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In this study, the adsorption of humic acid on cobalt based metal-organic framework 
(Co-MOF) was investigated. Co-MOF was synthesized via solvothermal technique and 
further characterized using X-ray diffraction (XRD), Fourier transform infrared spectros-
copy (FTIR), and scanning electron microscopy (SEM). The characterization results of 
material confirm the formation of MOF structure. The adsorption kinetics, isotherms, 
thermodynamics, as well as isosteric heat of adsorption were also investigated by obtain-
ing experimental adsorption data through batch experimentation. Optimum adsorption 
uptake of ~91 mg g–1 was attained at pH 6 and 305 K. Regression analysis of experimen-
tal results revealed that adsorption kinetics follows a pseudo-second-order kinetic model, 
and adsorption can reach equilibrium at ~20 min. Adsorption isotherm data can be well 
fitted with Koble Corrigan isotherm. Thermodynamic parameters demonstrated that the 
adsorption of humic acid is a spontaneous, endothermic, and physical process, while 
isosteric heat evaluations revealed the heterogeneous nature of the adsorbent. Overall, 
the Co-MOF was a promising choice to adsorb humic acid from water.
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Introduction

A natural organic matter (NOM) is a complex 
mixture that comprises humic, fulvic, amino acids, 
and humin-like substance. NOMs may exist in sur-
face and ground water resources, and their presence 
might be carcinogenic because of reaction of NOM 
and disinfectants. At high concentration in water, 
the chlorination of NOM-laden water can result in 
disinfection by products like trihalomethanes during 
the chlorination process. Other than the formation 
of disinfection byproducts, it augments microbial 
growth and ultimately increases the use of disin-
fectants and coagulants during water treatment 
 processes1. A primary component of NOM is a mac-
ro-molecular humic acid, which is typically identi-
fied through its brownish appearance in water. It 
mainly contains hydroxyl, carboxyl, phenolic, and 
carbonyl functional groups in its aliphatic and aro-
matic chains. Conventional treatment of a wastewa-

ter bearing humic acid may lead to the formation of 
harmful compounds like haloacetonitriles, haloketo-
nes, trichloroacetaldehyde, halo acetic acids (HAAs), 
and trihalomethanes (THMs) as disinfection by-
products through reaction with halogens. Hence, 
elimination of HA from water is of great importance 
from an environmental and health point of view2–4.

Several techniques like chemical coagulation5, 
membrane separation6, advanced oxidation7, adsorp-
tion8, and biochemical degradation9 have been prac-
ticed to eradicate humic acid from polluted water. 
Among these, adsorption could be considered as the 
best method because of its simplicity, lack of by-
products, and most importantly, low sensitivity to 
toxins. Thus, different classes of materials have 
been reported that can effectively treat wastewater 
polluted with humic acid. However, most conven-
tional materials such as zeolitic tuff10, fly ash11, chi-
tosan12, activated carbon13, rice husk ash14, and 
clay15 show limited adsorption capacities (i.e., less 
than 50 mg g–1). Therefore, it is required to develop 
an efficient adsorbent with high affinity for humic 
substances. Metal-organic frameworks (MOFs) is *Corresponding author: E-mail: hmzaheer@uet.edu.pk
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an innovative class of crystalline microporous ma-
terials that are available in one-, two-, and three- 
dimensional networks. In the development of MOFs, 
the choice of metal ion, ligand, synthesis route, and 
solvent has resulted in a variety of MOFs such  
as MIL, HKUST, IRMOF, UiO, Co-MOF, and 
ZIF16–18.

Cobalt-based MOFs are of great importance in 
many areas because of their size, redox ability of 
cobalt metal, and nature of metal-ligand bond in the 
structure. Murinzi et al. synthesized cobalt 2-6-pyr-
idine dicarboxylate MOF and demonstrated its suc-
cessful application in electrochemical sensing19. 
Weidong Fan et al. described the synthesis of 2D 
cobalt-based metal-organic framework (UCP-32) for 
removal of C3 light hydrocarbons from methane, 
and fuel gas purification. Results exhibit that  
UCP-32 has high adsorption uptake for H2 and 
higher affinity for CO2. Its narrow pore size allowed 
high separation selectivity for C3 against methane20. 
The adsorptive removal of Cr(IV) (69.4 mg g–1) and 
As(V) (71.4 mg g–1) from river and wastewater 
samples using Co-MOF has been reported by Azile 
Nqombolo et. al. Further, they found that the pre-
pared MOF showed good recyclability21. Different 
MOFs have been examined as propitious adsorbents 
for eradicating hazardous pollutants from waste-
water like heavy metal cations and anions, dyes, 
etc., by electrostatic/hydrophobic interactions,  
π-π stacking, hydrogen bonding, and acid-base in-
teractions22–27. However, the removal of humic acid 
(HA) onto MOFs has been rarely reported to date. 
Humic acid is a long chain molecule that contains 
various functional groups including –OH, –COOH, 
and these are present in anionic (i.e., HA–COO–) 
form in aqueous solution because of ionization3,28. 
The tendency of ionization of functional groups in 
HA suggests that the hydrogen bonding and electro-
static interactions may be proper approaches to at-
tain highest removal efficiency of humic acid from 
aqueous solution.

Thus, the focus of this study was the use of 
 cationic transition (redox active Co) metal and car-
boxylate linker in the synthesis of MOF that might 
exhibit strong positive charge surrounding the fra me-
 work besides active sites formed by functional 
groups29. To ascertain the research idea, cobalt-based 
MOF was produced through a surfactant-assisted 
solvothermal method using triethylamine (TEA) as 
a surfactant media. The synthesized MOF material 
was characterized through SEM, XRD, and FTIR, 
and its efficacy for treatment of humic acid-bearing 
water was tested by batch adsorption. Isothermal, 
dynamic, and thermodynamic analyses were also 
carried out to evaluate the adsorption performance 
of prepared cobalt-based MOF.

Materials and methods

Chemicals

Cobalt nitrate hexahydrate (Co(NO3)2∙6H2O, 
≥99 %), dimethylformamide (DMF, 99.8 %), triethyl-
 amine (TEA, ≥99 %), and humic acid were pur-
chased from Sigma Aldrich, United States. Dehy-
drated oxalic acid (99 %), hydrochloric acid (37 %), 
and sodium hydroxide (≥97 %) were obtained from 
Fisher Scientific, United States. In this study, all the 
chemicals were used without further purification, 
and distilled water was used in all the experiments.

Synthesis and characterization of  
cobalt-based MOF

Co-MOF was synthesized through solvother-
mal synthesis using the following steps. 
Co(NO3)2∙6H2O (0.70 g, 2.4 mmol), oxalic acid 
(0.21 g, 2.4 mmol) were dissolved in 30 mL of 
DMF solvent with mild stirring. TEA (0.24 g,  
2.4 mmol) was added to the solution and stirred for 
proper mixing. Homogeneous solution was placed 
in a preheated oven at 120 °C for 4 h. After cooling 
to room temperature, pink precipitates of MOF 
were separated through filtration, washed with 
methanol to remove the unreacted substances, and 
dried at 40 °C for 4 h. The material was named Co-
MOF. The dried Co-MOF material was examined 
for its morphology, crystal phases, and functional 
groups. Surface morphology was studied using 
scanning electron microscope (SU1510, Hitachi, Ja-
pan) at an accelerated voltage of 20 kV. To analyze 
the functional groups, Fourier transform infrared 
spectrometer (FTIR – 4100 type A, JASCO Inc.) 
was used to record the spectrum in the range of 450 
to 4000 cm–1 using KBr pellets. X-ray powder 
 diffraction patterns were recorded using Bruker 
(Germany) D8 Advance powder diffractometer to 
investigate the amorphous and crystalline structure 
of material. The analysis conditions were 20 kV 
voltage, 5 mA current, X-ray source of Cu Kα  
(λ = 1.54021 Å) operated in a 2θ range of 5° to 40° 
at a scan speed of 1° min–1. To study the surface 
charge characteristics of Co-MOF, point of zero 
charge (PZC) was determined. For this purpose, 
distilled water (50 mL each) with different initial 
pH ranging from 2 to 10 was placed in Erlenmeyer 
flasks. An amount of 25 mg Co-MOF was added in 
each flask and left overnight on stirrer to reach 
equilibrium at room temperature. The equilibrium 
solution pH was then measured and plotted against 
the initial solution pH to get PZC.

Adsorption experimentation

Batch adsorption experiments were performed 
to study the effect of different parameters such as 
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initial pH, contact time, concentration, and tempera-
ture on the removal of humic acid from water. Stock 
solution of humic acid (HA) was prepared by dis-
solving 1 g of humic acid in 62.5 mL NaOH solu-
tion (0.1 M) (added to promote the complete disso-
lution of HA), and further adding distilled water to 
obtain 1 L solution. Stock solution was diluted for 
further experimentation. All the adsorption experi-
ments were performed in a thermostatic shaker (150 
rpm) by placing Erlenmeyer flask of 250 mL con-
taining 50 mL HA solution and 25 mg Co-MOF. 
The initial solution pH (recorded using HI 8424, 
Hana Instruments, Italy) was adjusted using HCl or 
NaOH solution (0.1 M).

The effect of pH on the adsorption of HA was 
investigated by changing the initial pH of the HA 
solution from 2–10 at constant temperature of  
305 K, contact time of 100 min, and HA concentra-
tion of 50 ppm. To evaluate kinetics and the equilib-
rium time for adsorption of humic acid, contact 
time was varied from 0–100 min while keeping 
constant HA concentration (50 ppm), temperature 
(305 K), and pH (6). For isotherms and thermo-
dynamics studies, adsorption experiments were car-
ried out by changing the HA concentration from 5 
to 200 ppm at different temperatures (325 K, 305 K, 
295 K, and 285 K), constant pH 6, and contact time 
of 100 min. After completion of each adsorption ex-
periment, solution was filtered using Whatman fil-
ter paper No. 41. Initial and residual HA concentra-
tion was analyzed using UV-Vis spectrophotometer 
(Optima, SP-3000, Japan) by measuring the absorp-
tion at λmax = 321 nm, and then the absorbance was 
compared with calibration curve (Fig. 1) to reveal 
the respective concentration of solution.

Further, the uptake capacity ‘q’ (amount of HA 
adsorbed per unit mass of Co-MOF, mg g–1) was 
evaluated using equation (1):

 ( )0 fC C V
q

m
−

=  (1)

where C0 (mg g–1) and Cf  (mg g–1) are the HA initial 
and final concentrations, respectively, V (L) rep-
resents the volume of humic acid solution, and m 
(g) is the adsorbent dosage of Co-MOF. To study 
the effect of various adsortpion parameters and fur-
ther obtain insight into the adsorption process, ad-
sorption mechanism and thermodynamics parame-
ters, experimental adsoprtion data was fitted with 
different kinetics and isotherm models30–32. The rep-
resentative equations of different models are pro-
vided in Table 1.

Results and discussion

Characterization

The SEM image of synthesized Co-MOF shows 
well-groomed orthorhombic crystals as depicted 
from Fig. 2. The orthorhombic crystals of Co-MOF 
were further examined by XRD. Sharp diffraction 
peaks in the X-ray diffractograms at 7.2°, 12.4°, 
and 16.2° reflect the crystalline nature of MOF and 
respective planes of Co such as (011), (112), and 
(013). The intense peak at 7.2° confirms the synthe-
sis of Co-MOF (Fig. 3)33,34. Furthermore, FTIR 
analysis was performed to study surface functional 
groups. Fig. 4 shows the FTIR spectra of both oxal-
ic acid di-hydrate and Co-MOF. In spectrum of ox-
alic acid dihydrate, broad peak at 3466 cm–1 rep-
resents O–H stretching vibrations, while sharp peaks 
at 1638 cm–1 and 1475 cm–1 correspond to asym-
metrical and symmetrical stretching vibrations of 
C=O bond. The adsorption peaks between 3300 cm–1 
to 2500 cm–1 actually represent the O–H stretching 
of carboxylic acid dimers in both spectrums. Broad 
peak located at 3467 cm–1 in the Co-MOF represents 
O–H stretching vibrations. Absorption peaks at 
1634 cm–1 and 1475 cm–1 are assigned to asymmetric 
and symmetric stretching vibration of C=O in the 
oxalic acid. In both the spectrums, peaks at 1322 cm–1 
and 1375 cm–1 correspond to the bending vibrations 
of O–H, while the peaks at 1166 and 1156 cm–1 and 
the two bands at 1065 and 1030 cm–1 are assigned 
to C–O stretching of dicarboxylic acid, respectively. 
In the FTIR spectrum of oxalic acid, intensive peak 
at 790 cm–1 and intensive peak at 808 cm–1 appeared 
in the spectrum of Co-MOF, which may be assigned 
to out-of-plane bending motion of O–C=O func-
tional group. Peaks at 1322 cm–1 and 1372 cm–1 cor-
respond to the bending vibrations of C–O and O–H, 
respectively. Compared to FTIR spectrum of oxalic 

F i g .  1  – Calibration curve for determination of humic acid 
concentration
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Ta b l e  1  – Model expressions for kinetics, isotherm, and thermodynamics studies 

Model/Function name Expression Parameters/Description

Kinetics

Pseudo first order model ( ) ( ) 1ln lne t eq q q k t− = −  

qe (mg g–1), equilibrium adsorption uptake 
qt (mg g–1), instantaneous adsorption uptake 
k1 (min–1), pseudo first order rate constant 

Pseudo second order model 2

2

1 1
 

t e e

t
t

q k q q
= + k2 (g mg–1 min–1), pseudo second order rate constant

Isotherm

Two-parameter model   

Freundlich 
1

 Fn

e F eq K C=
Ce (mg L–1), equilibrium concentration 
KF [(mg g–1) (L mg)1/n], adsorption uptake constant 
nF, Freundlich parameter 

Dubinin-Radushkevich ( )2 expe DR DRq q k ε= −
qDR (mg g–1), theoretical adsorption uptake 
kD (mol2 kJ–2), DR isotherm constant 
ε, Polanyi potential

 
1

 
2

d

DR

E
k

= Ed (kJ mol–1), mean free energy per unit molecule of adsorbate

Three-parameter model  

Hill
H

H

H

n

s e

e n

H e

q C
q

K C
=

+

qe (mg g–1), maximum adsorption capacity 
KH (mg L–1), equilibrium isotherm constant 
nH, Hill binding interaction parameter 

Koble Corrigan
KC

KC

KC

KC

 
1

n

e
e n

e

A C
q

B C
=

+
AKC (L

n mg1–n g–1) and BKC (mg L–1), Koble Corrigan isotherm constants 
nKC, Koble Corrigan exponent 

Thermodynamics

Van’t Hoff equation lnG RT KD = −

ΔG° (kJ mol–1), Gibbs free energy change 
R (J mol–1 K–1), ideal gas constant 
T (K), absolute temperature  
K, distribution coefficient of adsorbent 

Sorption distribution constant   ad

e

C
K

C
= Cad (mg g–1), equilibrium concentration of adsorbate on adsorbent 

Ce (mg g–1), equilibrium concentration of adsorbate in the solution

 

o o1
ln   

H S
K

R T R

D D
= − +

o o o G H T S= −D D D

ΔH° (kJ mol–1), enthalpy change 
ΔS° (kJ mol–1 K–1), entropy change 

Clausius-Clapeyron equation
1

ln x
e

H
C C

R T

D
= − + 

 
 

∆Hx (kJ mol–1), isosteric heat of adsorption 
C, integration constant

Error function

Residual sum of square ( )2

,cal ,exp

1

RSS  
n

e e i
i

q q
=

= −∑
qe,exp (mg g–1), experimental adsorption uptake 
qe,cal (mg g–1), calculated adsorption uptake  
n, number of experimental data points 
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acid, an intensive peak at 808 cm–1 appeared in the 
spectrum of Co-MOF, which can be assigned to 
out-of-plane bending motion of O–C=O functional 
group and the presence of metal-oxygen bond. 
Small peak at low wavenumber range, i.e., 503 cm–1 
also confirmed the bending vibration of Co–O in 
Co-MOF35.

Effect of initial solution pH

The pH of pollutant solution is an important 
parameter, which not only affects the degree of dis-
sociation of adsorbate but also changes the surface 
properties of the adsorbents. The surface charge 
characteristics of Co-MOF are presented in Fig. 5 
as an inset graph. PZC is equivalent to ~ 7.4 corre-
sponding to which surface is considered as neutral. 
Co-MOF surface has net positive charge when the 
pH of aqueous environment is below 7.4; however, 
the sorbent surface becomes net negative charged 
above 7.4. Based on the PZC analysis, it is evident 
that the adsorption of negatively charged humic 
acid will be favored in acidic medium over Co-
MOF.

To establish the conclusion from PZC analysis, 
the effect of initial solution pH on the uptake of Co-
MOF is presented in Fig. 5. Uptake capacity of ad-
sorbent was different under different pH conditions. 
Despite negative surface of adsorbent under ex-
treme acidic conditions, i.e., between 2 to 3 pH, low 
uptake capacity can be observed from Fig. 5. It can 
be associated to formation of oxonium ions (H3O

+) 
in the solution, which decreases the dissociation of 
surface acidic functional groups (carboxylic and 
phenolic groups) present in HA. Therefore, electro-
static interactions between positively charged ad-

F i g .  2  – SEM image of Co-MOF

F i g .  3  – X-ray diffractogram of Co-MOF

F i g .  4  – FTIR spectra of Co-MOF and oxalic acid di-hydrate
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sorbent surface and HA moieties are lower, and it 
can be assumed that only weak forces like Van der 
Waals forces play their role in the uptake of pollut-
ant onto Co-MOF36. With the rise in initial solution 
pH, uptake of HA increased and attained a maxi-
mum value corresponding to pH 5, after which the 
uptake was not changing as rapidly as before until 
pH 7. HA contains weekly acidic, carboxylic, and 
phenolic functional groups, which have the tenden-
cy to ionize at mildly acidic or neutral pH. As a re-
sult, electrostatic interaction between HA and posi-
tively charged surface of Co-MOF increases the 
uptake. Further increase in initial solution pH from 
neutral to basic (above PZC 7.4) turned the adsor-
bent surface to negative, which led to a decline in 

HA adsorption onto Co-MOF due to repulsive forc-
es between sorbent and adsorbate. Additionally, in 
basic environment, HA is reported to exist in a fully 
dissociated form and arranged in a torus or ring-like 
structure, which makes it more hydrophilic and 
therefore less likely to adsorb on adsorbent sur-
face37.

Kinetics study

The results of the effect of contact time for the 
adsorption of HA over Co-MOF are presented in 
Fig. 6. It can be noticed that 90 % (~ 85 mg g–1) of 
HA is adsorbed in less than 10 minutes and be-
comes slower with time. However, there is no sig-
nificant change after an hour, which implies equi-
librium under imposed experimental conditions. 
Rapid adsorption of HA in a few minutes indicates 
abundantly available vacant sites and high affinity 
between HA moieties and MOF surface. The equi-
librium uptake of Co-MOF was observed to be  
89 mg g–1. The kinetic data was analyzed through 
adsorption controlled kinetic models, i.e., pseu-
do-first and second order kinetic models. These 
models consider that the formation of surface com-
plex would be the rate-determining step in the ad-
sorption process.

Table 2 summarizes the results of linear regres-
sion of kinetic data. Best fit model can be decided 
by comparing the values of some statistical param-
eters such as regression coefficients (R2), and resid-
ual sum of squares (RSS). From Table 2, results 
show that the pseudo-second-order model is superi-
or to first order kinetic model with high R2 and 
comparatively low RSS values. Additionally, there 
is an insignificant difference between calculated 
equilibrium adsorption capacity (qe,cal) and experi-
mental (qe,exp) uptake capacity for pseudo-second-or-

F i g .  5  – Effect of pH of solution on adsorption of humic acid 
(temperature 305 K, adsorbent dosage 25 mg, HA concentra-
tion 50 ppm); (Inset graph presents the determination of PZC 
of Co-MOF (temperature = 305 K, adsorbent dosage = 25 mg))

F i g .  6  – (a) Effect of contact time on adsorption of HA onto Co-MOF (pH = 6, adsorbent dosage = 25 mg, volume = 0.05 L, HA 
initial concentration = 50 mg L–1, temperature = 305 K) (b) pseudo-second-order plot with experimental data

(a) (b)
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der model. A graphical plot based on a pseudo-sec-
ond-order model can also be viewed in Fig. 6, 
which shows the goodness of fit kinetic data. It can 
be concluded that liquid film diffusion only plays 
its role in the adsorption of HA onto Co-MOF. The 
equilibrated uptake after few minutes may also be 
linked to depleting bulk concentration of pollutant 
during batch adsorption.

Adsorption isotherms

In batch adsorption, equilibrium is established 
between adsorbate in the solution phase with adsor-
bate onto Co-MOF surface at a constant tempera-
ture. Corresponding to each mentioned temperature 
in Fig. 7, the batch experiments were performed 
with different initial concentrations.

For a fixed isotherm, each data point corre-
sponds to equilibrium concentration that was 
achieved for different initial concentration of the 
pollutant. The isotherm results follow the type III 
isotherm, which suggest that adsorbate-adsorbate 
reaction supersedes the adsorbate-adsorbent interac-
tions. The HA uptake is low at low initial concen-
trations until surface coverage is sufficient, then the 
interactions of free and adsorbed species start to 

dominate the process38,39. Type III isotherm can be 
the result of the presence of large adsorbate mole-
cules, which are too large to access the micropores, 
and adsorption takes place on the surface and in ex-
tra-crystalline pores. The steepness of isotherms at 
higher temperature indicates that the probability of 
collisions among adsorbate moieties raises the ad-
sorption capacity. Furthermore, it can be concluded 
that HA uptake over Co-MOF is endothermic in na-
ture. Although the mechanism of adsorption of pol-
lutant from aqueous phase is complicated in nature, 
the correlation of experimental data with theoretical 
isotherm models provides a clue to key mechanism 
steps involved in the adsorption of HA. Two-param-
eter isotherm models, namely Freundlich and Dubi-
nin-Radushkevich, and three-parameter model, 
namely Hill and Koble-Corrigan, were used to fit 
the experimental data of adsorption (equations pro-
vided in Table 1).

Nonlinear regression of experimental data pro-
duced the isotherm results shown in Table 3. Freun-
dlich isotherm equation produces fairly high cor-
relation coefficient for all temperatures, indicating 
better agreement of this model equation with exper-
imental equilibrium adsorption data of HA onto Co-
MOF. KF varies from 3.44 to 0.37 when the experi-
mental temperature decreases from 325 K to 285 K. 
The parameter KF links with adsorption capacity, 
and its increase with temperature reveals endother-
mic nature of adsorption. At all temperatures, nF is 
less than one, indicating that bond energy decreases 
with surface density, i.e., heterogeneous nature of 
Co-MOF. R2 value for DR isotherm is too low to be 
considered for the description of mechanism of ad-
sorption of HA onto Co-MOF40. A three-parameter 
Hill’s isotherm model produces high correlation co-
efficient (R2) for all temperatures, but gives very 
high values of qmax. Apart from obtaining higher 
values of qmax from Hill isotherm, the change in up-

Ta b l e  2  – Pseudo first order and pseudo second order kinet-
ics model parameters for adsorption of HA using 
Co-MOF 

Parameters Pseudo first order 
model (1)

Pseudo second 
order model (2)

qe,exp (mg g–1) 89.72 89.72

qe,cal (mg g–1) 19.44 90.57

 rate constant 0.0652 0.0123

R2 0.582 0.999

RSS 2.7034 0.0001

F i g .  7  – (a) Experimental adsorption isotherms of humic acid adsorption onto Co-MOF (pH = 6, adsorbent dosage = 25 mg, vol-
ume = 0.05 L, HA initial concentration = 5–200 mg L–1, temperature = 285–325 K) (b) Comparison of experimental data with KC 
modeled curve
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take capacity is altogether reversed as compared to 
observed uptake of HA over Co-MOF. Based on the 
discrepancies in the results of regression of Hill iso-
therm equation, the model failed to describe well 
the adsorption results of HA. Table 3 shows that the 
Koble Corrigan isotherm is in good agreement with 
adsorption equilibrium experimental data of humic 
acid for all temperatures. nKC > 1 confirms the ap-
plicability of KC isotherm model, and increase in 
parameter AKC with temperature reveals that the ad-
sorption of humic acid onto Co-MOF is favorable at 
a higher temperature. Comparison of isotherm mod-
els shows that Koble Corrigan model is the best-fit-
ted model among all isotherms, and reveals that the 
surface of Co-MOF is heterogeneous. For greater 
visibility, the experimental data was also compared 
with KC model results through Fig. 7b, where it can 
be seen that both are in good agreement with each 
other.

Thermodynamic studies

Thermodynamic parameters provide an idea 
about the spontaneity and nature of adsorption pro-
cess. These parameters include Gibbs free energy 
ΔG° (kJ mol–1), change in enthalpy ΔH° (kJ mol–1), 
and entropy change ΔS° (kJ mol–1 K–1). The perti-
nent equations relating to all thermodynamic pa-

rameters are summarized in Table 1. The thermody-
namic equilibrium constant (KD = Cad  /Ce), ratio of 
equilibrium concentration of adsorbed HA onto Co-
MOF to the equilibrium concentration of HA in fil-
tered solution) was evaluated from experimental 
equilibrium data. The Van’t Hoff plot, i.e., ln KD vs 
1/T, in Fig. 8, produced the values of ΔS° and ΔH°; 
however, ΔG° was obtained from the equation pro-
vided in Table 1. The estimated values of thermody-
namic parameters for adsorption of HA onto Co-
MOF are listed in Table 4. The Gibbs free energy 
(ΔG°) is negative at all temperatures, indicating that 
the HA adsorption process is globally spontaneous 
and feasible. The negativity of ΔG° increases as 
with temperature, implying that the adsorption of 
humic acid is thermodynamically favorable at a 
higher temperature. Positive value of ΔH° at all 
concentrations confirms the endothermic character 
of HA adsorption.

The adsorption process is usually viewed as a 
combination of two steps: firstly, the desorption of 
pre-adsorbed water molecules on the surface of Co-
MOF, and secondly, the adsorption of HA species 
onto Co-MOF surface. In the adsorption process, 
HA may have to displace more than one water mol-
ecule, hence, resulting in positive values of change 
in enthalpy. ΔH° also helps to conclude whether the 

Ta b l e  3  – Parameters of isotherm models obtained from nonlinear regression for the adsorption of HA onto Co-MOF (pH = 6, 
adsorbent dosage = 25 mg, volume = 0.05 L, HA initial concentration = 5–200 mg L–1, temperature = 285–325 K) 

Isotherm models
Temperature

325 K 305 K 295 K 285 K

Freundlich KF [(mg g–1) (L mg)1/n] 3.445 1.844 1.906 0.374

 nF 0.579 0.598 0.703 0.568

 R2 0.989 0.969 0.962 0.960

Dubinin-Radushkevich qDR (mg g–1) 200 140 130 113

 kDR (mol2 kJ–2) 0.000003 0.000005 0.000006 0.00002

 Ed 0.408 0.316 0.288 0.158

 R2 0.890 0.759 0.746 0.904

Hill qSH (mg g–1) 3885 10116 1214 13178

 KH (mg L–1) 51.8 163.5 69.9 367.9

 nH 1.818 1.699 1.629 1.781

 R2 0.988 0.964 0.956 0.953

Koble Corrigan AKC (L
n mg1–n g–1) 2.970 1.756 1.201 0.358

 BKC (mg L–1) 0.001 0.000 0.001 0.000

 nKC 1.818 1.698 1.629 1.778

 R2 0.988 0.964 0.956 0.953
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adsorption mechanism is physical or chemical. If 
ΔH° is less than 80 kJ mol–1 then the adsorption can 
be considered as physisorption where the Van der 
Waal’s forces and electrostatic interactions play 
their role in the adsorption. However, the adsorption 
process follows the chemisorption mechanism if 
ΔH° is greater than 80 kJ mol–1 41. For HA adsorp-
tion over Co-MOF, ΔH° varied in the range of 24 to 
31 kJ mol–1, suggesting a physisorption process. 
Moreover, positive value of ΔS° revealed the affini-
ty of HA for Co-MOF, and suggested the random-
ness at solid/liquid interface, thereby indicating the 
structural variations in Co-MOF42,43. Overall ther-
modynamics parameters indicated the spontaneity, 
feasibility, as well as endothermicity of HA adsorp-
tion onto Co-MOF. In addition, isosteric heat of ad-
sorption (DHx) at a fixed surface coverage was cal-
culated using Clausius-Clapeyron equation 
mentioned in Table 1. The isosteres related to dif-
ferent equilibrium adsorption capacities of HA are 
presented in Fig. 9. The correlation coefficients ob-
tained through linear regression for each isostere 
and enthalpies of isosteres are given in Table 5. 
Isosteric heat of adsorption was found to be smaller 
than 80 kJ mol–1 confirming that the adsorption of 

humic acid onto MOF surface involves physical 
forces between adsorbate and MOF. Variations in 
(DHx) corresponding to uptake capacity of HA indi-
cated that Co-MOF has energetically heterogeneous 
surface. Results revealed that (DHx) increased with 
increase in surface coverage, probably due to the 
dominance of intermolecular interaction between 
adsorbed HA molecules. This behavior suggests the 
presence of possible strong lateral interaction of hu-
mic acid moieties when adsorbed on the surface of 
Co-MOF that already has adsorption sites of differ-
ent activities. Performance of the Co-MOF to ad-
sorb HA from aqueous phase was compared to oth-
er materials reported in the literature (Table 6). The 
comparison indicated reasonably good uptake of 
prepared Co-MOF.

Conclusion

Cobalt-based metal-organic framework (Co-
MOF) was successfully synthesized by solvother-
mal process, and the analysis of prepared material 
revealed orthorhombic crystal structure of MOF. 
Sharp diffraction peaks in the X-ray diffractogram 

F i g .  8  – Plot of ln(K) against 1/T for evaluation of thermody-
namic parameters (25 mg Co-MOF, temperature (K): 325, 305, 
295, and 285)

Ta b l e  4  – Thermodynamics parameters for humic acid adsorption onto Co-MOF 

HA concentration 
(mg L–1) ΔHo (kJ mol–1) ΔS° (kJ mol–1 K–1) 

ΔG° (kJ mol–1)

325 K 305 K 295 K  285 K

10 25.31±3.6 0.086±0.01 –2.778 –1.049 –0.185 0.680

50 31.10±0.7 0.113±0.002 –5.548 –3.292 –2.165 –1.037

100 23.39±1.0 0.09±0.003 –5.894 –4.092 –3.191 –2.290

150 24.75±0.7 0.095±0.002 –6.187 –4.284 –3.332 –2.380

200 24.73±1.4 0.097±0.005 –6.908 –4.961 –3.988 –3.014

F i g .  9  – Plot of ln(Ce) vs 1/T for the adsorption of HA  
on Co-MOF at constant surface coverage, qe = 10, 20, 40, 70, 
150 mg g–1



48 S. Naseem et al., Synthesis and Application of Cobalt-based Metal-organic Framework…, Chem. Biochem. Eng. Q., 36 (1) 39–50 (2022)

confirmed the crystal structure of MOF and Co–O 
bending vibrations observable in FTIR spectrum. 
The proposed route of using Co-MOF as a humic 
acid adsorbent in aqueous phase demonstrated pro-
mising results. Optimum adsorption uptake (mg g–1) 
of humic acid on Co-MOF was attained at pH 6. 
The adsorption uptake increased with a rise in ini-
tial concentration and temperature of the solution of 
humic acid. The adsorption of humic acid obeyed 
pseudo-second-order kinetic model. Adsorption iso-
therm studies revealed that the uptake of humic acid 
data was well described by Koble Corrigan iso-
therm model, and nature of adsorption was physical 
as demonstrated by DR isotherm model. The nega-
tive values of ΔG°, and positive values of ΔH° indi-

cated that the HA adsorption onto Co-MOF was 
spontaneous, endothermic, and physical in nature. 
Positive change in entropy (ΔS°) values revealed 
that the randomness increases at the adsorbate/solu-
tion interface. The isosteric heat of adsorption val-
ues confirmed that Co-MOF has heterogeneous sur-
face. Overall, the Co-MOF is a promising adsorbent 
for adsorption of humic acid from the aqueous phase.
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Ta b l e  5  – Isosteric enthalpies for adsorption of HA onto Co-MOF 

qe (mg g–1) ΔHx (kJ mol–1) R2

10 17.35±3.5 0.783

20 18.93±2.3 0.877

40 22.97±1.2 0.949

70 25.02±0.5 0.978

150 28.95±0.2 0.994

Ta b l e  6  – Comparison of adsorption capacity of Co-MOF with other reported adsorbents 

Adsorbent Studied conditions
Adsorption 

capacity 
(mg g–1)

Reference

Surfactant-modified chitosan/zeolite composites 
(SMCZ)

pH: 7, time: 60 min, temp: 303 K, HA: (0–60 ppm), 
adsorbent: 25 mg 164 [34]

Surfactant-modified zeolite time: 24 h, HA: (40–900 ppm), adsorbent: 200 mg 126 [8]

Physically and chemically treated bentonite-chitosan 
composite (TBCH)

pH: 4, time: 110 min, temp: 298 K, HA: (10–70 
ppm), adsorbent: 70 mg 91 [35]

Cobalt-based metal-organic framework (Co-MOF) pH: 6, time: 60 min, temp: 305 K, HA: 50 ppm, 
adsorbent: 25 mg 91 This study

Zeolitic Imidazole Framework-8 (ZIF-8) time: 120 min, temp: 293 K, HA: (10–80 ppm), 
adsorbent: 25 mg 72 [3]

Magnetic chitosan nanoparticle (MCNP) pH: 7, time: 60 min, temp: 298 K, HA (3–30 ppm), 
adsorbent: 100 mg 32.6 [12]

Zeolitic tuff time: 48 h, HA: (700–4000 ppm), temp: 303 K, 
adsorbent: 1000 mg

22
[36]

Acid-treated activated carbon time: 11 h, temp: 298 K, HA: (20 ppm),  
adsorbent: 25 mg 21.55 [13]

Montmorillonite nanoparticles pH: 3, time: 15 min, temp: 298 K, HA: (40 ppm), 
adsorbent: 100 mg 7 [1]

Chitosan-epichlorohydrin beads pH: 6, time: 60 min, temp: 300 K, HA: (10 ppm) 8 [37]

Fly ash pH: 7, temp: 303 K, HA: (10–100 ppm), adsorbent: 
50 mg 11 [38]

Amine-functional rice husk ash pH: 6, time: 1 h, temp: 298 K, HA: (10–60 ppm), 
adsorbent: 50 mg 8 [14]
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