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Abstract: The accelerating application of zinc oxide nanoparticles (ZnO-NPs) has called for attention 

to their potential environmental and human health risks. This work aimed to investigate the sorption 

efficiency of laboratory and commercial synthesized nanocrystalline zinc oxide onto raw coconut husk 

in a batch adsorption study. Characterization of samples was performed by employing spectroscopies 

techniques such as X-ray Diffraction Spectroscopy, Field Emission Scanning Electron Microscopy, 

Transmission Electron Spectroscopy, Fourier transform IR Spectroscopy, and Brunauer–Emmett–

Teller. A spherical shaped nanocrystalline ZnO with a mean crystallite and particle size of 14.7 nm and 

24 nm by XRD and TEM was synthesized as compared to the commercial ZnO-NPs of size < 50 nm. 

The maximum percentage removal of 88% (0.13 mg/g) and 90% (0.16 mg/g) for laboratory synthesized 

and commercial ZnO-NPs respectively was recorded at an optimum contact time of 80 minutes. The 

data also indicated 2.0 g sorbent mass and pH of 8 as the optimum conditions for maximum percentage 

removal of these nanoparticles. Both Langmuir and Freundlich models fitted best for laboratory 

synthesized ZnO-NPs with a maximum capacity of 0.797 mg/g, whereas Langmuir isotherm model 

alone with a maximum capacity of 0.710 mg/g fitted well for commercial ZnO-NPs. The n-value from 

the Freundlich model, as well as separation factor (RL) were greater than unity suggesting a favorable 

adsorption process. The study obeyed pseudo-second-order, which was exothermic with a high degree 

of freedom of sorbent-sorbate interaction. The results suggested that coconut husk is potentially scalable 

for removing ZnO-NPs from wastewater.  

Keywords: Zinc oxide nanoparticles; Adsorption studies; Raw coconut husk; Thermodynamic 

studies; Kinetic studies; Isotherm model. 
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1. Introduction 

In recent years, nanotechnology has seen significant growth of engineered 

nanomaterials (ZnO, TiO2, Ag, CeO2, SiO2) in its production [1]. These materials find their 

application in consumer products, food packaging, and food additives, pharmaceuticals, optical 
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and electrical devices, photodetectors, photocatalysts, an antifouling pigment in paints, and 

adsorbents for environmental remediation [2-8]. Through various simulated experiments, it 

was predicted that the emission concentration of Ti, Ag, and Zn nanoparticles in the 

environment were in the ranges of 10-8-10, 10-8-10-1, and 10-3-100, respectively [9]. 

Owing to zinc oxide nanoparticles (ZnO-NPs) wide bandgap of 3.37 eV at room 

temperature and the different morphologies they exhibit, they tend to be used in sunscreens and 

photocatalysts, due to their excellent absorption of UV radiation [10], antibacterial, anticancer, 

and antiviral agents due to the different structures they exhibit [11-19]. Despite the importance 

of these materials in their industrial applications, their potential risk to the environment and 

public health is another concern when they exceed their threshold concentrations [20-21]. The 

maximum permissible limit of zinc in drinking water is 2.0 mg/l, as suggested by the Malaysian 

Environmental Quality Act, 1974. 

However, various biological and chemical treatment techniques have been conducted 

on the removal of these metal ions and nano-sized particles such as chemical precipitation, ion-

exchange, reverse osmosis, electroflotation, ultrafiltration, or electrochemical deposition [22-

23]. Although these methods contributed tremendously in alleviating these pollutants from 

water, they are saddled with drawbacks or limitations. Some of these limitations include 

economic feasibility, less effective treatment of pollutants at lower concentrations, and the 

creation of a large amount of sludge after the process [24-27]. Meanwhile, adsorption has been 

universally accepted and demonstrated to be a favorable and feasible alternative for effective 

pollutant removal from wastewater and water [28]. This is due to its simplicity of design, 

flexibility in operation, and non-sensitivity to toxic substances due to the nature of the 

adsorbent used [29]. Industries quest for low-cost operations in water remediation has led to 

numerous studies to identify low cost and highly efficient sorbents derived from renewable 

lignocellulose biomass from agricultural by-products such as Pistachio Shell [30], Rubber Seed 

Shell [31], Moroccan attapulgite [32], Adulsa (Justicia adhatoda) Leaves powder [33], willow, 

paulownia, wheat straw and maize stalks [34], Canna generalis [35], coconut shell, Eucheuma 

spinosum, and walnut shell [36-38]. Lignocellulose biomass is known for its economic and 

environmentally friendly nature, its availability, renewability, and cost-effectiveness [39], 

which can be used in the raw state, carbonized, or chemically treated state [40-42] to enhance 

their removal efficiency towards pollutants as indicated by [40]. The high content of cellulose, 

lignin, and other polar functional groups of lignin such as alcohols, aldehydes, ketones, 

carboxylic, phenolic, and ether groups in lignocellulose biomass enhance the adsorbent binding 

ability of pollutants through different binding systems [43].  

It is against this backdrop that dry raw coconut husk (RCH) as sorbent material was 

used in a batch adsorption studies to determine the removal efficiency of two ZnO-NPs. One 

of the ZnO-NPs was synthesized through a solvothermal technique and characterized (L-ZnO-

NPs), whereas the other is a commercial ZnO-NPs purchased from suppliers (C-ZnO-NPs). 

Characterization of sorbents and sorbate, adsorption kinetics using pseudo-first, pseudo-second 

and intra-particle diffusion models, adsorption isotherm using Langmuir, Freundlich, and 

Temkin models as well as thermodynamics parameters were examined to identify the sorption 

mechanism of the two nanoparticles onto the sorbents. This study was carried out in Kota 

Samarahan in the Sarawak state of Malaysia from August 2019 to January 2020. 
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2. Materials and Methods 

 2.1. Materials.  

Chemicals employed in this work are of analytical reagent grade supplied by Sigma 

Aldrich, India, and VWR Amresco, US. The chemicals include Zinc chloride (ZnCl2), Nitric 

acid (HNO3), absolute ethanol, and sodium hydroxide (NaOH). All solutions used throughout 

the study were prepared using deionized water (DW).  

2.2. Sorbent collection and preparation. 

The coconut fruits (Fig. 1) were purchased from the Bandariyyah market, Kota 

Samarahan, in the Sarawak state of Malaysia. The dry husks obtained from dehusking the fruit 

were cleaned with tap water followed by air-dried for one week, and then oven-dried at a 

temperature of 80 0C for 6 hours to obtain dry biomass. The dry biomass was ground to a fine 

powder using a blender (FGR-350) and screened through Retsch Analysensieb sieve mesh of 

size 210 μm (DIN-ISO 3310/1) on a mechanical shaker (Endecotts EFL 2 mk3 Test Sieve 

Shaker). The sieved sample (RCH) was stored in zip-lock plastic bags to avoid moisture and 

fungal infection. Some physicochemical determinations were carried out on RCH sample, 

which is illustrated in Table 1. 

 
Figure 1. Coconut fruit dehusked and processed into powdered raw coconut husk sorbent (RCH). 

2.3. Laboratory synthesis of ZnO-NPs. 

The laboratory synthesis of L-ZnO-NPs sample was based on the solvothermal method 

reported by [44] with slight changes. An amount of 4.08 ± 0.1 g (0.01 mol) of ZnCl2 was 

dissolved in 50 mL of absolute ethanol in a 250 mL Schott bottle and heated to a temperature 

of 60 °C with constant stirring using electrical stirring hotplate (Favorit). Subsequently, 4.00 ± 

0.1 g (0.01 mol) of NaOH was also weighed and dissolved in 50 ml of absolute ethanol in 250 

ml Schott bottle under the same condition as the Zinc precursor. The NaOH solution was slowly 

drained dropwise from a burette into the ZnCl2 solution, maintaining the temperature at 60 °C 

with vigorous stirring for 60 minutes until a white precipitate was formed. The mixture was 

cooled at room temperature for 180 minutes before centrifuging with FLETA 5 Multi-Purpose 

Centrifuge at 4000 rpm for 30 minutes. The precipitate was filtered using 0.45 μm Whatman 

filter membrane, washed twice with acetone and then with deionized water, dried at room 

temperature, and finally ground in a powdery form for characterization.  

2.4. Sorbate preparation. 

Stock solutions of both L-ZnO-NPs and C-ZnO-NPs were prepared by dissolving 1.00 

±0.1 g each of the nanocrystalline powder of each sample in 10.0 ml of concentrated HNO3 

acid, sonicated using Ney ULTRAsonik (15 min; 20 KHz; 200 W/L) and a solution made up 

to 1000 mg/l using DW. Serial dilutions of 0.2-2.0 mg/l were prepared from the stock solution 
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and analyzed spectroscopically using Atomic Absorption Spectrometer (iCE 3000 Series AA, 

Thermo Scientific). Conductivity and pH of the solution were also determined by EUTECH 

COND 6+ and PHS-W Series Benchtop pH/mV Meter, respectively.  

2.5. Characterization of sorbent and sorbate. 

RCH and L-ZnO-NPs Infrared spectra were obtained in KBr disks from                                

400–4000 cm-1 using Thermo Nicolet iS10 Fourier transform IR spectrometer. The specific 

surface areas were determined from the adsorption-desorption nitrogen isotherms using a 

Quantachrome, US Autosorb iQ, version 2.01 apparatus. Samples were degassed at 175 0C for 

120 minutes prior to the analysis [45] in flowing N2 gas. The surface area was computed by 

applying the Brunauer–Emmett–Teller (BET) technique from the linear part of the nitrogen 

adsorption isotherm. Morphology of the RCH and L-ZnO-NPs were evaluated using Field 

Emission Scanning Electron Microscopy, FESEM (Carl Zeiss GeminiSEM 500) with an 

acceleration voltage of 10.0 kV, with a chamber pressure of 40 Pa and a working distance of 

11.6 mm. Also, Transmission Electron Microscopy analysis, TEM was carried out using TEM 

(JEOL 1230, Japan) with the sample loaded onto a Foamvar film Copper grid (FF300-Cu) 

before being observed. The elemental components of the samples were analyzed with Energy-

dispersive X-ray Spectroscopy, EDX (JEOL 6390LA, Japan). L-ZnO-NPs were further 

characterized using X-ray Diffraction, XRD, (Panalytical X’Pert Pro MPD PW3040/60) for its 

crystal structure and crystallite size. Diffraction patterns from the XRD analysis in Figure 3 

were obtained using X-ray diffractometer with Cu-Kα radiation of 40 kV and 30 mA with a 

step size of 0.017°. Sample preparation for FE-SEM, EDX, and FT-IR were carried out using 

the method outlined by [46-47].  

2.6. Batch adsorption study. 

ZnO-NPs sorption from solution onto RCH was examined in a batch mode as a function 

of the sorbent mass, contact time, pH, initial sorbate concentration, and temperature. Each 

study utilized 50 ml of known concentration of the sorbate solutions (L-ZnO-NPs and C-ZnO-

NPs) with 0.5 g of RCH added in a 250 ml covered Erlenmeyer flask at 30 ± 0.5 oC, and the 

mixture stirred on an electric hotplate magnetic stirrer (Fisherbrand) at 150 min-1 at a speed of 

450 rpm. Aliquots of the samples were taken during stirring at preset time intervals and filtered 

using 0.45 µm filter paper and analyzed spectroscopically using AAS. All experiments were 

conducted in duplicates and two controls (adsorbent + DW; and DW only) in order to estimate 

the amount of any Zn that might be present in the sorbent. The initial sorbate concentration in 

the test solution and the adsorbent dosage was varied to investigate their effect on the sorption 

kinetics. The pH impact was investigated over a pH range of 2-13, where adjustments were 

made using NaOH or HCl solution and a pH meter. The study also varied the temperature in a 

range of 298-343 K to determine the effect of the thermodynamic parameters. The quantity of 

sorption at time t, qt (mg/g), was computed by employing the equation: 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙(%) =
(𝐶𝑜 − 𝐶𝑒)

𝐶𝑜
⁄ × 100        (1) 

𝑞𝑒 = (𝐶𝑜 − 𝐶𝑒) ∙ 𝑉 𝑊⁄           (2) 

Where, Co and Ce (mg/L) represent the sorbate ions concentrations at initial, and equilibrium 

contact time, respectively, V represents the solution volume (L) and W is the mass of adsorbent 

used (g) and qe is the amount of sorbate adsorbed at equilibrium (mg/g).  
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2.7. Kinetic study.   

Sorption kinetics of both L-ZnO-NPs and C-ZnO-NPs onto RCH were determined 

using pseudo-first-order, pseudo-second-order, and intra-particle diffusion models were used. 

The equations for pseudo-first-order (Equ. 3), pseudo-second-order (Equ. 4) and intra-particle 

diffusion (Equ. 5) models are represented as follows;   

log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 − 𝑘1𝑡 2.303⁄      (3) 

Where; k1 (min-1) - rate constant of the pseudo-first-order sorption, qt (mg/g) - the amount of 

ZnO-NPs adsorbed by sorbent at time t (min) and qe (mg/g) - the amount of ZnO-NPs adsorbed 

at equilibrium. The fairly linear plots of log (qe –qt) versus t confirm the applicability of the 

above equation for ZnO-NPs onto sorbent. The value of k1 was calculated from the slope of 

this linear plot. 

𝑡 𝑞𝑡⁄ = 1 𝑘2𝑞𝑒
2⁄ + 𝑡 𝑞𝑒⁄      (4) 

Where; k2 (g/mg min-1) is rate constant. k2 and qe can be obtained from the intercept and slope 

of plotting of t/qt versus t.  

𝑞𝑡 = 𝑘𝑖𝑑√𝑡 + 𝐼       (5) 

Where, 𝑘𝑖𝑑 is intra-particle diffusion rate constant (mg/g min1/2), and I is the thickness of the 

boundary layer (mg/g).   

A linear relationship of Weber-Morris plot of 𝑞𝑡 versus √t satisfies the sorption process 

to be controlled by intra-particle diffusion only. Multi-linear plots signify more than two steps 

influencing the sorption process.   

2.8. Equilibrium study.   

The sorption equilibrium data obtained was analyzed using three isotherm models; 

Langmuir, Freundlich, and Temkin isotherms. Langmuir isotherm model assumes that a finite 

number of active sites are distributed homogeneously over the surface of the sorbent with the 

same affinity for adsorption. The equation is expressed as; 

1 𝑞𝑒⁄ = [1 𝑄𝑜𝐾⁄ ] 1 𝐶𝑒⁄ + 1 𝑄𝑜⁄        (6) 

Where, Ce – equilibrium concentration, mg/g, qe – amount absorbed at equilibrium, mg/g, Qo, 

and K – Langmuir constants relating to adsorption capacity and energy of adsorption, which 

was determined from the slope and intercept of the linear plot of 1/qe Vs. 1/Ce. The essential 

features of a Langmuir isotherm can be expressed in terms of a dimensionless constant 

separation factor RL that is used to predict the favorability or non-favorability of the sorption 

process. The separation factor, RL is defined by the equation: 

𝑅𝐿 = 1 1 + 𝐾𝐶𝑜⁄        (7) 

Where, Co – sorbate concentration, mg/l, K – Langmuir adsorption equilibrium constant, L/g. 

The isotherm is unfavorable when RL is greater than 1, the isotherm is linear when RL is equal 

to 1, the isotherm is favorable when RL is greater than 0 but less than 1, and the isotherm is 

irreversible when RL is equal to 0.  

Freundlich isotherm model assumes that, as the sorbate concentration increases, its 

concentration on the sorbent surface also increases, and correspondingly, the sorption energy 

exponentially decreases on completion of the sorption centers of the adsorbent. The equation 

relating to this model is: 

log 𝑞𝑒 = log 𝐾𝑓 +
1

𝑛
log 𝐶𝑒      (8) 
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Where, qe – amount adsorbed at equilibrium, mg/g, Ce – equilibrium concentration, mg/l, Kf, 

and n – Freundlich model constants. These constants can be obtained from the slope and 

intercept of the plot of log qe against log Ce. 

Temkin isotherm also assumes that the fall in the heat of sorption is linear rather than 

logarithmic, as implied in the Freundlich equation. The isotherm model relates the equation: 

𝑞𝑒 = 𝐵𝑇 𝐼𝑛 𝐴𝑇 + 𝐵𝑇 𝐼𝑛 𝐶𝑒      (9) 

Where, BT = (RT/bT), qe – amounts adsorbed at the equilibrium concentration, mg/g, Ce – 

amounts adsorbed at the equilibrium concentration, mg/l, T – absolute temperature, K, R – 

universal gas constant, 8.314 J/(mol⋅K). The constant bT is related to the heat of adsorption.  

2.9. Thermodynamic study. 

The thermodynamic concept assumes that in an isolated system, energy cannot be 

gained or lost, and the entropy change is the only driving force. In this study, both energy and 

entropy factors were considered to determine which process will occur spontaneously. 

Thermodynamic variables (∆𝐺𝑜, ∆𝐻𝑜𝑎𝑛𝑑 𝑇∆𝑆𝑜) were determined using the equation; 

∆𝐺𝑜 = −𝑅𝑇 𝐼𝑛 𝐾𝑐        (10) 

𝐾𝑐 =
𝑞𝑒

𝐶𝑒
⁄         (11) 

∆𝐺𝑜 = ∆𝐻𝑂 − 𝑇 ∆𝑆𝑜        (12) 

𝐼𝑛𝐾𝑐 = − ∆𝐺𝑜 𝑅𝑇⁄ = ∆𝑆𝑜 𝑅⁄ − ∆𝐻𝑜 𝑅𝑇⁄      (13) 

Where, R represents gas constant (8.314 J mol-1K-1), T represents temperature (K), ΔG° 

represent Gibbs free energy change, ΔH° represent enthalpy change, ΔS° is entropy change, 

and Kc is the distribution coefficient, qe and Ce represent the equilibrium ZnO-NPs 

concentration on RCH (mg/g) and in the solution (mg/l) respectively. 

ΔH° and ΔS° are determined from the slope and intercept of a linear vant’ Hoff plot of 

In (Kc) versus 1/T.  

3. Results and Discussion 

3.1. Physico-chemical parameters. 

Table 1. Physico-chemical characteristics of RCH and C-ZnO-NPs. 

Sample Characteristics Value Methodology 

RCH Bulk density (gcm-3) 0.43 ±1.07 International Science Congress Association 

(ISCA) 

Particle density (gcm-3) 0.61 ±1.92 Pycnometric method 

Moisture content (wt.%) 10.05 ±1.25 ASTM 2867-99 

Ash content (wt.%) 5.85 ±0.18 ASTM D2866-94 

% Extractives (wt.%) 9.89 ±1.19 ASTM D 1105-56 

α-Cellulose (wt.%) 44.31 ±0.88 ASTM D 1103-55T 

Lignin (wt.%) 42.58 ±0.53 ASTM D 1106-56 

C-ZnO-

NPs 

Particle size < 50 nm  

BET > 97%  

Surface area > 10.8 m2/g  

Density > 5.61 g/ml  

Dopant 6% Al  

3.2. Characterization. 

3.2.1. XRD analysis. 

Figure 2 shows the XRD pattern of L-ZnO-NPs prepared via solvothermal technique.  

The peaks observed at 2θ around 31.8, 34.7, 36.4, 47.8, 56.8, 63.0 and 68.0 corresponds to the 
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reflection from (010), (002), (011), (012), (110), (013), and (112) and are indexed to planes of 

hexagonal wurtzite structure of ZnO with ICSD Number (ICSD: 98000-9346) and PDF 

Number (Experimental and calculated powder diffraction data) of 36-1451 and 01-074-0534 

respectively. The broadened patterns depict the nanosize of the ZnO crystals [44,48-49]. The 

XRD diffraction patterns of the synthesized NPs were identified as being 100 % pure ZnO with 

the average crystallite size calculated using Scherer’s formula [50]; 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
         (14) 

𝛽 = √𝛽2𝐹𝑊𝐻𝑀 − 𝛽𝑜
2       (15) 

Where, K is shape factor = 0.89, β(FWHM) is the full-width half maximum of the diffraction 

peak, and βo is the correction factor for instrumental broadening (0.07o2θ). 

The mean crystallite size of the sample was found to be 14.7 ± 2.3 nm, which was 

similar to a study by [45] but with a flake-like morphology.   

 
Figure 2. XRD diffractogram of L-ZnO-NPs synthesized using ZnCl2 and NaOH. 

  

  
Figure 3. (a) FESEM (b) TEM images of L-ZnO-NPs (c) FESEM (d) TEM images of C-ZnO-NPs. 

 

a b 

c d 
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3.2.2. FESEM and TEM analysis. 

The FESEM and TEM images of L-ZnO-NPs are represented in Figure 3 (a & b), 

respectively. The morphology of the synthesized sample (L-ZnO-NPs) revealed spherical 

shaped structures with agglomeration/aggregation of the particles. The average particle size 

recorded by the FESEM and TEM is 36.0 nm and 24.0 nm, respectively. Similar morphology 

was obtained when zinc acetate as a precursor in Triethanolamine (TEA) and Ethylene Glycol 

was used in a solvothermal method [51-52]. 

With respect to the adsorbent used for the studies, the SEM micrograph reveals 

significant changes in the surface morphology of the sorbent both before and after the 

adsorption process. The rough and heterogeneous surface nature of RCH before adsorption 

(Fig. 4a) predicts a high probability of active sites for the attachment of the sorbate ions [53]. 

The uptake of ZnO NPs onto RCH (Fig. 4b) reveals a change in morphology of the sorbent’s 

surface been smooth.  

  
Figure 4. SEM micrograph of (a) RCH before adsorption (b) RCH after adsorption studies. 

3.2.3. BET analysis. 

The BET surface area of RCH determined from the isotherm plot, as shown in Fig 5, 

was found to be 2.60 m2/g with average pore size and volume of 6.53e+01 Å and 8.45e-03 

cm3/g, respectively. The adsorption isotherm for this sample corresponds to Type IV based on 

the IUPAC classification in determining the surface area of samples reported by [54]. This type 

reveals the presence of a mesoporous surface structure often correlated to the presence of slit-

shaped mesopores [55]. Though the surface area tends to be small, the multiple functional 

groups from the FTIR characterization of the sorbent enhanced the adsorption capacity.  

 
Figure 5. N2 adsorption- desorption isotherms of RCH sorbent. 

a 
b 
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3.2.4. EDX analysis. 

EDX spectra of the samples (L-ZnO-NPs and RCH) displayed in Figure 6 (a & b) 

detailed the elemental compositions of each sample. From the analysis, the samples appear to 

be pure according to their elemental compositions. 

 
Figure 6. EDX spectra of (a) L-ZnO-NPs (b) RCH. 

3.2.5. FT-IR analysis. 

The infrared spectra of L-ZnO NPs and RCH used in this study are shown in Figure 7 

(a & b). The characteristic band of wurtzite ZnO in L-ZnO-NPs sample occurred at a peak 

height of 580.02 cm-1. This agrees with a study by [56-57] who reported the characteristic band 

for ZnO stretching mode in the range of 420-660 cm-1 when zinc nitrate hexahydrate and 

polyethylene glycol was used in in a ZnO synthesis using the microwave-assisted solvothermal 

technique. The characteristic broad bands observed at 3124.53 cm-1 and t 1543.40 cm-1 (in the 

case of L-ZnO-NPs) correspond to O-H stretching and bending of the hydroxyl group. The 

intense sharp peak at 1400.97 cm-1 could be attributed to –C – H bending in an alkane. 

However, IR spectrum of RCH (Fig 7b) reveals a broad peak positioned at 3336 cm-1 

to be attributed to O-H stretching vibration due to the intermolecular hydrogen bonding of 

alcohols, phenols, and carboxylic acids verifying the presence of hydroxyl functional group on 

the sorbent surface [58]. 

The peak located at 2359 cm-1 could also be associated with the presence of C-H 

stretching in alkanes. The spectra also showed major peaks at 1743 cm-1, 1512 cm-1, 1449 cm-

1, and 1222 cm-1 to be an indication of the presence of C=O, C=C stretching vibration of cyclic 

alkene, N=O bending in nitro groups and C-N in amine compound respectively [31,59]. 

 
Figure 7. FT-IR spectrum of (a) L-ZnO-NPs and (b) RCH. 
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3.3. Batch adsorption studies. 

3.3.1. Effect of adsorption parameters. 

The effect of sorbent mass, pH, and initial sorbate concentrations were varied to 

determine the percentage removal and sorption capacity of both L-ZnO-NPs and C-ZnO-NPs 

by RCH, which are illustrated in Figure 8. 

The sorbent mass was varied from 0.5 g to 2.5 g at a constant pH of 6.0, stirred at 450 

rpm for 60 min. The concentration of the sorbate solutions was kept at 2.03 mg/l and 1.72 mg/l 

for L-ZnO-NPs and C-ZnO-NPs, respectively. According to Figure 8a, the percentage removal 

of both ZnO-NPs increased with increasing sorbent mass until equilibrium was attained at 2.0 

g with a maximum percentage removal of 88.56% and 90.05% for L-ZnO-NPs and C-ZnO-

NPs respectively. This significant increase in percentage removal was due to the increased 

active sites as well as greater surface availability for the uptake of the sorbate ions [60-61]. The 

percentage of adsorption suddenly decreased slightly for both sorbate solutions (88.12% and 

88.90%) as the sorbent mass increased to 2.5 g. On the contrary, the sorption efficiency (qe) 

was inversely proportional to the sorbent mass as the lowest efficiency (0.04 mg/g and 0.03 

mg/g) for L-ZnO and C-ZnO NPs respectively was recorded at the maximum sorbent mass of 

2.5 g. This effect may be attributed to the difficulty in the mass transfer, as well as the 

unsaturation and screening effect of the surface area of the sorbent [62-64].   

The pH of the sorbate solution was varied between 2-13 at an initial concentration of 

2.03 mg/l and 1.72 mg/l for L-ZnO-NPs and C-ZnO-NPs, respectively. The sorbent mass (0.5 

g), stirring rate (450 rpm), and time (60 min) were all kept constant. The pH changes of the 

medium usually influence the surface reactivity of the sorbent through the uptake of the sorbate 

ions through hydrogen bonding and/or ion exchange mechanisms [65-66]. According to Figure 

8b, the highest and lowest percentage of removal was observed at a pH of 8 and 2 for both 

sorbate solutions. At lower pH, active sites are protonated, leading to high electrostatic 

repulsion between the sorbate ions and the active sites resulting in lower uptake. However, as 

pH increases to the optimum level of 8, hydrogen ions (H+) decrease, which enables the sorbate 

ions to bind to the increasing negative surface charge of the sorbent [34,61]. Precipitation of 

metal hydroxide species [Zn(OH)2] occurs beyond the optimum pH, which competes with the 

sorbate ions for an active site for attachments [67]. Besides, agglomeration/aggregation of the 

L-ZnO-NPs also contributed to the difference in the uptake of the two sorbate ions. 

The variation in % sorbate removal with contact time given different initial 

concentrations ranging from 0.46-1.45 mg/l and 0.50-1.74 mg/l for L-ZnO and C-ZnO NPs 

sorbate solutions respectively is shown in Figure 8 (c & d). The sorbent mass (0.5 g), stirring 

rate (450 rpm), and pH (6.0) were all kept constant. The percentage removal of sorbate ions 

remarkably increased for the first 80 minutes before showing a decreasing trend for all the 

concentrations in both sorbate solutions. The average % removal increased from 83.7% to 

88.0% (0.04-0.13 mg/g) for L-ZnO-NPs and 85.6% to 88.8% (0.04-0.16 mg/g) for C-ZnO-NPs 

as initial concentrations of the sorbate solution increases. The increase in adsorption efficiency 

may likely be attributed to the driving force of mass transfer or diffusion processes from the 

bulk to the surface [25,68]. However, beyond the equilibrium point, the adsorption sites got 

exhausted, leading to a decrease in the efficiency of RCH [69].  Adsorption at lower and higher 

concentrations tends to be slightly proportional according to the data set since at higher 

concentrations. Active sites tend to be slightly saturated as compared to lower concentrations. 
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Figure 8. Effect of (a) sorbent mass (b) pH on L-ZnO and C-ZnO NPs sorption on RCH (c & d) initial 

concentration (L-ZnO & C-ZnO-NPs). 

3.4. Isothermal studies. 

Equilibrium data analysis for the sorption of sorbate solutions (L-ZnO & C-ZnO-NPs) 

onto RCH was carried out using three isotherm models shown in Table 2. 

Table 2. Langmuir, Freundlich and Temkin parameters for L-ZnO-NPs and C-ZnO-NPs uptake, 

Parameters L-ZnO-NPs C-ZnO-NPs 

   

Langmuir isotherm (
𝟏

𝒒𝒆
= [

𝟏

𝑸𝒐𝑲
]

𝟏

𝑪𝒆
+

𝟏

𝑸𝒐
 )   

Qo [mg/g] 0.797 0.710 

K, [L/g] 0.430 0.396 

R2 1.00 0.996 

   

Freundlich isotherm (𝐥𝐨𝐠 𝒒𝒆 = 𝐥𝐨𝐠 𝑲𝒇 +
𝟏

𝒏
𝐥𝐨𝐠 𝑪𝒆)   

Kf, [L/g] 1.084 0.896 

n 1.166 1.246 

R2 0.999 0.986 

   

Temkin isotherm (𝒒𝒆 = 𝑩𝑻 𝑰𝒏 𝑨𝑻 + 𝑩𝑻 𝑰𝒏 𝑪𝒆)   

AT, [L/g] 0.764 0.663 

BT 11.40 6.658 

bT 220.90 378.34 

R2 0.958 0.799 

From Table 2, Langmuir and Freundlich's models fit best for L-ZnO-NPs, whereas, in 

the case of C-ZnO-NPs, Langmuir model was considered to be the best fit based on their 

correlation coefficients (R2). With reference to the Langmuir isotherm model, the sorption of 

ZnO-NPs onto RCH was monolayer occurring on a homogenous surface. The theoretical 

sorption capacity (Qo) recorded for this model was 0.797 mg/g and 0.710 mg/g for L-ZnO-NPs 

and C-ZnO-NPs, respectively. This presupposes that the potential for RCH to remove L-ZnO-

NPs from aqueous solution was higher than L-ZnO-NPs. However, Langmuir isotherm best 

fitted for a study by [70] with a sorption capacity ranged between 1.0 × 10−4 to 3.9 × 10−4 

mg/g for the removal of Cu, Cd, Fe, Cr, and Pb ions respectively from aqueous solution using 
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coconut husk. Meanwhile, the calculated separation factor (RL) illustrated in Table 3 for this 

isotherm model for both sorbates was between 0 and 1, indicating favorable sorption. 

Table 3. Separation factor (RL) for L-ZnO-NPs and C-ZnO-NPs uptake. 

[Co] L-ZnO-NPs (mg/l) RL. L-ZnO-NPs [Co] C-ZnO-NPs (mg/l) RL. C-ZnO-NPs 

0.462 0.846 0.501 0.835 

0.884 0.741 0.844 0.750 

1.045 0.708 1.247 0.670 

1.259 0.668 1.523 0.624 

1.451 0.635 1.736 0.593 

The n-value from the Freundlich isotherm model demonstrates the degree of non-linear 

mechanism between the sorbate solution and the sorbent. When n = 1, it describes the linearity 

of the process. If n < 1, suggests that the sorption process is unfavorable, and if n > 1, the 

sorption process is considered to be favorable [71-72]. From the current study, the value of n 

for the two sorbate solutions (1.166 & 1.246) is greater than unity suggesting the favourability 

of the process.  

Temkin model assumes chemical sorption is favorable when a linear decrease occurs 

in the sorption energy between the interactions between the sorbent and sorbate [73]. The 

correlation coefficients of 0.958 and 0.799 recorded for the two sorbate solutions in this study 

do not fit well for the sorption process. 

 

 
Figure 9. (a) Pseudo-first [L-ZnO-NPs] (b) Pseudo-first [C-ZnO-NPs] (c) Pseudo-second [L-ZnO-NPs] (d) 

Pseudo-second [C-ZnO-NPs] (e) Intra-particle diffusion [L-ZnO-NPs] (f) Intra-particle diffusion [C-ZnO-NPs] 

kinetic plots for adsorption of ZnO-NPs onto RCH. 
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Table 4. Adsorption kinetic parameters for L-ZnO-NPs and C-ZnO-NPs. 
Initial 

conc, Co 

[mg/l] 

Pseudo-first order                                     

(log(𝑞𝜃 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝜃 −
𝑘1𝑡

2.303
) 

Pseudo-second order                             

(
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝜃
2 +

𝑡

𝑞𝜃
) 

Intra-particle diffusion                           

(𝑞𝑡 = 𝑘𝑖𝑑√𝑡 + 𝐼) 

qe.theo. 

(mg/g) 

k1 

(min-1) 

R2 qe.exp 

(mg/g) 

qe.theo 

(mg/g) 

k2 

(g/mg.min) 

R2 Kid (mg/(g 

min1/2) 

I 

(mg/g) 

R2 

L-ZnO-

NP 

0.462 

0.884 

1.045 

1.259 

1.451 

0.037 

0.072 

0.085 

0.103 

0.119 

4.61×
10−4 

4.61×
10−4 

4.61×
10−4 

4.61×
10−4 

4.61×
10−4 

0.511 

0.514 

0.516 

0.517 

0.523 

0.039 

0.076 

0.090 

0.110 

0.127 

2.34×
10−4 

0.087 

5.38×
10−4 

6.51×
10−4 

7.54×
10−4 

7.40× 10−6 

0.383 

1.70× 10−5 

2.05× 10−5 

2.38× 10−5 

0.947 

0.999 

0.946 

0.946 

0.946 

2.00×
10−4 

4.00×
10−4 

4.00×
10−4 

5.00×
10−4 

6.00×
10−4 

2.40×
10−3 

4.70×
10−3 

5.50×
10−3 

6.70×
10−3 

7.80×
10−3 

0.837 

0.838 

0.838 

0.837 

0.837 

C-ZnO-

NP 

0.501 

0.844 

1.247 

1.523 

1.736 

0.041 

0.070 

0.103 

0.127 

0.147 

4.61×
10−4 

4.61×
10−4 

4.61×
10−4 

4.61×
10−4 

4.61×
10−4 

0.466 

0.507 

0.673 

0.633 

0.583 

0.043 

0.073 

0.108 

0.134 

0.155 

2.55×
10−4 

4.32×
10−4 

6.48×
10−4 

7.97×
10−4 

9.20×
10−4 

8.02× 10−6 

1.36× 10−5 

2.05× 10−5 

2.52× 10−5 

2.91× 10−5 

0.946 

0.947 

0.947 

0.947 

0.947 

2.00×
10−4 

4.00×
10−4 

5.00×
10−4 

7.00×
10−4 

8.00×
10−4 

2.70×
10−3 

4.50×
10−3 

6.70×
10−3 

8.30×
10−3 

9.60×
10−3 

0.832 

0.832 

0.829 

0.830 

0.830 

Table 5. Thermodynamic studies of L-ZnO-NPs and C-ZnO-NPs adsorption onto RCH. 
Co          

(mg/l) 

T     

(K) 

∆Go   

(kJmol-1) 

∆So        

(JK-1 

mol-1) 

∆Ho 

(kJmol-

1) 

R2  Co       

(mg/l) 

T        

(K) 

∆Go 

(kJmol-

1) 

∆So        

(JK-1 

mol-1) 

∆Ho 

(kJmol-

1) 

R2 

L-ZnO-

NPs 

   

 

 

7.82 

 

 

 

-3893.78 

 

 

 

0.564 

C-ZnO-

NPs 

   

 

 

7.88 

 

 

 

-3572.86 

 

 

 

0.526 
0.462 298 1734.67 0.622 298 1386.69 

303 1550.58 303 1189.06 

313 1298.94 313 1025.81 

323 1097.98 323 712.06 

333 1281.88 333 982.89 

343 1443.73 343 1074.88 

0.884 298 1388.04  

 

2.16 

 

 

-1816.03 

 

 

0.302 

0.837 298 1212.03  

 

10.56 

 

 

-4257.52 

 

 

0.602 
303 1059.45 303 1102.69 

313 1003.40 313 943.76 

323 1002.68 323 492.96 

333 1109.32 333 738.85 

343 1210.55 343 856.50 

1.045 298 1333.27  

 

3.13 

 

 

-2079.50 

 

 

0.416 

1.215 298 1167.37  

 

13.31 

 

 

-5034.79 

 

 

0.703 
303 1051.24 303 1064.56 

313 966.38 313 818.21 

323 964.57 323 425.79 

333 1035.31 333 570.03 

343 1134.76 343 701.01 

1.259 298 1293.51  

 

4.90 

 

 

-2568.11 

 

 

0.495 

1.474 298 1095.12  

 

13.36 

 

 

-4964.37 

 

 

0.703 
303 1021.12 303 978.83 

313 903.99 313 704.72 

323 841.37 323 351.88 

333 941.45 333 501.12 

343 1034.18 343 606.17 

1.451 298 1186.03  

 

4.25 

 

 

-2261.57 

 

 

0.381 

1.621 298 1016.74  

 

13.63 

 

 

-4945.92 

 

 

0.644 
303 929.71 303 885.88 

313 785.51 313 550.01 

 323 701.37  323 257.62 

333 864.68 333 354.33 

343 967.86 343 531.93 

3.5. Kinetic studies. 

Three kinetic models, thus pseudo-first-order, pseudo-second-order, and intra-particle 

diffusion models, were applied to evaluate the controlling mechanism of both sorbate solutions 

(L-ZnO-NPs and C-ZnO-NPs) onto RCH. The calculated rate constants and their correlation 
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coefficients are illustrated in Table 4 with Figure 9 graphically show the plots of time with their 

initial sorbate concentrations. 

Pseudo-second order was the appropriate model that describes the process based on 

their correlation coefficient (R2) values, which are closer to unity despite their estimated 

experimental qe values, which are far below the theoretical qe values. However, experimental 

qe values of the pseudo-first-order model were quite close to the experimental values shown in 

Table 4. Although the pseudo-first-order rate showed a poor correlation coefficient of 0.52, the 

intra-particle diffusion model records a slightly higher correlation coefficient (0.84) than 

pseudo-first-order but lower than pseudo-second-order (0.95). This presupposes that intra-

particle diffusion cannot solely describe the sorption of ZnO-NPs onto RCH as the plotted lines 

do not pass through the origin. The plot displayed a multi-linear nature (Fig 9 e & f) for the 

experimental data confirming the sorption mechanism to be in two steps [74]. The two steps of 

the curve might be due to the boundary layer diffusion effect and intra-particle diffusion effect 

[75]. The thickness of the boundary layer expressed by the intercept (I) is lower in this study 

indicating minimal boundary layer effect. The calculated values of intra-particle diffusion rate 

constant, Kid decreases with increasing sorbate concentrations, as illustrated in Table 4.  

3.6. Thermodynamic studies. 

The removal of ZnO-NPs by RCH as sorbent was determined at temperature ranges of 

298-343 K for five initial sorbate concentrations and the thermodynamic variables [Gibbs free 

energy (∆Go), enthalpy change (∆Ho) and entropy change (∆So)] as well as their calculated 

correlation coefficients are illustrated in Table 5.  

The positive values of ΔGo obtained for both sorbates at the different temperatures 

reveal a non-spontaneous sorption process, which requires an external source of energy. On the 

other hand, positive values recorded for ∆S° demonstrates the occurrence of a degree of 

freedom at the RCH-ZnO-NPs solution interface during the sorption process. It also suggests 

an increase in the randomness and affinity of the sorbate solution towards RCH [29]. 

Meanwhile, the negative values recorded for ΔH° confirms the exothermic nature of the 

sorption process as the high ΔH° values suggests a chemical sorption process. 

4. Conclusions 

 Zinc oxide NPs were successfully synthesized through a solvothermal method with 

spherical shaped morphology. Characterization by XRD, FE-SEM, TEM revealed the 

crystallite and average particle size to be 14.7 nm, 36.0 nm, and 24.0 nm, respectively. The 

surface area of the sorbent (RCH) determined through BET analysis revealed a size of 2.60 

m2/g with a porous surface nature. FT-IR confirmed functional groups such as hydroxyl, 

carboxyl, and nitro groups as present on the sorbent. The morphology of the sorbate particles 

in solution been agglomerated slightly influenced the sorption capacity of the RCH as the 

uptake of L-ZnO-NPs onto RCH was lesser as compared to C-ZnO-NPs. The optimum sorbent 

mass to remove 88% and 90% of L-ZnO-NPs and C-ZnO-NPs, respectively, is 2.0 g. 

Adsorption efficiency increased with an increase in initial sorbate concentration to the 80th 

minute when maximum removal was obtained (0.13 mg/g and 0.16 mg/g for L-and C-ZnO-

NPs) at an optimum pH of 8. Langmuir and Freundlich isotherm models fitted best for L-ZnO-

NPs with maximum sorption capacity of 0.78 mg/g, whereas the Langmuir model also fitted 

well for C-ZnO-NPs with maximum sorption capacity of 0.71 mg/g. The sorption process was 

identified to be exothermic with non-spontaneous and random sorption processes, which was 
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best described by the pseudo-second-order model. However, the lignocellulose material used 

in this study could help alleviate the pollution effect of water bodies with these nanoparticles 

that are very difficult to eliminate due to their sizes. 
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