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from aqueous solutions: simulation and adsorption
studies
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In this study, a novel polyethyleneimine (PEI) modified MOF-derived carbon adsorbent (PEI@MDC) was
proposed, which exhibited significant adsorption capacity for Congo Red (CR) in aqueous solutions. FT-
IR and XPS results showed that PEl was successfully grafted onto MDC, increasing the content of amine
groups on the surface of MDC. The adsorption process conformed to the Langmuir isotherm adsorption
model and pseudo-second-order kinetic equation, indicating that the adsorption of CR on PEI@MDC
was covered by a single layer, and the adsorption process was controlled by chemical processes.
According to the Langmuir model, the maximum adsorption capacity at 30 °C was 1723.86 mg g%
Hydrogen bonding and electrostatic interactions between CR and PEI@MDC surface functional groups
were the main mechanisms controlling the adsorption process. After five adsorption—desorption cycles,
PEI@MDC still showed a high adsorption capacity for CR, indicating that the adsorbent had an excellent

rsc.li/rsc-advances regeneration ability.

1. Introduction

With the rapid development of industry, wastewater pollution
has become a worldwide environmental problem. Dyes released
from textile and paper mills are the most common pollutants in
wastewater, and their release and accumulation may have
teratogenic, carcinogenic and mutagenic effects on humans
and aquatic organisms."” Congo Red (CR) is a prevalent anionic
synthetic dye that can pose serious threats to aquatic ecosys-
tems and human health even at low concentrations, such as
inhibition of plant growth, carcinogenicity, and kidney disease.
CR is difficult to degrade under natural conditions due to its
complex and stable aromatic molecular structure. Conse-
quently, there is an urgent need to remove CR from aqueous
solutions.

For this purpose, various technologies such as electro-
flocculation, membrane filtration, ultrafiltration,
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photodegradation and adsorption were adopted.*® Among
them, adsorption is considered to have great potential for
industrial applications, thanks mainly to its numerous advan-
tages such as economic viability, high efficiency, ease of oper-
ation and low secondary pollution. Carbon materials such as
activated carbon, biochar and carbon nanotubes are often used
in water treatment, but lack reproducibility and designability
results in poor adsorption capacity.’

Recently, MOF-derived carbons (MDCs), a class of derived
carbon materials obtained through the pyrolysis of metal-
organic frameworks (MOFs), have attracted a great deal of
attention from researchers.'®'* Most MOFs are less stable and
tend to self-decompose in the aqueous phase, limiting their use
in the removal of environmental pollutants. Unlike MOFs,
MDCs have good thermal/chemical stability, variable surface
chemistry and ease of surface modification, making them
superior for the adsorption of a wide range of pollutants in
water.'**> However, due to the limited active functional groups
on pure MDC, its adsorption performance needs to be further
improved. In order to improve the adsorption capacity of
carbon-based adsorbents, it is important to introduce sufficient
functional groups on the surface of the carbon material for the
target material.”® Many studies have shown that the construc-
tion of adsorbents rich in amine functional groups will provide
important assistance in the removal of organic dyes.'*"*

Polyethylenimine (PEI) is a hydrophilic polymer with high
cationic charge density and abundant active amine groups (-
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NH,,~-NH-, N-) on the main and branch chains, which can
adsorb anionic dyes through electrostatic interaction or
hydrogen bond.'®"” As PEI is water-soluble, this greatly limits its
practical application as an adsorbent, so it is often modified on
the surface of the material to prepare PEI-containing composite
adsorbents. For example, PEI-modified magnetic chitosan
(Fe30,4/CS-PEI) adsorbents have been used for CR removal.'® PEI
was also used to prepare modified MOFs composites
(PEI@NH,-MIL-101) which showed excellent dye removal
performance for Methyl Orange (MO, 89.4%) and Direct Red 80
(DR80, 99.8%).%

The aim of this study was to develop a polyethyleneimine-
modified MOF-derived carbon adsorbent (PEI@MDC). It was
thought to combine the excellent physicochemical properties of
MDC with the special dual properties of the abundant amine
functional groups from PEI, promising efficient removal of the
anionic dye Congo Red (CR). To our knowledge, there are few
reports of PEI-modified MDC adsorbents for dye adsorption.
Various characterisation techniques were used to characterize
the characterization of the structure and physicochemical
properties of PEI@MDC. In addition, the influencing factors
such as solution pH, initial concentration and temperature, and
coexisting ions were investigated through batch adsorption
experiments, and the adsorption isotherms, kinetics and ther-
modynamics of the adsorption process were studied, and the
adsorption mechanism was proposed. Finally, the recovery
performance of the adsorbent was determined by regeneration
experiments of the adsorbent.

2. Materials and experimental
methods

2.1. Materials

Aluminium nitrate nonahydrate (Al (NO3);-9H,0, >99.0%) and
1,2,4,5-benzenetetracarboxylic acid (H,BTEC, >99.0%) and pol-
yethyleneimine (PEI, Mw: 600 Da, 99%) were purchased from
Macklin's Biochemical Technology Lt, (China). Congo Red (CR)
was purchased from Sinopharm Chemical Reagent Co, (China).
NaOH (AR, =96.0%), HCl (AR, 36-38%), and ethanol (AR,
=99.7%) were purchased from Cologne Chemicals Ltd, (China).

2.2. Synthesis of MOF (MIL-121) precursors

MIL-121 powder was synthesized by hydrothermal method.*
Specifically, 4.8 g (12.8 mmol) of Al (NO3);-9H,0 and 1.6 g (6.4
mmol) of H,BTEC were dispersed in deionised water (20 mL)
and stirred continuously at room temperature for 2 hours. The
mixture was transferred to a 100 mL Teflon-lined autoclave,
sealed and stored in a vacuum oven at 180 °C for 48 hours. The
resulting precipitate was separated by centrifugation and
washed 3 times with deionised water and ethanol to remove
residues. Finally, the precipitate was dried at 80 °C for 10 hours.

2.3. Preparation of MDC

MOF-derived carbon (MDC) materials were prepared by direct
pyrolysis of MIL-121 precursors. The 1 g MIL-121 samples were
placed in a quartz boat and carbonized in a tube furnace at 500 °
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C under a stream of nitrogen at a heating rate of 5 °C min " for
5 hours.

2.4. Synthesis of PEI@MDC

PEI@MDC was synthesized by the wet-impregnated method.*
Specifically, 0.15 g of PEI samples were dissolved in 5 mL of
anhydrous methanol and stirred for 1 h, then 0.5 g of MDC
samples were added to the methanol solution containing PEI,
and the stirring was continued for 12 hours. The resulting
samples were washed several times with methanol to remove
residuals. Finally, the powders were dried in a vacuum oven at
60 °C overnight and kept in a desiccator until use.

2.5. Characterisation of materials

The morphology of the samples was characterized by a scanning
electron microscope (Gemini 300, Germany). XRD profiles of
the samples were measured using an X-ray powder diffractom-
eter (Rigaku D/MAX 2500 V, Japan) with Cu Ko radiation by
a step-scanning method in the range of 26 = 5-80°. The weight
change of the hydrothermal product was measured as a func-
tion of calcination temperature over a temperature range of
approximately 30-800 °C using a thermogravimetric (TG)
analyzer (TGA400, PerkinElmer, USA). The surface area and
porosity of the materials were determined by nitrogen
adsorption/desorption and BET method using ASAP 2020
Surface area and porosity analyzer (Micromeritics, USA) at 77.3
K. Before the adsorption experiment, samples were degassed at
120 °C under vacuum for 12 h, the Brunauer-Emmett-Teller
(BET) method was used to calculate the specific surface area and
Barrett-Joyner-Halenda (BJH) model was used to generate the
pore size distribution curves. The surface functional groups of
the materials were identified by Fourier transform infrared
spectroscopy (FTIR, IRTracer-100, Shimadzu, Japan) in the
wavelength range of 400-4000 cm ™. X-ray photoelectron spec-
troscopy (XPS, ThermoFisher KAlpha, USA) was used to analyze
the composition and chemical state of the prepared samples.
The charge distribution on the material surface was measured
using a zeta potentiometer (Zetasizer, NANO ZS90, UK).

2.6. Dye adsorption experiments

Batch adsorption experiments were performed in Erlenmeyer
flasks containing 50 mL of CR solution. The sealed Erlenmeyer
flask was then placed in a thermostatic shaker with a preset
temperature and oscillated at a constant speed of 150 rpm for
adsorption experiments. The influence of the main factors on
CR removal during the adsorption process were investigated,
including grafting amount of PEI (0-0.25 g), dosage of adsor-
bent (0.1-0.5 g L™ 1), initial CR concentration (600, 700 and
800 mg L"), contact time (0-360 min), pH value (4-12) and
temperature (20-60 °C). The pH value of the solution was
adjusted by using 0.1 mol L™ HCl or 0.1 mol L™ " NaOH. In the
experiment on the influence of coexisting ions, 0.5 mL of 0.1 M
salt solution (NaOH, NaCl, Na,SO,, Na,CO;) was added to CR
solution with the initial concentration of 700 mg L™, respec-
tively, to study the effect of coexisting ions on the removal
efficiency of CR. The CR solution before and after adsorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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were filtered through a 0.45 pm membrane filter, and the
absorbance was measured at 498 nm using a UV-vis spectro-
photometer (UV-2550, Shimadzu, Japan).

The equilibrium adsorption capacity is calculated as follows:

o (G-C)Y )

m

The adsorption removal rate is calculated as follows:

(CO - Ce)

R=
G

x 100% @)
where q. (mg g ") is the adsorption capacity at equilibrium, C,
(mg L") is the initial concentration of CR, C. (mg L") is the
adsorbate concentration of CR at equilibrium, V (L) is the
solution volume and m (g) is the adsorbent mass. All batches of
experiments were conducted in triplicate and the results were
averaged.

2.7. Regeneration experiments

Excellent adsorbent materials should have superior reusability.
20 mg of PEI@MDC samples were separately dispersed in 50 mL
CR dye solution with an initial concentration of 700 mg L™* for
regeneration experiments. After each cyclic adsorption experi-
ment, the PEI@MDC samples were collected by centrifugal
separation. 0.1 mol L' NaOH was selected as the desorption
solution. The adsorbed saturated PEI@MDC samples were
immersed in 50 mL desorbing solution, stirred for 12 hours,
then PEI@MDC samples were separated and washed several
times with ethanol. Finally, the collected PEI@MDC
samples were dried at 80 °C for 12 hours. The removal rate of CR
was measured in each cycle.

3. Results and discussion

3.1. Morphology and structure analysis of PEI@MDC

The morphologies of MIL-121, MDC and PEI@MDC were shown
in the SEM micrographs in Fig. 1. In Fig. 1(a), the pristine MIL-
121 had a regular rod-like morphology with a dense structure
without any visible pores, which was consistent with reports in
previous studies.” As shown in Fig. 1(b), the MDC formed after
elevated-temperature carbonization of MIL-121 had numerous
cracks and pores. From Fig. 1(c), it could be seen that after PEI
modification, the morphology regularity and integrity of
PEI@MDC decreased slightly, the surface roughness increased,
and the pores became less visible. This was because PEI filled
the pore structure of the original MDC. In addition, the corre-
sponding EDX mapped images of the prepared PEI@MDC
adsorbent showed the presence of O, Al, C and N elements
(Fig. 1(d-g)).

Fig. 2(a) displayed the XRD patterns of pristine MIL-121,
MDC, and PEI@MDC. The diffraction peaks of MIL-121 were
in good agreement with those reported in related reports,
indicating that MIL-121 was successfully prepared.”” In MDC
and PEI@MDC, broad and strong diffraction peaks at 26 = 25°
and 43° correspond to the (002) and (100) crystal planes,
respectively, indicating the formation of graphitic carbon

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

structures.”®** The XRD pattern of PEI@MDC was similar to
unmodified MDC and no other crystal diffraction peaks
appeared. It was speculated that PEI only modulates the struc-
tural properties of the MDC surface and didn't produce crys-
talline species. However, the diffraction peak intensity of
PEI@MDC was slightly reduced, which was attributed to the PEI
species filling the surface and pores of MDC."”

Three main stages of weightlessness could be observed in
the TGA curves of MDC and PEI@MDC in Fig. 2(b). The first
stage of weight loss below 100 °C could be attributed to the
evaporation of saturated water.>>?® The rapid drop of PEI@MDC
in the second stage (100-450 °C) indicated the thermal
decomposition of PEI groups with a loss of 34.83 wt%.”
Moreover, in the same temperature range, the MDC had only
8.63 wt% weight loss due to the decomposition of the organic
matter. The third stage was from 450 °C to 800 °C, which is
related to the further decomposition of organics mainly on
MDC and PEI@MDC. Notably, the residue yields of MDC and
PEI@MDC were 55.86 wt% and 46.40 wt%, respectively.
Therefore, the mass of PEI in PEI@MDC was estimated to be
about 9.46 wt%. Overall, PEI@MDC had excellent stability as an
adsorbent.

Fig. 2(c and d) showed the adsorption-desorption isotherms
and pore size distributions for MDC and PEI@MDC. As shown
in Fig. 2(c), according to the IUPAC classification, the isotherms
of both samples were type IV curves with H3 hysteresis loops
according to the IUPAC classification, which signified the
presence of mesopores in MDC and PEI@MDC.?® It could be
observed in Fig. 2(d) that both MDC and PEI@MDC had hier-
archical structures of micropores and mesopores. Among them,
the pore diameter of PEI@MDC was mainly distributed in 30-
180 A (3-18 nm), which further confirmed the existence of
mesoporous structure in PEI@MDC. As shown in Table 1,
compared with MDC, the specific surface area, pore volume and
average pore size of PEI@MDC were significantly reduced from
346.79m> g ' to 254.16 m* g~ *, from 0.504 cm® g~ * t0 0.352 cm®
g, and from 61.8 A (6.18 nm) to 50.2 A (5.02 nm). From these
data, it was evident that the modification of MDC with PEI
results in partial deformation of the ordered nanopores struc-
ture of the MDC, resulting in a decrease in BET surface area,
pore volume, and average pore diameter. The reduction of these
parameters was attributed to PEI groups filling or covering the
interior or surface of the MDC.*

3.2. Functional group and potential analysis of PEI@MDC

The FT-IR spectra of MDC and PEI@MDC were shown in
Fig. 3(a). In the FT-IR spectrum of MDC, a broad band around at
3440 cm™ ! belonged to O-H stretching vibration.*® The peaks at
1600, 1428 and 1000 cm ™" were caused by tensile vibrations of
the carboxyl groups.**®* These results suggested that the
hydroxyl and carboxyl groups existed on the surface of MDC,
which was important for the grafting of PEI. For PEI@MDC,
however, the broadband at about 3440 cm ™" corresponds to the
overlap of -OH and N-H.** Compared with MDC, several fresh
peaks appeared in PEI@MDC, indicating that PEI was
successfully grafted onto MDC. The peaks at 2927 cm ™' and

RSC Adv, 2023,13,1-13 | 3
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Fig. 1

2853 cm~ ' were attributed to asymmetric and symmetric

stretching vibrations of the C-H bonds in the PEI molecules.*
The peaks at 1575 em™ " and 1458 cm ™" were due to bending
vibrations of N-H bonds in PEI.** Meanwhile, the peaks at 1350
and 1100 cm ™! were attributed to the stretching vibrations of
C-N bonds.* Notably, in the FT-IR spectrum of PEI@MDC, the

——MDC
—— PEI@MDC

Intensity (a.u.)

Intensity (a.u.)

il

- ‘\.J\»\,/L"/‘L/‘.._l‘ L A AN s cmtsesrememmeme]
L ! L L ! N

20 (degree)

~~
(]
-’
W
n
S

w

=4

>
T

N

n

=
T

—

3

=]
T

Quantity adsorbed (cm*/g)

n
=
T

—— PEI@MD(

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p°®)

=)

Fig. 2
(d) pore distribution.

4 | RSC Adv, 2023,13,1-13

10 20 30 40 50 60 70 80

View Article Online

Paper

C

(@) SEM images of pristine MIL-121; (b) MDC; (c) PEI@MDC; (d—g) EDX mapping images (O, Al, C, N) of PEl@MDC.

peaks at 1600, 1425 and 1000 cm ' disappeared. However, the
new band at 1658 cm ™' belonged to the C=0 in the amide
group (-CONH-), while the amide group could be produced by
amidation between the -COOH group on MDC and the -NH
group from PEL*® The above results showed that PEI grafted to
MDC was bonded by different chemical bonds: (1) the amine
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Table 1 Textural properties of MDC and PEI@MDC

BET surface Total pore volume Pore diameter

Samples area (m> g™ ") (em® g™ (A)
MDC 346.79 0.504 61.8
PEI@MDC 254.16 0.352 50.2

group of PEI formed hydrogen bonds with the hydroxyl group of
MDC; (2) the amide bond between the primary amine of PEI and
the carboxyl group of MDC.**

The compositions of the MDC and PEI@MDC were investi-
gated using XPS, and the results were displayed in Fig. 3(b and
c). The full-scale spectra (Fig. 3(b) and Table 2) indicated the
presence of C, O, N and Al elements in MDC and PEI@MDC.
Compared with MDC, the N 1s peak of PEI@MDC was
substantially enhanced, demonstrating that the grafting of PEI
was successful (Fig. 3(b)). The C 1s spectra of MDC and
PEI@MDC were shown in Fig. 3(c). For unmodified MDC, the C
1s curve consists of three fitted peaks, including C-C/C=C, C-O
and C=0, with binding energies of 283.9, 284.6, and 288.5 eV,
respectively.’” While the C 1s peak of PEI@MDC could be
deconvoluted into four main components, and the binding
energy peaks were concentrated at 283.8, 284.8, 286.0 and
288.1 eV, corresponding to C-C/C=C, C-N/C=N, C-O and C=
O, respectively.*® It was obvious that a new C-N/C=N fitting
peak appeared after PEI modification, which was consistent
with the FTIR results. Compared with MDC, chemical shifts of
C-O and C=O were observed in the spectra of PEI@MDC,

(a)
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Fig. 3 (a) FT-IR; (b) XPS survey; (c) C 1s spectra; (d) zeta potential.
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Table 2 Elemental composition of MDC and PEI@MDC of samples
analyzed by XPS

Elemental atomic concentration (wt%)

Samples Al (o} C N
MDC 9.10 28.04 62.29 0.57
PEI@MDC 2.14 16.70 74.31 6.85

which were caused by the binding of PEI and oxygen-containing
functional groups.* The elementals further revealed the N and
O contents on MDC and PEI@MDC (Table 2). Obviously, after
grafting PEI, the O content decreased to 16.70%, and the N
content increased to 6.85%, indicating that the O-containing
groups were partially substituted by N-containing functional
groups. In addition, elemental analysis showed that the
nitrogen content of PEI@MDC increased by 6.28%. The
appearance of C-N/C=N peaks and N 1s peaks again indicated
that PEI was successfully grafted onto MDC.

The surface charges of adsorbents can effectively influence
their interfacial interactions with adsorbates. Fig. 3(d) showed
the surface zeta potential of MDC and PEI@MDC as a function
of different pH values. The results showed that the point of zero
charge (pHpzc) of the MDC was significantly altered after the
PEI modification. The pHpzc of MDC was found to be 7.5, while
the pHpzc of PEI@MDC was approximately 11.6, indicating that
the PEI functionalisation process shifts the surface charge of
the original MDC from negative to positive over the entire pH
range of 7.5-11.6. This was because the amine group (-NH or -
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Fig. 4 Adsorption capacity of PEI@MDC for CR under various parameters: (a) dosage of PEI (adsorption conditions:m =0.4g L™, pH =6, Co =
700 mg L™%, T=30 °C and t = 360 min). (b) Adsorbent dosage (adsorption conditions: pH = 6, Cq =700 mg L™%, T = 30 °C and t = 360 min). (c)
Initial concentration and contact time (adsorption conditions: m = 0.4 g L™% pH =6, Co =600-800 mg L™, T =30 °C and t = 360 min). (d) Effect
of pH (adsorption conditions: m = 0.4 g L%, pH = 4-12, Co =700 mg L%, T = 30 °C and t = 360 min). (e) Effect of temperature (adsorption
conditions: m = 0.4g L%, pH =6, Co =700 mg L' and t = 360 min). (f) Effect of co-existing ions (adsorption conditions: m =0.4g L™}, pH=6, T

=30 °C and t = 360 min).

NH,) of PEI easily adsorbed cations (H") and displayed a posi-
tive charge on the surface, resulting in a significant increase in
the zeta potential of MDC.*® It was evident that PEI@MDC
maintained a net positive charge over a wide pH range from 2 to
11.6 and reached a peak at pH = 6, while CR had a strong
negative charge in solution, which favored the adsorption of CR
by PEI@MDC via electrostatic interactions.*

3.3. Adsorption experiments

3.3.1. Effect of grafting amount of PEI on adsorption. To
verify the effect of the grafting amount of PEI on the properties
of the material, while keeping other conditions unchanged, the
amount of PEI (0 g, 0.05 g, 0.15 g, 0.25 g) was changed to obtain
PEI@MDC with different grafting amounts. As shown in
Fig. 4(a), PEI modification significantly improved the adsorp-
tion performance of MDC. The adsorption capacity of CR
increased with the addition of PEI, and the maximum adsorp-
tion capacity was reached when the PEI content was 0.15 g.
Compared with pure MDC, the adsorption capacity was
increased by about 2.06 times. According to the previous anal-
ysis of zeta potential, the electrostatic attraction between
negatively charged CR and positively charged PEI@MDC might
play a role in the adsorption of CR. Therefore, the increased
graft amount of PEI is conducive to the enhancement of the
hydrogen bond and electrostatic interaction between CR and

6 | RSC Adv, 2023,13, 1-13

PEI@MDC, which may be the reason for the improved adsorp-
tion capacity of modified MDC. However, as the addition
amount of PEI continued to increase to 0.25 g, the adsorption
capacity of PEI@MDC decreased instead. This might be due to
excessive accumulation of PEI, leading to a decrease in the
effective adsorption sites (amines or imines) exposed by the
adsorbent.** Therefore, these two conflicting factors deter-
mined that the PEI addition of 0.15 g exhibited the highest
adsorption capacity. Hence, the adsorbent (PEI@MDC) with
a PEI grafting amount of 0.15 g was selected as the optimal
adsorbent and used for subsequent experiments.

3.3.2. Effect of adsorbent dosage. Proper selection of the
initial adsorbent dosage is critical because the available surface
area and binding sites can affect the adsorption efficiency. The
effect of PEI@MDC dosage (0.1-0.5 ¢ L") on CR removal from
aqueous solution was shown in Fig. 4(b). The results showed
that the removal rate of CR increased from 56.24% to 94.71%
with the increase of adsorbent dosage to 0.4g L™ '. However, the
removal rate of PEI@MDC did not increase significantly when
the dosage of PEI@MDC exceeded 0.4 g L', because the
excessive dosage of PEI@MDC would lead to the formation of
excessive active sites. Moreover, most of the active sites were
still vacant at high adsorbent dosage, which not only reduced
their utilization, but also led to waste of resources. Considering
the economic principle of practical application, we chose 0.4 g
L~" as the optimal dosage of PEI@MDC.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(adsorption conditions: m =04 gL~ pH =6, Co =700 mg L™ T =

Table 3 Kinetic parameters for CR adsorption on PEI@MDC obtained
by pseudo-first-order, pseudo-second-order kinetics and intraparticle
diffusion models

Kinetic models Parameters
e, exp (Mg g™ 7) 1657.50
Pseudo-first-order model e, cal (Mg g™ ) 453.02
k; (min™) 0.012
R 0.979
Pseudo-second-order model Ge, cal (Mg g 1) 1662.89
k, (g mg™ ' min™") 0.006
R 0.999
Intraparticle diffusion model K41 (mg g min~ ) 0.012
Cy(mgg™) 99.54
R 0.951
K4, (mg g~ ' min%?) 27.26
C,(mgg™) 1246.73
R 0.982
Kqg; (mg g min~ %) 3.46
C;(mgg™) 1600.36
R 0.935

3.3.3. Effect of contact time and initial concentration.
Fig. 4(c) showed the effect of contact time and initial CR
concentration on CR adsorption. The results showed that the

adsorption capacity of PEI@MDC for CR increased rapidly in

© 2023 The Author(s). Published by the Royal Society of Chemistry

30 °C and t = 360 min).

the first 60 min, but the increase rate was slower as the
adsorption process proceeded, which may be due to the fact
that initial adsorption stage, all the vacancies on the adsorbent
surface were available for the fast attachment of dye molecules.
As the process continues, the number of vacancies decreases
and there was repulsion between the molecules attached to the
adsorbent and the adsorbate. Finally, the adsorption equilib-
rium stage was reached, when the adsorption and desorption
rates were equal, and no significant increase in the amount of
adsorption was observed. At different initial CR concentrations,
all adsorption experiments reached equilibrium around
360 min, with adsorption capacities of 1498.53, 1657.50 and
1723.84 mg g, respectively. It could be seen that the removal
percentage of CR (from 99.90% to 86.19%) decreased with
increasing initial dye concentration. This was due to the fact
that when the initial concentration of the dye is low, the
adsorbent active sites were sufficient to adsorb a relatively small
number of dye molecules. Conversely, when the initial
concentration of dye was high, the fixed number of active sites
on the adsorbent could not remove increased dye molecules.
Therefore, the proportion of dye molecules remaining in the
solution increased, resulting in a decrease in the dye removal
rate.

3.3.4. Effect of pH. The pH of the initial solution has
a crucial impact on the adsorption process by changing the

RSC Adv, 2023,13,1-13 | 7
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surface charge state on the adsorbent and the degree of
deprotonation/protonation of functional groups.** The effect of
PH value on the adsorption capacity of CR was shown in Fig. 4(d).
As the pH increased from 4 to 12, the adsorption capacity of CR
subsequently decreased from 1661.13 mg g~ ' to 534.24 mg g~ "
and the adsorption capacity at pH = 6 (1657.50 mg g~ ) was
close to that at pH = 4. This was due to the presence of high
concentrations of H' at lower pH values (pH = 4-6), which
enhanced the electrostatic interaction between protonated amine
groups (-NH;" and -NH,") and sulfonate groups (SO’~) on the
surface of PEI@MDC, thereby enhancing the adsorption capacity
of CR.*® With the increase of pH (pH = 6-12), the protonation
ability of the amine group weakened and the electrostatic inter-
action decreased, resulting in a decrease in the adsorption
capacity of PEI@MDC. Due to the negative charge on the surface
of PEI@MDC (pHpzc > 11.6), the adsorption capacity of CR
reached a minimum value at pH = 12. In addition, the presence
of excess hydroxyl ions in solution would compete with CR dye
molecules, which was also responsible for the reduced adsorption
capacity. Since we considered that it was more economical to
study adsorption behavior close to neutral pH, we chose pH = 6
as the optimal pH for experiments.

3.3.5. Effect of temperature. During the adsorption
process, the temperature will affect the diffusion of dye mole-
cules at the interface of the outer boundary layer of the dye and
in the pores of the adsorbent. As shown in Fig. 4(e), when all
other conditions were kept constant, increasing the tempera-
ture increased the adsorption capacity of CR on PEI@MDC. As
the temperature increased from 20 °C to 60 °C, the adsorption

Table 5 Comparison of CR adsorption with the previously reported
results on other solid-phase adsorbents

Adsorption capacity

Solid-phase adsorbents (mgg™) Ref.
GO/Ni-MOFs 2489 55
PEI@MDC 1723.86 This work
Mn-UiO-66@GO-NH, 1265.8 14
NH,-MIL-101(Cr) 1206 56
Ce(u)-doped UiO-66 826.7 57
RGO/NH,-MIL-68(Al) 474 58
N-doped magnetic carbon aerogel 431 59
MOF-5/Cu 357.4 60
ACWNS 224.4 61

Table 6 Thermodynamic parameters of CR adsorption onto
PEI@MDC

Temperature  AG° (k]  AH°(k]  AS°[J
Sample dye (°C) mol ™) mol ) (mol * K 1)]
CR 30 °C —9.26 65.32 246.92

40 °C —11.04

50 °C —-13.17

capacity of CR increased from 1533.12 mg g ' to 1743.34 mg
g, indicating the endothermic nature of the process.

3.3.6. Effect of co-existing ions. In actual dye wastewater
there is usually a large amount of salt which can affect the

Table 4 Isotherm parameters of CR adsorption onto PEI@MDC

Langmuir model Freundlich model
Temperature
(°C) Ge,ep(Mgg™)  gm(mgg™) K (@Lmg") R R Ke(mgg '(Lmg™) ")  1n R
30 °C 1723.86 1718.56 0.580 0.0020 0.9999 1176.03 0.0876 0.8571
40 °C 1802.87 1796.35 0.693 0.0018 0.9997 1242.65 0.0909 0.8632
50 °C 1907.81 1905.10 1.051 0.0008 0.9991 1292.58 0.1169 0.9194
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adsorption performance. Therefore, the effect of co-existing
ions such as OH™, Cl~, SO,>~ and CO;*>~ on the removal rate
of CR was investigated. The results observed in Fig. 4(f) showed
that the removal of CR decreases in the order of CI” > OH™ >
SO~ > CO,>", with the lowest removal efficiency for CO;>~
containing ions. The competitive effect of the coexisting ions
was therefore in the order CO;*~ >S04>~ > OH™ > Cl~, implying

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that CO;>~ was more competitive with the other anions. In this
experiment, the divalent ion had a stronger competitive effect
than the monovalent anion, probably because the divalent ion
had a greater ionic potential than the monovalent ion.*»*

3.4. Process modelling

3.4.1. Adsorption kinetics. Adsorption kinetic models are
widely used to explain the adsorption process and adsorption
mechanism. The commonly used adsorption kinetic models
include the pseudo-first-order kinetic model, pseudo-second-
order kinetic model and intraparticle diffusion model. The
pseudo-first-order kinetic model indicates that the adsorption
is controlled by interfacial mass transfer, while the pseudo-
second-order kinetic model indicates that the adsorption
process is controlled by interfacial chemical interactions.*®

The pseudo-first-order kinetic model can be described by

eqn (3):

In(ge — q,) = Inge — kit (3)

where k; is the rate constant of the pseudo-first-order
reaction, min~'; ¢ is the adsorption time, min; g, is the
adsorption capacity at time ¢, mg g '; g. is the adsorption
capacity of the adsorption equilibrium, mg g™
The pseudo-second-order kinetic model is as follows
(eqn (4))
t 1 t

4 kqd g

(4)
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where k, is the rate constant of the quasi-second-order reaction,
(g mg™" min™").

The intraparticle diffusion model describes the entire
diffusion process of the adsorbate inside the adsorbent particle,
which can be expressed by the following formula:*”

q: = kidl‘(l5 + C (5)

where kg (mg (7' min~%%)) is the intraparticle diffusion rate
constant; C (mg g~ ) is the intercept of the linear plot of g, versus
%>, If C = 0, the intraparticle diffusion is the only control step,
otherwise, indicating that the adsorption process is controlled
by multiple steps.

Fig. 5(a—c) showed the linear fitting results of the three
models, and the fitting parameters were shown in Table 3. As
shown in Fig. 5(a and b) and Table 3, the pseudo-second-order
model fitted better than the pseudo-first-order model, and the
correlation coefficients (R*) of the pseudo-second-order kinetic
model were higher than that of the pseudo-first-order kinetic
model. In addition, the calculated value (ge, ca1) of the pseudo-
second-order kinetic model was very close to the measured
value (ge, exp), Which further indicated that the pseudo-second-
order kinetic model was more suitable for describing the
adsorption of CR on PEI@MDC. Therefore, the adsorption of
CR by PEI@MDC was likely to be dominated by
chemisorption.>**®

Since the pseudo-first-order model and the pseudo-second-
order model were not sufficient to reveal the adsorption
mechanism, the in-particle diffusion model was used to study
the adsorption mechanism. As shown in Fig. 5(c), three inde-
pendent linear regions were observed in all curves, implying
that the adsorption process occurred in more than one mech-
anism. The first stage corresponded to external diffusion and
transient adsorption with a high adsorption rate. In this stage,
CR passed through the liquid film around PEI@MDC, attached
to the surface of PEI@MDC, and then electrostatically inter-
acted with amine groups/imine groups on the surface of
PEI@MDC. The second stage was for particles internal diffu-
sion, that was, CR molecules entered the adsorbent pores
through internal diffusion or intrapore diffusion. The third
stage was the equilibrium stage, the adsorption process grad-
ually slowed down and finally reached equilibrium. Further-
more, the linear plots fitted by the intraparticle diffusion model
deviate from the origin and showed a multilinear relationship.
As shown in Table 3, C # 0 (Cy, C,, C3). These results suggested
that the adsorption process involves intraparticle diffusion, but
it is not the only rate control step.* In summary, the process of
CR adsorbed on PEI@MDC was dominated by chemical
adsorption and assisted by intra-particle diffusion.

3.4.2. Adsorption isotherms. Adsorption isotherms were
determined using a series of CR solutions with initial concen-
trations ranging from 500 to 800 mg L~ '. Langmuir and
Freundlich isotherm models are commonly used to analyze
adsorption behavior. The Langmuir model (eqn (6)) assumes
a monolayer adsorption on a surface with the same active sites,
containing a limited number of adsorption sites, and no
migration of adsorbates on the surface.’®** The Langmuir
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model also involves calculating the R;, value according to eqn
(7)-

L )
qe QmKL dm

1

Ri=—
LTI K.G

7)
where C. (mg L") is the equilibrium concentration of CR, C, is
the initial concentration of CR (mg L"), ¢, (mg g™ ") is the
maximum adsorption capacity per unit mass of adsorbent, g.
(mg g7 ") is the adsorption capacity at equilibrium, and Ky, (L
mg ') is Langmuir constant.

The Freundlich adsorption isotherm model assumes that
adsorption occurs on the surface inhomogeneity of the adsor-
bent and is suitable for monolayer and multilayer surfaces with
surface energy distributions.** The Freundlich isotherm can be
described by eqn (8):

1
Ing. =1In K¢ + Zln Ce (8)

where K (mg g (L mg )"") and n are the Freundlich
constants for adsorption capacity and strength, respectively.

As shown in Fig. 6(a and b), compared with the Freundlich
isotherm, the Langmuir isotherm fitted the experimental data
better, indicating that the Langmuir model was more suitable
for describing the adsorption process of CR on PEI@MDC.
Meanwhile, by comparing the correlation coefficient (R?), it was
found that the Langmuir isotherm model had a larger R* (R* >
999) than Freundlich isotherm model (Table 4), which indicated
that the adsorption of CR on PEI@MDC was a uniform mono-
layer adsorption behavior. The Ry, values reflect various prop-
erties of the adsorption system and can be unfavorable (R, > 1),
linear (R, = 1), favorable (0 < Ry, < 1), or irreversible (R, = 0).*®
The calculated Ry, was close to 0 (0 < R, < 1), indicating that the
adsorption process of CR on PEI@MDC was favorable and
irreversible to a certain extent.> In addition, with the increase
of temperature, the K;, and Ky values gradually increased, indi-
cating that the adsorption was a heat-absorbing reaction, and
high temperature is favorable for the reaction (Table 4). In Table
5, the maximum adsorption capacities of CR on different solid
adsorbents were summarised. In this work, the maximum
adsorption capacity of CR at 30 °C was 1723.86 mg g~ * based on
the Langmuir model. This value was higher than most of the
reported results, except for the use of GO/Ni-MOFs as adsor-
bents, which indicated the superiority of PEI@MDC for CR
removal.

3.4.3. Adsorption thermodynamics. By calculating the
thermodynamic parameters of the adsorption system such as
Gibbs free energy, enthalpy change and entropy change, the
adsorption thermodynamic behavior of PEI@MDC on CR was
elucidated. Thermodynamic experiments were carried out at 30,
40, and 50 °C with an initial CR concentration of 700 mg L', an
adsorbent dosage of 0.4 g L™, a pH of 6, and a contact time of
360 min. The relevant thermodynamic parameters were calcu-
lated using the following Van't Hoff equation:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where AG® (k] mol ') is the Gibbs free energy, AH® (k] mol ') is
the enthalpy change, AS° [J (mol " K™')] is the entropy change
where K, is the ratio of g. to C. at a certain temperature, T is the
adsorption distribution coefficient at this temperature; R (8.314
J (mol™* K™")) is the molar gas constant; T (K) is the
temperature.

The calculation results of thermodynamic parameters were
summarized in Table 6. Negative values of AG® (—9.26, —11.04,
—13.17 kJ mol %) at all temperatures indicated the spontaneity
of the adsorption process. The values of AH® > 0 indicated that
the increase in temperature was favorable for the adsorption
process, which confirmed the endothermic nature of CR
adsorption by PEI@MDC. Meanwhile, the AS® > 0 of this
process indicated that the adsorption of CR on PEI@MDC was
an entropy-increasing process.

3.4.4. Mechanism analysis through XPS. The adsorption
process usually depends on the functional groups located on
the surface of the adsorbent. The chemical composition of
PEI@MDC before and after adsorption of CR was characterized
by XPS analysis to understand the removal mechanism of CR. As
shown in Fig. 7(a), in the XPS curve of PEI@MDC/CR, a new S 2p
signal from the sulfonic acid group (SO; ™) of CR with a binding
energy of 166.3 eV could be observed, which confirmed that CR
had been successfully adsorbed onto PEI@MDC. For PEI@MDC
(before adsorption), the high-resolution XPS curve fitted to
the N 1s peak exhibits two binding energies centered at 399.9
and 398.0 eV, corresponding to -NH, and -N=, respectively
(Fig. 7(b)). While the high-resolution XPS curve fitted to the N 1s
peak at PEI@MDC/CR (after adsorption) could observe
a different peak at 401.0 eV, which corresponded to the
protonated -NH,'-/~-NH;" (Fig. 7(c)). It was shown that the
electrostatic attraction between the protonated amine group
from PEI@MDC and the sulfonic acid group (SO;~) from CR
was an important driving force for the adsorption of CR.
Meanwhile, after CR adsorption, the peaks of -N= and -NH-/-
NH, shifted from 398.0 eV and 399.9 eV to 399.0 eV and
400.1 eV, respectively. It was speculated that the hydrogen bond
interaction formed between the NH, on the CR molecule and
the -OH on the PEI@MDC, which reduced the electron cloud
density and increased the binding energy.*** Based on the
above analysis, the possible mechanism of CR adsorption by
PEI@MDC was shown in Fig. 7(d).

3.4.5. Regeneration performance. The reusability of
adsorbents is one of the important factors in practical appli-
cations. The recycling performance of CR dyes adsorbed on
PEI@MDC was investigated by adsorption-desorption regen-
eration experiments. As shown in Fig. 8, after five adsorption—
desorption cycles of PEI@MDC, the removal rate of CR
decreased slightly, from 94.71% to 83.42%. The slight reduction
in removal rate was due to the fact that some CR molecules were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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tightly adsorbed on the adsorbent and could not be desorbed
completely. Overall, PEI@MDC has a good recovery capacity
and can be reused for the removal of CR from dye wastewater.

4. Conclusions

To sum up, polyethyleneimine-modified MOF-derived carbon
(PEI@MDC) is an easily recoverable and highly efficient adsor-
bent for Congo red. The increase in positive charge of
PEI@MDC due to the presence of protonated amine groups
played a key role in providing more adsorption sites for
enhanced adsorption. Batch adsorption experiments revealed
the improvement of adsorption capacity by 2.03 times over the
virgin MDC. The adsorption process can be described by
Langmuir and pseudo-second order kinetic models. Adsorption
capacity up to 1723.86 mg g ' at 30 °C. Mechanism analysis
showed that electrostatic interaction and hydrogen bonding
dominated the adsorption process. The removal rate of
PEI@MDC remained at 83.42% after five cycles of regeneration,
showing excellent regeneration performance. In conclusion,
PEI@MDC can be used as an efficient and renewable adsorbent
for the treatment of CR dye wastewater.
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