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Abstract 11 

The performance of ostrich bone waste-supported nanoscale zero valent iron (OBW-HNO3- 12 

NZVI) adsorbent for phosphate removal from the synthetic and real waters have been evaluated, 13 

and the materials were studied by X-ray diffraction (XRD), surface area measurements (BET), 14 

transmission electron microscopy (TEM), chemical analysis (CHN), Fourier transform infrared 15 

(FTIR), inductively coupled plasma atomic emission spectroscopy (ICP-AES) and point of zero 16 

(pHPZC). Iran is the world's third largest breeder and producer of ostrich meat, after South Africa 17 

and China. The combination of ZVI particles on the surface of modified ostrich bone waste can 18 

help to overcome the disadvantage of ultra-fine powders which may have strong tendency to 19 

agglomerate into larger particles, resulting in an adverse effect on both effective surface area and 20 

catalyst performance. Good dispersion of NZVI particles (ca. 5–45 nm) on the bone waste was 21 

observed. The contact time to attain equilibrium for maximum adsorption of phosphate (99%) 22 

was found to be 5 min. The adsorption kinetics of phosphate (P) has been evaluated in terms of 23 

pseudo-first- and -second-order kinetics, and the Freundlich, Langmuir and Langmuir-Freundlich 24 

isotherm models have also been used to the equilibrium adsorption results. The adsorption 25 

process was spontaneous and endothermic in nature and followed pseudo-second-order kinetic 26 

model.XRD analysis showed the appearance of Fe3 (PO4)2.8H2O (vivianite) on the OBW-HNO3- 27 

NZVI surface after adsorption of P from aqueous media. The immobilized NZVI indicated high 28 

reusability because of its high removal capacity after 12th adsorption–desorption cycles. The 29 

developed adsorbent could also be used to remove the P ions from the real sample (Persian Gulf 30 

water). The high removal capacity of P ions from the real water and the high levels of reusability 31 

confirmed the versatility of this nanobiomaterial based on ostrich bone waste. 32 

Keywords: Ostrich bone waste, phosphate, Adsorption, NZVI, Persian Gulf water. 33 

 34 
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The liberation and accumulation of phosphate ions into the immobile water bodies such as lakes 36 

and estuaries has taken appreciable consideration worldwide in recent years due to the 37 

eutrophication [1]. Phosphates are utilized for military applications, sodium lamps, in steel 38 

production, special glasses in (incendiary bombs, smoke screenings etc.), and in other 39 

implementations, such as toothpaste, detergents, pyrotechnics, and pesticides. Phosphorus is a 40 

vital element in agriculture; it is a limited resource and undeniable evidence confirms that current 41 

global reserves of P could be used up in 100 years [1]. Excess phosphate and run-offs from 42 

agricultural production can cause serious water contamination. In general, phosphorus is present 43 

in different forms of phosphate in aqueous media, such as organic orthophosphate, phosphate, 44 

polyphosphate, and metaphosphates, where orthophosphate is the most predominant species of 45 

phosphate in treated municipal and industrial wastewater and has three acid ionization constant 46 

(pKa1 = 2.1, pKa2 = 7.2, and pKa3 = 12.3), showing that at above pH 7.2, the primary species that 47 

presents in the aqueous phase is HPO-2
4 [2]. Raw municipal wastewater may contain phosphorus 48 

from 4 to 15 mg P/L [3]; however industrial wastewater, i.e. metal coating processes and, 49 

detergent manufacturing may include phosphate levels in excess of 10 mg P/L [4]. When high 50 

phosphate concentrations remain in water, algae and other aquatic plant life will flourish 51 

eventually causing reduced dissolved oxygen levels and eliminating photosynthesis and 52 

productivity in the water [5]. The increase of macrophytes and phytoplankton is motivated 53 

predominantly by phosphorus and nitrogen. The growth of rooted aquatic macrophytes will 54 

interfere with navigation, aeration, and channel capacity as well the dead macrophytes and 55 

phytoplankton will cause of microbial defeat processes [6]. The USEPA has recommended a 56 

maximum level of phosphorus in water to be less than 50 mg/L to prevent eutrophication 57 

problem and Florida Everglades Forever Act also recommended a new mandate of 10 mg/L of 58 

phosphorus in water [8,9]. 59 

Various techniques were developed for phosphorus remediation such as electrochemistry 60 

[10], membrane bioreactor [11], crystallization [12], biological processes [13] and chemical 61 

precipitation [14]. Among the above techniques adsorption processes is considered quite 62 

attractive in terms of its low-cost and efficiency of removal of phosphate from dilute solutions 63 

[15-17]. Nanoparticles of a variety of shapes, sizes and compositions are changing nowadays the 64 

wastewater treatments [18-23]. Preparation and investigation of novel nano materials is 65 

important in martial science. Nanostructures can provide an important and feasible platform for 66 

catalysis, separation, sensing, and fuel cells [20-25] due to their large specific surface areas and 67 

ease with which they can be immobilized onto solid support. They can also be functionalized to 68 

increase their affinity towards target compounds in environmental applications. Since the early 69 

1990s, nanoscale zero valent iron (NZVI) has emerged as a new option for the treatment of 70 

contaminated soil and groundwater targeting mainly chlorinated organic contaminants (e.g., 71 

solvents, pesticides) and inorganic anions, such as phosphate, or metal cations [26]. Moreover, 72 

the tendency to form agglomerates using the aforementioned methods could lead to the reduced 73 

reactivity and stability of these nanoparticles [26]. NZVI is particularly attractive for 74 

sequestration purposes due to its large surface area to weight ratio leading to a greater density of 75 

reactive sites. Moreover, the magnetic properties of nano iron facilitate the rapid separation of 76 

nano iron from soil and water, via a magnetic field, therefore, it is an effective adsorbent for 77 

removing various organic and inorganic contaminants. 78 

Bare NZVI has many advantages such as high reactivity and selectivity, because in bare 79 

NZVI every single catalytic entity can act as a single active site [27]. Despite their advantages, in 80 
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some cases bare NZVI have not been commercialized because of difficulty encountered when 81 

attempting to separate and recovery the bare NZVI from the reaction mixture. Furthermore, some 82 

industrial problems such as corrosion and deposition on reactor wall are associated with recover 83 

bare NZVI. Disadvantages were minimized if bare NZVI was immobilized onto an insoluble 84 

solid supports with excellent chemical and thermal stability and easily accessibility. If support is 85 

robust enough to endure the harsh reaction conditions and the NZVI can be used for many times 86 

[28]. 87 

The aim of the present research is to explain the feasibility of using ostrich bone waste as 88 

a low-cost support for NZVI used for phosphate removal from industrial wastewater. Animal 89 

slaughtering and the food industry provide meat and bone meal, which are by-products, obtained 90 

by the removal of fat from animal carcasses by a process of crushing, cooking and grinding. By- 91 

products comprise of nearly 60 to 70% of the slaughtered carcass, of which nearly 40% includes 92 

edible and 20% inedible products [29]. To our best knowledge, no attention was paid to 93 

examining the adsorption capacity of the materials with biological origin, like ostrich bone 94 

treated and activated with NZVI to remove phosphate ions from aqueous solution. In fact, the 95 

goal of bone treated is to remove the fat tissues and eliminate the soluble organic contaminants 96 

and either modifying the characteristics of adsorbent, as consequence of the immobilization of 97 

NZVI. 98 

Ostrich bone waste was selected because Iran is the world's third largest breeder and 99 

producer of ostrich meat, after South Africa and China. There are believed to be around 130 100 

Iranian ostrich farms, with local experts insisting that the country possesses the world's best 101 

climatic conditions for breeding [30]. Besides setting records, the long-term goal was to create a 102 

new cultural appetite for ostrich, which is lower in fat and cholesterol than other meats 103 

traditionally popular in Iran. 104 

This work was set out to study how effectively heterogenized NZVI on ostrich bone 105 

waste was able to remove phosphate anions from aqueous solution in batch contact experiments. 106 

These studies were tailored to study the effect of pH, ionic strength, and coexisting anions on 107 

phosphate capture, as well as a determination of the adsorption isotherm and phosphate sorption 108 

kinetics in the real water (Person gulf water). 109 

2. Experimental section 110 

2.1. Materials 111 

All reagents (A.R.) were purchased from Merck or Aldrich and were used without further 112 

purification, except for solvents, which were treated according to standard methods [31]. 113 

2.2. Preparation of the modified Ostrich bone waste (OBW) 114 

Ostrich bone waste (OBW) was obtained from a local store and was cut and then its fat 115 

and flash were removed cleanly. After separating the fat and their flesh, all remaining ostrich 116 

bone waste was put in the oven for 24 hours in 70 oC, and after drying they were ground and 117 

were passed through different sieve size. The fraction of particle between 250 and 400 µm 118 

(geometric mean size: 305 µm) was selected. Fresh OBW was washed thoroughly with hot 119 

distilled water and was dried at 65 oC. The sorbent thus obtained was designated pristine ostrich 120 

bone waste (OBW). Preliminary studies using OBW treated with acid was carried out in order to 121 

optimize the sorption of phosphate ions. The OBW was treated with 0.1 M HNO3 solution at 122 

reflex for 2 h. A typical experimental procedure was as follows: 30 g of OBW were dispensed in 123 

0.5 L of distilled water. Then a certain amount of 0.1 M HNO3 was added and the suspension 124 
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was subjected to mechanical stirring for 2 h on heater. The final material was separated by 125 

centrifugation and washes with distilled water. Excess of HNO3 was removed with distilled water 126 

and the material was dried at 50 oC. HNO3 treated OBW was designated as OBW-HNO3. 127 

 128 

2.3. Preparation of the biomaterial-supported NZVI (OBW-HNO3-NZVI nanobiocomposite) 129 

The NZVI-biomaterial sample was synthesized based on the following procedure: 130 

FeCl2·4H2O was dissolved in a 4/1 (v/v) ethanol/water mixture (72 mL ethanol + 18 mL 131 

deionized water), then the OBW-HNO3 is added to this solution and the mixture is left in an 132 

ultrasonic shaker for 25 min in order to disperse the biomaterial grains. Meanwhile, sodium 133 

borohydride solution is prepared by dissolving NaBH4 in 100 mL of deionized water. The 134 

borohydride solution is then added drop wise to the aqueous Fe(II)–OBW-HNO3 mixture while 135 

stirring continuously on a magnetic stirrer. Black solid particles of NZVI appeared immediately 136 

following the addition of the first drop of NaBH4 solution. After the full addition of the 137 

borohydride solution, the mixture is left for a further 30 min of stirring and then filtered. 138 

Immobilization of NZVI on the OBW-HNO3 was designated as OBW-HNO3-NZVI. 139 

2.2. Characterization techniques 140 

The point of zero charge for the adsorbents was determined from the addition method 141 

[32]. Nitrogen (99.999%) adsorption experiments were performed at -196ºC using a volumetric 142 

apparatus (Quantachrome NOVA automated gas sorption analyzer). All samples were degassed 143 

under vaccum at 120ºC for 16h before the adsorption experiments. The specific surface areas of 144 

the adsorbents were calculated using the BET method and the pore size was calculated using the 145 

Barrett-Joyner-Halenda (BJH) method. FTIR spectra were recorded using a Jasco FT/IR-680 146 

plus spectrophotometer as KBr pellets. XRD studies were carried out using a Philips X’PERT 147 

MPD diffractometer. Chemical analyses were carried out by inductively coupled plasma atomic 148 

emission spectroscopy (ICP-AES) using a Shimadzu ARL 34000 instrument (spectro-flamed; 149 

typically, 30 mg sample was dissolved in 500 µl 40% HF solution, 4mL 1:4 HCl:H2SO4 solution 150 

and 45 mL H2O). The image of transmission electron microscopy (TEM) was taken using a 151 

Philips 501 micro-scope and a Tecnai F30TEM operating at 300 kV. 152 

2.4. Adsorption measurements 153 

Adsorption experiments were carried out in batch conditions: 0.05 g of modified bone 154 

sample was shaken with 50 ml of the phosphate solution, at a concentration of between 0.75 and 155 

1000 mg/L, at a controlled temperature of 25ºC. Each experiment was performed three times and 156 

the averaged values were reported that displayed a relative standard deviation lower than 1.4 %. 157 

The time required to reach equilibrium conditions was determined by preliminary kinetic 158 

measurements. No significant variation in sorption capacity was observed after 24 h of contact. 159 

After centrifugation at 3000 r.p.m. for 5 min, the liquid phase was separated and the solute 160 

concentration determined using a inductively coupled plasma atomic emission spectroscopy 161 

(ICP-AES) using a Shimadzu ARL 34000 instrument. 162 

The amount adsorbed was calculated as: 163 

 164 

�� = �. ��� −	���/	         (1) 165 

 166 

where C0 and Ce are the initial and equilibrium liquid-phase concentrations (mg/L) of 167 

adsorbates; V is the volume of the solution (L); and m is the amount of adsorbent (g). This 168 

equation assumed that the change in volume of the bulk liquid phase was negligible as the solute 169 

concentration is small and the volume occupied by the adsorbent was also small. The amount of 170 
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the phosphate adsorbed on the sample was calculated using a previously determined calibration 171 

curve. 172 

 173 

3. Results and discussion 174 

3.1. Characterization of pristine and modified ostrich bone waste 175 

Initial experiments indicated that the pristine ostrich bone waste (POBW) has a low 176 

potential to adsorb phosphate ions from the wastewater. POBW has more than 80% organic 177 

compounds, which 90 to 95% is collagen and proteoglycans, the rest being non-collagenous 178 

proteins (matrix proteins), that could cover the inorganic phase of the bone (i.e. hydroxyapatite). 179 

So, in this work different processes of pretreatment (acid treatment and NZVI immobilization) 180 

are designed to the POBW with the purpose of enhancing the P adsorption potential. The purpose 181 

of acid treatment was to remove soluble materials on the POBW surface that might have 182 

interfered with its adsorptive properties and also give more active sites and/or by obtaining 183 

suitable chemical modification of the available functional groups, creating more active sites 184 

which further accelerate immobilization of NZVI. 185 

The implementation of ZVI in nano-scale can improve the reactivity of the material by 186 

virtue of the high surface to volume ratio and could also bring about kinetic advantages for 187 

adsorption. Another important property of these nanoparticles is their enormous flexibility for in 188 

situ and ex situ applications. When the reduction of an aqueous iron salt is done in the presence 189 

of a support material, the normally-observed aggregation of iron nanoparticles was reported to 190 

decrease. The resulting dispersion of iron nanoparticles offers a higher specific surface area and 191 

consequently a higher reactivity of iron to the aqueous stream. In fact, the zero valent iron is not 192 

responsible for the removal of P ions while the iron oxide/hydroxide layer on its surface 193 

involving in the adsorption of P ions from aqueous solution. The structure of the prepared 194 

biomaterials were confirmed by CHN, inductively coupled plasma/atomic emission spectroscopy 195 

(ICP–OES), FT-IR, Transmission electron microscopy (TEM), BET (N2 adsorption–desorption 196 

technique), XRD and the point of zero charge (pHPZC). 197 

Inspection of infrared wave numbers (cm−1) of significant valence vibrations of the 198 

pristine bone powder before modification, after modification with HNO3 and NZVI show 199 

striking changes, which are collected in Figure 1. The bands at 1625-1665 cm-1 are related to 200 

organic tissue and water of pristine ostrich bone, while the –CO3
2- band intensities of unmodified 201 

bone appear at 1413 and 872 cm−1 [33,34]. The pristine bone shows the characteristic absorption 202 

bands of symmetric and asymmetric stretching vibration of the CH2 and CH3 at around 1455- 203 

1470, 2852 and 2922 cm-1, while the presence of a band at 1744 cm-1 is related to carbonyl 204 

groups. The spectrum in the C-H stretching region shows absorption maxima at 3065 cm-1, 205 

which is typical of the C-H stretching vibration of the aromatic rings. 206 

As can be seen from the Figure 1A, the characteristic vibration peaks of O–P–O bonds of 207 

calcium phosphate appeared in all the samples as follow: 1165 cm-1 (HPO4
2- group, P–O–H in- 208 

plane and out-of-plane deformation modes), 1028 and 1100 cm-1 (v3, P-O asymmetric stretching 209 

vibrations), 960 cm-1 (v1sym, P-O stretch), 603 cm-1 (v4, P-O stretch), and 560 cm-1 (v4, P-O 210 

stretch and P-O bending) [35,36]. FTIR also bestows an indication of the inorganic phase of the 211 

bone, thereby two bands in the region of 1028-1100 cm-1 attribute to hydroxyapatite while 212 

amorphous calcium phosphate appears a broad single band. However, the characteristic vibration 213 

bands of hydroxyapatite are hardly obvious in unmodified bone which could be due to the high 214 
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content of organic phase (collagen, fat and organic tissue) which disguises the features of the 215 

mineral phase and decreasing the crystallinity of hydroxyapatite. Furthermore, infrared wave 216 

numbers of bone powder comprise of some characteristic absorption bands related mainly to the 217 

peptide bonds (–CONH–) which known as amide I, amide II, and amide III. The weak intensity 218 

of the vibration bands in the range of 1600-1700 cm−1, attribute to C=O stretching vibrations of 219 

the amide I and are assigned as a useful indicator of various types of protein secondary structure 220 

[35]. Indeed, the α-helical and the λ-sheet structure of the protein giving a maximum peak near 221 

1655 cm-1 and 1630 cm-1 respectively. The amide I peak of unmodified bone appeared at 1641 222 

cm−1, and 1646 cm−1. The amide II peaks which appeared in the region of 1520-1540 cm-1 are 223 

assigned to N–H and C–H bending and stretching vibration. The amide III band which falls in 224 

the region 1220–1300 cm−1, is attributed to the phase combination of C–N stretching, N–H in 225 

plane bending and some contribution from C–C stretching and C=O bending vibrations. Natural 226 

proteins and peptides contain a disulphide bond (–S–S–), which appears stretching vibrations 227 

near to 510, 525 and 540 cm-1 [37,38]. Therefore, the main band at 507 cm−1 and the ones at 521 228 

and 530 cm−1 with lower intensities were attributed to the disulphide bond of the pristine bone 229 

(Figure 1A). 230 

The band intensities 1158, 1096 and 1033 cm−1 (vibration bands of hydroxyapatite), 603 231 

cm-1 (v4, P-O stretch) and 561 cm-1 (v4, P-O stretch and P-O bending) increased with 232 

modification of bone with HNO3 (Fig. 1B). The absorption at 3270 cm−1 was attributed to water 233 

adsorbed on the structure of the bone [39]. 234 

The peak shape of the spectrum was changed after modification of OBW-HNO3 with 235 

NZVI (Fig. 1B). The results indicated that the immobilization of NZVI does significant changes 236 

in the basic chemical composition of OBW-HNO3, where the absorption peaks of hydroxyl (a 237 

broad absorption peak in 3361 cm-1), 2922 and 2852 cm−1 (CH2 groups of the organic 238 

compounds), 1744 cm-1 (carbonyl groups), 1662, 1460 and 1433 cm−1 (bending vibration of – 239 

CH3), displayed obvious changes. Furthermore, band at 823 and 705 cm−1 (OBW-HNO3-NZVI) 240 

was attributed to the iron oxides (Fig. 1C). The band at 634 and 621 cm−1 can be assigned to Fe– 241 

O stretching vibrations [15,21,23]. The Amide peaks were characteristic of protein bands, and 242 

the location of this absorption peaks were changed after immobilization of NZVI, indicating 243 

proteins could be carriers for the iron ions during the synthesize and immobilization process. 244 

Alternatively, proteins could chelate with iron ions and play an important intermediary role. 245 

Furthermore, the band shift of hydroxyapatite vibrations from 1237 to 1220 and 1096 to 997 246 

cm−1 are the most significant (Fig. 1B and C). The results in Table 1 also indicated that the 247 

hydroxyapatite contents increased as the NZVI was immobilized, suggesting possible binding of 248 

iron ions to Ca–O–H and –P–O–H groups of OBW-HNO3-NZVI. 249 

Fig. 2 shows the surface morphology of the pristine ostrich bone and OBW-HNO3-NZVI 250 

that were analyzed by transmission electron microscope (TEM). The TEM images were taken in 251 

backscatter mode to enhance the contrast between the nanoparticles and the support, i.e. the iron 252 

appears brighter than the support. The presence of NZVI with higher electron contrast onto the 253 

OBW-HNO3 indicates the immobilization and distribution of nanoiron on the OBW-HNO3 254 

without aggregation, thereby, nano-particle of iron was rough with a round shape, which was 255 

very different from bare Fe(0), where chain-like structures were observed [26]. The coarse and 256 

rough morphology of the Fe(0) particles could provide more reactive sites than the smooth 257 

morphology. As revealed in Fig. 2B, the NZVI particles (ca. 5–30 nm) immobilized on OBW- 258 

HNO3 were clearly discrete and well dispersed on the modified bone, without aggregation. This 259 

confirms why NZVI are commonly immobilized by researchers on support materials such as 260 
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resin, starch, clay and zeolite [26] because this decreases the aggregation of NZVI and increases 261 

mechanical strength. Thus, OBW-HNO3 can prevent the NZVI particles from aggregating 262 

together. This observation of dispersed iron particles was also in accordance with some 263 

published results and provided a good example of dispersion on the surface of modified bone 264 

[15,21,23,26]. 265 

The chemical compositions of the pristine and modified ostrich bone were determined by 266 

CHN and ICP. The ostrich bone contains relevant amounts of animal nutrients like C, Ca, P, K, 267 

and Mg (Table 1). In addition, the bone contains a number of elements that are vital to animal in 268 

small doses, i.e., micronutrients, but also generally contain small amounts of undesirable heavy 269 

metals. CHN analysis of ostrich bone shows the high C content originates from the fat tissues 270 

and organic compounds adhesive the framework of pristine ostrich bone. HNO3 and NZVI 271 

treatment removes fat tissues as a change in the color of the extraction liquid can also be 272 

visualized, because the extraction liquid is dirty brown. During the modification reactions, the 273 

carbon content of pristine bone after HNO3 and NZVI modification decreased from 79.8 to 18.5 274 

and lower than 5.12 wt.%, respectively, and the calcium and phosphor contents increased. Also, 275 

the HNO3 treatment may induce negative charges via oxidation of organic compounds, which 276 

increased the number of active sites of the modified bone (Table 1). The carbon content of 277 

OBW-HNO3-NZVI significantly decreased, which could be due to the removing of the organic 278 

compounds by alkali or reaction with NaBH4 and H2O during the preparation of NZVI. The 279 

results in Table 1 also indicated that the calcium phosphorous contents increased as the NZVI 280 

was immobilized. It is believed that Fe ions were bound to active sites on the surface of the acid 281 

treated OBW, such as -Ca-ONa, and -P-ONa. 282 

 283 

The specific surface areas (SSA) of the pristine bone, OBW-HNO3 and OBW-HNO3- 284 

NZVI were measured using a BET-N2 surface area analyzer (Table 2). When 15% of NZVI was 285 

loaded onto the OBW-HNO3, a mean specific surface area of 41.4 m2/g was obtained, which was 286 

11.2 and 2.24 times larger than the pristine bone (3.7 m2/g) and OBW-HNO3 (18.42 m2/g), 287 

respectively. As NZVI particles were dispersed onto the surface of OBW-HNO3, the reactivity 288 

was enhanced. The BET surface areas of iron nanoparticles synthesized by other researchers 289 

(20–60 m2/g) being larger than that of OBW-HNO3-NZVI (41.4 m2/g), its reaction activity was 290 

much lower than that of OBW-HNO3-NZVI due to more pronounced oxidation and aggregation. 291 

Bare NZVI has only limited applications in remediation activities [26], where the surface of 292 

NZVI was oxidized easily due to a higher specific surface area and stronger reactivity, that is, 293 

supported NZVI was immobilized on the active sites of OBW-HNO3, which would decrease the 294 

oxidation of the NZVI surface. Other possible reasons why immobilized NZVI could exhibit 295 

enhanced reactivity include higher density of reactive surface sites and higher reactivity of 296 

surface sites. 297 

The X-ray diffraction patterns of pristine and modified ostrich bone are given on Figure 298 

3. Comparison of XRD pattern with JCPDS file confirms the presence of calcium hydroxyapatite 299 

(CaHAP) phase [Ca10(PO4)6(OH)2], while the broad and intense background were attributed to 300 

the organic compounds and also could be due to the small particles and amorphous phase of the 301 

hydroxyapatite [33,36]. These results clearly show the poor crystallinity of pristine ostrich bone 302 

even after chemical modification, but the XRD patterns of the modified samples showed that 303 

calcium phosphate peaks become somewhat higher in intensity after treatment by HNO3 and 304 

NZVI, related to the removal of inward organic compounds from the framework of ostrich bone 305 
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and increasing the mineral phase. An increase of the inorganic phase fraction of modified bone 306 

sample also appeared and was characterized by an increase of the region intensity at 2θ in 26, 32, 307 

34 and 40 – 50º for OBW-HNO3 and OBW- HNO3-NZVI. However, the chemical modification 308 

did not create remarkable alters of HAP original crystallinity. The iron nanoparticles consisted 309 

mostly of iron, reflections at 2θ of 44.98° (Fig. 3) [26]. This indicated that the iron present on 310 

OBW-HNO3 surface is mainly in its zerovalent state. Iron oxide signals were not detected in the 311 

XRD patterns of the freshly prepared samples and even after nine months which demonstrated 312 

that the OBW-HNO3 could be a suitable stabilizer of NZVI. In fact, when the particle size of the 313 

NZVI is smaller than 5 nm, the diffractions were significantly broadened and the intensity 314 

decreased (Fig. 3) [35]. 315 

 316 

3.2. Adsorption studies 317 

The effect of pH plays an important role on the active sites of nanobio-adsorbent and the 318 

P speciation during the adsorption process. To study the effect of the pH on the removal capacity 319 

of OBW-HNO3-NZVI, experiments were designed at initial concentrations of 70, 250 and 800 320 

mg L-1 and pH range between 2.0 and 12.0 (Figure 4A). The modified bone with NZVI indicated 321 

higher P adsorption capacity in the acidic values of pH. The results indicated that there was no 322 

significant influence of pH (between 2.0 and 7.0) on the adsorption of phosphate by OBW- 323 

HNO3-NZVI while the ionization state of P was pH dependent according to Fig. S1 (pKa1 = 2.1, 324 

pKa2 = 7.2, and pKa3 = 12.3). As the initial pH decreased 7.0 to 1.0, the adsorption efficiency 325 

gradually increased from 83.5 to more than 89.4 % and decreased sharply at the initial pH range 326 

above 8.0 at initial concentration of 70 mg/L (>13.4 %). The lowest P adsorption capacity of 327 

OBW-HNO3-NZVI (13.4 %) was found at an initial pH solution of 12.0, which was caused by 328 

the deprotonation of the hydroxyl species on the surface of iron nanoparticles at this solution pH. 329 

It is clear from Fig. 4A that the adsorption of P is higher in the acidic pH range of 2-6.0 than in 330 

the alkaline range. A plausible explanation was that more oxygen containing functional groups 331 

(the dominant active sites of OBW-HNO3-NZVI are Fe-OH, -P-OH and ≡Ca-O-H species) in the 332 

OBW-HNO3-NZVI became deprotonated and negatively charged as pH increased resulting in 333 

lower phosphate anion uptake due to the electrostatic repulsion [40]. At lower pH, the 334 

concentration of H+ ion was high, causing an electrostatic interaction between the acid active 335 

sites ion and P anions (H2PO-
4, Fig. S1). The active sites were closely associated with hydroxyl 336 

ions OH- restricting the approach of P ions, as a result of the repulsive force, and therefore fewer 337 

groups are available for the adsorption of P. Therefore, at low pH, the removal efficiency was 338 

high. The maximum removal efficiency of 92 % was found for OBW-HNO3-NZVI at pH 5.0 that 339 

was chosen as the optimal pH for the rest of the study. 340 

Zeta potentials of the pristine ostrich bone, OBW-HNO3 and OBW-HNO3-NZVI (0.1 341 

mg/ml) were measured in 10−3M NaCl aqueous solution at different pH. The solution pH was 342 

adjusted by NaOH or HCl. The pHZPC, ZPC is defined as the pH at which the total surface 343 

charges become zero. All bone samples showed the same behavior. As shown in Fig. 4B, the pH 344 

value of point of zero charge (pHpzc) of the pristine ostrich bone was about 7.8. After being 345 

modified with HNO3 and NZVI, the pHpzc shifted to 6.8 and 5.78, respectively, indicating that 346 

the immobilization of NZVI onto OBW-HNO3 was successful and confirm that the surface of the 347 

pristine bone was changed after chemical modification. Indeed, pure iron oxides typically have 348 

zero point charges (ZPC) in the pH range 7–9 [26]. Therefore, the modified samples yield acidic 349 

surface since pHpzc of them were lower than that of the pristine one and this surface acidity was 350 

due to the introduction of several oxygen-containing functional groups. 351 
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The effect of shaking time (0-30 min) on the adsorption of P (30, 70 and 250 mg L-1) by 352 

the OBW-HNO3-NZVI (0.05 g) at 25oC, in a solution with a pH of 5.0 was shown in Fig. 5A, 353 

where the majority of P was removed within the first 2.5 min of contact time with the OBW- 354 

HNO3-NZVI. The black iron nanoscale supported on OBW-HNO3-NZVI was immediately 355 

solubilized (the system turned reddish-brown when there is oxygen in it), that showed that the 356 

OBW-HNO3-NZVI reacted instantly with oxidative matters in the bulk solution. Percentage of 357 

maximum adsorption of P ions was 100, 99.8 and 78 % at initial concentration of 30, 70 and 250 358 

mg L-, respectively, after 30 min. Indeed, the fast adsorption during the initial stages is probably 359 

due to the high concentration gradient between the adsorbate in solution and that on the 360 

adsorbent as there are a high number of vacant sites available during this period, while the 361 

obtained plateau after 5 min relates to a slow rate of adsorption which could be due to 362 

agglomeration of P ions on the OBW-HNO3-NZVI active sites. The removal of P ions from 363 

solution was complete within 5 min. In order to optimize the adsorption process, the adsorption 364 

isotherms for the rest of initial concentrations were examined for a time of 2.0 min. 365 

To determine and interpret the mechanisms of P ions uptake processes over OBW-HNO3- 366 

NZVI and major parameters governing sorption kinetics, kinetic sorption data obtained 367 

empirically were fitted to the pseudo-first-order, pseudo-second-order, and intra-particle 368 

diffusion models, shown in Table S1. The calculated kinetics parameters for adsorption of P ions 369 

on the OBW-HNO3-NZVI, at different initial concentrations of 30, 70, and 250 mg L-1 are 370 

tabulated in Table 3. As can be observed, the pseudo-second-order equation appeared to be the 371 

better fitting model than those for the other two equations (the correlation coefficient was 372 

extremely high for the pseudo-second-order equation of OBW-HNO3-NZVI; R2> 0.9948). The 373 

value of qe,cal also appeared to be very close to the experimentally observed value of qe,exp. The 374 

plot of linear form of the pseudo-second-order for the adsorption of P ions is shown in the inset 375 

of Fig S2.  376 

The agreement of the experimental result with the pseudo-second-order kinetic model 377 

(the pseudo-second order equation was based on the sorption capacity on the solid phase) 378 

showed that the removal of P by OBW-HNO3-NZVI was verified by chemisorption (as the rate- 379 

limiting step of the adsorption mechanism and no involvement of a mass transfer in solution) 380 

involving valence forces through sharing or exchange electrons between adsorbent and 381 

adsorbate. The adsorption of the P on the immobilized NZVI considered to be comprised of two 382 

processes with initial adsorption rates of 185.1, 834.0 and 1428 mg (g min)-1 for 30, 70, and 250 383 

mg/L, respectively (Table 3), over OBW-HNO3-NZVI (the adsorption rate was related to the 384 

content and type of active adsorption site on the matrix of adsorbent). A further advantage of the 385 

pseudo-second-order model was that it predicts the behavior over the whole range of the 386 

adsorption process. 387 

The first-order and pseudo-second-order kinetic models could not identify the diffusion 388 

mechanism. Thus the kinetic results were then analyzed by using the intra-particle diffusion 389 

model. Weber and Moris plot (Table S1; qt versus t0.5) was used to investigate intra-particle 390 

diffusion mechanism (Fig. S3). If the intra-particle diffusion was the only rate-controlling step, 391 

the plot passed through the origin; if not, the boundary layer diffusion controlled the adsorption 392 

to some degree. As seen from Fig. S3, the plots were not linear over the whole time range, 393 

implying that more than one process affected the adsorption. 394 

Furthermore, the equilibrium adsorption capacity of P on the favored adsorbent, OBW- 395 

HNO3-NZVI, were studied at various temperatures (15, 25, 60 and 80ºC) at pH = 5.0 (Figure 396 

5B). The increase in the temperature of P solutions from 15 to 80ºC lead to an increase in the 397 
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adsorption capacity of the bone samples. This indicated that adsorption of the P on active sites of 398 

the OBW-HNO3-NZVI was endothermic and could be elucidated by availability of more active 399 

sites of adsorbent, the enlargement and activation of the adsorbent surface at higher 400 

temperatures. This could also be due to the easily mobility of phosphate ions from the bulk 401 

solution towards the adsorbent surface and enhanced the accessibility to the adsorbent active 402 

sites. 403 

The thermodynamics parameters related to the adsorption of P ions on OBW-HNO3-NZVI, 404 

namely the changes in Gibbs free energy (∆G
o), enthalpy (∆H

o) and entropy (∆S
o) where 405 

therefore calculated using the following equation: 406 

∆G = −RT lnK                                                         (2) 407 

where R (8.314 J/mol·K) is the ideal gas constant, T (K) is the temperature and k (L/g) is 408 

the distribution coefficient of the adsorbate (qe/Ce), and the van’t Hoff equation: 409 

lnK = ∆So/R-∆Ho/RT                                            (3) 410 

The ∆H° and ∆S° values were calculated from slope and intercept of the linear plot, of lnK 411 

vs 1/T as shown in Fig. 6A. The calculated thermodynamic parameters are summarized in Table 412 

4. The results showed a spontaneous and favorable adsorption process over the whole 413 

temperature range (∆G < 0). The standard enthalpy (∆H) for the adsorption process was positive, 414 

thus indicating that the process was endothermic in nature. The necessity of a large amount of 415 

heat to remove the P ions from the solution makes the sorption process endothermic. The 416 

positive value of ∆S revealed the increased randomness and an increase in the degrees of 417 

freedom at the solid-solution interface during the fixation of the P ions on the active site of the 418 

adsorbent which indicated the partial dehydration of the P ions before adsorption, thus increasing 419 

the spontaneity. This is also supported by the positive value of ∆H, when the positive value of 420 

the standard enthalpy change for P ions sorption indicates endodermic nature of adsorption. It 421 

could be seen that with a rise in temperature the value of ∆G decreased, which showed that 422 

removal processes of P over immobilized NZVI were spontaneous and thermodynamically 423 

favorable (Table 4). 424 

The experiment results of the effect of different initial P ion concentrations (0.75–1000 425 

mg L−1) over OBW, OBW-HNO3 and OBW-HNO3-NZVI are shown in Fig. S4. The removal of 426 

P over the modified bone samples in this study decreased in the order of OBW-HNO3-NZVI> 427 

OBW-HNO3> OBW. OBW-HNO3-NZVI was demonstrated to be the most efficient in that more 428 

than 91.1% of P was removed after 2.5 min, while only 2.34 and 47 % of P was removed by 429 

OBW and OBW-HNO3, respectively, where initial concentration of P ions was 150 mg L−1. The 430 

adsorption was initially fast (i.e., between 0.75 and 250 mg L−1), decreased progressively and 431 

finally approached equilibrium. The animal bone waste used in this work was a waste 432 

biomaterial and it indicated low efficiency in removal of P, but provided good suspensibility and 433 

dispersibility for nanoparticle after modification with HNO3 and NZVI, when removing P from 434 

aqueous solution and it increased the efficiency of OBW-HNO3-NZVI. 435 

When the initial P concentrations were increased in the presence of OBW-HNO3-NZVI, 436 

the adsorption of the P ions reached to 97.7, 91 and 32.6 % for 30, 110.0 and 1000 mg L-1 of 437 

phosphate, respectively. However, NZVI had a poor removal efficiency when it was used to 438 

remove P with a concentration greater than 100 mg L−1, which may have been caused by the 439 

aggregation of NZVI decreasing its specific surface area and reaction activity [41]. Immobilized 440 

NZVI on ostrich bone waste was a well dispersed and stable material in aqueous solution. The 441 

observed increase of P removal with rising the initial P ions concentration could be related to an 442 
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augment in electrostatic interactions (relative to covalent interactions), which involved active 443 

sites of progressively lower affinity for P up to saturation point. On the other hand, the higher 444 

removal efficiency of OBW-HNO3-NZVI at low P initial concentration could be attributed to the 445 

ratio of mol of phosphate ions to the number accessible active sites on the surface of the 446 

adsorbent; that was, the fractional adsorption was determined by the initial concentration. These 447 

results suggested that OBW-HNO3-NZVI could efficiently uptake P from aqueous solution at 448 

elevated concentrations. 449 

In order to understand the mechanisms of the adsorption and explain how P ions 450 

interacted with the modified bone samples, equilibrium adsorption isotherms could be very 451 

important. The experimental adsorption equilibrium results for P on the bioadsorbents were fitted 452 

by applying the Langmuir and Freundlich isotherm models (Table S1). There models are 453 

commonly utilized to investigate aqueous. These adsorption models (Table S1) give a 454 

representation of the adsorption equilibrium between an adsorbate in solution and the active sites 455 

of the adsorbent. 456 

where qe (mg/g) is the specific equilibrium amount of adsorbate, Ce (mg/L) is the 457 

equilibrium concentration of adsorbate, qm is the maximal adsorption capacity and KL  (L/mol) 458 

and n are empirical constants that indicate the extent of adsorption and the adsorption 459 

effectiveness, respectively. The constant n gives an idea of the grade of heterogeneity in the 460 

distribution of energetic centers and is related to the magnitude of the adsorption driving force. 461 

High n values therefore indicate a relatively uniform surface, whereas low values mean high 462 

adsorption at low solution concentrations. Furthermore, low n values indicate the existence of a 463 

high proportion of high-energy active sites. 464 

The Langmuir equation relates the coverage of molecules on a solid surface to the 465 

concentration of a medium above the solid surface at a fixed temperature and adsorption is 466 

limited to monolayer coverage, and intermolecular forces decrease with the distance from the 467 

adsorption surface. The Freundlich model supposes that the adsorption surface is heterogeneous, 468 

that interactions between adsorbed molecules can occur, and that multilayer adsorption is 469 

possible. The Langmuir and Freundlich adsorption isotherms exhibit an approximately linear 470 

relationship for used adsorbent (see Table 5 and Fig. 6B). The results acquired from the studied 471 

systems showed that Langmuir isotherm correlated better (R2=0.96) than Freundlich one. 472 

 473 

3.3 Effect of interfering ions on phosphate removal 474 

The widespread existence and interference of anions and alkaline earth metals may affect 475 

the removal of P ions from aqueous solution by blocking active adsorption sites or the 476 

complexation with of P ions. Therefore, five typical anion species (chloride, nitrate, bicarbonate, 477 

sulfate and citrate) at concentrations of 0.01 to 0.1 M were used to evaluate their effect on P 478 

adsorption by OBW-HNO3-NZVI at concentration of 150 mg L-1(Fig. 7). In the absence of any 479 

competitive anions, the percent of P removal by OBW-HNO3-NZVI was as high as 91.2 %. The 480 

results depicted in Fig. 7 confirmed that there was only small interference for the P removal by 481 

the presence of 0.01 M sodium sulfate, sodium chloride and Sodium citrate. Dissolved sodium 482 

bicarbonate competed strongly with phosphate at 0.1 M, suppressing the uptake rate of P from 483 

aqueous solution. It can be concluded that OBW-HNO3-NZVI kept its reactivity in the presence 484 

of the used interferences, while NaHCO3> NaNO3> Na3C6H5O7 showed the most suppressing 485 

effect on the removal of P ions from aqueous solution. It is believed that metalated adsorbent 486 

could bind the anions of higher base strength more strongly than those with lower base strength. 487 

Additionally, the presence of salts could support the effect of electric double layer compression 488 
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on the surface of OBW-HNO3-NZVI which blocking active sites on the surfaces, and lead to the 489 

liberation of adsorbed P. The decreased of removal capacity of OBW-HNO3-NZVI towards P 490 

ions in the presence of NaHCO3 demonstrated that NZVI prefered to complex with HCO3
- and 491 

decreased affinity of the active sites of OBW-HNO3-NZVI towards P, which eventually lowered 492 

the uptake of P ion from the bulk solution. On the other hand, the initial pH of the solution with 493 

0.1M NaHCO3 was 8.1, at which a large amount of OH- was present that competed with P ions 494 

for the attractive interaction with active sites of immobilized NZVI and obstructed the ligand- 495 

exchange mechanism, so decreasing P ions removal from aqueous solution. 496 

3.4. Reusability 497 

To determine the reusability, the used OBW-HNO3-NZVI was separated by filtration 498 

after the first uptake experiments. For extraction of adsorbed phosphate ions different 499 

concentrations of NaOH were tested to regenerate active sites on the surface of OBW-HNO3- 500 

NZVI. Finally samples were dried at 80 ◦C under vacuum to be ready for reuse under 501 

comparable testing conditions. Increased ionic strength of solution significantly lowered 502 

desorption of phosphate ions (Fig. 8A). At a NaOH concentration of 0.1 M, 62.0 % of P were 503 

desorbed, while at lower concentrations of NaOH only about 2.0% were released. It was 504 

observed that the efficiency of desorption process was generally above 98.6 % at NaOH = 1.0 M, 505 

and the adsorption capacity of the regenerated OBW-HNO3-NZVI was almost not affected. No 506 

significant loss of activity was observed, confirming that the OBW-HNO3-NZVI had high 507 

stability during the adsorption process even after 12th runs (Fig. 8B). It is believed that OBW- 508 

HNO3, as the host of NZVI, helped to decrease the precipitation of adsorbed P ions on the iron 509 

surface (iron hydroxide), therefore, this would have kept the reactive sites (the iron 510 

oxide/hydroxide layer) on the immobilized NZVI surface, which results in higher efficiency on 511 

removing P after 12th runs. In fact, the zero valent iron is not responsible for the removal of P 512 

ions while the iron oxide/hydroxide layer on its surface involving in the adsorption of P ions 513 

from aqueous solution. 514 

3.5. Effect of aging time on phosphate uptake 515 

In order to evaluate the effect of aging on the removal capacity of the supported NZVI by 516 

modified ostrich bone waste, a set of experiments were designed using freshly prepared OBW- 517 

HNO3-NZVI in addition to samples aged for the periods of 7, 20, 30, 60, 90, 180, 240 and 360 518 

days. The results are shown in Fig. 9 at initial P ion concentrations of 70, 250 and 800 mg L-1. 519 

The results indicated that the OBW-HNO3-NZVI had largely retained its reactivity towards P 520 

ions removal from aqueous even after 360 days of preparation (Fig. 9). Additionally, removal of 521 

phosphate ions diminished less than 8% due to ageing the OBW-HNO3-NZVI. The decrease in 522 

the removal capacity of the OBW-HNO3-NZVI aged was related to the concentration, while the 523 

decrease was more pronounced for the highest initial concentration (800 mg L-1). 524 

 525 

3.6. Real water sample 526 

The suggested adsorbent in this paper was also implemented to remove P from the 527 

Persian Gulf water as a function of time (Fig. 10). The Persian Gulf water gathered from the cost 528 

of Bushehr and was filtered using 0.45 µm filter membrane and then they were stored in 529 

polyethylene bottles. The concentration of P in the real sample was measured by atomic 530 

absorption spectrophotometric (AAS) method. As observed in Fig. 10, removal tests were 531 

performed by spiking known amount of standards (30, 150 and 250 mg L-1 P ions) in the sample 532 
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matrix and then analyzing it. The removal percentage of P from the Persian Gulf water reached 533 

up to 99.9 and 90.6 and 73.8 % for 30, 150 and 250 mg L-1 P, respectively, after 30 min. 534 

However, when the adsorbent dosage was increased to 0.5 g adsorption capacity reached up to 535 

99.2 % for 250 mg L-1 P after 180 min. The results confirmed that OBW-HNO3-NZVI has 536 

reliable and potent potential to uptake P ions from the real water. 537 

3.7. Mechanism of adsorption 538 

FTIR spectra of OBW-HNO3-NZVI and P-loaded OBW-HNO3-NZVI sample, before and 539 

after the adsorption process, were recorded in the range of 400 to 4000 cm−1 (Figure 11). In the 540 

equilibrated sample of the OBW-HNO3-NZVI with P solution, extra bands at 642 (the bend 541 

vibration of O–P–O), 661, 1039 (bending vibration of adsorbed phosphate P-O) and 1056 cm-1 542 

(the asymmetric stretch vibration of P–O) appeared confirming the presence of P anchored to the 543 

active sites of the immobilized NZVI [42-44]. Furthermore, the peak at 1345 cm−1(O H bending 544 

vibration) displayed the existence of hydroxyls groups on the surface of immobilized NZVI, 545 

which after removal of P the hydroxyl groups were covered by PO4
3−, and this peak was shifted 546 

to 1382 cm−1 and weakened [42]. The bands of 414 to 500 cm−1 observed in samples were 547 

attributed to metal oxygen stretching vibration [45]. The new peaks appeared after phosphate 548 

adsorption onto OBW-HNO3-NZVI, probably showing the presence of inner-sphere surface 549 

complex (Fe-O-P) between phosphate and the active sites of NZVI. Also, the kinetics results 550 

proved that the adsorption obeyed a pseudo second-order kinetics model that indicated that the 551 

adsorption involved physisorption and chemisorptions.  552 

In order to better understand the mechanism and interactions of the phosphate removal from 553 

aqueous solution by using OBW-HNO3-NZVI, XRD pattern of the OBW-HNO3-NZVI was 554 

recorded after shaking with the P solution (Fig. 12), where XRD analysis confirmed that 555 

presence of P on OBW-HNO3-NZVI. The powder XRD pattern was complicated by the presence 556 

of iron oxides and oxyhydroxides while showed a progression of reflections associated with Fe3 557 

(PO4)2.8H2O (vivianite). Thereby, 2 θ at 13.5o (1), 18.3o (2), 20.21o (3), 22.14o (4), 27.7o (5), 558 

29.5o (6) and 34.0o (8) corresponded to vivianite. However, Fig. 12 shows the immobilized NZVI 559 

oxidation after reaction with P, where the apparent reflections at the 2θ of 32.0o (7), 39.5o (9) 560 

43.2 o (10), 52.4o (13) and 44.9o (11) indicated the presence of magnetite/maghemite (Fe3O4/γ- 561 

Fe2O3) and Fe(0), respectively [46]. Indeed, magnetite (a conductive iron oxide) [47], can give a 562 

conductive environment between the reactive surface species in solution and the inner electron- 563 

rich core, where the existence of maghemite or hematite at the surface, both less conductive than 564 

magnetite could potentially reduce the reactivity and oxidation rate of NZVI. Thus, the peak of 565 

Fe(0) could still be found and the peak intensity for Fe(III) and Fe(II) increased, showing that 566 

Fe(0) had not been oxidized completely on the surface of OBW-HNO3-NZVI. 567 

4. Conclusion 568 

The above data demonstrate that the ostrich bone waste is a suitable support for NZVI. 569 

The modified bone suppressed the NZVI particles from oxidation and aggregating together even 570 

after one year. The adsorption of P ions on OBW-HNO3-NZVI is well represented by the 571 

Langmuir isotherm, whereas kinetics corresponds to a pseudo-second-order equation. XRD 572 

analysis showed the appearance of Fe3 (PO4)2.8H2O (vivianite) on the OBW-HNO3-NZVI 573 

surface after adsorption of P from aqueous media. The immobilized NZVI indicated high 574 

reusability because of its high removal capacity even after 12th adsorption–desorption cycles. 575 

The developed adsorbent could also be used to remove the P ions from the real sample (Persian 576 
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Gulf water). The high removal capacity of P ions from the real water and the high levels of 577 

reusability confirmed the versatility of this nanobiomaterial based on ostrich bone waste. 578 

The removal efficiency of the proposed adsorbent with some recently prepared P ions 579 

adsorbents are collected in Table 6, where the removal efficiency of OBW-HNO3-NZVI for P is 580 

shown to be higher than that of the majority of other adsorbents considered. Adsorbents having 581 

iron active sites in their framework activated a higher P adsorption efficiency. Furthermore, the 582 

real water (Persian Gulf water) results, display that the heterogenized NZVI on the ostrich bone 583 

waste is a promising nanobiomaterial compared to other adsorbents published in the literature for 584 

removal of P from the contaminated wastewater. Additionally to the adsorption capacity and 585 

being environmentally benign, economic considerations can also determine whether a new 586 

system can be used in environmental clean-up solutions or not. Because of cheap, local 587 

availability, no need for a costly regeneration system, easy synthesis in large quantities, chemical 588 

and thermal stability of the modified ostrich bone waste, OBW-HNO3-NZVI has an important 589 

potential for the sequestration of phosphate ions from the aqueous media. 590 
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Table captions 688 

 689 

Table 1. Results of chemical analysis of the prepared biomaterials. 690 

Table 2. The physicochemical properties of the bone samples. 691 

Table 3. Kinetic parameters for the adsorption of P ions by OBW-HNO3-NZVI at 692 

different initial concentrations. 693 

Table 4. Thermodynamic parameters for the adsorption of P ions on OBW-HNO3- 694 

NZVI as a function of temperature. 695 

Table 5. Fitting of the parameters of the experimental results to the Langmuir and 696 

Freundlich equation parameters. 697 

Table 6. Comparison of P ion adsorption capacities at different adsorbents. 698 
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 701 

 702 

 703 

  704 

Table 1. Results of chemical analysis of the prepared biomaterials. 
Chemical analysis wt.%* C N S Al Na P K Mg Ca Mn Fe 
Pristine ostrich bone 79.8 4.21 1.78 1.92 2.39 2.35 0.92 2.01 2.18 1.36 1.08 
OBW-HNO3 18.5 8.69 2.8 2.66 3.5 20.3 2.7 3.0 33.1 2.2 2.6 
OBW-HNO3-NZVI 5.12 2.21 0.41 4.87 2.45 28.9 1.6 2.76 39.2 3.2 9.2 
*Carbon, nitrogen and sulfur were estimated from the elemental analysis (CHN). The other elements were 
determined from ICP analysis. 
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 705 

Table 2.The physicochemical properties of the bone samples. 

 Pristine ostrich bone OBW-HNO3 OBW-HNO3-NZVI 

Total surface area (m2/g) 3.7  18.42 41.4 

Average pore sizea(Å) 43 69.48 75.6 

a  The pore size calculated using the BJH method. 
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 709 

 710 

  711 

Table 3. Kinetic parameters for the adsorption of P ions by OBW-HNO3-NZVI at different initial concentrations. 
Co 
(mg L-1) 

qe,exp 

(mg g-1) 
Pseudo first order   Pseudo second order   Intra-particle diffusion  

k1 

(min−1) 
q1 

(mg g-1) 
R

2  k2  

(g (mg min)-

1) 

q2  

(mg g-1) 
h 

(mg (g min)-1) 
R

2  Kint 

(mg (g min1/2)-1) 
R

2 

30 29.4 0.408 100 0.4465  0.208 29.76 185.1 0.9952  3.906 0.4507 

70 65.0 0.533 181.8 0.5635  0.173 69.4 834 0.9948  9.529 0.4902 

250 191 0.556 500 0.5817  0.001 192.3 1428 0.9951  26.00 0.4443 
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 712 

Table 4. Thermodynamic parameters for the adsorption of P ions on OBW-HNO3-NZVI as a function of 
temperature. 

Initial P conc. 
mg L-1 

-∆Ho 
(J mol-1) 

∆So 
(J (mol K) -1) 

-∆Go (kJ·mol-1) 
258 298 333 353 

70 88.31 315.0 81.36 93.96 104.9 111.3 

250 40.56 144.4 37.30 43.08 48.13 51.02 

800 2.916 5.574 1.441 1.664 1.859 1.970 

1000 2.842 3.230 0.836 0.965 1.078 1.143 
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 716 

 717 

  718 

Table 5. Fitting of the parameters of the experimental results to the Langmuir and Freundlich equation 
parameters. 
 qm KL KF n R

2
 Sorption model 

OBW-HNO3-NZVI       
 1679 1.93× 10

−3   0.9870 Langmuir 
   0.470 0.285 0.957 Freundlich 
OBW-HNO3       
 20.3 1.86× 10

−2   0.9590 Langmuir 
   3.60× 10

−2 1.28 0.3891 Freundlich 
Pristine ostrich bone       
 3.93 3.73× 10

−2   0.9740 Langmuir 
   1.30× 10

−2 2.33 0.4410 Freundlich 
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 719 

Table 6. Comparison of P ion adsorption capacities at different adsorbents. 

Adsorbent qmax (mg g-1) Ref. 
NZVI 245.6 [15] 
Corn stalk based resin 40.48 [48] 
Lanthanum-doped activated carbon fiber (ACF-La) 9.41 [49] 
Activated alumina 53.7 [50] 
boron waste (BW) 52.5 [51] 
Zr(IV) loaded orange waste gels 175 [52] 
Fe(III) loaded skin split waste 72 [53] 
Fe(III) impregnated coir pith 70.92 [54] 
Fe(III) loaded carboxylated polyacrylamide grafted sawdust 28.79 [55] 
Wood modified by carboxymethyl cellulose/FeCl2 17.38 [56] 
HMS-1/5 47.9 [57] 
Ferrihydrite 83.5 [58] 
Acid activated red mud 202.9 [59] 
Ferric green rust FeIII

6 O4(OH)8CO3 . 3H2O 64.8 [61] 
Nano-iron oxide-impregnated granular activated carbon (nFe-GAC) 435 [61] 
Fe(III)-AM-PGMACell 77.2 [62] 
OBW-HNO3-NZVI 326 This work 
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Figure captions 723 

Figure 1. FTIR spectra of the ostrich bone waste (A), OBW-HNO3 (B) and OBW-HNO3-NZVI 724 

(C). 725 

Figure 2. TEM micrographs of ostrich bone waste (A) and OBW-HNO3-NZVI (B). 726 

Figure 3. X-ray diffraction patterns of the unmodified and modified ostrich bone by HNO3 and 727 

NZVI. 728 

Figure 4. (A) Effect of the pH on P adsorption by OBW-HNO3-NZVI from aqueous solutions 729 

and (B) zeta potential of the modified bone samples as a function of pH (CBone samples = 2.5 g dm-3 730 

and 10-3 mol dm-3 solutions of KNO3). Experimental error: ±4 mV. 731 

Figure 5. The adsorption kinetics (A) and effect of initial concentrations (B) for the adsorption of 732 

P on the OBW-HNO3-NZVI at 25ºC. 733 

Figure 6. (A) The Vant Hoff’s plot for determination of thermodynamic parameters of P on the 734 

OBW-HNO3-NZVI and (B) equilibrium absorption of P by the modified bone samples at 25 ◦C 735 

and pH = 5.0. 736 

Figure 7. The effect of chloride, nitrate, bicarbonate, sulfate and citrate on the removal of P by 737 

OBW-HNO3-NZVI; pH = 5.0, C0 = 250 mgL-1, contact time = 24 h, T = 25 oC. 738 

Figure 8. The effect of concentration of NaOH on the desorption of P from OBW-HNO3-NZVI 739 

(A), and adsorption capacity of OBW-HNO3-NZVI after repeated regeneration (B). 740 

Figure 9. Values of the percentage removal of P ions at different initial concentration on OBW- 741 

HNO3-NZVI samples kept for various aging times before being used as adsorbents. 742 
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Figure 10. P removal from the Persian Gulf water after exposure to OBW-HNO3-NZVI at 743 

varying times. 744 

Figure 11. FTIR spectra of OBW-HNO3-NZVI before (A) and after (B) adsorption of P from 745 

aqueous solution (P = 250 mg L-1, OBW-HNO3-NZVI = 0.05 g). 746 

Figure 12. Wide-range X-ray diffraction of OBW-HNO3-NZVI-P (P = 250 mg L-1, OBW-HNO3- 747 

NZVI = 0.05 g). 748 

  749 
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750 

Figure 1. FTIR spectra of the ostrich bone waste (A), OBW-HNO3 (B) and OBW- 751 

HNO3-NZVI (C). 752 
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 754 

Figure 2. TEM micrographs of ostrich bone waste (A) and OBW-HNO3-NZVI (B). 755 
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 757 

 758 

Figure 3. X-ray diffraction patterns of the unmodified and modified ostrich bone by 759 

HNO3 and NZVI. 760 
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763 

 764 

Figure 4. (A) Effect of the pH on P adsorption by OBW-HNO3-NZVI from aqueous solutions 765 

and (B) zeta potential of the modified bone samples as a function of pH (CBone samples = 2.5 g dm-3 766 

and 10-3 mol dm-3 solutions of KNO3). Experimental error: ±4 mV. 767 
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 769 

 770 

Figure 5. The adsorption kinetics (A) and effect of initial concentrations (B) for the adsorption of 771 

P on the OBW-HNO3-NZVI at 25ºC. 772 
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 775 

Figure 6. (A) the Vant Hoff’s plot for determination of thermodynamic parameters 776 

of P on the OBW-HNO3-NZVI and (B) equilibrium absorption of P by the 777 

modified bone samples at 25 ◦C and pH = 5.0. 778 
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 780 

Figure 7. The effect of chloride, nitrate, bicarbonate, sulfate and citrate on the 781 

removal of P by OBW-HNO3-NZVI; pH = 5.0, C0 = 500 mg L-1, contact time = 24 782 

h, T = 25 oC. 783 
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786 

 787 

Figure 8. The effect of concentration of NaOH on the desorption of P from OBW- 788 

HNO3-NZVI (A), and adsorption capacity of OBW-HNO3-NZVI after repeated 789 

regeneration (B). 790 
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 792 

Figure 9. Values of the percentage removal of P ions at different initial 793 

concentration on OBW-HNO3-NZVI samples kept for various aging times before 794 

being used as the adsorbent. 795 
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 797 

Figure 10. P removal from the Persian Gulf water after exposure to OBW-HNO3-NZVI at 798 

varying times. 799 
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801 

Figure 11. FTIR spectra of OBW-HNO3-NZVI before (A) and after (B) adsorption 802 

of P from aqueous solution (P = 250 mg L-1, OBW-HNO3-NZVI = 0.05 g). 803 
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 805 

 806 

 807 

Figure 12. Wide-range X-ray diffraction of OBW-HNO3-NZVI-P (P = 250 mg L-1, 808 

OBW-HNO3-NZVI = 0.05 g). 809 
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