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Abstract
Cellulose/calcium phosphate hybrid materials were synthesized via an ionic liquid-assisted route. Scanning electron microscopy,

transmission electron microscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction, infrared spectroscopy, and thermo-

gravimetric analysis/differential thermal analysis show that, depending on the reaction conditions, cellulose/hydroxyapatite, cellu-

lose/chlorapatite, or cellulose/monetite composites form. Preliminary studies with MC3T3-E1 pre-osteoblasts show that the cells

proliferate on the hybrid materials suggesting that the ionic liquid-based process yields materials that are potentially useful as scaf-

folds for regenerative therapies.
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Introduction
One of the key advantages of carbohydrates, especially cellu-

lose and chitin, is their abundance and favorable properties such

as mechanical robustness and biocompatibility [1-4]. Moreover,

the growth (mineralization) of calcium phosphate on polysac-

charides may lead to composites with properties that are useful

for the regeneration of hard tissue even though the chemical

composition of these materials is different from the original

biomaterial [5-11]. Unfortunately, the synthesis of carbohy-

drate-based hybrid materials is not straightforward. This is due

to the fact that many carbohydrates exhibit low solubilities in

aqueous media. Aqueous solutions, however, are the most

commonly used media for calcium phosphate mineralization

[12,13]. As a result, mineralization of carbohydrates often

yields heterogeneous materials with properties that are not

suited for an application. In spite of this, a number of authors

have reported the successful mineralization of carbohydrates

with various calcium phosphates.

Falini and coworkers used β-chitin from a squid pen for miner-

alization of octacalcium phosphate (OCP) and hydroxyapatite

(HAP) [14,15]. They found a distinct change of the chitin fiber

organization on OCP mineralization. Moreover, the OCP–HAP
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transition is delayed with respect to OCP grown in the absence

of the carbohydrate matrix. One of the issues of chitin,

however, is again its limited solubility in most mineralization

media. This limits the processing and mineralization efficien-

cies. Chitosan, which exhibits a higher water solubility than

chitin, has therefore been used as an alternative scaffold for

calcium phosphate mineralization [16,17]. Among others,

chitosan/HAP scaffolds show good osteoconductivity and

biodegradability, as has been shown for some synthetic

composites in rats [18].

Chiono et al. developed a photochemical approach towards the

triggered nucleation of calcium phosphate on chitosan cast films

[19]. Mineralization is induced by photoexcitation of fluores-

cein molecules grafted to the chitosan films. The authors claim

that the formation of local positive charges by electron transfer

from the fluorophore to reactive species in the surrounding

medium like O2 or water leads to singlet oxygen radicals and

superoxide radical anions. According to the authors, these may

then act as nucleation sites. One unresolved question here is the

fact that these results differ significantly from other work

[16,18] where calcium phosphate deposition on chitosan was

equally successful, but without the need to photoactivate the

mineralization reaction.

Besides chitin and chitosan, carboxymethyl inulin (CMI)

[20,21] and carboxymethyl cellulose (CMC) [22,23] have been

studied as mineralization additives. Composites of CMC,

calcium phosphate nanoparticles, and the antibiotic chlorhexi-

dine efficiently remineralize dentin tubules [23]. In contrast,

CMI inhibits or at least delays calcium phosphate mineraliza-

tion [20-22].

There are also a few reports on the mineralization of unmodi-

fied cellulose [11,24-33], but like in the case of chitin, the poor

solubility of cellulose in conventional solvents hampers the

development of true calcium phosphate/carbohydrate hybrid

materials because it prevents, or at least dramatically reduces,

the penetration of the precursor ions into the carbohydrate

templates and thus results in materials mostly exhibiting surface

or near-surface mineral layers.

The most straightforward strategy towards real, nanostructured

and hierarchical carbohydrate/calcium phosphate composites

would therefore be a synthesis protocol using a solvent that is

able to dissolve carbohydrates as single molecules or very small

aggregates. At the same time the solvent should enable the

growth of calcium phosphate.

Ionic liquids (ILs) could provide a viable access for the syn-

thesis of such nanoscale carbohydrate/inorganic hybrids. Some

ILs dissolve up to 25 wt % of cellulose [34-37]. This efficiency

has mainly been attributed to the ability of the ILs to break

hydrogen bonds, which is the key interaction stabilizing cellu-

lose and chitin [34,38-40]. Moreover, ILs are efficient reaction

media for the synthesis of new and interesting inorganic ma-

terials [35,41-45] although there are only a few reports on

IL-based protocols for the synthesis of carbohydrate/inorganic

hybrid materials.

Mumalo-Djokic et al. studied the formation of ZnO/carbohy-

drate hybrid materials using a hydrated IL, tetrabutylammo-

nium hydroxide [TBA][OH], as the solvent and hydroxide

source for ZnO formation [46]. This study revealed significant

differences between the two carbohydrates studied, cellulose

and starch. While starch was soluble in the water/IL mixture,

cellulose was, due to the high water content in the reaction mix-

ture, not. As a result, while the mineralization of starch led to a

nanoscale hybrid material, the mineralization of cellulose led to

cellulose fibers with a high degree of surface mineralization. In

spite of this, the cellulose fibers appeared to “imprint” some

features of their surface structure on the mineral layers.

Venkataramanan et al. synthesized cellulose/TiO2 hybrids via a

sol–gel reaction in 1-butyl-3-methylimidazolium chloride,

[Bmim][Cl] [47]. Ti(OBu)4 was used as TiO2 precursor and a

network of TiO2 layered fibers was observed after the sol–gel

reaction. Amarasekara and Owereh prepared cellulose carba-

mate/silica hybrid materials in [Bmim][Cl] [48]. Cellulose-

based hybrid materials with calcium carbonate [49], copper

oxide [50], or calcium silicate [51] have been grown in

[Bmim][Cl]. Finally, there is a report on the synthesis of cellu-

lose/calcium phosphate composites using ILs [52]. The authors

of this study, however, did not grow inorganic matter in the IL,

but dispersed prefabricated hydroxyapatite (HAP) nanoparti-

cles into a solution of cellulose in [Bmim][Cl] to form compos-

ites with limited homogeneity.

Besides the approaches introduced above, [Bmim][Cl] has also

been used for calcium carbonate precipitation [53]. [Bmim][Cl]

is thus a prime candidate for the generation of new calcium

phosphate/carbohydrate hybrid materials. The current study

therefore evaluates the potential of [Bmim][Cl] for the syn-

thesis of well-defined calcium phosphate/cellulose composites

with a defined morphology, chemical composition, calcium

phosphate crystal phase, crystal organization, and suitable

compatibility for cells. The approach is based on the precipita-

tion of calcium phosphate from IL/cellulose solutions rather

than adding pre-fabricated calcium phosphate nanoparticles to

the IL/cellulose solution and thus provides a rather simple, one-

step approach towards cellulose/calcium phosphate hybrid ma-

terials.
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Experimental
Materials. [Bmim][Cl] (≥95%, Aldrich) was freeze-dried from

water. The final water content was below 0.3%, as determined

by volumetric Karl Fischer titration. After freeze-drying the IL

was stored under argon until use. Microcrystalline cellulose

(extra pure, average particle size 90 µm, Acros), calcium chlo-

ride dihydrate CaCl2·2H2O (extra pure, Merck), dibasic potas-

sium phosphate K2HPO4 (≥98%, Sigma-Aldrich), sodium dihy-

drogen phosphate dihydrate NaH2PO4·2H2O (≥98%, Roth), and

glacial acetic acid (100%, p.a., water content below 0.1%,

Roth), NaOH (puriss. p.a. ACS, pellets, ≥98%, Sigma-Aldrich),

and ethanol (p.a., absolute, Merck) were used as received.

Calcium phosphate synthesis. 0.6 g of powdered calcium

chloride (4.1 mmol) were dissolved in 6 g of [Bmim][Cl] at

80 °C under vigorous stirring. After complete dissolution,

2.46 mmol of the phosphate precursor (0.43 g of dibasic potas-

sium phosphate or 0.38 g of sodium phosphate) were added at

80 °C, yielding a reaction mixture with a Ca/P ratio of 1.67.

Then 0.4 mL of ethanolic NaOH or glacial acetic acid was

added and the ethanol was removed by evaporation. The reac-

tion mixture was subsequently stirred for 24 or 48 h at 80 °C.

The reaction products were precipitated by adding an excess

amount of water to the reaction mixture after cooling. The pre-

cipitates were filtered, washed with distilled water, and the IL

was removed from the products via Soxleth extraction (metha-

nol, 48 h). The purified products were dried at 40 °C for 24 h in

a vacuum oven. Samples are labeled CPXy, where X = NaOH or

GAA (glacial acetic acid) indicates the additive and y = 24 or

48 indicates the reaction time, 24 or 48 h. For example,

CPNaOH24 is a sample grown in the presence of NaOH for 24 h.

Preparation of cellulose/calcium phosphate hybrid ma-

terials. Cellulose was dissolved in [Bmim][Cl] at 80 °C

overnight in different weight fractions (Table 1). 0.6 g of

powdered calcium chloride (4.1 mmol) per 6 g of IL was added

to the cellulose/IL solution at 80 °C under vigorous stirring.

After complete dissolution/dispersion, 2.46 mmol of the phos-

phate precursor (0.43 g of dibasic potassium phosphate or

0.38 g of sodium phosphate) were added at 80 °C, yielding a

reaction mixture with a Ca/P ratio of 1.67. Then 30 µL GAA or

ethanolic NaOH were added and the ethanol and water from the

inorganic precursor salts were removed under high vacuum

(10−3 mbar) for 30 min. The reaction mixture was subsequently

stirred for 24 or 48 h at 80 °C during which time a white precip-

itate formed. The reaction products were precipitated by adding

an excess amount of water to the reaction mixture after cooling.

The precipitate was filtered, washed with distilled water, and

the IL was extracted from the products by Soxleth extraction

with methanol for two days. The products were subsequently

dried at 40 °C for 24 h in a vacuum oven.

Characterization. Attenuated total reflection-Fourier trans-

form infrared spectroscopy was done on a Thermo Nicolet

FT-IR Nexus 470 with a diamond crystal. Spectra were

recorded from 500 to 4000 cm−1 with a resolution of 2 cm−1.

X-ray diffraction patterns were recorded with a Siemens D5005

(Cu Kα, 0.154 nm) between 3 and 70° 2θ with a step size of

0.02° per second. Samples were mounted on a silicon support.

Scanning electron microscopy was done on a FEI Phenom oper-

ated at 5 kV. Transmission electron microscopy was done on a

Zeiss 912 Omega operated at 120 kV. Cross sections were

obtained with a Leica Ultra Cut Microtome. For sectioning, the

powder samples were embedded in “LR white” resin (Plano

GmbH). Samples were cut at 1 mm/s at room temperature.

Energy dispersive X-ray spectroscopy was done on a JEOL

JSM 6510 SEM with tungsten hairpin filament (15 kV) and an

Oxford INCAx-act SN detector with a resolution of 135 eV at

5.9 keV. Elemental analysis was done on a Vario EL III

analyzer. Thermogravimetric analysis/differential thermal

analysis was done on a Linseis STA PT-1600 thermal balance

in air from 20 to 600 °C with a heating rate of 10 K/min and air

flow of 50 mL/min.

Results
Calcium phosphate precipitated without cellu-
lose
Table 1 summarizes the samples obtained after reaction in

[Bmim][Cl]. Figure 1 shows the XRD patterns and the FTIR

spectra of the reaction products after purification. The IR

spectra of the calcium phosphates obtained by reaction in the

presence of glacial acetic acid (GAA) after 24 h (CPGAA24, for

details of labeling see Experimental part) show no band in the

range of 3500 cm−1, which suggests that these precipitates are

relatively free from water or hydroxy groups. In contrast, all

other samples (CPGAA48, CPNaOH24, CPNaOH48) show strong

bands at 3350 to 3360 cm−1 indicating the presence of signifi-

cant amounts of hydroxy- or water-containing calcium phos-

phate phases [54,55].

FTIR spectroscopy (Figure 1A) further corroborates the forma-

tion of calcium phosphate. Products prepared with GAA after

24 h (CPGAA24) exhibit major bands for the phosphate group at

1022 and 1126 cm−1 (P–O ν3), 565 cm−1 (P–O ν4), and

990 cm−1 (P–O ν1) which can be attributed to the presence of

PO4
3− and/or HPO4

2− groups. The IR spectra of the calcium

phosphates precipitated in the presence of glacial acetic acid

(GAA) after 48 h (CPGAA48) mainly shows bands associated

with apatite at 1045 and 1169 cm−1 (P–O ν3), 563 and 606 cm−1

(P–O ν4 ), and 960 and 802 cm−1 (P–O ν1).

Similar spectra were observed for the samples precipitated in

the presence of NaOH after 24 and 48 h (CPNaOH24 and
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Table 1: Samples investigated in this study. CP is calcium phosphate,
GAA is glacial acetic acid, 24 and 48 are reaction times in hours.

Sample Phosphate
precursora

GAA or
NaOH

Reaction
conditions

CPGAA24 NaH2PO4·2H2O GAA 24 h, 80 °C
CPGAA48 NaH2PO4·2H2O GAA 48 h, 80 °C
CPNaOH24 K2HPO4 NaOH 24 h, 80 °C
CPNaOH48 K2HPO4 NaOH 48 h, 80 °C

aCalcium precursor was always CaCl2·2H2O.

Figure 1: (A) ATR-FTIR spectra and (B) XRD patterns of calcium
phosphates obtained from [Bmim][Cl]. The reflection at 14.2 degrees
2θ is from the sample holder (Si).

CPNaOH48). Here the bands are at 1034 and 1168 (P–O ν3), 563

and 602 (P–O ν4), and 963 and 802 cm−1 (P–O ν1). This

suggests that the CPGAA48, CPNaOH24, and CPNaOH48 materials

are structurally similar.

X-ray diffraction (XRD, Figure 1B) shows that the addition of

glacial acetic acid (GAA) or NaOH, respectively, to the reac-

tion mixture leads to different calcium phosphates. XRD

patterns of CPGAA24 show reflections at 2θ (°) = 13.08, 26.66,

28.52, 30.14, 32.70, 35.86, 40.16, 45.54, 47.52, 49.24, 50.88,

53.08, and 54.64, which can be assigned to monetite (CaHPO4,

dicalcium phosphate anhydrate, DCPA, ICDD09-0080). In

contrast, XRD patterns of CPGAA48 show intense reflections at

2θ (°) = 26.18, 28.46, 32.20, 34.00, 39.10, 46.36, 49.48, 53.70,

62.16, and 63.86. They can be assigned to either hydroxyap-

atite (Ca5(OH)(PO4)3, HAP, ICDD01-1008) or chlorapatite

(Ca5(Cl)(PO4)3, ClAP, ICDD33-0271, ICDD24-0214) but the

experimental data match better with ClAP.

The addition of NaOH instead of GAA leads to the formation of

HAP or ClAP already after 24 h (CPNaOH24); an exact assign-

ment of the reflections at 2θ (°) = 26.02, 28.42, 31.94, ca. 46.6,

49.64, 53.49, and 63.90 is difficult due to the fact that the

reflections are very broad and the reflections of HAP and ClAP

are very close.

Reflections in the XRD patterns of CPNaOH48 at 2θ (°) = 26.14,

28.42, 31.78, ca. 46.88, ca. 49.40, and 53.48 can again be

assigned to HAP or ClAP. As the reflections are broader than in

the patterns obtained from samples grown with GAA and

because the positions of the reflections in HAP and ClAP are

very close, it is difficult to make an irrefutable assignment to

either HAP or ClAP. No indication of brushite or monetite can

however be observed here.

Figure 2 shows representative scanning electron microscopy

(SEM) images of the precipitates. With addition of GAA, SEM

shows a clear morphological transition between the samples

isolated after 24 and 48 h of reaction time, consistent with IR

and XRD data. At 24 h, large and thin platelets form. Their size

distribution is broad (from ca. 2 to 80 μm) and the crystal

shapes are well developed. In most cases the plates are not

present as individual platy crystals, but they form dense aggre-

gates and exhibit steps and overgrowth of other crystals. At

48 h, the samples are dense large blocks with thicknesses in the

micrometer range. These large blocky features are accompa-

nied by smaller, less densely aggregated nanoparticles with

sizes in the 100 to 300 nm range. These particles form small

irregular aggregates with diameters of a few micrometers. All

features (the large blocks and the less dense aggregates) are

composed of smaller nanoparticles in the 100 nm range. These

particles appear to be the primary constituents of all larger

features observed in the SEM.

In contrast to the samples grown with GAA, the samples grown

with NaOH exhibit a relatively uniform morphology, where

small particles with sizes of 100 to 200 nm aggregate into larger

structures. The main difference between the samples isolated at

24 and 48 h is the increased aggregation of the smaller particles.

That is, at longer reaction times, the aggregated features are
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Figure 2: Low magnification (top row) and higher magnification (bottom row) SEM images of the precipitates. High magnification imaging of
CPNaOH24 led to rapid sample charging and very poor imaging conditions even after sputtering; no image is thus shown.

Table 2: EDXS data of the precipitates; n.d. = not detected. EDXS does not observe any nitrogen indicative of the ionic liquid. Elemental analysis
(EA) finds ca. 1% of carbon. Nitrogen is below the detection limit of the EA instrument (0.3%).

Sample Ca [atom %] P [atom %] Cl [atom %] Na [atom %] Na [atom %] Ca/P Ca/Cl

CPGAA24 15.6 ± 1.5 18.4 ± 0.8 1.8 ± 0.8 1.7± 0.1 n.d. 0.8 ± 0.1 8.6 ± 1.8
CPGAA48 15.4 ± 0.8 18.3 ± 0.2 2.3 ± 0.1 1.3 ± 0.2 n.d. 0.9 ± 0.1 6.7 ± 2.1
CPNaOH24 21.6 ± 1.6 16.1 ± 0.9 1.1 ± 0.2 n.d. n.d. 1.3 ± 0.2 19.7 ± 3.3
CPNaOH48 22.0 ± 0.7 15.8 ± 0.1 1.2 ± 0.6 n.d. n.d. 1.4 ± 0.1 18.3 ± 3.4

aFrom elemental analysis.

larger and reach tens of microns at 48 h. Moreover, the reaction

in the presence of NaOH appears to favor an open structure

with interstitial spaces with a few 100 nm to a few microns in

diameter. Overall, the sample morphologies of the powders

obtained in the presence of NaOH is more uniform than in the

samples obtained in the presence of GAA.

Table 2 summarizes data obtained from energy dispersive X-ray

spectroscopy (EDXS). The samples grown in the presence of

GAA have a Ca/P ratio of 0.8 to 0.9. This is on the order of the

Ca/P ratio of 1 in stoichiometric DCPD or DCPA [12,13,56].

Moreover, CPGAA24 also contains roughly equivalent amounts

of sodium and chlorine, while the amount of chlorine in

CPGAA48 is higher at around 2.3%. Consequently, the Ca/Cl

ratios are slightly different at 8.6 and 6.7, respectively, at 24

and 48 hours of reaction.

Samples grown in the presence of NaOH have a Ca/P ratio of

1.3 to 1.4, which is typical (although at the low end [12,13,56])

for calcium-deficient HAP or ClAP. None of the samples grown

with NaOH contains Na in measurable amounts, while the frac-

tion of Cl is on the order of 1%. Consequently, the Ca/Cl ratio

is much higher than in the samples grown with GAA.

Cellulose/calcium phosphate hybrid materials
The neat cellulose used in this study is a white powder. During

mineralization, the precipitation of the hybrid materials can be

observed visually by the appearance of a solid in the IL. The

cellulose/calcium phosphate hybrid (CCPH) materials obtained

after mineralization are either white (when synthesized in the

presence of NaOH, see experimental part) or light brown (when

synthesized in the presence of glacial acetic acid, GAA). This

color change may be due to the acid-induced degradation of the
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Figure 3: SEM images of as-received microcrystalline and regenerated cellulose.

cellulose by HCl [37,57,58] produced during the mineralization

reaction: The reaction of the CaCl2 and NaH2PO4 yields the

desired calcium phosphate precipitate along with NaCl and HCl

as side products. While NaOH is able to neutralize some of the

HCl formed during the reaction (and thus effectively removes

acidic protons from the reaction mixture), GAA will contribute

additional protons. The higher amount of protons in the latter

case will then lead to a somewhat stronger acid-induced degrad-

ation of the cellulose. Alternatively, other degradation reactions

of cellulose in ILs have also been reported [59,60]; these could

also play a role here. Table 3 summarizes the reaction condi-

tions.

Table 3: Reaction conditions for preparation of cellulose calcium phos-
phate hybrids (CCPH).

Sample Additive Reaction time
[h]

Cellulose in IL
[wt %]

Neat cellulose — — —
CCPH1 GAA 24 3
CCPH2 GAA 48 3
CCPH3 GAA 24 6
CCPH4 GAA 24 9
CCPH5 NaOH 24 3
CCPH6 NaOH 48 3
CCPH7 NaOH 24 6
CCPH8 NaOH 24 9

Figure 3 shows representative SEM images of the as-received

microcrystalline cellulose and cellulose regenerated from the IL

1-butyl-3-methylimidazolium chloride, [Bmim][Cl]. Neat,

untreated microcrystalline cellulose consists of heterogeneous

and highly aggregated fibers with sizes in the micrometer to

hundreds of micrometers range. Regenerated cellulose exhibits

a more uniform, less aggregated morphology of intertwined

fibers with diameters on the order of tens of microns. This is

consistent with other observations on cellulose reconstituted

from ILs [34,58,61].

Figure 4 shows SEM images of the CCPH materials obtained

after mineralization in the presence of GAA. SEM shows parti-

cles with sizes on the order of several hundreds of micrometers

that are broken into pieces of several tens of microns with irreg-

ular shapes. All samples appear rather dense and no obvious

pores can be observed. Moreover, closer inspection shows that

the particles and fragments appear to have a layer-like architec-

ture. Finally, the precipitates appear composed of small

subunits, possibly of particles with diameters in the nanometer

range, but this is, due to significant charging of the samples in

the SEM, difficult to evaluate.

Figure 5 shows that the addition of NaOH instead of GAA

dramatically alters the product morphology. In contrast to GAA,

the addition of NaOH leads to the formation of heterogeneous

samples. At low cellulose concentrations (3%, CCPH5 and 6),

the samples exhibit prominent round and holey features,

presumably composed mostly of the inorganic, calcium phos-

phate. These features transform into smaller, poorly defined

features after 48 h of reaction (CCPH6). The darker matrix ma-

terial in these samples can be assigned to cellulose, because the

brightness in the SEM images is roughly related to the atomic

number of the respective region of the sample [62]. At higher

cellulose concentrations, the round features are, although still
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Figure 4: Low (top row) and high magnification (bottom row) SEM images of the hybrid materials prepared in the presence of GAA. Note the different
scale bar in the lower row for CCPH3.

Figure 5: Low (top row) and high magnification (bottom row) SEM images of the hybrid materials prepared in the presence of NaOH.

present, much less prominent. In these samples, the morphology

is largely defined by a darker background with morphologies

similar to pure reconstituted cellulose, Figure 3.

Figure 6 shows representative TEM images of thin sections

of GAA and NaOH. Overall, TEM cross-sections show

a high conservation of structures between the two different

approaches. Samples obtained in the presence of GAA

(CCPH1-4) are highly homogeneous and consist of densely

packed nanorods with a length on the order of 50–150 nm, that

are densely packed, but, unlike a previous example [63], do not

exhibit a common preferred orientation. In contrast, samples
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Figure 6: TEM images of thin sections of CCPH2 and CCPH6. Top row are low magnification and bottom row are high magnification images of the
same samples.

obtained with NaOH (CCPH5-8) appear homogeneous at lower

magnifications, but higher magnification imaging clearly

reveals their heterogeneous structure. The samples exhibit

regions with low degrees of mineralization inorganic particles,

sparsely mineralized regions and densely mineralized regions.

The individual particles are roughly spherical and have a diam-

eter of around 10–30 nm. Most particles are highly aggregated

and form clusters of 100–200 nm in diameter; often also larger

aggregates are observed.

Table 4 shows energy-dispersive X-ray spectroscopy (EDXS)

data of the samples. The samples prepared with NaOH have

Ca/P ratios between 1.2 and 1.3. This ratio is lower than the

Ca/P ratio of 1.67 in pure stoichiometric hydroxyapatite (HAP)

but Ca/P ratios lower than 1.67 are known for HAP and usually

assigned to calcium-deficient apatite. Alternatively, the Ca/P

ratios from EDXS could also indicate the formation of amor-

phous calcium phosphate (Ca/P = 1.5), octacalcium phosphate

(OCP, Ca/P = 1.33), or β- or γ-tricalcium phosphate (TCP, Ca/P

= 1.5) [13,56,64], or a mixture of phases.

Samples grown in the presence of GAA have a Ca/P ratio of

ca. 1 after 24 h of reaction time and ca. 1.2 after 48 h. The Ca/P

ratio of ca. 1 is indicative of brushite or monetite, two

calcium phosphate phases that precipitate (in aqueous

media) at rather low pH. The ratio of 1.2 is rather unspecific

and could indicate the formation of most of the above phases,

although DCPD and DCPA are usually less prone to

forming non-stoichiometric products than the other calcium

phosphates.

EDXS also suggests that there are compositional differences

between the samples. Generally, the chlorine content of the

samples grown with higher cellulose content (CCPH3, 4, 7, 8)

appears lower than the content of the samples grown at lower

cellulose concentrations (CCPH1, 2, 5, 6). Moreover, EDXS

seems to suggest that the chlorine content is slightly higher in

the samples grown with NaOH (CCPH5, 6) instead of GAA

(CCPH1, 2). These data must however be treated carefully

because of their large errors: the standard deviations of most

datasets are large and there is a significant overlap of the data;
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Table 4: EDXS data of the CCPH materials.

Sample Ca [atom %] P [atom %] Cl [atom %] Ca/P Ca/Cl

stoichiometric HAP 22.73 13.64 n/a 1.67 n/a
stoichiometric ClAP (OH
completely substituted by Cl)

23.81 14.29 4.76 1.67 5.00

CCPH1 18.2 ± 1.3 17.8 ± 0.2 1.8 ± 1.2 1.0 ± 0.06 10.1 ± 4.4
CCPH2 18.2 ± 2.1 17.1 ± 1.1 2.5 ± 1.2 1.1 ± 0.2 7.3 ± 4.7
CCPH3 17.1 ± 2.9 18.1 ± 1.1 1.1 ± 0.2 0.9 ± 0.2 15.5 ± 5.4
CCPH4 16.6 ± 1.1 18.4 ± 0.2 1.3 ± 1.5 0.9 ± 0.1 12.7 ± 3.9
CCPH5 19.2 ± 0.4 16.6 ± 0.5 3.2 ± 1.7 1.2 ± 0.1 6.0 ± 1.4
CCPH6 19.4 ± 1.9 16.2 ± 0.4 3.5 ± 1.8 1.2 ± 0.2 5.6 ± 1.9
CCPH7 19.7 ± 0.5 16.7 ± 0.8 1.8 ± 1.6 1.2 ± 0.1 10.9 ± 1.9
CCPH8 20.4 ± 1.6 16.4 ± 0.8 1.5 ± 0.2 1.3 ± 0.2 13.6 ± 1.6

Figure 7: SEM image and elemental map of CCPH6.

EDXS is thus not able to clearly distinguish between the

different samples.

Figure 7 shows representative X-ray elemental maps of all

elements detected in energy dispersive X-ray spectroscopy

(EDXS), that is, carbon, oxygen, phosphorus, chlorine, and

calcium. The maps indicate fairly homogeneous elemental

distributions on a hundreds of micrometers length scale even in

CCPH5 to CCPH8, which suggests that all materials are

uniform over the mm length scale. While carbon (from the

cellulose), oxygen (from cellulose and calcium phosphate),

phosphorus, and calcium (both from calcium phosphate) can be

expected in these samples, the presence of chlorine and its

homogeneous distribution throughout the sample is somewhat

unexpected but highly reproducible. The fact that the location of

the chlorine signal overlaps with the calcium and phosphorus

signals suggests that it is also part of the mineral phase, possibly

as chloride in chlorapatite.

In spite of the limitations of the EDXS data just discussed,

EDXS clearly shows, by way of the low Ca/P ratios, that the

samples obtained by mineralization from the IL likely are crys-

tallographically poorly defined. This is supported by powder

X-ray diffraction (XRD), which in all cases yields patterns with

broad reflections indicative of small crystallites, poor crys-

tallinity, and poor crystallographic correlation, Figure 8.
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Figure 9: ATR-FTIR spectra of neat cellulose, for sample nomenclature see Table 3. Panels B and D are higher magnification views of the region
showing the calcium phosphate vibration bands. Spectra are shifted vertically for better visibility.

Figure 8: XRD patterns of cellulose and mineralized samples. Panel A
shows effects of acid or base addition, panel B shows effects of cellu-
lose concentration in the case of the samples grown with NaOH.

Patterns of neat microcrystalline cellulose show reflections at

15.1 and 22.8° 2θ; these can be attributed to the crystalline

structure of the cellulose. XRD patterns of all samples show

that the order of the cellulose decreases after reconstitution

from IL because the cellulose reflections are significantly

broader after regeneration.

XRD patterns of samples prepared in the presence of GAA after

24 h show reflections at 2θ (°) = 13.1, 27.0, 30.5, 33.0 and 49.2,

which can be assigned to monetite and, possibly, brushite.

Patterns of samples obtained after 48 h show reflections at

2θ (°) = 26.0, 28.6, 32.3, 39.0, and 49.4, which can be assigned

to HAP or ClAP. Similarly, samples prepared in the presence of

NaOH after 24 and 48 h show broad reflections; they can again

be assigned to HAP or ClAP. Increasing cellulose concentra-

tions yield in all cases samples consisting of HAP and cellulose.

Figure 9 shows representative attenuated total reflection-Fourier

transform infrared (ATR-FTIR) spectra of the samples. Neat

cellulose exhibits bands at 3335, 2890, 1427, and 1055 cm−1,

which can be assigned to the OH, CH2, C–H symmetrical defor-

mation, and C–O–C stretching vibration of cellulose, respect-

ively.

The spectra of the hybrid materials prepared with GAA

(CCPH1, 2, 3, and 4) show intense bands at 1031, 1090 cm−1

(P–O ν3), 562, 605 cm−1 (P–O ν4), and 956 cm−1 (P–O ν1),

which can be attributed to the presence of PO4
3− and/or HPO4

2−

groups. The intensity of the cellulose bands increases with

increasing cellulose concentration from 3 to 6 to 9% of cellu-

lose. The weak and broad –OH vibration band at around

3400 cm−1 in CCPH1 and CCPH2 is presumably due to the
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Table 5: EA and TGA data obtained for CCPHs. No N was detected in EA; the detection limit of the instrument is 0.3%.

Sample C & H from EA [%] Weight loss at
600 °C [%] (residue)

T of step in TGA [°C] Theoretical C & H
from TGAa [%]

C H Step 1 Step 2 Step 3 C H

Cellulose 43.18 ± 0.07 6.31 ± 0.0 96.01 (3.99) 246 350 530 42.70 5.92
CCPH1 11.59 ± 0.09 1.98 ± 0.08 34.71 (65.29) 218 338 597 13.04 2.06
CCPH2 21.80 ± 0.30 4.10 ± 0.10 56.49 (43.51) 218 343 596 21.90 3.35
CCPH3 24.46 ± 0.02 3.98 ± 0.04 59.60 (40.40) 182 333 462 21.00 3.50
CCPH4 26.90 ± 0.10 5.00 ± 0.10 69.30 (30.70) 183 342 458 25.10 4.20
CCPH5 23.49 ± 0.10 3.99 ± 0.14 62.91 (37.09) 167 340 597 24.53 3.73
CCPH6 23.00 ± 0.04 3.92 ± 0.02 57.36 (42.64) 215 368 590 21.26 3.39
CCPH7 29.19 ± 0.04 4.66 ± 0.04 75.98 (24.02) 249 348 596 27.89 4.50
CCPH8 32.84 ± 0.23 4.79 ± 0.33 82.71 (17.29) 252 342 593 31.94 4.89

aTheoretical amounts C and H were calculated from the fraction of organic material (= cellulose) as determined from TGA. The weight fraction of
water (represented by the first weight loss at around 100 °C) was was subtracted and the molecular weight of anhydroglucose was used for calcula-
tion.

hydroxyl groups of cellulose, water, and hydroxide ions in the

calcium phosphate. The relatively low intensity of the band

suggests that (i) the fraction of cellulose is relatively low or that

the –OH groups are strongly coordinated to the calcium phos-

phate and (ii) that the calcium phosphate is low in water or

hydroxide content.

In contrast, IR spectra of the samples grown in the presence of

NaOH at 3% cellulose concentration (CCPH5, 6) show typical

bands associated with apatitic calcium phosphates. Bands at 960

(P–O ν1), 563 and 601 (P–O ν4), 1029 and 1095 cm−1 (P–O ν3)

[54,55]. However, the calcium phosphate/cellulose hybrids

prepared in the presence of NaOH at 6% and 9% of cellulose

(CCPH7, 8) show slightly shifted and broadened phosphate

bands at 901 (P–O ν1), 555 and 597 (P–O ν4), 1014 and

1160 cm−1 (P–O ν3). The intensity of the band at 3360 cm−1

suggests that (i) the fraction of cellulose is relatively high or (ii)

that the calcium phosphate is relatively high in water or

hydroxide content. Moreover, the spectra suggest, by way of the

intense cellulose bands mentioned above, that, possibly, the

degree of mineralization is lower than in the samples prepared

in the presence of GAA. This is qualitatively supported by the

fact that especially the intensity of the phosphate vibration

bands is fairly low in the samples prepared at higher cellulose

concentrations.

Figure 10 shows thermogravimetric analysis/differential

thermal analysis (TGA/DTA) data. Table 5 summarizes the

results from elemental analysis (CHN analysis) and TGA/DTA.

TGA of the neat cellulose finds a weight loss of 96.1%, indi-

cating that even the neat cellulose contains some fraction of

non-volatile components. Overall the TGA curve is consistent

with earlier data [65] on cellulose decomposition, where a first

Figure 10: Representative TGA and DTA data of select samples. For
full data see Table 3.

weight loss of ca. 4.5% is assigned to water desorption below

ca. 120 °C. This initial weight loss is followed by the main

decomposition step between ca. 280 and 340 °C (accounting for

a loss of ca. 78.5%), followed by the final decomposition of the

organic and carbonaceous residues up to 600 °C (13.1%). The

corresponding DTA data confirms these assignments.

The same general observation can be made from the TGA/DTA

data of all hybrid materials, Table 5. The samples exhibit a first

weight loss of a few % assigned to water desorption and drying

processes, followed by a two-step, thermally induced and

exothermic, decomposition of the organic fraction. The fact that

two steps are observed in TGA and two broad and overlapping,

but distinct, signals in DTA clearly shows that the decomposi-

tion is in all cases a sequential but overlapping process.
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Table 5 summarizes the results from TGA/DTA and elemental

analysis (EA). EA shows that the carbon (= organic) content in

the materials obtained in the presence of GAA (CCPH1, 2, 3,

and 4) is lower than in the samples obtained with NaOH under

the same conditions. This is supported by TGA, which also

finds a lower overall weight loss in samples prepared with GAA

(ca. 34–57%) than in samples prepared with NaOH

(ca. 57–83%). Both EA and TGA therefore indicate that the

mineralization in the presence of GAA is more effective in the

sense that the fraction of inorganic is higher with the GAA

additive than with NaOH. Both TGA and EA also show that,

not surprisingly, the organic content in the hybrid materials

increases as the initial cellulose concentration in the reaction

mixture increases.

As stated in the introduction, calcium phosphate cellulose

hybrid materials could be interesting biomaterials. Preliminary

attempts to study the biocompatibility with MC3T3-E1 pre-

osteoblasts, however, only provided qualitative information

because of sample disintegration in the cultivation medium

(PBS buffer). Likely this is due to the fact that the materials are

quite brittle and tend to rapidly form a powdery product, which

is difficult to handle quantitatively in cell assays. In spite of

this, qualitative analysis showed that the pre-osteoblasts did

proliferate on the hybrid materials. More detailed experiments

are underway.

Discussion
As stated in the introduction, ILs are interesting reaction media

for the synthesis of advanced inorganic materials. ILs have,

however, not been explored for the synthesis of inorganic

biomaterials such as calcium phosphate, possibly for toxicity

concerns [66,67]. The only examples the authors are currently

aware of is an interesting study by de Zea Bermudez and

colleagues, who have reported strong effects on the morphology

of calcium carbonate but, interestingly, not on the crystal phase

[53].

The current study shows that in all cases investigated here,

calcium phosphate can be obtained from [Bmim][Cl]. In

analogy to water-based precipitation reactions [12,13,68,69],

the addition of an acid, GAA, or a base, NaOH, leads to

different crystal phases (likely, one parameter that is significant

here, is the presence of water traces). In the presence of GAA,

DCPA forms, as can be verified from XRD (Figure 1B). XRD

is further supported by FTIR spectroscopy (Figure 1A) which

finds no –OH band at 24 h, indicating the formation of DCPA

rather than DCPD, consistent with XRD. EDXS (Table 2)

further supports these findings as it detects a Ca/P ratio of just

below 1. Moreover EDXS also suggests that some sodium and

chlorine are present in the samples grown with GAA. Although

XRD does not show any indication of NaCl, we have previ-

ously observed the formation of minor NaCl fraction in a

different system [70]. The formation of NaCl could thus also be

possible here, especially because alkali salts are generally

poorly soluble in ILs [65]. The low fraction of sodium and chlo-

rine observed in the EDXS data could be due to the fact that the

precipitates were washed with water after synthesis and most

NaCl would thus have been washed out.

Additionally, both Na+ and Cl− can also substitute into calcium

phosphate; the residual fraction observed in the EDXS could

thus also be incorporated in the calcium phosphate crystal

lattice, although this is most common in the apatites and not in

DCPA formed with GAA [12,13,64,71,72].

Moreover, SEM (Figure 2) shows that the particle size of the

crystals grown with GAA after 24 h is orders of magnitude

larger than the size of the crystals obtained after 48 h. This is

similar to work by Shkilnyy et al. [73] who have shown that

calcium phosphate grown from aqueous solution in the pres-

ence of poly(ethylene imine) follows a precipitation-redissolu-

tion-repreciptation pathway before forming the final product,

HAP nanoparticles with a diameter on the order of 5–10 nm.

The current study thus suggests that at least some of the find-

ings from water-based calcium phosphate mineralization studies

may have analogies in IL-based precipitation processes; this

matter is however still under debate and more work is neces-

sary to understand and quantify the intricacies of precipitation

of inorganic matter from ILs.

SEM also shows that the samples grown from GAA-containing

ILs are large blocks consisting of nanoparticles with diameters

on the order of 100–300 nm. This suggests that the resulting

materials could be mesocrystals [74,75]. At the moment this is,

however, difficult to asses because the samples are highly

unstable under the electron beam during electron diffraction.

In contrast to the samples grown with GAA, samples grown

with NaOH are more uniform and SEM (Figure 2) shows the

typical nanoparticle morphology that is also observed for

calcium phosphate grown from aqueous solution at basic condi-

tions [12,13]. Also consistent with conventional processes in

aqueous solutions, XRD and FTIR spectroscopy (Figure 1)

show that these precipitates are HAP and ClAP. Likely the

reason for ClAP formation is the fact that the IL [Bmim][Cl]

contains a high amount of chloride. The formation of Ca-defi-

cient HAP or ClAP is further confirmed by EDXS (Table 2).

Importantly, EA and EDXS find no nitrogen in the precipitates.

This suggests that the fraction of IL in the final materials is low.

This is important for reasons of toxicity, as outlined above: if
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the precipitates synthesized in the current study are to be used

in implantation or toothpaste, toxic compounds such as ILs

must of course be removed. Apparently the washing process

used here is sufficient to remove most of the IL such that no

nitrogen (that is, IL cation) can be detected.

As pointed out in the introduction, there is a need for viable,

flexible, and robust protocols towards (nano- and mesostruc-

tured) carbohydrate/calcium phosphate hybrid materials with

the potential for scale-up. While the organic modification of

cellulose in ILs has yielded a large number of publications

[35,37,40,57] the synthesis of carbohydrate/inorganic hybrid

materials from ILs is still in its infancy. The current study there-

fore addresses the problem by exploiting the potential of

[Bmim][Cl] to both dissolve cellulose in significant weight frac-

tions and to yield nanoscale calcium phosphate precipitates.

Besides, we have also explored the effects of additives, NaOH

and GAA, in the reaction mixture on sample architecture,

crystal phase, crystal organization, and sample homogeneity.

SEM (Figures 2, 4, 5) and TEM (Figure 6) show that the addi-

tive, GAA vs NaOH, has a dramatic influence on the sample

morphology. In the presence of GAA very uniform and highly

organized nanoscale hybrid materials are obtained. In contrast,

the addition of NaOH leads to heterogeneous sample morpholo-

gies with a poorly defined architecture of the inorganic building

blocks. EDXS (Table 4) shows that all samples have Ca/P ratios

that are lower than expected for stoichiometric HAP, although

the initial Ca/P ratio in the reaction mixture was 1.67. In some

cases (CCPH1, 2) the ratios of around 1 are indicative of DCPD

or DCPA. Moreover, X-ray maps of elemental distribution

(Figure 7) confirm SEM by showing that samples precipitated

with NaOH are not homogeneous on a micrometer to nanometer

scale.

Overall, the homogeneity of the samples precipitated with GAA

suggests that here (i) the reaction mixture is homogeneous and

nucleation and growth occurs throughout the reaction mixture

or (ii) that the GAA molecules act as growth modifiers, possibly

by stabilizing intermediates or nuclei which would then again

yield the uniform particles observed in the TEM. Indeed, citrate

has been suggested as a strong growth modifier for calcium

phosphate from aqueous solution [76]. In contrast, the hetero-

geneity of the samples obtained with NaOH could be due to

solubility issues of NaOH in the IL; as ILs are known to only

poorly solubilize alkali halides [65]. A similar argument may

apply to the case here.

The presence of Cl in all samples is surprising at first, but can

be assigned to the fact that the reaction is done in an environ-

ment rich in chloride, the IL [Bmim][Cl]. The incorporation of

chloride into the precipitates is further confirmed by XRD

(Figure 8) because the XRD patterns can – at least partly – be

assigned to chlorapatite.

XRD and IR spectroscopy (Figure 9) further show that in the

presence of GAA not HAP or ClAP forms initially, but dical-

cium phosphate anhydrate (monetite CaHPO4, DCPA). This is

interesting because DCPA is a calcium phosphate phase

that (in water) forms at relatively low pH values of around 5

[64,68,71,72]. This suggests that at least some of the growth of

calcium phosphate in ILs, such as the effects of pH in water vs

the presence of protons or hydroxide ions in IL, could be

similar, but this claim will need further investigation.

The seeming discrepancy between the observation, that in the

current work DCPA forms instead DCPD (which would be

expected in aqueous media), can be resolved by the fact that the

materials investigated in the current study were synthesized at

80 °C. At this temperature, DCPA also forms in aqueous media

[68].

This observation, however, points to an issue with the current

system. While most carbohydrates are fairly stable against

temperature, it may for other reasons be desirable to operate at

lower temperatures. To achieve this, [Bmim][Cl] is, due to its

high melting point, not well suited. Other ILs such as acetates

or formates would likely be more suitable candidates.

TGA/DTA (Figure 10, Table 5) and IR spectroscopy (Figure 9)

show that the mineralization of calcium phosphate in the pres-

ence of NaOH yields materials with significantly lower degrees

of mineralization than in the presence of GAA. This is different

from aqueous systems, where the solubility product of HAP

(formed at high pH) is significantly lower than that of DCPA

(formed at low pH). Here the current study shows that concepts

known from mineralization of calcium phosphate in aqueous

media cannot in all cases directly be transferred to ILs. While

both in water and ILs, higher temperatures seem to favor the

formation of DCPA over DCPD, the higher degree of mineral-

ization is somewhat counterintuitive when drawing inspiration

from aqueous media: the reason for the higher mineralization

level of the samples grown in the presence of GAA could well

be related to issues of solubility products of the respective

calcium phosphates in [Bmim][Cl] and these could be signifi-

cantly different than in aqueous solution.

Finally it is important to address the aspect of biocompatibility

and cytotoxicity. ILs are nowadays (after an initial phase, where

this aspect was completely ignored) regarded as moderately

toxic. This is mostly due to the fact that (i) many ILs either have

long alkyl tails on the cation or that (ii) some of the anions such
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as PF6
− can degrade and form, among others, hydrofluoric acid,

which is toxic [65,66]. In spite of this, the current data show

that the extraction process used for sample purification is suit-

able to produce materials free of IL: neither EA (Table 5) nor

EDXS (which is less sensitive, Table 2 and Table 4) detected

any nitrogen in the current samples. As nitrogen is only present

in the IL cation, this indicates that no more imidazolium

moieties are present in the final, purified materials. Indeed,

preliminary tests with MC3T3-E1 cells show that they prolif-

erate on our materials without significant damage. This thus

shows that IL-based synthesis protocols are also viable for

biomaterials development.

Conclusion
The current study presents a new approach towards true carbo-

hydrate/calcium phosphate hybrid materials with a highly

ordered, uniform, and chemically well defined mesostructure.

The study has three key findings: (i) the use of suitable ILs

enables the synthesis of hybrid materials with carbohydrates

that have so far not been accessible for the formation of true

nanoscale architectures in hybrid materials research, (ii) the

addition of an acid or a base dramatically affects the outcome of

materials synthesis; these data also suggest that some, but by far

not all, concepts of calcium phosphate growth known from

aqueous media can be transferred to ILs. Much more work is

however needed to understand the processes leading to the

observed morphologies. (iii) Soxleth extraction with a suitable

solvent is a viable method for producing essentially IL-free

hybrid materials that could find use in hard tissue repair or other

fields. Clearly, as stated throughout the discussion, there are

numerous open questions both with respect to synthesis opti-

mization and the fundamentals of materials formation from ILs.

This article is but the start down this interesting and promising

new avenue of materials research and development.
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