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Preparation of a tetraethylenepentamine grafted
magnetic chitosan bead for adsorption of Re(vn)

from aqueous solutions
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A cross-linked magnetic chitosan bead (MCB) and tetraethylenepentamine grafted magnetic chitosan bead
(TMCB) were synthesized using the water/oil (W/O) emulsion cross-linking method and characterized using
scanning electron microscopy (SEM), vibrating-sample magnetometry (VSM) and Fourier transform infrared
spectroscopy (FTIR). The saturation magnetization and remanent magnetization of TMCB were 7.09 emu

g ! and 0.834 emu g% respectively, illustrating the superparamagnetic properties of the prepared

TMCB. The adsorption properties of MCB and TMCB for the removal of rare metal rhenium from acidic
effluents were evaluated. Kinetic experimental data fit well with the pseudo-second-order model, and
the adsorption isotherms were better fitted with the Langmuir model. The maximum adsorption
capacities of Re(vi) as obtained from the Langmuir model were 224.50 and 257.61 mg g~* for MCB and
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TMCB, respectively, at pH 3 and 30 °C. Thermodynamic analysis revealed that the adsorption process is

both spontaneous and exothermic. Regeneration experiments were conducted using 2 M NaCl, and
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1 Introduction

Rhenium is one of the rarest elements in the earth's crust. It plays
an important role in various fields such as metallurgy, military,
aviation, chemical and petrochemical industries owing to its
high melting and boiling points and high hardness.! Although
commercial rhenium is mainly extracted from molybdenum
roaster-flue gas obtained from copper-sulfide ores, in many
metallurgical enterprises in present China, rhenium still abun-
dantly exists in the waste acid effluent produced from flue gas
from non-ferrous metals smelting, which was directly discharged
into wastewater treatment plant, reducing a waste of valuable
resource. In recent years, the price of rhenium has risen rapidly
as the demand for rhenium is growing quickly; thus, the recovery
of Re(vn) from aqueous solutions is of great significance.?
Several methods for the recovery of rhenium, such as
precipitation,® adsorption,* ion exchange' and solvent extrac-
tion,” have been widely used. Adsorption, with its advantages of
environment-friendliness and high efficiency, has become
a popular method for the removal of pollutants from waste-
water. Compared to some expensive sorbents such as activated
carbon and commercial chelating resins, biopolymers are
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TMCB maintained good adsorption and desorption performance after five regeneration cycles, indicating
a promising material for the recovery of rhenium from acidic industrial effluents.

considered a relatively low-cost alternative and are attracting
increasing attention nowadays.®

Chitosan, a biopolymer obtained via the alkaline deacetylation
of chitin, is a major component of crustaceans and one of the
most abundant sorbents in nature.”® As seen from recently re-
ported literature, a great variety of precious metals were recovered
using chitosan and/or its derivatives.>'® However, its drawbacks,
such as weak mechanical properties, dissolution in acidic solu-
tion, low surface area, and separation difficulty, have hindered its
applications for large-scale treatment of waste water."* Cross-
linked chitosan with epichlorohydrin® or glutaraldehyde' has
been proposed to improve its chemical stability and mechanical
resistance. The crosslinking step may cause a decrease in metal
uptake efficiency, especially when the chemical reactions involve
amine groups.” Thus, crosslinked chitosan has been granulated
in various forms with surface modification to introduce amine**
and other functional groups.”*” These surface modification chi-
tosan sorbents were with high selectivity, good acid resistance and
sorption performance after modification. Moreover, as reported
in literature,’®?° techniques employing magnetism seem to be
a good choice to solve the separation problem.

In the present work, tetraethylenepentamine-grafted
magnetic chitosan bead (TMCB) with glutaraldehyde cross-
linking was prepared to promote the adsorption performance of
Re(vn) in an acidic solution. The characteristics of TMCB were
confirmed through SEM, VSM and FTIR spectroscopy. Various
factors affecting the uptake behavior such as pH value, contact
time and temperature were investigated at the same time.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 Materials and methods
2.1 Materials

Chitosan (90% acetylation degree), ferric chloride, ferrous
sulfate, glutaraldehyde, epichlorohydrin, and tetraethylene-
pentamine were supplied by Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Re(vu) standard solution and potassium
perrhenate were obtained from Sigma-Aldrich Co., Ltd (St.
Louis, USA). All chemicals were reagent grade or above and used
without further purification. All water mentioned in this work
was doubly deionized water.

2.2 Preparation of sorbents

2.2.1 Preparation of magnetic chitosan bead (MCB).
Magnetite supporting material was prepared using the modified
Massart method.”* A 250 mL FeCl; solution (0.2 M) was mixed
with a 250 mL FeSO, solution (0.1 M), then a 200 mL ammo-
nium hydroxide solution was poured into the above solution
with vigorous stirring until a black precipitate was formed. The
precipitate formed as ferroferric oxide microspheres was sepa-
rated through magnetic decantation and washed with deionized
water until the pH value decreases below 7.5 and dried in an
oven at 60 °C.

Magnetic chitosan beads were prepared using the water/oil
(W/O) emulsion cross-linking method.” 1 g of chitosan was dis-
solved in 20 mL of (2% v/v) acetic acid solution. Then, 0.35 g of
magnetite was added into the chitosan solution, suspending with
sonication for 30 min. The resulting solution was dropwise added
into the oil phase, which consisted of 55 mL cyclohexane, 30 mL
n-hexanol and 2 mL Span-80 as an emulsifier. The W/O emulsion
system was agitated at room temperature (25 + 2 °C) until
microspheres were formed. Note that 1 mL of (25%, v/v) glutar-
aldehyde was dropped into the emulsion system, maintaining
stirring for 2 h. The cross-linked microspheres were magnetically
separated and rinsed with deionized water and ethanol several
times and kept in a desiccator after drying at 60 °C.

2.2.2 Preparation of tetraethylenepentamine grafted
magnetic chitosan bead (TMCB). Note that 3 mL of epichloro-
hydrin was dissolved in 20 mL acetone/water (1 : 1 v/v) solution,
and then the wet magnetic chitosan bead obtained from above
steps was added, with stirring for 12 h at 50 °C. The solid
product was magnetically separated and washed using deion-
ized water, followed by ethanol.

Then, epichlorohydrin-treated MCB was suspended in 20 mL
of ethanol/water (1 : 1 v/v) solution, followed by adding 3 mL of
tetraethylenepentamine for surface grafting. The suspension
was agitated for 12 h at 50 °C, then tetraethylenepentamine-
grafted MCB was magnetically separated and washed with
deionized water and ethanol several times and kept in a desic-
cator for further adsorption experiments after drying at 60 °C.
Schematic diagram of the preparation process of TMCB and the
adsorption process of Re(vir) by TMCB are shown in Scheme 1.

2.3 Characteristic analysis methods

The surface morphologies of MCB and TMCB were examined
with scanning electron microscopy (SEM, Nova NanoSEM 450

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electron microscopy, FEI, Netherlands). A vibrating-sample
magnetometer (VSM), provided by Physical Property
Measurement System (Quantum Design Inc., San Diego, USA),
was used to characterize the magnetic properties of Fe;O, and
TMCB at room temperature. Fourier transform infrared
spectroscopy (FTIR) was used to compare the change of the
functional groups in the ferroferric oxide microsphere,
chitosan, TMCB, and Re(vi)-loaded TMCB. The infrared
spectra of samples prepared as KBr discs were recorded by
FTIR (VERTEX 70, Bruker Optics, German) within the range of
4000-400 cm ™.

2.4 Batch experiments

2.4.1 Effect of pH. Note that 0.03 g of MCB or TMCB was
added to 30 mL of 125 mg per L Re(vi) aqueous solution and
agitated in a rotary shaker for 4 h at 140 rpm and 30 °C. The
desired pH was adjusted using 1 M HCI or 1 M NaOH and
measured with a pH meter (Starter 3C, OHAUS, USA). The
residual concentration of Re(vi) as perrhenate anions (ReO, )
was determined using a UV-vis spectrometer (UV-260, Shi-
madzu, Japan) at 440 nm, followed by the method reported by
D. Jermakowicz-Bartkowiak.>® The amount of Re(vi) adsorbed
per unit mass of adsorbent was calculated from the following
equation:

g = GVi- GV (1)

m

where V; (mL) is the initial volume and V; (mL) is the final
(initial plus added HCI or NaOH solution) volume. C; and C¢(mg
L") are the initial and final Re(v) concentrations, respectively,
and m (g) is the mass of biomass used.

2.4.2 Adsorption kinetics. Note that 1 g per L dosage of
MCB or TMCB was contacted with 100 mL of 125 mg per L
Re(vi) aqueous solution at pH 3 and 30 °C. Samples were
collected at different time intervals (1, 3, 5, 7, 10, 20, 40, 60, 100,
180, 300 min) for the analysis of residual metal concentration in
supernatant.

2.4.3 Adsorption isotherms. Isotherm studies were con-
ducted by contacting 0.03 g of MCB or TMCB with 30 mL of
Re(vn) solution at different initial concentrations ranging from
0 to 250 mg L' at pH 3 for 24 h with a constant agitation speed
of 140 rpm, under different temperatures at 30 °C, 40 °C and
50 °C, respectively. As soon as the equilibrium was attained, the
residual concentration of Re(vu) was determined, followed by
the method mentioned above.

2.5 Desorption and regeneration

In this study, eluents such as HCI, NaOH, and NaCl were chosen
to regenerate the exhausted TMCB, which were exposed to
0.02 g of sorbent to 200 mg per L Re(u) solution at pH 3 and 30 °©
C for 24 h. The Re(vi)-loaded TMCB was collected and washed
with deionized water for desorption. The Re(vi)-loaded TMCB
were then immersed in 25 mL of 2 M NacCl solution for another
24 h. The remaining procedure was the same as mentioned
above. The adsorption/desorption cycles were repeated five
times for evaluating the sorbent performance.

RSC Adv, 2024, 14, 38944-38951 | 38945
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Scheme 1 Schematics of the preparation process of the TMCB and the adsorption process of Re(vi) by the TMCB.

3 Results and discussion
3.1 Characteristics of the sorbents

SEM analysis can provide information about the size and the
surface morphology of the developed sorbents. As seen from
Fig. 1a, the MCB exists as a core-shell with a diameter about 100
um while TMCB shows a mean diameter of around 200 pm
(Fig. 1b). Moreover, the surface of TMCB is more irregular and
rougher than that of MCB, which indicates that tetraethylene-
pentamine seems to be successfully coated onto the surface of
magnetic chitosan bead.

The magnetic property was measured on a vibrating sample
magnetometer (VSM) and presented via the VSM plot of H (Oe)
and M (emu g~ '). As shown in Fig. 1c, the saturation magneti-
zation of TMCB and Fe;O,4 are 7.09 emu g ' and 53.19 emu g/,
respectively. The saturation magnetization of Fe;O, decreased
after modification may be attributed to chitosan coating on the
surface of Fe;O, and the relatively low amount of Fe;O, loaded
on the TMCB. However, the magnetic property remained high
enough to meet the need for magnetic separation.*

The FTIR spectra of Fe;0,4, TMCB, and Re(vi)-loaded TMCB
are shown in Fig. 1d. For Fe;O,4, a characteristic adsorption
band at 588 cm " is attributed to the stretching vibration of the

38946 | RSC Adv, 2024, 14, 38944-38951

Fe-O bond.”® For chitosan, the adsorption band at around
3454 cm™ " was assigned to the stretching vibration of O-H and
N-H, and peaks at 2921 and 2876 cm ™" are from the stretching
vibrations of C-H bond; while adsorption peaks at around 1657,
1603 and 1383 cm ™' can be attributed to amide band I, amide
band II and CH; symmetrical angular deformation, respec-
tively.”> The IR spectra of TMCB contained the characteristic
peaks of both chitosan and Fe;O04, which confirmed the
successful coating of chitosan on Fe;O0, magnetic particles. For
Re(vn)-loaded TMCB, a new peak at 914 cm ™ is attributed to the
Re=O0 bonds, suggesting that Re(vi) was successfully adsorbed
by TMCB.*

3.2 Effect of pH

The effect of pH value of the medium on the uptake of Re(vu) is
shown in Fig. 2. The sorption capacity of Re(vu) increased from
36mgg ' to88 mgg 'and 58 mg g ' to 103 mg g~ for MCB
and TMCB, respectively, with pH value decreasing from 6 to 3. It
can be concluded that the number of protonated amino groups
was enhanced with lower pH conditions. Hence the more
positively charged amine groups could electrostatically interact
with negatively charged perrhenate (ReO, ). However, the
uptake of Re(vi) decreased drastically for both MCB and TMCB

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Effect of pH on the uptake of Re(vi) ions by the MCB and TMCB.

as pH values reduced from 3 to 1, which can be attributed to
a great deal of chloride anions at extremely low pH conditions
which would interfere the adsorption of perrhenate anion
(ReO,") in the diffuse layer around the adsorbent by occupying
the sites of protonated amine groups.>®

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.3 Kinetic studies

Sorption kinetic study plays an important role in the treatment
of aqueous effluents since it provides valuable information on
the reaction pathway and in the mechanism of adsorption
reactions. As shown in Fig. 3a, the adsorption equilibrium was
reached within approximately 40 min for TMCB, whereas MCB
took almost 100 min to attain equilibrium. A faster equilibrium
time for TMCB was probably due to much more binding site (-
NH;") on the surface of sorbent after tetraethylenepentamine
grafting, along with higher anionic ReO,  favor. In order to
investigate the adsorption kinetics mechanism of the sorbents
for Re(vu), the pseudo-first-order model and pseudo-second-
order model were introduced as follows:
Pseudo-first-order model:*”

In(ge — q)) = Ing. — kyt (2)

Pseudo-second-order model:*®
t 1 t
- 4 — 3
g kgl qe G)

where k; (min~') and k, (g mg~" min~") are the rate constant of
pseudo-first order model and pseudo-second-order model,

RSC Adv, 2024, 14, 38944-38951 | 38947
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respectively, g. and g, (mg g~ ') are the amounts of metal ions
adsorbed on the adsorbents at equilibrium and at time ¢ (min),
respectively.
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The kinetic parameters obtained from the pseudo-first-order
and pseudo-second-order models are summarized in Table 1
and the linearized form of the pseudo-second order model is
given in Fig. 3b. As seen from Table 1, pseudo-second-order
model fits the experimental data better than pseudo-first-
order model, with higher correlation coefficient R* of 0.999. In
addition, the calculated g, value obtained from pseudo-second-
order model agreed well with experimental data. It implied that
the rate-limiting step might be chemical sorption involving
valency forces through sharing or electrons exchange between
metal anions and chitosan bead.?®

The relationship between the uptake and the root of time is
used to determine the controlling step in the adsorption. The
linear form of intra-particle diffusion equation can be described
as below:*

g, = Kigt*? (4)
where Ki4 is the intraparticle diffusion rate (mg g~' min %?).
Fig. 3c shows the intra-particle diffusion plots for Re(v)
adsorption on both MCB and TMCB, dividing into three
stages.”® The diffusion rate constants in every step are depicted
in Table 1. In the first step, large numbers of Re(vi) anion were
adsorbed instantly by the external surface of sorbents. In the
second step, the Re(vi) anion gradually entered into the interior
pores of sorbents and adsorbed into the interior surface until
the adsorption equilibrium was reached. In the third step, as
seen in Table 1, the intra-particle diffusion rate constant Kj; was
about zero, indicating that the final equilibrium state was
reached. The much higher K;; and K;, values for TMCB than that
for MCB might be attributed to more active sites on the external
or interior surface of TMCR. Besides, straight lines of the
beginning period did not pass through the origin, suggesting
that intraparticle diffusion was not the rate-limiting step for the
whole reaction.*

3.4 Adsorption isotherms

Isotherms are used to describe the maximal adsorption capacity
of the adsorbent and reveal the adsorption behaviors between
adsorbate and adsorbent. As shown in Fig. 4, the uptake of
Re(v) onto TMCB increased with increasing equilibrium
concentration under different temperature ranging from 30 °C
to 50 °C.
The adsorption isotherm data was treated according to
Langmuir®* and Freundlich®* models:
C C. 1

= = 5
qe qm quL ( )

Table 1 Pseudo-first-order and pseudo-second-order parameters of Re(vi) adsorption on the MCB and TMCB

Pseudo-first-order

Pseudo-second-order

Intra-particle diffusion model

Adsorbent k; (min™") ge (mg g™ R? k, (g mg™' min™") ge (mg g™ R* ki ki, (mg g™* min’l/z) kis
MCB 0.053 33.540 0.954 0.002073 84.03 0.999 12.41 3.79 0
TMCB 0.0127 4.712 0.976 0.003267 101.01 0.999 20.09 3.85 0
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different temperatures (30 °C, 40 °C and 50 °C). The isotherm
experimental data were described using the Langmuir (solid line) and
Freundlich (dashed line) models.

de = KfCe tn (6)

where g. (mg g~ ') is the amount of Re(vir) adsorbed per MCB or
TMCB at equilibrium, and C. (mg L") is the equilibrium Re(vi)
concentration remaining in the solution, g, (mg g~ ") is the
maximum adsorption capacity of Re(vi) and, K;, (L mg ") is the
Langmuir equilibrium constant which is related to the free
energy of adsorption, K; is the Freundlich constant relating the
adsorption capacity, and » is the Freundlich exponent.

The Langmuir and Freundlich equation parameters, calcu-
lated from their respective isotherms along with the coefficients
of determination are presented in Table 2. As shown in Table 2,
Langmuir isotherm model yielded higher value of correlation
coefficients (R”) compared to Freundlich isotherm model sug-
gesting that the adsorption of Re(vi) onto the surfaces of MCB
and TMCB follows a monolayer coverage involving chemisorp-
tion.' According to the Langmuir isotherm model, the theo-
retical maximum Re(vi) adsorption capacities of TMCB under
different temperatures (30 °C, 40 °C and 50 °C) were obtained as
257.61, 255.01 and 249.24 mg g, respectively, higher than
those of MCR (224.50, 216.5, 212.78 mg g~ '); also, the K;, of
TMCB observed under different temperatures were 0.0188,
0.0143 and 0.0116 L mg ", respectively, higher than that of MCB
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(0.0133, 0.0125 and 0.0115 L mg ™ '). This indicated that TMCB
possessed more amino binding sites than MCB, and took
advantage of the electrostatic adsorption of Re(vu). Likewise, the
nvalues calculated from the Freundlich isotherm equation were
between 1.59 and 1.66 for both MCB and TMCB, reflecting that
the adsorption process was favorable.** Comparing the sorption
capacity of rhenium reported in the literature,**** both MCB
and TMCB prevailed over all reported sorbents.

It was observable that the adsorption capacity of Re(vi)
decreased with increasing temperature from 30 °C to 50 °C,
indicating that the adsorption reaction is exothermic. Ther-
modynamic parameters of adsorption were calculated from the
following van't Hoff equation:*

A )
RT R

where AH® (J mol™") and AS° (J mol™" K ') are enthalpy and
entropy changes, R is the universal gas constant (8.314 J mol
K ') and T is the absolute temperature (K). Plotting InK;,
against 1/T gives a straight line with slope and intercept equal to
—AH°/R and AS°/R, respectively. The values of AH® and AS°
were calculated as —5.76 k] mol™ and —11.46 ] mol™* K,
respectively, for MCB; while higher values (AH®:
—19.71 kJ mol™*, AS°: —54.71 J mol ' K ') obtained from
thermodynamic adsorption of TMCB. The negative value of AH°
indicates an exothermic adsorption process and the negative
values of AS° might be due to the high orderness of the
adsorption system at equilibrium. Gibbs free energy of (AG°),
the fundamental criterion of spontaneity, was calculated from
the following relation:

anL:_

AG = AH — TAS’ (8)

The negative value of AG° indicates that the adsorption
reaction is spontaneous. As seen in Table 2, AG° is negative and
increases with increasing temperature indicating that the
adsorption of Re(vu) is spontaneous and, spontaneity decreases
in higher temperatures, which is consistent with the results of
isotherm that higher temperature resulting less favorable Re(vi)
adsorption.*®

3.5 Regeneration

Regeneration study is important to figure out the possibility for
the recovery of metals adsorbed on the sorbent. In this study,
2 M NaCl was employed as eluents. The mechanism of

Table 2 Isotherm parameters for the adsorption of Re(vi) onto the MCB and TMCB at different temperatures
Langmuir model Freundlich model
Adsorbent Temp. (K) Qmax (mg LY K (L mg™) R AG° (k] mol ™) Ky (mg g7) (dm?® g~)'" n R
MCB 303 224.50 0.0133 0.991 —-3.13 7.182 1.597 0.949
313 216.50 0.0125 0.997 —2.59 6.684 1.597 0.955
323 212.78 0.0115 0.993 —2.04 6.074 1.578 0.954
TMCB 303 257.61 0.0188 0.994 —2.29 11.25 1.66 0.971
313 255.01 0.0143 0.990 —2.17 8.95 1.62 0.982
323 249.24 0.0116 0.993 —2.06 7.42 1.59 0.994

© 2024 The Author(s). Published by the Royal Society of Chemistry
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desorption reaction might be due to the electrostatic interaction
between Re(vi) oxoanion and the charged species in elution,
through the compression of the electric double layer, which
would weaken the interaction between adsorbent and metal,
promoting desorption performance;*” meanwhile, the nega-
tively charged Re(vu) was replaced with chloride ion, which was
contacted with positively charged amine groups on the surface
of TMCB. The desorption reaction can be expressed as the
following equation:

TMCB-NH;"ReO,” + NaCl = TMCB-NH;"Cl~ + NaReO,4

The adsorption/desorption cycles were repeated five times as
shown in Fig. 5. The results show that both sorption and
desorption efficiency capacity of TMCB are quite stable with
over 72% of sorption efficiency and over 62% of desorption
efficiency after the fifth cycle. This result showed a great
potential for regeneration of exhausted TMCB in further
application.

4 Conclusions

In this study, tetraethylenepentamine grafted magnetic chito-
san bead was synthesized and characterized. SEM, VSM and
FTIR analysis illuminated that chitosan was successfully coated
on the surface of Fe;0, particles. pH effect demonstrated that
PH 3 was the best condition for Re(vi) adsorption. TMCB for
Re(vi) adsorption equilibrium was rapidly achieved within
40 min, with kinetic data described well by the pseudo-second-
order model, indicating a chemical adsorption is a rate-limiting
step. Equilibrium isotherm data were fitted with Langmuir and
Freundlich models, and the Langmuir model was in good
agreement with the experimental data with a higher R>. TMCB
presented higher uptake capacity of Re(vi) (257.61 mg L)
compared to MCB with an uptake of 224.50 mg L™, which
indicated the grafting of amine groups was accomplished. The
thermodynamic parameters indicated an orderly, spontaneous
and exothermic adsorption process. Also, TMCB can be easily
regenerated only using 2 M NaCl, exhibiting quite a good
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desorption performance even after five adsorption-desorption
cycles. Therefore, tetraethylenepentamine grafted magnetic
chitosan bead can be a potential alternative absorbent for
separating Re(vi) from aqueous solutions, with the advantage of
easy magnetic separation, favorable kinetic characteristics and,
high adsorption and desorption performance.
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