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Abstract

Here, ethylenediamine-epichlorohydrin-trichlorophenol (EET) cross-linked polymer was synthesized and characterized by
Fourier Transforms Infrared spectroscopy (FTIR), thermogravimetric analysis (TGA-DSC) and scanning electron microscopy
(SEM). EET exhibited substantial antibacterial activity with inhibition zones of 38 and 64 mm against E. coli and S. aureus
bacteria. Therefore, it was applied to treat methyl orange (MO) and rhodamine B (RB) dyes containing synthetic aqueous
solutions under varying operation parameters. Notably, 10 and 15 mg of EET removed 98.72% of MO at pH 8 and 92.45%
of RB at pH 3. Moreover, EET cross-linked polymer retained stable activities of about 98.6% over five consecutive recycling
runs for MO dye. The EET demonstrated a fast adsorption rate and the adsorption data fits well with the pseudo-second-order for
both dyes, suggesting chemisorption. Also, considering the correlation coefficient values, the experimental dataset fits suitably
with Temkin equation for RB and Langmuir equation for MO. Thermodynamic evaluations for both dyes show spontaneity onto
the cross-linked polymer.
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Introduction biodegradation [9, 10]. While rhodamine B (RB) a cationic

dye is a fluorescent-based xanthine dye, usually used as track-

Water pollution emanating from textiles, paper and leather
tanning industries is an increasing environmental problem
[1]. Globally, ~10 x 10° dyes are available and used in differ-
ent industries; the majority of these dyes remained in the water
after the manufacturing processes and further released into the
water sources [2—7]. Azo dyes like methyl orange (MO) is
anionic and often used in textiles, food industries, pharmaceu-
tical and printing shops [8]. Reports revealed that it is a carci-
nogenic, water-soluble, chemically stable and resistance to
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ing in pharmaceutical industries, paper printing and textile
[11, 12]. Reports have shown that it is a carcinogenic, neuro-
toxic effects, also it causes respiratory and gastrointestinal
tract irritation, and reproductive toxicity in both humans and
animals [13]. Besides, several acute reactions to excessive oral
exposure to RB have been reported with various types of skin
rash [10]. The presence of a tiny amount of these dyes in water
is apparent and unfavourable for the aquatic environment due
to their toxicity and ability to inhibit light penetration [4-6].
Exposure to a concentrated dosage of the dyes is lethal and
can trigger different diseases including cancer, lungs infection
and dermatitis [7, 14].

Adsorption technique is widely used to remove dyes
from solutions due to its simplicity, the non-selectivity
and inexpensive nature [15]. The use of polymers as an
adsorbent to extract dyes from wastewater has become
favourable due to their eco-friendly nature, renewability
and reported superior performance [16]. Note that not all
polymers are eco-friendly; however, among bio-friendly
polymers, chitosan has commonly been applied due to its
non-toxic nature, biological and chemical properties.
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Munagapati et al. [17] employed chitosan beads to extract
73 mg/g of MO from aqueous solution and suggested that
the MO bound with the hydroxyl and protonated amino
groups on the surface of chitosan [17]. Kaushal and
Tiwari [18] adsorptively applied alginate beads to remove
0.08 mg/g of RB dye from the aqueous solution.
Ethylenediamine-epichlorohydrin cross-linked polymer
was prepared by condensation polymerization effectively
adsorbed 11.7 mmol/g of nitrite ions [19], and also dem-
onstrated high removal efficiency reactive brilliant red dye
from wastewater which was ascribed to its hydrophilic and
hydrophobic groups [20]. Poly(dimethylamine-co-
ethylenediamine-co-epichlorohydrin) was used as a chelat-
ing agent for copper ions from wastewater [21]. It is wor-
thy to mention that polymeric adsorbents have consistently
demonstrated high performance in water treatment consid-
ering these numerous reports [17-22].

Note that the presence of pathogens in water is another
serious problem limiting the accessibility to potable water
resources. Even though the majority of the polymeric ad-
sorbents have demonstrated sufficient adsorptive capabil-
ity, very few possess antimicrobial activities. Like chito-
san, chlorophenol compounds (like 2,4,5-trichlorophenol,
TCP) have been applied as antiseptic agents due to their
devastating antimicrobial activity [23]. However, they
have limited application because of their potential toxicity
[24].

To design a polymeric material with sufficient adsorp-
tion efficiency and substantial antimicrobial activity,
ethylenediamine-epichlorohydrin-trichlorophenol (EET)
cross-linked polymer was prepared in this study via a
condensation polymerization technique. The physico-
chemical characters of the as-prepared EET were investi-
gated and its adsorptive behaviour in the presence of
methyl orange and rhodamine B dyes was established un-
der varying conditions (pH, initial concentration, EET
dosage and temperature). Furthermore, thermodynamics,
Langmuir, Temkin and Freundlich adsorption isotherms,
and adsorption kinetics of EET polymer were calculated.
Besides, the inhibition growth of EET polymer was ob-
served against E. coli and S. aureus bacteria. Also, the
reusability tests of EET cross-linked polymer were stud-
ied over five repeated reuse cycles.

Materials and methods

Materials

Rhodamine B (RB, 479.02 g/mol), hydrochloric acid,
2,4,5-Trichlorophenol (TCP), epichlorohydrin (ECH),

chloroform, ethylenediamine (EDA), sodium chloride
and ethanol were brought from Sigma-Aldrich (USA).

@ Springer

Methyl orange (MO, 327.33 g/mol) was purchased from
(BDH) England. Staphylococcus aureus (S. aureus,
ATCC 29213), Escherichia coli (E. coli, ATCC
25922). Triethylamine (TEA), acetone and Muller
Hinton Agar (MHA) were purchased from Merck
(Germany). MHA and bacteria were used in the disk
diffusion antimicrobial test.

Synthesis of cross-linked polymer (EET)

In a 50 ml round bottom flask, 0.30 g of TCP was dis-
solved with 50 and 235 ul of EDA and ECH respectively,
with the mole ratio of 2:1:4. Then, 1 ml of TEA was
added as a base and the mixture was stirred at 250 rpm
for 5 h at 85 °C. The product was formed; the base and
the unreacted liquids were removed by a vacuum oven at
50 °C overnight. The product was washed by chloroform
to remove unreacted components. EET cross-linked poly-
mer (Fig. 1) was filtered and washed by water and ace-
tone. Then, it was dried at 40 °C overnight (percentage
yield 76.2%).
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Fig. 1 Structure of EET cross-linked polymer
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Adsorption experiments

All adsorption trials were performed at 200 rpm using 100 ml
flask containing 25 ml of dye solutions. The effect of adsorp-
tion parameters such as pH (2-9), initial concentration (10—
100 ppm), adsorbent dosage (10-20 g), reaction time (024 h)
and effect of temperature (30-50 °C) were investigated. The
pH of the solutions was adjusted by 0.1 M of HCl and 0.1 M
NaOH. Results reported herein are the average of duplicate
trials. After adsorption, the solution was filtered by filter pa-
per, and the filtrate analyzed for residual MO and RB concen-
trations by UV-vis spectroscopy (T90+ Ultraviolet-visible
spectrophotometer PG Instruments Ltd., UK) at the maximum
wavelengths of 464 and 354 nm, respectively.

The concentrations were determined using a linear regres-
sion equation obtained by plotting a calibration curve of MO
and RB absorption over a range of concentrations with R?>
0.999 for both MO and RB. The uptake capacity at any time or
equilibrium (mg/g) and removal (%) of the polymer were cal-
culated as described elsewhere [25]. To understand the adsorp-
tion mechanism, the pH point zero charge (pHzpc) of adsorbent
was studied using a drift method as follows: initial pH (2-9)
was adjusted by 0.1 mol/L NaOH or HCI. 10 mg of EET poly-
mer was added individually for each pH and agitated at 298 K
with contact time 24 h. In the end, the final pH of the solutions
were measured and plotted vs initial pH [26], pH,,,. determined
as 6.5 as shown in Fig. 2. The experimental results were fitted
with three different isotherm linear models (Temkin,
Freundlich and Langmuir) which have been described in detail
[27]. Also, the thermodynamic behaviour at different tempera-
tures was examined considering the following equations [28]:

K. = Z—: (1)
In(K,) = (Alf ) + (iﬁ;) (2)
AG® = AH°-TAS° (3)

-
o

Final pH
O =, N W b N O N O VO
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Fig. 2 Zero-point charge (pH,p) of EET polymer

Desorption and regeneration of cross-linked polymer

The desorption process of RB and MO dyes were performed
using 10 mg of EET-loaded with MO and RB dyes individu-
ally in 25 ml of 0.1 M HCl and 25 ml of ethanol, respectively.
The EET-loaded dyes were agitated at room temperature for
24 h at 200 rpm. Then the solutions were filtered and the
residual MO and RB concentrations were analyzed by UV-
vis spectroscopy at absorption wavelengths (286 and 354 nm)
respectively. Afterwards, the adsorbent was washed by dis-
tilled water and dried at 40 °C, then subjected to successive
reuse cycles under optimum conditions.

Disc diffusion assay

Disc diffusion assay was conducted by using standard strains
of E. coli and S. aureus to test the antimicrobial activity of the
cross-linked polymer. The inoculation of each bacteria strain
with a concentration of 1 x 10" CFU/mL was done by using
sterile swabs. After the bacteria were inoculated into the
MHA, the polymer discs and empty discs were transferred
on the agar plates for E. coli and S. aureus bacteria. Then,
the agar plates were incubated at 37°C for 24 h under aerobic
conditions. The zone of inhibition was measured in diameters.

Results and discussion
Characterization of EET cross-linked polymer

Thermogravimetric analysis and differential scanning
calorimetry

The thermal properties of the EET were analyzed by TGA
(HITACHI, STA7300, Japan) and DSC (204 F1:
NETZSCH, Germany). Figure 3 shows the results of a)
TGA and b) DSC of the polymer. Figure 3b shows an endo-
thermic peak for the EET. Glass transition (T,) appeared at
—24.7 °C when the polymer changed from solid-state to a
rubbery state. Peaks between 20 and 200 °C referred to change
in the polymer states (from rubbery state to liquid state), this
change is accompanied a change in density (when the density
changes, the mass will change). The main peak of decompo-
sition appeared between 273 to 400 °C. This result was sup-
ported by TGA (Fig. 3a). Around 1% weight loss of polymer
occurred when the temperature increased to 195 °C. Beyond
200 °C, the weight loss gradually increased to 83% at 400 °C
and stabilized at 86%. The decrease in mass% most probable
was due to not only the degradation of the backbone (N-C, C-
C) bonds in the polymer. Also, from the branches
(trichlorophenol, C-C, C-O and C-H bonds), decomposition
of chlorophenols moiety will form gases such as CO, CO,,
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Fig.3 a) TGA and b) DSC of the 100+
EET cross-linked polymer

504

Mass%

Temp °C

r——
N
o
o
»
o
o

Endothermic

-0.44

DSC (mW/mg)

-0.8-

Cl,, and HCI [29]. It can be concluded from these results that ~ were the main peaks of interest. It appeared at 1591 cm™ ' in

the compound is thermally stable. EDA spectra in Fig. 4a, however, its intensity decreased be-
cause it reacted with ECH in the main chain, cross-linked and
FT-IR results branched with TCP. Some of the amines left as primary amine

and appeared around 1600 cm™ ' as shown in Fig. 4b. Peaks at
Fourier Transform Infra-Red (FT-IR) (PerkinElmer, UK) was 2926 and 2860 cm ' referred to C — Hin EDA in F ig. 4a, these
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Fig. 5 FT-IR of a) polymer
adsorbed RB dye, b) polymer
before adsorption and c¢) polymer
adsorbed MO dye
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appeared at 1289 and 1249 ¢cm™'. The broad peak at
3294 cm ' in Fig. 4b correlates with -OH and amine (-NH)
[30]. The peak at 925 and 721 cm™' correlate with (C-O-C)
epoxy and (C-Cl) in ECH spectra Fig. 4c [31]. These peaks
disappeared in the polymer (EET) see Fig. 4b, due to the
reaction.

The last peak appeared at 1029 cm™ ' in Fig. 4b referred
to (C-O-C) ether in the branch between ECH and TCP [32].
Figure 5 shows the FT-IR spectrum of EET before
(Fig. 5b) and after adsorption of MO (Fig. 5¢) and RB
(Fig. 5a) dyes. From Fig. 5c, the amine (N-H) bond around
1600 cm ™' disappeared, and the peak at 1122 cm™' corre-
lated to (S=0) in the MO molecule [33]. Peaks between
1000 and 1100 cm™ ' changed because of the interaction
between the EET and MO dye molecules. On the other
hand, the peaks around 1350 cm ™' in Fig. 5a became wider
due to the chemical interaction between nitrogen in the
EET and oxygen in the carboxylate ion in RB dye
molecules.

Determination of the polymer composition

The polymer formations were examined by elemental
analysis (EuroEA3000, UK). The chlorine content of the
EET was used to find the amount of TCP that reacted.
Table 1 shows the percentage of each element; and found
4.99% of Nitrogen which indicated that all the amount of
EDA had reacted with ECH in the polymer and 8.18% of

Table 1 Elemental
analysis of the EET
cross-linked polymer

Sample %C  %Cl %N 9%H

EET 35 8.18 499 4433

Wavelength(cm™1)

chlorine (2.18 x 10~* mol of TCP) reacted with ECH as a
branch on the polymer.

SEM analysis

The surface morphologies of EET before and after adsorption
of RB and MO were examined by SEM (FEITM.VERSA 3D,
USA) and shown in Fig. 6a-c. The EET exhibited a rough
surface and with visible pores of an average diameter of
2.86 pum (Fig. 6a) before adsorption. After the adsorption pro-
cess of MO dye (Fig. 6b) and RB dye (Fig. 6¢), the surface
morphologies of EET showed that the majority of the pores
were filled by the adsorbed dyes. Comparatively, the surface
morphology of EET containing MO dye exhibited a less
roughened topology than that of EET containing RB dye mol-
ecules. Noticeably, EET-RB exhibited a little rough surface
with some unoccupied pores which might be attributed to the
fact that RB is bulkier (479.02 g/mol) than MO dye (327.33 g/
mol). The observation is consistent with the Freundlich iso-
therm results which suggested physisorption may contribute
to RB adsorption.

Effect of initial solution pH

One of the critical parameter influencing pollutant adsorption
is the solution pH; here, the performance of EET was investi-
gated when the solution pH was varied from 2 to 9. Here,
10 mg EET was used in the presence of 10 ppm of MO and
RB, at 298 K and contact time of 24 h. As shown in Fig. 7.
The performance of EET is high at all pH but remarkable
adsorption was achieved at pH 8; suggesting that both acidic
and basic solutions are suitable for the removal of MO mole-
cules. For MO dye, the removal percentage is 97% at pH 8
while the highest RB removal (70%) was attained at pH 3.
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The pH,,. (the pH at which the surface charges on the
adsorbent is zero) of EET was obtained as 6.5, which means
at pH values lower than the pH,,., the surface of the EET will
be positively charged and vice versa [34]. The adsorption of
MO at the acidic medium is attributed to electrostatic interac-
tion between the positively charged EET surface and the neg-
atively charged sulphonic group of the MO. At alkaline con-
dition. MO adsorption is not electrostatic but might be due to
hydrophobic interaction or noncovalent 7t—7t interactions be-
tween aromatic rings of the dye and that of the
trichlorophenol, which is reflected in the FTIR spectra (Fig.
5). A similar observation has been reported elsewhere [35].
For RB, the adsorption at the acidic medium is likely due to
hydrophobic, 7t—7t interactions or interaction between the pro-
tonated amino group on the polymer and the carboxylate ions
on RB. EET exhibited a wide performance until beyond pH 8,
where the RB removal decreased remarkably which is attrib-
uted to the electrostatic repulsion between the negative
charged EET and the zwitterionic form of RB in solution
[18, 36, 37].

Effect of adsorbent dosage

The effect of adsorbent dosage is illustrated in Fig. 8.
Only slight increases in the removal of MO was noticed
when the EET dosage increased. Particularly, the removal
increased from 92.5% to 94.0% when the dosage was
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g. 7 Effect of pH on a) MO and b) RB adsorptions
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Fig. 6 SEM micrograph (x6000) of a) polymer before adsorption, b) polymer adsorbed MO dye and ¢) polymer adsorbed RB dye
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increased from 10 to 20 mg. On the other hand, noticeable
increases in the removal of RB was seen when the EET
dosage increased; the RB removal increased from 65% to
80% when the amount was increased from 10 to 20 mg.

Effect of initial concentration

The effect of initial dye concentration on the removal effi-
ciency of MO and RB dye solutions in the concentration
range of 10-100 ppm is shown in Fig. 9. As MO dye
solution concentration increased from 10 to 100 ppm, the
uptake capacity increased from 22.74 to 240.71 mg/g,
while RB dye uptake increased from 11.24 to 126.30 mg/
g. The increasing trend of uptake capacity is attributed to
the driving force of the concentration with increasing ini-
tial dye concentration [18]. A similar observation was no-
ticed by Oladipo and Ifebajo [34], they reported that a high
concentration of rhodamine B dye facilitated a higher mass
transfer driving flux. Hence more RB species were
transported from the aqueous solution to the adsorbent sur-
face, which resulted in a higher RB removal.

Adsorption isotherm

The experimental results were fitted with Langmuir, Temkin
and Freundlich models; obtained parameters are presented in
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Fig. 8 Effect of dosage vs % Removal of a) MO (20 ppm, pH 8.0 +0.1)
and b) RB (10 ppm, pH 3.0+ 0.1) at room temperature
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Fig. 9 Effect of concentration of dye solutions, a) MO (pH 8.0 £0.1) and
b) RB (pH 3.0+0.1) vs intake capacity. Amount of polymer 10.0 mg,
volume of solutions 25 ml and temperature room temperature

Table 2. Considering the correlation coefficient value, the
Langmuir isotherm model is suitable to describe the adsorp-
tion process of MO with R > 0.998. This implies that the EET
contained active functional groups that are uniformly distrib-
uted and with the same energy level and thus initiate a mono-
layer coverage of the dye molecules via chemisorption mech-
anism [38]. However, RB adsorption is best described by
Temkin R*=0.9990 compared to the Langmuir which R? is
0.9777 and Freundlich models with R?=0.9911. According
to Temkin model, the adsorption energy diminishes directly
with the surface covering of EET polymer because of
adsorbate-adsorbent interaction (chemisorption system) [27,
34, 39, 40].

Effect of temperature and thermodynamic
parameters

The performance of EET was examined at three different
temperatures (303, 313 and 323 K) and the thermodynamic
parameters including enthalpy change (AH®), free Gibbs
energy change (AG®) and entropy change (AS°) were cal-
culated. The removal efficiencies of MO and RB decreased
with increasing temperature which is consistent with the
data listed in Table 3, where the adsorption of MO and
RB is noted to be exothermic due to negative values of
AH°. The negative value of AS° for RB adsorption indi-
cates a decrease in the degree of randomness of the RB dye
molecule at the solid-liquid interface during the adsorption

Table 3  Thermodynamic parameters of the adsorption of MO and RB
Dyes onto EET cross-linked polymer
AG® (KJ/mol) AH° AS°
(KJ/mol) (J/mol.K)
303 K 313K 323K
Methyl Orange (MO) —9.849 -9.884 9918 -8.814 +3.417
% Removal 9526 94.62 94.18
Rhodamine B (RB)  —7.870 —6.223 —4.576 —57.768 —164.68
% Removal 93.56 8521 77.90

process. The positive AS° value of MO denotes an in-
crease in the degree of randomness since heat is not trans-
ferred from the environment to the system (AH® is nega-
tive) which is isolated, therefore the entropy is considered
as the main driving force for adsorption This value was
expected since MO molecule is anionic (has a negative
charge) and the dye solution is basic (pH = 8) with a neg-
ative charge, leading to a significant repulsion between the
negative charges of the solution and the dye molecules
which results in rising of AS® value (positive). Moreover,
the values of AG® at all temperatures for both dyes are
negative which revealed the spontaneity of the adsorption
process [28, 41].

Kinetics studies

Figure 10 shows the adsorption rate of MO and RB dyes
when 10 and 15 mg of EET were used to remove 50 ppm
of the MO and RB dye solutions respectively. The remov-
al of the dyes was rapid where more than 50% was re-
moved after 15 mins for MO and 50 mins for RB dye.
Note that MO removal rate reached equilibrium after 4 h
to with more than 98% removal, while 91% of RB was
removed after 12 h. The experimental results were fitted
into the pseudo-first-order and pseudo-second-order kinet-
ic models and obtained parameters are given in Table 4.
Considering the correlation coefficient and calculated ¢.,
the pseudo-second-order model fits well with the experi-
mental results. Specifically, the correlation coefficient of
the pseudo-second-order model (R?> of MO and RB>

Table2  Adsorption isotherms parameters of MO and RB onto EET cross-linked polymer

Dye type Langmuir Freundlich Temki

“ e =" o + 1y Log(q.) = Log(K ) + (3)log(cc) 9. = 6?) (In(ce) + In(kr))

Grmax by R Kr R br Ky R
MO 144.9 0.56 0.9986 29.57 0.7 0.8687 110.1 4.1 0.9866
RB 1493 0.24 0.9770 41.57 2.1 0.9911 43.7 1.0 0.9990
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Fig. 10 Effect of contact time on percent removal of a) MO dye solution

(50 ppm, pH 8.0, 10.0 mg) and b) RB dye solution (50 ppm, pH 3.0,
15.0 mg) at room temperature

0.99) is higher than that of the pseudo-first-order model
(R? of MO >0.97 and RB>0.98). Also, the theoretical qe
values of pseudo-second order are nearer to the experi-
mental values, suggesting chemisorption.

Desorption and regeneration of cross-linked polymer

The desorption of the adsorbed dyes from the polymer was
investigated by using 0.1 M HCI and ethanol as eluents for
MO and RB dyes, respectively. Clearly from Fig. 11a,
more than 50% of MO was desorbed after 5 mins from
the EET which extended to 98% after 45 mins.
Contrastingly, only 51% of RB dye was desorbed after
90 mins as presented in Fig. 11b. The reuse of the desorbed
EET was evaluated after thermal treatment at 40 °C
Table 5. EET maintained sufficiently high performance
even after 5 recycle uses (98.72-98.65%) within 4 h. In

100 = -

90 a
80
T 7
& 60
2 50
) b
X 30
20
10
0% . . .
0 50 100 150
Time (min)

Fig. 11 Releasing of a) MO from polymer by (0.1 M HCI) and b) RB
from polymer by ethanol

comparison, the removal efficiency for RB decreased from
92.45% to 47.39% after consecutive reuse within 24 h. It is
worthy to note that EET efficiency decreased by 45.1%
after reused twice for RB adsorption, suggesting it has
higher affinity and remarkable adsorptive potential for
MO, which may be due to its lower molecular weight
(327.3 g/mol) compared to the larger (479.02 g/mol) RB
dye. The performance of EET is compared with other re-
ported polymeric adsorbents in the literature as presented
in Table 6. As noted, EET performance is superior; for
instance, Bahrudin et al. [42] reportedly applied
polyaniline to remove MO dye and achieved 125 mg/g at
pH 6.5, likewise, Allouche et al. [43] reported that chitosan
only achieved 29 mg/g removal of MO from the aqueous
solution at pH 3.0. EET efficiency is higher than the mod-
ified Moroccan clay containing cetyltrimethylammonium
bromide, which removed 78.74 mg/g of RB dye at pH 7.

Table 4  Kinetic parameters of Methyl Orange and Rhodamine B Adsorption onto EET polymer

Type of dye 1st Order Orde q. (Exp)(mg/g)
)= k. _ (1 \_(«
In(g, ~ g) =In(g.) ~ky -1 “ ()
g (mglg)  ky(min) R go=qimg/  q.(nglg)  k (gmgmin) R’ q.~q: (mgg)
g)
RB 43.88 0.0064 0.97 —33.17 0.000311 0.9985 295 77.05
MO 129.31 0.0396 0.982 59 133.33 0.000553 0.9957 9.92 123.41

Table 5 % Removal of MO and

RB dye solutions by reuse the
cross-linked polymer

@ Springer

Number of repetition

% Removal of MO dye solution

% Removal of RB dye solution

Ist

2nd
3rd
4th
5th

98.72 92.45
98.66 47.39
98.66 -
98.65 -
98.65 -
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Table 6 Comparison of the adsorption capacities of various adsorbents towards Methyl Orange and Rhodamine B Dyes

Adsorbent

Experimental conditions ¢,.x (mg/g) Refs

MO Activated carbons of corncob derived char wastes
Graphene oxide
Chitosan
Chitosan intercalated montmorillonite
Polyaniline
EET cross-linked polymer

RB  Paper industry waste sludge

poly (ethylene terephthalate) fibers grafted by 4-vinyl pyridine and 2-methylpropenoic acid pH 12, 298 K

Poly(cyclotriphosphazene-co-4,4"-sulfonyldiphenol) Nanotubes
Modified Moroccan Clay with Cetyltrimethylammonium Bromide
zinc oxide loaded activated carbon (ZnO-AC)

EET cross-linked polymer

pH 7,298 K 11.57 [44]

pH 3,298 K 16.83 [45]

pH 3,298 K 29 [46]

pH 2,3282 K 123.46 [47]

pH 6.5, 303 125 [48]

pH 8,298 K 1449 This work

pH 2.4, 308 K 6.711 [49]
45.28 [50]

pH 1.2298 K 46.06 [51]

pH 7,298 K 78.74 [52]

pH 7,303 K 128.21 [53]

pH 3,298 K 149.3 This work

Disc diffusion assay

Disc diffusion method was used to determine antimicrobial
activity with E. coli and S. aureus bacteria by measuring the
zones of the inhibition of EET cross-linked polymer.
Figure 12 shows the result of this inhibition with 39 and
64 mm inhibition zone with E. coli and S. aureus bacteria.
The antibacterial activities of EET are attributed to the pres-
ence of chlorine atoms (from trichlorophenol), hydroxyl and
amine groups (in the backbone of the polymer). The proton-
ated amino groups can interact electrostatically with the gram-
negative bacteria strain and inhibit its growth. The chlorine
can interact with the bacterial lipids within the cell walls and
destroys the enzymes, hence, making the bacteria cells to be
oxidized, and results to death. From these results, EET is a
potential antimicrobial polymer with sufficient adsorption
performance.

Conclusion

Herein, an ethylenediamine-epichlorohydrin-
trichlorophenol cross-linked polymer (EET) was synthe-
sized and characterized. The performance of EET for the
treatment of dye-containing synthetic solutions was inves-
tigated for the removal of both anionic dye (methyl orange)
and cationic dye (rhodamine B). 98.72% and 92.45% of
MO and RB dyes were adsorbed at pH 8 and 3 using
10 mg and 15 mg of EET, respectively. Notably, more than
50% of MO was adsorbed during the first 15 min, which
revealed that EET exhibited fast adsorption kinetically.
According to the Langmuir isotherm, the maximum uptake
of MO and RB is 145 mg/g and 149.3 mg/g under the
optimum conditions. 98% of MO was desorbed by 0.1 M
HCI from the spent EET after 45 min, while only 51% of

S. Aureus

Fig. 12 Disk diffusion assay for a) E. coli and b) S. aureus bacteria
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RB was desorbed within 90 min by ethanol. The regener-
ated EET maintained high removal efficiency (~98.65%)
after 5 recycling circles. Also, the toxicity of the prepared
polymer was eliminated due to its insoluble property, and
EET exhibited excellent antimicrobial activities against
E. coli and S. aureus with inhibition zones of 39 and
64 mm respectively via the disk diffusion assay. Results
herein show that EET is an alternative polymeric adsorbent
with antimicrobial functions for the treatment of dye con-
taminated industrial effluents.
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