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Abstract: A statistical design was used to investigate the effect of various pro-
cessing conditions on the structure of sol-gel derived Mg(Il) doped alumina.
Six process variables were selected based on the Plackett-Burman design:
concentration of magnesium nitrate, time and temperature of alcohol evapor-
ation, temperature and time of annealing and heating rate were changed at two
levels. For every set of conditions, samples with different specific surface area
and degree of crystallinity were obtained. Analysis of the results showed that
the annealing temperature, heating rate and concentration of magnesium nitrate
were the main factors affecting the average crystallite size of the predominant
alumina phase. In the case of the specific surface area, two of selected six
variables had pronounced effects; however, the temperature of annealing was
more effective than others. The present results showed that the proposed model
that uses crystallite size as a response variable is preferable to other research.

Keywords: magnesium-doped alumina; statistical design; sol—gel.

INTRODUCTION

Mesoporous alumina is a very interesting material with broad applicability
as an adsorbent, coating, porous ceramics, catalyst, and catalyst support.!~7 Act-
ive alumina does not occur naturally and it is primarily prepared by hydrothermal
or thermal transformations of aluminum hydroxides or alumogel. During anneal-
ing, organic groups are removed and the gel transforms to a more stable solid
phase. This evolution involves chemical modification, crystallographic trans-
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1530 NOVAKOVIC et al.

formation of the solid matter, and reorganization of the solid network and of the
pore geometry.8

At temperatures below 1000 °C, alumina phases that are often formed are
not thermodynamically stable. The temperature of the transformation of meta-
stable phases of alumina into a-AlyO3, which is the only thermodynamically
stable phase, is influenced by various factors, such as particle size, morphology,
crystalline form and organic and inorganic additives.? Additives have a great inf-
luence on the kinetics of the transformation. The addition of lanthanum species
greatly improves the thermal stability, which inhibits the sintering and phase
transformations of alumina.3:10:11 Magnesia, which has a high melting point
above 2500 °C, also affects the surface stability of alumina even at temperatures
exceeding 1000 °C7 and produces different accelerating effect depending on the
initial surface area.!2 A few studies showed that alumina undergoes phase trans-
formation with increasing calcination temperature, and that the average pore
diameter increases with a high temperature while the pore volume and surface
area should decrease until the pore structure collapses.8:!3 The performance of
alumina as a catalyst or catalyst support largely depends on its crystalline struc-
ture, and chemical, and textural properties.!4-16 These properties of transformed
alumina, such as morphology, and structural and textural characteristic, are
affected not only by the synthesis methodology but also by the subsequent cal-
cinations conditions.!7-21

Although a large number of parameters could be modified during the pre-
paration of alumina, a great majority of experimental studies on the synthesis of
alumina use the conventional method.22 The conventional multifactor experi-
mental design requires only one variable to be changed at a time to determine its
effect. However, when there are many parameters, this procedure may be very
long and does not allow a clear identification and influence of linked parameters.
These limitations of conventional method can be eliminated by optimizing the
affecting parameters collectively by statistical experimental design. The Plack-
ett—Burman (PB) design provides an efficient way for handling a large number of
variables and identifying the most important ones. Therefore, this type of design
is useful in preliminary studies.23-25 The design analyzes the input data and
presents a rank ordering of the variables with magnitude of effect and designates
signs to the effects to indicate whether an increase in factor value is advent-
ageous or not.26 However, the simultaneous effect of parameters of sol-gel
synthesis and calcinations conditions on the pore structure formation of Mg(II)-
-doped alumina has not been investigated. There are six parameters in the sol—gel
synthesis and three calcination variables and thus, a great number of experiments
should be simultaneously run, and their possible interactions should be studied.

The aim of this study was to examine the influence of a large number of
variables on the structural properties of Mg(II)-doped alumina and to indentify
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the most significant ones. PB experimental design at two levels was used to
identify the key variables. A graphical display of data, Pareto charts and main
effect plots can be used to find a relationship between the input variables and the
system response.

EXPERIMENTAL
Preparation of Mg(I1)-doped alumina

Mg(IT) doped alumina was prepared by sol-gel method using aluminum alkoxide as a
precursor. To prepare boehmite sols, aluminum isopropoxide was hydrolyzed in an excess
amount of water (100:1, H,O:AI** mole ratio) at 80 °C, followed by peptization with the
appropriate amount of HNOj3 (0.07:1, H": AI** mole ratio) to form a stable colloidal sol.2” The
sol was kept at a constant temperature for the desired time under reflux conditions, during
which most of the alcohol was evaporated. The freshly prepared boehmite sol and poly-
ethylene glycol (PEG, mol. wt. 5600 g mol!, mol. radius 2.3 nm) or a variable concentration
of magnesium nitrate solution combined with PEG, were mixed together and then vigorously
stirred in order to obtain a homogeneous Mg(II)-doped boehmite sol. The doped boehmite sols
were then gelled at 40 °C. The gels were heated from room temperature to the final tempe-
rature, which ranged between 500 and 1100 °C. The heating rate ranged between 2 and 10 °C
min!. The samples were kept at final temperatures for a fixed period, which ranged from 1 to
10 h.

Experimental design

In this study, a PB design was applied for twelve trials in order to evaluate the sig-
nificance of six variables on the formation of Mg(II)-doped alumina. The independent vari-
ables screened were annealing temperature (X;), heating rate (X,), time of annealing (X3),
concentration of magnesium nitrate (Xs), time of the evaporation of alcohol (X;) and tem-
perature of the evaporation of alcohol (Xg). Each independent variable was tested at two
levels, a high and a low level, which were denoted by (+1) and (—1), respectively (Table I).
Dummy variables (X4, X and Xg) were employed to evaluate the standard errors of the expe-
riment.

TABLE I. Variables and levels used in the PB experimental design matrix

Variable Symbol Unit Low (-1)  High (+1)
Annealing temperature X °C 500 1100
Heating rate X, °C min™! 2 10
Time of annealing X3 h 1 10
Concentration of Mg(II) Xs mol Mg/mol Al,O; 0.03 0.06
Time of evaporation X h 60 72
Temperature of evaporation X °C 85 95

The data obtained from the PB design experiments were analyzed using Minitab 16
statistical package software trial version (Pennsylvania State University).

The main effect of each variable was calculated as the difference between the average of
measurements made at the high and low levels of that factor. The PB design is based on the
first order model:

Y=hy+> hX (M
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where Y is the predicted response, X are the input variables that affect the response Y, b is the
intercept term and b are the linear terms. This model does not describe interaction among
factors and it is used to screen and evaluate the important factors that influence the response.?*

Characterization of Mg(l1)-doped alumina

The phase structure of the samples after the thermal treatments was studied by the X-ray
diffraction method (Philips PW 1710 powder diffractometer with CuK,, radiation (40 kV, 30
mA, 4= 0.154178 nm)) in the 26 range from 3 to 70°. The crystallite size was determined
from XRD patterns using the Scherer equation:

D= 0.94 @)
Bcosd
where D represents the crystallite size in nm, 4 is the CuK, radiation wavelength, f is the full
width at half maximum in radian and 6 is the Bragg angle.
Nitrogen adsorption was performed at —196 °C in the relative pressure interval between
0.05 and 0.98 using an automatic adsorption apparatus (Sorptomatic 1990 Thermo Finningen).
Before each measurement, the sample was degassed at 250 °C under vacuum for a sufficient
time (4 h <t < 10 h) to observe the absence of significant changes in vacuum stability. The
adsorbed amount of nitrogen was measured by volume at standard temperature and pressure.
The specific surface areas Szpr and C were calculated by the BET method?3-3% from nitrogen
adsorption—desorption isotherms, using data up to p/py = 0.3, and the pore size distribution
was computed from the desorption branch of the isotherms.30

RESULTS AND DISCUSSION

The Plackett—Burman (PB) design enabled the influence of the six variables
to be established with only twelve experiments. This optimized method permits
an estimation of the main effects of the variables and disregards interactions
between them. The twelve experiments were summarized in the matrix and are
listed in Table II.

TABLE II. PB experimental design matrix with the responses specific surface area (Y;) and
crystallite size (YY)

Run Xl X2 X3 X4 X5 X6 X7 Xg X9 Y] Yz

1 1 -1 1 -1 -1 -1 1 1 1 10.0 90.7
2 1 1 -1 1 -1 -1 -1 1 1 79.9 58.4
3 -1 1 1 -1 1 -1 -1 -1 1 275.6 6.4
4 1 -1 1 1 -1 1 -1 -1 -1 35.8 84.1
5 1 1 -1 1 1 -1 1 -1 -1 84.5 48.8
6 1 1 1 -1 1 1 -1 1 -1 14.5 52.3
7 -1 1 1 1 -1 1 1 -1 1 279.1 14.7
8 -1 -1 1 1 1 -1 1 1 -1 301.6 8.5

9 -1 -1 -1 1 1 1 -1 1 1 285.3 12.2

,_‘
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|
—
|
—
|
—
—
—
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From the nitrogen adsorption—desorption isotherms, the specific surface area
(Y1 / m2 g 1) for all Mg(II)-doped alumina samples were calculated. The obtained
results are presented in Table II and used as a dependent variable (Y7) in the PB
design. The second response in the PB design was crystallite size (Y, / nm),
determined from the XRD patterns using Eq. (2).

The specific surface areas obtained for each combination of the variables
were calculated from the nitrogen adsorption—desorption isotherms shown in Fig.
1, whereby a wide variation in the specific surface area from 316 to 10 m2 g~! was

found.
I1ozcm3g'
Sample 8
. "o
..,Z’ Sample 5 E
S -
-~ 8
9 Sample 4 3
3 k]
>E >
Sample 2
Sample 1
0.0 0.2 0.4 0.6 0.8 10 0.0 ‘ 0'2 ' 0'4 ) 0l6 l 0l8 ' 1.0
. .. K p/po . R K . » X p/po K R o

Fig. 1. Nitrogen adsorption—desorption isotherms for the Mg(II)-doped alumina samples.

The alumina samples obtained in experiment 3, 7-9, 11 and 12 annealed at
500 °C were characterized by a type IVa isotherm with a hysteresis loop of the
H2 type, indicating the presence of mesopores, within a well-defined pore shape
type.28:30 The samples 1, 2, 5 and 10 annealed at 1100 °C could be described as
having type [Va isotherm, the initial region of which was closely related to Type
II isotherms, leveling off at high relative pressures with a characteristic saturation
plateau, although this could be short and reduced to an inflexion point. A type
[Va isotherm is encountered when adsorption occurs on low porosity material or
on material with mostly mesoporous pore diameters. The isotherms for samples 4
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and 6 were stepwise (Type VI), which are associated with layer-by-layer sorption
on a highly uniform surface. The isotherms for samples 4 and 6 also showed hys-
teresis on the desorption isotherm curve with a smaller desorption step. Although
samples 1, 2, 4-6 and 10 were all annealed at 1100 °C, sample 2, 5 and 10 alu-
minas show different specific surface area compared to samples 1, 4 and 6. These
results highlight that the specific surface area of alumina samples depends not
only on the annealing temperature, but also on the heating rate and the period in
which they were kept at this temperature.

The plot of the pore size distribution (Fig. 2) shows two regions of pore size.
The first one reflects a very narrow distribution of mesopores with diameters
between 4.9 and 5.7 nm. The smaller average diameter and homogeneity of the
mesopores were obtained in experiments 3, 7, 8,9, 11 and 12 in comparison with
the samples annealed at 1100 °C (experiment 1, 2, 4—6 and 10). With increasing
annealing temperature, the maximum in pore size distribution was shifted to a
larger pore diameter and the distribution became broader, as shown in Fig. 2. The
samples obtained in experiments 1, 4 and 6 showed bimodal distributions, char-
acteristics for the spinel structure of magnesium aluminates.” These distributions
describe the charge transferring pores with radius 5 nm depending on annealing
conditions and water exchange inside-delivering or communication mesopores
with radius 10 nm, depending on the specific surface area of the Mg(II)-doped
alumina. Thus, it could be concluded that the synthesis of bimodal porous
alumina depended not only on the annealing temperature, but also on the con-
centration of magnesium nitrate, heating rate and period for which they were kept
at this temperature.
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Fig. 2. Pore size distributions of Mg(II)-doped alumina samples.

The XRD patterns (Fig. 3) identified #-Al,O3 (PDF-2: 77-0396), y-Al,O3
(PDF-2: 75-0921) and #-alumina (PDF-2: 86-1410) as crystalline phases for the
samples obtained in the experiments 3, 7-9, 11 and 12. X-Ray diffraction could
not clearly distinguish between #- and y-AlyO3 and thus, they will be denoted as
y-AlrO3. Besides 6-AlyO3 in the case of the samples obtained in the experiment
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2, 5 and 10, 0-Al,O3 (PDF-2: 46-1215) was identified. Lines detected at 25.5, 34,
36.6 and 50.8° related to the presence of well crystalline a-Al,O3 (PDF-2: 74-
-1081) obtained in experiments 1, 4 and 6. In addition, the magnesium aluminate
spinel phase (Mgg 4Aly 404, PDF-2: 84-0378) was identified in the samples from
these experiments. The X-ray diffraction pattern analysis indicated that the form-
ation of Mgq 4Aly 404 starts at a temperature of about 1100 °C. These results are
in good agreement with those of Orosco et al.31. In addition, it was observed that
the larger degree of crystallinity is detected in samples obtained in experiment 1,
4 and 6 compared to the other samples. The stronger diffraction peaks for these
samples suggest that they underwent a higher degree of phase transformation.

- YALO;
- 0ALO;

- 3AL0; 200 .
- 0ALO; 150 -
TMEARO 00 3 Nyt Run 12

oop>ee

Intensity, a.u.
.

Run 3

Intensity, a.u.

Intensity, a.u.

T T T T T 1 0 N e e e e o e B R A m s
10 20 3 40 50 60 70 80 90 0 20 30 40 50 60 70 8 90
20/ degree 20/ degree

Fig. 3. XRD patterns of the Mg(II)-doped alumina samples.

The average crystallite size (Table II), which may be a good indicator of
how surface area changed in Mg(Il)-doped alumina under these experimental
conditions, increased with increasing annealing temperature. There was a clear
difference between the samples annealed at 500 °C (experiment 3, 7-9, 11 and
12) and those obtained at 1100 °C (experiment 1, 2, 4-6 and 10). However, the
observed peaks for samples (experiment 3, 8 and 9) were very broad, which
could be attributed to disordered arrangement of the very small crystallites
making up the pores. Indeed, the calculated mean crystallite sizes according to
the Scherer equation were approximately 6—12 nm. For all samples, the mean
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crystallite size of the y(77)-AloO3 phase varied in the range 6.4-21.3 nm, while for
the a-Al,O3 phase, it was up to 90 nm.

The phase transformations are accompanied by changes in the porous struc-
ture of Mg(Il)-doped alumina. At higher temperatures (1100 °C), the formation
of larger pores was notable, probably due to the collapse of the pores with
shrinkage of the material structure. This also resulted in a strong increase in crys-
tallite size and decrease in the surface area and pore volume.® The rapid collapse
of the fine mesoporous structure started as conversion to the stable a-AlyO3
phase occurred at 1100 °C.

In order to determine the influence of the most important variables, a
standardized Pareto chart (Fig. 4) was employed. It consists of bars with a length
proportional to the absolute value of the estimated effects, divided by the stan-
dard error. The bars are displayed in order of the magnitude of the effects, with
the largest effect at the top. Moreover, the chart includes a vertical line at the
critical t-value, and the effect of its bar is smaller than the critical t-value is
considered as not significant and not affecting the response variable.

a) b)
257 257
X1 | x1
X3 | X5
pe E X2
x7 X3
X2 X7
X5 X9

T v T T T T T T T T T
0 5 10 15 20 0 2 4 6 8 10 12 14
Standardized Effect

Fig. 4. Pareto chart of the estimated effects of six variables on: a) specific surface area (Y;)
and b) crystallite size (Y,); = 0.05.

The Pareto chart (Fig. 4a) revealed that the annealing temperature (X;) had
the maximum standardized effect at 95 % confidence interval, while the heating
rate (Xp), the concentration of magnesium nitrate (Xs), the time of alcohol
evaporation (X7) and temperature of alcohol evaporation (X9) did not have a
significant effect on the specific surface area. These findings were comparable
with reports of Huang et al.1® who investigated the influence of some operation
parameters, i.€., calcination temperature and time, and heating rate on the surface
area, pore volume and pore size of alumina.

The Pareto chart for the variable Y, is presented in Fig. 4b, which confirmed
that three variables were very significant: temperature of annealing (X;), heating
rate (Xp) and concentration of magnesium nitrate (Xs5). The influences of the
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other independent variables on this response were evaluated as having insignif-
icant effects over the studied range of the variables.

In contrast to the Pareto chart, which compares absolute values of the
effects, the main effect plot (Fig. 5) provides additional information on whether a
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change between the two variables levels decreases or increases the response.
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607 /
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o \
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© T T T T T T
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X5 X7 X9
60
—"
N \ k/"—-.
207
T T T T T T
0.03 0.06 60 72 85 95

The main effect plot illustrates the trends of all effects and it shows that
increasing the annealing temperature leads to an increase in crystallite size, but
decreases of the other variables results in the formation of small crystallites.
Furthermore, the thermal shock caused by the high heating rate may accelerate
the dehydration process, creating structure of magnesium aluminate spinel phase

Fig. 5. Main effect plots for Y,; data given are mean values.

(Mgg 4Al» 404) and leading toits formation.

The analysis of variance (ANOVA) was applied to test the suitability of PB

design for the response Y, and the results are given in Table III.

TABLE III. Effects of the variables and statistical analysis of the PB design

Variable Symbol Effect Coefficient P-value
Annealing temperature Xi 53.317 26.658 0.000
Heating rate ) —13.550 —6.775 0.024
Time of annealing X3 4.717 2.358 0.318
Concentration of Mg(II) Xs —15.383 —7.692 0.015
Time of evaporation X5 3.217 1.608 0.484
Temperature of evaporation Xo 2.683 1.342 0.556

P-values lower than 0.05 indicate that the model term is statistically sig-
nificant. Analysis of the P-values showed that among the variables tested, the
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temperature of annealing, heating rate and the concentration of magnesium nit-
rate had significant effects on the crystallite size. The model equation obtained
from PB regression analysis for predicting the crystallite size could be written as:

Y, =—42.151+0.089X; —1.694 X5 +0.524 X5 —512.778 X5 + )
+0.268 X7 +0.268 Xg

The model was found to fit adequately all experimental data with a coef-
ficient of determination (RZ) of 0.9733, which indicates that 97.33 % of the
variability of the response could be explained by the model. At the same time, the
adjusted coefficient of determination R[%d- (0.9413) was also very high, which
indicates the high significance of the modef.

CONCLUSIONS

Mg(II)-doped alumina was prepared by the sol-gel method. The PB-design
that was applied in this study could identify the main factors from a large number
of variables in the synthesis of Mg(Il)-doped alumina for the desired response
variables. The results obtained from the present investigation revealed that the
temperature of annealing, heating rate and concentration of magnesium nitrate
were found to affect the crystallite size of the predominant phase of alumina.
Among selected variables, annealing temperature was found to be the most sig-
nificant parameter affecting the structural properties of alumina for both depen-
dent variables. The fundamental information and this design were supportive for
preliminary studies where the aim was to identify variables that could be fixed or
modified in further investigations.

Acknowledgement. This work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (Project Nos. 172015 and 172001).

U3BOJ
[MPOYYABAE YTULIAJA JOOATKA MATHE3WJYMA U YCJIOBA TEPMUUYKE OBPAJIE
HA CTPYKTYPHA CBOJCTBA ME3OIIOPO3HOT AIYMHUHHUIJYM-OKCHUIA TPUMEHOM
PLACKETT-BURMAN JU3AJHA

TATJAHA B. HOBAKOBUR', JbUJbAHA C. POKUER', CPBAH I1. IETPOBUR', 30PULIA M. BYKOBUR'
1 MUOJIPAT H. MUTPUR’
1I/IXTM—I_[enu7ap 30 KATHATU3Y U XEMUJCKO UHIKEWEPCTB0, YHugep3uiiel y beoipagy,theiowesa 12, beoipag u
ZHHcmumy 3a nyxseapue nayke "Bunua", Ynueep3uttieii y Beoipagy, Muxe Iletuposuha Anaca 12—14,
Eeoipag

[TpMeHOM CTaTUCTHUKOT AHU3ajHa MPOy4YaBaH je yTHIaj yCI0Ba CUHTe3€e COI—Tesl NOCTyI-
KOM U TepMHuUKke odpazie Ha CTPYKTYypHa CBOjCTBA aJlyMMHHUjyM OKcHia ca pojzatkom Mg(1l).
Ha ocHosy Plackett—Burman nv3ajHa u3BplueH je ©3dop mpouecHUX mapameTapa KQju moka-
3yjy 3HauajaH yTHLAj Ha CTPYKTypHA CBOjcTBA HodujeHUxX y3opaka. IllecT mpounecHUX Bapu-
jabnmu: KoHIeHTpalWja MarHe3WjyM-HUTpaTa, BpeMe U TeMmIepaTypa UclapaBama aakoXxona,
TeMIlepaTypa ¥ BpeMe TepMHUuKke odpajie 1 Op3uHa 3arpeBama Cy BapUpaHU Ha IBa HHBoaA. Kao
W371a3HU NIapaMeTpH [I0CMaTpaHH Cy: Clieln(HUYHa MOBPIIMHA CUHTETUCAHUX y30paKa U Belu-
YHHA KPUCTAINTA JOMUHAHTHE (pase alTyMHUHUjyM-OKcHUAa. Pe3ynTaTy cy noxasanu fa TeMIe-
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patypa u dp3uHa TepMHuKe o0pale U KOHLIEHTpalKja MarHe3ujyM-HUTpaTa UMajy Haj3Hauaj-
HUjU YTHIIQ] Ha Cpeliby BETHUWHY KPUCTAJINTA NOMHUHAHTHe dase aJyMUHHjyM-OKCHIA, OK
Ha BpeIHOCTH crenuduyHe NOBPIIMHE JOMHUHAHTAH YTUIIAj HMa TeMIiepaTypa TepMHuuKke odpaze.
CeeoOyxBaTHa aHa/iM3a AOOHjEHUX pe3yiTara Nokasasia je fa je NpemioKeHH MoJeN KOju Ko-
PHUCTH BeTMYHHY KPUCTAINTA Ka0 U37Ia3HHU MapaMeTap MOroiHH]ja 3a Ja/ba UCTPaKUBaHa.

(ITpummeno 13. HoBemOpa 2014, peBunupano 26. jyHa, npuxsaheHo 6. jyna 2015)
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