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ABSTRACT

As pat of our optimization effort, we have conducted a comprehensve sudy to
investigate the morphology and crysa growth kinetics of hydrotacite powder formation.
Based upon the information obtaned from this sudy, we resumed the membrane
optimizetion activities.  Although the sdectivity of the membrane remans in the
Knudsen regime, the permeance decreases aong with the number of impregnation. Thus,
the permeance could be reduced to a minimum through repeated impregnation. Then, the
membrane can be seded with chemicd vapor depodtion technique. More
characterization results on the membranes prepared will be available in the next quarterly

report.
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1.2

Preparation of Hydrotalcite (HT) Crystals

To optimize the hydrota cite membrane, a comprehensive knowledge in the area
of the morphology and crystd growth kineticsis prerequiste. Unfortunately very
scarce information is avalladle in the literature in thisarea. As part of the
optimization of the membrane synthes's, we have invested some effort to establish
the database about the hydrotacite crystal growth kinetics and its morphology.
This quarterly report summarizes our progress made in this quarter.

HT Formation via Precipitation

Our previous experience has established that the MgClL/AlCls mixture forms
hydrotacite precipitate once it is added into the Na,COs3 solution at an appropriate
pH (e.g., 10). According to one of the literatures[1], aging did not affect the
crystdlinity of the HT formed. Puttadswamy and Kameth [2] further indicate that
the crystdlinity of the hydrotacite formed viathis type of precipitation is

generdly poor.

The literature findings are somewhat consstent with our XRD results obtained
thus far usaing this synthesis method. Figures 1 to 6 show the XRD patterns of the
samples prepared by precipitation, and then aging at ~100°C for 20 minutesto 2
hours. Compared with the XRD from wdl-crystdlized materid (see Figure 7),
the crystdlinity of the HT precipitate formed viathis approach is consdered poor.
Further, we observe that the gd formed immediatdly once the solution is
combined together viathis precipitation gpproach. According to the andyss, this
ge gpparently shows acorrect Al/Mg ratio. Thus, itispossblethat HT formed
immediately after precipitation (or at least that the gdl formed) most likely
contains the correct ratio of Al/Mg and could be hydrotdcite (or to aminimum
can serve asaprecursor).  Asfar asthe crystd sizeis concerned, we did not have
the SEM observation. More study is under way to determine the crysta size
based upon the SEM measurement.

Our conclusion from this part of the study isthat HT forms via precipitation;
however, its crysta structure israther poor based upon the XRD andysis.

HT Formation via Co-precipitation

pH could be amgor parameter to determine the morphology of the HT crystd.
The above approach does not control the pH of the solution throughout the period
of the addition of the Al/Mg mixture into the NasCO3/NaCl mixture. According
to our experience, theinitid pH could be as high as ~13, while a the end of the
addition remains to be >10. The formation of hydrotalcite at pH= 8 and aboveis
recommended [6,1]. At alower pH, the chance for the precipitation of Brucite,
(Mg(OH),, isless likely; while the precipitation of AI(OH)3 ismore likdly. Since,
Al isthe minor component (up to ~1/3) in the Sarting materid, it is possble to
form asmal nucleus of hydrotacite crystd at thislower pH range. On the other



hand, according to a US patent [6], the starting materid and condition for
preparing hydrotdcite is very flexible, usng suspended Al and Mg chemicas as
reagents are possible. However, the required crysta formation condition may be
much harsher in order to form hydrotalcite. For comparison, this patent indicates
that HT formsimmediatdly if the reagents used are dissolved chemicals.

Under this part of the study, the pH is controlled by adding the two individua
mixtures, i.e, Mg and Al, into a3 container with apH control a 10, 8and 6. In
this report we refer this approach as “ co-precipitation”, while the approach
described in the above section as “precipitation”.

Thus far we have produced the HT crystas at pH=10, 8, and 6 via this method.
All samples were subsequently aged at the same condition, i.e., 150°C for 4 hrs.
In addition, these crystals have been well characterized. Table 1 presentsthe
summary of thisstudy. The HT formed at pH=10 exhibits an extremdy sharp
XRD pattern and shows the particles Size in the range of ~5 microns (see Figures
7 and 8). This XRD pattern is consstent with the typica characterigtics of
hydrota cite published in the literature (e.g., Ref. 3). It should be noted that this
particle size could be the agglomerate of numerous crystads. SEM under a higher
magnification may be required to determine the actua crysa sze. The crysta
formed a pH=8 and 6 are much smaler in the range of ~0.5 and <0.5 microns as
shown in Figures 9 and 10, respectively. Their XRD patterns are vague;, however,
the characteristic peaks of HT are present asshownin Figure 11 and 12. In
conclusion, the pH plays arolein the formation of the hydrotacite crystd. As
predicted, the lower the pH is, the smdler the crystd isformed. However, itis
believed that dl the three crystals formed contain hydrotacite. The work
remained includes

Determine the actud individud crystal size for the sample generated
from pH=10.

Determine the ratio of Mg/Al for the hydrotalcites generated from the
three-pH levels.

Evduate the effect of the aging condition, i.e., time and temperature,
on the crystd Sze, XRD pattern and Al/Mg rétio.

Although many loose ends need to be completed before we establish a
comprehensive picture about the crystd formation and growth of hydrotalcite,
some guidance for the preparation of the hydrotacite membrane can be derived
from the above studies. HT or its precursor should form within the porous
membrane substrate under the conditions including:
the NaCOs isimpregnated within the porous structure of the
membrane,
MgCL/AICk isin contact with the Ng;CO3 solution via dipping of the
membrane into the MgCL/AICk swiftly, and
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The pH of the solution and the aging condition should be controlled at
the target pH.

We have synthesized membranes according to the above conditions before;
however, the results are mixed and unsuccessfully. Under this optimization phase
of the project, we resume this activity with arigorous control of each step. The
preliminary results are presented in the next section.

Preparation of Hydrotalcite M embrane via I nter phase Contact.

As mentioned previoudy, we have performed a very rigorous study for the
preparation of the hydrotacite membrane under this approach. They are discussed
in this section.

Membranes impregnated with Ne,CO3/NaOH

According to the previous experience, we believe that (i) the Ng;CO3s/NaOH
solution should be impregnated in the porous substrate firg, (i) the Al/Mg
mixture should then be in contact with one Side of the membrane as briefly as
possibly to minimize the thickness of the HT cyrgtd formation, and (iii) the pH of
the NaCO3/NaOH solution could determine the particle size of the crystd. To
insure the crystal formed within the porous structure, in stead of depositing on top
of the membrane surface, it is advisable that the pH of the impregnant should not
be too high, such as >12. The crystd may form immediately during the contact
and deposit on the outside of the substrateif (i) the pH istoo high, and/or (ii) the
crystd istoo big.

In this subsection, we summarize the result using the impregnant as received, i.e,
the NaOH/N&COj3 used in the preparation of the HT, whose pH is believed to be
>12. The membrane after initial contact was then aged at 150°C for 4 hrs. Then
the membraneisrinsad in tgp water until its pH islessthan 7 to diminate
impurities. Findly the membraneis dried at 120°C before the gas permeation
measurement. The gas permeance of the membranes thus prepared is presented in
Table 2. The results are somewhat unexpected. However, if one takesinto
congderation the solubility of Al or itsimpuritiesis most likdly inversdly
proportiond to the temperature. In addition, the dissolution of the subgtrate is
most likely resulted in the permeance decrease. At a given temperature, the
sample contacted with Al/Mg is mogt likely impregnated with the solution at a
lower pH; thus, its permeance is expected to be higher due to the less likelihood

of the dissolution.

Membrane |mpregnated with NeoCO3

Since we suspect that the pH of the impregnant in Sec. 2.1 may be too high, we
use the NgCO3 without NaOH in this section. The pH of the impregnant is



believed to be ~xxx. The procedure remains Smilar to that used in Sec. 2.1 The
gas permestion results are presented in Table 3. Comparison between the control
and the sample, it is believe that solid deposition takes place in the sample with
Al/Mg. However, the control aso shows reduction in premeance dthough its
degree of reduction is much less. Presently we (i) are continuing the number of
deposition cycles, (ii) introduce the 2" control membrane, which will bethe
contral of the existing contral, i.e., following the same procedure without using
any chemicds, and (iii) submit the samples for SEM andlyssto determine the
location of the deposition.

Alternative Membrane Synthesis M ethods

In this period, we aso updated our literature search with the focus on the potentia
membrane synthess methods. They are documented as follows:

In-Ste Formation of Hydrotacite Membranes

Formation of hydrotaciate on the interface of the porous g-Al,O3 catalyst with Ni
has been reported [4]. The protocol involves the preparation of the Ni-solution
using ammonium nitrate. Further to avoid the precipitation, additiond

ammonium nitrate is added to complex with the metal present. The solution was
kept at pH=8 viaammonia bubbling. After aging of 5 to 6 hours, hydrotacite
formation on the interphase was observed. Can we take this gpproach to form
hydrotalcite on a40A membrane? The chalenge we believeisthat (i) the crysta
sze thus formed is sufficient to plug the 40A pore opening completdly, or (i) the
resdud opening may be smdl enough for CVD.

The 2nd gpproach possibly useful to usisto prepare the metal solutions which are
complexes with anmoniumions. Thus, the precipitation of single hydroxide

would not take place during depositing into the porous structure of the membrane.
Then the crygdlization of HT relies on the aging condition/or aternating pH.

This method may be a good approach for us. However, we did not know the yield
of the hydrotacite and the potentid of the formation of the sngle oxide. We may
try this gpproach in afree solution to determine the yield under this proposed

3.
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3.2 Use of Ammonia Sdts
condition.

3.3 Sol-Gel Approach

The last method mentioned in the literature [5] is the sol-gel scheme. Itis
possbleto form aHT with the gd particles, which are mal enough to penetrate
into the porous structure of the subgtrate. We will investigete the chemistry end



of the sol-gdl schemeto assessitsfeashility. Thisis an dterndive to chemicd
preci pitation, which, according to our experience, tends to produce alarge
particle, and thus causing the problem from the membrane formation standpoint.

Reduction of Unreacted Al and Mg

Although most literature indicates the formation of hydrotacite follows the
sochiometric ratio of the reagents, no literature explicitly discusses the amount of
unreacted Al and Mg (except the one via sol-gdl scheme, which produces
sgnificant single oxides). Severa approaches can be taken to minimizethe
impurities. They are discussed as follows:

The higher temperature and higher-pressure condition can facilitate the
growth and it is possible to utilize the Al and Mg as completely as possible.
Thus, the amount of resdua Al and Mg is minimum.

Since Al(OH)3 issoluble a pH >10 ( or 11) and the hydrotacite is expected to
be gable at thisdkdi environment, it is possible to leach the unreacted
AI(OH)3 viadkdi rinse.

MgCOs issolublein acid, it is possible to rinse the hydrotdicite briefly a this
low pH to leach MgCOs3 without dissolve hydrotacite.

Findly MgCOs issolublein CO,, thus, it is possible usng the supercritica
CO, to leach MgCO3 as much as possible.

According to Brindley and Kikkawa, the maximum subdtitution is Mg:Al=2:1.
Any larger subgtitution places Al ions in adjacent octahedral groups and may
thereby lead to nucleation of Al(OH)s.

The above guiddines will be taken into consideration for our future optimization
study of the membrane synthess.
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Tablel

Summary of SEM and XRD Analysis of Hydrotalcites

Sample pH | Aging Special Condition SEM XRD Al/(Mg
ID + Al)
HT-062 ? Precipitation Uniform NA NA
for 6 hrs hexagona
disk,
about 0.5
HT-069- 95°C Precipitation (too Good (some Mg(OH)2) NA
0.5hr for 0.5 dilute)
hr
HT-069- 95°C Precipitation (too Good NA
15hr for 1.5 dilute) (Some Mg(OH)2)
hr
HT-070 95°C Precipitation and then (too OK 0.151
for 4hr transfer to dilute) (Some Mg(OH)2)
NaOH/N&COs solution
HT-077 10 | 150°C Co-precipitation ~5u Excdlent 0.155
for 4hr
HT-078 8 |150°C | Co-precipitation ~0.5u Typicd HT contaminated | 0.155
for 4hr with extraneous peaks
(unknown)
Ht-081 6 |150°C | Co-precipitation <~0.54, | Typicd HT withalot of 0.498
for 4hr no noise and not sure the
resolution | presence of Impurity pesks
under
1000X
HT-084-1 | 10 | 150C for | Co-precipitation NA NA NA
Ohr
(control)




Table?2

Permeance of Membranes Prepared via I nterphase using

NaOH/Na2CO3 as Impregnant

Sample # Impregnant Solution Aging Permeance
Temperature © | (m3/m2/hr/bar)

N> He
HT-079-1 NaOH/N&COs3 | AlCk/MgCl 95| 11.35| 20.82
HT-079-2 NaOH/N&COs3 | - 95| 230| 4.42
HT-079-3 NaOH/N&COs3 | AlCkL/MgCh 150| 2154 | 37.03
HT-079-4 NaOH/N&COs3 | - 150 | 22.11 -
Table3 Permeance of Membranes Prepared via I nter phase using Na2CO3 as

I mpregnant
Sample# | Impregnant | Solution Aging Permeance Notes
Temp© | (m3/m2/hr/bar)
N> He

HT-080- | NaCO3 AICl/MgClh 95 953| 1856
1
HT-080- | N&COs3 - 95| 2654 | 46.32
2
HT-080- | NaCO3 AICl/MgClh 150 5.60 9.88
3
HT-080- | NaCO3 - 150 | 42.31| 80.00
4
HT-080- | N&COs3 150 | 48.73| 92.88 | Repeate of
5 HT-080-3
HT-080- | N&COs3 AICL/MgCl, 150 | 18.40( 28.76 | Repeateof
6 HT-080-4
HT-080- | N&CO3 150 | 24.11| 44.06 | 2™
5 deposition
HT-080- | N&COs3 AICL/MgCl, 150 | 13.40| 22.79| 2™
6 deposition

10




_ 204191 .RAW

HT-051 20MIN 112°C

e e e e e e, e e e s i 1

si |

l\ |

W i

10. 20.

700

Figurel: XRD of hydrotacite prepared via precipitation and then aged at 112°C for
20 minutes.
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Figure 2: XRD of hydrotacite prepared via precipitation and then aged at 120°C for
39 minutes.
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Figure 3: XRD of hydrotacite prepared via precipitation and then aged at 90°C for
70 minutes.
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Figure 4: XRD of hydrotalcite prepared via precipitation and then aged at 100°C for
117 minutes.
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Figure5: XRD of hydrotalcite prepared via precipitation and then aged a 95°C for
161 minutes.
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Figure 6: XRD of hydrotalcite prepared via precipitation and then aged at 100°C for
4 hours
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Figure 7: XRD of hydrotalcite prepared via co-precipitation at pH=10 and then aged
at 150°C for 4 hours.
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Figure 8: SEM photomicrograph of hydrotacite prepared in a co-precipitate pH=10
and aged at 150°C for 4 hours.
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Figure 9: SEM photomicrograph of hydrotacite prepared via co-precipitate at pH=8
and then aged at 150°C for 4 hours.
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Figure 10: SEM photomicrograph of hydrotacite prepared via co-precipitate at pH=6
and then aged at 150°C for 4 hours.
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Figure 11: XRD of hydrotacite prepared via co-precipitation at pH=10 and then aged
at 150°C for 4 hours.
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