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ABSTRACT: In order to explore the application of metal-organic frameworks (MOFs) in environmental and water 
treatment fields, a new composite aerogel of HKUST-1/cellulose/chitosan (CCTSA/HKUST-1) with better 
hydrostability was synthesized by an in-situ synthesis method combining covalent cross-linking and solvothermal 
methods as an efficient adsorbent for methylene blue (MB). The composite aerogel (CCTSA) obtained by covalent 
cross-linking of cellulose (CE) and chitosan (CTS) exhibited excellent stability under strong acid and solvent-thermal 
conditions. With the increase of CTS content, it was beneficial to the in-situ synthesis of HKUST-1, as well as to 
increase the mass loading rate of HKUST-1 to 37.06%, while the Brunauer-Emmett-Teller (BET) specific surface area 
of CCTSA/HKUST-1 composite aerogel reached 945.123 m2·g-1, which was much higher than that of the CCTSA 
composite aerogel (14.489 m2·g-1). The CCTSA/ HKUST-1 composite aerogel exhibited excellent adsorption capacity 
(537.6 mg·g-1) on MB solution, and cyclic adsorption could be achieved. 
	 This study proposes a concept of valorization of alkaline peroxide mechanical pulping (APMP) waste liquor to 
hemicellulose-based hydrogel. This hemicellulose-based hydrogel exhibits a sensitive temperature/pH dual 
response. Hemicellulose-based hydrogels swell or shrink through the change of hydrogen bond/electrostatic 
repulsion/charge screening. They also show good water absorption and water retention properties.

	 Application: This study can give ideas for the preparation of stable, high specific surface area and high 
adsorption capacity polysaccharide-based aerogel adsorption materials and enrich the application of MOFs 
materials in the field of water treatment and organic dye adsorption.
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The rapid population growth and increased industri-
alization of the last few decades have been accom-
panied by increasingly serious environmental pol-

lution problems; for example, soil, water and air pollution, 
with water pollution being a particularly serious problem 
[1-3]. Studies have shown that most countries will face a 
serious water crisis in the next few decades or so [2]. As the 
most common organic pollutant, dyes mainly originate 
from textile and dyeing plants, paper factories, and domes-
tic wastewater discharges, with about 100 metric tons of 
contaminated water with dyes being discharged into the 
wastewater each year [4]. Methylene blue (MB), an organic 
cationic dye, is a typical azo dye that is not easily biode-
gradable due to the molecular structure of the benzene 
ring, which not only deteriorates water quality, but is mu-
tagenic, genotoxic, and carcinogenic, and can have a num-
ber of harmful effects on humans [4,5].

At present, the commonly used wastewater treatment 
methods include coagulation, adsorption, membrane sepa-
ration, photocatalysis, and so on [6]. The advantages of easy 
operation, mild conditions, low cost, and the possibility of 
cyclic adsorption have made it a commonly used method in 

the field of wastewater treatment [7]. Normal adsorbents in-
clude natural clay, activated carbon, zeolite, and so on. How-
ever, due to their low adsorption capacity, high cost, and 
non-biodegradability, adsorbents are very limited in practi-
cal application [8]. In recent years, natural polysaccharides 
have gained popularity in wastewater treatment due to their 
wide source of raw materials, low cost, good biocompatibil-
ity, and biodegradability [9,10].

Cellulose (CE) is the most abundant linear polysaccha-
ride in nature and is characterized by its high strength 
and excellent water stability, and the use of cotton fiber 
is more economical and environmentally friendly than 
the use of nanocellulose (cellulose nanofibrils; CNF) in 
the preparation of regenerated cellulose composite aero-
gels [11-13]. Chitosan (CTS) is the second most abundant 
polysaccharide in nature and rich in amine and hydroxyl 
groups, which makes it an ideal adsorbent for wastewater 
treatment [14,15]. Both are also excellent substrates for 
the preparation of various 3D hydrogels or aerogels. 
Some studies have reported that although the mechanical 
strength of the composite aerogel prepared by simple 
blending of the two is improved to a certain extent, this 
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highly porous structure is unstable in an aqueous envi-
ronment for a long time due to the absence of covalent 
cross-linking reactions [16].

The use of advanced porous materials to remove or-
ganic pollutants from water shows promise as a means of 
sustainable environmental remediation compared to poly-
saccharide aerogels [17-19]. Metal-organic frameworks 
(MOFs) are emerging porous materials with high porosity, 
high specific surface area, accessible adsorption sites, and 
adjustable pore size, formed by the interconnection of 
metal ion centers and organic ligands through self-assem-
bly to form a class of porous materials with a three-dimen-
sional periodic mesh skeleton. There are four main catego-
ries of MOFs: isoreticular metal-organic frameworks 
(IRMOFs), zeolitic imidazolate frameworks (ZIFs), materi-
als of Institute Lavoisier frameworks (MILs), and pocket-
channel frameworks (PCNs) [20-22]. A framework known 
as HKUST-1, as a representative of PCNs, has a high spe-
cific surface area, high porosity, and excellent water stabil-
ity, making it an ideal adsorbent for wastewater treatment 
[4]. However, MOFs are usually found in powder form due 
to their poor alkali resistance and mechanical strength, 
and are somewhat brittle. To overcome these disadvan-
tages, it is often necessary to give MOFs specific substrates 
(metal oxides, silica, polymers, graphene, carbon nano-
tubes, etc.) for actual use [23]. The preparation of MOFs 
composite aerogels by compounding MOFs with polymer-
ic materials has proven to be an effective route, including 
MOFs/polysaccharide aerogels [24,25]. However, many 
MOFs are synthesized in processes with strong acids and 
high temperatures, and normal polysaccharide aerogels 
are prone to collapse and damage or low loading rates dur-
ing such synthesis [26].

In this work, it was proposed to prepare an excellent 
stable aerogel (CCTSA) by covalently cross-linking CE and 
CTS, and then grow HKUST-1 in-situ under strong acid and 
solvent-thermal conditions to obtain an excellent stable 
CCTSA/HKUST-1 composite aerogel with high specific sur-
face area and high adsorption capacity, and obtain an ef-
ficient MB adsorbent. The chemical composition, struc-
ture, and morphology of CCTSA/HKUST-1 aerogel were 
systematically characterized, as well as its adsorption ca-
pacity and mechanism on MB. The CCTSA/HKUST-1 
showed a good adsorption capacity for MB and was able 
to achieve cyclic adsorption. This study will provide theo-
retical and technical support for the design and prepara-
tion of stable polysaccharide aerogel adsorbent materials 
with high adsorption capacity.

EXPERIMENTAL
Materials

The cotton pulp, with degree of polymerization of 800, was 
provided by Guangdong Zhongshun Paper Industry Group 
Co. Ltd. (Guangdong, China). The CTS (deacetylation de-
gree ≥ 95%, viscosity 100-200 mpa.s) was purchased from 

Aladdin (Riverside, CA, USA). The N,N'-methylenebisacryl-
amide (MBA); trimesic acid (BTC, 98%); copper nitrate tri-
hydrate (Cu(NO3)2·3H2O, 99%); potassium hydroxide (KOH, 
95%); lithium hydroxide, anhydrous (LiOH, 98%); urea 
(99%); and MB were purchased from Macklin (Shanghai). 
All other solvents were used without further purification.

Preparation of CCTSA/HKUST-1
Preparation of CCTSA
The cotton pulp (CE) was pretreated with a cutting grind-
er (SM300, Retsch; Haan, Germany) and dissolved in an 
aqueous solution of 4.6 wt% LiOH/15 wt% urea pre-cooled 
to -13.5°C. The 3 wt% CE solution was prepared by freez-
ing and thawing three times [27]. The suspension was ob-
tained by dispersing CTS powder in a pre-cooled (-30°C) 
4.5 wt% LiOH, 7 wt% KOH, and 8 wt% urea aqueous solu-
tion under stirring, after which the suspension was frozen 
at -30°C for 4 h and completely thawed at room tempera-
ture (25°C). The 3 wt% CTS solution was prepared by freez-
ing and thawing three times [28]. The two previously-de-
scr ibed solutions with dif ferent mixing ratios 
(1:0.2,1:0.4,1:0.6, and 1:1) were mixed at low temperature 
(< 5°C) and stirred for 30 min with MBA at a molar ratio of 
1:1 to the anhydroglucose units (AGU) of CE, and then 
centrifuged at 600 rpm for 5 min to obtain a homogeneous 
pre-gel solution. The mixed solution was poured into a 
polytetrafluoroethylene (PTFE) mold and kept at room 
temperature for 24 h to obtain CE/CTS hydrogel (CCTSH). 
The CCTSA aerogel was obtained by washing with deion-
ized water to neutral and vacuum freeze-drying for 48 h.

Preparation of CCTSA/HKUST-1 by in-situ synthesis
The CCTSA aerogel (0.3 g) was infiltrated into 25 mL of 50% 
ethanol aqueous solution containing 5 mmol Cu(NO3)2·3H2O 
and incubated (25°C) on a shaker of 80 rpm for 12 h. The 
BTC (3.5 mmol) was dissolved in 25 mL 50% ethanol aque-
ous solution and then added and stirred for 1 h. This was 
transferred to a PTFE hydrothermal reactor for 18 h (110°C). 
The aerogel matrix was removed from the solution and 
washed several times with 50% ethanol aqueous solution 
to remove the nonbonded HKUST-1 particles. The CCTSA/
HKUST-1 aerogel was obtained after vacuum freeze-drying 
for 48 h [26].

Calculation of HKUST-1 loading rate
The mass loading rate of HKUST-1 was calculated using 
thermogravimetric analysis data according to Eq. 1 [29]:

(1)

where WHKUST-1 is the mass loading rate of HKUST-1; and 
mCCTSA/HKUST-1, mCCTSA, and mHKUST-1 represent the residue 
contents of CCTSA/HKUST-1, CCTSA, and HKUST-1 at a 
given temperature, respectively.
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Characterization
The IR spectrum was tested on a VERTEX 70 FT/IR spec-
trophotometer (Bruker; Billerica, MA, USA) over the wave-
number range of 4000–500 cm-1. The X-ray diffraction 
(XRD) spectra were measured at 5°–45° (4°/min) on an Em-
pyrean diffractometer (Malvern Panalytical; Almelo, Neth-
erlands). Thermogravimetric (TG) analyses of the samples 
were manipulated using a Hitachi 7200 analyzer (Tokyo, 
Japan) heated from room temperature to 800°C under ni-
trogen at the heating rate of 20°C·min-1. The X-ray photo-
electron spectroscopy (XPS) of ESCALAB 250Xi (Thermo 
Scientific; Waltham, MA, USA) was used to analyze the sur-
face elements of MOFs composite aerogels and their chem-
ical states. The test condition was Al-Kα (1486.6 eV). The 
nitrogen (N2) sorption measurement was implemented on 
automatic volumetric adsorption equipment Autosorb-iQ 
(Quantachrome; Boynton Beach, FL, USA). All samples 
were analyzed after vacuum degassing at 105°C for 6 h. The 
specific surface area was calculated using the Brunauer-
Emmett-Teller (BET) multilayer adsorption model, and the 
pore size distribution was calculated based on the 
quenched-solid-density-functional-theory (QSDFT) model. 
The microstructure and morphology of MOFs and compos-
ite aerogels were observed by scanning electron micros-
copy (JSM-IT300, JEOL; Tokyo). The isoelectric point of the 
composites was determined using the pH drift method 
(PHSJ-4A, Leici Electronic Co.; Shanghai, China).

Adsorption experiments
A solution of MB in water at a concentration of 1000 mg·L-1 
was prepared and used to dilute it to the actual concentra-
tion required for the adsorption experiment. The absor-
bance of the MB solution before and after adsorption was 
measured by UV-Vis spectrophotometer at 664 nm. The pH 
value of the MB solution was adjusted with 0.01 M sodium 
hydroxide (NaOH) or 0.01 M hydrogen chloride (HCl) solu-
tion. The adsorption experiment was conducted by adding 
0.03 g of adsorbent to 0.1 L of MB solution at room tem-
perature.  The CCTSA in the adsorption experiment refers 
to the composite aerogel formed by the molar ratio of the 
dehydrated glucose unit (AGU) of CE and the glucosaccha-
ride unit (GSU) of CTS with a molar ratio of 1:1. The adsorp-
tion capacity (qt) of the adsorbent on the MB solution was 
calculated according to Eq. 2 [4,30]:

(2)

where V (L) is the volume of the MB solution; c0 (mg·L-1), 
and ct (mg·L-1) correspond to the concentration of the MB 
solution initially and at time t (h), respectively; m (g) is the 
mass of the adsorbent; and the adsorption capacity at ad-
sorption equilibrium is defined as the saturation adsorption 
capacity (qe, mg·L-1).

The adsorption kinetic model of CCTSA/HKUST-1 for 
MB solution is fitted by pseudo-first-order and pseudo-
second-order kinetic models, as shown in Eq. 3 and Eq. 4 
[4,30].

(3)

(4)

where qe and qt are the adsorption capacities (mg·g-1) when 
in equilibrium at time t (h); and k1(h-1) and k2(g·mg-1·h-1) are 
the pseudo-first-order and pseudo-second-order rate con-
stants, respectively.

The Langmuir and Freundlich adsorption isotherm mod-
els [4,30] are used to fit the adsorption isotherm model of 
CCTSA/HKUST-1 on MB solution, shown as follows:

(5)

(6)

where KL (L·mg-1) and qmax (mg·g-1) are the Langmuir con-
stants for the monolayer and adsorption energy related to 
qe, respectively; and KF (mg·g-1) and n are the Freundlich 
constants representing the adsorption capacity and adsorp-
tion intensity, respectively.

The parameters (ΔHº, ΔSº, ΔGº) of adsorption thermo-
dynamics are calculated by Eq. 7 and Eq. 8 based on the 
adsorption of CCTSA/HKUST-1 on MB solution at different 
temperatures [4,30].

(7)

(8)

where ΔHº and ΔSº are the enthalpy change (KJ·mol-1) and 
entropy change (J·K-1·mol-1) during adsorption, respective-
ly; ΔGº is the Gibbs free energy change (KJ·mol-1); R is the 
gas constant (8.314 J·mol-1·K-1); and T is the absolute tem-
perature (K).

Regeneration experiments
Five adsorption-desorption cycle regeneration experiments 
were performed on CCTSA/HKUST-1 composite aerogels 
using MB solution at a concentration of 250 mg·L-1 at  
pH 8.0. After the adsorption reached equilibrium, the ad-
sorption capacity was determined as described above. The 
recovered composite aerogels were desorbed with anhy-
drous ethanol until the solution became colorless, washed 
with deionized water, and regenerated by freeze-drying. 
The reusability of the CCTSA/HKUST-1 composite aerogel 
was evaluated by the recovery efficiency (the percentage of 
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adsorption capacity of the regenerated composite aerogel 
to the adsorption capacity of the composite aerogel before 
regeneration).

RESULTS AND DISCUSSION
Design of CCTSA/HKUST-1

The process of synthesizing CCTSA/HKUST-1 is shown 
in Fig. 1. As shown in Fig. 2a, cellulose is a linear poly-
mer linked by 1, 4-β-glycosidic bonds, with extremely 
strong intramolecular and intermolecular hydrogen bond-
ing [31]. At low temperatures, the LiOH hydrate is more 
likely to combine with the hydroxyl groups on the cel-
lulose to form a new hydrogen bonding network struc-
ture, thus breaking the original intramolecular and inter-
molecular hydrogen bonds of the cellulose and causing 
the cellulose to dissolve. Urea self-assembles in the outer 
layer of the cellulose and LiOH complex to form a chan-

nel inclusion compound, thus preventing cellulose mol-
ecules from aggregating [27,32]. Based on the similar 
structure of CE and CTS, the LiOH/urea system was used 
to freeze-thaw cycles at low temperature to obtain a uni-
form CE and CTS solution, as shown in Fig. 2b [28]. Then 
the crosslinker MBA was introduced and reacted with 
-OH groups in alkaline solution by Michael addition reac-
tions to form ether bonds, in which intramolecular and 
intermolecular crosslinking may occur, as shown in Fig. 
3 [4,33]. Ultimately, CCTSA/HKUST-1 was obtained by 
in-situ synthesis. As shown in Fig. 4, HKUST-1 and the 
aerogel were mainly coordinated by copper ion (Cu2+) 
and a large number of O and N atoms present in the aero-
gel, especially the introduction of N atoms, can complex 
the metal ions, thus improving the loading rate of MOFs, 
which can effectively prevent the possible risk of MOFs 
shedding [4,34].

1. Schematic diagram of the preparation steps of CCTSA/HKUST-1.

2. (a) structure of cellulose (CE) diagram, and (b) dissolution of CE and chitosan (CTS).
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Characterization of CCTSA/HKUST-1.
The Fourier transform infrared (FTIR) spectroscopy analy-
sis of CE is shown Fig. 5, with the characteristic peaks at 
3428, 1633, 1428, 1372 and 1164 cm-1 corresponding to the 
stretching vibration of -OH; the stretching vibration due to 
bound water; the absorption peak of -CH2; the asymmetric 
stretching vibration of C-H; and the C-O-C vibration in the 
1, 4-β glycosidic bond, respectively [35]. The characteristic 
peaks of CTS at 3414, 1615, 1322, 1080, 1028, and 896 cm-1 
correspond to the -OH and -NH2 stretching vibration com-
plex peaks; the N-H bending vibration; the C-N stretching 
vibration; the C-O stretching vibration on C3; the C-O 
stretching vibration on C6; and the β-configuration glyco-
sidic bond characteristic peak, respectively [36,37]. The 
MBA represents -C=C-H and C=C stretching vibrations at 
3063 and 1625 cm-1, respectively, and -C=O stretching vi-
brations and -NH- bending vibrations are at 1657 and 1545 

cm-1, respectively. The CA is a cellulose aerogel made from 
CE solution with MBA, with peaks of -C=O stretching vi-
brations and -NH- bending vibrations (characteristic peaks 
of MBA) at 1657 and 1545 cm-1, respectively, and the disap-
pearance of the peaks at 3063 and 1625 cm-1 represent the 
MBA double bond, indicating that the double bond was 
consumed in the reaction and the MBA was successfully 
grafted onto the cellulose chain [33,38]. The CCTSA is a 
composite aerogel produced with the addition of CTS. The 
-OH and -NH2 form a broad absorption peak at 3448 cm-1, 
and the C-N stretching vibration and the β-configuration 
glycosidic bonds represented at 1322 and 896 cm-1, respec-
tively, are intensified, which tentatively suggests that chem-
ical cross-linking of cellulose and chitosan has occurred, 
resulting in the intensification of these two characteristic 
peaks [4,39]. The CCTSA/HKUST-1 is a composite aerogel 
loaded with HKUST-1. A peak representing the 1, 4-β gly-

3. The principle of covalent cross-linking.

4. The principle of in-situ synthesis of HKUST-1.
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cosidic bond of the polysaccharide at 1164 cm-1 and a peak 
representing the Cu-O stretching vibration of HKUST-1 at 
731 cm-1 appear, indicating the successful loading of 
HKUST-1 on the composite aerogel [4,40].

As shown in Fig. 6a, the XRD comparison between the 
synthesized and simulated HKUST-1 shows that the XRD 
curves of the synthesized HKUST-1 in this work are in 
agreement with the simulated peak positions, indicating 
that HKUST-1 has been successfully synthesized [41]. The 
XRD comparison of CCTSA/HKUST-1 composite aerogels 
with different CTS contents (CCTSA0.2/HKUST-1 represents 
the composite aerogel formed by nAGU : nGSU=1 : 0.2) is 
shown in Fig. 6b. It can be seen that the peak intensity cor-
responding to HKUST-1 in the CCTSA/HKUST-1 composite 
aerogel gradually increases with the increase of CTS con-

tent. This indicates that the CCTSA/HKUST-1 composite 
aerogel has been successfully produced and the presence 
of CTS is beneficial to the in-situ synthesis of HKUST-1, and 
the higher the content of CTS, the higher the loading rate 
of HKUST-1 [42,43].

An X-ray photoelectron spectroscopy (XPS) analysis is 
a powerful tool to further elucidate the interactions be-
tween HKUST-1 and CCTSA. As shown in Fig. 7, the XPS 
survey spectra of CCTSA and CCTSA/HKUST-1 includes the 
four elements Cu, C, O, and N. Fig. 8a and Fig. 8b corre-
spond to the C1S high-resolution XPS spectra of CCTSA and 
CCTSA/HKUST-1, respectively. We can see that the main 
peaks of C-C, C-O, and C=O are located at typical positions 
284.8 eV, 286.4 eV, and 288.4 eV, and the proportion of C=O 
and C-C increases significantly after loading HKUST-1, 
which may be attributed to successful in-situ synthesis of 
HKUST-1 and the introduction of -COO- groups, resulting 
in an increase in the ratio of C=O to C-C [26,29,44]. The O1s 
high-resolution XPS spectra of CCTSA/HKUST-1 is shown 
in Fig. 8c. The peaks of the signal at 533.1, 532.3, and 531.3 
eV correspond to the C-OH, C-O, and C=O characteristic 
peaks of CCTSA/HKUST-1, respectively, indicating that the 
surface of CCTSA/HKUST-1 is covered with a large number 
of oxygen atoms [29,45]. The high-resolution XPS spectrum 
of Cu2p from CCTSA/HKUST-1 is shown in Fig. 8d. A 
“shake-up satellite band” indicating the paramagnetic 
chemical state of Cu2+ appears between 940.5 and 944.3 eV. 
The characteristic peaks of Cu-O (934.9 eV) and Cu-N 
(932.8 eV) appear, with the binding energy of Cu-O being 
greater than that of Cu-N due to the electronegativity of the 
O atom that is greater than that of the N atom. It can also 
be seen that the relative intensity of the Cu-O peak is also 
greater than that of Cu-N. This may be due to the in-situ 
synthesis of HKUST-1 while the -COO- group in BTC is in-
volved in the coordination of Cu2+, resulting in a greater 

5. Fourier transform infrared (FTIR) spectra of CCTSA/HKUST-1 
composite aerogel and raw materials.

6. X-ray diffraction (XRD) patterns: (a) comparison of synthetic and simulated HKUST-1, and (b) comparison of CCTSA/HKUST-1 
composite aerogels with different CTS contents. 
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relative intensity of Cu-O. These XPS results indicate that 
HKUST-1 crystals were successfully grown in-situ on 
CCTSA, and that CCTSA is a suitable carrier for HKUST-1 
[44,45].

Figure 9 shows the TG and differential thermogravi-
metric (DTG) curves of the CCTSA/HKUST-1 composite 
aerogel, as well as the raw material. It can be seen that the 
residual contents of CCTSA are 29.74% higher than the re-
sidual content of CA at 22%, indicating that the addition of 
CTS is beneficial to improve the overall thermal stability of 
the material. The addition of HKUST-1 raised the residual 
contents to 31.93%, indicating that the addition of HKUST-
1 further improved the thermal stability of the composite 
aerogel. In Fig. 9b, we can see that the decomposition tem-
peratures of both CA and CCTSA were essentially the same 
at around 330°C, which may be attributed to the similar 
structure of cellulose and chitosan [46]. The CCTSA/HKUST-
1 composite aerogel loaded with HKUST-1 showed two 
decomposition temperature points, and both were slightly 
lower than the decomposition temperatures of the corre-
sponding CCTSA and HKUST-1, which is probably due to 
the formation of HKUST-1 in a strong acidic high tempera-
ture environment that caused damage to the structure of 
the composite aerogel, resulting in a lower decomposition 
temperature [47]. The mass loading rate of HKUST-1 reached 
37.06% using Eq. 1, indicating that most of the HKUST-1 
was loaded on CCTSA aerogel, which is an excellent car-
rier for HKUST-1 [4].

7. X-ray photoelectron spectroscopy (XPS) survey spectra of 
CCTSA and CCTSA/HKUST-1.

8. The XPS patterns of composite aerogels: (a), (b) C1s survey of CCTSA and CCTSA/HKUST-1, respectively; (c) O1s survey of CCTSA/
HKUST-1; and (d) Cu2p survey of CCTSA/HKUST-1.
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The scanning electron microscopy (SEM) images of CA, 
CCTSA, CCTSA/HKUST-1, and HKUST-1 are shown in  
Fig. 10. From Fig. 10a–10c, CA shows the three-dimension-
al (3D) macroporous layered structure due to the sublima-
tion of ice crystals during the freeze-drying process, as well 
as the smooth pore walls [48,49]. After the addition of CTS, 
the pores of the aerogel became irregular, and some folds 

were formed on the surface, which would be more condu-
cive to the subsequent anchoring of HKUST-1 [4,50]. As 
shown in Fig. 10g–10h, after in-situ synthesis of HKUST-1, 
the surface of the CCTSA/HKUST-1 composite aerogel grew 
with octahedral HKUST-1 crystal particles as shown in Fig. 
10i, and the morphology of the HKUST-1 particles was ba-
sically consistent with that reported in the literature [26]. 

9. (a) Thermogravimetric (TG) and (b) differential thermogravimetric (DTG) curves of composite aerogels and original HKUST-1.

10. Scanning electron microscopy (SEM) images: (a), (b), (c) CA; (d), (e), (f) CCTSA; (g),(h) CCTSA/HKUST-1; and (i) HKUST-1.
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The SEM characterization illustrates the successful synthe-
sis of CCTSA/HKUST-1.

Figure 11a shows the adsorption and desorption 
curves, and Fig. 11b shows the pore size distribution curves 
for CCTSA, HKUST-1, and composite aerogels with differ-
ent CTS contents, while Table I shows the basic data for 
them. The basic property of an adsorbent with a high ad-
sorption capacity is its high specific surface area [51]. The 
BET specific surface areas of CCTSA, CCTSA0.2/HKUST-1, 
CCTSA0.4/HKUST-1, CCTSA0.6/HKUST-1, CCTSA1.0/HKUST-
1, and HKUST-1 are 14.489, 461.820, 463.592, 808.575, 
945.123, and 1662.521 m2·g-1, respectively. The specific sur-
face area of HKUST-1 is the highest, with an average pore 
diameter of 1.678 nm, and consists mainly of micropore/
mesopore structures, while the specific surface area of 
CCTSA is only 14.489 m2·g-1, with an average pore diam-
eter of 45.911 nm, and consists mainly of macroporous 
structures, so its test results show a very low BET specific 
surface area [38]. Compared with CCTSA, CCTSA/HKUST-
1 shows a higher specific surface area. Moreover, the BET 
specific surface area of the composite aerogel gradually 
increased with the increase of CTS content, indicating that 

HKUST-1 had been successfully synthesized via in-situ 
synthesis and plays a dominant role in the contribution of 
the specific surface area of the composite aerogel. With 
higher CTS content, the loading of HKUST-1 is higher, 
which is because CTS is rich in N atoms that can better 
complex with Cu2+ and thus promote the anchoring and 
in-situ synthesis of HKUST-1 on CCTSA [42,43]. In conclu-
sion, HKUST-1 confers a high specific surface area to the 
composite aerogel and CTS facilitates the in-situ synthesis 
of HKUST-1.

Adsorption capacity of CCTSA/HKUST-1 for  
MB solution

In Fig. 12a, the adsorption capacities of different adsor-
bents were tested for 12 h of continuous adsorption of MB 
solution with a concentration of 250 mg·L-1 at pH 8.0. It can 
be seen that the adsorption capacity of CA for MB solution 
was only 104.71 mg·g-1, and the adsorption capacity of 
CCTSA aerogel for MB solution increased to 164.87 mg·g-1 
after the addition of CTS, which may be due to the addi-
tion of CTS with amino groups in the molecular structure, 
thus introducing more lone electron pairs and improving 

Materials
Specific

Surface Area, 
m2·g-1

Total Pore
Volume,
cm3·g-1

Pore
Diameter,

nm

HKUST-1 1662.521 0.698 1.678

CCTSA1.0/HKUST-1 945.123 0.600 2.539

CCTSA0.6/HKUST-1 808.575 0.465 2.300

CCTSA0.4/HKUST-1 463.592 0.309 2.662

CCTSA0.2/HKUST-1 461.820 0.304 2.631

CCTSA 14.489 0.166 45.911

11. (a) Nitrogen (N2) adsorption and desorption isotherms, and (b) pore size distribution of CCTSA/HKUST-1 composite aerogel and 
HKUST-1.

I. The nitrogen (N2) adsorption-desorption data of composite aerogels HKUST-1, CCTSA1.0/HKUST-1; CCTSA0.6/HKUST-1;  
CCTSA0.4/HKUST-1; CCTSA0.2/HKUST-1; and CCTSA.
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the adsorption capacity of the composite aerogel for the 
cationic dye MB [52,53]. The highest adsorption capacity 
of HKUST-1 for MB solution was 394.5 mg·g-1, indicating 
that HKUST-1 is suitable for MB adsorption and is a poten-
tial MB adsorbent. The adsorption capacity of the CCTSA/
HKUST-1 composite aerogel increased to 273.37 mg·g-1 
after in-situ synthesis of HKUST-1, indicating that the load-
ing of HKUST-1 improved the adsorption capacity of the 
composite aerogel for MB.

In Fig. 12b, the adsorption capacities of CCTSA/HKUST-
1 composite aerogels with different CTS contents were test-
ed for 12 h under pH 8.0 using MB solution with a concen-
tration of 250 mg·L-1. It can be seen that the molar ratio of 
AGU and GSU fluctuated in the range of 0.2–0.6, but the 
overall adsorption capacity did not change much, and the 
maximum adsorption capacity was reached at nAGU:nGSU = 
1:1, indicating that the increase of CTS content was benefi-
cial to improve the adsorption capacity of the composite 
aerogel for MB.

Reusability is an important factor for achieving cheap 
applications of adsorbents [54]. As shown in Fig. 13, the 
overall adsorption capacity of the regenerated composite 
aerogel showed a slight decreasing trend with the increase 
of the number of cycles. The adsorption capacity of the re-
generated composite aerogel was 210.9 mg·g-1 after one re-
generation and became 199.6 mg·g-1 after five regenera-
tions. The recovery efficiency was maintained at 94.6%, 
indicating that the CCTSA/HKUST-1 composite aerogel has 
good reusability for MB solution.

The effect of pH of the initial solution of MB on the ad-
sorption capacity of CCTSA/HKUST-1 composite aerogel 
was investigated, as shown in Fig. 14a. Under acidic con-
ditions, the adsorption capacity of the CCTSA/HKUST-1 
composite aerogel on MB solution gradually increased with 
the increase of pH. The adsorption capacity was low at pH 
2–4. The adsorption capacity reached the highest at pH 8, 
and it began to decrease by continuing to increase the pH 
of the initial solution. As shown in Fig. 14b, the pH value 

corresponding to the zero charge point (pHpzc) of CCTSA/
HKUST-1 composite aerogel was determined by the pH 
drift method to be 4.4 [55]. It can be seen that the ΔpH curve 
of CCTSA/HKUST-1 composite aerogel showed an overall 
decreasing trend in solution, with pH values of 2–11. When 
the pH value is less than the isoelectric point, the surface 
of the composite aerogel is positively charged and has a 
strong electrostatic repulsion with the cationic dye MB, 
which is not conducive to the adsorption of MB by the com-
posite aerogel. At this time, the adsorption is mainly 
achieved by the hydrogen bonding between the O and N 
atoms of the composite aerogel and the N atoms of MB 
[4,56]. With the increase of pH, the surface of the compos-
ite aerogel is negatively charged, and the electrostatic repul-
sion between the composite aerogel and the cationic dye 
MB is gradually weakened, and the adsorption is produced 
by the electrostatic gravitational effect, thus improving the 
adsorption capacity of the composite aerogel on MB. How-
ever, at higher pH values, the generated sodium chloride 
(NaCl would negatively affect the adsorption capacity of the 

12. Effects of (a) different absorbents and (b) the content of CTS on the methylene blue (MB) solution adsorption capacity.

13. Reusability of the CCTSA/HKUST-1 for MB adsorption.
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composite aerogel [4]. Therefore, a pH value of 8.0 was cho-
sen for the next experiments.

As shown in Fig. 15, the adsorption capacity of CCTSA/
HKUST-1 composite aerogel was tested at different adsorp-
tion times using MB solution at a concentration of 250 mg·L-

1 at pH 8.0. The adsorption capacity increased from 189.0 
mg·g-1 at 1 h to 386.2 mg·g-1 at 16 h. The adsorption capac-
ity remained the same at 30 h, indicating that the adsorp-
tion of MB by the CCTSA/HKUST-1 composite aerogel had 
reached saturation at this time. The adsorption data were 
fitted by the pseudo-first-order and pseudo-second-order 
adsorption kinetic models of Eq. 3 and Eq. 4, and the results 
and data are shown in Fig. 16a–6b and Table II. It can 
be seen that the fitted coefficient of determinaton R2 > 0.99 
for the pseudo-second-order adsorption kinetic model in-
dicates that this model is highly consistent with the adsorp-
tion process and that the adsorption process is mainly che-
misorption [57]. However, the fit ted R2 of the 
pseudo-first-order adsorption kinetic model reaches 0.980, 

which indicates that the adsorption process is also physi-
sorption [4,58]. In summary, the whole adsorption process 
is the result of the dominant chemisorption and the syner-
gistic effect of physical adsorption.

As indicated in Fig. 15b, the adsorption capacity of 
CCTSA/HKUST-1 composite aerogel was tested at different 
initial concentrations for 24 h continuously using MB solu-
tion with concentrations ranging from 50 to 600 mg·L-1 at 
pH 8.0. It was observed that the increase rate of the adsorp-
tion capacity of CCTSA/HKUST-1 composite aerogel on MB 
decreased gradually with the increase of the initial concen-
tration of MB solution. The adsorption capacity of the com-
posite aerogel increased from 164.5 mg·g-1 to  
521.6 mg·g-1 when the initial concentration was increased 
from 50 mg·L-1 to 600 mg·L-1, and the adsorption capacity 
of the composite aerogel on MB solution remained basi-
cally unchanged when the initial concentration was in the 
range of 500–600 mg·L-1, indicating that the adsorption of 
the composite aerogel on MB solution had reached satura-

14. (a) Effects of different initial pH value on the MB solution adsorption capacity, and (b) the zero charge point (pHpzc) of  
CCTSA/HKUST-1 composite aerogel. 

15. Effects of (a) adsorption time and (b) initial concentration on the MB adsorption capacity.
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tion. The data were fitted by the Langmuir and Freundlich 
adsorption models of Eq. 5 and Eq. 6, and the results of the 
fitted curves and correlation parameters are shown in Fig. 
16c–16d and Table III. According to the results of the fit-
ted coefficient of determination R2, the Langmuir adsorp-
tion model is more suitable for describing the adsorption 
behavior of the composite aerogel on MB solution, which 
is mainly dominated by the chemisorption of the mono-
layer. Also, the Freundlich adsorption model exhibits a 
good correlation between the initial concentration of the 
MB solution and the adsorption capacity of the composite 
aerogel on the MB solution, indicating that the adsorption 

process also exists in the physical adsorption of multiple 
layers [4,67]. Therefore, the adsorption process of CCTSA/
HKUST-1 composite aerogel on MB solution includes che-
misorption of monolayer as well as physical adsorption of 
multilayer. The maximum theoretical adsorption capacity 
(qmax) of CCTSA/HKUST-1 composite aerogel on MB solu-
tion was calculated from the Langmuir adsorption model 
as 537.6 mg·g-1. The adsorption capacities of various HKUST-
1-based adsorbents, polysaccharide-based aerogels, and 
pure HKUST-1 crystals for MB solution in recent years are 
compared in Table IV. The maximum theoretical adsorp-
tion capacity qmax of pure HKUST-1 crystals on MB solu-

16. Fitting of CCTSA/HKUST-1 composite aerogels on MB solution adsorption capacity by: (a) pseudo-first-order adsorption kinetics; 
(b) pseudo-second-order adsorption kinetics; (c) Langmuir adsorption isotherm; and (d) Freundlich adsorption isotherm models.

qe,  
mg·g-1

(experimental)

Pseudo-first-order Model Pseudo-second-order Model

qe, mg·g-1 (the-
oretical)

k1,
h-1

R2
qe, mg·g-1 

(theoretical)
k2,

g·mg-1·h-1
R2

394.8 355.1 0.228 0.980 429.2 1.005×10-3 0.996

qe: saturation adsorption capacity; k1 and k2:  pseudo-first-order and pseudo-second-order rate constants, respectively; 
R2: coefficient of determination.

II. Fitting parameters of pseudo-first-order and pseudo-second-order adsorption kinetic models.
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tion was 458.4 mg·g-1 [63], while the qmax of cellulose/AC 
aerogel and CSCC aerogel were only 159 mg·g-1 and 95.31 
mg·g-1 [65,66], which fully demonstrated the excellent ad-
sorption capacity of the CCTSA/HKUST-1 composite aero-
gel prepared in this work on MB solution.

As shown in Fig. 17, the adsorption capacity of CCTSA/
HKUST-1 composite aerogel was tested at different adsorp-
tion temperatures using MB solution at a concentration of 
250 mg·L-1 at pH 8.0. The adsorption capacity decreases with 
increasing adsorption temperature, but the change is not 
significant, as can be seen from Fig. 17a. The adsorption 
data were fitted by Eq. 7 and Eq. 8, and the fitted curves and 
related parameters are shown in Fig. 17b and Table V. It 
can be seen that the change of Gibbs free energy ΔGº is al-
ways negative, indicating that the adsorption process of MB 
solution by CCTSA/HKUST-1 composite aerogel is sponta-
neous. The entropy change ΔSº presents a positive value, 
indicating that the temperature rise increases the disorder 
of the system. The enthalpy change ΔHº presents negative 
values, indicating that the whole adsorption process is exo-

thermic, so the increase in temperature prevents the adsorp-
tion reaction and makes the adsorption capacity decrease 
with the increase in adsorption temperature, which is con-
sistent with the results shown in Fig. 17a [54,67].

CONCLUSION
As this research has demonstrated, CCTSA/HKUST-1 com-
posite aerogels were prepared by a simple and green meth-
od. The successful in-situ synthesis of HKUST-1 has in-
creased the BET specific surface area of CCTSA/HKUST-1 
composite aerogel to 945.123 m2·g-1, and it has excellent 
adsorption capacity on MB solution and is capable of cyclic 
adsorption. The adsorption mechanism of CCTSA/HKUST-1 
composite aerogel on MB solution was analyzed by the 
synergistic effect of monolayer chemisorption and multi-
layer physical adsorption. This study will provide theo-
retical and technical support for the design and prepara-
tion of polysaccharide-based aerogel adsorption materials 
with high adsorption capacity, and broaden the application 
of MOFs materials in the field of water treatment. TJ

qe,  
mg·g-1

(experimental)

Langmuir Freundlich

qmax, mg·g-1 (theo-

retical)

KL,

L·mg-1
R2

KF, 

mg·g-1
n R2

521.6 537.6 0.039 0.987 172.2 5.540 0.965

qe: saturation adsorption capacity; KL and qmax: Langmuir constants for the monolayer and adsorption energy related to qe, respectively; 
KF (mg·g-1) and n: Freundlich constants representing the adsorption capacity and adsorption intensity, respectively; R2: coefficient of deter-
mination.

III. Fitting parameters of adsorption isotherm model.

Absorbent
qmax, 

mg·g-1 Reference

(Fe3O4, TiO2)/HKUST-1 767 59

HP-HKUST-1 241 60

HKUST-1/GO 183.49 61

F-CNTs@MOF@Gel 106.5 56

HKUST-1@PVA-co-PE/PVA 481.5 62

HKUST-1 458.4 63

HKUST-1/CCSA 526.3 4

CS/EDTA/CBC 590.72 64

Cellulose/AC 159 65

CSCC 95.31 66

CCTSA/HKUST-1 537.6 Current work

qmax: Langmuir constant for adsorption energy related to saturation adsorption capacity qe.

IV. Comparison of the adsorption capacity of various HKUST-1-based adsorbents and polysaccharide-based aerogels for methylene 
blue (MB) solution.
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