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� Graphitized sand showed highest
removal for Iron and Magnesium
metal ions.

� MnO2-coated graphitized sand
performed best (>95%) in terms of
MC-LR removal.

� Graphitized sand (GS1) synthesized
from brewery effluent showed
highest breakthrough time.

� Principal component analysis showed
GS1 as the best filter.

� Inoculation of MC-LR-degraders in
filters further enhanced their
performance.
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Sand as a filter media is often challenged by the presence of organics in the form of natural organic mat-
ter, metal ions, and various micropollutants in the source water. It is mainly due to the presence of lim-
ited active adsorption sites and low surface area that governs an ineffective adsorption potential of the
sand material. Herein, graphitized sand was synthesized to tackle the above limitations using two sugar
solution sources: a) brewery effluent (as a low-cost solution) (GS1) and; b) sucrose solution (GS2). GS1
showed 68%, 60%, and 99% higher maximum adsorption constant (qmax) for divalent metal ions: iron, cop-
per, and manganese, respectively as compared to raw sand (RS). Coating of MnO2 over the graphitized
sand (GSMs: GS1M and GS2M) further helped in Microcystin-LR (MC-LR) removal (3%�9%) when inocu-
lated with MC-LR-degraders, but was not as effective in removing metals, organic carbon and nitrogen
when compared to just graphitized sand (GS1 or GS2). Inoculating GS and GSMs (for both sugar sources)
not only helped in higher MC-LR removal (10%–15% more) but also enhanced the removal of other water
contaminants including metals, organic nitrogen, and carbon. GS1 showed 20% and 50% more MC-LR
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Microcystin
Principal component analysis
Drinking water
removal than the sand material when tested at a low and high initial concentration of MC-LR (5 mg/L and
50 mg/L). The highest breakthrough period was obtained for GS1 filter using 1 mg/L Rhodamine-B dye,
which was 12 times (48 min) more than the raw sand filter and almost 2.5 times (second best,
21 min) than GS1M. After three cycles of regeneration and reuse of GS1 filter, a decrease of just 14% in
saturation adsorption capacity indicated its high reusability aspects.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

The excess presence of various chemical pollutants, nutrients
and organic matter in drinking water sources is mainly attributed
to the unregulated anthropogenic activities and climate change
(Basheer, 2018a, 2018b). This leads to a behavioral change in cer-
tain microorganisms which impact their growth and physiological
activities. For example, under a high nutrient environment and rise
in Carbon dioxide solubility in surface water, cyanobacteria tend to
release more cyanotoxins (a secondary metabolite), especially
Microcystin-LR: MC-LR (Boopathi and Ki, 2014). Primary pollu-
tants, which are generally present at the macro-scale such as metal
ions, natural organic matter (NOMs) and other carbonaceous com-
pounds, are being effectively treated in a drinking water treatment
plant (DWTP). However, emerging contaminants, such as cyan-
otoxins, if not treated, cause acute human exposure to the nerve
(neurotoxins) and liver (hepatotoxins) cells at the micro-scale or
at very low concentration (as low as 1 lg/L).

The most prominent cyanotoxin found in the source water is
MC-LR (Falconer, 2005). The persistent and stable behavior of
MC-LR makes its removal challenging, in terms of high energy
requirement and chemical dosage using conventional treatment
methods, such as chlorination, ozonation and physical adsorption
(Falconer, 1999; Haider et al., 2003; Ali et al., 2013, 2015a,b,
2016). However, several studies have shown an effective removal
of MC-LR or other pollutants using sand filters and other adsorbing
materials such as activated carbon and nanoparticles (Bartel and
Grützmacher, 2002; Ali et al., 2015a,b; Ho et al., 2006; Drogui
et al., 2012; Ali, 2018a, Ali et al., 2018b). Common adsorbents, such
as granular activated carbon, powdered activated carbon have
been evaluated earlier for the removal of MC-LR (Huang et al.,
2007; Keijola et al., 1988; Ho et al., 2011). These adsorbents were
effective; however, they incur competitive adsorption due to the
presence of NOM in the source water and thus leads to a variation
in their dosage making treatment process challenging and com-
plex. Use of agro-industrial waste, such as lentil husk and deinking
sludge has been reported to adsorb various pollutants that demon-
strates the impact and importance of porosity and increase in sur-
face area of the adsorbents (Mo et al., 2018; Kumar et al., 2019).
However, the leaching/breakthrough of adsorbed pollutants into
the treated water increases the health risk of the consumers.
Hence, this work aims to provide an increase in porosity and sur-
face area for a longer period of filter operation.

Due to low operational cost, easy maintenance, and low chem-
ical input, sand filtration is an acceptable treatment approach in
DWTPs for natural organic matter (NOMs), metal ions, coliforms,
and micro-pollutants. However, complex matrix ingredients pre-
sent in source water blocks the surface area of the sand particles
in a fight for effective and competitive adsorption that leads to a
lesser organics and micropollutants removal than expected. This
leaves little to no space for the micropollutants, such as MC-LR
to get effectively adsorbed on to the sand surface. Thus, modifica-
tions in the sand surface can minimize this limitation. Rahman and
Praseetha (2016) reported that graphene-coated sand enhanced
the metal removal by 10-fold when compared with activated
carbon, which they attributed to the enhanced surface property
(area and roughness) of the sand particles. Other studies also
reported an increase in the removal of organics, dyes, metals, and
pollutants by graphene-sand composites (Zularisam et al., 2017;
Dubey et al., 2015).

In the past, various forms of metal oxides (iron, manganese)
have shown effective functionalization over the sand particles
which delivered better removal of metals and organic pollutants
as compared to sand (Lai and Chen, 2001; Rachmawati et al.,
2013). Also, MC-LR carries a negative charge (pH: 2.1–10.2) in
water and is expected to get attracted towards metal oxide surface
because of the possible positive charge interface. Thus, modulating
the specific surface area (SSA) of sand by graphene coating and
functionalization of metal oxide over it was hypothesized to effec-
tively remove MC-LR and other organic pollutants. The use of com-
mercial sugar in the form of sucrose has been tested by some
researchers but may prove costly for scale-up operations and
hence it can reduce the remarkability of the graphene-sand mate-
rials as a powerful, stable and effective adsorbent media (Gupta
et al., 2012; Achazhiyath Edathil et al., 2019). Hence, in this study,
two different sugar sources were used: a) Brewery effluent
(excluding hop) as a low-cost solution and commercial sucrose
as a high-cost solution (for comparison), to obtain the graphene-
sand composite. For the metal oxide coating, manganese dioxide
was functionalized over raw and graphitized sand (obtained from
both sugar solution sources).

To further strengthen the hypothesis that inoculating the sand
filter (biofilter) may enhance the removal of metal ions, organic
carbon or nitrogen and especially emerging contaminants, such
as MC-LR reported in few studies (Ho et al., 2006, 2007; Bartel
and Grützmacher, 2002; Bourne et al., 2006; Hallé et al., 2015;
Zhang et al., 2017), all the prepared sand composites were inocu-
lated with a combination of MC-LR-degrader and native bacterial
strains isolated from the filtration unit of a DWTP. The choice of
the MC-degrader was strictly based on their biofilm forming-
ability. In total, three MC-LR-degraders viz. Arthrobacter ramosus,
Bacillus sp. and Sphingomonas sp. were used for the screening pro-
cess of respective sand composites. This study for the first time
reported the preparation of combined manganese oxide-
graphene sand composite in general, and the use of low-cost brew-
ery effluent as a sugar source for the synthesis of graphene-sand
composite (GSC). To the best of the authors’ knowledge, no study
has been done earlier for the removal of MC-LR using such sand
composites either as physical adsorption or biofilter operation
(using graphitized or manganese-impregnated sand). More than
13 WQPs were monitored for over 70 days of biofilter operation
in two stages comprising physical adsorption and the biological
mode to also report for any major variation in a long-term filter
operation.
2. Material and methods

2.1. Chemicals and microorganisms

Microcystin-LR (MC-LR) was purchased from Cayman Chemi-
cals (Ann Arbor, Michigan, MI, USA) and a stock solution of
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50 mg/mL was made by diluting 100 lg lyophilized film of MC-LR
(as supplied) using 2 mL of methanol, stored at �20 �C. Crystal vio-
let and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were purchased from Sigma Aldrich, (Ontario,
Canada). Various reagents for preparing the stock solution of iron,
magnesium and copper (divalent form) including: ferrous ammo-
nium sulphate hexahydrate (iron source), o-phenanthroline, mag-
nesium sulphate (magnesium source), o-cresolphthalein, barium
chloride, ethylenediamine tetraacetate, potassium cyanide, and
copper sulphate pentahydrate (copper source), were purchased
from Sigma Aldrich, (Ontario, Canada). Quartz sand used as the fil-
ter media was obtained from Chemin Ste-Foy DWTP, Quebec City,
Canada.

MC-degraders: Arthrobacter ramosus (NRRL B-3159), Bacillus sp.
(NRRL B-14393) and Sphingomonas sp. (NRRL B-59555) were pur-
chased from NRRL Agricultural Research Service (ARS) culture col-
lection. All the analytical reagents used in preparing nutrient and
culture media, LC-MS grade solvents and reagents used to prepare
analytical mobile phases, were purchased from Fisher Scientific,
(Ontario, Canada).

2.2. Property of sand grains used for the preparation of different sand
composites

Various sizes of sand grain in the range 125–1000 lm were
used to formulate an overall filter media with an effective diameter
(D10) of 200 lm and coefficient of uniformity of 2.18. Grain size
distribution graph and other related details on formulations are
presented in the supplementary file (Fig. S1 and Table S1). Hence,
for the preparation of GSC and MnO2 coated sand (MOCS) (as dis-
cussed in the next section), 200 g of the formulated sand mixture
was used.

2.3. Preparation of filter media material

2.3.1. Preparation of manganese dioxide coated sand (MOCS)
MOCS was prepared according to the optimized method by Jia

et al. (2015) with some modifications. Briefly, 200 g of formulated
sand mixture was soaked overnight in 140 mL of 9% (w/v) NaOH
solution (base activation increases specific surface area and allows
more MnO2 to coat over the sand particles). Afterward, sand was
washed and soaked overnight in 7% (w/v) KMnO4 solution and later
calcinated at 250 �C for 4 h. The obtained sand mixture was
washed until neutral pH, where excess manganese pellets were
removed, and it was finally dried at 120 �C overnight to obtain
MOCS.

2.3.2. Preparation of sugar (graphene) coated sand or graphene sand
composite

Two different sources of sugar: a) brewery effluent; and b) com-
mercial sucrose, were used to graphitize sand particles. Reducing
sugar content of the former was found to be 50 g/L. Accordingly,
around 0.1 g-sugar/gram-sand was used as the final optimized
recipe for preparing the sugar-sand mixture (for both cases) after
several experiments’ outcomes in terms of no leaching phe-
nomenon and effective coating as observed from the compound
microscope (Supplementary figure: Fig. S2). The leaching was
determined using the supernatant of the sand composite prepared
after giving it a short spin. The optical density was compared to
that of distilled water to understand the clarity of the filtered
water. Briefly, 400 mL (equivalent to 0.1 g-sugar/gram-sand) of
brewery effluent was mixed with 200-gram quartz sand in one
beaker (1000 mL size) and 20-gram sucrose with 200-gram sand
in another beaker. Both mixtures were stirred and heated at
90 ± 10 �C to obtain a concentrated sugar-coated sand mixture.
Later, the mixture was placed in a crucible. and kept inside the
muffle furnace under reduced atmospheric condition and heated
to 100 �C for first 30 min, followed by a gradual increase in temper-
ature until 190 �C (sugar melting point: 186 �C) where it was kept
for an hour (to allow the sugar to melt and form a uniform coating).
Thereafter, the temperature was ramped to 450 �C in the next 1 h
and it was maintained for another two hours to ensure complete
graphitization of sand. The sample mixture was dried at room tem-
perature and it was later activated using 0.5 M sulphuric acid
(2 mL/gram of GSC) for 30 min. The sand mixture was washed until
neutral pH. Finally, the GSC was obtained after an overnight drying
at 120 �C.
2.4. Characterization of the prepared materials

Scanning electron micrographs (SEM) of the prepared sand
composites were recorded using Zeiss Evo�50 Smart SEM system
between 5 and 15 kV. Fourier-Transform Infrared Spectroscopy
(FTIR) of the prepared adsorbents media were recorded using Per-
kin Elmer, Spectrum RXI, FT-IR instrument fitted with lithium tan-
talate (LiTaO3) detector. Energy dispersive X-ray (EDX) analysis
was performed for confirming the atomic and weight percentage
of the impregnated elements (manganese, oxygen, silica or carbon)
over the sand surface.
2.5. Metal adsorption studies

The prepared sand composites were analyzed for their potential
in removing the common divalent metal cations that are usually
found in the drinking water sources. For the metal adsorption
experiment, model columns of 15 cm3 each, were used to place
various sand composites. A solution of copper, magnesium, and
iron (divalent metal cations) at different initial concentrations of
5, 10, 50, 100, 200, 250, 300 and 350 mg/L was added to each col-
umn. The final equilibrium concentration of copper, magnesium,
and iron in the filtered sample was determined spectrophotomet-
rically as detailed by Mehlig (1941), Tesfaldet (2004) and Fortune
and Mellon (1938), respectively.

In this study, the adsorption isotherm model which best fitted
to the observed values (discussed in detail in Section 3.2) was
Langmuir isotherm. This model assumes monolayer adsorption
onto a surface that contains a finite number of adsorption sites
assuming no transmigration of the adsorbate in the plane surface
(Hameed et al., 2007). The isotherm is represented by Eq. (1) as
follows:

Ce
qe

¼ 1
bqmax

þ Ce
qmax

ð1Þ

The linear plot of (Ce/qe) vs qe (as represented by Eq. (1))
obeyed Langmuir model where constants b and qmax signifies the
energy of adsorption and the maximum adsorption capacity,
respectively, obtained from the intercept and slope.

The essential characteristics of the parameter obtained from the
Langmuir adsorption isotherm can be used to predict the sorbate-
sorbent affinity using a dimensionless constant, RL (separation fac-
tor). This is expressed by the following Eq. (2):

RL ¼ 1
1þ bCi

ð2Þ

where, Ci is the initial sorbate concentration. The shape of the iso-
therm and nature of the adsorption is indicated by the range of RL

values presented as under:
RL > 1, Unfavorable; RL = 1 Linear; 0 < RL < 1, Favorable; RL = 0,

Irreversible.
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2.6. Biofilm forming ability of different microcystin-degraders over
various sand composites

Biofilm formation in a biosand filter is a prerequisite. Three dif-
ferent MC-degraders in form of Arthrobacter ramosus (A), Bacillus
sp. (B) and Sphingomonas sp. (S) (Manage et al., 2009; Hu et al.,
2012, Alamri, 2012; Somdee et al., 2013) were co-cultured with
the native bacterial community that were isolated from the biofilm
sample of the filtration unit in a DWTP (Chemin Ste-Foy, Quebec
City, Canada). The dominant bacterial strains present in the col-
lected biofilm sample were identified as Pseudomonas fragi and
Chryseobacterium sp. (combinedly represented as X from hereon)
in our previous study (Kumar et al., 2018). These strains were also
found to be potent in degrading MC-LR. In another study done in
parallel (data not shown), the co-culturing of MC-degraders with
these native bacterial strains were found to enhance their potential
in degrading MC-LR. Hence, in the current study, the co-culture
model was adopted for the screening process. In a real scenario,
it would be more rational to choose the co-culture mode too (A
+ X, B + X, and S + X) for the screening process. Fig. S3 shows the
schematic representation of the unique set-up prepared for this
objective. Two sets for each sand composite (fixed particle size:
300 lm, 10 g) were placed horizontally in a model column. The
columns were operated by the auto-dosage pumps.

Luria-Bertani was used as the culture media to grow the bacte-
rial cells which were centrifuged and rinsed thrice to obtain the
bacterial pellets. Thereafter (determining their count/mL), it was
suspended in the nutrient buffer to prepare the inoculum source
for the filter media. After every 6 h, 20 mL (6 � 107 cells/mL) of
inoculum source (A + X, B + X, and S + X, separately) were pumped
to all the six sand composites allowing enough time for the bacte-
ria to proliferate and form the biofilm. The process was continued
for 10 days and after 2-day, 4-day, 7-day, and 10-day, sand com-
posites from top layer was taken partially (~0.1 g for all cases). This
sample was suspended in 1.5 mL of tap water in a microcentrifuge
Fig. 1. Schematic representation of the filter operation (ot
tube and vortexed to detach the biofilm formed over the sand com-
posite particles. The supernatant consisting of biomass and live
cells were seeded in 96-well microplates in triplicates to quantify
the biofilm using crystal violet (CV) assay and MTT assay. CV assay
and MTT assay were performed to quantify the biomass and live
cells present in the biofilm, respectively. The protocol for the same
is mentioned in our previous study (Kumar et al., 2019). Negative
control comprised the sand composite materials passed using tap
water (not the nutrient-biocell solution) and positive control com-
prised Staphylococcus epidermidiswhich is known as a good biofilm
former (Chusri et al., 2012). The result obtained from the positive
control was used to compare the biofilm quantification (for both
cell viability as well as cell biomass) of other bacteria.

2.7. Optimization of the input parameters using central composite
design

For optimizing the physical parameters of the Lake water, used
as an influent matrix in the sand composite columns, three input
parameters with different levels were chosen: (a) pH (3-levels, 6,
7, and 8); (b) initial turbidity (3-levels, 10 NTU (Nephelometric
Turbidity Units), 20 NTU, and 30 NTU); and (c) retention time (4-
levels, 1-h, 2-h, 3-h, and 4-h). Hence, a total of 36 input combina-
tions were tested for each sand composite. The optimization test
before commencing the filter operation was considered as an
important aspect as it brought out the working strengths and lim-
itations of the initial parameters. The output of the responses was
recorded in terms of total coliform removed, total turbidity
removed, pH change, dissolved oxygen content, conductivity, total
organic carbon (TOC) removal, flow rate, and ammonia removal.
The model column used for the optimization step was of internal
diameter 22 mm and a total height of 650 mm (490 mm for the
media, 120 mm for the headspace, 40 mm for drainage). All the
responses obtained were analyzed using Design-Expert 7.0
software by central composite experimental design and critical
her filters: GS1MN and GS2MN are not shown here).
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solutions were obtained through response surface methodology.
The desirability index was reported for all six sand composites
and found to be in the range of 0.3–0.4.

2.8. Column experiment and setup details

Similar column dimensions were used for the main filter oper-
ation too as discussed in the previous section. Fig. 1 shows the
schematic diagram of biofilter under operation. The filter operation
was conducted in three stages: stage (a) No bacterial inoculation
stage (for six cycles: 1 cycle equivalent to 7 days); stage (b) biofilm
formation stage, and stage (c) post-biofilm operation (for addi-
tional six cycles).

Stage operations ‘a’ and ‘c’ were carried out for every sand com-
posite filters to distinguish the physical and biological degradation
performance for various water quality parameters (WQPs). The
respective screened-co-culture bacterial strains as obtained from
the screening process (Section 2.6) were inoculated (6 � 108

cells/mL) for each sand composite filter. After every 6 h, the inocu-
lum was passed through the filter column using an auto-dosage
pump and was continued for ten days. A decrease in the flow rate,
increased protein concentration and cell viability of the formed
biofilm, along with an enhanced TOC removal indicated the suc-
cessful biofilm formation over the sand composites (not shown
here). Later, the filter columns were run for additional six cycles
(stage ‘c’) to evaluate various water quality parameters viz, total
coliform removal, total turbidity removal, dissolved oxygen, metal
removal, flow rate, conductivity, pH, TOC removal and ammonia
removal.

2.9. Analysis of water quality parameters (WQPs)

2.9.1. Coliform removal, turbidity removal, DOC removal, and
ammonia removal

Total coliform removal was determined twice a cycle (every 3rd
and 6th day of a 7-day cycle) in the filtered water sample by mem-
brane filtration technique according to the standard method APHA
(1998). Total coliform was reported in CFU/100 mL and removal
percentage was determined based on the initial coliform content
present in the lake water. The average count of the total initial col-
iform was found to be 1581 ± 342 CFU/100 mL (average from 9
plates count).

The initial turbidity of the lake water was 6 ± 0.9 NTU, which
was less than the maximum limit value as obtained from the opti-
mized conditions for each sand composite. Hence, to operate the
filters under the worst exposure, very fine hydrated clay particles
(<25 lm soaked overnight) was used to mimic and increase the
turbidity of the influent water. The final turbidity of the filtered
sample was observed every day using HACH instrument 2100
model and it was reported in NTU. DOC of the effluent sample
was determined using a Shimadzu 5000A analyzer (Shimadzu,
Japan). In brief, around 30 mL of the filtered sample was filtered
using a 0.45 mm glass-fibre filter. Initial DOC of the influent water
(Lake water) was observed to be 9 ± 1.7 mg/L.

Ammonia-N, nitrite-N, and nitrate-N were determined in the
filter sample as per the method described by Kumar et al. (2019).
Initial ammonia-N, nitrite-N and nitrate-N concentration in the
lake water was determined to be 1.3 mg/L, 2.1 mg/L, and 0.5 mg/
L, respectively and was made up to corresponding 5 mg/L, 10 mg/
L and 50 mg/L using the stock solution: ammonium sulfate (source
of ammonia), sodium nitrite (for nitrite) and sodium nitrate (for
nitrate).

2.9.2. pH, dissolved oxygen, metals removal, conductivity
pH and DO measurement of the filtered water provided the

information about bacterial activity within the column. DO was
measured using a portable F4-Standard probe (Mettler Toledo
Inc). A working solution of metals in the form of magnesium, cop-
per, and iron were prepared in lake water matrix at an initial con-
centration of 20 mg/L for both stages (‘a’ and ‘c’). The method to
determine the metal ions is discussed in Section 2.5. The conduc-
tivity of the filtered sample was measured using Mettler Tole-
doTM S230 SevenCompactTM Conductivity Meter.

2.9.3. Flow rate and MC-LR removal studies of filter columns
The flow rate was reported in m/h (m3/m2/h) for each filter after

the end of each cycle. During the flow rate measurement, stagnant
water head was maintained at around 80 mm measured from the
top layer of sand composite media.

Backwashing was performed for each filter (during stage ‘c’ fil-
ter operation) because of a continuous decrease in the flow rate
due to the biomass formed inside the column filter. The flow rate
at no point should decrease to 1/4th the initial flow rate at which
the column was designed. This was just considered as the subjec-
tive minimum throughout the experiment.

The appropriate volume of MC-LR from stock solution was
spiked in the lake water (matrix) to obtain an initial MC-LR con-
centration of 50 lg/L. For the MC-LR analysis, the filtered sample
from each sand composite column was collected and the samples
were processed using a method adapted from Fayad et al.(2015).
Briefly, a 20-mL sample aliquot was analyzed by ultra-high-
performance liquid chromatography coupled to a Thermo Q-
Extractive Orbitrap mass spectrometer through a positive electro-
spray ionization source. MC-LR was detected in full-scan MS mode
(resolution set at 70,000 FWHM at 200m/z) and quantified against
a matrix-matched lake water calibration curve. The method limit
of quantification (LOQ) was set at the lowest concentration level
of the calibration curve (i.e. 0.1 lg/L). Also, after the end of stage
‘c’ operation, all the filters were passed with three different MC-
LR concentration: 5 lg/L (low), 20 lg/L (medium) and 40 lg/L
(high), to better understand the limitation of the biofilters.

2.10. Regeneration and reuse studies

Regeneration and reusability of the column is an important
aspect to understand the behavior of the adsorbent filter media
and overall economic feasibility of the column. For this,
Rhodamine-B solution was used as the model dye-adsorbate (ini-
tial concentration, Co: 1 mg/L) for each adsorbent (various sand
composites). A continuous flow rate of 4 mL/minute was chosen
for a material bed depth of 7.5 cm (Supplementary Figure:
Fig. S4). After each throughput volume of 40 mL, OD550 was deter-
mined (using a 96-well plate) in triplicates to quantify the amount
of Rhodamine-B adsorbed on to the material. After the exhaustion
of the bed material (C/Co ~ 1), the adsorbents were regenerated via
acetone solution and reused for a total of three cycles to under-
stand the reusability potential of the adsorbent. The saturated
adsorption capacity (Wsat: mg/g) of each material was calculated
using Eq. (3):

Wsat ¼ ð
Z t

0

UoCo 1� c
c0

� �
Þ=ðg� adsorbent ð3Þ

where, Uo is the flow velocity in L/minute, Co is the initial adsorbate
concentration in mg/L and t is the breakthrough time in minutes.

2.11. Statistical analysis and graphics

All statistical analyses comprising standard deviation, average,
student t-test, p-value comparison, Principal Component Analysis
(PCA) and all graphical presentations were performed in ORIGIN
software (Version 8.5; OriginLab).
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3. Results and discussion

3.1. Characterization of sand composites

3.1.1. FT-IR
Fig. 2(A) shows the absorbance spectra for RS, GS1 and GS2 and

Fig. 2(B) shows the absorbance spectra for RS, GS1M, and GS2M.
The only absorbance peak for RS at 560 cm�1 indicated SiAOASi
bond while spectra for GS1 and GS2 showed additional and charac-
teristic graphene absorbance peak at 1050 cm�1, 1125 cm�1, and
1610 cm�1 attributing to CAO bond, CAOAC linkage, and C@C
bond, respectively. This ensured complete graphitization of sugar
onto the sand particles (Dubey et al., 2015). The CAOAC linkage
in sucrose (GS2) is a glycosidic bond other mono sugars (glucose
or fructose).

Fig. 2(B) showed the absorbance FTIR-spectra for the man-
ganese coated graphitized-sand composites (GS1M and GS2M).
Absorbance peaks around wavenumber 1125 cm�1, 1750 cm�1,
2360 cm�1, 2750 cm�1 and 3300 cm�1 –3700 cm�1 were observed.
The peak at 1125 cm�1 can be attributed to the MnAOH function-
alization group that might have generated due to the base treat-
ment step that was performed before the calcination step,
indicating activation of surface area (Chaudhry et al., 2016). The
absorption peak at 1750 cm�1 in case of GS1M and GS2M indicated
vibrational stretch of MnAOH bond that may be due to the link
between manganese atom and the graphitized carbon atoms. The
peak at 2360 cm�1 might indicate AOH bound manganese oxide,
while the peak at 2750 cm�1 and 3300–3700 cm�1 indicates AOH
bond functionalized at the sand surface.
3.1.2. EDX
The elemental composition of the coated sand composites was

further confirmed by EDX (quantitively). Table 1 shows the ele-
mental composition in terms of atomic % and weight % for all the
Fig. 2. Fourier-transform infrared spectroscopy spectra for the sand composites: (A) raw
graphitized sand 1 and 2.

Table 1
EDX analysis of all the sand composites in terms of weight and atomic %.

RS RSMN GS1

Element W (%) A (%) W (%) A (%) W (%) A (%

O 68.2 78.7 45.7 70.1 31.0 26.2
Si 30.8 20.2 13.3 10.6 0.9 0.4
Mn 0 0 40.9 18.2 0 0
C 0 0 0 0 64.1 71.9
Others 1 1 0.01 1 3.9 1.4

W: Weight; A: Atomic.
sand composites. Uncoated sand (RS) showed a ratio of 1:4 for sil-
ica atoms (20%) and oxygen atoms (80%) which indicated a general
SiO4 structure (tetrahedron) of the quartz sand. GS1 and GS2, both
showed < 1% atomic composition of silica as also observed by
Zularisam et al. (2017), while >70%/>20% and >55%/>40% carbon/
oxygen atoms for GS1 and GS2, respectively. This further ensured
complete graphitization of sugar onto the sand surface. More man-
ganese dioxide compounds were coated over GS2 (17%) as com-
pared to GS1 (7%). This might be due to the morphological
differences occurred due to graphitization of pure sugar (sucrose)
in case of GS2 as compared to brewery sugar in case of GS1. Herein,
the sugar media (brewery effluent) consisted of a mix of many sug-
ars including xylose and galactose (GS1) that may have changed
the property of the final graphitized surface thereby allowing
attachment of fewer manganese dioxides.
3.1.3. SEM
Fig. 3 shows the SEM image of the prepared sand composites. As

can be observed from the zoomed figure for RSMN, GS1, GS2,
GS1M, and GS2M, coating of manganese/carbon graphitized layer
was successfully obtained. From the SEM images of GS1 and GS2
particle, the graphitized coating showed a diffused porous mor-
phology as compared to the manganese-coated graphitized sand
(GS1M or GS2M) where latter showed more of a planar morphol-
ogy. This can be the reason for relatively higher adsorption of metal
ions (all three of them) by the graphitized sand (GS1 and GS2) as
compared to the manganese coated graphitized sand (GS1M and
GS2M) (discussed more in detail in Section 3.2).
3.2. Metal adsorption studies

For all the three divalent metal ions tested, the observed equi-
librium points (Ce vs Ce/qe) fit the Langmuir isothermmodel as rep-
resented by Eq. (1). The linearity of the curve revealed the
sand: graphitized sand 1 and graphitized sand 2 and; (B) manganese impregnated

GS2 GS1M GS2M

) W (%) A (%) W (%) A (%) W (%) A (%)

33.8 40.4 22.1 22.6 30.1 39.4
11.5 0.3 0.2 0.2 0.8 0.6
0 0 23.8 6.8 44.4 16.9
54.6 58.3 52.4 70.2 23.6 41.9
0.1 0.9 0.8 0.2 1 1



Fig. 3. SEM image of all sand composite [RS (a & b); RSMN (c & d); GS2 (e & f); GS1 (g & h); GS1M (i & j); GS2M (k & l) Figure b, d, f, h, j and l are the zoomed-in view of a, c, e, g,
i and k and scale is shown as a reference by Fig. 3 (a and b for full and zoomed view, respectively)] (RS: Raw sand; RSMN: Raw sand manganese; GS1: Brewery solution sugar-
coated sand; GS2: Sucrose solution coated sand; GS1M and GS2M: Manganese dioxide-coated graphitized sand from respective sugar sources.
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applicability of these isotherms for the adsorption. Fig. 4(A), (B)
and (C) represents the Langmuir isotherm of iron, copper, andmag-
nesium for all the six sand composites.

Table 2 presents the estimated isotherm parameters for all the
sand composites. RL value indicated the favorable nature of the
adsorption for all the three metal ions onto the sand composites
(Table 2). From the qmax values, it can be inferred that iron (range:
0.195 mg/g � 0.380 mg/g) and manganese (range: 0.204 mg/g �
0.408 mg/g) are more adsorbed on sand composites (all six adsor-
bent material studied) as compared to the copper ions (range:
0.031 mg/g � 0.193 mg/g). Highest adsorption capacity (qmax) for
iron, copper, and manganese was shown by GS1, RSMN, and GS1,
respectively. RS performed the worst in terms of adsorption capac-
ity for all the three divalent metal ions (Table 2). In general, MnO2

coating over the graphitized sand (GS1M or GS2M) did not really
enhance the metal adsorption capacity (as compared to GS1 or
GS2) while MnO2 coating onto the raw sand (RSMN) has helped
in enhancing the sorption capacity of raw sand (Table 2). Also,
RSMN mostly performed at par with the graphitized sand (GS1 or
GS2) in terms of maximum adsorption capacity (qmax) for all the
three divalent metal ions indicating graphitization may not be nec-
essary to remove more metal ions.
3.3. Biofilm forming ability

As discussed in Section 2.6, three MC-degraders A, B, and S were
co-cultured with X (A + X, B + X, and S + X) and distributed equally
in terms of cell concentration (6 � 108 cells/mL). This combination
of bacterial co-culture was passed through the sand composites to
quantify the formed biofilm. Fig. S5 shows the schematic represen-
tation of the setup (supplementary file). Fig. 5(A) and (B) shows the
MTT and CV assay absorbance values for four different day sam-
pling: 2nd day, 4th day, 7th day and 10th day. It can be observed
that the biomass (CV) and cell viability (MTT) showed a positive
correlation (for every sand composites) which means more cell via-
bility, more is the cell biomass and vice-versa. A general trend of
increasing absorbance values can be observed for both the assays
as time progressed. In almost every sand composite, the MTT assay
(Fig. 5(A)) showed a decrease in cell viability after 7 days which
indicated that the bacterial cell activity remained intact for 7 days
before they died due to nutrient limitation or other reasons.

Based on the highest absorbance values achieved for MTT as
well as CV assay, the MC-degrader- co-culture screened for RS,
RSMN, GS1, GS2, GS1M, GS2M were S + X, A + X, A + X, A + X, S
+ X, and B + X, respectively (Fig. 5). Statistically, for RS, both A



Table 2
Metal adsorption parameters obtained from the Langmuir adsorption curve (Ce vs Ce/qe plot).

Metal Ions Estimated isotherm parameters RS RSMN GS1 GS2 GS1M GS2M

Iron (Fe2+) qmax (mg/g) 0.226 0.286 0.380 0.268 0.281 0.195
b (L/mg) 0.162 0.133 0.466 0.013 0.300 0.058
R2 0.996 0.998 0.998 0.966 0.997 0.994
RL range 0.10–0.55 0.10–0.60 0.10–0.30 0.13–0.94 0.10–0.40 0.10–0.76

Copper (Cu2+) qmax (mg/g) 0.068 0.193 0.109 0.068 0.073 0.031
b (L/mg) 0.042 0.013 0.009 0.010 0.022 0.094
R2 0.957 0.950 0.990 0.990 0.982 0.969
RL range 0.05–0.83 0.13–0.94 0.18–0.96 0.16–0.95 0.08–0.90 0.02–0.68

Magnesium (Mg2+) qmax (mg/g) 0.204 0.363 0.408 0.332 0.257 0.224
b (L/mg) 0.011 0.008 0.047 0.041 0.013 0.048
R2 0.951 0.968 0.987 0.987 0.985 0.991
RL range 0.15–0.947 0.20–0.96 0.04–0.81 0.05–0.82 0.08–0.94 0.04–0.81

RS: Raw sand; RSMN: Raw sand manganese; GS1: Brewery solution sugar-coated sand; GS2: Sucrose solution coated sand; GS1M and GS2M: Manganese dioxide-coated
graphitized sand from respective sugar sources.

Fig. 4. Linear Langmuir isotherm adsorption curve for all the sand composites for the adsorption of (a) iron; (b) copper and; (c) magnesium. (RS: Raw sand; RSMN: Raw sand
manganese; GS1: Brewery solution sugar-coated sand; GS2: Sucrose solution coated sand; GS1M and GS2M: Manganese dioxide-coated graphitized sand from respective
sugar sources).
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and S performed well in comparison to the positive control (PC).
However, lower p-value for pair {S + X}:{PC} (0.75) as compared
to pair {A + X}:{PC} (0.93), made S + X the better choice in terms
of the statistical significance. For RSMN, GS1, and GS2, A + X
showed better biomass and cell viability quantification, while it
was B + X which performed well for GS2M. For GS1M, both A + X
and S + X performed equally well in comparison to the PC and thus
once again based on the p-value between pair: {A + X}:{PC}(0.83)
and {S + X}:{PC} (0.48), S + X was preferred over A + X.
3.4. Optimization of the input parameters

For every sand composite, the optimized results as obtained
through the CCD analysis using RSM were decoded (from the
experimental code values) of each input parameter studied. Table 4
presents the optimized value of variables and other operational
characteristics used during the optimization experiment. Except
for GS2M, other sand composites showed desirable output at pH
7.3 as compared to 7.13 for the former. Whilst, optimum turbidity



Fig. 5. Absorbance bar chart for the quantification of biofilm in terms of: (a)
biomass (CV assay); and (b) cell viability (MTT assay) (RS: Raw sand; RSMN: Raw
sand manganese; GS1: Brewery solution sugar-coated sand; GS2: Sucrose solution
coated sand; GS1M and GS2M: Manganese dioxide-coated graphitized sand from
respective sugar sources).
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was found in between 13 and 15 NTU for all the sand composites,
the residence time was found to be around 20 min for all the sand
composite except GS2M (over 18 min). This meant, if residence
time at any stage of the filter operation exceeded 20 min and tur-
bidity > 15 NTU, it might show a decline in its performance. The fil-
ters are operated under no-forced flow condition (free fall under
steady water head level). The time to filter 40 mL of standing water
(TFSW) for all the filters were less than 20 min for the stage ‘a’
operation (no biofilm condition). However, under biofilm condi-
tions (stage ‘c’), the TFSW increased for all the sand composite fil-
ters. Hence, it was ensured that the flow rate was put back to
around same initial linear flow velocity through backwashing
operation as it was during the start of stage ‘c’ operation (for the
filters crossing TSFW of 20 min). The influent water was fortified
with hydrated-clay particles to achieve initial turbidity of not more
than the optimized value (between 13 and 15 NTU) whereas the
pH was ensured to be in the optimized range (7.13–7.30).
3.5. Water contaminants (WCs) removal

Table 5 presents the overall result of the WCs for both the
stages: ‘a’ and ‘c’. It can be observed that ammonia, nitrite and
nitrate removal increased during stage ‘c’ operation for all the fil-
ters attributing the capability of the MC-LR-degraders in each filter
Table 3
Operational characteristics of the sand composite filters.

Filter Density (kg/
m3)

Pore volume
(mL)

Surface area (cm2/
g)

Optimized condi

pH Turbidity
(NTU)

RS 2.50 44.7 80 7.3 13.1
RSMN 2.45 42.8 82 7.3 13.35
GS1 2.17 46.2 93 7.3 15
GS2 2.26 48.1 88 7.3 14.85
GS1M 2.12 45.7 94 7.3 15
GS2M 2.13 44.3 93 7.13 15.1

(RS: Raw sand; RSMN: Raw sand manganese; GS1: Brewery solution sugar-coated sand
graphitized sand from respective sugar sources).
to nitrify ammonia. Highest ammonia (60%), nitrite (55%) and
nitrate (86%) removal were observed in filter GS1. In general,
graphitization of sugar enhanced the ammonia (25% & 15% for
GS1 and GS2), nitrite (19% & 8% for GS1 and GS2) and nitrate
(30% & 26% for GS1 and GS2) removal capacity as compared to
the raw sand material (RS) while coating of MnO2 over graphitized
sand (GS1M and GS2M) failed to further enhance the potential of
graphitized sand (GS1 or GS2) in removing ammonia, nitrate, and
nitrate. Enhanced removal potential by graphitized sand filters
may be attributed to the biological conversion of ammonia, denitri-
fication process, and effective cell-synthesis as described by Healy
et al. (2007) due to an increase in cell biomass of the screened MC-
LR-degraders in conjugation with X. Also, an increase in the surface
area of the graphitized sand (Table 3) allowed effective nitrification
which got further elevated because of the active biofilm growth
(stage ‘c’ compared to stage ‘a’) (Davidson et al., 2008).

Both coliform and turbidity removal for graphitized filters (GS1,
GS2, GS1M, and GS2M) were found to be 10%�15% more than the
RS filter. This might be due to an increased surface area of the
graphitized sand (Table 3) that led to the availability of more
attachment sites and hence allowed an effective entrapment of
the coliforms between the sand composites (Jenkins et al., 2011).
Also, coliform removal was observed to be 15%�20% more during
the stage ‘c’ operation as compared to stage ‘a’ operation. This
might be due to the predation mechanism by the active MC-LR-
degraders co-cultured with X acting as protists (Unger and
Collins, 2008). GS2 and GS2M showed a slight turbid effluent dur-
ing stage ‘c’ operation (cycle 7 - cycle 12) that indicated quick mat-
uration of the attached biomass that led to its detachment carrying
away the mimicked clay particles along with it.

Highest iron (70%) and magnesium (89%) removal were
observed for GS1 filter, while copper removal was maximally
removed by RSMN filter (63%). On an average, magnesium, copper
and iron removal for all the filters were further enhanced during
the stage ‘c’ operation as compared to stage ‘a’ operation by around
5%�10%, 20%�30% and 10%�15%, respectively. Increased removal
of metal ions (by up to 20%) in RSMN filter as compared to the
manganese dioxide-coated graphitized sand composite filter
(GS1M or GS2M) may be explained due to the fact that a significant
amount of free surface was occupied by the manganese dioxide
particles along with the cage-like CAOAC bond structure (as
shown in Fig. S6) thereby allowing less attachment of the metal
ions. Out of all the four graphitized sand composites (GS1, GS2,
GS1M or GS2M), only GS1 showed better or comparable metal
removal to RSMN filter. This can further be explained because of
the availability of more free sites for the metal ions (iron, copper
or magnesium) to attack the oxygen atom (negatively charged)
as compared to GS1M and GS2M where the oxygen atom is already
attached to the manganese atoms (Fig. S6). However, the reason
tions (Input parameters) Screened MC-LR-
degrader

Time to filter 40 mL
standing water
(minutes)

Residence time
(min)

Stage ‘c’ Stage ‘a’ Stage ‘c’

20 Sphingmonas sp. 3.4 ± 0.6 8.3 ± 1.9
20 Arthrobacter ramosus 4.4 ± 0.7 9.7 ± 1.4
20 Arthrobacter ramosus 5.1 ± 0.6 14.7 ± 1.5
20 Arthrobacter ramosus 5.7 ± 1.2 17.6 ± 2.9
20 Sphingmonas sp. 6.6 ± 0.8 20.6 ± 2.6
18.8 Bacillus sp. 7.3 ± 1.3 20.3 ± 3.1

; GS2: Sucrose solution coated sand; GS1M and GS2M: Manganese dioxide-coated



Table 4
Water Quality Parameters (WQPs) for all the sand composites during filter operation for both stages (‘a’ and ‘c’).

Water quality parameter Stage RS RSMN GS1 GS2 GS1M GS2M

Conductivity Stage a 208 ± 8 186 ± 11 192 ± 8 180 ± 13 206 ± 17 219 ± 18
Stage c 223 ± 6 214 ± 7 215 ± 4 218 ± 15 217 ± 7 238 ± 10

DO (mg/L) Stage a 4.8 ± 0.3 4.6 ± 0.4 4.5 ± 0.2 3.1 ± 0.2 2.9 ± 0.3 2.9 ± 0.3
Stage c 3.9 ± 0.1 3.7 ± 0.2 3.5 ± 0.2 2.82 ± 0.2 2.8 ± 0.3 2.6 ± 0.2

Time to filter 40 mL standing water (min) Stage a 3.4 ± 0.6 4.4 ± 0.7 5.1 ± 0.6 5.7 ± 1.2 6.6 ± 0.8 7.3 ± 1.3
Stage c 8.3 ± 1.9 9.7 ± 1.4 14.7 ± 1.5 17.6 ± 2.9 20.6 ± 2.6 20.3 ± 3.1

NH3AN (mg/L) Stage a 6.86 ± 0.58 6.83 ± 0.65 6.14 ± 0.64 6.29 ± 0.11 6.25 ± 0.19 6.42 ± 0.54
Stage c 6.43 ± 0.32 6.37 ± 0.43 4.01 ± 0.48 5.02 ± 0.23 4.21 ± 0.21 4.45 ± 0.29

NO2
–AN (mg/L) Stage a 6.9 ± 0.3 5.6 ± 0.3 4.6 ± 0.3 6.3 ± 0.3 4.5 ± 0.3 4.9 ± 0.2

Stage c 6.4 ± 0.2 5 ± 0.18 4.5 ± 0.4 5.4 ± 0.5 4.7 ± 0.4 4.4 ± 0.6
NO3

–AN (mg/L) Stage a 20.7 ± 0.7 17.9 ± 0.5 7.7 ± 0.9 14.3 ± 1.7 8.9 ± 1.6 11.3 ± 0.3
Stage c 22.2 ± 0.7 15.1 ± 0.9 6.7 ± 0.1 8.5 ± 0.9 8.2 ± 0.7 7.7 ± 1.6

pH Stage a 6.8 ± 0.1 6.6 ± 0.1 6.6 ± 0.1 6.4 ± 0.1 6.4 ± 0.1 6.4 ± 0.2
Stage c 6.7 ± 0.1 6.6 ± 0.2 6.5 ± 0.1 6.5 ± 0.1 6.4 ± 0.1 6.5 ± 0.1

Total coliform (per 100 mL) Stage a 31.2 ± 4.4 23.5 ± 5.1 10.8 ± 1.7 11.3 ± 3.2 10.2 ± 2.9 10 ± 3.8
Stage c 24.1 ± 6.7 19.6 ± 5.4 10.2 ± 3.3 9 ± 3.1 8 ± 3.3 8.3 ± 5.7

Turbidity (NTU) Stage a 2.6 ± 0.8 1.5 ± 0.4 0.8 ± 0.2 0.8 ± 0.3 0.9 ± 0.3 0.9 ± 0.4
Stage c 2.2 ± 0.9 1.3 ± 0.6 0.8 ± 0.2 0.9 ± 0.4 0.9 ± 0.3 1.4 ± 0.3

Mg2+ (mg/L) Stage a 9 ± 0.3 4.2 ± 0.04 3.4 ± 0.4 5 ± 0.4 9 ± 0.3 12.2 ± 0.2
Stage c 10.8 ± 0.5 4.1 ± 0.2 2.4 ± 0.15 4.4 ± 0.5 7.3 ± 0.8 10 ± 1.1

Cu2+ (mg/L) Stage a 14.8 ± 1.8 10.1 ± 1.6 13.9 ± 0.5 14.3 ± 1.2 13.9 ± 2.1 15.6 ± 1.7
Stage c 11 ± 0.9 7.4 ± 0.6 8.8 ± 0.8 10.9 ± 0.9 9.2 ± 0.65 11.2 ± 0.9

Fe2+ (mg/L) Stage a 8.2 ± 1.2 7.4 ± 0.35 6.4 ± 0.14 7.9 ± 0.9 6.1 ± 0.4 8.9 ± 1.1
Stage c 6.6 ± 0.4 6.2 ± 0.3 5.9 ± 0.2 5.8 ± 1.1 6.4 ± 0.2 6.8 ± 0.6

MC-LR removal (%) Stage a 39.3 ± 7 68.0 ± 12.3 79.9 ± 6.3 77.9 ± 4.6 78.1 ± 7.7 71.0 ± 8.8
Stage c 48.1 ± 11.7 77.6 ± 12.7 93.9 ± 9.4 81.2 ± 7.9 96.7 ± 1.7 90.1 ± 6.8

DOC removal (%) Stage a 27.5 ± 6.3 35.6 ± 7.2 49.9 ± 4.8 47.4 ± 5.3 49.1 ± 6.2 47.1 ± 4.5
Stage c 33.8 ± 0.8 33.6 ± 0.6 45.5 ± 0.8 36.8 ± 2 47.5 ± 1.5 48 ± 1.3

Initial NH3AN, NO2
–AN, NO3

–AN, Iron, Copper and Magnesium, MC-LR and TOC concentration were: 10 mg/L, 10 mg/L, 50 mg/L, 20 mg/L, 20 mg/L, 20 mg/L, 60 mg/L and 9 mg/L
(TOC = 26.5 mg/L and DOC ~ 9 mg/L), respectively. (RS: Raw sand; RSMN: Raw sand manganese; GS1: Brewery solution sugar-coated sand; GS2: Sucrose solution coated sand;
GS1M and GS2M: Manganese dioxide-coated graphitized sand from respective sugar sources).

Table 5
Breakthrough curve parameters for all the sand composite material for 3 cycles of reuse.

Filter Breakthrough time at C/Co = 0.05 (in
minutes)

Throughput volume at breakthrough
(mL)

Wsat (mg/g)

Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

RS 3.6 3.4 2.8 37 32 31 1.41 1.25 1.11
RSMN 4.1 3.8 3.4 43 39 36 1.7 1.54 1.44
GS1 50 44 40 504 454 412 18.61 17.54 15.89
GS2 4.7 4.2 3.9 49 43 44 4.5 4.2 2.74
GS1M 21 14 9 219 145 98 8.49 8.11 7.44
GS2M 5 4.6 4.2 58 51 46 3.65 3.47 2.72

———RS: Raw sand; RSMN: Raw sand manganese; GS1: Brewery solution sugar coated sand; GS2: Sucrose solution coated sand; GS1M and GS2M: Manganese impregnated
graphitized sand from respective sugar sources.
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GS1 performed better in the removal of metal ions as compared to
GS2 may be attributed to a more porous and rough structure of the
former as can be seen from the SEM images: Fig. 3) which allowed
better metal ion pore diffusion and hence more attachment before
exhaustion or equilibrium is reached (Bajpai et al., 2017).

3.6. Removal of Microcystin-LR

An average of 10%�15% increase in MC-LR removal under stage
‘c’ operation was observed for all the filters (except GS2, only 4–5%
increase) indicating that the screened-MC-LR-degrader con-
tributed to the MC-LR removal. Their activity and increase in the
biomass concentration were evident from the fact that pH/DO
decrease further during stage ‘c’ operation (Table 4) and TSFW sig-
nificantly increased (2–3-fold due to increasing biomass) for all the
filters. As compared to RS filter, RSMN, GS1, GS2, GS1M, and GS2M
showed an enhancement of 29.5%, 45.8%, 33.1%, 48.6%, and 42%,
respectively for the removal of MC-LR. It may be possible that
other MC-LR-degraders that was not selected after the screening
process (as discussed in detail in Section 3.3) could have performed
better. However, the screening was done based on an important
prerequisite of the bacterial strains that are required for the suc-
cessful operation of any biofilters, i.e. cell viability and cell biomass
(Section 3.3). It was very interesting to observe that during stage ‘a’
filter operation, GS1 performed the best in terms of MC-LR removal
(close to 80%) among all the filters and filter GS1M and GS2M
underperformed (despite having 3%�6%more surface area, Table 3)
or were at par with the former.

In general, graphitized sand showed enhanced MC-LR removal
as compared to the RS in both the stages (Table 4). However, man-
ganese coating over the graphitized sand has not really helped in
further removal of MC-LR (stage ‘a’ result accounting 2%�7%
decrease in value). Thus, in stage ‘c’ operation, an increase of 3%
and 9% in MC-LR removal for GS1M as compared to GS1M and
GS2 as compared to GS2M, respectively, indicate the prominent
contribution of biodegradation. In the last four cycles (cycle 8–
12), filter GS1 and GS1M during stage ‘c’ operation showed com-
plete removal of MC-LR (data in the supplementary file, Table S2)
indicating that the brewery effluent used as the low-cost sugar
solution performed better than the commercial sugar (sucrose).
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The surface composition, roughness and other morphological
details of GS1 were key factors responsible for the MC-LR removal,
and not the manganese dioxide impregnation factor.

Fig. 6 shows the residual MC-LR concentration for all the biofil-
ters when tested at three different initial MC-LR levels after stage
‘c’ operation was finished. GS1 continued to perform well and sho-
wed < 1 lg/L of residual MC-LR concentration at low MC-LR levels
(5 and 20 lg/L) while the MC-LR concentration just exceeded
(~1.8 lg/L) the critical limit as set by the WHO (1 lg/L). Among
other biofilters, the residual MC-LR concentration was found to
be in order: GS1MN < GS2MN < RSMN < GS2 < RS.
Fig. 7. Principal component analysis (PCA) for the WQPs obtained under filter
operation for stage (A) stage ‘a’ and; (B) stage ‘b’ RS: Raw sand; RSMN: Raw sand
manganese; GS1: Brewery solution sugar-coated sand; GS2: Sucrose solution
coated sand; GS1M and GS2M: Manganese impregnated graphitized sand from
respective sugar sources.
3.7. Interpretation of the WCs removal using PCA analysis

Fig. 7 shows the PCA biplot graph for the observation variables
in the form of filters used and Water Quality Parameters (WQPs) as
the variables. Based on the cluster of variables around the principal
components (PC1 and PC2), WQPs can be mainly divided into two
groups: (a) metals ion removal (WQP1) and; (b) organic carbon and
nitrogen, MC-LR and coliform/turbidity removal (WQP2). For the
stage ‘a’ filter operation, PC1, and PC2 accounted for 61% and 25%
of the total variation in data, respectively, for a total of 86%
(Fig. 7(A)). Metal removal variables are closely aligned with PC2
while other variables are closely aligned with PC1. This indicated
a strong correlation among the WQP1 and WQP2 variables (corre-
lation matrix is shown in the supplementary file, Table S3). Both RS
and RSMN showed less correlation towards the WQPs (WQP1 or
WQP2) except copper removal (as is also evident from results,
Table 4). Filter GS1, GS1M, and GS2M are on the right side of the
biplot graph, where GS1 and GS1M are closely spaced with the
WQP2 variables indicating a positive correlation with each other
and hence also signifies better filter potential resulting in a high
removal of WQP1 and WQP2 variables. The clustering of WQP2
variables was mostly orthogonal to copper removal variable indi-
cating no correlation with each other.

On the other hand, PCA biplot for the stage ‘c’ operation (Fig. 7
(B)) accounted for 64% and 24% for PC1 and PC2, respectively, for a
total of 88% variation in data (Fig. 7(B)). Akin to stage ‘a’ operation,
the WQP1 are clustered together around PC2 (though less as com-
pared to stage ‘a’ PCA biplot) while WQP2 are clustered around
PC1. Also, RS and RSMN were once again present on the left side
of the biplot graph indicating weak correlation for the WQPs
(WQP1 or WQP2) removal as is also evident from their results
(Table 4). The observation variable (filters) on the same side of
Fig. 6. Residual MC-LR concentration tested for all the sand composites in a column
study for three different initial MC-LR concentration: 5 lg/L, 20 lg/L and 40 lg/L.
the WQPs represented a high correlation between each other (cor-
relation matrix in the supplementary section). For stage ‘c’ PCA
biplot, WQP1 and WQP2 variables are on the same side (right) of
the observation variables: GS1, GS2, GS1M, and GS2M. Among
WQP1 variables, Cu, Mg, and Fe showed high correlation
(Table S3) with each other while, among WQP2 variables, TOC,
MC-LR, NO2

� and NO3
� showed a very strong correlation with each

other (Fig. 7(B). Higher correlation (correlation coefficient: 0.90)
between TOC removal and MC-LR removal is generally found sel-
dom because of the competition between the organic carbon com-
pound and MC-LR as the primary choice of substrate for the
bacterial cells. This can be framed as a very positive research infer-
ence as most of the time the high competition is reported in other
studies (Dixit et al., 2018). However, under stage ‘a’ operation, the
competition was observed between TOC removal and MC-LR
removal, as they were poorly correlated with each other (correla-
tion coefficient: 0.67).

In short, the sand composite filters (especially, RS and RSMN)
were found to face a tough challenge when metal ions were pre-
sent in the source water as is evident from the PC2 loading of more



Fig. 8. Breakthrough curve for all the six sand composites after (A) cycle 1, (B) cycle 2 and (C) cycle 3, RS: Raw sand; RSMN: Raw sand manganese; GS1: Brewery solution
sugar-coated sand; GS2: Sucrose solution coated sand; GS1M and GS2M: Manganese impregnated graphitized sand from respective sugar sources.
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than 24% for both stages of filter operation. GS2 and GS2M (espe-
cially GS2M) were quite far from PC1 loading as compared to
GS1 and GS1M observation variables indicating the effectiveness
of brewery sugar-coated sand in the removal of WQPs. For
instance, GS2 was found to be just on the left side of the PCA biplot
under stage ‘a’ operation and GS2M occupied a much lower or far-
ther position from the PC1 axis. In contrary, GS1 is nicely posi-
tioned with WQP1 and WQP2 and is less orthogonal to the
variable vectors. WQP1 under stage ‘c’ operation was found to be
more oriented towards the PC1 axis and hence less orthogonal
and closer to the WQP2 variables indicating the importance of bio-
film (or biodegradation) in removing the metal ions (as for the
removal of WQP2 it enhanced quite substantially, refer to Table 4).
3.8. Regeneration and reuse of filter media

Fig. 8(A, B and C) shows the breakthrough curves of each sand
composites for three cycles (two cycles of regeneration). Table 5
shows the breakthrough curve parameters for all the sand compos-
ite filters. The breakthrough time (C/Co = 0.05) for RS, RSMN, GS1,
GS2, GS1M, and GS2M was found to be around 3.67 min, 4.1 min,
50 min, 4.67 min, 21 min, and 5 min, respectively.

The breakthrough time for GS1 and GS1M was found to be sig-
nificantly higher (5–12 times) than the rest filter materials as can
be depicted from the above-stated values. The saturated adsorp-
tion capacity (Wsat) for all the sand composites are shown in
Table 5 and has been compared for a total of three cycles of regen-
erated material. The Wsat value for GS1 and GS1M was found to be
18.6 mg/kg and 8.6 mg/kg while others showed the value of <5 mg/
kg. In the second and third cycle of the regenerated material, Wsat

values decreased for all the materials where the best performance
was still carried by GS1 (reduced only by 14%). The reusability of
the sucrose (sugar) graphitized sand was found to be poor as the
adsorption capacity decreased by 40% after 3 cycles of reuse
(Table 5). All the six filters followed the bed-depth service time
model (not shown here).

Overall, the graphitized sand showed a contrast in the adsorp-
tion characteristics for the source of sugars used for their synthesis.
The adsorption parameters can also be related to an average MC-LR
removal efficiency showed by GS2 (Fig. 6) as compared to GS1
where the latter was effective in nearly achieving the WHO guide-
lines. However, some future considerations must be accounted for
the present study such as:

(a) A rigorous kinetics study for all the biofilters needs to be
performed to know the adsorption behavior of MC-LR or
other cyanotoxins.

(b) An experiment to explore the relationship between the sur-
face charge of the adsorbents and pH can be performed to
better understand the adsorbent properties.

(c) Other MC-LR-degraders, such as Rhodococcus sp., Brevibac-
terium sp., and Stenotrophomonas sp. must be tested for the
bioaugmentation of the filters.
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4. Conclusion

Brewery effluent used as a sugar source for sand graphitization
performed better than the commercial sugar (sucrose) for most of
the water contaminants (WCs) including organic carbon, nitrogen,
and micropollutant: Microcystin-LR (MC-LR). Coating of man-
ganese dioxide over raw sand increased the removal efficiency of
various WQPs as compared to raw sand filters. In contrast, coating
manganese oxide over the graphitized-sand (MOGS) was unable to
enhance the removal efficiency of most WQPs including metals and
MC-LR. Inoculation of screened MC-LR-degraders and native bacte-
rial strains (isolated from drinking water plant: filtration unit) to
different sand composite filters (graphitized or raw or MOGS) fur-
ther enhanced the removal of the WQPs. Filter operation during
inoculation stage showed 10%�15% higher MC-LR removal thereby
suggesting favorable surface for the bacterial cells to proliferate
and degrade MC-LR. All the sand composites were found to follow
the Langmuir isotherm model and bed depth service time model
for metal adsorption and breakthrough curve, respectively. Regen-
eration and reuse experiment showed fourteen times more break-
through time for graphitized sand obtained from brewery effluent.
The future application of the graphitized sand can be a household
filter or as a replacement or conjugation of the sand media in a
DWTPs. However, for the DWTP application, further work on the
filtration rate and scale-up parameters needs to be performed
adsorption before it can be applied.
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