
CrystEngComm

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

01
5.

 D
ow

nl
oa

de
d 

on
 1

/2
9/

20
19

 2
:2

1:
22

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

PAPER View Article Online
View Journal  | View Issue
CrystEngCommThis journal is © The Royal Society of Chemistry 2015

University of Nottingham, University Park, Nottingham, NG72RD, UK.

E-mail: m.gimeno-fabra@nottingham.ac.uk

Fig. 1 Mechanism of functionalization o
directly adhered to the NP by the head g
strong affinity for the matrix polymer.18
Cite this: CrystEngComm, 2015, 17,

6175
Received 30th March 2015,
Accepted 12th July 2015

DOI: 10.1039/c5ce00628g

www.rsc.org/crystengcomm
Continuous synthesis of dispersant-coated
hydroxyapatite plates

M. Gimeno-Fabra,* F. Hild, P. W. Dunne, K. Walton, D. M. Grant, Derek J. Irvine
and E. H. Lester

A continuous flow hydrothermal synthetic route which allows the direct “in situ” capping/coating of

hydroxyapatite nanoplates with functional dispersants in a single stage is reported. The methodology

induced crystallisation by rapid mixing of streams of preheated water and solutions of reagents in water,

whilst the hydrophobic surface modification of the HA platelets was achieved without morphological

disruption. The effect of adding the hydrocarbon either before or after the HA platelet formation point has

also been assessed, proving that the presence of surfactant at the reaction site does not interfere with the

formation of HA and allows for a more efficient binding and extraction of the inorganic materials. The

coupling mechanisms between the surfactant and the HA surface have been proposed to be a mixture of

covalent and electrostatic interactions (i.e. all forms of chemisorption). This synthesis route is fully scalable

to pilot (10 tons per year) and industrial (1000 tons per year) scales.
Introduction

Hydroxyapatite (HA), Ca10ĲPO4)6ĲOH)2, is one of the most
important (bio)ceramic materials that is in use today. It has
found utility in a wide range of commercial applications such
as gas sensors,1 water purification and even fertilisers.2 How-
ever, because it has been shown to be bioactive, biocompati-
ble and osteoconductive,3–5 the interest in this material has
largely been driven by its particular fit with the needs of med-
ical and dental applications, such as implants,6 bone regener-
ation,7 hard tissue engineering8 and drug delivery.9 For exam-
ple, due to these characteristics, HA is widely used in bone
implant/bone cement applications,10,11 and is deposited as a
coating onto metal implants by plasma spraying.12 Further-
more, it has significant potential as filler for medical com-
posites, since HA is the mineral phase of natural bone. There-
fore it is commonly compounded with biopolymers such as
poly(lactic acid) (PLA) or polyĲcaprolactone) (PCL), to impart
improved mechanical properties (stiffness and mechanical
strength)13–15 and enhanced bioactivity.5,16,17 Additionally,
recent studies have shown that the addition of HA to biode-
gradable polymers like PLA also can result in increases in
glass transition temperature, thermal stability, decomposition
temperature and activation energy for their degradation
processes.14

In practice, particle morphology, a quantity that can suc-
cessfully be introduced and the quality of the dispersion achieved
directly influence the properties exhibited by the final
composite. Of these factors, achieving a high quality disper-
sion of nanosized HA within a polymer matrix has proved to
be a major challenge due to the nature of the material's sur-
face chemistry. One approach has been to apply a coating
material to the HA particle, typically a medium to high
molecular weight polymeric material or “capping agent”, to
aid compatibility between the matrix and filler. The key char-
acteristics of such a “capping agent”, often referred to as a
dispersant, is that it should exhibit facile binding to the sur-
face of HA, survive the processing methodologies applied,
offer good chemical compatibility with the matrix material
and be cytocompatible.14 However, the use of polymeric cap-
ping agents can be problematic with nanoscale particles
because the coating can become a significant contributory
factor to the overall physical/material behaviour of the final
filler structure. Furthermore, including a dispersant within
the structure has usually involved additional processing
stages, reducing the sustainability of the overall biocomposite
manufacture.
, 2015, 17, 6175–6182 | 6175
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A relatively unexploited route which may mitigate many of
these issues is to achieve the introduction of the necessary
organic groups to these HA particles by the use of oligomeric
structures which are amphiphilic interfacially active (i.e. con-
tain two definitive sections of differing chemical character).
As shown in Fig. 1, section 1, there is a simple organic chain
terminated as “Z”, or polymer backbone of very short length,
which shows good affinity with a matrix material, which is
sufficient in molecular size to protect nanoparticles from
agglomeration via steric or electrostatic repulsion, but small
enough not to self-interact.

The second component is a functional head group “X”
which has an affinity for the nanoparticle surface such as an
acid, hydroxyl, amine etc., which promotes a chemical inter-
action (e.g. hydrogen bond) or even a covalent bond with the
surface. Common capping agent functionalities are thiols,
COOH, NH2 and OH where these groups can undergo further
chemical reactions once attached to the particle surface18,19

to increase the level of adhesion achieved. With specific rele-
vance to this study, dispersants containing carboxylic acid
functionality, especially where the “Z” group is a fatty acid
hydrocarbyl chain, are often used to modify
nanoparticles.20–22 Some studies have suggested that the sur-
face binding forms of the capping agent to the inorganic sur-
faces are size dependent, with adsorption decreasing as the
size of the nanoparticle decreased and the surface area
increases and so the level of physisorption subsequently
formed also increases.23

The most direct way to introduce the functional capping
agent consists of adding the dispersant into a continuous
flow process used to manufacture the NPs. This maximises
the sustainability of the product by minimising the number
of process steps involved so minimises waste (Principle of
Green Chemistry (PGC) 1) and improving the overall atom
efficiency (PGC 7). This reduction in unit operations also will
result an overall energy demand decrease (PGC 9) and
reduced plant footprint as materials are only raised in tem-
perature and processed once.

However, to date, many synthesis routes have been
reported for the production of HA NPs are batch processes
which cannot easily take advantage of the proposed flow
based sustainability improvement, these include sol–gel,
mechanochemical, combustion, ultrasonic,24 solid-state,25

micelle templating,26 and precipitation techniques, where the
most common route adopted practically is precipitation.27

One common problem associated with longer batch pro-
cesses, is that the addition of a capping agent too early in the
manufacturing process will change the morphology of the
NPs isolated. Consequently, for many of the synthetic pro-
cesses, surface modifications have followed an approach of
adding additional post-synthesis sample treatments.28 An
example of HA surface modification without significantly
altering the ceramic's crystallinity, composition and morphol-
ogy is a silane coupling agent treatment, based on the slow
hydrolysis (over 2 h) of the silane group in the presence of
HA. The interaction of the silane group with the HA is
6176 | CrystEngComm, 2015, 17, 6175–6182
proposed to be a combination of three mechanisms: chemi-
cal bond, hydrogen bond and double electronic shell
linkage.28

Recently, the authors have reported a single step, continu-
ous flow, hydrothermal synthesis route that allows the con-
trolled production of different morphologies of crystalline
HA (rods, plates and tubes).29 Here this technology is
extended further to allow both synthesis of HA plates and
their surface modification via hydrocarbon capping to be
conducted simultaneously in one continuous flow stage. The
adoption of hydrothermal synthesis also introduces a second
sustainability benefit in that it minimises the use of organic
solvent in favour of maximising the use of water as the reac-
tion medium (PGC 8). In this case, dodecenylsuccinic anhy-
dride (DDSA) has been used as the dispersant. DDSA is a nat-
ural polysaccharide that is inexpensive, non-toxic and
biodegradable, and is commonly applied as an emulsifier or
stabilising agent, for oil recovery and has recently been
suggested to confer antibacterial properties when in nano-
fiber membranes.30 This capping agent confers additional
hydrophobic functionality to the HA surface and so enables
the HA nanoparticles to be transferred from the water based
process stream to an organic solvent. This stage is a critical
requirement in order to achieve the successful isolation of
the NPs, where the effectiveness of the dispersants used is
dependent on the nature of both the material that consti-
tuted the nanoparticle and its dimensions.

Experimental
Materials

All chemicals were purchased from Sigma-Aldrich and used
as received with no further purification.

Synthetic procedures – nanoparticle synthesis

The NP materials were synthesised using the reactor arrange-
ment defined as a “nozzle reactor” or “counter mixing reac-
tor” developed by Lester and Azzopardi, see Fig. 2a.31

It consists of a concentric, pipe-within-pipe arrangement
constructed using stainless steel 316 Swagelok® components.
The outer tube has an outer diameter of 3/8″ (wall thickness:
0.065″), and the inner tube is 1/8″ in diameter (wall thick-
ness: 0.035″). This pipe-within-pipe arrangement readily facil-
itates the counter-current flow of two liquids. In this study,
the down-flow is hot, pressurized water which is directed
through the inner pipe to the point where it impinges upon
the up-flow which consist of a room temperature metal salt
stream. This counter-current mixing has been shown to pro-
duce strong and uniform mixing of the reactant streams and
a short residence time within the reactor which minimizing
particle growth.31 This design also allows the premixing of
different salts, whilst cold, prior to the sub or supercritical
water mixing point, and has recently been reported for the
production of different metal oxides, metal organic frame-
works and sulphides.32–34 The final suspension of particles is
evacuated through the top of the reactor through a “T” piece
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 a) Schematic of the continuous flow hydrothermal apparatus
where the insets show events at the mixing point. b) Image of the
product after extractive separation of the NPs into organic (top) phase
from the aqueous (bottom) phase, and c) image of the Swagelok®
configuration of the reactor used.
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intersection defined as the “capping point” where dispersant
can be added as part of a separated stream to coat the NPs
once formed in the reactor (pump 3 in Fig. 2a) and is then
collected in the received vessel as an aqueous suspension.

For the specific case of HA, the morphology of the final
product can be easily varied from plates to rods by changing
the pH of the ammonium phosphate solution from ca. 8 to
10 respectively.29 Additionally, the temperature at the capping
point is controlled by the combination of modifying the
water flow through the coolers and the initial reactant flow
temperatures to help the coating process i.e. promote specific
chemical transformations between the NP and the capping
agent or mitigating capping agent degradation.

A typical hydrothermal synthetic procedure was as follows.
To prepare the HA: down-flow stream feed, 20 mL min−1 of
0.015 M ammonium phosphate was dissolved in deionised
water at a pH of 8 (to yield HA-plates) and the up-flow stream
of 0.05 M calcium nitrate tetrahydrate in water was pumped
at 10 mL min−1. Following this, the ammonium phosphate
solution was heated to be within the desired temperature
range of 200–400 °C and was then kept constant at the target
reaction temperature (in this case 200 °C). The metal salt
flow is then started and the streams are flowed counter-
current to one another ensuring the target reaction tempera-
ture is maintained at the point where the streams meet. The
flow is controlled and pressure within the system is held at
250 bar with the use of a back pressure regulator (BPR) to
prevent cavitation in the system at these temperatures.
This journal is © The Royal Society of Chemistry 2015
Nanoparticle synthesis with capping agents

When capping agents were used in the synthetic procedures
described above they were introduced at two different points
in the overall process:

Method 1- Introduction via the capping point. A third cap-
ping feed stream was prepared by dissolving 1.48 g (0.005 M)
DDSA in 1 L toluene and this was added to the process flow
at a flow rate of 5 mL min−1 via the pump identified as pump
3 in Fig. 2a and associated T junction. The temperature at
this junction was defined by the reaction temperature used.

Method 2- Introduction via the reactor. In this case the
up-flow solution was prepared by dissolving 1.48 g (0.005 M)
of DDSA and 11.93 g (0.05 M) calcium nitrate tetrahydrate in
1 L ethanol, this solution was pumped at 10 mL min−1. This
was then used in the standard procedure to substitute for the
usual metal salt solution.

Hydrolysis of the DDSA. For a number of experiments pre-
hydrolysed DDSA, dodecyl succinic acid, was used in place of
the closed ring dodecylsuccinic anhydride. This pre-
hydrolysis was achieved by introducing DDSA into a round-
bottomed flask with water and the mixture was refluxed for 2
h and subsequently cooled to room temperature. The product
was isolated by rotary evaporation and used in further
experiments.

Extraction of nanoparticles into organic solvent. The mod-
ified nanoparticles were extracted into the organic solvent
(toluene). Method 1, above, already involves toluene in the
reaction and, thus extraction is achieved simply by agitating
the obtained product suspension in a separating funnel and
isolating the organic and aqueous phases. For modified
nanoparticles prepared by method 2 an amount of toluene
equivalent to that in method 1, i.e. 5 mL per 30 mL product
suspension, was added to the obtained suspension and the
organic and aqueous phases were again separated as above.
In all cases, the Extraction Efficiency (EE) coefficient was
calculated as mass of powdered product in the organic
phase with respect to the mass of product obtained in both
phases.

Characterisation

For solid state characterisation, all NP products from the
organic phase were centrifuged and washed twice with dis-
tilled water. They were then freeze dried using an Edwards
Freeze Dryer 1305 Modulyo for a total of 72 h.

X-ray diffraction (XRD). This was carried out using a
Bruker AXS D8 Advance diffractometer with a Cu Kα radia-
tion (λ = 0.15418 nm) source. The samples were mounted
onto a poly(methyl methacrylate) (PMMA) sample holder and
data was collected for a 2θ range of 15–65° with an interval of
0.04° and a dwell time of 5 s. The results were analysed using
the EVA software and compared with the ICDD database.

Transmission electron microscopy (TEM). TEM was
conducted using a high resolution TEM JEOL 2100F at an
accelerating voltage of 200 kV. The products in powder physi-
cal form were suspended in acetone and dropped onto
CrystEngComm, 2015, 17, 6175–6182 | 6177
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copper grids (300 lines per inch) prior to drying under vac-
uum for 15 min. Particle sizes were measured using ImageJ®.

Scanning electron microscopy (SEM). Powdered products
were dispersed across the surface of a double-sided adhesive
carbon tape mounted on an aluminium sample holder; plati-
num was then vacuum-evaporated for 90 s with argon plasma
at 1.2 kV using a Polaron SC7640 sputter coater. Images were
taken using a (JEOL 6400) at an accelerating voltage of 20 kV.
EDAX analysis was performed for some samples (carbon
coated) using the EDAX attached to the SEM.

Thermal gravimetric analysis (TGA). TGA data was collected
using a TA instruments Q500 TGA which was programmed to
heat up to 700 °C at a rate of 5 °Cmin−1 in air.

Nanoparticle stability with time (shelf-life). To assess the
stability (shelf-life) of the NP products from method 2 over
time, the resulting suspension after extraction in toluene was
separated in two batches. The “wet” batch was stored as-
extracted, and the second “dry” batch was centrifuged, washed
twice in distilled water and freeze-dried as detailed above. Both
batches were stored at room temperature. Samples were taken
at 24 and 48 h, and then once a week for 4 weeks. The pow-
dered products were then suspended in the appropriate amount
of toluene, and both “dry” and “wet” samples centrifuged,
washed and dried for TGA and XRD analyses.

Results and discussion
Synthesis of capping agent-modified HA

Amphiphilic capping agents containing a mix of hydrophilic
and hydrophobic character where the hydrophilic head group
is a carboxylic acid have been shown in the literature to be
successful in the modification of metal oxide nanoparticles,
such that they could be extracted and stabilised in organic
solution.18 The specific capping agent/dispersant used in this
study was dodecenyl succinic anhydride (DDSA), the molecu-
lar structure of which is shown in Scheme 1.

DDSA's structure contains a hydrophobic tail capable of
adding the desired functionality necessary for further homo-
geneous dispersion of the HA into either organic solutions or
polymers melts, and so the addition of this species is
expected to increase the potential of successfully extracting
6178 | CrystEngComm, 2015, 17, 6175–6182

Scheme 1 Schematic representation of DDSA's ring-opening (top) to
for a diacid dispersant and the proposed binding configurations of
DDSA to HA (bottom).
the particles into an added toluene phase. The head group is
a cyclic anhydride group which essentially represents a
protected di-carboxylic acid. In practice, the functional group
is only activated by thermally triggered ring opening of the
molecule at either the HA formation point (T ≈ 200 °C) or at
the capping point in the reactor (T ≈ 180 °C), see Fig. 2(a).
This successfully removes some of the pre-processing issues
related to the use of strongly amphiphillic materials, e.g. lim-
ited solubility, foam/micelle formation, increased viscosity/
melting point due to hydrogen bonding, increased level of
entrained water, whilst also producing a dispersant with a
double anchor point upon ring opening. The carboxylic acid
functionalities of the newly created diacid can interact with
the hydroxyl groups on the surface of the HA NPs. It is pro-
posed that these interactions have potential to occur by a
range of different interactions dependant of the conditions
in the system at their point of contact with the NPs. These
are either electrostatic (charge) interactions, covalent bond-
ing or hydrogen bonding. These possible interactions are also
depicted in Scheme 1.

Consequently, samples of HA NPs were synthesised both
in the presence and absence of capping agent/dispersant. For
those NP materials manufactured with the use of DDSA cap-
ping agent, it was observed that all the products, irrespective
of the point of the addition of the capping agent, were iso-
lated as viscous, white suspensions. However, when the DDSA
was added at the capping point (method 1), the recovered
white suspension separated into two layers when left to set-
tle, as shown in Fig. 2. The top (white) layer corresponded to
the organic phase (toluene) containing the crystalline prod-
ucts, whilst the bottom was water. By comparison, when the
dispersant was added through the reactor as part of the metal
salt feed (i.e. up-flow) the final suspension looked similar but
did not initially phase separate as there was no organic sol-
vent present at this stage in this method. However, upon
addition of toluene to the product suspension in the same
proportion (5 mL of toluene for every 30 mL of product) as in
the capping point product, it too was observed to separate in
the same way when left to stand. All the materials had hexag-
onal crystal structures consistent with that of stoichiometric
(Ca/P 1.67) HA, ICDD-PDF-01-086-1201.35 Fig. 3 contains the
XRD patterns for uncapped HA (HA uncapped), HA capped
using method 1 (HA-DDSA-capping) and HA capped using
method 2 (HA-DDSA-reactor). All peaks match with ICDD-PDF-
01-086-1201.35 In addition, the products showed no change in
relative intensities from peak to peak, indicating similar crystal
orientation and growth directions.36

Scanning and transmission electron microscopy images of
uncapped and capped products are shown in Fig. 4. The HA
plates produced by all the methods were observed to be poly-
dispersed, ca. 400 × 150 nm with thicknesses typically less
than 20 nm. EDX analysis within the TEM verified that all
the products had a Ca/P ratio of 1.67 ± 0.02. The polydisper-
sity in the samples was assessed using an ImageJ® script as
described elsewhere33,38 (with a sample size of >150 parti-
cles) and exhibited similar values of over 60%, regardless of
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 XRD patterns for uncapped HA, HA-DDSA capped using
method 2, and HA-DDSA capped using method 1. Tick marks indicate
the predicted peak positions for hexagonal phase hydroxyl apatite
(P63/m, cell parameters a = 9.4320 Å c = 6.8810 Å).35,37

Fig. 4 SEM (left) and TEM (centre and right) micrographs of uncapped
HA, HADDSA-reactor and HADDSA-capping (top to bottom).
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synthesis methodology used. In comparison with the TEM
images shown by Lester et al. using the same method,29 the
high and consistent polydispersity obtained here for platelets
compared with (ref. 29), may be due to post-processing proce-
dures for sample analysis. The extraction, centrifuging,
freeze-drying and re-suspension may promote platelet break-
age and aggregation due to the brittleness of the HA. The
addition of dispersant in the reaction media before or during
crystallisation has been reported to favour morphological
changes, either by acting as a soft template or by triggering
preferential growth.33 However, this was not seen in method 2,
and as stated above all materials produced showed similar
size, morphology and structure irrespective of capping agent.
This journal is © The Royal Society of Chemistry 2015
Binding mechanism and capping/extraction efficiencies

Extraction and drying of the two fractions allowed the calcu-
lation of the Extraction Efficiency (EE) coefficients, as
described in the experimental section. The EE was 80% for
DDSA at the capping feed (method 1) and 92% for the DDSA
added pre-formation of HA (method 2). The total amount of
product generated in both methods corresponded to a con-
version of 75% similar to that of uncapped HA, indicative
that the capping agent did not modify the reaction pathway.
The higher content of residual HA in the water phase from
method 1, was attributed to the reduced efficiency of the ring
opening of the anhydride being achieved at the capping point
and/or increased levels of hydrolysis/removal of the disper-
sant on the surface of HA at that point. The latter of which
may result from a difference in the interaction of the capping
agent and the NP.

To investigate the possible effect on the ring-opening of
the capping agent within the reactor prior to interaction with
HA two subsequent experimental processes were conducted.
DDSA was refluxed in water and the resulting ring-opened
dispersant was used as the capping agent to produce NP
using both method methods 1 and 2 (referenced as H-
HADDSA-capping).

Fig. 5 details the TGA data for these samples and com-
pares them to that of the NP synthesis either without disper-
sant or with DDSA. The inset shows the TG traces of DDSA
and pre-hydrolysed DDSA (H-DDSA). The H-DDSA showed a
14% wt higher water content (drop “1” between 75–150 °C)
than DDSA related to the greater availability of the carboxylic
acid groups in the ring opened structure and the use of water
in the hydrolysis reaction (see Scheme 1). This additional
water content did not affect the total water content in any of
the NP products, which all had an entrained water level of ca.
2% wt. H-DDSA also showed full decomposition in the range
of 160–277 °C, stopping 10 °C below the full decomposition
temperature for DDSA. This shift in decomposition tempera-
ture of the surfactant has been related to the higher rigidity
(thus stability) of DDSA given by the 5 membered ring, which
is open in H-DDSA and therefore increases its potential to be
oxidatively unstable due to its increased reactivity.

When the ligand was added at the capping point by
method 1 (after HA was formed and at lower temperatures), a
total weight loss of ~24% is observed. This is comprised of
two weight loss steps, an initial loss of 10% from 140 °C up
to 200 °C followed by a broad weight loss step of 10% from
200 °C up to 410 °C. When the pre-hydrolysed DDSA was
used under otherwise identical conditions the initial weight
loss step is only 4%, followed by a further broad multi-step
weight loss of ~15%. This suggests that, while pre-hydrolysis
of the DDSA leads to lower total organic content, a higher
portion of this is chemically bound to the HA surface. With-
out the pre-hydrolysis step both ring-opening and surface
binding must occur on mixing, which leads to a high amount
of loosely associated ligand. In contrast the pre-hydrolysed
DDSA has already undergone ring opening, which permits
CrystEngComm, 2015, 17, 6175–6182 | 6179
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Fig. 5 TGA plots and total recorded mass losses for capping agents
and related NP's where H- signifies previously hydrolysed capping
agent has been used.

Fig. 6 Infrared spectra of HA and capped HA prepared by both
method 1 and method 2.

Fig. 7 Total mass loss (%) and extraction efficiency (EE) of dry and wet
stored samples from method 2.
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rapid surface binding leading to a higher amount of bound
ligand as shown by the higher weight loss at elevated temper-
atures. This high surface coverage also limits the surface
availability for the more loosely bound ligand.

In contrast when the capping agent was added with the
metal salt stream (method 2), the final products from using
both DDSA and pre-hydrolysed DDSA (H-DDSA) behaved sim-
ilarly, showing broad weight loss steps up to final total
weight losses of 12% and 13%, respectively. The TGA shows
little evidence of free or loosely bound capping agent being
present with only broad features at high temperatures. When
DDSA is introduced in the metal salt stream in the reactor,
the higher temperature and faster kinetics of the ring open-
ing process result in similar good yields and levels of interac-
tion between the dispersant and HA. As such pre-hydrolysis
in this case makes little difference. In both cases the lack of
more loosely bound ligand can be attributed to the efficient
surface coverage and binding coupled with the aqueous envi-
ronment (as opposed to the toluene present in method 1)
removing unbound ligand.

The infrared spectra of unmodified HA and the modified
products obtained by both method 1 and method 2 are
shown in Fig. 6. The spectra of both capped HA products
show the presence of organic ligands. In each case the
expected bands between 3000 cm−1 and 2800 cm−1 due to CH
6180 | CrystEngComm, 2015, 17, 6175–6182
stretching vibrations are present. Additional bands are
observed at 1560 cm−1 and 1440 cm−1 indicative of coordi-
nated carboxylate groups,39–41 which shows binding of the
DDSA. A band at 1710 cm−1 due to unbound or free, proton-
ated, carboxylic acid groups is also present. This band is sig-
nificantly more pronounced in the sample prepared by addi-
tion of DDSA at the capping point, in keeping with
observations from the TG analysis.

Overall, it can be concluded that method 2 is the more
efficient method for production of capped HA, as it offers
higher extraction efficiencies (92% vs. 80%), contains a
higher proportion of the HA (88% vs. 78%) and requires no
additional organic solvent.
Stability of capped products over time

From the TGA data it was proposed that the products isolated
from method 2 had been shown to possess a higher amount
of chemisorption of the capping agent than those produced
This journal is © The Royal Society of Chemistry 2015
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via method 1. However, due to the nature of the capping
approach/dispersant used and the fact that the capped-HA
hybrid has been synthesised in a media that is mainly water,
if left as a suspension these products will have the potential
to degrade over time. This is related to the reversible nature
of any link formed between the head group and the surface
of HA, all of which (including the ester covalent bond) are
susceptible to hydrolysis to some degree. To assess an appro-
priate method of storage after synthesis, two options were
considered: a) storage of the product at room temperature as-
produced or b) storage as a powder.

It was found that, regardless of the storage procedure
used, the products did not show any significant decrease in
weight loss over the period of time considered (Fig. 7).

The samples from HADDSA that were stored as powders
(“dry”) consistently showed a total weight loss 2% less than
the ones kept in solution (“wet”). After four weeks both sam-
ples show slightly higher total weight losses than initially
measured, a difference more pronounced in the case of the
“wet sample”, indicating a degree of hydrolysis. This is cor-
roborated by the extraction efficiency coefficients. For dry-
stored HADDSA, the EE remained constant at 90.2 ± 1.5%
This journal is © The Royal Society of Chemistry 2015

Fig. 8 XRD patterns of the products obtained by method 2 stored as
dry powders (a) and suspensions (b) over time. * Calcium hydrogen
phosphate hydroxide ICDD-PDF-046-0905 and # Calcium phosphate
hydrate ICDD-PDF-044-0762.
over the 4 weeks studied suggesting that the capping agent
remains bound to the nanoparticles. In contrast, when the
samples were left in the reaction media, EE decreased from
92% after 24 h to 88% at 48 h, and down to 45% after 4 weeks.
The hydrolysis of the link between DDSA and HA upon wet
storing is thus yielding lower extraction efficiency in an
organic solvent as the NP does not disperse effectively with-
out its capping. This is because the decoupled capping agent
can now not contribute to the process of dispersing the NP.

The XRD data from the dry-stored products (see Fig. 8)
showed that there were no changes in crystal structure over
time, and that the material remained as hexagonal calcium
phosphate with Ca/P 1.67. However, the XRD patterns of the
samples of HA-DDSA that were left as a suspension, Fig. 8
showed evidence of calcium hydrogen phosphate hydroxide
(*, ICDD-PDF-046-0905) and calcium phosphate hydrate (#,
CaP2O7, ICDD-PDF-044-0762). Their presence can be explained
by hydrolysis of the surface bound DDSA, to generate free
acid (dodecylsuccinic acid – H-DDSA). This creates an acidic
environment promoting the formation these hydroxide and
hydrated species. This data, thus, also supports the hypothe-
sis that the strong bonds between the capping agent and the
HA surface are being removed and replaced by, at best
weaker hydrogen bonded links to the dispersant, or at worst
by no link at all. The hydrolysed DDSA removed from the sur-
face is in the form of the acidic H-HADDSA, altering the over-
all local pH around the NP, causing degradation of the
hydroxyapatite. Dry storage is thus highly preferred, while
also still permitting easy re-dispersion of the modified
nanoplates.

Conclusions

This paper details a significant improvement in the sustain-
able production of bio-nanocomposites by reporting the first
successful single step, continuous flow, hydrothermal based
synthesis of surface modified HA plates. The capping agent
chosen, DDSA, confers sufficient hydrophobic functionality
to the HA surface that it can be extracted from the water
based process stream to an organic solvent without leading
to dispersant induced agglomeration. Furthermore, adding
the capping agents either before or after the formation of HA
is shown not to alter the final morphology or crystallinity of
the HA produced compared to when no dispersant was used.
The quality (i.e. strength) and quantity (i.e. dispersant load-
ing achieved) of the binding of DDSA to the HA surface is
noted to be dependent upon where it was added in the pro-
cess. The product coated nanoparticles that has DDSA intro-
duced prior to the reactor show significantly reduced levels
of free dispersant and greater thermally stability compared to
those in which DDSA is added via post-reaction (capping
point). This is attributed to stronger adhesion of dispersant
to nanoparticle being achieved by introduction DDSA pre-
reaction. However, whilst preliminary studies show that very
effective and strong coating of the HA nanoparticles have
been achieved, the type of interaction between DDSA and HA
CrystEngComm, 2015, 17, 6175–6182 | 6181
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is still under investigation. This production method mini-
mises the use of organic solvents (i.e. enabling water to be
used) whilst also offering higher extraction efficiencies and a
higher proportion of the HA nanoplates. The preliminary deg-
radation study shows that the products underwent significant
degradation over time when left in the reaction media, indi-
cating that the link between DDSA and the HA surface being
hydrolysed to some extent. However, these materials can also
be stored as dry powders, with no degradation observed, and
they can be easily dispersed on to toluene demonstrating that
their hydrophobicity remained unaltered. This thus provides
a scalable and industrially viable route to highly processable
bioceramic nanoparticles.
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