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Abstract: The gradual replacement of Ca2+ with Cu2+ ions in brushite (CaHPO4·2H2O) has been
extensively studied and discussed. The approach adopted in this work has not been systematically
explored in previous studies. This novel approach may prove beneficial for the production of
Ca1−xCuxHPO4·nH2O materials with desired properties suitable for medical applications. Solutions
of sodium dihydrogen orthophosphate dihydrate, NaH2PO4·2H2O, calcium nitrate tetrahydrate,
Ca(NO3)2·4H2O, copper nitrate trihydrate, Cu(NO3)2·3H2O, ammonium hydroxide solution, and
diluted HCl were used for the preparation of these materials. At low Cu/Ca molar ratios (up to
0.25) in the starting solution, biphasic phosphate minerals were formed: brushite and sampleite.
When the Cu/Ca molar ratio increases gradually from 0.67 to 1.5, sampleite-like mineral precipitates.
Powdered XRD (X-ray diffraction), thermogravimetric (TG) analysis, and SEM (scanning electron
microscopy) techniques were employed for the study of the microstructure of the produced materials
for different degrees of Ca replacement with Mg. It is found that the Cu/Ca ratio in the starting
solution can be adjusted to obtain materials with tailored composition. Thus, a new method of
sampleite-like synthesis as a rare mineral is introduced in this study. Both phosphate minerals
brushite and sampleite-like minerals are attractive as precursors of bioceramics and biocements. The
search for such products that may decrease the possibility of post prosthetic or implant infection can
be crucial in preventing devastating post-surgical complications.

Keywords: brushite; sampleite; biomaterials; XRD; crystal growth

1. Introduction

Calcium phosphate-based minerals (CaPs) are used in various environmental, medi-
cal, and engineering sciences applications. They may substitute bone in medical applica-
tions [1,2], because their mineralogical structure and biochemical properties are similar
to the mineral phases present in bone tissues. Their low toxicity, high bioactivity, and
excellent biocompatibility nominate them as precursors for the preparation of biocements
and bioceramics, which exhibit high potential for applications in the fields of advanced
materials and technology [3,4]. Thus, CaPs are excellent candidates for bone tissue engi-
neering, drug delivery, and bone-related disease treatment [5,6]. Additionally, CaPs may
be used as fertilizers [7] or construction materials [8,9].

One of the best-known CaPs is brushite (dicalcium phosphate dihydrate (DCPD,
CaHPO4·2H2O) [8,10], which is stable in a weakly acidic environment (pH 4.0–6.5) and
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low temperature (less than 80 ◦C) [11,12]. It can be produced under a specific temperature
and pH range and is usually metastable at physiological conditions, pH ≈ 7.4, so that
it can be resorbed within relatively short periods and form bone material [13,14]. In
addition, brushite is an important precursor for the formulation of several bone cements
and bioceramics [10–14].

Brushite-based materials and cements exhibit good bioactivity, and they are biore-
sorbable and biocompatible. Unlike apatite-based materials, brushite-based ones are
rapidly resorbed in vivo [13]. Being an acidic mineral, brushite can only precipitate from
solutions at low pH (less than 6.5); hence, the initial phase of its setting reactions is very
rapid [14]. Therefore, inhibitors of crystal nucleation and growth such as hydroxyapatite
and tricalcium phosphates are used to control the setting reactions. The bioactivity and
biocompatibility of brushite-based materials has been investigated in several compositions,
applications, compositions, and in vivo [10,11]. Brushite-based materials are biocompat-
ible with and tolerated by soft tissues and bone in vivo, so that material resorption was
shortly followed by the formation of new bone tissues. Histological measurements and
experimental studies indicate that brushite-based materials feature good biocompatibility,
with no appearance of inflammatory cells [13].

Late prosthetic joint infections (PJIs) pose an increasing medical challenge as more and
more joint replacements are being performed, and patients’ life expectancy increases [15].
Continuous efforts are needed to ameliorate such devastating complications. Currently,
copper [16,17] is seriously considered in view of its antibacterial contact-killing effect and
microbial properties; a most common point in the literature is that all copper-exposed
bacteria have survival regimens of just a few minutes before cell death. No complete
resistance to prolonged exposure with copper has been found [18–21].

Therapeutic metallic elements such as copper are direly needed and widely used
in biomedicine [17], given the ease of their incorporation into different types of bioma-
terials. Specifically, great opportunities for biomedical engineers and clinicians are of-
fered by copper-doped bioactive glasses because of their excellent regenerative potential
and biocompatibility [22]. Accelerated soft tissue healing can be achieved with copper-
incorporated bioactive glasses, showing noteworthy potential for wound treatment and
skin repair, besides their known usefulness in bone tissue engineering. Copper has the
ability to modify the physicochemical properties of bioactive glasses (e.g., reactivity with
bio-fluids) and thus enhance their potential therapeutic uses. Copper-doped bioactive
glasses may reduce or even prohibit bacterial growth, improve cell proliferation, and
promote angiogenesis. Their suitability in cancer photothermal therapy (PTT) has been
described recently [21]. Yet to obtain knowledge regarding the extent to which copper-
doped bioactive glasses are actually applicable for tissue engineering and regenerative
medicine strategies in the clinical setting, further research is needed. Moreover, the use of
copper-doped bioactive glasses in combination with polymers to produce relatively soft,
pliable composites and printable inks for use in biofabrication [22,23] holds promise for
the future. Accordingly, sampleite [24], a Cu-rich mineral, might be used as a precursor of
bone cements and ceramics.

The replacement (exchange) of ions is known to occur in crystals when their radii
and valences are similar [10]. Although Cu2+ has a smaller ionic radius than Ca2+ (1.3 and
1.8 Å, respectively), these two ions are able to replace each other in a crystal [23–25]. The
substitution and doping of Ca2+ with Cu2+ in CaPs has been previously investigated [26].
A partial substitution of Ca2+ by Cu2+ in bioceramics and bone cements may enhance cell
growth and proliferation as well as decrease bone resorption and contribute to sustainable
bone formation [4,26–28].

In-depth analysis was carried out here to investigate the crystal morphology, chemical
composition, and mineralogy of the phosphate minerals produced when different Cu/Ca
molar ratios are used in the starting solution. As the motivation behind our research, such
aspects will hopefully prove beneficial and contribute to the future synthesis of biomaterials
with tailored properties.
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2. Experimental Methodology
2.1. Materials

Calcium nitrate tetrahydrate and copper(II) nitrate trihydrate came from LOBA
Chemie, India, while sodium dihydrogen orthophosphate dihydrate (NaH2PO4·2H2O)
was purchased from Techno Pharmchem, India. A water purification system (PURELAB
option-Q, ELGA, High Wycombe, UK) was used to prepare distilled water (0.055 µS/cm).
Each component was weighed using a digital analytical balance (EX324N, OHAUS, Par-
sippany, NJ, USA). Stirring was performed with the use of a magnetic stirrer (ISOTEMP,
Fisher Scientific, Shanghai, China).

2.2. Preparation of Calcium–Copper Phosphate Minerals

The preparation of phosphate minerals was carried out at ambient conditions, with
the use of three solutions, namely Cu(NO3)2·3H2O, Ca(NO3)2·4H2O, and Na2HPO4·2H2O
0.5 mol/L. The molar proportions used in each case for the synthesis of CaxCu1−x·HPO4·nH2O
with different composition are shown in Table 1.

Table 1. Molar proportions of Cu(NO3)2·3H2O, Ca(NO3)2·4H2O, and NaH2PO4·2H2O as well as
Cu/Ca molar ratios used for the synthesis of calcium–copper phosphate compounds.

Product ID NaH2PO4·2H2O Ca(NO3)2·4H2O Cu(NO3)2·3H2O Cu/Ca Molar Ratio

BCu0 1 1 0 0
BCu2 1 0.8 0.2 0.25
BCu4 1 0.6 0.4 0.67
BCu5 1 0.5 0.5 1.0
BCu6 1 0.4 0.6 1.5
BCu10 1 0 1 -

First, pure brushite, BCu0, was produced by the dropwise addition of 100 mL
Ca(NO3)2·4H2O solution (flow rate ≈ 2 mL/min), using a glass funnel with a glass stop-
cock, to the Na2HPO4·2H2O solution under continuous stirring (stirring speed 450 rpm)
until a Ca/P molar ratio of 1.0 was obtained. To enable full homogeneity, the new solu-
tion was stirred at room temperature for 1 h. The total stirring period prior to filtering
was about two hours. The pH of the solution was adjusted to values ranging between
6 and 6.5, see Figure 1, in order to enable the production of a white precipitate. Then,
this precipitate was vacuum-filtered using a Buchner funnel and qualitative filter paper
(45 µm, ∅ 12 cm, Double Rings, Shanghai, China). The filter cake was washed three times
with de-ionized water and three more times with ethanol to prevent agglomeration [29,30].
Afterwards, it was placed on a watch glass and dried for 5 days in an oven (ED53/E2,
Binder, Tuttlingen, Germany).

BCu2, BCu4, BCu5, and BCu6 compounds were prepared by mixing, first, the
Ca(NO3)2·4H2O and Cu(NO3)2·3H2O solutions using the molar ratios shown in Table 1.
Then, 100 mL of the obtained solution was added dropwise to 100 mL of Na2HPO4·2H2O so-
lution, as previously described. Finally, BCu10 was obtained after mixing NaH2PO4·2H2O
and Cu(NO3)2·3H2O by means of the same procedure.
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Figure 1. Preparation of calcium–copper phosphates.

2.3. Characterization Techniques

The phase composition of the products was carried out qualitatively using a Shimadzu
XRD diffractometer−6000 (manufacturer, Nakagyo-ku, Kyoto, Japan) with a cobalt tube
and a scanning 2-theta range from 100 to 600 at a scan rate of 2 ◦/min. The Match!
Software package Version 2.4.7 (Crystal Impact, Bonn, Germany) was used for Rietveld
refinement and phase analyses of powder X-ray diffraction (XRD) data. To identify product
morphology, a scanning electron microscope (Inspect F50, the Netherlands) was used. A
thermogravimetric (TG) analyzer (TG 209 F1 Libra, NETZSCH, Selb, Germany), during
heating in the temperature range from 40 to 600 ◦C with a heating rate of 5 ◦C min−1 under
a helium atmosphere, was used to determine the mass loss of each product (≈100 mg).

3. Results and Discussion
3.1. Mineralogical and Microstructural Analysis

Figure 2 depicts the XRD patterns of all the synthesized materials. The mineral-
ogy of BCu0 confirms that this precipitate, produced after mixing NaH2PO4·2H2O and
Ca(NO3)2·4H2O solutions with a Ca:P molar fraction 1:1 (Table 1), is pure brushite [31–34].
It is observed that the crystals of brushite grow in proportion to the major planes, namely
(141), (121), and (020). The XRD pattern of the BCu0 denotes brushite’s monoclinic struc-
ture [12,29]. The crystal growth takes place primarily along the (020) crystallographic
plane [4] as evidenced from the peak at 2-theta 11.7◦ [35,36].
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Figure 2. XRD patterns of the calcium–copper phosphates (Table 1).

The pattern of BCu2, obtained on the material prepared with low Cu/Ca molar
ratio (0.25), indicates the presence of biphasic phosphate brushite (CaHPO4·2H2O) and
sampleite-like mineral (NaCaCu5(PO4)4Cl·5(H2O)). A new XRD peak corresponding to
sampleite-like mineral appeared at plane (020). The brushite peaks present, and their
intensity, especially for those associated with the plane (020), decreased.

The gradual increase from 0.25 to 1.0—and eventually to 1.5 (patterns BCu4 to BCu6)—
in the Cu/Ca molar ratio in the starting solution led to an increase in the degree of Ca
replacement with Cu. Simultaneously, brushite disappeared, and only sampleite-like
mineral precipitated. Thus, at higher molar ratios, the intensity of sampleite-like mineral
peaks would increase in the XRD patterns. Eventually, a semi-crystalline structure in the
pattern of BCu10 of the precipitate formed when a Cu/P ratio of 1.0 was used.

Figure 3 shows photographs of the Ca-Cu phosphate compounds produced in this
research. Typical for pure CaPs, brushite appears as a white powder; see Figure 3A,
Bcu0 [30]. The second compound, Figure 3B, is white in color with a clear presence of
blue tones, but in smaller quantities, indicating the presence of the two minerals together:
brushite (white) and sampleite (blue) [33]; see Figure 3. In turn, the compounds BCu4–
BCu6 turn blue with an increased amount of copper, as shown in Figure 3C–E, where only
the sampleite–like mineral is present. Finally, the blue compound Bcu10 appears after
complete replacement of calcium with copper; see Figure 3F.
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Figure 3. Images obtained by optical microscopy (Optika, Italy) of Ca-Cu phosphates, (A) BCu0, (B) BCu1,
(C) BCu4, (D) BCu5, (E) BCu6, and (F) BCu10 (all images have the same 1 mm scale bar).

Rietveld-refined unit cell parameters for brushite- and sampleite-like materials are
presented in Tables 2 and 3. It is seen that the unit cell parameters of brushite increase for
the materials BCu0–BCu2 (Table 2), which were produced using the Cu/Ca molar ratio in
the starting solution up to 0.25, and in which brushite was the dominant phase formed. In
contrast, for the materials having a Cu/Ca molar ratio above 0.25, brushite disappeared
completely, and a new sampleite-like mineral phase is formed. The unit cell parameters of
sampleite exhibited an increasing Cu/Ca molar ratio, from 0.25 to 0.67; see Tables 2 and 3.
The unit cell parameters of sampleite were constant, increasing the Cu/Ca molar ratio in
the starting solution from 0.67 up to 1.5, where sampleite is the only crystalline mineral,
BCu4–BCu6, Table 3.

Table 2. The parameters of unit cell for brushite from XRD data (Rietveld refinement).

Product ID Brushite wt% a(Å) b(Å) c(Å) (βo) V(Å3)

BCu0 100.0 5.8145 15.1693 6.2399 116.392 523.88
BCu2 80.7 5.8132 15.1973 6.2497 116.406 527.87
BCu4 0.0 - - - - -
BCu5 0.0 - - - - -
BCu6 0.0 - - - - -

BCu10 0.0 - - - - -

Table 3. The parameters of unit cell for sampleite-like mineral from XRD data (Rietveld refinement).

Product ID Sampleite wt% a(Å) b(Å) c(Å) (βo) V(Å3)

BCu0 0.0 - - - - -
BCu2 19.3 9.6950 19.7390 9.6730 102.610 80.74
BCu4 100.0 9.6760 19.2840 9.7660 90.070 127.45
BCu5 100.0 9.6760 19.2840 9.7660 90.070 127.45
BCu6 100.0 9.6760 19.2840 9.7660 90.070 127.45

BCu10 0.0 - - - - -

The quality of the Rietveld refinement was acceptable for all materials studied (RBrag < 8%,
χ2 < 2), but there is a lack of database material regarding sampleite mineral. In general,
the reported findings resemble data obtained in earlier recent studies focusing on the
production of brushite [28] or sampleite [34].
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SEM images of the various Ca-Cu phosphates, obtained for different Cu/Ca molar
ratios present in solution, are shown in Figure 4. The morphology of pure brushite (BCu0),
biphasic brushite-samplete-like compound (BCu2), sampleite-like (BCu4, BCu5, and BCu6),
and semi-crystalline structured (BCu10) are shown in Figure 4A–F. The precipitation of
plate-like brushite crystals along plane (020) (BCu0 with Ca:P molar ratio 1) is illustrated in
Figure 4A. Characteristic of the morphology of brushite is the appearance of a plate-like or
needle-like structure, depending on the pH solution used [9–11]. The plate-like crystals
are thin (≈500 nm), although their width and elongation are approximately 20 µm and
40 µm, respectively. Values are similar to these are reported in other studies [9,32]. As the
Cu/Ca molar ratio increases to 0.25—hence, a higher degree of Ca replacement with Cu as
well as sampleite-like precipitation (BCu2) takes place—brushite crystals of smaller length
are formed, ranging ≈10 µm to ≈20 µm in that direction (020) (Figure 4B), as found in an
earlier study [33,34]. Figure 4C–E shows that BCu4, BCu5, and BCu6 exhibit similar crystal
morphology and sizes of sampleite-like material, comprising monoclinic crystals with a
length of ≈5 µm. The material BCu10, having semi-crystalline or an amorphous structure,
is eventually formed. SEM analysis confirms the XRD results shown in Figure 2.
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Figure 4. SEM images of Ca-Cu phosphates, (A) BCu0, (B) BCu1, (C) BCu4, (D) BCu5, (E) BCu6, and
(F) BCu10 (all images have the same 10 µm scale bar).

The EDX analysis, as shown in Figure 5A–E, shows an increasing trend—from BCu0 up
to BCu10—in Cu contents, with an increasing Cu/Ca molar ratio in the starting solutions.
Greater Na contents are likewise observed accompanied with an increase in Cu. Peaks
corresponding to Ca disappeared in the BCu10 compound; see Figure 5E.
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A summary of elemental analysis is offered in Table 4. The atomic percentages (BCu0)
of Ca, P, and O were respectively 17.83, 14.74, and 67.42 [31], nearly matching the theoretical
composition of brushite, namely 23.25, 18.20, and 55.80 wt%, respectively. Increasing the
percentages of the Cu/Ca molar ratio from 0, BCu0, up to 1.5, BCu6, results in increased
Cl as well as Na wt%. These two elements, which tend to bond with Cu, Cl, and Na,
are necessary to form sampleite-like mineral (NaCaCu5(PO4)4Cl·5H2O). The percentages
reported prove that the Cu present in the solution replaced Ca and bonded with Na and
Cl to form sampleite-like mineral [34]. The role of Cu incorporation into the lattice of
the produced materials is very important, since it increases their elasticity and allows
for their use as bioceramics in medical applications. Still, the elucidation of sampleite-
like mineral incorporation and its effect on the properties of (bio)materials need to be
further investigated.

Table 4. Chemical composition of the Ca-Cu compounds in atomic% based on the EDX analysis
(Figure 5).

BCu0 BCu2 BCu4 BCu5 BCu6 BCu10

O 55.8 56.31 43.67 40.15 28.83 41.43
Na 0 1.05 2.26 2.16 2.7 5.99
P 18.20 14.06 14.67 13.68 10.93 11.58
Cl 0 0.86 1.96 2.12 1.81 0.16
Ca 23.25 17.52 13.74 11.25 8.47 0.45
Cu 0 10.2 23.71 30.64 47.25 40.38

3.2. Thermogravimetric Analysis (TGA)

The results of the TGA analysis for the Ca-Cu phosphate compounds are shown
in Figure 6. Brushite is classified as a water-bearing phosphate [34,35] containing two
molecules of structural water in its lattice and free water on its surface, as indicated by
the presence of two sharp peaks of mass loss during heating at 80–220 ◦C [9]. During the
transformation of brushite to monetite, CaHPO4, at ≈220 ◦C [36], and later to calcium
pyrophosphate, Ca2P2O7, at ≈400 ◦C [8], part of the chemically-bound water is released.
At higher temperatures of 750–800 ◦C [36], pyrophosphates are decomposed. The heating
of pure brushite (BM0) to 600 ◦C results in a mass loss of approximately 25 wt%, while
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the typical mass loss resulting from the dehydration and releasing of structural water of
brushite is 21 wt% [37], Figure 6.
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The dehydration of brushite over 215 ◦C takes place according to Equation (1) and
normally results in a weight loss of about 19 wt%, while the formation of calcium pyrophos-
phate is accomplished by the following equations [38–40]:

CaHPO4·2H2O → CaHPO4 + 2H2O (1)

2CaHPO4 → Ca2P2O7 + H2O. (2)

The mass loss determined for biphasic phosphates (BCu2) decreases to 10.1 wt%,
which is lower than for pure brushite [23]. The mass loss of sampleite, BCu4, is due to the
loss of moisture or the release of structural water.

Differential thermogravimetric patterns for Ca-Cu phosphates are shown in Figure 7.
Figure 7A,B show, respectively, the dehydration peaks associated with the two structural
water molecules of pure brushite (BCu0) as well as those of the biphasic phosphates
produced with Cu/Ca ratios 0.25 (BCu2), which are characterized by precipitation of
brushite and sampleite-like minerals together. When the Cu/Ca ratio in the starting
solution increases to the range of 0.67 and 1.5 (BCu4, BCu5, and BCu6, Figure 7C), three
zones of mass loss at approximately 80 ◦C, 160 ◦C, and 500 ◦C are seen. Meanwhile,
Figure 7D shows the loss of structural water of amorphous copper phosphates (BCu10)
for which the overall mass loss at 550 ◦C was approximately 12.4%. Two mass loss peaks
are shown at 320 ◦C and 500 ◦C, under sampleite-like heating (BCu10) up to 550 ◦C; see
Figure 7D.
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3.3. Phase Evolution during the Precipitation of Ca1-xCuxHPO4·nH2O Compounds

The results of this study demonstrated that biphasic phosphate minerals—brushite
and sampleite-like minerals—form when the Cu/Ca ratio in the starting solution is up to
0.25. A monoclinic crystalline structure characterizes both minerals. The main difference
noticed is the decrease in brushite crystal size owing to crystal growth inhibition induced
by copper.

As the Cu/Ca ratio increases to 0.67, and eventually to 1.5 (BCu4–BCu6), only
sampleite-like mineral starts to precipitate after bonding with Cl and Na. When no Ca
is present in the starting solution, a semi-crystalline or amorphous structure precipitates
(BCu10). These data are summarized below in Table 5.

Table 5. Phase evolution, crystal size, and structure as functions of Cu/Ca molar ratio in solution.

Cu/Ca Ratio Crystal Structure Crystal Size (µm) Compounds Formed

0 monoclinic ~40 Brushite
0 ≤ 0.25 monoclinic ~15 + ~5 Brushite + sampleite-like

0.25 < x ≤ 1.5 monoclinic ~5 Sampleite-like
1.5 ≤ x - - Semi-crystalline

4. Conclusions

With the use of XRD, TG, and SEM analysis in this study, the evolution of the degree of
replacement of Ca by Cu in brushite—for the synthesis of Ca1−xCuxHPO4·nH2O materials—
was investigated and elucidated.

It is shown that a low Cu/Ca molar ratio (up to 0.25 in the starting solution) results in
the precipitation of biphasic phosphate materials: brushite and sampleite-like minerals.
Increasing the Cu/Ca molar ratio gradually to 1.5 while the solution superstation with
respect to Cu increases leads to monoclinic sampleite-like precipitates.

Useful insights were gained in this research for a future synthesis of biomaterials with
specific compositions and tailored properties by controlling the Cu/Ca ratio in the starting
solution. Further investigations would be needed to elucidate several aspects regarding
the performance of the produced biomaterials. Factors surrounding their biological and
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mechanical performance, as well as physicochemical and antibacterial properties, call for
careful exploration. Likewise, further studies on the effect of doping with additional ions
are needed, since specific ions might exhibit either beneficial or detrimental effects on the
finally desired properties of the produced biomaterials.

Sampleite is a rare mineral [34,41] discovered in 1942. This study presents a novel
method for its synthesis. While brushite is considered as a precursor of biomaterial and
a source of Ca ions, sampleite could prove to be a promising source of Cu ions and a
precursor of biomaterials. In the near future, studies might focus on the synthesis and use
of this mineral in biomedical applications.
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