WAGENINGEN

UNIVERSITY & RESEARCH

Nutrient removal in floating and vertical flow constructed wetlands
using aluminium dross : An innovative approach to mitigate
eutrophication

Bioresource Technology

Mittal, Yamini; Srivastava, Pratiksha; Kumar, Naresh; Tripathy, Bankim Chandra;
Martinez, Fernando et al

https://doi.org/10.1016/j.biortech.2024.131205

This publication is made publicly available in the institutional repository of Wageningen University
and Research, under the terms of article 25fa of the Dutch Copyright Act, also known as the
Amendment Taverne.

Article 25fa states that the author of a short scientific work funded either wholly or partially by
Dutch public funds is entitled to make that work publicly available for no consideration following a
reasonable period of time after the work was first published, provided that clear reference is made to
the source of the first publication of the work.

This publication is distributed using the principles as determined in the Association of Universities in
the Netherlands (VSNU) 'Article 25fa implementation' project. According to these principles research
outputs of researchers employed by Dutch Universities that comply with the legal requirements of
Article 25fa of the Dutch Copyright Act are distributed online and free of cost or other barriers in
institutional repositories. Research outputs are distributed six months after their first online
publication in the original published version and with proper attribution to the source of the original
publication.

You are permitted to download and use the publication for personal purposes. All rights remain with
the author(s) and / or copyright owner(s) of this work. Any use of the publication or parts of it other
than authorised under article 25fa of the Dutch Copyright act is prohibited. Wageningen University &
Research and the author(s) of this publication shall not be held responsible or liable for any damages
resulting from your (re)use of this publication.

For questions regarding the public availability of this publication please contact

openaccess.library@wur.nl


https://doi.org/10.1016/j.biortech.2024.131205
mailto:openaccess.library@wur.nl

Bioresource Technology 410 (2024) 131205

: : : ; = i
Contents lists available at ScienceDirect BIORESOURCE
TECHNOLOGY

Bioresource Technology

A

ELSEVIER journal homepage: www.elsevier.com/locate/biortech

Check for

Nutrient removal in floating and vertical flow constructed wetlands using  [%&s
aluminium dross: An innovative approach to mitigate eutrophication

Yamini Mittal ®¢, Pratiksha Srivastava ", Naresh Kumar °, Bankim Chandra Tripathy de
Fernando Martinez “#, Asheesh Kumar Yadav ®""

& Ingenieurgesellschaft Janisch & Schulz mbH, Miinzenberg 35516, Germany

Y Department of Chemical Engineering, The University of Melbourne, Parkville, VIC 3010, Australia

¢ Soil Chemistry, Wageningen University and Research, 6708 PB Wageningen, The Netherland

4 Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India

¢ CSIR-Institute of Minerals and Materials Technology, Bhubaneswar, Odisha 751013, India

f Chemical & Environmental Engineering Group, Universidad Rey Juan Carlos, C/Tulipan s/n, Moéstoles, 28933, Spain

8 Instituto de Investigacion de Tecnologias para la Sostenibilidad, Universidad Rey Juan Carlos, C/Tulipan s/n, 28933 Mostoles, Spain

HIGHLIGHTS GRAPHICAL ABSTRACT

e Aluminium dross beads enhance prac-
tical utility of raw aluminium dross.

Efficient contact

o Efficiently removes pollutants from both e with wastewater
nhances

flowing and stagnant water practical usability g Smm———

environments. “ 3 ‘ %~ harshenvironment
e Maximum phosphate and ammonium "} ‘ H)\ s cioggng

removal achieved were 85 % and 93 %, S g s

. Aluminium Ca-Alg-Al Ca-Alg-Al dross beads
respeCtlveIY' dross powder dross beads microscopic view

o Treated water can prevent algal growth,

ensuring safe water discharge.
Testedin
two
different.
aa
environmen
twith
natural/real L
‘wastewater M capable of arresting
owet  the algal growth
fabaibonehirted L O d
ARTICLE INFO ABSTRACT
Keywords: On global scale, eutrophication is one of the most prevalent environmental threats to water quality, primarily
P recovery caused by elevated concentration of nutrients in wastewater. This study utilizes aluminum dross (AD), an in-

Nature-based wastewater treatment
Eutrophication
Ca-Alg-Al dross beads development

dustrial waste, to create a value-added material by improving its operational feasibility and application for
removing phosphate and ammonium from water. The operational challenges of AD such as its powdered nature
Constructed wetlands and effective operation under only extreme pH conditions were addressed by immobilizing in calcium alginate to
Adsorption form calcium alginate aluminium dross (Ca-Alg-Al dross) beads. These Ca-Alg-Al dross beads were further tested
Lentic ecosystem remediation for phosphate and ammonium removal from natural wastewater in two different aqueous environment systems:
(i) vertical flow constructed wetlands (VF-CWs) followed by Ca-Alg-Al dross beads fixed bed system and (ii) Ca-
Alg-Al dross beads mounted floating constructed wetlands (FCW) for remediating polluted lentic ecosystems. Our
results show maximum phosphate and ammonium removal of 85 + 0.41 % and 93.44 %, respectively, in VF-CWs
followed by Ca-Alg-Al dross beads fixed bed system. The Ca-Alg-Al dross beads mounted FCW system achieved
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maximum phosphate removal of 79.18 + 8.56 % and ammonium removal of 65.45 + 21.04 %. Furthermore, the
treated water from the FCW system was assessed for its potential to inhibit algal growth by artificially inocu-
lating treated water with natural algae to simulate eutrophic conditions. Interestingly, treated water from the
FCW system was found capable of arresting the algal growth. Besides, scanning electron microscopy with energy
dispersive X-ray (SEM-EDX) and Fourier transform infrared (FTIR) spectroscopy confirmed the functional groups
and surface properties and probable participation of multiple mechanisms including ion exchange, electrostatic
attraction, and ligand complexation for phosphate and ammonium removal. Overall, these results offer a
promising way to utilize AD for high-end applications in wastewater treatment.

1. Introduction

Eutrophication is a significant environmental concern impacting
aquatic ecosystems worldwide, primarily triggered by excess phos-
phorus (in the form of orthophosphate, PO3") and ammonium (NHJ
(Yin and Kong, 2014a; Yin et al., 2018). The rise in the contribution of
phosphate and ammonium nutrient levels in the water bodies is mainly
owing to a rapid increase in human activities, including the runoff of
agricultural, domestic, industrial, and municipal wastewater into water
bodies. On the other hand, phosphorus is a critical resource that is
essential for global food supply but is depleting at an alarming rate, with
predictions estimating depletion of global reserves within a century (Li
et al., 2019). Thus, to mitigate the imbalance of the global phosphorous
cycle, phosphorous recycling from wastewater or eutrophic water
bodies could be an environmentally sustainable approach, securing both
water and food for the growing population (Kim et al., 2018). Conse-
quently, combined management of phosphate and ammonium input in
water bodies is advocated by many researchers.

Constructed wetlands (CWs) are widely adopted for nutrient removal
due to their cost-efficiency, minimal operational requirements, and no
sludge generation (Ji et al., 2022). Different types of CWs, such as
subsurface and floating CWs (FCWs), are noted for their effectiveness in
nutrient removal through various mechanisms, including plant and
microbial uptake, and adsorption onto substrate (Ayaz et al., 2012;
Srivastava et al., 2022; Vymazal, 2011; West et al., 2017). Although, if
harvesting is not done on time, accumulated ammonium and phosphate
in plants could be released back to the environment, making it only a
temporary sink. Nevertheless, phosphate is typically stored in roots of
the plants rather than leaves and can readily be released upon storage
exhaustion, changes in water chemistry, or when adsorbed phosphate is
loosely bound to plant roots (Ayaz et al., 2012; Kadlec, 2005; Martin
et al.,, 2013). Thus, there is a need for selectively targeted additional
treatment followed by CWs along with it to decrease the phosphate and
ammonium concentration to desired levels to restrict eutrophication
stimulation in treated waters (Preisner et al., 2020).

Adsorption is highlighted as an effective method for nutrient removal
due to its flexibility, low cost, and high selectivity (He et al., 2017;
Loganathan et al., 2014). Various adsorbents are explored, including
natural materials (Ahmed et al., 2019; Yin and Kong, 2014a), industrial
by-products (Ren et al., 2016; Sellner et al., 2019), and synthetic ma-
terials (Chitrakar et al., 2006; Rajan and Perrott, 1975), with
aluminium-containing adsorbents showing high affinity for phosphate
and concurrent ammonium recovery. For example, biochar has been
modified with Mg-Al nanocomposites and displayed a concurrent
maximum adsorption capacity of 74.47 mg/g (phosphate) and 0.70 mg/
g (ammonium) at pH 6 with adsorbent pHy,. of 9.7 (Yin et al., 2018).
Further, natural zeolite modified with aluminium oxide was investi-
gated for simultaneous phosphate and ammonium removal and reported
7 mg/g and 30 mg/g of adsorption, respectively at a pH of 4.2 + 0.2
(Guaya et al., 2015a). Likewise, naturally rich attapulgite ((Mg,Al)2
Si4010(OH).4H20) was modified with thermal treatments, revealing
maximum ammonium and phosphate removal of 2.02 mg N/g and 3.32
mg P/g, respectively at pH value of 7 (Yin and Kong, 2014b). The
developed adsorbents were also investigated with CWs such as iron
modified aluminium sludge substrate was used in tidal flow CWs for

simultaneous ammonium and phosphate removal and revealed total
phosphorous and total nitrogen removal of 95 % and 47 %, respectively
(Zhou et al., 2022). Further, to enhance the phosphate removal effi-
ciency several adsorbents were used as filler in CWs including atta-
pulgite (Xu et al., 2022), aluminium based water treatment residual
(Yang et al.,, 2006), solidified lanthanum/aluminum amended atta-
pulgite/biochar composite (Yin and Kong, 2014b) and drinking water
treatment sludge on zeolite (Zhao et al., 2022). While many of these
adsorbents have shown effective simultaneous phosphate and ammo-
nium recovery potential individually and as substrate/filler in CWs,
challenges still handicap their practical operation ability such as (i)
clogging in the filtration material, (ii) inefficient phosphorous removal
at extreme pH values, (iii) high pH of treated effluent, (iv) difficult re-
covery of adsorbent from treated water (v) ineffective contact of
adsorbent due to density difference, (vi) unavailability of adsorbent in
bulk amount, (vii) cost intensive (viii) lack of information on reuse/
recycling of recovered adsorbent, and most importantly (ix) barely any
implementation with natural wastewater (Dotto and McKay, 2020; Wu
and Vaneeckhaute, 2022; Zhao et al., 2022). Thus, taking literature
studies into account, aluminium industrial waste/by-product i.e.
aluminium dross (AD), was chosen for its affinity for nutrient removal,
bulk availability (annual production ~75,000 tons in India) and low cost
(Das et al, 2007). Multiple studies reported efficient phosphate
adsorption by raw AD under extreme pH conditions of 12 or 3 thus
constraining its utility in natural waters (b Zakaria et al., 2017; Ren
et al., 2016). Additionally, raw AD’s powdered form complicates its
recovery from water and can cause clogging along with its substantial
density difference limiting its effective contact with water.

In this study, we propose a new strategy to manage phosphate and
ammonium removal and recovery. We hypothesize that developing
unique material through immobilizing AD inside calcium alginate beads
can help overcome these challenges encountered by raw AD and
improve its practical usability. The encapsulating agent i.e., Calcium
alginate ((C12H;4Ca012)y) is a biological organic substrate owing to its
abundance in nature and its benign properties (Russo et al., 2007).
Calcium alginate encapsulation enhances the practical usability of
aluminum dross (AD) in several significant ways. Firstly, the encapsu-
lated beads achieve better distribution in polluted water ensuring effi-
cient contact with wastewater and overcoming the density differences
that hindered raw AD powder. Secondly, the beads facilitate easier post-
treatment recovery, allowing them to be readily separated from water
using screens or simple sedimentation process unlike raw AD powder
which required fine micron filtration. Additionally, this encapsulation
method reduces clogging issues, protects adsorbents from harsh condi-
tions, minimises contaminant release, and improves handling and scal-
ability for large-scale water treatment applications (Xu et al., 2020).

With these advantages in mind, the study aimed to investigate the
potential and applicability of AD-immobilized calcium alginate beads,
viz. Ca-Alg-Al dross beads for simultaneous phosphate and ammonium
management in different aqueous environments. The developed Ca-Alg-
Al dross beads were tested for two different aqueous environment sys-
tems (i) vertical flow constructed wetlands (VF-CWs) followed by Ca-
Alg-Al dross beads fixed bed system in continuous mode operation for
real municipal wastewater treatment, and (ii) Ca-Alg-Al dross beads
mounted floating constructed wetlands (FCW) imitating lentic
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ecosystems like lakes or ponds which are polluted (eutrophic water
bodies). Further, algal growth tests were conducted to assess the treated
water’s ability to inhibit algal growth. Our experimental results will
validate whether: (i) the coupling of VF-CWs and Ca-Alg-Al dross beads
fixed bed system is safe for discharge and will not stimulate eutrophi-
cation in river bodies and (ii) the Ca-Alg-Al dross beads have enough
potential to treat pollutants in lentic ecosystems efficiently. As per the
authors’ knowledge, this is a first ever detailed investigation of material
for simultaneous remediation and recovery of phosphate and ammo-
nium from natural water streams in two different aqueous environment
situations, along with an assessment of the treated water for its capa-
bility of stimulating algal growth.

2. Material and methods

2.1. Preparation and characterization of calcium-alginate-aluminium
dross beads

Ca-Alg-Al dross beads were prepared using sodium alginate powder
(CeHgNaOy), CaCly solution, and industrial waste AD powder. This study
utilized analytical-grade chemicals obtained from HI Media Pvt. Ltd,
India. The bead preparation process involves blending 0.2 g of sodium
alginate powder in 20 mL double distilled water (DDW) and heating
until achieving homogenized mixing at 100 °C. Promptly, 0.4 g of
ground AD powder was introduced into the viscous sodium alginate
solution and thoroughly mixed using a magnetic stirrer at room tem-
perature. The 0.4 g AD loading in Ca-Alg-Al dross beads was selected
based on our previous study, where this amount was optimized for
efficient phosphate removal from a 10 mg/L synthetic phosphate solu-
tion (Mittal et al., 2024). Consequently, the same loading was used in the
current study. Alongside, 0.2 M CacCl, solution was prepared. Further,
for preparation of the Ca-Alg-Al dross beads, sodium alginate AD solu-
tion was filled into the burette and continuously dropped into the CaCly
solution at a fixed rate. The beads, once prepared, were immersed in a
CaCly solution for 24 h at 4 °C to facilitate hardening and crosslinking.
Subsequently, the beads were thoroughly washed with double-distilled
water multiple times the following day. The same procedure was
adopted for control bead preparation ie., Ca-Alg without AD
entrapment.

The morphology, elemental composition, and mapping of Ca-Alg
beads and Ca-Alg-Al dross beads were characterized using a scanning
electron microscope (SEM) system (Zeiss EVO 18, Germany) equipped
with an energy-dispersive X-ray spectroscope (EDS) (Octane elect, USA).
Additionally, surface functional groups of Ca-Alg-Al dross beads before
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and after treatment were analyzed using a Fourier transform infrared
(FTIR) spectrometer (ATIR-FTIR Alpha Bruker II) to provide further
insights.

2.2. Applications of Ca-Alg-Al dross beads in different aqueous
environment situations

The performance of Ca-Alg-Al dross beads was investigated for the
treatment of real wastewater in two different aqueous environment
systems (i) VF-CW followed by Ca-Alg-Al dross beads fixed bed system in
continuous mode operation for real municipal wastewater treatment,
and (ii) Ca-Alg-Al dross beads mounted FCW system imitating lentic
ecosystems like lakes or ponds in batch mode operation for contami-
nated (eutrophic water bodies) water treatment.

2.2.1. VF-CW followed by Ca-Alg-Al dross beads fixed bed system

A system was designed with VF-CW followed by Ca-Alg-Al dross
beads fixed bed system, represented in Fig. 1(a). CW column was con-
structed with a polyvinyl chloride (PVC) tube of 60.0 cm x 11.0 cm
(height x diameter) with ports at 10.0 cm, 33.0 cm, and 54.0 cm from
top. The column was capped at the base with a circular base of PVC.
Column was packed with siliceous garden gravels of ~5.0-8.0 mm
diameter taken up from a functional CWs facility at CSIR-IMMT, Bhu-
baneswar, India, and fed with real municipal wastewater from the same
facility daily. Wastewater was collected weekly and stored at 4.0 °C and
2.0 L was fed to column daily using a peristaltic pump (Watson Marlow
Pvt. Ltd., UK) with help of PVC pipe (2.0 cm diameter) that is placed at
the centre of the column allowing hydrological up flow in the column
(Fig. 1). CW was planted with Canna indica species, which were collected
from the CWs facility at CSIR-IMMT and positioned at 15.0 cm from the
top of the CW column. The uprooted Canna indica had a root length of
18.4 cm, shoot length of 69.5 cm, and weight of 78.0 g. Fig. 1(a) shows a
general layout of a filled vertical up flow CW column.

The outlet of the CW column was connected with the bottom of the
Ca-Alg-Al dross beads glass column (length x diameter: 20.0 cm x 3.0
cm), as shown in Fig. 1(a). The column was packed with Ca-Alg-Al dross
beads, reaching a height of 20.0 cm (2.0 g. of total AD mass inside the
beads) and samples were collected at the top (Fig. 1) after completion of
empty bed contact time (EBCT) for further analyses. The EBCT was
calculated as 19.42 min by dividing the void volume of the Ca-Alg-Al
dross column (77.7 ml) by the flow rate (4 ml/min). For further anal-
ysis, three different types of wastewater samples were collected as fol-
lows: (i) initial wastewater (0 h), (ii) VF-CW treated sample from the top
of CW column (i.e., after 24 h of HRT), and (iii) Ca-Alg-Al dross beads
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Fig. 1. Schematic diagram of (a) VF-CW followed by Ca-Alg-Al dross beads fixed bed system and (b) Ca-Alg-Al dross beads mounted FCW system.
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fixed bed column treated sample collected after 24.19 h. All the samples
were tested for phosphate, ammonium, and chemical oxygen demand
(COD). All experiments were carried out at ambient temperature of 30
+2°C.

To further study the potential of Ca-Alg-Al dross beads fixed bed
column, the used beads from the column were regenerated with 0.5 M
NaOH solution. In this experiment, NaOH solution was employed for
regeneration instead of an acidic HCl solution because an acidic solution
regenerated adsorbent tends to lose its regeneration capacity more
quickly, can damage the exhausted adsorbent even at low concentra-
tions, and mostly high regeneration capacity are observed with NaOH
(Patel, 2021). To regenerate the Ca-Alg-Al dross column, it was
disconnected from the CW column and NaOH solution was pumped in
continuous mode (with peristaltic pump) to the Ca-Alg-Al dross beads
fixed bed column at a flow rate of 4 mL/min for one day to achieve
regeneration. After that, DDW was pumped for 2 days through the col-
umn at a flow rate of 4 mL/min to wash off the retained NaOH in the
column. After regeneration, the CW column was reconnected with the
Ca-Alg-Al dross column and examined for ammonium, phosphate, and
COD removal. Table 1 presents a range of column parameters for the VF-
CW and Ca-Alg-Al dross beads column.

Furthermore, an additional batch experiment was carried out to
comprehend the simultaneous removal of ammonium in a Ca-Alg-Al
dross beads fixed bed system. In this experiment, both Ca-Alg-Al dross
beads and control Ca-Alg beads were exposed separately with 50 mL of
13 mg/L ammonium solution and with a mixture of 25 mL of 13 mg/L
ammonium solution + 25 mL of 10 mg/L phosphate solution in a
separate conical flask and kept at rotatory shaker (Spinix Orbital shaker
MC-02, Tarson, India) at 100 rpm. All samples were analysed after 60
min of contact time for total phosphate and ammonium concentrations.

2.2.2. Ca-Alg-Al dross beads mounted floating constructed wetlands (FCW)

Ca-Alg-Al dross beads mounted FCW was built in a PVC container of
height 54.0 cm with a diameter of 34.0 cm and volume of 46.0 L. The
PVC container had three ports at a height of 3.0 cm, 27.0 cm, and 51.0
cm from the bottom. Within the container, a basket (length x breadth x
height: 23.0 cm x 23.0 cm x 20.0 cm) with 8-10 mm holes was sus-
pended using a steel rod, as illustrated in Fig. 1(b). The holes were made
in the outer container with the help of a soldering machine to support
the basket on steel rods. Inside the basket, 12.0 kg siliceous gravels of
12-15 mm diameter were filled that provided support for the planted
Canna indica. The uprooted Canna indica had a root length of 21.5 cm,
shoot length of 64.5 cm, and weight of 78.0 g. With the help of a basket,
25.0 bundles of Ca-Alg-Al dross beads were suspended containing a total
of 11.0 g. of AD in calcium alginate beads. These bundles were made up
of synthetic netting (1.2 mm diameter) and suspended with 1 mm
insulated wire, as shown in Fig. 1(b). In addition, these bundles were
suspended at variable depths to maintain homogeneity of the Ca-Alg-Al
dross beads in the system, as depicted in Fig. 1(b). Ca-Alg-Al dross beads
mounted FCW system was fed with wastewater collected from the local
facility, containing nutrient pollutants and organics that trigger eutro-
phication in water bodies. The collected water was also tested without
any treatment with Ca-Alg-Al dross beads and showed massive algal
growth within two weeks. The sample was collected from Ca-Alg-Al

Table 1
Characterization parameters of VF-CW and Ca-Alg-Al dross fixed bed column.

VF-CW Ca-Alg-Al dross fixed bed
Flow rate 4 ml/
min

Void volume 20L Void volume 77.7 ml
Hydraulic retention time 1.0 day Adsorbent bed height 20.0 cm

(HRT)
Working height 50.0 cm Adsorbent mass 20g
Void volume 4749 mL Empty bed contact 19.42

time min

Bioresource Technology 410 (2024) 131205

dross beads mounted FCW system every alternate day (ie., 2nd day
(S-2), 4th day (S-4), 6th day (S-6)), and the wastewater was changed
every 6 days from the time of influent filling. Based on the same sam-
pling and inoculation method, 15 experiment cycles were performed. To
ensure homogeneous sample collection, sampling was carried out by
decanting water in a bucket through bottom most port of the container
and mixing thoroughly before sample collection. All the samples were
tested for phosphate, ammonium, and chemical oxygen demand (COD).
All experiments were carried out at ambient temperature of 30 + 2 °C.

2.3. Algal growth assessment in treated wastewater

The objective of this study was to assess post treatment scenario
when treated water was discharged. This was achieved by artificial
inoculation of treated water with natural algae to simulate eutrophic
conditions. For this experiment, at first, to attain mother culture, 5 mL of
algae containing water was collected from local facility and mixed with
500 mL of BG11 solution (BG11 algal growth solution preparation uti-
lized 0.075 g; MgS04-7H20, 0.02 g; NayCOs, 0.036 g; CaCly-2H50,
0.001 g; EDTA, 0.006 g; CgHgO5, 0.006 (NH,)[Fes(CeH407)2]1, 0.006 g;
KoHPO4-3H20 and 0.6 g NaNOg) (Mittal et al., 2020). Further, to pro-
duce mother culture, algae were intentionally adopted from natural
wastewater to mimic the natural/practical system. After attainment of
exponential phase in algal growth ie., 10-12 days in BG-11 solution,
UV-Vis spectra (Cary 100, Agilent Technologies, USA) of algal culture
were repeatedly observed to ensure the attainment of absorbance value
as 0.9 by the algal culture at 689 nm of wavelength. This absorbance
level of 0.9 is crucial to ensure the optimal growth of the algae. After, 50
mL of mother culture was centrifuged and the supernatant was removed
to attain a pellet of algae. This pellet was washed several times with
DDW and mixed with 75 mL of Ca-Alg-Al dross mounted FCW system
treated water in a conical flask. Further, the formation of the algal pellet
process was repeated several times to create flasks in triplicates for the
initial (I-0), 2nd day (S-2), 4th day (S-4), 6th day (S-6), and negative
control (NC-DDW i.e., algal pellet dissolved in 75 mL of DDW). The
above process allowed the inoculation of each sample with similar
amounts of algae. All experimental conical flasks and mother culture
were kept on a rotatory shaker at 140 rpm for proper mixing and algal
growth. The experiment set up was equipped with a light source (85 W,
Spiral, Crompton Greaves Ltd.) at an illumination period of 12 h (6 a.m.
to 6 p.m.) each day. The on and off cycles were maintained using an
automatic on—off timer (HPA digital timer, Australia). Thereafter, the
absorbance of each algal conical flask was observed at 689 nm up to 25
days from the start of the experiment using a UV Vis spectrophotometer
(Cary 100 UV-Vis, Agilent Technologies, USA).

2.4. Analysis and calculations

Collected liquid samples were either analysed on the day it was
collected or stored overnight at 4 °C for measurement the following day.
On the measurement day, all the samples were filtered through 0.45 um
Whatman filter paper (USA) and then analysed for total phosphorus,
ammonium, and COD using procedure described in APHA (2005)
(American Public Health Association, 2005) protocol with the colori-
metric method using a UV-Vis spectrophotometer (Cary 100 UV-Vis,
Agilent Technologies, USA). Eq. (1) was used to calculate the percentage
removal of COD, ammonium, and phosphate. Likewise, an ion chro-
matograph (930 compact IC flex, Metrohm, Switzerland) was used to
determine the concentration of cations and anions present in the
wastewater.

Influent concentration — Effluent concentration

100 (1
influent concentration x L)

Y% removal =
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3. Results and discussion
3.1. Characterization studies

3.1.1. FTIR analysis

Fig. 2 shows FTIR spectra of Ca-Alg-Al dross beads and ammonium
and phosphate loaded Ca-Alg-Al dross beads. Data shows several Fourier
transform peaks representing various functional groups in these sam-
ples. Nonetheless, when delving deeper into the FTIR analysis discus-
sion, our emphasis remains exclusively on the removal of phosphate.
This is because, during adsorption from natural wastewater, the pH is
lower than the pHpzc of Ca-Alg-Al dross beads, resulting in a positively
charged surface and thus encouraging a preferential interaction with
phosphate rather than ammonium. In Fig. 2, the Fourier transform peak
at 1594 cm ™! is associated with the ester group (-COO) present in the
sodium and calcium alginate structure (Zhou et al., 2018). Similarly,
interactions resembling those observed at the 1421 cm™! peak can be
attributed to the asymmetric stretching vibration of the carboxyl (COO-)
group. However, both peaks 1594 cm ! and 1421 cm™! disappear
almost completely for phosphate and ammonium loaded Ca-Alg-Al dross
beads which imply an interaction between COO™ groups and phosphate
during adsorption/uptake (Luo et al., 2019). Further, the ~OH vibration
can reveal any transformation of the —-OH group present on the Ca-Alg-Al
dross beads. The bonding ~OH vibration was detected at 3466 cm !
(3200-3600 cm™!) representing both antisymmetric and symmetric OH
stretching modes (Yang et al., 2008). After adsorption, the peak at 3466
cm ™! weakens, thus, indicating that the ~OH group was subjected to
interference, possibly due to interaction with phosphate through elec-
trostatic attraction. The band appearing at 2360 cm ™! corresponds to
CO3 (g) and was observed in all samples, although with variations in
intensities (Mokhtari et al., 2019). The band at 1011 em~!in the Ca-Alg-
Al dross bead was attributed to Si-O stretching vibration (Abukhadra
et al., 2019). After phosphate and ammonium adsorption, a distinctive
sharp peak emerged at 1021 cm ™7, likely attributable to the character-
istic P-O asymmetric stretch vibration (He et al., 2016; Mittal et al.,
2024). Thus, it can be inferred that the surface hydroxyl group was
substituted with phosphate through ligand complexation. Similar new
peaks were also observed after simultaneous phosphate and ammonium
adsorption onto different adsorbents such as hydrated aluminium oxide
modified natural zeolite (HAIO) and NaOH activated lanthanum
impregnated zeolite (Guaya et al., 2015b; He et al., 2016). Our results
agree with previous studies which indicated phosphate can be adsorbed
over the surface of aluminium and magnesium ions through ligand
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Fig. 2. FTIR spectra of Ca-Alg-Al dross bead before adsorption and Ca-Alg-Al
dross bead after simultaneous N (ammonium) and P (phosphate) adsorption.
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complexation/exchange process at circumneutral pH through the for-
mation of monodentate or bidentate species (Wu et al., 2019; Yang et al.,
2006).

3.1.2. SEM-EDX analysis

The Ca-Alg-Al dross bead surface before and after the phosphate and
ammonium removal was examined by SEM equipped with EDX as shown
in Fig. 3. SEM images indicated that the surface morphology of the
control bead was smooth, as shown in Fig. 3 (a). The control Ca-Alg
beads contained Na, Ca, Cl, C, and O elements in EDX spectra as
shown in Fig. 3(b), whereas Fig. 3(c) shows the distribution of detected
elements on the beads surface. Similar SEM-EDX results of control Ca-
Alg beads were also observed by Torres-Caban et al. (2019) and Bilici
et al. (2019). SEM image after entrapment of AD inside Ca-Alg beads
represents a much rough structure, as shown in Fig. 3(d). The EDX
analysis of Ca-Alg-Al dross beads reveals the presence of additional el-
ements like Mg, Al, and Si, attributed to entrapment by AD (Fig. 3(e)).
Thus, the relative content of Cl, Ca, Na, C, and O decreased in Ca-Alg-Al
dross beads in comparison to the bare Ca-Alg beads. Further, in Fig. 3(f)
and (i), elemental mapping of Ca-Alg-Al dross beads certainly confirms
the loading of Al in a high percentage (i.e., 26.4 wt% by EDX data). After
the adsorption of ammonium and phosphate, through closer observation
and comparison, it was found that the surface of Ca-Alg-Al dross beads
seemed coarser than the non-exposed Ca-Alg-Al dross beads. It appeared
that the surface of Ca-Alg-Al dross was covered with several small par-
ticles after ammonium and phosphate adsorption experiment (Fig. 3(g)).
These small particles were more likely due to newly formed precipita-
tion after reactions. Our results are in agreement with Ren et al. (2016),
investigating phosphate removal in aqueous solution by aluminium slat
slag derived from scrap aluminium melting process. Adsorption of
ammonium and phosphate was confirmed with the presence of N and P
element in the EDX (Fig. 3(h)) and mapping in Fig. 3(i), (k) and (1),
whereas individual mapping displayed that N (Fig. 3(k)) and P (Fig. 3(1))
was evenly adsorbed/uptake over the surface of Ca-Alg-Al dross bead
(Fig. 3(i)). This finding was reinforced by the outcomes of experiments
involving the exposure of Ca-Alg-Al dross beads to a simultaneous so-
lution of ammonium and phosphate, as well as to a solution containing
only ammonium. Notably, the removal of ammonium was significantly
lower when Ca-Alg-Al dross beads were exposed solely to the ammo-
nium solution. Conversely, a substantial removal of both ammonium
and phosphate was observed when a mixture of ammonium and phos-
phate solutions was exposed to Ca-Alg-Al dross beads. Besides, the
weight percentage of Na and Mg on Ca-Alg-Al dross beads was surpris-
ingly decreased from 1.9 % to 0.7 % and 0.5 % to 0.1 % after the
adsorption of ammonium and phosphate. This decrease in cation con-
centrations over Ca-Alg-Al dross beads was further confirmed by ion
chromatography data of samples, which showed an increase in Na and
Mg concentrations in the solution after treatment with ammonium and
phosphate. This is detailed in Supplementary File Table S1 and Fig. S1.
The decrease in Na and Mg and the appearance of the N peak in EDX data
seem to indicate the exchange of Na with ammonium as the main pro-
cess involved in ammonium removal. In addition, a decrease in weight
% of C1” ion from 1 % to 0.2 % was observed after adsorption, this could
be due to the exchange of phosphate ion present in the solution with C1™
ion present in the Ca-Alg-Al dross bead interlayer. Ion chromatography
data further confirmed this by showing an increase in Cl™ anion con-
centrations in the solution after ammonium and phosphate adsorption,
as detailed in Supplementary File Table S1 and Fig. S1. Similar results
were also demonstrated by He et al. (2016) and Yin and Kong (2014a),
investigating the simultaneous removal of ammonium and phosphate
with lanthanum impregnated zeolite and calcium rich attapulgite,
respectively.
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Fig. 3. SEM morphology, EDX spectra, and elemental mapping of raw AD (a—c); Ca-Alg-Al dross beads (d—f) and (N + P) loaded Ca-Alg-Al dross beads (g-i),
respectively. Further, (j-1) shows the elemental mapping and distribution of Al, N, and P.

3.2. Performance of Ca-Alg-Al dross beads in different aqueous
environments

These studies utilise real wastewater and thus variation in influent
wastewater concentration of nutrients was observed in these studies.

3.2.1. VF-CW followed by Ca-Alg-Al dross beads fixed bed system for real
municipal wastewater treatment

Fig. 4(a) and (b) represent the percentage of phosphate and ammo-
nium removal from the real municipal wastewater treatment in VF-CW
followed by Ca-Alg-Al dross beads fixed bed system. The 1st cycle of the
test was carried out for 30 days. From Fig. 4(a), high phosphate removal
of 85 + 0.41 % can be observed till 8 days of operation in Ca-Alg-Al
dross beads column, while, thereafter it decreases to 42.56 + 0.32 %
by 14 days and more to 23.79 + 1.55 % by 23 days. Eventually, at the
end of 30 days phosphate removal decreased to 9.49 + 1.42 % in Ca-Alg-
Al dross beads column. High phosphate removal till 8 days of operation
can be due to high surface area and free active sites provided by a fixed
bed of Ca-Alg-Al dross beads, thus allowing a high number of binding
sites available for phosphate adsorption/uptake. However, a decrease in
removal with time can be attributed to the saturation of active sites for
phosphate adsorption (Swain et al., 2013). Further, Fig. 4(a) also in-
dicates low phosphate removal in VF-CW throughout the study ie.,
average of 12.79 + 8.10 % which may be ascribed to (i) less adsorption

capacity of filter material (siliceous gravels) used in VF-CW and (ii) low
phosphate uptake by Canna indica vegetation as a nutrient. Limited
phosphate uptake is also supported by our previous study, in which a
CW was operated with the same feed of municipal wastewater as in
current study and planted with Canna indica vegetation. The fully grown
plants revealed maximum phosphate assimilation of 0.52 mg/g in the
stem, 0.39 mg/g in the root, and 0.5 mg/g in the leaves of Canna indica
(Mittal et al., 2023a).

Ammonium removal was also examined through VF-CW followed by
Ca-Alg-Al dross beads fixed bed system which is represented in Fig. 4(b).
In CWs, ammonium removal is mainly dependent on the availability of
oxygen, whereas other phenomena such as uptake by plants and
adsorption over CW substrate can also play a minor role in ammonium
removal. In our study, oxygen can be supplemented by (i) atmospheric
oxygen diffusion and (ii) secretion through root exudates of planted
Canna indica vegetation. However, low average ammonium removal of
9.10 + 8.9 % was observed in the CW column in our experiments. This
can be explained by (i) less adsorption capacity of filter material (sili-
ceous gravels) used in CWs, (ii) least uptake by Canna indica vegetation
since it was not fully flourished, and (iii) low dissolved oxygen avail-
ability in the CW column from both atmospheric diffusion and root ex-
udates, thus restricting ammonium oxidation. Further, in Fig. 4(b),
average ammonium removal in Ca-Alg-Al dross beads fixed bed column
was noted as 29.32 + 1.69 % in 30 days of operation. Elemental
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Fig. 4. (a) Phosphate and (b) ammonium removal with VF-CW followed by Ca-Alg-Al dross column respectively, (c) phosphate, and (d) ammonium removal with VF-

CW followed by regenerated Ca-Alg-Al dross column, respectively.

mapping results can explain this adequate ammonium removal through
Ca-Alg-Al dross column. Where, a high concentration of exchangeable
Mg*2, Na* metal ions present in Ca-Alg-Al dross bead can substitute
ammonium present in the wastewater through an ion exchange mech-
anism, as elaborated in the SEM-EDX discussion. Furthermore, other
pollutant removal results such as chemical oxygen demand (COD) were
not shown since COD concentration in the influent was found to be low i.
e., 40 + 20 mg/L from which most was removed in the CW column.
Further, to estimate the reuse potential of Ca-Alg-Al dross beads fixed
bed column, it was regenerated with 1 M NaOH. Whereas, VF-CW col-
umn remained the same for the regeneration study. Fig. 4(c) and (d)
demonstrate the phosphate and ammonium removal in VF-CW followed
by a regenerated Ca-Alg-Al dross beads fixed bed system. In the VF-CW
column, an increase in the phosphate and ammonium removal can be
observed in comparison to previous phase results achieving an average
of 51.42 + 25.64 % of phosphate removal and 30.92 + 15.76 % of
ammonium removal. Enhanced nutrient removal can be the contribu-
tion of fully grown Canna indica species with time in VF-CW by means of
(i) uptake of nutrients by the fully-grown Canna indica (Cui et al., 2010),
and (iii) ammonium oxidation owing to enhanced dissolved oxygen
supplied by the root of matured Canna indica vegetation (Gupta et al.,
2021). Although accumulated phosphorus in plants can be reintroduced
into the water in the CW column, this is more likely because phosphorus
is primarily stored in the roots of the plants, and the removal efficiency
in the CW is relatively low (Ayaz et al., 2012; Kadlec, 2005; Martin et al.,
2013). To avoid these situations, further treatment of VF-CW effluent
with regenerated Ca-Alg-Al dross beads fixed bed column is imperative.
The regenerated Ca-Alg-Al dross beads fixed bed system has shown
phosphate removal of 55 % initially which further declined to 4 % at the

end of 35 days of operation as shown in Fig. 4(c). This decline in removal
seems to be dependent on influent phosphate concentration as observed
in Fig. 4(c), since in the initial days of column operation, it has received
a high influent phosphate concentration i.e., 6.33 mg/L but at the end of
operation time, influent phosphate concentration has declined to as low
as 0.46 mg/L. Besides, this experiment observed a decrease in phosphate
removal after column regeneration. However, our previous batch study
results demonstrated high regeneration capacity, suggesting in-situ
regeneration process of material in a column is less effective than the
batch regeneration process, understandably due to increased system
complexity (Mittal et al., 2023b). Conversely, with time, ammonium
removal increased in regenerated Ca-Alg-Al dross bead column from
4.23 % to 93.44 % (Fig. 4(d)) which can be the result of ammonium
adsorption onto Ca-Alg-Al dross beads through the ion exchange process
with Na™ and Mg™2, as discussed earlier. Nevertheless, in our previous
phase results, average ammonium removal was only noted as 29.32 +
1.69 %, indicating the involvement of additional mechanisms for
elevated ammonium removal. This can be explained by the formation of
struvite formation since the ion exchange mechanism increases the
concentration of Mg*? cation in the solution which can further involve
in the struvite formation process with ammonium and phosphate ions
present in the regenerated Ca-Alg-Al dross column (as shown in Fig. 7).
Together with this, as discussed earlier, high residual phosphate con-
centration in the regenerated Ca-Alg-Al dross column due to its low
removal efficiency can further expedite the ion exchange process for
rapid formation of struvite as product. In the present work, struvite
precipitation appears to be thermodynamically viable, with two primary
factors playing a significant role: pH and the dissolved concentrations of
N, P, and Mg. The recommended pH range for struvite formation, as
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specified by Siciliano et al. (2020) is 7-11, whereas, Hao et al. (2013),
mentions it near neutral for pure struvite formation. In this current
research, our systems successfully uphold this range, as the pH of
eutrophic water and municipal wastewater after nutrient adsorption was
found near circumneutral. Additionally, the concentration of dissolved
P: N: Mg molar ratio falls within the range of 0.1-0.3: 2.7-4.9: 0.2-0.6,
as determined through multiple EDX analyses of N and P-loaded Ca-Alg-
Al dross beads. These ratios also align with the conditions for struvite
formation by other studies (Aguado et al., 2019; Xavier et al., 2014).
Aguilar-Pozo et al. (2023) reported a P:Mg molar ratio of 1:1 and 1:2, the
percentage of phosphate precipitated was 53-72 % and 89-97 %,
respectively (Aguilar-Pozo et al., 2023). However, regarding the most
favourable molar ratios, a great divergence among the literature are
reported, deviating from the theoretical P: N:Mg ratio of 1:1:1 for stru-
vite formation, primarily due to its strong dependence on the chemical
and physical characteristics of wastewater (Siciliano et al., 2020).

Current study holds several advantages in terms of applying the VF-
CW column prior to the Ca-Alg-Al dross beads fix bed column since it
prevented the bead destruction through suspended particles present in
real municipal wastewater. Nevertheless, several other reported studies
on simultaneous ammonium and phosphate removal including FeOOH
(iron oxide) (Ma et al., 2020), shale as a substrate in horizontal sub-
surface flow CWs (Drizo et al., 1997), ceramsite and magnetite as sub-
strates for phosphorous treatment of swine wastewater (Dong et al.,
2021) and various other substrates (Si et al., 2021; Yang et al., 2018; Zhu
et al., 2011) have substituted the CWs substrate with the adsorbent
rather than using adsorbent as separate step tertiary treatment removal
process. This direct application of adsorbent in CWs column as substrate
can elevate system complexity, considering that CW plants also follow
complex mechanisms and processes. Furthermore, once the adsorbent
reaches its saturation point, the removal of all the adsorbent from the
CW system along with the plants can pose a significant challenge. The
use of adsorbent as a tertiary or separate treatment process provides a
clear visualization of the independent effect of adsorbent on removal
efficiency. This, in turn, facilitates a more comprehensive understanding
of pollutant removal mechanisms and enhances control over the process.
A further advantage of the present research lies in the incorporation of
AD encapsulated within beads rather than employing raw AD powder.
This choice serves to avoid complexity in the process and mitigate the
risk of potential clogging.

In summary, VF-CW followed by Ca-Alg-Al dross beads fixed bed
system and VF-CW followed by regenerated Ca-Alg-Al dross beads fixed
bed system have demonstrated successful functioning and application
for simultaneous phosphate and ammonium from real municipal
wastewater treatment in our study. Consequently, Ca-Alg-Al dross beads
fixed bed column can be employed as tertiary wastewater treatment or
as an additional step for the treatment of residual nutrients from
wastewater after treatment through CWs.

3.2.2. Ca-Alg-Al dross beads mounted floating constructed wetlands (FCW)

Ca-Alg-Al dross beads mounted FCW was studied to determine the
potential of Ca-Alg-Al dross beads for remediation and up-gradation of
eutrophic lentic water bodies like lakes, ponds, etc. The hydraulic
retention time (HRT) of the Ca-Alg-Al dross beads mounted FCW was
maintained at 6 days. Fig. 1(b) shows the arrangement of Ca-Alg-Al
dross beads mounted FCW system for phosphate and ammonium
removal. In continuous 15 cycles of experiments, Ca-Alg-Al dross based
mounted FCW system demonstrated an average of 33.75 + 11.43 %,
61.082 + 13.71 %, and 79.18 + 8.56 % phosphate removal on the 2nd,
4th, and 6th day, respectively. Whereas average ammonium removal on
the 2nd, 4th, and 6th day was found to be 26 + 9.92 %, 45.45 + 20.19
%, and 65.45 + 21.04 %, respectively. The most significant rise in
ammonium and phosphate removal is evident on the 2nd day, which
points to the active engagement of Ca-Alg-Al dross beads with the fresh
real wastewater. This is attributed to the initial abundance of adsorption
sites and the high pollutant concentration gradient in the wastewater.
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However, with time, even with the decrease in available adsorption
sites, an increase in ammonium and phosphate removal can be observed
with an increase in HRT from Fig. 5(a) and (b). This can be related to the
presence of vegetation through (i) adsorption by the densely grown
roots of Canna indica (Cui et al., 2010) and (ii) nutrient uptake through
roots (Beebe et al., 2014). However, limited nutrient uptake is revealed
by our previous study as discussed in previous section (Mittal et al.,
2023a). In addition, a very limited amount of nutrient uptake by Canna
indica has been reported by several researchers (Li et al., 2013; Vymazal,
2007; Yang et al., 2022; Zhang et al., 2009). Moreover, Fig. 5(a) and (b)
show that there is very low ammonium and phosphate concentration in
influent, however, even though, high ammonium and phosphate
removal efficiencies can be observed, suggesting that Ca-Alg-Al dross
bead can be considered a suitable adsorbent in eutrophic waters with
relatively low concentration of pollutants. Further, COD was not dis-
cussed due to the very low COD concentration in the influent itself.

3.2.3. Algal growth assessment

Further, an algal experiment was carried out to examine the capa-
bility of Ca-Alg-Al dross beads mounted FCW treated water towards
algal growth stimulation or resurgence of eutrophication. Results shown
in Fig. 6 reveal that, irrespective of any sample, algal cells can support
temporary growth of algae in DDW for the initial few days (till 8th days)
which may be because of nutrient release from dead biomass. Further,
after 8 days, algal growth in each sample starts declining, wherein, algal
growth in S-4 and S-6 samples is even less than DDW (control). This
indicates that S-4 and S-6 treated samples of FCW can inhibit algal
growth which may result from the removal of nutrients to the level i.e.,
N/P < 4 and N/P < 2.5 respectively. Whereas, high growth in I-0 and S-2
also corroborates with its high N/P ratios of ~10 and <8.5, respectively
(Figler et al., 2021; Lee et al., 2013). The findings are further corrobo-
rated by the Redfield N:P mass ratio of 7:1. An increase in this ratio
signifies a higher presence of organic matter in the water, leading to
nutrient enrichment and the potential onset of eutrophication (Chorus
and Spijkerman, 2021; Sidabutar et al., 2020). Conclusively, it can be
deduced that treated water from Ca-Alg-Al dross beads mounted FCW
system can arrest the algal growth in treated water for a long time. Thus,
Ca-Alg-Al dross beads mounted FCW has shown promising results for
remediation and up-gradation of eutrophic lentic water bodies like
lakes, ponds, etc.

3.3. Proposed N and P removal mechanism on the developed Ca-Alg-Al
dross beads

To develop a clear understanding of the mechanism involved in
ammonium and phosphate adsorption over developed versatile adsor-
bent Ca-Alg-Al dross beads, the adsorbent before and after adsorption
was characterized and examined with the help of FTIR and SEM-EDX
analysis, and the residual solution was examined through ion chroma-
tography. SEM-EDX and ion chromatography results (Supplementary
Table S1 and Fig. S1) indicated that ammonium adsorption over Ca-Alg-
Al dross occurred through ion exchange with Mg*2 and Na*. This ion
exchange releases Mg*? into the solution, which can then react with
ammonium and phosphate to form struvite (MgNH4PO4 6H20) as shown
in Fig. 7. Maintaining the ideal pH and P: N: Mg molar ratio, our study
suggests potential struvite formation, facilitating ammonium and
phosphate removal. These findings align with experimental study results
conducted to understand the simultaneous removal of ammonium with
phosphate which shows significantly low ammonium removal using Ca-
Alg-Al dross beads. However, a mixture of ammonium and phosphate
containing Ca-Alg-Al dross beads solution demonstrated the removal of
both ammonium and phosphate with final concentrations reaching 4.54
mg/L and 0.139 mg/L respectively, from the initial of 13 mg/L ammo-
nium and 10 mg/L phosphate in 60 min of contact time. Thus, struvite
formation could be contributing to the enhancement of ammonium
removal together with ion exchange. Similar results were also reported
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by Yin and Kong (2014a) while investigating the simultaneous removal
of phosphate and ammonium from eutrophic waters with natural cal-
cium rich attapulgite. On the other hand, anion (phosphate) adsorption

Ca-Alg-Al dross
beads

Exposed to
eutrophic/municipal

T wastewater
—O I—

MgNH,PO, - 6H,0 + 2H*

is favourable only when pHpzc is above the solution pH. pHpzc of Ca-
Alg-Al dross beads was estimated ca. 8.5, which was adopted from our
previous study on the investigation of Ca-Alg-Al dross adsorbent to
remove phosphate in batch studies (Mittal et al., 2023b). When Ca-Alg-
Al dross beads were used as adsorbent in municipal wastewater or
eutrophic water treatments, the typical pH range of 6-7 renders the
surface of Ca-Alg-Al dross beads positively charged. This charge facili-
tates the electrostatic attraction for phosphate adsorption through the
interaction of Metal-OH3 with H2P0‘2f (Fig. 7). Also, Ca is known to act
as bridge in anion adsorption and might have contributed towards
phosphate adsorption here. Moreover, phosphate oxyanion (H,PO3) can
also associate with ~OH surface group (i.e., metal hydroxide or Al-OH)
by formation of complexes. The formed complex could be mono-
nuclear monodentate inner sphere complexation since only the P-O
functional group was revealed in the FTIR study, as shown in Fig. 1.
Furthermore, EDX also revealed a plausible removal of phosphate from
solution through ion exchange with CI™ present in Ca-Alg-Al dross bead
interlayers. In summary, the phosphate removal mechanism can be
deduced as electrostatic attraction, ion exchange, cation bridging and
mononuclear monodentate inner sphere complexation with Ca-Alg-Al
dross beads, whereas, ammonium removal resulting from ion ex-
change between interlayer cations (Mg'2 Na®) present in Ca-Alg-Al
dross beads with ammonium.

@ lon exchange @ Electrostatic attraction

@ Struvite precipitation @ Ligand complexation
formation

Fig. 7. Mechanism of simultaneous ammonium and phosphate adsorption on Ca-Alg-Al dross beads.
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4. Conclusion and environmental implications

In summary, this research offers a versatile, efficient, and low-cost
Ca-Alg-Al dross material for the dual management of phosphate and
ammonium from real wastewater. The Ca-Alg-Al dross beads have
shown promising nutrient removal efficiency along with feasible and
simplified operation in two different aqueous environmental systems
demonstrated in this study i.e., VF-CWs followed by Ca-Alg-Al dross
beads fixed bed system and Ca-Alg-Al dross beads mounted FCW
imitating lentic ecosystems. Furthermore, the algal growth inhibition
potential of Ca-Alg-Al dross beads mounted FCW system treated water
assures that it is safe for discharge or remediate non-flowing polluted
water bodies like ponds, lakes and will not stimulate eutrophication
immediately. Accordingly, the system can be easily adapted and scaled
for practical use in lake restoration, remediation, and up-gradation of
eutrophic lentic water bodies. SEM-EDX, FTIR, and IC results uncovered
the removal of phosphate through electrostatic attraction, monodentate
inner sphere complexation and ion exchange with Cl™ present in in-
terlayers of Ca-Alg-Al dross beads. Whereas, ammonium removal was
mainly ascribed to exchanging of Mg™2 and Na* in the Ca-Alg-Al dross
beads. Moving forward, the forthcoming analysis shall include the in-
fluence of co-existing ions and physicochemical parameters in the nat-
ural wastewaters on nutrient removal together with deep insight into life
span, the regeneration capacity of material, and the approach of
regeneration in real fields.
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