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Synthesis, characterization, 
and regeneration 
of an inorganic–organic 
nanocomposite (Zno@biomass) 
and its application in the capture 
of cationic dye
Kovo G. Akpomie1,2* & Jeanet conradie1

Despite the efficiency of ZnO nanoparticle (NPs) composite adsorbents in the adsorption of various 
pollutants, there is presently no report on the combo of Znonps with biomass for adsorption. Besides, 
there is a dearth of information on the biosorption of celestine blue (ceB), a dye used in the nuclear 
and textile industry. in this study, biogenic-chemically mediated synthesis of a composite (Zno@Acp) 
was prepared by the impregnation of Znonps onto Ananas comosus waste (Acp) for the adsorption 
of ceB. the SeM, eDX, ftiR, XRD, Bet, and tGA characterizations showed the successful presence 
of Znonps on the biomass to form a nanocomposite. the uptake of ceB was enhanced by the 
incorporation of ZnONPs on ACP. A faster CEB adsorption onto ZnO@ACP (120 min) compared to ACP 
(160 min) was observed. The Langmuir  (R2 > 0.9898) and pseudo-second-order  (R2 > 0.9518) models 
were most appropriate in the description of the adsorption process. the impregnation of Znonps onto 
the biomass enhanced the spontaneity of the process and displayed endothermic characteristics. High 
CEB desorption of 81.3% from the dye loaded ZnO@ACP as well as efficient reusability showed the 
efficacy of the prepared nanocomposite for CEB adsorption.

The pollution of environmental water from industrial effluents contaminated with industrial by-products is on 
the rise. This is attributed to the rapid growth of industries, hence the increase in industrial activities across the 
globe. About 700,000 tons of over 100,000 commercial dyes are produced annually in industries, which makes 
dye the most common water  pollutant1. Most dyes are used in the textile and paper industries and are frequently 
encountered in the effluents subsequently released into the  environment2,3. These dyes present in the environ-
mental waters can be carcinogenic, mutagenic, and result in chronic illnesses in humans and aquatic  organisms3,4. 
Apart from that, they reflect or absorb light entering the water thus hindering the photosynthetic activity of 
aquatic  plants1. Therefore, the removal of dyes from wastewater is necessary to abate their harmful effects on 
the  ecosystem5,6. Most dye removal studies have focused on the removal of dyes such as methylene blue, congo 
red, malachite green, rhodamine B, methyl orange, methyl violet, reactive black, basic blue, acid yellow, brilliant 
green, and crystal  violet7,8. However, research on the removal of celestine blue (CEB) is rare despite the wide use 
of CEB in the nuclear and textile industries. Therefore, the removal of CEB from wastewater is important. Several 
techniques have been harnessed for the remediation of dye-polluted water, such as filtration, coagulation, oxida-
tion, precipitation, reduction, photocatalytic degradation, solvent extraction, and  adsorption9. The adsorption 
technique is the most efficient and adsorption on bio-waste (biosorption) is promising due to the simplicity, low 
cost, degradability, reusability, and  efficiency10. Hence, the use of several bio-waste for the biosorption of dyes 
has received much attention, but pineapple (Ananas comosus) peel waste (ACP) is seldom reported, despite its 
abundance and viable  potentials11.
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Meanwhile, recent researches have focused on the use of nanoparticles (NPs) for water treatment owing 
to their adsorption efficiency and potent catalytic  activities12,13. Much attention has been given to the use of 
magnetic NPs and the composites for water treatment when compared to other NPs, attributed to the easy of 
recovery of magnetic NPs from solution by magnetic  attraction14,15. However, the problem encountered in the 
recovery of other NPs from the treated water due to their small sizes has limited their application. Therefore, 
the impregnation of these NPs on a substrate (support) to form composites adsorbents to aid the recovery has 
become popular. Also, these composites adsorbents have better efficiency for water treatments due to the pres-
ence of various kinds of active sites for pollutant uptake, especially when composed of inorganic and organic 
 sites16. Furthermore, among nanocomposite adsorbents, zinc oxide (ZnO) NPs composites have been reported 
to be highly efficient for the treatment of dye polluted  water17–23. However, these hybrids are mainly a combo 
of ZnONPs with materials like activated carbon, graphene oxide, chitosan, graphene, polyaniline, and clay 
 minerals17,20,24–28. Despite the desirable characteristics of biosorbents mentioned, there is presently no report on 
the combination of ZnONPs with biomass for water treatment. This study, therefore, reports for the first time 
the synthesis of a ZnONP-biomass composite (ZnO@ACP) and its application for the adsorption of CEB. This 
research is also significant as it provides insights into the biosorption behavior of CEB on materials, which is pres-
ently not established. The thermodynamics, kinetics, and isotherm of the biosorption process were evaluated. In 
addition, the mechanism of CEB uptake, as well as the regeneration and reuse of the materials, was investigated.

Materials and methods
Reagents and materials used. The hydrochloric acid (HCl), nitric acid  (HNO3), sodium hydroxide 
(NaOH), zinc acetate hydrate (Zn(CH3COO)2), and celestine blue  (C17H18ClN3O4) were all obtained from 
Sigma-Aldrich. These chemicals were all analytical grade and were utilized in the experiments without any puri-
fication. The structural representation of celestine blue dye is shown in Scheme 1. The pineapple fruit (Ananas 
comosus) was obtained from Checkers mall, Mimosa, Nelson Mandela Drive, Bloemfontein, South Africa.

preparation of Zno-composite adsorbent. Manual removal of the peels of Ananas comosus was per-
formed using a kitchen knife. This was followed by washing with tap water to eradicate surface impurities. The 
peels were cut into smaller sizes to expose more surface for enhanced drying and sundried for 48 h. Thereafter, 
the peels were dried at 80 °C in an oven (Labcon model) for 24 h. The dried peels were pulverized into a fine 
powder with a laboratory pestle and mortar. To ensure the removal of water-soluble components, which could 
contaminate the water during the adsorption process, the sample was pretreated. Dilute acid treatment was car-
ried out by contacting the pulverized mass with 0.1 M  HNO3 in a beaker with constant stirring for 1 h. Thereaf-
ter, diluted with excess distilled water and decanted, the dilution was repeated until the pH was 7.0. The residue 
was dried at 70 °C for 24 h in an oven, pulverized, and sieved through the 100-µm mesh. The prepared Ananas 
comosus peel waste (ACP) was kept in a desiccator until use.

One-pot synthesis by incipient-wet impregnation technique was applied in the preparation of the ZnO-
biomass composite. The reducing action of the biogenic waste biomass in combination with chemical reduction 
was employed. This was carried out by adding 4.0 g of Zn(CH3COO)2 to 100 mL of distilled water in a beaker with 
vigorous stirring using a magnetic stirrer at 30 °C for 30 min. Thereafter, 10.0 g of pulverized Ananas comosus 
(without acid treatment) was added with continuous stirring for 15 min, after which 0.2 M NaOH solution was 
added dropwise until pH 11.0. The solution was stirred for 2 h, allowed to settle for 30 min, before centrifuging 
at 8000 rpm for 1 h. The obtained combo was washed repeatedly with distilled water until neutral pH and then 
centrifuged. The ZnONP biomass hybrid was dried at 80 °C for 24 h, pulverized using the mortar and pestle, 
sieved through a 100-µm screen, and designated as ZnO@ACP.

Materials characterization. The ACP and ZnO@ACP were characterized to determine the surface proper-
ties. The morphology and elemental composition were analyzed by the field emission scanning electron micros-
copy (SEM; Jeol JSM-7800F model) coupled with energy-dispersive X-ray spectroscopy (EDS; Oxford X-max 80 
 mm2). The pore properties and surface area  (SBET) were examined by the surface area analyzer (Micromeritics 
ASAP 2020 model) and results refined by MicroActive VI.01 software. The thermo-gravimetric analyzer (TGA; 
SDTA851e Mettler Toledo Model) with a 10 °C min−1 heating rate and 200 mL min−1 nitrogen flow rate analyzed 
the thermal stability. The pH drift method was used to determine the pH point of zero charged (pHpzc)11. The 
surface functionality was examined by the Fourier transform infrared spectrometer (FTIR; Brucker Model). 

Scheme 1.  Structure of celestine blue dye.
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X-ray diffraction (XRD) was determined using an X-ray diffractometer (Brucker Model) with Cu radiation of 
1.54 Å. Diffraction patterns were in the 2θ range of 10–80°, with a step size of 0.1° and 2 s counting time per step.

Adsorption of ceB. Exactly 0.1 g of CEB was dissolved in 1 L volumetric flask to obtain a stock solution of 
concentration 100 mg L−1. Serial dilution of the stock was employed to obtained concentrations of 10–50 mg L−1. 
The batch technique was used to evaluate the dependence of CEB adsorption, on contact time (10–180 min), pH 
(2.0–9.0), temperature (300–323 K), and CEB concentration (10–50 mg L−1). The solution pH was adjusted with 
0.1 M solution of HCl or NaOH. In a typical experiment, 0.05 g of the material was added to 10 mL of a given 
CEB solution, agitated for 5 min and left for a contact time of 180 min. Thereafter, the solution was centrifuged at 
8000 rpm for 30 min, analyzed for residual CEB concentration at the maximum wavelength of 644 nm (Supple-
mentary Fig. S1, supplementary material), using the UV spectrophotometer (Shimadzu UV-1800 model). The 
studied parameter was varied while keeping the others constant. The adsorption of CEB was performed at pH 
7.0, temperature 300 K, and dye concentration of 50 mg L−1. The adsorption capacity qe (mg g−1) and percentage 
removal were calculated from the mass balance and percentage equations,  respectively29.

where v (L) is the volume of solution, m (g) is the adsorbent weight, Co and Ce in mg L−1 are the initial and residual 
CEB concentrations, respectively.

Desorption and material reuse. The regeneration and reusability of the materials were evaluated by con-
tacting 0.25 g of the adsorbent with 10 mL of 50 mg L−1 CEB solution at pH 7.0, a contact time of 180 min and 
temperature of 300 K. Thereafter, the solution was centrifuged and the amount of CEB remaining was deter-
mined by the UV spectrophotometer. The CEB-loaded material was oven-dried at 70 °C for 30 min, after which 
it was mixed with 10 mL of 0.2 M HCl eluent, agitated for 5 min, and left for a contact time of 25 min at 300 K. 
The concentration of CEB in the desorbed acidic solution was analyzed after centrifugation. The desorption of 
CEB was evaluated from  equation30:

where  VD (L) is the volume of eluent used and  CD (mg L−1) represents the concentration of CEB in the acidic 
desorbed solution. The parameter,  qe (mg g−1) denotes the adsorption capacity of the material for CEB, m (g) 
represents the adsorbent’s mass. The regenerated adsorbents after oven drying at 80 °C for 30 min, was reused 
for CEB adsorption. Three cycles of adsorption–desorption experiments were carried out.

Statistics. The best fit kinetic or isotherm model describing adequately the adsorption data was obtained 
from the coefficient of determination  (R2), calculated from the statistical function of Origin 2019b software. The 
closer the  R2 value to one the best the model fit. The experimental responses were evaluated using descriptive 
statistics. Each experimental run was carried out in triplicate and the mean values computed. The figures were 
plotted using the origin 2019b software and the error bars in the figures represent the standard deviations where 
applicable.

Results and discussion
characterization of Acp and Zno@Acp. The characterization of ACP and ZnO@ACP is shown in 
Figs. 1, 2 and 3. The surface functional groups on the materials presented by the Fourier transform infrared spec-
tra is illustrated in Fig. 1a. The presence of functional groups such as OH, C=O, and C‒O was observed. Shifts 
in absorption bands of these functional groups after ZnONPs impregnation shows the fixing of the metallic NPs 
on these sites. The occurrence of significant surface functionality on the materials implies efficient potentials for 
CEB uptake from  solution10. The thermo-gravimetric analysis (TGA) of the adsorbents (Fig. 1b) showed higher 
thermal stability of ZnO@ACP compared to ACP. At 800 °C, ZnO@ACP retain almost half the initial weight of 
the material. This indicated that ZnONP loading enhanced the thermal stability of the biomass. The X-ray dif-
fraction (XRD) used to examine the crystal phases and crystallinity of the materials is shown in Fig. 1c. The ACP 
presented a diffraction pattern typical of biomaterials. The occurrence of several well-defined new diffractions 
for ZnO@ACP, at 31.6°, 34.2°, 36.1°, 47.3°, 56.4°, 62.7°, 66.1°, 67.9°, 69.1°, 73.4°, and 77.3°, corresponding to the 
hexagonal phase of ZnO lattice planes, clearly confirms successful incorporation of ZnONPs on ACP. These dif-
fractions are well-matched with the standard JCPDS card no. 36-145131. The average crystalline size of ZnONPs 
calculated from the Debye–Scherrer’s equation using the main characteristic peak at 26.1° was 31.4 nm. The 
presence of ZnONPs in the hybrid increased the pHpzc of the biomass (Fig. 1d), which implies optimum uptake 
of the cationic CEB is likely to be favored at higher pH values than the pHpzc. From the nitrogen-adsorption/
desorption isotherm and porosity analysis, the Brunauer–Emmett–Teller surface area  (SBET), pore volume, and 
pore diameter of ACP was 39.816  m2 g−1, 0.0245  cm3 g−1, and 1.184 nm, respectively. As shown in Fig. 2, ZnO@
ACP exhibited a Type III isotherm according to the IUPAC classification with  SBET of 10.564  m2 g−1, a pore-
volume of 0.0068  m2 g−1, and pore diameter of 1.761 nm. Despite the decrease in  SBET after the impregnation 
of ZnONPs, the increase in pore diameter could be beneficial for efficient dye  uptake32. The scanning electron 
microscopy (SEM) of ACP (Fig. 3a) and ZnO@ACP (Fig. 3b) clearly shows the presence of impregnated ZnONPs 
on the surface of the latter, which was absent on ACP. This was supported by the energy-dispersive X-ray (EDX) 
results (Supplementary Fig. S2, supplementary material), which shows the occurrence of Zn in ZnO@ACP, but 

(1)qe = [(Co−Ce)v]/m

(2)R(%) = [(Co−Ce)/Co]100

(3)%Desorption = 100[CDVD]/qem
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absent in ACP. The ZnONPs were agglomerated on the surface of ACP in the hybrid adsorbent with an average 
size of 35.7 nm (Supplementary Fig. S3, supplementary material). These characterizations indicate the successful 
synthesis of the ZnO-biomass nanocomposite.

Influencing parameters. Several factors such as solution temperature, pH, time, and dye concentration 
are known to influence significantly the uptake of dyes on  adsorbents33. The effect of solution pH on the uptake 
of CEB onto ACP and ZnO@ACP is shown in Fig. 4a. We observed an increase in CEB adsorption with an 
increase in pH. As predicted, based on the pHpzc, optimum CEB uptake occurred at pH values higher than 
the pHpzc of the materials. We maintained a pH of 7.0 in the adsorption to avoid cationic dye precipitation 
associated with higher pH  values9. ZnO@ACP exhibited a faster equilibrium uptake of 120 min for CEB when 
compared to 160 min for ACP when the contact time was varied (Fig. 4b). This implies that ZnONPs impregna-
tion increased the rate of adsorption. This faster rate is significant in reactor design application for the practi-
cal treatment of industrial effluent. The abundant adsorption sites on the materials accounted for the fast CEB 
uptake at the initial  stages34. These sites were saturated as time progresses leading to the equilibrium CEB uptake. 
The influence of CEB concentration on its uptake onto ACP and ZnO@ACP is presented in Fig. 4c. The trend 
of increase in adsorption capacity and a decrease in percentage removal of CEB with an increase in dye con-
centration was observed. The increase in adsorption capacity of the materials with CEB concentration is due to 

Figure 1.  The (a) Fourier transform infrared; (b) thermogravimetric analysis; (c) X-ray diffraction; (d) pH 
point of zero charge of ACP and ZnO@ACP.
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higher dye concentration enhancing better interaction and subsequent fixing on the active  sites35. On the other 
hand, the decrease in percentage uptake is attributed to the saturation of the sites on ACP and ZnO@ACP at 
higher CEB  concentration36. A similar pattern was obtained in the adsorption of cationic methylene blue dye 
onto mango leaf  powder37. Also, the higher temperature was found to favor the uptake of CEB on the materi-
als (Fig. 4d), which suggested an endothermic CEB  uptake9. The effect of material dosage on CEB adsorption 
is shown in Fig. 4e. As observed, with increasing dosage from 0.05 to 0.25 g, an increase in percentage uptake 
from 41.4 to 61.5% and from 51.6 to 70.2% was obtained for ACP and ZnO@ACP, respectively. This is due to the 
presence of more adsorption sites for CEB uptake with increasing  dosage38. However, there was no significant 
change in CEB adsorption on both adsorbents with a further increase in dosage from 0.15 to 0.25 g, which is 
attributed to aggregation of adsorption sites with excess  dosage39. On the other hand, we noticed a significant 
decrease in the adsorption capacity of the materials with an increase in dosage. This decrease has been associ-
ated with increasing adsorption sites resulting in less utilization due to aggregation of the sites as stated earlier. 
Hence, 0.05 g of the materials were selected for CEB adsorption, since maximum use of the adsorbent sites 
was exploited for CEB uptake. These trends obtained for CEB adsorption on the materials are similar to those 
reported by many researchers for cationic  dyes7,40–43. Interestingly, ZnO@ACP recorded higher adsorption than 

Figure 2.  The (a) nitrogen adsorption–desorption isotherm at 77 K and (b) pore analysis of ZnOACP.

Figure 3.  The Scanning electron microscopy of (a) ACP and (b) ZnO@ACP.
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Figure 4.  Effect of (a) solution pH  (Co = 50 mg L−1, dosage = 0.05 g, T = 300 K, t = 180 min) (b) contact time 
(pH = 7.0, dosage = 0.05 g,  Co = 50 mg L−1, T = 300 K), (c) dye concentration (pH = 7.0, dosage = 0.05 g, T = 300 K, 
t = 180 min), (d) temperature (pH = 7.0, dosage = 0.05 g, t = 180 min,  Co = 50 mg L−1) and (e) adsorbent dosage 
(pH = 7.0, T = 300 K, t = 180 min,  Co = 50 mg L−1) on the adsorption of celestine blue onto ACP and ZnO@ACP.
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ACP under variations of the experimental factors, which showed the efficacy of ZnONP in enhancing the uptake 
of the biomass for CEB.

Adsorption mechanism and materials regeneration. The mechanism of CEB uptake onto ACP and 
ZnO@ACP was evaluated from the kinetics, isotherm, and thermodynamic. The models’ descriptions are pre-
sented in the supplementary material. The isotherm of CEB adsorption on the materials was evaluated by Fre-
undlich and Langmuir models and the plots are shown in Fig. 5a,b. The Langmuir isotherm was more suitable 
in the adsorption of CEB on both materials than the Freundlich isotherm indicating a monolayer uptake of CEB 
on homogenous material surfaces. This implies that the impregnated ZnONPs were uniformly distributed on the 
hybrid. Table 1 shows that the maximum monolayer uptake of CEB on ACP (5.42 mg g−1) was slightly improved 
with ZnO@ACP (6.52 mg g−1). The Langmuir  RL value of 0.171–0.508 for ACP and 0.110–0.383 for ZnO@ACP 
as well as the Freundlich n values indicated an efficient affinity for  CEB44. The maximum adsorption capacity 
of ACP and ZnO@ACP for CEB was compared with other low costs, pineapple, and ZnONPs based adsorbents 
used for cationic dye adsorption as shown in Table 2. Although the uptake of CEB on the as-prepared adsorbents 
was higher than some low-cost adsorbents for cationic dyes, it was quite low compared to the pineapple and 
ZnONP based adsorbents. This suggests a low uptake of CEB relative to other cationic dyes. However, future 
researches on the adsorption of CEB on materials is needed to enable proper evaluation and to arrive at a more 
valid conclusion.

The kinetics of CEB uptake was evaluated by the pseudo-first order and pseudo-second-order rate equa-
tions, while the diffusion mechanism by the intraparticle diffusion model. The kinetic model plots are shown in 
Fig. 5c–e. It is obvious from the plots that the pseudo-first-order model was more appropriate at the initial stages 
of adsorption up to the equilibrium time after which the pseudo-second order was more fitted. However, based 
on the  R2 values, the pseudo-second-order kinetics presented the best fit in the overall adsorption of CEB on both 
ACP and ZnO@ACP than the pseudo-first-order model. This suggests the involvement of electrostatic interac-
tions between CEB molecules in solution and the surfaces of ACP and ZnO@ACP56. The involvement of the 
intraparticle-diffusion mechanism was found to be the dominant diffusion mechanism for CEB uptake. However, 
we observed the presence of intercept values, showing that the plot did not pass through the origin. The implica-
tion is that boundary layer diffusion was also involved in the overall removal process of CEB on the materials and 
that the uptake was not restricted solely to the intraparticle diffusion  mechanism39. The thermodynamic analysis 
showed that the uptake of CEB on ACP is non-spontaneous based on positive ∆Go values. Therefore, the initial 
agitation and high CEB concentration created a driving force for efficient interaction between CEB molecules 
and ACP. However, after the impregnation of ZnONPs on ACP, the uptake became spontaneous as indicated by 
negative Gibbs free energy changes at all temperatures, which is desirable (Table 1). An endothermic uptake of 
CEB on both materials was deduced based on positive ∆Ho values, which supported the increase in CEB adsorp-
tion with temperature observed in Fig. 4d. Physical adsorption of CEB on both materials was suggested, ascribed 
to the ∆Ho values in the range of 2.1–20.9 kJ mol−110. Similar results were reported for other cationic  dyes9,57.

The mechanism of CEB uptake on ACP and ZnO@ACP was evaluated from the FTIR spectra before and after 
adsorption, to ascertain the functional sites used in the removal process (Fig. 6). For ACP, band shifts in the OH, 
C=O, and C–O functionalities were observed, with the occurrence of new bands corresponding to the N–O and 
C=C groups of CEB. Besides, the absorptions were more intense due to the presence of CEB molecules, while 
there was no shift in the C–H absorption band. These observations prove that the mechanism of CEB adsorption 
on ACP is due to the H-bonding, Van der Waals, and electrostatic  interactions32. A similar deduction applies to 
the ZnO@ACP composite, except for the shift in the C–H bands suggesting additional hydrophobic interaction. 
The schematic representation of the mechanism of CEB uptake onto ACP and ZnO@ACP is shown in Fig. 6c. 
Furthermore, a viable material applied for pollutant removal apart from high uptake must be associated with 
good regeneration and  reusability58. This is to avoid the accumulation of excess pollutant-loaded materials in 
the environment after the treatment process. Thus, the regeneration and reuse of ACP and ZnO@ACP for CEB 
adsorption was evaluated as shown in Fig. 5f. High CEB desorption of 77.5% (ACP) and 81.3% (ZnO@ACP) 
from the dye-loaded material was achieved using 0.2 M HCl solution. This shows the efficient potentials, most 
especially for the composite material to be regenerated. Although there was a slight decrease in CEB adsorption 
after each successive cycle of reuse, the efficacy of the materials to be regenerated and reused for CEB adsorp-
tion was established. ZnO@ACP also displayed higher CEB uptake than the pristine ACP at the initial as well 
as the cycles of reuse, which shows the efficacy of ZnONPs in enhancing the biosorption of CEB from solution.

conclusions. The impregnation of ZnONPs onto biowaste (ACP) to form a hybrid (ZnO@ACP) was found 
to enhance the adsorption of celestine blue (CEB) at variations of pH, temperature, time, adsorbent dosage, 
and dye concentration. The SEM, EDX, and XRD analysis showed successful impregnation of 35.7 nm-sized 
ZnONPs on the hybrid. The presence of ZnONPS increased the thermal stability as well as the pH point of zero 
charge of the biosorbent. The dye uptake on both adsorbents was well explained by the Langmuir isotherm and 
pseudo-second-order kinetic models. The intraparticle diffusion mechanism was found to be the major mecha-
nism of dye removal, while thermodynamics revealed that the presence of ZnONPS enhanced the spontaneity 
for CEB adsorption. We found that ZnO@ACP exhibited a faster uptake of CEB when compared to the pris-
tine ACP. The hybrid also exhibited higher dye desorption from its loaded surface as well as higher adsorption 
over three cycles of regeneration and reuse. The adsorption behavior of CEB was similar to other cationic dyes 
reported in the literature. These results showed the viability of ZnO@ACP for CEB decontamination from waste-
water. In addition, we recommend that more studies should be conducted on the adsorption of CEB on various 
materials to provide sufficient insights into the adsorption behavior.
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Figure 5.  The (a–e) adsorption isotherm and kinetic modeling and (f) reusability of the materials for celestine 
blue adsorption.
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Table 1.  The isotherm, kinetic and thermodynamics for the adsorption of celestine blue.

Model Parameter ACP ZnO@ACP

Langmuir

KL (L mg−1) 0.097 0.161

qL (mg g−1) 5.42 6.52

R2 0.9899 0.9988

Freundlich

N 2.004 2.064

KF (L g−1) 0.79 1.22

R2 0.9788 0.9569

Pseudo-first-order

KI  (min−1) 0.0262 0.0350

qecal (mg g−1) 6.09 9.26

R2 0.8163 0.8588

Pseudo-second-order

K2 (g mg−1 min) 1.86 × 10–3 1.66 × 10–3

qecal (mg g−1) 6.07 7.78

R2 0.9519 0.9677

Intraparticle diffusion

Kd (mg g−1  min−1/2) 0.341 0.452

C -0.299 -0.272

R2 0.9557 0.9438

Thermodynamics

(300 K) ∆G° (kJ mol−1) 1.05 -0.139

(313 K) ∆G° (kJ mol−1) 0.480 -0.398

(323 K) ∆G° (kJ mol−1) 0.021 -0.626

∆H° (kJ mol−1) 14.49 6.17

∆S° (J molK−1) 44.79 21.03

Table 2.  Comparison of the maximum adsorption capacity of the as-prepared adsorbents for celestine blue 
with other adsorbents used in the adsorption of cationic dyes.

Adsorbent Cationic dye qe (mg g−1) References

Pineapple peel Crystal violet 158.73 45

Pineapple peel Methylene blue 97.09 46

Pineapple leave Crystal violet 72.39–78.23 47

Modified pineapple peel Methylene blue 52.6 48

Sugarcane bagasse Rhodamine B 44–51.3 49

Pineapple leaf activated carbon Methyl violet 31.24 50

Sugarcane bagasse Basic blue 9 25.3–28.0 49

Seaweed-ZnO-polyaniline composite Methylene blue 20.55 51

Magnetic pineapple leaf activated carbon Methyl violet 16.76 50

ZnO-chitosan composite Malachite green 11.0 52

ZnO hybrid beads Basic blue 41 1.0–8.0 53

ZnO@ACP Celestine blue 6.52 This study

ACP Celestine blue 5.42 This study

Neem sawdust Crystal violet 4.44 54

Poultry feathers Malachite green 3.55 52

Brewery spent grain Malachite green 2.55 52

Polylactide/spent grain Malachite green 1.48 52

ZnO nanoparticle Methylene blue 0.3428 55



10

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:14441  | https://doi.org/10.1038/s41598-020-71261-x

www.nature.com/scientificreports/

Received: 26 June 2020; Accepted: 13 August 2020

References
 1. Abdi, J., Vossoughi, M., Mahmoodi, N. M. & Alemzadeh, I. Synthesis of amine-modified zeolitic imidazolate framework-8, 

ultrasound-assisted dye removal and modeling. Ultrason. Sonochem. 39, 550–564 (2017).
 2. Abdi, J. et al. Assessment of competitive dye removal using a reliable method. J. Environ. Chem. Eng. 2, 1672–1683 (2014).
 3. Dawodu, F. A., Onuh, C. U., Akpomie, K. G. & Unuabonah, E. I. Synthesis of silver nanoparticle from Vigna unguiculata stem as 

adsorbent for malachite green in a batch system. SN Appl. Sci. 1, 1–10 (2019).
 4. Alhujaily, A., Yu, H., Zhang, X. & Ma, F. Adsorptive removal of anionic dyes from aqueous solutions using spent mushroom waste. 

Appl. Water Sci. 10, 183 (2020).
 5. Katheresan, V., Kansedo, J. & Lau, S. Y. Efficiency of various recent wastewater dye removal methods: A review. J. Environ. Chem. 

Eng. 6, 4676–4697 (2018).
 6. Ani, J. U. et al. Potentials of activated carbon produced from biomass materials for sequestration of dyes, heavy metals, and crude 

oil components from aqueous environment. Appl. Water Sci. 10, 1–11 (2020).
 7. Yagub, M. T., Sen, T. K., Afroze, S. & Ang, H. M. Dye and its removal from aqueous solution by adsorption: A review. Adv. Colloid 

Interface Sci. 209, 172–184 (2014).
 8. Afroze, S. & Sen, T. K. A review on heavy metal ions and dye adsorption from water by agricultural solid waste adsorbents. Water. 

Air. Soil Pollut. 229, 20 (2018).

Figure 6.  The FTIR spectra of (a) ACP and (b) ZnO@ACP before and after the adsorption of celestine blue, 
and (c) the schematic representation of the deduced adsorption mechanism.



11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:14441  | https://doi.org/10.1038/s41598-020-71261-x

www.nature.com/scientificreports/

 9. Akpomie, K. G. & Conradie, J. Banana peel as a biosorbent for the decontamination of water pollutants. A review. Environ. Chem. 
Lett. https ://doi.org/10.1007/s1031 1-020-00995 -x (2020).

 10. Akpomie, K. G. & Conradie, J. Advances in application of cotton-based adsorbents for heavy metals trapping, surface modifica-
tions and future perspectives. Ecotoxicol. Environ. Saf. 201, 110825 (2020).

 11. Shakya, A. & Agarwal, T. Removal of Cr(VI) from water using pineapple peel derived biochars: Adsorption potential and re-
usability assessment. J. Mol. Liq. 293, 111497 (2019).

 12. Karimi-Maleh, H. et al. Tuning of metal oxides photocatalytic performance using Ag nanoparticles integration. J. Mol. Liq. 314, 
113588 (2020).

 13. Abdi, J. & Abedini, H. MOF-based polymeric nanocomposite beads as an efficient adsorbent for wastewater treatment in batch 
and continuous systems: Modelling and experiment. Chem. Eng. J. 400, 125862 (2020).

 14. Abdi, J., Mahmoodi, N. M., Vossoughi, M. & Alemzadeh, I. Synthesis of magnetic metal-organic framework nanocomposite 
(ZIF-8@SiO2@MnFe2O4) as a novel adsorbent for selective dye removal from multicomponent systems. Microporous Mesoporous 
Mater. 273, 177–188 (2019).

 15. Mahmoodi, N. M. et al. Bio-based magnetic metal-organic framework nanocomposite: Ultrasound-assisted synthesis and pollutant 
(heavy metal and dye) removal from aqueous media. Appl. Surf. Sci. 480, 288–299 (2019).

 16. Abdi, J., Vossoughi, M., Mahmoodi, N. M. & Alemzadeh, I. Synthesis of metal-organic framework hybrid nanocomposites based 
on GO and CNT with high adsorption capacity for dye removal. Chem. Eng. J. 326, 1145–1158 (2017).

 17. Ahmad, S. Z. N. et al. Pb(II) removal and its adsorption from aqueous solution using zinc oxide/graphene oxide composite. Chem. 
Eng. Commun. 20, 1–15. https ://doi.org/10.1080/00986 445.2020.17159 57 (2020).

 18. Tran, T. V. H., Cao, T. H., Pham, T. N., Pham, T. T. & Le, M. C. Synergistic adsorption and photocatalytic activity under visible 
irradiation using Ag-ZnO/GO nanoparticles derived at low temperature. J. Chem. 2019, 1–13 (2019).

 19. Zhang, F., Chen, X., Wu, F. & Ji, Y. High adsorption capability and selectivity of ZnO nanoparticles for dye removal. Colloids Surf. 
A Physicochem. Eng. Asp. 509, 474–483 (2016).

 20. Cruz, G. J. F. et al. Composites of ZnO nanoparticles and biomass based activated carbon: Adsorption, photocatalytic and anti-
bacterial capacities. Water Sci. Technol. 2017, 492–508 (2018).

 21. Zhang, M., Chang, L., Zhao, Y. & Yu, Z. Fabrication of zinc oxide/polypyrrole nanocomposites for brilliant green removal from 
aqueous phase. Arab. J. Sci. Eng. 44, 111–121 (2019).

 22. Beura, R., Rajendran, S., Gracia Pinilla, M. A. & Thangadurai, P. Enhanced photo-induced catalytic activity of Cu ion doped 
ZnO–graphene ternary nanocomposite for degrading organic dyes. J. Water Process Eng. 32, 100966 (2019).

 23. Rajendran, S. et al.  Ce3+-ion-induced visible-light photocatalytic degradation and electrochemical activity of ZnO/CeO2 nano-
composite. Sci. Rep. 6, 31641 (2016).

 24. Sani, H. A., Ahmad, M. B. & Saleh, T. A. Synthesis of zinc oxide/talc nanocomposite for enhanced lead adsorption from aqueous 
solutions. RSC Adv. 6, 108819–108827 (2016).

 25. Salehi, R., Arami, M., Mahmoodi, N. M., Bahrami, H. & Khorramfar, S. Novel biocompatible composite (Chitosan–zinc oxide 
nanoparticle): Preparation, characterization and dye adsorption properties. Colloids Surf. B Biointerfaces 80, 86–93 (2010).

 26. Ghaedi, M., Ansari, A., Habibi, M. H. & Asghari, A. R. Removal of malachite green from aqueous solution by zinc oxide nanopar-
ticle loaded on activated carbon: Kinetics and isotherm study. J. Ind. Eng. Chem. 20, 17–28 (2014).

 27. Qin, J. et al. Two-dimensional porous sheet-like carbon-doped ZnO/g-C3N4 nanocomposite with high visible-light photocatalytic 
performance. Mater. Lett. 189, 156–159 (2017).

 28. Saravanan, R. et al. Conducting PANI stimulated ZnO system for visible light photocatalytic degradation of coloured dyes. J. Mol. 
Liq. 221, 1029–1033 (2016).

 29. Dawodu, M. O. & Akpomie, K. G. Evaluating the potential of a Nigerian soil as an adsorbent for tartrazine dye: Isotherm, kinetic 
and thermodynamic studies. Alex. Eng. J. 55, 3211–3218 (2016).

 30. Chukwuemeka-Okorie, H. O., Ekemezie, P. N., Akpomie, K. G. & Olikagu, C. S. Calcined corncob-kaolinite Combo as new sorbent 
for sequestration of toxic metal ions from polluted aqua media and desorption. Front. Chem. 6, 1–13 (2018).

 31. Kumar, R., Kumar, G. & Umar, A. ZnO nano-mushrooms for photocatalytic degradation of methyl orange. Mater. Lett. 97, 100–103 
(2013).

 32. Akpomie, K. G. & Conradie, J. Efficient synthesis of magnetic nanoparticle-Musa acuminata peel composite for the adsorption of 
anionic dye. Arab. J. Chem. https ://doi.org/10.1016/j.arabj c.2020.07.017 (2020).

 33. Rápó, E. et al. Adsorption of remazol brilliant violet-5R textile dye from aqueous solutions by using eggshell waste biosorbent. Sci. 
Rep. 10, 8385 (2020).

 34. Wong, S. et al. Effective removal of anionic textile dyes using adsorbent synthesized from coffee waste. Sci. Rep. 10, 2928 (2020).
 35. Li, Z., Sun, Y., Xing, J., Xing, Y. & Meng, A. One step synthesis of Co/Cr-codoped ZnO nanoparticle with superb adsorption 

properties for various anionic organic pollutants and its regeneration. J. Hazard. Mater. 352, 204–214 (2018).
 36. Rokni, S., Haji Seyed Mohammad Shirazi, R., Miralinaghi, M. & Moniri, E. Efficient adsorption of anionic dyes onto magnetic 

graphene oxide coated with polyethylenimine: Kinetic, isotherm, and thermodynamic studies. Res. Chem. Intermed. 46, 2247–2274 
(2020).

 37. Uddin, M. T., Rahman, M. A., Rukanuzzaman, M. & Islam, M. A. A potential low cost adsorbent for the removal of cationic dyes 
from aqueous solutions. Appl. Water Sci. 7, 2831–2842 (2017).

 38. Eze, S. I. et al. Antibiotic adsorption by acid enhanced Dialium guineense seed waste. Arab. J. Sci. Eng. https ://doi.org/10.1007/
s1336 9-020-04771 -5 (2020).

 39. Dawodu, F. A. & Akpomie, K. G. Simultaneous adsorption of Ni(II) and Mn(II) ions from aqueous solution unto a Nigerian 
kaolinite clay. J. Mater. Res. Technol. 3, 20 (2014).

 40. Kim, H. & Saito, N. One-pot synthesis of purple benzene-derived  MnO2-carbon hybrids and synergistic enhancement for the 
removal of cationic dyes. Sci. Rep. 8, 4342 (2018).

 41. Shabaan, O. A., Jahin, H. S. & Mohamed, G. G. Removal of anionic and cationic dyes from wastewater by adsorption using multiwall 
carbon nanotubes. Arab. J. Chem. 13, 4797–4810 (2020).

 42. Motejadded Emrooz, H. B., Maleki, M., Rashidi, A. & Shokouhimehr, M. Adsorption mechanism of a cationic dye on a biomass-
derived micro- and mesoporous carbon: Structural, kinetic, and equilibrium insight. Biomass Convers. Biorefinery https ://doi.
org/10.1007/s1339 9-019-00584 -1 (2020).

 43. Postai, D. L. & Rodrigues, C. A. Adsorption of cationic dyes using waste from fruits of Eugenia umbelliflora Berg (Myrtaceae). 
Arab. J. Sci. Eng. 43, 2425–2440 (2018).

 44. Ezekoye, O. M. et al. Biosorptive interaction of alkaline modified Dialium guineense seed powders with ciprofloxacin in contami-
nated solution: Central composite, kinetics, isotherm, thermodynamics, and desorption. Int. J. Phytoremed. 10, 1–10 (2020).

 45. Neupane, S., Ramesh, S. T., Gandhimathi, R. & Nidheesh, P. V. Pineapple leaf (Ananas comosus) powder as a biosorbent for the 
removal of crystal violet from aqueous solution. Desalin. Water Treat. 54, 2041–2054 (2015).

 46. Krishni, R. R., Foo, K. Y. & Hameed, B. H. Food cannery effluent, pineapple peel as an effective low-cost biosorbent for removing 
cationic dye from aqueous solutions. Desalin. Water Treat. 52, 6096–6103 (2014).

 47. Chakraborty, S., Chowdhury, S. & Saha, P. D. Insight into biosorption equilibrium, kinetics and thermodynamics of crystal violet 
onto Ananas comosus (pineapple) leaf powder. Appl. Water Sci. 2, 135–141 (2012).

https://doi.org/10.1007/s10311-020-00995-x
https://doi.org/10.1080/00986445.2020.1715957
https://doi.org/10.1016/j.arabjc.2020.07.017
https://doi.org/10.1007/s13369-020-04771-5
https://doi.org/10.1007/s13369-020-04771-5
https://doi.org/10.1007/s13399-019-00584-1
https://doi.org/10.1007/s13399-019-00584-1


12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:14441  | https://doi.org/10.1038/s41598-020-71261-x

www.nature.com/scientificreports/

 48. Kamaru, A. A., Sani, N. S. & Malek, N. A. N. N. Raw and surfactant-modified pineapple leaf as adsorbent for removal of methylene 
blue and methyl orange from aqueous solution. Desalin. Water Treat. 57, 18836–18850 (2016).

 49. Zhang, Z., O’Hara, I. M., Kent, G. A. & Doherty, W. O. S. Comparative study on adsorption of two cationic dyes by milled sugarcane 
bagasse. Ind. Crops Prod. 42, 41–49 (2013).

 50. Astuti, W., Sulistyaningsih, T., Kusumastuti, E., Thomas, G. Y. R. S. & Kusnadi, R. Y. Thermal conversion of pineapple crown leaf 
waste to magnetized activated carbon for dye removal. Bioresour. Technol. 287, 121426 (2019).

 51. Pandimurugan, R. & Thambidurai, S. Synthesis of seaweed-ZnO-PANI hybrid composite for adsorption of methylene blue dye. J. 
Environ. Chem. Eng. 4, 1332–1347 (2016).

 52. Muinde, V. M., Onyari, J. M., Wamalwa, B. & Wabomba, J. N. Adsorption of malachite green dye from aqueous solutions using 
mesoporous chitosan–zinc oxide composite material. Environ. Chem. Ecotoxicol. https ://doi.org/10.1016/j.encec o.2020.07.005 
(2020).

 53. ShokryHassan, H., Elkady, M. F., El-Shazly, A. H. & Bamufleh, H. S. Formulation of synthesized zinc oxide nanopowder into hybrid 
beads for dye separation. J. Nanomater. 2014, 1–14 (2014).

 54. Khattri, S. D. & Singh, M. K. Colour removal from synthetic dye wastewater using a bioadsorbent. Water. Air. Soil Pollut. 120, 
283–294 (2000).

 55. Prabha, N. & Vennila, M. Equilibrium and kinetic studies on adsorption of methylene blue dye by ZnO nanoparticles synthesized 
by hydrothermal method. J. Appl. Sci. Eng. Methodol. 2, 388–393 (2016).

 56. Wang, H. et al. Production of hierarchically porous carbon from natural biomass waste for efficient organic contaminants adsorp-
tion. J. Clean. Prod. 263, 121352 (2020).

 57. Vidovix, T. B., Quesada, H. B., Januário, E. F. D., Bergamasco, R. & Vieira, A. M. S. Green synthesis of copper oxide nanoparticles 
using Punica granatum leaf extract applied to the removal of methylene blue. Mater. Lett. 257, 126685 (2019).

 58. Gao, J. et al. A promising and cost-effective biochar adsorbent derived from jujube pit for the removal of Pb(II) from aqueous 
solution. Sci. Rep. 10, 7473 (2020).

Acknowledgements
The authors are grateful to the University of the Free State, South Africa for the postdoctoral support.

Author contributions
K.G.A. conceptualized, carried out the experiments, analyzed the data, and wrote the manuscript. J.C. supervised, 
read, and edited the manuscript.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-71261 -x.

Correspondence and requests for materials should be addressed to K.G.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1016/j.enceco.2020.07.005
https://doi.org/10.1038/s41598-020-71261-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synthesis, characterization, and regeneration of an inorganic–organic nanocomposite (ZnO@biomass) and its application in the capture of cationic dye
	Anchor 2
	Anchor 3
	Materials and methods
	Reagents and materials used. 
	Preparation of ZnO-composite adsorbent. 
	Materials characterization. 
	Adsorption of CEB. 
	Desorption and material reuse. 
	Statistics. 

	Results and discussion
	Characterization of ACP and ZnO@ACP. 
	Influencing parameters. 
	Adsorption mechanism and materials regeneration. 
	Conclusions. 

	References
	Acknowledgements


