
OR I G I N A L AR T I C L E

Increased UV absorption properties of natural
hydroxyapatite‐based sunscreen through laser ablation
modification in liquid

Clara Piccirillo1 | Mónica Fernández-Arias2 | Mohamed Boutinguiza2 |

David M. Tobaldi3 | Jesus del Val2 | Maria M. Pintado4 | Juan Pou2

1Institute of Nanotechnology, CNR
NANOTEC, Lecce, Italy
2Applied Physics Department,
Universidad de Vigo, ETSII, Vigo, Spain
3Department of Materials and Ceramic
Engineering, CICECO – Aveiro Institute
of Materials, University of Aveiro,
Aveiro, Portugal
4Universidade Católica Portuguesa CBQF
– Centro de Biotecnologia e Quimica
Fina, Laboratório Associado, Escola
Superior Biotecnologia, Porto, Portugal

Correspondence
Clara Piccirillo, Institute of
Nanotechnology, CNR NANOTEC, Lecce,
Italy.
Email: clara.piccirillo@nanotec.cnr.it

Funding information
Fundação para a Ciência e a Tecnologia,
Grant/Award Number: UID/Multi/50016/
2013; Fondazione CON IL SUD, Grant/
Award Number: 2015-0243; European
Commission, Grant/Award Number:
EAPA_151/2016; Government of Spain,
Grant/Award Number: MAT2015-71459-
C2-P, PRX17/00157; Consellería de
Cultura, Educación e Ordenación
Universitaria, Xunta de Galicia, Grant/
Award Number: ED481B 2016/047-0,
UID/Multi/50016/2013

Abstract
Sunfilters based on hydroxyapatite (HAp) and iron‐containing compounds (Fe2O3

and calcium iron phosphates) are of increasing interest, as they show UV absorp-

tion without generating health endanger free radicals (usually observed when

other inorganic sunscreens are used). In this paper, laser ablation of solids in liq-

uids has been applied to improve the UV absorption properties of a HAp based

Fe‐containing sunscreen powder derived from cod fish bones. Two different laser

wavelengths were explored (532 and 1064 nm, green and infrared, respectively);

an improved experimental device was used, to allow a fine control of the volume

of the irradiated particles. Results show an increased UV absorbance for the laser‐
treated powders in comparison with the untreated ones; this can be explained con-

sidering the smaller particle size and increased surface area; the higher iron con-

centration in the powders may also be determinant. Enhanced absorption was also

observed in the near‐infrared range, making the powders even more suitable for

sunscreen applications. The green laser was more effective than the infrared one.

Overall, laser ablation showed to be a powerful technique to control the size of

the sunscreen particles and tailor their optical properties.
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1 | INTRODUCTION

The use of effective sunscreens is the most common
method to protect human skin/cells from the dangerous
ultraviolet (UV) rays. UV radiations’ wavelength falls in
the 200‐400 nm range; the whole region is divided into
three classes, UVA (320‐400 nm), UVB (290‐320 nm), and
UVC (200‐290 nm).1 Such radiations can damage the skin

and, in the long term, lead to lethal diseases (ie skin can-
cer); UVA and UVB radiations are those causing more
concern, since UVC are almost completely blocked by the
ozone layer in the upper atmosphere.2

Sunscreens are generally chemical compounds which
can absorb electromagnetic radiation in the UV range; if
spread and/or placed in contact with the skin, they absorb
these dangerous radiations, hence preventing them to reach
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the human body. Ideally, a good sunscreen should be safe/
non‐toxic, stable and inert under irradiation, and absorb in the
whole UV interval, to provide the most effective protection.3,4

Several sunscreens are currently commercially available;
their absorbing properties can be based on either chemical
or physical principles. Regarding the chemical ones, they
are organic molecules with several conjugated double
bonds; this feature shifts the absorbance into the UV
range.2 Physical sunscreens, on the other hand, are mineral
inorganic compounds, reflecting and scattering the UV
radiations; titanium dioxide TiO2 and zinc oxide ZnO are
the most common ones. Such inorganic sunfilters are more
stable than the organic ones under irradiation; their main
drawback, however, is that in these conditions they can
generate free radicals, due to their photocatalytic activity.5

The health dangers associated with the free radicals are
well known6,7; it is therefore important to develop alterna-
tive inorganic sunscreens.

In recent years there has been a growing interest in sun-
filters containing hydroxyapatite (HAp). HAp is a calcium
phosphate with formula Ca10(PO4)6(OH)2; being the main
component of human bones and based on its excellent
bioactivity, osteoconductivity, and osteoinductivity, it is
widely used in biomedicine for orthopedic and dental appli-
cations. As HAp is not toxic, it could be the ideal com-
pound to be used as a sunscreen. HAp does not absorb
radiation in the UV range; despite this, a recent work
reports that it can be used in combination with other com-
pounds to develop UV‐absorbing materials8; also, when
incorporated into a cream with other sunscreens, an
increase in the value of protection factor was observed.9

Moreover, doping HAp with appropriate ions such as iron
or manganese can lead to UV absorption.10

In a previous work, a HAp‐based Fe‐containing sun-
screen derived from cod fish bones was developed.11 The
powders were made by treating the bones with a basic
FeCl2 solution and successively calcining them at 700°C;
the composition of the material was HAp, a mixed phos-
phate of calcium and iron Ca9FeH(PO4)7 and α‐Fe2O3. The
analysis showed that the absorption spectrum of the mate-
rial was that typical of α‐Fe2O3; indeed the powders with
higher hematite content showed higher UV absorption. The
presence of the phosphate phases, however, led to an
increase in the whole intensity absorption, due to a syner-
gistic action between the different compounds. The powder
was incorporated into a cream, which showed UV‐absorb-
ing properties, without causing irritation or damaging the
skin. Further studies showed that treatments performed on
the powder after the calcination (prolonged high‐energy
ball milling and ultrasonication) to reduce and homogenize
the size of the particles led to an increase in the UV
absorption and, hence, an improved sunscreen potential.
Such better performance was linked to the smaller particle

size, as well as the higher surface area.12 With both
mechanical and ultrasound treatments, however, the dimen-
sions of the particles were still about 50‐100 nm13; these
data showed that these methods have limited effectiveness
to reduce the particles’ size and to achieve powders of
nanoscale dimension.

The use of laser ablation technique of solids in liquid is
a promising technique to achieve nanoparticles of desired
size14; indeed literature reports of preparation of nanoparti-
cles made of either metals,15 oxides,16,17 and calcium phos-
phate‐based materials.18 Previous studies showed that the
such laser treatments could affect the optical properties of
both metals and oxides; indeed an effect on the visible
absorption was reported after laser ablation of Ag nanopar-
ticles.19 An effect on the optical band gap of titanium diox-
ide, hence affecting the UV absorption of the material, was
also observed.20

Tests of laser fragmentation were also performed on cal-
cium phosphates of marine origin,21,22 comparing the
behavior of these natural materials with that of the syn-
thetic ones. Results showed that the laser treatment had
comparable effect on the shape and size reduction in the
particles; as for the composition, small phase changes were
observed in synthetic phosphates; composition changes
were almost not observed for the marine materials.23

Despite these initial promising results, these studies also
showed that the method needed to be optimized, as the par-
ticle size was not always uniform.

In the present work, an advanced laser ablation method,
based on a newly developed experimental set up, was
used to treat HAp‐based Fe‐containing powder (indicated
as FeHAp in the rest of the manuscript) of marine origin.
The treatment was performed with the aim of reducing
the size of the particles and increasing their UV absorp-
tion properties. To study the influence of the laser wave-
length to the characteristics of the final particles, different
laser sources (green and infrared) were used for the irra-
diation. Moreover, repeated irradiation cycles were per-
formed to assess whether this treatment affects the
features of the produced powder or not. The obtained
materials were fully characterized, as both composition
and morphology were studied; moreover, UV absorption
was also measured.

2 | EXPERIMENTAL PROCEDURE

The FeHAp powder was prepared as previously
reported11,12; the protocol is briefly described again for
clarity. The cod fish bones were placed into a solution con-
taining FeCl2 in excess (about five times the HAp content
in the bones) at a basic pH; the solution was stirred at 75‐
80°C for 5 hours. The bones were then removed from the
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solution, dried overnight, and subsequently calcined at
700°C (heating ramp 5°C/h; heating time: 2 hours). After
cooling, the bones were crushed by hand into a powder,
which had a red‐brownish color typical of iron oxides.

The powder was first milled in a planetary ball mill for
20 minutes, and then sifted through a stainless‐steel sieve
(75 μm openings). The resulting material was used to pre-
pare suspensions at two different concentrations in distilled
water—2.5 and 10 g/L—which were employed for the laser
treatments; both suspensions showed a color similar to that
of the powder.

The green laser source radiation was generated by a
diode‐pumped Nd:YVO4 source, providing pulses at a
wavelength of 532 nm, 0.30 mJ of pulse energy, pulse
duration of 10 ns and a fluence of 2.0 J/cm2. On the other
hand, the infrared laser radiation, came from a similar laser
source but working at the fundamental harmonic
(1064 nm) and giving a fluence of 2.7 J/cm2. To test the
influence of the irradiation time on the features of the pow-
ders, the same solution was irradiated twice and six times.

The scheme of the experimental apparatus used for the
irradiation is shown in Figure 1. The suspension to be pro-
cessed by laser was kept in a flask and pressurized to give
a homogeneous stationary flow; the laser was focused on
the suspension stream, to irradiate the powder particles
homogeneously. The treated particles were collected in a
beaker; as stated above, in some cases the same powder
was reused for another irradiation.

The morphology and microstructure of the samples were
studied with field emission Scanning Electron Microscopy
(SEM) (JEOL JSM‐6700, Tokyo, Japan). Transmission
electron microscopy (TEM) images were taken on a JEOL‐
JEM 2010 (Tokyo, Japan) FEG transmission electron
microscope equipped with a slow digital camera scan,
using an accelerating voltage of 200 kV.

Elemental composition of the powders before and after
the laser treatment was determined using an Inductively
Coupled Plasma‐Optical Emission Spectrometre (ICP‐OES)
—Perkin Elmer Optima 4300 DV.

The phase composition of the materials was assessed
through X‐ray diffraction (XRD). The Rietveld method was
used for the quantitative phase analysis (QPA) on the XRD
data. XRD data for the Rietveld QPA refinements were
recorded using a θ/θ diffractometer (PANalytical X'Pert
Pro, NL), equipped with a fast RTMS detector (PIXcel 1D,
PANalytical), with Cu Kα radiation (45 kV and 40 mA,
20–80 °2θ range, with a virtual step scan of 0.02 °2θ and
virtual time per step of 200 seconds). The Rietveld data
analysis was performed using the GSAS package and its
graphical interface EXPGUI.24 The starting atomic parame-
ters for HAp, FeHAp, and α‐Fe2O3 were taken from the lit-
erature11; the following parameters were refined: scale‐
factors, 0‐point, 10 coefficients of the shifted Chebyshev
function to fit the background, unit cell parameters and
profile coefficients—two Lorentzian terms, LX and LY,
while the GW angle‐independent term was constrained to
that obtained from the refinement of LaB6 (standard NIST
660b)—peak correction for asymmetry and sample dis-
placement effects.

X‐ray diffraction was also used to get microstructural
features of the powder. To do this, XRD data were col-
lected using the same instrument and the same set up as
per the QPA in the 20–140 °2θ range, with virtual step
scan of 0.1 °2θ and virtual time per step of 500 seconds.
These conditions were chosen to have data with a higher
signal‐to‐noise ratio. The microstructural features were ana-
lyzed via the whole powder pattern modeling (WPPM)
method,25 through the PM2K software26; this novel tech-
nique exploits XRD by describing each observed peak pro-
file as a convolution of instrumental and sample‐related

FIGURE 1 Scheme of the
experimental laser apparatus for the
treatment of the powder
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physical effects, and by refining the corresponding model
parameters directly on the observed data.27 Therefore,
adopting the WPPM formalism, microstructure information
such as crystalline domain shape and size (ie, the size of
coherently scattering domains), size distribution, defect
type, and content, can be obtained quantitatively.28,29 The
shape of the crystalline domains was approximated to be
spherical, with diameter distributed according to a log‐nor-
mal curve. Refinement was also performed on the back-
ground (modeled using a sixth‐order Chebyshev
polynomial), peak intensities, specimen displacement, lat-
tice parameters, mean and variance of the log‐normal size
distributions. The instrumental contribution was obtained
by parametrizing the profile of 18 hkl reflections from the
NIST SRM 660b standard (LaB6), according to the Caglioti
et al. relationship.30

Dynamic Light Scattering (DLS) measurements were
acquired with a Malvern Nano‐ZS90 instrument. Brunauer‐
Emmett‐Teller (BET) adsorption isotherms were acquired
using N2 as the adsorbate gas, on samples degassed at
120°C on a Micromeritics Gemini 2380 (US) surface area
analyzer.

UV‐Vis spectra were taken with a Perkin Elmer Lambda
1050, using a 150 mm InGaAs Integrating Sphere. To
acquire the spectra, a weight amount of powder (0.3 g)
was pressed into a pellet, which was then placed on the
sample holder of the spectrometer to register the measure-
ments in reflection mode. Data were converted into the
Kubelka‐Munk function with the equation:

K ¼ ð1� R2Þ
2R

In the equation, R is the reflectance, while K is the
Kubelka absorption coefficient.

3 | RESULTS AND DISCUSSION

As shown in Figure 1 and mentioned in the previous sec-
tion, in the equipment for the laser ablation process the
aqueous suspension of micrometric FeHAp powder is
forced out from a capillary tube and there it interacts with
the laser beam. This experimental set up was chosen to
have a better and more uniform irradiation of the powder
and, consequently, obtaining particles with a smaller and
more uniform size.

Table 1 lists all samples prepared from the FeHAp pow-
der, with the corresponding experimental conditions. It can
be seen that two different concentration values were used
(10 and 2.5 g/L); this was done to assess in which condi-
tions the interaction between the laser beam and the parti-
cles was more effective. A first series of tests was

performed using the higher concentration (10 g/L). During
the experiments, however, it was seen that the particles of
the untreated powder tended to aggregate, so the laser treat-
ment was not very efficient. To try to improve the effi-
ciency of the process, the laser cycle was repeated up to
six times. However, as shown in Figure 2, results were not
very interesting since the fragmented particles did not show
uniform size and shape. Because of this, a lower concentra-
tion value was used (2.5 g/L), which indeed seemed to
work better, allowing a better interaction between the laser
and the powder.

Literature reports of laser ablation processing of pow-
ders using suspensions at different concentrations, both
higher or lower of those tested here31,32; it has to be high-
lighted, however, that literature data refer to treatments
done using the whole suspension (ie, in a beaker) and not
of just selecting a small portion of liquid from a capillary
tube. In the study from Lau,33 on the other hand, a system
similar to that described here was used; in this case, with a
quite diluted suspension (2 g/L), the treatment proved to be
very effective. These data confirm that, for the treatment to
affect significantly the particle shape/diameter, the suspen-
sion concentration needs to be low; in any case, no study
was previously performed testing different powder concen-
trations, so it is difficult to make proper comparisons.

Based on these results, the rest of the work was focused
on the 2.5 g/L suspension. Figure 3 shows the SEM images
of the samples treated with either IR or green laser, with
the cycle repeated two or six times. It can be seen that
within the untreated powder (Figure 3A) the particles are
quite large and have an irregular shape, with an average
dimension of about 250 nm; this is in agreement with what
observed in previous studies of these materials.11,12

After the laser treatment, on the other hand, a signifi-
cant decrease in the particles’ size can be observed. Con-
sidering the green laser, after two cycles of the treatment
the particles are already smaller than 100 nm (sample
FeHAp_2.5_G2, Figure 3B); the particles, however, tend to

TABLE 1 List of the different treatments performed on the
FeHAp powder sample

Sample name

Powder
concentration
(mg/mL) Type of laser

Number of
times for laser
treatment

FeHAp_10_G2 10 Green 2

FeHAp_10_G6 10 Green 6

FeHAp_10_I2 10 IR 2

FeHAp_10_I6 10 IR 6

FeHAp_2.5_G2 2.5 Green 2

FeHAp_2.5_G6 2.5 Green 6

FeHAp_2.5_I2 2.5 IR 2

FeHAp_2.5_I6 2.5 IR 6
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form large aggregates (>100 nm), and the onset of sinter-
ing can be observed (ie, the particles became coarser, and
there is an initial growth of inter‐particle necks, merging
themselves into single larger particles). The shape is less
irregular, as the particles are more rounded, even if not
spherical. With six cycles of laser irradiation (sample

FeHAp_2.5_G6, Figure 3C), particles become smaller, with
an average dimension of 20‐40 nm; moreover, the shape is
also more regular, as the majority of particles have a spher-
ical shape.

When the treatment is performed with the IR laser, the
effect on the particles’ size and shape is already obvious

(A)

(B)

(C)

FIGURE 2 SEM micrographs
corresponding to (A) Untreated FeHAp
powder; (B) FeHAp_10_G6, (C)
FeHAp_10_I6

(B)

(D)

(C)

(E)

(A)

FIGURE 3 SEM micrographs for
samples (A) FeHAp, (B) FeHAp_2.5_G2,
(C) FeHAp_2.5_G6, (D) FeHAp_2.5_I2,
(E) FeHAp_2.5_I6

(A)

(B) (C)

(D) (E)

FIGURE 4 TEM images of samples
(A) FeHAp, (B) FeHAp_2.5_G2, (C)
FeHAp_2.5_G6, (D) FeHAp_2.5_I2, (E)
FeHAp_2.5_I6
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after only two irradiation cycles (sample FeHAp_2.5_I2,
Figure 3D); the particles in fact are smaller (20‐40 nm),
even if some aggregation is still observed. For six cycles
(sample FeHAp_2.5_I6, Figure 3E), particles become even

smaller (10‐20 nm), with spherical shape and no aggrega-
tion present.

The spherical shape of the nanoparticles can be
explained considering the processes taking place when the
laser beam hits the solid particles constituting the starting
material. Due to the high amount of energy delivered by
the laser beam and absorbed by the particles, their tempera-
ture can become higher than their melting point. This can
lead to different phenomena, such as surface melting,
vaporization, and plasma induction. The solid material can
be (partially or completely) turned into a superheated liq-
uid; the surrounding layer of solvent (water in this case)
forms high‐pressure vapor, due to evaporation and the con-
finement caused by the remaining liquid. Due to the rela-
tively cold liquid environment, the liquid material
undergoes fast quenching, forming a solid particle usually
smaller than the original one. As the nanoparticles are
formed from the condensation of liquid droplets, their
shape is generally spherical.31,34 The features observed by
SEM are in agreement with this mechanism.

Figure 4 shows images of the powders taken with TEM
microscopy. These images confirm the effect that the laser
treatment has on the shape and dimensions of the particles.
Comparing samples FeHAp_2.5_G2 and FeHAp_2.5_I2
(Figure 4B and C), for instance, it can be seen that the par-
ticles are smaller and with a more uniform size when the
infrared laser is used; this can be explained considering a
more effective interaction between the infrared laser and
the particles, due to its higher energy pulse. Moreover,
sample FeHAp_2.5_G6 (Figure 4C, green laser) seems to
show more aggregation than the powder treated with infra-
red laser. Such aggregation can be explained considering
that smaller nanoparticles tend to have stronger interactions

FIGURE 5 DLS analysis for samples FeHAp, FeHAp_2.5_G6
and FeHAp_2.5_I6. (A) Number (%) and (B) volume (%) as a
function of the particle size; (C) potential of the particles in the
suspension. DLS, dynamic light scattering

FIGURE 6 N2 adsorption‐desorption isotherms for samples
FeHAp, FeHAp_2.5_G6 and FeHAp_2.5_I6
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than larger ones. Indeed for very small nanoparticles their
surface charge is easily affected by the charge in the sol-
vent; consequently Van der Waals forces become determi-
nant, possibly leading to agglomeration.

Both SEM and TEM micrographs showed that perform-
ing six cycles of the treatment led to more significant
changes in the characteristics of the powders; for this

reason, additional characterization was done on samples
FeHAp_2.5_G6 and FeHAp_2.5_I6.

Figure 5 shows the DLS measurements for samples
FeHAp, FeHAp_2.5_G6, and FeHAp_2.5_I6. The graphs
of the percentage number and volume vs particle size (5(a)
and (b), respectively) highlight significant differences
between the three powders; indeed the untreated sample
shows the largest particle size, with an average of 887 nm
and a mode of 825 nm. For both laser‐treated samples, on
the other hand, the size of the particles is smaller;
FeHAp_2.5_I6, in fact, has an average size of 589 nm and
a mode of 459 nm—more than 30% less than FeHAp. The
effect is even more enhanced for FeHAp_2.5_G6, whose
average and mode are 498 and 396 nm, respectively. More-
over, for FeHAp_2.5_I6 and FeHAp_2.5_G6 the size dis-
tribution was narrower than for FeHAp. These data
confirm that the interaction between the laser and the pow-
der actually leads to a significant decrease in the size of
the particles. Comparing the dimensions registered with
DLS with those observed by SEM (see Figure 3), it can be
seen that the DLS values are higher for all three samples.
This can be explained considering some agglomeration of
the particles; indeed such agglomeration and the difference
between SEM and DLS results was previously observed
for HAp‐based nanomaterial. The agglomeration can be
due to the OH groups present in the HAp molecule and the
hydrogen bond‐type interactions35; the presence of iron ion
in the powders also seem to favor the agglomeration.36

Figure 5C shows the zeta potential curves for the three
samples; the values are quite high, especially for the
powder irradiated with green laser. Despite this, however,
the solutions are not stable. This indicates that electro-
static repulsion is not a determining factor in terms of
solution stability; other parameters including van der

TABLE 2 Elemental composition (wt %) of some selected
samples

Sample Ca P Fe

FeHAp 32.5 ± 0.9 19.2 ± 1.3 5.0 ± 0.6

FeHAp_2.5_G6 30.9 ± 1.7 17.8 ± 1.6 7.7 ± 0.8

FeHAp_2.5_I6 30.7 ± 2.1 16.6 ± 1.9 7.1 ± 0.6

FIGURE 7 XRD diffraction patterns for samples FeHAp,
FeHAp_2.5_G6 and FeHAp_2.5_I6. XRD, X‐ray diffraction

TABLE 3 Phase composition (wt %) of some selected samples

Sample No. of variables

Agreement factors Phase composition (wt%)

R (F
2) (%) Rwp (%) χ2 Ca10(PO4)6(OH)2 Ca9FeH(PO4)7 α‐Fe2O3

FeHAp 24 6.25 3.36 2.52 61.4 ± 0.1 34.5 ± 0.2 4.1 ± 0.1

FeHAp_2.5_G6 23 9.40 5.20 4.42 61.5 ± 0.1 31.0 ± 0.3 7.5 ± 0.1

FeHAp_2.5_I6 23 9.01 4.60 3.88 62.0 ± 0.1 30.6 ± 0.2 7.4 ± 0.1

TABLE 4 WPPM agreement factors, mean diameter of the crystalline domains, and polydispersity index (PDI)

Sample

Agreement factors Mean crystalline domain diameter (nm) PDI

Rwp (%) Rexp (%) χ2
Ca10(PO4)6
(OH)2 Ca9FeH(PO4)7 α‐Fe2O3

Ca10(PO4)6
(OH)2 Ca9FeH(PO4)7 α‐Fe2O3

FeHAp 6.22 7.05 1.88 11.9 ± 0.3 22.2 ± 0.2 14.6 ± 0.5 0.50 ± 0.03 0.56 ± 0.03 0.72 ± 0.07

FeHAp_2.5_G6 5.41 6.58 1.82 11.6 ± 0.3 21.8 ± 0.1 14.5 ± 0.7 0.57 ± 0.01 0.59 ± 0.01 0.80 ± 0.01

FeHAp_2.5_I6 6.20 6.62 1.94 10.8 ± 0.1 16.0 ± 0.2 14.4 ± 0.2 0.61 ± 0.01 0.74 ± 0.02 0.72 ± 0.03
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Waals forces, polydispersion, particle density, solvent
charges, are more significant; they promote particle
agglomeration and assemblies formation, leading to parti-
cles settling down.

Figure 6 shows the adsorption‐desorption BET iso-
therms for these samples in comparison with the untreated
FeHAp sample. It can be seen that both laser‐treated sam-
ples show higher adsorption capacity than the FeHAp pow-
der; in fact, the maximum value of adsorbed gas is about
25% higher for FeHAp_2.5_G6 and FeHAp_2.5_I6, indi-
cating a higher surface area. This is in agreement with
SEM and TEM data, showing particles with smaller size;
no significant difference, however, can be observed
between the two treated samples. These data were surpris-
ing since both SEM and TEM showed smaller particle
size for FeHAp_2.5_I6 sample. It is likely that small par-
ticles aggregate into larger ones; such aggregation could
be more enhanced for sample FeHAp_2.5_I6, due to the
smaller size. This could lead to adsorption phenomena
comparable to that of sample FeHAp_2.5_G6. It can also
be seen that, while FeHAp shows a small hysteresis loop
(type IV curve), this feature is not present in the laser‐
treated samples, which show type II curves. This indicates
that some capillary condensation takes place in mesopores
for the untreated samples.37 The laser‐treated ones
(FeHAp_2.5_G6 and FeHAp_2.5_I6), on the contrary, do
not show this behavior, whereas in fact behaving as
microporous materials. From these data it can be stated
that the laser treatment affects not just the size and the
shape of the particles but also the porosity of the materi-
als—this being consistent with that onset of sintering
observed with SEM microscopy.

To understand whether changes took place also in the
composition of the samples, elemental and phase composi-
tion analysis were performed through ICP and XRD tech-
niques, respectively. ICP data are reported in Table 2; it
can be seen that both FeHAp_2.5_G6 and FeHAp_2.5_I6
show lower Ca and P content while higher Fe concentra-
tion. To better understand the processes taking place and
see any possible variation in the phase composition, XRD
analysis was performed (see Figure 7). Table 3 reports the
phase composition calculated from the diffraction patterns.
It can be seen that there is no significant difference in the
HAp proportion between the three samples; the mixed
phosphate Ca9FeH(PO4)7, on the contrary, decreases for
the laser‐treated powders, while α‐Fe2O3 increases.

As HAp content does not change due to the laser treat-
ment, the decrease in Ca and P is linked to the lower
Ca9FeH(PO4)7 proportion. The processes taking place when
the laser beam interacts with the particles of the powder
are quite complex, so it is difficult to know exactly what
happens. Our hypothesis is that due to the presence of Fe
atoms in the Ca9FeH(PO4)7, this phase absorbs more laser

energy at visible or near infrared wavelenghts than the
HAp. Therefore, this phase partially decomposes leading to
the formation of CaO and P2O5 and water vapour.38 Since
both CaO and P2O5 are more volatile species, some

FIGURE 8 Size distribution obtained from the WPPM modeling
of (A): HAp, (B) Ca9FeH(PO4)7, (C) ‐Fe2O

8 | PICCIRILLO ET AL.



evaporation takes place. Fe, on the other hand, could react
to form α‐Fe2O3. As both HAp and α‐Fe2O3 have quite
high melting points (>1400°C),39,40 their evaporation is
less likely to take place.

Literature data about laser ablation in liquid of compos-
ite materials confirm the complexity of the phenomena tak-
ing place during the irradiation. In some cases, for
instance, the interaction between the laser and the compos-
ites led to the formation of new phases41–43; this feature
was not observed here.

Microstructural features of the powders are shown in
Table 4 and Figure 8A‐C; an example of WPPM fitting is
depicted in Figure S1 (provided as supplementary material).
It can be seen that the coherently scattering domains of all
phases and in all samples are nano‐dimensioned. Consider-
ing, for instance, FeHAp sample, the average diameter of
HAp is 11.9 nm whilst Ca9FeH(PO4)7 is 22.2 nm, yet
α‐Fe2O3 being 14.6 nm. Comparing with the laser‐treated
samples, it can be seen that there is no significant differ-
ence with sample FeHAp_2.5_G6; considering FeHAp_
2.5_I6, on the contrary, the average dimension of Ca9FeH
(PO4)7 is significantly lower (about 1/3). The difference
between FeHAp_2.5_I6 and the other samples can be seen
also from the values of median and mode of the size distri-
butions, shown in Table 5. For all samples, however, all
phases possess a rather high polydispersity index (PDI),
always higher than 50%; this indicates that the crystallite
domain size varies greatly for every phases and that this
feature did not change after the laser treatment. The non‐
ideal distribution of the domain size is also confirmed by
the high and positive values of the skewness, observed for
all phases.

Although all crystallite domains have nano‐dimensions,
it is possible that small particles aggregate into larger ones;
this can explain why TEM micrographs (Figure 4) show
particles with average larger size than those shown in
Tables 4 and 5.

Figure 9 shows the UV‐Vis absorption spectra and a
digital photograph for the samples FeHAp, FeHAp_
2.5_G6, and FeHAp_2.5_I6; in Figure 9A the spectra as
recorded from the instrument are reported, while Figure 9B
shows the spectra in which the absorption in the visible
was normalized to 0. Although the actual value of the opti-
cal absorbance is very important, especially for an

application of the material as a sunscreen, this second
graph was considered to make easier a comparison between
the different samples and better highlight the differences
between them. From Figure 9A it can be seen that both
laser‐treated samples show higher absorption in comparison
with the untreated one; indeed the picture (Figure 9C)
shows that the treated samples have a darker/more intense
color. Such increase can be explained considering the
higher surface area and the different morphology (particles
with size about 10 times smaller). The higher α‐Fe2O3 con-
tent may also play a role here.

Considering the specific features of the spectra, it can
be seen that FeHAp shows a profile similar to what previ-
ously reported,11,12 that is, absorption for the whole UV
range, partially also in the visible region and in the NIR.
Several broadly shaped peaks are characteristic of α‐Fe2O3;
the UV peak at about 285‐290 nm (a) is due to
the6A1→

4T1 (4P) of Fe (III) ligand field transitions, while
the absorption in the visible (peaks at 410 and 500 nm; (b)
are associated with the 6A1→

4E1
4A1 (

4G) ligand field tran-
sition of Fe3+.44,45 The signal in the near‐infrared at
874 nm (c), on the other hand, belongs to the 6A1→

4T1

(4G) transition.46 A small peak can also be detected at
1430 nm (d), which corresponds to the OH groups of the
HAp phase.47

The laser treated samples, despite showing the same peak,
have different absorption profiles. For both FeHAp_2.5_G6
and FeHAp_2.5_I6, in fact, the UV peak (285‐290 nm) is
more intense and defined; moreover, the absorptions for the
6A1→

4E1
4A1 (4G) and 6A1→

4T1 (4G) transitions are also
stronger. The higher optical density shown by
FeHAp_2.5_G6 and FeHAp_2.5_I6 samples can be related
to their higher Fe(III) content, as this ion generates the
absorption; this is in agreement with XRD QPA data, show-
ing higher α‐Fe2O3 concentration (see Table 3). This higher
optical density (ie, absorption peaks marked with (a) and (b)
in Figure 9B) is strongly related to their enhanced absorption
in the UV region of the solar spectrum.

Despite the comparable Fe (III) concentration, however,
there are some differences between the spectra of the laser
treated samples. For FeHAp_2.5_G6, in fact, the peak in
the UV has higher intensity; moreover, the 6A1→

4E1
4A1

(4G) transition shows its highest intensity at higher wave-
length (522 nm) than for FeHAp and FeHAp_2.5_I6

TABLE 5 Summary statistics as obtained from the WPPM modeling

Sample

Mode of the size distribution (nm) Median of the size distribution (nm) Skewness of the size distribution

Ca10(PO4)6
(OH)2

Ca9FeH
(PO4)7 α‐Fe2O3

Ca10(PO4)6
(OH)2

Ca9FeH
(PO4)7 α‐Fe2O3

Ca10(PO4)6
(OH)2

Ca9FeH
(PO4)7 α‐Fe2O3

FeHAp 8.2 ± 0.1 13.8 ± 0.1 6.8 ± 0.1 10.5 ± 0.1 18.9 ± 0.1 12.3 ± 0.1 1.8 ± 0.3 2.1 ± 0.1 3.0 ± 0.4

FeHAp_2.5_G6 7.2 ± 0.2 12.8 ± 0.1 5.6 ± 0.3 9.9 ± 0.2 18.3 ± 0.1 10.5 ± 0.5 2.1 ± 0.1 2.2 ± 0.5 3.7 ± 0.1

FeHAp_2.5_I6 6.2 ± 0.4 6.9 ± 0.1 6.5 ± 0.2 9.0 ± 0.1 12.1 ± 0.1 11.1 ± 0.1 2.3 ± 0.3 3.2 ± 0.9 3.1 ± 0.2
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samples (502 nm). Literature reports that the absorption
features of α‐Fe2O3 nanoparticles can be affected by differ-
ent parameters, which include the shape and the dimen-
sions of the nanoparticles, and the crystallite size.44,48 The
chemical environment of the particles can also play a
role.49 The data reported here confirm this, as the relative
intensities of the different peaks varies from sample
FeHAp_2.5_G6 to FeHAp_2.5_I6, indicating that the opti-
cal properties may depend on various factors, and not just
on the chemical composition of the samples.

It is also worth highlighting that, regarding the NIR
range, both laser‐treated samples show not just a stronger
peak but an overall increase in the absorption in the whole
interval. In fact, while for the untreated sample FeHAp the
background signal decreases after the 6A1→

4T1 (4G) peak,
for FeHAp_2.5_I6 and FeHAp_2.5_G6 there is an increas-
ing drift of the background signal for λ > 1030‐1040 nm.
Because of this, the HAp‐belonging peak at 1430 nm can-
not be detected anymore. This feature makes these powders
even more suitable to be used as sunscreens; it is known,
in fact, that also infrared radiation can cause damage to
human skin and health. Because of this, extensive studies
are performed to develop sunfilters which can offer protec-
tion in both UV and IR intervals of radiations.50,51

The higher absorption of the FeHAp_2.5_G6 powder
could be due to the fact that, as seen with DLS analysis, this
sample shows less agglomeration in comparison with
FeHAp_2.5_I6; because of this, the interaction with the radi-
ation is more effective, resulting in enhanced absorption.

The UV spectra of the laser treated samples also show
that the smaller size of the Ca9FeH(PO4)7 crystallite
domains for sample FeHAp_2.5_I6 did not lead to an
increase in the optical properties; this indicates that this
parameter does not have a significant effect on the synergis-
tic interactions between the different phases taking place in
the powder.

Overall, these measurements show that laser irradiation of
FeHAp powder is an effective way to improve the UV
absorption and also to impart IR absorption properties; this
method is therefore suitable to make materials with better
performance in term of effective broad protective sunscreens.

4 | CONCLUSIONS

Laser ablation in liquid was successfully used to improve
the optical properties of HAp‐based powders, more specifi-
cally the UV and NIR absorbing properties. The materials,
derived from cod fish bones and constituted of HAp, α‐
Fe2O3 and Ca9FeH(PO4)7, showed increased UV and NIR
absorbance when treated with either green or infrared lasers
in water. The green laser was more effective than the infra-
red one.

The higher UV absorption properties were due to the
decrease in the size of the particles of the powder and the
change in the shape of the particles themselves, caused by

(A)

(B)

(C)

FIGURE 9 (A, B) UV spectra and (C) picture of the samples
FeHAp, FeHAp_2.5_G6 and A5_0.25_I6
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the interactions between the radiation and the powder; the
treated powders, in fact, showed higher surface areas, while
particles were smaller and with a more spherical shape.
The powder treated with the green laser showed less
agglomeration than the infrared‐treated one, which can be a
reason for the higher absorption; an increase in the propor-
tion of α‐Fe2O3 in both treated materials may have also
contributed to enhanced optical properties.

Laser ablation technology is therefore a suitable tool to
tailor the optical properties of HAp‐based materials, which
can be employed to make sunscreens with enhanced perfor-
mance. As future work, different experimental conditions
may be explored, to further improve the effectiveness of
the UV and NIR absorbers.
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