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Abstract 

Slurry behaviour has an important influence on the properties of ceramic scaffolds 

produced by the polymer sponge method. By adding chloride salts to the TiO2 slurry, the 

viscosity was increased depending on the chloride concentration at low pH and high 

particle concentration. Slurries with higher viscosity led to closed and dense scaffold 

struts combined with high porosity, resulting in a compressive strength over 1.6 MPa. 

Furthermore, scaffold prepared with 0.1 M CaCl2 and SrCl2 showed the formation of Ca- 

and Sr-rich phases at the grain boundaries. These ions were also shown to reduce the 

activation energy for grain growth in the TiO2 scaffold as indicated by the significantly 

larger grain size. Ca2+-doped scaffolds had the highest compressive strength, while the 

strength of Sr2+-doped scaffolds was reduced by the formation of a solid solution phase 

below the sintering temperature. 
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1. Introduction 

Titanium dioxide is well-known for its biocompatibility in different biomedical applications 

and has shown potential particularly for use as a bone scaffold [1-3]. These scaffolds can 

be used as a support structure during the self-healing process of bone [4]. Important 

properties for such a non-resorbable scaffold include sufficient pore size and 

interconnectivity, which allow cell ingrowth and vascularization, and a large surface area-

to-volume ratio, which enables cell adhesion [5]. These properties are crucial for tissue 

integration which is vital for the success of such scaffolds. Previous studies have shown 

the success of TiO2 scaffolds during the healing process in non-critical size defects in 

bones of minipigs resulting in vascularization and formation of bone lamellae in the inner 

region of the scaffold [2, 6].  

Combined with a high porosity, a bone scaffold has to have a high compressive strength 

which should be similar to trabecular bone which has a compressive strength between 2-

12 MPa [7]. Tiainen et al has shown that by increasing the porosity from 82% to 94%, the 

compressive strength of TiO2 scaffolds is decreased from 1.7 MPa to 0.4 MPa [8]. Other 

studies have shown the loss in compressive strength by increasing the porosity and the 

other way around [9, 10]. This leads to the present challenge of combining high porosity 

and high compressive strength in TiO2 bone scaffolds to ensure tissue integration and a 

support structure that is similar to natural bone in strength. 

To find the best compromise between high porosity and compressive strength, the 

polymer sponge replication method can be used to produce ceramic bone scaffolds [11]. 

Using this technique, a sponge foam is coated with TiO2 slurry and after burning out the 

polymer template and sintering the green body the final strong scaffold is formed. 

However, it is extremely important to control the behaviour of the slurry when utilizing this 

technique. To obtain the necessary scaffold properties, the slurry must have a shear 

thinning effect, which enables the removal of excess slurry to avoid a large amount of 

blocked pores [12]. The presence of blocked pores causes a decrease in the overall 

porosity and interconnectivity within the scaffold, which can potentially hinder cell 

infiltration and tissue integration. A further important property of the slurry is the maximum 

viscosity, which should be high enough to produce a uniform coating on the polymer struts 



inside the foam, ensuring sufficient compressive strength. To guarantee both properties, 

the TiO2 slurry must be a dispersion without agglomeration of the TiO2 particles.  

Agglomerations occur in a suspension if the attractive van der Waals forces are higher 

than the repulsive forces. A dispersant enables control of the balance between the two 

forces to get a viscous slurry without agglomerations. However, this strategy leads to 

residual porosity in the final ceramic body because of evaporation of the plasticizer [13]. 

Especially when producing highly porous bone scaffolds, micropores resulting from the 

evaporation of agents can cause a decrease in compressive strength. Another strategy 

is to influence the electrical double layer (EDL) around TiO2 particles, which in turn affects 

the repulsive forces in a suspension, by changing the pH. The influence of pH on the zeta 

potential (ζ potential), which defines the EDL thickness, is well known [14]. Tiainen et al. 

showed that by changing the pH to 1.5-1.7, the TiO2 slurry used for the scaffold production 

is stable and can be used for successful scaffold production [8]. Additionally, Davies and 

Binner studied the influence of ions on the ζ potential and the ceramic suspension 

viscosity and showed that that by adding ions to the ceramic slurry, the attractive potential 

increases and a network of individual, non-touching particles is created [15]. In relation to 

the production of bone scaffolds, it is of prime interest to investigate the influence of ionic 

strength of the dispersion on slurry rheology, especially on the most important slurry 

properties, such as shear thinning, maximal viscosity and stability without agglomeration. 

To achieve the goal of combining high porosity and high compressive strength of TiO2 

bone scaffolds, this study focuses on controlling the slurry stability and viscosity by adding 

different chloride salts to the ceramic slurry. To investigate this, general mono- and 

divalent salts with different ionic radii have been selected. Furthermore, the effect of the 

used salts (NaCl, KCl, CaCl2, SrCl2 and MgCl2) on the sintering behaviour of TiO2 was 

assessed and the changes in scaffold microstructure and mechanical properties were 

characterized. 

 

 

 



2. Material and Methods 

2.1 Sample preparation 

For producing TiO2 bone scaffolds, the polymer foam replication method was used. The 

slurry was prepared by adding 65 g of anatase powder (HOMBITAN FF-Pharma, 

Sachtleben Chemie GmbH, Duisburg, Germany) into 25 ml of 0.1 M (NaCl, KCl, CaCl2, 

SrCl2 and MgCl2) or 25 ml of 0.2 M NaCl solution. Higher powder concentrations resulted 

in agglomerated slurries, which are not recommended for scaffold production. The slurry 

was adjusted to a work pH 1.5-1.7 by adding 1 M HCl and was stirred at 5000 rpm for 

2.5 h at a temperature between 15-17°C (Dispermat Ca-40, VMA-Gertzmann GmbH, 

Reichshof, Germany). 

After coating the polymer foams (60 pores per inch, diameter 10 mm, height 10 mm, 

Bulbern S, Eurofoam GmbH, Wiesbaden, Germany) with the prepared slurry, excess 

slurry was squeezed out and the samples dried for 24 h at room temperature. Before 

sintering the scaffolds, the polymer template was burned out. Burn out of the polymer was 

performed at 450°C for 1 h with a heating rate of 1 K/min for avoiding disruptions of the 

ceramic structure. For ensuring the total decomposition, the temperature was increased 

to 1100°C for 5 h with a heating rate of 1 K/min. With a heating rate of 15.5 K/min, the 

scaffolds were sintered at a temperature of 1500°C for 20 h (HTC-08/16, Nabertherm 

GmbH, Lilienthal, Germany) and cooled down to room temperature. 

2.2 Slurry rheology 

The viscometer Bohlin Visco 88 (Malvern Instruments, Malvern, UK) was used to 

investigate the rheology of all prepared slurries. The viscosity and shear stress were 

measured as a function of shear rate in the range of 2.46 – 100 1/s. The bob and cup was 

defined as C25, the measurement was at room temperature with increasing and 

decreasing shear rates to show possible hysteresis effects. Best fit rheological model 

analysis was done using standard Bohlin viscometer software. 

 

 



2.3 ζ potential  measurement 

To investigate the effect of ionic strength and pH on the ζ potential, the Zetasizer Nano 

ZS with an automatic titration system MPT-2 (Malvern Instruments, UK) was used. 50 mg 

TiO2 powder was added to 1 l of deionized water and the suspension was bath sonicated 

for 10 min. After settling down of agglomerates for 10 min, 15 ml suspension was mixed 

with 15 ml 0.2 M concentrated salt solution. To ensure complete surface reactions and a 

stable ζ potential, the measurements were done after 3 days, except for NaCl samples 

the measurements were done after 6 days. The measurement itself was performed from 

the native pH, which varied between the samples from pH 5-9 to acidic (pH 1.6) or basic 

(pH 9) values. For each direction, three independent samples were measured three times. 

The ζ potential was calculated as an average of all measurement points.  

Additionally slurries at the work pH 1.7 and a higher pH around 2.4 were prepared, as 

described before, and the ζ potential was measured. Because the slurry was stable over 

time, the slurry was centrifuged for 15 min at 5500 g. This supernatant was measured 

three times and the ζ potential calculated by the average of the three measurements.  

To ensure no precipitation occurs between the salt cations and potential impurity ions 

dissolved from the TiO2 particle surface in concentrated suspension, the particle size of 

the supernatant for the slurry prepared in water without the addition of chloride salt was 

measured using dynamic light scattering (Zetasizer Nano ZS, Malvern Instruments, UK) 

before and after addition of chloride salts to reach final cation concentration of 0.1 M.  

2.4 X-ray photoelectron spectroscopy (XPS) 

Chemical surface composition of the used anatase powder was analysed using x-ray 

photoelectron spectroscopy (Kratos AXIS Ultra DLD, Kratos Analytical, UK) using 

monochromatic Al-Kα radiation (hv = 1486.6 eV) at 10 mA current and 15 kV voltage. 

Survey spectrum was recorded at pass energy of 80 eV and the quantification of the 

detected chemical elements was performed using CasaXPS software package (Casa 

Software, UK). Binding energy (BE) scale was calibrated by assigning the hydrocarbon 

peak to BE of 284.8 eV.  



2.5 Scaffold characterization 

Micro computed tomography (SkyScan1172, Bruker microCT, Kontich, Belgium) was 

used to determine 3D scaffold parameters. Four scaffolds (n=4) were placed in a plastic 

holder and by using a voltage of 100 kV, current of 100 µA, 6 µm voxel and 0.5 mm 

aluminium filter, three x-ray absorption images were taken every 0.4° up to a total of 180°. 

For reconstruction of a 3D model and calculation of parameters, the Skyscan software’s 

NRecon, CTan and CTvox (Bruker, Billerica, USA) were used. The compared parameters 

were strut thickness, pore size and total porosity. For an optical verification of these 

parameters, scanning electron microscope TM3030 (Hitachi High-Technologies Europe 

GmbH, Krefeld, Germany) was used. The samples were mounted on an aluminium holder 

with carbon tape and copper conductive tape. SEM images were made with 

backscattered electrons at 15 kV voltage. The grain size was calculated from three 

different scaffolds using ImageJ and a magnification of 800 (control group without salt 

and monovalent salt scaffolds n=3; divalent salt scaffolds n=9). Beside the SEM, the 

energy dispersive x-ray spectroscopy (Quantax 70, Bruker, Billerica, USA) was used to 

detect the chemical elements in grain boundaries. 

2.6 Compressive strength  

Uniaxial mechanical testing machine Zwick/Roell Z2.5 (Zwick GmbH & Co. KG, Ulm, 

Germany) with a 1 kN load cell was used to investigate the compressive strength of all 

produced scaffolds (n=10). The testing speed was defined as 100 mm/min, the preload 

as 0.5 N and the termination condition as 15% of the highest measured peak. The Test 

Expert II software was used to calculate the compressive strength on the basis of scaffold 

diameter and maximum force until failure. 

2.7 Statistical analysis 

Statistical comparison of compressive strength, pore size, porosity and strut thickness 

was performed using one-way analysis of variance (ANOVA) test followed by pairwise 

comparisons performed using Holm–Sidak method. The overall significance level was 

p<0.05 and n=10 for compressive strength analysis and n=4 for other scaffold properties. 

Statistical comparison of grain size was performed using one-way analysis of variance on 



Ranks (ANOVA on Ranks) test followed by pairwise comparisons performed using Tukey 

Test. The overall significance level was p<0.05 and n=34. 

3. Results 

3.1 Influence of chloride salts on ζ potential and slurry viscosity 

As shown in Figure 1, the isoelectric point (IEP) for the used anatase TiO2 powder was 

found at pH 4.6, which is calculated by regression of the measurement points. 

Furthermore, this powder showed a high ζ potential around 32.5 mV at a low pH (pH 1.65) 

and ionic strength 0.022 mol/l. 

 

Figure 1 - ζ potential of 1.1 electrolyte samples. The lines show the ζ potential measurement with 25 mg/l 

particle concentration (LC – low concentration). The dots show the slurry measurement. The ζ potential of 

slurries with monovalent counterions is reduced and a stable suspension without agglomeration is present.  

The location of the IEP remained unchanged for 0.1 M NaCl suspensions indicating inert 

behaviour of the electrolyte (Figure 1). By increasing the concentration to 0.2 M an IEP 

shift of 1 unit is observed. An IEP shift and therefore a non-inert behaviour was observed 

for 0.1 M KCl as well. At the pH 1.7 (work pH for slurries), the measurements showed a 

decreased ζ potential in the presence of monovalent ions. Also, the measurement with 

the supernatant of centrifuged slurries showed a decreased ζ potential at a low work pH 

at 1.7. The comparison of both measurements showed that the ζ potential in slurries is 



higher. Furthermore, the comparison of both measurements showed a similar 

development of ζ potential depending on pH. 

Figure 2 shows the ζ potential measurements for the used divalent salts. All used salts 

showed a non-inert behaviour manifested as an IEP shift higher than 3 units. The 

adsorption of MgCl2 showed a fundamental change in TiO2 particle surface properties 

and no IEP was observed within the measured pH range. The slurry measurement 

showed a similar ζ potential of approximately 29 mV for all three salts, which is lower than 

the ζ potential measurement of the control slurry without salt at similar pH. The MgCl2 

slurry measurement at pH 2.2 showed a further decreased ζ potential, which confirms the 

ζ potential measurement using samples with lower particle concentration (25 mg/l). 

Slurries prepared with 0.1 M CaCl2 and SrCl2 at a pH 2.2 showed to be unstable due to 

agglomerations and no ζ potential measurement data is available.  

 

Figure 2 - ζ potential of 1-2 electrolyte samples. The lines show the ZP measurement with 25 mg/l particle 

concentration (LC – low concentration). The dots show the slurry measurement. The ζ potential in LC 

samples was seriously reduced. The slurry measurement for all samples at pH 1.7 show a reduced ζ 

potential, but a stable suspension. A non-stable suspension with agglomerates was observed for CaCl2 and 

SrCl2 slurries at pH≥2. 

All investigated slurries showed a shear thinning behaviour which is defined by 

decreasing viscosity with increased shear rate (Figure 3). The flow behaviour of all 



prepared slurries was characterized by Casson model [16]. Slurries prepared with 0.1 M 

NaCl and KCl showed the same rheological behaviour with similar maximum viscosities. 

The same was observed for 0.2 M NaCl and divalent salt slurries. 

 

Figure 3 - Viscosity of TiO2 slurries with different salts as additive. The slurry viscosity was increased by 

addition of chloride salts into the slurry. Furthermore, slurries prepared with divalent salts and 0.2 M NaCl 

showed similar maximal viscosities. Slurries with 0.1 M KCl and 0.1 M NaCl showed similar maximal 

viscosity as well, but decreased compared to divalent salt slurries.  

Table 1 shows that the chemical composition of the used TiO2 powder. Apart from titanium 

and oxygen, oxidised aluminium impurities were also found in the powder sample. In 

addition to adsorbed hydrocarbon surface contamination, low concentration of 

phosphorus and sodium (≤2 at.%) were also detected on the surface of the TiO2 particles. 

Phosphorus is present on the surface as phosphates, which may be dissolved from the 

surface in to the TiO2 suspension, particularly at high TiO2 particle concentrations. 

However, no precipitation of phosphate salts with low solubility was observed in slurry 

supernatants when the used mono- and divalent chloride salts were added into the slurry 

supernatants to obtain final salt cation concentration of 0.1 M.   



Table 1 – Chemical surface composition of the anatase powder used in this study. 

Element O Ti C Al P Na 

at.% 58.2 21.5 13.7 3.1 2.1 1.5 

 

3.2 Influence of chloride salts on scaffold properties 

Table 2 - Scaffold parameters pore size, strut thickness and porosity calculated with microCT and 

average grain size calculated with ImageJ. *p<0.05, n=4; **p<0.001, n=34 

 

Total 

porosity 
Pore size 

Strut 

thickness 

Strut thickness 

distribution peak 

(48 µm) 

Average grain size 

 
% µm µm % µm 

control 89±1 451±78 67±10 17±4 16.8±6.3 

0.1 M KCl 91±1 441±10 62±6 20±3 16.6±7.1 

0.1 M NaCl 93±1 480±3 60±6 22±4 17.5±7.4 

0.2 M NaCl 89±1 391±17* 62±7 20±3 13.6±4.6 

0.1 M CaCl2 90±2 422±14 62±11 26±6 48.0±33.0** 

0.1 M MgCl2 90±1 422±30 64±7 21±4 50.5±28.5** 

0.1 M SrCl2 89±2 425±13 67±8 20±4 60.2±34.5** 

 

Table 2 includes the most important structural characteristics of all fabricated scaffolds. 

The pore size of scaffolds produced using slurries containing divalent cations was similar 

to the control scaffolds, while 0.1 M KCl and NaCl showed larger pores. 0.2 M NaCl 

scaffolds showed significantly smaller pore size compared to the control scaffolds. The 

porosity for all scaffolds was higher than 89% and the strut thickness of all scaffolds 

prepared with salt was decreased apart from SrCl2 scaffolds which had the same strut 

thickness as the control scaffolds without salt. The strut thickness distribution shows a 

narrow distribution of CaCl2 scaffolds in one peak at 48 µm instead of a wide range of 

strut thicknesses (Figure 4), which is a result of a more homogenous sponge replication 

combined with less blocked pores. The strut thickness distribution peak is for all scaffolds 



with salt increased and 0.1 M CaCl2 scaffolds showed the highest peak with 26%. The 

scaffolds could be divided into two different groups based on their compressive strength 

(Figure 5). The monovalent scaffolds (0.1 M NaCl and KCl) showed a similar compressive 

strength compared to the control scaffolds. The second group consisting of scaffolds 

prepared with divalent salts (0.1 M CaCl2, 0.1 M MgCl2 and 0.1 M SrCl2) showed 

increased compressive strength, whereby 0.1 M CaCl2 scaffolds a significant 54.7% 

increase in compressive strength. 0.2 M NaCl scaffolds showed similar scaffold 

properties in comparison to the divalent scaffolds. 

 

Figure 4 - Strut size distribution of all fabricated scaffolds. All salted scaffolds showed a higher and more 

concentrated peak at 48 µm, while 0.1 M CaCl2 scaffolds showed the highest distribution (26±6%) at 48 µm. 

 

Figure 5 - Compressive strength of all fabricated scaffolds. 0.1 M CaCl2 scaffold showed a statistically 

significant increased strength compared to the control scaffolds (# p<0.01). n=10 



The change of strut shape in TiO2 scaffolds by adding different salts to the slurry is shown 

in Figure 6. The control scaffolds showed struts with the hollow structure typical of ceramic 

foams produced by polymer sponge replication or a characteristic V-shaped struts 

resulting from inward collapse of one of the walls of the hollow struts during sintering. 

Furthermore, longitudinal cracks along the strut edges were observed which contributed 

to the low compressive strength. Scaffolds produced with 0.1 M NaCl and KCl showed 

denser struts compared to the control scaffolds but cavities and cracks along the struts 

were still observed. Denser struts combined with cavities and cracks did not deviate 

significantly in compressive strength compared to the control scaffolds. The divalent and 

0.2 M NaCl scaffolds showed even more dense struts without cavities and reduced cracks, 

leading to a higher compressive strength compared to the control and monovalent 

scaffolds. Furthermore, CaCl2 and SrCl2 scaffolds showed a large amount of Ca2+ and 

Sr2+ concentrated in the grain boundaries, while in all other scaffolds the additional ions 

showed a homogenous distribution in grain and grain boundaries (Figure 6). 

 

Figure 6 - Effect of different salts on the strut architecture of TiO2 scaffolds. Scaffold struts of control 

scaffolds showed thin struts with a typical V-shape, which causes low compressive strength. Scaffolds 

fabricated with divalent salts and 0.2 M NaCl showed closed struts and especially CaCl2 and SrCl2 round 

struts without a typical V-shape. 



Regardless of concentration, monovalent salts did not show any effect on the grain size 

in sintered TiO2 ceramic scaffolds. The average grain size of NaCl and KCl scaffolds is 

similar to the control scaffolds. The influence of divalent salts on grain growth is shown in 

Figure 7 A2-D2 and Table 2. CaCl2 and MgCl2 showed similar average grain size, which 

was more than three times larger compared to the control scaffolds. SrCl2 scaffolds 

showed even larger grains in average which were observed to be more than four times 

larger than control scaffolds without salt. The increase in grain size for all scaffold groups 

with divalent salt was found statistically significant compared to the control without salt. 

 

Figure 7 - Grain size after burn out (1) and after sintering (2) for the control scaffolds (A), 0.1 M CaCl2 (B), 

0.1 M MgCl2 (C) and 0.1 M SrCl2 scaffolds (D). CaCl2 and MgCl2 did not show a difference in grain size 

before sintering compared to control scaffolds, while SrCl2 seems to effect the grain size before sintering. 

All scaffolds showed increased grain size after sintering in comparison to control scaffolds without salt 

addition. 

The influence of divalent salts on grain size during the polymer burn-out process at 

1100 °C is shown in Figure 7 A1-D1. MgCl2 did not show an effect on grain size and 

resulted in similar grains compared to the control scaffolds. CaCl2 scaffolds showed 

slightly larger grains after the burn out process. SrCl2 scaffolds showed larger TiO2 grains 

compared to the control scaffolds and phases with a high concentration of Sr2+ were 

observed as the bright spots seen in Figure 7 D1. 

 

 



4. Discussion 

This study shows that the maximum viscosity of TiO2 slurries can be increased by adding 

different chloride salts to the suspension. Slurries prepared with 0.1 M NaCl and KCl 

slurries showed similar rheological behaviour with an increased maximum viscosity 

compared to slurries without salts. The development of both viscosities as a function of 

shear rate was similar although the influence on the ζ potential was different. According 

to the DLVO theory the ζ potential can be measured to determine the repulsive forces 

between particles in a suspension, and due to this, the stability of the particle suspension 

can be evaluated [17, 18]. Previous studies have shown that electrolytes compress the 

electric double layer and therefore decrease the ζ potential [17, 19-21]. The ζ potential 

measurement of NaCl and KCl showed that the ζ potential of 0.1 M NaCl and 0.1 M KCl 

samples is similar. Hence, the influence of both 1-1 electrolytes on the electric double 

layer is similar and resulted in a higher slurry viscosity with a similar maximum viscosity 

compared to the control slurry. Furthermore, the similar influence of 0.1 M NaCl and KCl 

on the ζ potential is confirmed by showing the same decreased absolute value for the 

slurry measurements. The ζ potential is depending on the ions-to-TiO2 particle ratio [21]. 

The TiO2 particle concentration was markedly higher in the cloudy supernantant sample 

compared to LC measurements, although the exact concentration is unkown. This leads 

to the assumption that NaCl and KCl at the concentration of 0.1 M decreased the ζ 

potential in TiO2 slurries with the same amount.  

The same ζ potential was measured for a higher concentration of 0.2 M NaCl for the slurry 

measurement. But the slurry viscosity was approximately three times higher for 0.2 M 

NaCl slurries in comparison to 0.1 M NaCl and KCl slurries. According to the DLVO theory, 

an increased electrolyte concentration results in a decreased ζ potential and interaction 

energy which leads to agglomerations between single particles [15, 19]. The slurries with 

0.2 M NaCl had similar viscosity as the slurries with divalent salts as additive. All divalent 

salts acted as non-inert electrolytes, what was confirmed due to an IEP shift. This shift 

was not observed for the higher NaCl (0.2 M) concentration. The IEP shift occurs because 

of a specific adsorption of ions on TiO2 particles [17, 19, 22]. This specific adsorption 

seemed to be present for divalent salt samples, because an IEP shift was observed. But 



the ζ potential measurement of divalent salt slurries showed that for a higher powder 

concentration the influence of divalent salts is similar to the monovalent salts despite the 

higher Cl- concentration. This measurement showed that, by increasing the powder 

concentration, the influence of the ions on the ζ potential is not marked enough to explain 

the notable difference in viscosity. The SrCl2 and CaCl2 slurries were unstable and 

aggregated at a work pH 2.2, which can not be explained simply by the decreased ζ 

potential. Velamakanni et al. described in 1990 that the DLVO theory is not fully consistent 

for coagulated slurries, especially in the presence of excess salt [23]. The net energy 

according to the DLVO theory is not only defined due to the ζ potential, it is depending on 

ionic strength as well [24]. By using extreme high ionic strength, the net energy is 

decreased and the ζ potential shows that the electrolyte is not sufficient to stabilize the 

dispersion. The coagulated CaCl2 and SrCl2 slurries at pH 2.2 showed this effect, but the 

explanation of the stability of high concentrated ceramic slurries has to include the 

discussion of a third force as well. 

In 1985, Israelachvili suggested a third force which acts as a repulsive hydration force at 

very small distances (<5 nm) [25]. This additional force explains the interparticle forces in 

a highly concentrated suspension in the presence of salt. The hydration layer is formed 

at low pH, when hydrated anions interact with the positively charged TiO2 surface [23]. 

The different ζ potential measurements combined with the viscosity measurement in this 

study agree with this theory. The viscosity increases in the presence of salt depending on 

the anion concentration. Hence, 0.2 M NaCl slurries showed the same viscosity as the 

0.1 M divalent salt slurries and 0.1 M NaCl and KCl slurries showed a decreased 

maximum viscosity. Both ζ potential measurements showed that this potential is not the 

main influence on the stability of highly concentrated suspensions although the ζ potential 

is decreased for all slurries. Furthermore, the slurry measurement revealed the strong 

influence of the particle concentration on the ζ potential as higher ζ potential values were 

measured for the more concentrated samples. This confirmed that the ζ potential 

measurement with a low particle concentration of 25 mg/l cannot fully explain the 

interparticle forces in high concentrated suspensions, but gives valuable information on 

the general influence and adsorption of different ions on TiO2 particle surfaces. 



The measurement of ζ potential and viscosity showed that adding salt is an efficient way 

to increase the viscosity of concentrated TiO2 suspensions. The slurries showed a strong 

shear thinning effect because of coagulation and hydration force at low interparticle 

distances [15, 23]. The stability over time underlines that the particles are coagulated and 

not agglomerated. A coagulated suspension is defined as a suspension to which salt is 

added, the attractive forces are dominated and a network of non-touching particles are 

present [15]. Therefore, the highly concentrated slurries are defined as coagulated and 

not agglomerated because of the high ionic strength and low ζ potential. An increase in 

powder concentration resulted in agglomerated slurries. This effect was not observed for 

the used slurries in this study and shows once again that the used powder concentration 

leads to a stable slurry without agglomerations. Although chemical analysis revealed the 

presence of low concentration of phosphate impurities on the TiO2 particle surface (Table 

1), the low processing pH used for the slurry preparation (pH < 3) prevented any 

precipitation of insoluble calcium or strontium phosphate salts due to potential release of 

soluble phosphate from the particle surface. Therefore, the observed influence on the 

rheological properties of the prepared slurries cannot be explained by formation of 

impurity particles in the presence of impurity anions. This underlines that the investigated 

influences occur due to the additional chloride salt ions in to the TiO2 slurry. But the low 

IEP of the used anatase TiO2 powder can be explained due to the high amount of soluble 

phosphates present on the particle surface. 

Influence of ions on scaffold properties 

In this study, different scaffold properties of monovalent and divalent scaffolds were 

observed. This shows that the viscosity, which is lower for monovalent slurries compared 

to divalent slurries, has a direct influence on the main scaffold properties. Monovalent 

scaffolds showed similar compressive strength compared to control scaffolds. The strut 

thickness of monovalent scaffolds was slightly decreased. The strut thickness distribution 

showed a more concentrated distribution combined with a high peak, which is an 

indication for a more uniform scaffold structure compared to control scaffolds. This 

assumption was also confirmed by the higher porosity. In relation to control scaffolds, the 

strut architecture of monovalent scaffolds showed slightly denser struts with a less 

pronounced V-shape due to a more viscous TiO2 slurry. All in all, the change in scaffold 



properties of monovalent scaffolds are not strong enough. The compressive strength of 

monovalent scaffolds is similar to the control scaffolds because of similar structural 

properties. Furthermore, cracks along the struts are still observed for all monovalent 

scaffolds and control scaffolds. 

On the other hand, divalent scaffolds showed improved compressive strength with similar 

porosity values compared to control scaffolds, because of denser struts combined with a 

closed strut architecture. The strut thickness distribution showed more homogenous strut 

size with a more concentrated distribution and high peak at 48 µm (Figure 4). The strut 

architecture exhibit more material, which is the result of a better polymer foam coating 

during the replication method. 

One reason for the more uniform coating of the polymer foam is the higher viscosity of all 

divalent slurries. The influence of slurry viscosity on scaffold properties is shown by the 

comparison of divalent slurries and scaffolds with the 0.2 M NaCl slurry and scaffolds. 

This underlines the previous discussed important influence of the amount of Cl ions on 

slurry rheology and scaffold properties. The strut architecture of MgCl2 and 02 M NaCl 

scaffolds is similar and exhibited a slightly V-shaped strut morphology. Due to more 

material on the struts, the densification of TiO2 led to a cavity free architecture, resulting 

in an improved compressive strength. However, a more important reason for this 

structural densification was the influence of the different salts on the sintering behaviour 

of TiO2, which was particularly pronounced for SrCl2 and CaCl2. With round and dense 

struts without a V-shape the strut architecture of CaCl2 and SrCl2 scaffolds shows a 

different morphology than all other scaffolds, especially when compared to the control 

scaffolds (Figure 6). The comparison of divalent scaffolds with scaffolds from previous 

studies shows the importance of dense struts without a V-shape to improve the 

compressive strength. Tiainen et al. produced TiO2 scaffolds using a highly viscous slurry 

with a maximum viscosity higher than 30 Pas due to a high Na+ and Cl- concentration that 

results from a washing procedure used to remove surface-bound contaminations from the 

TiO2 particle [8, 11]. But these scaffolds showed lower compressive strength compared 

to all scaffolds in this study with the same amount of powder in the slurry and a similar 

porosity values of the scaffolds [8]. The comparison of the strut architecture shows that 

despite a higher slurry viscosity, the strut architecture still evince flaws which caused the 



low compressive strength. This strengthens the assumption that viscosity is just one 

influence on scaffold compressive strength. Although a higher slurry viscosity showed to 

improve the scaffold properties in this study, the influence on ions during the sintering 

process and the densification of the material has an even stronger impact on the strut 

morphology and mechanical properties of the scaffolds. 

Another confirmation for the importance of the influence of ions on scaffold properties is 

given by the larger grain size of divalent scaffolds compared to the control scaffolds. 

Novak et al. showed an improved compressive strength of tenfold by eliminating cracks 

and flaws in the scaffolds structure with PDLLA/Bioglass composite coating [26]. This 

connection proves once again that the compressive strength of a porous scaffold can be 

increased by decreasing the number of cracks and flaws in the scaffold struts. A theory 

for the increased compressive strength because of denser struts is that a liquid phase 

may be formed during the sintering process. Because of a more rapid grain boundary 

diffusion kinetics and high grain boundary mobility during a liquid phase, the grains are 

growing much faster and abnormal grain growth is present in the scaffolds with divalent 

salt [27, 28]. As shown in Figure 5 and 6, the faster grain growth of divalent salt scaffolds 

led to more dense struts and finally to higher compressive strength. But the comparison 

of grain size after the burn-out process at 1100 °C shows as well that the mechanism 

between SrCl2 and the other two divalent salts is different. While MgCl2 and CaCl2 

scaffolds showed similar grain size to the control group before the high temperature 

sintering process, SrCl2 showed increased grain size. Additionally, the observed Sr-rich 

spots led to the assumption that there is a reaction between Sr2+ and TiO2 forming a new 

strontium rich phase already at temperature below 1500°C. 

Another effect in CaCl2 and SrCl2 scaffolds was observed in the grain boundary 

composition. While all other scaffolds showed a homogenous distribution of the additional 

ions in grains and grain boundaries, Sr2+ and Ca2+ seemed to affect the grain boundary 

composition. CaCl2 and SrCl2 scaffolds had an increased amount of Ca2+ and Sr2+ 

concentrated in grain boundaries. There is a solubility limit for cations with large ionic 

radius, such as Ca2+ and Sr2+, in TiO2 lattice. Excess cations are pushed out into the grain 

boundaries. The solubility of impurities in the lattice is depending on the charge and the 

ionic radius of the cations [29], which explains the different grain boundaries of Ca2+ and 



Sr2+ doped TiO2 scaffolds compared to Mg2+, Na+ and K+ doped one. This effect has also 

been reported for Al2O3 lattices [30].  

 

5. Conclusion 

This study showed that the viscosity of concentrated anatase TiO2 slurries could be 

increased by adding mono- or divalent chloride salts into the slurry. The ζ potential 

measurement of the slurry showed that the force which prevents the agglomeration of 

particles in a suspension with short distances (<5 µm) is the hydrations force. Due to a 

higher viscosity, scaffold properties can be improved as well. All scaffolds with salt 

showed denser struts morphology which results in high compressive strength. Because 

of these denser and rounder struts, the scaffolds showed a compressive strength up to 

1.68 MPa. Furthermore, the activation energy for sintering is decreased by using CaCl2 

and SrCl2 which leads to larger grains caused by higher grain boundary mobility. A new 

grain boundary composition appeared in CaCl2 and SrCl2 scaffolds, which showed a 

larger amount of Ca2+ and Sr2+. 
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