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Abstract 

 
Ammonium aluminium carbonate hydroxide (AACH) is a promising alternative precursor for preparation 

of alumina with high purity and original textural properties. In this paper, both boehmite (classical alumina 
precursor) and AACH were precipitated in a stirred tank reactor with close process parameters. Preparation 
protocols were thus compared. Main differences between both protocols were pointed out (reactant molar ratio 
influence, alumina concentration, filtration / washing step). This study helps for the choice of the appropriate 
preparation route for alumina precursor synthesis. As-synthesized boehmite and AACH precursors were then 
calcined between 500 °C and 1000 °C. The textural properties of the corresponding aluminas were 
characterized. At 500 °C, AACH-derived alumina revealed to be particularly porous, with larger mean pore 
diameter (ca. 29 nm) than boehmite-derived alumina (ca.6 nm). Moreover, AACH-derived alumina exhibited a 
high surface area. However, a more accurate analysis revealed that this high specific surface area (407 m2.g-1) is 
mostly due to microporosity formation during the calcination step. At higher calcination temperature, boehmite 
and AACH-derived aluminas exhibited different behaviors against sintering. In particular, the latter showed an 
interesting ability to maintain a constant mean pore diameter, regardless of the calcination temperature. 

 
Keywords: Precipitation, alumina, AACH, boehmite, sintering
1. Introduction 

 
Supported heterogeneous catalysts are widely used in refining and petrochemical processes. One way to get 

better catalyst performances is to develop supports with enhanced properties. Due to its high surface area, as well 
as good mechanical, chemical and thermal stability, γ-Al2O3 is often used as a catalyst support [1,2]. It is obtained 
by precursor dehydration, generally boehmite γ-AlOOH. However, even if further steps (shaping, thermal 
treatment) are used to adjust the final properties of alumina supports, the textural properties are to a large extent 
fixed by those of the initial solid precursor. A precise control of the support properties is also important to fit with 
a given refining process.  

 
Various synthesis routes are possible for boehmite, such as sol-gel or aqueous precipitation processes, each 

leading to different ranges of textural properties and purity levels [2,3]. Very pure boehmite can be prepared by 
the sol-gel process using aluminium alkoxides [4], leading to alumina exhibiting low sodium content (< 40 ppm 
Na2O) [1,2] and surface area in the range of 200-500 m².g-1 [5]. However, precipitation of aluminium salts is a 
cheaper way to produce boehmite at an industrial scale. Several aluminium salts can be used (Al(NO3)3, AlCl3, 
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Al2(SO4)3 NaAlO2) and their nature and concentration can have great influence on the morphology and textural 
properties of the precipitated particles [6]. Aluminas manufactured by precipitation generally exhibit surface area 
lower than 300 m².g-1 [3,7] and may have high impurities content (200-3000 ppm Na2O) [1,2]. 

 
Ammonium aluminium carbonate hydroxide (AACH, with formula NH4Al(OH)2CO3), also called NH4-

dawsonite, can be an interesting alternative choice for preparation of γ-Al2O3 with high purity level and new 
textural properties. Various methods can be used to synthesize AACH [8], but the main one remains the 
precipitation of aluminium salts (Al(NO3)3, (NH4)Al(SO4)2, or AlCl3) in aqueous phase with precipitating agents 
such as (NH4)2CO3 or NH4HCO3 [9,10]. Influence of several parameters on the product properties have been 
studied so far: reactants [11], contacting mode [12–15], pH [16,17], molar ratio [9,15,18], alternative medias 
[17,19]. A wide range of γ-alumina textural properties have thus been described in the literature, with surface area 
ranging from 200 to 500 m².g-1, as well as pore volume ranging from 0.7 to more than 2.0 cm3.g-1. 
 

We observed in the literature that AACH is generally compared to boehmite from a textural point of view 
exclusively. However, since these two precursors can exhibit a different behaviour due to their particular 
properties [20], their preparation steps cannot be considered as being equivalent. Synthesis of pure AACH or 
boehmite thus requires certain specificities that need to be taken into account to compare the interest of both 
precursors from a more global perspective. 

 
In the present work, a simple precipitation process in a double-jet stirred tank reactor was studied at the 2-4 

liter scale. The preparation method was based on an optimized protocol for boehmite synthesis, and was adapted 
to AACH synthesis. By optimized protocol, we mean a protocol leading after calcination to γ-alumina material 
with high surface area (typically 250-300 m2/g) and high pore volume (typically 0.8-0.9 cc/g), properties that are 
suitable for catalyst support. Precipitation of both precursors in similar conditions allowed us to point out the 
main specificities in each protocol. Then, boehmite, AACH and their derived aluminas were characterized in 
order to compare the thermal evolution of their textural properties. Finally we propose a proper comparison 
between two precursors to prepare porous alumina: the classical precursor one, boehmite, and a most original one, 
AACH. This consistent comparison between boehmite and AACH is performed both in terms of product 
properties and preparation advantages / disadvantages. In addition, the present work also proposes an 
interpretation to explain the strong increase in specific surface area generally observed during AACH 
calcinations. 

 
2. Experimental 

 
2.1 Synthesis of boehmite 

 
The experimental setup is displayed on Figure 1. The boehmite synthesis is derived from the protocol 

reported by Morgado et al. [21]. Reagent grade aluminium sulphate (Univar) and sodium aluminate (Sigma-
Aldrich) were used as starting materials without further purification. 

 
The synthesis was carried out in a stirred tank reactor equipped with a mechanical stirrer and containing a 

1170 mL initial water volume. Boehmite was precipitated by simultaneous dosing of an aluminium sulphate 
solution (acid reactant, 1.0 mol.L-1, 13.7 mL.min-1), a sodium aluminate solution (basic reactant, 3.0 mol.L-1, 18.0 
mL.min-1) and additional water (46.1 mL.min-1) over 30 minutes. The molar ratio Rb/a (defined as the molar ratio 
of NaAl(OH)4 over Al2(SO4)3) was 4.0, and both temperature and pH value of the suspension were controlled at 
60 °C and 9.7, respectively. After  the synthesis, the suspension was filtered and washed five times using hot 
water in order to minimize the  impurities content (Na+ and SO4

2−). Then, the filtration cake was dried at 120 °C 
overnight and ground. The obtained boehmite dried precursor was labeled as B. 

 
2.2 Synthesis of AACH 

 
Reagent grade aluminium nitrate (Alfa Aesar) and carbonate ammonium (Alfa Aesar) were used as starting 

materials without further purification. 
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The synthesis was carried out in a stirred tank reactor equipped with a mechanical stirrer (Figure 1) and 
containing an initial 667 mL water volume. AACH was precipitated by simultaneous dosing of an aluminium 
nitrate solution (acid reactant, 1.2 mol.L-1, 21.8 mL.min-1), a carbonate ammonium solution (basic reactant, 2.0 
mol.L-1, 39.3 mL.min-1) over 30 minutes. The molar ratio Rb/a (defined as the molar ratio of (NH4)2CO3 over 
Al(NO3)3) was 3.0, and the suspension temperature was controlled at 60 °C. pH was monitored between 7 and 8. 
After synthesis, the suspension was filtered and washed once with hot water. Then the cake was dried at 120 °C 
overnight and ground. The obtained AACH dried precursor was labeled as A. 

 
2.3 Preparation of Al2O3 

 
Dried boehmite and AACH were calcined in static air in a muffle furnace at 500, 700 or 1000 °C for 4 h, 

using a ramp of 2 °C.min-1. The alumina obtained from precursors B and A were labeled as B-X and A-X, 
respectively, with X the calcination temperature. 

The repeatability of materials preparation was checked: boehmite and AACH precipitations, and the 
subsequent calcinations, were performed between 3 and 5 times. The analysis (see section 2.4) shows relative 
variations of 6% and 11% for the specific area and pore volumes, respectively, of alumina and 3% for the 
crystallite sizes of boehmite and AACH.  

 
2.4 Characterization methods 

 
The crystal phase identification was done by powder X-ray diffraction (XRD). Data were collected on a 

PANalytical X'Pert Pro θ–θ diffractometer in Bragg–Brentano geometry, using filtered Cu Kα radiation and a 
graphite secondary-beam monochromator. Diffraction intensities were measured, at room temperature, by 
scanning from 5 to 72° with a step size of 0.033° (2θ). Crystallite sizes were determined using Scherrer's 
equation. 

The nitrogen adsorption–desorption isotherms were collected at 77 K using an adsorption analyzer 
Micromeritics ASAP 2420. Boehmite, AACH and Al2O3 samples were previously degassed in vacuum for 3 h at 
250 °C, 6 h at 80 °C and 6 h at 150 °C, respectively. The specific surface area (SBET) was determined by the BET 
method in pressure domain 0.05 ≤ P/P0 ≤ 0.35, and t-plot method was used to evaluate microporosity. Pore size 
distributions (PSD) were calculated from the desorption branches of the isotherms using the BJH model. The 
mean pore diameter (Dp) corresponds to the maximum of the pore size distribution. When the PSD is not 
monomodal, we report two (or more) Dp values corresponding to the two (or more) observed local maxima. Pore 
volume (Vp) was calculated from the adsorbed volume of gas, Vads at the higher relative pressure (P/P0 ≈ 0.99).  

Transmission electron microscopy (TEM) observations were performed on a Tecnai microscope (FEI) with 
accelerative voltage of 200 kV and equipped with HAADF-STEM and EDX detectors. A small amount of powder 
was dispersed in alcohol using an ultrasound bath. Then a droplet was deposited on a carbon-coated grid and 
dried under a UV lamp. 

Thermogravimetric analysis (TGA) was conducted on a thermogravimetric analyzer STA 449 C 
(NETZSCH), under air atmosphere with a heating rate of 10 °C.min-1. The thermogravimetric analyzer was 
equipped with a QMS 403 C mass spectrometer. 

Fourier transform infrared (FTIR) spectroscopy was carried out in a Bruker Vertex702 spectrometer 
equipped with a MCT detector (transmission mode). 128 scans with a resolution of 4 cm-1 were collected. The 
sample was pretreated at 80 °C during 5h30 under medium vacuum. 

 
3. Results and discussion 
 

3.1 Protocol adaptation to pure AACH preparation 
 
3.1.1 Solid phase concentration and molar ratio 

 
Both boehmite and AACH were precipitated in such conditions that the final suspension contained 

approximately the same concentration of solid phase (42-44 g.L-1). For AACH synthesis, this implied that 
precipitation has to be carried out using a low Rb/a molar ratio. In such conditions, the choice of an appropriate 
precipitating agent is crucial to get pure AACH: ammonium carbonate was preferred to ammonium hydrogen 
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carbonate, as the latter generally lead to a more or less significant formation of boehmite [11,18,22]. In addition, 
it should be noted that despite a similar concentration of solid phase in the tested protocols for both precursors, 
aluminium content was lower in AACH one, which means a lower alumina concentration. Indeed, higher alumina 
concentration levels can generally be reached with boehmite precipitation pathway as both reactants can bring 
aluminium ions. 

 
The sensitivity of the suspension pH to the molar ratio appeared to be very different, following the boehmite 

protocol or the AACH protocol. In boehmite case, a slight variation of the molar ratio Rb/a between 3 and 4 
induced a strong variation of the pH value in the range of 5 to 10. On the contrary, we observed in AACH case 
that a strong variation of the molar ratio Rb/a between 3 and 11 induced a slight variation of the pH value in the 
range of 7 to 8 (Figure S1). This difference of behaviour is due to the buffer effect of the (NH4)2CO3 solution 
(pH=8.5 at 50 °C) used as basic reactant for ACCH preparation (on contrary, the other aqueous solutions of 
aluminum salts have no buffer effect). As a consequence, AACH precipitation conditions turned out to be less 
sensitive to this synthesis parameter. A better control of the precursor properties can thus be expected.  

 
3.1.2 Optimization of the filtration / washing step  

 
When filtration is carried out at constant pressure, filtrate volume V can be linked to filtration time t thanks 

to the Kozeny-Carman equation [23]: 
 

𝑡
𝑉

=
𝜇𝜇𝑠𝑊

2𝐴𝑓2∆𝑃
∙ 𝑉 + 𝑐𝑐𝑡 

 
where µ is the dynamic viscosity (Pa.s-1), W is the dry cake mass per unit filtrate volume (kg.m-3), Af is the 
filtration area (m2) and ΔP the filtration differential pressure (Pa). Rs is the specific resistance of the filter cake 
(m.kg-1) and represents the filterability of a suspension, regardless of the operating conditions if assuming an 
incompressible cake (ideal case). Both boehmite and AACH specific resistance were estimated experimentally by 
measurements of filtrate volumes obtained as a function of time (Table 1). In the studied conditions, boehmite 
suspension thus exhibited a much better filterability than AACH suspension. In practice, this involved filtration 
times of less than a minute for boehmite suspension, and more than an hour for AACH suspension. 
 

The cake washing is an important step in the preparation of a catalyst support, which aims to remove parasite 
phases, generally due to the reaction by-products. In boehmite preparation, this step also aims to remove adsorbed 
Na+ and SO4

2- counter-ions which could negatively impact its textural properties or poison the active sites on the 
final catalyst. Several washing were necessary, leading to a final washing volume over suspension volume ratio 
(Vwashing/Vsuspension) in the order of 5. One of AACH interests is its ability to give high purity alumina, as the 
majority of ions involved in the synthesis are easily degraded and evacuated during calcination step. However, in 
the absence of washing, ammonium nitrate traces were observed by XRD (Figure 2). A washing step is thus 
necessary to get pure AACH. 

 
Washing influence on AACH cake was studied by carrying out several unit washing until reaching a final 

Vwashing/Vsuspension ratio of 3.2. After each unit washing, cake and filtrate samples were collected. The first was 
dried and analyzed by XRD to determine the crystallized phase composition. The latter was analyzed by ionic 
chromatography to measure the change in nitrate ions content. The experiment results showed a rapid decrease in 
the nitrate content in the filtrate from the first washing (Vwashing/Vsuspension = 0.4) (Figure 3). This trend was 
confirmed by the disappearance of the crystallized ammonium nitrate phase observed in the cake before the first 
washing (Figure 2). However, we also observed that excessive washing (Vwashing/Vsuspension > 1.6) could lead to a 
progressive formation of boehmite phase, while crystallized AACH was disappearing. This was consistent with 
the findings of Stoica et al. [20] about the highly reactive nature of AACH in deionized water. In our case, such a 
transformation was possible because of the poor filterability of AACH suspension and therefore the long time 
during which the cake was exposed to water. According to this study, the Vwashing/Vsuspension ratio was set at 0.5, in 
order to remove crystallized ammonium nitrate and avoid a transformation from AACH to boehmite. It is 
interesting to note that this ratio is ten times lower than that of boehmite. 
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3.2 As-synthesized materials 
 

Figure 4 shows the XRD patterns of the two synthesized precursors. As expected from the optimized 
preparation protocols, only one phase was identified in each sample: boehmite (JCPDS-ICDD 21-1307) in B and 
AACH (JCPDS-ICDD 42-0250) in A. Table 2 shows both boehmite and AACH crystallite sizes for different 
planes. The sizes were calculated from XRD using Scherrer’s equation. This calculation assumes that XRD peak 
broadening observed for these nanoparticles is mainly due to size and shape effect and that strain effect can be 
neglected. This assumption has been demonstrated for boehmite nanoparticles [24] and is also probably true for 
AACH nanoparticles.  

 
Boehmite sample B exhibited small crystallites sizes below 5 nm. This estimation from XRD was consistent 

with the transmission electron microscopy observations as it evidenced the presence of nanoparticles in this size 
domain (Figure 5b). This observation is consistent with that the chosen precipitation operating conditions 
(pH=9.7 close to minimum Al solubility, T=60 °C, high Al concentration) favor high nucleation rates and leads to 
small nanoparticles. On a larger scale, we also observed that the crystallites seemed to aggregate to form very thin 
plate-like secondary particles (Figure 5a). Their length ranged from 20 to 120 nm, while their thickness was of the 
same order of magnitude as for boehmite crystallites. Once more, high temperature, high particles concentration 
and pH value close the boehmite PZC favor strong aggregation. Formation of such fibrous particles has already 
been observed in literature by TEM [25,26] and can be explained by crystallites oriented aggregation, a common 
phenomenon for boehmite [24]. It has been recently proposed that sulfate anions absorbed on boehmite play a key 
role for this oriented aggregation [27]. 

 
AACH sample A exhibited crystallites in the size range of 10-20 nm. This estimation from XRD appeared to 

be two to four times smaller than the size of individual particles observed by transmission electron microscopy 
(Figure 5c and d). An explanation for this size difference could be that the observed particles were small 
aggregates of crystallites that fused under the high energy TEM electron beam, as AACH was noticed to be even 
more sensitive to it than boehmite. Additionally, for both boehmite and AACH samples, higher resolution TEM 
and SAED analysis cannot be performed, since the electron beam induces particles sintering and amorphisation.  

 
The FTIR spectrum of B (Figure 6) exhibits the characteristic features of AACH structures. The vibrational 

bands of hydroxyl, ammonium and carbonate groups can be found: OH- (3435, 997 cm-1), NH4
+ (3172, 3005, 

2854, 1836, 1720 cm-1) and CO3
2- (1576, 1456, 1388, 1109 cm-1). The spectrum is similar to published ones [28], 

except the band at 1317 cm-1 that was not previously observed, the larger bands broadening and different relative 
intensities: these features are probably due to the small crystallites size of AACH particles (see XRD analysis 
before).      
 

Figure 7a gives the N2 isotherms of the synthesized precursors. According to IUPAC classification, B sample 
exhibited a combination of type II and IV isotherms while A sample exhibited a type IV isotherm. Both 
precursors thus had characteristics of mesoporous materials, but differences in their hysteresis loop can be 
observed. It can be interpreted as a difference in both their pore shape and pore size distribution, which can be 
related to the different morphologies and arrangements of their respective nanoparticles. 

 
 The textural properties of B and A samples are listed in Table 3. Boehmite sample exhibited a high specific 

surface area near 300 m2.g-1 due to a narrow pore size distribution centered around 4 nm (Figure 7b). In 
comparison, AACH sample exhibited a specific surface area twice as small (148 m2.g-1) but a higher porosity. In 
particular, the mean pore diameter was almost nine times higher and the pore size distribution was broader. It is 
interesting to note that mean pore diameters of both precursors were consistent with the crystallite sizes estimated 
using Scherrer’s equation. Moreover, almost no microporosity was detected. 

 
3.3 Calcined materials 

 
3.3.1 Precursor – alumina transition 

 



6 

 

The thermal transformation process of boehmite and AACH to γ-Al2O3 was characterized by TGA (see the 
Supporting Information, Figure S2). As expected, sample B exhibited two endothermic peaks, characteristic of 
boehmite behavior [5]. These peaks are located around 100 °C and 400 °C, and correspond respectively to the 
desorption of the physisorbed water and to the precursor dehydroxylation (transition into γ-alumina). The total 
mass loss of B was 26%. This value is above the theoretical 15%, which confirms the presence of physisorbed 
water in addition with chemisorbed water. Sample A exhibited a single sharp endothermic peak around 200 °C, 
which correlate with a strong mass loss (50%). This peak is characteristic of AACH and corresponds to the 
simultaneous release of CO2, NH3 and H2O [29]. The final mass loss measured on A samples was 60%. The small 
difference with the theoretical mass loss (63%) can be attributed to the presence of amorphous Al-containing 
phase(s) [9,28]. Once again, it is important to note that since AACH mass loss during calcination is higher than 
boehmite ones, less AACH-derived alumina will be obtained for a same solid concentration in the final 
suspension. 

 
Boehmite and AACH precursors were calcined at 500 °C. N2 isotherms of the calcined materials were 

measured immediately after the calcination step to evaluate their textural properties (Table 4). The textural 
properties evolution turned out to be very different according to the precursor considered. 

 
In boehmite case, transition into γ-alumina led to a slight increase of pore diameter (Figure 8) and a 20% 

increase of pore volume, but did not seem to affect the specific surface area, which remained around 300 m2.g-1. 
Boehmite transformation is topotactic [30], which means that particles morphological characteristics are broadly 
conserved during the phase transition. As a consequence, the textural properties of boehmite-derived alumina are 
strongly conditioned by that of boehmite precursor. Thermal treatment thus leads to the collapse of the boehmite 
lamellar structure and to crystallite volume contraction. This is consistent with the observed increase in both pore 
volume and mean pore diameter, from 0.70 to 0.83 cm3.g-1 and from 3.9 to 5.6 nm, respectively. The mass loss 
during the calcinations leads to a decrease in the specific surface area, which is nonetheless compensated by the 
material densification. That is why the alumina specific surface area was in the same range as that of its precursor. 

 
In AACH case, an important rise of pore volume (40%) was noted, while the specific surface area increased 

dramatically to exceed 400 m².g-1. A slight variation was also observed on the mean pore diameter, but given the 
broad pore size distribution, it was not thought to be particularly significant (Figure 8). Overall, AACH transition 
into γ-alumina led to a more pronounced evolution of the textural properties than boehmite transition. In the 
literature, this strong evolution is usually related to the simultaneous removal of CO2, NH3 and H2O [12,18]. Hu 
et al. [15] suggested that the release of these gas results in the cracking of the AACH crystallites and the 
formation of an intracrystalline porosity. As a consequence, this would lead to an increase in the disorder level of 
the crystallographic structure of AACH-derived alumina. This statement was substantiated comparing both XRD 
patterns of boehmite-derived and AACH-derived γ-aluminas (Figure 9), in which the latter showed poorer 
crystalline definition. 

 
It can be noticed that AACH-derived alumina exhibited a secondary pore distribution in the range 2 to 5 nm, 

and probably below. The reliability of the BJH desorption branch in this size area is controversial, as artificial 
peaks can appear (generally around 4 nm) due to spontaneous evaporation of metastable pore liquid, and as a 
matter of fact are not associated with a real group of pores. However, the PSD derived from the BJH adsorption 
branch is free from this artifact [31]. In our case, both BJH adsorption and desorption branches exhibited this 
secondary population (see the Supporting Information, Figure S3), suggesting that it is not an artifact. 
Considering that this secondary population was not observed on AACH precursor, we assumed that this new 
porosity originated from AACH thermal decomposition process, as discussed previously. This assumption was 
supported by TEM image of A-500 (Figure 10), where intracrystalline porosity in the size range 1-5 nm could be 
observed. Moreover, application of the t-plot method revealed that more than 50 % of the specific surface area of 
AACH-derived alumina was due to microporosity. So we can reasonably assume that calcination step of AACH 
led to the formation of an intracrystalline secondary pore population, distributed around the limit between micro- 
and mesoporosity, which explained the strong increase in the specific surface area. Such a bimodal porous 
structure has already been reported in previous works [15,32], even though its formation was not always 
discussed. 
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However, formation of such an intracrystalline porosity is not sufficient to explain the strong increase 
observed in pore volume. Besides, this increase seemed not to be linked to a broadening of the pore size, but to an 
increase in the already existing pore population density. A hypothesis could be that gas removal has permitted the 
access to closed pores. 

 
Finally, AACH led to a more porous alumina, with mean pore diameter five times larger than that of 

boehmite-derived alumina. However, due to the high level of microporosity observed on AACH-derived alumina, 
only part of its high specific surface area would be useful in refining processes. 
 
3.3.2 Thermal evolution of boehmite-derived and AACH-derived aluminas 

 
Boehmite-derived and AACH-derived aluminas were compared on the basis of their textural properties 

evolution between 500 °C and 1000 °C (Table 4). After calcinations at 700 °C, a decrease in the specific surface 
area was observed, both aluminas exhibiting values close to 240 m2.g-1. This drop was particularly pronounced for 
AACH-derived alumina and was related to a strong decrease in microporosity. Concerning the porosity evolution, 
two different trends were noticed. On boehmite-derived alumina, the temperature increase led to an increase in 
the mean pore diameter but had no effect on the pore volume. On the contrary, on AACH-derived alumina, no 
variation of the mean pore diameter was observed, but the pore volume decreased. The secondary pore population 
(Dp < 5 nm) was also much less significant than at 500 °C (Figure 8). After calcinations at 1000 °C, specific 
surface areas were equally impacted, dropping to about 110 m2.g-1. Almost no microporosity was detected in both 
aluminas at that point. Concerning the porosity evolution, the trend remained to some extent the same compared 
with the observations at 700 °C, except a slight pore volume decrease on the boehmite-derived alumina. It was 
also noted that the secondary pore population entirely disappeared at this temperature (Figure 8). 

 
Taking into account the above observations, it seems that boehmite-derived and AACH-derived aluminas do 

not exhibit the same behavior against sintering. In boehmite-derived alumina case, thermal evolution of the 
textural properties is well documented in the literature [1]. Sintering leads to an increase in the crystallite size 
with calcinations temperature. That explains the significant broadening of the mean pore diameter, from about 6 
nm at 500 °C to more than 14 nm at 1000 °C, as well as its pore size distribution (Figure 8 and Figure 11). This 
leads to a progressive decrease in the specific surface area, which is more significant between 700 °C and 1000 
°C because of the change in the crystallographic structure. In return, the mean pore diameter broadening allows 
the conservation of a constant pore volume between 500 °C and 700 °C (Vp = 0.82 cm3.g-1) and limits its 
contraction even at 1000 °C (Vp = 0.74 cm3.g-1), except a progressive densification of the material (Figure 12a). 
Sintering of boehmite-derived alumina can thus be considered as a broadly constant pore volume phenomenon in 
the temperature range 500 °C to 1000 °C, during which only mean pore diameter and specific surface area evolve. 

 
On the contrary, for AACH-derived alumina case, it seems that sintering occurs at constant mean pore 

diameter in the temperature range 500 °C to 1000 °C, while pore volume and specific surface area evolve. 
Moreover, textural properties evolution appears to be a two-step process. 

 
In a first step, between 500 °C and 700 °C, a strong decrease in microporosity and in the secondary pore 

population was observed (Figure 8). A possible explanation could be that the cracked crystallites were 
particularly subject to sintering, leading to the elimination of intracrystalline porosity. The sintering phenomenon, 
particularly promoted on the small particles, thus enabled “repair” of the cracked crystallites, but no further 
growth, which is consistent with the constant mean pore diameter. Figure 13 shows a schematic representation of 
this supposed process. Disappearance of intracrystalline porosity was also consistent with the drop of the specific 
surface area: this is due to the strong decrease in microporosity, while the mesoporous surface area remained the 
same (Figure 12b). In the same way, the decrease in pore volume between 500 °C and 700 °C could mostly be 
related to the intracrystalline porosity disappearance (Figure 12a). 

 
In a second step, between 700 °C and 1000 °C, the main mean pore diameter remained stable, but the pore 

size distribution tightened, in particular in the small pore diameters domain (Figure 8), probably because of a 
stronger sintering. As a consequence, both mesoporous suface area and pore volume decreased (Figure 12). 
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AACH-derived alumina thus distinguished itself from boehmite-derived alumina by its ability to maintain a 
constant mean pore diameter, regardless of the calcinations temperature. It might nonetheless be questioned 
whether this atypical property is only due to the large pore diameters of the material, hardly impacted by 
sintering, or is specific to AACH nature. In our opinion, the latter assumption seems to be the most probable as a 
same tendency to the conservation of a constant mean pore diameter was observed on other AACH-derived 
aluminas exhibiting mean pore diameter between 10 and 15 nm (data not shown here). 
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4. Conclusions 
 
In this work, pure boehmite and AACH were precipitated in the same stirred tank reactor with 

closest as possible process precipitation parameters (concentration, pH, duration …) and similar post-
treatment conditions (washing, drying, calcination …). Boehmite and AACH are two possible 
precursors to prepare porous γ-alumina with high porosity, suitable for catalytic applications: using 
this methodology, for the two materials, we had compared in a consistent way the preparation 
advantages / disadvantages, as well as the porosity of the obtained γ-alumina. 

 
 Comparison of both preparation protocols led to the following observations that help for the 

choice of an appropriate preparation route for alumina precursor synthesis: 
- The use of ammonium carbonate as precipitating agent was confirmed to allow the formation of pure 

AACH even at low Rb/a molar ratio, 

- At identical solid phase concentration in the final suspension, the boehmite route led to a higher content 

of alumina, 

- AACH suspension pH was less sensitive to small variations of the synthesis parameters than that of 

boehmite, leading to a better control of the solid properties, 

- A significant reduction of the washing water volume was achieved with AACH route compared to 

boehmite route. 

 
Beyond that, evolution of the textural properties of boehmite-derived and AACH-derived 

aluminas at different temperature was compared. The proposed AACH route allowed the obtention of 
alumina with original textural properties compared with boehmite route. In particular, AACH-derived 
alumina exhibited a high porosity, with a mean pore diameter five-time larger than boehmite-derived 
alumina at 500 °C. However, the high increase in specific surface area usually reported in the literature 
was attributed here to the formation of microporosity due to the particular AACH-alumina transition 
mechanism. Nonetheless, it was also observed that AACH-derived alumina exhibited an atypical 
behavior against sintering, in particular through keeping a constant mean pore diameter, regardless of 
the calcinations temperature. This promising material could thus be used between 500 °C and 700 °C 
with constant mean pore diameter and mesoporous surface area, while exhibiting a higher pore volume 
than boehmite-derived alumina. 
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Nomenclature 
Af Filtration area m2 
Dp Mean pore diameter nm 
Rs Specific resistance of the filter cake m.kg-1 
SBET Specific surface area calculated by BET method m².g-1 
Smeso Mesoporous surface area m².g-1 
Smicro Microporous surface area calculated by t-plot method m².g-1 
T Temperature °C 
Vads Adsorbed volume of gas cm3 
Vmicro Microporous volume cm3.g-1 
Vp Pore volume  cm3.g-1 
W Cake mass per unit filtrate volume kg.m-3 
   
ΔP Filtration differential pressure Pa 
µ Dynamic viscosity Pa.s-1 
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Figures : 

 
Figure 1. Schematic view of the experimental setup.  
 

 
Figure 2. Evolution of the crystallographic phases in AACH cake with increasing washing volumes 
(secondary phases: ammonium nitrate (); boehmite ()). 
 

 
Figure 3. Evolution of nitrate content in the filtrate and crystallized phases in the cake with increasing 
washing volumes (A: AACH; B: boehmite; N: ammonium nitrate). 
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Figure 4. XRD patterns of the precursors B and A. 
 

  

  
Figure 5. TEM images of precursors B (a and b) and A (c and d). 
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Figure 6. FTIR spectrum of the precursor A.  
 

 
Figure 7. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of boehmite and 
AACH samples. 
 

 
Figure 8. Pore size distributions of boehmite-derived and AACH-derived aluminas at different 
temperatures. 
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Figure 9. XRD patterns of boehmite-derived and AACH-derived γ-aluminas obtained at 500 °C. 
 

 
Figure 10. TEM image of γ-alumina A-500. 
 

 
Figure 11. Evolution of the mean pore diameter of boehmite-derived and AACH-derived aluminas 
with temperature. 
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Figure 12. Evolution of the pore volume (a) and mesoporous surface area (b) of boehmite-derived and 
AACH-derived aluminas with temperature. 
 

 
Figure 13. Schematic representation of the sintering phenomenon of AACH-derived alumina 
intracrystalline porosity between 500 °C and 700 °C. 
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Tables : 
 
Table 1. Estimated specific resistance of the filter cake from the studied suspension. 
 B suspension A suspension 

Rs (m.kg-1) 109 1012 

 
 
Table 2. Crystallite size according to different crystallographic planes for B and A samples. 

Samples 
Crystallite size in 

boehmite phase (nm) 
Crystallite size in 

AACH phase (nm) 
(020) (120) (020) (111) 

B 3.1 4.7 - - 
A - - 6.8 16.5 

 
 
Table 3. Textural properties of B and A samples. 

Samples SBET 
(m².g-1) 

Smicro 
(m².g-1) 

Vp 
(cm3.g-1) 

Vmicro 
(cm3.g-1) 

Dp 
(nm) 

B 286 0 0.70 0 3.9 
A 148 13 0.84 < 0.01 33.7 

 
Table 4. Textural properties of boehmite-derived and AACH-derived aluminas obtained at different 
temperatures. 

Samples SBET 
(m².g-1) 

Smicro 
(m².g-1) 

Vp 
(cm3.g-1) 

Vmicro 
(cm3.g-1) 

Dp (nm) 

B-500 299 7 0.83 0 5.6 
B-700 246 23 0.82 0.01 7.9 

B-1000 118 8 0.74 0 14.4 
A-500 407 219 1.17 0.12 2.7 – 29.3 
A-700 241 45 0.98 0.02 3.8 – 28.9 

A-1000 107 9 0.80 0 29.0 
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Figure S1. TGA profiles of B and A samples 

 

0%

10%

20%

30%

40%

50%

60%

0 100 200 300 400 500 600 700 800 900 1000

M
as

s l
os

s 

Temperature (°C) 

B

A

-190
-180
-170
-160
-150
-140
-130
-120
-110
-100

-90
-80
-70
-60
-50
-40
-30
-20
-10

0

0 100 200 300 400 500 600 700 800 900 1000

d(
m

/m
fin

al
e)

/d
t (

a.
 u

.) 

Temperature (°C) 

B

A



19 

 

 

Figure S2. Pore size distribution calculated from the desorption and the adsorption branches of A-500 
isotherm using the BJH model 

 

Figure S3. Evolution of the pH value as a function of molar ration Rb/a fort boehmite and dawsonite 
synthesis 
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