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Abstract

Nicotine is a substance widely consumed globally as a drug. Due to its toxic nature and high solubility
in water, it poses a significant threat to water quality. This study aimed to investigate the feasibility of
forming aerobic granules from nicotine-acclimated activated sludge and examine the capability of these
aerobic granules for nicotine degradation. The acclimation process led to the complete degradation of 500
mg/L of nicotine. Ultimately, the effluent concentrations of nicotine and COD were 3.4 mg/L and 53
mg/L, respectively, with the system achieving removal efficiencies of 99.14% for nicotine and 89.16%
for COD. Additionally, a 6-hour cycle (1 minute filling, 10! minute settling, 1 minute discharge, and the
remaining time for aeration) resulted in the formation of granules with diameters ranging from 2-4
millimeters and a round shape, exhibiting high strength. After 60 days, the SVI13/SVIs ratio reached 1.0.
The granular sludge showed higher extracellular polymeric substances and protein content compared to
flocculent sludge, with a protein-to-polysaccharide ratio of 2.64. Furthermore, to assess the aerobic
granules' ability to degrade and tolerate nicotine toxicity, the nicotine concentration was increased to
twice the adapted concentration (1000 mg/L), resulting in a COD removal efficiency of 90.2% in the
aerobic granular sequencing batch reactor.

Keywords: Acclimated Activated Sludge, Aerobic Granules, Nicotine Biodegradation,
Tobacco Waste, Sequence Batch Reactor.
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1. Introduction

Nicotine  (CioH1aN2), a toxic  alkaloid,
significantly impacts aquatic environments due to
sources like agricultural runoff, industrial
discharge, and cigarette waste (Wang et al.,
2004). It originates from tobacco plants and has
uses beyond cigarettes, including medical
applications. Effective and affordable methods
are needed to treat nicotine-laden wastewater
(Zhong et al., 2010). Traditional nicotine removal
techniques  include  advanced  oxidation
(Rodriguez et al., 2011), adsorption with different
adsorbents (Raki¢ et al., 2010; Lazarevic et al.,
2011; Suksri_and Pongjanyakul, 2008; Singhal
and Singh, 1976; Yang and Zhou, 2013),
photocatalysis (De Franco et al., 2014) and
nicotine extraction utilizing organic solvents
(Maduro and Aznar, 2007).

However, biological processes are favored for
balancing performance and cost (Meng et al.
2010). Studies have isolated nicotine-degrading
microbes and enhanced these in activated sludge!
(Zhang et al., 2019; Ruan et al., 2018; Gong et al.,
2016; Wang et al., 2009; Wang et al., 2013). AS
faces challenges with nicotine due to its toxicity
and resistance to degradation. Microbial
adaptation has shown promise in protecting
against toxic shocks (Peng and Ling, 2017).
Aerobic granular sludge? technology offers
advantages over conventional AS, such as better
settling, compact structure, and higher tolerance
to toxins (Liu et al., 2021; Adav et al., 2008).

This study aimed to investigate the long-term
acclimation of AS microorganisms to nicotine
and the potential of cultivating AGS for treating
nicotine-containing synthetic wastewater.

2. Materials and methods

2.1. Seed sludge and materials

To maintain microbial diversity, primary AS was
obtained from a municipal wastewater treatment
plant (Anzali city, Iran). Nicotine with 99%
purity was used (Sigma Aldrich, Germany). All
chemicals used were of analytical grade.

2.2. Methods

The study began with 24-hour aeration of AS to
eliminate organic compounds, using a Plexiglas
reactor with a 1-liter volume. An aeration pump
ensured proper mixing and maintained dissolved
oxygen levels between 3-5 mg/L. Initially, mixed

1 Activated Sludge (AS)
2 Aerobic Granular Sludge (AGS)

Water and Wastewater

Vol. 35, No. 2, 2024

liquid suspended solids® were 1500 mg/L, and the
MLVSS/MLSS ratio was 0.85. The process cycle
was 24 hours, with one hour for settling. Half the
volume was replaced with a synthetic substrate
containing nicotine after each cycle, maintaining
a C:N:P ratio of 100:5:1 using NH.CI and
KH;PO,4 as nitrogen and phosphorus sources,
respectively, at room temperature (20 £ 1°C).
Nicotine concentration was gradually increased,
and performance was monitored over 22 weeks.

2.3. Granulation

For granulation, a 1-liter graduated cylinder
served as a sequential batch reactor®. It had a
working volume of 800 ml, with effluent added at
the top and discharged from a valve 9 cm above
the bottom, maintaining a 50% volume exchange
ratio®. The adapted AS from the previous step
was used as biomass. To maintain the cycle time,
settling time was reduced while aeration time
increased. The reactor was fed synthetic
wastewater based on glucose, with an organic
loading rate of 2 kg COD m d, and included
CaCl, and MgSO4. The feeding cycle was 6
hours, with settling time gradually reduced from
10 to 1 minute.

To assess the effect of nicotine on aerobic
granules®, the system was fed nicotine at 1000
mg/L, replacing glucose over one week to avoid
shock. This concentration was twice that of the
adaptation phase, testing AG's resistance and
pollutant removal efficiency compared to
acclimated AS.

2.4. Analytical analysis

Analytical methods included measuring COD,
MLVSS, MLSS, SVI7, phosphorus, and ammonia
nitrogen per APHA standards (American Public
Health Association, 1926). Nicotine
concentrations were analyzed using HPLC?® with
an Agilent C18 column and UV detector. EPS®
was extracted using Chang's thermal method
(Chang and Lee, 1998), with protein and
polysaccharide concentrations measured by
Lowry's and Dubois' methods, respectively
(Lowry et al., 1951; Dubois et al., 1956).

3 Mixed Liquid Suspended Solids (MLSS)

4 Sequential Batch Reactor (SBR)

5 Volume Exchange Ratio (VER)

6 Aerobic Granules (AG)

7 Sludge Volume Index (SVI)

8 High Performance Liquid Chromatography (HPLC)
9 Extracellular Polymeric Substances (EPS)
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Fig 1. Removal rates changes (a. COD removal rate and b. Nicotine removal rate)
at different influent nicotine concentrations

3. Results and discussion

3.1. Acclimation process of AS

Nicotine concentration in the feed was increased
weekly from 25 to 500 mg/L over 20 weeks, then
maintained at 500 mg/L for two weeks. As it is
shown in Fig. 1 (a and b), initially, MLSS and
MLVSS decreased due to nicotine toxicity and
low organic content. At 175 mg/L nicotine, MLSS
hit its lowest (600 mg/L), stabilizing until 225
mg/L, with MLVSS/MLSS ratio improving from
0.5 to 0.61. Feeding 500 mg/L nicotine for 21
days led to MLSS growth and MLVSS/MLSS
ratio recovery to 0.89. Pollutant removal
efficiency varied initially; COD removal
decreased at 125 mg/L nicotine while nicotine
removal remained stable. At concentrations above
250 mg/L, pollutant removal improved, indicating
microbial adaptation. After three weeks at 500
mg/L nicotine, nicotine and COD removal
efficiencies reached 99.14% and 89.16%,
respectively, demonstrating successful microbial
acclimation to nicotine.

3.2. Granulation

Granule in the granulation process, a 6-hour cycle
was used, gradually reducing the settling time
from 10 to 1 minute over three phases. Initially, a
10-minute settling time was applied for one week,
then reduced to 5 minutes in the second phase,
and finally to 1 minute in the third phase. As the
settling time decreased, the sludge became more
compact and formed immature granules, which
matured into larger, round shapes within a week.
In the second phase, dark brown granules (4-2
mm) formed, and most sludge transformed into
small yellow granules. By the third phase, with a
1-minute settling time, suspended particles were
washed away, leading to uniform, compact,
round, yellow granules.

Granule formation increased particle density,
speeding up settling. A reliable method to detect
sludge granulation is comparing SVIs and SVl
values. De Kreuk et al. suggested that a
SVI3/SVIs ratio of 1.0 indicates complete
granulation (De Kreuk et al., 2007). After 60
days, no flocculent sludge was observed, and the
ratio was 1.0, confirming complete granulation.

Protein and polysaccharide are the main
components of EPS, with total EPS content
increasing during granulation (shown in Table 1).
The protein content in granular sludge grew more
than polysaccharides, due to its hydrophobic
nature, leading to a protein-to-polysaccharide
ratio (PN/PS) of 2.64. This ratio enhances system
strength and granulation.

Table 1. EPS, protein, polysaccharide contents,
and PN/PS ratio in activated sludge and
aerobic granules

EPS (mg/g VSS sample)
System
4 EPSur PS PN PN/PS
AS 2197095 9.65+0.31 12.32+0.23 1.28
AG  61+1.23 16.75+0.54 44.24+0.82 2.64
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To remove nicotine from wastewater, a 24-
hour HRT! was used. Initially, a lower nicotine
concentration with glucose was introduced to
prevent shock loading, gradually removing
glucose. Despite a decrease in granule size
initially due to reduced organic loading rate and
shock from changing the carbon source, the
system remained stable, without significant
changes in SVI. Nicotine concentration was
increased up to 1000 mg/L to test granule strength
and shock tolerance. Although COD removal

1 Hydraulic Retention Time (HRT)
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efficiency initially decreased, it reached 90.2%
after two weeks, demonstrating the aerobic
granules' potential in removing toxic substances
and their resistance to shock.

4. Conclusion
During AS adaptation, nicotine was the sole
carbon and energy source, achieving 99.14%
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nicotine removal and 89.16% COD removal. The
adapted sludge formed 2-4 mm brown aerobic
granules within 60 days, using a 6-hour feeding
cycle. Granulation improved settling, with
SVI3/SVIs reaching 1.0. To test nicotine
tolerance, the nicotine concentration was doubled,
and the granules effectively biodegraded it,
achieving 90.2% COD removal efficiency.
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Table 1. The performance of SBR in the acclimation process
Parameter COD (mg/L) Nicotine (mg/L) N-NHs (mg/L) P (mg/L)
Influent 490 500 24.45 4.90
Effluent 53+12 4.30+0.9 4.390.64 0.93+0.23
Removal rate (%) 89.16+1.84 99.14 + 0.65 82.04+ 0.87 81.02+ 0.45
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Table 2. EPS, protein, polysaccharide contents and PN/PS ratio in activated sludge (AS) and aerobic granules

S EPSur = (g\g/g e Saml?alﬁl) PN/PS

AS 21.97+0.95 9.65+0.31 12.32+0.23 1.28

AG 61+1.23 16.75£0.54  44.24+0.82 2.64
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Table 3. The performance of AGBR
Parameter Influent Effluent Removal rate (%)

COD (mg/L) 1000 9816 90.20+1.56
N-NHs (mg/L) 50.04 3.41+0.83 93.18+0.76
P (mg/L) 10.01 1.79+0.21 82.12+0.34
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Fig. 6. COD removal rate of aerobic granules in different
influent Nicotine concentration
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