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Abstract

Removal of Cu(ll) using polyphenolic compounds was investigated under batch settings. The influence of
extract concentration, initial concentration of metal ion, and contact time on Cu(Il) removal was evaluated by
Taguchi’s L9 OA; and Larger-the-better analysis and ANOVA was used to find the optimum experimental setup
and the impact of various variables. The most significant factor was contact time. Maximum Cu(ll) removal of
860.2% experimentally was achieved under the optimal conditions (5 mg/ml; 100 mg/L, and 3 hours)
polyphenolic compounds of Phragmites Australis (Cav.) Trin. Steud. root.
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Introduction

One of the main economic uses of phytoremediation
is the photoextraction of heavy metals (Ghori ez /.
2016; Anoopkumar er al. 2020; Kafle e al 2022;
Miranda et al. 2022). This is due to the size and
severity of the environmental issues caused by soil
and water that have been poisoned by metals, as well
as the competitive advantage provided by technology
based on plants. By employing plants to reduce,
degrade, or immobilize toxins,
primarily those with anthropogenic origins, phytore-
mediation aims to clean polluted areas. Indeed, some
plants have thrived in metal-enriched environments.

environmental

Some of these species have accumulated unusually
high concentrations of toxic metals, sometimes
exceeding trace metal levels. They are known as
accumulators of lead, nickel, zinc, selenium, cobalt,

copper, manganese and many other metals present in
the soill (Kumar e al 1995). Metal-accumulating
substances are plant bioactive compounds such as
tannins, polyphenols, flavonoids and saponins present
in these plants, which are responsible for the phyto-
extraction of metal ions. Environmental protection is
severely hampered by the large-scale discharge of
wastewater that contains toxins like Ni, As, Zn, Co,
Cu, Cr, Cd, and Pb. Environmental pollution is
generally linked to anthropogenic activities related to
mining, agticulture, and industrial production (Saikia
et al. 2017; Matias et al. 2023). Nature is becoming
unable to purify itself (Yadolahi ez @/ 2020). Heavy
metals ions have the potential to enter the food chain,
cause serious health issues for humans, and have a
considerable deal of solubility in aquatic settings and
the capacity to be absorbed by living species (Kabuba
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and Lukusa, 2021). Under these conditions, it is
imperative to remove heavy metals from wastewater
before they are released into the environment by using
polyphenolic compounds as adsorbents (Pandey &
Bajpai, 2019). Thus, numerous research efforts are
directed towards reducing environmental degradation
and the spread of pollution. To achieve this, several
materials are used as adsorbents for the metals
contained in water and/or effluents. This includes
activated carbon (Alatabe, 2018), hydrogels (Kabuba
& Lukusa, 2021), hydroxyapatites (Ulucan-Altuntas ez
al. 2020; Ayodele e al 2021), chitosans (Dinu &
Dragan, 2010; Ji et al 2012; Matias et al, 2023),
activated clays (Al-Saydeha e a/ 2017), and natural
organic substances such as polyphenols extracted from
plants (Rodriguez-Arce & Saldias, 2021; Hu ef 4l
2022).  Polyphenols the widespread
phytochemical compounds today, among which are
flavonoids (Jaficzak-Pieniazék e al. 2023). They are
biologically active and important substances for
humans (Han e 4/ 2007; Kumar & Pandey, 2013;
Cano-Avendano e¢f /. 2021). Polyphenolic compounds
are good materials for removing heavy metal ions
from wastewater due to their ability to bind and
complex metal ions with functional groups such as
OH (Raskin ez a/. 1997).

are most

Figure 1
General structure

of polyphenols

Figure 2
Metal ion flavonoid
chelation sites

The chelating properties polyphenolic compounds
(Flavonoids and tannins) for metals such as coppert,
cobalt, lead, iron and aluminum, have long been
known (Massoudi ef 4/ 2007; Karamaé, 2009; Symo-
nowicz & Kolanek 2012; Riha ef al. 2014; Rodriguez-
Arce & Saldias, 2021; Hu ef a/. 2022). The catechol
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motif serves as a crucial structural element for the
creation of chelates (flavonoid-metals), which can be
used to account for this action. The catechol motif, a
bidentate chelation site, has been shown to be
responsible for Fe(Ill) comple-xation (Fernandez er
al. 2002; Mira et al. 2002). The aim of this study was
to evaluate the possibility of depolluting wastewater
loaded with Cu(ll)
polyphenolic

ions by adsorption using
These

compounds were extracted from five plant species

compounds as adsor-bents.
such as Ceratophyllum demersum L. (Cera-tophyllaceae),
Equisetum hyemale L. (Equisetaceae), Phragmites anstralis
(Cav.) Trin. Steud. (Poaceae), Spartina maritima (Curtis)
Fernald. (Poaceae) and Typha latifolia 1.. (Typhaceae)
and to determine their optimal adsorption conditions

using a Taguchi L9 experimental design.

Material and Methods

Extraction of Polyphenols compounds

30 g of dried leaves were macerated in a 70:30
ethanol:water mixture for 24. The resultant hydro-
ethanolic extract was filtered, and then it was evapo-
rated at 45°C under reduced pressure. 300 millilitres
of distilled water were used to dissolve the resulting
hydroethanolic extract. The resultant aque-ous phase
was extracted liquid-by-liquid wusing progressively
more polar solvents, such as petroleum ether,
dichloromethane, and ethyl acetate. To obtain solid
extracts, each acqu ired organic phase was vacuum-
evaporated (Rajbhar ez a/. 2016; Alara et al. 2021).

Experimental set up

For each trial, 50 ml of copper solution of given con-
centration (50, 100, 150 ppm) was added to 200 ml
reactors (Beaker of 500 ml). The polyphenolic extract
of given concentration was added to the reaction me-
dium and the reactors were stirred at 100 rpm and at
room temperature (25 + 2 °C). After a certain period
of time, the samples were taken, filtered and subjec-
ted to atomic absorption spectrometry analysis to
determine the residual copper concentration. The
percentage removal of copper was calculated using
Equation [1].

Cop—C
R (%) =070 100 ]
o
where C is the initial concentration of Cu ions in
solution, and C; is the final concentration of metal in

solutions at time £
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Cu?* solution (pH = 5)

Figure 3
Diagram of the process for
adsorption of copper ions

Optimization set up

Under any relevant constraints, one or more fun-
ctions are maximized or minimized using a mathema-
tical programming technique called optimization.
Minimizing both desired and undesired variables whi-
le still adhering to the constraints is an alternative
method for identifying the optimal performance. The
main goal of using optimization techniques is to im-
prove performance by running fewer tests, which lo-
wers the overall cost of the experimental effort (Saini
et al. 2019; Kabuba and Lukusa, 2023).

Taguchi Method

Additive cause-effect is the fundamental concept be-
hind Taguchi techniques. Let's say we have two
variables that affect a process (A and B). Let a and §
represent the impact of factors A and B, respectively,
on the response variable Y. The major impacts, as
described by Taguchi, can often be modeled using an
additive cause-and-effect model in real-world applica-
tions (Taguchi and Konishi, 1987; Krishnaiah and
Shababudeen, 2012). Equation [2] is how the additive
model is expressed.

Yy=ﬂ+al»+/7’j+ey 2]

where, © = mean value of Y in the region of
experiment; @; and f§; = individual or main effects of
the influencing .4 and B and, ¢; = error term.

Mathematical Model

The Taguchi technique is an effective quantitative and
standardized Design of Experiment (DOE) approach
to study the effects of numerous parameters at once
in order to identify the best outcome. The Taguchi
model needs fewer tests than the Response Surface

Polyphenolic
extracts
\
: 1' i
/ | \
AAS analysis

Methodology (RSM) to identify a process' ideal
conditions (Saini ¢ al 2019; Yadolahi ¢ al 2020).
Taguchi devised an exclusive design known as
Arrays  (OA) to the whole
parameter space with a small number of tests. The
results of the experiment are then used to calculate
the signal to noise (S/N) ratio. To determine how far
or close quality parameter values are from the desired
values, the S/N ratio is used (Vankand & Ganta,
2014; Svilovi¢ e al. 2019). The S/N ratio study
classifies quality attributes into three groups: bigger is
better, smaller is better, and nominal. The formula for
calculating S/N ratio is given in equations [2] through
4. When a smaller value is desired, the phrase "The
Smaller the Bettet" is employed

S
N ratio ()= —10 log %2:_1 Y 2 (3]

Orthogonal study

where y; is the observed response value and # the of
replication.

Namely the best is applied in situations where the
fluctuation around the nominal or goal value is at a

minimum.
2

S W
N rato (n)=—10log, ) [4]

where u is the mean and o is the variance.
In cases where a larger value is required, higher is
better is utilized.

S 7 Zn 1
g rato (m=-10 logm; i y2 [5]
1
where y; is the observed response value and 7 the

number of replication.
The variance of the data was calculated using Equa-
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tion [5], which states that the bigger the S/N, the
better. ANOVA was used to improve the S/N results
even more. The Taguchi design of experi-ments is
used in this study to alter the process parameters for
copper ion adsorption, and the ANOVA analysis is
used to assess the effects of each parameter. The
main objective of the current work is to apply the
Taguchi method design to optimize the adsorption
process parameters and the ANOVA to assess the
significance of each process parameter (Hasan &
Setiabudi, 2019; Razmi & Ghasemi-Fasaei, 2018).

The statistical analysis MINITAB version 19 softwa-

Table 1. Taguchi 1.9 design of excperiments

are was used to perform Taguchi and ANOVA
analyses as well as to build regression models. By
considering the three factors listed in Tables 1 and 2,
the Robuste Taguchi model has been connected to an
analysis of variance (ANOVA). The Taguchi's L9
orthogonal array (Table 1), which contains three
columns for the controllable factors and nine rows
for the total number of tests, was used to set up the
trials. The concentration of polyphenolic compounds
(A), initial concentration of Copper ion (B), and
contact time (C) all had an impact on the removal of
coppet.

Factors
Trial Level 1 Level 2 Level 3 Level 1 Level 2 Level 3 Level 1 Level 2 Level 3
number 3 5 10 50 100 150 1 2 3
A (mg/mL) B (mg/L) C (hour)
1 3 50 1
2 3 100 2
3 3 150 3
4 5 50 2
5 5 100 3
6 5 150 1
7 10 50 3
8 10 100 1
9 10 150 2

Results and Discussion

Taguchi experiment

Batch experiments using polyphenolic compounds of
C. demersum, E. hyemale, P. australis, S. maratina, and T.
latifolia extract for copper ions adsorption. Expe-
riments were conducted according to the Taguchi L9
design (Table 1) in order to find out the optimum
combinaison for variables for the adsorption of
copper ions using polyphenolic compounds extracts.
The experimental domains for different variables with
their codes is shown in the Table 1. Taguchi Robust
plan was applied to analyse the interactive effect of
three factors on adsorption capacity. The three fac-
tors studies were polyphenolic compounds concentra-
tion, initiale concentration in copper ion, and contact
time for copper ions adsorption in aqueous solution.
Nine trials were carried out for each organ plant
species studied, for a total of 063 experiments
according to design (Table 1). Table 2 summarizes the
optimal operating conditions for removal copper by
the polyphenolic compounds of different plants The
optimum of copper adsorption effiencies were 66.8

17

and 83.2% (Table 2) for root and stem of 1. /atifolia,
respectively and 86.2% with P. awstralis root. These
optimum yields were obtained under the operating
conditions of 5mg/ml polyphenolic extract (T.
latifolia root, T. latifolia stem, and P. australis root),
100mg/L initial Coppet ion concentration and 3
hours of contact time. The higher removal efficiency
of copper ions was observed with root’s polyphenolic
compounds as adsorbent (Yadav et a4l 2021).
Optimums for P. australis stem (69.4%) and E.
Hyemale (82.2%) were obtained under the same
operating conditons of 3 mg/ml polyphenolic
extract, 150 mg/1 initial metal ion concentration for a
contact time of 3 hours. With §. maratina polyphenolic
extract, the optimum yield was 44% for 10 mg/mL
extract, 50 mg/L and 3 hours contact time, while with
C. Demersum extract, the optimum yield was 70.7% for
5 mg/ml polyphenolic extract, 150 mg/L initial metal
ion concentration and 1 hour of contact time. This
scenario of ions being adsorbed observed by many
plant species is confirmed by some anterior research
(Sarwar ¢f al. 2016; Muthusaravanan ez a/. 2018).
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Table 2. Cu removal efficiency by polyphenolic compounds

Trial A B c  Response
(%)
T. latifolia root
1 3 50 1 64.0
2 3 100 2 12.2
3 3 150 3 61.8
4 5 50 2 20.2
5 5 100 3 66.8
6 5 150 2 33.3
7 10 50 3 43.9
8 10 100 1 61.0
9 10 150 2 29.3
T. latifolia stem
1 3 50 1 15.4
2 3 100 2 9.6
3 3 150 3 34.8
4 5 50 2 20.7
5 5 100 3 83.2
6 5 150 1 30.0
7 10 50 3 65.0
8 10 100 1 61.0
9 10 150 2 33.3
P. australis root
1 3 50 1 62.0
2 3 100 2 25.7
3 3 150 3 58.7
4 5 50 2 35.3
5 5 100 3 86.2
6 5 150 1 33.3
7 10 50 3 48.0
8 10 100 1 64.0
9 10 150 2 20.0

Compared with some other studies on the removal of
copper ions from water, polyphenols extracted from
the metallophytic plants species in our study showed
copper These
efficiencies ranged from 2 to 83.2% for contact times
varying from 1 to 3 hours. The use of fungal pellets
achieved 95% removal efficiency at 25°C, pH 5.5, for
an initial copper concentration of 100 ppm and
stirring at a speed of around 250 rpm for 72 h (Al-
Shammati ez al. 2023). Furthermore, in their study,

low ion removal efficiencies.

18

Trial A B c  Response
(%)
P. australis stem
1 3 50 1 42.0
2 3 100 2 58.9
3 3 150 3 69.4
4 5 50 2 33.3
5 5 100 3 62.5
6 5 150 1 43.3
7 10 50 3 44.0
8 10 100 1 51.0
9 10 150 2 12.0
S. maratina
1 3 50 1 44.0
2 3 100 2 12.6
3 3 150 3 43.3
4 5 50 2 26.8
5 5 100 3 34.7
6 5 150 1 33.3
7 10 50 3 41.4
8 10 100 1 43.0
9 10 150 2 10.7
E. hyemale
1 3 50 1 10.0
2 3 100 2 67.4
3 3 150 3 82.2
4 5 50 2 21.8
5 5 100 3 58.1
6 5 150 1 6.7
7 10 50 3 65.6
8 10 100 1 8.0
9 10 150 2 9.5
C. demersum

1 3 50 1 12.0
2 3 100 2 125
3 3 150 3 18.0
4 5 50 2 24.5
5 5 100 3 15.8
6 5 150 1 70.7
7 10 50 3 49.4
8 10 100 1 2.0
9 10 150 2 6.7

Ulucan-Altuntas ez a/. (2020) achieved copper removal
higher than 90% wusing 514.0 mg I!
nanohydroxyapatite for a contact time of 60.4 minu-
tes. On the other hand, using hydroxyapatite from
eggshells, Ayodele e a/. (2021) achieved an adsorption
efficiency of 99.99% after 360 minutes of contact.
They also observed that hydroxyapatite could be reu-

rates

sed after ten cycles of use. However, copper adsor-
ption efficiency was totally reduced 95.88 and 62.13%
respectively for the first and tenth cycle of use.
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These studies were carried out under totally different
conditions of pH, contact time, temperature and
initial copper ion concentration in the water. So, for
our study, the copper removal yield could increase if
we also adjust the operating conditions.
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Taguchi analysis of main effect plot S/N ratio and
ANOVA

The S/N analysis was catried out by examining the dif-
ferences between the means of the means of the factor
levels using the graphs of the main effects (Fig- 4). This

b) Effect of factors an copper elimination rate
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Figure 4
Response graph method

a) S/N ratio for T. /atifolia root
b) S/N ratio for T. /atifolia stem
¢) S/N ratio for P. australis root
d) S/N ratio for P. australis stem
¢) S/N ratio for S. maratina

f) S/N ratio for E. hyemale

@) S/N rato for C. demersum
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analysis according to the Taguchi method considers
the greatest the most
parameter (Kouassi e a/ 2018). The experimental
results collected from Taguchi/Orthogonal Atrray
(Table 2) using the response graph method were
linked to analysis of variance (ANOVA) in order to
determine the impact of each parameter (A, B, and C)
on copper removal efficiency. This response graph
method is very easy to understand and apply. The
regressional analysis for this optimization of the

difference as influential

synthesis parameters is shown in  terms of the
coefficients, degree of freedom (DF), sum of squares
(8S), mean square (MS), F and probability p-value in
Table 3 (Maity & Ray, 2017). The adequacy and
sinificance of the model were examined using ANOVA
for removal of metal ions. The significance of the
factors can be examined by the p-value and the smaller
magnitude of p-value <0.05 portray as the more
significant factor (Saini e /. 2019; Hasan & Setiabudi,

2019).

T. latifolia root Table 3
Source DF SS MS F-value p-value ANOV'A
A 2 57 29 0.06 0.940 analysis with
B 2 44 22 0.05 0.953 pobyphenolic
® 2 2419 1210 2.7 0.272 componnds
Residual Error 2 905 453 - -
Total 8 3427 - - -
T. latifolia stems
A 2 1784 892 14,21 0,066
B 2 655 328 5,22 0,161
C 2 2437 1219 19,42 0,049
Residual Error 2 126 63 - -
Total 8 5002 - - -
P. anstralis root
A 2 89 44 0,12 0,890
B 2 681 341 0,95 0,512
C 2 2198 1099 3,07 0,245
Residual Error 2 715 358 - -
Total 8 3683 - - -
P. australis root
A 2 668 334 2,59 0,279
B 2 569 284 2,20 0,312
C 2 861 430 333 0,231
Residual Error 2 258 129 - -
Total 8 2356 - - -
S. maratina
A 2 6 3 0,04 0,961
B 2 122 61 0,89 0,528
C 2 1081 541 7,88 0,113
Residual Error 2 137 69 - -
Total 8 1346 - - -
E. hyemale
A 2 1245 622 1,93 0,341
B 2 282 141 0,44 0,696
C 2 5535 2768 8,58 0,104
Residual Error 2 645 323 - -
Total 8 7707 - - -
C. demersum
A 2 857 429 0,44 0,694
B 2 823 411 0,42 0,703
C 2 361 181 0,19 0,843
Residual Error 2 1944 972 - -
Total 8 3985 - - -
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Statistical analysis (ANOVA) for adsorbing of copper
are presented in Table 3 and the effect of the three
main factors in the design are presented briefly. Also,
because with 9 experiments, the effect of the intera-
ction of factors connot be investigated, the effect of
the interaction of factors between AB, AC, and BC
has been discared. Based on the design of ANOVA,
the more the p-value of the investigated factor is
smaller (close to zero), the more effective it is. In the
same condition, the sum of squares (SS) will be decisi-
ve, so larger the SS number, more effective it will be.
As it can be seen, the result of ANOVA analysis for
adsorbing copper from aqueous solution by polyphe-
nolic plant compounds are consistent with the results
of the analysis of the effect of the factor considered in
the previous section (Razmi & Ghasemi-Fasaei,
2018). Thus, based on the response graph method
(Figures 5) connected to ANOVA analysis (Table 3);
it was observed that the contact time (C) was the
most influential parameter on the S/N (35.0, 35.0, 30,
35.4, 32, 36.4, and 29.8) ratio during the Cu removal
process by polyphenols from different plants with the
exception of C. Demersum, which depends on the ini-

tial concentration of copper ion. The lowest p-values
were: 0.272, 0.049, 0.245, 0.231, 0.113, 0.104 and
0.703 for T. latifolia root, T. latifolia stem, P. australis
root, P. australis stem, S. maritina, E. Hyemale, and C.
demersum. 1t was found that the regression was
statistically significant at F-value of 2.7, 19.42, 3.07,
3.33,7.88, 8.58, and 0.44 (S/N = 29.8) (A) for copper
ions indicate model terms atre significant. The highest
optimal Cu(Il) removal yield (Table 4) is 86.2% with
polyphenolic compounds of P. australis root, followed
by T. latifolia stem (83.2%) and E. hyemale (82.2%). C.
demersum and P. awstralis stem had a similar optimal
copper removal yield of 70% and are followed by T.
latifolia root (66.8%). Only S. maritina had an optimum
yield of less than 50%. The plants under study are
typically found by rivers or on their banks, and their
concentration of polyphenolic chemicals has been
shown to be appropriate. By obstructing metal ions in
their roots, stems, and leaves which would prevent
them from migrating towards watergrounds or
assimilating into the food chain, cultivating it next to
mining areas or riverbanks would be advantageous in
reducing soil and water pollution.

Plant species A B C Response (%) Table 4 _ N

C. demersum 5 150 1 70.7 rgjﬁﬁgﬁl% Z;ZZZZ% -
E. hyemale 3 150 3 82.2 compounds

P. australis root 5 100 3 86.2

P. australis stem 3 150 3 69.4

S. maritina, 3 50 1 44.0

T. latifolia root 5 100 3 66.8

T. latifolia stem 5 100 3 83.2

Conclusions

The aim of this study was to determine the optimal
conditions for the removal of Cu(ll) in aqueous
solution using polyphenolic extracts from different
plants such as: T. Latifolia, P. Australis, S. Maratina, E.
Hyemale and, C. Demersum. The optimization was
performed wusing Taguchi's L9 orthogonal array,
which was associated with ANOVA to assess the
significance of each process parameter. Thus, the
highest efficiency of Cu(Il) removal was 86.20% with
polyphenolic compound compounds of P. australis
root. The contact time was the most influential
parameter of the copper removal process and those,
for all polyphenolic compounds of the different
plants and the S/N ratio was 36 with P. australis root

21

and whose optimal conditions were: 5 mg/mL, 100
mg/L, and 3 houts.
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