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A B S T R A C T

The quest for biopolymeric-based heterogeneous catalysts is rapidly increasing owing to added intrinsic 
recompense. In this study, Chitosan-2, 6-pyridine dicarbamide (CPDC) ligand, and its metal ion complexes [M- 
CPDC] were synthesized by direct combination method. The characterization of the complexes by FTIR suggested 
that the amide coordinated with the metal ion through the carbonyl of the amide group. The SEM micrograph of 
[M-CPDC] showed discrete particles in contrast to the rough surface of CPDC which suggests coordination. The 
XRD diffractogram of chitosan, CPDC, and [M-CPDC] revealed semi-crystalline, amorphous, and crystalline 
respectively. The [M-CPDC] were applied as heterogeneous catalysts for the reduction of toxic organic pollutants, 
4-Nitrophenol to an environmentally friendly 4-Aminophenol. The synthesized catalysts lowered the activation 
energy (Ea) range of 0.84–1.30 kJmol− 1. However, [CPDC-Ni] showed the highest activity (Ea = 0.84 kJmol− 1). 
The synthesized catalysts displayed higher catalytic activities (reduction process within 60 s) than previously 
reported. The catalysts were reusable at least five times in the reduction of 4-Nitrophenol.

1. Introduction

Industrial discharge of effluent into the atmosphere, rivers, and seas 
is a global environmental problem. The majority of the constituents of 
these effluents are dangerous chemicals such as heavy metals and non- 
biodegradable organic pollutants which may have adverse effects on 
man, plants, and aquatic life [1,2]. 4-Nitrophenol (4NIP) is an example 
of an organic pollutant that largely exists in the environment owing to its 
application as raw material in several manufacturing industries such as 
dyes, pesticides, drugs, paper, insecticides, and fine chemicals, etc. [3]
and its high stability and solubility in water [4]. 4NIP is deadly and its 
acute inhalation or ingestion results in headaches, drowsiness, nausea, 
and cyanosis. It is a great menace to human health; it endangers the 
central nervous system, brain, livers, kidneys, and blood [5]. It also af
fects plants and aquatic life. It is listed among the top priorities haz
ardous materials by the United States Environmental Protection Agency 
[6]. Hence, detoxification of this chemical before discharging it becomes 

expedient.
Several methods have been designed for the detoxification of this 

chemical compound including photocatalytic degradation [7], micro
bial catabolism [8], biodegradation [9], and the Fenton process [10]. 
The above-mentioned approaches often give products that are equally or 
more toxic than 4NIP. From an environmental and industrial perspec
tive, the chemical reduction of 4NIP to 4-Aminophenol (4AMP) in the 
presence of sodium borohydride as a reducing agent remained an un
complicated method for the degradation of 4-NIP [11]. 4AMP which is 
the product of the reduction process is environmentally friendly, less 
toxic, and an important raw material in the anti-corrosion, beauty 
product, and pharmaceutical industry [12]. The reduction process is 
slow under ordinary conditions but can be accelerated in the presence of 
a catalyst [13,14].

Over the years, precious metal nanoparticles such as silver [15], gold 
[16], silver/palladium [17], silver/iron oxide [18], gold/palladium 
nanoalloy [19], Copper nanowires [20], and bismuth [21] have been 
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established as efficacious catalysts for the 4-NIP reduction. Unfortu
nately, these metals are costly, their separation and recovery are also 
difficult due to the homogeneous nature of the catalyst. In addition, the 
environmental impacts of nanoparticles cannot be underestimated. 
Studies have shown that nanoparticles can diffuse into organisms 
through inhalation and ingestion and translocate within their body to 
various organs and tissues and it might result in lung inflammation and 
heart problems [22].

Adsorption of homogeneous catalysts on inorganic or organic sup
ports to form heterogeneous catalysts has helped to get over the chal
lenges associated with their separation, recovery, reusability, and high 
cost [23]. A heterogeneous catalytic reaction is a phase separation re
action since the catalysts, reactants, and even the products exist in 
different phases [24]. However, the significance of support in hetero
geneous catalysis cannot be overemphasized. It improves the stability 
and strength of the metallic catalyst [25]. It also increases the surface 
area of the catalyst. Inorganic supports are often used as supports in 
heterogeneous catalysis [26]. Biopolymeric supports such as cellulose 
and chitosan (CTS) had great preference over inorganic supports due to 
their availability, inexpensive, low toxicity, low immunogenicity, 
biocompatibility, sustainability and biodegradability nature [27,28]. 
Interestingly, the reactive functional hydroxyl and amine groups in CTS 
confer on the biopolymer, a high sorption capacity for several metal ions 
that can bind by chemical or physical mode [29]. The presence of free 
amino groups in the chitosan moiety enables a variety of chemical 
modifications and substitution processes including carboxylation [30], 
acylation [31], Schiff’s base formation [32], and metal chelation [33]. 
The modification of chitosan improves its thermal, mechanical, and 
chemical stabilities. It also increases the internal surface area and 
thereby improves the catalytic activities of the modified chitosan [34].

Chitosan-based late transition metal complexes have been reported 
as efficient catalysts for several reactions [35]. Late transition metal 
complexes of CTS have been reported as efficient catalysts in polymer
ization [36], Knoevenagal reaction [37], oxidation of methanol [38], 
and hydrogenation of furfuran [39]. Thus, it is irremissible to design an 
efficient, stable, economical, and environmentally friendly heteroge
neous catalyst for the reduction of 4NIP. However, metal complexes of 
Copper [40], Cobalt [41], and Ni/Co bimetallic [42] from different li
gands have been reported as catalysts for the reduction of 4-NIP. The 
efficiency of metal complexes varied with the type of ligand [43]. To the 
best of our knowledge, CTS-based complexes are rarely reported as 
heterogeneous catalysts for 4-NIP reduction. In light of this, this study 
aimed at the synthesis of chitosan-2, 6-pyridineadorndicarbamide 
(CPDC) and investigation of the catalytic activities of its cobalt 
[Co-CPDC], nickel [Ni-CPDC], and copper complexes [Cu-CPDC] for 
reduction of 4-NIP. The results obtained are herein presented.

2. Experimental

2.1. Materials and instrumentation

Low molecular weight chitosan (CTS) from crab (75 % deacetylated) 
and 2, 6-pyridine dicarbonyl dichloride (PDC) (97 %) were purchased 
from Sigma Aldrich (Kyoto, Japan), anhydrous methanol (99.9 %) was 
purchased from sigma Aldrich (Germany). Glacial acetic acid, sodium 
hydroxide, cobalt(II) chloride hexahydrate, nickel(II) chloride hexahy
drate, copper (II) sulfate pentahydrate, sodium borohydride, and 4- 
Nitrophenol were of analytical grade procured from Honeywell 
Research Chemicals (Ibra Hadad Nigeria Limited, Lagos state. The 
Fourier Transform Infrared spectrophotometer (FTIR) spectra of the 
CTS, Chitosan-2,6-pyridine dicarbamide (CPDC) and its metal com
plexes [M-CPDC] where (M = Co2+, Ni2+, and Cu2+) were recorded on 
an Agilent Technology Cary 630 FTIR (Delhi, India) with 4 cm–1 reso
lution in the range of 4000–400 cm–1. The electronic absorption spectral 
studies were carried out using Shimadzu UV-1800 Double Beam 
UV–visible spectrophotometer (Kyoto, Japan) in the range of 

200–800 nm. Surface morphology and Energy Dispersive X-ray (EDX) of 
the synthesized products were studied with the use of a Carl Xeiss EVO 
LX10 Scanning Electron Microscope (SEM) (Oberkochen, Germany) 
with an accelerating voltage of 10 kV at liquid N2 temperature. Powder 
X-ray Diffraction (PXRD) of the Chitosan, CPDC, and [M-CPDC] dif
fractograms were obtained using ADX 2700 Angstrom Advanced X-ray 
diffractometer (Stoughton, USA) for phase identification.

2.2. Synthesis of chitosan-2, 6-pyridine carbamide and its metal 
complexes

CTS acylation was performed according to previous literature 
methods with slight alteration [44]. Practically, CTS (2.2 mmol) was 
added to 50 mL of 1 % acetic acid solution under magnetic stirring. The 
pH of the CTS solution was adjusted to 7.00–7.02 with 0.5 M NaOH. PDC 
(1.1 mmol) was further added to the CTS solution and the resulting 
product was stirred for 5 h when the color changed from milky gelati
nous to brown color. The product obtained was washed with methanol, 
cast into a petri dish, and air-dried for 24 h and a brown-colored film 
product was obtained (Scheme 1). Product yield was 86 %.

[Co-CPDC], [Ni-CPDC], and [Cu-CPDC] were synthesized by dis
solving CPDC (0.5 mmol) in 1 % acetic acid with continuous stirring at 
room temperature to ensure complete solubility. The stoichiometric 
amount of CoCl2, NiCl2.6H2O, and CuSO4.5H2O respectively (0.5 mmol) 
was dissolved in methanol and added dropwise to the CPDC solution. 
The reaction was refluxed for 4 h to form a viscous solution. The prod
ucts were rinsed with methanol to remove unreacted metallic salt and 
thereafter freeze-dried to obtain the solid products (Scheme 2). The 
observed color and percentage yields of the products [M-CPDC] after 
freeze drying are M = Cu2+, (Green, 85 %), Ni2+ (Light Green, 77 %), 
and Co2+ (Purple, 78 %).

2.3. Evaluation of catalytic activities of [CPDC-M] complexes

The catalytic activities of [M-CPDC] complexes for 4-NIP reduction 
using sodium borohydride (NaBH4) as a reducing agent were evaluated. 
At the start, freshly prepared NaBH4 solution (0.5 mL) was added to the 
aqueous solution of 4-NIP which changed from light yellow to deep 
yellow. Thereafter, [Cu-CPDC] (5 mg) was added as a heterogeneous 
catalyst to the reaction medium, after which the solution turned color
less. A spectrophotometer was set between the wavelength of 200 nm 

Scheme 1. Synthesis of chitosan-2,6-pyridinedicarbamide (CPDC).
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and 600 nm to monitor the progress of the reduction at room tempera
ture. The reduction process was repeated using [Co-CPDC] and [Ni- 
CPDC] as catalysts.

3. Results and discussions

3.1. UV–visible analysis

The UV-Visible spectra of CPDC and [M-CPDC] complexes are shown 
in Fig. 1. It has previously been established that chitosan does give rise 
to UV–Vis absorption due to the absence of chromophoric species in its 
skeletal framework, thus no peak is expected in the range of 
300–800 nm [36,38]. The UV-Visible spectrum of CPDC shows absorp
tion bands at 270 and 329 nm which could be assigned to π→π* tran
sition of (C––C) available in the pyridine ring and (C––O) n→π* 
transitions respectively [44]. However, these absorption bands differ in 
wavelength and intensities in the [M-CPDC] spectra. The spectrum of 
[Ni-CPDC] showed a hypsochromic shift around 315 nm which can be 
attributed to the interaction between the metal ion and CPDC. More
over, the spectra of [Cu-CPDC] and [Co-CPDC] show 340 and 350 nm 
transition bands at a longer wavelength (red shift). These intra-ligand 
charge transfers (ILCT) and ligand-to-metal charge transfer (LMCT) 
transitions could plausibly be due to the coordination of amide oxygen 
to the metal ions [26].

3.2. Infra-red (FTIR) analysis of CPDC and its metal complexes

The FTIR analysis was used to show the functional group present in 
the prepared compounds and their interactions (Fig. 2). Typically, the 
infra-red spectrum of chitosan shows a broad peak at 3400 – 3500 cm− 1 

which could be due to the overlapping stretching of OH/NH bond which 
appears through the link of chitosan with PDC. The peak is observed in 
chitosan and stretched in CPDC, Co-CPDC, and Ni-CPDC when the ligand 
donates electrons to the central atom while disappearing in Cu-CPDC 
due to back donation resulting from saturation of electrons in the d- 
orbital of Cu [45]. It also revealed the bands at 1655, 1589, and 
1375 cm− 1 often assigned to the stretching vibration of amide I, II, and 

Scheme 2. Synthesis of chitosan-2,6-pyridine dicarbamide metal complexes 
[M-CPDC] (M = Cu2+, Ni2+ and Co2+).

Fig. 1. UV-Vis. spectra of (a) CPDC (b) [Co-CPDC] (c) [Ni-CPDC] and (d) [Cu-CPDC] complexes.
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III ѵ (C––O, N-H, and C-N) respectively [46]. Expectedly, in the acylated 
product, these bands shifted to 1678, 1576, and 1387 cm− 1, suggesting a 
new bond formation [47]. However, it is worthy of note that if the 
biopolymer were fully acylated, the assigned ѵ(N-H) band would 
disappear completely [48]. Furthermore, the vibrational frequencies 
assigned to ѵ(C––O) bond stretch shifted in the complexes to 1618, 
1608, and 1629 cm− 1 for [Co-CPDC], [Ni-CPDC], and [Cu-CPDC] 
respectively. This observation is quite suggestive of the coordination 
of the metal ions with the carbonyl group which is known to be a strong 
π-donor. Also, new bands were observed in all the metal complexes 
around 400–500 cm− 1 assigned to ѵ(M-O) stretch, further suggesting 
complex formation [49].

3.3. Powder X-ray diffraction (PXRD)

The crystallinity of the biohybrid ligand as well as the complexes was 
characterized with PXRD (Fig. 3). Initially, chitosan displayed a char
acteristic peak at 2θ = 20.38◦, which suggests its semi-crystalline nature 
as previously reported [50]. However, the diffractogram of (CPDC) 
displayed a series of weak peaks which are much wider and weaker than 
that of chitosan with 2θ and hkl values respectively at 20.85◦ (111), 
23.96◦ (201), 27.68◦ (104), 29.45◦ (203), and 30.37◦ (210). These 
correspond to the formation of chaoite with a hexagonal crystal facet 
according to the Joint Committee on Powder Diffraction Standards 
(JCPDS) card No. 22–1069.

Furthermore, upon complexation, different series of peaks with 
varying intensities were obtained with sharp crystalline patterns, which 
differ considerably from that of the CPDC, portending the coordination 
of the metal ions with the functional units along the polymer chain [51]. 
For instance, [Co-CPDC], displayed very weak peaks giving rise to 2θ 
and hkl values of 19.00◦ (111), 31.27◦ (220), 44.80◦ (400), 49.08◦

(331), 65.23◦ (440), and 68.23◦ (531) respectively, corresponding to the 
cubic crystal of cobalt oxide according to JCPDS card No. 43–1003. 
Similarly, [Cu-CPDC] revealed multiple peaks with 2θ= 11.94◦, 14.71◦, 
17.49◦, 20.29◦, 24.11◦, 28.04◦, 31.69◦, 32.58◦, 39.30◦, 40.37◦, 42.88◦, 
45.31◦, 47.63◦, 50.38◦, 51.47◦, 52.07◦, 54.58◦, 57.84◦, 69.03◦, and 
69.18◦ corresponding to (110), (020), (120), (210), (130), (001), 
(20− 1), (21− 1), (221), (32− 1), (231), (41− 1), (350), (43− 1), (401), 
(411), (450), (540), (232), and (081) hkl values. These values corre
sponded well with the monoclinic crystals of malachite 
(Cu2(OH)2(CO3)) with JCPDS card No. 99–0074. Moreover, 2θ peaks 
and hkl values respectively captured at 27.59◦ (101), 31.93◦ (002), 
56.78◦ (202), and 66.76◦ (004) were obtained for [Ni-CPDC] and cor
responded with Nickel oxide hexagonal crystals of JCPDS card No. 
14–0481.

3.4. Scanning electron microscopy (SEM)

The surface morphology of CPDC, [Co-CPDC], [Ni-CPDC], and [Cu- 
CPDC] complexes were characterized using SEM as displayed in 
Fig. 4a–d. The different micrographs gave a clear perception of the 
morphological interaction between the biohybrid ligand and the tran
sition metals. Previously, the SEM micrograph of pure chitosan showed a 
smooth surface with some straps validating a high degree of chitin 
deacetylation [52]. Conversely, CPDC showed a fiber-like surface. 
However, the micrographs of the complexes showed different mor
phologies of rough surfaces. [Co-CPDC] displayed a rough surface with 
heterogeneous particles. In addition, [Ni-CPDC] revealed a coarse sur
face with different size ranges of the block materials, while that of 
[Cu-CPDC] revealed an aggregated heterogeneous particulate surface. 
These significant morphological changes also established that there is a 
coordination of the metal ions with the CPDC ligand. The demonstration 
of rough surfaces by the complexes gave support to the heterogeneous 
catalytic capabilities of these complexes.

3.5. Energy–dispersive X-ray spectroscopy (EDX) of the samples

The EDX spectra of CPDC, [Co-CPDC], [Ni-CPDC], and [Cu-CPDC] 
complexes are displayed in Fig. 5a–d. The EDX spectrum of CPDC 
showed the presence of carbon, nitrogen, and oxygen peaks which 
correspond to the elemental constituents of the ligand. Aside from the 
carbon, nitrogen, and oxygen peaks which were displayed on all the EDX 
spectra of the metal complexes, Co, Ni, and Cu peaks were also observed 
in their respective spectra. The appearance of some peaks of some ele
ments such as sulfur and chlorine might be due to the nature of the 
metallic salts used for complexation.

3.6. Heterogeneous catalytic reduction of 4-nitrophenol to 4-aminophenol

The catalytic performance of [M-CPDC] complexes was investigated 
through the reduction of 4-nitrophenol to 4-aminophenol as a model 
system with NaBH4 as a reducing agent. Noticeably, 4-nitrophenol with 
an initial light-yellow color was observed to show a peak around 320 nm 
[53,54]. When NaBH4 solution was added, a deep yellow color was 
observed with peak intensity shifted to 400 nm indicating the formation 
of 4-nitrophenolate ions as illustrated in Fig. 6a. It was observed that the 
reduction of nitrophenolate ions at 400 nm was unaffected when the 
process was left for 2 h in the absence of catalyst. When the new poly
meric complexes [M-CPDC] were introduced as a heterogeneous catalyst 
into the reacting medium, the peak intensity at 400 nm decreased 
gradually and a new peak intensity at 300 nm was also observed with 

Fig. 2. FTIR spectra of CPDC and its metal complexes.

Fig. 3. X-Ray Diffratogram of Chitosan, CPDC, and [M-CPDC].
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time in Fig. 6b. This observation signifies the formation of 4-aminophe
nol as explained in a previous study [55].

3.7. Kinetic analysis of 4-nitrophenol reduction

The heterogeneous catalytic reduction of 4-nitrophenol to 4-amino
phenol was analyzed kinetically by evaluating the effect of different 
reaction conditions on the reduction process. The effect of contact time, 
concentration of reactants (4-nitrophenol and NaBH4), and temperature 

were among the factors evaluated. In each of the analyses, a pseudo- 
first-order rate constant (k) was proposed because the concentration of 
NaBH4 was much higher in the reaction than that of 4-nitrophenol [56]. 
The rate constant was calculated from the slope of the pseudo-first-order 
equation expressed in Eq. 1. 

ln
(

At

AO

)

= − kt (1) 

The kinetics of the catalytic reduction of 4-nitrophenol to 4- 

Fig. 4. SEM micrographs of (a) CPDC (b) [Co-CPDC] (c) [Ni-CPDC] and (d) [Cu-CPDC] complexes.

Fig. 5. EDX spectra of (a) CPDC (b) [Co-CPDC] (c) [Ni-CPDC] and (d) [Cu-CPDC] complexes.
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aminophenol in the presence of [M-CPDC] were investigated when 
lnAt/A0against Time (s) were plotted and the value of rate constant (k) 
and activity constant (A) were deduced. The rate constants obtained 
were 0.0172 s− 1, 0.0165 s− 1, and 0.0127 s− 1 respectively for [Ni- 
CPDC], [Cu-CPDC], and [Co-CPDC]. For comparison purposes, the ac
tivity constants were calculated and the results obtained (Table 1) 
showed that [Ni-CPDC] had the highest activity (11.4667 s− 1g− 1) fol
lowed by [Cu-CPDC] (11.0000 s− 1g− 1) and [Co-CPDC] had the least 
activity (7.7333 s− 1g− 1). The activity constants of the new catalysts 
were compared with the literature as shown in Table 1, the results 
showed that these new systems had higher activity constants than those 
reported in the literature.

3.7.1. Monitoring of reaction progress at time intervals
The reaction progress was monitored at times of 0, 60, 120, 180, and 

240 s using [Ni-CPDC], [Cu-CPDC], and [Co-CPDC] as catalysts. The 
gradual decrease in intensity of the 400 nm peak was observed in the 
spectra until time taken for the total disappearance of the peak while a 
new peak was observed around 300 nm showing the formation of 4-ami
nophenol [59]. As illustrated in Fig. 7a–c, the observed time for the 
disappearance of the peak of 400 nm of 4-Nitrophenolate were 120, 60, 
and 90 s respectively in the presence of [Ni-CPDC], [Cu-CPDC] and 
[Co-CPDC] as a catalyst. The peak at 400 nm gave no change in the 
intensity even with a further increase in reaction time in the absence of 
the catalysts [55,57]. The observed changes in the UV absorption 

spectra during the catalytic process could be due to the effect of the 
NaBH4 used in the reaction which can affect the reactions at surfaces by 
competing with reactants and products for adsorption sites and solvating 
the adsorbed species [60].

3.7.2. Effect of reactant concentration
The effect of the concentration of reactants on the catalytic reduction 

process was investigated for clearer insight into the activity of the new 
catalytic systems. Pseudo-first-order kinetic model was adopted for the 
evaluation of the rate constant of the catalytic reaction [61] wherein, the 
concentration of NaBH4 is higher than the concentration of 4-nitrophe
nol. Fig. 8a–c showed the plots of ln (At/A0) versus time (sec.) with 
different concentrations of 4-nitrophenol using 1 M NaBH4 in the pres
ence of [Co-CPDC] [Cu-CPDC] and [Ni-CPDC] respectively.

The effect of varying concentrations of NaBH4 in the reduction re
actions was also displayed in Fig. 9a–c by evaluating the plot of 
ln(At/A0) versus Time (sec.) with different concentrations of NaBH4 
using 1.5 mM 4-nitrophenol in the presence of [Co-CPDC], [Cu-CPDC] 
and [Ni-CPDC] respectively. The rate constant (k) increases with an 
increase in the concentration of NaBH4. However, the rate constant 
decreases with an increase in the concentration of 4-nitrophenol. This is 
unexpected since increasing reactant concentration usually makes the 
reaction occur more rapidly. The unexpected phenomenon can be 
explained by the reaction mechanism. This is due to the higher 
adsorption affinity for 4-NIP by the catalyst compared to borohydride 
ions (BH4

- ) giving rise to fewer adsorption sites for BH4
- .

3.7.3. Effect of temperature and determination of activation energy
Temperature-dependent reduction reactions of 4-nitrophenol to 4- 

aminophenol were investigated in the presence of [Co-CPDC], [Cu- 
CPDC], and [Ni-CPDC] as catalysts. The plots of ln(At/A0) versus Time 
(sec.) at different temperatures were evaluated and the graph is dis
played in Fig. 10a–c. The reduction process increases with an increase in 
temperature in tandem with the established order. The activation energy 
for the catalytic reduction was obtained from the slope of the linear plot 
of lnk against 1/T as shown in Fig. 9 by using the Arrhenius equation.

The activation energy is one of the parameters that show the effi
ciency of the catalyst by lowering the activation energy of the reaction. 
The activation energy of the reaction is calculated for each of the re
action. These results were in the order of 0.8422 kJmol− 1, 0.9595 
kJmol− 1 and 1.1353 kJmol− 1 for [Ni-CPDC], [Cu-CPDC] and [Co-CPDC] 
respectively. Consequently, [Ni-CPDC] had the highest catalytic effi
ciency and [Co-CPDC] had the least efficiency towards reduction of 4- 
Nitrophenol. Incredibly, these calculated activation energies were 
much lower than most recently reported catalytic systems (99.4 [33]

Fig. 6. (a) UV-visible spectra of 4-nitrophenol and 4-nitrophenolate ion (b) UV-visible spectra showing reduction of 4NIP in the presence of [M-CPDC].

Table 1 
Comparison of rate constant (k) and activity constant (A) of [CPDC-M] catalyst 
systems with reported catalysts for 4-Nitrophenol reduction.

Catalysts Rate constant (k) 
(s− 1)

Activity constant (A) 
(s− 1g− 1)

Ref.

[Co-CPDC] 0.0116 7.7333 This 
work

[Cu-CPDC] 0.0165 11.000 This 
work

[Ni-CPDC] 0.0172 11.467 This 
work

Au@[C4C16Im]Br 0.00011 0.0055 [16]
Au/AC nanocatalyst 0.0042 - [57]
Cu-BDC 0.0151 0.302 [40]
CuO@C 0.006 0.120 [40]
CuxO@C− 400 0.0048 2.4 [55]
Cu/C porous 
composite

0.0267 119 [58]

Pt@Ag NP 0.0056 5.6 [6]
Au-Ag bimetallic NPs 0.010 ​ [4]
[Cu2(TDPH)4(QNX)] 0.0084 ​ [35]
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and 26.38 kJmol− 1 [57]). In effect, these new systems were more effi
cient than the majority of the recently reported catalysts (Table 2).

The thermodynamic parameters such as enthalpy change (ΔH), free 
energy change (ΔG), and entropy change (ΔS) were determined from the 
Erying equation (Eq. 2). 

lnk
/

T = ln
ka

T
+

ΔS
R

−
ΔH
R

(
1
T
) (2) 

Where ka is a Boltzman Constant
But, ΔG = ΔH − TΔS
The thermodynamics parameters are achieved by plotting 

lnk/T against1/T(SI.4) where the slope is − ΔH/R and the intercept is 
lnka/T+ ΔS/R [62].

3.8. Reusability studies of the catalysts

The reusability studies of [M-CPDC] catalysts were carried out based 
on the time taken to complete the reaction. Each of these catalysts (M=

Co, Ni, Cu) were recycled by centrifugation and decantation. After 
separation from the reaction medium, the catalysts were washed with 
distilled water and methanol respectively. Then, the recovered catalysts 
were air-dried and reused repeatedly five times for the reduction pro
cesses. The results obtained are displayed in Fig. 10d. It was observed 
that there was no significant change in the catalyst activities within five 
cycles. This observation further confirms the stability of the polymeric 
metal complexes. However, the little difference might be attributed to 
particle loss during the decantation process for re-use processes.

Fig. 7. Time-dependent UV-Visible absorption spectra for the reduction of 4-Nitrophenol with (a) [Co-CPDC] (b) [Cu-CPDC] (c) [Ni-CPDC].

Fig. 8. Effects of 4-NIP concentrations with time using (a) [Co-CPDC] (b) [Cu-CPDC] (c) [Ni-CPDC).

Fig. 9. Effects of NaBH4 concentrations with time using (a) [Co-CPDC] (b) [Cu-CPDC] (c) [Ni-CPDC] as catalysts respectively.
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4. Conclusion

This study depicts excellent functionalization of chitosan biopolymer 
with coordination extending 2,6-pyridinedicarbonyl dichloride ligand 
and corresponding metal ion complexes formation. These new systems 
functioned appropriately in the heterogeneous catalytic conversion of 4- 
nitrophenol to 4-aminophenol via the reduction process of NaBH4. These 
new bio-inspired metal complexes were compared with the previously 
reported systems at the nanometric scale in terms of catalytic reactivity. 
The synergic effect of the coordination extension afforded by the cross- 
linking ligand promoted the active metal centers for catalytic 

conversion. With very low activation energies and conversion time, 
these complexes acted as efficient heterogeneous catalyst systems.
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