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[bookmark: _GoBack]Abstract: Substituted hydroxyapatites have been investigated for use as bone grafts have been investigated for many years. Zinc is of interest due to it’s potential to reduce bone resorption and antibacterial properties. However, it has proven problematic to substitute biologically significant levels of zinc into the crystal structure through wet chemical routes, whilst retaining the high temperature phase stability required for processing. The aim of this study is to investigate two different precipitation routes used to synthesise zinc substituted hydroxyapatite and to explore the effects of ammonia used in the reactions on the levels of zinc substituted into the crystal lattice. It was found that considerable amounts of ammonia are required to maintain a pH sufficiently high for the production of stoichiometric hydroxyapatite using a reaction between calcium nitrate, zinc nitrate and ammonium phosphate. X-ray fluorescence (XRF) analysis showed that a significant proportion of the zinc added, did not substitute into the hydroxyapatite lattice. Fourier Transform Infrared (FTIR) spectroscopy revealed the existence of a zinc-ammonia complex that, it is proposed, inhibits zinc substitution for calcium. It was found that by reacting orthophosphoric acid with calcium nitrate and zinc nitrate, the volume of ammonia required in the reaction was reduced and higher levels of zinc substitution were achieved, with up to 0.58wt% incorporated into the hydroxyapatite lattice. The resulting products were found to be stoichiometric hydroxyapatite and did not appear to contain any extraneous calcium phosphate phases after heat treatment up to 1100 °C. X-ray diffraction (XRD) and Rietveld analysis revealed that the effect of substituting zinc into the HA lattice was to decrease the a-lattice parameter whilst increasing the c-lattice. Transmission electron microscopy also showed that the incorporation of zinc reduced both the length and width of the precipitated crystals.

Introduction

Hydroxyapatite (HA) is one compound from a family of calcium phosphates and has the chemical formula Ca10(PO4)6(OH)2. Since the 19th century the relationship between HA and bone mineral was thought to be close but this was only confirmed in 1926 where Dejong used X-ray diffraction to prove that the mineral component of bone was infact a form of HA[1]. Through the introduction of other ions into the HA lattice the biological response can be modified with carbonate and silicate being found to enhance bio resorption [2] [3] [4].

Zinc is relatively abundant in bone (300 g/kg), but the content has been reported to decrease with age [5]. There is also a link between zinc content and bone strength in both men and women. An in vitro experiment carried out by Yamaguchi et al. confirmed that zinc stimulates bone formation[6]. Kishi and Yamaguchi found that zinc inhibits osteoclast formation[7] and Moonga and Dempster found that zinc decreased bone resorption in vitro[8]. Webster has proven that zinc enhances the osteoblast in vitro [9] whilst Yamada et al [10] found that zinc had caused a down regulation in osteoclast number and activity when substituted into TCP.

Zinc ions are thought to replace calcium ions in the hydroxyapatite lattice. The actual positions are as yet unknown, although the Ca(II) site is thought to be more energetically favourable than the Ca (I) site and thus it is suggested that the zinc substitutes [11-13]. The formation of zinc substituted hydroxyapaptite is also thought to have a relatively high formation energy and this work by by Tang et al also found a likely distribution in the lattice with an increase of the c-axis due to the hydroxyl groups moving off their c-axis position and towards the zinc atom [12, 14, 15].

There have been many attempts to substitute zinc into hydroxyapatite using various routes including chemical precipitation and sol-gel. These have produced numerous weight percentage substitutions of zinc that have been fully characterised.A common theme however is that it is impossible to substitute biologically significant levels of zinc into the hydroxyapatite lattice whilst retaining phase purity after heat treatment to temperatures exceeding 1000C. 

One investigation found that after attempting to substitute 5wt% zinc into the HA lattice only 0.7wt% was substituted. The production route involved reacting calcium nitrate and zinc nitrate with ammonium hydroxide[9]. Another study suggested that when the amount of zinc being incorporated into the lattice exceeds 0.13wt% phases of -zinc tricalcium phosphate were formed after heat treatment as low as 1050C [16].

It has been suggested that pH>11 is necessary for production of phase pure HA using a wet chemical route and ammonia is typically used to do this[17]. A study to substitute 15mol% applied this theory in the production of ZnHA and it was found that not all of the zinc was substituted into the lattice but phase purity was maintained after heat treatment to 800 °C [18]. The study suggested that the failure to incorporate all of the zinc was due to a zinc complex Zn(NH3)42+ that is formed with the ammonia and inhibits zinc substitution.

The effect of substituting zinc into hydroxyapatite on the HA lattice structure is not understood fully. The only study that has measured the effects of the zinc on the lattice parameters on heat treated, phase pure hydroxypatite, found that with increasing zinc addition the a-lattice was decreased whilst the c-lattice increased [9]. Other studies on non-heat treated powders have found that the effect of zinc is somewhat different, decreasing both lattice parameters a and c [19, 20].

Ideally, the resulting material would be used to coat a hip implant with possible benefit for osteoporotic patients. Commercially, ceramic coatings for medical applications are typically applied using plasma spraying which would involve heating the powders up to temperatures extremely higher than 1000C [10, 21]. The aim of this study was to investigate the effect of the reaction route  (hydroxide and nitrate) on the ability to produce stoichiometric ZnHA that is phase pure after heat treatment to 1100C and the effects of zinc substitution on the lattice.






Method

Powders of HA and ZnHA were produced with a Ca/P and (Ca+Zn)/P molar ratio of 1.67 by reacting calcium nitrate (Ca(NO3)24H2O) (Sigma Aldrich) and zinc nitrate hexahydrate (Zn(NO3)2  6H2O) (Sigma Aldrich)  with ammonium hydrogen phosphate (NH4)2HPO4 (the nitrate route) at temperatures of 20 ± 1 °C and 9 ±1 °C. The lower temperatures were achieved by carrying out the reaction in a container with ice used to reduce the temperature. The pH of the reaction was maintained above 11 through the use of ammonium solution, at lower temperatures less ammonia is required. The precipitate produced was washed and filtered and dried at 60C overnight.

Powders were also produced with a stoichiometry of 1.67 by reacting calcium hydroxide Ca(OH)2 (VWR) and zinc nitrate hexahydrate Zn(NO3)2  6H2O (Sigma Aldrich) with orthophosphoric acid (Acros Organics) at a temperature of 20 ± 1 °C. Again ammonium solution is used to control the pH of the reaction, but in this case the pH was maintained above 10.5. The majority of precipitate was washed and filtered and dried overnight at 60 °C whilst some was kept in suspension form for a Transmission Electron Microscopy (TEM) study.

Phase purity of the powders was investigated using X-ray diffraction (Phillips PW3020 X-ray diffractometer) by taking data between 20° and 50° with phases identified using the Hanawalt method. This ensured that HA was present by comparing it to the ICDD sample (09-0432) and matching all peaks. 

X-ray fluorescence spectrometry (London & Scandinavian Co. Ltd) was used for elemental analysis to investigate possible contamination and to measure the level of zinc substitution. From this and the amount of calcium and phosphorus also in the lattice the degree of stoichiometry could be determined. 

FTIR analysis was carried out using a Bruker Optics Tensor 27 FT-IR. It was used in the absorption mode with potassium bromide (KBr) pellets as the reference and pellets of KBr and ~1wt% sample. Spectra were obtained at 8 cm-1 resolution averaging 128 scans over a range of wavenumbers 400 cm-1 to 4000 cm-1. 

The effect of zinc substitution on the morphology and particle size of the precipitate was studied using Transmission Electron Microscopy (TEM) on samples of precipitate produced using the hydroxide route. For this a drop of 0.1 wt% of the precipitate in ethanol was placed onto a copper grid with the ethanol being allowed to evaporate. This was then placed into a JEOL 2000 FX TEM that was set in bright field mode for imaging alongside selected area diffraction to verify the nature (i.e amorphous, crystalline or poly-crystalline) of the particles. Image J [22] was used to measure the crystallite dimensions from the electron micrographs obtained using TEM.


Results

The XRD patterns in Figures 1 and 2 show that it was possible to use reactants for the substitution of up to 0.6wt% zinc into HA and retain phase purity after heat treatment at 1100 °C using the nitrate route at 20 ± 0.5 °C and 9 ± 1 °C. When attempts to substitute more zinc were made (0.8wt%) other phases, namely TCP, appeared. With the hydroxide route reagents for the substitution of 0.65 wt% zinc into the HA lattice retained phase purity after heat treatment (Figure 3).
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Figure 1: XRD patterns for hydroxyapatite with zinc substituted into the lattice at levels of 0 to 0.8 wt% after heat treatment at 1100C using the nitrate route at 20 ± 1 °C
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Figure 2: XRD patterns for hydroxyapatite with zinc substituted into the lattice at levels of 0 to 0.8 wt% after heat treatment at 1100C using the nitrate route at 9 ± 1 °C
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Figure 3: XRD patterns for hydroxyapatite with zinc substituted into the lattice at levels of 0 to 0.65 wt% after heat treatment at 1100C using the hydroxide route at 20 ± 1 °C

The XRF data for the apatites produced using the nitrate routes at 20 ± 1 °C and 9 ± 1 °C is presented in Table 1. From this table it can be observed that not all of the zinc was successfully substituted into the lattice although more was substituted at lower temperatures. It can also be observed that as more zinc is substituted, at lower temperatures, the product is more stoichiometric.

Table 2 summarises the XRF data for material produced using the hydroxide route. In all instances the material showed stoichiometry with a (Ca+Zn)/P ratio of 1.66 - 1.67. The proportion of zinc substituted was increased compared to the nitrate route at both room temperature and the reduced temperature. 86% of the zinc was found to have substituted at the highest substitution level with the hydroxide route compared to 82% in the low temperature nitrate route and 60% in the room temperature nitrate route.






Table 1: Expected and measured values for zinc content and molar ratios ZnHA samples for ZnHA produced using the nitrate reaction at 20 ± 1 °C (RT) and 9 ± 1 °C (BRT).
	

Sample
	(Ca + Zn)/P ratio
expected
	
(Ca + Zn)/P ratio
measured
	

Zinc expected [wt%]
	

Zinc Measured  [wt%]

	PPHA RT
	1.67
	1.64
	0
	0

	0.2 ZnHA RT
	1.67
	1.67
	0.20
	0.13

	0.4 ZnHA RT
	1.67
	1.65
	0.40
	0.29

	0.6 ZnHA RT
	1.67
	1.65
	0.60
	0.36

	PPHA BRT
	1.67
	1.65
	0
	0

	0.2 ZnHA BRT
	1.67
	1.67
	0.20
	0.16

	0.4 ZnHA BRT
	1.67
	1.67
	0.40
	0.29

	0.6 ZnHA BRT
	1.67
	1.67
	0.60
	0.49



Table 2: Expected and measured values for zinc content and molar ratios ZnHA samples for ZnHA produced using the hydroxide reaction at 20 ± 1 °C.
	
Sample
	(Ca + Zn)/P ratio
expected
	(Ca + Zn)/P ratio
measured
	wt% Zn
expected
	wt% Zn
measured

	Phase Pure
	1.67
	1.67
	0
	0

	0.4wt% ZnHA
	1.67
	1.67
	0.4
	0.37

	0.65wt% ZnHA
	1.67
	1.66
	0.65
	0.58



The data presented in Tables 3 and 4 shows the effect of zinc substitution on the lattice parameters of the produced apatites. It is clear from studying these that the effect of substituting zinc into HA either using the nitrate route at 20 ± 1 °C and 9 ± 1 °C or using the hydroxide route is to cause a decrease in the a-lattice but an increase in the c-lattice.

Table 3: Lattice parameters for varying zinc substitutions for ZnHa produced using the nitrate reaction at 20 ± 1 °C (RT) 9 ± 1 °C (BRT).
	Substitution
 (RT) (wt%)
	a (Å)
	c (Å)
	Substitution
 (BRT) (wt%)
	a (Å)
	c (Å)

	Phase Pure
	9.420
	6.881
	Phase Pure
	9.420
	6.880

	0.13
	9.420
	6.883
	0.16
	9.418
	6.882

	0.29
	9.419 
	6.884
	0.29
	9.417
	6.884

	0.36
	9.418
	6.885
	0.49
	9.416
	6.886



Table 4: Lattice parameters varying zinc substitutions for ZnHa produced using the hydroxide reaction at 20 ± 1 °C
	
Sample
	Lattice Parameter

	
	a (Å)
	c (Å)

	Pure HA
	9.421
	6.881

	0.4 ZnHA
	9.415
	6.882

	0.65 ZnHA
	9.417
	6.887



Figures 4 – 8 are the FTIR spectra obtained for samples of HA and ZnHA with varying zinc substitutition. Figures 4 and 7 gives the characteristic bonding and stretching modes for non heat treated apatite with bands referenced according to the work of Koutsopoulos [23]. Apart from the expected bands associated with hydroxyapatite there is a small peak seen at approximately 3400cm-1 for the samples of ZnHA that is normally associated with amide groups. This appears when the broad peak associated with water seen at 3500 cm-1 disappears with heat treatment. This peak is likely to be an amide group that is formed as part of a complex with the zinc and ammonia in the system.

Figure 8 is the FTIR spectrum for samples of HA and ZnHA produced using the hydroxide route.  Apart from the associated bands and stretching modes for hydroxyapatite the small peak seen at around 3400cm-1 is also present indicating the present of amide groups even when much more of the zinc is substituted into the lattice.

Figure 4: FTIR Spectra of phase pure HA, 0.2 wt% ZnHA and 0.6 wt% ZnHA produced using the nitrate route at 20 ± 1 °C before heat treatment
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Figure 5: FTIR Spectra of phase pure HA, 0.2 wt% ZnHA and 0.6 wt% ZnHA produced using the nitrate route at 20 ± 1 °C after heat treatment at 1100 C
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Figure 6: FTIR Spectra of phase pure HA, 0.2 wt% ZnHA and 0.6 wt% ZnHA produced using the nitrate route at 9 ± 1 °C after heat treatment at 1100C
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Figure 7: FTIR Spectra of phase pure HA, 0.2 wt% ZnHA and 0.6 wt% ZnHA produced using the hydroxide route at 20 ± 1 °C before heat treatment
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The apatite produced using the hydroxide route, as reported earlier, had the highest zinc levels successfully substituted into the lattice and was closer to stoichiometry and was, hence, used to measure the effect of zinc substitution on the crystallites produced. The crystallite dimensions, measured using electron micrographs similar to Figures 9 – 11, are shown in Table 5. There was a significant degree of agglomeration even given the low solid loadings and particle size analysis was not rigorous, only particles that were well-defined were measured. The effect of substituting zinc into the HA lattice was to reduce the average length significantly and to reduce the width of the individual crystals leading to a reduction of the average shape factor. The crystals all appear rod like having nanometre scale dimensions, with the selected area diffraction patterns supporting their nano crystalline nature (Figures 9d and 10d and 11d).





Figure 8: FTIR Spectra of phase pure HA, 0.2 wt% ZnHA and 0.6 wt% ZnHA produced using the hydroxide route at 20 ± 1 °C after heat treatment at 1100C
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Figure 9: TEM images of PPHA particles (a – c). Image d is the selected area diffraction pattern from an area of agglomerated nano crystals.
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Figure 10: TEM images of 0.4 wt% ZnHA particles (a – c). Image d is the selected area diffraction pattern from an area of agglomerated crystals
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Figure 11: TEM images of 0.65 wt% ZnHA particles (a – c). Image d is the selected area diffraction pattern from an area of agglomerated crystals
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Table 5: Average length, width and shape factor for the samples with various substitutions of zinc. (The numbers in brackets denotes the number of crystals measured for each sample)
	
Sample
	Average Length
	Standard Deviation
	Average Width
	Standard Deviation
	Shape Factor
	Standard Deviation

	PPHA (75)
	103.04
	39.55
	17.56
	7.91
	6.26
	1.89

	0.4 ZnHA (90)
	58.65
	30.36
	11.83
	6.59
	5.87
	3.55

	0.65 ZnHA (88)
	43.64
	26.42
	9.05
	3.88
	5.05
	2.39



Discussion
There have been many examples of ZnHA being produced using a chemical precipitation route [9, 18-20] but up until now these have not been stoichiometric and phase pure after heat treatment greater than 800C.  The pH of the reaction must be maintained above 11 for phase pure hydroxyapatite to be formed as shown by Jarcho et al.[17]. This has been investigated by Li et al. [18] who also hypothesized that ammonia may be inhibiting the zinc from substituting into the lattice. 

This work initially used the nitrate method to produce zinc substituted hydroxyapatite, similar to methods presented previously [9, 18, 20] except the pH of the Ca(NO3)2 and Zn(NO3)2  mix was kept above 11 using ammonia solution. The reaction was carried out at 9 ± 1 °C as it has been observed in lab experiments (within authors laboratory) to drastically reduce the amount of ammonia used in the reaction. 

XRD phase analysis identified no variation between the material produced at the two reaction temperatures; in both instances phase stability was maintained after heat treatment to 1100˚C with reagents for the substitution of 0.6wt% zinc. However XRF identified a considerable discrepancy in the actual proportion of zinc substituted into the hydroxyapatite, with 82% being substituted in the case of the reaction at 9 ± 1˚C and just 60% at room temperature for the 0.6ZnHA. This observation is perhaps counter-intuitive, the work of Tang et al. [12] showed a considerable activation energy to be associated with the substitution of zinc into hydroxyapatite; from an energy perspective, higher substitutions would be expected in the room temperature material. 

It has been previously hypothesised by Li et al, that in the precipitation of zinc substituted hydroxyapatite, in the presence of ammonia, a zinc-ammonia complex Zn(NH3)42+ may be formed that can inhibit the substitution of zinc. Energy absorption in the region of 3400-3500 cm-1 of the FTIR spectra can be allocated to the stretching mode of the N-H bond in an ammonium complex, for example in the work of Chauhan et al who considered struvite, an ammonium magnesium phosphate hexahydrate. A peak in this region was observed in all zinc containing materials regardless of precipitation route and unfortunately the technique did not allow for any form of quantitative analysis regarding the relative intensities of these peaks. The increase in zinc substituted into the lattice with reduction in ammonia presence must however support this argument of complex formation. The maintenance of stoichiometry, given unsubstituted zinc, particularly in the case of material produced using the hydroxide route, suggests an excess of phosphate may have been present in the system and a complex containing this along with the ammonia and zinc is not inconceivable.

When the amount of ammonia used in the reaction to produce ZnHA was reduced, by changing the reaction route to one involving hydroxide, the amount of zinc successfully substituted into the lattice increased. This would tend to agree with the hypothesis of Li et al.[18] that it is at least in part the ammonia forming a Zn(NH3)42+ complex that prevents zinc substituting into the HA lattice.

The effect of substituting zinc into the HA lattice was also found to match the findings of Webster et al. [9] where increasing zinc within the lattice was found to coincide with an increase of the a-lattice and a reduction in the c-lattice parameters. Whilst these differ to the results presented by Ren et al.[20] the work presented here is the measured lattice parameters of stoichiometric apatite that is phase pure after heat treatment to 1100°C whilst Ren et al. do not heat treat their samples.

The TEM study found that the introduction of zinc into the HA lattice reduced the length and width of the crystals (at least using the hydroxide route). The increased zinc content reduced crystal size. There was a statistical significance between the crystal size of phase pure hydroxyapatite and the crystals with 0.29 wt% zinc. There was, however, no significance between the reduced crystal size of the 0.29 wt% and 0.56 wt% zinc. It would appear that zinc inhibits crystal growth and this has been observed by others. Ren et al. [20] thought that this was likely to have been caused by a mismatch of the ion sizes between calcium and zinc which leads to a distortion of the crystal structure. The smaller crystals produced have a larger surface area. This leads to more agglomeration of the crystals which would make them far harder to compact. Ren et al. [20] using Scanning electron microscopy (SEM) have proven this where they found that the secondary particle sizes increased with the addition of zinc.

A similar effect has been observed when magnesium was substituted into the lattice. The inhibition of crystal growth was thought by Bigi et al.[24] to be caused by a distortion of the lattice through an ion mismatch. It was thought the effect was caused by strain in the lattice[25].

Previously it has been shown that it is difficult to substitute biologically significant amounts of zinc into the HA lattice and retain phase purity after heat treatment[18]. This paper has done just that, substituting 0.58wt% zinc into the lattice and showing phase purity after heat treatment at 1100 °C. It has also been reported that not all of the zinc successfully substitutes into the lattice [9, 18] this paper has found that these two effects are related and that it is because the ammonia is inhibiting zinc from substituting into the lattice by forming a complex. This work lends itself to the development of zinc substituted hydroxyapatite coatings for use in orthopaedics, with a particular emphasis on plasma spraying. The powders produced using this method can be heat treated to temperatures similar to hydroxyapatite, without decomposition, that are currently used for hip replacement coatings.

Conclusion
The work presented in this paper shows that it is possible to produce zinc substituted hydroxyapatite that remains phase pure after heat treatment to 1100°C using both the nitrate and hydroxide route. It is, however, possible to substitute more zinc into the lattice using the hydroxide route than the nitrate route. This is likely to be due at least in part to the reduction in ammonia use associated with the hydroxide route resulting in reduced formation of the Zn(NH3)42+ complex. The effect of substituting zinc is to distort the lattice decreasing the a-lattice but increasing the c-lattice. TEM revealed that the introduction of zinc into the HA lattice reduced the length and width of the crystals.
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