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Abstract

Heavy metals (HMs) are regarded as a great challenge to wastewater treatment plants
(WWTPs) due to their toxic effects on aquatic organisms and human beings. As one of the
typical HMs, hexavalent chromium (Cr(V1)) has significant carcinogenic and mutagenic effects
to humans. Among the various methods for HMs removal, biosorption is considered as a cost-
effective and environmentally friendly process. Conventional bacterial aerobic granular sludge
(AGS) system has been considered as a promising biotechnology for wastewater treatment,
which is now frequently attempted for HMs removal tests. As a novel biotechnology, algal-
bacterial AGS is expected to largely reduce operation costs due to much less consumption of
carbon source and energy in comparison to the bacterial AGS process. However, to the best of
our knowledge, still, very little information is available on the application of algal-bacterial
AGS biomass as a biosorbent for Cr(V1) removal or recovery from wastewater. Moreover, in
most of the previous studies for concerning HMs removal by AGS, microbial activity of AGS
during the adsorption process was ignored, which is, however, critical to the reuse and recycles
of HM loaded AGS and the interpretation of the underlying mechanisms.

In this study, mature bacterial or algal-bacterial granules were used for Cr(V1) removal
from synthetic wastewater, in terms of both total Cr removal and Cr(V1) reduction. The algal-
bacterial AGS was cultivated from mature bacterial AGS, and compared with the bacterial AGS
in terms of Cr(VI) removal capacity, granular stability and metal content. Besides, the
influences of environmental factors on Cr(\V1) removal and the responses of algal-bacterial AGS
were evaluated. Moreover, the underlying mechanisms were also studied by the means of
chemical fractionation and microcharacterization. Major results can be summarized as follows.

(1) Batch tests revealed that Cr(V1) biosorption onto algal-bacterial AGS was highly pH
dependent and the maximum Cr(VI1) biosorption capacity of 51.0 mg g* occurred at pH 2.
Compared to the conventional bacterial AGS, algal-bacterial AGS demonstrated higher
biosorption capacity (9.60 mg/g vs. 8.49 mg/g under the same test conditions; p=0.0014) and
better granular stability, implying that algal-bacterial AGS can be more potentially utilized as
a Cr(VI) removal and recovery biomaterial for the treatment of Cr(VI)-containing wastewater.

(2) Microbial activity and granular stability of algal-bacterial AGS were maintained after
6 h biosorption at an initial Cr(VI) concentration of 5 mg/L. The highest Cr(VI) reduction
(99.3%) and total Cr removal (89.1%) were achieved within 6 h at pH 2 and 6, respectively.
Metal cations enhanced Cr(VI) reduction but suppressed total Cr removal. In addition, the test



natural organics promoted Cr(\V1) removal, especially on Cr(VI) reduction; while salinity > 5
g/L severely inhibited both Cr(VI) reduction and total Cr removal.

(3) 85.1% of total Cr was removed by active algal-bacterial AGS after 6 h under pH 6 at
an initial Cr(\VI1) concentration of 5 mg/L, which decreased dramatically to 29.6% when
sterilized algal-bacterial AGS was used. Glucose promoted Cr(VI) removal by active AGS
while no effect on sterilized one. Besides, total Cr removal via bacterial AGS was inhibited by
11.2% but maintained in the case of algal-bacterial AGS when antibiotic levofloxacin added.
Extracellular polymeric substances (EPS) analysis showed that more soluble microbial products
(SMP) and loosely bound EPS were secreted by algal-bacterial AGS under Cr(VI) exposure.
Moreover, results from Cr distribution and fractionation revealed that around 17.3% of the
loaded Cr was EPS bounded and 69.2% was intracellularly accumulated, 61.7% of loaded Cr
was organic bound fraction, and totally around 90.5% of Cr was in an immobile form,
indicating the safety of using algal-bacterial AGS for hazardous heavy metals removal.

Results from this research are expected to facilitate the utilization of algal-bacterial AGS

with high efficiency for heavy metal remediation in the real world of wastewater treatment.
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Chapter 1 Introduction

1.1 Heavy metal issue and hexavalent chromium

Heavy metals (HMs) mainly from industrial discharge pose a great threat to human health
and the environment due to their toxic effects of long-term environmental contamination and
pollution (Huang et al., 2019a; Zhang et al., 2017). The most common HMs found in wastewater
like arsenic, cadmium, lead, mercury and chromium (Cr) are well known for their toxicity, non-
biodegradability, persistence in the environment and bioaccumulative nature (Jobby et al., 2018;
Rahman and Singh, 2019). Among these HMs, the presence of Cr in industrial effluents has
become a serious problem since its compounds have a wide range of applications in various
industrial processes like electroplating, printing, dyeing, tanning, textile manufacturing and
metallurgy (Mitra et al., 2017; Shahid et al., 2017). Cr mainly exists as trivalent Cr(l1l) and
hexavalent Cr(VI) in aqueous environment (Rozada et al., 2008; Zou et al., 2020). Cr(111) can
be readily precipitated with hydroxides at neutral or higher pH conditions and is generally
considered lowly toxic because of the inability to pass through the bacterial membrane (Ma et
al., 2012; Lai et al., 2016; Viti et al., 2014). In contrast, highly water-soluble Cr(V1) can easily
cross the membrane of cells, causing 100 times more toxic than Cr(l11), thus leading to severe

effects on organisms (Jang et al., 2020; Ma et al., 2019).

1.2 Conventional methods for chromium remediation

With the rapid industrialization process, voluminous pollution of Cr in the environment
has been found due to the direct discharge of chromium-containing wastes or the leakage from
improper handling. The Cr concentration in industrial effluents varies from several to thousands
of mg per liter (Xia et al., 2019). More seriously, Cr(V1) was frequently detected in soil, surface
water or groundwater around factories or mining areas with the Cr(VI) concentration of 0.01-
2900 mg/L (Das and Mishra, 2010; Némecek et al., 2014; Hausladen et al., 2018), making Cr
contamination in the environment become a major concern.

According to the US Environmental Protection Agency (USEPA) regulation, the
maximum contaminant level (MCL) of total chromium in drinking water is 0.1 mg/L (US EPA,
2009), which is 0.05 mg/L as recommended by the European Commission (Lilli et al., 2015).
To meet the increasingly stringent effluent discharge limit, many techniques have been
employed to remove Cr(VI) from wastewater. Conventional methods for the removal of Cr(V1)

from wastewater including chemical precipitation, electrochemical technologies, ion exchange,



membrane technologies, oxidation, adsorption on activated carbon etc, have some obvious
disadvantages such as low treatment efficiency, sensitive operating conditions, or high costs
(Abbas et al., 2016; Fu and Wang, 2011; Peng and Guo, 2020; Wang and Chen, 2009).

1.3 Biosorption and biosorbents

Biosorption is the process where metal or metalloid species, compounds and particulates
are concentrated on the surface of the biological materials from solution (Saravanan et al., 2017).
Compared to conventional technologies, biosorption process for Cr(\V1)-containing wastewater
has become a promising technology due to its high efficiency, low operating costs, abundant
resources, eco-friendliness, and so on (Fomina and Gadd, 2014; Jobby et al., 2018). A number
of biomaterials such as algae (Pradhan et al., 2019), fungi (Shi et al., 2019), bacteria (Ma et al.,
2018), activated sludge (Wu et al., 2010), aerobic granular sludge (AGS) (Sun et al., 2010) and
agricultural wastes (Ding et al., 2016; Olguin et al., 2013) have been exploited as biosorbents.

As by-products of wastewater treatment plants (WWTPs), waste activated sludge (WAS)
is cost effective and has been proven to be efficient in heavy metal removal (Wu et al., 2010;
Zhou et al., 2016). Utilization of WAS for heavy metal treatment could reduce the disposal
issues and remove the hazardous pollutants simultaneously. The main components in waste
WAS are polysaccharides, proteins and lipids with various functional groups for the binding of
metal ions (Zhou et al., 2016). However, biomass of WAS is in the form of suspended flocs with
poor settling ability, results in high energy requirement in the post-separation process when
applied for heavy metal removal (Nancharaiah and Reddy, 2018). Moreover, freely suspended
microbial cells in WAS can easily be disintegrated under high pressures and loss its efficiency,
thus limit its industrial applications (Saravanan et al., 2017).

Fortunately, a new technology of aerobic granular sludge (AGS) can overcome some of
the limitations of WAS, due to the many superior properties possessed by AGS like porous
microbial structure, excellent settleability, rich binding sites for metals and the ability to
withstand shock and toxicant loadings (Franca et al., 2018; Wang et al., 2018). The advantages
of using the bacterial AGS as biosorbents can be summarized as follows: (i)The compact
structure and excellent settleability of AGS can facilitate the post-separation process (Franca et
al., 2018); (ii) The aggregation of different microbial populations generates a porous structure
of granules, ensuring relatively large surface area and providing plenty of vacant surface
sorption sites for sorbates (Liu et al., 2003); (iii) The overgrowth of microorganisms on the

granules may bring abundant surface functional groups for sorbates complexation or other



biological interactions (Sun et al., 2010); (iv) The negatively charged surface of AGS has an
affinity for HM ions (Sun et al., 2011a; Sun et al., 2011b). Up to now, original or surface
modified AGS has been proven to be highly effective towards various HMs including Cr(VI).
However, the drawbacks of AGS process, like the relatively low structural stability during
prolonged operations, and the slow growth of AGS biomass, limit the biosorbent development
from the conventional bacterial AGS process.

1.4 Algal-bacterial AGS

Most recently, a new type of AGS, algal-bacterial AGS is intensively studied. As reported,
algae can naturally grow on AGS and entangle with bacteria biomass rapidly when exposed to
artificial sunlight (Zhang et al., 2018; Zhang et al., 2020). This kind of granular consortium of
algae and bacteria can be quickly established due to the fast growth of algal biomass, which
also exhibited an excellent and stable nutrients removal performance, i.e. 90-99% of organics,
60-70% of total N and 65-90% of total P removal, and a low sludge volume index (SVI) value
(SV130=28-45 mL/g) after maturation (Zhang et al., 2018; Zhang et al., 2020). A recent work
found that algal-bacterial AGS can adapt to low carbon environment (chemical oxygen demand
(COD)/N = 1) and maintain excellent granular stability (Zhao et al., 2018). Moreover, the algal-
bacterial AGS can function well in shaking photoreactors without conventional air bubbling
(aeration) that is usually applied for AGS cultivation and maintenance (Zhao et al., 2018).
Therefore, the algal-bacterial AGS system is expected to have great potentials for reducing
energy consumption and operation cost in the WWTPs.

On the other hand, algae with fast biomass growth have been reported to be able to
effectively adsorb HMs from wastewater due to its large surface to volume ratio (Kumar et al.,
2019) and high selectivity of specific HMs binding (Micheletti, et al., 2008; Son et al., 2018).
Even though the poor settleability of algae makes its field application for HMs removal
impractical, the combination of AGS with algae, namely algal-bacterial AGS may possess their
merits and overcome the drawbacks simultaneously. When applied as adsorbent for HMs, e.g.
Cr(VI) removal from wastewater, it is hypothesized that algal-bacterial AGS could be a more
suitable biosorbent which can couple the high HMs adsorption capacity of algae with the porous
and compact structure of bacterial AGS. Considering its rapid growth rate in wastewater and
easy separation from the treated wastewater after biosorption, algal-bacterial AGS would be

more promising for Cr(\V1) removal in practical applications.



1.5 Factors affecting Cr(VI) bioremediation

The biosorption capacity of Cr(\V1) ions from liquid solution by biosorbents depends upon
various factors such as solution pH, contact time, temperature, initial metallic concentration,
biosorbent dosage (Saravanan et al., 2017). Among them, solution pH is the most important
parameter that significantly affects both surface chemical properties of granules and solution
chemistry of chromium in aqueous solution (Zhuo et al., 2017; Feng et al., 2018). Cr(VI) ions
are more easily removed through electrostatic interaction at lower pH value (1-3) due to the
positively charged surface of the biosorbents (Akram et al., 2017; Cherdchoo et al., 2019).
Besides, initial metallic concentration is also a crucial factor for biosorption capacity, and the
maximum biosorption capacity would increase according to the elevation of initial metal
concentration, due to the fact that more metals are available while the number of active sites on
biosorbents surface are limited (Saravanan et al., 2017).

Moreover, when evaluating the Cr(VI) removal efficiency of biosorbents, effects of
different background circumstances should be also taken into consideration due to the
complexity of contaminated surface water and actual industrial wastewater. These
environmental factors include co-existing anions/cations, natural organic matters (NOMSs),
ionic strength (1S), and carbon sources, etc.

Some oxyanions such as NOs~, HoPOs~, HPO4>", SO4>", COs> and HCO3™ , etc. that are
widely found in natural waters, can act as electron acceptors and compete for the surface
adsorption sites with Cr ions, thus, suppressing or preventing the Cr(\V1) removal (Tan et al.,
2020). On the other hand, Cr-containing industrial wastewater usually contains other HMs, like
Cu, Co, Ni, Mn and Zn, thus their co-existing may also have competitive effect or even
influence microorganism’ functions (Ma et al., 2019). Natural organic matters (NOMSs) are
ubiquitous in the aquatic environment. As the complex mixture of polyfunctional organic acids,
NOMs play an important role in HMs adsorption/immobilization through altering their
speciation, solubility, mobility and bioavailability, or competing for the active surface sites of
adsorbents (Zhao et al., 2016). IS is one of the crucial factors that affect the equilibrium uptake
of HMs by adsorbents and the IS of aqueous solution varies with salt concentration
proportionally (Zhang et al., 2019). As reported, the competition between anions of salt (CI")
with chromate anions (mainly existed as HCrO4") to the active sites of algae and bacteria would
inhibit the Cr(VI) removal efficiency (Aksu and Balibek, 2007). Carbon sources are not only
indispensable for the growth of heterotrophic microorganisms but also paramount as electron

donors contributing towards Cr(VI) bioreduction (Tan et al., 2020).



1.6 Mechanisms of Cr(V1) biosorption

The mechanisms of biosorption process can be classified into (1) metabolism dependent
and (2) non-metabolism dependent mechanisms according to the usage of active or inactive
biomass, respectively (Saravanan et al., 2017). When inactive biomass, which consists of dead
or inactive cells, is used for Cr(\V1) removal, the process could be described as non-metabolism
dependent, and physio-chemical interaction happens between the solid part of biosorbent and
metal ions in the liquid part (Wang et al., 2018). These physio-chemical interactions are
principally dependent on the organic substrates present on cell surface and could be concluded
as ion exchange, surface complexation, electrostatic extraction, chelation and precipitation
(Wang et al.,, 2018). EPS secreted by microorganisms are principally responsible for
extracellularly uptake of metal ions, and the main components are polysaccharides, proteins
and lipids which possess various anionic functional groups for the binding of metal ions (Zhou
et al.,, 2016). Besides, metal ions could also be complexed effectively with the negatively
charged components of cell wall, like chitin of fungi cell wall (Wang et al., 2008). Moreover,
the uptake of metal by non-metabolisms is a passive process and takes place immediately then
reaches the equilibrium in a short time of 30-40 min (Saravanan et al., 2017).

Metabolism dependent biosorption process is resulted from active metabolic process of
the living cells and strongly supported by microbial viability (Wang et al., 2018). On the one
hand, the physio-chemical interactions still happen when microorganisms are alive, and metal
ions could be adhered on the surface of the cells due to the existing of various functional groups.
On the other hand, Cr(VI1) ions could be further reduced to Cr(lll) or accumulated in cells
through a metabolically active process which is operated by respiration energy in living
organisms (Jobby et al., 2018). These processes may occur in both extra and intra cells.
Extracellular Cr(VI1) reduction is primarily mediated by the metal respiratory (Mtr) pathway,
which mainly consists of five primary protein components: OmcA, MtrC, MtrA, MtrB, and
CymA (Coursolle et al., 2017). Then the produced Cr(I11) may be precipitated on cell surface
or existing in the form of soluble organo-Cr(111) complex (Huang et al., 2019b). In addition, the
intracellular reduction or accumulation occurs when the Cr(V1) ions are actively transported
across cell membranes via the sulfate transport protein (Tan et al., 2020). Cr(VI) can be reduced
to Cr(ll1) by either intracellular or membrane-associated reductase, then localized in the

cytoplasm or cell membrane, respectively (Thatoi et al., 2014; Baldiris et al., 2018 ).



1.7 Research objectives and originality

As described above, algal-bacterial AGS could be a promising biomaterial for efficient
Cr(VI) removal from wastewater. However, up to now, little information is available on the
application of algal-bacterial AGS biomass as a biosorbent for Cr(\VI1) removal and recovery
from wastewater, not to mention the potential of practice application in real wastewater
treatment. Therefore, the objectives of this study were: (1) to assess the feasibility and
performance of using algal-bacterial AGS for handling Cr(\V1)-containing wastewater; (2) to
compare the Cr(VI) biosorption capacity of algal-bacterial AGS with the conventional bacterial
AGS; (3) to assess the effect of environmental factors on Cr(\VI1) removal performance. In
addition, this work also analyzed the underlying mechanisms involved in the Cr(VI)
bioremediation processes by algal-bacterial AGS. Results from this study are expected to
provide important and scientific data for the application of algal-bacterial AGS in efficient

Cr(V1) containing wastewater remediation in practice.

1.8 Structure of the thesis

The thesis structure with the main contents in each chapter is introduced in the research
framework as shown in Figure 1-1.

Chapter 1 gave an overview on the Cr(VI) removal strategies and the application potential
of algal-bacterial AGS for heavy metal removal. Moreover, the mechanisms involved in Cr(VI)
removal by active or in active biomass were addressed. Finally, the objectives of this research
and structure of thesis were arrived in this chapter.

Chapter 2 examined the feasibility of Cr(VI) removal from synthetic wastewater using
algal-bacterial AGS in comparison with bacterial AGS, together with the evaluation on granular
morphology, granular stability, surface functional groups, metal ion contents and Cr(VI)
biosorption capacity.

Chapter 3 investigated the effects of different environmental conditions on the
performance of Cr(VI) removal by algal-bacterial AGS, including co-existing anions/cations,
NOMs, salinity and carbon sources were studied with respect to both Cr(VI) reduction and total
Cr immobilization.

Chapter 4 explored the underlying mechanism for Cr(VI) removal by algal-bacterial AGS
with cell viability, EPS variation, Cr localization and chemical fractionation.

At last, Chapter 5 summarized the main findings in this research. For better application of

algal-bacterial AGS for Cr(VI) removal, future studies were also prospected.
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Figure 1-1 Research framework of Cr(\V1) removal by algal-bacterial AGS.




Chapter 2 Feasibility of Cr(VI) removal from synthetic wastewater using

algal-bacterial AGS in comparison with bacterial AGS

2.1 Background

HMs as one of the most worldwide concerned environmental issues, are regarded as a great
challenge to WWTPs due to their toxic effects on aquatic organisms and human beings.
Chromium, mainly in the form of Cr(\VI) and Cr(lll), is one of the typical HMs that have
carcinogenic and mutagenic effects to humans. Biosorption is considered as a cost-effective and
environmentally friendly Cr(VI) removal process from wastewater. AGS is considered as a
promising biotechnology for wastewater treatment, when applied as biosorbent, it has many
superior properties like porous microbial structure, excellent settleability, rich binding sites for
metals and the ability to withstand shock and toxicant loadings (Franca et al., 2018; Wang et
al., 2018). Most recently, a new type of AGS, algal-bacterial AGS which is granular consortium
of both algae and bacteria, has been established successfully (Zhang et al., 2018; Zhang et al.,
2020). It is hypothesized that algal-bacterial AGS could be a more suitable biosorbent which
can couple the high HMs adsorption capacity of algae with the porous and compact structure
of bacterial AGS (Kumar et al., 2015; Franca et al., 2018; Wang et al., 2018). Considering its
rapid growth rate in wastewater and easy separation from the treated wastewater after
biosorption, algal-bacterial AGS would be more promising for Cr(VI) removal in practical
applications.

Up to now, still, little information is available on the application of algal-bacterial AGS
biomass as a biosorbent for Cr(VI) removal from wastewater. Therefore, the objectives of this
chapter are: (1) to assess the feasibility and performance of using algal-bacterial AGS for
handling Cr(VI1)-containing wastewater; (2) to compare the Cr(VI) biosorption capacity of
algal-bacterial AGS with the conventional bacterial AGS. Results from this chapter are expected
to provide useful information for the reuse of algal-bacterial AGS as biosorbent for the cost-

effective treatment of Cr(VI)-containing wastewater.

2.2 Materials and methods
2.2.1 Preparation of algal-bacterial AGS and bacterial AGS

Mature algal-bacterial AGS and bacterial AGS were respectively cultivated in two lab-
scale sequencing batch reactors (SBRs) made of acrylic transparent plastic (with a working

volume of 14.4 L and exchange ratio of 49.3% each). The main components in the synthetic



wastewater were: 300 mg COD/L (sodium acetate), 50 mg NHa-N/L (NH4Cl), 5 mg PO4-P/L
(KH2PO4), 10 mg Ca**/L (CaClz-2H,0), 5mgFe/L (FeSO4-H.0), and 5mg Mg/L
(MgSQg4-7H20). The reactors were operated at room temperature (2542 °C) with each cycle of
6 h consisting of feeding (3 min), an anaerobic phase (120 min), an aerobic phase (230 min),
settling (3 min), and decanting (4 min). The sludge retention time was controlled at
approximately 35 days through quantitative sludge discharge. Air was introduced into the
reactors by air pumps (KOSHIN Co., Ltd, Japan), and the superficial uplift air velocity was
controlled at 0.48 cm/s by an air flowmeter. Artificial light (at an illumination intensity of 1450
lux for 12 hours per day) was provided for the growth of algae and no light for conventional
AGS throughout the cultivation. Leptolyngbya was the dominant algae species (65-75%) in the
algal-bacterial AGS in this study. The amount of chlorophyll a (Chl-a) in the algal-bacterial
AGS was around 5.1-5.3 mg per gram mixed liquor volatile suspended solids (MLVSS).
Excellent organics and nutrients removals were achieved by each reactor, such as dissolved
organic carbon (DOC) removal > 96%, NH4*-N removal > 99%, total nitrogen removal > 66%,
and total phosphorus removal > 89%. Before the biosorption experiments, the granules were
collected from the SBRs at the end of aeration step, and then washed with deionized water for

three times. The granules with size between 0.5-2.5 mm were used in this study.

2.2.2 Batch Cr(VI) biosorption tests

A 1000 mg/L Cr(V1) stock solution was prepared with potassium dichromate (K>Cr207),
which was firstly dried at 105 °C for 24 h and then dissolved in deionized water. Right before
the adsorption experiments, the stock solution was diluted to the designated concentrations
according to the experimental design. Solution pH was adjusted by adding 1 M HCI or NaOH
and measured with a pH meter (Mettler Toledo FE20, Switzerland).

The biosorption Kinetic experiments were carried out in 300 mL conical flasks loaded with
40 mL suspended granules (with granule mass (dry weight) concentration of around 10 g/L)
and 160 mL Cr(V1) solution. The initial Cr(\VI) concentration was 50 mg/L in this kinetics study.
The resultant mixture was shaken at 125 rpm and then the samples were collected at different
time intervals. The isotherm experiments were conducted in 50 mL plastic centrifuge tubes with
5 mL suspended granules and 20 mL Cr(VI) solution. The Cr(VI) concentration in the mixture
ranged from 12.5 to 300 mg/L. The initial solution pH in kinetic and isotherm experiments was
adjusted to about 2.0. During the evaluation of the effect of solution pH (varied from 1.0 to

12.0) on Cr(VI) biosorption, the experiments were conducted at an initial Cr(\V1) concentration



of 50 mg/L with a mixture volume of 25 mL containing 5 mL suspended granules. All the

absorption experiments were conducted in duplicate at room temperature (2542 °C).

2.2.3 Analytical methods

After tests, the supernatant was sampled from each flask or tube, and then filtered through
0.22 pm membrane. Metal concentration in filtrates was quantified with the methods as
described elsewhere (Chen et al., 2018). In brief, Cr(VI) concentration in filtrates was
quantified by a UV spectrophotometer at 540 nm (UV 1800, Shimadzu, Japan) after
complexation with 1,5-diphenyl-carbazide in acidic medium; total Cr, Ca, Mg, and Fe ions in
the filtrates were determined using ICPS-8100 (Shimadzu ICPS-8100, Japan) after the sample
being completely digested with HNO3 and H20> at 100 °C. Cr(l11) concentration was obtained
by subtracting Cr(VI) concentration from the total Cr concentration. All samples were prepared
in triplicate and determined.
The quantification and characterization of granular biomass including mixed liquor (volatile)
suspended solids (ML(V)SS), morphology of granules and granular size were performed
according to the same procedures described previously (Zhao et al., 2018). For example, Leica
M205 C Microscope (Leica Microsystems, Switzerland) and scanning electron microscope
(SEM) (JSM6330f, Japan) were used to record the morphological characteristics of the granules
before and after Cr(\V1) adsorption. In this study, microbial activity of organisms in the algal-
bacterial AGS and granular stability were also measured, which was indicated by specific
oxygen uptake rate (SOUR) as described in a previous study (Chen et al., 2018). In brief, for
SOUR test, 3 g-wet weight (0.04 g-VS/g) granules were added into a 100 mL glass flask
containing 90 mL synthetic wastewater (for algal-bacterial AGS cultivation), then an aerator
and a dissolved oxygen (DO) meter (DO-31P, TOA-DKK, Japan) were inserted. The granular
mixture was agitated with a magnetic stirrer at 300 rpm to ensure the suspension of granules
when no aeration supplied. The mixture was firstly aerated till a relatively stable DO level
achieved (over 5 mg-DOJ/L), then the aeration was stopped and at the same time the flask was
sealed with a DO meter inside. Due to the consumption of DO by microorganisms, the DO level
decreased immediately and was recorded timely as DO:. Then a DO versus time curve was
made and only the linear portion was used for SOUR (mg-DO/(g-VS-h)) calculation with the
equation: SOUR = (DO1-DOw)/(t-VS), in which DOy and DOx, represented the DO value
before and after the time interval (t), respectively. As for the testing of granular stability, 1 g-
wet weight granules were added into a 50 mL plastic tube containing 40 mL DW. The mixture

10



was firstly shaken at 200 rpm on a shaker for 5 min and then settled down for 1 min, the ratio
of TS in the supernatant (30 mL) to the TS of total granules was recorded as integrity coefficient.

Zeta potentials of algal-bacterial AGS were measured by a Zetasizer Nano ZS (Malvern
Instruments, UK) at 20 °C. Fresh granules were fully grinded in deionized water firstly, then
the suspensions with small fragments from the granules in it were measured. Fourier Transform
Infrared Spectroscopy (FTIR; JASCO FTIR-300, Japan) was also applied to identify the
functional groups in the granules, and the spectra were obtained in the range of 400-4000 cm™.

Biosorption capacity (g, mg-Cr(VI) g-MLSS™) and desorption ratio (%) were calculated
using the same equations as described previously (Chen et al., 2018).

Both Freundlich and Langmuir isotherms (Egs. (1) and (2)) were adopted to fit the
adsorption isotherm data.

ir Ce_ 1, Ce
Langmuir isotherm: % ot o @)
Freundlich isotherm: Inqge = Inkg + %ln Ce @)

where ge and gm represent the amount of Cr(\V1) adsorbed on granules at equilibrium and the
predicted maximum biosorption amount (mg/g), respectively. C. is the equilibrium
concentration of Cr(VI) (mg/L). Constant k. is related to the biosorption energy (L/ mg). The
two constants kr and n represent the biosorption capacity intensity, and larger values of them
denote better biosorption capacity.

All the experiments were carried out in duplicate, and the analysis of samples was
performed in triplicate with the results being expressed as mean or mean + standard deviation
(SD). For data analysis, one-way analysis of variance (ANOVA) was used to compare the
difference among the tested scenarios by using Microsoft Excel 2010. Statistical significance

was assumed if p < 0.05.

2.3 Results and discussion
2.3.1 Cr(VI) biosorption by algal-bacterial AGS
(1) Effect of initial solution pH

Solution pH is one of the most important parameters that significantly affect both surface
chemical properties of granules and solution chemistry of chromium in aqueous solution (Zhuo
et al., 2017; Feng et al., 2018). The changes of Cr species and Cr(V1) biosorption capacity of
algal-bacterial granules at different initial pHs (from pH 1.0 to 12.0) are depicted in Figure 2-
la. As seen, the Cr(VI) biosorption capacity of algal-bacterial AGS is highly pH dependent,
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and the relatively higher biosorption capacity is reached at pH 1.5-2. When the solution pH is
greater than 2, the biosorption capacity of Cr(VI) onto the algal-bacterial AGS decreases
significantly along with the increase of solution pH. This observation is correlating with the
optimum pH at 1-3 noted for Cr(V1) biosorbed onto conventional bacterial AGS or microalgae
(Han et al., 2007; Chen et al., 2018; Pradhan et al., 2019). The pH of wastewaters containing
Cr(VI) from various industries is around 2 (Machado et al., 2010; Moussavi et al., 2010), thus
the present algal-bacterial AGS is promising to be applied as biosorbents for Cr(\VI) removal
from the industrial wastewaters.

It’s worth noting that when the solution pH continues to decrease from pH 2, partial Cr(VI)
was bioreduced to Cr(I11) (Figure 2-1a), which is in agreement with the statement made by Sun
et al. (Sun et al., 2010) that Cr(\V1) tends to be reduced to Cr(l1l) at a low pH (around 2) when
biosorbents are present. Considering that HCrO4 is the major species of Cr(V1) in the pH range
of 1.0 - 4.0 (Han et al., 2007), the enhanced migration of Cr(VI) anions to the AGS at pH < 2
is probably attributable to the increased electrostatic attraction, as the granules were positively
charged when pH was lower than 2.2 (indicated by pHzpc in Figure 2-2, the pH of zero point
charge).

This deduction was further confirmed by the FTIR spectra of algal-bacterial AGS before
and after Cr(VI1) biosorption for 24 h (Figure 2-3). Slight shifts were observed for the peaks at
around 3300 cm™ (-OH and/or —NH stretching of hydroxyl and amine groups) and 1398 cm™
(—=COO stretching of carboxylic groups) before and after Cr(\V1) biosorption (Karthik et al.,
2017; Cid et al., 2018; OChemOnline, 2020). As reported, amino groups (in amine and protein)
can be protonated at pH 2 and electrostatically attract chromate anions, e.g. HCrO4 , thus
responsible for Cr(\V1) biosorption (Bai et al., 2002). On the other hand, the major species of
Cr(l11) in the same pH range is Cr**, which is difficult to be attracted onto granular surface due
to the electric repulsion. However, it can be complexed with carboxylic groups on the granule
(Han et al., 2007) and then adsorbed onto algal-bacterial AGS.

To further reveal the underlying mechanisms involved in the pH dependence of Cr(V1)
biosorption by algal-bacterial AGS, the concentrations of the released metal ions from granules
into the aqueous solution were measured under different pH conditions after 24 h biosorption
(Table 2-2). Results show that under the strongly acidic and alkaline conditions, more released
metal ions were detected, especially Mg?* and Ca?*, implying that ion exchange might also be
attributable to the biosorption of Cr(V1) onto the algal-bacterial AGS.
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(2) Biosorption kinetics

The effect of contact time on biosorption capacity of Cr(\V1) is presented in Figure 2-1b.
The Cr(V1) concentration was decreased rapidly from 50.2 mg/L to 39.7 mg/L in the first 0.5
h, which should be owing to the presence of sufficient vacant surface sorption sites. After 0.5
h, the Cr(VI) biosorption process slowed down and reached equilibrium at 48 h. The
concentration of Cr(111) in the aqueous solution was noticed to gradually increase after 24 h. As
the granule surface was positively charged at pH 2, Cr(I11) cations were difficult to be adsorbed
onto granules due to the electric repulsion, which may complex with specific surface functional
groups like carboxylic groups (Han et al., 2007). With the consumption of these functional
groups and unsufficient binding sites for Cr(l11), it would be released into the solution.

To reveal the transport mechanisms involved in the biosorption process, the pseudo-first-
order model and pseudo-second-order model were applied in this study. From Table 2-1, the
pseudo-second-order model (R? = 0.992) better fits the experiment data than the pseudo-first-
order model (R =0.707). This result indicates that the biosorption of Cr(\V1) onto algal-bacterial
AGS can be described by chemical sorption, with which new chemical species may be
generated at the sorbent surface (Suksabye et al., 2009). Besides, by using the pseudo-second
order model, the best fit ge value of 9.73 mg/g for the Cr(VI) biosorption is very close to the
experimental value (9.71 mg/qg).

Freundlich and Langmuir isotherms were also adopted to fit the isotherm data. Results in
Figure 2-4 clearly reveal that both isotherms are able to describe the biosorption process well
with high correlation coefficients (R?> 0.925), while Freundlich isotherm shows a better fit (R
= 0.997). Empirically, the Cr(VI) biosorption can be regarded more likely with the formation
of multilayers of ions on the algal-bacterial AGS. The maximum biosorption capacity of gm
(51.0 mg/g) calculated from the Langmuir isotherm is comparable with previous studies using
raw or treated AGS, microalgae or other biosorbents (Table 2-3). Considering its rapid biomass
growth rate in wastewater and easy separation from the treated wastewater after biosorption,
the repeated reuse of the disposed algal-bacterial AGS as biosorbent can be a promising option

for Cr(VI) removal and recovery from wastewater.

2.3.2 Comparison between algal-bacterial AGS and bacterial AGS

Conventional bacterial AGS has been applied as biosorbent for HMs removal in various
research, which is proven to be applicable (Wang et al., 2018). However, the drawbacks of AGS
process, the relatively low structural stability during prolonged operation, would lower down
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the treatment efficiency in the subsequent solid/liquid separation after adsorption process. More
importantly, the biomass growth of bacterial AGS is relatively slow, which makes it not
practical to frequently take granules out of the AGS system for other special purposes like
adsorption. On the other hand, in addition to much faster biomass growth and more stable
granular structure (Zhang et al., 2018; Zhang et al., 2020), algal-bacterial AGS possesses many
superiorities with respect to reduction in energy consumption and operation cost on aeration
when compared to conventional bacterial AGS (Zhao et al., 2018; Zhao et al., 2019). However,
up to the present, little information is available on the comparison of their performance as
biosorbent. As shown in this study, with significantly higher Cr(VI) biosorption capacity (9.60
mg/g vs. 8.49 mg/g under the same test conditions; p=0.0014), algal-bacterial AGS also
demonstrated better granular stability before and after adsorption (Figure 2-5). Moreover, even
after 24 h contact at pH 2, algal-bacterial AGS could maintain better granular morphology,
which was indicated by its lower integrity coefficient (Figure 2-5), i.e., the ratio of solids in the
supernatant to the weight of total granules after being subjected to a certain degree of agitation
(Ghangrekar et al., 2005). The excellent stability of algal-bacterial AGS during biosorption was
also confirmed by the very slight change of its average diameter and size distribution before
and after biosorption for 24 h (Figure 2-6). Results indicate that the growth of algae on AGS
would be responsible for the enhanced biosorption capacity and granular stability of algal-
bacterial AGS. Therefore, we further compared the conventional bacterial AGS and algal-
bacterial AGS from different aspects including surface characteristics and metal ion exchange
efficiency.

Seen from the images in Figure 2-7, the algal-bacterial AGS were green in most parts of
the granules, with algae growing on the surface as well as in the core of the granules. It’s the
twining of microalgae and filaments instead of filaments alone that forms the granular skeleton
of algal-bacterial AGS (Figure 2-7G and H), which would be beneficial for structural stability
of the granules. Moreover, the two AGS were examined by FTIR with no distinguished
wavelength variance in functional groups being observed (Figure 2-3), suggesting that organic
matters and surface functional groups might have limited contribution to the enhanced
biosorption capacity of algal-bacterial AGS.

lon exchange has been proven to involve in Cr(VI) biosorption by both conventional
bacterial AGS (Chen et al., 2018) and algal-bacterial AGS (section 3.1.1), and both granules
contain a significant amount of metal ions (Table 2-4). Seen from Figure 2-8, more metal ions

were detected to release from algal-bacterial AGS than conventional bacterial AGS, especially
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the release of Ca?* after 24 h biosorption. More specifically, it’s the light metal ions (Ca?* and
Mg?*) that were released more when contact with Cr(V1), not the heavy metal ions like Fe?**",
These observations are consistent with the previous studies that light metal ions tend to be
released during HMs adsorption (Xu and Liu, 2008; Wang et al., 2010). These results directly
confirm the involvement of ion exchange in Cr(VI) adsorption and its contribution to the
enhanced biosorption capacity of algal-bacterial AGS.

2.3.3 Mechanisms

Based on the above results, it’s concluded that algal-bacterial AGS is a promising
biosorbent for Cr(VI) removal and has superiorities than conventional bacterial AGS in both
biosorption capacity and granular stability. Cr(VI) removal by algal-bacterial AGS is
accomplished by both biosorption and bioreduction reactions, and four mechanisms are
involved in this complex process. (1) Electrostatic interactions: the granule surface is positively
charged at pH 2 and Cr(VI) anions can be adsorbed on the protonated sites. (2) Bioreduction:
during this process Cr(V1) is reduced to Cr(I11) with the organic matters of granules function as
reductants at a low pH. (3) Surface complexation: Cr(l1l) cations are difficult to be adsorbed
onto the granules due to electric repulsion, which may complex with specific surface functional
groups like carboxylic groups. (4) lon exchange: the light metal ions like Ca?* and Mg?* are
released from the granules and heavy metal Cr ions are adsorbed onto the granules during the
biosorption process. In addition, intracellular accumulation is also assumed to be involved. In
summary, as a biosorbent consisting of alive microbes, due to its exceptional capability to
maintain microbial activity and granular stability, algal-bacterial AGS possesses great potential

for being re-utilized in wastewater treatment for heavy metal removal/recovery.

2.4 Summary

Cr(VI) biosorption onto algal-bacterial AGS is highly pH dependent and follows the
pseudo-second-order model, with the maximum biosorption capacity of 51.0 mg/g at pH 2
estimated from Langmuir model, although the isotherm data better fit the Freundlich equation.
Desorption tests evidenced the bioreduction of Cr(VI) to Cr(1l1). Compared to conventional
bacterial AGS, algal-bacterial AGS shows advantages in both biosorption capacity and granular
stability. The Cr(VI) biosorption process using algal-bacterial AGS mainly involves
electrostatic interactions, ion exchange, surface complexation and bioreduction. algal-bacterial
AGS is promising to be developed as an efficient biosorbent for Cr removal/recovery from
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wastewater due to its excellent stability and settleability during the biosorption/desorption

processes.
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Table 2-1 Fitting results of biosorption data of Cr(V1) onto algal-bacterial AGS to the

kinetic models.

Parameters
Model R? ki k2 Theoretical e
(h) (9/mg-h) (mg/g)
pseudo-first order 2 0.707 0.54 - 51.72
pseudo-second order® 0.992 - 0.16 9.73

2 log(ge-0r)=logge-ki t/2.303, ° t/qi=1/(kz qe? )+t/qe; ki is the pseudo-first-order rate constant
(h'h), k2 is the pseudo-second-order rate constant (g/mg-h), g: and ge represent the amount

of Cr(VI) adsorbed on granules at time t and equilibrium time (mg/g), respectively.
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Table 2-2 Concentrations of released metal ions from algal-bacterial AGS during

biosorption from Cr(V1)-containing wastewater for 24 h over the test pH range of 1.0-12.0.

Concentration of dissolved metal ions (mg/L)

PR Mg?* Cat Fe2 3+
1.0 12.86 20.66 3.94
2.0 8.10 21.10 3.22
3.0 2.60 14.18 0.63
6.8 0.43 5.59 0.51
12.0 3.56 18.72 2.37
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Table 2-3 Comparison of maximum Cr(V1) biosorption capacities between algal-bacterial AGS and previously reported biosorbents.

Biosorbents Treatment pH Temperature Sorbent conc. Contact Om References

(°C) (9/L) time (h) (mg/g)
Algal-bacterial AGS 2 25 2 24 51.0 This study
Bacterial AGS 2 25 NA 1 16.8 Chen et al., 2018
Bacterial AGS PEI? 55 25 0.5 24 401.5 Sunetal., 2010
Rice husk Hydrothermal 2 25 10 47 31.1 Ding et al., 2016
Bacillus megaterium 4 28 2 1 30.7 Srinath et al., 2002
(bacteria)
Rhizopus nigricans 2 30 0.2% (w/v) 0.5 38.8 Bai et al., 2002
(fungi)
Rhizopus nigricans APTSP 2 30 0.2% (w/v) 0.5 51.2 Bai et al., 2002
(fungi)
C. reinhardtii 2 25 0.6 2 18.2 Arica et al., 2005
(green algae)
C. reinhardtii HCI 2 25 0.6 2 21.2 Arica et al., 2005
(green algae)
C. reinhardtii Heat 2 25 0.6 2 25.6 Arica et al., 2005

(green algae)

Scenedesmus sp. (microalgae) 1 30 10% (w/v) 2 0.3 Pradhan et al., 2019

2 Polyethylenimine; ® Amino Propyl Trimethoxy Silane.
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Table 2-4 Average contents of dominant metals in the algal-bacterial AGS and conventional

bacterial AGS.

Metal ions (mg/g-MLSS)

Granule
Na* K* Mg?* Ca?* Fe?%
Conventional bacterial AGS 1961 13.00 10.45 8.80 12.56
Algal-bacterial AGS 8.14 9.21 7.14 10.81 13.04
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Figure 2-1 Cr(V1) biosorption at an initial Cr(VI) of 50 mg/L with algal-bacterial AGS dosage
of 2 g/L.: (a) effect of pH during 24 h contact, and (b) effect of contact time at pH 2.

21



Zeta potential (mV)
o

Figure 2-2 Plot for determination of pH at zero point charge (pHzpc) of algal-bacterial AGS:

zeta potential of granules as a function of solution pH.
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Figure 2-3 FTIR spectra of initial (a) bacterial AGS, (b) algal-bacterial AGS and (c) Cr-loaded
algal-bacterial AGS after 24 h biosorption (at an initial Cr(\VI) of 50.0 mg/L, biosorbent

dosage of 2 g/L and pH 2).
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Figure 2-4 Plots of isotherms of Cr(\V1) biosorption onto algal-bacterial granules: (a) Freundlich
isotherm, and (b) Langmuir isotherm (at an initial Cr(VI) concentration of 12.5, 25.0, 50.0,
100.0, 150.0, or 300.0 mg/L, algal-bacterial AGS dosage of 2 g/L and pH 2 for 24 h contact).
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Figure 2-5 Comparison of Cr(VI) biosorption capacity and granular integrity between

conventional bacterial AGS and algal-bacterial AGS (at initial Cr(\VI) of 50.0 mg/L, biosorbent
dosage of 2 g/L and pH 2).
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Figure 2-6 Changes in algal-bacterial AGS diameter and granular size distribution before and

after biosorption (at initial Cr(VI) of 50.0 mg/L, biosorbent dosage of 2 g/L and pH 2).
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Bacterial AGS

Figure 2-7 Images of the conventional bacterial AGS and algal-bacterial AGS. Digital photos of test granules (A and B), and SEM observation of

granules from surface (C-F) or cross section (G and H), respectively.
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aqueous solution from AGS after 24 h contact with Cr(\V1) solution (Cr(V1), 50.0 mg/L) or
deionized water (DW) at pH 2.
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Chapter 3 Effects of environmental conditions on the performance of
Cr(VI) removal by algal-bacterial AGS

3.1 Background

Results from Chapter 2 demonstrated that compare to the conventional bacterial AGS,
algal-bacterial AGS demonstrated higher biosorption capacity and better granular stability,
implying that algal-bacterial AGS can be more potentially utilized as a Cr(VI) removal and
recovery biomaterial for the treatment of Cr(VI)-containing wastewater. However, when
applied in real world, the effects of different background circumstances should be also taken
into consideration due to the complexity of contaminated surface water and actual industrial
wastewater. These environmental factors include co-existing anions/cations, natural organic
matters (NOMSs), ionic strength (1S), and carbon sources, etc. On the other hand, Cr(V1) could
be reduced to Cr(I1l) when biomaterials were utilized specially at low pH values (Sun et al.,
2010). Even though Cr(111) is less toxic and mobile than Cr(V1), it can still cause allergic skin
reactions and cancer at excessive levels (Kotas and Stasicka, 2000). Thus, its necessary to
distinguish Cr(VI) reduction and total Cr immobilization during the Cr(\V1) removal processes,
and total Cr should be substantially removed from the wastewater. Therefore, Chapter 3 aimed
to evaluate Cr(VI1) removal performance under different conditions and interference factors.
Cr(V1) removal was determined in both aspects of Cr(VI) reduction and total Cr immobilization.
Results of this study are expected to provide relative data support of this new approach and
further insight into the practical application of algal-bacterial AGS in treating Cr(VI)-

contaminated wastewater.

3.2 Materials and methods
3.2.1 Cultivation and characterization of algal-bacterial AGS

The algal-bacterial AGS used in this study were cultivated in a lab-scale sequencing batch
reactor (SBR) made of acrylic transparent plastic with a working volume of 1.16 L (H =50 cm,
D = 6 cm) and exchange ratio of 50%. The reactor was inoculated with the mature bacterial
AGS and fed with synthetic domestic wastewater (mg/L): sodium acetate (392 or COD of 300 );
NH4Cl (115), KH2PO4 (13.2), NaHCO3 (150), CaCl,-2H,O (40), MgSO4-2H.0 (51) and
FeSO4-7H20 (25). The reactor was operated at a typical cycle of 4 h under room temperature
(2542 °C): 1 min feeding, 60 min non-aeration, 176 min aeration, 2 min settling, and 1 min

effluent withdrawal, resulting in a hydraulic retention time (HRT) of 8 h. During the whole
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cultivation, an artificial light with an illumination intensity of 3000 lux (12 h/day) was set above
the reactor to maintain the growth of algae. Mature algal-bacterial AGS was obtained after 30
days’ cultivation and Chl-a content was around 3.8 mg/g of volatile solids (VS).
Morphological characteristics of mature algal-bacterial AGS were recorded by both
microscope (Leica M205 C, Switzerland) and scanning electron microscope (JSM6330f, Japan).
Microbial activity and granular stability (indicated by (SOUR) and integrity coefficient,

respectively) were measured as described in Chapter 2.

3.2.2 Optimization of Cr(V1) biosorption

Biosorption of Cr(VI) by algal-bacterial AGS was carried out in a mineral salt medium
(MSM, g/L): K2HPO4 3.5, KH2PO4 1.5, NH4Cl 1.0, MgSO4 0.3, NaCl 0.5 (Némecek et al.,
2014). Before each test, algal-bacterial AGS with size of 1.0 - 2.0 mm were collected from the
reactor at the end of aeration phase and rinsed twice with deionized water (DW). All the tests
were conducted in 50 mL glass flasks containing 1 g wet weight (0.05 g-total solids (TS)/g)
granules and 10 mL MSM, or 500 mL glass flasks containing 10 g wet weight granules and 100
mL MSM. To optimize the operation parameters for Cr(\V1) biosorption by algal-bacterial AGS,
the influences of pH, contact time, initial Cr(VI) concentration and granule dosage were
investigated. Then the effects of different environmental conditions including coexisting anions
or cations, natural organic matters (NOM), salinity and carbon source (as electron donor) on
biosorption process were further explored. The detailed experimental design and test conditions

are shown in Table 3-1.

3.3 Results and discussion
3.3.1 Changes in bioactivity and stability of algal-bacterial AGS after Cr(V1) biosorption
Mature algal-bacterial AGS granules were fluffy and gray green when observed from the
outer surface, indicating the existence of filamentous bacteria (Figure 3-1a). However, seen
from the cross section, it was dark green, and the filamentous algae entangled with each other
to construct a compact irregular sphere (Figure 3-1b and c). The batch Cr(VI) adsorption tests
demonstrated that algal-bacterial AGS was capable of removing Cr(V1) from aqueous solution.
However, no apparent difference in morphology could be discerned. On the other hand, the
viability of microorganisms in fresh algal-bacterial AGS should be concerned when taking other
pollutants or nutrients removal capabilities into consideration. Thus, the variations in microbial

activity and granular stability of algal-bacterial AGS were determined.
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As shown in Figure 3-2, after biosorption for 6 h, only very slight change could be
observed in microbial activity and granular stability indicated by SOUR (57-62 mg/g-VSeh)
and integrity coefficient (2.2-2.8 %), in comparison with the control group (no Cr(\V1) addition),
about 57-60 mg/g-VSeh and 2.2-2.6%, respectively. This observation suggests the limited
impact of Cr(VI) on the functions of algal-bacterial AGS under the test conditions, i.e. the
relatively low Cr(VI) concentration (5 mg/L) and a short exposure time (6 h) at almost neutral
pH. On the other hand, AGS itself also possesses excellent tolerance to toxic compounds, due
to its layered and compact structure, hierarchical distribution of microorganisms and the
embedding of protective extracellular polymeric matrix. As reported, AGS could maintain its
stability and microbial activity at 5 or 10 mg/L Cu(ll) (Jiang et al., 2020) or 5 mg/L silver
nanoparticles (Quan et al., 2015) for more than 50 days. The above results imply the possibility
of stable maintenance of algal-bacterial AGS system for Cr(VI)-containing wastewater

treatment.

3.3.2 Optimization of operation factors for Cr(VI) biosorption
(1) Initial pH

Solution pH plays a critical role in the biosorption of Cr(V1), as it determines both the
charge of sorbent surface and the interconversion of Cr species. In order to optimize solution
pH for the maximum total Cr removal efficiency by algal-bacterial AGS, biosorption
experiments were conducted under different initial pHs varied from 2 to 9 at an initial Cr(VI)
concentration of 5 mg/L. The equilibrium solution pH after 6 h biosorption was also detected,
about 0.2 - 0.5 unit change, showing a slight increase trend when initial solution pH < 7 but a
decline trend when the initial solution pH= 7 or higher. Seen from Figure 3-3a, the decrease of
initial pH value from 9 to 6 significantly enhanced Cr(V1) removal efficiency from 44.6% to
90.0% after 6 h biosorption by algal-bacterial AGS, with very limited or no Cr(lll) being
detected. However, when the initial solution pH continued to decline, an increase in Cr(VI)
reduction was detectable, while a decreasing tendency was observed for total Cr removal due
to the increase trend of Cr(111) concentration in the solution.

At pH 2, the surface charge density of the algal-bacterial AGS would be positive,
according to the pHpzc (pH of zero point charge) value of 2.2 (Chapter 2), Under this condition,
Cr(VI), mainly as HCrO4 can be easily absorbed onto the positively charged granule surface
due to their strong electrostatic attraction. However, the lowest total Cr removal rate was

obtained at this pH value, as almost 46.5% of total Cr was still remained in the form of Cr(l1l)
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in solution. As reported, Cr(VI1) can be easily reduced to Cr(I11) with electron donors’ coexisting
in solution under acidic conditions, and the formed Cr(lll) is a soluble cation which can be
mainly stabilized as aquo-oxo species in the form of Cr®* or Cr(OH)?* (Reizabal et al., 2020).
Thus the formed Cr(111) is difficult to be sorbed onto algal-bacterial AGS surface owing to their
electrostatic repulsion. Moreover, protons (H) would also compete with Cr(l11) for the active
sites on granule surface, further hindering the biosorption process (Wang et al., 2020b).

With the increase of solution pH from 4 to 6, more negatively charged functional groups
such as hydroxyl, carboxyl and amine groups (Chapter 2) would be deprotonated and exposed
as active sites, thus enhancing the reaction between biomass and Cr(l11), with the highest total
Cr removal efficiency achieved at pH 6 and only 2.9% Cr being remained as Cr(lll) in the
solution. The predominant interactions between granules and cationic Cr(l11) species would be
electrostatic attraction under this pH condition. Besides, almost no change in microbial activity
and granular structure of algal-bacterial AGS at pH 6 (Figure 3-2) to some extent may also
contribute to the highest total Cr removal efficiency, which will be further discussed.

However, at neutral or more alkaline pH, OH™ competition would inhibit the electrostatic
force between algal-bacterial AGS and Cr(VI1) anions (Akram et al., 2017). In addition, Cr(\V1)
reduction can be suppressed and Cr(lll) solubility would become minimum at pH 7-
10 (Markiewicz et al., 2015). This can explain the decrease in total Cr removal and almost no
Cr(111) was detected under pH 7- 9 after biosorption for 6 h.

Overall, algal-bacterial AGS can effectively reduce Cr(V1) in the pH range of 2—6 and pH
6 was noticed as the optimum pH with respect to total Cr removal. Interestingly, the biosorption
capacity for Cr(V1) has been reported to be higher at pH 1-3 and then decrease with the increase
of pH in previous studies (Akram et al., 2017; Chen et al., 2018); while pH 5-6 is more
commonly considered as the optimum pH for Cr(I11) biosorption (Ranasinghe et al., 2018; Yao
et al., 2009). Thus it’s deduced that under the test conditions Cr(V1) might be firstly reduced to
Cr(111) and then adsorbed by algal-bacterial AGS, and this inference would be further confirmed

in the following experiments.

(2) Biosorption duration

The effect of contact time on Cr(VI) biosorption was investigated up to 12 h at pH 6 and
initial Cr concentration of 5 mg/L (Figure 3-3b). The Cr(VI) removal rate increased linearly
with the contact time, achieving 84.6% and 96.3% after 6 or 12 h biosorption, respectively.

Cr(111) in the solution was kept at a low level (< 5% of the total Cr) during the whole sorption
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process, suggesting a quick adsorption of the generated Cr(lll) species onto granules. The
adsorption of Cr onto algal-bacterial AGS was rapid at first, due to abundant available active
sites on the granule surface, and then slowed down, attributable to the progressive exhaustion
of the remaining vacant active sites by the adsorbed metal ions (Yao et al., 2009; Ranasinghe
et al., 2018). Besides, the reduced concentration gradient between adsorbent and adsorbate with
the consumption of metal ions would also contribute to this phenomenon (Akram et al., 2017).

(3) Granule dosage and initial Cr(VI) concentration

The dependence of Cr(VI) removal and total Cr sorption capacity on granule dosage was
studied at different ratios of algal-bacterial AGS to liquid volume varying from 1.25 to 10 g-
TS/L. During 6 h biosorption, the Cr(VI) removal rate was increased with the increase in
granule dosage, while the total Cr biosorption capacity peaked (1.15 mg/g) at the dosage of 2.5
g/L (Figure 3-3c), then declined to 0.49 mg/g at the dosage of 10 g/L. The increase of Cr(VI)
removal efficiency was mainly due to the availability of more surface active sites for metal ions,
provided by the larger amount of algal-bacterial AGS. However, at a fixed HM concentration
and liquid volume, the increase in granule dosage would result in the reduction of adsorbate to
adsorbent ratio, as well as the total effective adsorbent surface area, thus leading to a lower Cr
biosorption capacity (Akram et al., 2017). It is worth noting that Cr biosorption capacity was
lower at the dosage of 1.25 g/L than 2.5 g/L, which might be attributable to the possible
reduction of Cr(V1) into Cr(111) firstly and then the subsequent adsorption of reduced Cr(I1l) to
algal-bacterial AGS. Although a lower granule dosage may enable a higher concentration
gradient between Cr(V1) ions and adsorbate, the concentration gradient between Cr(l11) ions
and adsorbate may not increase proportionally, due to the limited reduction of Cr(\V1) to Cr(l1I)
by the small amount of algal-bacterial AGS. This funding suggests that a proper dosage of
granules is necessary for the efficient Cr(VI) reduction and total Cr removal.

Similarly, the effect of initial Cr(\V1) concentration was also studied in the range of 2.5 to
150 mg/L (Figure 3-3d). The Cr(VI) removal rate was firstly detected to decline as the Cr(VI)
concentration was increased to 50 mg/L, then maintained when the Cr(VI) concentration was
continuously elevated to 150 mg/L. When the initial Cr(\V1) concentration > 50 mg/L, the Cr(V1)
removal rate was relatively low, and over 75% of the Cr(\V1) ions were remained in solution
after 6 h biosorption. This observation may be attributed by the saturation of surface adsorption
sites, slowing down the increase in Cr biosorption capacity. However, the total Cr biosorption

capacity increased from 0.50 to 5.78 mg/g after biosorption for 6 h with the increase of initial
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Cr(VI) concentration accordingly. Considering the reduction of Cr(VI) to Cr(lll) by algal-
bacterial AGS during the biosorption process, a higher initial Cr(\V1) concentration would also
facilitate Cr(VI) reduction efficiency, as almost all the active sites for Cr(\V1) reduction could
interact with metal ions. Consequently, more cationic Cr(I11) ions would be available for the
binding to negatively charged surface sites and the number of collisions between adsorbate and
adsorbent may be enhanced as well (Bardestani et al., 2019). Therefore, the increasing
biosorption capacity with higher initial Cr(\VI) concentration could be ascribed to the elevated
driving force of the concentration gradient between Cr(111) ions and algal-bacterial AGS.

In general, the optimal working conditions for adsorbents can be determined by either
adsorption capacity or removal efficiency, depending on the target applications. In this study,
algal-bacterial granules were designed to remediate low Cr(VI) concentration wastewater, thus
Cr removal efficiency is more crucial. At an initial Cr(\V1) concentration of 5 mg/L, pH 6 and
granule dosage of 5 g-TS/L, over 96% and 100% of total Cr can be removed after biosorption
for 12 h and 16 h, respectively. These conditions could be further adjusted according to the
actual requirements to meet different demands, such as shorter contact time or higher initial

metal concentrations.

3.3.3 Some environmental factors

Due to the complexity of contaminated water environment and actual industrial wastewater,
the effects of different background circumstances should be taken into consideration regarding
the efficiency of Cr adsorption by algal-bacterial AGS in practice. In this study, the
environmental conditions considered include coexisting anions and cations, NOMs, salinity and
carbon sources. To make the inhibition or promotion effects of these factors more comparable,
these biosorption tests were conducted at initial solution pH 6, contact time of 6 h, granule
dosage of 5 g/L and initial Cr(V1) concentration of 5 mg/L, which could achieve a total Cr

removal efficiency of around 80% in the previous adsorption tests.

(1) Co-existing anions and cations

Some common oxyanions, such as NO3~, HoPO4~, HPO4>", SO4*~, CO3* and HCOs ", etc.
widely found in natural waters, can act as electron acceptors and compete for the surface
adsorption sites with Cr ions. Thus, they may suppress or inhibit the Cr(\VI) removal process
(Tan et al., 2020). On the other hand, Cr-containing industrial wastewater usually contains other
HMs, like Cu, Co, Ni, Mn and Zn, and their coexistence may also have completive effect or

34



even influence microorganisms’ functions (Ma et al., 2019a). In this study, during the
biosorption experiments, the coexisting anions H.PO4/ HPO4*/ SO4*7/ CI~ and cations Mg**/
Ca?" in the MSM didn’t affect the Cr(V1) biosorption behaviors when compared with DW
conditions (data not shown). So, the effects of coexisting anions (5 or 10 mg/L) including NOs",
CO3?", and HCOs™, and cations (5 mg/L) including Co?*, Cu?*, Ni?*, Mn?* and Zn?* were further
studied.

As shown in Figure 3-4a, the presence of these anions at a low concentration of 5 -15 mg/L
did not affect Cr(VI) reduction or total Cr removal, indicating that Cr(VI) is a better electron
accepter than these three anions under the test conditions. As for the cations, almost no
suppressive effect was found on Cr(V1) reduction under the coexistence of these cations, while
noticeable improvements were obtained in the tests with Cu, Zn and Mn addition, among which
Cu exhibited the strongest promotion effect. These results are consistent with the previous
reports that Cu(ll) could promote Cr(VI) reduction by different microbes, as it’s not only an
important component of some antioxidases but also the shuttle for electrons (Han et al., 2017;
Ma et al., 2019a; Mala et al., 2015). However, all these five metals inhibited the removal of
total Cr to some extent, indicating the competition between the foreign metal ions with Cr(I11I)
ion for the biosorption on algal-bacterial AGS, and their inhibition effect was in a descending

order of Zn?* < Cu?*< Mn?*< Ni%**< Co?".

(2) Natural organic matters (NOMs)

NOMs are ubiquitous in the aquatic environment. With the complex mixture of polyfunctional
organic acids, NOMs play an important role in HMs adsorption or immobilization through
altering their speciation, solubility, mobility and bioavailability, or competing for the active
surface sites of adsorbents (Zhao et al., 2016). In this study, humic acid and tannic acid were
chosen as the model NOMs and their effects on Cr(\VI1) removal are shown in Figure 3-4c and
d. Results show that the presence of tannic acid enhanced total Cr removal obviously from 91.5%
to 97.6% over the test range of 5 - 40 mg/L. In contrast, humic acid only exhibited some slight
enhancement on Cr removal at humic acid < 10 mg/L, while a higher concentration of humic
acid (20 - 40 mg/L) inhibited the total Cr removal. This observation is in agreement with
previous studies relating to the effects of NOMs on HMs adsorption (Liu et al., 2016; Lv et al.,
2013; Wang et al., 2019). Compared to humic acid, tannic acid with a smaller molecular size
and lower molecular weight may access relatively easier to the inner pores of algal-bacterial

AGS (Wang et al., 2019), which exhibited better promotion effect on Cr removal. In fact, the
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concentrations of NOMs in typical groundwaters (around 0.5 mg/L) or surface water (around
20 mg/L or higher) are usually at a relatively narrow range (Liu et al., 2016), therefore, the

coexistence of NOMs in algal-bacterial AGS biosorption system would not be problematic.

(3) Salinity

lonic strength (1S) is one of the crucial factors that affect the equilibrium uptake of HMs
by adsorbents and the IS of aqueous solution varies with salt concentration proportionally
(Zhang et al., 2019). In order to evaluate the impact of salinity on Cr(VI) biosorption by algal-
bacterial AGS, batch experiments were performed at various NaCl concentrations as shown in
Figure 3-4e. No significant difference in Cr (V1) removal efficiency (77.6-78.3%) was noticed
when NaCl concentration varied from 0 to 1 g/L, which declined dramatically when NaCl was
increased to 5 g/L or higher. This observation may be ascribed to the competition between the
anion (CI") and chromate anions (mainly as HCrOx4") to the active sites of algae and bacteria
(Aksu and Balibek, 2007). Results from this study also indicate that algal-bacterial AGS system
could tolerate a relatively low salinity < 5 g/L, and a higher salinity would significantly reduce
Cr (V1) biosorption capacity of algal-bacterial AGS. Thus, more attention should be paid to
salinity level when applying algal-bacterial AGS into the real HM-containing wastewater

treatment.

(4) Carbon source

Carbon sources are not only indispensable for the growth of heterotrophic microorganisms
but also paramount as electron donors contributing towards Cr(V1) bioreduction (Tan et al.,
2020). However, their effects on metal ions’ transport in biosorbents haven’t been addressed.
In this study, 7 different organics, i.e. sodium acetate, sucrose, fructose, glucose, lactic acid,
succinic acid and sodium citrate were adopted as sole carbon source for Cr(V1) biosorption by
algal-bacterial AGS, respectively. As shown in Figure 3-4f, algal-bacterial granules were able
to reduce and adsorb Cr(V1) ions under no carbon source condition (control group), achieving
about 80.4% of total Cr removal. Compared to the control, the total Cr removal efficiency was
obviously improved to some extent with the coexistence of all the test carbon sources. Among
them, fructose was found most effective, achieving 91.3% of total Cr removal after biosorption
for 6 h, followed by glucose (90.8%), succinic acid (88.9%), lactic acid (87.7%), sucrose
(85.5%), sodium acetate (84.5%) and sodium citrate (81.7%), respectively. These observations

are consistent with previous studies (Huang et al., 2019b; Mishra et al., 2012; Tan et al., 2020),
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demonstrating that monosaccharides like glucose and fructose are most effective for Cr(VI)
reduction by bacterial species. It’s worth noting that the highest Cr(VI) removal rates were
achieved in the coexistence of succinic acid and citrate, reaching 100% and 90.6%, respectively,
even after 3 h contacting, of which 30.6% or 38.6% were in the form of Cr(l11) in solution. The
remaining Cr(l11) in solution could be attributed to the formation of soluble organo-Cr(ll1)
complex with succinic acid and citrate, which is inclined to exist predominantly in solution
(Huang et al., 2019b). Therefore, the selection of proper carbon source for algal-bacterial AGS
system is also important in practical applications, which can be determined by the different

targets of algal-bacterial AGS system, i.e. Cr(V1) decontamination or total Cr removal.

3.4 Summary

The present work demonstrated Cr(\VI) removal by algal-bacterial AGS in both aspects of
Cr(VI) reduction and total Cr immobilization, with the highest reduction rate of 99.3% achieved
at the pH 2 after 6 h, but optimum pH for total Cr immobilization rate (89.1%) was pH 6. Co-
existing oxyanions exhibited slight effects on Cr(VI) removal, while cations, NOMs and carbon
sources all promoted the Cr(VI) reduction rate. However, the removal of total Cr was
suppressed at different extents due to the existing of competitive cations or the formation of
organo-Cr(I11) complex between Cr(l1l) and organics. Changes of ionic strength exhibited
significant inhibition to both Cr(VI) reduction and total Cr removal. Collectively, the results
obtained provide useful information on Cr(VI) removal under a wide range of environmental
conditions, which may find application on the remediation of Cr(\VI1) contaminated water and
soil.
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Table 3-1 Experimental design and test conditions for Cr(V1) biosorption by algal-bacterial AGS.

Concerned parameters

No. Other operational conditions
Concerned parameter Test range and substance(s)
1 Initial pH 2,4,56,7,8,9 o Contacttime =6 h,
0 Granule dosage =5 g-TS/L,
2 Contact time 05,1,2,3,4,6,8,10,12 (h)* o Initial Cr(VI) = 5 mg/L
(if they were not the concerned
3 Granule dosage 1.25,2.5,5,7.5,10 (g-TS/L) parameters in the tests), and
o ) 0 MSM =10 mL if it was not
4 Initial Cr(VI) concentration 2.5, 5, 10, 20, 50, 100, 150 (mg/L) specified.
5  Coexisting ions Initial concentration of anion (NO3", CO3?>~ or HCO3") =5 and 15 mg/L
Initial concentration of cation (Co?*, Cu?*, Mn?*, Ni** or Zn?*) = 5 mg/L
6 NOM Initial humic acid or tannic acid = 0, 5, 10, 20 and 40 mg/L
7 Salinity NaCl: 0, 0.5, 1, 5, 10, 20 or 40 g/L
8  Carbon sources Glucose, sucrose, sodium acetate, sodium citrate, or carbon-free sources: 10 mM

* MSM =100 mL. NOM, natural organic matters; MSM, mineral salt medium; TS, total solids.
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Figure 3-1 Images of algal-bacterial AGS from surface (a) or cross section (b and c), respectively.
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Figure 3-4 Effects of environmental conditions on Cr distribution in solution and algal-bacterial AGS: (a) coexisting anions, (b) coexisting cations, (c) humic acid,
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Chapter 4 Mechanisms of Cr(V1) removal by algal-bacterial AGS

4.1 Background

According to the results from Chapters 2 and 3, algal-bacterial AGS has been proven to be
an efficient biosorbent for Cr(VI) removal under a wide range of environmental conditions.
However, the potential mechanisms involved in the Cr(VI) removal process by algal-bacterial
AGS are still unclear. As reported, the mechanisms of biosorption process can be classified into
metabolism dependent and non-metabolism dependent ones according to the usage of active or
inactive biomass, respectively (Saravanan et al., 2017). When inactive biomass consisting of
dead or inactive cells are used for Cr(VI) removal, the process could be described as non-
metabolism dependent, in which physio-chemical interaction happens between the solid part of
biosorbent and metal ions in the liquid part (Wang et al., 2018). On the other hand, metabolism
dependent biosorption process is resulted from active metabolic process of the living cells and
strongly supported by microbial viability (Jobby et al., 2018). The physio-chemical interactions
still happen when microorganisms are alive, and metal ions could be adhered on the surface of
the cells due to the existing of various functional groups. Moreover, Cr(V1) ions could be further
reduced to Cr(lll) or accumulated in cells through a metabolically active process which is
operated by respiration energy in living organisms (Jobby et al., 2018).

Besides, the disposal of HMs containing sludge is problematic due to the characteristic of
Cr that it’s non-biodegradable and tends to bioaccumulate (Nair et al., 2008). Improper
discharge would affect the soil and water quality as well as human and animal health. On the
one hand, desorption is an important post adsorption method to recover adsorbates as well as
regenerate adsorbents. Considering that the active algal-bacterial AGS could maintain its
microbial activity after 6 h Cr(VI) removal process with over 80% total Cr removed from
solution at an initial Cr(\V1) concentration of 5 mg/L (results from chapter 3), there would be
great promise to reuse algal-bacterial AGS after the bisorption processes. On the other hand,
when considering the reutilization of Cr-loaded algal-bacterial AGS with Cr loading, either for
wastewater treatment or nutrients recovery, it’s essential to assess the leaching risk of

chromium.
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Therefore, the objectives of this chapter are to (1) investigate the effect of cell viability
on Cr(VI) removal and (2) analyze the distribution and chemical fraction of the loaded Cr in
algal-bacterial AGS. The findings from this study are expected to provide a promising approach
for Cr(VI) reduction and total Cr removal by algal-bacterial AGS, which may have great

potential in practical application on Cr(V1)-contaminated wastewater or soil remediation.

4.2 Materials and methods
4.2.1 Cultivation of bacterial AGS and algal-bacterial AGS

For AGS cultivation, two cylindrical SBR made of acrylic plastic with working volume of
1.16 L were used with or without illumination (24 h, 3,000 lux) under a constant room
temperature (2512 °C). 6 cycles per day with each cycle of 4 h ((about 1 min influent feeding,
60 min of non-aeration, 176 min of aeration, 2 min of settling and 1 min of effluent withdrawal).
During the aeration stage, air was introduced through air bubble diffusers from the bottom of
reactor at an air flow rate of 4 L/min. In both reactors, mature bacterial AGS was used as
inoculum and feed with synthetic domestic wastewater with the main characters as following:
300mg COD/L, 30mg NH4"-N/L, and 5mg PO4*-P/L. Mature algal-bacterial AGS was
obtained after 30 days with illumination supplication and the Chl-a content was detected at

around 3.8 mg/g-VS.

4.2.2 Cr(VI) biosorption and desorption experiments

Cr(V1) biosorption experiments were performed in 250 mL shaking flasks containing 100
mL MSM to support the microbe growth and maintain the solution pH. Granules used for
biosorption experiments were collected from the reactors at the end of aeration stage with size
range from 1.0 to 2.0 mm. The batch experiments were performed to investigate the Cr(V1)
removal efficiency by AGS with the initial Cr(VI) concentrations of 5 mg/L and the granule
dosage of 5 g-dry weight/L (dry weight) in a rotary shaker at 125 rpm and room temperature of
25 °C. The pH for all the biosorption experiments was 6.

To explore the roles of algae and bacteria in algal-bacterial AGS during Cr(VI) removal

process three types of cell treatment were carried out to inhibit cell viability: 1) autoclaving at
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121 °C for 15 min, to inactivate both bacteria and algae; 2) addition of antibiotic, 258 mg/L
levofloxacin (LVX) to inhibit the activity of bacteria (Hao et al., 2018); 3) addition of metabolic
inhibitor, 10 mM sodium azide (NaN3) to suppress the respiratory activity (Cabrol et al., 2017).
Besides, 10 mM glucose was added as additional electron donor to promote the efficiency of
Cr(V1) bioreduction (Das et al., 2014). The Cr(V1) biosorption conditions for each trial were: 5
mg/L Cr(VI), 1 g-wet weight granule/10 ml MSM, pH 6 and contact time of 6 h.

After the biosorption experiments, batch desorption trials were carried out to investigate
whether Cr(VI) biosorption by algal-bacterial AGS is reversible or not. Before the desorption
trials, Cr-loaded algal-bacterial AGS were obtained after 16 h biosorption with initial Cr(\V1)
concentration of 5 mg/L, then rinsed gently with DW for 3 times (no Cr was detected in the
rinsing water). The desorption efficiencies of 6 desorption agents (0.1 M) including KClI,
NaHCO3, Na,COz, NaOH, HCI and H2SO4 were assessed and compared, and the desorption

effect in relation to H.SO4 concentration (ranged from 0.025 to 0.4 M) was further investigated.

4.2.3 Extracellular polymeric substance (EPS) extraction and chemical fractionation

The extraction of loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS) from
algal-bacterial AGS was conducted according to a previous study (Zhao et al., 2018) with some
modifications. Briefly, algal-bacterial AGS sample was firstly homogenized in a glass
homogenizer, then 5 ml mixture was centrifuged at 8000 rpm and 4 °C for 15 min. After the
supernatant being collected for LB-EPS fraction measurement, the residue was resuspended
with 0.9% (w/v) NaCl to the original volume of 5 mL and then heated at 80 °C for 0.5 h. After
cooling, the mixture was centrifuged again at 8000 rpm and 4 °C for 15 min, then the
supernatant was collected for TB-EPS fraction measurement. Additionally, supernatant of
Cr(VI) removal system was collected for the detection of soluble microbial products (SMP)
content. Before determination, all the supernatants were filtrated through 0.22 pm membrane
after collection. A detailed schematic diagram is outlined in Figure 4-1.

The distribution and chemical fractionation of Cr in algal-bacterial AGS after 16 h
biosorption was analyzed as shown in Figure 4-1. After EPS extraction, Cr distributed in LB-

EPS, TB-EPS or residue was quantified by detecting the total Cr content in each part. Intra or
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extra cellular Cr was determined by adding 10% HCI to the ground mixture of AGS. After
centrifugation, metal content in the supernatant or residual part was termed as extracellular or
intracellular metal, respectively (Cai et al., 2018). As for the determination of chemical
fractionation, Tessier et al. extraction procedures (Tessier et al., 1979) with some modifications
were used in this study. This method was designed to separate the metals in algal-bacterial AGS
into six fractions including: (1) F1, water soluble, (2) F2, exchangeable, (3) F3, carbonate bound,
(4) F4, Fe/Mn oxides bound, (5) F5, organic bound, and (6) F6, residual fraction. This
fractionation method has been proven to be reliable by several previous studies (Asensio et al.,
2013; Wu et al., 2020; Yao et al., 2009).

Before chemical fractionation, Cr-loaded algal-bacterial AGS was firstly dried at
(105+2) °C for 24 h, then ground into powder. The metals fractionation was carried out
according to the following sequential extraction procedures: (1) F1: 0.1 g (dry weight) sample
was used to extract with 4 ml of DW at room temperature (252 °C) for 1 h under continuously
shaking (water soluble). (2) F2: the residue from F1 was extracted with 4 ml 1 M NHsOAc, at
pH 7 and room temperature for 2 h under continuously shaking (exchangeable). (3) F3: the
residue from F2 was leached with 4 ml 1 M NHsOAc at pH 5 (pH adjusted with acetic acid)
and room temperature for 2 h under continuously shaking (carbonate bound). (4) F4: the residue
from F3 was extracted with 4 ml of 0.04 M hydroxylamine hydrochloride (NH.OH-HCI) in 25%
acetic acid (v/v) at pH 3 and 80 °C for 6 h under occasionally shaking (Fe/Mn oxide bound).
(5) F5: The residue from F4 was extracted at 80 °C with 3 ml 30% H20- (pH was adjusted to 2
with HNO3) for 5.5 h, occasional shaking. 1 ml of 3.2 M NH4OAc in 20% (v/v) HNOz was
added when the sample was cooled down and DW was added to reach a final volume of 4 ml,
continuous shaking at room temperature for 0.5 h (organic bound). (6) F6: The residue from the
F5 was digested at 120 °C with HNOs and H2SO4 for 12 h, occasionally shaking (residual).

After each extraction step, the samples were centrifuged at 10000 rpm for 15 min. The
resultant supernatants were removed for metal concentration determination, and the residues
were washed with 4 mL DW, then centrifuged again. The amount of metals in rinsing water
was added to the earlier step before washing. The metal mobility was indicated as mobility

factor (MF(%)= 100x(F1+F2+F3)/(F4+F5+F6)).
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4.2.4 Analytical methods

Before metal ion detection, all the supernatant samples were filtered through 0.22 pum
membrane. The residual samples were digested with HNOz and H20> at 100 °C until the liquid
became colorless and transparent, then filtered through 0.22 pm membrane. The concentration
of Cr(VI) was quantified by the spectrophotometric method using a UV-Visible
spectrophotometer at 540 nm (UV 1800, Shimadzu, Japan) with 1,5-diphenyl-carbazide
complexation in acidic medium. The concentrations of total Cr, Ca, Mg, and Fe in filtrates or
those from residue samples were measured using ICPS-8100 (Shimadzu, Japan). Cr(llI)
concentration was obtained by subtracting Cr(V1) concentration from the total Cr concentration.
Cr(VI) in Cr-loaded algal-bacterial AGS was extracted by alkaline extraction without Cr(111)
oxidation. The ground granules were mixed with alkaline solution (0.5 M NaOH and 0.28 M
Na,COs3) and 1 mol/L MgCl, was added to prevent Cr(lll) oxidation (James et al., 1995;
Novotnik et al., 2012), then heated at 90 °C for 60 min.

The contents of polysaccharides (PS) and proteins (PN) in the extracted EPS samples were
determined by phenol-sulfuric acid method (glucose as standard) (DuBois et al., 1956) and
Lowry-Folin method (bovine serum albumin as standard), respectively (Lowry et al., 1951).
Duplicate experiments and triplicate determinations were conducted in this study, and all the

results were expressed as mean or mean * SD.

4.3 Results and discussion
4.3.1 Effect of cell viability and additional electron donor on Cr(VI) removal

Cr(VI1) removal capacity by algal-bacterial AGS was evaluated at an initial Cr(VI)
concentration of 5 mg/L under pH 6, which has been confirmed as the optimal pH in Chapter
2. As shown in Figure 4-2a, 62.8% or 85.1% of total Cr was removed from solution after 3 or
6 h, respectively, with negligible Cr(111) left in supernatant. Considering that the fresh algal-
bacterial AGS discharged from the reactors was used for these Cr(VI) biosorption tests, the
change of granular microbial activity during the treatment should be paid more attention. On

the other hand, algal-bacterial AGS is a symbiosis system of bacteria and microalgae; up to now,
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however, no report could be found to address their specific contribution to the Cr(\VI)
biosorption process. Therefore, in this study, autoclave sterilization was applied to completely
inactivate the microorganisms in algal-bacterial AGS that was then examined whether simple
chemical reaction (non-metabolism dependent) or/and metabolism of the cells (metabolism
dependent) were involved in the Cr (V1) biosorption process. In addition, partial inactivation
was also performed via inhibitors addition. LVX was used in this study, which is a
fluoroquinolone antimicrobial agent with rapid bactericidal activity and can directly inhibit
bacterial DNA synthesis (Noel et al., 2009). Thus, the contribution of algae to Cr(VI)
biosorption by algal-bacterial AGS could be distinguished with specific bacterial inhibition
through LV X addition. As known, sodium azide (NaNzs) is widely used as a strong metabolic
inhibitor of the respiratory activity (Cabrol et al., 2017). In this study, the involvement of the
metal respiratory (Mtr) pathway in Cr(VI) biosorption by algal-bacterial AGS was explored
with NaN3 addition. Moreover, additional electron donor (glucose) was added to assist the
function of chromate reductase in this study.

As shown in Figure 4-2b, a dramatic decline in total Cr(\V1) removal was noticed in the
control tests with autoclaved algal-bacterial AGS (29.6%) in comparison with the active one
(85.1%), which was same as Cr(V1) reduction (44.0% for inactivated vs. 86.7% for active algal-
bacterial AGS). The Cr(VI) removal capacity of the inactivated algal-bacterial AGS could be
ascribed to the complexation and reduction of Cr(\V1) with the denatured organic matter from
the granular biomass. With the additional inhibitor of LV X or NaNs, some slight enhancement
was observed, probably attributable to the non-viability related promotion effect by these two
inhibitors. Clearly seen, the electron donor (glucose) showed no effect on the inactivated AGS,
which could significantly promote the total Cr removal efficiency by the active AGS, from 70.6%
to 80.9% for bacterial AGS and from 85.1% to 93.8% for algal-bacterial AGS, respectively.
This observation suggests the existence of enzyme-mediate Cr(V1) reduction by the AGS (Han
et al., 2017a). It could be inferred that in addition to the non-metabolism dependent
physiochemical interactions, the metabolism dependent biosorption resulted from active
metabolic process in the living cells (Jobby et al., 2018) dominated the Cr(\V1) removal by algal-
bacterial AGS.
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Comparison was conducted between algal-bacterial AGS and bacterial AGS in the batch
experiments (Figures 4-2a and c). After 6 h biosorption, 11.2% decrease in total Cr removal by
bacterial AGS was detected after LV X addition compared to the control, in which interestingly,
less suppression was noted on Cr(VI) reduction with partial Cr ions remaining in the form of
Cr(111) in the solution. On the other hand, an opposite effect of LV X was observed on algal-
bacterial AGS, increasing by 3.0% total Cr removal and 7.4% Cr(V1) reduction. The decreased
total Cr removal efficiency by bacterial AGS was mainly associated with the inhibited microbial
activity of bacteria exposed to antibiotic, which showed negligible impact to microalgae. As
reported, nutrients removal efficiency and microbial activity of activated sludge can be
dramatically inhibited by LV X in the early stage while recovered later (Hao et al., 2018), which
seemed to also occur in the case of bacterial AGS in this study: the total Cr removal was
inhibited by 15.7% after 3 h, but the inhibition rate decreased to 11.2% after 6 h exposure to
LV X (Figure 4-2c). More importantly, the resistance of algal-bacterial AGS to LV X highlighted
its pivotal role in the Cr(\V1) biosorption process, suggesting the great potential of algal-bacterial
AGS in the treatment of antibiotic-contaminated wastewater.

Regarding the effect of NaNs, the total Cr removal by bacterial AGS was firstly inhibited
by 5% after 3 h and then by 7% after 6 h exposure to NaNz (Figures 4-2c), with similar or even
higher Cr(VI) reduction rate. In contrast, a continuous promotion trend was noted in the case
of algal-bacterial AGS. It’s deduced that both bacteria and algae could maintain their Cr(\VI)
removal capacity with the inhibition of Mtr pathway, suggesting that Mtr pathway might not be
the main reduction pathway involved in the Cr(\V1) biosorption by algal-bacterial AGS. Besides
being reduced via Mtr pathway, which mainly occurs extracellularly (Huang et al., 2019), Cr(V1)
could also be transported into cells through the sulfate transport protein and reduced by specific
reductase intracellularly (Han et al., 2017b). Results from intra-/extra-cellular distribution of
the loaded Cr in algal-bacterial AGS showed that around 69.2% of Cr was intracellularly
accumulated (Fig. 5¢). This observation ascertains the important role of intracellular Cr(VI)
reduction for Cr(VI) biosorption by algal-bacterial AGS.

Therefore, it could be implied that bioactivity of microbes and participation of algae are

the principal contributors to the efficient Cr(VI) biosorption by algal-bacterial AGS, which was
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mainly mediated by intracellular pathways under the test conditions.

4.3.2 Variations in EPS and SMP during Cr(VI) biosorption

The above results suggested the importance of microbial activity to the Cr(V1) biosorption
by algal-bacterial AGS. It’s noteworthy that some changes of microbial metabolism may occur
in active microorganisms when exposed to the toxic Cr(\V1) solution. Thus, the variation in
production and composition of the important metabolic products, EPS and SMP, was measured
to reveal the response of algal-bacterial AGS to Cr(VI) exposure. As shown in Figure 4-3, a
higher total EPS content was detected in algal-bacterial AGS during the Cr(V1) biosorption
process than that in the control (no Cr(VI) exposure), mainly attributable to the increased LB-
EPS content which was increased by 28.1%, 31.1% and 6.4% respectively after 1, 3 or 16 h
exposure to Cr(V1) solution. However, less variations were noticed in TB-EPS content and the
PN/PS ratio.

Compared to EPS, the SMP content was noticed to change obviously, reaching the highest
value of 4.8+0.5 mg/g-VS after 16 h exposure to Cr(V1), which was 140% higher than that of
the control. As for the PN/PS ratio in SMP, it was approximately similar after 1 h contact
between the two test groups (with or without Cr(VI) exposure). While a dramatic elevation in
PN/PS ratio was observed in the algal-bacterial AGS after 3 h Cr(VI) exposure, which was
3.8+0.4 in comparison to 1.4+0.1 for the control. While the difference in PN/PS ratio became
smaller when the contact time extended to 16 h (2.1 vs. 1.3, with or without Cr(\V1) exposure),
indicating that some cell lysis may occur during the treatment of Cr(\V1)-containing wastewater,
which released more proteins under a short-time exposure to Cr(\V1).

EPS in AGS are believed to play a key role in the maintenance of stable granular structure,
pollutants removal and protection of microbial cells from heavy metal stress (Lin et al., 2020).
Interactions of heavy metal with EPS in AGS can increase its tolerance to toxicity and capability
to adapt to the hostile environments (Wang et al., 2014). As seen from Figure 4-3b, the
increased secretion of LB-EPS with almost no variation in PN/PS ratio when espoused to Cr(\V1)
was mainly due to the protective response of bacteria and algae in algal-bacterial AGS against

the stress of Cr(V1), resulting in higher amount of EPS surrounding the cells, which may
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contribute to the complexation of chromium ions (Hou et al., 2013; Wang et al., 2014). When
the Cr(VI) concentration in solution became lower over time (no Cr(VI) was detectable after
16 h), the difference in LB-EPS content of algal-bacterial AGS between Cr(VI1) exposure and
no exposure was reduced from 31.1% (3 h) to 6.4% (16 h). On the other hand, the ascending
content and elevated PN/PS ratio of SMP over time might also be ascribed to the secretion of
soluble extracellular active reductase or reductants by the bacterial or algal cells under the stress
of Cr(V1), which was previously accumulated in algal-bacterial AGS (Das et al., 2014; Tan et
al., 2020).

The above results are consistent with previous studies. As reported, more EPS were
produced by a chromium tolerant strain E. cloacae when Cr(VI) concentration was elevated,
and the EPS extracted from this strain was able to reduce 31.7% of Cr(VI) at an initial
concentration of 10 mg/L (Harish et al., 2012). Results from Das et al. (2014) showed that the
proteins released by a chromium tolerant strain B. amyloliquefaciens increased over time in the
presence of Cr(VI). Wang et al. (2014) claimed that the production of both LB-EPS and TB-
EPS by AGS were increased with the increase of Cr(VI) concentration from 0 to 30 mg/L,
especially LB-EPS. In the case of Cu(ll) removal by S. meliloti CCNWSX0020, Hou et al.
(2013) also found that LB-EPS was the major component for Cu(ll) immobilization and may

act as a microbial protective barrier against heavy metal stress.

4.3.3 Desorption of Cr from Cr-loaded algal-bacterial AGS

Desorption is an important posttreatment step to recover adsorbates as well as regenerate
adsorbents. In order to assess the reusability of algal-bacterial AGS, different desorption
reagents were adopted as shown in Figure 4-4a. The highest desorption ratio (33.5%) was
achieved by 0.1 M H2SO4 solution, followed by HCI, NaOH, NaCOs, DW, KCI and NaHCO:s.
It could be concluded that strong acids and alkalis were better desorption reagents than mild
alkaline, neutral salt or DW for Cr desorption from Cr-loaded algal-bacterial AGS under the
test conditions in this study, in which 0.1 M H2SO4 was found to have the best desorption
performance. However, when H>SO4 concentration was further increased, no obvious increment

in desorption ratio could be noticed. In fact, this desorption ratio was approximate to its highest
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value, because only around 30.8% of loaded Cr was extracellularly distributed in the algal-
bacterial AGS, and the other 69.2% loaded Cr was intracellularly accumulated (Figure 4-5c).
Considering that microbial cells were well protected in algal-bacterial AGS from the hostile
compounds due to the overproduced EPS surrounding the AGS and its compact granular
structure, the intracellular Cr was difficult to be released from cells without destroying the
cellular structure. This observation suggests that the loaded Cr in algal-bacterial AGS is not
able to be desorbed by using the desorption agents tested in this study, indicating the low
environmental risk of heavy metal release from algal-bacterial AGS during Cr(\V1)-containing
wastewater treatment. The possibility of Cr resource recovery from Cr-loaded algal-bacterial

AGS needs further in-depth research.

4.3.4 Distribution and chemical fractionation of Cr in Cr-loaded algal-bacterial AGS

According to the above results, when considering the reutilization of algal-bacterial AGS
after Cr(V1) biosorption process, either for wastewater treatment or resources recovery, it’s
essential to assess the leaching risk of chromium. In this study, the distribution and chemical
fractionation of Cr loaded onto the algal-bacterial AGS were analyzed.

As the first barrier for metal ions to attack microbial cells, EPS are regarded to be able to
bound heavy metals and protect microorganisms from the harsh environment (Liu et al., 2015;
Mohite et al., 2018). As shown in Figure 4-5a, with the progress of Cr(VI) biosorption, the
amount of Cr trapped in algal-bacterial AGS gradually increased to the highest Cr content of
0.98 mg/g-TS, meaning that almost 98% of the added Cr(V1) into the system was accumulated
in the granules after 16 h contact. As for the distribution of Cr loaded onto the algal-bacterial
AGS, 7.5% and 9.8% were LB- or TB-EPS bounded, respectively, suggesting that around 17.3%
out of 30.8% extracellularly accumulated Cr in algal-bacterial AGS was trapped by EPS. This
result to a great extent confirmed the result in section 3.4 that the highest desorption efficiency
was achieved by H2SO4 solution, as the desorption of metal ions from EPS is favorable under
acidic conditions (Liu et al., 2015). Additionally, around 79.2% of the loaded Cr was
accumulated in the residual part, as approximately 69.2% of total loaded Cr was intracellularly

accumulated, which was difficult to be released under the test acid or alkaline conditions.
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However, the risk of this part of Cr should be further analyzed to assess the potential
environmental impacts.

In this study, the Tessier et al. (1979) scheme which has been widely employed for metal
fractionation was adopted for the chemical fractionation of loaded Cr and other main metals
contained in algal-bacterial AGS. Among the six fractions, F1-F3 fractions are considered as
mobile forms, which are readily available to biota or leached into environment; the F4-F5
fractions are relatively stable and not bioavailable unless extreme situations; and F6, the
residual fraction is not expected to be released under natural conditions over a short time (Nair
et al., 2008). Figure 4-5b illustrates the distribution and fractionation of the major metals in Cr-
loaded algal-bacterial AGS. As seen, around 61.7% and 4.9% of Cr were respectively bound
with organic matters (F5) and in residual fraction (F6), and the MF value of Cr (proportion of
the sum of F1, F2 and F3 to the sum of F4, F5 and F6) was 9.5%. In the case of Fe, the MF
value (5.4%) was even lower even though it had the largest residual fraction of 35.4%. However,
the situation for light metals were totally different, with the MF values as high as 91.0% or 72.7%
for Mg and Ca, respectively, which might be helpful for maintaining the high bioactivities of

algal-bacterial AGS.

4.3.4 Mechanisms hypothesis

From the results from Chapters 2, 3 and 4, two possible pathways are proposed for the
removal of Cr(VI) from wastewater by algal-bacterial AGS: (1) Cr(VI) is firstly reduced to
Cr(111) and then transported and interacted with algal-bacterial AGS through electrostatic
attraction or surface complexation under the test conditions; and (2) Cr(V1) ions are actively
uptaken by microbial cells and then transported and accumulated in the cells (Figure 4-6).

The first pathway can be evidenced by the following results:

(1) No Cr(V1) could be extracted from the Cr-loaded algal-bacterial AGS, indicating the
complete reduction of Cr(VI1) into Cr(l1l). Still, where the Cr(\V1) reduction occurs, in solution,
on granule surface or inside the granule, needs further investigation.

(2) Cr(\V1) reduction efficiency was enhanced with the solution pH decreased from 6 to 2

(Figure 3-3a), suggesting acid condition favors Cr(V1) bioreduction. On the other hand, a higher
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proportion of Cr(l111) remaining in solution could be explained by the stronger competition
between H* and Cr®* at a lower solution pH, indicating that Cr(I11) cation rather than Cr(VI)
anion determines the total Cr removal by algal-bacterial AGS, and to some extent microbial
activity may also contribute to its high total Cr removal efficiency.

(3) All the five additional metal ions inhibited the removal of total Cr to a certain extent
(Figure 3-4b). More clearly, despite Cu(ll) exhibited the strongest promotion effect on Cr(V1)
reduction, the total Cr removal was still declined, implying that the coexistence of these cations
would compete with Cr(111) ions, which is responsible for the reduction of total Cr removal.

(4) Cr(VI) reduction could be enhanced effectively with the addition of carbon source, but
the total Cr removal efficiency didn’t increase accordingly when the access of Cr(l11) to algal-
bacterial AGS is weakened due to the formation of soluble organo-Cr(111) complex (Figure 3-
4f). This observation indicates that the existing form of Cr(lll) ions is also crucial for its
accumulation in the algal-bacterial AGS. Moreover, albeit organic compounds as electron
donors have been previously reported to facilitate Cr(\V1) reduction, in which the reaction with
organic matter alone is very slow (from months to years) and catalyzers like transition metal
ions or enzymes are necessary for the acceleration (Li et al., 2014). In this study, the promotion
effect of these carbon sources is supposed to be mediated by microbial enzymes, as the active
algal-bacterial AGS possessed similar microbial activity before and after Cr(\V1) biosorption
(Figure 3-2).

The second pathway is mainly evidenced by the results of intra- and extra-cellular Cr
distribution in the Cr-loaded algal-bacterial AGS, around 69.2% of Cr being intracellular part.
This observation suggests that cell transport and accumulation is an important mechanism for
the total Cr removal by algal-bacterial AGS. Based on this hypothesis, cell viability is crucial
during this biosorption process. As shown in Figure 3-2, the microbial activity of algal-bacterial
AGS indicated by SOUR can be maintained after biosorption for 6 h. On the other hand, the
intracellular Cr could be located either on cell membrane or cytoplasm (Li et al., 2019; Ma et
al., 2019a; Tan et al., 2020), depending on the different reduction pathways. For example, Cr(V1)
anions (CrO4*"), which resemble with sulfate ion (504>"), are prone to cross cell membrane via

the sulfate pathway and reduced to Cr(lll) by either intracellular or membrane-associated

54



reductase, then localize in the cytoplasm or cell membrane, respectively (Thatoi et al., 2014;
Baldiris et al., 2018 ). Besides, Cr(VI) can be also reduced by extracellular reductase or
reductants secreted by active cells and form organic-Cr(I1l) complex, which is unable to
permeate cell membranes, thus remaining extracellularly through surface complexation (Zhu et
al., 2019).

It’s noteworthy that the immobilized Cr in algal-bacterial AGS after a short time contact
with Cr(VI) was mainly in the non-mobile forms which would emphasize a promising
application for further utilization of Cr-loaded algal-bacterial AGS. However, despite the fact
that Fe/Mn oxides or organic bound fractions are relatively stable, transformation into mobile
forms may also happen under certain conditions, such strongly acidic or oxidizing conditions
(Nair et al., 2008). More efforts are needed to reduce the MF value and promote the alteration
of other fractions into the residual part. Besides to the mobility, distribution of metals in
different chemical fractions also reflected the different biosorption mechanisms such as ion
exchange, chemical precipitation, and complexation process by algal-bacterial AGS (Yao et al.,
2009). The largest fraction of organic-bound for Cr indicating that metal complexation was the
dominant mechanism underlying Cr(V1) removal. Similar results have been reported by Yao et
al. regarding the Cr(111) biosorption by bacterial AGS. Moreover, the extremely low proportions
(<2%) of exchangeable and carbonates bound fractions, suggesting that ion exchange and
chemical precipitation appeared only to have minor role in the overall biosorption process.
Interestingly, exchangeable fraction was the largest for both Mg and Ca, which was in agree
with previous reports that Mg and Ca ions were frequently detected to be released from
biosorbents during heavy metal adsorption (Gao et al., 2019). Therefore, it can be concluded
that algal-bacterial AGS is a promising and safe biomaterial for hazardous HMs immaobilization

and cell viability was essential for Cr(VI) removal.

4.4 Summary
In Chapter 4, responses of algal-bacterial AGS to Cr(VI) exposure were intensively studied
in both aspects of Cr(VI) elimination and microbial metabolic alteration. On the one hand, 85.1%

of the total added Cr could be removed from solution by algal-bacterial AGS after 6 h contact
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under pH 6 at an initial Cr(VI) concentration of 5 mg/L. Microbial viability and participation
of algae were crucial for Cr(VI) removal by algal-bacterial AGS, which was mainly mediated
by intracellular pathways. On the other hand, EPS analysis showed that more soluble protein,
S-EPS and LB-EPS were produced by algal-bacterial AGS when exposure to Cr(V1). Results
from metal distribution and chemical fractionation revealed that the loaded Cr in algal-
bacterial AGS was completely in the form of Cr(ll1), among which 17.3% was EPS bound,
69.2% was intracellularly immobilized and only 9.5% was in the form of mobile fractions. The
findings from this study provided a promising approach for Cr(VI) reduction and total Cr
removal by algal-bacterial AGS, which may have great practical application potential for

Cr(VI)-contaminated wastewater or soil remediation.
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Figure 4-1 Schematic diagram of experiments for EPS extraction and Cr distribution in Cr-loaded algal-bacterial AGS.
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Chapter 5 Conclusions and future research perspectives

5.1 Conclusions

In this study, mature bacterial or algal-bacterial granules were used for Cr(V1) removal
from synthetic wastewater in terms of both total Cr removal and Cr(VI) reduction was
investigated. The algal-bacterial AGS was cultivated from mature bacterial AGS, and compared
with the bacterial AGS regarding Cr(VI) removal capacity, granular stability and metal content.
Besides, influences of external environmental factors on Cr(VI) removal and the responses of
algal-bacterial AGS were evaluated. Moreover, the underlying mechanisms were also studied
by the means of chemical fractionation and microcharacterization. Major results can be

concluded as follows.

5.1.1 Comparison between algal-bacterial AGS and bacterial AGS

1) Compared to the conventional bacterial AGS, algal-bacterial AGS demonstrated
higher biosorption capacity and better granular stability, implying that algal-bacterial
AGS can be more potentially utilized as a Cr(VI) removal biomaterial for the
treatment of Cr(VI)-containing wastewater.

2) The maximum Cr(VI) biosorption capacity of 51.0 mg/g occurred at pH 2 with initial
Cr(VI) concentration of 50 mg/L, which was comparable with previous studies using
raw or treated AGS, microalgae or other biosorbents.

Results from this section implied that algal-bacterial AGS can be more potentially utilized

as a Cr(V1) removal and recovery biomaterial for the treatment of Cr(\V1)-containing wastewater.

Bacterial AGS

Q/<
57
Algae

O ~Cr(VI) 1ons : @ . ‘
. @ e
OOOO DD, ®® AR

Algal-bacterial AGS

» Higher Cr(VI) biosorption capacity
» Better granular stability

Figure 5-1 Graphical conclusion of Chapter 2.
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5.1.2 Effects of environmental factors

1)

2)

3)

4)

Cr(VI) removal by algal-bacterial AGS was investigated in both aspects of Cr(VI)
reduction and total Cr immobilization, with the highest reduction rate of 99.3%
achieved at the pH 2 after 6 h, but optimum pH for total Cr immobilization (89.1%)
was pH 6.

Co-existing oxyanions exhibited slight effects on Cr(VI) removal, while cations,
NOMs and carbon sources all promoted the Cr(VI) reduction rate.

The removal of total Cr was suppressed at different extents due to the existing of
competitive cations or organics. Changes of salinity exhibited significant inhibition to
both Cr(VI) reduction and total Cr removal.

Algal-bacterial AGS was proven to be able to remove Cr(VI) effectively from
wastewater under a wide range of conditions with the optimum pH 6.0, through
combined enzyme-mediated Cr(V1) reduction and total Cr immobilization.

The results obtained from this section provide useful information on Cr(VI) removal by

algal-bacterial AGS under a wide range of environmental conditions, which may find

application on the remediation of Cr(VI) contaminated water and soil.

Metal cations

Natural organic matters ))
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Cr(VI) reduction

Release of Cr(III)

Metal cations
Salinity (over 5 g/L) Cr(III) biosorption

Macromolecular organics

®avy @ can ‘ Cr(lll)-complex ~ )) Promotion Y Suppression

Figure 5-2 Graphical conclusion of Chapter 3.
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5.1.3 Mechanism analysis

(1) Total Cr removal rate by algal-bacterial AGS was reduced from 85.1% to 29.3% by
sterilization and the addition of electron donor improved Cr(V1) removal efficiency by
active AGS but not the inactive group, suggesting the crucial role of microbial viability
and participation of algae in Cr(\V1) removal by algal-bacterial AGS

(2) Antibiotic LVX and metabolite inhibitor NaNs inhibited the performance of bacterial
AGS but not the algal-bacterial AGS or inactivated one, indicating the importance of
algae in maintaining Cr(VI) removal performance of algal-bacterial AGS.

(3) More soluble protein, S-EPS and LB-EPS were produced by algal-bacterial AGS with
Cr(V1) exposure, indicating the production or extracellular enzymes.

(4) The loaded Cr in algal-bacterial AGS was completely in the form of Cr(l1l), among
which 17.3% was EPS sequestrated, 69.2% was intracellularly immobilized and only
9.5% was in the form of mobile fractions.

It’s deduced from this section that algal-bacterial AGS is a promising and safe biomaterial

for hazardous HMs immobilization and cell viability was essential for Cr(\V1) removal.
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SBR, sequential batch reactor for wastewater treatment; EPS, extracellular polymeric substance.

Figure 5-3 Graphical conclusion of Chapter 4.

From above, it can be concluded that algal-bacterial AGS has superiorities than
conventional bacterial AGS and the reported biosorbents, can act as a promising biosorbent for
Cr(VI) removal. Algal-bacterial AGS can maintain its Cr(VI) removal performance with the
co-existing of various environmental factors or even under antibiotic exposure. Cell viability

and the existing of algae are crucial for the efficiency of Cr(VI) removal by algal-bacterial AGS.
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More importantly, the immobilized Cr in algal-bacterial AGS was existing in a less toxic form
of Cr(I11) with a low mobility, indicating the safety of using algal-bacterial AGS for hazardous
heavy metal remediation. Results from this research are expected to facilitate the utilization of
algal-bacterial AGS with high efficiency for heavy metal remediation in the real world of

wastewater treatment.

5.2 Future research perspectives

With the aim to achieve more efficient and practical application of algal-bacterial AGS for
Cr(VI) remediation, future explorations are still necessary. These results are expected to
contribute to a better development of wastewater treatment systems, which can also facilitate
the utilization of algal-bacterial AGS with high efficiency in the real world of wastewater
treatment. Therefore, the following aspects should be considered in the future research:

(1) Treating synthetic or real Cr(\V1) containing wastewater in a SBR with algal-bacterial
AGS. The stability of the reactor in aspects of biomass growth and nutrients removal
can be checked to monitor the performance of SBR in treating Cr(VI) containing
wastewater. Moreover, variation in microbial community should also be examined to
investigate the acclimating ability of microorganisms to Cr(VI) exposure.

(2) Distinguishing the role of algae and bacteria in Cr(\VI) removal by algal-bacterial AGS,
which is expected to shed light on the mechanisms involved and the contribution of
algae and bacteria to the removal of HMs.

(3) Re-utilization of Cr-loaded algal-bacterial AGS after Cr(VI) removal processes. As
show in chapter 4, Cr loaded in algal-bacterial AGS is difficult to be desorbed with
conventional desorption solutions without changing microbial activity. The Cr in algal-
bacterial AGS is relatively immobile which suggested the possibility of reutilizing
these granules either for nutrients or metal recovery, which could be realized by

different post treatments like anaerobic digestion or hydrothermal treatments.
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