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ONSOZ

Motor teknolojilerinde alternatif biyoyakitlarin
kargilastirmali yasam dongiisii tabanli ¢evresel etkileri kapsaml
sekilde ele alindi. Alternatif yakitlarin degerlendirilmesinin yalnizca
petrol tiiketimi, sera gazi emisyonlart ve hava kirletici
emisyonlarindaki azalmayla sinirli kalmamasi1 gerektigini; bunun
yerine, yakitlarin motor bilesenleri ve yakit sistemleriyle uzun vadeli
uyumlulugunu da dikkate alan ¢ok detayli bir degerlendirmenin sart
oldugunu acgikca gostermektedir.

Bu boliim, metal-organik ¢ergevelerin su aritimindaki yeni
uygulamalarini genis bir sekilde ele almaktadir; sentez stratejileri,
yapisal  Ozellikler, adsorpsiyon mekanizmalari, membran
teknolojileriyle potansiyel entegrasyon ve sulu ortamlardaki
kararlilik-dayamklilik  performansi incelenmektedir. incelenen
literatiir, metal-organik cergevelerin yiiksek Ozgiil ylizey alani,
ayarlanabilir gozenek yapist ve fonksiyonel yiizey kimyasi
nedeniyle geleneksel aritma malzemelerine gére 6nemli avantajlar
saglamaktadir.

Komiir yikama tesislerinde su yonetimi ve atik sularin
yeniden kullanilabilirligi konusunda yapilan calisma, incelenen
tesisin kapali ¢evrim su yoOnetim stratejisi uygulamasi, su
kaynaklarindan yapilan cekimi ifade eden Mavi Su Ayak Izini
minimum seviyeye indirgemekte ve kirlilik yiikiinii gosteren Gri Su
Ayak Izini etkin bir sekilde kontrol altina aldigin1 tespit etti. Bu tiir
basarili uygulamalarin iilke sathina yaygilastirilmasi, endiistriyel
tesislerinin cevresel etkilerini azaltmada birincil 6neme sahiptir
diisiincesinden hareketle; 6zellikle su kisit1 yasanan bolgelerde ve
cevresel diizenlemelerin siki oldugu sektorlerde, benzer geri
kazanim yaklasimlarinin benimsenmesi su stresi altindaki iilkemiz
icin zorunlu bir gereklilik teskil etmektedir.



Bu kitap boliimiinde ise yapilan dnemli bir bilimsel ¢alisma
ile noniyonik yiizey aktif maddelerle (SPAN 80) s1ivi membran eldesi
ile krom (VI) giderimi ¢alismasinda, agir metal olan Cr*¢ kirleticisi,
emiilsiyon sivi membran kullanilarak giderilmeye c¢alisiimis,
parametreler optimize edilmeye calisilmistir. Calismada membran
miktar1 (5 ml, 8 ml, 10 ml, 12 ml, 15 ml), karistirma hiz1 (100 rpm,
150 rpm, 200 rpm, 250 rpm), karistirma siiresi (1 dk., 2 dk., 4 dk., 5
dk., 7 dk., 15 dk.) ve pH’lar (2, 3, 4, 6, 7) gibi parametreler optimize
edilmeye calisgilmistir. Calisma sonucunda en yiiksek giderim
verimi; 5 ml membran kullanilarak, 150 rpm’de 2 dakika
karistirilarak ve numunenin kendi pH’s1 (pH=5) ile yapilan deneyde
%39 olarak elde edildigine yonelik tespitler aktarildi.

Gaz ve sivi sizintilari, ekipman arizalar1 ve korozyon gibi
sorunlar, ¢evresel kirliligi daha da artirir. Rafinerilerde cogu zaman
stvi atik aritma tesisleri bulunmaz veya mevcut tesisler kapasite ve
teknoloji agisindan yetersizdir. Bu durum, nehirlerde siilfat ve kloriir
gibi bilesenlerin yliksek seviyelerde bulunmasina neden olur. Gaz
emisyonlarinin izlenmesi icin yeterli cithaz bulunmadigindan,
kirleticiler ~ tehlikeli  seviyelere ulastiginda bile kontrol
mekanizmalar1 devreye girememektedir. Coziim olarak, rafineri
altyapisinin modernizasyonu, yakit kalitesinin iyilestirilmesi, gaz
aritma Unitelerinin  kurulmast ve suyun yeniden kullanimi
Onerilmektedir. Ayrica, yapay zekd ve makine Ogrenimi
yontemleriyle rafinaj siire¢lerinin optimize edilmesi, ¢evresel
etkilerin azaltilmasina katki saglayabilecegine yonelik bilimsel
kaynaklardan 6nemli bilgiler aktarildi.

Prof. Dr. ALI BILGILI
ANKARA UNIVERSITESI
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BOLUM 1

COMPARATIVE LIFE-CYCLE BASED
ENVIRONMENTAL ASSESSMENT OF
ALTERNATIVE BIOFUELS IN DI ENGINE
TECHNOLOGIES

1. GULHAN OZDOGAN SARIKOC!
2. SELCUK SARIKOC?

Abstract

The transportation sector is one of the primary contributors
to petroleum consumption, greenhouse gas (GHG) emissions, and
air pollutant formation, clearly highlighting the need for sustainable
alternative fuels. In this chapter, a comprehensive life-cycle—based
environmental assessment of conventional diesel and gasoline fuels
is conducted in comparison with alternative diesel biofuels, namely
B20, B100, RD20, and RD100. The analyses were carried out using
the AFLEET (Alternative Fuel Life-Cycle Environmental and
Economic Transportation) model developed by Argonne National
Laboratory, which is based on the Well-to-Wheels (WTW)
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methodology. This approach enables the evaluation of emissions not
only from vehicle tailpipe exhaust but also from fuel production,
transportation, and distribution stages.

In the analysis, the vehicle lifetime was assumed to be 15
years with an annual driving distance of 15,000 miles. The United
States was selected as the country of interest, and the state of Iowa,
where biodiesel production is most intensive, was considered as the
representative region. Waste cooking oil was used as the feedstock
for biodiesel production, while soybean-based feedstock was
adopted for renewable diesel production. The impacts of alternative
fuels on total petroleum consumption, greenhouse gas emissions,
and major air pollutants, including carbon monoxide (CO), nitrogen
oxides (NOx), particulate matters (PMio and PM: 5), volatile organic
compounds (VOC), and sulfur oxides (SOx), were comparatively
analyzed for compression-ignition (CI) and spark-ignition (SI)
engine technologies.

The results indicate that increasing the biofuel share in diesel
fuel blends leads to a substantial reduction in fossil-based petroleum
consumption, with reductions exceeding 96% for both B100 and
RD100 fuels. Among the fuels examined, B100 exhibited the lowest
total GHG emissions and the most favorable air pollutant
performance when CO emissions were excluded. However, practical
limitations related to fuel system compatibility restrict the
widespread use of B100. In contrast, B20 emerges as a balanced
alternative, offering significant reductions in total petroleum
consumption and GHG emissions while maintaining full
compatibility with existing diesel engine fuel systems. Renewable
diesel fuels, particularly RD100 provide high levels of petroleum
savings but result in notable increases in PM>s, VOC, and SOx
emissions by 18.23%, 44.63%, and 69.73%, respectively.

Overall, these findings emphasize that the evaluation of

alternative fuels should not be limited solely to reductions in
D



petroleum consumption, greenhouse gas emissions, and air pollutant
parameters, but should also account for long-term engine
compatibility and environmental trade-offs. This chapter provides
valuable contributions to the sustainable utilization of alternative
diesel biofuels and supports scientifically informed decision-making
processes for the development of low-carbon transportation
strategies.

Introduction

One of the most significant contributors to global warming
and climate change is the extensive use of fossil-based fuels in the
transportation sector. As of 2021, approximately 37% of global
energy-related CO: emissions originated from transportation
activities (Timilsina, Zhang, Rahut, Patradool, & Sonobe, 2025).
The transportation sector plays a critical role in global anthropogenic
greenhouse gas (GHG) emissions due to its heavy reliance on fossil
fuels (Ternel, Bouter, & Melgar, 2021). While transportation
accounts for nearly 22% of total global GHG emissions, road
transportation alone represents about 74% of emissions within the
sector, making it the dominant source of transport-related emissions
(Safarian, 2023).

Compression-ignition (CI) engines are widely used not only
in passenger vehicles but also in ships, heavy-duty trucks, railway
locomotives, power generation systems, and agricultural irrigation
applications, highlighting their extensive global deployment.
Moreover, CI engines are among the most efficient internal
combustion engine technologies, achieving thermal efficiencies
exceeding 45% (Hossain & Davies, 2010).

Biodiesel, a prominent alternative biofuel for diesel engines,
is commonly produced from waste cooking oils or vegetable oils.
However, the extent to which biodiesel reduces greenhouse gas
emissions, its energy efficiency, and its potential to serve as a
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substitute for fossil-based diesel fuel have become key research
topics in recent years (Ou, Zhang, Chang, & Guo, 2009).

The United States is one of the world’s leading countries in
terms of alternative fuel production capacity. In 2024, an average
biodiesel production of approximately 1,995 million gallons was
reported (Sasu, 2025). Petroleum Administration for Defense
District (PADD) 2, with 28 production facilities and an annual
production capacity of 1,419 million gallons, represents the region
with the highest biodiesel production capacity in the United States.
Within this region, Iowa stands out as the state with the highest
biodiesel production (US Energy Information Administration,
2025a).

In contrast, PADD 5 hosts seven production facilities with an
annual capacity of 1,799 million gallons and represents the region
with the highest production capacity for renewable diesel fuel and
other biofuels in the United States (US Energy Information
Administration, 2025b). Renewable diesel differs fundamentally
from biodiesel and has previously been referred to as “green diesel”
in the literature. It is typically produced through hydroprocessing of
hydrocarbons, as well as through gasification, pyrolysis, and other
biochemical and thermochemical conversion pathways. Because
renewable diesel can be produced in compliance with ASTM D975
specifications, it is fully compatible with existing fuel infrastructure
and can be used directly in diesel engines without requiring any
modifications (US Department of Energy, 2025).

In this study, the effects of biodiesel-based fuel blends B20
and B100 produced from waste cooking oil, and renewable diesel
fuels RD20 and RD100 derived from soybean-based feedstocks, on
total petroleum consumption, greenhouse gas (GHG) emissions, and
major air pollutants: including nitrogen oxides (NOx), carbon
monoxide (CO), particulate matter (PM1o and PM> 5), sulfur oxides
(SOx), and volatile organic corrzpounds (VOC) parameters were



comprehensively analyzed. The analyses were conducted using a
comparative approach for compression-ignition (CI) and spark-
ignition (SI) engine technologies, considering the environmental
impacts resulting from emissions generated over a 15-year vehicle
lifetime.

Materials and Methods

In this study, the Well-to-Wheels (WTW) approach was
adopted using the AFLEET (Alternative Fuel Life-Cycle
Environmental and Economic Transportation) online calculation
tool developed by Argonne National Laboratory. Within the scope of
this methodology, not only air pollutants originating from vehicle
tailpipe emissions but also emissions generated during the fuel
production, transportation, and distribution stages were included in
the assessment. In this way, the environmental impacts of different
fuel types were evaluated comprehensively over their entire life
cycle.

The analyses focused on fossil-based diesel fuel used in
compression-ignition (CI) diesel engines, alternative biofuels B20
(Diesel80 + Biodiesel20) and B100, as well as next-generation
alternative fuels, namely renewable diesel RD20 (Diesel80 + RD20)
and RD100. The calculations were conducted under the assumptions
that vehicles travel 15,000 miles annually and have a total service
life of 15 years.

The geographical scope of the study was defined as the
United States, with the state of lowa selected as the analysis region
due to its high level of biodiesel production (US Energy Information
Administration, 2025a). Waste cooking oil, identified as a cost-
effective and environmentally favorable feedstock, was used for
biodiesel production, while soybean-based feedstock was considered
for renewable diesel production.



Based on these assumptions, the environmental impacts of
different fuel types on total petroleum consumption, greenhouse gas
(GHG) emissions, and air pollutant emissions over the vehicle
lifetime were comparatively analyzed for vehicles equipped with the
same engine technology. In addition, the obtained results were also
compared with those of gasoline-powered vehicles, providing a
broader perspective on the environmental performance of alternative
fuels.

Results and Discussion

Figure 1 presents the total petroleum consumption calculated
for different fuel types over a vehicle lifetime of 15 years.
Accordingly, the total petroleum consumption for gasoline, diesel,
B20, B100, RD20, and RD100 fuels was determined as 151.7, 131.7,
106.1, 3.5, 106.3, and 4.4 barrels, respectively. When gasoline is
taken as the reference fuel, diesel, B20, B100, RD20, and RD100
fuels achieve reductions in total petroleum consumption of 13.2%,
30.1%, 97.7%, 30.0%, and 97.1%, respectively.

Figure 1. Lifetime Petroleum Use for 15 years
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Considering the same engine technology and similar fuel
categories, a comparison between diesel fuel and B20, B100, RD20,
and RD100 indicates reductions in total petroleum consumption of
19.5%, 97.4%, 19.3%, and 96.6%, respectively. In particular, B100
and RDI00 fuels nearly eliminate fossil-based petroleum
consumption, achieving reductions of 97.7% and 96.6%,
respectively, and thus exhibit the lowest petroleum use among the
fuels analyzed.

Figure 2. Lifetime GHG Emissions for 15 years
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Figure 2 illustrates the total greenhouse gas (GHG) emissions
calculated over a 15-year vehicle lifetime for gasoline, diesel, B20,
B100, RD20, and RDI100 fuels. Accordingly, the total GHG
emissions were determined to be 77.71, 65.68, 55.29, 13.71, 57.79,
and 26.22 tons, respectively. When compared to gasoline, the use of
diesel, B20, B100, RD20, and RD100 fuels resulted in reductions in
total GHG emissions of 15.48%, 28.85%, 82.36%, 25.63%, and
66.26%, respectively.



In comparisons based on the same engine technology and
similar fuel types, B20, B100, RD20, and RD100 fuels reduced total
GHG emissions by 15.82%, 79.13%, 12.01%, and 60.08%,
respectively, relative to conventional diesel fuel. Notably, B100 and
RD100 fuels achieved substantial reductions in total GHG emissions
compared to diesel, by 79.13% and 60.08%, respectively, and
emerged as the fuels with the lowest greenhouse gas emissions
among those evaluated.

Figure 3. Lifetime Air Pollutants for 15 years
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In this study, air pollutants including particulate matter (PMio
and PM2;s), nitrogen oxides (NOx), volatile organic compounds
(VOC), carbon monoxide (CO), and sulfur oxides (SOx) were
considered, and the variation trends of these pollutants are presented
in Figure 3. In terms of exhaust emissions, the evaluation conducted
for the same engine technology (CI engine) indicated that the highest
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emission values for CO, NOx, PMio, PMzs, VOC, and SOy,
amounting to 488.03, 34.15, 4.29, 2.01, 32.16, and 6.02 kg,
respectively, were observed with the use of RD100 fuel.

In contrast, when different engine technologies were
comparatively assessed (SI, and CI engines), the highest CO and
NOx emissions were again recorded for RD100 fuel, with values of
488.03 and 34.15 kg, respectively. Meanwhile, the highest PMipo,
PM;s, VOC, and SOx emissions were observed for gasoline fuel,
reaching 6.01, 2.73, 43.83, and 6.15 kg, respectively.

On the other hand, within the same engine technology (CI
engine), the lowest CO and NOx emissions were obtained with diesel
fuel, amounting to 483.0 and 29.19 kg, respectively, while PMo,
PMs5, VOC, and SOx emissions were measured as 3.81, 1.56, 20.47,
and 3.38 kg, respectively. When different engine technologies were
compared, the lowest CO and NOyx emission values were determined
to be 330.14 and 29.01 kg, respectively. All emission values for the
air pollutants considered in this study are presented in detail by fuel
type in Table 1.

Table 1. Air Pollutant Emission Values of the Alternative Fuels

Powertrain Cco NOx PMao PM2s VvVOC SOx
Gasoline 330.14 29.01 6.01 2.73 43.83 6.15
Diesel 483.00 29.19 3.90 1.70 22.24 3.55
B20 483.33 29.18 3.88 1.67 21.88 3.51
B100 484.63 29.13 3.81 1.56 20.47 3.38
RD20 484.01 30.18 3.98 1.76 24.22 4.04
RD100 488.03 34.15 4.29 2.01 32.16 6.02

When carbon monoxide (CO) emissions were evaluated, it
was determined that, compared to diesel fuel, the use of B20, B100,
RD20, and RD100 fuels increased CO emissions by 0.07%, 0.34%,
0.21%, and 1.04%, respectively. These increases are relatively minor
and do not represent statistically significant changes. In contrast,
when compared with gasoline, diesel, B20, B100, RD20, and RD100
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fuels exhibited substantially higher CO emissions, with increases of
46.30%, 46.40%, 46.80%, 46.61%, and 47.82%, respectively. These
findings indicate that, within the same engine technology (CI
engine), alternative diesel fuels do not lead to meaningful increases
in CO emissions compared to conventional diesel fuel; however,
when compared with gasoline-fueled vehicles (SI engines), CO
emissions increase significantly. CO emissions are primarily formed
as a result of incomplete combustion (Zhen, Li, Wang, Liu, & Tian,
2020). Due to the higher compression ratios of CI engines compared
to SI engines, combustion efficiency is generally higher, which
limits the formation of CO as an incomplete combustion product
(Han, Yang, Wang, Tjong, & Zheng, 2016).

With respect to nitrogen oxides (NOy), a slight reduction of
0.04% and 0.21% was observed for B20 and BI100 fuels,
respectively, relative to diesel fuel, whereas NOx emissions
increased by 3.40% and 17.0% for RD20 and RD100 fuels. When
compared with gasoline, NOx emissions for diesel, B20, B100,
RD20, and RD100 fuels increased by 0.61%, 0.57%, 0.40%, 4.03%,
and 17.71%, respectively. Except for RD20 and RD100 fuels, the
variations in NOx emissions relative to gasoline and diesel remained
limited. However, the use of RD20 and especially RD100 resulted in
pronounced increases in NOx emissions.

An examination of particulate matter (PMig) emissions
revealed that, compared to diesel fuel, B20 and B100 fuels led to
reductions of 0.49% and 2.46%, respectively, while RD20 and
RD100 fuels caused increases of 1.98% and 9.88%. In comparison
with gasoline, diesel, B20, B100, RD20, and RD100 fuels
significantly reduced PM o emissions by 35.06%, 35.38%, 36.66%,
33.78%, and 28.64%, respectively. The highest PMjo reduction
relative to gasoline was achieved with B100 fuel, whereas the lowest
reduction was observed for RD100 fuel.
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Similar trends were observed for PM» s emissions. Relative
to diesel fuel, PM2 s emissions decreased by 1.62% and 8.10% for
B20 and B100 fuels, respectively, while increases of 3.65% and
18.23% were recorded for RD20 and RD100 fuels. Compared with
gasoline, diesel, B20, B100, RD20, and RD100 fuels reduced PM> s
emissions by 37.80%, 38.81%, 42.84%, 35.54%, and 26.46%,
respectively. The largest reduction in PM2 s emissions was achieved
with B100 fuel, whereas RDI100 fuel exhibited the smallest
reduction. A comparative evaluation of PMio and PMays results
indicates that PM> 5 emissions exhibit more pronounced variations
than PM in both reduction and increase trends.

In terms of volatile organic compounds (VOC), reductions of
1.59% and 7.93% were observed for B20 and B100 fuels relative to
diesel fuel, respectively, while VOC emissions increased by 8.93%
and 44.63% for RD20 and RD100 fuels. The increase observed for
RDI100 fuel was particularly substantial. When compared with
gasoline, diesel, B20, B100, RD20, and RD100 fuels demonstrated
significant reductions in VOC emissions of 49.27%, 50.07%,
53.29%, 44.74%, and 26.63%, respectively. Relative to diesel fuel,
the lowest VOC emissions were obtained with B100 fuel, whereas
the highest values were observed for RD100 fuel.

Regarding sulfur oxides (SOx), reductions of 0.95% and
4.77% were observed for B20 and B100 fuels relative to diesel fuel,
respectively, while SOx emissions increased by 13.95% and 69.73%
for RD20 and RDI00 fuels. RD100 fuel exhibited the most
unfavorable performance in terms of SOx emissions. Compared with
gasoline, diesel, B20, B100, and RD20 fuels resulted in substantial
reductions in SOx emissions of 42.32%, 42.87%, 45.08%, and
34.28%, respectively, whereas RD100 fuel achieved only a limited
reduction of 2.11%. Relative to diesel fuel, the lowest SOx emissions
were obtained with B100 fuel, while RD100 fuel produced the
highest SOx emissions.
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Finally, the percentage variations in total petroleum
consumption, total greenhouse gas emissions, and air pollutant
emissions of alternative diesel biofuels, relative to conventional
diesel and gasoline fuels, for CI and SI engines are comparatively
presented in Table 2.
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Table 2 Comparison of Alternative Biofuels for DI and SI Engine Fuels

Powertrain Pet[fs'g“m Em?SNS%nS CO | NOx | PMw | PM2s | VOC | SO
Gasoline & Diesel (%) | 46301 | 0611 | 3506 | |37.80| | 49271 | 42321 | 46301 | 0.61 1
Gasoline & B20 (%) | 46401 | 0571 | 3538 | | 3881|5007 | 4287 | 46401 | 0571
Gasoline & B100 (%) | 46.801 | 0401 | 36.66 | | 42.84 | | 53.29 | | 45.08 | | 46.801 | 0.401
Gasoline & RD20 (%) | 46611 | 4031 | 33.78| | 3554 | 44.74 | | 3428 | | 46.611 | 4.031
Gasoline & RD100 (%) | 47.821 | 17711 | 28.64 | | 2646 | 26634 | 211 |47.821 | 17.717
Diesel & B20 (%) 0.07 1 004 | | 049 | | 1624 | 1590 | 0951 | 0071 | 0.04,
Diesel & B100 (%) 0341 021, | 246 | | 8104 | 7931 | 477, | 0347 | 021 |
Diesel & RD20 (%) 0211 3407 | 1987 | 3651 | 8931 | 13951 0211 | 3401
Diesel & RD100 (%) | 1.041 17001 | 9887 | 18231 | 44.631 | 69.731| 1041 | 17.001
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The use of alternative biofuels in diesel engines has
significantly reduced total petroleum consumption over the vehicle's
lifetime. In particular, as the proportion of biofuel in the fuel blend
increases, fossil-based petroleum use decreases substantially. In this
context, petroleum consumption was reduced by 97.4% and 96.6%
with the use of B100 and RD100 fuels, respectively. However, the
corresponding reductions in total greenhouse gas (GHG) emissions
were lower, amounting to 79.13% for B100 and 60.08% for RD100.
This finding indicates that reductions in petroleum consumption do
not translate proportionally into reductions in GHG emissions.

With respect to air pollutant emissions, the use of B20 and
B100 fuels exhibited a general decreasing trend for most pollutants,
with the exception of CO emissions. As the biodiesel content
increased, this reduction became more pronounced, particularly for
particulate matter and VOC emissions. In contrast, the use of
renewable diesel (RD) fuels resulted in increasing trends for all air
pollutant components. As the share of renewable diesel in the fuel
blend increased, air pollutant emissions also increased. Notably,
VOC and SOx emissions showed sharp increases of 44.63% and
69.73%, respectively. Sulfur compounds formed during combustion
are known to have adverse environmental impacts, as highlighted in
the literature (Sarikog, 2020).

The observed increases of 9.88% and 18.23% in PMio and
PM;5 emissions, respectively, with the use of RD100 are of
particular concern, given the high toxicity of fine particulate matter
to the respiratory system and its associated risks to human health and
the environment (Zargba et al., 2024). In contrast, the increase in
biodiesel content leading to the use of B100 resulted in reductions of
2.46% and 8.10% in PMio and PM; s emissions, respectively, which
can be regarded as a noteworthy environmental and public health
benefit (Zargba et al., 2024).
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The lower total GHG emissions observed with the use of
B20, B100, RD20, and RD100 fuels compared to conventional diesel
can primarily be attributed to the chemical structure of alternative
biofuels, which contain additional oxygen and lower carbon content
in their molecular composition (Elfasakhany, 2017; Gurbuz, Sohret,
& Akcay, 2019). Among the fuels evaluated, B100 demonstrated the
best performance in terms of total GHG emissions, with a value of
13.71 tons, and, excluding CO and NOx, exhibited the lowest levels
of air pollutant emissions overall.

Conclusions

In conclusion, B100 fuel exhibited the best overall
environmental performance among the fuels examined in terms of
total petroleum consumption, greenhouse gas (GHG) emissions, and
air pollutant emissions. However, the use of B100 in its pure form
may cause degradation and wear in certain components of the
vehicle fuel system, particularly those made of plastic and rubber,
which can lead to technical challenges in practical applications. This
issue represents a significant limitation to the widespread and long-
term use of B100 fuel.

Compared to conventional diesel fuel, B20 fuel reduced total
petroleum consumption and GHG emissions by 19.50% and 15.82%,
respectively, while providing a more limited but consistent reduction
in air pollutant emissions. Moreover, the B20 fuel blend can be
safely used without requiring any modifications to the existing
vehicle fuel system. In this respect, B20 offers a practical solution
by delivering environmental benefits while maintaining full
compatibility with current engine and fuel system designs.

When the positive effects of B20 fuel on reducing petroleum
use, GHG emissions, and air pollutants are evaluated together with
its seamless compatibility with engine fuel systems, B20 can be
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considered one of the most balanced and promising alternative
biofuels for compression-ignition (CI) engines. Accordingly,
investigating the petroleum consumption, GHG emissions, air
pollutant emissions, as well as the environmental and eco-economic
impacts of biodiesel-derived fuels based on different feedstock
sources constitutes an important research area for sustainable
transportation strategies.

These findings clearly indicate that the evaluation of
alternative fuels should not be limited solely to reductions in
petroleum consumption, GHG emissions, and air pollutant
emissions; rather, a comprehensive assessment that also considers
the long-term compatibility of fuels with engine components and
fuel systems is essential.
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BOLUM 2

PETROL RAFINERILERININ CEVRESEL
ETKILERI

MEHMET FATIiH DILEKOGLU'

Giris
Gegtigimiz yiizyildaki hizlanan gelisme, hava, su ve toprak
gibi bilesenleri etkileyen ¢evresel kirlilik sorunlarini ortaya ¢ikarmis
ve acil ¢Oziim gerektiren sorulart giindeme getirmistir. Cevre
kirliligi; kimyasal, fiziksel ve biyolojik degisikliklerle karakterize

edilen bir durum olup, ¢evreyi dogrudan ve olumsuz etkileyen
kosullar yaratir (Winter, 2024:1253).

Gilintimiizde cevre kirliligi hem gelismekte olan hem de
sanayilesmis iilkeler i¢cin temel bir endise kaynagidir; ¢linkii insan
saglig1 ve diger canlilar i¢in dogrudan bir tehdit olusturmaktadir.
Tarimmi gelistirmek i¢in kimyasal giibreler ve c¢esitli pestisitler
kullanilmis, zararlilar yok edilmistir. Endiistriyel gelisim i¢in, niifus
artig1 ve buna bagli sanayi tirtinleri talebini karsilamak amaciyla ham
madde saglamak ve c¢esitli irlinler iiretmek icin biiyiik projeler
hayata gecirilmistir. Bu siireclerin birikimli etkisi, hidrokarbon
bilesikleri ve diger maddeler gibi 6nemli miktarda kirleticinin
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cevreye salinmasina neden olmustur. Bu durum, su, hava ve
topraktaki kirleticilere kargi koruma saglamak i¢in 6l¢iim, standart
ve sinirlamalarin olusturulmasini zorunlu kilmistir. Bazi {ilkeler ve
kuruluslar, kirleticileri azaltmaya ve tehlikeli seviyelere ulagmadan
once konsantrasyonlari sinirlamaya yonelik yasalar ¢ikarmis ve
yayinlar hazirlamistir (Barbooti, Hamadi, Abdul-Razzaq, &
Hussain, 2010:6016).

Iklim degisikligi ve cevresel bozulmaya iliskin kiiresel
endiselerin artmasiyla birlikte, endiistriyel faaliyetlerle baglantili
cevresel etkileri anlamaya ve azaltmaya yonelik vurgu
yogunlagmistir. Petrol rafinaj siireci; ¢ikarma, tasima ve rafinasyon
gibi bircok asamadan olusur ve her asama farkli kirlilik tiirleri
iretebilir. Ortaya c¢ikan kirleticiler arasinda sera gazlari, partikiil
madde (PM), ugucu organik bilesikler (VOC), agir metaller ve diger
zararli maddeler bulunur. Bu kirleticiler hava ve su kalitesini
olumsuz etkileyebilir, ekosistemleri bozabilir ve ciddi saglik riskleri
olusturabilir (WHO, 2019).

Cevresel Etki Degerlendirmesi Gelisimi ve Onemi

Yillar i¢inde, faaliyetlerin, eylemlerin ve kararlarin hem
toplum hem de g¢evre iizerindeki ¢ok yonlii etkilerini anlamanin
zorunlulugu giderek daha fazla kabul gormiistir (Alomoto,
Nifierola, & Pié, 2022:225). Bu farkindalik, proje degerlendirme ve
gelistirme siireglerinde daha kapsamli ve biitlinciil bir yaklagima
gecisi tesvik etmistir. Finsterbusch (1985:193) oncii ¢alismast,
sosyal etkilerin dinamik dogasini1 vurgulayarak bunlarin statik degil,
stirekli Olciim ve degerlendirme gerektiren siirecler oldugunu
belirtmistir. Sosyal etkinin, mevcut veya Ongoriilen eylemlerin
gelecekteki sonuglarini tanimlama siireci olarak yapilan tanimi,
projeler ile toplumsal baglamlar1 arasindaki karmagsik iligkilerin
anlasilmasinda 6nemli bir yere sahiptir.
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Ozel sektor, misyonlarinin yarattiklar etkilerle uyumlu
olmasimin 6nemini giderek daha fazla kabul etmektedir (Lane,
2014:288). Bu uyum, yalnizca kurumsal sorumluluk degil, aym
zamanda stirdiiriilebilir is uygulamalarinin uzun vadeli basart ve
toplumsal katkilar i¢in vazgegilmez oldugunun farkindaliginm
yansitir. Kamu sektorii ise sosyal ve ¢evresel etkileri degerlendirmek
ve ele almak igin etkili araglarin politika olusturma stlirecinde
vazgecilmez oldugunu kabul etmektedir (Kvam, 2018:154). Bu
araglar, giiniimiizde Sosyal Etki Degerlendirmesi (SIA) olarak bilinir
ve proje planlama ve gelistirme siireclerinde kritik bir rol oynar.

Sanayilesmenin 6zellikle petrol endiistrisinde hizla artmasi,
cesitli siireglerin ekolojik sonuglarini degerlendirme zorunlulugunu
giiclendirmistir. Cevresel degerlendirmeler hem hassas ekolojik
dengenin korunmasinda hem de siirdiiriilebilir kalkinmanin
ilerletilmesinde kritik bir rol oynar. Petrol rafinerisi operasyonlari
baglaminda bu degerlendirmelerin yapilmasi, olasi ciddi ¢evresel
etkiler nedeniyle daha da 6nemlidir.

Petrol rafinerileri, atmosfere SOz, NO2, VOC’ler ve PM gibi
cesitli kirleticiler yaymalariyla bilinir (USEPA, 2020). IPCC (2014,
raporuna gore, bu emisyonlar hem yerel hava kalitesi sorunlarin
hem de iklim degisikligi ve insan sagligi lizerinde onemli etkiler
yaratir. Ornegin, VOC’ler ve NO:. giines 15181 varhiginda
fotokimyasal reaksiyona girerek yer seviyesinde ozon olusumuna
neden olur. Bu ozon, smogun ana bilesenidir ve solunum sistemi igin
ciddi saglik riskleri tagir (USEPA, 2020).

Ayrica, rafineri operasyonlarindan kaynaklanan atiklar su
kaynaklarina karigarak hem yiizey hem de yeralti1 sularini kirletebilir.
Agir metaller, hidrokarbonlar ve diger zararli maddelerin su
sistemlerinde bulunmasi, sucul organizmalar ic¢in ciddi tehditler
olusturur ve igme suyu kaynaklarmin giivenligini riske atar (UNEP,
2016).
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Petrol Rafinerisi Operasyonlari

Petrol rafinerileri, ham petrolii dizel, benzin ve 1sitma yaglari
gibi ¢esitli temel petrol {irilinlerine doniistirmede kiiresel enerji
sektoriinde kritik bir rol oynar (Gary, Handwerk, & Kaiser,
2007:488). Rafineriler, petrol ve gaz endiistrisinin asag1 akis
birimleri olarak, ham petrolii kullanilabilir {irtinlere doniistiirmek ve
aritmak i¢in karmasgik siiregler yiirtitiir.

Fraksiyonel damitma, rafinaj islemlerinin temel teknigidir.
Bu yontem, ham petrolii farkli kaynama noktalarina gore ayirarak
LPG, benzin, jet yakiti, dizel ve agir yakit yaglar1 gibi degerli tirlinler
elde edilmesini saglar.

Rafineriler; kontrol odalari, proses iiniteleri, boru hatlart ve
ham petrol ile nihai iiriinler i¢in biiylik depolama tanklarindan olusan
genis ve karmasik tesislerdir (Parkash, 2003:688). Her bir {inite
belirli bir amaca hizmet edecek sekilde tasarlanmistir ve tiim tesisin
sorunsuz ¢aligmasini saglayan entegre bir yap1 olusturur.

Rafineriler y1l boyunca kesintisiz ¢alisir, bu da siirekli is giicii
gerektirir. Ancak diizenli bakim, onarim ve ekipman yenilemeleri
icin planlt duruslar yapilir (Fanchi & Christiansen, 2016:352). Bu
duruslar, glivenlik ve verimlilik agisindan kritik Gneme sahiptir.

Petrol Rafinerisinin Toprak Kirliligine Etkisi

Toprakta agir metal kirliligi, diinya genelinde hiikiimetlerin
cozmeye calistig1 biiyiik bir sorundur (Sodango, Li, Sha, & Bao,
2018:53). Arastirmalar, insan faaliyetlerinin — ozellikle petrol
rafinerisi operasyonlarinin — ylizey topraklarinda agir metal
birikimine neden oldugunu gostermektedir (Al-Obeidi & Al-
Jumaily, 2020:36). Agir metaller toksik 6zellikleri nedeniyle ytliksek
konsantrasyonlarda insan sagligi ic¢in ciddi risk olusturur. Bu
metaller bitki, hayvan ve insan dokularina soluma veya besin yoluyla
girebilir ve hiicrelere baglanarak islevlerini bozabilir.
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Bakir, nikel, kobalt, ¢inko ve arsenik gibi agir metaller
topraga girme ve uzun siire kalma egilimindedir. Bu metallerin tarim
topraklarin1 kirletmesi, gida zinciri yoluyla insan sagligini tehdit
eder (Al-Hamdany, Al-Tawash, & Al-Jumaily, 2023:89).
Rafinerilerden yayilan baslica gazlar SO. ve NO:’dir. Ayrica
polisiklik aromatik hidrokarbonlar, toluen, fenol ve kadmiyum,
kursun, bakir, ¢inko gibi agir metaller atmosfere salinir (Salman,
2022:482).

Petrol Rafinerisinin Su Kirliligine Etkisi

Petrol rafinerilerinden kaynaklanan atik sular, sucul
ortamlarin  kirlenmesine Onemli Ol¢lide katkida  bulunur
(Diya’uddeen, Daud, & Aziz, 2011:95). Rafineri atik sulari, ham
petroliin tiirline ve rafinaj siirecine bagl olarak degisen seviyelerde
zararh kirleticiler igerir (Coelho, Castro, Dezotti, & Sant’Anna Jr,
2006:178). Rafinaj islemi su yogun bir siirectir ve biiyiik miktarda
atik su tiretir. Bu atik su, yag, agir metaller ve toksik bilesikler gibi
kirleticiler igerir ve yiizey sularina karistiginda ekosistemlere ciddi
zarar Verir.

Yiizey suyu Kirliligi

Rafineri atiklari, su yiizeyinde yag tabakalar1 olusturarak
balik ve diger su canlilarinin yagsam alanlarin1 yok eder. Ayrica agir
metaller ve PAH’lar sucul yasam icin toksiktir ve gida zincirinde
birikir.
Yeralti suyu Kirliligi

Rafineri operasyonlar1 sirasinda olusan sizintilar ve atik
suyun topraga karigsmasi, yeralt1 sularini kirletebilir. Bu durum i¢gme
suyu kaynaklarini tehdit eder ve uzun vadeli saglik sorunlarina yol
acar (Damian, 2013:109; Lusweti, Kanda, Obando, & Makokha,
2022:2171).
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Petrol Rafinerisinin Hava Kirliligine EtKisi

Rafineriler, SO2, NO., PM, VOC, NHs, CO, HaS ve iz
metaller gibi ¢ok sayida hava kirleticisi yayar (Liu, Jadeja, Zhou, &
Liu, 2012:494). Bu kirleticiler asit yagmuru, smog ve iklim
degisikligine neden olur. Ayrica BTEX (benzen, toluen, etilbenzen,
ksilen) gibi kanserojen bilesikler rafinerilerde yaygin olarak salinir.
Fosil yakitlarin yanmasi sera gazlar1 ve toksik gazlarin salinimina
yol acar, bu da hem yerel hava kalitesini hem de kiiresel iklimi
olumsuz etkiler.

Rafinerilerin Cevre ve insan Saghgina Etkisi

Irak’taki rafineriler, gaz, sivi ve kati kirleticilerin salinimu,
tehlikeli iirtinlerin islenmesi, lilke genelindeki yaygin varliklar1 ve su
kaynaklarina yakinliklar1 nedeniyle g¢evre i¢in ciddi bir tehdit
olusturmaktadir (Al-Bari, 2023:060014). Rafinerilerden atmosfere
salinan gazlar arasinda SOz, NO-, hidrokarbonlar, hidrojen siilfiir ve
diger zararli bilesikler bulunur. Bu emisyonlar, ¢evrede yasayan
topluluklarin sagligin1 olumsuz etkiler. Rafinerilerden ¢ikan sivi
atiklar, cogu zaman yetersiz veya eski aritma sistemleri nedeniyle su
kaynaklarim1  kirletir (Alzahawy & Issa, 2024:12). Ayrica,
rafinerilerde kullanilan teknolojilerin eski olmasi, yiiksek miktarda
kat1 atik iiretimine yol agcar. Modern teknolojilerin kullanima, iiretim
verimliligini artirarak bu sorunu azaltabilir.

Gaz ve sivi sizintilari, ekipman arizalar1 ve korozyon gibi
sorunlar, ¢evresel kirliligi daha da artirir. Rafinerilerde ¢ogu zaman
stv1 atik aritma tesisleri bulunmaz veya mevcut tesisler kapasite ve
teknoloji agisindan yetersizdir. Bu durum, nehirlerde siilfat ve klortir
gibi bilesenlerin yiiksek seviyelerde bulunmasina neden olur. Gaz
emisyonlarmin izlenmesi i¢in yeterli cihaz bulunmadigindan,
kirleticiler ~ tehlikeli  seviyelere ulastiginda bile  kontrol
mekanizmalar1 devreye girememektedir.
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Coziim olarak, rafineri altyapisinin modernizasyonu, yakit
kalitesinin iyilestirilmesi, gaz aritma {initelerinin kurulmasi ve suyun
yeniden kullanimi Onerilmektedir. Ayrica, yapay zekd ve makine
ogrenimi yontemleriyle rafinaj siireglerinin optimize edilmesi,
cevresel etkilerin azaltilmasina katki saglayabilir (Alzahawy & Issa,
2024:12)
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BOLUM 3

Komiir Yikama Tesislerinde Su Yonetimi ve
Atiksularin Yeniden Kullamlabilirligi: Ornek Bir
Vaka Calismasi

Ahmet ALTIN!
1. Giris

Gegtigimiz yiizyilin ortalarindan giiniimiize, diinya niifusu hizh
bir artis gdstermistir; bu artig, 6zellikle az gelismis ve gelismekte
olan iilkelerde ¢ok daha hizli ger¢eklesmektedir. Artan niifus, yogun
sanayilesme ve kentlesme ile birleserek birim alan basina diisen
niifus yogunlugunu giderek artirmaktadir (T.C. Tarim ve Orman
Bakanhig, 2023:15). Bu durum, yerlesim alanlarinda ihtiyag
duyulan tathi su miktarinda hizli bir artisa yol agmis ve birgok
bolgede erisilebilir su kaynaklarinin sinirlarina yaklagsmasina neden
olmustur. Su temin sistemleri yetersiz hale gelirken, su kaynaklari
bir desarj ortami olarak goriildiigiinden kirlilik ve bozulma da
artmistir. Bu nedenle, su kaynaklarinin korunmasi ve iyilestirilmesi,
modern toplumlar ve su giivenligi politikalari i¢in 6ncelikli konular
haline gelmistir.

! Prof. Dr., Zonguldak Biilent Ecevit University, Faculty of Engineering,
Department of Environmental Engineering, Zonguldak, Tiirkiye, Orcid: 0000-
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Niifus artis1, kullanilabilir su kaynaklarindaki azalmanin tek
sorumlusu degildir; yiizey ve yeraltt su kaynaklarinin kirlenmesi,
yetersiz kaynak yonetimi, asir1 buharlasma ve kiiresel iklim
degisikliginin neden oldugu kuraklik gibi faktorler de kullanilabilir
su potansiyelini olumsuz etkilemektedir. Mevcut su kaynaklarinin
kullanildig1 baslica alanlar tarimsal, endiistriyel ve evsel faaliyetler
olarak siralanabilir. Kiiresel olarak, tarim sektorii yaklasik %70 ile
su ¢cekiminde en biiyiik pay1 olustururken, sanayi sektorii %20 ve
evsel sektor ise %10 paya sahiptir (UN, 2024:10).

Yiiksek endiistriyel su kullanimi, bir tilkenin gelismisliginin
onemli bir gostergesi olarak kabul edilmektedir. Avrupa genelinde
enerji ve sanayi sektorleri toplam su ¢ekiminin yaklasik %47'sini
olusturmaktadir (EEA, 2024). 2022 TUIK verilerine gore,
Tirkiye'de tath su kaynaklarindan ¢ekilen suyun biiyiik cogunlugu
(%80,3) belediyeler tarafindan karsilanmakta olup, imalat sanayi
isyerleri %8.6 ile 6nemli bir paya sahiptir (TUIK, 2023). Sektérde
2022 yilinda tiiketilen suyun ana bilesenleri 2,1 milyar m? ilave
sogutma suyu ve 584,2 milyon m?® proses suyudur (TUIK, 2023).
Sogutma suyu hari¢, desarj edilen atiksuyun yaklasik %79,3'0
aritilmaktadir. Ancak aritilip tekrar kullanilan atiksu miktariin 2022
yilinda sadece 71,6 milyon m? seviyesinde kalmas1 (TUIK, 2023),
atiksu geri kazaniminda ciddi bir eksiklik oldugunu gostermektedir.

Komiir, kiiresel enerji talebinin karsilanmasinda temel bir
kaynak olmaya devam etmekle birlikte, ¢evresel siirdiirtilebilirlik
kaygilar1 nedeniyle kalitesinin iyilestirilmesi giderek zorunlu hale
gelmektedir. Cin gibi biiylik ekonomilerde, komiir endiistrisi iilkenin
en bliylik endiistriyel su kullanicisidir ve gelecekteki komiir tiretimi
ve elektrik talebinin su tiikketimi {izerinde giiglii bir etkiye sahip
olmas1 beklenmektedir (Olsson, 2015:9).

Komiir yikama (lavvar) tesisleri, ham komiiriin kiil ve
inorganik madde igerigini fiziksel zenginlestirme yontemleriyle
diisiirerek yakitin kalitesini artirmaktadir (Olsson, 2015:10). Bu
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zenginlestirme iglemleri; hem komiiriin kalitesini yiikseltmekte hem
de cevresel degerlerin olumsuz etkilenmesini engellemektedir.
Komiir yikamanin tahmini g¢evresel faydalari, yikama isleminin
cevresel ylikii ve dolayli etkileri {izerine kapsamli arastirmalarin
eksikligi nedeniyle asir1 iyimser olabilir (Zhang & ark, 2025:2).
Ancak komiir isleme ve kullanimi, onemli miktarda su, elektrik ve
yakat tiiketimi ile kaynak yogundur ve bu da endiistri iizerinde daha
'kaynak verimli' olma ydniinde siirekli artan bir baski yaratmaktadir
(Pagan & ark., 2003).

Ancak komiir yikama ve eleme tesisleri, dogalar1 geregi son
derece yiliksek su tiiketimine sahiptir ve Onemli miktarda atiksu
iiretir. Cin Cevre Istatistik Yilligi'na gore, komiir madenciligi ve
yikamas! igin ortalama atik su desarj1 0,30 m*/ton'dur. (Zhu & ark.,
2020:6). Kiiresel su kaynaklarmin smirli olusu ve su kirliligi
konusundaki artan yasal diizenlemeler, bu tesislerde su yonetimini
kritik bir cevresel ve operasyonel zorluk haline getirmistir.
Geleneksel acik ¢cevrim sistemler, bliyiik hacimli su desarjlari ve kati
atik (camur) yonetimi sorunlar1 yaratmaktadir. Genel olarak komiir
tiretimi sirasinda ¢ikan atik sular; maden suyu, proses atiksuyu, evsel
atiksu ve yagmur suyu olmak iizere dort ana bilesenden olusur
(Dharmappa & ark., 2000:24). Endiistride temiz {liretimi saglamanin
temel yontemleri ise atik suyun kaynaginda azaltilmasi ve geri
dontistiiriilmesi/yeniden kullanilmasi olup, madencilik sektoriinde
atitk suyun minimize edilmesi amaciyla bu iki yontemin birlikte
uygulanmas1 miimkiindiir. (Dharmappa & ark., 2000:24). Ancak s6z
konusu siireclerin isletilmesi ve yonetilmesi olduk¢a karmasik
olabilir.

Bu zorluklarin tstesinden gelmek i¢in, endiistriyel su
dongiilerinde kapali ¢evrim sistemlerinin uygulanmasi ve atiksularin
aritilarak yeniden kullanimi hayati 6neme sahiptir. Bu calisma,
Tirkiye'de faaliyet gosteren bir komiir yikama tesisinde uygulanan
kapali ¢cevrim su yonetim stratejisinin etkinligini incelemektedir.
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Calismanin temel amaci, tesisin Su Kiitle Dengesini analiz
etmek, aritma sistemlerinin Askida Katt Madde (AKM) ve Kimyasal
Oksijen Ihtiyact1 (KOI) gibi parametreler iizerindeki aritma
verimliliklerini belirlemek ve geri kazanilan suyun proses icerisinde
tekrar kullanilabilirligini bilimsel verilerle kanitlamaktir. Bu vaka
caligmasi, sektordeki su yonetimi uygulamalarina 6rnek teskil
edecek somut veriler sunmay1 hedeflemektedir.

2. Materyal ve Metot
2.1. Tesise Ait Genel Bilgiler ve is Akis1

Incelenen lavvar tesisi, tiivenan komiirlerin nitelik ve nicelik
olarak zenginlestirilmesini saglamaktadir. Ocaktan c¢ikartilan
komiirler lavvar tesisinde yikama, eleme, boyutlandirma ve
paketleme islemlerine tabi tutularak, piyasanin talepleri
dogrultusunda satisa hazir hale getirilmektedir. Lavvar tesisinde,
maden ocagindan ¢ikartilan tiivenan komiirlerin  piyasanin
taleplerine uygun olarak toz (<0,5 mm), findik (>0,5-10 mm), ceviz
(>0,5-100 mm), portakal (>10-100 mm) ve karpuz (>100 mm) gibi
cesitli boyutlarda komiirler hazirlanmaktadir. Zenginlestirilen
komiirler 1sinmada, enerji iretimi ile c¢imento ve demir celik
sanayinde kullanilabilmektedir. Tesiste komiirin zenginlestirme
islemi fiziksel yontemlerle yapilmaktadir. Fiziksel yontemlerle
zenginlestirme islemi, diisiik mineral madde ihtiva eden k&miir
pargaciklarinin yiiksek mineral madde ihtiva eden pargaciklardan
yogunluk farkina dayanilarak ayrilmasi islemidir.

Tesis; sosyal tesis, kantar, depo, kirma/eleme/paketleme, stok
sahalar1, yikama tesisi, yogunlastirici, filtre pres ve ylizey suyu
toplama havuzlari olmak iizere 9 ana birimden olugmaktadir. Tesisin
%80 randiman ile ¢alisacagi kabuliiyle yillik 96.000 ton tiivenani
isleyebilecegi  Ongoriilmektedir.  Bu  durumda, tiivenandan
yikama/zenginlestirme sonrasinda %65 oraninda temiz komiir elde

--32--



edilecegi kabuliiyle tesisin giinliik 208 ton temiz komiir iirettigi
sOylenebilir. Tesise ait genel is akis semast Sekil 1’de sunulmustur.

Sekil 1. Basitlestirilmis tesis is akim semast

Tiivenan

H Konveydr

Manyetit ve diger » ‘ ince taneli

Endustriyel
. e y urun kullanim
ammaddeler Yikama =
Eleme
Temiz su i"' taneli Paketleme Isinma amagh
'-‘"-'" kullanim

Filtre Pres
_ . Slam
Endustrlyel
L Ilemer ‘ =g !‘% kullanim

o—lo) =

Cikis suyu yeniden kullamm

Tesiste agir ortam elde etmek icin ton basina 1.5 kg manyetit
(Fe304) kullanilmaktadir. Kullanilan manyetitin % 95’1 50 mikronun
altinda ve kuru yogunlugu 5.7 g/cm® diir. Prosesteki manyetit,
manyetit seperatdrlerinde tutularak tesiste yeniden kullanilmaktadir.
Agir ortam olarak tabir edilen manyetit (Fe3O4 demir tozu) ve su
karisimi, kimyasal 6zellik gostermeyen fiziksel bir karisimdir. Bu
karisim i akim semasindan da anlasilacagi {izere, manyetit
seperatdrlere  (tambur miknatis) gonderildiginde, manyetit
miknatislar tarafindan tutularak sudan ayrilmaktadir. Birbirinden
ayrilan su ve manyetit, sisteme siirekli beslenmemekte, kapali devre
olarak kullanilmaktadir.
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2.2. Yontem

Bu c¢alismada, incelenen lavvar tesisindeki su tiiketimi ve
atiksu olusum dinamiklerini belirlemek amaciyla tesisin Kapasite
Raporlari ve igletme yetkilileri ile yapilan goriismelerden elde edilen
veriler kullanilarak Su Kiitle Dengesi esasina dayali bir vaka
caligmasi yiirtitiilmiistiir.

Su tiikketimi hesaplamalari, tesisin giinliik komiir isleme
kapasitesi tlizerinden standardize edilmigtir. Calisan personelin
giinliik su tiiketimi, tesis personel sayisi ile kisi bast kabul edilen
standart gilinliik kullanim miktar1 (dus hari¢) carpilarak
hesaplanmuistir. Proses suyu ihtiyaci ise, tesisin giinliik iiriin tonaji ile
ton iiriin basina kullanilan 6zgiil su miktar faktoriiniin ¢arpilmasiyla
tespit edilmistir. Kimyasal hazirlama i¢in gerekli olan su miktari,
kullanilan kimyasal ¢6zeltinin (flokiilant) giinliik hacimsel tiiketimi
esas alinarak belirlenmistir. Bu yolla belirlenen toplam su ihtiyaci,
tesise giren taze su (ocak suyu veya sebeke suyu) ve kapali
cevrimden geri kazanilan su olarak iki ana kaynaga ayrilmistir.

Geri kazanilan su miktari, proses tankina beslenen toplam su
miktarindan ocak suyu ve diger besleme kaynaklarinin
cikarilmasiyla hesaplanmistir. Proses atiksularinin yonetimi ise
yogunlagtirict ve filtre pres sistemlerinden olusan aritma birimine
odaklanmistir. Yogunlastiriciya giren atiksu akimi, yiizeysuyu
toplama havuzlarindan gelen ariza sulari ve flokiilant hazirlama
sularini da igerecek sekilde hesaplanmistir. Yogunlastirict ve filtre
pres birimlerinden elde edilen berrak su fazlar1 (yogunlastirici st
suyu ve filtre pres ¢ikis suyu), yeniden proses besleme tankina
yonlendirilmistir. Sistemden ¢ikan net su kaybi, susuzlandirma
islemi sonrasinda atilan ¢amur keki i¢cinde hapsolmus nem miktari
ve buharlasma gibi kontrol dis1 kayiplarin toplami olarak kiitle
dengesi esitligi kullanilarak belirlenmistir. Bu hesaplamalar, tesisin
geri kazanim verimliligini yilizdesel olarak ortaya koymak i¢in temel
olusturmustur.
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3. Tartisma
3.1. Tesiste Su Kullanimi ve Atiksu Olusumu

Tesiste iiretim proseslerinde ve proses dig1 faaliyetlerde
tiketilen ve bu faaliyetlerden ¢ikan sularin gosterildigi blok
diyagram Sekil 2’de sunulmustur.

Sekil 2. Tesiste su ve atiksu dongiisiinii gésteren blok diyagram

Temiz su

Notasyonlar
_Temiz — Notasyonlar
Deposu Koémiir/slam/¢amur

Sebeke suyu Kirli su

] [ Yiizey suyu
Toplama Havuzlar

py
_._?/ Slam
— =

Yikanmig
[ kémiir

Aritilmis su

Sosyal
Tesis

Fosseptik &

' Stok Sahasi _
Tikiner Proses suyu
Flokiilant

Vidanjor tanki

Yikama Eleme
Tesisi

Taze Su

Kismen kirli su

Proses suyu

Tanki

Filtre pres

Kek

Tesiste Su Kullanimi

Lavvar tesisleri yapilari itibariyle su tiiketimi fazla olmakla
birlikte, tiiketim neticesinde olugan atiksu miktar1 nispeten az olan
tesisler olarak nitelendirilir. Bunun temel sebebi kullanilan suyun
proseste tekrar kullanilabilir olmasindan kaynaklanmaktadir. Tesiste
proses i¢in kullanilan su firmaya ait komiir ocak suyundan
saglanmakta ve iretim sistemine verilmektedir. Tesiste su
kullaninminin  gergeklestigi aktiviteler ve kullanilan tahmini su
miktarlart asagida sunulmustur.
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(Calisan personelin i¢me ve kullanma suyunun temini: Tesiste
kapasite raporuna gore 14 kisi calisacaktir. Caligsanlarin giinliik
beseri ihtiyaclari i¢in (dus alma harig) ortalama 35 L su kullanacagi
kabuliiyle tesiste toplamda 0,035 m?/giin x 14 kisi/giin = 0.49 m?/giin
(yaklasik 0.5 m®/giin alinabilir)su tiiketimi olacag diisiiniilmektedir.
Bu suyun tamami sehir sebeke suyundan karsilanmaktadir.

Yikama eleme islemlerinde kullanilan proses suyu: Tesiste
yikama eleme iglemleri i¢in ton {iriin basima 100 Litre dolayinda su
kullanilmaktadir. Buna gore giinde 320 ton komiir (96000 ton/300
giin) islenebilmesi i¢in 32 m® su kullamldig: diisiiniilmektedir. Bu
suyun tamami sisteme proses suyu besleme haznesinden
verilmektedir. Bu suyun 7.66 m® kadar1 maden ocagi suyundan
kalani1 (24.34 m®) ise geri kazanim islemlerinden saglanmaktadr.

Flokiilant hazirlama suyu: Tesiste yilda ton tlivenan basina
720 kg flokiilant kullanilmaktadir. Bu flokiilant 3 tonluk flokiilant
hazirlama deposunda sulandirilmakta ve tam kapasiteyle liretim
yapildiginda giinde 6 m® flokiilant ¢ozeltisi harcanmaktadir. Buna
gore giinliik su tiiketimi 6 m* dolayindadir.

Yukar1 detaylandirilmis olan tesisteki su tiiketimi yapilan
aktiviteler ve miktarlar1 Tablo 1’de 6zetlenmistir.

Tablo 1. Tesiste su tiiketim noktalari ve miktarlar:

Su tiiketilen aktivite Miktar
(m?*/giin)
Personelin igme ve kullanma suyu 0.5
Yikama eleme islemlerinde | Ocak suyundan besleme 7.66
kullanilan proses suyu Geri kazanilan su 24.34
Flokiilant hazirlama suyu 6
Toplam 38.5
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Atiksular

Tesisteki atiksular genel olarak proses islemlerinden, ariza
sirasinda yiizeye verilen sular ve yagmur sularindan ve personel
icme ve kullanma faaliyetlerinden ortaya ¢ikmaktadir. Ayrica temiz
komiir ve filtre pres silamlarin depolandigi alanlarda (iiriin
icerisinden atmosfere buharlagma ile su ¢ikisi gerceklesmektedir.

Calisan personelin icme ve kullanma suyundan kaynaklanan
atiksular: Incelenen tesiste kapasite raporuna gdre 14 personel

calismaktadir. Bu calisanlarin ihtiyaclar1 icin tesiste evsel nitelikli
atiksu olusumu sdz konusu olacaktir. Onceki béliimde tanimlanan su
kullaniminin tamaminin atiksuya doniistiigii kabul edildiginde evsel
atiksularin 0.5 m?®/giin dolayinda olacagi tahmin edilebilir. Cikan
evsel atik sular ise tesis yanina insaa edilen fosseptik sistemine
gonderilmekte ve belli periyotlarda vidanjor ile alinip sehir
kanalizasyon sistemine aktarilmaktadir. Bu nedenle proses suyuna
herhangi bir evsel atiksuyun karisma ihtimali bulunmamaktadir.

Yikama-eleme islemlerinden cikan atiksular: Tesisten

kaynaklanan atiksularin en 6nemlisi yikama eleme islemi sirasinda
kullanilan sirasinda kullanilan sulardir. Yikama islemi sonrasinda
ortaya ¢ikan atiksular yogunlastirici ve filtre pres sisteminden olusan
bir aritma birimiyle aritilmaktadir ve buradan proses besleme
tankina aktarilmaktadir.  Yogunlastiriciya gelen atiksularin en
onemli 0Ozelligi AKM konsantrasyonun yiliksek olmasidir. Bu
birimde flokiilant eklemesiyle yogunlastirilan ¢amur yogunlastirict
ist suyu ve filtre pres c¢ikis suyu olarak proses tankina
beslenmektedir. Yikama-eleme islemi sirasinda olusan suyun
miktar1 asagidaki gibi hesaplanabilir.

Besleme tanki ii¢ ana kaynaktan beslenmektedir. Bunlardan
ilki yogunlastiricida aritilmis sudur. Yogunlastiriciya gelen su
miktarina yikanmis malzemede nem olarak (%15) {inite disina ¢ikan
su dahil degildir. Yikanan komiir igerisinde %15 oraninda su kaldigi
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kabul edilir ise; giinde 48 m? su nem olarak iinite disina ¢ikmaktadir.
Ancak benzer oranda tesise giren tlivenan i¢inde de nem olacagindan
bu deger hesaplama disinda birakilmistir. Bu durumda elekte su
kayb1 olmadig1 ve tiim suyun (32 m?/giin) yogunlastiriciya atiksu
olarak girdigi kabul edilebilir. Yogunlastiriciya giren diger atiksu
ylizey suyu toplama tiinitesinden gelmektedir. Yiizey suyu toplama
amaciyla 3 adet havuz (70+70+105.8 = 245.8 m?) olusturulmustur
(havuz ebatlar1 sonraki bdliimde verilmistir). Bu havuzlara su
yagmur suyu ve ariza durumunda by-pass yapilan sulardan
olusmaktadir. Havuzlarimn yilda en fazla iki defa bosaltildig: ve dalgig
pompalar yardimiyla Yogunlastiriciya verildigi bilinmektedir.
Bosaltildig1 zamanlarda igerisinde %30 oraninda slam biriktigi tesis
yetkililerince ifade edilmistir. Buna gére yilda 702.3 m’
(245.8*%2*0.7), giinde ise 2.34 m> su (702.3/300) buradan temin
edilmektedir. Bir diger su flokiilanttan gelmektedir ve 6 m? ’tiir.
Sonugta yogunlastiricida giinde toplam 40.34 m® su girmekte ve
yogunlastiricidan giinde 25 m® silamli su fitre prese ¢ekilmektedir.
Buna gore yogunlastiricidan proses suyu olarak {ist sividan giinde
15.34 m> su proses su tankina verilmektedir. Proses tankina su
besleyen ikinci hat filtre pres ¢ikis suyu olup giinde 15 m? (filtre pres
camuru %40 oranda su icermekte ve 10 m® kek ile disari
cikmaktadir) alinmaktadir. Besleme tankindan yikama tesisine 32
m?, flokulant hazirlamaya 6 m* su alindig diisiiniiliir ise (toplam 38
m?); ocak suyu deposundan giinde 7.66 m® su almmmaktadir. Bu
durumda giinliik su kayb1 en ¢ok 9 m? (sulu kek) dolayindadir.

Yagmur sulari ve proses ariza sirasinda yiizeye verilen
atiksular: Tesiste var olan ylizeylerin tamami betonarme kaplama ile
sizdirmazlik saglanmakta ve dogal egim ile tesis igerisinde
konumlanmis toplam 245.8 m* hacminde 3 adet yiizey suyu toplama
havuzuna verilmektedir. Bu havuzlar ayn1 zamanda yikama eleme
tesisindeki ariza anlarinda ylizeye dokiilen ¢amurlu suyu da
biriktirmektedir. Tesis icerisinde hem proses dis1 faaliyetlerden ve
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hem de proses sirasinda kullanilan ve bu faaliyetlerden olusan
atiksulara ait su kullanim/atiksu olusum miktarlari Tablo 2’de
Ozetlenmistir. Tablo 2’den de goriilebilecegi gibi tesiste kullanilan
sularin %14,2’si (9 m?) filtre pres camur keki igerisinde
kalmakta/buharlasmakta ve %85.8’1 kapali ¢evrim seklinde geri
kazanilmaktadir.

Tablo 2. Tesiste proseste ve proses faaliyetleri disinda kullanilan
su miktarlart ve olusan atiksulart gosteren su kiitle dengesi

Giren su Cikan Su

Miktar Kaynak Miktar
Faaliyet i
(m?/giin) (m*/giin) | (%)
Personel suyu 0.5 0.8 Evsel atiksu 0.5 0.8
Proses suyu 32 | s04 | FProsestank 38| 598
¢ikis suyu
Ocak suyu 766 | 121 | Yogunlasuric 25 39.4

camur ¢ikig

Yagmur sular1

Ve proses ariza 2.34 3.7
suyu
Flokiilant 6 95
hazirlama suyu
Filtre pres ¢ikis 15 235
suyu
Toplam 63.5 100 63.5 100

3.2. Tesiste Atiksu Yonetimi

Genel olarak yikama eleme tesislerinde atiksular proses
islemlerinden, ariza sirasinda yiizeye verilen sular ve yagmur sulari
ve personel igme ve kullanma faaliyetlerinden ortaya ¢ikmaktadir.

--39--



Ayrica temiz komiir ve filtre pres silamlarin depolandigi alanlarda
iiriin igerisinden atmosfere su ¢ikist gerceklesmektedir. Bu
atiksulardan evsel nitelikli olanlar fosseptikte biriktirilerek vidanjor
yardimiyla sehir kanalizasyon sistemine verilmektedir.

Tesiste iri ve ince komiir yikama iinitelerinden gelen (-0.5)
mm’nin altindaki kat1 taneciklerin  bulundugu kirli su,
yogunlastiricida temizlenerek yikamada yeniden kullanilmak {izere
6.5 m*’liik proses besleme tankina alinmaktadir (Bkz. Sekil 2). Kat1
tanecikler flokiilant kullanilarak ¢oktiiriilmekte, dip camuru pompa
ile filtre pres tesisine basilmaktadir (Bkz. Sekil 2). Burada 8 bar
basing altinda sikigtirilarak nem orani %40 dolayina diistiriilmekte,
aciga c¢ikan duru su ise tekrar proses su tankina gonderilmektedir.
Tesis calisirken olusabilecek kagaklar saha igerisinde yapilan yilizey
suyu toplama havuzlarina gonderilmektedir. Burada biriken sular
zamanla icerisindeki askida katilarin 6nemli bir kismini birakmakta,
cokemeyen katilar 7.5 kW dalgic pompa ile yogunlastiriciya
basilarak yeniden aritilmaktadir. Proseste su kaybi sadece tiriinler
ve atiklarin {izerinde rutubet olarak ayrilmaktadir.

Tesisteki yiizey sulari ise li¢ gozlii ¢okeltim havuzu sistemine
verilmektedir. Havuzlarin ebatlar1 ve genel sekil yapilar1 Tablo 3’te
sunulmustur.

Tablo 3. Havuz boyutlart

Havuz Adi L1 L2 Bl B2 H Yaklasik
(m) (m) (m) (m) (m) Hacim (m?)

1. Havuz 2 17.6 4.9 52 |14 |70
2. Havuz 2 17.6 8.1 86 |13 105.8

3. Havuz 2 12 4.1 64 | 1.7 |70

Ariza sirasinda yiizeye verilen sular ve yagmur sularini

toplayan havuzlarin toplam hacmi 245.8 m?

olup, bu havuzlar
maksimum yilda iki defa dolmakta ve dolmaya yakin zamanda

yiizey duru sudan yogunlastiriciya basilarak tekrar aritilmaktadir. Ug
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nolu havuz da sabit bir pompa sistemi yoktur. Havuz bosaltma
sirasinda 7.5 kW giiciinde seyyar pompa kullanilarak geri devir
islemi yapilmaktadir. Pompalarin topografik yapr1 dikkate
alindiginda basma yiikseklikleri 6-10 m arasinda olacag:
anlagildigindan yeterli bir pompaj diizeneginin kurulu oldugu
soylenebilir. ilgili pompalarin bu yiiksekliklere saate 25-30 m? suyu
tahliye edebilecegi diisiildiigiinde her bir havuzun bosaltma islemi 3-
4 saat siirecektir. Pompalama sisteminin kapasitesi yagisl havalarda
depoya gelecek sok yliklemeleri ve tasmalar1 ve dolayisiyla tesis
disina su ¢ikisin1 engelleyecek sekilde secilmistir. Havuzlarin
bosaltilmas1 sonrasinda ortaya cikan slam depolama sahasina
alinmakta ve yeterli nem diizeyine (%15) ulastig1 zaman piyasaya
satilmaktadir.

Bununla birlikte 6n c¢okeltim havuzlarinda 1.5-2.5 saat
arasinda bir bekleme siiresinin yeterli oldugu bilinmektedir. Bu
havuzlarda ortalama 6 ayda bir su ¢ekimi yapildig: diisiintildiigiinde
alikonma siiresi fazlasiyla yeterlidir. Ancak emniyetli alanda kalmak
amaciyla bu sular tekrardan yogunlastiriciya aritilmak {izere
gonderildiginden bu havuzlarin aritma verimlerinin hesaplanmasina
gerek olmayip sadece yogunlastirict veriminin belirlenmesi suyun
proseste kullanilabilecek diizeyde antilip aritilmadigina karar
verilmesinde temel unsur olmustur. Tesiste gozlenen giinliik su ve
atiksu dongiisii ise Sekil 3’de 6zetlenmistir.

Yogunlastiric1 verimini belirlemek amaciyla yikama tesisi
elekaltt su toplama haznesi, ylizeysuyu siizlintii suyu ve
yogunlagtirict ¢ikis suyundan i{ic adet su numunesi alinmis ve
orneklere ait analiz sonuglar1 Tablo 4 ve Tablo 5’de sunulmustur.

Karsilastirma yapilabilmesi icin ocak suyu kalitesine ait
sonuclar da ilgili tablolar igerisinde verilmistir. Cokeltim havuzu
numunesi her iic havuzdan alinan su numunesinin esit oranda
karistirilmasi ile olusturulmus bir numunedir. Yogunlastiric1 verimi
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her iki giris suyuna gore ayr1 ayr1 belirlense de esas verim degerini
elekalt1 su numunesi sonuglarmin belirledigi unutulmamalidir.

Sekil 3. Tesiste su ve atiksu dongtisii

) Notasyonlar
Temizu
Deposu Kémiir/slam/¢amur
48 m3/giin Temiz su
Sebeke suyu I | e ——

0.5 Toplama Havuzlari

m3/giin
S
Sosyal

Tesis
0.5
m3/giin Yikanmig
= | kémiir
Fosseptik 6 m3/giin _%n %’ 48 m3/giin
o I . Stok Sahast | ftmoster
tin

Kirli su

Aritilmis su

Yikama Eleme Stam

Tesisi

7.66 m3/gi

2.34 m3/giin

32 m3/giin

\

Vidanjor

Proses suyu
besl tanki

Flokiilant
Tanki

Sistem |/
siniri

38 m3/giin

15 m3/gan

Filtre pres

25 m3/giin

Kek 10 m3/gin

Tablo 4. Elekalt: suyunun ozellikleri ve yogunlastirict verimi

Parametre Birim glc}il: Elekalti  Yogunlastiric1 | Verim
suyu Cikis (%)

(KOT) (mg/L) | 150 128 565 25 95.6

(AKM) (mg/L) | 150 108.6 | 2953 8,1 99.7

Yag ve | (mg/L) | 20 <10 4,8 4,1 14.6

Gres

(CNY) (mg/L) | 0.5 <0.02 | 0.0088 | 0.0066 -

Sicaklik (°C) 35 12.6 27.2 31,4 -

PH - 6-9 8.8 8.12 8.36 -

EC puS/em | 150 - 320 472 -
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Tablo 5. Yiizey suyu toplama havuzu ¢ikis suyunun ozellikleri ve
yvogunlastirict verimi

SKKY | Ocak | Yiizey

Parametre Birim ;f.alblo suyu ts(l)lglt; . éﬁi:nlasmm (\gzgim
havuzu

(KOI) (mg/L) | 150 128 900 25 97.2
(AKM) (mg/L) | 150 108.6 | 242,6 8,1 96.7
Yag ve Gres | (mg/L) | 20 <10 5,2 4,1 21.1
(CNY) (mg/L) | 0.5 <0.02 | 0.0016 0.0066 -
Sicaklik (°0O) 35 12.6 | 30,1 31,4 -

PH - 6-9 8.8 8.30 8.36 -

EC puS/cm | 150 407 472 -

Komiir yikama atik suyu giiglii negatif ytiklii ince, yliksek
konsantrasyonlu kdmiir bulamaci pargaciklari icerir ve ¢okeltilmesi
ve aritilmasi zor, kararli bir kolloidal siispansiyon olusturur. Ayrica,
fenoller, polisiklik aromatik hidrokarbonlar ve hiimik bilesikler
igerir ve bu da yiiksek kimyasal oksijen ihtiyacina (KOI) yol agar
(Wen & ark, 2025:2). Bu sularin desarj1 yalnizca ¢evreyi kirletmekle
kalmaz, ayn1 zamanda énemli miktarda komiir bulamacinin israfina
da neden olur. Tablo 4 ve 5’den de goriilecegi lizere yogunlastirici
sistemi AKM ve KOI agisindan sirasiyla %95.6-97.2 ve %96.7-99.7
oranda oldukga yiiksek verimde ¢alismaktadir. Sistem ayrica %21.1-
25 arasinda yag-gres giderimi saglamaktadir. Cikis sularinin tiim
parametreleri faaliyetin tabi oldugu SKKY Tablo 9.1°deki tiim
degerleri fazlasiyla saglamaktadir. Elde edilen ¢ikis suyu kalitesi
ocak suyu kalitesinden daha iyi niteliktedir ve yogunlastirici sulari
proseste rahatlikla kullanilabilir durumdadir.

Tesiste olusacak giinliilk camur miktar1 Sekil 3’de verilen
kiitle dengesinden hesaplanabilir. Kiitle dengesi hesaplarinda
yogunlastiricidan cekilen ¢amur miktari giinliik 25 m® dolaymdadir.
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Bu ¢camurun 15 m?® suyu filtre presten alindig1 diisiiniiliir ise giinliik
9m? %40 sulu ¢amur sistemden atilmaktadir. Bu durumda sulu silam

3 su 5.4 m® komiir vardir. Komiiriin 6zgiil agirhig

icinde 3.6 m
ortalama 1.8 ton/m> kabul edilir ise giinliik kuru agilik olarak 9.72
ton (5.4*1.8) filtre pres silami ¢ikmaktadir. Bu silam piyasaya
satilmaktadir. Bu nedenle tesisten atik camur ¢ikisi s6z konusu

degildir.

4. Sonuc¢

Bu calisma, Tiirkiye Cumbhuriyeti sinirlart igerisinde faaliyet
gosteren bir komiir yikama tesisindeki su ydnetim stratejisinin
etkinligini; su kiitle dengesi analizleri ve aritma verimlilikleri
dogrultusunda bilimsel verilerle detayli olarak incelemistir.

Yapilan su kiitle dengesi analizlerine gore, tesisteki proses
suyunun yalnizca %14,2’si filtre pres ¢amur keki i¢inde hapsolmus
nem ve buharlagsma yoluyla sistemden kayba ugramakta; kalan
%85,8’lik hacmin tamamu ise kapali gevrim sistemi dahilinde yiiksek
verimlilikle geri doniistiiriilmektedir. Evsel atik sular ise, proses
suyuna karnstirilmaksizin, ilgili belediyenin sehir kanalizasyon
sistemine desarj edilerek bertaraf edilmektedir. Bu yiiksek orandaki
geri kazanim performansi, tesisin temiz iiretim ilkelerine uyumunu
giiclii bir sekilde kanitlamakta ve komiir kullaniminin g¢evresel
etkilerini minimize etme potansiyelini sunmaktadir.

Tesiste kurulu yogunlastirici ve filtre pres sistemleri, aritma
performansi agisindan kritik dneme sahip olan Askida Kati Madde
(AKM) ve Kimyasal Oksijen Ihtiyaci (KOI) parametrelerinde
strastyla %95,6—%97,2 ve %96,7-%99,7 araliginda yiiksek diizeyde
aritma verimlilikleri sergilemistir. Bu bulgular, tesiste kullanilan
koagiilasyon-flokiilasyon temelli aritma teknolojisinin kati-sivi
ayirma islemlerinde basariya ulastigini ve elde edilen su kalitesinin,
yuriirliikteki  endiistriyel desarj standartlarimi  karsiladigin



dogrulamaktadir. Ayrica, sistemin yeni nesil kimyasal koagiilant-
flokiilantlarla optimize edilmesi durumunda, mevcut aritma
verimliliginin daha da yiikseltilmesi miimkiin goriilmektedir.

Sonu¢ olarak, incelenen tesisin kapali ¢evrim su yoOnetim
stratejisi uygulamasi, su kaynaklarindan yapilan ¢ekimi ifade eden
Mavi Su Ayak Izini minimum seviyeye indirgemekte ve kirlilik
yiikiinii gdsteren Gri Su Ayak izini etkin bir sekilde kontrol altina
almaktadir. Bu tiir basarili uygulamalarin iilke sathina
yayginlastirilmasi, endiistriyel tesislerinin ¢evresel etkilerini
azaltmada birincil 6neme sahiptir. Ozellikle su kisiti yasanan
bolgelerde ve cevresel diizenlemelerin siki oldugu sektorlerde,
benzer geri kazanim yaklasimlarmin benimsenmesi su stresi
altindaki tilkemiz i¢in zorunlu bir gereklilik teskil etmektedir.
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BOLUM 4

EMERGING APPLICATIONS OF METAL-
ORGANIC FRAMEWORKS (MOFS) IN
INDUSTRIAL WASTEWATER TREATMENT

Ahmet SAATCI!
Muhammed Fatih HASAR?

Introduction

The rapid development of the economy and industrialisation
has raised humanity's material living standards, but it has also given
rise to serious environmental problems such as water pollution, air
pollution and greenhouse gas emissions caused by chemicals.
Wastewater discharged from industries such as textiles, paper,
leather, and food processing, containing high concentrations of
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organic compounds such as carbohydrates, fats, proteins, and
cellulose, poses a significant pollution risk when released into the
environment (Kaur et al., 2023).Typically discharged from industries
and containing organic matter concentrations exceeding 2000 mg/L,
such wastewater poses serious environmental threats when released
directly into receiving environments (Sinar Mashuri et al., 2020; M.
Zhang et al., 2019).

One of the major pollutant components in industrial
wastewater is organic dyes. These dyes are widely used in many
industries such as leather, textiles, pharmaceuticals, and plastics
(Sharma et al., 2021). Due to their complex molecular structures,
biological resistance to degradation, and high chemical stability,
organic dyes can persist in aquatic environments for long periods,
negatively affecting ecosystem balance by altering water colour and
light transmittance (Ates et al., 2020). It has been reported that these
dyes, transported into aquatic environments with wastewater
originating from the textile industry in particular, are one of the
components that should be prioritised for removal among colouring
pollutants (N. Kumar, et al., 2023).

Water pollution is not limited to dyes. Antibiotics are widely
used in humans and the livestock sector to treat bacterial infections,
and more than half of the dosage is excreted into the environment
via urine without being completely metabolised by the body. This
causes antibiotics to enter aquatic environments through river flows.
Antibiotics originating from hospital wastewater, in particular, reach
water sources and cause harmful effects on the ecosystem (Zhou et
al., 2018). The accumulation of antibiotics in the environment can
cause serious health problems such as skin allergies, carcinogenic
effects, hereditary genetic disorders, and weakening of the immune
system, in addition to disrupting the balance of the ecosystem
(Imran, Das, & Naik, 2019; Patangia et al., 2022; Zhu et al., 2020).
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In addition, heavy metal ions originating from various
industries such as construction, electroplating, metallurgy, and
ceramics are also transported to rivers and lakes via wastewater,
causing environmental pollution. These heavy metal ions cannot be
biologically degraded, so they easily accumulate in organisms and
have toxic effects (Roy, Neogi, & De, 2021; Feiyu Yang et al., 2022).
Heavy metals cause bioaccumulation in the kidneys and nervous
system, leading to toxic effects on the digestive system and posing
serious risks to human health (Pasinszki et al., 2020). Pesticides,
widely used in agricultural activities, can also contaminate water
sources and cause adverse effects on the digestive, reproductive,
endocrine, and nervous systems (Mondol & Jhung, 2021). Therefore,
the development of effective and sustainable water pollution
treatment methods is of vital importance. Although various methods
such as adsorption, flocculation, membrane filtration, electrolysis,
oxidation, and biological treatment are used in wastewater treatment,
these techniques often fall short in completely removing all
pollutants (Q1u et al., 2022). The high chemical stability of pollutants
and their resistance to light, temperature, chemicals, and
microorganisms limit the effectiveness of traditional treatment
methods (Rajendran et al.,, 2022). Furthermore, traditional
adsorbents such as zeolites, activated carbons, and organic resins are
inadequate for meeting modern water treatment requirements due to
low adsorption efficiency, limited active site numbers, and weak
ionic affinity (Feiyu Yang et al., 2022). In this context, researchers
are focusing on the development of new-generation composite
materials with high specific surface area, strong separation
capabilities, and reusability. Metal-organic frameworks (MOFs) are
highly effective adsorbents developed for this purpose and constitute
a rapidly developing class of porous crystalline materials (Yun et al.,
2024). MOFs are crystalline structures with high porosity and large
internal surface areas, formed by the combination of metal ions and
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organic linkers through strong coordination bonds (Singh et al.,
2024).

MOFs stand out as next-generation functional adsorbents and
catalysts due to their tunable pore size, high specific surface area,
well-defined  structures, and easy modification potential
(Ahmadijokani et al., 2022; Chakrabortyet al.,2021). These three-
dimensional organic-inorganic composites with metal-organic
structures were first defined in the 1990s, and more than 90,000
MOF structures have been reported to date (Kouser et al., 2023). The
first studies on metal-organic coordination polymers were conducted
by Tomic, who investigated the thermal stability of these structures
(Amenaghawon et al., 2023). Unlike traditional adsorbents, MOFs
attract attention due to their unsaturated metal regions, customisable
framework structures, and the ability to precisely control
composition, morphology, and pore properties (Ahmadijokani et al.,
2022; Chakraborty et al., 2021; Kong & Li, 2021). Furthermore,
MOF-based nanocomposites can be combined with metal ions,
polymers, or nanoparticles to achieve higher durability and
functionality, making them highly suitable for practical water
treatment applications. Studies in the literature reveal that MOFs
offer significant potential for addressing water pollution due to their
superior performance in adsorption, catalytic decomposition, and
membrane separation processes. Thanks to their rich structural
diversity, modular designs, and wide range of applications, MOFs
are at the heart of new-generation water treatment technologies
developed for environmental sustainability.
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Synthesis Strategies and Structural Properties of
MOFs

Metal-organic frameworks (MOFs) are defined as advanced
functional porous materials formed by metal ions or metal clusters
creating three-dimensional crystalline network structures through
organic linkers. Thanks to the controlled combination of the
coordination geometry of metal centres and the chemical structure
of organic ligands, MOFs possess highly designable and tunable
structures (Udaya et al., 2024). In MOF structures, metal centres
form secondary building units (SBUs) with organic ligands to create
three-dimensional network systems. The type and combination of
these building blocks are key factors determining the pore geometry,
specific surface area, and chemical stability of MOFs (Ha, Lee, &
Moon, 2020)

The main features that distinguish MOFs from conventional
adsorbents are their extremely high specific surface areas, regular
and controllable pore structures, chemically modifiable surfaces, and
selectivity towards target contaminants. These properties make
MOFs a strategic class of materials, particularly for the treatment of
multi-component and complex wastewater (Xiaoge et al., 2023).

MOF Synthesis Strategies

Solvothermal and Hydrothermal Synthesis

The most commonly used methods in MOF synthesis, and
those with the most data in the literature, are techniques based on the
use of thermal energy in a solvent medium. These methods are
classified as solvothermal and hydrothermal synthesis depending on
the temperature and pressure conditions under which the reaction
takes place.

Solvothermal synthesis is one of the most frequently
preferred methods in MOF production and is based on reacting metal
--52--



salts with organic ligands in closed systems, usually under high
temperature and pressure. The high pressure and temperature created
in a closed reactor (autoclave) environment increase the solubility of
organic ligands, which have low solubility under normal conditions,
and increase the reaction yield. Furthermore, high temperature
conditions slow down the crystallization kinetics, enabling the
production of MOF structures with a more uniform morphology and
high degree of crystallinity (L. Zhang, Liand, & Luo, 2018).

MOFs synthesized by this method, such as UiO-66, MIL-
101, MIL-53, and HKUST-1, exhibit high hydrothermal and
chemical stability in aqueous environments due to strong metal—
oxygen bonds. Therefore, these MOFs are widely used, particularly
in water treatment applications (Burtch, Jasuja, & Walton, 2014;
Tokalioglu et al., 2017). However, the solvothermal synthesis
method has some economic and environmental disadvantages due to
reasons such as long reaction times, the need for large amounts of
organic solvents, and complex purification steps. These limitations
are considered one of the main obstacles to the large-scale
production of MOFs and their widespread use in industrial water
treatment applications (Bétard & Fischer, 2012; J. Li et al., 2020).

Mechanochemical Synthesis

Mechanochemical  synthesis stands out as an
environmentally friendly approach based on mechanical energy that
eliminates or significantly reduces the use of solvents in MOF
production. In this method, metal precursors and organic ligands are
typically reacted using techniques such as ball milling (Chen et al.,
2019). The most important advantages of the mechanochemical
method include short reaction times, low energy consumption, and
compatibility with green chemistry principles. In this context, it is
reported that it offers a powerful alternative to solvothermal methods
for reducing environmental impacts (Garay, Pichon, & James, 2007).
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The literature reports that zeolitic imidazole frameworks
such as ZIF-8 and ZIF-67 have been successfully synthesized using
the mechanochemical method and that these structures exhibit high
specific surface area and sufficient thermal stability (Taheri, Enge,
& Tsuzuki, 2020; Tanaka et al., 2013). However, the particle size
distribution, crystal order, and especially the long-term stability in
aqueous environments of MOFs obtained by mechanochemical
synthesis can vary depending on the synthesis conditions and metal—
ligand combination. Therefore, the applicability of the method
should be carefully evaluated according to the intended application
(Yuhang et al., 2024).

Microwave-Assisted and Electrochemical Synthesis

Microwave-assisted synthesis is a method that significantly
shortens reaction time by providing rapid and homogeneous heating
in MOF production. This technique enables the rapid production of
MOFs with high crystallinity and offers advantages in terms of
energy efficiency (Jones et al., 2002; Klinowski et al., 2011).

Electrochemical synthesis, on the other hand, is an approach
based on the controlled dissolution of metal ions from electrodes. It
is promising for large-scale MOF production due to its suitability for
continuous production. This method offers potential advantages in
terms of cost and sustainability, particularly in industrial water
treatment applications (Mueller et al., 2006).

The Importance of Structural Properties in Water Purification

The high porosity and functional surface groups of MOFs
enable them to interact with heavy metal ions, dyes, antibiotics, and
other organic pollutants through multiple mechanisms such as
electrostatic attraction, coordination bonding, and hydrogen bonds
(Au, 2020; P. Kumar et al., 2017). Zirconium-based MOFs, in
particular, exhibit high hydrothermal and chemical stability due to

strong Zr—O bonds, allowing them to maintain their structural
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integrity in aqueous environments for extended periods. This
property makes Zr-MOFs prominent candidate materials for long-
term water purification applications (C. Wang et al., 2020; Xiaoge et
al., 2023).

In conclusion, there is a direct relationship between the
synthesis strategies of MOFs and their structural properties.
Selecting the appropriate synthesis method and optimizing the
structure design according to target contaminants are among the key
factors determining the performance of MOF-based water treatment
technologies.

Industrial Scalable Advanced Techniques

The biggest obstacle in transitioning MOFs from the
laboratory environment to commercial applications (large-scale
water treatment plants, etc.) is the limitations of traditional “batch”
production methods. Continuous production techniques developed
to overcome this problem both increase production speed and reduce
costs. Advanced synthesis techniques developed to overcome these
limitations stand out for enabling continuous production, increasing
energy efficiency, and offering precise control over crystal
morphology. These innovative approaches, which play a key role in
the transition to industrial production, are detailed below.

Electrochemical Synthesis

Electrochemical synthesis is a method in MOF production
where metal ions are obtained not from metal salts, but directly
through the electrochemical oxidation of a metallic anode. This
method is considered one of the most promising techniques on an
industrial scale because it prevents anion accumulation and allows
for continuous production. The reaction takes place in a solution
containing an electrolyte and organic ligands. lons released from the
metal plate (anode) by applying voltage or current react with the
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ligands in the solution to form MOF crystals on the electrode surface
or in the solution (Stock & Biswas, 2012).

The main advantages of this method are as follows:

1. Low Temperature and Pressure: It can be performed at
room temperature and atmospheric pressure.

2. Speed: Reaction times are typically on the order of
minutes or hours.

3. Coating Capability: It allows MOFs to be grown directly
onto sensors or membranes in the form of a film.

For example, (Zhang et al. 2021:2) developed corrosion-
resistant coatings by synthesizing La-doped ZIF-8 nanoparticles
using an electrochemical method (Z. Zhang et al., 2021). Similarly,
(Du et al., 2019:2) the fundamentals of this method are used in the
production of some commercialized MOF structures (e.g., HKUST-
1) (Duetal., 2019).

Continuous-Flow Spray Drying

Continuous-flow spray drying is a technique that enables the
rapid and continuous production of MOFs in the form of micro-
spherical beads in a single step. This method is particularly critical
in terms of providing industrial packaging and transportation
convenience. The process is based on the principle of atomizing
(spraying) a precursor solution containing metal and ligand into a hot
gas stream to form microdroplets. Rapid evaporation of the solvent
causes instantaneous crystallization within the droplet (Garzon-
Tovar et al., 2016). (Avci et al., 2018:2) successfully synthesized
UiO-66-NH2 and Zr-fumarate beads wusing this method.
Furthermore, the recoverability of the solvent used makes this
method compatible with the principles of “green chemistry” and the
circular economy (Avci et al., 2018).
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Microfluidic Synthesis

Microfluidic synthesis is a method in which reactants are
mixed in micron-sized channels (under laminar flow) to precisely
control crystallization kinetics. This technique enables very rapid
heat and mass transfer, offering product yield in much shorter times
compared to traditional methods (Singh et al., 2024). For example,
the CosBTC> MOF structure synthesized in 24 hours using the
traditional hydrothermal method can crystallize in just 1 minute at
140 °C in a microfluidic system. Furthermore, this method ensures a
very narrow (monodisperse) crystal size distribution, which is a
desirable property for catalytic applications (Faustini et al., 2013).

Adsorption Applications of MOFs in Water Treatment

Metal-organic frameworks (MOFs) are considered highly
suitable materials for adsorption-based applications in water
treatment due to their high specific surface areas, regular pore
structures, and chemically tunable surface functions. Particularly in
wastewater with complex compositions, the disadvantages of
traditional adsorbents, such as limited selectivity and low
regeneration capacity, have increased interest in the development of
MOFs. The adsorption performance of MOFs in water treatment is
presented in Table 1.
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Table 1. General Evaluation of the Adsorption Performance of
MOFs s in Water Treatment

Pollutant MOF Types | Adsorption
Type Pollutant Used Mechanisms Ref
Ph(11) Electrostatic
c d(||)1 Ui0-66, attraction,  |(He etal., 2020;
Heavy H (”)' UiO-66-NH., [coordination [C. Wang et al.,
metal ions AS(V)1 Ce-BDC, bonding, 2020; Xu et al.,
' Fe-MOF ligand 2019)
Cr(VI)
exchange
Anionic Phosphate, Ce-MOF, !Electros_tatlc (Heet.al.,2020;
fluoride, interaction, [R. Liu et al.,
pollutants INH.-MIL-101 |
arsenate ion exchange 2019)
TT—TC
Methylene MIL-101, interactions,
Organic  blue, ZIF-8, hydrogen (Ahmed, Khanj
. . - & Jhung, 2017;
dyes Rhodamine IMOF-derived bonding,
. . Muetal., 2019)
B materials electrostatic
attraction
(. Electrostatic
RharmaceuAntlblotlcs, . . interaction, |((Ahmed et al.,
tical pharmaceut [UiO series, o
- coordination, 2022; Hasan &
compound fical Fe-MOF
. hydrogen Jhung, 2015)
S residues .
bonding
. Synergistic
(';/Inlélrncomplndustrial Functionalizedeffect of(Yuhang Xie et
wastewater IMOFs multiple al., 2024)
systems i
mechanisms

Fundamental Mechanisms of MOF-Based Adsorption

The ability of MOFs to adsorb contaminants in aqueous

environments relies on the simultaneous occurrence of multiple

physical and chemical interaction mechanisms. These mechanisms
include electrostatic attraction, coordination bonding, hydrogen
bonds, n—m interactions, and ion exchange (P. Kumar et al., 2017; Liu
et al., 2017). Electrostatic interactions occur depending on the
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surface charge of the MOF and the charge state of the pollutant
species in the solution. The surface charge of MOFs can change
through protonation and deprotonation processes depending on the
pH of the solution, enabling the selective retention of anionic or
cationic contaminants (Haque et al., 2010). Coordination bonding
plays a particularly important role in the removal of metal ions.
Unsaturated metal centers in the MOF structure can form strong
complexes with heavy metal ions, achieving high adsorption
capacities. This mechanism offers stronger and more selective
interactions compared to classical physical adsorption. Furthermore,
n—7 interactions and hydrogen bonds contribute significantly to the
removal of organic pollutants containing aromatic rings. These
interactions enable the effective retention of dyes and

pharmaceutical compounds on the MOF surface (Yuhang Xie et al.,
2024).

MOFs in the Removal of Heavy Metal Ions

Heavy metal ions pose a serious threat to aquatic
environments due to their inability to be biologically degraded and
their tendency to accumulate in living organisms. The removal of
metals such as lead (Pb?"), cadmium (Cd?"), mercury (Hg*"), arsenic
(As(V)), and chromium (Cr(VI)) is among the primary targets in
water treatment (Xiaoge et al., 2023).

MOFs stand out as effective adsorbents for heavy metal
removal due to their high metal binding capacity and tunable
chemical structures. Zirconium-based MOFs (UiO series), in
particular, exhibit high stability in aqueous environments due to
strong Zr—O bonds, offering the possibility of long-term use (Du et
al., 2019; Jia et al., 2021; Wang et al., 2020). For example, amino-
functionalized UiO-66 derivatives have been reported to exhibit high
adsorption affinity for anionic contaminants such as arsenic and
phosphate. This performance increase is explained by the functional
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groups enhancing electrostatic attraction and ligand exchange
mechanisms (He et al., 2020; Xu et al., 2019). Furthermore, cerium-
based MOFs are noted to offer high selectivity in phosphorus and
arsenic removal, with Ce(IIl) species in particular forming strong
interactions with contaminants via ligand exchange (He et al., 2020;
Xu et al., 2019). These properties make MOFs promising materials
for controlling phosphorus and heavy metal pollution.

Applications of MOFs in the Removal of Organic Pollutants

Common in industrial wastewater, dyes, pharmaceutical
compounds, antibiotics, and pesticides have toxic and persistent
effects on aquatic ecosystems. Removing these organic pollutants is
often insufficient with traditional treatment methods (Guo et al.,
2023; Peera et al., 2023). MOFs offer effective solutions for the
adsorption of such organic pollutants due to their high porosity and
functional surfaces. Specifically, for the removal of aromatic dyes,
MOFs have been reported to exhibit high adsorption capacity
through n—m interactions (Ahmed et al., 2017; Mu et al., 2019). In
the removal of pharmaceutical and antibacterial compounds,
electrostatic interactions, hydrogen bonds, and coordination bonding
mechanisms are stated to play a combined role. These multiple
interactions ensure that MOFs are effective across a wide range of
pollutants (Ahmed et al., 2022; Shen et al., 2020). However, one of
the main challenges encountered in the removal of organic pollutants
is the effect of competitive ions and multi-component systems found
in real wastewater on adsorption performance. Therefore, it is
emphasized that the behavior of MOFs in real water matrices needs
to be studied in more detail (Yuhang Xie et al., 2024).

Regeneration and Reuse of MOF Adsorbents

For MOFs to be used in practical water treatment
applications, they must have not only high adsorption capacity but
also sufficient regeneration and reuse performance. The literature
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reports that many MOFs can be reused by removing the
contaminants they adsorb using suitable solvents or pH adjustments
(Karthikeyan et al., 2014). However, structural degradation or a
decrease in adsorption capacity may be observed in some MOF types
during repeated usage cycles. This necessitates the optimization of
structural stability and regeneration strategies for long-term
applications of MOFs (J. Li et al., 2020). Overall, MOFs offer
versatile adsorption mechanisms for the removal of heavy metal ions
and organic pollutants and provide significant advantages over
traditional adsorbents. However, comprehensive consideration of
issues such as performance in real water environments, regeneration
capability, and economic feasibility is critical for the widespread
adoption of MOF-based adsorption technologies.

MOF-Based Membrane Technologies

The use of MOFs not only as adsorbents but also integrated
with membrane technologies has emerged as a rapidly developing
research trend in the field of water treatment in recent years. The
selectivity and continuous operation advantages of membrane
processes, when combined with the high porosity and tunable
surface properties of MOFs, enable advanced purification
performance. The applications of MOF-based membrane systems in
different filtration processes and target contaminants are
summarized in Table 2.
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Table 2. Applications of MOF-based membranes in different
membrane filtration processes for water treatment

Membrane | MOFs Mem_bra_ne Target Key
Fabrication . Ref
Type Used Pollutants |Mechanisms
Strategy
Size (Fan et al.,
Ui0-66, TFN (thinqHeavy metalexclusion 2020; J. Li
Nanofiltration [UiO-66- ffilm ions, Sma”electrosta’tic et al.,
(NF) INH-, nanocomposit jorganic interaction 2020;
ZIF-300 ), MMM molecules adsor tion’ G.R. Xu et
P al., 2021)
i Pore (Ragab et
Ultrafiltration ZI.F 8, MMM, Dyes, structure al., 2016;
UiO-66- surface
(UF) o macromoleculesienhancement([T. Xu et
INH2 modification .
, adsorption fal., 2019)
Physical (Sun
Microfiltration Suspended filtration ’
ZIF-8 MMM . ' Tang, &
(MF) solids, dyes surface_ Wu, 2018)
adsorption
(Sun,
Tang, &
. Pore Wu, 2017,
o oy MO R . Ty,
ion rejection [2020; Yin,
et al.,
2012)
Concentratio .
. - |(Dai et al.,
Forward Uio-66, Organic n gradient 2019; Lee
. CuBDC- MMM driven
osmosis (FO) pollutants, salts et al.,
NS transport,
. 2015)
adsorption
(Fan
ZIF-8, |Hydrophobic Vapor-phase [Yang, et
S/ilstrirlllt:)a i?gﬁ INH2- MOF- Salts,  volatiletransport, fal., 2018;
(MD) MIL-53, |incorporated |organics hydrophobic [Zuo &
Fe-BTC |membranes surface Chung,
2016)
MOF/GO
Composite : Dves Adsorption |(J. Lietal.,
P MOF/PD |Multilayer yes, coupled with2020;
functional . antibiotics, h IvsiMukheri
membranes , ~ [composite pesticides photocatalysi[Mukherjee
MOF/Ti et al.,
0: 2023)
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Design of MOF-Containing Composite Membranes

MOF-based membranes are typically created by integrating
MOF particles into polymeric or inorganic membrane matrices. This
approach allows the pore structure and surface chemistry of MOFs
to be utilized to improve membrane properties (Anh Nguyen et al.,
2023; J. Li et al., 2020). The most common membrane types
developed in this context include mixed matrix membranes (MMM)
and thin film nanocomposite membranes (TFN). In MMM systems,
MOFs are directly distributed in the membrane matrix, while in TFN
membranes, MOFs are typically located within or on the surface of
the polyamide active layer (Fan et al., 2020; H. Liu et al., 2020).
Thanks to MOF integration, the pore size distribution, degree of
hydrophilicity, surface charge, and antifouling properties of
membranes can be significantly improved. This enables a more
balanced performance between water flux and contaminant removal
efficiency (Arjmandi et al., 2019; Q. Li et al., 2018).

As schematically illustrated in Figure 1, MOF-containing
composite membrane modules not only act as physical separation
barriers but also provide additional functionalities through
adsorption and electrostatic interactions. In such systems, MOFs
embedded within the membrane matrix or immobilized on the
membrane surface serve as active sites that enhance the capture of
charged and polar contaminants via adsorption and electrostatic
attraction. Moreover, surface-exposed or embedded MOFs can
function as catalytically active domains capable of generating
reactive oxygen species (ROS), thereby enabling the catalytic or
photocatalytic degradation of organic pollutants during the filtration
process. This integrated mechanism allows simultaneous separation
and in situ degradation of contaminants, significantly improving the
overall efficiency of wastewater treatment systems.
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Figure 1. Conceptual schematic illustrating the integrated
application of MOF-based composite membranes and
catalytic/photocatalytic processes in wastewater treatment
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Filtration Mechanisms of MOF-Based Membranes

Contaminant removal in MOF-containing membranes is
primarily achieved through a combination of size exclusion and
adsorption-based interactions. The regular microporous structures of
MOFs contribute to the selective retention of specific molecular
sizes (Denny, et al., 2016; H. Li et al., 2019). In nanofiltration (NF)
and ultrafiltration (UF) applications, MOF-reinforced membranes
have been reported to exhibit high removal performance, particularly
against heavy metal ions and organic contaminants. This
performance increase is associated with the formation of active
adsorption sites by MOFs (Cheng et al., 2024; L. Wang et al., 2023).
In membrane distillation (MD) applications, the pore structure and
surface hydrophobic/hydrophilic balance of MOFs play a decisive
role in vapor permeability and salt rejection. MOF-reinforced
membranes have been reported to exhibit higher vapor flux and



lower fouling tendency compared to conventional membranes
(Abdullah et al., 2021).

Advantages and Limitations of MOF-Based Membranes

The most important advantages of MOF-containing
membranes include high selectivity, increased water permeability,
and improved antifouling properties. Furthermore, the chemically
tunable structures of MOFs enable membrane designs tailored to
specific target contaminants. However, issues such as the
homogeneous distribution of MOFs within the membrane matrix,
long-term stability in aqueous environments, and mechanical
durability remain significant challenges to be addressed.
Maintaining membrane performance under real wastewater
conditions, in particular, requires further research. MOF-based
membrane technologies combine adsorption and membrane
filtration approaches, enabling the development of high-
performance, multifunctional systems for water treatment. However,
for these technologies to be applied on an industrial scale, factors
such as stability, scale-up, and cost must be addressed holistically
(Yuhang Xie et al., 2024). In addition to adsorption and membrane-
based separation, MOFs have also been investigated as catalytic and
photocatalytic materials in advanced oxidation processes. Although
these applications are not discussed in detail in this section, they
highlight the multifunctional potential of MOFs for integrated water
treatment systems.
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Stability and Durability of MOF's in Aqueous
Environments

The success of metal-organic frameworks (MOFs) in water
treatment applications is directly related not only to performance
parameters such as high adsorption capacity or selectivity, but also
to their structural stability and long-term durability in aqueous
environments. Although many types of MOFs offer high porosity
and large specific surface areas, they can undergo hydrolytic
degradation upon contact with water. This situation stands out as one
of the fundamental limitations that must be considered in the
practical and industrial applications of MOFs (P. Kumar et al., 2018).
The stability of MOFs in aqueous environments varies depending on
many factors, such as the strength of metal-ligand bonds, the
chemical nature of metal centers, ligand structure, and synthesis
conditions. Therefore, the stability—performance balance is
considered a critical design criterion in MOF design for water
treatment (Yuhang Xie et al., 2024).

The Effect of Metal-Ligand Bonds on Stability

One of the most important factors determining the hydrolytic
stability of MOFs is the strength of the coordination bonds between
metal centers and organic ligands. Metal ions with high charge
density and strong Lewis acid character contribute to maintaining
structural integrity by making it difficult for water molecules to
weaken metal-ligand bonds (Tokalioglu et al., 2017; C. Wang et al.,
2020). In this context, zirconium (Zr), aluminum (Al), and iron (Fe)-
based MOFs exhibit higher stability in aqueous environments due to
their relatively stronger metal-oxygen bonds. In particular, Zr-based
UiO series MOFs have been reported to be usable over a wide pH
range without structural degradation (C. Wang et al., 2020). In
contrast, some Zn- and Cu-based MOFs may show partial
dissolution or crystal structure loss upon prolonged water contact
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due to relatively weak metal-ligand bonds. This highlights the need
for careful selection of MOFs in water treatment applications
(Bétard & Fischer, 2012).

The Effect of pH and Ionic Environment on MOF Stability

The stability of MOFs is also significantly affected by
environmental factors such as the pH value and ionic composition of
the solution. Acidic or basic conditions can cause metal-ligand
bonds to weaken through protonation or hydrolysis (Au, 2020;
Haque et al., 2010). Particularly in acidic environments, it has been
reported that the ligand structures of some MOFs protonate and
separate from the metal centers, resulting in the collapse of the pore
structure. In contrast, it is emphasized that UiO-66 and its derivatives
remain relatively stable in the pH range of 2—10 and are therefore
suitable candidates for real wastewater conditions (Collins et al.,
2025; C. Wang et al., 2020). Furthermore, it is noted that competitive
ions commonly found in real wastewater, such as chloride, sulfate,
and nitrate, can interact with active sites on the MOF surface,
affecting both adsorption performance and long-term stability. This
indicates that results obtained under laboratory conditions cannot be
directly generalized to real water environments (Yuhang Xie et al.,
2024).

Long-Term Use and Regeneration Durability

For MOFs to be used sustainably in water treatment, they
must be resistant to repeated adsorption-regeneration cycles. The
literature reports that many MOFs can largely retain their adsorption
capacity when appropriate regeneration methods are used
(Karthikeyan et al., 2014; Parthasarathy & Narayanan, 2014).
However, issues such as metal leaching, loss of surface functionality,
or partial structural degradation have been observed in some MOF
types during repeated usage cycles. This highlights the need to
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evaluate not only the initial performance but also the cyclic
durability of MOFs for long-term applications (J. Li et al., 2020).

Approaches to Enhance Stability

Various strategies have been proposed in the literature to
enhance the stability of MOFs in aqueous environments. These
include selecting stronger metal-ligand combinations, modifying
ligands with functional groups, and immobilizing MOFs on
polymeric or inorganic supports (J. Li et al., 2020). In particular,
integrating MOFs into membrane systems contributes to both
increased mechanical durability and preventing the dispersion of
MOF particles in aqueous environments. This approach offers a
significant advantage in transitioning MOFs to practical water
treatment applications (H. Liu et al., 2020). Overall, the stability and
durability of MOFs in aqueous environments play a decisive role in
the transition of these materials from the laboratory scale to real-
world water treatment applications. High-performance but low-
stability MOFs offer limited benefits for practical applications.
Therefore, it is emphasized that future studies should focus on MOF
designs that balance stability and performance.

Challenges and Future Perspectives

Metal-organic  frameworks (MOFs) offer significant
advantages in the field of water treatment due to their high porosity,
tunable structure, and versatile application potential. However, there
are still various scientific and technical challenges that need to be
overcome in transferring the successful performance of these
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materials at the laboratory scale to real water treatment applications
and industrial-scale systems. This section addresses the fundamental
limitations faced by MOF-based water treatment technologies and
future research directions.

Scientific and Technical Challenges

One of the most significant limitations of MOFs in water
treatment is that the stability and durability performance of different
MOF types in aqueous environments varies considerably. Some
MOFs with high adsorption capacity may exhibit problems such as
structural degradation or metal leakage during prolonged water
contact, limiting their practical applications (J. Li et al., 2020).
Another major challenge is that the performance of MOFs under real
wastewater conditions may differ from the results obtained in
laboratory settings. Competitive ions, organic matter, and variable
pH conditions can negatively affect both the adsorption capacity and
selectivity of MOFs. This highlights the importance of testing MOFs
in realistic water matrices (Yuhang Xie et al., 2024). Furthermore,
performance loss during MOF regeneration processes and, in some
cases, structural integrity degradation pose a significant obstacle to
long-term use. Therefore, rather than focusing solely on initial
performance, stability must be evaluated over multiple usage cycles
(Karthikeyan et al., 2014; Parthasarathy & Narayanan, 2014).

Scale-Up and Economic Feasibility

Another fundamental obstacle to the widespread adoption of
MOF-based water purification technologies is large-scale production
and economic feasibility. Although numerous MOFs have been
successfully synthesized on a laboratory scale, the industrial-scale
production of these materials using low-cost and environmentally
friendly methods remains an important area of research (X. Liu et
al., 2023; Mueller et al., 2006). The high solvent consumption and
long reaction times associated with solvothermal synthesis methods
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increase production costs and create limitations in terms of
environmental sustainability. Therefore, the development of
alternative synthesis methods suitable for mechanochemical,
electrochemical, and continuous production is critical for the
commercial applications of MOFs (Chen et al., 2019; Tanaka et al.,
2013). In addition, the integration of MOFs into existing water
treatment infrastructure and the evaluation of their performance at
the system level are among the decisive factors in determining
economic feasibility.

Future Research Directions

Future studies are expected to focus on new material
approaches that more effectively achieve a stability-performance
balance in the structural design of MOFs. In particular, the selection
of water-resistant metal-ligand combinations and functional group
modifications could make MOFs more reliable in real-world water
purification applications. Furthermore, the integration of MOFs with
membrane technologies and the development of multifunctional
systems allow for the combination of adsorption and filtration
processes on a single platform. Such hybrid systems are predicted to
offer significant advantages in terms of both performance and
operational efficiency (Yuhang Xie et al., 2024). The recent adoption
of machine learning and computational materials science approaches
in MOF design enables the prediction of stability in aqueous
environments and the faster development of MOFs suitable for target
applications. The use of these approaches in conjunction with
experimental studies offers significant potential to accelerate the
development of MOF-based water purification technologies (Batra
et al., 2020).
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Conclusion

This book chapter comprehensively addresses the emerging
applications of metal-organic frameworks (MOFs) in water
treatment, covering synthesis strategies, structural properties,
adsorption mechanisms, potential integration with membrane
technologies, and stability—durability performance in aqueous
environments. The reviewed literature clearly demonstrates that
MOFs offer significant advantages over traditional treatment
materials due to their high specific surface area, tunable pore
structure, and functional surface chemistry.

In adsorption-based water treatment applications of MOFs,
they demonstrate high performance in the removal of heavy metal
ions and organic pollutants through multiple interaction
mechanisms. The simultaneous engagement of mechanisms such as
electrostatic attraction, coordination bonding, hydrogen bonds, and
n—7 interactions enables MOFs to be effective across a wide range
of pollutants. These properties make MOFs promising adsorbents,
particularly for industrial wastewater with complex compositions.

However, the use of MOFs not only as adsorbents but also
integrated with membrane technologies enables the development of
hybrid systems that offer higher efficiency and operational flexibility
in water treatment. MOF-containing composite membranes can
improve both water flow and contaminant removal performance by
combining size exclusion and adsorption mechanisms. This
integration approach is considered an important step towards the
transition of MOFs to practical water treatment applications.

On the other hand, the stability and long-term durability of
MOFs in aqueous environments are among the critical factors
determining the success of these materials in real-world applications.
The studies reviewed show that the strength of metal-ligand bonds,
pH conditions, the presence of competitive ions, and regeneration
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processes play a decisive role in MOF performance. In this context,
it is concluded that high-performance but low-stability MOFs offer
limited benefits in practical applications, and therefore the stability—
performance balance should be a priority criterion in MOF design.

Overall, MOF-based water treatment technologies still have
significant research needs in terms of scale-up, economic feasibility,
and long-term performance in real water environments, despite
promising results obtained at the laboratory scale. Future work
focusing on developing water-resistant MOF designs, large-scale
and sustainable synthesis methods, and integration into existing
treatment infrastructure will contribute to fully realizing the potential
of MOFs in the field of water treatment.

References

Abdullah, N., Yusof, N., Ismail, A. F., & Lau, W. J. (2021). Insights
into metal-organic frameworks-integrated membranes for
desalination process: A review. Desalination, 500, 114867.
https://doi.org/10.1016/j.desal.2020.114867

Ahmadijokani, F., Molavi, H., Rezakazemi, M., Tajahmadi, S., Bahi,
A., Ko, F., ... Arjmand, M. (2022). UiO-66 metal-organic
frameworks in water treatment: A critical review. Progress in
Materials Science, 125, 100904.
https://doi.org/10.1016/j.pmatsci.2021.100904

Ahmed, 1., Hasan, Z., Lee, G., Lee, H. J., & Jhung, S. H. (2022).
Contribution of hydrogen bonding to liquid-phase adsorptive
removal of hazardous organics with metal-organic framework-
based materials. Chemical Engineering Journal, 430, 132596.

—-72--



https://doi.org/10.1016/j.cej.2021.132596

Ahmed, I, Khan, N. A., & Jhung, S. H. (2017). Adsorptive
denitrogenation of model fuel by functionalized UiO-66 with
acidic and basic moieties. Chemical Engineering Journal, 321,
40-47. https://doi.org/10.1016/j.cej.2017.03.093

Amenaghawon, A. N., Anyalewechi, C. L., Osazuwa, O. U,
Elimian, E. A., Eshiemogie, S. O., Oyefolu, P. K., & Kusuma,
H. S. (2023). A comprehensive review of recent advances in the
synthesis and application of metal-organic frameworks (MOFs)
for the adsorptive sequestration of pollutants from wastewater.
Separation and Purification Technology, 311, 123246.
https://doi.org/10.1016/j.seppur.2023.123246

Anh Nguyen, D., Viet Nguyen, D., Jeong, G., Asghar, N., & Jang, A.
(2023). Critical evaluation of hybrid metal-organic framework
composites for efficient treatment of arsenic—contaminated
solutions by adsorption and membrane—separation process.
Chemical Engineering Journal, 461, 141789.
https://doi.org/10.1016/j.cej).2023.141789

Arjmandi, M., Peyravi, M., Pourafshari Chenar, M., & Jahanshahi,
M. (2019). Channelization of water pathway and encapsulation
of DS in the SL of the TFC FO membrane as a novel approach
for controlling dilutive internal concentration polarization.
Environmental Science: Water Research & Technology, 5(8),
1436-1452. https://doi.org/10.1039/C9EW00201D

Ates, B., Koytepe, S., Ulu, A., Gurses, C., & Thakur, V. K. (2020).
Chemistry, Structures, and Advanced Applications of
Nanocomposites from Biorenewable Resources. Chemical
Reviews, 120(17), 9304-9362.
https://doi.org/10.1021/acs.chemrev.9b00553

Au, V. K.-M. (2020). Recent Advances in the Use of Metal-Organic
Frameworks for Dye Adsorption. Frontiers in Chemistry, 8,
708. https://doi.org/10.3389/fchem.2020.00708

Avci-Camur, C., Troyano, J., Pérez-Carvajal, J., Legrand, A.,
Farrusseng, D., Imaz, 1., & Maspoch, D. (2018). Aqueous

--73--



production of spherical Zr-MOF beads via continuous-flow
spray-drying. Green  Chemistry,  20(4),  873-878.
https://doi.org/10.1039/C7GC03132G

Batra, R., Chen, C., Evans, T. G., Walton, K. S., & Ramprasad, R.
(2020). Prediction of water stability of metal-organic
frameworks using machine learning. Nature Machine
Intelligence, 2(11), 704-710. https://doi.org/10.1038/s42256-
020-00249-z

Bétard, A., & Fischer, R. A. (2012). Metal-Organic Framework Thin
Films: From Fundamentals to Applications. Chemical Reviews,
112(2), 1055—-1083. https://doi.org/10.1021/cr200167v

Burtch, N. C., Jasuja, H., & Walton, K. S. (2014). Water Stability
and Adsorption in Metal-Organic Frameworks. Chemical
Reviews, 114(20), 10575-10612.
https://doi.org/10.1021/cr5002589

Chakraborty, G., Park, I.-H., Medishetty, R., & Vittal, J. J. (2021).
Two-Dimensional Metal-Organic Framework Materials:
Synthesis, Structures, Properties and Applications. Chemical
Reviews, 121(7), 3751-3891.
https://doi.org/10.1021/acs.chemrev.0c01049

Chen, D., Zhao, J., Zhang, P., & Dai, S. (2019). Mechanochemical
synthesis of metal-organic frameworks. Polyhedron, 162, 59—
64. https://doi.org/10.1016/j.poly.2019.01.024

Cheng, B., Fu, X., Song, Y., Li, Z., Weng, P., & Yin, X. (2024). A
versatile MOF liquids-based Janus fibrous membrane towards
complex oil/water separation and heavy metal ions removal.
Separation and Purification Technology, 331, 125701.
https://doi.org/10.1016/j.seppur.2023.125701

Collins, S. P., Daff, T. D., Piotrkowski, S. S., & Woo, T. K. (2025).
Materials design by evolutionary optimization of functional
groups in metal-organic frameworks. Science Advances, 2(11),
e1600954. https://doi.org/10.1126/sciadv.1600954

Dai, R., Zhang, X., Liu, M., Wu, Z., & Wang, Z. (2019). Porous
metal organic framework CuBDC nanosheet incorporated thin-

--74--



film nanocomposite membrane for high-performance forward
osmosis. Journal of Membrane Science, 573, 46-54.
https://doi.org/10.1016/j.memsci.2018.11.075

Denny, M. S., Moreton, J. C., Benz, L., & Cohen, S. M. (2016).
Metal-organic frameworks for membrane-based separations.
Nature Reviews Materials, 1(12), 16078.
https://doi.org/10.1038/natrevmats.2016.78

Du, J., Zhang, C., Pu, H., L1, Y., Jin, S., Tan, L., ... Dong, L. (2019).
HKUST-1 MOFs decorated 3D copper foam with
superhydrophobicity/superoleophilicity for durable oil/water
separation. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 573, 222-229.
https://doi.org/10.1016/j.colsurfa.2019.04.064

Du, X.-D., Y1, X.-H., Wang, P., Zheng, W., Deng, J., & Wang, C.-C.
(2019). Robust photocatalytic reduction of Cr(VI) on UiO-66-
NH2(Zr/Hf) metal-organic framework membrane under
sunlight irradiation. Chemical Engineering Journal, 356, 393—
399. https://doi.org/10.1016/j.cej.2018.09.084

Fan, H., Peng, M., Strauss, 1., Mundstock, A., Meng, H., & Caro, J.
(2020). High-Flux Vertically Aligned 2D Covalent Organic
Framework Membrane with Enhanced Hydrogen Separation.
Journal of the American Chemical Society, 142(15), 6872—
6877. https://doi.org/10.1021/jacs.0c00927

Faustini, M., Kim, J., Jeong, G.-Y., Kim, J. Y., Moon, H. R., Ahn,
W.-S., & Kim, D.-P. (2013). Microfluidic Approach toward
Continuous and Ultrafast Synthesis of Metal-Organic
Framework Crystals and Hetero Structures in Confined

Microdroplets. Journal of the American Chemical Society,
135(39), 14619-14626. https://doi.org/10.1021/ja4039642

Garay, A. L., Pichon, A., & James, S. L. (2007). Solvent-free
synthesis of metal complexes. Chemical Society Reviews,
36(6), 846—855. https://doi.org/10.1039/B600363J

Garzon-Tovar, L., Cano-Sarabia, M., Carné-Sanchez, A., Carbonell,
C., Imaz, I., & Maspoch, D. (2016). A spray-drying continuous-

--75--



flow method for simultaneous synthesis and shaping of
microspherical high nuclearity MOF beads. Reaction
Chemistry & Engineering, 1(5), 533-539.
https://doi.org/10.1039/C6RE00065G

Guo, Z., Yang, J., Li, K., Shi, J., Peng, Y., Sarkodie, E. K., ... Jiang,
L. (2023). Leaching Behavior of As and Pb in Lead—Zinc
Mining Waste Rock under Mine Drainage and Rainwater.
Toxics, Vol. 11, p. 943. https://doi.org/10.3390/toxics 11110943

Ha, J., Lee, J. H., & Moon, H. R. (2020). Alterations to secondary
building wunits of metal-organic frameworks for the

development of new functions. Inorganic Chemistry Frontiers,
7(1), 12-27. https://doi.org/10.1039/C9QI01119F

Haque, E., Lee, J. E., Jang, I. T., Hwang, Y. K., Chang, J.-S., Jegal,
J., & Jhung, S. H. (2010). Adsorptive removal of methyl orange
from aqueous solution with metal-organic frameworks, porous
chromium-benzenedicarboxylates. Journal of Hazardous
Materials, 181(1), 535-542.
https://doi.org/10.1016/j.jhazmat.2010.05.047

Hasan, Z., & Jhung, S. H. (2015). Removal of hazardous organics
from water using metal-organic frameworks (MOFs): Plausible
mechanisms for selective adsorptions. Journal of Hazardous
Materials, 283, 329-339.
https://doi.org/10.1016/j.jhazmat.2014.09.046

He, J., Xu, Y., Wang, W., Hu, B., Wang, Z., Yang, X., ... Yang, L.
(2020). Ce(II) nanocomposites by partial thermal
decomposition of Ce-MOF for effective phosphate adsorption
in a wide pH range. Chemical Engineering Journal, 379,
122431. https://doi.org/10.1016/j.cej.2019.122431

He, J., Xu, Y., Xiong, Z., Lai, B., Sun, Y., Yang, Y., & Yang, L.
(2020). The enhanced removal of phosphate by structural
defects and competitive fluoride adsorption on cerium-based
adsorbent. Chemosphere, 256, 127056.
https://doi.org/10.1016/j.chemosphere.2020.127056

Imran, M., Das, K. R., & Naik, M. M. (2019). Co-selection of multi-

--76--



antibiotic resistance in bacterial pathogens in metal and
microplastic contaminated environments: An emerging health
threat. Chemosphere, 215, 846-857.
https://doi.org/10.1016/j.chemosphere.2018.10.114

Jia, X., Zhang, B., Chen, C., Fu, X., & Huang, Q. (2021).
Immobilization of chitosan grafted carboxylic Zr-MOF to
porous starch for sulfanilamide adsorption. Carbohydrate
Polymers, 253, 117305.
https://doi.org/10.1016/j.carbpol.2020.117305

Jones, D. A., Lelyveld, T. P., Mavrofidis, S. D., Kingman, S. W., &
Miles, N. J. (2002). Microwave heating applications in
environmental engineering—a review. Resources,
Conservation and Recycling, 34(2), 75-90.
https://doi.org/10.1016/S0921-3449(01)00088-X

Karthikeyan, S., Anil Kumar, M., Maharaja, P., Partheeban, T.,
Sridevi, J., & Sekaran, G. (2014). Process optimization for the
treatment of pharmaceutical wastewater catalyzed by poly
sulpha sponge. Journal of the Taiwan Institute of Chemical
Engineers, 45(4), 1739-1747.
https://doi.org/10.1016/j.jtice.2014.01.009

Kaur, H., Devi, N., Siwal, S. S., Alsanie, W. F., Thakur, M. K., &
Thakur, V. K. (2023). Metal-Organic Framework-Based
Materials for Wastewater Treatment: Superior Adsorbent
Materials for the Removal of Hazardous Pollutants. ACS
Omega, 8(10), 9004-9030.
https://doi.org/10.1021/acsomega.2c07719

Klinowski, J., Almeida Paz, F. A., Silva, P., & Rocha, J. (2011).
Microwave-Assisted Synthesis of Metal-Organic Frameworks.
Dalton Transactions, 40(2), 321-330.
https://doi.org/10.1039/CODTO00708K

Kong, X.-J., & Li, J.-R. (2021). An Overview of Metal-Organic
Frameworks for Green Chemical Engineering. Engineering, 7.
https://doi.org/10.1016/j.eng.2021.07.001

Kouser, S., Hezam, A., & Ara Khanum, S. (2023). Rational design

--77--



and engineering of efficient metal organic framework for
visible light-driven photocatalytic carbon-di-oxide reduction.
Inorganica Chimica Acta, 546, 121287.
https://doi.org/10.1016/j.ica.2022.121287

Kumar, N., Gusain, R., Pandey, S., & Ray, S. S. (2023). Hydrogel
Nanocomposite Adsorbents and Photocatalysts for Sustainable
Water Purification. Advanced Materials Interfaces, 10(2),
2201375. https://doi.org/10.1002/admi.202201375

Kumar, P., Bansal, V., Kim, K.-H., & Kwon, E. E. (2018). Metal-
organic frameworks (MOFs) as futuristic options for
wastewater treatment. Journal of Industrial and Engineering
Chemistry, 62, 130-145.
https://doi.org/10.1016/j.jiec.2017.12.051

Kumar, P., Pournara, A., Kim, K.-H., Bansal, V., Rapti, S., & Manos,
M. J. (2017). Metal-organic frameworks: Challenges and
opportunities for ion-exchange/sorption applications. Progress
in Materials Science, 86, 25-74.
https://doi.org/10.1016/j.pmatsci.2017.01.002

Lee, J.-Y., She, Q., Huo, F., & Tang, C. Y. (2015). Metal—organic
framework-based porous matrix membranes for improving
mass transfer in forward osmosis membranes. Journal of
Membrane Science, 492, 392-399.
https://doi.org/10.1016/j.memsci.2015.06.003

Li, H., Li, L., Lin, R.-B., Zhou, W., Zhang, Z., Xiang, S., & Chen,
B. (2019). Porous metal-organic frameworks for gas storage
and separation: Status and challenges. EnergyChem, 1(1),
100006. https://doi.org/10.1016/j.enchem.2019.100006

Li, J., Wang, H., Yuan, X., Zhang, J., & Chew, J. W. (2020). Metal-
organic framework membranes for wastewater treatment and

water regeneration. Coordination Chemistry Reviews, 404,
213116. https://doi.org/10.1016/j.ccr.2019.213116

Li, Q., Li, J., Fang, X., Liao, Z., Wang, D., Sun, X., ... Wang, L.
(2018). Interfacial growth of metal-organic framework
membranes on porous polymers via phase transformation.

--78--



Chemical Communications, 54(29), 3590-3593.
https://doi.org/10.1039/C7CC09905C

Liu, C.-S., Zhang, Z.-H., Chen, M., Zhao, H., Duan, F.-H., Chen, D.-
M., ... Du, M. (2017). Pore modulation of zirconium—organic
frameworks for high-efficiency detection of trace proteins.
Chemical Communications, 53(28), 3941-3944.
https://doi.org/10.1039/C7CC00029D

Liu, H., Zhang, M., Zhao, H., Jiang, Y., Liu, G., & Gao, J. (2020).
Enhanced dispersibility of metal-organic frameworks (MOFs)
in the organic phase via surface modification for TFN
nanofiltration membrane preparation. RSC Advances, 10(7),
4045-4057. https://doi.org/10.1039/CO9RA09672H

Liu, R., Chi, L., Wang, X., Wang, Y., Sui, Y., Xie, T., & Arandiyan,
H. (2019). Effective and selective adsorption of phosphate from
aqueous solution via trivalent-metals-based amino-MIL-101
MOFs. Chemical Engineering Journal, 357, 159-168.
https://doi.org/10.1016/j.cej.2018.09.122

Liu, X., Wang, A., Wang, C., L1, J., Zhang, Z., Al-Enizi, A. M., ...
Ma, S. (2023). A general large-scale synthesis approach for
crystalline porous materials. Nature Communications, 14(1),
7022. https://doi.org/10.1038/s41467-023-42833-y

Mondol, M. M. H., & Jhung, S. H. (2021). Adsorptive removal of
pesticides from water with metal-organic framework-based
materials. Chemical Engineering Journal, 421, 129688.
https://doi.org/10.1016/j.cej.2021.129688

Mu, W., Du, S., Li, X., Yu, Q., Hu, R., Wei, H., ... Peng, S. (2019).
Efficient and irreversible capture of strontium ions from
aqueous solution using metal-organic frameworks with ion
trapping groups. Dalton Transactions, 48(10), 3284-3290.
https://doi.org/10.1039/C9DT00434C

Mueller, U., Schubert, M., Teich, F., Puetter, H., Schierle-Arndt, K.,
& Pastré, J. (2006). Metal—organic frameworks—prospective
industrial applications. Journal of Materials Chemistry, 16(7),
626—636. https://doi.org/10.1039/B511962F

--79--



Mukherjee, D., Chand Pal, S., Das, G., Gore, K. R., & Das, M. C.
(2023). Devising robust hydrophobic MOFs and its membrane
for ultra-sensitive aqueous phase detection of antibiotics and
toxic nitro-explosives and adsorption of TNP. Journal of
Environmental Chemical Engineering, 11(5), 110528.
https://doi.org/10.1016/j.jece.2023.110528

Pandey, S., Makhado, E., Kim, S., & Kang, M. (2023). Recent
developments of polysaccharide based superabsorbent
nanocomposite for organic dye contamination removal from
wastewater — A review. Environmental Research, 217, 114909.
https://doi.org/10.1016/j.envres.2022.114909

Parthasarathy, P., & Narayanan, S. K. (2014). Effect of hydrothermal
carbonization reaction parameters on. Environ. Prog. Sustain.
Energy, 33(3), 676-680.

Pasinszki, T., Krebsz, M., Chand, D., Koétai, L., Homonnay, Z., Sajo,
I. E., & Vaczi, T. (2020). Carbon microspheres decorated with
iron sulfide nanoparticles for mercury(Il) removal from water.
Journal of Materials  Science, 55(4), 1425-1435.
https://doi.org/10.1007/s10853-019-04032-3

Patangia, D. V, Anthony Ryan, C., Dempsey, E., Paul Ross, R., &
Stanton, C. (2022). Impact of antibiotics on the human
microbiome and  consequences for host health.
MicrobiologyOpen, 11(1), e1260.
https://doi.org/10.1002/mbo3.1260

Peera Sheikh Kulsum, P. G., Khanam, R., Das, S., Nayak, A. K.,
Tack, F. M. G., Meers, E., ... Biswas, J. K. (2023). A state-of-
the-art review on cadmium uptake, toxicity, and tolerance in
rice: From physiological response to remediation process.
Environmental Research, 220, 115098.
https://doi.org/10.1016/j.envres.2022.115098

Qiu, B., Shao, Q., Shi, J., Yang, C., & Chu, H. (2022). Application
of biochar for the adsorption of organic pollutants from
wastewater: Modification strategies, mechanisms and
challenges. Separation and Purification Technology, 300,
121925. https://doi.org/10.1016/j.seppur.2022.121925

--80--



Ragab, D., Gomaa, H. G., Sabouni, R., Salem, M., Ren, M., & Zhu,
J. (2016). Micropollutants removal from water using
microfiltration membrane modified with ZIF-8 metal organic
frameworks (MOFs). Chemical Engineering Journal, 300,
273-279. https://doi.org/10.1016/j.cej.2016.04.033

Rajendran, S., Priya, T. A. K., Khoo, K. S., Hoang, T. K. A., Ng, H.-
S., Munawaroh, H. S. H., ... Show, P. L. (2022). A critical
review on various remediation approaches for heavy metal
contaminants removal from contaminated soils. Chemosphere,
287, 132369.
https://doi.org/10.1016/j.chemosphere.2021.132369

Roy, D., Neogi, S., & De, S. (2021). Adsorptive removal of heavy
metals from battery industry effluent using MOF incorporated
polymeric beads: A combined experimental and modeling
approach. Journal of Hazardous Materials, 403, 123624.
https://doi.org/10.1016/j.jhazmat.2020.123624

Sharma, B., Thakur, S., Mamba, G., Prateek, Gupta, R. K., Gupta, V.
K., & Thakur, V. K. (2021). Titania modified gum tragacanth
based hydrogel nanocomposite for water remediation. Journal
of Environmental Chemical Engineering, 9(1), 104608.
https://doi.org/10.1016/j.jece.2020.104608

Shen, Y., Tong, Y., Xu, J., Wang, S., Wang, J., Zeng, T., ... Song, S.
(2020). Ni-based layered metal-organic frameworks with
palladium for electrochemical dechlorination. Applied
Catalysis B: Environmental, 264, 118505.
https://doi.org/10.1016/j.apcatb.2019.118505

Sinar Mashuri, S. 1., Ibrahim, M. L., Kasim, M. F., Mastuli, M. S.,
Rashid, U., Abdullah, A. H., ... Yun Hin, T.-Y. (2020).
Photocatalysis for Organic Wastewater Treatment: From the
Basis to Current Challenges for Society. Catalysts, Vol. 10, p.
1260. https://doi.org/10.3390/catal10111260

Singh, S., Sivaram, N., Nath, B., Khan, N. A., Singh, J., &
Ramamurthy, P. C. (2024). Metal organic frameworks for

wastewater treatment, renewable energy and circular economy
contributions. Npj Clean Water, 7(1), 124.

--81--



https://doi.org/10.1038/s41545-024-00408-4

Stock, N., & Biswas, S. (2012). Synthesis of Metal-Organic
Frameworks (MOFs): Routes to Various MOF Topologies,
Morphologies, and Composites. Chemical Reviews, 112(2),
933-969. https://doi.org/10.1021/cr200304¢

Sun, H., Tang, B., & Wu, P. (2017). Development of Hybrid
Ultrafiltration Membranes with Improved Water Separation
Properties Using Modified Superhydrophilic Metal-Organic
Framework Nanoparticles. ACS Applied Materials &
Interfaces, 9(25), 21473-21484.
https://doi.org/10.1021/acsami.7b05504

Sun, H., Tang, B., & Wu, P. (2018). Hydrophilic hollow zeolitic
imidazolate framework-8 modified ultrafiltration membranes
with significantly enhanced water separation properties.
Journal  of  Membrane  Science, 551, 283-293.
https://doi.org/10.1016/j.memsci.2018.01.053

Taheri, M., Enge, T. G., & Tsuzuki, T. (2020). Water stability of
cobalt doped ZIF-8: a quantitative study using optical analyses.
Materials Today Chemistry, 16, 100231.
https://doi.org/10.1016/j.mtchem.2019.100231

Tanaka, S., Kida, K., Nagaoka, T., Ota, T., & Miyake, Y. (2013).
Mechanochemical dry conversion of zinc oxide to zeolitic

imidazolate framework. Chemical Communications, 49(72),
7884-7886. https://doi.org/10.1039/C3CC43028F

Teng, J., Chen, Y., Ma, G., Hong, H., Sun, T., Liao, B.-Q., & Lin, H.
(2020). Membrane fouling by alginate in polyaluminum
chloride (PACI) coagulation/microfiltration process: Molecular
insights. Separation and Purification Technology, 236, 116294.
https://doi.org/10.1016/j.seppur.2019.116294

Tokalioglu, S., Yavuz, E., Demir, S., & Patat, S. (2017). Zirconium-
based highly porous metal-organic framework (MOF-545) as
an efficient adsorbent for vortex assisted-solid phase extraction
of lead from cereal, beverage and water samples. Food

Chemistry, 237, 707-715.

--82--



https://doi.org/10.1016/j.foodchem.2017.06.005

Udaya Rajesh, R., Mathew, T., Kumar, H., Singhal, A., & Thomas,
L. (2024). Metal-organic frameworks: Recent advances in
synthesis strategies and applications. Inorganic Chemistry
Communications, 162, 112223.
https://doi.org/10.1016/j.inoche.2024.112223

Wang, C., Lin, G., Xi, Y., Li, X., Huang, Z., Wang, S., ... Zhang, L.
(2020). Development of mercaptosuccinic anchored MOF
through one-step preparation to enhance adsorption capacity
and selectivity for Hg(Il) and Pb(Il). Journal of Molecular
Liquids, 317, 113896.
https://doi.org/10.1016/j.molliq.2020.113896

Wang, L., Huang, J., Li, Z., Han, Z., & Fan, J. (2023). Review of
Synthesis and Separation Application of Metal-Organic
Framework-Based Mixed-Matrix Membranes. Polymers, Vol.
15, p. 1950. https://doi.org/10.3390/polym15081950

Xiaoge, L., Yuying, S., Songtao, Z., Qingkuan, K., & Huan, P.
(2023). Application of metal organic framework in wastewater
treatment. Green Energy&Environment, 8(3), 698-721.
https://doi.org/10.1016/j.gee.2022.03.005

Xie, Yuhang, Zhang, T., Wang, B., & Wang, W. (2024). The
Application of Metal-Organic Frameworks in Water Treatment
and Their Large-Scale Preparation: A Review. Materials, Vol.
17, p. 1972. https://doi.org/10.3390/mal17091972

Xie, Yun, Wu, X., Shi, Y., Peng, Y., Zhou, H., Wu, X,, ... Pang, H.
(2024). Recent Progress in 2D Metal-Organic Framework-
Related Materials. Small (Weinheim an Der Bergstrasse,
Germany), 20(1), €2305548.
https://doi.org/10.1002/sml11.202305548

Xu, G.-R., An, Z.-H., Xu, K., Liu, Q., Das, R., & Zhao, H.-L. (2021).
Metal organic framework (MOF)-based micro/nanoscaled
materials for heavy metal ions removal: The cutting-edge study
on designs, synthesis, and applications. Coordination
Chemistry Reviews, 427, 213554.

--83--



https://doi.org/10.1016/j.ccr.2020.213554

Xu, T., Shehzad, M. A., Yu, D., Li, Q., Wu, B., Ren, X., ... Xu, T.
(2019). Highly Cation Permselective Metal-Organic
Framework Membranes with Leaf-Like Morphology.
ChemSusChem, 12(12), 2593-2597.
https://doi.org/10.1002/cssc.201900706

Xu, Y., Lv, J., Song, Y., Zhou, X., Tian, C., Hong, X., ... Lin, Z.
(2019). Efficient removal of low-concentration organoarsenic
by Zr-based metal-organic frameworks: cooperation of defects
and hydrogen bonds. Environmental Science: Nano, 6(12),
3590-3600. https://doi.org/10.1039/C9EN00923J

Yang, Fan, Efome, J. E., Rana, D., Matsuura, T., & Lan, C. (2018).
Metal-Organic Frameworks Supported on Nanofiber for
Desalination by Direct Contact Membrane Distillation. ACS
Applied Materials & Interfaces, 10(13), 11251-11260.
https://doi.org/10.1021/acsami.8b01371

Yang, Feiyu, Du, M., Yin, K., Qiu, Z., Zhao, J., Liu, C,, ... Pang, H.
(2022). Applications of Metal-Organic Frameworks in Water
Treatment: A Review. Small (Weinheim an Der Bergstrasse,
Germany), 18(11), €2105715.
https://doi.org/10.1002/sml1l.202105715

Yin, J., Kim, E.-S., Yang, J., & Deng, B. (2012). Fabrication of a
novel thin-film nanocomposite (TFN) membrane containing
MCM-41 silica nanoparticles (NPs) for water purification.
Journal of Membrane Science, 423—424, 238-246.
https://doi.org/10.1016/j.memsc1.2012.08.020

Zhang, L., Liand, F., & Luo, L. (2018). Preparation Methods of
Metal Organic Frameworks and Their Capture of CO2. IOP
Conference Series: Earth and Environmental Science, 108(4),
42104. https://doi.org/10.1088/1755-1315/108/4/042104

Zhang, M., Dong, H., Zhao, L., Wang, D., & Meng, D. (2019). A
review on Fenton process for organic wastewater treatment
based on optimization perspective. Science of The Total
Environment, 670, 110-121.

--84--



https://doi.org/10.1016/j.scitotenv.2019.03.180

Zhang, 7., Ni, X., Yao, K., Zhang, S., Liu, Y., Sun, Y., ... Zhang, Y.
(2021). An electrochemical synthesis of a rare-earth(La3+)-
doped ZIF-8 hydroxyapatite composite coating for a Ti/Ti02
implant material. New Journal of Chemistry, 45(14), 6543—
6549. https://doi.org/10.1039/DONJ05274D

Zhou, Y., Yang, Q., Zhang, D., Gan, N., Li, Q., & Cuan, J. (2018).
Detection and removal of antibiotic tetracycline in water with a
highly stable luminescent MOF. Sensors and Actuators B:
Chemical, 262, 137-143.
https://doi.org/10.1016/j.snb.2018.01.218

Zhu, Y., Liu, K., Zhang, J., Liu, X., Yang, L., Wei, R., ... Tao, F.
(2020). Antibiotic body burden of elderly Chinese population
and health risk assessment: A human biomonitoring-based
study. Environmental Pollution, 256, 113311.
https://doi.org/10.1016/j.envpol.2019.113311

Zuo, J., & Chung, T.-S. (2016). Metal-Organic Framework-
Functionalized Alumina Membranes for Vacuum Membrane
Distillation. Water, Vol. 8, p. 586.
https://doi.org/10.3390/w8120586

--85--



BOLUM 5

NONIYONIK YUZEY AKTIiF MADDELERLE
(SPAN 80) SIVI MEMBRAN ELDESI iLE KROM
(VI) GIDERIMI

HATICE DAL!

HAMDIi MIHCIOKUR?

Giris
Sanayi devrimiyle birlikte artan endiistriyel faaliyetler cevre
kirliligini ciddi boyutta etkilemektedir. Evsel atiksular aritilarak
biiyiik Olclide zararsiz hale getirilebilse de, endiistriyel atiksular
yiiksek toksik igerikleri nedeniyle ¢evre ve insan sagligi acisindan
tehdit olusturmaktadir. Ozellikle agir metaller ve biyolojik olarak
parcalanmas1 zor olan organik maddeler, biyolojik aritma
yontemleriyle yeterince giderilememekte ve bu da su kaynaklarini
ciddi sekilde tehdit etmektedir (Acar & Malkog, 2011: 255). Bu
nedenle son donemlerde atik maddelerin geri kazanilmasini
amaglayan ileri aritma teknolojileri gelistirilip uygulanmaya

baslanmistir ve membran sistemler ileri aritma teknolojilerinin
basinda gelmektedir (Y1ildiz, Namal & Cekim, 2013: 63). Membran,

! Ogretim Gorevlisi, Izmir Kavram Meslek Yiiksekokulu, Cevre Koruma
Teknolojileri Boliimii, Orcid: 0000-0002-6220-8339
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iki y1gin faz arasinda segicilik yaparak karigimlarin ayrilmasinda
kullanilan ara faz olarak tanimlanabilir (Algan, 2009: 2). Membran,
kat1, s1v1 ve gaz formda olabilir (Acar & Malkog, 2011: 256).

Sivi membranlar, 3’e¢ ayrilirlar; polimer destekli sivi
membranlar, y18in (bulk) tipi s1ivi membranlar, emiilsiyon tipi sivi
membranlar (Algan, 2009: 30).

Polimer destekli sivi membranlar, uygun bir organik
coziiclinlin bosluklu bir membrana sabitlendigi membranlardir
(Mulder, 2012: 51). Y181n tipi stvi membranlar, birbiriyle karisabilen
besleme ve siyirict fazlari birbirinden ayiran organik fazdan
olugmaktadir (Ersoz, 2007: 97). Bu membranlar, polimer destekli
stvi membran verileri ile emiilsiyon tipi sivi membran verilerini
optimize etmek amaciyla kullanilirlar (Ozevci, 2018: 60).
Emiilsiyon tipi sivi membranlar, birbiriyle karismayan iki sivinin
emiilsiyon hale getirilmesi ile hazirlanir ve bu emiilsiyonun siirekli
faz veya besleme fazda dagilmasi ile olusturulurlar (Acar ve Malkog,
2011: 256; Eyice, 2013: 32). Emiilsiyon tipi s1vi membranlar, ii¢
fazdan olusmaktadir; dis faz, membran faz ve i¢ faz. Dis faz
(besleme faz veya siirekli faz) ekstrakte edilecek ¢ozlinmiis maddeyi
igerir. I¢ ve dis fazlar fiziksel olarak ayiran faz ise membran fazdir
ve emiilsiyon stabilitesini korumak amaciyla yiizey aktif madde
icermektedir. Emiilsiyon tipi s1ivi membranlar ¢oklu emiilsiyonlar
olup, emiilsiyon ya su i¢inde organik, ya da organik i¢inde sudur.
Besleme fazi su ise su/organik/su veya su/organik tipidir, eger
besleme fazi organik ise organik/su/organik veya organik /su tipidir
(Algan, 2009: 2).

S1vi membran prosesleri arasinda en fazla uygulama alani
bulunan proses emiilsiyon tipi s1tvi membranlardir (inal, 2014: 23).
Emiilsiyon tipi sivi membranlarin diisiik ilk yatirim ve isletme
maliyetleri, kisa difiizyon mesafeleri, diisiik konsantrasyonlu
akislardan kaynakli ¢6ziinmiis maddelerin verimli ve hizl bir sekilde
geri kazanimi, biiyilik spesifik yiizey alani ve ¢ok hizli ekstraksiyon
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gibi avantajlar1 bulunmaktadir (Algan, 2009: 3). Emiilsiyon tipi siv1
membranlar, metallerin giderimi ve geri kazanilmasi, atiksu aritima,
organik ve inorganik bilesiklerin ayrilmasi, gaz ayirma, biyomedikal
ve farmasotik uygulama alanlarinda kullanilir (Kasap, 2007: 39).

Agir metallerin  sivi membran teknigi ile secimli
ekstraksiyonu bir¢ok ¢alismaya konu olmustur.

Tezcan (2020), Zr(IV) iyonlarinin ¢ok damlacikli sivi
membran sistemini kullanarak ekstaksiyonu {izerine c¢alisma
yapmistir. Zr(IV) iyonunun dondr fazdan akseptor faza kerosen
icinde ¢Ozlinmiis tri oktilamin organik tasiyici ile gerceklestirdigi
caligmada ekstraksiyon verimini %99’un iizerinde bulmustur.

Taghizadeh vd. (2008), zirkonyumun hafniyumdan ¢6ziicii
ekstraksiyonuyla ayrilabilmesi amaciyla en uygun kosullar
belirlemek  amaciyla Taguchi  yontemini  kullanmislardir.
Zirkonyumun optimum ekstraksiyonunu 2,0 M nitrik asit ve Cyanex
272 kullandiklarinda %71 bulmuslardir.

Kaya vd. (2016), Cr (VI) 'nin sudan uzaklastirilmasi i¢in
Sabit DC elektrik akimi altinda polimer inkliizyon membraninin
kullanimini aragtirarak optimize edilmis kosullar altinda 40 dakika
sonunda Cr (VI) geciriminin %98.33 oraninda oldugunu
bulmuslardir.

Chang vd. (2011), sulu ¢ozeltiden Cu(Il) geri kazanimi igin
soya yag1 bazli bir dkme sivi membran (BLM) kullanmislardir ve
1,5M H2SOs4, 150 rpm karistirma hizi, 40°C sicaklik ve 24 saat
caligma siiresi optimum c¢alisma kosullarinda %98,56 verim elde
etmislerdir.

Sabry vd. (2007), sulu ¢ozeltiden Pb(II) giderilmesi icin
emiilsiyon s1tvi membran (ELM) teknigi kullanmiglardir ve optimum
caligma kosullarinda 5 dakika temas siiresi sonunda %99-99,5 verim
elde etmislerdir.
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Bu calismada, oldukga toksik ve canli sagligi agisindan riskli
olan Cr® agr metalini emiilsiyon sivi membranlarla sulu
¢ozeltilerden giderimi amaglanmustir. Cr™® agir metalinin gevre ve
insan sagligi agisindan tehdit olusturmasi nedeniyle se¢imli olarak
aritilmasi olduk¢a 6nemlidir.

Materyal ve Metot

Membran Hazirlanisi

Membran i¢ fazi olarak 0.05 N’lik NaOH, organik faz olarak
150 ml’lik %3 Span, %97 Hegzanda hazirlanmistir. Organik faz
mekanik karistiricida 8000 rpm’de karistirilirken 150 ml’lik i¢ faz
yavag yavas eklenmistir ve ekleme islemi bittikten sonra 3 dk. daha
mekanik karistiricr ile karistirilarak sivi membran hazirlanmistir

(Sekil 1).

Sekil 1 Stvi Membran Hazirlanisi
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Cr*® Analizi

pH’1 2 ve altina disiirmek i¢cin 2 M’lik siilfiirik asit
kullanilmigtir, renkli krom komplekslerini olusturmak igin ise
asetonda ¢oziinmiis % 1°lik 1.5 Difenil karbazit (DPC) ¢ozeltisi
kullanilmistir. Daha sonra bilinen derisimlerde krom standartlar
hazirlanmis, 1’er ml DPC ve 1’er ml HoSO4 eklenerek 10 ml’ye saf
su ile tamamlanmis ve kalibrasyon egrileri olusturulmustur.
Spektrofotometrik 6l¢iimler, dalga boyu taramasi sonucu 543 nm’de
yapilmistir.

Tablo 1. Cozeltinin farkli konsantrasyonlarina karsilik gelen
absorbans degerleri

Konsantrasyon (mg/L) Absorbans (ABS)
0,1 0,115
0,2 0,211
0,4 0,385
0,8 0,760
1 0,868
Deneysel Bulgular

En Uygun Membran Miktarinin Belirlenmesi

Son hacimde 5 mg/L kirletici olacak sekilde krom standardi
ve igerisine 5 ml - 8 ml - 10 ml - 12 ml - 15 ml membran eklenmistir
ve numunelerin son hacmi 200 ml olacak sekilde saf su ile
tamamlanmigstir. Deneyler sabit karistirma hizinda ve siiresinde (300
rpm - 10 dk.) gergeklestirilmistir. Numuneler 5 kat seyreltilmistir.
1.5’lik DPC’den 1’er ml, 2 M’lik H>SO4’ten 1’er ml ve 5 kat
seyreltilmis numune Orneklerinden 8’er ml alinmistir ve renk
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degisimi gozlemlenerek spektrofotometrede Ol¢iim yapilmistir
(Tablo 2).

Tablo 2. Degisen membran miktarlarinda olgiilen kirletici
konsantrasyonlari ve giderim verimleri

Membran Miktar1 (ml) | Konsantrasyon (mg/L) Giderim Verimi (%)
5 3,40 32
8 3,70 26
10 3,50 30
12 3,65 27
15 3,55 29

En iyi giderim verimi 5 ml membranda elde edildigi i¢in
sonraki deneylerde bu membran miktar1 kullanilmistir.

En Uygun Kanistirma Hizinin Belirlenmesi

Son hacimde 5 mg/L kirletici olacak sekilde krom standardi
5’er ml membran eklenmistir ve numunelerin son hacmi 200 ml
olacak sekilde saf su ile tamamlanmistir. Numuneler 100 -150 -200
- 250 rpm karnistirma hizlarinda 10’ar dakika karistirilmistir.
Numuneler 5 kat seyreltilmistir. 1.5’lik DPC’den 1’er ml, 2 M’lik
H>SO4’ten 1’er ml ve 5 kat seyreltilmis numune 6rneklerinden 8’er
ml alinmigstir ve renk degisimi gozlemlenerek spektrofotometrede
6l¢ciim yapilmistir (Tablo 3).

Tablo 3. Degisen karistirma hizlarinda élgiilen kirletici
konsantrasyonlar: ve giderim verimleri

Karistirma Hizi (rpm) Konsantrasyon (mg/L) Giderim Verimi (%)
100 3,15 37
150 3,05 39
200 3,60 28
250 3,45 31
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En iyi giderim verimi 150 rpm karigtirma hizinda elde
edildigi i¢in sonraki deneylerde bu karistirma hizi kullanilmistir.

En Uygun Karistirma Siiresinin Belirlenmesi

Son hacimde 5 mg/L kirletici olacak sekilde krom standardi
10 ml membran eklenmistir ve numunenin son hacmi 400 ml olacak
sekilde saf su ile tamamlanmistir. Numune 150 rpm karistirma
hizinda karistirilirken 1., 2., 4., 5., 7. ve 15. dakika sonunda numune
alinmistir. Numuneler 5 kat seyreltilmistir. 1.5’1ik DPC’den 1’er ml,
2 M’lik H2SOs’ten 1’er ml ve 5 kat seyreltilmis numune
orneklerinden 8’er ml alinmistir ve renk degisimi gozlemlenerek
spektrofotometrede 6l¢iim yapilmistir (Tablo 4).

Tablo 4. Degisen karistirma stirelerinde él¢iilen kirletici
konsantrasyonlar: ve giderim verimleri

Karistirma Siiresi (dk.) | Konsantrasyon (mg/L) Giderim Verimi (%)
1 3,60 28
2 3,05 39
4 3,35 33
5 3,70 26
7 3,75 25
15 3,70 26

En iyi giderim verimi 2. dk. sonunda elde edildigi i¢in
sonraki deneylerde bu karistirma siiresi kullanilmistir.

En Uygun pH’nin Belirlenmesi

Son hacimde 5 mg/L kirletici olacak sekilde krom standardi
ve 5’er ml membran eklenmistir ve seyreltik asit - baz kullanilarak
numunelerin pH’lar1 2, 3, 4, 6 ve 7 olacak sekilde ayarlanmistir.
Numunelerin son hacmi 200 ml olacak sekilde saf su ile
tamamlanmistir. Deneyler sabit karistirma hizinda ve siiresinde (150
rpm - 2 dk.) gerceklestirilmistir. Numuneler 5 kat seyreltilmistir.
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1.5’lik DPC’den 1’er ml, 2 M’lik H2SO4’ten 1’er ml ve 5 kat
seyreltilmis numune Orneklerinden 8’er ml alinmistir ve renk
degisimi gozlemlenerek spektrofotometrede Olgiim yapilmigtir
(Tablo 5).

Tablo 5. Degisen pH degerlerinde dl¢iilen kirletici
konsantrasyonlari ve giderim verimleri

pH Konsantrasyon (mg/L) Giderim Verimi (%)
2 3,30 34
3 3,75 25
4 3,55 29
6 3,40 32
7 3,50 31

Numunenin kendi pH’sindaki (pH=5) giderim verimi daha
iyi oldugu i¢in numunenin kendi pH’s1 ile islemlere devam edilir.

Kirletici Miktarmin iki Katina Cikarilmasi Durumunda Elde
Edilecek Verimin Belirlenmesi

Son hacimde 10 mg/L kirletici olacak sekilde krom standardi
ve igerisine 5 ml membran eklenmistir ve numunenin son hacmi 200
ml olacak sekilde saf su ile tamamlanmistir. Deney sabit karistirma
hizinda ve siiresinde (150 rpm — 2 dk.) gerceklestirilmistir. Numune
5 kat seyreltilmistir. 1.5’lik DPC’den 1 ml, 2 M’lik HoSO4’ten 1 ml
ve 5 kat seyreltilmis numune 6rneginden 8 ml alinmistir ve renk
degisimi gozlemlenerek spektrofotometrede 6l¢iim yapilmustir.

Kirletici miktarinin iki katina ¢ikarildigi durumda %36
(kirletici konsantrasyonu 6,4 mg/L) giderim verimi elde edilmistir.
Farkli kirletici miktarinda da giderim veriminin degismedigi
belirlenmistir.
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Sonu¢

Calismada agir metal olan Cr'® kirleticisi, emiilsiyon sivi
membran kullanilarak giderilmeye calisgilmistir. parametreler
optimize edilmeye ¢aligilmistir Calismada membran miktar1 (5 ml, 8
ml, 10 ml, 12 ml, 15 ml), karistirma hiz1 (100 rpm, 150 rpm, 200
rpm, 250 rpm), karigtirma stiresi (1 dk., 2 dk., 4 dk., 5 dk., 7 dk., 15
dk.) ve pH’lar (2, 3, 4, 6, 7) gibi parametreler optimize edilmeye
calisilmistir. Calisma sonucunda en yiiksek giderim verimi; 5 ml
membran kullanilarak, 150 rpm’de 2 dakika karistirilarak ve
numunenin kendi pH’s1 (pH=5) ile yapilan deneyde % 39 olarak elde
edilmigtir. Ancak elde edilen verim istenilen diizeyde degildir.
Giderim veriminin daha yukarilara tasinmasi amaciyla ileriki
caligmalarda farkli membran materyalleri ve farkl i¢ faz bilesenleri
kullanilabilir. Membran stabilitesi yiiksek oldugu i¢in kromun
tamaminin i¢ faza gecemedigi disiiniilmektedir. Stabiliteyi
diisiirmek amaciyla ¢oziicii miktarlarinda degisiklik yapilabilir.
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