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Abstract 16 

Two novel absorbents were synthesized for the first time by banana and pomegranate 17 

peels using diethylenetriaminepentaacetic acid (DTPA) modification to eliminate Cd(II) 18 

and Ni(II) of sewage. The DTPA-modified peels performed significantly higher 19 

adsorption capacity than unmodified materials. Adsorption isotherm and kinetics 20 

models were simulated to determine their removal efficiency and potential for recovery 21 

of these two heavy metals. As the results, the adsorption reached equilibrium within 5 22 

minutes and was well described by the pseudo-second order model and Langmuir 23 

isotherm. The surface morphology analysis of the synthetic materials by Scanning 24 

Electron Microscopy-Energy Dispersive X-ray spectroscopy, Fourier Transform 25 

Infrared spectroscopy and X-ray Photoelectron Spectroscopy, implied that ion 26 

exchange, complexation and physical adsorption may together contribute to Cd(II) and 27 

Ni(II) loading on DTPA-modified peels. This study demonstrates the feasibility of 28 

waste peels as cost-efficient bio-absorbents to remove Cd(II) and Ni(II) in sewage 29 

systems, and discovers potential adsorption mechanism of efficiency improvements 30 

after DTPA modification. 31 

Keywords: DTPA; modification; fruit peel; adsorption; heavy metal; sewage systems 32 
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1. Introduction 34 

Various non-degradable heavy metal ions (HMIs) have received increasing 35 

attention on account of their serious threat to the ecosystems and human health by water 36 

pollution and food chain accumulation (Haroon et al. 2020, Liu et al. 2012, Nguyen et 37 

al. 2021, Oliveira et al. 2021, Zhao et al. 2021). The contamination of cadmium (Cd) 38 

and nickel (Ni) have always been a matter of great concern to mankind in many 39 

areas(He et al. 2021, Hezarjaribi et al. 2020, Teng et al. 2021). From the current data, 40 

the global concentrations of Cd and Ni in rivers and lakes have reached approximately 41 

25.33 and 80.99 μg/L from 2010 to 2017, respectively (Zhou et al. 2020). As one of the 42 

most toxic HMIs in wastewater, Cd intake could lead to severe toxicity even at low 43 

concentrations (0.001-0.1 mg/L) (Gao et al. 2019), such as infertility, immune 44 

deficiency, kidney damage and femoral pain (Ruan et al. 2021), while exposure to Ni 45 

could cause allergies and cancer (Yoon et al. 2020). Eliminating Cd and Ni of sewage 46 

systems, therefore, becomes an urgent demand to prevent them from entering the 47 

human body. 48 

Removal of HMIs by adsorption based on bio-materials, such as agri-wastes, 49 

activated sludges, plant tissues and their derivatives, has a broad application due to the 50 

low cost, high yield, renewability, less variables to control, and strong metal recovery 51 

capacity (Chen et al. 2016, Tan et al. 2016). Fruit peels, feathered with various 52 

functional groups (-OH, -COOH, -NH2, etc.) that exist in lignin, cellulose, 53 

hemicellulose, pectin and other tissues, can be used as the binding sites of HMIs 54 

(Vilardi et al. 2018). Banana and pomegranate are two popular and widely cultivated 55 
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fruits in the world. The total production of banana per year is about 1.2×108 tons around 56 

the world, and the banana peel accounts for 30-40% (Albarelli et al. 2011). In 2017, the 57 

world’s total pomegranate production was approximately 3.8×106 tons and half of 58 

pomegranate was composed of peel (El Barnossi et al. 2021). As reported previously, 59 

banana and pomegranate peels can be widely used as adsorbents to eliminate HMIs, to 60 

maximize the waste utilization and resolve environmental issues. However, the 61 

adsorption performance of raw peels was not satisfactory, and thus many chemical 62 

treatments were implemented to increase the adsorption capacity, such as acrylonitrile 63 

grafted cellulose, carbonization, alkalization and esterification (Zhou et al. 2017). The 64 

maximum adsorption capacity of Cd(II) and Ni(II) was only 35.52 and 27.40 mg/g for 65 

banana peel (BP) (Memon et al. 2008, Van Thuan et al. 2017), while 22.72 and 10.82 66 

mg/g for pomegranate peel (PP) (Abedi et al. 2016, Khawaja et al. 2015). To further 67 

enhance the adsorption performance of agricultural waste peel on HMIs, a low-cost and 68 

efficient modification approach needs to be developed. 69 

As a powerful metal chelating agent, diethylenetriaminepentaacetic acid (DTPA) 70 

can bind with a variety of metals to form stable complexes, and was frequently 71 

employed to enhance the performance of HMI adsorption through chemical 72 

modification (Repo et al. 2009, Repo et al. 2010). In this study, DTPA was utilized for 73 

the first time to modify banana/pomegranate peel through an esterification reaction with 74 

hydroxyl, after defatting and deproteinizing. Abundant-COO from DTPA were loaded 75 

to the surface of the adsorbents, providing binding sites for HMIs. To this end, we (1) 76 

synthesized two novel bio-adsorbents modified by DTPA to improve the removal 77 
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performance of HMIs; (2) optimized the parameters in the adsorption process by 78 

adjusting pH, initial concentration, and contact time; (3) explored the potential reaction 79 

mechanisms of HMIs loaded onto bio-materials in depth via Electron Microscopy-80 

Energy Dispersive X-ray spectroscopy (SEM-EDX), Fourier Transform Infrared 81 

spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS). This study 82 

confirmed the feasibility of developing new bio-based HMI adsorbent with fruit peels 83 

and its potential application in agricultural waste treatment and environmental 84 

purification. 85 

2 Materials and methods 86 

2.1 Materials and reagents 87 

Banana from Nanning, Guangxi Province, and the pomegranate from Xian, 88 

Shaanxi Province of China, were purchased from the local market. The peels were 89 

cleaned for five times by deionized water to remove the contaminants attached to the 90 

surface, and then dried at 50℃. Next, the obtained peels were cut into small pieces of 91 

about 1 cm, then crushed with a grinder and screened using Taylor standard sieve of 40 92 

mush. In this work, reagents for preparing ionic solution were all analytically pure 93 

without additional processing, including Cd(NO3)2 and Ni(NO3)2, provided by 94 

Shanghai Sinopharm Chemical Reagent Co., Ltd. Diethylenetriaminepentaacetic acid 95 

(DTPA, purity 99%) and N-N-dimethylformamide (DMF, purity 99.5%) and were 96 

provided by ThermoFisher Scientific Co., Ltd. Deionized water (18.25 MΩ cm) was 97 

adopted throughout this study. 98 

2.2 Synthesis of DMBP and DMPP 99 
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The mercerized peels were prepared by degreasing (Karnitz et al. 2009) and 100 

deproteinizing (Pereira et al. 2010), which denoted as mercerized banana peel (MBP) 101 

and mercerized pomegranate peel (MPP), respectively. Next, MBP (or MPP) was mixed 102 

with DTPA (1:3, w/w) in 42 ml DMF and stirred for 20 h at 75°C. After centrifugation 103 

at 10,000×g, the precipitate was successively washed with DMF, deionized water, 104 

saturated NaHCO3, deionized water, 95% aqueous ethanol, acetone, respectively. 105 

Finally, DTPA modified banana and pomegranate peels (assigned as DMBP and DMPP) 106 

were obtained after drying to constant weight in an oven at 50°C. 107 

2.3 Adsorption experiments 108 

The standard solutions (500 mg/L) of Cd(II) and Ni(II) were formulated by 109 

dissolving the Cd(NO3)2 and Ni(NO3)2 into deionized water, respectively, which were 110 

diluted to specified concentrations by deionized water if needed. The effects of pH, 111 

initial concentration, contact time and competitive adsorption of Cd(II) and Ni(II) were 112 

investigated. 1 M HCl and NaOH were adopted to adjust pH with 3-7. The adsorption 113 

isotherms were explored by assessing the loading capacity of Cd(II) and Ni(II) under 114 

different initial concentration gradients of Cd(II) (30-250 mg/L) and Ni(II) (20-150 115 

mg/L). The samples of adsorption kinetics experiments were harvested at different time 116 

points within 180 min. All batch experiments were performed in Erlenmeyer flasks 117 

containing 50 mL HMI solution in a shaker at 200 rpm. Besides, adsorbent dose was 118 

maintained at 1 mg/ml, initial ion concentrations at 70 mg/L (Cd(II)) and 50 mg/L 119 

(Ni(II)), at 25°C, unless specified otherwise. Next, the mixture of solid and liquid was 120 

separated by centrifugation at 10,000×g and filtered with 0.22 μm Nylon filter. Both 121 
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initial and residual concentrations of Cd(II) and Ni(II) were detected by an Inductively 122 

Coupled Plasma-Atomic Emission Spectroscopy (ICP-OES, Avio 200, PerkinElmer, 123 

USA) (Zhang et al. 2020). All these experiments were repeated in triplicate and the 124 

equilibrium adsorption capacity (Qe) was expressed by the Eq. (1). 125 

Qe=(C0-Ce)V/W                                                    （1） 126 

Where Qe is the equilibrium adsorption capacity (mg/g), C0 and Ce are the initial and 127 

equilibrium concentrations of Cd(II) and Ni(II) in solution (mg/L), respectively; V is 128 

the solution volume (L), and W is the weight of adsorbent (g). 129 

The adsorption isotherm is modeled by Langmuir (Eq. (2)) and Freundlich (Eq. (3)) 130 

isotherm equations and the adsorption kinetic is simulated using pseudo-first-order (Eq. 131 

(4)) and pseudo-second-order (Eq. (5)) kinetic equations: 132 

Ce /Qe = 1/(Kc Qm) + Ce (1/Qm)                                          (2) 133 

log Qe = logKf + (1/n) logCe                                                                  (3) 134 

ln(Qe - Qt) = lnQe – K1t                                                (4) 135 

t/Qt = 1/K2Qe
2 + t/Qe                                                  (5) 136 

Where Qm is the maximum adsorption capacity (mg/g) of Cd(II) and Ni(II); Kc (L/mg) 137 

is the Langmuir constant associated with adsorption energy; Kf (L1/n mg1-1/n g-1) and 1/n 138 

are Freundlich constants related to adsorption capacity and intensity, respectively. Qt 139 

(mg/g) is the amount of Cd(II) and Ni(II) adsorbed at time t (min); K1 (g mg-1 min-1) 140 

and K2 (g mg-1 min-1) are the adsorption rate constants of pseudo-first-order and pseudo-141 

second-order adsorption, respectively. 142 

The dimensionless separation constant RL is often employed to characterize the 143 
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Langmuir adsorption isotherm, which can be used to judge whether the adsorption 144 

process is favorable. When RL = 0, the adsorption is irreversible; when 0 < RL <1, the 145 

reaction is favorable; the reaction is unfavorable when RL > 1, and RL can be expressed 146 

by the following equation: 147 

RL =1/ (1+Kc C0)                                                      (6) 148 

2.4 Surface characterization 149 

The surface features of the adsorbents were characterized by a field emission high 150 

resolution Scanning Electron Microscope (SEM; Apreo, FEI Inc., USA), equipped with 151 

EDX for semi-quantitative elemental analysis (Zhang et al. 2018). The information of 152 

surface functional groups was detected by Fourier Transform Infrared spectroscopy 153 

(FTIR; Nicolet IS50, ThermoFisher Scientific Inc., USA) within 4000-400 cm−1 with a 154 

resolution of 4 cm−1 (Huang et al. 2019). Composition and binding states of major 155 

elements were acquired using X-ray Photoelectron Spectroscopy (XPS; ESCALAB 156 

250Xi, ThermoFisher Scientific Inc., USA). The C1s peak at 284.8 eV was performed 157 

as the standard of calibration (Ding et al. 2020). 158 

3 Results and discussion 159 

3.1 Adsorption experiments 160 

3.1.1 Modified banana and pomegranate peels improved HMI removal efficiency 161 

As presented in Fig. 1, the removal rate of unmodified peels on Cd(II) and Ni(II) 162 

were intensely limited, especially for pomegranate peel (33.23% and 32.50% for UBP; 163 

only 8.84%, 8.67% for UPP). Therefore, a series of modification operations including 164 

mercerization and esterification reaction were performed to release -OH and introduce 165 
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-COO groups onto the material surface. It was clear that the removal rate to Cd(II) and 166 

Ni(II) were significantly increased by 11.22% and 4.76%, to 44.45% and 37.26% for 167 

DMBP, while increased by 19.40% and 18.24%, to 28.24% and 26.91% for DMPP. 168 

Obviously, the adsorption effect of Cd(II) and Ni(II) on DMBP is more favorable than 169 

that on DMPP, and the removal rate of both materials on Cd(II) is much higher than 170 

Ni(II). 171 

 172 

Fig. 1 The fabrication of DTPA modified material composites and the removal rate before and after 173 

modification. UBP, unmodified banana peel; DMBP, DTPA modified banana peel; UPP, unmodified 174 

pomegranate peel; DMPP, DTPA modified pomegranate peel. * p<0.05, *** p<0.001, **** 175 

p<0.0001 176 

3.1.2 Effect of initial pH 177 

The effects of initial pH on the adsorptive performance of DMBP and DMPP were 178 

explored. pH 3-7 was selected since the alkaline conditions could induce ion 179 

precipitation (Zhang et al. 2020). As depicted in Fig. 2 a, DMBP and DMPP exhibited 180 
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poor loading capacities of Cd(II) and Ni(II) at pH 3, which may be ascribed to that the 181 

existence of large quantity of protons compete with HMIs for binding sites (Bulin et al. 182 

2020, Zhang et al. 2021). The adsorption capacity gradually increased with the pH from 183 

3 to 6, whereas a downward trend in Cd(II)-adsorption curve appeared at pH=7. 184 

Meanwhile, the removal efficiency of both materials for Cd(II) was more excellent than 185 

Ni(II), and DMBP has better adsorption performance for Cd(II) and Ni(II). 186 

 187 

Fig. 2 Effects of solution pH, initial concentration, contact time on adsorption capacity. (a) banana 188 

peel (BP) and pomegranate peel (PP) under different pH. (b) Initial concentrations at the optimal 189 

pH. (c) Contact time at optimal pH 190 

3.1.3 Effect of initial concentration and isotherm models 191 

The effects of the initial concentration on the adsorption of Cd(II) and Ni(II) were 192 

investigated by changing Cd(II) and Ni(II) concentrations. As presented in Fig. 2 b, the 193 

adsorbed Cd(II) and Ni(II) contented on DMBP and DMPP were increased as initial 194 

concentrations in the aqueous solution increased, which confirmed the excellent 195 

adsorption performance. Specifically, the adsorption capacities of the adsorbents 196 



 11 / 30 

 

climbed rapidly at lower concentrations and then slowed down to reach equilibrium as 197 

the initial concentration of HMIs increased. The outstanding loading capability of both 198 

materials suggested the high feasibility of utilizing peel wastes to produce effective 199 

adsorbents for HMI cleaning. 200 

Langmuir and Freundlich isotherm models were applied to assess the relationship 201 

between loading capacity and initial concentrations. As shown in the model parameters 202 

in Table 1, the correlation coefficients R2 of the Langmuir isotherm model were 0.974-203 

0.998, which were higher than those of the Freundlich model (R2 were 0.757-0.874), 204 

indicating that the adsorption of DMBP and DMPP on Cd(II) and Ni(II) might be 205 

monolayer and homogeneous (Yuan et al. 2017). In this work, the values of Kc were 206 

0.037-0.250 for DMBP and DMPP, and the values of RL were between 0–1, suggesting 207 

that the adsorption of Cd(II) and Ni(II) on both materials were favorable. Furthermore, 208 

the calculated Qm of Cd(II) and Ni(II) for DMBP were 46.729 and 29.240 mg/g, 209 

respectively, while 46.296 and 16.611 mg/g for DMPP (Table 1), significantly higher 210 

than the previous researches (Abedi et al. 2016, Khawaja et al. 2015, Memon et al. 2008, 211 

Van Thuan et al. 2017). 212 

Table 1 Parameters of the Langmuir and Freundlich isotherm models in single ion system under 213 

different initial concentrations 214 

Adsorbents 
Metal 

ion 

Langmuir parameters Freundlich parameters 

Qm 

(mg/g) 

Kc 

(L/mg) 
R2 

KF (L1/n 

mg1-1/n g-1) 
1/n R2 

BP 
Cd(II) 

46.729 0.054 0.995 6.926 0.367 0.778 

PP 46.296 0.037 0.998 8.202 0.286 0.757 

BP 
Ni(II) 

29.240 0.060 0.979 1.250 0.695 0.797 

PP 16.611 0.250 0.974 0.448 0.894 0.874 

3.1.4 Effect of contact time and kinetic models 215 
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To investigate the adsorption kinetics of the adsorbents (DMBP and DMPP) on 216 

Cd(II) and Ni(II), a time-coursed adsorption experiments were performed (Fig. 2 c), 217 

and the obtained kinetic data were fitted by the pseudo-first-order and pseudo-second-218 

order kinetic models, which were displayed in Table 2. The adsorption process reached 219 

equilibrium within 5 min, which was much faster than previous studies (at least 60 min) 220 

(Abedi et al. 2016, Khawaja et al. 2015). The combination of rapid adsorption and high 221 

adsorption capacities demonstrated that DMBP and DMPP were desirable for HMI 222 

removal. 223 

As shown in Table 2, for both DMBP and DMPP, the values of the correlation 224 

coefficient (R2) calculated from the pseudo-second-order kinetic model (R2
2 = 0.994-1) 225 

were larger than that from the pseudo-first-order kinetic model (R1
2 =0.825-0.936), and 226 

the theoretical values of Qe were closer to the actual measured values. This 227 

phenomenon suggested that the adsorption process could be better described by the 228 

pseudo-second-order model. As we all know, the pseudo-first-order model 229 

representatives the physical adsorption that the diffusion between the adsorbate and the 230 

binding sites dominants the adsorption rate, while the pseudo-second-order model 231 

reveals the chemical adsorption such as ion exchange and covalent bonding (Hydari et 232 

al. 2012). The better fitting with the pseudo-second-order model indicated that the 233 

capture behaviors of both DMBP and DMPP towards Cd(II) and Ni(II) were dominated 234 

by chemical adsorption. 235 

Table 2 Kinetics parameters for the adsorption of Cd(II) and Ni(II) on DMBP and DMPP 236 

Adsorbent 
Metal 

ion 

Pseudo-first order Pseudo-second order 

Qe K1 (g mg-1 R1
2 Qe K2 (g mg-1 R2

2 
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(mg/g) min-1) (mg/g) min-1) 

BP 
Cd(II) 

8.15 0.019 0.854 25.641 0.217 1 

PP 9.920 0.011 0.936 37.037 0.055 0.999 

BP 
Ni(II) 

5.073 0.016 0.825 15.267 0.022 0.996 

PP 5.121 0.028 0.856 11.655 0.024 0.994 

3.1.5 Mixed competitive adsorption 237 

To compare the adsorption effects of DMBP and DMPP on Cd(II) and Ni(II), a 238 

mixed adsorption experiment was implemented. The loading capacities of DMBP and 239 

DMPP for Cd(II) were stronger than Ni(II) in the mixed ion solution (Fig. 3), 240 

demonstrating that DMBP and DMPP had higher absorptivity to Cd(II) than Ni(II), 241 

which were consistent with previous results (Cutillas-Barreiro et al. 2016, Liu et al. 242 

2013, Wen &Hu 2021). Moreover, the amount of HMIs captured by DMBP and DMPP 243 

in the mixed solution of Cd(II) and Ni(II) was close to the maximum loading capacity 244 

in the presence of a single Cd(II), suggesting that the binding sites were fully occupied. 245 

 246 

Fig. 3 Comparison of the mixed ion adsorption and the single ion adsorption. (a) banana peel; (b) 247 

pomegranate peel. pH =6, C0 of each HMI is 100 mg/L 248 

3.2 Surface characterization 249 

SEM-EDX system was adopted to observe the changes of physical morphology 250 

and elemental composition of the adsorptive materials before and after modification. 251 

As shown in Fig. 4, the relatively smooth surface can be seen in unmodified peels (UBP 252 
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and UPP). As lipids and proteins were removed after degreasing and deproteinizing, 253 

more developed pores and irregularly wrinkled structures were generated to capture 254 

metal ions (DMBP and DMPP). The EDX spectrum demonstrated that the major 255 

elements of UBP and UPP were C, O, P, Cl and K (Fig. 5 a, d). The disappearance of 256 

trace elements such as P, Cl, K and the increase of Na element illustrated the success of 257 

mercerization and DTPA modification (Fig. 5 b, e). The contents of Cd and Ni on the 258 

surface of DMBP-Ions and DMPP-Ions (Fig. 5 c, f) significantly increased, while the 259 

Na content diminished after adsorption, clearly demonstrating that Cd(II) and Ni(II) 260 

were successfully captured onto DMBP and DMPP probably by ion exchange with Na(I) 261 

(Shen et al. 2021). 262 

 263 

Fig. 4 Surface morphology characterization of the adsorbents by SEM 264 
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 265 

Fig. 5 Surface metal ion states of the adsorbents observed by EDX. (a, d) unmodified peels, (b, e) 266 

DTPA modified peels before adsorption, (c, f) DTPA modified peels after adsorption 267 

FTIR spectrum was analyzed for investigating the varieties of surface functional 268 

groups before and after modification and adsorption, which was displayed in Fig. 6. In 269 

UBP and UPP, the peaks near 3416 and 3415 cm-1 (Fig.6 a, b) were detected, 270 

corresponding to –OH stretching vibration (Chen et al. 2020). Meanwhile, the signals 271 

around 2920 and 2921 cm-1 were observed, represented the stretching vibration of C-H 272 

(Lessa et al. 2017). The stretching vibration of C=O at 1617 cm-1 confirmed the 273 

presence of acidic oxygen-containing groups in the adsorbents, which might contribute 274 

to the HMI adsorption (Fan et al. 2020). The peaks at 1037 and 1049 cm-1 were 275 

attributed to C-O stretching (Shen et al. 2021), and the bands around 1734 and 1732 276 

cm-1 were ascribed to N-H stretching. After mercerization, the disappearance of N-H 277 
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signal probably was caused by the removal of protein, meanwhile, the reduction of C-278 

H and C=O peak area might be attributed to the degreasing treatment. Moreover, the 279 

increase of peak intensity at 1037 and 1049 cm-1 illustrated the increase in the 280 

proportion of cellulose in MBP and MPP, which provided another evidence for the 281 

effectiveness of mercerization (Zhang et al. 2018). After modification with DTPA, the 282 

peaks around 1628 and 1020 cm-1 were broadened, which suggested that DTPA was 283 

successfully grafted onto the materials and large quantities of –COO were introduced, 284 

providing more binding sites for the capture of Cd(II) and Ni(II). After binding with 285 

HMIs, blue shift of C=O and C-O peaks occurred (from 1628 cm-1 and 1020 cm-1 to 286 

1630 cm-1 and 1023 cm-1 for DMBP, from 1629 and 1025 cm-1 to 1636 and 1050 cm-1 
287 

for DMPP, respectively), which might be due to the interaction between high electron 288 

density of HMIs and oxygen-containing groups (Ding et al. 2016). Meanwhile, the 289 

reduction of the peak area near 3440, 1630 and 1020 also provided a theoretical basis 290 

for the surface complexation between these oxygen-containing groups and metal ions. 291 

 292 

Fig. 6 FTIR spectra of the adsorbents. MBP (mercerized banana peel), MPP (mercerized 293 

pomegranate peel) 294 

From the EDX results (Fig. 5 c, f), new peaks of Cd and Ni appeared in DMBP-295 
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Ions and DMPP-Ions after adsorption, suggesting that Cd(II) and Ni(II) were 296 

successfully loaded onto DMBP and DMPP. Subseqently, in order to further explore the 297 

changes of surface chemical composition of DMBP and DMPP before and after 298 

adsorption, XPS spectrum was recorded. From the full spectrum (Fig. 7 a), two new 299 

peaks of Cd and Ni obviously occurred after binding with HMIs, implying that 300 

abundant Cd(II) and Ni(II) were loaded onto DMBP and DMPP. Particularly, the peaks 301 

observed around 412, 405 eV and 860, 856 eV in Fig. 7 b were attributed to Cd 3d and 302 

Ni 2p, respectively (Chada et al. 2005, Ding et al. 2020). The intensity of Ni 2p was 303 

weaker than Cd 3d, verifying the lower adsorption of Ni(II) mentioned above (Fig. 2). 304 

Furthermore, the spectrum of C 1s was split into three peaks around 285, 286 and 288 305 

eV (Fig. 7 c), representing C–C, C–O and C=O peaks, separately (He et al. 2014, Lyu 306 

et al. 2017). Each peak expressed a slight variation after Cd(II) and Ni(II) adsorption 307 

(286.6/286.4 to 286.4/286.5 and 288.3/288.2 to 287.9/288.1 for DMBP/DMPP, 308 

respectively), implying that the abundant oxygen-containing groups such as -OH and -309 

COOH on the both materials surface could bind with Cd(II) and Ni(II) to form 310 

complexes. Furthermore, from the high-resolution O 1s of the adsorbents (Fig. 7 c), the 311 

binding energy of C=O could be observed around 532 eV , which exhibited minor 312 

changes after Cd(II) and Ni(II) adsorption (Pang et al. 2019), indicating these oxygen-313 

containing functional groups successfully participated in the complexation. The peak 314 

intensity of Na 1s around 1071 eV evidently decreased after adsorption, verified the 315 

conlusion from EDX analysis that ion exchange between Na(I) with Cd(II) and Ni(II) 316 

may occur in the adsorption process. All these above results suggested that chemical 317 
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adsorption played a crucial part in the adsorption process of Cd(II) and Ni(II), flowed 318 

by physical adsorption. 319 

In summary, DTPA modified banana and pomegranate peels exhibitted efficient 320 

adsorption potential for the elimination of Cd(II) and Ni(II) from the sewage system, 321 

and the complexity of DMBP and DMPP resulted in multi-adsorption mechanisms of 322 

Cd(II) and Ni(II), including surface complexation, ion exchange and physical 323 

adsorption. In detail, abundant oxygen-containing groups such as hydroxyl and 324 

carboxyl groups might generate complex complexes with Cd(II) and in the form of C-325 

O-M (M represented Cd and Ni) (Zhang et al. 2020), which can be manifested from the 326 

change of -OH, C-O, C=O in FTIR spectrum and the shift of C-O and C=O in XPS. As 327 

seen in EDX and XPS spectrum, the significant reduction in Na content of both samples 328 

can explain that the free Cd(II) and Ni(II) might be substituted by –COO…Na…COO–. 329 

Furthermore, it was noteworthy that DTPA modified materials exhibited shrunk and 330 

loose morphology observed by SEM, indicating physical adsorption may also be 331 

involved in adsorption process. 332 
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 333 

Fig. 7 High-resolution XPS spectra of adsorbents. (a) full spectrum of adsorbents before and after 334 

adsorption, (b) fine spectrum of Cd and Ni after adsorption; (c) fine spectrum of C, O, Na before 335 

and after adsorption 336 

4. Conclusion 337 

Two novel adsorbents were prepared by mercerizing and then esterification using 338 

DTPA for the first time. Compared with UBP/UPP, DMBP/DMPP performed greater 339 
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adsorption capacities (46.729/46.296 mg/g for Cd(II), and 29.240/16.611 mg/g for 340 

Ni(II)), which could be employed as efficient adsorbents to remove HMIs from sewage. 341 

The entire adsorption reached equilibrium within 5 min, and the adsorption process was 342 

well fitted with Langmuir isotherm model and the pseudo-second order equation. 343 

Adsorption mechanisms mainly include ion exchange with Na(I), complexation with 344 

the surface of oxygen-containing groups and physical adsorption. This work reveals 345 

that DTPA esterification is a potential treatment mean to prepare high-efficient and low-346 

cost adsorbent from agricultural wastes for removing Cd(II) and Ni(II) from sewage. 347 

  348 
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Figures

Figure 1

The fabrication of DTPA modi�ed material composites and the removal rate before and after
modi�cation. UBP, unmodi�ed banana peel; DMBP, DTPA modi�ed banana peel; UPP, unmodi�ed
pomegranate peel; DMPP, DTPA modi�ed pomegranate peel. * p<0.05, *** p<0.001, **** p<0.0001



Figure 2

Effects of solution pH, initial concentration, contact time on adsorption capacity. (a) banana peel (BP)
and pomegranate peel (PP) under different pH. (b) Initial concentrations at the optimal pH. (c) Contact
time at optimal pH

Figure 3

Comparison of the mixed ion adsorption and the single ion adsorption. (a) banana peel; (b) pomegranate
peel. pH =6, C0 of each HMI is 100 mg/L



Figure 4

Surface morphology characterization of the adsorbents by SEM



Figure 5

Surface metal ion states of the adsorbents observed by EDX. (a, d) unmodi�ed peels, (b, e) DTPA
modi�ed peels before adsorption, (c, f) DTPA modi�ed peels after adsorption



Figure 6

FTIR spectra of the adsorbents. MBP (mercerized banana peel), MPP (mercerized pomegranate peel)

Figure 7

High-resolution XPS spectra of adsorbents. (a) full spectrum of adsorbents before and after adsorption,
(b) �ne spectrum of Cd and Ni after adsorption; (c) �ne spectrum of C, O, Na before and after adsorption


