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Removal of p-nitrophenol from simulated sewage
using MgCo-3D hydrotalcite nanospheres:

capability and mechanism

Fei Gao, © Xinru Xu and Jingyi Yang*

4-Nitrophenol (4-NP) is an organic pollutant found in the wastewater discharged from coking and

petrochemical industries, and it is highly toxic, persistent, and bioaccumulative. 4-NP is difficult to

degrade and causes serious damage to human health and the ecological environment. In this study,

MgCo-3D hydrotalcite nanospheres were synthesized via the hot solvent method using ZIF-67 as

a template for 4-NP removal from wastewater. The composition and structure of MgCo-3D hydrotalcite

nanospheres were characterized via X-ray diffraction (XRD), Scanning electron microscope (SEM),

Transmission Electron Microscope

(TEM), Fourier-transform infrared spectroscopy (FT-IR), X-ray

photoelectron spectroscopy (XPS), Energy Dispersive Spectroscopy (EDS), and BET analyses. The

maximum adsorption capacity was 131.59 mg g~* under the optimized conditions (pH = 7, t = 298 K, Cq
= 50 mg L™}, dose = 0.4 g L™). The adsorption obeyed the Langmuir, Redlich—Peterson and Sips
models and pseudo-second-order kinetics, and the adsorption activation energy was 29.4 kJ mol™%,

indicating a monolayer physical adsorption phenomenon. The adsorption of 4-NP on the MgCo-3D
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hydrotalcite nanospheres mainly involved hydrogen bonding and electrostatic interactions. The

nanospheres were regenerated using the hot-air purging method. After five adsorption—desorption

DOI: 10.1039/d2ra01883g

rsc.li/rsc-advances

1. Introduction

4-Nitrophenol (4-NP) is a bioaccumulative, persistent, highly
toxic, and non-degradable pollutant, mainly from the sewage
discharge of coal, petrochemical, and steel industries." The
maximum concentration of 4-NP in wastewater should not
exceed 1 ppm (mg kg™ ').>® The removal of p-nitrophenol from
wastewater mainly includes membrane separation, precipita-
tion, redox reactions, and biological methods.*> Among them,
the adsorption method is widely used because it is safe, effi-
cient, and operationally simple.®”

Layered double hydroxides (LDHs) are suitable for waste-
water treatment. Sun® and Balbino® synthesized some two-
dimensional (2D) layered hydrotalcites for high adsorption
capacity of 4-NP, however, they have certain limitations. For
example, 2D hydrotalcite nanosheets gradually stack during
synthesis, which significantly reduces the surface area and thus
the number of active sites. This undesirable agglomeration of
nanosheets can be circumvented in three-dimensional (3D)
hydrotalcites.***>

Metal-organic frameworks (MOFs) are coordination poly-
mers with a 3D pore structure, which have high porosity, large
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cycles, the adsorption capacity reached 107.6 mg g2, indicating the good regeneration performance of
the MgCo-3D hydrotalcite nanospheres.

specific surface area, high chemical stability and abundant
unsaturated coordination sites rendering them effective adsor-
bents.”*** Miao et al'® synthesized a silver(1) 3,5-diphenyl-
triazolate MOF, AgTz-1, that exhibited a maximum adsorption
capacity of 143.5 mg g~ * for 4-NP. Aldawsari et al.'” developed
a class of porous adsorbent composite, AC-NH2-MIL-101 (Cr),
which adsorbed 4-NP with a capacity of 183 mg g~ ". Lin et al.*®
synthesized a copper-based MOF (HKUST-1) with an adsorption
capacity of up to 400 mg g~ '. However, the cost and recycling of
MOF powder limits its application in industry.

Therefore, researchers focus on developing more feasible
cost-effective adsorbents. Hydrotalcite synthesized with a MOF
as a template not only has a three-dimensional structure, but
also can reduce the cost and increase the surface area of the
adsorbents. ZIF-67, a type of MOF material, can be used to
synthesize a 3D hydrotalcite template.*>* In previous studies,
hydrotalcite materials synthesized using MOFs as a template
were mostly used for catalytic oxidation, fabrication of capaci-
tors, etc***. Studies on LDH/MOF interactions or adsorption
mechanisms in wastewater are still limited, and further inves-
tigations are required.

In this study, a MgCo-3D hydrotalcite adsorbent was
synthesized using ZIF-67 as a template to remove 4-NP from
simulated wastewater by intermittent adsorption. The adsorp-
tion performance was evaluated using kinetic, isothermal, and
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thermodynamic models to elucidate the adsorption mecha-
nism. The adsorbent was investigated by XRD, FT-IR spectros-
copy, and XPS. The effect of pH and ionic strength and the
regeneration performance of the adsorbent were also studied.
The results suggest that MgCo-3D hydrotalcite nanospheres can
be used as an efficient adsorbent for 4-NP.

2. Experimental methods
2.1 Materials

2-Methylimidazole, 4-NP, and methanol (analytical grade) were
purchased from Beijing Bailingway Technology Co., Ltd. Hexa-
hydrate magnesium nitrate (analytical grade) and sodium
hydroxide (analytical grade) were purchased from Shanghai
Titan Co., Ltd. and cobalt nitrate hexahydrate (analytical grade)
was purchased from Shanghai Maclean Biochemical Tech-
nology Co., Ltd.

2.2 Preparation of MgCo-3D hydrotalcite nanospheres

2.2.1 Synthesis of ZIF-67 nanocrystals. ZIF-67 nanocrystals
were prepared as follows: 6.56 g of 2-methylimidazole and 5.82 g
of Co(NO;),-6H,0 were weighed and separately dissolved in
400 mL of anhydrous methanol. The Co(NO;),-6H,0 solution
was slowly poured into a stirred 2-methylimidazole solution,
and the stirring was stopped after 24 h. The solution was
centrifuged, and the residue was washed thrice with anhydrous
methanol and dried at 70 °C.

2.2.2 Synthesis of MgCo-3D hydrotalcite nanospheres
derived from ZIF-67. MgCo-3D hydrotalcite was prepared using
a hydrothermal method. Briefly, 43.3 mg of magnesium nitrate
hexahydrate and 24 mg ZIF-67 were added in 60 mL of anhy-
drous ethanol, and the mixture was sonicated for 10 min. The
mixed solution was then transferred to a polytetrafluoro-
ethylene reactor and allowed to react at 120 °C for 6 h. Subse-
quently, it was washed three times with anhydrous ethanol and
dried at 70 °C.*

2.3 Characterization

Morphologies were observed by SEM (Nova Nano SEM 450, EFI,
USA), in conjunction with energy-dispersive X-ray spectroscopy
(EDS). The structure and composition were analyzed by XRD.
XRD patterns were recorded on a D8 Advance X-ray diffrac-
tometer using Cu Ko radiation At a tube voltage of 40 kV, tube
current of 100 mA, the scan range of 5°-90°, scan rate 10°
per min, and scan step 0.01°, FT-IR spectroscopy (Nicolet 6700,
Thermo Fisher Scientific, USA) and XPS (K-alpha, Thermo
Scientific, USA) were used to analyze the functional groups and
surface chemical state of the MgCo-3D hydrotalcite nano-
spheres. The N2 adsorption-desorption isotherms and specific
surface area of the MgCo-3D hydrotalcite nanospheres were
evaluated using automatic volumetric adsorption equipment
(Micromeritics, ASAP2460, USA). The zeta potentials of the
MgCo-3D hydrotalcite nanosphere surfaces at different pH
values (3-13) were measured using a laser particle size analyzer
(McChik, Microtrac S3500SI, USA).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.4 Batch adsorption experiment

A 4-NP solution (50 mg L™ ") was prepared in a volumetric flask.
Next, 0.01 g of the adsorbent was mixed with 30 mL of the 4-NP
solution in a 50 mL Erlenmeyer flask fitted with a rubber
stopper. The mixture was shaken at 150 rpm in a bench-type
thermostatic oscillator (SHA-B, Suzhou Guofei Laboratory
Instrument Co., Ltd.) for 1 h. Samples (3 mL) were removed
from the suspension and passed through a 0.22 um disposable
water-phase needle filter. The concentration of 4-NP in the
sample was measured using a UV spectrophotometer at
a wavelength of 310 nm.

The adsorption capacity of the hydrotalcite at any time was
calculated using eqn (1):

(Co—C)xV

qi = o (1)

Here, g, (mg g~ ') is the amount of 4-NP adsorbed by the
MgCo-3D hydrotalcite nanospheres at time ¢, Co and C; (mg L)
are the initial and residual 4-NP in solution at time ¢, respec-
tively, V (L) is the volume of the 4-NP solution, and m (g) is the
weight of the adsorbent.

2.5 Regeneration experiment

The saturated adsorbent was obtained by centrifuging the
suspension after the batch adsorption experiment and then
purge the wet solid adsorbent in hot air for regeneration. The
saturated adsorbent was purged with hot air at 200 °C for 4 h at
an airflow rate of 4 L min~'. The reusability of the adsorbents
was investigated for five cycles under the same conditions.

3. Results and discussion
3.1 Characterization of synthesized products

The XRD pattern of the MgCo-3D hydrotalcite nanospheres is
shown in Fig. 1(a). The sample exhibited characteristic hydro-
talcite peaks at 26 = 11°, 23°, and 60°, corresponding to the
d (003), d (006), and d (110) crystal planes; this indicated the
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Fig.1 XRD patterns before and after adsorption.
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successful preparation of the hydrotalcite. In addition to the
hydrotalcite peak, characteristic peaks were observed at 26 =
7.2°,10.4°, 18°, 26.7°, and 36.3°, corresponding to the d (110),
d (002), d (222), d (134), and d (444) crystal planes of ZIF-67.>°
This suggested that the ZIF-67 template was retained during the
synthesis. These results suggested that the MgCo-3D hydro-
talcite composite retained the properties of LDHs. Therefore,
the MgCo-3D hydrotalcite composites can effectively adsorb 4-
NP contaminants.*

The morphology of the MgCo-3D hydrotalcite nanospheres
was observed by SEM (Fig. 2(b)). After the hydrothermal treat-
ment, the resulting MgCo-3D hydrotalcite nanospheres were
adhesively grafted onto ZIF-67, inheriting the rhombic
dodecahedral morphology of ZIF-67 (Fig. 2(a)).*” The specific
structure of the MgCo-3D hydrotalcite nanospheres was further
investigated by TEM. TEM analysis revealed that the particle
size of the hydrotalcite sample was approximately the same as
that of ZIF-67 (Fig. 2(c)) and that the MgCo-3D hydrotalcite
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nanospheres were wrapped around ZIF-67 as a thin sheet. The
three-dimensional structure of hydrotalcite changes the
agglomeration of hydrotalcite flakes, also providing convenient
conditions for 4-NP. The elemental surface distributions of the
adsorbents were determined separately via EDS analysis
(Fig. 2(d and e)), which revealed that Mg and Co were uniformly
distributed on the surface.

The surface area and pore structure are important factors
affecting the adsorption performance. Consequently, the N2
adsorption-desorption isotherms (Fig. 3(a)) of the material were
acquired after degassing the samples at 150 °C for 6 h. The
adsorption-desorption curves were consistent with a type IV
isotherm, indicating the presence of mesopores in the
samples.”® Thus, the micropores of ZIF-67 changed to meso-
pores in the prepared adsorbent due to the growth of nano-
sheets on the surface of the polyhedral, resulting in the
transformation of the porous MOF into a hierarchically struc-
tured nanosheet material. The isotherm of MgCo-3D

Fig. 2
electron mapping of MgCo-3D hydrotalcite.
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(a) SEM image of ZIF-67. (b) SEM image of MgCo-3D hydrotalcite. (c) TEM images of MgCo-3D hydrotalcite. (d and e) EDS analysis and

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01883g

Open Access Article. Published on 22 September 2022. Downloaded on 12/4/2025 5:14:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
E 300 - (Q) £ (b) Before adsorption Co 2p
(%) r
o250 |- Soss| Co 2p;;;

% En.m F
S200f  Fef £ 3
g En.w t . s‘
'g 150 ° mPora::hmsh"r(nm)‘o * %
N R0 5 After adsorption
-] L o Q
< 100 g
2 Pore characteristi
t S0 BET Surfac: ::e:( ::’7;) T 369.778
© Average pore diameter(nm) 4.1789
a ok Average pore volume(cm?g) 0.0167
0.0 0.2 0.4 0.6 0.8 1.0 810 800 790 780
Relative Pressure (p/p°) Binding Energy(eV)
(c) Before adsorption Mg 1s
-~ Mg-O Mg-OH
3
s
2
@ After adsorption
£
1308 1306 1304 1302 1300 1298
Binding Energy(eV)
Fig. 3 (a) N, adsorption—desorption isotherms and pore size distribution of the MgCo-3D hydrotalcite nanospheres. (b) Co 2p and (c) Mg 1s XPS

fine spectra of the MgCo-3D hydrotalcite nanospheres before and after adsorption.

hydrotalcite was indicative of an H4 hysteresis loop (P/P, > 0.8),
which corresponds to a slit pore. This is distinguished by
particle stacking, wherein some pores are similar to those
produced by lamellar structures. Additionally, no saturated
adsorption platform is observed, indicating an irregular pore
structure. The BET surface area of MgCo-3D hydrotalcite is
369.78 m> g~ ', which is much larger than those of other two-
dimensional hydrotalcite materials. As the surface area
increases, the active sites increase, so the adsorption capacity is
also improved compared with the traditional hydrotalcite.
Using the BJH equation, the pore size of the MgCo-3D hydro-
talcite was calculated to be 4.18 nm.*

To further determine the atomic and electronic structures of
the MgCo-3D hydrotalcite surface, the adsorbent was subjected
to XPS analysis, which was performed based on the residual
carbon (standard position at 284.6 eV). The Co 2p and Mg 1s
spectra of the MgCo-3D hydrotalcite nanospheres are shown in
Fig. 3(b and c). The Co 2p spectrum showed two main peaks
(2p3/2 at 780.6 eV and 2p1/2 at 796.8 eV). Deconvolution of the
spectrum revealed peaks at 779.90 and 796.16 eV, correspond-
ing to Co3+ and at 781.5 and 797.33 €V, corresponding to Co2+.
This confirmed the partial oxidation of Co2+ to Co3+. These Co
2p and Mg 1s (1302.28 eV) peaks supported the formation of the
MgCo-3D hydrotalcite nanospheres.*

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.2 Batch adsorption experiment

3.2.1 Effect of time and temperature. Time and tempera-
ture are important factors determining the adsorption perfor-
mance. Therefore, the adsorption equilibrium time and
adsorption efficiency of the MgCo-3D hydrotalcite nanospheres
at different temperatures were examined (Fig. 4(a)). The
maximum adsorption capacity was 131.59 mg g~ at 298 K and
pH 7, at an initial concentration of 50 mg L™ and dose 0.4 g
L' The adsorption capacity increased gradually with time,
with rapid adsorption in the initial stage (0-3 min). The
adsorption rate decreased gradually as the adsorption sites were
occupied, reaching equilibrium within 5 min. The adsorption
capacities of different adsorbents for 4-NP are listed in Table 1.
Notably, the adsorption capacity slightly changed when the
temperature was increased to 318 K. ‘“However, the adsorption
rate of the material increased with increasing temperature,
indicating that higher temperatures increased the thermal
motion of 4-NP, thereby lowering the time required to attain
equilibrium.

3.2.2 Effect of pH and ion concentration. pH is also an
important parameter in the adsorption of 4-NP. The pH of the 4-
NP solution was adjusted to 3-13 (50 mg L") using 0.1 mol L™*
hydrochloric acid and sodium hydroxide solutions, and the

RSC Adv, 2022, 12, 27044-27054 | 27047
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Fig. 4 (a) Effect of time and temperature (experimental conditions: Co = 50 mg L™%; dose = 0.4 g L% t = 60 min; T = 298, 308, and 318 K). (b)
Effect of pH on the adsorption of 4-NP (experimental conditions: Co =50 mg L% T=298K; dose = 0.4 g L% t = 60 min) and zeta potential of
MgCo-3D hydrotalcite nanospheres at different pH values. (c) Effect of ionic strength on adsorption (Na*, Ca?*). (d) Effect of initial concentration

(Ce (mg g4) of 4-NP (25-300 mg L™ at equilibrium.

adsorption capacity and zeta potential of the adsorbent at
different pH values were measured (Fig. 4(b)). At low pH values,
H' ions protonated the hydroxyl groups of the LDH layer to form
water,*" resulting in the loss of the active center and hence
a decrease in the adsorption capacity. The adsorption capacity
reached its maximum at pH 7 and only slightly changed beyond
this pH.

Coking industrial wastewater contains common ions that
may competitively bind to or occupy the available sites. To
further evaluate the adsorption selectivity of the MgCo-3D

Table 1 Adsorption capacity of 4-NP on different adsorbents

hydrotalcite nanospheres for 4-NP, the effect of Na* and Ca**
ions on the adsorption capacity was investigated by mixing 0-
100 mmol NaCl and CacCl, with 50 mg of a 4-NP solution. The
results are shown in Fig. 4(c). The adsorption capacity
decreased from 131 to 128.89 mg g~ ' and 129.00 mg g~ ' when
the coexisting ion concentration was 100 mmol L™ . No further
change in the adsorption capacity was observed with increasing
ion concentration. This is probably because the positive charge
in the adsorbent surface repels the Na* and Ca*" ions, owing to
which these ions do not compete for adsorption.**

Material Adsorption capacity Ref.

Corn husk 7.936 mgg 34
Microalgal biochar 204.8 mg g’ 35
Silver(r) 3,5-diphenyltriazolate MOF-AgTz-1 184.8 mgg " 36
AC-NH2-MIL-101(Cr) 183 mg g~ 37
Amino-MIL-53(Al) 297.85mgg " 38
CaAl-LDH/g-CN@Fe 3 O 4 NC 550 mg g " 39
CD@Si 415mgg ! 40
Organoclays 14.286 mg g~ " 41
MgCo-3D hydrotalcite nanospheres 131.59 + 2.34 mg g ' This work

27048 | RSC Adv, 2022, 12, 27044-27054
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3.2.3 Effect of initial concentration. To examine the effect
of initial concentration, 0.01 g of the adsorbent was added to
30 mL of 25-300 mg L' 4-NP solution at 25-45 °C and pH 7.
Fig. 4(d) shows that the adsorption capacity gradually increased
with increasing 4-NP concentrations. The usual concentration
of phenolic compounds in industrial wastewaters, such as those
from coking plants and comprehensive oil refining plants, is
40-80 mg L™ '3 Thus, 50 mg L' was chosen as the initial
concentration for the experiments.

3.2.4 Adsorption kinetics, isotherms, and thermodynamic
modeling. The adsorption kinetics of the MgCo-3D hydrotalcite
nanospheres were investigated based on the results of batch
adsorption experiments. Briefly, 0.01 g of the adsorbent was
placed in 30 mL of 4-NP solution, and the adsorption capacity at
different contact times was recorded for subsequent analysis.
The adsorption kinetics were investigated using two models,
namely the pseudo-first-order and pseudo-second-order
models. The adsorption of 4-NP on the material was modeled
using the Langmuir and Freundlich isotherm models, and the
thermodynamic parameters were determined.

In this paper, the pseudo-first-order, pseudo-second-order
kinetic models and intraparticle diffusion kinetic model are

1a0| (@
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fitted.” Fig. 5(a—c) shows that the adsorption kinetics of 4-NP
were inconsistent with the pseudo-first-order model and intra-
particle diffusion kinetic model. In intraparticle diffusion
kinetic model, if the fitting curve exhibits good linearity and
passes through the origin, then adsorption was controlled by an
intraparticle diffusion process. However, if the fitting curve did
not pass through the origin, then a film diffusion process was
the rate controlling step. As shown in Fig. 5(c), the lines did not
pass through the origin, indicating the adsorption process of
MgCo-3D hydrotalcite to 4-NP was controlled by a film diffusion
mechanism.*

Fig. 5(b) shows that the adsorption kinetics of 4-NP were
more consistent with the pseudo-second-order model, as the
correlation coefficients for this model were greater than 0.99 at
different temperatures (Table 2). The pseudo-second-order
kinetic models of the adsorption rate, k,, appears to increase
with increasing ambient temperature of the 4-NP solution. As
a result, the rate of adsorption reaction also increases. Conse-
quently, the pseudo-second-order kinetic constants were used
to calculate the activation energy of adsorption (E,).** E, of the
MgCo-3D hydrotalcite nanospheres was 29.4 k] mol " (less than
30 kJ mol "), which is typical of physical adsorption.

b
140 | (®)
o ° o ° 0 jod S ]
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(a, b and c) Fits to the pseudo-first-order, pseudo-second-order kinetic models and the intra-particle diffusion model at 298 K, 308 K and

318 K for the adsorption of 4-NP on MgCo-3D hydrotalcite nanospheres. (d) Adsorption isotherm at 298 K and fits to the Langmuir and
Freundlich models for the adsorption of 4-NP on MgCo-3D hydrotalcite nanospheres (Ce (mg g~?) is the 4-NP concentration in the solution at

equilibrium).
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Table 2 Fitting parameters of the pseudo-first-order and pseudo-
second-order kinetic adsorption models for 4-NP
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Table 4 Calculated thermodynamic parameters of 4-NP adsorption
on the MgCo-3D hydrotalcite nanospheres

Models 298 K 308 K 318 K
Pseudo-first-order kinetic model

¥y (min™) 26.30 33.24 33.15
Ger,cal (Mg g™ ") 124.75 129.67 130.08
Ger,exp (Mg ™) 131.59 131.01 130.09
R? 0.9671 0.9804 0.9665
Pseudo-second-order kinetic model

K, (g mg ' min™") 0.38 0.64 0.82
Geacal (Mg g™") 127.16 129.50 129.74
Gesexp (Mg &™) 131.59 131.01 130.09
R* 0.9919 0.9913 0.9905
The intra-particle diffusion model

kp (mg g 'min*?) 6.11 3.04 2.76

c 108.72 119.80 121.85
R* 0.7997 0.4369 0.3443

Fig. 5(d) and Table 3 indicate a better fit of the adsorption
data to the Langmuir model (R* = 0.992), Redlich-Peterson (R
= 0.999) and Sips models (R> = 0.999) than the Freundlich
model (R* = 0.934). It can be seen from the Fig. 4(d) and Table 3
that the fitting coefficient is high and can be used to describe
the adsorption behavior of 4-NP. The value of K, = 0.03 in the
Langmuir model indicated that the adsorption of MgCo-3D
hydrotalcite nanospheres on 4-NP was a single-molecule spon-
taneous process with a relatively uniform distribution of the
homogeneous active centers. Redlich-Peterson and Sips models
are the combination of Langmuir and Freundlich models.* In

Table 3 Parameters of 4-NP adsorption on MgCo-3D hydrotalcite
nanospheres based on the fits to the Langmuir and Freundlich
adsorption isotherms

Models 298 K 308 K 318 K
Langmuir

gm (mg g™ 835.53 813.00 784.00
Ky (Lmg ) 0.04 0.03 0.03
R 0.9920 0.9957 0.9946
Freundlich

1/n 0.48 0.49 0.49
Ky (mg'™" g™ L™ 72.02 71.99 71.99
R 0.9345 0.9586 0.9095
Redlich-Peterson

Kep (L g Y) 23.57 27.93 28.82
agp (L mg™ ) 0.01 0.05 0.06
Brp 1.34 0.92 0.89
R 0.9990 0.9980 0.9960
Sips

Imax(mg g ) 709.97 871.89 824.49
Ks(L mg™) 0.02 0.03 0.04
1/n 0.99 0.94 0.92
R 0.9990 0.9980 0.9960
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AG AH AS
T (K) (k] mol ™) (k] mol™) ((k mol)™")
298.15 —7.64 82.37 49.69
308.15 —7.92
318.15 —8.01

the Redlich-Peterson models, Grp coefficient is close to 1, it can
be seen that the Redlich-Peterson model is close to the Lang-
muir model, which is single molecule adsorption. In the Sips
models, 1/n represents the homogeneity of adsorbent. As can be
seen from the table, 1/n is less than zero and the higher the
temperature, the smaller the 1/n, the better the homogeneity.

Table 4 lists the thermodynamic parameters of the adsorp-
tion of 4-NP. AG < 0 indicates that the adsorption is a sponta-
neous exothermic process. The increase in |AG| with increasing
temperature indicated increased spontaneity.

3.3 Adsorption mechanism

3.3.1 Active sites of adsorption. The XRD patterns of the
MgCo-3D hydrotalcite nanospheres before and after 4-NP
adsorption are shown in Fig. 1(a). The material retained its
characteristic peaks before and after the adsorption, indicating
that the crystal structure of the material remained intact.
However, the 2 diffraction peaks at 26 = 37° and 51°, corre-
sponding to Mg(OH),, weakened (Fig. 1(a)). Mg(OH), was most
likely covered by 4-NP, resulting in the weakened peak intensity.

To further confirm the active adsorption sites, XPS analysis
of the adsorbent material was performed. The Co 2p spectrum
showed that the Co**/Co*" ratio decreased from 0.68 to 0.51
before and after adsorption, respectively, and that the amount
of Co*" decreased during the adsorption. A large amount of
high-valent Co** in the adsorbent before adsorption renders the
adsorbent surface positive, facilitating the adsorption of many
4-NP molecules to balance the charge. This leads to the coverage
of Co*". The Co®*" peaks hift to lower binding energies (from
779.9 eV, 796.16 eV to 779.73, 795.57 eV), indicating that the
electrons of 4-NP overlap with the outer electrons of Co*",
leading to an increase in the outer electron density and an
enhanced shielding effect. The Mg 1s spectrum could be
deconvoluted into two peaks: Mg-O (1303.33 eV) and Mg-OH
(1302.76 eV). Both the peaks are attributed to the Mg in the
hydromagnesite-like layer of the LDH. Adsorption of 4-NP
results in a decrease in the Mg-OH peak intensity and a shift
toward lower binding energies, suggesting the interaction of
Mg-OH with 4-NP and an increased charge density. Analysis of
the Co 2p and Mg 1s spectra showed that the adsorption centers
of the MgCo-3D hydrotalcite nanospheres were Mg>* and Co*",
both of which are present in the hydrotalcite structures.***®
This demonstrates that hydrotalcite plays a major role in
adsorption.

3.3.2 Electrostatic interactions. The pKa of 4-NP is 7.15,
and it is mainly present in the solution as ions (4-NP, pH > 7.15)
and molecules (4-NP, pH < 7.15).* Zeta potential analysis

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 4(b)) showed that the adsorbent surface was always posi-
tive. When the pH was increased from 3 to 7, the OH™
concentration in the solution increased, protonation of the LDH
layer hydroxyls weakened, active sites were gradually exposed,
and adsorption capacity gradually increased. When the pH was
further increased from 7 to 13, 4-NP was mainly present in the
anionic form (4-NP), We believe that 4-NP has electrostatic
interaction with the electropositive surface of the adsorbent.*
When the pH increases, the adsorption capacity did not
increase further because the zeta potential of the adsorbent
decreased, accompanied by the competition from OH™ ions in
water for adsorption.

3.3.3 Hydrogen bonding. To elucidate the adsorption
mechanism of 4-NP, the FT-IR spectrum of the MgCo-3D
hydrotalcite nanospheres was analyzed. Fig. 6(a) shows the
FT-IR spectra of the pristine and loaded adsorbents. The func-
tional groups remained essentially the same before and after

adsorption, indicating that the material structure was not
damaged during adsorption.”® The peak at 425 cm™*
sponds to the unique Co-N bending vibration. The peak at
2920 cm ™' can be attributed to the antisymmetric C-H
stretching vibration, that at 1579 cm™ ' can be attributed to the
in-plane C=N bending vibration,* and those at 694, 756, and
1140-1500 cm™ " can be attributed to the bending and stretch-
ing vibrations of imidazole.>* The MgCo-3D hydrotalcite nano-
spheres exhibited some new peaks after adsorption. The peak at
832 cm ™! corresponds to the para-substituted benzene ring of 4-
NP; however, the intensity of the peak is low, which can be
attributed to the low concentration of 4-NP in the sample. The
peak at 1640 cm ™' corresponds to the C=C stretching vibration
in the benzene ring of 4-NP. Both these facts confirm the
adsorption of 4-NP on the hydrotalcite surface. The -OH
absorption band shifted from 3660 cm ™" (before adsorption) to
3630 cm ' (after adsorption), indicating the formation of

corre-

Table 5 Binding energy and relative content of Co 2p, ad Mg 1s in the MgCo-3D hydrotalcite before and after adsorption

Before adsorption

After adsorption

Binding energy

Binding energy

Species (eV) Atom% (ev) Atom%
Co 2p 2Pss2 Co** 781.50 32.89 780.79 35.70
Co** 779.90 20.72 779.73 17.86
2p1)s Co* 797.33 10.20 796.38 13.21
Co** 796.16 8.55 795.57 7.14
Mg 1s Mg-O 1303.33 36.71 1302.51 62.89
Mg-OH 1302.76 63.29 1302.01 37.11

Table 6 Binding energies and relative O 1s contents of the MgCo-3D hydrotalcite before and after adsorption
Before adsorption After adsorption

Species Binding energy(eV) Atom% Binding energy(eV) Atom%
O 1s M-O-M 530.88 63.29 530.38 89.23
M-OH 532.68 28.96 531.58 8.40
H,O 534.68 7.75 532.95 2.37

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrogen bonds (Table 5). Since oxygen atoms are more elec-
tronegative than nitrogen atoms, hydrogen bonds are more
likely to form with the former. M-OH likely forms hydrogen
bonds with -OH and -NO,.>*

The C 1s XPS spectrum changed before and after adsorption.
The peak position, peak intensity, and the increase in peak
intensity indicated that 4-NP was successfully adsorbed onto
the MgCo-3D hydrotalcite nanospheres. Fig. 6(b) shows the O 1s
spectrum. The binding energy corresponding to the O 1s peak
decreased significantly from 531.33 to 530.84 eV after the
adsorption. The peaks at 530.68 and 532.25 eV corresponded to
M-0-M (Mg-0-Co) and M-OH (Mg-OH, Co-OH), respectively,
while the peak at 533.55 eV can be attributed to adsorbed water
molecules. After adsorption (Fig. 6(b)), although the OH groups
in 4-NP should increase the total fraction of the hydroxyl
groups, the adsorbed M-OH content decreased from 28.96% to
8.40%.M-OH should be covered by 4-NP molecules (Table 6).
However, the M-O-M content increased from 63.29% to
89.23%, indicating that the hydroxyl group was involved in the
adsorption of 4-NP on the MgCo-3D hydrotalcite nanospheres.>*

The mechanism of adsorption of 4-NP on the MgCo-3D
hydrotalcite nanospheres is shown in Fig. 7. The Fig. 7 shows
that 4-NP is adsorbed on MgCo-3D hydrotalcite nanospheres
through hydrogen bonding and electrostatic forces. Our results
suggest that the unsaturated metal sites in the MgCo-3D
hydrotalcite nanospheres and the coulombic interactions
(through hydrogen bonding) are the main driving forces of
adsorption. During the adsorption of 4-NP pairs on the MgCo-
3D hydrotalcite nanospheres, the unsaturated metal (Mg and
Co) sites in the MgCo-3D hydrotalcite nanospheres were coor-
dinated with the nitro group in 4-NP. The hydroxyl group on the
adsorbent surface was hydrogen-bonded to the hydroxyl group
or nitro group of 4-NP, facilitating its adsorption on the surface
of the MgCo-3D hydrotalcite nanospheres and improving its
adsorption efficiency. In addition, the adsorption efficiency
increased with increasing pH (up to pH 7) owing to the positive
charge on the adsorbent surface, and this increased the
attractive forces between the adsorbent and phenol ions.

Fig. 7 Adsorption mechanism of 4-NP on the MgCo-3D hydrotalcite
nanospheres.
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4. Regeneration

In practical scenarios, the regeneration performance of an
adsorbent determines its successful commercial application. In
this study, the adsorbent was regenerated by hot-air purging.*®
The supernatant of the adsorbate-saturated MgCo-3D hydro-
talcite nanospheres was separated via centrifugation to obtain
a solid adsorbent, which was placed in a crucible and regen-
erated by air purging at 180 °C and 4 L min~" for 4 h. Five
adsorption-desorption cycle regeneration tests were performed
(Fig. 8). The adsorption capacity decreased from 131.59 to
107.6 mg ¢~ ', and the regeneration efficiency was 81.76% in the
fifth cycle. This indicated good regeneration performance and
hence great application potential.

5. Conclusion

(1) The maximum adsorption amount was 131.59 mg g~ * at pH
=7,T=298K, C, =50 mg L™", and dose = 0.4 g L™". The
adsorption followed pseudo-second-order kinetics and was
consistent with the Langmuir model, Redlich-Peterson and
Sips models isothermal adsorption model. The activation
energy of adsorption was 29.4 k] mol ', indicating single-
molecule physical adsorption.

(2) The chemical and structural changes in the MgCo-3D
hydrotalcite nanospheres before and after adsorption indi-
cated that the adsorption of 4-NP was dominated by hydrogen
bonding and electrostatic interactions.

(3) The regeneration efficiency was maintained at 81.76%
after five adsorption-desorption cycles by hot air purging
method, indicating that the adsorbent has good regeneration
performance.
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