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Abstract

This research investigates the effectiveness of granular activated carbon (GAC) in eradicating micropollutants
(pharmaceuticals, dyes, pesticides....etc.) from treated effluents of municipal wastewater treatment plants. By using
methylene blue as a model representative organic micropollutant, the study examines the mechanisms involved in its removal.
Through batch experiments, the study demonstrates impressive removal efficiency; displaying an absorption capacity of 349.3
mg/g. Factors such as contact time, initial dye concentration and GAC particle size have an impact on the removal efficiency
while pH levels (2-11) minimally affects the absorption process. The kinetics are analyzed utilizing Langmuir and Freundlich
models. In continuous flow experiments, lab-scale GAC filters sustain remarkable removal efficiency for the target across
various flow rates. The study also addresses scalability, revealing a reduction in removal percentages from 93.9% to 88.8% as
flow rates increase from (1m3/h) to (5m3/h). These discoveries provide crucial insights into devising effective strategies to
combat the potential dangers posed by micropollutants.
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detrimental effects on aquatic organisms, ecosystem
functions, and human being. (Verlicchi et al., 2010;

1. Introduction

Micropollutants encompass a diverse group of
organic compounds, such as pharmaceuticals,
personal care products, pesticides, textile, .....etc.
which ultimately find their way to municipal
wastewater treatment plants and can easily
contaminate the surrounding environment. While
these compounds are typically present in low
concentrations in wastewater, they can have

Ahammad et al., 2019). Fresh water scarcity effect
dramatically many countries around the world,
scientists have been forced to find solutions for reuse
municipal wastewater treated effluent. Strong
limitation for reusing municipal wastewater treated
effluent was suggested to be the micropollutants
(Dong et al., 2016; Gogoi et al., 2018; Yacouba et al.,
2021). Numerous treatment technologies have been
developed to eliminate micropollutants from
municipal wastewater most of these technologies are
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complicated or highly expensive. Combination of
membrane bioreactor (MBR), nanofiltration (NF) and
advanced oxidation process (Ozonation) is utilized
for getting rid of micropollutants from municipal
effluents (Yacouba et al., 2021). Furthermore reverse
osmosis (RO) had been investigated for high removal
rate of the micropollutants (Garcia-lvars et al. 2017,
Licona et al. 2018). However, NF as well as Ro
techniques have drawbacks related to the fouling
problems in addition to the main famous limitation
through using advanced oxidation routes which
probably may cause more toxic byproducts than
starting compound needing additional treatment to
eliminate the added toxicity (Yacouba et al., 2021).

Pharmaceuticals and drugs or their derivatives
normally excreted and reached the sewerage system.
For long time ago methylene blue used as an
effective compound in medications. It has been
established that methylene blue is excreted through
urine route which find the way to municipal
wastewater treatment plants as an example of
micropollutant (Disanto and Wagner 1972; Soérengard
M. et al.,, 2019; Golovgo et al.,, 2020). Zapater-
Pereyra et al., 2017, outlined a comprehensive review
in the efficiency of using granular activated carbon
(GAC) in treating water and wastewater. This type of
carbon is distinguished by a high porosity with
extensive surface area that can adsorb a wide range of
pollutants and micropollutants (Zapater-Pereyra et
al., 2017; Falés et al., 2015).

The adsorption mechanism involves both physical
and chemical interactions between the
micropollutants and the GAC surface. Physical
adsorption occurs because of weak van der Waals
forces, while chemical adsorption takes place through
covalent or ionic bonds (Arévalo et al., 2019). The
adsorption capacity of GAC is influenced by various
factors, including the nature of the pollutants,
properties of the GAC, and operating conditions (Li
et al., 2020). There are two commonly employed
adsorption systems for micropollutant removal: batch
and continuous flow (Eusebi et al., 2019).

In batch systems, wastewater is mixed with GAC
in a tank and allowed to settle for a specific period to
facilitate the separation process, after which the
treated water is discharged (Benner et al., 2019).
Batch systems are simple and cost-effective but have
relatively low treatment capacities and require
significant land areas (Boehler et al., 2012). On the
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other hand, continuous flow systems involve passing
wastewater through a GAC bed in a column
(Radjenovi¢ et al., 2009). The GAC bed is
continuously regenerated through backwashing or air
scouring to remove the adsorbed micropollutants
(Kummerer 2013; V et al., 2009; Tang et al., 2019).
Continuous flow systems offer higher efficiency and
treatment capacities but are more complex and
expensive (Tang et al., 2019; Omran et al., 2020; Li
et al., 2019; El-Kashef et al., 2019). To achieve the
maximum removal efficiency of micropollutants
while minimizing operating costs, the optimization of
GAC filters is crucial (Li et al., 2020; Flindt et al.,
2007).

This optimization process entails selecting the
appropriate amount of activated carbon, particle size,
contact time, and regeneration method (Gu et al.,
2003). The contact time between wastewater and
GAC determines the degree of adsorption, while the
regeneration method affects the durability and
reusability of the GAC (Thomas 1944). The kinetics
of micropollutant removal by GAC filters is a
complex process influenced by factors such as the
type and concentration of micropollutants, properties
of the GAC, and operating conditions (Freundlich
1906). Various models, including Langmuir,
Freundlich, Thomas, Bohart, and Yoon, can be used
to describe this kinetics (Langmuir 1918). The
intraparticle diffusion model considers the diffusion
of micropollutants within GAC pores as an additional
rate-limiting step (Bohart 1920). In treated industrial
wastewater, multiple types of residual
micropollutants are often present, leading to
competition for adsorption sites on GAC particles
(Yoon 1984). This competition can result in reduced
removal efficiency and complicate the optimization
of GAC filters (Baker and Lonsdale 1991).

Micropollutants have become a growing concern
for environmental scientists, policymakers, and the
public at large (Schepers et al., 2011). These
pollutants are commonly found in wastewater and
have negative impacts on aquatic life and human
health (Yao et al., 2017). Consequently, there has
been increasing interest in utilizing GAC filters to
effectively remove micropollutants from wastewater
(Shon et al., 2006). This paper will provide a
thorough examination of professional materials and
methods concerning the potential removal of
micropollutants from municipal wastewater through
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the application of GAC filters in both batch and
continuous flow systems (Zhang et al., 2014). The
study will cover aspects of optimization, kinetics, and
theoretical models to shed light on this critical area of
research (Bhatnagar et al., 2018).

The novelty and significance of this work are
concerned with continuous micropollutant removal.
This research offers an innovative approach by
focusing on the complete and continuous elimination
of micropollutants from wastewater. The study
demonstrates the feasibility and effectiveness of
employing (GAC) filters in achieving not only high
but sustained removal rates over time. This work has
enhanced removal efficiency since the study provides
insights into improving the removal efficiency of
micropollutants from wastewater by exploring
various factors such as contact time, initial pollutant
concentration, GAC particle size, and pH levels, the
research identifies key parameters that significantly
impact removal rates. This helps in optimizing and
tailoring the treatment process for superior pollutant
removal. The kinetic analysis is included in this work
by employing Langmuir and Freundlich models, the
research conducts a thorough analysis of the kinetics
involved in the adsorption process.

This  analysis offers a  comprehensive
understanding of the adsorption behavior, providing
crucial information on the capacity, efficiency, and
factors influencing the removal process. The study
extends its exploration to continuous flow
experiments, which represents a departure from
traditional batch experiments. This approach allows
for a more practical and realistic simulation of real-
world scenarios, demonstrating the effectiveness of
GAC filters even under continuous flow conditions.
Addressing the implications of scalability, the study
reveals the impact of varying flow rates on removal
efficiency. The findings showcase the decreasing
removal percentages at higher flow rates,
underscoring the necessity of considering scalability
and practical applications when implementing GAC
filters in large-scale wastewater treatment. Overall,
this work's novelty lies in its comprehensive
investigation into continuous micropollutant removal
using GAC filters, its deep analysis of influential
parameters, and its implications for real-world
applications in municipal wastewater treatment for
reuse. This offers promising strategies for the
effective, ongoing removal of micropollutants from
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wastewater, thereby contributing to the advancement
of sustainable and efficient treatment practices.

2. Materials and Methods

2.1. Materials

Fig. 1 presents more illustrations of experimental
setups since A) represents a continuous lab-scale
GAC plant and the description of a compact lab-scale
setup featuring a continuous flow system with (GAC)
for treating model wastewater. The plant is equipped
with monitoring instruments to investigate related
kinetics. The system constitutes some elements such
as GAC columns for continuous flow, pumps for
wastewater circulation, monitoring instruments for
kinetic analysis, and inlet and outlet connections for
wastewater. B) presents the continuous large-scale
GAC plant and the description represents an enlarged
version of the lab-scale setup, now designed for real
wastewater treatment applications. This large-scale
plant allows the implementation of the treatment
technology in practical scenarios. The system
displays many elements such as larger GAC columns
for increased capacity, advanced instrumentation for
real-time monitoring, integration with a real
wastewater source, and control panels for system
management. C) presents a multi sieves apparatus
which constitutes an apparatus designed for the
determination of particle size distribution. Multiple
sieves with varying mesh sizes are arranged
systematically to separate and classify particles
present in the sample. This part contains some items
such as sieves of different mesh sizes, shaking or
vibrating mechanisms for efficient sieving, collection
pans for separated particles, and sample input and
output ports. These descriptions aim to provide a
conceptual understanding of each component in the
figure. For a more visual representation, you may
consider using graphic design software or consulting
with a graphic designer to create an illustrative
diagram based on these textual descriptions. The
investigation encompassed a diverse array of
substances and tools, including reagents and devices
detailed in the following sections. Granulated
activated carbon (GAC) was acquired from Carbo
Tech AC GmbH, located at Elisenstrasse 119, D-
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45139 Essen, Germany. Municipal wastewater
treatment plant located at ISWA, Uni-Stuttgart, D-
70569 Stuttgart, Germany consists of main treatment
units; primary sedimentation, aeration parallel with
rotating biological contactors (RBC), secondary
sedimentation and finally microfiltration. Treated
effluent collected after microfiltration was the main
source of the target micropollutant. Methylene blue
was supplied by Merck, Germany. pH adjustments
were made using (1 N) HCI and NaOH solutions. pH
levels were measured with a WTW pH meter, and
batch experiments were conducted in 1-L glass
beakers using a 6-set Jar-Test device.

2.2. Methods

2.2.1. Batch Experiments by 6-set Jar Test

The 6-set Jar Test is a laboratory procedure
commonly employed in water treatment and
environmental engineering to evaluate the efficiency
of coagulants and flocculants in the removal of
impurities, such as suspended particles, from water.
The test involves using six laboratory beakers or jars
to simulate and optimize the coagulation and
flocculation processes on a small scale. The primary
purpose of the 6-set Jar Test is to determine the
optimal dosage of coagulants or flocculants needed
for effective water treatment. It helps assess the
settling characteristics of suspended particles under
different conditions. Six identical jars or beakers are
filled with a representative water sample from the
source that needs treatment. Different dosages of
coagulants or flocculants are added to each jar. This
creates a range of concentrations to observe the
impact on coagulation and flocculation. The content
in each jar is mixed using a stirrer or paddles. The
mixing speed and duration simulate the process of
coagulation and flocculation in a larger treatment
system. After mixing, the contents are allowed to
settle. This phase imitates the sedimentation process
in a water treatment plant. The clarity and quality of
the water in each jar are observed after settling. This
includes looking for the formation of flocs and the
clarity of the supernatant. The dosage that produces
the clearest supernatant water with well-formed and
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settled flocs is considered the optimal dosage for
treatment. The test can be repeated with adjustments
to dosages to fine-tune the process. Turbidity
measurements or other relevant parameters may be
taken to quantify the effectiveness of the treatment at
different dosages. The results, including the optimal
dosage and observed changes, are documented for
further analysis and as a reference for the full-scale
treatment plant.

2.2.2. Continuous Flow Experiments

2.2.2. Continuous Flow Experiments

Continuous flow experiments were performed
using a laboratory-scale GAC plant (Fig. 1-A) and a
Large-Scale GAC plant (Fig. 1-B). The laboratory-
scale plant comprised a 15.5 cm column packed with
50 g of activated carbon, totaling 200 ml. In contrast,
the large-scale GAC plant had a 2 m3 volume with a
height of approximately 3.8 m, including a 40 cm
washing unit. The plant was filled with 1000 kg of
mixed GAC, equivalent to a height of about 3 m.
Wastewater entered through an up-flow path
circulated through the GAC filter, and the treated
effluent was released at the filter's summit.
Compressed air, directed towards the plant's base,
conveyed contaminated activated carbon and some
water to the washing unit, where it was cleansed and
rejuvenated. The rejuvenated GAC descended to the
filter's surface, and the cyclic process continued.
Wastewater from the washing unit was accumulated
and pumped into the activated sludge tank, serving as
a seed agent to enhance the precipitation process. The
treated water was then discharged into a nearby
surface water body, ensuring proper management of
the effluent. Particle size distribution in (GAC) was
assessed using a multi-sieve apparatus (Fig. 1-C),
segregating it into three distinct size categories. The
study employed two primary methodologies: batch
and continuous. Batch experiments utilized the 6-set
Jar Test to optimize activated carbon dose, particle
size, pH, contact time, and initial dye concentration.
Continuous experiments employed a Lab-Scale plant
(Fig. 1-A) to ascertain the most effective flow rate
and develop kinetic models. The Lab-Scale plant was
then upscaled to a Large-Scale GAC plant (Fig. 1-B)
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positioned  downstream of the  secondary
sedimentation tank and microfiltration unit in the
ISWA municipal wastewater treatment plant. A
spectrophotometer monitored and quantified pollutant
concentrations. The treated wastewater, originating
from a biologicalaerobic treatment plant, underwent

comprehensive  analysis  for  micropollutants.
Spectrophotometry measured micropollutants by
assessing the spectral absorption coefficient SAC254,
providing insights into remaining dissolved organics
(Karsten et al., 2013).

B
4
5
E

\

Fig. 1: A) Continuous Lab-scale GAC-Plant: used for the treatment of model wastewater and for finding related
kinetics B) Continuous Large-scale GAC plant: used for application of the treatment technology in real
wastewater C) Multi sieves apparatus: utilized for particle size distribution.

3. Results and Discussions
3.1. Properties of GAC and Wastewater

Table 1 presents the particle size distribution of
the (GAC) before any treatment, indicating the
percentage distribution of GAC particles within
various size ranges. The separation process Yyielded
15.239 kg of GAC, and the particle sizes were
categorized. The distribution highlights that a
significant portion of the GAC falls within the range
of 2400 pum - 1400 pm, constituting 45.15% of the
total. This size range likely includes larger particles
that may contribute to the overall filtration and
adsorption capabilities of the GAC. The finer
fractions, represented by particles greater than 1250
pm, 900 pm, and 630 pm, make up 1%, 36%, and
12% of the total, respectively. These finer particles

could enhance the surface area available for
adsorption and contribute to the effectiveness of
GAC in capturing contaminants. The smallest size
categories, including particles greater than 560 pm,
500 pm, and 250 pm, account for 4.8%, 0.37%, and
0.68%, respectively. While these fractions constitute
a smaller percentage of the total mass, they may play
a crucial role in providing additional active sites for
adsorption and improving the overall efficiency of
the GAC. The particle size distribution is a crucial
parameter as it influences the adsorption capacity and
filtration performance of the GAC. The diverse range
of particle sizes observed in Table 1 suggests that the
GAC has a varied structure, potentially offering a
well-balanced combination of adsorption capabilities.
The effectiveness of GAC in water treatment
processes often relies on the interplay of different
particle sizes, providing an optimal surface area for
the adsorption of contaminants.

Table 1: Particle size distribution using 15.239 kg of GAC before treatments

2400 um -1400 pm

>1250 pm  >900 pm >630 pum

>560 pum >500 pm >250 pum

45.15% 1.0% 36.0 % 12.0%

4.8% 0.37% 0.68%
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Table 2 provides a comparison of wastewater
characteristics  before and  after  treatment,
highlighting the changes in various parameters
following the treatment process. The parameters
examined include Chemical Oxygen Demand (COD),
Total Nitrogen, and Total Phosphorus, with values
presented in milligrams per liter (mg/L). The average
values for municipal wastewater influent and treated
effluent are reported. The significant reduction in
COD from 326 mg/L in the influent to 18.9 mg/L in
the effluent demonstrates the efficacy of the
treatment process in removing organic pollutants.
COD is a key indicator of the amount of organic
matter in wastewater, and the substantial decrease
indicates successful organic pollutant removal. The
reduction in total nitrogen from 41.8 mg/L to 22.4
mg/L suggests the effective removal of nitrogen
compounds during the treatment.

Nitrogen compounds, including ammonia
and nitrate, are common pollutants in wastewater,
and their decrease signifies improved water quality.
The treatment process has notably decreased the total
phosphorus content from 4.6 mg/L in the influent to
0.22 mg/L in the effluent. Phosphorus removal is
crucial as it is a limiting nutrient in water bodies, and
excessive  phosphorus  can  contribute  to
eutrophication. The substantial reduction reflects the
efficiency of the treatment in controlling phosphorus
levels. In summary, Table 2 indicates that the
treatment process has effectively improved the
quality of the wastewater by reducing the
concentrations of COD, total nitrogen, and total
phosphorus. The lower values in the treated effluent
suggest the successful removal of organic and
nutrient pollutants, demonstrating the potential of the
applied treatment technology in enhancing water
quality.

Table 2: Wastewater characterizations before and after treatment

Parameters Municipal wastewater influent* Treated Effluent*
COD, mg/L 326.0 18.9
Total nitrogen, mg/L 418 22.4

4.6 0.22

Total Phosphorus, mg/L

*Average of five samples

3.2. Batch Experiments
Optimization of pH, GAC Dose, Contact Time,
and Initial Concentration of Methylene Blue

To optimize the procedures for the removal of
micropollutants from real treated effluent of
municipal wastewater, a series of batch trials were
conducted using a  representative  organic
contaminant. Methylene blue dye was specifically
chosen as a suitable model contaminant for
adsorption by (GAC). The refinement of the process
was achieved through 6-set-jar test experiments. The
efficiency in eliminating methylene blue (MB) at a
concentration of 6 mg/L was assessed with a (GAC)
removal, as described in the context of the study, is
effective across various levels of acidity in
wastewater streams. If the study provides evidence or
experimental results demonstrating the effectiveness
of the adsorption process across a range of pH levels,
and if this information was not well-established or
documented in previous literature, then it could be
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dose of 2 g/L and agitation at 200 rpm for 120
minutes. The progress of dye removal was monitored
at 30-minute intervals.

The efficiency graph (Fig. 2-A) revealed that the
removal efficacy remained relatively consistent
across different pH values (2-11), with a slightly
higher preference observed at pH 2. This observation
suggests the viability of the adsorption process for
eliminating pollutants across a spectrum of acidity
levels present in wastewater streams. The statement
suggests that the adsorption process for pollutant
considered a promising finding. The removal of dye
is closely linked to the (GAC) dosage. Various GAC
doses (1 g/L, 2 g/L, 3 g/L, and 5 g/L) were employed
to achieve an approximate pH level of 7. The use of
different GAC amounts resulted in complete dye
removal, although at different timeframes.
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Higher GAC doses led to shorter times for total
elimination. For instance, a higher dose (5 g¢/L)
achieved complete dye removal within 60 minutes,
whereas a lower GAC dose (1 g¢/L) required 180
minutes for full elimination. Fig. 2-B illustrates the
impact of GAC dosage on the percentage of
methylene blue dye removal. The outcomes
demonstrate that higher doses reduce removal time,
while lower doses provide cost-efficiency, striking a
balance between time effectiveness and cost savings.
The results indicate that higher doses result in
reduced removal time, while lower doses are cost-
effective, offering a trade-off between time efficiency
and cost savings" implies a crucial aspect of the
experimental outcomes in the context of pollutant
removal using (GAC).

The observation that higher doses of GAC lead to
reduced removal time suggests that increasing the
amount of GAC enhances its adsorption capacity.
With more active sites available, the pollutant
molecules are adsorbed more rapidly, resulting in a
quicker removal process. This finding is valuable in
practical applications where time efficiency is a
critical factor. Faster pollutant removal can be
advantageous in scenarios where rapid water
treatment is required, such as in emergency response
situations or high-demand industrial processes. The
statement suggests that lower doses of GAC are cost-
effective. This can be interpreted as a trade-off
where, despite a potentially longer removal time, the
economic benefits of using less GAC may outweigh
the extended treatment duration. In real-world
applications,  cost-effectiveness is a  key
consideration. If achieving a certain level of pollutant
removal is acceptable over a more extended period,
using lower GAC doses becomes economically
viable. The study's findings provide insights into the
delicate balance between time efficiency and cost
savings. Depending on specific requirements and
constraints, water treatment operators can make
informed decisions on the appropriate GAC dosage
for their particular scenario.

The concept of a trade-off implies that there is no
one-size-fits-all  solution. Decision-makers must
carefully weigh the advantages of faster pollutant
removal against the economic considerations of GAC
usage. Lower GAC doses may have positive
implications for resource sustainability, as they
indicate a potential reduction in the overall
consumption of GAC material. Considering the life
cycle of GAC production and disposal, a reduction in
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GAC usage could contribute to minimizing the
environmental impact associated with its extraction,
manufacturing, and eventual disposal. Generally, the
results highlight the practical considerations that arise
when optimizing GAC usage for pollutant removal.
The balance between higher doses for faster removal
and lower doses for cost-effectiveness is a nuanced
decision that depends on specific operational needs
and economic factors.

The use of (GAC) with varied particle sizes,
namely GAC>900 pm, GAC<900 um, and mixed
GAC, exhibited distinct effectiveness in pollutant
removal (refer to Fig. 2-C). The results demonstrate
that as the particle size decreased, the removal
efficiency increased, while the absorption capacity
amplified with longer contact times. The limited
difference observed between mixed (GAC) and
particle size greater than 900 pm in terms of
adsorption efficiency for Methylene Blue (MB) can
be attributed to several factors.

The adsorption capacity and efficiency of GAC
are influenced by its surface characteristics, such as
pore structure and specific surface area. If the mixed
GAC and the larger particle size GAC have similar
surface properties, their adsorption performance may
not exhibit significant differences. The efficiency of
adsorption is often influenced by the contact time
between the adsorbent (GAC) and the adsorbate
(MB). If both mixed GAC and larger particle size
GAC have comparable contact times during the
adsorption process, their performance may converge.
Pore diffusion within the GAC particles can impact
the rate of adsorption. If both mixed GAC and larger
particle size GAC have similar pore diffusion
characteristics, it may lead to comparable adsorption
behavior. The nature of the adsorbate, in this case,
Methylene Blue, may play a role. If MB has a higher
affinity for specific sites on GAC that are consistent
across different particle sizes, the variation in
adsorption  efficiency may be limited. The
composition and distribution of GAC in the mixed
sample could influence its overall adsorption
capacity. If the mixture is homogenous and well-
blended, it may exhibit performance similar to larger
particle size GAC. Factors such as pH, temperature,
and initial concentration of MB can affect adsorption
behavior. If the experimental conditions were chosen
in a way that minimizes the impact of particle size
variation, it could contribute to the observed
similarity in adsorption performance. If the particle
size range of the larger GAC is not significantly
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different from the mixed GAC, the variations in
adsorption behavior may be subtle. It's possible that
the conditions tested favor both mixed GAC and
larger particle size GAC equally, minimizing the
observable differences in adsorption efficiency.
Generally, the minimal difference between mixed
GAC and particle size greater than 900 pm may

result from the interplay of various factors related to
the adsorption process, the specific characteristics of
GAC, and the experimental conditions employed in
the study. Further detailed investigations and analysis
of these factors could provide insights into the
observed similarities in performance.
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Fig. 2: A) Effect of pH on the removal efficiency of MB by GAC at different contact times B) Effect of GAC
dose in removal efficiency of MB at different contact times C) Effect of contact time on dye removal exploring

the breakthrough and reaching equilibrium.

A concentration of 2 g/L of (GAC) at pH 7 was
utilized for 120 minutes with stirring using the Jar
Test method. The effectiveness of dye absorption
exhibits an increase with higher initial dye
concentrations, allowing more dye molecules to
occupy the available active sites on the GAC (refer to
Fig. 3-A & Fig. 3-C). The removal efficiency of the
dye from wastewater is influenced by various factors,
with the concentration of the dye playing a significant
role.

The concentration of the dye in the wastewater
substantially impacts the efficiency of the treatment
process. Generally, as the dye concentration
increases, the efficiency of dye removal decreases
(refer to Fig. 3-B & Fig. 3-D). This decline in
removal efficiency with increasing dye concentration
can be attributed to several factors.
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Firstly, there is a finite number of active sites
available for adsorption on the (GAC), resulting in
competition among more dye molecules at higher
concentrations. Consequently, some dye molecules
may not find available sites for adsorption, thereby
reducing removal efficiency (Abdelfattah et al.,
2022a). Secondly, a saturation effect occurs at higher
dye concentrations, where active sites on the GAC
become saturated more quickly. Once the active sites
are saturated, the GAC becomes less effective in
adsorbing additional dye molecules.

This saturation effect leads to reduced removal
efficiency with increasing dye concentration. The
third factor relates to diffusion limitations, as higher
dye concentrations can increase mass transfer
resistance. This higher concentration may hinder the
diffusion of dye molecules to the surface of GAC
particles, limiting contact and reducing removal
efficiency (Abdelfattah et al., 2022b).
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Fig. 3: A) Initial low-range concentration of MB (2-10 mg/L): effect on dye uptake by GAC B) Initial low-range
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3.3. Adsorption Isotherm in Batch Conditions

3.3.1. Mixed AC

The data presented in Fig. 4-A elucidates the
Langmuir isotherm and its associated parameters
concerning the adsorption of (MB) on mixed (GAC).
Each parameter imparts specific characteristics to the
adsorption process. The slope, indicative of the
Langmuir constant associated with adsorption
energy, is 0.0039, suggesting a relatively low energy
of adsorption. Meanwhile, the intercept, representing
the equilibrium concentration of adsorbate molecules
on the adsorbent surface, is 0.0104, indicating a small
amount of adsorbate present at equilibrium. The
maximum monolayer adsorption capacity of the
adsorbent (gm) is 256.4103, implying a relatively
high adsorption capacity for MB. KL, another
Langmuir constant linked to the rate of adsorption,
has a value of 0.375, indicating a moderate rate of
adsorption. The RL value, also known as the
separation factor, ranges from 0.026 to 0.229,
signifying highly favorable adsorption of MB onto
the mixed GAC. The coefficient of determination
(R?) is 0.989, indicating a strong correlation between
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the Langmuir model and the experimental data. This
underscores the adequacy of the Langmuir isotherm
in describing the adsorption behavior of MB on the
mixed GAC. To summarize, the Langmuir
parameters suggest that the mixed GAC exhibits a
high adsorption capacity for MB, and the Langmuir
isotherm model aligns well with the experimental
data, providing valuable insights for predicting and
understanding the adsorption process for removing
MB from wastewater using mixed GAC.

Regarding Fig. 4-B, it depicts the Freundlich
adsorption isotherm and its associated parameters.
The slope, representing the Freundlich constant
related to adsorption intensity, is 0.3126, indicating
moderate adsorption intensity. The intercept, linked
to adsorption capacity, is 4.3454, signifying a
relatively high adsorption capacity for MB on the
mixed GAC. The 'n' value, determining adsorption
intensity, is 3.198976, suggesting favorable
adsorption behavior. Furthermore, the natural
logarithm of KF and KF itself highlights a relatively
high adsorption capacity for MB on the mixed GAC,
providing useful insights into the adsorption process.
The coefficient of determination (R?) for the
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Freundlich model and the experimental data is
0.9589, indicating a reasonably strong correlation.
This suggests that the Freundlich isotherm is
reasonably suitable for predicting and describing the
adsorption behavior of MB on mixed GAC. In
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essence, the Freundlich parameters indicate moderate
to high adsorption intensity and capacity for MB,
offering valuable insights into optimizing MB
removal from wastewater using mixed GAC.
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Fig. 4: A) Langmuir isotherm for adsorption of dye on mixed GAC and its parameters B) Freundlich
adsorption isotherm for adsorption of MB on mixed GAC and its parameters

3.3.2. GAC, Particle Size > 900 pm

The data extracted from Fig. 5-A elucidates the
Langmuir adsorption isotherm and its parameters
concerning the adsorption of Methylene Blue (MB)
on large-size (GAC). Each parameter imparts specific
insights into the adsorption behavior. The slope,
indicative of the Langmuir constant associated with
adsorption energy, is 0.004, suggesting a relatively
low energy of adsorption. Meanwhile, the intercept,
representing the equilibrium concentration of
adsorbate molecules on the adsorbent surface, is
0.0105, indicating a small amount of adsorbate
present at equilibrium. The maximum monolayer
adsorption capacity (gm) of the large-size GAC is
250, indicating a moderate adsorption capacity for
MB but less than the gm value for mixed GAC due to
the larger particle size range.

KL, another Langmuir constant related to the rate
of adsorption, has a value of 0.381, suggesting a
moderate rate of adsorption. The RL value, indicating
the separation factor, ranges from 0.026 to 0.226,
signifying highly favorable adsorption of MB onto
the large-size GAC. The coefficient of determination
(R?) for the Langmuir model and the experimental
data is 0.9889, indicating a strong correlation. This
implies that the Langmuir isotherm effectively
describes the adsorption behavior of MB on the large-
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size GAC. To summarize, the Langmuir parameters
demonstrate that the large-size GAC has a moderate
adsorption capacity for MB, with highly favorable
adsorption characteristics. The Langmuir isotherm
model fits well with the experimental data, offering
valuable insights for predicting and understanding the
adsorption process to remove MB from wastewater
using large-size GAC. Fig. 5-B, showcases the
Freundlich adsorption isotherm and the associated
parameters for MB adsorption on large-size (GAC).
The slope, representing the adsorption intensity, is
0.3028, denoting a moderate adsorption intensity.
The intercept, indicative of adsorption capacity, is
4.3467, signifying a relatively high adsorption
capacity for MB on the large-size GAC. The 'n' value,
indicating  adsorption  behavior, is 3.30251,
suggesting favorable adsorption behavior. The natural
logarithm of KF and the value of KF highlight a
relatively high adsorption capacity for MB on the
large-size GAC. The coefficient of determination (R?)
for the Freundlich model and the experimental data is
0.9544, suggesting a reasonably strong correlation.
This indicates that the Freundlich isotherm is
relatively suitable for predicting and describing the
adsorption behavior of MB on large-size GAC. In
essence, the Freundlich parameters imply moderate

0.9589
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adsorption intensity and a high adsorption capacity
for MB with large-size GAC. The Freundlich
isotherm model fits reasonably well with the

experimental data, offering insights into the
adsorption process to optimize MB removal from
wastewater using large-size GAC.
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Fig. 5: A) Langmuir adsorption isotherm for adsorption of dye on large-size GAC and its parameters B)
Freundlich adsorption isotherm for adsorption of MB on large-size GAC and its parameters

3.3.3. GAC Particle Size < 900 pm

Fig. 6-A illustrates the Langmuir adsorption
isotherm and its parameters for Methylene Blue (MB)
adsorption on small-size (GAC). The slope,
indicating relatively low adsorption energy, is
0.0037, while the intercept of 0.0114 suggests a small
amount of adsorbate at equilibrium on the GAC's
surface. The maximum monolayer adsorption
capacity (gm) is 270.27, signifying a relatively high
capacity for MB on the small-size GAC, which is
higher compared to other GACs. KL, the Langmuir
constant for the rate of adsorption, stands at 0.325,
suggesting a moderate rate. RL values ranging from
0.03 to 0.255 indicate highly favorable adsorption of
MB on the small-size GAC. With an R? value of
0.971, there's a strong correlation between the
Langmuir model and the experimental data, showing
the model's suitability for describing MB adsorption
on the small-size GAC. The small-size GAC exhibits
a notably high adsorption capacity for MB, coupled
with highly favorable adsorption characteristics,
according to the Langmuir parameters. The Langmuir
isotherm effectively describes MB adsorption on the
small-size GAC, offering valuable insights for
optimizing MB removal from wastewater using this
GAC size. In Fig. 6-B, the Freundlich parameters for
MB adsorption on large-size (GAC) are outlined. The
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slope of 0.1846 indicates relatively low adsorption
intensity, and the intercept of 4.6916 suggests a
moderate adsorption capacity for MB on the large-
size GAC. 'n,’ the exponent in the Freundlich
equation, stands at 5.417118, signaling relatively
high adsorption intensity, surpassing the values
observed for other GACs. Additionally, the Ln KF
value of 4.6916 denotes moderate adsorption
capacity, with KF at 109.0275, indicating a relatively
high adsorption capacity for MB on the large-size
GAC. The R? value of 0.8801 indicates a moderate
correlation between the Freundlich model and the
experimental data, implying the model's capacity to
describe MB adsorption on the large-size GAC.

Overall, the Freundlich parameters illustrate a
moderate adsorption capacity for MB and relatively
low adsorption intensity of the adsorption isotherm
on the large-size GAC. The Freundlich model fits
reasonably well with the experimental data, shedding
light on the adsorption process for MB removal using
large-size  GAC. However, further investigations
might be necessary to enhance the model's predictive
capabilities.
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3.4. Continuous Experiments, Lab-Scale, Model
Wastewater

Transferring the treatment process from batch to
continuous had been achieved by utilizing a lab-scale
plant containing an activated carbon filter unit (Fig. 1
B). The laminar flow existed when the flow rate did
not exceed 250 ml/min. i.e. 0.015 m3/hr.

A = nr2:ris the radius of the GAC column

A= 314 * (25)2 .. A= 19.625 cm? =0.00196
m?. q=Q/A=0.015 m%hr + 0.00196 m?

5.q=7.65mh

In the given equations, the A represents the cross-
sectional area of the GAC column. In the equation A
=1 r?, Ais calculated by multiplying the value of n
(pi, approximately 3.14) with the square of the radius
(r) of the GAC column. The resulting value of A is
19.625 cm? or 0.00196 m2. Q represents the flow rate
of fluid passing through the GAC column. In this
case, the given flow rate is 0.015 m%hr, which is the
amount of fluid passing through the column in one
hour. g represents the superficial velocity or linear
velocity of the fluid flowing through the GAC
column. It is calculated by dividing the flow rate (Q)
by the cross-sectional area (A) of the column. In this
case, the value of Q is 0.015 m3/hr and the value of A
is 0.00196 m2, which gives a value of g as 7.65 m/h
(meters per hour). The cross-sectional area (A) of the
GAC column is important for calculating the surface
area available for adsorption and determining the
efficiency of the adsorption process.

Flow rate (Q) is the rate at which the fluid passes
through the column, and it determines the contact
time between the fluid and the adsorbent material. It
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affects the adsorption kinetics and the overall
efficiency of the process. Superficial velocity (q)
represents the velocity at which the fluid moves
through the column. It is an important parameter to
consider for determining the residence time and the
mass transfer rate during the adsorption process.
Understanding and controlling these parameters is
crucial in designing and optimizing GAC columns for
effective adsorption processes.

3.4.1. Adsorption Isotherm in Continuous Flow
Conditions (At 6 mg/L MB 50 g WAC>0.9 mm in
column using flow rate of (200 £10) ml/min)

3.4.1.1. Thomas Model

Thomas’s paradigm is the simple and generally
utilized paradigm reported by many researchers
(Abdelfattah et al., 2022b; Abdelfattah et al.,
2022c; Abdelfattah et al., 2022d; Abdelfattah et
al., 2023). Thomas's model wasadapted from the
kinetics of the first-order reaction of the adsorption
model which is expressed inlinear form equation (3)
as:

C K M
Ln [(C—:) - 1] = —T’lQZ‘“" —KmGot (

Where kmn is the Thomas model constant
(L/mg.hr), Qmax is the maximum uptake of solute
(mg/g), tis the time (minutes), M mass of biosorbent,
and F is the flow rate ml/min. Co is the initial
concentration of ammonia and Ce is the
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concentration of MB in effluent solution. A
conspiracy of Ln [(Co /C)-1] against t for a given
flow rate of 120, 200, and 450 ml/min can be applied
to calculate the model constants. Figs. (7-A, 7-B and
7-C) show the linear nature of the model yielding a
virtuous fitting for the investigational results at all
flow rates with high correlation coefficients (R2). The
limitations of the Thomas model evaluated at the four
rates of flow were reported in Fig. 7-C which showed
adsorption capacity diminished with growing flow
rate. From the isotherm equation, the following
parameters can be calculated as explained below:

Slope = -Km Co (4)
so, the Km = -slope/Co (5)
And the intercept = Krh * Qmax * M/F (6)
S0, Qmax= Intercept * F/Km * M (7)

From the aforementioned equations, Kt and Qmax
can be calculated. The Thomas kinetic model
parameters for varied flow rates are illustrated in Fig.
7-C. The flow rate, expressed in ml/min, denotes the
speed of the liquid phase moving through the system.
Fig. 7-C shows three distinct flow rates: 120 ml/min,
200 ml/min, and 450 ml/min. K, the Thomas kinetic
model constant (measured in L/mg.hr), signifies the
adsorption rate, representing how swiftly the
adsorption process transpires. The respective values
in Fig. 7-C are 0.008117 L/mg.hr, 0.011133 L/mg.hr,
and 0.020167 L/mg.hr for the corresponding flow
rates.Qmax, denoting the maximum adsorption
capacity of the adsorbent material (measured in
mg/g), specifies the peak amount of adsorbate that
the adsorbent can absorb per unit mass. The values in
Fig. 7-C for Qmax are 457.3996 mg/g, 263.9712 mg/qg,
and 151.914 mg/g for the respective flow rates. R? is
the coefficient of determination, indicating the fitness
of the Thomas kinetic model to the actual data. The
R? values in Fig. 7-C for the distinct flow rates are
0.9753, 0.9885, and 0.9731, respectively. These
values reflect the degree of alignment between the
experimental data and the model predictions.

The Thomas Kkinetic model parameters offer
insights into the adsorption dynamics at various flow
rates. As the flow rate escalates from 120 ml/min to
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450 ml/min, the Ky, value increases from 0.008117
L/mg.hr to 0.020167 L/mg.hr, signifying a swifter
adsorption pace at higher flow rates. Concurrently,
Qmax values decrease from 457.3996 mg/g to 151.914
mg/g, indicating a reduction in maximum adsorption
capacity as the flow rate rises. This suggests that at
elevated flow rates, the adsorbent becomes less
effective in capturing the adsorbate.

The R? values, reflective of the model's alignment
with the actual data, maintain relatively high
consistency across all flow rates, ranging from
0.9753 to 0.9885. This underscores the robust
correlation between the model predictions and the
experimental data, affirming the Thomas Kinetic
model's precise description of the adsorption
behavior within the system.

In  conclusion, the Thomas Kkinetic model
parameters provide substantial insights into the
adsorption process at varying flow rates, offering a
means to fine-tune the adsorption system,
comprehend its kinetics, and estimate the maximum
adsorption capacity in different operational scenarios.
Notably, the study highlights that higher flow rates
lead to accelerated adsorption rates (higher K
values) but reduced maximum adsorption capacity
(lower Qmax values).

Moreover, the model demonstrates a strong fit
with the actual data across different flow rates,
demonstrating its efficacy in describing adsorption
behavior.

These findings offer valuable implications for
refining adsorption processes and comprehending the
impact of flow rates on adsorption efficiency.
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Fig. 7: Plot Thomas's mathematical model for MB adsorption by bed column at different flow rates and their
parameters A) 120 ml/min B) 200 ml/min C) 450 ml/min

3.4.1.2. Yoon and Nelson Model

This pattern estimates the possible decrease in the
rate of adsorption which is directly proportional to its
adsorption action; this model can be articulated as the
following Equation (8):

Ln[Ct/(CO-Ct)] = KY-Nt- KY-Nt50 (8)

Where CO (mg/L) is the initial load, Ce (mg/L) is
the load at time t, KYN (1/min) is the rate constant of
velocity, and t0.5 (min) is the revolution band for
50% of ammonia being adsorbed by adsorbent Figs.
(8-A and 8-B).

From the isotherm equation, the following
parameters can be calculated as explained below:

Slope = kYN (9)

and intercept = - KYN t50

- t50 = - Intercept/kKYN(11)

From the aforementioned equations, KYN and
Qmax can be calculated.

Fig. 8-C exhibits the parameters of the Yoon and
Nelson kinetic model for various flow rates. These
flow rates represent the speed at which the liquid
phase moves through the system. KYN (1/min)
denotes the rate constant of the Yoon and Nelson
kinetic model, representing the speed of the
adsorption process. The values in Fig. 8-C are 0.0489
1/min, 0.0665 1/min, and 0.121 1/min for the
respective flow rates. t50 (min) signifies the time
required for 50% of the adsorption to occur,
essentially the half-life of the adsorption process. The
values in Fig. 8-C are 31.67076 min, 10.96391 min,
and 2.813223 min for the respective flow rates. R2,

(10)
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indicating the coefficient of determination, measures
the model's fit to the experimental data.

The values in Fig. 8-C are 0.9717, 0.9887, and
0.9717 for the respective flow rates. The Yoon and
Nelson kinetic model parameters offer insights into
the adsorption behavior at different flow rates. As the
flow rate increases from 120 ml/min to 450 ml/min,
the KYN value also increases, signifying a swifter
adsorption rate. This suggests that higher flow rates
lead to more rapid adsorption kinetics. Concurrently,
the t50 values decrease as the flow rate increases,
indicating that at higher flow rates, it takes less time
for 50% of the adsorption to occur. This implies that
higher flow rates result in shorter durations to achieve
a significant level of adsorption. The R2 values,
indicative of the model's alignment with the
experimental ~data, maintain relatively high
consistency for all flow rates, suggesting a strong
correlation between the model predictions and the
actual data, affirming the accuracy of the Yoon and
Nelson kinetic model in describing the system's
adsorption behavior. In summary, the Yoon and
Nelson kinetic model parameters reveal that higher
flow rates lead to quicker adsorption rates and shorter
durations required for adsorption to take place. The
model aptly fits the experimental data, highlighting
its capacity to delineate the adsorption behavior at
varying flow rates. These findings can offer valuable
insights into understanding and refining adsorption
processes, particularly in predicting adsorption
behavior under different flow rate conditions.
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Fig. 8: Plot Yoon and Nelson's mathematical model for MB adsorption by bed column at different flow rates and
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3.4.1.3. Bohart-Adams Model

The Bohart-Adam model shows the adsorption
rate is directly proportional to the adsorbent power
and concentration used. The equation to the model is
defined below:

Ln(Ct/C0) = (KAB CO t) — KAB NO Z/U0

(12)

Where CO (mg/L) is the primary concentration, Ct
(mg/L) is the concentration at time t, KAB
(L/mg.min) is constant of Borat-Adam kinetic, No
(mg/L) is the saturation concentration, Z (cm) is the
bed depth and U0 (cm/min) is superficial velocity.
see Figs. (9-A and 9-B).

Ln(Ct/CO0) against t is plotted to find the constants

Slope = KAB CO0 (13)

. KAB = Slope/C0 (14)

Intercept = - KAB NO Z/U0 (15)

NO = -Intercept U0 / KAB Z, U0 can obtained
from the equation:

volumetric flow rate, F (cm3/min) = velocity, U0
(cm/min) * cross section area, A (cm2) i.e., U0 = F
(cm3/min) / A (cm2)

Fig. 9-C displays the parameters of the Adam-
Bohart kinetic model for various flow rates, with the
data portraying three distinct flow rates: 120 ml/min,
200 ml/min, and 450 ml/min, representing the liquid
phase's flow rate through the system. KAB
(L/mg.min) signifies the rate constant of the Adam-
Bohart kinetic model, indicating the pace of the
adsorption process. The values in Fig. 9-C are
0.005783 L/mg.min, 0.00525 L/mg.min, and
0.004817 L/mg.min for the respective flow rates. NO
(mg/L) represents the initial concentration of the
adsorbate in the liquid phase at the onset of the
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adsorption process. The values in Fig. 9-C are
378.6413 mg/L, 261.0616 mg/L, and 189.4695 mg/L
for the respective flow rates. R2 stands for the
coefficient of determination, evaluating the alignment
of the Adam-Bohart kinetic model with the
experimental data. The values in Fig. 9-C are 0.9561,
0.963, and 0.9301 for the respective flow rates. Z
(cm) symbolizes the bed height or the liquid phase's
travel distance through the adsorption column,
remaining constant at 8 cm across all flow rates. U0
(F/A) (cm/min) stands for the linear velocity or the
superficial velocity of the liquid phase passing
through the column, maintaining a constant value of
10.19108 cm/min for all flow rates.

The Adam-Bohart kinetic model parameters offer
insights into the system's adsorption behavior at
varying flow rates. The KAB values remain relatively
similar across different flow rates, suggesting similar
adsorption rates within the range of considered flow
rates. The decline in NO values with increasing flow
rates implies a dilution effect, where at higher flow
rates, the initial concentration of the adsorbate in the
liquid phase diminishes. This suggests that the target
compound gets diluted due to the amplified flow rate.
The strong R2 values imply a commendable
alignment between the Adam-Bohart kinetic model
predictions and the experimental data, affirming the
model's adequacy in delineating the adsorption
behavior in the system. The constant Z and U0 values
denote an unchanged column setup and consistent
liquid phase velocity, signifying the uniformity in the
column's height and the liquid phase's pace
throughout the experiments. In summary, the Adam-
Bohart kinetic model parameters disclose insights
into the adsorption process at varying flow rates.

Flow rate (mi/min) | 120 | 200 | 450 |

0.121
2.813223
0.9717
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The consistent KAB values suggest a relatively
stable adsorption rate. The diminishing NO values
point to the dilution effects at higher flow rates. The
robust R2 values suggest a favorable model fit with
the experimental data. The steady Z and UO values

indicate a consistent column setup and liquid phase
velocity, presenting crucial information for
understanding and optimizing the adsorption process
across different flow rate conditions.

Fig. 9: Plot Bohart's mathematical model for MB adsorption by bed column at different flow rates and their

parameters A) 120 ml/min B) 200 ml/min C) 450 ml/min

3.5. Continuous Experiments, Large-Scale, Real
Application in  Removal of Micropollutants

The treated effluent derived from the ISWA
wastewater treatment plant in Stuttgart, Germany, has
been subject to experiments to establish a correlation
between Chemical Oxygen Demand (COD) and
Specific Absorbance at 254 nm (SAC254). Fig. 10
exhibits this relationship, illustrating the connection
between the measured COD, a gauge of the oxygen
needed for oxidizing substances in wastewater, and
the SAC254, which quantifies the absorption of UV
light at 254 nm, serving as an indicator for organic
matter concentration, particularly aromatic and
conjugated organic compounds. The data from Fig.
10 delineates the link between COD and SAC254
values in the treated effluent of municipal
wastewater. This relationship provides crucial
insights into the presence of organic pollutants and
specific organic compounds present in the wastewater
treatment facility at ISWA in Stuttgart, Germany.
Analyzing the patterns or trends visible in Fig. 10
allows for a deeper comprehension of the quality and
constitution of the treated effluent. Such observations
are instrumental in evaluating the efficacy of the
wastewater treatment plant and gauging the
elimination of organic pollutants from municipal
wastewater. Moreover, SAC254 serves as a practical
and reliable parameter that can potentially serve as an
online alarm in municipal wastewater treatment
plants. Fig. 11 depicts how varying flow rates affect
the efficiency of removing Specific Absorbance at
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254 nm (SAC) concerning its representation in terms
of Chemical Oxygen Demand (COD). SAC, which
measures ultraviolet (UV) light absorption at 254 nm,
serves to estimate the concentration of organic
matter, particularly aromatic and conjugated organic
compounds. The graph in Fig. 11 shows the impact of
different flow rates on the removal efficiency of
SAC, denoted in terms of its reduction in COD. Flow
rates refer to the speed at which a fluid, such as water
or wastewater, moves through a system. By
examining the data presented in Fig. 11, the
correlation between distinct flow rates and the
resultant efficiency in SAC removal, as measured by
the decrease in COD, becomes evident. This data is
instrumental in understanding the effect of flow rates
on removing organic compounds and assists in
identifying the optimal flow rate to achieve higher
removal efficiencies.

The findings derived from this analysis offer
insights into how flow rates influence the treatment
process's efficacy in eliminating SAC. It aids in the
evaluation of different flow rate scenarios' efficiency
and helps in determining appropriate flow rates to
attain desired levels of removal efficiency for organic
pollutants, as indicated by SAC/COD.

4. Conclusions
This research delves into the efficacy of granular
activated carbon (GAC) for the elimination of
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micropollutants from the effluent of municipal
wastewater treatment plants, using methylene blue as
a representative organic compound. The study offers
valuable insights into the mechanisms governing
efficient micropollutant removal and provides a
comprehensive  understanding of the factors
influencing  this process. Batch experiments
conducted with GAC filters demonstrate remarkable
removal efficiency, showcasing an impressive
absorption capacity of 349.3 mg/g.

The study systematically examines the impact of
key variables, including contact time, initial dye
concentration, GAC particle size, and pH levels
ranging from 2 to 11. Notably, the study finds that
pH minimally affects the absorption process,
emphasizing the robustness of GAC in diverse pH
environments. The Kkinetics of micropollutant
removal are thoroughly analyzed through Langmuir
and Freundlich models, offering a detailed
perspective on the adsorption behavior. In continuous
flow experiments with lab-scale GAC filters,
sustained high removal efficiency is observed across
various  flow  rates. However,  scalability
considerations reveal a reduction in removal

y = 0.9387x + 7.2942
R = ?0.9999

0 2 4 6 8 10 12 14 16 18
SAC, 1/m

Removal, %

percentages from 93.9% to 88.8% as flow rates
increase from 1 m3/h to 5 m3/h.

These findings are of paramount importance in
devising effective strategies to address the potential
dangers posed by micropollutants in wastewater. The
research contributes to the broader understanding of
GAC as a promising tool for micropollutant removal,
laying the groundwork for further exploration and
application of this technology in real-world
wastewater treatment scenarios. As environmental
concerns related to micropollutants continue to grow,
the insights gained from this study offer a pathway
toward sustainable and efficient water treatment
practices.

In practical terms, the research outcomes suggest
avenues for designing and implementing GAC-based
filtration systems that can contribute to the
continuous improvement of water quality. As we
move forward, further research and application-
oriented studies can build upon these findings to
develop sustainable and effective strategies for
micropollutant removal, addressing environmental
and public health concerns associated with
wastewater contamination.
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Fig. 10: (A) Relation between COD and SAC254 for municipal wastewater treated effluent, ISWA, Stuttgart,
Germany (B): Effect of different flow rates in removal efficiency of SAC in the form of COD
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