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Removal characteristics of two anionic dyes by
a polyethylenimine/poly(N,N-dimethylaminoethyl
methacrylate) gel
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The highly efficient gel obtained via the copolymerization of polyethylenimine (PEl) and poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA) was successfully applied for the removal of two anionic dyes
(amaranth and sunset yellow) from their agueous solutions. Moreover, the results of the adsorption experiments
for sunset yellow and amaranth on the PEI/PDMAEMA gel demonstrate that the adsorption equilibrium both
could be achieved within 1 h, and the maximum adsorption capacities were 757 mg g~* and 744 mg g~* under
unoptimized conditions, respectively. Moreover, the PEI/PDMAEMA composite gel was found to be pH-
sensitive and the addition of salts together with ionic strength were also explored for understanding the
adsorption performance. In addition, it can be found from the studies of adsorption mechanism that it is mainly
electrostatic adsorption; moreover, the separation process conforms to the Langmuir adsorption isotherm
model and the pseudo second-order kinetic model, which is a spontaneous endothermic process. When the

PEI/PDMAEMA gel was used in continuous flow column, it could handle large volumes of dye solution with
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Accepted 11th July 2019 very low concentrations due to its strong enrichment capacity. Finally, the desorption experiments show that

the PEI/PDMAEMA gel is easier to regenerate and has a longer lifetime. Therefore, the high adsorption capacity

DOI: 10.1039/c9ra04641k and easy operation of adsorption for amaranth and sunset yellow on the PEI/PDMAEMA gel make it a potential
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Introduction

At present, a series of anionic synthetic pigments, which mainly
include sunset yellow, carmine, amaranth, erythrosine, and
fancy red,' that are widely used in related industries (e.g.,
pharmaceutical, printing, dyeing, and food industries) have
been found to be carcinogenic via animal experiments. In
addition, some anionic synthetic pigments can aggravate the
condition of asthma patients, some can result in allergies, and
some can cause excessive activity in children.> Thus, synthetic
pigments have been banned in some countries. For example,
the US Food and Drug Administration (FDA) prohibits the use of
carmine, amaranth, and erythrosine, while all other synthetic
pigments mentioned above are prohibited in Norway and some
other countries. Undoubtedly, the intentional or unintentional
discharge of these dyes into the aqueous environment can also
lead to serious pollution and public health problems, which can
not only cause the water body to be coloured but also reduce the
amount of light transmitted through the water body, thereby
affecting the photosynthesis of aquatic plants and causing
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application prospect for the practical removal of other kinds of similar pollutants.

damage to the entire aquatic ecosystem. When these chemicals
are treated by adsorption, relatively ideal processing speed, high
efficiency, and easy operation can be realized, while no extra
chemicals are introduced.®* Meanwhile, the adsorption/
enrichment techniques can also be used in the analysis and
detection of environmental hazards. Therefore, the research
and development of various adsorbents are attracting
increasing attention from researchers and engineers, which
have become one of the hot issues in related fields.

Poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) gel
is a kind of temperature and pH-sensitive hydrogel that auto-
matically perceives small changes in external temperature and
pH and responds to these changes by swelling or shrinking.
Therefore, the properties of the PDMAEMA gel are closely related
to the coupling degree, chemical composition, network structure,
and external environment.* In order to improve its adsorption
capacity or to make it adaptable for more separation tasks, the gel
is often chemically modified methods, such as the modification
with amino groups on the polymer chains and copolymerization
of the double bonds in the DMAEMA monomers.® Alternatively,
the functional groups can also be introduced into the molecular
chain by modification and copolymerization, which can
strengthen its interaction with the target substance. The double
bond and amino groups in the DMAEMA molecules make it easy
to introduce other functional groups, so there is still enough
space for improvement in its adsorption capacity.
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Polyethylenimine (PEI) is a water-soluble polymer with a large
amount of hydrophilic amine groups. The ratio of primary,
secondary, and tertiary amine groups of PEI is 1:2:1. The N
atoms in the amine groups can chelate with the metal ions or
combine with the hydrogen ions and then electrostatically react
with the anions in the solution.® This kind of polymer has been
widely used in many fields, such as environmental chemistry and
biomedicine. For example, a new adsorption material, PEI-SiO,,
was prepared by connecting polyethyleneimine (PEI) to the
surface of silica gel, which was found to have ideal adsorption
capacity for Cr(vi), Cu(u), Zn(u), and Cd(u).” After the modification
of the material by a quaternary amine, a new adsorption material
named Q PEI-SiO, could be prepared to adsorb the chromate
ions.® Moreover, in the study by Tokuyama et al.,’ the adsorption
amounts of Pt(iv) and Au(m) ions on the PDMAEMA gel were
0.2542 mmol g~ " and 0.2351 mmol g, respectively.

Compared with the separation application for metal ions, the
adsorption of anionic dyes by a relevant adsorbent composed of
PDMAEMA or PEI is much less studied. Previously, CD/CA-g-
PDMAEMA was successfully synthesized by Zhou et al, with
a maximum adsorption capacity of 335.5 mg g ' and 165.8 mg
g ! for a cationic dye (methylene blue, MB) and anionic dye
(methyl orange, MO), respectively.” Although the adsorption
capacity of the PDMAEMA gel is superior to that of traditional
adsorbents, there are still some shortcomings. For instance, the
adsorption method has a slower adsorption rate and is time-
consuming. It takes 7 days to reach the adsorption equilibrium
when adsorbing heavy metal ions.” Cheng also pointed out that
the pore structure of PDMAEMA could limit its adsorption rate."
However, there is still a rigid demand for further improvement in
the adsorption capacity of the gel. A PEI nanofibrous membrane
was synthesized for the adsorption of anionic dyes with
a maximum adsorption capacity of 454.44 mg g~ * for amaranth,
which demonstrates the outstanding adsorption performance of
PEL" In a recent study, Dioscorea opposita Thunb. (DOT) was
modified with polyethyleneimine (DOT@PEI) as a novel bio-
sorbent for the removal of the typical anionic dye indigo carmine
and its maximum adsorption capacity was 344.83 mg g .*
Therefore, it is expected that PEI with a large amount of hydro-
philic amine groups can be copolymerized with PDMAEMA to
increase the hydrophilicity and number of functional groups in
the gel; thereby, preparing a PEI/PDMAEMA polymer gel with
high adsorption rate and high capacity.

On the basis of the above-mentioned studies, in this study,
the PEI/PDMAEMA gel was prepared via amine radical copoly-
merization method for studying its adsorption behaviours for
two typical anionic dyes (amaranth and sunset yellow). The
adsorption mechanism was further analyzed by adsorption
isotherm, adsorption kinetics, and adsorption thermodynamics
model. Finally, the static and dynamic desorption capacities
were also evaluated for its regeneration.

Experimental
Materials and reagents

Amaranth (Cy0H;1N,Na30,0S3) and sunset yellow (C;i6H;0N,-
Na,0-S,) were purchased from Kelong Chemical Company (AR,
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each of purity > 98%, Chengdu, China). Branched poly-
ethyleneimine (PEI) (M,, = 1800 g'mol ', the contents of
primary, secondary, and tertiary amino groups were 35%, 35%,
and 30%, respectively) was provided by Mengde Electroplate
Chemistry Co., Ltd (specific electro-plating class, Jiangsu,
China). 2-(Dimethylamino)ethyl methacrylate (DMAEMA)
monomer, N,N'-methylenebisacrylamide (MBAA) cross-linker,
and azobisisobutyronitrile (AIBN) initiator were purchased
from Puguang Industrial Co., Ltd. (each of purity > 99%,
Shanghai, China). All the solvents were of analytical grade or
higher. Ultrapure water used in the experimental process was
prepared using the ultra-pure water system (0.4 mm filter) from
Ultrapure Technology Co. Ltd. (Chengdu, China).

Quantitative analysis for anionic dyes and determination of
their adsorption amount

1.0 g of amaranth or sunset yellow was weighed and completely
dissolved in distilled water and then, the solution was trans-
ferred to a 100 mL volumetric flask to prepare the standard
solutions of 10.0 g L™". Before the adsorption experiments,
some stock solution was taken and the volume was adjusted to
50 mL by the distilled aqueous solution to a certain pH value,
which was added to HCI or NaOH solution, and then two kinds
of pigment standard solutions under different pH conditions
were obtained. Then, a certain amount of amaranth or sunset
yellow test solution was pipetted into a 50 mL colorimetric tube
and diluted to the graduation with redistilled water. Subse-
quently, its absorbance was measured at 521 nm or 482 nm via
ultraviolet spectrophotometry.****

1 mL of 10.0 g L™ " amaranth solution was diluted to 100 mL
to obtain the 100 mg L' amaranth standard solution. Then, 0,
1.00 mL, 2.00 mL, 3.00 mL, 4.00 mL, 5.00 mL, 6.00 mL, 7.00 mL,
and 8.00 mL of the amaranth standard solution was added to
a series of 25 mL colorimetric tubes. According to the UV-Vis
spectroscopic method of amaranth, which is mentioned
above, the standard curve for amaranth was obtained as y =
0.02222x + 0.01000 (R*> = 0.9992), where y was the measured
absorbance of the samples at 521 nm and x was its amount (mg)
in the samples.

Similarly, 1 mL of 10.0 g L™" sunset yellow solution was
diluted to obtain a 100 mg L ™" sunset yellow standard solution.
Then, 0, 1.00, 2.00, 3.00, 4.00, 5.00, 6.00, and 7.00 mL of the
sunset yellow standard solution was added to a series of 25 mL
colorimetric tubes. According to the UV-Vis spectroscopic
method of sunset yellow, which is mentioned above, the stan-
dard curve of sunset yellow was obtained as y = 0.04570x —
0.01350 (R* = 0.9996), where y was the measured absorbance of
the samples at 482 nm and x was its amount (mg) in the
samples.

Preparation of the PEI/PDMAEMA gel

On the basis of the developed copolymerization strategy in
current reports, the DMAEMA monomer, MBAA coupling agent,
and AIBN initiator were placed in a beaker and mixed
uniformly.'® Then, ethanol and a certain concentration (0-8%)
of the PEI aqueous solution were added dropwise and the raw

This journal is © The Royal Society of Chemistry 2019
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materials were dissolved by mechanical shaker. After that, the
mixture was magnetically stirred in a nitrogen atmosphere,
then poured into a test tube, sealed quickly, and placed in
a constant temperature water bath (30-90 °C) for a certain
duration (1-6 h). At the end of the reaction, the test tube was
immersed in an ice bath of 0 °C for cooling. The gel was taken
out and washed with distilled water for further use.

Adsorption experiments

Static adsorption experiment. 50 mL of the amaranth or
sunset yellow standard solution (200-1600 mg L™ ') with
different pH values (1-5) was loaded in a conical flask, and then,
it was mixed with 0.05 g PEI/PDMAEMA gel. Further, the conical
flask was sealed and placed in a water-bath shaker (30-50 °C)
whose temperature and vibration intensity were set beforehand.
After shaking for a certain period of time (0-120 min), the
adsorption equilibrium was achieved and the supernatant was
taken to measure the anion concentration. The adsorption
capacity for the anion was calculated according to the following
equation:

V% (Cy— C)

0= i,

where Q is the adsorbed amount of anion on the gel (mgg™"), vV
is the volume of the adsorption solution (mL), M, is the dry
weight of the gel adsorbent (g), C, is the initial concentration of
the anion solution (mg L"), and C, is the concentration of the
anion solution after adsorption (mg L™1).

Dynamic adsorption experiment. The PE[/PDMAEMA gel was
compactly packed in a glass column (5 x 1 cm) and then,
a certain concentration of amaranth or sunset yellow solution
(200-1600 mg L") was sequentially added into each gel
column. The solution was passed through the adsorption
column at 0.2 mL min~" and then sampled at the outlet. The
concentration of the anion in the effluent was measured until
the concentration was the same as that at the inlet and then the
continuous loading was stopped. Taking the bed volume as the
abscissa and the ratio of the anion concentration at the outlet to
the anion concentration at the inlet as the ordinate, the
dynamic penetration curve of amaranth and sunset yellow can
be plotted. According to the empirical value,"” the penetration
point was defined by selecting the point when the anion
concentration in the effluent reached 10% of the initial
concentration.

Results and discussion

Reaction mechanism and conditions for the preparation of
the PEI/PDMAEMA composites

Polyethylenimine (PEI) possesses a number of amine functional
groups that can react with the initiator azobisisobutyronitrile
(AIBN) to form redox couples. First, an electron on the nitrogen
transfers to AIBN to form a nitrogen radical (N°) and an alkyl
radical (C*).*®* Then, the -NH, group on PEI loses a proton to
form an amine radical (NH'), which can be copolymerized with
a double bond on DMAEMA to form PEI/PDMAEMA. In

This journal is © The Royal Society of Chemistry 2019
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addition, the generated alkyl radical (C") can also copolymerize
with the DMAEMA monomer to form the PDMAEMA gel or the
alkyl radical copolymerizes the proton-depleted PEI with the
DMAEMA monomer.

In order to explore more favourable preparation conditions for
the PE/PDMAEMA gel on the basis of the above synthetic method,
the effects of PEI concentration (0-8%), reaction time (1-6 h), and
temperature (30-90 °C) on the adsorption capacity (mg g~ ') were
investigated successively. It was found that as the concentration of
PEI in the reaction solution increased, the adsorption amount of
the anions became higher, which indicated that the introduction
of PEI increased the number of functional amine groups in the gel,
significantly improving the adsorption performance of the gel for
the anions. However, when the PEI concentration in the solution
was further increased from 5% to a higher level, some liquid would
remain after the reaction was completed, making the gel sticky and
therefore, its morphology was not ideal. On the whole, 5% PEI was
very suitable. As for the reaction temperature, it is another crucial
condition for the gel and the related polymerization only occurred
above 65 °C. Moreover, the reaction was an endothermic process,
so as the reaction temperature became higher, the reaction rate
together with the crosslinking density would increase.>® When the
temperature was 85 °C, the adsorption amount reached the
highest level with satisfactory gel polymerization degree. If the
temperature continued to increase, the polymer would form too
fast, resulting in shorter cross-linking points and a denser struc-
ture, which is not conducive to obtain ideal adsorption perfor-
mance. Finally, the results showed that when the reaction time was
3 h, the adsorption amount of the gel was the highest; it would
decrease as the reaction time became longer. The reason was that
the amine groups on the polyethyleneimine in the gel inevitably
underwent deactivation at a higher temperature for a long time,***
thus resulting in a decrease in the adsorption capacity.

Effect of adsorption time on the adsorption capacity for the
anions on the PEI/PDMAEMA gel

Under the conditions of pH 2.0 and 40 °C, the effect of
adsorption time on the adsorption performance for amaranth
and sunset yellow with an initial concentration of 1000 mg g~*
on 0.05 g PDMAEMA gel adsorbent (ED 0, which means PEI
concentration = 0%) or PEI/PDMAEMA gel (ED 5, which means
PEI concentration = 5%) were investigated. Fig. 1(a) shows the
effect of adsorption time on the adsorption capacity. In general,
a high adsorption rate can effectively shorten the interaction
time, which is a guarantee for efficient work of adsorbent
materials in practical applications. For these two kinds of
anionic dyes, it was found that the adsorption process of
amaranth and sunset yellow on different gels is very similar,
which includes surface diffusion adsorption (the first stage,
fast) and pore diffusion adsorption (the second stage, slow).
However, ED 5 shows higher adsorption rate than ED 0; the time
to reach full adsorption equilibrium is reduced from 360
minutes to 120 minutes and the speed is increased by nearly 3
times. Moreover, the adsorption for amaranth, which has more
anionic sites, increased faster than that for sunset yellow and

RSC Adv., 2019, 9, 22907-22920 | 22909
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Fig.1 Effects of the separation conditions on the adsorption amount of the dyes: (a) adsorption time (pH = 2, T = 40 °C), (b) initial concentration
(pH =2, T=40°C, 5h), (c) temperature (pH = 2, 5 h), (d) ionic strength (pH =2, T=40 °C, 5 h), (e) ionic species (pH =2, T=40°C,5h), (f) pH (T =

40°C,5h).

the two curves approached each other after attaining full
equilibrium.

In further analysis, it was found that ED 0 had an equilibrium
adsorption time of 5 h for amaranth and sunset yellow, and the
maximum adsorption amounts are 501.43 mg g~ * and 475.23 mg

22910 | RSC Adv., 2019, 9, 22907-22920

¢!, respectively. The equilibrium adsorption time of ED 5 for the
two anionic dyes was 1 h, and the maximum adsorption capac-
ities were 744.14 mg ¢~ and 757.10 mg g~ ', respectively. This
may be because the introduction of polar polyethyleneimine (PEI)
increases the hydrophilicity of the gel and the number of amine

This journal is © The Royal Society of Chemistry 2019
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functional groups, which facilitates the contact of the gel with the
anions. At the same time, it also provides more adsorption sites
for anions under acidic conditions.

The adsorption properties of various adsorbent materials for
amaranth and sunset yellow in recent years are summarized in
Table 1.**' Through comparison, it can be found that the
adsorption capacity for sunset yellow on PEI/PDMAEMA gel
exceeds that of most other adsorbents, while the adsorption
capacity for amaranth is significantly higher than that for other
adsorbents. Moreover, the contact time of the adsorbents in this
table ranges from 5 minutes to 30 hours; among these, the
adsorption time on the PEI/PDMAEMA gel is one hour, which
demonstrates that this kind of adsorption method can combine
high adsorption efficiency and satisfactory separation speed.

Effect of initial concentration on the adsorption capacity for
the anions on the PEI/PDMAEMA gel

In order to investigate the effect of the initial concentration of
the anion solution on the adsorption amount, the initial
concentration of amaranth and sunset yellow varied from
200 mg L' to 1600 mg L~ when the other conditions remained
unchanged (adsorption temperature: 40 °C, the amount of
adsorbent: 0.05 g, pH: 2.0, adsorption time: 5 h).

View Article Online

RSC Advances

According to the results shown in Fig. 1(b), it can be found
that as the initial sample concentration increases, the amount
of anion adsorbed by the PEI/PDMAEMA composite increases.
At low levels of initial concentration (400 mg L™" or less), ED 5
and ED 0 have similar adsorption performance for the two
anionic dyes. When the initial concentration is between
400 mg L™ " and 800 mg L™, the adsorption capacity of ED 5 for
the two anionic dyes is slightly greater than that of ED 0. In the
whole investigated concentration range, both the anionic dyes
reached saturated adsorption at an initial concentration of
1000 mg L~ '. The adsorption amount of ED 5 is significantly
larger than ED 0, which indicates that the introduction of
hydrophilic polyethyleneimine (PEI) facilitates the binding of
the gel to the anion. However, it is not obvious at lower
concentrations of the dyes.

Effect of temperature on the adsorption capacity for the
anions on the PEI/PDMAEMA gel

In order to investigate the effect of temperature on the
adsorption performance, the adsorption temperature was set in
the range of 25-60 °C, the pH value of the solution was 2.0, the
adsorbent dosage was 0.05 g, the adsorption time was 5 h, and
the initial concentration of amaranth or sunset yellow was 1.0 g

Table 1 Adsorption capacity for AM and SY FCF among different adsorbents?*-4*

Anionic dyes Adsorbents

Adsorption capacity (mg g~ ') Adsorption time

Sunset yellow FCF Mangrove barks

Powdered peanut hull

Ag-NP-AC

Amberlite FPA51

CdTN-AC

Cd(OH),-NW-AC

MPMWCNT nanocomposite
Molecularly imprinted polymer
nanoparticles

ePTFE-g-PDMAEMA

CaAl-LDH-NO,

Multiwalled carbon nanotubes (MWCNTS)
PDVB-IL

Conventional poly(DMAEMA) (PD)
Macroporous poly(DMAEMA) (MD)
PEI-g-PDMAEMA (ED) in this study
Iron oxide nanoparticles
Mesoporous carbon modified with cerium
Alumina reinforced polystyrene
Powdered peanut hull

MPMWCNT nanocomposite
Fe;0,/ZrO,/chitosan
ePTFE-g-PDMAEMA

Chitosan films

Cellulose carbon-encapsulated ZnO
(PES/PEI) nanofibrous membrane
PDVB-IL

CSU-1(150)

PE-g-PDMAEMA

Conventional poly(DMAEMA) (PD)
Macroporous poly(DMAEMA) (MD)
PEI-g-PDMAEMA (ED) in this study
MgAICO;

Magnetic Fe;0,/MgO nanoparticles

Amaranth

This journal is © The Royal Society of Chemistry 2019

12.72 5h
13.99 36h
37.03 30 min
48.7 20 min
61.31 28 min
76.9 25 min
85.47 6 h
144.6 5 min
170.61 —
398.41 50 min
59.17 5 min
734.62 5h
501.43 5h
525.03 2h
744.14 1h
1.05 5 min
323.91 70 min
8.281 2h
14.9 36h
47.39 6 h
99.6 8h
173.29 —
278.3 2h
396 3h
454.44 14 h
547.17 5h
650 24 h
737.21 30h
475.23 5h
510.57 2h
757.10 1h
120.90 3h
37.98 e
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L' The effect of adsorption temperature on the adsorption
performance of the gel is shown in Fig. 1(c).

In depth, the adsorption involves two processes: one is the
protonation process of the amine groups on the PEI/PDMAEMA
gel, which is an exothermic process, where high temperatures
are harmful to the protonation of the amine groups. The other
is the adsorption process between the positively charged amine
groups and the anions, which is an endothermic process.*
Therefore, in the adsorption process of the anionic dyes, as the
adsorption temperature increases, the adsorption amount of
PEI/PDMAEMA for amaranth or sunset yellow can also increase.
It indicates that the adsorption process for the anionic dyes
amaranth and sunset yellow is an endothermic process. This
result is consistent with the adsorption behaviour of anionic
dyes on most of the adsorbents listed in Table 1 or some other
magnetic polymers.*” The net effect of exothermic and endo-
thermic stages leads to the conclusion that a higher tempera-
ture is more favourable for adsorption.

Effect of ionic strength on the adsorption capacity for the
anions on the PEI/PDMAEMA gel

In order to study the effect of ionic strength on the adsorption
performance of the PEI/PDMAEMA gel, both the initial
concentrations of amaranth and sunset yellow were 1.0 g L™ in
their solutions with pH 2.0. The experiments were performed
using 0.05 g adsorbent at 40 °C for 5 h adsorption and the
concentration of the NaCl solution was investigated at the of 0,
0.01, 0.1, 0.5, and 1.0 mol L™! concentration levels. The effect of
ionic strength on the adsorption performance for amaranth and
sunset yellow is shown in Fig. 1(d).

It can be seen that the adsorption amount of the PEI/
PDMAEMA gel for amaranth and sunset yellow decreases
rapidly with the increase in the NaCl concentration in the
solution. The possible reason is ascribed to the fact that the
anion Cl™ in the solution can compete with the anionic sulfonic
acid group in the dyes, which is not conducive to the electro-
static interactions between the anionic adsorbate and the
amine active sites (-NH;", -NH,", and -N"HMe,). Moreover,
high concentrations of Na* and CI~ ions can destroy the elec-
trical double layer around the gel surface. Therefore, the
adsorption capacity of PE/PDMAEMA gel for amaranth and
sunset yellow decreases rapidly with the increase in the ionic
strength.

Effect of ionic species on the adsorption capacity for the
anions on the PEI/PDMAEMA gel

In order to further study the potential effects of ionic species on
the adsorption properties of the gels, the tested inorganic salts
were divided into two groups: cationic group (KCl, NH,Cl, and
NacCl) and anionic group (NaCl, NaNOj3, and Na,SO,). Both the
initial concentrations of amaranth and sunset yellow solutions
were 1.0 g L™, the temperature was set at 40 °C, the adsorbent
dosage was 0.05 g, the adsorption time was 5 h, and the solution
pH was 2.0. The concentration of KCl, NH,Cl, NaCl, NaNO;, and
Na,S0, solutions was 0.1 mol L™ ". The effect of ionic species on

22912 | RSC Adv., 2019, 9, 22907-22920

View Article Online

Paper

the adsorption performance for amaranth and sunset yellow is
shown and compared in Fig. 1(e).

Obviously, the addition of coexisting ions reduced the
adsorption amount of anions on the PEI/PDMAEMA gel. This is
because the anions SO,>~, CI~, and NO;~ in the solution can
compete with the target anions AM~, SY FCF~, and SY FCF*™,
thereby reducing their adsorption capacity. In addition, it can
be seen from this figure that SO,>~ ion has a significant negative
effect on the adsorption by the PEI/PDMAEMA gel. Particularly,
when the same concentration of Na,SO, was added in the
process of amaranth adsorption, the adsorption amount obvi-
ously reduced. The influence of K, Na*, NH,", CI~, and NO;~
ions on the adsorption performance of the gel is relatively
smaller. This is consistent with the findings of a previous
study.*

Effect of solution pH on the adsorption capacity for the anions
on the PEI/PDMAEMA gel

pH is an important factor that affects the existing status of the
ionic species together with the adsorption performance of the
PEI/PDMAEMA gel. In this experiment, both the initial
concentrations of amaranth and sunset yellow solutions were
1.0 g L, the temperature was set to 40 °C, the adsorbent
dosage was 0.05 g, and the adsorption time was 5 h. The pH
values of the amaranth and sunset yellow solutions are adjusted
to 1, 2, 2.5, 3, 4, and 5. The amine nitrogen atom on PEI and
DMAEMA, which has a pair of electrons, is regarded as the
active site of the reaction between the gel and the anions. As
seen in Fig. 1(f), the adsorption amount of amaranth and sunset
yellow on the PEI/PDMAEMA gel decreases with increase in the
pH of the solution. When the pH value is in the range of 1-2, the
adsorption capacity of ED 5 and ED 0 for the two anionic dyes is
larger. Moreover, the adsorption amount decreases rapidly
between pH 2-3 and when the pH dropped to 5, the adsorption
amount was close to zero. The functional groups on PEI/
PDMAEMA, such as amine, imine, and dimethylamine (-NHj,
-NH-, and -NMe,), bind to H" at low pH to form active sites
(-NH;', -NH,"'-, and -N"HMe,), which can interact with the
anions more strongly.

Particularly, after the adsorption was performed under
acidic conditions, its volume significantly shrunk and a large
amount of bubbles were generated during the adsorption
process. Scanning electron microscopy was used to observe the
morphology of PEI/PDMAEMA before and after the adsorption
of amaranth and sunset yellow dyes (see Fig. 2). The results
show that before the anion adsorption, the surface of PEI/
PDMAEMA is dense and smooth, and after the adsorption of
a large amount of anionic dyes, a large number of encapsulated
particles appear on the surface of the gel, with large accumu-
lation of pores also visible on its surface. This should be related
to the ability to generate bubbles during the PEI/PDMAEMA
adsorption process.

Adsorption isotherms

In order to further investigate the adsorption behaviour and
adsorption mechanism of the PEI/PDMAEMA gel for amaranth

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM images of the PEI/PDMAEMA hydrogels ((a) PEI/PDMAEMA, (b) after adsorbing amaranth, and (c) after adsorbing sunset yellow).

and sunset yellow, the Langmuir and Freundlich adsorption
isotherms were used to fit the experimental data after adsorp-
tion equilibrium, as shown in Fig. 3(a and b). Moreover, Table 2
shows the fitting constants for the Langmuir and Freundlich
models. It can be seen from the table that the experimental data
conform to the Langmuir isotherm adsorption model. In other
words, the anion undergoes single-layer adsorption on the
surface of the PE/PDMAEMA composite and there is no mutual
interference between the adsorbates. Also, the results are
consistent with a previous study, where the PEI/DMAEMA gel
was used to adsorb Cr(vi);'® the results indicated that the site-
specific interactions between the PEI binding sites and
CrO,> also led to the Langmuir type isotherm, and the adsor-
bent surface was homogeneous. In addition, under different
adsorption conditions, the values of RL for the target dyes
adsorbed by the PEI/PDMAEMA composites are between 0 and
1, indicating that the adsorption process of the two anions on
the gel is occurs easily.

Adsorption kinetics

In order to further investigate the adsorption process of the PEI/
PDMAEMA gel for amaranth and sunset yellow, pseudo first-
order kinetics, pseudo second-order kinetics, and intraparticle
diffusion model were used to fit the experimental data after
adsorption equilibrium was attained. The linear relationship
and correlation coefficients after fitting are shown in Fig. 3(c
and d) and Table 3.

It can be found that the maximum theoretical adsorption
amount (Qe ca) for the pseudo second-order kinetic model is
closer to the experimental maximum adsorption amount. The
maximum theoretical adsorption capacity (Qe,ca) of the pseudo
first-order kinetic model is significantly different from the
experimental value. Moreover, the linear correlation coefficient
(R?) of all the pseudo second-order kinetic models is above 0.99,
indicating that the adsorption behaviour of the PEI/PDMAEMA
gel are in accordance with the pseudo second-order kinetic
model. When the gel was used to adsorb CrO,>~, the pseudo
second-order equation also fitted well with the experimental
data and could describe the adsorbent behaviour well.** More-
over, this kind of model was feasible for describing the

This journal is © The Royal Society of Chemistry 2019

adsorption process involved in the removal of amaranth by
nanoparticle-composed Cu,O microspheres.* The intraparticle
diffusion model shows that the linear fitting correlation under
several adsorption conditions is low and neither of them passes
through the origin after linear fitting. Therefore, it can be
concluded that the surface active sites of the adsorbent have
significant influence on the adsorption behaviour for amaranth
and sunset yellow.

Adsorption thermodynamics

The equilibrium constant of K4 was calculated by measuring the
adsorption amount of the PEI/PDMAEMA gel on amaranth and
sunset yellow at different temperatures, and the related ther-
modynamic plots are shown in Fig. 3(e). Furthermore, the
relevant thermodynamic data are summarized in Table 4.

It can be seen that the PEI/PDMAEMA gel has a negative
Gibbs free energy (AG) for amaranth and sunset yellow at
different adsorption temperatures and for different anionic
dyes. This indicates that the adsorption process for amaranth
and sunset yellow by PEI/PDMAEMA is spontaneous. The
positive value of entropy change (AS) indicates that the entropy
increases during the adsorption process, indicating that the
movement of the adsorbate molecules is freer in the solution
than those on the surface of the gel and the reaction system is in
a disordered state, which can be explained by the displacement
adsorption theory. In other words, in the adsorption process,
Cl™ is replaced by the anionic adsorbates and enters the solu-
tion, resulting in an increase in the degree of disorder of the
adsorption system.

The enthalpy change (AH) in the gel during the adsorption of
amaranth and sunset yellow was positive in the range from
2 kJ mol*! to 10 k] mol?, indicating that the adsorption of
amaranth and sunset yellow by the PEI/PDMAEMA gel is an
endothermic process, which is in agreement with the conclu-
sion of the effect of temperature on adsorption and the nature
of adsorption is more physical than chemical. In the study of
selective adsorption of amaranth dye on Fe;0,/MgO nano-
particles performed by Salem et al.,*® the values of AH and AS
are positive, which indicates that the adsorption process is
endothermic with the increase in the randomness of the

RSC Adv., 2019, 9, 22907-22920 | 22913
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Fig. 3 Adsorption behaviours of AM and SY FCF on the PEI/PDMAEMA gels ((a) Langmuir isotherm model, (b) Freundlich isotherm model, (c)
pseudo first-order kinetic model, (d) pseudo second-order kinetic model, (e) thermodynamic plots).

Table 2 Langmuir and Freundlich constants for adsorption of the anions on the PEI/PDMAEMA hydrogels

Langmuir constants

Freundlich constants

Adsorption behavior Qm (mgg™) Ky (Lmg™) R? Ry, Ky (mg g™ n R
ED 5 (AM) 751.9 0.084 0.999 0.056-0.007 57.56 2.381 0.703
ED 5 (SY FCF) 757.58 0.094 0.998 0.051-0.001 158.31 3.872 0.919
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Table 3 The comparison of pseudo first-order, pseudo second-order, and intraparticle diffusion kinetic models' rate constants calculated from

the experimental data

Pseudo first-order dynamics

Pseudo second-order dynamics

Intraparticle diffusion

Adsorbent Qe cal (Mg g ™) Ky (min™") R* Qeycal (mg g ™) K, (g mg ' min") R* K, (mg min~° g™") R?
AM 876.9 0.092 0.9510 787.4 0.00023 0.9972 67.74 0.8878
SY FCF 715.2 0.049 0.9851 840.3 0.0001 0.9993 66.278 0.7691

Table 4 Values of the thermodynamic parameters for the adsorption
of AM and SY FCF on the PEI/PDMAEMA gel

AG AS AH

Adsorbate T (K) (kJ mol ™) (J (mol™* K1) (kJ mol ™)
AM 303 —0.989 11.69 2.643

313 —1.09

323 —-1.212

303 —0.849
SY SCF 313 —-1.12 26.35 7.366

323 —1.361

system. Based on the results, the adsorption process of
amaranth and sunset yellow by the PEI/PDMAEMA gel is
spontaneous and the adsorption mechanism includes two
kinds of possible ways: ion exchange between ClI™ and anion
adsorbate together with electrostatic interaction between the
amine-based positive charge and anions on the gel. Among
them, the electrostatic effect plays a dominant role in the
adsorption mechanism.

Adsorption mechanism for the anion on the PEI/PDMAEMA
gel

Besides the former isotherm, kinetic, and thermodynamic
studies, the IR and zeta potential measurements were also used
to investigate the adsorption mechanism. First, the FT-IR
spectra (PerkinElmer, USA) obtained in KBr discs for the PEI/
PDMAEMA gel before and after the adsorption of amaranth
and sunset yellow are shown in Fig. 4(a—c). Similar to previous
results, the IR spectrum of the PEI/PDMAEMA composite
showed the characteristic absorption peaks of the PDMAEMA
gel.** As shown in Fig. 4(a), the absorption peak at 1727 cm ™" is
ascribed to the stretching vibration of the -COO- group; the
peak in the range of 3000-2280 cm ' belonged to the C-H
symmetric/asymmetric stretching vibration of the dimethyla-
mino group; the absorption signal at 1177 cm™* corresponded
to the stretching vibration of the alkyl chain C-N. Moreover, the
ED gel has a strong broad peak at 3437 cm™', which is the
characteristic absorption peak of O-H and N-H stretching
vibrations; the adsorption peak between 3000 and 2800 cm
belongs to the C-H symmetry/asymmetry stretching vibrations
of the dimethylamino group; the peak at 1650 cm ™" is ascribed
to the N-H bending vibration. These peaks indicated that PEI
had been successfully introduced into the PEI/PDMAEMA
composites. Moreover, the zeta potential analysis indicated

This journal is © The Royal Society of Chemistry 2019

that the PEI/PDMAEMA gel was positively charged under acidic
conditions, which was closely related to the amino groups
(-NH,, -NH-, and -NMe,) that combined with a large amount of
protons.

Second, as can be seen from Fig. 4(b and c), compared with
the IR spectrum before adsorption, an aromatic characteristic
peak at 900-600 cm ' and a -SO;  absorption peak at
1035 cm™ ' appeared in the IR spectrum of (b) and (c), which
indicates that amaranth and sunset yellow are adsorbed on the
gel material. In the IR spectra of (b) and (c) after the adsorption
of anions, the intensity of the N-H bending vibrational peak at
1650 cm ™' becomes significantly weakened. On the curves of
amaranth (b) and sunset yellow (c), the dimethylamino group
peak between 3000 and 2900 cm™ " disappeared. This indicates
that the amino environment on the PEI/PDMAEMA gel changed
after the adsorption. Therefore, it can be inferred that the

1
1
: |
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Fig. 4 FT-IR spectra before and after the adsorption of anions on the
PEI/PDMAEMA hydrogel ((a) ED; (b) ED + AM; (c) ED + SY FCF) and the
zeta potential distribution of ED before (d) and after (e) the adsorption
of SY FCF.
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amino groups play a major role in the adsorption of amaranth
and sunset yellow on this composite gel.

In general, the solid-liquid adsorption process is very
complicated due to various solute-interface interactions.*® A
variety of adsorption theories (electrical double layer theory,
membrane theory, lattice theory etc.) have been proposed.
Among them, the electrical double layer theory has been
continuously developed and used by researchers to discover the
adsorption mechanism of cations and anions.*” According to
the Stern electric double layer theory, when the solid and liquid
phase contact each other, the solid surface tends to have
a charging phenomenon, which causes the liquid side of the
solid-liquid interface to carry an opposite charge. This inter-
facial charge affects the distribution of ions in the medium
surrounding the biphasic interface, thus forming a compact
layer (Stern layer) and an external dispersion layer (Gou layer)
around the interface.*®

The mechanism was also discovered using a PALS Zeta
Potential Analyzer (Version 3.43, Brookhaven Instruments,
USA). For the PEI/PDMAEM gels, the amino, imino, and dime-
thylamino functional groups (-NH,, -NH-, and -NMe,) are
capable of binding to H" ions in solution as a positively charged
interface. Amaranth and sunset yellow can dissociate into
anionic groups in solution. When the gel is dispersed in such an
anionic dye, it interacts with the anion on the cationic gel,
which forms the electrical double layer to reduce the potential
on the surface of the gel (see Fig. 4(d and e)).* This can also
provide an explanation for the aforementioned phenomenon
that after anion adsorption, the density of the same charge ion
decreases and the repulsive force is weakened, which causes the
gel to shrink.

In addition, according to Stern's study, the adsorption in the
Stern layer satisfies the Langmuir monolayer adsorption model,
which is consistent with our previous isothermal adsorption
fitting results. Based on the above analysis, the main adsorption
process of anionic dyes on the PEI/PDMAEMA gel is depicted in
Fig. 5.

Breakthrough curves for dynamic adsorption

According to the former sections for the static experiments, the
PEI/PDMAEMA gel shows both high adsorption capacity and

Copolymerization

PD ED

3 +® 6 + @

NH, group

Stern Gou

NH group
layer layer

; HNMe, group
The electric double layer &

Fig. 5 The adsorption mechanism of dye anions onto the polymers.
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short adsorption time, and these advantages also exist when it
is applied in the form of a fixed bed adsorbent. In order to
further investigate the potential for practical applications of the
PEI/PDMAEMA gel, the ability of the PEI/PDMAEMA gel to
remove sunset yellow in aqueous solution by means of a fixed
bed/continuous flow column and the effect of different sunset
yellow concentrations on the breakthrough curve were studied.
The flow rate was maintained at 0.2 mL min~". The penetration
curve of the PEI/PDMAEMA gel against sunset yellow at
different injection concentrations is shown in Fig. 6(a).

Obviously, higher the concentration of sunset yellow, steeper
is the penetrating curve, and thus, earlier is the appearance of
the saturation point of adsorption for sunset yellow on the PEI/
PDMAEMA gel. Before the breakthrough curve reaches the
saturation point, 204 mL and 280 mL of sunset yellow solution
with a loading concentration of 200 mg L™' and 400 mg L™,
respectively, can be processed. The dynamic adsorption capac-
ities were 332.3 mg ¢~ and 487.3 mg g~ ', respectively, which
were 55.3% and 34.5% lower than the static saturated adsorp-
tion capacity, respectively. It could be found that as the
concentration of the sample solution increases, the adsorption
amount of sunset yellow on the PEI/PDMAEMA gel also
increases but the time to reach the saturation point is short-
ened. The results show that a low concentration of the sample
solution can handle a larger sample volume and extend the
operation life of the gel column, which make it better for
practical application.

Penetration curve model for dynamic adsorption

To better describe the PEI/PDMAEMA gel dynamic column
adsorption behaviour, both Thomas and Adams-Bohart models
were used to correlate the dynamic adsorption data as shown in
Fig. 6(b and c) and the fitting parameters are included in Table
5.

It can be seen from Table 5 that the Thomas model (R* values
of 0.911 and 0.934 for the two dyes) is more suitable than the
Adams-Bohart model (R values of 0.725 and 0.774) to describe
the fixed bed dynamic adsorption experimental data of the PEI/
PDMAEMA gel for sunset yellow. As the concentration
increases, the Kr value decreases. In the fixed-bed adsorption
column, the sunset yellow anions in the solution only contact
the adsorption column at a limited layer thickness and the
number of adsorption sites is also limited. At a certain flow rate,
only part of the sunset yellow anions will be bound onto the
adsorption sites. Most of the anions flow out of the adsorption
column with continuous sample loading, resulting in a very low
mass transfer of the sunset yellow anions from the liquid phase
to the solid phase; it further leads to a lower removal efficiency
at higher initial concentrations.

Static desorption study for gel regeneration

The desorption operation can obtain a concentrated solution of
amaranth and sunset yellow, which is beneficial for recovering
the anions and regenerating the adsorbent for repeated use,
thus making the adsorption process more economical and
feasible. Herein, NaOH solution was used as the eluent under

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Curves for the adsorption of SY FCF on the PEI/PDMAEMA gels ((a) breakthrough curves, (b) Thomas fitting curves, (c) Adams—Bohart

curves).

Table 5 Parameters of the Thomas and Adams—Bohart models under different conditions using linear regression analysis

Thomas Adams-Bohart
Concentration
(mgL™) Kr (mL min~" mg™") Kap % 10* (L mg™" min™") R?
200 0.0187 0.911 0.115 0.725
400 0.0130 0.934 0.08 0.774

Table 6 Ratio of desorption of AM and SY FCF from the PDMAEMA gels by NaOH solution

First desorption

Second desorption Total desorption

Adsorbate Eluent rate rate rate
AM NaOH (0.1 mol L™%) 82.42% 10.28% 92.7%
SY FCF NaOH (0.1 mol Lfl) 89.09% 9.09% 98.18%

the investigated conditions. It was found in the static adsorp-
tion experiments that the pH of the solution can significantly
affect the action of the amine group on the anion and the
composite. Under alkaline conditions, it is not suitable for the
removal of the anionic adsorbate. Therefore, in the static
desorption experiment, NaOH solution with the pH value of 10
and concentration of 0.1 mol L™* was proved to be the ideal
eluent. In order to increase the desorption efficiency of the
anionic dye, the tested desorption liquid was divided into two
parts to carry out the elution. As a result, the desorption effect
from the PEI/PDMAEMA gel on amaranth and sunset yellow is
shown in Table 6.

It could be found that the total desorption rates of amaranth
and sunset yellow reached 92.7% and 98.18%, respectively. The
results showed that in order to obtain a satisfactory desorption
effect, the dye concentration in the desorption solution should
be less than 2 mg mL™". In order to further observe the gel
reusability, the gel obtained after desorbing the two dyes was
washed with redistilled water until neutral and was then
repeatedly used five times. The results indicated that the
adsorption amount only dropped by 5.8% and 6.7%. As intuitive
evidence, Fig. 7 shows the static adsorption-desorption process
for the two anionic dyes on the conventional PDMAEMA gel

This journal is © The Royal Society of Chemistry 2019

(PD), the macroporous PDMAEMA gel (MD), and the PEI/
PDMAEMA (ED) gels.

Dynamic desorption study

The dynamically adsorbed gel short column was eluted with
0.1 mol L™ NaOH solution at a flow rate of 0.5 mL min~*. The
elution curve is shown in Fig. 8. The results prove that the
concentration of sunset yellow in the eluent is large at the initial

before adsorption after adsorption first Dr second Dr

PD MD  ED D E PD MD  ED

MD  ED PD  MD ED
. mEm 8BRS Bes
|
| f 110
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Fig. 7 The process of adsorption and desorption of anionic dyes on
ED, MD and PD hydrogels.
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Fig. 8 Elution curves for desorption of SY FCF.

stage of dynamic desorption. The eluent volume required for
a low initial concentration to achieve complete desorption is
also smaller. For example, when the concentration in the
solution approaches zero, a 200 mg L~' adsorption column
requires 28 mL of eluent and a 400 mg L™ " adsorption column
requires 34 mL of NaOH as the eluent. The data show that the
gel has a high desorption efficiency and concentration ability
during the regeneration process, which is beneficial for the
reuse of the gel and the recovery of the adsorbents after their
enrichment. Through the above regeneration ways, the PEI/
PDMAEMA gel could be reused at least five times.

Conclusions

In this study, the composite adsorbent PEI/PDMAEMA was first
synthesized by radical polymerization, which avoids the tradi-
tional complex grafting process. According to the results, the
introduction of PEI significantly increased the adsorption speed
and adsorption capacity of the PDMAEMA gel for amaranth and
sunset yellow. Both the adsorption equilibrium of the PEI/
PDMAEMA composite gel (ED 5) for amaranth and sunset
yellow could be reached within 1 h and the maximum adsorp-
tion amount was 757 mg g " and 744 mg g ', respectively. In
addition, the PEI/PDMAEMA composite gel is sensitive to pH
and lower ionic strength is more conducive for the adsorption
of anions by the PEI/PDMAEMA gel. Moreover, the SO,>” ion
has a more significant effect on the adsorption amount than
other inorganic anions and cations, which is consistent with the
reported properties of the PDMAEMA gel. The separation
mechanism of the above dyes on the PEI/PDMAEMA gel was
mainly via electrostatic adsorption, which was consistent with
the double layer adsorption process.

On the other hand, when the PEI/PDMAEMA gel was used in
the fixed bed (continuous flow column), it could handle large
volumes of the sunset yellow solution with very low concentra-
tions, which indicated its strong enrichment capacity. The
adsorption of the anions by the PEI/PDMAEMA gel conformed
to the Langmuir adsorption isotherm model and the pseudo
second-order kinetic model, which was a spontaneous
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endothermic process. At last, the desorption experiments show
that the PEI/PDMAEMA gel is easier to regenerate and has
a longer operation life. Although the research for this kind of
new adsorption materials is just at the beginning stage, the
good properties and ease of operation indicate the possibility of
wide applications of this useful gel for the removal of more
pollutants.
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