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Bio‑adsorption of heavy metals 
from aqueous solution using 
the ZnO‑modified date pits
Khalid Khazzal Hummadi 1,2*, Lin Zhu 1 & Songbo He 1,3*

The bio-adsorption of heavy metals (including Cu2+, Ni2+, and Zn2+) in aqueous solution and also in an 
industry wastewater using the ZnO-modified date pits (MDP) as the bio-adsorbent are investigated. 
The fresh and used bio-adsorbents were characterized by FT-IR, SEM, BET, and XRD. The bio-
adsorption parameters (including the pH of solution, the particle size of MDP, the shaking speed, the 
initial concentration of heavy metals, the dosing of MDP, the adsorption time, and the adsorption 
temperature) were screened and the data were used to optimize the bio-adsorption process and 
to study the bio-adsorption isotherms, kinetics, and thermodynamics. Two adsorption models 
(Langmuir isotherm model and Freundlich isotherm model) and three kinetic models (pseudo-first-
order model, pseudo-second-order model, and intra-particle diffusion model) were applied to model 
the experimental data. Results show that the maximum adsorption amount of Cu2+, Ni2+, and Zn2+ 
on a complete monolayer of MDP are 82.4, 71.9, and 66.3 mg g−1, which are over 4 times of those of 
date pits-based bio-adsorbents reported in literature. The bio-adsorption of heavy metals on MDP 
is spontaneous and exothermic, and is regulated by chemical adsorption on the homogeneous and 
heterogeneous adsorption sites of MDP surface. This work demonstrates an effective modification 
protocol for improved bio-adsorption performance of the date pits-based bio-adsorbent, which is 
cheap and originally from a waste.

Abbreviations
C	� Constant indicating the thickness of the boundary layer controlling the intra-particle diffusion, mg g−1

C0	� Initial concentration, mg L−1

Ce	� Equilibrium concentration, mg L−1

Ct	� Concentration at time of t, mg L−1

KF	� Freundlich constant, mg g−1

KLan	� Langmuir constant, L mg−1

kd	� Equilibrium constant, kd = qe/Ce, L g−1

kip	� Rate constant of the intra-particle diffusion model, mg g−1 min−1/2

k1	� Rate constant of the first-order kinetic model, min−1

k2	� Rate constant of the second-order kinetic model, g mg−1 min−1

n	� Adsorption intensity of the adsorbent, g L−1

qe	� Equilibrium adsorption amount per unit mass of the adsorbent, mg g−1

qe exp	� Equilibrium adsorption amount per unit mass of the adsorbent according to the experiment, mg g−1

qe cal	� Equilibrium adsorption amount per unit mass of the adsorbent according to the model, mg g−1

qm	� Maximum equilibrium adsorption amount on a complete monolayer of the adsorbent, mg g−1

qt	� Adsorption amount per unit mass of the adsorbent at time of t, mg g−1

R	� Universal gas constant, 8.314 × 10–3 kJ mol−1 K−1

RLan	� A dimensionless constant recognized as the separation factor
T	� Solution temperature, K
t	� Adsorption time, min
v	� Volume of the solution, L
w	� Weight of the bio-adsorbent, g
ΔG	� Gibbs free energy change, kJ mol−1
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ΔH	� Surface adsorption of enthalpy change, kJ mol−1

ΔS	� Surface adsorption of entropy change, kJ mol−1 K−1

Heavy metals (e.g., Cu2+, Ni2+, and Zn2+) in the contaminated water are persistent toxins and may accumulate in 
living organisms, causing different diseases and disorders1. The main sources of heavy metals are, e.g., electronic 
and cables industry (Cu), nickel alloy production (Ni), and brass coating (Zn)2. Levels of heavy metals in waste-
water vary with the sources and locations3, e.g., concentration of Zn is between 0.16–56.7 mg L−14. According to 
World Health Organization—Guidelines for drinking-water quality, the permissible limits of heavy metal ions 
in drinking water are e.g., 1.5, 0.1, and 5 mg L−1 for Cu, Ni, and Zn5.Several techniques such as coagulation6, 
ion exchange7, membrane filtration8, and precipitation9, for the treatment of heavy metals in solution have been 
developed. However, they either show low removal efficiency or are expensive in particular for treating heavy 
metals with a low concentration (e.g., < 100 ppm)10. Alternatively, adsorption has been found superior to the 
above techniques for the removal of heavy metals in terms of flexibility of design, initial investment cost, ease 
of operation, and low maintenance cost11. A variety of adsorbents (e.g., charcoal12 and activated carbon13) have 
been widely studied in literature and applied in the polluted water treatment plants.

In the latest development, the bio-adsorption technology using bio-based materials as the adsorbents (bio-
adsorbents) has emerged and has become significant in the field14, including the removal of heavy metals in 
solution15. Different from adsorption, biosorption applies biological materials as the adsorbents16. A few bio-
adsorbents (e.g., raw orange peel15, modified sugarcane bagasse17, modified oak sawdust18, modified Lignin19, 
modified sunflower stalks20, peanut hull21, dehydrated wheat bran22, maize leaf11, hazelnut shells23, Pinus bark24, 
banana and orange peels25, modified sugar beet pulp26, modified corncob27, Schleichera oleosa bark28, and bot-
tlebrush plant seeds29) show the adorability for a wide range of heavy metals. Lignocellulosic biomass is a type 
of low-cost and abundantly available bio-adsorbent30 and shows the promise for the removal of heavy metals31. 
One of the examples could be the work by Rowell et al., who studied the bio-adsorption of Cu2+, Ni2+, and Zn2+ 
from aqueous solution using several lignin-containing agricultural materials32.

Date pits (DP) is an interesting lignocellulosic biomass33, which is a by-product of food processing and Jam 
production34 and has a large annual production of e.g., 600,000 tons in 2019, 750,000 tons in 2020, and 900,000 
tons in 2021 in Iraq35. The potential of DP as a bio-adsorbent has been demonstrated by many research groups for 
the adsorption of heavy metals such as Au3+36, Cd2+33, and Al2+37. Two examples for the adsorption of Cu2+, Zn2+, 
and Ni2+ (that are interested in this study) could be the early work by Al-Ghouti et al. (showing the adsorption 
capacities of 0.15 mmol g−1 DP without any pretreatment for the removal of Cu2+)33 and the recent work by the 
authors (showing the adsorption capacities of 0.21, 0.15, and 0.13 mmol g−1 Al-Zahdi Iraqi DP for the removal 
of Cu2+, Zn2+, and Ni2+)38. Nevertheless, these bio-adsorption capacities of DP are lower compared to those of the 
other types of bio-adsorbents reported in literature39. Therefore, improving the adsorption capacity of DP-based 
bio-adsorbent remains the research interest.

In literature, modification (e.g., by coating40) of the raw bio-adsorbent towards a more effective bio-adsorbent 
has been widely studied19,41. Coating with ZnO is of significant research interest considering that ZnO is a com-
paratively inexpensive and environmentally benign material, and contains functional groups (e.g., -OH) in an 
aqueous medium that renders the absorption of metal ions42. ZnO, such as ZnO nanoparticles43 and nanorods44, 
could be used alone for the adsorption of heavy metals (e.g., Cd2+, Cu2+, Ni2+, Pb2+, Zn2+, Cd2+, Hg2+, and As3+) 
from solution, however, is often used in combination with other adsorbents (e.g., mesoporous carbon45 and 
graphene oxide nanocomposites46) for an improved removal of heavy metals from solution.

Therefore, based on the above promising adsorption performance of ZnO-containing adsorbents and the DP-
based bio-adsorbents, ZnO-modified DP (MDP) could be an alternative bio-adsorbent for the bio-adsorption 
of heavy metals, which to the best of our knowledge, has not been considered in literature. In this contribution, 
the Al-zahdi Iraqi Date pits (DP) were modified by loading ZnO followed by thermal treatment. The MDP bio-
adsorbent was characterized in detail and the isotherms, kinetics, and thermodynamics of the bio-adsorption of 
heavy metals (Cu2+, Zn2+, and Ni2+) in solution were studied systematically, focusing on the surface properties 
of the bio-adsorbent and the consequent effect of bio-adsorption conditions (adsorbent concentration, adsor-
bent particle size, shaking speed, pH of the solution, initial concentration of heavy metals, adsorption time, 
and adsorption temperature) on the bio-adsorption performance. The present work shows the significance of 
the modification of date pits (DP)-based bio-adsorbent by loading of ZnO and the followed thermal treatment, 
which remarkably improved bio-adsorption efficiency for the removal of heavy metals (Cu2+, Ni2+, and Zn2+) in 
the solution compared to those in literature.

Experimental
Preparation of the bio‑adsorbents
The steps for the preparation of ZnO-modified date pits (MDP) from date pits (DP) are shown in Fig. 1. Iraqi 
Zahedi date was bought from the local market in Baghdad. The obtained date pits (DP, Fig. 1) were cleaned and 
washed 3 times with deionized water and were dried in air for 7 days. The pretreated DP were further dried in 
an oven at 120 °C for 24 h, followed by crushing, milling, and sieving to obtain the roasted DP with particle sizes 
of 1500, 1000, 500, and 200 µm. The roasted DP (10 g) were then added to aqueous zinc chloride solution (2 M, 
100 ml) in a 500-mL flask and the mixture was stirred (150 rpm) at 80 °C for 4 h, followed by filtration-washing 
for 5 cycles with deionized water and drying in an oven at 120 °C for 12 h. The dried samples were further added 
to aqueous HCl solution (0.1 M, 50 ml) and the mixture was stirred (50 rpm) for 2 h, followed by decanting, 
filtration, and washing the precipitate with deionized water for 5 times. After drying in an oven at 120 °C for 24 h, 
the solid samples were heated to 350 °C at a heating rate of 5 °C min−1 and were calcined for 4 h in a furnace. The 
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obtained samples were denoted as modified date pits (MDP, Fig. 1) and stored in a desiccator. All procedures 
were conducted in accordance with the guidelines.

Characterization of the bio‑adsorbents
The fresh and spent MDP were characterized to study the characteristics of adsorbents for an understanding 
of the process and mechanisms involved in the bio-adsorption. Fourier transform infrared (FT-IR) spectra 
were obtained on an FT-IR spectrometer (Perkin Elmer Spectrum 2000). N2 physisorption was performed on 
a Surfer Gas Adsorption Porosimeter (Thermo Scientific). The specific surface area was determined using the 
Brunauer–Emmett–Teller (BET) method according to ASTM D1993. Scanning electron microscopy (SEM) was 
performed on a JSM-6090LV scanning electron microscope (JEOL). X-Ray Diffraction (XRD) patterns were 
obtained on a Magix Pro MPD X-ray diffractometer (Philips/Panalytical). The pH of the point of zero charge 
(pHpzc) was determined on a pH meter (inoLab 7110, WTW) according to the method described in Ref47.

Bio‑adsorption of heavy metals from aqueous solution and real wastewater
Bio-adsorption of heavy metals (including Cu2+, Ni2+, and Zn2+) from aqueous solution was performed in a 
batch system using MDP as the adsorbents. The metal salts namely copper sulfate pentahydrate (CuSO4·5H2O), 
cobalt(II) nitrate hexahydrate (Ni (NO3)2·6H2O), and zinc sulphate heptahydrate (ZnSO4·7H2O) were dissolved 
in 50 mL water in a 100-mL flask, followed by adding the adsorbents under shaking. The adsorption conditions 
were: pH of 2–8, adsorbent dosing of 0.4–6 g L−1

solution, adsorbent particle size of 200–1500 µm, shaking speed 
of 150–400 rpm, adsorption time of 10–180 min, initial concentration of heavy metals of 10–90 mg L−1, and 
adsorption temperature of 25–55 °C. The liquid samples were taken at different adsorption time intervals and 
were analyzed on a GBC 932 atomic absorption spectrometer after the filtration using cellulose nitrate membrane 
with pore size of 0.45 µm.

After the bio-adsorption, the sludge (namely the spent MDP bio-adsorbent) was regenerated and reused to 
evaluate the reusability of the MDP. The spent MDP containing the adsorbed heavy metals was added to 14 ml 
aqueous solution containing 50 mM H2SO4. The slurry was stirred at a speed of 350 rpm and at a desorption 
temperature of 25 °C continuously for 48 h. After the filtration and washing with water, the MDP was reused 
for the bio-adsorption for 4 times.

In addition, a real wastewater, which was collected from an electroplating company in Baghdad and contained 
21.6 mg L−1 of Cu2+, 13.9 mg L−1 of Ni2+, and 18.9 mg L−1 of Zn2+, was applied to evaluate the bio-adsorption 
performance.

The removal efficiencies of heavy metals (R, %) and the adsorption capacity of the bio-adsorbent (qe, mg 
g−1)47,48 were calculated using Eqs. (1)48 and (2)49, in which C0, Ct, and Ce are the initial concentration, the con-
centration at adsorption time (t, min), and the equilibrium concentration of heavy metals in the aqueous solution 
(mg L−1), respectively; v is the volume of the solution (L); and w is the weight of the bio-adsorbent (g). All the 
experiments were triplicated and the averaged data are reported.

(1)R =
C0 − Ct

C0
× 100

(2)qe =
(C0 − Ce)× v

w

Figure 1.   Photos of date pits (DP) and ZnO-modified date pits (MDP) (left) and the steps for the preparation of 
MDP from DP (right).
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Results and discussion
Characterization of the bio‑adsorbents
The specific surface area of Date pits (DP) is 82.4 m2 g−1. It consists of cellulose, hemicellulose, and lignin50. 
The FT-IR spectrum of DP (Fig. 2a) shows the typical adsorption bands of these biomass components, e.g., at 
3500–3400 cm−1 (vibration of inter- or intramolecular hydrogen bonding (O–H) in cellulose51), 3000–2800 cm−1 
(stretching of aliphatic C-H bonding52), 1745–1600  cm−1 (stretching of unconjugated C=O bonding in 
hemicellulose53), 1604.77 cm−1 (stretching of aromatic C=C bonding53), 1400–800 cm−1 (deformation of C-H 
bonding in lignin54), 1365 cm−1 (deformation of C-H bonding in cellulose and hemicellulose52), 1246 cm−1 
(stretch of C–O bonding in lignin and xylan52), 1083.99 cm−1 (stretch of C–O bonding in hemicellulose52), and 
869 cm−1 (stretch of C–O bonding in cellulose52). Besides, the XRD pattern of DP (Fig. 3a) also shows the repre-
sentative diffraction peaks of crystalline cellulose (2θ = 16.2 and 23.9°55), amorphous hemicellulose (2θ between 
30 and 50°56), and lignin (2θ = 64.4°57).

SEM image of DP is shown in Fig. 4a, indicating its rough surface with macropores58. The morphological 
characteristics of DP are changed after the incorporation of ZnO on DP (Fig. 4b), showing additional particles 
on the DP surface. EDX analysis of ZnO-modified date pits (MDP, Fig. S2) confirms the presence Zn and O, 
which are related to the ZnO particles. According to the EDX results, the ZnO content on MDP is about 35 
wt.%. MDP contains ZnO particles with a particle size distribution of 0.1–1.2 μm (centered at 0.64 μm, Fig. S1, 
estimated by using the Digimizer program) and have a coarse (or unsmooth) surface (Fig. 4b). Compared to 
DP, MDP has a higher surface area of 195.89 m2 g−1, which is likely related to the loaded ZnO particles on the 
surface and is advantageous for the bio-adsorption (vide infra)59. It needs to be noted that MDP was treated 
at 350 °C, at which temperature the main components of DP could be partially converted, e.g., lignin starts to 
degrade at 200 °C, hemicellulose starts to decompose at 220 °C, and cellulose starts to depolymerize at 310 °C60. 
Since the thermal treatment temperature is higher than biomass torrefaction (e.g., 250–320 °C) but lower than 
the pyrolysis temperature (e.g., 450–600 °C), a bio-char-type material was likely obtained (Fig. 1). This is well 
reflected by the FT-IR spectrum of MDP (Fig. 2b, showing the disappearance and shifting of the adsorption 
bands for several functional groups on DP) and the XRD pattern of MDP (Fig. 3b, showing the disappearance 
of the diffraction peaks for the crystalline components in DP). The incorporation of ZnO onto DP is evidenced 
by the two characteristic adsorption bands of ZnO at 594 and 478 cm−1 (corresponding to the inorganic ZnO 
stretching61) in the FT-IR spectrum of MDP (Fig. 2b) and the diffraction peaks of ZnO at 2θ = 33.2°, 33.8°, 38.2°, 
58.7°, and 69.1° (corresponding to the lattice planes of [100], [004], [101], [110], and [112], JCPDS card No. 
00-036-1451) in the XRD pattern of MDP (Fig. 3b). ZnO crystal size was calculated using Scherrer equation 
(Eq. 3)62, in which K (= 0.9) is the Scherrer constant, λ (= 0.15406 nm) is the wavelength of the X-ray beam used, 
β is the full width at half maximum (FWHM) of the peak, and θ is the Bragg angle. The estimated ZnO crystal 
size is 7.0 nm, which is by far lower than the that of the particle size observed by SEM (vide supra). This indicates 
that the ZnO nanocrystals agglomerated on the surface of the date pits.

Figure 2.   FT-IR spectra of (a) DP, (b) fresh MDP, and (c) spent MDP after simultaneous adsorption of heavy 
metals (at bio-adsorption conditions: adsorption temperature 25 °C, initial concentration of 90 mg L−1, MDP 
dosing of 2 g L−1

solution, adsorption time of 180 min, particle size of 200 µm, shaking speed of 300 rpm, and pH of 
5).
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After simultaneous bio-adsorption of heavy metals with an initial concentration of 90 mg L−1 at 25 °C and 
pH of 5 for 180 min, the morphological characteristics of the spent MDP (Fig. 4-) show distinct change to those 
of the MDP (Fig. 4-b), most likely related to deposition of the adsorbed heavy metal ions (including Cu2+, Ni2+, 
and Zn2+) on the spent MDP surface. ZnO is retained on the spent MDP according to the characteristic adsorp-
tion bands of ZnO in the FT-IR spectrum of the spent MDP (Fig. 2c) and diffraction peaks of ZnO in the XRD 
pattern of the spent MDP (Fig. 3c). The average ZnO particles on the spent MDP (Fig. 4c) is about 0.64 μm, 
comparable to that on the fresh MDP (vide supra). These characteristics indicate a good stability of MDP for 
the bio-adsorption of heavy metals.

(3)D =
K × �

β × cosθ

Figure 3.   XRD patterns of (a) DP, (b) fresh MDP, and (c) spent MDP after simultaneous adsorption of heavy 
metals (at bio-adsorption conditions: adsorption temperature 25 °C, initial concentration of 90 mg L−1, MDP 
dosing of 2 g L−1

solution, adsorption time of 180 min, particle size of 200 µm, shaking speed of 300 rpm, and pH of 
5).

Figure 4.   SEM images of (a) DP, (b) fresh MDP, and (c) spent MDP after simultaneous adsorption of heavy 
metals (at bio-adsorption conditions: adsorption temperature 25 °C, initial concentration of 90 mg L−1, MDP 
dosing of 2 g L−1

solution, adsorption time of 180 min, particle size of 200 µm, shaking speed of 300 rpm, and pH of 
5).
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Bio‑adsorption of Cu2+, Ni2+, and Zn2+ using MDP
Optimization of bio‑adsorption parameters
Four bio-adsorption parameters, namely the pH of the solution, the particle size of the bio-adsorbent, MDP 
dosing, and the shaking speed, were screened to optimize the bio-adsorption performance. For this, the bio-
adsorption experiments were performed for 180 min, assuming that the bio-adsorption reached equilibrium 
and a maximum removal of heavy metals from the solution was obtained.

Effect of pH of solution.  The amount of removed heavy metals (Cu2+, Ni2+, and Zn2+) by the bio-adsorption on 
MDP increases with the increase of the pH value from 2 to 5, followed by a decrease when the pH value is further 
increased, e.g., to 8 (Fig. 5a). This is likely due to that the varied pH of the solution of the adsorption system 
changes the solubilities of heavy metal ions, the concentrations of the counter ions on the adsorbent, and the 
degree of ionization of the adsorbent63, affecting the electrostatic interactions between positively charged heavy 
metal ions and negatively charged functional groups of the bio-adsorbent (such as −OH, −COOH, –O–, and 
−CO–NH–), which affects the adsorption capacity. At a low pH value, MDP has a positive surface charge. How-
ever, the bio-adsorbent is surrounded by hydronium ions (H3O+) with a high concentration in solution, leading 
to a repulsive force22 that hinders the access of the heavy metal ions to the adsorption sites of the bio-adsorbent. 
With the increase of pH, the surface of bio-adsorbent becomes less positive charge64 and may become neutral at 
a pHpzc (point of zero charge) of ca. 6.1, which is estimated according to the experimental data shown in Fig. 5a. 
At a high pH value (e.g., > pHpzc), the heavy metal ions may react with the OH− ions with a high concentration in 
solution17, which is detrimental for the bio-adsorption performance.

Effect of particle size of MDP.  Removal of the three heavy metals by the bio-adsorption on MDP increases with 
the decrease of the bio-adsorbent particle size from 1500 to 200 μm (Fig. 5b). This could be related to the more 
amount of accessible adsorption sites on MDP, which were inside the big bio-adsorbent particles but are exposed 
to the external surface of the bio-adsorbent with a small particle size after crushing and grinding38. A further 
decreased particle size (< 200 μm) was not investigated, considering the significant difficulty of the separation of 
the fine bio-adsorbent particles from the solution.

Effect of shaking speed.  Bio-adsorption of the three heavy metals on MDP increases with the increase of the 
shaking speed from 150 to 300 rpm (Fig. 5c), likely related to the enhanced external mass transfer of the metal 
ions from the solution to the active adsorption sites. Nevertheless, a further increasing the shaking speed from 
300 to 400 rpm leads to a slight drop in the bio-adsorption performance. This might be attributed to the desorp-
tion of those heavy metals with a weak adsorption on the bio-adsorbent65.

Effect of MDP dose.  It can be seen from Fig. 6 that the bio-adsorption efficiencies for the removal of Cu2+, 
Zn2+, and Ni2+ increase proportionately with the increase of MDP dose from 0.4 to 2 g L−1

solution. This could 
be rationalized by the increased number of adsorption sites on the bio-adsorbents with a higher concentra-
tion in the solution. However, a further increasing the MDP dose, e.g., from 2 to 6 g L−1

solution, does not show 
visible increase in the removal of the three metals (Fig. 6). On one hand, increasing the adsorbent concentra-
tion could cause the aggregation/agglomeration of adsorbent particles, leading to the dead points between the 

Figure 5.   Effect of (a) pH, (b) particle size, and (c) shaking speed on the removal of heavy metals by the 
bio-adsorption on MDP. (Bio-adsorption conditions: adsorption temperature 25 °C, initial concentration of 
50 mg L−1, MDP dosing of 2 g L−1

solution, adsorption time of 180 min; (a) particle size of 200 µm and shaking 
speed of 300 rpm; (b) pH of 5 and shaking speed of 300 rpm; (c) pH of 5 and particle size of 200 µm.)
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adsorbent particles that are not accessible for the adsorption59. On the other hand, the interaction/collision of 
the MDP particles with a high concentration in solution could lead to the desorption of the metal ions that 
weakly adsorbed on the adsorbent surface25. As such, an optimal MDP dose of 2 g L−1

solution is determined for the 
present study, under which conditions the removal percentages of 97.4%, 96.7%, and 90.2%, respectively, were 
obtained for the bio-adsorption of Cu2+, Ni2+, and Zn2+using MDP (Fig. 6).

Effect of the adsorption time.  In a batch bio-adsorption system, the removal percentage of heavy metals (Cu2+, 
Ni2+, and Zn2+) on MDP increases with the adsorption time (in the initial 10–60 min, after which plateau adsorp-
tion was reached, Fig. 7). This could be related to the fewer adsorption sites available on MDP and the decreased 
concentrations of heavy metals in solution with the adsorption time66. The latter is also evidenced by the higher 
efficiencies for removing heavy metals with higher concentrations shown in Fig. 7.

Effect of initial concentrations of heavy metals.  The effect of initial concentrations of the three heavy metals 
(Cu2+, Ni2+, and Zn2+, Fig. 7) indicates that the removal percentage increases with increased initial concentra-
tion. This is very likely related to the increased driving force at a higher concentration’s gradient67.

Figure 6.   Effect of MDP dosing on the removal of heavy metals by the bio-adsorption on MDP. (Bio-
adsorption conditions: adsorption temperature 25 °C, initial concentration of 90 mg L−1, MDP dosing of 0.4–6 g 
L−1

solution, particle size of 200 µm, pH of 5, shaking speed of 300 rpm, and adsorption time of 60 min.)

Figure 7.   Effect of the initial concentration on the removal of Cu2+ (a), Ni2+ (b), and Zn2+ (c) by the bio-
adsorption on MDP. (Bio-adsorption conditions: adsorption temperature 25 °C, MDP dosing of 2 g L−1

solution, 
particle size of 200 µm, pH of 5, shaking speed of 300 rpm, and adsorption time of 10–180 min.)
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Effect of adsorption temperature.  Increasing the bio-adsorption temperature (e.g., from 25 to 55  °C) has a 
negative effect on the removal of heavy metals (Fig. 8). One of the reasons could be due to the decreased viscos-
ity of the aqueous solution at a higher temperature, resulting in an enhanced diffusion resistance to the bulk 
(external) and pore (internal) borders of the MDP particles41. Another reason might be related to the desorption 
of heavy metals from the adsorbent surface, which is favored at a higher temperature68.

Isotherm study
In literature, Langmuir69 and Freundlich70 adsorption models have been widely used for modelling the adsorption 
of heavy metals on various adsorbents40. In this study, the experimental data of the isothermal bio-adsorption 
equilibrium of the three heavy metals (Cu2+, Ni2+, and Zn2+) on MDP were also simulated using the above two 
models (Eqs. 4–671,72) and the non-linear fitting curves are shown in Fig. S3. The constants of the two models 
and the correlation coefficients were calculated using nonlinear regression and are shown in Table 1.

The fitting curves (Fig. S3) and parameters (R2 and SSR, Table 1) indicate that the bio-adsorption of Cu2+, 
Ni2+, and Zn2+ on MDP adjust better to the Freundlich isotherm model compared to the Langmuir isotherm 
model. This suggests73 that these heavy metals were adsorbed on the multi-layer and heterogeneous adsorption 
sites on the MDP surface. The maximum equilibrium adsorption amounts of Cu2+, Ni2+, and Zn2+ on a complete 
monolayer of MDP (qm) are 82.4, 71.9, and 66.3 mg g−1, respectively, according to the Langmuir isotherm model 
(Table 1). These qm values are considerably higher than those reported in literature for the bio-adsorption of heavy 

(4)qe =
qm × KLan × Ce

1+ KLan × Ce

(5)qe = KF × C
1
n
e

(6)RLan =
1

1+ KLan × C0

Figure 8.   Effect of adsorption temperature on the removal of Cu2+ (a), Ni2+ (b), and Zn2+ (c) by the bio-
adsorption on MDP. (Bio-adsorption conditions: initial concentration of 90 mg L−1, MDP dosing of 2 g L−1

solution, 
particle size of 200 µm, pH of 5, shaking speed of 300 rpm, and adsorption time of 60 min.)

Table 1.   Parameters of the two isotherm models for the bio-adsorption of heavy metals on MDP. 
# SSR = ∑(qe cal − qe exp)2/N. SSR (Sum of squares due to regression) is the sum of the differences between the 
predicted value and the experimental data divided by N (total number of experiments).

qe exp
(mg g−1)

Langmuir isotherm model Freundlich isotherm model

KLan RLan qm (mg g−1) SSR# R2 KF n SSR# R2

Cu2+ 77.5 0.359 0.03 82.4 28.6 0.964 28 3.37 8.28 0.980

Ni2+ 68.2 0.279 0.03 71.9 25.2 0.939 23 3.19 2.09 0.940

Zn2+ 50.5 0.194 0.04 66.3 20.5 0.878 17 3.00 1.08 0.910
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metals on the date pits (DP)-based bio-adsorbents (Table 2,38,74,75) and also those for the roasted DP (without 
modification of ZnO, Tables 2), likely attributed to the modified characteristics of the DP upon loading of ZnO 
and the followed thermal treatment (vide infra).

Kinetic study
The experimental kinetic data (Sections "Effect of the adsorption time" and "Effect of initial concentrations of 
heavy metals") were modeled to study the bio-adsorption kinetics, considering the practical implementation of 
a bio-adsorption system and also aiming to obtain insights into the types and mechanisms of the bio-adsorption 
of heavy metals on MDP. Two kinetic models, namely pseudo-first-order (Eq. (7) 76) and pseudo-second-order 
(Eq. (8) 77) that were widely used to model the adsorption of inorganic and organic matters from aqueous solu-
tion in literature78,79, were applied in this study. The parameters and the regression coefficients were calculated 
using the nonlinear fitting algorithms in the MATLAB program and are shown in Table 3. The good R2 values 

Table 2.   The adsorption capacity of heavy metals on the date pits (DP)-based bio-adsorbent. a Heated at 80 °C, 
broased at 120 °C, cmodified by loading of ZnO followed by calcination at 350 °C, emulti metals contain Cu2+, 
Ni2+, and Zn2+, and eaccording to Langmuir isotherm model. Adsorption conditions in the present work: 
pH of 5, temperature of 25 °C, adsorption time of time 1 h, adsorbent dosing of 2 g L−1

solution; in Ref38: pH of 
5, temperature of 25 °C, adsorption time of time 72 h, adsorbent dosing of 12 g L−1

solution; in Ref74: pH of 6, 
temperature of 20 °C, adsorption time of time 2 h, adsorbent dosing of 2.5 g L−1

solution; and in Ref75: pH of 5.5, 
temperature of 20 °C, adsorption time of time 8 h, adsorbent dosing of 2 g L−1

solution.

Adsorbate Adsorbent Solutiond qm (mg g−1)e Reference

Cu2+

Raw DP Single metal 31.3 Bouhamed et al.74

Activated DP Multi metals 18.7 Bouhamed et al.75

Heated DPa Multi metals 13.4 Hummadi38

Roasted DPb Multi metals 18.2 Present work

MDPc Multi metals 82.4 Present work

Ni2+

Raw DP Single metal 24.4 Bouhamed et al74

Activated DP Multi metals 16.1 Bouhamed et al.75

Heated DPa Multi metals 7.8 Hummadi38

Roasted DPb Multi metals 11.6 Present work

MDPc Multi metals 71.9 Present work

Zn2+

Activated DP Single metal 21.3 Bouhamed et al.74

Activated DP Multi metals 12.2 Bouhamed et al.75

Heated DPa Multi metals 9.7 Hummadi38

Roasted DPb Multi metals 9.8 Present work

MDPc Multi metals 66.3 Present work

Table 3.   Parameters of various kinetic models for the bio-adsorption of heavy metals on MDP.

C0 (mg L−1) qe exp (mg g−1) Pseudo-first order model Pseudo-second order model Intra-particle diffusion model

qe cal (mg g−1) k1 (min−1) R2 k2 (g mg−1 min−1) qe cal (mg g−1) R2 kIP (mg g−1 min−1/2) C (mg g−1) R2

Cu2+ 10 4.22 3.85 0.070 0.899 0.002 4.22 0.958 0.187 1.97 0.989

30 15.79 13.55 0.072 0.904 0.006 15.70 0.959 0.37 9.90 0.999

50 25.32 23.27 0.100 0.938 0.005 25.32 0.978 0.69 16.06 0.980

70 33.99 31.77 0.155 0.952 0.007 33.82 0.978 0.89 23.70 0.999

90 43.54 41.58 0.173 0.962 0.007 43.53 0.978 1.029 31.62 0.993

Ni2+ 10 4.40 3.86 0.061 0.899 0.010 4.40 0.985 0.193 1.84 0.999

30 12.43 11.54 0.135 0.942 0.015 12.43 0.948 0.392 7.74 0.988

50 22.96 21.49 0.147 0.961 0.015 22.32 0.975 0.619 15.49 0.951

70 32.45 30.87 0.166 0.961 0.009 32.41 0.981 0.889 22.59 0.989

90 43.46 41.12 9.169 0.964 0.007 43.42 0.983 1.062 30.83 0.993

Zn2+ 10 3.84 3.39 0.049 0.903 0.010 3.84 0.943 0.177 0.15 0.999

30 13.88 12.20 0.129 0.93 0.013 13.22 0.969 0.448 7.88 0.991

50 22.54 20.77 0.151 0.953 0.011 22.14 0.981 0.624 14.74 0.985

70 31.66 39.30 0.147 0.957 0.007 31.23 0.985 0.866 20.93 0.972

90 41.27 39.21 0.172 0.965 0.008 41.03 0.985 0.986 29.64 0.993
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for the pseudo-second-order model indicate that pseudo-second-order model fits the bio-adsorption kinetics 
better than pseudo-first-order model.

In addition, the above experimental kinetic data were also analyzed using the intra-particle diffusion model 
(Eq. (9)80), which is often used to decide whether intra-particle diffusion is the rate-limiting step. It can be seen 
from Fig. 9 that the good linear fitting plots could be obtained, however, all the C values (in Eq. (9)) are greater 
than zero. These results suggest that the intra-particle diffusion mechanism is not dominant and very likely, 
there are also other mechanisms such as film, surface, or pore diffusion regulating the adsorption kinetics81.

Thermodynamic study
The experimental data of the effect of adsorption temperature (Section "Effect of adsorption temperature") were 
used to study the thermodynamics of the bio-adsorption of heavy metals on MDP. The thermodynamic param-
eters, namely Gibbs free energy change (ΔG , kJ mol−1), surface adsorption of entropy change (ΔS, kJ mol−1 K−1), 
and enthalpy change (ΔH, kJ mol−1) were calculated using Eqs. (10) 40 and (11)82 and the results are shown in 
Table 4. The three thermodynamic parameters (ΔG, ΔH, and ΔS) for the bio-adsorption at four temperatures 
(25–55 °C) are all negative values (Table 4), indicating that the adsorption of Cu2+, Ni2+, and Zn2+ on MDP is 
spontaneous (negative value of ΔG)83, exothermic (negative value of ΔH)84, and the randomness between the 
solid/liquid interfaces at the liquid–solid interface is decreased (negative value of ΔS)85.

(7)qt = qe × (1− ek1t)

(8)qt = k2 × qe
2
× t/(1+ k2 × qe × t)

(9)qe = kip × t0.5 + C

(10)�G = −RT × ln(kd)

(11)ln(kd) =
−�H

RT
+

�S

R

Figure 9.   Intraparticle diffusion on the removal of Cu2+ (a), Ni2+ (b), and Zn2+ (c) by the bio-adsorption on 
MDP. (Bio-adsorption conditions: adsorption temperature 25 °C, MDP dosing of 2 g L−1

solution, particle size of 
200 µm, pH of 5, shaking speed of 300 rpm, and adsorption time of 10–180 min.)
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Bio‑adsorption mechanisms
The adsorption process forms a layer of adsorbate (metal ions) on the surface of adsorbents. Bio-adsorbents, 
often have a porous structure with various cavities and surface sites (Fig. 4), on which the metal ions can be 
bonded. The improved pores and cavities on the MDP lead to an increased surface area for adsorption, promot-
ing interaction between the metal ions with the bio-adsorbent86. Adsorption of the pollutant onto the adsor-
bent often includes three steps, namely transportation of the pollutant from aqueous solution to the adsorbent 
surface, adsorption onto the solid surface, and transport within the adsorbent particle. Kinetic study (Sec-
tion "Kinetic study") indicates that both the intra-particle diffusion mechanism and the intra-particle diffusion 
mechanism are not dominant. The heavy metals have a vigorous affinity to the functional groups on the surfaces 
of the adsorbent87. On the surface of agricultural waste, functional groups such as −OH, −COOH, –O–, and 
−CO–NH–, react with heavy metal ions for their removal from aqueous solution88. Therefore, it is very likely that 
the electrostatic attractions between positively charged metal ions and negatively charged functional groups of 
bio-adsorbents promote the adsorption capacity89. Dispersion of ZnO on the DP surface improves the surface 
for electro-interaction. ZnO particles are generally found to have a positive value of the zeta potential90, which 
however, can be turned into a negative value because of the appearance of negatively charged centers, e.g., 
OH − groups on ZnO surface91. An illustration of the proposed bio-adsorption mechanisms is shown in Fig. 10.

Reuse of the spent MDP
The reusability of the MDP bio-adsorbent was evaluated by recycling the regenerated MDP for additional 4 
times. The used MDP, which was saturated with heavy metals during the bio-adsorption, was regenerated by 
following a desorption protocol described in Section "Bio-adsorption of heavy metals from aqueous solution and 
real wastewater". It can be seen from Fig. 11 that the removal percentage is decreased after each recycling. This 
indicates the irreversible deactivation of the MDP after the adsorption-regeneration cycle, of which the factors 
are under investigation and will be reported in due course.

Bio‑adsorption of a real wastewater using MDP
A real wastewater which was collected from a local electroplating company in Baghdad was applied to evaluate 
the bio-adsorption performance using the optimized adsorption conditions above, namely MDP particle size of 
200 μm, MDP dosing of 2 g L−1

solution, the shaking speed of 300 rpm, adsorption time of 1 h, and the adsorption 

Table 4.   Thermodynamic analysis for the bio-adsorption of heavy metals on MDP.

ΔG (KJ mol−1)

ΔH (KJ mol−1)
ΔS
(J mol−1 K−1) R2298 K 308 K 318 K 328 K

Cu2+ − 9.054 − 6.628 − 5.366 − 4.448 − 54.181 − 152.73 0.968

Ni2+ − 7.014 − 5.768 − 4.156 − 3.180 − 46.152 − 131.46 0.991

Zn2+ − 6.006 − 5.432 − 3.574 − 3.003 − 38.502 − 108.66 0.951

Figure 10.   An illustration of the proposed Bio-adsorption mechanisms.
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temperature of 25 °C. The initial and final concentrations of the heavy metals before and after bio-adsorption 
process, the removal percentage, and the permissible limits are shown in Table 5. It can be seen that the removal 
efficiencies are higher than 90%, however, the concentration of the heavy metals in the treated water are still 
higher than the permissible limits5 for using as the drinking water. This is likely due to the presence of the other 
heavy metals (such as cadmium and lead, out of this study), which leads to an adsorption competition on the 
MDF surface. As such, the treated water after the bio-adsorption could only be used for non-drinking water, 
e.g., agriculture drain.

Conclusion
The present work has shown the significantly improved bio-adsorption efficiency of the date pits (DP)-based 
bio-adsorbent after modification by loading of ZnO and the followed thermal treatment for the removal of heavy 
metals (Cu2+, Ni2+, and Zn2+) in the solution. This is rationalized by the changes in the characteristics (morphol-
ogy, crystallinity, surface functional groups, and the specific surface area) of the ZnO-modified DP (MDP), 
compared to those of the raw date pits. At an optimized bio-adsorption condition (e.g., pH of 5, the particle size 
of 200 μm, the shaking speed of 300 rpm, initial concentration of 90 mg L−1, MDP dosing of 2 g L−1

solution, adsorp-
tion time of 60 min, and the adsorption temperature of 25 °C), a high bio-adsorption efficiency of MDP for the 
removal of Cu2+ (97.4%), Ni2+ (96.7%), and Zn2+ (90.2%) in the solution was obtained. Irreversible deactivation 
was observed during the 5 cycles of adsorption-regeneration. Bio-adsorption of a real wastewater showed that 
the treated water can only be used as for non-drinking water. The isothermal analysis by the Langmuir isotherm 
model and the Freundlich isotherm model showed that both heterogeneous and homogeneous adsorption sites 
on MDP surface were involved for the bio-adsorption of heavy metals. According to the Langmuir isotherm 
model, the maximum bio-adsorption amount of the three heavy metals on MDP follows the order of Cu2+ 
(82.4 mg g−1) > Ni2+ (71.9 mg g−1) > Zn2+ (66.3 mg g−1). The kinetic study using the pseudo-first-order model, 
the pseudo-second-order model, and the intra-particle diffusion model suggested that the nature of kinetic 
adsorption is chemical and the intra-particle diffusion mechanism is not dominant, indicating the multiple bio-
adsorption mechanisms. The thermodynamic parameters (ΔG, ΔH, and ΔS) pointed out that the bio-adsorption 
of heavy metals on MDP was spontaneous and exothermic, and the randomness between the solid/liquid inter-
faces at the liquid–solid interface is decreased. The modification protocol developed in this work is facile and 
could be a universal treatment of the bio-adsorbents for an improved bio-adsorption performance in terms of 
the purification of polluted water containing heavy metals.

Figure 11.   The removal percentages of Cu2+ (a), Ni2+ (b), and Zn2+ (c) by the bio-adsorption on the fresh and 
regenerated MDP. (Bio-adsorption conditions: initial concentration of 90 mg L−1, MDP dosing of 2 g L−1

solution, 
particle size of 200 µm, pH of 5, shaking speed of 300 rpm, and adsorption time of 60 min.)

Table 5.   Bio-adsorption of real wastewater using MDP.

Heavy metals Initial concentration (mg L−1) Final concentration (mg L−1) Removal efficiency (%)
Permissible limits for 
drinking water (mg L−1)5

Cu2+ 21.57 1.84 91.5 1.5

Ni2+ 13.89 1.29 90.7 0.1

Zn2+ 18.89 1.88 90.1 5.0
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Data availability
Original data and relevant materials can be provided by Dr. Khalid Khazzal Hummadi upon request.

Received: 22 September 2023; Accepted: 18 December 2023

References
	 1.	 Demirbas, A. Heavy metal adsorption onto agro-based waste materials: A review. J. Hazard. Mater. 157, 220–229. https://​doi.​org/​

10.​1016/j.​jhazm​at.​2008.​01.​024 (2008).
	 2.	 Qasem, N. A. A., Mohammed, R. H. & Lawal, D. U. Removal of heavy metal ions from wastewater: A comprehensive and critical 

review. NPJ Clean Water 4, 36. https://​doi.​org/​10.​1038/​s41545-​021-​00127-0 (2021).
	 3.	 Kinuthia, G. K. et al. Levels of heavy metals in wastewater and soil samples from open drainage channels in Nairobi, Kenya: Com-

munity health implication. Sci. Rep. 10, 8434. https://​doi.​org/​10.​1038/​s41598-​020-​65359-5 (2020).
	 4.	 Iloms, E., Ololade, O. O., Ogola, H. J. O. & Selvarajan, R. Investigating industrial effluent impact on municipal wastewater treat-

ment plant in Vaal, South Africa. Int. J. Environ. Res. Public Health 17, 1096. https://​doi.​org/​10.​3390/​ijerp​h1703​1096 (2020).
	 5.	 Guidelines for drinking-water quality: Fourth edition incorporating the first and second addenda (World Health Organization, Geneva, 

2022).
	 6.	 Tang, X. et al. Chemical coagulation process for the removal of heavy metals from water: A review. Desalin. Water Treat. 57, 

1733–1748. https://​doi.​org/​10.​1080/​19443​994.​2014.​977959 (2016).
	 7.	 Bashir, A. et al. Removal of heavy metal ions from aqueous system by ion-exchange and biosorption methods. Environ. Chem. 

Lett. 17, 729–754. https://​doi.​org/​10.​1007/​s10311-​018-​00828-y (2019).
	 8.	 Qin, J.-J., Wai, M.-N., Oo, M.-H. & Wong, F.-S. A feasibility study on the treatment and recycling of a wastewater from metal 

plating. J. Membr. Sci. 208, 213–221. https://​doi.​org/​10.​1016/​S0376-​7388(02)​00263-6 (2002).
	 9.	 Lai, C. L. & Lin, S. H. Electrocoagulation of chemical mechanical polishing (CMP) wastewater from semiconductor fabrication. 

Chem. Eng. J. 95, 205–211. https://​doi.​org/​10.​1016/​S1385-​8947(03)​00106-2 (2003).
	10.	 Chaiyasith, S., Chaiyasith, P. & Septhum, C. Removal of cadmium and nickel from aqueous solution by adsorption onto treated 

fly ash from Thailand. Sci. Technol. Asia 11, 13–20 (2006).
	11.	 Ahalya, N., Ramachandra, T. V. & Kanamadi, R. D. Biosorption of heavy metals. Res. J. Chem. Environ. 7, 71–79 (2003).
	12.	 Dakiky, M., Khamis, M., Manassra, A. & Mer’eb, M. Selective adsorption of chromium(VI) in industrial wastewater using low-cost 

abundantly available adsorbents. Adv. Environ. Res. 6, 533–540. https://​doi.​org/​10.​1016/​S1093-​0191(01)​00079-X (2002).
	13.	 Kazmierczak-Razna, J. et al. Removal of heavy metal ions from one- and two-component solutions via adsorption on N-doped 

activated carbon. Materials 14, 7045. https://​doi.​org/​10.​3390/​ma142​27045 (2021).
	14.	 Al-Qodah, Z., Yahya, M. A. & Al-Shannag, M. On the performance of bioadsorption processes for heavy metal ions removal by 

low-cost agricultural and natural by-products bioadsorbent: A review. Desalin. Water Treatment 85, 358–364. https://​doi.​org/​10.​
5004/​dwt.​2017.​21256 (2017).

	15.	 Liang, S., Guo, X., Feng, N. & Tian, Q. Isotherms, kinetics and thermodynamic studies of adsorption of Cu2+ from aqueous solutions 
by Mg2+/K+ type orange peel adsorbents. J. Hazard. Mater. 174, 756–762. https://​doi.​org/​10.​1016/j.​jhazm​at.​2009.​09.​116 (2010).

	16.	 Hegazy, G. E., Soliman, N. A., Ossman, M. E., Abdel-Fattah, Y. R. & Moawad, M. N. Isotherm and kinetic studies of cadmium 
biosorption and its adsorption behaviour in multi-metals solution using dead and immobilized archaeal cells. Sci. Rep. 13, 2550. 
https://​doi.​org/​10.​1038/​s41598-​023-​29456-5 (2023).

	17.	 Homagai, P. L., Ghimire, K. N. & Inoue, K. Adsorption behavior of heavy metals onto chemically modified sugarcane bagasse. 
Bioresource Technol. 101, 2067–2069. https://​doi.​org/​10.​1016/j.​biort​ech.​2009.​11.​073 (2010).

	18.	 Argun, M. E., Dursun, S., Ozdemir, C. & Karatas, M. Heavy metal adsorption by modified oak sawdust: Thermodynamics and 
kinetics. J. Hazard. Mater. 141, 77–85. https://​doi.​org/​10.​1016/j.​jhazm​at.​2006.​06.​095 (2007).

	19.	 Demirbas, A. Adsorption of Co(II) and Hg(II) from water and wastewater onto modified lignin. Energy Sources Part A: Recov. 
Utili. Environ. Effects 29, 117–123. https://​doi.​org/​10.​1080/​00908​31909​48720 (2007).

	20.	 Hashem, A., Abou-Okeil, A., El-Shafie, A. & El-Sakhawy, M. Grafting of high α-cellulose pulp extracted from sunflower stalks for 
removal of Hg (II) from aqueous solution. Polym.-Plast. Technol. Eng. 45, 135–141. https://​doi.​org/​10.​1080/​03602​55050​03737​90 
(2006).

	21.	 Hashem, A., Abdel-Halim, E. S., El-Tahlawy, K. F. & Hebeish, A. Enhancement of the adsorption of Co(II) and Ni(II) ions onto 
peanut hulls through esterification using citric acid. Adsorpt. Sci. Technol. 23, 367–380. https://​doi.​org/​10.​1260/​02636​17057​74355​
478 (2005).

	22.	 Özer, A., Özer, D. & Özer, A. The adsorption of copper(II) ions on to dehydrated wheat bran (DWB): determination of the equi-
librium and thermodynamic parameters. Process Biochem. 39, 2183–2191. https://​doi.​org/​10.​1016/j.​procb​io.​2003.​11.​008 (2004).

	23.	 Demirbaş, E. Adsorption of Cobalt(II) ions from aqueous solution onto activated carbon prepared from hazelnut shells. Adsorpt. 
Sci. Technol. 21, 951–963. https://​doi.​org/​10.​1260/​02636​17036​07443​80 (2003).

	24.	 Vázquez, G., González-Álvarez, J., Freire, S., López-Lorenzo, M. & Antorrena, G. Removal of cadmium and mercury ions from 
aqueous solution by sorption on treated Pinus pinaster bark: Kinetics and isotherms. Bioresource Technol. 82, 247–251. https://​
doi.​org/​10.​1016/​S0960-​8524(01)​00186-9 (2002).

	25.	 Annadurai, G., Juang, R. S. & Lee, D. J. Adsorption of heavy metals from water using banana and orange peels. Water Sci. Technol. 
47, 185–190. https://​doi.​org/​10.​2166/​wst.​2003.​0049 (2003).

	26.	 Reddad, Z. et al. Ni(II) and Cu(II) binding properties of native and modified sugar beet pulp. Carbohydrate Polym. 49, 23–31. 
https://​doi.​org/​10.​1016/​S0144-​8617(01)​00301-0 (2002).

	27.	 Vaughan, T., Seo, C. W. & Marshall, W. E. Removal of selected metal ions from aqueous solution using modified corncobs. Biore‑
source Technol. 78, 133–139. https://​doi.​org/​10.​1016/​S0960-​8524(01)​00007-4 (2001).

	28.	 Khatoon, A., Uddin, M. K. & Rao, R. A. K. Adsorptive remediation of Pb(II) from aqueous media using Schleichera oleosa bark. 
Environ. Technol. Innov. 11, 1–14. https://​doi.​org/​10.​1016/j.​eti.​2018.​04.​004 (2018).

	29.	 Rao, R. A. K. & Kashifuddin, M. Kinetics and isotherm studies of Cd(II) adsorption from aqueous solution utilizing seeds of bot-
tlebrush plant (Callistemon chisholmii). Appl. Water Sci. 4, 371–383. https://​doi.​org/​10.​1007/​s13201-​014-​0153-2 (2014).

	30.	 Vieira, R. H. & Volesky, B. Biosorption: A solution to pollution?. Int. Microbiol. 3(1), 17–24 (2000).
	31.	 Malik, D. S., Jain, C. K. & Yadav, A. K. Removal of heavy metals from emerging cellulosic low-cost adsorbents: A review. Appl. 

Water Sci. 7, 2113–2136. https://​doi.​org/​10.​1007/​s13201-​016-​0401-8 (2017).
	32.	 Lee, B.-G. & Rowell, R. M. Removal of heavy metal ions from aqueous solutions using lignocellulosic fibers. J. Nat. Fibers 1, 97–108. 

https://​doi.​org/​10.​1300/​J395v​01n01_​07 (2004).
	33.	 Al-Ghouti, M. A. et al. Adsorption mechanisms of removing heavy metals and dyes from aqueous solution using date pits solid 

adsorbent. J. Hazard. Mater. 176, 510–520. https://​doi.​org/​10.​1016/j.​jhazm​at.​2009.​11.​059 (2010).
	34.	 Agricultural value chain study in Iraq: Dates, grapes, tomatoes and wheat. https://​doi.​org/​10.​4060/​cb213​2en (2021). Accessed 08 

December, 2022.
	35.	 Iraq’s date production reaches 900,000 tons in 2021: ministry. https://​esta.​krd/​en/​108111/, 2021. Accessed 08 December, 2022.

https://doi.org/10.1016/j.jhazmat.2008.01.024
https://doi.org/10.1016/j.jhazmat.2008.01.024
https://doi.org/10.1038/s41545-021-00127-0
https://doi.org/10.1038/s41598-020-65359-5
https://doi.org/10.3390/ijerph17031096
https://doi.org/10.1080/19443994.2014.977959
https://doi.org/10.1007/s10311-018-00828-y
https://doi.org/10.1016/S0376-7388(02)00263-6
https://doi.org/10.1016/S1385-8947(03)00106-2
https://doi.org/10.1016/S1093-0191(01)00079-X
https://doi.org/10.3390/ma14227045
https://doi.org/10.5004/dwt.2017.21256
https://doi.org/10.5004/dwt.2017.21256
https://doi.org/10.1016/j.jhazmat.2009.09.116
https://doi.org/10.1038/s41598-023-29456-5
https://doi.org/10.1016/j.biortech.2009.11.073
https://doi.org/10.1016/j.jhazmat.2006.06.095
https://doi.org/10.1080/009083190948720
https://doi.org/10.1080/03602550500373790
https://doi.org/10.1260/026361705774355478
https://doi.org/10.1260/026361705774355478
https://doi.org/10.1016/j.procbio.2003.11.008
https://doi.org/10.1260/02636170360744380
https://doi.org/10.1016/S0960-8524(01)00186-9
https://doi.org/10.1016/S0960-8524(01)00186-9
https://doi.org/10.2166/wst.2003.0049
https://doi.org/10.1016/S0144-8617(01)00301-0
https://doi.org/10.1016/S0960-8524(01)00007-4
https://doi.org/10.1016/j.eti.2018.04.004
https://doi.org/10.1007/s13201-014-0153-2
https://doi.org/10.1007/s13201-016-0401-8
https://doi.org/10.1300/J395v01n01_07
https://doi.org/10.1016/j.jhazmat.2009.11.059
https://doi.org/10.4060/cb2132en
https://esta.krd/en/108111/


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22779  | https://doi.org/10.1038/s41598-023-50278-y

www.nature.com/scientificreports/

	36.	 Al-Saidi, H. M. The fast recovery of gold(III) ions from aqueous solutions using raw date pits: Kinetic, thermodynamic and equi-
librium studies. J. Saudi Chem. Soc. 20, 615–624. https://​doi.​org/​10.​1016/j.​jscs.​2013.​06.​002 (2016).

	37.	 Al-Muhtaseb, S. A., El-Naas, M. H. & Abdallah, S. Removal of aluminum from aqueous solutions by adsorption on date-pit and 
BDH activated carbons. J. Hazard. Mater. 158, 300–307. https://​doi.​org/​10.​1016/j.​jhazm​at.​2008.​01.​080 (2008).

	38.	 Hummadi, K. K. Optimal operating conditions for adsorption of heavy metals from an aqueous solution by an agriculture waste. 
Iraqi J. Chem. Pet. Eng. 22, 27–35. https://​doi.​org/​10.​3199/​IJCPE.​2021.2.4 (2021).

	39.	 Raji, Z., Karim, A., Karam, A. & Khalloufi, S. A review on the heavy metal adsorption capacity of dietary fibers derived from agro-
based wastes: Opportunities and challenges for practical applications in the food industry. Trends Food Sci. Technol. 137, 74–91. 
https://​doi.​org/​10.​1016/j.​tifs.​2023.​05.​004 (2023).

	40.	 Khodadadi, M., Al-Musawi, T. J., Kamranifar, M., Saghi, M. H. & Hossein Panahi, A. A comparative study of using barberry stem 
powder and ash as adsorbents for adsorption of humic acid. Environ. Sci. Pollut. Res. 26, 26159–26169. https://​doi.​org/​10.​1007/​
s11356-​019-​05879-4 (2019).

	41.	 Mohammed, A. A., Brouers, F. & Isra’a Sadi, S., & Al-Musawi, T. J.,. Role of Fe3O4 magnetite nanoparticles used to coat bentonite in 
zinc(II) ions sequestration. Environ. Nanotechnol. Monit. Manag. 10, 17–27. https://​doi.​org/​10.​1016/J.​ENMM.​2018.​04.​004 (2018).

	42.	 Ali, A., Ambreen, S., Javed, R., Tabassum, S. & I. ul Haq, M. Zia,. ZnO nanostructure fabrication in different solvents transforms 
physio-chemical, biological and photodegradable properties. Mater. Sci. Eng. C 74, 137–145. https://​doi.​org/​10.​1016/j.​msec.​2017.​
01.​004 (2017).

	43.	 Sheela, T., Nayaka, Y. A., Viswanatha, R., Basavanna, S. & Venkatesha, T. G. Kinetics and thermodynamics studies on the adsorp-
tion of Zn(II), Cd(II) and Hg(II) from aqueous solution using zinc oxide nanoparticles. Powder Technol. 217, 163–170. https://​
doi.​org/​10.​1016/j.​powtec.​2011.​10.​023 (2012).

	44.	 Yuvaraja, G., Prasad, C., Vijaya, Y. & Subbaiah, M. V. Application of ZnO nanorods as an adsorbent material for the removal of 
As(III) from aqueous solution: Kinetics, isotherms and thermodynamic studies. Int. J. Ind. Chem. 9, 17–25. https://​doi.​org/​10.​
1007/​s40090-​018-​0136-5 (2018).

	45.	 Zolfaghari, G., Esmaili-Sari, A., Anbia, M., Younesi, H. & Ghasemian, M. B. A zinc oxide-coated nanoporous carbon adsorbent 
for lead removal from water: Optimization, equilibrium modeling, and kinetics studies. Int. J. Environ. Sci. Technol. 10, 325–340. 
https://​doi.​org/​10.​1007/​s13762-​012-​0135-6 (2013).

	46.	 Ahmad, S. Z. N. et al. Efficient removal of Pb(II) from aqueous solution using zinc oxide/graphene oxide composite. IOP Conf. 
Ser.: Mater. Sci. Eng. 736, 052002. https://​doi.​org/​10.​1088/​1757-​899x/​736/5/​052002 (2020).

	47.	 Mohseni-Bandpi, A. et al. Improvement of zeolite adsorption capacity for cephalexin by coating with magnetic Fe3O4 nanoparticles. 
J. Mol. Liq. 218, 615–624. https://​doi.​org/​10.​1016/j.​molliq.​2016.​02.​092 (2016).

	48.	 Noroozi, R., Al-Musawi, T. J., Kazemian, H., Kalhori, E. M. & Zarrabi, M. Removal of cyanide using surface-modified Linde Type-A 
zeolite nanoparticles as an efficient and eco-friendly material. J. Water Process Eng. 21, 44–51. https://​doi.​org/​10.​1016/j.​jwpe.​2017.​
11.​011 (2018).

	49.	 Mittal, A., Mittal, J., Malviya, A. & Gupta, V. K. Removal and recovery of Chrysoidine Y from aqueous solutions by waste materials. 
J. Colloid Interface Sci. 344, 497–507. https://​doi.​org/​10.​1016/j.​jcis.​2010.​01.​007 (2010).

	50.	 El-Hendawy, A.-N.A. Variation in the FTIR spectra of a biomass under impregnation, carbonization and oxidation conditions. J. 
Anal. Appl. Pyrolys. 75, 159–166. https://​doi.​org/​10.​1016/j.​jaap.​2005.​05.​004 (2006).

	51.	 Liu, C., Qiu, S., Du, P., Zhao, H. & Wang, L. An ionic liquid–graphene oxide hybrid nanomaterial: Synthesis and anticorrosive 
applications. Nanoscale 10, 8115–8124. https://​doi.​org/​10.​1039/​C8NR0​1890A (2018).

	52.	 Pandey, K. K. & Pitman, A. J. FTIR studies of the changes in wood chemistry following decay by brown-rot and white-rot fungi. 
Int. Biodeterior. Biodegrad. 52, 151–160. https://​doi.​org/​10.​1016/​S0964-​8305(03)​00052-0 (2003).

	53.	 Rana, S. B., Bhardwaj, V. K., Singh, S., Singh, A. & Kaur, N. Influence of surface modification by 2-aminothiophenol on optoelec-
tronics properties of ZnO nanoparticles. J. Experim. Nanosci. 9, 877–891. https://​doi.​org/​10.​1080/​17458​080.​2012.​736640 (2014).

	54.	 Stuart, B. H. Infrared Spectroscopy: Fundamentals and Applications. John Wiley & Sons Ltd https://​doi.​org/​10.​1002/​04700​11149 
(2004).

	55.	 Trilokesh, C. & Uppuluri, K. B. Isolation and characterization of cellulose nanocrystals from jackfruit peel. Sci. Rep. 9, 16709. 
https://​doi.​org/​10.​1038/​s41598-​019-​53412-x (2019).

	56.	 Zaman, M. et al. Synthesis of thiol-modified hemicellulose, its biocompatibility, studies, and appraisal as a sustained release carrier 
of ticagrelor. Front. Pharmacol. 12, 1. https://​doi.​org/​10.​3389/​fphar.​2021.​550020 (2021).

	57.	 Gupta, A. K., Mohanty, S. & Nayak, S. K. Preparation and characterization of lignin nanofibre by electrospinnig technique. Int. J. 
Sci. Eng. Appl. Sci. 1, 184–190 (2015).

	58.	 Wakkel, M., Khiari, B. & Zagrouba, F. Basic red 2 and methyl violet adsorption by date pits: adsorbent characterization, optimi-
zation by RSM and CCD, equilibrium and kinetic studies. Environ. Sci. Pollut. Res. 26, 18942–18960. https://​doi.​org/​10.​1007/​
s11356-​018-​2192-y (2019).

	59.	 Bazrafshan, E. et al. Photocatalytic degradation of catechol using ZnO nanoparticles as catalyst: optimizing the experimental 
parameters using the box-behnken statistical methodology and kinetic studies. Microchem. J. 147, 643–653. https://​doi.​org/​10.​
1016/j.​microc.​2019.​03.​078 (2019).

	60.	 Kasbaji, M. et al. Bio-adsorption performances of methylene blue (MB) dye on terrestrial and marine natural fibers: Effect of 
physicochemical properties, kinetic models and thermodynamic parameters. Separat. Sci. Technol. 1, 1–20. https://​doi.​org/​10.​
1080/​01496​395.​2022.​21047​33 (2022).

	61.	 Sanmugam, A., Vikraman, D., Park, H. J. & Kim, H.-S. One-pot facile methodology to synthesize chitosan-ZnO-graphene oxide 
hybrid composites for better dye adsorption and antibacterial activity. Nanomaterials 363, 1–14. https://​doi.​org/​10.​3390/​nano7​
110363 (2017).

	62.	 Varghese, J., Gapiński, J., & Pochylski, M. Chapter 3 - Brillouin spectroscopy: probing the acoustic vibrations in colloidal nanopar-
ticles. In S. Thomas, N. Kalarikkal, A.R. Abraham (Eds.) Design, Fabrication, and Characterization of Multifunctional Nanomaterials 
45–72. (Elsevier, 2022). https://​doi.​org/​10.​1016/​B978-0-​12-​820558-​7.​00010-8.

	63.	 Hilal, N. M., Ahmed, I. A. & El-Sayed, R. E. Activated and nonactivated date pits adsorbents for the removal of Copper(II) and 
Cadmium(II) from aqueous solutions. ISRN Phys. Chem. 985853, 1–11. https://​doi.​org/​10.​5402/​2012/​985853 (2012).

	64.	 Sun, Y. et al. Characterization and ciprofloxacin adsorption properties of activated carbons prepared from biomass wastes by 
H3PO4 activation. Bioresource Technol. 217, 239–244. https://​doi.​org/​10.​1016/j.​biort​ech.​2016.​03.​047 (2016).

	65.	 Lussa, M. O., Wijayanti, A., Kusumadewi, R. A. & Hadisoebroto, R. The mixing speed effect and mass of adsorbent on copper 
(Cu) removal from wastewater by water hyacinth leaves. E3S Web Conf. 148, 506. https://​doi.​org/​10.​1051/​e3sco​nf/​20201​48050​06 
(2020).

	66.	 Kumar Gupta, V., Agarwal, S., Asif, M., Fakhri, A. & Sadeghi, N. Application of response surface methodology to optimize the 
adsorption performance of a magnetic graphene oxide nanocomposite adsorbent for removal of methadone from the environment. 
J. Colloid Interface Sci. 497, 193–200. https://​doi.​org/​10.​1016/j.​jcis.​2017.​03.​006 (2017).

	67.	 Salameh, Y., Albadarin, A. B., Allen, S., Walker, G. & Ahmad, M. N. M. Arsenic(III, V) adsorption onto charred dolomite: Charring 
optimization and batch studies. Chem. Eng. J. 259, 663–671. https://​doi.​org/​10.​1016/j.​cej.​2014.​08.​038 (2015).

	68.	 Zhou, Z., Lin, S., Yue, T. & Lee, T.-C. Adsorption of food dyes from aqueous solution by glutaraldehyde cross-linked magnetic 
chitosan nanoparticles. J. Food Eng. 126, 133–141. https://​doi.​org/​10.​1016/j.​jfood​eng.​2013.​11.​014 (2014).

https://doi.org/10.1016/j.jscs.2013.06.002
https://doi.org/10.1016/j.jhazmat.2008.01.080
https://doi.org/10.3199/IJCPE.2021.2.4
https://doi.org/10.1016/j.tifs.2023.05.004
https://doi.org/10.1007/s11356-019-05879-4
https://doi.org/10.1007/s11356-019-05879-4
https://doi.org/10.1016/J.ENMM.2018.04.004
https://doi.org/10.1016/j.msec.2017.01.004
https://doi.org/10.1016/j.msec.2017.01.004
https://doi.org/10.1016/j.powtec.2011.10.023
https://doi.org/10.1016/j.powtec.2011.10.023
https://doi.org/10.1007/s40090-018-0136-5
https://doi.org/10.1007/s40090-018-0136-5
https://doi.org/10.1007/s13762-012-0135-6
https://doi.org/10.1088/1757-899x/736/5/052002
https://doi.org/10.1016/j.molliq.2016.02.092
https://doi.org/10.1016/j.jwpe.2017.11.011
https://doi.org/10.1016/j.jwpe.2017.11.011
https://doi.org/10.1016/j.jcis.2010.01.007
https://doi.org/10.1016/j.jaap.2005.05.004
https://doi.org/10.1039/C8NR01890A
https://doi.org/10.1016/S0964-8305(03)00052-0
https://doi.org/10.1080/17458080.2012.736640
https://doi.org/10.1002/0470011149
https://doi.org/10.1038/s41598-019-53412-x
https://doi.org/10.3389/fphar.2021.550020
https://doi.org/10.1007/s11356-018-2192-y
https://doi.org/10.1007/s11356-018-2192-y
https://doi.org/10.1016/j.microc.2019.03.078
https://doi.org/10.1016/j.microc.2019.03.078
https://doi.org/10.1080/01496395.2022.2104733
https://doi.org/10.1080/01496395.2022.2104733
https://doi.org/10.3390/nano7110363
https://doi.org/10.3390/nano7110363
https://doi.org/10.1016/B978-0-12-820558-7.00010-8
https://doi.org/10.5402/2012/985853
https://doi.org/10.1016/j.biortech.2016.03.047
https://doi.org/10.1051/e3sconf/202014805006
https://doi.org/10.1016/j.jcis.2017.03.006
https://doi.org/10.1016/j.cej.2014.08.038
https://doi.org/10.1016/j.jfoodeng.2013.11.014


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22779  | https://doi.org/10.1038/s41598-023-50278-y

www.nature.com/scientificreports/

	69.	 Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 40, 1361–1403. https://​doi.​
org/​10.​1021/​ja022​42a004 (1918).

	70.	 Freundlich, H. & Heller, W. The adsorption of cis- and trans-azobenzene. J. Am. Chem. Soc. 61, 2228–2230. https://​doi.​org/​10.​
1021/​ja018​77a071 (1939).

	71.	 Freundlich, H. M. F. Über die adsorption in lösungen. Zeitschrift für Physikalische Chemie 57, 385–470. https://​doi.​org/​10.​1515/​
zpch-​1907-​5723 (1906).

	72.	 Mohammed, A. A. & Kareem, S. L. Adsorption of tetracycline fom wastewater by using Pistachio shell coated with ZnO nanopar-
ticles: Equilibrium, kinetic and isotherm studies. Alex. Eng. J. 58, 917–928. https://​doi.​org/​10.​1016/j.​aej.​2019.​08.​006 (2019).

	73.	 Senthil Kumar, P. et al. Adsorption of dye from aqueous solution by cashew nut shell: Studies on equilibrium isotherm, kinetics 
and thermodynamics of interactions. Desalination 261, 52–60. https://​doi.​org/​10.​1016/j.​desal.​2010.​05.​032 (2010).

	74.	 Bouhamed, F., Elouear, Z. & Bouzid, J. Adsorptive removal of copper(II) from aqueous solutions on activated carbon prepared 
from Tunisian date stones: Equilibrium, kinetics and thermodynamics. J. Taiwan Inst. Chem. Eng. 43, 741–749. https://​doi.​org/​
10.​1016/j.​jtice.​2012.​02.​011 (2012).

	75.	 Bouhamed, F., Elouear, Z., Bouzid, J. & Ouddane, B. Multi-component adsorption of copper, nickel and zinc from aqueous solutions 
onto activated carbon prepared from date stones. Environ. Sci. Pollut. Res. 23, 15801–15806. https://​doi.​org/​10.​1007/​s11356-​015-​
4400-3 (2016).

	76.	 Lagergren, S. About the theory of so-called adsorption of soluble substances. Kungliga Svenska Vetenskapsakademiens Handlingar 
24, 1–39 (1898).

	77.	 Ho, Y. S. & McKay, G. Pseudo-second order model for sorption processes. Process Biochem. 34, 451–465. https://​doi.​org/​10.​1016/​
S0032-​9592(98)​00112-5 (1999).

	78.	 Ho, Y.-S. Review of second-order models for adsorption systems. J. Hazard. Mater. 136, 681–689. https://​doi.​org/​10.​1016/j.​jhazm​
at.​2005.​12.​043 (2006).

	79.	 Azizian, S. Kinetic models of sorption: A theoretical analysis. J. Colloid Interface Sci. 276, 47–52. https://​doi.​org/​10.​1016/j.​jcis.​
2004.​03.​048 (2004).

	80.	 Chen, S. et al. Equilibrium and kinetic studies of methyl orange and methyl violet adsorption on activated carbon derived from 
Phragmites australis. Desalination 252, 149–156. https://​doi.​org/​10.​1016/j.​desal.​2009.​10.​010 (2010).

	81.	 Boparai, H. K., Joseph, M. & O’Carroll, D. M. Kinetics and thermodynamics of cadmium ion removal by adsorption onto nano 
zerovalent iron particles. J. Hazard. Mater. 186, 458–465. https://​doi.​org/​10.​1016/j.​jhazm​at.​2010.​11.​029 (2011).

	82.	 Okoye, A. I., Ejikeme, P. M. & Onukwuli, O. D. Lead removal from wastewater using fluted pumpkin seed shell activated carbon: 
Adsorption modeling and kinetics. Int. J. Environ. Sci. Technol. 7, 793–800. https://​doi.​org/​10.​1007/​BF033​26188 (2010).

	83.	 Safari, G. H. et al. Trends of natural and acid-engineered pumice onto phosphorus ions in aquatic environment: adsorbent prepara-
tion, characterization, and kinetic and equilibrium modeling. Desalin. Water Treatment 54, 3031–3043. https://​doi.​org/​10.​1080/​
19443​994.​2014.​915385 (2015).

	84.	 Cruz, C. C. V., da Costa, A. C. A., Henriques, C. A. & Luna, A. S. Kinetic modeling and equilibrium studies during cadmium 
biosorption by dead Sargassum sp. biomass. Bioresource Technol. 91, 249–257. https://​doi.​org/​10.​1016/​S0960-​8524(03)​00194-9 
(2004).

	85.	 Mahmood, T. et al. Kinetics, equilibrium and thermodynamics studies of arsenate adsorption from aqueous solutions onto iron 
hydroxide. J. Ind. Eng. Chem. 20, 3234–3242. https://​doi.​org/​10.​1016/j.​jiec.​2013.​12.​004 (2014).

	86.	 Bilal, M., Ihsanullah, I., Younas, M. & Ul Hassan Shah, M.,. Recent advances in applications of low-cost adsorbents for the removal 
of heavy metals from water: A critical review. Separ. Purif. Technol. 278, 1110. https://​doi.​org/​10.​1016/j.​seppur.​2021.​119510 (2021).

	87.	 Chai, W. S. et al. A review on conventional and novel materials towards heavy metal adsorption in wastewater treatment applica-
tion. J. Clean. Prod. 296, 126589. https://​doi.​org/​10.​1016/j.​jclep​ro.​2021.​126589 (2021).

	88.	 Chuah, T. G., Jumasiah, A., Azni, I., Katayon, S. & Thomas Choong, S. Y. Rice husk as a potentially low-cost biosorbent for heavy 
metal and dye removal: An overview. Desalination 175, 305–316. https://​doi.​org/​10.​1016/j.​desal.​2004.​10.​014 (2005).

	89.	 Huang, D. et al. Megamerger of biosorbents and catalytic technologies for the removal of heavy metals from wastewater: Prepara-
tion, final disposal, mechanism and influencing factors. J. Environ. Manag. 261, 109879. https://​doi.​org/​10.​1016/j.​jenvm​an.​2019.​
109879 (2020).

	90.	 Kim, K.-M. et al. Physicochemical properties of surface charge-modified ZnO nanoparticles with different particle sizes. Int. J. 
Nanomed. 9, 41–56. https://​doi.​org/​10.​2147/​IJN.​S57923 (2014).

	91.	 Le, A. T., Pung, S.-Y., Sreekantan, S., Matsuda, A. & Huynh, D. P. Mechanisms of removal of heavy metal ions by ZnO particles. 
Heliyon 5, e01440. https://​doi.​org/​10.​1016/j.​heliy​on.​2019.​e01440 (2019).

Acknowledgements
Prof. Dr. K. Seshan, who has retired from the Catalytic Processes & Materials Group, University of Twente, The 
Netherlands, is acknowledged for his effort in improving the English in this paper.

Author contributions
K.K.H.: Conceptualization, Methodology, Validation, Investigation, Resources, Writing—Original Draft. L.Z.: 
Investigation, Visualization, Writing—Original Draft. S.H.: Conceptualization, Writing—Original Draft, Writ-
ing—Review & Editing, Visualization, Project Administration.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​50278-y.

Correspondence and requests for materials should be addressed to K.K.H. or S.H.

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.

https://doi.org/10.1021/ja02242a004
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1021/ja01877a071
https://doi.org/10.1021/ja01877a071
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1016/j.aej.2019.08.006
https://doi.org/10.1016/j.desal.2010.05.032
https://doi.org/10.1016/j.jtice.2012.02.011
https://doi.org/10.1016/j.jtice.2012.02.011
https://doi.org/10.1007/s11356-015-4400-3
https://doi.org/10.1007/s11356-015-4400-3
https://doi.org/10.1016/S0032-9592(98)00112-5
https://doi.org/10.1016/S0032-9592(98)00112-5
https://doi.org/10.1016/j.jhazmat.2005.12.043
https://doi.org/10.1016/j.jhazmat.2005.12.043
https://doi.org/10.1016/j.jcis.2004.03.048
https://doi.org/10.1016/j.jcis.2004.03.048
https://doi.org/10.1016/j.desal.2009.10.010
https://doi.org/10.1016/j.jhazmat.2010.11.029
https://doi.org/10.1007/BF03326188
https://doi.org/10.1080/19443994.2014.915385
https://doi.org/10.1080/19443994.2014.915385
https://doi.org/10.1016/S0960-8524(03)00194-9
https://doi.org/10.1016/j.jiec.2013.12.004
https://doi.org/10.1016/j.seppur.2021.119510
https://doi.org/10.1016/j.jclepro.2021.126589
https://doi.org/10.1016/j.desal.2004.10.014
https://doi.org/10.1016/j.jenvman.2019.109879
https://doi.org/10.1016/j.jenvman.2019.109879
https://doi.org/10.2147/IJN.S57923
https://doi.org/10.1016/j.heliyon.2019.e01440
https://doi.org/10.1038/s41598-023-50278-y
https://doi.org/10.1038/s41598-023-50278-y
www.nature.com/reprints


16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22779  | https://doi.org/10.1038/s41598-023-50278-y

www.nature.com/scientificreports/

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) 2023

http://creativecommons.org/licenses/by/4.0/

	Bio-adsorption of heavy metals from aqueous solution using the ZnO-modified date pits
	Experimental
	Preparation of the bio-adsorbents
	Characterization of the bio-adsorbents
	Bio-adsorption of heavy metals from aqueous solution and real wastewater

	Results and discussion
	Characterization of the bio-adsorbents
	Bio-adsorption of Cu2+, Ni2+, and Zn2+ using MDP
	Optimization of bio-adsorption parameters
	Effect of pH of solution. 
	Effect of particle size of MDP. 
	Effect of shaking speed. 
	Effect of MDP dose. 
	Effect of the adsorption time. 
	Effect of initial concentrations of heavy metals. 
	Effect of adsorption temperature. 

	Isotherm study
	Kinetic study
	Thermodynamic study
	Bio-adsorption mechanisms
	Reuse of the spent MDP

	Bio-adsorption of a real wastewater using MDP

	Conclusion
	References
	Acknowledgements


