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Introduction

Enhanced adsorptive removal of anionic and
cationic dyes from single or mixed dye solutions
using MOF PCN-222+}

Haichao Li,2 Xinyu Cao,® Chuang Zhang,? Qing Yu,? Zijian Zhao,® Xuedun Niu,?
Xiaodong Sun,® Yunling Liu,® Li Ma*®© and Zhenggiang Li*?

Metal—-organic frameworks (MOFs) are attractive for the removal of industrial dyes from aqueous pollution.
However, effective simultaneous removal of oppositely charged dye ions is still a challenge. We find
that zirconium-metalloporphyrin mesoMOF (PCN-222/MOF-545) exhibits excellent adsorption/removal
capacities for numerous anionic and cationic dyes individually and together in solution. PCN-222 is
fabricated by solvothermal synthesis and characterized by powder XRD and FT-IR methods to confirm its
structure. N, adsorption/desorption indicates PCN-222 has a large pore size of 3.2 nm and a surface
area of 2336 m? g1. The zeta potential measurement shows that PCN-222 has a slight basic isoelectric
point at pH 8 with appropriate potentials of 23.5 and —13.6 mV in the range of pH 3-10. These features
facilitate the dual-function of PCN-222 toward anionic and cationic dyes, or even their complexes. The
results show that PCN-222 has a maximum loading efficacy of 906 mg g™ for anionic methylene blue
(MB) and 589 mg g~* for cationic methyl orange (MO) in a single dye system. Interestingly, when MB and
MO co-exist in solution, they mutually enhance the capability by 36.8% (1239 mg gfl) for MB and 73.5%
(1022 mg g™} for MO. The adsorption kinetics, isotherms, stability and reusability of PCN-222 are
reported. The results reveal that no significant changes of either crystal structure or loading capacity are
observed up to eight recycles during the removal of MO and MB in solution. The adsorption efficacies of
eight representative dyes are presented. Compared with previously published data, the capacity of PCN-
222 ranks at the top. We prepared a facile adsorption chromatography column to demonstrate the broad
application potentials of PCN-222 in dye removal from aqueous pollution. Finally, we propose a push—
pull mechanism to explain the mutual enhancement of adsorption in a mixture dye solution.

organic dyes are difficult to decompose under natural condition
because of their stable and complex chemical structures. Exten-

Pollutants from the textile, paper, leather, plastic, rubber,
cosmetic, and food industries can damage environmental safety,
living species and global ecosystems if no adequate treatments are
available."” Organic dyes are widely used in various manufacturing
industries and they are dangerous organic pollutants.®* About 10-
15% of commercial dyes produced from the textile industries are
discharged into the environment every year.* Most of them are
toxic and carcinogenic.® Thus, removing dyes from industrial
waste has become an important research topic. As we know,
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sive efforts have been made to eliminate dye contamination
from wastewater, including physical, chemical, and biological
approaches.® Among various treatment technologies adsorption is
the most attractive method owing to its simplicity and efficiency.”
The materials contain natural and synthetic adsorbents.? In the
past few years, a number of adsorption materials have been used
to treat industrial wastewater, such as activated carbon, carbon
nanotubes, clay, zeolites, graphene, polymeric resins and modi-
fied diatomites.>*** Activated carbon is one of the most popular
adsorbents because of its high porosity, strong interaction,
chemical inertness and non-toxicity. However, most of their pore
diameters are less than 2 nm, so that some bulky dye molecules
cannot be captured on the inner surface of the pores, which limits
the utilization ratio of the relatively large surface areas. Further-
more, commercially available activated carbons may be expensive
and non-renewable.'>®

Metal-organic frameworks (MOFs) are a class of crystalline
material with high porosity composed of metal clusters and
organic linkers. MOFs have application potential in adsorption,
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membrane separation, sensing, catalysis, and proton conduction.
Recently, MOFs have been developed for use in the removal of dye
contamination from waste solutions."” Compared with other
porous adsorbents, like activated carbon, zeolites or metal-
complex hydrides, MOFs have many advantages, such as ultra-
low density, discrete ordered structure, large specific surface
area, simplicity in synthesis, and good thermal stability, which are
suitable for physical and chemical applications."®* Furthermore,
the high stability in water, large surface area and correct pore size
are critical properties of MOFs in the adsorption/removal of
organic pollutants. The application of MOFs for the adsorptive
removal of dyes was first reported using Cr-BDCs (MIL-53 or MIL-
101) toward methyl orange (MO) by Jhung's group.* This work
also showed that by adding a positive group by post-synthesis
modification, PED-MIL-101 increases the adsorption capacity
toward MO.* The same group also later studied adsorptive
removal of both methylene blue (MB) and MO by iron tere-
phthalate MOF-235.** Zhong's group reported that MIL-100(Fe)
can removal both MB and MO, while MIL-100(Cr) can selec-
tively adsorb MB.** Recently Sun's group showed that a water-
stable DUT-23(Cu) has high adsorption capacity toward MB.*

A zirconium-metalloporphyrin mesoMOF PCN-222 (MOF-
545) was first synthesized by Zhou and his co-workers and
also independently reported by Yaghi, called MOF-545.>*** PCN-
222 has a large open channel with a diameter of 3.7 nm while
most MOFs are under 2 nm. To support the large diameter,
PCN-222 is composed of Zre clusters and TCPPs (tetrakis(4-
carboxyphenyl)porphyrin). PCN-222 is stable in aqueous solu-
tion at pH 3-10. The porphyrin frame could be metal-free, or
with a series of metal ions (Mn, Fe, Co, Ni, Cu, Zn, Pd) for
different applications, such as PCN-222(Fe), which possesses
peroxidase activity,* or PCN-222(Pd), which can serve as
a fluorescent “turn on” sensor.”® The PCN-222 tested in this
work contains free base porphyrins only. Motivated by the fact
that a porphyrin-containing MOF, called compound 2, exhibits
good adsorption capacity for methylene blue (MB),*” we tested
the dye adsorption/removal ability of PCN-222 in this study.

Generally, MOFs are selective toward either cationic or
anionic dyes.*”*>* However, removing cationic and anionic dyes
simultaneously is a challenge®® and mutual enhancement of
individual adsorption by MOFs in a mixture of dye solution has
never been reported. MB (13.4 x 5.0 x 4.2 A) and MO (14.5 x
4.3 x 3.1 A) are selected in this study as representative water-
soluble cationic and anionic dyes, respectively, which are
major-aromatic pollutants from textile, printing, paper and
other industries.**** We tested the adsorption properties of
PCN-222 toward each of them in single and combined dye
systems. In addition, other cationic dyes, like malachite green
(MG) and rhodamine B (RhB), as well as anionic dyes, like
indigo carmine (IC), acid fuchsine (AF), acid orange (AO), and
fluorescein disodium salt (FD), are also tested in this work.

Experimental
Materials

The raw materials used for PCN-222 synthesis and eight tested
organic dyes were of analytical grade and were used without
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further purification. Methylene blue (MB, 98% purity), rhoda-
mine B (RhB, 98%), and fluorescein disodium salt (FD, 98%)
were purchased from Innochem (Beijing, China). Malachite
green (MG, 95%), zirconyl chloride octahydrate (ZrOCl,-8H,O0,
99.9%), and KBr (spectroscopic grade) were obtained from
Aladdin (Shanghai, China). Methyl orange (MO, 98%), indigo
carmine (IC, 98%), acid fuchsine (AF, 98%), acid orange (AO,
97%), and tetrakis (4-carboxypheneyl) porphyrin (TCPP, 97%)
were obtained from TCI (Tokyo, Japan). Sodium chloride (NaCl),
N,N-dimethylformamide (DMF) and formic acid (98%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Bei-
jing, China). Acetone, methanol, hydrochloric acid (HCl), and
sodium hydroxide (NaOH) were purchased from Beijing
Chemical Works (Beijing, China). Disposable chromatography
columns were purchased from BIO-RAD (Hercules, USA). All
aqueous solutions were prepared with deionized and purified
water from a Milli-Q system.

Instrumentation

The morphology characterization was carried out on an optical
microscope (Leica DMLM, Germany). Powder X-ray diffraction
(PXRD) analysis was conducted on a D/max-2550 diffractometer
(Rigaku, Japan) with Cu-K,, radiation (A = 1.5418 A) for structure
confirmation. To study the surface and porous properties, N,
adsorption/desorption analysis was performed on an ASAP 2020
Accelerated Surface Area and Porosimetry System from Micro-
meritics (Norcross, GA, USA) at 77 K. The manufacturer's soft-
ware was used for modelling Brunauer-Emmett-Teller (BET)
surface area and to obtain the pore size distribution. Prior to the
adsorption experiment, the materials were activated in DMF
with 2 M HCI, followed by washing with DMF and acetone
several times. After soaking in acetone for a period of time, the
sample was dried under vacuum for 6 h and then at 120 °C for
12 h. The FT-IR experiment was conducted on an IFS 66v/S
vacuum FT-IR instrument (Bruker, Germany) in the wave-
number range from 2000 to 400 cm™ ", overlapped 32 times. The
dye concentrations were measured by a UV-2700 spectropho-
tometer (Shimadzu, Japan).

Preparation of PCN-222

PCN-222 (MOF-545) was prepared by a solvothermal synthesis
method according to a published protocol with slight modifi-
cation.” The zirconyl chloride octahydrate (750 mg) was dis-
solved in 200 mL of DMF in a dry glass beaker by sonication.
TCPP linker (130 mg) was added to the solution and then the
mixture was sonicated again for another 10 min. Finally, 140 mL
of formic acid was added to the beaker. The final mixture was
transferred into twenty 20 mL disposable scintillation vials
equally. The vials were tightly closed and heated at 130 °C for
80 h. The microcrystal precipitates in each vial were collected,
combined and then washed with DMF 10 times or until the
supernatant became clear. Afterwards, DMF was replaced with
acetone to continue washing five times a day for 3 days. Finally,
the acetone was carefully removed with a dropper and then the
residual acetone was evaporated by placing the microcrystals in
a thermostatic vacuum drier at 120 °C for 2 h.

This journal is © The Royal Society of Chemistry 2017
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Adsorption

The effect of pH on PCN-222 adsorption toward cationic MB,
anionic MO and a mixture of them was examined. To avoid
precipitate formation in the mixture, the initial dye concentra-
tion was limited to 10 mg L~ * of each, thus a large volume of dye
solution was needed in order to reach adsorption saturation. The
experiment was carried out in a 1 L sealed glass bottle with 5 mg
of PCN-222 by stirring mixing. The initial pH values of the dye
solutions were adjusted using HCI (0.1 M) or NaOH (0.1 M). For
adsorption kinetics and isotherm studies, a typical adsorption
system contained 5 mg of adsorbent in a 5 mL single dye solution
in a disposable scintillation vial at an optimized pH and multiple
dye concentrations ranging from 400 to 1000 mg L~'. The
adsorbent was well mixed in the dye solution at room tempera-
ture by magnetic stirring on a MS-H280-Pro LED digital hotplate
(SCILOGEX, USA). After the adsorption finished or at time ¢, the
mixture or aliquot was centrifuged at 12 000 rpm for 30 s. The
absorbances of the dyes at their characteristic wavelengths in the
supernatant were measured and compared with those before the
adsorption. For MB and MO, the absorbance peaks were at 664
and 464 nm, respectively. The adsorption amount g, (mg g~ ') at
time ¢ (min) and the adsorption capacity g. (mg g~ ') at equilib-
rium were calculated as follows:

q = W (1)
go = (CO _ch)V (2)

where C,, C; and C. (mg L") were the dye concentrations at the
initial, any time ¢, and equilibrium in the solution, respectively. V
(L) was the volume of the dye solution and m (g) was the mass
of PCN-222. C, was determined prior to the adsorption by
measuring the amount of dye to be added. An adsorption spec-
trum of the initial dye solution was recorded at wavelength
664 nm to 464 nm. A dilution may be needed for high concen-
tration dye solutions to keep the absorbance within the range
of the Beer-Lambert law. C, was calculated by comparing the
characteristic absorbances of dyes before and at time ¢ after
adsorption. C, was the dye concentration in the supernatant at
equilibrium time determined by comparing the characteristic
absorbances of the dyes before and after adsorption. The method
was also applied to adsorption kinetics, adsorption isotherms,
and adsorption thermodynamics analysis. Two adsorption kinetic
models, namely pseudo-first-order and pseudo-second-order,
were used to evaluate the rate of adsorption of PCN-222 at three
different concentrations. To determine the adsorption isotherms,
Langmuir and Freundlich isotherm models were explored to
study the adsorption mechanism and to obtain the theoretical
maximum adsorption capacity. Furthermore, the thermodynamic
parameters were calculated to ensure that either AH® or AS°
promote the adsorption according to the Van't Hoff equation.

Chromatography column adsorption

A practical method for dye removal by a disposable chroma-
tography column was introduced in this report. The device

This journal is © The Royal Society of Chemistry 2017
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consisted of a column (20 mL) with upper and lower bed
supports, end caps, and tip closures. The maximum column
packing volume can be up to 10 mL. A HL-2N constant flow
pump (HuXi, China) was connected to the outlet of the column
to adjust the flow rate. We tested eight anionic or cationic dyes
and a mixture of MB and MO with an initial dye concentration
of 10 mg L™ and a flow rate of 2 mL min~". An eluent (0.1 M
HCl/methanol (1 : 9, v/v)) was employed for removal of MB, MG,
RhB, MO, FD, and MB-MO, and another eluent (saturated NaCl/
DMF (1 : 9, v/v)) was used for IC, AF, and AO. When the exper-
iment was over, the column was washed and sealed with DMF
for the next use.

Results and discussions
Characterization and structure confirmation

Fig. S11 shows optical microscopy images of PCN-222. The
microcrystals of PCN-222 appear transparent and needle-
shaped within 100 um in length as prepared (Sla and Sib).
PCN-222 turns to blue and purple after adsorbing MB (S1c) and
MO (S1d), respectively. No significant morphology change was
observed after the eight reuse cycles of adsorption/removal of
MB (S1e) and MO (S1f). To confirm the microcrystalline struc-
ture, Fig. S21 displays PXRD patterns, which revealed four main
diffraction peaks of PCN-222 at 2.26, 4.72, 7.12 and 9.76 degrees
(26), in agreement with previously published results.>* To assess
the surface area and porous size of PCN-222, N, adsorption/
desorption analyses are presented in Fig. S3.7 The results
show that the BET surface area is 2336 m® g~ * and the meso-
porous size is 32 A, which are close to the published data of
2260 m” g~ ' for MOF-545 and 32 A for hexagonal meso-channels
in PCN-222, respectively.”***> We take advantage of the large pore
feature of the PCN-222 to absorb and remove dyes with a wide
range of particle sizes, as well as aggregates of anionic/cationic
dyes, in a co-adsorption process in this study. Finally, the FT-IR
results are presented in Fig. S4 and Table S1,T which agree with
the fingerprint bands of the organic linker TCPP.**

Effect of pH value on zeta potential, adsorption and co-
adsorption of anionic/cationic dyes

It is accepted that the key mechanism of adsorptive removal of
dyes in aqueous solutions is electrostatic interactions between
MOFs and dyes."” Zeta potential is an adsorbent's characteristic
that affects the interaction and the adsorption capacity. Fig. S51
shows the zeta potentials of PCN-222 at a pH range of 3 to 10,
revealing the isoelectric point or point of zero charge (PZC) at
pH 8 with a potential range of 23.5 mV at pH 3 to —13.6 mV at
pH 10. Because of the slight basic pHp,c and relatively large
positive and negative potentials, we speculate that PCN-222
should be a stable absorbent toward both cationic and
anionic dyes in solution. Using MO and MB as the representa-
tives of anionic and cationic dyes, respectively, we examined the
adsorption capacity of PCN-222 over the pH range of 3-9 with an
initial dye concentration of 10 mg L™ ", as shown in Fig. 1. It was
observed that the maximum adsorption for MO occurs at pH 5
(<pHpyc, solid red circle), at which MO is preferentially in an

RSC Aadv., 2017, 7, 16273-16281 | 16275
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anionic form,*” while PCN-222 has a positive zeta potential.
However, a slight decrease of the adsorption capacity below pH
5 is noticed in Fig. 1 (solid red circles) indicating that a different
absorptive mechanism may be secondarily involved in the
process. On the contrary, at high pH values, the adsorption
capacity toward cationic MB increases substantially in Fig. 1
(solid black squares). A quantitative comparison of the
adsorption capacities of PCN-222 with other MOF absorbents is
listed in Table 4. PCN-222 shows high efficacy in the table.
Interestingly, when MO and MB co-exist in solution, PCN-222
demonstrates a mutual-beneficial enhancement in adsorption
capacity, as shown in Fig. 1 (black open squares for MB and red
open circles for MO). We found that the capabilities toward
either MO or MB are greatly elevated across the tested pH range
in the mixed dye solution. Particularly, at pH 9 MB enhances the
adsorption of MO by 118% and vice versa, MO enhances MB by
96% at pH 5 compared with that in the signal dye system. In
order to see the adsorption process in detail, Fig. 2a-c displays
the UV-Vis spectra of the residual dyes of MB, MO, and MB-MO
in the liquid phase at different times, respectively. The spec-
trum peaks at 664 nm and 464 nm are characteristic of MB and
MO, respectively. In Fig. 2, a rapid decrease in the absorbance
intensity within the first 5 min indicates the uptake time to be
fast toward both anionic and cationic dyes. Finally, the absor-
bance of MB and MO decreases by 60 and 57% for adsorbing
individually and 78 and 70% for together, respectively, after 5 h.
The insets in Fig. 2 visually demonstrate the color change of the
dyes in vials before and after the adsorption on PCN-222. We
believe that the large pore size of PCN-222 facilitates the fast
adsorption and makes the co-adsorption of large size MB-MO
aggregates possible. Moreover, the suitable pHpzc, as well as the
relatively large positive/negative zeta potentials, explain the
ability of PCN-222 to attract oppositely charged dyes.

Adsorption kinetics

To study the adsorption kinetics of PCN-222 toward MB and
MO, the effect of contact time on the adsorption capacity was

1400
—s=— MB
- —e—MO
o 1200+ —o— MB of mixture
g’ —o— MO of mixture
< 1000+
>
=
o
S 800+
©
o
c 600
.2
=
oy
5 400+
[7]
-]
< 2004+— . , . . , .

3 4 5 6 7 8 9
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Fig. 1 Effect of initial pH on adsorption capacities of MB (black
symbols) and MO (red symbols) in the single system (solid symbols)
individually and in a mixed solution of MB—-MO (open symbols) at
25 °C. The initial dye concentrations are 10 mg L™ for each dye and
the adsorption volume is 1 L.
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Fig. 2 UV-Vis spectra of (a) MB, (b) MO, and (c) mixture of MB-MO
during adsorption at pH 6, 25 °C, and different times in a 1 L solution
containing 10 mg of PCN-222 and 10 mg of each dye. Each sample
was diluted 2.5 times before UV-vis. The insets show the color changes
before and 5 h after adsorption.

tested at room temperature using three levels of dye concen-
tration (1000, 600, and 400 mg L~ "). As described in the method,
the absorbed amount is quantified from the absorbance
difference prior to adsorption and at tested time ¢. According to
the results in the previous section, the experimental pH is
selected at the preferred values of pH 9 and pH 5 for MB and
MO, respectively. As presented in Fig. 3a and b, the adsorption
happens rapidly during the first 5 min, then slows down in the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Adsorption capacity of (a) MB and (b) MO as a function of time
at different initial concentrations. Linear regressions of (c) MB and (d)
MO according to pseudo-first-order kinetic model. Linear regressions
of (e) MB and (f) MO according to pseudo-second-order kinetic
model.

next 45 min, and finally plateaus after 50 min. Compared with
the 3 day adsorption time by MIL-100(Fe), which is claimed to
be a high capacity dye adsorbent,?> PCN-222 (32 A in pore size)
takes a much shorter contact time to reach the maximum
adsorption than MIL-100(Fe) (25 A, or 29 A). This can be
explained by PCN-222's large mesoporous structure and strong
electrostatic interaction with MB and MO dyes. PCN-222 shows
similar adsorption behavior toward MB and MO, except
concentration saturation occurs above 600 mg L™ " for the latter.

Two kinetic models, pseudo-first-order and pseudo-second-
order, are used to express the mechanism of MB and MO
adsorption on PCN-222 at the three concentrations mentioned
above. According to the pseudo-first order rate expression,®® the
adsorption rate is based on the adsorption capacity; the linear
equation in logarithms is as follows:

k
log(ge — /) =log g — 53531 (3)

where g. and g, represent the amount of the dye adsorbed per
unit PCN-222 (mg ¢ ') at equilibrium and at any time ¢,
respectively, and k; (min~') is the pseudo-first-order rate
constant, which can be obtained from the slope of the linear
regression of eqn (3), as shown in Fig. 3c and d and Table 1. The
experimental data do not seem to fit eqn (3) well, resulting in
a correlation coefficient R* from 0.89299 to 0.97408 for MB and
0.92899 to 0.99189 for MO at different initial concentrations.
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This indicates that the mechanism of the adsorption is not
purely based on first-order kinetics.

We examined the adsorption data by a pseudo-second-order
equation based on the rate controlling step being a chemisorp-
tion mechanism through sharing or exchanging the electrons
between the dyes and PCN-222. The linear second-order equa-
tion is expressed as follows:*

t 1 1 ; 4

q: - k2qe2 * qe ( )
where k, is the pseudo-second-order rate constant (g mg '
min~"). The calculated kinetic constants are shown in Table 1,
and the fitting curves are shown in Fig. 3e and f. The R® of the
pseudo-second-order equation were from 0.99987 to 0.99996
and 0.99987 to 0.99998 for MB and MO, respectively, which were
higher than those by pseudo-first-order model. The results
indicate that the adsorption of MB and MO onto PCN-222 fits
the pseudo-second-order kinetic model well.

Adsorption isotherms

At fixed pH 9 for MB and pH 5 for MO, the adsorption isotherm
studies were performed at three temperatures (298, 308, and
318 K) and seven initial dyes concentrations (400, 500, 600, 700,
800, 900, and 1000 mg L™ ). The experimental data were fitted to
the Langmuir and Freundlich isotherm models to explore the
adsorption mechanism.*>**

The Langmuir model is developed for the case of adsorbed
molecules in aqueous solution onto solid adsorbents. The
model assumes that a monolayer of adsorbate molecules covers
a uniform surface of adsorbent homogeneously. It will take
place on specific sites of the adsorbent only. The Langmuir
equation in linear form is given as follows:

. )
qe oKL 0

where C. is the equilibrium concentration of the adsorbate (mg
L"), Q is the maximum adsorption capacity (mg g~ '), and K; is
the Langmuir constant related to the equilibrium of adsorption.
The dimensionless separation factor Ry, can be presented as
follows:

1

R=—
L 1+(1+KLCO)

(6)
where Cj, is the initial concentration of the dye (mg L™"). When
0 < Ry, <1, the model is suggested to be favorable. On the other
hand, the Freundlich model assumes that the adsorption takes
place on heterogeneous surfaces, and the adsorption capacity is
related to the dye concentration at equilibrium.** The Freund-
lich equation is given as follows:

Ing. =In KF—i—% In C, (7)

where Kr is a Freundlich constant and » is the heterogeneity
factor related to the capacity and intensity of adsorption,
respectively. As shown in Fig. 4 and Table 2, the adsorption of
MB and MO onto PCN-222 fits the Langmuir model well over the
entire studied concentration and temperature range for both

RSC Adv., 2017, 7, 16273-16281 | 16277
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Table 1 Adsorption kinetic parameters of MB and MO on PCN-222
Pseudo-first-order kinetics Pseudo-second-order kinetics

Dyes Co (mgL™") ky (min™") ge (mgg™) R k; (g mg™" min~") ge (mgg™) R
MB 1000 0.1060 241.5 0.94409 1.072 x 1073 892.9 0.99996
600 0.1183 112.4 0.97408 2.765 x 10° 581.4 0.99989
400 0.1175 57.02 0.89299 5.443 x 10° 377.4 0.99987
MO 1000 0.1002 154.1 0.93595 1.661 x 10° 588.2 0.99998
600 0.1273 128.0 0.92899 2.180 x 10° 540.5 0.99993
400 0.1222 76.54 0.99189 3.787 x 10° 395.3 0.99987

qe
Ky = — 8
= ®)
AG’ = —RT In K, (9)
AHY AS°

InKy=—++— 10
0 =T TR (10)

0 50 100 150 200 250 0 100 200 300 400 500
1 -1
Ce(mgL™) Ce (mgL™)

25 3.0 35 4.0 45 5.0 55 1 2 3 4 5 6

InC,

Fig. 4 Langmuir model of (a) MB and (b) MO adsorption onto PCN-
222. Freundlich model of (c) MB and (d) MO at three different
temperatures.

dyes based on high linear correlation coefficient R* values. The
maximum adsorption capacities Q are 909.1 mg g~ for MB and
591.7 mg g for MO. The experimental adsorption capacities at
different initial concentrations are shown in Fig. S6.

Adsorption thermodynamics

Thermodynamic parameters are employed to discuss the
adsorption spontaneity. The adsorption data from the previous
section were used. The changes in adsorption enthalpy (AH?),
entropy (AS°) and Gibbs free energy (AG®) were obtained from
the following equations:

where K, is the thermodynamic equilibrium constant, T is the
temperature (K), and R is the gas constant (8.314 ] mol " K™ ).
The plots of In K, vs. 1/T are presented in Fig. S7.} The ther-
modynamic parameters are listed in Table 3. The AG® values of
MB and MO are all negative, which means that the adsorption
processes are spontaneous. The negative values of AH° also
indicate that the adsorption processes are exothermic and
favorable for the adsorption of MB and MO on PCN-222.
However, the negative values of AS° suggest that the random-
ness decreased during the adsorption processes. As a conse-
quence, the adsorption process would be controlled by an
enthalpy effect rather than an entropy change.

Comparison of PCN-222 adsorption capacity with selected
MOFs

Table 4 is a comparison of the adsorption capacity of PCN-222
toward MB and MO with representative MOFs reported
previously. Those selected MOFs have high capacities, as
shown in the list. However, it is obvious that most MOFs
selectively adsorb either MB or MO on the top half of the table.
For instance, the size-controlled MIL-100(Fe) and complex 2,
a porphyrin-containing MOF, strongly adsorb MB rather than
MO.?>?” Conversely, 1Y, a Mn" phosphonate MOF, has strong
affinity to MO, but it can hardly remove MB from the

Table 2 Isotherm parameters of MB and MO adsorption onto PCN-222
Langmuir Freundlich

Dye T (K) Q(mgg™M Ky (Lmg ™) Ry, R n Ky R

MB 298 909.1 0.04446 0.02152-0.05055 0.99650 3.371 184.1 0.94274
308 877.2 0.04617 0.02076-0.04886 0.99242 3.606 192.9 0.94496
318 826.4 0.04128 0.02311-0.05402 0.99802 3.839 190.3 0.95516

MO 298 591.7 0.1026 0.009560-0.02323 0.99787 13.41 368.9 0.96740
308 555.6 0.1281 0.007686-0.01878 0.99668 13.06 349.1 0.90695
318 526.3 0.2442 0.004062-0.01009 0.99765 14.17 347.0 0.79074
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Table 3 Thermodynamic parameters of MB and MO adsorption onto
PCN-222

AG° AH® As°

Dye T(K) Ink, (kKmol™) (Kmol™") (mol 'K
MB 298 1.544 —3.825 —15.93 —40.55

308 1.365 —3.495

318 1.139 —3.011
MO 298 0.3351 —0.8302 —8.136 —24.47

308 0.2474 —0.6355

318 0.1282 —0.3389

solution.”® Among the dyes with dual capabilities, MIL-100(Fe)
ranks at the top, which adsorbs 736.2 and 1045 mg g~ ' of MB
and MO, respectively, but the adsorption takes 3 days to reach
the maximum.?” However, PCN-222 is able not only to remove
MB and MO efficiently from a single dye solution or a mixture
but also to remove them within only 60 min. Actually, about
60% of MB or 39% of MO can be removed by PCN-222 within
2 min. Furthermore, the adsorption capacity of PCN-222
greatly increases to 1239 and 1022 mg g~ for MB and MO,
respectively, in the mixture. In addition, the synthesis of PCN-
222 is easily controlled. Good solvent stability and reusabi-
lity are further advantages. PCN-222 indeed is a promising
adsorbent for removing cationic and anionic dyes from
aqueous solutions.

Compact chromatography column for dye removal

The above results indicate that PCN-222 is a promising potential
adsorbent for removing dyes in solution. However, removal of
dyes in disposable scintillation vials by centrifuging is not

Table 4 The adsorption capacity of selected MOFs and PCN-222
toward MB and MO

Adsorption capacity

(mgg ™)
MOF MB MO Organic linker Ref.
Size-controlled 1105 NA BTC 44
MIL-100(Fe)
Complex 2 952 NA DCPP 27
ZJU-24 902 NA TPTC/TPHC 28
DUT-23(Cu) 814 NA BTB/BPY 23
nanoparticle
Compound 2 725 NA TATAT 45
1Y NA 1337 H,L/bibp 43
TMU-16-NH, NA 393.7 NH,-BDC/ 46
4-bpdh
PED-MIL-101 NA 194 1,4-BDC 30
MIL-100(Fe) 736.2 1045 1,3,5-BTC 22
PCN-222 906 589 TCPP This work
PCN-222 1239 1022 TCPP This work
(MB-MO) (MB-MO)
NH,-MIL-101(Al) 762 188 1,4-BDC 47
MIL-100(Cr) 643.3 211.8 1,3,5-BTC 22
MOF-235 252.0 477.0 1,4-BDC/DMF 21
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Fig. 5 (a) Chromatography column is filled with PCN-222 micro-
crystalline 200 mg. (b) Eight cationic or anionic dyes or MB-MO
mixture are loaded on the column. (c) Dyes are washed off by 0.1 M
HCl/methanol or saturated NaCl/DMF.

practicable in real applications. We therefore made a chroma-
tography column using PCN-222 crystals, as shown in Fig. 5a.
These disposable biological chromatography columns are easy to
handle and reuse. The volume of the filler can be customized as
required. Cationic or anionic dyes including MB, MG, RhB, MO,
IC, AF, AO, FD and MB-MO mixture at a concentration of 10 mg
L~ " are applied to the column by pumping the liquid out from
the outlets of the columns. The top photograph in Fig. 5b shows
eight dyes and one mixture loaded into the columns, and the
effluent is colorless for all. As the maximum adsorption is
reached when the effluent starts to show color, the pumping is
stopped. The dyes can also be immediately washed off using
organic eluent (0.1 M HCl/methanol at 1 : 9 v/v) for MB, MG, RhB,
MO, FD, MB-MO or saturated NaCl/DMF (1 : 9 v/v) for IC, AF, AO.
The color effluent can be monitored not only by the naked eye but
also by UV-Vis adsorption, as shown in the bottom photograph in
Fig. 5c. The same column was used during the entire chroma-
tography column experiment, offering a perspective on the
stability and reusability of PCN-222. The maximum adsorption
capacities of PCN-222 toward different dyes at pH 6 are listed in
Table S2.}

The reusability of PCN-222 in column

The reusability of adsorbents is vital in dye removal applica-
tion. Most adsorbents are not utilized repeatedly because of
difficult desorption. In this work, MB or MO desorption from
PCN-222 was conducted using 0.1 M HCl/methanol (1 : 9, v/v)
and the entire adsorption/desorption was performed on the
column with 5 mg PCN-222 filling. In this work, sufficient
volumes of MB or MO (10 mg L") to give adsorption satura-
tion were loaded. We define the adsorption capacity in the first
cycle as 100%. The data in Fig. 6 indicates the removal effi-
ciency only decreases to 95.2% for MB and to 92.7% for MO
after eight reuse cycles. Furthermore, neither morphology nor
structure changes of PCN-222 are observed after eight cycles,
as shown in Fig. S1 and S2.f The results above indicate the
reusability of PCN-222.
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Fig.6 Reusability test of PCN-222 for removal of MB and MO. The first
cycle is defined as 100% at maximum capacity for each dye at pH 6.
Black bars are for MB and red for MO. The loading dye concentration is
10 mg L%,

Proposed mechanism of mutual enhancement in co-
adsorption system

PCN-222 consists of Zrg clusters coordinated to free base TCPPs
and terminal hydroxyl groups in the shape of a 1D channel with
an octagon in the cross section.** At low pH, the hydroxyl groups
fall off and Zr, clusters possess positive charges. At high pH, the
centers of the free base TCPPs carry negative charges, which
makes PCN-222 able to interact with anionic MO and cationic
MB. Interestingly, the results in the early section show an
elevation of the adsorption capacity of both MB and MO in the
mixture solution of 10 mg L™" (=31 uM) of each across the
tested pH range (Fig. 1). A push-pull mechanism may explain
this mutual enhancement. We propose that MO can push MB
dimerization and the MB dimer can pull MO together to adsorb
on PCN-222, and vice versa. Previously published articles
support this hypothesis. First of all, it is known that most
organic dyes in solution are in the forms of dimers, trimers and
higher aggregates through self-aggregation depending on the
concentrations.*® In the same way, planar molecules of MB can
form face-to-face dimers in solution by self-association through
-1 stacking interactions between aromatic rings, as shown
in Fig. 7.*°° The monomer-dimer equilibrium is observed at
concentrations of 2 to 50 uM.** Then the MB dimer carries
a positive charge at each end (Fig. 7) because of the repulsion
force between them. We expect that one end of the dimer
interacts with the center of the free base TCPP, and the other
end pulls anionic MO, as shown in Fig. 7. Hence, the adsorption
capacity of MO increases. However, with the dimer dissociation
constant of 2.9 x 10~* M in water,” only 10% MB dimer may
form at 10 mg L™ dye concentration. To explain 118%
enhancement of MO's adsorption capacity in the co-adsorption
system at pH 9, it is speculated that MO may stimulate MB
dimerization. Interestingly, it has been reported that when
adding anionic sodium dodecyl sulfate, MB aggregation
increases more than 20 fold.>* Thus, cationic MB's dimerization
could be promoted in the presence of anionic MO. In fact, we
have observed that precipitates form when each dye concen-
tration is above 20 mg L ™" in the mixture solution. In turn, like
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Fig. 7 Schematic diagram of the push—pull mechanism.

MB, we speculate that MO can also form dimers (Fig. 7) that can
pull more MB.** Indeed, it has been reported that MO is almost
completely dimerized above 0.2 mM and has an estimated
dimer formation constant K4 of 9200,>® which means that 27%
of MO is in dimer form at 10 mg L™". One end of the dimer of
MO is linked with a Zrg cluster, and the other end attracts a MB
molecule. Finally, a diagram to explain the mechanism is shown
in Fig. 7. Furthermore, the large mesopore size of PCN-222
makes aggregate adsorption by the push-pull mechanism
possible.

Conclusions

In summary, the features of large pore size and suitable zeta
potentials of PCN-222, a zirconium-metalloporphyrin mesoMOF,
facilitate the high adsorption capacity for cationic and anionic
dyes on the absorbent in aqueous solution. The large surface area
of PCN-222 makes rapid adsorption and easy desorption
possible. More significantly, the mutual enhancement of
adsorption capacity in a mixture dye solution is observed and
explained by a push-pull mechanism. The phenomenon has
never been reported before in MOFs and can provide insight into
improving dye adsorption/removal efficacy. Two representative
dyes (cationic MB and anionic MO) are used to investigate the
adsorption kinetics, isotherms, and thermodynamics of MB and
MO on PCN-222. The kinetic data fits the pseudo-second-order
kinetic model well. According to the best-fit Langmuir model,
the adsorption is a monolayer coverage process. The adsorption
is also exothermic and is controlled by an enthalpy effect. The
excellent adsorption properties of PCN-222 motivated us to make
a chromatography column for practical applications. Further-
more, the PCN-222 also possesses good reusability, which is
crucial for field use of wastewater treatment.
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