K]J/mol. Furthermore, FT-IR analysis identified seven functional groups
involved in the binding sites with more of hydroxyl group (O-H) from alcohol and carboxylic acid.
It was concluded that water hyacinth could be used as a potential bio-adsorbent of metal ions.
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sewage: Adsorption capacities of water hyacinth (Eichhornia crassipes). Environ Res Tec
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cess (ASP) without further treatment. Hence, the wastewa-
ters are merely treated in terms of reducing the biochem-

Several researchers including Obasi and Akudinobi [1-3]
have reported alarming concentrations of heavy metals in
institutional and industrial effluents especially in devel-
oping countries even after been treated. This is because
the sewage are mostly treated in either waste stabilization
pond (WSP), tricking filter (TF) or activated sludge pro-
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*E-mail address: engr.ogbozige@gmail.com

ical oxygen demand (BOD) or chemical oxygen demand
(COD) and bacteriological load to permissible limits since
the technology associated with WSP, TF and ASP cannot
treat or reduce heavy metals. Thus, the discharge of such
effluents into water bodies is still dangerous even if the con-
centrations of BOD, COD and bacteriological load are safe.
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Consumption of food items containing heavy metals has
long been identified to have numerous effects on human
health [4-6]. Heavy metals bio-accumulate in both plants
and animals [7] hence if discharged into streams and rivers,
it could be incorporated into planktons and fishes which
will consequently affect humans through the food chain.

The standard methods for reducing the concentrations of
heavy metals in sewage to permissible levels, which includes
membrane filtration, chemical precipitation and ion ex-
change have been identified to have technical and economic
setbacks when applied in developing countries. Past litera-
tures [8-10] have shown that bioadsorbents could be effec-
tively used in removing heavy metals in wastewaters. How-
ever, the availability of most of these bioadsorbents such as
coconut shell, orange peels, groundnut shell, cassava peels as
well as banana and plantain peels are low compared to the
volume of industrial and institutional sewage generated daily.
Water Hyacinth (Eichhornia crassipes) is an aquatic weed that
is readily available in polluted freshwater bodies. It grows very
fast hence, it hampers the movement of boats and canoes in
rivers during navigation as could be seen in Figure 1. It also
deteriorates the turbidity and dissolved oxygen content of the
affected river, causing negative impacts on the production of
phytoplankton and fishes and even affecting the use of the
river for recreational and fishing activities. It makes ripari-
an communities to be prone to flooding during rainy season
since the rate of outflow to draining water bodies is low due
to the resistance to free flow caused by it. In other words, the
infestation of water hyacinth (Eichhornia crassipes) in a water
body has both ecological and socio-economical effects on the
affected communities.

Nickel (Ni) and chromium (Cr) are among the common
heavy metals usually found in industrial and institutional
sewage [11]. Yet, researchers on heavy metals adsorption
rarely worked on these two metals. In addition, despite the
abundance availability of this aquatic weed (Eichhornia
crassipes), literatures on the subject matter is still scarce.
Hence, it is important to investigate its usefulness in ad-
sorbing nickel and chromium ions (Ni**, Cr**) which have
been reported to be among the common heavy metals in in-
dustrial and institutional sewage. This will serve as a means
of removing both the aquatic weed from the affected rivers
as well as the heavy metals from industrial sewage, together
with their associated adverse effects.

MATERIALS AND METHODS

Preparation of Adsorbent and Synthetic Sewage

Fresh water hyacinths (Eichhornia crassipes) were obtained
at the Oxbow Lake in Yenagoa, Nigeria (4°5426.83"N,
6°16'43.29"E) and were carefully washed with tap water
to remove the sand and silt particles attached in the roots.
Thereafter, distilled water was used in rinsing the washed
water hyacinth, sun dried for 48 hours and further dried

Figure 1. Impact of water hyacinth in river transportation.

in an oven (model E028-230V-T) at 105°C for 12 hours.
The dried water hyacinths were milled using a laborato-
ry-grinding machine (EcoMet 30) and the particles were
sieved through a 250pum mesh. Since, the weed (water hya-
cinth) is abundantly available, it was not modified with any
reagent hence, the 250um sieved particles were kept in an
airtight polyethylene container as the biodadsobent to be
used for the adsorption process.

Industrial sewage containing Ni** and Cr’** (i.e. adsorbate)
were synthesized in the laboratory by preparing a stock
solution of 1000 ppm (i.e. 1000 mg/1) for each using the ana-
lytical grades of their hydrated nitrates salts Ni(NO,),.6H,O
and Cr(NO,),.9H,0 respectively. However, the quantity of
the various salts used in preparing the stock solutions of
1000ppm were determined through Equation (1);
M, V 100

A, 1000 P,

(1)

In Equation (1), M is the mass of salt weighed in gram (g),
M is the molecular mass of the salt, A s the atomic mass
of the metal considered, V is the volume of distilled water
used in dissolving the salt in milliliter (ml) and Pp is the
percentage of purity of the salt.

The level of purity for both Ni(NO,),.6H,O and
Cr(NO,),.9H,0 is 99.99% and were supplied by Alfa Aesar
company, Ward Hill, Massachusetts, USA while the vol-
ume prepared for each stock solution is 1000 ml. Also, the
molecular masses of Ni(NO,),.6H,0 and Cr(NO,),.9H,0
are known to be 290.80 and 400.15 respectively while the
atomic masses of Ni and Cr are 58.6934 and 51.9961 re-
spectively. Hence, these information were substituted into
Equation (1) to obtain 4.955g of Ni(NO,),.6H,0 and 7.697g
of Cr(NO,),.9H,0 as the required quantity of the salts
needed to produce 1000 ppm stock solutions of Ni** and
Cr** respectively, using 1000 ml distilled water as solvent.
However, the initial concentrations of Ni** and Cr** needed
as working solutions were attained by means of serial dilu-
tion of the prepared stock solutions.
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Metal Adsorption Studies

Batch adsorption was conducted to understand the impacts
of certain parameters on the removal of the metal ions (Ni**
and Cr’*) using water hyacinth as adsorbent. The parame-
ters considered in this research are contact time, adsorbent
dosage, initial adsorbate concentration and solution pH.
While studying the impact of each of the aforementioned
parameters, the parameter concerned was varied while oth-
ers were kept constant.

Effect of Contact Time

The effect of contact time on the adsorption process was
studied by considering different contact times ranging from
10 to 100 minutes at room temperature (20-25°C). In each
of the adsorbates considered (Ni** and Cr**), 25 ml having
initial concentration of 2.5 mg/l and pH 7 was measured
into a 50 ml beaker and a weighing machine (model: FA
1604) was used to measure 0.5 g of the water hyacinth ad-
sorbent into the beaker. The mixture in the beakers were
properly mixed by stirring at 150 rpm for different contact
times (10, 20, 30,........ , 100 minutes) using a magnetic stir-
rer (model: SH-2). The stirred mixture was filtered through
a Whatman filter paper (Grade 1) and the concentration of
the metal ion (Ni** or Cr**) in the filtrate was determined
using atomic absorption spectrometer, AAS (model: 280FS
AA). However, each of the contact time considered was
studied trice and the mean value of the concentrations of
metal ion obtained from the AAS was recorded.

Effect of Adsorbent Dosage

Different masses of the water hyacinth adsorbent ranging
from 0.2 to 1.0 g were weighed and added separately into 50
ml beakers already containing 25 ml of 2.5 mg/l of each of
the adsorbates (Ni** and Cr*) at pH 7. The mixture in the
beakers were stirred at 150 rpm for a constant contact time of
50 minutes under room temperature (20-25°C), and filtered
through grade 1 of Whatman filter paper. The process was re-
peated trice in each of the dose considered (0.2, 0.4, 0.6, 0.8,
1.0 g) and their mean concentrations of Ni** or Cr** in their
respective filtrates obtained from the AAS were recorded.

Effect of Initial Adsorbate Concentration

Working solutions of Ni** and Cr** containing initial con-
centrations ranging from 1.0 to 5.0 mg/l at pH 7 were
prepared from their respective stock solutions. This was
followed by measuring 25ml of each initial concentration
prepared (1.0, 2.0, 3.0, 4.0, 5.0 mg/1) for Ni** and Cr** sep-
arately into 50ml beaker, and 0.5g of the adsorbent were
measured into the beakers. The mixture in the beakers
were thoroughly mixed at 150 rpm for 50 minutes con-
tact time under room temperature (20-25°C), filtered on
Whatman filter paper (grade 1) and the filtrates were ana-
lysed on AAS for the concentrations of Ni** and Cr’*. The
procedure was replicated trice for each initial adsorbate

concentration and the average value of the metal ion got-
ten from the AAS was recorded.

Effect of Solution pH

The impact of this parameter (solution pH) on the remov-
al of the metal ions was known by measuring 25 ml of 2.5
mg/1 of the adsorbates (Ni** and Cr?**) of different pH val-
ues ranging from 5 to 9 into 50 ml beakers separately. The
varied solution pH 5, 6, 7,8, 9 were achieved by adding
some drops of either 0.1M of HCI or 0.1M of NaOH into
the working solutions until the desired pH value is indicat-
ed in a pH meter (model: pH-20W). Similarly, 0.5g of the
water hyacinth adsorbent was added into each of the bea-
kers containing the varied pH solutions and were properly
stirred at 150 rpm for 50 minutes under room temperature
(20-25°C). Thereafter, the stirred contents in the beakers
were filtered through a Whatman filter paper of grade 1 and
the filtrates were analysed in an AAS for the concentrations
of Ni** or Cr’* as the case may be. Just like the case in the
other parameters earlier explained, the process was repeat-
ed trice for each of the pH solution and the mean value of
the concentrations of Ni** or Cr** was recorded.

Trend Analysis of Varied Adsorption Parameters

In order to understand the impacts of the varied parame-
ters on the adsorption process, the percentage of metal ions
adsorbed for each of the varied parameters studied were de-
termined by employing Equation (2);

% adsorbed = (C"C_ i ) x 100 (2)
0

Where C is the initial concentration in mg/1 while C. is the
final concentration of metal ion obtained from the AAS. In
each of the parameters studied (i.e. contact time, adsorbent
dosage, initial adsorbate concentration and solution pH),
the percentages of metal ion adsorbed for both Ni** and
Cr’* were plotted against their corresponding variations on
2-line graphs (one line for each metal ion). Different colour
legends were assigned to the metal ions in the 2-line graphs,
which help in revealing the metal ion that was adsorbed
more in each variations of a given parameter.

Adsorption Isotherm Studies
The adsorption isotherm models considered in this research
are Freundlich, Langmuir, Temkin, Harkin-Jura, and Halsey.
Prior to their applications, the equilibrium concentrations
(C) of the metal ions were determined by recording the con-
centration that remained constant even when contact times
were increased. Hence, the equilibrium adsorption for each
metal ion was calculated using Equation (3);
_ V(CO - Ce)

qe M (3)

Where g, is the amount of metal ion (adsorbate) adsorbed
at equilibrium in mg/g, V is the volume of solution (adsor-
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bate) in liters, C and, C, are the initial and equilibrium con-
centrations of metal ion in mg/l respectively and M is the
mass of the adsorbent used in gram (g).

Among the various isotherm models studied, the model
that best governs the adsorption process for each adsor-
bate was known by plotting the following graphs; log g,
versus log C, (for Freundlich model), L versus e (for
Langmuir model), g, versus In C, (for Temkin model), q—iz
versus log C, (for Harkin-Jura model) and In g, versus In
C, (for Halsey model). The regression equations associat-
ed with the various graphs plotted were compared with
their corresponding standard isotherm models thereafter,
their constants including adsorption capacities were de-
termined from the gradients and intercepts. The isotherm
model whose graph has the highest value of determina-
tion coefficient (R?) was considered as the isotherm mod-
el governing the adsorption process. The linear form of
Freundlich, Langmuir, Temkin, Harkin-Jura, and Halsey
isotherm models are given in Equation 4, 5, 6, 7 and 8
respectively.

loggq, = %log Ce + log Ky (4)

In Equation (4), g, is the amount of metal ion (adsorbate)
adsorbed at equilibrium in mg/g, n is Freundlich con-
stant which indicate adsorption intensity (dimension-
less), C, is the concentration of metal ion at equilibrium
in mg/l and K, is Freundlich constant which shows ad-
sorption capacity in l/g.

1 1 \1, 1

—_ = ek 5
qe (KL-Qm) Ce i qm ( )
In Equation (5), K, is the Langmuir equilibrium constant
in1/mg, g, is the monolayer adsorption capacity at equilib-

rium in mg/g while g, and C, have same meaning as previ-
ously explained.

ge = BInC, + BInKr (6)

The symbols K and 8 in Equation (6) are Temkin constants
indicating isotherm equilibrium binding in 1/mg and heat
of sorption in KJ/mol respectively while g, and C, remain
the same.

1 1 B
EZ_ZIOgCe-I-Z (7)
As usual, g, and C, in Equation (7) remain the same as ad-
sorption at equilibrium (mg/g) and equilibrium concentra-
tion (mg/]) respectively however, A and B are Harkin-Jura
dimensionless constants.

In q, = —%ln(}e +%anH (8)

K, and n in Equation (8) represent Halsey isotherm con-
stants (dimensionless) while g, and C, remain the same as
earlier explained.

Adsorption Kinetics Studies

The pathway and mechanism of the adsorption process for
each metal ion was investigated using Pseudo first order
and second order kinetic models. The amount of metal ions
(Ni** or Cr’**) adsorbed on the adsorbent at a given contact
time ¢ was calculated and denote as (q,) using Equation (9).
= w )

Where g, is the amount metal ion adsorbed on the adsor-
bent in mg/g at contact time ¢, V is the volume of solution
(adsorbate) in liters, C, is the initial concentration of metal
ion in mg/l, C, is the concentration of metal ion at contact
time t in mg/] while M is the mass of the adsorbent used in
gram (g).

For Pseudo first order kinetic model, a graph of log (g -
q,) versus contact time t was plotted while _- versus t was
plotted for Pseudo second order kinetic model. The rate
constants for the two kinetic models were determined by
comparing the linear equation of the best fitted lines asso-
ciated with the plotted graphs and their corresponding ki-
netic model equations in linear forms. The linear forms of
Pseuodo first and second order kinetic models are given in
Equations (10) and (11) respectively.

k
log(qe — ) = — (55=) t +logqe

t ( 1 ) 1
—=(=)t+

qt qe k2.qe?
Where k, is the Pseudo first order rate constant (min™) and
k, is the Pseudo second order rate constant (g.mg".min™)

while other symbols retained their meaning as previously
explained.

(10)

(11)

Fourier Transform Infrared Spectroscopy Analysis

The functional groups responsible for the metal ions ad-
sorption were known by analyzing the water hyacinth ad-
sorbent before and after adsorption using a Fourier Trans-
form Infrared (FT-IR) Spectrometer (model: IRAfinity-18S).
Potassium bromide (KBr) weighing 250 mg was measured
into a mortar and it was properly pulverized with the help
of a pestle until it becomes sticky to the mortar. Afterward,
2.5 mg of dried sieved water hyacinth adsorbent (before ad-
sorption) was added into the mortar. The mixture in the
mortar was grinded for 3 minutes and placed in a 7 mm
die set, compressed at 2 ton in a mini-pellet press made by
Specac Ltd (model: P/N GS03940) for 2 minutes to form
pellet. The pellets for the water hyacinth adsorbents after
the adsorption process were prepared in the same manner
using 2.5 mg of dried sieved residue of filtration after ad-
sorption. In both cases, scanning of pellets were carried out
at a wavenumber range of 4000 to 400 cm™ in the FT-IR
spectrometer and the wavenumber peaks were compared
with Table 1 to understand the functional groups present.
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Table 1. Wavenumber of some common functional groups

Functional group Wavenumber (cm™)

Assignment (vibration and intensity)

1350 — 1480

Alkane 2840 — 3000

675 — 1000
1648 — 1662

1665 —1678
3020 - 3100

Alkene

2100 - 2500

Alkyne 32673333

1020 - 1150
1330 - 1420
2700 — 3200
3200 —-3550
3580 —3650

Alcohol

1395 - 1440
1700 — 1745
2500 - 3300

Carboxylic acid

1163 -1210
1715-1730
1735-1750

Ester

Ether 1020 - 1075
1020 - 1250
1080 — 1360
1600
3300-3500

Amine
Amide 1680 — 1690

Aldehyde 1720 - 1740

C-H (bending and medium)
C-H (stretch and medium)

=C-H (bending and strong)
C=C (stretch and medium)
C=C (stretch and weak)
=C-H (usually sharp)

C=C (stretch and weak)
C-H (stretch and strong; usually sharp)

C-O (stretch and strong)

O-H (bending and medium)
O-H (weak and usually broad)
O-H (stretch and strong; usuall
O-H (variable and usually sharp)

broad

O-H (bending and medium)
C=O0 (stretch and strong)
O-H (stretch and strong; usually broad)

C-O (stretch strong)
C=0 (stretch strong)
C=0 (stretch strong)

C-O (stretch strong)

C-N (stretch and medium)

C-N (stretch and medium-weak)

N-H (bending and medium)

N-H (stretch; medium and 2-bands for primary
amine; very weak and 1-band for secondary amine)

C=0 (stretch and strong)

C=0 (stretch and strong)

RESULTS AND DISCUSSION

Trend Analysis on Effects of Contact Time

The impact of adsorption of both Ni** and Cr** on the ad-
sorbent (water hyacinth) was observed to increase with
contact time as could be seen in Figure 2. This is in ac-
cordance with a past related research [12]. However, Ni*
were adsorbed faster and higher than Cr** since 92.8%
of Ni** were adsorbed at equilibrium time of 40 minutes
compared to 85.7% of Cr** which were adsorbed at equi-
librium time of 50 minutes.

The rapid adsorption of both metal ions at the ini-
tial stage could be attributed to the availability of large
surface area in the adsorbent. Nevertheless, as the ad-
sorption progressed with time, there was exhaustion of
adsorption sites in the adsorbents. Hence, migration of

100
€ 80 .
=] —e—Ni () —e—Cr (Il
5 60
wv
©
©
g 40
(0]
@ 20
€
Q
g 0
o 0 10 20 30 40 50 60 70 80 90 100
Contact time (minute)

Figure 2. Impact of contact time on adsorption of Ni** and
Cr’* by water hyacinth.

adsorbates from the exterior to the interior sites of the
adsorbents took control of the process, which conse-
quently slowed the adsorption rate.
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Trend Analysis on Effects of Adsorbent Dosage

Just like the case of contact time, the adsorption of the met-
al ions (Ni** and Cr**) on the water hyacinth absorbents in-
creased with the dose of the absorbent applied as could be
seen in Figure 3. This observation was also noted in similar
researches [12, 13].

Increasing the adsorbent dosage from 0.2g to 1.0g im-
proved the adsorption of Ni** from 20.6% to 96.3% while
that of Cr** improved from 17.9% to 88.5%. This could be
as a result of the fact that more surface areas were avail-
able for the adsorption due to accumulation of carbon at
higher doses.

Trend Analysis on Effects Initial Adsorbate Concentration
Initial concentration of both adsorbates (Ni** and Cr*")
showed an inverse relationship with the percentage of their
adsorbtion on the water hyacinth adsorbent, as could be seen
in Figure 4. In other words, the adsorption of Ni** and Cr**
on the adsorbent decreases as their initial concentrations in-
creases, which is line with a previous related research [14].

Increasing the concentrations of the adsorbates from 1 mg/1
to 5 mg/l reduced the adsorption efficiency of Ni** and Cr?
from 92.6% to 54.0% and 86.3% to 48.4% respectively. This
is because the adsorption process occurred by means of the
existing sites in the adsorbent binding the metal ions in the
adsorbate. Hence, at low concentrations of adsorbates, the
readily available sites conveniently binds the metal jons.
Since the adsorbent dosages (available sites) were kept con-
stant, the increase in the concentration of adsorbates led
to the reduction or saturation of the available binding sites
thus, leaving many metal ions not adsorbed thereby reduc-
ing the adsorption percentage at higher concentrations.

Trend Analysis on Effect of Solution pH

The effect of solution (adsorbate) pH was observed to be di-
rectly proportional to the adsorption efficiency for both met-
al ions (Ni** and Cr**) as the adsorbtion percentage increased
with pH (Fig. 5) thus, affirming an earlier report [15]. This is
because at low or acidic pH levels, heavy metals tend to form
free cationic species due to the high concentration of hydro-
gen ions (H") associated with low pH. These free cations (H*)
might have been adsorbed on the available binding sites in
the adsorbent. In other words at low pH, there is tendency for
the adsorbent to be positively charge which definitely repels
the metal ions (Ni>* and Cr*") in the adsorbate and conse-
quently reduced the percentage of adsorption. However as
the pH level increased, the reverse process occurred thereby
improving the percentage of adsorption.

Despite the explanation given for the improvement of ad-
sorbtion with increase in pH, the fact remains that the
percentage adsorptions for both metal ions at pH 8 and 9
were remarkably high compared to pH 5, 6 and 7 as could
be seen in the curves shown in Figure 5. That is, at pH 5,
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Figure 3. Impact of adsorbent dosage on adsorption of Ni**
and Cr** by water hyacinth.
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Figure 4. Impact of adsorbate concentration on adsorption
of Ni** and Cr’* by water hyacinth.
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Figure 5. Impact of solution pH on adsorption of Ni** and
Cr’* by water hyacinth.

6,7, 8, 9, the percentage adsorbtions of Ni** and Cr** were
18.3, 23.9, 31.0, 60.9, 95.2 and 13.8, 19.5, 27.4, 62.0, 91.3
respectively. These sequences of percentage adsorbtion for
both metal ions clearly revealed that the adsorbtions at pH 8
and 9 were very high compared to the lower pH values. This
could be attributed to the fact that at pH 8 and 9, the solu-
tions were alkaline thus containing more of hydroxide ions
(OH) which infused into the binding sites, impart a nega-
tive charge on the adsorbent and consequently increased the
attractive force between the adsorbent and the metal ions.

Determination of Adsorption Isotherm Parameters

Freundlich Isotherm Model

The parameters for Freundlich isotherm model for the ad-
sorption of Ni** were obtained through the information
given in Figure 6.
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Figure 6. Freundlich isotherm model for adsorption of Ni*
on water hyacinth.

Figure 8. Temkin isotherm model for adsorption of Ni** on
water hyacinth.
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Figure 7. Langmuir isotherm model for adsorption of Ni**
on water hyacinth.

Comparing the Freundlich isotherm model shown in
Equation (4) and the equation displayed in Figure 6, im-
plies that the gradient (%)=1.459 hence, n=0.6854. Also,
the intercept (log Kf)=1.2943 hence, Kf=101-2943=19.6925.
In other words, the Freundlich adsorption intensity (n)
and capacity (Kf) of the adsorbent (water hyacinth) for the
adsorption of Ni** are 0.6854 and 19.6925 1/g respectively.

Langmuir Isotherm Model

The Langmuir isotherm model for the adsorption of Ni** is
shown in Figure 7 and by comparing it with Equation (5),
the parameters were obtained as follows;

1

. 1
The intercept (q—m)=0.0372, hence g, =--—=26.882. On
the other hand, the gradient (xqu )=0.0498 thus, K =

1 1 ;i . .

00498 — ze302 ooass) —0-7470. This simply implies that the
Langmuir monolayer adsorption capacity at equilibrium
(q,) of the adsorbent (water hyacinth) for the adsorption
of Ni** is 26.882 mg/g while the Langmuir equilibrium

constant (K,) is 0.7470l/mg.

Temkin Isotherm Model

The Temkin adsorption constants were determined by
comparing Equation (6) and the isotherm model shown
in Figure 8. That is, the gradient (8)=96.906 while the in-
tercept (B In K )=10.059 hence, K =e!?>7P=¢(1005996506)
=e19%8=1.1094. Therefore, the heat of sorption () and iso-
therm equilibrium binding (K,) of the adsorbent (water
hyacinth) for the adsorption of Ni** are 96.906 KJ/mol and
1.1094 1/mg respectively.

¢ 0,003
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Figure 9. Harkin-Jura isotherm model for adsorption of
Ni** on water hyacinth.
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Figure 10. Halsey isotherm models for adsorption of Ni*
on water hyacinth.

Harkin-Jura Isotherm Model

The Harkin-Jura dimensionless constants were obtained by
equating the gradient and intercept of Equation (7) to their cor-
responding values of the model shown in Figure 9 as follows;

Gradient (- +)=-0.0046, hence A=——=217.39.

Similarly, theintercept (% )=0.0024hence B=0.0024A=0.0024
(217.39)=0.5217. Consequently, the Harkin-Jura constants
A and B of the adsorbent (water hyacinth) for the adsorp-

tion of Ni** are 217.39 and 0.5217 respectively.

Halsey Isotherm Model

Equating the standard linearized form of Halsey isotherm
model given in Equation (8) to the linear equation shown
in Figure 10, resulted in achieving the Halsey isotherm con-
stants for the adsorbent on the adsorption of Ni**. This is
illustrated as follows;
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Table 2. Isotherm parameters for adsorption of Ni** and Cr** on )
. t (minutes)
water hyacinth 0
Model and parameters Ni* Cr* 0.37 ¢ 25 30 75 100
' e Ni (Il
- 1 ° =-0.0051x-0.6841 Hi)
Freundlich model (log g, = >logC, +logKy) < 074 S0 oR2=07396 e Cr (Ill)
n 0.6854 0.5228 E A11 e e
K; (Ug) 19.6925 16814 | & i
-1.48 = X - 1.0647
R y =-0.0096%- 1.
R 0.9534 0.9488 RT=0.6245 o . -
-1.85 (] D ® o . @ ©
Langmuir model (L = (K = )Cl + = . Pt ;
fe. Mhlnste  dm Figure 11. Pseudo 1*-order kinetics for Ni** and Cr** ad-
4m (mg/g) 26882 214606  gorption on water hyacinth.
K, (Umg) 0.7470 0.7011
R? 07236  0.8353 530 o Ni (Il
o Cr (Ill)
Temkin model (g, = fInC, + BInK7) 424 - ;
y=35717x+139.23 .- .g~
B (KJ/mol) 96.906  98.749 L 318 R e 8y 40128 s6 862
Ky (Umg) 1.1093 0.9623 £ J— P L R?=0.9631
R2 0.6084 0.7315 O e e
106 J
i 1= 2 2
Harkin-Jura model (E = logC, + A) 0
A 217.39 205.08 0 25 50 75 100
B 05217 05104 Eimimite}
R? 0.9319 0.9402  Figure 12. Pseudo 2™-order kinetics for Ni** and Cr* ad-
) X sorption on water hyacinth.
Halsey model (ln qe =— ;ln C.+ ;ln KH)
st nd T 3
4 07019 —0.9347 Table 3. Constants for Pseudo 1 and 2™ order kinetics
Ky 0.1048 01011  Adsorption kinetic and constants Ni2* Cr*
R? 0.9537 0.9482 Pseudo 15t — order (log(qE —q) =— (2;2)3) t +log q,_,)
g -1 ky (min'') 00117 0.0022
Gradient or slope (— ;) =1.4247, hence n:1.4247:—0.7019. qe (mg/g) 0.2070 0.0862
On the other hand, the intercept (}1 In KH):3.2136. It im- R 07396  0.6245
plies K, =e??!30"=¢3213607019)=-225%=(),1048. Therefore, the . X
nd _ _= (= e
Halsey dimensionless constants 7 and K, for the adsorbent ~ Feeude 2™ ~order =@+
(water hyacinth) on the adsorption of Ni** are -0.7019 and k2 (g:mg™".min"!) 0.0917  0.2408
0.1048 respectively. q. (mg/g) 02799 02492
R? 09512 0.9631

The isotherm parameters for the adsorption of Cr** with re-
spect to Freaundlich, Langmuir, Temkin, Harkin-Jura and
Halsey models were determined in a similar way as illus-
trated above, and their obtained values are given in Table 2
alongside with those of Ni*".

The information in Table 2 revealed that R? values great-
er than 0.9 in both Ni** and Cr** adsorptions were re-
corded in Freundlich, Harkin-Jura and Halsey models,
which are all multilayer isotherm models. Hence, the
adsorption of Ni** and Cr** on the adsorbent (water hya-
cinth) occurred on heterogeneous surfaces not homoge-
neous monolayer. Table 2 also informed that the adsor-
bent (water hyacinth) has higher adsorption capacities
on Ni** than Cr’* while the heat of sorption is higher on
Cr’* than Ni**.

Determination of Adsorption Kinetics Constants

The plots for Pseudo 1* and 2" order kinetics for the ad-
sorption of both ions are shown in Figure 11 and 12 respec-
tively. The constants for Pseudo 1*-order kinetic for both
ions were obtained by comparing Equation (10) and the
equations displayed in Figure 11. Similarly, Equation (11)
was compared with the equations shown in Figure 12 to
obtain the constants for Pseudo 2™-order kinetic for both
ions. The determined values are presented in Table 3.

The information shown in Table 3 revealed that the R? val-
ues for both Ni** and Cr?** in Pseudo 2™ order kinetics were
higher than 0.95 unlike those of Pseudo 1¥-order kinetic
that were less than 0.75 for both ions. This implies that the
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Figure 13. FT-IR spectra of water hyacinth before adsorp-
tion, after adsorption of Ni** and after adsorption of Cr?*.

pathway or mechanism of the adsorption process for both
ions (Ni** and Cr*) followed Pseudo 2"-order kinetics.
This assertion is in line with related researches [9, 16]. Table
3 also inform that the equilibrium adsorptions (q,) for both
Pseudo 1 and 2™ order kinetics were higher in the adsorp-
tion of Ni** than Cr** however, Ni** has higher rate constant
in Pseudo 1% order kinetics and lower rate constant in Pseu-
do 2" order kinetics compared to Cr**.

Trend Analysis of FT-IR

The FT-IR spectroscopy of the adsorbent before and after
adsorption of the ions (Ni** and Cr**) revealed that the func-
tional groups present in both cases varies within the scan-
ning range of 4000 cm™ to 400 cm™ as could be seen in Fig-
ure 13. Prior to adsorption, a broad absorption band within
3300 to 3200 cm™ was observed in the adsorbent (water hy-
acinth) with a strong intensity (Fig. 13a). This is an attribute
of stretches of O-H emanating from alcohol and carboxylic
acid. However, the absorption band (3300 to 3200 cm™") re-
duced in intensity after the adsorption of Ni** (Fig. 13b) but
disappeared after the adsorption of Cr** (Fig. 13c).

Other absorption peaks observed in the adsorbent (water
hyacinth) prior to the adsorption process were at wavenum-
bers 1732.08 cm’!, 1396.46 cm™ and 1033.99 cm™. Wave
number 1732.08 cm™! indicates stretches of C=0 from car-

boxylic acid and aldehyde, 1396.46 cm™ is a feature of bend-
ing vibrations of C-H from alkane as well as O-H from
alcohol and carboxylic acid while 1033.99 cm™ is a charac-
teristics of stretches of C-O from alcohol and ether as well as
stretches of C-N from amine. However, after the adsorption
of Ni** (Fig. 13b), wavenumbers 1732.08 cm™ and 1396.46
cm' shifted to 1720 cm™ and 1395.19 cm! respectively with
reduced intensities, but disappeared after the adsorption
of Cr** (Fig. 13c). Wave numbers 1732.08 cm™ indicate
stretches of C=0 from carboxylic acid and aldehyde while
1720 cm™ suggests stretches of C=0 from ester and alde-
hyde. Also, wavenumbers 1396.46 cm™ and 1395.19 cm™ are
features of bending vibrations of C-H from alkane as well as
O-H from alcohol and carboxylic acid while 1033.99 cm™ is
a characteristics of stretches of C-O from alcohol and ether
as well as stretches of C-N from amine.

The disappearance of the absorption peaks 3300 to 3200
cm™, 173.08 cm™ and 1396.46 cm™ after the adsorption of
Cr’* might be due to the binding of Cr** on the hydroxyl
(O-H) and carbonyl (C=0) groups present in the adsor-
bent. In general, the shift in absorption peaks and reduc-
tion in intensity suggest that the corresponding function-
al groups were responsible for the ion adsorptions in the
binding sites. The presence of these functional groups
were also noted in a similar research [17].

CONCLUSIONS AND RECOMMENDATIONS

From the analysed data carried out in this research, it could
be concluded that water hyacinth could be used effectively
in adsorbing Ni** and Cr’** in wastewater as their adsorption
capacities were quite high however, the adsorption capaci-
ties were higher in Ni** than Cr** while the heat of sorption
is higher in Cr** than Ni**. The adsorption of Ni** and Cr**
on water hyacinth occurred on heterogeneous surfaces (not
homogenous monolayers) as their data points fitted well in
multilayer models such as Freundlich, Harking-Jura and
Halsey models. In addition, the pathway or mechanism of
the adsorption process for both Ni** and Cr** followed Pseu-
do 2M-order kinetics. Furthermore, the functional groups
involved in the binding sites were alkane, alcohol, carboxyl-
ic acid, ester, ether, amine and aldehyde however, hydroxyl
group (O-H) from alcohol and carboxylic acid participated
more. It is recommended that water hyacinth should be used
as a potential bio-adsorbent to remove heavy metals espe-
cially Nickel and Chromium from wastewater since its ad-
sorption capacity is quite high and its availability is abundant.
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INTRODUCTION

ABSTRACT

Today, one of the most important issues of all is the supply of drinking and utility water, which
is the most basic need for human beings, to be healthy and reliable, economical. Some sub-
stances in natural water sources pose a danger to living creatures when they exceed certain con-
centrations. Fluoride, which can be commonly found in water as a result of natural or industrial
effects, poses various risks for the living not only in its deficiency, but also its excess. Therefore.
the fluoride concentration should be under control. Membrane Capacitive Deionization Pro-
cess is an effective method to remove ions from water. In this study, firstly, optimum conditions
have been determined by working on the removal of fluoride from groundwater with MCDI
which is prepared synthetically. Subsequently, the groundwater, which was obtained from Is-
parta province and containing 7.71 mg/L fluoride, was treated by the membrane capacitive
deionization method at the optimum conditions determined by 99%. Groundwater fluoride
concentration has been reduced below the drinking water fluoride limit. For this treatment,
0.06 kWh/m? energy was expensed and this corresponds to an energy cost of $ 0.006/m’. These
results are quite economical when compared to other groundwater fluoride removal methods.

Cite this article as: Uzun Hi, Debik E. Economic evaluation of fluoride removal by membrane
capacitive deionization. Environ Res Tec 2021;4:4:352-357.

and industrialization necessitates the supply of drinking
water from surface and groundwater resources. Although

Water is one of the most basic needs for the existence and
health of living creatures, and a healthy and safe water
supply becomes very important in the supply of water as
drinking water and utility water. Increasing living stan-
dards together with socio-economic developments boosts
per capita drinking and utility water requirements as well.
The increase in daily water consumption as a result of pop-
ulation growth, rural-urban migration, and urbanization,

*Corresponding author.
*E-mail address: ha.uzun@alparslan.edu.tr

all water contain anions such as chlorides and sulfates, in
particular, this type of anions and cations do not pose a sig-
nificant risk unless their total salt concentration exceeds the
acceptable limit [1]. However, anions such as fluoride and
nitrate can cause health problems. Fluoride (F-) contamina-
tion commonly occurs in the groundwater and the highest
F concentration reported in groundwater of South Asia,
Africa and the Middle East countries [1, 2].
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Table 1. Operating costs of different treatment methods in fluoride removal

Treatment technigues F- Removal Operation  Reference

concentration efficiency cost

(mg/L) (%) (cost/m?)

Electrochemical Treatment 25 40 0.059 $ [6]
Iron electrode
Electrocoagulation 1.49-7.89 94-91.6  0.027-0.14 $ [7]
Al electrode and NaCl conducting agent
Electrocoagulation 8.63 84.8 0.531€ [8]

The presence of F- in drinking water has both beneficial and
harmful effects on the health of living creatures, depending
on the limit values of concentration of F-. F~ at a range of 0.5
to 1.0 mg/L has positive effects on teeth and bones. Howev-
er, F- concentrations greater than 1.5 mg/L cause permanent
bone and joint deformities, dental and skeletal fluorosis for
children, in particular. When exposed to a F concentration
greater than 4 mg/L, on the other hand, neurological dam-
ages and further toxic effects may occur. It is observed that
in some countries around the world such as China, India,
Kenya, Mexico, Thailand, and especially in Isparta province
in Turkey, the concentration of F ions in groundwater used
for drinking water exceeds acceptable drinking water stan-
dards. Studies conducted in Isparta suggested that volcanic
lake sediments, possible sources of F, are over 20 km? and
may reach up to 60 m in thickness in the region, that the flu-
oride content in trachyandesites and tuffites in Isparta-Gol-
ciik region increased parallel to the abundance of biotite,
and that this could result in F- enrichment in groundwater.
It was revealed that these groundwater caused dental fluo-
rosis, which was known as Isparta Brown Stain in the 1960s
and the use of groundwater as a water source was stopped
in the mid-1990s [3].

Various techniques such as adsorption, ion exchange, re-
verse osmosis, and electrodialysis are still broadly utilized
for fluoride removal from the water today [1, 4, 5]. All of
these techniques have some disadvantages such as imprac-
ticality, low efficiency, and high operating costs.

Some parameters such as inlet concentration, removal effi-
ciency and cost in fluoride removal with different treatment
techniques are given in Table 1.

In recent years, the use of capacitive deionization (CDI),
which is defined as a practical, low cost and eco-friendly
electrochemical desalination process, becomes popular. In
CD], the electrode compartments directly participate in the
ion removal/concentration process, with oxidation/reduc-
tion at the electrodes; electrons are transferred by electro-
static adsorption/ desorption. In the CDI process, electrical
double layers are formed on the anode and cathode surfaces
created by the applied voltage and thus, oppositely charged
ions are effectively captured at the opposite electrodes.
Membrane capacitive deionization (MCDI), on the other

Table 2. Ranges of MCDI operating parameters

Parameter Range
Current (A) 0-60
Voltage (V) 0-2
Inlet Flow (L/min) 0-2
Time (sec.) unlimited
Conductivity (mS/cm) 0-30.000

hand, is a technology that increases the efficiency of CDI
created by adding ion-selective membranes to the surfaces
of CDI electrodes [9].

In this study, the purification of F of different concentra-
tions from synthetic groundwater through the MCDI pro-
cess by using the optimum conditions obtained in previous
studies with MCDI technology was investigated. Subse-
quently, fluoride-containing groundwater supplied from
Isparta was purified and the costs were worked out [10].

MATERIALS AND METHODS

MCDI Process and Operation Conditions
Figure 1 shows the schematic representation of the Voltea
Brand MCDI reactor, which was used in the study.

The MCDI system consists of 24 cells made of PVC. Each
cell contained a graphite current distributor (thickness
6=250 pm), chemically identical porous carbon electrodes
to work as cathode and anode (8e=362 pm), anion- and
cation-selective membranes to control ion flow (Neosepta
AM-1 and Neosepta CM-1, Tokuyama Co., Japan, §=130
pum) and textile separator (8=115 um) that allowed water
flow and separated the electrodes from each other. The re-
sistance of the carbon electrodes was 1 (+£0,2) Q-cm? and
the total electrode area was 2.7 m? The anion- and cat-
ion-selective membranes had resistance values of approx-
imately 2Q) cm?. Table 2 shows the operating ranges of the
different parameters used in the device.

The MCDI device could be operated automatically or man-
ually at three stages: “purification”, “preliminary” and “con-
centrated flow”. In automatic mode, optimum flow is cal-
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Figure 1. Schematic representation of MCDI process [11].

culated after entering data such as conductivity, flow rate,
voltage, desired removal efficiency, treatment time, and de-
sorption time, etc. on the calculation monitor.

Automatic mode starts with the concentrated flow stage,
which refers to fully discharge the electrodes in order to run
them in full capacity. At this stage, the water to be purified
is taken into the reactor and electrode potentials (negative
to positive) are prepared for adsorption. Afterward, pre-
liminary stage starts. At this stage, the concentrated flow in
the reactor is fully taken out of the reactor. Finally, the ad-
sorption process begins. In previous experiments conducted
with this device, optimum conditions were determined to be
24 min for adsorption, 1 min for system preparation, 1.5V
for maximum potential and 0.3L/min for flow rate [10, 11].

Chemical Analyses

F ions measurements were performed using Intellical F-
ISE Standard Electrode, which has a range of measurement
between 0.01 mg/L-19 g/L. Argentometric method used
for Cl analysis. Turbidimetric method was used for sulfate
analysis, allowing analysis at a concentration of 1-40 mg/L
SO,". The EDTA titrimetric method and related calcula-
tions were used for the Mg®* and Ca** analyses [12].

Cost Analysis

In experiments made with MCD], energy consumption was
figured out using the potential and flow consumed during
the adsorption and desorption stages and the costs obtained
include only energy costs. Equation (1) is used only in calcu-
lating the energy consumption based on adsorption. In this
equation, V1 refers to average voltage for adsorption, while
Al to average flow for adsorption, and Q to flow rate. The
values used in equation (1) and (2) are average values [11].

Vx4
Q

To calculate the energy consumed in the adsorption and de-
sorption stages, equation (2) was used, where a represents
water recovery rate; b, concentrated flow rate; V2, average
voltage for desorption; and A2, average flow for desorption.

—”12"‘) + (bx—VZZAZ) (2)

kWh) (1)

Energy Demand for Adsorption = ( -

Energy Demand for Ads.& Des.= (kw’l) =(ax

m3

While converting energy consumption into fiscal cost, elec-
tricity unit price (71,12 krs/kW in TL or 0,116 $/kW in US
Dollars), which is determined by the Turkish Electricity
Distribution Corporation, was used.

Synthetic Groundwater

Studies for fluoride removal from groundwater were car-
ried out by adding F- at different concentrations to synthet-
ically prepared groundwater. Generally, synthetic water are
prepared on the basis of present groundwater in the region
where the study is conducted. However, altered water re-
gimes over time, meteorological conditions, and differences
in underground rock/soil structures may significantly affect
the content of groundwater. Therefore, while preparing syn-
thetic groundwater, the studies conducted in Turkey and in
the world were examined and the principles used in the
preparation of synthetic groundwater in these studies were
taken into account. Table 3 shows the content of synthetic
groundwater prepared in some studies.

In the studies conducted in the world and in Turkey, espe-
cially F-containing synthetic groundwater and real ground-
water were examined [16]. Based on these studies, synthetic
samples with the features given in Table 4 were prepared
and F fluoride at different concentrations were added.
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Table 3. Synthetic groundwater contents prepared in some
different studies

Groundwater Concentration Concentration Concentration

contents (mg/L) mg/L) (mg/L)
[13] [14] [15]
F 3.25 4.5-6.85 0
Cl 1083 10- 150 154
SO 215 0.1-1 319
NOs- 25 25
HCOs 171 200 - 650 -
Na* 448 117
Ca?* 127 100 - 150 87
Mg+ 136 20 - 30 0

RESULTS AND DISCUSSION

Treatment of Fluoride-Containing Synthetic

Groundwater with MCDI and Cost Analysis

F-ion with values ranging from 1-20 mg/L was added to syn-
thetic groundwater prepared according to Table 5, and puri-
fication process was applied with MCDI. Data belonging to
ion values obtained in analysis after purification processes
were given in Table 5. Accordingly, removal efficiencies for
F 1-20 mg/L inlet concentration were found to range from
99.9% to 99.04%, and as the concentration increases, the re-
moval efficiency decreases relatively. However, for all con-

Table 4. Synthetically prepared groundwater content

Content Ca* K* Mg* Na* CI SO}2
Concentration (mM) 3 05 15 5 10 2
Concentration (mg/L) 120 20 37 115 3545 192

centrations, the F- concentration was reduced to 1.5 mg/L,
which is the fluoride limit value specified in the Regulation
Concerning Water Intended for Human Consumption.

The conductivity values of synthetic water range from
1430 uS/cm to 1580 puS/cm. Table 6 shows some parame-
ter values used and obtained in the treatment of synthetic
groundwater. Accordingly, the removal of conductivity for
all solutions was found as 99%. While F- removal efficien-
cy decreases with increasing concentration, Cl° removal
efficiency decreases from 98% to 94% depending on in-
creasing F* concentration and SO,* removal efficiency de-
creases from 99.9% to 94%. This can be explained by the
competition of anions in migration to electrodes [8]. In the
treatment of synthetic groundwater, energy consumption is
in the range of 0.5-0.68 kWh/m® and costs range between
0.06-0.08 $/m°.

Table 5. Ion values after treatment of synthetic groundwater

Inlet fluoride F- Ca* Cr K* Mg Na* SO />
concentration (mg/L) mg/L. mg/L mg/L mg/L mgL mg/L mgL
1 <0.01 <1 8 <1 <1 <1 <1
2.5 <0.01 3 12 <1 2 <1 <1
5 <0.01 5 12 <1 3 <1 <1
7.5 <0.01 6 10 <1 2 2 3
10 0.04 5 18 <1 3 <1 3
12.5 0.079 6 18 <1 4 4 S
15 0.112 6 20 <1 4 3 5
17.5 0.164 7 21 2 5 8 12
20 0.193 7 24 2 5 10 11
Table 6. Parameters in synthetic groundwater treatment

Parameter Unit

Fluoride 1 25 5 75 10 125 15 175 20
concentration

Inlet Conductivity US/cm 1430 1430 1440 1459 1520 1531 1548 1564 1584
Removal* % 99 9 99 99 99 99 99 99 99
Inlet Flow L/min 0.3 03 03 03 03 03 03 03 03
Current* A 671 752 71 675 7.14 7.63 6.84 6.75 8.03
Voltage* \Y% 1.34 130 138 139 134 139 144 148 1.52
Water Recovery % 87 86.6 8 857 85 844 844 84 82
Energy kWsa/ 0.50 0.54 0.54 052 0.53 057 055 0.56 0.68
Consumption m3

Cost $/m* 006 006 0.06 0.06 006 007 0.06 0.06 0.08

*Avarage
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Table 7. Ion Values of groundwater supplied from Isparta

Parameter  Conductivity F- Cr SO > Ca* Mg* Na*
pS/cm mg/L. mg/L mg/L mg/LL  mg/L mg/L
Value 410 7.71 4 62.7 28.4 137 16
Table 8. Parameters in groundwater treatment Table 9. Ion values after groundwater treatment
Cycle information Unit Groundwater Parameter Unit Outlet Average removal
. concentration %
Inlet Conductivity mS/cm 0.409
Removal % 99 Conductivity uS/cm 5 99
Inlet Flow L/dk 0.3 F- mg/L 0.01 99.9
Current A 2:19 Cr mg/L <1 100
Voltage \' 0.48 SO o~y <1 100
Water Recovery % 83.1 Ca? L < 100
Energy Consumption kWsa/m3 0.06 a mg/
Cost $/m? 0.006 Mg mg/L 2.16 99
Na* mg/L <1 99.9

Treatment of Fluoride-Containing Groundwater with
MCDI and Cost Analysis

Table 7 shows the values belonging to groundwater supplied
from Isparta province that contains F- above the limit values.

Corresponding to groundwater with 410 uS/cm conductiv-
ity, water prepared with NaCl solution at the same conduc-
tivity was treated with MCDI and the effect of ion content
on performance was investigated. Table 8 indicates that
there are differences between the treatment of groundwater
using the MCDI process and the treatment of the solution
prepared with NaCl. In the treatment of groundwater, a cur-
rent of 2.18 A with a potential of 0.48 V was used and the
conductivity removal efficiency was 99%. In the treatment
of NaCl solution, on the other hand, 1.97 A-current was
provided with 1.47 V potential and conductivity removal ef-
ficiency was obtained as 99.9%. The current used is directly
related to the ion contents and the difference in the currents
used corresponding the potentials arises from this situation.
While a treatment cost of 0.019 $/m’ occurs in the treatment
of NaCl solution, the treatment cost of groundwater was re-
alized as $ 0.006/m’. This result shows that F- removal from
groundwater with the MCDI process is more economical
than the other electrochemical methods given in Table 1.

As aresult of the treatment of groundwater with the MCDI
process; as seen in Table 9, drinking water was obtained
by purifying the total conductivity of 410 uS/cm with a
treatment efficiency of 99%. Groundwater F value of 7.71
mg/L was reduced below the limit values with a removal
efficiency of 99.9%.

CONCLUSION

Healthy and safe water supply for the protection of human
health is one of the most important issues today. Besides,
increasing per capita water consumption due to various fac-
tors makes finding new water resources inevitable. Howev-

er, when fluoride that can be found in groundwater exceeds
limit values, this may lead to serious problems, especially in
bone structures.

Traditional methods widely used today for the removal of
F from water have disadvantages such as impracticality,
low efliciency, and high operating costs. As an alternative
to traditional treatment methods, the use of capacitive de-
ionization (CDI), a practical, low-cost and eco-friendly,
and highly efficient electrochemical desalination process,
becomes popular.

In this study, the purification of fluoride from groundwater
using MCDI technology was investigated and analyzes were
made for the cost of the process. We managed to treat F ions
(7,71 mg/L) in the groundwater we analyzed, which was far
above the limit values, with a removal efficiency of 99%. The
cost analysis indicated that 0.06 kWh/m?® energy was con-
sumed for treatment, which corresponds to 0.006 $/m”>.

As a result, it was revealed in the study that the MCDI pro-
cess can be used as an alternative technology to remove F
ions from groundwater economically and efficiently.
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INTRODUCTION

ABSTRACT

Macroporous foams having 80 vol % of nominal porosity were synthesized by the copoly-
merization crosslinking of glycidyl methacrylate (GMA) based high internal phase emulsions
(HIPEs). To alter the mechanical and thermal properties, cellulose nanocrystals (CNCs) were
used as filler. For this purpose, CNCs were added to the continuous oil phase during emulsifi-
cation process at aloading rate of 1, 5 or 7 wt %. Consequently, composite foams were obtained
by purification of the polymerized HIPEs (polyHIPEs). The effect of CNCs on the morpho-
logical and mechanical properties was investigated. It was found that CNCs have a significant
influence on the thermal stability and the compressive strength of the obtained foams. In the
end, the neat polyHIPE foam and the polyHIPE/CNC composite foam with 1 wt % of CNC
were post-functionalized by reacting phenylimidazole (PIAL) with the epoxy ring of the GMA
units. Resulting amine functional foams and the neat foam were utilized in Cr(III) removal
from aqueous solutions. It was demonstrated that amine functional foams have a great po-
tential as sorbent materials. The results also showed that the existence of CNCs decreased the
performance for removing Cr(III) ions. Nevertheless, functionalization by PIAL significantly
improved the selectivity of Cr(III) in comperasion with the neat polyHIPE foam.

Cite this article as: Kekevi B, Eslek A, Mert EH. Macroporous thermoset monoliths from
glycidyl methacrylate (GMA)-based high internal phase emulsions (HIPEs): Effect of cellulose
nanocrystals (CNCs) as filler - Functionalization and removal of Cr(III) from aqueous solu-
tions. Environ Res Tec 2021;4:4:358-368.

ration science and chromatography, polymeric monoliths
that are exhibiting well-defined open-cellular morphology

Morphology is one of the main factors affecting the ap- are highly preferred due to their highly permeable structure
plication area of polymeric materials. Especially for sepa-  allowing mass transfer. Apart from the porous structure the
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other important parameter required for above mentioned
applications is of course the chemical functionality. From
this point of view a polymer monolith, in which ideal pore
morphology combines with the chemical structure com-
posed of special functional groups is the perfect material
for separation and chromatography applications. To achieve
this goal, since the first introduction of high internal phase
emulsion (HIPE) templated polystyrene based hierarchical
macroporous foams, which are known as poly(high inter-
nal phase emulsions) (polyHIPEs), by Unilever researchers
Bartl and Bonnin [1], scientists are benefiting from HIPE
templating for its versatility [2].

In a HIPE, the volume fraction (¢) of the internal phase (or
the droplet phase) is over 0.74. This is the critical volume
fraction that described by Ostwald [3, 4]. At this volume ra-
tio the mono-disperse hard spheres are packed in the closest
manner and deformed into polyhedral droplets over this val-
ue [5]. Because the adjacent droplets are separated by the thin
film of continuous phase, the resulting emulsions are similar
to interconnected foams. If the continuous phase is consisted
of polymerizable species, polyHIPEs can be obtained [6].

Although HIPEs can be prepared as water-in-oil (w/o) or
oil-in-water (o/w) emulsions depending on the continuous
phase, most of the polyHIPEs are synthesized from w/o type
HIPEs, which are prepared by using hydrophobic mono-
mers [7]. In such HIPEs, the oil phase is usually composed
of monomer(s), crosslinker and surfactant(s) whereas the
internal phase constitutes of water. Polymerization can be
achieved under mild conditions by using an oil or water-sol-
uble initiator. Consequently, water act as a porogen and
well-defined, interconnected porous structure is achieved by
the removal of the porogen upon polymerization [8-10].

So far, styrene is the most common monomer used in the
synthesis of polyHIPEs due to its highly hydrophobic struc-
ture [6]. Indeed, the main reason of this is preventing the
coalescence of emulsion droplets and phase inversion and
providing the emulsion stability. Since hydrophilic mono-
mers tend to diffuse into the aqueous phase it is more diffi-
cult to achieve stable HIPEs by using them. However, more
hydrophilic monomers such as acrylamide (AAm), 2-hy-
droxyl ethyl acrylate (HEA), ethylene glycol dimethacry-
late (EGDMA), glycidyl methacrylate (GMA), and methyl
methacrylate (MMA) have been also successfully utilized in
HIPE templating [11-14]. Especially, acrylates and meth-
acrylates have been served very well in the preparation of
functional monoliths to be used as a separation and purifi-
cation media, due to their chemical structure open to fur-
ther functionalization reactions.

Post-polymerization functionalization is a convenient ap-
proach to gain special groups in the monolith structure. In
this respect, polyGMA based monoliths offer the advantage
of reactive epoxy ring. Particularly in the presence of thi-
ols and amines, the epoxy ring can be easily opened under

mild reaction conditions [15-19]. In this respect, Krajnc et
al. [20] synthesized poly (GMA-ethylene glycol dimethacry-
late) polyHIPE monoliths and functionalized these mono-
liths with different amines to investigate their capacity in the
chromatographic separation of proteins. Pahovnik et al. [21]
prepared hydrogel polyHIPEs through o/w type HIPEs from
functionalized-polyGMA and carried out post-function-
alization with different amine compounds. Consequently,
they revealed the water uptake capacity of the obtained ma-
terials. In another study, Mert et al. [22] synthesized poly-
HIPE monoliths by the crosslinking of unsaturated polyster
resin with GMA and DVB in the w/o type HIPEs. Thereaf-
ter, they carried out post-functionalization of the resulting
monoliths with several amine ligands. In the end they have
shown that resulting materials are highly effective in the re-
moval of heavy metal ions. In their following study, Mert
and Yildirim also demonstrated the synthesis, functional-
ization and heavy metal ion uptake capacity of poly(unsatu-
rated polyester-co-GMA-DVB) polyHIPE beads [23].

In the preparation of polyGMA based polyHIPEs, obtain-
ing a material with high amounts of epoxy groups is chal-
lenging due to the hydrolysis of epoxy groups during poly-
HIPE synthesis to achieve highly functional materials [24].
However, depending on the polymerization temperature,
hydrolysis amount of epoxy groups varied. Yang et al. [25]
successfully utilized radiation-induced HIPE polymeriza-
tion at room temperature to prepare polyGMA monoliths.

Herein, we focused on the preparation of amine function-
al poly(GMA-co-DVB) polyHIPE monolith and cellulose
nanocrystal (CNC) loaded polyHIPE/CNC composite
monoliths. For this purpose, CNC was used as filler during
the preparation of polyHIPEs because it offers the advan-
tages of biocompatibility and preparing polymers with im-
proved properties [26-28]. Moreover, it is a cost-effective
material. It is known from previous studies that the ad-
sorption capacity of the polymers obtained by reinforcing
the polymer matrix with CNC also increases significantly
[27, 28]. In this respect, polyHIPE/CNC composite mono-
liths were obtained from the precursor HIPEs at which the
amount of CNC loading was corresponding to 1, 5 or 7 wt
% of the continuous oil phase. Resulting monoliths were in-
vestigated in terms of, morphological properties, thermal
stability, and mechanical strength. In the end, post-polym-
erization functionalization reactions were also conducted
by using 2-phenylimidazole (PIAL) and the capacity of the
resulting functional polyHIPEs was demonstrated by uti-
lizing in the removal of Cr(III) from aqueous solutions. In
addition to all, the kinetics of the Cr(III) removal by using
the resulting polyHIPE sorbents was also demonstrated. To
the best of our knowledge, this is the first study describing
the preparation of CNCs supported poly(GMA-co-DVB)
polyHIPEs and demonstrating the synergistic influence
of functionalization and CNCs loading on the removal of
Cr(III) from aqueous environment.
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MATERIALS AND METHODS

Materials

Glycidyl methacrylate (GMA, 97%, Sigma Aldrich), divi-
nylbenzene (DVB, Sigma Aldrich), sorbitane monooleate
(Span® 80, non-ionic surfactant, Sigma-Aldrich), poly(eth-
ylene oxide-block-propylene oxide-block-ethylene oxide)
(PEO-b-PPO-b-PEO, Mw: 4400 g/mol) (Pluronic®L-121,
Aldrich), potassium persulfate (KPS, 299.0%, ACS reagent),
Cellulose Nanocrystals (CNC) (dry powder, Dia:10-20 nm,
L:300-900 nm, Nanografi), 2-Phenylimidazole (PIAL, 98%,
Sigma Aldrich), dimethylformamide (DMEF, 98%, Merck),
calcium chloride hexahydrate (CaCl,.6H,0; 98%, Sig-
ma-Aldrich), were used without purification. AIBN was in
technical grade and used after recrystallization from etha-
nol. Chromium standard solution (Cr(NO,), in HNO, 0.5
mol/L, 1000 mg/L Cr, CertiPUR®, Merck) was used by di-
luting with ultrapure deionized water.

Synthesis of polyHIPEs

GMA based polyHIPEs were prepared by 80 vol% of nom-
inal porosity. All HIPEs were prepared by using the same
experimental setup consisting of a 250 mL round bottom
two-necked glass reactor equipped with an overhead stirrer
and a peristaltic pump. The continuous phase was composed
of GMA and DVB at a volume ratio of 9:1 and a non-ion-
ic emulsifier mixture. The non-ionic emulsifier mixture was
composed of Pluronic® L121 and Span® 80, where the volume
ratio of the emulsifiers was also set to 9:1, similar as the mono-
mer ratio in the continuous phase. In a typical experiment
HIPE was prepared as described below: 40 mL of aqueous
internal phase prepared by dissolving 0.4 g CaCl,.6H,0 and
1 mole % of KPS (regarding to monomers) in 40 mL of ultra-
pure deionized water was added to the continuous oil phase
under constant stirring (@300 rpm) by droplets with the help
of a peristaltic pump (pumping rate: 50 rpm). When the ad-
dition of the internal phase was completed, mixing process
was continued for an additional 30 min to provide a uniform
emulsion. Afterwards, precursor HIPE was transferred to
sealed glass container and cured at 60 °C in an air-circulating
oven for 24 h. For purification of the obtained monoliths and
removal of the internal phase, monoliths were extracted by
using Soxhlet apparatus in ethanol for 24 h and all samples
were dried under vacuum at 40 °C after extraction.

To improve the properties of poly(GMA-co-DVB) poly-
HIPEs, composite monoliths was also prepared by using
CNC as filler. PolyHIPE/CNC composite monoliths were
also prepared by using the similar experimental procedure
described above. The only difference was the addition of
CNC (1 wt %, 5 wt % or 7 wt %) into the continuous oil
phase before emulsification procedure. To provide homo-
geneous distribution of the filler continuous oil phase was
homogenized at a rate of 1500 rpm for 15 min. Afterwards,
the internal water phase was added as described above and

the obtained HIPEs were cured. The resulting composite
monoliths were names as PHC-x, where x is designating
the CNC loading rate.

Post-Polymerization Functionalization of the polyHIPEs
Post-polymerization functionalization of the polyHIPEs
was achieved by reacting epoxy groups of the GMA units
existing on polymer chains with PIAL in mild reaction
conditions. For this purpose, certain amount of polyHIPE
monolith sample was cut into pieces, powdered, and placed
in a 50 mL round bottom two-necked reactor equipped
with a condenser. Then, 20 ml of DMF was added to swell
the polyHIPE sample before the reaction. After 30 min, cer-
tain amount of PIAL corresponding to the 20% of the the-
oretical epoxy group content of the monolith sample was
dissolved in 10 mL of DMF and added to the reactor and
the temperature was increased up to 80 °C. The reaction
was continued for 24 h under constant stirring at 300 rpm.
In the end, functionalized polyHIPE monolith sample was
filtered off and washed with DME, ethanol and ethanol/wa-
ter (1:1) mixture to remove the impurities. Then the sample
was dried under vacuum at 50 °C for 48 h. The resulting
functional polyHIPE monoliths were named as PHR-F and
PHC-F. While PHR-F was derived from the neat polyHIPE
monolith (PHR), PHC-F was derived from the polyHIPE/
CNC composite monolith containing 1 wt % of CNC.

Metal Removal of Monoliths

Cr (IIT) metal adsorption capacity of polyHIPE/CNC com-
posite monoliths in diluted acid solutions were determined
under competitive conditions with neat polyHIPE mono-
lith in batch experiments. For increasing adsorption ca-
pacity, 0.2 g of the neat polyHIPE monolith and polyHIPE/
CNC composite monoliths were placed in aqueous Cr(III)
solution. At specific time intervals, polyHIPE monoliths
were filtered and the Cr(III) concentrations of the remain-
ing solutions were investigated by Atomic Absroption Spec-
trometer (AAS).

Characterization

The pore morphology of the neat polyHIPE monolith and
polyHIPE/CNC composite monoliths was investigated by
scanning electron microscopy (SEM). For this purpose,
all samples were coated by gold prior to analysis. While
SEM images of the neat polyHIPE monolith was record-
ed by using FEI Inc., Inspect S50 model microscope, the
morphology of polyHIPE/CNC composite monoliths were
determined by using EDAX Philips XL-30 microscope. Av-
erage cavity size (CS) of the monoliths were calculated with
the help of SEM images. In this respect, dimension of at
least 50 cavities for each sample were measured from the
corresponding SEM image and multiplied with a correction
factor of (2/3"2) [29]. Then the arithmetic average and stan-
dard error were also calculated.
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Figure 1. SEM image of the neat polyHIPE monolith (PHR).

Brunauer-Emmet-Teller (BET) specific surface area (5,,,) of
the polyHIPE monolith samples was measured by recording
N2 adsorption/desorption isotherms on Micromeritics Gem-
ini VII Surface Area and Porosity Analyzer. All samples were
degassed flow prior to analysis under N2 and at 100 °C on Mi-
cromeritics FlowPrep 060 Sample Degas Unit. For each poly-
HIPE monolith sample, § . of the 3 identical specimens were
determined and the arithmetic average of the determined val-

ues was calculated as BET specific surface area (5,;,).

Thermal stability of the polyHIPE monoliths was investi-
gated by thermal gravimetrical analysis (TGA). With this
aim, TGA and DTG curves were recorded between 30 °C
and 650 °C by using Mettler Toledo TGA/DSC 3+ STAR
system under N2 flow. During the analyses the heating rate
was adjusted to 10 °C/min.

To determine the mechanical behavior of the polyHIPE
monoliths under uniaxial compressive load, compression
tests were performed by using a ZwickRoell Z020 Universal
Testing Machine. The tests were carried out according to the
testing standard (Standard Test Method for Compressive
Properties of Rigid Cellular Plastics) ASTM D1621-04a. In
this respect, for each polyHIPE monolith sample five differ-
ent specimens with identical dimensions were prepared (15
mm height x 10 mm width). The test data were recorded
on testXpert II Testing Software and the obtained data was
used to draw stress vs. strain plots. The compression modu-
lus (E ), compressive strength (o,) and relative deformation
at compressive strength (g ) were also determined by using
the original software.

The chemical structure of the functional polyHIPE mono-
liths were confirmed by Fourier Transform Infrared Spec-
troscopy (FTIR) and elemental analysis. For this purpose,
Perkin Elmer Spectrum 100 FT-IR spectrometer was used

A (B)
Magn 2500 x Magn 50

>

00 x

Figure 2. SEM images of the polyHIPE/CNC composite
monoliths. (a) PHC-1, (b) PHC-5 and (c) PHC-7 at differ-
ent magnification rates. (A)2500 x and (B)5000 x.

for FTIR analysis, while Eurovector EA3000-Single Analy-
ser was used for elemental analysis.

The Cr(III) removal capacity of the polyHIPE sorbents was
determined by atomic absorption spectroscopy. For this
purpose, Cr(III) concentrations were calculated by using
the data obtained from Perkin Elmer Elmer Analyst 800
atomic absorbance spectrometer.

RESULTS AND DISCUSSION

PolyHIPE Synthesis and Characterization

To determine the influence of CNC addition on the prop-
erties of poly(GMA-co-DVB) polyHIPEs, polyHIPE/CNC
composite monoliths (PHC-x) was also synthesized by
varying the amount of CNC loading at a rate of 1%, 5%
and 7%. In all cases, the neat polyHIPE monolith (PHR)
sample and the CNC added polyHIPE/CNC composite
monoliths (PHC-x) were obtained successfully by the co-
polymerizartion crosslinking of precursor HIPE templates.
Afterwards, the influence of CNC addition on the mac-
roporous morphology of the samples was first investigat-
ed by SEM. The SEM image of the neat polyHIPE mono-
lith (PHR) and the polyHIPE/CNC composite monoliths
(PHC-x) are presented respectively in Figure 1 and Figure
2. It was determined from Figure 1 that PHR displayed
an open-cell structure with well-defined spherical pores
and interconnecting pore throats pores. However, as can
be seen from Figure 2, the morphology of the composite
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Figure 3. Cavity size distribution of the polyHIPEs.

monoliths (PHC-x) was altered by CNC loading. The most
significant change that can be seen from the SEM images
presented in Figure 2 that, the heterogeneous morpholo-
gy, and the presence of macropores in various dimensions.
Moreover, while the surface of the neat polyHIPE mono-
liths (PHR) was smooth, polyHIPE/CNC composite mono-
liths (PHC-x) were all exhibited a rough surface. In case of
composite monoliths (PHC-x) the spherical pore throats
were mostly replaced by the thin cracks on the surface of
the macropores. This situation can be explained by the pore
formation mechanism suggested by Menner and Bismarck
[30]. According to their study, pore throats are originated by
the rupture of the continuous polymer film formed around
the internal phase droplets. The spherical geometry of the
pore throats can be ascribed to the alteration of the solubil-
ity of the used emulsifier and the phase separation of the
continuous phase with the progress of polymerization pro-
cess. When the conversion of monomer was increased, this
incident causes formation of emulsifier rich and polymer
rich phases. Accordingly, emulsifier molecules that place at
oil/water interface create weak points that can be rupture
easily [30]. In addition, the heterogeneous morphology of
polyHIPE/CNC composites is also indicating low emulsion
stability, which can be associated by large cavities, possibly
caused by larger droplets formed due to coalescence and
Ostwald ripening [31]. In addition to all, when compar-
ing Figure 1 and Figure 2 with the cavity size distribution
graphs presented in Figure 3, it can be concluded that the
increase in CNC loading increases the cavity size distribu-
tion. However, as compared to the neat polyHIPE mono-
lith, the alteration of average cavity size of polyHIPE/CNC
composite monoliths was found to be moderate (Table 1).
Since the BET specific surface area (§,,,) values of foams
and monolithic materials is an important property for var-
ious applications, variation of BET specific surface area
by the change of CNC loading rate was also investigated.
According to the BET specific surface area data displayed
in Table 1, it was concluded that CNC loading resulted in
higher surface area.

it ——PHR —— PHC-1 —— PHC-5—PHC-7
80
60
40
20
of @
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Temperature (oC)
0,002
PHR PHC-1 PHC-5 PHC-7
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-0,002
-0,004
-0,006
-0,008:
(b)
-0,010:
100 200 300 400 500 600
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Figure 4. (a) TGA and (b) DTG thermograms of the poly-
HIPE monoliths.

Table 1. Average cavity size (CS) and BET specific surface area
(O of the polyHIPEs

Sample CS (um) 0, (m’gh)
PHR 4.52 5.73
PHC-1 2.63 6.81
PHC-5 4.44 7.55
PHC-7 5.12 12.26

It is known from the earlier publications that using CNC as
a filler in the polyHIPE matrix contributes to the thermal
stability of the materials [26]. In this respect, the influence
of CNCs on the thermal degradation behavior of the poly-
HIPE/CNC composite monoliths (PHC-x) was investigated
against the neat polyHIPE monolith (PHR) by using TGA.
The comparative TGA and DTG curves are presented in
Figure 4 and the thermal data obtained from TGA is pre-
sented in Table 2.
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Table 2. Thermal and mechanical properties of the polyHIPEs

Sample Td,, T,)  Residual char E, o, €
°C) (°C) (wt %) (MPa) (MPa) (%)
PHR 324.82  378.99 5.66 15.9 0.96 5.1
PHC-1 329.28  382.17 6.12 19.3 2.46 7.6
PHC-5 325.76  389.62 7.68 21.1 2.21 5.5
PHC-7 326.17  393.79 7.58 17.2 0.57 2.8

Tdio: initial degradation temperature; Tdso: midpoint degradation
temperature; Ec: compression modulus; e1: compressive strength
&L relative deformation at compressive strength.

Thermal degradation of polymeric composites generally
begins with the elimination of low-molecular weight com-
pounds such as water or a monomer and continued with a
larger weight loss degradation of a highly connected poly-
mer network [32]. Depending on the TGA curves shown in
Figure 4(a), it could be concluded that the degradation of
the neat polyHIPE monolith (PHR) was performed in two-
stage process whereas polyHIPE/CNC composite mono-
liths (PHC-x) were degraded in one-stage process. Partic-
ularly, the degradation steps of PHR and PHC-x monoliths
could be observed from DTG curves more distinctly. In
DTG curves of all monoliths, evaporation of water below
100 °C could be observed, clearly. Additionally, in the DTG
curve of neat polyHIPE monolith (PHR), the weight loss
detected at 140 °C arise due to the degradation of unreacted
GMA monomer. The largest weight loss of PHR monolith
observed in two steps that corresponded to two polymer
networks crosslinked at different rates. However, the largest
weight loss of polyHIPE/CNC composite monoliths per-
formed in one step that the partial degradation transitions
of polymer network had cause the DTG curve look like this.
The water absorbed by hydrophilic CNC induced the deg-
radation of the polymer network and had cause degradation
at lower temperatures [33]. This partially different degrada-
tion process of PHC monoliths could be detected evidently
in DTG curve of PHC-1 monolith due to strong intermolec-
ular interactions between CNC and polymer network [34].

In Table 2, while the initial degradation temperature (Td, )
corresponds to the temperature at which 10% of degrada-
tion occurred, midpoint degradation temperature (Td,)
corresponds to the temperature at which 50% of the ini-
tial mass is degraded. As can be seen from the thermal data
(Table 2), the initial degradation temperature slightly in-
creased with the addition of CNC. On the other hand, the
maximum change in initial degradation temperature was
recorded for PHC-1 with an increase of ~5 °C. Although
the PHC-5 and PHC-7 monoliths also exhibited higher
initial decomposition temperatures as compared to the
neat polyHIPE monolith (PHR), the change recorded was
negligible. On the other side, the fluctuation in values was
also indicating an inhomogeneous distribution of the filler.

When comparing with the neat polyHIPE monolith (PHR)
the improvement of the midpoint degradation temperature
of the polyHIPE/CNC composite monoliths (PHC-x) was
more obvious. It was found that the increase in the mid-
point degradation was reached to 14.8 oC for the composite
monolith containing 7 wt % of CNC. In addition to all, the
residual char determined by TGA is given in Table 2. It can
be seen from Table 2 that due to the addition of CNC the
residual char recorded for the polyHIPE/CNC composite
monoliths (PHC-x) was also increased, as compared to the
neat polyHIPE monolith (PHR).

To determine the influence of CNC addition on the me-
chanical properties, compressive features of the neat poly-
HIPE monolith (PHR) and polyHIPE/CNC composite
monoliths (PHC-x) were investigated. Compressive stress
vs. strain plots of the samples is presented in Figure 5,
while the data obtained by the tests are given in Table 2. As
can be seen from Figure 5 and Table 2, CNC addition has a
great influence on the variation of mechanical properties,
namely compression modulus (E ), compressive strength
(0,) and relative deformation at compressive strength
(e)). When comparing with the mechanical data of the
neat polyHIPE (PHR) sample, it was determined that the
compression modulus and compressive strength were first
increased and then decreased at the highest loading ratio
of CNC. It was also found that the relative deformation
of the polyHIPE/CNC composite monoliths (PHC-x) was
first slightly increased at a loading ratio of 1 wt % and then
decreases significantly when the CNC loading ratio was
corresponding to 7 wt %.

Functionalization of polyHIPEs

To demonstrate a possible field of application and to obtain
polyHIPE sorbents, post-polymerization functionalization
was carried out. In this respect, the polyHIPE/CNC com-
posite synthesized by using 1 wt % of CNC (PHC-1) was
selected considering both morphological, thermal, and me-
chanical properties. The neat polyHIPE monolith (PHR)
was also used for the same purpose as a reference materi-
al. Functionalization was achieved over the epoxy ring of
GMA units using PIAL. The achievement of functionaliza-
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Figure 5. Compressive stress vs. strain plots of the poly-
HIPEs.
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Figure 6. Comparative FTIR spectra of the functionalized
polyHIPEs (PHR-F and PHC-F) and PIAL.

Table 3. Elemental analysis data and the calculated degree of
functionalization of the functionalized polyHIPEs (PHR-F and
PHC-F).

Sample Theoretical Experimental Functionalization
degree (%)
N % N %
PHR-F 2.76 1,227 44.46
PHC-F 2.76 1,399 50.68

tion was confirmed via FTIR and comparative FTIR spectra
of the functional monoliths (PHR-F and PHC-F) and PIAL
are presented in Figure 6.

In the FTIR spectra of PHR-F and PHC-F presented in Fig-
ure 6, the characteristic peaks at 1726 cm™ and in the range
between 1200 cm™ - 1100 cm™ corresponds to the ester
bonds. Moreover, the band between 1600 cm™ -1450 cm™
and the peak at 709 cm™ is corresponding to the aromatic
ring and these absorption peaks are appeared in the spectra
of both functionalized polyHIPEs (PHR-F and PHC-F) and
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Figure 7. Kinetics of Cr(III) removal with polyHIPEs: (a)
the neat polyHIPE (PHR), (b) functionalized neat polyHIPE
(PHR-F), (c) functionalized polyHIPE/CNC (PHC-F).

the PIAL. Finally, the band between 1440 cm™ - 1480 cm™!
and the peak appeared at 2930 cm™ are due to the aliphatic
groups. Since new bonds are formed with the reaction of
PIAL with epoxy ring, the absorption peak corresponding
to the epoxy ring (907 cm™) in the spectra of functional-
ized polyHIPEs (PHR-F and PHC-F) was expected to be
decreased or completely disappeared. In this respect, it can
be seen from Figure 6 that, the signals of the peak expected
to be appeared at 908 cm™ decreased distinctly and shifted
to a lower area (at 899 cm™), as expected. In addition to
this, the band observed in the spectra of functional poly-
HIPEs (PHR-F and PHC-F) at 1400 cm™! can be attribut-
ed to the C-N bonds. In the spectra of PHC-F, the broad
peak observed at 3450 cm™ corresponds to the ~-OH groups
of CNCs. On the other hand, the C-O stretching band of
CNCs was overlapped with C-O stretching of GMA units
and appeared as an intense, necked peak at 1262 cm™.



Environ Res Tec, Vol. 4, Issue. 4, pp. 3568-368, December 2021

365

Table 4. The kinetic data and R-square (R2) values of the plots

PHR PHR-F PHC-F
Q. (mg/g) 0.0318 0.0107 0.0339
Pseudo-first order
k'1 (L/min) 1.8424x10* 0.8521x10* 6.9090x10
kinetic model
R? 0.9630 0.8758 0.7104
Q. (mg/g) : 1.9044 1.2770
Pseudo-second order
k'2 (L/min) - 0.0681 3.6010x104
kinetic model
R? 0.0019 0.9995 0.0173
In order to determine the degree of functionalization, the "_PHR —-PHRF —-PHCF
N % quantity of the functionalized polyHIPEs (PHR-F 120
and PHC-F) was determined by elemental analysis and o0
used together with the theoretical N % quantity to cal- | | S
culate the degree of functionalization. The theoretical | _ %0 !
and experimental N % values and calculated degree of | 3 - i
functionalization are demonstrated in Table 3. It can be | £ I,"
seen from Table 3 that the degree of functionalization o/ pr—
was performed with a yield of 50.68% for PHC-F and ol
44.46% for PHR-F. // ____________________ J—
’ 0 100 200 300 400 500 600 700 800
Cr(IIT) Removal by polyHIPEs Time (min)

The applicability of the resulting poly GMA based neat
polyHIPE (PHR), functionalized neat polyHIPE (PHR-F)
and polyHIPE/CNC composite (PHC-F) as polymer-
ic sorbent materials was investigated in the removal of
Cr(III) from aqueous solutions, under non-competitive
conditions. It can be seen from Figure 7 that the amount
of the removed Cr(III) was increased with the increase
of contact time. However, the kinetic curves presented
reveals the influence of the structure of sorbent matrix
used for Cr(III) removal. According to Figure 7, both
functionalized monoliths (PHR-F and PHC-F) exhibited
higher efficiency in the removal of Cr(III) as compared
to the neat polyHIPE (PHR). In case of PHR, the process
occurred relatively slow and the equilibrium has been
reached after 500 min As well as the equilibrium has also
been reached after 500 min when PHC-F was used, this
sorbent was found to be more efficient in Cr(III) removal
with regards to the neat polyHIPE (PHR). On the other
hand, PHR-F sorbent was found to exhibit high sorption
rate and equilibrium reached after 300 min. As can be also
seen from Figure 8, which demonstrates the removal effi-
ciency of Cr(III) due to the type of polyHIPE sorbent, the
percentage of the removed Cr(III) was reached as high as
98% in the case while PHR-F was used as sorbent. Since
the PHR-F was obtained by post-polymerization func-
tionalization of the neat polyHIPE monolith (PHR), these
two sorbent materials basically have the same polymer
skeleton. However, PHR only showed 12.5% of remov-
al efficiency against Cr(III). Therefore, this result can be
attributed to the contribution of the functional groups
of PHR-F sorbent. On the other hand, it was found by

Figure 8. The removal efficiency of Cr(III) with polyHIPEs.

comparing the removal efficiency of two functionalized
polyHIPE sorbents (PHR-F and PHC-F), that the PHC-F
showed almost 60% lower removal efficiency. This signifi-
cantly lower removal efliciency can be explained by the
pore morphology of the resulting materials. As can be
seen from the SEM images of the neat polyHIPE mono-
lith (PHR) and the polyHIPE/CNC composite monolith
containing 1 wt % of CNCs (PHC-1) (Figure 1 and Fig-
ure 2(a), respectively), the neat polyHIPE monolith has a
more open pore structure. We believe that the more open
sorbent matrix allows the diffusion of Cr(III) more easi-
ly, which probably resulted in higher removal efficiency.
Since this situation also strengthens access to functional
groups, this sorbent may also have shown lower activity,
although it has a higher degree of functionality.

Adsorption Kinetics

To describe the kinetic process, the experimentally obtained
kinetic data was fitted into Lagergren pseudo first-order
and Ho’s pseudo second-order kinetic model by using the
linearized rate equations given in equations (1) and (2), re-
spectively [35].

In(Q,-Q)=InQ -kt (1)
t/Q =1/ (K,Q2) +t/Q (2)
where Q, (mg/g) and Q, (mg/g) are the absorption capaci-
ties at equilibrium and time t (min), respectively. k', is the

pseudo-first order and k', is the pseudo-second order rate
constants. To calculate the Q_ and kinetic rate constants
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Figure 9. The kinetic plots of Cr(III) removal by poly-
HIPEs based on pseudo-first order kinetic model: (a) the
neat polyHIPE (PHR), (b) functionalized neat polyHIPE
(PHR-F), (c) functionalized polyHIPE/CNC (PHC-F).

experimental data were plotted according to equations
(1) and (2). The obtained plots are presented in Figure 9
and Figure 10. Afterwards, kinetic rate constants and Q,
values were calculated from the slope of the linear plots
and the points where the graphs cut the y-axis. The calcu-
lated kinetic data and R-square (R?) values of the plots are
given in Table 4. Since the Lagergren pseudo-first-order
model is relied on the assumption that the rate of change
of adsorption by time is proportional to the change in
saturation concentration and the amount of adsorption
by time, it is generally applicable over the initial stage of
an adsorption process [36] (Sahoo and Prelot, 2020). The
initial first few minutes of adsorption is usually faster,
this then changes to a slower rate which is maintained
as equilibrium is approached. The two different rates
(chemically-controlled rate determining step or diffu-
sion-controlled rate determining step) suggest the pres-

Figure 10. The kinetic plots of Cr(III) removal by poly-
HIPEs based on pseudo second-order kinetic model: (a) the
neat polyHIPE (PHR), (b) functionalized neat polyHIPE
(PHR-F), (¢) functionalized polyHIPE/CNC (PHC-F).

ence of two different adsorption sites (readily accessible
external and macropore sites, and less accessible meso-
and micropore sites) [37] (Li et.al, 1999). It is usually
observed that when the adsorption occurs via diffusion
through the interface, the kinetics of the process follows
Lagergren pseudo-first-order rate equation. In this study,
polyHIPEs sorbents are exhibiting similar macroporous
morphology. The differences between the R? values can
be attributed to the presence of CNC and the function-
al groups. The low R? values obtained for PHC-F, might
be a reason of low affinity of PHC-F to Cr(III). This can
be attributed to the fact that the interactions between the
ligand molecule and the CNC are stronger than their in-
teractions with Cr(III), and the diffusion rate might be
decreased. The high R? values of the graph can be consid-
ered as an indication that the polyHIPE sorbents follow
the kinetic model expressed by the mathematical equa-
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tion used to plot the experimental data. In this respect,
it can be safely stated that sorption of Cr(III) on to the
neat polyHIPE (PHR) followed pseudo first-order kinetic
model, while the sorption on to the functionalized neat
polyHIPE (PHP-F) followed pseudo second-order kinetic
model. Moreover, in the case of functionalized polyHIPE/
CNC composite (PHC-F) sorbent, the pseudo-first-order
kinetic model correlated relatively well with the experi-
mental data, with a relatively low R? value (0.7104).

CONCLUSION

As a conclusion, to prepare polyHIPE materials exhibit-
ing the potential of post-polymerization functionaliza-
tion precursor HIPEs composed of GMA and DVB were
used as templates. Moreover, CNC was also used as filler
during the preparation of the precursor HIPEs for tuning
the morphological, mechanical, and thermal properties
of the corresponding polyHIPE monoliths. It was shown
that CNC has a significant influence on morphological
and mechanical properties, as well as thermal stability.
In addition, post-polymerization functionalization with
PIAL was performed to prepare functional monoliths us-
ing the epoxy ring on the polymer chains. It was confirmed
that the degree of functionalization was 44.46% for the
neat polyHIPE monolith and 50.68% for the polyHIPE/
CNC composite. Based on these results, functionalized
polyHIPEs and the neat polyHIPE were used for Cr(III)
removal from aqueous solutions under non-competitive
conditions. It was demonstrated that the Cr(III) removal
capacity of the polyHIPEs was significantly improved by
post-polymerization functionalization. Moreover, it was
also shown that the Cr(III) removal capacity strongly de-
pends on the pore morphology of the polyHIPE sorbents.
When the removal efficiency of the neat polyHIPE was
only 12.5%, the capacity of Cr(III) removal of the func-
tionalized polyHIPE and polyHIPE/CNC composite was
respectively found to be 98% and 36%.
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INTRODUCTION

ABSTRACT

Although, boron (B) is an essential micronutrient for plants, animals and human beings; at high con-
centration of boron in water resources may be hazardous for living being. Hence the boron concen-
tration has to be reduced down to suggested level by the World Health Organization for safe use of
water for irrigation and drinking. The present study examines boron pollution level in groundwater
and suggests an alternative sorbent to remove it from water sources used for irrigation and drinking,
The poly-2-Hydroxyethyl methacrylate (HEMA)-co- glycidyl methacrylate (GMA)- polyethylenei-
mine (PEI)- Fe** columns were synthesized to adsorb the boron compounds from a real groundwa-
ter samples and synthetic solution. Boron was removed 78.2% by poly (HEMA-co-GMA)-PEI- Fe**
column at an amount of 54.42 mg/g, pH 8. However, the lower adsorption ratio was recorded as
between 35.8-58.1% of real groundwater where adsorbed amount of boron and its derivates were
found as 9-28.67 mg/g due to other chemical ions in real groundwater samples. Boron-loaded col-
umns were regenerated by 0.01 M NaOH treatment for industrial practice. Regeneration cycles were
performed successfully 15-times with only a loss of 5% in adsorption capacity of columns.

Cite this article as: Akpmar $, Kogyigit H, Glirbiiz F, Odabasi1 M. Boron removal from
aqueous solutions by polyethyleneimine- Fe** attached column adsorbents. Environ Res Tec
2021;4:4:369-376.

Boron (B) presents in the lithosphere of the earth and
it is mostly found in the form of boric acid and borate

Water scarcity has been recognized as an important issue
for agricultural production. Many freshwater resources
have been reported to be suffering from overexploitation
and misuse [1]. This outcome has increased dependency on
groundwater resources being used for irrigation. Hence it
is fundamental issue to ensure the quality of groundwater
where it used for public and domestic supply Boron and its
derivates common in groundwater sources along with other
constituents from the areas with volcanic geology [2].

*Corresponding author.
*E-mail address: fatma_gurbuz@yahoo.com

salts in the environment [3, 4]. Boron becomes harmful
to plants and animals when its amount is greater than
required for growth [5]. In fact, boron has been recently
re-established as a contaminant in various water sup-
plies due to its industrial use, mainly to produce fiber-
glass, fertilizers, detergent, ceramic, glass etc. [6]. Wa-
ter-soluble boron is available in the form of boric acid
(H,BO,), borates, and anionic polyborates including
(B,O,(OH),]-, [B,0.(OH),] [B,O,(OH),]" [7]. Excess
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amount of boron is toxic for plants causing various ad-
verse effects including edge and tip necrosis, loss of pig-
mentation in the leaves, problems in root cells, weaker
photosynthesis, etc.

The World Health Organization (WHO) regulated a bo-
ron standard less than 2.4 mg/L for drinking water and 1
mg/L or less for irrigation [8] in fact it is 0.5 mg/L due to
the herbicidal effect of boron [9]. However, EU Drinking
Water Directive and Environmental Protection Agency
(EPA) regulated the boron concentration in drinking wa-
ter to 1.0 mg L™ [10, 11]. The largest boron producers in
the world are Turkey and The United States, hence these
countries have the most significant boron contamination
problems [12]. Some parts of Turkey, especially the areas
of Bursa-M. Kemalpasa-Kestelek, Balikesir-Bigadig, Kiita-
hya-Emet and Eskisehir-Kirka are naturally high in boron
mineral. Turkey has 70% of the total boron reserve of the
world. The USA has the second biggest reserve, which is
13% of the world [13, 14].

There are many techniques to remove boron from aqueous
environment including precipitation-coagulation, reverse
osmosis, electrodialysis, membrane filtration, ultrafiltration
and adsorption [1, 15-19]. On the other hand, alternative
adsorbents for removing boron from aqueous environ-
ments have been receiving worldwide attention for to pre-
vent from occurring breakdown products of conventional
methods. Especially, polymer, membrane-based separations
have received great attention owing to their efficiency in the
consumption of energy, cost and their possibility in regen-
eration [20-22]. Polymer or silica supported poly-hydroxyl
molecules, such as N-methyl-D-glucamine [23] have been
widely used as boron-specific adsorbent [19].

Wolska and colleagues [24] have produced monomer
mixtures modified with N-methyl-D-glucamine. Their
polymer had a good performance adsorbing boron from
both acidic and basic solutions. In another study, a nov-
el adsorbent of silica-supported N-methyl-D-glucamine
polymers were synthesized by attaching the trimethox-
ysilane [25]. Boron removal from neutral water was
studied with epoxy-amine cross-linked poly(glycidyl gly-
cidyl ether) (PGGE) membrane and linked with N-meth-
yl-D-glucamine (NMDG). The boron removal rate was
found better than commercial boron selective resin [26].
Another, glycidol-functionalized macroporous polymer
with different amounts of amino and imino groups was
subjected for boron removal. The maximum adsorption
was recorded 29.22 mg/g with the presence of some ions
[27]. The poly-2-Hydroxyethyl methacrylate-co-glycidyl
methacrylate - polyethyleneimine- Fe’> (Poly -HEMA-co-
GMA-PEI-- Fe’*) columns was investigated for arsenic
and other metals’ reduction previously to this study with
a success of removal rate of 71.3-95.4% and 43.2-99.7%
respectively [2].

The objective of this study was to examine boron adsorption
capacity of the polymers from aqueous environment. For
this aim, the synthetic aqueous boron and real groundwater
samples, which have been used for drinking and irrigation
were tested with poly (HEMA-co-GMA)-PEI-- Fe** col-
umns. The columns proved to be having good performance
to remove arsenic species in our previous study. Structure
of the polymer were analysed by scanning electron mi-
croscopy (SEM) and Attenuated Total Reflectance-Fourier
Transform Infrared Spectroscopy (ATR-FTIR). Tests were
carried out by a Spectro Genesis Inductively Coupled Plas-
ma-Optical Emission Spectroscopy (ICP-QES).

MATERIALS AND METHODS

Materials

Synthetic solution of boron was prepared by dissolving ACS
grade H,BO, in Mili Q deionized water (Milipore Sigma)
and the ground water samples were collected from 4 wells
where water is used for drinking and irrigation purposes in
Aksaray provinces. Groundwater was containing various
chemicals besides boron species such as Al*%, Ba*?, Li*!, F, CI
Br, NO,-N PO, 7, SO, Ca*?, Na*!, K*', Mg*, §i, V and As.

Chemicals,including2-Hydroxyethylmethacrylate(HEMA),
N,N'-methylene-bis-acrylamide (MBAAm), glycidyl meth-
acrylate (GMA), ammonium persulfate (APS), polyethyleni-
mine (PEI) and H,BO were purchased from Sigma - Aldrich
(St. Louis, MO USA). N,N,N'N’-tetramethylethylene-di-
amine (TEMED) were supplied from Fluka AG (Buchs,
Switzerland). Other chemicals were provided by Merck AG
(Darmstadt, Germany).

Characterization of Polymeric Cryogel Sample

Free water volume in Fe’*-PEI polymer sample was calculat-
ed for the porosity, and shown with ¢. A piece of polymer-
ic cryogel sample was immersed in the water for swelling.
Then, this swelled cryogel sample was put into deionized
water having V, volume. Later, changed volume (total vol-
ume) was marked as V. Finally, difference between two
volumes was computed as following equation:

VO = V2 - V1 (1)

While the swelled polymeric cryogel sample was weighed
as m_, this sample was pressed by hand, and weighed again
as m_. The obtained weights were used to determine the po-
rosity (¢). Here, “p ” symbol was used for deionized water
density (Eq. 2).

@ = (my, — M)/ puxVox100 (2)

After this process, squeezed polymeric cryogel sample was
put in the oven (60 °C, 12-24 h) for obtaining completely
dried cryogel and symbolized as “m,” for calculation total
water fraction (TWF) (Eq. 3)

TWF = (m,, — my)/pwxVx100 (3)
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Fed+

Figure 1. Polymer column (a) and Fe** -attached poly (HE-
MA-co-GMA)-PEI column (b).

Preparation of poly (HEMA-co-GMA)-PEI

A solution of N,N-methylene-bis-acrylamide (MBAAm)
prepared with 40 mg of it, in 2 mL of deionized water. Then
the solution was mixed with 0.350 mL of 2-Hydroxyethyl
methacrylate (HEMA) monomer. Glycidyl methacrylate
(GMA) (0.04 mL) used as co-monomer was added to this
solution, then the mixture was taken into to a plastic sy-
ringe and exposed to nitrogen gas for about 2 minutes to
cast out the dissolved oxygen. 100 uL (10% (w/v) of ammo-
nium persulfate (APS) and 20 pL of N,N,NN-tetramethy-
lethylene-diamine (TEMED) were added to final mixture
and the mixture was situated at -14 °C for 24 h into a deep
freezer. Eventually, the synthesized poly (HEMA-co-GMA)
was thawed at room temperature to obtain poly (HEMA-
co-GMA) cryogel column. Then the column was washed
with Mili Q water-ethanol mixture to remove different
impurities such as non-polymerised monomers, initiators
(APS) and catalyser (TEMED).

After obtaining poly (HEMA-co-GMA) cryogel column,
PEI molecules were immobilized to it via reactive glyc-
idyl groups on GMA. Because of viscous media of GMA,
initially a solution of 30 mL of it (10%, w/v, pH 10.6) was
prepared, and synthesized poly (HEMA-co-GMA) cryogels
were immersed to this solution through 4 hours for reac-
tion of reactive groups between GMA and PEI (50 °C, 100
rpm). After the reaction was completed, PEI anchored poly
(HEMA-co-GMA) polymers were washed with deionized
water repeatedly to remove the unreacted and physically
adsorbed PEI molecules (Fig. 1).

Fe* -Attachment to Poly (HEMA-co-GMA)-PEI

Attachment of Fe** ions to poly (HEMA-co-GMA)-PEI cryo-
gels was performed in a solution containing 50 mg/mL of
Fe(NO,), at pH 4.0-4.5 adjusted with 0.01 M HNO, (at 25
°C, for 2 h). they were washed several times to remove un-
bounded Fe** ions until no Fe** was detected in washing solu-
tion. The leakage of Fe** ions was checked at initial, and final
washing solutions by graphite furnace atomic absorption

Figure 2. SEM images of the poly (HEMA-co-GMA) (a)
and poly (HEMA-co-GMA)-PEI (b).

spectrometer (GFAAS, Analyst 800/ PerkinElmer, USA). Ion
solutions are diluted to certain rates before analysing.

SEM Analysis

The morphology of the polymer was studied by scanning
electron microscopy (SEM), (EVO LS 10 ZEISS 5600 SEM,
Tokyo, Japan). The procedure was for SEM examination ear-
lier described in Baran et al. [15]. Basically, water-swelled
polymers were treated in 98% ethanol for exchanging of alco-
hol molecules with water ones in structures, and the columns
were taken to a vacuum oven to extract alcohol from the col-
umns at 50 °C. After dehydration, dried columns were coated
with gold-palladium (40:60 nm) and examined for SEM (Fig.
2). Coating was done with sputter coater under vacuum.
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Attenuated Total Reflectance-Fourier Transform
Infrared Spectroscopy

Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR) spectrum of PEI Figure 6 taken
with a Mattson FTIR spectrophotometer in the 4000-400
cm’! range where 30 scans were recorded at 4 cm™ resolu-
tions for solid sample.

Boron Adsorption Studies

Boron adsorption was examined by Fe** -polyethyleneimine
(PEI) anchored-poly (hydroxyethyl methacrylate-co-gly-
cidyl methacrylate) column (poly(HEMA-co-GMA)-PEI-
Fe**) which prepared according to the of Giirbiiz et al. [2].

Plastic columns of 0.5 cm internal diameter and 12 cm
length with polymeric cryogels (0.1g dried weight) were
used in the tests. Removal of boron and groundwater chem-
icals were either given as mg/g sorbent (Eq. 1) and percent-
age (Eq. 2), respectively.

Q=I(C,- C)VIim (1)
%Q=(C, - C)/C,]x100 @)

Where Q (mg/g), is the amount of adsorbed boron deri-
vates (i.e., Boric acid, Borate ions), C  (mg/L) is the initial
concentration, C,(mg/L) is the remaining boron in solution
at equilibrium. V (L) is the volume of the solution; m (g), is
the mass of sorbent used in adsorption.

The effect of pH (5-9) was tested with 40 mg/L synthetic
boron solution, The effect of initial concentration was test-
ed (2, 4, 10, 15, 40, 50 mg/L). The volume was 200 ml for
the carried-out tests.

Natural groundwater samples with various chemicals from
4 well were obtained and put into test with the polymeric
cryogels Groundwater was containing various chemicals
besides boron species such as Al*, Ba*?, Li*!, F, Cl Br,
NO, N PO,?, 80,2, Ca™%, Na*', K*1, Mg, Si, V; As.

Boron level were recorded via an Inductively Coupled Plas-
ma-Optical Emission Spectroscopy (ICP-OES, Optima
2100 DV, Perkin Elmer). Analyses were carried out prior to
column tests and afterwards.

The putative representation of removal boron derivates has
been schematically presented in Figure 3.

Desorption of Adsorbent

After boron adsorption the polymeric cryogel columns
were eluted with MiliQ water three times and then treated
with 5 mL 0.01 M NaOH as stripping agent. Regeneration
of polymeric cryogels was given in our previous study [2].

RESULTS AND DISCUSSIONS

Characterization of polymeric cryogel sample

The porosity measurement, ¢, and the total water content,
TWC, for Fe** -PEI polymeric cryogel were computed as
71.8% and 91.5% (v/v), respectively. These results revealed
that small pores of Fe** -PEI polymeric cryogel have bound
19.7% of the total water while flowing liquid was not pass-
ing through the Fe** -PEI polymeric cryogel. The large
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Figure 5. The effect of initial concentration of boron on %
of removal ratio at pH 8.

pores wherein the liquid following paths were occurred and
formed 71.8% of the total pores, were filled with free water.

The amount of chelated Fe** ions on PEI polymeric cryogel
was found as 2.11 mg Fe** ions/g polymer.

Boron Removal as a Function of Solution pH

Boron in nature, mainly occurs in boric acid (B(OH), or
H,BO,) forms and its salts (borates) or as boro-silicates
[28]. Molecular boric acid (H,BO,) usually appears at low
pHs, and performs as an electron acceptor agent in water,
whereas at higher pHs the anionic form (metaborate) of
boron is predominant (Eq. 3) The reaction of boric acid in
aqueous environment expressed in Eq. 3.

H,BO, + H,0 <> H* + B(OH),~ ©)

Boric acid ratio at near neutral pHs in dilute solutions is
found more than 99% [19]. The effect of pH was examined
with initial boron concentration of 40 mg/L and in the pH
range from 5 to 9. The working volume was 200 ml (Fig. 4).
The equilibrium total boron adsorption capacity (Q) of the
polymer columns increased with the increase of pH in the
range of 5-8 and was maximum at pH 8 (54.42 mg/g). The
adsorption of boron species above pH 8 was further indi-
cated by a decrease through the columns (Fig. 4). Similarly,
the maximum efficiency of boron removal was reported to
be at the initial pH of 8 [29, 30].

In another study, the maximum sorption capacity of bo-
ron was observed at pH 9.0 as 55 mg/g; however, it de-
creased over pH 9.5 [18]. The acid dissociation constant
(pKa) of boric acid shows diversity between 8.6-9.2 re-
garding medium salinity [31]. hence in solutions of pH
9.0, the divalent anion H, (BO,),* is the predominant
species, while in those of pH 8.0 and 10.0 the ratio of
bivalent/monovalent anions is close to unity [32]. In the
present study, the higher adsorption of the polymer in
boron removal from water at pH 8 can be related to the
change of the electric charge of boron and Fe** ions at
different pHs. At lower pHs, boron often appears in the
form of boric acid, and at higher pHs, it is usually in the

O=C-O-C

Figure 6. FTIR spectra of matrices with PEI and without
PEI molecule.

Table 1. Boron/boron derivates removal by the Fe** -PEI polymeric
cryogel column

Samples pH Initial Remaining Removal
concentration concentration
(mg/L) (mg/L) (%)
GR1 5.68 0.77£0.086 0.32340.016 58.1
GR2 6.39 1.288+0.163 0.57140.138 443
GR3 6.11 0.62740.042 0.40240.023 35.8
GR4 6.37 1.4234+0.106 0.86610.061 39.1

form of anionic borates. At pH 8 hydrated Fe ions still
have +3 charges and interact with the boron species of
B(OH),, the B(OH), with negative charges in aqueous
environment. Figure 3 shows the putative representation
of borate adsorption on Fe** -PEI polymer.

The effect of Initial Concentration

The effect of initial concentration was carried with 2, 4, 15,
40, 50 mg/L of synthetic solution of boron. The increase
of the initial boron concentration enhances the boron ad-
sorption capacity. The highest adsorption ratio was 70.55%
which is 56.44 mg B for per gram of dried adsorbent with
40 mg/L solution of boron at pH 8. The adsorption capacity
slightly decreases for boron concentration higher than 40
mg/L which can be explained as boron concentration in-
creases available exchangeable sites of polymeric cryogel
decreases (Fig. 5).

There are many studies with different polymer supported
or modified with chemical agents. Yavuz and colleagues
[33] developed a polymeric sorbent with iminopropylene
glycol group supported on DHPVC for boron removal
and reached an adsorption capacity of 21.62 mg/g for bo-
ron. A new boron chelating resin, which the boron ad-
sorption was up to 29.19 mg/g, was synthesized howev-
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er the resin was too complex for mass productions [34].
Another polymer which was made of solid tethered imi-
no-bis-propanediol and a functional copolymer had the
maximum removal capacity of 43.244 mg/g boron [22].

The polyethylenimine anchored super macro porous
polymers indicated their suitability as potential sorbents
for boron removal from aqueous solutions and taking ad-
vantage from its porous texture, specific surface area and
relatively large pore size (10-50 pm), above all not a com-
plex, easy to prepare therefore they are very economic to
fabricate [2].

FTIR Results

Obtained FTIR spectra of matrices (with PEI and with-
out PEI) are given in Figure 6. The broad band between
the 3300-3400 cm™ indicates ~OH stretching vibrations.
While band at 1700 cm™ represents vibration of ester group
of HEMA, bands at 1515-1535 cm™ is attributed to N-H
bending PEI attached to PHEMA cryogel matrix. Besides,
the peaks at 1715/cm attributed to stretching vibration of
C=0 groups in ester of HEMA and GMA.

Removal of Boron in Real Groundwater Samples

The groundwater samples were collected from 4 wells in the
area which are used for drinking and irrigation. No pre-ad-
justments of pH were carried out with the well samples to
avoid extra chemical cost for big scale applications. Results
were presented in Table 1. Boron species in aqueous solu-
tions usually dependent on the pH of the solution and are
present mainly in the form of boric acid and various kinds
of borates in, which boric acid dominates at low pH, while
borate ion dominates at high pH. In addition, B(OH), and
B(OH),” mainly exist at low concentration [35].

The most important reason for a successful removal with
the Fe** -PEI polymer, is the dominance of the borate con-
centration over the other borates at low concentrations and
pHs. Borate ions dominated at pH 8 where the highest ad-
sorption was occurred. Please see, Figure 3 shows the pu-
tative representation of borate and possible metal ions (i.e.,
Me*!, *?) adsorption on Fe** -PEI polymer.

Total boron removal rate stayed between 35.8-58.1% at
different pH values and the adsorbed amount of boron
was found between 9-28.67 (mg/g). WHO guideline
values for irrigation water is limited to 0.5 mg /L due to
herbicidal effect of boron [9]. Although boron removals
were dropped slightly down in real groundwater samples,
boron species were reduced to this limit at least in two
samples with the polymeric cryogels adsorption. Sample
2 was slightly over whereas, sample 4 only reduced down
to 0.8 mg/L with 39.1% adsorption rate. This may be at-
tributed to the presence of other ions in the samples. In
the study of Onorato et al. [36] boron removal with be-
ing present other ions was found as 47% at pH 10. Glyci-

dol-functionalized macroporous polymer was subjected
for boron removal and the maximum adsorption was re-
corded 29.22 mg/g with the presence of some ions [27].
In the study of Landsman [26] boron adsorption from
neutral water was found 2.5 mmol B/g (about 27 mg/g)
which was found better than commercial boron selective
resin. Amberlite IRA743 previously reported capacity
(0.99 mmol B/g dry polymer).

Although boron level suggested to 0.5 mg/L for irrigation
by WHO, the boron concentration has to be reduced to
0.3 mg/L in waters that used to irrigate vulnerable plants.
Against boron accumulation in soil, actions have to be put
into practice especially those affected by low soil leaching in
arid regions [37]. Boron toxicity, symptoms mostly occur in
spring and are identical to those in drought affected plants.
A range of damage threshold values for crops is reported in
the literature, from 0.5 ppm to 1.0 ppm [38]. All groundwa-
ter samples have elevated boron levels; second and fourth
sampling wells were unsuitable for crops because of their
high boron compounds over suggested level.

Regeneration of Adsorbent

0.01 M NaOH solution was used for regeneration purpos-
es of boron loaded columns, adsorption-desorption cycles
were performed 15-times successfully only with a loss of
5% in adsorption capacity. After 15 cycle boron adsorption
desorption cycle, adsorption capacity decreased. Data is not
given here because it is similar to our previous study [2] us-
ing the exact polymeric cryogel columns to remove arsenic
species from real groundwater samples.

Glycidol-functionalized macroporous polymer was eluted
with 1 mol/L HCl and NaOH and regenerated 5 adsorp-
tion-desorption cycles, afterwards the adsorption capaci-
ty of the polymer was found decreased slightly [27]. The
membranes of epoxy-amine cross-linked poly (glycidyl
glycidyl ether) (PGGE)were regenerated in acid without
a significant loss of boron sorption capacity over four cy-
cles [26]. The polymer was eluted with 1.0 M (cycles 2-4)
hydrochloric acid to desorb the boron. Another adsorbent
(High internal phase emulsion hierarchical porous poly-
mer) was treated with acid, alkali and the regenerated for
10 cycles for the boron uptake [39].

CONCLUSIONS

Fe’* -attached poly (HEMA-co-GMA)-PEI columns were
employed to adsorb boron and boron derivates from
aqueous solution. The maximum adsorption was record-
ed at pH 8 (54.42 mg/g) with synthetic solution where-
as the highest adsorbed concentration was found 28.67
(mg/g) pH 6.39 with real groundwater sample (GR2). Suf-
ficient column regeneration cycles enable the polymer to
be suitable in industrial use.
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INTRODUCTION

ABSTRACT

Turkey is an agricultural country. Agriculture has an important share among our livelihoods in
Turkey. Apart from the parts that are used as a result of agricultural activities, which have direct
economic value and are sent to various industries for processing, there are also non-consumption
or unused parts of the agricultural products. Therefore, agricultural activities bring a large amount
of agricultural waste with them. However, as long as agricultural wastes are not valued, they can
be considered as a significant economic loss. Similar to the increase in world population, the pop-
ulation of Turkey increases rapidly. Of course, this growth in the population brings energy needs
with it. However, environmental damage caused by greenhouse gas emissions released into the
atmosphere due to the use of fossil resources and reserve shortage leads us to look for renewable
energy sources. Therefore, biogas production from organic wastes as a sustainable approach allows
agricultural wastes formed in high quantities in Turkey, problematic for farmers for different ways
and seen as an economic loss to be converted into energy forms. In the study, biogas production
was supported by the anaerobic digestion system method in order to convert various agricultur-
al wastes in the different regions of Turkey into an energy form. While producing energy from
biogas, digestate can be re-fed to agricultural lands as fertilizer. In this study, agricultural waste
inventory has been created for seven different regions and suggestions for future have been given.

Cite this article as: Sertgiimeg S, Usta AN, Ozarpa C. The agricultural waste inventory on the
regional basis in Turkey: Valuation of agricultural waste with zero-waste concept in the scope
of circular economy. Environ Res Tec 2021;4:4:377-385.

fore, it is very difficult to think of a life without agriculture.
Also, according to the Chauhan, almost two thirds of the

People need foods to sustain their vital activities. And, they
will need these foods throughout their lives. For this pur-
pose, human beings must provide food regularly. Agriculture
is one of the basic activities that provide the foods needed for
nutrition, which is the basic need of human beings. There-
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world's population is based on agricultural production [1].

The agricultural sector has an important place on a global
scale. Even if it varies from country to country, it affects
many areas such as the level of development and social life-
style of societies [2].

This paper has been presented at EurAsia Waste Management Symposium 2020, Istanbul, Turkey
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The agricultural sector provides many benefits such as feed-
ing people, contributing to the national income, meeting
the raw material needs of the industrial sector. Therefore, it
is one of the most important sectors in all countries [3]. Ac-
cording to FAO [4], primary crop production in 2018 was
9.2 billion tons for globally. This amount is approximately
50% more than the amount produced in 2000 [4]. As Ag-
amuthu [5] stated that the annual amount of agricultural
waste produced is 998 million tons for globally. Consider-
ing that the human population will increase in the coming
years, it is expected that agricultural production will in-
crease to supply the nutritional needs of people. With the
increase in agricultural production, the amount of waste
generated is expected to increase [6].

The agricultural sector has played very important roles in
the economic and social development of Turkey since the
establishment of our Republic. It not only provides nutri-
tion of the country population, but also contributes to na-
tional income and employment [7]. The agricultural sector,
which has an important place for the industrial sector, also
meets the need for raw materials in the industry. By the way,
the agriculture sector is indispensable in terms of exports.
Because it also contributes to exports directly or indirectly.
Agriculture sector is even more important in Turkey. Be-
cause Turkey is one of the developing countries and the ag-
ricultural sector is effective in meeting the nutritional needs
of people in the strategic sense [7].

It is known that Turkey is an agricultural country. Agri-
culture has an important share among our livelihoods in
Turkey. Apart from the parts that are used as a result of ag-
ricultural activities, which have direct economic value and
are sent to various industries for processing, there are also
non-consumption or unused parts of the agricultural prod-
ucts. Therefore, agricultural activities bring a large amount
of agricultural waste with them. As a result of different
agricultural activities, agro-waste occurs. And, actually it
includes wastes from farms, poultry houses and slaughter-
houses, harvest waste and manure [8].

Similar to the increase in world population, the population
of Turkey increases rapidly. According to the latest data of
Turkey Statistical Institute (TUIK), Turkey's population in
2018 compared to the previous year increased by 1 million
193 thousand 357 people [9]. This number represents a
significant population increase and is expected to increase
in the coming years. With this population increase, the
amount of nutrients that will be needed for nutrition will
also increase. This situation will bring with it an increase
in agricultural activities. Along with agricultural activities,
an increase in the amount of agro-waste can be expected.
However, as long as agricultural wastes are not valued, they
can be considered as a significant economic loss.

In the developing and changing world, waste production and
increase, presence of people, population growth, technolog-

Upcycling

/C/ Sustainable Production

LN

Sustainable Consumption

Figure 1. Economy chain according to the circular econo-
my model [11].

ical developments etc. is a natural result. Considering the
world population of 7.2 billion and the fact that it continues
to increase day by day, the main issue is not waste dispos-
al, but management. It is same for the agricultural wastes of
course. By adopting the concept of waste to energy (WtE)
-and so zero-waste concept- we are not only choosing a sus-
tainable and clean energy for our future, but also expanding
our perspective on waste disposal and waste management.
Thus, the management shows the potential to make the tran-
sition from linear economy to circular economy.

Unlike waste disposal; circular economy concept handles
the design of waste, changing the way of production and
usage with a holistic approach. Thus, it aims to reduce the
use of raw materials and reduces the amount of waste. It
tells us that recycling and reuse technologies should be de-
veloped and implemented effectively, therefore it aims to
ensure resource efficiency and achieve zero waste [10]. As it
is shown in Figure 1, in this way sustainable production and
sustainable consumption can be available in the economy
chain according to circular economic model.

Removal and disposal of agricultural wastes resulting from
agricultural activities or agro-industrial wastes from indus-
tries using agricultural products is only a classic solution.
However, this should not be seen as a solution. Because these
agricultural wastes are actually substances with "economic
value". With the circular economic approach, this type of
wastes will be valued, the principle of zero waste will be fol-
lowed and contribution will be made to the national income.

Another issue is, the growth in the population brings ener-
gy needs with it. However, environmental damage caused
by greenhouse gas emissions released into the atmosphere
due to the use of fossil resources and reserve shortage leads
us to look for renewable energy sources.

The issue of obtaining energy from fossil fuels is important
due to the damage it has caused to nature. In the light of
the work of Coban and Kilinc [12], the use of fossil fuels
in energy production significantly increases the pressure
on natural resources. In addition, fossil fuels are one of the
main causes of climate change. Therefore, considering the
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conditions such as limited reserves, pressure on resources
and causing climate change, it turns out that the use of re-
newable energy resources is a must.

According to the energy report published by WWEF [13], it
is not impossible to meet almost all of the universal demand
for energy in 2050 by renewable energy. In this context, the
world and in Turkey, is continuing efforts for efficient use of
renewable energy sources, aimed at increasing the total en-
ergy production in the share of renewable energy sources.
In 2014, by the Ministry of Energy and Natural Resourc-
es "Turkey's National Renewable Energy Action Plan" was
prepared. Also, by 2023, the energy used across the country
share of renewable energy sources used in Turkey is aimed
to increase to 30% in total.

Recently, the concepts of circular economy and energy pro-
duction from waste have come to the fore and are important.
As D'Amato [14] states that circular economy and bio-econ-
omy concepts are sustainable concepts that are put forward
in place of the fossil-based economy currently in existence.
So, agricultural wastes can be converted into a form of ener-
gy and can be evaluated in Turkey. Thus, agricultural wastes,
which are a big problem for agricultural fields and farmers,
will not be a problem anymore but will also be valued.

If effective management for agro-wastes and correct control
for pollution effects on the environment and climate change
are provided, all types of waste assessed under waste-to-en-
ergy (WtE) technologies tend to have the opportunity to be
an important source of energy and to display fuel for a sus-
tainable future. In particular, according to UNEP [15], with
the biomass, the investment increase in the waste to energy
sector only in 2011-2012 is around 186% and there is a total
investment of 1 billion USD in this sector.

Among the many technologies included in the concept of
energy production from waste, biogas production through
the anaerobic treatment process is a very popular subject.

As Askari [16] states that, biogas production is carried out
through microorganisms due to the fact that they don't
meet with the air after long periods and create anaerobic
conditions. In addition, biogas production can be produced
anaerobically via reactors or naturally in landfill areas. Bio-
gas production with the help of anaerobic process is a log-
ical approach for the evaluation of agricultural wastes. In
particular, an agricultural country like Turkey, considering
that serious agricultural waste has occurred, it is necessary
to evaluate agricultural waste through anaerobic digestion.

As it is explained in perspective of Lier, Mahmoud & Zee-
man [17], the anaerobic treatment (AD) of complex wastes
involves two main stages; the first stage is basically called
the “Acid Fermentation” and in this stage, large compounds,
such as carbohydrates, fats, proteins, are broken down into
smaller components, namely monomers. And the second
stage of the anaerobic treatment (AD) is called the “Meth-

ane Fermentation” [17]. In the second stage, end products
of the acid fermentation stage are converted to gaseous
form which includes mostly methane.

In the first stage, complex components of the waste, includ-
ing fats, proteins and polysaccharides, are hydrolyzed to
their component subunits. According to Wilkie [18], this is
accomplished by a heterogeneous group of facultative and
anaerobic bacteria and these bacteria then subject the prod-
ucts of hydrolysis (triglycerides, fatty acids, amino acids
and sugars) to fermentation and other metabolic processes
leading to the formation of simple organic compounds. Af-
ter this step, the large substances are separated into smaller
units, which are converted to Volatile Fatty Acids (VFA)
during the Acidogenesis step. The overall process up to now
is called acid fermentation. After the Acid Fermentation
stage, the resulting Volatile Fatty Acids (VFAs) are convert-
ed to Acetate. In the second stage, the end products of the
first stage are converted to gases (mainly methane and car-
bon dioxide) by several different species of strictly anaer-
obic bacteria. Thus, it is here that true stabilization of the
organic material occurs. This stage is generally referred to
as methane fermentation and this is how biogas production
occurs. In addition, the digestate formed as a result of the
anaerobic digestion process where biogas is produced can
also be used as fertilizer [19].

Activity in the fertilizer sector in Turkey is increasing ev-
ery year. In fact, it is observed that fertilizer production
increases on a yearly basis, but the need increases as con-
sumption is very intense [20]. This means that production
cannot meet consumption in our country. And, those needs
are tried to be met by means of imports in Turkey and less
than about 10% of the production is also exported [20].

Turkey may show little change from year to year in fertil-
izer consumption because of climatic conditions, product
range, economy, etc. But in general, the annual average is
5-6 million tons [20] for the consumption of fertilizer. By
the way, sources of raw materials for chemical fertilizers, es-
pecially in Turkey are not available; therefore, the chemical
fertilizer sector is more than 90% foreign dependent in our
country [20]. Considering the statistics, only in 2017 there
was 6.3 million tons of chemical fertilizer consumption,
and 85% of it was imported [20]. This means approximately
5.4 million tons.

Turkey's import needs to be done to meet the fertilizer means
a significant cost. In our country, serious costs arise for the
import of chemical fertilizers every year. For example, ac-
cording to different fertilizer types the cost varies from 170
USD to 370 USD per ton [21]. Considering that there is an
average of 5.5 million tons of imported chemical fertilizers
per year, the amount of money we export for a year is serious.

With the approach of evaluation of agricultural wastes
through anaerobic digestion, not only energy is obtained by
producing biogas from agricultural wastes; but also Turkey
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Figure 2. Production and waste amounts of the first three products that cause
the most waste in turkey for seven regions: (a) black sea region, (b) mediterra-
nean region, (c) eastern anatolian region, (d) aegean region, (e) southeastern
anatolia region, (f) central anatolia region, (g) marmara region [22].
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can contribute to the need of fertilizers with digestate re-
sulting from the process.

Biogas production from organic wastes as a sustainable ap-
proach allows agricultural wastes formed in high quantities
in Turkey, problematic for farmers for different ways and
seen as an economic loss to be converted into energy forms.

Regarding the execution of all these studies, crops grown
in seven different regions of Turkey is important. There is
a need for an inventory containing current production data
and information on the amount of agricultural residues
arising from production for Turkey.

MATERIALS AND METHODS

There are seven different regions in Turkey. Different agri-
cultural activities are observed in these regions due to dif-
ferent climatic features.

First of all, in the scope of the study, the agricultural prod-
ucts causing the most agricultural waste generation were
identified for seven different regions and an inventory of
agricultural waste on a regional basis has been established
in Turkey. This is one of the first studies in detail for this
kind of inventory in Turkey.



Environ Res Tec, Vol. 4, Issue. 4, pp. 377-385, December 2021

381

Detailed research has been done on the current fate of ag-
ricultural wastes determined on a regional basis and at the
same time, farmers were contacted and information about
the situation was obtained by done surveys to them. 3 farm-
ers from each region were surveyed about their problems
of residues. Firstly, they rated the problems from 1 to 10.
Then, 2 main questions were asked to them.

Especially by contacting farmers from each region, the prob-
lems caused by agricultural wastes were learned and infor-
mation about the fate of agricultural wastes was obtained.

Within the scope of the study, firstly, a large literature review
was conducted. The importance of agriculture from past to
present is at the forefront. While agricultural activities are
indispensable for people, they also bring some problems.
Therefore, extensive research has been done on agro-wastes
arising from agricultural activities. Based on the zero waste
approach, information was obtained on methods for the
evaluation of these wastes.

Fertilizer sector of Turkey is examined in detail. Starting
from the findings, the relationship between Turkey's fertil-
izer production and consumption were observed.

Detailed research has been done on anaerobic processes.
Studies on the evaluation of agricultural wastes through an-
aerobic digestion have been examined worldwide and their
contribution to the national income has been examined.

In the study, biogas production was supported by the anaer-
obic digestion system method in order to convert various
agricultural wastes in the different regions of Turkey into an
energy form. As a result of the process, besides biogas pro-
duction, nutrient-rich digestate is formed. While producing
energy from biogas, digestate can be re-fed to agricultural
lands as fertilizer.

An agricultural waste inventory has been created for seven
different regions.

With the amount of waste generated depending on the waste
inventory, the potential for biogas is reached. This potential
is introduced to contribute to energy production in Turkey.
In addition, it has been revealed to what extent the digestate
formed as a result of the anaerobic digestion process can
meet the fertilizer requirement used in agricultural areas.

RESULTS AND DISCUSSION

Turkey shows a big density of agricultural activity and a
high amount of agricultural waste is produced. According
to the Ministry of Energy and Natural Resources General
Directorate of Energy Affairs of Turkey-Biomass Energy
Potential Atlas (BEPA) [22], the current crop production
amount is 184.6 million tons/year in Turkey; and the resi-
dues generated from this side is averagely 62.2 million tons/
year. Such residues may come from wheat, corncob, nut, le-
gumes, citrus, wheat, sunflower, tobacco, mulberry, cotton,
rose, rice, sugar beet, olive, peanuts, tea, sesame, fruits, etc.

Table 1. Shares of Turkey's regions within the country's area [23]

Regions Area ratio by area
of Turkey (%)

Black Sea Region 18
Marmara Region 8,5
Aegean Region 12
Mediterranean Region 16
Central Anatolia Region 18
Eastern Anatolia Region 21
Southeastern Anatolia Region 7,5

Products that cause the most waste generation, their pro-
duction and waste amounts in tons/year unit were deter-
mined for each region in Turkey and they can be seen in
Figure 2. In the inventory created within the scope of the
study, updated data on BEPA's official site was used.

Looking at the Black Sea region, the most generated
wastes in terms of agricultural waste are wheat, hazelnut
and sunflower respectively and the amount of wastes are
averagely 1.8 million tons per year for wheat, 965.797
tons per year for hazelnut and 452.035 tons per year for
sunflower. It can be seen in Figure 2a that the wheat pro-
duction and waste amounts are nearly similar. However,
hazelnut and sunflower production amounts are lower
than the waste amounts for each product. That means
production is important but actually there are even more
agricultural residues after agricultural activities. For the
Mediterranean Region, the most generated three wastes
are wheat, corn and cotton respectively. Waste amount of
wheat, corn and cotton in Mediterranean Region is av-
eragely 2.2 million, 2 million and 612.794 tons per year
respectively. In this region, wheat production and waste
generation values are similar again like Black Sea Region.
Actually, this similarity can be seen in all regions. Waste
generation is higher than the production for corn and
lower for the cotton. In Eastern Anatolian Region, wheat,
barley and tomato are the products that generate most
wastes. There are 1.2 million, 445.587 and 123.795 tons
residues per year for wheat, barley and tomato, respec-
tively. It can be seen that wheat amount of production and
waste generation is too high but the amounts for tomato
is very low. Also, the amount of waste generated is much
lower than the amount of production for tomato. Wheat
ranks first for the production in all regions except the Ae-
gean Region. For Aegean Region, the first product that
generates most waste is wheat but the product that has
the highest production is tomato. Barley is the third one
that generates most waste in this region. There are nearly
1 million, 1.6 million and 697.380 tons residues per year
comes from tomato, wheat and barley, respectively. Data
for other regions can be seen in Figure 2e-g.
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Table 2. Turkey's geographical regions’ areas and agricultural areas in regions [24]

Regions Area (km?) Agricultural Agricultural
area (%) areas (km?)
Black Sea Region 146.624,04 16 23.459,85
Marmara Region 69.239,13 30 20.771,74
Aegean Region 97.749,36 24 23.459.85
Mediterranean Region 130.332,48 18 23.459.85
Central Anatolia Region 146.624,04 27 39.588,49
Eastern Anatolia Region 171.061,38 10 17.106,14
Southeastern Anatolia Region  61.093,35 20 12.218,67

Turkey has an area of 814,578 km? [23]. Seven different
geographical regions of Turkey have different areas. The
shares of these geographical regions in Turkey's area are
given in Table 1.

According to Table 1 [23], Eastern Anatolia Region covers
the largest area in Turkey with a rate of 21%. This is fol-
lowed by the Central Anatolia Region and the Black Sea Re-
gion with 18%. The Mediterranean region constitutes 16%
of the country. In addition, the Aegean region accounts for
12% of the country, and the Marmara region for 8.5%. The
smallest region in terms of surface area in the country is the
Southeastern Anatolia region.

Table 2 [24] shows that the region with the most cultivated
agricultural area among the regions of Turkey is the Central
Anatolia region with 39.588,49 km?. In addition, the lowest
region in terms of cultivated agricultural area is the South-
eastern Anatolia region with 12.218,67 km?

Waste amounts from the most produced products for all
regions were collected and the total waste values for main
three products are given in Table 3.

In addition, based on the amount of waste given in Table 3,
the amount of waste belonging to the most produced agri-
cultural product per km? per year has been determined for
all regions in Table 4.

The most generated waste amounts for all regions were col-
lected on a regional basis and a comparison was made for
seven different regions (Fig. 3).

The lowest waste amount is nearly 1.8 million tons per year
and is from Eastern Anatolia Region. After this, 3.1 million
tons waste per year comes from Black Sea Region and 3.3 mil-
lion tons waste per year comes from Aegean Region. Mediter-
ranean Region follows them with 4.8 million tons waste per
year. Waste amount starts to get higher in Marmara Region
and Southeastern Anatolia Region. The waste amount is near-
ly 6 million tons per year for Marmara Region and 6.3 million
tons per year for Southeastern Anatolia Region, respectively.

As can be seen in Figure 3, the region where the most waste is
generated in the general inventory prepared considering the
products where the most production is made was the Central

Table 3. Total waste for main 3 products (tons/year) [22]

Regions Amount (tons/year)
Black Sea Region 3.156.385,90
Mediterranean Region 4.786.749,96
Eastern Anatolia Region 1.780.030,74
Aegean Region 3.305.485,06
Southeastern Anatolia Region 6.299.627,64
Central Anatolia Region 11.856.853,60
Marmara Region 5.908.637,80

Table 4. Total waste for main 3 products (tons/km?year)

Regions Waste amount

(tons/km?*/year)
Black Sea Region 134,5
Marmara Region 284.5
Aegean Region 140,9
Mediterranean Region 204,0
Central Anatolia Region 299,5
Eastern Anatolia Region 104,1
Southeastern Anatolia Region 515,6

Anatolia Region. Nearly 12 million tons waste per year comes
from the most generated wastes from Anatolia Region.

As can be seen in Figure 4, the annual waste per km? in agri-
cultural areas is mostly in the Southeastern Anatolia region.
In the Eastern Anatolia region, this value is the lowest.

For the continuity of agricultural activities, it is necessary to
ensure the disposal of waste in the fields. As a result of inter-
views with farmers, it was concluded that agro-waste is a seri-
ous problem in agricultural areas. When the new harvest pe-
riod comes, it is necessary to clean the field from waste. For
this purpose, it has been learned that farmers generally try
to dispose of these wastes by burning them. It is obvious that
the soil has been severely damaged as a result of incineration.
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Farmers also say that it affects the yield of the soil. Some of
the farmers spoken say that they do not prefer to burn, they
prefer to store. When they store it, they explain that they have
problems such as odor, insect and parasite caused by decay.
Especially farmers who grow hazelnuts in the Black Sea re-
gion say that the fresh hazelnut shell is laid in the fields be-
cause it is moist, but because of the decay, it creates a problem
in agriculture. Before starting the interview with the farmers,
they were shown a table (Table 5) numbering the difficulty
of the problems from 1 to 10. And, farmers were asked to
number their problems by difficulty level.

The average rates that farmers give to their problems can be
seen in Table 6.

Three farmers from each region gave averagely eight and
nine point to their problems occur from agricultural res-
idues. These farmers are well-known persons working in
this field. Also, they are asked two questions. First one is
“What kind of problems do you have with regard to agri-
cultural waste?” and the second one is “What do you do to
the residues that are formed as a result of agricultural activ-
ities?” The farmers’ answers can be seen in Table 7.

CONCLUSIONS

Considering the amount of agricultural waste generated in
Turkey, it is seen that an effective waste management ap-

Table 5. Difficulty level and the numbers

Difficulty Numbers
Low 1
Middle 5
High 10

Table 6. Average rate of farmers’ problems with the agricultural
residues

Regions Number of farmers  Average rate
surveyed of problems
Marmara 3 9
Black Sea 3 8
Aegean 3 9
Mediterranean 3 9
Central Anatolia 3 8
Eastern Anatolian 3 8
Southeastern Anatolia 3 8

proach is needed in the agricultural sector. Because agricul-
tural wastes negatively affect the quality of the production
process and create problems for farmers. For example, as the
amount of waste increases, farmers have problems in dispos-
ing of the waste. Wastes remaining in production areas cause
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Table 7. Answers of farmers

Regions Answer 1 Answer 2
High amount of residues, no enough Bale making, burning, animal feed, use
Marmara . . N
space to stack , inhomogeneous soil as kindling
Black S Insect problem, rotting of residue piles, Use as fuel in the stove, burning, animal
ack sea excess moisture retention of soil feed, bale making, use as kindling
Mac.hme channels:slosing during new Bale making, burning, animal feed, use
Aegean planting, too much workforce to collect, i e
. . . as kindling
insect problem, inhomogeneous soil
. High amount of residues, damage to the Bale making, burning, animal feed, use
Mediterranean . N
machine, no enough space to stack as kindling
Central Machu?e chap nels closing duqng new Bale making, burning, animal feed, use
. planting, high amount of residues, .o
Anatolia : i as kindling
inhomogeneous soil
Eastern Rotting of residue piles, high amount of Bale making, burning, animal feed, use
Anatolian residues, damage to the machine as kindling
Southeastern Mach.me ck?annels closing du_rmg il Bale making, burning, animal feed, use
; planting, high amount of residues, no ;. i
Anatolia as kindling

enough space to stack

problems such as insect infestation and damage to agricul-
tural tools. In addition, while the need for agricultural pro-
duction increases over time, environmental problems such as
climate change cause a decrease in agricultural production.
For these reasons, agricultural wastes can be used as raw ma-
terials for biogas and organic fertilizers. Thus, agricultural
wastes are no longer a problem and can be managed in an
economical and environmentally friendly way.

The energy requirement is very low in agricultural activi-
ties. At the same time, the share of bioenergy in renewable
energy in Turkey is also not high. Therefore, providing ag-
ricultural waste management for each region with biogas
plants to be built on a regional basis, and conversion of ex-
isting agricultural wastes to energy has been proposed.

Electric vehicles can be used during the collection and
transportation of agricultural wastes to be used in biogas
production to the relevant facilities. These vehicles with low
carbon footprint and noise level allow waste collection and

transportation to be carried out without harming the en-
vironment. Harmful formations such as odor and patho-
gens can also be prevented by storing agricultural wastes
in sufficiently ventilated and air-conditioned storage areas
prepared according to the amount of waste.

It is known that most of the fertilizer used in agricultural
land in Turkey are bought abroad and is also contain chem-
icals. Another product that comes out of the proposed bio-
gas plants is nutrient-rich digestate. With the use of diges-
tate as fertilizer on farmland, it could be saving money paid
to fertilizer in Turkey. On the other hand, organic fertilizers
provide the nutrients required for agricultural production,
such as chemical fertilizers. The most important advantage
of organic fertilizers is that they provide soil regulating ef-
fects as well as nutrients. Thus, agricultural wastes are val-
ued with the zero-waste concept. In addition, it contributes
to the country's economy with the energy from biogas and
digestate to be obtained through the biogas plants proposed
to be established on a regional basis.
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The object of research in this paper are industrial landfills, i.e. finding the best way to change
their purpose and turning them into useful areas. As a method, bioremediation was chosen, i.e.
planting of certain biological species in order to change the composition of the soil. Paulownia
elongata was selected from the biological species. For the purpose of the research, the location
was selected and the plant species planted in the appropriate industrial substrate (ash created
by burning fossil fuels) and its change in chemical composition and morphology during the
two years of vegetation was monitored.
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INTRODUCTION

It is a common occurrence, whether due to poor planning
or rapid growth of industrial capacities, the emergence of
industrial landfills at sites near major cities.

In the beginning, this was not a big problem, when some
alternative solutions were planned, but over time, as cities
developed and with increasing needs for urbanization, the
problem became bigger. There were generally no integrated
solutions to the problems of industrial landfills near cities,
there were only some partial solutions [1-3].

In this paper, an attempt was made to give a completely
new approach, and that is that the material in landfills is
not transferred to other locations, but that it is used as a

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

"substrate" for planting biological material. The task of bio-
materials/trees, in addition to improving the appearance
of surfaces, is also bioremediation, i.e. time cleaning of
the soil from heavy metals. The ultimate goal is to use the
same biomaterial after 7-10 years as an alternative fuel in
the cement industry and incorporate it together with the
absorbed metals into the building material [4, 5].

In previous analyses, a number of professional and scientif-
ic papers have been published that have treated the problem
of the use of alternative materials in the cement industry,
i.e. the possibility of reducing gas emissions [6-8]. One of
the studies analyzed the possibility of re-engineering the
plant itself in order to adapt to modern trends of "green
economy" [9]. Part of the research, as an object of observa-

This paper has been presented at 5t International Symposium on Environment and Morals, 2020, Istanbul, Turkey
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Figure 1. ICP-OES instrument.

Figure 2. Planting material, seedlings of Paulownia elon-
gata.

Figure 3. Landfill and sample of the "Black Sea", location
Lukavac Bosnia and Herzegovina.

tion, had the possibility of waste separation and application
as a raw material component in cement production [10]. It
is especially worth mentioning the applicable research in
the formation of bio-parks on devastated areas in order to
improve the environment in urban areas [11-13].

MATERIALS AND METHODS

The paper presents the experimental results of the analysis
of the "Black Sea" or ash resulting from the combustion of
fossil fuel coal and the plant Paulownia elongata, which was
planted in the mentioned substrate/industrial sludge. Sam-
ple analysis and preparation was performed according to
ISO 11466 [14]. Paulownia soil and sample analyses were
performed on an Optima 2100 DV based on optical emis-
sion spectrometry (OES).

There are a number of published papers that have the treat-
ment of industrial waste as their object of research, i.e. its
final purpose [15]. The goal of modern industry is to return
as much waste material as possible to the process or recycle
it [16]. Those materials that failed to be recycled or separat-
ed mostly end up in industrial landfills. One of the meth-
ods of treatment of industrial waste located in landfills is
the possibility of planting biomaterials or bioremediation.
The plant Paulownia elongata was used for experimental
research. The plant is characterized by exceptional proper-

Figure 4. Paulownia elongate seedlings on the substrate of
industrial sediment "Black Sea".

ties, and it is especially worth noting the absorption of CO,
from the atmosphere and the ability of bioremediation of
contaminated soil [17, 18].

Paulownia is a tree adaptable to the terrain, it is weather re-
sistant, it recovers and regenerates the soil, very decorative
and beautiful, environmentally non-aggressive planting, as
well as it is an oxygen manufacture and a weapon against
global warming, it is a producer of cellulose, fodder and
excellent nectariferous plant, while Paulownia is growing
rapidly and gaining weight.

RESULTS AND DISCUSSION

Seedlings of Paulownia elongata were prepared in exactly
the same conditions for planting in the spring months. Fig-
ure 2 shows the preparation of planting material.

The material that will play the role of compost in this case
is the sediment of the "Black Sea" which was collected from
the industrial sludge and shown in Figure 3.

After planting, without any additional nutrients (water,
fertilizer, etc.), the plant had a period of adaptation and
growth. In fact, planting conditions at an industrial landfill
were simulated. The morphological characteristics of the
tree, height, tree circumference, number of leaves, leaf area,
etc. were measured monthly. Figure 4 shows Paulownia
elongate seedlings after 4 months of growth.
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Table 1. Analysis of industrial sediment "Black Sea" factory
Sisacam Soda Lukavac Analysis of seedings trees leaves of Paulownia elongate on industrial sediment
80
Element mg/kg Element mg/kg N A
40
Ca 43173,33 Ti 448,00 | = [\
Fe 28393,33 Na 442,00 | 7\
Mg 7073,33 Mn 333,20 o . [ .\
Al 20373,33 Sr 230,00 | 4 %ﬁ/_ L
K 1704,00 Ni 177,23 | » - p%//_
Co 1 5’86 Ba 161 ’46 ’ A Ba Qu Fe Mn Na Ni sr - T Zn
Cr 92,36 Cu 35,66 Element
V 36,03 Zn 2 1 5 1 6 «===Seedling Paulownia elongata Paulovnia elongate tree sample === Paulovnia elongata leaf sample

After the end of vegetation, for a period of 9 months, the
period March-November for analysis, samples were taken
from one tree and leaf seedling and prepared for analysis
according to ISO 11466 on optical emission spectrometry
(OES). Other seedlings were left for observation for another
year of growth.

The results of the analysis of the "Black sea" sediment of the
Sisacam Soda Lukavac factory are shown in Table 1.

Based on the data in Table 1, the large presence of Ca, Fe,
Mg, Al, Ba, K, Mn, Ni in the industrial sediment is evident,
which is a consequence of the combustion of fossil fuels,
mostly coal. Data from the analysis of Paulownia elongate
trees and leaves after a vegetation period of one year are
given in Table 2. For comparison, columns 2 and 3 provide
data from a reference sample, i.e. a Pulownia seedling that
was not planted in industrial sludge.

Figure 5 and Figure 6 shows element concentrations up to
180 mg/kg and more than 500 mg/kg.

Based on the obtained results, it is evident that the plant Pau-
lownia elongata has very good phytoremediation abilities.

From the data given in Table 2 end Figure 5, 6 it is clear
that in relation to the reference sample in the samples

Figure 5. Analysis of seedlings, trees and leaves of Paulow-
nia elongate on industrial sediment element concentrations
up to 180 mg/kg.

|Ana|ysis of seedings trees leaves of Paulownia elongate on industrial sediment

6000

5000

)
S
15
S}

Concentration mg/kg
N ow
ISE
g 8
8 8

1000

Ca K Mg
Element

| ——Seeding Paulownia elongata —— Paulovnia elongate tree sample Paulovnia elongata leaf samplel

Figure 6. Analysis of seedlings, trees and leaves of Paulow-
nia elongate on industrial sediment element concentrations
more than 500 mg/kg.

of trees and leaves, there is undoubtedly a higher pres-
ence of metal originating from the substrate or industrial
sediment. "Black Sea". It is especially worth noting the
absorption power of Paulownia according to K, Mg, Ca,
Sr, Al, Ba.

Table 2. Analysis of seedlings, trees and leaves of paulownia elongate on industrial sediment "Black Sea" sisacam soda lukavac

Element Seedling paulownia Paulovnia elongate Paulovnia elongata
mg/kg elongata tree sample leaf sample
Original Ash Original Ash Original Ash
sample sample sample

Al 14,88 51,34 28,34 55,67 62,15 97,37
Ba 10,53 11,60 12,68 15,58 42,57 47,04
Ca 1935,98 2313,49 1267,23 1621,70 1389,30 1395,31
Cu 10,76 12,51 11,92 9,97 9,44 8,96
Fe 64,24 89,76 53,48 59,53 161,33 139,04

K 5109,36 5203,48 3437,02 3524,85 3161,84 4186,02
Mg 662,50 761,11 649,77 850,97 3661,81 3728,36
Mn 13,62 16,36 10,15 11,60 30,47 29,61
Na 30,92 30,63 34,87 22,92 60,13 21,31
Ni 3,89 1,56 1,23 1,25 2,26 1,29
Sr 7,04 8,17 6,26 8,87 34,95 38,91
Ti 171 277 1,63 2,64 2,64 2,89
Zn 15,57 17,83 26,61 27,98 32,68 31,54
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Based on the intensity of bioremediation in the first year, it
can be assumed that the plant after 7-10 years will collect
a significant amount of metals present in the soil and thus
achieve one of its tasks and that is to change the quality of
soil composition.

Taking into account its energy value of some 17, 68 kJ/kg, it
will certainly represent a good biofuel in the cement industry.

CONCLUSIONS

Based on the conducted research, the following conclusions
can be drawn:

o After direct planting in industrial "compost” containing
only industrial sediment of the "Black Sea", the Paulow-
nia elongata plant showed excellent adaptation and all
seedlings of the plant developed quite normally.

o Growth in this type of compost, without additional fer-
tilization and watering has shown that the plant is fully
adaptable to different weather conditions and adaptable
to industrial landfills that are usually outside urban ar-
eas and where there is no possibility of constant irriga-
tion.

« Growing in a time interval of 9 months in compost from
industrial waste, the plant Paulownia elongata showed
good phytoremediation properties, especially in the ab-
sorption of Ca, K, Mg and other heavy metals.

 Similar experiments need to be done in natural condi-
tions and with other industrial wastes for comparison.
The fact is that after a year of research, good results are
obtained, and it is known that only after the seventh
year, the tree is cut down to a height of about 18 meters
and a more intensive process of metal absorption from
the soil is expected.

« In the future planting on industrial surface is already
planned. Urban solutions for the conversion of space
have been made. In this way, the space intended for in-
dustry becomes part of the urban space of the city.
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INTRODUCTION

ABSTRACT

The use of existing water resources and sustainability problems as a result of global warming
and climate change became an even bigger problem with the importance of hygiene during the
COVID-19 pandemic. In this research, the water consumption behavior will be researched and
the correlation between water consumption and COVID-19 case numbers will be investigated
in Bursa, Turkey. The monthly mean water consumption for 758,500 domicile subscribers using
the central tariff from 2018-2020 was calculated. Results obtained using the SPSS 23 IBM pro-
gram observed a 20.18% increase in water consumption in Bursa in general during COVID-19.
As Bursa province has both rural and industrial urban structures, when this increase is ex-
amined on a county basis, increase rates were 10% in regions with dense industry and mean
34% in rural areas. When the correlation between case numbers during the COVID-19 period
(March 2020-January 2021) and water consumption is examined, a negative correlation is nota-
ble (Pearson-Correlation=-0.616). As the case numbers increased in the continuing COVID-19
pandemic, the reduction in water consumption may be explained by warnings to citizens to
reduce water use through written and oral media due to reservoir fill rates falling below 5%.
These results provide beneficial information revealing the effects of COVID-19 on water con-
sumption behavior and use of water resources in urban and rural areas.

Cite this article as: Birisci E, Oz R. Household water consumption behavior during
the COVID-19 pandemic and its relationship with COVID-19 cases. Environ Res Tec
2021;4:4:391-397.

or criterion for urban sustainability and social inclusion.
Regulation of the structure of water consumption is an im-

The increasing water demands with the rapid and contin-
uous development of urbanization, industrialization and
globalization have made the imbalance between water re-
sources more pronounced in recent periods. At this point,
water resources have led to negative effects on regional so-
cioeconomic and environmental development. The struc-
ture of water consumption is encountered as an application

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

portant point to ensure the optimum allocation of water
resources and solve imbalanced situations related to use of
water resources [1]. Topics related to water consumption
are an increasing problem every day within the framework
of sustainability, especially in developing countries. How-
ever, development of sustainable water resources has global
importance [2]. Management and consumption of water
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resources is encountered as an important topic in recent
periods considering factors like one third of the world’s
population living in countries without adequate water re-
sources, the increase in per person consumption linked to
population increase, effects on the environment in line with
human activities like climate change [3].

There has been an increase of nearly 1% per year in global
water demands from 1980 to the present day linked to pop-
ulation increase, socioeconomic development and chang-
ing consumption behavior [4]. If the global water demand
continues to increase in a similar way until 2050, an in-
crease equivalent to 20-30% of current water use is expect-
ed linked to increasing demand for industrial and domestic
consumption [5]. When this situation is considered, it is
probable that severe water shortages will be experienced es-
pecially in countries with limited available water resources
when increasing water demands cannot be met.

The presence of stable water resources has vital importance
in protecting the health of a population, especially when
epidemic diseases begin to be observed [6]. In the report
published by the World Health Organization (WHO) [7]
in 2018, protecting health and improving hygiene were
emphasized to prevent at least 9.1% of the global disease
burden and 6.3% of possible deaths. For this reason, wa-
ter is a basic resource for society which plays an important
role in ensuring hygiene conditions, especially during an
epidemic, and reducing the spread of disease [8]. The exist-
ing water problem continued to grow with the COVID-19
pandemic emerging in Wuhan city in China in 2019. As
hand-washing, self-isolation and restrictions were included
among precautions with the aim of preventing the spread
of the COVID-19 pandemic, it was assumed that societies,
communities and households had access to acceptable lev-
els of adequate water [4]. However, the distribution of wa-
ter resources in the world does not have a fair structure. In
African and South Asian countries inhabited by nearly 85%
of the world’s population, serious difficulties are faced in
terms of accessing clean and potable water [9]. Considering
this situation, it is an unavoidable reality that water crises
that will be experienced in the future will be more severe,
and that the need for water use will continue to increase due
to COVID-19 and other diseases that may emerge.

After the emergence of COVID-19, governments in nearly
all countries in the world implemented a range of precau-
tions aiming to prevent spread of the pandemic. The most
important of these precautions was quarantine of individ-
uals to minimize the transmission risk. In this pandem-
ic period, it was unavoidable that there were increases in
consumption of water and electricity linked to individuals
spending more time at home. In addition to quarantine,
attention was drawn to hygiene conditions for prevention
with water use playing an important role in minimizing the
spread of the pandemic and preventing and controlling the

spread of COVID-19. Brauer et al. [10] estimates the global
access to hand washing with soap and water, and estimates
45%-55% of virus transmission reduced by hand washing.
According to the WHO, one of the most effective ways to
reduce the risk of transmission of the COVID-19 virus to
a person was regular and frequent hand washing with soap
and water. The study by Balacco et al. [11] emphasized that
hand-washing habits had a determinant effect on water con-
sumption. Recent studies considered water consumption
due to hand-washing [12-15]. Not only the hand-washing
habits of people, but also their general cleaning habits, such
that the frequency of showering in a week increase during
the pandemic period [16]. Kalbusch et al. [17] researched
the effect of preventing the spread of COVID-19 on water
consumption in a case study from Joinville city in the south
of Brazil. In their sample, when mean water consumption
is assessed within the scope of precautions, they conclud-
ed there were reductions of 53% in the industrial field,
42% in the commercial field and 30% in the public sector,
while there was a mean 11% increase in residential water
consumption. Another study was performed in Germany
by Liidtke et al. [18]. They concluded there was a 14.3%
increase in daily water consumption during the first lock-
down period of 2020 compared to the same period of the
previous year. Similarly in Portsmouth in England, there
was a 15% increase in water demands in residences during
the period of restrictions, while there was a 17% reduction
in non-residential water demands [19].

In this study, the water consumption behavior of households
in Bursa province was investigated before and during the
COVID-19 pandemic period. Although our study is similar
to the study of Kalbusch et al [17], we are also aims to in-
vestigate the correlation with Covid-19 cases and reservoir
fill levels. This research contributes to the literature about
water consumption before and during COVID-19 period,
it also reveals that how water consumption of household
changed with the changes in the reservoir fill levels even in
the pandemic period.

MATERIALS AND METHODS

Water Consumption

In this study created with the aim of investigating the ef-
fect of the pandemic on water consumption behavior, water
consumption before and during the pandemic was exam-
ined with data obtained from Bursa Water and Sewerage
Administration (BUSKI). Monthly water consumption data
for 758,500 domicile subscribers between January 2018 and
January 2021 were used with mean water consumption
per unit subscriber-household calculated. Research data
encompassed January 2018 to January 2021 with two data
sets created before and during COVID-19 from March 2020
when COVID-19 was first observed in Turkey. When the
data are investigated in detail, a fall in water consumption
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was present for Bursa in general in April 2020. According
to explanations from BUSKI, readings were not performed
in April 2020 due to COVID-19, so billing used 50% of the
mean water consumption information for the last three
months. For this reason, consumption information for April
2020 were not included in the analysis and the study was
completed with a total of 36 months water consumption
data comprising 27 months before COVID-19 (January
2018-March 2020) and 9 months after first COVID-19 case
identified (April 2020-January 2021). Additionally, water
consumption for households is evaluated with different tar-
iffs according to location, in the form of dam villages, at-
tractive village, town, promoted village and center. However,
with the thought that consumption by households in villages
and towns may be excessive due to garden watering, analyses
were limited to domicile subscribers using the central tariff.

ANOVA analysis was performed with the aim of investi-
gating the association between water consumption and
COVID-19 cases.

COVID-19

With the identification of the first COVID-19 case in Tur-
key on 11 March 2020, necessary restrictions began with the
closure of schools from 16 March. With the aim of ensuring
transparency during the pandemic, information in the form
of case, death and test numbers for each day were shared on
the Ministry of Health internet page (https://covid19.saglik.
gov.tr). Here, it is necessary to emphasize that the data shared
are a general tableau for Turkey, with data on a city basis not
announced by the Ministry of Health. As Bursa is one of Tur-
key’s largest cities, data from the general tableau is thought to
reflect the increase or reduction in case numbers for Bursa
province. Additionally, the system only included data from
symptomatic patients until 10 December 2020 with total
case numbers not given. Due to the inclusion of asymptom-
atic patients with positive PCR test in the total case numbers
from 10 December, the daily total case numbers (including
patients with positive PCR test) are unknown in earlier data.
The system additionally includes daily patient numbers and
daily test numbers. Using this information, an attempt was
made to estimate total case numbers for the period up to 10
December with regression analysis. A regression model was
created using the known case, patient and daily test numbers
from 10 December-30 March 2021. The dependent variable
in this regression model was daily case number, while the
independent variables were daily test numbers and daily pa-
tient numbers. The selection method for variables in the re-
gression analysis was determined as stepwise, and two mod-
els were obtained. For both models «=0.00 and p=0.000 were
significant. The adjusted R? value was determined to be larg-
er than 0.850. The second model with 0.005 significance was
chosen for the effect of the two variables (daily test number
and patient number) on the dependent variable (daily case
number) and the regression model below was created.

© 2 3
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Figure 1. Unit mean water consumption for domicile sub-
scribers in Bursa 2018-2021.

B1 = daily patient number

B, = daily patient number
$ = —1605.202 + 3.361 * B, + 0.060 * B, (1)

The regression model used to estimate the daily case num-
ber before 10 December 2020 is given above (1). In this
model, case numbers were estimated using patient numbers
and PCR test numbers.

In line with these estimations, monthly mean COVID-19
case numbers were determined and correlation analysis was
performed for the association between case numbers and
water consumption.

RESULTS

Data Analysis

Water consumption data in Bursa were investigated for
36 months and the following mean monthly water con-
sumption graph was obtained (Fig. 1). Although there was
seasonal differentiation in water consumption from 2018
to March 2020, generally water consumption appeared to
have a stable structure. The fall in April 2020 is fully due
to BUSKI, so it is not correct to make any interpretations;
however, an accelerated increase in water consumption is
observed from May 2020. Due to the announcement of the
first COVID-19 case identified in Turkey on 11 March 2020
by the Ministry of Health, it is possible to associate this in-
crease with COVID-19.

ANOVA analysis was performed with the aim of inves-
tigating the correlation between water consumption
before and during COVID-19 period for Bursa in gen-
eral. According to the ANOVA test results using SPSS
23, there was a significant difference with a=0.05 be-
tween water consumption before and during COVID-19
(p=0.000<0.05). Additionally, when descriptive results
are investigated, the mean water consumption per house-
hold was 8.7719 m’/month before COVID-19, while
it was calculated as mean 10.5424 m?*/month during
COVID-19 period. In comparison with the mean before
COVID-19, water consumption appeared to increase by
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Figure 2. Water consumption intensity before and during COVID-19 for counties in Bursa.

20.18% in the COVID-19 pandemic period. These find-
ings reveal an understanding of the behavior of house-
holds in Bursa when faced with the large-scale health
threat of COVID-19.

Due to the geographical structure of Bursa, the excess of
rural areas and industrial settlements is notable in the
province. For this reason, there may be differences in
water consumption between counties. There is a need
for in-depth analysis considering each county in Bursa
separately.

Bursa province includes a total of 17 counties. ANOVA
analysis was performed to investigate the water consump-
tion differences between these counties. The results of
ANOVA analysis show the presence of a significant differ-
ence (p=0.000<0.005) between water consumption in the
counties. The mean water consumption per subscriber for
Bursa in general in the time period is 9.6571 m*/month.
When counties with mean water consumption per central
subscriber more than 10 m® are examined, these include
Niliifer, Inegél, Mudanya, Giirsu, and Karacabey coun-
ties, while counties with less than 5 m* consumption are
Orhaneli, Keles, and Bityiikkorhan counties.

The water consumption intensity before and during
COVID-19 period is shown in Figure 2. The largest in-
crease in household water consumption was Harmancik
county with 121% increase. The reason for this excessive
increase in water consumption in Harmancik county may
be shown to be the use of mains water for irrigation in ag-
riculture due to the depletion of groundwater. Though the
central tariff was considered for domiciles, the knowledge
that villagers use the central tariff to water their gardens
should be considered. This high increase in Harmancik
county had a slight effect on the increase in Bursa prov-
ince during the COVID-19 pandemic period. When we
exclude this high increase in Harmancik from our analy-
sis, general water consumption increment is still 19.62%

in Bursa. On the other hand, the county with lowest in-
crease was Iznik county with 8.26% increase. The reason
for this situation can be explained by the fact that the use
of artesian is quite high due to the suitable climate and
soil structure of the lake basin in the Iznik county [20].

The increases in water consumption for the three largest
counties in Bursa were as follows: Osmangazi 18.77%,
Yildirim 17.90% and Niliifer 14.55%.

Relationship Between COVID-19 and Water Usage
Information about the relationship between water con-
sumption increases and the COVID-19 pandemic was
revealed in studies performed in recent times [14, 18, 21,
22]. To investigate this relationship, the monthly mean
COVID-19 daily case numbers, estimated with a regres-
sion model based on certain assumptions, is shown in
dotted on the graph in Figure 3. As seen on the graph,
case numbers increasing from 11 March 2020 reached
their first peak in April. However, with tight quarantine
precautions case numbers began to fall in May. During
May, June and July, mean daily case numbers continued
at about 5000. However, a noticeable level of increase in
case numbers occurred in August. These increases con-
tinued until December. The new peak in COVID-19 cas-
es numbers experienced in November-December 2020
began a hard fall in January with the effect of rigid pre-
cautions. This fall continued in February. Later, with the
removal of a certain level of restrictions with the nor-
malization process on 1 March 2021, daily case numbers
again began to increase.

When water consumption in Bursa from May 2020 to
January 2021 is examined, there was an increase observed
in July and August. This increase may be partly explained
by seasonal effects, but it is possible to explain it with the
increasing COVID-19 case numbers. In order to under-
stand the association between water consumption in pan-
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Figure 3. Monthly mean case numbers and mean water
consumption.

demic period and the increase in case numbers, a cor-
relation test was performed in SPSS 23. The test results
found a p value of 0.077. One of the reasons for the large
p number is thought to be due to the low number of data
points. However, this does not change the reality that it
was significant at a=0.1. The Pearson correlation coefhi-
cient of -0.616 shows a negative correlation between wa-
ter consumption and case numbers in pandemic period.

The negative relationship in the Pearson correlation in-
dicates a reduction in water consumption with the in-
crease in case numbers. However, this reduction in water
consumption during the continuing pandemic definitely
does not mean that people did not abide by hygiene rules.
Another cause for this reduction in water consumption is
related to the water fill rate in reservoirs. Due to drought
in 2020, a significant reduction occurred in the water lev-
els in reservoirs [23].

The fill rates for two important reservoirs supplying
Bursa of Doganci and Niliifer are given in Figure 4. A
significant level of reduction occurred in the reservoirs
for September, October, November and December 2020.
Due to this reduction, written and oral media [24-26]
continuously attracted attention to the water levels in
reservoirs warning the public in news items about wa-
ter. In addition, there have been many water cuts were
experienced [27], these are considered to have affected
the reduction in water consumption. Despite the low
dam levels, mandatory restrictions remained to avoid in-
creased public stress during lockdown, although public
information campaigns on water conservation were care-
fully implemented [28].

Figure 4 shows that in spite of the low reduction in water
level in Doganc1 reservoir, the fill rate for Niliifer reser-
voir fell below 5%. As a result of interviews with BUSKI
management, there was not much difference in the fill
rate of Doganci reservoir due to the reduced amount of
water in Doganci being supplemented with water from
Niliifer reservoir. Additionally, nearly 85% of Bursa’s wa-
ter requirements were met by Doganci reservoir in 2018,
with this value being 80% in 2019 and 67% in 2020.

Figure 4. Fill rates for Doganci and Niliifer reservoirs.
DISCUSSION AND CONCLUSIONS

This study researched the changes in water consumption
behavior of households in Bursa before and during the
COVID-19 pandemic and the correlation between in-
creasing water consumption with COVID-19 and linked
change in water amounts in reservoirs. Due to the increase
in hand-washing frequency with attention paid to hygiene
rules during the COVID-19 period, increases in water con-
sumption are an expected result. A study by Sayeed et al.
[15] stated that a five-person family required 50-100 liters
of water per day to ensure hand hygiene and that there
would be 20-25% increases in water requirements during
the COVID-19 pandemic. When our study is compared
with this 20-25% increase, the 20.18% increase in water
consumption by residences in Bursa in general overlaps
exactly. Similarly, Cook and Makin [29] determined an in-
crease of 15-20% in domestic water consumption during
COVID-19 in the United Kingdom.

This 15-20% increment in residential consumption again in-
volves to the 20.18% percentage value for water consumption
in Bursa. On the other hand, when our study compare with
Liidtke et al. [18] Cooley et al. [19] studies, which has an in-
crease of 14% and 15% respectively, the increase in Bursa is
seen to be significant. Another study by Eastman et al. [21]
investigated the changes in water consumption and water
bills from 2017-2020 in five different water administrations
in different regions and with different sizes in the USA. They
published a report about the effect of COVID-19 on water
consumption. In this report there was not much change in
water consumption for residential water consumption com-
pared to previous years; however, one administration ob-
served a 14% increase compared to the average values for
April in the last three years. This 14% increase in residential
consumption is again below to the percentage value for water
consumption in Bursa. When every county in Bursa is con-
sidered separately, there was mean 14-18% increase in water
consumption in homes in Osmangazi, Niliiffer and Yildirim
counties where the industrial and corporate sectors are lo-
cated. Kalbusch et al. [17] found 11% increase in water con-
sumption in household in regions of Southern Brazil, where
industrial and corporate sectors are located, which is much
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below the value for Bursa. Li et al. [30] found 2.4% increase
in water consumption in regions of Californias 10 urban
centers, which is much below the value for Bursa. Another
study in which a low percentage increase was achieved was
that of Abulibdeh [31]. In this study, lockdown period in-
creased water consumption by 6% in 2020 compared to 2019.

When studies about the effect of COVID-19 on water con-
sumption are assessed in general, an increase in residen-
tial water consumption was observed, with a reduction in
non-residential water consumption [32]. The basic reason
for this is related to citizens spending more time at home
linked to the precautions taken by governments to prevent
the spread of COVID-19. Large reductions occurred in
consumption in non-residential, especially industrial, areas
linked to the reduction in production within the scope of
precautions taken in the world in general. Although there
was a large decrease in water consumption in the industrial
areas, the study conducted by Li et al. [30] found 1.4% in-
crease in water consumption in regions of California where
industry, industrial and corporate sectors are located.

The most important component of water usage behavior is
public awareness on issues related to water and drought. To
determine the relationship between public awareness and
water usage behavior, Quesnel and Ajami, [28] measured
California drought news media coverage from 2005 to 2015
and modeled single-family residential water consumption
in 20 service districts in the San Francisco Bay Area over
the same period. The results showed that single-family resi-
dential customers reduced their water use at the fastest rate
after heavy drought-related news media. As seen in Quesnel
and Ajami 's study, [28] this study confirms the relationship
between news media and water consumption.

The cause-effect relationship of ‘if I don't pay attention to
hand hygiene, I'll get sick’ between case numbers and wa-
ter consumption may be considered. To research whether
this relationship really existed, correlation analysis was
performed between case numbers and water consumption
data. The results of the analysis found a negative correlation
with acceptable alpha 0.1. However, a point which should
be noted here is that some of the case numbers were es-
timated numbers as a result of regression analysis. Addi-
tionally, an attempt was made to examine the relationship
using case numbers for Turkey in general as the Ministry
of Health did not share case number information for Bursa
province. The correlation between water consumption and
case numbers has not been considered to date and may of-
fer a new perspective to the literature.
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