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Dorota Duraczyńska b, Mateusz Marzec c, Monika Fedyna d 

a AGH University of Krakow, Faculty of Energy and Fuels, Mickiewicza 30 Av., 30-059 Krakow, Poland 
b Jerzy Haber Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences, Niezapominajek 8, 30-239 Krakow, Poland 
c AGH University of Krakow, Academic Centre for Materials and Nanotechnology, Mickiewicza 30 Av., 30-059 Krakow, Poland 
d Jagiellonian University, Faculty of Chemistry, Gronostajowa 2, 30-387 Krakow, Poland   

A R T I C L E  I N F O   

Keywords: 
HKUST-1 
Metal-organic framework 
Cr(III) adsorption 
Water remediation 

A B S T R A C T   

In this work HKUST-1 was synthesized using 4 different copper(II) salts precursors to investigate their effect on 
the physicochemical properties of obtained metal-organic frameworks (MOFs). To allow greener synthesis of 
HKUST-1, N,N-dimethylformamide-free (DMF-free) procedure was employed. Copper nitrate, copper sulphate, 
copper acetate, and copper chloride were selected for the syntheses. The yield of obtained products changed in 
order acetate>nitrate>sulfate, whereas synthesis with copper chloride yielded no product after 24 h at 110 ◦C 
hydrothermal treatment. The obtained materials were characterized by means of XRD, N2 adsorption− desorption 
at 77 K, TG, SEM, FTIR, DLS, and XPS. MOFs were further investigated as adsorbents of Cr(III) ions from aqueous 
solutions. Adsorption kinetics and adsorption statics models were correlated with the experimental data to gain a 
better understanding of the adsorption effectiveness.   

1. Introduction 

Metal-organic frameworks (MOFs) are a new group of materials that 
appeared in the late 1990s. MOFs are porous, crystalline solids 
composed of cations or metal clusters (acting as metal centers or nodes) 
and organic ligands (acting as bridges between these nodes), connected 
to each other by coordination bonds. The coordination bonds between 
the metal and the ligand are strong, resulting in an open, crystalline 
structures that remain stable when the molecules inside are removed, 
thus creating a porous material. Those compounds with an organic- 
inorganic structure are also referred as porous network coordination 
polymers (PCP) (porous coordination polymers). Due to their highly 
ordered structure, porosity, elevated internal surface areas, chemical 
stability and designable structures, MOFs have gained attention in the 
last twenty years [1]. Owing to their unique properties, MOFs have 
found numerous applications in various fields including gas adsorption/ 
sequestration [2], adsorption of organic pollutants [3], catalysis [4], 
sensors [5], and drug delivery [6]. 

HKUST-1 (Hong Kong University of Science and Technology-1), also 

known as MOF-199 or Cu3(BTC)2, is a crystalline structure obtained 
from coordination of Cu2+ clusters with organic linker 1,3,5-benzenetri-
carboxylic acid (H3BTC). HKUST-1 forms a regular, three-dimensional 
material, characterized by a large specific surface area > 1000 m2 g− 1 

and pore window of about 0.9 nm [7]. In a typical synthesis route, 
copper(II) salt precursor (nitrate [8], or acetate [9]) is dissolved in 
water, while H3BTC is dissolved in DMF (N,N-dimethylformamide) [10], 
alcohol (methanol [11], ethanol [12]), or their mixtures [13]. The so-
lutions are then mixed together under various regimes. The process 
conditions i.e. temperature, reaction time, selected synthesis method, 
and addition of modulators, affects the yield, and physicochemical 
properties of the final product [14,15]. Liu et al. [16] investigated the 
effect of different salt precursors and addition of triethylamine (TEA) on 
the properties of obtained HKUST-1 materials. Both salt precursor and 
addition of modulator significantly affected the yield of MOFs and their 
properties: specific surface area, pore volume, and benzene oxidation 
yield. In fact, modulators allow to obtain highly regular products with 
uniform crystal sizes, however the need of their removal from the ma-
terial in post-synthesis procedure increase the cost of MOFs production. 

* Corresponding author. 
E-mail address: jmokrzycki@agh.edu.pl (J. Mokrzycki).  

Contents lists available at ScienceDirect 

Journal of Water Process Engineering 

journal homepage: www.elsevier.com/locate/jwpe 

https://doi.org/10.1016/j.jwpe.2024.105761 
Received 14 May 2024; Received in revised form 21 June 2024; Accepted 5 July 2024   

mailto:jmokrzycki@agh.edu.pl
www.sciencedirect.com/science/journal/22147144
https://www.elsevier.com/locate/jwpe
https://doi.org/10.1016/j.jwpe.2024.105761
https://doi.org/10.1016/j.jwpe.2024.105761
https://doi.org/10.1016/j.jwpe.2024.105761
http://creativecommons.org/licenses/by/4.0/


Journal of Water Process Engineering 64 (2024) 105761

2

An important factor, which guides the crystal growth is the speed of 
organic linker deprotonation, which was evidenced to be fast, when as a 
copper(II) precursor Cu(OH)2 was used, with simultaneous elimination 
of necessity of NO3

− or Cl− ions removal from the reaction medium [17]. 
The most common method of MOFs synthesis is a solvothermal method, 
in which the process is carried out in a closed vessel, with a well 
dispersion of reactants allowing to obtain a sufficient yield and quantity 
of the product. This method can be modified by assistance of ultrasounds 
(sonochemical method) [18], or microwaves [19,20], which affects the 
nucleation and further crystal growth, and was also reported to improve 
the specific surface area. A solvent-free synthesis i.e. mechanochemical 
method via grinding the reactants was also reported [21]. 

Due to unique and regular structure, HKUST-1 has found numerous 
applications in gas separation and storage [22], catalysis [23], and 
water remediation [24]. In case of catalysis, the application of MOFs is 
rather limited, due to relatively low thermal stability <300 ◦C. However, 
their adsorption properties have been intensively studied in recent years 
[25]. On the other hand, in terms of application of HKUST-1 in aqueous 
solutions, owing to high hydrophilicity of the material, it was reported 
that its structure can be irreversibly changed while being exposed to 
even mild temperatures of about 50 ◦C [26]. Xing et al. [27], have also 
investigated the HKUST-1 materials as adsorbents of pharmaceuticals 
and their stability in water. HKUST-1 structure was completely 
destroyed after 2 week water exposure, while composite materials 
HKUST-1/ZnO were characterized by enhanced stability. 

Chromium is classified as one of the most abundant heavy metals on 
Earth [28]. Its most common valence forms are +3 and + 6, which vary 
in terms of their toxicity. Both trivalent (Cr(III)) and hexavalent chro-
mium (Cr(VI)) are biocompatible, so they can be easily transferred to the 
living organisms and can accumulate in cells. While Cr(III) has a positive 
effect on the living organisms (to a certain extend) as it participates in 
regulation of glucose metabolism, lipids and proteins homeostasis, Cr 
(VI) is considered as toxic form of chromium, which can cause kidney, 
lungs or liver cancers [29]. Also, according to World Health Organisa-
tion (WHO) the acceptable levels of total chromium in drinking water 
should not exceed 0.05 mg L− 1 [30]. Cr(III) is from 100 to 300-fold less 
toxic than Cr(VI), however it should be noted that greater amounts of Cr 
(III) can even lead to anaemia due to competition with iron ions, or 
affect calcium metabolism in bones. There is also a danger of valence 
form change within the living organism from Cr(III) to Cr(VI), which can 
bring a negative health effect [31]. For such reasons, the need of chro-
mium elimination from the environment (mostly water) has become an 
emerging topic for scientists. Among methods of chromium removal: 
electrodialysis [32], membrane technologies [33], or coagulation [34], 
adsorption is considered as the cheapest and most efficient [35]. 

In present study, HKUST-1 was synthesized using 4 different copper 
(II) salts precursors i.e. nitrate, sulfate, acetate, and chloride. To allow a 
greener synthesis, the procedure of organic linker dissolution was free 
from DMF, and only ethanol was used as organic solvent. Furthermore, 

no additional modulators were used. The obtained HKUST-1 materials 
were characterized in detail by means of XDR, FTIR, SEM, TG, N2 
adsorption-desorption, particle size analysis, and XPS to gain a better 
understanding of the salt precursor effect on the product yield, and 
physicochemical properties. As a potential utility, the series of obtained 
materials were evaluated as adsorbents of Cr(III) ions from aqueous 
solutions. The results of experimental data were correlated with the 
adsorption kinetics and adsorption statics models to evaluate their 
effectiveness in the investigated process. To the best of the authors 
knowledge, such comparison was not demonstrated in the literature 
until now and there are limited works about removal of Cr(III) ions using 
MOFs. 

2. Materials and methods 

2.1. HKUST-1 syntheses 

The syntheses of the HKUST-1 were conducted following the modi-
fied procedure described by Chen et al. [8]. Briefly, 5 mmol of trimesic 
acid (Sigma Aldrich, Burlington, MA, USA) was dissolved in 30 mL of 
ethanol (96 % purity, Stanlab, Lublin, Poland). In a separate beaker, 
propriate amount of copper(II) salt: (CH3COOH)2Cu⋅H2O (Fluka, Buchs, 
Switzerland), CuCl2⋅2H2O (Sigma Aldrich, Burlington, MA, USA), Cu 
(NO3)2⋅3H2O (Aktyn, Suchy Las, Poland), or CuSO4⋅5H2O (Sigma 
Aldrich, Burlington, MA, USA), was weighed in an amount that equaled 
to 9 mmol of Cu(II) ions. Copper(II) salt was dissolved in 30 mL of 
demineralized water. Next, 2 solutions were mixed together in a glass 
hydrothermal reactor, equipped with magnetic stirrer and placed in an 
oil bath. Solution was vigorously stirred for 24 h at 110 ± 1 ◦C. The solid 
product was filtrated and washed several times with distilled water to 
remove impurities and dried in a vacuum oven. MOFs were denoted as 
HKUST-1-Ac, HKUST-1-C, HKUST-1-N, and HKUST-1-S, where the let-
ters correspond to the used copper(II) salt precursors: acetate (Ac), 
chloride (C), nitrate (N), and sulfate (S), respectively. The procedure of 
samples preparation is demonstrated in Fig. 1. 

2.2. Characterization methods 

2.2.1. X-ray diffraction (XRD) 
X-ray diffraction (XRD) measurements were conducted to determine 

phase composition of MOFs. PANalytical Empyrean diffractometer was 
employed (Malvern Panalytical, Malvern, UK) and the radiation source 
was CuKα λ = 1.5406 Å. The 2θ range varied from 5◦ to 45◦, with a 
0.013◦ step. 

2.2.2. N2 adsorption− desorption at − 196 ◦C 
Adsorption-desorption of nitrogen at − 196 ◦C was performed using 

the ASAP 2020 instrument (Micromeritics, Norcross, GA, USA). The 
specific surface area (SBET), total pore volume (Vt), and micropore 

Fig. 1. HKUST-1 synthesis scheme.  
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volume (Vmicro) were calculated from adsorption-desorption isotherms 
using MicroActive V 4.06 software (Micromeritics Norcross, GA, USA). 
The Vt was estimated from the adsorbed volume at p/p0 of approx. 0.90. 
The H–K method was used to determine the Vmicro values. Prior to the 
analysis, samples were degassed at 150 ◦C for 12 h to remove remaining 
within the pores of HKUST-1 materials solvents. 

2.2.3. Fourier-transform infrared spectroscopy (FTIR) 
The Fourier-transform infrared spectra of investigated samples were 

collected using a spectrometer (Nicolet 6700, Thermoscientific, Madi-
son, WI, USA) in Attenuated Total Reflection mode (ATR-FTIR), oper-
ating in a wavenumbers from 3900 to 650 cm− 1. 

2.2.4. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TG) was performed by means of 

Q5000IR apparatus (TA Instruments, New Castle, DE, USA). HKUST-1 
sample was weighed (about 30 mg) and heated from RT to 700 ◦C in 
argon flow of 100 mL min− 1 with a heating rate of 5 ◦C min− 1. 

2.2.5. Scanning electron microscopy (SEM) 
SEM was employed to gain a better understanding of the surface 

morphology of obtained MOFs. Prior to the imaging, samples were 
coated with a 30 nm layer of chromium using K575X Turbo Sputter 

Coater (Quorum Emitech, South Stour Avenue, Ashford, UK). Images 
were collected using JEOL JSM 7500 F (JEOL, Tokyo, Japan). Additional 
TEM imaging was conducted for HKUST-1-S sample. The methodology is 
provided in the Supplementary Information. 

2.2.6. Particle size analysis via dynamic light scattering (DLS) 
The analysis of particle size of obtained materials was conducted 

using a laser-diffraction analyzer Mastersizer 3000 (Malvern 

Table 1 
Adsorption kinetics and adsorption statics models.  

Adsorption kinetics 

Model Equation Symbol explanation 

Pseudo-first order ln
(

qexp − qt

)
= ln

(
qeq

)
− k1t t – time, min 

qexp – amount adsorbed as obtained from t/qt graph, mg g− 1 

qt – amount adsorbed at time t, mg g− 1 

qeq – amount adsorbed derived from equation, mg g− 1 

k1 – model constant of adsorption, min− 1 

Pseudo-second order t
qt

=
1

k2*q2
eq
+

t
qeq 

t – time, min 
qt – amount adsorbed at time t, mg g− 1 

qeq – amount adsorbed at equilibrium mg g− 1 

k2 – model constant of adsorption, g mg− 1 min− 1 

Bangham 
log

[

log
(

C0

C0 − qt*m

)]

= log
(

k0*m
2.303*V

)

+ log(t)
t – time, min 
qt – amount adsorbed at time t, mg g− 1 

C0 – initial concentration in solution, mg L− 1 

k0 – Bangham model constant, L2 g− 1 

α – Bangham model constant, −
V – solution volume, L 
m – mass of adsorbent per solution litre, g L− 1 

Elovich qt =
1
b
ln(a*b)+

1
b
ln(t) t – time, min 

qt – amount adsorbed at time t, mg g− 1 

a – initial adsorption rate constant, mg g− 1 min− 1 

b – Elovich model constant, g mg− 1   

Adsorption statics 

Model Equation Symbol explanation 

Langmuir Ceq

qeq
=

Ceq

qmax
+

1
KL*qmax 

qeq – amount adsorbed by adsorbent at equilibrium, mg g− 1 

Ceq – the equilibrium concentration in solution, mg L− 1 

qmax – monolayer capacity of the adsorbent, mg g− 1 

KL – the Langmuir adsorption constant, L mg− 1 

Freundlich ln
(

qeq

)
= ln(KF)+

1
n
ln
(
Ceq

) qeq – amount adsorbed by carbon at equilibrium, mg g− 1 

Ceq – the equilibrium concentration in solution, mg L− 1 

KF – the Freundlich constant, mg1–1/n L1/n g− 1 

1/n – heterogeneity factor, -  

Table 2 
Reaction pH and yield of HKUST-1 syntheses.  

Parameters HKUST-1-Ac HKUST-1-C HKUST-1-N HKUST-1-S 

pH of synthesis  3.92 ± 0.03  2.30 ± 0.03  2.96 ± 0.05  1.79 ± 0.04 
Synthesis yield, 

%  
100.8  0  97.4  23.1  

Fig. 2. XRD patterns of investigated MOFs.  
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Panalytical, Malvern, UK). 

2.2.7. X-ray photoelectron spectroscopy analysis (XPS) 
The XPS analyses were carried out in a PHI VersaProbeII Scanning 

XPS system using monochromatic Al Kα (1486.6 eV) X-rays focused to a 
100 μm spot and scanned over the area of 400 μm × 400 μm. The 
photoelectron take-off angle was 45◦ and the pass energy in the analyzer 
was set to 117.50 eV for survey scans and 46.95 eV to obtain high energy 
resolution spectra for the C 1s, O 1s, Cu 2p and Cr 2p regions. A dual 
beam charge compensation with 7 eV Ar+ ions and 1 eV electrons were 
used to maintain a constant sample surface potential regardless of the 
sample conductivity. All XPS spectra were charge referenced to the 
unfunctionalized, saturated carbon (C–C) C 1s peak at 285.0 eV. The 
operating pressure in the analytical chamber was <3⸱10− 9 mbar. 
Deconvolution of spectra was carried out using PHI MultiPak software 
(v.9.9.3). Spectrum background was subtracted using the Shirley 
method. 

2.3. Cr(III) ions adsorption 

Adsorption of Cr(III) ions was conducted according to the following 
procedure. Prior to the adsorption, materials were dried for 1 h in oven 
at 110 ◦C. 

Adsorption kinetics studies were conducted to investigate the effect 
of adsorption time needed to obtain saturation. As Cr(III) ions precursor, 
Cr(NO3)3⋅9H2O (Honeywell-Fluka, Bucharest, Romania) was used. The 
Cr(III) ions solution initial concentration was 300 mg Cr(III) L− 1 and the 
pH was adjusted to 5.00. Briefly, 200 mg of HKUST-1 sample was 
weighed in an Erlenmeyer flask and mixed with 200 mL of solution using 
a magnetic stirrer. Samples were collected from the same flask through 
the time of the experiment at defined time intervals (5, 10, 15, 30, 45, 
60, 90, 120, 150, and 180 min) and filtrated. Each experiment was 
conducted in duplicate. 

Adsorption statics studies were conducted to investigate the effect of 
Cr(III) ions initial concentration on the adsorption capacity at equilib-
rium. The selected initial concentrations were: 30, 60, 90, 120, 150, 200, 
300, and 400 mg Cr(III) L− 1. All the solutions pH were adjusted to 5.00. 
Briefly, 100 mg of HKUST-1 sample was weighed in an Erlenmeyer flask 
and mixed with 200 mL of solution of defined initial concentration, 
using a magnetic stirrer. Samples were collected after 120 min of mixing 
and filtrated. Each experiment was conducted in duplicate. 

The concentration of Cr(III) ions was determined using UV–Vis 
spectrophotometer UV-5600 (Shanghai Matash Instruments, Shanghai, 
China) at wavelength of 540 nm. Prior to the measurement, 4 mL of 
filtrated sample was collected and mixed with 0.095 g of disodium 

Fig. 4. FTIR analysis of investigated MOFs.  Fig. 5. TG and DTG curves of investigated MOFs.  

Fig. 3. N2 adsorption-desorption isotherms at − 196 ◦C of investigated MOFs.  

Table 3 
Surface properties of investigated MOFs.  

Parameters HKUST-1-Ac HKUST-1-N HKUST-1-S 

SBET, m2 g− 1  961  1453  1790 
Vt, cm3 g− 1  0.418  0.671  0.688 
Vmicro, cm3 g− 1  0.398  0.622  0.636  
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versenate dihydrate (Avantor, Gliwice, Poland) and placed into a water 
bath at 75 ± 2 ◦C for 10 min to obtain a purple complex of Cr(III) ions 
with EDTA. The adsorption capacity at equilibrium (qeq) or at defined 
time (qt) was calculated using Eq. (1). 

qeq orqt =
(C0 − (CeqorCt) )⋅V

m
⋅100% (1)  

where, qeq, qt – adsorption capacity at equilibrium or time (t, min), (mg 
g− 1); C0, Ceq, Ct – initial, equilibrium or at defined time (t) concentra-
tions of Cr(III) ions, (mg L− 1); V – volume of solution used for adsorp-
tion, (L); m – mass of adsorbent, (g). 

Adsorption kinetics was studied by using kinetic models: pseudo-first 
order, and pseudo-second order, while adsorption statics was studied by 
using Langmuir, and Freundlich models, to allow comparison of the 
calculated values with those obtained from the experiments [35]. The 
linearization of the models is summarized in Table 1. 

3. Results and discussion 

3.1. Materials characteristics 

Many factors can affect MOFs synthesis i.e. temperature, time, so-
lution pH, stirring, co-existing ions, addition of modulators, assistance of 
ultrasounds/microwaves. By sufficient adjustment of these parameters, 
it is possible to control the desired properties of the obtained MOFs. 
HKUST-1 solvothermal synthesis used in present study allows to obtain 
high surface area materials, due to well dispersion of reactants in the 
reaction medium [36]. 

The products yield is presented in Table 2. The effect of co-existing 
ions originating from the copper(II) salt precursor significantly 
affected the synthesis yield of HKUST-1. Synthesis using copper(II) 
chloride appeared to block the reaction as there was no product obtained 
after the synthesis. Synthesis using copper(II) acetate appeared to yield 
the highest amount of the product with nearly 100 % conversion. 
Slightly >100 % product yield of HKUST-1-Ac, can be a result of partial 
incorporation of acetic ions originating from the salt precursor into the 
HKUST-1 crystalline structure during the crystal growth via ligand ex-
change between AcO− and BTC3− ions and/or incomplete removal of 
solvent [37,38]. Conventionally used for HKUST-1 synthesis copper(II) 
nitrate allowed to obtain 97.4 % product yield. As for copper(II) sulfate, 
the product yield was rather low and as high as 23.1 %. The synthesis pH 
had rather insignificant effect on the product yield and was related to the 
dissociation of salt precursor in the reaction medium. 

The phase composition of obtained MOFs is presented in Fig. 2. The 
characteristic refraction peaks which are located at 2θ = 5.44, 6.69, 
9.47, 10.90, 11.61, 13.38, 14.97, 16.43, 17.44, 19.00, 20.17, 21.25, 
22.90, 24.09, 25.92, 29.31,35.21, and 39.06◦, corresponding to the 
crystal planes: (111), (200), (220), (222), (400), (331), (422), (511), 
(440), (600), (620), (551), (731), (751), (773), and (882), respectively 
clearly confirmed the structure of HKUST-1. Their positions stay in line 
with the PDF-4+ powder diffraction database (JCPDS 00–064-0936) 
[39]. Depending on the used Cu precursor, the occurrence and/or in-
tensities of certain peaks varied among the samples. Syntheses using 
copper(II) nitrate (HKUST-1-N) and copper(II) sulfate (HKUST-1-S), 
allowed to obtain comparable HKUST-1 structures with no additional 
peaks. On the other hand, for HKUST-1-Ac additional peaks appeared, 
which might be attributed to undefined HKUST-1 planes [40]. Acetate 

Fig. 6. SEM images of investigated MOFs: HKUST-1-Ac (a), HKUST-1-N (b), and 
HKUST-1-S (c), with magnification of 5000 (1), and 25,000 (2). 

Fig. 7. DLS particle size analysis of investigated MOFs.  
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Fig. 8. XPS spectra of C 1s (a1–c1), O 1s (a2–c2), and Cu 2p (a3–c3) for HKUST-1-Ac (a), HKUST-1-N (b), and HKUST-1-S (c) samples.  
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ions present in the reaction medium, act as capping agent during MOF 
self-assembly process, and can be incorporated into the MOF structure 
by coordination bonding with metal clusters or terminated ligands [41]. 
Such behavior can significantly change the crystalline planes of obtained 
MOF, which was evidenced in HKUST-1-Ac XRD pattern. The material 
did not became amorphous despite the high share of acetate ions in the 
synthesis solution [42]. Peaks, that occurred for HKUST-1-Ac sample, 
were not assigned as HKUST-1 phase, which can be a result of formation 
of additional phase of Cu2OH(BTC)(H2O)n⋅2nH2O also reported by 
Crawford et al. [43]. Additional peaks at 2θ = 8.14, 9.22, 9.92, 14.17, 
17.05, 18.51, 22.81, 28.48, 32.74◦ stay in line with the reports of Loera- 
Serna et al. [44]. 

In Fig. 3 the isotherms of nitrogen adsorption-desorption at − 196 ◦C 
are compared. The adsorption isotherm shape was identified as type IA 
according to IUPAC classification, typical for microporous materials. 
Small hysteresis loop type H4, often obtained for micro-mesoporous 
materials was observed for sample HKUST-1-S [45]. The surface prop-
erties information is summarized in Table 3. All the materials were 
microporous as was evidenced by the volume of micropores (Vmicro) 
calculated using H–K method, which account from 92.4 to 95.2 % of all 
pores types. HKUST-1-S was characterized by the highest specific sur-
face area (SBET) of 1790 m2 g− 1, whereas HKUST-1-Ac the lowest (961 
m2 g− 1). Crystal imperfections were reported to lower the specific sur-
face area of the HKUST-1 MOFs [46]. The total pore volume changed in 
order: 0.418 < 0.671 < 0.688 cm3 g− 1 for HKUST-1-Ac < HKUST-1-N <
HKUST-1-S, respectively and is consistent with the already reported 
materials [47]. Furthermore, the procedure involving vacuum drying of 
the MOFs appears to not cause damage to the structure. 

The FTIR spectra of investigated samples are presented in Fig. 4. In 
the region of wavenumber from 1800 to 650 cm− 1, it can be seen, that all 

MOFs, displayed familiar shape of spectra with characteristic for 
HKUST-1 bands. Band assigned to stretching vibrations of Cu − O is 
located at 726 cm− 1, asymmetric stretching vibrations of − COO can be 
seen at 1630 and 1440 cm− 1 and symmetric stretching vibrations of 
− COO at 1370 cm− 1 [48]. The band at 1090 cm− 1 occurred from C − O 
− Cu stretching vibrations, as was also evidenced by Khader et al. [49]. 
Small band at about 1710 cm− 1 also confirms the presence of 1,3,5- 
tricarboxylic acid [50]. In the region of wavenumber from 3900 to 
2700 cm− 1, a broad peak assigned as stretching vibrations of O − H. For 
HKUST-1-Ac the peak of O − H can be distinguished into 3 peaks with 
maxima at 3550, 3440, and 3150 cm− 1, which implies occurrence of 
loosely bonded water molecules into the MOF structure [51,52]. 

Thermogravimetric analysis (TGA) was conducted to gain a better 
understanding of the thermal stability of MOFs. The results of TGA and 
derivative TG (DTG) are presented in Fig. 5. For all samples, from 2 to 3 
stages of weight loss were obtained. First weight loss with a maximum at 
about 50 ◦C was identified as loss of solvent (ethanol and water) 
remaining within the pores of the material after the synthesis. Second 
weight loss, which was obtained at about 300 ◦C, originated from the 
HKUST-1 decomposition. Its position remains in line with the literature 
reports [53,54]. Additional weight loss seen at about 125 ◦C for HKUST- 
1-Ac can be related to water removal from the Cu2OH(BTC) 
(H2O)n⋅2nH2O phase [43]. For HKUST-1-S a small additional peak at 
about 155 ◦C was probably related to release of water adsorbed in pores, 
due to its highest specific surface area among the investigated series (see 
Table 3). 

In Fig. 6 the SEM images of obtained HKUST-1 materials are sum-
marized. It can be seen, that by changing the copper(II) salt precursor, 
the morphology of MOFs varied significantly. For HKUST-1-Ac (Fig. 6a1 
and 6a2), the obtained crystals were layered rods shaped. The crystals 
shape appeared to be the most regular among investigated HKUST-1 
series. Also, the synthesis pH for this sample was the highest among 
the investigated materials (3.92 – see Table 2). Acetate ions act as 
capping agent in the MOFs synthesis and fasten the nucleation by 
initialization of particle formation at early stages of the synthesis, as was 
also evidenced by Guo et al. [42]. The authors obtained similar MOF 

Table 4 
Adsorption kinetic models parameters of Cr(III) ions adsorption using investi-
gated MOFs.  

Model Kinetic 
parameters 

HKUST-1- 
Ac 

HKUST-1- 
N 

HKUST-1- 
S 

Pseudo first order qexp, mg g− 1  48.077  67.114  68.027 
qeq, mg g− 1  28.199  45.101  39.504 
k1, min− 1  0.043  0.015  0.028 
R2  0.959  0.980  0.938 

Pseudo second 
order 

qeq, mg g− 1  48.077  67.114  68.027 
k2, g mg− 1 min− 1  0.004  0.001  0.002 
R2  0.999  0.993  0.998 

Bangham α  0.185  0.319  0.189 
k0, L2 g− 1  0.014  0.009  0.020 
R2  0.865  0.973  0.966 

Elovich a, mg g− 1 min− 1  98.877  12.838  91.224 
b, g mg− 1  0.161  0.085  0.109 
R2  0.900  0.980  0.934  

Fig. 9. Cr(III) ions adsorption kinetics correlation of experimental data with pseudo-first order (dot line – q1), pseudo-second order (solid line – q2), Elovich (dash-dot 
line - qElovich), and Bangham (dash line - qBangham) models. 

Table 5 
Adsorption static models parameters of Cr(III) adsorption using investigated 
MOFs.  

Model Static parameters HKUST-1-Ac HKUST-1-N HKUST-1-S 

Langmuir qmax, mg g− 1  46.512  76.923  84.034 
KL, L mg− 1  0.040  0.036  0.044 
R2  0.967  0.989  0.958 

Freundlich KF, mg1–1/n L1/n g− 1  8.488  12.065  28.199 
1/n  0.302  0.330  0.180 
R2  0.881  0.836  0.799  
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morphology by adding sodium acetate to the synthesis. As for the syn-
theses using copper(II) nitrate (Fig. 6b1 and b2) and copper(II) sulfate 
(Fig. 6c1 and c2), the morphology appeared to be highly irregular. The 
crystals aggregated into bigger clusters and it is difficult to define their 
shape. Such phenomenon might be related to the synthesis conditions, in 
which the solution was vigorously stirred through the entire process and 
no additional shape modulators. 

TEM images of sample HKUST-1-S is provided in the Supplementary 
Information in Fig. S1. 

In Fig. 7 the dynamic light scattering plot is presented. For HKUST-1- 
N and HKUST-1-S samples, the particles size distribution can be distin-
guished into 2 maxima in the region of 15 μm and second one at around 
330 and 480 μm. HKUST-1-S was characterized by rather lower particles 
than HKUST-1-N and the most dominant particle size of about 10 μm 
was consistent with SEM images (see Fig. 6). The particle size distribu-
tion of HKUST-1-Ac sample was more complex. For HKUST-1-Ac, 4 
maxima can be seen at about 7, 50, 375, and 900 μm implying ununi-
form morphology of obtained material [55]. 

Surface concentrations of chemical bonds obtained from fitting XPS 
data for all analyzed samples are listed in Table S1 and in Fig. 8. The C 1s 
spectra were fitted with four lines: first one at 285.0 eV coming from 
aliphatic carbon C-C/C-H type bonds, second centered at 286.1 eV 
originating from organic C–O type bonds, third line centered at 288.9 
eV coming from organic type C––O bonds and last line positioned at 
290.9 eV which comes from O-C=O type bonds, originating from the 
organic linker [56–58] (Fig. 8a1–c1). 

The O 1 s spectra for all samples were fitted with two components: 

first line centered at 532.0 eV which mainly comes from metal oxide 
(O–Cu) and O––C type bonds and second line found at 533.5 eV indi-
cating O–C type bonds from organic material [59] (Fig. 8a2–c2). 

The spectra collected at Cu 2p3/2 region are similar for HKUST-1-N 
and HKUST-1-S samples. HKUST-1-O on the other hand, exhibited 
nearly 60 % lower share of Cu0/Cu+ form and about 19 % higher share 
of Cu2+ form in comparison with HKUST-1-N. This phenomenon implies 
the impact of copper(II) salt precursor on the chemical bonds distribu-
tion during the HKUST-1 syntheses. Chemical state X-ray photoelectron 
spectroscopic analysis of copper species is challenging because of the 
complexity of the 2p spectra resulting from shake-up structures for Cu 
(II) species and overlapping binding energies for Cu metal and Cu(I) 
species. Here, each spectrum is fitted with six components with first line 
centered at 932.7 eV which points out the existence of Cu0/Cu+ oxida-
tion state like in metallic copper or Cu2O and due to the presence of 
shake-up structures found within binding energy range of 940–945 eV 
and additional left “shoulder” on spectra evidenced with the line 
centered at ~935 eV the Cu2+ oxidation state can be identified [60] 
(Fig. 8a3–c3). 

3.2. Adsorption of chromium(III) ions 

3.2.1. Adsorption kinetics 
Adsorption kinetics allows to find the time needed to obtain satu-

ration of adsorbent by removal of pollutant over its surface. The results 
are summarized in Table 4 and in Fig. 9. The potential application of 
obtained MOFs was evaluated by using them as adsorbents of Cr(III) ions 

Table 6 
Comparison of adsorption capacities towards Cr(III) ions removal using various materials.  

Adsorbent Adsorption parameters Adsorption capacity Reference 

HKUST-1 Initial Cr(III) ions concentration: 1000 mg L− 1 

Temperature: 25 ◦C 
Adsorbent dose: 1 g L− 1 

Adsorption pH: 6 

65.0 mg g− 1 [66] 

HKUST-1 Initial Cr(III) ions concentration: 5–80 mg L− 1 

Temperature: 15–35 ◦C 
Adsorbent dose: 2 g L− 1 

Adsorption pH: 6 

23.4–24.6 mg g− 1 [67] 

Muscovite mica Initial Cr(III) ions concentration: 5–50 mg L− 1 

Temperature: 30–90 ◦C 
Adsorbent dose: 1 g L− 1 

Adsorption pH: 7 

4.9–15.6 mg g− 1 [68] 

Hornwort (Ceratophyllum demersum L.) derived biochar Initial Cr(III) ions concentration: 25–300 mg L− 1 

Temperature: 25 ◦C 
Adsorbent dose: 1 g L− 1 

Adsorption pH: 5 

63.7 mg g− 1 [69] 

HKUST-1-S 
HKUST-1-N 
HKUST-1-Ac 

Initial Cr(III) ions concentration: 30–400 mg L− 1 

Temperature: 25 ◦C 
Adsorbent dose: 1 g L− 1 

Adsorption pH: 5 

84.0 mg g− 1 

76.9 mg g− 1 

46.5 mg g− 1 

This study  

Fig. 10. Cr(III) ions adsorption statics correlation of experimental data with Langmuir (solid line - qLangmuir) and Freundlich (dash line - qFreundlich) models.  
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from aqueous solutions at pH of 5.00. For this pH value the potential 
competition between hydronium ions and Cr(III) ions is lower, than for 
pH in range from about 1 to 4, due to lower surface protonation [61]. On 
the other hand, for pH above 6, Cr(III) ions can precipitate from the 
solution [62]. Adsorption kinetics of Cr(III) ions was evaluated by 
comparison of experimental data with pseudo-first order, pseudo-second 
order, Elovich and Bangham models. It can be seen, that the pseudo- 
second order model fitted the best to the experimental data for all 
investigated samples in the series. The adsorption equilibrium was 
attained rather fast after just 120 min of adsorption. Familiar observa-
tion was evidenced for other materials like algae or aluminosilicate [63]. 
The highest adsorption capacity was obtained for HKUST-1-S and 
HKUST-1-N of 68.027 and 67.114 mg Cr(III) g− 1, respectively. Such high 
values might be related to the specific surface area of these materials 
(1790 and 1453 m2 g− 1, respectively) and availability of adsorption 
centers over their surface. For HKUST-1-Ac the adsorption capacity was 
the lowest and reached 48.077 mg Cr(III) g− 1. Rather low correlation 
with Bangham model (<0.99) implies, that adsorption in pores was not 

the limiting factor guiding the adsorption [64]. As for Elovich model, the 
correlation of the experimental data with was slightly >0.90, which 
suggests that the adsorption was rather not multilayer [65]. 

3.2.2. Adsorption statics 
Adsorption statics allows to investigate the effect of various pollution 

concentrations on the adsorption capacity of adsorbents. The results are 
summarized in Table 5 and in Fig. 10. The strongest correlation of 
experimental data was obtained for Langmuir model (>0.95 for all 
samples), rather than for Freundlich model (<0.88), implying that a 
monolayer adsorption occurred for investigated samples [35]. The 
maximum adsorption capacity (qmax) obtained for MOFs changed in 
order HKUST-1-S > HKUST-1-N > HKUST-1-Ac and equaled to 84.034, 
79.923, and 46.512 mg g− 1, respectively. It appears, that the specific 
surface area had the most important factor on the obtained adsorption 
capacities for the materials. 

The obtained results were compared with those in the literature. The 
comparison is presented in Table 6. The performance of investigated 

Fig. 11. XPS spectra of C 1s (a1-c1), O 1s (a2-c2), and Cu 2p (a3-c3), and Cr 2p (a4-c4) for HKUST-1-S (a) sample after adsorption, and visualization of the adsorption 
mechanism (b). 
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MOFs is consistent with already reported materials. 

3.2.3. Adsorption mechanism 
Considering the potential mechanism of adsorption of Cr(III) ions by 

HKUST-1, it was evidenced by Zhao et al. [66], that high-valence cations 
like Cr(III) have higher bonding strength with the HKUST-1 active sites 
than lower-valence ions. On the other hand, in work of Zhao et al. [70], 
HKUST-1 was used as adsorbent of tree-valent ions–cerium(III) from 
aqueous solution, implying a potential adsorption mechanism via ion 
exchange between Cu within the MOF structure and Ce(III) ions from the 
solution, instead of electrostatic attraction. In fact, chromium atom has 
smaller atom size (0.130 nm) than cerium atom (0.181 nm), which may 
effectively improve the ion exchange in the investigated adsorption 
process. 

To understand the mechanism of Cr(III) ions adsorption using 
HKUST-1 MOFs, XPS analysis was conducted. The results are summa-
rized in Fig. 11a1-a4 and Table S1. To confirm the hypothesis of the 
potential ion exchange occurring during the adsorption of Cr(III) ions, 
additional XPS analysis was preformed using HKUST-1-S sample 
collected after the adsorption (C0 = 400 mg Cr(III) L− 1, pH = 5.00, dose 
1 g L− 1). It can be clearly seen, that Cu species were significantly 
removed from the material (both Cu0/Cu+ and Cu2+ forms) and 
exchanged with Cr(III) ions. Total atomic % content of Cu was reduced 
by 87 % in comparison to parent HKUST-1-S sample (Table S1). An in-
crease in the oxygen bindings share might suggest, that Cr(III) ions can 
be adsorbed also as hydroxide. The suspected mechanism of adsorption 
is presented in Fig. 11b. The spectra collected at Cr 2p3/2 region were 
fitted with three components with first line centered at 577.1 eV which 
indicate the existence of Cr3+ oxidation state. The two lines within en-
ergy range of 578–580 eV are due to the multiplet splitting phenomena 
[71]. 

4. Conclusions 

MOFs type HKUST-1 were successfully synthesized using different 
copper(II) salt precursors. It was confirmed that the used precursor 
affected the physicochemical properties of the obtained MOFs in terms 
of their specific surface area, and surface morphology. Moreover, a 
synthesis free from DMF allows to obtain HKUST-1 MOF structure with 
desired properties. The solution pH (affected by the selected salt pre-
cursor) had rather negligible impact on the yield of MOFs, implying the 
importance of co-existing ions in the solution. Synthesis using copper(II) 
acetate allowed fast nucleation in comparison to other salt precursors, 
whereas copper(II) chloride yield no product after synthesis, which stays 
in line with the literature reports. The potential utility of obtained MOFs 
was confirmed in Cr(III) ions adsorption from aqueous solutions with 
adsorption capacity of 84.034 mg g− 1 obtained for HKUST-1-S. Specific 
surface area of MOFs had the strongest effect on the obtained results, 
which suggests that adsorption active sites and ion exchange between Cu 
and Cr ions occur during the process. The adsorption mechanism was 
further confirmed via XPS analysis, which clearly indicated incorpora-
tion of Cr into the HKUST-1 structure. Greater specific surface area 
allowed better contact between Cr(III) ions from the solution and Cu(II) 
ions build into the HKUST-1 structure. 
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