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ABSTRACT: Novel polyaspartamide copolymers containing histamine pendants (PHEA-HIS) were prepared from polysuccinimide,

which is the thermal polycondensation product of aspartic acid, via a successive ring-opening reaction using histamine (HIS) and eth-

anolamine (EA). The prepared water-soluble copolymer was then crosslinked by reacting it with hexamethylene diisocyanate in order

to provide a hydrogel with both good gel strength and reversible CO2 absorption characteristics. PHEA-HIS gel is also pH-sensitive

and eligible to coordinate to metal ions such as Pb21, Cu21, and Ni21 due to the imidazole units in its structure. The CO2-respon-

sive swelling behavior, metal-ion adsorption, and morphology of the crosslinked gels were investigated. The approach described here

results is a promising hydrogel with potential for a variety of industrial and biomedical applications including CO2 capture, CO2-

responsive and switchable sensors, and smart drug delivery systems. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43305.
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INTRODUCTION

Stimuli-responsive smart polymers that respond in a significant

way to slight external changes have attracted considerable recent

attention.1–8 These materials have been explored as carriers for

controlled drug release, scaffolds for tissue engineering, actuators,

and sensors in biomedical devices.9–12 Hydrogels are hydrophilic

polymer networks capable of absorbing large amounts of water,

yet are insoluble due to the presence of physical or chemical

crosslinks, entanglements, or crystalline regions. As a nontoxic,

inexpensive, benign and abundant gas, CO2 is able to reversibly

switch solvent,13,14 solutes,15 and surfactants,16 all of which bear

amidine or guanidine functional groups. Additionally, CO2 can

stabilize the intracellular pH value via a series of equilibrium

reactions (CO2 1 H2O $ H2CO3 $ H1 1 HCO2
3 ). Determining

the construction of a CO2-responsive polymer system remains a

challenge, since the influence of gas on hydrogel behavior has

rarely been inspected.17

Over the past decades, continuous increases in water pollution

are closely tied to the progressive increase in industrial activities.

Contamination by heavy metals has become a critical problem, as

the metals accumulate over time in the environment.18,19 Several

conventional techniques have been employed to treat effluent

before it is discharged into the environment, such as chemical

precipitation, ion exchange, reverse osmosis, membrane separa-

tion, filtration, electrochemical treatment, and evaporative recov-

ery.20–24 The adsorption method has outstanding advantages and

is considered the most environmentally friendly, effective, effi-

cient, and economic method of waste purification among the

various physicochemical treatment processes.25,26

Histamine is a well-known amidine featuring an imidazole ring

that not only exhibits CO2- and pH- sensitive characteristics,

but also forms metal–ligand interactions with metal ions. Hista-

mine can be found in very small amounts in ergot, and is

among the products of the bacterial decomposition of histidine;

this constitutes one of the methods for its production. Hista-

mine is produced from histidine via pneunococci or E. coli.27

Poly(aspartic acid) (PASP) holds promise as a water-soluble and

biodegradable polymer that can be produced from the hydroly-

sis of poly(succinimide) (PSI).28–30 Recent studies of amphi-

philic poly(aspartic acid) derivatives have been reported by

several research groups.31–33 PASP, becoming highly absorbent

when neutralized and crosslinked, is pH and electrolyte sensitive

in water and body fluids.34–37 The PSI backbone can be easily

modified to form hydrophilic–hydrophobic copolymers. Polyas-

partamides (PolyAspAm)s include a wide range of PASP amide

derivatives that can be prepared using either an aminolysis reac-

tion with PSI or a secondary reaction of carboxylic pendant

groups of PASP. The various aminolysis reactions can then con-

vert PSI into more useful functional polymers or crosslinked gel

materials.38–43 In this work, we report a facile and versatile

strategy for the preparation of CO2-responsive polymers, based

on poly(2-hydroxyethyl aspartamide) modified with a histamine
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unit, PHEA-HIS. This polymer was crosslinked to provide a

hydrogel featuring not only reversible CO2-responsive and pH-

sensitive characteristics, but also an adsorption capacity for

heavy metal ions.

EXPERIMENTAL

Materials and Instruments

L-aspartic acid (�98%), o-phosphoric acid (98%), 2-aminoethanol

(EA; 99%), histamine dihydrochloride (�98%), N,N-dimethylfor-

mamide (DMF; anhydrous 99.8%), dimethyl sulfoxide (DMSO,

�99.7%), hexamethylene diisocyanate (HMDI; 98%), triethyl-

amine (TEA, �99.5%) were purchased from Aldrich Chemical

and used as received. All other chemicals purchased were of qual-

ity sufficient for use without purification. 1H NMR spectra were

recorded on a Bruker AMX-500 spectrometer using D2O as the

solvent. A small amount of the dry gels were milled into powder

with KBr to prepare thin pellet. The FT-IR spectra were obtained

using attenuated total reflection (ATR FT-IR) spectroscopy (Bruker

IFS 66/S, Germany). The morphology of the freeze-dried gel was

observed using field emission scanning electron microscopy (FE-

SEM, JEOL 6320, Japan). The swollen gels were quickly quenched

and then cross-sectioned in liquid nitrogen. Porous gel samples

were mounted onto a metal stub with double-sided carbon tape

and coated with platinum for 30 s under vacuum (1023 torr)

using a plasma sputtering method (HC-21 ion sputter coater).

The concentration of Cu(II) and Ni(II) were determined via a

flame atomic adsorption spectrometer (AAS; Buck Scientific

210VGP, USA).

Solubility Measurement

Measurement of the solubility behavior of PHEA-HIS was con-

ducted in mixtures of distilled water and isopropanol (IPA)

with various ratios. Nearly 30 mg of PHEA-HIS was completely

dissolved in distilled water, IPA was then added to the polymer

solution with the following IPA to H2O ratios 1:1 (A), 1.3:1

(B), 1.5:1 (C), and 1.8:1 (D). The total volume of the four mix-

tures was 10 mL, and the ambient temperature was 208C. Both

the solubility and reversible behavior of the solution was moni-

tored upon the introduction of CO2 and N2 into the solution.

The pH values of the mixture were recorded at various points.

Swelling Capacity Measurement

The swelling ratios of the prepared gels were measured via the

tea bag method. An accurately weighed portion of the powdered

gel was put into a weighed tea-bag and immersed in 200 mL of

distilled water at a specific temperature. The swelling ratio (SR)

is defined as follows:

SR5
Ws2WD

WD

;

where WD and Ws are the weights of the dry and swollen hydro-

gels at equilibrium, respectively. Preweighed pieces of dry gel

were immersed into an aqueous medium and allowed to swell.

Samples of the swelled gel were removed from the solution at

regular time intervals. The excess water was wiped off the sur-

face of the gel specimens with moistened filter paper and the

weights of the gels were recorded. To test the effects of CO2,

PHEA-HIS hydrogels were placed in aqueous solutions using

the tea-bag method to measure the changes in hydrogel volume

transition when introducing CO2 into the solution, and are

compared to the non CO2 solution. The switching state of the

PHEA-HIS hydrogel was also examined repeatedly between the

carbon dioxide and nitrogen treatment for a specific period of

time. The swelling degree of the hydrogels was recorded in vari-

ous pH conditions, presenting the pH-stimulation of the gels.

Batch Adsorption Study

Batch adsorption studies for Cu21 and Ni21 ions were carried

out via equilibrium experiments using copper sulfate pentahy-

drate and nickel sulfate hexahydrate, respectively. CuSO4�5H2O

in various amounts was dissolved in 50 mL of deionized water.

The solution was divided into 40 mL of adsorbing solution and

10 mL of initial solution. Twenty milligrams of the dry gel was

added into a vial containing 40 mL of the Cu21 metal ion solu-

tion. Similar experiments were performed with nickel. During

the process, the original dry gels with off-white color turned

into transparent light blue in copper solution and light green in

nickel solution, respectively, upon swelling. After hours, the

adsorption of the gels was calculated from the difference in con-

centration between the initial and final Cu(II) and Ni(II) solu-

tion, which was prepared by diluting 1 mL initial and terminal

Cu(II) and Ni(II) solution in 99 mL of deionized water. Meas-

urements were conducted using an AAS. The volume of deion-

ized water was measured precisely with a 25-mL burette. The

pH of the solution was controlled with HCl (0.1 N and 0.01 N)

and NaOH (0.05 N) solutions. The adsorption capacity was cal-

culated based on the difference in the initial and equilibrium

metal concentrations in aqueous solution, the volume of aque-

ous solution (40 mL), and the weight of the adsorbent (20 mg)

according to the equation below:

q mg=gð Þ5 Cin2Ceq

� �V

m
; (1)

where Cin is the initial metal concentration (ppm), Ceq is the equi-

librium metal concentration (ppm), V is the volume of the metal

solution (ml), and m is the weight of the dry gel adsorbent.

Synthesis of Polysuccinimide (PSI)

L-aspartic acid (20 g) and o-phosphoric acid (20 g) were poured

into a round-bottom flask and stirred under reduced pressure at

1808C for 5 h. The reaction mixture was then cooled and DMF

was added to dissolve the product. The resulting solution was pre-

cipitated in excess water and the precipitate was washed several

times with water to remove residual phosphoric acid. The final

product was dried at 808C under vacuum. The molecular weight

was estimated to be �130,000 Da, as calculated from an empirical

equation relating the solution viscosity to the molecular weight.28

Synthesis of PHEA-HIS

PSI (0.5 g) was dissolved in 15 mL of DMSO in a three-neck

round-bottom flask equipped with a nitrogen inlet and outlet.

Histamine dihydrochloride (50 mol %, based on succinimide

unit) and 1.8 mL Et3N were mixed in a vial before addition to

the polymer solution. The reacting solution was heated to 708C

and stirred for 4 days. The polymer was then cooled to room

temperature followed by the addition of an excess amount of

EA and stirred for 1 day. The final solution was dialyzed for

days to remove the remaining solvent before freeze-drying in

vacuum (yield 5 80–85%).
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Preparation of PHEA-HIS Crosslinked Hydrogels

Crosslinked gel was prepared using the following procedure: 10

w/v % PHEA-HIS (0.2 g) was dissolved in a vial containing

DMSO. Subsequently, 20 mol % HMDI (based on the hydroxyl

groups in the structure), was added and stirred continuously at

room temperature. The resulting PHEA-HIS crosslinked gel was

formed after 2 h and then placed in a closed steel mesh and

washed with a large amount of distilled water, which was

changed frequently for 1 day to completely remove the unreacted

components and DMSO. Finally, the washed gel product was

freeze-dried in vacuum for 3 days. In this study the hydrogel

sample was freeze-dried in order not to change the structure of

original swollen gel and also to provide a porous gel network.

RESULTS AND DISCUSSION

Characterization of PHEA-HIS

The synthesis of PSI, the precursor polymer, has been well

described in the literature.44 A polyaspartamide derivative con-

taining histamine pendants (PHEA-HIS) was synthesized from

PSI via successive nucleophilic ring-opening reactions using his-

tamine and ethanolamine (Scheme 1). Figure 1 shows the 1H

NMR spectrum of PHEA-HIS. The methylene proton peaks, E

and F, appearing in the PHEA-HIS spectra were assigned to the

pendent hydroxyethyl. Peaks A and B were assigned to the two

heteroaromatic proton singlets of the imidazole ring. The two

peaks C and D were assigned to the two methylene protons of

the histamine group. The composition of each group in PHEA-

HIS was determined from the integration ratio between D

Figure 1. 1H NMR of PHEA-HIS. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Scheme 1. The synthesis route of PHEA-HIS.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4330543305 (3 of 10)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


(d 5 3.28–3.45) and E (d 5 3.15–3.28). The histamine group

was conjugated into the polymer backbone around 30.3%.

Figure 2 describes the FTIR spectra of PSI and PHEA-HIS. The

PSI spectrum exhibits a characteristic strong band at 1726 cm21

(absorption of imide), and this band disappears in spectrum B

of the PHEA-HIS. In spectrum B, strong bands appear at

around 1633 cm21 (the C@O stretch of amide and C@N

stretching mode of the ring, including conjugated C@C) and

1256 cm21 (CAH (ring) in-plane bending and CAN (ring)

stretching modes). The absorption band at about 1522 cm21

was assigned to the NH stretch of amide, corresponding to the

aspartamide back-bone structure. A strong band can also be

observed at nearly 1061 cm21, indicating a CAN bond in the

histamine. The broad band of spectra B in the range 3500–

3200 cm21 is attributed to the AOH of the copolymer.

Solubility Behavior of PHEA-HIS. The solubility of the PHEA-

HIS polymer is illustrated in Figure 3. As shown in Figure 3(a),

the higher mixed solvent ratio of 1.8:1 (IPA:water) began to

turn the solution turbid, but is worth noting that IPA is not a

solvent for this polymer. Bubbling CO2 into all four solutions

caused them to change from transparent to opaque (A–C), and

even the heterogeneous solution D, became more turbid. By

bubbling CO2 into water, the histamine groups of PHEA-HIS

will be protonated, making the solubility of the polymer more

Figure 2. FTIR of PHEA-HIS. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 3. Solubility behavior of PHEA-HIS. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Scheme 2. CO2 absorption via the imidazole group of histamine in the

presence of water. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 4. Swelling ratio of PHEA-HIS gel with and without CO2. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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unfavorable in a given solvent. Presumably a change in the

polymer’s conformation occurs, making the interactions

between polymer and solvent more unfavorable. This would, of

course, be directly related to the ability of intramolecular

hydrogen bond opening to create different spatial situations.45

Reversible switching behavior of the PHEA-HIS solution is

demonstrated in Figure 3(b). After bubbling the N2 gas, the

mixture once again became transparent; this process was repeat-

able many times. The capture of CO2 can easily be reversed by

introducing N2 into the system. The reversible binding of CO2

onto the imidazole groups in the presence of water is repre-

sented in Scheme 2.

Swelling Behavior of Crosslinked Hydrogels

PHEA-HIS was crosslinked using HMDI to provide the corre-

sponding hydrogel. The prepared gels were tested to determine

their swelling ratios in aqueous solution using the tea-bag

method, and the water absorption was measured as a function

of time. Figure 4 presents the swelling curves of the hydrogel

prepared under various conditions. Swelling was equilibrated in

about 1 h. The swelling degree of the PHEA-HIS gel, originally

about SR �50 g g21, decreased noticeably to SR �18 g g21

when CO2 was bubbled into the solution containing the gel

specimen. The imidazole ring of the histamine group, acting as

a “proton bank,” accepting protons on its free base form and

donating them when it is protonated, is an amphoteric com-

pound. When CO2 gas is bubbled into the water, carbonic acid

(H2CO3) is formed and the pH of the solution drops to �3.35.

Similar to the effect of CO2 on the solubility of PHEA-HIS,

described previously, the gel in the CO2 bubbled solution

seemed to become more hydrophobic, causing it to shrink. In

an acid solution with pH lower than 4, imidazole moieties on

the polymer pendants became protonated, and the protonation

induces chain stiffness via intra/intermolecular hydrogen bond-

ing interaction between adjacent imidazole units, consequently

lowering the solvent quality of the aqueous media.37 On the

contrary, in the absence of specific, stabilizing interactions, a

polymer backbone will “sample” all possible conformations ran-

domly. The above argument can explain the unusual swelling

behavior of the PHEA-HIS gel that lead to shrinkage in the

hydrogel upon the bubbling of CO2 through the solution.

Figure 5. Swelling ratio of PHEA-HIS gel in various pH environments.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. Reversible swelling behavior: (a) in the presence of CO2/N2 and

(b) in various pH conditions. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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To complement the swelling behavior of the PHEA-HIS gel, the

pH dependency of the solution was investigated. The swelling

degree was lower at low pH and increased gradually as the

increased to 8 [Figure 5(a)]. The pH-dependence of the PHEA-

HIS gel is shown clearly in Figure 5(b). At pH levels of 7 and

above, the hydrogel will remain practically neutral or very

slightly ionized, causing the gel to expand slightly more.

Reversible Swelling of the PHEA-HIS Hydrogel

The protonation process of PHEA-HIS hydrogels can be

reversed through the simple bubbling of an inert gas such as

nitrogen or argon through the aqueous solution. The repeated

swelling ratio changes in the presence of CO2/N2 and pH condi-

tions are demonstrated in Figure 6. The pH of the solution

when bubbling CO2 was �3.35, leading to a drop in the hydro-

gel volume, and could be reversed to 7.56 by simply bubbling

nitrogen through the aqueous solution, leading to an increase

in the hydrogel volume. The reversible swelling was repeatable

many times, proving that reversibility is possible in PHEA-HIS

hydrogels via the introduction of CO2/N2 into the solution [Fig-

ure 6(a)] and controlling the pH [Figure 6(b)]. The swelling

behavior of CO2-responsive hydrogels required less time (ca.,

2 h) than responses due to pH-sensitivity (more than 4 h).

Because carbon dioxide and nitrogen are both gasses at room

temperature, it is easy to blow them out of the solution, while

the buffer pH solution appears to take more time to affect the

hydrogels. The resulting gel possesses a certain range of gel

strength and degree of swelling, which is controllable by chang-

ing the concentration of either the polymer solution or cross-

linker compound in the gel forming process.

IR Characterization and Morphology of the PHEA-HIS Gel

Figure 7 presents the FTIR spectra of the PHEA-HIS gels. The

spectrum of the PHEA-HIS gel in non CO2 solution shows the

same peaks as the original polymer, while, in the spectrum of

the CO2-treated gel, two peaks appear at 1026 and 956 cm21,

presenting the imidazole ring in its conjugate acid (imidazo-

lium) form.

The difference in the porous structure of the two PHEA-HIS gel

samples is shown in Figure 8, and agrees with the swelling

behavior of the gels. In Figure 8(a), a well-interconnected

microporous structure with pores 3–10 lm in size was

observed, and is an effect of CO2. The hydrogel expands to a

higher swollen state in the non-CO2 solution (see Figure 4),

resulting in a macroporous structure. This change in gel poros-

ity induced by introducing CO2 into aqueous solution demon-

strates the CO2-based behavior of this cross-linked polymeric

system.

The Swelling Properties of the Hydrogel in Various Metal

Ion-containing Solutions

The swelling ratio of the hydrogel in various metal ion media

indicates its fundamental adsorption capacity. Several metal

ions with the same ionic numbers were used to measure the

swelling degree of the hydrogel. Figure 9 shows the degree of

swelling in Cu(II), Pb(II), and Ni(II) solutions compared to

that in distilled water. A relatively low level of swelling in a

metal-ion containing solution similar to most other known

superabsorbent polymers was observed. Because of the high

ionic strength, the medium acted adversely on the equilibrium

swelling capacity, moreover, the multivalent coordination

Figure 7. FTIR of PHEA-HIS hydrogel. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 8. SEM micrographs of PHEA-HIS gel, (a) CO2 and (b) non CO2.
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binding of metal-ions with imidazole groups on the polymer

also lowers the swelling ratios. Here the order of swelling degree

was found to be Ni(II)>Pb(II)>Cu(II).

Metal-ion Adsorption Properties

Effect of Initial Concentration and Contact Time. The amount

of metal ions adsorbed onto the hydrogel at equilibrium (qe)

was studied at various initial metal ion concentrations in the

range of 50–500 ppm. As shown in Figure 10, the adsorption

increased from �6–42.35 mg g21 for Cu(II) and from �27–78

mg g21 for Ni(II) in aqueous solution. The adsorption of the

Ni(II) ions was higher than that of the Cu(II) ions and

increased more rapidly. It is believed that the adsorption of the

histamine group on the nickel ion is more efficient than on

other metal ions. The higher affinity of Ni(II) for imidazole

renders this ligand a nickel-selective extractant,46 however, there

are fewer available sites for adsorption at high concentrations,

so the adsorption of metal ions increases only slightly.47,48

The influence of time on the absorption of Cu(II) and Ni(II)

ions onto hybrid gel is represented in Figure 11. The results

show that the rate of adsorption of Cu(II) and Ni(II) ions is

higher initially and reaches its equilibrium value after nearly 80

min for Cu(II) and 120 min for Ni(II). This is likely due to a

larger surface site being available initially for the adsorption,49

yet further increases in contact time did not offer any improve-

ment due to rapid exhaustion of the adsorption sites after a cer-

tain contact period.25,50

Effect of pH on Metal Ion Adsorption. Solution pH is one of

the factors that not only affects surface charge and degree of

ionization, but also strongly influences the adsorption of heavy

metal ions from an aqueous solution. Figure 12 describes the

effect of pH on the adsorption of Cu(II) and Ni(II) from aque-

ous solution using PHEA-HIS gel as an adsorbent. The effect of

solution pH on the Cu(II) ion and Ni(II) ion removal was

investigated within the pH range of 3–5 at a metal ion

Figure 9. Swelling degree of PHEA-HIS gel in various metal ion media.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 10. Effect of initial metal ion concentration on the adsorption

capacity of Cu(II) and Ni(II). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 11. Effect of contact time on the adsorption capacity of Cu(II) and

Ni(II). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 12. Effect of solution pH on the adsorption capacity of Cu(II) and

Ni(II). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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concentration of 400 ppm. Precipitation of the initial solution

appeared at pH levels above 6. As shown in Figure 12, the

adsorption capacity increased when the pH increased from pH

3–5. At low pH, the adsorption capacities of Cu(II) and Ni(II)

ion were found to be lower because histamine groups in the

hydrogel structure bind with specific metal ions in coordination

complexes, and more H1 might compete with metal ions in the

adsorption sites, resulting in a decrease in divalent metal ion

binding.

Adsorption Kinetics. The sorption rate is an important factor

when determining the efficiency of the absorption process. The

Lagergren pseudo-first-order and pseudo-second-order kinetic

models are widely used to define rate of absorption from exper-

imental data, and were used in this study to analyze the adsorp-

tion kinetics of Cu(II) and Ni(II) ions.

The linear form of the Lagergren pseudo-first-order rate equa-

tion51 and the Morries–Weber pseudo-second-order rate equa-

tion,52 respectively, are given as

log qe12qtð Þ5log qe12
k1

2:303

� �
t (2)

t

qt

5
1

k2 q2
e2

1
t

qe2

; (3)

where qe1 (mg g21), qe2 (mg g21), and qt (mg g21) are the

amounts of metal ions adsorbed onto the hydrogel at equilib-

rium and at time, t (t is the contact time that the gels were

immersed to the metal-ion containing solution). k1 (min21)

and k2 (g mg21 min21) are the pseudo-first-order rate constant

and pseudo-second-order rate constant, respectively. The slopes

Figure 13. Pseudo-first-order (a) and pseudo-second-order (b) kinetics

plot for Cu(II) and Ni(II). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table I. Comparison of Pseudo-First-Order and Pseudo-Second-Order

Kinetics Parameters

Metal ion

Pseudo-first-order
kinetic model

Pseudo-second-order
kinetic model

k1 (min21) R2 k2 (g mg21 min21) R2

Cu (II) 0.02 0.996 0.0009 0.982

Ni (II) 0.026 0.999 0.0005 0.977

Figure 14. Langmuir (a), and Freundlich (b) isotherm plot of the adsorp-

tion of Cu(II) and Ni(II). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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and intercepts of plots of log (qe 2 qt) versus t were used to

determine k1 and qe1, while qe2 and k2 can be obtained in the

same manner from the plot of t/qt against t.

The pseudo-first-order and pseudo-second-order kinetic models

were used to fit the data in Figure 11, and the results are plot-

ted in Figure 13. The kinetic parameters obtained via the

adsorption of Cu(II) and Ni(II) ions onto the PHEA-HIS

hydrogel are shown in Table I. The linear correlation coefficients

(R2) of the pseudo-first-order model were higher than those of

the pseudo-second-order model, and the theoretical equilibrium

sorption capacity calculated from the pseudo-first-order equa-

tion was closer to the experimental sorption capacity as a func-

tion of contact time. Therefore, the linearity of these plots

proves that this process follows pseudo-first-order kinetics.

Adsorption Isotherms. The adsorption capacity of the hydrogel

can be illustrated via the isotherm. The equilibrium relation-

ships between sorbent and sorbate is represented using the

adsorption isotherm, which explains the adsorption behavior of

solutes on adsorbents.53 The adsorption isotherms were

explored using the Langmuir54 and Freundlich55 adsorption

models. The Langmuir model assumes a completely homogene-

ous adsorption surface, whereas the Freundlich isotherm is suit-

able for a highly heterogeneous sorption system. The two

models are expressed in the following equations, respectively:

Ce

qe

5
1

bqm

1
Ce

qm

(4)

logqe5log Kf 1
1

n
log Ce ; (5)

where qe (mg g21) is the equilibrium metal ion concentration

on the sorbent, qm (mg g21) represents the monolayer biosorp-

tion capacity of the sorbent, Ce (mg L21) is the equilibrium

metal ion concentration in the solution, and b is the Langmuir

adsorption constant related to the free energy of sorption. Kf

and 1/n are the Freundlich adsorption constants indicating the

adsorption capacity and adsorption intensity, respectively. The

values of the Langmuir constants, b and qm; were obtained from

the slopes and intercepts of plots of Ce/qe versus Ce, and the

Freundlich constant, Kf and 1/n, from plots of log qe versus log

Ce in the same manner.

The Langmuir and Freundlich models fitted in Figure 14 were

obtained from sorbate concentration data. The constants and cor-

relation coefficients were calculated and are shown in Table II.

The linear correlation coefficients determined using the Freund-

lich model were greater than those of the Langmuir model, indi-

cating that the Freundlich equation was a better fit for the

experiment data than the Langmuir equation.

CONCLUSIONS

Novel polymers based on polyaspartamides with histamine

functional groups and hydroxyethyl pendent groups were syn-

thesized. Their chemical gels were prepared using HMDI in

DMSO. The PHEA-HIS polymer and hydrogel are eligible for

undergoing reversible switching of CO2/N2, which result in

changes in the solubility and volume transition, respectively.

The swelling and morphologies of the porous structure of the

prepared gels were obtained. The hydrogels are not only CO2-

sensitive, but also respond to changes in pH, and exhibit the

ability to absorb metal ions in aqueous media. The discovery

demonstrated in this study opens the door to a wide range of

applications including sensors, drug delivery, and even stimuli-

responsive materials.
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