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Abstract

Atrazine (ATZ) is a commonly used herbicide that can pose risks to the environment and human health.
Despite the effectiveness of bioreactors in treating organic compounds, their performance in removing
atrazine from low-strength wastewater is not yet fully understood. This study investigates the
effectiveness of moving bed biofilm reactor (MBBR) and upflow fixed bed bioreactor (FBBR) in removing
atrazine from low-strength wastewater. To evaluate the impacts of environmental conditions on atrazine
biodegradability, experiments were conducted at different atrazine concentrations, hydraulic retention
times, and nutrient ratios. All experiments were conducted at COD of 200 mg/L to evaluate bioreactor
effectiveness in removing atrazine from low-strength wastewater. The results suggest that both FBBR
and MBBR are effective in removing atrazine and COD, with FBBR showing higher removal efficiency. The
average and maximum atrazine removal efficiency was 41.8% and 75.2% in MBBR, and 48.3% and 81.6%
in FBBR, respectively. Higher nitrogen levels decreased atrazine removal, while higher HRTs and initial
atrazine concentrations improved removal efficiency in both bioreactors. The constant values of
modified Stover-Kincannon model for Kz and U,,,,, Were calculated as 4.15and 1.49 gATZ . L-1.d-1in
MBBR, and 5.73 and 2.30 gATZ . L-1.d-1 in FBBR. This study contributes to the development of efficient
and cost-effective strategies for wastewater treatment.

1. Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) is one of the most widely-used chlorine
herbicides in agricultural practices [1, 2]. Atrazine has been frequently detected in deep layers of the soil
as well as groundwater and surface water due to its excessive use and physicochemical properties such
as high solubility and stability in water [3—5]. Atrazine presence can enter aquatic ecosystems through
various pathways, including runoff from agricultural lands, leaching into groundwater, and atmospheric
deposition [6, 7]. Once released into aquatic environments, atrazine can persist for months to years and
can accumulate in sediments, aquatic plants, and organisms, resulting in potential environmental and
health risks [8—10]. Studies have linked atrazine exposure to a number of health issues in humans,
including reproductive problems, birth defects, hormonal imbalances, cancer, ovarian dysfunction, and
liver injury [11-13]. Atrazine persistence and toxicity can have negative impacts on ecological health,
such as the reduction of biodiversity and the disruption of food webs [14, 15]. Atrazine can also affect
non-target organisms such as fish, amphibians, and aquatic invertebrates [16, 17]. Exposure to atrazine
has been linked to developmental abnormalities, reduced reproductive success, and endocrine disruption
in these organisms [18, 19]. Given these potential impacts, the removal of atrazine from water bodies is
crucially important.

Conventional methods for atrazine removal, such as physical and chemical treatments, are expensive
and may generate hazardous byproducts [20]. Bioreactors, on the other hand, offer a sustainable and
cost-effective alternative by utilizing microorganisms to degrade the contaminant into harmless
compounds [21]. Bioreactors have shown promise in removing atrazine from contaminated water
sources, making them a potential sustainable solution for atrazine removal [22]. Different types of
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bioreactors have been used for Atrazine removal from wastewater [23—-30]. Biochar-amended
denitrifying bioreactor had 90% of Atrazine removal efficiency during 72-h retention time [31]. In an
anaerobic membrane bioreactor coupled with forward osmosis, atrazine removal was equal to 93.3%
[32]. In lab-scale membrane bioreactors, Phan et al., (2014), and Lopes et al., (2020) achieved Atrazine
removals of less than 36% and 45%, respectively with a hydraulic retention time of 25 hours [29, 33]. The
higher removal efficiency in the latter study might be due to higher biomass concentration in the
membrane bioreactor (MBR) (between 9.0 to 19.5 g/L)[33]. Derakhshan et al., (2018) achieved 60.5% of
atrazine removal in an anaerobic moving bed biofilm reactor (MBBR)[29]. In addition, fixed bed biofilm
reactors (FBBRs) have proven to be efficient in removing a range of contaminants from wastewater such
as total nitrogen, total phosphorus, chemical oxygen demand (COD), and other organic compounds [34,
35]. However, no studies investigated FBBR's effectiveness in removing atrazine.

The effectiveness of biofilm reactors can be influenced by several key parameters such as temperature,
hydraulic retention time, pH, and the choice of microorganisms [36, 37]. Therefore, understanding the
factors affecting the performance of bioreactors for atrazine removal is essential for the development of
efficient and reliable bioreactor systems. One of the important factors impacting atrazine biological
removal is the availability of nitrogen [38]. Although nitrogen amendments led to a decrease in atrazine
biodegradation [38-40], the impact of nitrogen levels on bioreactor performance in atrazine removal has
not yet been assessed. Despite the importance of adapting bioreactors to the treatment of low-strength
wastewater [41, 42], no study has examined the efficiency of bioreactors in removing atrazine from low-
strength wastewater.

Although bioreactors have shown potential for atrazine removal, further research is needed to optimize
their design and operation parameters for the effective removal of atrazine and to better understand the
impacts of factors affecting their performances. Despite nitrogen amendments decreasing atrazine
biodegradation, the impact of nitrogen level on bioreactor performance is unknown. There have been no
studies examining the efficiency of bioreactors in removing atrazine from low-strength wastewater or the
effectiveness of FBBRs in removing atrazine in general. This study addresses the aforementioned gaps
in the bioreactor literature by investigating the effectiveness of MBBR and upflow FBBR in removing
atrazine from low-strength wastewater under different operational conditions. To assess the impacts of
environmental conditions on atrazine biodegradability, tests were conducted at various initial atrazine
concentrations (5, 10, 15, 20, and 30 mg/L), different HRTs (5, 10, and 24 h, and different nutrient ratios
(COD to N to P) equal to 100:5:1 and 100:15:1. Moreover, all experiments were conducted with COD of
200 mg/L to evaluate bioreactor effectiveness in removing atrazine from low-strength wastewater. In
addition, we have applied the modified Stover-Kincannon model to investigate the kinetics of atrazine
elimination by MBBR and FBBR. The results of this research offer valuable knowledge about the potential
of bioreactors as a sustainable technology for atrazine removal and contribute to the development of
efficient and cost-effective strategies for water remediation.

2. Material and methods
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2.1 Chemicals and reagents

For this study, all chemicals utilized were of analytical grade and were supplied by Merck. The atrazine
standard, which had a purity level of 99.9%, was provided by Sigma-Aldrich. To prepare the stock solution
of atrazine, 3 mg of solid standard atrazine was dissolved in 100 mL of methanol, specifically designed
for high-performance liquid chromatography (HPLC). Following the filtration process using 0.4 pym filters,
the stock solution was transferred and stored in a freezer set at -20°C. The storage container used for
this purpose was an amber glass bottle, which helps protect the solution from light exposure. Atrazine
solutions used in HPLC calibration were prepared at concentrations between 0.1 mg/L and 100 mg/L by
serial dilution. Working solutions were prepared upon necessity by diluting an appropriate volume of
stock solution in methanol and kept in a fridge at 4lC.

2.2 Bioreactor configuration

To assess atrazine biodegradability and the impact of key parameters on atrazine removal, two lab-scale
bioreactors including one MBBR and one up-flow FBBR were used. The configuration and flow diagram
of the bioreactors can be found in Fig. 1. The MBBR was constructed using cuboidal plexiglass, with total
dimensions of 30 x 30 x 45 cm (length x width x height), resulting in a total volume of 40.5 L and a
working volume of 27 L. Similarly, the FBBR was also made of cuboidal plexiglass, with total dimensions
of 30 cm in length x 30 cm in width x 55 cm in height, resulting in a total volume of 49.5 L and a working
volume of 40.5 L. To ensure continuous aeration within the bioreactors, maintaining a dissolved oxygen
concentration of approximately 2 mg/L. In addition, each reactor had three air stones (20 cm) placed at

the bottom to achieve a fully mixed regime. The Kaldnes biofilm carrier occupied approximately 35% of

the working volume in each reactor. This carrier provides a biofilm-specific surface area of 480 m?/m?,

with internal dimensions of 41 mm (length) x 21 mm (diameter), and a density equal to 96 g/cm?®.
Synthetic feed for the reactors was introduced from the top of the MBBR and the bottom of the FBBR, as
depicted in Fig. 1. Moreover, outlet valves were situated in the middle of the MBBR and at the top of the
FBBR. The effluent from each bioreactor was discharged into separate sedimentation tanks with a
volume of 30 m3. These tanks were primarily utilized for sludge separation and return, if necessary.

2.3 Startup and system operation

To set up the system and initiate biofilm growth on the carriers, bioreactors were seeded by an activated
sludge collected from Ekbatan municipal wastewater treatment plant (Tehran, Iran). Approximately, half
of the working volume of the reactors was occupied by sludge, characterized by COD and mixed liquor
suspended solids (MLSS) equal to 0.5 g/L and 6.05 g/L, respectively. Then, bioreactors were operating in
the batch mode for four weeks; while synthetic wastewater was injected every 24 hours consisting of
sugar, urea (as nitrogen source), and KH2P04 (as phosphate source); with a nutrient ratio of COD:N: P =
100:5:1, and COD of 1500 mg/L. To ensure microbial activity in this stage and prevent the loss of
microorganisms, settled sludge collected in the sedimentation tank was extracted and returned to the
bioreactors. At each stage, environmental conditions inside the bioreactors were measured and if
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necessary, adjusted to optimum values to maintain an adequate microbial population for the treatment
of the wastewater. Envy et.al [43] have reported the maximum atrazine removal at 32°C; therefore, the
temperature of the influent was set to 32°C by an electric heater placed in the feed tank. In addition to
temperature, several controlled parameters were maintained during the experiment. The pH level was
kept within the neutral range by adjusting it using NaOH. The MLSS were maintained at a concentration
of 2500 mg/L, and the attached growth had a concentration of 1300 mg/L. At each stage, environmental
conditions inside the bioreactors including pH, temperature, MLSS, and dissolved oxygen were measured
and if necessary, adjusted to optimum values to maintain an adequate microbial population for the
treatment of the wastewater.

After 4 weeks of feeding bioreactors without atrazine, biofilm was formed on the surface of the carriers,
and COD removal in bioreactors reached a constant rate. After biofilm formation on carriers, atrazine
was added gradually into synthetic feed for acclimation of microorganisms to atrazine presence. The
acclimation process started with the injection of synthetic wastewater containing 0.01 mg/L atrazine,
COD of 1500 mg/L, and a nutrient ratio of COD:N: P = 100:5:1. This procedure was repeated daily (HRT =
24 h) until achieving the steady-state performance (i.e. COD removal changes below 3%) and followed by
5 similar consecutive cycles with a gradual increase of atrazine concentration in each cycle (atrazine
concentrations: 0.1, 1, 10, and 20 mg/L).

2.4 Experimental design

To investigate atrazine removal efficiency in MBBR and FFBR, and to assess the impacts of
environmental conditions on atrazine biodegradability, tests were conducted per bioreactor, at five
different initial atrazine concentrations: 5, 10, 15, 20, and 30 mg/L; three different HRT: 5, 10 and 24 h;
and two different COD to N to P ratio equal to 100:5:1 and 100:15:1 (i.e., increase in nitrogen content).
Environmental parameters include DO (2 mg/L), pH at the neutral range, attached growth equal to 1300
mg/L, temperature at 32°C, and MLSS of 2500 mg/L. Moreover, all experiments were performed with
COD of 200 mg/L in order to evaluate the effectiveness of MBBR and FBBR in removing atrazine from
low strength wastewater. Samples were collected after the steady-state performance was achieved
which usually took two HRT. Duplicate samples were collected from each bioreactor to ensure quality
assurance and quality control (QA/QC), and COD and atrazine concentrations were reported as the
average of duplicate samples. Experimental conditions applied in the study alongside COD
concentrations in influent and effluent of MBBR and FBBR are shown in Table S1.

2.5 Sample preparation and atrazine and COD analysis

To analyze atrazine and COD, a 50 mL sample was collected from each bioreactor followed by filtration
using Whatman-45 (0.4) um and storage in a refrigerator at 4°C; the amount of sample needed for COD
and HPLC analysis is 2.5 mL and 100 pL, respectively. Analytical analyses were performed in less than
12 h of sample collection. Atrazine in the effluent was analyzed with HPLC-UV spectroscopy
(MACHEREY-NAGEL, nucleodur) equipped with S 2500 sample injector, S 2100 solvent delivery system, S
3210 UV/Vis detector, S 4011 column thermo controller, and EC 250/4.6 Nucleodur 100-5 C18ec column.

Page 5/17



The mobile phase includes methanol: water (70:30, v/v) with a flow rate of 0.7 mL/min. In addition, The
HPLC sample volume was set at 10 pL. In addition, the UV detection wavelength used was 230 nm
according to Jacomini et al. 2013 [44]. Under these conditions, atrazine peaked at 3.4 min. Moreover, the
quantities of COD in effluent were carried out according to standard methods using a DR-5000
spectrophotometer [45].

2.6 Atrazine removal kinetics

Kinetic analysis is used to explain and predict the performance of biological reactors in contaminant
removal from wastewater [46]. Biological models have been developed to assess and optimize the
empirical design, to describe the relationship between vital parameters (i.e. volume, HRT, influent, and
effluent concentrations of the substrate), and to predict and monitor bioreactor performance. The
modified Stover-Kincannon model has proven to have the highest degree of precision in predicting
bioreactor performance in atrazine removal [27]. Therefore, we used the modified Stover-Kincannon
model to investigate the kinetics of atrazine removal by MBBR and FBBR.

In the modified Stover-Kincannon model, the organic removal rate for biofilm reactors is a function of the
organic loading rate as shown in Eq. (1) [47]:

.

Where dS/dt is the rate at which the concentration of a substrate is decreasing over time (g. L™'.d™"), Q
is the influent flow rate (L. d"), V is bioreactor volume (L), S, is the substrate concentration at the
influent (g. L"), and S is the substrate concentration at the effluent (g. L), U,., is maximum

utilization rate constant (3. L™'.d""), and Kg is saturation value constant (g.L™'.d ™).

( > | 15 max ( ) UI[] X
dt Q ( i'Se) U a; QS’L a;

Plotting V/Q(S;-S,) against V/QS; yield in a straight line with slope (gradient) and intercept equal to

2

Kg/Umnax @nd 1/ U,y respectively.

3. Results and discussion
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3.1 Effect of initial atrazine concentration on Atrazine
biodegradation

The removal efficiency of atrazine from wastewater depends on various factors, including atrazine
concentration at the influent. In this study, the effectiveness of MBBR and FBBR in atrazine removal from
wastewater was evaluated at various initial concentrations of atrazine including 5, 10, 15, 20, and 30
mg/L. Figure 2 indicates the atrazine removal efficiency in MBBR and FBBR at different initial
concentrations under a constant nutrient ratio equal to COD: N : P =100:5:1. In general, the atrazine
removal efficiency increased as the initial concentrations increased. For example, when the initial
concentrations of atrazine was 5 mg/L, at an HRT of 5 h, the elimination of atrazine in MBBR and FBBR
was 22.2% and 27.1%, respectively, and it reached 55.8% and 62.0% at the concentration of 30 mg/L. In
addition, at an HRT of 10 hours, atrazine removal efficiency for initial concentrations of atrazine at 5, 10,
15, 20, and 30 mg/L was 28.0%, 33.9%, 42.4%, 52.3%, and 67.0% in MBBR and 34.4%, 37.8%, 45.4%,
56.5%, and 74.2% in FBBR. At an HRT equal to 24 h, the atrazine elimination efficiency in MBBR and FBBR
was 33.1% and 39.6% at initial atrazine concentrations of 5 mg/L and it reached 75.2% and 81.6% at the
concentration of 30 mg/L, respectively.

These results are consistent with previous studies investigating biological atrazine removal from
wastewater [23-25]. For example, Baghapour et al (2013) assessed atrazine removal using a submerged
biological aerated filter and observed an increase in higher removal efficiency at higher initial
concentrations of atrazine, reaching maximum efficiency of 97.9% under the initial concentrations at 10
mg/L (highest initial concentrations) and HRT of 24 h[23]. The same trend between initial atrazine
concentrations and removal efficiency has been observed in fixed bed sequence batch reactors using a
volcanic pumice stone [25]. In some studies, the atrazine removal efficiency decreased immediately after
increasing atrazine concentrations due to the toxic shock effect caused by the increased atrazine levels,
as well as the potential inhibitory impacts of atrazine on the degrading activities of microorganisms.
However, subsequently, there was a gradual improvement in bioreactor performance, indicating an
ascending trend. This improvement can be attributed to the microbial acclimatization to the presence of
atrazine. [26—28]. Higher concentrations of atrazine may increase its accessibility to microorganisms,
resulting in increased consumption and removal efficiency of atrazine at higher initial concentrations
once the microbial consortium was acclimatized to the toxic substance in the environment.

3.2 Effect of retention time on atrazine biodegradation

Retention time can have a significant effect on the biological removal of atrazine. To assess the effect of
retention time on biological atrazine removal, three different retention times were selected (5, 10, and 24
h). Figure 3 indicates the impact of different HRT on atrazine removal efficiency in MBBR and FBBR.
Based on our results, both bioreactors exhibited an overall increase in atrazine removal as HRT
increased. For example, at an initial atrazine concentration of 5 mg/L and COD: N : P =100:5:1, atrazine
removal efficiency in MBBR and FBBR were estimated as 22.2% and 27.1%, respectively, while it reached
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28.0%% and 34.4% at HRT of 10 h, and 33.1% and 39.6% at HRT of 24 h. In addition, at initial
concentrations of 30 mg/L, removal efficiency at HRT of 5, 10, and 24 were 55.8%, 67.0%, and 75.2% in
MBBR, and 62.0%, 74.2%, and 81.6% in FBBR, respectively. Overall, at HRTs of 5 h, 10 h, and 24 h atrazine
removal efficiency was 33.1%, 42.9%, and 49.3% in MBBR, and 40.2%, 48.0%, and 56.7% in FBBR,
respectively, highlighting that atrazine removal efficiency increased with longer HRTs.

Studies have shown that longer retention times can lead to increased atrazine removal rates in biological
treatment systems [23-30, 48]. For example, one study found that increasing HRT from6to 12 hin a
laboratory-scale bioreactor resulted in a significant increase in atrazine removal efficiency from 32-72%
[27]. This trend can be explained by the fact that longer retention times provide more time for the
atrazine to come into contact with the microorganisms in the system that degrade atrazine. As the
microorganisms have more time to interact with the atrazine, they can break it down more effectively,
leading to higher removal efficiency. Despite the increase in atrazine removal efficiency with higher HRT,
our results indicate that the rate of removal was faster during the first five hours of operation in both
MBBR and FBBR and then gradually slowed down as the retention time increased. This suggests that
while longer retention times can improve atrazine removal efficiency, there may be diminishing returns
beyond a certain point.

3.3 Effect of nitrogen concentrations on atrazine
biodegradation

Studies have shown that the availability of nutrient ratios may impact the biological removal of atrazine
[30, 38]. To assess the impact of nitrogen on atrazine biodegradability, we conducted experiments under
different COD:N:P ratios, with a ratio of 100:5:1 and 100:15:1. Figure 4 indicates the impact of nitrogen
concentrations on the efficiency of MBBR and FFBR in atrazine removal. Increasing nitrogen
concentrations generally resulted in a decrease in atrazine removal efficiency in both bioreactors by up to
11.3%. Under COD:N:P ratio equal to 100:5:1, the atrazine removal efficiency was 43.8% and 50.2% in
MBBR and FBBR, respectively; while under COD:N:P ratio equal to 100:15:1, the removal efficiency was
slightly lower, with 39.7% and 46.4% in MBBR and FBBR, respectively. The results of our study indicate a
decrease in atrazine biodegradation at higher nitrogen levels, which is consistent with previous studies
[30]. Most atrazine-degrading bacteria utilized atrazine as a nitrogen source [40]. Therefore, many
studies focused on the impacts of nitrogen compounds on atrazine catabolism, and they reported that
nitrogen amendments led to a decrease in atrazine biodegradation by the indigenous microbial
population in soil [39], pure culture [40], and aquatic environments [38]. For example, atrazine removal
efficiency from water by biobarriers was reduced by 60% when nitrate was added to the water compared
to nitrogen-limiting conditions [38].

3.4 Kinetic coefficients

The biological model provides a useful tool for predicting the removal of atrazine in bioreactor systems,
and can be used to design and optimize these systems for wastewater treatment applications. The use
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of the modified Stover-Kincannon model to determine the kinetics of atrazine biodegradation has been
reported in several studies, and it has been shown to provide the highest degrees of precision in
predicting the rate of atrazine removal [27, 48]. Therefore, we have applied modified Stover-Kincannon to
assess the kinetics of atrazine removal in FBBR and MBBR. Under the nutrient ratio (COD:N:P) equal to
100:5:1, the KB and Umax constants were computed equal to 4.15 gATZ. L™'.d " and 1.49 gATZ.
L'.d"in MBBR, and 5.73 gATZ. L"'.d"" and 2.30 gATZ. L ".d""in FBBR.

Table 1
Stover—Kincannon model and Coefficients for atrazine removal in MBBR and FBBR.

Bioreactors  Up. Kg R2 Stover—Kincannon Equation

(Garz- L7.d7")  (garz- L7.d7)

MBBR 1.49 415 0.9201 Se — S. — 1.495;
L 415498
FBBR 2.30 5.73 09656 o _ g _ ass,
Y5734 98

3.5 Performance comparison of MBBR and FBBR in
atrazine removal

Our results indicate that both the FBBR and MBBR technologies are effective in removing atrazine and
COD from wastewater, although the specific performance varies depending on the specific operating
conditions. Comparing the two treatment systems, it seems that FBBR had a higher atrazine removal
efficiency than MBBR in removing both atrazine and COD. Depending on atrazine initial concentrations,
HRT, and nutrient ratio, the removal efficiency of the FBBR system ranged from 17.0-75.2% with an
average removal efficiency of 41.8%, while the MBBR system had minimum, average, and maximum
removal efficiency of 21.9%, 48.3%, and 81.6%, respectively. Based on the information provided in

Table 1, the FBBR appears to have a higher Umax and KB compared to the MBBR, indicating that FBBR
can potentially treat atrazine more efficiently. Additionally, the FBBR also has a higher R2 value,
indicating that the Stover-Kincannon equation fits the experimental data better. FBBR also performed
better in COD removal, with an average removal efficiency of 72.9%, while MBBR achieved 63.4%. Our
findings are consistent with prior studies evaluating the performance of MBBR and FBBR in contaminant
removal. For example, Choi and Lee (2012) observed that FBBR outperformed MBRR in biological
phosphate removal and denitrification and was more effective in removing COD, biochemical oxygen
demand (BOD), acetate, phosphate, and nitrate nitrogen compared to MBBR [49]. Another factor to
consider is the operational complexity and cost of the two systems. The FBBR system typically requires
more maintenance and monitoring due to the need to control biomass retention, while the MBBR system
is generally considered to be simpler to operate [50, 51].
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4. Conclusion

The study investigated FBBR and MBBR in removing atrazine from low-strength wastewater to evaluate
the efficiency of these two technologies for atrazine removal and their potential application as a cost-
effective and sustainable treatment option. To assess the impacts of environmental conditions on
atrazine biodegradability, tests were conducted at different initial atrazine concentrations (5, 10, 15, 20,
and 30 mg/L), different HRTs (5, 10, and 24 h), and different nutrient ratio ( COD: N : P) equal to 100:5:1
and 100:15:1. Moreover, all experiments were conducted with COD of 200 mg/L to evaluate bioreactor
effectiveness in removing atrazine from low-strength wastewater. In addition, we have applied the
modified Stover-Kincannon model to investigate the kinetics of atrazine removal by MBBR and FBBR.
Based on the given results, it appears that both the FBBR and MBBR technologies are effective in
removing atrazine and COD from wastewater, although the specific performance varies depending on the
specific operating conditions. Atrazine removal efficiency of FBBR was higher than MBBR in removing
both atrazine and COD. The average COD removal efficiency in MBRR and FBBR is 63.4% and 72.9%,
respectively. The average and maximum atrazine removal efficiency was 41.8% and 75.2% in MBBR, and
48.3% and 81.6% in FBBR, respectively. A reduction in atrazine removal was observed with higher
nitrogen levels in FBBR and MBBR. Higher HRTs and initial atrazine concentrations increased atrazine
removal efficiency in both bioreactors. Under the nutrient ratio equal to COD:N:P ratio of 100:5:1, the
values of KB and Umax constants were modeled to be 4.15 gATZ. L-1.d-1and 1.49 gATZ. L-1.d-1in
MBBR, and 5.73 gATZ. L-1.d-1 and 2.30 gATZ. L-1.d-1 in FBBR. This study provided valuable insights
into the potential of bioreactors as a sustainable technology for atrazine removal, leading to the
development of efficient and cost-effective wastewater treatment strategies.
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Figure 1

Configurations of up-flow fixed bed biofilm reactor (FBBR) and moving bed biofilm reactor (MBBR) used
in this study.
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Figure 2

Effect of atrazine initial concentration on removal efficiency in two bioreactors a) MBBR and b) FBBR,
under COD: N : P =100:5:1 and HRTs of 5h, 10h, and 24h.
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Figure 3

Effect of hydraulic retention time (HRT) on atrazine removal efficiency in two bioreactors a) MBBR and b)
FBBR., under COD to N to P equal to 100:5:1 and different initial concentrations of atrazine at 5, 10, 15,
20, and 30 mg/L.
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Effect of nitrogen concentrations on removal efficiency in two bioreactors a) MBBR and b) FBBR, under
different initial concentrations of 5, 10, 15, 20, and 30 mg/L and HRTs of 5h, 10h, and 24h
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Atrazine removal kinetic modeling at different Loading rates in two bioreactors a) MBBR and b) FBBR.
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