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Abstract

With the rapid growth of global population and the continuously industrial expansion,
the water pollution caused by heavy metals has become a serious environmental issue.
Chromium (Cr) contamination is one of them, which has a wide range of industrial
sources and high toxicity. As a common valence state, hexavalent chromium (Cr (V1)) is
considered to be highly lethal to most organisms due to its high water solubility, high
toxicity, carcinogenicity and mutagenicity. Various technologies have been trialed to treat
the Cr-containing wastewater, including physical, chemical and biological methods.
Among them, biosorption has gradually attracted more researchers' attention because of
its simple operation, low cost and less secondary pollution. As an emerging technology
and efficient biomaterial, aerobic granular sludge (AGS) has been attempted for Cr (V1)
adsorption from wastewater due to its high concentration of biomass retention and dense
structure. However, up to now, few studies focused on the bioactivity and sustainability
of AGS during and after Cr (V1) adsorption. Considering the difficulty in Cr-loaded AGS
disposal and the long time requirement for AGS formation, this study for the first time
explored dynamic adsorption/desorption processes on AGS in order to realize the reuse
and recycling of AGS, and removal and recovery of Cr from wastewater.

Firstly, the effects of Cr (VI) desorption on AGS bioactivity and stability were
investigated in batch tests. Results show that among the five desorbents tested, sodium
carbonate (Na2CO3) was found to be the most effective one for the desorption of Cr (V1)
from Cr-loaded AGS. When 1 M Na2COs was used, the desorption efficiency of Cr (V1)
was 33.65 =+ 0.76% in 180 min, which increased with the increase in Na;CO3
concentration and contact time. In comparison to the pseudo-first-order kinetic model,
the desorption data showed a better fit to the pseudo-second-order kinetic one (R? = 0.985-
0.995). Specific oxygen uptake rate (SOUR) was detected to decrease from the initial
22.38 £1.37 mg-0,/g-VSS h to 5.55 +=1.42 mg-02/g-VSS Hh when the desorption was
processed in 1M Na>COs for 60 min, with the integrity coefficient increased from 5.52%
to 25.63%. During the desorption process, the loss of cations such as Ca?*, Mg?* and K*
in the AGS mainly came from EPS, especially tightly bound part (TB-EPS), which is
likely the main reason for the decline of granular bioactivity and stability. In addition,
proteins rather than polysaccharides in extracellular polymeric substances (EPS) were
found to be more sensitive to the increasing NaCOsz concentration during the desorption
process.

Secondly, the effects of dynamic adsorption/desorption on AGS were studied in
sequencing batch reactors (SBRs). This dynamic process shows some decrement effect



(about 11%) on Cr (V1) removal, with a cumulative Cr (V1) removal of 1.87 or 2.11 mg,
respectively on day 35 with or without dynamic adsorption/desorption process. Under no
dynamic adsorption/desorption (control) condition, the granule settleability was better,
while reflected a cumulative inhibitory effect on nitrification. On the other hand, the test
reactor under dynamic adsorption/desorption demonstrated mitigated inhibition effect of
Cr (VI) on NH4*-N removal after operation for 13 days. Results from three different AGS
desorbed biomass proportion (25%, 50%, 75%) and two desorption frequencies (1 time/d,
1 time/2d) show that the biomass desorption ratio has limited effect on the cumulative Cr
(V1) adsorption amount, but greatly impacted the cumulative desorbed Cr (V1) amount
with maximum value obtained in the reactor with 75% biomass desorption ratio. In
addition, desorption frequency at 1 time/2d was conducive to the cumulative Cr (VI)
adsorption amount, while 1 time/d achieved a higher cumulative desorbed Cr (V1) amount.
After 13 days’ operation, all the test reactors to some extent demonstrated similar
mitigation effects on the inhibition of bioactivity and NH4"-N removal caused by Cr (VI),
which is more obviously at 1 time/d in the reactor with 50% biomass desorption ratio
during days 25-30.

Lastly, the effects of different organic loading rates (OLRs) on the removal and
recovery of Cr (V1) in addition to the changes of physicochemical characteristics of AGS
were investigated under dynamic adsorption/desorption condition. The AGS system
operated at a higher OLR (2 kg COD/m?3 day) obtained Cr (V1) adsorption amount of 2.15
mg and desorption amount of 0.46 mg Cr (V1), respectively, which were apparently higher
than those of other two reactors at lower OLRs. During the adsorption/desorption, all the
indices relating to AGS properties and bioactivities worsened, including SOUR, integrity
coefficient, biomass centration, settling velocity, size and morphology, especially at low
OLRs. A higher OLR (2 kg COD/m? day tested in this study) was found to be beneficial
for the maintenance of AGS stability during Cr-containing wastewater treatment by using
dynamic adsorption/desorption AGS system.

Results from this study imply that dynamic adsorption/desorption process could be
promising for continuous Cr (V1) removal by AGS and the recycling of AGS. This work
can also provide experimental evidence and theoretical support for the application of
dynamic adsorption/desorption process in the treatment of other heavy metal-containing
wastewater by using the novel AGS biotechnology.

Keywords:  Aerobic granular sludge (AGS); Cr (VI); Dynamic
adsorption/desorption; Organic loading; Wastewater treatment
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Chapter 1 Introduction

The continuous industrialization and rapid population growth worldwide have led to
a significant increase in energy consumption, solid waste production and wastewater
discharge. Among them, the problem of wastewater discharge is becoming more and more
serious, leading to the deterioration of the environment and seriously affecting the safety
of food chain and human health. With the improvement of people's awareness of
environmental protection, the problem of water environment pollution has become one
of the focuses of environmental protection and governance.

This chapter addresses the water environment issues, especially the pollution caused
by chromium-containing wastewater and existing treatment methods. The basic
knowledge and application of the new aerobic granular sludge (AGS) technology are also
introduced, with the research theme and purpose being arrived at last.

1.1 Water environment pollution

Water pollution is a worldwide problem and it has great potential to affect human
health. In fact, the impact of water pollution is considered to be the main cause of human
death worldwide, and water pollution widely affects natural body of water, making it a
global concern (Khan and Ghouri, 2011). It was reported that one-sixth and more than
one-third of the world’s population lack access to safe water and lack basic sanitation
facilities, respectively (Khan and Ghouri, 2011). The main sources of water pollution
come from domestic sewage, industrial discharge and agricultural activities, including
fertilization and spraying of pesticides. In many areas or regions, a large amount of
domestic sewage containing toxic substances, solid waste, plastic garbage and bacterial
pollutants is discharged into natural water bodies without treatment, which has triggered
water pollution. Different industrial wastewater discharged into natural water bodies
without proper treatment is another major cause of water pollution (Kamble, 2014).
Harmful substances emitted by industry are the cause of surface water and groundwater
pollution. It was reported that only 60% of the fertilizer is used in the soil, and the
remaining chemicals are immersed in the soil which will further contaminate the water
environment. Excessive nutrients such as phosphorus and nitrogen runoff lead to
eutrophication and deteriorate water quality. Pesticides containing chemical substances
will directly pollute the water environment and affect water quality (Mehtab et al., 2017).



1.2 Heavy metal pollution problems in water

The global water pollution situation is becoming more and more serious. With the
continuous industrialization, the pollution caused by industrial wastewater is becoming
increasingly prominent, especially heavy metal pollution. Human activities from industry,
mining, agriculture sectors may release heavy metals into the environment (Cao et al.,
2017). Various sources of different heavy metals are shown in Table 1-1 (Paul, 2017).
Because of its non-biodegradability and bioaccumulation through the food chain, heavy
metals, a kind of inorganic pollutants, have a variety of negative effects on organisms.

Some heavy metals, such as Cr, Cd and Pb, without any biological functions, are
toxic elements that are not easily biodegradable in living organisms. Moreover, they
usually cause adverse effects on animals and humans with its accumulation exceeding
certain limits (Pandey and Sharma, 2014; Singare, 2012). For example, Pb is known to
be toxic to nerves, especially for children, due to its ability to compete with calcium (Ca?*)
for nerve function (Lidsky and Schneider, 2003). It is known that the accumulation and
reduction of Cr (V1) in cells can cause DNA damage. According to a previous report, Cd
has a significant inhibitory effect on microbial activity, showing a downward change in
respiratory intensity, urease and catalase activities with the increase of Cd concentration
(Shi and Ma, 2017).

1.3. State of the art of chromium-containing wastewater treatment

1.3.1 Hazardousness and source of chromium-containing wastewater

Chromium (Cr) has important applications in industries as a heavy metal, while it
also poses a significant threat to organisms due to its high toxicity. Cr is a transitional
heavy metal element with oxidation state ranging from Cr (1) to Cr (VI). Among them,
hexavalent chromium (Cr (V1)) and trivalent chromium (Cr (I11)) as the most common
and stable forms have different physiochemical properties and different ways to affect
living organisms (Dhal et al., 2013). Cr (V1) with the strongest oxidation potential, the
most toxic, and strong water solubility, usually exists in the form of chromate or
dichromate ions (Sultana et al., 2014). In contrast, Cr (l11) with poor mobility and easily
formed precipitates usually can complex with organic matter in the form of chromium
oxide, hydroxide or sulfate in the soil and aquatic environment (Emamverdian et al.,
2015). Cr (VI) and Cr (Ill) can be converted to each other under certain conditions.
Various environmental conditions including pH, dissolved oxygen (DO), redox potential,
some organic/inorganic substances and complexation factors can affect the ratio of Cr
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(VD/Cr (1) in the water (Sinha et al., 2018).

Cr (VI) has been identified by the US Environmental Protection Agency (USEPA)
as one of the 17 chemical substances that pose the greatest threat to humans (Marsh and
Mclnerney, 2001). Cr (VI) is the most mobile anion form and has the highest
bioavailability in an aqueous environment. Cr (VI) is not only highly toxic to various
forms of bacteria, but also mutagenic to bacteria. Besides, Cr (V1) can also causes
carcinogenic and mutagenic effects on humans and animals, causing decreased
reproductive health and birth defects (Kanojia et al., 1998; Losi et al., 1994). Cr (V1) with
a high positive oxidation-reduction potential (ORP) can penetrate the cell membrane to
destroy cells and cellular molecular components, resulting in membrane destruction,
protein degradation, DNA changes, and induction of mutations in living organisms
(Oliveira, 2012; Shanker and Venkateswarlu, 2011). As known, Cr (VI) can cause lung
cancer, impair liver and kidney function and may cause nausea, upper abdominal pain,
allergic reactions, vomiting, gastric bleeding and ulcers (McCarroll et al., 2010; Sinha et
al., 2018).

Since it is easy to spread through the aquatic system and groundwater beyond the
initial pollution site, Cr (V1) as the most common form of existence is a harmful pollutant,
which mainly comes from human activities such as leather tanning, mining, Cr plating,
steel and automobile manufacturing, cement, metal processing, cleaning agents, pigment
production, wood processing, organic synthesis and dyes (Alloway, 2013; Kamaludeen et
al., 2003). Among them, stainless steel and alloy preparation consumes 60-70% of the
world's total output. The use rate of Cr (VI) exceeds 15% in some chemical industrial
processes including pigment production, electroplating, leather tanning, etc. (Saha et al.,
2011). Cr as a tanning agent is used in about 80-90% of the leather industry. The
wastewater from these tannery plants contains approximately 40% Cr in Cr (V1) with Cr
(1) salts being the dominant (Sundaramoorthy et al., 2010).

1.3.2 Technologies applied to cope with chromium-containing wastewater

As Cr (VI)-containing wastewater released by human activities can cause
environmental pollution and serious health issues, various physical/chemical methods,
including adsorption, reduction, ion exchange, chemical precipitation, electrodialysis and
reverse osmosis have been applied to treat Cr (VI)-containing wastewater (Jobby et al.,
2018). Most of these methods are costly and suffer from disadvantages such as incomplete
removal, consumption of large amounts of chemicals and energy, and at the same time
contaminate groundwater due to the generation/disposal of toxic sludge/secondary waste.
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These methods are not economically feasible at low concentrations (1-100 mg/L), which
becomes one of the main limitations of some treatment methods (Addour et al., 1999;
Cossich et al., 2004). Bioremediation seems to be a potentially feasible method to tackle
the dilemma of low heavy metal concentration in wastewater. Therefore, heavy metals
removal and recovery via metal-microbe interaction has become one of the research
hotspots (Rahman and Singh, 2020). As reported, bioremediation technology is more
effective for metals removal from soluble and particulate forms, especially from dilute
solutions, thus microbial-based removal techniques may become the promising options
for coping with low Cr concentration wastewater in comparison to the traditional metal
removal/recycling technologies (Ozdemir et al., 2004; Chaturvedi et al., 2015).

1.4 Potentials of aerobic granular sludge for Cr removal and recovery

Aerobic granular sludge (AGS) is one of the most promising and versatile biological
wastewater treatment processes, and is attracting increasing interest from researchers
working in the field of wastewater treatment. Compared to the traditional activated sludge
process, the performance of AGS is superior in many aspects, due to its unique physical
and chemical properties, such as higher biomass density, stronger agglomeration structure,
good settleability, high biomass retention and strong resistance to various loads (Liu et
al., 2009).

1.4.1 AGS properties and indicators

(1) Settling velocity and SVIs

The higher settling velocity of AGS means efficient solid-liquid separation, which
is a key parameter in wastewater treatment. The settling of AGS (25 - 70 m/h) is much
faster than that of activated sludge (AS) (7 - 10 m/h) (Liu et al., 2003b; Qin et al., 2004).
The higher the settling velocity means the more retention of biomass in the reactor, and
the stronger the system's capability to degrade organic matters (Adav et al., 2008).

AGS with a large granular size (> 0.2 mm) have a clear sphere and density and can
quickly sink through sedimentation, which is conducive to the realization of rapid
separation of sludge from treated water (Nancharaiah and Kiran Kumar Reddy, 2018). In
addition, it is recommended to use sludge volume index after 5 min sedimentation (SVls)
to indicate AGS excellent settleability. The ratios of SVIs to SV 3o within 10% can signal
the formation of sludge aggregates (Liu et al., 2010).

(2) Extracellular polymeric substances (EPS) and functions
EPS, an important part of AGS, play an important role in microbial aggregation,
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granular formation and maintaining stability. It is reported that EPS extracted from AGS
are stickier than the extract from AS (Seviour et al., 2010).

Based on the fact that microorganisms and polysaccharides (PS) are mainly
distributed on the outer edges of AGS, while the center has no cells and is mainly
composed of proteins (PN), it is predicted that the core of the central protein may play an
important role in the formation and stability of AGS (McSwain et al., 2005). The results
from Energy Dispersive X-ray (EDX) and Fourier Transform Infrared (FTIR) spectra
show that the interaction between molecules contributes to the stability of EPS. The B-D-
glucopyranose polysaccharide formed by the internal particles ensures that the AGS of
700 um size are small and relatively stable (Hamiruddin et al., 2019).

(3) Diverse microbial communities

The AGS structure and the cultivated medium composition play an important role in
the microbial diversity of AGS. Proteobacteria show superiority in microbial diversity in
both phenol-fed AGS and wastewater treatment plants (Jiang et al., 2004; Snaidr et al.,
1997; Whiteley and Bailey, 2000). A variety of bacteria have been identified in AGS
cultured under various operating conditions, including phosphorus/glycogen
accumulation bacteria, nitrifying bacteria, heterotrophic bacteria, denitrifying bacteria
(Adav et al., 2008).

1.4.2 Factors affecting cultivation of AGS

Many operating parameters can affect the granulation process, such as seed sludge,
feed composition, food to microbe (F/M) ratio or organic loading rate (OLR), metal ions,
hydraulic retention time (HRT) and solids retention time (SRT), settling time, and
hydrodynamic shear force, configuration of reactor, etc.

(1) Seed sludge

In most studies on AGS, activated sludge (AS) is usually used as the seed sludge for
the cultivation of AGS. The bacterial community in AS plays an important role in the
formation of AGS (Zita and Hermansson, 1997). Hydrophobic bacteria in seed sludge can
promote the granulation process and enhance the settlement performance of AGS (Wilén
et al., 2008). Anuar et al. (2020) observed the obvious differences in the microbial
community between the seed sludge and AGS during the granulation process in
sequencing batch reactor (SBR), in which Pseudomonas fluorescens was the most
abundant species in AGS.

(2) Feed composition
A variety of substrates have been successfully used for the cultivation of AGS,
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including phenol, molasses, acetate, ethanol, starch, sucrose, glucose and other synthetic
wastewater components (Adav et al., 2007; Liu and Tay, 2004; Moy et al., 2002a; Sun et
al., 2006; Tay et al., 2005; Zheng et al., 2006). There are also reports on AGS cultivation
by using the actual wastewater (Wang et al., 2007).

(3) Food to microorganism ratio (F/M) or organic loading rate (OLR)

F/M ratio or biomass-based organic loading rate (OLR) is an important parameter
relating to the formation of AGS. A higher F/M ratio is helpful to promote the rapid
formation of larger particles, and to enhance particle stability and increase particle size
(Lobos et al., 2008). Similarly, volumetric OLR is another useful operating parameter that
controls the formation of AGS. AGS can be cultivated at lower or higher OLR conditions
(2.5-15 kg chemical oxygen demand (COD)/m? d) (Liu et al., 2003a; Moy et al., 2002a).
It has been shown that aerobic granulation can achieve higher OLRs with simple
substrates such as glucose and acetate.

(4) Metal ions

According to previous studies, metals (Ca?*, Mg?*, and zerovalent iron (ZVI)) in
synthetic wastewater can reduce the time required to form AGS (Kong et al., 2014; Sarma
et al., 2017). These metals can promote aerobic granulation in the following ways: i)
promote the adhesion between microorganisms by reducing the negative charge on the
surface of microbial cells; ii) promote the production of EPS; and iii) act as a nuclear
attachment formation for bacteria aggregates. Addition of Ca?*, Mg®" or ZVI can
neutralize the negative charge of microbial cells to assist bacterial aggregation.
Multivalent cations accelerate the formation of AGS, and the formed particles may have
adenser and denser microbial structure. Cai et al. (2018) found that a constant Fe?* dosage
strategy is conducive to the growth of biomass, resulting in aggregates with higher
biological activity. On the other hand, the dosage strategy of pulsed Fe?* can promote the
granulation process and enhance the physical structure of the particles (Cai et al. 2018).
Similarly, Yilmaz et al. (2017) also found that iron ions (Fe**/Fe3*) increased the size and
stability of AGS but did not affect the granulation time. The metal cations can increase
the production and metal interactions of EPS, and then improve the microbial aggregation,
formation and stability of AGS.

(5) Hydraulic retention time (HRT) and solids retention time (SRT)

Hydraulic retention time (HRT) is also an important parameter in the process of AGS
formation. The hydraulic conditions in the reactor and the contact time between different
reactants are affected by HRT. HRT should be carefully selected to optimize reactor
performance. HRT of 6 h is reported to be the most conducive to the formation of AGS



(Panetal., 2004). At an SRT of longer than 30 days, it was not possible to remove enough
sludge from the system to keep a low phosphate concentration in the treated water (Ni et
al., 2010). The biomass content might increase with the increase of SRT, but the ratio of
active biomass decreased (Ni et al., 2010).
(6) Settling time

The settling time (i.e., granules that can settle down in a given period of time) should
be applied to the sludge particles in the system, and the sludge that cannot settle down in
the specified time will be washed away from the reactor (Qin et al., 2004). Compared
with other factors such as sludge retention time (SRT), the minimum settling velocity can
create a hydraulic selection pressure in favor of aerobic granulation in SBR (Li et al.,
2008).
(7) Hydrodynamic shear force

The high shear force is conducive to agglomerates formation by microorganisms and
accelerates the granulation process, thereby forming AGS with high particle stability
(Beun et al., 1999). Moreover, a higher superficial gas flow rate makes the diffusion
limitation not adversely affect the operation of the reactor and the formation of AGS,
which in turn facilitates the formation of smaller and denser AGS (Tay et al., 2001).
(8) Configuration of reactor

Reactors with low ratio of height to diameter (H/D) values tend to form
heterogeneous flow patterns through granular beds. However, a larger H/D ratio can
provide stronger hydraulic conditions and more stable circulating flow, which can provide
better DO and matrix mass transfer and mixing conditions, then can quickly form granular
sludge with a dense structure. The shear rate in the granular reactor with a larger ratio of
H/D was higher than that in the reactor with smaller H/D. However, the sequencing airlift
bioreactor with smaller H/D can also have a high shear rate under the same superficial
gas velocity (Zhu et al., 2014).

1.4.3 Mechanisms involved in AGS formation

The formation of AGS involves intercellular adhesion, which includes biological
and physiochemical phenomena, is now attracting more and more attention (Zheng et al.,
2006). Under aerobic or aerobic-anaerobic conditions and without adding any carrier
material, AGS is formed by immobilizing microorganisms (especially bacteria) by
themselves (Adav et al., 2008). There are two types of bacterial aggregation: auto-
aggregation (intercellular interactions that inherit the same strain) and co-aggregation
(intercellular adhesion between genetically different bacterial partners) (Khan et al.,
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2013). Flocs adhere to the surface of crushed particles to reduce sludge loss, maintain
nutrient removal during granulation, and quickly form AGS. Four different stages for the
formation of AGS are proposed, including i) the contact between cells, ii) aggregates
formed by the attachment of microorganisms, iii) EPS excretion to enhance attachment,
and iv) hydrodynamic shear forces to shape the granules (Nancharaiah and Kiran Kumar
Reddy, 2018).

The operating conditions of the reactor, including the shear force and the periodic
feast-famine condition, are conducive to the induction of EPS excretion and the formation
of compact and dense AGS (Lv et al., 2014). In addition, the short settling time facilitates
the discharge of flocs with poor settling properties, thereby allowing fast settling particles
to remain in the reactor. Further research is still necessary to clarify the mechanisms
related to EPS secretion and microbial aggregation in order to further understand the
formation mechanisms of AGS.

1.4.4 Applications of AGS in wastewater treatment

AGS biotechnology has been widely used to remove organic carbon, nitrogen,
phosphorus, trace and refractory pollutants, and heavy metals due to its many advantages:
high removal efficiency, good settleability, resistance to impact and toxins, longer SRT
(Anuar et al., 2020; Coma et al., 2012; Hamiruddin et al., 2019).

(1) Nitrogen and phosphorus removal

The microbial respiration and diffusion limitation in the outer layer of AGS make
the millimeter-sized AGS have aerobic and anoxic/anaerobic microenvironments. During
the aeration process, the simultaneous nitrification and denitrification processes can occur
inside the AGS at the same time, which is due to the existence of different redox
conditions inside the granules (Coma et al., 2012; Nancharaiah et al., 2016). Due to the
coexistence of aerobic and anoxic regions, nitrification and denitrification are carried out
simultaneously in large granules under the same reactor operating conditions. In the AGS
reactor, nitrate can be successfully denitrified. In addition, the use of acetate as an electron
donor can achieve effective reduction of high-strength nitrate (Suja et al., 2015). Jiang et
al. (2003) found that there were similar heterotrophic nitrifying microbial populations,
and simultaneous nitrification and denitrification were also observed in AGS by Beun et
al. (2001). In addition, DO concentration has a significant effect on the denitrification
efficiency of AGS.

Many studies have shown that the P in wastewater can be effectively removed by the
AGS reactor (Barr et al., 2010a; Barr et al., 2010b). With the increase of P/COD ratio in
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the substrate, the accumulation of phosphorus showed a downward trend. When using
AGS to treat slaughterhouse wastewater in SBR, > 98% of COD and P, and > 97% of N
and volatile suspended solids (VSS) can be removed (Cassidy and Belia, 2005). He et al.
(2018) achieved efficient and stable removal of carbon and phosphorus in the AGS system,
improved nitrogen removal was realized at a reduced aeration time.
(2) Degradation of toxic organic substances

Phenol, which is toxic to aquatic organisms, has been successfully degraded by AGS
(Chung et al., 2003; Tay et al., 2005). By feeding synthetic wastewater containing phenol
as the sole carbon source, AGS that can degrade phenol is cultivated from AS (Jiang et
al., 2004). A phenol degradation rate of 1.18 g phenol/g-VSS € was achieved by AGS
(Adav et al., 2007). AGS can also achieve biodegradation of up to 1000 mg/L phenol
(Adav et al., 2007; Jiang et al., 2004). The mass transfer barrier caused by the large
volume of AGS makes the local phenol concentration on the cell lower than the value in
the solution, which may be a possible reason for the higher degradation efficiency of the
phenol-degrading AGS (Liu and Tay, 2004). Jiang et al. (2004) found that p-
proteobacteria and high G + C Gram-positive bacteria dominated in the phenol-degrading
AGS. It is reported that when supplied with acetate, AGS is suitable for removing toxic
chlorophenols such as 4-chlorophenol or 2,4,6-trichlorophenol (Carucci et al., 2009). In
addition, the toxic 2-fluorophenol in synthetic wastewater can also be effectively treated
by the AGS reactor (Duque et al., 2011). AGS can efficiently degrade pyridine (200 —
2500 mg/L) which is a by-product of coal gasification and utilized as a catalyst in the
pharmaceutical industry (Adav et al., 2007; Stuermer et al., 1982). Phenol degrading AGS
can simultaneously degrade phenol and pyridine (Adav et al., 2007).
(3) Metal and radionuclide contaminants removal

AGS can also be used as an efficient biosorbent for removing metals and
radionuclide contaminants due to that metal-loaded AGS has good settling properties and
can be easily separated from aqueous solutions (Yarlagadda et al., 2006). In addition, all
kinds of wastewater including domestic sewage often contain metal contaminants. The
metals in wastewater can affect biotransformation even in the range of a few micrograms
per liter, especially the removal of nitrogen and phosphorus. AGS has been applied to the
removal of Cd (I1), Cu (lI), Zn (I1), Ni (I1) and U (VI) from water (Liu et al., 2015b;
Nancharaiah et al., 2006b). The initial concentrations of the copper (I1) and zinc (1) in
the reactor have been determined as one of the important factors affecting the maximum
biosorption capacity of individual copper (I1) and zinc (I1) by AGS (Xu et al., 2004). Liu
et al. (2005) found that carboxyl and hydroxyl groups were involved in metal adsorption.



1.4.5 Applications of AGS in Cr-containing wastewater treatment

As a biological adsorbent, AGS has been applied to Cr (V1) adsorption treatment.
For instance, Sun et al. (2010) found that the absorption capacity of the
polyethyleneimine-modified AGS was about 401.5 mg/g at pH 5.5, which increased by
274% compared to the control, and the adsorption process was pH dependent. In addition,
the biotransformation and immobilization of Cr (VI) by AGS has been proven with
complete 0.2 mM Cr (V1) removal in 2 - 6 days (Nancharaiah et al., 2010; Nancharaiah
et al., 2012). On the other hand, Chen et al. (2018) found that 0.5 M NaHCO3 was the
best desorbent. The desorption rate of Cr (V1) was 62%, and the desorption rate of Cr (I11)
was 10%, which negatively affected the stability of the granules to some extent.

1.4.6 Research gap and problems statement

Although AGS has been attempted for Cr (V1) removal from wastewater, and the
adverse effect of Cr (V1) on the AGS system has been extensively studied, there are very
few studies to remove or mitigate this adverse effect. If left untreated, the accumulation
of adverse effects caused by Cr (V1) will lead to the collapse of the whole AGS system.
This study is the first trial to propose the use of a dynamic adsorption/desorption process
to solve the adverse effects of Cr (V1) on the AGS system. It remains unknown the optimal
parameters involved in the operation process that will affect the performance of the AGS
system. The physical and chemical properties of granular sludge during the desorption
process and its response to the desorption process are still not clear. Therefore, it is both
a challenge and an opportunity for us to study the dynamic adsorption/desorption process
of Cr (VI) on AGS, in order to realize the recycling of AGS and heavy metals, and
maintain the basic function of AGS to remove pollutants during long-term operation.

1.5 Objectives of this research and thesis structure

The objectives of this research are: (1) to explore the changes of physical and
chemical properties of AGS during adsorption/desorption using batch experiments; and
(2) to explore the effects of dynamic adsorption/desorption process on the AGS system
with the respect of bioactivity, pollutants removal efficiency and changes of EPS secretion.

The thesis structure is displayed in Fig. 1-1. This thesis is divided into 5 chapters. In
Chapter 1, based on the literature review, the research background and significance are
proposed. Firstly, the existing environmental problems and the more prominent chromium
heavy metal pollution problems and treatment methods are introduced. Then the
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introduction is focused on the physical and chemical characteristics, cultivation, and
formation mechanism and application status of AGS. At last, the goal and framework of
the paper are proposed.

In Chapter 2, the effects of desorption operation parameters, including kinds of
desorbent, their concentration and contact time on AGS bioactivity and stability were
investigated. Two kinds of kinetics model were also used to fit the desorption data.

In Chapter 3, the performance comparison among different reactors with or without
dynamic adsorption/desorption was conducted, and the effects of different desorbed
biomass proportion and desorption frequency on AGS system were investigated with
respect to Cr (V1) and nutrients removal as well as biochemical characteristics of AGS.

In Chapter 4, three SBRs were used to investigate the effect of different OLRs (0.5,
1 and 2 kg COD/m?3 4) on the bioactivity and physicochemical characters of AGS under
dynamic adsorption/desorption operating model. Some parameters, including specific
oxygen uptake rate (SOUR), integrity coefficient, mixed liquor volatile suspended solids
(MLVSS), settling velocity, size and morphology, were investigated to evaluate the
impact of different OLRs on AGS.

At last, in Chapter 5, the main conclusions are summarized with the future research
directions being proposed.
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Table 1-1. Sources of different heavy metals (Paul, 2017).

Heavy metal Sources

Arsenic (As) Pesticides, fungicides, metal smelters

Cadmium (Cd) Welding, electroplating, pesticies, fertilizer, betteries,
nuclear fission plant

Chromium (Cr) Minig, electroplating, textile, tannery industries

Copper (Cu) Electroplating, pesticides, mining

Lead (Pb) Paint, pesticides, batteries, automobile emission, mining,

burning of coal

Manganese (Mn) Welding, fuel addition, ferromanganese production

Mercury (Hg) Pesticides, batteries, paper industries

Nickel (Ni) Electroplating, zinc base casting, battery industries

Zinc (Zn) Refinerise, brass manufacture, metal plating, immersion of
painted idols
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Fig. 1-1. The framework of this study. AGS: aerobic granular sludge, Cr (VI): hexavalent
chromium, OLR: organic loading rate.
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Chapter 2 Desorption of hexavalent chromium from active aerobic
granular sludge: Effects of operation parameters on granular

bioactivity and stability

2.1 Introduction

With the rapid globalization and industrialization, more than tens of thousands of
factories relating to stainless steel, electroplating, leather tanning, fertilizer and pesticide
industry are in operation worldwide. Due to the less stringent emission standards and
random discharge of effluents from factories, domestic wastewater usually contains some
amount of heavy metals (HMs) such as Hg, Cr, Pb, Cd, As, etc. (Anyanwu et al., 2018;
Mahmood et al., 2012). Without proper treatment, HMs-containing wastewater can cause
carcinogenesis and mutation, posing a real threat to human health (Talaiekhozani and
Rezania, 2017). Hexavalent chromium (Cr (V1)) is one of the most common
environmental HMs in wastewater and must be properly treated before being discharged
to natural water bodies due to its high toxicity to all forms of living organisms,
mutagenicity and/or carcinogenicity to bacteria, humans and animals (Dhal et al., 2013;
Habibul et al., 2016; Losi et al., 1994). Among the various technologies for Cr (VI)
removal, adsorption possesses great potential for Cr (V1) removal from wastewater due
to the wide availability and low cost of adsorbents. Khosravi et al. (2018) used green
nanocomposite derived from Harmala seed to adsorb chromium from aqueous solution,
achieving a maximum adsorption capacity (Qm) of 53.48 mg/g. Using E.coli supported
kaolin, Quiton et al. (2018) obtained achieved 91.00 mg/g of Cr (V1) adsorption capacity
of Cr (VI). Meanwhile, the Cr (V1) adsorption capacity can reach 99.43 mg/g by tobacco
petiole biochar from pyrolysis at 300 °C (Zhang et al., 2018). However, both adsorption
and desorption processes should be considered for the adsorbent at the same time, since
it's still a challenging issue to deal with the Cr-loaded sorbents. Selection of an
appropriate desorption solution (desorbent) is important and crucial for the regeneration
and safe disposal of the adsorbent. An efficient desorbent is expected to completely
desorb Cr (V1) without destroying the structure and functional groups of the adsorbent.
Up to the present, various desorbents including HCI, HNO3z, NaOH, NaHCOs, and
Na>COs have been used for the desorption of Cr (V1) from the biomass of bacteria, fungi,
microalgae, and aerobic granular sludge (AGS) as shown in Table 2-1 (Chen et al., 2018a;
Jayakumar et al., 2015; Rezaei, 2016; Sudha Bai and Abraham, 2003).
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AGS is a form of microbial auto-aggregation under aerobic condition without
supporting carriers, which has been considered as one of the most promising
biotechnologies for wastewater treatment (Wang et al., 2018). Due to its compact
structure and high biomass retention, AGS exhibits good sedimentation performance and
strong resistance to toxicants and recalcitrant pollutants such as phenol, azo dyes and
metal contaminants, thus has been widely used for adsorption tests to remove various
toxic and harmful pollutants including refractory toxic biological compounds and metal
ions (Nancharaiah and Kiran Kumar Reddy, 2018). However, most of the previous
adsorption trials using AGS as adsorbent are mainly on adsorption, paying little attention
to desorption (Nancharaiah et al.,, 2012; Sun et al., 2011). Moreover, previous
adsorption/desorption experiments were usually carried out under extreme conditions,
such as strong acidic and alkaline conditions. Few of them concentrated on neutral
condition within the pH range of domestic wastewater. Furthermore, very limited
information is available on the bioactivity and stability of AGS during the adsorption and
desorption processes (Chen et al., 2018a; Sun et al., 2011). As it is known, the granular
stability and bioactivity after desorption is also important to maintain the AGS
performance on organics and nutrients removal for long-term aerobic granule processes
in addition to HMs adsorption, due to the fact that a relatively long time is necessary for
the formation of AGS which is mainly composed of slowly growing bacteria. Restated,
desorption process is conducive to the continuous operation of AGS wastewater treatment
system, the reduction of operating costs, the Cr (VI) recovery and safe disposal of
exhausted AGS (Jayakumar et al., 2015; Singha and Das, 2011).

In this work, Cr (V1) adsorption onto AGS was performed under neutral conditions
to mimic the actual operation of AGS system, and then focused on desorption by various
desorbents including sodium carbonate (Na2COgz), sodium bicarbonate (NaHCOs3),
disodium phosphate (Na2HPO4), sodium sulfate (Na.SO4) and phosphate buffer saline
(PBS) considering that they contain divalent anions or their aqueous solutions tend to be
alkaline which may be beneficial for the desorption of Cr (VI1). The effects of desorption
on AGS bioactivity and granular stability, cations release and changes in extracellular
polymeric substances (EPS) from AGS were explored to shed light on the mechanisms
involved. In addition, the pseudo-first-order and pseudo-second-order kinetic models
were used to estimate the maximum desorption capacity and reveal the desorption Kinetics.
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2.2 Materials and methods

2.2.1 AGS preparation

The AGS cultivated in a lab-scale sequencing batch reactor (SBR, mother
cultivation reactor) using synthetic domestic wastewater for more than two years was
used for Cr (V1) sorption and subsequent desorption experiments after moisture being
removed or adsorbed and weighted. Granules with an average granular size of 0.89 £0.48
mm were used in this study, which was determined by a stereo microscope (STZ-40TBa,
SHIMADZU, Japan) with a program Motic Images Plus 2.3S (version 2.3.0).

2.2.2 Sorption experiments

The batch adsorption experiments were carried out in 300 mL Erlenmeyer flasks
under 1 h no-aeration and 5 h aeration to simulate a six-hour operation cycle of the mother
SBR cultivation. Each flask was filled with 125 mL tap water, 125 mL Cr (V1) containing
synthetic wastewater and 20 g wet AGS. The composition of Cr (VI)-containing synthetic
wastewater was: 25 mg Cr (V1) /L (K2Cr20y7), 500 mg chemical oxygen demand (COD)/L
(CH3COONa), 50 mg NHs"-N/L (NH4CI), 5 mg POs*-P/L (KH2POs), 250 mg/L
NaHCO3,10 mg Ca®*'/L (CaCl, 2H20), 0.5 mg Fe?**/L (FeSOsH20), 5 mg Mg?'/L
(MgSO4 7H20), and 1 mL trace metal elements solution (Moy et al., 2002b). The
synthetic wastewater was used without pH adjustment (pH around 7.5). After the
adsorption experiment, the supernatant was sampled and filtered through 0.22 pum filter
for analysis. The granules after Cr adsorption were named as Cr-loaded AGS and then

were used for the subsequent desorption experiments.
The Cr (V1) adsorption capacity (Qe ads, mg/g) of AGS was calculated by determining

the concentration of Cr (V1) in the solution before and after the adsorption process.
Qeads =V (pi —pe) I M 1)
where Qeads is the amount of Cr (V1) adsorbed onto per gram of AGS after 6 h
sorption (mg/g); pi and pe are the initial and final Cr (V1) concentrations in the solution
(mg/L), respectively; V is the initial solution volume (L) and M is the mass of volatile
suspended solids of AGS (g).

2.2.3 Desorption experiments

The desorption experiments were conducted in 50 mL centrifuge tubes containing
3 g of wet Cr-loaded AGS and 45 mL desorption solution each. Then the mixture was
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shaken at 150 rpm and room temperature for 60 min. The Cr (V1) desorption capacity
(Qe.des, mg/g) of AGS was calculated as follows:

Qedes =V x pdes | M (2

DE% = (Qe,des/ Qe,ads) <100 3)

where Qe des is the amount of Cr (V1) desorbed from per gram of AGS (mg/q); pdes iS
the concentration of Cr (VI) in the desorbent solution (mg/L); V is the volume of
desorption solution (L), and M is the mass of volatile suspended solids of AGS (g); DE%
is the Cr (V1) desorption efficiency (%).

Each adsorption or desorption test was conducted in triplicate, and all the data were

expressed as mean =standard deviation (SD).

2.2.4 Effect of different salt or desorbent solutions

To investigate the effect of different desorbents on desorption efficiency, five
different salt solutions including sodium carbonate (Na;COs), sodium bicarbonate
(NaHCO3), disodium phosphate (Na2HPOs), sodium sulfate (Na>SO.) and phosphate
buffer saline (PBS) were examined as desorbent with H,O as the control. 0.25 M of each
desorbent was tested in the desorption experiments. Except for the type of desorbent, all
the other variables were the same, and the desorption experiments were carried out as
described in section 2.3.

2.2.5 Effect of different desorbent concentration and contact time

Different concentrations of Na,COs, i.e. 0.1, 0.25, 0.5 and 1 M were prepared to
investigate the effect of different concentrations of desorbent on desorption efficiency,
cations release and EPS change in the AGS in addition to its bioactivity and stability. The
desorption experiments were conducted as in section 2.3.

Specifically, in the experiments relating to the effect of contact time on desorption
efficiency, cations release from AGS, and granular bioactivity and stability, the samples
were taken at designated intervals between 5 and 180 min and then Cr (V1) concentration
in the solution was determined. In this study, the pseudo-first-order and pseudo-second-
order kinetic models were used to analyze the desorption data. Except for the contact time,
all the other operation conditions remained unchanged, and the desorption experiments
were carried out as described in section 2.3.
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2.2.6 Analytical methods

Cr (V1) concentration was measured using a UV/vis spectrophotometer (UV 1800,
Shimadzu, Japan) at the wavelength of 540 nm. pH was measured by a portable pH meter
(model AS600, China). The concentrations of cations such as Ca?*, Mg?*, and K* were
determined by Liquid Chromatography (Shimadzu, Japan). Proteins (PN) and
polysaccharides (PS) in the extracted EPS (with the heating method) were quantified by
using Bradford method and phenol-sulfuric acid method with bovine serum albumin
(BSA) and glucose as the standard, respectively (Bradford, 1976; DuBois et al., 1956). In
this study, the microbial activity and stability of AGS were expressed in terms of specific
oxygen uptake rate (SOUR) and integrity coefficient as described previously (Chen et al.,
2018a). To be specifically, the latter was determined as the ratio of solid weight in the
supernatant after being shaken on a shaker at 200 rpm for 5 min to the total weight of the
AGS (Ghangrekar et al., 2005).

2.3 Results and discussion

2.3.1 Cr (VI) adsorption capacity of AGS under neutral condition

After 6 h adsorption, the Cr (V1) adsorption capacity (Qeads, mg/g) of the test AGS
was 0.57 £0.04 mg/g-VSS, which is remarkably lower than the results from previous
works including our own research (Chen et al., 2018a). This difference could be
attributable to the relatively low initial Cr (V1) concentration in the reactor (12.5 mg/L
when influent Cr (V1) was 25 mg/L), short contact time (only 6 h), neutral (pH ~ 7.5) and
aerobic conditions (5 h aeration). Also, the concentration of trivalent chromium (Cr (111))
as a reduction product of Cr (V1) was determined in the effluent during the desorption
process. It was found that Cr (111) was almost undetectable in the supernatant (data not
shown), which should be further researched in the followed-up experiments. In the
subsequent desorption tests, only Cr (V) was concerned.

2.3.2 Effect of different desorbent solutions

It is expected that after desorption, the adsorbents can be reused for multiple times
for the continuous operation of AGS system, resulting in the reduction of costs for
adsorbent processing and supply, and exhausted adsorbent disposal (Gupta and Rastogi,
2008). In this study, five different desorbents were examined to study the desorption of
Cr (VI) from AGS (Fig. 2-1a). As shown, the desorption efficiency with H>O as the
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control was around 19.63 +0.032%, and Na.COs solution reflected the best desorption
efficiency of 24.59 +0.29% among all the test desorbents. This observation is probably
associated with the alkaline condition of Na.COs solution, in which the existing form of
Cr (VI) is CrO4* (Daneshvar et al., 2017). This alkaline condition may result in more
negatively charged sites on the surface of AGS thus some improvement of Cr (VI)
desorption efficiency due to the electrostatic repulsion between anionic Cr (CrO4> ) and
negatively charged sites on the AGS (Daneshvar et al., 2017; Nancharaiah and Kiran
Kumar Reddy, 2018). Another reason may be associated with the large amount of OH"
(around 1x<102° M based on pH 11.1) and COs? (around 0.25 M) ions in the alkaline
solution and their exchange with CrO4% ions on the AGS (Chen et al., 2018a; Otero et al.,
2015). Therefore, the desorbent solution with more anions is generated in the desorption
process, especially hydroxide ions (OH"), which are more effective for the desorption of
metal anions from HM-loaded adsorbent. It can also be seen that, as a commonly used
cell cleaning and culture solution (Nakai et al., 2016), PBS can achieve the lowest
desorption efficiency of 11.14 +0.02%. In addition, when all the solution pHs of the five
desorbents being adjusted by adding KH2PO4 to around pH 7.41 +0.09, their desorption
efficiencies decreased significantly to < 15%, especially for Na,COs solution (only 10.85
+0.46%), indicating that the desorbent pH might be the major factor influencing Cr (V1)
desorption from Cr-loaded AGS.

2.3.3 Effect of desorbent concentration and contact time

Fig. 2-1b shows the effect of contact time and Na2CO3z concentration (0.1 - 1 M) on
Cr (V1) desorption efficiency from Cr-loaded AGS with H0 as the control. It was found
that the desorption efficiency was improved with the increase in NaCOsz concentration.
The highest desorption ratio, 33.65 #0.76% was obtained when 1 M Na>COz was applied,
with the lowest performance (15.18 £0.72%) achieved by using H20. As shown in fig.
2-1c, the increase of Na2COs concentration will lead to the increase of OH™ (according to
the increasing pH) and COs%* concentrations, resulting in the increase of Cr (V1)
desorption efficiency owing to the competition among OH-, COs? and chromium anions
(CrO4%) for the adsorption sites on the AGS surface and the repulsive force of negatively
charged AGS after loading OH", CO3? to chromium anions (CrO4%) (Otero et al., 2015).
Singha and Das (Singha and Das, 2011) found that with the increase of NaOH
concentration from 0.05 M to 0.50 M, the percentage of Cr (V1) desorption from biomass
increased from around 10.24 £3.35% to 20.02 +£2.31%. The results from this work agree
with our previous study (Chen et al., 2018a), in which the desorption efficiency of Cr (V1)
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from AGS increased with the increase in Na.COgz concentration, achieving the highest
desorption ratio of 38.03% by using 0.5 M Na>COgz under the designed conditions.

In addition, for all the test desorbent solutions except H20O, the desorption of Cr (V1)
was very fast during the first 60 min, and then gradually increased until 180 min, which
is most probably due to the highest concentration gradient at the initial stage. Along with
the desorption, Cr concentration in the solid phase decreases while Cr concentration in
the liquid phase increases, thus the opposite may also occur. Interestingly, when H2O is
used as desorbent, Cr (V1) desorption efficiency increased during the first 60 min, then
decreased in the later 60-120 min, possibly due to the Cr-desorbed AGS may quickly
recover its adsorption potential as little adverse effect on the bioactivity of AGS exerted
by H2O (Fig. 2-3a).

2.3.4 Kinetics study

Desorption kinetics is important for adsorbent design and regeneration, which is also
necessary for selection of the best desorbent and its operation conditions in the real
practice (Daneshvar et al., 2017). In the present study, the desorption data were used to
fit the pseudo-first-order and pseudo-second-order kinetic equations, which have been
applied to desorption process in previous study (Daneshvar et al., 2017). Their linear form
equations can be written as Egs. (4) and (5), respectively (Li et al., 2013):

K
log(Qeq,des - Qt,des) = log Qeqaes — Ft)st @)
t 1 t
= 5
Qt,des KZng,des Qegq.des ( )

where t is the desorption time (min); K: (1/min) and Kz (g/(mg min)) are the rate
constants for the pseudo-first-order and pseudo-second-order models; Qtdes and Qeq,des
(mg/g) are the desorption amount at desorption time t and equilibrium state, respectively.

Fig. 2-2a and b plot the kinetic curves for Cr (V1) desorption with Na,COs solution
as desorbent, and the related experimental data and the model parameters estimated are
summarized in Table 2-2. Based on the experimental data, the correlation coefficient (R?
= 0.9849-0.9947) for the pseudo-second-order equation is much higher than that for the
pseudo-first-order model (R? = 0.7057-0.9879), especially under lower Na,COs
concentration condition. In addition, the calculated values of Qegdes from the pseudo-
second-order model are nearly approximate to the experimental data, suggesting that the
pseudo-second-order equation is more suitable for the prediction of equilibrium
desorption capacity than the pseudo-first-order one. This observation also means that the
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desorption process is more likely a physicochemical desorption process which may
involve the substitution of CO3> for CrO4* to form chemical bonds with functional
groups including PN, PS, glycoproteins, glycolipids, etc. on the granule surface, which
might be the limiting step (Jobby et al., 2018). Further research is necessary for more
proofs to confirm the mechanisms involved.

2.3.5 Effect of desorption on the bioactivity and stability of AGS

Maintenance of high granular bioactivity and stability is crucial for the continuous
operation of AGS system to remove target pollutants. The effects of Cr (V1) adsorption
and desorption by different Na2COs concentration (0.1-1 M) on SOUR and integrity

coefficient were studied.
As seen from Fig. 2-3a, the granular SOUR decreased from initial 22.38 #1.37 mg-

0,/g-VSS hto 14.37 £0.34 mg-O,/g-VSS h after Cr (V1) being adsorbed or loaded, most
probably attributable to the inhibition effect on bioactivity brought about by the high Cr
(V1) concentration (25 mg/L in the influent) (Kiran Kumar Reddy and Nancharaiah, 2018;
Zheng et al., 2016). While Cr (V1) adsorption seemed to have limited impact on granular
stability as the integrity coefficient only slightly increased from 5.52% to 6.42% (Fig. 2-
3a), which is consistent with the finding by Chen et al. (2018). The desorption with H,0O
as the control showed slightly negative effect on the bioactivity as indicated by SOUR
(12.68 £0.53 mg-02/g-VSS h).

Generally, the granular stability of AGS was impacted to some extent by using the
test desorbents, including H20 (integrity coefficient = 11.33%), with the greatest impact
observed when 1M Na>COz was applied as the desorbent (SOUR = 5.55 +1.42 mg-O./g-
VSS h, Integrity coefficient = 25.63%). This phenomenon is closely associated with the
relatively strong alkaline condition (pH = 12.07 £0.02 for 1M Na>COg solution) that is
harmful to the microorganisms in AGS, leading to the decrease of bioactivity that is not
conductive to the maintenance of the compact granular structure. The shaking condition
applied for the desorption tests may make it worse. Restated, the relatively strong alkaline
pH of Na,COs solution may be the major reason for the decreased granular bioactivity
and stability.

The effect of contact time during desorption also has some impact on the SOUR and
integrity coefficient. Fig. 2-3b shows the results by using 0.5 M Na>COs as the desorbent.
As seen, the SOUR sharply decreased from 22.38 +1.37 mg-O2/g-VSS h t0 9.09 £1.01
mg-0./g-VSS h during the first 30 min contact, then the decrease trend slowed down and
gradually to 6.99 +1.43 mg-O2/g-VSS h at 180 min. It has been reported that the cells on
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the surface have higher respiratory activities and the entire granule can access to
substrates, possibly through its inner channels and pores (Wang et al., 2018). While under
strong alkaline desorption condition in this study, the aerobic and facultative bacteria
located in the outer layer of the granules may first lose their bioactivity (Lv et al., 2014),
thus the sharp decrease in SOUR was observed; and the inner part was less and later
impacted due to the protective effect of its layered structure since a multilayer sphere
structure can decrease substrate gradients from outside to the core of granular sludge
(Wilén et al., 2018). The integrity coefficient was detected to sharply increase from 5.52%
to 18.24% in the first 5 min, then continued to increase gradually to 23.81% at 180 min.
This observation indicates that the compact granular structure was greatly affected at the
first 5 min, and then gradually became looser and looser, which is in agreement with the
change of granular bioactivity during the desorption process as the active bacteria play a
key role in maintaining the structural and functional stability of AGS (Ageel et al., 2019).

2.3.6 Effect of desorption on EPS

PN are distributed throughout the AGS, and nucleic acids and certain PS are mainly
in the out layer of AGS (Wang et al., 2018). PN and PS are the two major components of
EPS containing large amounts of functional groups such as hydroxyl and electronegative
carboxyl, which are associated with the physicochemical properties of sludge during
biological wastewater treatment (Guo et al., 2012; Zhu et al., 2012). EPS have been
demonstrated to contribute to the removal of harmful substances (dye, CrO4%, Cd?*, Cr3*,
etc.) from aqueous environment and protect cells from harsh environments containing
toxic metals and chemicals, such as Cd?*, Cu?*, Pb?* and phenol, etc. (Fang et al., 2002;
Liu et al., 2001). Fig. 2-4a represents the effects of Cr (V1) adsorption and desorption (by
Na.,COz3 solution) on the EPS of AGS. It is obvious that the Cr (VI) adsorption and
desorption with H2O as desorbent exerted little effect on the content of EPS (PN and PS),
due to the short adsorption time (6 h) of Cr (V1) and the non-toxicity of water to AGS.
With the increase of Na,COs concentration, PN rapidly increased from the initial 138. 17
+1.72 mg/g-VSS (Cr-loaded AGS) to 315.92 £5.98 mg/g-VSS (1 M NaCOs), mainly
from the increase of loosely bound PN (LB-PN) (data not shown). Meanwhile, the
increment of PS was negligible (Fig. 2-4a). As a result, the PN/PS ratio increased from
5.21 £0.10 to 8.69 £0.70. Due to the fact that PN are more associated with sludge
settleability and dewaterability than PS, the increase in PN content is beneficial for the
maintenance of granular structure (Basuvaraj et al., 2015). Deng et al. (Deng et al., 2016)
observed a similar phenomenon when the granules were under aerobic starvation: PN
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were markedly secreted to protect the cells from the shock of adverse environment, which
were supposed to supply to the microbes as domestic demand energy. It is well known
that enzymes primarily consist of proteins. The increase of PN in EPS may be due to the
secretion of a large quantity of enzymes to protect cells themselves from the influences
of high alkaline environment (Li and Yang, 2007). More specifically, the increment of
LB-PN is the main contributor to the increment of PN, accounting for about 78.03 +
2.66%, possibly due to the fact that LB-PN is mainly distributed in the outer layer of AGS
to resist the entry of external harmful substances (Sheng et al., 2010). As it is known, EPS
excretion is the response of microorganisms to the external environmental conditions (Li
and Yang, 2007). In summary, LB-PN are more sensitive to the increase of Na>COs
concentration than tightly bound PN (TB-PN) and PS, and the significant increase of PN
in EPS is mainly contributed by LB-PN.

2.3.7 Effect of desorption on cations release from AGS

The cations in AGS play an important role in maintaining the stability of AGS,
especially Ca?*, Mg?* and K* (Wang et al., 2014a). A large amount of P and cations such
as Ca®*, Mg?* and K* have been detected in EPS extracted from AGS (Wang et al., 2014a;
Wang et al., 2014b). The change of cations in AGS after desorption should be studied
because it is closely related to the function and stability of AGS. The effect of desorption
by 0.1 M NaxCOj3 solution on the variations of Ca?*, Mg?* and K* in the desorption
solution was examined (Fig. 2-5a). A rapid increase in Ca?*, Mg?* and K* concentrations
was detected in the desorption solution in the first 60 min, then slowed down and
gradually increased to 9.18 +=0.01 mg/L, 5.76 £1.76 mg/L and 19.6 £ 0.83 mg/L,
respectively at 180 min, which is associated with the change of concentration gradient
between the solid and liquid phases as reported by Daneshvar et al. (2017). Fig. 2-5a also
reflects the typical extraction curve for the separation of substances from solid phase
(Knez et al., 2013; Sovova 2005), which generally consists of two periods: the first period
for the fast release of loosely bound Ca?*, Mg?* and K*, and the second one for the slower
release of tightly bound Ca?*, Mg?* and K*. In addition, the changes of Ca?*, Mg?* and
K™ concentrations during the desorption process by H.O showed a similar trend but at
small increments (data not shown).

The effect of different Na,COs concentrations on Ca?* and Mg?* release was also
monitored. As seen from Fig. 2-5b, Mg?* concentration increased with the increase of
Na,COs concentration. The maximum Mg?* concentration (10.40 =+ 1.22 mg/L) was
detected in the solution when 1 M Na,COs was used as desorbent, while H2O desorption
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had much less release of Mg?* (0.70 +0.01 mg/L). Increase of Na,COs concentration
results in the increase of COs%* concentration which can promote the precipitation
between Mg?* and COs%. The different concentration gradient, on the other hand, may
play a certain role in the transfer of Mg?* from granules to the desorption solution. In the
case of Ca®", it increased firstly and then decreased with the increase of NaxCOs
concentration, resulting from the balance between Ca?* release and precipitation with
COs%. The solubility product (Ksp) of the precipitate may determine the level of cations
in the desorption solution. For example, MgCOs has a higher Kgp (1.93 %10 than CaCO3
(Ksp[CaCOs] = 4.90 x<10°%), thus more soluble Mg?* should be remained in the desorption
solution, especially under high Na,CO3 concentration conditions (0.5 and 1M Na,COs in
this study). As Ca®* and Mg?* are important elements for bioactivity and granular strength,
the loss of Ca?* and Mg?* in the AGS during desorption may negatively affect the stability,
bioactivity and function of AGS.

Fig. 2-4b shows the variations of Ca?*, Mg?* and K* contents in the EPS after Cr (V1)
adsorption and desorption by different concentration Na,COs solutions. Cr (VI)
adsorption and desorption with H>O as desorbent show little negative effect on the
contents of Ca?*, Mg?* and K* in the EPS, except a slight decrease occurred in Ca?* in
H.O desorption and a slight increase in K* in Cr-loaded AGS. The latter may be
attributable to the higher K™ concentration in the AGS due to the use of K>Cr,O7 for
influent preparation. It was noticed that desorption process using Na.COs led to a
significant decrease of Ca?*, Mg?* and K* contents in the EPS. Compared to the initial
AGS, increase of Na,COs concentration to 1 M can decrease Ca?*, Mg?* and K* contents
in the EPS from 31.50 +1.71 mg/g to 0.58 +0.02 mg/g, from 13.18 +0.71 mg/g to 0.62
+0.02 mg/g, and from 41.38 +=2.24 mg/g to 0.58 +0.02 mg/g, respectively. In addition,
it was calculated that the reductions in Ca%*, Mg?* and K* in EPS accounted for 69.43%,
44.10% and 43.03% of the increases in Ca?*, Mg?* and K* concentrations in the 1 M
Na>COs desorption solution, respectively, in which most of the released cations came
from TB-EPS. The binding between EPS and divalent cations (such as Ca?* and Mg?*) is
one of the main intermolecular interactions that maintain the stable structure of microbial
aggregates (Mayer et al., 1999). Multivalent cations (such as Ca?*, Mg?*) tend to bridge
with EPS, thereby improving flocculation of microbial aggregate (Higgins Matthew and
Novak John, 1997; Liu et al., 2007). Therefore, the large loss of Ca%*, Mg?" and K" in
EPS will inevitably lead to a decline in EPS function, including cell adhesion and
protection, resulting in the reduction in biological activity and strength of AGS. Results
from this study indicate that Na>COs solution can be used as desorbent for Cr-loaded AGS
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at a lower concentration for a shorter contact time to alleviate the negative effect on AGS
activity and granular strength in practice. More research works are necessary to seek out
suitable desorbents and their applicable concentrations to maintain the granular
bioactivity and stability when AGS is going through HMs adsorption/desorption and at
the same time can maintain its normal operation performance on organics and nutrients
removal. As it was noticed, after being desorbed, the AGS may regain its bioactivity and
stability, and biosorption capacity to some extent after being soaked in a solution
containing relatively high concentrations of Ca?*, Mg?*, and K*, which is still under
investigation.

2.4 Summary

In the present study, Cr (V1) desorption from Cr-loaded AGS was performed using
five different desorbent solutions. Among them, the maximum desorption efficiency was
determined as 33.65 £0.76% by 1 M Na2COs. The results illustrate the occurrence of OH
and CO3z? anions exchange with CrO4? on the surface of AGS in the alkaline solution.
The desorption behavior can be well described by pseudo-second-order model with a
satisfactory determination coefficient (R?> = 0.9849-0.9947). Cr (VI) desorption
efficiency increased with the increase of NaCOs concentration and contact time, during
which the granular bioactivity and stability were deteriorated as indicated by decrease in
SOUR and increase in integrity coefficient. Loss of Ca®*, Mg?*, and K* in the EPS
(especially TB-PN) during the desorption process may be one of the major contributors
to the deterioration of AGS bioactivity and stability. PN rather than PS were found to be
more sensitive to the increased Na,COs concentration, especially the LB-PN. To reduce
the negative effect on AGS activity and granular strength, results from this study indicate
that NaxCOs solution can be used as desorbent for Cr-loaded AGS at a lower
concentration for a shorter contact time. In addition, after being desorbed, the AGS may
regain its bioactivity and stability, and biosorption capacity to some extent after being
soaked in a solution containing relatively high concentrations of Ca?*, Mg?*, and K*,
which is still under investigation.
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Table 2-1. Comparison of Cr (V1) desorption performance by various desorbents prepared
from different biomass.

Biomass Desorbent Cr (V1) desorption Reference
efficiency (%)
Aerobic granular 0.5M NaHCOs; 64.45 Chen et al., 2018

sludge (AGS) 0.5M NaCO3  38.03

Sargassum Jayakumar et al.,
myriocystum 0.2 M HCI 97.21 2015
(algae)
Lo 0.1M HNOs3 95.04 +3.10 Rezaei, 2016
Spirulina sp.
. 0.1M EDTA 72.23 £3.15
(bacteria)
0.1M HCI 89.57 +3.39
0.01 M NaOH 87.91 £3.0 Sudha Bai and

Rhizopus nigricans

. 0.01 M NaHCOs 89.14 +3.3 Abraham, 2003
(fungi)

0.01 M Na.COs 91.91 £3.9
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Table 3-2. Parameters estimated from the pseudo-first-order and pseudo-second-order
models for Cr (V1) desorption from Cr-loaded AGS.

Po Qeq,aes®  Pseudo-first-order model Pseudo-second-order model

(Na2COs) Ki Qegaes” R Kz Qeqaes” R
(mg/g)

(mol/L) (/min)  (mg/qg) (9/(mg min))  (mg/qg)

0.1 0.1516 0.0062 0.0444 0.7057 0.6909 0.1587 0.9849

0.25 0.1558 0.0094 0.0455 0.7406 0.8836 0.1567 0.9933

0.5 0.1727 0.0115 0.0607 0.9137 0.6801 0.1753 0.9947

1.0 0.2017 0.0154 0.0940 0.9879 0.4143 0.2097 0.9930

 Qeq,aes 1 the experimental value.
® Qeqaes i calculated from the kinetic model.
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Chapter 3 Effect of the dynamic adsorption/desorption process on the

removal of nutrients and Cr (V1) using AGS in SBR

3.1 Introduction

In Chapter 2, the effects of Cr (V1) desorption on the AGS bioactivity and stability
have been investigated in batch tests. Results show that desorption can remove the
chromium adsorbed on the AGS with slightly adverse effects. However, the effect of
dynamic adsorption/desorption on AGS in SBR is unclear.

Therefore, in Chapter 3, six identical sequencing batch reactors (SBRs) were used
to study the effect of dynamic adsorption/desorption on AGS from three aspects: with or
without desorption, the ratio of desorption biomass, and the frequency of desorption. The
experiments were divided into the three processes. In the first experiment, the reactor
without Cr (VI) addition was used as the blank control group (RO0), the reactor with Cr
(V1) addition and no dynamic adsorption/desorption process was used as the control
group (Rc), and the reactor with Cr (VI) addition and dynamic adsorption/desorption
process (Ra/d) was used as the experimental group. Another two experiments were then
followed under three different desorbed biomass proportion (25%, 50%, 75%) and
desorption frequencies (1time/d, 1time/2d) to examine the SBR performance, including
Cr removal, ammonia nitrogen removal, AGS bioactivity and stability, etc.

3.2 Materials and methods

3.2.1 AGS preparation and synthetic wastewater

AGS was domesticated from the activated sludge sampled from a local municipal
wastewater treatment plant (WWTP) in lIbaraki, Japan and cultivated in one 1-L SBR in
the laboratory for more than two years. AGS was used in the subsequent dynamic
adsorption/desorption experiments of Cr after moisture being removed and weighted.

The composition of synthetic wastewater is the same as in section 2.2.2 except that
the concentration of Cr (V1) was adjusted to 5 mg/L considering the low concentration of
Cr (V1) in the actual domestic sewage and the high toxicity of Cr (V1). It should be noted
that there was no Cr (V1) in the influent of the blank control group (namely RO).
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3.2.2 Experimental setup

Six identical lab-scale plexiglass sequencing batch reactors with working volume of
250 mL each (internal diameter of 4.3 cm and effective height of 19.5 cm) were used in
the dynamic Cr (V1) adsorption/desorption experiments. Six peristaltic pumps were used
to feed the influent from the bottom with the effluent discharged from the middle of the
reactor at a 50% volumetric exchange ratio. Aeration was supplied an airflow rate of 0.4
L/min by an air pump (AK40, KOSHIN, Japan) through a porous air diffuser at the bottom
of the reactor, which is equivalent to 0.46 cm/s of air uplift velocity. The SBRs were
operated at four cycles per day with each cycle for 6 h, including 4 min of influent filling,
60 min of non-aeration stage, 290 min of aeration stage, 2 min of settling, and 4 min of
effluent discharge. Each cycle was automatically performed by the time controllers. The
temperature of all the reactors was maintained at 20 = 2°C. HRT was 12 h and SRT was
controlled at 25 d by quantitative sludge discharge.

3.2.3 Sorption experiments

20 g of wet AGS was added to the SBR together with 125 ml tap water and 125 ml
of synthetic wastewater through a peristaltic pump, and then the experiment was started
under four cycles per day with 6 h for each cycle. At the beginning of a cycle, 125ml of
Cr (VI)-containing influent water was pumped into the SBR for 6h adsorption, and then
125ml of effluent water was discharged at the end of the cycle to complete the Cr (VI)
adsorption. The effluent in the first cycle after desorption was collected every day and
placed in the refrigerator below 4 degrees Celsius after filtration with 0.22um filter for
storage and testing.

3.2.4 Desorption experiments

The desorption experiment started the day after the addition of Cr (VI) and was
completed within 1.5 h at the end of one cycle. A fixed ratio of AGS was taken at a fixed
time for desorption experiments. After the AGS being taken out, most of the free water
was filtered through the filter screen, and then the water on the surface of the AGS and
between the AGS was absorbed and removed by the filter paper. After the AGS being
transferred to a 250 ml Erlenmeyer flask containing 100 ml 0.5 M Na;CO3, the mixture
was shaken at 125 rpm under room temperature for 1 h. After the desorption, the
supernatant was filtered through a 0.22 pum filter membrane and stored in the refrigerator
below 4 Celsius prior to the tests. The remaining mixture was separated into AGS and
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water through a filter screen, and the separated AGS was washed 3 times with tap water
to remove residual Na>COz due to its adverse effect on AGS which can be known from
Chapter 2. Then, after absorbing moisture through the filter paper, the AGS was returned
to the original reactor.

3.2.5 Effect of dynamic adsorption/desorption process on AGS

Three SBR reactors were used to study the effect of dynamic adsorption/desorption
process on AGS, named RO, Rc and Rd-50-1. RO is the blank control group, that is, the
ordinary SBR operating mode without Cr (V1) addition. Rc is the control group, that is, 5
mg/L Cr (V1) was added to the influent without desorption. Rd-50-1, namely 50% AGS
was used for desorption at 1 time/d, was the experimental group; or the influent contained
5 mg/L Cr (V1) and 50% AGS was taken out for 1 time at a fixed time (14:00) every day
after desorption and then returned to the original reactor.

3.2.6 Effect of different desorption ratios on AGS

Three desorption ratios, i.e. 25%, 50% and 75% were examined to investigate the
effect of different desorption ratios on AGS, namely, Rd-25-1, Rd-50-1 and Rd-75-1,
respectively. The desorption frequency for the above three SBRs was 1 time/d.

3.2.7 Effect of different desorption frequencies on AGS

Two desorption frequencies, i.e. 1 time/d (namely Rd-50-1) and 1time/2 d (namely
Rd-50-2) were used to investigate the effect of different desorption frequencies on AGS.
The desorption ratio of the above two SBRs was 50%. The main operating parameters of
each reactor are listed in Table 3-1.

3.2.8 Analytical methods

NH,4*-N, nitrous nitrogen (NO2-N), nitrate nitrogen (NO3-N) and phosphate (PO4*
-P) were determined by Liquid Chromatography (Shimadzu, Japan). A single AGS was
placed in a graduated cylinder filled with 2 L of water, and the time required to fall from
a fixed height of 42.3 cm was used to determine the settling velocity. The average value
resulted from 100 randomly sampled AGS was used for each SBR in this study. The
determination of the other parameters was the same as described in section 2.2.6.

35



3.3 Results and discussion

3.3.1 Effects of dynamic adsorption/desorption process on Cr (VI) removal and
desorption by AGS

The effect of different desorption frequencies on Cr (VI) removal by AGS is shown
in Fig. 3-1la. As seen, the Cr (VI) removal in the reactor (Rc) without dynamic
adsorption/desorption obtained the highest cumulative Cr (VI) removal (2.11 mg) than
the other two reactors. And a lower desorption frequency (1 time/2d) showed a better Cr
(V1) removal performance. That is, a higher desorption frequency is not conducive to the
Cr (VI) removal by AGS as desorption process may adversely affect the adsorption sites
on the AGS. Also, the effects of different AGS desorbed biomass proportion on the Cr
(VI) removal by AGS was investigated as shown in Fig. 3-1b. No significant difference
was noticed between the three reactors in terms of Cr (V1) removal. But for the cumulative
desorbed Cr (VI), the desorption ratios exhibited a significant effect among the three
reactors (Fig. 3-1c). The higher the biomass desorption ratio, the higher the cumulative
desorbed Cr (V1). Therefore, a higher biomass desorption ratio and desorption frequency
are beneficial for the cumulative desorption of Cr (VI) while with an adverse effect on
the removal of Cr (V1).

3.3.2 Effects of dynamic adsorption/desorption process on contaminant removal by
AGS

Figs. 3-2a, b and c¢ show the effects of dynamic adsorption/desorption process on
ammonia nitrogen (NH4"-N) removal by AGS. As can be seen from Fig. 3-2a, at the same
influent NH4*-N concentration (50 mg/L), the effluent NH4*-N concentration in the
reactor without dynamic adsorption/desorption (Rc) increased quickly from day 5 and
maintained around 31 mg/L during days 20-35. This observation may be associated with
the cumulative inhibitory effect and toxicity of Cr on the nitrifying bacteria in AGS.
While the reactor with dynamic adsorption/desorption (Rd) also showed similar
phenomenon in the first 5 days, and the effluent NH4*-N concentration kept increase
slightly till day 13; however, after that day it decreased to 16.69 mg/L. It can be seen that
the increase in the effluent NH4"-N concentration with dynamic adsorption/desorption
(Rd) is much earlier than that of control reactor (Rc), which is due to the double effects
of the toxic inhibition of Cr (V1) and the adverse effect of dynamic adsorption/desorption
on AGS. After a period of adaptation (days 5-13), desorption operation seemed to mitigate
the inhibitory effect of Cr on ammonia nitrogen nitrification as the effluent NH4*-N
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concentration decreased from day 13. The inhibition of Cr (V1) on the nitrification was
completely eliminated during days 25-31. Possibly due to the above-mentioned double
effects of dynamic adsorption/desorption process and Cr on AGS, the nitrification ability
of AGS deteriorated again. The blank reactor (RO) exhibited a stable NH4"-N removal
efficiency (averagely 99.67%).

Fig. 3-2b shows the effect of different desorbed biomass proportion on the NH4*-N
removal by AGS. All of the reactors demonstrated the same trends, except that an earlier
inhibition of nitrification appeared in the reactor with a higher desorption ratio, which
may be related to the layer structure of bacteria in AGS where nitrifying bacteria are
always located in the out layer. However, they also showed a mitigating effect on Cr
inhibition of nitrification as the effluent NH4™-N concentrations from the three reactors
decreased after day 13. And a higher biomass desorption ratio is beneficial to prolong the
time for eliminating the inhibition effect of Cr (V1) on nitrification. On the other hand, no
significant difference was observed between the two kinds of desorption frequency,
except that the time for eliminating the inhibition effect of Cr (V1) on nitrification was
longer at a higher desorption frequency (Fig. 3-2c).

Figs. 3-3a, b and c¢ show the variations of effluent NO2™-N concentrations from the
different reactors. As can be seen from Fig. 3-3a, almost no NO2™-N in the effluent was
detected in the reactor without desorption (Rc), possibly due to the nitrification was
inhibited by Cr (VI). While the effluent NO2-N increased as the inhibition of nitrification
by Cr (V1) was reduced because of dynamic adsorption/desorption, and decreased due to
the double effects of toxic inhibition of Cr (VI) and dynamic adsorption/desorption on
AGS. As for different desorbed biomass proportions, the effluent NO2"-N from the reactor
with 25% and 75% desorbed biomass proportions were much higher than that from the
reactor with 50% biomass desorption ratio, which may be associated with the balance
between the mitigation of inhibitory effect of Cr by desorption and the adverse effect of
desorption itself on AGS. Being similar with NH4*-N, the difference in effluent NO>-N
between the two kinds of desorption frequency can be ignored (Fig. 3-3c). The blank
group (RO) exhibited stable nitrification performance without little NO2"-N accumulation
observed.

Figs. 3-4a, b and ¢ show the variations of effluent NOs-N from different reactors.
As can be seen from Fig. 3-4a, the effluent NOs-N from RO was around 29.15 mg/L,
which reflected a downward trend possibly due to improved denitrification. While for the
other two reactors, the effluent NO3™-N concentration decreased, and this phenomenon
appeared earlier in Rd, possibly due to the double effects of toxic inhibition of Cr (VI)
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and the adverse impact of desorption on AGS. Fig. 3-4b shows that the decrease of
effluent NO3z™-N concentration occurred earlier in the reactor with a high biomass
desorption ratio, which corresponds to the increase of NH4*-N and NO2-N in Fig.3-2b
and Fig.3-3b, respectively. Seen from Fig. 3-4c, the two kinds of desorption frequency
show no significant difference on the variation of effluent NOs™-N concentration, which
is similar with effluent NH4"-N. Therefore, dynamic adsorption/desorption process can
reduce the inhibition effect of Cr (V1) on AGS nitrification. From the results of the tested
scenarios, the influence of desorption ratio is greater than that of desorption frequency.

Figs. 3-5a, b and ¢ summarize the changes of effluent POs*>-P from the three
reactors. Fig. 3-5a shows that the effluent PO4*-P reached the maximum on day 3 in Rd,
which is much higher and earlier than that from Rc with only Cr (VI) addition. But after
that the effluent PO4>-P decreased quickly and kept at a lower concentration than that
from Rc, probably due to the adaptation of AGS to the adsorption/desorption operation
strategy and the alleviation of Cr(V) inhibition by desorption on P removal by AGS. Fig.
3-5b shows that the effluent PO,*-P from the three reactors with different desorbed
biomass proportions exhibited the similar trend with the maximum effluent PO,>-P
concentration increased with the increase of biomass desorption ratio. There is no
significant difference between the two different desorption frequencies except the
difference in the occurrence time of the maximum POs*-P concentration (Fig. 3-5c).
Therefore, dynamic adsorption/desorption operation can also mitigate Cr (V1) inhibition
on PO4*-P removal by AGS. Among the tested scenarios, the biomass desorption ratio
showed a greater influence on PO4*-P removal than the desorption frequency.

Figs. 3-6a, b and c reflect the variations of effluent COD from the three reactors.
Seen from Fig. 3-6a, the effluent COD from RO had the lowest COD values, showing the
best COD removal efficiency (98.89%). The effluent COD from Rd increased first and
then decreased after day 3, possibly because AGS needs some time to adapt to the
dynamic adsorption/desorption operation conditions. After this adaptation period, its
effluent COD concentration was lower than that from Rc, especially during days 20-35.
In addition, the reactors with different biomass desorption ratios showed the similar COD
trend: The effluent COD decreased with the increase of biomass desorption ratio.
Furthermore, there is no significant difference between the reactors with different
desorption frequencies except that the effluent COD varied in a zigzag pattern at the
desorption frequency of 1 time/2d. As for all the reactors operated under dynamic
adsorption/desorption, the effluent COD showed a downward trend, indicating that AGS
can adapt to dynamic adsorption/desorption and behave better in pollutants removal.
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Overall, a higher biomass desorption ratio and desorption frequency is conducive to the
COD removal by AGS under dynamic adsorption/desorption.

3.3.3 Effects of dynamic adsorption/desorption process on biochemical
characteristics of AGS.

In this study, specific oxygen uptake rate (SOUR) was introduced to represent the
bioactivity of AGS. Figs. 3-7a, b and ¢ show the changes of SOUR of AGS in the three
reactors. Seen from Fig. 3-7a, an increased trend was observed in the SOUR of AGS in
RO along with its operation. The lowest SOUR of AGS was detected in Rc due to the
toxicity of Cr (V1) on microorganism. The SOUR of AGS in Rd decreased in the first 5
days, most probably due to the double effects from the toxic inhibition of chromium and
the adverse impact of desorption on AGS; after that the SOUR increased, which may be
resulted from the adaption of AGS to the dynamic adsorption/desorption operation and
increase in specific surface area due to granule breakage. Figs. 3-7b and c indicate that
the effects of different biomass desorption ratios and desorption frequencies on SOUR
are not significant.

Figs. 3-8a, b and ¢ demonstrate the changes of EPS in AGS from the three reactors.
It can be seen from Fig. 3-8a that Cr (V1) addition and dynamic adsorption/desorption
have insignificant effect on PS secretion but have negative effect on PN contents in AGS.
It was found that lower biomass desorption ratio and desorption frequency are beneficial
to maintain the amount of PN in AGS, which is not observed on the amount of PS.

Integrity coefficient was applied to characterize the stability of AGS. Figs. 3-9a, b
and ¢ show the variations of integrity coefficient of AGS in the three reactors. Seen from
Fig. 3-9a, compared to RO, dynamic adsorption/desorption operation may exert adverse
effect on AGS stability, while the addition of Cr (V) seems to be beneficial to maintain
the stability of AGS, possibly due to the inhibition effect of Cr (VI) on the growth of
filamentous bacteria. Also, Figs. 3-9b and c indicate that a lower biomass desorption ratio
is conducive to maintain the stability of AGS in SBR under the dynamic
adsorption/desorption operation, and different desorption frequency didn’t show
significant effect on the stability of AGS.

Settling velocity is one of the important indicators for AGS settleability. The settling
velocities of AGS from the three reactors are shown in Figs. 3-10a, b and c. No significant
difference was observed among the results from different biomass desorption ratio and
desorption frequency (Figs. 3-10a, b and c). All the settling velocities of AGS for all the
reactors decreased from 30.82 to 15.74 m/h, which mainly due to the average size of AGS
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decreased from 1.10 to 0.42 mm (Fig. 3-11a, b and c). As shown in Fig. 3-11a, b and c,
all the MLVSS in different reactors decreased quickly in the first 5 days from 4.47 to 2.97
g/L except that in Rc, and then decreased slowly, which means that the low concentration
of Cr (5 mg/L) is beneficial to maintain the MLVSS of AGS. However, the long-term
addition of low-concentration Cr will cause the SVI of AGS to increase, which is not
conducive to the sedimentation of sludge (Fig. 3-12a). Also, dynamic
adsorption/desorption operation will cause SV to rise sharply in the first 5 days, but after
AGS was adapted to dynamic adsorption/desorption operation, SVI gradually decreased,
which is lower than that of Rc and higher than that of RO (Fig. 3-12a). A higher biomass
desorption ratio will result in a higher SV1 in the first 5 days, but after that, there is no
obvious difference (Fig. 3-12b). The peak of SVI with lower desorption frequency
(1time/2d) will appear later than that with higher desorption frequency (1time/d). After
that, there is no significant difference between the two reactors (Fig. 3-12c).

3.4 Summary

In this chapter, the effects of dynamic adsorption/desorption on AGS were
investigated under different operation conditions. Results show that a higher biomass
desorption ratio and desorption frequency are beneficial to the cumulative desorption
mass of Cr (V1) while have an adverse effect on the removal of Cr (V). Throughout the
experiment, Cr (V1) exhibited inhibition on nitrification and POs*-P removal. In the latter
period of the experiment, dynamic adsorption/desorption operation reflected mitigation
effect on Cr inhibition of nitrification and POs*-P removal. However, the long-term
double effects from the adverse impact of Cr (V1) toxicity suppression and desorption on
AGS make the nitrification and phosphorus removal performance of AGS eventually
deteriorate. Desorbed biomass proportion rather than different desorption frequency may
have noticeable effects on the mitigation of Cr (V1) inhibition of nitrification. However,
no significant difference in the mitigation of PO4>-P removal was observed among test
desorbed biomass proportions and desorption frequencies. In addition, a higher biomass
desorption ratio and desorption frequency is conducive to COD removal by AGS under
dynamic adsorption/desorption. Furthermore, dynamic adsorption/desorption is
beneficial to maintain the bioactivity of AGS but not conducive to the stability and
settleability of AGS and maintenance of PN in EPS. In any case, the deterioration of
stability and settleability is still within the acceptable levels. Thus dynamic
adsorption/desorption may be proposed as a promising option to mitigate the negative
impact of Cr (V1) on AGS.
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Table 3-1. List of main operating parameters of each reactor

Reactors RO Rc Rd-25-1 Rd-50-1 Rd-75-1 Rd-50-2
Influent Cr 0 5 5 5 5 5

(V1) (mg/L)

Desorption - -- 25 50 75 50

ratio (%)

Desorption -- -- 1 time/d 1time/d  1time/d 1 time/2d
frequency
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Chapter 4 Effect of OLR on AGS performance during the operation of

dynamic Cr (V1) adsorption/desorption

4.1 Introduction

In Chapter 3, the reactor performance under dynamic adsorption/desorption
operation show its superiority to the reactor without dynamic adsorption/desorption in
terms of COD, NH4"-N and PO4*-P removal. Although dynamic adsorption/desorption is
beneficial to maintain the bioactivity of AGS, it's not conducive to the stability and
settleability of AGS. So in this chapter, the focus is directed to the stability and
settleability of AGS due to the operation of dynamic adsorption/desorption. OLR is
regarded as one of the important operating parameters that affect the performance of AGS
systems during dynamic adsorption/desorption process. In this study, three different
OLRs (0.5, 1, 2 kg COD/m?® 4) at a desorption frequency of 1 time/d were used to explore
its effect on the stability of AGS.

4.2 Materials and methods

4.2.1 Synthetic wastewater and AGS

The composition of the synthetic wastewater was same as in section 2.2.2 except the
Cr (V1) and COD concentration. In this chapter, the initial Cr (V1) concentration was 5
mg/L. and COD was 250, 500, 1000 mg/L for the three reactors (I, 11, and I1l), resulting
in OLR 0f 0.5, 1, 2 kg COD/m? 4, respectively. The AGS was also sampled from the same
1L SBR in the laboratory, which has been cultivated for more than two years as described
in Chapters 2 and 3. The initial sludge concentration was set as 5 g-MLSS/L.

4.2.2 Reactor set-up

This study was carried out using three identical laboratory scale column plexiglass
sequencing batch reactors with a working volume of 250 mL each as described in Section
3.2.2. Except the OLR condition, the operating parameters of the reactors were the same
as in Section 3.2.2.

4.2.3 Experimental procedure

The three identical reactors were used for this study, which were operated at OLR of
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0.5, 1, 2 kg COD/m? 4, respectively, with an initial Cr (V1) concentration of 5 mg/L. After
every two cycles of operation, half of the AGS in each reactor was taken out for once
desorption with 0.5 M NaxCOs as the desorbent under 45°C due to that the high
temperature is conducive to the desorption of Cr (V1). The desorption experiments were
conducted in 250 mL Erlenmeyer flasks containing Cr-loaded AGS and 100 mL
desorption solution each. Then the mixture was shaken at 125 rpm at room temperature
for 60 min. After desorption, the AGS was washed three times with tap water and then
returned to the original reactor to continue the subsequent cycles of operation.

4.2.4 Analytical methods

Parameters including mixed liquor (volatile) suspended solids (ML(V)SS) were
determined according to the standard methods (APHA, 2012). Morphology of granules
samples of the granules were qualitatively observed using Leica M205 C Microscope
(Leica Microsystems, Switzerland). The determination of the remaining parameters is the
same as in Section 2.2.6 and 3.2.8.

4.3 Results and discussion

4.3.1 Adsorption and desorption of Cr (VI) on AGS

The reactors with different OLR 0.5, 1 and 2 kg COD/m? d were labelled as Reactor
I, Il and 111, respectively. The AGS system with adsorption/desorption model was run for
30 cycles to investigate the effect of different OLR on the AGS. Fig. 4-1 shows the
variation of Cr (V) removal efficiency under the designed OLRs. It can be seen that in
the first 6 cycle the Cr (V1) removal efficiency by Reactor I, 11, and 111 decreased quickly
from 71.78, 73.31 and 74.35% to 8.46, 8.97and 9.39%, respectively; and then kept at an
average Cr (V1) removal efficiency of 3.73, 5.04 and 7.05% reflecting an overall slow
downward trend till the 30" cycle, respectively. This observation indicates that the AGS
system has limited capability to continuously treat Cr (V1)-containing wastewater, which
may be due to the limited adsorption sites possessed by a certain quantity of AGS. When
the adsorption sites reach saturation, the adsorption removal of Cr (VI) by the AGS
system reaches its upper limit. It was noted that the Cr (V1) removal efficiency at OLR of
2 kg COD/m?® d was higher than those of 0.5 and 1kg COD/m? 4, meaning that a higher
OLR is beneficial for Cr (V1) removal during the dynamic adsorption/desorption AGS
system. This phenomenon may be contributed by the increased microbial activity under
a higher OLR which can help the microbes survive the tough and toxic conditions.
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Furthermore, in the cycle after desorption from the 6" to 30" cycles, the removal
efficiency of Cr (VI) has been slightly improved attributable to the desorption, with an
average increase of 0.85, 0.93, 0.98% at 0.5, 1, and 2 kg COD/m?3 4, respectively. This
further proves that a higher OLR is beneficial to Cr (V1) removal by AGS system under
dynamic adsorption/desorption.

Figs. 4-2a and b show the cumulative amount of removed Cr (VI) and desorbed Cr
(V1) under the test OLRs. Reactor 111 at 2 kg COD/m?® ¢ showed the highest cumulative
amount of removed Cr (VI) and desorbed Cr (VI), about 2.15 mg and 0.46 mg Cr (VI)
respectively, which are apparently higher than those by the other two reactors at lower
OLRs. It thus is confirmed that a higher OLR is conducive to Cr (V1) adsorption and
desorption in the AGS system.

4.3.2 Changes in physical and chemical properties of AGS

The SOUR and integrity coefficient were also introduced to characterize the
bioactivity and stability of AGS. The variations of SOUR and integrity coefficient of AGS
in the three reactors are illustrated in Figs. 4-3a and b. It can be seen that as for the AGS
in the three reactors, the SOUR decreased and the integrity coefficient increased as the
experiment progressed. The SOUR decreased from initial 10.96 to 1.82, 2.79 and 5.46 for
the AGS in Reactors I, I and 111, respectively; and the integrity coefficient increased from
initial 6.00% to 57.69, 25.61 and 21.85%, respectively. Among them, Reactor 111 showed
the best performance with a smaller decrease in SOUR and a smaller increase in integrity
coefficient. This indicates that a higher OLR (2 kg COD/m?3 ¢) favors the maintenance of
biological activity and granular stability in comparison to lower OLR conditions (=1 kg
COD/m3 4).

Figs. 4-4a and b show that the MLVSS concentrations in the three reactors decreased
from around 2.6 g/L to 1.1, 1.2 and 1.5 g/L, which is mainly due to AGS breakage during
the operation as its strength became weak, which were easy to be discharged from the
system along with the effluent. The MLVSS concentration can also be predicted from the
increased integrity coefficient of AGS.

On the other hand, seen from Figs. 4-5a and b, the decrease in average particle size
and settling velocity proved that the granules were broken. The average size of AGS
decreased from 1.02 mm to 0.52, 0.60 and 0.71 mm, and their average settling velocity
decreased from 22.79 m/h to 7.81, 10.19 and 11.57 m/h for the granules in Reactors I, 11
and 111, respectively. Compared to other parameters, the extent of reduction in average
granule size was relatively small, because the broken pellets were easily washed out from
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the system through effluent discharge, while the remaining ones were relatively large ones.
The average settling velocity decreased by > 50% for the three reactors, most probably
due to repeated adsorption/desorption operations which generally loosen the granular
structure, no matter small or large ones. Further work is necessary on the improvement of
granular structure during dynamic adsorption/desorption operation.

The morphological changes of AGS during the adsorption/desorption process also
evidenced the above viewpoint. From Figs. 4-6, the original AGS on day 0 has a tight
structure with a smooth and regular surface. While the morphology of AGS changed a lot
as the structure turned looser with rougher granular surface along with the operation of
the three reactors, even the granules in Reactor | experienced breakage and lost their
stable inner core.

To sum up, during the repeated adsorption/desorption, all the indices relating to
granular sludge properties got deteriorated, including SOUR, integrity coefficient,
MLVSS, settling velocity, size and morphology, especially at the low OLR. At the same
time, it can also be seen that high OLR is beneficial for AGS to maintain its
physiochemical properties to cope with a toxic and tough living conditions, like repeated
adsorption/desorption operations.

4.5 summary

In this chapter, the adsorption/desorption model was introduced to AGS system for
Cr (VI) remove and recovery under different OLRs. The results show that a higher OLR
can obtain a higher amount of Cr (V1) adsorption and desorption by the AGS system. A
higher OLR helps AGS maintain the stability of its physical and chemical properties to
overcome the negative effects from the toxic and tough conditions, like frequently
adsorption/desorption operation. Results from this chapter indicate that increasing OLR
may be a rescue strategy to maintain the stability of AGS system when Cr (V1) removal
is targeted during dynamic adsorption/desorption.
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Chapter 5 Conclusions and future research

5.1 Conclusions

Heavy metals removal and recovery from wastewater may challenge the sustainable
operation of current WWTPs with activated sludge as the main treatment process. AGS
originated from activated sludge can have more potentials for treating toxic heavy metals
containing wastewater. This study attempted a novel operation strategy on AGS for Cr
(VI) removal by introducing a dynamic adsorption/desorption process into the AGS
system.

In the present study, five different desorbent solutions were tested for Cr (VI)
desorption from Cr-loaded AGS. The effects of operation parameters on the granular
bioactivity and stability of AGS were investigated. Two kinetic models were used to fit
the desorption data. In addition, dynamic adsorption/desorption process was introduced
into the AGS system, and its effects were examined on the AGS performance and granular
properties under different conditions regarding the physicochemical and biological
characteristics of AGS. The results from this study can be summarized as follows.

5.1.1 Main influencing factors during dynamic Cr (VI) adsorption/desorption
operation of AGS system

(1) Desorbent selection and optimization of desorption condition

Cr (VI) adsorption onto active aerobic granular sludge (AGS) under neutral
condition was explored and then focused on Cr (V1) desorption from the Cr-loaded AGS.
The changes of AGS bioactivity and stability were also analyzed with respect to cations
release and extracellular polymeric substances (EPS). Among the 6 test desorbents,
Na>COs showed the best performance for Cr (V1) desorption from Cr-loaded AGS,
reflecting a better fit to the pseudo-second-order kinetic model (R? = 0.985-0.995).
Granular specific oxygen uptake rate (SOUR) was detected to decrease from the initial
22.38 to 5.55 mg-0./g-VSS h after 60 min desorption by 1M NaxCOsz, with integrity
coefficient increased from 5.52% to 25.63%. Release of Ca?*, Mg?* and K* was mainly
from EPS, especially the tightly bound EPS during the desorption process. Moreover,
proteins rather than polysaccharides were found to be more sensitive to the increasing
Na>COs concentration during the desorption process.
(2) Desorbed biomass proportion and desorption frequency
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A higher desorbed biomass ratio and desorption frequency are beneficial to the
cumulative desorption of Cr (V1) while with an adverse effect on the removal of Cr (V1).
Different biomass desorption ratio shows a greater effect on the mitigation of Cr (VI)
inhibition on nitrification than different desorption frequency in this study. But there is
no significant difference between different biomass desorption ratio and different
desorption frequency for mitigation of Cr (V1) inhibition on PO4*-P removal. In addition,
a higher biomass desorption ratio and desorption frequency is conducive to the COD
removal by AGS under dynamic adsorption/desorption. Furthermore, dynamic
adsorption/desorption is beneficial to maintain the bioactivity of AGS but not conducive
to the stability and settleability of AGS and maintenance of PN. In any case, the
deterioration of stability and settleability is still within acceptable limits.

(3) OLR

The effect of different OLRs on the removal and recovery of Cr (VI) and the
physicochemical characters of AGS was investigated in the AGS system under the
operation strategy of dynamic adsorption/desorption. The AGS system with a higher OLR
(2 kg COD/m?® day) can obtain a higher amount of Cr (V1) adsorption and desorption in
the AGS system. The higher OLR (2 kg COD/m?3 day) is beneficial to maintain the
stability of AGS physical and chemical properties in the toxic and frequent
adsorption/desorption AGS systems.

5.1.2 Implications of this study

Throughout the experiment without dynamic adsorption/desorption, Cr (V1)
exhibited inhibition on nitrification and PO4*-P removal. In the latter part of the operation
of AGS systems treating Cr (VI)-containing wastewater, the dynamic
adsorption/desorption operation showed some mitigation effect on Cr (V1) inhibition of
nitrification and PO4%-P removal. And the higher OLR (2 kg COD/m? day) is beneficial
to maintain the stability of AGS physical and chemical properties. This shows that
dynamic adsorption/desorption process with high OLR can be used as an alternative
strategy for the treatment of wastewater containing toxic and hazardous heavy metals
through relieving their negative impact on AGS in the short term.

5.2 Future research

In order to promote the application of adsorption-desorption mode in the actual
AGS-SBR system, future works should be conducted mainly from the following three
aspects.
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The first important work is to select and optimize the desorption solution, and its
desorption condition. The desorption solution should satisfy the maximum desorption of
heavy metals adsorbed by AGS without negative impact on the biological activity and
stability of AGS.

The second step is to strengthen AGS by modification to ensure that AGS can
maintain its stably biochemical functions in the treatment of toxic wastewater under
repeated adsorption and desorption operation mode.

The third aspect is how to quickly regain AGS bioactivities when negative effects
occur after the adsorption and desorption operation before returning to the AGS system.
Some bioactive substances might be used to quickly ameliorate and restore AGS
bioactivities if being negatively impacted by the dynamic adsorption and desorption
operation.
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