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ochemical changes in milk
ultrafiltration permeate concentrated by reverse
osmosis on calcium phosphate precipitation

Nolwenn Paugam,a Yves Pouliot,a Gabriel Remondetto,b Thierry Maris c

and Guillaume Brisson *a

This study aimed to characterize and compare the mechanisms of calcium phosphate precipitation in

skimmed milk ultrafiltration permeate (MP) and MP preconcentrated by reverse osmosis (ROMP). The

effects of different physicochemical parameters such as the pH (8.0), the heating time (60 or 120 min at

60 �C) and the seeding of samples with dicalcium phosphate (DCP) were tested. The concentration of

salts (K, Ca, Na, Mg, and P) in the freeze-dried precipitates was measured using inductively coupled

plasma (ICP). The amount of remaining ionic calcium was also monitored. Fourier transform infrared

spectroscopy (FTIR) and X-ray diffraction (XRD) analysis were used to characterize the type of calcium

phosphate precipitates that formed. The morphological structure of particles was determined using

scanning electron microscopy (SEM). The chemical analyses showed that RO increased the rate of

precipitated ions, especially Ca and P in MP, while alkalinization to pH 8.0 and heating at 60 �C
significantly increased the precipitation of salts, with the calcium phosphate structure changing into

complex forms such as hydroxyapatite (HAP) and whitlockite. MP preconcentration by RO paves the way

for improving the precipitation yield of milk salts in the form of HAP for Ca fortification in various foods.

It offers an original way to valorize the milk salts contained in the high volumes of MP generated by the

cheese industry.
1 Introduction

Milk preconcentration by ultraltration (UF) enables protein
standardization of cheese milk, and protein concentration for
manufacturing various grades of milk protein concentrates. It
generates large volumes of milk permeate (MP), a by-product
containing water, lactose, non-protein nitrogen and salts. MP
has a green-yellow color and an approximate total solids content
of only 6%. MP poses a major environmental problem for the
dairy industry because more than 75% of the solids in UFMP are
lactose, and lactose has a high biological oxygen demand
(BOD).1–3 Various technologies have been developed to valorize
lactose recovered from cheese whey (bioconversion, chemical
conversion, bioplastics, animal nutrition, agricultural use,
etc.),4 and most of them are suitable for MP.

However, MP also contains essential nutrients for bone
growth and energy metabolism in mammals, including calcium
(Ca) and phosphorus (P). In human nutrition, those two
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elements can be sourced from food or synthetic forms deriving
from mineral extraction, yet dairy products remain one of the
best sources available.5 As MP contains a high concentration of
Ca and P, exploring salts valorization is of signicant interest.6

These milk salts can be obtained from the lactose crystallization
process aer decanting the lactose slurry by centrifugation.

It has been shown that milk-derived calcium phosphate
(MDCP) suspensions can be prepared by inducing Ca and P
precipitation with sweet or acid whey to generate hydroxyapatite
(HAP) using the following formula: Ca5(PO4)3(OH).7 HAP may
serve various purposes. For example, in the medical eld, it
allows bone gras to integrate prostheses. As Ca and P naturally
represents 80% to 90% of bone salts, HAP supplementation can
also foster bone growth in newborn specialized nutrition,
complement calcium supplements, or be used as a direct
enrichment in food to prevent osteoporosis in the elderly.8–10 In
addition, calcium phosphate precipitation in whey streams
decreases the salt load, resulting in a more suitable substrate
for the bioconversion of lactose or its use in the pharmaceutical
industry (excipient) or food industry (candies, bakery products,
etc.).11

It is now well established that physicochemical changes have
an impact on calcium phosphate precipitation in MP, both in
terms of quantity and quality. While Mekmeme et al. (2009)
have shown that increasing the pH above 6.5 initiates the
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Table 1 Composition and pH values of MP and ROMPa

Composition MP ROMP

Total solids% (w/v) 5.89 � 0.08 14.84 � 0.21
Lactose (g/100 g) 4.92 � 0.03 12.34 � 0.17
Elements (mg/100 g)
Ca 32.03 � 1.29 85.33 � 1.03
Na 33.01 � 0.33 85.54 � 1.20
P 40.32 � 1.34 106.07 � 1.74
K 156.8 � 6.41 406.49 � 8.24
Mg 6.94 � 0.21 18.46 � 0.15

pH values 6.77 � 0.06 6.69 � 0.03

a Average value for 3 separate lots (� standard deviation).
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precipitation of apatic phases of calcium phosphate such as
octacalcium phosphate, Brulé et al. (1978) have shown that
heating dairy solutions up to 60 �C changes the equilibrium of
salts. Seeding MP with DCP crystals can also induce calcium
phosphate precipitation, as demonstrated by Pouliot, Landry
and Giasson (1991) and others.12–15

Tanguy et al. (2016) and Crowley et al. (2019) have charac-
terized the formation of calcium phosphate precipitates during
evaporation of milk or whey permeates. Such concentrated
systems are somewhat similar to reverse osmosis (RO) concen-
trates. Concentration of milk effluents by RO is now largely used
for preconcentration of dairy uids such as milk and whey.16 RO
could be used to increase the ion concentration in MP to opti-
mize the selective precipitation of salts.17

For the present study, MP and RO-concentrated MP (ROMP)
were seeded with dicalcium phosphate (DCP) to precipitate salts
using different pHs (initial and pH 8.0) and elevated tempera-
ture treatment times (60 �C, 60 min and 120 min). This new
approach for the valorization of MP salts using a combination of
physicochemical treatments and RO is of great interest for the
production of calcium phosphate precipitates with a high
nutritional value.
2 Materials and methods
2.1 Chemicals

Calcium phosphate dibasic anhydrous powder was purchased
from Sigma-Aldrich (St Louis, MO, USA). The sodium hydroxide
(NaOH) used for the preparation of 0.1, 1.0, 2.0 and 5.0 M
solutions was from Fisher Chemical (Ottawa, ON, Canada). All
of the following were purchased from the company Bio-Rad
(Hercules, CA, USA): Mini-PROTEAN TGX Stain-Free Gels
(12%, 15-well comb, 15 mL), 2� Laemmli sample buffer, Preci-
sion Plus Protein TM All Blue Standards, 10� Tris/glycine
buffer, 10� Tris/glycine/sodium dodecyl sulfate (SDS), Coo-
massie blue solution. Acetic acid and nitric acid were purchased
from Anachemia (Radnor, PA, USA), and methanol from Fisher
Chemical (Ottawa, ON, Canada). Potassium bromide and 2-
mercaptoethanol were obtained from Sigma-Aldrich (St Louis,
MO, USA). Ethyl alcohol was purchased from Commercial
Alcohols (Brampton, ON, Canada). Lastly, a 0.1 M CaCl2 calcium
calibration standard was provided by Thermo Fisher Scientic
(Waltham, MA, USA).
Fig. 1 Experimental design of calcium phosphate precipitation.
2.2 Milk permeate supply and concentration by reverse
osmosis

Skimmed milk permeate (MP) was provided by a local dairy
plant (Agropur, Quebec City, QC, Canada). 80 L-lots were
collected at the processing plant and stored at 4 �C until use
(within two days). A sample from each lot was kept for pH
measurement and chemical analyses. The average composi-
tions of the MP and ROMP used in this study are detailed in
Table 1.

RO concentration of MP was performed using a pilot system
(GEA NIRO Filtration engineering, model L Pilot Plant 65 L,
Hudson, WI, USA) equipped with a spiral-wound polyamide
25218 | RSC Adv., 2022, 12, 25217–25226
membrane with a 98% NaCl rejection (Parker Hannin, model
RO2540-BS05-S, Cleveland, OH, USA). The ltrations were per-
formed at 10 �C under a transmembrane pressure of 2.07 MPa.
The total solids concentration of the retentate was monitored
using a refractometer (IP65:PAL-1 refractometer, Atago, Tokyo,
Japan). The initial MP was around 6� Brix, and ltration was
stopped once it reached 15� Brix. An average volume concen-
tration factor (FCV) of 2.5� was reached for each experiment.
The retentate was then stored at 4 �C overnight before use.
2.3 Precipitation of calcium phosphate

Precipitation of calcium phosphate was carried out according to
the following owchart (Fig. 1). The initial MP and ROMP were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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put in one-liter beakers on a stir plate and maintained at 10 �C
in a controlled temperature room. The solutions were then
seeded with dicalcium phosphate (DCP) to reach a g crystals/kg
liquid permeate ratio of 0.2, in accordance with Pouliot et al.'s
method.13 The pH of the initial MP and ROMP was adjusted
with a pH meter to reach the target value of pH 8.00 while
stirring for 60 minutes. The pH was measured and readjusted
every twenty minutes using 0.1 M HCl or NaOH, accordingly.
The samples were then put in a 60 �C orbital shaking water bath
(VWR, Radnor, PE, USA) at a speed of 70 rotations per minute
(rpm) for 60 and 120 minutes, respectively, to determine the
impact of the heating time on the precipitation of salts. The
come-up time required for the temperature to reach 60 �C was
50 minutes. Once the desired holding time had elapsed, the
samples were rapidly cooled on ice until the temperature
decreased to 20 �C. Aer thermal treatment, the MP and ROMP
solutions were centrifuged in polycarbonate bottles using an
Avanti J-E centrifuge (Beckman Coulter, Brea, CA, USA) at 8000g
for 30minutes at 10 �C, and the supernatant was recovered from
the precipitate. The precipitate was then washed one time with
HPLC-grade deionized water (18.2 mU cm) obtained with
a PURELAB Ultra water purication system (ELGA LabWater,
Woodridge, IL, USA) and centrifuged at 14 000g for 30 minutes
at 10 �C. The supernatant was discarded, and the tubes were
weighted, closed, and frozen for 24 hours before freeze-drying.
2.4 Chemical analyses

pH measurements. The pH of the MP and ROMP was
measured using a pH meter (model Orion Star 1211, Thermo
Fisher Scientic, USA) calibrated with standardized buffer
solutions (pHs 4.0 and 7.0).

Dry matter of the precipitates. Freeze-drying was used to
determine the samples' dry matter content to avoid carameli-
zation of the lactose in the ventilated oven. The samples, which
were previously frozen in 50-mL tubes, were covered with Par-
alm (Bemis North America, Neenah, WI, USA), then le to dry
(Freeze Dry System/Lyph Lock 4.5, Labconco, Kansas City, MO,
USA) for 48 hours. The samples were then weighted to deter-
mine the dry matter of the precipitates.

Ionic calcium content of the supernatant. The ionic calcium
content of the supernatant aer precipitation was measured
with a calcium ion-selective electrode from Thermo Fisher
Scientic (Waltham, MA, USA) connected to a pH meter
(Thermo Scientic™ Orion Star™ A211 Benchtop pH Meter)
according to the manufacturer instructions. Calibration was
performed at room temperature using standard calcium solu-
tions prepared from 0.1 M CaCl2 calcium calibration standard
(Thermo Fisher Scientic, USA). The potential in mV was
recorded and plotted against the logarithm of the calcium
concentration (in mM). According to the Nernst equation,
measured potential corresponds to the calcium ion level in the
liquid.

Lactose analysis. The lactose contents of the MP, ROMP and
supernatant aer calcium phosphate precipitation were
measured by high-performance liquid chromatography
(HPLC).18 Samples were treated with Carrez I, Carrez II and
© 2022 The Author(s). Published by the Royal Society of Chemistry
NaOH to precipitate the proteins, then centrifuged. The recov-
ered supernatant sugars were then measured by HPLC (Waters,
Milford, MA, USA) with a resin cation exchange column (Aminex
HPX-87P, Bio-Rad, USA) with a detection limit of 0.02%.

Characterization of the salts content. The salts content was
determined using the freeze-dried samples. In short, ashes were
prepared through overnight sample calcination in a furnace at
550 �C, following the AOAC 923.03 method (Lindberg/Blue,
ThermoFisher Scientic, USA). The results obtained in ppm
were rst converted on a molar basis, and the percentage of
precipitated salts in each sample on the corresponding initial
element content was then calculated.

The recovered ashes were weighted and rehydrated in 1 mL
25% nitric acid, then transferred in a 50-mL volumetric ask to
be diluted in HPLC-grade water. The solution was mixed and
passed through a 0.45 mm lter (Sarstedt, Nümbrecht, Ger-
many). The specic contents of the main milk elements (Ca,
Mg, K, Na, and P) were analyzed using inductively coupled
plasma (ICP) optical emission spectrometry (model 5110, Agi-
lent Technologies, Santa Clara, CA, USA), and the results were
reported in mM. The Ca/P molar ratio was also calculated.
2.5 Characterization of the precipitates

X-ray diffraction analysis. X-ray diffraction was performed to
identify the type of calcium phosphate crystals formed using
a 3rd-generation Empyrean diffractometer (Malvern Panalytical,
Palaiseau, France) equipped with a copper anode from a sealed
tube source (wavelength of 1.54178 Å) operated at 40 mA and 45
kV. The machine was equipped with reection optics (iCore and
dCore modules) and an automatic incident beam. The chosen
detector was the “PIXcel3D00 solid-state hybrid pixel detector.
For each sample, a small amount of powder was put on a silicon
zero-background sample holder. The diffraction pattern was
measured over 80 min (3 repetitions per sample) and a 2q range
between 5 and 90�, with a step size of 0.013�. The sample was
rotated during measurement. The patterns were then analyzed
using the HighScore Plus soware suite. Phase identication
was made using the search/match routine included in High-
Score Plus and reference patterns from the International Centre
for Diffraction Data Powder Diffraction File database.

Fourier transform infrared spectroscopy analysis. Fourier
transform infrared spectroscopy (FTIR) was conducted to
provide an indirect evaluation of the purity of the calcium
phosphate precipitate. This very precise technique produces
highly detailed spectrograms showing the location of ion peaks
and their intensity and shape. Such spectrograms were used to
determine the type of apatite crystals formed.19 The FTIR was
performed using a Nicolet 6700 spectrometer (Thermo Fisher
Scientic, Waltham, MA, USA) and a wavelength range of 400–
4000 cm�1. Samples were prepared by crushing 1 mg of ashes
and 100 mg of KBr into ne powder with a mortar and pestle.
The powder was then compressed in a hydraulic press (Carver,
Wabash, IN, USA). Data were analyzed with the OMNIC spec-
troscopy soware (Thermo Fisher Scientic, Waltham, MA,
USA).
RSC Adv., 2022, 12, 25217–25226 | 25219
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Scanning electron microscopy. Crystals morphology was
studied by scanning electron microscopy (SEM) analysis using
an FEI Inspect F50 microscope (FEI company, Hillsboro, OR,
USA). Five milligrams of powder were dropped on a brass
support with double-sided tape on it and were put in a Homer 2
evaporator to ensure the removal of unstuck particles. To
increase their sputtering rate, Au/Pd metallization by magne-
tron sputtering was done on each sample. All samples were
observed at 200� and 6000� magnication.
2.6 Statistical analysis

The experiments were conducted on three different batches of
milk permeate. Reverse osmosis and salts precipitation were
carried out on the three batches, and each replicate was
analyzed independently. The data were processed using multi-
factor two-way ANOVA. Tukey's method was used to perform
multiple comparison tests with GraphPad Prism (GraphPad
soware version 9.2.0, San Diego, CA, USA) to compare the
impact of physicochemical characteristics on the salts' precip-
itation in MP and ROMP. Statistical signicant was established
at P < 0.05.
3 Results and discussion

Table 1 summarizes the average composition of the MP and
ROMP lots generated for the precipitation experiments. The MP
total solids, Ca, and P contents are in agreement with the
published data.3 The pH values for MP (6.77 � 0.06) slightly
decreased (6.69 � 0.03) upon RO concentration, and the
contents of the main components increased nearly threefold.
3.1 Impact of the treatments on calcium phosphate
precipitation in MP and ROMP

Fig. 2 illustrates the percentage of precipitated salts in MP and
ROMP following the different treatments (seeding with DCP,
increasing pH to 8.0, holding at 60 �C).

The precipitation of salts in the MP samples increased
signicantly with the various treatments. Only 0.33% of the
Fig. 2 Percentage of salts precipitated in MP (a) and ROMP (b) by treatme
with a different letter on the same graph were significantly different (P <
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salts precipitated in MP without DCP seeding or pH modica-
tion. Aer DCP seeding, precipitation increased signicantly to
6.77% (P < 0.05). Alkalinization to a pH of 8.0 further increased
the amount of dry matter precipitated. Heat treatment also
induced a signicant augmentation of dry matter (P < 0.05). The
highest levels of precipitated salts (�30%) in MP and ROMP
were observed upon combining DCP seeding with pH 8.0 and
holding at 60 �C for 60 min. The incubation time (60 min vs. 120
min) did not have a signicant impact on salts precipitation.

Seeding MP with DCP and increasing the pH increased the
salts content in the precipitate by 5 times and 15 times
compared to the initial content, respectively. DCP seeding
combined with alkalinization to pH 8 and heat treatment was
the most effective technique for increasing the initial salts
content, reaching 25% of precipitated salts. The difference
between the two heating incubation times at 60 �C did not have
a signicant impact, as 60 min was enough for most of the salts
to precipitate (P < 0.05).12,20 A similar trend was observed in the
ROMP samples. However, the amount of precipitated salts
started to increase signicantly (P < 0.05) aer the pH was
adjusted to 8.0, while adding DCP induced no further changes.
Interestingly, this could mean that DCP seeding does not have
a signicant impact on calcium phosphate precipitation when it
is not associated with another treatment. The heating time did
not affect precipitation: there was no signicant difference (P <
0.05) between heating for 60 min and 120 min at 60 �C.

The detailed changes in salts precipitation resulting from
the various physicochemical treatments are reported in Table 2.
Similar trends were observed in MP and ROMP, but the values
were generally higher for ROMP (P < 0.05). It is important to
note that precipitation was reported in the untreated ROMP
samples, whereas there were no precipitated salts in the
untreated and DCP-seeded MP samples. In both MP and ROMP,
DCP seeding did not change the amount of precipitated Ca
signicantly (P > 0.05). For the MP samples, increasing the pH
to 8.0 resulted in increased precipitation. Heating at 60 �C also
increased calcium precipitation signicantly in MP and ROMP
(P < 0.05). Similar trends were observed for P precipitation. The
most signicant changes among all species were seen in ROMP
nt (dicalcium phosphate [DCP] seeding, pH 8.0, heat treatment). Values
0.05).

© 2022 The Author(s). Published by the Royal Society of Chemistry



Table 2 Variations in percentages of Ca, K, Mg, Na and P precipitated in MP and ROMP according to different physicochemical treatments

Product Treatments

Percentage of ions precipitateda,b

Cac K Mg Na Pc

MP No treatment 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a

DCP 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a

DCP pH 8 20.96 � 3.87b 0.14 � 0.11a 4.22 � 0.95ab 0.27 � 0.08ab 11.15 � 2.32b

DCP pH 8 60 �C 60 min 45.54 � 3.06c 0.44 � 0.35a 4.84 � 0.67ab 0.87 � 0.16ab 23.47 � 2.42c

DCP pH 8 60 �C 120 min 46.26 � 7.76c 0.40 � 0.33a 4.33 � 0.94ab 0.73 � 0.18ab 24.95 � 5.89c

ROMP No treatment 3.34 � 1.52a 0.27 � 0.24a 0.84 � 0.32a 0.15 � 0.15a 1.64 � 0.65ab

DCP 2.89 � 2.19a 0.08 � 0.17a 0.41 � 0.38a 0.09 � 0.10a 1.67 � 1.21ab

DCP pH 8 31.71 � 12.65bc 0.53 � 0.61a 7.99 � 7.24b 1.03 � 0.89b 12.91 � 11.14b

DCP pH 8 60 �C 60 min 67.81 � 9.44d 1.80 � 1.63b 11.78 � 2.01bc 3.72 � 0.32c 35.67 � 5.31cd

DCP pH 8 60 �C 120 min 71.83 � 10.58d 2.19 � 1.98b 13.61 � 2.09bc 4.52 � 0.74c 38.27 � 5.87d

a Average value for 3 separate lots (� standard deviation). b Values with a different letter in the same column were signicantly different (P < 0.05).
c Values for Ca and P were corrected for the added DCP.
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(DCP, pH 8, and 60 �C for 120 min), with major increases in Ca
(71.83%), P (38.27%) and Mg (13.61%) precipitation. Much
lower values (<5%) were reported for Na and K. The initial Ca2+

contents of MP and ROMP were 8 mM and 21.3 mM, respec-
tively (not shown). These results agree with those presented in
previous studies.21 It is interesting to note that the residual Ca2+

levels (<1 mM) in the supernatants following recovery of the
precipitates (Fig. 3) were similar for RO and ROMP. Concen-
tration of MP by RO increased the Ca and P concentration in the
supernatant of the ROMP. Therefore, considerable part of the
ionic Ca2+ in ROMP likely associated with PO4

2� in the form of
soluble calcium–phosphate species such as monocalcium
phosphate monohydrate and monocalcium phosphate
anhydrous.

Table 2 also shows that other elements precipitated. While
only thermal treatment showed to have a signicant positive
impact on K and Na precipitation (P < 0.05), the amounts
precipitated were still low compared to Ca. With regard to Mg,
increased pH and heat treatment resulted in lower solubility
Fig. 3 Evolution of free ionic Ca2+ precipitation in supernatant depending
the same graph were significantly different (P < 0.05).

© 2022 The Author(s). Published by the Royal Society of Chemistry
and increased precipitation. During complex apatic crystal
formation, ions such as Mg2+ can integrate into the structure,
leading to the development of non-stoichiometric forms.22

Previous studies attribute that to the migration of Mg2+ ions
into the calcium phosphate microgranules.23,24 This expected
precipitation of other ions depends on the physicochemical
treatments applied to the system,25 such as heat treatment and
alkalinization. DCP was added to the permeate to catalyze
calcium phosphate precipitation specically. However, precip-
itation of other primary ions was also observed, with greater
magnitude andmore precipitated ions in ROMP than inMP (P <
0.05). This is associated with supersaturation of the system,
which is known to initiate and catalyze instant nucleation.26

The Ca/P molar ratios for the MP and ROMP precipitates are
reported in Table 3. It is worth noting that all ratios range
between 1.05 and 1.25, which indicates that more acidic forms
of calcium phosphate (e.g. dicalcium phosphate and ortho-
phosphate) precipitated. The ratios for complex apatic calcium
phosphate species are generally between 1 and 2.27 HAP has
on treatments for MP (a) and ROMP (b). Values with a different letter on

RSC Adv., 2022, 12, 25217–25226 | 25221
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a theoretical Ca/P molar ratio of 1.67. The Ca/P ratios calculated
for the MP and ROMP precipitates are lower. This could be the
consequence of calcium deciency or of the washing process
before freeze-drying. The washing process has been reported to
reduce the percentage of phosphate in the precipitate
considerably.28

Brulé et al. (1978) have demonstrated that heat treatment
induces salts precipitation in dairy permeates. They reported
that 40% of calcium and 25% of phosphorus precipitate upon
heating at 60 �C as the Ca2+ content is expected to be higher
than the P content.12

The differences between the precipitation results for MP and
those for ROMP could result from the fact that the permeate
system was near Ca2+ and PO4

2 saturation. The nucleation time
was shorter for MP than for ROMP due to their different free-ion
concentrations.25 However, a signicant increase in the amount
of precipitated salts was observed when DCP seeding was
coupled with increasing the pH to 8.0 (P < 0.05), which agrees
with the results of a previous experiment on whey permeate.13

The precipitation rate also increased upon heat treatment at
60 �C, but it was not affected by the heating time. Here, most of
the salts precipitated within 60 minutes, and further incubation
did not increase the recovered precipitates. The percentage of
dry matter precipitated as a result of the treatment is low, which
suggests a fairly good specicity of the precipitation of the salts.
This was conrmed by measuring the residual lactose content
in the supernatant. The lactose contents of the control MP and
the ROMP (no treatment) were 4.93% and 12.36%, respectively.
Seeding with DCP, alkalinization and heating did not affect the
lactose content. The residual lactose contents in the superna-
tants of the MP and ROMP seeded with DCP, adjusted to pH 8.0
and incubated at 60 �C for 120 min were 4.83% and 12.35%,
respectively. This conrms that the various treatments had no
signicant impact (P < 0.05) on the supernatant's lactose
content.

The amount of free ionic Ca2+ in the supernatants was also
monitored to follow the increase of Ca precipitation with each
treatment. Fig. 3 shows the amount (mM) of free ionic Ca2+ in
the supernatant according to the treatment used for MP and
ROMP. The Ca2+ content in the control samples was around
1.2 mM, which is in line with the results obtained by.29 Ca2+

solubilization generally increases with ionic strength. While
Table 3 Variations in Ca/P molar ratios precipitated in MP and ROMP
according to different physicochemical treatments

Treatments

Molar ratio Ca/Pa,b

MP ROMP

Products No treatment 0.0 � 0.0a 1.25 � 0.13a

DCP 0.0 � 0.0a 1.05 � 0.08a

DCP pH 8 1.16 � 0.05b 1.27 � 0.11a

DCP pH 8 60 �C 60 min 1.19 � 0.07b 1.18 � 0.01a

DCP pH 8 60 �C 120 min 1.15 � 0.10b 1.17 � 0.01a

a Average value for 3 separate lots (� standard deviation). b Values with
a different letter in the same column were signicantly different (P <
0.05).
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DCP seeding had no effect on ionic Ca2+ in the control samples,
increasing the pH to 8.0 resulted in a signicant decrease in
ionic Ca2+ in MP and ROMP (P < 0.05). A more signicant
decrease was observed upon heat-induced precipitation, with
more than two-thirds of the initial ionic Ca2 precipitating (P <
0.05). The pH 8.0–heating combination had a major impact on
the precipitation of ionic Ca2+ in MP and ROMP. The increase of
the pH is correlated with a dropping in ionic strength in the
aqueous phase.30 These results agree with previous studies
showing that heat treatment increases the rate of free ionic Ca2+

decrease in milk products.31,32 In addition, it has been shown
that there is a negative relationship between the pH and ionic
Ca2+ in milk products. Holt (2004) has shown that ionic Ca2+ in
milk can decreases when the pH exceeds 5.0 to 7.0. Increasing
the pH to 8 causes the rate of free ionic Ca2+ to decrease.33–35
3.2 Impact of the treatments on the characteristics of the
precipitates

The XRD patterns presented in Fig. 4 provide illustrative
examples of the main physicochemical and structural changes
in MP and ROMP according to the various treatments. The
samples were divided into three clusters based on their spectral
properties and peak intensities. The rst cluster includes
control MP and control ROMP as well as the untreated samples
with dominant KCl (species such as sylvite) naturally present in
milk and dairy products along with sodium calcium phosphate
silicate and sodium calcium magnesium phosphate. The
second one is composed of all the DCP-seeded samples without
further treatment with a mineral composition consisting
mainly of calcium pyrophosphate, monetite, whitlockite and
sylvite. The last cluster is comprised of all the pH-adjusted
samples with or without thermal treatment. The X-ray pattern
associated with the last cluster matches that of the HAP, but
some impurities such as sylvite and whitlockite were also
identied. These results suggest that alkalinization and thermal
treatment had a positive effect, fostering the conversion of the
precipitated calcium phosphate into more complex species.
They also suggest that the calcium phosphate species found in
the untreated MP and ROMP precipitates were of a different
nature. The species in the rst cluster are associated with MP,
and those in the second cluster with ROMP. The results conrm
that pH has a major impact on crystallization and the formation
of complex apatic phases, and are in agreement with the nd-
ings of Mekmene et al.14 Concentration by RO could also have
an inuence on the calcium phosphate content. However, no
treatment provided a perfect match with the pattern of
a commercial synthetic HAP (Fig. 4).

Complementary to XRD, FTIR spectroscopy was performed
to determine the chemical purity of the calcium-phosphate
phase composition. The FTIR spectrograms in Fig. 5 provide
information about the different precipitated groups based on
their respective locations and peak intensities. As the FTIR
spectrum shows, the most distinct groups found in HAP were
PO4

3� (1120–1000 cm�1), OH� (3570–3200 cm�1), CO3
2� (1640–

1400 cm�1), and HPO4
2� (870 cm�1) in the presence of non-

stoichiometric HAP.19 All the IR spectra showed specic bands
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 XRD spectral patterns showing the main phase composition and structure of the precipitated salts in the 3 MP and ROMP clusters
compared to commercial synthetic HAP.
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of calcium phosphates. Low-intensity OH� bands at 3570 cm�1

typical of stoichiometric HAP were observed in the heated MP
samples.36 Surprisingly, such bands were also obtained with the
unheated ROMP samples adjusted to pH 8.0. Those results
suggest that preconcentrating MP by RO before inducing
precipitation increased the production of HAP. Precipitation
can be more efficient without heating treatment for pre-
concentrated samples. However, HPO4

2� was found in most
ROMP samples, which indicates a calcium deciency.28 All ions,
phosphorus included, were concentrated through the RO
process, which led to saturation rather than higher calcium
content.

The peak intensity was higher for the samples with a pH
increased to 8.0 before precipitation. The absorbance
Fig. 5 FTIR spectral view of the precipitated groups in MP samples for t

© 2022 The Author(s). Published by the Royal Society of Chemistry
corresponding to the PO4
3� group was around 0.15 for MP

seeded with DCP and exceeded 1 for the pH-adjusted samples.
The absorbance was above 2 for the samples thermally treated
at 60 �C for two hours, which is close but not equal to the value
for HAP. The XRD analysis showed that the HAP produced from
MP was not pure, with whitlockite coprecipitating. Overall, the
XRD spectra conrmed that HAP formation was specically
induced by the precipitation of calcium phosphate in MP and
ROMP.

SEM images of the powder generated through the various
treatments were used to investigate the morphological differ-
ences between the minerals produced as a result of precipita-
tion. As shown in Fig. 6, the particle size was not homogeneous
for all samples and varied between 40 mm and 200 mm. The
he different physicochemical parameters tested.

RSC Adv., 2022, 12, 25217–25226 | 25223



Fig. 6 SEM images of MP and ROMP precipitated particles by treatment with 200� and 6000� magnification.
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largest particles were those thermally treated with a pH
adjusted to 8.0. Particles without any treatment were porous
and of irregular shapes. The particles started growing geomet-
rically upon DCP addition. At higher magnication (6000�), it
was possible to see the particle morphology in detail. The
mineral particles in MP and ROMP without precipitation were
granular, and the amorphous structure was visible. The differ-
ences in the mineral structure observed in MP and ROMP for
the same treatment might be due to higher mineral concen-
tration and a stronger mineral network between the particles.
As shown in the SEM images, both DCP seeding and increased
pH affected the salts. Heat treatment did not change the
morphology of particles but increased their size, which is in line
with Trinkunaite-Felsen's study.15

As explained byMostafa (2005), Spanos et al. (2007) andDjosic
et al. (2008), the formation of HAP occurs in three different steps:
(1) nucleation and growth of crystallites, (2) aggregation of crys-
tals by physical attraction, and (3) crystal growth to form stable
agglomerates. Spanos et al. have found (2007) that pH has
a strong effect on calcium phosphate supersaturation.32,37,38 This
is in agreement with the SEM images presented. As shown in
Fig. 6, MP and ROMP particles have a nonhomogeneous crystal
25224 | RSC Adv., 2022, 12, 25217–25226
shape, contrasting with the more homogeneous, semispherical
particle shape of synthetic HAP. Another study presented by
Forero et al. (2018) showed that biological HAP has different
particle sizes. The crystal growth and particle shape of HAP
depend on the synthesis process parameters and the type of
precursors used.39 pH has a signicant impact on the morpho-
logical structure of HAP, and alkalinization is known to increase
the size of HAP particles, which is in line with our results.40 A pH
increased to more than 9.6 can cause particles to change shape
and shi from rods to semispherical particles. This is partly due
to an alteration in the electrical charge, which affects the distri-
bution of the OH� ions.40
4 Conclusion

RO preconcentration of MP samples is an economically inter-
esting option on various levels, especially with respect to the
amount of chemicals used. For equal volumes of non-
concentrated MP and MP concentrated by RO to a concentra-
tion factor of 3, the same amount of DCP seeds was used, but
the heating costs were lower for the concentrated MP. While
adjusting the pH to 8.0 and heating at 60 �C increased the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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precipitation rate, the FTIR and DRX analysis results showed
that alkalinization was efficient in inducing a change in the
phase composition of calcium phosphate apatite, resulting in
more complex forms of apatite such as HAP. Another critical
aspect that should be investigated is how to further purify HAP.

Abbreviations
BOD
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