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Abstract: In this study, anthocyanin-rich fermented black carrot juice (şalgam/shalgam) was used as a
chromogenic  agent  in  order  to  develop  eco-friendly,  low-cost,  simple,  fast,  and  practical  both  visible
spectrophotometric and smartphone-based methods for the determination of Al(III) ions in water samples.
Formation of Al(III)-anthocyanin complex results in a color change from red to purple in direct proportion to
the increasing Al(III) concentration.  For the spectrophotometric analysis, the analytical response of the
developed method between absorbance and logarithm of Al(III) concentration exhibits a satisfying wide
linear concentration range from 37.0 to 1850.0 µM. The LOD and LOQ values are 6.67 µM and 22.0 µM,
respectively. For smartphone-based analysis, the analytical response of the developed method between B
values and Al(III) concentration obtained a linear concentration range from 18.5 to 111.0 µM. The LOD and
LOQ values are 4.40 µM and 14.5 µM, respectively. LOD values are below the acceptable limit of Al(III) in
water according to WHO (7.41 µM) for both methods. The interfering effect of common water ions was
investigated,  and  the  observed  interferences  from Sn2+,  Fe2+,  and  Fe3+ were  easily  eliminated  using
enough  concentration  of  Na2EDTA  without  affecting  the  blank  absorbance/B  value  of  the  Al(III)
−anthocyanin  complex  for  two  monitoring  methods.   The  selectivity  of  the  developed  method  was
investigated in the presence of possible species such as benzoic acid, lactic acid, amino acids, and salt.
Developed  spectrophotometric  and  smartphone-based  methods  applied  to  real  water  samples  and
validated against the reference ICP-OES method at 95% confidence level using Student’s t- and F-tests.
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1. INTRODUCTION

Aluminum is not found free in nature. It ranks third
among  the  most  abundant  metals  in  the  earth's
crust  and  constitutes  approximately  8%  of  the
crust’s mass (1)  and it  is  mainly found as silicate
minerals  (2).  Due  to  the  widespread  presence  of
aluminum  in  the  environment  and  industrial
developments, its relationship with human health is
becoming  increasingly  important.  The  amount  of
free  Al(III)  increases  as  the  aluminum  in  the  soil
leaks into the environment and surface waters due

to acid rain (1). While aluminum is in ionic form; it
can react with biological species. When it reacts, it
causes harmful effects by suppressing or changing
the function of the biological species (3). Aluminum
ion  is  thought  to  be  the  reason  for  neurological
disorders  and  it  causes  changes  in  enzymatic
reactions  by  affecting  neurofibrillary  and
neurotransmitters in the central nervous system. As
a  result;  diseases  such  as  Parkinson's  disease,
Alzheimer's  disease,  and  dialysis  encephalopathy
occur  (4).  Aluminum is  also  thought  to  have  the
ability to replace iron and other metals in proteins
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found  in  living  things  (5).  Determination  of  Al(III)
concentration is a critical issue for researchers due
to its direct impact on the environment and human
health.  Different  kinds  of  conventional  analytical
methods such as AAS (6), ICP-MS (7), ion-selective
electrode-based  potentiometry  (ISE)  (8)
voltammetry  (9),  and  fluorimetry  (10)  have  been
developed to determine the concentration of Al(III).
Most  of  these  methods  are  limited  due  to  the
requirements  of  time-consuming  processes,
expensive and complicated equipment, and a skilled
person.  Although  fluorescent  probes  for  the
determination  of  Al(III)  stand  out  among  these
methods due to their selectivity and sensitivity, the
disadvantages  of  this  method  are  that  they  have
time-consuming  complicated  probe design  and
synthesis processes, are toxic, have low solubility in
water, have low photostability  and excess reagent
consumption (11, 12). 

Spectrophotometry is one of the versatile and good
alternative  analytical  techniques  to  determine  the
concentration of many analytes, especially in water
samples,  and  has  many  advantages  such  as  low
cost, easy applicability, fast analysis, reliability, high
sensitivity at low concentrations, and wide analytical
working range (13). 

Recently,  smartphone-based  colorimetric  and
fluorometric methods have gained importance over
traditional  bulky  devices  due  to  their  many
properties  such  as  quick  analysis,  low-cost  and
simple production, portability, and ease to use. The
smartphone-based  methods  exhibit  a  highly
comparable  performance  of  analysis  according  to
the traditional methods (14,15). Analysis of different
kinds  of  samples  by  smartphone  is  based  on  the
measurement  of  red  (R),  green  (G),  and  blue  (B)
values with help of various software (15-17). 

Anthocyanins are water-soluble flavonoid pigments
that  provide  bright  colors  from light  pink  to  dark
blue when  found  in  fruits  and vegetables  (18).  In
recent  years,  anthocyanins  have  gained  great
importance  among  researchers  due  to  their
antioxidant capacity, bioavailability properties, food
coloring, and food stabilizer properties (19). In fact,
according to studies no adverse events have been
encountered in the intake of  anthocyanins  in high
doses (20). Anthocyanins also have metal-chelating
abilities  such  as  dihydroxy  B-ring  substituted
flavonoids  (21).  Fermented  black  carrot
(şalgam/shalgam) juice, a dark red-colored and sour
soft  traditional  Turkish  beverage,  is  one  of  the
sources of natural anthocyanin pigments originating
from black carrot.  It is very popular in the southern
part  of  Türkiye.  In  addition,  recently,  fermented
black carrot juice has taken its place in the markets
of  numerous  European  countries  (22).  Fermented
black carrot juice is defined as a beverage formed
as a result of lactic acid fermentation of black carrot,
turnip, salt,  extract  of sourdough, and bulgur flour
components  (23).  Turnip  and  bulgur  are  minor
components of shalgam and turnip helps to develop
the sensory character (24), while bulgur flour is used

as  a  source  of  microorganisms  in  the  first
fermentation stage. In addition, the reason for using
salt  is  to  control  the  fermentation  flora  (25).
Fermented black carrot juice gets its red color from
the  main  ingredient,  black  carrots.  According  to
studies,  cyanidin  glycosides  as  an  aglycone  have
been found in black carrots as the main anthocyanin
compound  (26,27),  malvidin,  and  peonidin
glycosides  in  black  carrot  roots  (27,28).
Furthermore, fermented black carrot juice has been
reported  to  contain  an  average  of  114.1  mg  L−1

anthocyanin as cyanidin-3-glycoside (25). It is stated
that commercially  fermented black  carrot  contains
the anthocyanins cyanidin-3-galactoside, cyanidin-3-
glucoside,  and  cyanidin-3-arabinoside  using
LC/MS/MS and also its total phenolic content (517.21
µg GAE/mL) and antioxidant capacity (in µmol Trolox
equivalents/mL) were investigated with FRAP (2.26),
DPPH (4.44) and ABTS (3.42) assays (29).  Different
types  of  metal  determinations  were  studied  from
various anthocyanin-derived plants  by utilizing the
metal  complexing  properties  of  anthocyanins
(30,31).  In  such  studies,  anthocyanins  were
extracted  from  natural  plants,  but  the  negative
properties  of  isolated  anthocyanins  are  time-
consuming processes for the extraction  stage,  low
extraction  efficiency,  instability,  and  degradation
properties in the presence of light, heat, and oxygen
(19,32). An important feature of anthocyanins from
purple carrots is dominant that the cultivars are in
the  acyl  form.  Acylated  anthocyanins  are  more
stable compounds than other types of anthocyanins
and  degrade  more  slowly  during  storage  (29).
Fermented  black  carrot  may  also  enhance  the
stability,  absorption,  and  bioactivity  of  its
anthocyanins  (32),  as  well  as  metal  complexes  of
anthocyanins,  which  are  known  to  stabilize  the
structure more (19), and it can be concluded that by
forming a complex with the metal, its repeatability
will  be better  in the determination of  the relevant
metal. 

In the light of this information, low-cost, non-toxic,
anthocyanin-rich,  sugar-free,  and  gluten-free,
commercially fermented black carrot juice with good
stability was preferred as a chromogenic agent. This
chromogenic  agent  meets  the  at  least  three
principles of green analytical chemistry (33) such as
removing  or  replacing  toxic  reagents,  using
reagents  obtained  from  a  renewable  source,  and
reducing the risk to the operator.  In this way, the
concentration  of  Al(III)  in  water  samples  can  be
determined  quickly  and  simply  via  color  changing
from red to purple in direct proportion to the amount
of Al(III) ions because of the formation of the Al(III)-
anthocyanin  complex,  without  any  pre-treatment
such as time-consuming extraction.

2. MATERIAL AND METHODS
 
2.1. Chemicals and Instrumentation
All  reagents  used  in  this  study  were  of  analytical
grade except Lactic acid (80%). The fermented black
carrot  juice  was  bought  from  the  local  market.
Aluminum  nitrate  nonahydrate  (Al(NO3)3.9H2O),
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lead(II)  nitrate  (Pb(NO3)2),  chromium(III)  nitrate
nonahydrate  (Cr(NO3)3.9H2O),  cadmium  acetate
dihydrate  (Cd(CH3COO)2.2H2O),
ethylenediaminetetraacetic  acid  disodium  salt
(Na2EDTA), sodium benzoate (C6H5COONa), sodium
acetate  (CH3COONa),  L−glycine  (NH2CH2COOH),
L−lysine  hydrochloride
(H2N(CH2)4CH(NH2)CO2H.HCl),  and  sodium
bicarbonate (NaHCO3) were purchased from Sigma
Aldrich.  Iron(III)  nitrate  nonahydrate
(Fe(NO3)3.9H2O),  iron(II)  chloride  tetrahydrate
(FeCl2.4H2O),  manganese  (II)  nitrate  tetrahydrate
(Mn(NO3)2.4H2O),  ammonium  chloride  (NH4Cl),
potassium  nitrate  (KNO3),  calcium  nitrate
tetrahydrate  (Ca(NO3)2.4H2O),  magnesium  nitrate
hexahydrate  (Mg(NO3)2.6H2O),  copper(II)  sulfate
pentahydrate  (CuSO4.5H2O),  Tin(II)  chloride
dihydrate (SnCl2.2H2O), zinc sulphate heptahydrate
(ZnSO4.7H2O),  sodium  nitrate  (NaNO3),  sodium
chloride  (NaCl),  sodium  sulfate  (Na2SO4),  and
sodium  hydroxide  (NaOH)  were  purchased  from
Merck.   Lactic  acid  was  obtained  from Bioliv  food
industry and trade import export limited company.
Potassium  hydrogen  phthalate  (HOOCC6H4COOK)
was  bought  from  CDH  (Central  drug  house  Ltd.).
Sodium  phosphate  monobasic  (NaH2PO4)  was
obtained  from  Riedel-de  Haën.  L−arginine
(H2NC(=NH)NH(CH2)3CH(NH2)CO2H)  was  purchased
from  sepenatural.  L−cysteine  hydrochloride
monohydrate  (HSCH2CH(NH2)COOH.HCl.H2O)  was
obtained  from  Akcan  Kimya  and  L−glutamine
(H2NCOCH2CH2CH(NH2)CO2H)  was  bought  from
Hardline nutrition.

Precisa  XB  220A  Analytical  Balance  was  used  to
weigh all  the chemicals.  Rayleigh VIS-723G visible
(vis.)  spectrophotometer  and  its  glass  cuvettes
(optical  thickness  5  mm)  were  used  for  all
absorbance measurements. Only Shimadzu UV–1800
spectrophotometer  was  used  for  the
characterization  of  anthocyanin.  For  RGB
measurements,  the  Samsung  Galaxy  S10  Plus  is
used with its convenient black box that allows the
phone to fit on it. Wisetherm-fuzzy control, wısd HB-
48  dry  bath  was  used  to  determine  the  optimum
temperature  for  the  proposed  method.  Both
detection  systems were validated against  the ICP-
OES (34) method using PerkinElmer Avio 200 ICP-
OES.

2.2. Preparation of Solutions
Fermented  black  carrot  juice  bought  from  the
market  was  stored  at  +4  °C  and  diluted  with
ultrapure  water  at  a  ratio  of  1/2  (v/v)  when
necessary for the proposed method.

Working solutions of different initial concentrations
of  Al(III)  were  freshly  prepared  from  the  stock
solutions of Al(III) at 3.7×10−2 M in ultrapure water.
Potassium  hydrogen  phthalate  (KHP)-NaOH  buffer
solutions  were  prepared  from  the  appropriate
amount of 0.1 M KHP and 0.1 M NaOH to adjust the
pH 4.0, pH 5.0, and pH 6.0 values. 

After  preparing  stock  solutions  of  each  common
water ion (Cl−, NO3−, HCO3−, SO42−, PO43−, CH3COO−,
K+, NH4+, Ca2+, Mg2+, Mn2+, Cu2+, Ni2+, Zn2+, Cd2+,
Pb2+, Sn2+, Fe2+, Fe3+, and Cr3+) at the appropriate
concentration,  mixtures  of  each  ion  solution  were
prepared as certain fold of the Al(III) ions.

In  order  to  observe  the  characteristic  three
absorption bands of anthocyanins, the solution was
prepared by dissolving the precipitate in a mixture
of  MeOH  and  2  M  HCl  (85:15  v/v)  after  the
fermented black carrot juice was kept at 10.000 rpm
for 10 min in an ultracentrifuge device. 

For  investigation  of  selectivity,  stock  solutions  of
9.15  g  L−1 of  L−cysteine  hydrochloride
monohydrate,  L−arginine,  L−glycine,  L−lysine
hydrochloride,  and  L−glutamine  were  prepared.
Additively, the stock solution of 40.25 g L−1 of lactic
acid,  8.5%,  w/v  NaCl,  and  0.1%  (w/v)  sodium
benzoate were prepared. 

2.3. Preparation of  the Proposed Method for
Al(III) Detection
For the spectrophotometric method, after adding 1.0
mL of fermented black carrot juice diluted 1/2 (v/v)
with ultrapure water,  1.0 mL of pH 6.0 KHP-NaOH
buffer solution (0.1 M), and 0.5 mL of Al(III) solution
at different initial concentrations (185.0-9250.0 µM)
to  the  test  tubes  and  waiting  for  4.5  minutes  at
room temperature (RT), absorbance readings were
recorded against the blank at a wavelength of 575
nm (Scheme 1).  For the blank solution,  0.5 mL of
ultrapure water is added instead of Al(III) solution. 

Summarized  procedure:  for  sample  solutions,  add
1.0 mL of fermented black carrot  juice diluted 1/2
(v/v) with ultrapure water + 1.0 mL of pH 6.0 KHP-
NaOH  buffer  solution  (0.1  M)  +  0.5  mL  of  Al(III)
solutions  at  different  initial  concentrations  (185.0-
9250.0  µM); wait  4.5  min.  at  RT.;  record  the
absorbance  at  λ575 nm against  the  blank  solution
(Vtotal = 2.5 mL).

For  the  smartphone-based  method,  the  Samsung
Galaxy  S10  Plus  was  used  with  its  smaller  black
colored box (16.5×8×3 cm) that comes out of the
phone box when purchasing the phone and allows
the phone to fit on. This box was evaluated by using
it for RGB measurements (Figure 1A). A cardboard
sample  holder  (8×3  cm)  was  designed  to  fit  the
square space of the black box (Figure 1B and Figure
1C).  The  blue  (B)  values  were  recorded  via
PhotoMetrix software obtained from the google play
store without any payment for the android system.
The region of interest was chosen 96×96 and flash
mod was selected “on” to see and take the B values
of samples in the box. Also, the 1.5 mL of glass vials
were  used  instead  of  the  cuvette  (Figure  1C  and
Figure 1D).  

1.0 mL of fermented black carrot  juice diluted 1/2
(v/v)  with ultrapure water,  1.0 mL of pH 6.0 KHP-
NaOH buffer solution (0.1 M), and 0.5 mL of Al(III)
solution  at  different  initial  concentrations  (92.5-
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555.0 µM) were added the test tubes and waiting for
4.5  minutes  at  RT,  the  B  value  measurements  of
blank and sample solution were recorded using the
black box with the smartphone (Scheme 1).

2.4.  Investigation  of  Interference  Effect  of
Common Ions and Selectivity
Dual  monitoring  methods  were  applied  in  the
presence of  common water  ions and the recovery
values of Al(III) were calculated.  Interference effects
were removed easily using Na2EDTA for Sn2+, Fe2+,
and L-ascorbic acid for Fe3+ (35). In addition, it was
investigated  whether  possible  species  other  than
anthocyanin  in  fermented  black  carrot  juice affect
the proposed method.

First of all, the maximum concentration of Na2EDTA
that  will  not  dissociate  the  Al(III)-anthocyanin
complex in the proposed method was investigated.
The reason for optimizing the amount of Na2EDTA is
to  prevent  the  discoloration  of  the  Al(III)-
anthocyanin complex due to the excess EDTA in the
medium. To this  end,  mixed Al(III)  solutions at  an
initial concentration of  1850.0  µM and Na2EDTA at
different  concentrations  (1850.0,  3700.0,  5550.0,
and  7400.0  µM)  were  prepared  separately.  The

appropriate Na2EDTA concentration was determined
by  applying  the  proposed  method  to  these
mentioned  mixture  solutions  and  the  solution
containing  only  1850.0  µM initial  concentration  of
Al(III). Then, different mass ratios of Na2EDTA were
investigated  along with  Fe2+ and  Sn2+ ions  in  1:1
metal:Al(III)  solutions  to  remove  the  interference
due  to  Fe2+ and  Sn2+ ions  by  masking  (without
exceeding the optimum amount of Na2EDTA). 

2.5.  Application  of  the Proposed  Method  to
Real Water Samples.
The proposed  method  was  successfully  applied  to
drinking  water  and  tap  water  samples  using  vis.
spectrophotometer  and  smartphone.   Later,  the
recovery  (%)  and  RSD  (%)  values  of  Al(III)  were
calculated.

2.6.  Method  Validation  of  the  Developed
Methods  Against  the  ICP-OES  Method  for
Al(III) Detection.
Both the spectrophotometric and smartphone-based
proposed methods have been validated with the ICP-
OES  method  (34).  The  confidence  level  was
calculated  using  t- and  F- tests  via  the  proposed
method and ICP-OES method. 

Figure 1: Representation of smartphone-based colorimetric detection of Al(III) ions (A) the original black
box in which the phone was kept at the time of purchase and (B) sample holder made of cardboard; (C)

sample holder placed in the black box; (D) reading the RGB values with the help of software by placing the
phone in the black box designed for itself.
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Scheme 1: Preparation of the proposed method for Al(III) detection using spectrophotometric and
smartphone-based analysis.

2.7. Statistical Analysis
Excel software (Microsoft Office 2016) was used for
performing the  statistical  analyses  and calculating
the means and the standard error of the mean.  The
mean ± standard deviation  (SD)  was  shown as  a
result.  Validation  of  the  proposed  method  for
determining the Al(III) content against the ICP-OES
method was made using the statistical tools of the
same software.

3. RESULTS AND DISCUSSION

3.1. Optimization of the Parameters
The figures  obtained  for  the  optimization  of  each
parameter  were  formed  as  a  result  of  three
repetitive  analyses  (N  =  3).  Aluminum  forms  an
insoluble  complex  known  as  the  Al(OH)3 with
increasing  pH  values  and  shows  low  solubility
between  pH  6.0-8.0  (36).  It  is  also  reported  that
cyanidin  complexes  formed  with  Al(III)  in  the  pH
range  of  3.0-6.0  (32).  Therefore,  pH  optimization
studies were carried out between the pH range of
4.0-6.0 in order to select the optimal pH value. This
experiment  was  applied  for  two  different  initial
concentrations  of  Al(III)  one  at  555.0  µM and  the
other  at  1850.0  µM  for each  pH  value.  For  this
purpose,  after  adding  1.0  mL  of  fermented  black
carrot  juice diluted 1/2  (v/v)  with  ultrapure water,
1.0 mL of KHP-NaOH (0.1M) buffer solution (pH 4.0
or pH 5.0 or pH 6.0),  and 0.5 mL of 555.0 µM or
1850.0 µM initial concentrations of Al(III) to the test
tubes, respectively (Vtotal = 2.5 mL), solutions in the

test  tubes  were  kept  for  4.5  min  at  RT  and  the
absorbances  were  recorded  against  the  blank
samples at 575 nm wavelength. As shown in Figure
2A,  pH 6.0,  where the absorbance differences  are
maximum for both 555.0 µM and 1850.0 µM initial
concentration of  Al(III),  was chosen as the optimal
pH value. 

In  order  to  select  the  optimal  time,  separate
experiments  were  studied  for  two  different  initial
concentrations  of  Al(III)  one  at  555.0  µM and  the
other at 1850.0 µM for each time interval. For this
purpose,  after  adding  1.0  mL  of  fermented  black
carrot  juice diluted 1/2  (v/v)  with  ultrapure water,
1.0 mL of pH 6.0 KHP-NaOH (0.1M) buffer solution,
0.5  mL  of  555.0  µM  or  1850.0  µM  initial
concentrations  of  Al(III)  to  the  test  tubes,
respectively (Vtotal = 2.5 mL),  solutions in the test
tubes  were  kept  separately  for  different  time
intervals starting from 0.5 min to 10 min at RT and
the  absorbances  were  recorded  against  the  blank
samples at 575 nm wavelength. According to Figure
2B, the optimal time for complex formation to reach
equilibrium was determined as 4.5 minutes. 

In  order  to  select  the  optimal  temperature,  two
different  Al(III)  solutions one at  555.0  µM and the
other  at  1850.0  µM  initial  concentrations  were
studied  separately.  After  adding  1.0  mL  of
fermented black carrot  juice diluted 1/2 (v/v)  with
ultrapure water, 1.0 mL of pH 6.0 KHP-NaOH (0.1M)
buffer solution,  0.5 mL of 555.0 µM or  1850.0 µM
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initial  concentrations  of  Al(III)  to  the  test  tubes,
respectively (Vtotal = 2.5 mL),  solutions in the test
tubes  were  kept  separately  4.5  min  at  different
temperatures (25.0-100.0 °C) and the absorbances
were recorded against the blank samples at 575 nm
wavelength.  As  it  is  understood  from  Figure  2C,
since there is no significant change in absorbance
values at different temperatures, 25.0 °C (RT) was
selected  as  the  optimal  temperature  for  the
proposed method.

For  the  smartphone-based  method,  the  R  and  G
values were constant, and also it was observed that
the  calibration  equation  could  be  obtained  by
increasing the B values in direct  proportion to the
increasing  Al(III)  concentration  between  18.5  and
111.0  µM so  that,  B  value  was  selected  to  form
calibration plot (Figure 2D). 

Figure 2: Optimization of the proposed method parameters: (A) optimal pH; (B) optimal time; (C) optimal
temperature for spectrophotometric method and (D) selecting optimal RGB value for constructing calibration

equation for smartphone-based method.

3.2. Characterization and Working Principle of
the Proposed Method
Anthocyanins  are  known  as  colorful  flavonoids
including a flavylium cation  (37)  and they have a
metal binding ability due to their two vicinal or three
hydroxyl  (-OH)  substitutes  located  at  the  B  ring
(catechol  or  pyrogallol  moiety).   Polyvalent  metal
ions cause the loss of hydrogen ions bound to these
rings and convert the flavylium cation to a quinoid
base  as  shown  in  Figure  3A  (38).   Anthocyanins
consist  of  a  completely  delocalized  π-conjugated
system, which gives a maximum absorption band in
the wavelength range of 500-550 nm. Metal binding
to  anthocyanins  causes  a  decrease  in  the  energy

required  for  light-induced  electron  transfer  in  this
chromophore  system  and  also  both  maximum
absorption  shift  towards  the  larger  wavelength
(bathochromic shift) and the increasing intensity of
maximum  absorbance  (hyperchromic  effect)  are
observed  (21).  According  to  some  researchers,  a
bathochromic shift occurs due to the strong charge
transfer  from  the  ligand  to  the  metallic  center
(LMCT), and according to others, it depends on the
decrease  in  the HUMO-LUMO gap in the flavonoid
molecule rather than a LMCT (39). 

Furthermore,  this  phenomenon  causes  the  color
changing  of  the  solution  and  enables  the
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determination  of  relevant  metal  via  UV-vis.
spectroscopy (21). When the proposed method was
applied  and  absorbances  values  were  recorded
against the water, a 20 nm bathochromic shift was
(from  536  to  556  nm)  observed  between  blank
solution and 1295.0 µM initial concentration of Al(III)
due to the formation of Al(III)-anthocyanin complex
(Figure  3B).  The  bathochromic  shift  proved  the
presence  of  the  ortho-dihydroxyl  group  of
anthocyanin. The fermented black carrot juice was
centrifuged at 10.000 rpm for 10 minutes and the

supernatant  phase  was  decanted,  then  the
precipitant was dissolved in 2 mL of methanol, and
its flavonoid properties were controlled by applying
the  Shinoda’s  test  (40).  After  a  few  pieces  of
magnesium ribbon and  1 mL of  concentrated  HCl
were added to  the methanolic  solution,  pink  color
was observed a few minutes later. Additionally, the
observation  of  maximum  absorption  at  280,  330,
and 535 nm wavelengths in the MeOH/HCl solution,
confirms the phenolic  and flavonoid groups in  the
anthocyanin compound.

Figure 3: Working principle of the proposed method: (A) Al(III) complexation sites of possible cyanidin
derivatives; (B) demonstration of the vis. spectra taken against the water as a result of applying the

proposed method to Al(III) at an initial concentration of 1295.0 µM and blank solution.

3.3.  Analytical  Performance  of  the  Proposed
Method for the Determination of Al(III) Using
Both Vis. Spectrophotometer and Smartphone
When the  proposed  method  was  applied  to  Al(III)
solutions at  different initial  concentrations,  a color
change from red to purple was observed in direct
proportion  to  the  increasing  logarithm  of  the
concentration  of  Al(III)  (Figure  4A and  Figure  4B).
There  are  many  studies  in  which  the  absorbance
values vary linearly with the logarithm of the analyte
concentration  (41,  42).  All  the  absorbance
measurements  were  recorded  against  the  blank
solution  at  575 nm  wavelength.  The  linear
calibration  equation  was  obtained  with  the
absorbance  versus  the  logarithm  of  the
concentration of the Al(III) at the wavelength of 575
nm. 

Linear calibration equation for Al(III):
A575 nm= 0.585 log CAl(III) – 0.87 (N = 10, r = 0.9963) 
where CAl(III)   is  the final concentration  of  Al(III)  (in
micromole L−1 (µM) ).

The linear final concentration range is from 37.0 to
1850.0 µM. Furthermore, the limit of detection (LOD)
and the limit of quantification (LOQ) values are 6.67
µM and 22.0 µM, respectively. The limit of detection
was calculated in micromole per liter units according
to the literature (43, 44). (LOD = 3σblank/antilog m,

LOQ = 10σblank/antilog m where σblank  denotes the
standard deviation of a blank and m shows the slope
of the calibration line). The coefficients of variation
(CVs) of intra- and inter-assay calculations for Al(III)
were 0.96 and 1.07%, respectively (N = 5). 

For  the  smartphone-based  measurements,  color
changing  from  red  to  purple  enabled  to  form
calibration  plot  between  B  values  and  different
concentrations of Al(III) in the concentration range of
18.5-111.0  µM  by  applying  the  proposed  method
(Figure 4C). 

In  smartphone-based  colorimetric  methods,  there
are studies in which calibration plots are created by
subtracting the relevant values (R, G, or B values) of
the  sample  and  blank  solution  (45,  46).  The
calibration equation was obtained by subtracting the
B  values  of  the  blank  solution  (Bblank)  from the  B
values of the samples (Bsample). 

Linear  calibration  equation  for  Al(III)  using  a
smartphone:
y = 0.529 CAl(III) + 1.35 (N = 6, r = 0.9972) 
where  CAl(III)  is  the  final  concentration  of  Al(III)  (in
micromole L−1 ). 

The  limit  of  detection  (LOD)  and  the  limit  of
quantification (LOQ) values are 4.40 µM and 14.50
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µM, respectively. The limit of detection was found in
micromole per liter units. (LOD = 3σblank/m, LOQ =
10σblank/m  where  σblank denotes  the  standard
deviation of a blank and m shows the slope of the
calibration line). The coefficients of variation (CVs)
of intra- and inter-assay calculations for Al(III) were
1.69  and  2.11%,  respectively  (N  =  5).  Both
spectrophotometric  and  smartphone-based
developed  method  measurements  have  good
precision according to the CVs results and also the

LOD  values  are  below  7.41  µM,  which  is  the
acceptable limit for Al(III) ions in water by the WHO
(47).

When  the  analytical  performance  of  the  proposed
sensor method and recent studies were compared
(Table 1), the proposed sensor method stands out
with  its  not  preparation  time,  short  analysis  time,
and quite good wide linear response range.

Figure 4: (A) The vis. spectrum of fermented black carrot juice containing different concentrations of Al(III)
in an aqueous medium and their photograph (inset); (B) calibration plot of different concentrations of Al(III)
solutions mixed with fermented black carrot juice for vis. spectrophotometer; (C) formed calibration plot via

Blue (B) values using a smartphone and also the photograph of (inset) different concentrations of Al(III)
solutions mixed with fermented black carrot juice.
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Table 1: Comparison of the analytical performance of some optical and paper-based methods for the determination of Al(III) ions.

No Detection method Probe Probe
Preparation
Time

Analysis
Time

Linear
response
range 

LOD Real water
application

Ref.

1 Paper-based fluorometric Rhodamine grafted CDs 84 h
(∼3.5 days)

10 min 1×10-4-
1×10-2 M

3.89×10−5

M
x 48

2 Fluorometric PAA-AuNPs 135 min 10 min 50-150 μM 2 μM
8 μM (with
bare eye)

x 49

3 Fluorometric CDs 140 min 10 min 0.15-38.46
μM 

113.8 nM √ 50

Smartphone based-method CDs 140 min 15 min 15.39-
153.85 μM

5.55 μM √ 50

4 Colorimetric Pectin-rich apple extract-based AuNPs 50 min 1 min 0-100 μM 20 μM √ 51

5 Colorimetric Cyanidin extracted from red cabbage as a
chelating agent

73 h
(∼3 days)

a few min n.a 50 μM √ 31

6 Colorimetric Anthocyanin
immobilization in CMC/starch films

∼ 67 h
(∼2.8 days)

60 min 
(C  ≤  3  mg
L-1),
 20 min 
(C  ≥  5  mg
L-1)

n.a 1.9×10−4

M
x 52

7 Proposed Colorimetric method Fermented black carrot juice Direct
(0 min.)

4.5 min 37.0-
1850.0 μM

6.67 μM √ This
work

Proposed smartphone- 
based method

Fermented black carrot juice Direct
(0 min.)

4.5 min 18.5-111.0
μM

4.40 μM √ This
work

n.a: not available, C: concentration, CDs: carbon nanodots, PAA-AuNPs: polyacrylate functionalized gold nanoparticles, CMC: carboxymethylcellulose, Conc.: 
concentration.
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3.4.  Investigation  of  Interference  Effect  of
Common Ions and Selectivity
The interference effect  of  different  common water
ions on the proposed method was studied (Table 2),
each containing a different mass ratio of Cl−, NO3−,
HCO3−, SO42−, PO43−, CH3COO−, K+, NH4+, Ca2+, Mg2+,
Mn2+, Cu2+, Ni2+, Zn2+, Cd2+, Pb2+, Sn2+, Fe2+, Fe3+,
and Cr3+  with the initial concentration of 1850.0 µM
of  Al(III)  (e.g.,  1-,  200-  fold  of  Al(III))  for
spectrophotometric method and 370.0 µM of Al(III)
for the smartphone-based method.  Additively,  the
Al(III)  recovery  (%)  values  were  calculated  in  the
range  of  87.29-112.93  and  88.00-111.29% by  the
spectrophotometric  and  smartphone-based
methods, respectively,  as shown in Figure 5. First,
the proposed method was applied to mixed solutions
including the initial  concentration of  1850.0 µM of
Al(III)  mixed  with  different  concentrations  of
Na2EDTA  solutions  to  find  the  maximum
concentration  of  Na2EDTA  that  would  not  interact
with  Al(III)  in  the  Al(III)-anthocyanin  complex.   A
tolerable maximum initial concentration of Na2EDTA
was determined as 5550.0 µM in the mixed solution
with the initial concentration of Al(III) at 1850.0 µM
when  the  proposed  method  was  applied,  and  no
difference  in  absorption  was  observed  when
compared  with  the  Al(III)-anthocyanin  complex
solution. Later the interference effects of Fe2+ and

Sn2+ were easily removed with Na2EDTA (Fe2+:EDTA
ratio 1:3 (w/w) and Sn2+:EDTA ratio 1:3 (w/w)) as a
masking agent without affecting Al(III)-anthocyanin
complex before applying the proposed method. 

In order to remove the interference effect of Fe3+ on
the proposed method L−ascorbic acid (35) was used
with  the 1-fold  of  Fe3+ (Fe3+:L−ascorbic  acid  ratio
1:1 (w/w)). 

Fermented black carrot  juice contains a maximum
amount of 8.05 g L−1 lactic acid, 1.97% NaCl (w/v),
1.83 g L−1 total amino acids (53), and 0.02% sodium
benzoate  (54)  (w/v)  known  as  the  preservative,
apart  from  black  carrot,  which  is  the  main
ingredient. Additionally, it is also stated that it does
not contain gluten and sugar. It was tested whether
colored  complexes  were  formed  with  Al(III)  at
9250.0 µM initial concentration when the proposed
method was applied to other species at the specified
concentration  in  the  content  without  using
fermented  black  carrot  juice  for  selectivity.
L−cysteine hydrochloride monohydrate, L−arginine,
L−glycine, L−lysine hydrochloride, and L−glutamine
were  used  separately  as  amino  acids.  As  can  be
seen in Figure 6, no coloration was observed when
the  proposed  method  was  applied  to  other
ingredients.

Figure 5: The response of Al(III) ions (1) and possible interference species {Cl− (2), NO3− (3), HCO3−(4),
CH3COO− (5), SO42− (6), PO43− (7), K+ (8), NH4+ (9), Ca2+ (10), Mg2+ (11), Mn2+ (12), Cu2+ (13), Ni2+(14), Zn2+

(15), Cd2+ (16), Pb2+ (17), [Sn2+ + EDTA] (18)  [(Fe2+ + EDTA] (19), [(Fe3+ + L−ascorbic acid] (20), and Cr3+

(21)} in the presence of Al(III) at the initial concentration of 1850.0 µM for spectrophotometric method and
370.0 µM for smartphone-based method.
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Figure 6: Color states of solutions in the test tubes with the proposed method in the presence of blank
solution (B), (1) Al(III) (9250.0 µM), and mixture solutions without using fermented black carrot juice (2)

lactic acid (8.05 g L−1), (3) NaCl (1.97%, w/v), (4) sodium benzoate (0.02%, w/v), (5) L-cysteine
hydrochloride monohydrate (1.83 g L−1), (6) L-arginine (1.83 g L−1), (7) L−glycine (1.83 g L−1), (8) L−lysine

hydrochloride (1.83 g L-1) and (9) L−glutamine (1.83 g L−1).

3.5. Application of the Proposed Method to 
Real Water Samples
Tap  water  and  drinking  water  were  filtered
(CHROMAFIL, PET–20/25) before applying the sensor
method. Drinking water and tap water were spiked
separately  with  different  concentrations  of  Al(III)
solutions by standard addition method and then the
proposed method was applied to real samples using
both  spectrophotometric  and  smartphone-based
analyses. For the spectrophotometric analysis, Al(III)
recoveries (%) and RSD % values for drinking water
were found between 97.14-100.99 and 0.77-2.11%,
respectively, while these values for tap water were
found between 94.16-99.91 and 0.92-2.23% (Table
3).  For  the  smartphone-based  analysis,  Al(III)
recoveries (%) and RSD % values for drinking water
were found between 97.43-100.27 and 0.80-2.35%,
respectively, while these values for tap water were
found between 97.43-94.23 and 1.24-2.65% (Table
3).   According  to  these  results,  the  proposed
methods  could  be  used  for  the  determination  of
Al(III) in real water samples. 

3.6. Method Validation of the Proposed Sensor
Against  the  ICP-OES Method  for  Al(III)
Detection
In  order  to  obtain  the  calibration  equation,  the
concentration  range  of  18.5-740.0  µM  standard

Al(III) solutions were analyzed according to US EPA
method 200.7 with ICP-OES (34).

Three repetitive  analyses  were performed for each
standard concentration  to generate the calibration
equation. The calibration equation between intensity
(CPS) and concentration was: 

Intensity  =  6480  CAl(III)  + 56674  (r  =  0.9999)  for
Al(III).
(CAl(III): final concentration of Al(III) in micromole L−1

(µM)).

Statistical  comparison  between  the  results  of  the
proposed  and  ICP-OES  methods  applied  to  both
370.0  µM  and  74.0  µM  of  Al(III)  spiked-drinking
water  as  a  real  sample  was  made  on  N  =  5
repetitive  analyses,  substantially  showing  no
important  difference  in  precision  and  accuracy
between  the  results.  The  population  means  and
variances  were  compared  using  t- and  F- tests,
respectively.  The  confidence  levels  used  in  the
validation  of  findings  were  95%  (nominal  0.05
significance  level)  for  both  of  t- and  F- tests.
Statistical parameters of the proposed methods and
the reference ICP-OES method were shown in Table
4. 
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Table 2: Al(III) recovery (%) results when the proposed method is applied to ionic species commonly found in the water of different mass ratios with Al(III). 

Interferent Mass ratio 
(Al3+:ions (w/w))

Error (%)

For spectrophotometer For smartphone 

Cl− 1200 -2.57 -1.70
NO3− 1200 -2.00 -1.60
HCO3− 5 -12.71 -12.00
CH3COO− 300 +2.97 +5.02
SO42− 1200 -6.44 -8.10
PO43− 7 -11.31 -10.55
K+ 1200 -1.95 -2.31
NH4+ 600 -4.75 -3.82
Ca2+ 300 -9.29 -4.51
Mg2+ 200 -10.14 -6.49
Mn2+ 300 +1.53 +2.13
Cu2+ 10 +12.93 +11.29
Ni2+ 500 -8.20 -7.53
Zn2+ 60 +10.39 +9.01
Cd2+ 250 +5.52 + 8.32
Pb2+ 50 +9.60 + 11.27
Sn2+ 1 before EDTA masking:

+42.90
after EDTA masking:
+8.23

before EDTA masking:
+31.30
after EDTA masking:
+ 10.15

Fe2+ 1 before EDTA masking:
+14.32
after EDTA masking:
-2.61

before EDTA masking:
+26.40
after EDTA masking:
-1.54

Fe3+ 1 before using L -ascorbic acid masking:
+26.85
after L-ascorbic acid masking:
+10.0

before using L-ascorbic acid masking:
+38.2
after L-ascorbic acid masking:
+6.72

Cr3+ 10 -11.89 -9.82
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Table 3: Determination of Al(III) in drinking water and tap water samples by applying the proposed method.

Samples

Spectrophotometric Analysis Smartphone-based Analysis

Spiked
   (µM)

Found
  (µM)

Recovery
     %

RSD %
(N=3)

Spiked
  (µM)

Found
  (µM)

Recovery
     %

RSD % 
(N= 3)

Drinking
water

37.0 36.9 99.73 1.25 18.5 18.2 98.38 1.54
111.0 112.1 100.99 2.11 37.0 37.1 100.27 0.96
185.0 184.7 99.84 0.98 55.5 54.6 98.38 0.80

370.0 359.4 97.14 0.77 74.0 72.1 97.43 2.35

Tap water 37.0 36.5 98.65 2.23 18.5 18.0 97.30 1.63
111.0 110.9 99.91 0.92 37.0 35.2 95.13 2.65
185.0 183.7 99.30 1.12 55.5 52.3 94.23 1.24
370.0 348.4 94.16 0.99 74.0 72.1 97.43 1.72

Table 4: Statistical comparison of the proposed method with ICP-OES reference method for the
determination of Al(III).

Method
Mean
Conc.
 (µM)

SD (σ) Sa,b ta,b Ttableb Fb Ftableb

Proposed method
(For spectroscopy)  372.96  0.108 - - - - -

ICP-OES 
reference method 
(For spectroscopy)

 368.15  0.046 0.051 1.80 2.306 5.60 6.39

Proposed method 
(For smartphone)  75.92  0.051 - - - - -

ICP-OES 
reference method
(For smartphone)

75.55  0.050 0.056 0.47 2.306 0.78 6.39

aS2=((n1–1)s12 +  (n2–1)s22)/(n1+n2–2)  and  t=(ā1–ā2)/(S(1/n1+1/n2)1/2),  where  S  is  the  pooled  standard
deviation, s1 and s2 are the standard deviations of the two populations with sample sizes of n1 and n2, and
sample means of ā1 and ā2 respectively (t has (n1+n2–2) degrees of freedom); here, n1=n2=5.
bStatistical comparison made on paired data produced with proposed and reference methods; the results
given only on the row of the reference method.

4. CONCLUSION 

In  this  study,  in  accordance with the principles  of
green  analytical  chemistry,  anthocyanin-rich
fermented black carrot  juice was used as a green
and  chromogenic  agent  instead  of  polluting
chemicals in order to determine the concentration of
Al(III) ions in water samples. The application of this
developed  method  to  real  water  samples  is  eco-
friendly,  simple,  fast,  and  practical.  In  addition,
fermented black carrot juice is a healthy beverage
rich  in  antioxidants  and  anthocyanins,  and  it  is  a
chromogenic agent that can be used safely in the
laboratory and is quite cheap (approx. 0.44 €). As
can be seen from Table 1,  the preparation of  the
chromogenic agent by other methods is very time-
consuming and complex steps, and furthermore, the

proposed spectrophotometric method allows a very
wide  linear  Al(III)  concentration  range  (37.0  to
1850.0  µM)  without  any  preliminary  preparation.
Thanks to the closed box system for analysis,  the
method developed based on a smartphone ensures
usability in any field due to its portability and it can
be easily applied to samples. Smartphones are more
reachable  and  cheaper  than  other  portable
analytical devices. The high recoveries obtained by
the  application  of  both  detection  methods
demonstrate their accuracy and applicability to real
samples  (tap  water  and  drinking  water)  for  the
determination  of  Al(III).  Additively,  the  recorded
relative  standard  deviation  values  were  very  low
(<5.0%)  for  spectrophotometric  and  smartphone-
based methods.  LOD values of  spectrophotometric
and  smartphone-based  methods  are  6.67  µM and
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4.40 µM, respectively, and both proposed methods
obtain the required WHO permissible detection limit
for Al(III) in drinking water. This method may open
the  way  to  novel  low-cost  Al(III)  quantification
methods without any extraction processes utilizing
anthocyanin-rich  fermented  black  carrot  juice
obtained from local markets. 
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