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Abstract 

Background: Metal–organic frameworks (MOFs) derived carbonaceous materials functionalized with metal/metal-
oxide nanoparticles are obtained by its carbonization. The carbonization of MOFs occurs simultaneously with the 
metal and metal-oxide particle formation. The carbon-based flake-like nanostructures with trapped metal/metal-
oxide nanoparticles have been formed. Due to its non-toxicity and environmental friendliness, the capacity for pollu-
tion adsorption using model anionic dye has been revealed.

Results: The structure of the hybrid is formed as the effect of carbonization of metal–organic frameworks with cobalt 
as a metal counterpart (CoOF). The cobalt nanoparticles are placed between the carbon layers what limits the dissolu-
tion of cobalt nanoparticles and protects the environment from its toxicity. It is preliminary validated by means of two 
reference micro-organisms (Gram-negative Pseudomonas aeruginosa and Gram-positive Staphylococcus aureus) and 
in in vitro analysis with human cell line (A375). The efficiency of the adsorption properties of the material was tested 
with Acid Red 18 as a model anionic dye. The mechanism of dye adsorption was analyzed in details. In addition, vari-
ous thermodynamic parameters, such as standard enthalpy, standard entropy, and standard Gibbs free energy, were 
tested. In addition, it was proved that the main substrate of CoOF (terephthalic acid) can be used from PET bottles, 
while the organic solvent used in its synthesis (N,N-dimethylformamide) was distilled and reused. The obtained car-
bonized CoOF revealed the same morphology and properties as pristine material.

Conclusions: The kinetic data of dye adsorption fit well with the pseudo-second-order model and Langmuir type. 
Acid Red 18 adsorption is more favourable at lower temperatures and lower pH. The location of the cobalt nanopar-
ticles between the carbon flakes effectively limits their toxicity compared to the free metal nanoparticles. The CoOF 
can be obtained from recycled substrates, which revealed the same morphology as pristine material. Therefore, it 
is believed that this work highlights the practical application of carbonized CoOF as an adsorbate and provides the 
evidence that such nanocomposite can be applied without environmental risks.
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Background
Metal–organic frameworks (MOFs) and carbonized 
MOFs have drawn enormous attention in the last several 
years [1, 2]. MOFs are crystalline materials, constructed 
by joining metal based units (clusters) or metal ions with 
organic bridging ligands. Using bonds, the organic mol-
ecules are held in the place of metal units, creating two- 
or three-dimensional networks. Self-assemblage network 
of metal ions/clusters interrelated by organic ligands 
possess a flexible rational design as a result of the con-
trol of the metal and organic ligand type. Pore structure 
and surface area can be tuned exhibiting high stability 
and catalytic performance. These crystalline materials 
are classified as a subclass of coordination polymers with 
high micropore volume, crystallinity, and a high metal 
content offering potentially valuable active sites. There-
fore, MOFs are promising candidates in the field of clean 
energy for applications such as hydrogen and gas stor-
age, Li-ion rechargeable batteries, supercapacitors, and 
solar cells. Moreover, they are also favourable materials 
for environment protection like dyes and waste adsorp-
tion or catalytic waste decomposition. Usually, MOFs are 
synthesized in hydrothermal conditions using well-solu-
ble salts as the source of metal components and organic 
molecules—mostly mono-, di-, tri-, and tetracarboxylic 
acids—as a polar solvent. The properties of crystalline 
inorganic–organic materials can be adjusted by the car-
bonization of organic ligands leading to high chemical 
resistance, large pore volume, high surface area [3, 4], 
as well as catalytic and photocatalytic performance [5]. 
For that reason, carbon derived of MOFs with metal-
lic or metal-oxide nanoparticles have become attractive 
materials for catalysis [6], gas adsorption/storage [7, 8], 
analytical chemistry [9], drug delivery [10, 11], and pho-
toluminescence [12].

The carbon-based nanostructures have attracted enor-
mous attention due to its unique physical and chemi-
cal properties. Commonly, carbon nanotubes have been 
used for the dye in its pristine [13] and functionalized 
form [14, 15]. Recent studies focus on the different car-
bon nanostructures, e.g., nanocomposites of ordered 
mesoporous carbon with ferromagnetic nanoparticles 
[16], KOH-activated carbon aerogels [17] or graphene-
based sandwich-like structures formed by the carbon-
coating nanoparticles. Such a structure was proposed by 
Zheng et al. [18]. He proposed one-pot synthesis of sand-
wich-like MgO@Carbon. Among variety of carbon nano-
structures, carbonized carbon such as MOFs focused 
enormous attention. [19, 20].

MOF-derived carbonaceous materials functionalized 
with metal/metal-oxide nanoparticles can be conveni-
ently prepared the one-step carbonization. The carboni-
zation of MOFs occurs simultaneously with the process 

of carbon graphitization, growth, agglomeration, as well 
as oxidation and carboreduction of formed metal oxides 
to metal particles. The efficiency of these processes is 
related to the chemical composition of MOFs (type of 
metal and organic ligand) and the process temperature 
[21]. Metal nanoparticle in the carbonized structure 
will be formed in various shapes and sizes with different 
crystal phases and oxidation degree. The evaporation of 
metallic particles in the presence of carbon species under 
an inert gas atmosphere (commonly known as the car-
boreduction) is responsible for the growth and agglom-
eration of the nanoparticles. This effect was previously 
observed by the growth of zinc oxide nanorods during 
MOF-5 carbonization [22]. The evaporation of the pre-
cursor metals varies depending on temperature. Through 
the control of carbonization parameters, one can design 
and tune the properties of metal nanoparticles in the 
MOF-derived carbonaceous materials used for cataly-
sis [23], sensing [24], batteries [25], adsorption [26], and 
energy storage [27].

Dyes such as Rhodamine B and Acid Reds are widely 
used in the industrial production of textiles, paper, 
leather, cosmetics, pharmaceuticals, and food [28]. Azo-
dyes (e.g., Acid Red 18) represent up to 70% of all dyes 
being used in the industry. They are the largest, highly 
water soluble, group among synthetic aromatic dyes 
used in the textile industry for dyeing. These dyes usu-
ally consist of one or more –N=N–bond, sulfonic  (SO3

−) 
groups, and complex aromatic molecular structure. Due 
to the presence of azo groups, they show hepatotoxic 
effects in albino rats [29, 30], and are recalcitrant and 
carcinogenic in natural environment. The complex aro-
matic molecular structure is almost non-biodegradable. 
Therefore, different photo-Fenton and electrochemical 
oxidation techniques are studied for azo-dye degrada-
tion from colored textile wastes [29]. These techniques 
are expensive and generate amine residues in the sludge 
after degradation. However, regular consumption of such 
untreated or poorly treated toxic water shows carcino-
genesis in humans [31]. To remove the toxic dyes with-
out their degradation and emission of amine residues, the 
physical processes can be employed for the purification 
of dye-contaminating wastewater. Here, adsorption has 
been recognized as the most promising method for the 
removal of dyes from aqueous solution due to its simplic-
ity, high efficiency, easy recovery, and reusability of the 
adsorbent. Up to now, numerous types of adsorbents, 
such as carbon-based materials (e.g., activated carbon), 
minerals (e.g., zeolite), and polymeric materials (e.g., pol-
ystyrene) for removal of azo-dye from wastewater, were 
investigated. However, low adsorption capacities of these 
conventional adsorbents toward dyes restrict their prac-
tical applications [30].
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Shi et  al. showed the potential of cobalt oxide nano-
particles located on the surface of graphene oxide in the 
catalytic decomposition of dye. Shi et  al. revealed that 
graphene oxide (GO) with  Co3O4 was efficient in degra-
dation of Orange II [32]. The catalytic decomposition of 
dye was performed with the use of advanced oxidation 
technology based on sulphate radicals. This demonstra-
tion showed a synergistic catalysis of the composite. The 
synergistic catalysis effect, achieved by combination of 
graphene oxide and cobalt oxide, was proved and ana-
lyzed in detail in series of reports of Shi et  al. [32, 33]. 
Many investigators have studied various techniques for 
the removal of dyes from wastewater, including diversi-
fied advance oxidation processes [34], chemical coagu-
lation/flocculation [35], nanofiltration [36], ozonations 
[37], micellar enhanced ultrafiltration [38], adsorption 
onto bentonites [39], or several types of activated carbon 
[40].

Cobalt is an element that naturally occurs in numerous 
chemical forms. It is a microelement and may be used 
in cells as a cofactor in enzymes. For that reason, small 
amounts of cobalt are essential to maintain homeostasis. 
On the other hand, excessive exposure to cobalt causes 
a set of neurological, cardiovascular, and endocrine defi-
cits, directly related to the uptake of Co ions [41]. Cobalt 
compounds can produce carcinogenic effects in humans, 
which were reported by the International Agency for 
Research on Cancer. According to the report, cobalt nan-
oparticles cause changes in gene expression, apoptosis, 
oxidative stress, and inflammation in the human body 
[42]. The toxicity of cobalt nanoparticles on plant seeds 
was also confirmed. Described investigations included 
mitotoxic and genotoxic effects which lead to the distur-
bances in mitotic behavior of cells through various types 
of chromosomal aberrations [43]. The reports indicate 
that the addition of small amounts of cobalt stimulated 
microbial growth, which is consistent with its biologi-
cal role as an enzymatic cofactor. For example, small 
amounts of cobalt (with 300  mg (Co(II))  L−1) added to 
the culture of Streptomyces coelicolor A3(2) increased its 
growth by ~ 50% [44]. On the other hand, in the current 
state of art, the effects of cobalt on micro-organisms con-
firm that high concentrations inhibit microbial growth, 
although a number of environmental factors (e.g., pH, 
medium composition, biomass concentration, and pres-
ence of other heavy metals) can also affect the toxicity 
[45]. Research by Adiga et al. [46] indicated that approxi-
mately 110  mg (Co(II))  L−1 reduced by 50% the growth 
and glucose consumption of fungus A. niger. Al-Sarrani 
[47] reported that the growth of another fungus, Mono-
ascus rubber, was inhibited by approximately 40% in the 
presence of 10 mg (Co(II))  L−1, whereas minimal inhibi-
tory concentration (MIC) was observed at 100–200  mg 

(Co(II))  L−1. Nonetheless, the cobalt nanoparticles are 
necessary to remove the carbonized MOF structures 
after dye and impurities adsorption. Therefore, successful 
entrapment of cobalt nanoparticles in nanostructures is 
essential to avoid unpredictable biological effects of the 
nanomaterial.

In this study, we have explored the application of flake-
like nanocomposite composed of cobalt nanoparticles 
trapped between the carbon layers used as anionic dye 
adsorbent. We reveal the influence of temperature, ini-
tial dye concentration, and pH on the adsorption kinet-
ics. Moreover, cytotoxicity of CoOF was examinated on 
the two reference micro-organisms (Gram-negative Pseu-
domonas aeruginosa and Gram-positive Staphylococ-
cus aureus) and in in vitro analysis with human cell line 
(A375). Furthermore, synthesis of CoOF structures from 
recycled and reused substrates was also conducted.

Experimental
Materials
Hydrochloric acid (36%, CAS Number: 7647-01-1) and 
N,N-dimethylformamide (DMF, CAS Number: 68-12-
2) were purchased from Chempur (Poland). The Acid 
Red 18 (75%, CAS Number: 2611-82-7), Cobalt chloride 
 (CoCl2, CAS Number: 7646-79-9), and terephthalic acid 
 (C6H4 (COOH)2, CAS Number: 100-21-0) were bought 
from Sigma-Aldrich (Germany).

Synthesis and carbonization of cobalt organic framework 
(CoOF)
CoOF was synthesized in the following the procedure. 
Briefly, 574 mg of terephthalic acid and 740 mg of cobalt 
(II) chloride  (CoCl2) were dissolved in 183  mL of DMF 
solution. After vigorous stirring, the homogeneous mix-
ture was refluxed at 125 °C for 24 h. The product was col-
lected by centrifugation (8000 rpm for 10 min). Obtained 
CoOF nanocomposite was placed in a horizontal oven 
and carbonized at 600  °C for 5  min in the inert gas 
atmosphere. CoOF was placed for purification in a glass 
flask with chloric acid (36%) and stirred for 24 h.

CoOF structures from recycled organic substrates were 
synthesized from polyethylene terephthalate  (PET) bot-
tle and DMF used in the pristine CoOF. To convert the 
waste PET bottle into the terephthalic acid, polymer bot-
tle was cut into small pieces (approximately 0.5 × 0.5 cm). 
10 g of the bottle flakes was placed with 100 mL water in 
the autoclave. The autoclave was then heated up to 150 °C 
for 24 h. Obtained white powder was washed with water 
and dried. DMF after synthesis of CoOF and centrifuga-
tion (8000 rpm for 10 min) was refluxed under reduced 
pressure at 150 °C, with an additional flask to collect the 
distillate to be reused. The synthesis of CoOF occurred 
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according to the method and parameters described 
above.

Material characterization techniques
The CoOF morphology was investigated by scanning 
electron microscopy (TESCAN, VEGA SBU3), under 
30 kV acceleration voltage. The  N2 adsorption/desorption 
isotherms were acquired at liquid nitrogen temperature 
(77  K) using a Quadrosorb SI (Quantachrome Instru-
ments). The specific surface area and pore size distribu-
tion were calculated using the Brunauer–Emmett–Teller 
(BET) method. The crystallographic phases were identi-
fied using X’Pert Philips PROX-ray diffractometer (X’Pert 
PRO Philips diffractometer, CoKa radiation). Thermo-
gravimetric analysis was performed using DTA-Q600 
SDT TA instrument with a heating rate of 10  °C  min−1. 
The dye concentration was examined with the UV–Vis 
spectrophotometer Helios alpha (Thermo Scientific).

Adsorption, reusability, and regeneration of CoOF
Dye solution (10  mL) with initial concentration of 25, 
50, 75, and 100 mg L−1, respectively, was transferred to a 
conical flask. Afterwards, the flasks were placed on a hot-
plate, with magnetic stirrer in the water bath to keep con-
stant temperature. The experiments were carried out at 
30, 40, and 60 °C, respectively. After the temperature was 
reached, 10 mg of CoOF was added into the flask. 2 mL 
sample was taken from the solution at set time. The liq-
uid was separated with magnet. The concentration of dye 
was determined spectroscopically at its maximal absorb-
ance (for Acid Red 18 at 508 nm). The equation for the 
adsorption capacity at equilibrium qe point is provided in 
Additional file 1.

To determine the reusability of the adsorbent, carbon-
ized CoOF without regeneration was introduced to the 
dye solution and maintained for 500  min. All reusabil-
ity experiments were performed at 20  °C, with dye and 
nanomaterial concentration equal to 25  mg  mL−1 and 
1  mg  mL−1, respectively. After adsorption the nanoma-
terial was separated from the solution with the magnet 
and dried at 60 °C. Powdered samples were divided into 
two batches that were used for the dye release and fur-
ther adsorption experiments. All experiments were per-
formed at the same parameters (time, temperature, and 
CoOF concentration) as the adsorption experiments 
(described above).

CoOF adsorbent was regenerated at ambient tempera-
ture by the insertion of sodium hydroxide (1  mg  mL−1) 
into the nanomaterials. The CoOF (1 mg mL−1) was kept 
in the solution for 2  h. CoOF after sodium hydroxide 
treatment was rinsed four times with distilled water and 
dried at 60 °C.

Cytotoxicity on microbial models
Microbiological studies were conducted on two reference 
bacterial strains—Gram-negative Pseudomonas aerugi-
nosa ATCC ® 27583™ and Gram-positive Staphylococ-
cus aureus ATCC ® 6538™. Bacteria were kept frozen in 
Tryptone Soy Broth (TSB, Graso Biotech) medium with 
10% addition of glycerol until used in the experiments. 
Thawed cultures were streaked to Tryptone Soy Agar 
(TSA, Graso Biotech) medium and incubated at 37 °C to 
obtain the colonies. Afterwards, one colony was taken 
and inoculated into 25  mL of TSB medium in a sterile 
50  mL falcon tube and cultured overnight at 37  °C on 
rotary shaker.

Toxicity of the studied nanomaterials was tested on 
96-well microtiter plates in 24-h assay. Two methods 
were used for the evaluation—optical density (OD) 
measurements and  alamarBlue® assay (Thermo Fisher 
Scientific, USA). Each sample was prepared in eight rep-
etitions. The stock samples (1 mg mL−1; 1 mL each) were 
sonicated in 1.5 mL Eppendorf-type tubes in a water bath 
sonicator (Bandelin Sonorex DT 255 H, power—640 W) 
for 30 min, and then diluted to reach desired concentra-
tions. Carbonized CoOF were suspended in ultrapure 
water with addition of 1% dimethyl sulfoxide (DMSO, 
Sigma-Aldrich, Germany) to obtain four final concen-
trations—100  µg  mL−1, 50  µg  mL−1, 25  µg  mL−1, and 
12.5  µg  mL−1. The control sample was filled with equal 
amount of ultrapure water with 1% DMSO. Additional 
controls were conducted to confirm that DMSO had 
not been noxious to the used micro-organisms, and it 
was introduced into the experimental setting to increase 
the dispersion of the nanomaterial. Furthermore, the 
experiments were conducted in triplicate to confirm the 
gained tendencies. In the final form, each prepared well 
contained 160 µL medium, 20 µL CoOF suspension and 
20 µL of overnight bacterial culture diluted 1:200. Subse-
quently, optical density (OD) was measured on spectro-
photometer Tecan m200 PRO (Männedorf, Switzerland) 
at 600 nm wavelength. Afterwards, the plates were kept 
at 37 °C without the access of light for 24 h, with shaking 
(140 rpm) on orbital shaker incubator (Biosan ES-20/60, 
Latvia). Afterwards, another round of OD measurements 
was performed. Then,  alamarBlue® assay was performed 
according to the manufacturer’s guidelines. For that pur-
pose, 20 µL of working solution was added to each well, 
and then, plates were incubated for 30 min for S. aureus 
and 2 h for P. aeruginosa without the access of light. After 
incubation, fluorescence (λex = 520  nm; λem = 590  nm) 
was measured with spectrophotometer Synergy HTX 
(Biotek, USA). The results were analyzed by one-way 
ANOVA. P values lower than 0.05 were considered as 
statistically significant. Analyses were performed with 
Origin 8 (OriginLab) software.
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Cell culture and cytotoxicity assay
Human malignant melanoma cells (A375, catalogue 
no. 88113005) were purchased from the European Col-
lection of Authenticated Cell Cultures (ECACC). Cells 
were cultured in a humidified incubator (5%  CO2, 37 °C) 
in DMEM culture medium (Dulbecco’s Modified Eagle 
Medium, High Glucose, HyClone, Germany) supple-
mented with 10% heat-inactivated foetal bovine serum 
(FBS, HyClone, Germany), l-glutamine (2  mM, Sigma-
Aldrich, Germany), and 0.4% penicillin–streptomycin 
(Sigma-Aldrich, Germany).

The cytotoxicity of the reference cobalt nanoparticles 
(nanoCo) and carbonized CoOF was evaluated using the 
WST-1 assay (Sigma-Aldrich, Germany). The WST-1 test 
is based on the reduction of the tetrazolium salt WST-1 
to a soluble red formazan by mitochondrial dehydroge-
nase. The amount of formazan dye is directly correlated 
to the number of metabolically active cells. In the current 
study, A375 cells were seeded in 96-well plates (3 × 103 
cells/well in 100  µL medium). After 24  h, the culture 
medium was removed and the cells were treated with car-
bonized CoOF, and dispersed in the cell culture medium 
to reach the concentrations of 100, 50, and 25 μg mL−1. 
The reference cobalt nanoparticle samples were dis-
persed in a medium to reach concentrations equal to Co 
concentrations in the carbonized samples, namely: 55, 
27.5, and 13.75 μg mL−1 for carbonized CoOF. All sam-
ples were vortexed and sonicated (not longer than 1 min) 
before application to the cell medium. The cells without 
the tested compounds were used as controls. After 48 h, 
WST-1 reagent was added and incubated with the cells 
for 30  min. Absorbance was measured at 450  nm (with 
620  nm background correction), using a spectrophoto-
metric microplate reader (Infinite 200 Pro, Tecan, Swit-
zerland). The interaction between compounds (without 
cells) and WST-1 reagents was also determined (Ablank). 
The results were normalized to the control cells, and the 
cell viability was calculated using the following formula: 
the number of viable cells (% of control) = [(Atest − Ablank)/
(Acontrol − Ablank)] × 100%. The readings were acquired 
from three independent experiments (each conducted in 
triplicate). Statistical analysis was performed using Sta-
tistica 12 software (StatSoft Inc., Tulsa, Oklahoma, USA). 
The results were expressed as mean ± standard deviation. 
Experimental data were analyzed by Student’s t test. The 
criterion for statistical significance was set at P < 0.05.

Results and discussion
Characterization of the carbonized material
SEM images of the morphology of pristine CoOF are 
shown in Fig. 1a. The particles exhibited hexagonal shape 
in range 5–20  µm. During the carbonization, organic 
ligand graphitization and cobalt nanoparticle oxidation 

occurred. Carbonized CoOF crystals maintained their 
original hexagonal-like shape and were covered with 
cobalt oxides nanoparticles (see Fig. 1b). Figure 1c shows 
the flakes of carbonized CoOF after removal of Co with 
chloride acid. However, the Co species were visible on 
both samples as brighter spots and were distributed all-
over the hexagonal-like structures. The encapsulation 
of Co inside carbonized CoOF was reported previously 
[48]. The presence of cobalt species (as cobalt and cobalt 
oxide presented in Fig. 1d) in the carbonized CoOF has 
been confirmed by XRD. The Brunauer–Emmett–Teller 
method (BET) revealed that the surface area of carbon-
ized CoOF is 199 m2 g−1. The carbonized CoOF pore vol-
ume reached 0.812 cm3 g−1 with the average pore radius 
at 8.142  nm. The nitrogen adsorption isotherm of car-
bonized CoOF sample is presented in Additional file  1: 
Figure S1 and it can be described as a Type IV isotherm, 
which is characteristic for the mesoporous structure [49].

The TGA curves of carbonized CoOF showed a mass 
loss in two stages (Fig.  1e). The first mass loss started 
at 380  °C, and corresponded to the removal of oxygen-
containing functional groups (10 wt% of the sample). 
The second mass loss (starting at 420  °C) corresponded 
to the pyrolysis of the carbon material. TGA analysis also 
showed that the content of the metal nanoparticles in the 
carbonized CoOF was ~ 50 wt% of the sample. To prove 
the efficiency of encapsulation cobalt particles between 
the graphene layers, atomic adsorption spectroscopy 
was used. The carbonized CoOF with 50 wt% of cobalt 
(as a metallic cobalt and oxides) at concentration 1 g L−1 
released up to 40 μg L−1, during first 48 h (Fig. 1f ). This 
is less than 1 wt%, proving that graphene layers protect 
cobalt particles from dissolution. Detailed physicochemi-
cal analysis of the pristine and carbonized material was 
presented previously [48, 50].

Adsorption kinetics, adsorption isotherms, effect 
of temperature, and pH
The sorption kinetics was conducted to elucidate the 
mechanism that controls the dye sorption process. It is 
well known that the process parameters played an imper-
ative role in the adsorption processes by the influence on 
the physicochemical nature of the adsorbate–adsorbent, 
and in a consequence through the control in the removal 
rate. Therefore, the interpretation of sorption kinetics 
data in terms of various process parameters including 
pH, temperature, and initial dye concentration provides 
valuable insights of the sorption mechanism.

Acid Red 18 adsorption experiments were performed 
with initial dye concentrations ranging between 10 and 
25 mg L−1 at pH of 7 at 20  °C. Acid Red 18 adsorption 
increased from 23.5 mg L−1 to 41 mg L−1 along with the 
increase in dye concentration (Fig. 2a). There was a rapid 
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increase in the adsorption capacity for the first 10 min of 
contact for all concentrations which then proceeded in 
a slower rate, until it reached the equilibrium point. The 
time needed to reach the equilibrium point was reduced 
after the increase of the dye concentration. The highest 
correlation coefficients were observed for the pseudo-
second-order kinetic model. The correlation coefficient 

of intraparticle diffusion kinetic model (R2 ≤ 0.828) was 
lower than calculated pseudo-second-order kinetic 
model (see Additional file  1: Figure S1 and Table  S1). 
This suggested that the pseudo-second-order adsorption 
mechanism had been predominant [51].

The theoretical model proposed by Weber and Morris 
states that the adsorption process is controlled solely by 

Fig. 1 SEM images of CoOF (a) and carbonized CoOF before (b) and after (c) acid purification. X-ray diffraction spectra (d), TGA (e), and amount of 
released cobalt particles (f) from the carbonized and purified CoOF

Fig. 2 The effect of initial dye concentration (a) and pH (b) on the adsorption capacity of the AR18 onto carbonized CoOF and zeta potential 
changes
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the intraparticle diffusion if the regression of qt versus t0.5 
is linear and passes through the origin. Equation for the 
intraparticle diffusion calculation with plots (Additional 
file 1: Figure S3) is presented and described.

All equations used for the calculation of adsorption 
isotherms are provided Additional file  1. Both isotherm 
plots and data of the fitted models with correlation coef-
ficients R2 are given in Additional file  1: Figure S3 and 
Table S2. Obtained results indicated that the adsorption 
processes could be well fitted by the Langmuir isotherm 
model, and suggesting that maximum adsorption corre-
sponds to the formation of AR18 monolayer on CoOF. 
According to the Langmuir isotherm model, the energy 
of adsorption is constant and the adsorbate does not 
transmigrate to the surface.

The effect of temperature on equilibrium adsorption 
was examined to determine whether the process was 
endothermic or exothermic. The adsorption capacities 
of AR18 decreased with increase in the temperature. The 
calculated thermodynamic parameters and all equations 
used for the calculation of thermodynamic parameters 
are listed in Additional file 1: Table S3 and Figure S4.

The negative value of enthalpy (ΔH°) 
(− 105.23  kJ  mol−1) indicates that AR18 was adsorbed 
onto CoOF in the exothermic reaction [52]. Negative 
value of ΔS indicated a decrease in the degrees of free-
dom during the adsorption. Before adsorption molecules 
can move in three dimensions, although when they 
are being adsorbed on the surface, the motion of mole-
cules is restricted towards the surface and their entropy 
decreases. This phenomenon is characteristic for the 
adsorption by the metal–organic frameworks [53]. The 
positive Gibbs energy (ΔG°) values indicate that there is 
an energy barrier and the reaction should not occur or 
the opposite reaction could occur—desorption (slight 
decrees of absorption capacity after 60 min.). The calcu-
lated thermodynamic parameters are listed in Additional 
file 1: Table S3 and Figure S4). The pseudo-second-order 
model along with free Gibbs energy suggests that for the 
studied temperatures, physisorption took place.

The effect of pH has an important influence on the 
adsorption process. Therefore, the influence of pH of 
the solution on the adsorption of AR 18 onto CoOF was 
analyzed. The pH of the solutions were adjusted by addi-
tion of 0.1 M HCl or NaOH. As presented in Fig. 2, pH of 
solution alters the CoOF adsorption capacity. An adsorp-
tion capacity was decreased with increasing in pH. The 
adsorption capacity is the highest at pH < 5 and stabi-
lizes above this value. The analysis of the zeta potential 
of the absorbent allowed to determine the surface charge 
of CoOF. The surface charge decreases from the positive 
value to the negative with increase in pH, reaching zero 
net charge at pH = 6.5.

AR18, as the anionic dye, dissociates to sodium cati-
ons and sulphur anions in acid aqueous solution. Positive 
charges on CoOF surface (at pH below 6.5) enhance the 
adsorption of anionic dye through electrostatic interac-
tion. Figure  2 shows that zeta potential and adsorption 
capacity are correlated with each other.

The FT-IR spectra of the sample after dye adsorption 
in the pH range from 3 to 11 are presented in Additional 
file 1: Figure S5.

The adsorption on the carbon nanomaterials follows 
according to the possible interactions: the π–π interac-
tions, hydrogen-bonding, and Van der Waals interactions 
[54, 55]. The π–π interactions are dominant mechanism 
on the graphene nanostructures. The π–π interactions 
are also independent on the influence from environmen-
tal, like pH, ionic concentration, temperature, and the 
concentration [56, 57]. Adsorption capacities’ analysis in 
the pH 5 ranged from 5 to 11 is depending on the pH. 
Therefore, it suggests the physical adsorption through the 
π–π stacking or hydrophobic effects between CoOF and 
AR18 [58]. However, FT-IR of the sample measured at 
the lowest pH suggests the presence of chemical bonding 
between CoOF and AR18.

Reusability investigation of the carbonized CoOF
The reusability and stability of the adsorbents is an 
essential aspect in terms of their industrial applica-
tions. Therefore, carbonized CoOF were analyzed in 
the repeatable AR18 adsorption–desorption process 
efficiency. Furthermore, chemical/physical changes in 
the structure (content of cobalt particles, their crystal 
structure, and changes in the size of carbon flakes) were 
also investigated. Figure 3a, b shows SEM images of the 
CoOF before and after dye adsorption. This analysis indi-
cated that the adsorption of dye did not influence the 
morphology and the size of carbon flakes, as well as the 
size and distribution of cobalt nanoparticles on the car-
bon flakes. Figure 3c proves that the adsorption capacity 
was maintained in the second cycle (87% of the dye was 
adsorbed). During the third adsorption cycle, nanomate-
rial adsorbed up to 40% of the dye. Due to the chemisorp-
tion mechanism, CoOF showed strong binding capability 
to AR18, since the release of dye was detected after the 
third cycle of adsorption. The saturated CoOF released 
up to 16% of the adsorbed dye during the single adsorp-
tion cycle. The nanocomposite was sodium hydroxide 
treated to restore its adsorption efficiency [59]. This pro-
cess allowed observing 94% adsorption efficiency in the 
next cycle.

XRD analysis showed some differences in the CoOF 
chemical composition after the adsorption of AR18 
(Fig.  3d). It showed the transformation of cobalt (II) 
oxide to the mixture of cobalt (II) and (III) oxides. The 
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phenomenon was related to the oxidation of cobalt oxide 
in the aqueous solution, which was previously reported 
[60]. The oxidation of cobalt was caused by the water 
penetration into carbon layers [61], the physical disrup-
tion of carbon structure, or the extraction of cobalt spices 
on the surface of the carbonized CoOF.

Cytotoxicity on microbial models
MIC (minimal inhibitory concentration) observed for P. 
aeruginosa was 100 µg mL−1, whereas it was not obtained 
for S. aureus (compare respiration). The viability of cells 
(respiration) measured in  alamarBlue® assay confirmed 
results revealed in the OD measurements in the case of 
Gram-negative bacterium. Despite the reduction in OD 
in S. aureus culture with the highest concentration of car-
bonized CoOF, the relative metabolic activity remained 
comparable to the control sample. The results are shown 
in Fig. 4. In Additional file 1: Figures S8 and S9, the com-
parison of the carbonized CoOF before and after acid 
purification, presenting the influence of trapping cobalt 
particles between graphene layers, is provided.

Cell cytotoxicity
The WST-1 test results showed a strong concentration-
dependent cytotoxicity of free cobalt nanoparticles 
(Fig. 5). At the highest tested concentration (55 μg mL−1), 
cobalt nanoparticles decreased the viability of A375 cells 
to 9.28 ± 4.87%. The cobalt nanoparticles encapsulated 
inside the carbonized CoOF effectively prevented metal 
toxicity, even at the highest tested cobalt concentrations 
(55 μg mL−1). The carbonized CoOF caused slight cyto-
toxicity—the cell viability dropped to 79.04 ± 3.89%.

Waste reduction in the synthesis of CoOF by recycling 
organic substrates
To reduce the amount of waste from the synthesis of car-
bonized CoOF, DMF from the previously used experi-
ment was distilled. Furthermore, terephthalic acid was 
obtained from PET bottles.

SEM images of recycled CoOF show the same mor-
phology as the pristine CoOF [see Fig. 6a (pristine) and 
Fig.  6b (recycled)]. The structures received from both 
synthesis routes show characteristic shape and size of 

Fig. 3 SEM images of CoOF adsorbent (after purification) before adsorption (a) and after adsorption (b); the reusability of CoOF adsorbent (c); and 
XRD spectra of the CoOF before and after adsorption (d)
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cobalt based MOF—flat, hexagonal nanostructures. 
However, SEM image (Fig.  6c) shows that CoOF struc-
tures synthesized from the distilled DMF and recycled 
terephthalic acid exhibit smaller diameter in respect to 
the pristine material (the size distribution is provided 
in Additional file 1: Figure S6). The reported size of the 
CoOF from the recycled substrates was in the range of 
1–5 µm. The conclusions from microscopic observation 
were confirmed by the XRD analysis (Fig. 6d). The char-
acteristic peaks corresponding to the terephthalic acid 
can be noticed in both samples. In the sample synthe-
sized from the recycled substrates (DMF and terephthalic 
acid), some peaks from the unreacted terephthalic acid 
and PET can be observed.

The adsorption capacity of the structure obtained from 
recycled reagents was evaluated. The results are shown 
in Fig.  6d. Interestingly, the adsorptive capacity of this 
structure is very similar to the pristine one. Adsorption 

occurs a bit slower; however, the final concentration 
of the dye in the solution is nearly the same (pristine 
CoOF—2.6  mg  L−1, recycled CoOF—3.4  mg  L−1). The 
process for both samples proceeded according to the 
pseudo-second-order kinetic model (Additional file  1: 
Figure S10 and Table S4). Therefore, it is recognized that 
the material can be used in the adsorption process.

Discussion
Cobalt (in different compounds) is a well-known heavy 
metal causing cardiomyopathy [62], adverse pulmo-
nary effects [63], carcinogenicity [64], and neurotoxicity 
[65]. The available in  vitro data indicate that cobalt can 
induce cell death by apoptosis or necrosis [66], activa-
tion of caspases [67], and oxidative stress [68]. It should 
be pointed that mitochondria appear to be the main tar-
get of cobalt toxicity [69]. This nanomaterial can generate 
ROS (reactive oxygen species). It is already reported that 

Fig. 4 Optical density (OD) of cultures after 24 h of incubation with nanomaterials in comparison to the control sample and viability of cells in 
 alamarBlue® assay in relation to the control sample
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Gram-positive strain established a defence mechanism 
that can use ROS to upregulate cell’s metabolism [70]. 
This underlines the susceptibility of P. aeruginosa and 
possible resistance of S. aureus to studied nanostructure. 
Our findings suggest that apart from decolourization 
properties, such nanostructures could be used also as 
component reducing Gram-negative bacteria in the filter. 
Nonetheless, in the present study on A375 cell by means 
of WST-1 viability assay, which is based on the measure-
ment of mitochondrial activity, it is confirmed that car-
bon flakes prevent nanoCo toxicity. The encapsulation of 
toxic compounds in the protection layer is a promising 
strategy to obtain biocompatible and biologically use-
ful particles. For example, silica was successfully used as 
a shell to coat Fe-based [71] and Co/Co3O4-based [72] 
magnetic nanoparticles to reduce direct metal toxicities. 
Likewise, graphitic materials can be used as matrices for 
metals and metal oxides to improve their biocompatibil-
ity [73].

When the reusability of the adsorbents and the lack 
of potential cytotoxicity against living organisms are 
ensured, the essential aspect constitutes the industrial 
application of synthetized nanomaterials. The potential 
industrial synthesis of MOF structures depends on the 
cost, amount of the produced waste, and toxicity of the 
used substrates. Handling of toxic substrates and waste 

Fig. 5 The viability (% of the control) of A375 cells after exposure 
to different concentrations of carbonized CoOF and cobalt 
nanoparticles as reference sample (at equal concentrations to 
carbonized CoOF) measured by WST-1 assay; *P < 0.05 statistical 
significance compared with the control cells; #P < 0.05 statistical 
significance between cobalt nanoparticles as reference and cobalt 
contained in the carbonized CoOF

Fig. 6 SEM images of CoOF after synthesis from fresh (a) and recycled (b) substrates. XRD (c) of the pristine terephthalic acid and from hydrolysed 
PET bottles, and CoOF from pristine and recycled substrates. The effect of initial dye concentration on the adsorption capacity of the AR18 onto 
CoOF from pristine and recycled substrates (d)
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will generate additional cost related to the environmen-
tal and health safety. Highly toxic, corrosion substrates, 
and waste are used in the industry to produce materials, 
but due to environmental concerns industrial company 
search for eco-friendly substitute. DMF used for synthe-
size MOF structures is regarded as toxic for natural envi-
ronment and can cause birth defects in humans [74]. Non 
eco-friendly substitutes were reported and only potential 
reduction of the used DMF allows to minimize risk and 
synthesis/handling cost. As reported, to reuse of DMF, it 
should be separated from the unreacted substrates and 
obtained MOF by distillation. Second important sub-
strate used in CoOF synthesis is organic ligand—tere-
phthalic acid. As reported by Huang et al. [75] and Ren 
et al. [76], linker can be recovered from the PET waste, by 
hydrolysis and reused for synthesis of NTHU-2, NTHU-
3, MOF-5, MIL-53, MIL-101, and chromium-based 
MOF. The syntheses of MOF structures from the recy-
cled terephthalic acid were confirmed by Deleu et al. [77]. 
Reducing the DMF waste and recycling terephthalic acid 
from PET waste allow not only to decrease the amount 
of toxic waste but also show the potential for industrial 
applications.

Azo-dyes (e.g., Acid Red 18) are one of the synthetic 
dyes that are used in many industries. The treatment 
and disposal of dye-contaminated wastewater is one of 
the most serious environmental problems. Intermediate 
products of azo-dyes are toxic, mutagenic, and carcino-
genic to humans and aquatic life. For this reason, there 
are many reports about adsorption processes of this 
group of dyes. Table 1 lists the comparison of maximum 
monolayer adsorption capacity of AR 18 dye onto CoOF 
and other adsorbents. The maximum adsorption capacity 
Q0 was 44.26 mg g−1 onto CoOF. In accordance with state 
of art on Acid Red 18 adsorption, the highest maximum 

monolayer adsorption capacity was observed for chi-
tosan-based samples, 693  mg  g−1 [78] and 691  mg  g−1 
[79]. According to Wong et al., the adsorption of the acid 
dyes on the chitosan occurs through the electrostatic 
attraction between two counter ions: the amino groups 
of chitosan and sulphate groups of acid dye [80]. Similar 
conclusions on the nature of AR 18 adsorption mecha-
nism were reported by Shi Wang et al. [81]. As reported 
by Wong et al., the adsorption efficiency may mainly be 
attributed to the chemical structure and molecular size. 
Since larger dye ions, like AR 18, do not completely pen-
etrate the adsorbent pore and preferentially adsorb on 
the outer surface [78]. Similar conclusion on the dyes 
adsorption on chitin was reported by McKay et al. [82]. 
Since the summarized reports (Table  1) shows that the 
presence of amino groups promotes the electrostatic 
interactions between AR 18 and adsorbent; this explains 
the lower adsorption capacity of CoOF than chitosan. 
Although CoOF adsorption capacity does not reach the 
highest values compared to other materials, it has other 
advantages. Due to the fact that the material contains 
cobalt, it makes it magnetic and can be easily separated 
from the solution. On the other hand, it can be used for 
adsorption many times, as well as we proved that the 
material can be prepared from recycled organic sub-
strates. All these features promote CoOF.

In the last several years, the number of reports on 
application of the magnetic graphene and graphene oxide 
nanocomposites increased extensively. The significance 
of graphene-based nanocomposites constantly rises due 
to the numerous advantages and potential applications, 
and a variety of magnetic nanoparticles that can be used 
to adjust nanocomposites to be suitable in the environ-
mental protection. Throughout the twenty-first century, 
various hybrid nanostructures and nanocomposites 
of graphene with magnetic nanoparticles have been 
described. Metallic particles from the transition elements 
(e.g., Co [87]), metal oxides (e.g.,  Fe2O3 [88] and  Co3O4 
[89]), and different ferrites  MFe2O4 [90] are usually used 
as magnetic nanoparticles. Many of these structures 
found their application as adsorbates [83]. The common 
technology of graphene–magnetic particle nanocompos-
ite preparation is based on the chemical methods such 
as precipitation on the graphene surface from the pre-
cursor or chemical binding of the metallic/metal-oxide 
nanoparticles [91]. Second method reported by Hu et al. 
is based on the synthesis of graphene structures simulta-
neously with iron oxide particles, by thermal decomposi-
tion of glucose and Prussian blue [92]. A third alternative 
to obtain such hybrid nanocomposite is proposed in this 
study. Wide range of MOF structures give an opportunity 
to adjust the shape, structure, and chemical composition 
of the designed hybrid structures [93]. The carbonization 

Table 1 Comparison of  the  maximum monolayer 
adsorption capacity (Q0) of  AR 18 onto  CoOF with  others 
adsorbents reported in the literature

Adsorbent Q0 (mg g−1) Conditions 
(T) (°C)

References

Chitosan 693.2 25 [83]

Nanochitosan 243.92 25 [78]

Activated carbon 3.91 20 [84]

Chitosan/carbon nanotube 691.0 30 [30]

Activated charcoal 10.75 20 [79]

Chitosan-based semi-IPN 
hydrogel

358.42 25 [85]

Activated carbon 34.247 30 [86]

Carbonaceous nanomaterial 46.12 30 [87]

CoOF 44.26 20 This paper
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of the CoOF allows obtaining hybrid structures with 
metal nanoparticles encapsulated by carbon structure 
[48]. Simultaneous carbonization and formation of the 
metal particles allow to decrease the number of stages 
required to produce the materials. Most of the graphene/
cobalt hybrid are studied as electrodes for the catalytic 
removal of dyes. In all of these structures, cobalt nano-
particles are located on the surface of graphene and are 
used as an electrode. Co-graphene hybrid proposed by 
Fei et  al. showed higher catalytic efficiency in the deg-
radation of Orange II than the reference Co [94]. Simi-
lar application in the catalytic decomposition of phenol 
was reported for the  Co3O4—graphene hybrid [95]. 
As shown in Table  1, the maximum monolayer CoOF 
adsorption capacity is consistent with the literature data. 
In our study, we show that Acid Red 18 chemically inter-
acts in contrary to rhodamine B [50]. In this cationic dye, 
the physical interaction—by the hydrogen bonding—
was detected [50]. Therefore, the adsorbed Acid Red 19 
is attached stronger to the surface of the adsorbent and 
then rhodamine dye. Due to low surface area and not 
well-developed pore structure of CoOF, the amount of 
adsorbed dyes is not the highest one (in comparison to 
the reported data), but its magnetic behavior allows eas-
ier removal of the adsorbed dyes what is highly desired in 
practical applications.

Wang et al. reported not only an original hydrothermal 
reaction that resulted in the functionalization of oxidized 
graphite powder with cobalt nanoparticles of narrow size 
distribution, but also showed an efficient adsorption of 
Congo Red [96]. Furthermore, other proposed graphene–
cobalt hybrid structures were obtained in similar way, 
i.e., by placing metal/metal oxides on the surface of the 
graphene layers. In all of these studies, the cytotoxicity 
of cobalt nanoparticles has not been taken into account. 
The nanomaterials applied in the water treatment should 
perform the water purification without showing any tox-
icity to living organisms. Our studies showed that the 
encapsulation of cobalt nanoparticles not only prevented 
their negative influence on the biological models, but also 
protected them from the dissolution. Similar observa-
tion considering the protection of metal nanoparticles 
(from the metal reaction with the electrolyte) by the gra-
phene coating was previously reported by Jiang et al. [97]. 
Moreover, the comparable effect of the protection/sepa-
ration of metal [98] or other guest molecules (e.g., cyto-
static drugs) from the environment was reported [99].

The possibility to reduce the amount of toxic waste 
from the CoOF production is another advantage of the 
carbonized CoOFs in application as dye adsorbers. As 
it was described above, DMF can be easily recovered 
by its distillation and recycled. Other reports similarly 
show the adsorption efficiency, potential application, and 

reusability of graphene–cobalt structures, although they 
do not consider the negative aspects (e.g., toxic waste or 
gases emission), or energy consumption during the pro-
duction of materials. Current state of the art presents 
numerous methods of production of higher amount of 
the graphene–cobalt nanostructures. However, they still 
contain metal nanoparticles located on the surface of the 
graphene [53]. Such nanomaterials can pose a threat to 
health and the natural environment. The proposed route 
of CoOF synthesis provides a high-quality nanomate-
rial in the process that reduces the amount of waste and 
eliminates the toxicity of metal particles which are encap-
sulated between the carbon layers.

Conclusions
Flake-like structure with cobalt nanoparticles trapped 
between the carbon layers exhibits efficiency in the 
removal of Acid Red 18 (model anionic dye) that is used 
in the textile industry. The adsorption mechanism of ani-
onic dye can be described by the pseudo-second-order 
kinetics and Langmuir isotherm. The evaluated thermo-
dynamic parameters showed that the anionic dye adsorp-
tion was more favoured at lower temperatures and lower 
pH. AR18 shows limited tendency to be released after the 
adsorption. Furthermore, carbonized CoOF can be effi-
ciently reused in further adsorption studies. In the sec-
ond adsorption cycle, 87% of the dye was absorbed, while 
in the third 40%. After washing with sodium hydroxide, 
the material adsorbed again 94% of the dye again. Sand-
wich-like structure prevents cobalt nanoparticles to be 
released to the environment, where they could induce the 
toxicity. The material was tested on the selected human 
cells (A375) and reference micro-organisms (Gram-posi-
tive and Gram-negative). The location of the cobalt nano-
particles between the carbon flakes effectively limits their 
toxicity compared to the free metal nanoparticles. In 
addition, it was presented that CoOF can be synthesized 
from the recycled toxic DMF and terephthalic acid from 
the waste PET reducing the amounts of produced waste. 
The carbonized CoOF obtained from recycled substrates 
exhibits the same hexagonal shape with insignificantly 
smaller diameter and similar adsorption capacity.
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